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Abstract 

Continuous sensation and reaction to environmental fluctuations is especially 

critical to the survival of unicellular organisms. Stress response mechanisms are essential 

for cells during the vegetative and sexual life cycles and quiescence. The 

Schizosaccharomyces pombe mitotic activator and stress response serine/threonine kinase 

Ssp1 acts independent of the major fission yeast Spc1 MAP kinase stress response 

cascade. Ssp1 is required at high temperatures in the presence of other stressors, ensures 

long-term viability in quiescent cells and allows efficient cell division in low-glucose 

conditions. Ssp1 is cytoplasmic but briefly localizes to the cell membrane after exposure 

to extracellular stress. It plays a role in actin depolymerization and is required for the 

change of growth polarity after cell division.  

After identifying 14-3-3 proteins Rad24 and Rad25 as putative Ssp1 binding 

partners, we confirmed the interaction with co-immunoprecipitation. Association of Ssp1 

with Rad24 diminishes after 15 minutes of hyperosmotic stress, however Rad25 binding 

is retained. Loss of the rad24 gene product rescues both ssp1
-
 mitotic delay at elevated 

temperatures and sensitivity to 0. 6M KCl. Conversely, overexpression of rad24 

exacerbates ssp1
- 
stress sensitivity and mitotic delay. Diffuse actin polarity and spheroid 

morphology in rad24
- 
cells improves in an ssp1

-
 background. Ssp1 localization to the cell 

membrane is negatively regulated by Rad24.  
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Ssp1 does not co-localize with Arp3C (actin-related protein 3 homologue C) after 

osmotic stress, but instead appears to form a ring around the cell, suggesting localization 

to fission scars.  

Ssp1 is basally phosphorylated and hyperphosphorylated after glucose 

deprivation. Ssp1 is shuttled in and out of the nucleus and accumulates in the nucleus in 

an exportin Cmr1 dependent manner.  

Ssp1-GFP levels are constant in all stages of the vegetative cell cycle and Ssp1-

GFP is present in both the sexual life cycle and quiescence. C-terminal and N-terminal 

truncation of ssp1 alters its subcellular localization. The C-terminal region is the site of 

hyperphosphorylation following glucose deprivation and is also necessary for membrane 

localization following osmotic stress.  
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Chapter 1 

General Introduction 

In the laboratory environment the study of Schizosaccharomyces pombe generally 

encompasses the culturing of cells under ideal growth conditions, lacking fluctuations in 

temperature and nutrient availability. While the constancy of experimental conditions 

ensures reproducibility of results, conditions yeast cells encounter in the wild fluctuate 

frequently. Laboratory conditions should thus be considered ideal instead of normal. 

Normal yeast growth conditions would likely include changes in extracellular osmolarity, 

temperature, pH and nutrient availability as well as UV radiation and protein synthesis 

inhibitors. Yeast cells are forced to employ adaptive mechanisms in order to ensure 

survival. Genome expression studies of both fission and budding yeast indicate that the 

transcription of 10-14% of all genes are either induced or repressed in response to various 

stresses (Causton et al., 2001; Gasch et al., 2000). Cells are able to sense and adapt to 

extracellular changes and minimize their negative effects. General stress response 

includes the induction of genes involved in processes as diverse as protein folding, 

vacuolar function, protein degradation, autophagy and carbohydrate metabolism. Genes 

for energy consuming processes and growth, for example transcription, translation and 

ribosome biosynthesis, are typically down-regulated during stress (Causton et al., 2001; 

Gasch et al., 2000). 
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Chapter 2 

Literature Review 

2.1 The fission yeast Schizosaccharomyces pombe 

Cells of the ascomycete yeast S. pombe grow exclusively by extending their tips, 

while maintaining a constant diameter (Johnson, 1965; Mitchison, 1957; Streiblová and 

Wolf, 1972). Preferentially haploid, cells spend roughly 70% of their cell cycle in G2, 

equally dividing the remainder between the brief pre-synthesis (G1), synthesis (S) and M-

phase (mitosis) (Mitchison and Creanor, 1971; Murakami and Nurse, 2000). New cells 

enter G1 and S phase directly after mitosis, prior to cytokinesis to become two equally 

sized daughter cells (Balasubramanian et al., 2000; Mitchison and Creanor, 1971) 

(Figure 2-1).  

2.2 The sexual life cycle and stationary phase 

To survive unfavorable growth conditions S. pombe cells enter into a quiescent 

state (stationary phase) or the sexual cycle to produce spores (Davey, 1998) (Figure 2-1). 

Levels of cyclic AMP (cAMP) (Byrne and Hoffman, 1993) drop approximately 50% 

after nitrogen deprivation (Fukui et al., 1986; Maeda et al., 1994a; Mochizuki and 

Yamamoto, 1992), triggering a decrease of cAMP dependent protein kinase A (PKA) 

activity. This allows induction of the Ste11 transcription factor (DeVoti et al., 1991; 

Maeda et al., 1994a) and the transcription of genes involved in conjugation and meiosis
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Figure 2-1: Fission yeast vegetative and sexual life cycles. 

S. pombe cells remain in a vegetative cell cycle when nutrient conditions are favourable. 

When nutrients become restricted and growth conditions poor, cells may enter a sexual 

lifecycle to produce four stress resistance spores or enter stationary phase, a quiescent 

state where cells are resistant to extracellular insults and environmental fluctuations 

(modified from http://www-rcf. usc. edu/~forsburg/images/cycle2. jpg ).  
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(Sugimoto et al., 1991). Conjugation and sporulation are regulated through the Ras1-

mediated activation (Nadin-Davis et al., 1986; Nielsen et al., 1992) of Spk1 (Neiman et 

al., 1993; Toda et al., 1991) via the Byr2 MAP kinase cascade (Nadin-Davis and Nasim, 

1988; Wang et al., 1991) in response to mating pheromones. Activation of the stress-

activated MAPK cascade augments ste11 transcription through activation of the Atf1 

transcription factor (Shiozaki and Russell, 1996; Wilkinson et al., 1996). Cells produce 

four stress resistant haploid spores ready to grow in more favorable conditions (reviewed 

by Davey, 1998). Nitrogen-starved cells, in the absence of cells of opposite mating type, 

undergo two rounds of mitosis without intervening gap phases and arrest as small G1 cells 

(Su et al., 1996). Entry into stationary phase may also occur from G2 under certain 

conditions (Costello et al., 1986). Cells retain some metabolic activity in stationary stage 

enabling them to survive long after ceasing growth and division (Su et al., 1996). Many 

essential pathways and characteristics of stationary phase are conserved across 

eukaryotes and prokaryotes (Martinez et al., 2004).  

2.3 The cyclin dependent kinase (CDK) 

CDKs were first identified as part of the heteromeric maturation/mitosis 

promoting factor (MPF), leading the way to identify CDK as an important regulator of 

G2/M and G1/S transition (Masui and Markert, 1971). Studies prior to the purification of 

MPF in the late 1980s (Labbe et al., 1988; Labbe et al., 1989; Lohka et al., 1988) proved 

experimentally that the transfer of metaphase cytoplasm into G2 phase-arrested oocytes 

drives mitotic entry (Masui and Markert, 1971). CDK activity is required for cells to pass 
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G1/S and initiate DNA synthesis and later for mitotic entry at G2/M (reviewed by Bashir 

and Pagano, 2005).  

cdc (cell division cycle) mutants arrest their cell cycle upon reaching the 

particular stage at which that gene product is essential but continue to accumulate mass 

and elongate. (Hartwell et al., 1973; Hartwell et al., 1970; Nurse et al., 1976; Nurse, 

1975; Simchen, 1978; Thuriaux et al., 1978). cdc mutants have been identified in many 

other organisms including Drosophila melanogaster (Baker et al., 1976; Hartwell, 1978) 

and mammalian cell lines (reviewed by Simchen, 1978). Work on cdc mutants led to the 

isolation of a key mitotic regulator, the CDK Cdc2, a functional homologue of the 

budding yeast cell cycle activator CDC28 (Beach et al., 1982) found to control the cell 

cycle in all eukaryotes (reviewed by Nurse, 1990).  

2.4 Regulation of the G2/M transition 

2.4.1 Mitotic control through phosphorylation and dephosphorylation of Cdc2 

Much control of CDK activity occurs through the phosphorylation and 

dephosphorylation of key amino acids, a requirement in many kinases (reviewed by 

Nurse, 1997; Wolfe and Gould, 2004b). In fission yeast dephosphorylation of Cdc2-Y15 

by the Cdc25 (and Pyp3) phosphatases fully activates the mitotic Cdc2-Cdc13 complex, 

conversely, inhibitory phosphorylation by Wee1 (and Mik1) kinase represses Cdc2-cyclin 

activity to intermediate levels (Featherstone and Russell, 1991; Gould and Nurse, 1989; 

Lundgren et al., 1991; Nurse, 1975; Nurse and Bissett, 1981; Parker et al., 1992; Piggott 

et al., 1982; Russell and Nurse, 1987; Thuriaux et al., 1978). Phosphorylation of T167 by 
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the CDK activating kinase (CAK) Mcs2-Mcs6 (Lee et al., 1999) completes Cdc2 

activation (Fleig and Nurse, 1991; Gould et al., 1991; Potashkin and Beach, 1988; 

Simanis and Nurse, 1986). Phosphorylation of S165 by the CAK-activating kinase 

(CAKAK) Csk1 activates Mcs6-Mcs2 (Hermand et al., 1998). Full activation of the 

essential Cdk9 by Csk1 dependent phosphorylation is necessary under nitrogen 

deprivation and other poor growth conditions (Pei et al., 2006). 

2.4.2 Regulation of Cdc2 by the B-type cyclin Cdc13 

Cdc2 protein and transcript levels remain constant throughout the cell cycle (Alfa 

et al., 1989; Durkacz et al., 1986). Activation of the CDK, or catalytic subunit, requires 

binding to a cyclin molecule (reviewed by Morgan, 1997). Fission yeast cyclins include 

the B-type cyclins cdc13, cig1 and cig2 as well as mcs2 and puc1 (reviewed by Fisher 

and Nurse, 1995). Cdc2 activity also requires interaction with the 13kDa Suc1 protein 

(Basi and Draetta, 1995; Brizuela et al., 1987; Ducommun et al., 1991; Hayles et al., 

1986) essential for G2/M progression in fission yeast (Brizuela et al., 1987; Ducommun 

et al., 1991). Suc1directly interacts with Cdc2 and regulates both the Cdc2-Cig1 and 

Cdc2-Cdc13 complexes. A reduction in Suc1 increases both the abundance of Cdc2-

Cdc13 complexes and Cdc2-Cig1 kinase activity levels, suggesting an inhibitory role for 

Suc1 (Basi and Draetta, 1995). 

The essential fission yeast Cdc13 (cyclin B) promotes Cdc2 kinase activity at 

G2/M and during G1 and is required for entry into S-phase in the absence of other G1 

cyclins (Fisher and Nurse, 1996; Martin-Castellanos et al., 1996). Cdc2-Cdc13 

dimerization during G2 phase is necessary for mitotic entry as the complex accumulates 
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in the nucleus (Alfa et al., 1989). Cdc2 kinase activity peaks at G2/M, allowing Cdc25 

dependent mitotic entry (Moreno et al., 1989). This sharp rise in CDK activity is 

conserved in many eukaryotes (Arion et al., 1988; Draetta and Beach, 1988; Labbe et al., 

1989). Cdc13 protein levels rise through G2, peak before mitosis and plummet preceding 

the decrease of Cdc2 kinase activity at G2/M (Creanor and Mitchison, 1996; Moreno et 

al., 1989). In anaphase, cyclin degradation via the ubiquitin proteasome pathway brings 

about Cdc2 inactivation and mitotic inhibition (Felix et al., 1990; Ghiara et al., 1991; 

Glotzer et al., 1991; Murray et al., 1989). Ubiquitination marks a target substrate 

molecule for degradation by the 26S proteasome (reviewed by Ciechanover, 1994; Li and 

Ye, 2008). The periodic ubiquitin dependent degradation of cyclins is an important 

component of cell cycle regulation. Cyclin degradation at the end of metaphase, is 

mediated by the multi-protein anaphase promoting complex/cyclosome (APC/C) 

(reviewed by Morgan, 1999; Thornton and Toczyski, 2006; Zachariae and Nasmyth, 

1999).  

2.5 Regulation of the G1/S transition  

Rum1 prevents pre-START G1 phase cells from entering S-phase before reaching 

their critical size/mass requirements and regulates the dependency of S-phase completion 

before mitotic entry (Broek et al., 1991; Correa-Bordes and Nurse, 1995; Labib et al., 

1995). Rum1 potently inhibits Cdc2-Cdc13 activity in early G1 and mild inhibition of 

Cdc2-Cig2 may contribute to the G1 delay (Correa-Bordes and Nurse, 1995; Hayles et al., 

1994). During early G1 Cdc2-Cdc13 activity is kept low by Rum1-mediated inhibition 
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and Apc10-dependent promotion of Cdc13 ubiquitination (Correa-Bordes and Nurse, 

1995; Correa-Bordes et al., 1997; Kominami et al., 1998). 

Low levels of Rum1 through S- and G2-phase allow increased Cdc2-Cdc13 kinase 

activity (Correa-Bordes and Nurse, 1995). Spc1 MAPK (Shiozaki and Russell, 1995) 

dependent phosphorylation of Rum1 reduces the inhibition of Cdc2/Cdc13 by Rum1, 

negatively regulating Rum1 independently of the ubiquitination pathway (Matsuoka et 

al., 2002). Rum1 is degraded via the 26S proteasome, sharply reducing its levels (Benito 

et al., 1998; Jallepalli et al., 1998).  

The non-essential Cdc2 cyclins Cig1 (Bueno et al., 1991) and Cig2 (Connolly and 

Beach, 1994; Obara-Ishihara and Okayama, 1994) are important during the G1/S 

transition (Fisher and Nurse, 1996; Martin-Castellanos et al., 1996). Cyclic appearance of 

the Cig2 transcript and peak of protein levels at G1/S is dependent on the Cdc10 

transcription factor (Mondesert et al., 1996). Cig1 and Cdc13 are degraded in G1 phase 

via the ubiquitin-proteolysis pathway through the APC/C activator Ste9. Cdc2 

phosphorylates Ste9, hindering its interaction with the APC/C and prevents degradation 

during G2 (Blanco et al., 2000).  

The non-essential Puc1 cyclin (Forsburg and Nurse, 1994) becomes important for 

the execution of the G1-S transition, in the absence of both Cig1 and Cig2 (Forsburg and 

Nurse, 1991; Martin-Castellanos et al., 2000).  

2.6 Size control in fission yeast 

Fission yeast cells monitor critical size requirements at the G1/S and the G2/S 

transition points (Fantes and Nurse, 1978; Nurse, 1975; Thuriaux et al., 1978).  
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Rum1 dependent inhibition of CDK Cdc2-Cdc13 kinase activity during early G1 

phase (Correa-Bordes and Nurse, 1995; Hayles and Nurse, 1995; Labib et al., 1995) 

prevents cells smaller than a critical size from entering S-phase (Moreno and Nurse, 

1994). After fulfilling the G1 size requirement (Moreno and Nurse, 1994; Nurse and 

Thuriaux, 1977), cells commit to division at START. Entry into S-phase is marked by the 

interaction of Cdc2 with the transcription factor complex Cdc10, Cdc18 and Res1 (Aves 

et al., 1985; Caligiuri and Beach, 1993; Kelly et al., 1993; Nurse and Bissett, 1981; 

Tanaka et al., 1992). 

The phosphorylation state of Cdc2-Y15 (Nurse and Bissett, 1981; Piggott et al., 

1982) controls cell size and progress through the second major size control point at G2/M 

(Featherstone and Russell, 1991; Gould and Nurse, 1989; Gould et al., 1991; Lundgren et 

al., 1991; Parker et al., 1992; Russell and Nurse, 1987). Cdc2 is negatively regulated on 

Y15 by Wee1 kinase (Fantes and Nurse, 1978; Nurse, 1975; Rupeš et al., 2001; Thuriaux 

et al., 1978) and Mik1 kinase (Lundgren et al., 1991) during S and G2 (Featherstone and 

Russell, 1991; Gould and Nurse, 1989; Gould et al., 1991; Lundgren et al., 1991; Parker 

et al., 1992; Russell and Nurse, 1987). Cdc25 phosphatase (Russell and Nurse, 1986) and 

Pyp3 phosphatase (Millar et al., 1992) dephosphorylate Cdc2-Y15, providing positive 

regulation of Cdc2 activity and mitotic entry. Dephosphorylation of Cdc2-Y15 fully 

activates the Cdc2-Cdc13 complex to allow G2/M transition when cells reach the required 

size (Millar et al., 1991; Russell and Nurse, 1986) ensuring that each daughter cell 

receives sufficient cell machinery and organelles (Mitchison, 1970; Mitchison and 

Creanor, 1971). Homeostatic control enforces division at a constant size. Cells closer to 
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the critical size requirement shorten their G2 phase and smaller cells extend G2 until they 

grow large enough to divide (Fantes and Nurse, 1977; Fantes and Nurse, 1978). 

In S. cerevisiae SWE1 and MIH1, the S. cerevisiae homologues of Wee1 and 

Cdc25 respectively, mirror molecular functions of fission yeast Wee1 and Cdc25, 

enforcing size control at G2/M (Kellogg, 2003). Cells lacking SWE1 enter mitosis early, 

whereas loss of MIH1 delays mitotic entry (Kellogg, 2003). Since budding yeast 

undergoes asymmetric cell division, daughter-buds must reach a minimum size to 

accommodate the nucleus before dividing. G2/M size control is thus strongly influenced 

by daughter-bud size and G2/M size control, but independent of mother cell size (Harvey 

and Kellogg, 2003). Budding yeast cells have a long G1, but brief G2 phase (reviewed by 

Russell and Nurse, 1986). The size deficit of the daughter cells is offset by increased 

growth in G1 before committing to mitosis (reviewed by Rupeš, 2002). 

2.7 Size control through Cdr1 and Cdr2  

Cdr1 or Cdr2 are two kinases involved in the regulation cell size in response to 

nutritional conditions.  Cells lacking these kinases undergo mitotic delay and arrest 

elongated in G2 after nitrogen deprivation (Belenguer et al., 1997; Rupeš et al., 2001; Wu 

and Russell, 1997; Young and Fantes, 1987). Cdr1 and Cdr2 are mitotic activators, 

providing inhibitory phosphorylation of Wee1 (Breeding et al., 1998; Coleman et al., 

1993; Feilotter et al., 1991; Kanoh and Russell, 1998; Parker et al., 1993; Russell and 

Nurse, 1987; Wu and Russell, 1997); similarly, HSL1, the S. cerevisiae Cdr1 homologue, 

inhibits the Wee1 homologue SWE1 (Ma et al., 1996). 
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The Pom1 kinase inhibits G2/M transition through negative regulation of Cdr1 

and Cdr2 (Breeding et al., 1998; Coleman et al., 1993; Martin and Berthelot-Grosjean, 

2009; Parker et al., 1993; Wu and Russell, 1997). Pom1 directly provides inhibitory 

phosphorylation of Cdr2 (Martin and Berthelot-Grosjean, 2009). Cdr1 and Cdr2 localize 

to the medial region of the cell (Moseley et al., 2009), whereas a gradient of Pom1 

protein is highest at the cell ends, overlapping at the cortex with Cdr2 in short cells. 

Levels of Pom1 in the medial region decrease as cells increase in length, allowing Cdr2 

activation and thereby inhibition of Wee1 and the transition into mitosis (Martin and 

Berthelot-Grosjean, 2009; Moseley et al., 2009).  

2.8 Coordination of mitotic exit and cytokinesis 

The fission yeast conserved dual-specificity phosphatase Clp1 and its essential 

budding yeast homologue CDC14 promote mitotic exit and coordinate cytokinesis with 

the start of the next cell cycle through the conserved Septation Initiation Network (SIN) 

and the Mitotic Exit Network (MEN) respectively (reviewed by Bardin and Amon, 2001). 

Nuclear Clp1 is required during chromosome segregation, however phosphatase-active 

cytoplasmic Clp1 is essential for maintenance of the cytokinesis checkpoint response 

(Liu et al., 2000). Cytoplasmic Clp1 together with the SIN maintains the cytokinesis 

checkpoint, delaying cell cycle progression if the cytoskeleton is disturbed (Liu et al., 

2000). Cytoplasmic localization of Clp1 is 14-3-3 dependent and Clp1 remains 

sequestered until its return to the nucleus after contraction of the actomyosin ring (Chen 

et al., 2008; Mishra et al., 2005; Trautmann and McCollum, 2005). When SIN is 

activated, nucleolar Clp1 localizes to the nucleus (Trautmann et al., 2001), returning to 
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the nucleolus when SIN signaling is inhibited (Cueille et al., 2001; Trautmann et al., 

2001; Trautmann and McCollum, 2005). Nuclear Clp1 down-regulates Cdc25 activity 

and promotes inhibitory Cdc2 Y15 phosphorylation while the SIN remains active until 

after cytokinesis (Trautmann et al., 2001; Wolfe and Gould, 2004a). 

Dephosphorylation of Cdc25 at the end of mitosis by Clp1 decreases its activity 

and stability and enhances Cdc25 degradation through the 26S proteasome (Esteban et 

al., 2004; Trautmann et al., 2004; Wolfe and Gould, 2004b). In budding yeast, CDC14 

deactivates mitotic CDKs by dephosphorylating key substrates, thus reducing CDK 

activity to allow mitotic exit and cytokinesis. The dephosphorylated CDK inhibitor SIC1 

is stabilized and CDH1 promotes the proteolysis of cyclin B and a decrease of CDK 

activity (Balasubramanian et al., 2000; Bardin and Amon, 2001; Visintin et al., 1998).  

2.9 MAPK cascades 

MAP kinases (MAPKs), or extracellular signal regulated kinases (ERKs), are 

highly conserved Ser/Thr kinases activated in response to various stressors or stimuli, 

including hyperosmolarity, irradiation, as well as growth factors and cytokines in more 

complex eukaryotes (reviewed by Seger and Krebs, 1995; Widmann et al., 1999) (Figure 

2-2A).  

2.9.1 The Spc1 MAP kinase pathway 

The major stress-activated MAPK Spc1 (Figure 2-2B) is critical for cell survival 

following exposure to extracellular stressors (Degols et al., 1996; Kishimoto and 

Yamashita, 2000; Millar et al., 1995; Shiozaki and Russell, 1995). The corresponding 
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Figure 2-2: The stress-activated MAPK cascade. 

A. Fission yeast MAPK pathway activation follows the mammalian three-component 

cascade: a cell encounters an extracellular stimulus, activates a plasma membrane 

protein, leading to the sequential phosphorylation of kinases in the cascade. A Ser/Thr 

MAP kinase kinase kinase (MAPKKK), phosphorylates the dual specificity MAP kinase 

kinase (MAPKK), leading to the activation of the target MAPK. Full MAPK activation 

requires phosphorylation of an activation loop motif (Thr-X-Tyr), recognized by 

MAPKKs. B. Extracellular stressors activate the Spc1 MAPK cascade in response to 

extracellular stressors, leading to the activating phosphorylation of Spc1 by the MAPKK 

Wis1. Cytoplasmic Srk1-associated Spc1 phosphorylates Srk1, followed by transient 

localization of Spc1-Srk1 to the nucleus. Srk1 phosphorylated Cdc25 binds 14-3-3 

proteins, followed by nuclear export of Cdc25. Nuclear Spc1 activates transcription 

factors, leading to the induction of stress response genes. Spc1 dependent 

phosphorylation of Cmk2 is important in the response to oxidative stress. Spc1 plays a 

role in mitotic activation by phosphorylating Plo1 and allowing its translocation to the 

spindle pole body and allowing the formation of mitotic spindles. Pyp1 and Pyp2 

dephosphorylate Spc1, acting as major negative regulators.  
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S. cerevisiae HOG (high osmolarity glycerol) pathway is activated mainly after osmotic 

stress, while various stressors and cytokines are major activators of the p38 pathway in 

mammalian systems (reviewed by Gustin et al., 1998; O'Rourke et al., 2002).  

In the common bacterial ‘two-component’ phospho-transfer system, activity of 

the transmembrane histidine kinase (HK) is modified upon detection of extracellular 

stimuli. Auto-phosphorylation of a specific HK His-residue is followed by the response 

regulator (RR) catalyzed transfer of this phosphoryl group to an Asp residue on the RR 

regulatory domain, leading to activation of an effector domain (reviewed by West and 

Stock, 2001). In many fungi, including S. pombe, S. cerevisiae and Candida albicans, and 

some plants, a histidine-containing phosphotransfer protein (HPt) transfers phosphoryl 

groups to the RR (reviewed by Stock et al., 2000; reviewed by West and Stock, 2001). 

Mild oxidative stress signals are transmitted to the Spc1 MAPK cascade through the two 

sensory histidine kinases, Mak2/3 (Aoyama et al., 2001; Buck et al., 2001), the histidine-

containing phosphotransfer (HPt) signaling protein Spy1 (Mpr1) (Aoyama et al., 2001;  

Aoyama et al., 2000; Nguyen et al., 2000) and RR Mcs4, activating Spc1 MAPK 

dependent stress response via Wak1 (and maybe Win1) (Aoyama et al., 2000; Buck et 

al., 2001; Cottarel, 1997; Nguyen et al., 2002; Shiozaki et al., 1998). Budding yeast cells 

detect hyperosmotic stress and activate the HOG1 pathway through the SLN1-YPD1-

SSK1 (His-to-Asp) relay system (Maeda et al., 1994b; Posas et al., 1996).  

The Win1 and Wak1 MAPKKKs independently activate Wis1 MAPKK in 

response to extracellular stimuli. Loss of Win1 severely diminishes the induction of the 
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downstream Spc1-regulated stress genes pyp2, ctt1 and gpd1. Win1 is also important for 

viability in stationary phase, as well as efficient conjugation (Shieh et al., 1998). Wak1 is 

required for Spc1 activation after osmotic stress and contributes to its activation after 

oxidative and heat stress (Samejima et al., 1997; Shiozaki et al., 1998). Wak1 is a key 

element in response to centrifugal (or hypergravity) stress (Soto et al., 2007). Wak1-

dependent activation of Wis1, leading to the downstream phosphorylation of Spc1 after 

osmotic and oxidative stress, requires two conserved MAPKKK phosphorylation sites at 

S469 and T473 on Wis1 (Shiozaki et al., 1998).  

