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1 INTRODUCTION

Saccharomyces cerevisiae is the first eukaryotic organism whose genome has been
completely sequenced and belongs to the best studied eukaryotic model systems so far. Since
this yeast is a unicellular eukaryot which can be grown as a haploid, it is easy to isolate
specific mutants. Genetic variation can be further extended by mating of haploid strains.
Given that many of the essential cellular processes are mechanistically conserved between
yeast and higher eukaryotes, studies in yeast can reveal important new insights into the role of
genes in the humans and in cellular defects associated with human diseases.
Development and progression of cancer is usually linked with the impairment of a
delicate regulation of gene expression. Chromatin structure influences the DNA-templated
biological processes, including gene transcription, DNA replication and repair, and
chromosome condensation and segregation. Therefore, the factors changing chromatin
structure have a crucial role in prevention of a malignant cell transformation. Isw2p is a yeast
protein with chromatin remodelling activity and thus it represents an interesting subject for
functional studies of the remodelling factors.
In the last few years, the mechanism of Isw2 chromatin remodelling activity was
intensively studied by several different research groups. In our laboratory, we focussed on the
analysis of the isw2 deletion mutant phenotype. Extensive analyses of the isw2Δ cells,
brought us to investigation of the invasive growth, the pheromone response and the cell wall
integrity signalling. All these processes were affected in the absence of the Isw2 protein.
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2 REVIEW OF LITERATURE
2.1 Chromatin
Genetic information of eukaryotic cells is stored in chromatin, a compacted form of
DNA, which allows large amounts of genetic material to fit into the relatively small nucleus.
The fundamental unit of the chromatin, the nucleosome core particle, consists of 146 DNA
base pairs wrapped approximately two times around a histone octamer that contains two
copies each of H2A–H2B and H3–H4 dimer pairs (Luger, et al., 1997). These nucleosomes
are further packed with linker histones and other architectural proteins into higher-order
chromatin structures.
The DNA packaged into nucleosomes is generally inaccessible to the basal
transcriptional machinery. To overcome the naturally repressive state of the chromatin
structure, the cell uses chromatin-modifying factors to manipulate DNA–histone interactions.
Two major classes of factors were found to play key roles in the regulation of the chromatin
structure – histone modifying enzymes and ATP-dependent chromatin remodelling
complexes.

2.1.1

Histone modifying enzymes

Potential modifications of the terminal tails of the histones include histone acetylation,
methylation, phosphorylation, ubiquitylation, sumoylation and ADP-ribosylation (Berger,
2002).
Among all these modifications, histone acetylation has the closest correlation with
transcription (Hebbes, et al., 1988). Acetylation of histone tails is generally observed in
transcriptionally active regions of chromatin. The level of acetylation is regulated by histone
acetyltransferase (HAT) and histone deacetylase (HDAC) activities (reviewed in Legube and
Trouche, 2003).

2.1.2

Chromatin remodelling factors

The acetylation of the histone tails is probably necessary to de-condense the chromatin
in the regions of promoters but the histone acetylation cannot disrupt the structure of the core
particle of the nucleosome. Without the disruption of the core particle, transcription will not
take place (Workman and Kingston, 1998). This is also documented by observations that the
promoters and enhancers of active genes are located in regions devoid of nucleosomes. It is
8

assumed that nucleosomes are displaced from the enhancer and promoter regions by
chromatin-remodelling complexes. Remodelling complexes change the location of the
nucleosome either by transferring the histones from one region of DNA to another one or by
‘nucleosome sliding’ i.e. moving along a particular DNA sequence.
Every ATP-dependent chromatin-remodelling complex contains a highly conserved
ATPase subunit. Based on the nature of secondary domains of this subunit, the complexes
have been classified into three subfamilies: the SWI2/SNF2 subfamily, the CHD/Mi-2
subfamily, and the ISWI subfamily. The specific domains recognize different covalent
modifications on the histone proteins (Neely and Workman, 2002).

2.1.2.1 SWI2/SNF2 subfamily
SWI2/SNF2 subfamily of complexes includes Saccharomyces cerevisiae SWI/SNF,
RSC, and Ino80.com complexes, Drosophila Brahma, and human SWI/SNF. The Swi2/Snf2like ATPase subunit of each of these complexes has DNA-dependent ATPase activity that is
stimulated by both DNA and nucleosomes (Cote, et al., 1994; Cairns, et al., 1996). All the
ATPases contain a C-terminal bromodomain with specificity for acetylated lysines on
histones, and two other conserved regions of unknown function. SWI/SNF proteins disrupt
DNA-histone contacts and release the histones.

2.1.2.2 CHD/Mi-2 subfamily
Nucleosome remodelling ATPases of the CHD/Mi-2 subfamily are characterized by
the presence of a chromodomain, which in some cases has been shown to interact with
methylated lysines on histones. In contrast to vertebrates, in which several members of CHD
superfamily were found, in Saccharomyces cerevisiae, only one exists – Chd1p. chd1 null
mutant is viable, however, it was found to be synthetically lethal with a swi1Δ as well as with
isw1Δisw2Δ double deletion (see below). This suggests that Chd1 has similar or redundant
functions as the SWI/SNF and ISWI complex, respectively (Tsukiyama, et al., 1999; Tran, et
al., 2000).

2.1.2.3 ISWI subfamily
Members of the ISWI subfamily contain a subunit with homology to the Drosophila
ISWI (Imitation Switch) protein, which has nucleosome-stimulated ATPase activity and
belongs to the ‘sliding type’ of remodelling activities that merely slides the nucleosomes
along the DNA (Hamiche, et al., 1999; Langst, et al., 1999). All the ISWI-type ATPases
contain a SANT domain, which is a putative DNA binding motif, and they are homologous to
Swi2/Snf2 only in the ATPase domain. Drosophila ISWI protein is essential for cell viability
9

and was found in three complexes – NURF, CHRAC and ACF. In humans, two homologs of
Drosophila ISWI were characterized, hSNF2H and hSNF2L, that are subunits of several
complexes that resemble Drosophila CHRAC and ACF complexes. Also in Saccharomyces
cerevisiae, there were found two homologs of ISWI – Isw1p and Isw2p (see below).
Differences between ISWI and CHD ATPases were demonstrated on the dMi-2
protein, Drosophila member of the CHD superfamily (Brehm, et al., 2000). The ATPase
activity of ISWI is stimulated by both DNA and nucleosomes, whereas the activity of dMi-2
is stimulated only by nucleosomes. Furthermore, dMi-2 is able to bind nucleosome cores
(which presumably display no free DNA), whereas ISWI can bind only a nucleosome that
displays free DNA. In a sliding assay, ISWI and dMi-2 move histone octamers in opposite
directions, suggesting that they use different mechanisms of nucleosome mobilization.
Finally, ISWI requires the histone tails, whereas dMi-2 does not (Brehm, et al., 2000).

2.1.2.3.1 Yeast ISWI factors – Isw1 and Isw2
In S. cerevisiae, two ATPases, Isw1p and Isw2p, were identified as members of the
ISWI class (Tsukiyama, et al., 1999). Isw1p can be isolated from cells as a monomer, in
Isw1a complex (Isw1p-Ioc3p) or Isw1b complex (Isw1p-Ioc2p-Ioc4p) (Vary, et al., 2003).
Protein Isw2 was primarily found to form two-subunit complex with Itc1p (Gelbart, et al.,
2001). Recently, another two subunits, Dpb4p and Dls1p, interacting with Isw2p and Itc1p in
complex were identified (Iida and Araki, 2004; McConnell, et al., 2004). These two proteins
contain histone fold motifs and are homologous to the two smallest subunits of CHRAC
complexes in higher eukaryotes. Dpb4p is also a subunit of the DNA polymerase epsilon
(polε) complex (Ohya, et al., 2000), and Dls1p is homologous to another polε subunit, Dpb3p
(McConnell, et al., 2004).

2.1.2.3.2 Mechanism of DNA binding and remodelling of Isw2 complex
The mechanism of DNA binding and nucleosome remodelling of Isw2 complex was
characterized in detail by studies in vitro (Tsukiyama, et al., 1999; Gelbart, et al., 2001;
Kassabov, et al., 2002; Kagalwala, et al., 2004; McConnell, et al., 2004; Zofall, et al., 2004;
Dang, et al., 2007). In short, the yeast Isw2 complex, similarly to other ISWI complexes, does
not disrupt the nucleosome during sliding (Kassabov, et al., 2002). It interacts efficiently with
both naked DNA and nucleosomal arrays in an ATP-dependent manner. Both Isw2p and Itc1p
subunits are necessary for this binding as well as for the nucleosome-stimulated ATPase
activity and the chromatin remodelling (spacing) activity (Gelbart, et al., 2001). Small
subunits Dpb4p and Dls1p are not required for efficient binding of the complex to DNA
(McConnell, et al., 2004). However, the Dls1p-dependent interaction of Dpb4p with
extranucleosomal DNA modulates interactions of Itc1p with DNA and thus might modulate
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nucleosome spacing activity of the Isw2 complex (Dang, et al., 2007). Nevertheless, Dpb4
and Dls1 proteins are important for the Isw2 complex function only at some targets
(McConnell, et al., 2004).

2.1.2.3.3 Functions of the Isw2 complex
The Isw2 complex functions in vivo mainly in repression of gene transcription in
parallel with the Sin3-Rpd3 histone deacetylase complex. Both complexes are recruited to
promoter sequences of some genes, e.g. the early meiotic genes, by the sequence-specific
DNA binding protein Ume6 (Goldmark, et al., 2000; Fazzio, et al., 2001). The Isw2 complex
is also involved in repression of MATa-specific genes in MATα cells (Ruiz, et al., 2003;
Trachtulcova, et al., 2003; Trachtulcova, et al., 2004) and other individual genes including
INO1, PHO3, FIG1, MET17 and CLB2 (Fazzio, et al., 2001; Kent, et al., 2001; Sugiyama and
Nikawa, 2001; Sherriff, et al., 2007).
In addition to MATa-specific genes, Isw2 regulates chromatin structure at other classes
of genes repressed by the Tup1–Ssn6 complex (Zhang and Reese, 2004b). Isw2 has also been
implicated in transcriptional termination, functioning redundantly with the Isw1 and Chd1
ATP-dependent chromatin remodelling factors (Alen, et al., 2002), and in transcriptional
silencing at the rDNA (Mueller, et al., 2007). Surprisingly, the Isw2 complex might have also
a positive effect on transcription. Forming an inaccessible chromatin structure at the promoter
region of the SUC2 gene, it increases transcription of this gene, probably due to a partial
inhibition of binding of the transcriptional repressor of SUC2 (Fazzio, et al., 2001).
ISW2 is not an essential gene for vegetative growth under normal conditions but it
shows genetic interactions with its two homologues, ISW1 and CHD1 (Tsukiyama, et al.,
1999; Vary, et al., 2003). The triple mutant isw1isw2chd1 exhibits a growth defect at 37°C,
and a formamide sensitivity, indicating a defective stress response (Tsukiyama, et al., 1999;
Vary, et al., 2003). This suggests that these three proteins have partially overlapping
functions.
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2.2 MAPK signalling pathways in yeast
A fundamental property of living cells is the ability to sense and respond appropriately
to changing environmental conditions and to other various stimuli. Many of these signals are
transduced by a highly conserved eukaryotic signalling mechanism, the mitogen-activated
protein kinase (MAPK) cascade. MAPK cascades are modular signalling units composed of
three protein kinases: a MAPKKK (MAPK kinase kinase) activates a cognate MAPKK
(MAPK kinase) by phosphorylating two serine or threonine residues at conserved positions;
the MAPKK in turn activates a specific MAPK (MAP kinase) by phosphorylating specific
tyrosine and threonine residues (Herskowitz, 1995; Waskiewicz and Cooper, 1995; Gustin, et
al., 1998).
In the budding yeast Saccharomyces cerevisiae, five MAP kinases were identified in
five functionally distinct pathways. Fus3 and Kss1 regulate mating as components of the
pheromone response pathway, although only Fus3 is essential for mating. Kss1 functions in
an additional pathway that regulates invasive growth/pseudohyphal development (Wang and
Dohlman, 2004; Bardwell, 2005; Elion et al., 2005). Hog1 regulates intracellular osmolarity
in response to extracellular osmotic stress in high-osmolarity growth pathway. Slt2 (Mpk1)
regulates cell integrity and budding during cell growth and in response to mechanical changes
at the cell wall/plasma membrane (cell wall integrity – CWI pathway). The fifth MAPK,
Smk1, is not present in growing cells; it regulates sporulation as a part of the spore wall
assembly pathway.
It was shown that a common element can be used in more than one signal transduction
pathways and a cross-talk between pathways can occur. However, high degree of specificity
of regulation is achieved by organization of MAPK modules by use of scaffolding and
anchoring proteins (Elion, 2001; Harris, et al., 2001). Three of the yeast MAPK pathways –
pheromone response, filamentous growth and cell wall integrity pathways (Fig. 2.1) - and
their connections are reviewed below.

2.2.1

Mating
During the life cycle of the budding yeast Saccharomyces cerevisiae, two haploid cells

of opposite mating type, MATa and MATα, can conjugate to form a MATa/α diploid cell.
Cells of each mating type constitutively secrete a peptide mating pheromone that activates
surface receptors on cells of the opposite mating type. Binding of pheromone to the receptor
activates the specific MAPK signalling pathway and triggers a genetic program (expression
change of about 200 genes) that transforms vegetatively growing cells into gametes. In the
initial response, cells stop dividing and arrest in G1 phase of the cell cycle, initiate
transcription of a set of genes that encode proteins required for the mating process, reorganize
12

Fig. 2.1 Simplified schematic of three MAPK pathways in yeast. For details see text
(Chapters 2.2.1.4, 2.2.2.1, and 2.2.5.2).

the cytoskeleton and the cell growth becomes directed towards the mating partner. This
polarized growth produces a mating projection called a “shmoo” (named after a creature in a
comic strip) towards the highest concentration of pheromone. Once the cell walls of the two
mating partners make contact, they adhere to each other, the cell walls are dissolved
permitting a fusion of the plasma membranes. After fusion of nuclei, a diploid zygote is
formed.

2.2.1.1 Mating type determination
The mating type of a yeast cell is determined by a single genetic locus on
chromosome III, MAT, which is transcriptionally active (Hicks, et al., 1977; Hicks, et al.,
1979). MAT has two alleles. a-cells have the MATa allele which encodes two proteins, a1 and
a2. MATα of α-cells encodes a transcriptional activator α1 and a repressor α2 (Johnson and
Herskowitz, 1985). The diploid a/α state is programmed by the combination of a and α
information (Fig. 2.2).
13

The difference between particular cell types arises from a specific transcription. MATa
cells express a-specific genes and α-cells express α-specific genes. In addition, a set of
haploid specific genes is expressed in both MATa and MATα cells but not in a/α diploid cells.
All these genes are regulated transcriptionally.
The MATα cells contain α2 protein which participates in repression of the a-specific
genes. α2 binds cooperatively with Mcm1 as a tetramer to the conserved sequence in
promoters of the a-specific genes (Johnson and Herskowitz, 1985; Keleher, et al., 1988). The
α2-Mcm1 complex in turn recruits Ssn6p and Tup1p to the operator and these latter two
proteins are responsible for the transcriptional repression (Herschbach, et al., 1994). The
Tup1-Ssn6 complex is a general repressor in yeast that is recruited to many different gene
regulatory regions through its interactions with sequence-specific DNA-binding proteins
(Mukai, et al., 1991; Keleher, et al., 1992; Zhang and Reese, 2004a).
Transcription of the α-specific genes depends on three transcriptional activators protein α1 (present only in α-cells), Mcm1 and Ste12. Mcm1 and α1 bind cooperatively to a
DNA upstream of α-specific genes (Bruhn and Sprague, 1994). Although the Ste12p is
necessary for expression of α-specific genes, it does not bind directly to these genes. It
interacts with the α1 instead and through this protein-protein interaction it is brought to DNA
(Yuan, et al., 1993).
In MATa-cells, the α-specific genes are not transcribed because they lack α1, the
activator of α-specific genes. On the other hand, the a-specific genes are constitutively
expressed due to the absence of the α2 repressor (Strathern, et al., 1981).
In diploid a/α cells, the α2 protein represses synthesis of a-specific products similarly
as in the α-cells. In addition, α2 in combination with the a1 forms a1-α2 heterodimer which
represses synthesis of α1 and thus the α-specific genes are not expressed (Fig. 2.2).

Fig. 2.2 Control of expression
of cell type-specific gene sets.
MAT locus is drawn to the left,
and the cell type-specific gene
sets (αsg - α-specific genes;
asg - a-specific genes; hsg haploid-specific genes) are
drawn to the right.
Wavy
arrows
indicate
transcription;
arrowheads
indicate stimulation of gene
expression; blunt ends indicate
inhibition (Herskowitz, 1988).
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Expression of the haploid-specific genes in MATa and MATα cells is activated by
many different gene regulatory proteins; among them Ste12p is one of the most important. All
the genes share a DNA sequence called haploid-specific gene (hsg) operator that ensures that
their transcription is repressed in the diploid a/α cells. This operator is bound cooperatively by
the a1 and α2 proteins which recruit the repressor Tup1-Ssn6 to DNA (Strathern, et al., 1981;
Mathias, et al., 2004).

2.2.1.2 Mating type switching
Except the MAT locus, the chromosome III contains two other copies of the mating
type-cassette at the telomeric HML and HMR loci (Harashima and Oshima, 1976; Klar, et al.,
1980). These MAT alleles are transcriptionally silent, being under negative regulation
mediated by the Sir proteins (Haber and George, 1979). In a process called mating type
switching, a gene conversion in the MAT locus may occur. The HO endonuclease cleaves the
DNA in a specific site of the MAT locus and exonucleases degrade the DNA on both sides of
the cut site. The resulting gap is repaired by a copy of the MATa or MATα genetic information
present at either HMR or HML, respectively. The haploid-specific gene encoding the HO
endonuclease is tightly regulated displaying activation during the G1 phase of the cell cycle.
Moreover, its activation is restricted to haploid cells and only those that have budded at least
once (i.e. mother cells) (Nasmyth, 1987). This process promotes mating of spores rising
during meiosis to rapidly restore the diploid state.
Strains with functional version of the HO gene, called as homothallic, switch from one
mating type to the other every cell division (Hicks and Herskowitz, 1976). However, strains
with a defective version of the HO gene exist in nature as well. These so called heterothallic
strains are unable of the mating type conversion. Heterothallism is typically found also in
laboratory strains.

2.2.1.3 Mating type-specific and haploid-specific genes
The a-specific genes encode proteins that enable MATa cells to mate with MATα-cells. Until
now, seven a-specific genes have been identified:
- MFA1 and MFA2 - similar and redundant genes encoding the a-factor pheromone (Michaelis
and Herskowitz, 1988)
- STE6 - encoding the transporter protein required for the export of a-factor (Kuchler, et al.,
1989)
- STE2- a cell surface receptor that recognizes α-factor (Burkholder and Hartwell, 1985)
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- BAR1 (SST1) - a protease secreted into the periplasmic space that cleaves and inactivates
α-factor (Ballensiefen and Schmitt, 1997)
- AGA2 - adhesion subunit of a-agglutinin important during agglutination (Zhao, et al., 2001)
- ASG7 - (Zhong, et al., 1999)
Likewise, the α-specific genes encode proteins that enable MATα cells to conjugate. To
α-specific genes belong:
- MFα1 and MFα2 - encoding α-factor
- STE3 – a cell surface receptor specific for the a-factor (Hagen, et al., 1986)
The haploid-specific genes encode proteins that are common for both MATa and MATα cells.
Many of them encode proteins important for mating - the components of the signalling
pathway (trimeric G-protein, protein kinases that act downstream of the G-protein, gene
regulatory protein that responds to the kinases – Ste12p) or proteins involved in later steps of
mating, including cellular fusion. The transcriptional regulator Rme1 preventing meiosis in
haploid cells also belongs to the haploid-specific genes.

2.2.1.4 Pheromone response MAPK pathway
The pheromones and the pheromone receptors are the only mating type-specific
components in the pheromone response pathway. Binding of a pheromone of the opposite
mating type to the receptor (Ste2p or Ste3p) makes the receptor serve as a guanine nucleotide
exchange factor (GEF) on its coupled heterotrimeric G-protein facilitating the release of GDP
and the subsequent binding of GTP by α-subunit of the G-protein (Gα - Gpa1). GTP binding
to Gα alters its interaction with Gβ (Ste4) and thus the Gβγ complex (Ste4-Ste18) is released
from inhibition by a Gα, although they both remain at the plasma membrane (Klein, et al.,
2000).
Activated Gβγ stimulates a MAPK module comprised of the kinase Ste20, MAPKKK
Ste11, MAPKK Ste7 and two MAP kinases, Fus3 and Kss1 (Fig. 2.1). This complex is
recruited to the plasma membrane by a scaffold protein Ste5 which interacts with the
membrane-localized Gβγ (Pryciak and Huntress, 1998). Ste5p directly binds Ste11, Ste7, and
Fus3 (Choi, et al., 1994). Kss1 does not bind directly to Ste5p but is a part of this complex
through binding to Ste7p (Breitkreutz, et al., 2001). In parallel, the membrane-localized p21activated(PAK)-like kinase Ste20 and its activator, the small GTPase Cdc42, contribute to
Ste11p activation (Leeuw, et al., 1998; Moskow, et al., 2000).
The two MAP kinases Fus3 and Kss1 have overlapping and unique functions for
mating. Cells lacking both Fus3 and Kss1 are sterile, whereas the presence of either one
permits mating. However, the overlap in their function is only partial. The absence of Kss1p
(the MAPK important for filamentous growth) does not significantly reduce mating
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efficiency, whereas loss of Fus3p reduces the mating efficiency dramatically (Elion, et al.,
1991). Both kinases ensure pheromone response signalling and promote cell elongation, but
only Fus3p induces “shmoo” formation and phosphorylates cyclin-dependent kinase inhibitor
Far1p (Elion, et al., 1991; Breitkreutz, et al., 2001; Erdman and Snyder, 2001; Hao, et al.,
2008) which in turn inhibits the activity of the G1 cyclin-dependent kinase Cdc28 (Tyers and
Futcher, 1993). The combination of transcriptional repression of G1 cyclin genes, CLN1 and
CLN2 (ensured by both MAP kinases) (Cherkasova, et al., 1999) and inactivation of the
Cln/Cdc28 complexes leads to arrest in the G1 phase of the cell cycle. Far1p phosphorylated
by Fus3p, in parallel binds free Gβγ and establishes a site of polarized growth toward the
mating partner by recruiting polarity proteins (Butty, et al., 1998).
Both MAP kinases promote the mating-specific transcription through the Ste12
transcription factor (Roberts, et al., 2000; Breitkreutz, et al., 2001). The Ste12p activation by
the MAPK involves the phosphorylation-dependent inactivation of two inhibitors Dig1 (Rst1)
and Dig2 (Rst2) (Tedford, et al., 1997). Ste12p binds the pheromone response elements
(PREs) in promoters of genes that are involved in mating-specific functions (Dolan, et al.,
1989). These functions include agglutination, karyogamy, and adaptation to the pheromone.

