Bt

Studies on the regulatory mechanism of
cell growth and life span in budding yeast

HI 2RI RE D Al e G & S5
O A I BT 2 WFSE

I aer
INCPN SN e

2014 4 3



H 7K

1. i
Studies on the regulatory mechanism of cell growth and life span in
budding yeast
HH 2R RE O ARSI & F 4 O HAEEAE 1 B~ D HF5E
L R
2. NFdm X

(1) cAMP/PKA regulates multiple aspects of cellular events by phosphorylating Whi3
cell-cycle regulator in budding yeast.

Masaki Mizunuma, Ryohei Tsubakiyama, Takafumi Ogawa, Atsunori Shitamukai,
Yoshifumi Kobayashi, Tomomi Inai, Kazunori Kume and Dai Hirata
The Journal of Biological Chemistry, 288 (15), 10558-10566 (2013)

(2) Implication of Ca®" in the regulation of replicative life span of budding yeast.
Ryohei Tsubakiyama, Masaki Mizunuma, Anri Gengyo, Josuke Yamamoto,
Kazunori Kume, Tokichi Miyakawa and Dai Hirata

The Journal of Biological Chemistry, 286 (33), 28681-28687 (2011)

3. BEm

(1) Evidence for antagonmistic regulation of restart from G; delay in response to
osmotic stress by the Hogl and Whi3 in budding yeast.
Masaki Mizunuma, Takafumi Ogawa, Tetsuya Koyama, Atsunori Shitamukai,
Ryohei Tsubakiyama, Tadamasa Komaruyama, Toshinaga Yamaguchi, Kazunori
Kume and Dai Hirata
Bioscience, Biotechnology, and Biochemistry, 77 (10), 2002-2007 (2013)

Q) NV v F A DT
R ILERE . KA IERT
B TraiE, #89 %, 585, pb0l, 2011 4



A —y
/\_A

— =

—

. B



CONTENTS

INTRODUCTION

Page

CHAPTER 1. Ras/cAMP-dependent Protein Kinase (PKA) Regulates Multiple

Aspects of cellular Events by Phosphorylating the Whi3 Cell Cycle Regulator in

Budding Yeast

1.1. ABSTRUCT

1.2. INTRODUCTION

1.3. MATERIALS AND METHODS
1.4. RESULTS

1.5. DISCUSSION

7
8
8
10
13
17

CHAPTER II. Implication of Ca’" in the Regulation of Replicative Life Span of

Budding Yeast

2.1. ABSTRUCT

2.2. INTORDUCTION

2.3. MATERIALS AND METHODS
2.4. RESULTS

2.5. DISCUSSION

CONCLUDING REMARKS

REFERENCES

ACKNOWLEDGEMENT

RELATED PUBLICATIONS

30
31
31
33
34
38

45

49

59

60



INTRODUCTION

To adapt to various stresses and changes of external environment, cells operate the
response mechanisms appropriate to these environmental changes. This adaptation
performed through many signal pathways controls cell morphology and cell growth by
the activation of transcription of required genes or enzymes. The mechanisms of each
signaling pathways are highly conserved to many eukaryote: the enzyme group
activated by second messenger such as cAMP or Ca®’, and MPAK (Mitogen-activated
protein kinase) pathways.

cAMP is discovered as an intracellular mediator of a hormonal function, and later
analyses have showed that this molecule acts as a second messenger used for
intracellular signal transduction in many different organisms (for review, see Joseph et
al., 2002). PKA (Ras/cAMP-dependent Protein Kinase), which is the phosphorylating
enzyme activated by cAMP, phosphorylates substrate proteins and changes its activity.
PKA pathway has been identified as a regulator of a wide variety of physiology
mechanisms such as cell cycle progression, stress response, differentiation, and life span
(for reviews, see Matsumoto et al., 1985; Thevelein et al., 1999; Santangelo et al.,
2006). In the mammals, this pathway has an important role in the signal transduction
through many hormones, such as adrenalin and glucagon. In the budding yeast
Saccharomyces cerevisiae, most signal transductions induced by glucose, major carbon
source in a medium, are mediated by PKA pathway. Sufficient external glucose
activates adenylate cyclase, which catalyzes the conversion of ATP to cAMP, and
increases the level of cAMP. Activation of PKA by an increased cAMP results in the
progression of cell cycle and the activation of growth (for reviews, see Matsumoto et al.,
1985; Thevelein et al., 1999; Santangelo et al., 2006). Although the varied
physiological roles of cAMP/PKA pathway have been clarified, a few substrates/targets
of PKA have been identified.

In eukaryotic cells, intracellular Ca®" level, which is usually kept low, is transiently
increased by various stimuli, and this increase in cellular Ca*" induces activation of a
T-cell, discharge of muscle contraction and neurotransmitter (for reviews, see Carafoli
et al., 2002; Berridge e al., 2003). The Ca**/calmodulin-dependent protein phosphatase
calcineurin (CN) is conserved from yeast to human, and is involved in various cellular
processes including immune response and extension of a nerve axon in higher

organisms. Budding yeast CN has been implicated in stress-induced gene expression,



ion homeostasis, cell cycle regulation, and maintenance of viability after exposure to the
mating pheromone (Aramburu et al., 2000; Cyert et al., 2001; Miyakawa et al., 2007).
We showed previously that both Ca**-signaling pathways, Mpkl MAP kinase and CN,
control Go/M transition by regulating Swel, a negative regulator of the Cdc28-Clb
complex (Mizunuma et al., 1998). A recent research reported that the metabolic
disorder of Ca*" has occurred in a mouse with the phenotype similar to a human aging
(Imura et al., 2007), and it was shown that CN and AMPK regulated life span
cooperatively in a nematode (Dwivedi et al., 2009; Mair et al., 2011). Although it is
suggested that Ca”"-signaling pathways is involved in the regulation of life span, the
relationship between Ca®" and aging in yeast is not known.

Because both cAMP and Ca®" are highly conserved from yeast to higher eukaryotes, it
is very useful to clarify the signaling pathways activated by these molecules in budding
yeast as a model organism. Moreover, these highly conserved relationships between
yeast and mammalian cells can be expanded to the drug developments. Indeed, the
immunosuppressive drugs such as FK506 and rapamycin inhibits the same targets
molecule in human and yeast, and it has been reported that the mechanism of action is
also similar.

The purpose of this study was to investigate the regulatory mechanism of cell growth
mediated by Ca’" signaling pathway in budding yeast. The results obtained are
presented in two main parts. In the first part, I focus on Whi3, an RNA binding protein.
The mutant allele of WHI3 was identified as a suppressor mutation of the Ca®-sensitive
phenotypes of Ahogl cells. Hogl is a mitogen-activated protein kinase (MAPK) integral
to the osmo-regulatory signal transduction cascade (HOG signaling pathway), which
affects various gene expressions in response to hyperosmotic stress. I describe the
identification of PKA as an upstream regulator of Whi3 involved in a variety of
physiological functions, and show that the phosphorylation of Ser-568 in Whi3 by PKA
played an inhibitory role in Whi3 function (CHAPTER I). In the second part, I
investigate the relationship between Ca®’-signaling and life span. The strain lacking
Zdsl, a negative regulator of Swel, shows G, cell cycle arrest, and polarized bud
growth, due to the activation of the cellular Ca**-signaling pathways. Here I show that
this Ca>"-signaling activated cells had decreased life span as well as the shortened life
span by increased external Ca>". On the other hand, the deletion of CNBI encoding the

regulatory subunit of calcineurin promoted aging, indicating that appropriate calcineurin



activity plays an important role in a longevity (CHAPTER II). This study clarified the
relationship between regulators important for cell growth control and the regulation of

life span.



CHAPTER I

Ras/cAMP-dependent Protein Kinase (PKA) Regulates Multiple
Aspects of cellular Events by Phosphorylating the Whi3 Cell Cycle
Regulator in Budding Yeast



1.1. ABSTRACT

Eukaryotic cells monitor internal and external signals to commit themselves to a new
mitotic cycle or to diverse differentiation processes in the G; phase of the cell cycle. In
the budding yeast Saccharomyces cerevisiae, this control network is called Start. The
Start/G; phase is initiated by the G; cyclin CIn3, which associate with the
cyclin-dependent kinase Cdc28. Previously, we identified a mutant allele of whi3, a
negative regulator of the G, cyclins, as a suppressor mutation of the Ca*" or osmotic
stress sensitive phenotype of hogl-delted cells (sgh mutants). Whi3 was originally
identified as a positive regulator of cell-size control and is involved in the regulation of
Start. The best characterized function of Whi3 is its ability to inhibit the CIn3 function
in the G, phase by binding to CLN3 mRNA, thereby inhibiting the expression of the G,
cyclin CLNI and CLN2. In addition, Whi3 functions as the regulator of developmental
options such as invasive growth and meiosis. However, the regulatory pathway of Whi3
in response to multiple signals remains largely unknown. In this study, I describe the
identification of the RAS/cAMP-dependent protein kinase (PKA) as the Whi3 kinase.
Whi3 was phosphorylated by PKA and that the phosphorylation of Ser-568 in Whi3 by
PKA played an inhibitory role in the Whi3 function. This mechanism was required for
the promotion of the G;/S progression. Further, I demonstrate that the phospho-mimetic
S568D mutation of Whi3 prevented the developmental fate switch to sporulation or
invasive  growth.  Moreover, both  phospho-mimic  (Whi3-S568D) and
hyper-phosphorylated forms of Whi3 (in the bcy! cells) reduced interaction with CLN3
mRNA. Thus, PKA modulated the function of Whi3 by phosphorylation, and

implicating PKA-mediated modulation of Whi3 in multiple cellular events.

1.2. INTRODUCTION

Eukaryotic cells evaluate and cope with their external environment by using rapidly
responding, various complex signaling pathways. Extracellular stresses activate the
stress-activated protein kinases (SAPKs) that regulate transcription levels of genes
required for adaptation to stresses (Wilkinson et al., 1998). The activated SAPKs result
in transient cell cycle arrest until the cells have adapted to their new environment. This

adaptation system is important for resumption of the cell cycle.



In the budding yeast Saccharomyces cerevisiae, the Hogl SAPK pathway mediates
adaptation to the condition of high osmolarity (Brewster ef al., 1993). The mechanism
activating the HOG pathway is well understood (for review, see Hohmann ef al., 2002).
Hogl is also required for cell cycle regulation after exposure to hyperosmotic stress
(Alexander et al., 2001; Belli et al., 2001; Clotet et al., 2006). For instance, activating
Hogl induces a G cell cycle arrest by a dual mechanism that involves down-regulation
of the G; cyclin transcription and direct phosphorylation of the CDK-inhibitor Sicl
(Escoté et al., 2004). Moreover, we previously showed the evidence for antagonistic
regulation of cell growth by the calcineurin-Crz1 pathways activated by Ca®>" and the
Hogl pathways (Shitamukai et al., 2004). However, the relation between the Ca*’
signaling pathways and the Hogl pathways still largely remain to be investigated.

The growth of Ahogl cells is compromised on solid medium containing a high
concentration of Ca’’, exhibiting hyperpolarized bud growth and G, cell-cycle delay
(Shitamukai et al., 2004; Kobayashi et al., 2008). To identify the genes involved in this
regulatory mechanism, we screened for mutants that suppressed the growth defect of
hogl-deleted cells under high Ca®* condition. The isolated mutants were classified into
6 loci designated as sghl-sgh6 (for suppressors of Ca*"-induced growth defect of hog!).
Of these mutants, we identified the mutant allele of WHI3 as sgh4.

Whi3 is characterized as a RNA binding protein. It was originally identified as a
positive regulator of the cell size control required for passage through Start. The main
function of Whi3 is suppression of the G, cyclin CLNI, CLN2 level by binding to CLN3
mRNA. Thereby, Whi3 inhibits the association between G, cyclin and Cdc28, leading to
the activation of two transcription factors SBF (Swi4-Swi6) and MBF (Mbp1 and Swi6),
which activate the expression of the G cyclin CLN1, CLN2 mRNAs. The G,/Start phase
in the cell cycle is important for the determination of their developmental fates:
beginning of mitotic progression, or the switch to alternative stages (Hartwell et al.,
1974). Whi3 ensures reversible cell-cycle entry through the inhibition of the Start
progression if conditions later become unfavorable (Gari et al., 2001; Sudbery et al.,
2002; Wang et al., 2004; Colomina et al., 2008). Indeed, it is suggested that Whi3
function is required for developmental options such as invasive growth and meiosis
(Gari et al., 2001). However, little is known about the evidence for an upstream
regulator(s) of Whi3.



Protein phosphorylation, one of the post-translational modifications, plays a pivotal
role in the regulation of various proteins by altering their function and activity. The
RAS/cAMP-dependent protein kinase (PKA) is the phosphorylating enzyme activated
by cAMP. PKA pathway in yeast has several functions, including glucose metabolism,
stress response, cell growth, aging, and autophagy (for review, see Matsumoto et al.,
1995; Thevelein et al., 1999; Santangelo et al., 2006). The molecular mechanism by
which yeast cells sense and response to the specific stimuli activated by PKA has been
elucidated. In addition, it has been shown that PKA activity is important for the
transcriptional regulation of the G; cyclins (CLNI, CLN2), and the regulation of the
critical cell size required for Start in response to nutrient conditions (for review, see
Matsumoto et al., 1995; Thevelein et al., 1999; Santangelo et al., 2006). However,
despite the obvious importance of this signaling pathway, only a few PKA substrates
important for the cell growth have been identified.

In this chapter, I show that PKA regulates Whi3 functions. I describe that the
phosphorylation of Serine-568 in Whi3 by PKA played an inhibitory role in Whi3
functions. This Whi3 phosphorylation accelerated the G;/S progression. Further, I
demonstrate that the phospho-mimic S568D mutant of Whi3 failed sporulation and
invasive growth. Based on these results, I propose that the phosphorylation of Whi3 by
PKA was involved in multiple cellular events, including cell-cycle control and

developmental fate in response to environmental stimuli.

1.3. MATERIALS AND METHODS
1.3.1. Yeast Strains and Media
Yeast strains used in this study are listed in Table 1. All yeast strains were derivatives

of W303. The media used were as described previously (Mizunuma et al., 1998).

1.3.2. Site-Directed Mutagenesis and Construction of Plasmids

The pMBP-WHI3 plasmid containing the fusion gene for the maltose-binding protein
(MBP)-Whi3 conjugate protein was constructed as follows: The WHI3 gene was
amplified by PCR, digested with BamHI and Sal/l, and then cloned into the BamHI- and
Sall- digested pMAL-C2 vector (provided by A. Kikuchi). The pMBP-WHI3-S568A
plasmid containing the fusion gene for the mutant MBP-Whi3 S568A conjugate protein

10



was constructed by using a QuikChange™ XL Site-Directed Mutagenesis Kit
(STRATAGENE) and the pMBP-WHI3 plasmid as a PCR template. The
pWhi3-S568A-3HA plasmid was constructed as follows: First, the BamHI-Sall
fragment of the pMBP-WHI3-S568A plasmid was cloned into BamHI- and -Sall-
digested pUC119 to construct pWhi3-S568A. Next, the WHI3 gene containing a 3HA
epitope tag was amplified from genomic DNA of the WHI3-3HA::kanMX6 strain
(provided by Dr. M. Aldea) by PCR and cloned into the T7Blue T-Vector (Novagen) to
construct pT-Whi3-5T-3HA. Finally, the Apal-Sphl fragment of the pT-Whi3-5T-3HA
plasmid was cloned into the Apal- and Sphl- digested pWhi3 S568A plasmid. The
pWhi3-S568D-3HA  plasmid was  constructed similarly by wusing the
pWhi3-S568A-3HA plasmid as the PCR template. The mutations were confirmed by
DNA sequencing.

1.3.3. Gene Disruption and Strain Construction

The Awhi3 strain on the W303 background was constructed by gene replacement.
Genomic DNA was isolated from the Awhi3::kanMX4 strain on a BY4741 background
(Invitrogen). The PCR-amplified fragments of Awhi3::kanMX4 were used to transform
the W303-1A and MLY4la strains (Longtine et al., 1998). Deletion of the genomic
CLN3 gene (CLN3 plasmids provided by I. Yamashita) and the BCYI gene was
performed by using a disruption plasmid.

The strains with a chromosomally integrated gene for WHI3-S568A and WHI3-S568D
with a 3x HA epitope at their C terminus were constructed as follows: The
pWhi3-S568A-3HA and pWhi3-S568D-3HA plasmids were digested with NspV
(within the WHI3 locus) and used to transform the appropriate strains. Insertion of these
fragments into the original WHI3 locus was confirmed by DNA sequencing and

Western blot analysis.

1.3.4. In Vitro Phosphatase Assay

The cell extracts prepared as described above (200 pg total protein) were incubated
with 400 U of A-phosphatase (New England Biolabs) in 50 ul of A-phosphatase buffer
and 1 mM MnCl, with or without phosphatase inhibitors (50 mM NaF and 5 mM
Na3zVO,) for 60 min at 30°C. After the phosphatase treatment, 4 x sample buffer for
SDS-PAGE was added; and the mixture was then boiled for 10 min. Whi3-HA was
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detected by immunoblotting.

1.3.5. In Vitro Protein Kinase Assay

The procedure for the in vitro kinase assay was carried out as described previously
(Zhu et al., 2000). Expression of the MBP-Whi3 fusion protein in E.coli BL21 was
induced by the addition of 0.1 mM IPTG to the culture medium. MBP-Whi3 protein
was affinity-purified by use of amylose resin beads (New England Biolabs) according to
the manufacturer's instructions. Protein kinases from a collection of 119 yeast protein
kinases fused to glutathione S-transferase (kindly provided by M, Snyder) (Zhu et al.,
2000) were over-expressed in yeast and affinity-purified by using glutathione-Sepharose
4B beads (Amersham Biosciences). The MBP-Whi3 and GST-fused protein kinases on
the beads were mixed in 50 pl of kinase buffer containing 0.5 uCi of [y->*P] ATP, 100
uM ATP, and 10 mM MgCl, and incubated at 30°C for 30 min. After the beads had
been washed with the kinase buffer, the proteins were eluted by boiling the beads in
SDS-sample buffer for 5 min. The eluted proteins were resolved by SDS-PAGE and
detected by autoradiography.

1.3.6. Invasive Growth Assay

Yeast cells (MLY41a; provided by J. Heitman) were streaked onto standard medium
(YPD; 1% yeast extract, 2% peptone, 2% glucose) plate and allowed to grow at 28°C
for 2 days. The plate was observed before and after rinsing with a gentle stream of water

to remove all the cells from the agar surface.

1.3.7. Sporulation Assay

To induce sporulation, cells grown in YPD were shifted to YPAc (1% yeast extract,
2% peptone, 2% potassium acetate), grown for at least 3 generations at 28°C, and
harvested at a density of 3-5 x 10’ cells/ml. The cells were washed twice with
sporulation medium (SPM; 1% potassium acetate), resuspended in the same medium to
1.5 x 107 cells/ml, and further incubated at 28°C. The formation of asci was assessed by

phase-contrast microscopy.

1.3.8. RNA Binding, Immunoprecipitation, and mRNA Detection
Exponentially growing cells (4 x 10*) were disrupted with glass beads in 200 ul of
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extraction buffer (50 mM Tris-HCI (pH 7.5), 150 mM KCI, and 2 mM MgCl,)
containing 40 units/ul RNasin (Qiagen), phosphatase inhibitors (10 mM NaF and 1 mM
Na3VOy), 0.1% Nonidet P-40, 1 mM DTT, 1 mM PMSF, 10 pg/ml aprotinin, and
protease inhibitor mixture (a-Complete, Roche Applied Science). Extracts were cleared
by centrifugation for 15 min at 14,000 x g. Anti-HA monoclonal antibody (HA.11,
Berkeley Antibody Co.) and protein A-agarose beads were added to the cleared extracts,
followed by incubation for 8 h at 4°C. The beads were then washed four times with
wash buffer (50 mM Tris-HCI (pH 7.5) containing 150 mM KCI and 2 mM MgCl,) and
subsequently eluted for 10 min at 65°C in 50 mM Tris-HCI (pH 8.0) containing 100
mM NaCl, 10 mM EDTA, and 1% SDS. Eluted samples were extracted by use of an
RNeasy MiniKit (Qiagen) following the manufacture’s instructions. RT-qPCR was
performed with 2 ul of RNA as template, and was done in a LightCycler (Roche
Applied Science) with a One Step SYBR PrimeScript RT-PCR Kit IT (TaKaRa).