Spc1 MAPK is 86% identical to the budding yeast HOG1 MAPK, and shares 

high similarity with human CSPB1 MAPK (57%) and rat SAPKs (stress activated protein 

kinases) (40-43%) (Millar et al., 1995). MAPK family members require dual 

phosphorylation of the conserved key substrates (T171 and Y173 in Spc1), provided in S. 

pombe by the dose dependent activator MAPKK Wis1 (Kato et al., 1996; Shiozaki and 

Russell, 1995; Warbrick and Fantes, 1991). Exclusively cytoplasmic in unperturbed 

growth conditions, a fraction of Wis1 enters the nucleus approximately five minutes after 

stress and is exported in a Crm1 dependent manner after 40 minutes. Its cytoplasmic 

localization is important for the nuclear accumulation of Spc1 after stress, and for the 

downstream induction of stress response genes (Nguyen et al., 2002). Wis1 is responsible 

both for the rapid increase in Spc1-Y173 phosphorylation following stress and the low 

level basal Y173 phosphorylation (Millar et al., 1995). After hyper-phosphorylating 

Spc1, Wis1 detaches and the activated Spc1 localizes to the nucleus, briefly sequestering 

it from its cytoplasmic negative and positive regulators, Pyp1/2 and Wis1 respectively. 
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Nuclear localization of phosphorylated Spc1 requires Atf1, a constitutively nuclear 

transcription factor and its cofactor Pcr1 (Gaits et al., 1998). After approximately 20 

minutes Spc1 returns to the cytoplasm via the Crm1 mediated export, concurrent with 

rapid Pyp1/2 dependent dephosphorylation of Y173 and a decrease of stress-induced 

gene expression (Gaits et al., 1998; Gaits and Russell, 1999; Nguyen et al., 2002). Spc1 

Y173 phosphorylation remains high for at least three hours after a return to 30°C (Gaits 

et al., 1997; Gaits and Russell, 1999). T171 dephosphorylation occurs via the PP2C 

phosphatases Ptc1 and Ptc3 (Nguyen and Shiozaki, 1999).  

2.9.1.1 Spc1-dependent activation of transcription factors and induction of stress 

response genes 

Stress-dependent activation of the Spc1 MAPK pathway activates transcription 

factors leading to the induction of stress-response gene expression. The Atf1 bZIP (basic 

leucine zipper) transcription factor is a homologue of the mammalian ATF-2 gene and an 

Spc1 substrate (Shiozaki et al., 1998). Phosphorylation of Atf1 by Spc1 increases after 

oxidative stress, but is dispensable after osmotic stress. Phosphorylation increases protein 

levels and stability but is not essential for Atf1 binding to its target promoters (Lawrence 

et al., 2007). Atf1 is phosphorylated by Skp1 and targeted for degradation by the SCF E3 

ubiquitin ligase Fbh1. Basal phosphorylation of Atf1 permits the constitutive turnover of 

the protein through the 26S proteasome (Lawrence et al., 2007; Lawrence et al., 2009). 

Loss of Atf1 phosphorylation reduces induction of target gene expression, depending on 

both the target gene and type of stressor. Stress response gene expression is not 
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eliminated, suggesting additional mechanisms of the regulation of Atf1 activity 

(Lawrence et al., 2007). 

The accumulation of intracellular osmolytes is a fundamental response employed 

by cells in order to adapt to high extracellular osmolarity and to prevent water-loss 

through passive diffusion across the cell membrane. S. pombe gpd1 (glycerol-3-

phosphate dehydrogenase) is required for the synthesis of glycerol in response to osmotic 

stress. gpd1 is induced in an Atf1 dependent manner through the Spc1 MAPK signaling 

cascade via Wis1, whereas gpd2 isozyme expression is constitutive (Aiba et al., 1995; 

Ohmiya et al., 1995). Atf1-dependent induction of tps1 (trehalose-6-P synthase) occurs 

after exposure to heat-shock, oxidative stress and hyperosmolarity (Blázquez et al., 1994; 

Degols et al., 1996; Shiozaki and Russell, 1996). A rise in intracellular trehalose grants 

resistance to dehydration, osmotic stress, heat-shock, freezing, thawing and toxic 

concentrations of ethanol (Soto et al., 1999). ctt1 (cytoplasmic catalase) decomposes 

H2O2, thereby protecting the cell from oxidative stress (reviewed by Nguyen et al., 2000; 

Wilkinson et al., 1996). Pap1 and Atf1 induce ctt1 expression, but Atf1 appears to be 

more important after high levels and Pap1 after low levels of oxidative stress (Quinn et 

al., 2002). Induction of ctt1 (cytoplasmic catalase) requires Pap1 (Toda et al., 1991) and 

is dependent on an activated Spc1 cascade, although Pap1 is not a direct Spc1 substrate 

(Nguyen et al., 2000).  

2.9.1.2 Induction of heat shock protein Hsp16  

Virtually all organisms induce heat shock proteins (HSPs) in response to elevated 

temperatures. HSPs help to maintain proper protein conformation and refold denatured 
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proteins, assist in the transport of proteins across intracellular membranes, inhibit 

unwanted protein-protein interactions and prevent protein aggregation (reviewed by de 

Jong et al., 1993; reviewed by Walter and Buchner, 2002; reviewed by Borges and 

Ramos, 2005). Transcription of Hsp16 is regulated by heat-shock and occurs in an 

additive manner through Spc1 MAPK pathway via Atf1, and the heat-shock factor 

pathway (Taricani et al., 2001). 

2.9.1.3 Regulation of the calmodulin-dependent kinase homologues Srk1 and Cmk2 

The calmodulin (calcium modulated protein)-dependent kinase homologues Srk1 

and Cmk2 are Spc1 substrates (Alemany et al., 2002; Fox et al., 2000; Sanchez-Piris et 

al., 2002). Cmk2 Ser/Thr kinase is required for proliferation after oxidative stress and is 

phosphorylated by Spc1 (Alemany et al., 2002). srk1 transcription is up-regulated upon 

the heat, osmotic or oxidative stress dependent activation of the SAPK cascade (Smith et 

al., 2002) and Srk1-T463 is phosphorylated by Spc1. Spc1 activated Srk1 phosphorylates 

Cdc25, enabling 14-3-3 binding and nuclear export. Cytoplasmic Cdc25 is partitioned 

away from Cdc2, preventing Cdc2 activation and causing mitotic delay. Phosphorylated 

Srk1 is rapidly degraded, providing negative feedback in the pathway (López-Aviles et 

al., 2008; López-Avilés et al., 2005). 

2.9.1.4 Regulation of Plo1 by Spc1 

During spindle formation the essential protein Cut12 binds the cytoplasmic 

portion of the spindle pole body (SPB) (Bridge et al., 1998). In early mitosis Plo1 binds 

the SPB after Cdc2 is dephosphorylated by Cdc25 (Mulvihill et al., 1999). After Spc1 



19 

 

dependent phosphorylation of S402, Plo1 is recruited to the SBPs, promoting mitotic 

entry (Petersen and Hagan, 2005).  

2.9.1.5 Negative regulation of Spc1 

Negative regulation of Spc1 occurs through dephosphorylation of Y173 by Pyp1 

(Ottilie et al., 1991) and Pyp2 tyrosine phosphatases (Degols et al., 1996; Ottilie et al., 

1992; Samejima et al., 1997). Pyp1 and Pyp2 are individually non-essential, functionally 

overlapping mitotic regulators (Millar et al., 1992; Ottilie et al., 1992) where Pyp1 has 

the dominant activity (Millar et al., 1992; Ottilie et al., 1992). Overexpression of wis1, or 

deletion of both pyp1 and pyp2 causes the toxic hyperactivation of Spc1 (Millar et al., 

1995; Ottilie et al., 1992; Shiozaki and Russell, 1995). Ptc1, a type 2C Ser/Thr 

phosphatase is a negative regulator of the Atf1 dependent transcription of stress response 

genes (Gaits et al., 1997). Osmotic stress induced expression of Pyp2 and Ptc1 (Shiozaki 

et al., 1994), is dependent on both Atf1 and Spc1. Ptc1 is required for the timely return to 

basal phosphorylation of Spc1 after stress (Gaits et al., 1997). Ptc1 and Pyp2 function in 

dual negative feedback loops of the Spc1 pathway, inhibiting Spc1 after prolonged 

osmotic stress (Millar et al., 1995).  

2.9.2 The cell integrity MAPK pathway 

Activation of the Pmk1/Spm1 MAPK cell integrity pathway takes place after 

exposure to stressors similar to those acting on the Spc1 MAPK cascade.  

Loss of the Pmk1 MAPK, a homologue of the budding yeast MPK1 cell integrity MAPK 

(Hohmann, 2002; Toda et al., 1996a), causes a variety of morphological defects, 
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including multi-septation, indicating an additional role in cell wall construction and 

integrity (Loewith et al., 2000; Madrid et al., 2006; Sengar et al., 1997; Toda et al., 

1996a; Zaitsevskaya-Carter and Cooper, 1997). Basal Pmk1 MAPK activity levels are 

positively and negatively regulated through Pck2 and Pck1, respectively (Barba et al., 

2008). Pmk1 protein levels increase through G2 and drop slowly in M-, G1- and S-phase 

and. Pmk1 activity peaks at M/G1, during cell separation (Madrid et al., 2007). 

Stimulation of the Pmk1 cascade takes place via the interaction of Mkh1 with Pck2 and 

the Rho2 GTPase (Barba et al., 2008; Ma et al., 2006) (Figure 2-3). Pmk1 activation 

kinetics depends on the type of stressor. Salt/osmotic stress (NaCl, KCl, sorbitol) elicit 

rapid increases in T186 and Y188 phosphorylation. Activation after CaCl2 exposure or 

high levels of H2O2 is rapid and sustained, but only transient after hypotonic treatment. 

Treatment with compounds affecting cell wall architecture and biosynthesis, such as 

caffeine, calcofluor and sodium vanadate, delays Pmk1 activation. Cells lacking pmk1 are 

hypersensitive to KCl, but hypertolerant to NaCl. Pmk1 hyperactivation, due to loss of 

pmp1, leads to hypersensitivity to Cl
-
 anions, implying a role in ion channel function. 

pmk1
-
 cells have a decreased growth rate in response to high temperature. CaCl2, 

calcufluor, diamide, DEM, t-BOOH, paraquat and sodium vanadate activate this pathway
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Figure 2-3: The cell integrity MAPK pathway. 

A variety of environmental stressors cause activation of the cell integrity MAPK 

pathway, resulting in the activation of stress response genes and leading to induction of 

stress response genes (adapted from Barba et al, 2008).  
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but it is insensitive to sorbitol, H2O2 or caffeine (Madrid et al., 2006; Sugiura et al., 1998; 

Toda et al., 1996a). Stress-dependent Pmk1 phosphorylation follows the MAPK cascade 

architecture where the MAPKKK Mkh1 phosphorylates Pek1, followed by activation of 

Pmk1 via Pek1 (Loewith et al., 2000; Sugiura et al., 1999). Inactive Pek1 associates with 

Pmk1, inhibiting Pmk1 signaling in the absence of stress (Sugiura et al., 1999). Pkh1, 

Pek1 and Pmp1 are localized to the cytoplasm and septum independent of cell cycle 

position or stress. Active and inactive Pmk1 is nuclear and its export is dependent on 

exportin Crm1 (Madrid et al., 2006). Pmp1, a cytoplasmic Pmk1 MAPK phosphatase, 

dephosphorylates and inactivates Pmk1 (Madrid et al., 2007; Sugiura et al., 1998) 

(Figure 2-4). Pmk1 mediated phosphorylation up-regulates the RNA binding protein 

Rnc1, stabilizing pmp1 mRNA, thus inhibiting Pmk1 function via a negative feedback 

loop (Madrid et al., 2006). Rga4, the Cdc42 GAP (Rho GTPase-activating protein) plays 

a role in controlling cell symmetry and diameter, cell wall integrity and cell separation 

(Das et al., 2007; Tatebe et al., 2008). Acting upstream of Pck2 it is the GAP for Rho2 

GTPase, negatively regulating Pmk1 MAPK (Barba et al., 2008; Ma et al., 2006; Madrid 

et al., 2006). In a current model Rga2, Rga4, and Rga7, inhibit Pmk1 MAPK pathway 

activity by acting as GAPs for the Rho2 GTPase upstream of Pck2. Phosphorylation state 

and localization of Rga4 is controlled by Pom1, another Pmk1 pathway inhibitor, 

however this occurs independently of the Rho2-GAP function of Rga4 (Barba et al., 

2008; Soto et al., 2010). Crosstalk between the Spc1MAPK cascade and Pmk1 is evident 

in the requirement for Spc1-Atf1 in the deactivation of Pmk1 after osmotic stress (Madrid 

et al., 2007; Madrid et al., 2006). The Spc1 controlled Pyp1, Pyp2 and Ptc1 
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Figure 2-4: The cell integrity and Spc1 MAPK pathways are negatively regulated 

through the dephosphorylation of Pmk1 by Pmp1, Pyp1 and Pyp2 phosphatases. 

Negative regulation through Ptc1 occurs through unknown mechanisms. Cross-talk 

between the two MAPK pathways is evident by the overlapping negative regulation of 

Spc1 by Ptc1, Pyp1 and Pyp2 (adapted from Madrid et al, 2009). 

 

 

  



24 

 

phosphatases also participate in the negative regulation of Pmk1. Pyp1 and Pmp1 

dephosphorylate Pmk1 in growing cells and inhibition through Pyp2 takes place mainly 

during hypertonic stress. Ptc1 down-regulates Pmk1 in both growing cells and during 

adaptation to osmotic stress (Madrid et al., 2007). 

2.9.3 The pheromone response pathway  

Activation of the third S. pombe MAPK (Figure 2-5) cascade occurs after cells 

undergo nitrogen restriction and leads to the induction of genes involved in sexual 

differentiation, namely mating and meiosis. The pheromone MAPK signaling cascade 

consists of the Byr2 MAPKKK (Ozoe et al., 2002; Tu et al., 1997; Wang et al., 1991), 

the Byr1 MAPKK (Nadin-Davis and Nasim, 1988; Nadin-Davis and Nasim, 1990; Wang 

et al., 1991), which phosphorylates and activates Spk1 MAPK (Gotoh et al., 1993). 

2.10 The Ssp1 Ser/Thr kinase 

2.10.1 Role of Ssp1 in actin reorganization and new end take off  

Ssp1 Ser/Thr kinase was isolated as a low pH and high temperature sensitive cdc 

mutant (Z. Jia and P.G. Young, 1992, unpublished results; Rupeš et al. 1999), and 

independently in a screen for suppressors of the morphology mutants sts5-7 and ppe1 

(Matsusaka et al., 1995). These functionally related mutants are hypersensitive to the 

kinase inhibitor staurosporine and share a number of morphology defects; round to pear-

shaped, they generally display a loss of actin polarity (Shimanuki et al., 1993; Toda et al., 

1996a). Maintenance of straight, rod-like growth in S. pombe is dependent on the proper  
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Figure 2-5: The pheromone response MAPK pathway. 

Byr2 MAPKKK is bound to 14-3-3 and sequestered in the cytoplasm.  After release from 

14-3-3 Byr2 binds Ras1/GTP.  In the absence of nitrogen and presence of mating 

pheromones activation of this cascade leads to the induction of mating and sporulation 

genes (adapted from Ozoe et al., 2002). 
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positioning of polarity factors and actin monomers (Rupeš et al., 1999) at the tips of 

growing cells by dynamic microtubules (Hayles and Nurse, 2001; Radcliffe et al., 1998). 

Microtubules extending from nucleating centers around the nucleus deposit Tea1 at the 

opposing cell tips where it is required to maintain sites of bi-polar growth (Mata and 

Nurse, 1997). Tea1 complexes with Tea2 (Browning et al., 2000; Browning and 

Hackney, 2005), Tea4 (Martin and Chang, 2005) and also with the (+TIPS) tracking 

proteins Mal3 (Beinhauer et al., 1997; Browning and Hackney, 2005) and Tip1 (Brunner 

and Nurse, 2000). Tip1 reaches the cell tips via the microtubules and binds membrane-

associated Mod5 (Snaith and Sawin, 2003). Pom1 kinase is recruited (Tatebe et al., 

2008), followed by the modulation of Rga2 GTPase-activating protein, subsequently 

promoting Cdc42 activity, actin polymerization and tip growth (Martin et al., 2007). 

Microtubules transiently touch the cell tips as they grow towards them during interphase 

(Drummond and Cross, 2000; Hoog et al., 2007; Tran et al., 2001), and retreat to the 

organizing centers around the nucleus (Johnson, 1965; Streiblová and Wolf, 1972; 

Zimmerman et al., 2004). During tip extension, S. pombe cells undergo changes in 

growth polarity, coupled with reorientation of the actin cytoskeleton throughout the cell 

cycle (Figure 2-6) (Johnson, 1965; Mitchison, 1957; Streiblová and Wolf, 1972). The 

methyl transferase Skb1 interacts with the essential p21-activated homologue Pak1 

(Marcus et al., 1995) and Orb6 kinase (Verde et al., 1998). Skb1 is essential for viability 

and the maintenance of growth polarity after osmotic stress (Bao et al., 2001). Interaction 

with Skb1 is required for the positive regulation of Orb6 to cell tips after increases in 

osmolarity.  The increase in Orb6 kinase activity after hyperosmotic stress suggests a role 
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Figure 2-6: Growth polarity and NETO in fission yeast. 

A: Fission yeast cells grow by apical extension from both tips (bi-directional growth).  

Mono-polar growth mutants are contrasted with those displaying a general lack of growth 

polarity and mis-localization of actin patches.  B. Cortical actin patches at both growing 

tips localize to the central actomyosin ring in early mitosis, followed by the synthesis of 

primary and secondary septa. Degradation of the primary septum, cytokinesis and cell 

separation results in two new daughter cells. Actin patches first return to the old ends, 

followed by cell growth, and then localize to the newly formed ends during late G2 phase 

when the cell resumes bi-bidirectional growth during new end take off.  
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in osmotic stress response, but is independent of Skb1 (Wiley et al., 2003).  

Hyperosmolarity also causes temporary arrest of microtubule dynamics, however 

restoration to the dynamic behaviour of microtubules occurs within 40 minutes, during 

which time microtubules are briefly fragmented. SAPK, but not Ssp1 is essential for 

efficient recovery of microtubule dynamics, however Ssp1 is required for proper growth 

polarity and cell tip shape (Robertson and Hagan, 2008).   

2.10.2 Overlapping stress phenotypes in ssp1 and spc1 mutants 

Ssp1 is required at high temperatures in the presence of additional stressors 

(Matsusaka et al., 1995; Rupeš et al., 1999). Sensitive to a range of stressors by varying 

degrees, both ssp1 and spc1 mutants respond with mitotic delay or G2/M arrest. 

Sensitivity to increasing concentrations of KCl stress is more pronounced in spc1 

mutants, but is not exacerbated at 35°C, whereas it is lethal for ssp1 mutants. At 35°C 

and pH 3. 5 spc1 mutants experience mitotic delay and form micro-colonies, while ssp1
-
 

mutant cells experience arrest as single elongated cells. Simultaneous loss of ssp1 and 

spc1 is synthetically lethal under mildly stressful conditions, such as pH 3.5 or 0.6M KCl 

at 30°C, which are permissible to each single mutant indicating that the two proteins 

function in independent pathways (Rupeš et al., 1999).  

2.10.3 Sub-cellular localization of Ssp1 

Stress-dependent activation of the Spc1 MAPK pathway leads to the induction of 

the glycerol-synthesis pathway within 5-10 minutes after hyperosmotic stress (Shiozaki 

and Russell, 1995). Localization studies where multi-copy GFP-ssp1 was expressed from 
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a strong nmt1 promoter in a plasmid based on pZA69 (Helm et al., 1995) show that 

during normal growth GFP-Ssp1 is primarily cytoplasmic. GFP-Ssp1 rapidly accumulates 

along the cell membrane, particularly in areas (foci) of new growth rapidly after 

hyperosmotic stress (1M KCl or 1. 2M sorbitol), where it remains for up to two hours in a 

small percentage of cells (Rupeš et al., 1999). Cortical actin patches normally located at 

the growing tips of the cell depolarize and scatter for approximately one hour after KCl 

stress, returning to the septum and tips within 2.5 hours. A working model for the role of 

Ssp1 was based on the conspicuous temporal correlation of actin distribution and GFP-

Ssp1 localization to the cell membrane after osmotic stress. It was thought to aid in the 

reinforcement of areas of new growth until an osmotic gradient across the cell membrane 

is restored via induction of glycerol synthesis by the Spc1 MAPK (Aiba et al., 1995; 

Rupeš et al., 1999; Shiozaki and Russell, 1995). 

2.10.4 The requirement of Ssp1 in glucose deprived conditions 

Many biological events, including cell cycle control, rely on calcium regulation 

(reviewed by Berridge et al., 2000). The Cmk1 CaMK (Ca
2+

/CaM-dependent protein 

kinase), binds to and is activated by Ca
2+

/CaM (Rasmussen, 2000) and is regulated 

through upstream CaMK kinases (CaMKK) (Soderling, 1999). Ssp1 is the putative S. 

pombe CaMKK orthologue (Hanyu et al., 2009). The ssp1 ORF contains a conserved 

calmodulin binding domain (CBD) and consensus sequence VEVS(T)XE(D)EV, similar 

to those found in mammalian CaMKKs (Hanyu et al., 2009). The conserved stretch is 

essential for efficient proliferation in limited glucose conditions (0.1%). Sds23, an Ssp1 

multi-copy suppressor and inhibitor of Ppe1 phosphatase, is also required for low glucose 
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tolerance (Hanyu et al., 2009) and like Ssp1 for long-term survival of quiescent cells in 

low nitrogen conditions (Sajiki et al., 2009). Association with 14-3-3 proteins inhibits 

CaMKK activity in mammalian systems (Davare et al., 2004; Ichimura et al., 2008). 

Ssp1-FLAG binds 14-3-3, but it is unclear if this association affects Ssp1 kinase activity 

(Hanyu et al., 2009). The ssp1 ORF contains consensus sites (R/KxS and RxxS) for PKA, 

protein kinase C (PKC) and CaMK. A current model suggests that phosphorylation by 

one or more of these kinases, followed by 14-3-3 binding could regulate Ssp1 by 

sequestering it (Hanyu et al., 2009). Ppe1 would play an inhibitory role, antagonistic of 

Ssp1 and Sds23 (Hanyu et al., 2009). Mammalian CaMKKs are involved in glucose 

uptake and transport (Huang and Czech, 2007; Witczak et al., 2007) supporting the 

hypothesis that Ssp1 is the CaMKK in S. pombe.  

2.10.5 Ssp1 is a multi-copy suppressor Mog1 

Ssp1 is a multi-copy suppressor of mog1 (Tatebayashi et al., 2001), homologue of 

the S. cerevisiae GSP1 (Ran GTPase) binding protein MOG1, essential in nuclear import 

(Oki et al., 2007; Tatebayashi et al., 2001). In budding yeast, MOG1 associates with 

SLN1 histidine kinase of the two-component phosphorelay transduction pathway 

involved in HOG1 cascade activation (Lu et al., 2004) and shares weak homology (44% 

similarity, 27% identity) with the fission yeast Mak2 histidine kinase. Although the Ssp1-

Mog1 interaction is not confirmed by co-immunoprecipitation, the involvement of 

MOG1 in stress response certainly makes the interaction plausible (Lu et al., 2004).  
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2.11 Thesis overview 

Single-celled organisms such as S. pombe are constantly challenged by 

environmental changes in temperature, pH, nutrient availability, osmolyte concentration, 

as well as desiccation, UV radiation and toxic compounds and so on. Cellular survival 

requires the ability respond to these fluctuations and insults, while maintaining cellular 

function and division. This Ph. D. thesis is specifically focused on expanding our 

understanding of the contribution of Ssp1 Ser/Thr kinase to cellular stress response and 

mitotic progression.  

This thesis consists of two data chapters which are in preparation for submission. 

First a yeast two-hybrid screen, employed to isolate putative Ssp1 interacting proteins 

identified the 14-3-3 proteins Rad24 and Rad25. Biochemical as well as genetic methods 

and fluorescent microscopy were used to assess the relationship between Ssp1 and 14-3-

3. Following 0.6M KCl stress, a portion of Ssp1-GFP transiently localizes from the 

cytoplasm to the cell membrane, forming a ring of concentrated foci of fluorescence 

around the cell. Ssp1 localization to the cell membrane occurs concurrently with a 

reduction in the physical association with 14-3-3. Loss of rad24 relieves KCl sensitivity 

and decreases mitotic delay in ssp1
-
. This is contrasted with an increase in sensitivity to 

hyperosmotic stress and exacerbation of mitotic delay when Rad24 is overproduced. 

Localization of Ssp1 to the cell membrane after stress is not impaired by loss of 14-3-3, 

however is virtually non-existent in cells overexpressing rad24.  

In the second data chapter changes in subcellular localization and 

phosphorylation state of Ssp1were explored in the context of nutritional stress imposed 
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by removal of glucose. Ssp1 localization to the nucleus in glucose deprived cells was 

increased in the absence of the exportin Crm1. The Ssp1 C-terminal and N-terminal 

domains are important for regulating subcellular localization of the protein. The ssp1 C-

terminal is required for proper cellular localization to the cell membrane as well as for 

hyperphosphorylation of Ssp1 after glucose restriction. Finally, the importance of Ssp1 

kinase activity in stress response and mitotic progression using a strain carrying a Lys-to-

Arg substitution at the conserved Lys164 in the ATP binding pocket was investigated.  
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Chapter 3 

14-3-3 proteins regulate the localization of Ssp1 Ser/Thr kinase in 

response to osmotic stress in fission yeast 

3.1 Abstract 

Ssp1 kinase (a CaMKK orthologue) is necessary for stress-induced re-

organization of the actin cytoskeleton and NETO. In addition, ssp1
-
 cells undergo mitotic 

delay at elevated temperatures and G2 arrest in the presence of additional stressors. 

Following stress, Ssp1-GFP forms transient foci, which accumulate at the cell membrane 

after increases in osmolarity and form a band around the circumference of the cell. Ssp1 

foci do not co-localize with actin patches. Hyper-osmolarity induced localization to the 

cell membrane occurs concomitantly with a reduction of its interaction with the 14-3-3 

protein, Rad24 but not Rad25 which remains bound. The loss of rad24 in ssp1
-
 cells 

reduces the severity of hyperosmotic stress response and relieves mitotic delay. In 

contrast, overexpression of rad24 exacerbates stress response and concomitant cell 

elongation. Loss of rad24 does not impair the stress-induced localization of Ssp1 to the 

cell membrane. However, this response is almost completely absent in cells over-

expressing rad24. Our results suggest that 14-3-3 may function as a negative regulator of 

the hyperosmolarity-induced localization of Ssp1 to the cell membrane, while 

participating in anchoring Ssp1 in the cytoplasm during normal growth conditions.  
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3.2 Introduction 

In response to extracellular stressors, 10-14% of genes in fission and budding 

yeast are either induced or repressed (Causton et al., 2001; Chen et al., 2003; Gasch et 

al., 2000). Genes involved in processes such as protein folding and degradation, 

autophagy and carbohydrate metabolism are induced, contrasted with repression of genes 

for energy consuming processes and growth. In Schizosaccharomyces pombe, changes in 

osmolarity and temperature, reactive oxygen species and nutrient deprivation activate the 

conserved stress activated Spc1 MAPK pathway (SAPK). In Saccharomyces cerevisiae, 

the HOG MAPK (high osmolarity glycerol) pathway responds primarily to osmotic 

stress, while a variety of environmental stressors and cytokines activate the homologous 

p38 pathway in mammalian cells (reviewed by Gustin et al., 1998; O'Rourke et al., 

2002). 

