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Eukaryotic cells normally differentiate from G,; here we investigate the mechanism preventing expression of
differentiation-specific genes outside G,. In fission yeast, induction of the transcription factor Stell triggers
sexual differentiation. We find that Stell is only active in G, when Cdk activity is low. In the remaining part

of the cell cycle, Stell becomes Cdk-phosphorylated at Thr 82 (T82), which inhibits its DN A-binding activity.

Since the ste11 gene is autoregulated and the Stell protein is highly unstable, this Cdk switch rapidly
extinguishes Stell activity when cells enter S phase. When we mutated T82 to aspartic acid, mimicking
constant phosphorylation, cells no longer underwent differentiation. Conversely, changing T82 to alanine
rendered Stell-controlled transcription constitutive through the cell cycle, and allowed mating from S phase
with increased frequency. Thus, Cdk phosphorylation mediates periodic expression of Stell and its target
genes, and we suggest this to be part of the mechanism restricting differentiation to G,.
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Prior to the restriction point in late G,, eukaryotic cells
can choose between alternative developmental strate-
gies. Depending on the availability of nutrients, growth
factors, and differentiation signals, G, cells can enter a
quiescent G, state, commit to the mitotic cycle, or un-
dergo differentiation. The level of cyclin-dependent ki-
nase (Cdk) activity plays a critical role when a cell de-
cides whether to grow mitotically or differentiate. In
mammalian cells, high Cyclin D-Cdk4/6 activity under
influence of growth-stimulatory signals favor entry into
the mitotic cycle by causing phosphorylation of Rb-fam-
ily pocket proteins, thereby releasing their repression
over E2F transcription complexes, to stimulate tran-
scription of genes required for S phase (see Weinberg
1995). The importance of this Cdk-sensitive regulatory
switch is illustrated by the fact that a majority of human
cancer cells carry mutations in the Cyclin D/Rb pathway
(Sherr 1996). Recently, the nonhomologous protein Whi5
was shown to carry out a function similar to Rb in Sac-
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charomyces cerevisiae, underscoring the universal logic
of G, phase control (Costanzo et al. 2004; de Bruin et al.
2004).

Several lines of evidence conversely suggest that low
Cdk activity is a prerequisite for cellular differentiation.
Mice lacking the Cdk inhibitors p21 and p57 are defec-
tive in muscle cell differentiation (Zhang et al. 1999),
and several studies have implicated the hypophosphory-
lated G, form of Rb as a cofactor in differentiation-spe-
cific transcription programs (Sellers et al. 1998; Thomas
et al. 2001). Furthermore, Cdk activity can inhibit differ-
entiation-specific transcription factors; for instance, Cy-
clin D-Cdk4 phosphorylation causes inactivation of the
muscle-specific factor MEF2 (Lazaro et al. 2002). How-
ever, in general, little is known about the mechanisms
that coordinate differentiation with the cell cycle.

The fission yeast Schizosaccharomyces pombe pro-
vides an attractive model system for studying the rela-
tionship between cell cycle progression and differentia-
tion. The control mechanisms governing the mitotic cell
cycle have been worked out in detail, and dynamic
changes in the activity of a single cyclin-Cdk complex
(Cdc13-Cdc2) can, in fact, drive the entire cycle (for re-
view, see Stern and Nurse 1996). In early G,, Cdk activ-
ity is low, but from START in late G, (the yeast equiva-
lent of the restriction point), a gradual increase in Cdk
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activity causes cells to commit to the mitotic cycle and
ensures the correct ordering of S and M phases.

Fission yeast cells undergo sexual differentiation in
response to nitrogen deprivation (for review, see Nielsen
2004; Yamamoto 2004). In this process, haploid P and
M cells first conjugate to form zygotes, which subse-
quently undergo meiosis and sporulation. Prior to mat-
ing, the cells arrest in G, under the influence of nutri-
tional signaling and pheromone communication (Davey
and Nielsen 1994; Imai and Yamamoto 1994; Kjaerulff et
al. 2005). This is accomplished by down-regulation of
Cdk activity, via increased cyclin proteolysis and induc-
tion of the Cdk inhibitor protein Rum1 (Stern and Nurse
1997, 1998). Hence, the signals inducing differentiation
ensure that cells arrest in the pre-START window, from
which mating occurs.

Starvation triggers differentiation by causing induc-
tion of the HMG-box transcription factor Stell, which
functions as a dose-dependent activator of the differen-
tiation pathway (Sugimoto et al. 1991). Stell controls
the expression of most proteins involved in the differen-
tiation pathway, including components of the phero-
mone communication system (Nielsen 2004), and Mei2,
the ultimate activator of meiosis (Watanabe et al. 1997),
and in order to avoid unscheduled differentiation, the
stell gene is tightly regulated at the transcriptional
level. Furthermore, Stell can stimulate its own tran-
scription (Kunitomo et al. 2000), and in order to avoid
premature activation of a positive feedback loop, the pro-
tein must be kept inactive until conditions are appropri-
ate for differentiation.

The starvation signal induces transcription of the
stell gene by stimulating two different signaling path-
ways: one that acts by reducing cellular cAMP, thereby
activating the Rts2 transcription factor that directly con-
trols stel1 transcription (Higuchi et al. 2002); and a sec-
ond that triggers Atfl-dependent expression of the stel1
gene via activation of the Styl stress response pathway
(Takeda et al. 1995). Moreover, starvation and phero-
mone signaling relieve the Stell protein from repression
exerted by the Patl protein kinase. Patl phosphorylation
creates a binding site for the 14-3-3 protein Rad24 (Kita-
mura et al. 2001), which excludes Stell from the
nucleus, thus preventing autostimulation of the stell
gene (Qin et al. 2003).

Forced expression of Stell will drive cells to differen-
tiate irrespective of nutritional status (Sugimoto et al.
1991), but this still occurs from pre-START G,, suggest-
ing the existence of a mechanism that prevents Stell
from being active in the remaining part of the cell cycle.
Consistent with this, the Stell target genes mat1-Mm
and fusl can be induced by pheromone in G,-arrested
cells but not in cells arrested at S phase or in G, (Stern
and Nurse 1998). Similarly, the meiotic activator gene
mei8 is induced by starvation in diploid G,-arrested but
not G,-arrested cells (Watanabe et al. 2001).

In this study, we explore the mechanism that prevents
Stell from being active outside G,. We show that Stell
is a Cdk target that becomes phosphorylated on Thr 82
(T82). Unlike other Cdk targets at G, /S, phosphorylation
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of Stell is not a prerequisite for ubiquitination and deg-
radation; rather, it inhibits Stel1 DNA-binding activity.
In G;, when Cdc2-cyclin kinase activity is low, unphos-
phorylated Stell can bind its target sequences and,
therefore, activate transcription of genes involved in dif-
ferentiation. In the remaining part of the cell cycle, phos-
phorylation of Stell by Cdc2—cyclin complexes impairs
its DNA-binding activity and, hence, transcription of
Stell-responsive genes.

