
A FUNCTIONAL ANALYSIS OF MITOTIC TYROSINE 
PHOSPHATASES BY SITE-DIRECTED MUTAGENESIS 

 

 

 

by 

 

Stephanie Stobbe 

 

 

 

 

A thesis submitted to the Department of Biology 

In conformity with the requirements for 

the degree of Masters of Science 

 

 

 

 

Queen’s University 

Kingston, Ontario, Canada 

(September, 2013) 

 

Copyright ©Stephanie Stobbe, 2013 



 ii 

Abstract 

In Schizosaccharomyces pombe mitosis is initiated when Cdc25 tyrosine phosphatase 

dephosphorylates Cdc2 (Cdk1) and in turn Cdc2 kinase phosphorylates mitotic targets. 

Cdc2 is thought to phosphorylate and further activate Cdc25, forming a positive feedback 

loop between the two for robust entry into mitosis. Pyp3 tyrosine phosphatase is essential 

in the absence of Cdc25. Its role is thought to be in directly dephosphorylating Cdc2 

under these conditions. Pyp3 also presents a link between cell division and growth. It 

interacts physically and genetically with the mRNA cap-binding protein eIF4E and is 

thought to play the same role as mammalian 4E-binding proteins. Pyp3 has a consensus 

TOS motif potentially enabling nutritional input from the TOR pathway into translation 

regulation. Since known 4E-BPs are not phosphatases, Pyp3 may act as a 4E-binding 

protein independently of its phosphatase activity. 

Evolutionarily conserved Cdc2 phosphorylation sites in Cdc25 were substituted to 

non-phosphorylatable Ala, or to Glu as a phosphomimic. The T89E phosphomimic 

mutation creates an activated allele of Cdc25, cdc25-89w. It has a dominant semi-wee 

phenotype due to accelerated entry into mitosis. Pyp3 was mutagenized to remove the 

function of the phosphatase active site and also the putative TOS motif. The Pyp3 active 

site is essential for its role in cell cycle initiation. It is also essential for the genetic 

interaction with eIF4E, tif1. Removal of a putative Pyp3 TOS motif affects the Pyp3 

localization to cytoplasmic foci following co-overexpression of eIF4E. Similar 

localization occurs in response to heat stress. These results make important contributions 

to the understanding of mitotic initiation, and link between cell growth and division. 
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Chapter 1: General Introduction 

Cdc25* and Pyp3 phosphatases play an important role in the cell cycle in regulating the 

onset of mitosis. They both act on phosphorylated Tyr 15 in Cdc2 (Cdk1) during late G2 

phase, dephosphorylating it to promote mitosis.  Cdc25 plays a primary role and Pyp3 is 

only essential in its absence. This work investigates the roles and regulation of these two 

phosphatases. In Chapter 3, the role of Cdc25 phosphorylation by Cdc2 is investigated. A 

positive feedback loop is thought to exist between Cdk1 and Cdc25 at the onset of 

mitosis, based on studies in many different models. Fission yeast provides an opportunity 

for in vivo study of the phosphorylation events activating Cdc25.  Conserved 

phosphorylation sites in Cdc25 have been altered to prevent phosphorylation by Cdc2 and 

the phenotypic consequences assessed in vivo. In addition, phosphomimic substitutions 

have been made to mimic constitutive phosphorylation and again the phenotypic 

consequences observed. We have identified a Cdc2 phosphorylation site which when 

activated, advances mitosis.  This site is conserved from yeast to humans. This represents 

the first such mutation created in Cdc25 in any system. 

Chapter 4 investigates the role of Pyp3 in mitotic control acting on Cdc2, as well as 

in its known association with the translation initiation factor eIF4E. Pyp3 is only essential 

when Cdc25 and Wee1 are inactive. When the Pyp3 active site Cys is substituted for Ala 

the protein behaves as a pyp3 gene deletion with respect to mitotic control. Such a strain 

is lethal upon cdc25 deletion even in the presence of wee1 suppressor mutations. Pyp3 

binds eIF4E and may function as an analogue of mammalian eIF4E binding proteins (4E-
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BPs), which facilitate crosstalk between growth and division signalling in higher 

eukaryotes. The TOR pathway relies on 4E-BPs to communicate changes in extracellular 

environment to the translation machinery. Pyp3 contains a consensus TOS motif which is 

required for TOR signalling. Using site-directed mutagenesis to remove putative TOS 

motif function by substituting the essential Phe residue to Ala, we show a negative 

regulatory effect on Pyp3 cell cycle input. We also investigate the role of the phosphatase 

active site and the putative TOS motif in the known interaction with eIF4E.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
* Fission yeast nomenclature: wee1, a gene; wee1-50, allele 50, a particular point 
mutation of wee1; wee, a wee (small) cell phenotype; Wee1, the Wee1 protein; 
wee1::ura4, a deletion of the wee1 gene and the insertion of the ura4 selectable marker in 
its stead.  
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Chapter 2: Literature Review 

The eukaryotic cell cycle is comprised of an initial growth phase, G1, followed by DNA 

synthesis in S-phase, a secondary growth period, G2, and then mitosis during which the 

genetic material is divided into two new daughter cells.  

2.1 Schizosaccharomyces pombe as a model for the cell cycle 

The unicellular fungus Schizosaccharomyces pombe is an excellent model for the 

eukaryotic cell cycle. The central cell cycle controls have been conserved from yeast to 

higher eukaryotes (Nurse 1990, Zhao and Lieberman 1995). S. pombe are rod-shaped 

cells, which spend the majority of the cell cycle in G2 and initiate mitosis once cells have 

reached a threshold size. At the end of mitosis a septum forms between the two daughter 

cells and G1 begins immediately. G1 is short as S. pombe cells complete mitosis at a 

volume greater than that necessary for the initiation of DNA synthesis. The daughter cells 

separate after G1 and sometimes as late as G2 (Nurse et al. 1976). 

2.2 The central cell cycle controls are present in all eukaryotes 

Events of the cell cycle are coordinated by pairs of cyclins and cyclin-dependent kinases 

(CDKs). The CDKs are constitutively expressed but can only become catalytically active 

when bound by a cyclin (Draetta et al. 1989). Cyclin levels oscillate throughout the cell 

cycle and in this way control temporal activation of CDKs (Evans et al. 1983). Cyclins 

also influence substrate specificity of CDKs (Peeper et al. 1993). 
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S. pombe contains only one CDK, Cdc2 (Nurse and Bissett 1981). Various cyclins, 

Cig1, Cig2, Puc1, and Cdc13, bind Cdc2 and differentially affect Cdc2 substrate 

specificity and activity. Cdc13 is the only essential cyclin. It normally coordinates mitotic 

events, but in the absence of the other cyclins can substitute for their function throughout 

the cell cycle (Fisher and Nurse 1996). Cig 2 is thought to promote S phase as it peaks in 

G1 (Mondesert et al. 1996). Cig1 and Puc1 bind Cdc2 during G1 and possibly monitor 

growth to release Cdc2/Cig2 inhibition for S phase (Benito et al. 1998). Puc1 is essential 

in coupling cell size with initiation of DNA synthesis (Martin-Castellanos et al. 2000). 

The vertebrate system is more complex, containing a number of CDKs. In addition to 

the Cdc2 homolog, Cdk1, prominent roles are played by Cdk2, Cdk4, and Cdk6. 

Members of six cyclin families pair with these CDKs at various points in the cell cycle to 

regulate events. Homologous to S. pombe Cdc13, Cyclin B binds only Cdk1 and the 

resulting complex initiates the events of mitosis (Evans et al. 1983). Once the CDK/cyclin 

complex is formed, additional regulatory events take place before it is completely active. 

2.2.1 Regulation of G1 and commitment to the cell cycle 

The cell cycle begins with START, after this point yeast are insensitive to mating factors 

and committed to completing the cell cycle (Hartwell et al. 1974). Mammalian cells 

similarly are committed to cell division after passing the restriction point in early G1 

(Pardee 1974). G1 is maintained by CDK inhibitors (CKIs). S. pombe Rum1 binds and 

inhibits the CDK/Cyclin complexes that act in S-phase and mitosis (Correa-Bordes and 

Nurse 1995). The G1 size control is present, but cryptic, in S. pombe and other G2 
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regulated cells unlike other models such as Saccharomyces cerevisiae, Drosophila, and 

humans cells where the primary control is in G1 and the G2 control is usually cryptic. 

2.2.2 The G1 to S phase transition 

In late G1, inhibition of Cdc2 by Rum1 is released as Rum1 is phosphorylated by S-phase 

CDKs and degraded (Benito et al. 1998, Montagnoli et al. 1999). The S-phase 

CDK/Cyclin complexes then target and activate components of the DNA replication 

machinery and initiate replication and S-phase progression (Petersen et al. 1999). Cells 

use checkpoint signalling pathways to ensure DNA replication is completed before exit 

from S phase and prior to mitosis. Single-stranded DNA, due to error correction or 

incomplete DNA replication, signals to the cell cycle machinery through DNA damage 

response kinases Chk1 and Cds1, preventing cell cycle progression until complete and 

error free DNA replication is achieved (Reviewed in Stracker et al. 2009). 

2.2.3 Mitotic initiation 

Mitosis is initiated once Cdc2 is fully active. The cyclin for G2/M is Cdc13 in S. pombe 

(Booher et al. 1989) and once bound to Cdc2, the complex’s activity depends on the 

phosphorylation state of Cdc2 Tyr 15 (Gould and Nurse 1989). Wee1 tyrosine kinase 

phosphorylates Tyr 15 and maintains Cdc2 in an inactive state. Mik1 tyrosine kinase also 

acts on this residue during S phase; its actions are secondary to Wee1 (Lundgren et al. 

1991, Lee et al. 1994). Mik1 is essential in the absence of Wee1 activity. At the initiation 

of mitosis Cdc25 tyrosine phosphatase dephosphorylates Tyr 15 and thereby activates 



 

 6 

Cdc2 (Gautier et al. 1991). Pyp3 phosphatase is essential in the absence of Cdc25 

function (Millar et al. 1992). In this way the initiation of mitosis by Cdc2 activation 

primarily depends on the balance between Wee1 and Cdc25 activity (Figure 2.1).  

In fission yeast, the growth requirement is enforced at mitotic initiation, making G2 

the longest phase of the cell cycle. G2 also marks the point where cells commit to division 

at a particular size threshold. This growth control mode is common in haploid fungi. 

Wildtype cells deposit a septum at approximately 14 µm (Mitchison 1957), while 

perturbations in cell cycle control cause differences in cell length at division. Many of the 

genes involved in cell cycle regulation were first discovered because their loss prevents 

cell cycle progression. The resulting phenotype is termed cell division cycle cdc- where 

cells continue to elongate but do not divide (Figure 2.2, Nurse et al. 1976). Cells with a 

wee phenotype divide at approximately half the size of wildtype cells (Figure 2.2). The 

mitotic inhibitor wee1 was discovered due to the small size of cells without Wee1 

function (Nurse 1975). Mitotic catastrophe is observed when cells divide before the 

genetic material has been completely synthesized or before chromosomes have been 

properly segregated. The phenotype is termed cut as it often results in the septum being 

placed through the nucleus (Russell and Nurse 1986). This phenotype is often a product 

of synthetic lethality, such as with the loss of both wee1 and mik1 mitotic inhibitors, the 

loss of wee1 combined with cdc25 overexpression, or when the loss of wee1 is present in 

combination with cdc2-3w (Lundgren et al. 1991), an activated allele of cdc2 insensitive 

to Cdc25 input (Figure 2.2, Russell and Nurse 1986). 
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Wildtype cells monitor length through a pathway initiated with Pom1. Pom1 is found 

at the tips of elongating cells and forms a gradient that decreases towards the midline. In 

small cells, Pom1 activity at the midline is sufficient to maintain Wee1 inhibitors, Cdr2 

and Cdr1, inactive. As cells elongate, Pom1 levels at the midline decrease and Wee1 

inhibition is initiated. With the kinase inactive, Cdc25 phosphatase activates Cdc2 for the 

initiation of mitosis (Martin and Berthelot-Grosjean 2009, Moseley et al. 2009). 

2.2.4 Mitotic exit 

The anaphase promoting complex (APC) becomes active late in mitosis following 

multiple Cdc2 phosphorylations. It then ubiquitinates and targets the M-phase machinery 

for destruction (Reviewed in Peters 2006). The septation initiation network (SIN) in S. 

pombe and the eqivalent mitotic exit network (MEN) in budding yeast, coordinate spindle 

disassembly, actomyosin ring formation, septum deposition and cytokinesis (Reviewed in 

McCollum and Gould 2001). S. pombe Clp1 phosphatase and its homolog Cdc24 in 

budding yeast reverse Cdc2 phosphorylation events. This function is conserved in 

mammalian Cdc14A and B. This results in destabilization of mitotic inducers such as 

Cdc25, and relieves inactivation of CKIs (Wolfe and Gould 2004, Visintin et al. 1998). 

2.3 Tyrosine phosphatase Cdc25 is a highly regulated inducer of the cell cycle 

Cdc25 phosphatase is an essential regulator of mitotic initiation, whose role was initially 

determined in studies of S. pombe (Fantes 1979, Russell and Nurse 1986). It 

dephosphorylates Tyr 15 of Cdc2 at the end of G2, thereby upregulating Cdc2 kinase  
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Figure 2.1. Central regulation of mitosis. 

Wee1 kinase inhibits Cdc2 by phosphorylation on Tyr 15, as does Mik1 to a lesser extent. 

To initiate mitosis Cdc2 must become active. The Cdc2/Cdc13 complex is activated by 

removal of inhibitory phosphorylation on Tyr 15. This is accomplished by the Cdc25 

phosphatase, with Pyp3 phosphatase playing a minor role. The Wee1 inhibitors Cdr1 and 

Cdr2 become more active as the cell grows longer and signals from Pom1 decrease. This 

causes the balance of activating dephosphorylation to outweigh the kinase activity. Once 

active, Cdc2 likely phosphorylates and further activates Cdc25, as well as inhibiting 

Wee1, causing positive feedback loops to reinforce the transition from G2 to mitosis.  
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Figure 2.2. Cell cycle phenotypes. 

Colony and morphology phenotypes in S. pombe : a, d) wildtype, b, e) wee, c) cdc- and f) 

mitotic catastrophe indicated by arrow. Bright field images (a) through (c). Fluorescence 

images (d) through (f) use nuclear (DAPI) and septum (methyl blue) staining. Scale bars 

represent 10 µm. 
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activity (Gautier et al. 1991). Proper timing and robust entry to mitosis are essential for 

cell viability. As such, Cdc25 must become active only at the appropriate time. 

2.3.1 Vertebrate Cdc25  

The vertebrate system contains three Cdc25 paralogues, Cdc25A, Cdc25B, and Cdc25C, 

which become active in succession. Whereas in S. pombe Cdc25 functions only in the 

initiation of mitosis, some of the vertebrate Cdc25 paralogues activate CDK/Cyclin 

complexes earlier in the cell cycle (Sadhu et al. 1990, Galaktionov and Beach 1991). That 

neither Cdc25B or Cdc25C is essential suggests Cdc25A can perform all of the necessary 

function of Cdc25 phosphatase for cell cycle completion, including the initiation of 

mitosis (Ferguson et al. 2005). 

