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1. Introduction 

1.1 The yeast cell wall 

Fungal cells are surrounded by a cell wall, which ensures cell integrity, morphology and 

provides a first barrier to the environment. The construction of the cell wall is a tightly 

regulated process. In the baker’s yeast Saccharomyces cerevisiae, about 1200 genes affect its 

formation either directly or indirectly (Klis et al., 2002). As mammalian cells do not possess a 

cell wall, it is a perfect target for antifungal drugs (Klis et al., 2002; Heinisch, 2008). The cell 

wall contributes 10 - 30 % to the cellular dry weight and consists of approximately 5 % 

proteins and 95 % polysaccharides (Klis et al., 2002). However, its molecular composition 

and organization varies in response to environmental conditions and the growth phase (Klis et 

al., 2002; Aguilar-Uscanga and Francois, 2003). In transmission electron micrographs, the 

cell wall of the ascomycetous yeasts S. cerevisiae, Candida tropicalis, Hanseniaspora 

osmophila and Schizosaccharomyces pombe appears as a bilayered structure (Zlotnik et al., 

1984; Osumi et al., 1989; de Groot et al., 2005). The inner, more electron-transparent layer 

consists of a polysaccharide network, which is largely responsible for the mechanical strength 

of the cell wall. Additionally, it provides attachment sites for the second, outer layer of 

mannoproteins, which is more electron-dense (Zlotnik et al., 1984; Osumi, 1989; Osumi et 

al., 1998; Klis et al., 2002; Fig. 1.1B).  

 

1.1.1 The polysaccharide network  

Figure 1.1A illustrates that the inner polysaccharide layer of the cell wall consists mostly of 

glucan chains – mainly β-1,3-glucan and a smaller amount of β-1,6-glucan – and a minor 

amount of chitin.  

 

The β-1,3-glucan molecules form a three dimensional network, which is kept together by 

hydrogen bonds between laterally associated chains. Together with its shape, that is similar to 

a flexible wire spring and can exist in various states of extension, this is one of the main 

reasons for the mechanical strength and elasticity of the fungal cell wall (Klis et al., 2002). In 

S. cerevisiae, each β-1,3-glucan molecule consists of more than 1500 glucose monomers. It is 

moderately branched and contains β-1,6-linked residues in 3 - 4 % of the monomers (Klis et 

al., 2002; Manners et al., 1973a). The enzymes synthesizing this major cell wall polymer 

consist of the catalytic subunits Fks1 or Fks2/Gsc2 and the regulatory subunit Rho1 (Cabib et 
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al., 1998). Since the genes encoding the catalytic subunits are redundant, only one of them is 

sufficient for viability and β-1,3-glucan synthesis. Under optimal growth conditions, Fks1 is 

the dominant catalytic subunit, whereas in response to glucose exhaustion, cell damaging 

agents, heat shock and in absence of FKS1, the expression of FKS2 is up-regulated and forms 

the glucan chains (Zhao et al., 1998; Lesage and Bussey, 2006; Klis et al., 2002).                  

β-1,3-glucan is synthesized from UDP-glucose monomers as a linear chain. During synthesis, 

the polymer is extruded through the plasma membrane. The above mentioned presence of 

branches in the mature molecule implies that it is further processed by enzymes outside of the 

cell (Klis et al., 2002; see section 1.1.2 about cell wall proteins).  

 

A 

 

B 

 

 

C 

 

 

D 

 

Fig. 1.1: The organization of the yeast cell wall 

A Schematic drawing of the cell wall in S. cerevisiae 

The main structural component is β-1,3-glucan. ASL-proteins can be attached directly to this polymer, whereas 

GPI-proteins are linked to β-1,6-glucan, which in turn is connected with β-1,3-glucan. Additionally, minor 

amounts of chitin are also present and can be linked to the glucan polymers.  

B Transmission electron micrograph of the S. cerevisiae cell wall  

C Structural representation of the GPI-anchor remnant, which connects GPI-proteins with β-1,6-glucan (adapted 

from de Groot et al., 2005) 

D Formation of an alkali sensitive linkage between a Pir protein and β-1,3-glucan (according to Ecker et al., 

2006) 

AA = amino acid; CWP = cell wall protein; GlcN = glucosamine; Gln = glutamine; Glu = glutamate  

The second cell wall polysaccharide, β-1,6-glucan, is a water soluble, highly branched 

polymer and is made up of approximately 350 glucose monomers. The β-1,6-linked backbone 
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is branched with other β-1,6-linked side chains via β-3,6-linkages at about 15 % of the 

monomers (Klis et al., 2002; Lesage and Bussey, 2006; Manners et al., 1973b). Whether the 

polysaccharide is synthesized as a linear, water insoluble molecule similar to β-1,3-glucan and 

is afterwards modified or the synthesis occurs directly as a branched molecule is still 

unknown (Klis et al., 2002). In addition, the enzyme responsible for its synthesis has not yet 

been identified. However, from deletion phenotypes it can be concluded that various ER- and 

Golgi-resident proteins, as well as some cell surface proteins, affect the synthesis of              

β-1,6-glucan (Shahinian and Bussey, 2000; Klis et al., 2002). Furthermore, a dependence of 

the reaction on GTP and the small GTPase Rho1, which also regulates β-1,3-glucan synthesis, 

has been determined (Lesage and Bussey, 2006). 