2.2.1.5 The role of adhesins in mating
Cell adhesion proteins mediate direct cell-cell contact in the early step of mating and
facilitate cell fusion. Their production is induced under pheromone exposure and they localize
in a polarized manner specifically to the plasma membrane and glucan layers of mating
projections. Cells of each mating type express the specific agglutinin which binds the
agglutinin of the other mating type.
a-agglutinin consists of two subunits. The anchorage subunit Aga1 carries the
adhesive domain Aga2 which is linked via two disulfide bonds (Roy, et al., 1991). C-terminal
part of Aga2p acts as a ligand for α-agglutinin Sag1p (Cappellaro, et al., 1994). The adhesive
subunit Aga2p is produced only in MATa-cells and gives a-agglutinin its binding specificity,
whereas Aga1p anchors Aga2p onto the cell surface. AGA1 is expressed in cells of both
mating types (Roy, et al., 1991).
α-agglutinin, cell adhesion protein specific for MATα cells, is the product of SAG1
(AGα1) gene. C-terminal part anchors the protein, N-terminal part contains the binding site
for a-agglutinin (Chen, et al., 1995).
The FIG2 gene encodes another cell surface protein, the expression of which occurs
specifically in response to pheromone response pathway activation and in both mating types
(Erdman, et al., 1998). Disruption of FIG2 affects cell fusion, zygote morphology, mating
frequency and agglutination (Erdman, et al., 1998; Jue and Lipke, 2002; Zhang, et al., 2002).
However, these defects depend on genetic background. In S288C-derived strains, disruption
of FIG2 increases mating efficiency at 30°C and decreases it at 16°C (Erdman, et al., 1998),
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whereas no significant effect on mating efficiencies was found for fig2Δ cells of Σ1278b or
W303 genetic backgrounds (Guo, et al., 2000; Jue and Lipke, 2002). In W303-derived strains,
the absence of the Fig2p increases agglutination of the MATα cells, but not MATa cells.
Similarly, FIG2 overexpression decreases agglutination, but only in MATα cells (Jue and
Lipke, 2002). Fig2p is supposed to sterically “overshadow” the active sites of the α-agglutinin
since the Fig2p extend farther from the cell surface than the Sag1p (Jue and Lipke, 2002). No
masking of a-agglutinin occurs because Aga1p is of a comparable length.
Fig2 protein is partially redundant with the Aga1p, each of them ensures efficient
mating of MATa cells, but the absence of both reduces mating efficiency more than 30-fold as
compared with the wild-type (Guo, et al., 2000). For MATα cells, efficient mating on solid
medium can be ensured not only by the Sag1 agglutinin but also by Fig2p or Aga1p (Guo, et
al., 2000). In addition, the Fig2 protein is required for the pheromone-induced invasive
growth (see Chapter 2.2.4).

2.2.1.6 Desensitization
Growth arrest after exposure of cells to pheromone is transient. After a prolonged but
unproductive exposure, cells resume growth through a process known as desensitization,
adaptation or recovery (Chan and Otte, 1982).
MATa cells inactivate the α-factor in their surrounding by cleaving it with a cellassociated protease Bar1 (Sst1). BAR1 is a MATa-specific gene induced upon pheromone
exposure (Chan and Otte, 1982; Manney, 1983). However, for recovery from division arrest,
another process is used by cells of both mating types. This process involves the Gpa1p (Gα
subunit of pheromone receptor-coupled heterotrimeric G-protein) and protein Sst2 (Chan and
Otte, 1982; Dohlman, et al., 1996). Sst2p serves as a GTPase-activating protein (GAP) and
accelerates the GTPase activity of Gα. The GDP-bound Gα then tends to re-associate with the
other subunits and thus prevents further signalling. Sst2p binds directly to the pheromone
receptor at the plasma membrane, which ensures that pathway regulation is rapid and
receptor-specific because receptor binding positions the Sst2p in close proximity to its target
Gα (Ballon, et al., 2006).

2.2.2

Filamentous and invasive growth

In Saccharomyces cerevisiae, the physiological response to nutrient deprivation results
in changes in morphology and cell surface characteristics that cause the cells to switch from
yeast to filamentous form of growth. The filamentous growth is considered to be an important
adaptive response that functions in analogy to cell motility in allowing a starving colony to
forage for nutrients. Branching filaments permit wider exploration of the environment at a
lower energy cost (less biomass) than non-filamentous growth. Cell-cell and cell-substrate
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adherence and highly polarized growth promote invasion into the substrate (Gimeno, et al.,
1992; Roberts and Fink, 1994).
The dimorphic switch is induced by different stimuli in diploid and in haploid cells,
respectively. The diploid cells when limited for nitrogen (but not glucose), become markedly
elongated, bud preferentially from the cell pole opposite to the birth scar, have prolonged
G2/M phase of the cell cycle, remain strongly adherent even after cytokinesis, and become
invasive (Gimeno, et al., 1992). This behaviour is referred to as "pseudohyphal" growth, since
there is a difference from the true multinucleate hyphae in filamentous fungi (which lack
division septa).
In contrast, the dimorphic switch in haploid cells is induced when they are limited for
glucose (but not nitrogen) (Roberts and Fink, 1994; Cullen and Sprague, 2000). They become
more adherent to each other and to substrate, and acquire the ability to penetrate solid
medium. This behaviour is referred to as “haploid invasive growth”. The cells become more
ovoid and less spherical, but otherwise do not change their shape dramatically (although a
small fraction of the population acquires a rod-like appearance). Nevertheless, for
convenience, the response of both haploids and diploids is referred to as "filamentous
growth".

2.2.2.1 Filamentous growth signalling
In addition to specialized MAP kinase pathway, the filamentous growth is regulated
by the cAMP-PKA pathway. The nutrient limitation leads to activation of the GTP-binding
protein Ras2. Ras2p then stimulates the synthesis of cAMP, which in turn activates protein
kinase A (PKA).
The MAPK cascade (Fig. 2.1) also functions downstream of Ras2p (Mosch, et al.,
1996). Activated Ras2p stimulates through the G-protein Cdc42 the kinase Ste20 which in
turn initiates the MAPK signalling cascade (Peter, et al., 1996). This cascade shares
components with the pheromone response pathway - Ste11 (MAPKKK), Ste7 (MAPKK) and
the MAP kinase Kss1 (Cook, et al., 1997). The other shared component is the transcription
factor Ste12. During the filamentous growth, Ste12p interacts with Tec1p and they bind
cooperatively to promoters of the genes involved in this type of growth through the specific
filamentous response elements (FREs) adjacent to the Tec1-binding site (Madhani and Fink,
1997).

2.2.2.2 Flocculin Flo11p
FLO11 encodes a surface flocculin essential for filamentation. Detailed studies
showed that FLO11 has a large and complex promoter and is regulated by MAPK as well as
cAMP-PKA pathways (Lo and Dranginis, 1998; Rupp, et al., 1999). Kss1 MAP kinase
19

inhibits the transcription repressor Dig1 and thus the Ste12-Tec1 transcriptional activator can
bind to the FLO11 promoter. The cAMP-dependent protein kinase A catalytic subunit Tpk2
phosphorylates the repressor Sfl1 which is then relieved and thus permits binding of
transcriptional activator Flo8 (and its coregulator Mss11p) (Robertson and Fink, 1998; Rupp,
et al., 1999; Pan and Heitman, 2002). Flo8 activator is essential for filamentous growth. A
nonsense mutation in the FLO8 gene is the reason why many of the laboratory strains are
unable of the dimorphic switch and do not exhibit filamentous growth (Liu, et al., 1996).
Analyses of both haploids and diploids proved that adhesion of cells to each other
and/or to the substrate is necessary for filamentous and invasive growth and that it is mediated
by Flo11p (Lo and Dranginis, 1998). Cells expressing the FLO11 form filaments, whereas
those that do not express FLO11 continue dividing as a single-celled yeast form (Halme, et
al., 2004).
Saccharomyces cerevisiae has four other known members of the FLO gene family:
FLO1,5,9 and 10 (Teunissen and Steensma, 1995; Van Mulders, et al., 2009). In the Σ1278b,
genetic background used in invasive growth studies, the FLO11 gene is the only expressed
member of this family since the other genes are localized adjacent to telomeres and are silent
(Guo, et al., 2000). Nevertheless, when overexpressed, FLO10 is able to promote filamentous
growth and invasion in the absence of Flo11p (Guo, et al., 2000).
In addition, Flo11 protein can play similar role in adhesion as Fig2 and Aga1, proteins
involved in mating. When overexpressed, Flo11p can replace functions of Fig2 and Aga1 in
adhesion during mating (Guo, et al., 2000).

2.2.3

MAPK signalling specificity

As mentioned above, the filamentous growth and the pheromone response MAPK
pathways share some of their components. Thus, the cell must have mechanisms how to
activate the proper subset of MAP kinases and to ensure that they activate the right targets in
response to a particular stimulus.
Specific proteins with adaptor, anchoring or scaffolding functions contribute to proper
signal transmission by mediating interactions of individual protein kinases within the cascade.
Accessory proteins can directly regulate the activity of a protein kinase or its localization and
connect protein kinases to their regulators and substrates.
In the pheromone response pathway, Ste5p functions as a scaffold protein. It binds
Gβγ released from pheromone receptors together with the MAPK components Ste11, Ste7,
and Fus3 (Chap. 2.2.1.4). It was proposed that Ste5p, binding Fus3p but not Kss1p, promotes
the specificity of signalling through the pheromone response pathway and prevent cross-talk
between pathways (Elion, 2001). However, although the Ste5p is required for phosphorylation
of Fus3p, in any case it does not prevent activation of the Kss1p. Besides Fus3p, the activated
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pheromone response pathway results in phosphorylation and activation of the Kss1p as well
(Sabbagh, et al., 2001). However, Kss1p activated by the pheromone response pathway does
not activate filamentation gene expression (Madhani, et al., 1997). The signalling specificity
is ensured by down regulation of the filamentous growth pathway. Active Fus3p
phosphorylates the filamentation-specific transcription factor Tec1. And it leads to ubiquitindependent degradation of this transcription factor (Chou, et al., 2004). In addition, FUS3 is a
pheromone-inducible gene (KSS1 not) and thus the ratio of active Fus3p to Kss1p increases
with increasing pheromone concentration and time of the pheromone exposure (Sabbagh, et
al., 2001). Active Fus3p also somehow contributes to de-phosphorylation and thus
inactivation of the Kss1p (Madhani, et al., 1997; Sabbagh, et al., 2001). Moreover, upon
pheromone stimulation, activation of Fus3p and Kss1p is different. Fus3p is activated for the
duration of the cellular response, whereas Kss1p is rapidly activated but this activation is only
transient (Sabbagh, et al., 2001; Hao, et al., 2008).
Although many experiments were done to elucidate mechanism of signalling
specificity, it remains unclear so far. It is suggested that Kss1p activity is required for full
induction of the pheromone response genes by Fus3p. However, exposure of cells to
pheromone results in a transient Kss1p activation and simultaneously activated Fus3p actively
regulates the duration of the Kss1p activity as a part of the normal pheromone response
program. On the other hand, a prolonged Kss1p activity triggers filamentous growth
(Sabbagh, et al., 2001).

2.2.4

Pheromone-induced invasive growth

An example of a close proximity of the pheromone response pathway and the invasive
growth pathway is the invasive growth triggered by a low concentration of pheromone.
Whereas yeast cells exposed to a high dose of pheromone display cell cycle arrest and
“shmoo" formation, at lower doses cells continue growing but their morphology is similar to
the cells undergoing the haploid invasive growth, i.e. cells are elongated, and bud at their
distal tip. In addition, they undergo cell division at slower rate than normal vegetative cells
and invade agar (Hopper and Hall, 1975). The far1Δ mutant that is incapable of G1 arrest
display invasion even at higher pheromone concentrations. This indicates that the
pheromone-induced invasive growth results from a partial activation of
pheromone-responsive genes in the absence of G1 cell cycle arrest (Roberts, et al., 2000;
Erdman and Snyder, 2001). This type of invasion differs from a common haploid invasive
growth since it does not require the MAP kinase Kss1, the filamentation-specific transcription
factor Tec1, and the Flo11 surface protein either (Roberts, et al., 2000). Furthermore, it occurs
on both rich and synthetic complete media, which suggests that it does not involve a
nutritional input.
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2.2.5

Cell wall integrity

2.2.5.1 Cell wall, septum and cell separation
The cell wall is required to maintain cell shape and protect the cell from lysis during
environmental stresses. It consists mainly of polysaccharides made up of glucose, mannose
and N-acetylglucosamine. One of the glucose polysaccharides, the β-1,3-glucan, is the major
structural component of the cell wall. The other one, β-1,6-glucan, is relatively minor but
important for cross-linking. The mannose polysaccharides are linked to proteins and form an
outer layer of the cell wall. Finally, a small amount of the N-acetylglucosamine is contained
in the β-1,4-linked linear polysaccharide - chitin. Chitin is essential for yeast survival since it
is an important component of the septum. It is also found throughout the cell wall, mainly in
the scars that remain on the cell surface after separation (review Lesage and Bussey, 2006).
The septum is made between the mother cell and the bud to permit their separation
without lysis. First, chitin synthase III (Chs3p) forms a chitin ring at the basis of an emerging
bud. Deposition of chitin in this location continues as the bud grows up. Then, the membrane
between the mother and daughter cell invaginates, and chitin synthase II (Chs2p) secretes
chitin as a disc, the primary septum. Further, the mother and daughter cells build the
secondary septum that is of a similar composition as the cell wall, containing glucans and
mannoproteins. Finally, the separation of mother and daughter cells occurs by collaboration of
several enzymes.
The separation process involves the chitinase Cts1 and other cell wall-degrading
enzymes – glucanases and glucanase-like proteins Dse2, Dse4, Egt2, and Scw11 (Cappellaro,
et al., 1998). Another protein, Dse1, was also implicated to function in cell wall metabolism
since some diploid strains bearing the dse1 deletion show a cell separation defect and display
an increased sensitivity to drugs affecting cell wall (Doolin, et al., 2001). Genes encoding all
these proteins involved in separation are tightly regulated; they are expressed in early G1
phase and in daughter cells only (Colman-Lerner, et al., 2001). Regulation of their daughter
cell-specific expression is ensured by Ace2, a transcription factor, whose activity is restricted
to the daughter cell nucleus in a Cbk1-Mob2-dependent manner (Colman-Lerner, et al., 2001;
Weiss, et al., 2002). During the separation process, chitin synthase I (Chs1) activity is
required to balance the septum degradation and to prevent lysis (Cabib, et al., 1992). After
separation, the mother cell contains a prominent chitin bud scar, the daughter cell bears only
much less conspicuous birth scar (Cabib, 2004).

2.2.5.2 Cell wall integrity (CWI) signalling pathway
The cell wall is a rather rigid structure and thus it has to be remodelled during the cell
growth and during the pheromone-induced morphogenesis. Although several signalling
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pathways contribute to changes of the cell wall, its remodelling is monitored and regulated by
the cell wall integrity (CWI) signalling pathway (Fig. 2.1).
The CWI pathway consists of the GTP binding protein Rho1, the Pkc1p (homologue
of the mammalian protein kinase C), the MAPKKK Bck1 (also called Slk1), two redundant
MAPKKs Mkk1/Mkk2, and the MAP kinase Slt2 (also called Mpk1). Activation of CWI
signalling can be detected by immunological detection of phosphorylation of the MAP kinase
Slt2p (Martin, et al., 2000).
Rho1 is one of the six Rho GTPases in S. cerevisiae (Rho1-5, and Cdc42), which all
reside in plasma membrane and play a role in polarized growth (Drubin and Nelson, 1996).
Activated Rho1 protein activates the Pkc1 (Nonaka, et al., 1995) that in turn activates a
MAPK cascade Bck1, Mkk1/2, and Slt2. Besides Pkc1p, the Rho1-GTP binds to and acts as a
regulatory subunit of the β-1,3-glucan synthase complex in cell wall synthesis (Drgonova, et
al., 1996). Moreover, Rho1p is also involved in regulation of the actin cytoskeleton by
interacting with Bni1p (Fujiwara, et al., 1998).
Mutants defective in any of the CWI pathway components show a tendency to lyse
with small buds at higher temperatures (37°C), a phenotype remedied by osmotic
stabilization. The importance of the Pkc1p in several different processes is demonstrated by
the fact that deletion of the PKC1 gene induces more severe phenotypes than absence of any
downstream CWI pathway components, and it is even lethal in some genetic backgrounds
(Levin and Bartlett-Heubusch, 1992; Paravicini, et al., 1992).
Activated Slt2p phosphorylates the transcription factors Rlm1 and SBF. Rlm1p is
responsible for the majority of the transcriptional output of the CWI signalling. It activates
expression of genes encoding cell wall proteins or proteins involved in cell wall synthesis
(Jung and Levin, 1999). SBF, composed of the DNA-binding protein Swi4 and the regulatory
subunit Swi6, activates FKS1 and FKS2, genes encoding alternative catalytic subunits of the
β-1,3-glucan synthase complex, which is a target of Rho1p activity. Furthermore, SBF also
regulates the transition from G1 into S phase by activating the expression of the G1 cyclin
genes CLN1, CLN2, PCL1, and PCL2. Through this transcription factor, the Slt2 kinase is
thus involved in regulation of cell cycle progression (Espinoza, et al., 1994; Igual, et al.,
1996; Madden, et al., 1997; Jung and Levin, 1999).

2.2.5.2.1 Activation of the CWI pathway by stress
The CWI pathway is activated in response to cell wall stress, including elevated
growth temperature, changes in external osmolarity – hypoosmotic shock, or different
chemical compounds interfering with cell wall biogenesis – zymolyase, calcofluor white,
Congo red, caffeine (Davenport, et al., 1995; Kamada, et al., 1995; Zarzov, et al., 1996;
Martin, et al., 2000).
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It was assumed that the common input signal sensed in all cases is stretching of the
plasma membrane and/or alterations of its connections to the cell wall (Kamada, et al., 1995).
Several plasma membrane glycoproteins (Wsc1,2,3, Mid2) that influence Slt2p activity have
been identified, and they have been suggested to act as "stress sensors" (Verna, et al., 1997;
Ketela, et al., 1999). However, these proteins may function as sensors only in some cases,
since recent studies show that different stresses activate the CWI pathway by different
mechanisms and at different levels (Harrison, et al., 2004). Some data indicate that the
response to heat shock does not even require the Slt2p-upstream kinases Pkc1 and Bck1
(Harrison, et al., 2004).
Cell surface sensors are somehow able to detect at least some types of the stress and
transduce the signal to activate Rom1/Rom2 (Verna, et al., 1997; Ketela, et al., 1999). These
partially redundant guanine nucleotide exchange factors (GEF) mediate GTP loading of the
Rho1p and thus activate the MAPK pathway.

2.2.5.2.2 Activation of the CWI pathway during polarized growth
Beside stress conditions, the Slt2p MAP kinase is specifically activated during bud
emergence and the mating projection formation, periods of highly polarized cell growth
(Mazzoni, et al., 1993; Zarzov, et al., 1996). Cells are probably most vulnerable to lysis when
the growth is polarized to a single site of the cell surface, as indicated by pkc1 mutants. These
mutants arrest with small buds at the G2/M transition and lyse at the tips of small buds, where
there is a noticeable thinning of the cell wall (Levin and Bartlett-Heubusch, 1992). Although
the Slt2 kinase activity is regulated through the cell cycle with a peak in G1 phase, obviously
it is not strictly dependent on the Cdc28 kinase activity (Zarzov, et al., 1996).
Treatment with mating pheromone stimulates CWI signalling at the time of the
“shmoo” formation as an indirect event linked to morphogenesis (Zarzov, et al., 1996;
Buehrer and Errede, 1997). Mutants blocked in the pheromone response also fail to activate
Slt2p after treatment with mating pheromones. Moreover, mutants in SPA2 or BNI1 exhibiting
a delay in the pheromone-induced morphogenesis, exhibit also a delay in activation of Slt2p
(Buehrer and Errede, 1997). During the pheromone response, Gβγ recruits Rho1p to
projection tips that in turn recruits Pkc1p to sites of the polarized growth, and it might be the
mechanism for the concerted regulation of the pheromone response with the cell polarity and
the CWI pathways (Bar, et al., 2003).
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2.3 Yeast cell polarity
The pheromone response, the filamentous growth and the CWI MAPK pathways, all
of them are closely associated with the cell polarization and the polarized growth. The
specific polarization is a prerequisite for the “shmoo” formation in the presence of the mating
pheromone as well as for elongation during the filamentous growth. And the CWI pathway is
specifically activated during periods of the polarized cell growth. Moreover, components of
the CWI pathway are localized to sites of the polarized growth through the scaffolding protein
Spa2. Spa2p binds the two MAPKKs, Mkk1 and Mkk2, and MAPK Slt2p. In parallel, Spa2p
is a part of a complex that regulates the dynamic organization of the actin cytoskeleton; it
interacts with Bni1p, Bud6p and other plasma membrane-localized actin-associated proteins
and other components of the polarisome required for the polarized growth in yeast (van
Drogen and Peter, 2002).
The polarized cell growth requires specification of the site to which the cytoskeleton
and the subsequent growth will be oriented. Yeast cells polarize their growth in response to
external (mating pheromone) and internal stimuli (during budding).

2.3.1

Bud-site selection

Vegetative yeast cells divide by budding, and the position of emerging bud is
determined in a genetically programmed manner that depends on the cell type. Haploid cells
display axial budding, when a new bud always emerges at the cell pole where budding
occurred previously. Diploid cells exhibit a bipolar budding pattern, in which daughter cells
bud opposite to their previous birth scar and mother cells bud at either of the cell poles.
Nevertheless, the new bud is always formed next to the old scar outwards, the bud scar and
the birth scar form zones prohibited for budding (Chant and Pringle, 1995; Tong, et al., 2007).

Fig. 2.3 Axial and bipolar budding patterns in yeast cells. Staining
permits visualization of two types of scars, the scar marking the place
where the cell was initially attached to its mother (M) cell is called the
birth scar, whereas smaller scars that originated by cytokinesis of the
daughter (D) cells are named bud scars. The birth scar is represented by
a curved black line, and subsequent bud scars are represented by curved
white lines (Casamayor and Snyder, 2002).
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A number of non-essential genes have been identified to be involved in proper budsite selection. These genes can be divided into three categories (reviewed in Casamayor and
Snyder, 2002; Park and Bi, 2007):
(1) Genes responsible for development of the axial pattern of haploid cells (BUD3, BUD4,
AXL1, AXL2). These genes products probably provide the cortical marks for axial budding
(axial landmarks), as mutants in these genes, despite being haploid, display a bipolar budding
albeit without any significant growth defect.
(2) Genes encoding bipolar landmarks, proteins required for the bipolar budding in diploids
(ACT1, SPA2, BNI1, BUD6-9). Diploids mutated in these genes bud randomly or with
preference to one of the poles. Haploids are not affected.
(3) Genes responsible for establishment of non-random (either axial or bipolar) budding
(BUD1/RSR1, BUD2, BUD5, SUR4). Mutants in these genes exhibit a random budding
pattern but they do not show any growth impairment. Bud1, Bud2, and Bud5 proteins
function as a general bud-site selection machinery that brings proteins required for the bud
formation to the cell type-specific landmarks (Park, et al., 1997). Bud1p is a Ras-family
GTPase which is distributed around the plasma membrane. Only with its regulatory proteins guanine nucleotide exchange factor (GEF) Bud5p, and its GTPase activating protein (GAP)
Bud2p, Bud1p constitutes a functional GTPase module. Bud2p and Bud5p display a
localization to presumptive bud-site, probably due to interaction with axial- or bipolarspecific landmark proteins and thus they establish cell type-specific budding patterns (Park, et
al., 1999).

2.3.2

Cdc42

The next step in organization of a bud is the recruitment and activation of the Cdc42
GTPase at the presumptive bud-site. It is suggested that activation of Cdc42p is controlled by
its GEF Cdc24. Cdc24p is sequestered during the G1 phase in the cell nucleus in a complex
with Far1p. In late G1, Cdc24p exits the nucleus due to the activation of the cyclin-dependent
kinase complex Cdc28-Cln2 that triggers degradation of Far1p. By binding to the bud-siteselection protein Bud1, Cdc24p is recruited to the polarization site where it is stably
maintained by binding to the adaptor protein Bem1 (Gulli, et al., 2000).
Interestingly, whereas the landmark proteins localize to the site of the preceding cell
division, Cdc24p and Cdc42p concentrate at an adjacent spot. Recently, it has been shown
that it is the Rga1p, the GAP protein of Cdc42p, that specifically prevents Cdc42p activation
within the old division site and thus blocks subsequent polarization and budding within that
site (Tong, et al., 2007).
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During the pheromone response, Far1p associates with the Gβγ at the site of receptor
stimulation and this leads to an accumulation of Cdc24p and subsequent activation of the
Cdc42p at the incipient “shmoo” projections.
The localized activation of Cdc42p further directly promotes the self-organization of
septins (see below 2.3.3), leading to the formation of a ring at the mother-bud neck (Caviston,
et al., 2003). Cdc42p is also responsible for the polarization of actin cables and cortical actin
patches and thus contributes to the polarized exocytosis necessary for cell growth.
Phosphorylation of other two proteins Boi1 and Boi2 facilitates targeting of Cdc24p and
Cdc42p to the incipient bud-site (McCusker, et al., 2007). Boi1 protein interacts with Cdc42p
and Boi2p interacts with Cdc24p (Bender, et al., 1996; Gavin, et al., 2002).