1.4. RESULTS
1.4.1. sgh4/whi3 Suppresses Osmosensitivity of Ahogl Cells

The strain lacking HOGI shows severe growth defect, which is accompanied by a G;
delay and polarized bud formation, on medium containing high Ca*" due to the
activation of the cellular Ca®"-signaling pathways and the high osmolarity (Shitamukai
et al., 2004; Kobayashi et al., 2008). To clarify this regulatory mechanism of the cell
cycle and the growth control regulated by Ca®", we screened for suppressor mutants of
the Ca’"-sensitive phenotypes of hog! deletion cells. The isolated mutants were
classified into 6 loci designated sghl-sgh6 (for suppressors of Ca**-induced growth
defect of hogl). By gene cloning and genetic linkage analysis, the sghl, -2, -3, -5, and
-6 mutations have been identified as the mutant alleles of the SWEI, CNBI, TUPI,
SKOI and CYCS gene, respectively (Kobayashi et al. 2008). Although these mutations
were originally isolated by the ability to suppress the CaCl, sensitivity of the Ahogl, the
4 mutations (sgh3/tupl, sgh5/skol, sgh6/cyc8, and sgh4), but not 2 mutations (swel and
cnbl), suppressed also the osmo-sensitivity (0.6 M sorbitol and 0.4 M KCl) of the hog!
mutant (Kobayashi et al. 2008). Further, we have shown that the suppression by 3
mutations (sgh3/tupl, sgh5/skol, and sgh6/cyc8) was caused by the defect in the

Tup1-Cyc8 global repressor, which led to an altered expression of the genes involved in
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osmotic stress responses (Kobayashi ef al. 2008). In this chapter, I focused on the
remaining mutation, sgh4.

By gene cloning and genetic linkage analysis, sgh4 was identified as mutant allele of
the WHI3 gene, a negative regulator of the G, cyclin for cell size control (Nash et al.
2001). Disruption of the WHI3 gene, similarly as the sgh4 mutation, suppressed the
Ca’'-, and osmo-sensitive phenotype of Ahog! cells, suggesting that the sgh4 mutation
is a loss-of-function allele of the WHI3 gene (Fig. 1). Thus, I used the whi3-deletion

mutant in further experiments.

1.4.2. Identification of PKA as the Whi3 Kinase

Whi3 was originally identified as a negative regulator of the G; cyclin for cell-size
control (Nash et al. 2001) and shown to play an important role in regulating CIn3
activity in G, (Gari et al. 2001). Although the various physiological roles of Whi3 have
been clarified, little is known about the upstream regulators of Whi3. Although the
various physiological roles of Whi3 in multiple cellular events, including cell-cycle
progression and developmental fate, the upstream regulator(s) of Whi3 has still not been
fully identified. Protein phosphorylation, one of the post-translational modifications,
plays a central role in the regulation of various proteins by altering their function and
activity. As the phosphorylation of Whi3 has not been analyzed yet, I examined whether
Whi3 could be phosphorylated in vivo. 1 detected slow-migrating bands of Whi3-HA on
an SDS-PAGE gel (Fig. 2A, lane 1). The phosphatase-treated Whi3-HA protein
migrated faster than the untreated protein (Fig. 2A, compare lanes 1 and 2), indicating
that Whi3 was phosphorylated under the normal growth conditions.

To identify the protein kinase(s) responsible for the phosphorylation of Whi3, I
screened for the kinase that was capable of phosphorylating the recombinant
MBP-Whi3 fusion protein in vitro, using y->’P-ATP as the phosphate donor, from a
collection of 119 potential protein kinases consisting of those previously characterized
and predicted in the yeast genome database. Analysis of these kinases indicated that
Tpkl, one of the 3 isoforms of the cAMP-dependent protein kinase (PKA), had the
highest kinase activity for MBP-Whi3 but no activity was detected in MBP (Fig. 2B,
lanes 1 and 2). The 2 other isoforms of PKA, i.e. Tpk2 and Tpk3, exhibited moderate
kinase activity in this assay (Fig. 2B, lanes 3 and 4).

To identify the site(s) of Whi3 phosphorylated by PKA, I searched for the consensus
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sequence for PKA-mediated phosphorylation (R(R/K)X(S/T)) (Ptacek et al. 2005) in
Whi3 and found only one consensus sequence (Ser-568) located within the
RNA-recognition motif (RRM) of Whi3 (Fig. 2C). To investigate whether Ser-568 is
phosphorylated in vitro, I constructed a RRM of Whi3 that contained amino acids 539—
621 and then constructed non-phosphorylatable mutant RRM-S568A recombinant
protein, whose 568" Serine residue is substituted for Alanine, after which I compared
the phosphorylation levels of these recombinant proteins. The phosphorylation level of
MBP-RRM-S568A was statistically significantly reduced relative to that of MBP-RRM
but to a modest extent (Fig. 2D), suggesting that Ser-568 of Whi3 is one of the
phosphorylation sites mediated by PKA in vitro.

To confirm that Whi3 was phosphorylated by PKA in vivo, I examined whether the
phosphorylation level of Whi3 would be elevated by the deletion of Bceyl, the
regulatory subunit of PKA, in which PKA becomes constitutively active. As expected,
in the Abcyl cells, the significant slow-migrating bands were observed, indicating the
hyper-phosphorylation forms of Whi3-HA (Fig. 2E, lanes 1 and 2). The
phosphatase-treated Whi3-HA protein in Abcy! cells migrated faster than the untreated
protein (Fig. 2F, compare lanes 3 and 5), confirming that Whi3 had been
phosphorylated by PKA in vivo. To examine whether Ser-568 is a phosphorylation site
of Whi3 in vivo, 1 constructed the non-phosphorylatable mutation Whi3-S568A by
site-directed mutagenesis and compared the phosphorylation levels of Whi3-HA and the
Whi3-S568A-HA mutant protein in both WT and Abcy! cells (Fig. 2E). In the WT cells,
the difference between the phosphorylation level of the Whi3-S568A-HA mutant
protein and that of the Whi3-HA protein was not observed (Fig. 2E, lanes 1 and 3),
suggesting that an additional phosphorylation site(s) of Whi3 mediated by PKA or
another kinase(s) might exist in Whi3. In contrast, in the Abcy! cells, the major mobility
shift in the Whi3-HA protein was not observed in the Whi3-S568A-HA mutant protein
(Fig. 2E, lanes 2 and 4). These results indicate that Ser-568 of Whi3 is the site
phosphorylated by PKA in vivo.

1.4.3. Phospho-mimic Whi3-S568D Mutation Decreases the Cell Size

The above results indicated that Ser-568 of Whi3 was one of the major
phosphorylation sites recognized by PKA in vivo. So I focused on the role of this
phosphorylation of Whi3 in multiple cellular events mediated by Whi3. As Whi3 was
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originally identified as a positive regulator of cell-size control (Nash et al. 2001), I first
examined whether the phosphorylation state of Ser-568 in Whi3 participated in the
cell-size control. Wild-type (Whi3-HA) and the Whi3-S568A cells growing in normal
YPD medium were similar in size. In contrast, the size of Whi3-S568D mutant cells,
like that of the deletion mutant (Awhi3), was smaller than that of the WT cells (Fig. 3).
These results suggest that the phosphorylation of Whi3 by PKA resulted in the
decreased cell size by inhibiting the Whi3 function.

1.4.4. Phosphorylation State of Ser-568 in Whi3 Affects the G,/S Transition by
Modulating CLN2 Transcription

As the whi3 deletion promotes the G;/S transition by accelerating CLN2 transcription
(Gari et al. 2001), I next investigated whether the PKA-mediated Whi3 phosphorylation
participated in the cell cycle regulation. I examined the cell-cycle progression and CLN2
transcription of Whi3 mutant cells synchronized in the G; phase. The Whi3-S568D
mutation, like the deletion one (Awhi3), led to a shortened G; phase compared to the
length of the G, phase in WT cells (Fig. 4A). In contrast, the Whi3-S568 A mutation led
to a prolonged G; phase (Fig. 4A). Consistent with the effect of these mutations on the
cell-cycle progression, transcription of the CLN2 mRNA was accelerated by the
Whi3-S568D mutation and decelerated by the Whi3-S568A mutation (Fig. 4B and C).
These results suggest that the PKA-mediated Whi3 phosphorylation at Ser-568 inhibits
the Whi3 function, thus promoting the start of the cell cycle.

1.4.5. Phosphorylation of Ser-568 in Whi3 Is Important for Cell Fate
Determination

Whi3 is important for the inhibition of the CIn3 function in the G, phase, leading to
sporulation or invasive growth (Gari et al. 2001). Coincidentally, PKA has been shown
to be required for the growth regulation to the switch to sporulation and filamentous
growth (Thevelein et al. 1999). Thus, we examined the effects of the Whi3 mutations on
sporulation and invasive growth. The haploid Whi3-S568D mutant, but not the
Whi3-S568A mutant, was defective in invasive growth (Fig. 5A). Further, the
homologous diploid Whi3-S568D mutant, but not the Whi3-S568A mutant, failed to
sporulate (Fig. 5B). As it has been reported that defects in both sporulation and invasive
growth of Awhi3 cells are alleviated by the deletion of CLN3 (Gari et al. 2001), 1
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examined whether these deficiencies of the Whi3-S568D mutant were caused by
promotion of the G,/S transition through the up-regulation of Cln3. As expected, both
defects of the Whi3-S568D mutant were reversed by the CLN3 deletion (Fig. SA and B).
These results indicate that the PKA-mediated phosphorylation of Ser-568 in Whi3 plays

key role in cell-fate determination in the G; phase.

1.4.6. Phosphorylation of Whi3 by PKA Leads to Its Decreased Interaction with
CLN3 mRNA

All of the above results are consistent with the idea that PKA-mediated
phosphorylation of Whi3 at Ser-568 has inhibitory role in Whi3 function. How did PKA
down-regulate it? Whi3 negatively regulates CLNI, CLN2, and CLN3 mRNA levels by
binding to these mRNAs, most efficiently to CLN3 mRNA (Gari et al. 2001). Thus, I
speculated that the phosphomimetic Whi3-S568D mutant and the hyperphosphorylated
form of Whi3 in the Abcyl strain would show decreased interaction with mRNA. To
examine this possibility, I carried out Whi3 immunoprecipitation followed by RT-qPCR
analysis to measure Whi3 association with CLN3 mRNA. As expected, both the
phosphomimetic (Whi3-S568D-HA) and hyperphosphorylated (Abcy! Whi3-HA) forms
of Whi3 displayed reduced interaction with CLN3 mRNA in this assay (Fig. 6).
Inversely, the Whi3-S568A mutant showed increased interaction with CLN3 mRNA
(Fig. 6). Moreover, the increase in the ability of Whi3-S568A to bind to CLN3 mRNA
was still observed in the Abcyl mutation background (see Abcy! Whi3-S568 A mutant),
although the binding ability was slightly reduced by the Abcy! mutation. This result
indicates that the Whi3-S568 A mutation is epistatic to the Abcyl mutation and further
supports the possibility that Ser-568 of Whi3 is a major regulatory site phosphorylated
by PKA for down-regulating the ability of Whi3 to bind to CLN3 mRNA. Altogether,
these results suggest that PKA promotes G;/S progression by phosphorylating Whi3,

which in turn causes reduced interaction with CLN3 mRNA.

1.5. Discussion
Whi3 function is important for not only control of the G;/S progression but also the

switch to developmental options such as filamentation and meiosis when challenged in

G phase (Nash et al. 2001; Gari et al. 2001; Wang et al. 2004; Colomina et al. 2008).
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Involvement of the phosphorylation of Whi3 in these above-mentioned cellular
functions has not been addressed yet. To this end, I identified PKA as the Whi3 kinase,
and examined the roles of phosphorylation of Whi3 by PKA in multiple cellular events
using the Whi3-S568D and Whi3-S568A mutations. In this chapter, I described that
PKA acted as a negative regulator of Whi3. Further, I demonstrated that the
phosphorylation of Ser-568 in Whi3 by PKA contributed to cell-cycle control and cell
fate determination (Fig. 7).

The cAMP-PKA pathway has been implicated in various cellular processes such as
cell-cycle progression, stress response, differentiation, aging, and autophagy (for review,
see Matsumoto et al., 1995; Thevelein ef al., 1999; Santangelo et al., 2006). Although
several PKA substrates have been idetified, the biological activities of these proteins are
not sufficient to explain the global effect of PKA on numerous cellular events. In this
chapter, I showed that the S568D mutation, like the Awhi3 one, accelerated the G,/S
transition (Fig. 4). In addition, the Whi3-S568D mutation led to defective in invasive
growth and sporulation as clearly as the Awhi3 mutation (Fig. 5). These findings
suggest that the phosphorylation of Whi3 at S568 by PKA played a critical role in the
decision of the commitment to the cell-division cycle or to the alternative
developmental fates, such as meiosis and invasive growth. The PKA mediated
regulation of the Whi3 function has an essential role in the mechanism governing the
cell fate decision, a mechanism that inhibits diverse development fate, allowing yeast
cells to adapt extracellular change. Under a rich-medium condition, the inhibition of
Whi3 function would suppress diverse developmental fates, thus allowing the cells to
maintain growth appropriately. Conversely, in poor medium condition, the activation of
Whi3 would promote diverse developmental fates for survival. Altogether, it is
proposed that the PKA signaling pathway is coordinated to control multicellular
processes by regulating Whi3.

Consistent with my results, it was reported that PKA is important for the regulation of
the G length in response to glucose (Hall ez al., 1998). Conversely, sudden change from
a poor carbon source to glucose leads to G; delay by the activation of PKA to maintain
critical cell size (Baroni et al., 1994; Tokiwa et al., 1994). This discrepancy may lie in
the different effects on G; cell-cycle progression depending on the signaling pathways
and/or the way of experiments. Thus, it suggests that Whi3 is not a major target of PKA

in response to a sudden change of nutrition. As shown here, the isolation and
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characterization of a direct target of PKA can facilitates the elucidation of the role of
PKA in the cell-cycle control.

PKA seems to act as a positive regulator of cell-size control (for review, see
Matsumoto et al., 1995; Thevelein et al., 1999; Santangelo et al., 2006). In contrast, my
results suggest that PKA acts as a negative regulator of cell-size control through the
regulation of Whi3. As nutrients affected the cell size independent of Whi3 (data not
shown), Whi3 function by PKA may not be important for the regulation of the nutrient
dependent of cell-size control. Further investigation is required for the elucidation of the
physiological roles of Whi3 regulated by PKA in the control of cell size.

What is the physiological role of Whi3 function controlled by PKA? Upon exposure of
the Ahogl cells to hyper-osmotic stress, the cells exhibited a severe growth defect,
which was suppressed by the sgh4/whi3 mutation (Fig. 1). Moreover, our recent study
revealed that sgh4/whi3 mutation suppressed osmo-sensitivity of Ahogl cells in a G,
cyclin dependent manner. Further, it was indicated that Hogl was involved in quick
transcriptional activation of the PKA/TPKI gene, which inactivates the inhibitory
function of Whi3 on G cyclin, in response to osmotic stress (Mizunuma et al., 2013b).
Thus, it is suggested that the activation of PKA mediated by Hogl pathway with
succeeding Whi3 inhibition is important for restart/recovery from G; delay under
high-osmolarity conditions. Alternatively, it is possible that Hogl and Whi3 antagonize
the regulation of restart from G; arrest caused by osmotic stress. Further analysis would
be important for clarification of the molecular mechanism underlying these processes.

Because sgh4/whi3 was originally identified as a suppressor mutation of the
Ca”"-sensitive phenotypes of Ahogl cells, it is indicated that Whi3 is also involved in
Ca”" signaling. I consider the possible relationship between Whi3 and the Ca®" signaling
pathway in CONCLUDING REMARKS.

What is the mechanism for the down-regulation of Whi3 by PKA? The
RNA-recognition motif (RRM) of Whi3 would bind the CLN3 mRNA and restrict CIln3
synthesis in the ER (Nash et al. 2001; Gari et al. 2001; Wang et al. 2004; Colomina et
al. 2008). Here I showed that PKA phosphorylated the Ser-568 situated within this
RRM, thus inhibiting Whi3 function. Therefore, this phosphorylation might have
interfered its interaction with CLN3 mRNA, thus escaping the retention mechanism.
Indeed, the phosphomimetic Whi3-S568D mutant and the hyperphosphorylated form of
Whi3 in the Abcy! strain showed reduced its interaction with CLN3 mRNA.
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I have shown that the WHI3-S568D allele behaved like the whi3 null mutation in all in
vivo assays described here. However, significant effects of the Whi3-S568A mutation
were not observed, except for cell cycle progression. These results suggest that
phosphorylation by PKA and/or other kinase(s) at some additional site(s) also
contributes to down-regulation of Whi3 function.

From the screening for kinases responsible for Whi3 phosphorylation by using the
119-kinase collection, four kinases (Tpkl, Tpk2, Tpk3, and Ptk2) were identified as
Whi3 kinases. Of these, the Ptk2 kinase is involved in the regulation of ion transport
and enhances spermine uptake (Longtine et al. 1998; Zhu et al. 2000). These results
indicate that Whi3 is phosphorylated not only by PKA but also by another kinase(s)
including Ptk2. Thus, Whi3 would be regulated in multiple ways. Further analysis will
be needed for clarification of the physiological roles of phosphorylated Whi3
underlying these processes.

The identification of the phosphorylation site of Whi3 enables direct analysis of
Whi3-dependent cyclin expression/cell cycle progression. My data suggest that
phosphorylation of Whi3 by PKA played an important role as a direct modulator of a
cell fate determination in response to external signals. Since Whi3 homologues are
present in some organisms (Nash er al. 2001), it will be of great interest to study

whether a similar mechanism operates in higher eukaryotes.
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Table 1 Strains used in Chapter I

Strain Genotype Source or Reference

W303-1A  MATa; trpl, leu2, ade2, ura3, his3, canl-100 Lab. stock

SOS5 MATa; Ahogl::TRPI [W303-1A] Shitamukai ez al., 2004

SHI338 MATa; Ahogl::TRP1 sgh4 [W303-1A] Kobayashi er al., 2008

SHI336 MATa; sgh4 [W303-1A] Kobayashi et al., 2008

SHI301 MATa; Awhi3::kanMX6 [W303-1A] this study

SHI305 MATa; Ahogl::TRP1 Awhi3::kanMX6 [W303-1A] this study

SHI294 MATa; WHI3-3HA: :kanMX6 [W303-1A] this study

YMMS501 MATa; Abeyl::URA3 WHI3-3HA: :kanMX6 [W303-1A] this study

YMMS502 MATa; WHI3S568A-3HA: :kanMX6 [W303-1A] this study

YMMS504 MATa; Abcyl::URA3 WHI3S568A-3HA: :kanMX6 [W303-1A] this study

YMMS505 MATa; WHI3S568D-3HA: :kanMX6 [W303-1A] this study

YRT73 MATa; Acln3:: HIS3 WHI3-3HA. :kanMX6 [W303-1A] this study

YRT76 MATa; Acln3:: HIS3 WHI3S5684-3HA: :kanMX6 [W303-1A] this study

YRT75 MATa; Acln3:: HIS3 WHI3S568D-3HA: :kanMX6 [W303-1A] this study

YRT74 MATa; Acln3:: HIS3 Awhi3::kanMX6 [W303-1A] this study

W303 MATala; trpl/trpl, leu2/leu2, ade2/ade?2, Lab. stock
ura3/ura3, his3/his3, canl-100/canl-100

YMMS507 MATalo; WHI3-3HA: :kanMX6/WHI3-3HA: :kanMX6 [W303] this study

YMMS508 MATalo; WHI3S568A4-3HA: :kanMX6/WHI3S568A4-3HA: :kanMX6 [W303] this study

YMM509 MATa/a; WHI3S568D-3HA: :kanMX6/WHI3S568D-3HA: :kanMX6 [W303] this study

YMMS510 MATa/a; Awhi3::kanMX6/Awhi3: :kanMX6 [W303] this study

YRTI1 MATalo,; Acln3::HIS3/Acln3::HIS3 this study
WHI3-3HA: :kanMX6/WHI3-3HA: :kanMX6 [W303]

YRT9%4 MATalo,; Acln3::HIS3/Acln3::HIS3 this study
WHI3S568A-3HA: :kanMX6/WHI3S568A-3HA: :kanMX6 [W303]

YRT93 MATa/o; Acln3::HIS3/Acln3::HIS3 this study
WHI3S568D-3HA.: :kanMX6/WHI3S568D-3HA: :kanMX6 [W303]

YRT92 MATalo; Acln3::HIS3/Acln3::HIS3 this study
Awhi3::kanMX6/Awhi3::kanMX6 [W303]

MLY4l1a MATa; ura3-52 Lorenz and Heitman 1997

YMMS15 MATa; WHI3S568A-3HA: :kanMX6 [MLY41a] this study

YMMS516 MATa; WHI3S568D-3HA: :kanMX6 [MLY41a] this study

YMMS517 MATa; WHI3-3HA: :kanMX6 [MLY41a] this study

YRTS8S MATa; Acin3::URA3 [MLY41a] this study

YRTS87 MATa; Acin3::URA3 WHI3S568A-3HA: :kanMX6 [MLY41a] this study

YRTS88 MATa; Acin3::URA3 WHI3S568D-3HA: :kanMX6 [MLY41a] this study

YRT86 MATa; Acin3::URA3 WHI3-3HA: :kanMX6 [MLY41a] this study
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YPD

control 0.2 M CaCl, 0.6 M sorbitol 0.4 M KCI

WT

Ahogt

sgh4

Awhi3
Ahog1 sgh4
Ahog1 Awhi3

Figure 1 The deletion of the WHI3 gene suppresses Ca’*- and osmo-sensitivity of
Ahogl cells.

Effect of the deletion of the WHI3 gene on the growth of the Ahogl mutant strain on
solid medium. WT, Ahogl, sgh4, Awhi3, Ahogl sgh4, Awhi3, and Ahogl Awhi3 cells
were spotted on YPD solid medium containing 300 mM CaCl,, 0.6 M Sorbitol or 0.4 M

KCl after which the plates were incubated at 28°C for 3 days.
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Figure 2 'Whi3 is phosphorylated by PKA in vitro and in vivo.

