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Summary

Ubiquitin-dependent proteolysis is a crucial process in the eukaryotic cell cycle. A key

player of this system is a large complex termed the anaphase promoting

complex/cyclosome (APC/C). The APC/C is an ubiquitin ligase, which is essential for the

progression through mitosis. The APC/C ligates chains of ubiquitin molecules to lysine

residues of its substrate proteins and thereby marks them for degradation by the 26S

proteasome. The activity of the APC/C is precisely regulated during the cell cycle. The aim

of this work was the characterisation of protein kinases involved in APC/C regulation in

the mitotic and meiotic cell cycle of the yeast Saccharomyces cerevisiae.

In the first part of this work, control of the APC/C by the protein kinase A (PKA) pathway

was analysed. Glucose and activated Ras2 protein both induce PKA activity. Experimental

data imply that these two signals are able to affect the APC/C synergistically. PKA of S.

cerevisiae is encoded by three different genes, TPK1-3. This work revealed that all three

genes have redundant functions in APC/C regulation.

In the second part of this work, Ime2, a meiosis-specific protein kinase, was characterised.

Ime2 was identified in a screen for negative regulators of the APC/C. Further experiments

demonstrate, that Ime2 phosphorylates the APC/C regulator Cdh1 and thereby leads to

inhibition of the APC/C. Ectopic expression of IME2 causes stabilisation of cyclins and

other APC/C substrates. Furthermore IME2 expression in vegetative cells was shown to

arrest cells in mitosis and to inhibit bud formation. These results suggest that Ime2

represents a meiosis-specific regulator of the APC/C.

Finally, this work focused on the regulation of Ime2 stability. Ime2 protein levels were

shown to fluctuate during meiosis. By the construction and analysis of an IME2 deletion

set, the N-terminal region was identified as the part of the protein responsible for kinase

activity, whereas the C-terminal 241 amino acids were shown to be essential for Ime2

instability. Smaller deletions did not show a distinct effect on stability of the resulting

truncated proteins suggesting that two or more degradation signals are located in the C-

terminal region. Deletions resulting in proteins with a truncated C-terminus led to a

stabilised and active version of the kinase, which causes cells to form abnormal asci. This

result indicates that the instability of Ime2 is important for proper progression through

meiosis.
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Zusammenfassung

Die Ubiquitin-abhängige Proteolyse ist ein kritischer Prozess im eukaryontischen Zell-

zyklus. Ein Schlüsselfaktor dieses Systems ist der Anaphase-promoting Komplex/

Cyclosom (APC/C). Der APC/C ist eine Ubiquitinligase, die essentiell für den Ablauf der

Mitose ist. Der APC/C ligiert Ketten von Ubiquitinmolekülen an die Lysinreste seiner

Substrate, um diese Proteine für den Abbau durch das 26S Proteasom zu markieren. Die

Aktivität des APC/C ist im Verlauf des Zellzyklus präzise reguliert. Das Ziel dieser Arbeit

war die Charakterisierung von Proteinkinasen, die in die Regulation des APC/C im

mitotischen und meiotischen Zellzyklus der Hefe Saccharomyces cerevisiae involviert

sind. Im ersten Teil dieser Arbeit wurde die Kontrolle des APC/C durch den Proteinkinase

A (PKA)-Signalweg analysiert. Glucose und aktiviertes Ras2 Protein sind in der Lage die

PKA zu aktivieren. Die experimentellen Daten zeigten, dass diese beiden Signale den

APC/C synergistisch beeinflussen können. Die PKA von S. cerevisiae wird von drei

verschiedenen Genen, TPK1-3, kodiert. Diese Arbeit offenbarte, dass diese drei Gene eine

redundante Funktion in Bezug auf die Regulation des APC/C besitzten.

Im zweiten Teil der Arbeit wurde die meiosespezifische Kinase Ime2 charakterisiert. Ime2

wurde bei der Suche nach negativen Regulatoren des APC/C identifiziert. Weitere

Untersuchungen demonstrierten, dass Ime2 den APC/C-Regulator Cdh1 phosphorylieren

kann und dadurch zur Inhibierung des APC/C führt. Ektopische Expression von IME2

verursacht die Stabilisierung von Cyclinen und weiteren APC/C Substraten. Außerdem

führt die Expression von IME2 zu einem Zellzyklusarrest in der Mitose und verhindert die

Sprossung. Diese Ergebnisse weisen darauf hin, dass Ime2 ein meiosespezifischer

Regulator des APC/C ist. Schließlich befasste sich diese Arbeit mit der Regulation der

Stabilität des Ime2 Proteins. Während der Meiose schwankt die Ime2 Proteinmenge. Durch

die Konstruktion und Analyse einer Reihe von IME2-Deletionen konnte die Kinaseaktivität

von Ime2 der N-terminalen Region des Proteins zugeordnet werden, wohingegen den

letzten 241 Aminosäuren am C-Terminus eine Funktion in der Proteininstabilität zukommt.

Kleinere Deletionen zeigten keinen ausgeprägten Effekt auf die Stabilität. Dies legt die

Vermutung nahe, dass in der C-terminalen Region mindestens zwei Degradationssignale

vorhanden sind. Deletionen, die zu Proteinen mit verkürtztem C-Terminus führten, ergaben

eine stabilisierten und aktiven Form der Kinase, die zur Bildung von ungewöhnlichen Asci

führt. Dieses Ergebnis weist darauf hin, dass die Instabilität von Ime2 wichtig für den

korrekten Ablauf der Meiose ist.
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Chapter1

Introduction

1. The eukaryotic cell cycle
The central function of the eukaryotic cell cycle is the production of exact replicas of the

parent cell. Therefore, the chromosomes have to be duplicated and segregated equally to

both mother and daughter cell. In order to conserve the genetic information, the cell has to

ensure that all steps of duplication and segregation take place in the correct order.

The eukaryotic cell cycle can be divided into four phases: G1-, S-, G2- and M-phase.

During S-phase (synthesis-phase) chromosomes and cell components are duplicated. In

mitosis or M-phase the duplicated chromosomes are distributed equally between mother

and daughter cell and cytokinesis takes place, resulting in two identical cells (Murray and

Hunt 1993). S- and M-phase are interrupted by “gap”-phases termed G1 and G2 as shown

for the budding yeast Saccharomyces cerevisiae in Figure 1.

Fig. 1 Cell cycle of budding yeast

The cell cycle can be divided into four phases. During S-phase DNA is duplicated and bud formation occurs.

S-phase is followed by the G2-phase, in which the yeast cell grows. During mitosis the duplicated DNA is

segregated between mother and daughter cell and cell division takes place. In the subsequent G1-phase the

cell prepares for a new round of cell division.

M-phase can be subdivided into four stages. In prophase, chromatin condensation occurs,

centriols migrate to the cell poles and the spindle apparatus is built. In metaphase,

chromosomes arrange at the equatorial plain of the spindle apparatus. Sister chromatides

are separated and transported to the opposite cell poles during anaphase. In the final

telophase chromosomes are decondensed and a new cell wall between mother and daughter

cell is built.

S-phaseG1-phase G2-phase M-phase G1-phase
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The central question of cell cycle control is: how does the cell manage to trigger cell cycle

progression and, in case of a defect, how to stop the process instantly?

1.1 The life cycle of Saccharomyces cerevisiae
The baker´s yeast S. cerevisiae serves as a model system for investigation of cell cycle

control of eukaryotic organisms. The ascomycete S. cerevisiae can persist in a haploid or

diploid form and propagates in an asexual and a sexual manner (Fig. 2). Dependent on the

nutritional conditions baker’s yeast exhibits a number of morphological and genetic

developmental programms. Under good nutrient conditions diploid as well as haploid cells

grow vegetatively in the unicellular yeast form, undergoing mitotic cell division. Thereby a

genetically identical daughter cell emerges as a bud at the cell pole. When cells are starved

for an essential nutrient, both haploids and diploids arrest in G1-phase and enter a

stationary growth phase. The lack of nutrients decides which differentiation process is

initiated: Under nitrogen starvation in the presence of a fermentable carbon source diploid

cells start to grow in form of filamentous pseudohyphae (Gimeno et al. 1992). In this stage

cells show a unipolar budding pattern, in which mother and daughter do not separate

completely from each other, and the shape of the cell is longer and thinner as in the yeast

form. Under the same nutrient conditions, haploid yeast cells undergo invasive growth.

Then cells are elongated, bud formation occurs on both cell poles and, like in the

pseudohyphae form, mother and daughter do not separate completely after cell division.

The absence of glucose in combination with nitrogen starvation and the presence of a non-

fermentable carbon source triggers sporulation in diploid cells. During this meiotic

reproduction one round of DNA-replication is followed by two rounds of chromosome

segregation, resulting in four haploid ascospores that form a tetrade as ascus (Pringle and

Saba 1981). In this process recombination between the homologous chromosomes takes

place allowing the exchange of genetic material between parental chromosomes. Spores

germinate under good nutrient conditions. In the haploid form two different mating types,

MATa and MATαααα , can be distinguished. Cells of opposite mating type can conjugate and

form a diploid zygote. This sexual reproduction cycle ensures genetic variance among the

resulting haploid offsprings.
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Fig. 2 The life cycle of Saccharomyces cerevisiae

Dependent on nutrient supply the yeast Saccharomyces cerevisiae can undergo different morphological and

genetical differentiations. Under good nutrient conditions haploid and diploid cells grow in the vegetative

yeast form. Nutrient starvation leads to a G1 arrest in the stationary growth phase. Haploid yeast cells of

opposite mating type can conjugate in the presence of rich medium to form diploids. These diploids can

sporulate to form haploids.

1.2 The role of cyclin dependent kinases
Key factors in the regulation of the mitotic cell cycle are cyclin dependent kinases (CDKs).

They are present in all eukaryotic organisms and are highly conserved from yeast to

humans (Beach et al. 1982; Lee and Nurse 1987). CDKs are proline-directed kinases that

phosphorylate serine or threonine in S/T-P motifs  (Langan et al. 1989). The activity of

these kinases is regulated by the periodic association with different cyclins. Binding to the

kinase is mediated by a conserved region in the cyclin called “cyclin box” (Morgan 1995).

The kind of cyclin bound to the kinase determines the substrate specificity. S. cerevisiae

possesses five cyclin dependent kinases: Cdc28, Pho85, Kin28, Ssn3, and Ctk1 (Toh and

Nishizawa 2001). Cdc28 is the central coordinator of the yeast cell cycle. The CDC28 gene

is transcribed and translated at constitutive levels in all phases of the cell cycle, but its

kinase activity is subject to complex control.

yeast form yeast form

mating

a
α

sporulation

invasive yeast form
pseudohyphal 

form

stationary phase stationary phase

haploid (1n) diploid (2n)
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The Cdc28 activity cycle is linked to the chromosome cycle. Two major states of cyclin

dependent kinase activity exist during the cell cycle, a state of high activity and a state of

low activity (Amon 1997). The switch from low to high activity is critical for proper

control of DNA replication. For the initiation of DNA replication first the pre-replication

complex has to be built and this can only occur under low Cdc28 activity conditions. In

contrast, the following activation of DNA-unwinding and polymerase function is promoted

by high kinase activity (Dahmann and Futcher 1995; Diffley 1996; Piatti et al. 1996;

Noton and Diffley 2000; Diffley 2001). Because high Cdc28 activity inhibits the formation

of pre-replication complexes, reinitiation cannot occur until cells reduce their Cdc28

activity by passing through mitosis. Thereby, the activity of cyclin dependent kinase

ensures the accurate order of DNA replication and segregation during the mitotic cell

cycle.

The periodicity of Cdc28 activity is achieved by cell cycle dependent binding and

degradation of cyclins. Cdc28 cyclins are grouped into two categories: G1-cyclins and B-

type cyclins. As the name implies the three G1-cyclins Cln1, Cln2, and Cln3, regulate

events between the end of mitosis and the start of a new round of DNA replication. Cln-

Cdc28 complexes stimulate DNA synthesis by accelerating the proteolysis of the Clb-

Cdc28 inhibitor Sic1. Besides, Cln-Cdc28 complexes trigger bud formation and spindle

pole body duplication. The other category includes six B-type cyclins, Clb1 to Clb6. They

are expressed from S- to M-phase. Initiation of S-phase requires Cdc28 complexed with

the S-phase cyclins Clb5 and Clb6. Formation of a mitotic spindle, spindle elongation and

nuclear division rely on kinase complexes containing the B-type cyclins Clb1 to Clb5

(Nasmyth 1993). Activity of the different Cdc28 complexes is restricted to distinct stages

of the cell cycle. This cell cycle dependent activity is achieved by transcriptional and post-

translational control of cyclins. Proteolysis is the main post-translational control

mechanism. G1-cyclin accumulation peaks at the end of G1-phase, whereas in G2-phase

the amount of Cln1-3 declines due to their degradation (Schneider et al. 1998). B-type

cyclins are stable during S-phase and mitosis but are degraded rapidly at the end of mitosis

(Evans et al. 1983).

Cell cycle dependent degradation of cyclins is mediated by ubiquitin-dependent

proteolysis. Ubiquitin is a 76 amino acid protein, which exhibits regulatory functions when

covalently bound to proteins (Hershko and Ciechanover 1998). Mono-ubiquitination
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affects protein function in different ways (Stelter and Ulrich 2003), whereas ligation of

chains of ubiquitin molecules marks proteins for rapid degradation by the 26S proteasome.

2. Ubiquitin-dependent proteolysis
The transfer of ubiquitin to any substrate occurs in three steps (Hershko and Ciechanover

1998) (Fig. 3). First, an ubiquitin-activating enzyme (E1) uses ATP to generate a thiol ester

between its activation site cysteine and the C-terminal glycine residue of ubiquitin. Second,

the ubiquitin is transferred to an ubiquitin-conjugating enzyme (E2). Third, the E2

assembles with an ubiquitin-ligase (E3), and finally ubiquitin is ligated to lysine residues

of a substrate protein. In S. cerevisiae a single gene, UBA1 encodes the E1 enzyme,

whereas 13 different genes encoding E2 enzymes were identified (Peters 2002). E3 ligases

are part of a large ubiquitin-ligase complex. E3 complexes facilitate the ubiquitination

reaction indirectly by bringing substrate and ubiquitin-conjugating enzyme into close

proximity. For general cell cycle progression two ubiquitin-ligase complexes are essential:

The SCF (Skp1/Cullin/F-box) complex and the APC/C (anaphase promoting complex),

also called cyclosome.

Fig. 3 The ubiquitination system

The covalent binding of chains of small ubiquitin molecules marks proteins for their rapid degradation by the

26S proteasome. Ubiquitination is initiated by the binding of a ubiquitin molecule to a ubiquitin-activating

enzyme (E1), this initial step is ATP-dependent. An ubiquitin-conjugating enzyme (E2) transfers ubiquitin to

the ubiquitin-ligase (E3), which covalently attaches ubiquitin to the substrate protein. After several rounds of

ubiquitination the multi-ubiquitinated protein is degraded by the 26S proteasome.

The SCF is responsible for degradation of proteins involved in cell cycle regulation like the

Cdc28 inhibitor Sic1 and the G1-cyclins. In addition, SCF-dependent proteolysis plays a

role besides the cell cycle. Degradation of the transcription activator Gcn4, necessary for

the general control of amino acid biosynthesis, is also mediated by the SCF complex

E1E1

E1

E2

E2

E3
(e.g. APC

or
SCF)

substrate

+
ATP

AMP
substrate

substrate

= Ubiquitin
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(Irniger and Braus 2003). The F-box proteins Cdc4, Grr1, and Met30 can associate to the

complex and determine its substrate specificity. SCFCdc4 ubiquitinates Sic1 and Gcn4,

whereas SCFGrr1 marks G1-cyclins for degradation. The SCF complex is active throughout

the cell cycle, but degradation of its substrates is regulated by phosphorylation of the

substrates (Feldman et al. 1997).

In contrast to SCF, the activity of the APC/C complex is tightly cell cycle regulated. Its

activation occurs at the metaphase/anaphase transition and persists until the end of G1-

phase. The function of the APC/C complex during mitosis is ubiquitination of B-type

cyclins and other proteins involved in cell cycle regulation, like the securin Pds1, which

has to be degraded to enable sister chromatid separation.

Fig.4 Progression through the eukaryotic cell cycle depends on Cdc28/Cyclin complexes and their

destruction triggered by ubiquitin-ligases

Critical steps in the yeast mitotic cell cycle like budding, DNA replication, and mitosis itself are triggered by

the cyclin dependent kinase Cdc28 in association with its cyclins. For proper progression through the cell

cycle Cdc28 complexes have to be inactivated by destruction of the activating cyclin. Cyclin destruction is

mediated by two ubiquitin-ligase complexes the Skp1/Cullin/F-box complex (SCF) and the anaphase

promoting complex, also called cyclosome (APC/C).

G1 MS G2 G1

Cdc28

Cln1,2,3

Cdc28

Clb5,6

Cdc28

Clb1-4

Budding DNA replication Mitosis

APCSCF
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3. The anaphase promoting complex/cyclosome (APC/C)

3.1 Composition of the APC/C
The composition of the APC/C complex has been investigated in many organisms. The

Xenopus and human complexes contain at least 10 subunits, whereas the yeast APC/C

consists of at least 12 subunits. Most yeast subunits have counterparts in vertebrates

suggesting that the APC/C is highly conserved in the eukaryotic kingdom (Peters et al.

1996; Yu et al. 1998; Zachariae et al. 1998b). The core complex of the S. cerevisiae

APC/C consists of the eleven subunits Apc1, Apc2, Apc4, Apc5, Apc9, Apc10, Apc11,

Cdc16, Cdc23, Cdc26, and Cdc27. These proteins are bound together throughout the cell

cycle. The association of additional regulatory subunits is cell cycle regulated. In yeast the

three activators Cdh1 (also termed Hct1), Cdc20 and Ama1 had been identified (Zachariae

and Nasmyth 1999). Little is known about the biochemical roles played by the individual

subunits. Some of them, such as Cdc16, Cdc23 and Cdc27, are phosphorylated and

therefore could be targets for regulatory information. Some subunits could be responsible

for localisation of the whole complex in a distinct cell compartment or be involved in

binding of the regulators Cdh1, Cdc20 and Ama1. The cullin-related subunit Apc2 and the

RING-finger protein Apc11 function as the catalytic centre. In combination with the

ubiquitin-conjugating enzyme Ubc4, ubiquitin transfer to the substrate is mediated by these

two subunits (Leverson et al. 2000; Harper et al. 2002). First impressions of the

morphology of the human APC/C complex were obtained from a low-resolution structure

determined by cryo-electron microscopy (Gieffers et al. 2001). An outer protein wall

surrounding an inner cave dominates the complex. This structure suggests that the APC/C

possesses a reaction chamber in which ubiquitination could take place without the

influence of the environment. Apc10 is the only subunit of which the crystal structure

could be determined at the present (Au et al. 2002). Apc10 is characterised by a so-called

Doc1 domain, which is also found in other ubiquitin-ligases, but its function in the

ubiquitination process is not understood up to now. Maybe this domain is involved in

protein protein interaction as the structure formed by the Doc1 domain is related to

proteins mediating bio-molecular interactions (Au et al. 2002). Recently published data

show a role for Apc10 in substrate recognition (Passmore et al. 2003).

During mitosis Cdc20 and Cdh1 are substrate-specific activators of the APC/C. They

associate with the APC/C in a cell cycle dependent manner and target a distinct set of

proteins for degradation by the 26S proteasome. These two proteins are characterised by
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WD40 repeat motifs, consisting of repeated sequences of approximately 40 amino acids

ending with tryptophan (W) and aspartate (D) (Li and Roberts 2001). The 3D structure

resulting from these sequence motifs seems to be important for protein protein interactions.

In addition to their role as activator proteins, Cdh1 and Cdc20 are also responsible for

recruitment of substrates to the APC/C. They can bind to APC/C substrates like securin or

B-type cyclins via their N-termini (Pfleger et al. 2001). Some substrates are recognised by

both WD proteins, like the cyclin Clb2, and some are recognised specifically by only one

of them like Pds1.

3.2 Roles of APC/C during the cell cycle
The initiation of anaphase and the exit from mitosis depends on the activity of the APC/C.

The APC/C ubiquitinates proteins such as the securin Pds1 in budding yeast, whose

subsequent degradation is essential for the initiation of sister chromatid separation at the

metaphase/anaphase transition. Sister chromatids are bound together by a cohesin complex.

Upon initiation of anaphase this complex has to be destroyed by the separase Esp1. Most

time of the cell cycle Pds1 binds to the separase Esp1, thereby inhibiting its protease

activity. At the metaphase/anaphase transition Pds1 is degraded in a APC/C dependent

manner, resulting in activation of the separase and allowing cleavage of the cohesin

complex accompanied by sister chromatid separation (Salah and Nasmyth 2000).

Later in anaphase and telophase the APC/C promotes the inactivation of the cyclin

dependent kinase Cdc28 by destruction of its activating cyclin subunits. The APC/C also

mediates the ubiquitin-dependent proteolysis of other mitotic regulators like the polo-like

kinase Cdc5, the spindle-associated protein Ase1, the kinesin-like motor proteins Cin8 and

Kip1, the APC/C activator Cdc20, and inhibitors of DNA replication (Harper et al. 2002).

All substrates ubiquitinated by the APC/C contain either one of two specific degradation

signals, the cyclin destruction box (D-box) or the KEN-box (Glotzer et al. 1991; Pfleger

and Kirschner 2000). The destruction box consists of a degenerated nine amino acids

motif, KxxLxxxxN. The KEN-box was identified to be KENxxxN, but also some other

amino acids seem to be allowed at the terminal position. Both elements are found either

alone or in combination in all APC/C substrates known up to now. APC/CCdh1 recognises

both D-box and KEN-box proteins, including Cdc20 and mitotic cyclins, whereas

APC/CCdc20 recognises only D-box proteins.

During the mitotic cell cycle the APC/C is activated by two different activator proteins,

Cdh1 and Cdc20. Cdc20 binds to APC/C at metaphase.  Activation of APC/CCdc20 leads to
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the degradation of the anaphase inhibitor securin Pds1, resulting in sister chromatid

separation. The binding of Cdc20 to the APC/C is dependent on high Cdc28 activity.

Therefore, cyclin provides its own destruction by activating Cdc28 in prophase.

Cdc20 protein levels fluctuate during the cell cycle (Weinstein 1997; Prinz et al. 1998).

The Cdc20 level rises in G2, peaks in mitosis, and declines as cells exit mitosis and enter

G1. The rapid loss of Cdc20 at the end of mitosis is due to protein degradation targeted by

APC/CCdh1 (Fang et al. 1998; Prinz et al. 1998). At the end of mitosis Cdc20 becomes

replaced by Cdh1, which keeps the APC/C active until the end of the subsequent G1-phase.