2.3.3

Septins

Yeast septins are encoded by CDC3, CDC10, CDC11, CDC12, and SHS1 genes. They
form a filament structure localizing to a ring around the mother-bud neck. A proper septin
localization is necessary for the correct localization of other proteins and thus the septins are
involved in cytokinesis and in the axial bud-site selection (Flescher, et al., 1993; Chant, et al.,
1995). Concerning the bud-site selection, the axial budding-related protein Bud3 assembles
onto the neck septins in one cell cycle to mark the site for axial budding (including assembly
of the new ring of neck filaments) in the next cell cycle (Chant, et al., 1995).
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3 AIMS OF THE WORK

•

Phenotypic analyses of the isw2Δ strain with the aim to find processes affected by the
absence of the Isw2 chromatin remodelling factor

•

Characterization and elucidation of distinct features of the phenotype found for the isw2Δ
mutant. From this point further aims arose:
•

Genome-wide gene expression analysis under conditions when the isw2Δ mutant
displays pronounced phenotype – invasive growth and aberrant cell morphology;
evaluation of the microarray data; detection of the genes involved in isw2Δ
phenotype

•

Characterization of the isw2Δ invasive growth with an effort to explain its relation to
known types of yeast invasive growth

•

Elucidation of the budding-within-the-birth-scar phenotype and CWI pathway
activation occurring in the isw2Δ cells
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4 MATERIALS AND METHODS
4.1 Media
Media were autoclaved at 121°C for 20 minutes. To prepare solid medium, before
autoclaving 2 % (w/v) agar (Serva) was added to corresponding medium.

LB medium
10 g tryptone
5 g yeast extract (Serva)
5 g NaCl
/1000 ml H2O
LB-Amp
LB medium supplemented with 50 μg/ml ampicillin (Biotika)
- LB medium was autoclaved, cooled to 55°C, and then the antibiotic solution was added
- ampicillin stock solution 1000x – 50 mg/ml H2O; stored at –20°C
- plates were stored at 4°C
YP
10 g yeast extract (Serva)
20 g peptone (Oxoid) /1000 ml H2O
YPD
10 g yeast extract (Serva)
20 g peptone (Oxoid)
20 g glucose
/1000 ml H2O
YPD+G418
YPD medium supplemented with 200 μg/ml geneticin (G418-sulphate, Gibco)
- YPD medium was autoclaved, cooled to 55°C, and then the antibiotic solution was
added
- G418 stock solution 1000x - 200 mg/ml H2O; stored at –20°C
- plates were stored at 4°C
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MM (minimal medium)
1.7 g Yeast nitrogen base w/o amino acids and ammonium sulphate (Difco) (prepared as
10x concentrated stock, filter sterilized, stored at 4°C)
5 g (NH4)2SO4
20 g glucose
/1000 ml H2O
SC (synthetic complete medium)
1.7 g Yeast nitrogen base w/o amino acids and ammonium sulphate (Difco) (prepared as
10x concentrated stock, filter sterilized, stored at 4°C)
5 g (NH4)2SO4
20 g glucose
1.3 g complete drop-out powder (prepared as 20x concentrated stock-see below)
/1000 ml H2O
Drop-out medium (SC-Ura, SC-Leu-His, etc)
1.7 g Yeast nitrogen base w/o amino acids and ammonium sulphate (Difco) (prepared as
10x concentrated stock, filter sterilized, stored at 4°C)
5 g (NH4)2SO4
20 g glucose
1.3 g drop-out powder without selective amino acid(s) (prepared as 20x concentrated
stock-see below)
/1000 ml H2O
SLAD (synthetic low ammonia)
1.7 g Yeast nitrogen base w/o amino acids and ammonium sulphate (Difco) (prepared as
10x concentrated stock, filter sterilized, stored at 4°C)
50 μM (NH4)2SO4
20 g glucose
required amino acids and bases
/1000 ml H2O
SCRaff-Ura
1.7 g Yeast nitrogen base w/o amino acids and ammonium sulphate (Difco) (prepared as
10x concentrated stock, filter sterilized, stored at 4°C)
5 g (NH4)2SO4
20 g raffinose
1.3 g drop-out powder without uracil (prepared as 20x concentrated stock - see below)
/1000 ml H2O
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SCGal-Ura
1.7 g Yeast nitrogen base w/o amino acids and ammonium sulphate (Difco) (prepared as
10x concentrated stock, filter sterilized, stored at 4°C)
5 g (NH4)2SO4
10 g raffinose
20 g galactose
1.3 g drop-out powder without uracil (prepared as 20x concentrated stock - see below)
/1000 ml H2O
Sporulation medium (Fowell)
10 g potassium acetate
1 g yeast extract (Serva)
0.5 g glucose
20 g agar
/1000 ml H2O
5-FOA plates
1.7 g Yeast nitrogen base w/o amino acids and ammonium sulphate (Difco) (prepared as
10x concentrated stock, filter sterilized, stored at 4°C)
5 g (NH4)2SO4
20 g glucose
35 mg uracil
1 g 5-Fluoroorotic acid
any other required amino acids
20 g agar
/1000 ml H2O
Drop-out powder
- mixture of nutrients listed below with one or a few left out (dropped out)
- pestled in mortar until homogeneous, stored at RT
Final concentration in media [μg/ml]
adenine
L-arginine
L-aspartic acid
L-glutamic acid
L-histidine
L-leucine
L-lysine
L-methionine
L-phenylalanine
L-serine
L-threonine
L-tryptophan
L-tyrosine
L-valine
uracil

500 mg
240 mg
1200 mg
1200 mg
240 mg
720 mg
360 mg
240 mg
600 mg
4500 mg
2400 mg
480 mg
180 mg
1800 mg
240 mg

40
20
100
100
20
60
30
20
50
375
200
40
30
150
20
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20x solution of drop-out powder:
1.3 g drop-out powder without selective amino acid(s) was dissolved in 50 ml H2O, filter
sterilized and stored at RT

4.2 Bacterial strains, their cultivation and storage
Strain used for plasmid propagation:
Escherichia coli DH5α

F´ endA1 hsdR17(rk- mk+) supE44 thi-1 recA1 gyrA(Nalr) relA1

Δ(lacZYA argF)U169 deoR(φ80dlacΔ(lacZ)M15)
Bacterial cells were cultivated at 37°C on LB agar plates or in liquid LB medium on a
rotary shaker. For strains carrying plasmid DNA, the LB-Amp medium was used.
Plates were stored at 4°C. To conserve E. coli strains, they were grown overnight on a
rotary shaker at 37°C in liquid LB or LB-Amp medium. Then 0.8 ml of the cell suspension
was mixed with 0.2 ml of glycerol in cryo-tube, frozen in liquid nitrogen and stored at -70°C.

4.3 Yeast strains, their cultivation and storage
Saccharomyces cerevisiae strains used in this work were of the BY4741-3 background,
unless otherwise indicated.
Original strains
Strain

Strain
Lab. No.

Genotype

Source

WTa

BY4741

MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0

Euroscarf

WTα

BY4742

MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0

Euroscarf

WTa/α

BY4743

MATa/α his3Δ1/his3Δ1 leu2Δ0/leu2Δ0 met15Δ0/MET15

Euroscarf

lys2Δ0/LYS2 ura3Δ0/ura3Δ0
isw2Δa/α

CRY2

MATa/α his3Δ1/his3Δ1 leu2Δ0/leu2Δ0 met15Δ0/MET15

Euroscarf

lys2Δ0/LYS2 ura3Δ0/ura3Δ0 isw2::kanMX/isw2::kanMX
flo11Δa

CRY14

MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 flo11::kanMX

Euroscarf

flo11Δα

CRY15

MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 flo11::kanMX

Euroscarf

itc1Δa

CRY19

MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 itc1::kanMX

Euroscarf

itc1Δα

CRY20

MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 itc1::kanMX

Euroscarf

tup1Δa

CRY84

MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 tup1::kanMX

Euroscarf

tup1Δα

CRY85

MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 tup1::kanMX

Euroscarf

sst2a

CRY93

SM2375; MATa sst2-1 rme his6 met1 can1 cyh2

S. Michaelis, John´s
Hopkins University,
Baltimore

tec1Δa

CRY121

MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 tec1::kanMX

Euroscarf
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Strain

Strain
Lab. No.

Genotype

Source

tec1Δα

CRY130

MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 tec1::kanMX

Euroscarf

ste4Δα

CRY145

MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 ste4::kanMX

Euroscarf

fus3Δa

CRY161

MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 fus3::kanMX

Euroscarf

fus3Δα

CRY162

MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 fus3::kanMX

Euroscarf

kss1Δα

CRY164

MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 kss1::kanMX

Euroscarf

aga1Δα

CRY312

MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 aga1::kanMX

Euroscarf

aga2Δα

CRY314

MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 aga2::kanMX

Euroscarf

fig2Δα

CRY315

MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 fig2::kanMX

Euroscarf

dls1Δα

CRY316

MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 dls1::kanMX

Euroscarf

dpb4Δα

CRY317

MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 dpb4::kanMX

Euroscarf

sag1Δα

CRY319

MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 sag1::kanMX

Euroscarf

bar1Δa

CRY 502

MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 bar1::kanMX

Euroscarf

DSE1-GFPa

CRY555

dse1Δa

CRY668

Invitrogen;
(Huh, et al., 2003)
Euroscarf

aga1Δa

CRY676

S288C; MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0
DSE1::GFP::HIS3MX
BY4741; MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0
dse1Δ::kanMX
MATa his3Δ1 leu2Δ0 ura3Δ0 aga1::kanMX

Euroscarf

chs1Δa

CRY870

BY4741; MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0

Euroscarf

chs1Δ::kanMX
cts1Δa

CRY871

BY4741; MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0

Euroscarf

cts1Δ::kanMX
Σ1278b

Σ1278b MATα

Sychrová, Prague

Constructed strains
Strain

Strain
Lab. No.

Genotype

Parental strains

isw2Δa

CRY3

MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 isw2::kanMX

CRY2

isw2Δα

CRY4

MATα his3Δ1 leu2Δ0 met15Δ0 lys2Δ0 ura3Δ0 isw2::kanMX CRY2

isw2Δflo11Δa

CRY16

MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 flo11::kanMX

CRY3×CRY15

isw2::kanMX
isw2Δflo11Δα

CRY17

isw2Δitc1Δa

CRY22

MATα his3Δ1 leu2Δ0 lys2Δ0 met15Δ0 ura3Δ0 flo11::kanMX CRY3×CRY15
isw2::kanMX
MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 itc1::kanMX

CRY19

isw2::HIS3MX
isw2Δitc1Δα

CRY23

MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 itc1::kanMX

CRY20

isw2::HIS3MX
isw2Δtup1Δa

CRY88

MATa his3Δ1 leu2Δ0 ura3Δ0 tup1::kanMX isw2::HIS3MX

CRY84

isw2Δtup1Δα

CRY89

MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 tup1::kanMX

CRY85

isw2Δtec1Δa

CRY119

isw2::HIS3MX
MATa his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 tec1::kanMX
isw2::kanMX
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CRY3×CRY130

Strain

Strain
Lab. No.

Genotype

Parental strains

isw2Δtec1Δα

CRY120

MATα his3Δ1 leu2Δ0 lys2Δ0 met15Δ0 ura3Δ0 tec1::kanMX

CRY3×CRY130

isw2::kanMX
CRY146

MATα his3Δ1 leu2Δ0 met15Δ0 lys2Δ0 ura3Δ0 isw2::kanMX CRY4

isw2Δste12Δα

CRY175

ste4:: HIS3MX
MATα his3Δ1 leu2Δ0 met15Δ0 lys2Δ0 ura3Δ0 isw2::kanMX
ste12::HIS3MX

CRY4

isw2Δfus3Δα

CRY176

MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 fus3::kanMX

CRY162

isw2Δste4Δα

isw2::LEU2
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 kss1::kanMX
isw2::LEU2
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0aga1::kanMX
isw2::LEU2
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 aga2::kanMX
isw2::LEU2
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 sag1::kanMX
isw2::LEU2
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 dls1::kanMX
isw2::LEU2
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 dpb4::kanMX
isw2::LEU2

isw2Δkss1Δα

CRY177

isw2Δaga1Δα

CRY323

isw2Δaga2Δα

CRY324

isw2Δsag1Δα

CRY325

isw2Δdls1Δα

CRY326

isw2Δdpb4Δα

CRY327

isw2Δfig2Δα

CRY330

MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 fig2::kanMX

CRY315

isw2Δfus3Δα+

CRY543

isw2::HIS3
MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 fus3::kanMX
isw2::loxP + YCpL-KSS1

CRY176

YCpL-KSS1

CRY164
CRY312
CRY314
CRY319
CRY316
CRY317

CRY557

S288CxBY4742; MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0
isw2Δ::kanMX DSE1::GFP::HIS3MX

CRY555×4

isw2Δα

CRY665

MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 isw2Δ::HIS3MX

BY4742

isw2Δa

CRY 666

MATa his3Δ1 leu2Δ0 met15Δ0 lys2Δ0 ura3Δ0 isw2::LEU2

BY4741

isw2Δdse1Δa

CRY671

MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 dse1Δ::kanMX
isw2Δ::HIS3MX

CRY665×668

isw2Δfus3Δa

CRY675

MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 fus3::kanMX

CRY161

CRY676

isw2::LEU2
MATa his3Δ1 leu2Δ0 ura3Δ0 aga1::kanMX

CRY×312

isw2Δ DSE1GFPa

aga1Δa

WTa+pGALCRY826
DSE1-Myc
WTa+pYC2/CT CRY827
CRY900
isw2Δchs1Δa
isw2Δcts1Δa

CRY902

WTa+pGALDSE1-GFP

CRY979

MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 + pGAL-DSE1-Myc
(URA+)
MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 + pYC2/CT (URA+)
MATa his3Δ1 leu2Δ0 ura3Δ0 chs1Δ:: kanMX
isw2Δ::HIS3MX
MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 cts1Δ::kanMX
isw2Δ::HIS3MX
MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 + pGAL-DSE1-GFP
+

(URA )
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BY4741
BY4741
CRY665×870
CRY665×871
BY4741

Yeast strains were cultivated at 30°C on agar plates or in liquid medium on a rotary
shaker. For galactose induction, the cells were pre-grown overnight in SCRaff-Ura and then
shifted to SCGal-Ura for 4-6 hours or overnight.
Plates were stored at 4°C. For long-term storage, 0.8 ml of yeast overnight culture was
mixed with 0.2 ml of glycerol in cryotube, frozen in liquid nitrogen and stored at –70°C.

4.4 Plasmids
Plasmids used for amplification of disruption cassettes:
R
• pFA6a-HIS3MX6 - bacterial vector (Amp ), carrying HIS3MX integrative cassette used
for gene disruption in yeast
R
• pUG73 - bacterial vector (Amp ), carrying loxP-flanked LEU2 integrative cassette used for
repeated gene disruption in yeast (Gueldener, et al., 2002)
Other plasmids:
R
• YCpL-KSS1 – yeast (LEU2)/bacterial (Amp ) centromeric plasmid carrying the KSS1 gene
under control of its own promoter (Cook, et al., 1997)
R
• pSH47 – yeast (URA3)/bacterial (Amp ) plasmid used for expression of Cre recombinase in
yeast for excision of the loxP-flanked integrative cassettes
R
• pYC2/CT - yeast (URA3)/bacterial (Amp ) vector, carrying GAL1 promoter for galactose
inducible expression (Invitrogen-Life Technologies)
R
• pGAL-DSE1-Myc - yeast (URA3)/bacterial (Amp ) vector, carrying DSE1 gene fused with
c-Myc, under control of GAL1 promoter for galactose-inducible expression (kindly provided
by David E. Stone, University of Illinois, Chicago, USA)
R
• pGAL-DSE1-GFP - yeast (URA3)/bacterial (Amp ) vector, carrying DSE1 gene fused with
GFP, under control of GAL1 promoter for galactose-inducible expression (Frydlova, et al.,
2009)

4.5 PCR oligonucleotides
Primers for amplification of the disruption cassettes (5’→3’)
• ISW2::HIS3MX6 cassette (with pFA6a-HIS3MX6 as a template):
PV01: GTTTAAGTCGTAACAAAAGGAAAACTTACAATCAGATCATGCGTACGCTGCAGGTCGAC
PVR: TCTCTCACGTCACTTATTTTAATGCACAATACATGATTCAATCGATGAATTCGAGCTCG
• ISW2::LEU2 cassette (with pUG73 as a template):
PV01: GTTTAAGTCGTAACAAAAGGAAAACTTACAATCAGATCATGCGTACGCTGCAGGTCGAC
ISW2loxRev:TCTCTCACGTCACTTATTTTAATGCACAATACATGATTCATAGGCCACTAGTGGATCTG
• ste4::HIS3MX6 (with pFA6a-HIS3MX6 as a template):
STE4REPr: ATTGATAATTACTGCTCACAGTATTTCCAATTCGAAGCTAATCGATGAATTCGAGCTCG
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STE4REPf: TCAAAAAACTGTACAGCTCAATCAGGTACACATTACGATGCGTACGCTGCAGGTCGAC
• ste12::HIS3MX6 (with pFA6a-HIS3MX6 as a template):
STE12REPfwd:ACCGCTTTCTTTATTTGAATTGTCTTGTTCACCAAGGATGCGTACGCTGCAGGTCGAC
STE12REPrev: ATTAATTCTTGTATCATAAATTCAAAAATTATATTATATCAATCGATGAATTCGAGCTCG

Primers for verification of deletion strains (5’→3’)
•

Primers homologous to gene-specific sequences:

Direct primers upstream of start codon
isw2dia5
CCCGTCTTGTTGGTTTAAG
Itc1fwd
TATGGATCCGTGTGTGCAAT
FLO11iFwd
TCCCTCGTCATGTTGTGG
TEC1r
AGCTTTGGTTTTGTTCGA
Kss1diaFwd
GCTTAGTAATACTGAGCTAC
Fus3diaFwd
ACTACTTGACGTTCAAAAGA
AGA1diaFwd GTTCCCAGCAAGCAATTA
AGA2diaFwd GTCACTTGTGTGCCAAAA
SAG1diaFwd
AAGGAACAACAATTCGCC
FIG2diaFwd
TGCATGAAGAGTCTCCC
DLS1diaFwd
AACAGCGCTAACAATGTG
DPB4diaFwd
ATAGCGGCACAATAGCA
STE4Fwd
TGCCAGAACTCAAGGTCA
STE12f
AGCGAGACCTAGAGTGGAT
DSE1diaFwd
ACCAAATAATAATAGCAGCGTCAAA
•

Reverse primers downstream of stop
isw2dia3
GCGGTCTATAAGGCTCG
Itc1rev
ACGGAATTCCTTTCGAAAGG
FLO11iRev
ATGGCAGCGAAAACAGAA
TEC1f
AAGTAATTCCCCCGCAGA
Kss1diaRev
GCTGGGTATTAGTTGTGAAT
Fus3diaRev
GAACACATCTAACGTCTATA
AGA1diaRev
AAGCGTCAGCAAATACAT
AGA2diaRev
CACGAACGATGAAATGGA
SAG1diaRev
AAAAGAGCCAGGATGAAA
FIG2diaRev
TATGATGACAACCTTGGG
DLS1diaRev
ACCTCCTAAATTCAAGGC
DPB4diaRev
CGGCTTGCAAATAACGA

Primers homologous to the disruption cassettes:

Reverse primers used in pair with the direct gene-specific primers listed above
kanN
GCAGCGAGGAGCCGTAAT
LeuN
TGAAGTTATCCTTGGATTTGG
HIS3MX6Rev GATGGCAACGCTGATTTT

Primers for verification of strains with DSE1-GFP fusion (5’→3’)
Direct primer homologous to the 3’ part of the GFP sequence Reverse primer downstream of DSE1 stop
GFPcollcontr
TACATAACCTTCGGGCATGG
DSE1kontr AGGCTTTGTCATTTGTTGGG

36

4.6 DNA manipulation techniques
4.6.1

DNA isolation methods

4.6.1.1 Quick plasmid DNA preparation from bacteria – “boiling method”
STET buffer 8% sacharose
5% Triton X-100
50 mM EDTA-NaOH (pH 8.0)
50 mM Tris-HCl (pH 7.5)
Isopropanol
70% ethanol
Bacterial strain bearing plasmid DNA was grown on LB-Amp plates overnight. Then
small portion of cells was collected with a sterile toothpick and re-suspended in 100 μl of
STET buffer in a microtube. This suspension was then incubated in boiling water bath for
40 seconds. After cooling, the sample was centrifuged (3min, 4000 rpm) and the sediment
was removed by the toothpick. An equal volume of isopropanol was added to supernatant and
incubated in -20°C overnight. After centrifugation (Jouan, 13000 rpm, 10 min, 4°C), the
precipitated plasmid DNA was washed with 70 % ethanol, dried and re-suspended in 10-15 μl
of ultra-pure water.
For this method, bacteria freshly grown in liquid LB-Amp can be also used. In this
case the medium has to be removed completely by washing the cells with distilled water
before re-suspension in STET buffer.

4.6.1.2 Isolation of plasmid DNA from bacteria using GeneElute™ Plasmid Miniprep
kit
GeneElute™ Plasmid Miniprep kit (Sigma)
This method was used to obtain pure plasmid DNA. An aliquot of 1.5-3 ml of bacterial
culture grown in LB-Amp medium overnight was harvested. The lysis and DNA isolation
were performed by using the commercial GeneElute™ Plasmid Miniprep kit (Sigma)
according to the recommended procedure.
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4.6.1.3 Isolation of plasmid DNA from yeast
Lysis buffer

100 mM NaCl
10 mM Tris-HCl, pH 8.0
1 mM EDTA
0.1% SDS
Glass beads (0.4 mm, acid washed and autoclaved)
phenol/chloroform mixture (2:1)
Cells of a medium-sized colony (about 3 mm in diameter) were re-suspended in 200 μl
of Lysis buffer and an equal volume of glass beads was added. The sample was vortexed
vigorously for 1 min. Then 200 μl of phenol/chloroform mixture (2:1) was added and
vortexed. After centrifugation (13000 rpm, 5 min), the aqueous phase was transferred to
another microtube. The DNA was precipitated by addition of 1 ml of ethanol and incubation
at -20°C. Insoluble DNA was pelleted (10 min, 13000 rpm, 4°C) and washed with 70 %
ethanol. Dried DNA was dissolved in 10 μl of ultra-pure water.

4.6.1.4 Isolation of chromosomal DNA from yeast
Lysis buffer:
100 mM Tris-HCl, pH 8.0
50 mM EDTA-NaOH, pH 8.0
1 % SDS
Glass beads (0.4 mm, acid washed and autoclaved)
7 M ammonium acetate, pH 7.0
Chloroform
Isopropanol
70 % ethanol
Approximately 3 ml of yeast culture grown overnight were harvested (Jouan,
3000 rpm, 5 min, RT). Cells were washed with 1 ml of water and re-suspended in 0.5 ml of
Lysis buffer. Glass beads were added to a final volume of 1.25 ml. Suspension was vortexed
vigorously for 2 minutes and liquid phase was recovered to another microtube. Then, 275 μl
of 7 M amonium acetate was added, incubated for 5 min at 65°C and 5 min on ice. After
addition of 0.5 ml of chloroform, the sample was vortexed, centrifuged (13000 rpm, 2 min)
and the supernatant was transferred to another microtube. The chromosomal DNA was
precipitated with 1 ml of isopropanol (5 min, RT). Insoluble DNA was pelleted (5 min,
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13000 rpm, RT) and washed with 70 % ethanol. Dried DNA was dissolved in 20-30 μl of
ultra-pure water.

4.6.2

Digestion of DNA with restriction endonucleases

For restriction analysis of plasmid DNA, restriction endonucleases with their
appropriate buffers from NEB (USA), Amersham (UK) or Fermentas were used.