(A) Protein phosphatase treatment of Whi3-HA. Whole-cell extracts of WT cells
expressing Whi3-HA were incubated with (+) or without (-) I-phosphatase (PPase) or
the phosphatase inhibitor. After separation by SDS-PAGE, Whi3-HA was detected by
immunoblotting. Arrows indicate the phosphorylated (*) and dephosphorylated (none)
forms of Whi3-HA protein. ** indicate the non-specific band. (B) Recombinant
MBP-Whi3 or MBP (control) was incubated with GST-Tpk1, GST-Tpk2, or GST-Tpk3
in the presence of [y-’PJATP (y-°P). Phosphorylated Whi3 was separated by
SDS-PAGE and detected by autoradiography (upper panel). MBP and MBP-Whi3
proteins were purified from E. coli BL40 and stained with Coomassie Brilliant Blue
(CBB; lower panel). (C) Schematic representation of full-length Whi3. The location of
the RRM and the position of Ser-568 are indicated. (D) MBP-RRM, MBP-RRM-S568A,
or MBP (control) was incubated with GST-Tpkl in the presence of [y->’P]JATP.
Phosphorylated RRM was separated by SDS-PAGE and detected by autoradiography
(upper panel). Phosphorylation levels were quantified by phosphorimaging, and relative
values normalized to MBP-RRM are indicated below each band. Means = S.E. of three
independent experiments are shown. The difference was statistically significant (middle
panel). ** p < 0.005 by ¢ test. MBP, MBP-RRM, and MBP-RRM-S568A proteins were
purified from E. coli BL40 and stained with Coomassie Brilliant Blue (lower panel). (E)
Mobility shift of Whi3-HA or Whi3 S568A-HA from the wild-type (WT) and Abcyl
cells. WT and Abcyl cells expressing Whi3-HA or Whi3 S568A-HA were grown in
YPD medium to mid-log phase. Proteins of whole-cell extracts were separated by
SDS-PAGE and detected by immunoblotting with anti-HA (for Whi3-HA and Whi3
S568A-HA) and anti-PSTAIRE (for Cdc28 as a loading control) antibodies. Arrows
indicate phosphorylated Whi3-HA proteins with different mobilities. (F) Protein
phosphatase treatment of Whi3-HA. Whole cell extracts of WT and Abcyl cells
expressing Whi3-HA (lanes 2—7) were incubated with (+) or without (-) A-phosphatase
or a phosphatase inhibitor. Lane [ is a negative control lacking the HA tag on Whi3.
After separation by SDSPAGE, Whi3-HA was detected by immunoblotting. Arrows
indicate the hyperphosphorylated (**), phosphorylated (*), and dephosphorylated forms
of Whi3-HA protein. A nonspecific band is indicated (***).
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Whi3-HA

Awhi3
Whi3-S568D-HA
Whi3-S568A-HA

Number of cells

relative cell size

Figure 3 PKA controls cell size by phosphorylating Whi3.
(A) Whi3-HA, Awhi3, Whi3-S568A-HA, and Whi3-S568D-HA cells were grown in
YPD medium. Relative cell size was determined by measuring forward angle light

scattering by using a FACSCalibur (Becton Dickinson). Each histogram was obtained

from 2 x 10 cells.
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Figure 4 Phosphorylation state of Whi3 at its Ser568 by PKA affects the timing
of CLN2 transcription and cell-cycle progression.

(A) Effect of Whi3-S568A or Whi3-S568D mutations on cell-cycle progression. The
Whi3-HA, Whi3-S568A-HA, Whi3-S568D-HA, and Awhi3 strains were synchronized
with a-factor and released into YPD. (B) Effect of Whi3-S568A or Whi3-S568D
mutations on CLN2 transcription. Northern blot analysis was performed for CLN2 and
ACTI (control) mRNA levels in the cells taken periodically after having been
synchronized with a-factor in YPD. (C) Changes in the relative intensity of the CLN2
and ACTI mRNA bands. The amount of the CLN2 mRNA in B was normalized by that

of the ACTI mRNA. For each strain, the maximum value for the first cell cycle was

!

CLN2 L

ACT1

Awhi3
0 510 1520 25 30 35 40 45 50 55 60 (min)

B it bl A

CLN2

ACT1

referred to as 1.

26

m Whi3-HA

4 Whi3-S568A-HA
e Whi3-S568D-HA
& Awhi3

10 20 30 40

Time (min)

50 60



A Acln3 background
total invasive total invasive

WT  Whi3-S568A-HA WT  Whi3-S568A-HA  —  Whi3-S568A-HA —  Whi3-S568A-HA

= = —

Awhi3  Whi3-S568D-HA Awhi3  Whi3-S568D-HA Awhi3 Whi3-S568D-HA Awhi3 Whi3-S568D-HA

B 100
—~ 80
3 :
{ o
S 60 4 T
(_U C
= — T
5 40 =
).
w
20| —=%
O L
~‘b>2\?~ “&(\{5 :3\?‘ QR‘ )2\?“ Q\\(‘\{b g\?“ )2\?
& > & & & B & &
® S & S © P &
‘{\\rb' ‘Q.')’ 0\0 v@ ('\{b’ (O
N N v N N
o ®
v W

Figure 5 Phosphorylation state of Whi3-Ser568 is important for the growth
regulation to switch to or not to switch to meiosis and invasive cell growth.

(A) Effect of Whi3-S568A or Whi3-S568D mutation on the invasive growth of the
haploid XMLY41 strain on YPD plates. WT, Whi3-S568A-HA, Whi3-S568D-HA,
Awhi3, Acln3, Acln3 Whi3-S568A-HA, Acin3 Whi3-S568D-HA or Acin3 Awhi3 cells
were streaked onto a YPD plate and cultured at 28°C for 2 days. (B) Efficiency of spore
formation after 48 h of cultivation of the diploid strains grown in sporulation medium.

Data represent average of 3 independent experiments. Error bars show the mean + SEM.
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Figure 6 Phosphorylation of Whi3 by PKA inhibits binding of Whi3 to CLN3
mRNA in vivo.

Extracts of cells expressing Whi3-HA, Whi3-S568D-HA, Whi3-S568A-HA, Abcyl
Whi3-HA, or Abcyl Whi3-S568A-HA were immunoprecipitated as described under
“Experimental Procedures.” Each sample was separated by SDS-PAGE and detected by
immunoblotting with anti-HA antibodies. RNA was extracted from cell extracts (Total)
and immunoprecipitates (IP) and used as template for RT-qPCR. The relative intensity
of the CLN3 mRNA was normalized to that of ACT1 mRNA (Total). Values relative to
the CLN3 mRNA level of Whi3-HA (+) are indicated below each bar. Data represent

the means + S.E. of three independent experiments.
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Figure 7 Model for the role of PKA in regulating multiple cellular functions by
phosphorylating Whi3 at Ser-568.
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CHAPTER 11

Implication of Ca’" in the Regulation of Replicative Life Span of
Budding Yeast
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2.1 ABSTRACT

In eukaryotic cells, the calcium ion (Ca®") is involved in the regulation of various
cellular functions as a signal molecule. The zds/A strain of the Saccharomyces
cerevisiae shows the sensitivity to Ca®" and the Ca*'-induced G, cell cycle arrest, and
polarized bud growth, due to the activation of the cellular Ca*'-signaling pathways
mediated by the calucineurin and Mpkl MAP kinase pathway. Calcineurin is a highly
conserved Ca’’/calmodulin dependent protein phosphatase, and plays key roles in the
regulation of diverse biological processes in organisms from yeast to humans. To
uncover the growth control regulated by the Ca**-signaling pathways, we screened for
suppressor mutants of the Ca**-sensitive phenotypes of zdsIA cells (scz mutants). Of
these mutants, we identified mutant allele of S/R3, involved in the regulation of life
span, as sczl4. However, the relationship between the Ca®'-signaling and the aging of
yeast is obscure. Therefore, I focused on the relationship between Ca’" signaling and
life span in yeast. Here I show that Ca®" affected the replicative life span (RLS), which
is defined by the number of mother cell divisions before senescence. I found that cells
grown in the medium supplemented with high Ca®" showed decreased RLS relative to
normal medium. It suggests that increased intracellular Ca®" levels, and consequent
activation of the calcineurin caused a reduction in RLS. Indeed, the deletion of ZDSI
gene, resulted in the increase in cellular Ca*' level, and the constitutively activation of
calcineurin led to a shortened RLS. Further, the shortened RLS of zds/A cells was
suppressed by the calcineurin deletion. Moreover, I demonstrate that the strain lacking
CNBI gene, encodes the regulatory subunit of calcineurin, had the deceased RLS,
suggesting that the basal activity of calcineurin is important for maintain normal life
span in yeast. Thus, these results indicate that Ca®" homeostasis/ Ca>" signaling are

important for regulation of longevity in budding yeast.

2.2 INTRODUCTION

The calcium ion (Ca®") is a highly universal intracellular signal that regulates many
different cellular processes such as cell proliferation, muscle contraction, development,
fertilization, motility, memory, and apoptosis (for review, see Berridge et al., 2000;
Berridge et al., 2003). Moreover, it was reported that o-klotho, which was originally

identified as a putative age-suppressing gene in mice, is involved in the regulatory
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system of Ca’" metabolism, suggesting a relationship between Ca** and aging (Imura et
al., 2007).

In the budding yeast Saccharomyces cerevisiae, the Ca'/calmodulin-dependent
protein phosphatase calcineurin has been implicated in stress-induced gene expression,
cation homeostasis, cell cycle regulation, cell wall synthesis, and recovery from the
mating pheromone induced G; arrest (Aramburu et al., 2000; Cyert et al., 2001;
Miyakawa et al., 2007). Recent reports showed that inactivating calcineurin slows aging
in Caenorhabditis elegans (Dwivedi et al., 2009; Mair et al., 2007). However, the
relationship between Ca®* signaling and aging in yeast has not been known.

Most of the identified regulatory factors of aging are evolutionally conserved from
yeast to higher eukaryotes, suggesting the implication of common mechanisms of aging
in diverse organisms. For instance, dietary restriction is known as the common way to
extend the life span and to increase stress resistance in organism ranging from yeast to
mammals (for review, see Kenyon, 2010; Fontana et al., 2010). In budding yeast,
reducing the concentration of glucose in the culture medium extends yeast life span (Lin
et al., 2000). This extension from dietary restriction is accounted for the activation of
the silent information regulator (Sir) protein Sir2, a central determinant of yeast life
span (Lin et al., 2000; Lin et al., 2002). Sir2 is a family of NAD -dependent protein
deacetylases (Imai et al., 2000; Finkel et al., 2009) required for the transcriptional
silencing at mating type loci HML and HMR (Rine et al., 1987), at telomeres (Aparicio
et al., 1991; Gottschling et al., 1990), and at the rDNA locus RDN/I (Bryk et al., 1997,
Fritze et al., 1997; Smith et al., 1997). It has been showed that deletion of either SIR2,
SIR3, or SIR4 results in a shortened life span, whereas overexpression of its product
increase life span, suggesting that the Sir complex functions to promote longevity
(Kaeberlein et al., 1999; Kennedy ef al., 1997).

Mutations in ZDS! (zillion different screens) gene have been found by a wide variety
of genetic screens (Bi ef al., 1996; Ma et al., 1996; Yu et al., 1996). The Zds1 function
reported include chromatin silencing, the establishment of cell polarity, cell cycle
progression, and diverse other processes (Bi et al., 1996; Ma et al., 1996; Yu et al.,
1996; Roy et al., 2000; Mizunuma et al., 1998; Griffoen et al., 2003; Zanelli et al.,
2005; Rossio et al., 2011; Calabria et al., 2012; Rossio et al., 2013). Moreover, Zds1 is
also implicated the regulation of life span (Roy et al., 2000). Although the important

32



roles of Zds1 (and its homolog Zds2) in various cellular events have been indicated, its
biochemical function is not completely known.

Previously, we showed that ZDS/ null mutant cells cultivated in the medium
containing a high concentration of CaCl, were delayed in the G, phase and showed
polarized bud growth, due to the activation of cellular Ca®" signaling pathways in
budding yeast (Nakamura ef al., 1996; Mizunuma et al., 1998). Two Ca*" activated
pathways, namely, the Mpkl MAP kinase cascade and the calcineurin pathway,
coordinately regulate the G»/M transition. To identify novel signaling components of
the cell cycle and the growth control mediated by Ca®" signaling, we screened for
suppressor mutants of the Ca®"-sensitive phenotypes of zds/ deletion cells and they had
been classified into 14 genetic complementation groups (designated scz/ to sczl4 for
suppressor of Ca®"-induced abnormalities of the AzdsI strain). Of these mutants, we
identified the mutant allele of SIR3 as scz/4. In this chapter, I investigated the
relationship between Ca’" signaling and replicative life span (RLS) in yeast. I propose

that Ca®" homeostasis/Ca”" signaling is required for regulation of RLS.

2.3 MATERIALS AND METHODS
2.3.1 Yeast Strains and Media
Yeast strains used in this study are listed in Table 2. All yeast strains were derivatives

of W303. The media used were as described previously (Mizunuma et al., 1998).

2.3.2 Gene disruption and strain construction

The Asir3, Apmcl, and Apmrl strains on a W303 background were constructed by
gene replacement. Genomic DNA was isolated from the Asir3::kanMX4,
Apmcl::kanMX4, and Apmrl::kanMX4 strains on a BY4741 background (Invitrogen).

The amplified fragment was used to transform a haploid W303 strain.

2.3.3 Yeast Replicative Life Span (RLS)

RLS analyses were determined as described previously (Kennedy et al., 1995). Cells
selected randomly were aligned on the life span plate with a micromanipulator. After
each cell division, the newly born daughter cells were left there, and the mother cells

were removed. Starting with this newly born cells, the daughter cells produced after
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each cell division were removed. This procedure was continued until cell division
finished every 2-4 hours. The RLSs of these cells were determined by the number of
daughters that were generated. All RLS analyses in this chapter were carried out on
YPD plates at least 3 times, independently. Statistical significance was determined by
performing a log rank test. Average RLSs were taken to be significantly different at

p <0.05. Results from a single experiment are shown.

2.3.4 B-Galactosidase Assays

Cells containing pKC201 (Cunningham et al., 1996) were grown to mid log phase at
28°C in SC minus uracil. The cells were harvested and resuspended in fresh YPD
medium (pH 5.5). After incubation for an additional 4 hours at 28°C with shaking, the
cells were provided for assay of P-Galactosidase activity as described previously
(Guarente, 1983). Error bars represent the standard deviation of the mean (SD).
Statistical significance between the wild-type and other strains was determined by

performing a t-tests.

2.4 RESULTS
2.4.1 The Deletion of the SIR3 Gene Confers Ca*" Resistance to AzdsI Cells

ZDSI null mutant (Azdsl) yeast cells grown in medium containing a high
concentration of CaCl, (300 mM) were delayed in G, phase and displayed highly
polarized bud growth, due to the activation of the cellular Ca®" signaling pathways
(Mizunuma et al., 1998). As shown in Fig. 8A-C, the growth inhibition and the
polarized bud growth, but not the G, delay, of Azds/ cells due to exogenous CaCl, were
suppressed by an additional mutation scz/4. The plasmid that complemented the
phenotype of the scz/4 mutants was cloned, and it was revealed that it contained the
SIR3 gene. Linkage of SIR3 to the SCZ14 locus was confirmed by tetrad analysis (data
not shown). In fact, the deletion of the SIR3 gene, similarly as the scz/4 mutation,
suppressed the growth inhibition and the polarized bud growth, but not the G, delay, of
Azdsl cells, suggesting that the scz/4 mutation is a loss-of-function allele of the SIR3
gene (Fig. 8A-C). For this reason, I used the Asir3 cells in further experiments.

Why did the Asir3 mutation suppress only the Ca®’-induced hyperpolarized bud
growth but not the Gj-delay of Azds! cells? Because the Ca®" signal induced the
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polarized bud growth by elevating the level of G;-cyclin Cln2 (Mizunuma et al., 2005),
I investigated whether the sir3 deletion affected the CIn2 level by performing Western
blot analysis of strains with chromosomally integrated construct for HA-tagged Cln2.
The protein levels of CIn2 in the presence and absence of exogenous calcium in Azds/
cells were decreased by the disruption of SIR3 (compare Azds! and Azds! Asir3 in Fig.
8D), suggesting that the suppression of the Ca*" sensitive phenotype of the Azds! cells
by the sir3 deletion was caused by a defect in the elevation of the CIn2 level in response
to Ca’". Additionally, similar effect of the sir3 disruption on the Cln2 level was
observed on wild-type (WT) background (compare WT and Asir3 in Fig. 8D). These
results indicate that Sir3 is important for the elevation of the Cln2 level in the presence
and absence of external Ca®". The Sir3 protein in budding yeast is required for telomere
silencing (Aparicio et al., 1991) and also seems to play a role in the life span regulation
(Austriaco et al., 1997, Kaeberlein et al., 1999; Roy et al., 2000). Therefore, in this

chapter, I focused on a relationship between Ca”*-signaling and lifespan.

2.4.2 Increase in External and Intracellular Ca** Levels Causes Shortened RLS

I first investigated whether the extracellular Ca** would affect the lifespan. Budding
yeast typically divides asymmetrically to give a large mother cell and a smaller daughter
cell. Aging in budding yeast is measured as a RLS (replicative life span), i.e., the
number of mother cell divisions before senescence (Kennedy et al., 1994; Sinclair et al.,
1997; Defossez et al., 2001). Cells grown in the YPD medium supplemented with 100
mM CaCl, showed a decreased RLS relative to normal medium (Fig. 9A). To check the
specificity of Ca®" on the yeast RLS, I examined the effect of MgCl, and KCI on RLS,
because some cations (such as Na', Li", Mn®", Co*", and Ni*") but not Mg*" and K"
have been shown to affect the Ca>" homeostasis (Nakamura et al., 1993; Farcasanu et
al., 1995). As the result, neither MgCl, (100 mM) nor KCl (150 mM) altered
significantly the RLS of WT cells (Fig. 9A), indicating that external Ca”" reduced RLS.

To investigate the possibility that extracellular Ca®" shortens RLS by activating
intracellular Ca®" signaling, I measured the RLS of Azds! cells, in which Ca®"-signaling
pathways might be activated by increase in internal Ca®" level (Mizunuma et al., 1998).
As expected, the mean RLS of Azds/ cells was shorter than that of WT cells under the
normal condition (Fig. 9B).

To examine whether the zds/ deletion affected the activation of Ca’-signaling
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pathways under the experimental condition, I investigated calcineurin activity in vivo by
using a reporter assay system (Cunningham et al., 1996). In response to the elevation of
the cellular Ca®" level, the transcription factor Crzl binds to calcineurin-dependent
response element (CDRE) in the promoter and activates several stress-responsive target
genes (such as VCXI, PMCI, PMRI, and PMR2A4). 1 used the CDRE-driven LacZ
reporter gene (Cunningham ef al., 1996) and analyzed the calcineurin activity in the WT
and zdsIA cells under normal growth condition (YPD) by B-galactosidase assay. The
B-galactosidase activity in WT cells indicated the basal level of this CDRE-driven LacZ
reporter system, because the activity in WT cells was comparable to that in the
calcineurin-deleted cells (Acnbl) (Fig. 9C). As expected, B-galactosidase activity in the
Azdsl cells increased significantly by 3-fold compared to that in WT cells (Fig. 9C),
and this increase was indeed dependent on calcineurin (Fig. 9C, compare between
Azdsl and Azdsl AcnbI). These results suggested that the increase in cellular Ca®* level
in the Azds1 cells causes the shortened RLS by activating Ca**-signaling pathway(s).

2.4.3 Increase in Cellular Ca®* Level by PMRI deletion Shortened RLS

We previously identified two genes, PMRI and PMCI as the multi-copy suppressors
of the Ca®"-sensitive phenotypes of zdsIA cells (Yokoyama et al., 2006). The genes,
PMRI and PMCI, encode Golgi and vacuolar Ca**-ATPases ion pump, respectively
(Rudolph et al., 1989; Antebi et al., 1992; Cunningham et al., 1994a; Cunningham ef al.,
1994b). Both Pmrl and Pmcl transport Ca® from the cytosol into each intracellular
compartment. In addition, it has been reported that PMRI deletion causes the
alternations of intracellular Ca’" homeostasis, including an increased rate of cellular
Ca’" uptake from the extracellular environment and an enhanced sensitivity to high
extracellular Ca*" levels (Halachmi et al., 1996; Kellermayer et al., 2003).

To clarify whether the maintenance of calcium homeostasis is important for longevity,
I observed the RLS of the Apmrl and Apmcl cells. The Apmrl cells but not the Apmcl
cells had a severe reduction in mean RLS of ~ 64% (Fig. 9D), indicating that
Pmrl-mediated Ca*" transport into Golgi, but not Pmc1-mediated one into vacuole, is
important for longevity under normal condition. Further, to investigate the role of these
Ca*"-ATPases in cellular Ca®" homeostasis, I measured calcineurin activity in these
cells by using the CDRE-driven LacZ reporter system (Cunningham et al., 1996).
Consistent with the result of RLS, B-galactosidase activity in the ApmrI cells, but not in
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the Apmcl, significantly increased by 4-fold, compared to the basal level in the WT
cells (Fig. 9C). These results indicate that Pmrl-mediated Ca®" sequestration to Golgi

plays an important role in regulation of RLS through intracellular Ca*" homeostasis.