In S. pombe environmental signals are relayed to the nucleus via the serial 

phosphorylation and activation of the MAPKKKs Wak1 (Wik1/Wis4) (Shieh et al., 

1997) or Win1 (Samejima et al., 1997), MAPKK Wis1 (Kato et al., 1996; Warbrick and 

Fantes, 1991) and MAPK Spc1 (Degols et al., 1996; Kato et al., 1996). Phosphorylated 

Spc1 localizes to the nucleus and activates transcription factors, such as Atf1 and Pcr1 

(Gaits et al., 1998; Shiozaki and Russell, 1996), leading to induction of stress response 

genes including gpd1 (glycerol-3-phosphate dehydrogenase) and tps1 (trehalose-6-P 

synthase) and increased intracellular concentrations of glycerol and trehalose, 

respectively (Blázquez et al., 1994; Degols et al., 1996; Shiozaki and Russell, 1996). The 

accumulation of osmolytes allows adaptation to extracellular hyperosmolarity (Aiba et 
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al., 1995). Atf1 and Pcr1-dependent transient nuclear sequestration of Spc1 (Gaits et al., 

1998) and its subsequent return to the cytoplasm coincides with its dephosphorylation 

and a decrease of stress-induced gene expression (Gaits and Russell, 1999). After Spc1-

dependent phosphorylation, the calmodulin-dependent kinase homologue Srk1 

phosphorylates the mitotic activator Cdc25, inducing 14-3-3 dimer binding and nuclear 

export of Cdc25, reducing the opportunity to activate its nuclear substrate Cdc2 (López-

Avilés et al., 2005). Phosphorylated Srk1 dissociates and is destabilized, accomplishing 

negative feedback (López-Aviles et al., 2008; López-Avilés et al., 2005). 

Deactivation of Spc1 occurs largely through the dephosphorylation of Y173 by 

the Pyp1 and Pyp2 phosphatases (Degols et al., 1996; Ottilie et al., 1992; Samejima et 

al., 1997) and strong Spc1 activation requires the inhibition of these negative regulators 

(Kato et al., 1996; Ottilie et al., 1992; Shiozaki and Russell, 1995). Stress induced 

expression of Spc1 phosphatases Pyp2 and Ptc1 inhibit the transcription of Atf1-

dependent stress response genes (Gaits et al., 1997; Shiozaki et al., 1994). spc1
- 
cells 

experience G2 delay in normal growth conditions and G2 arrest after osmotic or oxidative 

stress (Kato et al., 1996; Millar et al., 1995; Shiozaki and Russell, 1995). 

Ssp1 was originally isolated (Matsusaka et al., 1995) in a screen for multicopy 

suppressors of the cell morphology mutants ppe1 (Shimanuki et al., 1993) and sts5-7 

(Toda et al., 1996b) and independently by Rupeš et al. (1999) as a pH and temperature 

sensitive cell cycle mutant. These data would fit a mode where Ppe1 serine/threonine 

phosphatase and Ssp1 antagonistically regulate common substrates via dephosphorylation 

and phosphorylation, respectively (Matsusaka et al., 1995). The failure of ssp1 mutants to 
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undergo NETO at high temperatures, and failure of transient stress-activated dispersion 

of actin monomers, suggests a role for Ssp1 in actin depolymerization (Matsusaka et al., 

1995; Rupeš et al., 1999). Fission yeast cells grow by apical extension at their tips and 

maintain a constant cylindrical shape throughout the cell cycle (Johnson, 1965; Streiblová 

and Wolf, 1972). Monopolar growth and distribution of cortical actin patches at the pre-

existing “old end” in newly divided cells is followed by new end take off (NETO) late in 

G2, when the “new end” initiates growth and actin patches localize to the newly-formed 

end (Mitchison and Nurse, 1985; Sawin and Nurse, 1998).  

The positioning of polarity factors and actin monomers at the tips of growing cells 

together with dynamic microtubules maintains straight, rod-like growth of S. pombe 

(Hayles and Nurse, 2001; Radcliffe et al., 1998; Rupeš et al., 1999). F-actin dispersed by 

heat shock and centrifugation stress is recruited back to the cell tips as the cell resumes 

growth, requiring Spc1 MAPK dependent phosphorylation of polo kinase, Plo1 (Petersen 

and Hagan, 2005). Short-term arrest of microtubule dynamics is another result of extra-

cellular hyperosmolarity. The dynamic behaviour of the microtubules after a period of 

microtubule fragmentation is restored efficiently, requiring stress-activated MAPK. Loss 

of ssp1 disturbs growth polarity and increases cell morphology aberrations such as 

enlarged cell tips on the growing end, as well as branching (Robertson and Hagan, 2008). 

At high temperatures, in the presence of low pH (3.5) or hyperosmolarity (0.6M KCl) 

ssp1 mutants are unable to proliferate; cells complete DNA replication before arresting in 

G2 phase (Matsusaka et al., 1995; Rupeš et al., 1999).  
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The ssp1
-
 phenotype overlaps with that of spc1

- 
and the simultaneous loss of ssp1 

and spc1 is synthetically lethal in stress conditions that are permissive for either single 

deletion (Rupeš et al., 1999). The requirement for one or the other gene in order to 

survive long-term osmotic stress at high temperature indicates that Ssp1 is also involved 

in controlling the synthesis of glycerol, a primary osmotic stress response (Rupeš et al., 

1999). Based on sequence similarity Ssp1 is the putative fission yeast CaMKK 

orthologue and plays a role in survival under glucose-limiting conditions and during 

quiescence (Hanyu et al., 2009; Sajiki et al., 2009). No mechanistic data yet link that 

function to its role in polarity. Here we explore the physical interaction of Ssp1 with the 

14-3-3 homologues Rad24 and Rad25 and its implications for cell cycle control and 

stress response. 

3.3 Methods  

3.3.1 Strains, media and growth conditions 

 S. pombe cells (for list of strains please see Table Error! Reference source not 

found.) were cultured in YEA (yeast extract + adenine) or EMM (Edinburgh Minimal 

Medium), supplemented with amino acids and/or 15µM thiamine, 0.6M-1.5M KCl or 

1.2M sorbitol as indicated (Forsburg and Rhind, 2006; Moreno et al., 1991). EMM 

adjustment to pH 3.5 was as described (Karagiannis and Young, 2001). Standard 

procedures were used for genetic crosses (Moreno et al., 1991) and strains carrying 

multiple mutations were isolated by tetrad analysis. Out-crossing of strains confirmed 

recombinant genotypes. For plate dilution assays 
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Table 3-1: List of strains used in this study 

 

Strain Genotype Source 

Q1618 URA4::lexAop-lacZ/8LEXA-ADE2::URA3 ura3-1/ura3-1 

leu2-3/leu2-3 his 3-11/his3-11 trp1-1/trp1-1 ade2-1/ade2-1 

can1-1/can1-1 

Lab stock  

Q250 wildtype (972 h-) Lab stock 

Q3677 leu1-32 ura4-D18 Lab stock 

Q4101 ssp1::ura4
+
 leu1-32 ura4-D18           Toda lab 

Q1537 ssp1::sup3-5 ade-6-704 ura4-D18 leu1-32 Lab stock 

Q4101 ssp1::ura4
+
 rad24::ura4

+
 ura4-D18 leu1-32     This study 

Q4102 rad24::ura4
+
 ura4-D18 leu1-32   Carr lab 

Q4103 rad25::kanMX6 ura4-D18 leu1-32  This study and Carr lab 

Q4104 ssp1::ura4
+
 rad25::kanMX6  ura4-D18  leu1-32   This study 

Q4105 pREP1-rad24GFP in ssp1::sup3-5 ade6-704 leu1-32 ura4-

D18 

This study 

Q4106 pREP1-rad24GFP in leu1-32 ura4-D18 This study 

Q4107 pIR2-22 (nmt1:GFP-ssp1) in leu1-32 ura4-D18 This study and lab stock 

Q4108 pIR2-22 in rad24 ::ura4
+
 ura4-D18 leu1-32 ade6-704  Lab stock 

Q4109 nmt1:rad24-His6int ura4-D18 leu1-32  This study 

Q4110 nmt1:rad24-His6int  nmt1:GFP-ssp1int  ura4-D18 leu1-32  This study 

Q4111 nmt1:GFP-ssp1int ura4-D18 leu1-32  This study 

Q2016 cdc25-GFPint ura4-D18 leu1-32  Lab stock 

Q4112 cdc25-GFPint ssp1::sup3-5 ade6-704 ura4-D18 leu1-32   This study 

Q3974 cdc25-GFPint rad24::ura4
+
 leu1-32 ura4-D18 Lab stock 

 

 



 

 

 

 

Strain Genotype Source 

Q4113 cdc25-GFPint ssp1::sup3-5 rad24::ura4
+
 5 ade6-704 ura4-

D18 leu1-32   

This study 

Q300 cdc25-22 leu1-32 ura4-D18 ade6-10 Lab stock 

Q1530 cdc25-22 ssp1::sup3-5 ade6-704 ura4-D18 leu1-32   Lab stock 

Q4114 ssp1-GFPint ura4-D18 leu1-32     This study 

Q4115 ssp1-GFPint rad25::ura4
+
 ura4-D18 leu1-32  This study and Carr lab 

Q4116 ssp1-GFPint rad24 ::ura4
+
 ura4-D18 leu1-32  This study and Carr lab 

Q4117 ssp1-CFPint arp3C-YFPint  leu1-32 ura4-D18   This study and Nolen  

Q4118 ssp1-GFPint rad24-2HA-His6( ura4
+
)int leu1-32 ura4-D18   This study and Russell 

lab 

Q4119 ssp1-GFPint rad25-His6 ura4-D18 leu1-32  This study 

Q4120 ssp1-GFPint rad24-2HA-His6( ura4
+
)int rad25-His6 leu1-32 

ura4-D18   

This study and Russell 

lab 

Q4121 ssp1-GFPint rad25-His6 rad24 ::ura4
+
 ura4-D18 leu1-32  This study 

Q4122 nmt1:GFP-ssp1int  ura4-D18 leu1-32   This study 

Q4123 ssp1-GFP:kanMX6int ura4-D18 leu1-32     This study 

Q4124 pREP1-rad24-His6  in ssp1-GFP:kanMX6int ura4-D18 

leu1-32 

This study 
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logarithmically growing cells were adjusted to 10
6
, 10

5
, 10

4
 and 10

3
 cells per ml, spotted 

onto solid media in 5µl aliquots and incubated for 2-5 days at 30°C and 36°C as 

indicated. 

3.3.2 Yeast two hybrid screen 

The ssp1 ORF was amplified by PCR from the pRO61 plasmid (Rupeš et al., 

1999) using Expand High Fidelity Taq Polymerase (Roche) and primers Ssp1Y2Hforw 

and Ssp1Y2Hrev (Table 3-2) to add restriction sites. After digestion with BglII (Promega) 

and BotI (Promega) the ssp1 ORF was cloned into the compatible sites produced by 

digestion of pEG202 with BamHI and BotI (Gyuris et al., 1993) directly downstream of 

the Lex202 DNA-binding domain. An S. pombe cDNA library (ATCC 87289) (Durfee et 

al., 1993) was screened using the plasmid pEG202-ssp1 as bait in S. cerevisiae Y1003 

using standard techniques (Gietz et al., 1997; Gietz et al., 1995). Interacting prey 

plasmids were isolated and retransformed into Y1003 cells containing pEG202-ssp1, 

nutritionally selected, re-tested for LacZ
+
 activity and sequenced using primer pGAD424u 

(Table 3-2).   

3.3.3 Construction of pREP1-rad24-His6, pREP2-rad24-His6 and pREP1-rad24-GFP 

The rad24 ORF was amplified using rad24OPforw and rad24OPrev which added 

BdeI and a C-terminal His6 tag and SalI restriction site, or the primers SFrad24-f and 

SFrad24-r which added BdeI and SalI restriction sites respectively (Table 3-2). The 

digested fragments were ligated into compatible sites in a pREP1, pREP2  
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Table 3-2: List of oliogonucleotides used in this study 

 

 

Primer Sequence   

Ssp1Y2Hforw 5’ gggggagatctggatgggatcagtgaataatgaagaaaaa 3’ 

Ssp1Y2Hrev 5’ ggggggcggccgctcaattagttgggaaggaatg 3’ 

pGAD424u 5’ ttaataccactacaatggatg 3’ 

Ssp1intforw 5’ gggggctgcagttgagttagcctactggattatcttat 3’ 

Ssp1intrev 5’ ggggggtcgacgaattagttggtgtgaaggaatgctct 3’ 

Rad25HisForward 5’ gggggctgcagcattgcagtagaa 3’  

Rad25HisReverse 5’ ggggggtcgactcagtggtgatgatggtgatgagctttaacagtgtcagtcg 3’ 

rad24OPforw 5’ actgtcatatgtctactacttctcgtgaagatgct 3’ 

rad24OPrev 5’ actgtgtcgactcagtggtgatgatggtgatgtgcgtccgccttgggctc 3’  

SFrad24-f 5’ gggggcatatgtctactacttctcgtgaagatgct 3’ 

SFrad24-r 5’ ggggggtcgactttgcgtccgccttgggcgca 3’ 

KanShortForwTM 5’ tctaactaccttttaca 3’ 

KanShortRevTM 5’ tctattatgaatttcat 3’ 

KrnfFW-17 5’ agcttgtgatattgacg 3’ 

KrnfRV-17 5’ agcttagctacaaatcc 3’ 
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(Basi et al., 1993; Maundrell, 1993) and pREP1-GFP plasmid (Taricani et al., 2002) to 

form pREP1-rad24-His6, pREP1-rad24-His6 and pREP1-rad24-GFP respectively. 

Plasmid function was tested for the ability to rescue rad24::ura4
+
. pREP2-rad24-His6 

was integrated as a single copy into a leu1-32 ura4-D18 strain as described above. 

3.3.4 Single-copy genomic integration of nmt1:GFP-ssp1 

A plasmid containing the GFP-ssp1 ORF under control of the thiamine-

repressible nmt1 promoter (pIR2-22) (Rupeš et al., 1999) was integrated as a single copy 

into a leu1-32 ura4-D18 strain as described above. 

 

3.3.5 Targeted replacement of LEU2 and URA4 with kanMX6 in ssp1-GFP 

chromosomal integrant strain and the rad25::ura4
+ 

strain 

The kanMX6 cassette was PCR amplified with primers KanShortForwTM and 

KanShortRevTM (Table 3-2) using High Fidelity Taq Polymerase (Roche) and the 

pGEM-T (Promega) vector containing kanMX6 to produce a kanMX6 cassette with 80bp 

sequence homology to LEU2 at the 5’ and 3’ ends. The kanMX6 cassette was transformed 

into the Ssp1-GFP integrant strain as described (Bahler and Nurse, 2001; Chua et al., 

2000), cells were left to recover in 0.5X YEA overnight at 30°C and plated on YEA 

supplemented with 0.1mg/ml G418 (Gibco). Similarly a kanMX6 cassette was PCR 

amplified with KrnfFW-17 and KrnfRV-17 primers having homology to ura4 at the 5’ 

and 3’ ends and transformed into rad25::ura
+
 ura4-D18 to produce rad25::kanMX6 

ura4-D18. 
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3.3.6 Preparation of lysates for western blotting 

Lysates were prepared at 4°C unless otherwise indicated. Mid-logarithmic growth 

phase cells were harvested by centrifugation (5 minutes, 3000rpm, Sorvall RT 6000D 

centrifuge) and washed in ice-cold stop buffer (150mM NaCl, 50mM NaF, 10mM 

EDTA, 1mM NaN3 pH 8, 1mM NaVO4, 1mM PMSF) (Moreno et al., 1991), collected 

again by brief centrifugation (14,000rpm) and frozen on dry ice. Cells were lysed by 

mechanical disruption with glass beads (0.5 mm, BioSpec) and a bead beater 

(MiniBeadBeater-8 Cell Disruptor, BioSpec) in 300µl lysis buffer (150mM NaCl, 50mM 

Tris-HCl, 50mM NaF, 5mM EDTA, 1% Nonidet P40, 1mM PMSF, 1mM DTT; modified 

from Moreno et al. (1991)) or modified SUME buffer (1% SDS, 8M Urea, 10mM MOPS 

pH 6.8, 10mM EDTA, 50mM NaF, 1mM NaVO4) (Gardner et al., 2005). Buffers 

contained Complete Protease Inhibitor Cocktail (1 tablet per 50ml extraction solution; 

EDTA-free, Roche). One minute of disruption was alternated with one-minute rest 

periods in an ice-water slurry (0°C). Cell debris was removed by centrifugation 

(14,000rpm, 10 minutes) and supernatants diluted with 100-150µl lysis buffer. Protein 

concentrations were determined by Bio-Rad Protein Assay (Bio-Rad). Protein extracts 

were combined with 0.25 volume 4x SDS Laemmli loading buffer (200mM Tris-HCl pH 

6.8, 8% SDS, 40% Glycerol, 3.34% (v/v) 2-mercaptoethanol, 0.01% Bromophenol Blue 

(BPB)) and boiled (100°C) for five minutes. 

3.3.7 KCl stress treatment of cells for immunoprecipitation 

Mid-logarithmic growth phase cells (1000-3000ml, YEA, 30ºC) were treated for 

15 minutes with warm YEA (30°C) +KCl to 0.6M. Control cultures were treated with 

warm YEA (30°C). Cells were chilled to 0ºC within one minute by the addition of frozen, 
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crushed YEA+0.6M KCl or YEA and immediately immersed into an ice-water/ethanol 

slurry.  

3.3.8 Preparation of protein lysates for immunoprecipitation 

Lysate preparation and immunoprecipitation were performed at 4°C unless 

otherwise indicated. Cell cultures (YEA, 30ºC) were harvested by centrifugation (14 

minutes, 7500rpm) and washed once in 10ml ice-cold modified HB buffer (MHB buffer) 

(25mM MOPS [pH 7.5], 60mM β-glycerophosphate, 15mM p-nitrophenyl phosphate di-

tris salt (pNPP), 15mM MgCl2, 15mM EGTA, 1% Triton X-100, 2mM DTT, 0.1mM 

NaVO4) (Moreno et al., 1991) supplemented with 1mM PMSF, 25mM NaCl and 

Complete Protease Inhibitor Cocktail (EDTA free), washed a second time and 

resuspended in ice-cold MHB buffer followed by mechanical disruption as above. 

Lysates were cleared by centrifugation at 100,000rpm (354406g) for 40 minutes 

(Beckman Optima TL ultracentrifuge). Protein concentrations were determined as 

described previously. Proteins binding non-specifically to Sepharose G beads were 

removed by incubation of the lysates with 100µl of washed Protein G Sepharose beads 

(Protein G Sepharose 4 Fast Flow, GE Healthcare) for one hour. Beads were removed by 

centrifugation and lysates incubated overnight with 15µl rabbit Anti-GFP polyclonal 

serum (Anti-GFP, rabbit serum, polyclonal, Invitrogen) or 15µl mouse anti-His6 antibody 

(Mouse Anti His6; Roche) in an end-over-end aliquot mixer. Control lysates did not 

contain Anti-GFP polyclonal serum (or Mouse-anti-His6). Lysates were incubated with 

100µl MHB buffer washed Protein G Sepharose beads for two hours. Beads were washed 

six times with 1ml of MHB buffer and protein complexes eluted with 40µl of 0.2M 

glycine (pH 2.2) for 15 minutes, followed by neutralization with saturated Tris (pH 10). 
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Beads were removed by centrifugation and supernatants boiled with 4x SDS Laemmli 

buffer and analyzed by immunoblotting.  

3.3.9 Immunoblotting of protein lysates and immunoprecipitates 

Protein lysates and immunoprecipitates were subjected to SDS-polyacrylamide 

gel electrophoresis and transferred to a polyvinylidene difluoride (PVDF) membrane 

(PolyScreen PVDF Hybridization Transfer Membrane, Perkin Elmer). 

Immunoprecipitated Ssp1-GFP protein was detected with mouse-anti-GFP primary 

antibody (1:1000) (Anti-GFP Mouse Ab monoclonal, Roche). Co-immunoprecipitated 

Ssp1-GFP protein was detected with rabbit anti-GFP polyclonal serum (Anti-GFP, rabbit 

serum, polyclonal, Invitrogen). Immunoprecipitated and co-immunoprecipitated Rad24-

2HA-His6 and Rad25-His6 proteins were detected with mouse-anti-His6 primary antibody 

(1:1000) (Mouse Anti His6-Tag mAb, Genscript; Roche). Protein bands were visualized 

using goat anti-mouse or goat anti-rabbit HRP conjugated secondary antibody (1:2000) 

(Santa Cruz Biotechnology) and enhanced chemiluminescence reagent (Western 

Lightning Western Blot Chemiluminescence Reagent, Perkin Elmer) or Amersham ECL 

Western Blotting Detection Reagents (ECL Western Blotting Reagent, GE Healthcare) as 

directed by the manufacturers. 

3.3.10 Reprobing of PVDF membranes 

PVDF membranes were incubated with 30ml of stripping buffer (0.2M glycine 

pH 2.2, 0.1% SDS, 1% Tween-20) (Hakki and Geballe, 2005) for 15 minutes at 25°C, 

followed by three five-minute washes with 40ml TBS (Tris-buffered saline). Membranes 

were reprobed with rabbit-anti-PSTAIRE antibody (1:500) (Anti-cdk1/cdc2 (PSTAIRE) 
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rabbit polyclonal IgG, Upstate Biotechnology) and proteins visualized as described 

above. 

3.3.11 Phosphorylation state and phosphatase treatment 

Mid-logarithmic phase cells were treated with pre-warmed (30°C) YEA or 

YEA+0.6M KCl for 15 minutes. Cells were collected on glass microfibre filters 

(Whatman, 934-AH) and washed with 5ml ice-cold stop buffer supplemented with 15mM 

pNPP and 60mM β-glycerophosphate (Moreno et al., 1991), resuspended and 

immediately lysed in lysis buffer supplemented with 15mM pNPP and 60mM β-

glycerophosphate (modified from Moreno et al., 1991). Cells collected by centrifugation 

were washed with phosphatase-inhibitor-free stop buffer (150mM NaCl, 50mM NaF, 

1mM EDTA, 1mM PMSF) (Moreno et al., 1991) and lysed in phosphatase-inhibitor-free 

lysis buffer (150mM NaCl, 50mM Tris-HCl, 1mM EDTA, 1% Nonidet P40, 1mM 

PMSF, 1mM DTT) (modified from Moreno et al., 1991) as described. Five µg of 

phosphatase-inhibitor-free protein was treated with 800units of Lambda Protein 

Phosphatase (NEB) for 30 minutes at 30°C as directed by the manufacturer. Mock 

treatments did not contain phosphatase. Cells collected by centrifugation were washed 

and lysed with phosphatase-inhibitor-enriched stop buffer and lysis buffer as described. 

Lysates were boiled in 4X SDS Laemmli buffer and analyzed by immunoblotting as 

described.  

3.3.12 Cell staining  

Cells were fixed with two volumes ice-cold methanol and washed twice with 

1000µl ice-cold Tris·HCl pH 7.5. DAPI and methyl blue staining was performed as per 

(Karagiannis et al., 2002; Rupeš et al., 1999). To visualize actin patches, cells were fixed 
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with 7.4% formaldehyde in 0.06M PEM (60mM Pipes, 5mM MgCl2, 5mM EGTA, pH 

6.9) buffer and stained with TRITC-phalloidin as described (Rupeš et al., 1999). 

3.3.13 Microscopy 

Images were captured by a high performance CCD (Cooke SensiCam) camera 

mounted on a Leitz DMRB fluorescence microscope or a high performance CCD 

Hamamatsu Orca-ER camera mounted on a Zeiss AxioImager.Z1 fluorescence 

microscope and analyzed using Slidebook image analysis software (Intelligent Image 

Innovations). Cell length measurements were taken using the ruler function in Slidebook. 

Z-stacks of images of TRITC-phalloidin stained cells were analyzed using Slidebook 

tools. 

3.4 Results 

3.4.1 A yeast two-hybrid screen identifies potential Ssp1 binding partners 

Although Ssp1 has been identified as a putative CamKK homologue (Hanyu et 

al., 2009) its regulation, downstream effectors and substrates remain largely unknown. 

We isolated proteins interacting with Ssp1 by screening an S. pombe cDNA library 

(ATCC 87289) using the yeast two-hybrid assay (Gietz et al., 1997; Taricani et al., 2002) 

with the full length ssp1 ORF. The screen of >1,000,000 transformants revealed a number 

of reproducible interactions (Table 3-3), including Rad24 (Ford et al., 1994), a 14-3-3 

protein, isolated independently eight times. The other fission yeast 14-3-3 protein, Rad25 

(Ford et al., 1994), was also detected. 14-4-3 proteins are abundant and in budding yeast 

they interact with at least 271 proteins, amounting to ~4.4% of the proteome (Kakiuchi et 

al., 2007), thus only very small amounts of 14-3-3 are available to bind to any one 
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Table 3-3: Positive yeast two-hybrid clones. 

 

 

 

Accession 

number/ORF   

Target gene name and function Amino acids 

detected 

Independent 

isolations 

SPAC8E11.02c rad24; involved in G2/M phase 

transition and DNA damage 

checkpoint control 

1-230 

2-270 

8 

SPBC17D11.05 tif32; translation initiation factor eIF3a 

(eukaryotic initiation factor 3a) 

4-256 2 

SPCC622.18  rpl6; 60S ribosomal protein L6 

homolog; translation, ribosomal 

structure and biogenesis; orthologous 

to S. cerevisiae RPL6A and RPL6B 

17-194 2 

SPAC25B8.15c ryw3; wybutosine biosynthesis protein 18-237 2 

SPBC2G5.06c cad1/hmt2; Sulfide-quinone 

oxidoreductase 

1-130 2 

SPBC1711.03 Conserved eukaryotic membrane 

protein, contains predicted trans-

membrane helix 

54-258 2 

SPAC17A2.13c rad25;  involved in G2/M phase 

transition and DNA damage 

checkpoint control 

1-237 1 

SPAC22H12.04c rps102: predicted 40S ribosomal 

protein S3a.2/S1B; orthologous to S. 

cerevisiae RPS1A and RPS1B; 

ribosomal structure 

13-132 1 

SPAC17C9.03 tif471 Eukaryotic translation initiation 

factor eIF4G domain  

http://www3.interscience.wiley.com/c

gi-

bin/fulltext/118851573/HTMLSTART 

n/a 1 

SPCC1393.08 Zinc finger protein; transcriptional  

regulator (predicted), binds promoter 

elements containing [AT]GATA[AG] 

consensus sequence 

40-316 1 

SPCC18.16c fmn1; Riboflavin kinase Fmn1 107-163 1 

SPBC32F12.09 rum1;  M/G1 regulator; CDK inhibitor 153-230 1 
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partner. Most sequence variety in 14-3-3 dimer molecules occurs in the C-terminal 

region. In higher eukaryotes, this flexible C-terminal region can function as an auto-

inhibitor by inhibiting binding of ligands through blocking of the amphipathic binding 

groove (Truong et al., 2002; Veisova et al., 2010) . 