4.6.3

Amplification of DNA – the PCR method

The polymerase chain reaction (PCR) is a method used for in vitro enzymatic
amplification of specific segments of DNA. In this work, PCR was used during construction
of deletion strains - for preparation of integrative deletion cassettes (with ExTaq or Phusion
polymerase) and for strain verification (with LC Taq polymerase).
Verification PCR:
Reaction mixture:
1 µl template DNA
2.5 µl 10x PCR buffer
2.5 µl dNTP mix (stock dATP, dCTP, dGTP and dTTP, 2 mM each)
1.5 µl 25 mM MgCl2
0.5 µl primer 1 (10 μM)
0.5 µl primer 2 (10 μM)
H2O to 25 μl
0.3 µl Taq DNA polymerase (LC, 1u/μl; Fermentas)
PCR program:
1x
94°C
30x 94°C
40-48°C
72°C
1x
72°C

2 min
30s
30s
1 min/1 kb
5 min

denaturation
annealing
polymerization
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Amplification of integrative cassettes for gene deletions:
Reaction mixture:

1 µl template DNA

5 µl 10x ExTaq buffer

- or - 10 μl 5x Phusion HF buffer

5 µl dNTP mix (stock dATP, dCTP, dGTP and dTTP, 2 mM each)
1 µl primer 1 (10 μM)
1 µl primer 2 (10 μM)
H2O to 50 μl
0.5 µl ExTaq polymerase

- or - 0.5 µl Phusion High-Fidelity DNA polymerase

5 u/μl (TaKaRa)
PCR program:
1x
94°C
30x 94°C
40-48°C
72°C
1x
72°C

4.6.4

2 u/μl (Finnzymes)

1x
30x

2 min
30s
30s
1 min/1 kb
5 min

1x

98°C
98°C
60°C
72°C
72°C

2 min
10s
30s
30s/1 kb
5 min

Colony PCR

This method is a modification of classic PCR reaction, when the DNA for template is
not isolated but whole cells are taken and disintegrated directly in the PCR tube.
Bacterial cells were applied to empty PCR tube with a sterile toothpick and subjected
to a lysis by incubation at 94°C for 5 minutes. Then PCR reaction mixture was added and the
classic PCR program used (according to Verification PCR, Method 4.6.3).
When the yeast colony PCR was performed, a small portion of fresh cells were
re-suspended with a toothpick in 50 μl H2O. Optionally, the suspension was frozen in liquid
nitrogen. Further, 3 μl of zymolyase (10 mg/ml) was added and the suspension was incubated
for 30 min at 37°C. After denaturation at 94°C for 10 minutes, 2-3 μl was used as a template
DNA and classic PCR was performed.

4.6.5

Agarose gel electrophoresis

10x TBE
108 g Tris
55 g boric acid
40 ml 0.5 M EDTA-NaOH, pH 8.0
/ 1000 ml H2O
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Agarose – Typ II (Sigma)
0.5 μg/ml ethidium bromide staining solution (stock solution 10 mg/ml)
DNA loading buffer
50 % glycerol
0.13 M EDTA-NaOH, pH 8.0
0.12 % bromophenol blue
1 kb DNA ladder 50 ng/μl (stock solution 500 μg/ml; NEB)
The separation of DNA fragments was performed in agarose gels, applying a constant
electrical field 6 V/cm. According to the size of DNA fragments to be separated, 0.8 – 1.5 g
of agarose was added to 100 ml of 1x TBE solution and boiled in a microwave oven. After
cooling to cca 60°C, the agarose was poured to a prepared gel electrophoresis apparatus.
The agarose gel was overlaid with 1x TBE buffer. The DNA ladder and DNA samples
mixed with DNA loading buffer were applied to the slots. The electrophoresis was run at
6 V/cm. Finally, the gel was stained in the ethidium bromide staining solution for 15 minutes
and DNA was visualized using UV transilluminator. The size of the analysed DNA fragments
was determined by comparison with the DNA ladder.

4.6.6

Isolation of DNA fragments from gel

10x TAE buffer
242 g Tris
57.1 ml acetic acid
100 ml 0.5 M EDTA-NaOH, pH 8.0
/ 1000 ml H2O
Low melting agarose (USB)
0.5 μg/ml ethidium bromide staining solution (stock solution 10 mg/ml)
6x loading buffer
50 % glycerol
0.13 M EDTA-NaOH, pH 8.0
0.12 % bromophenol blue
QiaexII Gel Extraction Kit (Qiagen)
The agarose gel electrophoresis was performed as described in Method 4.6.5 except
for using low melting agarose and 1x TAE buffer. The DNA fragment of interest visualized
with hand UV transilluminator was cut out from the gel and DNA was isolated by the
commercial QiaexII Gel Extraction Kit (Qiagen) according to the recommended procedure.
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4.7 RNA manipulation techniques
4.7.1

Isolation of total RNA from S. cerevisiae

Extraction buffer
1 mM EDTA
0.1 M LiCl
0.1 M Tris-HCl, pH 7.5
1 % SDS
40 % KAc (potassium acetate), pH 5.5
Glass beads (0.4 mm, acid washed and autoclaved)
citrate buffered, water-equilibrated phenol pH 4.2 (Sigma)
chloroform
isoamylalcohol
PCI – phenol/chloroform/isoamylalcohol 25:24:1
96 % ethanol
30 ml of cell culture was rapidly cooled by mixing with 20 ml of ice-cold water and
left on ice for some time. From this stage the samples were permanently kept on ice. After
centrifugation (Jouan, 3000 rpm, 5 min, 4°C), cells were re-suspended in 1 ml ice-cold water
and transferred to a 1.5 ml microtube with a screw cap. Cells were pelleted (14000 rpm,
15 sec, 4°C). At this stage cells could be stored at -70°C.
Cells were re-suspended in 0.4 ml of extraction buffer. 0.4 ml of glass beads and
0.4 ml of PCI was added. The sample was mixed for 25 sec at 5 m/sec in FastPrep dissicator.
After centrifugation (13000 rpm, 6 min, 4°C), the aqueous upper layer was transferred to a
clean tube, 30 μl of 40 % KAc and 0.4 ml of PCI were added, vortexed vigorously for 30 sec
and centrifuged (13000 rpm, 10 min, 4°C). The aqueous upper layer was transferred to a clean
tube and 0.4 ml of chloroform was added, vortexed and centrifuged again (13000 rpm,
10 min, 4°C). To aqueous layer in a clean tube, 1 ml of 96 % ethanol was added, mixed and
incubated at -20°C for at least 1 hour.
The RNA was pelleted by centrifugation (13000 rpm, 12 min, 4°C). After removing of
the supernatant, pellet was washed with 80 % ethanol and centrifuged (13000 rpm, 3 min,
4°C). Then the liquid was removed, the pellet air-dried for about 1 min, and dissolved in
50-100 μl of ultra-pure water. RNA was stored at -70°C.
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4.7.2

Purification of total RNA

To remove any traces of genomic DNA and other contaminants, RNA isolated
according to method 4.7.1 was further cleaned up using the RNeasy Mini Kit (Qiagen) and
DNaseI (TaKaRa) according to the manufacturer’s instructions.

4.7.3

Determination of RNA concentration and RNA quality control

An aliquot of RNA sample was diluted with water (20x) and absorbance at 260 (A260)
and 280 nm (A280) was measured in a 1 cm optical path cuvette using the UV
spectrophotometer. RNA concentration (cRNA) was calculated by following formula:
cRNA [μg/ml] = 20 (dilution factor) x A260 x 40
Absence of protein contamination was confirmed by A260/A280 ratio which should be about 2.
For checking the quality of RNA, 1 μg was run on 1 % agarose gel, stained in ethidium
bromide staining solution and examined under UV light (Method 4.6.5). Two large bands
(28S and 17S rRNA) and a small band near the front (5.8S, 5S rRNA and tRNA) should be
visible.

4.7.4

Microarray analysis

DNA microarray (also called gene chip or gene array) is a collection of microscopic
DNA spots, usually representing single genes, regularly arranged on a solid support (glass
microscope slide) and covalently attached via a chemical matrix. Thousands of DNA probes,
usually chemically synthesized oligonucleotides 20-70 nucleotides in length, can be attached
to a slide and the genes they represent can all be analysed in a single experiment.
DNA microarrays can be used for an expression analysis or expression profiling when
the fluorescently labelled messenger mRNAs are detected. The cyanine dyes Cy3 and Cy5
(excitation wavelengths of 635 nm and 532 nm, respectively) are most frequently used to
label the RNA samples during the reverse transcription reaction when the RNA is converted
into complementary DNA (cDNA). Two-colour-labelling allows two samples (e.g. treated and
untreated, or wild-type and mutant cells) to be hybridized to the same array and their gene
expression profiles compared via the difference in the fluorescence of the two samples.
Unbound (non-complementary) sequences are washed away and the fluorescence of the
individual DNA spots on the array is measured by laser excitation in two colour channels.

4.7.4.1 cDNA synthesis and labelling
Random hexamers – 1 μg/ml (Roche)
Oligo-dT primer – 0.5 μg/ml (Invitrogen)
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RNaseOUT™ Recombinant Ribonuclease Inhibitor - 40 u/μl (Invitrogen)
Cy3-dUTP, Cy5-dUTP - 1 mM (Amersham)
Superscript™II Reverse Transcriptase (Invitrogen) – 5x SSII buffer, 0.1 M DTT,
Superscript II (200 u/μl)
dNTP mix – 2.5 mM each dATP, dCTP, dGTP, 1.25 mM dTTP
0.1 M NaOH
0.1 M HCl
Primary mix (for each condition - Cy3 and Cy5)
15 μg of purified total RNA
5 μl random hexamers
4 μl oligo-dT primer
1 μl RNaseOUT inhibitor - optional
ultra-pure H2O ad 23 μl
Polymerase mix (for one double-labelling reaction – Cy3 tube+Cy5 tube)
16 μl 5x SSII buffer
8 μl DTT
4 μl dNTP mix
4 μl Superscript II
The primary mix was incubated at 70°C for 10 min and put immediately on ice. An
aliquot of 1 μl of Cy3 or Cy5 and 16 μl of the polymerase mix were added. The samples were
incubated at 23°C for 10 min and then the cDNA synthesis was performed at 42°C for 2 hours
in tube covered with aluminium foil to protect Cy-dyes from light. RNA was hydrolyzed by
adding of 15 μl of the fresh 0.1 M NaOH and the following incubation at 70°C for 10 min.
Then an aliquot of 15 μl of 0.1 M HCl was added into the mixture for pH neutralisation.

4.7.4.2 cDNA purification
ssDNA – salmon sperm DNA - 1 mg/ml
3 M sodium acetate, pH 5.4
QIAquick PCR Purification Kit (Qiagen)
The two reactions (Cy3 and Cy5) were pooled and purified by the QIAquick PCR
Purification Kit according to the manufacturer’s instructions. The final elution was performed
two times with 50 μl of EB buffer. For precipitation, 2.5 μl of ssDNA, 11 μl of 3 M sodium
acetate and 250 μl of pre-chilled 96 % ethanol were added, gently mixed and the mixture was
left overnight at -20°C. Protected from light, sample could be stored at -20°C for several
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weeks. Before further use, the precipitate was centrifuged (13000 rpm, 20 min, 4°C), washed
with 500 μl of 70 % ethanol and centrifuged again (13000 rpm, 10 min, 4°C). The pellet was
air-dried for about 1 min and dissolved in 25 μl of ultra-pure H2O.

4.7.4.3 Microarrays hybridization

4.7.4.3.1 Pre-hybridization of the microarray slide
glass slides from the SGDB (ENS, Paris, France) - contain probes for most of the
S. cerevisiae ORFs (about 6,000 probes) deposited in duplicate
20x SSC (pH 7.0)
3 M NaCl
175.3 g NaCl
300 mM sodium citrate
88.2 g
/1000 ml H2O
Blocking solution
5x SSC
0.1 % SDS
1 % BSA
Isopropanol
Pre-hybridization of the microarray slides has to be done not more that 2 hours before
hybridization. Blocking solution was pre-heated at 42°C and the microarray slide was
incubated in this solution at 42°C for 45 min. Incubation and all following steps were
performed in 50 ml Falcon tube. Each washing step consisted of inverting the Falcon tube
10 times up and down. The slide was rinsed five times with a water and finally once with an
isopropanol. Then it was dried by centrifugation.

4.7.4.3.2 Hybridization of microarray
2x hybridization buffer
50 % formamide
10x SSC (see Method 4.7.4.3.1)
0.2 % SDS
The aliquot of 25 μl of the purified labelled cDNA (Method 4.7.4.2) was mixed with
25 μl of the 2x hybridization buffer pre-heated at 70°C. The pre-hybridized microarray slide
(see 4.7.4.3.1) was put in a hybridization chamber. The cDNA mixture was pre-heated for
2-5 min at 70°C, spinned quickly and immediately applied on the microarray slide. The
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coverslip was placed carefully to avoid bubbles and achieve homogenous spreading of the
cDNA solution over the entire microarray slide. The coverslip was sealed with Elemers
silicon rubber cement from a syringe and the slide was placed into a humid chamber and
hybridized overnight at 42°C.

4.7.4.3.3 Microarray slide washing, scanning and data mining
After removing the rubber seal, the coverslip was removed by dipping the slide in
Wash I solution (see below). Following washing steps were performed:
Wash I
1x SSC (see 4.7.4.3.1), 0.2 % SDS, pre-heated at 42°C
Wash II
0.1x SSC, 0.2 % SDS, RT
Wash III
0.1x SSC, RT
After the final wash, the slide was dried quickly by centrifugation for 3 min. After scanning
using the GeneTAC UC-4 scanner (Genomic Solutions, Ann Arbor, MI, USA), TIGR
Spotfinder 2.2.4 (Saeed, et al., 2003) was used for determination of the average signal
intensity and the local background for each spot. The two channels were normalized using
TIGR MIDAS 2.19 by LOWESS normalization and variance regularization.

4.8 Protein analyses
4.8.1

Yeast protein extracts

1.85 M NaOH
50 % TCA (trichloroacetic acid)
1 M Tris
β-mercaptoethanol (Sigma)
4x SDS sample buffer
100 mM Tris-HCl (pH 6.8)
20 % glycerol

4.5 ml 0.5 M Tris-HCl
4.5 ml glycerol

10 % β-mercaptoethanol

2.25 ml β-mercaptoethanol

4 % SDS

3.6 g SDS

0,005 % DTT

122 μl 1 % DTT

0,005 % bromophenol blue

0.75 mg bromophenol blue
/H2O ad 15 ml

Cells were pelleted, then re-suspended in 50 μl of 1.85 M NaOH and incubated on ice
for 10 min. The same volume of 50 % TCA was added, incubated on ice for 10 min and
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centrifuged (Jouan, 13000 rpm, 10 min, 4°C). The resulting pellet was suspended in
2 volumes of the SDS sample buffer and 1 volume of 1 M Tris. Samples were boiled for
10 min and centrifuged (13000 rpm, 2 min, RT). The supernatant was immediately used for
SDS-PAGE or stored at -20°C.

4.8.2

Polyacrylamide gel electrophoresis (SDS-PAGE)

AA/ MBA (filtered and stored at 4°C)
30 % (w/v) acrylamide (AA) (Amersham)
0.8 % (w/v) methylene-bis-acrylamide (MBA) (Amersham)
10 % (w/v) SDS
1.5 M Tris-HCl, pH 8.8
0.5 M Tris-HCl, pH 6.8
20 % (w/v) APS
TEMED (Serva)
10x running buffer (stock solution), pH 8.5
250 mM Tris-HCl, pH 8.5
30 g
2 M glycin
144 g
35 mM SDS
10 g
Marker (Bio-Rad)

/1000 ml H2O

For the polyacrylamide gel electrophoresis (Laemmli, 1970), the Mini-protean II
equipment (Bio-Rad) was used. Protein separation was performed in 7.5 or 10 %
polyacrylamide gels that were mixed as follows:
Resolving gel solution
H2O
1.5 M Tris-HCl (pH 8.8)
AA/ MBA

7.5 %
4.9 ml
2.5 ml
2.5 ml

10 %
4.1 ml
2.5 ml
3.3 ml

10 % SDS

100 μl

100 μl

20 % APS

60 μl

60 μl

TEMED

10 μl

8 μl
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Stacking gel solution
3.2 ml H2O
1.25 ml 1.5 M Tris-HCl (pH 6.8)
0.7 ml AA/MBA
50 μl 10 % SDS
60 μl 20 % APS
8 μl

TEMED

The apparatus was filled with 1x running buffer. The protein samples containing the
SDS sample buffer were boiled for 10 minutes, centrifuged and applied to the slots. The
electrophoresis was performed first at 35 mA (in stacking gel) and then at 50 mA (in
resolving gel) until the blue front line reached the bottom of the gel.

4.8.3

Western blot

10x transfer buffer
30.3 g Tris
144 g glycin
/1000 ml
1x transfer buffer
100 ml 10x transfer buffer
750 ml H2O
150 ml methanol
Nitrocellulose membrane PROTRAN® (Sleicher & Schuell)
Ponceau S - 0.2 % Ponceau S (Sigma) / 3 % TCA
The separated proteins were transferred from acrylamide gels to the nitrocellulose
membrane. The transfer was performed using the Bio-Rad System at constant voltage of
100 V for 1 hour. The presence of proteins on the membrane was checked by a reversible
Ponceau S staining.

4.8.4

Immunodetection

10x TBS-T buffer (pH 7.4)
50 mM Tris
150 mM NaCl
0.05 % Tween 20 (Sigma)

60.5 g
87.5 g
5 ml

/1000 ml H2O
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Blocking solution - 5 % low fat dried milk in TBS-T
ECL solutions – SuperSignal West Dura Extended Duration Substrate (Pierce)
Primary antibodies:
anti-GFP rabbit polyclonal antibody (Santa Cruz Biotechnology)
anti-GFP mouse monoclonal antibody, HRP-conjugated (Santa Cruz)
anti-Myc-Tag mouse antibody (Cell Signaling Technology)

Dilution:
1:500
1:4000
1:1000

Secondary antibodies:
stabilized goat anti-rabbit HRP-conjugated (Pierce)
stabilized goat anti-mouse HRP-conjugated (Pierce)

1:10 000
1:10 000

The membrane with transferred proteins (see Method 4.8.3) was incubated in blocking
solution at RT for 1 hour, rinsed with TBS-T and incubated with a primary antibody (diluted
in blocking solution) at 4°C overnight. The unbound antibody was removed by washing the
membrane in TBS-T three times for 10 minutes. The appropriate secondary antibody
conjugate diluted in TBS-T was applied at RT for 1 hour and the membrane was washed three
times with TBS-T. All of the secondary antibodies used were horse-radish peroxidase
conjugates, and thus the enhanced chemi-luminiscence system (ECL) was used according to
the manufacturer’s instructions to reveal their reaction on the membrane.

4.8.5

Determination of Slt2p phosphorylation

2x inhibitors
- solution of phosphatase and kinase inhibitors prepared in fresh medium to avoid
osmotic shock:
100 mM NaF (Fluka)
100 mM sodium azide (NaN3; Sigma)
4 mM sodium orthovanadate (Na3VO4; Sigma)
100 mM β-glycerophosphate (Serva)
Liquid nitrogen
3.7 M NaOH
50 % TCA - trichloroacetic acid
Blocking solutions
5 % milk - low fat dried milk in TBS-T
5 % BSA - Bovine serum albumin fraction V in TBS-T
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Stripping buffer
2 % SDS
50 mM Tris-HCl, pH 6.8

20 ml 10 %
10 ml 0.5 M

100 mM β-mercaptoethanol (Sigma)

700 μl

/100 ml

anti-phospho-p44/42 MAP kinase (Thr202/Tyr204) antibody (Cell Signaling Technology)
dilution 1:1000 in 5 % BSA, secondary antibody anti-rabbit 1:5 000
anti-Mpk1 (y-244) antibody (Santa Cruz Biotechnology)
dilution 1:400 in 5 % milk, secondary antibody anti-rabbit 1:10000
Analysis of the Slt2 kinase phosporylation was performed accordingly to methods
described in 4.8.1-4.8.4 with some exceptions.
According to the optical density, the same number of cells was taken for different
strains, and collected by centrifugation. The pelleted cells were re-suspended in 25 μl of 2x
inhibitors and frozen in liquid nitrogen. The cell lysis was performed by adding of 25 μl of
3.7 M NaOH followed by 10 min-incubation of the mixture on ice. Further steps, including
addition of 50 μl of 50 % TCA, SDS-PAGE and the Western blot analysis, were done
according to the methods described above 4.8.1-4.8.3.
For blocking the membrane, the 5 % milk was used as a blocking solution. After threetimes washing in TBS-T, the membrane was incubated with the anti-phospho-p44/42 MAP
kinase (Thr202/Tyr204) antibody at 4°C overnight. After incubation with the secondary antirabbit antibody, the ECL reaction and documenting on the film, the blot was rinsed with
TBS-T and stripped for 25 min at 50°C in the stripping buffer. After an intensive wash with
TBS-T (at least five times for 10 min), the membrane was blocked again in 5 % milk and
re-probed with the anti-Mpk1 antibody (overnight, 4°C).
The pixel densities of the bands were quantified using Adobe Photoshop image
software, and the level of Slt2 phosphorylation was normalized for loading amounts using the
level of the total Slt2p (Mpk1p). The statistics presented in Results represent the results from
two independent experiments and at least two different loading amounts for each experiment.
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4.9 E. coli manipulation methods
4.9.1

Bacterial transformation - electroporation method

10 % glycerol
One litre of pre-warmed LB medium was inoculated with 10 ml of a fresh overnight
bacterial culture. Cells were grown at 37°C to OD600 0.5-0.7 and then kept on ice for 15-30
minutes. Cells were harvested by centrifugation (Jouan, 4000 rpm, 10 min, 4°C). Pellet was
re-suspended in 100 ml of an ice-cold 10% glycerol and incubated on ice for 20 minutes. The
suspension was then centrifuged (Jouan, 4000 rpm, 10 min, 4°C) and the pellet re-suspended
in ice-cold 10% glycerol to a final volume of 4 ml. The cells in aliquots of 100 μl were
directly used for transformation or frozen in liquid nitrogen and stored at –70°C.
An aliquot of bacterial competent cells was mixed with plasmid DNA (1-5 μl) and
incubated on ice for one minute. The mixture was transferred into an ice-cold cuvette
(Bio-Rad, 0.2 cm) one pulse was applied (Bio-Rad Gene Pulser™, 2500 V, 200 Ω, 25 μF).
Immediately, 1 ml of LB medium was added to the cuvette, the cells were gently
re-suspended and transferred to microtubes. For recovery, cultures were incubated at 37°C for
1 hour and then plated on LB-Amp selective plates.

4.9.2

Bacterial transformation CaCl2 method

0.1 M CaCl2, pH 8.0
The flask with 100 ml of pre-warmed LB medium was inoculated with 1 ml of a fresh
overnight bacterial culture. Cells were grown at 37°C to an OD600 0.4 – 0.6 and then kept on
ice for 10 minutes. Cells were harvested by centrifugation (Jouan, 4000 rpm, 10 min, 4°C),
re-suspended in 50 ml of 0.1 M CaCl2 and further incubated on ice for 1 hour. After
centrifugation (Jouan, 4000 rpm, 10 min, 4°C), cells were re-suspended in 1 ml of ice-cold
0.1 M CaCl2. Glycerol was then added to a final concentration of 20%. The cell suspension in
aliquots of 50 μl was frozen in liquid nitrogen and stored at –70°C.
For transformation, approximately 200 ng of the plasmid DNA was added to 50 µl of
suspension of the bacterial competent cells. Cells were mixed with DNA, incubated on ice for
30 minutes and then heat-shocked at 42°C for 90 seconds. Tubes were immediately
transferred onto ice and kept for 2 minutes. Then 1 ml of LB medium was added and cells
were recovered for 1 hour at 37°C and then platted on LB-Amp plates.
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4.10 S. cerevisiae manipulation methods
4.10.1 Transformation of S. cerevisiae – LiAc/ssDNA/PEG method
1 M LiAc
0.1 M LiAc (freshly prepared from 1 M stock solution)
50 % PEG (polyethylene glycol, MW 3350, Sigma)
ssDNA, 10 mg/ml (Yeastmaker Herring Testes Carrier DNA, Clontech)
Pre-warmed YPD medium (50 ml) was inoculated with overnight-grown pre-culture to
cell density of 5x106 cells/ml. Cells were grown at 30°C for additional 3-5 hours until the cell
density of the culture reached 2x107 cells/ml. Then the culture was transferred to sterile tubes
and centrifuged (Jouan, 4000 rpm, 5 min, RT). The pelleted cells were washed with 25 ml of
sterile water, centrifuged (Jouan, 4000 rpm, 5 min, RT), re-suspended in 1 ml of 0.1 M LiAc
and transferred to a microtube. Cells were pelleted at top speed for 15 s and then re-suspended
in 0.1 M LiAc to a final volume of 500 µl (2x109 cells/ml). Aliquots of 50 µl were centrifuged
again at top speed for 15 s and the supernatant was removed with a micropipette. To each
microtube, following ingredients were added in this order:
240 µl 50 % PEG
36 µl 1.0 M LiAc
10 µl ssDNA
x µl DNA (plasmid or integrative cassette) (0.1-10 µg)
74-x µl sterile H2O
Tubes were vigorously vortexed until the cell pellet had been completely mixed (for
about 1 minute). Transformation mixtures were incubated at 30°C for 30 minutes and then
rapidly heated (shocked) at 42°C for 30 minutes. Finally, the suspension was centrifuged for
15 seconds, the supernatant was removed with a micropipette and the pellet re-suspended
gently in 1 ml of sterile water. Cells were then plated onto selective plates.