In late mitosis Cdh1 triggers the APC/C to degrade mitotic cyclins, which leads to exit of

mitosis (Wan and Kirschner 2001).

Cdh1 is produced at constant levels all over the cell cycle, but the association of Cdh1 to

the APC/C is strictly regulated during the cell cycle. Cdh1 becomes phosphorylated by

Cdc28 and this modification inhibits its association with the APC/C. Activation of

APC/CCdh1 in late mitosis depends on dephosphorylation of Cdh1. This process is triggered

by the phosphatase Cdc14 (Visintin et al. 1998). After its dephosphorylation, Cdh1 can

bind and subsequently activate the APC/C.

4. Regulation of APC/C activity
APC/C activity is regulated at multiple levels. This includes association with substrate-

selective WD40-repeat activator proteins Cdc20 and Cdh1, phosphorylation of these

regulatory proteins and core subunits, and different checkpoints like the spindle assembly

checkpoint, which ensures that duplicated chromosomes are properly aligned and attached

to spindles before being separated at anaphase.

4.1 Phosphorylation regulates APC/C activity
In yeast, only the non-phosphorylated form of Cdh1 can bind to and activate APC/C

(Zachariae et al. 1998a; Jaspersen et al. 1999), indicating that low kinase levels in G1

allow Cdh1 to activate APC/C. In contrast, binding of Cdc20 requires phosphorylation of

the APC/C in Xenopus and human (Kramer et al. 2000). Two kinases, Cdc28 and the polo-

like kinase Cdc5, are both required for complete activation of the APC/C (Golan et al.

2002). In mammalian cells Cdk1 (the mammalian homologue of Cdc28) phosphorylates

Cdc16 and Cdc23, whereas Apc1 and Cdc27 are substrates of Cdc5.

In contrast to phosphorylation by Cdc5 and Cdc28, which activates APC/CCdc20,

phosphorylation mediated by the cAMP-dependent protein kinase A (PKA) inhibits APC/C
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activity. For the human APC/C (Kotani et al. 1998) showed that PKA phosphorylates Apc1

and Cdc27 directly, and these phosphorylations counteract the polo kinase. Some genetic

experiments suggest that this negative regulation of the APC/C is conserved in eukaryotes

(Yamashita et al. 1996; Yamada et al. 1997; Anghileri et al. 1999; Irniger et al. 2000).

Reducing cAMP levels or PKA activity was shown to suppress different yeast mutants

defective in APC/C subunit genes. Addition of cAMP leads to a cell cycle arrest in mitosis

at the meta/anaphase transition as well as in telophase (Anghileri et al. 1999).

Glucose or activation of the Ras proteins mediates activation of the cAMP/PKA pathway.

Glucose is sensed by a G-protein-coupled receptor system consisting of the receptor Gpr1

and the Gα protein Gpa2 (Colombo et al. 1998). Gpa2 can directly stimulate the adenylate

cyclase. Activation of Ras1 and Ras2, two small GTP-binding proteins, is catalysed by the

product of the CDC25 gene, a protein that promotes removal of GDP bound to Ras and its

replacement with free GTP (Broek et al. 1987; Robinson et al. 1987). Ras-GTP is capable

of stimulating adenylate cyclase Cyr1, the key player of the cAMP/PKA pathway, which

catalyses the formation of cAMP. High levels of cAMP in yeast cells lead to activation of

the cAMP-dependent protein kinase (protein kinase A, PKA). This kinase is a

heterotetramer comprising two regulatory subunits encoded by the BCY1 locus and two

catalytic subunits redundantly encoded by three separate genes: TPK1, TPK2 and TPK3

(Toda et al. 1987). In the presence of cAMP the inhibitor Bcy1 releases the catalytic

subunits, which are then able to phosphorylate different target proteins. High protein

kinase A activity induces breakdown of stored carbohydrates, activation of the glycolytic

pathway, induction of transcription of a large number of growth-specific genes and down

modulation of the Ras/cAMP-pathway (reviewed by (Broach 1991).

Glucose, Ras2 and cAMP levels can influence APC/C activity. Addition of glucose to

yeast cells growing on poor medium as well as expression of a constitutive active Ras2

protein lower the viability of apc mutants significantly (Irniger et al. 2000). Reduction of

the cAMP level leads to suppression of the lethality of mutants carrying a defective APC/C

in Schizosaccharomyces pombe (Yamashita et al. 1996) and S. cerevisiae (Anghileri et al.

1999; Irniger et al. 2000).

4.2 Control of APC/C activity by checkpoints

4.2.1 Spindle assembly checkpoint

The main function of the spindle checkpoint is to ensure that all chromosomes are properly

attached to the mitotic spindle at the kinetochore before sister chromatids are separated.
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After DNA duplication a cohesin protein complex connects sister chromatids to each other.

For equal distribution of the DNA between mother and daughter it is necessary that sister

chromatids are attached to microtubules, which originate from the opposite poles of the

mitotic spindle and thereby establish tension across the two kinetochores of a sister

chromatid pair (Nasmyth et al. 2000; Tanaka 2002). The spindle checkpoint senses the

microtubule occupancy and tension at the kinetochores (Hoffman et al. 2001). The sensing

mechanism of the checkpoint is unknown. Lack of tension at the kinetochores as well as

unattached kinetochores per se can activate the spindle checkpoint. A number of proteins

including Mad2, Mad3, Bub3, and Cdc20 were identified as signal transducers of the

spindle checkpoint pathway (Amon 1999). These proteins form the mitotic checkpoint

complex (MCC). It is unclear whether this inhibitory complex is only formed in the

presence of unattached kinetochores or if it is present throughout the cell cycle. The target

of the spindle checkpoint is the APC/CCdc20. The mechanism by which MCC inhibits the

APC/C is still unclear. It was shown that Mad2 and Mad3 can bind directly to Cdc20, but

this does not block the ability of Cdc20 to recruit substrates, especially Pds1, to the

APC/C. Rather the MCC seems to block the release of the substrate from Cdc20 in vitro

(Pfleger et al. 2001). Therefore, the spindle checkpoint and the MCC may interfere with

the ability of the APC/C to interact with its substrates in a productive way (Yu 2002).

When spindle defects are repaired and all kinetochores achieve bipolar attachment to the

mitotic spindle, the checkpoint is inactivated and the active APC/CCdc20 mediates

ubiquitination and destruction of the securin Pds1. Degradation of Pds1 activates the

separase, which then cleaves Scc1, a component of the cohesin complex. The loss of

cohesion between the sister chromatids initiates anaphase and allows sister chromatid

separation.

4.2.2 Spindle orientation checkpoint

As mentioned before, exit from mitosis requires inactivation of the cyclin dependent kinase

Cdc28. The highly conserved phosphatase Cdc14 plays an essentiell role in promoting

inactivation of mitotic kinases and thus for the exit from mitosis (Visintin et al. 1998;

Jaspersen et al. 1999). Cdc14 dephosphorylates Cdh1, thereby allowing its association with

the APC/C and proteolysis of mitotic cyclins. By dephosphorylating the Cdc28 inhibitor

Sic1 and its transcription factor Swi5, Cdc14 induces expression and stabilisation of Sic1.

Cdc14 activity is regulated by Cfi1/Net1 (Visintin et al. 1998; Shou et al. 1999; Straight et

al. 1999), which  localises Cdc14 to the nucleolus during G1-, S-phase and early mitosis.
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At the end of mitosis, when sister chromatids are separated, but prior to the exit from

mitosis, a checkpoint consisting of two networks monitors the orientation of the mitotic

spindle and decides whether Cdc14 is released from the nucleolus or not. The first

component of the checkpoint is the FEAR (Cdc fourteen early anaphase release) network,

consisting of the polo kinase Cdc5, the separase Esp1 and the regulator proteins Slk19 and

Spo12 (Stegmeier et al. 2002). In early anaphase FEAR promotes the release of Cdc14

from the nucleolus by an unknown mechanism. The signal sensed by the second network

of this checkpoint is the localisation of a progeny spindle pole body in the bud. The mitotic

exit network (MEN) (Hoyt 2000) includes the Ras-like GTP binding protein Tem1, the

exchange factor Lte1, the two component GTPase activating enzyme Bub2-Byr4, and the

protein kinases Cdc5, Cdc15, and Dbf2. Tem1 is solely localised at the spindle pole body

that migrates into the bud (Bardin et al. 2000). Its´s exchange factor Lte1 is present

throughout the cell during G1 but localizes to the bud as soon as it forms. Thus, Tem1 and

Lte1 are present at the same compartement only when the new nucleus has entered the bud.

In this case the exchange of GDP to GTP bound to Tem1 can be mediated by Lte1. Tem1-

GTP activates the protein kinases Cdc5 and Dfb2, which provide release of phosphatase

Cdc14 from Net1/Cfi1 in the nucleolus. It was proposed that dissociation of Cdc14 from

Net1/Cfi1 is mediated by Cdc5, which was shown to be able to phosphorylate Cdc14

(Yoshida and Toh-e 2002). Once released, Cdc14 can reach the target proteins in the

nucleus (Cdh1 and Sic1) and in the cyctoplasm (Swi5). Dephosphorylation of Cdh1 results

in activation of APC/CCdh1, degradation of mitotic cyclins, inactivation of Cdc28, and

finally exit from mitosis. This spindle orientation checkpoint guarantees that exit from

mitosis and cell division can not proceed before the DNA is partitioned between mother

and daughter cell.

4.2.3 DNA damage checkpoint

In budding yeast, the DNA damage checkpoint induces a mitotic arrest by inhibiting the

metaphase-anaphase transition. In the case of damaged DNA the Mec1 kinase is activated,

which in turn activates two downstream kinases, Chk1 and Rad53 (Agarwal et al. 2003).

Both kinases are required for a complete metaphase arrest. The downstream target of

Rad53 needed for mitotic arrest is unknown, but it was shown that the Rad53 pathway

inhibits the Pds1-Cdc20 interaction (Schwab et al. 2001). The target of Chk1 is Pds1,

which is directly phosphorylated by Chk1 (Wang et al. 2001). Phosphorylation of Pds1

inhibits the ubiquitination reaction. Therefore both kinases prevent the degradation of Pds1
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by inhibiting the APC/CCdc20 activity (Agarwal et al. 2003). Once damaged DNA is

repaired, Pds1 dephosphorylation is involved in the recovery from the checkpoint- induced

cell cycle arrest.

5. The meiotic cell cycle of Saccharomyces cerevisiae

5.1 Differences between the mitotic and meiotic cell cycle
Meiosis can be considered as a specialised form of the mitotic cell cycle: in mitosis each

round of DNA replication is followed by one round of chromosome segregation; in

meiosis, replication is followed by two sequential rounds of chromosome segregation. In

the first meiotic division, homologous chromosomes segregate to opposite poles; during

the second meiotic division, which is similar to the mitotic division, sister chromatids

separate from each other, thereby generating haploid ascospores to form a tetrade (Fig. 5;

Petronczki et al. 2003).

Fig. 5 The meiotic cell cycle

During the pre-meiotic S-phase the DNA is replicated, afterwards meiotic recombination between

homologous chromosomes occurs. In meiosis I homologous chromosomes are segregated, while in meiosis II

sister chromatids are separated, resulting in four haploid ascospores that form a tetrade.

During the mitotic cell cycle the G1-cyclins Cln1, 2, and 3 associate with cyclin dependent

kinase Cdc28 in order to trigger bud formation, spindle pole body duplication and DNA

replication. Since cells can undergo mitosis and meiosis as well, it is necessary to prevent

initiation of both cell cycles at the same time. During mitosis the G1-cyclins prevent entry

into meiosis by inhibiting the expression of the meiotic key transcription factor IME1. In

contrast, after entry into sporulation Cln-Cdc28 complexes are inactivated by down

regulation of G1-cyclin transcription (Colomina et al. 1999). Initiation of DNA replication

during meiosis is performed by the kinase Ime2 instead of Cln-Cdc28. The core replication

machinery seems to be the same in mitosis and meiosis. Cdc28 is critical for meiotic S-

premeiotic
S-phase Recombination Meiose I Meiose II

Tetrade
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phase. Cells lacking Clb5,6 fail to undergo DNA replication (Stuart and Wittenberg 1998),

suggesting that the early activity of Cdc28 in meiosis is executed in partnership with Clb5

and Clb6.

Due to the fact that during meiosis I homologous chromosomes and not sister chromatids

are segregated, a linkage between homologous chromosomes has to be established to resist

the forces of the meiosis I spindle. This linkage is provided by chiasmatas, which are the

result of the recombination event between homologous chromosomes. During anaphase I

cohesin along the chromosome arms is cleaved whereas the centromeric cohesin is

retained. Loss of the arm cohesin is required for the resolution of chiasmatas and thus

meiosis I chromosome segregation, but the maintenance of the cohesin at centromers

ensures that sister chromatids segregate together. In meiosis II the cohesin is removed

completely and sister chromatids are separated (Miyazaki and Orr-Weaver 1994; Lee and

Amon 2001). The composition of the cohesin complex, which binds chromosomes

together, differs between meiosis and mitosis. The mitotic cohesin subunit Scc1 is replaced

by the meiosis-specific cohesin subunit Rec8 (Klein et al. 1999). Both proteins can be

cleaved by the separase Esp1, which is under control of the securin Pds1. Like in mitosis in

yeast the APC/CCdc20 is responsible for destruction of the securin Pds1 in metaphase I as

well as in metaphase II (Salah and Nasmyth 2000).

The cyclin dependent kinase Cdc28 in combination with its activating B-type cyclins plays

an important role in meiosis, similar to mitosis. In budding yeast Clb1, Clb3, and Clb4 are

important for progression into the first meiotic division and for progression from meiosis I

to meiosis II (Dahmann and Futcher 1995). Expression of five of the six B-type cyclins is

controlled by the meiosis-specific transcription activator Ndt80. Clb2, the most important

cyclin in mitosis, does not contain a Ndt80 binding site and is not expressed during meiosis

(Grandin and Reed 1993; Chu et al. 1998). The APC/C is essential for progression through

meiosis, but little is known about its meiotic function and regulation.

In budding yeast it was shown that during both meiotic divisions chromosome segregation

is initiated by degradation of the securin Pds1 mediated by the APC/CCdc20 complex (Salah

and Nasmyth 2000; Harper et al. 2002).

In S. cerevisiae a potential meiosis-specific regulator of the APC/C was identified, AMA1.

AMA1 codes for a member of the Cdc20 family of proteins and is only transcribed and

spliced during meiosis. Ama1 can associate with the APC/C in vivo and is required for

execution of meiosis I, late meiotic gene expression and spore formation, but not for
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meiosis II chromosome segregation. Destruction of Clb1 during meiosis is mediated by

APC/C in association with its meiosis-specific activator protein Ama1 (Cooper et al. 2000;

Rabitsch et al. 2001). Besides CDC20 and AMA1, CDH1 is transcribed during meiosis, but

the role of Cdh1 in cyclin proteolysis and the exit from meiotic divisions is yet unknown.

In summary, three different APC/C complexes seem to be involved in the regulation of the

meiotic cell cycle in budding yeast. Similarly, meiosis-specific WD-repeat proteins were

also identified in S. pombe (Blanco et al. 2001) and Drosophila melanogaster (Chu et al.

2001), suggesting that additional meiosis-specific APC/C complexes are widespread  in

eukaryotes.

Checkpoints also operate in APC/C regulation during meiosis. DNA damage, failure in

completion of recombination or failure to complete DNA replication results in a meiotic

arrest and a block of spore formation (Lydall et al. 1996; Chu et al. 1998; Hepworth et al.

1998; Stuart and Wittenberg 1998). Some of the mitotic checkpoint network proteins are

also involved in the control of APC/C activity during meiosis. The spindle checkpoint is

even more important for meiosis than it is for mitosis (Li and Murray 1991; Shonn et al.

2000). Spindle checkpoint is required for proper chromosome segregation in meiosis I.

Checkpoint mutants suffer from non-disjunction in meiosis I, resulting in tetrades with two

viable and two dead spores. During meiosis spindle elongation and chromosome

segregation depends on APC/C activation. The FEAR network regulates meiotic

chromosome segregation through activating Cdc14 (Marston et al. 2003). Two FEAR

network components, Slk1 and Spo12, promote Cdc14 release from the nucleolus during

anaphase I and are necessary for the timely disassembly of the meiosis I spindle. Cdc14

exhibits a localisation pattern similar to that observed during mitosis. Cdc14 is localised in

the nucleolus throughout meiotic prophase I and metaphase I. At anaphase Cdc14 is

released and spreads to the nucleus and cytoplasm. In metaphase II cells, Cdc14 is

transferred back into the nucleolus before being released again in anaphase II.

Conclusively, Cdc14 undergoes two cycles of nuclear localisation and release during

meiosis.

5.2 Regulation cascade governs initiation of sporulation
Three nutritional conditions are required for sporulation. The first is limitation of an

essential nutrient, which causes cells to arrest in G1. Nitrogen limitation causes efficient

sporulation, however limitation for carbon, sulphate, guanine, methionine and other

components can also cause sporulation (Freese et al. 1982; Sumrada and Cooper 1987;
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Mitchell 1994; Honigberg and Purnapatre 2003). A second condition is the presence of a

non-fermentable carbon source, which can be metabolised through respiration. Sporulation

can take place in the presence of pyruvate or acetate. The third condition is the absence of

glucose. Generally, the carbon source governs the decision between pseudohyphal growth

and sporulation: N-limitation in the presence of glucose leads to pseudohyphal growth

(Gimeno et al. 1992), N-limitation in the absence of glucose leads to sporulation. Glucose

inhibits initiation of meiosis even when the first and the second condition are met. In

addition, the ability to sporulate requires both mating type loci MATa and MATαααα

(Herskowitz 1988).

The targets of nutritional regulation are two key regulators of meiosis: IME1, a

transcription factor responsible for expression of a number of genes early in meiosis

including the second key factor, IME2, which encodes a Ser/Thr protein kinase. Both IME1

and IME2 are required for proper meiotic initiation (reviewed by (Mitchell 1994).

Transcription of both genes is regulated by nutrients, but the mechanisms by which the

signals are transmitted to these two genes are very different. In the case of IME1 the signal

is integrated at its complex promoter (approximately 2 kb) consisting of four upstream

control regions. For example, glucose can repress IME1 through the IREu site (Ime2 repeat

element upsite), whereas acetate activates IME1 through the UASrm site (upstream

activating sequence regulated middle) (Sagee et al. 1998; Honigberg and Purnapatre 2003).

Besides, two regions required for cell-type control exist in the promoter region of IME1

(Covitz and Mitchell 1993). Three genes are known to transmit the mating type signal to

IME1: RME1, IME4, and RES1. Rme1 is a zinc-finger DNA-binding protein, representing

a negative regulator for IME1 transcription in cells carrying only one of the MAT alleles

(Kassir and Simchen 1976). Ime4 is a positive regulator strictly required for IME1

expression. IME2 possesses only one upstream repression site (URS1). The transcription

factor Ume6 binds to this URS in all stages of the cell cycle. When IME2 is repressed

Ume6 is bound in addition to the Sin3-Rpd3 complex. Activation of IME2 transcription

requires the dissociation of the Sin3-Rpd3 complex from Ume6 and association of Ume6

with the phosphorylated form of Ime1 (Washburn and Esposito 2001). The stability of this

Ume6-Ime1 complex determines whether IME2 is transcribed and this is regulated by both

starvation and glucose. Starvation activates the kinase Rim11 that can phosphorylate both

Ume6 and Ime1, and this phosphorylation stabilises the Ume6-Ime1 complex. The

presence of glucose destabilises the complex by repression of another kinase, which is also
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responsible (by an unknown mechanism) for association of Ume6 and Ime1 (Vidan and

Mitchell 1997). By this mechanism starvation and glucose can both regulate IME2

transcription by modulating the same transcription factor complex.

Glucose repression of meiosis is regulated by the glucose repression pathway (reviewed in

(Carlson 1999). The central component of this pathway is the Snf1 kinase, whose activity

is repressed by intracellular glucose. Snf1 kinase activity is generally required for

expression of IME1 and IME2 (Honigberg and Lee 1998). Extracellular glucose is sensed

by the G-coupled receptor Gpr1, which activates Gpa2, the alpha subunit of a trimeric G-

protein complex. This complex activates protein kinase A (PKA). PKA inhibits

transcription of both IME1 and IME2. Besides Gpa2 can bind directly to Ime2 and thereby

inhibits its kinase activity (Donzeau and Bandlow 1999). In summary, many different

pathways mediate the glucose signal to control expression of meiotic genes.

5.3 Role of the Ime2 protein kinase in meiosis
One key factor in the regulation of the meiotic cell cycle is the Ser/Thr protein kinase Ime2

(Mitchell et al. 1990). Ime2 shares several amino acid motifs with cyclin dependent

kinases, like amino acid residues that are involved in nucleotid binding and the formation

of a catalytic triad required for transfer of phosphate to protein substrates (Hui et al. 2002).

Although the catalytic domain resembles that of CDKs, the protein diverges from CDKs in

that it lacks a PSTARIE motif involved in cyclin binding and differs in the T-loop

activation domain. Ime2 itself is a highly unstable protein which posseses an extended C-

terminal domain that has been proposed to be involved in destabilizing the protein and in

interaction with negatively acting factors (Kominami et al. 1993; Donzeau and Bandlow

1999; Guttmann-Raviv et al. 2002). Recombinant Ime2 produced in an eukaryotic

expression system displays the ability to phosphorylate histone H1 and to

autophosphorylate itself. Amino acid substitution of lysin 97 (K97) to arginine (R) results

in a kinase dead version of the protein (Hui et al. 2002).

Ime2 is required for many stages of meiosis. First, Ime2 kinase activity is responsible for

meiotic DNA replication (Foiani et al. 1996). It controls the G1-S transition by decreasing

the level of Sic1, an inhibitor of Cdc28. Ime2 dependent degradation of Sic1 leads to

activation of Cdc28 associated with the B-type cyclins Clb5 and Clb6. This complex

triggers meiotic DNA replication (Dirick et al. 1998; Stuart and Wittenberg 1998). Ime2 is

also required to restrict DNA replication. In the absence of Ime2 a second round of DNA

replication occurs. Expression of IME2 is induced by the meiosis-specific transcription
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activator Ime1. Ime2 associates with and phosphorylates Ime1. Phosphorylation leads to

destabilization and degradation of Ime1 by the 26S proteasome (Guttmann-Raviv et al.

2002). Together with Ime1, Ime2 leads to the transcription of early meiotic genes, like

SPO11 and SPO13. Overexpression of IME2 was shown to bypass the requirement of Ime1

for transcription of early meiotic genes (Mitchell et al. 1990).

The transition from expression of early meiotic genes to expression of middle sporulation-

specific genes occures at exit from pachytene. When pre-meiotic replication is completed,

the spindle pole body is duplicated but not separated and formation of the meiosis I spindle

takes place (G2-M transition). Ime2 kinase activity is necessary for the initiation of the

expression of middle sporulation genes, because Ime2 activates transcription of NDT80.