Results
Stell is cell cycle regulated by Cdc2

Transcription of pheromone-induced Stell target genes
is confined to G, (Stern and Nurse 1998), suggesting that
Stell is only active as a transcription factor in this phase
of the cell cycle. We therefore first monitored the accu-
mulation of Stell protein in cells blocked at various cell
cycle stages (Fig. 1A). This experiment showed that
Stell was present in G, (cdc10-V50 arrest) but decreased
to very low levels in S phase (HU treatment) and G,
(cdc25-22 arrest).

To confirm that the level of Stell oscillates through
the cell cycle, cdc25-22 cells were arrested in late G, and
synchronously released into mitosis (Fig. 1B). Stell was
barely detectable at the cdc25-22 block point (Fig. 1B,
middle panel), but some 30 min after release when cells
were entering G,, the level gradually increased, reaching
a peak in S phase. By 90 min, in early G,, the level of
Stell was down-regulated again and remained low
through G, before reappearing in late M phase. Hence,
Stell is periodically expressed through the cell cycle
peaking around S phase. Moreover, we note that dividing
cells express Stell at a high level in S phase, whereas
cells arrested in S phase harbor a low level of the protein.

Next, we looked at Stell-controlled transcription in
the synchronized cdc25-22 cell population. We choose
the mfm2 gene since it is expressed at a relatively high
level in unstarved wild-type cells (Kjaerulff et al. 1994,
1997). As expected from the Stell data, the mfm?2 tran-
script level also fluctuated during the cell cycle. How-
ever, the expression peaked in G, somewhat earlier than
the protein, and declined as cells entered S phase (Fig. 1B,
bottom panel), suggesting that Stell lost activity before
it disappeared (see below). Thus, Stell is cell cycle regu-
lated, and its activity peaks around START, where cells
undergo differentiation. The same conclusion was
reached by examining the levels of Stell protein and
mjfm2 transcript in wild-type cells synchronized by cen-
trifugal elutriation (Supplementary Fig. S1).

The Cdk-inhibitor protein Rum1 and the replication-
initiation protein Cdcl8 are both down-regulated by
Cdc2 phosphorylation at the G,-S transition (Jallepalli et
al. 1997; Benito et al. 1998). We therefore investigated
whether Cdc2 also had a role in down-regulation of
Stell. Temperature-sensitive cdc2-33 mutant cells were
shifted to the restrictive temperature, and samples were
taken for Western blotting at 0, 1, 2, and 4 h after the
shift. Figure 1C shows that Cdc2, indeed, negatively
regulates Stell as the protein level increased dramati-
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Periodicity of Stell protein levels and activity during the cell cycle. (A) Western analysis of Stell protein from asynchro-

nously (AS) growing cells and cells arrested in G, S, and G,. cdc10-V50 and cdc25-22 strains were arrested in G, and G,, respectively,
by raising the temperature to 36°C for 4 h. Wild-type cells were arrested in S phase by treatment with 20 mM hydroxy-urea (HU) for
4 h. (a-tub) Tubulin, which here serves as an internal control. (B) An exponentially growing cdc25-22 strain was shifted from 25°C to
35.5°C, and after 3.5 h of incubation the culture was released at the permissive temperature. After the release, the levels of Stell
protein and mfm2 transcript were followed by Western analysis (middle panel) and RT-PCR (bottom panel), respectively. (Top panel)
The synchrony of the culture was followed by determining the percentage of cells in anaphase (open squares) and cells with a septum
(closed squares). (C) Stell accumulates when Cdc2 is inactivated. Western analysis of Stell protein from a cdc2-33 strain incubated
at 36°C for 0, 1, 2, and 4 h. (D) Stell levels are up-regulated in cig2 mutants. Western analysis of Stell protein from exponentially
growing cultures of wild-type cells and rum1, cig?2, cigl, pucl, cigl cig2, cigl pucl, cig2 pucl, and cigl cig2 pucl mutants.

cally after Cdc2 inactivation. Since cdc2-33 cells are
blocked in both G, and G, when incubated at the restric-
tive temperature (Nurse and Bissett 1981), the increase
in protein levels could simply be a consequence of the
cells accumulating in G;. However, we noticed that rais-
ing the temperature of cdc2-33 caused a substantial frac-
tion of Stell to migrate more rapidly (Fig. 1C), suggest-
ing a reduced phosphorylation of the protein and hence
implying a more direct role of Cdc2 in Stell regulation.
In fission yeast, Cig2 is the major cyclin activating
Cdc2 kinase activity at the G,/S transition (Martin-Cas-
tellanos and Moreno 1996; Mondesert et al. 1996). Con-
sistent with Cdc2 being a negative regulator of Stell, we
found that deletion of cig2 caused a significant increase
in the Stell level in asynchronously growing cells (Fig.
1D). Deletion of the cigl and pucl genes, encoding two
minor fission yeast G, cyclins, only caused a minor in-
crease in Stell levels. However, we observed an additive
effect on Stell accumulation when we combined dele-
tions of cigl and/or pucl with the cig2 deletion (Fig. 1D).
These results indicate that the increase in Cdc2 activity
at the G,/S transition, in particular Cig2-associated ac-
tivity, plays a major role in Stell down-regulation.

Stel1 is phosphorylated at T82 by Cdc2

Although these genetic experiments suggest that Cdc2
inhibits Stell, they do not discriminate between direct

and indirect effects. We therefore investigated whether
Stell is a direct target for Cdc2 phosphorylation. We
noticed that Stell contains a single TPKK consensus site
for Cdk phosphorylation situated immediately C-termi-
nal to its DNA-binding HMG domain, with the putative
phospho-acceptor being at T82 (Fig. 2A,). To determine if
Stell is phosphorylated at T82 in vivo, we overexpressed
a truncated, glutathione-S-transferase (GST) fusion of
the transcription factor (pREP3X-GST-Stell; ;;3) in mi-
totically growing cells. Stell, ;5 was purified by immu-
noprecipitation and resolved by SDS-PAGE. The protein
was in-gel digested with trypsin and analyzed by
MALDI-TOF mass fingerprinting and MALDI-TOF/TOF
peptide sequencing. A single phosphopeptide was de-
tected with the sequence HMLENPEYKYTPK (residues
72-84), supporting the idea that Stell is phosphorylated
at T82 (Fig. 2A; Supplementary Fig. S2).

