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ABSTRACT 

Fission yeast Srk1 kinase is essential for cellular responses to extracellular 

stimuli. It is activated downstream of the MAPK Spc1 and participates in controlling 

mitotic entry by directly phosphorylating and inhibiting Cdc25 phosphatase during the 

normal cell cycle and also in response to osmotic stress. Following phosphorylation, 

Cdc25 is exported out of the nucleus. Heat stress caused by a temperature shift from 

25°C to 36°C, which is within the normal temperature tolerance of fission yeast, 

temporarily inhibits nuclear division in wildtype cells. The same response is seen in cells 

deleted for the Pyp1 and Pyp2 phosphatases which normally serve to down regulate the 

Spc1 stress response. I have shown that the transient block in nuclear division caused by 

temperature shifts within the physiological range does not occur in srk1
- 
cells but instead 

there is a stimulation of mitosis and cell division in response to the heat stress. This 

pattern of mitotic stimulation is phenocopied in cdc25-9a cells where nine putative Srk1 

phosphorylation sites on Cdc25 are changed to alanine. Cells lacking srk1, however, 

display the same cell cycle progression pattern as the wildtype cells in response to 

osmotic stress. This experiment clearly distinguishes separate pathways for these two 

stress responses. Also, Cdc25 is found to be phosphorylated after a mild heat stress and 

seems to be exported out of the nucleus. These data indicate that Srk1 kinase plays the 

central role in regulating mitotic entry in response to mild heat stress by negatively 

regulating the Cdc25 tyrosine phosphatase. Thus my work highlights the role of Srk1 

kinase in cell cycle regulation and is consistent with the Spc1 MAPK cascade linking the 

G2/M transition to extracellular stress. This response to mild heat stress is important 
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because temperature sensitive mutants are frequently used in fission yeast research and 

this work shows that a temperature shift from 25°C to 36°C, which is within the 

physiological growth range, can trigger a stress response. 
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Chapter 1: Introduction and Literature review 

1.1 Brief overview of thesis  

 Mitogen-activated protein kinase (MAPK) stress response pathways are activated 

in response to wide variety of stress stimuli. In fission yeast, Spc1 MAPK links the cell 

cycle control at G2/M transition with changes in the extracellular environment (Millar et 

al. 1995; Shiozaki and Russell 1995a). Spc1 is activated by a MAPKK, Wis1 which in 

turn is activated by MAPKKKs Wis4 and Win1. Upon activation, Spc1 activates a 

transcription factor Atf1 and thereby controls the expression of stress response genes 

(Samejima et al. 1997). Cell cycle regulation by Spc1 is mediated through the activation 

of its substrate, Srk1 kinase. Srk1 acts on Cdc25 phosphatase by phosphorylating and 

inhibiting it thereby causing a cell cycle arrest. In response to osmotic stress, there is a 

clear export of Cdc25 out of the nucleus (Lopez-Aviles et al. 2005; Lopez-Aviles et al. 

2008). I have investigated the response of the Spc1 pathway to mild heat stress caused by 

shifting the temperature from 25°C to 36°C. It is previously known that a mild heat stress 

causes a stress response by transiently arresting nuclear division (Nurse 1975). My work 

shows that Srk1 plays a role in the nuclear arrest seen in a wildtype cells under mild heat 

stress conditions as this response is absent in cells lacking Srk1 and further it shows that 

the effect  is mediated via Cdc25. Srk1 is activated downstream of Spc1 and activated 

Srk1 then phosphorylates and inhibits Cdc25. This leads to cell cycle arrest and 

presumably some export of Cdc25 though with such a mild stress, it is not as large an 

effect as that seen with the osmotic stress. Spc1 is also negatively regulated by Pyp1 and 

Pyp2 phosphatases (Millar et al. 1995). Heat stress activates Spc1 by inhibiting these two 
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phosphatases. These phosphatases do not affect the mitotic stimulation seen after a mild 

heat stress in a srk1
-
 background. I also show that Srk1 acts independently of Wee1 

kinase in response to mild heat stress. An overview the cell cycle control pathway in 

response to mild heat stress is shown in Figure 1.1. 

1.2 Fission yeast as a model organism 

Schizosaccharomyces pombe, commonly known as fission yeast, is a popular 

eukaryotic model organism for cell and molecular biological studies and a powerful tool 

for cell cycle research in particular. It possesses an extensive array of genetic, 

biochemical and cytological tools that make it an excellent system for functional gene 

analysis.  Its genome has been completely sequenced and many of its genes are highly 

conserved among eukaryotes, including humans. The S. pombe genome is distributed 

among three chromosomes containing 13.6 Mb of DNA and 4824 protein coding genes. 

About 50 genes have significant similarity with human disease genes (Wood et al. 2002). 

This unicellular fungus grows from its tips which makes it simple to work with as cell 

cycle progression can be examined by measuring cell lengths (Mitchison and Nurse 

1985). 

1.3 Cell division cycle in fission yeast 

The cell division cycle comprises four phases: G1 (gap), S (synthesis), G2 (gap) and M 

(mitosis). This process includes the accumulation of mass, the replication of DNA, 

segregation of chromosomes and cytokinesis. The fission yeast cell cycle is characterized 

by relatively short G1 and S periods which occur along with cell separation, and a long 

G2 period followed by nuclear division. Typically 70% of the cell cycle is spent in G2  
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Figure 1.1: A model for cell cycle regulation in response to mild heat stress 

Spc1 MAPK is activated in response to heat stress through the inhibition of Pyp1 and 

Pyp2 phosphatases. There is only weak activation of Wis1 under these conditions. 

Activated Spc1 then further activates its downstream target, Srk1 probably by 

phosphorylating it similar to osmotic stress. Srk1, on being activated, phosphorylates 

Cdc25 and inactivates it causing a cell cycle arrest. Phosphorylated Cdc25 seems to be 

exported out of the nucleus. 
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phase. The cell remains constant in diameter, growing only in length which is thus 

directly related to cell volume (Nurse 1975). Activation of each phase is dependent on the 

proper progression and completion of the previous phase. The onset of S-phase and 

mitosis is highly regulated through START, the point in G1 phase where the cell 

becomes committed to the cell cycle (Nurse and Bissett 1981). Checkpoints regulate the 

cell cycle at the G1/S and G2/M transitions in response to DNA replication failure or 

damage by arresting progress and the cell proceeds only after the completion of previous 

events or repair of cellular damage (Hartwell and Weinert 1989; Rhind and Russell 

1998). This molecular surveillance is important for maintaining genomic integrity.   

1.4 Cdk-cyclins in the fission yeast cell cycle 

The major players controlling the onset of S-phase and M-phase are the cyclin 

dependent kinases (Cdk). Ten Cdks have been identified in mammalian cells, including 

humans (Meyerson et al. 1992), whereas in fission yeast there is only one essential Cdk 

known as Cdc2 (Russell and Nurse 1987). Cdc2 is required for the important transitions 

at DNA replication (G1/S) and mitosis (G2/M) (Nurse and Bissett 1981). The cell cycle 

is regulated by the association of different Cdks with specific cyclins at particular phases 

of the cell cycle (Mondesert et al. 1996).  Cdks are inactive unless bound to a cyclin. 

In fission yeast, Cdc2 interacts with four different B-type cyclins: Cig1, Cig2, 

Puc1 and Cdc13 (Bueno et al. 1991; Fisher and Nurse 1996; Forsburg and Nurse 1991). 

The length of the G1 phase depends on a precise balance between the levels of Cdk 

cyclins and inhibitors of Cdc2. Cig1 and Puc1 cyclins both have roles in G1 where they 

play an important role in regulating G1 duration (Martin-Castellanos et al. 2000). Rum1 
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and Ste9-APC (Anaphase Promoting Complex) are the negative regulators of Cdc2-

cyclin complexes in G1 (Moreno and Nurse 1994). Rum1 functions as a transient 

inhibitor of S-phase onset (Moreno and Nurse 1994). Cdc2-Puc1 activity is important to 

down regulate Rum1 inhibition at the end of G1 in order to promote S phase (Martin-

Castellanos et al. 2000). Cig2 is the primary S-phase promoting cyclin and in 

combination with Cig1, promotes efficient progression through the G1/S phase transition 

(Connolly and Beach 1994). Cdc13 is required for Cdc2 activity for the induction of 

mitosis. It is the only essential cyclin and cells where it is mutated arrest at the G2/M 

transition. Cdc13 protein levels are low in G1 phase but increase in G2 and are 

maintained until anaphase at which point it is destroyed by the APC (Booher et al. 1989; 

Yamano et al. 1996). Cdc13 is important for DNA replication only in the absence of Cig2 

indicating that it can substitute for Cig2 activity (Mondesert et al. 1996). 

 1.5 Cell size control and regulation of mitotic initiation 

Cell growth and division are tightly regulated in wild-type fission yeast cells so 

that nuclear division does not occur until the cells have attained a critical mass. There is a 

size control over entry to DNA synthesis and a second size control at nuclear division 

(Nurse 1975; Fantes 1977). The length of G1 phase is determined by the Cdk inhibitor 

Rum1 and this is important for cell cycle timing at START. Rum1 inhibits Cdc2-Cig2 

and Cdc2-Cdc13 complexes until the cells have attained the critical cell mass required to 

pass START and thus Rum1 activity maintains cells in the pre-START state (Moreno and 

Nurse 1994).  Cdc2 and Cdc13 are found to associate early in S-phase and remain 

together through the entire length of G2. Their activity fluctuates throughout the cell 
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cycle: low in G1 phase, moderate during S Phase and G2 phase, and high during M-

phase. Cdc2 is present in the cytoplasm at all stages of the cell cycle and B-type cyclins 

are required for the localization of Cdc2 to the nucleus before mitosis (Decottignies et al. 

2001). Logarithmically growing fission yeast cells have a very short G1 and are primarily 

G2 regulated. They divide at constant size owing to the inhibition of Cdc2 kinase until a 

size threshold for cell division is reached, at which point Cdc2-Cdc13 is activated and 

mitosis ensues (Fantes and Nurse 1977; Young and Fantes 1987; Rupes 2002).  The 

critical cell size for mitotic entry is modulated by the nutritional environment (Fantes and 

Nurse 1977). The activity of the Cdc2-Cdc13 complex is controlled by the inhibitory 

phosphorylation of Cdc2 Tyr15 by two tyrosine kinases: Wee1 and Mik1 (Russell and 

Nurse 1987b). An overview of this control is shown in Figure 1.2. 

At the end of G2 phase when the cell has reached the critical size threshold for 

division, two protein tyrosine phosphatases, Cdc25 and to a lesser extent Pyp3, 

dephosphorylate Cdc2 at Tyr15 to initiate mitosis (Millar et al. 1992; Russell and Nurse 

1986). Wee1 and Cdc25 are the key players in Cdc25 regulation in comparison to Mik1 

and Pyp3. Substitution of Tyr15 with phenylalanine results in premature entry into 

mitosis which shows the importance of the phosphorylation status of Cdc2 Tyr15 in the 

regulation of mitotic onset (Gould and Nurse 1989). Once the mitotic complex is 

activated, it further boosts Cdc25 phosphatase activity and represses Wee1 kinase activity 

through autocatalytic feedback loops (Stern and Nurse. 1996). Fission yeast Polo kinase 

(Plo1) also participates in fully activating Cdc25 (Tanaka et al. 2001). However, its 

activation is dependent on the prior activation of Cdc2-Cdc13. Plo1 is recruited to the  
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Figure 1.2: Cell cycle regulation of the G2/M transition in fission yeast 

Cdc2-Cdc13 associate early in S-phase but the complex is kept inactive by the inhibitor 

Rum1 until the cell passes START. In G2 phase, the activity of the complex is controlled 

by the inhibitory phosphorylation at tyrosine 15 by two tyrosine kinases, Wee1 and Mik1. 

Once the cell attains the critical mass required for mitosis, this inhibitory phosphorylation 

is removed by two protein tyrosine phosphatases, Cdc25 and Pyp3. Wee1 and Cdc25 

have a major role whereas Mik1 and Pyp3 play minor roles in mitotic regulation. Wee1 

kinase is negatively regulated by two other kinases, Cdr1 and Cdr2. Activation of the 

Cdc2-Cdc13 complex drives cells in G2 phase into mitosis and it further activates its 

activator, Cdc25 and inhibits its inhibitor, Wee1, through autocatalytic feedback loops. 
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mitotic spindle pole body (SPB) which is mediated by the SPB component Cut12 and this 

recruitment is critical for the commitment to mitosis (MacIver et al. 2003; Hagan 2008).  

Thus the timing of mitotic initiation is determined by the balance of the 

antagonistic activities of two protein kinases, Wee1 and Mik1, and two phosphatases, 

Cdc25 and Pyp3, whose activities are directed towards Cdc2 Tyr15 within the Cdc2-

Cdc13 complex. Additionally two other protein kinases, Cdr1, also known as Nim1, and 

Cdr2 function as  potent mitotic inducers by directly phosphorylating and inhibiting 

Wee1 kinase activity (Young and Fantes, 1987; Kanoh and Russell 2000; Parker et al. 

1993; Wu and Russell 1993). Consistent with this, Wee1 is hyperphosphorylated in Cdr1 

overproducing cells (Wu and Russell 1993). Cells deleted for cdr2 show G2/M delay 

(Breeding et al. 1998; Kanoh and Russell 1998).  

Cell growth and mitotic entry is linked through the Cdr2-Cdr1-Wee1-Cdc2 

pathway which is negatively regulated by Pom1 kinase (Figure 1.3). Cdr2 is a negative 

regulator of Cdr1.  Pom1 is a member of the dual-specificity tyrosine phosphorylation 

regulated kinase (DYRK) family of kinases. It functions as a dose-dependent inhibitor of 

the G2-M transition. It has been shown that Cdr1 and Cdr2 localize to the medial cortical 

region of the cell in G2 and these nodes function as potential sites of cell cycle 

regulation. In short cells, Pom1 forms a concentration gradient extending from the cell tip 

to the cell middle, where it negatively regulates Cdr2 by directly phosphorylating and 

inactivating it, thus preventing premature mitotic entry. As the cell grows and elongates, 

Pom1 levels decrease in the cell middle and it can no longer inhibit Cdr2, allowing cell 

cycle progression (Martin and Berthelot-Grosjean 2009; Moseley et al. 2009). Thus 
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Figure 1.3:  Regulation of cell size at division by Pom1 gradient at Cdr2 nodes 

Pom1 serves to measure cell size and regulate mitotic entry. In short interphase cells, 

Pom1 forms a concentration gradient extending from the cell ends towards the cell 

middle middle and prevents premature mitotic entry by inhibiting Cdr2, the negative 

regulator of Wee1 kinase. As cells elongate, Pom1 levels are found to decrease at the cell 

thereby leading to mitotic entry. Thus Pom1 functions as a dose-dependent inhibitor of 

G2-M transition (Martin and Berthelot-Grosjean 2009; Moseley et al. 2009).  
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Pom1 acts as a molecular link between cell growth and mitotic entry. 

Nutritional status of the cell has an influence on cell size at division.  A decrease 

in available nitrogen supply accelerates the cell into mitosis reducing cell size at division 

while an increase in availability delays entry into mitosis producing elongated cells 

(Fantes and Nurse 1977; Young and Fantes 1987). Mutations in the regulatory proteins 

influence the mitotic cell size control. Cells deleted for wee1 enter mitosis prematurely so 

that division occurs at a reduced cell size relative to wildtype. Loss of wee1 suppresses 

loss of cdc25. Overproduction of wee1 causes elongated cells (Nurse 1975; Russell and 

Nurse 1987). Mik1 shares many of the same properties of Wee1 but cells lacking mik1 

are indistinguishable from wildtype with respect to cell size.  A wee1
-
 mik1

- 
double 

mutant enters a lethal premature mitosis and undergoes abnormal chromosome 

segregation termed ‘mitotic catastrophe’ (Lundgren et al. 1991). 