3.4.2 rad24 deletion suppresses the cell cycle phenotype of ssp1
- 
cells at high 

temperatures  

14-3-3 proteins play an important role in both cell cycle control and stress 

response and are directly linked to the control of cell cycle progression by regulating the  

Cdc2/Cdc13 activator Cdc25 (Russell and Nurse, 1996) and inhibitor Wee1 (Fantes and 

Nurse, 1978; Nurse, 1975; O'Connell et al., 1997). Neither of the two 14-3-3 proteins is 

essential; however, the double deletion is lethal (Ford et al., 1994). At high growth 

temperatures ssp1
- 
cells display mitotic delay (Matsusaka et al., 1995; Rupeš et al., 

1999). To test for the influence of Rad24, mid-logarithmically growing cultures of ssp1
-
 

rad24
-
 (Q4101) and ssp1

-
 rad25

-
 (Q4104) cells (YEA, 30°C) were divided and shifted to 

36°C for four hours (Figure 3-1A). Cell cycle delay is rescued in a rad24
-
 genetic  

background. Loss of rad24 is epistatic with respect to the heat stress dependent cell 

elongation phenotype of ssp1
- 
cells at 36°C. Loss of Rad25 has no effect, presumably due 

to the small proportion of the rad25 14-3-3 isoform in the overall pool of 14-3-3 proteins 

(Figure 3-7D). 

 



 

 

A 
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C 

D 

 

 



49 

 

 

 

 

 

Figure 3-1: Effect of high temperature on ssp1
-
 

Mid-logarithmically growing cells (YEA, 30°C) were shifted to 36°C for four hours. A. 

Suppression of cell cycle delay in ssp1
-
 by rad24

-
. There is no significant difference in 

cell lengths of ssp1
-
 rad24

-
 cells at 30°C and 36°C (p=0. 198). There is a significant 

difference in cell lengths of ssp1
-
 rad25

-
 cells at 30°C and 36°C (p<0. 05) (all n≥37; all 

Student’s t-test). B. Cell cycle and morphological effect of overproduction of Rad24 and 

Ssp1. Plasmid bearing strains as indicated were grown for 20hrs at 25°C or 35°C on 

media lacking thiamine. C. Cells overexpressing GFP-ssp1int, rad24-His6int (both under 

control of the nmt1 promoter), or both constructs were grown at 30°C in EMM (+/- 

thiamine) then derepressed for 24 hours. Cells overexpressing GFP-ssp1int are 

significantly shorter in the absence than in the presence of thiamine. D. Mid-logarithmic 

cells growing in EMM supplemented with thiamine were washed with EMM and diluted 

to 10
6
, 10

5
, 10

4
, and10

3
 cells per ml. Five µl of each cell suspension were spotted onto 

EMM, EMM+1M KCl and EMM pH 3. 5 (+/-thiamine) and incubated at 30°C and 37°C 

for five days.  
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3.4.3 Overproduction of Rad24 and Ssp1 causes an additive cell cycle phenotype in 

ssp1
-
 and rad24

-
 cells 

Plasmids containing rad24-GFP or GFP-ssp1 (pIR2-22) (Rupeš et al., 1999) both 

under control of the strong thiamine-repressible nmt1 promoter (OP-rad24-GFP and OP-

GFP-ssp1), were expressed in wildtype, ssp1
-
 and rad24

-
 cells respectively (Q4105, 

Q4106, Q4107, Q4108) for 20 hours (Figure 3-1B). At 25°C, overproduction of Rad24 

produces moderate cellular elongation in an otherwise wildtype background. In contrast, 

overproduction of Ssp1 causes cells to shorten (Rupeš et al., 1999). OP-rad24-GFP at 

25°C in ssp1
-
 cells leads to occasional branching and this is exacerbated at 35°C leading 

to extremely elongated cells often displaying aberrant branched morphology. Similarly, 

the size reduction from ssp1 overexpression is more conspicuous in a rad24
-
 background 

and the cells become spherical. At 30°C wildtype cells expressing a single 

chromosomally integrated copy of rad24-His6 under control of the nmt1 promoter (OP-

rad24-His6 int) (Q4109) are significantly longer (21.73µm ±4.08) than if expression is 

repressed by thiamine (13.22µm ±1.05). In contrast cells with single-copy expression of 

GFP-ssp1 under control of the nmt1 promoter (OP-ssp1-GFPint) (Q4111) are 

significantly shorter (12.85µm ±1.00) than if expression is repressed by thiamine 

(13.87µm ±1.18). Co-overexpression of ssp1 and rad24 (Q4110) shows that these gene 

products antagonize each other in some way and the result is an intermediate size 

(19.22µm ±2.42) (all: Student’s t-test; p<0.05) (Figure 3-1C). To compare growth rates, 

cells expressing OP-GFP-ssp1int and/or OP-rad24-His6 int were grown in EMM 

(+thiamine) and washed in EMM (-thiamine) before plating  diluted aliquots on EMM 
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(+/- thiamine), EMM+1M KCl (+/- thiamine) and EMM pH 3.5 (+/- thiamine) (Figure 3-

1D). Plates were incubated at either 30°C or 37°C for five days. OP-rad24-His6 int cells 

grew more slowly than OP-GFP-ssp1int or cells co-expressing OP-rad24-His6 int and 

OP-GFP-ssp1int at both temperatures. Growth inhibition in OP-rad24-His6 int cells was 

exacerbated in the presence of 1M KCl stress at both temperatures and co-overexpression 

with OP-GFP-ssp1int did not alleviate this effect.  As repression of the nmt1 promoter in 

cells over-expressing OP-rad24-His6 int cells is incomplete some growth inhibition was 

observed even in the presence of thiamine. This may imply that even low level over-

expression of rad24 is detrimental to cell health. Growth on EMM pH 3.5 media at both 

temperatures was reduced in OP-rad24-His6 int cells and OP-GFP-ssp1int did not 

ameliorate this effect.  

Together these results indicate that overexpression of rad24 has an additive 

phenotype with ssp1
-
, exacerbating the cell elongation phenotype. Overexpression of 

rad24 in an ssp1
+
 background also negatively affects cell proliferation and resistance to 

hyperosmotic and low pH stress and increases mitotic delay. Co-overexpression of ssp1 

with rad24 decreases mitotic delay, but does not rescue stress sensitivity associated with 

excess Rad24. 

3.4.4 Loss of ssp1 reduces the restrictive temperature for cdc25-22 

The cdc25-22
ts
 mutation of the mitotic activator Cdc25 causes arrest at the G2/M 

boundary at the restrictive temperature (36-36.5°C) as very elongated single cells (Fantes, 

1979; Russell and Nurse, 1986). In an ssp1
-
 background, cdc25-22

ts
 cells (Q1530) have a 

reduced restrictive temperature of 32°C and cells arrest as extremely elongated and 
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branched single cells, while cdc25-22
ts
 ssp1

+
(Q300) cells are elongated, unbranched, and 

still able to form colonies (Figure 3-2A and B). Since ssp1
-
 cells are sensitive to osmotic 

stress and Cdc25 is exported out of the nucleus within 10 minutes after 0.6M KCl stress 

(López-Aviles et al., 2008) we investigated whether the loss of ssp1 affected nuclear 

localization of Cdc25. We expressed single copy, native promoter integrated cdc25-GFP 

(cdc25-GFP int) (Chua et al., 2002) in rad24
-
 ssp1

- 
(Q4113) and ssp1

-
 (Q3974) genetic 

backgrounds. The nuclear localization of Cdc25-GFP at 25°C and after four hours 

incubation at 35°C is independent of ssp1 and rad24 single and ssp1 rad24 double gene 

deletions (Figure 3-2C). The loss of the ssp1 gene does not interfere with the nuclear 

localization of Cdc25-GFP in response to heat stress. Deletion of rad24 overrides growth 

arrest in response to 0.6M KCl in ssp1 mutants. When confronted with high temperature 

and additional stressors such as 0.6M-1.5M KCl or low pH (3.5), ssp1
-
 cells arrest at the 

G2/M boundary (Figure 3-3) (Rupeš et al., 1999). We examined the effect of rad24 or 

rad25 deletion on the stress sensitivity of ssp1
-
 cells. All strains proliferated on YEA 

medium at 30°C and 36°C, but the smaller colony size of ssp1
-
 and ssp1

-
 rad25 relative to 

the other strains indicated a reduced growth rate at 36°C (Figure 3-3A). This suggests 

that rad24
- 
rescues ssp1

-
 with respect to high temperature sensitivity (see also Figure 3-

1).  



 

 

 

 

A 
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Figure 3-2: Interaction of ssp1
-
 with cdc25-22. 

A. Freshly grown cells (YEA) were streaked onto solid YEA medium and 

incubated for 24h at 30°C and 32°C. Bar indicates 10µm. B. Mid-logarithmically 

growing cells (YEA) were diluted to 10
6
, 10

5
, 10

4
, and 10

3
 cells/ml and five µl spotted 

onto YEA plates. Cells were incubated for three days at 30°C or 32°C. C. Cells 

expressing cdc25-GFPint were grown in YEA medium overnight at 25°C and shifted to 

35°C for four hours.  
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Loss of rad24, but not rad25,
 
rescued both KCl stress sensitivity and the ssp1

-
 cell 

elongation phenotype at 36°C (Figure 3-3B) although growth rate in ssp1
-
rad24

-
 cells 

was reduced. rad24
-
 is therefore epistatic with respect to ssp1

- 
growth arrest following 

0.6M KCl stress at 36°C. rad24
-
 suppression of the ssp1

-  
stress induced cell elongation 

phenotype, but not the growth sensitivity to pH 3.5 at 36ºC, suggests that the response of 

Ssp1 to 0.6M KCl stress and to low pH likely occur through different mechanisms.  

3.4.5 ssp1
-
 is epistatic to rad24

-
 with respect to actin polarity under stress  

 In ssp1
-
 cells at elevated temperatures, failure to mobilize free actin results in the 

repression of NETO, restricting cells to monopolar growth (Rupeš et al., 1999). At 36°C 

significantly more ssp1
-
 cells are mono-polar relative to ssp1

+
 cells but the percentages of 

monopolar cells at 25°C are similar (Koyano et al., 2010). In orb6
ts
 at the restrictive 

temperature (Verde et al., 1998) and in rad24
-
 to a lesser degree (Ford et al., 1994), there 

is a general lack of growth polarity, mis-localization of actin patches and disorganization 

of microtubules resulting in more or less spherical cells. At 30°C and 36C° the overall 

morphology of ssp1
-
 rad24

-
 cells is slightly longer and thinner than rad24

-
 (Figure 3-

4A). Under normal conditions, cells strongly over-producing GFP-Ssp1 tend to have an 

actin distribution less polarized to both poles and are spherical to oval (Rupeš et al., 

1999).  
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Figure 3-3: Loss of rad24 relieves cell cycle delay and KCl stress sensitivity in ssp1
- 

cells at 36°C. 

A. Cells were grown overnight on YEA medium at 30°C, streaked onto YEA, YEA + 0. 

6M KCl and EMM pH 3. 5 and incubated at 25°C or 36°C overnight.    

B. Logarithmically growing cells in YEA medium were diluted to 10
6
, 10

5
, 10

4
, or 10

3
 

cells per ml. Five µl of each cell suspension were spotted onto YEA, YEA+0. 6M KCl 

and EMM pH 3. 5 and incubated at 30°C and 36°C for five days.  
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Figure 3-4: Loss of ssp1 gene function affects the morphology of rad24
-
 cells. 

A. Logarithmically growing cells as indicated (YEA, 30°C) were shifted to 36°C for four 

hours, fixed in ice-cold methanol and stained with methyl blue and DAPI. B. Cells were 

grown overnight to mid-logarithmic phase in YEA medium at 30°C and then incubated in 

either YEA or EMM pH 3. 5 media overnight at 25°C and shifted to 35°C for four hours. 

Cells were fixed with 7. 4% formaldehyde in PEM and stained with TRITC-phalloidin as 

described in Rupeš et al. (1999).  
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Actin patches in cells grown in normal conditions as well as after four hours of 

temperature (35°C) and low pH (3.5) stress revealed that non-polarized distribution of 

actin patches is especially evident in rad24
- 
cells at 25°C and slightly less so at 35°C 

where there is a more spherical morphology (Figure 3-4B), similar to orb6
ts
 cells at the 

restrictive temperature (Verde et al., 1998). The increased length of rad24
- 
ssp1

-
 is 

concurrent with an increase in polarized actin distribution. Loss of ssp1 is epistatic to 

rad24
-
 with respect to actin patch polarization under this stress condition (pH 3.5, 35°C). 

Although ssp1
-
 alone leaves cell division arrested cells with monopolar actin distribution, 

the ssp1
-
 rad24

-
 double mutant is bipolar at arrest. 

3.4.6 At native expression levels Ssp1-GFP localizes to the cell membrane after KCl 

stress 

The use of multi-copy vectors overexpressing GFP-ssp1 addressed earlier 

difficulties capturing images of native level GFP-tagged Ssp1 (Matsusaka et al., 1995; 

Rupeš et al., 1999), however variations in cell shape, strength and duration of fluorescent 

signals in unperturbed and osmotically-challenged cells were evident (Rupeš et al., 

1999). GFP-Ssp1 localization has been previously examined following expression at very 

high levels from a multi-copy plasmid under control of the strong, thiamine-repressible 

nmt1 promoter (Basi et al., 1993; Matsusaka et al., 1995; Rupeš et al., 1999). Cells 

expressing GFP-ssp1 from the strong nmt1 promoter often accumulate fluorescence at 

the cell membrane areas even when unperturbed. To examine the Ssp1 localization at 

native e xpression levels, we constructed the chromosomal integrant ssp1-GFPint 

(ssp1::ura4
+ 

ssp1-GFP·LEU2), which expresses from the ssp1 native promoter. ssp1-
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GFPint cells are phenotypically wildtype under normal and stress conditions (YEA, 

YEA+0.6M KCl and EMM pH 3.5 at 30°C and 36°C) (Figure 3-5A and B). To 

investigate the pattern and timing of re-localization of Ssp1-GFP at native expression 

levels following KCl stress, wildtype or ssp1-GFPint cells in mid-logarithmic growth 

were examined in a microfluidic flow chamber (Y2 microfluidic plate, CellASIC) which 

allowed for media changes without mechanical perturbation of the cells (ONIX 
TM

 Flow 

Control System, CellASIC). Fluorescence in unperturbed cells expressing ssp1-GFPint is 

largely cytoplasmic. Vacuoles are faintly discernible, suggesting that Ssp1-GFP levels are 

lower than those in the cytoplasm. After switching from YEA to YEA + 0.6M KCl, cell 

shapes became more jagged, making fission scars appear more noticeable, with a slight 

decrease in cell volume. This decrease was accompanied by a temporary loss of turgor in 

the presence of elevated levels of extracellular solutes. Reversal of this cell “shrivelling” 

with the reestablishment of cell turgor depends upon the production of glycerol and 

requires gpd1
+ 

gene function (Minc et al., 2009). The formation of small areas of 

increased Ssp1-GFP fluorescence (foci) in the cytoplasm and in close proximity to the 

cell walls and septa became evident within 2-3 minutes of 0.6M KCl treatment. These 

foci brightened further and by seven minutes, additional fluorescent foci along the cell 

membrane appeared, especially at the cell tips (Figure 3-5C and D). Upon addition of 

0.6M KCl (in YEA), the nucleus appeared compressed and irregular in shape.  
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Figure 3-5: Ssp1-GFP expressed as a chromosomal integrant on its native promoter 

localizes to the cell membrane following 0. 6M KCl stress. 

A and B. ssp1-GFPint cells are phenotypically wildtype. A. Mid-logarithmic phase 

(YEA, 30°C) cells were diluted to 10
6
, 10

5
, 10

4
 10

3
 per ml and five µl of suspension were 

spotted onto YEA, YEA+0. 6M KCl and EMM pH 3. 5 media and incubated for five 

days (30°C and 36°C). B. Mid-logarithmic wildtype and ssp1-GFPint cells (YEA, 30°C) 

were incubated for four hours at 30°C and 36°C. C. Mid-logarithmic ssp1-GFPint (YEA, 

30°C) were analyzed in a microfluidic growth chamber (Y2 microfluidic plate, 

CellASIC) supplied with fresh YEA at room temperature (ONIX 
TM

 Flow Control 

System, CellASIC). YEA + 0. 6M KCl was added at t0 to induce hyperosmotic stress. 

Cells were imaged eleven times from t=0-70 minutes. Images at t=3, 12, 17, 23, 46 and 

58 minutes were omitted for the sake of brevity. D. Surface intensity plots of ssp1-

GFPint cells before and after treatment with 0. 6M KCl. Images of cells from Figure 3-

5C at  t = 0 (left, no stress) and t=7 minutes (right, 0. 6M KCl stress) were analyzed 

further. Surface plots of cells were analyzed using the surface plot function on ImageJ 

software. E. Ssp1-GFP protein levels after addition of KCl to 0. 6M (t=0). Cells were 

harvested at the indicated times. Proteins lysates were subjected to SDS-PAGE and 

immunoblotting.  

  



60 

 

Vacuolar areas became more conspicuous, with low fluorescence intensity similar to the 

nucleus. Localization of Ssp1-GFP at the cell membrane started to decline by 20 minutes, 

was largely absent at 34 minutes and indistinguishable from cytoplasmic levels by 70 

minutes. Cells accommodated to the increase in extracellular osmolytes, regained volume 

and rod-shaped cell morphology at 23-34 minutes, indicating induction of gpd1
+
 and the 

production of osmolytes (Minc et al., 2009). A surface plot of fluorescence intensity of 

cells at t=0 and t=7 minutes during 0.6M KCl stress (Figure 3-5D) highlights the 

formation of the small foci of fluorescence intensity in the stressed cells. Although 

overall fluorescence declined, protein levels stayed constant (Figure 3-5E). The 

conspicuous placement of fluorescent foci, often on opposing sides along the cylindrical 

portion of the cell suggested that Ssp1-GFP localization to this area takes place not only 

as distinct foci, but instead as a ring.  

 Cells were allowed to express multi-copy GFP-ssp1 from the strong nmt1 

promoter (Q4108) in the absence of thiamine for 20 hours in EMM, facilitating the 

capture of a Z-stack. In EMM (25°C), at a final concentration of 1.5M KCl, we were able 

to detect a band of foci around the circumference of the cell (Figure 3-6A). This band  

was not visible in control cells. To determine if Ssp1 co-localizes with actin patches we 

co-expressed single copy, integrated ssp1-CFP and arp3C-YFP (Nolen and Pollard, 

2008) (Q4117), a component of the Arp2/3 complex which co-localizes with cortical 

actin patches. Mid-logarithmic cells (YEA, 25°C) were treated with YEA or YEA + KCl 

to 0.6M. Projection images of deconvolved Arp3C-YFP (Slidebook; Z-stack) and single 

Ssp1-CFP images revealed that after 15 minutes of osmotic stress the vast majority of  
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Figure 3-6: Subcellular localization of Ssp1 and Arp3C. 

A. GFP-Ssp1 accumulates in a banding pattern near the cellular poles after 1M KCl 

stress. Expression of multi-copy nmt1-GFP-ssp1 was induced by removal of thiamine for 

20 hours. Hyperosmotic stress was introduced by addition of EMM + KCl to 1M.           

B. Ssp1-CFP and Arp3C-YFP localization in unperturbed conditions (YEA, 30°C) and 

after 1M KCl treatment.  Mid-logarithmic cells (YEA, 30°C) expressing single-copy 

ssp1-CFPint were treated with equal amounts of YEA or YEA + 1. 2M KCl. Slidebook 

software was used to deconvolve Z-stacks of fluorescent Arp3C-YFP images followed by 

creation of a projection image also containing single-plane Ssp1-CFP expressed in green 

for visibility. Bar indicates 10µm.  
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actin patches in the cell membrane and/or cell wall area do not co-localize with the 

accumulated Ssp1-CFP at the cell membrane (Figure 3-6B).  

3.4.7 Loss of rad24 or rad25 does not affect localization of Ssp1-GFP in response to 

stress  

To investigate how loss of 14-3-3 affects the sub-cellular localization of Ssp1-

GFP we expressed ssp1-GFPint in a rad24
-
 (Q4116) or rad25

-
 (Q4115) genetic 

background. In YEA (30°C) localization of Ssp1-GFP in mid-logarithmic rad24
-
 or 

rad25
- 
cells was cytoplasmic and excluded from the nucleus. There was an accumulation 

of Ssp1-GFP along forming and formed septa, and also along the cell membrane in a 

subset of cells. After osmotic stress (YEA 0.6M KCl, 30°C) Ssp1-GFP promptly 

localized to areas near the cell membrane and formed foci of fluorescence as in wildtype 

cells (Figure 3-7A). These results show that Ssp1-GFP localization to the cell membrane 

in response to 0.6M KCl stress is not dependent upon either rad24
-
 or rad25

-
.  

3.4.8 Ssp1-GFP co-immunoprecipitates with the 14-3-3 proteins Rad24-2HA-His6 

and Rad25-His6 

Protein lysates were prepared from mid-logarithmically growing (YEA, 30°C) 

cells expressing single copy ssp1-GFPint and either rad24-2HA-His6 (Q4118) or rad25-

His6 (Q4119) all integrated at their native promoters, and subjected to co-

immunoprecipitation and western blotting. Ssp1-GFP co-immunoprecipitates with Rad24 

and Rad25 (Figure 3-7B and C). Only a small portion of the total Ssp1-GFP 

immunoprecipiated from the lysate co-immunoprecipitates with total Rad24-2HA-His6. 

Based on estimates of the relative recovery of the various proteins in the western  
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Figure 3-7:  Ssp1-GFP physically interacts with Rad24-2HA-His6 and Rad25-His6. 

A. Ssp1-GFP localization in rad24
- 
and rad25

 -
 cells. Cells were grown to mid-

logarithmic phase at 30°C in liquid YEA medium and incubated with pre-warmed YEA 

medium containing 0. 6M KCl. Fluorescence images were taken prior to and at 15 

minutes after the addition of KCl. B-F Ssp1-GFP interacts with Rad24-2HA-His6 and 

Rad25-His6 in vivo. Cells co-expressing Ssp1-GFP and Rad24-2HA-His6 protein (B), 

Ssp1-GFP and Rad25-His6 protein (C),  Ssp1-GFP with both Rad24-2HA-His6 and 

Rad25-His6 or Ssp1-GFP and Rad25-His6 (rad24
+
 or rad24

-
)
 
 proteins (D) were grown at 

30°C in YEA medium and harvested at mid-logarithmic phase. Immunoprecipitated 

proteins were separated by SDS PAGE electrophoresis. Aliquots of whole cell lysates 

that were used for the immunoprecipitations were loaded (5-15µg total protein) and Ssp1-

GFP, Rad24-2HA-His6 and Rad25-His6 fusion proteins were directly detected). E. 

Rad25-His6 interacts with Ssp1-GFP in the absence of rad24. F. Reduced stability of 

Ssp1-GFP in the absence of rad24.   
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blots using the gel analysis tool of ImageJ, we estimate that the amount of precipitated 

Ssp1- GFP is about 15-20x that of the co-immunoprecipitating Rad24-2HA-His6 (15:1 to 

20:1). The ratio for Rad25-His6 co-immunoprecipitating with Ssp1-GFP is closer to 8:1 

(and vice versa). These results suggest that only a portion of the Ssp1 and 14-3-3 pools 

co-immunoprecipitate. To show the relative amounts of Rad24-2HA-His6 and Rad25-

His6 co-precipitating with Ssp1-GFP we utilized a strain expressing ssp1-GFP and both 

rad24-2HA-His6 and rad25-His6 (Q4120). These two constructs are distinguishable by 

size due to the presence of the 2HA in one but not the other. Rad24-2HA-His6 was 

present at approximately five-fold higher levels (gel analysis, ImageJ) compared to 

Rad25-His6 protein in the cell lysate (Figure 3-6D) and a similar ratio of Rad24-2HA-

His6 and Rad25-His6 co-precipitated with Ssp1-GFP. Ssp1-GFP immunoprecipitate runs 

as a doublet in Figure 3-7C. Ssp1-GFP is a highly phosphorylated protein (Hanyu et al., 

2009). We can see this doublet formation and are able to separate these bands by running 

the SDS-PAGE gel for an extended amount of time. The phosphorylation state of Ssp1-

GFP will be discussed below. 

3.4.9 Rad25-His6 and Ssp1-GFP physically interact in the absence of Rad24 

For the previous co-immunoprecipitation studies Rad24-2HA-His6 or Rad25-His6 

proteins were expressed with Ssp1-GFP. The interaction between Ssp1-GFP and Rad25-

His6 detected by co-immunoprecipitation did not allow us to differentiate whether the 

protein was associated with Ssp1-GFP as part of a Rad24-Rad25-His6 heterodimer or 

alternatively as a Rad25-His6-Rad25-His6 homodimer in vivo. To determine if Rad25-

His6 can associate with Ssp1-GFP in the absence of Rad24, we performed co-
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immunoprecipitations of Ssp1-GFP and Rad25-His6 in a rad24
+
 and rad24

-
 (Q4121) 

background. Rad25-His6 co-precipitates with Ssp1-GFP in rad24
-
 cells (Figure 3-7E). In 

addition, Ssp1-GFP is less stable in the absence of rad24 (Figure 3-7E and F).  

3.4.10 Treatment with 0.6M KCl for 15 minutes reduces the interaction between 

Ssp1-GFP and Rad24-2HA-His6 

For the previous co-immunoprecipitation experiments showing the in vivo 

interaction between Ssp1 and Rad24 and Rad25 we harvested logarithmically growing 

cells by centrifugation at 4°C, followed by a wash in ice-cold lysis buffer. Centrifugation 

imposes increased gravitational forces on cells, which greatly but transiently increases 

phosphorylation of the stress activated MAP kinase Spc1 (Shiozaki et al., 1998; Soto et 

al., 2007) and phosphorylation of Atf1 by Spc1 (Soto et al., 2007). Centrifugation 

imposes a brief cell cycle delay, similar to but shorter than the mitotic delay seen in cells 

after 0.6M KCl treatment (Rupeš et al., 1999; Soto et al., 2007) or the transient Spc1 

activation dependent depolarization of actin (Soto et al., 1999). Prolonged centrifugation 

may decrease the available oxygen in pelleted cells. Cells exposed to hypoxia have 

increased activity in the sterol regulatory element binding protein (SREBP) orthologue, 

Sre1, and Sre1-dependent activation of hypoxia response genes (Hughes et al., 2005; 

Todd et al., 2006). Similarly, moderate thermal downshift from 28°C to 15°C leads to the 

Wis1-dependent phosphorylation of Spc1 and induction of the stress response genes ctt1, 

tps1 and ntp1 through Atf1 (Soto et al., 2007).  