2.3.2 Cdc25 is subject to regulation at many levels 

Cdc25 induces mitosis in a dose-dependent manner. Increased expression causes S. 

pombe to divide at a smaller size, indicative of advanced cell cycle progression (Russell 

and Nurse 1986). As a result, cdc25 gene expression is tightly regulated. Cdc25 protein 

levels peak at the end of G2 and early mitosis. mRNA similarly accumulates to this point 

(Ducommun et al. 1990, Moreno et al. 1990) and mRNA levels decrease during mitosis 

(Moreno et al. 1990). 

cdc25 has a long 5’ untranslated region (UTR) containing regulatory elements which 

function to link translation rate with nutrient availability. This link between growth rate 

and cell division machinery also occurs in the mitotic cyclin cdc13, based on similar 
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regulatory elements in the 5’ UTR (Daga and Jimenez 1999). This highlights the 

importance of coordinating growth rate and cell division. 

The phosphorylation state of Cdc25 also contributes to its activity. At the end of 

mitosis, Clp1 dephosphorylates Cdc25. This coincides with a decrease in its phosphatase 

activity, ubiquitination, and degradation by the APC (Wolfe and Gould 2004). 

Phosphorylation of vertebrate Cdc25C has been shown to increase its phosphatase 

activity (Hoffmann et al. 1993) yet the role of activating phosphorylation in S. pombe 

remains unresolved. 

Additionally, sub-cellular localization of Cdc25 contributes to its regulation. Its 

substrate, Cdc2/Cdc13, is found in the nucleus just prior to mitosis. Cdc25 nuclear 

localization similarly peaks at this point (Booher et al. 1989). The targets of Cdc2 are 

largely nuclear proteins. Cdc25 only acts as a mitotic inducer when it has access to the 

nuclear population of Cdc2/Cdc13. The nuclear localization of Cdc25 is dependent on 

three Lys residues, amino acids 212-214. Their deletion delays the cell cycle (Lopez-

Girona et al. 2001). Cdc25 is imported to the nucleus by Sal3 (Chua et al. 2002) and its 

nuclear export relies on the exportin Crm1 (Zeng and Piwnica-Worms 1999). 

Cdc25 is downregulated under conditions of DNA damage, unreplicated DNA, or 

stress, and mitosis is delayed. In response to DNA damage or unreplicated DNA, S. 

pombe Cds1 and Chk1 phosphorylate Cdc25 (Zeng et al. 1998). This creates a binding 

site for the 14-3-3 protein Rad24, which mediates Cdc25 export from the nucleus through 

Crm1 (Furnari et al. 1999, Lopez-Girona et al. 1999). Inactivation of Cdc25, by removal 
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from the nucleus or otherwise, is not essential for checkpoint function. The purpose of 

Cdc25 export is not clear, although it is important for checkpoint recovery (Frazer and 

Young 2012). This supports the theory that Cdc25 is stockpiled in the cytoplasm until 

DNA damage has been repaired (Kovelman and Russell 1996). Various types of 

environmental stress cause the MAP kinase Spc1 to activate Srk1, which phosphorylates 

Cdc25 on the same residues targeted under DNA damage conditions resulting in a similar 

outcome (Shiozaki and Russell 1995, Lopez-Aviles et al. 2005). 

2.4 Feedback loops reinforce cell cycle decisions 

Events of the cell cycle must progress unidirectionally. Bistable switch mechanisms 

provide robust irreversible activation at many points in the cell cycle (Lopez-Aviles et al. 

2009, Yao et al. 2011). A positive feedback loop exists between Cdc2 and Cdc25 forming 

a bistable switch for the activation of Cdc2/Cdc13 initiation of mitosis. Similarly in 

vertebrates at an earlier point in the cell cycle, after the completion of S phase, Cdc25B 

dephosphorylates Cdk2/Cyclin A, which then phosphorylates Cdc25B, forming a positive 

feedback loop and amplifying the signal (Mitra and Enders 2004).  

2.4.1 Evidence for a positive feedback loop between Cdk1 and Cdc25 

Evidence from many models supports the existence of a positive feedback loop between 

Cdk1 and Cdc25. Studies in Xenopus laevis show that eliminating Cdk1 consensus sites 

from Cdc25C abolishes the hyperphosphorylation of Cdc25C that regularly occurs at the 

entry to mitosis (Izumi and Maller 1993). In vitro phosphorylation of human Cdc25C by 
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Cdk1/Cyclin B increases its phosphatase activity (Hoffmann et al. 1993). Similarly, in S. 

pombe Cdc25 becomes hyperphosphorylated at the onset of mitosis. Removal of this 

phosphorylation decreases Cdc25 phosphatase activity (Kovelman and Russell 1996). 

Cdc2 targets Cdc25 and participates in a positive feedback loop at the onset of mitosis. 

2.4.2 S. pombe Cdc25 is targeted by Cdc2 

The consensus sequence recognized and phosphorylated by Cdk1 and its homologs is a 

Ser or Thr residue followed by Pro (Moreno and Nurse 1990). There are 15 of these S/T-

P sites present in S. pombe Cdc25. Cdc2 is known to phosphorylate Cdc25 in vitro and 

removal of all 15 S/T-P sites prevents this phosphorylation (Wolfe and Gould 2004). 

Some of these residues are conserved within the Schizosaccharomyces clade and 

Ascomycota fungi. Three sites in particular, Ser 66, Ser 84 and Thr 89, are found within a 

region of high similarity. Multisite phosphorylation of Cdc25 by Cdc2 has been shown to 

directly activate Cdc25 (Lu et al. 2012). As yet, the specific sites targeted and their 

relative importance remain unresolved. 

2.5 The role of tyrosine phosphatase Pyp3 is largely unknown 

In the absence of Cdc25 the tyrosine phosphatase Pyp3 is essential. This suggests that 

Pyp3 can also dephosphorylate Tyr 15 of Cdc2 to initiate mitosis (Millar et al. 1992). Yet 

apart from the established genetic relationship, Cdc2 has not been demonstrated as a 

substrate of Pyp3. It is rare for phosphatases to have only one substrate as Cdc25 does 

(Gautier et al. 1991), and it is possible that Pyp3 has other substrates as well. 
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Furthermore, although the two phosphatases appear to have overlapping 

functions, Pyp3 and Cdc25 share no significant sequence similarity. 

2.5.1 pyp3 shares sequence similarity with pyp1 and pyp2 

Pyp3 is most similar to protein tyrosine phosphatases Pyp1 and Pyp2 in S. pombe. Like 

pyp3, neither pyp1 nor pyp2 are essential genes, however the loss of both is lethal. pyp1 

deletion strains are semi-wee, indicating some advancement of the cell cycle. 

Overexpression of pyp1 or pyp2 delays the cell cycle (Ottilie et al. 1992), in contrast to 

the pyp3 overexpression phenotype of mitotic advance (Millar et al. 1992).  

Pyp1 and Pyp2 inhibit the MAPK (mitogen activated protein kinase) Spc1/Sty1. 

Under stress conditions, Spc1 MAPK is activated by the MAPKK Wis1 and the 

MAPKKKs Win1 and Wis4 (Samejima et al. 1997). Spc1 activates the transcription 

factor Atf1, which upregulates stress response genes, as well as Pyp2 phosphatase 

(Deglos et al. 1996). Pyp1 and Pyp2 dephosphorylate and deactivate Spc1 (Shiozaki and 

Russell 1995). In this way, Spc1 causes the attenuation of its own stress signal. Upon heat 

stress, Spc1 is activated independent of the MAPKKK MAPKK cascade. Instead, Pyp1 

and Pyp2 are inactivated, which relieves the repression of Spc1 activity (Samejima et al. 

1997). Similarly, when nutrients are low Pyp2 is inhibited by the TOR pathway through 

Tor1, which causes upregulation of Spc1 (Petersen and Nurse 2007). The role of these 

related phosphatases is an important link between cell cycle control and external cellular 

conditions. The activity of Spc1 affects the timing of mitosis through its regulation of 

Srk1 kinase, a regulator of Cdc25 (Smith et al. 2002, Lopez-Aviles et al. 2005) 
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2.6 Protein translation is an important measure of cell growth 

Protein translation rate affects how quickly the cell will accumulate mass and as an 

energy consuming process it is linked to the nutritional environment of the cell. The 

regulatory network responsible for protein translation is thereby also a regulator of cell 

growth. New information is uncovering signalling mechanisms to further characterize the 

relationship between nutrient availability and cell growth. 

2.6.1 Protein translation initiation is a conserved process among eukaryotes 

Protein translation initiated at the 5’ guanosine cap of mRNA is regulated by a group of 

eukaryotic translation initiation factors (eIFs). To initiate protein translation, the ribosome 

must assemble on mRNA. Dissociated 40S ribosome components in the cytoplasm form a 

complex with eIF2 bound to GTP and a methionine-tRNA, and eIF3, eIF1, and eIF1A, 

making up the 43S pre-initiation complex (Majumdar et al. 2003). Recruitment of the 43S 

complex to mRNA depends on the cap binding protein eIF4E and a large adaptor protein 

eIF4G (Morino et al. 2000). Along with RNA helicase eIF4A these make up the complex 

eIF4F (Edery et al. 1983). Once eIF4F is bound to the 5’ cap, it recruits the 43S complex 

through eIF3 (Lamphear et al. 1995). The formation of the eIF4F complex is a rate 

limiting step in translation initiation (Duncan et al. 1987). As such eIF4E availability and 

activity can modulate translation rates. eIF4E activity varies with the proteins bound to it  

and its phosphorylation state (Figure 2.3). 
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2.6.2 Regulation of translation initiation factor eIF4E by phosphorylation 

eIF4E is regulated by phosphorylation, the main site being Ser 209 (Flynn and Proud 

1995, Joshi et al. 1995). The role of this phosphorylation is unclear. Phosphorylation of 

eIF4E has been shown to decrease its affinity for capped mRNA yet it results in an 

increase in translation rates (Scheper et al. 2002). Conversely, evidence also exists for an 

increase in affinity for capped mRNA following eIF4E phosphorylation (Minich et al. 

1994). There is some agreement on the kinases which act on eIF4E. Mnk1 and 2 

phosphorylate eIF4E when stimulated by growth factors or insulin through MAPK ERK, 

while MAPK p38 or ERK stimulates Mnk1 and Mnk2 activity towards eIF4E under 

stress (Wang et al. 1998, Waskiewicz et al. 1999, Scheper et al. 2001). 

The current model proposes that after the initiation complex has formed on mRNA 

and the 40S ribosome is present, eIF4E phosphorylation results in cap release without 

dissociating the whole complex. This would allow a second eIF4E to bind the 5’ cap and 

form a second initiation complex as the first ribosome is scanning the mRNA to begin 

translation (Scheper and Proud 2002). The opposing phosphatase is likely PP2A, which 

has been shown to act on eIF4E directly and has a known role as a tumor suppressor (Li 

et al. 2010). This has largely been studied in the mammalian system, however S. pombe 

eIF4E has conserved the Ser 209 phosphorylation site (Ptushkina et al. 1996). 

2.6.3 Regulation of translation initiation factor eIF4E by protein binding 

Regulation by protein binding also plays an important role in determining eIF4E activity.
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Figure 2.3. Cap-dependent translation initiation. 

Cap-dependent translation initiation is achieved once the ribosome has assembled on 

mRNA. First the eIF4F complex forms and binds to the 5’ cap of mRNA. This depends 

on the availability of complex component eIF4E. Translation is inhibited by input from 

the TOR pathway downstream of nutritional deprivation. Under ideal nutrient conditions, 

mTor in TORC1 targets 4E-binding proteins (4E-BPs) and phosphorylates them resulting 

in the release of eIF4E and allowing increased translation initiation. Once bound to the 5’ 

cap, the eIF4F complex recruits the pre-initiation complex, which contains the 43S 

ribosomal subunit bound to additional eIFs and Met-tRNA. The ribosome then scans for a 

start codon. GTP hydrolysis results in the release of eIFs from the ribosome, dissociation 

of eIF4F complex from RNA, allows binding of the 60S ribosomal subunit, and locates 

Met-tRNA to the ribosomal P-site and translation can begin. (Kozak 1989, Morino et al. 

2000, Pestova et al. 2000, Unbehaun et al. 2004) 
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 Under non-ideal growth conditions 4E-BPs compete with eIF4G to bind eIF4E, thereby 

downregulating overall translation rates and cell growth (Figure 2.3, Haghighat et al. 

1997, Rousseau et al. 1996). The major 4E-BPs in the mammalian system are 4E-BP1, 

4E-BP2, and 4E-BP3 (Pause et al. 1994, Poulin et al. 1998). 4E-BPs interact with eIF4E 

through an eIF4E binding motif Tyr-X-X-X-X-Leu-Φ (Mader et al. 1995). No 4E-BPs are 

known in S. pombe, although the analogous function to mammalian 4E-BPs is performed 

in S. cerevisiae by Eap1 and Caf20, which also contain the eIF4E binding motif however 

neither has similarity to the mammalian 4E-BPs or any known catalytic function 

(Altmann et al. 1997, Cosentino et al. 2000).  

2.6.4 Pyp3 may act as a 4E-BP in S. pombe 

Important similarities exist between S. pombe Pyp3 and mammalian 4E-BPs. Pyp3 

physically associates with eIF4E in S. pombe (Yimit 2011). In cultured mammalian cells, 

eIF4E overexpression causes malignant transformation, which can be reversed by 

decreasing eIF4E expression to wildtype levels or by simultaneous overexpression of 4E-

BPs (Rousseau et al. 1996). S. pombe encodes eIF4E in the tif1 gene. Cells overexpressing 

tif1 are elongated, as occurs when the cell cycle is delayed. This is contrary to the pyp3 

overexpression phenotype of short cells, which have advanced their cell cycle (Millar et 

al. 1992). The pyp3 overexpression phenotype is epistatic to that of tif1 overexpression. 

Like the 4E-BPs, Pyp3 contains an eIF4E binding motif, Tyr-X-X-X-X-Leu-Φ, 

which is necessary for pyp3 overexpression to reverse the tif1 overexpression phenotype 

(Yimit 2011). Pyp3 and eIF4E proteins interact in vivo, affecting the phosphorylation 
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status of eIF4E. Cells expressing high levels of Pyp3 phosphatase have much less 

phosphorylated eIF4E present. In these cells, eIF4E nuclear localization is increased 

(Yimit 2011). 

2.6.5 4E-BP activity is influenced by extracellular conditions 

Mammalian 4E-BPs can regulate translation initiation with respect to the extracellular 

environment. 4E-BP phosphorylation by the MAPK and TOR pathways downstream of 

insulin signalling prevents interaction with eIF4E, and thereby increases translation rates 

under ideal nutrient conditions (Lin et al. 1994, Wullshleger et al. 2006). Under 

nutritional deprivation, mTor is inactivated and fails to phosphorylate 4E-BPs, which 

allows their interaction with eIF4E and decreases translation rates (Beretta et al. 1996). 

2.7 The TOR pathway: convergence of nutritional input and cell cycle regulation 

Target of rapamycin (TOR) has been highly studied since its original discovery and is 

involved in monitoring extracellular conditions. In all eukaryotes there exist two TOR 

complexes, TORC1 and TORC2 (Loewith et al. 2002). In mammals one kinase, mTor, 

can form either complex (Kim et al. 2002, Jacinto et al. 2004). Both model yeasts contain 

two TOR genes (Heitman et al. 1991, Kawai et al. 2001, Weisman and Choder 2001). In 

S. pombe these are tor1 and tor2. tor1 is not an essential gene, however its deletion results 

in stress intolerance, sterility, and the inability to arrest in G1 during nitrogen starvation 

(Weisman and Choder 2001); deletion of tor2 is lethal (Kawai et al. 2001). 
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TOR proteins are serine/threonine protein kinases of the PIKK family (Sabatini et al. 