Cells lacking functional Cdc25 phosphatase (i.e. in a cdc25-22 temperature 

sensitive mutant at the restrictive temperature) arrest the cell cycle at entry to mitosis 

resulting in elongated cells, while Cdc25 overexpression leads to mitotic advancement 

(Russell and Nurse 1986). Pyp3 is essential in cells lacking Wee1 and Cdc25. 

Overexpression of Pyp3 causes the cell to initiate mitosis at a smaller cell size and 

undergo lethal premature mitosis in cells lacking Wee1 kinase. Loss of Pyp3 has only a  

minor effect on cell size with daughter cells being slightly longer than the wildtype. 

However, this delay in the initiation of mitosis caused by loss of Pyp3 is lethal in a wee1
- 

cdc25
-
 background (Millar et al. 1992). 
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1.6 Checkpoints in cell cycle control 

  The Cdc2-Cdc13 complex is regulated by checkpoints in response to DNA 

damage or un-replicated DNA. There are two DNA dependent checkpoints in the fission 

yeast cell cycle: the DNA replication checkpoint and the DNA damage checkpoint, both 

of which are important for mitosis (Hartwell and Weinert 1989; Enoch and Nurse 1991). 

These checkpoints ensure the proper completion of previous cell cycle events before the 

next event ensues. Two checkpoint kinases, Chk1 and Cds1, regulate Cdc2-Cdc13 in 

response to DNA damage or un-replicated DNA by targeting Cdc25 for nuclear 

exclusion, thereby preventing the activation of the Cdc2-Cdc13 complex until the repair 

is complete, or replication finished (Zeng et al. 1998). Checkpoints are important for cell 

viability in the presence of DNA damage and the release from the checkpoint is tightly 

controlled so that mitosis is delayed until the completion of repair.  

1.7 Cytokinesis 

Successful completion of nuclear division is followed by division of the cell into 

two identical daughter cells through septum formation and cytokinesis. The septation 

initiation network (SIN) functions in fission yeast to promote initiation of cytokinesis and 

controls the onset of septum formation. It regulates the cytokinesis checkpoint that 

inhibits further cell cycle progression until cytokinesis is complete (Sawin 2000). Late in 

mitosis at the end of anaphase, following chromosome segregation and spindle 

disassembly, the actomyosin ring constricts and the division septum is formed. The 

occurrence of these events is coupled to progression through mitosis. Degradation of 

Cdc13 by the APC and the eventual loss of Cdc2-Cdc13 activity are important for the 
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initiation of cytokinesis (Balasubramanian et al. 2000). The spindle pole body (SPB) also 

has a role in coupling the completion of mitosis to the onset of cytokinesis. It acts prior to 

the SIN to control septation (Tanaka et al. 2001). Clp1 phosphatase also functions with 

the SIN to promote cytokinesis. Clp1 promotes the activation of the SIN by antagonizing 

the activation of Cdc2 until cytokinesis is complete (Trautmann et al. 2001). It inhibits 

Cdc2 in part by dephosphorylating, destabilizing and inactivating Cdc25 in late mitosis, 

thereby disrupting the Cdc2 positive auto-amplification loop (Esteban et al. 2004). In 

addition, Clp1 is required for Cdc25 ubiquitination via the APC and protein-ubiquitin 

ligases, Pub1/Pub2 (Esteban et al. 2008). 

1.8 Mitogen-activated protein kinase (MAPK) pathways and cell cycle regulation 

Cells respond to extracellular stimuli through signal transduction pathways. These 

pathways detect the stimuli and convert them into intracellular signals, including the 

transcriptional regulation of specific genes (Hill and Treisman 1995). MAPK pathways 

are activated in response to various extracellular stimuli including osmolarity, heat shock, 

irradiation and cytokines. These pathways are composed of three components conserved 

from yeast to mammals (Marshall 1994). A MAPK module consists of three kinases 

which establish a sequential activation pathway. It includes MAP kinase kinase kinase 

(MAPKKK) which is activated by its upstream activators, such as a small GTP-binding 

protein, triggered as a result of an extracellular stimulus. These MAPKKKs are 

serine/threonine kinases that upon activation phosphorylate and activate the next 

downstream protein, a MAP kinase kinase (MAPKK). MAPKKs are dual-specificity 

kinases which in turn phosphorylate the serine/threonine and tyrosine residues of MAPK 
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thereby activating the final downstream kinase of this pathway (Marshall 1994; Widmann 

et al. 1999).  MAPK phosphorylates serine/threonine residues in their downstream targets 

which could be another kinase, transcription factors to modulate gene expression, or other 

target proteins (Marshall 1994). 

Three MAPKs have been identified in fission yeast, Spk1 (Gotoh et al. 1993), 

Spc1 (Millar et al. 1995; Shiozaki and Russell 1995a) and Pmk1/Spm1 (Toda et al. 

1996).  Spc1 MAPK is activated in response to diverse forms of stress, including nutrient 

limitation, osmotic stress, heat stress and oxidative stress. Spc1 is the structural and 

functional homolog of the S. cerevisiae HOG1 and mammalian p38 MAPKs. However, 

in terms of function it is closer to the mammalian p38 families of stress activated kinases 

than HOG1 kinase of S.cerevisiae, which responds to osmotic stress alone (Degols et al. 

1996). 

The Spc1 MAPK signaling pathway participates in size control at division. This 

pathway links the G2/M transition of the cell cycle to changes in the extracellular 

environment that affect cell physiology. spc1 deletion mutants are delayed in the timing 

of mitosis which is exacerbated by growth in high osmotic conditions and under nutrient 

limitation. They are also synthetic lethal with cdc25-22 cells which shows that Spc1 

normally promotes the onset of mitosis (Millar et al. 1995; Shiozaki and Russell 1995a).  

  Spc1 is activated by a MAPKK homolog, Wis1, which phosphorylates the Spc1 

Thr171 and Tyr173 residues. Spc1 is negatively regulated by two tyrosine-specific 

MAPK phosphatases, Pyp1 and Pyp2 (Shiozaki and Russell 1995a). Wis1 in turn is 

phosphorylated and activated by MAPKKKs, Win1 and Wis4. Win1 and Wis4 act 



14 

 

independently and additively to activate Wis1 and both of them are required for the full 

activation of Wis1 (Samejima et al. 1997). 

When activated, Spc1 activates the transcription factor Atf1 and thereby regulates 

the expression of genes encoding stress tolerance proteins including glycerol-3-phosphate 

dehydrogenase (gpd1), trehalose-6-phosphate synthase (tps1) (Degols et al. 1996), pyp2 

and catalase genes. Fission yeast Atf1 is homologous to mammalian transcription factor 

ATF-2 which is regulated by the mammalian MAPKs SAPK/JNK and p38 (Takeda et al. 

1995). Pyp2 phosphatase is one of the important downstream targets of Atf1 (Wilkinson 

et al. 1996). Expression of pyp2 mRNA is highly elevated in response to several forms of 

stress including osmotic, oxidative and high temperature stress. The activation of the 

Spc1 pathway is both necessary and sufficient to cause induction of pyp2 expression 

through Atf1 (Wilkinson et al. 1996), which then feeds back to attenuate Spc1 activity. 

Spc1 is the only tyrosine-phosphorylated protein associated with Pyp2 at a detectable 

level in vivo and hence, it may be the sole physiological substrate of Pyp2 (Degols et al. 

1996). 

There is a remarkable level of conservation in the function of MAPK pathways 

among eukaryotes. While budding yeast has several stress response pathways each of 

which responds to different stresses, in fission yeast Spc1 MAPK is the single major 

stress response pathway activated in response to variety of external stimuli. A general 

overview of the regulation of the MAPK pathway in response to various stresses in 

fission yeast is shown in Figure 1.4. 
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1.9 Localization of Spc1 in response to stress 

Localization of Spc1 is highly regulated in response to osmotic stress. 

Transduction of stress signals involves translocation of Spc1 from the cytoplasm to the 

nucleus. In response to osmotic stress, Spc1 is phosphorylated on Tyr173 and Thr171 by 

Wis1 which leads to its dissociation from Wis1. This activating phosphorylation of Spc1 

is necessary for its nuclear localization (Gaits et al. 1998). Nuclear accumulation of Spc1 

is facilitated by an active nuclear import process catalyzed by Pim1, a guanine nucleotide 

exchange factor for Ran (a small GTPase protein) which is required for active 

nucleocytoplasmic trafficking (Gaits and Russell 1999). However, Wis1 and the negative 

regulators of Spc1, Pyp1 and Pyp2, are localized in the cytoplasm (Gaits et al. 1998; 

Gaits and Russell 1999). In the nucleus, Spc1 associates with its substrate, Atf1, which is 

constitutively localized in the nucleus. This association is required for the transient 

nuclear accumulation of activated Spc1 (Gaits et al. 1998). During stress adaptation, 

Spc1 moves back into the cytoplasm where it is dephosphorylated by the activity of Pyp1 

and Pyp2.  Active translocation of Spc1 from nucleus to cytoplasm is thus required to 

attenuate Spc1 activity after stress and this is regulated by the exportin Crm1. However, 

Spc1 does not need to be phosphorylated for Crm1-mediated nuclear export (Gaits and 

Russell 1999).  

1.10 Regulation of MAPK pathway in response to heat shock  

The two tyrosine-specific phosphatases, Pyp1 and Pyp2, act to dephosphorylate 

the Tyr173 residue in the Spc1 MAPK thereby negatively regulating it in response to  
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Figure 1.4: Regulation of Mitogen-Activated Protein Kinase (MAPK) Spc1 in 

response to extracellular stress stimuli  

Fission yeast Spc1 MAPK is the single major MAPK activated in response to diverse 

external stresses including heat shock, osmotic, oxidative stress, low nutrients and UV 

radiation. MAPKK Wis1 transmits a variety of stress-stimulated signals to Spc1. It 

activates Spc1 by phosphorylating it at Tyr173 and Thr171 residues in response to stress. 

Wis1 in turn is activated by two MAPKKKs, Win1 and Wis4. On activation of Spc1 by 

Wis1, Spc1 localizes to the nucleus where it activates a transcription factor Atf1 which 

leads to expression of stress response genes. Spc1 is negatively regulated by two tyrosine 

phosphatases, Pyp1 and Pyp2, which act to dephosphorylate the Tyr173 residue of Spc1. 

Pyp2 is one of the downstream targets of Atf1 and its expression is elevated in response 

to various forms of stress. Pyp2 then feed backs to negatively regulate Spc1 thereby 

attenuating its activity. Spc1 is also dephosphorylated at Thr171 by PP2C phosphatase in 

response to heat shock stress. 
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stress. This dephosphorylation by Pyp1 and Pyp2 is central to the negative regulation of 

Spc1 as simultaneous inactivation of Pyp1 and Pyp2 causes hyperactivation of Spc1 

which is lethal to the cell (Millar et al. 1995). Wis1 MAPKK phosphorylates and 

activates the Spc1 MAPK and hence counteracts these phosphatases (Millar et al. 1995). 

Pyp1 plays a major role in the dephosphorylation of Spc1, with Pyp2 having a minor role 

(Degols et al. 1996).  Neither Wis4 nor Win1, the upstream regulators of Spc1, is 

required for the activation of the pathway in response to heat shock (Samejima et al. 

1997). Wis1 activation after heat shock is found to be relatively weak and transient 

compared to osmotic and oxidative stress, which induces strong activation of Wis1 

(Nguyen and Shiozaki 1999). Wis1 seems to have some constitutive activity and it 

phosphorylates Spc1 even in the absence of the two MAPKKKs (Zhou et al. 2010). This 

is evident in pyp1 deletion cells which show a higher basal level of Spc1 activity than the 

wildtype cells and this is dependent on the activity of Wis1 and its Spc1 phosphorylating 

activity (Shiozaki et al. 1998; Zhou et al. 2010). Downregulation of Pyp1 however is 

crucial for activation of the pathway under heat shock conditions. 

Pyp1 and Pyp2 are unique among known MAPK phosphatases as they 

specifically dephosphorylate the Tyr173 residue of Spc1 (Shiozaki and Russell 1995a). 

Pyp1 phosphatase is inhibited upon high temperature stress (Shiozaki et al. 1998) and the 

interaction of Spc1 with Pyp1 after a heat shock is lost rapidly leading to Spc1 activation. 

Pyp1 is a cytoplasmic protein and its cellular localization is not affected by the heat 

shock stress. Pyp2 is also inhibited after heat shock. Tyrosine phosphorylation of Spc1 
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becomes stable in heat-shocked cells, which contrasts with rapid dephosphorylation of 

the Tyr173 residue of Spc1 after osmostress (Nguyen and Shiozaki 1999).  

PP2C phosphatases have also been shown to negatively regulate the Spc1 MAPK 

 (Gaits et al. 1997). The fission yeast ptc1 gene, known to encode a PP2C homolog, has a 

unique function in the heat shock response as seen from an increased level of ptc1 mRNA 

during heat shock (Shiozaki et al. 1994). Transcription of pyp2 and ptc1 is induced by the 

Spc1-Atf1 pathway in response to stress stimuli, which contributes to dual loops of 

negative feedback to the Spc1 pathway (Gaits et al. 1997). Two additional S .pombe 

genes, ptc2 and ptc3, are involved in PP2C activity and together ptc1, ptc2 and ptc3 

account for about 90% of total cellular PP2C activity (Shiozaki and Russell 1995b). Of 

these, Ptc1 and Ptc3 are involved in attenuation of heat shock-activated Spc1. Spc1 is 

rapidly inactivated by the PP2C enzymes encoded by ptc1, ptc3 and presumably other 

threonine phosphatases by dephosphorylating Thr171, while Tyr173 remains 

phosphorylated. Thus, transient activation of Spc1 upon heat shock is ensured by 

differential regulation of Thr171 and Tyr173 phosphorylation (Nguyen and Shiozaki 

1999). Similar attenuation occurs in mammals where PP2Cα inhibits p38 and JNK 

pathways by dephosphorylating the threonine residue of p38 in vitro (Takekawa et al. 

1998).  

Lastly, Polo kinase (Plo1) has a role in the regulation of heat stress response. The 

MAPK stress response pathway (SRP) phosphorylates Ser402 of Plo1. This 

phosphorylation of Plo1, which is also mediated by a basal level of signalling from the 

SRP pathway, is important for the recruitment of Plo1 to the spindle pole bodies to 
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regulate the timing of mitotic commitment in unperturbed cell cycles. Ser402 

phosphorylation of Plo1 is found to be enhanced in response to temperature shifts from 

25°C to 36°C. However, this phosphorylation is seen during the recovery from stress and 

promotes the initiation of cell tip growth after it is blocked in response to heat stress 

(Petersen and Hagan 2005). 

1.11 Activation of Spc1 to other environmental stresses 

Regulation of the Spc1 MAPK pathway in the presence of cadmium and low 

glucose medium stress is similar to heat shock response. Osmolarity-stimulated Spc1 

activation is dependent on MAPKKKs Wis4 and Win1, and MAPKK Wis1. Wis1 has 

two conserved residues at Ser469 and Thr473 whose phosphorylation is necessary for full 

activation of the kinase in response to osmotic and oxidative stress (Samejima et al. 