To minimize the effects of stress, cells were treated with pre-warmed YEA (30°C; 

+/- KCl to 0.6M KCl) for 15 minutes, then rapidly chilled to 0°C by the addition of 

frozen, crushed YEA (+/- 0.6M KCl) preceding harvest by centrifugation. Exposure to 
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very low temperatures eventually induces Spc1 phosphorylation, but this response is very 

much delayed (Soto et al., 2007). We chose a 15-minute incubation period in 0.6M KCl 

since Ssp1-GFP robustly localizes to the cell membrane area by this time-point, while the 

phosphorylation of the stress-dependent activation of Spc1 MAPK also takes place at 15 

minutes post stress (Degols et al., 1996). In this experiment there was approximately ten 

times less Rad24-2HA-His6 co-immunoprecipitated with Ssp1-GFP in the KCl treated 

immunoprecipitate than in the untreated controls (Figure 3-8B). We consistently failed to 

detect a decrease in the total amount of Rad25-His6 protein that co-immunoprecipitated 

with Ssp1-GFP after 0.6M KCl treatment (Figure 3-8C). These results show that Ssp1-

GFP binds Rad24-2HA-His6 and Rad25-His6
 
during unperturbed growth in vivo. Binding 

of Rad24-2HA-His6 to Ssp1-GFP decreases substantially after KCl stress relative to 

unperturbed conditions in vivo, but the association with Rad25-His6 is not affected by 

KCl stress treatment. Due to the limitations of immunoblotting, very subtle changes in 

Rad25-His6 binding may not be detectable. 

3.4.11 Overexpression of Rad24-His6 reduces Ssp1-GFP localization to the cell 

membrane in response to stress   

In S. cerevisiae, loss of either 14-3-3 homologue perturbs MAPK hyperosmolarity 

stress dependent signaling (Kakiuchi et al., 2007). In S. pombe following osmotic stress 

dependent MAPK activation, phosphorylation of Cdc25 by Srk1 allows efficient binding 

of 14-3-3 and nuclear export of Cdc25 and loss of rad24 leads to nuclear retention of 

Cdc25 (López-Avilés et al., 2005). Loss of rad24 or rad25 gene function does not 

prevent the stress-dependent localization of Ssp1-GFP to the cell membrane, nor does it 

increase sensitivity to temperature, low pH or KCl stress (Figure 3-3A).                         
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Co-immunoprecipitation studies show that Ssp1-GFP interacts with Rad24-2HA-His6 in 

unperturbed conditions in vivo, but this interaction is much reduced after treatment with 

0.6M KCl. We strongly expressed rad24-His6 by incubating ssp1-GFPint cells carrying 

the multi-copy plasmid pREP1:rad24-His6 (Q4124) in EMM (-thiamine).  

Cells overexpressing rad24-His6 did not re-localize Ssp1-GFP to the membrane 

after 1M KCl stress (Figure 3-8C). The majority of cells expressing single-copy 

integrated GFP-ssp1 under control of the strong nmt1 promoter in a rad24
+
 background 

(Q4111) display relocalization of GFP-Ssp1 to the membrane. This localization pattern is 

observed only in ~12% of the cell population when cells are also over-expressing single 

copy, integrated rad24-His6 under control of the nmt1 promoter (Figure 3-8D).  

3.4.12 The hyperphosphorylation state of Ssp1 is not altered after 0.6M KCl stress   

Mass spectrometry studies of Ssp1 identified potential phosphorylation sites at 

Y58, S59, Y63, T82 and S59. S59 and S94 were found in phosphopeptides which 

contained only one phosphorylatable Ser residue each within the Ssp1 ORF (Hanyu et al., 

2009; Wilson-Grady et al., 2008). Hanyu et al. (2009) showed that Ssp1 is 

dephosphorylatable in vitro. We wanted to investigate if the regulation of Ssp1 kinase in 

stress response occurs through phosphorylation and dephosphorylation. To preserve the 

phosphorylation state of Ssp1-GFP in an unperturbed as well as in a stressed state, we 

collected mid-logarithmically growing cells by gentle filtration (Fantes and Nurse, 1978; 

Young and Fantes, 1987) following a 15-minute treatment with pre-warmed YEA 
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Figure 3-8: Treatment with 0. 6M KCl for 15 minutes reduces Rad24-2HA-His6 co-

immunoprecipitation with Ssp1-GFP 

Cells were co-expressing Ssp1-GFP and Rad24-2HA-His6 (A) or Ssp1-GFP and Rad25-

His6 (30°C,YEA). YEA +/- KCl to 0. 6M (30°C) (B) was added to aliquots of cells. Ssp1-

GFP (5-10µg), Rad24-2HA-His6 (2. 5-10µg) and Rad25-His6 (15µg) were detected in the 

cell lysates used for the immunoprecipitation. (C and D). Overexpression of rad24-His6 

reduces Ssp1-GFP cell membrane localization after 0. 6M KCl treatment. C. A plasmid 

producing Rad24-His6 under the control of the nmt1 promoter was expressed in ssp1-

GFP:kan
R
int at (30°C) in EMM (-thiamine) for 19 hours. Images were taken between 10-

15 minutes after 1.5M KCl stress. D. Single copy chromosomally integrated 

overexpressing GFP-ssp1 under control of the nmt1 promoter was expressed in either a 

rad24
+
 background or co-expressed with the single-copy integrant overexpressing rad24

-

His6 under control of the nmt1 promoter, where expression was induced by removal of 

thiamine for 20 hours (30°C). Cells were imaged before and between 10-15 minutes after 

addition of 1.5M KCl. E. Ssp1-GFP in YEA and YEA+0. 6M KCl. Ssp1-GFP extracts 

were prepared in the presence (lane 1) and absence (lane 2) of phosphatase-inhibitors. 

Phosphatase-inhibitor-free Ssp1-GFP extracts (5µg) were incubated (30°C) in the 

presence (lane 3) and absence (lane 2) of Lambda phosphatase. Cells were collected on a 

filter after treatment with YEA to 0. 6M KCl (lane 4) or YEA (l and 5) (both at 30°C) 

and extracts prepared with phosphatase inhibitors. “P” denotes Ssp1-GFP before 

treatment with lambda phosphatase.  
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(+/- KCl to 0.6M, 30°C). Additional lysates were prepared in the absence of phosphatase-

inhibitors and subsequently treated with lambda phosphatase. The GFP-tagged Ssp1 

protein was visualized by SDS-PAGE and immunoblotting. We detected a higher 

mobility band in extracts prepared in the absence of phosphatase-inhibitors or following 

treatment with lambda phosphatase (Figure 3-8E). The band resolved into a doublet with 

a faint upper band and strong lower band, representing Ssp1-GFP protein in a partially 

phosphorylated and dephosphorylated state. The lower band was not due to proteolysis in 

the protein lysates, as this band is absent in the mock treated extract. The bands of the 

extracts from unperturbed and KCl treated cells showed no band-shift in either case; their 

apparent molecular weight corresponded to the position of the phosphorylated bands 

produced by the control lysates prepared in the presence of phosphatase-inhibitors. Ssp1-

GFP appears to be phosphorylated in both unperturbed (YEA, collected on filter; Fantes 

and Nurse, 1977) and stressed (0.6M KCl) cells in vivo. We obtained similar results when 

lysates were extracted from Ssp1-GFP cells after mild temperature stress (36°C) (results 

not shown). Our current results suggest constitutive phosphorylation of this protein. 

3.5 Discussion 

3.5.1 Interaction of Ssp1 and Rad24 

The suppression of the ssp1
-
cell cycle delay by loss of rad24 function reveals an 

interesting link to the cell cycle control machinery. Profound elongation and arrest of 

ssp1
-
 cells over-expressing rad24 further demonstrates genetic interaction. ssp1 

overexpression in wildtype cells results in depolarization of cell growth and a shift in 

morphology from rod-like to oval or spherical (Matsusaka et al., 1995; Rupeš et al., 
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1999) exacerbated in rad24
-
 cells. We can interpret this decrease in cell length as the 

manifestation of mitotic advance via rad24
-
, and also due to overproduction of the mitotic 

activator Ssp1 (Matsusaka et al., 1995; Rupeš et al., 1999). rad24-His6int overexpression 

in both wildtype and cells overexpressing GFP-ssp1int produced a modest decrease in 

cell length. Increased levels of Ssp1 presumably titrate out some of the excess Rad24, 

perhaps reducing its effect on other binding partners. Human (Rothblum-Oviatt et al., 

2001) and Xenopus (Lee et al., 2001) binding of 14-3-3 to the mitotic inhibitor Wee1 

negatively regulates the cell cycle, leading to a longer Wee1 protein half-life and 

augmenting both its protein levels and kinase activity (Rothblum-Oviatt et al., 2001). 

During mitosis, phosphorylation of xWee1 and dissociation from 14-3-3 cause a drop in 

catalytic activity (Lee et al., 2001). If fission yeast 14-3-3 functions similarly on Wee1 an 

excess of 14-3-3 binding to Wee1 would contribute to G2/M delay. ssp1 overexpression 

by itself decreases cell length, indicating a codominant relationship upon overexpression 

where Ssp1 and Rad24 work independently in an opposing manner. 

The irregular rad24
-
 morphology complicates analysis of the cell cycle by length 

measurements. On average, ssp1
-
 rad24

-
 morphology is less spherical and more similar to 

wildtype than that of rad24
- 
cells, implying partial alleviation of the mitotic delay in ssp1

-
 

by rad24
-
. An increase in actin patch polarity in the rod-shaped sub-population of ssp1

-
 

rad24 
-
cells correlates with an improvement in cell morphology, perhaps simply due to 

the mitotic delay by ssp1
-
, on average, leading to cell poles further apart than in shorter, 

rounder cells. Rod-shape maintenance is thought to be partially governed by a positive 

feedback loop, where improvement in cell shape normalizes microtubule organization, 

leading to repositioning of the polarizome complexes, thus maintaining growth at tips 
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(Terenna et al., 2008). This defines the actin-dependent sites of polarized growth and 

overall cell shape. Forcing spherical morphogenesis mutants such as orb6
ts
 into reduced 

diameter microfluidic channels improves their microtubule orientation and localization 

(Terenna et al., 2008). Increased cell length and decreased width in ssp1
- 
rad24

-
, with 

concurrent improvement in actin polarity, suggests that this feedback loop occurs at least 

to some degree. In budding yeast, major and minor 14-3-3 homologues BHM1 and 

BHM2 are essential in most strain backgrounds (except Σ1278) and involved in 

maintaining cell morphology (reviewed by van Heusden, 2009). Overexpression of the 

BMH2 C-terminus causes disruption of the actin cytoskeleton (reviewed by van Hemert 

et al., 2001b). S. pombe 14-3-3 proteins are likely involved in cell wall integrity and 

strong overexpression of rad25 causes aberrant septum deposition and cell morphology 

(Ishiguro et al., 2001).  

3.5.2 rad24 overexpression increases sensitivity to KCl and low pH stress 

rad24 overexpression-mediated cell cycle defects (Tallada et al., 2002) support its 

role as a negative regulator of mitosis after DNA damage (Zeng and Piwnica-Worms, 

1999). High levels of Rad24-His6 increase long-term sensitivity to stressors such KCl and 

low pH. Sensitivity to high temperature is relieved to some extent by co-overexpression 

of GFP-ssp1. 14-3-3 proteins are involved in many pathways (reviewed by van Hemert et 

al., 2001a; van Heusden and Steensma, 2006) and substantially increasing the Rad24 

pool affects many cell functions, causing a complex response in the cell in terms of stress 

sensitivity. Both deletion and overexpression of BMH1 increase chronological life-span 

in nutrient stressed budding yeast. Cells overexpressing BMH1 survive longer, only in the 
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absence of additional stressors, likely because an increase in phosphorylated BMH1 S238 

decreases the stress response required for longevity (Wang et al., 2009).  

3.5.3 Regulation of sub-cellular localization of Ssp1-GFP 

At native expression levels, in ssp1-GFPint, accumulation of fluorescence at the 

cell membrane do not occur until perturbation by 0.6-1.2M KCl. ssp1 is dispensable in 

the presence of 1.2M sorbitol, but still localizes to the cell membrane (Rupeš et al., 

1999). Similarly although Pmk1 is activated after exposure to 1.2M Sorbitol, pmk1
-
 cells 

are not sensitive to this hyperosmotic stress (Madrid et al., 2006). Very little Ssp1-GFP 

localizes to the cell membrane after stress, while the majority of the protein remains 

cytoplasmic. Arp3C-YFP and Ssp1-CFP do not colocalize after hyperosmotic stress, 

suggesting that although Ssp1 localizes to the cell membrane it likely does not recruit 

actin patches to the area (Rupeš et al., 1999). GFP-Ssp1 forms a band following KCl 

stress; however actin patches do not follow a similar pattern. The S. pombe cell wall is 

most vulnerable to rupture at the extensile tips and is sturdier in the cylindrical portion of 

the cell (Piombo et al., 1998). Ssp1 localizes to the growing tips, accumulating in areas 

corresponding to fission scars, which are less vulnerable to damage than the extensile tips 

(Piombo et al., 1998). 

14-3-3 proteins regulate protein localization in fission yeast, for example they 

export Cdc25 phosphatase from the nucleus upon activation of the DNA damage and 

replication checkpoint (Chen et al., 1999; Ford et al., 1994; Lopez-Girona et al., 1999). 

14-3-3 proteins negatively regulate localization of the predominantly cytoplasmic Byr2, 

preventing binding to Ras1/GTP at the cell membrane during vegetative growth. Loss of 
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14-3-3 expedites Byr2 translocation (Ozoe et al., 2002). Our results suggest that a sub-

population of cytoplasmic Ssp1 is bound to Rad24 and Rad25 in unperturbed conditions. 

Hyperosmolority-dependent release of Ssp1 from 14-3-3 is followed by localization of 

the kinase to the cell membrane. Rad24 and Rad25 are dispensable for the translocation 

of Ssp1-GFP to the cell membrane and the physical interaction of Ssp1-GFP with Rad24-

2HA-His6 decreases for at least 15 minutes after 0.6M KCl. An increase in Rad24 protein 

inhibits membrane localization even when Ssp1-GFP is over-expressed.  

Mammalian 14-3-3 isoforms form diverse dimers and require only their N-

terminal regions to interact. Dimerization in 14-3-3 proteins is important, greatly 

increasing their thermostability. Single recombinant isoforms form homodimers even if 

they are heterodimeric in vivo (Jones et al., 1995; reviewed by Aitken et al., 2002; 

Aitken, 2002). The Rad25-His6 protein, which co-immunoprecipitates with Ssp1-GFP 

exists in homodimeric form, at least in the absence of Rad24. Particular isoforms in 14-3-

3 heterodimers allow the interaction of proteins by bringing the two binding partners 

closer together (reviewed by Aitken et al., 2002; Aitken, 2002). Ssp1 accumulates at the 

membrane in the absence of either 14-3-3 isoform. If 14-3-3 binds cytoplasmic Ssp1 

preferentially as a Rad24-Rad25 hetero-dimer, then cytoplasmic sequestration would be 

less efficient in cells containing only homodimeric isoforms. A reduction in Rad24-2HA-

His6 binding to Ssp1-GFP after osmotic stress could occur due to a decrease in Rad24-

Rad24 homodimer and/or Rad24-Rad25 heterodimer binding. Conversely, following 

osmotic stress Rad25-Rad25 homodimers remain bound to Ssp1-GFP.  
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Compared to Rad24-2HA-His6, we detect very little Rad25-His6 co-precipitating 

with Ssp1-GFP. Due to the limitations of immunoblotting, very subtle changes in Rad25-

His6 binding may not be detectable. 

Rad24 may be important for Ssp1 protein stability, where an absence of Rad24 

could simply increase Ssp1 turnover. rad24
-
 cells do not display hypersensitivity to 

conditions where ssp1
-
 cells are unable to proliferate, suggesting that Ssp1 protein levels 

are sufficient in these cells. 14-3-3 proteins are involved in protein stabilization both 

directly and indirectly in other systems, for example by blocking access of ubiquitin 

ligases (reviewed by Aitken et al., 2002; Aitken, 2002). In mammalian cells bound 14-3-

3 prevents Wee1 degradation by masking a degradation motif required for normal Wee1 

turnover (Wang et al., 2000).  

Budding yeast 14-3-3 homologues BMH1,BMH2 and ACM1 form a stable 

complex with the APC/C activator CDH1/CDC20, presumably to keep it inactived by 

acting as an APC pseudosubstrate (Dial et al., 2007; Martinez et al., 2006). Our results 

demonstrate a role for Rad24 in the regulation of Ssp1 localization from the cytoplasm to 

the cell membrane. The release of the Rad24 from Ssp1 after hyperosmotic stress allows 

for the transient relocalization of Ssp1 to the cell membrane. Rad25 appears to be 

constitutively bound; however, we have no information whether this is associated with a 

particular localization or activation state. 
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Chapter 4 

Effects of low glucose conditions on the Schizosaccharomyces pombe 

Ssp1 Ser/Thr protein kinase 

4.1 Abstract 

The Schizosaccharomyces pombe Ssp1 Ser/Thr stress response kinase is 

important for long-term survival in stationary phase and for cell division in low glucose 

conditions. Ssp1-GFP is expressed at all life cycle stages and is localized in the 

cytoplasm. Substitution of ssp1 Lys164 to Arg164 at the ATP binding site in the catalytic 

domain increases stress sensitivity and mitotic delay, showing that Ssp1 kinase activity is 

required in both stress response and mitotic activation. Nuclear localization of Ssp1-GFP 

increases during stationary phase and it accumulates in the nucleus in glucose deprived 

crm1-809 cells, demonstrating export of Ssp1 is Crm1 dependent. Expression of the GFP-

tagged ssp1 C-terminal, N-terminal and catalytic domains revealed that truncation of ssp1 

modifies sub-cellular localization. The GFP-tagged ssp1 N-terminal domain is almost 

exclusively in the nucleus, whereas the GFP-tagged catalytic domain is pancellular, but 

displays higher fluorescence intensity in the nucleus. The subcellular distribution of the 

GFP-tagged Ssp1 C-terminal is comparable to that of full length Ssp1-GFP and 

accumulates briefly at the cell membrane after hyperosmotic stress. The ssp1 C-terminal 

is required for proper localization to the cell membrane following hyperosmotic stress 

and for hyperphosphorylation of Ssp1 in glucose deprived conditions. Stress sensitivity is 

rescued in ssp1
-
 cells expressing the GFP-tagged ssp1 catalytic domain alone. 
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4.2 Introduction 

Non-proliferating cells require enough energy to survive, respond to extracellular 

stressors and keep their cellular structures intact. Many of the characteristics and 

pathways of stationary phase (or quiescence), are conserved (Martinez et al., 2004). 

Saccharomyces cerevisiae cells drop transcription rates by 3-5 fold and reduce protein 

synthesis to 0.3% of that in growing cells (reviewed by Gray et al., 2004) , but strongly 

induce expression of genes specific to stationary phase (Martinez et al., 2004). Stress 

gene expression in quiescent cells is similar to that of actively growing cells (reviewed by 

Gray et al., 2004; reviewed by Herman, 2002). Cellular response to restoration of 

nutrients and positive growth conditions is rapid: by 10-15 minutes repression of 127 

stationary phase genes occurs concurrently with the induction of genes such as those 

encoding ribosomal proteins (reviewed by Gray et al., 2004; reviewed by Herman, 2002).  

Nitrogen-starved Schizosaccharomyces pombe cells of the same mating type 

arrest in G1 as tiny cells, but may also enter stationary phase after G2 (Costello et al., 

1986). Stationary phase cells remain metabolically active, allowing survival after ceasing 

active growth (Su et al., 1996), and are more resistant to heat shock (Costello et al., 

1986). Cells experience general loss of cell polarity, form lipid globules and vacuoles in 

the cytoplasm. Nuclear chromatin, hemispheric in interphase cells, is flattened against the 

periphery of the cell. Cells in nitrogen-deprivation induced dormancy are heat resistant, 

but require vitamins as well as a carbon source such as glucose to remain metabolically 

active and able to mediate environmental insults (Su et al., 1996). A minimum of 250 

"super-housekeeping" genes are required during both vegetative growth and during 

quiescence. Cells depend on a core of 33 conserved genes for entry into stationary phase, 
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cell maintenance and survival during nitrogen deprivation (Sajiki et al., 2009). Genes 

include those coding for the actin-interacting Wsp1 and End4, vacuole fusion proteins 

and the stress-activated Spc1 MAPK and its activator Wis1 MAPKK. During stationary 

phase, cells require genes coding for proteins involved in a range of pathways, such as 

protein trafficking, ATP biosynthesis via sugar catabolism, protein translation 

metabolism, cell wall morphogenesis, RNA transcription and processing. Amongst these 

genes is the stress-response serine/threonine kinase Ssp1 (Sajiki et al., 2009). These 

proteins facilitate cellular adaptation to help cells adapt to stressors, meet their energy 

requirements and maintain cellular structures for extended periods of time (Sajiki et al., 

2009; Shimanuki et al., 2007).  

Nitrogen deprivation-dependent activation of Spc1 leads to the induction of a 

sexual lifecycle. Expression of mating pheromone receptors in cells of opposite mating 

types and G1 arrest culminates in conjugation, meiosis and spore formation (reviewed by 

Davey, 1998). In nutrient-rich conditions cellular levels of cyclic AMP (cAMP) are kept 

high (Byrne and Hoffman, 1993), but levels decrease to approximately 50% upon nutrient 

deprivation (Fukui et al., 1986; Maeda et al., 1994a; Mochizuki and Yamamoto, 1992) 

triggering a drop in protein kinase A (PKA) activity. This activates the induction of the 

Ste11 transcription factor (DeVoti et al., 1991; Maeda et al., 1994a) and transcription of 

genes involved in conjugation and meiosis follows (Sugimoto et al., 1991). Regulation of 

conjugation occurs via Ras1-mediated (Nadin-Davis et al., 1986; Nielsen et al., 1992) 

activation of Spk1 (Neiman et al., 1993; Toda et al., 1991) in response to mating 

pheromones from the opposite mating type and takes place via the Byr2 MAP kinase 

pathway (Nadin-Davis and Nasim, 1988; Wang et al., 1991). At the same time the 
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activated Spc1 MAPK cascade increases ste11 transcription by Atf1 transcription factor 

activation (Shiozaki and Russell, 1996; Wilkinson et al., 1996).  

Two pathways regulate transcription of fbp1 (fructose-1,6-bisphosphatase 1), the 

key regulatory enzyme in gluconeogenesis: fbp1 is repressed in the presence of glucose 

(Hoffman and Winston, 1991) via the cAMP-dependent activation of protein kinase A 

(PKA) (Byrne and Hoffman, 1993; Hoffman and Winston, 1991). fbp1 repression, when 

glucose is present (Byrne and Hoffman, 1993; Hoffman and Winston, 1991), is 

contrasted by activation of the Spc1 MAPK pathway in the absence of glucose. The Spc1 

MAPK pathway acts antagonistically to PKA: in the absence of glucose, the Spc1 MAPK 

pathway initiates activation the Atf1-Pcr1 heterodimeric transcription factor and allows 

transcription of fbp1 (Kanoh and Russell, 1998; Stettler et al., 1996; Takeda et al., 1995; 

Watanabe and Yamamoto, 1996). Atf1-Pcr1 acts both directly and indirectly at cis-acting 

UAS1 and UAS2 elements of the fbp1 promoter respectively (Janoo et al., 2001) and 

transcriptional activation of UAS2 occurs via the Rst2 zinc finger protein (Higuchi et al., 

2002). Transcriptional activation of fbp1 also requires Tup11 and Tup12, homologues of 

the S. cerevisiae global corepressor TUP1, while fbp1 derepression via Atf1-Pcr1 is also 

dependent on the CCAAT box binding factor (Janoo et al., 2001).  

The mitotic activator Ssp1, required for growth at high temperatures in the 

presence of additional stressors, is a cytoplasmic protein, but rapidly and transiently 

accumulates at the cell membrane following osmotic stress (Matsusaka et al., 1995; 

Rupeš et al., 1999). Ssp1 also plays a role in actin organization and depolymerization 

(Matsusaka et al., 1995; Rupeš et al., 1999), maintenance of cell morphology after 

osmotic stress (Robertson and Hagan, 2008) and is involved in the synthesis of glycerol, 
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required for survival under hyperosmotic stress (Rupeš et al., 1999). Ssp1 and its multi-

copy suppressor Sds23, a phosphatase inhibitor, play a role in maintaining efficient 

growth in glucose-restricted conditions (Hanyu et al., 2009) and the maintenance of 

nitrogen-deprived cells that have entered quiescence (Sajiki et al., 2009; Shimanuki et al., 

2007). Ssp1 is the putative S. pombe calmodulin kinase kinase (CamKK) homologue and 

contains a conserved stretch (VEVS(T)XE(D)EV ) between the kinase domain and 

calmodulin binding domain, which is required for efficient growth at limited glucose 

levels (0.1%), but not in normal growth conditions (2% glucose) (Hanyu et al., 2009). 

ssp1
-
 is a suppressor of the functionally related staurosporine hypersensitive ppe1

- 
and 

sts5-7 morphology mutants (Matsusaka et al., 1995). Sds23 inhibits phosphatase activity 

of the PP2A-related Ppe1 phosphatase and forms a complex with the phosphatase 

subunits of Ppe1, and with PP2A phosphatase. Since loss of ssp1 is rescued by multi-

copy sds23 and, multi-copy ssp1 suppresses sds23
-
, it is likely that Ssp1 and Sds23 act 

synergistically when glucose is restricted, whereas Ssp1 and Ppe1 act in an antagonistic 

manner (Hanyu et al., 2009). Here we explore the effects of glucose deprivation on the 

sub-cellular localization and phosphorylation state of Ssp1.  

4.3 Materials and methods 

4.3.1 Strains, media and growth conditions 

Fission yeast cells were cultured in EMM (Edinburgh Minimal Medium) or in 

YEA (yeast extract, adenine). Media were supplemented with 15uM thiamine, amino 

acids, KCl or sorbitol as required. The pH of EMM was adjusted to 3.5 as described in 

(Karagiannis and Young, 2001). Transformations and genetic crosses were performed 



80 

using standard methods (Moreno et al., 1991). Genotypes of strains carrying multiple 

mutations were verified by outcrossing and tetrad analysis. For list of strains please refer 

to Table 4-1.   