1995). Upstream of the kinase domain, they contain a rapamycin-binding motif through 

which rapamycin suppresses TOR activity (Stan et al. 1994). TOR kinases also contain 

many HEAT repeats, which are typical of proteins with many interactors (Andrade and 

Bork 1995). Through this region, mTor forms multimers and is present in many copies in 

the TOR complexes. The S. cerevisiae mTor homologs Tor1 and Tor2 have similarly 

been found in homo-multimeric complexes (Takahara et al. 2006). 

The two TOR complexes are defined functionally. TORC1 is inhibited by rapamycin 

and regulated upstream by input from various nutritional and stress conditions (Loewith 

et al. 2002, Hay and Sonenberg 2004, Brugarolas et al. 2004). It effects changes in 

growth-related processes such as protein translation, ribosome biogenesis, and nutrient 

import. Ideal growth conditions stimulate TORC1 signalling to upregulate translation, 

whereas nutritional and other stresses inhibit TORC1 (Wullshleger et al. 2006). 

Conversely, TORC2 is not responsive to rapamycin or nutritional inputs and it regulates 

actin organization (Loewith et al. 2002). In S. cerevisiae, both Tor1 and Tor2 respond to 

rapamycin treatment with respect to regulation of translation initiation and cell cycle 

control, however Tor2 also regulates the cytoskeleton and this aspect of its signalling is 

not subject to inhibition by rapamycin (Zheng et al. 1995). A similar response to 

rapamycin may be seen in the two S. pombe homologs. 

In S. pombe, Tor2 has been established as the TOR kinase in TORC1 (Alvarez and 

Moreno 2006). Tor1 has also been proposed to act in TORC1 following nutrient stress to 
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control the G2/M transition (Hartmuth and Petersen 2009). Only Tor1 participates in 

TORC2 (Alvarez and Moreno 2006). The role of Tor1 in TORC1 remains uncertain. 

Under normal conditions Tor1 does not associate with TORC1 proteins (Ikai et al. 2011). 

Current models state that each TOR complex contains a unique scaffolding protein 

that serves to bring the other complex components together. In TORC1 this is Raptor in 

mammals and Mip1 in S. pombe (Hara et al. 2002, Alvarez and Moreno 2006). The 

scaffoding protein in TORC2 is Rictor in mammals and Ste20 in S. pombe (Sarbassov et 

al. 2004, Alvarez and Moreno 2006). In effect, TOR substrates are brought to the kinases 

by interaction with the scaffolding proteins (Nojima et al. 2008). TORC1 is of particular 

importance as it regulates translation rates relative to the quality of growth conditions. In 

mTORC1, interaction with Raptor requires a TOR signalling (TOS) motif. Its sequence 

was determined by studies of known mTor targets 4E-BP1 and S6K (Schalm and Blenis 

2002). The consensus is Phe-Ac-ϕ-Ac-ϕ (Ac = Glu/Asp and ϕ = Leu/Ile/Met) where the 

Phe is an essential residue for signalling input from mTor (Schalm and Blenis 2002). 

4E-BPs are known targets of mTor. Their phosphorylation stimulates translation and 

results in release of eIF4E which can then form the initiation complex. Rapamycin blocks 

4E-BP1 phosphorylation and thereby decreases translation rates (Beretta et al. 1996). 

Similarly, mutation of the essential Phe residue in the TOS motif to Ala prevents the 

interaction between 4E-BP1 and Raptor and abrogates 4E-BP1 phosphorylation by mTor 

(Schalm et al. 2003). Known targets of TORC1 in S. pombe have not uncovered a 

conserved TOS motif (Nakashima et al. 2012, Petersen and Nurse 2007). 
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Chapter 3: 

Cdc25-89w, a dominant activated allele of Cdc25 tyrosine phosphatase 

3.1 Abstract 

Onset of mitosis is triggered when Cdc25 tyrosine phosphatase activates Cdc2 (Cdk1) by 

dephosphorylating Tyr 15. Activated Cdc2 in turn participates in a positive feedback loop 

to phosphorylate Cdc25 and further activate the phosphatase. The timing and robustness 

of this activation event are essential for correct cell cycle completion. Positive feedback 

between Cdc2 and Cdc25 at the onset of mitosis has been studied in vitro in many 

systems, but characterization remains incomplete. Using site-directed mutagenesis of 

putative Cdc2 phosphorylation sites on Cdc25, these events can be investigated in vivo in 

the fission yeast model. The region surrounding several putative Cdc2 phosphorylation 

sites on Cdc25 (Ser 66, Ser 84, Thr 89) is conserved in a number of fungal species and 

the Thr 89 site is conserved in a wide variety of eukaryotes. These sites were mutated to 

Ala or Glu to block or mimic phosphorylation respectively. The T89E mutation in Cdc25 

results in a semi-dominant mitotic advancement and significant decrease in cell size at 

division. This is the first synthetic activated allele of Cdc25 yet discovered and suggests 

that Cdc2 acting on Thr 89 plays a major role in its activation and regulation. 

3.2 Introduction 

Cell cycle control is strongly conserved in all eukaryotes. At mitosis the Cdc25 tyrosine 

phosphatase plays a critical role in activating Cdk1 through dephosphorylation of Cdk1 
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Tyr 15 (Gould and Nurse 1989, Morla et al. 1989, Nurse 1990). The switch from inactive 

to active Cdk1 must be complete and irreversible for correct completion of the cell cycle 

and cell viability. Cdk1/Cyclin B activation acts as a bistable switch, providing robust and 

irreversible activation (Pomerening et al. 2003). Such switches require positive feedback 

loops to reinforce the signalling events. As Cdk1 becomes active it in turn phosphorylates 

Cdc25 to upregulate its activity, resulting in further Cdk1 activation. While this general 

model applies to all eukaryotes, we do not have a full understanding in any system.  

Fission yeast, S. pombe, is a particularly convenient model for studying cell cycle 

control as cell length is a simple marker of cell cycle position and the regulation of 

mitosis has been extensively studied (Mitchison 1957, Nurse et al. 1976, Fantes and 

Nurse 1978, Nurse 1990, Rupes et al. 2001, Martin and Berthelot-Grosjean 2009, 

Moseley et al. 2009, Lu et al. 2012). The cyclin-dependent kinase, Cdc2 (Cdk1), pairs 

with B-type cyclin Cdc13 and when activated initiates mitotic events (Booher et al. 

1989). Activation depends on the phosphorylation state of Cdc2 Tyr 15 (Gould and Nurse 

1989). Wee1 tyrosine kinase phosphorylates and maintains Cdc2 in an inactive state, 

whereas Cdc25 tyrosine phosphatase dephosphorylates and activates Cdc2 (Lundgren et 

al. 1991, Gautier et al. 1991). The relative balance between Wee1 and Cdc25 activities 

determines the initial state of Cdc2 activation. 

Cdc25 phosphorylation occurs at the onset of mitosis and removal of this 

phosphorylation results in decreased Cdc25 phosphatase activity (Kovelman and Russell 

1996). The minimum consensus sequence for Cdc2 phosphorylation is a Ser or Thr 
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followed by a Pro residue. S. pombe Cdc25 contains 15 such sites. Specific Cdc2 

phosphorylation sites on Cdc25 critical for activation have not been identified although 

deletion of certain sites delays activation in Xenopus extracts and fission yeast (Izumi and 

Maller 1993, Lu et al. 2012). Cdc25 has been demonstrated as a target of Cdc2 

phosphorylation in vitro and removal of all 15 of these sites prevents in vitro 

phosphorylation of Cdc25 by Cdc2 (Wolfe and Gould 2004). Mutating Ser/Thr to Ala at 

the 13 sites located outside the phosphatase domain showed a similar result, and delayed 

the onset of mitosis as seen by increased cell length in vivo. Further investigation of 

Cdc25 constructs with smaller groups of sites removed indicates an additive effect on 

mitotic delay (Lu et al. 2012). From these data a complex model for Cdc25 activation 

based on multiple distributed and disordered phosphorylations has been presented. 

However the contribution of individual sites was not assessed and the study did not 

identify specific residues that initiated or contributed disproportionately to the activation.  

Cdc25 shows little sequence conservation outside the phosphatase catalytic domain 

and it is not possible to align most of the phosphorylation sites with their vertebrate 

counterparts with any certainty. In vertebrates there are three Cdc25 isoforms: Cdc25A, B 

and C with Cdc25C responsible for the activation of Cdk1 to initiate mitosis. The other 

isoforms primarily act earlier in the cell cycle (Boutros et al. 2007, reviewed in Frazer 

and Young 2012). In Xenopus removal of three S/T-P (Thr 48, Thr 67, Thr 138) sites 

from Cdc25C decreases total phosphorylation by 90% and results in a failure of Cdk1 

activation as shown by in vitro assays (Izumi and Maller 1993). These sites are conserved 
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in vertebrates and account for the bulk of phosphorylation of Cdc25C by Cdk1 (Izumi 

and Maller 1995). Based on alignments of Cdc25 proteins within the ascomycetes we 

have identified a strongly conserved region containing three conserved putative Cdc2 

phosphorylation sites. We have mutagenized these sites to either inactive (Ser/Thr to 

Ala), or to mimic phosphorylation (Ser/Thr to Glu), and tested the resulting strains for 

delay or advancement of mitotic timing in vivo. Two of these sites are conserved in 

vertebrates and include the Thr 67 site identified by Izumi and Maller (1993). We show 

that an activating allele of Cdc25, T89E, advances mitosis. This is the first demonstration 

of an activated Cdk1 phosphorylation site allele of Cdc25 in any system and suggests that 

it is an early and important Cdk1 phosphorylation event during mitotic activation. The 

conservation of this site in human and other vertebrates suggests broad significance. 

3.3 Methods 

3.3.1 Culture techniques 

Strains used in this study (Table 3.1) were grown in Yeast Extract supplemented with 

adenine (YEA) or Edinburgh Minimal Media (EMM) with 100 µg/mL nutritional 

supplements (adenine, uracil, leucine, histidine) as required. Genetic crosses were done 

on Sporulation Agar (SPA) according to standard procedures (Moreno et al. 1991). 

3.3.2 Mutagenesis and genome integration 

Plasmids containing mutagenized cdc25 sequences were created by site-directed 

mutagenesis (Stratagene Quik-Change XL) of pcdc25-GFP (Chua et al. 2002, Frazer and 
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Young 2011, Frazer and Young 2012). Each pair of PCR primers (Table 3.2) was used to 

introduce a single mutation. Constructs containing two mutations (pcdc25S84ET89E-

GFP and pcdc25S84AT89E-GFP) underwent two rounds of mutagenesis. Mutations were 

verified by sequencing (Robarts Research Institute, London ON), and plasmids amplified 

in Escherichia coli before being isolated and electroporated (Prentice 1992) into a 

cdc25::ura4 cdc2-3w ura4-D18 leu1-32 (Q1975) background for integration. Genomic 

integrants were selected using nutritional markers and screened for stable fluorescence 

then verified by back-crossing to ura4-D18 leu1-32 strains using tetrad analysis (Q3777, 

Q3778). Co-segregation of leu+ and ura+ auxotrophy indicated integration at the cdc25 

locus. Integrants were further verified by DNA isolation and PCR followed by 

sequencing (Table 3.2). 

3.3.3 Microscopy 

In preparation for fluorescence microscopy, cells were grown to mid-logarithmic phase in 

liquid culture, collected by mild centrifugation and resuspended in 20-50 µL of 

supernatant. All images were taken using a Zeiss Axio Imager.Z1 and a Hamamatsu 

ORCA-ER CCD camera using a 100x or 40x objective. Images were analysed with 

Slidebook image analysis software (Intelligent Imaging Innovations). Cell length was 

determined with the Slidebook ruler function directly on captured images. 

3.3.4 Assessment of cut phenotypes 

Prior to staining, cells were fixed with two volumes of ice cold methanol and incubated at 
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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 

Q1975 cdc25::ura4 cdc2-3w ura4-D18 leu1-32 h Russell 
and Nurse 
1986 

Q2016 cdc25-GFPint cdc25::ura4 ura4-D18 leu1-32 h- Chua et al. 
2002 

Q4464 cdc25S84A-GFPint cdc25::ura4 ura4-D18 leu1-32 h- This study 
Q4466 cdc25S84E-GFPint cdc25::ura4 ura4-D18 leu1-32 h- This study 
Q4468 cdc25T89A-GFPint cdc25::ura4 ura4-D18 leu1-32 h- This study 
Q4470 cdc25T89E-GFPint cdc25::ura4 ura4-D18 leu1-32 h+ This study 
Q4471 cdc25S84AT89E-GFPint cdc25::ura4 ura4-D18 leu1-32 h- This study 
Q4473 cdc25S84ET89E-GFPint cdc25::ura4 ura4-D18 leu1-32 h- This study 
Q3908 cdc25S66A-GFPint cdc25::ura4 cdc2-3w ura4-D18 leu1-32 

h- 
Lab 
collection 

Q3945 cdc25S84AT89A-GFPint cdc25::ura4 cdc2-3w ura4-D18 
leu1-32 h- 

Lab 
collection 

Q3947 cdc25S66AS84AT89A-GFPint cdc25::ura4 cdc2-3w ura4-
D18 leu1-32 h- 

Lab 
collection 

Q4520 cdc25S66A-GFPint cdc25::ura4 ura4-D18 leu1-32 h- This study 
Q4521 cdc25S84AT89A-GFPint cdc25::ura4 ura4-D18 leu1-32 h+ This study 
Q4522 cdc25S66AS84AT89A-GFPint cdc25::ura4 ura4-D18 leu1-32 

h+ 
This study 

Q1406 ade1-D25 ade6-M210 his7-266 leu1-32 ura4-D18 h- Lab 
collection 

Q1362 ade1-D25 ade6-M210 leu1-32 ura4-D18 h- Lab 
collection 

Q3476 pub1::ura4 ura4-D18 h- Nefsky 
and Beach 
1996 

Q1555 wee1-50 ura4-D18 leu1-32 h- Lab 
collection 
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Q256 wee1-50 h+ Lab 
collection 

Q4480 cdc25T89E-GFPint cdc25::ura4 wee1-50 ura4-D18 leu1-32 
h- 

This study 

Q864 cdc2-3w ura4-D18 leu1-32 ade6-M216 h- Lab 
collection 

Q1564 cdc2-3w wee1-50 ura4-D18 leu1-32 h- Lab 
collection 

Q822 rad1-1 h- Lab 
collection 

Q4515 cdc25-GFPint/cdc25-GFPint cdc25::ura4/cdc25::ura4 ade1-
D25/ade1+ his7+/his7-266 ura4-D18/ura4-D18 leu1-32/leu1-
32 h-/h+ 

This study 

Q4516 cdc25-GFPint/cdc25T89E-GFPint cdc25::ura4/cdc25::ura4 
ade1-D25/ade1+ his7+/his7-266 ura4-D18/ura4-D18 leu1-
32/leu1-32 h-/h+ 

This study 

Q4517 cdc25T89E-GFPint/cdc25T89E-GFPint 
cdc25::ura4/cdc25::ura4 ade1-D25/ade1+ his7+/his7-266 
ura4-D18/ura4-D18 leu1-32/leu1-32 h-/h+ 

This study 
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Table 3.2. List of PCR oligonucleotide primers used in this study. 