1997; Shiozaki et al. 1998; Zhou et al. 2010). The cadmium- and low glucose medium-

stimulated activations are MAPKKK-independent. Pyp1, but not Pyp2, plays a role in 

sensing and transmitting the signals to Spc1 MAPK in the presence of cadmium or low 

glucose medium. Thus, osmotic stress stimulates activation of Spc1 MAPK through the 

upstream MAPKKKs while cadmium and low glucose stimulate the pathway through 

inhibition of Pyp1 independently of the MAPKKKs (Zhou et al. 2010). 

Additionally, the Wis1-Spc1 kinase cascade is found to be activated in response 

to genotoxic stressors such as UV radiation. UV radiation activates Spc1 kinase by 

causing oxidative stress and this activation, as part of the cellular response to UV 

irradiation, is required to resume cell division after the treatment (Degols and Russell 

1997). These findings are consistent with the studies by Alao et al. (2010) which show 
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that even though Spc1 facilitates mitosis in rad1 deletion mutants exposed to UV, its 

transcriptional activity enhances the survival of these mutants.  

Spc1 is not essential for response to alkali stress as seen from the viability of spc1 

deletion mutants upon such stress. However, a basal level of Spc1 activity seems to be 

required for the accumulation of Cdc25 in response to alkaline stress (Kishimoto and 

Yamashita 2000).  

1.12 Regulation of Cdc25 phosphatase in the fission yeast cell cycle 

Cdc25 plays a major role in the mitotic control of fission yeast cell cycle division. 

It belongs to the class of dual specificity phosphatases (Millar et al. 1991). As mentioned 

previously, prior to mitosis the Cdc2-Cdc13 cyclin complex is present in an inactive form 

due to inhibitory phosphorylation at Tyr15 by Wee1 kinase during interphase.  At the 

G2/M transition, this complex is activated following dephosphorylation by Cdc25 

(Ducommun et al. 1990; Millar et al. 1991). Cdc25 is present both in the nucleus and 

cytoplasm of cells in the G2 phase of the cell cycle, with a higher concentration in the 

nucleus. The amount of nuclear Cdc25 increases in late G2 phase and is much reduced in 

binucleate and septated cells, which are in late M phase, G1 or S phase. Thus the 

localization of Cdc25 and the Cdc2-Cdc13 complex fluctuates during the cell cycle, 

increasing to maximal levels from late G2 to metaphase and then decreasing from 

anaphase to S phase (Lopez-Girona et al. 1999). Spc1 is required for the accumulation of 

Cdc25 when the cells are starved of nutrients and also for a basal level even in the 

presence of nutrients (Kishimoto and Yamashita 2000). Thus the levels of Cdc25 protein 

are regulated by the Spc1 MAPK in response to extracellular nutrient availability. 
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Active nucleocytoplasmic export and import of proteins is mediated through a 

family of shuttling transport factors referred to as importins and exportins (Weis 1998). 

Change in the subcelllular localization of Cdc25 is dependent upon the relative rates of 

nuclear import and export. Nuclear export of Cdc25 is facilitated by Crm1, an exportin 

which actively transports Cdc25 out of the nucleus, whereas nuclear import is mediated 

by Sal3, an importin-β homolog. Sal3 mutants exhibit mitotic delay which is a 

consequence of Cdc25 mislocalization (Chua et al. 2002; Lopez-Girona et al. 1999). 

Thus nuclear translocation of Cdc25 is important for the timing of mitotic entry and Sal3 

plays an important role in the process. 

The level of Cdc25 within the cell is regulated both transcriptionally and post-

transcriptionally in S. pombe. In fission yeast, Pub1, a protein ubiquitin ligase for Cdc25, 

has been shown to directly polyubiquitinate Cdc25 in vivo. Disruption of the pub1 gene 

results in post-transcriptionally elevated Cdc25 protein levels in vivo (Nefsky and Beach 

1996). Pub1-mediated regulation of Cdc25 protein stability is also important for the stress 

response. Cdc25 is found to be unstable under normal growth conditions but transiently 

prevented from degradation in response to alkali and osmotic stress. Its levels did not 

increase in pub1 deletion mutants in response to nutritional, osmotic or alkali stress 

(Kishimoto and Yamashita 2000).  

1.13 Cdc25 regulation in DNA replication and damage checkpoint response 

Cdc25 is the dominant target of the checkpoint response due to DNA damage or 

unreplicated DNA.  Activation of the DNA damage checkpoint requires Rad3, a kinase 

related to the ATM protein found to be defective in ataxia telengiectasia patients (Bentley 
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et al. 1996).  Chk1, a protein kinase, is involved in this DNA damage checkpoint 

mediated cell cycle arrest (Walworth et al. 1993). Chk1 is activated by Rad3 dependent 

phosphorylation (Walworth and Bernards 1996) and Rad3 dependent activation of Chk1 

leads to negative regulation of Cdc25 (Furnari et al. 1997). A 14-3-3 protein, Rad24, is 

involved in cell cycle and checkpoint controls (Ford et al. 1994). Chk1 phosphorylates 

Cdc25 and this modification creates binding sites for Rad24. This binding inhibits the 

activity of Cdc25 thereby preventing the activation of the Cdc2-Cdc13 mitotic complex. 

A similar pathway operates for mitotic arrest in the replication checkpoint in the presence 

of unreplicated DNA (Boddy et al. 1998; Zeng et al. 1998; Furnari et al. 1999).  

  A second checkpoint kinase, Cds1, is specifically involved in the DNA replication 

checkpoint pathway (Murakami and Okayama 1995). Chk1 and Cds1 have redundant 

functions at the replication checkpoint (Boddy et al. 1998; Zeng et al. 1998; Furnari et al. 

1999). Both kinases phosphorylate Cdc25 at the same nine serine/threonine residues to 

facilitate its binding to Rad24. Loss of both the DNA damage and replication checkpoints 

is observed when a mutant of Cdc25, Cdc25(9A), in which nine in vitro Cds1 

serine/threonine phosphorylation sites have been mutated to alanine is overexpressed in 

the cell (Zeng and Piwnica-Worms 1999). However this is an artifact of overexpression 

of the phosphorylation site mutant protein. When Cdc25(9A) is expressed under the 

control of its native promoter as a single copy chromosomal integrant the replication 

checkpoint is still maintained when replication is arrested. Entry into mitosis is prevented 

under these conditions through the action of Mik1 (Frazer and Young 2011). 
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Rad24 regulates Cdc25 by controlling its intracellular distribution as removal of 

Rad24 caused nuclear accumulation of Cdc25. It facilitates the nuclear export of Cdc25 

which requires Chk1 and the nuclear export machinery Crm1. Although Cdc25 does not 

contain a nuclear export signal, Rad24 functions as an attachable NES to escort Cdc25 

from the nucleus in response to the DNA damage checkpoint (Lopez-Girona et al. 1999). 

However, it has also been shown that the G2/M DNA damage checkpoint can occur 

without the nuclear exclusion of Cdc25 by Rad24. Direct inhibition of Cdc25 activity by 

Chk1 is sufficient for checkpoint regulation of Cdc25.  Thus Rad24 may function to 

regulate the Chk1 activity and also shield the phosphorylated sites of Cdc25 from the 

nuclear and cytosolic phosphatases which counteract the Chk1 phosphorylation (Lopez-

Girona et al. 2001). These results highlight the importance of regulation of Cdc25 in 

checkpoint pathways.  

1.14 Regulation of Cdc25 by Srk1 Kinase 

The Spc1 MAPK pathway is known to link the cellular response to environmental 

stress to the cell cycle control at the G2/M transition. This regulation of the cell cycle by 

Spc1 is independent of Atf1 (Wilkinson et al. 1996). A molecular link between the 

MAPK pathway and cell cycle regulation functions through a stress-activated protein 

kinase, Srk1 (Lopez-Aviles et al. 2005). Srk1 is a direct downstream target of Spc1and 

hence Srk1 gene expression is induced in response to a wide range of stress stimuli 

including oxidative stress, heat shock and osmostress in an Spc1-dependent manner. Srk1 

is found in the cytoplasm under non-stressed conditions but following stress Srk1 is 

phosphorylated by Spc1 and translocates into the nucleus (Smith et al. 2002). Srk1 kinase 
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functions as a negative regulator of the G2/M transition during an unperturbed cell cycle 

by inactivation of Cdc25 and thus regulates the length of G2 phase. Srk1 protein levels 

are constant throughout the cell cycle whereas its activity is found to be maximal during 

G2 phase and lowest during mitosis and G1 phase.  It regulates Cdc25 by 

phosphorylating the N-terminal regulatory domain of Cdc25. Srk1 phosphorylates Cdc25 

on at least some of the same residues as Cds1 and Chk1 kinases. Phosphorylation of 

Cdc25 by Srk1 on these sites is necessary to impose cell cycle arrest in response to non-

genotoxic stress conditions (Lopez-Aviles et al. 2005). 

Srk1 kinase has an important role in the coordination of the stress response and 

cell cycle control. However, it does not regulate the cell cycle in response to replication 

arrest or DNA damage checkpoints. Overexpression of Srk1 is able to cause cell cycle 

arrest in a cds1 and chk1 single deletion and double deletion mutants. This indicates that 

Srk1 does not induce cell cycle arrest in the G2/M phase by activating Cds1 and/or Chk1 

(Lopez-Aviles et al. 2005).  

Cdc25 is subjected to negative regulation by Srk1 during the normal cell cycle as 

well as in response to non-genotoxic environmental stress such as high osmolarity 

(Lopez-Aviles et al. 2005). Spc1 is bound to its target Srk1 kinase under normal 

conditions in the cytoplasm (Lopez-Aviles et al. 2008; Smith et al. 2002). In response to 

stress such as high osmolarity, Spc1 phosphorylates Srk1 on Thr463 of its regulatory 

domain thereby activating Srk1 and promoting its dissociation from the Spc1-Srk1 

complex. Activated Srk1 negatively regulates cell cycle progression by phosphorylating 
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and inhibiting Cdc25. Phosphorylation on Thr463 also promotes instability and 

degradation of Srk1 (Lopez-Aviles et al. 2008).  

Srk1 phosphorylates some of the same residues of Cdc25 as the Chk1 and Cds1 

kinases. This provides a binding site for the 14-3-3 protein Rad24 on Cdc25 which causes 

it to be exported from the nucleus and to accumulate in the cytoplasm as well as 

preventing its degradation (Lopez-Aviles et al. 2005; Lopez-Aviles et al. 2008). Thus, 

Srk1 is required for the association of Cdc25 to Rad24 during the normal cell cycle as 

well its stabilization in an inactive state in the cytoplasm in response to osmotic stress 

(Figure 1.5) (Lopez-Aviles et al. 2005).  

The stress response and the DNA damage pathways interact to regulate cellular 

responses to environmental stress and genotoxins (Alao and Sunnerhagen 2008; Alao et 

al. 2010). As mentioned previously, Srk1 delays entry into mitosis following osmotic 

stress by negatively regulating Cdc25 activity (Lopez-Aviles et al. 2005; Lopez-Aviles et 

al. 2008). However, this Srk1-mediated cell cycle delay at the G2/M boundary does not 

account for the entire cell cycle delay observed in response to osmotic stress. During 

mitosis a spindle checkpoint enforcer, Mad2, has a role in cell cycle progression under 

these conditions. Osmotic stress sustains Mad2 activation, thereby interfering with 

mitotic spindle formation and thus delays progression through mitosis. Furthermore, 

cytokinesis is delayed under osmotic stress, which may contribute to its suppressive 

effect on DNA damage sensitivity (Alao et al. 2010). Thus the co-activation of these 

pathways is important for both the response to environmental stress and DNA damage. 
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Figure 1.5:  Cell cycle regulation during stress response is mediated through the 

MAPK Spc1 

Spc1 is activated by various forms of stress which leads to transcriptional induction of the 

stress response genes. Osmotic stress signaling stimulates activation of Spc1 through the 

MAPKK and MAPKKKs unlike heat shock which stimulates Spc1 activation through the 

Pyp phosphatases. Activated Spc1 then phosphorylates and activates its substrate, Srk1 

kinase. This leads to dissociation of the Spc1-Srk1 complex. Activated Srk1 then 

phosphorylates and inhibits Cdc25 phosphatase. This causes binding of phosphorylated 

Cdc25 to the 14-3-3 protein, Rad24, thereby causing cell cycle arrest by promoting 

nuclear exclusion of Cdc25.  Phosphorylation of Srk1 by Spc1 also makes Srk1 unstable 

leading to its degradation. This regulation of cell cycle control by Spc1 in response to 

stress response is independent of Atf1. 
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1.15 Summary  

The events in the cell cycle must be well coordinated to ensure its orderly 

progression. A balance of the activities of the kinases, Wee1 and Mik1, and the 

phosphatases, Cdc25 and Pyp3, is essential for successful nuclear division. The MAPK 

pathway in fission yeast integrates the stimuli from various extracellular stresses and 

links them to the cell cycle progression through the regulation of Cdc25 and hence, the 

Cdc2-Cdc13 complex. Regulation of Cdc25 is thus essential to ensure genomic integrity 

during normal cell cycle as well as in response to DNA damage, replication arrest and 

non-genotoxic environmental stresses.  

1.16 Hypothesis and objectives 

A temperature shift from 25°C to 36°C although within the normal growth range, 

causes heat stress in fission yeast. This shift to 36°C temporarily inhibits nuclear division 

in wildtype cells (Nurse 1975). Srk1 also has a role in osmotic stress response (Lopez-

Aviles et al. 2005) but its role in heat stress has not been characterized as yet. Since srk1 

expression is known to be induced after heat stress (Smith et al. 2002), I hypothesized 

that Srk1 should play a role in the cell cycle arrest observed in wildtype cells after a 

temperature shift. In this project I have investigated the role of Srk1 in mitotic 

progression in response to mild heat stress caused by temperature shifts from 25°C to 

36°C. This is an important range as cells are routinely raised to 36°C when using 

temperature sensitive mutants and typically this response is not taken into account.  Also 

the regulation of Cdc25 by Srk1 during heat stress was investigated in order to further 

characterize the relationship between heat stress and cell cycle control. 
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Chapter 2: Materials and Methods 

2.1 General cell culture techniques 

All S. pombe strains used in this study (Table 1) were grown in Yeast Extract 

(YE) supplemented with adenine (YEA). Edinburgh Minimal Media (EMM) containing 

100µg/ml nutritional supplements (adenine, uracil and leucine) as needed was used to 

select for auxotrophs (Alfa et al. 1993). Kanamycin resistant strains were selected on 

YEA containing 100mg/l of G418/Geneticin. All genetic crosses were carried out 

according to standard procedures (Moreno et al. 1991).  Strains with multiple mutations 

were isolated by tetrad analysis and the recombinant genotypes were confirmed by 

outcrossing the strains. For all the experiments, cultures were grown in liquid YEA media 

at 25°C or 36°C. Cell densities were measured using a Coulter counter (Beckman 

Coulter). 

2.2 Temperature shift kinetics 

 Cells grown to logarithmic growth phase at densities of approximately 3-5 x 10
6
 

cells/ml in liquid YEA media were subjected to mild heat stress by shifting the steady 

state temperature of 25°C to 36°C at time zero and holding it there for a period of four 

hours. Cell cycle kinetics was analyzed by monitoring the septation index and mitotic 

index. Septation index is a measure of the percentage of cells which have completed 

mitosis and formed a septum. Mitotic index is the percentage of binucleate cells but with 

no septum.  

Cell samples were collected at different time intervals, fixed with two volumes of 

ice cold methanol and washed twice with 1000µl ice cold 100mM Tris-HCl pH 7.5 
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buffer. This was followed by DNA staining with (DAPI) (Karagiannis et al. 2002). 