4.3.2 Construction and genomic integration of vectors expressing truncated ssp1-

GFP under control of the nmt1 promoter 

 For list of primers please see Table 4-2. The 652 amino acid open reading frame 

(ORF) of ssp1 contains a catalytic domain from amino acid 134 to 408. Primers ssp1-

110forw and ssp1-652rv were used to PCR amplify the ssp1 ORF from amino acid 110 to 

652. Primers ssp1-1fw and ssp1-446rv PCR amplified the ssp1 ORF from amino acid 1 to 

446. The ssp1 catalytic domain and flanking regions were PCR amplified using primers 

ssp1-110fw and ssp1-446rv (Figure 4-1). All forward primers incorporated an BdeI 

restriction site and all reverse primers incorporated a SalI restriction site. PCR 

amplifications were performed using S. pombe genomic DNA (Moreno et al., 1991) as 

template and High Fidelity Taq Polymerase (Roche). The amplified DNA fragments were 

digested with SalI (Promega) and BdeI (Fermentas) and ligated into sites of the pREP1-

GFP vector (Taricani et al., 2002). The resulting plasmids pREP1-ssp1-BTdel(1-

109)GFP, pREP1-ssp1-CTdel(447-652)GFP and pREP1-ssp1-BT-CTdel-GFP expressed 

the truncated ssp1 ORFs and GFP from the thiamine repressible nmt1 promoter. Plasmids 

were integrated into an ssp1::ura
+
 ura4-D18 leu1-32 strain and stable integrants 

nmt1:ssp1-BTdel(1-109)GFPint, nmt1:ssp1-CTdel(447-652)GFPint and nmt1:ssp1-BT-

CTdel-GFPint were selected.  
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Table 4-1: List of strains used in this study.  

Strain  Genotype Source 

Q4114 ssp1-GFPint ura4-D18 leu1-32     Lab stock 

Q3677 leu1-32 ura4-D18 Lab stock 

Q2285 nmt1:pHluorin-BLSint Lab stock 

Q4138 nmt1:ssp1-BT-GFPdel(1-109)GFPint This study 

Q4139 nmt1:ssp1-CTdel(447-652)GFPint This study 

Q4140 nmt1:ssp1-BT-CTdel-GFPint This study 

Q4141 ssp1-BTdel(1-109)GFPint This study 

Q4142 ssp1-CTdel(447-652)GFPint This study 

Q4143 ssp1-BT-CTdel-GFPint This study 

Q250 wildtype (972 h-) Lab stock 

Q4101 ssp1::ura4
+
 leu1-32 ura4-D18 Toda lab 

Q1540 ssp1::ura4
+
 spc1::ura4+ leu1-32 ura4-D18 ade6-704 Lab stock 

Q1510 spc1::ura4
+
 leu1-32 ura4-D18 Lab stock 

Q4144 spc1::ura4
+
 ssp1-BTdel(1-109)GFPint leu1-32 ura4-D18          This study 

Q4145 spc1::ura4
+
 ssp1-CTdel(447-652)GFPint leu1-32 ura4-D18          This study 

Q4146 spc1::ura4
+
 ssp1-BT-CTdel-GFPint leu1-32 ura4-D18           This study 

Q4147 ssp1-K164R-CFPint ura4-D18  leu1-32 This study 

  



 

Strain  Genotype Source 

Q2073 crm1-809 leu1-32 Lab stock 

Q4148 ssp1-GFPint crm1-809 leu1-32 This study 

Q4149 crm1-809 ssp1-BTdel(1-109)GFPint This study 

Q4150 pka1::ura4
+
 ssp1-GFPint ura4-D15 leu1-32 This study 
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Table 4-2: List of oligonucleotide primers 

 

Primer Sequence (5’-3’) 

ssp1-110fw agctacatatgtggggcgaggtgaaggaa 

ssp1-652rv agctagtccacaaattagttggtgtgaaggaatgctc 

ssp1-1fw agctacatatgggatcagtgaataatgaagaaaaaact 

ssp1-446rv agctagtcgacaacacaaggctgattgcagaagc 

ssp1intforw gggggctgcagttgagttagcctactggattatcttat 

ssp1truncrev acgtgccatatggaagtgttcctcgagtcc 

ssp1mutforw cgcgaactgttggcgatcagaatcatcccgaagacg 

ssp1mutrev cgtcttcgggatgattctgatcgccaacagttcgcg 

ssp1mutseq ggcgaggtgaaggaaacaaaaaa 
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Figure 4-1: Primer map for construction of GFP-fusion truncations of ssp1 

The shaded area represents the Ssp1 catalytic domain. 
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4.3.3 Construction and genomic integration of plasmids expressing truncated ssp1-

GFP under control of the native promoter 

Primers ssp1intforw and ssp1truncrev were used to PCR amplify a 1000bp region 

upstream from and up to the Ssp1 ATG start codon, adding restriction sites PstI and BdeI 

respectively. Digestion of the of pREP1-ssp1-BTdel(1-109)GFP, pREP1-ssp1- 

CTdel(447-652)GFP and pREP1-ssp1-BT-CTdel-GFP plasmids with PstI (Promega) and 

BdeI excised the nmt1 promoter. ATG, as part of the of the BdeI restriction enzyme 

recognition site CATATG was used as the start codon. The amplified Ssp1 upstream 

region was digested with PstI (Promega) and BdeI and ligated into complimentary sites 

of the digested plasmids, creating plasmids pBATssp1-BTdel(1-109)GFP, pBAT-ssp1- 

CTdel(447-652)-GFP and pBAT-ssp1-BT-CTdel-GFP. Integration of plasmids into 

ssp1::ura4
+
 ura4-D18 leu1-32 strains created single copy genomic integrants ssp1-

BTdel(1-109)GFPint, ssp1- CTdel(447-652)GFPint and ssp1-BT-CTdel-GFPint. 

Chromosomally integrated ssp1 GFP-fusions will be referred to as ssp1-B-terminus 

deletion +GFP, ssp1-C-terminus deletion +GFP and ssp1-catalytic domain +GFP.  

 

4.3.4 Construction and integration of ssp1-K164R-CFP 

Plasmid ssp1-CFP containing the Ssp1 ORF and approximately 1000bp upstream 

sequence was mutagenized using the Quickchange (XL) kit (Stratagene) and primers 

ssp1mutforw and ssp1mutrev. Sequencing using primer ssp1mutseq confirmed presence 

of the substitution. ssp1-K164R-CFP expresses the CFP-tagged ssp1 ORF with a lysine 

to arginine substitution at K164. Integration of ssp1-K164R-CFP into ssp1::ura4
+
 ura4-

D18  leu1-32 created ssp1-K164R-CFPint. 
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4.3.5 Protein lysis preparation and immunoblotting 

Protein extraction and lysate preparation was performed at 4°C. Mid-logarithmic 

growth phase cells (25-50ml) were harvested by centrifugation (3000rpm, 5 minutes) and 

pellets washed once in 1ml of ice cold stop buffer (150mM sodium chloride (NaCl), 

10mM ethylenediaminetetraacetic acid (EDTA), 1mM phenylmethylsulphonyl fluoride 

(PMSF)). Snap-frozen on dry ice, pelleted cells were lysed by mechanical disruption 

using a bead-beater, acid-washed glass beads and Lysis buffer (50mM Tris-HCl, 150mM 

NaCl, 5mM EDTA, 50mM NaF, 1% Nonidet P40, 1mM PMSF, 1mM 1mM DTT and 

Complete Protease Inhibitor Cocktail ( Roche)). After removal of cell debris by brief 

centrifugation (14,000rpm), lysates were diluted with 100-150µl of lysis buffer, protein 

concentration was determined (Bio-Rad Protein Assay, Bio-Rad), followed by five 

minutes of incubation at 100°C in 4x Laemmli loading buffer at 0.25x concentration. 

Separation of protein lysates by SDS-polyacrylamide gel electrophoresis was followed by 

transfer to PVDF (PolyScreen PVDF hybridization transfer membrane, Perkin Elmer) 

membrane. Immunoblotting of tagged proteins was performed with mouse-anti-GFP 

primary antibody (1:1000) (Roche) and proteins and anti-mouse HRP conjugated 

secondary antibody (1:2000) (Santa Cruz Biotechnology) Biotechnology) and visualized 

with enhanced chemiluminescence reagent (Western Lightning Western Blot 

Chemiluminescence Reagent, Perkin Elmer).  

4.3.6 Sequence analysis 

Sequence information was obtained at Uniprot/SwissProt (UniProt Consortium, 

2011) MotifScan (Pagni et al., 2007) and Psort (Nakai and Horton, 1999) were used to 



86 

identify putative nuclear localization signals (NLS). The NES Finder 0.2 

(http://research.nki.nl/fornerodlab/NES-Finder.htm) and NetNES (la Cour et al., 2004) 

were used to reveal nuclear export signals (NES).  

4.3.7 Microscopy 

Fluorescence, brightfield and DIC images were acquired with a Hamamatsu Orca-

ER camera on a Zeiss Imager.Z1 and a Cooke SensiCam on a Leitz DMRB fluorescence 

microscope using 20x, 40x and 100x objectives. Cell measurements, image analysis and 

processing of Z-stacks was performed using Slidebook image analysis software 

(Intelligent Imaging Innovations).  

4.4 Results  

4.4.1 Ssp1-GFP expression throughout the vegetative cell cycle  

Out of over 400 periodically regulated genes recently identified in genome wide 

micro-array expression studies only 136 had a more than two-fold difference from peak 

to trough expression levels. The remaining weak amplitude genes contain a cluster of 147 

genes with 1.5-2-fold changes in amplitude that are peaking during G2 and include ssp1 

(Gauthier et al., 2010). Expression of ELM1, a potential functional budding yeast ssp1 

homologue with sequence similarity in the catalytic domain (Matsusaka et al., 1995; 

Rupeš et al., 1999) peaks at S/G2 (Gauthier et al., 2010; Peng et al., 2005; Rustici et al., 

2004). Since ssp1 is a low amplitude gene (Rustici et al., 2004) its peak expression 

during the cell cycle is unclear (Gauthier et al., 2010; Peng et al., 2005; Rustici et al., 

2004). Many of the weak amplitude genes clustering with ssp1 are part of the core stress 

response, and periodic up-regulation could be triggered after stress produced by 
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synchrony induction (Rustici et al., 2004). The switch from mono-polar to bi-polar 

growth in early G2 may also account for an increase in expression of genes involved in 

activation of cell growth and metabolism (Rustici et al., 2004) and ssp1 is required for 

new end take off (NETO) (Rupeš et al., 1999). We examined expression of single-copy, 

integrated ssp1-GFP (ssp1-GFPint) (Q4114) expressed from the native promoter (S.I. 

Freitag and P.G. Young, 2011; unpublished) during log phase. In unperturbed growth 

conditions (YEA, 30°C) Ssp1-GFP protein is present at all stages of the vegetative cell 

cycle and any changes in ssp1 induction are not large enough for detection at the protein 

level (Figure 4-2A) Ssp1-GFP expression in the sexual life cycle 

Fission yeast cells preferentially exist as haploid cells in a vegetative cell cycle 

unless growth conditions become unfavourable. When nutrients are limited, cells may 

enter a sexual life cycle or enter stationary phase (Davey, 1998). The ssp1 gene is 

required both for efficient growth in low glucose conditions (Hanyu et al., 2009), and for 

maintaining cell viability after nitrogen deprivation (Sajiki et al., 2009). To determine if 

Ssp1 plays a role in the sexual life-cycle, we allowed ssp1-GFPint cells to conjugate with 

a wildtype strain (Q3677) of the opposite mating type. We examined the formation of 

zygotes and asci using fluorescent imaging within 48 hours. Ssp1-GFP is present in the 

forming zygotes as well as in two of each of the four fully formed spores and in the 

cytoplasm surrounding all four spores (Figure 4-2B). The presence of Ssp1-GFP in only 

two of the spores suggests cells produce Ssp1-GFP protein in the spore.  

We would expect the presence of Ssp1-GFP in all four spores if it was simply



 

A 
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Figure 4-2: Ssp1-GFP expression during the vegetative and sexual life cycle 

A. Image of ssp1-GFPint cells were captured during unperturbed logarithmic growth 

(YEA, 30°C).  B. ssp1-GFPint and nmt1-pHluorinBLS-int were crossed to leu1-32 

ura4D-18 cells of the opposite mating type and incubated at 25°C for 48 hours.   

Bar denotes 10µm.  
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residual protein from the zygotic cytoplasm incorporated in the prespore prior to 

encapsulation by the forespore membrane and spore wall synthesis (Shimoda, 2004). For 

comparison, when we allowed wildtype cells to conjugate with cells expressing a 

constitutively expressed GFP derivative from a single integrated copy of nmt1:pHluorin-

BLS (Q2285), which is targeted to the nucleus, all four spores in the asci contained 

fluorescent nuclei (Figure 4-2B). 

 

4.4.2 Identification of putative nuclear export and import signals in ssp1 

In unperturbed, standard growth conditions Ssp1 is primarily cytoplasmic 

throughout the vegetative cell cycle and transiently accumulates along the cell membrane 

area when perturbed, for example by increases in osmolarity (Rupeš et al., 1999; S.I. 

Freitag and P.G. Young, 2009, unpublished). The primary growth state of fission yeast 

cells in the laboratory is logarithmic growth phase, accomplished by using tightly 

controlled growth conditions, allowing constant nutrient availability for all cells in liquid 

medium and incubation on a shaker. Culturing cells on solid media provides a gradient of 

available nutrients; whereby cells near the centre of a patch or colony have more 

restricted access to nutrients than those near the periphery. We noted that patches of ssp1-

GFPint cells grown on a YEA agar plate for three to four days contained a sub-

population of cells which were highly fluorescent in the nucleus, an atypical distribution 

of Ssp1-GFP not seen in logarithmically growing cells (data not shown).  

Interestingly in a large-scale study of intracellular localization of GFP-tagged 

chromosomally integrated genes a truncated ssp1 construct was also distinctly nuclear 

(Ding et al., 2000). The unexpected nuclear signal in cells on a nutrient gradient, as well 
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as the work by Ding et al. (2000) led us to examine intracellular Ssp1 localization in 

more detail. The chromosomal integrant in the Ding et al. (2000) study was based on an 

N-terminal construct encompassing aa 1-393, truncating aa 394-652 of full-length Ssp1. 

The Ssp1 Ser/Thr kinase catalytic domain encompasses aa 134-408 

(http://www.uniprot.org). Ding et al. (2000) identified a putative N-terminal bipartite 

nuclear localization signal (NLS) at 105-121, encoded by KRLQEWGEVKETKKIRKR. 

Protein analysis software revealed additional putative NLS and nuclear export signals 

(NES) (Figure 4-3A).  

4.4.3 Truncation of the ssp1 ORF alters subcellular localization of the protein 

We designed three GFP-tagged truncation constructs of the ssp1 gene under 

control of the thiamine repressible nmt1 promoter to determine how the different domains 

of the protein contribute to its subcellular localization. To generate the N-terminal 

deletion construct we eliminated the N-terminus from aa 1-109. The C-terminal deletion 

construct is lacking aa 447-652, and the GFP-tagged catalytic domain alone (aa 138-408) 

retains flanking regions and extends from aa 110-447 (Figure 4-3A). Integration of these 

plasmids resulted in strains nmt1:ssp1-B-terminal deletion-GFPint (nmt1:ssp1-BT-

GFPdel(1-109)GFPint) (Q4138), nmt1:ssp1-C-terminal deletion +GFPint (nmt1:ssp1-

CTdel(447-652)GFPint (Q4139) and nmt1:ssp1-catalytic domain +GFPint (nmt1:ssp1-

BT-CTdel-GFPint) (Q4140), expressing the construct as single copy and under control of 

the nmt1 promoter, in the absence of endogenous Ssp1. The three integrants expressing 

the GFP-tagged ssp1 N-terminus (+ catalytic domain), C-terminus (+ catalytic domain) 

and catalytic domain alone were incubated in EMM lacking thiamine for 20 hours at  
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Figure 4-3: Map of ssp1 gene and subcellular localization of GFP-tagged ssp1 

truncations. 

A. The Ssp1 protein contains a catalytic domain at aa 138-408 (UniProt Consortium, 

2011). Putative bipartite NLS are localized at aa 105-121 (Ding et al., 2000) and aa 449-

464 (RRKLGKLFRF--RRPKA).  Three putative classical NLS sequences are present at 

aa 171 (RRPK), 459 (RRPK) and 529 (KKPR), following a pattern of four basic amino 

acids (K or R) (Hicks and Raikhel, 1995).  Three potential NES are located at 

156VTRELLAIKI, 496LSDSFNRLAV and 394 PEQRITLVE.  Although the consensus 

sequence for NES is L-X(2-3)-[LIVFM]-X(2,3)-L-X-[LI], deviations from the consensus are 

commonly reported  (la Cour et al., 2003; la Cour et al., 2004).  For protein analysis 

software used please see materials and methods.  B. Three GFP-tagged truncations of the 

ssp1 ORF, expressed from the thiamine repressible strong nmt1 promoter were 

constructed and integrated into the chromosome.  The GFP-tagged N-terminal and C-

terminal truncation, expressed from the nmt1 promoter (nmt1:ssp1-B-terminus deletion 

+GFPint, nmt1:ssp1-C-terminus deletion +GFPint and were generated.  Genomic 

integrants of the GFP-tagged ssp1 ORF were incubated in EMM lacking thiamine for 20 

hours at 30°C.  
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30°C. The subcellular localization pattern of each GFP-tagged construct was distinct. 

Cells expressing GFP-tagged C-terminal displayed a cytoplasmic fluorescence pattern, 

with lower fluorescence in the nucleus. These cells readily accumulated fluorescence in 

the cell membrane area even when the only perturbation was addition of a coverslip prior 

to image capture. This localization pattern is identical to that of multi-copy, full-length 

nmt1:GFP-ssp1 (Rupeš et al., 1999). In contrast to this familiar pattern of expression, the 

C-terminal deletion strain produced a fluorescent signal that was almost exclusively 

nuclear. A low level signal was present in the cytoplasm. Finally, deletion of both C- and 

N- terminal portions of the ssp1 gene and expressing the GFP-tagged catalytic domain 

and flanking regions resulted in both a cytoplasmic, as well as bright nuclear fluorescence 

signal. Together these results indicate that the C-terminal and N-terminal domains of the 

ssp1 gene play important roles in the subcellular localization of the protein (Figure 4-

3B). 

The simplest explanation of these results is that the bipartite NLS at position 104 

is the dominant one in the full length protein and is responsible for nuclear import. One, 

or both, of the NES in the C-terminus are necessary for efficient nuclear export. In the 

construct comprised of the catalytic domain only, the apparently weaker import and 

export signals are functional but play a less prominent role than those in the termini.  
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4.4.4 Expression of the GFP-tagged active catalytic domain is sufficient to rescue pH 

and osmotic stress sensitivity in ssp1 mutants  

To test for expression level artifacts we replaced the nmt1 promoter in the 

truncated constructs with approximately 1000bp of sequence upstream of the native ssp1 

promoter. Integration of the plasmids in an ssp1
-
 strain created strains ssp1-B-terminus 

deletion +GFPint  (ssp1-BTdel(1-109)GFPint) (Q4141), ssp1-C-terminus deletion  

+GFPint (ssp1-CTdel(447-652)GFPint) (Q4142), and ssp1-catalytic domain +GFPint 

(ssp1-BT-CTdel-GFPint) (Q4143), expressing single copies of these truncations at levels 

more comparable to those of the full length ssp1
+
 than if under control of the strong nmt1 

promoter. Lysates produced from cells grown in YEA (30°C) were detected by 

immunoblotting (Figure 4-4A) and seen to be expressing at similar levels. 

 Five µl aliquots of mid-logarithmic growth phase cells carrying these native 

promoter constructs  in EMM at 10
6
, 10

5
, 10

4
 and 10

3
 cells/ml were spotted onto solid 

EMM, EMM+0.6M KCl and EMM pH 3.5 solid, followed by incubation at 30°C and 

37°C for four days. Single-copy expression (from the native promoter) of the GFP-tagged 

active catalytic domain rescued stress sensitivity and allowed proliferation in conditions 

lethal for ssp1
-
 cells, for example at 37°C on EMM + 0.6M KCl and EMM pH 3.5. Loss 

of both ssp1 and the major stress response MAPK spc1 gene (Q1540) completely inhibits 

growth when hyperosmotic stress is applied even at 30°C (Rupeš et al., 1999). In the 

spc1
-
 background the N-terminal and active catalytic domain did not rescue temperature 

stress sensitivity at 37°C. All three Ssp1 truncations alleviated pH 3.5 stress at 30°C, but  
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Figure 4-4: GFP-tagged truncations of ssp1 in stress response. 

A. ssp1-GFPint, ssp1-BT-del(1-109)GFPint, ssp1-CTdel(447-652)GFPint and ssp1-BT-

CTdel-GFPint cells express truncated ssp1 as single integrants from the native promoter.  

Lysates were prepared from mid-logarithmically growing cells (YEA, 30°C). B.  

Aliquots (4µl) of cells in mid-logarithmic growth phase cells (EMM, 30°C) at 

concentrations of 10
5
, 10

4
, 10

3 
and 10

2
 cells per ml were spotted onto solid EMM, 

EMM+0. 6M KCl and EMM pH 3.5, followed by incubation for four days (30°C and 

37°C).  C. Cultures of early logarithmic growth phase cells in YEA medium (30°C) were 

divided and incubated for 4. 5 hours at 30°C or 37°C.  Septated cells were measured with 

the Slidebook ruler tool (Intelligent Imaging Innovations).  
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not 37°C, while is KCl-stress sensitivity was only mildly improved at 30°C by expression 

of the ssp1 N-terminus (Figure 4-4B). 

4.4.5 Expression of the GFP-tagged ssp1 truncations in an spc1
-
 background 

alleviates mitotic delay 

 Wildtype cells (ssp1
+
 spc1

+
) are not significantly longer at 37°C (14.35µm ±0.78) 

than at 30°C (14.23um 0.93) (n>56 cells; p>0.05). ssp1
-
, spc1

-
, ssp1

-
 spc1

-
, as well as 

ssp1
-
 cells expressing the single-copy GFP-tagged ssp1 C-terminus (plus catalytic 

domain), N-terminus (plus catalytic domain) or just the catalytic domain in an spc1
+
 and 

spc1
-
 background are all significantly longer at 37°C than at 30°C (p<0.05). ssp1

-
 spc1

-

cells are significantly longer than spc1
- 
cells also expressing any of the GFP-tagged ssp1 

truncations at  30°C and 36°C (p<0.05) (Figure 4-4C and Table 4-3).  

 

4.4.6 Truncation of the ssp1 ORF alters the ability of Ssp1-GFP to accumulate at the 

cell membrane after hyperosmotic stress 

Full length Ssp1 transiently localizes from the cytoplasm to the cell membrane 

area rapidly after hyperosmolarity stress. Strong expression of truncated ssp1 largely 

reduces long-term stress sensitivity in ssp1
-
 cells. To investigate the effects of truncating 

the ssp1 gene on this stress dependent relocalization, we induced the three nmt1 

promoter-driven ssp1 truncation strains in EMM for 19 hours. We introduced these mid-

logarithmic growth cells into microfluidic flow chambers (Y2 microfluidic plate, 

CellASIC), providing a continuous supply of fresh media (EMM, 25°C) (ONIX 
TM

 Flow 
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Table 4-3: Cell length at 30°C and after four hours at 36°C  

Strain Cell length  

at 30°C (µm) 

Cell length after four  

hours at 36°C (µm) 

wildtype 14. 23±0. 93
 C

 14. 35±0. 78
 C

 

spc1
- 

15. 49±0. 98
 AB

 23. 43±2. 29
 ABC

 

ssp1
- 

15. 73±1. 42
 AB

 19. 23±2. 6
 AB

 

spc1
-
  ssp1

- 
21. 66±2. 95

 ABC
 27. 32±4. 18

 ABC
 

ssp1-B-terminus del +GFPint 13. 30±1. 04
 ABCD

 14. 10±0. 96
 BCD

 

ssp1-C-terminus del +GFPint 13. 73±0. 90
 ABCD

 16. 42±1. 19
 ABCD

 

ssp1-catalytic domain +GFPint 13. 77±1. 15
 ABCD

 15. 39±1. 17
 ABCD

 

spc1
-
 ssp1-B-terminus del +GFPint 16. 12±1. 26

 ABCD
 19. 19±2. 84

 ABCD
 

spc1
-
 ssp1-C-terminus del+GFPint 17. 31±2. 21

 ABCD
 25. 02±3. 24

 ABCD
 

spc1
-
  catalytic domain +GFPint 16. 51±1. 99

 ABCD
 21. 41±2. 65

 ABCD
 

 

Logarithmically growing cells in YEA were imaged at 30°C and after four hours of 

incubation at 36°C.  At least 56 cells were measured for each strain and temperature and 

reported measurements are the mean (± SD).  

A 
Significant difference in cell length from wildtype at the respective temperature  

B
 Significant difference in cell length between 25°C and 36°C (p<0. 05) 

C
 Significant difference in cell length from ssp1

-
 at respective temperature (p<0. 05) 

D 
Significant difference in cell length from spc1

-
 ssp1

-
 at respective temperature (p<0. 05) 
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Control System, CellASIC).  In the absence of stress, fluorescence in cells expressing the 

nmt1 promoter-driven C-terminus deletion construct is primarily restricted to the nucleus 

(Figure 4-5). Upon switching medium to EMM+0.6M KCl fluorescence produced by the 

Ssp1-C-terminus deletion protein remains nuclear, unlike full-length GFP-Ssp1, which 

localizes to the cell membrane promptly after osmotic stress. Approximately one minute 

after addition of the KCl stress the shape of the nuclei became distorted and jagged, 

however this effect was transient and a spherical nuclear shape was re-established by the 

11 minute time point.  To rule out that the (nuclear) accumulation of the Ssp1-C- 

terminus deletion protein leads to this “crumpled nucleus” effect, we next expressed a 

chromosomally integrated  pH-sensitive GFP derivative, fused to an NLS-sequence and 

under control of the nmt1 promoter (nmt1:phluorin-BLSint). These cells displayed a 

similar nuclear distortion after addition of 0.6M KCl, although there was a longer lapse of 

40 minutes until the nuclei appeared spherical once again. In unperturbed cells, 

localization of the fluorescence produced by cells expressing nmt1:ssp1-B-terminus 

deletion +GFP is similar to that of the full length overexpressed GFP-Ssp1 protein 

(Rupeš et al., 1999), where the protein is cytoplasmic, excluded from the nucleus and 

able to localize to the cell membrane and septum areas. When nmt1 promoter-driven 

nmt1:ssp1-B-terminus deletion +GFP cells in a microfluidic flow chamber were treated 

with hyperosmotic stress (EMM+0.6M) as described above they accumulated foci of 

fluorescence at the membrane area approximately three minutes after the treatment 

started (Figure 4-5). Foci remained bright for 15 minutes and then began to decrease and 
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Figure 4-5: Alteration of relocalization response in cells after hyperosmotic stress in 

cells expressing GFP-tagged ssp1 truncations. 