Primer Name Sequence Source 
S84AF 5’-catgcatatcgatgaagcccctgccttaccgactcctcg-3’  This study 
S84AR 5’-cgaggagtcggtaaggcaggggcttcatcgatatgcatg-3’ This study 
S84EF 5’-catgcatatcgatgaagaacctgccttaccgactcctcgtcg-3’ This study 
S84ER 5’-cgacgaggagtcggtaaggcaggttcttcatcgatatgcatg-3’ This study 
T89AF 5’-cctgccttaccggctcctcgtcgtacgc-3’ This study 
T89AR 5’-gcgtacgacgaggagccggtaaggcagg-3’ This study 
T89EF 5’-cctgccttaccggaacctcgtcgtacgtctttcgatc-3’ This study 
T89ER 5’-gatcgaaagagcgtacgacgaggttccggtaaggcagg-3’ This study 
cdc25F10wtF 5’-ccgctttcttcactttcctttaccaacactctatctggc-3’ This study 
cdc25F10wtR 5’-gccagatagagtgttggtaaaggaaagtgaagaaagcgg-3’ This study 
cdc25-100 5’-cagtcgtgtcgtcccattagtt-3’ Frazer and 

Young (2011) 
ntermGFP 
ORFreverse 

5’-ggggggcccgggttaaaatcttctaagtctagagagggaat-3’ Frazer and 
Young (2011) 

cdc25F 5’-ctatattatagtcgtgaccg-3’ This study 
cdc25-150 5’-tcttttgactcttccctagg-3’ This study 
cdc2550 5’-ctatctggcaaacggaatg-3’ This study 
cdc25250 5’-gtacgctctttcgatctc-3’ This study 
cdc25500 5’-agcgaagctactcgttcg-3’ This study 
cdc25700 5’-tagtcagtcgagcaaacacg-3’ This study 
cdc251100 5’-tcttgtgtgcgttacgcc-3’ This study 
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-20º C for up to 10 minutes before washing twice with 1000 µl ice cold 100 mM Tris-

HCL pH 7.5 buffer. Cells were then stained with 4’6-diamidino-2-phenylindole (DAPI) 

(Karagiannis et al. 2002) and methyl blue (Kippert and Lloyd 1995) to visualize DNA 

and septa respectively. Four images of 30-150 cells were scored for cut phenotypes. 

3.3.5 Creation and maintenance of diploids 

To create diploids homozygous for cdc25T89E-GFPint and cdc25-GFPint and 

heterozygous for the two, his7-266 and ade1-D25 markers (Q1406, Q1362) were 

individually crossed into cdc25T89E-GFPint (Q4470) and cdc25-GFPint (Q2016) strains 

to allow selection for the auxotrophic heterozygotes. Diploids were confirmed by 

sporulation assay and the continued ability to grow on selective media. For measurement, 

diploids were grown on YEA at 30 ˚C. 

3.3.6 Protein extraction 

Cells were grown to mid-logarithmic phase in liquid culture, then chilled to 0 ºC by the 

addition of crushed frozen media (Frazer and Young 2011) and collected at 0 ºC. Cells 

were resuspended in 1 mL of stop buffer (150mM NaCl, 50mM NaF, 10mM EDTA, 

1mM NaN3 pH 8.0, 1mM NaVO4, 1mM PMSF; Moreno et al. 1991) centrifuged at 13000 

rpm, the supernatant removed and pellet stored at -80 ºC for one hour or until processing. 

Pellets were resuspended in 400 µl of SUME buffer (1% SDS, 8 M urea, 10 mM 

MOPS pH 6.8, 10 mM EDTA; Gardner et al., 2005) containing 1x Complete Protease 

Inhibitor Cocktail (Roche) and 1 mM PMSF. Cells were then broken by agitation using a 
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bead beater (BioSpec Products, Barttesville, OK, USA) and acid-washed glass beads (0.5 

mm diameter, BioSpec). The lysate was centrifuged briefly, transferred to a microfuge 

tube and centrifuged for 1 minute at 13000 rpm to remove debris. Supernatant was 

transferred to a fresh tube and protein concentration determined with a BioRad Protein 

Assay Kit. Samples were heated to 100 ºC with 4x Laemmli loading dye (200 mM Tris-

HCl pH 6.8, 8% SDS, 40% glycerol, 0.33% β-mercaptoethanol, bromophenol blue) for 

five minutes. 

3.3.7 SDS PAGE and western blotting 

Proteins were separated using SDS-PAGE on 6% acrylamide gels and transferred by 

electrophoresis to PVDF membranes (Perkin Elmer, Wellesley, MA, USA) for western 

blotting. Membranes were incubated with blocking buffer (5% non-fat skim milk powder, 

0.05% Tween-20 in 1x TBS) for one hour, washed three times for five minutes in TBS 

containing 0.5% Tween-20 and incubated with a 1:2000 dilution of mouse anti-GFP 

monoclonal (Roche Molecular Biochemicals) in blocking buffer for one hour. Primary 

antibody incubation was followed by three washes with TBS 0.05% Tween-20, then 

incubated with horseradish peroxidase-conjugated goat anti-mouse secondary antibody 

(Santa Cruz Biotechnology, CA, USA) diluted 1:3000 in blocking buffer for 20 minutes 

and washed six times in TBS with 0.2% Triton-X100 and twice with TBS lacking 

detergent. Membranes were treated with chemiluminescence reagents (GE Health 

Sciences) and exposed to X-ray film (Kodak X-Omat Blue). Membranes were stained 

with Coomassie Brilliant Blue to determine equivalent protein loading. 
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3.3.8 Statistical analyses 

Mean cell length at septation was compared by one-way analysis of variance and Tukey’s 

multiple comparison of means. Analysis of covariance was used to evaluate regression 

lines in growth curves. Differences in variances in length at division among strains was 

assessed by modified robust Brown-Forsythe Levene-type test. 

3.4 Results 

3.4.1 Conserved consensus Cdc2 phosphorylation sites in the Cdc25 amino terminus 

An analysis of sequence conservation of putative Cdc2 phosphorylation sites on Cdc25 

was carried out by comparing a number of Ascomycota Cdc25 proteins. This identified a 

strongly conserved region in the amino terminus. Of the 15 putative Cdc2 

phosphorylation sites within fission yeast Cdc25 (Wolfe and Gould 2004, Lu et al. 2012), 

three of them (Ser 66, Ser 84 and Thr 89) align with the other fungal species’ sites within 

this region of the amino terminus (Figure 3.1). The downstream site (Thr 89) is the full 

Cdc2 consensus phosphorylation site S/T-P-X-R but containing an additional basic 

residue. In addition, alignment of this region with human and several other vertebrate 

Cdc25 proteins is shown. Although the sequence in the region is divergent, conservation 

of the first and last of these putative fission yeast Cdc2 phosphorylation sites, S66P and 

T89PRR, with similar spacing are evident in the human Cdc25C as T48P and T67PKR. 

Both of these sites are known to be phosphorylated in human Cdc25C, Xenopus (Izumi  
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Schizosaccharomyces pombe          
SKHIASTLVDPFGKTCSTASPASSLAADMSMNMHIDESPALPTPRRTLFRSL 98  
Ajellomyces  
LSKTKGSPDYFSVKHVGGSSPTASLAADLSQNFHIDQSPQLVTPRRSLFSAN 90 
Coccidioides  
LSMKTGHSDYFNTKALRGSSPTVSLAADLSQNFHIDKSPQLATPRRSLFTAS 99 
Aspergillus nidulans  
LSMKRSNGDYFGTKVVRGSSPTASLAADLSQNFHIDQSPQVATPRRSLFSAC 99 
Phaeosphaeria nodorum 
SMKKPSMDYFALQPMGRGSSPTASLAADMSSNLHVDQSPQFATPRRSLFTSN 98 
Sclerotinia sclerotiorum  
LSMKHSKSDYFMVKPVRGSSPTASLAADLSQNFHIDMSPQLPTPRRSLFTSN 70 
Botryotinia fuckeliana 
SMKHSAKADYFLVKPVRGSSPTASLAADLSQNFHIDMSPQLPTPRRSLFTSN 102 
Human Cdc25C 
QRKMLNLLLERDTSFTVCPDVPRTPVGKFLGDSANLSILSGGTPKRCLDLSN 76  
Xenopus laevis Cdc25C 
CRMVLNLLREKDCSVTFSPEQPLTPVTDLAVGFSNLSTFSGETPKRCLDLSN 76 
Chicken CAG32656.1 
LPGLGALRPGGAPAASGLAAMSPVTTLARDMDMLTGLGSHCDTPRRKVAGGA 70 
Zebrafish NP_001108567.1 
LGARGSPCMKSLASPGPMAVLSPVTNLALNMNNLAVLGGQCETPKRKKNLPL 86 
Drosophila String  
QDQQRSASPELMGLLSPEGSPQRFQIVRQPKILPAMGVSSDHTPARSFRIFN 89 

  

Figure 3.1. Multiple sequence alignment of eukaryotic Cdc25C homologs. 

Ascomycota fungal Cdc25 N-terminal conserved region aligned on the basis of the TPXR 

Cdc2 phosphorylation site. Other potential Cdc2 phosphorylation sites are indicated. 

Human Cdc25C and several other vertebrate Cdc25C proteins as well as Drosophila 

String are included for comparison. The position of the final residue for each sequence is 

indicated on the right. 
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and Maller 1993, Strausfeld et al. 1994) and fission yeast (Wolfe and Gould 2004, Lu et 

al. 2012). The Ser 66 and Thr 89 sites correspond to two of the Xenopus sites studied by 

Izumi and Maller (1993) in vitro. Although the spacing differs somewhat, these two sites 

are conserved in the various vertebrates and Drosophila String, however the strong 

flanking conservation seen in the Ascomycota is not present in the animal sequences. 

3.4.2 Site directed mutagenesis of Ser 66, Ser 84 and Thr 89 

All 15 S/T-P sites have been mutagenized to A-P in fission yeast Cdc25 and tested in 

groups for phenotypic effects (Wolfe and Gould 2004, Lu et al. 2012). Although 

increasing the number of changes resulted in a delay of mitotic onset no single site with a 

major influence was identified. The simplest and most sensitive test of the effect of such 

Cdc25 mutations on mitotic control is to assess cell length at septation during logarithmic 

growth. A negative effect on Cdc25 activity will slow mitotic initiation and cause cells to 

divide at a size longer than the wildtype mitotic cell size threshold of approximately 14 

µm at septation. Conversely, increasing Cdc25 activity or premature activation will 

advance the cell cycle and cause cells to divide at a smaller size. If the conserved sites are 

individually important for activation then the loss of activating phosphorylation by 

substitution to Ala is expected to delay the cell cycle, whereas phosphomimic Cdc25 

proteins resulting from Glu substitution might cause mitotic advancement if the 

substitution has resulted in constitutive or early activation. The degree to which each site 

affects cell cycle progression can be compared by examining differences in cell length. 

The individual S84A/E and T89A/E mutations as well as some double mutant strains, and 
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the triple mutant S66AS84AT89A were generated. The substitutions were introduced on 

a plasmid which was then integrated at the cdc25 locus in a cdc25::ura4 background with 

cdc2-3w to suppressed the loss of cdc25. cdc25 alleles were expressed from the cdc25 

native promoter. Once constructs had been successfully integrated, cdc2-3w was crossed 

out of the background by tetrad analysis. All constructs were able to form colonies and 

have growth rates comparable to wildtype (Figure 3.2). 

Single loss of function mutations Ser 66 (Q4520), Ser 84A (Q4521) and Thr 89A 

(Q4522) or a phosphomimic S84E (Q4466) mutation were similar in size to wildtype and 

grew at a similar rate (Figure 3.2C). Combinations of Ala substitutions had an additive 

effect on cell length at septation as expected (Lu et al. 2012). Interestingly the T89E 

mutant allele (Q4470) was clearly semi-wee in phenotype, easily noticeable as small cells 

during colony growth (Figure 3.2A) and also by measurement of length at septation 

during growth in liquid culture (Figure 3.2B). Cells expressing Cdc25T89E divided at 

10.8 ± 0.9 µm, significantly shorter than wildtype cells (13.9 ± 0.8 µm, p<0.05), while 

growth rate remains unchanged (Figure 3.2C). Although Glu substitution accelerated 

mitosis, substitution to Ala at this site alone had no effect on cell size (Q4468, 13.5 ± 0.7 

µm, p>0.05), indicating that it is not essential for activation of Cdc25 and that other sites 

must play a role. Surprisingly, the substitution mutation S84A in combination with T89E 

suppressed the cell cycle acceleration caused by T89E alone and even caused cells to 

enter mitosis at a slightly longer length than wildtype (Q4471, 14.9 ± 1.0 µm, p<0.05). 
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When both sites were substituted to Glu (S84ET89E) cells advanced mitosis as those 

with the T89E allele (Q4473, 11.3 ± 1.0 µm, p>0.05) (Figure 3.2B). 

3.4.3 Effect of mutations on within strain size variation    

Lu et al. (2012) reported a two- to six-fold increase in variation in length at which cells 

divided when comparing populations of wildtype cdc25 constructs with those lacking 13 

S/T-P sites. In the strains constructed here, there were no significant differences in the 

variation within populations of dividing cells. None of the mutations are temperature- or 

nutrient-sensitive. Strains grown at 25 ˚C, 30 ˚C, and 36 ˚C on complete (YEA) or 

minimal (EMM-AUL) media did not show any differences in growth patterns or cell size 

based on growth conditions as compared to wildtype cdc25 strains (data not shown). 

3.4.4 The small size of the T89E strain is due to the single point mutation 

Several gene deletion strains such as clp1, ppa2 and pyp1 are known to have semi-wee 

phenotypes (Navarro and Nurse 2012). To ensure that spontaneous background mutations 

that might cause smaller cell size were not present in our strain, the cdc25T89E mutant 

strain was outcrossed by tetrad analysis for six generations to ensure that any second site 

mutations that may be present would be removed. The sixth generation maintained 2:2 

segregation of the small size, mitotic advance phenotype. 

To ensure that the full sequence of Cdc25 in the cdc25T89E mutant strain was as 

expected, the full open reading frame was recovered by PCR and sequenced. A 

spontaneous point mutation was observed resulting in a Phe to Val substitution at residue 
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10, and this was also seen in the mutagenized plasmid. Since the F10V mutation was 

present in the plasmid prior to integration and the site is not conserved among species and 

is outside of the highly conserved region surrounding the phosphorylation sites studied, it 

is unlikely to have an effect on phenotype or to alter our conclusions.  The F10V 

mutation has been corrected in the plasmid by site-directed mutagenesis and is currently 

being integrated into the genome for phenotyping  as described previously to ensure this 

is the case.  Subject to this final test we believe the T89E substitution is the first example 

of a point mutation causing activation of Cdc25 in any system. 

3.4.5 cdc25T89E is a semi-dominant allele of cdc25 

If Cdc25T89E is an activating mutation of Cdc25 one would expect it to be dominant or 

semi-dominant as with cdc2-1w or cdc2-3w.  The cdc25T89E-GFPint allele was therefore 

examined in diploids. Homozygous and heterozygous diploids were created for cdc25-

GFPint and cdc25T89E-GFPint in a cdc25::ura4 background. Those homozygous for the 

wildtype cdc25-GFPint construct (Q4515) divided at 23.4 ± 1.2 µm, significantly longer 

than heterozygotes (Q4516, 20.0 ± 1.7 µm, p<0.05), indicating a dominant effect. Those 

homozygous for cdc25T89E-GFPint were significantly smaller at division (Q4517, 17.8 

± 1.6 µm, p<0.05) than heterozygotes (Figure 3.3). Therefore cdc25T89E-GFPint is semi-

dominant, and increasing gene dosage has an additive effect suggesting an activated 

allele. Following the notation for dominant alleles causing a wee or semi-wee phenotype, 

such as cdc2-1w and cdc2-3w, this novel allele of cdc25 is designated cdc25-89w. 
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Figure 3.2. Growth and cell size of cdc25 mutant strains. 