Methyl blue staining was used to visualize the septum (Kippert and Lloyd 1995). In each 

experiment images of at least five fields of 50-200 cells for each time point were taken. 

Binucleates and septated cells were counted from each field. Each experiment was 

repeated at least two times yielding similar results. 

2.3 Osmotic stress 

 Cells in logarithmic growth phase in liquid YEA media at 25°C were treated by 

adding YEA with 3M KCl to a final concentration of 0.6M KCl at time zero and the 

experiment was monitored for a period of four hours. Cell cycle kinetics was analyzed by 

measuring the septation index and mitotic index.  

2.4 Microscopy 

 All bright field and DAPI/methyl blue images were captured using a Leica 

fluorescence microscope (Leica Microsystems) and a high-performance CCD camera 

(Cooke SensiCam). Images were taken using either a 40X or 100X objective lens and 

analyzed using Slidebook image analysis software (Intelligent Image Innovations). Cell 

lengths were calculated directly from images using the Slidebook ruler function. GFP 

fluorescence images were captured using a Zeiss Axio Imager.Z1 equipped with a 

Hamamatsu ORCA-ER CCD camera. 

2.5 Preparation of protein lysates 

 Cells were grown in liquid YEA to mid-logarithmic phase. A 25-30 ml volume of 

liquid culture was chilled to 0°C by addition of 20 ml of crushed YEA media ice which 

provided rapid cooling of cells (Frazer and Young 2011). Cells were then harvested by 
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centrifugation for 4-5 minutes at 3000rpm (Sorvall RT 600D centrifuge) and resuspended 

in 1 ml ice-cold Stop Buffer (150mM NaCl, 50mM NaF, 10mM EDTA, 1mM NaN3 pH 

8.0, 1mM NaVO4, 1mM PMSF) (Moreno et al. 1991). Resuspended cells were then 

transferred to screw-cap tubes and briefly centrifuged at 14000rpm to remove the stop 

buffer. The resulting pellet was frozen on dry ice and stored at -80°C until processed.  

 Cell pellets were mixed with 300 µl modified SUME buffer (1% SDS, 8M Urea, 

10mM MOPS pH 6.8, 10mM EDTA, 50mM NaF, 5mM EDTA, 1mM NaVO4) (Gardner 

et al. 2005) containing 1X Complete Protease Inhibitor Cocktail (EDTA-free, Roche). 

Cells were then lysed by mechanical disruption with acid-washed glass beads (0.5 mm, 

BioSpec) using a bead beater (MiniBeadBeater-8 Cell Disruptor, BioSpec Products, 

Barttesville, USA) at 4°C. The bead slurry was then mixed gently with 100-150 µl of 

fresh SUME buffer, briefly centrifuged and the supernatant (containing the lysate) was 

transferred to a fresh centrifuge tube. The lysate was centrifuged for 10 minutes at 

14,000rpm at 4°C to remove cell debris and the clear supernatant was transferred to a 

fresh tube. Protein concentrations were determined using a BioRad protein Assay kit. 

Lysates were added with 0.25 volume 4X SDS Laemmli loading dye (200mM Tris-HCl 

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

blue) and the samples were boiled at 100°C for five minutes. 

2.6 Western blotting 

 Protein lysates (20µg) were separated on 7% acrylamide gels by using SDS-

polyacrylamide gel electrophoresis (Sambrook et al. 1989). They were then 

electrophoretically transferred to a polyvinylidene difluoride (PVDF) membrane 
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(PolyScreen PVDF Hybridization Transfer Membrane) for blotting overnight at 4°C. The 

membrane was incubated in blocking buffer (5% non-fat skim milk powder, 0.05% 

Tween-20 in 1X TBS) for one hour to inhibit any non-specific antibody binding. This 

was followed by three five minute washes in TBS (containing 0.05% Tween-20) and then 

incubated with mouse anti-GFP primary antibody (1:1000 dilution) (Anti-GFP Mouse Ab 

monoclonal, Roche) in blocking buffer for one hour to detect GFP-fusion proteins. This 

was again followed by three five minute washes in TBS (containing 0.05% Tween-20). 

Membranes were incubated with goat anti-mouse or goat anti-rabbit horseradish 

peroxidase (HRP) conjugated secondary antibody (1:2000 dilution) in blocking buffer for 

20 minutes. This was followed by six five minute washes in TBS (containing 0.2% 

Triton-X100) and two washes with 1X TBS. Membranes were then treated with enhanced 

chemiluminescence reagents (Amersham ECL Western Blotting Detection Reagents, GE 

Healthcare). Membranes were stained with Coomassie Brilliant Blue for the visualization 

of equal protein loading. 
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Chapter 3: Results 

3.1 Effect of mild heat stress  

3.1.1 Effect on viability and colony formation 

The role of Srk1 kinase in cell cycle regulation in response to high temperatures 

within the physiological growth range was examined by exposing cells to a mild heat 

stress. Several strains were constructed to examine the interaction of Srk1 with other 

proteins in the heat stress response pathway (Table 3.1). The cell length at division and 

the morphology of the colonies of all the strains used in this study were observed in order 

to determine the effect of temperature shift on the cell cycle timing. As a simple measure 

of possible differential growth, all strains were streaked onto solid YEA media and 

incubated at 25°C and 36°C to observe the effect of mild heat stress on their phenotypes 

and their ability to form colonies at the high temperature (36°C). All strains shown were 

able to divide and form colonies at 36°C without any apparent long term effect of high 

temperature on the cell division cycle (Figure 3.1).  

3.1.2 Effect on cell length at division 

The effect of temperature on cell length at division was further examined in liquid 

culture. Logarithmically growing cells at 25°C were shifted to 36°C to induce a mild heat 

stress. At 25°C in YEA media, wildtype fission yeast typically has a generation time of 

about 2.5 hours. The cell length at septation was measured at 25°C (Table 3.2) and after 4 

hours at 36°C to allow the cells to divide for one generation at the high temperature. 

Additionally, the cells were grown overnight in exponential phase at 36°C and the cell 
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Table 3.1: List of strains used in this study 

Strain 

Number 

 

 Genotype Source 

 

 
 

 

 

 

  Q250   972 h
-
 Lab Collection 

Q3676  ura4-D18 leu1-32 h
-
 Lab Collection 

Q3677  ura4-D18 leu1-32 h
+
 Lab Collection 

Q2016  cdc25-GFPint cdc25::ura4
+
 ura4

-
D18 leu1-32 h

-
 

Lab Collection 

(Chua et al. 

2002) 

Q3792  cdc25(9A)-GFPint cdc25::ura4
+
 ura4-D18 leu1-32 h

+
 Lab Collection 

Q4137  srk1::kanMX6
 
ade6-216 leu1-32 ura4-D18 h

+
 

Bioneer 

Corporation 

Q4125  

srk1::kanMX6
 
cdc25-GFPint cdc25::ura4

+ 
ade6-216 leu1-32  

ura4-D18 h
+
 This study 

Q4126  

srk1::kanMX6 cdc25(9A)-GFPint cdc25::ura4
+
 ade6-216 leu1-32 

ura4-D18 h
+
 This study 

Q4127  wee1-50
ts
 ura4-D18 leu1-32 h- Lab Collection 

Q4128  wee1-50
ts 

ura4-D18 leu1-32 h
+
 Lab Collection 

Q4129  srk1::kanMX6
 
wee1-50ts ade6-216 leu1-32 ura4-D18 h

+
 ade6-216 This study 

Q4130  srk1::kanMX6
 
wee1-50ts ade6-216 leu1-32 ura4-D18 h- ade6-216 This study 

Q909  pyp1::ura4+ ura4-D18h
+
  Lab Collection 

Q910  pyp1::ura4+ ura4-D18h
-
 Lab Collection 

Q911  pyp2::ura4+ ura4-D18h
-
 Lab Collection 

Q4131  pyp1::ura4
+
 srk1::kanMX6 ura4-D18 h

+
 ade6-216 leu1-32 This study 

Q4132  pyp2::ura4
+
 srk1::kanMX6 ura4-D18 h

+
 ade6-216 leu1-32 This study 

Q1610  spc1::ura4
+
 uraD-18 leu1-32 h

-
 Lab Collection 

Q4133  

spc1::ura4
+
 srk1::kanMX6 cdc25-GFPint cdc25::ura4

+
uraD-18 

leu1-32 h- ade6-216 This study 

Q4134  spc1::ura4
+
 cdc25(9A)-GFPint cdc25::ura4+ uraD-18 leu1-32 h- This study 

Q1419  pyp3::ura4
+
 ura-D18 leu1-32 h

-
 Lab Collection 

Q4135  pyp3::ura4
+
 ura-D18 leu1-32 h

+
 Lab Collection 

Q4136  pyp3::ura4
+
 srk1::kanMX6 ade6-216 ura-D18 leu1-32 h

+
  This study 
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Figure 3.1:  Various strains growing at 25°C and 36°C 

Wildtype cells (Q250), cdc25-GFPint (Q2016), srk1::kanMX6 (Q4102), cdc25(9A)-

GFPint (Q3792) and srk1::kanMX6
 
cdc25(9A)-GFPint (Q4126) were streaked on to 

YEA agar plates and incubated at 25°C and 36°C overnight and the colonies examined 

microscopically. Bar represents 10µm. cdc25-GFPint is a native promoter driven cdc25-

GFP protein fusion integrant. cdc25(9A)-GFPint is a native promoter driven cdc25(9A)-

GFP protein fusion integrant, a mutant of Cdc25 in which nine potential phosphorylation 

sites for Srk1 have been mutated to alanine. 
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Table 3.2: Cell size at division for various strains prior to and after a mild heat 

stress 

Strain Cell length at 

25°C (µm) 
Cell length after 4 

hours at 36°C (µm) 
Cell length at steady 

state at 36°C (µm) 

Wildtype 13.09 ± 0.77 13.77 ± 0.69 12.75 ± 0.80  

cdc25-GFPint 12.72 ± 0.70 13.69± 0.60 13.13 ± 0.90 

cdc25(9A)-GFPint 12.83 ± 0.81 13.77 ± 0.52 13.08 ± 0.62 

srk1::kanMX6 11.70 ± 0.72
a, c

 13.20 ± 1.0 13.09 ± 0.68
b
 

srk1::kanMX6 cdc25(9A)-GFPint 12.16 ± 0.73
a
 13.53 ± 0.45 12.71 ± 0.68

b
 

spc1::ura4
+
 15.03 ± 0.95

a
 17.87 ± 1.34 Not determined 

spc1::ura4
+
srk1::kanMX6 15.74 ± 1.18

a, d
 18.31 ± 1.36 Not determined 

spc1::ura4
+
cdc25(9A)-GFPint 15.0 ± 0.76

a
 18.13± 0.95 Not determined 

wee1-50 10.18 ± 0.92
a
 7.20 ± 0.73 Not determined 

srk1::kanMX6 wee1-50 10.26 ± 1.08
a
 7.14 ± 0.66 Not determined 

pyp1::ura4
+
 10.02 ± 0.65

a
 12.86 ± 0.58 11.66 ± 0.61

a, b
 

pyp1::ura4
+
srk1::kanMX6 9.83 ± 0.44

a
 10.77 ± 0.62 9.88 ± 0.73

a, e
 

pyp2::ura4
+
 12.89 ± 0.74 13.86 ± 0.70 12.96 ± 0.75 

pyp2::ura4
+
srk1::kanMX6 12.87 ± 0.73 13.61 ± 0.62 13.17 ± 0.87 

pyp3::ura4
+
 14.05 ± 0.74

a, f
 14.48 ± 0.79 14.21 ± 0.56

a
 

pyp3::ura4
+
srk1::kanMX6 13.46 ± 0.66

a
 13.85 ± 0.67 13.96 ± 0.65

a, b
 

Cell size measurements of septated cells grown in liquid YEA media at the indicated 

temperature. Measurements were the mean of 30 individual determinations (± s.d.) 

 
a 
Significant difference in cell length from wildtype at the respective temperature  

b
 Significant difference in cell length between 25°C and 36°C 

c
 Significant difference in cell length between srk1::kanMX6 and cdc25(9A)-GFPint 

d 
Significant difference in cell length between spc1::ura4

+
 and spc1::ura4

+
srk1::kanMX6  

e 
Significant difference in cell length between pyp1::ura4

+
 and pyp1::ura4

+
srk1::kanMX6 

f 
Significant difference in cell length between pyp3::ura4

+
 and pyp3::ura4

+
srk1::kanMX6 
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length at septation was measured as an indication of steady state size. For example, wild 

type cell length at 36°C (12.75 µm ± 0.80) did not differ significantly from the length at 

25°C (13.09 µm ± 0.77) (Student’s t-test; p= 0.136).   

However, the cell division length of wildtype cells transiently increased from 

13.09 µm ± 0.77 to 13.77 µm ± 0.69 when shifted from 25°C to 36°C as measured at four 

hours (Student’s t-test; p= 0.0016), although the steady state length at division at 36°C 

readjusted to 12.75 µm ± 0.80 after several generations. 

3.1.3 Effect of mild heat stress on the cell cycle kinetics of fission yeast 

In order to examine the effect of mild heat stress on mitosis, the kinetics of 

mitosis and septation following temperature shift was studied. The kinetics of the 

progression of cells into mitosis after a temperature shift was examined by quantifying 

mitotic entry and exit. Mitotic entry was measured as nuclear division (binucleates) and 

septation as an indication of the percentage of cells that have completed mitosis and 

initiated cytokinesis. Examples are shown in Figure 3.2. Note the differences between 

strains, particularly at 40 minutes, where wildtype has virtually no binucleates or septated 

cells and in contrast srk1::kanMX6 displays a strong increase in both of those categories.  

3.2 Srk1 kinase regulates delayed mitotic entry in response to mild heat stress 

The results of experiments such as those shown in Figure 3.1, Table 3.2 were 

quantitated and the various genotypes compared. The temperature shift caused a transient 

stress response in wildtype cells by temporarily arresting nuclear division. Normally, in 

an asynchronous population of wildtype cells growing at 25°C in steady state, about 5- 
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Figure 3.2: Mitotic and septation index after a mild heat stress 

Exponentially growing wildtype (Q250) and srk1::kanMX6 (Q4102)
 
in YEA medium at 

25°C were shifted to 36°C at time zero. Samples were fixed with methanol, stained with 

DAPI and methyl blue to visulaize the nuclei and septa respectively. Fields of cells were 

photographed and scored for binucleates and septated cells as indicated. The arrows show 

examples of binucleate cells. Bar represents 10µm. 
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6% of the population is in mitosis (binucleates) and 15-20% of the cells have completed 

mitosis and are in the process of cytokinesis (septated cells). However, after a shift to 

36°C the percentage of binucleate cells started to decrease 10 minutes after the shift and 

continued to decrease until 30 minutes (Figure 3.3A). 

After 30 minutes, the population of binucleate cells increased gradually and the 

normal rate of division at 36°C resumed at about 120 minutes. Similarly, the population 

of septated cells which appear about 20 minutes after the binucleates, showed a gradual 

decrease 50 minutes after the shift before resuming steady state at 36°C.  

The effect on the cell cycle timing in  srk1:: kanMX6 mutants in contrast showed 

a heat stress response as seen by the significant difference in cell size at septation during 

steady state growth at 25°C (11.7 µm ± 0.72) and 36°C (13.09 µm ± 0.68) (Student’s t-

test; p= 0.0001) (Table 3.2).  However, srk1::kanMX6 was not significantly different in 

length from the wildtype grown at 36°C (13.09 µm ± 0.68 and 12.75 µm ± 0.8 

respectively, Student’s t-test; p= 0.076).  