Mid-logarithmic growth phase nmt1:ssp1-C-terminus deletion +GFPint, nmt1:ssp1-B-

terminus deletion +GFPint, nmt1:ssp1-catalytic domain +GFPint and nmt1:phluorin-

BLSint  cells were imaged 19 hours after induction of the nmt1 promoter (EMM, 25°C). 

Cell were subjected to analysis in a microfluidic growth chamber (Y2 microfluidic plate, 

CellASIC) and provided with fresh EMM (25°C) (ONIX TM Flow Control System, 

CellASIC).  Hyperosmotic stress was induced via addition of EMM+0. 6M KCl at t=0 

(minutes).  Cells were imaged 12-16 times for up to 96 minutes.  For the sake of brevity, 

only five pictures per strain are shown.  
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diminished completely by 42 minutes after the start of the treatment. We noted several 

changes in cell morphology after addition of EMM+0.6M KCl. Cell morphology was 

more jagged, fission scars more obvious, and cell size (or volume) appeared reduced, but 

recovered in parallel with the disappearance of the bright foci. The appearance of S-

shaped septa at the three minute time point is concurrent with both the appearance of the 

bright foci and decrease in cell volume. Once cells normalize their cell shape and pre-

stress volume, the septa straightened out once again. Similar to over-expressed full length 

GFP-Ssp1 (Rupeš et al., 1999), even in the absence of stress, increased fluorescence at 

the cell membrane and/or septum is commonly observed. For example this is 

demonstrated at time point t=0 (no KCl stress). Fluorescence in nmt1:ssp1-B-terminus 

deletion +GFP cells localizes to the cell membrane or septum even in conditions without 

osmotic stress.  

Lastly we treated cells expressing the nmt1 promoter-driven ssp1 catalytic 

domain with 0.6M KCl stress in the microfluidic flow chamber. We did not detect any 

changes in fluorescence patterns post 0.6M KCl treatment, but fluorescence remained 

distributed throughout the cytoplasm and stronger in the nucleus (Figure 4-5). The GFP-

tagged Ssp1 catalytic domain is thus unable to localize to the cell membrane area after 

0.6M KCl hyperosmotic stress treatment. In these cells a transient S-shaped septa 

appeared between 4-5 minutes after introduction of 0.6M KCl, concurrent with a 

reduction in cell size (or volume). These changes were reversed by 20-25 minutes, when 

septum and cell shape normalized once again. 
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Characterization of the truncated ssp1 ORF revealed that expression of the 

catalytic domain is sufficient to allow proliferation of ssp1
-
 in conditions normally lethal 

for these cells, suggesting that kinase activity is required for the stress response function 

of Ssp1. To confirm this, we expressed catalytically-inactive, full-length, CFP-tagged 

ssp1 as a single-copy from the native promoter in an ssp1
-
 background. Substitution of a 

conserved lysine in the ATP binding pocket of the catalytic domain renders kinases 

inactive (Kamps and Sefton, 1986; Snyder et al., 1985). We substituted ssp1 Lys164 with 

Arg in a plasmid expressing ssp1-CFP from the native promoter and created a single-

copy integrant at the native ssp1 promoter (ssp1-K164R-CFPint). Five µl aliquots of mid- 

logarithmic growth phase ssp1
+
, ssp1

- 
(ssp1::ura4) and ssp1-K2R-CFPint cells in YEA 

medium at 10
6
, 10

5
, 10

4
 and 10

3
 cells/ml concentrations on solid YEA, YEA+0.6M KCl 

and EMM pH 3.5. Plates were incubated at 30°C and 36°C for four days. While ssp1
+
 

cells are able to proliferate in all conditions, the kinase-dead ssp1-K164R-CFPint cells 

were as stress sensitive as those lacking the ssp1 gene (Figure 4-6A). Mid-logarithmic 

growth phase cells (YEA, 30°C) were shifted to 36°C for four hours. Cell length of 

wildtype cells is not significantly different (p>0.05) from 30°C (14.01µm ± 0.72) after a 

shift to 36°C (14.14µm ± 0.71) for four hours (all: Student’s t-test; n=47). As expected 

(Matsusaka et al., 1995;Rupeš et al., 1999) ssp1
-
 cells are significantly longer (p<0.05) at 

37°C than at 30°C. Cells expressing the ssp1 K164R substitution are also significantly 

longer at 37°C than at 30°C (Figure 4-6B). These cells are significantly longer than 

wildtype at both temperatures, but significantly shorter than cells with ssp1 gene deletion 

at 30°C and 36°C. Together these results indicate that Ssp1 requires kinase activity to 
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Figure 4-6: Effect of ssp1 K164R mutation on cell length and stress sensitivity. 

A.  Cells in mid-logarithmic growth (YEA, 30°C) were spotted onto solid YEA, YEA + 

0. 6M KCl and EMM pH 3. 5at 10
5
, 10

4
, 10

3 
and 10

2
 cells per ml and incubated at 30°C 

and 37°C for four days.  B.  Cultures of wildtype, ssp1
-
 and ssp1-CFP-K164R cells 

(YEA, 30°C) were divided incubated for four hours at 30°C and 36°C.  Images were 

analyzed with ruler tool in Slidebook.  
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rescue stress sensitivity in ssp1
-
 cells and kinase activity and plays a role in its function as 

a mitotic activator. Proper subcellular localization is governed by the different protein 

domains. A combination of Ssp1 protein structure and catalytic action is therefore 

important for full Ssp1 function. This is also seen in Cdr2 kinase. Cdr1 and Cdr2 kinases 

are involved in nutritional size control in fission yeast (Young and Fantes, 1987) and act 

as negative regulators of the Wee1 mitotic activator (Breeding et al., 1998; Kanoh and 

Russell, 1998). Loss of Cdr2 kinase-function does not impair its dynamic subcellular 

location, however truncation of the C-terminus does. Kinase-activity of Cdr2 is required 

to rescue the nitrogen-deprivation effect of cdr1 null strains. Like overexpression of 

wildtype Cdr2, overexpression of kinase-dead protein is lethal, resulting in extreme 

branching and cell separation failure. Although unable to hyperphosphorylate its 

interacting partners, the Cdr2 catalytic domain appears to interact with and titrate these 

factors (Morrell et al., 2004). 

4.4.7 The exportin Crm1 is involved in the nuclear export of Ssp1-GFP   

We showed that cells expressing the GFP-tagged ssp1 C-terminus deletion 

construct fluoresce primarily in the nucleus. Full length Ssp1 is cytoplasmic during 

logarithmic growth, but accumulates in the nucleus in a sub-population of cells after a 

few days on solid YEA medium (data not shown). Activated (phosphorylated) Spc1 

MAPK transiently localizes to the nucleus in an Atf1-Pcr1 dependent manner (Gaits et 

al., 1998). A return to the cytoplasm within 20 minutes takes place concurrently with 

dephosphorylation of Spc1 by Pyp1 and Pyp2 phosphatases and a decrease in stress-

induced gene expression.  Nuclear export of Spc1 also requires the essential exportin 
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Crm1 (Gaits et al., 1998; Gaits and Russell, 1999; Nguyen et al., 2002; Toone et al., 

1998). The presence of three putative NES motifs in Ssp1 suggested that it might be 

subject to Crm1 exportin-dependent nuclear export (Fukuda et al., 1997). We expressed 

full length ssp1-GFPint in a crm1-801 genetic background.  The crm1-809 mutant is cold 

sensitive (lethal at 22°C) (Adachi and Yanagida, 1989), but has a nuclear export defect at 

the permissive temperature (30°C) (Fukuda et al., 1997). After confirming ssp1-GFPint 

crm1-809 lethality at 22°C, we incubated ssp1-GFPint crm1-809 and ssp1-GFP crm1
+
 

cells in YEA liquid media (30°C) and allowed the cultures to come to saturation and 

slowly deplete nutrients over three days.  At t=24h in both strains Ssp1-GFP localization 

was identical to that of log-growth cultures, mainly cytoplasmic and excluded from the 

nucleus.  Results were similar at t=48h (data not shown), however by t=72h a sub-

population of ssp1-GFPint crm1-809 had accumulated Ssp1-GFP protein in the nucleus, 

while the remainder of cells displayed the characteristic cytoplasmic localization pattern 

of Ssp1-GFP. This subpopulation effect suggests that Ssp1-GFP accumulation is only 

transient (Figure 4-7A). To determine if either limited glucose or nitrogen is the trigger 

for a transient increase in nuclear localization of Ssp1-GFP, we incubated ssp1-GFPint 

crm1-809 cells in EMM and collected aliquots of mid-logarithmic cells by filtration. 

Cells were washed with and subsequently incubated in EMM, EMM (no nitrogen) or 

EMM (no glucose) at 30°C. After nine hours cells crm1
+
 cells in EMM Ssp1-GFP was in 

the cytoplasm. The nuclear exclusion was not obvious in cells with a crm1-809 genetic 

background. crm1-809 cells accumulated fluorescence in the nucleus in EMM lacking 

glucose, but not in medium lacking nitrogen. 
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Figure 4-7: Role of exportin Crm1 in nuclear accumulation of Ssp1-GFP after glucose 

deprivation. 

A.  Mid-logarithmically growing cells expressing ssp1-GFPint in a crm1
+ 

or crm1-801 

genetic background (YEA, 30°C) were allowed to enter stationary phase.  Cells were 

imaged during logarithmic growth phase and during stationary phase (Day 3).  B.  Cells 

expressing ssp1-GFPint in a crm1
+ 

or crm1-801 genetic background were cultured to 

mid-logarithmic growth phase in EMM (30°C).  Cells were collected by vacuum 

filtration, washed and resuspended in EMM, EMM lacking glucose or EMM lacking 

nitrogen and incubated for nine hours (30°C).   C. ssp1-GFP crm1
+ 

and ssp1-GFPint 

crm1-801 cells were cultured to mid-logarithmic growth in YEA (30°C) and harvested by 

centrifugation.  Cells were washed in glucose-free YEA and resuspended in YEA or YEA 

(no glucose), incubated for four more hours (30°C), and imaged.  D. Cytoplasmic/nuclear 

fluorescence intensity ratios were determined using Slidebook.  E. Mid-logarithmic 

growth cells (YEA, 30°C) expressing ssp1-B-terminus deletion +GFP were harvested by 

centrifugation, washed with glucose-free YEA and resuspended in YEA and glucose-free 

YEA.  Cells were incubated at 30°C for four hours and imaged.  
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These results suggest that the absence of glucose, but not nitrogen, prompts a transient 

increase in the rate of nuclear import of Ssp1-GFP, which is exacerbated in cells with a 

nuclear export defect due to the crm1-809 mutation (Figure 4-7B). Imaging of ssp1-GFP 

cells in minimal medium is more difficult since Ssp1-GFP protein levels are much lower 

than in cells grown in YEA medium (Figure 4-8A). We performed subsequent analyses 

on cells cultured in YEA medium. Cultures of mid-logarithmic growth phase ssp1-

GFPint cells in a crm1
+
 and crm1-809 background were divided and harvested by 

centrifugation. Cells were washed with and resuspended in either YEA or YEA (no 

glucose) and incubated for four hours (30°C) (Figure 4-7C). We used the masking tool in 

Slidebook (Intelligent Imaging Innovations) to determine the cytoplasmic/nuclear (C/N) 

fluorescence intensity ratio, after subtracting background fluorescence (Figure 4-7D). 

The C/N ratio was significantly higher in crm1-809 cells in the presence of glucose (1.14 

± 0.14, n=41) than after four hours of glucose starvation (0.57 ± 0.16, n=41) (all: 

Student’s t-test p<0.05). The C/N ratio of crm1
+ 

cells was significantly higher in YEA (+ 

glucose) (1.79 ± 0.26, n=40; p<0.05) than following incubation in YEA (- glucose) (1.21 

± 0.30, n=40; p<0.05). Nuclear fluorescence was higher than cytoplasmic fluorescence in 

crm1-809 cells in YEA (glucose-free). Since the GFP-tagged Ssp1 N-terminal deletion 

construct fluoresces primarily in the cytoplasm and is excluded from the nucleus we 

wondered if fluorescence would still accumulate in the nucleus in a crm1-809 

background and under glucose restricted conditions. After four hours of incubation in 

glucose-free YEA medium, crm1-809 cells expressing the single copy GFP-tagged N-

terminal truncation of ssp1 accumulate nuclear fluorescence (Figure 4-7E). Ssp1-GFP 
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clearly is cycling into the nucleus in cells deprived of glucose and the ssp1 N-terminus is 

not required for this response.  

4.4.8 Ssp1 is hyper-phosphorylated in glucose deprived conditions 

We can detect an increase in nuclear Ssp1-GFP localization within four hours 

after cells are transferred from media containing glucose to glucose-free conditions. Ssp1 

is a phosphoprotein and can be dephosphorylated in vitro (Wilson-Grady et al., 2008). 

Ssp1 is phosphorylated in unperturbed conditions, however we have not yet identified 

conditions in which phosphorylation levels change (S.I. Freitag and P. G. Young; 

unpublished 2009). Recently Hanyu et al. (2009) showed that Ssp1 is essential for 

efficient proliferation in low-glucose (0.1% and below). We were therefore interested in 

nutritionally regulated changes to Ssp1 phosphorylation levels. Mid-logarithmic ssp1-

GFPint cells (YEA, 30°C and EMM, 30°C) were harvested by centrifugation and washed 

with 25ml YEA (no glucose) to remove residual glucose. Both YEA and EMM are 

supplemented with 2% glucose for the +glucose condition. Cells were resuspended in 

YEA (2% glucose or glucose-free) and EMM (2% glucose or glucose-free) and incubated 

for four more hours. Cell extracts were subjected to SDS-PAGE and immunoblotting. A 

lower mobility band corresponding to Ssp1-GFP from lysates of cells in the glucose-free 

treatments, compared to that of lysates prepared from cells grown in the presence of 

glucose suggest that Ssp1-GFP is hyperphosphorylated in cells deprived of glucose for 

four hours (Figure 4-8A). The bandshift was evident both in minimal medium (EMM) 

and rich medium (YEA), however general expression of Ssp1-GFP is lower in EMM than 

in YEA medium even in the presence of glucose. Since glucose levels above 0.1% are  
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Figure 4-8: Hyperphosphorylation of Ssp1 after glucose deprivation 

A.  Mid-logarithmically growing ssp1-GFP cells (EMM and YEA) were collected by 

centrifugation, washed with glucose-free EMM or YEA respectively and resuspended in 

EMM and YEA (+ or – glucose) for four hours before harvesting and protein extraction.  

The Coomassie-stained membrane demonstrates equal loading.  Lanes contain 15µg 

complete lysate.  B.  Mid-logarithmically growing ssp1-GFP cells (YEA: 2% glucose) 

were collected by centrifugation, washed with glucose-free YEA and incubated in YEA 

(2%, 0. 1% or 0% glucose) for four more hours. C.  ssp1-B-terminus deletion +GFP, 

ssp1-C-terminus deletion +GFP and ssp1-catalytic domain +GFP cells in mid-

logarithmic growth phase were harvested, washed YEA (- glucose) and incubated for 

four hours in YEA (+ or – glucose).  D.  Mid-logarithmic growth-phase ssp1-B-terminus 

deletion +GFP cells were collected by centrifugation, washed with glucose-free YEA 

and incubated for four more hours in YEA (+ or – glucose).  Cells were harvested and 

proteins extracts prepared in the presence and absence of phosphatase inhibitors.  15µg 

phosphatase-inhibitor-free lysates were subjected to lambda phosphatase treatment 

(NEB) for 30 minutes (30°C).  Control lysates were prepared in the absence of 

phosphatase inhibitors and lambda phosphatase and in the presence of phosphatase 

inhibitors and absence of lambda phosphatase.  A-D. Cells were incubated at 30°C. 

Protein extracts were subjected to SDS-PAGE (8% acrylamide) and immunoblotting.  
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thought to be required for efficient proliferation in the absence of Ssp1 (Hanyu et al., 

2009), we wondered if 0.1% glucose is the cutoff for hyperphosphorylation of Ssp1. 

ssp1-GFPint cells (YEA, 2% glucose; 30°C) were harvested and washed in glucose-free 

YEA as before. Cells were resuspended in an excess of YEA supplemented either with 

2%, 0.1% or 0% glucose and harvested after incubation for four hours. Immuno-blotting 

of the lysates revealed a bandshift in the lysates produced from cells without added 

glucose, but not in those incubated in YEA containing 0.1% or 2% glucose (Figure 4-

8B). Next, mid-logarithmic growth phase  (YEA 2% glucose, 30°C) ssp1-GFP truncation 

integrants were subjected to glucose deprivation (YEA, glucose-free, 30°C) for four 

hours. Analysis of lysates by SDS-PAGE and immunoblotting revealed slower migration 

and a shift in the band corresponding to the glucose-deprived ssp1-B-terminus deletion 

+GFP (Figure 4-8C). We did not observe a change in migration pattern in either the 

Ssp1 C-terminus deletion or catalytic domain alone. To determine if the bandshift in the 

N-terminal deletion construct lysates can be removed by treatment with lambda 

phosphatase we repeated the four hour glucose restriction treatment. Mid-logarithmic 

cells grown (YEA, 30°C) grown in the presence, as well as cells after four hours of 

glucose restriction were harvested. Lysates were extracted in the presence and absence of 

phosphatase inhibitors (PI). Lysates lacking PI were treated with lambda phosphatase and 

analyzed by SDS-PAGE and immunoblotting. The phosphatase treated lysates (no PI, 

+Ptase) produced a single band that migrated faster than the one corresponding to the 

control lanes (no PI, -Ptase; PI, -Ptase), showing that the multiple, slow-migrating bands 

are caused by hyperphosphorylation (Figure 4-8D).  
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Hanyu et al. (2009) identified Ssp1 phosphorylation sites in the ssp1 ORF, 

suggesting that Ssp1 may be subject to phosphorylation by Pka1 kinase. Ssp1-GFP is still 

hyperphosphorylated in the absence of pka1 when glucose is removed from the medium, 

indicating that hyperphosphorylation does not solely depend on pka1 (Figure 4-8E). 

Appearance of a slow-migrating band in ssp1-GFPint pka1
-
 cells in the absence of 

glucose suggests some phosphorylation is Pka1 dependent, however the fast-migrating 

bands are still present, identical to those in the pka1
+

 cells. Cells in +glucose and -glucose 

conditions both show Ssp1 phosphorylation, with basal levels of phosphorylation in cells 

growing in glucose rich conditions, and hyperphosphorylation when glucose is removed.  

4.5 Discussion 

The role of Ssp1 as a stress response kinase has been well established (Matsusaka 

et al., 1995; Robertson and Hagan, 2008; Rupeš et al., 1999). Identified as the putative 

fission yeast CamKK, its importance in promoting growth in low glucose conditions 

(Hanyu et al., 2009) and during stationary phase (Sajiki et al., 2009) has been 

documented recently. Here we show that Ssp1-GFP protein can be detected not only 

during logarithmic growth phase but also in stationary phase and during the sexual cycle. 

Truncation of the ssp1 ORF alters the subcellular localization of the gene product and 

affects its ability to localize to the cell membrane after hyperosmotic stress. Substitution 

of a key lysine residue (Lys164) in the ATP binding pocket to arginine leads to cell cycle 

delay and stress sensitivity. An increase in localization of Ssp1 to the nucleus is evident 

when glucose is restricted and accumulation of Ssp1 in the nucleus is amplified in a 
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crm1-809 genetic background. Ssp1 is constitutively phosphorylated during logarithmic 

growth and hyperphosphorylated when glucose is removed from the growth medium. 

4.5.1  Ssp1 expression in vegetative and sexual life cycles 

Initiation and progression of the sexual life cycle brought on by nitrogen 

starvation involves the up or down-regulation of half the fission yeast genome. More than 

two-fold up-regulation of almost 2000 genes occurs during the meiotic cycle including 

more than five-fold up-regulation of 700 genes (Mata et al., 2002). This is contrasted 

with the down-regulation of hundreds of other genes. Approximately 1000 genes 

involved undergo four-fold or higher up-regulation over vegetative cells and at least 20 

genes usually induced during environmental stress are up-regulated throughout early 

nitrogen starvation. A cluster of 28 genes normally up-regulated during stress conditions 

is induced after meiotic division and during spore maturation (Mata et al., 2002). ssp1 is 

among a group of 561 genes which have peak transcription during meiotic division. Other 

genes in this group include mitotic regulators and genes required for progression through 

mitosis: the mitotic activator Cdc25 and cyclin Cdc13, condensin complex and spindle-

pole body components, kinesins, as well as kinases of the Polo, Aurora and NimA 

families and anaphase promoting complex components (Mata et al., 2002). Ssp1 is both a 

mitotic activator and a stress response protein (Matsusaka et al., 1995; Rupeš et al., 

1999), therefore its role during the sexual life cycle is not surprising. Increase in ssp1 

induction is mei4 dependent, starts approximately four hours into meiotic phase, peaks at 

the second meiotic division (MII) and stays elevated through spore formation (Mata et 
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al., 2002). This is consistent with our observations. Ssp1-GFP is visible in the zygotic 

cytoplasm and in two out of four spores generated from an ssp1-GFP x ssp1
+
 cross, 

indicating loss of pre-existing protein and de novo production of Ssp1-GFP in the spores. 

New Ssp1 protein is thus present throughout spore formation and cells re-entering 

vegetative growth in changing environmental conditions.  

4.5.2 Truncation of the ssp1 gene alters subcellular localization  

A predominantly cytoplasmic protein, Ssp1 transiently localizes to the cytoplasm 

after hyperosmotic stress (Rupeš et al., 1999), however the findings of a large-scale study 

Ding et al. (2000) reported nuclear localization of Ssp1. Ssp1 is important in the long-

term survival of cells in stationary phase (Sajiki et al., 2009) and we have observed that 

Ssp1-GFP accumulates in the nucleus when ssp1-GFPint cells are left to enter stationary 

phase on solid YEA medium (data not shown). To further our understanding of the 

importance of ssp1 C-terminal, N-terminal and catalytic domains we constructed and 

expressed appropriate GFP-tagged ssp1 gene truncations. Fluorescence patterns produced 

by the Ssp1 N-terminus deletion +GFP construct were identical to full length GFP-Ssp1: 

cytoplasmic fluorescence in unperturbed cells transiently accumulated at the cell 

membrane after 0.6M KCl treatment, suggesting that the truncated aa 1-109 are 

dispensable for this re-localization response. Interestingly, truncation of the ssp1 C-

terminus (aa 447-652) led to almost exclusive nuclear accumulation, whereas the GFP-

tagged catalytic domain (with flanking regions) produced pancellular fluorescence with 

higher fluorescence levels in the nucleus. Increased nuclear fluorescence in this construct 
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could occur as a result of either increased nuclear import or decreased nuclear export, 

assuming that Ssp1 is actively shuttled in and out of the nucleus. The putative classical 

NLS (RRPK) at R171, located within the catalytic domain appears to be important for 

nuclear import of Ssp1. The presence of cytoplasmic fluorescence in cells expressing the 

GFP-tagged catalytic domain is an indication that nuclear export, albeit at a slower rate, 

is still taking place. A faint nuclear signal is visible when expressing the C-terminal 

truncation. The putative NES sequences at V156 or P394 (or both), localized within the 

catalytic domain, likely play a minor role in the export of Ssp1. Neither the GFP-tagged 

ssp1 N-terminal domain nor the catalytic domain alone localize to the cell membrane 

after hyperosmotic stress, yet neither truncation leaves cells sensitive to hyperosmotic, 

heat or low pH stress. Localization of Ssp1 to the cell membrane after hyperosmotic 

stress is therefore not required in order for Ssp1 to fulfill its stress response role under 

any of these conditions. As a single-copy, chromosomal integrant, an intact ssp1 catalytic 

domain alone is sufficient to provide stress response similar to that of the full length 

protein and allow proliferation. Largely nuclear fluorescence suggests an export defect, 

highlighting the importance of export signals in the C-terminus.  

Nuclear distortion and S-shaped septa were observed concomitantly with 

decreased cell volume after treatment with 0.6M KCl. S-shaped septa are likely caused 

by the decrease in total cell volume, leading to compression of the septum. Once proper 

cellular volume is obtained again this distortion of the septum is resolved.  

Cells lacking both ssp1 and spc1 stress kinases are unable to proliferate in stress 

conditions that are tolerated by either single mutant (Rupeš et al., 1999). In an spc1
-
 



113 

 

background expression of the GFP-tagged ssp1 C-terminus (plus catalytic domain) and 

catalytic domain alone, but not the N-terminus (plus catalytic domain), allows growth at 

37°C, suggesting that cytoplasmic Ssp1 is important for growth at elevated temperatures 

in the absence of spc1. Ssp1 is involved in stress-induced actin reorganization and 

required for new end take off (NETO) at high temperatures, although cells are still able to 

proliferate (Rupeš et al., 1999). Additionally cell cycle delay at 37°C is most pronounced 

in the spc1
-
 ssp1-C-terminus deletion +GFP strain. The presence of ssp1 in the 

cytoplasm appears to be absolutely required in the absence of spc1 in these conditions. 

4.5.3 The ssp1-K164R substitution leads to mitotic delay and stress sensitivity 

 The finding that GFP-tagged catalytic domain of ssp1 was largely able to rescue 

stress sensitivity ssp1
-
 cells suggested that kinase activity is a very important component 

in the role of Ssp1 in stress response. Stress dependent activation of MAPK Spc1 relies 

on phosphorylation by MAPKK (Degols et al., 1996; Kato et al., 1996; Warbrick and 

Fantes, 1991) and is followed by transient localization to the nucleus where it interacts 

with and phosphorylates transcription factors, for example Atf1-Pcr1(Gaits et al., 1998; 

Shiozaki and Russell, 1996). Since either Ssp1 or Spc1 are required for survival in 

conditions such as hyperosmotic stress, Ssp1 likely plays a role in glycerol synthesis, a 

major component of the response to osmotic stress (Rupeš et al., 1999). Regulation of 

transcription factors could be via direct phosphorylation of transcription factors or 

indirectly through phosphorylation of their regulators.  
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Another interesting role of Ssp1 is its involvement in growth polarity and actin 

depolymerization (Rupeš et al., 1999). Fission yeast cell growth occurs at both cell tips 

while keeping a constant cylindrical shape (Johnson, 1965; Streiblová and Wolf, 1972). 