To determine whether Cdc2 is capable of phosphory-
lating Stell T82 in vitro, we immunoprecipitated Cdc2
and Cig2 from vegetatively growing cells and performed
kinase assays using an Escherichia coli-expressed GST-
tagged version of Stell, ,,5 (GST-Stell, ;,3) as a sub-
strate. We found that both Cdc2 and Cig2 immunocom-
plexes phosphorylated GST-Stell, ;;; as efficiently as
they phosphorylated histone H1 (Fig. 2B). Importantly, a
GST fusion protein mutated in the presumed phospho-
acceptor T82 (GST-Stel17¥24) was a very poor substrate
for the Cdc2 kinase. We subjected in vitro phosphory-
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Figure 2. Stell is phosphorylated by Cdc2 in vitro and in vivo. (A) Schematic representation of Stell showing T82 that occurs in a
Cdk phosphorylation consensus sequence, S/T-P-X-K/R. The 1729-kDa phosphopeptide identified from in vitro and in vivo phos-
phorylated Stell by mass spectrometry is shown below (for details, see Supplemental Material). (B-D) In vitro kinase assays. (B) h~
cig2-HA cells were grown to mid-exponential phase in minimal medium. Protein extracts were prepared and immunoprecipitated with
anti-Cdc2, anti-Cig2, and anti-HA antibodies. Protein kinase activities were measured using histone H1 (H1), wild-type Stell; ;5
(Stel1), and Stel1™8%A, |5 (Stel1T824) as substrates. Kinase assays were carried out for 15 min at 30°C, and the samples were separated
by SDS-PAGE, followed by autoradiography (top panel) or Coomassie staining (bottom panel). (C) Samples from time points 45, 75, and
120 min from the synchronized cdc25 cells (see Fig. 1B) were analyzed for Cdc2 activity. Protein extracts were immunoprecipitated
with anti-Cdc2 antibodies and kinase activities were measured as described above using histone H1 and wild-type Stell, ;;5 as
substrates. (D) h™ cells were grown to mid-exponential phase in minimal medium. Protein extracts were immunoprecipitated with
anti-Cdc13, anti-Cdc2, and anti-Cig2 antibodies. Kinase activities were measured as described above using histone H1 and wild-type

Stell, ;5 as substrates.

lated GST-Stell, ;,; and GST-Stel11"%>4, ||, to MALDI-
TOF mass fingerprinting. The peptide spanning residues
72-84 was phosphorylated in GST-Stell,_ 5, but not in
GST-Stel1782A, | - (Supplementary Fig. S2). Finally, we
found that GST-Stell,_,,; purified from S. pombe cells
reacted with a phosphor-threonine-specific antibody,
and that this signal was strongly reduced upon inactiva-
tion of Cdc2 (Supplementary Fig. S2). Collectively, these
results show that Stell is phosphorylated by Cdc2 at
T82 in vivo.

Cig2—Cdc2 activity rapidly declines after peaking at
the G,/S transition (Martin-Castellanos and Moreno
1996; Yamano et al. 2000) and is replaced by Cdcl3-
Cdc2, which is the predominant Cdk activity in G, and
M phases (Booher et al. 1989; Moreno et al. 1989). To test
if this complex was also involved in repressing Stell, we
compared the Stell-phosphorylating Cdc2 kinase activ-
ity in early G, in S phase, and in late G, using cells from
the cdc25-22 block-release experiment described in Fig-
ure 1B (time points 45, 75, and 120 min). Cdc2 was im-
munoprecipitated from these samples, and the collected
immune complexes were mixed with recombinant GST-
Stell,,;. As shown in Figure 2C, high levels of Stell-
phosphorylating activity were present in all three
samples including that from G, cells (120 min). We con-
firmed that Cdc13 immune complexes had the ability to
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phosphorylate Stell in vitro (Fig. 2D). These results
demonstrate that Stell is an excellent substrate for Cdc2
kinase in vitro and imply that both Cig2- and Cdcl3-
associated Cdc2 are responsible for repressing Stell out-
side G;.

Cdk phosphorylation site mutations
affect sexual differentiation

If Cdc2 down-regulates Stell by phosphorylating T82,
we reasoned that mutations in this residue could influ-
ence the ability of cells to undergo sexual differentiation.
To investigate this, we first constructed an “inactive”
version of the protein where T82 was replaced with as-
partic acid to mimic constant phosphorylation. When
this ste117%2P allele was expressed from the authentic
stel1 locus in homothallic h?° cells, we observed that
the cells became severely impaired in their ability to
undergo sexual development (Fig. 3; Table 1). When cul-
tivated on solid minimal medium, very few cells entered
meiosis, as revealed by iodine staining (Fig. 3A) and mi-
croscopy (Fig. 3B). We also measured the effect of
ste11782P on conjugation and sporulation in nitrogen-
starved liquid cultures (Table 1); no zygotes were formed
after 22 h of starvation, when ~55% of the wild-type cells
had mated. Western analysis revealed that ste11782P
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plated on sporulation medium. Homothallic wild-type, ste1178%4 ste117%2P, and Aste11 strains were plated on MSA and incubated for
48 h prior to iodine staining. The same cells were fixed and micrographed. (B, bottom panel) Cells stained with DAPI. DIC images of
the same cells are shown above. (C) T82 mutations affect the level of Stell protein in vegetatively growing cells and in nitrogen-
starved cells. Western analysis of Stell protein from wild-type, ste117%?4, and ste1172P strains nitrogen-starved for 0, 1, 2, 4, and 6
h. (D) The same strains together with a Astel1 strain were nitrogen-starved for 0, 1, 2, 3, 4, 5, 8, and 10 h, and the DNA content of

the cells was analyzed by flow cytometry.

cells produced scarce amounts of Stell protein, explain-
ing their semisterile phenotype (Fig. 3C). Moreover, we
found that Stell target genes such as mfm2 and stell
itself were only weakly expressed in stel17%?P cells
(Supplementary Fig. S3). Hence, the T82D substitution
causes a severe down-regulation of the Stell protein
level, presumably by mimicking the effect of Cdc2 phos-
phorylation.

We next asked whether we also could make a hyper-
active version of Stell by changing T82 to nonphos-
phorylatable alanine. Interestingly, cells carrying this
ste117524 allele in the genome had highly elevated levels
of Stell when cultivated both in rich and nitrogen-de-
pleted medium (Fig. 3C). Consequently, the expression
level of stell target genes (including stel1 itself) was
higher than in wild-type cells (Supplementary Fig. S3).
However, the ste117%24 cells still required nitrogen star-
vation in order to undergo mating (Table 1), suggesting
that nutritional control over Stell expression was still
functional.