 The transient effect of shifting the temperature from 25°C to 36°C altered the cell 

cycle timing of the srk1::kanMX6 mutants within a single generation. The cell length of  

srk1::kanMX6 grown to exponential phase at 25°C was found to differ significantly after 

the shift to 36°C for 4 hours (11.7 µm ± 0.72 and 13.2 µm ± 1.0 respectively, Student’s t-

test; p= 0.0001). srk1::kanMX6 mutants were elongated after 4 hours at 36°C. 

The response of cells lacking Srk1 to a transient stress was strikingly different 

from that of wild type cells.  The transient inhibition of nuclear division observed at 20 

minutes in wildtype cells following a temperature shift was not present in cells lacking 
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Figure 3.3: Mitotic response to mild heat stress  

Wildtype cells (Q250) (A), srk1::kanMX6 (Q4102)
 
(B), cdc25(9A)-GFPint (Q3792) (C) 

and srk1::kanMX6
 

cdc25(9A)-GFPint (Q4126) (D) grown in YEA medium to 

exponential phase at 25°C were shifted to 36 °C at time zero. Samples were prepared as 

described in Figure 3.2. The septation and mitotic indices were measured at the indicated 

time periods in minutes. Error bars represent ±1 s.d., n=2.  
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srk1 (Figure 3.3B). Instead in srk1::kanMX6 mutants there was a strong stimulation of 

cell division in response to the mild heat stress. In an asynchronous culture of the 

srk1::kanMX6 mutant growing in steady state at 25°C, 5-6% of the population is 

binucleates as in wild type. On shifting the temperature to 36°C, the population of 

binucleates increased rapidly to 16% within 20 minutes before declining to the basal 

level. The accumulation of septated cells was observed at about 40 minutes after the shift. 

Therefore in response to mild heat stress a rapid stimulation of a mitotic burst was seen in 

the population. This spike then immediately declined to the basal level and was followed 

by a complete cessation of nuclear division for about 90 minutes. The population of 

binucleates declined starting at 20 minutes following the shift and began to rise to 

wildtype levels only after 180 minutes. Correspondingly, the population of septated cells 

gradually declined after 40 minutes only to reappear after 180 minutes. Thus in the 

absence of Srk1 kinase, mild heat stress caused an initial mitotic stimulation followed by 

a long block in nuclear division for approximately 2.5 hours.  The normal rate of division 

was resumed 3 hours after the shift to 36°C. This transient arrest in cell cycle after an 

initial mitotic burst could be attributed to size modulation after a mild heat stress which 

will be discussed later.  

3.3 Regulation of Cdc25 in response to mild heat stress 

It is known that Srk1 negatively regulates Cdc25 by phosphorylating it during the 

normal cell cycle and cell cycle arrest in response to osmotic stress (Lopez-Aviles et al. 

2005). In order to determine the localization and regulation of Cdc25 in response to mild 

temperature shift, a native promoter driven cdc25-GFP protein fusion integrant (cdc25-
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GFPint (Q2016)) was used (Chua et al. 2002; Frazer and Young 2011). The GFP tagged 

version of Cdc25 did not have any effect on cell cycle timing. cdc25-GFPint divided and 

formed colonies similar to wildtype cells at both 25°C and 36°C (Figure 3.1). It had a 

similar generation time to the wildtype cells, doubling every 2.5-3.0 hours.  The strain 

divided at a wildtype length before and after the application of mild heat stress without 

any apparent effect on cell division length (Table 3.2). At 25°C in rich media, cdc25-

GFPint and wildtype divided at 12.72 µm ± 0.70 and 13.09 µm ± 0.77 respectively 

(Student’s t-test; p= 0.061). At 36°C, the cell length of cdc25-GFPint and wildtype was 

measured at 13.1µm ± 0.9 and 12.75 µm ± 0.8 respectively (Student’s t-test; p= 0.081).  

To test the relationship of Srk1 to Cdc25 in the mild heat stress response, a native 

promoter driven cdc25(9A)-GFP fusion integrant (cdc25(9A)-GFPint (Q3792) (Frazer 

and Young, 2011) was used. This strain is a mutant of Cdc25 in which nine potential 

phosphorylation sites for Chk1, Cds1 and Srk1 have been mutated to alanine. Cells 

expressing cdc25(9A)-GFPint from the native promoter were not significantly different in 

length from the wildtype cells at 25°C (12.83 µm ± 0.81 and 13.09 µm ± 0.77 

respectively, Student’s t-test; p= 0.206) and 36°C (13.08 ± 0.62 and 12.75 ± 0.79 

respectively, Student’s t-test; p= 0.07) (Table 3.2).  In steady state growth cdc25(9A)-

GFPint did not show any cell cycle phenotype and formed colonies similar to wildtype 

and cdc25-GFPint (Figure 3.1; Table 3.2). 

Logarithmically growing cdc25(9A)-GFPint cells were shifted from 25°C to 36°C 

for 4 hours.  The pattern of mitotic stimulation seen in srk1::kanMX6 mutant was 

phenocopied in cdc25(9A)-GFPint cells (Figure 3.3C). The population of binucleate cells 
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in the cdc25(9A)-GFPint background increased rapidly with a peak at about 20 minutes 

after the shift and then declined to the basal level. The population of binucleates for 

cdc25(9A)-GFPint was larger and seen to persist longer than in srk1::kanMX6 mutants. 

In a srk1::kanMX6 background, binucleates declined to the basal level in about 10 

minutes after the mitotic burst whereas they reached the basal level only after 20 minutes 

in cdc25(9A)-GFPint. This rate of decline is perhaps due to an elongated mitotic period 

rather than the recruitment of a larger population of cells to the burst. However, the larger 

cohort in the initial burst suggests a larger percentage of the population entering mitosis 

as compared to the srk1 deletion population. Since cdc25(9A)-GFPint is a larger cell than 

srk1::kanMX6 (Table 3.2) the burst size may reflect a larger percentage of the population 

above a critical size threshold in this medium.   Septated cells were found to accumulate 

for a longer period compared to srk1::kanMX6 mutants with a peak at about 50 minutes 

after the shift. Nevertheless, the kinetics of cdc25(9A)-GFPint in response to mild heat 

stress is quite similar to that of srk1::kanMX6 mutants; in both cases heat causes mitotic 

stimulation.  These data indicate that Srk1 kinase plays a central role in regulating mitotic 

entry in response to heat stress by negatively regulating the tyrosine phosphatase, Cdc25. 

In order to further confirm that the mild heat stress response was dependent on 

Srk1 acting through Cdc25, the srk1::kanMX6 cdc25(9A)-GFPint (Q4126) double mutant 

was analyzed. The double mutant had a similar cell cycle phenotype and cell size at 

division as srk1 single mutants (Table 3.2). The kinetics the response resembled that of 

the srk1::kanMX6 (Figure 3.3D). There is clearly no additive interaction of the 
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srk1::kanMX6 mutant with cdc25(9a)-GFPint and this relationship suggests that both 

strains are mutated in a common pathway. 

3.3.1 Subcellular localization of Cdc25 following mild heat stress 

In order to examine the localization of Cdc25 in response to mild heat stress, 

wildtype cells carrying wildtype Cdc25 tagged with GFP (cdc25-GFPint) were subjected 

to mild heat stress as before by shifting an exponentially growing population from 25°C 

to 36°C. The cellular localization of Cdc25-GFP was monitored both qualitatively and 

quantitatively using fluorescence microscopy before and after treatment.  

Qualitative measurements were made by imaging the localization of Cdc25-GFP 

in the live cells (Figure 3.4). In the cdc25-GFPint (wildtype) strain growing at 25°C 

(T=0), Cdc25 was localized in the nucleus in late G2 and mitotic cells. However, shifting 

the culture to 36°C did not seem to substantially affect the subcellular localization of 

Cdc25.    

Similarly, srk1::kanMX6
 
cdc25-GFPint (Q4125) (cells lacking Srk1 kinase in 

which Cdc25 is endogenously tagged with GFP) and cdc25(9A)-GFPint were subjected 

to the same heat stress treatment. The localization pattern of Cdc25-GFP in the 

srk1::kanMX6
 
cdc25-GFPint and cdc25(9A)-GFPint strains resembled that of cdc25- 

GFPint both before and after the stress. Hence the localization of wildtype Cdc25 or the 

Cdc25(9A) allele did not seem to change in response to mild heat stress.  

Next, the localization of Cdc25-GFP was measured quantitatively as the 

nuclear/cytoplasmic (N/C) ratio by measuring mean pixel intensity in the nuclear and 

cytoplasmic compartments. Most cells in a fission yeast population are in G2 and thus 
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Figure 3.4: Cdc25-GFP localization in response to mild heat stress 

Logarithmically growing cultures of the indicated strains expressing Cdc25-GFP or 

Cdc25(9A)-GFP from the native chromosomal cdc25 promoter were grown in YEA 

medium and imaged at the indicated time points by fluorescence microscopy at 25°C and 

after a shift to 36°C. All images were taken with constant exposure time. Bar represents 

10µm. 
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accumulating Cdc25 in the nucleus.  The protein persists into mitosis and is destroyed on 

mitotic exit. The percentage of cells with the N/C ratio greater than 1.2 was compared in 

order to exclude the G1/S cohort. In wildtype cells growing at 25°C, about 80% of the 

population had N/C ratio greater than 1.2. The percentage of cells having N/C ratio 

greater than 1.2 decreased after the heat stress. Similarly, in the srk1::kanMX6
 
cdc25-

GFPint and cdc25(9A)-GFPint backgrounds, a gradual decrease in the percentage of cells 

having N/C ratio greater than 1.2 was observed for the 20 minute period following a 

temperature shift (Figure 3.5). The wild type cell ratio dropped further than the others at 

the ten minute point; this conceivably could reflect some nuclear export as part of the 

initial response. 

The overall distribution of N/C ratios correlates with position in G2 as Cdc25 

accumulates for mitosis. These distributions are shown in Figure 3.6.  The most striking 

feature of these comparisons is that the cells with the highest ratio at T0 disappear.  This 

is most pronounced in srk1
-
 cells or cells with Cdc25(9A) as the largest cell size cohort in 

the logarithmically growing population in each strain is promoted into mitosis by T20. In 

wild type cells there is some reduction in the N/C ratio and this is presumably attributable 

to nuclear export since there is no induction of binucleates in this strain. In addition 

cdc25(9A)-GFPint accumulates Cdc25-GFP to higher levels than the wildtype and 

srk1::kanMX6
 
cdc25-GFPint at 25°C (Figure 3.6) and this presumably in part reflects the 

reduced ability of Cdc25(9A) to be exported from the nucleus (Frazer and Young, 2011).  

3.3.2 Phosphorylation of Cdc25 following a mild heat stress 

Cdc25 is known to be inactivated by phosphorylation in order to cause a cell cycle 
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arrest following genotoxic and non-genotoxic stress. In response to osmotic stress, Srk1 

kinase phosphorylates Cdc25 and inactivates it causing a cell cycle arrest. In order to 

investigate whether Srk1 phosphorylated Cdc25 in response to mild heat stress, the 

phosphorylation status of Cdc25-GFP in different genetic backgrounds was observed. 

Protein lysates from cells with cdc25-GFPint background (wildtype) growing in 

exponential phase at 25°C and after shift to 36°C were subjected to western blot analysis. 

A logarithmic growth phase culture of cdc25-GFPint exposed to 15 mM hydroxyurea 

(HU) for four hours was used as a control. Hydroxyurea causes a DNA replication 

checkpoint arrest by inhibiting ribonucleotide reductase causing depletion of intracellular 

dNTP pools and arrest of DNA replication (Fox 1985). Cdc25 is known to be 

hyperphosphorylated following HU treatment (Zeng and Piwnica-Worms 1999; Frazer 

and Young, 2011). Wildtype cells show a decrease in electrophoretic mobility, indicative 

of hyperphosphorylation, and accumulation of Cdc25 following heat shift (Figure 3.7). 

This behaviour is similar to that observed in wildtype cells exposed to 15mM HU for four 

hours. In contrast, lysates from cells expressing Cdc25(9A)-GFP from the native 

promoter did not undergo a mobility shift prior to nor 20 minutes after the temperature 

shift. Similarly, cells with a srk1::kanMX6
 
cdc25-GFPint background growing at 25°C 

did not show any hyperphosphorylated bands. However, in the absence of Srk1, 20 

minutes after the shift, an increase in accumulation of Cdc25 was observed. 

Therefore, Cdc25 appears to be phosphorylated on at least some of the same sites 

as Cds1 or Chk1 in response to mild heat stress in the same way as for osmotic stress and 

this process is dependent on Srk1 kinase. 
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Figure 3.5: Quantitative measurement of Cdc25-GFP signal intensity in the G2/M 

population after a mild heat stress 

Logarithmically growing cultures of the indicated genotypes expressing Cdc25-GFP from 

the chromosomal cdc25 promoter were grown in YEA medium and imaged by 

fluorescence microscopy at 25°C and after a shift to 36°C. Cdc25-GFP localization was 

imaged in live cells at the indicated time periods in minutes. Cdc25-GFP signal intensity 

was measured as the nuclear/cytoplasmic (N/C) ratio of mean pixel intensity. Percentage 

of cells having Nuclear/Cytoplasmic ratio greater than 1.2 are shown in order to exclude 

the G1/S population where Cdc25 is degraded. The results represent mean values from 

two independent experiments for which 100 cells were analysed for each experiment at 

each time point. 
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Figure 3.6: Overall distribution of nuclear/cytoplasmic (N/C) ratio of Cdc25-GFP 

signal intensity after a mild heat stress 

Logarithmically growing cultures of the indicated genotypes expressing Cdc25-GFP or 

Cdc25(9A)-GFP from the chromosomal cdc25 promoter were grown in YEA medium 

and imaged by fluorescence microscopy at 25°C and after a shift to 36°C. Cdc25-GFP 

localization was imaged in live cells at the indicated time periods in minutes. Cdc25-GFP 

signal intensity was measured as the nuclear/cytoplasmic (N/C) ratio of mean pixel 

intensity. The percentage of cells of the indicated genotype under each N/C ratio category 

is shown. The results represent mean values from two independent experiments for which 

100 cells were analysed for each experiment at each time point. 
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3.4 Srk1 is activated by Spc1 after a mild heat stress 

 It is known that Srk1 is phosphorylated and activated by Spc1 after major stress 

(Smith et al. 2002; Lopez-Aviles et al. 2008). In order to examine if Spc1 activates Srk1 

in response to mild heat stress, cells lacking Spc1 were subjected to temperature shift 

experiments to induce a mild heat stress as previously described. The effect of shifting 

the temperature from 25°C to 36°C was observed on the phenotype and the cell cycle 

timing of spc1 mutants (Figure 3.8A). These mutants were found to be elongated and 

they septated at 15.03µm ± 0.95 at 25°C. Their generation time is quite similar to 

wildtype cells doubling roughly every 2.5-3.0 hours. On shifting a culture of 

logarithmically growing cells at 25°C to 36°C for 4 hours, these mutants were 

substantially elongated with a cell length of 17.87 µm ± 1.34 (Table 3.2). However, when 

grown at 36°C for extended periods, spc1::ura4
+
 (Q1610) cells appeared to divide for a 

few generations and to undergo permanent cell cycle arrest as seen from highly elongated 

cells (Figure 3.8B). This is consistent with Spc1 kinase linking the stress response to cell 

cycle control. 