A. Bright field images of strains expressing native site integrated cdc25 constructs with 

the substitution mutations indicated. Cells were grown on solid media YEA at 30° C. 

Scale bar represents 10 µm. 

B. Mean length at septation of native site integrated mutant cdc25 strains tagged with 

GFP. Septated cells were measured (n=30) from logarithmically growing cultures at 30° 

C in YEA. Significant deviations from wildtype cdc25-GFPint according to one-way 

analysis of variation and Tukey’s HSD test are indicated (*** p<0.001, ** p<0.01, 

*p<0.05). Error bars represent ± 1SD.  

C. Growth curves of the various GFP-tagged cdc25 mutant strains and wildtype controls 

determined by measuring optical density OD595 at intervals over a five hour period of 

mid-logarithmic growth at 30 °C in YEA. The y-intercepts have been adjusted to separate 

the various curves on the graph. All slopes are comparable according to a one way 

analysis of covariance. 
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Figure 3.3. Dominant and additive cell cycle advance in cdc25T89E diploid strains. 

A. Images of the indicated diploid strains expressing wildtype cdc25 or cdc25T89E both 

tagged with GFP. Differential interference contrast (left panel) and fluorescence (right 

panel) images show identical logarithmically growing cells at 30° C in YEA. Scale bar 

represents 10 µm. 

B. Mean length at septation in diploids strains homozygous for cdc25-GFPint, 

cdc25T89E-GFPint or heterozygous at the cdc25 locus. Septated cells were measured 

(n=30) from logarithmically growing cultures at 30° C in YEA. Significant differences in 

length are indicated (*** p<0.001) according to one-way analysis of variation and 

Tukey’s HSD test. Error bars represent  ± 1 SD. 
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3.4.6 Protein stability varies among Cdc25 mutants 

Next cdc25 mutant strains were examined for protein expression by western blotting. An 

increase in Cdc25 levels was observed in certain strains. This was quantified in two to 

three replications of two independent experiments. The most marked increase is seen in 

cdc25-89w with 3.1 ± 0.6 fold more protein than the wildtype strain. The other mutations 

to Thr 89 (T89A, S84ET89E) also had in higher protein levels, however this is partially 

rescued when combined with S84A mutation (S84AT89A, S84AT89E) (Figure 3.4A). 

This suggests that one function of Thr 89 phosphorylation may be to enhance stability. 

Stability of Cdc25-89w was examined by a cycloheximide chase experiment 

comparing Cdc25-89w and Cdc25 wildtype proteins tagged with GFP. By 90 minutes of 

treatment 92% of wildtype Cdc25 degraded compared to 72% of Cdc25-89w (Figure 

3.4B). The increased protein in cdc25-89w may in part be due to increased protein 

stability. 

Other examples of increased Cdc25 levels have been documented in the literature. 

Deletion of pub1, the ubiquitin ligase that targets Cdc25 for degradation, results in 4-fold 

increase in Cdc25 protein levels (Nefsky and Beach1996). We measured this strain under 

comparable growth conditions to our other measurements and find a length of 13.8 ± 0.9 

µm. This change is only slightly significant compared to wildtype length at septation 

(14.4 ± 0.9, p=0.044) and not marked enough to have been detected in a recent screen for 

semi-wee mutants (Navarro and Nurse 2012). This indicates that the decreased size of 

cdc25-89w is likely caused by factors other than protein stability. 
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Figure 3.4. Western blots of Cdc25-GFP in strains expressing cdc25 mutant alleles. 

A. Cells of the indicated strains expressing Cdc25 alleles tagged with GFP were grown to 

mid-logarithmic phase in YEA, sampled, lysed, and examined with SDS-PAGE and 

western blotting using mouse anti-GFP primary antibody, anti-mouse HRP secondary 

antibody. 

B. Cells of the indicated strains were treated with 100 mg/L cycloheximide and sampled 

over 90 minutes, lysed and examined by SDS-PAGE and western blotting as above. 
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3.4.7 Cdc25-89w has a wildtype localization pattern 

Cdc25 accumulates in the nucleus during G2 and is either destroyed by proteolytic 

degradation following mitosis, or in the case of DNA damage or replication failure, is 

exported to the cytoplasm. Cdc25 tagged with an SV40 nuclear localization signal stays 

in the nucleus and cells expressing it have a semi-wee phenotype at septation of 11.6 µm 

(Chua et al., 2002). Small size in cdc25-89w could conceivably be a result of precocious 

nuclear localization or increased accumulation of Cdc25-89w in the nucleus compared to 

wildtype Cdc25. This possibility was examined by following the fluorescent GFP tag on 

the constructs (Frazer and Young 2011). All strains show a wildtype localization pattern. 

Septated cells in G1 have low levels of nuclear Cdc25 in all strains examined as expected 

from the normal accumulation and localization pattern of Cdc25 (Figure 3.5). This clearly 

shows that Cdc25-89w is susceptible to ubiquitination and destruction following mitosis.  

Localization of Cdc25-89w was examined in greater detail to ensure mislocalization 

does not account for the size difference. The ratio of mean fluorescence in the nucleus 

and cytoplasm was followed throughout the cell cycle and compared to that of wildtype 

Cdc25-GFP. Cdc25 levels in the nucleus are comparable to those in the cytoplasm during 

G1, it accumulates in the nucleus throughout G2 and peaks at the onset of mitosis (Figure 

3.5B). There is a slight but significant increase in nuclear Cdc25-89w at the start of G1 

(p=0.017). In both strains the nuclear to cytoplasmic ratio of Cdc25-GFP fluorescence is 

comparable throughout the cell cycle corrected for percent of final cell size. 
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Figure 3.5. Cdc25 localization in wildtype and mutant strains. 

A. Images of strains expressing native promoter integrated cdc25 mutant alleles tagged 

with GFP. Differential interference contrast (left image) and fluorescence (right image) 

images show identical logarithmically growing cells at 30° C in YEA. Arrows indicate 

cells entering G1. Scale bar represents 10 µm. 

B. Nuclear to cytoplasmic ratio of wildtype cdc25 and cdc25T89E both tagged with GFP 

as determined by means of fluorescence intensity in logarithmically growing cells at 30 

°C in YEA. Size categories represent percent of cell length at septation to account for the 

length differences between the two strains (n=200, with 20-30 cells per size category). 

Error bars represent ± 1SD. 
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3.4.8 Potential genetic interaction between cdc25-89w and wee1-50 

Constitutive activation of Cdc25 might increase mitotic catastrophe in strains lacking 

Wee1 function. This was examined by a plate dilution assay testing the strains in a 

temperature sensitive wee1-50 background. A slight decrease in growth was observed in 

cdc25-89w wee1-50 (Q4480) versus wee1-50 alone (Q256) (Figure 3.6). The difference, 

although small, is first observable at the next to last dilution (104 cell/mL) where cdc25-

89w wee1-50 forms fewer colonies than wee1-50. Further, cdc25-89w wee1-50 forms no 

colonies at the lowest density shown (103 cells/mL) whereas wee1-50 forms viable 

colonies. This slight additive effect is minor compared to cdc2-3w wee1-50 (Q1564), 

which is synthetically lethal by mitotic catastrophe at 36 ºC (Enoch and Nurse 1990). 

3.4.9 The DNA damage checkpoint is intact in cdc25-89w 

There are 12 potential replication/DNA damage Cds1 and Chk1 phosphorylation sites on 

Cdc25. These have been examined in some detail (Frazer and Young 2011, Frazer and 

Young 2012) and none of the sites are near the Cdc2 sites investigated here. Nevertheless 

since they function by inhibiting Cdc25 it was of interest to ask whether Cdc25-89w had 

influenced checkpoint function. The DNA damage response in cdc25-89w was assayed 

by scoring cut phenotype accumulation following treatment with 15 mM hydroxyurea. 

Cut phenotypes occur when the cell cycle continues inappropriately in the presence of 

unreplicated DNA and the septum is deposited through the nucleus. Both wildtype cdc25-

GFPint (Q2016) and cdc25-89w (Q4470) have a functional DNA damage checkpoint. 
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Cut phenotypes did not accumulate in either strain, rather cells became elongated and 

arrested division in response to the DNA damaging agent (Figure 3.7). 

3.5 Discussion 

3.5.1 cdc25-89w is a dominant activated allele of cdc25 

Cdc25 is a central mitotic regulator. The timing of its activation directly influences the 

timing of mitosis. We have created an activated allele, cdc25-89w, by mimicking 

phosphorylation on Cdc25 Thr 89 with a substitution mutation to Glu. The advanced 

entry to mitosis can be attributed directly to T89E substitution. This does not change 

generation time. The cell cycle advancement is specific to the G2/M transition. 

Due to the sequence conservation observed in the region surrounding Thr 89 and the 

similar conservation of phosphorylation sites in mammals, it is likely that the 

phosphomimic mutation accounts for all of the observed cell cycle advancement.  

However, as the Cdc25-89w construct here contains an additional spontaneous 

substitution at Phe 10, likely caused by polymerase error, it will be important to confirm 

our conclusions in a strain with only the single T89E mutation. 

A mutation was isolated in mouse Cdc25A that accelerates the G1/S transition in 

erythroid progenitor cells. This spontaneous His to Gln substitution mutation occurs at 

residue 128 in the amino terminal regulatory domain and increases Cdc25A phosphatase 

activity in vitro. The mutation is thought to cause a conformational change in the protein 

that results in the increased phosphatase activity (Melkun et al. 2002). Deleting the entire 

amino-terminal regulatory region has a similar effect (Xu and Burke 1996).  
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Figure 3.6. Plate dilution assay. 

Logarithmically growing cells of the indicated genotypes were adjusted to 1x106 

cells/mL and serially diluted before plating 5 ul of each 106, 105, 104, and 103 cells/mL 

(from left) and growing at 36 ºC on YEA for four days. 
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Figure 3.7. Integrity of the DNA replication checkpoint in cdc25-89w. 

A. Cultures of the indicated strains were grown to mid-logarithmic phase in YEA and 

treated with 15 mM hydroxyurea. Samples were taken prior to treatment and at the 

indicated time points. Cells were fixed and stained with DAPI and methyl blue. Mean 

percent cut phenotype was determined after scoring four images containing 30-100 cells. 

Error bars represent ± 1 SD. 

B. Brightfield (upper panel) and DAPI methyl blue stained fluorescence (lower panel) 

images of the indicated strains following six hours of 15 mM hydroxyurea treatment. 

Scale bar represents 10 µm. 
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 A dominant non-coding allele of fission yeast cdc25 is known, cdc25.d1, which lacks the 

majority of its 5’ UTR responsible for expression levels and nutritional regulation (Daga 

and Jimenez 1999). In cdc25.d1 Cdc25 protein levels increase overall, and there is a 

slight decrease in cell size at division however not to the extent observed here in cdc25-

89w. 

Here Cdc25-89w is slightly stabilized compared to wildtype Cdc25. The reason for 

this remains unknown. It is interesting that either Ala or Glu mutation at Thr 89 results in 

increased protein, yet the Ser 84 site substituted to Ala but not Glu will reduce it. It could 

be that protein conformation has changed slightly resulting in greater stability, further 

highlighting the importance of these residues in Cdc25 regulation. It is also possible that 

ubiquitination of Cdc25 has been interfered with. At the end of mitosis Clp1 reverses 

Cdc2 phosphorylations and Cdc25 is ubiquitinated and targeted for destruction by the 

APC/C (Wolfe and Gould 2004). Loss of clp1 results in a semi-wee phenotype 

(Trautmann et al. 2001, Cueille et al. 2001, Navarro and Nurse 2012). Ubiquitin groups 

are known to be added to Lys residues (Chau et al. 1989), however a consensus sequence 

for ubiquitination has not been determined and no target residues in Cdc25 have yet been 

identified. There are five Lys upstream of Ser 84 in S. pombe Cdc25. Four of these 

residues are conserved among ascomycetes, two of which are shown in the multiple 

alignment included here (Figure 3.1). Perhaps Cdc25 must be largely dephosphorylated, 

especially at the residues examined here, before ubiquitination will occur. It could be that 

the region around Cdc25 Ser 84 and Thr 89 is important for binding by ubiquitination 
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enzymes and slight changes in protein conformation caused by these substitutions 

interfere with binding. 

The increased stability is unlikely to have a large effect on cell cycle progression. A 

similar magnitude increase in Cdc25 stability is seen when the gene for ubiquitin ligase 

pub1 is deleted and also in cdc25.d1, yet both mutants display only slight cell cycle 

acceleration (Nefsky and Beach 1996, Daga and Jimenez 1999). Additionally, the 

increase in Cdc25-89w stability does not affect its localization pattern. The proportion of 

Cdc25-89w found in the nucleus compared to the cytoplasm throughout the cell cycle 

mirrors the wildtype pattern. Levels accumulate as cells elongate and peak just prior to 

division (Figure 3.5B). The mitotic advance in cdc25-89w is attributed to protein 

activation by the phosphomimic mutation at Thr 89. 

3.5.2 Activating phosphorylation on Cdc25 

Studies on the 15 putative Cdc2 target phosphorylation sites in Cdc25 have confirmed 

Cdc25 as a substrate of Cdc2, yet the exact sites targeted remain to be determined (Wolfe 

and Gould 2004). The results of the present study provide a strong indication that 

phosphorylation of Thr 89 in vivo activates Cdc25 and thereby advances the cell cycle by 

activating Cdc2. Ser 84 was also considered as a residue of interest for activating 

phosphorylation on Cdc25. Although substitutions to Ser 84 alone had no effect on cell 

cycle progression, the ability to phosphorylate Ser 84 is essential for the activating effect 

of Thr 89 phosphorylation. There is clearly a negative effect of the S84A substitution on 

activation caused by the T89E substitution. Interestingly, while the Thr 89 site is 
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conserved between fungi and vertebrates the Ser 84 site is not (Figure 3.1). The 

substitution of both to Glu in combination did not have an additive effect. The 

relationship between phosphorylation sites is likely more complex than expected and 

includes input from other sites besides Ser 84 and Thr 89. However, as substitutions to 

Ala at either site did not have a cell cycle phenotype there are likely more 

phosphorylation events contributing to the activation of Cdc25. 

A previous study removed 13 S/T-P sites by substitution mutation to Ala and caused 

cell elongation at septation. These cells maintain the ability to initiate mitosis but they do 

so at nearly 20 µm, and there is still phosphorylation on other sites in Cdc25 occurring 

independent of Cdc2 in these mutants (Lu et al. 2012). This additional phosphorylation is 

likely due to stress response or DNA damage kinases Chk1, Cds1, or Srk1 targeting a 

different set of phosphorylation sites with a different purpose. It is also possible that 

additional kinases participate in the activation of Cdc25 to initiate the feedback loop. The 

same group identified Ser 134 as a major phosphorylation target by mass spectrometry 

yet this did not translate to in vivo importance, as a strain expressing Cdc25 substituted 

for Ala at this residue did not delay mitosis. This result emphasizes the value of in vivo 

phenotyping of mutations affecting specific residues. Substitutions of 3, 5, 7, 9 and 11 

putative phosphorylation sites to Ala in combination seem to indicate an additive effect 

on mitotic delay (Lu et al. 2012). However, in their work Thr 89 was not tested until 11 

other sites had been substituted. Additionally no phosphomimic constructs were used. We 

have demonstrated an additive effect in increasing cell length at septation in 
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combinations of Ser 66, Ser 84, and Thr 89 substitution to Ala. Taken together, there may 

be an additive or threshold effect with some major sites of increased importance. It is also 

possible that phosphomimic at Thr 89 brings Cdc25 closer to threshold phosphorylation, 

however the same effect is not seen with a phosphomimic on Ser 84. 