We therefore looked for other phenotypic conse-
quences of the stel117%?4 mutation. Prior to mating, fis-
sion yeast cells arrest in G, in response to nitrogen limi-
tation and pheromone signaling (Davey and Nielsen
1994; Imai and Yamamoto 1994), and this process re-
quires Stell (Fig. 3D; Kjaerulff et al. 2005). By flow cy-
tometry we compared the kinetics of G, arrest when
homothallic cells were transferred to nitrogen-free me-

dium (Fig. 3D; Supplementary Fig. S4). Wild-type cells on
average underwent two residual divisions and started to
accumulate in G, ~3 h after the nutritional shift. In the
ste117824 strain, however, G, cells appeared already af-
ter <2 h of starvation, suggesting that the increased Stell
level made a fraction of the cells arrest already in the
first cell cycle. Hence, stel17%%4 represents an activated
allele of stel1. In ste11782P cells, the G, arrest was both
delayed and less pronounced (Fig. 3DJ); G, cells only
started accumulating after >5 h of starvation, and after
10 h, only 50% of the cell population was in G,. How-

Table 1. Effect of mutations in stell on mating and meiosis
% of sporulation?®

Strain 0h 2h 4h 6h 8h 22 h

h%° 0.0 0.0 1.2 5.6 20.8 55.7

h%0 ste117824 0.0 0.0 4.1° 7.3 23.4 58.5

h%0 ste11782P 0.0 0.0 0.0° 0.0° 0.0° 0.0°

2Cultures of Eg640, Egl105, and Egl115 were grown in MSL to
a density of 2.5 x 10° cells/mL, and then shifted to MSL without
nitrogen. Samples were taken at the indicated times, and the
percentage of sporulation was estimated by microscopic exami-
nation as described in Materials and Methods. Values represent
means of three separate trials.

PSporulation is significantly different from that of wild-type h%°
cells (P < 0.05; tested by Student’s t-test).
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ever, the arrest still occurred faster than in cells without
the ste11 gene (Fig. 3D). In conclusion, Stel1l T82 can be
manipulated to both hypo- and hyperactivate the pro-
tein, consistent with Cdc2 phosphorylation of this resi-
due exerting a negative regulatory effect.

Stell is polyubiquitinated independently
of T82 status

How then does Cdc2 cause down-regulation of Stell?
We first speculated that phosphorylation of T82 may
trigger SCF-mediated polyubiquitination of Stell and
subsequent degradation by the 26S proteasome, similar
to the regulation reported for Rum1 and Cdc18 (Jallepalli
et al. 1997; Benito et al. 1998). In support of this idea,
high-molecular-weight (presumably polyubiquitinated)
forms of Stel1 have been reported to accumulate in a 26S
proteasome mutant (Kitamura et al. 2001). We confirmed
that Stell indeed is polyubiquitinated by expressing a
His,-tagged version of ubiquitin in the temperature-sen-
sitive proteasome mutant mts3-1 (Gordon et al. 1996).
We purified His,-tagged ubiquitin-containing complexes
and monitored for the presence of Stell protein by West-
ern blotting. High-molecular-weight Stell-containing
forms were detected when the cells were grown at the
restrictive temperature (Fig. 4A), but not at the permis-
sive temperature (data not shown). Consistent with this,
we observed that Stell became stabilized when mts3-1
cells were incubated at the restrictive temperature (Fig.
4B). Surprisingly, however, we could readily detect
polyubiquitinated Stell independently of T82 status
(Fig. 4A), suggesting that phosphorylation of this residue

is not a prerequisite for polyubiquitination and degrada-
tion.

We therefore compared the stability of wild-type
Stell, Stell1™®2#, and Stel1™2P. The three proteins
were expressed from the repressible nmtl promoter
(PREP41X), and the degradation kinetics was monitored
after shut-off of transcription in the presence of cyclo-
heximide to block de novo protein synthesis. Wild-type
Stell, Stel1T®22 and Stell1T®2P were all rapidly de-
graded with a comparable half-life of <20 min (Fig. 4C),
suggesting that their very different steady-state levels are
not due to different stabilities. We confirmed that the
stability of Stell was approximately the same in cells
arrested in G,, in S phase, or in G, (data not shown),
consistent with the drop in Stell level observed at S
phase not being caused by increased turnover. Finally,
we found no evidence for involvement of the SCF or APC
E3 ubiquitin ligase complexes in down-regulation of
Stell (Supplementary Fig. S5). In summary, we conclude
that Stell is a polyubiquitinated, unstable protein and
that phosphorylation of T82 does not seem to influence
its stability.

Cdk phosphorylation impairs DNA-binding activity
of Stell

We therefore considered other explanations for the in-
hibitory effect of Stell T82 phosphorylation. We previ-
ously modeled the binding of Stell to its cognate DNA
sequence (van Beest et al. 2000). According to this model,
T82 is in close contact with the phosphate backbone of
the DNA helix, indicating that phosphorylation of this
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from these cultures and analyzed for the presence of Stell by Western blotting (input) and subjected to Ni>*-NTA chromatography.
Purified ubiquitin conjugates were analyzed by Western blotting using anti-Stell (top panel), anti-ubiquitin (middle panel), and
anti-Cdc13 (bottom panel) antibodies. Western blot using anti-ubiquitin here serves as a loading control. (C) The half-life of wild-type
Stell, Stel17824 and Stel1782P is approximately the same. Astel1 cells expressing wild-type Stell (lanes 1-5), Stel 17824 (lanes 6-10),
and Stel11782P (lanes 11-15) from the nmt1 promoter were grown in the absence of thiamine. At time point 0, thiamine (6 nM) and
cycloheximide (100 pg/mL) were added, and samples were taken every 10 min to determine Stell protein levels by Western blotting.
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residue may impair DNA binding. Since the Stell pro-
tein is autoregulated (Kunitomo et al. 2000) and is in-
trinsically unstable (this study), such a mechanism
would cause disappearance of Stell when Cdc2 activity
increases as cells enter S phase. Supporting this idea, we
initially observed that recombinant Stel17®2" bound its
target sequence with a two- to threefold lower affinity
than wild-type Stell or Stel17824 (Table 2; Supplemen-
tary Fig. S6). Moreover, upon binding, Stel1782P caused
a less severe bending of the DNA helix than wild-type
Stell or Stel1T®>* (Supplementary Fig. S6), consistent
with this substitution affecting binding.

We therefore used electrophoretic mobility shift
analysis (EMSA) to monitor the effect of Cdc2 phos-
phorylation on Stell DNA binding. Interestingly, treat-
ment with Cdc2 immune complexes inhibited the bind-
ing of wild-type Stell to its target sequence (Fig. 5A), but
had no effect on the binding activity of Stel17®>* (Fig.
5B).