NDT80 encodes the activator of middle meiotic genes (Hepworth et al. 1998). In addition

to the transcriptional control of NDT80 by Ime2, Ndt80 activity is posttranslationally

regulated by Ime2 (Sopko et al. 2002). Ime2 dependent phosphorylation is required for

Ndt80 to interact effectively with middle sporulation element (MSE) sites in the promoter

region of middle sporulation genes. Besides other genes, NDT80 promotes the expression

and accumulation of the B-type cyclins Clb1, 3, and 4. Accumulation of these cyclins is

essential for the next steps in meiosis, because exit from pachytene requires Cdc28

activity, achieved by the binding of B-type cyclins (Xu et al. 1995).

By using a modified inhibitor sensitive version of Ime2, ime2-as1, (Bishop et al. 2000), it

could be shown that Ime2 kinase possesses also functions in late meiosis especially in both

meiotic nuclear division and the maintenance of phosphorylated Ndt80 (Benjamin et al.

2003). The increase of Ime2 kinase activity in meiotic M-phase is dependent on Ndt80 and

Cdc28. ndt80 mutant cells lack the peak of Ime2 kinase activity in late meiosis and Cdc28

is responsible for the hyperphosphorylation of Ime2 in this stage (Benjamin et al. 2003).

The late requirement of Ime2 is partly due to its stimulation of NDT80 transcription

throughout M-phase. Additionally, it was suggested that Ime2 dependent phosphorylation

of Ndt80 may increase its stability and therefore boost middle gene transcription, or may

be needed for a nontranscriptional role of Ndt80 (Benjamin et al. 2003).

Orthologous of Ime2 have been found in S. pombe, mde3 and pit1. These proteins are

important for the timing of meiotic division and spore formation (Abe and Shimoda 2000).

In mammals the Mak (“male germ associated kinase”) proteins are homologous to Ime2.

Their function is unknown, but they were found in primary spermatocytes during late

meiotic G2-phase (Jinno et al. 1993; Shinkai et al. 2002). The catalytic domain of the Crk1
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protein of the plant pathogen Ustilago maydis shares 34,8% identity with Ime2 from S.

cerevisiae. U. maydis crk1 mutants are unable to response properly to environmental

stimuli and show defects in morphogenesis and cell cycle adjustment to changing

conditions (Garrido and Perez-Martin 2003).

6. Aim of this work
The aim of this work is a better understanding of factors and mechanisms involved in the

regulation of the cell division cycle. The understanding how critical events during the

eukaryotic cell cycle are regulated is a crucial prerequisite for the analysis of cells in which

the control of the cell cycle is impaired. Many critical processes of the cell cycle are

conserved from unicellular eukaryotic microorganisms to mammalian cells. Due to the

well established genetics of S. cerevisiae, this organism is an useful tool to identify and

characterise important processes in the eukaryotic cell cycle. Findings in this model

organisms may facilitate the study of their counterparts in more complex eukaryotic

organisms.

Ubiquitin-dependent proteolysis is essential for sister chromatid separation and the exit

from mitosis. Key factors in this process are the anaphase promoting complex (APC/C), a

multisubunit ubiquitin-ligase, and its activator proteins Cdc20 and Cdh1. APC/C activity is

tightly cell cycle regulated. This work aims to characterise the regulation of ubiquitin-

dependent protein degradation mediated by the APC/C during the mitotic and the meiotic

cell cycle in budding yeast.

The first part of the project focuses on components of the Ras/cAMP/PKA signaling

pathway which previously was shown to influence APC/C function. The mechanisms how

the protein kinase A proteins Tpk1-3 affect APC/C activity and thereby regulate

progression through mitosis was analysed (Chapter 2).

To understand the role of the APC/C and its regulation during cellular differentiation

processes, in the second part APC/C function in yeast cells which undergo meiosis is

described. The meiosis-specific protein kinase Ime2 was identified as an inhibitor of

APC/C-dependent proteolysis of the B-type cyclin Clb2 (Chapter 3). This suggests that

Ime2 acts as a regulator of the APC/C during the meiotic cell cycle. The third part focuses

on a further characterisation of the protein kinase Ime2, especially on sequences

responsible for the rapid turn over of the protein and the effects of a stabilised Ime2 on the

cell cycle (Chapter 4).
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Chapter 2

Synergistic inhibition of APC/C by glucose and activated Ras

proteins can be mediated by each of the Tpk1-3 proteins in

Saccharomyces cerevisiae

Abstract

Proteolysis triggered by the anaphase-promoting complex/cyclosome (APC/C) is essential

for the progression through mitosis. APC/C is a highly conserved ubiquitin ligase whose

activity is regulated during the cell cycle by various factors, including spindle checkpoint

components and protein kinases. The cAMP-dependent protein kinase (PKA) was

identified as negative regulator of APC/C in yeast and mammalian cells. In the yeast

Saccharomyces cerevisiae, PKA activity is induced upon glucose addition or by activated

Ras proteins. Here, we show that glucose and the activated Ras2Val19 protein synergistically

inhibit APC/C function via the cAMP/PKA pathway in yeast. Remarkably, Ras2 proteins

defective in the interaction with adenylate cyclase fail to influence APC/C, implying that

its function is regulated exclusively by PKA, but not by alternative Ras pathways.

Furthermore, we show that the three PKAs in yeast, Tpk1, Tpk2 and Tpk3, have redundant

functions in regulating APC/C in response to glucose medium. Single or double deletions

of TPK genes did not prevent inhibition of APC/C, suggesting that each of the Tpk proteins

can take over this function. However, Tpk2 seems to inhibit APC/C function more

efficiently than Tpk1 and Tpk3. Finally, we provide evidence that Cdc20 is involved in

APC/C regulation by the cAMP/PKA pathway.
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Introduction

The anaphase-promoting complex/cyclosome (APC/C) is a highly conserved multisubunit

complex which contains ubiquitin ligase activity (Zachariae and Nasmyth 1999; Peters

2002). APC/C is essential for two major events during mitosis: the separation of sister

chromatids at the metaphase/anaphase transition and the exit from mitosis. The crucial role

of APC/C in metaphase is ubiquitination of securins. In the budding yeast Saccharomyces

cerevisiae, proteolytic destruction of securin Pds1 allows the separase Esp1 to become

active (Amon 2001; Nasmyth 2002). Esp1 then cleaves the cohesin subunit Scc1 and

thereby triggers sister chromatid separation. Important targets for the exit from mitosis are

B-type cyclins whose degradation leads to the inactivation of cyclin-dependent kinases

(Morgan 1999). Many other substrates of APC/C ubiquitin ligase have been identified,

including the polo kinase Cdc5, kinesins, spindle associated proteins and regulators of

DNA replication (Zachariae and Nasmyth 1999; Harper et al. 2002; Peters 2002).

APC/C activity is cell cycle regulated. It is kept inactive during S-, G2- and early M-phase,

turned on during metaphase and then remains active throughout late M-phase and during

the subsequent G1-phase. A variety of regulatory proteins of APC/C have been identified

in the last few years. Most is known about the two proteins Cdc20 and Cdh1 (Peters 2002).

Recent data demonstrated that they function as substrate recognition proteins, which target

substrates to the APC/C core complex (Hilioti et al. 2001; Pfleger et al. 2001; Schwab et

al. 2001; Vodermaier 2001). An important feature is the temporal control of APC/C

activation by Cdc20 and Cdh1 (Harper et al. 2002; Peters 2002). Cdc20 always precedes

Cdh1 in binding and activation during mitosis. Both WD40 proteins have fundamental

functions in controlling APC/C during mitosis.  They are the targets of the spindle

checkpoint, either directly or indirectly (Gardner and Burke 2000). Factors of the spindle

assembly checkpoint directly bind and inhibit Cdc20 in response to defects in the integrity

of the mitotic spindle or in the bipolar attachment of kinetochors. A checkpoint monitoring

the orientation of the mitotic spindle indirectly inhibits the association of Cdh1 with

APC/C and thereby delays cell division.

Further important regulatory proteins of APC/C are protein kinases, such as the cyclin-

dependent kinase Cdk1 and polo kinase (Nigg 2001). Both kinases were shown to trigger

phosphorylation of specific APC/C subunits, known as Apc1, Cdc16, Cdc23 and Cdc27

(Rudner and Murray 2000; Golan et al. 2002). It was recently shown that either of theses
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kinases is capable to activate APC/C, but both of them are required for efficient APC/C

activation (Golan et al. 2002).

A further protein kinase regulating APC/C activity is cAMP-dependent protein kinase (also

termed protein kinase A or PKA). By using purified mammalian APC/C, it was shown that

PKA directly phosphorylates the subunits Apc1 and Cdc27 in vitro (Kotani et al. 1998). In

contrast to Cdk1 and polo kinase, PKA-mediated phosphorylation inhibits APC/C activity.

In vitro ubiquitination assays revealed that the addition of purified PKA blocked the ability

of APC/C to catalyse the formation of polyubiquitin chains on cyclin B (Kotani et al.

1999). These studies also showed that PKA may affect the binding of Cdc20 because

Cdc20 failed to bind APC/C pre-incubated with PKA.

In budding and fission yeast, a direct phosphorylation of APC/C subunits by PKA has not

yet been shown. Nevertheless, genetic data strongly implicated yeast PKA as negative

regulator of APC/C similar to mammalian cells. A variety of fission and budding yeast

mutants defective in APC/C subunits genes were suppressed by reducing cAMP levels or

PKA activity (Yamashita et al. 1996; Yamada et al. 1997; Anghileri et al. 1999; Irniger et

al. 2000). It was shown that the addition of cAMP caused cell cycle arrests in mitosis, both

at the metaphase/anaphase transition and in telophase (Anghileri et al. 1999). Many yeast

APC/C subunits contain multiple PKA consensus phosphorylation sequences (Kennelly

and Krebs 1991). The Apc1 subunit for example contains 28 of these motifs.

In budding yeast, the cAMP/PKA pathway can be activated either by the addition of

glucose to cells grown on poor carbon sources and by the activation of Ras proteins

(Broach 1991; Thevelein and de Winde 1999). Recent data showed that the glucose signal

is not transmitted by Ras proteins to adenylate cyclase Cyr1, as previously thought.

Instead, a G-protein- receptor system, consisting of the receptor Gpr1 and the Gα protein

Gpa2, stimulates adenylate cyclase in response to glucose addition (Colombo et al. 1998).

Activation of the small GTP-binding proteins Ras1 and Ras2 is catalysed by Cdc25, a

protein that promotes the exchange of GDP with GTP on Ras (Broek et al. 1987; Robinson

et al. 1987). Ras-GTP stimulates adenylate cyclase and thereby induces an increase in

cAMP levels and activation of PKA (Toda et al. 1985). In budding yeast, this kinase is

encoded by three separate genes, TPK1, TPK2 and TPK3 (Toda et al. 1987). In the

presence of cAMP the inhibitory protein Bcy1 releases the catalytic subunits which are

then able to phosphorylate their target proteins (Broach 1991; Thevelein and de Winde

1999).
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Consistent with the findings that PKA negatively regulates APC/C, we have previously

shown that glucose medium and activation of Ras signalling is lethal for mutants defective

in APC/C function (Irniger et al. 2000).  Mutants in APC/C subunit genes, such as apc10-

22 or cdc27-1, were suppressed either by decreasing Ras activity or by growth on the poor

carbon source raffinose. In contrast, a constitutively activated RAS2Val19 allele or shifts to

glucose medium were deleterious to these mutants. In this study, we show that glucose and

activated Ras2Val19 synergistically cause APC/C inhibition and that Tpk1, Tpk2 and Tpk3

apparently have overlapping functions in this process.
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Materials and Methods

Yeast strains and plasmids. Yeast strains used in this study are derivatives of the

Saccharomyces cerevisiae W303 strain (MATa ade2-1 trp1-1 can1-100 leu2-3,12 his3-

11,15 ura3 GAL psi+) and are listed in Table 1. All strains obtained from a different

background were backcrossed at least four times to W303 strains to make them congenic.

Plasmids containing the RAS2Val19, RAS2Val19Gly41 and RAS2Val19Asn45 alleles on the centromeric

plasmid YCplac33 (Mösch et al. 1999), the TPK1, TPK2 and TPK3 genes on the high-copy

plasmid pRS426 (Mösch et al. 1999) and the STE11-4 allele (Stevenson et al. 1992) cloned

into the centromeric plasmid YCp50 were previously described. TPK genes expressed from

the inducible GAL1 promoter were constructed by PCR amplification of the corresponding

genes and subsequent fusions to the GAL1 promoter on the 2µ plasmid YEplac195. The

GAL-CDC20 gene fusion was isolated from a GAL-cDNA library (unpublished results).

For deletion of a single TPK gene (TPK1, TPK2 or TPK3), a deletion cassette containing

the kanamycin resitance gene, kan-R, from the Escherichia coli transposon TN903 flanked

by the 5´-region and the 3´-region of the TPK gene, was transformed into yeast strains.

Transformants were selected twice on YEPD+Geneticin -plates. Deletions in wild-type,

apc10-22 and cdc27-1 strains were verified by Southern hybridisation.

Double deletions of TPK genes were constructed starting from the single deletion strains.

The tpk-deletion cassette contains on both sides of the kan-R marker gene a loxP

recombination sequence from the bacteriophage P1 (Guldener et al. 1996). By

recombination of both loxP sequences, the kan-R sequence was removed from the genome

and the strain regained sensitivity to Geneticin . Afterwards another tpk deletion cassette

was transformed into the single deletion strain and the kan-R gene served as selection

marker for the second tpk-deletion. Plasmid pSH47 (Guldener et al. 1996) containing the

Cre-recombinase under control of the inducible GAL1 promoter and an URA3 selection

marker was transformed in a first step into tpk single deletion strains. Induction of the

GAL1 promoter resulted in the expression of the Cre-recombinase which performed

recombination of the loxP sequences. Loss of the kan-R marker gene was verified by

selection for Geneticin  sensitive transformants.
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Table 1. Yeast strains used in this study

strain relevant genotype
S001 wildtype strain W303

MATa, ade2-1, trp1-1, can1-100, leu2-3, 112, his3-11, 15, ura3, GAL, psi+

S095 MATa, apc10-22

S201 MATalpha, cdh1::HIS5

S211 MATa, apc10-22, cdh1::HIS5

S221 MATa, cdc27-1

S320 MATa, apc10-22, tpk1::Kan-R

S321 MATa, apc10-22, tpk2::Kan-R

S322 MATa, tpk1::Kan-R

S323 MATa, tpk2::Kan-R

S324 MATa, cdc27-1, tpk2::Kan-R

S325 MATa, apc10-22, tpk3::Kan-R

S326 MATa, cdc27-1, tpk3::Kan-R

S327 MATa, tpk3::Kan-R

S328 MATa, cdc27-1, tpk1::Kan-R

S330 MATa, tpk2::tpk1::Kan-R

S331 MATa, tpk2::tpk3::Kan-R

S332 MATa, tpk3::tpk1::Kan-R

S333 MATa, cdc27-1, tpk2::tpk1::Kan-R

S334 MATa, cdc27-1, tpk2::tpk3::Kan-R

S335 MATa, cdc27-1, tpk3::tpk1::Kan-R

S336 MATa, apc10-22, tpk2::tpk1::Kan-R

S337 MATa, apc10-22, tpk2::tpk3::Kan-R

S444 MATa, apc10-22, tpk1::tpk3::KanR

S469 MATa, GAL-HA3-CDH1::TRP1

S481 MATa, MYC18-CDC20::TRP1

Genetic techniques and media. Standard genetic techniques were used for manipulating

yeast strains. To test synthetic phenotypes, the corresponding haploid strains were crossed

resulting in diploids, which were sporulated, and then tetrads were analysed by dissection.

Only tetrads producing four germinating spores were used for the analysis of genetic

interaction.

When yeast cells were grown in complete medium, YEP medium (2% bactopeptone, 1%

yeast extract, 0.005% adeninsulfate) supplemented either with 2% glucose (YEPD), 2%

galactose (YEP+Gal) or 2% raffinose (YEP+Raf) was used. For the selection of plasmid
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containing strains, cells were grown in minimal medium, a synthetic medium containing

0.8% yeast nitrogen base, 50 µg ml-1 uracil and adenine, supplemented with amino acids

and 2% glucose or 2% raffinose (Rose 1990).

Growth conditions and cell cycle arrests. Prior to the incubation of mutant strains at

elevated temperature on agar plates, the cells were always pre-incubated at 25 °C for 12-18

hours. Prior to cell cycle arrests in liquid medium, cultures were pre-grown to an A600 0.3

to 0.6 at 25 °C. When a gene was expressed from the inducible GAL1 promoter, cells were

pre-grown in medium containing raffinose as the sole carbon source. The GAL1-10

promoter was induced by the addition of 2% galactose. To arrest cells in G1 phase with

alpha-factor pheromone, 5 µg alpha-factor ml-1 was added. For prolonged alpha-factor

treatments, additional alpha -factor was added after every 120 min to prevent a drop in the

alpha-factor concentration.

Immunoblotting. Whole cell extracts for immunoblotting were prepared as previously

described (Surana et al. 1993). Immunoblotting was performed using the enhanced

chemiluminescence detection system (ECL, Amersham). Clb2- and Cdc28- antibodies

were used in 1:1000 and 1:2000 dilutions, respectively.
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Results

Glucose and activated Ras2 proteins synergistically inhibit APC/C function

In previous experiments we showed that glucose or activated Ras2 proteins are deleterious

for temperature-sensitive mutants in APC/C subunit genes (Irniger et al. 2000). Since it

was earlier reported that glucose activates adenylate cyclase independently of Ras proteins

(Colombo et al. 1998; Thevelein and de Winde 1999), we tested whether this model may

also apply to the regulation of APC/C. We argued that if the glucose signal and Ras

proteins acted on separate pathways on adenylate cyclase, then the simultaneous activation

of both pathways may have a synergistic effect on adenylate cyclase, PKA activity and

inhibition of APC/C.

To test this model, apc10-22 mutants were transformed with a centromeric plasmid

containing either the constitutively activated RAS2Val19 allele or, as control, the empty

vector YCplac22 (TRP1 marker). Transformants were pregrown at 25 °C in minimal

medium lacking tryptophan (-Trp) and containing raffinose as sole carbon source. Then

cells were streaked to fresh -Trp plates containing either glucose or raffinose. apc10-22

mutants containing RAS2Val19 were viable at 28 °C on raffinose plates, but inviable on

glucose plates, displaying severe growth defects even at 25 °C (Fig. 1). apc10-22 cells

carrying the control plasmid were viable under these conditions. apc10-22 RAS2Val19 cells

were inviable on raffinose plates at 34 °C, a temperature tolerated by apc10-22 mutant

carrying the control plasmid. Both strains were inviable on glucose medium at this

temperature. These findings show that both glucose and activated Ras proteins interfere

with viability of apc10-22 mutants. The lethality of apc10-22 RAS2Val19 cells at 28 °C

demonstrates that glucose and the activated Ras2 protein synergistically reduce the

viability of apc10-22 mutants. Similar findings were observed for cdc27-1 mutants (data

not shown). Thus, glucose and activated Ras2 have a combined effect on APC/C function.
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Fig. 1

Glucose and the activated RAS2Val19 allele have a combined lethal effect on apc10-22 mutants.

apc10-22 mutants carrying either a centromeric plasmid with the RAS2Val19 gene or an empty vector plasmid

(YIplac22, containing the TRP1 marker) were pregrown on minimal medium lacking tryptophan and

containing raffinose as carbon source (MM-Trp+Raf). Cells were then streaked on MM-Trp plates containing

either raffinose or glucose and incubated for 2.5 days at the indicated temperatures. A wild-type strain was

used as control.

Inhibition of APC/C by activated Ras2 requires the PKA pathway

We next asked whether activated Ras proteins mediate their effect on APC/C by

cAMP/PKA or whether other pathways may be involved. Ras1 and Ras2 activate two

different signalling pathways, the cAMP/PKA pathway and the mitogen-activated protein

kinase (MAPK) pathway consisting of Cdc42/Ste20/Ste11/Ste7/Kss1/Ste12 proteins

(Mösch 2000). For invasive growth of yeast, activation of either of these pathways by Ras

was sufficient indicating that cAMP/PKA and MAPK signalling had redundant functions

in transmitting the signal from Ras to the effectors (Mösch et al. 1999).

To test whether APC/C inhibition by activated Ras may also be transmitted by both of

these pathways, we used RAS2 alleles, which contained, in addition to the activating

mutation in the Val19 codon, second-site mutations at codons 41 and 45. Exchanges of

Pro41 to Gly and Asp45 to Asn were shown to cause defects in the binding and activation

of adenylate cyclase, but these proteins were still able to activate the MAPK pathway

(Mösch et al. 1999). Thus, Ras2Val19 is able to activate both pathways, but Ras2Val19Gly41 and

Ras2Val19Asn45 functions are restricted to the MAPK pathway. Centromeric plasmids

containing either RAS2Val19, RAS2Val19Gly41, RAS2Val19Asn45 genes or no insert were transformed

into a wild-type strain and into the apc mutant strains apc10-22 and cdc27-1. The plasmid

  apc10-22
Ras2Val19

WT  apc10-22
vector

Raf 28°C

Gluc 28°CGluc 25°C

Raf 34°C

Gluc 34°C
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carrying strains were shifted to 34 °C or 30 °C, respectively, on -Trp minimal medium with

raffinose as the sole carbon source. In contrast to mutant cells carrying RAS2Val19, apc10-22

and cdc27-1 transformants with the double mutations in the RAS2 genes were viable under

these conditions (Fig. 2A,B). apc10-22 mutants containing RAS2Val19Gly41 or RAS2Val19Asn45

were also viable on glucose medium at 28 °C and therefore do not display the synergistic

phenotype observed when glucose and activated Ras2Val19 protein were combined (Fig. 2C).

We conclude that Ras2 proteins, which are defective in binding adenylate cyclase do not

affect APC/C function. Thus, the signal from Ras appears to be transmitted through cAMP

and PKA. Unlike in signalling for the induction of invasive growth, the MAPK pathway is

apparently unable to replace the cAMP/PKA pathway.
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Fig. 2

Activated R A S 2  alleles

defective in stimulating

adenylate cyclase are not lethal

for apc10-22 and  cdc27-1

mutants.

A, B) Centromeric plasmids

carrying either the RAS2Val19,

RAS2Val19Gly41,  RAS2Val19Asn45

genes or the empty plasmid

Ycplac22 (containing TRP1 as

selectable marker) were

transformed into a wild-type

strain and the apc10-22 and

cdc27-1 mutant strains.

Transfomants were pregrown

on MM-Trp+Raf medium at 25

°C, then streaked onto fresh

plates and shifted to semi-

permissive temperatures, 34 °C

for apc10-22 mutants (A) and

30 °C for cdc27-1 mutants (B).