2.4.4 Hyper-Activation of Calcineurin Shortens the RLS

To further confirm the above suggestion that activated Ca®" signaling pathways
decreases the RLS, I investigated whether over-expression of the constitutively
activated calcineurin (CMP2AC, C-terminal auto-inhibitory domain-truncated catalytic
subunit) promotes aging and shortens the RLS. Indeed, the WT cells expressing the
activated calcineurin (YEp24-CMP2AC) had a reduced RLS compared to the WT cells
carrying the empty plasmid (YEp24) (Fig. 10A). This result indicated that activation of

Ca”’/calcineurin-signaling pathway(s) shortens RLS.

2.4.5 Calcineurin-Deletion Overcomes the Shortened RLS of AzdsI Cells

We previously reported that calcineurin and Zdsl are implicated in an antagonistic
regulation of cell growth and morphogenesis in the presence of high Ca*" (Mizunuma et
al., 1998). Because disruption of ZDS/ resulted in about 20% decrease in the mean RLS
with hyper-activation of calcineurin (Fig. 9B), I speculated that calcineurin deletion
overcomes the shortened lifespan in Azds/ cells. As expected, Azdsl Acnbl double
deletion cells displayed a longer RLS compared to Azds! single deletion cells (Fig.
10B). Interestingly, the mean RLS of Azds! Acnbl cells was comparable to that of the
WT cells. These results indicate that calcineurin and Zds1 play an antagonistic role in

the regulation of RLS and the activated calcineurin promotes ageing in the Azds/ cells.

2.4.6 Calcineurin and Sir3 Act Redundantly in the Regulation of RLS

I next examined the effect of the calcineurin deletion (Acnb 1) on the RLS. Surprisingly,
the calcineurin deletion per se on the WT background shortened RLS under normal
growth condition (Fig. 10B and C), suggesting that the basal activity of calcineurin is
required for longevity under this condition.

In the Sir3-mediated RLS regulation, the Mpkl MAPK cascade was identified as the
pathway that phosphorylates Sir3, which results in shorter RLS (Ray et al., 2003). We
and other previously showed that calcineurin and Mpkl act redundantly in cellular

events (Garrett et al., 1995; Mizunuma et al., 1998; Nakamura et al., 1996). To
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investigate whether calcineurin is related to the Sir3-mediated RLS regulation, I
examined the RLS of Acnbl Asir3 double deletion cells. As previously reported
(Kaeberlein et al., 1999), deletion of SIR3 leads to a 22% decrease in the mean RLS
(Fig. 10C). The mean RLS of Acnbl Asir3 double deletion cells was shortened more
compared with that of each single deletion mutant (Fig. 10C). These results indicated

that calcineurin and Sir3 act redundantly in regulation of RLS as parallel pathways.

2.5 DISCUSSION

In this chapter II, I showed that calcineurin has an important role in the regulation of
yeast life span. Hyper activation of calcineurin-signaling shortened RLS (Fig. 10A).
Indeed, the shortened RLS of Azdsl cells, in which calcineurin is activated by the
increase in cellular Ca*" level, was suppressed by the calcineurin deletion (Fig. 10B).
These results indicate that the constitutive activation of calcineurin would be toxic to
yeast in the long term, although it is required for the resistance to several stresses,
including ionic stress (Na’, Li", and Mn®"), high pH, and the presence of cell
wall-disrupting compounds (calcofluor white and Congo red). Surprisingly, disruption
of calcineurin gene also promoted the aging in the WT cells, suggesting that the
calcineurin activity in basal level suppresses aging under normal growth condition.
However, in the multicellular organism Caenorhabditis elegans, a calcineurin-deficient
mutant displayed an extended lifespan (Dwivedi et al., 2009; Mair et al., 2011).
Moreover, I observed that all scz mutation caused the shortened RLS in yeast
(unpublished data). Thus, it is possible that an optimal level of calcineurin
activity/expression would be required for longevity, and Ca®" signaling pathways are
important for longevity in the unicellular organism such as budding yeast.

How do calcineurin and Zdsl1 act in the regulation of RLS? My results suggested that
calcineurin and Zds1 play an antagonistic role in the regulation of RLS. Previously, we
reported that the growth inhibition, the polarized bud growth, and the G, delay by high
Ca’" in Azds] cells were suppressed by the calcineurin deletion mutations (Mizunuma et
al., 1998). Moreover, calcineurin activity was enhanced in the Azds/ cells (Fig. 9C).
Therefore, it is possible that Zdsl may be required for the longevity in the negative
regulation of calcineurin. Further investigation is required for the nature of the Zdsl

functions.
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Why did the Apmrl cells show a severe reduction in mean RLS compared to other
cells (Azdsl, Acnbl, and Asir3)? The Pmrl protein plays an important role in both
protein sorting and proton transport (Diirr et al., 1998; Yadav et al., 2007). Although
none of the gene that is related to secretary pathway has been identified yet as the RLS
regulator, it has been reported that some proton ATPase mutants, such as the VMA
genes encoding vacuolar H;-ATPases, reduced RLS (Kaeberlein et al., 2005). These
results suggest that the severe RLS reduction of Apmr1 cells was derived not only from
altered Ca®" homeostasis but also from defect of proton transport. As the double
deletion between calcineurin and VMA gene displays synthetic lethality (Tanida ef al.,
1995; Nakamura et al., 1996), the shortened RLS of the calcineurin deletion might be
caused at least in part by the defect in control of the intracellular pH. Although a
functional interaction between secretion and RLS has not been shown, I have not ruled
out this possibility.

Previously, we showed that calcineurin leads to the CIn2 up-regulation by a
mechanism that is mediated by degradation of Yapl transcription factor (Yokoyama et
al., 2006). In this chapter, I showed that Sir3 was required for the up-regulation of the
ClIn2 level (Fig. 8D). In the regulation of RLS, a functional link between Sir3 and CIn2
has not yet been identified. However, my results suggest that the optimum levels of
Cln2 might be important for the longevity in yeast. My findings also suggest that Ca*"
homeostasis is necessary for longevity in yeast.

It will be interesting to determine whether altered Ca*" homeostasis influences the life
span of higher eukaryotes such as human, and whether the corresponding pathways are

a part of a conserved network involved in the control of biological aging.
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Table2 Strains used in Chapter 11

Strain Genotype Source or Reference
W303-1A MATa; trpl, leu2, ade2, ura3, his3, canl-100 Lab. stock

YATI1 MATa; Azds1::TRP1 [W303-1A] Mizunuma et al., 1998
YIY10 Azdsl::TRPI Asir3::kanMX4 [W303-1A] this study

YJIY9 Asir3::kanMX4 [W303-1A] this study

YGA13 MATa; Apmcl::kanMX4 [W303-1A] this study

YGA14 MATa; Apmrl::kanMX4 [W303-1A] this study

DTH14 MATa; Acnbl::HIS3 [W303-1A] Nakamura et al., 1993
YMM2 MATa; Azds1::TRPI Acnbl::HIS3 [W303-1A] Mizunuma et al., 1998
YIY12 Acnbl::HIS3 Asir3::kanMX4 [W303-1A] this study
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Figure 8 The deletion of SIR3 gene suppresses various phenotypes of the AzdsI
strain.

(A) Effect of the deletion of SIR3 gene on the growth of the Azds/ mutant strain on
solid medium. WT, Azdsl, sczl4, Asir3, Azdsl sczl4, and Azdsl Asir3 cells were
spotted on YPD solid medium containing 300 mM CacCl,, after which the plates were
incubated at 25°C for 3 days. (B, C) Cell morphology (DIC: Differential Interference
Contrast) after 6 h of incubation with 100 mM CaCl, at 25°C (B). Flow cytometry
analysis (FACS) of Pl-stained cells of various strains after 6 h of incubation with 100
mM CaCl, at 25°C (1C: 1 DNA copy or 2C: 2 DNA copies) (C). (D) Cln2-HA and
Cdc28 were detected by Western blotting using early log-phase growing cells of WT,
Azdsl, Asir3, and Azds1 Asir3 strain were suspended in YPD containing 100 mM CacCl,,
incubated for 6 h, and then used for Western blotting. CIn2-HA and Cdc28 were
detected by immunoblotting with anti-HA or anti-PSTAIRE antibody, respectively.
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Figure 9 An increase in Ca’" levels led to reduced RLS.

(A) RLS analysis of WT cells grown on YPD (control), YPD plus 100 mM CaCl,, YPD
plus 100 mM MgCl,, and YPD plus 150 mM KCI at 25°C. Mean RLS in terms of
numbers of cell divisions: control, 27.4 (n = 52); 100 mM CaCl,, 22.5 (n = 36); 100
mM MgCly, 29.8 (n = 52); 150 mM KCI, 28.3 (n = 52). (B) RLS analysis of WT and
Azds mutant cells grown on YPD at 25°C. Mean RLSs: WT, 24.3 (n = 43); Azds1, 19.6
(n = 44). (C) Expression of the CDRE-dependent reporter gene in WT, Azdsl, Azdsl
Acnbl, Apmcl, Apmrl, and Acnbl mutant cells. *P<0.001 (D) RLS analysis of WT,
Apmcl, and Apmrl mutant cells grown on YPD at 25°C. Mean RLSs: WT, 27.5 (n =
47); Apmcl, 26.3 (n = 44); Apmrl, 9.4 (n =49).
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Figure 10 Effect of over-expression and deletion of calcineurin on RLS.

(A) RLS analysis of the cells over-expressing constitutively active form of calcineurin.
WT cells transformed with empty plasmid (YEp24) or YEp24-CMP2AC plasmid grown
on YPD at 25°C were examined. Mean RLSs: YEp24, 25.5 (n = 40); YEp24-CMP2AC,
21.9 (n = 39). (B) RLS analysis of WT, Azdsi, Acnbl, and Azdsl Acnbl mutant cells
grown on YPD at 25°C. Mean RLSs: WT, 26.9 (n =44); Azdsl, 21.8 (n = 44); Acnbl,
23.5 (n = 44); Azdsl Acnbl, 27.6 (n = 43). (C) RLS analysis of WT, Acnbl, Asir3, and
Acnbl Asir3 mutant cells grown on YPD at 25°C. Mean RLSs: WT, 25.2 (n = 18);
Acnbl, 19.7 (n = 33); Asir3, 19.6 (n = 20); Acnbl Asir3, 15.0 (n = 36).
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CONCLUDING REMARKS

The eukaryotic cells have developed various signaling pathways in order to cope with
the change of the environment. The mechanism of signal transduction is evolutionally
conserved from unicellular microorganisms such as yeast to multicellular organisms
including insects, plants, and mammals. The researches on intracellular signaling
pathways have disclosed diverse biological phenomena such as immunity, development,
cancer and aging at the molecular level (for review, see Silverman et al, 2001;
Pires-daSilva and Sommer, 2003; Show and Cantley, 2006; Kenyon, 2010). The cause
of various diseases including cancer has been explained as aberrations in the molecules
of the signaling pathways, and medical biology is accomplishing an epochal advance
(for review, see Sebolt-Leopold and English, 2006). However, the physiological roles of
the signaling pathway remained largely unknown, and the interaction of various
signaling pathways still largely remain to be investigated.

Aging is a universal biological phenomenon, which is observed in every organism
from microorganism to human. It is a complex process accompanied by accumulation of
various molecular, cellular, organ damages, leading to diseases and death. Despite the
complexity of aging process, it is suggested that the aging process, as well as many
other biological processes, is subject to regulation by signaling pathways and
transcription factors (for review, see Kenyon, 2005; Kenyon, 2010; Fontana et al.,
2010). Although many reports have shown that dietary and genetic alternations can
increase life span of various model organisms, the molecular mechanisms that
determine life span are poorly understood.

The budding yeast Saccharomyces cerevisiae has emerged as a versatile and robust
model system of eukaryotic cells. Genetic and molecular analyses are simpler and easier
to perform in yeast than in multicellular organisms. Then, it serves as powerful analysis
tools for understanding the molecular mechanisms of highly complex signaling
pathways in higher eukaryotes such as human (for review, see Forsburg, 2005; Botstein
and Fink, 2011). Different signaling pathways and transcription factors coordinate the
expression of stress response genes. Moreover, it has been used as a useful model for
aging research, leading to the identification of new longevity genes and pathways in
higher eukaryotes (for review, see Sinclair er al., 1998; Bitterman et al., 2003;
Kaeberlein, 2010). How much of what we learn about signaling pathways in yeast is

relevant to human has become an important question. Although some aspects of
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signaling pathways in yeast are specific to this organism, the evidences so far suggest
that many of the most important features have been evolutionarily conserved in
mammals.

In chapter I, I showed that the RAS/cAMP-dependent protein kinase (PKA) functioned
as the Whi3 kinase. Whi3 was phosphorylated by PKA and that the phosphorylation of
Ser-568 in Whi3 by PKA had an inhibitory role in the Whi3 function. Phosphorylation
of Whi3 by PKA resulted in its decreased interaction with CLN3 mRNA and was
required for the promotion of the G|/S progression. Further, I demonstrated that the
phospho-mimetic S568D mutation of Whi3 prevented the developmental options
including sporulation and invasive growth. Thus, PKA modulated the function of Whi3
by phosphorylation, and implicating PKA-mediated modulation of Whi3 in multiple
cellular events (Mizunuma et al., 2013a). Because Whi3 homologs are present in some
organisms (Nash et al., 2001), it will be interesting to study whether a similar
mechanism is operated in human.

In chapter II, I showed that Ca*" affected the replicative life span (RLS) of yeast. I
described that increased external and intracellular Ca®" levels caused decreased RLS.
Consistently, the deletion of ZDS! gene, which showed the increased cellular Ca”" level,
and the activation of calcineurin led to a shortened RLS. Further, the shortened RLS of
Azdsl cells was suppressed by the calcineurin deletion. Moreover, I demonstrated that
the strain lacking CNBI gene had the deceased RLS, suggesting that the basal activity
of calcineurin is essential for longevity in yeast. Thus, our results indicated that Ca*"
homeostasis/ Ca®" signaling are required to regulate longevity in budding yeast. We also
reported that other SCZ genes (a suppressor mutation of the Ca**-sensitive phenotypes
of Azds1 cells) were involved in the regulation of yeast life span (Tsubakiyama et al.,
2011). Since the calcium ion (Ca®") is a universal second messenger in various
organisms, it will be very interesting to investigate whether the collapse of Ca**
homeostasis affects the life span of higher eukaryotes.

In this thesis, I clarified the role of Whi3 phosphorylated by PKA in the cell fate
determination, and the relationship between Ca>" homeostasis/ Ca*" signaling and life
span regulation for the first time in yeast. Because we identified the mutant allele of
WHI3 as sgh4, which was a suppressor mutation of the Ca*’-sensitive phenotypes of
Ahogl cells, it is expected that Whi3 is also involved in Ca®" signaling. How dose Whi3

function in Ca®" signaling pathways? Our recent study indicated that Whi3 acted as a
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negative regulator for restart from G; arrest under osmotic stress (Mizunuma et al.,
2013a). Moreover, it was revealed that cells showed transient G, arrest under high Ca®"
conditions, and that high Ca®" caused the delay of CLN2 mRNA accumulation, which
was abolished by the whi3 mutation (unpublished data). These results indicate the
possibility that Whi3 function mediated by PKA may play a role in the regulation of the
restart from G, arrest under high Ca®" conditions as well as osmotic stress. We
previously reported that the Ca®" signaling pathways, through the activation of
calcineurin, and Hogl pathway, which plays a central role in response to hyperosmotic
stress, are implicated in an antagonistic regulation of cell growth (Shitamukai et al.,
2004). Moreover, our results indicated that PKA was quickly activated by the osmotic
signal in a Hogl-dependent manner (Mizunuma et al., 2013b). Based upon these
findings suggest that the Ca>" signaling pathways and PKA may antagonize one another
in the regulation of cell growth. Further investigation is required for the nature of the
Whi3 functions.

Many evidences have been shown the relationship between signaling pathways
regulating cell proliferation and aging of various organisms (for review, see Kenyon,
2005; Kenyon, 2010; Fontana et al., 2010). Indeed, it was reported that mutation in the
PKA pathway affected life span (Fabrizio ef al., 2001; Lin et al., 2002; Tong et al.,
2007). Since it was suggested that mutation of the PKA pathways have shown to
extended life span in yeast (Fabrizio ef al., 2001; Lin et al., 2002), Whi3 may function
downstream of PKA to promote longevity.

Whi3 regulates the various physiological roles such as cell size, normal mating
response, filamentous growth and meiosis. Interestingly, recent report showed that yeast
cells are able to form a memory through the super-assembly of Whi3 (Caudron et al.,
2013). Yeast cells unproductively exposed to pheromone enter a pheromone refractory
state, and this state is memorized by mother cells, not inherited by daughter cells. This
“memory’’ is encoded by super-assembly and inactivation of Whi3. Super-assembly of
Whi3 may act as cellular memory devices to encode previous environmental conditions,
and this memory system may be regulated by PKA-Whi3 pathway. It will be interesting
to investigate whether a similar memory mechanism is also thought to exist in the nerve
cells of higher organisms, and whether this memory system is linked to longevity.

There are close relations between signaling pathways of cell proliferation and many

diseases such as cancer, diabetes, autoimmune diseases, and neurological diseases.
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Mutations in signaling pathways that control cell proliferation cause various disorders.
Ras1/2, which are upstream regulator of yeast adenylate cyclase (activated Rasl1/2
indirectly activate PKA through the stimulation of cAMP), are a homolog of the
mammalian RAS protein. The mammalian RAS protein was originally identified as a
gene that has the potential to cause cancer (called as oncogene). In tumor cells, Ras
gene are often mutated or expressed at high levels (for reviews, see Malumbres et al.,
2003). Not only Ras-PKA signaling pathway but also the Ca®" signaling pathways have
been implicated in varied disorders. Calcineurin, which has a central role in Ca*"
signaling pathways, is the target of the immunosuppressant drugs cyclosporin A and
FK506 and several viral immune modulators. In addition, its dysfunction is implicated
in Down’s syndrome, diabetes, and cardiac hypertrophy (for reviews, see Carafoli,
2002; Berridge et al., 2003; Puzianowska-Kuznicka and Kuznicki, 2009).

Moreover, susceptibility to a wide variety of diseases increases with age. Importantly,
long-lived mutants are resistant to these age-related diseases including Huntington’s
diseases, sarcopenia, heart failure, and cancer (Morley et al., 2002; Herndon et al.,
2002; Ramsey et al., 2002; Wessells et al., 2004). Hence, future studies in yeast and
other model organisms to identify novel signaling pathways functioning in cell growth
and life span regulation are likely to open up therapeutic opportunities for many

diseases of human.
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Background: Whi3 is known as a negative regulator of the G, cyclin.
Results: The phosphorylation of Ser-568 in Whi3 by PKA plays an inhibitory role in Whi3 function.
Conclusion: Phosphorylation of Whi3 by PKA plays an important role as a direct modulator of cell fate decision in response to

external signals.

Significance: A new aspect of the interface between the cell cycle and cell fate has been discovered.

The Start/G; phase in the cell cycle is an important period
during which cells determine their developmental fate, onset of
mitotic progression, or the switch to developmental stages in
response to both external and internal signals. In the budding
yeast Saccharomyces cerevisiae, Whi3, a negative regulator of
the G, cyclins, has been identified as a positive regulator of cell
size control and is involved in the regulation of Start. However,
the regulatory pathway of Whi3 governing the response to mul-
tiple signals remains largely unknown. Here, we show that Whi3
is phosphorylated by the Ras/cAMP-dependent protein kinase
(PKA) and that phosphorylation of Ser-568 in Whi3 by PKA
plays an inhibitory role in Whi3 function. Phosphorylation of
Whi3 by PKA led to its decreased interaction with CLN3 G,
cyclin mRNA and was required for the promotion of G,/S pro-
gression. Furthermore, we demonstrate that the phosphomi-
metic S568D mutation of Whi3 prevented the developmental
fate switch to sporulation or invasive growth. Thus, PKA mod-
ulated the function of Whi3 by phosphorylation, thus implicat-
ing PKA-mediated modulation of Whi3 in multiple cellular
events.

Eukaryotic cells monitor internal and external signals to
commit themselves to cell division or to a switch to alternative
developmental fates during the G; phase. In the budding yeast
Saccharomyces cerevisiae, this control network is called Start
(1). Start is initiated by the G, cyclin Cln3, which is associated
with the cyclin-dependent kinase Cdc28 (2).
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Whi3 in budding yeast was originally identified as a positive
regulator of cell size control and is involved in the regulation of
Start (3). The best characterized function of Whi3 is its ability
to inhibit Cln3 function in the G, phase by binding to CLN3
mRNA, thereby inhibiting the CIln3-Cdc28-mediated activa-
tion of two transcription factors, SBF (Swi4-Swi6) and MBF
(Mbp1 and Swi4), which drive the expression of the G, cyclin
CLN1I and CLN2 mRNAs and lead to a delay in activation of
Start of the cell cycle (4-7). In addition, Whi3 function is
required for developmental options such as invasive growth
and meiosis (4). However, little is known about the upstream
regulator(s) of Whi3.