4.10.2 Construction of double deletion strains
The integrative cassettes for deletion of gene under study were produced by PCR (see
Method 4.6.3) using long primers comprising 20 3’-nucleotides complementary to sequences
in the template plasmid flanking the cassette and 40 5’-nucleotides that anneal to sites
upstream or downstream of the genomic target sequence to be deleted. After transformation
(see Method 4.10.1) of the linear cassette into parental strains, the deletion cassette should
integrate into the genome by homologous recombination. Selected transformants were
52

checked by PCR for correct integration of the cassette. The verification PCR (see
Method 4.6.3) was done using a combination of the primer complementary to sequence
flanking the target sequence and the other primer complementary to sequence within the
cassette or using both primers annealing to sequences flanking the region of integration. All
the primers and template plasmids used in this thesis are listed in Chapters 4.4-4.5.

4.10.3 Excision of the integrative cassette
This procedure is used with strains containing multiple deletions when any of the
selection markers has to be rescued for plasmid selection or additional deletion. In this work it
was used during preparing of the isw2∆fus3∆ carrying the YCpL-KSS1 plasmid. First, the
LEU2 deletion cassette (integrated in the ISW2 gene) from the original isw2∆fus3∆ strain was
excised. For this purpose, cells were transformed with the pSH47 plasmid (Ura+) encoding the
Cre recombinase. Expression of the Cre recombinase was induced by cultivation on SC-Ura
supplemented with 2 % galactose instead of glucose. It led to recombination between loxP
sites and elimination of the LEU2 marker (Gueldener, et al., 2002). The cells were further
passaged in YPD to get rid off the plasmid. The loss of the plasmid was confirmed by the
ability of cells to grow on plates with 5-FOA which is toxic for Ura+ strains. The resulting
strain (leu- ura-) was transformed with the YCpL-KSS1 (LEU2) (see Method 4.10.1). The
correct transformation was verified by the plasmid isolation from the yeast transformants, the
plasmid amplification in bacteria and the restriction analysis (see Methods 4.6.1.3, 4.9.1,
4.6.2).

4.10.4 Mating of haploid yeast cells
Mating of haploid cells was performed on YPD plates. The two strains of opposite
mating types grown overnight on YPD plates were scraped off the agar with a sterile
toothpick and mixed together on the new YPD plate. The mixed cells were incubated at 30°C
for at least 8 hours or overnight. The mating mixture was checked microscopically for the
presence of zygotes. A portion of the mixture was re-suspended in water and plated on
selective drop-out plates or the zygotes were dissected using the Singer micromanipulator.

4.10.5 Sporulation and spore analysis
Fowell plates
Zymolyase-20T (Seikagaku, Japan) - stock solution 10 mg/ml H2O
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The diploid strain was grown on YPD plate overnight at 30°C. Using a toothpick, a
portion of cells was transferred on Fowell plate and cultivated at 25°C for 3-5 days.
Formation of asci was checked microscopically. Sporulating cells were re-suspended in water
and the asci were digested with zymolyase (25 μl of zymolyase stock solution/500 μl cell
suspension) for 10 minutes at RT, and then tetrads were dissected on YPD plate using the
Singer micromanipulator.
New haploid cells were tested for auxotrophy by spotting on plates containing
different drop-out media. For mating type determination the strains bar1Δ MATa and sst2
MATα were used. These testing strains grown overnight in YPD at 30°C were diluted to
OD600=0.4 and the aliquot of 200 μl of each culture was plated on a separate YPD plate. On
these plates the haploid strains to be tested were spotted. After 1- or 2-day incubation at 30°C,
formation of growth inhibition zones resulting from G1 arrest revealed the mating type of the
tested cells.

4.10.6 Halo assay
Buffered YPD plates – YPD plates buffered with 0.1 M sodium citrate (pH 4.5), 2 % agar
top agar – YPD buffered with 0.1 M sodium citrate (pH 4.5), 0.7 % agar
An aliquot containing 1.25x105 cells of the testing strain MATα sst2 was added to 5 ml
of the top agar, which had been autoclaved and cooled to 55°C. The buffered YPD plates
were overlaid with this top agar-cell suspension and allowed to solidify. Cells of the haploid
strain to be tested were grown in the YPD medium to the mid-log phase, the cells
(approximately 108 cells) were collected by centrifugation, washed with the same medium
(1 ml), and re-suspended in 20 μl of YPD. 10 μl of cell suspension was spotted on the YPD
plates containing the testing strain. A zone of growth inhibition (the ‘halo’) results from the
a-factor induced G1 arrest of the supersensitive MATα sst2cells. The plates were incubated for
3 days at 25°C and the size of growth inhibition zone determines a level of a-factor secretion.

4.10.7 Invasive growth assay
To assess the ability of strains to invade agar, a modified procedure described
previously by Roberts and Fink (1994) was used. The strains were cultivated in the liquid
YPD at 30°C overnight, diluted and spotted onto plates. After a 3-day incubation (unless
otherwise indicated), the plates were photographed, washed under a stream of running tap
water by gentle rubbing with a finger to remove cells from the surface, and then photographed
again. The Olympus C-4040ZOOM digital camera was used to acquire images of the plates.
The morphology of cells remaining in the agar was examined by DIC contrast using the
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Olympus BX-60 microscope with a water immersion 60 x 1.2 objective. Images were
acquired by a cooled CCD camera Fluoview™ controlled by AnalySIS™ imaging software
(Olympus).

4.10.8 Pheromone-induced invasive growth
α-pheromone (Sigma-Aldrich, USA)
On the YPD agar plate, 2x105 cells of tested strain was spread and 5 µg of
α-pheromone was added to the paper disc placed in the centre of the plate. A point source of
α-pheromone placed on the lawn of MATa cells induced G1 cell cycle arrest in cells in its
surrounding. At the periphery of this halo, the concentration of diffusing pheromone is
insufficient to arrest the cell growth but it induces changes in morphology and triggers
invasion (Roberts, et al., 2000; Erdman and Snyder, 2001). After a 2-day incubation at 30 °C
the plates were washed and analysed for invasion. The cell invasion was documented with
Leica MZ16F Stereomicroscope (primary magnification 10x).

4.10.9 Fluorescence microscopy
Olympus IX-71 inverted microscope
-

100× PlanApochromat objective (NA=1.4)

-

Hammamatsu Orca/ER digital camera
Cell-R™ detection and analysing system Olympus
GFP filter block U-MGFPHQ, exc. max. 488, em. max. 507

The cells designated for microscopy analysis were mounted on coverslips and coated
with a slice of 1% agarose in SC medium. Images were processed and merged using
Olympus Cell-R™ and Adobe Photoshop software.

4.10.10 Cell wall staining
KCP buffer
0.1 M K2HPO4
22.8 g
0.1 M citric acid
/ pH 5.9
7g
/1000 ml H2O
Calcofluor white (American Cyanamid Co., USA)
WGA-FITC (FITC-labelled wheat germ agglutinin, Sigma, USA)
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The cell wall staining was performed according to the published protocols (Shaw, et
al., 1991; Hasek, 2006).
Yeast cells were washed with KCP buffer. To 20 μl of cell suspension in KCP buffer
7

(10 cells/ml), an aliquot of calcofluor white stock solution was added (final concentration
0.5 µg/ml). Further, an aliquot of 5 μl of WGA-FITC stock solution was added (final
concentration 100 µg/ml). The cells were then washed two times with KCP buffer and
subjected to microscopic analysis.
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5 RESULTS

A long-term goal of studies in our laboratory is to identify cytoskeleton-associated
proteins in Saccharomyces cerevisiae and to elucidate their role in the cell cycle control and
morphogenesis. In a screen using the mouse monoclonal antibody MA-01 recognizing
mammalian microtubule-associated proteins (Draberova, et al., 1986), a protein of unknown
function was identified in S. cerevisiae. To elucidate its function, strains of the W303 genetic
background lacking the encoding gene were prepared (Vavřičková, 1998; Trachtulcova, et al.,
2000). Meanwhile, Tsukiyama et al. (1999) named the gene as ISW2 according to its sequence
homology with the Drosophila ISWI.
At the beginning of my work, I collaborated with Petra Trachtulcová and participated
in extensive phenotypic analyses of the W303-derived isw2 deletion strains. The obtained
results were presented in the publication of Trachtulcová et al. (2003). However, further
experiments showed that the isw2Δ phenotype was more pronounced in another genetic
background - BY4741-3. Moreover, a collection of deletion mutants in this background was
available (Euroscarf), which was of a benefit in construction of various double deletion
strains. This thesis thus contains my own results obtained in studies of the isw2Δ strains in the
BY4741-2 genetic background that have already been published (Trachtulcova, et al., 2004;
Frydlova, et al., 2007; Frydlova, et al., 2009).

5.1 Phenotypic analyses
To obtain a comprehensive knowledge about the function of the Isw2 chromatin
remodelling complex, in addition to the strains lacking the Isw2 protein, we analysed also
strains lacking the other subunit of the complex - Itc1 protein. Both the isw2Δ and itc1Δ
strains were obtained from the Euroscarf collection.
Numerous experiments analysing the cell growth in different complete or synthetic
media containing various carbon sources, and the growth under saline or osmotic stress
conditions did not show any differences between the wild-type and the deletion strains.
Therefore, they are not presented here. The main remarkable phenotypes which we observed
are mating type-dependent invasive growth connected with an aberrant morphology,
activation of cell wall integrity pathway, and an aberrant budding within the birth scar. These
phenotypes are analysed in this thesis.
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5.1.1

isw2 and itc1 deletions cause mating type-dependent invasive growth

Previous experiments performed with the W303-derived strains indicated that the
absence of the Isw2 protein results in an enhancement of the invasive growth (Trachtulcova,
et al., 2003). Consequently, the invasive growth of the BY-derived strains was analysed as
well.
Common haploid invasive growth occurs on YPD plates. Usually, the Σ1278b strain is
used in these studies since it is a naturally invasive strain (Roberts and Fink, 1994). Hence,
we used the Σ1278b strain as a control in our experiments. As expected, this strain displayed
an invasion on YPD plates after 3-day cultivation (Fig. 5.1). In contrast, the haploid wild-type
BY strains of both mating types were incompetent of invasive growth. They were not invasive
even after the incubation prolonged to 7 days (Fig. 5.1). We further tested single deletion
strains lacking the ISW2 gene and the ITC1 gene encoding the interacting partner of Isw2p.
We also prepared double deletion mutants lacking both subunits. The isw2Δitc1Δ strains were
prepared by replacement of the ISW2 gene with the HIS3MX6 disruption cassette in itc1Δ
strains of either mating type. Invasive growth analysis showed that isw2Δ, itc1Δ and the
double deletion mutant isw2Δitc1Δ of the a-mating type were not invasive, similarly to the
wild-type strains. Surprisingly, the deletion strains of the opposite mating type - MATα - were
capable of a robust invasive growth. The invasion of the itc1Δ and isw2Δitc1Δ MATα strains
was more intensive in comparison with the single isw2Δ MATα mutant (Fig. 5.1).

Fig. 5.1 The isw2 and itc1 deletions induce α-mating type-specific invasive growth on YPD. The Σ1278b, the
BY wild-type strains of both mating types, and the deletion strains of a-mating type were grown on YPD plates
for 7 days, deletion strains of α-mating type were grown for 3 days, and then the plates were washed and
analyzed for invasive growth.
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Morphology of the cells that invaded agar was analysed after washing the plates (Fig.
5.2). Invasive cells of the Σ1278b accumulated into clumps consisting of chains of elongated
cells. The isw2Δ and itc1Δ cells of α-mating type invaded agar either as clumped or as
individual cells without visible chains of cells. Invasive cells often displayed aberrant
morphology; cells were large and extremely elongated and resembled “shmoo” projections.
Thus they differed in morphology from the invasive cells of the Σ1278b strain (Fig. 5.2). The
mutant cells displayed similar “shmoo-like” morphology also on the SLAD medium, where
the Σ1278b haploid strain did not invade the agar (Fig. 5.2).

Fig. 5.2 Morphology of invasive cells. The strains were grown on YPD or SLAD plates for
3 days, then washed off the agar surface and cells inside the agar were analyzed.

Common haploid invasive growth is induced by glucose limitation and thus it occurs
also on plates containing carbon sources different from glucose. We tested the isw2Δ and
itc1Δ strains for invasion on such plates and, in parallel, we followed the invasive growth of
the Σ1278b strain as a control. We found that similarly to YPD (2 % glucose), on YP plates
containing lower concentration of glucose (0.1 %) exclusively α-mating type cells of the
isw2Δ and itc1Δ invaded agar after 3-day incubation. On YP plates with glycerol (3 %) or
ethanol (3 %) as a sole carbon source, neither MATa nor MATα cells of the isw2Δ strain
exhibited the invasive growth, similarly to itc1Δ MATa which was non-invasive as well (data
not shown). In contrast, the itc1Δ strain of the α-mating type invaded agar also on
non-fermentable carbon source (glycerol or ethanol), albeit with a very weak intensity in
comparison with the Σ1278b strain (data not shown). The Σ1278b strain was able to grow
invasively with a similar intensity on all tested media.
These results show that the absence of the Isw2-Itc1 complex causes the α-mating
type-specific invasive growth in the BY genetic background which is commonly
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non-invasive. They also indicate that this invasion is not induced by the glucose limitation
and thus it differs from the common haploid invasive growth.

5.1.2

The mating type-specific invasion of isw2Δ and itc1Δ strains is
enhanced by nitrogen limitation
In the next step, we analysed the influence of nitrogen limitation on the isw2Δ- and

itc1Δ-induced invasion. SLAD medium containing 50 μM ammonium sulphate as a nitrogen
source is commonly used to induce the pseudohyphal growth and invasion of diploid cells
(Gimeno, et al., 1992).
Consistently with the previous results, the deletion strains of a-mating type did not
invade the SLAD medium. On the other hand, the isw2Δ MATα strain exhibited a strong
invasive growth on this medium, and invasion of the itc1Δ and isw2Δitc1Δ MATα strains was
even more intensive than that of the single isw2Δ MATα (Fig. 5.3). The wild-type strains of
the BY background as well as the Σ1278b haploid strain were not able to invade the SLAD
medium.

Fig. 5.3 The isw2 and itc1 deletions induce α-mating typespecific invasive growth under nitrogen-poor conditions
where common haploid invasive growth does not occur.
Strains were grown on SLAD plates for 3 days and then
washed. The control Σ1278b strain does not invade the agar.

These results indicate that the mating type-specific invasive growth of the isw2Δ and
itc1Δ strains might also be influenced by nutritional cues, more specifically by the nitrogen
source concentration. To verify this possibility, the isw2Δ MATα strain was grown on
minimal media containing various concentrations of ammonium sulphate (Fig. 5.4). After
3-day incubation, the isw2Δ strain invaded strongly the agar without any nitrogen source or
containing low concentration (50 μM or 500 μM) of ammonium sulphate. A very weak
invasion was observed on the plates containing 5 mM ammonium sulphate and no invasion
occured on the plates containing 38 mM ammonium sulphate (= 5 g/l, i.e. the concentration
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present in the common minimal medium). Even a prolonged incubation (5 days) on the latter
two media was not sufficient to develop the invasion to the extent observed on media with the
limiting concentrations of the nitrogen source (data not shown).
These results show that the invasive growth of the isw2Δ MATα strain is potentiated by
the nitrogen source limitation.

Fig. 5.4 The invasive growth of the isw2Δ MATα strain is enhanced by
nitrogen limitation. The cells were washed after 3-day growth on minimal
medium containing various concentrations of ammonium sulphate.

5.1.3

The isw2Δ and itc1Δ strains display mating type-specific aberrant
morphology
The isw2Δ and the itc1Δ BY cells were also analysed for their morphology.

Microscopic analysis of cells cultivated overnight in YPD medium revealed that these
deletion strains of the α-mating type displayed morphological aberrations. They formed
projections that resemble “shmoos” of cells exposed to mating factors (Fig. 5.5). MATa cells
of the deletion mutants showed no remarkable changes.

Fig. 5.5 Typical aberrant “shmoo-like“ morphology of isw2Δ and itc1Δ MATα cells. Cells
were cultivated in liquid YPD medium for indicated time and microscopically analyzed.
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To evaluate more precisely how the morphological aberrations were related to the
conditions and duration of cultivation, we counted the percentage of the cells with aberrant
morphology during cultivation in liquid rich (YPD) and minimal media with (MM) or without
any nitrogen source (MM-N).
Cells exhibiting the aberrant morphology were found in populations of both, the isw2Δ
and itc1Δ MATα strains, in all three media tested. During the cultivation, cells with “normal”
morphology gradually adopted “shmoo-like” forms. The “shmoo-like” cells subsequently
increased their size and became malformed. The proportion of aberrant cells that was similar
in the YPD and MM media was significantly increased in the MM-N medium (Table 5.1).
Similarly, in the medium without any nitrogen source, the aberrations were much more
profound compared to the media with the nitrogen source. Besides typical “shmoo-like” cells,
extremely elongated and deformed cells were observed earlier and more frequently in the
MM-N medium than in the media containing the nitrogen source (YPD and MM) (Fig. 5.6;
for MM data not shown). Under all tested conditions, the portion of aberrant cells in the
population of the itc1Δ strain of α-mating type was higher than in that of the isw2Δ strain
(Table 5.1).
These results suggest that the morphological changes connected with the deletion of the
ISW2 and ITC1 genes are influenced by nitrogen starvation similarly as the invasive growth.

Table 5.1 The aberrant cell morphology induced by the isw2 and itc1 deletions is
affected by the nitrogen limitation. Cells were cultivated in the YPD and MM-N media
for indicated time and a portion of aberrant cells was determined (%). Approximately
500 cells were examined.

Time isw2Δα isw2Δα itc1Δα itc1Δα isw2Δitc1Δα
[hrs] (YPD) (MM-N) (YPD) (MM-N)
(YPD)

isw2Δitc1Δα
(MM-N)

16

6.9

15.2

17.2

31.3

18.6

33.5

19

12.5

21.7

26.8

46.9

28.8

46

24

24.1

36.1

42.9

65.4

49.2

60.4

48

43.1

54.9

63.8

78.4

61.7

83.8
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Fig. 5.6 The aberrant morphology of the isw2Δ and itc1Δ MATα cells is influenced by nitrogen starvation. Cells
were cultivated in liquid YPD or MM without any nitrogen source (MM-N) for indicated time and photographed.

5.1.4

Intact pheromone response pathway is required for the
“shmoo-like” morphology and development of invasive growth in the
isw2Δ strain

The “shmoo” morphology is induced commonly by the pheromone response pathway
that is activated in the presence of the opposite mating pheromone. To determine whether the
activated pheromone response pathway is responsible for the aberrant morphology of the
MATα isw2Δ strain, we constructed the double deletion strain isw2Δste4Δ. The STE4 gene
encodes the β-subunit of the pheromone-receptor-coupled G-protein mediating the response to
mating pheromones. Its disruption causes inability to activate the pheromone response
pathway (Nomoto, et al., 1990). The deletion of the STE4 gene was prepared by introducing a
ste4::HIS3MX6 cassette into the isw2Δ MATα strain. Because of the sterility of the ste4Δ
strain, the isw2Δste4Δ double deletant could not be prepared by mating and sporulation.
We compared the morphology of the isw2Δ, ste4Δ and isw2Δste4Δ cells of α-mating
type cultivated in YPD (Fig. 5.7) and MM-N media (data not shown). In the double deletion
strain, isw2Δste4Δ, the morphological defect was rescued and the cells displayed common
yeast-cell morphology similar to single ste4Δ strain. This result confirmed our hypothesis that
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the aberrant morphology of the isw2Δ MATα strain is caused by the activation of the
pheromone response pathway.

Fig. 5.7 Disruption of the pheromone response pathway by the ste4
deletion rescues the aberrant morphology of the isw2Δ MATα
strain. Analysed cells were grown for 2 days in YPD medium.

Next we examined the ability of the isw2Δste4Δ MATα strain to invade agar on YPD
(Fig. 5.8) and SLAD plates (data not shown) and compared it with the invasive behaviour of
the isw2Δ strain. The invasive growth of the isw2Δste4Δ MATα strain was abolished on both
types of media and even after a prolonged cultivation (7 days) this strain was not able to
invade agar. This result indicates that the invasive growth similarly to the aberrant
morphology induced by the isw2 deletion resulted from the activation of the pheromone
response pathway.

Fig. 5.8 An intact pheromone response pathway is required for the
invasive growth induced by the absence of the Isw2-Itc1 complex.
Disruption of the STE4 gene abolished invasion of the isw2Δ MATα
strain. Invasion was analysed after 3-day growth on YPD plates.

Phenotypic analyses of the mutant strains showed that the absence of the Isw2-Itc1
chromatin remodelling complex causes the α-mating type-specific aberrant “shmoo-like”
morphology and invasive growth in the commonly non-invasive BY genetic background. This
invasion is potentiated by the nitrogen source limitation rather than by glucose limitation,
which is (besides mating type-specificity) another feature that distinguishes this type of
invasion from the common haploid invasive growth. Cell morphology changes connected with
the deletion of the ISW2 and ITC1 genes are influenced by nitrogen starvation as well. We
proved that both, the invasive growth and the aberrant morphology, require intact pheromone
response pathway.
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5.2 Genome-wide gene expression analysis
To identify genes regulated by the Isw2 chromatin remodelling complex, we decided to
perform the genome-wide gene expression analysis by the microarray technique. However, a
detection of a set of genes regulated by this complex is complicated since the function of the
Isw2 complex may be hidden by parallel actions of other chromatin remodelling factors like
the Sin3-Rpd3 histone deacetylase complex (Goldmark, et al., 2000) or another ATPdependent chromatin remodelling factor Chd1 (Tsukiyama, et al., 1999). Such a substitution
or a parallel function is probably the reason why there is no obvious phenotype caused by the
absence of Isw2p under common laboratory conditions (YPD, exponential growth, MATa
strain) and why the microarrays performed with the isw2Δ MATa strain under these
conditions did not give satisfactory results (Goldmark, et al., 2000), instead, double deletion
mutants (e.g. rpd3isw2) had to be used (Fazzio, et al., 2001).
During our work, we succeeded in setting up specific conditions, under which the
deletion of the ISW2 gene resulted in a significant phenotype (see 5.1). We supposed that
under these conditions, absence of the Isw2p would induce a significant change in expression
of various genes. Comparison of the isw2Δ MATα cells exhibiting an intensive invasive
growth and the non-invasive wild-type MATα cells should reveal a set of genes, the
expression of which is under the control of Isw2p and that enable the cells of a non-invasive
strain to penetrate into agar.
The two strains were pre-grown in the SLAD medium at 30°C, diluted with the fresh
SLAD medium to OD600=0.05 and incubated for 16.5 hours to OD600 = 0.6-0.7. RNA
isolation, synthesis of labelled cDNA and hybridization was done as described in Methods
(see 4.7.1-4.7.4). To avoid a preferential labelling of any mRNA, the dye-swap labelling was
performed for all samples. In total, eight independent hybridizations using samples from four
independent yeast cultures and RNA extractions were performed. The data of these
independent experiments were combined and by this analysis we revealed about 210 genes,
the expression of which was changed at least two-fold in isw2Δ in comparison with the
wild-type cells.
Since many of these genes belong to the genes that are pheromone-regulated, we
concluded that their expression might be changed as a result of an activation of the
pheromone response pathway in isw2Δ cells. To eliminate this consequence and to reveal a
primary effect of the Isw2p absence, we performed expression profiling of the isw2Δste4Δ
MATα, the strain with disrupted pheromone response pathway. Single deletion ste4Δ MATα
was used as a reference strain.
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To confirm genes that are under the immediate control of the Isw2 protein, we
compared the isw2Δ vs. wild-type and isw2Δste4Δ vs. ste4Δ MATα expression profiles. We
identified 44 genes, the expression of which was changed at least 2-fold in the absence of
Isw2p in both experimental designs. Twenty two of them exhibited an increased expression,
and other nine genes exhibited a decreased expression in absence of Isw2p. Interestingly, a
group of 13 genes displayed a decreased expression in isw2Δ vs. wild-type and increased
expression in isw2Δste4Δ vs. ste4Δ MATα experiment (Table 5.2).