Plates were incubated for 2.5

days.

C) Transformants of apc10-22

mutants were streaked onto

MM-Trp plates containing

either glucose or raffinose and

incubated at 28 °C for 2.5

days.

D) Wild-type and apc10-22 mutants were transformed with centromeric plasmids containing the STE11-4

allele or the empty plasmid Ycplac50 (with URA3 as selectable marker). Transformants were pregrown on

MM-Ura+Raf at 25 °C, streaked to fresh plates containing either glucose or raffinose and incubated at 34 °C

for 2.5 days.

Activation of the MAPK pathway does not influence apc mutants

To further elucidate whether the MAPK pathway may cause APC/C inhibition, we

transformed apc10-22 mutants with plasmids carrying a hyperactive STE11 allele, STE11-

A

B

C

apc10-22
Ras2Val19

apc10-22
  vector

apc10-22
Ras2Val19Gly41

apc10-22
Ras2Val19Asn45

Raf 28°CGluc 28°C

apc10-22
STE11-4

apc10-22
  vector

WT
vector

WT
  STE11-4

Gluc 34°C Raf 34°C

D

WT
vector

WT
Ras2Val19Asn45

WT
Ras2Val19

WT
Ras2Val19Gly41

Raf 34°C

cdc27-1
vector

cdc27-1
Ras2Val19Asn45

cdc27-1
Ras2Val19

cdc27-1
Ras2Val19Gly41

Raf 30°C

apc10-22
Ras2Val19Asn45

apc10-22
Ras2Val19Gly41

apc10-22
RasVal19

apc10-22
vector

Raf 34°C
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4 (Stevenson et al. 1992), on the centromeric plasmid YCp50. The Ste11 protein kinase is

one component of the MAPK signalling cascade. We argued that APC/C inhibition caused

by highly active MAPK signalling would interfere with viability of apc mutants, as seen

for Ras2Val19. Transformants carrying plasmids with either the STE11-4 allele or no insert

were tested on minimal medium containing raffinose as the sole carbon source. We found

that apc10-22 containing STE11-4 produced colonies on raffinose plates, similar to mutant

strains with the empty vector (Fig. 2D). Mutant cells containing either of the plasmids were

inviable on glucose plates. Thus, APC/C is apparently not affected, neither positively nor

negatively, by activation of the MAPK cascade.

These results underline the model that APC/C inhibition caused by activated Ras signalling

is mediated exclusively by the PKA pathway and not by the MAPK pathway.

Each of the Tpk1-3 proteins is sufficient for APC/C inhibition in response to glucose

Previous findings have shown that for some of the functions of yeast PKA, the Tpk1, Tpk2

and Tpk3 proteins are redundant, whereas other processes, such as the regulation of

pseudohyphal growth, require one specific Tpk protein (Robertson and Fink 1998;

Robertson et al. 2000). To test the role of the three Tpk proteins in APC/C inhibition, we

constructed apc10-22 and cdc27-1 mutants containing either single deletions or double

deletions of TPK genes. We argued that if APC/C inhibition were mediated by a specific

Tpk protein then a deletion of the corresponding gene would abolish lethality of apc

mutants upon shift to glucose medium.

A cdc27-1 strain, cdc27-1 strains containing single tpk deletions (cdc27-1 tpk1∆, cdc27-1

tpk2∆, cdc27-1 tpk3∆) or double tpk deletions (cdc27-1 tpk1∆  tpk2∆, cdc27-1 tpk1∆ 

tpk3∆, cdc27-1 tpk2∆  tpk3∆) were incubated on YEP plates containing either glucose or

raffinose at 30 °C, a semi-permissive temperature for cdc27-1 mutants.  All cdc27-1 strains

were viable at 30 °C on raffinose medium, but failed to form colonies in the presence of

glucose (Fig. 3A).  Similarly, apc10-22 mutant and each of the tpk double deletions grew

on raffinose medium, but were inviable on YEPD at the semi-permissive temperature, 34

°C (Fig. 3B). These results show that single or double deletions of TPK genes do not affect

the viabilty of apc mutants. Thus, it appears that each of the TPK genes is sufficient for

signal transmission from glucose to APC/C suggesting that the three TPK genes fulfill a

redundant function in this process.
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 Fig. 3

One Tpk protein is sufficient for APC/C inhibition in response to glucose.

A) cdc27-1 mutants strains deleted for a single TPK gene (cdc27-1 tpk1∆ , cdc27-1 tpk2∆,  cdc27-1 tpk3∆ )

or deleted for two TPK genes (cdc27-1 tpk1∆  tpk2∆ , cdc27-1 tpk1∆  tpk3∆,  cdc27-1 tpk2∆  tpk3∆) were

pregrown on YEP+Raf plates at 25 °C, then streaked to fresh YEP+Glu or YEP+Raf plates and incubated at

either 25 °C or 30 °C for 2.5 days.

B) apc10-22 mutants deleted for two TPK genes (apc10-22 tpk1∆  tpk2∆ , apc10-22  tpk1∆  tpk3∆,  apc10-22

tpk2∆  tpk3∆) were treated as in (A), but incubated either at 25 °C or 34 °C.

To further test the effect of glucose on apc mutants containing only a single TPK gene,

cdc27-1 and cdc27-1 tpk double deletion strains were first pregrown in raffinose medium

at 28 °C. Under these conditions, cdc27-1 mutants undergo cell cycle progression without

obvious defects when using raffinose as carbon source. Cultures were split in two halfes

and either glucose or, as control, the poor carbon source galactose were added. We argued

that glucose induced inhibition of APC/C function would block cdc27-1 cells in mitosis.

To monitor whether glucose causes cdc27-1 mutants to arrest in mitosis, alpha-factor was

added and the cultures were further incubated at 28 °C. Alpha-factor induces cells to arrest

as unbudded cells in G1-phase. We found that cdc27-1 as well as cdc27-1 strains

containing only one TPK gene were blocked in mitosis upon glucose addition (Fig. 4A,B).

After 3 hours of incubation in the presence of pheromone, 40- 70% of cells were still large-

budded. In contrast, most cells arrested in G1-phase as unbudded cells in the cultures
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treated with galactose, similar to wild-type cells. In these cultures, the amount of budded

cells rapidly decreased after alpha-factor addition. Importantly, each of the cdc27-1 tpk

double deletion strains shows a similar phenotype as the cdc27-1 strain upon glucose or

galactose addition.

To test whether indeed APC/C- mediated proteolysis is impaired in the cdc27-1 tpk double

deletion strains upon treatment with glucose, we determined protein levels of the mitotic

cyclin Clb2, a substrate of APC/C. Clb2 levels were analysed by immunoblotting before

and three hours after pheromone treatment. Before alpha-factor addition, Clb2 is present in

all cultures, but Clb2 protein levels are marginally higher in cdc27-1 mutant strains treated

with glucose (Fig. 4C). After alpha-factor addition Clb2 levels dropped to low levels in

wild-type cells and in cdc27-1 cells incubated in galactose medium. In contrast, cyclin

levels remained on higher levels in cdc27-1 cells grown in glucose medium  (Fig. 4D). In

cdc27-1 tpk1∆  tpk3∆ cells, Clb2 levels were similarly as in cdc27-1 cells, but partially

decreased in the other double tpk deletion strains. These results indicate that Tpk2 has a

more potent function than Tpk1 and Tpk3 in APC/C regulation. However, Clb2

degradation was at least partially affected in each cdc27-1 strain with double tpk deletions

in the presence of glucose. Thus, the inhibitory signal from glucose to APC/C is

transmitted in each of these strains.

Taken together, these results show that one single Tpk protein is sufficient for APC/C

inhibition in response to glucose and that Tpk2 may be particularly efficient in this

process.
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Fig. 4

One Tpk protein is sufficient for the mitotic arrest of cdc27-1 mutants.

A wild-type strain, a cdc27-1 mutant strain and cdc27-1 mutants deleted for two TPK genes (cdc27-1 tpk1∆ 

tpk2∆ , cdc27-1 tpk1∆  tpk3∆,  cdc27-1 tpk2∆  tpk3∆) were pregrown on YEP+Raf medium at 28 °C. Then,

either 2% glucose or 2% galactose was added and cells were further incubated for 5 hours at the same

temperature. Subsequently, alpha-factor was added to arrest cells, which are able to complete mitosis, in G1

phase.

A) Percentage of budded cells at the indicated time points after alpha-factor addition.  Values are an average

of three independent experiments. B) Photographs of cells of the indicated strains grown on galactose or

glucose medium before alpha-factor addition (left) and 5 hours after alpha-factor addition (right).

C, D) Immunoblotting of Clb2 protein levels before (C) or after (D) alpha-factor addition using Clb2

antibodies. Cdc28 was used as loading control.

Overexpression of TPK genes is deleterious to apc mutants

To further test whether Tpk proteins may mediate APC/C inhibition with different

efficiencies, we determined the effects of high levels of Tpk proteins on the viability of apc

mutants. cdc27-1 and apc10-22 mutants were transformed with high-copy plasmids

containing either the TPK1, TPK2 or TPK3 genes. The viability of these mutants at

elevated temperatures was determined on -Ura minimal medium containing raffinose (Fig

5). Consistent with our data suggesting that Tpk2 efficiently inhibits APC/C (Fig. 4D), we

found that overexpression of TPK2 caused a distinct reduction of the viability of apc

mutants. In contrast, the TPK1 containing plasmid only marginally affected apc mutants.

Remarkably, overexpressed TPK3 also efficiently interferes with the viability of these

mutants. Previously, Tpk3 was shown to have a low catalytic activity, but this was

apparently due to the poor expression of the TPK3 gene (Mazon et al. 1993). When present

in high levels, Tpk3 also appears to have high catalytic activity and thereby efficiently

inhibits APC/C function. Since TPK3 is only expressed to low levels in cells containing

single copies of TPK genes, Tpk2 is apparently the most efficient Tpk protein in mediating

APC/C inhibition in response to activation of the cAMP/PKA signalling pathway.
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Fig. 5

Different effects of overexpressing different TPK genes on cdc27-1 and apc10-22 mutants.

cdc27-1 and apc10-22 mutants carrying either TPK1, TPK2, TPK3 or no insert in a high-copy plasmid (with

URA3 as selectable marker) were streaked to minimal medium lacking uracile and containing raffinose as

carbon source. Plates were incubated at (A) 30 °C or (B) 35 °C for 2.5 days. A wild-type strain was used as

control.

Glucose affects APC/C independently of the regulatory protein Cdh1

Cdh1 and Cdc20 are regulatory proteins of APC/C and we addressed the question whether

the cAMP/PKA pathway affects APC/C function by regulating these proteins. To find out

whether PKA may regulate APC/C activity via Cdh1, we first tested the ability of PKA to

phosphorylate Cdh1. Cdh1 was previously shown to be phosphorylated by Cdk1 and this

modification can be monitored by mobility shifts in immunoblots (Zachariae et al. 1998).

In G1 cells, Cdk1 is inactive and Cdh1 is not phosphorylated. This allowed us to test

whether Tpk proteins are able to trigger Cdh1 phosphorylation. We induced the expression

of either TPK1, TPK2 or TPK3 genes in alpha-factor arrested G1 cells and analysed the

mobility of Cdh1 by immunoblotting. In contrast to cycling cells, no slower migrating

forms of Cdh1 were detectable upon the expression of TPK genes to high levels, indicating

that Cdh1 is not a target of Tpk proteins (Fig. 6A).

We tested the possible role of Cdh1 in PKA-mediated APC/C regulation by an alternative

experiment, by constructing apc10-22 mutants lacking the non-essential CDH1 gene. We

argued that if PKA regulates APC/C activity predominantly by Cdh1 phosphorylation, then

a deletion of CDH1 would abolish the lethal effect of glucose on apc10-22 mutants. apc10-

22 cdh1∆ mutants were tested with regard to their viability on glucose and raffinose
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medium. On glucose medium, apc10-22 and the double mutant apc10-22 cdh1∆ were

unable to grow at 34 °C (Fig. 6B). Both strains were viable on YEP+Raf medium at this

temperature. Thus, the absence of the regulatory protein Cdh1 has no influence on the

viability of apc10-22 mutants on glucose or raffinose medium. These results indicate that

inhibition of APC/C activity in response to glucose occurs independently of Cdh1.

Evidence for Cdc20 as potential target of the cAMP/PKA pathway

We next aimed to determine whether cAMP/PKA-mediated inhibition of APC/C function

may involve the Cdc20 protein. Cdc20 protein levels are cell cycle regulated by

transcriptional and post-transcriptional mechanism (Harper et al. 2002). We first tested

whether high PKA activity affects Cdc20 protein levels. A yeast strain containing an N-

terminally Myc-tagged Cdc20 (Myc18-Cdc20; (Shirayama et al. 1998) was transformed

with high-copy plasmids containing either GAL-TPK1 or GAL-TPK2 fusions. Cells were

then grown in raffinose medium and arrested in metaphase with the microtubule-

depolymerising drug nocodazole. In this period of the cell cycle, Cdc20 protein levels are

normally high (Shirayama et al. 1998). To determine whether the overexpression of TPK1

or TPK2 genes affects Cdc20 protein levels, galactose was added and Cdc20 was analysed

by immunoblotting (Fig. 6C). We found that Cdc20 protein remained on equal levels under

conditions of low or high PKA activity.

We then addressed the question whether Cdc20 function may be affected by PKA activity.

We argued that if this were the case, then the inhibitory effect of activated Ras2Val19 on apc

mutants may be reduced by the overexpression of CDC20. To test this, a cdc27-1 mutant

containing both RAS2Val19 and GAL-CDC20 on centromeric plasmids was pregrown in

raffinose medium at 25 °C, streaked to either raffinose or galactose plates and incubated at

30°C. Microscopic examination of cells showed that high levels of Cdc20 allowed many

cells to form colonies (Fig. 6D), albeit distinctly more slow than wild-type cells. Thus,

high levels of Cdc20 partially suppress the inhibitory influence of activated Ras signalling

on the viability of cdc27-1 mutants. These results provide evidence that the activation of

the cAMP/PKA pathway affects APC/C, at least in part, via the Cdc20 regulatory protein.
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Fig. 6

APC/C inhibition in response to glucose occurs independently of Cdh1, but may involve Cdc20.

A) Strains containing a GALL-HA3-CDH1 construct and carrying either a GAL-TPK1, GAL-TPK2 or GAL-

TPK3 fusion or no insert on a 2µ plasmid (with URA3 as selectable marker) were pregrown in MM-Ura+Raf

medium. Alpha-factor was added to arrest cells in G1 phase. Then galactose was added to express the

corresponding fusion genes and cells were incubated for 2 hours. Cdh1 protein was analysed by

immunoblotting using the HA antibody. A cycling culture was used as control for the detection of

phosphorylated Cdh1.

B) cdh1∆ , apc10-22 and apc10-22 cdh1∆ strains were pregrown on YEP+Raf plates at 25 °C, streaked to

fresh YEP+Raf or YEP+Glu plates and then incubated at either 25 °C or 34 °C for 2.5 days.

C) A strain containing an N-terminally Myc18-tagged CDC20 gene and either GAL-TPK1 or GAL-TPK2

fusion or no insert on a 2µ plasmid (with URA3 as selectable marker) were pregrown in MM-Ura+Raf

medium. Nocodazole was added to arrest cells in mitosis. Then galactose was added to express the

corresponding fusion genes and cells were incubated for 2 hours. Cdc20 protein was analysed by

immunoblotting using the MYC antibody.

D) A cdc27-1 mutant carrying a centromeric plasmid containing a GAL-CDC20 (with URA3 as selectable

marker) and a centromeric plasmid containing RAS2Val19 (with TRP1 as selectable marker) were pregrown on

minimal medium lacking uracile and tryptophan and containing raffinose at 30°C. Cells were then streaked to

minimal medium lacking uracile and tryptophan and containing raffinose and galactose to induce CDC20

expression. Cells were incubated at 30 °C and photographed after 40 hours incubation.
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Discussion

The activity of the anaphase-promoting complex/cyclosome (APC/C) is controlled during

the cell cycle by a variety of positive and negative regulators (Zachariae and Nasmyth

1999; Harper et al. 2002; Peters 2002). One of these regulatory factors is cAMP-dependent

protein kinase, also known as protein kinase A (PKA), which inhibits APC/C activity in

yeast and mammalian cells.

In Saccharomyces cerevisiae, PKA can be stimulated by a shift to glucose medium or by

the activation of Ras proteins (Thevelein and de Winde 1999). We have presented genetic

data showing that glucose and dominantly active Ras2Val19 proteins, the equivalent to the

oncogenic mammalian RasVal12, severely reduce the viability of apc mutants in a synergistic

manner. We suggest that the expression of the RAS2Val19 allele in combination with growth

on glucose medium causes an efficient activation of adenylate cyclase, resulting in

enhanced PKA activity and potent inhibition of APC/C. Our findings are consistent with

the model proposing that glucose stimulates adenylate cyclase independently of Ras1 and

Ras2 (Colombo et al. 1998).

We also showed that APC/C inhibition in response to activated Ras2 proteins seems to

occur exclusively via cAMP and PKA, but not by the MAPK pathway. Furthermore, we

found that Tpk1, Tpk2 and Tpk3 have overlapping roles in APC/C inhibition suggesting

that each of the Tpk proteins is capable to take over this function in response to a shift to

glucose medium. However, our data provide evidence that Tpk2 performs this function

more efficiently than Tpk1 or Tpk3 (Fig. 4D). This effect might be explained by the

findings that these kinases have distinctly different catalytic activities (Toda et al. 1987;

Mazon et al. 1993; Zahringer et al. 1998). Indeed, Tpk2 was shown to have higher

catalytic activity than Tpk1 and Tpk3. For Tpk3, this is apparently due to its poor

expression (Mazon et al. 1993). This is consistent with our data, showing that TPK3,

similar to TPK2, mediates efficient APC/C inhibition when overexpressed (Fig. 5). In

conclusion, Tpk proteins have overlapping functions in APC/C inhibition but obviously

have different efficiences under normal expression levels.

Genetic and biochemical data suggest that PKA-mediated inhibition of APC/C is

conserved in eukaryotes from yeast to mammals (Yamashita et al. 1996; Yamada et al.

1997; Kotani et al. 1998; Anghileri et al. 1999; Kotani et al. 1999). In budding and fission

yeast, it remains to be shown whether PKA directly phosphorylates APC/C subunits, as

shown in vitro with the reconstituted mammalian APC/C (Kotani et al. 1998). Most yeast
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APC/C subunits contain consensus phosphorylation sites for PKA (Kennelly and Krebs

1991). Remarkably, 28 potential sites were found for the Apc1 subunit, and 7-8 sites for

three other subunits. An important task in the future will be to find out how PKA inhibits

APC/C activity. In mammalian cells, it was shown that the activator protein Cdc20 was

unable to bind APC/C when the complex was preincubated with PKA. Thus, PKA may

inhibit APC/C function by modifying critical subunits required for the binding of Cdc20,

thereby preventing its association with the core complex. Our results showing that high

levels of Cdc20 partially suppress the inhibitory effect of RAS2Val19 (Fig. 6D) are consistent

with such a model.

It will be an interesting task to elucidate which intra- or extracellular signals regulate PKA

during mitosis. The growth medium appears to be one of these signals (Anghileri et al.

1999; Irniger et al. 2000). The availability of rich carbon sources such as glucose may

cause a delay in the progression through mitosis, by activation of PKA and inhibition of

APC/C. Such a model is consistent with the findings that daughter cells are born at larger

cell size on rich medium (Alberghina et al. 1998). PKA-mediated inhibition of APC/C may

also be a mechanism for the delay in mitosis during pseudohyphal growth (Kron et al.

1994; Rua et al. 2001). Other intra- or extracellular signals may be transmitted by Ras

proteins. Taken together, the cAMP/PKA pathway represents a suitable system for the

integration of multiple signals which are then communicated to the cell cycle machinery.
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Chapter 3

Inhibition of APC-mediated proteolysis by the meiosis-specific

protein kinase Ime2

Abstract

Proteolysis triggered by the anaphase-promoting complex (APC) is needed for sister

chromatid separation and the exit from mitosis. APC is an ubiquitin-ligase whose activity

is tightly controlled during the cell cycle. To identify factors involved in the regulation of

APC-mediated proteolysis, a Saccharomyces cerevisiae GAL-cDNA library was screened

for genes whose overexpression prevented degradation of an APC target protein, the

mitotic cyclin Clb2. Genes encoding G1-, S- and mitotic cyclins were identified, consistent

with previous data showing that the cyclin-dependent kinase Cdk1 associated with

different cyclins is a key factor for inhibiting APCCdh1 activity from late G1-phase until

mitosis. In addition, the meiosis-specific protein kinase Ime2 was identified as a negative

regulator of APC-mediated proteolysis. Ectopic expression of IME2 in G1 arrested cells

inhibited the degradation of mitotic cyclins and of other APC substrates. IME2 expression

resulted in the phosphorylation of Cdh1 in G1 cells indicating that Ime2 and Cdk1 regulate

APCCdh1 in a similar manner. The expression of Ime2 in cycling cells inhibited bud

formation and caused cells to arrest in mitosis. We further show that Ime2 is itself an

unstable protein, whose proteolysis occurs independently of the APC and SCF ubiquitin-

ligases. Our findings suggest that Ime2 represents an unstable, meiosis-specific regulator of

APCCdh1.
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Introduction

Crucial processes in the cell cycle, such as initiation of DNA replication, separation of

sister chromatids and exit from mitosis, depend on proteolytic degradation of critical

regulatory proteins (Peters 1998; Jorgensen and Tyers 1999; Zachariae 1999). Ubiquitin-

ligases play essential roles in these degradation processes. These enzymes catalyse the

formation of chains of ubiquitin on their substrates, targeting them thereby for degradation

by the 26S proteasome (Hochstrasser 1996). The anaphase-promoting complex (APC), also

known as cyclosome, is a multi-subunit complex acting as ubiquitin-ligase (Morgan 1999;

Zachariae and Nasmyth 1999). APC is essential for mitosis and its activity is tightly cell

cycle regulated. Its activation at the metaphase/anaphase transition requires its association

with the activator protein Cdc20. APCCdc20 triggers proteolytic degradation of the securin

Pds1. Upon Pds1 proteolysis, the separase Esp1 is liberated, cleaves the cohesin subunit

Scc1 and thereby triggers sister chromatid separation (Nasmyth et al. 2000). APCCdc20 also

initiates proteolysis of the S-phase cyclin Clb5 and a fraction of mitotic cyclins (Shirayama

et al. 1999; Bäumer et al. 2000; Yeong et al. 2000). APCCdc20 activation is inhibited by the

spindle assembly checkpoint which prevents sister chromatid separation upon defects in

the mitotic spindle or in the attachment of kinetochores (Amon 1999).