There may remain additional sites of high importance similar to Thr 89 that cannot 

be detected by in vitro studies and mathematical modeling. The full recognition site for 

phosphorylation by all Cdk1 kinases is S/T-P-X-K/R (Moreno and Nurse 1990). This full 

site is present only twice in S. pombe Cdc25, one of these being at Thr 89. It is possible 

that the other site, Ser 308, is also a residue of major importance for Cdc25 activation 

with the other 11 minimal sites having minor, additive effects. Both of these complete 

Cdc2 phosphorylation consensus sites are conserved in the Schizosaccharomyces clade. 

Interestingly, the S. cerevisiae Cdc25 homolog MIH1 similarly encodes only two full 

consensus sites for the Cdc2 homolog, CDC28. 

As it is rate limiting for the timing of mitosis, Cdc25 activity is frequently assessed 

experimentally by cell length and timing of division. cdc25-89w behaves as an activated 

allele. Its directed mutation demonstrates that Cdc2 has an activating effect on Cdc25 by 

phosphorylation, as predicted by a positive feedback loop model at the onset of mitosis, 

to form a bistable switch in mitotic signalling.  

3.5.3 Regulatory phosphorylation of Cdc25 

Additional regulatory phosphorylation events on Cdc25 take cellular conditions into 

effect. It is important to consider the role of positive feedback phosphorylation in the 
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context of other regulatory events. In response to damaged or unreplicated DNA Cdc25 is 

phosphorylated by Chk1 and Cds1 (Boddy et al. 1998). The same sites are targeted by 

Srk1 under stress (Lopes-Aviles et al. 2005). This downregulates the signal for mitosis by 

inducing Cdc25 export from the nucleus and stockpiling it in the cytoplasm for quick 

resumption of mitotic signalling when damage is overcome (Frazer and Young 2011, 

Frazer and Young 2012). ). It is interesting that no single site is critical for checkpoint 

function, however while all sites appear to contribute to imposing a checkpoint block, the 

carboxy terminal three seem to have an additional role in maintaining the mitotic delay 

(Frazer and Young, 2012). Cdc25 export is mediated by the 14-3-3 protein Rad24 bound 

to phosphorylated sites targeted by Chk1/Cds1/Srk1 (Lopes-Girona et al. 1999). This has 

no effect on Cdc25 catalytic activity, rather Cdc25 is sequestered away from its target, 

nuclear Cdc2. cdc25-89w is shown here to carry out the DNA damage response 

effectively, which indicates that activation of Cdc25 by phosphomimic at Thr 89 does not 

interfere with its export. This adds support to Cdc25 stockpiling rather than deactivation 

as the mechanism behind the DNA damage and related checkpoints.  

We have demonstrated in cdc25-89w that phosphomimic on Cdc25 Thr 89 is 

sufficient to accelerate mitotic entry through increased Cdc25 activity. Further studies 

must be undertaken to dissect contributions of the various other S/T-P sites to Cdc25 

activation. 
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Chapter 4: 

The Pyp3 active site and consensus TOS motif in cell cycle and 

translational control 

4.1 Abstract 

In Schizosaccharomyces pombe the protein tyrosine phosphatase Pyp3 is essential in the 

absence of Cdc25 and Wee1 function, and acts to dephosphorylate Cdc2 and initiate cell 

division in their absence. In binding translation initiation factor eIF4E, Pyp3 also 

performs some of the functions of a 4E-binding protein and presents a possible point of 

intersection between growth and mitotic control. In addition to its phosphatase domain, 

Pyp3 contains a putative TOS motif (conserved TOR signalling) which in mammalian 

cells is known to be involved in interaction with Raptor, an mTor regulatory protein. 

Here, site-directed mutagenesis of the Pyp3 active site and of the putative TOS motif is 

used to dissect their roles in the different functions of Pyp3. The Pyp3 active site is 

essential in genetic interactions with both the cell cycle and translational machinery. 

eIF4E was found to localize with Pyp3 in cytoplasmic foci under certain conditions. Loss 

of the putative TOS motif altered the localization pattern. 

4.2 Introduction 

The central control of the cell cycle is conserved in all eukaryotic cells. To initiate 

mitosis, S. pombe Cdc2 (Cdk1) becomes activated by dephosphorylation of Tyr 15 
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(Gould and Nurse 1989). This residue is phosphorylated by Wee1 tyrosine kinase and 

dephosphorylated by Cdc25 protein tyrosine phosphatase (Lundgren et al. 1991, Gautier 

et al. 1991). Loss of Wee1 suppresses the cell cycle block caused by loss of Cdc25 

(Fantes 1979). In the absence of both, the phosphatase Pyp3 is essential. This suggests 

that Pyp3 can also dephosphorylate Tyr 15 of Cdc2 to initiate mitosis. Cells lacking pyp3 

divide at a slightly longer length than wildtype and overexpression of pyp3 accelerates 

division, which supports its role in mitotic initiation (Millar et al. 1992). However it is 

rare for phosphatases to have only one substrate as with Cdc25, and although the two 

share functional overlap there is no sequence similarity.  

Considering its role in cell division and interaction with eIF4E, there is remarkably 

little research done on Pyp3. Its role in mitotic initiation seems obvious; however Cdc2 

has not been directly demonstrated as a substrate of Pyp3. The low similarity to Cdc25 

and lack of a strong cell cycle phenotype in pyp3 deletion strains suggests additional roles 

may exist outside the central cell cycle control. An interesting interaction between pyp3 

and the translation initiation machinery has recently been uncovered. Pyp3 physically 

interacts with eIF4E (Tif1) as shown by both two hybrid and co-immunoprecipitation 

analysis and such binding affects the phosphorylation status of eIF4E (Yimit 2011). It 

thus has some attributes of an eIF4E-binding protein (4E-BP). There do not appear to be 

any proteins in the fission yeast genome with sequence similarity to vertebrate 4E-BPs or 

to the evolutionarily unrelated functional analogues in budding yeast. Uncovering further 
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details of the function of Pyp3 in this pathway in S. pombe may shed light on the complex 

interactions of translational control and cell growth.  

During cap-dependent translation initiation, eIF4E binds to the 5’ cap of mRNA 

(Altmann et al. 1985). This forms part of the complex eIF4F, which recruits the 

dissociated 40S ribosome component bound in the pre-initiation complex (Morino et al. 

2000). The 40S ribosome scans for a start codon (Kozak 1989), which stimulates the 

release of initiation factors such as eIF4E and allows the remaining 60S ribosome 

component to bind and translation to begin (Pestova et al. 2000, Unbehaun et al. 2004). 

eIF4E binding to the 5’ cap is a rate limiting step in cap-dependent translation initiation 

(Duncan et al. 1987). 

In S. pombe, eIF4E is encoded by tif1 (Ptushkina et al. 1996). Overexpression of tif1 

causes cells to delay division and divide at a much longer length (Yimit 2011). 

Overexpression of pyp3 alone accelerates the cell cycle and cells are shorter at division 

(Millar et al. 1992, Yimit 2011). When both tif1 and pyp3 are overexpressed, the pyp3 

phenotype is epistatic and cells divide at the smaller size (Yimit 2011). In the mammalian 

system, overexpression of eIF4E can cause malignant transformation, which is prevented 

by co-overexpression of 4E-BPs (Rousseau et al. 1996). 4E-BPs bind eIF4E and prevent 

their interaction with the mRNA 5’ cap (Haghighat et al. 1995, Rousseau et al. 1996). 4E-

BP phosphorylation prevents their interaction with eIF4E and allows translation to occur 

(Lin et al. 1994). eIF4E is also subject to regulation at the level of transcription and 

protein phosphorylation (Gingras et al. 1999). 
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In S. pombe, physical interaction has been demonstrated between Pyp3 and eIF4E. 

Additionally, Pyp3 has been shown to affect eIF4E phosphorylation and localization. 

When pyp3 is overexpressed, eIF4E phosphorylation levels are lower and more is located 

in the nucleus than under normal conditions (Yimit 2011). Thus Pyp3 may act as a 4E-BP 

in S. pombe (Yimit 2011). Functional analogues to 4E-BPs have also been found in S. 

cerevisiae EAP1 and CAF20 (Altmann et al. 1997, Cosentino et al. 2000), though no 

homology in protein sequence is evident between the two yeasts or to mammalian 

systems. It appears that the role of 4E-BPs are conserved at the level of protein function 

rather than sequence. The involvement of Pyp3 in both growth- and division-related 

processes suggests interesting possibilities for the coordination of these processes, an 

important aspect of cell cycle control that remains largely unresolved. 

The TOR pathway is of particular interest in studies of cell growth. This pathway 

modulates translation rates in response to nutrient availability and other stresses 

(Wullshleger et al. 2006). The kinase mTor phosphorylates 4E-BPs, dependent on their 

interaction via a TOS motif with the scaffold protein Raptor in mTor complex1 (Schalm 

et al. 2003). When phosphorylated, 4E-BPs cannot bind eIF4E, thus mRNA cap-binding 

and translation initiation can occur (Beretta et al. 1996). In S. pombe the two TOR kinases 

Tor1 and Tor2 exist in functionally homologous TORCs to the mammalian system. S. 

pombe TORC1 contains the kinase Tor2 (Alvarez and Moreno 2006). Pyp3 has already 

been shown to share many functions associated with mammalian 4E-BPs. Pyp3 also 

contains a consensus TOS motif in its C-terminus, FEVDNI (Yimit 2011). The functional 
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importance of this motif in the established interaction between Pyp3 and eIF4E is an 

important question. 

Here we use site-directed mutagenesis to investigate the role of the Pyp3 active site 

and putative TOS motif in both cell cycle control and translation initiation. Ala 

substitution at the active Cys residue has been shown to abolish phosphatase activity 

(Guan and Dixon 1990). Substituting the Phe residue of the TOS motif to Ala is known to 

prevent interaction with TOR proteins in human cells (Schalm and Blenis 2002). Here, 

the active residue Cys 227, and Phe 256 in the consensus TOS motif in Pyp3 are 

substituted to Ala both individually and in combination to further understand the role of 

Pyp3. We demonstrate dependence of Pyp3 cell cycle function on the active catalytic site. 

Functional interaction between tif1 and pyp3 may involve both active site and TOS motif. 

4.3 Methods 

4.3.1 Culture techniques 

Stains used in this study (Table 4.1) were grown as described in chapter 3. The nmt1 

promoter was de-repressed by growing cells in minimal media lacking thiamine. 

4.3.2 Mutagenesis and genome integration 

Plasmids containing mutagenized pyp3 sequences were created by site-directed 

mutagenesis (Stratagene Quik-Change XL) of the pREP1pyp3-CFP (Yimit 2011) and 

ppyp3-YFP (Yimit 2011) plasmids. Each pair of PCR primers (Table 4.2) was used to 

introduce a single mutation. Constructs containing two mutations (ppyp3C227AF256A- 
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Table 4.1. 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 

Q4525 pyp3::ura4 ura4-D18 leu1-32 h- Lab 
collection 

Q4526 pyp3::ura4 ura4-D18 leu1-32 h+ Lab 
collection 

Q4481 pyp3-YFPint pyp3::ura4 ura4-D18 leu1-32 h- This study 
Q4483 pyp3C227A-YFPint pyp3::ura4 ura4-D18 leu1-32 h- This study 
Q4485 pyp3F256A-YFPint pyp3::ura4 ura4-D18 leu1-32 h- This study 
Q4487 pyp3C227AF256A-YFPint pyp3::ura4 ura4-D18 leu1-32 h- This study 
Q4489 pREP1pyp3-CFPint pyp3::ura4 ura4-D18 leu1-32 h- This study 
Q4491 pREP1pyp3C227A-CFPint pyp3::ura4 ura4-D18 leu1-32 h- This study 
Q4493 pREP1pyp3F256A-CFPint pyp3::ura4 ura4-D18 leu1-32 h- This study 
Q4495 pREP1pyp3C227AF256A-CFPint pyp3::ura4 ura4-D18 

leu1-32 h- 
This study 

Q1555 wee1-50 ura4-D18 leu1-32 h- Lab 
collection 

Q2304 cdc25::ura4 wee1-50 ura4-D18 leu1-32 ade6-210 Lab 
collection 

Q4497 pyp3-YFPint pyp3::ura4 4 wee1-50 ura4-D18 leu1-32 h- This study 
Q4499 pyp3C227A-YFPint pyp3::ura4 wee1-50 ura4-D18 leu1-32 

h- 
This study 

Q4501 pyp3F256A-YFPint pyp3::ura4 wee1-50 ura4-D18 leu1-32 
h- 

This study 

Q4503 pyp3C227AF256A-YFPint pyp3::ura4 wee1-50 ura4-D18 
leu1-32 h- 

This study 

Q4004 tif1-CFPint tif1::kanMX4 ura4-D18 leu1-32 ade6-M216 h+ Lab 
collection 

Q4505 pREP2tif1-YFPint ura4-D18 h+ Lab 
collection 

Q4509 pREP2tif1-YFPint pREP1pyp3-CFPint ura4-D18 leu1-32 h- This study 
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Q4510 pREP2tif1-YFPint pREP1pyp3C227A-CFPint ura4-D18 
leu1-32 h- 

This study 

Q4511 pREP2tif1-YFPint pREP1pyp3F256A-CFPint ura4-D18 
leu1-32 h- 

This study 

Q4512 pREP2tif1-YFPint pREP1pyp3C227AF256A-CFPint ura4-
D18 leu1-32 h- 

This study 
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Table 4.2. List of PCR oligonucleotide primers used in this study. 

Primer Name Sequence Source 
pyp3C227AF 5’ gcaccattatagtccatgcttcagcgggttgtggcag 3’ This study 
pyp3C227AR 5’ ctgccacaacccgctgaagcatggactataatgggtgc 3’ This study 
pyp3F 5’ cagatgactctacttcaacttcgaaagctgaggtggataatatcgc 3’ This study 
pyp3R 5’ gcgatattatccacctcagctttcgaagttgaagcagagtcatctg 3’ This study 
SSpyp3-F 5’ atggtgttctaacacccttgatc 3’ This study 
pyp3-75 5’ ggtgcaccacataccttct 3’ This study 
pyp3-150 5’ gttcgtgaatttgagctga 3’ This study 
CFP-YFPntR 5’ tcaacttgtggccgtttacg 3’ This study 
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YFP and pREP1pyp3C227AF256A-CFP) underwent two rounds of mutagenesis. 

Integrants were isolated and mutations verified as in chapter 3. Plasmids were integrated 

into a pyp3::ura4 ura4-D18 leu1-32 (Q4525, Q4526) background or a ura4-D18 leu1-32 

(Q3676, Q3677) background in combination with pREP2tif1-YFP integration. 

4.3.3 Heat treatments and activation of temperature-sensitive alleles 

Prior to heat stress, heat shock or activation of heat sensitive alleles, cells were grown at 

25 ˚C to mid- logarithmic phase and then transferred to the higher temperature. Heat 

shock experiments were performed at 42 ˚C; heat stress and activation of temperature 

sensitive alleles was done at 36 ˚C. To investigate the immediate effects of heat shock, 

samples were examined after 15 minutes at 42 ˚C. In experiments using heat stress, cells 

were incubated at 36 ˚C for 6 hours. Cells with temperature sensitive alleles were grown 

at the restrictive temperature for 8-10 hours before examination of their phenotype. 