The Ras/cAMP-dependent protein kinase (PKA) pathway in
yeast has been implicated in numerous cellular processes,
including carbon storage, stress response, growth, differentia-
tion, and life span (for reviews, see Refs. 8 —10). The molecular
mechanism by which yeast cells sense and respond to the spe-
cific stimuli generated by PKA has been studied extensively.
One of the most prominent roles of PKA signaling is known to
be the regulation of the critical cell size required for Start in
response to nutrient conditions (for reviews, see Refs. 8 —10).
PKA has been implicated in cell size control by nutritional con-
ditions such as nutrient levels, and decreased PKA signaling
results in decreased cell size, whereas hyperactive PKA signal-
ing leads to increased cell size (11-13), indicating that PKA is a
positive regulator of cell size control.

In addition, the PKA pathway appears to play a crucial role in
the connection between the availability of nutrient signals and
G, /S transition. It has long been thought that the G, length of
cells growing rapidly in rich medium is shorter than that of cells
growing slowly in poor medium and that cells in rich medium
also have higher PKA activity than those in poor medium.
Genetic evidence supports this idea that PKA increases the
expression of the Cln3-Cdc28 kinase complex to promote pas-
sage through Start in rich medium (14). On the other hand,
other data indicate that PKA delays Start during the shift from
poor to rich medium (12, 13). These results indicate that PKA
plays an important role in Start as a positive or negative regu-
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lator depending on the nutrient conditions/shifts. Thus, the
involvement of PKA in the regulation of Start remains enig-
matic. Despite the obvious importance of the PKA signaling
pathway, only a few substrates/targets of PKA in the control of
cell growth have been identified (9, 10).

In this study, we identify PKA as the Whi3 kinase. We show that
the phosphorylation of Ser-568 in Whi3 by PKA plays an inhibi-
tory role in Whi3 function. This mechanism is essential for the
acceleration of G,/S progression. Furthermore, we demonstrate
that the phosphomimetic S568D mutation of Whi3 prevents spor-
ulation and invasive growth. On the basis of these findings, we
propose that the phosphorylation of Whi3 by PKA is involved in
multiple cellular events, including cell cycle control and develop-
mental fate in response to environmental stimuli.

EXPERIMENTAL PROCEDURES

Yeast Strains and Media—The yeast strains used in this study
were as follows: W303-1A (MATa trpl-1 leu2-3 ade2-1 ura3-1
his3-11 canl-100), SHI301 (MATa Awhi3:kanMX6), SHI294
(MATa WHI3-3HA::kanMX6), YMM501 (MATa Abcyl::URA3
WHI3-3HA::kanMX6), YMM502 (MATa WHI3-S568A-3HA::
kanMX6), YMM504 (MATa Abcyl::UURA3 WHI3-S568A-3HA::
kanMX6), YMMb505 (MATa WHI3-S568D-3HA::kanMX6),
YRT73 (MATa Acln3:HIS3 WHI3-3HA::kanMX6), YRT76
(MATa Acln3:HIS3 WHI3-S568A-3HA::kanMX6), YRT75 (MATa
Acin3:HIS3 WHI3-S568D-3HA::kanMX6), YRT74 (MATa
Acln3::HIS3 Awhi3:kanMX6), YTO1 (MATa HIS3 GALI-WHI3-
3HA::kanMX6), YTO2 (MATa HIS3 GALI-WHI3-S568D-3HA::
kanMX6), YMM507 (MATa/o WHI3-3HA::kanMX6/WHI3-
3HA:kanMX6), YMM508 (MATa/a WHI3-S568A-3HA::
kanMX6/WHI3-S568A-3HA::kanMX6), YMM509 (MATa/«
WHI3-5568D-3HA::kanMX6/WHI3-S568D-3HA::kanMX6),
YMMS510 (MATa/o Awhi3:kanMX6/Awhi3:kanMX6), YRT91
(MATa/a Acln3::HIS3 WHI3-3HA::kanMX6/Acin3::HIS3
WHI3-3HA::kanMX6), YRT94 (MATal/a Acln3:HIS3
WHI3-S568A-3HA::kanMX6/Acln3::HIS3 WHI3-S568A-3HA::
kanMX6), YRT93 (MATa/a Acln3::HIS3 WHI3-S568D-3HA::
kanMX6/Acln3::HIS3 WHI3-S568D-3HA::kanMX6), and
YRT92 (MATa/a Acln3:HIS3 Awhi3:kanMX6/Acin3::HIS3
Awhi3:kanMX6), all derivatives of strain W303-1A. Also used
were the following derivatives of the X, strain: MLY41a (MATa
ura3-52), YMM515 (WHI3-S568A-3HA::kanMX6 in MLY41a),
YMM516 (WHI3-S568D-3HA::kanMX6 in MLY41a), YMM517
(Awhi3:kanMX6 in MLY41a), YRT85 (Acin3::UURA3 ura3-52
in MLY41a), YMRT87 (Acin3:URA3 WHI3-S568A-3HA::
kanMX6 in MLY4la), YRT88 (Acln3:URA3 WHI3-S568D-
3HA::kanMX6 in MLY41a), and YRT86 (Ac/n3::LIRA3 Awhi3::
kanMX6 in MLY41a). The media used were as described previ-
ously (15).

Site-directed Mutagenesis and Construction of Plasmids—
The pMBP-WHI3 plasmid harboring the fusion gene for the
maltose-binding protein (MBP)*-Whi3 conjugate protein was
constructed as follows. The WHI3 gene was amplified by PCR,
digested with BamHI and Sall, and then cloned into the BamHI-
and Sall-digested pMAL-C2 vector (provided by A. Kikuchi).

Role of Whi3 via PKA in Multiple Cellular Events

The pMBP-WHI3-S568A plasmid harboring the fusion gene
for the mutant MBP-Whi3-S568A conjugate protein was con-
structed using a QuikChange™" XL site-directed mutagenesis
kit (Stratagene) and the pMBP-WHI3 plasmid as a PCR tem-
plate. The pMBP-RRM plasmid harboring the fusion gene for
the MBP-Whi3 RNA recognition motif (RRM) conjugate pro-
tein was constructed as follows. The RRM domain was ampli-
fied by PCR, digested with BamHI and Sall, and then cloned
into the BamHI- and Sall-digested pMAL-C2 vector. The
pMBP-RRM-S568A plasmid harboring the fusion gene for the
mutant MBP-RRM-S568A conjugate protein was constructed
using the QuikChange ™" XL site-directed mutagenesis kit and
the pMBP-RRM plasmid as a PCR template. The pWhi3-
S568A-3HA plasmid was constructed as follows. First, the
BamHI-Sall fragment of the pMBP-WHI3-S568A plasmid was
cloned into BamHI- and Sall-digested pUC119 to construct
pWhi3-S568A. Next, the WHI3 gene containing a 3-HA
epitope tag was amplified from genomic DNA of the
WHI3-3HA:kanMX6 strain (provided by Dr. M. Aldea) by
PCR and cloned into the pT7Blue vector (Novagen) to con-
struct pT-Whi3—5T-3HA. Finally, the Apal-Sphl fragment of
the pT-Whi3—5T-3HA plasmid was cloned into the Apal- and
Sphl-digested pWhi3-S568A plasmid. The pWhi3-S568D-
3HA plasmid was constructed similarly using the pWhi3-
S568A-3HA plasmid as the PCR template. The mutations were
confirmed by DNA sequencing.”

Gene Disruption and Strain Construction—The Awhi3 strain
was constructed by gene replacement. Genomic DNA was iso-
lated from the whi3::kanMX4 strain on a BY4741 background
(Invitrogen). The PCR-amplified fragments of whi3:kanMX4
were used to transform the W303-1A and XMLY41a strains
(16). Deletion of the genomic CLN3 gene (CLN3 plasmids pro-
vided by I. Yamashita) and the BCY1 gene was performed using
a disruption plasmid.

The strains with chromosomally integrated genes for WHI3-
S568A and WHI3-S568D with a 3-HA epitope at their C ter-
mini were constructed as follows. The pWhi3-S568A-3HA and
pWhi3-S568D-3HA plasmids were digested with NspV (within
the WHI3 locus) and used to transform the appropriate strains.
Insertion of these fragments into the original WHI3 locus was
confirmed by DNA sequencing and Western blot analysis.

In Vitro Phosphatase Assay—Cell extracts (200 g of total
protein) were incubated with 400 units of A-phosphatase (New
England Biolabs) in 50 ul of A-phosphatase buffer and 1 mm
MnCl, with or without phosphatase inhibitors (50 mm NaF and
5 mMm sodium orthovanadate) for 60 min at 30 °C. After the
phosphatase treatment, 4X sample buffer for SDS-PAGE was
added, and the mixture was boiled for 10 min. Whi3-HA was
detected by immunoblotting.

In Vitro Protein Kinase Assay—The procedure used for the in
vitro kinase assay was carried out as described previously (17).
Expression of the MBP-Whi3 fusion protein in Escherichia coli
BL21 was induced by the addition of 0.1 mm isopropyl B-p-
thiogalactopyranoside to the culture medium. MBP-Whi3 pro-
tein was affinity-purified using amylose resin beads (New Eng-

“The abbreviations used are: MBP, maltose-binding protein; RRM, RNA rec-
ognition motif; YPD, yeast extract/peptone/dextrose.
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land Biolabs) according to the manufacturer’s instructions.
Protein kinases from a collection of 119 yeast protein kinases
fused to glutathione S-transferase (kindly provided by M. Sny-
der) (17) were overexpressed in yeast and affinity-purified using
glutathione-Sepharose 4B beads (Amersham Biosciences). The
MBP-Whi3 and GST-fused protein kinases on the beads
were mixed in 50 ul of kinase buffer containing 0.5 uCi of
[y-3*P]ATP, 100 um ATP, and 10 mm MgCl, and incubated at
30 °C for 30 min. After the beads had been washed with the
kinase buffer, the proteins were eluted by boiling the beads in
SDS sample buffer for 5 min. The eluted proteins were resolved
by SDS-PAGE and detected by autoradiography.

Invasive Growth Assay—Yeast cells (XMLY41a, provided by
J. Heitman) were streaked onto a yeast extract/peptone/dex-
trose (YPD) plate and allowed to grow at 28 °C for 2 days. The
plate was photographed before and after rinsing with a gentle
stream of water to remove all of the cells from the agar surface.

Sporulation Conditions—For induction of sporulation, cells
grown in YPD medium were shifted to 1% yeast extract, 2%
peptone, and 2% potassium acetate; grown for at least three
generations at 28 °C; and harvested at a density of 3-5 X 107
cells/ml. The cells were washed twice with sporulation medium
(1% potassium acetate), resuspended at 1.5 X 107 cells/ml in the
same medium, and further incubated at 28 °C. The formation of
asci was assessed by phase-contrast microscopy.

RNA Binding, Immunoprecipitation, and mRNA Detection—
Exponentially growing cells (4 X 10%) were disrupted with glass
beads in 200 ul of extraction buffer (50 mm Tris-HCI (pH 7.5),
150 mm KCl, and 2 mm MgCl,) containing 40 units/ul RNasin
(Qiagen), phosphatase inhibitors (10 mm NaF and 1 mMm sodium
orthovanadate), 0.1% Nonidet P-40, 1 mm DTT, 1 mm PMSF, 10
pg/ml aprotinin, and protease inhibitor mixture («-Complete,
Roche Applied Science). Extracts were cleared by centrifugation
for 15 min at 14,000 X g. Anti-HA monoclonal antibody (HA.11,
Berkeley Antibody Co.) and protein A-agarose beads were added
to the cleared extracts, followed by incubation for 8 h at 4 °C. The
beads were then washed four times with wash buffer (50 mm Tris-
HCI (pH 7.5) containing 150 mm KCl and 2 mm MgCl,) and sub-
sequently eluted for 10 min at 65 °C in 50 mm Tris-HCI (pH 8.0)
containing 100 mm NaCl, 10 mm EDTA, and 1% SDS. Eluted sam-
ples were extracted according to standard protocols (Qiagen). RT-
PCR was performed with 2 ul of RNA as template using the One-
Step SYBR PrimeScript RT-PCR Kit II (TaKaRa) and the
conditions suggested by the manufacturer.

RESULTS

Identification of PKA as the Whi3 Kinase—Whi3 was identi-
fied previously as a negative regulator of the G, cyclin for cell
size control (3) and shown to play an important role in regulat-
ing Cln3 activity in G, (4). Despite its linkage to multiple cellu-
lar events, including cell cycle progression and developmental
fate, the upstream regulator(s) of Whi3 has still not been fully
identified. Protein phosphorylation plays a pivotal role in the
regulation of many cellular functions. As the phosphorylation
of Whi3 had not been analyzed yet, we examined whether Whi3
could be phosphorylated in vivo. We detected slowly migrating
bands of Whi3-HA on an SDS-polyacrylamide gel (Fig. 14, lane
2). The phosphatase-treated Whi3-HA protein migrated faster
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FIGURE 1. Whi3 is phosphorylated by PKA in vitro and in vivo. A, protein
phosphatase treatment of Whi3-HA. Whole cell extracts of WT cells express-
ing Whi3-HA (lanes 2-4) were incubated with (+) or without (=) A-phospha-
tase (PPase) or a phosphatase inhibitor. Lane 1 is a negative control lacking the
HA tag on Whi3. After separation by SDS-PAGE, Whi3-HA was detected by
immunoblotting. Arrows indicate the phosphorylated (*) and dephosphory-
lated forms of Whi3-HA protein. A nonspecific band is indicated (**). B, recom-
binant MBP-Whi3 or MBP (control) was incubated with GST-Tpk1, GST-Tpk2,
or GST-Tpk3 in the presence of [y-*2P]ATP (y-*2P). Phosphorylated Whi3 was
separated by SDS-PAGE and detected by autoradiography (upper panel). MBP
and MBP-Whi3 proteins were purified from E. coli BL40 and stained with Coo-
massie Brilliant Blue (CBB; lower panel). C, schematic representation of full-
length Whi3. The location of the RRM and the position of Ser-568 are indi-
cated. D, MBP-RRM, MBP-RRM-S568A, or MBP (control) was incubated with
GST-Tpk1 in the presence of [y->2P]ATP. Phosphorylated RRM was separated
by SDS-PAGE and detected by autoradiography (upper panel). Phosphoryla-
tion levels were quantified by phosphorimaging, and relative values normal-
ized to MBP-RRM are indicated below each band. Means = S.E. of three inde-
pendent experiments are shown. The difference was statistically significant
(middle panel). **, p < 0.005 by t test. MBP, MBP-RRM, and MBP-RRM-S568A
proteins were purified from E. coli BL40 and stained with Coomassie Brilliant
Blue (lower panel). E, mobility shift of Whi3-HA or Whi3-S568A-HA from WT
and Abcy1 cells. WT and Abcy1 cells expressing Whi3-HA or Whi3-S568A-HA
were grown in YPD medium to mid-log phase. Proteins of whole cell extracts
were separated by SDS-PAGE and detected by immunoblotting with anti-HA
(for Whi3-HA and Whi3-S568A-HA) and anti-PSTAIRE (for Cdc28 as a loading
control) antibodies. Arrows indicate phosphorylated Whi3-HA proteins with
different mobilities. F, protein phosphatase treatment of Whi3-HA. Whole cell
extracts of WT and AbcyT cells expressing Whi3-HA (lanes 2-7) were incu-
bated with (+) or without (—) A-phosphatase ora phosphatase inhibitor. Lane
1 is a negative control lacking the HA tag on Whi3. After separation by SDS-
PAGE, Whi3-HA was detected by immunoblotting. Arrows indicate the hyper-
phosphorylated (**), phosphorylated (*), and dephosphorylated forms of
Whi3-HA protein. A nonspecific band is indicated (**¥).
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than the untreated protein (Fig. 1A, compare lanes 2 and 3),
indicating that Whi3 had been phosphorylated under normal
growth conditions.

To identify the protein kinase(s) responsible for the phos-
phorylation of Whi3, we screened for the kinase that is capable
of phosphorylating the recombinant Whi3 protein fused to
MBP in vitro, using [y->*P]ATP as the phosphate donor, from a
collection of 119 potential protein kinases consisting of those
previously characterized and predicted in the yeast genome
database. From this screening, we found that Tpk1, one of the
three isoforms of the cAMP-dependent protein kinase (PKA),
exhibits the highest kinase activity for MBP-Whi3 but shows no
activity toward MBP (Fig. 1B, lanes 1 and 2). The two other
isoforms of PKA, i.e. Tpk2 and Tpk3, exhibit moderate kinase
activity in this assay (Fig. 1B, lanes 3 and 4).

To identify the site(s) of Whi3 phosphorylated by PKA, we
searched for the consensus sequence for PKA-mediated phos-
phorylation (R(R/K)X(S/T)) (18) in Whi3 and found only one
consensus sequence (Ser-568) situated within the RRM of
Whi3 (Fig. 1C). To examine whether Ser-568 is phosphorylated
in vitro, we generated a RRM of Whi3 that contained amino
acids 539-621 and then constructed non-phosphorylatable
mutant RRM-S568A recombinant protein by site-directed
mutagenesis, after which we performed an in vitro kinase assay.
The phosphorylation level of MBP-RRM-S568A was statisti-
cally significantly reduced compared with that of MBP-RRM
but to a modest extent (Fig. 1D), suggesting that Ser-568 of
Whi3 is one of the phosphorylation sites mediated by PKA in
vitro.

To confirm that PKA phosphorylates Whi3 in vivo, we exam-
ined whether the phosphorylation level of Whi3 would be ele-
vated by deletion of the PKA negative regulator BCYI gene, in
which case, PKA becomes constitutively active. As expected, in
the bey cells, the phosphorylation level of Whi3-HA increased
(Fig. 1E, lanes 1 and 2). The phosphatase-treated Whi3-HA
protein in bcy1-deleted cells migrated faster than the untreated
protein (Fig. 1F, compare lanes 3 and 5), confirming that Whi3
had been phosphorylated by PKA in vivo. To examine whether
Ser-568 is a phosphorylation site of Whi3 in vivo, we con-
structed the non-phosphorylatable mutation Whi3-S568A by
site-directed mutagenesis and compared the phosphorylation
levels of Whi3-HA and the Whi3-S568 A-HA mutant protein in
both WT and bcyl-deleted cells (Fig. 1E). In the WT cells, the
phosphorylation level of the Whi3-S568A-HA mutant protein
was indistinguishable from that of the Whi3-HA protein (Fig.
1E, lanes 1 and 3), suggesting that an additional phosphoryla-
tion site(s) of Whi3 recognized by PKA might exist in Whi3. In
contrast, in the bcyl cells, the major mobility shift in the
Whi3-HA protein was not observed in the Whi3-S568A-HA
mutant protein (Fig. 1E, lanes 2 and 4). These results indicate
that Ser-568 of Whi3 is the site phosphorylated by PKA in vivo.

Phosphomimetic Whi3-S568D Mutation Decreases Cell
Size—The above results indicate that Ser-568 of Whi3 is one of
the major phosphorylation sites recognized by PKA in vivo.
Thus, we focused on the role of this phosphorylation of Whi3 in
multiple cellular events. As the WHI3 gene was originally iden-
tified as a positive regulator of cell size control (3), we first
investigated whether the phosphorylation state of Ser-568 in
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FIGURE 2. PKA controls cell size by phosphorylating Whi3. A, Whi3-HA,
Awhi3, Whi3-S568A-HA, and Whi3-5568D-HA cells were grown in YPD
medium. Relative cell size was determined by measuring forward angle light
scattering with a FACSCalibur (BD Biosciences). Each histogram was obtained
from 2 X 10* cells. B, representative size distributions of log-phase cultures of
the indicated strains in YP + 2% glucose (solid lines) or YP + 2% ethanol
(dotted lines). Cells were grown in YPD medium to mid-log phase, and cells
were re-inoculated into YP + 2% glucose or YP + 2% ethanol and grown to
mid-log phase. The cell size of samples was determined using a FACSCalibur.

Whi3 participates in this control. Wild-type (Whi3-HA) and
Whi3-S568A-HA cells growing exponentially in normal YPD
medium were similar in size. In contrast, the size of phospho-
mimetic Whi3-S568D-HA mutant cells, like that of the deletion
mutant (Awhi3), was smaller compared with the WT cells (Fig.
2A). These results indicate that the phosphorylation of Whi3 by
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or Whi3-S568A-HA were grown in YPD medium to mid-log phase. Proteins of whole cell extracts were separated by SDS-PAGE and detected by immunoblot-
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and the cells were incubated at 28 °C for 8 h, after which cell size was measured. C, WHI3-HA, WHI3-5568D-HA, GAL-WHI3-HA, or GAL-WHI3-5568D-HA cells were

streaked on YP + 2% dextrose or YP + 2% galactose plates.

PKA causes a decrease in cell size by down-regulating Whi3
function.

PKA activation leads to larger cell size in response to nutrient
conditions (13). We examined whether Whi3 is involved in this
cell size control, using glucose and ethanol as carbon sources.
As reported previously (13), the cell size of wild-type cells
(Whi3-HA) growing in glucose medium was larger than that in
ethanol medium (Fig. 2B). The cell size of all whi3 mutant
strains (Awhi3, Whi3-S568D-HA, and Whi3-S568A-HA) was
also similarly responsive to these carbon sources as the wild-
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type cells. These results suggest that Whi3 is not a major target
of PKA in terms of cell size control in response to a nutrient
signal.