Human Cdk1 is a functional ortholog of the fission
yeast Cdc2 (Lee and Nurse 1987), and we found that pu-
rified recombinant human Cdkl-Cyclin B complex
phosphorylated Stell in a T82-dependent manner (Fig.
5E). In the presence of ATP, 2.5 ng of Cdkl-Cyclin B
completely abolished the DNA-binding activity of 100
ng of Stell (Fig. 5A). Similar to the fission yeast kinase,
human Cdkl had no effect on the binding activity of
Ste117824 (Fig. 5C). For technical reasons the subsequent
control experiments were all performed with human
Cdk1-Cyclin B. Cdkl impaired the binding activity of
Stell in an ATP-dependent manner: In the absence of
ATP or in the presence of the nonhydrolyzable ATP ana-
log, AMP-PNP, no reduction of Stell-binding activity
was observed (Fig. 5C,D). Finally, we showed that treat-
ment of a Cdkl-phosphorylated Stell sample with puri-
fied Protein Phosphatase 1 restored most of its DNA-
binding activity (Fig. 5D). These results demonstrate
that Cdk1 phosphorylates Stell with a concomitant loss
of DNA-binding ability.

Intriguingly, when we incubated Stell with human
Cdkl1-Cyclin B, we occasionally observed two extra
shifted complexes with faster mobility (Fig. 5C,D). Su-
pershift experiments suggested that both bands con-
tained Stell but not Cdk1-Cyclin B (Fig. 5C). We do not

Table 2. Dissociation constants of Stell proteins

Stell K, (M)

Wild type 1.7x10%+03x10°®
T82A 15x10%+02x10°®
T82D 3.8x10%%0.8x 107

2Recombinant Stell proteins were added in different concen-
trations to 1 nM of a TR-box-containing probe, and the samples
were incubated until the binding reactions were at equilibrium.
Free and bound DNA was separated by EMSA, and K,; was de-
termined as the concentration of Stell protein required to bind
50% of the probe. Values represent means and standard devia-
tions (SD) of three separate trials.

PBinding is significantly different from that of wild-type Stell
(P < 0.05; tested by Student’s t-test).
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know the nature of these complexes, but they appear not
to be due to proteolysis of Stell (S. Kjerulff and O.
Nielsen, unpubl.).

Stel1 T82 phosphorylation plays a role
in cell cycle regulation of differentiation

If Cdc2 phosphorylation of T82 is responsible for Stell
down-regulation upon G, exit, then the T82A mutation
is expected to abolish cell cycle regulation of Stell. To
test this prediction, we measured the protein levels in
ste117824 cells released from a cdc25-22 block (Fig. 6). In
G,-arrested cells, Stel178># was, like the wild-type pro-
tein, expressed at a low level. On release from G,,
Ste11T®24 rapidly accumulated, and, interestingly, the
protein level remained high for the following 180 min.
Thus, as opposed to wild-type Stell (Fig. 1B), the
Ste1178>A protein was not down-regulated at S phase.

We next asked whether the Stel1T®># protein pro-
duced in S phase and G, was active, by measuring the
expression of mfm2 in the synchronized cdc25-22
ste11724 cell populations (Fig. 6, bottom panel). Re-
markable, mfm2 was now more or less constitutively
expressed through the cell cycle. Thus, when phosphory-
lation of T82 is prevented, the periodical expression of
Stell and its target genes becomes severely compro-
mised.

We finally tested whether the ste117%%4 mutation
would allow differentiation from other phases of the cell
cycle. In order to do this, we compared the ability of
ste117824 and ste11* cells to mate at various cdc mutant
block points (Nurse and Bissett 1981). After 4 h of arrest
at 36°C, the cells were shifted to 33°C and challenged
overnight with a mating partner. The cell mix was then
plated to score the number of diploids formed (Table 3).
When cells were arrested in S phase at the cdc22-M45
block point, ste1178?4 cells mated with a three- to four-
fold higher frequency than stel1* cells. However, at
the c¢dc25-25 block in G,, ste1178?4 cells only mated
moderately more efficiently than wild type. Hence, in
ste117824 cells, constitutive Stell-controlled transcrip-
tion is clearly not sufficient to allow cells to mate effi-
ciently from G,.

Discussion

Coordination of differentiation with the cell cycle

The eukaryotic cell cycle can be considered as a series of
oscillations between intervals of low and high Cdk ac-
tivity. A gradual increase in Cdk activity from its low G,
level is required for the correct assembly and activation
of replication origins at S phase. In G,, the Cdk activity
increases further, and is important for preventing re-rep-
lication of the genome, until it reaches a threshold that
activates mitosis. Finally, when cells exit mitosis, Cdk
activity is reset back to its low G, level.

In this study we have provided evidence that in fission
yeast this oscillator also ensures that differentiation oc-
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Figure 5. Cdc2 inhibits the DNA-binding activity of bacterially produced Stell. (A) Purified GST-Stell (10-100 ng) was either
directly assayed by EMSA for DNA-binding activity or was first incubated with either fission yeast Cdc2 immune complexes or with
2.5 ng (50 U) of recombinant human Cdc2-Cyclin B, complex (New England Biolabs) in the presence of ATP. (B) Ten nanograms of
GST-Stell and GST-Stel17824 were either directly assayed by EMSA for DNA-binding activity or were first incubated with ATP and
Cdc2 immunoprecipitated from fission yeast cells. (C) Twenty-five nanograms of GST-Stel1 and GST-Stel17824 were either directly
assayed by EMSA for DNA-binding activity or were first incubated with 0.5 ng of human Cdc2-Cyclin B, complex in the presence or
the absence of ATP or AMP-PNP. In addition, lanes 9 + 11 and lanes 10 + 12 contained anti-Cyclin B, and anti-Stell antibodies,
respectively. (D) In a similar assay, the effect of adding Protein Phosphatase 1 (Pp1) to Cdc2-Cyclin B,-phosphorylated GST-Stell was
examined (cf. lanes 4 and 6). In addition the DNA-binding activity of Cdc2-Cyclin B, was assayed in the absence of GST-Stell (lanes
7 + 8). (E) In vitro kinase assay. Protein kinase activities of recombinant human Cdc2-Cyclin B, were measured using histone H1 (H1),
wild-type Stell, ;5 (Stell), and Stel1T8>4 | . (Ste1178>4) as substrates. Kinase assays were carried out for 15 min at 30°C, and the
samples were separated by SDS-PAGE, followed by autoradiography and Coomassie staining.

curs from the G, phase. Stell, the key transcription fac-
tor required for sexual differentiation, is only active in
G,; in the remaining part of the cell cycle its activity is
inhibited by Cdk phosphorylation. When cells enter S
phase, the increase in Cdk activity causes phosphoryla-
tion of Stell on T82, which inhibits binding of the tran-
scription factor to its target genes. Since the stel1 gene is
autoregulated, this prevents de novo expression of Stell
protein and other Stell targets until the next G,. Fur-
thermore, because the protein is highly unstable, it will
rapidly disappear once synthesis is blocked. Our obser-
vation that Stel1 lost its activity as a transcription factor
before it physically disappeared when synchronous cells
went from G, to S phase is consistent with this model.
Similarly, cells arrested by HU had a much lower level of
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Stell in S phase than vegetatively growing cells, pre-
sumably because the protein here had time to decay un-
der conditions in which Stell-controlled transcription
was blocked by phosphorylation.