Newly divided cells undergo new end take-off (NETO) in late G2 phase, where mono-

polar growth at the cell’s old end is followed by an initiation of growth at the newly 

formed end, concurrent with the redistribution of cortical actin patches from old to new 

cell ends (Mitchison and Nurse, 1985; Sawin and Nurse, 1998). In fission yeast, ssp1 is 

required for NETO at high temperatures and cells lacking ssp1 are also unable to 

transiently disperse actin monomers following hyperosmotic stress (Rupeš et al., 1999). 

Epithelial (Marbin-Darby canine kidney) cells rapidly rearrange their f-actin cytoskeleton 

after hyperosmotic shock, brought on by activation of AMPK. Conversely, activation of 

AMPK by the AMPK activator A-769662 leads to disorganization of f-actin and the 

disappearance of stress fibers. The CaMKKβ pathway is involved in the hyperosmolarity 

dependent AMPK activation. CamKKβ inhibitor STO-609-dependent inhibition of 

CamKKβ leads to a reduction of hypertonicity-induced, but not basal, phosphorylation of 

AMPK (Miranda et al., 2010).   

4.5.4 Increase in nuclear localization of Ssp1 after glucose restriction 

Nuclear export of Ssp1 occurs through the exportin Crm1; Ssp1-GFP 

concentration increases in the nucleus in crm1-809 cells and accumulates strongly within 

four hours after a switch to glucose-free medium. Ssp1 and Spc1 have overlapping stress 

phenotypes (Hanyu et al., 2009; Rupeš et al., 1999), and Ssp1 is important for growth in 
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low glucose conditions (Hanyu et al., 2009). Increased nuclear import (or decreased 

nuclear export) of Ssp1 supports a direct or indirect role, in affecting transcription of 

genes important in the cellular response to depleted extracellular glucose levels, or as part 

of a general response to cellular stress caused by low glucose levels. crm1-809 cells 

expressing the GFP-tagged ssp1 C-terminal still accumulate  nuclear fluorescence, 

indicating that nuclear import still occurs when required.  

4.5.5 Hyperphosphorylation of Ssp1 in glucose-deprived cells 

Ssp1 is a phosphoprotein and can be dephosphorylated in vitro (Hanyu et al., 

2009; Wilson-Grady et al., 2008). Basal phosphorylation is constitutive and not affected 

by stressors such as hyperosmolarity, low pH or heat (S. Freitag and P. Young, 2011; 

unpublished). An increase in Ssp1 phosphorylation levels is detected only after complete 

removal of glucose. This hyperphosphorylation does not occur when glucose levels in the 

growth media are low (0.1%), suggesting that this is a response to glucose starvation. We 

detected hyperphosphorylation in full length Ssp1, as well as in the N terminal truncation, 

but not in the C-terminal truncation, nor in the catalytic domain, indicating that the 

pertinent phosphorylation sites are located within aa 447-652. Previous work identified 

seven possible phosphorylatable residues in this span at S526, S527, T578, S579, T582, 

S587 and S590 (Hanyu et al., 2009).         

Our results indicate that in addition to extracellular stress, subcellular localization 

of Ssp1 is dependent both on its C-terminal and N-terminal and catalytic domains, as well 

as glucose availability. Nuclear export of Ssp1 after transient nuclear localization upon 
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glucose restriction depends on the exportin Crm1. The role of Ssp1 in stress response 

does not depend on its ability to localize to the cell membrane, but does require its kinase 

activity.   
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Chapter 5 

General Discussion 

Recent studies supported by sequence similarity data indicate that Ssp1 may be 

the S. pombe CamKK orthologue (Hanyu et al., 2009). One interesting role of CaMKKs 

is to provide upstream regulation to the AMP-activated kinases (AMPK) (Hawley et al., 

2005; Woods et al., 2005). Extensively conserved in eukaryotes, AMP-activated kinases 

regulate intracellular energy homeostasis (reviewed by Carling, 2004; Kemp et al., 2003). 

Activated when available energy is low (and AMP is high), AMPK stimulates and 

inhibits ATP-generating and consuming processes respectively (reviewed by Kemp et al., 

2003; Ruderman and Prentki, 2004). Glucose depletion, as well as environmental 

stressors lead to the activation of the budding yeast AMPK homologue SNF1 by 

phosphorylation of T210 via one of the SNF1 activators SAK1, TOS3 or ELM1 (Hong et 

al., 2003; Sutherland et al., 2003). Deletion of all three AMPK activators is required to 

confer a strong growth defect upon depletion of preferred carbon sources (Hong et al., 

2003; Sutherland et al., 2003). Negative regulation occurs through the PP1 phosphatase 

(REG1-GLC7) (Ludin et al., 1998; McCartney et al., 2005; Tu and Carlson, 1995). 

Details about the functions of the putative AMPK/SNF1 catalytic homologues in S. 

pombe, Ppk9 and Ssp2, have yet to be determined (Bimbo et al., 2005; Matsusaka et al., 

1995), however the AMPK γ-subunit Cbs2 associates with Ssp2 and Ppk9, as well as 

Amk2, a protein with similarity to the β-subunit (Hanyu et al., 2009).  AMPK is 

considered a putative Ssp1 substrate (Hanyu et al., 2009) (Figure 5-1).
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Figure 5-1: A model of Ssp1 protein kinase in the cell 

Largely cytoplasmic and excluded from the nucleus in normal growth conditions, Ssp1 

accumulates at the cell membrane, forming foci, after 0.6M KCl stress. Ssp1 may interact 

with a transmembrane protein (Aim27), detected as a yeast two-hybrid interacting partner 

of Ssp1. Cytoplasmic Ssp1 in unperturbed cells has basal phosphorylation and this 

phosphorylation state remains unchanged after 0.6M KCl stress, heat stress (36C) or pH 

3.5.  14-3-3 binding of Ssp1 in unperturbed cells is reduced after 0.6M KCl stress.  Ssp1 

shuttles in and out of the nucleus and nuclear export is dependent on the exportin Crm1. 

Removal of glucose from the growth medium causes hyperphosphorylation and an 

increase in nuclear import of Ssp1. Nuclear Ssp1 may directly or indirectly interact with 

transcription factors.  Ssp1 is a putative fission yeast CaMKK homologue and is required 

for efficient cell division in low glucose conditions (0.1%). AMPK is thought to be a 

putative Ssp1 substrate, where PP2A and Ppe1 act as opposing phosphatases. Like Ssp1, 

Sds23 phosphatase is also required for efficient growth in low glucose (Hanyu et al., 

2009).  
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5.1 Interaction with 14-3-3  

The importance of Ssp1 in cellular stress response is well established. A yeast 

two-hybrid screen using the full length ssp1 ORF was employed to identify Ssp1 

interacting proteins, upstream regulators, effectors or substrates. A number of interesting 

putative interacting proteins were identified and further study was initially focused on the 

14-3-3 proteins Rad24 and Rad25. Interaction of Ssp1 with both 14-3-3 proteins was 

verified by co-immunoprecipitation and independently demonstrated by Ssp1-FLAG 

pull-down (Hanyu et al., 2009). A possible role for the Ssp1-Rad24 association is for the 

negative regulation of Ssp1’s stress-induced localization to the cell membrane. The 

physical interaction of Ssp1 with Rad24 is reduced after treatment with 0. 6M KCl, a 

stressor that triggers the transient accumulation of Ssp1-GFP at the cell membrane. At the 

same time, loss of rad24 does not prevent this relocalization, whereas strong over-

expression of rad24 drastically reduces the response. Association with Rad24 may thus 

function like a cytoplasmic anchor for Ssp1 until it dissociates after an extracellular 

increase in osmolarity. 14-3-3 proteins are often implicated in the spatial regulation of 

proteins. In S. pombe, DNA damage and replication checkpoint activation leads to the 

phosphorylation and subsequent 14-3-3 dependent nuclear export of the mitotic activator 

Cdc25 (Chen et al., 1999; Ford et al., 1994; Lopez-Girona et al., 1999). Similarly, after 

environmental stress Srk1 phosphorylates Cdc25, allowing 14-3-3 binding and 

consequent nuclear export and cytoplasmic accumulation (López-Avilés et al., 2005). 

During vegetative growth, 14-3-3 proteins also retain Byr2, a protein involved in mating 
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and sporulation, in the cytoplasm thereby preventing it from binding to Ras1/GTP, 

located at the cell membrane (Ozoe et al., 2002).  

Loss of the rad24 gene reverses the cell elongation phenotype of ssp1
-
 cells even 

at high temperatures, indicating that ssp1 and rad24 work antagonistically in terms of cell 

cycle progression. The rad24 mutation also overrides 0. 6M KCl stress sensitivity at 

36°C but not the pH 3. 5 sensitivity of ssp1
-
 cells, highlighting epistasis of rad24

-
 with 

ssp1
- 
sensitivity to 0.6M KCl stress. Finally, in ssp1

-
 rad24

- 
strains, actin polarity and cell 

morphology problems normally associated with loss of ssp1 are rescued.  

5.2 Alteration of subcellular Ssp1 localization by truncation of Ssp1 

Ssp1 is localized to the cytoplasm and excluded from the nucleus in 

logarithmically growing cells under optimal nutritional conditions, such as YEA rich 

medium or EMM. Previous results indicated that Rad24 plays a role in the negative 

regulation of Ssp1’s localization to the cell membrane after osmotic stress. Another 

interesting aspect of Ssp1 subcellular localization is the accumulation of strong nuclear 

fluorescence in ssp1-GFPint under sub-optimal nutritional conditions, for example when 

left to enter stationary phase on solid YEA medium. This atypical localization, brought 

on by changed nutrient availability, showed that Ssp1 traffics through and sometimes is 

retained in the nucleus at least under some conditions. It is interesting that a YFP-tagged, 

truncated Ssp1, produced a nuclear fluorescence signal in a large-scale study (Ding et al., 

2000). The significance of this was not appreciated since it was only a fragment of the 

protein and the observation was not pursued.  
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The sub-cellullar localization of GFP-tagged C-terminal, N-terminal and catalytic 

domains of ssp1 expressed in ssp1
-
 cells is dependent on its C-terminal and N-terminal 

domains. The GFP-tagged N-terminal truncation was comparable to that of full length 

Ssp1, briefly localizing to the cell membrane after KCl stress. However, the catalytic 

domain was pancellular and the C-terminal construct was almost exclusively confined to 

the nucleus. Neither of these latter two constructs moved to the plasma membrane 

following stress. Stress sensitivity was similar to that of wildtype cells in all cases, 

suggesting that the re-localization response of Ssp1, although occurring almost 

immediately after stress, is not required for long-term cellular survival.  

5.3 Ssp1 and cortical actin patch localization after osmotic stress  

Previous research proposed a model where Ssp1 functions to form or recruit actin 

patches to the cell membrane to help reinforce areas of new growth after osmotic stress 

(Rupeš et al., 1999). ssp1-CFPint and arp3C-YFP int (which co-localizes with cortical 

actin patches) were co-expressed in cells exposed to hyperosmotic (KCl) stress. 

Intriguingly there was very little overlap in the localization of Ssp1-GFP and Arp3C-YFP 

after osmotic stress, suggesting that actin patches are not recruited directly to sites of 

Ssp1 accumulation at the cell membrane. Indeed Z-stacks of post-hyperosmotic stress 

nmt1:GFP-ssp1 expressing cells produced a banding pattern of fluorescence that 

corresponds with the localization of division scars. Currently the function of this band is 

unknown and the mechanism of its localization has not been explored. The S. pombe 

protein SPAC32A11.02c appears to have a similar localization pattern (Hayashi et al., 
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2009; Matsuyama et al., 2006). Although its function is unknown, microarray gene 

expression data indicates a sharp increase in response to stress (Chen et al., 2003). The 

peak response is very similar to the timing of the membrane localization of Ssp1 under 

similar circumstances.  

5.4 Ssp1 kinase activity is important in stress response and G2/M transition  

All three ssp1 truncations included the catalytic domain. To test whether the 

catalytically dead version of the protein had the full ssp1
-
 deletion phenotype, an ssp1-

K164R-CFP construct was integrated at the native promoter. The K164R substitution is a 

key residue in the kinase's ATP binding pocket, abolishing its kinase activity. ssp1-

K164R-CPFint cells have a stress sensitivity phenotype comparable to that of ssp1
-
 and 

display mitotic delay,  however not quite as much as ssp1
-
. This difference in cell size as 

an indicator of mitotic delay suggests that the protein may participate in interactions 

independently of its catalytic function.  

5.5 Ssp1 hyperphosphorylation and nuclear localization upon glucose deprivation 

The ssp1-GFPint strain allowed us to follow localization of Ssp1 at native expression 

levels throughout the vegetative and sexual life cycles, as well as during stationary phase 

brought on by nutrient restriction. Predominantly cytoplasmic and excluded from the 

nucleus, Ssp1-GFP is present at constant levels throughout the vegetative cell cycle. 

Following conjugation, it is present in the cytoplasm following fusion to form a zygote 

and is produced de novo in newly formed spores. This coincides with a strong increase in 

ssp1 transcription during meiosis (Mata et al., 2002). Removal of glucose, but not 
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nitrogen, from the growth medium increases nuclear accumulation of Ssp1. Nuclear 

accumulation of Ssp1 in crm1-809 cells after glucose restriction indicates that nuclear 

export is crm1 dependent. Ssp1 is phosphorylated in actively growing cells and 

hyperphosphorylated within four hours of complete glucose deprivation. Although Ssp1 

is thought to play an important role in allowing efficient growth in low glucose 

conditions (0. 1%), this level of glucose in the growth medium suppresses the 

hyperphosphorylation response.  

5.6 Future research 

5.6.1 Hyperphosphorylation of Ssp1  

Displaying constitutive basal phosphorylation, Ssp1 is hyperphosphorylated 

within four hours after glucose removal from the growth medium. Previous studies 

identified putative phosphorylation sites throughout the Ssp1 protein and our truncation 

studies allowed us to narrow down the sites of hyperphosphorylation to a stretch of 

amino-acids from aa 447-652 (S526, S527, T578, S579, T582, S587 and S590) (Hanyu et 

al., 2009; Wilson-Grady et al., 2008). Site directed mutagenesis of these residues to non-

phosphorylatable alanine will narrow down which residue(s) are phosphorylated after 

glucose deprivation. SDS-PAGE and immunoblotting can visualize gross changes in 

protein mobility. If band shifts cannot be detected, protein phosphorylation sites in 

purified epitope-tagged Ssp1 protein could be subjected to gel electrophoresis, followed 

by Maldi/TOF (matrix-assisted laser desorption/ionization time-of-flight mass 

spectrometry) (Zhang et al., 1998). 
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Further research should also explore the possibility that Ssp1 autophosphorylates. 

The death-associated protein kinase (DAPK) phosphorylates the human brain CaMKK 

serine/threonine kinase, important for neuron survival. CaMKK is phosphorylated on 

S511, located next to the CaM recognition motif. Phosphorylation of CaMKK by DAPK 

attenuates CaM-induced CaMKK autophosphorylation (Schumacher et al., 2004). The 

protein with most homology to DAPK in S. pombe is Cmk1 (calcium/calmodulin-

dependent kinase) (Rasmussen, 2000) and CMK2 in S. cerevisiae (Cyert, 2001).  

5.6.2 Forced nuclear localization of full-length Ssp1 

Cytoplasmic localization of Ssp1 is required in an spc1
-
 background and thus 

spc1
-
 cells expressing the predominantly nuclear N-terminus of Ssp1 fail to proliferate at 

37°C. The N-terminal and catalytic domain alone, when expressed in spc1
-
 cells, allow 

survival of spc1
-
 suggesting that cytoplasmic localization is a requirement in spc1

-
. 

Expression of a full-length constitutively nuclear Ssp1 construct in spc1
-
 would 

determine if cytoplasmic localization, not truncation of the C-terminus causes this 

temperature stress sensitivity. Nuclear export of Ssp1 is dependent on Crm1. Mutation of 

key hydrophobic residues in the NES to alanine of Rad24 abolished cytoplasmic retention 

of Cdc25 (Kumagai et al., 1998). Similarly, systematic mutagenesis of the putative NES 

sequences in Ssp1 at V156, P394 and L496 should achieve nuclear retention of Ssp1-

GFP. Expression of a full-length ssp1-BLS-GFP (expressing an additional exogenous 

NLS) may shift the import-export equilibrium of Ssp1 enough to cause nuclear 
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accumulation, but the nuclear exclusion of Ssp1 in logarithmically growing cells suggests 

that the equilibrium is normally shifted towards export under growth conditions.  

 Cytoplasmic Ssp1 is required for NETO in dividing cells at elevated temperatures 

(Rupeš et al., 1999). TRITC-phalloidin staining of cells with constitutively nuclear full-

length Ssp1 would establish if cytoplasmic localization of Ssp1 is also a requirement for 

proper actin localization in dividing cells.  

5.6.3 Interaction with the conserved SPBC1711.03 (Aim27) transmembrane protein  

The rapid localization of Ssp1 to the cell membrane after stress is not required for 

Ssp1’s role in long-term stress response and Ssp1-GFP does not co-localize with actin 

patches. This does not support an earlier model that suggested Ssp1, as part of a short-

term response to osmotic stress, recruits actin patches to areas of new growth although it 

does not rule out the possibility that it participates in regulating their formation or 

dissolution (Rupeš et al., 1999). Why does Ssp1 localize to the cell membrane?  One 

interesting putative Ssp1 interacting partner identified by our yeast two-hybrid screen is 

SPBC1711. 03. The SPBC1711. 03 gene product is a predicted ER membrane protein 

complex subunit, a non-essential but conserved protein containing two predicted 

transmembrane helices (aa 10-32 and 121-143). It is an orthologue of S. cerevisiae 

AIM27/EMC3 (ER membrane complex a protein involved in the unfolded protein 

response (UPR) (Jonikas et al., 2009). Briefly, an alteration of proper protein folding can 

come about due to environmental stressors, changes in nutrient availability, hypoxia, 

calcium depletion and more. An interruption of normal protein folding causes 
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endoplasmic reticulum (ER) stress as unfolded and/or misfolded proteins accumulate in 

the ER. The unfolded protein response (UPR), a collective of signalling pathways starting 

with a stress signal from the ER, cytosol and nucleus, is activated. Activation of UPR 

ultimately leads to increases in cellular mechanisms such as ER-associated degradation, 

chaperoning of misfolded proteins and protein folding. Proper protein folding is resumed 

and cells can adapt to the changed conditions (reviewed by Kohno, 2010). AIM27 

(EMC3) is one of a complex of six EMC genes, required in proper processing of 

misfolded proteins (Jonikas et al., 2009). Interestingly aim27
-
 cells are elongated at cell 

division, indicating mitotic delay. Our preliminary experiments also showed that loss of 

aim27 rescues pH 3.5 stress sensitivity of ssp1
-
 at 36°C, making this a very interesting 

candidate for further study. Already constructed, aim27-His6int, a single-copy 

chromosomal integrant expressed from the native promoter will be a useful reagent. Co-

immunoprecipitation studies of Aim27-His6int with Ssp1-GFPint will verify the yeast 

two-hybrid protein-protein interaction. aim27-GFPint and pREP42-aim27-YFP, which 

are single copy chromosomal integrants expressed from the native promoter and thiamine 

repressible nmt42 promoter respectively should be used to track Aim27 localization and 

co-localization with Ssp1-CFPint.  

5.6.4 Ssp1 putative interaction with predicted transcription factor SPCC1393.08 

Stress-mediated activation of the Spc1 MAPK cascade culminates in the transient 

nuclear localization of Spc1 where it interacts with and phosphorylates transcription 

factors such as Atf1-Pcr1(Gaits et al., 1998; Shiozaki and Russell, 1996), leading to the 
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activation of appropriate stress-response genes (Aiba et al., 1995; Blázquez et al., 1994; 

Degols et al., 1996; Shiozaki and Russell, 1996). It is likely that, like Spc1, Ssp1 interacts 

with and phosphorylates transcription factors to regulate stress response gene expression 

and this is why it traffics through the nucleus. Alternatively, it may indirectly mediate 

gene expression by interacting with proteins upstream of transcription factors. The yeast 

two-hybrid screen Ssp1 interacted directly with a predicted GATA transcription factor 

(SPCC1393.08). Members of this zinc finger protein family bind promoter elements with 

the consensus sequence [AT]GATA[AG] and have been identified as regulators of stress-

induced gene expression. Inhibition of GATA transcription factors elt-2 and elt-3 in C. 

elegans leads to suppression of osmotic stress resistance. elt-2 and elt-3 are essential in 

the regulation of osmotically induced stress response gene expression in C. elegans 

hypodermis and intestines (Rohlfing et al., 2010). Expression of the YFP-tagged 

SPCC1393.08 gene product revealed cytoplasmic and nuclear localization (Matsuyama et 

al., 2006), which is similar to the osmo-responsive GATA transcription factor GAT1 in 

S. cerevisiae (Tate and Cooper, 2008). The genome-wide phosphoproteome project 

identified at least one phosphorylated residue (S506) in the SPCC1393.08 gene product 

(503GLESPQLTNSVSVSK) (Wilson-Grady et al., 2008). Altogether, SPCC1393.08 is 

an interesting candidate for a putative Ssp1 substrate and study of their physical and 

genetic interaction is certainly worthwhile.  
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5.6.5 Identification of additional Ssp1 interacting proteins 

 The ssp1 yeast two-hybrid screen and the Ssp1-FLAG pull-down (Hanyu et al., 

2009) identified a number of putative Ssp1 interacting proteins, however Ssp1 substrates, 

kinases or phosphatases have yet to be identified. It is still unclear why Ssp1 briefly 

localizes to the cell membrane after stress. Several approaches are appropriate to find 

additional potential Ssp1 interacting proteins.  

Yeast two-hybrid screens using kinases as bait face some technical challenges. 

Interaction of kinases with their substrates is transient, thus allowing single kinases to 

sequentially phosphorylate multiple substrates. A transient interaction may therefore not 

be detected in the screen. If a third protein is required to act as a scaffold for the kinase 

(bait) and its substrate (prey) then this interaction will likely also not be detected. In some 

instances kinases bind substrates via interacting with them outside rather than inside of 

their catalytic pocket and these interactions are more likely to be detected (Manning and 

Cantley, 2002). Modified yeast two-hybrid methods have been employed to increase the 

likelihood of capturing phosphatase-substrate pairs. For example a substrate-trapping 

yeast two-hybrid screen expression of a phosphatase-dead version of human dual 

specificity phosphatase Cdc14A was used to form kinase-substrate complexes stable 

enough to undergo the two-hybrid screening process (Lanzetti et al., 2007). This method 

is easily adaptable to ssp1 and construction of a kinase-dead ssp1 prey plasmid would 

simply entail using ssp1-K164R-CFP template DNA to produce a modified prey plasmid. 

Another study used both constitutively active and inactive kinase catalytic domains (in an 

otherwise intact ORF) as bait in the yeast two-hybrid screen. Both constitutively active 
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and inactive bait versions of a calcium dependent protein kinase retrieved more prey 

plasmids than the wildtype version (Rodriguez Milla et al., 2006).  

5.6.6 Identification of Ssp1 substrates and substrate phosphorylation motifs 

Identifying substrates is difficult, however, recent advances in technology have 

made it feasible. For instance, solid-phase phosphorylation screening of an S. pombe 

cDNA library expressed from a phage expression vector may be used to identify proteins 

phosphorylated by purified Ssp1 kinase in the presence of [γ
32

P]ATP (Fukunaga and 

Hunter, 1997). Another possibility is a chemical genetic technique based on modified 

ATP binding pockets. Mutation of the ATP binding pocket alters the nucleotide binding 

site to accommodate binding of a [γ
32

P]ATP analog (B
6
-(benzyl)ATP or B

6
-(2-

phenythyl)-ATP). This analog contains a large hydrophobic "bump" at the B
6
 amine that 

can only be utilized by the mutated kinase. This method has been successful for example 

in identifying novel substrates of the stress response MAPK JNK (Habelhah et al., 2001).  

Identification of the optimal Ssp1 substrate motif would facilitate the 

identification of substrate proteins. An oriented biotinylated peptide library screen as per 

(Pungaliya et al., 2010) would be a plausible method to find the Ssp1 substrate motif and 

does not require [γ-
32

P]ATP. Alternatively, purified kinase and [γ-
32

P]ATP mixed with 

random bead-bound peptides, followed by isolation of 
32

P-labelled beads and peptide 

substrates identification (Liu et al., 2003). This method was used successfully to identify 

peptide substrates of cAMP protein kinase (Wu et al., 1994).  
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5.7 Summary 

• Putative Ssp1 protein binding partners, including the 14-3-3 homologues Rad24 and 

Rad25 were identified through a yeast two-hybrid screen using the full length ssp1 

ORF.  

• Loss of rad24 relieves mitotic delay displayed by of ssp1
-
 cells at elevated 

temperatures and rescues 0.6M KCl stress sensitivity. Conversely, overexpression of 

rad24 increases stress sensitivity and causes an additive cell cycle phenotype in ssp1 

deletion strains. Loss of ssp1 normalizes actin polarity in rad24
-
.  

• Rad24 negatively regulates stress dependent Ssp1-GFP localization to the cell 

membrane. Loss of rad24 or rad25 does not hinder Ssp1-GFP localization to the cell 

membrane, however over-expression of Rad24 impedes this localization response 

• Ssp1 associates with Rad24 and Rad25 in vivo, as confirmed by co-

immunoprecipitation experiments.  The interaction of Ssp1 with Rad24 is reduced 

after 15 minutes of 0.6M KCl stress. Rad25 co-immunoprecipitates with Ssp1 in the 

absence of the more abundant isoform Rad24 and Rad25 appears to be constitutively 

bound. Ssp1 has reduced stability in the absence of Rad24.  

• Ssp1-CFP does not co-localize with actin patches following osmotic stress, instead 

Ssp1 forms a ring around the cell, in the areas corresponding to fission scars.  

• Ssp1 has basal phosphorylation and this phosphorylation state is not altered after 

0.6M KCl stress.  

• Single-copy Ssp1-GFPint expressed from the native promoter can be detected 

through the vegetative and sexual life cycles and during stationary phase. Previous 
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research indicates that ssp1 is required for cell division in low glucose conditions and 

for cell maintenance in stationary phase.  

• Truncation of the C-terminal and N-terminal domains alters Ssp1 subcellular 

localization. The C-terminal domain is essential for stress-dependent localization to 

the cell membrane.  

• A sub-population of cells accumulates Ssp1 in the nucleus as cells undergo nutrient 

starvation.  

• Ssp1 shuttles in and out of the nucleus and nuclear localization increases in glucose 

deprived conditions. Nuclear export of Ssp1 is dependent on the exportin Crm1 

• Ssp1 is hyperphosphorylated after removal of glucose, but not nitrogen, from the 

growth medium for four hours and this requires the C-terminal region.  

• Ssp1 kinase activity is required for proper stress response and is important for timely 

G2/M transition.  
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