Next, the effect of mild heat stress was examined on the cell cycle kinetics of 

spc1::ura4
+
. spc1 mutants showed the same response as the srk1 single mutants (Figure 

3.9A and 3.9B). A mitotic burst followed by a gradual decline to the basal level in the 

population of binucleates similar to that seen in srk1::kanMX6 and cdc25(9A)-GFPint 

cells. However, in spc1 mutants the percentage of cells undergoing mitosis was less 

compared to srk1::kanMX6 and cdc25(9A)-GFPint. Correspondingly the population of 

cells septating was only about 25% which is lower than the 37% seen in srk1 mutants 40 
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Figure 3.7: Phosphorylation of Cdc25 in response to mild heat stress 

Western blot comparing the phosphorylation status of Cdc25 in the strains indicated. 

Cultures of the indicated strains expressing Cdc25-GFP from the chromosomal cdc25 

promoter grown in YEA medium to logarithmic phase, were harvested at the indicated 

time periods, lysed and analysed by SDS-PAGE and western blotting using mouse anti-

GFP primary and anti-mouse HRP secondary antibodies. Control lane: Wildtype cells 

were grown to logarithmic phase and exposed to 15mM hydroxyurea for 4 hours before 

collection, which results in hyperphosphorylation on Chk1/Cds1 sites, was used as the 

control to monitor the phosphorylation status of Cdc25. 
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minutes after the temperature shift. Additionally, in spc1 mutants an initial mitotic 

stimulation at 20 minutes after the temperature shift was followed by a short transient 

block in division. Cells quickly resumed mitosis, unlike cells in which srk1::kanMX6 or 

cdc25(9A)-GFPint was deleted.  

In order to examine whether the heat stress response was mediated through the 

Spc1-Srk1 pathway impinging on Cdc25, spc1::ura4
+
srk1::kanMX6 (Q4133) and 

spc1::ura4
+
cdc25(9A)-GFPint (Q4134) double mutants were constructed. These two 

mutants had a similar phenotype and cell size at division compared to the spc1 single 

mutant. At 25°C, both spc1::ura4
+
srk1::kanMX6 and spc1::ura4

+
cdc25(9A)-GFPint  had 

a cell length of 15.74 µm ± 1.18 and 15.0 µm ± 0.76 at septation respectively. They were 

found to be elongated after a period of 4 hours at 36°C. However, as in the spc1 single 

mutant, they did not grow well at 36°C overnight as judged by their highly elongated 

phenotype (Figure 3.8B). 

  The stimulation of mitosis after the temperature shift in 

spc1::ura4
+
srk1::kanMX6 was similar to spc1::ura4 alone. However following the 

cessation of this burst of mitosis the recovery resembled that seen in srk1::kanMX6 

(Figure 3.9C). spc1::ura4
+
cdc25(9A)-GFPint showed a similar response (Figure 3.9D). 

However, in the absence of Spc1 in the cdc25(9A)-GFPint background, the percentage of 

cells undergoing mitosis (18% binucleates seen 20 minutes after the shift) and, 

consequently septation (32% septated cells seen 40 minutes after the shift) after the 

temperature shift was found to be higher compared to spc1::ura4
+
 and 

spc1::ura4
+
srk1::kanMX6.  spc1::ura4

+
cdc25(9A)-GFPint cells resumed their normal 
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rate of division at 36°C roughly two hours after the shift. These data are consistent with 

Srk1 being a downstream target of Spc1 that is activated by Spc1 in response to mild heat 

stress. 

In order to investigate the role of Spc1 in the cellular localization of Cdc25, 

spc1::ura4
+
cdc25-GFPint and spc1::ura4

+
srk1::kanMX6 cdc25-GFPint were 

constructed by crossing the existing strains with cdc25-GFPint. Then cultures of these 

GFP tagged spc1 mutants in exponential growth phase were shifted from 25°C to 36°C 

and the localization of Cdc25 was imaged in the live cells for 20 minutes after the shift.  

It was observed that all three spc1 mutant strains: spc1::ura4
+
cdc25-GFPint, 

spc1::ura4
+
srk1::kanMX6 cdc25-GFPint and spc1::ura4

+
cdc25(9A)-GFPint had Cdc25 

localized in the nucleus of the G2 and a stimulated mitotic cohort similar to wildtype 

cdc25-GFPint when grown at 25°C. However, the spc1::ura4
+
cdc25(9A)-GFPint double 

mutant similarly to the cdc25(9A)-GFPint single mutant showed a greater accumulation 

of Cdc25 in the nucleus compared to the other mutants (Figure 3.10). In all three spc1 

strains, Cdc25 appeared to be exported out of the nucleus within 10 minutes of the 

temperature shift to 36°C and the nuclear fluorescence was greatly diminished. The 

remaining Cdc25-GFP protein seemed to be associated with the nuclear envelope (Figure 

3.10). However, in these backgrounds cells are being stimulated into mitosis after the 

temperature shift. Hence the decrease in nuclear fluorescence intensity is presumably due 

to degradation of Cdc25 by a proteasome at the nuclear envelope.  

3.5 Srk1 loss of function is epistatic to Pyp1 or Pyp2 phosphatase loss of function  

Pyp1 and Pyp2 phosphatases negatively regulate Spc1. These two phosphatases 
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Figure 3.8: Wildtype and spc1
-
 mutants growing at 25°C and 36°C 

Cells of the indicated genotype were streaked on to YEA agar plates (A) and YEA liquid 

medium (B) and incubated at 25°C and 36°C overnight and the colonies were examined 

using 40X (A) or 100X (B) objective lens to analyze the phenotype at the indicated 

temperatures. Bar represents 10 µm.  
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Figure 3.9: Mitotic response to mild heat stress in spc1
-
 mutants 

Exponentially growing srk1::kanMX6
 
(A) (From Figure 3.3), spc1::ura4

+
 (Q1610) (B), 

spc1::ura4
+
srk1::kanMX6 (Q4133) (C) and spc1::ura4

+
 cdc25(9A)-GFPint (Q4134) (D) 

grown in YEA medium at 25°C were shifted to 36 °C at time zero. Samples were 

prepared as described in Figure 3.3. Error bars represent ±1 s.d, n=2.  
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are inhibited upon heat shock thereby causing strong activation of Spc1 (Nguyen and 

Shiozaki 1999). In a pyp1 deletion there is some constitutive activation of the Spc1 

MAPK.  In order to examine the individual roles of Pyp phosphatases in the mild heat 

stress response, pyp1::ura4
+
 (Q909) and pyp2::ura4

+
 (Q911) mutants were shifted from 

25°C to 36°C. The cell length, phenotype and cell cycle kinetics were followed at 25°C 

and 4 hours at 36°C. Cells lacking Pyp1 divided at a significantly smaller size (10.02 µm 

± 0.65) than the wildtype (13.09 µm ± 0.77) cells grown to exponential phase at 25°C 

(Student’s t-test; p= 0.0001) (Table 3.2). However, there was no growth defect as the 

cells had a similar generation time as the wildtype.  pyp1::ura4
+
 mutants were found to 

be elongated (12.86 µm ± 0.58) when shifted to 36°C for 4 hours. The cell length was 

also found to be slightly elongated when grown to exponential phase at 36°C (11.66 µm 

± 0.61). 

In order to look for any genetic interaction between Pyp1 and Srk1 in response to 

mild heat stress, a pyp1::ura4
+
 srk1::kanMX6 (Q4131) double mutant was constructed. 

This double mutant behaved similarly to the pyp1 single mutant in terms of cell viability 

and cell morphology (Figure 3.11). The cell length at division of pyp1::ura4
+
 

srk1::kanMX6 double mutant (9.83 µm ± 0.44) was not different from the pyp1 single 

mutant (10.02 µm ± 0.65) when grown to exponential phase at 25°C (Student’s t-test; p= 

0.179). Both these mutants were slightly elongated after 4 hours at 36°C but there was no 

difference in cell length when grown to exponential phase at either 25°C (9.83µm ± 0.44) 

or 36°C (9.88 µm ± 0.73). Thus, similarly to the pyp1 single deletion mutant, 

pyp1::ura4
+
srk1::kanMX6 was found to be advanced into mitosis in steady state growth.  
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Figure 3.10: Cdc25-GFP localization in spc1
-
 mutants in response to mild heat stress 

Logarithmically growing cultures of the indicated genotypes expressing Cdc25-GFP from 

the native chromosomal cdc25 promoter were grown in YEA medium and imaged by 

fluorescence microscopy at 25°C and after a shift to 36°C. Cdc25-GFP localization was 

imaged in live cells at the indicated time periods in minutes. All images were taken with 

constant exposure time. Bar represents 10µm.  
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Next, the cell cycle kinetics of both single and double mutant was compared to 

wildtype and srk1::kanMX6. The response of pyp1::ura4
+
 was closer to that of wildtype 

after a mild heat stress (Figure 3.12A and 3.12C). In a pyp1::ura4
+
 background, the 

population of binucleates started to decrease ten minutes after the shift to 36°C. This 

transient block in mitosis was sustained for a longer period compared to the wildtype 

population, up to 90 minutes after which the cells resumed a normal rate of division. 

However, the kinetics for the pyp1::ura4
+
srk1::kanMX6 double mutant was similar to 

that of the srk1::kanMX6
 
 single mutant (Figure 3.12B and 3.12D).  Next, the effect of 

pyp2 deletion on the cell morphology and the timing of mitosis was examined. The 

pyp2::ura4
+
 disruption had no effect on the colony morphology (Figure 3.13) or the cell 

size at division at 25°C and 36°C (Table 3.2). It did not significantly differ in length from 

the wildtype both prior to (12.89 µm ± 0.74) and after (13.86 µm ± 0.70) the temperature 

shift and also when grown at 36°C (12.96 µm ± 0.75) to exponential phase. Thus the cell 

cycle kinetics of pyp2::ura4
+
 resembled that of wildtype (Figure 3.14A and 3.14C) and 

pyp1 single mutant overall. However, there were a few differences observed. The 

transient mitotic block seen 10 minutes after the temperature shift to 36°C was sustained 

only up to 60 minutes and the normal rate of division was resumed thereafter. Also, at 

two hours after the shift a sudden increase in the population of septated cells was 

observed in the pyp2::ura4
+
 disruption background. 

Similar to pyp1::ura4
+
srk1::kanMX6, a pyp2::ura4

+
srk1::kanMX6 (Q4132) 

double mutant was constructed to investigate the role of Pyp2 in the mitotic stimulation 

seen in the absence of Srk1. It was seen that the pyp2::ura4
+
srk1::kanMX6 double 
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Figure 3.11: Wildtype and pyp1
-
 mutants growing at 25°C and 36°C 

Cells of the indicated genotype were streaked on to YEA agar plates and incubated at 

25°C and 36°C overnight and the colonies examined. Bar represents 10µm.  
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mutant behaved identically to the pyp2 single mutant and the wildtype with respect to cell 

length at division and cell phenotype at both 25°C and 36°C (Figure 3.13). The cell cycle 

kinetics of pyp1::ura4
+
srk1::kanMX6 resembled that of the srk1 single mutant with a 

mitotic burst observed 20 minutes after the shift followed by a decline to the basal level 

(Figure 3.14A and 3.14C). 

Thus, Pyp1 and Pyp2 phosphatases do not seem to have a role in the mitotic 

stimulation generally seen after a mild heat stress with srk1::kanMX6. Both 

pyp1::ura4
+
srk1::kanMX6 and pyp2::ura4

+
srk1::kanMX6 double mutants showed the 

same response as the srk1 single mutant. Hence, Srk1 is epistatic to Pyp1 and Pyp2 

phosphatases in response to mild heat stress caused by a temperature shift. 

3.6 Pyp3 phosphatase in heat stress response 

Pyp3 phosphatase acts in conjunction with Cdc25 to dephosphorylate Cdc2 and 

acts as a mitotic inducer (Millar et al. 1992). The pyp3::ura4
+
 (Q1419) mutant was 

subjected to mild heat stress and the cell length at division and the colony morphology 

were observed at both 25°C and 36°C in the same way as before (Figure 3.15). pyp3 

mutants growing in exponential phase at 25°C were found to be longer (14.05 µm ± 0.74) 

in length compared to wildtype (13.09 µm ± 0.77) (Student’s t-test; p= 0.0001). These 

data are consistent with that of Millar et al. (1992). 

The pyp3::ura4
+
 single mutant, when subjected to a temperature shift, showed an 

initial response similar to wildtype (Figure 3.16A and 3.16C). The 

pyp3::ura4
+
srk1::kanMX6 (Q4136) double mutant showed the same response as the srk1 

single mutant after the temperature shift (Figure 3.16B and 3.16D).  Hence, Pyp3 does 
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Figure 3.12: Role of Pyp1 phosphatase in mitotic response to mild heat stress  

Exponentially growing wildtype (A) and srk1::kanMX6
 

(B) (From Figure 3.3), 

pyp1::ura4
+
 (Q909) (C) and pyp1::ura4

+
srk1::kanMX6 (Q4131) (D) grown in YEA 

medium at 25°C were shifted to 36 °C at time zero. Samples were prepared as described 

in Figure 3.3. Error bars represent ±1 s.d, n=2.  
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Figure 3.13: Wildtype and pyp2
-
 mutants growing at 25°C and 36°C 

Cells of the indicated genotype were streaked on to YEA agar plates and incubated at 

25°C and 36°C overnight and the colonies examined. Bar represents 10µm 
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not have a major impact on cell cycle regulation in response to mild heat stress.  

3.7 Srk1 acts independently of Wee1 kinase in response to mild heat stress 

   A temperature sensitive mutant wee1-50 (Q4127) was used to inactivate the Wee1 

kinase at 36°C. The phenotype of this mutant did not show any growth defect at the 

permissive temperature of 25°C whereas the cells were found to be very short and 

spherical at the restrictive temperature of 36°C (Figure 3.17). The wee1-50 mutant 

divides at a significantly smaller size (10.18 µm ± 0.92) than wildtype at 25°C and about 

half the size (7.20 µm ± 0.73) of wildtype at 36°C. In the wee1-50 mutant, after a 

temperature shift to 36°C, nuclear division was inhibited similar to wild-type, but only 

briefly, followed by rapid rate of nuclear division (Figure 3.18A and 3.18C). After the 

transient block in mitosis there was a rapid increase in the population of binucleates and 

subsequently septated cells indicating acceleration of cells into mitosis and cell division 

at high temperature in this mutant strain.  

The srk1::kanMX6 wee1-50 double mutant was examined for cell size at division 

and cell cycle kinetics in order to analyse if Wee1 kinase had any role in the mitotic 

stimulation seen after a temperature shift in srk1::kanMX6 mutants. The cell length at 

division of the srk1::kanMX6
 
wee1-50 (Q4129) double mutant was not different from the 

wee1-50 single mutant both prior to (10.26 µm ± 1.08) and after (7.14 µm ± 0.66) a mild 

heat stress. Both the single and the double mutant when grown to an exponential phase at 

36°C entered mitosis prematurely and underwent abnormal chromosome segregation. 