Stell is polyubiquitinated and degraded by the 26S
proteasome, but unlike, for example, cyclins, the fluc-
tuations in protein levels observed through the cell cycle
are not brought about by changes in stability. Rather,
Stell cell cycle regulation is caused by constitutive in-
stability in combination with a Cdk-sensitive autocata-
lytic switch (see Fig. 7).

The importance of T82 phosphorylation for cell cycle
regulation of Stell is particularly evident from our find-
ing that G,-specific expression of Stell-controlled tran-
scription was almost lost in the ste117%?4 mutant. Fur-
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Figure 6. In ste117%?4 mutants, the periodicity in expression of

Stell and mfm?2 is lost. An exponentially growing cdc25-22
ste117824 strain was shifted from 25°C to 35.5°C, and after 3.5
h of incubation, the culture was released at the permissive tem-
perature. After the release, the levels of Stell protein and mfm2
transcript were followed by Western analysis (middle panel) and
RT-PCR (bottom panel), respectively. (Top panel] The syn-
chrony of the culture was followed by determining the percent-
age of cells in anaphase (open squares) and cells with a septum
(closed squares).

thermore, in these cells, START control over differentia-
tion was compromised, opening up for differentiation
from later stages of the cell cycle.

Transcription still fluctuates somewhat in the T82A
mutant, suggesting that other mechanisms contribute to
down-regulation of Stell outside G,. This is also re-
flected in the observation that the Stel17%># protein was
eventually down-regulated in cdc25-22 arrested cells.
We do not know these mechanisms, but when the cdc2-
33 allele was inactivated, we saw several faster migrating
Stell bands, suggesting that the protein is phosphory-
lated at other sites than T82. The stell protein contains
a total of 11 SP or TP sites, and perhaps Cdc2 phosphory-
lation of some of these somehow influences the protein
level in vivo. Furthermore, the eventual down-regulation
of Stell in cdc25-22 arrested ste117524 cells provides an
explanation for their relatively poor mating efficiency. In
budding yeast, Cdk activity inhibits the pheromone re-
sponse pathway downstream from the receptors, pre-
sumably by phosphorylating the Ste20 protein (Oehlen
and Cross 1998), and Cdk may similarly inhibit differen-
tiation at another level than Stell in fission yeast. How-
ever, given the dramatic consequences of mutations in
T82 both in vitro and in vivo, we conclude that this
residue has a predominant role in cell cycle regulation of
Stell.

An autocatalytic developmental switch

The model presented in Figure 7, combining a positive
feedback loop and a Cdk switch, seems particularly well

Cdk activity antagonizes Stell function

suited for the regulation of irreversible decisions like de-
velopmental choices. There appears to be a built-in syn-
ergy in this pathway that drives starved cells toward ex-
pressing ever higher levels of Stell, thereby proceeding
irreversibly into sexual differentiation: Starvation in-
duces Stell-controlled pheromone signaling, causing G,
arrest via down-regulation of Cdk activity, which, in
turn, allows unphosphorylated Stell to boost its own
synthesis further.

Apparently, several cellular conditions need to be ful-
filled before the Stell autocatalytic switch can become
activated. First, cells need to be starved for nitrogen in
order to activate transcription of the stel1 gene indepen-
dently of Stell itself (Takeda et al. 1995; Higuchi et al.
2002). Secondly, starvation and pheromone signaling
must relieve Stell from repression by the Patl protein
kinase, which allows Stell to enter the nucleus (Qin et
al. 2003). Finally, in the present study, we have shown
that low Cdk activity stimulates the DNA-binding ac-
tivity of Stell. Hence, this setup ensures that only
starved cells arrested in G, embark on the differentiation
pathway. In ste117%24 cells, only the cell cycle regula-
tion is violated, so nitrogen starvation is still required in
order to trigger the Stell autocatalytic loop.

Cig2 as a negative regulator of differentiation

Our results suggest that the peak in Cig2-Cdc2 activity
at the G,-S transition is important for the timing of
Stell down-regulation. Cig2-Cdc2 can phosphorylate
Stell in vitro, and cells deleted for cig2 have increased
Stell levels in vivo. This provides an explanation for
several genetic observations pointing toward a negative
role for Cig2 in regulation of sexual differentiation.
Overexpression of Cig2 prevents G, arrest prior to mat-
ing (Stern and Nurse 1997) and reduces mating (Obara-
Ishihara and Okayama 1994), effects that have been at-
tributed to an accelerated entry into S phase. Our find-
ings suggest that these phenotypes may be caused by
down-regulation of Stell due to enhanced phosphoryla-
tion of T82. Cells deleted for cig2 are, on the other hand,
hyperfertile (Connolly and Beach 1994; Obara-Ishihara
and Okayama 1994), presumably because of their el-
evated Stell level (this study).

Table 3. Mating frequencies of G,, S, and G, cells®

stel1™* ste117824
cdc10 1.000 + 0.073 1.270 + 0.235
cdc22 0.033 + 0.020 0.117 £ 0.013
cdc25 0.002 + 0.002 0.005 = 0.004°

Mating frequencies of cells arrested in G;, S, and G,, were
estimated as described in Materials and Methods. The mating
frequency of cdc10 stel1™" cells was set to 1.000 and used as
reference. Values represent means and standard deviations (SD)
of 10 separate trials.

PMating efficiencies of ste117%24 cells are significantly different
from that of cells carrying a ste11 wild-type allele (P < 0.05;
tested by paired Student’s t-test).
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Figure 7. Model for activation of differentiation by a Cdk-sen-
sitive autocatalytic switch. (A) When supply of nutrients is suf-
ficient to support vegetative growth, Cdk activation in late G,
will trigger S phase and inactivate Stell. (B) Following nutri-
tional starvation, Cdk activity will be down-regulated, causing
G, arrest. This also activates the Stell positive feedback loop
that drives cells into differentiation.

It has been shown that pheromone stimulation slows
down G, progression by down-regulating Cig2, thereby
allowing accumulation of the G,-specific Cdk-inhibitor
Rum1, which subsequently enforces the arrest (Stern and
Nurse 1998). Since Stell is required for G, arrest (Kjae-
rulff et al. 2005; this study), we propose that increased
accumulation of Stell in the absence of Cig2 is impor-
tant in this process.