Cdh1 (also termed Hct1) is related to Cdc20 and is needed for complete degradation of

mitotic cyclins (Schwab et al. 1997; Visintin et al. 1997). Cdh1’s potential to associate

with the APC is controlled by phosphorylation (Visintin et al. 1998; Jaspersen et al. 1999).

The cyclin-dependent kinase Cdk1 phosphorylates Cdh1, thereby preventing its interaction

with APC. A Cdk1-antagonising phosphatase, Cdc14, is kept inactive in the nucleolus for

most of the cell cycle (Shou et al. 1999; Visintin et al. 1999). Its release during anaphase

promotes APCCdh1 complex formation, and also induces transcription and stabilisation of

the Cdk1 inhibitor Sic1 (Visintin et al. 1998). Thus, Cdc14 activates two mechanisms,

cyclin proteolysis and Cdk1 inhibition, both resulting in Cdk1 inactivation and exit from

mitosis. APCCdh1 remains active in the subsequent G1-phase and is turned off at the G1/S

transition by Cdk1 phosphorylating the Cdh1 protein (Amon et al. 1994; Zachariae et al.

1998).

Recent data showed that APC is also important for meiotic cell divisions. During meiosis,

two rounds of chromosome segregation follow one round of DNA duplication. Little is

known about APC regulation during meiosis. Pds1 is degraded during meiosis I in an

APCCdc20 dependent manner, reaccumulates and disappears again in meiosis II (Salah and
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Nasmyth 2000). Furthermore, destruction of the cyclin Clb1 seems to be mediated by a

meiosis-specific activator related to Cdc20/Cdh1, Ama1 (Cooper et al. 2000).

We performed a genetic screening to identify factors involved in the APC regulation. We

screened for cDNAs whose expression in G1-phase inhibit proteolysis of a fusion protein

of the mitotic cyclin Clb2 with lacZ. Various cyclins and the meiosis-specific protein

kinase Ime2 were identified as proteins which stabilised Clb2-lacZ. Ectopic expression of

IME2 in G1 cells stabilised mitotic cyclins and other APC substrates. Since Ime2

accumulation caused phosphorylation of Cdh1, Ime2 may be involved in APCCdh1

regulation during meiosis.
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Materials and Methods

Yeast strains and plasmids. All strains are derivatives of the S. cerevisiae W303 strain.

Strains carrying HA-tagged versions of Clb2 (Zachariae et al. 1998), Clb3 (Irniger and

Nasmyth 1997), Pds1 (Cohen-Fix et al. 1996) and Cdh1 (Zachariae et al. 1998) were

described. A 2.8kb fragment containing the GAL-IME2 fusion was cloned from the CEN-

plasmid, isolated from the GAL-cDNA library, into integrative plasmids YIplac204 and

Yiplac211 (Gietz and Sugino 1988). For integrations, plasmids were linearised by Bsu36I

and transformed into yeast cells. To tag the IME2 gene, a XbaI restriction site was

introduced upstream of the stop codon of IME2 in the plasmid YIplac204-GAL-IME2. Six

copies of the HA-fragment were cloned as a XbaI-fragment into this site.

Growth conditions and cell cycle arrests. Prior to gene expression from the GAL1

promoter, cells were grown in raffinose medium. The GAL1 promoter was induced by the

addition of galactose (2% final concentration). To turn off the GAL1 promoter, cells were

filtered and resuspended in medium containing 2% glucose.

Strains lacking the G1 cyclins CLN1, CLN2 and CLN3, but containing CLN2 expressed

from the methionine-repressible MET3 promoter were cultivated in minimal medium

lacking methionine. To arrest these cells in G1, methionine was added to a final

concentration of 2 mM. To arrest cells in G1 with α-factor pheromone, cultures were

incubated for 2.5 hours in the presence of 5 µg/ml α-factor. To arrest cells in metaphase,

cultures were incubated for 2 hours in the presence of 15 µg/ml nocodazole.

Screening for cDNAs stabilising Clb2-lacZ. A strain lacking all G1 cyclins (cln1, cln2,

cln3) containing MET-CLN2 and GAL-CLB2-lacZ gene fusions (S65) was transformed

with a GAL-cDNA library (Liu et al. 1992) on a centromeric plasmid (URA3 marker).

Transformants were plated on minimal medium plates lacking methionine and uracil.

Colonies were transferred to nylon filters and arrested in G1-phase by placing filters on

plates containing 2 mM methionine. After 3 hours, filters were transferred to plates

containing 2% galactose and 2 mM methionine. After 2.5 hours, filters were frozen in

liquid nitrogen and colonies were analysed for beta-galactosidase activity. Blue colonies

were collected. Plasmids of these colonies were retested and analysed by restriction and

sequencing. Since the expression of cDNAs encoding APC inhibitors likely results in cell
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cycle defects, plasmids were transformed into wild-type cells and only plasmids producing

cell cycle phenotypes on galactose plates were further analysed.

Immunoblot, immunofluorescence and FACS analysis. Preparation of yeast cell extracts

and protein immunoblot analysis were performed as described (Surana et al. 1993). The

enhanced chemiluminescence detection system was used. For indirect

immunofluorescence, cells were fixed in 3.7% formaldehyde. Spheroplasts were prepared

as described (Pringle et al. 1991). DAPI (4’,6-diamidino-2-phenylindole) staining and anti-

tubulin antibodies were used for visualisation of nuclei and spindles respectively. FACS

analysis was performed as described (Epstein and Cross 1992).
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Results

A screen for cDNAs inhibiting cyclin degradation in S. cerevisiae. To identify putative

regulators of the APC, we screened for genes whose ectopic expression inhibited the

degradation of a Clb2-lacZ fusion protein in G1 arrested cells. To arrest cells in G1-phase,

we used a strain deleted of the G1 cyclins CLN1, CLN2, CLN3, and containing a

methionine repressible MET3-CLN2 gene fusion, which caused cells to arrest in G1 upon

methionine addition. This strain, also containing a GAL-CLB2-lacZ gene fusion (Irniger et

al. 1995), was transformed with a yeast cDNA library expressed from the GAL1 promoter

(Liu et al. 1992). About 105 plasmid carrying colonies were screened. Colonies were

arrested on plates containing methionine and then transferred to galacatose plates to

express simultaneously the GAL-CLB2-lacZ and GAL-cDNA constructs. Cells impaired in

cyclin proteolysis were expected to produce blue colonies on galactose medium, in contrast

to white colonies produced by cells with normal APC activity.

Plasmids from blue colonies were retransformed into a wild-type strain and those plasmids

causing cell cycle defects on galactose plates were further analysed. They contained the

complete open reading frames from the G1 cyclin gene CLN2, the B-type cyclin genes

CLB1, CLB3 and CLB5, and a truncated CLB1 cDNA lacking the N-terminal 120 amino

acids, CLB1-dN. In addition, we identified plasmids containing the entire open reading

frame of IME2, encoding a meiosis-specific protein kinase with sequence similarities to

cyclin-dependent kinases (Mitchell et al. 1990; Yoshida et al. 1990). Immunoblotting

showed that the expression of these cDNAs caused the accumulation of Clb2-lacZ protein

in G1 arrested cells (Fig. 1A). Except the strain expressing CLN2, cells remained mostly

arrested as unbudded cells (not shown).

The identification of CLB1 and CLB1-dN cDNAs prompted us to compare the potential of

full-length and truncated Clb1 protein to stabilise Clb2. In contrast to Clb1, Clb1-dN is

thought to be stable in G1 cells, because it lacks the region encompassing the cyclin

destruction box. It can therefore efficiently accumulate and activate Cdk1. We co-

expressed CLB2 and either CLB1 or CLB1-dN in α -factor arrested G1 cells. Cells

expressing full-length CLB1 accumulated only low amounts of Clb2, but CLB1-dN caused

Clb2 accumulation to high levels (Fig. 1B). Promoter shutoff experiments demonstrated

that Clb2 was stabilised by Clb1-dN (Fig. 1C). These results show that Clb1-dN, but not
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Clb1 efficiently inhibits Clb2 degradation. Thus, high Cdk1 activity apparently correlates

with a high capacity to inhibit Clb2 degradation.

Our identification of G1-, S- and mitotic cyclins as negative regulators of Clb2 proteolysis

is consistent with earlier data demonstrating that Cdk1 inhibits APCCdh1 from late G1 until

anaphase (Amon 1997).

Fig. 1

Ectopic expression of various cyclin genes and of IME2 inhibits Clb2 proteolysis in G1 cells.

A) A S. cerevisiae strain deleted for all G1 cyclins (cln1, cln2, cln3), containing MET-CLN2 and GAL-CLB2-

lacZ gene fusions (S65) was retransformed with centromeric plasmids isolated from the screening of the

GAL-cDNA library. Plasmids contained cDNAs of either the CLN2, CLB1, CLB1-dN (N-terminal 120 amino

acids deleted), CLB3, CLB5 or IME2 genes. Cells were arrested in G1-phase by methionine addition and

genes were expressed by galactose addition. Clb2-lacZ protein was detected by immunoblotting with Clb2

antibodies before (-) and 2,5 hours after galactose addition (+). Cdc28 (Cdk1) was used as loading control.

B) A bar1 deletion strain containing GAL-CLB2 (S61) was transformed with centromeric plasmids

containing either GAL-CLB1, GAL-CLB1-dN or a control plasmid. Cells were arrested in G1 with α-factor.

Galactose was added and cells were incubated for 2 hours. C) Cells containing the GAL-CLB1-dN plasmid

were transferred to glucose medium 60 min after galactose addition to turn off the GAL1 promoter (0 time

point).

Ectopic expression of IME2 stabilises cyclins Clb2 and Clb3. Our screening revealed

that IME2 expression displayed a phenotype similar to the expression of cyclins. Thus,

Ime2 may like Cdk1 inhibit APC-mediated proteolysis. To analyse the effect of Ime2 in

more detail, a GAL-IME2 gene fusion was integrated into yeast cells. Cells containing a

single integration of GAL-IME2 were only modestly affected when grown on galactose

medium, but cells carrying five copies of this construct displayed significant cell cycle
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defects (see below). Therefore, this strain was used for further experiments.

To test whether ectopic expression of IME2 affects Clb2 proteolysis in G1-phase, cells

containing both GAL-CLB2 and GAL-IME2 constructs were arrested in G1 by α-factor

pheromone. Then CLB2 and IME2 expression was induced by galactose. The simultaneous

expression of both genes caused the accumulation and stabilisation of Clb2, in contrast to

cells containing only the GAL-CLB2 construct (Fig. 2A, B). IME2 overexpression

resembles thereby the phenotype of cells expressing CLB1-dN in G1-phase (Fig. 1). It is

known that the expression of stable cyclins induces G1 cells to enter into S-phase (Amon

et al. 1994). The co-expression of IME2 and CLB2 caused many of the G1 arrested cells to

initiate DNA replication (Fig. 2C), but cells did not start budding (not shown). Thus, the

activity of the meiosis-specific kinase IME2 inhibits Clb2 proteolysis and causes entry into

S-phase.

We next tested whether Ime2 stabilises other mitotic cyclins. Unlike CLB2, CLB3 is a

cyclin gene expressed also during meiosis (Grandin and Reed 1993; Dahmann and Futcher

1995). CLB3 and IME2 were expressed in G1 arrested cells. Clb3 accumulated to only low

levels in the absence of Ime2, but the co-expression of both genes resulted in the

accumulation and stabilisation of Clb3 (Fig. 2D). The appearance of Clb3 caused cells to

initiate DNA replication (Fig. 2E).

These results show that Ime2 inhibits proteolysis of at least two mitotic cyclins.
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Fig. 2

Ectopic expression of IME2 inhibits degradation of mitotic cyclins and of securin Pds1.

A) Strains containing bar1  deletions and either GAL-CLB2 (S57) or GAL-CLB2 GAL-IME2 (S381)

constructs (CLB2 C-terminally tagged with the HA-epitope) were arrested in G1-phase with α-factor for 2,5

hours. Galactose was added (0 time point) and cells were incubated for 120 min. HA-tagged Clb2 was

detected by immunoblotting using the anti-HA antibody (12CA5). Cdc28 was used as loading control. B)

Strains S57 and S381 were arrested with α-factor for 2,5 hours. Galactose was added and after 1.5 hours,

cells were filtered and transferred to glucose medium containing α-factor (0 time point). cyc, cycling cells

treated with galactose for 1,5 hours C) DNA content of samples collected either before galactose addition (-

gal) or 80 min after glucose addition. D) Strains containing bar1 deletions and either GAL-CLB3 (S56) or

GAL-CLB3 GAL-IME2 (S416) constructs (CLB3 C-terminally HA-tagged) were treated as in (B). E) DNA

content. F) Strains containing bar1 deletions and either GAL-PDS1 (S206) or GAL-PDS1 GAL-IME2 (S415)

constructs (PDS1 C-terminally HA-tagged) were treated as in (B). G) DNA content. H) Strain S415 was

transformed with either a high-copy plasmid carrying the SIC1 gene or an empty plasmid. Transformed

strains were treated as in (B) except that synthetic medium lacking leucine was used for plasmid selection. I)

Strains containing bar1 deletions and either GAL-CDC5 (S88) or GAL-CDC5 GAL-IME2 (S417) constructs

(CDC5 C-terminally HA-tagged) were arrested with α-factor and galactose was added. Samples before (-) or

2 hours after (+) galactose addition were collected.

Ime2 inhibits proteolysis of APC substrates Pds1 and Cdc5. We next tested whether

IME2 overexpression causes the stabilisation of a non-cyclin APC substrate, the anaphase

inhibitor protein Pds1. GAL-PDS1 and GAL-IME2 gene fusions were transiently co-

expressed in G1 arrested cells. Whereas Pds1 rapidly disappeared in cells expressing only

 GAL-CLB2

B cyc    -gal        0        20      40      60      80     t (min)

 Clb2

Cdc28

 GAL-CLB2
 GAL-IME2

Clb2

Cdc28

 GAL-CLB3
Clb3

Cdc28

 GAL-CLB3
 GAL-IME2

Clb3

Cdc28

D
cyc    -gal        0        20       40        60       80    t (min)

 GAL-CLB2
 GAL-IME2

Clb2

Cdc28

 A
Clb2

Cdc28

 GAL-CLB2

 cyc      0        30       60       90       120    t (min) C

-gal

80 GAL-CLB2

C1 C2

-gal

80 GAL-CLB2
GAL-IME2

E

C1 C2

-gal

80
GAL-CLB3

-gal

80 GAL-CLB3
GAL-IME2

C1 C2

G

-gal

80
GAL-PDS1

GAL-PDS1
GAL-IME2

-gal

80

F

GAL-PDS1
Pds1

Cdc28

cyc    -gal       0        20       40       60       80    t (min)

GAL-PDS1
GAL-IME2

Pds1

Cdc28

GAL-PDS1
GAL-IME2

Cdc28

Pds1

+ empty vector + 2µ−SIC1

 0       20       40        60       80    t (min) 0       20      40       60       80

H

cyc    -       +      cyc     -       + 

GAL-CDC5
GAL-IME2

GAL-CDC5

Cdc5

I



Chapter3
______________________________________________________________________

61

PDS1, the simultaneous expression of PDS1 and I M E 2 resulted in a partial, but

reproducible stabilisation of Pds1 within 20 min after the promoter shutoff (Fig. 2F). This

experiment shows that ectopic expression of IME2 delays Pds1 degradation in G1 cells.

The expression of GAL-IME2 and GAL-PDS1 did not induce cells to initiate DNA

replication (Fig. 2G) indicating that Cdk1/Clb kinases are not activated under these

conditions. However, it was previously shown that Ime2 induces activation of Cdk1/Clb

kinases in meiosis (Dirick et al. 1998). To distinguish whether the partial Pds1 stabilisation

is due to Ime2 activity or rather caused by residual Cdk1/Clb activity in these G1 cells, we

determined the effect of Ime2 on the half-life of Pds1 in cells containing the Cdk1/Clb

kinase inhibitor SIC1 on a high copy plasmid. Pds1 was partially stabilised in the presence

of high Sic1 levels similar to control strain (Fig. 2H).

To test whether Ime2 affected proteolysis of the polo-like kinase Cdc5, another APC

substrate (Shirayama et al. 1998), we determined the accumulation of Cdc5 in G1 cells. In

wild-type cells Cdc5 accumulates only to low levels when expressed from the GAL-

promoter, due to its instability (Shirayama et al. 1998) (Fig. 2I). Upon expression of IME2,

increased levels of Cdc5 accumulated suggesting that Ime2 inhibits efficient Cdc5

degradation.

We conclude that high levels of IME2 affect proteolysis of various APC substrates during

G1 phase.

High levels of IME2 in G1 arrested cells are not sufficient to trigger DNA replication.

It was earlier proposed that Ime2 replaces the G1-specific Cdk1, the Cdk1/Cln kinase,

during the meiotic cell cycle (Dirick et al. 1998; Lee and Amon 2001). If Ime2 were

functionally equivalent to Cdk1/Cln, then ectopitc expression of IME2 should suppress the

G1 arrest of cells having functional Cdk1/Cln kinases. To determine whether high levels of

IME2 trigger DNA replication in the absence of Cdk1/Cln, GAL-IME2 was expressed for a

prolonged period in α-factor arrested cells. FACS analysis revealed that IME2 expression

alone did not trigger DNA replication within 5 hours (Fig. 3A). In contrast, cells co-

expressing IME2 and CLB2 or CLB3 mostly replicated their DNA. Therefore, high levels

of Ime2 are not sufficient to initiate DNA replication in α-factor arrested cells. The

expression of a cyclin gene is also required.

Similarly, Ime2 did not trigger DNA replication in cells deleted for all G1 cyclins (Fig.

3B), whereas cells expressing additionally a CLB2-lacZ gene frequently entered S-phase.
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Thus, high levels of Ime2 cannot replace Cdk1/Cln kinases in triggering DNA replication

implying that Ime2 is not capable to take over all the functions of the G1-specific Cdk1 at

the G1/ S transition.

Fig. 3

High levels of Ime2 are not sufficient to trigger DNA replication in G1 arrested cells. A) A bar1 deletion

strain carrying GAL-IME2 (S418) was arrested in G1 with α-factor. Galactose was added (0 time point) and

cells were incubated in the presence of α-factor. The DNA content was determined by FACS analysis.

Similarly, strains expressing the indicated GAL-constructs were analysed. B) A cln1, cln2, cln3 deletion

strain carrying a MET-CLN2 construct (S66) and a similar strain containing in addition a GAL-CLB2-lacZ

construct (S65) were transformed with a centromeric plasmid containing GAL-IME2. Transformed strains

were arrested in G1 with methionine and galactose was added.

Ectopic expression of IME2 triggers phosphorylation of Cdh1. APCCdh1 inactivation in

the mitotic cell cycle is meditated by phosphorylation of Cdh1, causing the dissociation of

Cdh1 from APC. Both Cln and Clb associated Cdk1 kinases seem to contribute to APCCdh1

inactivation (Huang et al. 2001; Yeong et al. 2001).

To test whether the inhibitory effect of Ime2 on APC-mediated proteolysis is also be due to

Cdh1 phosphorylation, we used strains containing an HA-tagged version of Cdh1

expressed from a weak GAL-promoter, earlier described as GALL-HA3-HCT1 (Zachariae

et al. 1998). In G1 arrested wild-type cells, Cdh1 is not phosphorylated (Fig. 4, lane 3), but

G1 arrested cells expressing the GAL-IME2 construct produced slower migrating bands

(lane 4) which most likely correspond to phosphorylated forms of Cdh1 (Zachariae et al.

1998). Similar mobility shifts were observed in cycling cultures, which contain active

Cdk1 kinases (lane2).

These results suggest that ectopic expression of IME2 promotes phosphorylation of Cdh1

during G1 phase.
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Fig. 4

Ectopic expression of I M E 2  promotes

phosphorylation of Cdh1 in G1 arrested cells.

A wild-type strain (S437) and a GAL-IME2 strain

(S457), both containing bar1 deletions and N-

terminally HA-tagged versions of CDH1 expressed

from the GALL-promoter (Zachariae et al. 1998)

were arrested in G1 with α-factor. Galactose was

added to express the GAL-constructs. HA-tagged Cdh1 was analysed by immunoblotting (lane 3: S437, lane

4: S457). As controls, strain S457 was either not treated with galactose (lane 1) or not arrested with α-factor

(lane 2).

High levels of Ime2 inhibit bud formation and arrest cells in mitosis. To analyse the

phenotype of high levels of IME2 expressed in dividing cells, strains containing five copies

of GAL-IME2 were shifted to galactose medium. The expression of IME2 caused the

accumulation of unbudded cells in both haploid and diploid cells (Fig. 5A). Initially, cells

were delayed in G1-phase (Fig. 5B, 2 hour sample), but then they replicated their DNA.

Nuclei and spindle staining revealed that these cells failed to segregate their DNA and

arrest in G2/M-phase, containing sometimes short spindles (Fig. 5C).

It was previously shown that cells defective in budding activate a control mechanism

termed the morphogenesis checkpoint, resulting in a cell cycle delay in G2/M phase (Lew

2000). To test whether the arrest of GAL-IME2 cells is caused by this control mechanism,

we expressed IME2 in swe1 mutant cells defective in the morphogenesis checkpoint. Only

few swe1  cells had undivided nuclei, whereas most cells contained segregated

chromosomes and elongated mitotic spindles.

Thus, the expression of Ime2 to high levels inhibits budding and blocks progression

through mitosis. The cell cycle block in late anaphase/telophase is consistent with the

model that Ime2 affects specifically APCCdh1 rather than general APC function.
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Fig. 5
High levels of Ime2 causes the accumulation of unbudded cells delayed in mitosis.

Haploid (S379) and diploid (S424) strains containing the GAL-IME2 construct were grown in raffinose

medium. Galactose was added (0 time point) and samples were collected at the indicated time points for

monitoring the precentage of budded cells (A) and for determining the DNA content (B).  C)

Immunfluorescence microscopy of haploid and diploid cells, and of a swe1 deletion strain (swe1::LEU2,

S454) containing GAL-IME2, 5 hours after galactose addition. (D) Percentage of divided nuclei in haploid

SWE1 and swe1 strains, 5 and 8 hours after galactose addition.

Ime2 is an unstable protein whose degradation is dependent neither on APC nor on

SCF ubiquitin-ligases. Since high levels of Ime2 have deleterious effects on cell cycle

progression, it is tempting to speculate that Ime2 inactivation during meiosis may be

similarly important as CDK inactivation during mitosis. Ime2 contains two motifs (KxxL,

KxxLxxxxxN) resembling the cyclin destruction box motif (KxxLxxxxN) and a PEST-rich

region implicated in protein instability. This prompted us to analyse the stability of Ime2

by promoter shutoff experiments. HA-tagged Ime2 was rapidly degraded in normally

dividing cells (Fig. 6A). Ime2’s instabililty was not cell cycle regulated, because Ime2 was

similarly degraded in cells arrested in G1 by α-factor (Fig. 6B) or in M-phase by the

microtubule depolymerising drug nocodazole (Fig. 6C). Ime2 proteolysis was neither

delayed in cdc23-1 mutants defective in APC function (Fig. 6B) nor in cdc4-1 and cdc34-2

mutants impaired in the SCF complex (Fig. 6C).
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These findings indicate that Ime2 is an unstable protein kinase whose proteolysis occurs

independently of the conventional APC and SCF ubiquitin-ligases.