The septation kinetics of the srk1::kanMX6
 
wee1-50 double mutant resembled in overall 

shape that of the srk1 single mutant for the first 60 to 80 minutes after the shift. 
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Figure 3.14: Role of Pyp2 phosphatase in mitotic response to mild heat stress  

Exponentially growing wildtype (A), srk1::kanMX6
 
(B) (From Figure 3.3), pyp2::ura4

+
 

(Q911) (C) and pyp2::ura4
+
srk1::kanMX6 (Q4132) (D) grown in YEA medium at 25°C 

were shifted to 36 °C at time zero Samples were prepared as described in Figure 3.3.Error 

bars represent ±1 s.d., n=2.  
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Figure 3.15: Wildtype and pyp3
-
 mutants growing at 25°C and 36°C 

Cells of the indicated genotype were streaked on to YEA agar plates and incubated at 

25°C and 36°C overnight and the colonies examined. Bar represents 10µm. 
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Figure 3.16: Role of Pyp3 phosphatase in mitotic response to mild heat stress  

Exponentially growing wildtype (A), srk1::kanMX6
 
(B) (From Figure 3.3), pyp3::ura4

+
 

(Q1419) (C) and pyp3::ura4
+
srk1::kanMX6 (Q4136) (D) grown in YEA medium at 25°C 

were shifted to 36°C at time zero. Samples were prepared as described in Figure 3.3. 

Error bars represent ±1 s.d., n=2.  
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However a far larger proportion of the cell population was involved at the peak relative to 

the srk1 single mutant (Figure 3.18B and 3.18D). Mitotic stimulation similar to the 

srk1::kanMX6 single mutant was observed 10 minutes after the shift to 36°C.  Again, 

however, the percentage participation was higher and it formed a sharp peak as in 

srk1::kanMX6 compared to the initial delay and broader rebound peak of wee1-50 by 

itself.  Thus the kinetics of the srk1::kanMX6 wee1-50 double mutant indicates that Srk1 

acts independently of the Wee1 kinase to regulate mitosis in response to mild heat stress 

and that the effect of the loss of both negative regulators is additive. However after the 

initial mitotic burst the population of binucleates declined to a basal level and this was 

maintained throughout the experiment. The cells continued to divide and enter mitosis 

prematurely since there is no G2 size control due to inactivation of Wee1 kinase. The 

septation index remained at a high level. This was different from the kinetics of 

srk1::kanMX6 single mutant where the cells undergo reduced division rates after the 

initial mitotic burst and resume a normal rate of division at about 160-180 minutes. The 

presence of an active Wee1 kinase therefore is necessarily for the suppression of division 

following the accelerated burst seen in srk1::kanMX6.   

3.8 Cell cycle response to heat stress differs from osmotic stress 

Srk1 kinase is known to play a role in osmotic stress response (Lopez-Aviles et 

al. 2005). The cell cycle kinetics for wildtype and the srk1 mutant in response to osmotic 

stress have been analysed by Lopez-Aviles et al. (2008). However, in their experiments 

they synchronized the cells in S-phase using hydroxyurea. Such induced synchrony 

strategies are fraught with difficulties in interpretation.  HU is known to activate the 
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Figure 3.17: Wildtype and wee1-50 mutants growing at 25°C and 36°C 

Cells of the indicated genotype were streaked on to YEA agar plates and incubated at 

25°C and 36°C overnight and the colonies examined. Bar represents 10µm. 

 

 

 

 



68 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 

B 

C 

D 

B 

 

 



68 

 

 

 

 

 

Figure 3.18: Role of Wee1 kinase in mitotic response to mild heat stress  

Exponentially growing wildtype (A) and srk1::kanMX6
 
(B) (From Figure 3.3), wee1-50 

(Q4127) (C) and srk1::kanMX6 wee1-50 (Q4129) (D) grown in YEA medium at 25°C 

were shifted to 36 °C at time zero. Samples were prepared as described in Figure 3.3. 

Error bars represent ±1 s.d., n=2.  
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replication checkpoint and this leads to hyperphosphorylation of Cdc25 and a large build-

up of Cdc25 in the cell during the block (Kovelman and Russell 1996; Frazer and Young, 

2011). Upon release this pool of Cdc25 may drive an abnormal cell cycle response.  

Therefore in order to analyze the kinetics of cell cycle progression after 

osmostress without any effect of HU, an asynchronous population of wildtype and 

srk1::kanMX6 mutants was subjected to osmostress. Osmotic stress was induced by the 

addition of 3M KCl in yeast extract medium to a final concentration of 0.6M KCl in 

cultures of exponentially growing cells at 25°C and the cell cycle kinetics were followed 

as before. Both the wildtype and the srk1 mutant displayed a similar cell cycle 

progression pattern in response to osmotic stress (Figure 3.19C and 3.19D). In a wildtype 

background, there was a small increase in the population of binucleates at 20 minutes 

followed by a gradual decline and then a complete cessation of mitosis until 90 minutes 

followed by recovery. However, the population of septated cells appeared a little later, 

after the binucleates. A delay in septation was observed as seen from a peak of 

binucleates at 20 minutes after the osmostress while a peak in the septated population was 

seen only at 60 minutes and a high level of septation was maintained in the population 

suggesting a delay in cytokinesis in this medium.   

The srk1::kanMX6 mutant showed a similar response to wildtype after the 

osmotic stress. There was a sluggish binucleate burst for about 30 minutes after the 

shiftbefore a block in nuclear division was seen which was sustained for a longer period 

than in wildtype cells. srk1::kanMX6 cells stopped division and it was resumed after 3 

hours whereas the wildtype resumed division 90 minutes after the mitotic block. Similar 
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to wildtype, there was a delay in septation in the srk1::kanMX6 strain as the peak of 

septated cells was observed after the binucleates and the septation index remained high 

even though binucleate formation had ceased.   This is indicative of a delay in cytokinesis 

and shows that it is not Srk1 dependent. Furthermore the srk1 mutant does not reinitiate 

mitosis until much later than a srk1
+
 cell indicating that recovery normally is dependent 

on a functional Srk1 kinase. 

Next, the subcellular localization of Cdc25 in response to osmotic stress was 

observed in cdc25-GFPint (wildtype), srk1::kanMX6 cdc25-GFPint and in cdc25(9A)-

GFPint cells (Figure 3.20). KCl was added to exponentially growing cultures at 25°C to 

induce an osmotic stress and Cdc25 localization was imaged in live cells using 

fluorescence microscopy. In wildtype cells in the absence of osmotic stress, Cdc25 was 

localized in the nucleus of G2 and mitotic cells. After 10 minutes of stress, Cdc25 had 

been exported from the nucleus and was maintained in the cytosol up to 20 minutes after 

the exposure to osmotic stress. In contrast, in srk1 and the cdc25(9A)-GFPint mutant, 

Cdc25 was generally found in the nucleus during the entire period of osmotic stress 

indicating that Cdc25 is exported out of the nucleus under osmotic stress conditions and 

this process is dependent on Srk1. Thus these experiments clearly distinguish separate 

pathways for the heat and osmotic stress response. 
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Figure 3.19: Cell cycle kinetics of heat stress differs from that of osmotic stress 

(Panel A and B, from Figure 3.3) Exponentially growing wildtype and srk1::kanMX6
 

grown in YEA medium at 25°C were treated by adding YEA with 3M KCl to get a final 

concentration of 0.6M KCl at time zero to induce osmotic stress (C and D). Samples were 

prepared as described in Figure 3.3. Error bars represent ±1 s.d., n=2.  
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Figure 3.20: Cdc25-GFP localization in response to osmotic stress 

Logarithmically growing cultures of the indicated genotypes expressing Cdc25-GFP from 

the chromosomal cdc25 promoter were grown in YEA medium and imaged by 

fluorescence microscopy at 25°C in the absence of 0.6M KCl and after addition of KCl. 

Cdc25-GFP localization was imaged in live cells at the indicated time periods. All images 

were taken with constant exposure time.  Bar represents 10µm. 
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Chapter 4: Discussion 

Most experimental work on the stress response is concerned with stressors either 

outside of the normal levels of physiological tolerance of the cell or conditions which 

require a major physiological response. The fission yeast Spc1 MAPK cascade is 

activated in response to diverse forms of stress including heat, osmotic, oxidative, UV 

irradiation and nutrient limitation (Degols et al. 1996).  The MAPK signalling pathway is 

known to be involved in delaying mitosis in response to stress and hence in affecting cell 

size at division (Shiozaki and Russell 1995a). Srk1 kinase was identified as a novel 

downstream element of the Spc1 pathway and its expression is upregulated in response to 

various stresses (Smith et al. 2002). 

 I have investigated the mitotic response to mild heat stress within the 

physiological range (25°C to 36°C) and shown that Srk1 kinase plays a central role in 

transiently modulating mitotic entry.  Further, I show that this occurs via regulation of the 

Cdc25 tyrosine phosphatase.  The immediate cell cycle response to temperature shift seen 

in wildtype cells is mediated by Srk1 kinase since the immediate, transient block in 

mitosis is abrogated in cells deleted for srk1 and furthermore, a cdc25 allele lacking Srk1 

phosphorylation sites phenocopies the srk1 response. In addition, in wee1-50 cells where 

Wee1 kinase is non-functional at 36°C, an initial transient block is observed, as in 

wildtype showing that it is not the inactivation of Wee1 which results in the stimulation 

seen upon loss of srk1. 

The temperature range examined is within the normal temperature tolerance range 

of fission yeast and represents the shift routinely used when working with temperature 
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sensitive mutants of various types. My results showing activation of Srk1 and the 

inhibition of Cdc25 in response to this small physiological shift bear directly on the 

interpretation of such experiments. 

4.1 Srk1 kinase regulates mitotic entry in response to mild heat stress 

Wildtype fission yeast is known to transiently arrest the commitment to mitosis in 

response to mild heat stress caused by temperature shift (Nurse 1975). A block in mitotic 

entry and cell division in wildtype following a mild heat stress is dependent on the Spc1 

MAPK pathway (Hartmuth and Petersen 2009).  Spc1 has many substrates mediating 

various stress dependent physiological processes.   

 In srk1
- 
cells there is an actual stimulation of mitosis in response to the mild heat 

stress before the cells accommodate to the changed conditions. Srk1 is a negative 

regulator of G2/M transition and srk1
- 
cells growing in steady state divide at a smaller 

length than wildtype. Srk1 regulates cell cycle entry by phosphorylating and inhibiting 

Cdc25 during a normal cell cycle and in response to osmotic stress (Lopez-Aviles et al. 

2005). I have shown that in response to mild heat stress, the Spc1 MAPK pathway is 

activated which then activates Srk1. Activated Srk1 phosphorylates Cdc25 and inhibits it 

which then causes the transient inhibition of nuclear division seen in wildtype cells in 

response to temperature shift. The clear abrogation of the mitotic delay in srk1
-
 points 

strongly to this mechanism.  In wild type cells in steady state growth, this response to 

mild heat stress transiently increases cell size. The size control mechanism in wildtype 

cells growing at a steady state at 25°C maintains an average cell size according to the 

nutritional conditions prevailing and ensures that cells do not enter mitosis before the 
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critical size is attained. However, when the temperature is shifted to 36°C, this size 

control seems to be altered so that the cells grow to a larger size before entering mitosis 

(Nurse 1975). Hence there is a transient inhibition in nuclear division to allow cells to 

attain the new size required by the reset size control. However, after a few generations at 

36°C, the cells adjust back to their initial size at division appropriate for the nutritional 

environment. This explains the slight elongation in cell length seen in wildtype cells after 

one generation when shifted to 36°C, although the steady state division at 36°C adjusts 

back to normal length at division after a few generations. 

In contrast, cells lacking Srk1 cannot inhibit Cdc25 in response to mild heat 

stress. This  most likely explains the transient mitotic burst seen after a temperature shift 

in srk1
-
 cells and presumably represents a temperature-dependent increase in Cdc25 

catalytic activity. Since Cdc25 remains activated and can dephosphorylate Cdc2 in the 

absence of Srk1, cells continue to enter mitosis for a short period after the stress. In the 

srk1
-
 genetic background, most cells growing at a steady state at 25°C are not large 

enough to enter nuclear division under the new growth conditions (i.e. a temperature shift 

to 36°C). However, the largest cohort of cells is accelerated into mitosis and hence cell 

division, causing a mitotic burst 20 minutes after the shift. The rate of nuclear division 

reduces gradually and is temporarily inhibited after the initial stimulation. This temporary 

inhibition occurs because the remaining cells must grow enough to attain the size 

required to enter nuclear division under the new growth conditions.  This is seen as an 

increase in cell length of srk1
-
 cells after a single generation at 36°C. Thus, it can be 

predicted that in a srk1
-
 background the cell size in the population declines as the large 
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cohort is stimulated into mitosis, followed by a cell cycle delay and cell elongation later 

to get the larger cell size at 36°C.  The cell cycle delay is presumably due to an 

upregulation of the Wee1 kinase. 

4.2 Cell size control in response to mild heat stress 

The transient inhibition of nuclear division in a srk1
- 

background seen after the 

initial mitotic burst is due to the size control mechanism which ensures that the smaller 

cells in the population grow to the reset size before nuclear division ensues. This involves 

Wee1 kinase which keeps the Cdc2-Cdc13 mitotic complex inactive until the critical size 

is attained. The kinetics of temperature shift in the absence of wee1 has been analyzed 

using a temperature sensitive mutant wee1-50. This mutant divides at about half the size 

of wildtype at the restrictive temperature of 36°C. After a shift to 36°C, nuclear division 

is inhibited briefly similar to wildtype. However, the population of cells too small to enter 

mitosis at 25°C but above the smaller critical size at 36°C is accelerated into mitosis and 

divides at a smaller size (Nurse 1975; Thuriaux et al. 1978). In a srk1
-
wee1-50 

background, the cells are stimulated into mitosis after a shift in the same way as for the 

srk1
- 

single mutant. However, the transient inhibition in nuclear division seen after an 

initial mitotic burst is absent. Cells continue to divide at a normal rate reducing their size 

at division. Hence the initial mitotic stimulation observed in the absence of Srk1 kinase is 

not dependent on Wee1. Thus Srk1 does not act through Wee1 kinase in response to mild 

heat stress.  

The mitotic stimulation seen in a srk1
-
 background as an initial response to mild 

heat stress is also seen in response to nutritional shift down. When cells growing in 
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glutamate (a nitrogen rich medium) are shifted into proline (a nitrogen poor medium), 

nuclear division and cell division is stimulated after the shift. Under these conditions, cell 

length at division also decreases rapidly until the new shorter length is attained (Fantes 

and Nurse 1977). However, Srk1 is not required to advance mitotic onset following a 

nutritional shift down (Hartmuth and Petersen 2009). Nutrient stress-induced acceleration 

of mitosis depends on Wee1 kinase and its regulation by Cdr1 and Cdr2 (Fantes and 

Nurse 1978; Young and Fantes 1987). In contrast, heat stress-induced mitotic stimulation 

is dependent on Srk1 and independent of Wee1. A transient block in mitosis seen after 

the initial acceleration in a srk1
-
 background is however dependent on Wee1.  

4.3 Regulation of Cdc25 by Srk1  

Cdc25 is phosphorylated by Cds1 and Chk1 kinase, which are activated in 

response to incomplete replication or DNA damage. These kinases phosphorylate Cdc25 

on nine serine/threonine residues and cdc25(9A)-GFPint is a mutant where these residues 

have been changed to alanine (Zeng and Piwnica-Worms 1999). Srk1 phosphorylates 

Cdc25 on at least some of the same sites as Cds1 and Chk1 under unperturbed conditions 

as well as in response to osmotic stress (Lopez-Aviles et al. 2005).  The pattern of mitotic 

stimulation seen in srk1
-
 cells after a temperature shift is phenocopied in cdc25(9A)-

GFPint cells where putative Srk1 phosphorylation sites on Cdc25 are altered to alanine. 