Table 5.2 Expression changes of isw2Δ versus wild-type and isw2∆ste4∆ versus ste4∆ MATα cells in SLAD medium.

Systematic
name

Gene
name

isw2∆/WT MATα

Description

isw2∆ste4∆/
ste4∆ MATα

[%]

p-value

[%]

p-value

ynl192

CHS1

Chitin synthase I, requires activation from zymogenic form
in order to catalyze the transfer of N-acetylglucosamine
(GlcNAc) to chitin; required for repairing the chitin septum
during cytokinesis; transcription activated by mating factor

709,4

1,73E-07

204,5

1,25E-03

yer124c

DSE1

Daughter cell-specific protein, may participate in pathways
regulating cell wall metabolism; deletion affects cell
separation after division and sensitivity to drugs targeted
against the cell wall

599,1

4,13E-06

240,1

1,80E-03

ylr286c

CTS1

Endochitinase, required for cell separation after mitosis;
transcriptional activation during late G and early M cell
cycle phases is mediated by transcription factor Ace2p

484,1

1,31E-06

236,5

7,60E-04

yhr048w

unknown

383,2

1,03E-04

531,6

1,93E-04

yor389w

unknown

359,3

3,99E-04

439,8

9,70E-05

ymr122w-a-r

unknown

356,0

4,30E-06

311,4

4,30E-06

Regulator of IMe2 expression; RNA-binding protein of the
RRM class (putative)

339,7

3,56E-02

514,4

9,36E-05

ypl277c

unknown

338,4

3,31E-03

413,8

4,85E-04

ypl278c

unknown

330,9

7,60E-05

373,1

8,30E-04

Catabolism of hydroxy amino acids; catabolic serine
(threonine) dehydratase

330,3

4,75E-05

268,6

4,54E-02

ymr122w-a

unknown

313,5

6,39E-06

316,9

5,13E-05

ylr364w

unknown

246,5

1,89E-04

202,4

1,00E-03

yhl024w

ycl064c

RIM4

CHA1
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Systematic
name

Gene
name

isw2∆/WT MATα

Description

isw2∆ste4∆/
ste4∆ MATα

[%]

p-value

[%]

p-value

Mannoprotein that is incorporated into the cell wall via a
glycosylphosphatidylinositol (GPI) anchor, involved in the
retention of siderophore-iron in the cell wall

242,4

1,44E-03

288,2

3,67E-03

unknown

239,9

1,15E-02

258,1

4,49E-02

Low-affinity amino acid permease, may act to supply the
cell with amino acids as nitrogen source in nitrogen-poor
conditions; transcription is induced under conditions of
sulphur limitation

238,2

3,22E-04

314,6

9,57E-03

unknown

236,7

1,37E-03

241,9

1,00E-03

High-affinity S-methylmethionine permease, required for
utilization of S-methylmethionine as a sulphur source; has
similarity to S-adenosylmethionine permease Sam3p

235,9

3,05E-04

386,8

7,84E-06

yol164w

unknown

232,3

4,12E-06

276,0

1,35E-07

ylr413w

unknown

229,7

3,35E-03

415,6

5,28E-04

yor382w

FIT2

yol163w
yfl055w

AGP3

ylr194c
yll061w

MMP1

yjr010w

MET3

ATP sulphurylase, catalyzes the primary step of
intracellular sulphate activation, essential for assimilatory
reduction of sulphate to sulfide, involved in methionine
metabolism

226,9

3,09E-05

347,9

7,33E-07

yer095w

RAD51
/MUT5

Strand exchange protein, forms a helical filament with
DNA that searches for homology; involved in the
recombinational repair of double-strand breaks in DNA
during vegetative growth and meiosis; homolog of Dmc1p
and bacterial RecA protein

222,7

1,18E-03

409,0

2,47E-05

ylr136c

TIS11
/CTH2

Zinc finger containing homolog of mammalian TIS11,
glucose repressible gene

216,0

8,97E-05

230,6

6,15E-03

ylr303w

MET17
/MET25

O-acetyl homoserine-O-acetyl serine
required for sulphur amino acid synthesis

2,4

2,47E-06

3,3

1,90E-05

ylr303w-r

MET18

unknown

4,3

1,11E-05

2,2

6,74E-05

yhr094c

HXT1

Low-affinity glucose transporter of the major facilitator
superfamily, expression is induced by Hxk2p in the
presence of glucose and repressed by Rgt1p when glucose
is limiting

23,1

1,65E-04

48,8

1,88E-04

67

sulfhydrylase,

Systematic
name

Gene
name

isw2∆/WT MATα

Description

isw2∆ste4∆/
ste4∆ MATα

[%]

p-value

[%]

p-value

yhr053c

CUP1-1

Copper binding metallothionein, binds copper and mediates
resistance to high concentrations of copper and cadmium;
locus is variably amplified in different strains, with two
copies, CUP1-1 and CUP1-2, in the genomic sequence
reference strain S288C

37,9

9,26E-04

40,4

3,06E-03

yhr055c

CUP1-2

see above CUP1-1

35,5

1,18E-03

41,4

1,73E-03

unknown

37,1

1,16E-02

41,6

8,73E-05

Transfers mannose residues from dolichyl phosphate-Dmannose to specific serine/threonine residues of proteins in
the
secretory
pathway;
dolichyl
phosphate-D-

39,6

1,12E-04

39,4

7,21E-03

ynr068c
ygr199w

PMT6

mannose:protein O-D-mannosyltransferase
yjl088w

ARG3

Ornithine carbamoyltransferase (carbamoylphosphate:Lornithine carbamoyltransferase), catalyzes the sixth step in
the biosynthesis of the arginine precursor ornithine

46,2

1,12E-02

48,9

1,08E-02

ygl113w

SLD3

Protein that interacts with Cdc45p in initiation of DNA
replication; gene exhibits synthetic lethality with dpb11-1

46,8

7,69E-04

42,5

7,26E-03

ynl160w

YGP1

Possible involvement in cellular adaptations prior to
stationary phase; YGP1 encodes gp37, a glycoprotein
synthesized in response to nutrient limitation which is
homologous to the sporulation-specific SPS100 gene

16,2

3,65E-06

523,6

1,07E-05

yol052c-a

DDR2

Multistress response protein, expression is activated by a
variety of xenobiotic agents and environmental or
physiological stresses

19,1

3,47E-05

272,4

3,16E-05

ymr175w

SIP18

Protein whose expression is induced by salt

21,2

7,32E-04

223,9

1,42E-03

unknown

22,7

4,41E-05

247,3

2,38E-07

ylr366w
ydl204w

RTN2

Reticulon gene member of the RTNLA (reticulon-like A)
subfamily

25,1

5,87E-04

220,5

5,62E-03

ydr070c

FMP16

The authentic, non-tagged protein was localized to the
mitochondria

29,5

5,09E-03

210,3

6,15E-04

unknown

32,8

3,84E-05

219,7

1,55E-04

ydr287w
yol084w

PHM7

Protein of unknown function, expression is regulated by
phosphate levels; green fluorescent protein (GFP)-fusion
protein localizes to the cell periphery and vacuole

33,8

7,02E-04

201,4

1,14E-02

ypr149w

NCE102
/NCE2

Involved in secretion of proteins that lack classical
secretory signal sequences; Involved in secretion of
proteins that lack classical secretory signal sequences

35,9

4,13E-04

215,9

1,99E-05
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Systematic
name

ygr256w

Gene
name

GND2

yol155c

isw2∆/WT MATα

Description

isw2∆ste4∆/
ste4∆ MATα

[%]

p-value

[%]

p-value

6-phosphogluconate dehydrogenase, decarboxylating;
converts 6-phosphogluconate + NADP to ribulose-5phosphate + NADPH + CO2; 6-phosphogluconate
dehydrogenase

38,2

6,06E-03

203,6

7,44E-04

unknown

45,2

1,67E-02

305,6

1,44E-05

ygl055w

OLE1

Fatty acid desaturase, required for monounsaturated fatty
acid synthesis and for normal distribution of mitochondria

47,9

5,60E-04

220,4

3,88E-03

ymr250w

GAD1

Glutamate decarboxylase, converts glutamate into gammaaminobutyric acid (GABA) during glutamate catabolism;
involved in response to oxidative stress

48,3

2,32E-03

295,5

3,16E-05

The genome-wide gene expression analysis showed that the absence of Isw2p in
MATα cells cultivated in low-nitrogen medium results in changed expression of a number of
various genes. The expression data were employed during our further work to explain
phenotypes of cell lacking the Isw2p.
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5.3 De-repression of a-specific genes
5.3.1

Isw2p is involved in repression of a-specific genes
The “shmoo-like” morphology of the isw2Δ and itc1Δ MATα cells resembled that of

cells responding to pheromone. It indicated that the opposite mating pheromone might be
present in the isw2Δ and itc1Δ MATα culture. To verify this, we performed the “halo assay”
using the MATα sst2Δ cells supersensitive to a-factor (see Method 4.10.6). The tup1Δ strain
of α-mating type with completely de-repressed a-specific genes and producing a-factor
(Fujita, et al., 1992) was used as a control strain.
As expected, well-visible growth inhibition zones were observed around all tested
strains of a-mating type, while no zone appeared around the spot of the wild-type MATα
strain (Fig. 5.9). The tup1Δ strain of α-mating type formed a growth inhibition zone of an
equal size as the tup1Δ strain of a-mating type, similarly as the isw2Δtup1Δ strains.
Interestingly, the itc1Δ strain of α-mating type developed a growth inhibition zone, albeit
significantly smaller than the control tup1Δ strain. The isw2Δ strain of α-mating type formed
just a barely visible zone. An inhibition zone around the isw2Δ itc1Δ strain did not differ from
that of the single itc1Δ strain. These data demonstrate that isw2Δ and itc1Δ MATα cells
produce and secrete a-factor which is a natural mating pheromone of the a-cells.

Fig. 5.9 The absence of the Isw2-Itc1 complex in MATα causes inappropriate production
of the a-factor. The amount of a-factor secreted is proportional to the zone of growth
inhibition of the testing strain sst2 MATα.
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The data from microarray analyses (Frydlova, et al., 2007) and reverse transcription
(Trachtulcova, et al., 2004) proved that not only the transcript of MFA1 gene encoding the
mating pheromone, but also another a-specific transcripts were present in the isw2Δ MATα
cells. These data confirmed a role of Isw2p in the repression of a-specific genes.

5.3.2

Significant up-regulation of MATa-specific genes in isw2Δ MATα
cells is induced by autocrine activation of the pheromone response
pathway

The data from the two microarray experiments revealed an interesting phenomenon.
The data confirmed a significant activation of the MATa-specific genes MFA1, MFA2, STE2,
STE6, BAR1, and AGA2 in isw2Δ MATα cells as compared to the wild-type strain. However,
no such an increase in expression of these genes was found in isw2Δste4Δ compared to the
ste4Δ MATα cells (Fig. 5.10). This indicates that the original de-repression of MATa-specific
genes in MATα cells caused by the isw2 deletion is very low and that detectable up-regulation
of these genes is induced only by subsequent progressive activation of the pheromone
response pathway.
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Fig. 5.10 A weak de-repression of MATa-specific genes in isw2Δ MATα cells
is enhanced by the activated pheromone response pathway. Expression
changes (shown in a logarithmic scale) were pursued in isw2Δ versus
wild-type MATα cells and isw2Δste4Δ versus ste4Δ MATα cells.
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5.3.3

isw2Δ cells are able to mate with cells of the same mating type
In S. cerevisiae, only two haploid cells of opposite mating types, MATa and MATα,

mate efficiently and form a diploid zygote. We showed that the isw2Δ MATα cells produce the
pheromones as well as the receptors of both mating types. Therefore, we tested whether isw2Δ
MATα cells were able to mate with each other.
For this experiment, we used two different isw2Δ MATα deletion strains, where the
ISW2 gene was deleted by the LEU2 and the HIS3MX6 replacement cassette, respectively.
This allowed a selection of diploids on the SC-Leu-His plates. In parallel, the
isw2Δ::HIS3MX6 MATα cells were mated with wild-type MATα cells.
For each mating, populations of 2x107 of exponentially growing cells of each of the two
strains were mixed in liquid YPD in an Eppendorf tube, pelleted and incubated overnight at
30°C. Then aliquots were plated in parallels on the selection plates and after dilution also on
YPD plates for quantification.
Overnight cultivation in pellets resulted in successful conjugations between two isw2Δ
MATα cells as well as between isw2Δ MATα and wild-type MATα cells. The frequency of
mating was very low (cca 10-5 relative to number of cells) in both mixtures. Due to the long
time of incubation, continuation of cell dividing, and the impossibility to detect conjugations
between two isw2Δ::HIS3MX6 cells and two isw2Δ::LEU2 cells (they did not grow on the
SC-Leu-His plates), it was not possible to calculate the precise efficiency. Nevertheless, our
results demonstrate that isw2Δ MATα cells are able to mate with cells of the same mating
type.
De-repression of a-specific genes was found to be caused by the absence of the Isw2
protein. Although the de-repression and a-factor production is very low, it is sufficient to
activate the pheromone response pathway, which in turn results in detectable up-regulation of
the a-specific genes. Our results showed that isw2Δ MATα cells can express the
MATa-specific genes in a level that enables them to conjugate with other MATα cells.
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5.4 Detailed analysis of the isw2Δ-induced invasive growth
As described in Chapter 5.1, the isw2Δ cells display an invasive growth that differs
from the common haploid invasive growth. The isw2Δ-induced invasion occurs in cells of the
α-mating type only, and it is triggered by nitrogen limitation. In the next step, we further
characterized this type of invasion with the aim to elucidate its nature.

5.4.1

Absence of the Isw2 complex subunits Dls1p and Dpb4p promotes
invasion of isw2Δ MATα mutant on minimal medium

At some targets, the Isw2 chromatin remodelling complex functions as a four-subunit
complex containing Dls1 and Dpb4 proteins in addition to the Isw2p and Itc1p (Iida and
Araki, 2004; McConnell, et al., 2004). Since the deletion of the ITC1 gene enhanced the
invasive growth and morphological phenotype of the isw2Δ cells, we tested also an effect of
dls1 and dpb4 deletions on isw2Δ phenotype. The double deletion strains were prepared by
replacement of the ISW2 gene with the LEU2 disruption cassette in the single deletion strains
dls1Δ and dpb4Δ, respectively.
Investigation of cell morphologies was performed after the 2-day cultivation in liquid
YPD and MM media. In contrast to cells lacking Isw2 or Itc1 proteins, MATα cells of
dls1Δ or dpb4Δ strains displayed a normal yeast shape. On the other hand, double
MATα deletion mutants, isw2Δdls1∆ and isw2Δdpb4Δ, adopted a “shmoo-like” morphology
similar to the isw2∆ MATα cells (Fig. 5.11, bottom panels).
The invasive growth analysis revealed that dls1Δ and dpb4Δ MATα strains were not
invasive when grown on YPD (Fig. 5.11a), MM (Fig. 5.11b) or SLAD plates (not shown).
Consistent with their morphological phenotypes, strains isw2Δdls1Δ and isw2Δdpb4Δ MATα
invaded YPD agar intensively (Fig. 5.11a). Moreover, these strains were invasive even on
minimal medium plates, where only the itc1Δ, but not the isw2Δ MATα cells, displayed the
invasive growth.
These results show that the absence of Dls1p or Dpb4p does not trigger invasion but
promotes the invasive behaviour of the isw2Δ MATα mutant even at higher concentration of
ammonium sulphate in the growth medium.
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Fig. 5.11 The absence of Dls1 and Dpb4 subunits of Isw2 complex does not induce invasive growth, but
promotes invasion of isw2Δ on the minimal medium. The cells were cultivated for 3 days on YPD (a) or MM
(b) plates and washed with water. The cell morphology was documented after 2-day cultivation in liquid YPD
or MM medium, respectively.

5.4.2

The invasive growth of the isw2Δ MATα strain is Flo11p- and
Tec1p-independent

The expression of the FLO11 gene is critical for both, the haploid invasive and the
diploid pseudohyphal growth (Lo and Dranginis, 1998). Since the invasive growth of the
isw2Δ MATα exhibited several differences from the common haploid invasive growth, we
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tested whether the Flo11 protein is required. By mating isw2Δ MATa with flo11Δ MATα and
subsequent sporulation, the isw2Δflo11Δ double deletion strains of both mating types were
prepared. Similarly, the double deletion strains lacking the TEC1 gene, encoding a
transcriptional activator of the FLO11 gene, were prepared by mating the isw2Δ and the tec1Δ
strains.
The invasive growth of the isw2Δflo11Δ cells was followed on YPD and SLAD media.
The control strains, single flo11Δ mutants of both mating types, did not invade agar on any
media tested (data not shown). The isw2Δflo11Δ strain of the α-mating type, but not a-mating
type, grew invasively on both YPD and SLAD plates (Fig. 5.12). Similarly, deletion of the
TEC1 gene did not affect the invasive ability of the isw2Δ strain of α-mating type (Fig. 5.12).
These results imply that the mating type-specific invasive growth induced by the isw2
deletion does not depend on Flo11 and Tec1 proteins.

Fig. 5.12 The invasion induced by isw2 deletion is Flo11p- and Tec1p-independent. The strains were
grown for 3 days on the YPD or SLAD medium and the plates were then washed with water.

5.4.3

The isw2∆-induced MATα invasion depends on Fus3 kinase and
Ste12 transcription factor
In addition to the mating type-specificity and dependency on nitrogen concentration,

the Flo11p- and Tec1p-independency clearly demonstrated that the isw2Δ-induced invasion
differs from the common haploid invasive growth. Further we wanted to elucidate this type of
invasive behaviour in terms of other types of invasion occurring in yeast.
The activation of the pheromone response pathway in the absence of the G1 arrest or its
partial stimulation by non-saturating pheromone doses, initiates a developmental program
called pheromone-induced invasive growth (Roberts, et al., 2000; Breitkreutz and Tyers,
2002). In isw2Δ MATα cells, pheromone of the opposite mating type (a-factor) is produced,
the pheromone response pathway is activated (without the cell cycle arrest – the “shmoo-like”
cells are still able to form buds) and Flo11p is not required for invasion. These features of the
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isw2Δ correspond to characteristics of the pheromone-induced invasive growth. Further
analysis was thus aimed for more detailed comparison with this form of invasion.
In S. cerevisiae, two MAP kinases Fus3 and Kss1 have overlapping and unique
functions during the pheromone response and either of them is able to ensure signalling
necessary for pheromone-induced invasive growth (Erdman and Snyder, 2001). To determine,
which of these kinases is required for the invasion of isw2Δ ΜΑΤα cells, we prepared double
deletion strains lacking the KSS1 or the FUS3 gene. Both strains were prepared by
replacement of the ISW2 gene with the LEU2 disruption cassette in the single kss1∆ and fus3∆
MATα deletion mutants.
The isw2∆kss1∆ and isw2∆fus3∆ MATα cells were analysed for their invasive
behaviour on YPD and SLAD agar plates. After a 3-day incubation on YPD plates, the
isw2∆kss1∆ MATα cells displayed invasive growth at the same extent as the isw2∆ MATα
cells. On the other hand, the isw2∆fus3∆ MATα cells were not invasive (Fig. 5.13). These
cells were incapable of invasive behaviour, as we did not observe any invasion even after the
wash of 10-days old colonies. The same non-invasive behaviour was observed when the
SLAD medium was used (not shown). In addition, the strain isw2∆ste12∆ MATα did not
manifest any invasion. This strain lacking transcription factor Ste12p (ensuring expression of
the pheromone-induced genes) was prepared by replacement of the STE12 gene with the
HIS3MX6 disruption cassette in the strain isw2Δ MATα.

Fig. 5.13 The invasive growth and the aberrant cell morphology of the isw2∆ MATα cells require
components of the pheromone response pathway, Fus3p and Ste12p. The invasive growth was scored
after a 4-day cultivation of cells on YPD plates. The plates were washed with water and photographed.
The cell morphology was documented after a 2-day cultivation of cells in the liquid YPD medium.

The obtained results demonstrate the necessity of the pheromone-response signalling
and the pheromone-regulated expression for isw2Δ-invasion. We conclude that in the BY
genetic background, the invasive growth of the isw2∆ MATα cells is Kss1p-independent but
requires Fus3p and Ste12p.
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5.4.4

Fus3p function in isw2∆-invasion cannot be substituted by the
Kss1p in contrast to the pheromone-induced invasive growth

It was reported that during the pheromone-induced invasion, functions of the Fus3p and
Kss1p are redundant and any of these kinases is able to ensure the signalling (Erdman and
Snyder, 2001). On the other hand, Elion et al. (1991) suggested that strains of the S288C
genetic background carry a non-functional KSS1 gene. The BY genetic background is S288Crelated and thus we had to exclude a possibility that Kss1p is not able to substitute for the
Fus3p function in our strains because it is not functional.
To rule out this possibility, we constructed the strain isw2∆fus3∆ MATα harbouring the
plasmid YCpL-KSS1 carrying the KSS1 gene with its own promoter (see 4.10.3). This strain
was analysed for the invasive growth on the selective SLAD medium. However, the KSS1
gene introduced into the isw2∆fus3∆ MATα strain did not facilitate the invasive growth of this
strain after a 3-day incubation (Fig. 5.14). We therefore conclude that the Fus3p function in
the isw2∆ MATα invasive growth signalling cannot be retrieved by the Kss1 kinase.

Fig. 5.14 The Fus3 kinase function
cannot be substituted by Kss1p in the
invasive growth of the isw2∆ MATα
cells. Even an additional copy of the
KSS1 gene on the plasmid does not
restore the invasive behaviour of the
isw2∆fus3∆ MATα cells. The invasive
behaviour was scored after a 3-day
growth on selective SLAD plates
lacking leucine.

Since the strains of different genetic backgrounds may differ, we had to analyse the
strains in study for the pheromone-induced invasive growth, and for the Fus3p and Kss1p
substitutability during this invasion.
BY wild-type cells were checked for their ability to invade agar under exposition to
pheromone. Wild-type cells of a-mating type were plated on YPD plates and α-pheromone
was spotted on a disc placed on the cell layer. After 3 days at 30°C, a growth inhibition zone
(due to the cell cycle arrest) was observed around the source of α-pheromone. Cells were
washed off the plates and the borders of the growth inhibition zone were inspected for the
invasive growth. The wild-type cells of a-mating type were able to invade agar in response to
the pheromone (Fig. 5.15). This proves that even a non-invasive strain is able to invade agar
as a consequence of partial activation of the pheromone response pathway by a low
concentration of pheromone.
Similarly, the MATa cells of the fus3∆ and isw2∆fus3∆ strains were exposed to
α−pheromone and analysed for the invasion. isw2∆fus3∆ MATa strain was prepared by
replacement of the ISW2 gene with the LEU2 disruption cassette in the fus3∆ MATa strain.
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Cells lacking the Fus3 kinase are unable to arrest the cell cycle in response to mating
pheromone and they do not form the inhibition zone. However, as shown in Fig. 5.15, both
the fus3∆ and isw2∆fus3∆ MATa strains displayed the invasive growth, albeit their invasion
occurred in the whole region corresponding to the regular “halo”. This result documents that
the KSS1 gene is functional in these strains.