Fig. 6

Ime2 is an unstable protein whose degradation is

independent of APC and SCF.

A) A strain (S396) containing a GAL-IME2 construct

(IME2 C-terminally HA-tagged) was shifted for 2

hours to galactose medium and then transferred to

glucose medium (0 time point). Ime2 was analysed by

immunoblotting with HA-antibodies. cyc, cycling

cells. B) S396 and isogenic cdc23-1 mutants (S397),

both containing bar1 deletions, were arrested in G1

with α-factor at 25°C. Galactose was added and cells

were incubated for 45 min. Cells were shifted to

36°C, incubated for 45 min, then transferred to

glucose medium containing α-factor and incubated at

36°C. C) S396 and isogenic cdc4-1 (S407) and

cdc34-2 (S408) mutants were arrested in M-phase

with nocodazole at 25°C (+noc). Expression of IME2

was induced by galactose for 45 min. Then cells were

shifted to 36°C, incubated for 45 min., transferred to

glucose medium containing nocodazole and incubated

at 36°C. A cdc34-2 culture was treated similarly, but

nocodazole was omitted (-noc).
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Discussion

Identification of negative regulators of APC-mediated proteolysis. We aimed to

identify regulators of the APC by screening a yeast cDNA library for genes whose

expression to high levels prevents degradation of a Clb2-lacZ reporter protein in G1

arrested cells. We identified various cyclins and the meiosis-specific protein kinase Ime2

as inhibitors of APC-mediated proteolysis.

The identification of G1-, S- and mitotic cyclins implies that Cdk1 associated with any of

these cyclins is capable of inhibiting APC-mediated proteolysis. These findings are

consistent with previous data showing that Cdk1 is a key factor for turning off APCCdh1 in

late G1 and for keeping it inactive during S-, G2- and most of M-phase (Amon 1997;

Zachariae and Nasmyth 1999). Cdk1 associated with different cyclin proteins were shown

to directly phosphorylate the activator protein Cdh1 and trigger its dissociation from APC

(Zachariae et al. 1998; Jaspersen et al. 1999). Our findings underline the crucial role of

Cdk1 as an inhibitor of APCCdh1. The continuous presence of Cdk1 activated by different

type of cyclins helps to ensure that APCCdh1 cannot be activated during the cell cycle before

Cdc14 phosphatase is released from the nucleolus, a process which is dependent on proper

spindle orientation and the mitotic exit network (Hoyt 2000).
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Ime2, a putative meiosis-specific regulator of APCCdh1. We have shown that ectopic

expression of IME2 results in the accumulation and stabilisation of the mitotic cyclins Clb2

and Clb3 in G1 arrested cells. We further showed that Ime2 triggers phosphorylation of

Cdh1 suggesting that Ime2 inhibits APC activity via the Cdh1 activator protein. IME2

expression also delayed proteolysis of Pds1 and Cdc5, two additional APC substrates. Pds1

was only little affected, possibly because it is degraded primarily by APCCdc20 during G1

phase, but other data suggested that APCCdh1 is involved in Pds1 removal (Visintin et al.

1997; Rudner et al. 2000). The rather weak influence of Ime2 on Pds1 could also be

explained by Ime2’s own instability. After turning off the GAL-promoter in our test

system, Ime2 gets degraded at about the same time as Pds1 (compare Figs. 2F and 5).

In summary, our results demonstrate that ectopic expression of IME2 in G1 cells inhibits

APC-meditated proteolysis. Since IME2 is normally expressed only in meiotic cells, we

suggest that this protein kinase acts as a regulator of APCCdh1 during meiosis.

Similarities and differences of Ime2 with Cdk1/Cln kinases. There are several

indications that Ime2 fulfils in meiosis the functions of the G1–specific CDKs, the

Cdk1/Cln kinases. First, Ime2 shares sequence similarities with CDKs (Mitchell 1994).

Second, deletion of all CLN genes does not affect sporulation implying that Cdk1/Cln

kinases are dispensable for meiosis (Dirick et al. 1998). Third, degradation of the Cdk1

inhibitor Sic1 is triggered in the mitotic cell cycle by Cdk1/Cln and in meiosis by Ime2

(Dirick et al. 1998).

The capacity of Ime2 to promote Cdh1 phosphorylation suggests that this kinase may

replace Cdk1/Cln in triggering inactivation of APCCdh1 in late G1 phase of the meiotic cell

cycle. It was recently shown that G1-specific kinases are not sufficient for completely

inactivating APCCdh1 in the mitotic cell cycle. This process also requires Cdk1/Clb kinases

(Huang et al. 2001; Yeong et al. 2001). Similarly, the combined function of both Ime2 and

accumulating Cdk1/Clb kinases may be needed for completely turning off APCCdh1 in

meiosis.

Ime2 clearly displays some functional similarities with Cdk1/Cln, but there are significant

differences between these kinases. High levels of Ime2 expressed in α-factor arrested cells

or in cells lacking G1 cyclins failed to promote DNA replication implying that Ime2 is not

sufficient to replace Cdk1/Cln in this process. Ime2 may be not sufficient to induce
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transcription of CLB genes. Indeed, upon co-expression of IME2 with CLB genes, most

cells replicated their DNA. We conclude that Ime2 has only partially functional similarities

to Cdk1/Cln kinases and fulfils some, but not all of their functions in promoting entry into

S-phase.

Another difference between Cdk1/Cln and Ime2 is striking. The G1-specific kinase triggers

budding, but Ime2 clearly inhibits this process. The expression of IME2 in cycling cultures

induced the accumulation of unbudded cells which replicated their DNA. The inhibition of

budding in mitotic cells suggest also a role of Ime2 in preventing budding in meiosis.

Is Ime2 activity regulated via its stability? We have shown that Ime2 is unstable when

expressed in normally dividing cells. Proteolysis of Ime2 appears to be independent of the

APC or the SCF ubiquitin-ligases and the machinery responsible for Ime2 instability

remains to be identified. The permanent instability of Ime2 in dividing cells may help to

ensure that Ime2 never accumulates in the mitotic cell cycle, where it could interfere with

processes such as budding or APC activity. It is unknown whether Ime2 is also

permanently unstable during meiosis or whether it then gets periodically stabilised.

Stabilisation could be a mechanism to allow efficient accumulation of Ime2 in early

meiosis, in addition to the transcriptional induction of the IME2 gene (Mitchell et al. 1990;

Mitchell 1994).

Not only accumulation, but also removal of Ime2 may be important during meiosis. We

have shown that high levels of Ime2 blocked progression through mitosis. The continued

presence of active Ime2 may also interfere with cell cycle progression in meiosis. Since

Ime2 is itself an unstable protein, its inactivation during meiosis may be triggered by

turning on its rapid proteolysis.

Up to now, little is known about APC regulation during meiosis. Pds1 was found to be

degraded at anaphase onset in both meiosis I and II (Salah and Nasmyth 2000). Pds1

reaccumulation after its destruction in meiosis I implies that APC needs to be inactivated

between meiosis I and II. Recently, Ama1, a meiosis-specific protein related to

Cdc20/Cdh1, was identified (Cooper et al. 2000). Ama1 seems to be required for Clb1

degradation in meiosis I, but it is not essential for meiosis II. CDH1 expression was also

found to be induced in meiosis (Chu et al. 1998) indicating that Cdh1 and Ama1 may have

redundant roles in triggering cyclin proteolysis.
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It seems that at least three different APC complexes need to be regulated during meiosis.

The identification of Ime2 as an inhibitor of APC-mediated proteolysis suggests that this

protein kinase represents an important player in APC regulation during meiosis.
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Chapter 4

Ime2 protein stability depends on an intact C-terminal domain

and is required for yeast sporulation

Abstract

Meiosis represents a specialised cell cycle triggering diploid yeast cells to the formation of

four haploid spores in response to nutrient starvation conditions. The protein kinase Ime2

represents one key regulator of the sporulation program in budding yeast Saccharomyces

cerevisiae. Ime2 is involved in initiation of pre-meiotic DNA replication, degradation of

cyclin dependent kinase inhibitor Sic1, expression of early and middle meiotic genes,

expression and regulation of meiotic transcription activator Ndt80. Ime2 was shown to be a

highly unstable protein with a yet unknown degradation mechanism. Ime2 protein levels

during sporulation fluctuate, reaching highest levels in early and late meiosis. We aimed to

identify Ime2 regions responsible for its rapid degradation by the construction of a

systematic deletion set of the corresponding gene. None of the small deletions of

approximately 60 - 70 amino acids caused stabilisation of Ime2, suggesting that this

protein contains redundant degradation signals. In contrast, a deletion of the last 241

codons drastically stabilised the resulting truncated Ime2 which is highly active. When

expressed in dividing cells, Ime2∆405-645 efficiently induced a cell cycle arrest in mitosis

and the stabilisation of cyclin Clb2. Expression in meiosis under the control of its own

promoter resulted in formation of asci containing three or two instead of four spores. These

results suggest that Ime2 instability is an important prerequisite for the meiotic cell cycle.
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Introduction

Meiosis is a specialised cell division allowing diploid cells to exchange genetic material

and to generate haploid spores. In the meiotic cell cycle one round of DNA replication is

followed by two rounds of chromosome segregation (Lee and Amon 2001). In the first

division, meiosis I, homologous chromosomes segregate to opposite poles, but sister

chromatids remain connected. In meiosis II sister chromatids are separated (Amon 2001).

Initiation of meiosis in S. cerevisiae is regulated by nutritional conditions. When diploid

cells are starved for nitrogen in the presence of a non-fermentable carbon source and in the

absence of glucose, the sporulation program gets started. Nutritional signalling pathways

converge on transcriptional regulation of two key factors of meiosis: IME1, which encodes

a transcription factor; and IME2, which encodes a Ser/Thr protein kinase. Ime1 activates

expression of several genes expressed early in meiosis, including IME2 (Kassir et al.

2003).

Previous data have shown that Ime2 is required for efficient pre-meiotic DNA replication

and that this kinase triggers degradation of the Cdc28-inhibitor Sic1 prior to the initiation

of DNA replication (Dirick et al. 1998). Ime2 is also required for late events in meiosis.

One of these functions is the activation of the transcription factor Ndt80, which is needed

for the expression of middle and late meiotic genes (Xu et al. 1995). Ime2 protein levels

and kinase activity peak late in meiosis, when cells undergo nuclear division (Benjamin et

al. 2003). It was shown by using an analog-sensitive version of Ime2, that Ime2 inhibition

in late meiosis leads to a cell cycle arrest prior to meiosis II. This suggests that Ime2

possesses in addition Ndt80-independent roles in triggering meiotic cell division. Previous

findings suggest that a late role of Ime2 may be the regulation of the anaphase promoting

complex/cyclosome (APC/C), because Ime2 was identified in a genetic screen for negative

regulators of the APC/C. Expression of IME2 leads to phosphorylation of Cdh1 and to

stabilisation of APC/C substrates (Bolte et al. 2002). These data indicate that Ime2 may

take over the role of Cdc28 in APC/CCdh1 phosphorylation in the meiotic cell cycle.

Like in the mitotic cell cycle, ubiquitin-dependent proteolysis triggered by the APC/C, is

essential for cell cycle progression during meiosis, but little is known about its regulation.

In the mitotic cell cycle the activity of the APC/C is tightly cell cycle regulated, and

depends on its association with one of its regulator proteins, Cdc20 and Cdh1 (Peters

2002). At the metaphase/anaphase transition the APC/CCdc20 mediates proteolysis of the

securin Pds1, and thereby enables sister chromatid separation. S-phase cyclins and a part of
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the mitotic cyclins are also ubiquitinated by the APC/CCdc20 (Shirayama et al. 1999;

Bäumer et al. 2000; Yeong et al. 2000). The second mitotic regulatory protein of the

APC/C, Cdh1 (Hct1), is needed for complete destruction of mitotic cyclins in late anaphase

and exit from mitosis (Schwab et al. 1997; Visintin et al. 1997).

In meiosis CDC20 and CDH1 are also expressed. In addition Ama1 displaying similarities

to Cdc20 and Cdh1 seems to be involved in APC/C regulation, suggesting that three

different APC/C complexes mediate proteolysis during meiosis (Cooper et al. 2000). Up to

know only the destruction of the securin Pds1 has been analysed. Like in mitosis

APC/CCdc20 is responsible for destruction of the securin Pds1, in metaphase I as well as in

metaphase II (Salah and Nasmyth 2000).

The ability of Ime2 to phosphorylate Cdh1 suggests that Ime2 could be responsible for

turning off the APC/CCdh1 at the G1/S transition by phosphorylating Cdh1, and in addition,

control the regulator proteins Ama1 and Cdh1 later on during meiosis.

In contrast to Cdc28 whose activity is regulated by cyclin binding, no cyclins are known

for Ime2. Ime2 is known to be a very unstable protein (Bolte et al. 2002), so kinase activity

is perhaps regulated by its own instability. The present study therefore deals with the

identification of degradation signals leading to the high instability of Ime2. We found that

deletion of a large C-terminal region results in a hyperactive and stabilised version of the

Ime2 protein.
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Materials and Methods

Yeast strains and plasmids. Yeast strains used for experiments in this study were

derivatives of the S. cerevisiae W303 strain, with exception of the sporulation experiments,

in which the high efficiently sporulating strain background SK1 was used. Strains carrying

HA-tagged versions of Clb2 (Zachariae et al. 1998) and Ime2 (Bolte et al. 2002) were

described. All strains used in this work are listed in table1.

A chromosomal C-terminal MYC9-tag was introduced in the SK1 strain using a direct

tagging approach described by Knop et al. (1999). Integration was verified by PCR. The

Ime2 deletion set was constructed basing on the plasmid YIplac204-GAL-IME2-HA (Bolte

et al. 2002). Ten different N- and C-terminal fragments of this construct were amplified

and fused by using a newly introduced PstI restriction site. Ten deletions of approximately

200 bp and two large deletions in the C-terminal part of the IME2 gene resulting in

proteins lacking 45 up to 241 out of 645 aa were received. The deletion constructs were

cloned into the CEN-plasmid YCplac22 (Gietz and Sugino 1988). The obtained plasmids

pME2584 - pME2595, listed in table 2, were named in accordance to the lacking amino

acids. All plasmids were transformed into different yeast strains. Transformants were

selected on minimal medium lacking tryptophan.

Table 1: strains used in this study

strain relevant genotype
S001 (RH2524) W303 wild-type strain

MATa, ade2-1, trp1-1, can1-100, leu2-3,1122, his3-11,15, ura3, GAL, psi+
S006 (RH3152) MATa, bar-
S023 (RH2664) MATa, bar-, GAL-CLB2::URA3
S396 (RH2559) MATa, bar-, GAL-IME2-HA6::TRP1 (5 copies)
S456 (RH2833) MATa, bar-, GAL-CLB2::URA3, GAL-IME2::TRP1
S497 (RH2834) SK1 background

MATa/α, ho:hisG, lys2, ura3, his3, trp1DFA
S504 (RH2835) SK1 background

MATa/α, ho::LYS2, ura3, leu2::hisG, trp1::hisG, his3::hisG
IME2-MYC9/IME2-MYC9 TRP1+

S511 (RH3153) MATa, bar-, GAL-IME2::URA3, GALL-HA-CDH1::TRP1, CDC23-MYC::LEU2
S512 (RH3154) MATa, bar-, GALL-HA-CDH1::TRP1, CDC23-MYC::LEU2
S577 (RH3155) MATa, bar-, GAL-IME2∆PEST-HA::TRP1
S579 (RH3156) MATa/α, IME2/IME2∆C-term(405-645)-HA-KanMX6
S580 (RH3157) MATa/α, IME2∆C-term(405-645)-HA-KanMX6/IME2∆C-term(405-645)-HA-

KanMX6
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Table 2: plasmids used in this study

plasmid relevant genotype reference
YCplac22 CEN4/ARSH1, TRP1, AmpR(bla), lacZ, ori Gietz and Sugino, 1988

pME2116 TRP1, GAL-IME2-HA3(2x), AmpR(bla), lacZ, ori Bolte et al., 2002

pME2584 TRP1, GAL-IME2∆2-67-HA3(2x), AmpR(bla), lacZ, ori This work

pME2585 TRP1, GAL-IME2∆68-135-HA3(2x), AmpR(bla), lacZ, ori This work

pME2586 TRP1, GAL-IME2∆136-201-HA3(2x), AmpR(bla), lacZ, ori This work

pME2587 TRP1, GAL-IME2∆202-264-HA3(2x), AmpR(bla), lacZ, ori This work

pME2588 TRP1, GAL-IME2∆265-337-HA3(2x), AmpR(bla), lacZ, ori This work

pME2589 TRP1, GAL-IME2∆338-404-HA3(2x), AmpR(bla), lacZ, ori This work

pME2590 TRP1, GAL-IME2∆405-466-HA3(2x), AmpR(bla), lacZ, ori This work

pME2591 TRP1, GAL-IME2∆467-533-HA3(2x), AmpR(bla), lacZ, ori This work

pME2592 TRP1, GAL-IME2∆534-600-HA3(2x), AmpR(bla), lacZ, ori This work

pME2593 TRP1, GAL-IME2∆601-645-HA3(2x), AmpR(bla), lacZ, ori This work

pME2594 TRP1, GAL-IME2∆405-533-HA3(2x), AmpR(bla), lacZ, ori This work

pME2595 TRP1, GAL-IME2∆405-645-HA3(2x), AmpR(bla), lacZ, ori This work

Growth conditions and cell cycle arrests. Prior to expression of genes from the GAL1-

promoter, cells were pregrown in raffinose medium. By addition of galactose to a 2% final

concentration, the GAL1-promoter was induced. To shut off the promoter, cells were

harvested, washed and resuspended in glucose medium. To arrest cells in G1 with alpha-

factor pheromone (Nova Biochem), cells were incubated 2 hours in the presence of 5µg

alpha-factor per ml medium. Temperature sensitive mutants were always pregrown at a

permissive temperature of 25°C to OD600 0,3-0,6 before they were shifted to their

restrictive temperature.

Meiotic time-course experiments. In order to detect Ime2 protein levels during

sporulation a SK1 strain containing a chromosomal MYC9-tagged version of the IME2

gene was used. To obtain a synchronously sporulating culture, the SK1 strain was grown to

saturation in YEPD (1% yeast extract, 2% peptone, 2% glucose, 0,005% adenine),

transferred into YEPAcetate (1% potassium acetate) for 13,5 hours and then transferred to

sporulation medium (3% potassium acetate, 0,02% raffinose). Progression through meiosis

was monitored by fluorescence microscopy after spheroblast preparation and DAPI (4´, 6-

diamidino-2-phenylindole) staining of the DNA (Pringle 1991).
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Sporulation of the W303 strain background was analysed after transfer of an overnight

culture in YEPD to VB-sporulation medium (0,82% sodium acetate, 0,19% potassium

chloride, 0,035% Mg2SO4, 0,12% NaCl).

Immunoblotting. Whole-cell extracts and immunoblotting were performed as described

previously by Surana et al. (1993). For immunoblot detection the enhanced

chemiluminescence detection system (ECL, Amersham) was used. Clb2 and Cdc28

antibodies were used in 1:1000 and 1:2000 dilutions respectively, MYC and HA antibodies

were both used in 1:100 dilutions.

Immunoprecipitation. For immunoprecipitation whole-cell extracts were prepared as

described by Tyers et al. (1992). Inhibition of proteinases in buffer3 was obtained by the

addition of the proteinase inhibitor mixture Complete (Amersham Biosciences). For

immunoprecipitation of HA- or MYC-tagged proteins antibodies were used in a tenfold

higher concentration than for immunoblot detection. Incubation time of the crude extracts

with the antibody and the proteinA-sepharose (Amersham Biosciences) was varied

between 1 and 3 hours.
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Results

Ime2 protein level fluctuates during meiosis. In previous experiments we showed that

Ime2 is an unstable protein, when expressed ectopically in mitotic cells (Bolte et al. 2002).

Since IME2 expression is restricted to the meiotic cell cycle, we investigated protein levels

in sporulating cultures. Therefore, a genomic C-terminal MYC9-tag was introduced in the

efficiently sporulating strain SK1. The resulting strain homozygous for IME2-MYC9

(S504) showed normal sporulation pattern, indicating that the tagged version of Ime2 is

functional.

To monitor Ime2-MYC9 protein levels during the course of meiosis, we used cultures,

which synchronously progress through meiosis. For this purpose the diploid strain was

grown to stationary phase in YEPD for 36 hours. This pre-culture was diluted 1:50 in

YEPAcetate (2% potassium acetate) to starve the cells for a fermentable carbon source.

After 13,5 hours cells were harvested and washed with sterile water to remove all nutrients,

than the pellet was resuspended in sporulation medium. Immunoblot analysis of samples

taken from the pre-cultures and every 30 or 60 minutes during sporulation revealed that

Ime2 protein started to accumulate in acetate medium. During the first two hours in

sporulation medium the amount of Ime2 protein increased continuously, but subsequently

decreased. In the time period from 4 to 5,5 hours only low protein levels could be detected.

Afterwards protein levels began to rise again and remained on a high level up to the end of

sporulation (Fig. 1A). Thus, Ime2 protein levels fluctuate during meiosis. The time point of

reduced Ime2 levels corresponded with the first appearance of cells with two nuclei (Fig.

1B). With regard to the fact, that the expression of IME2 is more or less constant all over

the time-course of sporulation (SGD database), these findings indicate that Ime2 protein

levels are regulated by altering Ime2 stability during meiosis.
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Fig. 1

Ime2 protein levels fluctuate during yeast meiosis. A synchronously sporulating culture of the diploid SK1

strain containing a chromosomal C-terminal MYC9-tagged Ime2 (S504) was used for monitoring Ime2

protein level and kinase activity during sporulation. A) Ime2-MYC protein was deteced by Western blot

analysis, samples were taken at the indicated timepoints. Swi6 was used as loading control. B) Percentage of

cells containing 1, 2 or 4 nuclei during 24 h in sporulation medium were determined by DAPI staining.

Deletion of the PEST-rich region does not stabilise Ime2. Ime2 is a very unstable

protein, whose degradation occurs independently of the APC/C and SCF complex (Bolte et

al. 2002). In silico analysis showed that Ime2 contains a PEST-rich region including the

amino acids 479 to 499 (Fig. 3). PEST denotes the amino acids proline, glutamate, serine

and threonine. PEST-rich regions are known to be a signal for rapid protein degradation in

many proteins (Rogers et al. 1986; Rechsteiner and Rogers 1996). Kassir and co-workers

showed that overexpression of Ime2 lacking the PEST-sequence leads to reduced viability

compared to full-length Ime2. They suggested that this is due to stabilisation of Ime2

(Guttmann-Raviv et al. 2002).