We noted that the effect of a whi3 mutation (Whi3-S568D
and Whi3-S568A) on the expression levels of these proteins
was comparable (Fig. 34). Because phosphomimetic Whi3-
S568D-HA mutant cells seemed to behave like the Aw/hi3 cells,
we asked whether overexpression of Whi3-S568D would pro-
duce a phenotype or not. WHI3 expressed from the GALI pro-
moter is lethal and causes an increase in cell size (3). For this
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purpose, we constructed strains containing a chromosomally
integrated gene coding for the GALI promoter upstream of the
WHI3-HA or WHI3-S568D-HA gene. As shown in Fig. 3 (Band
C), wild-type (WHI3-HA) and WHI3-8568D-HA cells express-
ing the protein under the control of their own promoter in the
presence or absence of galactose in the medium were similar in
size and growth. In contrast, the size of cells overexpressing
WHI3-5568D-HA from the GALI promoter in the presence of
galactose, like that of cells overexpressing WHI3-HA, was
larger (Fig. 3B). Furthermore, overexpression of the WHI3-
S$568D-HA mutant caused slow growth but was not lethal (Fig.
3C). Therefore, we conclude that the Whi3-S568D mutation is
not a null mutation of Whi3.

Phosphorylation State of Ser-568 in Whi3 Affects G,/S Tran-
sition by Modulating CLN2 Transcription—As the whi3 dele-
tion promotes the G,/S transition by accelerating CLN2 tran-
scription (4), we next investigated the role of the PKA-mediated
Whi3 phosphorylation in the cell cycle. We examined the cell
cycle progression and CLN2 transcription of Whi3 mutant cells
synchronized in the G; phase. Like the deletion mutation
(Awhi3), the Whi3-S568D mutation led to a shortened G,
phase compared with the length of the G; phase in WT cells
(Fig. 4A). In contrast, the Whi3-S568 A mutation led to a pro-
longed G, phase (Fig. 4A4). Consistent with the effect of these
mutations on cell cycle progression, transcription of the CLN2
mRNA was accelerated by the Whi3-S568D mutation and
decelerated by the Whi3-S568A mutation (Fig. 4, B and C).
These results suggest that the PKA-mediated Whi3 phosphor-
ylation at Ser-568 inhibits Whi3 function, thus promoting the
start of the cell cycle.

Phosphorylation of Ser-568 in Whi3 Is Important for Cell Fate
Determination—Whi3 is important for restraining Cln3 func-
tion in the G, phase, leading to sporulation or invasive growth
(4). Coincidentally, PKA has been shown to be required for the
growth regulation of the switch to sporulation and filamentous
growth (9). Thus, we examined the effects of the Whi3 muta-
tions on sporulation and invasive growth. The haploid Whi3-
S568D-HA mutant, but not the Whi3-S568A-HA mutant, was
defective in invasive growth (Fig. 5A). Furthermore, the
homozygous diploid Whi3-S568D-HA mutant, but not the
Whi3-S568A-HA mutant, failed to sporulate (Fig. 5B). As it has
been reported that defects in both sporulation and invasive
growth of Awhi3 cells are alleviated by the loss of CLN3 (4), we
examined whether these deficiencies in the Whi3-S568D-HA
mutant are caused by promotion of the G, /S transition through
the up-regulation of Cln3. As expected, both defects in the
Whi3-S568D-HA mutant were reversed by the CLN3 deletion
(Fig. 5, A and B). These results indicate that the PKA-mediated
phosphorylation of Ser-568 in Whi3 is essential for cell fate
determination in the G, phase.

Phosphorylation of Whi3 by PKA Leads to Its Decreased Interac-
tion with CLN3 mRNA—AIl of the above results are consistent
with the idea that PKA-mediated phosphorylation of Whi3 at Ser-
568 inhibits Whi3 function. How did PKA down-regulate it? Whi3
negatively regulates CLNI, CLN2, and CLN3 mRNA levels by
binding to these mRNAs, most efficiently to CLN3 mRNA (4).
Thus, we speculated that the phosphomimetic Whi3-S568D
mutant and the hyperphosphorylated form of Whi3 in the Abcyl
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FIGURE 4. Phosphorylation state of Whi3 at Ser-568 by PKA affects the
timing of CLN2 transcription and cell cycle progression. A, effect of the
Whi3-S568A and Whi3-S568D mutations on cell cycle progression. The Whi3-
HA, Whi3-S568A-HA, Whi3-5568D-HA, and Awhi3 strains were synchronized
with a-factor and released into YPD medium. B, effect of the Whi3-S568A and
Whi3-5568D mutations on CLN2 transcription. Northern blot analysis was per-
formed for CLN2and ACTT (control) mRNA levels in the cells taken periodically
after synchronization with a-factor in YPD medium. C, changes in the relative
density of the CLN2 and ACTT mRNA bands. The amount of the CLN2 mRNA in
B was normalized to that of the ACTT mRNA. For each strain, the maximum
value for the first cell cycle is referred to as 1.

strain would show decreased interaction with CLN3 mRNA. To
examine this possibility, we carried out Whi3 immunoprecipita-
tion followed by RT-PCR analysis to measure Whi3 association
with CLN3 mRNA. As expected, both the phosphomimetic
(Whi3-S568D-HA) and hyperphosphorylated (Abcyl Whi3-HA)
forms of Whi3 showed reduced interaction with CLN3 mRNA in
this assay (Fig. 6A4). Conversely, the Whi3-S568A mutant dis-
played increased interaction with CLN3 mRNA (Fig. 6A4). More-
over, the increase in the ability of Whi3-S568A to bind to CLN3
mRNA was still observed in the AbcyI mutation background (see
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FIGURE 5. Phosphorylation state of Whi3 Ser-568 is important for growth regulation to switch to or not to switch to meiosis or invasive cell growth. A,
effect of the Whi3-5568A or Whi3-5568D mutation on the invasive growth of the haploid XMLY41a strain on YPD plates. WT, Whi3-5568A-HA, Whi3-S568D-HA,
Awhi3, AcIn3, AcIn3 Whi3-S568A-HA, AcIn3 Whi3-S568D-HA, or Acin3 Awhi3 cells were streaked onto YPD plates and cultured at 28 °C for 2 days. B, efficiency
of spore formation after 48 h of cultivation of the diploid strains grown in sporulation medium. Data represent the means * S.E. of three independent

experiments.

Abcyl Whi3-S568A mutant), although the binding ability was
slightly reduced by the Abcyl mutation. This result indicates that
the Whi3-S568A mutation is epistatic to the Abcyl mutation and
further supports our model that Ser-568 of Whi3 is a major regu-
latory site phosphorylated by PKA for down-regulating the ability
of Whi3 to bind to CLN3 mRNA. Altogether, these observations
suggest that PKA promotes G, /S progression by phosphorylating
Whi3, which in turn causes reduced interaction with CLN3
mRNA.

Whi3-associated mRNAs are enriched in clusters of the tet-
ranucleotide GCAU, and mutation of these clusters in the
CLN3 mRNA causes a reduction in its association with Whi3
(7). Thus, cells harboring mutated clusters (CLN37“<4Y) in
their CLN3 mRNA due to mutations in the 14 GCAT sites in the
CLN3 gene show a decrease in cell size similar to Awhi3 cells
(7). If Whi3-S568A binds through GCAU sites in the CLN3
mRNA, Whi3-S568A would not be able to bind to the
CLN3"S““Y mRNA, and so Whi3-S568A cells harboring
CLN3"%““! should show a decrease in cell size. We therefore
tested whether Whi3 Ser-568 contributes to the interaction
with GCAU sites in the CLN3 mRNA by monitoring cell size. As
reported previously (7), the size of the Ac/n3 Whi3-HA cells
harboring the CLN3"““““ mRNA allele was smaller than that
of those harboring CLN3 (Fig. 6B). As expected, the size of
Acln3 Whi3-S568A-HA cells harboring the CLN37“<4Y
mRNA allele was also similarly smaller than that of the control
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CLNS3, as in the case of the Ac/n3 Whi3-HA cells (Fig. 6B). In
contrast, the CLN3”¢““Y mRNA had no significant effect on
the size of the Acln3 Whi3-S568D-HA or Acin3 Awhi3 cells
(Fig. 6B). These results support the idea that phosphorylation of
Ser-568 in Whi3 by PKA inhibits the interaction of Whi3 with
GCAU clusters in the CLN3 mRNA.

DISCUSSION

Whi3 function is important not only for control of the G,/S
transition but also for the switch to developmental options such
as invasive growth and meiosis (3, 4, 6, 7). None of the above
studies addressed the role of the phosphorylation of Whi3 in
such cellular functions. To this end, we identified PKA as the
Whi3 kinase and examined the consequences of phosphorylation
of Whi3 by PKA in multiple cellular events using the Whi3-S568D
and Whi3-S568A mutations. In this study, we showed that PKA
acts as a negative regulator of Whi3. Furthermore, we demon-
strated that the phosphorylation of Ser-568 in Whi3 by PKA con-
tributes to cell cycle control and cell fate determination (Fig. 7).

The PKA pathway has been implicated in numerous cellular
processes such as cell cycle progression, stress response, and
differentiation (for reviews, see Refs. 9 and 10). Although sev-
eral PKA substrates have been described, the biological activi-
ties of these proteins are not sufficient to explain the global
effect of PKA on multicellular events. In this study, we showed
that like the Awhi3 mutation, the S568D mutation accelerated
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FIGURE 7. Model for the role of PKA in regulating multiple cellular func-
tions by phosphorylating Whi3 at Ser-568.

the G,/S transition (Fig. 4). In addition, we demonstrated that
the S568D mutation was defective in invasive growth and spor-
ulation as clearly as the Awhi3 mutation (Fig. 5). These findings
suggest that the phosphorylation of Whi3 at Ser-568 by PKA
plays a critical role in the decision for commitment to the cell
division cycle or to alternative developmental fates such as mei-
osis and invasive growth. The regulation of Whi3 function by
PKA appears to play an essential role in the mechanism govern-
ing the cell fate decision. In rich medium, the inhibition of
Whi3 function would suppress diverse developmental fates,
thus allowing the cells to maintain growth appropriately. Con-
versely, in poor medium, the activation of Whi3 would promote
diverse developmental fates for survival. We propose that the
PKA signaling pathway is coordinated to control multicellular
processes by regulating Whi3.

Consistent with our results, PKA was reported to be required
for acceleration of the passage through G, in response to glu-
cose (14). Conversely, a sudden change from a poor carbon
source to glucose leads to a G, delay by activation of PKA to
maintain a critical cell size (12, 13). This discrepancy may lie in
the different effects on G, cell cycle progression depending on
the signaling pathways and/or the type of experiments. Thus,
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Whi3 may not be a major target of PKA with regard to G, cell
cycle progression when cells respond to a sudden change in
nutrition. As shown here, elucidation of the role of PKA in cell
cycle control can be facilitated by the isolation and character-
ization of a direct target of PKA.

PKA seems to act as a positive regulator of cell size (for
reviews, see Refs. 8—10). In contrast, our results suggest that
PKA appears to act as a negative regulator of cell size through
the regulation of Whi3. As nutrients affected the cell size inde-
pendently of Whi3 (Fig. 2B), the physiological roles of Whi3
regulated by PKA in the control of cell size remain unclear.

What is the mechanism for the down-regulation of Whi3 by
PKA? The RRM of Whi3 would bind the CLN3 mRNA and
restrict Cln3 synthesis in the endoplasmic reticulum (3, 4, 6, 7).
Here, we showed that PKA phosphorylated Ser-568 of this
RRM, thus inhibiting Whi3 function. Therefore, this phosphor-
ylation might have disturbed the association between Whi3 and
CLN3 mRNA, thus escaping the retention mechanism. Indeed,
the phosphomimetic Whi3-S568D mutants and the hyper-
phosphorylated form of Whi3 in the Abcyl strain showed
reduced interaction with CLN3 mRNA (Fig. 6A).

We have shown that the WHI3-5568D allele behaved like the
whi3 null mutation in all in vivo assays described here. How-
ever, prominent effects of the Whi3-S568 A mutation were not
observed, except for cell cycle progression. These results sug-
gest that phosphorylation by PKA and/or other kinase(s) at
some additional site(s) also contributes to down-regulation of
Whi3 function.
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Among the 119 kinase tested, we identified four kinases
(Tpkl, Tpk2, Tpk3, and Ptk2) as Whi3 kinases. Of these, the
Ptk2 kinase is involved in the regulation of ion transport and
enhances spermine uptake (19, 20). These results indicate that
Whi3 is phosphorylated not only by PKA but also by another
kinase(s). Thus, Whi3 would be regulated in multiple ways. Fur-
ther analysis will be needed for clarification of the physiological
roles underlying these processes.

The identification of the phosphorylation site of Whi3
enabled us to directly analyze Whi3-dependent cyclin expres-
sion/cell cycle progression. Our data suggest that phosphory-
lation of Whi3 by PKA plays an important role as a direct mod-
ulator of a cell fate decision in response to external signals.
Because Whi3 homologs are present in some organisms (3), it
will be of great interest to study whether a similar mechanism
operates in higher eukaryotes.
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In eukaryotic cells, Ca*>*-triggered signaling pathways are
used to regulate a wide variety of cellular processes. Calcineurin,
a highly conserved Ca®*/calmodulin-dependent protein phos-
phatase, plays key roles in the regulation of diverse biological
processes in organisms ranging from yeast to humans. We iso-
lated a mutant of the SIR3 gene, implicated in the regulation of
life span, as a suppressor of the Ca>* sensitivity of zdsIA cells in
the budding yeast Saccharomyces cerevisiae. Therefore, we
investigated a relationship between Ca>* signaling and life span
in yeast. Here we show that Ca®>" affected the replicative life
span (RLS) of yeast. Increased external and intracellular Ca>*
levels caused a reduction in their RLS. Consistently, the increase
in calcineurin activity by either the zds1 deletion or the consti-
tutively activated calcineurin reduced RLS. Indeed, the short-
ened RLS of zdsIA cells was suppressed by the calcineurin dele-
tion. Further, the calcineurin deletion per se promoted aging
without impairing the gene silencing typically observed in
short-lived sir mutants, indicating that calcineurin plays an
important role in a regulation of RLS even under normal growth
condition. Thus, our results indicate that Ca?* homeostasis/
Ca?” signaling are required to regulate longevity in budding
yeast.

The calcium ion (Ca®>*) is a universal second messenger
important in the regulation of diverse biological processes such
as cell proliferation, muscle contraction, fertilization, develop-
ment, motility, memory, and apoptosis (1). In addition, it was
reported that a-Klotho, which was originally identified in
short-lived mutant mice, is a major player in the regulatory
system of Ca®>" homeostasis, suggesting a link between Ca>"
and aging (2).

In budding yeast, the Ca®>*/calmodulin-dependent protein
phosphatase calcineurin has been implicated in stress-induced
gene expression, ion homeostasis, cell cycle regulation, and
maintenance of viability after exposure to the mating phero-
mone (1, 3,4). A recent report demonstrated that a calcineurin-
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deficient mutant of Caenorhabditis elegans displays an
extended life span (5, 6). However, the relationship between
Ca®" and aging in yeast is not known.

Most of the identified regulatory factors of aging are evolu-
tionally conserved, suggesting the implication of common pro-
cesses/pathways in regulation of life span and aging in diverse
organisms. For example, calorie restriction is a dietary regimen
that is known to extend the life span and to increase stress
resistance in organisms from yeast to mammals (7, 8). In yeast,
a decrease in the glucose concentration of the culture medium
extends the life span (9). This extension requires the activation
of the silent information regulator (Sir) protein Sir2, a central
determinant of yeast life span (9, 10). Sir2 is an NAD-dependent
histone deacetylase (11-13) required for the chromatin silenc-
ing in mating-type loci HML and HMR (14), telomeres (15, 16),
and the ribosomal DNA (rDNA)?locus RDNI (17-19). Because
deletion of either SIR2, SIR3, or SIR4 results in a shortened life
span (20), the Sir complex functions to promote longevity in the
wild-type cells.

Mutations in ZDS]1 (zillion different screens) gene have been
isolated in numerous genetic screenings for its ability to sup-
press the phenotypes caused by defects in various genes when it
is overexpressed on a high-copy vector (21-23). The Zds1 func-
tions reported include chromatin silencing, the establishment
of cell polarity, cell cycle progression, and numerous other mul-
tiple processes (21-29). Moreover, Zds1 is also implicated in
the regulation of aging (24). Although Zds1 (and its homolog
Zds2) appears to be important in a wide range of cellular events,
its biochemical function is not completely known.

We showed previously that ZDS1 null mutant budding yeast
cells cultured in medium containing a high concentration of
CaCl, were delayed in the G, phase and displayed polarized bud
growth because of the activation of cellular Ca** signaling
pathways (25). Two Ca®"-activated pathways, namely, the
Mpkl MAP kinase cascade and the calcineurin pathway, coor-
dinately regulate the G,/M cell cycle transition. To search for
novel signaling components that mediate or affect the Ca®*-de-
pendent regulation of cell growth and morphogenesis, we isolated
mutant strains and classified them into 14 genetic complementa-
tion groups (designated scz! to scz14 for suppressor of Ca®"-in-
duced abnormalities of the zdsIA strain). One of the identified
mutants, scz14, was a mutant allele of sir3. In this study, we inves-
tigated a relationship between Ca®" signaling and replicative life

2 The abbreviations used are: rDNA, ribosomal DNA; RLS, replicative life span;
YPD, yeast peptone dextrose.
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span (RLS) in yeast. Our results indicate that Ca>* homeostasis/
Ca”" signaling are required for regulation of RLS.

EXPERIMENTAL PROCEDURES

Strains—Yeast strains DHT22-1b (MATa trpl leu2 ade2
ura3 his3 canl-100), YAT1 (MATa zdsiA:TRPI1), YJY10
(MATa zdsIA:TRPI1 sir3A:kanMX4), YIY9 (MATa sir3A:
kanMX4), YGA13 (MATa pmclA:kanMX4), YGA14 (MATa
pmrlAikanMX4), DHT14 (MATa c¢nblA:HIS3), YJY12
(MATa cnblA:HIS3 sir3AzkanMX4), DMY2798 (MATa
leu2:mURA3-LEU?2), YSS3 (zdslA:KanMX4 in DMY2798),
YGA4 (cnb1A::KanMX4 in DMY2798), YSS8 (sir3A:KanMX4
in DMY2798), YGA9 (cnblA:HIS3 sir3A:KanMX4 in
DMY2798), DMY2827 (sir2A:KanMX4 in DMY2798),
DMY2800 (MATa NTS2:mURA3-LEU2), YSS5 (zdslA:
KanMX4 in DMY2800), YGA6 (cnblA:KanMX4 in
DMY2800), YSS10 (sir3A:KanMX4 in DMY2800), YGAI1l
(enb1A:HIS3  sir3A:KanMX4 in DMY2800), DMY2831
(sir2A:KanMX4 in  DMY2800), DMY2804 (MATa
NTS1:mURA3-LEU2), YSS4 (zds1A:KanMX4 in DMY2804),
YGAS5 (cnb1A:KanMX4 in DMY2804), YSS9 (sir3A:KanMX4
in DMY2804), YGA10 (cnbIA:HIS3 sir3A:KanMX4 in
DMY2804), DMY2835 (sir2A:KanMX4 in DMY2804),
DMY2895 (MATa adh4:URA3), YSS1 (zdslA:KanMX4 in
DMY2895), YGA2 (cnbiA:KanMX4 in DMY2895), YSS6
(sir3AzKanMX4 in DMY2895), YGA7 (cnblA:HIS3
sir3A:KanMX4 in DMY2895), DMY2841 (sir2A::KanMX4 in
DMY2895), DMY2896 (MATa TEL VIIL:URA3), YSS2
(zds1A:KanMX4 in DMY2896), YGA3 (cnblA:KanMX4 in
DMY2896), YSS7 (sir3A:KanMX4 in DMY2896), YGAS
(enb1A:HIS3 sir3A:KanMX4 in DMY2896), and DMY2839
(sir2A:KanMX4 in DMY2896) were the derivatives of strain
W303-1A. Also used were YG880 (hmrAE:TRP1 TEL
VR:URA3 RDNI::ADE2-CANI his3 leu2), YG882A (zdsIA:
KanMX4 in YG880), YG884A (cnbl1A:KanMX4 in YG880),
YG883A (sir3A:KanMX4 in YG880), YG885A (cnblA:HIS3
sir3A:KanMX4 in YG880), and YG881 (sir2A:KanMX4 in
YG880).

Gene Disruption and Strain Construction—The zdsIA, cnbIA,
sir2A, and sir3A strains were constructed by gene replacement.
Genomic DNA was isolated from the zdsl:kanMX4,
cnbl:kanMX4, sir2:kanMX4, and sir3:kanMX4 strains on a
BY4741 background (Invitrogen). The amplified fragment was
used to transform a strain. The oligonucleotide primer sequences
used in this study are available on request.