DNA binding regulated by phosphorylation

Cdk phosphorylation of T82 prevents Stell from binding
to its TR-box target sequence. T82 is situated immedi-
ately C-terminal to the HMG-box of Stell, in a region
that was shown to be important for interaction with
bases 3’ to HMG-binding core DNA sequence (van Beest
et al. 2000). A stretch of basic amino acids in this region
is a common feature of many sequence-specific HMG-
box proteins, and according to the NMR structure of Lefl
bound to DNA, these residues contact the sugar-phos-
phate backbone (Love et al. 1995). Hence, it is reasonable
to anticipate that phosphorylation of T82 can interfere
with Stell DNA binding.

In addition to binding DNA, the HMG-box of Stell
has been shown to interact with Matl-Mc, another
HMG-box protein that assists Stell in binding to low-
affinity sites found in M-specific genes (Kjaerulff et al.
1997). However, we found no indication that the inter-
action between Stell and Matl-Mc was influenced by
T82 status (see Supplementary Fig. S7).

The T82D mutation had severe consequences in vivo,
as it almost prevented sexual differentiation. Presum-
ably, the rudimentary mating activities we observed
were caused by the residual DNA-binding capacity of the
Ste11T#2P protein. When we restored DNA binding by
inserting seven copies of the Stell-binding site in a tar-
get gene, the Stel 1782 protein could still induce tran-
scription quite efficiently (see Supplementary Fig. S3).
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Hence, we believe that the transcriptional activator
function of the T82D mutant protein is intact.

Perspectives

The results presented in this study demonstrate that a
very efficient Cdk switch can regulate the ability to un-
dergo differentiation in the cell cycle. Given the evolu-
tionary conservation of G, control, we speculate that
Cdk phosphorylation of differentiation-specific tran-
scription factors may be a general way of repressing dif-
ferentiation outside G,. Indeed, in budding yeast, Cdk
activity was previously shown to prevent pheromone-
controlled transcription in haploid cells (Oehlen and
Cross 1994), and to down-regulate the Imel meiotic
regulator in diploid cells (Colomina et al. 1999). Simi-
larly, human muscle cell differentiation could be pre-
vented by Cyclin D-Cdk4 phosphorylation of the tran-
scription factor MEF2 (Lazaro et al. 2002). In the latter
two cases, the inhibitory effect of Cdk phosphorylation
appeared to be mediated by nuclear exclusion of the tran-
scription factors, although the molecular mechanisms
for this remain obscure.

We found that Cdk phosphorylation prevented the
DNA-binding activity of Stell. In mammalian cells,
phosphorylation by Cdk2 in complex with Cyclin A or
Cyclin E was similarly shown to prevent DNA binding
of E2F1 and DPI, to ensure progression through S phase
(Krek et al. 1994). Stell belongs to the family of HMG-
box proteins, which are involved in many different dif-
ferentiation processes (Soullier et al. 1999). Interestingly,
Cdk phosphorylation of HMGI/Y, belonging to the fam-
ily of sequence-unspecific HMG-box proteins, was pre-
viously shown to prevent its binding to DNA (Reeves et
al. 1991; Piekielko et al. 2001), although the biological
significance of this remains to be demonstrated. It will
be interesting to learn whether Cdk phosphorylation of
transcription factors plays a general role in restricting
differentiation-specific expression to G;.

Materials and methods

Genetic procedures

Standard genetic procedures were carried out as described pre-
viously (Moreno et al. 1991). For physiological experiments,
cells were grown in MSL (Egel et al. 1994). To induce sexual
differentiation, cells of a density of 2.5 x 10° to 5 x 10° cells/mL
were shifted to nitrogen-deficient MSL (MSL lacking arginine,
MSL-N) and incubated for 2-22 h. To induce expression from
the nmt promoter (Maundrell 1990), transformants were grown
in MSL containing 6 pM thiamine, then shifted to fresh me-
dium lacking thiamine and grown for 14 h before starting in-
duction of sexual differentiation. When indicated, chemically
synthesized M-factor (made by Schafer-N) was added to a final
concentration of 1 pg/mL. Strains were grown at 30°C unless
otherwise indicated.

Mutagenesis of T82 to alanine and aspartate was accom-
plished using the QuikChange kit (Stratagene), pPON559 as tem-
plate, and the following oligonucleotides: T82A, ONP195, and
ONP196; and T82D, ONP197, and ONP198; thereby creating



pON562 and pON564, respectively. The two stel1 alleles were
integrated into the stel1 loci as described previously (Kjaerulff
et al. 2005).

Expression vectors and recombinant proteins

The pREP41X-Stell (pON817) expression vector was gener-
ated by ligating a BsrGI-Xhol fragment from pREP41X (Fors-
burg 1993) into BsrGI-Xhol-digested pREP3X-Stell (Kjaerulff
et al. 1997). To construct pREP41X-Ste117%>4 (pONS819) and
pREP41X-Stel1T#P (pSK159), pON562 and pON564, respec-
tively, were digested with Ndel and AvrIl and ligated into Ndel/
Avrll-digested pON817. The pREP3X-GST-Stell, ;;3 and
pREP3X-GST-Stel1T824 | . vectors were produced by ligating
MscI-BspHI restriction fragments from pSK60 and pON572, re-
spectively, into Mscl/BspHI-digested pLB34.

GST-Stel1782A and GST-Stel1™®2P recombinant proteins
were generated as follows: An Ndel-BspEI fragment in pSK60
(encoding GST-Stell, ;,5) (Kjaerulff et al. 1997) was replaced
with an Ndel-BspEl fragment from pON562 and pON564,
thereby creating pON572 (pGEX-Stel17®2%) and pONS570
(pPGEX-Stel11T82P), respectively. pSK60, pON570, and pON572
expression vectors were transformed into the DH5 E. coli strain.
Expression and purification on glutathione-Sepharose were as
described previously (Kjaerulff et al. 1997). Purification and the
size of recombinant proteins were tested by SDS-PAGE fol-
lowed by Coomassie staining and Western analysis. MBP-Mat1-
Mec has been described elsewhere (Dooijes et al. 1993).

RT-PCR analysis

Total RNA was extracted using hot acidic phenol as described
by Lyne et al. (2003). To remove contaminating DNA, the RNA
samples were digested with DNase I prior to RT-PCR and real-
time PCR analysis. RT-PCR was carried out using 50 ng of
DNase I-treated RNA and the Qiagen OneStep RT-PCR Kkit.
The thermal cycling conditions comprised reverse transcription
for 30 min at 50°C and an initial denaturation for 15 min at
95°C, followed by 20-25 cycles of 15 sec at 95°C, 30 sec at 50°C,
and 60 sec at 72°C. The following oligonucleotides were used:
mfm2, SKP47 and SKP49; act1, ONP520 and ONP521.