This indicates that Srk1 kinase plays a key role in regulating mitotic entry in response to 

heat stress and that virtually all of the response is mediated through Cdc25. Consistent 

with this, the cdc25(9A) mutant is not phosphorylated in response to stress.  
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Cdc25 is subjected to regulation by changes in its subcellular localization during a 

normal cell cycle as well as in response to stress. The amount of nuclear Cdc25 increases 

in later G2 and reduces in late mitosis and G1 or S phase (Moreno et al. 1990; Lopez-

Girona et al. 1999; Frazer and Young, 2011). Qualitative analysis of the Cdc25-GFP 

fluorescence signal shows that Cdc25 is localized to the nucleus of G2 and mitotic cells 

in cdc25-GFPint, srk1::kanMX6 cdc25-GFPint and cdc25(9A)-GFPint both before and 

after the temperature shift. Cdc25(9A)-GFP exhibits preferential nuclear localization 

compared to wildtype and srk1
- 

cells. It accumulates to significantly higher levels than 

Cdc25-GFP in all G2 size classes (Frazer and Young, 2011). cdc25(9A)-GFPint is 

identical to wildtype with respect to cell length at division and phenotype before and after 

a mild heat stress. Rad24 interacts with Cdc25 both in the presence and absence of stress 

(Chen et al. 1999). Thus the enhanced nuclear localization of Cdc25(9A)-GFP is most 

likely due to the disruption of Rad24 binding with Cdc25. However, the absence of a cell 

cycle phenotype in the cdc25(9A)-GFPint mutant suggests that such an interaction is not 

required for normal growth conditions (Frazer and Young, 2011).  

Quantitative analysis of the Cdc25-GFP signal intensity in wildtype cells confirms 

that in the absence of mild heat stress Cdc25-GFP is localized to late G2 and mitotic 

cells. Hence, only the cells with N/C ratio greater 1.2 were examined in order to exclude 

the G1/S population where the amount of Cdc25 is substantially reduced. A similar 

localization pattern is seen in srk1
-
 cells and enhanced nuclear localization in cdc25(9A)-

GFPint mutants. In the wildtype background, after a temperature shift, cells undergo 

division for 10 minutes and stop temporarily thereafter. There is a decrease in the 
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percentage of cells having N/C ratio greater than 1.2 and the loss of the highest ratios is 

presumably export driven.  However in srk1
- 
and cdc25(9A)-GFPint backgrounds, cells 

are stimulated into division so that the percentage of cells having N/C ratio greater than 

1.2 decreases gradually after the temperature shift. Cdc25-GFP is phosphorylated 20 

minutes after the temperature shift. Although the quantitative data indicates that there 

might be some export of Cdc25 following a temperature shift it is probably very mild. 

These results are similar to DNA damage checkpoint regulation by Chk1 kinase where it 

has been shown that direct inhibition of Cdc25 phosphatase activity by Chk1 and nuclear 

exclusion of Cdc25 is not required for checkpoint enforcement (Lopez-Girona et al. 

2001). This is in contrast to osmotic stress response where Cdc25 is phosphorylated by 

Srk1 and this in turn causes cell cycle arrest by exporting this complex out of the nucleus 

(Lopez-Aviles et al. 2005; Lopez-Aviles et al. 2008). There is also some residual 

phosphorylation seen in wildtype cells in the absence of heat stress or due to low stress 

caused by handling during sample preparation (Frazer and Young, 2011). Consistent with 

Srk1 phosphorylating Cdc25 during a normal cell cycle and in response to stress, no 

hyperphosphorylation is seen in the cdc25(9A) mutant before and after the temperature 

shift. Similar results are seen in cells lacking srk1.  

4.4 Srk1 is activated downstream of Spc1 MAPK in response to mild heat stress 

Srk1 is a direct downstream target of Spc1 MAPK and is activated by 

phosphorylation by Spc1 in response to stress (Smith et al. 2002). The kinetics of 

temperature shift in cells lacking spc1 is similar to that of srk1
- 

cells. No additive 

interaction is seen in spc1
-
srk1

- 
and spc1

-
cdc25(9A) double mutants. This is consistent 
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with Srk1 being a downstream target of Spc1. However, it can be seen that only a small 

percentage of cells are stimulated into mitosis after the temperature shift in comparison to 

srk1
-
 cells. In a cdc25(9A) background, enhanced nuclear localization of Cdc25 and the 

inability to inhibit by phosphorylation might be the reason for a larger percentage of cells 

to be stimulated into mitosis after the temperature shift.  

 A temperature shift from 25°C to 36°C causes a reduction in the length of G2 

phase so that there is an acceleration of entry into mitosis in cells that have become 

oversized for the new size threshold. Thus, it is possible that in spc1
- 
cells, not many cells 

are oversized and therefore stimulated into mitosis under new size threshold conditions 

set by the temperature shift.  As a result, the percentage of cells initiating mitosis under 

these conditions is lower.  Also at a steady state at 25°C, spc1
- 
mutants grow to a large 

size before undergoing nuclear division. Thus Spc1 controls the onset of mitosis and it is 

known to link the G2/M cell cycle control to extracellular stress (Millar et al. 1995; 

Shiozaki and Russell 1995a). This phenotype is accentuated after a generation at 36°C 

and is greatly exacerbated by the growth at 36°C to exponential phase with cells showing 

a highly elongated and branched phenotype. spc1
-
srk1

- 
double mutants also behaved in a 

similar way as the spc1 single mutant thus confirming that the heat stress response is 

mediated through Spc1-Srk1 pathway.  

Subcellular localization of Cdc25-GFP in response to mild stress in a spc1
-
 

background shows that 10 minutes after the temperature shift, Cdc25-GFP is localized to 

the nuclear periphery. It is not completely exported out of the nucleus and is associated 

with the nuclear envelope. One possibility is that Cdc25 is targeted for degradation by the 
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proteasome which is localized at the nuclear envelope.  26S proteasome is found at the 

nuclear periphery, both in interphase and throughout mitosis (Wilkinson et al. 1998).  

Spc1 is required for a basal level of Cdc25 protein under normal conditions as well as in 

response to nutrient stress. Cdc25 levels are found to be reduced in cells lacking spc1. 

Pub1 ubiquitin ligase mediated regulation of Cdc25 protein stability is important for the 

stress response. Cdc25 is transiently blocked for degradation under stress conditions 

(Kishimoto and Yamashita 2000). Thus it is possible that degradation of Cdc25 mediated 

by Pub1 is transiently inhibited in response to the temperature shift and this process is 

dependent on Spc1.  

4.5 Loss of function of Pyp phosphatases (Pyp1, Pyp2, and Pyp3) does interact with 

Srk1 loss of function in response to mild heat stress 

Pyp1 and Pyp2 phosphatases are involved in the negative regulation of Spc1 with 

Pyp1 playing a major role. However, they are inhibited following a heat shock which 

leads to activation of Spc1 (Nguyen and Shiozaki 1999). In these experiments, heat shock 

has been induced by shifting the growth temperature from 30°C to 48°C, outside the 

physiological range. Fission yeast cells are killed by a short incubation period at 48°C 

(Costello et al. 1986). Upon mild heat stress, the cell cycle kinetics of temperature shifted 

pyp1
-
 and pyp2

-
 mutants resembles that of wildtype.  This is consistent with the 

inactivation of Pyp1 and Pyp2 following heat stress. Since Pyp1 and Pyp2 are inhibited 

for their interaction with Spc1 after heat stress, removal of these two phosphatases does 

not show any major additional effect on the cell cycle kinetics. However, some minor 

effects are seen. The transient block in nuclear division after the temperature shift seen in 
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wildtype cells is prolonged in pyp1 and pyp2 mutants. Even though Pyp1 is inactivated 

after heat stress, it is likely that weak activation of Wis1 together with inhibition of Pyp2 

causes further activation of Spc1 (Nguyen and Shiozaki 1999).  An increase in the 

activation of Spc1 caused by removal of either Pyp phosphatase might cause Srk1 to 

remain activated for a longer period than in wildtype. This explains why pyp1 and pyp2 

mutants take longer to resume cell division after a temperature shift. However, loss of 

Srk1 is epistatic to both Pyp1 and Pyp2 loss since there is no difference in the kinetics of 

response to temperature shift of pyp1
-
srk1

-
 or pyp2

-
srk1

-
 relative to srk1

-
 alone. Pyp3 acts 

in conjunction with Cdc25 to dephosphorylate Cdc2 and acts as a mitotic inducer (Millar 

et al. 1992). The response of the pyp3 mutant to mild heat stress is not very different 

from that of wildtype. The kinetics of the pyp3
 
srk1 double mutant is similar to the srk1 

single mutant.    

Mitotic onset in response to stress conditions is dependent on a basal level of 

Spc1 MAPK activity so that a reduction as well as a strong activation of MAPK 

signalling transiently blocks mitotic onset (Hartmuth and Petersen 2009). Thus in a 

wildtype background, strong activation of the MAPK cascade resulting from inhibition of 

the Pyp phosphatases is mediated through Srk1 and this transiently blocks mitotic entry.   

4.6 Regulation of osmotic stress response by Srk1 is different from heat stress 

response 

Srk1 has a role in osmotic stress response where it causes cell cycle arrest by 

phosphorylating and inactivating Cdc25. Cdc25 is then bound by Rad24 and the complex 

is exported out of the nucleus (Lopez-Aviles et al. 2005; Lopez-Aviles et al. 2008). 
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However, the previously published cell cycle kinetics and Cdc25 localization 

experiments were done by synchronizing the cells in S phase using hydroxyurea (HU) 

block and release. HU inhibits DNA synthesis and activates the DNA replication 

checkpoint which causes phosphorylation of Cdc25 and inactivates it (Zeng and Piwnica-

Worms 1999). Hence synchronization of cells with HU prior to subjecting them to 

osmotic stress likely means that the experiment is being done in previously perturbed 

cells.  

In unperturbed asynchronous cell culture, the effect of osmotic stress is seen to be 

similar in both wildtype and the srk1
- 
background. Cells are stimulated into mitosis and 

then undergo a transient block to division. In wildtype, cells resume division 90 minutes 

after the stress whereas it takes a longer time for cells to recover from osmotic stress and 

resume division in the absence of srk1. Hence cells take longer to adapt to osmotic stress 

conditions when Srk1 is absent. However, osmotic stress adaptation depends on the 

activation of a downstream transcription factor Atf1, a known direct target of Spc1 

(Lopez-Aviles et al. 2008). Additionally osmotic stress delays cytokinesis since the 

septated cells take longer to appear after the binucleates. This is consistent with studies 

by Alao et al. (2010) where KCl delayed cytokinesis under hyperosmotic conditions and 

this delay contributes to the suppressive effect of osmotic stress on DNA damage 

sensitivity in checkpoint mutants.  

Srk1 has a role in both osmotic and heat stress, although the response is quite 

different in each case. This could be due to the difference in the induction levels of srk1 

mRNA on exposure to various kinds of stress.  Exposure of wildtype cells to either heat 



84 

 

or oxidative stress resulted in only a 9-10 fold increase in srk1 levels, whereas osmotic 

stress resulted in a 13-fold induction in the levels of srk1 (Smith et al. 2002). Cdc25 is 

exported out of the nucleus within 10 minutes of osmotic stress whereas there seems to 

be only a mild export of Cdc25 in response to mild heat stress. The mitotic burst seen in 

the srk1
-
 background in response to mild heat stress is very mild in response to osmotic 

stress. Moreover, responses of wildtype and srk1
-
 cells are not very different in the case 

of osmotic stress. Cytokinesis is delayed by osmotic stress but not in response to mild 

heat stress.  

4.7 In conclusion 

The Spc1 MAPK pathway is activated by a mild heat stress caused by shifting the 

temperature from 25°C to 36°C which in turn activates Srk1 kinase. Both Pyp1 and Pyp2 

are inhibited from their interaction with Spc1 following heat stress which further leads to 

Spc1 activation. Activated Srk1 then phosphorylates Cdc25 to cause a cell cycle arrest. 

Phosphorylated Cdc25 might be exported out of the nucleus. 

  Srk1 kinase shows a high degree of similarity to the Saccharomyces cerevisiae 

Rck2 kinase. Rck2 is a substrate for the S. cerevisiae stress activated HOG1 MAPK. It is 

phosphorylated by HOG1 in response to osmotic stress which results in an increase of 

Rck2 kinase activity (Bilsland-Marchesan et al. 2000). However, the HOG1 pathway in 

S. cerevisiae is specifically involved in the regulation of osmotic stress response unlike 

the S. pombe Spc1 cascade which responds to various stress signals. MAPKAP-2 (MK-2) 

is a mammalian homologue of Srk1 and both Srk1 and MK-2 are involved in the direct 

phosphorylation of Cdc25 in response to stress (Smith et al. 2002). MK-2 is a substrate of 
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mammalian p38 stress-activated protein kinase and is involved in coordinating the DNA 

damage response of higher eukaryotes (Manke et al. 2005). Thus these stress activated 

pathways are highly evolutionary conserved from yeasts to humans which is evident from 

the sequence similarity between budding yeast Rck2, fission yeast Srk1, and mammalian 

MAPKAP-2 (Smith et al. 2002). 

4.8 Future Directions 

 Srk1 contains three putative Spc1 phosphorylation sites in the catalytic domain 

and one in the regulatory domain. Spc1 phosphorylates Srk1 in the C-terminal regulatory 

domain on Thr463 following osmotic stress (Lopez-Aviles et al. 2008). My results show 

that Srk1 is activated downstream of Spc1 in response to mild heat stress. Further 

experiments are required to examine the phosphorylation status of Srk1 following heat 

stress. Phosphorylation of Srk1 by Spc1 could be monitored by using antibodies specific 

to Thr463 in the C-terminal regulatory domain. It would be interesting to see if any of the 

three putative Spc1 phosphorylation sites in the Srk1 catalytic domain (Thr202, Thr322 

and Ser384) are phosphorylated following heat stress. These sites are not phosphorylated 

in response to osmotic stress (Lopez-Aviles et al. 2008).  

4.9 Summary  

1. Srk1 plays a central role in transiently regulating mitotic entry in response to mild 

heat stress caused by shifting the temperature from 25°C to 36°C. This 

temperature is within the physiological growth range of wildtype fission yeast. 
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2. A transient block in nuclear division seen in wildtype cells in response to mild 

heat stress is abrogated in cells lacking Srk1 and there is an actual stimulation of 

mitosis in srk1
- 
cells. 

3. This regulation of mitosis by Srk1 occurs via regulation of the Cdc25 tyrosine 

phosphatise as the pattern of mitotic stimulation seen in srk1
- 
cells is phenocopied 

in the mutant of Cdc25, cdc25(9A) where putative Srk1 phosphorylation sites on 

Cdc25 are altered to alanine. 

4. Cdc25 is phosphorylated in response to mild heat stress and there seems to be a 

mild export of Cdc25 under these conditions. 

5. Srk1 is activated downstream of Spc1 in response to mild heat stress since the 

kinetics of temperature shift in cells lacking Spc1 is similar to that of srk1
- 
cells. 

6. Srk1 is epistatic to Pyp phosphatases (Pyp1, Pyp2 and Pyp3) in response to mild 

heat stress. Pyp phosphatases do not seem to have a role in the mitotic stimulation 

generally seen after a mild heat stress with srk1
- 
cells. 

7. The initial mitotic stimulation observed in the absence of Srk1 kinase is not 

dependent on Wee1 kinase. A transient block in mitosis seen after the initial 

acceleration is however dependent on Wee1. 

8. Cell cycle response to mild heat stress differs from that of osmotic stress. 

Responses of wildtype and srk1
-
 cells are not very different in the case of osmotic 

stress and Cdc25 is exported out of the nucleus under these conditions.  
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