Yeast RLS—RLS analyses were determined as described pre-
viously (30). Mother cells were discarded and buds were used as
starting virgin cells. The RLSs of these cells were determined by
noting and removing all subsequent daughters that were gen-
erated. All RLS analyses in this study were carried out on YPD
plates with or without CaCl, at least three times independently.
Statistical significance was determined by performing a log
rank test. Average RLSs were taken to be significantly different
at p < 0.05. Results from a single experiment are shown.

B-Galactosidase Assays—Cells carrying pKC201 (31) were
grown to mid-log phase at 28 °C in defined minimal medium
(synthetic complete (SC)) lacking uracil. The cells were har-
vested and resuspended in fresh YPD medium (pH 5.5). After
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incubation for 4 h at 28 °C with shaking, the cells were provided
for assay of B-galactosidase activity as described previously
(32). Error bars represent mean = S.D. Significance levels for
comparisons between the wild-type and other strains were
determined with ¢ tests.

Silencing Assays—Silencing assays were performed as
described previously (33, 34). Cells were grown in nonselective
liquid medium, and serial dilutions were spotted onto plates.
The plates were incubated for 2-3 days at 25°C and then
photographed.

RESULTS

Deleting SIR3 Confers Ca®" Resistance to zdsIA Cells—The
growth of ZDS1 null mutant (zds1A) yeast cells in medium con-
taining 300 mm CacCl, is severely inhibited, with the cells exhib-
iting G, arrest and highly polarized bud growth. As shown in
supplemental Fig. 1, the growth inhibition and polarized bud
growth but not the G,, delay of zdsIA cells because of exogenous
CaCl, were suppressed by an additional scz/4 mutation. The
plasmid that complemented the phenotype of the sczi4
mutants was cloned, and the mutant gene was identified.
Genetic linkage analysis showed that the sczI4 mutation
resided in the SIR3 gene (data not shown). The deletion of the
SIR3 gene, similar to the scz14 mutation, suppressed the growth
inhibition and the polarized bud growth of zdsIA cells, suggest-
ing that the scz14 mutation is a loss of function allele of the SIR3
gene (Fig. 1, A-C). Therefore, we used the sir3 deletion (sir3A)
in further experiments.

Why did the sir3A mutation suppress only the Ca>" -induced
hyperpolarized bud growth but not the G,-delay? We showed
previously that the Ca®* signal induces polarized bud growth
by elevating the level of G;-cyclin Cln2 (35). To investigate
whether the sir3 deletion affected the amount of Cln2, we
examined the protein level of Cln2 by performing a Western
blot analysis. For this purpose, we used cells containing the
chromosomally integrated constructs for HA-tagged CIn2. The
ClIn2 levels in the presence and absence of external CaCl, were
decreased by the sir3A (compare zdsIA and zdsIA sir3A in Fig.
1D). The suppression of the Ca®" sensitivity of the zdsIA strain
by the sir3 deletion was thus caused by a defect in the elevation
of the CIn2 level in response to Ca®>*. Basically, a similar effect
of the sir3A disruption on the Cln2 level was seen on the WT
background (compare WT and sir3A in Fig. 1D). These results
indicate that the sir3A caused a defect in the elevation of the
CIn2 level. The Sir3 protein in budding yeast is required for
telomere silencing (15) and affects the life span (20, 24, 36).
Therefore, in this study, we investigated a relationship between
Ca®" signaling and life span.

Increase in External and Cellular Ca®" Levels Causes a Short-
ened RLS—We first investigated whether the level of external
Ca®" would affect the RLS. Yeast cells undergo asymmetric
divisions, producing a smaller daughter cell from a larger
mother cell, and yeast aging is measured as a RLS, i.e. the num-
ber of times a mother cell can divide before it dies (37—-39). Cells
grown in the YPD medium supplemented with 100 mm CacCl,
had a shortened RLS relative to those grown on YPD (Fig. 24).
To check the specificity of Ca>" on the RLS, we examined the
effect of MgCl, and KCl on the RLS because some cations (such
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FIGURE 1. The deletion of the SIR3 gene suppresses various phenotypes of the zds 1A strain. A, effect of the deletion of the SIR3 gene on the growth of the
zds1A mutant strain on solid medium. WT, sir3A, zds1A, and zds1A sir3A cells were spotted on YPD solid medium containing 300 mm CaCl,, after which the
plates were incubated at 25 °C for 2 days. B and C, cell morphology after 6 h of incubation with 100 mm CaCl, at 25 °C (B). Flow cytometry analysis (FACS) of
propidium iodide-stained cells of various strains after 6 h of incubation with 100 mm CaCl, at 25 °C (C). DIC, differential interference contrast; 1C, one DNA copy;
2C, two DNA copies. D, CIn2-HA and Cdc28 were detected by Western blotting using early log phase growing cells of those strains indicated in A, suspended
in YPD containing 100 mm CaCl,, incubated for 6 h, and then used for Western blotting. CIn2-HA or Cdc28 was detected by immunoblotting with anti-HA or

anti-PSTAIRE antibody, respectively.

asNa*,Li", Mn®", Co®>", and Ni*") but not Mg>* and K™ have
been shown to affect the Ca®>" homeostasis (40, 41). As the
result, neither MgCl, (100 mm) nor KCl (150 mm) altered the
RLS of WT cells significantly (Fig. 24). These results estab-
lished that external Ca*>* reduced RLS.

It is possible that external Ca*>* causes the shortened RLS by
activating intracellular Ca®>" signaling. To investigate this pos-
sibility, we measured the mean RLS of zdsIA cells, in which
Ca®" signaling pathways might be activated by an increase in
internal Ca®* level (25). As expected, the mean RLS of zdsIA cells
was shorter than that of WT cells under the experimental condi-
tions (Fig. 2B), although it was reported previously that the mean
RLS of zds1A cells was longer than that of WT cells (24).

To investigate the activation of Ca>* signaling pathways in
zds1A cells under the experimental conditions, we estimated the
calcineurin activity iz vivo by using a reporter assay system (31). In
response to the elevation of the cellular Ca*>* level, the transcrip-
tion factor Crzl binds to the calcineurin-dependent response
element in the promoter and activates several stress-responsive
target genes. We used the calcineurin-dependent response ele-
ment-driven LacZ reporter gene (31) and measured the calcineu-
rin activity in the WT and zdsIA cells under normal growth con-
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dition (YPD) by B-galactosidase assay. The B-galactosidase activity
in WT cells indicated the basal level of this reporter system
because the activity in WT cells was comparable with that in the
calcineurin-deleted cells (cnbIA) (Fig. 2C). As expected, B-galac-
tosidase activity in the zdsIA cells increased significantly by 3-fold
compared with that in WT cells (Fig. 2C), and this increase was
indeed dependent on calcineurin (Fig. 2C, compare zdsIA and
zds1A cnblA). These results indicate that the increase in cellular
Ca®" level in the zds1A cells causes the shortened RLS by activat-
ing Ca®" signaling pathway(s).

Increase in Cellular Ca®" Level by PMRI Deletion Shortened
RLS—We previously isolated two genes, PMRI (42, 43) and
PMCI1 (44, 45), encoding Golgi and vacuolar Ca>"-ATPases,
respectively, as multicopy suppressors of CaCl, sensitivity of
the zds1A cells (46). Both Pmrl and Pmcl transport Ca>" from
the cytosol into internal compartments. In addition, it has been
reported that a lack of Pmr1 results in alterations in cellular
Ca®" homeostasis, including an increased rate of cellular Ca%*
uptake from the extracellular environment and an enhanced
sensitivity to high extracellular Ca®" levels (47, 48).

To confirm that an increase in cellular Ca*>* shortens the RLS
in yeast, we examined RLS of the pmrI- and pmci-deleted cells.
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FIGURE 2. Anincrease in Ca** levels led to a reduced RLS. A, RLS analysis of WT cells grown on YPD (control), YPD plus 100 mm CaCl, YPD plus 100 mm MgCl,,
and YPD plus 150 mm KCl at 25 °C. The mean RLS in terms of numbers of cell divisions are control, 27.4 (n = 52); 100 mm CaCl,, 22.5 (n = 36); 100 mm MgCl,, 29.8
(n = 52);and 150 mm KCl, 28.3 (n = 52). B, RLS analysis of WT and zds 1A mutant cells grown on YPD at 25 °C. The mean RLSs are WT, 24.3 (n = 43) and zdsTA,
19.6 (n = 44). C, expression of the calcineurin-dependent response element-dependent reporter gene in WT, zds1A, zds1A cnb1A, pmc1A, pmr1A, and cnbTA
mutant cells.*, p < 0.001. D, RLS analysis of WT, pmc1A, and pmr1A mutant cells grown on YPD at 25 °C. The mean RLSs are WT, 27.5 (n = 47); pmciA, 26.3 (n =

44); and pmr1A, 9.4 (n = 49).

The pmriIA cells but not the pmc1A showed a severe reduction
in mean RLS of ~ 64% (Fig. 2D), indicating that Pmr1-mediated
Golgi Ca®" sequestration but not a Pmcl-mediated vacuolar
one is important for longevity under this experimental condi-
tion. To further to investigate the contribution of these Ca**-
ATPases in cellular Ca>* homeostasis, we measured the cal-
cineurin activity in these cells with the reporter assay.
Consistent with the result of RLS, 3-galactosidase activity in the
pmrlA cells but not in the pmcIA significantly increased by
4-fold compared with the basal level in the WT cells (Fig. 2C).
These results indicate that Pmr1-mediated Ca®>" sequestration
to the Golgi plays an important role in regulation of RLS
through cellular Ca®>" homeostasis.

Hyperactivation of Calcineurin Reduces the RLS—To further
confirm the above suggestion that activation of Ca®" signaling
pathways shortens the RLS, we investigated whether overex-
pression of the constitutively activated calcineurin (CMP2AC,
C-terminal autoinhibitory domain-truncated catalytic subunit)
promotes aging and shortens the RLS. This was indeed the case.
The WT cells expressing the activated calcineurin (YEp24-
CMP2AC) showed a reduced RLS compared with the WT cells
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carrying the empty plasmid (YEp24) (Fig. 34). This result estab-
lished that activation of calcineurin signaling shortens the RLS.

Calcineurin Deletion Overcomes the Shortened RLS of zds1A
Cells—We reported previously that calcineurin and Zdsl1 play
an antagonistic role in the regulation of cell growth and mor-
phogenesis in the presence of high Ca®>" (25). As shown in Fig.
2B, deletion of ZDSI resulted in about 20% decrease in the
mean RLS with hyperactivation of calcineurin. We investigated
whether calcineurin deletion overcomes the shortened RLS in
zds1A cells. As expected, the mean RLS of zdsIA cnb1A double
deletion cells was longer than that of zds1A single deletion cells
(Fig. 3B). Interestingly, the mean RLS of zdsIA cnbIA cells was
comparable with that of the WT cells. These results indicate
that calcineurin and Zds1 play an antagonistic role in the regu-
lation of RLS and that the activated calcineurin promotes aging
in the zdsIA cells.

Calcineurin and Sir3 Act Redundantly in the Regulation of
RLS—We next examined the effect of the calcineurin deletion
on the RLS of WT cells. Surprisingly, the calcineurin deletion
per se on the WT background reduced the RLS under normal
growth conditions (Fig. 3, B and C), suggesting that the basal
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FIGURE 3. Effect of overexpression and deletion of calcineurin on the RLS. A, RLS analysis of the cells overexpressing the constitutively active form of
calcineurin. WT cells transformed with empty plasmid (YEp24) or YEp24-CMP2AC plasmid grown on YPD at 25 °C were examined. Mean RLSs are YEp24, 25.5
(n = 40) and YEp24-CMP2AC, 21.9 (n = 39). B, RLS analysis of WT, zds1A, cnb1A, and zds1A cnb1A mutant cells grown on YPD at 25 °C. The mean RLSs are WT,
26.9 (n = 44);zds1A,21.8 (n = 44);cnb1A,23.5 (n = 44);and zdsTA cnb1A, 27.6 (n = 43). C, RLS analysis of WT, cnb1A, sir3A, and cnb1A sir3A mutant cells grown
on YPD at 25 °C. The mean RLSs are WT, 25.2 (n = 18); cnb1A, 19.7 (n = 33); sir3A, 19.6 (n = 20); and cnb1A sir3A, 15.0 (n = 36).

activity of calcineurin is required for the maintenance of the
RLS under this condition.

In the Sir3-mediated regulation of RLS, the Mpkl MAPK cas-
cade was identified as the pathway that phosphorylates Sir3, which
leads to the shortening of the RLS (49). We and others showed
earlier that calcineurin and Mpkl act redundantly in cellular
events (25, 50, 51). To investigate whether calcineurin is related to
the Sir3-mediated regulation of RLS, we examined the RLS of the
double deletion mutant cnbIA sir3A. As reported previously (20),
deletion of SIR3 resulted in a 22% decrease in the mean RLS (Fig.
3C). The mean RLS of cnb1A sir3A double deletion cells was short-
ened more compared with that of each single deletion mutant (Fig.
3C). Thus, it appears that calcineurin and Sir3 act redundantly in
the regulation of the RLS as parallel pathways.

Calcineurin Does Not Affect Silencing at the rDNA, Telo-
meres, or Mating-type Locus—To further seek the calcineurin-
related regulation of RLS, we examined whether calcineurin is
involved in gene silencing. Silencing at NTSI has been pro-
posed to counteract rDNA recombination, a phenomenon that
has been implicated in yeast aging (33). In budding yeast, each
9.1-kb repeatyields a 35 S precursor rRNA (transcribed by RNA
polymerase (Pol) I) and a 5 S rRNA (transcribed by RNA Pol I1I),
separated by two nontranscribed spacers, NTS1 and NTS2 (52).
To investigate whether calcineurin affects silencing at the
rDNA, we constructed the CNBI-deleted cells carrying an
mURA3 reporter gene integrated into one of the following sites:
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outside of the rDNA array at the non-silencing LEU2 locus
(euchromatic locus) or within the rDNA unit at the strong
silencing region (NTSI or NTS2 locus) (34). As reported (33,
34), the reporter gene was strongly silenced at either the NTS1
or NTS2 sites in WT cells, as indicated by poor growth on SC
minus uracil (-Ura) medium compared with the same reporter
inserted at the euchromatic locus (Fig. 4A4). As reported previ-
ously, defective silencing was observed in the sir2-deleted cells
(Fig. 4A). No change was observed in the growth of cnbIA cells
on -URA medium plates as in WT cells (Fig. 4A4), indicating that
calcineurin did not affect the silencing at a rDNA region.
Next, to investigate whether calcineurin was required for
silencing at other heterochromatic regions, we examined
silencing at telomeres and the mating-type locus in the cnbl-
deleted cells. We constructed the CNBI-deleted cells, in which
a URA3 reporter gene was integrated into the telomeric repeats
of Chromosome VIIL or the non-silencing ADH#4 locus as the
negative control. Cells were spotted onto complete medium as
a plating and growth control or onto medium supplemented
with 5-fluoroorotic acid, a drug that is toxic to /RA3-express-
ing cells (53). Both the WT and the cnbIA cells were able to
grow on the 5-fluoroorotic acid medium, whereas the sir2A and
sir3A strain, in which silencing fails and URAS3 is expressed, did
not grow at all (Fig. 4B). Further, to monitor silencing of the
mating-type locus, we used a strain with a T7RPI marker inte-
grated into the HMR locus. Similar to the effect at other regions
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FIGURE 4. Effect of the deletion of calcineurin (cnb7A) on silencing at rDNA, telomeres, and the mating-type locus. A, silencing at rDNA. 5-fold serial
dilutions of cultures of the indicated strains were spotted onto -URA medium. The synthetic complete medium (Complete) was using strains containing an
mURA3 insertion at outside rDNA, NTS1, or NTS2. SIR2 is required for silencing at NTS7 and NTS2. B, silencing at telomeres. 5-fold serial dilutions of cultures of the
indicated strains were spotted onto synthetic complete medium containing 5-fluoroorotic acid (+5-FOA) to assess telomeric silencing. C, silencing at mating-
type locus. 5-fold serial dilutions of cultures of the indicated strains were spotted onto synthetic complete medium lacking tryptophan (-TRP).

(rDNA and telomeres), the silencing at the mating-type locus
was normal in the Acnbl cells (Fig. 4C). These results indicate
that calcineurin is not important for these genes silencing and
plays an important role in a novel regulation of the RLS.

DISCUSSION

In conclusion, we reported that calcineurin plays an impor-
tant role in regulating the RLS/aging in budding yeast. Hyper-
activation of calcineurin signaling reduced the RLS. Indeed, the
shortened RLS of zdsIA cells, in which calcineurin is activated
by the increase in cellular Ca®>" level, was suppressed by the
calcineurin deletion. These results indicate that the constitu-
tive activation of calcineurin would be harmful to yeast in the
long term, although it could enhance resistance to several
stresses, including ionic stress (Na ™, Li ", Mn>"), high pH, and
the presence of cell wall-disrupting compounds (calcofluor-
white and Congo red). Surprisingly, loss of function of the cal-
cineurin gene also promoted the aging in the WT cells, indicat-
ing that basal activity of calcineurin is required for maintenance
of RLS under normal growth conditions. However, in the mul-
ticellular organism Caenorhabditis elegans, a calcineurin-defi-
cient mutant displayed an extended lifespan (5, 6). It is possible
that an optimal level of calcineurin activity/expression would
be important for longevity in the unicellular organism yeast.

How do calcineurin and Zdsl act in the regulation of the
RLS? Our results suggested that calcineurin and Zds1 play an
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antagonistic role in the regulation of RLS. We reported previ-
ously that the polarized bud growth, the defect of cell prolifer-
ation, and the G, delay caused by high calcium in the zdsIA
strain were abolished by the calcineurin deletion mutations
(25). In addition, calcineurin activity was enhanced in the zdsIA
cells (Fig. 2D). Therefore, it is possible that Zdsl may be
required for the longevity in the negative regulation of calcineu-
rin. This possibility needs to be studied further.

In this study, we showed that the zdsIA deletion reduced the
RLS. However, previously, the another group reported that the
zdsIA cells led to an extended RLS (24). Although both studies
used the W303 strain, the mean RLS of their WT cells (~20
times) was much shorter than that of our WT cells (25~27
times), indicating that both experimental conditions are differ-
ent from each other. The contradiction of RLS in the zdsIA cells
would be caused by the differences in the experimental condi-
tions. Further, it was reported that the zdsIA strain on the
BY4742 background had no effect on the RLS (54). We noted
that the zds1A cells on the W303 background were more sen-
sitive to Ca®" than those on the BY4742 background.® It is
possible that the short-lived zdsIA cells on W303 were due to
the elevated level of intracellular Ca*>™.

Why did the pmrIA cells exhibit a severe reduction in mean
RLS compared with other cells (zds1A, cnb1A, and sir3A)? The

3 R. Tsubakiyama, M. Mizunuma, and D. Hirata, unpublished results.
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Pmrl protein plays an important role in both secretion and
proton transport (55, 56). Although the gene that is related to
the secretary pathway has not been identified yet in the system-
atic genetic screening for the RLS regulator, it has been reported
that some proton ATPase mutants, such as the VAMA genes encod-
ing vacuolar H,-ATPases, reduced the RLS (57). These results sug-
gest that the severe RLS reduction of pmrIA cells was derived not
only from alternation of the Ca>* homeostasis but also from defect
of proton transport. As the double deletion between calcineurin
and the VMA gene shows synthetic lethality (51, 58), the shortened
RLS of the calcineurin deletion might be caused at least in part by
the impairment in control of the intracellular pH. Although a func-
tional interaction between secretion and RLS has not been shown,
we have not ruled out this possibility.

We showed previously that calcineurin leads to the Cln2 up-
regulation by a mechanism that is mediated by the degradation of
Yap1 (46). We showed that Sir3 was required for the elevation of
the CIn2 level. In the regulation of the RLS, a functional link
between Sir3 and CIn2 has not yet been identified. However, our
results suggest the possibility that the optimum levels of Cln2
might be important for longevity. Our findings also suggest that
Ca®" homeostasis is necessary for longevity in yeast.

It will be interesting to determine whether altered Ca**
homeostasis influences the life span of higher eukaryotes and
whether the corresponding pathways are a part of a conserved
network involved in the control of biological aging.
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Supplementary Fig. 1. The scz14 mutation, a mutant allele of SIR3 gene, suppresses
various phenotypes of the zdsIA strain. (A) Effect of scz14, mutant alleles of SIR3, on the
growth of the zds /A mutant strain on solid medium. WT, scz/4, and zds A scz14 cells were
spotted on YPD solid medium containing 300 mM CaCl,, after which the plates were incubated
at 25°C for 2 days. (B, C) Cell morphology (DIC: Differential Interference Contrast) after 6 h of
incubation with 100 mM CaCl, at 25°C (B). Flow cytometry analysis (FACS) of PI-stained cells
of various strains after 6 h of incubation with 100 mM CaCl, at 25°C (1C: 1 DNA copy or 2C: 2
DNA copies) (C).
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Hogl of Saccharomyces cerevisiae is activated by
hyperosmotic stress, and this leads to cell-cycle delay in
G1, but the mechanism by which cells restart from G;
delay remains elusive. We found that Whi3, a negative
regulator of G; cyclin, counteracted Hogl in the restart
from G delay caused by osmotic stress. We have found
that phosphorylation of Ser-568 in Whi3 by RAS/
cAMP-dependent protein kinase (PKA) plays an inhib-
itory role in Whi3 function. In this study we found that
the phosphomimetic Whi3 S568D mutant, like the
Awhi3 strain, slightly suppressed G; delay of Ahogl
cells under osmotic stress conditions, whereas the non-
phosphorylatable S568A mutation of Whi3 caused
prolonged G; arrest of Ahogl cells. These results
indicate that Hogl activity is required for restart from
G arrest under osmotic stress conditions, whereas
Whi3 acts as a negative regulator for this restart
mechanism.