To test the role of the PEST-sequence for Ime2 instability, we deleted amino acids 479 to

499 to create a GAL-IME2∆PEST-HA construct. Then we tested Ime2 and Ime2∆PEST

protein stability by promoter shutoff experiments using a W303 wild-type strain containing

a GAL-IME2∆PEST-HA construct (S577). Cells were pre-grown in medium with raffinose

as carbon source and the GAL-promoter was induced by addition of galactose. After 1,5

hours galactose was washed away and cells were transferred to glucose medium. Protein

levels of Ime2-HA were determined at different time points before and after promoter

shutoff. Western blot analysis showed that Ime2∆PEST was not stabilised in comparison to

Ime2

Swi6
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the full-length HA-tagged Ime2 protein (Fig. 2). Obviously the PEST-rich region of Ime2

is not essential for its rapid degradation.

Fig. 2

Deletion of the PEST-rich region does not lead to stabilisation of Ime2. Stability of Ime2 and Ime2∆PEST

was determined in GAL-promoter shutoff experiments. Cultures were pregrown with raffinose as carbon

source, the  GAL-promoter was induced by addition of galactose to the culture. After 1,5 h cells were washed

and transferred to glucose medium. Samples were taken before induction of the GAL-promoter (-gal) and at

the indicated timepoints after GAL-promoter shutoff. Cdc28 was used as loading control.

Fig. 3

Illustration of the GAL-IME2-HA construct including the amino acid sequence of the PEST-rich region motif

of Ime2 and summary of the IME2-deletion constructs used in this study. The lacking amino acids were

indicated.
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The C-terminal region of the IME2 gene is responsible for its rapid degradation. In

order to find out which sequence targets the Ime2 protein for its rapid degradation, a

systematic deletion set was constructed. Ten systematic deletion constructs were created;

each of them lacking approximately 200 bp. Taken together, every part of the protein was

deleted once in the deletion set (for an overview see Fig.3). All truncated proteins were

cloned in the CEN-plasmid YCplac22 (Gietz and Sugino 1988), carrying the TRP1 marker,

and expressed ectopically from the GAL-promoter (table 2). Western analysis of GAL-

promoter shutoff experiments revealed that with exception of IME2∆202-264 (pME2587)

all IME2-deletion constructs could be expressed. Most of the truncated Ime2 proteins were

as unstable or even less stable than the full-length protein (Fig. 4A, IME2∆2-67,

IME2∆338-404, IME2∆265-337, IME2∆405-466, IME2∆467-533 and IME2∆534-600).

Three other constructs were slightly more stable than Ime2. Gene products of IME2∆68-

135 and IME2∆136-201 were detectable up to 40 min after promoter shutoff. Only deletion

of the last 45 aa led to a higher stabilisation, protein levels decreased after promoter

shutoff, but after 80 min there was still some protein left (Fig. 4A). Since none of the +/-65

aa deletions led to complete stabilisation of Ime2, two larger Ime2-deletion constructs were

created, one lacking 129 aa around the PEST-rich sequence (GAL-IME2∆405-533-HA) and

the other one lacking the last 241 aa at the C-terminus (GAL-IME2∆405-645-HA). The 129

aa deletion resulted in a moderate stabilisation of the kinase, whereas the large deletion

turned out to be the distinctly stabilised Ime2 protein (Fig. 4B).

In summary, neither small deletions of approximately 65 aa nor deletion of the PEST-rich

sequence caused Ime2 stabilisation, but deletion of a large C-terminal region prevented

Ime2 proteolysis. These results suggest that two or more redundant degradation signals are

present in the C-terminal region.
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Fig. 4

A) Small deletions have little effects on yeast Ime2 stability.

Wild-type strain S001 was transformed with centromeric

plasmids containing one out of ten GAL-IME2-deletion

constructs. Transformants were selected on minimal medium

lacking tryptophan. Ime2 protein stability was determined by

GAL-promoter shutoff experiments. Cultures were pregrown

with raffinose as carbon source, the GAL-promoter was

induced by addition of galactose. After 1,5 h cells were

washed and transferred to glucose medium. Samples were

taken before induction of the GAL-promoter (-gal) and at the

indicated timepoints after GAL-promoter shutoff. B) Deletion

of a large C-terminal region prevents Ime2 proteolysis,

suggesting that the C-terminal region contains degradation

signals for the rapid degradation of Ime2. A wild-type strain

was transformed with centromeric plasmids containing either

GAL-IME2∆504-533-HA o r  GAL-IME2∆504-645-HA

deletion constructs. Transformants were selected on minimal

medium lacking tryptophan. Cultures were treated as in (A).

Ectopic co-expression of CLB2 and the stabilised, truncated IME2∆∆∆∆504-645-HA is

lethal. Cells expressing GAL-IME2 are viable, but co-expression of the mitotic cyclin gene

CLB2 and IME2 shows a synthetic lethal effect  (Fig. 5). This allows us to test wether the

truncated Ime2 proteins are still functional. The effect of the co-expression of CLB2 and

the truncated IME2∆-HA constructs was tested in a strain containing a genomically

integrated GAL-CLB2 and the GAL-IME2∆-HA construct on a CEN-plasmid. Cells were

pregrown on minimal medium lacking tryptophan with raffinose as carbon source.

Viability was monitored after transferring dilution series on medium containing either

glucose or galactose as carbon source. The full-length Ime2 protein was able to reduce

viability significantly when co-expressed with CLB2 on galactose medium (Fig. 5). The
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deletion constructs showed different effects on viability. Deletions in the N-terminal region

(including amino acids 1 to 404, pME2584 – pME2589) only showed slightly reduced

viability on galactose medium (Fig. 5). Thus, N-terminal and central parts of Ime2 are

obviously essential for Ime2 activity. With the exeption of GAL-IME2∆534-600-HA

(pME2592), expression of most deletion constructs lacking parts of the C-terminal region

reduced viability to the same extent as the full-length protein (pME2590-2591 and

pME2593-2595). Even Ime2 containing the large deletions in the C-terminal region caused

lethality on galactose plates. Therefore, the C-terminal part of the protein does not seem to

be necessary for the function of Ime2. These results indicate that proteins lacking parts of

the C-terminus, including the stabilised version of the Ime2 protein, are still highly active.

Fig. 5

Ectopic co-expression of CLB2 and the truncated IME2∆405-645-HA is lethal. To test the activity of the

truncated Ime2 protein kinases a yeast strain containing a GAL-CLB2 construct was transformed with a CEN-

plasmids carrying one of the GAL-IME2∆-HA constructs, transformants were selected on minimal medium

lacking tryptophan. Viabilitiy of the strains was determined on galactose and as control on glucose. A strain

containing the complete GAL-IME2 construct was used as a control.
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Ectopic expression of the stabilised, truncated IME2∆∆∆∆405-645-HA leads to a cell cycle

arrest indicating that this truncated Ime2 kinase is highly active. We have earlier

shown that high levels of Ime2, produced in a strain containing 5 copies of GAL-IME2

induced a cell cycle arrest in dividing cells (Bolte et al. 2002). If Ime2∆405-645 is also

functional, one would expect a similar arrest. For that reason wild-type cells containing

five copies of the complete GAL-IME2 (S396) or GAL-IME2∆405-645 on a CEN-plasmid

(S001 with pME2595) were pregrown for two days on raffinose medium, before they were

transferred to galactose or glucose medium. Indeed both constructs were able to arrest the

cultures as unbudded cells (Fig. 6A). To determine the time course of accumulation of

unbudded cells, the same experiment was performed in liquid cultures. Samples were taken

every two hours and the amount of unbudded cells was determined by microscopy. Cells

arrested faster and more effectively, when the deletion construct was expressed. After two

hours in galactose medium 56% unbudded cells were observed in the culture containing

the stabilised Ime2 in contrast to 37% in the control culture (Fig. 6B). The truncated Ime2

on a centromeric plasmid efficiently caused a cell cycle arrest similar to the arrest caused

by the full-length protein. Cells arrested as unbudded cells with short spindles. These

results show that the trucated, stabilised Ime2 protein is highly active when expressed in

the mitotic cell cycle.
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Fig. 6

Ectopic expression of the stabilised, truncated IME2∆405-645-HA arrests wild-type cells as unbudded cells,

simliar to expression of the full-length IME2. A) Cells carrying either the GAL-IME2∆405-645-HA construct

or five copies of the GAL-IME2 construct (S396) were pregrown for two days on raffinose medium before

they were striked on galactose or glucose medium. Cells were photographed after one day. B) Wild-type

strain carrying either the GAL-IME2∆405-645-HA construct on a centromeric plasmid or five copies of the

GAL-IME2 construct (S396) was pregrown in liquid culture with raffinose as carbon source. Galactose was

added to express the GAL-construct. The timecourse of cell cycle arrest triggered by IME2 expression was

determined by microscopy.

Ectopic expression of the truncated IME2∆∆∆∆405-645-HA stabilises the cyclin Clb2. We

have previously shown that expression of IME2 in G1 arrested cells inhibits proteolysis of

Clb2 (Bolte et al. 2002). To test wether the truncated Ime2 also effects APC/C-mediated

proteolysis, cells containing both GAL-CLB2 and GAL-IME2-(deletion)-constructs (S456

and S023 transformed with the deletion construct plasmids) were arrested in G1-phase with

alpha-factor pheromone. Simultaneous expression of both genes was induced by galactose.

Co-expression of GAL-CLB2 and GAL-IME2∆405-645-HA  or GAL-IME2∆405-533-HA

respetively, led to an accumulation of Clb2 protein. In the case of the complete stabilised

Ime2 this effect was stronger than observed for GAL-IME2-HA (Fig. 7).

In conclusion, ectopic expression of the GAL-IME2∆405-645-HA in G1 arrested cells

seems to inhibit APC/C mediated proteolysis of the cyclin Clb2 more efficiently than full-

length Ime2.
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Fig. 7

Ectopic expression of IME2, IME2∆405-533 or IME2∆405-645 leads to accumulation of Clb2 in G1 arrested

cells. A strain containing GAL-CLB2 and GAL-IME2 constructs (S456) was arrested in G1 with alpha-factor

for 2 h. Galactose was added and cells were incubated for 2 h. Samples were taken before (-gal) and after

galactose addition (+gal). Clb2 was detected by immunoblotting with anti-Clb2 antibody. A strain containing

GAL-CLB2 construct (S023) was transformed with the plasmids carrying the Ime2-deletion constructs. After

selection on minimal medium lacking tryptophan, transformants were treated like S456.

The stabilised Ime2 interferes with spore formation.

To test the influence of stabilised Ime2 on the meiotic cell cycle, the stable IME2∆405-645

was expressed under control of its own promoter. Therefore, IME2 was replaced by a

IME2∆405-645-HA-KanMX6 module in the W303 wild-type strain. Integration was

verified by Western analysis. The effect of the truncated Ime2 protein on progression

through sporulation was tested in strains heterozygous and homozygous for the truncated

kinase. Therefore, cells were pregrown in YEPD overnight and then transferred into

sporulation medium (VB). Sporulation was monitored by microscopy and percentage of

asci was determined every day. As control a diploid wild-type strain containing the full-

length IME2 was used. The wild-type sporulated within 48 hours. Approximately 40% of

the cells formed four spored asci, called tetrades (Fig. 8A,B). In contrast, the strains

containing the truncated Ime2 kinase formed asci containing three or two instead of four

spores, indicating that the truncated Ime2 interferes with proper spore formation (Fig. 8A,

B). In the heterozygous IME2/IME2∆405-645  strain 13% of the cells formed proper

tetrades, but nearly the same amount of cells produced triades or dyades containing three

or two spores. In the homozygous strain the situation is even worth, because no tetrades

were produced, 1% of the cells formed triads and 4% form dyads. These data indicate that

the deleted C-terminal region is essential for proper progression through the meiotic cell

cyle. Since the heterozygous strain also displays defects in sporulation, it is likely caused

by a dominant effect of Ime2∆405-645, probably by a failure to inactivate Ime2 by

proteolysis.
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Fig. 8

Expression of the truncated, stabilised IME2 leads to formation of asci containing less than four spores.

W303 strains homo- or heterzygous for the truncated IME2∆405-645-HA were pre-grown overnight in YEPD

medium and then transferred into VB-sporulation medium. A) Percentage of cells containing four, three or

two spores was determined by microscopy after 24, 48 and 72 hours. As control a wild-type strain containing

the full-length Ime2 protein was used. B) Asci were photographed after 72 hours in sporulation medium.

Tetrades, triades and dyades were indicated by arrows.
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Discussion

Investigation of Ime2 protein levels and kinase activity during meiosis. The analysis of

Ime2-MYC9 protein levels in a synchronous sporulation culture of the highly efficient

sporulating SK1 strain revealed a significant fluctuation during the meiotic cell cycle

progression. Ime2 protein accumulates for the first time when cells are grown in acetate

medium in absence of glucose. These findings are consistent with the transcriptional

regulation of IME2 mediated by IME1, whose expression is under control of the carbon

source. Expression of IME1 is repressed by glucose but activated by acetate (Sagee et al.

1998). Therefore, expression of IME2 is also regulated indirectly by the carbon source. As

soon as cells are transferred to sporulation medium the amount of Ime2-MYC9 protein

starts to rise and peaks after approximately 2 hours. Between 4 and 6 hours in sporulation

medium the amount of Ime2 protein is reduced but still detectable. At this time cells

containing two nuclei appear and transition from meiosis I to meiosis II is initiated.

Afterwards the protein level increases again and remains on a high level even after

completion of sporulation. Recently published data indicate, in addition to functions for

Ime2 in early meiosis, an essential role for Ime2 in late meiosis (Benjamin et al. 2003).

Accordingly, Ime2 is required for meiotic M-phase and spore formation and this fits with

the presence of Ime2 during the whole sporulation process.

Our results concerning Ime2 protein levels during sporulation are also consistent with the

findings from Benjamin and co-workers (2003). They found that Ime2 exhibits basal levels

of kinase activity all over progression through sporulation, but they also determined a

fluctuation in the intensity of kinase activity. Two peaks of kinase activity were

determined. First peak was observed 2 hours after transfer to sporulation medium. Kinase

activity declines afterwards and the second peak occur around 6 hours, before activity

decreases again.

Whether the fluctuation in Ime2 protein level is due to regulation of expression or to

regulation of Ime2 stability during sporulation remains to be determined. The expression

pattern published in the Standford yeast genome database argues against a transcriptional

control, once expressed under sporulation conditions expression of IME2 remains more or

less constant on a high level until the end of meiosis.

The stability of Ime2 is regulated by its C-terminal region. Ime2 was shown to be a

very unstable protein (Bolte et al. 2002; Guttmann-Raviv et al. 2002). To identify the

region responsible for its rapid degradation, a systematic deletion set was created



Chapter4
______________________________________________________________________

90

consisting of ten truncated proteins lacking approximately 60 – 70 aa and two additional

larger deletions in the C-terminal region. Most of the truncated Ime2 proteins are degraded

as fast as the full-length protein. Even deletion of the PEST-rich region, which was

suggested to be involved in rapid degradation of Ime2, does not lead to stabilisation of the

protein. Only deletions in the C-terminal region of the protein result in significant

stabilisation. Complete stabilisation is only obtained by deletion of the last 241 aa at the 3´-

end. Taken together the C-terminus plays an important role in Ime2 regulation as proposed

earlier (Kominami et al. 1993). Up to know we can conclude that the instability region of

the C-terminus consists of more than 45 aa but less than the 241 aa deleted here.

Since complete stabilisation can be obtained only by a large deletion at the C-terminal

region, we suggest that the C-terminal region contains two or more redundant degradation

signals. By constructing additional deletions for this region it should be possible to narrow

down the degradation signal.

How far the truncated Ime2 proteins can be phosphorylated and if the phosphorylation

influences Ime2 stability remains unclear. If Ime2, similar to Ime1, can be phosphorylated

at the C-terminal region and thereby be targeted for degradation, Ime2 may regulate itself

in two distinct ways. First, it can activate its own transcription by a positive feed-back loop

(Kassir et al. 2003) and second, Ime2 could promote its own degradation by

autophosphorylation. It was shown that Ime2 could exist in different phosphorylation

forms (Benjamin et al. 2003). Late in meiosis Ime2 gets hyperphosphorylated, in contrast

to early stages in meiosis when Ime2 is not phosphorylated. A slight band shift due to

phosphorylation of Ime2 in late meiosis can also be observed in Western blot analysis (Fig.

1), even if a clear separation of the different bands was not achieved.

Cdc28 seems to be required for some modifications of Ime2 (Benjamin et al. 2003) and

dispensable for others. Sequence analysis revealed that Ime2 possesses six potential Cdc28

phosphorylation sites. In the stabilised protein two out of six phosphorylation sites are

deleted. Therefore, it could be possible that regulation by Cdc28 is disabled and the

truncated protein cannot become hyperphosphorylated and thereby not marked for

degradation.

Activity of the truncated Ime2 proteins. Deletion constructs lacking regions in the N-

terminal and middle part of Ime2 prevent Ime2 activity, suggesting that the deleted regions

are essential for functionality. These results are consistent with the proposal that the N-

terminus of the Ime2 protein is responsible for kinase activity, due to the conserved kinase



Chapter4
______________________________________________________________________

91

domain, whereas the C-terminus is involved in regulation of activity (Kominami et al.

1993).

The stabilised Ime2 lacking the last 241 aa produced at low levels from a centromeric

plasmid has the same impact on cell cycle progression and Clb2 cyclin degradation as five

genomicly integrated copies of the full-length IME2 in vegetative growing cells.

Degradation of the cyclin Clb2 is impaired and a cell cycle arrest occurs. Using the

stabilised protein even enhances the effect of ectopic IME2 expression on mitotic cell

cycle. The fact that a few copies of GAL-IME2∆405-645 are sufficient to cause the same

effects as five copies of GAL-IME2 indicates that the truncated kinase is hyperactive.

In previous works C-terminaly truncated Ime2 constructs were found to be hyperactive

concerning their in vitro kinase activity (Kominami et al. 1993). Our results suggest that

this hyperactivity is due to elevated protein levels. Another explanation of the elevated

effect on mitotic cell cycle progression could be the inhibition of the posttranslational

control of Ime2 kinase activity. Downregulation of Ime2 kinase activity in the presence of

glucose is mediated by direct binding of Gpa2, which is part of the G-protein coupled

glucose sensor to the C-terminal region of Ime2 (Donzeau and Bandlow 1999). It would be

considerable that additional unknown factors involved in regulation of kinase activity

during meiosis also mediate their regulation signal to the C-terminus. This would explain

the strong effect of truncated Ime2 on meiotic cell cycle progression. W303 strains hetero-

or homozygous for the stabilised Ime2 construct fail to form proper asci containing four

spores. Instead triads or dyads with three or two spores are produced. Sporulation

efficiency is significantly reduced in these strains in comparison to the wild-type.

Our favourite explanation is that the phenotype is due to stabilisation of Ime2, resulting in

high Ime2 kinase activity throughout meiosis. The production of 2 spores suggests that

meiosis I can take place in a normal fashion, whereas meiosis II seems to be impaired. As

demonstrated in our previous experiments, Ime2 is able to phosphorylate the APC/C

regulator Cdh1 and thereby inhibits activation of the APC/C in vegetative cells. Perhaps

activation of the APC/CCdh1 is inhibited in the presence of the truncated Ime2, because

Cdh1 is phosphorylated permanently. The role of Ime2 in APC/C regulation during

meiosis remains to be clarified.

Another possibility is that the recognition of the meiotic Ime2 substrates like Ndt80 is

disturbed. Ndt80 is phosphorylated by Ime2 in late meiosis. Ime2-deficient cells show a

meiosis II defect, which was supposed to be a result of inadequate transcription of one or
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more middle genes when Ndt80 is improperly phosphorylated (Benjamin et al. 2003).

Taken together, the C-terminal sequence seems to be essential for regulating Ime2 activity

in meiosis. Factors required for Ime2 degradation are still unknown, but these are likely to

have an important function in regulating the activity of this central co-ordinator of meiosis.
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Chapter 5

Conclusions and Outlook

The understanding how critical events during the mitotic and meiotic cell cycle are

regulated is a prerequisite for analysis of cells in which the control of the cell cycle is

impaired. Abnormal cell cycle regulation in humans may finally result in dramatic genetic

impacts as trisomy 21 and the resulting Down syndrom or may result in transformed cells

and subsequently to diseases as cancer. Many critical events in cell cycle regulation are

highly conserved from yeast to mammals, therefore findings in Saccharomyces cerevisiae

could lead to a better understanding of cell cycle control also in higher organisms. In yeast,

progression through mitosis and meiosis is mediated by ubiquitin-dependent proteolysis

triggered by an ubiquitin-ligase, anaphase promoting complex/cyclosome (APC/C). This

work contributes to the understanding of the regulation of the APC/C in the budding yeast

S. cerevisiae. The main focus was on APC/C regulation mediated by two protein kinases:

the protein kinase A (PKA) during the mitotic cell cycle and the meiosis-specific protein

kinase Ime2 during the meiotic cell cycle.

Integration of environmental signals to inhibit APC/C activity is mediated by the

protein kinase A (PKA) in the mitotic cell cycle.

In previous works it was found that the cAMP/protein kinase A (PKA) signalling pathway

influences the anaphase promoting complex (APC/C) in budding yeast (Anghileri et al.

1999; Irniger et al. 2000). Activation of this pathway, which can be mediated either by

glucose or constitutively activated Ras proteins, leads to inhibition of the APC/C.

The cAMP signal mediated by PKA is a key regulator for many processes, like

invasive/filamentous growth, response to different nutrient conditions, and stress resistance

(Thevelein and de Winde 1999). High PKA activity promotes growth, proliferation, and

glycolysis but inhibits gluconeogenesis and lowers the stress resistance. It was shown that

the three genes encoding PKA in budding yeast, TPK1-3, possess redundant function for

viability but specific functions for pseudohyphal growth and iron uptake (Robertson and

Fink 1998; Robertson et al. 2000). In this work, the role of the single TPK gene in APC/C

inhibition was analysed. We found that each of the three genes, TPK1-3, in S. cerevisiae is

sufficient for inhibition of APC/C activity in response to glucose or activated Ras protein
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(Bolte et al. 2003). Ras protein can activate two different regulation cascades, firstly the

cAMP/PKA pathway and secondly the MAP kinase (mitogen activating protein kinase)

pathway. We showed that the Ras signal is mediated exclusively by PKA and not by

MAPK, whereas invasive growth is under control of both networks (Mösch et al. 1999).