4.3.4 Statistical analyses 

The statistical analyses used have been described in chapter 3.  

4.4 Results 

4.4.1 Inactivation of the Pyp3 phosphatase active site and consensus TOS motif 

Site-directed mutagenesis was used to remove the essential phosphatase active site 

residue Cys 227 by substitution to Ala to yield pyp3C227A, and the potential TOR 

signalling (TOS) motif was inactivated by changing an essential Phe to Ala to yield 
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pyp3F256A. These two constructs, as well as one containing both mutations, 

pyp3C227AF256A, were integrated into the fission yeast genome behind the native pyp3 

promoter or integrated behind a heterologous nmt1 promoter for derepressible 

overexpression. Native promoter integrated constructs were fused with YFP for 

determination of protein localization in vivo, and those integrated behind the nmt1 

promoter were fused with CFP (Table 4.1).  

4.4.2 Effect of pyp3 mutant alleles on cell size and protein localization 

pyp3 deletion is known to cause a slight increase in cell size at division (Millar et al. 

1992). This effect was also observed in pyp3C227A-YFPint (Q4483, 15.4 ± 0.9) and 

pyp3C227AF256A-YFPint (Q4487, 15.5 ± 1.0), which divided at a similar length to 

pyp3::ura4 (Q4525, 15.5 ± 1.2) but significantly longer than wildtype (14.4 ± 1.0 µm, 

p<0.05). Wildtype pyp3-YFPint (Q4481, 14.1 ± 0.9 µm) and pyp3F256A-YFPint (Q4485, 

14.5 ± 0.9 µm) divided at lengths similar to wildtype (Q250, Figure 4.1A). Pyp3 is 

distributed throughout the cell however it is more concentrated in the nucleus (Yimit 

2011). Removal of the phosphatase or TOS motifs did not affect localization (Fig 3.1B). 

4.4.3 pyp3C277A wee1-50 cdc25::ura4 is not viable 

Pyp3 is essential for cell survival in a wee1-50 cdc25::ura4 background. Therefore pyp3 

mutant alleles were tested for their ability to rescue loss of Wee1 and Cdc25 function. 

The pyp3 strains with wee1-50 in the background were crossed to cdc25::ura4 wee1-50 

(Q2304). Both pyp3-YFPint and pyp3F256A-YFPint were able to rescue loss of cdc25 in 



 

63 

this background. However, no spores of pyp3C227A-YFPint or pyp3C227AF256A-YFPint 

in a wee1-50 cdc25::ura4 background were viable (Table 3.3). 

4.4.4 pyp3 overexpression small cell phenotype depends on its phosphatase activity 

Overexpression of pyp3 accelerates mitotic onset and causes decreased size at division 

(Millar et al. 1992). The effect of overexpressing pyp3 mutant alleles from the nmt1 

promoter was examined in a pyp3::ura4 background. After 18 hours of promoter 

derepression only pREP1pyp3-CFPint (Q4489) and pREP1pyp3F256A-CFPint (Q4493) 

strains accelerated entry to mitosis. Length at septation decreased to 10.2 ± 0.8 µm in 

nmt1 driven pyp3-CFP and was even shorter in nmt1-driven pyp3F256A-CFP (9.0 ± 2.1 

µm, p<0.001). Conversely, the two strains lacking the active site residue, 

pREP1pyp3C227A-CFPint (Q4491) and pREP1pyp3C227AF256A-CFPint (Q4495), 

entered mitosis after a slight delay (16.2 ± 1.0 µm, 15.8 ± 1.4 µm respectively). These 

lengths all differ significantly from wildtype (14.4 ± 0.8 µm, p<0.001). This demonstrates 

that cell cycle acceleration from pyp3 overexpression depends on the phosphatase active 

site and is potentially enhanced by inactivation of the TOS site (Figure 4.2). 

4.4.5 Rescue of tif1-induced elongation is lost in the Pyp3 active site mutant 

tif1 overexpression results in cell elongation whereas co-overexpression with pyp3 

reverses this elongation phenotype (Yimit 2011). To test for the effects of our mutant 

alleles, pyp3 alleles under transcriptional control of the nmt1 promoter were integrated 

into a tif1 overexpressing strain also under the control of the nmt1 promoter. 
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Figure 4.1. Cell growth and Pyp3 localization in pyp3 mutant strains. 

A. Images of strains expressing mutant alleles of pyp3-YFP from its native promoter. 

Differential image contrast (upper panel) and fluorescence (lower panel) images show 

identical cells from logarithmically growing cultures at 30° C in YEA. Scale bar 

represents 10 µm. 

B. Mean length at septation of strains expressing native site integrated pyp3 mutants 

tagged with YFP. Septated cells were measured (n=30) from logarithmically growing 

cells at 30 C in YEA. Significant deviations from wildtype (** p<0.01) and pyp3 (++ 

p<0.01) are indicated, according to one-way analysis of variance and Tukey’s HSD test. 

Error bars represent ± 1SD. 
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Table 4.3. Results of cross between various pyp3 mutants and cdc25::ura4 wee1-50*. 

 pyp3+ pyp3C227A pyp3F256A pyp3C227AF256A 
wee1-50 5 46 21 45 

cdc25::ura4 wee1-50 44 0 27 0 
 

* Following a cross of various pyp3 wildtype and mutant strains with wee1-50 
background to cdc25::ura4 wee1-50, progeny were scored after free spore analysis. 
Numbers represent colonies scored for each pyp3 allele in either wee1-50 alone or 
cdc25::ura4 wee1-50 backgrounds.
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Figure 4.2. Cell growth and Pyp3 localization for strains overexpressing pyp3 

mutant alleles. 

A. Images of cells expressing mutant alleles of pyp3 under transcriptional control of the 

nmt1 promoter and tagged with CFP. Images were captured after 18 hours of promoter 

derepression. Differential interference contrast (upper panel) and CFP fluorescence 

(lower panel) images show identical mid-logarithmic cells growing at 30° C in minimal 

media lacking thiamine. Scale bar represents 10 µm. 

B. Mean length at septation of strains expressing integrated nmt1-driven pyp3 alleles 

tagged with CFP after 18h of promoter derepression. Septated cells were measured 

(n=30) from logarithmically growing cultures at 30° C in minimal media lacking 

thiamine. Significant deviations from wildtype 972 (*** p<0.001) and pREP1pyp3-

CFPint (+++ p<0.001) are indicated according to one-way analysis of variation and 

Tukey’s HSD test. Error bars represent ± 1SD. 

 



 

67 

At peak expression levels, the pyp3 phenotype epistasis was maintained only in strains 

with the phosphatase active residue intact. In combination with tif1 overexpression, pyp3+ 

overexpression still caused the decreased length phenotype expected (Q4509, 10.5 ± 0.8 

µm) and nmt1-driven pyp3F256A in a tif1 overexpressing background was slightly but 

significantly shorter (Q4511, 9.6 ± 1.0 µm, p<0.01). Again, the loss of the putative TOS 

motif appears to result in a slightly higher level of Pyp3 activity. With tif1 overexpressed, 

nmt1-driven pyp3C227A (Q4510, 16.5 ± 1.3 µm) and pyp3C227AF256A (Q4512, 16.2 ± 

1.1 µm) still divided at a significantly longer length than the pyp3+ and pyp3F256A 

overexpressing strains also overexpressing tif1 (p<0.001). In all cases, co-overexpression 

of the various pyp3 mutant alleles with tif1 caused cells to divide at a significantly shorter 

length than tif1 overexpression alone (Q4505, 20.7 ± 1.7 µm, p<0.001) (Figure 4.3). 

Curiously, punctate structures were observed in all tif1 overexpressing strains, located in 

the cytoplasm near the nucleus or cell periphery in one to three copies (Figure 4.3A). 

4.4.6 Overexpression phenotype peaks after 16 hours of promoter derepression 

In order to determine whether the punctate structures in tif1 overexpressing strains are an 

artifact of overexpression, cells were observed every two hours starting ten hours after 

promoter derepression until 18 hours, and again at 24 hours. Punctae were observable in 

all tif1 overexpressing strains at the first detectable appearance of eIF4E-YFP 

fluorescence, indicating that they are present at low protein expression levels and likely 

to be of physiological importance. From measurements of length at septation at each time 

point, the phenotype is seen to reach its peak after 16 hours of promoter derepression 
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Figure 4.3. Cell growth and Pyp3 localization in strains co-overexpressing tif1 with 

mutant alleles of pyp3. 

A. Images of stable integrant strains co-overexpressing tif1-YFP from the nmt1 promoter 

with mutant alleles of pyp3-CFP from the nmt1 promoter or tif1-YFP alone. Brightfield 

(upper panel) and fluorescent (lower panels) images show identical mid-logarithmic cells 

growing at 30° C in minimal media lacking thiamine. Scale bar represents 10 µm. 

B. Mean length at septation of strains expressing integrated nmt1-driven pyp3 mutants 

tagged with CFP and integrated nmt1-driven tif1 tagged with YFP or nmt1-driven tif1-

YFP alone 18hr after promoter derepression. Septated cells (n=30) were measured from 

mid-log cultures at 30° C in minimal media lacking thiamine. Significant deviations from 

wildtype pREP2tif1-YFPint (*** p<0.001) and pREP2tif1-YFPint pREP1pyp3-CFPint 

(+++ p<0.001) are indicated, according to one-way analysis of variance and Tukey’s 

HSD test. Error bars represent ± 1SD. 
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 (Figure 4.4A). At this point, punctae were quantified in each strain to determine the 

effect of co-overexpression of the pyp3 mutant alleles with tif1 on puncta formation 

(Figure 4.4 B,C). 

Pyp3 does not aggregate when overexpressed alone. In the presence of tif1 

overexpression Pyp3-CFP fluorescence appears higher near eIF4E-YFP foci and 

Pyp3F256A-CFP colocalizes to eIF4E-YFP foci (Figure 4.3A). The other nmt1-driven 

pyp3 mutant strains had diffuse localization with higher levels in the nucleus than 

cytoplasm as in the pyp3+ integrant (Yimit 2011). The localization pattern of Pyp3F256A 

may indicate that eIF4E and Pyp3 interact in these structures. The proportion of cells 

containing eIF4E punctae and the number of punctae per cell caused by tif1 

overexpression is dramatically reduced by co-overexpression of pyp3. This effect is seen 

in all pyp3 mutants examined, however is strongest in those lacking the active site 

(pREP1pyp3C227A-CFPint and pREP1pyp3C227AF256A-CFPint). Loss of the putative 

TOS motif in pREP1pyp3F256A-CFPint has a similar effect to pREP1pyp3-CFPint on 

phenotype (Figure 4.4B,C). 

4.4.7 Different punctate structures form under heat shock and heat stress 

Granular structures have been previously described in S. pombe under conditions such as 

normal growth, stationary phase, nutrient stress, and heat stress (Taricani et al. 2001, 

Eulalio et al. 2007, Wen et al. 2010). Here, when strains expressing native levels of either 

eIF4E-CFP or mutant alleles of Pyp3-YFP were grown to stationary phase there was no 

change in localization. When grown in minimal media with proline or glutamate as the 
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nitrogen source, providing low or high nitrogen levels respectively, eIF4E and Pyp3 

localization remain unchanged from normal growth conditions (data not shown). 

To further investigate these punctate structures, strains expressing native levels of 

either CFP-tagged tif1 or the various pyp3 alleles tagged with YFP were examined for 

protein localization under different conditions. After 15 minutes of 42 °C heat shock 

eIF4E (Q4004) localization is no longer diffuse; it forms many punctae throughout the 

cytoplasm (Figure 4.5A). The same change in localization from diffuse to multi-punctate 

after heat shock is seen in all Pyp3 mutants examined (Figure 4.5A). 

Interestingly, a less severe form of heat treatment within the viable growth range 

elicits a different change in protein localization. After shifting mid-logarithmic cultures 

from 25 °C to 36 °C for six hours, eIF4E (Q4004) forms a few large deposits in the 

cytoplasm (Figure 4.5B). This is also observed in the pyp3 strains to varying degrees 

(Figure 4.5B). Wildtype Pyp3 (Q4481) moves almost entirely to these deposits which are 

seen in 30 ± 4% of cells in one to two (0.3 ± 0.5 overall) copies per cell. A similar 

outcome is seen in the TOS motif mutant, Pyp3F256A (Q4485). These form slightly but 

significantly more punctae (0.4 ± 0.5 per cell, and 41 ± 4% of cells). However in the 

active site mutant, Pyp3C227A (Q4483), localization does not change following 

temperature shift. The majority of Pyp3 remains nuclear and is diffuse in the cytoplasm 

with a very low proportion of cells containing punctae (2 ± 2 % of cells). Pyp3C227A 

F256A (Q4487) is intermediate: diffuse cytoplasmic localization is visible, with a larger 

proportion in the nucleus; yet in some cells (14 ± 7%) cytoplasmic foci form (Figure 4.5). 
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Figure 4.4. Pattern of punctae and length phenotype over time in strains co-

overexpressing tif1 and mutants of pyp3. 

A. Mean length at septation in strains overexpressing integrated tif1 and/or pyp3 mutants 

from the nmt1 promoter. Septated cells (n=30) were measured from logarithmically 

growing populations at 30° C in minimal media before removal of thiamine and 

following 10 hours of promoter derepression at time intervals shown. Error bars represent 

± 1SD. 

B. Mean number of punctae per cell in strains overexpressing both tif1 and mutant alleles 

of pyp3 by nmt1 promoter derepression for 16 hours. Significant differences from 

pREP2tif1-YFPint pREP1pyp3-CFPint are indicated (* p<0.01, *** p<0.0001); all 

differences from pREP2tif1-YFPint are significant according to one-way analysis of 

variation and Tukey’s HSD test. 

C. Mean proportion of cells containing punctae in strains co-overexpressing tif1 and 

mutants of pyp3 or tif1 alone. Means were calculated after scoring four separate fields of 

view containing 50 – 200 cells. The indicated groups differ significantly from pREP2tif1-

YFPint and the other group though have no differences within the group according to 

one-way analysis of variation and Tukey’s HSD test. Error bars represent ± 1SD. 
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Figure 4.5. Quantification of Pyp3 punctae formed following heat stress. 

A. Images of tif1 and pyp3 mutant strains after shifting mid-logarithmic cultures from 30° 

C in YEA to 42° C for 15 minutes. Differential interference contrast (upper panel) and 

fluorescence (lower panel) images show identical cells. Scale bar represents 10 µm. 

B. Images of tif1 and pyp3 mutant strains grown after shifting mid-logarithmic cultures 

from 25° C in YEA to 36° C for six hours. Differential interference contrast (upper panel) 

and fluorescence (lower panel) images show identical cells. Scale bar represents 10 µm. 

C. Mean number of punctae per cell in strains expressing mutants of pyp3 from its native 

promoter after growth at 36 °C for six hours. Significant differences from pyp3+ are 

indicated (* p<0.01, *** p<0.0001, one-way analysis of variation and Tukey’s HSD test). 

D. Mean proportion of cells containing punctae in strains expressing mutants of pyp3 

from its native promoter after growth at 36 °C for six hours. Means were calculated from 

scoring four separate fields of view containing 50 – 200 cells. All differences are 

significant according to one-way analysis of variance and Tukey’s HSD test. Error bars 

represent ± 1SD. 
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4.5 Discussion 

4.5.1 A functional active site is essential for all known genetic interactions with pyp3 

Pyp3 phosphatase acts in the central mitotic regulatory apparatus. We have demonstrated 

that the key active site residue, Cys 227, is essential for this function. Removal of 

putative TOS motif function by mutagenizing the essential Phe residue did not affect cell 

cycle progression or the established genetic interaction with translation initiation factor 

tif1. Yet removal of the active site Cys in both native promoter and nmt1-driven 

pyp3C227A and pyp3C227AF256A fluorescent tagged constructs abrogated genetic 

interaction with tif1. 