Key words: G; cyclin; Hogl; osmotic stress; RAS/
cAMP-dependent protein kinase; Whi3

Extracellular stresses activate stress-activated protein
kinases (SAPKs), which regulate transcription of the
genes relevant to adaptation to various forms of stress.
The resulting activated SAPKs transiently arrest the
progression of the cell cycle until the cells have adapted
to their new environment. This adaptation mechanism is
important for resumption of the cell cycle. In budding
yeast, the Hogl SAPK pathway mediates adaptation to
high osmolarity. The mechanism activating the Hogl
pathway is well understood.” Hogl is also required
for cell-cycle regulation after exposure to hyperosmotic
stress.2® For instance, activated Hogl induces G;
cell-cycle arrest by a dual mechanism that involves
downregulation of G; cyclin transcription and direct
phosphorylation of CDK-inhibitor Sic1,” but the mech-
anism by which the cells restart from G; delay remains
elusive.

Whi3 was originally identified as a positive regulator
of cell-size control and was found to be involved in the
regulation of Start.®’ The WHI3 gene encodes an RNA-

binding protein that negatively regulates CLN3 prevent-
ing the G;/S phase transition, and Whi3 functioning is
required for developmental options such as invasive
growth and meiosis.>? Recently we reported that
phosphorylation of Ser-568 in Whi3 by RAS/cAMP-
dependent protein kinase (PKA) plays an inhibitory role
in Whi3 functioning.!” These findings suggest that this
process of phosphorylation plays a critical role in
commitment to the cell division cycle and to the
alternative developmental outcomes, such as meiosis
and invasive growth.

The PKA pathway in yeast has a role in coordinating
responses to nutrient status and various forms of
stress.'12) In response to certain environmental cues,
enzyme Cyrl/Cdc35 adenylyl cyclase produces cAMP,
which then binds to the PKA regulatory subunit (Bcyl),
which represses activation of the catalytic subunits of
PKA (Tpkl/Tpk2/Tpk3) under normal conditions.'>!¥
cAMP-bound Bceyl is released from the Tpk proteins,
which then activate or repress downstream transcription
factors and thus respond to signaling, but although this
PKA signaling pathway has been well characterized, its
involvement in the osmotic-stress response is not fully
understood.

In this study, we identified Whi3 as a suppressor
mutant of the osmotic sensitivity of hog/ mutants. Our
results indicate that Hogl and Whi3 antagonize the
regulation of restart from G; delay in response to
osmotic stress.

Materials and Methods

Yeast strains and media. The Saccharomyces cerevisiae strains used
in this study are listed in Table 1. The media used were as described
previously.'>

Gene disruption and strain construction. Deletion of the genomic
CLNI, CLN2, and CLN3 genes (CLN1, 2, and 3 plasmids provided by 1.
Yamashita) were performed by means of a disruption plasmid.

Quantitative reverse transcription real-time PCR (RT-qPCR).
RT-qPCR analysis of total RNA was done in a LightCycler (Roche
Applied Science, Tokyo, Japan) with a One Step SYBR PrimeScript

¥ To whom correspondence should be addressed. Tel: +81-82-424-7765; Fax: +81-82-424-7045; E-mail: mmizu49120@hiroshima-u.ac.jp
* Present address: Laboratory for Cell Asymmetry, RIKEN Center for Developmental Biology, 2-2-3 Minatojima Minamimachi, Chuo-ku, Kobe

650-0047, Japan

Abbreviations: PKA, RAS /cAMP-dependent protein kinase; RT-qPCR, quantitative reverse transcription; SAPK, stress-activated protein kinase;

SD, synthetic dextrose; WT, wild type; YPD, yeast peptone dextrose
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Table 1. Strains Used in This Study

. Source or
Strain Genotype reference
W303 strain
W303-1A MATa ade2-1 his3-11, 15 leu2-3, 112, trpl-1, ura3-1 canl-100 Rothstein
SOS5 MATa Ahogl::TRPI 16
SHI338 MATa Ahogl::TRPI sgh4 17
SHI336 MATa sgh4 17
SHI301 MATa Awhi3::kanMX6 This study
SHI177 MATa Acin3::URA3 This study
SHI305 MATa Ahogl::TRP1 Awhi3::kanMX6 This study
SHI402 MATa Ahogl::TRP1 Awhi3::kanMX6 Acln3::URA3 This study
SHI403 MATa Ahogl::TRP1 Awhi3::kanMX6 Aclnl::kanMX6 Acln2::LEU2 This study
SHI179 MATa Ahogl::TRP1 Acin3::URA3 This study
SHI411 MATa Ahogl::TRP1 WHI3-3HA::kanMX6 This study
YMM503 MATa Ahogl::TRP1 WHI3 S568A-3HA::kanMX6 This study
YMMS506 MATa Ahogl::TRP1 WHI3 S568D-3HA::kanMX6 This study
YMMS522 MATa Acln3::URA3 Awhi3::kanMX6 This study

RT-PCR Kit II (Takara, Kyoto, Japan). Total RNA was isolated by use
of an RNeasy MiniKit (Qiagen, Tokyo, Japan) following the
manufacturer’s instructions. The relative amount of the 7PK/ mRNA
was normalized to that of ACT/ mRNA in three independent
experiments. Error bars were used to show mean == SEM. The value
for WT at time O is referred to as “1.” The oligonucleotide primer
sequences used in this study are available on request.

Results

Isolation of the sgh4/whi3 mutation as a suppressor
of the osmotic sensitivity of Ahogl strain

Deletion of the HOGI gene causes severe growth
retardation in yeast on solid media containing 150 mm
CaCl, due to hyper-activation of Ca’*-signaling and
high osmolarity.'®!” To identify the genes involved in
this regulatory mechanism, we screened for mutants that
suppress the growth defect of a hogl-deleted (Ahogl)
strain on solid medium containing a high concentration
of CaCl,. Recessive, Ca’*-resistant mutants were
classified into six loci, designated sghl-sgh6 (for
suppressors of Ca’*-induced growth defect of hogl).
Although these mutations were originally isolated based
on their ability to suppress the CaCl, sensitivity of
Ahogl cells, four mutations (sgh3/tupl, sgh5/skol,
sgh6/cyc8, and sgh4), but not two others (sghl/swel
and sgh2/cnbl), have been found to suppress also the
osmotic sensitivity (0.6 M sorbitol and 0.4 M KCI) of the
hogl mutant.'” In this present study, we characterized
mutation sgh4.

By crossing sgh4 Ahogl strain with the parental
strain, the sgh4 strain was constructed. The cell sizes of
the sgh4 strain and of the sgh4 Ahogl strain was smaller
than that of wild-type (WT), and exhibited temperature
sensitivity at 37°C (data not shown). Cloning and
sequencing of the gene that complemented the temper-
ature sensitivity of the sgh4 strain suggested that this
mutation is an allele of the WHI3 gene (data not shown).
Integrating linkage analysis indicated that the sgh4
mutation was located within or close to the WHI3 gene.®
Deletion of the WHI3 gene, similarly to the sgh4
mutation, suppressed the osmotic sensitivity of Ahogl-
strain cells (Fig. 1A, lanes 2 and 5; reference 17),
suggesting that the sgh4 mutation is a loss-of-function
mutant allele of the WHI3 gene. In further experiments,
we studied the whi3-deletion (Awhi3) mutation.

Inhibition of Whi3 suppressed the osmotic sensitivity
of hogl by upregulating Cin3

The best characterized function of Whi3 is its ability
to inhibit the Cln3 function in the G, phase by binding to
CLN3 mRNA, thereby inhibiting the Cln3-Cdc28 medi-
ated activation of two transcription factors, SBF (Swi4-
Swi6) and MBF (Mbpl and Swi4), which drive the
expression of G cyclins CLNI and CLN2, which leads
to a delay in the start of the cell cycle.”%1%!8 Whi3 has
been to bind a large number of mRNAs functionally
related to the endoplasmic reticulum,” but the involve-
ment of Whi3 in the osmotic stress response is unclear.
First we examined, whether the suppression of the
osmotic sensitivity of Ahogl cells by the whi3 deletion
was caused by upregulation of CIn3. As expected, the
suppression of the osmotic sensitivity of Ahogl strain
by the whi3 deletion was cancelled by additional
deletion of the CLN3 gene (Fig. 1A, lane 8). A similar
effect was also observed for the deletion of other G-
cyclin genes, CLNI and CLN2 (Fig. 1B, lane 5). Con-
sistently with the results of whi3 deletion, overexpres-
sion of the CLN2 gene but not that of the CLB cyclin
genes suppressed the osmotic sensitivity of the Ahogl
strain (Fig. 1C). Moreover, the Acln3 and Awhi3 Acln3
strains did not show osmotic sensitivity (Fig. 1A, lanes 4
and 7), confirming that the c/n3 deletion itself did not
affect osmotic sensitivity. Together, these results sug-
gest that the Hogl pathway positively regulated G
cyclin, whereas Whi3 negatively regulated G; cyclin,
and that this mechanism is important for cell growth
under osmotic conditions (Fig. 1E).

Since the WHI3 gene was originally identified as a
positive regulator of cell-size control,” we further
investigated whether inhibition of the CIn3 function by
Whi3 participates in cell-size control under osmotic
conditions. Exponentially growing WT and Ahogl cells
in normal YPD medium were similar in size, but under
osmotic conditions (a medium containing 0.4M KCl),
the Ahogl cells were larger than the WT cells (Fig. 1D).
This increase in size of the Ahogl cells was reversed by
the whi3 deletion (Fig. 1D, Ahogl Awhi3), further, an
additional c/n3 deletion in the Ahogl Awhi3 double
mutant again caused an increase in cell size (Fig. 1D).
These results indicate that the increase in cell size of
Ahogl under osmotic conditions was caused by Whi3-
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Fig. 1. Inhibition of Whi3 Was Required for Cell Growth under Osmotic Sress to Promote the Action of G; Cyclins.

A, Growth of various strains on solid YPD medium containing 0.6 M sorbitol or 0.4 M KCI. Serial dilutions of wild-type (WT), Ahogl, Awhi3,
Acln3, Ahogl Awhi3, Ahogl Acln3, Awhi3 Acin3, and Ahogl Awhi3 Acln3 cells were spotted onto plates, which were then incubated for 3 d
at 28 °C. B, Growth of various strains on solid YPD medium containing 0.6 M sorbitol or 0.4 M KCI. Serial dilutions of WT, Ahogl, Ahogl
Awhi3, Ahogl Awhi3 Acln3, and Ahogl Awhi3 Aclnl Acln2 cells were spotted onto plates, which were then incubated for 3d at 28 °C. C,
Growth of various strains on solid SD-Ura medium containing 0.6 M sorbitol or 0.4 M KCl. Serial dilutions of the Ahog! strain transformed with
a multi-copy plasmid (YEplac195) harboring each of the cyclin genes (empty vector, CLN2, CLBS5, and CLB2) were spotted onto plates, which
were then incubated for 3d at 28 °C. D, Cell size under the osmotic-stress conditions. WT, Ahogl, Awhi3, Ahogl Awhi3, Ahogl Acln3, and
Ahogl Awhi3 Acln3 cells were grown in YPD medium (black line) or in one with 0.4 M KCl (gray line) for 6 h at 28 °C. Relative cell size was
determined by measuring forward angle light scattering by FACSCalibur (Becton Dickinson, Tokyo, Japan). Histograms were obtained by
examining 2 x 10* cells in each case. Pathway by which Hogl and Whi3 might affect G, cyclin function in response to osmotic stress. E,
Antagonistic regulation of G; cyclin in response to osmotic stress by the Hogl and Whi3. The arrows and the blunt-ended line indicate positive

and negative controls respectively.

dependent downregulation of G; cyclin. Thus the
regulation of G; cyclin via Whi3 is also important for
cell-size control under such stress conditions.

Inhibition of Whi3 was required for restart from
osmotic stress-induced G, delay

To clarify the role of the regulatory pathway of G
cyclin via Whi3 in cell-cycle control under osmotic
conditions, we examined carefully the cell-cycle pro-
gression of cells released from the synchronized G;
phase with a-factor in YPD medium containing either of
two concentrations of KCl (0.4 and 0.6m). Under
osmotic conditions (0.4M KCI), both WT and Ahogl
cells exhibited delays in G;/S transition (Fig. 2A and
B), bud formation, and the onset of nuclear division
(Fig. 2C). As previously reported, osmotic stress-
induced G; delay in the Ahogl cells was longer than
that in the WT cells, suggesting that Hog1 is required for
restart from G, delay (Fig. 2B). Further, deletion of the
WHI3 gene partially suppressed G; delay in the Ahogl
strain (Fig. 2B). This suggests that when Whi3 is
inhibited, cells can restart from osmotic stress-induced

G; delay. Moreover, when we used a higher concen-
tration of KCIl (0.6Mm), the G;/S transition of Awhi3
cells was slightly accelerated as compared to that of the
WT cells (Fig. 2D, 90-105 min). This indicates that
Whi3 plays an important role in G; cell-cycle control
under osmotic stress conditions.

The phosphomimetic Whi3-S568D mutation slightly
suppressed the defect in restart from the osmotic stress-
induced G, delay of the hogl mutant

Recently, we reported that Ser-568 in Whi3 is
phosphorylated by PKA and that this plays an inhibitory
role in Whi3 functioning.'” It has also been reported
that PKA is upregulated at the transcriptional level in
response to environmental stresses such as heat shock.'”
To determine whether PKA is upregulated by osmotic
stress, we examined the transcription level of the PKA
gene TPKI in WT cells after exposure to osmotic stress
(0.4m KCl) by quantitative RT-PCR (RT-qPCR). The
level of TPKI mRNA was conspicuously elevated
within 30 min of exposure to osmotic stress, and then
dropped to the basal level after 60 min (Fig. 3). Hogl is
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Fig. 2. Inhibition of Whi3 Was Required for Restart after Osmotic Stress-Induced G; Delay.

A and B, Cellular DNA levels of the WT, Awhi3, Ahogl, and Ahogl Awhi3 strains synchronized with a-factor and released into YPD
medium with and without 0.4 M KCl at 28 °C. C, The kinetics of the progression of these cell-cycle events is shown. WT, Ahogl, Awhi3, and
Ahogl Awhi3 strains synchronized with a-factor were released into YPD medium with and without KCI. Quantification of cumulative
percentages of bud formation and nuclear division during cell-cycle progression in the strains synchronized with a-factor were determined
periodically by microscopic observation and propidium iodide staining respectively. At least 300 cells were counted for each time point.
D, Cellular DNA levels of the WT and Awhi3 strains synchronized with a-factor and released into YPD medium with 0.6 M KCI. Solid triangles
indicate the period of G, /S transition for each strain.
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well established as a transcriptional regulator in the
osmotic stress response.!) To investigate further whether
the transcriptional activation of 7PK/ in response to
osmotic stress was dependent on Hogl, we performed
the same experiment using Ahogl cells. The results

+ 0.4 MmKClI

14- Clwr

12- . Ahog1

TPK1/ACT1

ol T mem : .
0 15 30 45 60
Time (min)

Fig.3. TPKI mRNA Was Transiently Upregulated by Osmotic
Stress in a Hogl-Dependent Manner.

TPKI1 and ACT]I (control) mRNA levels in WT and Ahogl cells
were determined by RT-qPCR. Cells were grown at 28 °C in YPD
medium containing 0.4M KCI. The relative intensity of the T7PK/
mRNA was normalized to that of ACT/ mRNA. The value for the
WT at time 0 was set at 1.
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indicated that the TPKI mRNA level in the Ahogl cells
rose more slowly, and that the TPKI mRNA level was
significantly lower at each time point than that in the
WT cells (Fig. 3). This indicates that PKA was quickly
activated by the osmotic signal in a Hogl-dependent
manner.

Because previous work has shown that phospho-
mimic Whi3-S568D mutant cells behave like Awhi3
cells,'? we speculated that the Whi3-S568D mutation
would suppress the G; delay of Ahogl cells in response
to osmotic stress. To test this possibility, we examined
the effects of phospho-mimicking S568D and non-
phosphorylatable S568A mutations of Whi3 on the
cell-cycle progression of Ahogl cells under osmotic
stress conditions (0.2 and 0.6Mm KCI). As reported
previously,'” under normal growth conditions, the
Whi3-S568D single mutation led to a shortened G
phase as in the case of Awhi3 cells, whereas the Whi3-
S568A single mutation led to a prolonged G; phase
(data not shown). As expected, the Whi3-S568D
mutation slightly suppressed the G; delay of Ahogl
cells in a medium containing 0.2M KCI (Fig. 4A,
arrowheads, compare to Ahog/ Whi3 and
AhogIWhi3-S568D for 45-60 min). We noted that the
suppressive effect of the Whi3-S568D mutation on the
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Fig. 4. The Phosphomimetic Whi3-S568D Mutation Slightly Suppressed the G, Delay in hog! Mutant upon Exposure to High Osmolarity.

A, Effects of Whi3 S568D mutation on cell-cycle progression. The Ahogl! Whi3-HA and Ahogl Whi3-S568D-HA strains were synchronized
with a-factor, released into YPD medium with and without 0.2 M KCI, and incubated at 28 °C for up to 120 min. Solid triangles indicate the
period of G, /S transition for each strain. B, Effects of the Whi3-S568A mutation on cell-cycle progression. The Ahogl Whi3-HA and Ahogl
Whi3-S568A-HA strains were synchronized with a-factor, released into YPD with and without 0.6 M KCl, and incubated at 28 °C for up to

180 min.
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cell-cycle progression of the Ahogl cells was much
weaker than that of whi3 deletion (compare Figs. 2B and
4A). Further, the Whi3-S568A mutation caused pro-
longed G arrest of Ahogl cells in a medium containing
0.6 m KCI (Fig. 4B), as for Whi3 wild-type cells under
osmotic stress conditions (Fig. 2B, Ahogl cells). To-
gether, these observations suggest that inhibition of
Whi3 is required for restart from osmotic stress-induced
G delay.

Discussion

We suggest that Hogl SAPK pathway and the Whi3
cell-cycle regulator antagonize restart from G; delay
following osmotic stress. Upon exposure of Ahogl cells
to osmotic stress, the cells exhibited a severe G; delay,
which was suppressed by the whi3 deletion and by
overexpression of the CLN2 gene (Figs. 1A—C and 2A-
C). These results suggest that the G; delay was caused
by a low level of G; cyclins through activation of Whi3,
a negative regulator of G; cyclin. Thus our results
suggest that Hogl activity is important for restart/
recovery from G; arrest under high-osmolarity condi-
tions. On the other hand, Whi3 acts as a negative
regulator for this restart mechanism. Thus, Hogl and
Whi3 antagonize the regulation of restart from G, delay
caused by osmotic stress (Fig. 1E). Transcription of
TPK, a budding yeast PKA Tpkl that directly phos-
phorylates and inactivates Whi3,'” was upregulated
under osmotic stress in a Hogl-dependent manner
(Fig. 3). Further, the phospho-mimicing Whi3 S568D
mutant slightly suppressed the G; delay of Ahogl cells
under high-osmolarity conditions (Fig. 4A). Thus, it is
possible that Hogl is involved in the restart from
osmotic stress-induced G, delay in that it downregulates
Whi3 through transcriptional activation of PKA/TPKI.
Alternatively, it is possible that Whi3 plays a role in
restart independently of Hogl or Tpkl. Thus our results
raise important questions: Is Whi3 indeed phosphory-
lated by PKA upon osmotic stress, and is it dependent on
Hog1? These possibilities must be clarified further.

Our data are consistent with previous results indicating
the involvement of Hogl in recovery from transient G
arrest in response to moderately hyperosmotic stress.? It
has been reported that Hog1 activation is required for G,
arrest in response to hyperosmotic stress.” Here, we
found that a G, delay was induced by osmotic stress even
in Ahogl cells (Fig. 2B, Ahogl), indicating that the cells
have a Hogl-independent mechanism inducing G, delay
in response to osmotic stress. Hog1 regulates a number of
molecules in cell-cycle control (both G| arrest and restart
from G;) under osmotic stress conditions. A previous
study indicated that expression of a constitutively active
form of Hogl is capable of inducing G; arrest under
normal growth conditions,” suggesting that a Hogl-
induced mechanism for G, arrest might be dominant to
that for restart from G;.

The partial rescue of the sensitivity of Ahogl strains
to osmotic stress by deletion of the WHI3 gene (Fig. 1A)
indicates that Hogl regulates other molecules, in
addition to Whi3, for growth inhibition under these

conditions. It is possible that the G; delay in Ahogl
cells under osmotic stress is related to a general
inhibition of the initiation of translation by osmotic
stress.??

It was found recently that Hogl is involved in the
regulation of exit from the resting state,”! but the target
of Hogl in this system is obscure. It would be interesting
to determine whether Hogl-dependent or Hogl-inde-
pendent Whi3 regulation operates in this system.
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