The mechanism by which the protein kinase A inhibits APC/C activity in S. cerevisiae

remains unknown. In fission yeast PKA activity inhibits formation and ubiquitination

activity of the anaphase promoting complex (Yamashita et al. 1996). A first hint for the

mechanism of regulation of APC/C by PKA was found in mammals. The APC/C regulator

protein Cdc20 is unable to bind to mammalian APC/C when pre-incubated with active

PKA. PKA phosphorylates some APC/C core subunits and thereby inhibits its activation

by preventing the binding of Cdc20 (Kotani et al. 1998).

In this work the first evidence for Cdc20 as potential target of the cAMP/PKA pathway in

yeast was provided. Experiments showed that in budding yeast high levels of Cdc20

partially suppress the inhibitory effect of constitutively active Ras2 protein (Bolte et al.

2003).

Taken together, these results lead to a more detailed model of regulation of the activity of

the APC/C by glucose and activated Ras proteins (see Fig. 1).
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Fig. 1 Model of APC/C regulation by protein kinase A in yeast

The activity of the anaphase promoting complex/cyclosome (APC/C) is inhibited by active protein kinase A

(PKA), encoded by three genes TPK1-3 in budding yeast. Both known activators of the cAMP/PKA pathway

lead to inactivation of the APC/C. Glucose binds to the G-protein coupled receptor system consisting of Gpr1

and Gpa2, which activates the adenylate cyclase Cyr1. cAMP synthesis by Cyr1 can be promoted at the same

time by activated Ras proteins. An increase in cAMP levels results in activation of the protein kinase A. Each

of the three Tpk proteins is able to mediate the cAMP signal to the APC/C, in contrast to other cell cycle

processes where one specific Tpk protein is essential for signal transduction to the target proteins. The Ras

signal is mediated exclusively by the cAMP/PKA pathway to the APC/C and not by the mitogen activated

protein kinase (MAPK) pathway, which can also be stimulated by active Ras proteins.

What role does glucose and activated Ras proteins play in APC/C regulation? By

regulation of APC/C activity in response to nutrient conditions, the yeast cell can

coordinate cell growth and cell division with nutrient supply.

On rich medium cAMP level in the cell is elevated due to activation of the adenylate

cyclase Cyr1. High cAMP levels cause a G1-delay resulting in an enlarged critical cell size

before budding initiation. The delay is achieved by inhibition of G1-cyclin transcription,

thereby inhibiting entry into S-phase (Baroni et al. 1994).

Not only in G1-, but also in G2/M-phase cell cycle progression can be delayed in response

to nutrient conditions. As a consequence of nitrogen starvation in the presence of a

fermentable carbon source budding yeast starts to grow as pseudohyphae. In the
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Ras-GTP

Ras-GDP

APC/C
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Gpr1/Gpa2
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pseudohyphal form exit from mitosis and cell division occurs when the daughter cell has

obtained the same size as the mother cell (Kron et al. 1994). Therefore, cell division has to

be delayed until the daughter cell has reached a sufficient size. The signal for this G2-delay

seems to be a consequence of Ras signalling, because Ras signalling is necessary for

pseudohyphae formation (Mösch et al. 1996). PKA-mediated inhibition of APC/C activity

could be a mechanism for a delay in mitosis during pseudohyphal growth.

Under good nutrient conditions the progression through the cell cycle is delayed by

inhibition of the APC/C, which enables the cells to grow to larger size before cell division.

The elongated “Gap”-phases ensure that as long as enough nutrient are in the medium, the

cell consume these nutrients to form biomass. This mechanism could contribute to enhance

survival under bad nutrient conditions. This would be consistent with the finding, that on

rich medium daughter cells were born at larger cell size compared to daughter cells in poor

medium (Alberghina et al. 1998).

The cAMP/PKA pathway seems to have a conserved role in growth and division

coordination in mitosis, because intracellular cAMP levels always decrease significantly

before cell division in budding yeast (Smith et al. 1990). In mammalian somatic cells PKA

activity is significantly reduced before anaphase (Kotani et al. 1998).

Parts of the PKA pathway are involved even in the initiation of meiosis (Honigberg and

Purnapatre 2003). Extracellular glucose is sensed by a G-coupled receptor Gpr1, which in

turn activates a G-protein complex containing Gpa2. GTP-Gpa2 causes activation of PKA.

Active PKA inhibits expression of IME1 and IME2, and therefore entrance into meiosis. In

addition Gpa2 can bind directly to Ime2 and inhibit its kinase activity during meiosis

(Donzeau and Bandlow 1999). In summary the PKA pathway in combination with the

APC/C represents a universal tool to integrate environmental signals in cell cycle

regulation during mitosis as well as during meiosis.

The meiosis-specific protein kinase Ime2 as a novel regulator of the APC/C.

APC/C regulation during the meiotic cell cycle is poorly understood. Therefore, the

identification of the meiosis-specific kinase IME2 in a screen for new negative regulators

of the APC/C-dependent proteolysis revealed the opportunity to get new insights into the

role of the APC/C during the meiotic cell cycle.

Ime2 is part of a regulation cascade that governs entry into the sporulation program in the

budding yeast S. cerevisiae. Ime2 is essential for early and middle gene expression during
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meiosis. Besides the kinase was found to be necessary for expression and activation of the

meiotic transcription activator Ndt80.

Ectopic expression of IME2 in G1-arrested cells in mitosis stabilises diverse APC/CCdh1

substrates, including Clb2, Clb3, Cdc5 and delays slightly degradation of the APC/CCdc20

substrate Pds1. By investigating the mechanism of APC/C inhibition mediated by Ime2 we

found that Ime2 is able to phosphorylate the regulator protein Cdh1 (Bolte et al. 2002).

In additional experiments we examined by immunoprecipitation whether phosphorylation

of Cdh1 by Ime2 prevents its interaction with APC/C. A strain containing a MYC-tagged

component of the APC/C core complex, Cdc23-MYC, and an HA-tagged Cdh1 expressed

from the weak GALL-promoter, was arrested in G1-phase. After 2 hours of induction of the

G A L -constructs cells were harvested and crude extracts were prepared. Co-

immunoprecipitation experiments using MYC-antibodys showed that HA-Cdh1 can be co-

purified with Cdc23-MYC, but in the presence of a GAL-IME2 construct no Cdh1 can be

detected in the immunoprecipitates (Fig. 2). This result implies that Ime2 inhibits

APC/CCdh1 by preventing the interaction between the regulator protein and the complex due

to phosphorylation of Cdh1. Since IME2 is only expressed in meiosis our data implicate a

role for Ime2 in inactivating the APC/CCdh1 at the end of G1-phase. In meiosis Ime2 may

take over the role of cyclin dependent kinase Cdc28, which inactivates APC/CCdh1 in the

mitotic cell cycle.

Fig. 2 The kinase Ime2 can regulate APC/CCdh1 activity by phosphorylation.

Ectopic expression of IME2 leads to phosphorylation of Cdh1 and thereby prevents its interaction with the

APC/C. A wild-type strain (S512) and a GAL-IME2 strain (S511) both carrying GALL-HA-CDH1 and

CDC23-MYC constructs were arrested in G1 with alpha-factor. Galactose was added to express the GAL-

constructs. HA-tagged Cdh1 was detected in whole cell extracts (WCE) and after immunoprecipitation with

anti-MYC antibodies (IP). As a control MYC-tagged Cdc23 was also detected before and after

immunoprecipitation.
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Ime2 shares some more similarities with cyclin dependent kinases. First, Ime2 and cyclin

dependent kinases share significant sequence similarities. Ime2 shows 47% similarity and

31% identity to human cyclin dependent kinase, CDK2, and 45% similarity and 27%

identity to yeast cyclin dependent kinase CDC28 (Kominami et al. 1993; Mitchell 1994).

Second, both kinases, the G1-specific Cdc28/Cln and Ime2 are responsible for degradation

of the cyclin dependent kinase inhibitor Sic1, Cdc28/Cln during mitosis and Ime2 during

meiosis (Dirick et al. 1998). As a third similarity this work identified the ability of both

kinases to downregulate activity of APC/CCdh1. Despite of these similarities there are also

significant differences between these kinases. Ectopic expression of IME2 in α -factor

arrested cells or cells lacking G1-cyclins leads to an arrest with unduplicated DNA,

indicating that Ime2 can not replace Cdc28/Cln in initiation of DNA replication. During

mitosis Cdc28/Cln promotes budding, but ectopic expression of IME2 in cycling cultures

leads to accumulation of unbudded cells with replicated DNA. The inhibition of bud

formation in mitotic cells suggests a similar role for Ime2 in the meiotic cell cycle. In

contrast to Cdc28, whose activity is regulated by the binding of cyclins, no cyclins are

known for Ime2. Binding of cyclins to human cyclin dependent kinase, CDK2, requires

two regions: PSTAIRE and the T-loop (Jeffrey et al. 1995). Ime2 does not contain a

PSTAIRE-motif, but does include a T-loop region with 52,3% identity to the T-loop region

of human Cdk2. Up to now there have been no reports on proteins binding to that region of

Ime2. Ime2 seems to be active upon expression, independently of binding to cyclins.

A model for the regulation of mitotic and meiotic G1-S-phase transitions is illustrated in

Fig. 3.
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Fig. 3 Comparison of regulation of the G1-S-phase transition during mitosis and meiosis. In mitosis critical

events for entry into a new replication cycle like degradation of the cyclin dependent kinase inhibitor Sic1,

initiation of bud formation and inactivation of the APC/CCdh1 complex were triggered by the cyclin dependent

kinase Cdc28 in association with G1-cyclins  (Cdc28/Cln). During meiosis Ime2 fullfills these functions. In

contrast to Cdc28/Cln, Ime2 does not promote bud formation but inhibits this process.

The aim of future work will focus on the function and regulation of proteolytic degradation

mediated by the APC/C during meiosis. The exact mechanism by which the protein kinase

Ime2 inhibits APC/C dependent proteolysis during meiosis has to be determined. Is Ime2

able to phosphorylate the regulator protein Cdh1 under sporulation conditions and thereby

prevent Cdh1 interaction with the APC/C? At which stage of the meiotic cell cycle is

inhibition of the APC/C mediated by Ime2? The last question could be addressed by the

use of an analog-sensitive version of the kinase. Substitution of a single conserved amino

acid creates an analog-sensitive kinase that is uniquely sensitive to inhibition by cell-

permeable purin analogs (Bishop et al. 2000). The addition of the inhibitor at different time

points during meiosis efficiently inhibits Ime2 activity (Benjamin et al. 2003). Thus, this

modified Ime2 should allow us to test wether Ime2 indeed phosphorylates Cdh1 during

meiosis.

What is known about Ime2 homologues and orthologues in other organisms? Two

orthologues of Ime2 , mde3 and pit1, have been identified in Schizosaccharomyces pombe

they were essential for timing of meiotic division and spore formation (Abe and Shimoda

2000). The „male germ cell- associated  kinase“, Mak, is a homologue of Ime2 in

mammals, which is found specifically in primary spermatocyctes during late meiotic G2-
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phase (Jinno et al. 1993; Shinkai et al. 2002). Further homologues were indentified in

Neurospora crassa, Drosophila melanogaster, Anopheles gambiae, Rattus norvegicus,

Mus musculus, and the plant Arabidopsis thaliana (BLASTsearch). The existence of Ime2

orthologues and homologues in many different species, suggests a conserved role of Ime2

in regulation of meiotic cell cycle progression in eukaryotic organsims.

Regulation of Ime2 stability.

Ime2 is an unstable protein, when expressed in cycling cells (Bolte et al. 2002) and in

meiosis (Guttmann-Raviv et al. 2002). Its proteolysis seems to be independent of the

ubiquitination ligase complexes SCF and APC/C (Bolte et al. 2002). Ime2 is present

throughout the meiotic cell cycle, but kinase activity and protein level are regulated

(Benjamin et al. 2003) (see Fig. 1, chapter 4). Factors involved in this regulation process

remain still unknown. Since Ime2 activity is not regulated by cyclin binding, it is

conceivable that activity could be controlled by its own instability. To gain more

information about Ime2 stability we have constructed a deletion set in order to identify

regions responsible either for rapid degradation or functionality of Ime2. The experimental

data indicate that the N-terminal part of the protein is necessary for kinase activity,

whereas the C-terminal part of the protein contains degradation signals as proposed by

Kominami et al. (1993). Deletion of the last 241 aa results in a drastically stabilised Ime2

protein, which is still fully active when expressed ectopically in vegetative growing cells.

The truncated protein can, like the full-length version, inhibit APC/C activity when

expressed in the mitotic cell cycle. Ectopic expression stabilises the cyclin Clb2 and results

in an efficient cell cycle arrest.

Overexpression of IME2 lacking its C-terminus was known to successfully override the

pre-requisite of nutrient limitation for initiation of sporulation (Kominami et al. 1993).

Normally the accumulation of Ime2 protein and thereby entry into the meiotic cell cycle is

inhibited by its rapid degradation under non-starvation conditions. Kominami could also

show that the truncated Ime2 exhibits higher kinase activity in vitro as the wild-type

protein. Our data suggest that these effects are due to its increased stability. It was shown

that the posttranslational control of Ime2 activity is also impaired when the C-terminus of

the protein is deleted. This is due to the fact, that the nutrient signal sensed by the G-

protein is transmitted to the C-terminus. GTP-bound Gpa2 binds specifically to Ime2 and

thereby inhibits the kinase activity (Donzeau and Bandlow 1999).
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We have shown that W303 wild-type strains heterozygous for the truncated Ime2 under

control of its own promoter form abnormal asci containing two or three instead of four

spores under sporulation conditions. In strains homozygous for the truncated Ime2 this

effect is enhanced. Moreover sporulation efficiency is significantly reduced in comparison

to the wild-type strain expressing the full-length IME2. This shows that a controlled

decrease in Ime2 protein level during sporulation is essential for proper progression

through sporulation. In summary, Ime2 and its controlled degradation fullfill an important

role in triggering the decision to initiate and regulate progression through meiotic

differentiation in S. cerevisiae. Comparable to fluctuating Cdc28 activity levels essential

for progression through mitosis, a fluctuating Ime2 level seems to be necessary for meiotic

progression.

It has to be clarified in the future how the activity and the stability of Ime2 are regulated

during the meiotic cell cycle, resulting in two peaks of activity. Is Ime2 activity regulated

by other factors, comparable to regulation of cyclin dependent kinase activity by cyclins?

In general Ime2 is active without association with other proteins. This is supported by the

ability of recombinant Ime2 isolated from Escherichia coli to phosphorylate histone H1 in

vitro. But for phosphorylation of the native substrate Gpa2, Ime2 has to be isolated from

yeast (Donzeau and Bandlow 1999), indicating that at least for some substrates, Ime2

needs to be modified by an additional factor. Therefore it would be interesting during the

course of future work to perform a screen for regulators of Ime2 itself.

Furthermore we are interested in the degradation of Ime2 itself. Is its proteolysis mediated

by ubiquitination and performed by the 26S proteasome? Which sequence signals in the C-

terminal region target Ime2 for its rapid degradation? Do additional factors exist which

promote or inhibit degradation of Ime2? The effect of the truncated stabilised Ime2 on

progression through sporulation and on Ime2 activity pattern during meiosis of the high

efficient sporulating SK1 strain has to be analysed. This should allow us to determine

which processes in meiosis are inhibited by the stabilised Ime2.
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The meiosis-specific APC/C regulator protein, Ama1.

Up to now only the degradation of one APC/C substrate, Pds1, was investigated in detail

during meiosis (Lee and Amon 2001). Analysis of APC/C dependent proteolysis of other

substrates, could clarify the role of APC/C for co-ordination of meiotic cell cycle

progression. Therefore, investigation of the different functions displayed by the three WD

proteins Cdh1, Cdc20 and Ama1, involved in regulation of APC/C activity and substrate

specificity, should lead to a better understanding of how the cell manages to prevent a

intervening S-phase after the first meiotic division.

AMA1 is only expressed and spliced during meiosis and represents an additional meiosis-

specific regulator protein of the APC/C. Since during mitosis two regulator proteins Cdh1

and Cdc20 are sufficient for regulation of APC/C substrate specifity, we asked whether

Ama1 can take over some functions of the other regulator proteins when expressed during

mitosis? When Cooper et al. (2000) identified the new meiosis-specific regulator Ama1,

they proposed that activation of APC/CAma1 depends on phosphorylation. Two candidate-

activating kinases are Cdc28 and Ime2. In silico analysis revealed that Ama1 contains two

full cyclin dependent kinase (CDK) consensus sites (S/T-P-X-K/R) and five minimal CDK

consensus sites (S/T-P), that make Ama1 a potential Cdc28 target protein. In a recently

published screen for targets of Cdk substrates in budding yeast among 695 proteins no

phosphorylation of Ama1 by Cdc28 could be determined (Ubersax et al. 2003). This

argues against Cdc28 as the modifier of Ama1.

To analyse the role of Ama1, a meiosis-specific WD repeat protein related to Cdc20 and

Cdh1, some initial experiments have been performed. A 1,7 kb fragment containing the

AMA1 gene was amplified from a S. cerevisiae GAL-cDNA library, and cloned into the

CEN-plasmid pRS313 (Sikorski and Hieter 1989; Mumberg et al. 1994) between the GAL-

promoter and the CYC1 terminator (pME2655). A BglII restriction site was introduced

behind the start codon of AMA1. Nine copies of the MYC-tag were cloned as a BglII-

fragment into this site, resulting in the CEN-plasmid pRS316I-GAL-MYC9-AMA1-CYC1

(pME2657).

Ama1 protein levels were determined in different cell cycle arrests. Strains carrying a

CEN-plasmid containing the MYC-tagged Ama1 expressed from the GAL-promoter were

arrested in different stages of the cell cycle: with alpha-factor in G1-phase, with nocodazol

in M-phase or with hydroxyurea in S-phase, then galactose was added to express the GAL-

constructs. The level of Ama1 was constant in all phases of the cell cycle. In addition to
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Ama1 itself a slower migrating band which seemed to be a modified version of Ama1

occured in the immunoblott analysis. The quantity of modified Ama1 decreased

significantly in G1-phase (Fig. 4A). The factors involved in modification of Ama1 remain

unknown, but modification of Ama1 occurs in a cell cycle regulated manner.

In order to find out whether Ama1 is phosphorylated by Ime2 we used a strain containing

GAL-MYC9-AMA1. Cultures were grown in minimal medium lacking uracil. To check

whether the slower migrating band corresponds to Ama1, a control using the untagged

version of Ama1was performed. As expected, no signal was obtained after galactose

addition to the wild-type carrying the GAL-AMA1 construct (Fig. 4B, lane1). So the shifted

band is specific and belongs to Ama1. In G1 arrested cells expressing the GAL-MYC9-

AMA only a small amount of Ama1 produced slower migrating bands, (Fig.4B, lane 3, 4).

G1 arrested cells containing both GAL-MYC9-AMA and the GAL-IME2 construct showed

the same result (Fig.4B, lane 5, 6), indicating that Ime2 does not lead to phosphorylation of

Ama1 in G1 arrested cells.

To address the question whether Ama1 can fullfill some functions of Cdh1 in mitosis we

tested if ectopic expression of AMA1 in mitosis can suppress the G1-defect of ∆cdh1

mutants. A ∆cdh1 mutant is viable, but defective in Clb2 degradation and impaired in the

response to alpha-factor treatment. A wild-type and a ∆cdh1 mutant were transformed with

a CEN-plasmid containing either the GAL-AMA1 construct, or the empty vector YCplac33

(URA3 marker). Samples were collected before and after induction of the GAL-promoter

and in absence and presence of alpha-factor. In cycling cultures ectopic expression of

AMA1 did not influence cell cycle progression significantly neither in wild-type nor in

∆cdh1 mutant cells. In the presence of alpha-factor wild-type strains arrested to 99% as

unbudded cells no matter which plasmid was transformed. In ∆cdh1 mutant cultures

carrying the empty vector 24% of the cells remained as budded cells, whereas expression

of AMA1 resulted in a slight but reproduceable reduction to 14% budded cells (Fig.4D). It

seems that ectopic expression of AMA1 leads to a partial suppression of the G1-defect of

∆cdh1 mutants.

In an initial experiment we have also analysed the stability of Ama1 in GAL-promoter

shutoff experiments. A wild-type strain carrying the MYC-tagged Ama1 expressed from

the GAL-promoter on a CEN-plasmid was used. Ama1 was degraded within 40 minutes

after transfer to glucose medium. Interestingly the modified form producing slower

migrating bands remained stable and was detectable up to 80 minutes after promoter
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shutoff (Fig. 4D). These preliminary results indicate that Ama1 is like Cdc20 a highly

unstable protein. In further experiments it will be interesting to determine whether Ama1

protein level fluctuates during meiosis.

Fig. 4

A) Modification of Ama1 is cell cyle regulated. Wild-type strain carrying a CEN-plasmid containing the

MYC-tagged Ama1 expressed from the GAL-promoter was arrested in different phases of the cell cycle: with

alpha-factor (alpha) in G1-phase, nocodazol (noc) in M-phase or hydroxyurea (HU) in S-phase, then

galactose was added to express the GAL-construct. B) Ime2 is not able to phosphorylate Ama1. A wild-type

strain and a strain containing the GAL-IME2 (S396) construct were transformed with a CEN-plasmid carrying

GAL-MYC9-AMA1. Transformants were selected on minimal medium lacking uracil. Galactose was added to

induce the GAL-constructs and samples were collected in the absence and presence of alpha-factor. In order

to prove that the slower migrating bands are no unspecific signals but belong to the expression of GAL-

MYC9-AMA1 a wild-type carrying GAL-AMA1 was used. C) A wild-type strain and a cdh1-deletion strain

were transformed with a CEN-plasmid containing the GAL-AMA1 construct. As a control the empty vector

was used. Samples were collected before and after induction of the GAL-promoter and in absence and

presence of alpha-factor. The percentage of budded cells was determined by microscopy. D) Ama1 is rapidly

degraded in mitosis, but the modified form seems to be stabilised. Stability of Ama1 expressed from the

GAL-promoter on a centromeric plasmid was analysed in a GAL-promoter shutoff experiment. Samples were

collected before addition of galactose (-gal) and at the indicated time points after GAL-promoter shut off.

It should be the aim of future work to find out by which mechanism Ama1 is degraded and

what kind of modification is able to protect Ama1 from degradation. For analysis of the

modification a proteomic approach could be useful, in which the immunoprecipitated

protein is separated on a 2D-polyacrylamide gel and analysed by mass spectrometry. It

should be analysed whether Ama1 is modified during meiosis and whether modification of

Ama1 is cell cycle regulated during sporulation like phosphorylation of Ime2. How does
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the modification of Ama1 influence APC/C activity? Is modification of Ama1 necessary

for its association with the APC/C or inhibits this modification the activation of the

APC/C? To clarify the question which substrates are degraded by APC/CAma1 during

meiosis, the stability of tagged APC/C substrates should be analysed in ama1 deletion

strains.
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