Pyp3 is essential in a cdc25 deletion wee1-50 background (Millar et al. 1992). The 

active residue, Cys 227, is essential for this function. This adds support to the role of 

Pyp3 as a cell cycle phosphatase. On rich nitrogen sources no effect of the pyp3C227A-

YFPint allele in an otherwise wildtype background is expected on growth rate as is found 

for the pyp3::ura4 deletion strain (Millar et al. 1992).  

Pyp3 can no longer rescue loss of cdc25 in a wee1-50 background when a nitrogen 

source is not present (Yimit 2011). Eliminating TOS motif function is expected to remove 

potential input from the TOR pathway to translation initiation through Pyp3. It is 

interesting to note here that overexpression of pREP1pyp3F256A-CFPint in wildtype or 

tif1 overexpressing backgrounds had a stronger effect than overexpressing wildtype 

pREP1pyp3-CFPint. This indicates that removing the putative TOS motif from Pyp3 
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constructs may increase its activity. This could occur by removing negative regulatory 

input from the TOR pathway. 

4.5.2 The Pyp3 TOS motif mutant has a unique localization pattern 

The physical interaction between wildtype Pyp3 and eIF4E proteins was established by 

yeast-2-hybrid and co-immunoprecipitation experiments (Yimit 2011). tif1 

overexpression results in the formation of cytoplasmic foci (Yimit 2011). When 

overexpressed, Pyp3F256A also forms cytoplasmic foci, and co-overexpression of eIF4E 

and Pyp3F256A shows much overlap in localization. Overexpression of wildtype pyp3 

does not cause Pyp3 foci to form. Yet when overexpressed in the presence of tif1 

overexpression, Pyp3 localization shows some overlap with eIF4E foci. The co-

localization is stronger in the Pyp3F256A mutant than with wildtype Pyp3. 

4.5.3 Cytoplasmic punctae form under various physiological conditions 

It is interesting to consider the significance of the punctate structures formed by tif1 

overexpression. A dominant negative tif1 partial deletion mutant has previously been 

observed to form punctate structures following overexpression, though their identity and 

function is not known (Daga and Jimenez 1999). Hsp16 is described to form one or two 

punctate structures adjacent to the nucleus in conditions of heat stress and nutrient 

deprivation (Taricani et al. 2001). This is similar to the eIF4E localization pattern 

observed here upon overexpression (Figure 4.3). Duplicating the heat treatment that 
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elicits the Hsp16 response caused Pyp3 to form similar foci (Figure 4.5). It is possible 

that the punctae formed in these three examples form the same structure. 

Another punctate structure observed in S. pombe as well as human cells are stress 

granules, which form in the cytoplasm following stress (Wen et al. 2010). A role for the 

TOR pathway in stress granule formation has recently been uncovered in HeLa cells 

where TORC1 phosphorylates 4E-BP1 and thereby drives eIF4E towards stress granule 

formation (Fournier et al. 2013). TORC1 has also been reported to be sequestered in 

stress granules in S. cerevisiae under heat stress to prevent its activity (Takahara and 

Maeda 2012). This is interesting, considering the localization of Pyp3 upon heat stress at 

42 ºC and its ability to perform many of the functions attributed to mammalian 4E-BPs. 

The other granular structures associated with protein translation are P bodies, which 

contain mRNA and processing enzymes (Eulalio et al. 2007). In S. cerevisiae eIF4E has 

been observed in P bodies with polyadenylated mRNA, eIF4G and poly-A binding 

protein Pab1 (Brengues and Parker 2007). It is thought that mRNA can move between the 

translation machinery and P bodies for quality control and negative regulatory processing 

(Eulalio et al. 2007). Hsp90 has been implicated in the formation of both stress granules 

and processing bodes in HeLa cells (Matsumoto et al. 2011). The S. pombe homolog has 

not been studied in this capacity but is interesting to consider due to the Hsp16 phenotype 

following heat stress (Taricani et al. 2001).  
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4.5.4 4E-BPs link translation to growth conditions 

P bodies are the site of negative regulatory events on polyadenylated mRNA such as 

mRNA degradation, nonsense-mediated mRNA decay, RNA mediated gene silencing, 

and repression of translation (Eulalio et al. 2007). It is possible that Pyp3 is present in P 

bodies as a 4E-BP. Pyp3 has been demonstrated to potentially perform 4E-BP function by 

directly binding eIF4E. Pyp3 also affects eIF4E phosphorylation and localization (Yimit 

2011). Pyp3 could be a 4E-BP based on either its physical binding to eIF4E or by its 

phosphatase activity reversing the effects of mTor. However, it appears from the results 

presented here that the active site is not essential for binding as judged by co-localization. 

In this respect phosphatase- or TOS-dead Pyp3 proteins do not appear to differ 

substantially from wildtype in distribution under native expression levels. 

Interestingly, in cultured human U2OS cells the increase in cell size caused by 

exogenous eIF4E expression is reversed when 4E-BP1 lacking the sites phosphorylated 

by mTor is co-expressed (Fingar et al. 2002). 4E-BPs are phosphorylated by mTORC1 

and release eIF4E to initiate translation when nutrition is rich (Beretta et al. 1996). 

Similarly, S6 kinases (S6Ks) phosphorylate ribosomal proteins after activation by 

mTORC1 under ideal nutritional conditions. Psk1 has recently been shown to perform the 

function of S6K in S. pombe (Nakashima et al. 2012). 4E-BP and S6K proteins establish 

the link between the TOR pathway and translation. 

mTORC1 targets its substrates by interaction with Raptor (Nojima et al. 2008); the S. 

pombe homolog is Mip1 (Shinozaki-Yabana et al. 2000). The TOS motif recognized by 
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Raptor is found in Psk1 (Nakashima et al. 2012). The putative TOS motif in Pyp3 has 

shown promising results in this study and should be followed with direct interaction 

assays with Mip1. It could be that removing the TOS motif from Pyp3 prevents inhibitory 

phosphorylation by TORC1, thereby increasing the interaction between eIF4E and Pyp3. 

The results of pREP2tif1-YFPint and pREP1pyp3F256A-CFPint co-overexpression 

support this, though further experiments will make clearer the possibility of interaction. 

Functional conservation between S. pombe and the mammalian system justifies 

studies in the simpler yeast to understand the complexities regulating cell growth. The 

relationship between phosphatase function and other roles of Pyp3 is more complex than 

expected. It is likely that phosphatase activity is essential to Pyp3 function in translational 

regulation. In the mammalian system eIF4E is regulated by phosphorylation as well as 

4E-BP binding. It could be that Pyp3 performs both of these regulatory roles in S. pombe. 
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Chapter 5: General Discussion 

This work adds to our knowledge of mitotic control and its link to cell growth. We 

establish the involvement of positive feedback in activating Cdc25 and Cdc2 and expand 

our understanding of the role of Pyp3 phosphatase activity at the onset of mitosis. 

Additionally, a link to the translation initiation machinery is investigated through 

removing the phosphatase residue and putative TOS motif in Pyp3. 

5.1 Cdc25-89w accelerates the entry to mitosis 

In cdc25-89w we have created an activated allele of Cdc25 by phosphomimic substitution 

mutation. This is the first example of a synthetic activated allele of Cdc25 in any system. 

It gives direct support to the feedback loop between Cdc2 and Cdc25 in S. pombe and 

throughout eukaryotic evolution. The region of Cdc25 studied is highly conserved among 

ascomycetes, and the pattern of phosphorylation sites is conserved in mammals. This 

work also establishes Glu substitution as a phosphomimic on Cdc25 for further studies. 

5.2 Pyp3 phosphatase activity acts in cell cycle regulation and translational control 

We have also demonstrated that the Pyp3 active residue is necessary for its role in cell 

cycle regulation. This attributes the cell cycle phenotypes associated with Pyp3 to its 

phosphatase function. The active residue in pyp3 is also essential for genetic interaction 

with tif1. It could be that removing pyp3 phosphatase activity prevents the small cell 

phenotype of pyp3 overexpression independent of interaction with tif1. It is also possible 

that Pyp3 phosphatase acts on eIF4E, or indirectly affects its phosphorylation status. 
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5.3 Overlap in localization patterns of Pyp3 and eIF4E 

Additionally, we have observed a punctate localization pattern that occurs upon eIF4E 

overexpression. Pyp3 localization overlaps with eIF4E when both are overexpressed and 

is accentuated in the Pyp3 TOS motif mutant. Similar foci of Pyp3 expressed from its 

native promoter appear under conditions of heat shock. This phenotype is also stronger in 

the TOS motif mutant, and does not occur when the active site is disrupted. These foci 

may represent processing bodies which carry out negative regulatory processing of 

mRNA. The lack of a TOS motif would prevent negative regulation of Pyp3 as a 4E-BP 

from the TOR pathway, thus allowing higher interaction rates with eIF4E. 

5.4 Future directions 

These results present many important areas for future work. Cdc25 is conserved in all 

eukaryotes, including the phosphorylation sites investigated making this an important 

area of study in S. pombe as well as other organisms. Although Pyp3 has no known 

sequence homologs in more complex eukaryotes, the functional overlap with mammalian 

4E-BPs demonstrates the importance of continued work in this respect. 

5.4.1 Cdc25 activation 

The phenotype of cdc25T89E substitution must be examined alone. The experiments on 

Cdc25 activation should be expanded to include additional phosphorylation sites. The 

validity of Glu substitution has been demonstrated here. Using phosphomimic 

substitution presents a more directed approach as the resulting dominant mutations are 
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more readily observable than loss of phosphorylation sites. As seen in this work, 

considering evolutionary conservation can point to higher physiological relevance in sites 

selected for study. Incorporating biochemical evidence for phosphatase activity following 

amino acid substitution would support measuring cell cycle integrity by cell length in 

future mutagenesis experiments. 

Protein levels and stability should be further investigated. It would be interesting to 

look more into the interaction between phosphorylation and ubiquitination in Cdc25 

stability in the various mutants. clp1 deletion results in a semi-wee phenotype; its role is 

to dephosphorylate Cdk1 phosphorylations at the end of mitosis. Its genetic interaction 

with cdc25-89w could be examined to give further understanding of the role of 

phosphorylation in Cdc25 protein stability. The genetic relationship with ubiquitin ligase 

pub1 deletion, which is only slightly smaller than wildtype, is also interesting to consider. 

Additionally, determining the cell cycle response of cdc25-89w to mild heat 

treatment would provide further insight into cell cycle control in this strain. Previous 

work has shown that wildtype cells delay entry to mitosis upon shift from 25 - 36 ºC. 

Srk1 is implicated in this pathway, as cells lacking srk1 accelerate entry to mitosis rather 

than delaying the cell cycle after temperature shift. Cells expressing Cdc25 constructs 

lacking DNA damage response phosphorylation targets respond to temperature shift 

similarly to srk1 deletion, implicating those sites in the response to temperature shift 

(Chandrashekhar 2011). This would be interesting to repeat with the activated cdc25-89w 
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allele as well as the cdc25S84AT89E allele that rescues the cell cycle acceleration of 

cdc25-89w. 

The sequence conservation of phosphorylation sites in Cdc25, especially Thr 89, 

presents interesting directions for future study in mammals. As a dominant allele, 

homologs to cdc25-89w could be constructed for use in multicellular diploid organisms 

and the effect on cell cycle may be apparent without the need to remove wildtype gene 

function.  

5.4.2 Role of Pyp3 phosphatase in translational regulation 

It is also of interest to consider the role of Pyp3 phosphatase activity regarding control of 

translation initiation. It will be important to assess whether Pyp3-eIF4E binding remains 

intact when the Pyp3 active residue is removed. The co-immunoprecipitation experiments 

that established interaction between the two proteins should be repeated with Pyp3 strains 

lacking the active residue and putative TOS motif. Fluorescence resonance energy 

transfer could be used to investigate the overlapping localization in vivo. The YFP and 

CFP tags on eIF4E and the Pyp3 mutants share sufficient spectral overlap to use this 

technique (Siegel et al. 2000). Wildtype Pyp3 and eIF4E constructs have been examined 

using this technique, however fluorescence only reaches sufficient levels to detect a 

FRET signal upon overexpression (Yimit 2011). The TOS motif mutant of Pyp3 

constructed here may have a stronger interaction with eIF4E, and FRET could perhaps be 

performed at native levels of protein expression. Additionally, the phosphorylation status 

of eIF4E should be evaluated with the phosphatase-dead Pyp3 mutant. This would give 
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an indication as to whether it is the phosphatase activity or protein binding of Pyp3 that is 

contributing to eIF4E activity and phosphorylation status. Further, information on 

translation rates in the various pyp3 mutant strains would add insight to its role in 

translation regulation. This can be interrogated by quantifying levels of major house-

keeping proteins. Cdc25 and Cdc13 levels could also be monitored, as they are known to 

depend on tif1 for their translation (Daga and Jimenez 1999). 

5.4.3 Identifying eIF4E and Pyp3 cytoplasmic foci 

It is also important to uncover the identity of the cytoplasmic foci formed by both tif1 and 

pyp3 under overexpression and heat stress conditions. S. pombe stress granules are formed 

following thermal and salt stress as well as under glucose deprivation (Wen et al. 2010). 

As such, the conditions to which pyp3 mutant strains have been exposed should be 

expanded to include low glucose and high salt. The drugs cycloheximide and puromycin 

have inhibitory and stabilizing effects respectively on P bodies and could be used in the 

strains studied here to determine the identity of these structures (Wang et al. 2013). 

Another approach to consider are co-localization studies with eIF4E and proteins known 

to localize to the various granular structures observed in the literature such as Hsp16 

(Taricani et al. 2001), Pdc1, Dcr1, Dcr2, or Ste13 in P bodies (Wang et al. 2013) and 

Vgl1 in stress granules (Wen et al. 2010). 
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5.4.4 Interaction between Pyp3 and the TOR pathway 

Finally the role of the putative TOS motif in Pyp3 should be further studied. The genetic 

approach here did not add definitively to the proposed interaction between Pyp3 and 

TOR. This interaction can be directly assayed by co-immunoprecipitation between Pyp3 

and Mip1. Further, the phosphorylation state of Pyp3 in the TOS motif mutant will be 

important to investigate. The involvement of the TOR pathway may become clearer 

following treatment with the drug rapamycin. It would be interesting to determine 

whether the interaction between Pyp3 and eIF4E is sensitive to rapamycin, and whether 

Pyp3 will maintain rescue of cdc25::ura4 wee1-50 in the presence of rapamycin. If an 

effect from rapamycin is seen on certain aspects of the Pyp3 phenotype it could be that 

interrupting the putative TOS motif in Pyp3 inhibits this effect. 

As the TOR pathway modulates cell signalling with respect to nutrient conditions, 

certain experiments here will be interesting to repeat under nutrient stress. The integrity 

of the genetic interaction between tif1 and the various pyp3 mutants, especially the TOS 

motif mutant, should be examined under nutrient deprivation. Pyp3 does not rescue loss 

of cdc25 in a wee1-50 background when nitrogen levels are low since Pyp3 expression is 

downregulated under these conditions (Yimit 2011); this should be assessed with 

pyp3F256A. It is expected that the lack of TOS motif would remove input from the TOR 

pathway and Pyp3F256A may maintain rescue of cdc25 loss in low nitrogen. 
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