Fig. 5.15 Common pheromone-induced invasive growth of MATa cells does not
depend on Fus3p. The tested strains were spread on YPD plates and
α-pheromone (5 μg) was added onto circles of filter paper (black circles). The
plates were incubated for 3 days at 30°C, washed with water and photographed
with stereomicroscope. The white spots in the images are the colonies of
invading cells.

Our data demonstrate that cells of the BY genetic background are capable of the
pheromone-induced invasion, and either of Kss1 and Fus3 kinase is able to ensure the
signalling. We show here that the isw2Δ-induced invasive growth differs from the common
pheromone-induced invasion since it requires specifically function of the Fus3 kinase. Kss1p
does not substitute for its function even when an additional copy of the KSS1 is introduced
into cells.

5.4.5

The invasive isw2Δ MATα cells exhibit increased transcription of
genes encoding mating adhesive proteins

Adhesion of cells to agar and/or to each other is a prerequisite for the ability to grow
invasively (Lo and Dranginis, 1998). We used our gene expression analysis data (Chap. 5.2)
to search for surface proteins ensuring the adhesion during Flo11p-independent invasion of
the isw2Δ MATα cells. We expected that such proteins would be overexpressed in isw2Δ
MATα in comparison with a non-invasive wild-type strain.
First, the FLO11 and other FLO (flocculation) genes were checked. However, none of
the FLO11, FLO1, FLO5, or FLO10 gene was changed in expression. The only exception was
the FLO9 gene, whose expression was slightly (about 1.5-fold) increased in the isw2Δ MATα
cells. On the other hand, we found a significantly increased expression of three other genes
encoding the surface proteins, SAG1, AGA1 and FIG2. Expression of another related gene,
AGA2, was also slightly increased (Table 5.3). SAG1 encodes the α-agglutinin of MATα cells,
which binds to Aga2p, the adhesion subunit of a-agglutinin of MATa cells; Aga2p is anchored
to the cell wall via the protein Aga1 (Lipke and Kurjan, 1992). During mating, interactions of
78

a- and α-agglutinins ensure cell-cell aggregation. Fig2p is a pheromone-induced surface
protein important during mating and required for the pheromone-induced invasive growth.

Table 5.3 Expression changes of isw2Δ versus wild-type MATα cells in SLAD medium
Foldchange
in isw2∆
MATα

p-value

Gene
name

Systematic
name

AGA1

YNR044W

Anchorage subunit of a-agglutinin of MATa cells, linked to
adhesion subunit Aga2p via two disulfide bonds

24,6

9,2E-08

AGA2

YGL032C

Adhesion subunit of a-agglutinin of MATa cells, C-terminal

1,6

0,00222

15,2

1,3E-07

18,4

1,1E-05

Description

sequence acts as a ligand for α-agglutinin (Sag1p) during
agglutination
FIG2

YCR089W

Cell wall adhesin, expressed specifically during mating

SAG1

YJR004C

α-agglutinin

of

MATα cells,

binds

to

Aga2p

during

agglutination

5.4.6

Fig2 protein and agglutinin Aga1 are involved in the isw2Δ MATα
invasion

A possible involvement of the surface proteins Fig2, Sag1, Aga1 and Aga2 in the
invasive growth of isw2∆ MATα cells was tested by construction of double deletion strains.
The isw2∆fig2∆ MATα strain was prepared by replacement of the ISW2 gene with the
HIS3MX6 disruption cassette in the fig2∆ MATα strain. Τhe invasive growth assay revealed
that this strain was not able to grow invasively after a 3-day incubation on either YPD (Fig.
5.16), or SLAD medium plates (not shown). The deletion of the FIG2 gene completely
abolished the invasive behaviour of the isw2∆ MATα cells.
To see an involvement of other agglutinins in the isw2∆-induced invasion, we
prepared the following MATα double deletion mutants: isw2∆sag1∆, isw2∆aga1∆, and
isw2∆aga2∆. They were constructed by replacement of the ISW2 gene with the LEU2
disruption cassette in the single deletion strains sag1∆, aga1∆ and aga2∆, respectively. We
analysed the deletion mutants for their ability to grow invasively after the 3-day cultivation on
YPD agar plates. The single mutants sag1∆, aga1∆ and aga2∆ did not display the invasive
growth (Fig. 5.16). The double deletion mutants MATα isw2∆sag1∆ and isw2∆aga2∆ grew
invasively at the same intensity as the isw2∆ MATα strain. On the other hand, the isw2∆aga1∆
MATα double deletion mutant displayed no visible invasion after three days (Fig. 5.16). All
the tested strains displayed a similar invasive behaviour also on the SLAD plates (not shown).
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Fig. 5.16 Surface proteins Fig2 and Aga1 are important for the invasive growth of the isw2Δ MATα cells but not
for their aberrant cell morphology. The MATα mutants fig2Δ, sag1Δ, aga2Δ, aga1Δ, isw2Δfig2Δ and
isw2Δaga1Δ were not invasive on YPD plates. The MATα isw2Δ strain and double MATα mutants isw2Δsag1Δ
and isw2Δaga2Δ invaded YPD plates intensively after a 3-day cultivation. The cell morphology was documented
after a 2-day cultivation in the liquid YPD medium.

Interestingly, when exposed to the α-pheromone, the aga1Δ MATa strain displayed
invasion after 3 days (data not shown). It thus proved that the Aga1p is not essential for
normal pheromone-induced invasive growth. From these findings it follows that the
α-agglutinin Sag1 and the adhesion subunit of a-agglutinin Aga2 are dispensable for the
invasive growth of the isw2∆ MATα strain, however, the anchorage subunit of the
a-agglutinin, the Aga1 protein, has an important function in this type of invasion in contrast to
pheromone-induced invasive growth.
Further, we examined the cell morphology of all analysed strains after a 2-day
cultivation in the liquid YPD medium. The microscopic observations revealed that both
double deletion strains capable of the invasive growth, isw2∆sag1∆ and isw2∆aga2∆,
displayed the aberrant “shmoo-like” cell morphology similar to isw2Δ cells (Fig. 5.16, bottom
panel). Surprisingly, the same morphological aberration was observed also in the
non-invasive isw2∆fig2∆ and isw2∆aga1∆ MATα strains.
These results indicate that the aberrant elongated cell morphology is not sufficient for
invasion and that the surface proteins Fig2 and Aga1 are necessary for adherence of the isw2Δ
cells to the agar surface enabling cell invasion.
This part concerning the detailed analysis of the isw2Δ-induced invasive growth revealed
other novel characteristics of this type of invasion. We showed that it does not require either
the cell surface protein Flo11, or the invasive growth-specific transcription factor Tec1. On
the other hand, it requires components of the pheromone response pathway. Together with the
fact that the isw2Δ MATα cells produce the a-factor, the isw2Δ-induced invasion resembles
that commonly occurring under low concentration of pheromone. Detailed analysis, however,
uncovered some differences since the isw2Δ invasion depends on the Fus3 kinase (which
cannot be substituted by Kss1p) and on the presence of the Aga1 cell surface protein.
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5.5 Analysis of the aberrant budding within the birth scar and
the CWI pathway activation found in the isw2Δ cells
5.5.1

The CWI pathway activation in isw2Δ cells is overridden by deletion
of the DSE1 gene

Activation of the cell wall integrity (CWI) pathway that usually reflects defects of the
cell wall was found in cells lacking the Itc1 or Isw2 proteins (Ruiz, et al., 2003). In the
microarray analysis (Chap. 5.2., Table 5.2), we found three cell-wall related genes having
significantly changed expression in the absence of Isw2p. All of these genes, CTS1 (encoding
chitinase), CHS1 (chitin synthase I), and DSE1 (daughter cell-specific protein of unknown
function), were upregulated in the isw2Δ mutant in comparison with the wild-type cells, as
well as in isw2Δste4Δ in comparison with ste4Δ cells. We hypothesized that changes in
expression of these genes might account for the reported activation of the CWI pathway in the
isw2Δ cells.
We tested first, whether the CWI pathway was also activated in the isw2Δste4Δ
MATα, strain that we used for the microarray analysis, and which lacks indirect defects
induced by an autocrine activation of the pheromone response pathway. The protein extracts
were prepared from cells cultivated overnight in YPD medium and the extent of the CWI
pathway activation was detected by the phosphorylation level of the appropriate protein
kinase Slt2 (see Method 4.8.5). Phosphorylated Slt2p was detected by the anti-phosphop44/42 MAPK antibody (Fig. 5.17, top panel). After stripping, the specific anti-Mpk1
antibody was used to quantify total amount of the Slt2 protein (Fig. 5.17, bottom panel). As
shown in Fig. 5.17, phosphorylation of Slt2p was increased not only in the isw2Δ cells of both
mating types, but also in the isw2Δste4Δ MATα double mutant.

Fig. 5.17 Slt2p phosphorylation indicates
the CWI pathway activation in all three
isw2Δ mutant strains in comparison with
wild-type cells. The top panel shows the
phosphorylated Slt2p (anti-phosphop44/42 MAPK antibody), the bottom
panel total amount of Slt2p (anti-Mpk1).

To test our presumption that the excess of the CHS1, CTS1 and DSE1 gene products
might account for CWI pathway activation in the isw2Δ mutants, we prepared double deletion
mutants lacking the ISW2 gene and one of the three selected genes. All these strains were
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generated by mating (isw2Δ::HIS3MX6 MATα strain with the particular single deletion strain
of a-mating type), subsequent sporulation on Fowell medium and spore dissection.
The double deletion strains were then analysed for the level of phospho-Slt2p. As
shown in Fig. 5.18, the additional absence of the CHS1 or CTS1 genes did not significantly
decrease the Slt2p phosporylation observed in the single isw2 deletant. Quantification of the
immunoblots proved that the level of Slt2p phosphorylation in the isw2Δchs1Δ deletion
mutant was about 115 % (±6 %) of that of the single isw2Δ mutant, and about 99 % (±15 %)
for the isw2Δcts1Δ mutant in comparison with the isw2Δ level. These data show that the
de-regulation of the chitin metabolism-related genes CTS1 and CHS1 was not responsible for
CWI pathway activation in isw2Δ cells.
In the last tested double deletion mutant isw2Δdse1Δ, the Slt2 kinase was much less
phoshorylated (67.7 ±4 %) in comparison with the single isw2Δ mutant (Fig. 5.18). This
result suggests that it is the upregulation of the DSE1 gene that contributes to the cell wall
integrity-signalling phenotype of isw2Δ cells.

Fig. 5.18 Slt2p phosphorylation indicates the CWI pathway activation in double deletion mutants.
In contrast to deletions of the CHS1 and CTS1, deletion of the DSE1 gene decreases the level of
the Slt2p phosphorylation in the isw2Δ background. The top panel shows the phosphorylated Slt2p
(anti-phospho-p44/42 MAPK antibody), the bottom panel total amount of the Slt2p (anti-Mpk1).

5.5.2

isw2Δ cells display the budding-within-the-birth-scar phenotype
In our phenotypic analyses of the isw2Δ cells we also studied their cell wall structure.

The cells were double labelled with calcofluor white and WGA-FITC, and inspected by
fluorescence microscopy. The two dyes are routinely used for visualization of the yeast cell
wall chitin, however, calcofluor white obviously does not label the residual chitin of the birth
scar (Powell, et al., 2003).
As expected, the isw2Δ MATα cells exhibiting an aberrant morphology as a
consequence of an autocrine activation of the pheromone response pathway, displayed also a
complex distribution of the cell wall chitin involving its accumulation at the base of the
“shmoo-like” projections (Fig. 5.19). On the other hand, the pattern of the cell wall labelling
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of the isw2Δ MATa cells was similar to that of the wild-type cells. No abnormal deposition of
chitin was observed, and chitin was only detected in the bud scars and residually in the birth
scars. However, we came across an intriguing feature of the birth scars in these cells. The
birth scars that normally expand and fade with age (Powell, et al., 2003), expanded but did not
fade in the mutant cells. In the population of isw2Δ MATa cells we found old cells with
enlarged birth scars which were not observed in wild-type cells.
In addition, we discovered an interesting phenomenon that 49.5% of the isw2Δ MATa
mother cells formed buds inside the area bordered by the birth scar. No such cells were found
in the wild-type population. Observations of the aberrant budding in the isw2Δste4Δ MATα
cells prove that this phenotype is mating type-independent (Fig. 5.19).

Fig. 5.19 Wild-type cells form the bud next to the birth scar, whereas strains lacking Isw2p
display bud scars within the birth scar. Cells cultivated overnight in the liquid YPD
medium were double labelled with calcofluor white and WGA-FITC. The arrows indicate
the birth scar in the wild-type, isw2Δ MATa and isw2Δste4Δ MATα strains, and chitin at
the base of the “shmoo like” projection in isw2Δ MATα mutant. Bar, 5 μm.

5.5.3

The budding-within-the-birth-scar phenotype of isw2Δ cells is
dependent on Dse1p

The birth scar normally forms a zone where budding is prohibited (Tong, et al., 2007).
In this respect, we considered that aberrant budding within the birth scar might be the reason
83

for CWI pathway activation. In such a case, deletion of the DSE1 gene in isw2Δ cells that
suppressed the Slt2p phosphorylation should also prevent the budding phenotype of this
mutant. Therefore, we double labelled the isw2Δdse1Δ cells with calcofluor white and
WGA-FITC. Indeed, the budding pattern of these cells was similar to the wild-type cells
because they displayed neither the extremely enlarged birth scars nor the budding-within-thebirth-scar phenotype (Fig. 5.20). These data indicate that deletion of the DSE1 gene in the
isw2Δ genetic background overrides the budding-within-the-birth-scar phenotype as well as it
prevents the activation of the CWI pathway.

Fig. 5.20 Deletion of the DSE1 gene in the isw2Δ background abolishes the buddingwithin-the-birth-scar phenotype. In contrast to the isw2Δ cells, the isw2Δdse1Δ mutant
display a common axial budding pattern, i.e. the bud is formed just outside the birth scar.
Cells were cultivated in the liquid YPD medium overnight and double labelled with
calcofluor white and WGA-FITC. The arrow indicates the birth scar. Bar, 5 μm.

5.5.4

The ectopic expression of DSE1 in wild-type cells induces CWI
pathway activation and budding-within-the-birth-scar phenotype
similar to that of isw2Δ
Supposing that the budding-within-the-birth-scar phenotype and the activation of the

CWI pathway in the isw2Δ cells was caused by an increased expression of the daughter cellspecific gene DSE1, its overexpression from a plasmid should induce the same phenotype. We
transformed the wild-type cells with the plasmid pGAL-DSE1-Myc. As confirmed by
Western blotting, this strain produced Myc-tagged Dse1p at high levels under inducing
conditions in the galactose-containing medium (data not shown).
The level of CWI pathway activation was checked in lysates prepared from cells
carrying the plasmid pGAL-DSE1-Myc overexpressing DSE1 or from control cells carrying
the empty vector pYC2/CT cultivated overnight in the inducing SCGal-Ura medium. The
analysis of the Slt2p phosphorylation showed that, indeed, there was a significant increase of
Slt2p phosphorylation in the cells overexpressing the DSE1 gene (Fig. 5.21).
84

Fig. 5.21 The overproduction of Dse1p in wild-type cells
increases the level of the Slt2p phosphorylation.
Phosphorylated Slt2p was detected by the anti-phosphop44/42 MAPK antibody (top panel). After stripping, the
specific anti-Mpk1 antibody was used to quantify the
amount of Slt2 protein (bottom panel).

Further, we examined microscopically the wild-type cells carrying the plasmid pGALDSE1-Myc cultivated in the galactose medium and double labelled with calcofluor white and
WGA-FITC (Fig. 5.22). In contrast to wild-type cells forming bud adjacent to the birth scar
(see above Fig. 5.19), the cells with overproduced Dse1p displayed enlarged birth scars. In
addition, they showed also the budding-within-the-birth-scar phenotype (Fig. 5.22), similarly
to the isw2∆ cells (Fig. 5.19). Moreover, after a serial passage in the galactose medium,
Dse1p overproduction induced this phenotype in 97% of mother cells in the population. We
can conclude that the overproduction of Dse1p is responsible for the activation of the CWI
pathway as well as for the induction of the budding-within-the-birth-scar phenotype in the
wild-type cells.

Fig. 5.22 Two examples of the wild-type cells overexpressing DSE1 (carrying pGAL-DSE1-Myc
plasmid) with the bud scar within the birth scar and the bud emerging within the birth scar,
respectively. The cells were cultivated overnight in the inducing SCGal-Ura medium and double
labelled with calcofluor white and WGA-FITC. The arrow indicates the birth scar. Bar, 5 μm.

5.5.5

De-regulated Dse1-GFP localizes to both sides of the septum

DSE1 is referred to as a cell cycle-regulated gene that is expressed in the early G1
phase asymmetrically in daughter cells only (Colman-Lerner, et al., 2001). To analyse normal
distribution of Dse1p in wild-type cells, we used the strain expressing Dse1-GFP fusion
protein from the chromosomal locus obtained from the GFP collection (Huh, et al., 2003). At
first, we were not able to observe any Dse1-GFP protein, most probably due to a rather short
period when it is present and localized in the cell. To visualize the protein we had to cultivate
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the cells in YPD overnight, to transfer them into the fresh SC medium, and cultivate for
another 3 hours under vigorous shaking.
In wild-type cells, no Dse1-GFP-specific fluorescence was localized in the unbudded
mother cells (Fig. 5.23A) and in cells with emerging buds (Fig. 5.23B and C). The Dse1-GFP
was observed only in separating cells as a ring-like structure associated with the daughter side
of the septum (Fig. 5.23D) and in freshly separated daughters (Fig. 5.23E).

Fig. 5.23 Dse1-GFP in wild-type cells is present only in separating daughter
cells. It formed a ring at the daughter side of the septum. Wild-type cells
expressing GFP-tagged Dse1p from the chromosomal locus were stained
with calcofluor white. Bar, 5 μm.
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To analyse the Dse1p localization in isw2Δ cells, isw2∆ MATa strain producing the
Dse1-GFP fusion from the chromosomal locus was prepared by mating and sporulation. In
most of the isw2∆ MATa cells, Dse1-GFP was localized as a ring at the daughter side of the
septum (Fig. 5.24A) similarly to the wild-type cells (described above; Fig. 5.23). In addition,
approximately 5% of the isw2∆ MATa cells with the localized Dse1-GFP signal displayed
Dse1-GFP rings associated also with the mother side of the septum (Fig. 5.24B). This
phenomenon was never found in the wild-type cells. Furthermore, Dse1-GFP frequently
persisted at the separation sites (scars) of daughter (birth scar) as well as mother (bud scar)
cells in isw2∆ MATa cells (Fig. 5.24C). Surprisingly, Dse1-GFP was observed also in
unbudded mother isw2∆ MATa cells already showing one or several bud scars (Fig. 5.24D).
Our results thus indicate that in isw2∆ MATa mutant, daughter cell-specific Dse1 protein is
not expressed and localized at the septum only in daughters but also in mother cells.
Further, we wanted to analyse the distribution of Dse1 protein produced from the
plasmid. To analyse the distribution of overproduced Dse1p in living cells we transformed the
cells with the vector pGAL-DSE1-GFP constructed in our laboratory (Frydlova, et al., 2009).
Whereas the separating wild-type cells showed Dse1-GFP localized only to the daughter side

Fig. 5.24 Dse1-GFP localization in isw2Δ cells. In separating isw2Δ MATa cells,
Dse1-GFP was observed either as a ring at the daughter side (A) or forming rings
on both sides of the septum (B). Moreover, Dse1-GFP persisted at the cortical
domain of daughter and mother cells after their separation (C, D). The isw2Δ
MATa cells expressing GFP-tagged Dse1 from the chromosomal site were stained
with calcofluor white. The arrow indicates localization of Dse1. Bar, 5 μm.
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of the septum (see Fig. 5.23), the separating cells overproducing Dse1-GFP displayed the
fusion protein as a double ring at the septum (Fig. 5.25A). Dse1-GFP persisted at the cell
surface after separation (Fig. 5.25B) and even after the initiation of new budding (Fig. 5.25C
to E).
Our data thus show that the de-regulated expression of DSE1 results in the persistence
of Dse1p also in cells after separation, which could not be observed in wild-type, and that the
signal for Dse1p localization is present not only in the daughters but also in the mother cells.

Fig. 5.25 Overproduced Dse1-GFP localizes to both sides of the septum forming a double ring in dividing
cells (A), the signal persisted at the same sites during cell separation (B), and it is detected there even
after the initiation of new budding (C,D,E). Cells carrying the pGAL-DSE1-GFP plasmid were cultivated
overnight in SCRaff-Ura and then shifted to SCGal-Ura for 4 hrs. Bar, 5 μm.

The aim of the last part was to elucidate the cause of the CWI pathway activation in
the isw2Δ cells (Ruiz, et al., 2003) and an interesting phenotype that we identified for the
mutant cells – budding within the birth scar, the area that is commonly prohibited for
budding. Based on our microarray data we identified one gene that is responsible for both of
the phenotypes. Deletion of the DSE1 gene suppresses CWI pathway activation and abolishes
the aberrant budding of the isw2Δ cells. Consistently, the plasmid-driven overexpression of
the DSE1 gene in wild-type cells induces the budding-within-the-birth-scar phenotype as well
as CWI pathway activation. These data prove, that de-regulation of expression of the
daughter cell-specific gene DSE1 is responsible for the CWI pathway activation and aberrant
budding occurring in the isw2Δ cells.
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6 DISCUSSION

Isw2 protein, a component of Saccharomyces cerevisiae Isw2 complex, belongs to
evolutionary conserved proteins possessing the chromatin remodelling activity (Tsukiyama, et
al., 1999). The presence of chromatin remodelling factors in all higher eukaryotes indicates
the importance of this activity for cell growth. In last few years, the yeast Isw2 complex has
been studied intensively and its biochemical activities have been demonstrated. However, its
cellular role in growth controls is far from a complete understanding. The presented data
contribute to elucidation of distinct features of phenotype found for the isw2Δ mutant aberrant cell morphology, invasive growth, activation of cell wall integrity pathway, and
aberrant establishment of cell polarity sites. This thesis provides insight into the Isw2p
involvement in controlling of the mentioned biological processes.