EMSAs

T4 polynucleotide kinase was used to label annealed oligo-
nucleotides with [y-**P]JATP. In a binding reaction, the recom-
binant GST-Stell proteins (1-1000 nM) were incubated in a
volume of 20 pL containing 10 mM Tris (pH 8.0), 5 mM MgCl,,
50 mM NaCl, 0.1% NP-40, 0.1 mM EDTA, 5% glycerol, 5 pg of
bovine serum albumin (BSA), and 200 ng of poly(dIdC). For ex-
periments in which GST-Stell was first phosphorylated by cy-
clin/kinase complexes, 20-min incubations (30°C) were per-
formed in the presence of 10 mM MgCl, and 250 uM ATP. After
addition of 0.5 ng of probe, reactions were left for 30 min at
room temperature. Samples were electrophoresed through a 6%
nondenaturing polyacrylamide gel in 0.25% TBE at room tem-
perature. The following oligonucleotides were used: mfm1 TR-
box, SKP11 annealed to SKP12; strong TR-box, SKP27 annealed
to SKP28; TR/M-box, SKP31 annealed to SKP32.

Western analysis

Protein extracts were made by trichloroacetic acid (TCA) pre-
cipitation as described previously (Foiani et al. 1994). Fifty mi-
crograms of protein were loaded per lane, wereseparated using
10% SDS-PAGE, and were transferred to mixed cellulose ester
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membranes (Advantec). Stell was detected using a monoclonal
anti-Stell antibody (Kjaerulff et al. 2005), and a-tubulin was
detected using a monoclonal anti-Tatl antibody (Woods et al.
1989). Secondary antibody was horseradish peroxidase-conju-
gated rabbit anti-mouse antibody (DakoCytomation) detected
with enhanced chemiluminescence (Amersham Biosciences).

Kinase assays

For kinase assays, extracts from 10® cells were made using HB
buffer (25 mM MOPS at pH 7.2, 15 mM MgCl,, 15 mM EGTA,
1% Triton X-100, 1 mM DTT, 15 mM p-nitrophenyl phosphate
[PNPP], 0.1 mM sodium vanadate, 100 ng/mL Pefabloc, 2 ng/mL
leupeptin, 10 pg/mL aprotinin) (Moreno et al. 1991). Cells were
disrupted using glass beads and a FastPrep Instrument (Biol01)
at setting 6.5 for 3 sec. After cell breakage, 500 pL of buffer HB
was added, and the soluble protein fraction was recovered by
two centrifugations of 10 min at 20,000g. Samples of 1 mg of
extracts were immunoprecipitated at 0°C for 1 h using 2.5 puL of
anti-Cdc2 (PN24), 2.5 uL of anti-Cdc13 (SP4), 5.0 uL of anti-Cig2
(MOCS), and 2.5 pL of anti-HA (12CA5) antibodies. Fifty mi-
croliters of protein G-Sepharose were then added for 30 min at
4°C, and the immunoprecopitates were washed five times with
HB buffer. Immunoprecipitates were resuspended in 20 pL of
HB buffer containing 50 pM ATP, 2.5 nCi [y**P]ATP, and either
5 ng of histone H1 (Calbiochem) or 5 pg of recombinant Stell
protein and incubated for 15 min at 30°C. The reactions were
stopped with 25 puL of 2x SDS-sample buffer and denatured for 5
min at 100°C, and samples were run on a 10% SDS-polyacryl-
amide gel. Phosphorylated proteins were detected and quanti-
fied using a Storm (Molecular Dynamics).

Phosphopeptide analysis by MALDI-TOF mass spectrometry

Phosphopeptide mapping and sequence analysis were performed
at Alphalyse using microcapillary revers-phase high-perfor-
mance liquid chromatography nanospray tandem mass spec-
trometry. Briefly, Stell was subjected to in-gel digestion with
trypsin and the produced peptides were passed through a TiO,
microcolumn (POROS R2) in 2.5-dihydroxybenzoic acid (DHB)
to enrich for phosphorylated peptides (Larsen et al. 2005). The
enriched phosphopeptides were subjected to MALDI-TOF pep-
tide mass fingerprinting and MALDI-TOF/TOF peptide se-
quencing.

Detection of Stell-Hisg,-ubiquitin conjugates

mts3-1, mts3-1 ste1178?4, and mts3-1 ste1178P strains were
transformed with a plasmid expressing His,-tagged ubiquitin
from the nmtI promoter (pREP1-Hiss-ubiquitin was obtained
from S. Moreno, Salamanca, Spain). Cells were cultured at 25°C
in absence of thiamine and shifted to 36°C for 4 h prior to
harvesting. Hisg-ubiquitin conjugates were purified from
5 x 10® cells essential as described by Treier et al. (1994) and
analyzed by Western blotting using anti-Stell, anti-ubiquitin
(gift from R. Hartmann Petersen, Copenhagen, Denmark), and
anti-Cdc13 (SP4) antibodies.

Mating and sporulation assay

To determine mating and sporulation efficiency, homothallic
strains were grown in MSL to a density of 5 x 10° cells/mL, then
shifted to MSL without nitrogen source and incubated at 30°C.
Samples were withdrawn every hour, and the number of asci
and zygotes was recorded. The efficiency of mating was calcu-
lated as the following ratio: 2 x (number of asci and zygotes
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formed)/(total number of cells + 2 x number of asci and zy-
gotes).

Mating frequencies of G,, S, and G, cells were measured es-
sentially as described by Nurse and Bissett (1981). In brief, h~
leul cdc strains were grown at 25°C in minimal medium, then
shifted to medium lacking nitrogen source and incubated at
36°C. After 4 h, cells were mixed with h* mat1-Pm ura4 ade6
cells and incubated at 33°C. After overnight incubation, the
mating mix was briefly sonicated and plated on minimal me-
dium without supplements to select for complemented dip-
loids.

Flow cytometry and microscopy

About 3 x 10° cells were harvested, fixed with 70% ice-cold
ethanol, and processed for 4',6'-diamidino-2-phenylindole
(DAPI) staining and flow cytometry, as described previously
(Moreno et al. 1991; Pereira and Jones 2001) with the following
exception: Prior to RNase treatment, the cells were incubated
with 1 mg/mL pepsin in 0.1 M HCI for 1 h at room temperature
(E. Boye, pers. comm.). A Becton-Dickinson FACScan was used
for flow cytometry.

An Axio Imager Z.1 (Carl Zeiss) was used for microscopy, and
images were captured using a cooled CCD camera (ORCA-ER;
Hamamatsu) and Velocity software (Improvision).
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