6.1 Aberrant morphology of MATα cells lacking the Isw2p is a
consequence of de-repression of a-specific genes
The absence of the Isw2 and/or Itc1 subunits of the Isw2 chromatin remodelling
complex induces morphological aberrations resembling the “shmoo” projections of cells
exposed to mating pheromone. Interestingly, this phenotype is mating-type specific, as it
occurs in MATα cells only. Similar morphological phenotype reported Ruiz et al. (2003) for
the itc1Δ MATα cells of the FY1679 genetic background. In contrast, we did not observe such
aberrations in isw2Δ cells of the W303 background, which indicates variations between the
strains of different genetic backgrounds (Trachtulcova, et al., 2003).
In consistence with the fact, that the cell morphology of the BY-derived isw2Δ and
itc1Δ MATα cells is similar to that of the cells responding to pheromone of the opposite
mating type, production of the inappropriate a-factor by these cells was detected by the “halo”
assay. In addition, the microarray analyses presented in this thesis and the RT-PCR semiquantitative analysis (Trachtulcova, et al., 2004) proved an increased level of mRNA not only
of the a-pheromone but also of several other a-specific genes. Independently, similar results
were obtained for the itc1Δ MATα cells of another genetic background (Ruiz, et al., 2003). As
demonstrated in this thesis, an intact pheromone response pathway is required for the aberrant
cell morphology exhibited by the isw2Δ MATα cells. We also proved that the mutant isw2Δ
MATα cells produce simultaneously both a- and α-pheromones. Obviously, this results in
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autocrine activation of the pheromone response pathway. Nevertheless, despite forming
“shmoo-like” projections the isw2Δ MATα cells continue budding, forming the buds on
different sites of the cells, including the tips of the “shmoo-like” projections. This suggests
that the amount of the opposite pheromone is low and the activation of the pathway is not
sufficient to induce the cell cycle arrest.
The response of yeast cells to the pheromone of the opposite mating type is dosedependent. At high doses of pheromone, cells arrest in G1 and exhibit typical “shmoo”
morphology. At intermediate pheromone doses, the pheromone response pathway is activated
partially, the cells are elongated, divide in a bipolar fashion, forming the bud at the distal tip,
and invade the substrate (Erdman and Snyder, 2001). Whereas the first morphological change,
from the vegetative cells to the cells with elongated morphology, occurs over a broader range
of pheromone concentrations, the latter transition from elongated growth to growth arrest is
more switch-like. At the specific concentration of pheromone in the cell culture, nearly all
cells undergo growth arrest and start to form “shmoos” (Hao, et al., 2008). We propose that in
the isw2Δ MATα population, concentration of the a-pheromone increases as the cells
proliferate and, accordingly, proportion of the aberrant cells increases. However, the
pheromone concentration probably stays below the threshold for the cell cycle arrest, and thus
the cells do not stop dividing and continue budding, but they display transcription of
pheromone-regulated genes and form elongated shapes resembling the “shmoos”. They also
invade the agar.
In agreement with the anticipated absence of the cell cycle arrest in the majority of
cells, our data (growth curves of the isw2Δ or itc1Δ MATα cells) did not show any decrease of
the cell growth rate compared to the wild-type cells. Likewise, the FACSort analysis
performed with the post-logarithmic mutant cells grown in liquid media did not indicate any
cell cycle delay (data not shown).
On the other hand, we found that the successful conjugation between two isw2Δ
MATα cells may occur. As reported previously, the cell cycle arrest in G1 phase is a
prerequisite for conjugation (Reid and Hartwell, 1977). Supposing this, the cell cycle arrest
occurs in isw2Δ MATα cells occasionally. We assume that the pheromone concentration
might be locally high enough to induce the arrest. This situation might happen more likely in
the static culture (in the cell pellets used for the mating analysis) than in the liquid culture
during shaking (conditions used for the cell growth and the FACSort analyses). Once the cell
cycle arrest occurs, expression of a-specific genes in isw2Δ MATα enables this cell to mate
with another MATα cell. Similar observation was described for the ssn6 mutant (Carlson, et
al., 1984). It was found that MATα ssn6 cells conjugate at very low efficiency with the MATα
cells, whereas ssn6 has no apparent effect on the mating phenotype of MATa cells. Tup1-Ssn6
complex is necessary for repression of a-specific genes in MATα cells (Herschbach, et al.,
1994) and thus similar phenotype found in isw2Δ cells confirms that the Isw2 remodelling
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complex is involved in the same process. Isw2 contribution to the repression of the a-specific
genes, however, is lower than the contribution of the Tup1-Ssn6 complex, which is
demonstrated by different levels of a-factor production in halo assay.
Although it is obvious that the a-specific genes in the isw2Δ MATα cells are derepressed and the a-factor is produced, only our microarray data sets helped us to understand
how such a significant expression occurs. In an effort to identify genes that are affected by the
Isw2p absence, we decided to perform the genome-wide gene expression analysis, although
similar experiments had been already done. The analysis of isw2Δ MATa cells cultivated to
the early logarithmic phase in rich YPD media carried out by Goldmark, et al. (2000) brought
only very little of useful information. As reported, the effect of the absence of Isw2 complex
may be hidden by parallel action of other chromatin remodelling factors, e.g., Sin3-Rpd3
histone deacetylase complex and Chd1 (Tsukiyama, et al., 1999; Goldmark, et al., 2000).
Thus only the analysis of double mutants (rpd3isw2) yielded interesting data (Fazzio, et al.,
2001). We identified specific conditions (MATα cells, nitrogen-poor SLAD medium), under
which the isw2Δ deletion displayed the significant phenotype (aberrant morphology, invasive
growth), thus indicating that the gene expression was altered in the mutant strain. Indeed,
under these conditions, we identified a number of genes with changed levels of expression in
the isw2Δ cells. Many of these genes belonged to pheromone-regulated genes and their
induction probably resulted from the autocrine activation of the pheromone response pathway.
To eliminate such a secondary consequence and to reveal a primary effect of the Isw2p
absence, we further performed expression profiling of the isw2Δste4Δ MATα, strain with
disrupted pheromone response pathway. As expected, the expression of pheromoneresponsive genes was not changed in isw2Δste4Δ compared to single ste4Δ MATα, but
surprisingly, neither the expression of a-specific genes was increased. It is obvious that the
significant de-repression of a-specific genes cannot be detected without potentiation by the
pheromone response signalling pathway.
We suppose that the slight de-repression of the a-specific genes (in MATα and diploid
MATa/α cells) occurs as a consequence of chromatin disorganization in promoters of these
genes, occurring in the absence of the Isw2 complex. It is in agreement with the report that in
MATα cells, chromatin around the operator of these genes is well organized, with
nucleosomes precisely and stably positioned (Shimizu, et al., 1991; Ganter, et al., 1993). And,
on the other hand, this organized chromatin is disrupted when this region is transcribed (in
MATa cells) (Ganter, et al., 1993).
We claim that a low level of transcription of the a-specific genes, including those
encoding for the a-factor, occurs when the Isw2 complex is missing. This low production of
a-factor is detected by Ste3p, the receptor normally present on the surface of MATα cells
(Hagen, et al., 1986). Binding of the pheromone activates the pheromone response pathway,
which leads to the induction of expression of all the genes involved in the pheromone
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response and mating. Only this potentiated expression of a-specific genes can then be
detected by microarray or RT-PCR. This model is consistent with the observation that in
absence of the Ste3p, the aberrant morphology is not exhibited in the population of the mutant
itc1Δ cells (Ruiz, et al., 2003). It confirms that the pheromone response pathway is not
activated by binding of the α-pheromone (normally produced by the MATα cells) to Ste2
receptor inappropriately present in the isw2Δ MATα cells. At this moment, we can only
speculate, whether there is a problem with translation or with a transport of this protein to the
plasma membrane. The reason for Ste2p malfunction in MATα cells lacking the Isw2
chromatin remodelling factor remains to be elucidated.

6.2 MATα-specific isw2Δ-induced invasion resembles the
pheromone-induced invasive growth
Our phenotypic analyses showed that deletions of the ISW2 or ITC1 genes induce a
robust invasive growth of MATα cells not only of the W303 and Σ1278b genetic background
(Trachtulcova, et al., 2003), but also of the non-invasive BY genetic background
(Trachtulcova et al. 2004, Frydlova et al. 2007).
It is obvious that the genetic background may have an impact on the invasive
phenotype. Common haploid invasive growth and diploid pseudohyphal growth are mostly
studied in strains of the Σ1278b background. Some other laboratory strains are capable of
pseudohyphal growth as diploids but fail to manifest haploid invasive growth. The majority of
laboratory strains are not competent to develop either the haploid invasive or the
pseudohyphal growth (Liu, et al., 1996). The S288C genetic background, similarly to the
W303, carries a flo8 mutation that prevents filamentous growth development due to the lack
of FLO11 expression (Liu, et al., 1996). The W303 wild-type strain probably contains some
additional mutations since the introducing of the FLO8 gene into this strain does not
completely restore the haploid invasive growth (Liu, et al., 1996). The W303 strains however
display some atypical invasion (independently on the nutrient stimuli) which is enhanced by
the isw2 deletion despite the fact that the “shmoo-like” morphology of the mutant cells is not
evolved in this strain (Trachtulcova, et al., 2003). The isw2 deletion enhanced haploid
invasive growth also in another naturally invasive strain, CEN.PK2, although it is not clear
whether this invasive phenotype is mating-type specific as found for the BY and W303
backgrounds (Kent, et al., 2001).
Isw2 protein is a catalytic subunit of the chromatin remodelling complex which
consists of either two or four subunits (Gelbart, et al., 2001; Iida and Araki, 2004; McConnell,
et al., 2004). The other subunit present in both, the two- and four-subunit complexes, is
protein Itc1. The Itc1p is essential for efficient interaction of the complex with DNA and
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nucleosomal arrays, as well as for stimulation of its ATPase and chromatin remodelling
activities (Gelbart, et al., 2001). The importance of both subunits for function of the complex
in vivo was demonstrated by similar phenotypes of the itc1 and isw2 deletion mutants. In both
strains, de-repression of early meiotic genes was proved (Gelbart, et al., 2001) and we
demonstrated the aberrant cell morphology and robust invasive growth of the MATα cells of
both mutants. At the same time, “shmoo-like” morphology of the itc1Δ strain was reported by
Ruiz et al. (2003).
Interestingly, although both the isw2Δ and itc1Δ MATα strains display the invasive
growth, they differ in the intensity of this behaviour. The itc1Δ (and isw2Δitc1Δ) cells display
more intensive invasion than the single isw2Δ, which suggests an additional function of the
Itc1p than merely to facilitate the chromatin remodelling by the Isw2 protein. An
enhancement of the invasion was also observed in strains isw2Δ that lack the other subunits
from the four-subunit Isw2 complex, Dls1p or Dpb4p. Although these two proteins are not
necessary for the analysed Isw2p function (single dls1Δ and dpb4Δ MATα do not invade the
agar), double deletion strains isw2Δdls1Δ and isw2Δdpb4Δ MATα display invasive growth
even on minimal medium where isw2Δ is not invasive due to high concentrations of
ammonia. Surprisingly, McConnell et al. (2004) reported that Dls1p plays critical role in
Isw2-dependent repression of a wide variety of genes, but it is completely dispensable for
repression of the MATa-specific genes in MATα cells (whose de-repression causes the isw2Δinvasion). To reconcile the McConnell’s and our results, we speculate that Dls1p and Dpb4p
might influence the nitrogen metabolism and/or signalling rather than influence repression of
a-specific genes.
We further characterized the isw2Δ-induced invasive growth and compared it with
other known types of invasion described for haploid cells, i.e. the common haploid invasive
growth and the pheromone-induced invasive growth. We show that the isw2Δ invasive growth
is distinct from the common haploid invasive growth in the following aspects: (1) it is mating
type-specific occurring in the MATα cells only; (2) it appears not only on YPD but also on
nitrogen-poor SLAD media, which means that it is potentiated by nitrogen limitation rather
than by glucose limitation; (3) it does not require the Flo11 protein; (4) it does not require
Kss1p, the MAP kinase participating in the invasive growth MAPK pathway, as well as it
does not require the invasive growth-specific transcription factor Tec1.
The pheromone-induced invasive growth occurs when yeast cells are exposed to
pheromone but they do not arrest their cell cycle in the G1 phase for some reason (non
saturating pheromone doses or the far1 deletion) (Roberts, et al., 2000; Erdman and Snyder,
2001). According to these aspects, the isw2Δ invasion resembles this type of the invasive
growth since isw2Δ MATα cells produce both the a- and α-pheromones, respond to them by
activating the pheromone response pathway, form mating projections (shmoos) and invade
agar. For the pheromone-induced invasive growth, the surface protein Fig2 is essential (Guo,
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et al., 2000), Flo11p dispensable (Roberts, et al., 2000), and the MAP kinases Fus3 and Kss1
might substitute for each other (Erdman and Snyder, 2001).
As demonstrated in this thesis, the Fig2 protein is also necessary for the isw2Δinduced invasion. However, we found out that another surface protein Aga1, the anchorage
subunit of the MATa-agglutinin (Roy, et al., 1991), is important for the isw2Δ-invasion but
not for the pheromone-induced invasive growth. Although the Aga1 protein is a part of the
agglutinin belonging to MATa cells, surprisingly, it is induced during the pheromone response
in cells of both mating types (Roy, et al., 1991). The function of Aga1p in the MATα cells has
not been uncovered yet but our findings indicate that it can mediate adhesion to substrate,
even without the adhesion subunit Aga2p which is important for its function as the
MATa-agglutinin.
The non-invasive double deletion MATα strains isw2∆fig2∆ and isw2∆aga1∆
displayed aberrant cell morphology; it indicates that the pheromone response pathway is
activated and mating-specific genes are expressed, but the absence of the adhesive proteins
disables the penetration into the agar. These results prove that the adhesion to the substrate is
one of the prerequisites for invasion.
Fus3 and Kss1 MAP kinases were shown to be able to ensure the signal transduction
required for the invasive growth under low doses of pheromone (Erdman and Snyder, 2001).
In contrast, the isw2Δ MATα cells lacking Fus3p loose the ability to invade agar indicating
that Kss1p cannot substitute for the Fus3p function in the pheromone response pathway.
Consistently, the isw2Δfus3Δ MATα cells do not display the aberrant elongated and
“shmoo-like” morphology, since the pheromone response pathway is not active. We assume
that the lack of Fus3p impairs the enhancement of the a-pheromone production and thus
eliminates a stimulus for invasion.
We conclude that the invasive growth of isw2Δ MATα cells is a special type of the
pheromone-induced invasive growth which requires the cell surface protein Aga1.

6.3 Aberrant budding within the birth scar and CWI pathway
activation in isw2Δ MATα cells result from de-regulation of
the daughter cell-specific gene DSE1
During the phenotypic analyses, we described another interesting phenotype of the
isw2Δ cells – budding within the birth scar. In addition, for isw2Δ cells, activation of the CWI
signalling pathway was reported (Ruiz, et al., 2003) which used to be a consequence of cell
wall defects. Here we show that these two phenomena mentioned above are interconnected
and both result from de-regulation of the daughter cell-specific gene DSE1 occurring in the
absence of the Isw2 protein.
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Local remodelling of the cell wall during separation of S. cerevisiae cells ensured by
the balance of cell wall synthetic and degrading activities depends e.g. on expression of
several genes controlled by the transcription factor Ace2, a member of the CLB2 cluster
(Spellman, et al., 1998). Ace2p is expressed in the G2 phase of the cell cycle and then, it is
specifically localized by the Cbk1-Mob2 complex to the daughter nucleus only, where it
induces expression of daughter cell-specific genes (Zhu, et al., 2000; Colman-Lerner, et al.,
2001). Their transcript levels peak in early G1 (Spellman, et al., 1998). We brought the
evidence that temporal and spatial de-regulation of the daughter cell-specific DSE1 gene
expression results in the CWI pathway activation and in the budding-within-the-birth-scar
phenotype.
Sherriff et al. (2007) reported that Isw2p cooperates with the Fkh2 and Fkh1
transcription factors to repress transcription of the B-type cyclin gene CLB2. Cdc28 bound to
Clb2 phosphorylates Ace2p, the main transcriptional activator of DSE1 gene expression,
preventing its transport to the daughter cell nucleus (Sbia, et al., 2008), and thus a subsequent
DSE1 transcription. If the loss of Isw2p leads to a de-repression of CLB2, it should result in
an inhibition of DSE1 expression rather than in its activation that was monitored by our
microarray analysis. A higher level of DSE1 mRNA observed in isw2Δ cells cannot be a
result of its activation by Ace2p. Rather, there should be another way how the Isw2p controls
DSE1 expression. Doolin et al. (2001) reported that disruption of ACE2 almost completely
abolished expression of DSE1, but disrupting SWI5 lead to an increase in DSE1 expression of
at least 25% over wild-type levels in the presence of an intact ACE2 gene. Such a remarkable
inhibitory effect of this transcriptional activator suggests that Isw2p might be a repressor in
the DSE1 regulation or that it might act as a mediator of another yet-unknown repressor.
Several binding sites not only for Ace2p but also for Fkh1 and Fkh2 transcriptional regulators
were identified in the DSE1 5’-untranslated region. It is tempting to speculate that Isw2p can
bind to the DSE1 5’ untranslated region, either directly or throughout either Fkh proteins (like
in the CLB2 regulatory region) or Swi5p, and thus influence chromatin structure in this region
and, consequently, also the DSE1 expression. In the absence of Isw2p, this region would be
remodelled and the DSE1 transcription de-repressed (like in the absence of Swi5p), however,
not completely induced like under the action of the activator Ace2p.
The budding within the birth scar is an unusual phenotype, since the area inside the
birth scar is believed to be an zone where budding is prohibited. In wild-type cells, the first
bud scar can very rarely (~1%) overlap the birth scar; however, the bud scar has never been
observed completely within the birth scar (Chant and Pringle, 1995; Tong, et al., 2007).
Under a de-regulation of DSE1, the area of the birth scar loses restriction, and there is a
feasibility to form buds in this zone of inhibition.
Data documenting the budding-within-the-birth-scar phenotype are very rare in the
literature. In the search for genes affecting bipolar budding, deletion mutants in two genes
involved in splicing, IST3 and BUD13, were reported to display individual bud sites adjacent
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to, overlapping, or within the birth scar (Ni and Snyder, 2001). However, the mechanism
behind this defect is unknown. Recently, the budding-within-the-old-division-site phenotype
was reported for cells lacking Rga1p (Tong, et al., 2007). Rga1p is a GTPase-activating
protein for Cdc42p that specifically prevents Cdc42p activation at the previous division site,
thus establishing an exclusion zone that blocks subsequent polarization within that site. In
rga1Δ cells, Cdc42p remains in its GTP-bound state at the same place and new buds are
nearly always formed at the old division site, thus displaying concentric bud scars at one pole
of the cell. In contrast, cells with de-regulated Dse1p (isw2Δ cells and cells overexpressing
DSE1) displayed one or several bud scars within the birth scar region and they had a normal
localization of Rga1-GFP (our unpublished data). This suggests that the Dse1p-related
budding-within-the-birth-scar phenotype is not a result of the absence of Rga1. More likely, it
might be a consequence of problems in the cell polarity signalling, since the protein Dse1
responsible for this phenotype, was found to interact in high-throughput two-hybrid assays
with the Boi1p, Boi2p and Zds2p, the proteins implicated in polar growth (Drees, et al.,
2001). A connection of Dse1p with the cell polarity machinery might also be behind the
activation of the CWI pathway detected in isw2Δ cells, since the Dse1p-interacting protein
Zds2 was found to interact in high-throughput two-hybrid assays (Uetz and Hughes, 2000;
Drees, et al., 2001) with Pkc1p, a central component of the CWI pathway. Another indication
of links between Dse1p and protein kinase C comes from the recent work of Sprowl et al.
(2007). They found that expression of bovine protein kinase C α in S. cerevisiae resulted in
the growth inhibition of G2/M cells with defects in septum formation and decreased the
expression of daughter cell-specific genes CTS1, DSE1, and DSE2. In the Dse1 molecule,
hypothetical WD40 repeats enhancing protein-protein interactions were identified by
computer analysis. This suggests that the Dse1 protein might have a function in facilitation of
protein complexes formation and thus be involved in signal transduction.
In this thesis, intriguing phenotypes of Saccharomyces cerevisiae cells lacking the
Isw2 chromatin remodelling factor were identified and explained – mating type-specific
aberrant cell morphology, special type of the pheromone-induced invasive growth and
budding-within-the-birth-scar. In addition, the Dse1 protein was found to be implicated in the
bud site selection and cell polarity establishment. Thus our results suggest a role of this
protein with yet-unknown function in cell polarity, fundamental process necessary for
morphogenesis of unicellular as well as multicellular organisms.

96

7 CONCLUSIONS
•

We proved that a-specific genes are de-repressed in isw2Δ MATα cells. This results in

production of inappropriate a-pheromone which activates the pheromone response pathway in
these cells and further potentiates the expression of the a-specific genes. Production of both
MATa and MATα-specific proteins enables isw2Δ MATα cells to mate with cells of the same
mating type.
•

Autocrine activation of the pheromone response pathway and induction of the pheromone-

responsive genes cause the aberrant “shmoo-like” morphology of the isw2Δ MATα cells.
•

We characterized the invasive growth of the isw2Δ MATα cells and showed that it is

distinct from the haploid invasive growth. We suggest that the isw2Δ-induced invasion is a
special type of the invasive growth that commonly occurs in cells exposed to low
concentrations of the pheromone of the opposite mating type. The isw2Δ-induced invasion
differs from the so-called pheromone-induced invasive growth just by dependence on the cell
surface protein Aga1 and requirement of the Fus3 kinase, which cannot be substituted by
Kss1.
• We identified an intriguing phenotype of cells lacking the Isw2 protein - budding within
the birth scar. We conclude that this inappropriate bud-site selection as well as activation of
the cell wall integrity pathway (CWI) occurring in isw2Δ cells, results from de-regulated
production of Dse1p which is a daughter cell-specific protein of unknown function.

Results related to this thesis were reported in following publications:
Trachtulcová P., Frýdlová I, Janatová I., Dorosh A. and Hašek J. (2003): The W303
genetic background affects the isw2Δ mutant phenotype in Saccharomyces cerevisiae. Folia
Microbiol (Praha) 48 (6): 745-53.
Trachtulcová P., Frýdlová I., Janatová I. and Hašek J. (2004): The absence of the Isw2pItc1p chromatin-remodelling complex induces mating type-specific and Flo11p-independent
invasive growth of Saccharomyces cerevisiae. Yeast 21 (5): 389-401.
Frýdlová I., Basler M., Vašicová P., Malcová I. and Hašek J. (2007): Special type of
pheromone-induced invasive growth in Saccharomyces cerevisiae. Curr Genet 52 (2): 87-95.
Frýdlová I., Malcová I., Vašicová P. and Hašek J. (2009): Deregulation of DSE1 gene
expression results in aberrant budding within the birth scar and cell wall integrity pathway
activation in Saccharomyces cerevisiae. Eukaryot Cell 8 (4): 586-94.
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8 SUMMARY
The non-essential Saccharomyces cerevisiae protein Isw2 is a subunit of the ATPdependent chromatin remodelling complex Isw2 that regulates the structure of chromatin, and
thus plays an important role in regulation of transcription.
Absence of the Isw2p induces the α-mating type-specific aberrant “shmoo-like”
morphology and invasive growth. We showed that this phenotype is caused by de-repression
of a-specific genes in MATα cells and production of inappropriate a-factor which in turn
activates the pheromone response pathway of isw2Δ MATα cells. Our results showed that
isw2Δ MATα cells can express the MATa-specific genes at the level which enables them to
mate with other MATα cells. Invasion of isw2Δ MATα cells depends neither on the cell
surface protein Flo11, nor on the invasive growth-specific transcription factor Tec1. On the
other hand it requires components of the pheromone response pathway and surface protein
Fig2. Together with the fact that the isw2Δ MATα cells produce the a-factor, the isw2Δinduced invasion resembles the invasive growth commonly occurring in wild-type cells under
low concentrations of pheromone. Detailed analysis however uncovered some differences
since the isw2Δ-invasion depends on the Fus3 kinase (which cannot be substituted by Kss1p)
and on the Aga1 cell surface protein which was not found to be important for the pheromoneinduced invasive growth.
We identified an interesting phenotype of isw2Δ cells – budding within the birth scar,
area that is commonly prohibited for budding. Based on our microarray data and double
deletion mutant analyses, we identified one gene that is responsible for this phenotype.
Deletion of the DSE1 gene abolished the aberrant budding of the isw2Δ cells as well as
suppressed the CWI pathway activation described previously for the isw2Δ cells (Ruiz, et al.,
2003). Consistently, the plasmid-driven overexpression of the DSE1 gene in wild-type cells
induced the budding-within-the-birth-scar phenotype as well as CWI pathway activation.
These data prove, that de-regulation of expression of the daughter cell-specific gene DSE1 is
responsible for the CWI pathway activation and aberrant budding occurring in the isw2Δ
cells.
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10 ABBREVIATIONS
ADP
APS
ATP
BSA
cAMP
CWI
DIC
DNase
dNTP
DTT
EDTA
G-protein
GAP
GDP
GEF
GFP
GTP
His
kb
Leu
MAPK
MAPKK
MAPKKK
PCR
PKA
RNase
rpm
RT
RT-PCR
SDS
Tris
Tween
Ura
w/o
WGA-FITC
WT

adenosine-5’-diphosphate
ammonium persulphate
adenosine-5’-triphosphate
bovine serum albumine
cyclic adenosine monophosphate
cell wall integrity
differential interference contrast
deoxyribonuclease
deoxyribonucleotide triphosphate
dithiothreitol
ethylenediaminetetraacetic acid
guanine nucleotide binding protein
GTPase-activating protein
guanosine 5’-diphosphate
guanine nucleotide exchange factor
green fluorescent protein
guanosine 5’-triphosphate
histidine
kilobase
leucine
mitogen-activated protein kinase.
mitogen-activated protein kinase kinase
mitogen-activated protein kinase kinase kinase
polymerase chain reaction
protein kinase A
ribonuclease
revolutions per minute
room temperature
reverse transcription-polymerase chain reaction
sodium dodecyl sulphate
tris(hydroxymethyl)aminomethane
polyoxyethylenesorbitan monolaurate
uracil
without
fluorescein isothiocyanate-labelled wheat germ agglutinin
wild-type
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