 

Finally, chitin accounts for only 1 - 3 % of the fungal cell wall polysaccharides (Klis et al., 

2002). Nevertheless, it constitutes an important component of the cell wall in S. cerevisiae 

contributing to its elasticity. Chitin has also attracted attention due to its presence in nematode 

egg shells and the exoskeletons of insects and crustaceans (Lesage and Bussey, 2006). In the 

cell wall of S. cerevisiae, chitin occurs primarily in linear chains in the chitin ring prior to 

cytokinesis and in and around bud scars after cytokinesis. In the lateral cell wall, it is present 

only to a minor extent. In strains with impaired cell walls, chitin synthesis is activated as a 

salvage mechanism and chitin becomes a more prominent cell wall component (up to 20 % of 

the cell wall dry weight; Molano et al., 1980; Klis et al., 2002). The linear chitin chains form 

microfibrils, which are stabilized by hydrogen bonds and significantly contribute to the 

strength of the cell wall (Lesage and Bussey, 2006). In S. cerevisiae, there are three enzymes, 

which catalyze the formation of chitin from UDP-N-acetylglucosamine: 1) Chs1 is in charge 

of repairing damages that have occurred by chitinase-mediated septum degradation during cell 

separation. 2) Chs2 catalyzes the formation of chitin for the primary septum. 3) Chs3 

synthesizes the chitin in the lateral cell wall. This enzyme accumulates in intracellular 

vesicles called chitosomes and is targeted to the cell surface once its activity is required (Cos 

et al., 1998; Bartnicki-Garcia, 2006; Lesage and Bussey, 2006; Merzendorfer and Heinisch, 

2013).  

 

1.1.2 Cell wall proteins in S. cerevisiae 

About 20 different proteins are covalently bound to the cell wall of S. cerevisiae. In addition, 

there are several soluble proteins trapped in the cell wall or attached to other cell wall proteins 

by disulfide bonds. An exponentially growing haploid cell disposes of approximately 
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3.1 million cell wall protein molecules (Klis et al., 2010). Similar to the carbohydrate 

composition, the cell wall proteome varies with the growth conditions (de Groot et al., 2005).  

All cell wall proteins are highly glycosylated and fulfill different functions. In general, the 

outer protein layer limits the porosity of the cell wall. In this way, soluble surface proteins 

like invertase are prevented from leaking out. On the other hand, it protects the cell wall from 

external enzymes that might damage the cell. Additionally, it is assumed that the 

mannoprotein layer retains water and protects the yeast cells from desiccation. These effects 

are mainly due to the high degree of protein glycosylation. Furthermore, the cell wall proteins 

are involved in protection against cell wall stress and are required for cell separation and iron 

uptake. Many cell wall proteins are involved in crosslinking and modification of the inner 

carbohydrate layer (de Groot et al., 2005; Klis et al., 2002; Klis et al., 2010). Another critical 

function of cell wall proteins, especially with respect to biotechnological application, is to 

confer adhesion and thereby enabling the cells to adhere to other cells or surfaces (Verstrepen 

and Klis, 2006). 

The covalently bound cell wall proteins can be divided in two groups according to the way 

they are attached to the cell wall: GPI (glycosylphosphatidylinositol)-proteins and ASL (alkali 

sensitive linkage)-proteins. 

 

The majority of the cell wall proteins are GPI-proteins. They are connected to the cell wall   

β-1,6-glucan (Fig. 1.1A) by a GPI-anchor, which is attached to the proteins when they pass 

the ER. However, the proteins only have a remnant of the original GPI-anchor once they are 

attached to the cell wall, since the lipid part of it is removed prior to the attachment to           

β-1,6-glucan (Kollar et al., 1997; Klis et al., 2002; Klis et al., 2010; Fig. 1.1C). In general, the 

C-terminal GPI-anchor addition signal is called ω-site. Proteins, which are attached to the cell 

wall β-1,6-glucan, have hydrophobic amino acids upstream of the ω-site, whereas GPI-

proteins, which are connected to the plasma membrane dispose basic amino acids at this 

position (de Groot et al., 2005). In addition to an ER-targeting signal and the ω-site, the GPI-

proteins possess a densely glycosylated serine/threonine-rich region. 

Some of the GPI-proteins are assumed to be involved in the rearrangement and crosslinking 

of the cell wall carbohydrates. For example, Gas1 is an endotransglycosylase, which may be 

involved in rearrangement and elongation of β-1,3-glucan (Lesage and Bussey, 2006; Klis et 

al., 2010). Other examples are the two members of the Crh protein family, Crh1 and Utr2, 

which connect chitin with β-1,6-glucan (Klis et al., 2010). 
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The second class of cell wall proteins, i.e. ASL-proteins, is named for the attachment to the 

cell wall by an alkali sensitive linkage, which connects them directly with the β-1,3-glucan 

network (de Groot et al., 2005; Klis et al., 2002; Ecker et al., 2006; Fig. 1.1A).  

The Pir proteins are a prominent protein family, which belongs to this class of cell wall 

proteins. The family contains five members in S. cerevisiae, each of them possessing a repeat 

region with a variable number of repeats, hence their name (proteins with internal repeats; 

amino acid sequence of the repeat according to Ecker et al., 2006: SQIGDGQVQATS). These 

repetitive sequences are required for their attachment to the cell wall. The glutamins in the Pir 

repeat are deamidated and the carboxyl groups of the arising glutamate residues form an alkali 

labile ester linkage with hydroxyl groups of β-1,3-glucan (Ecker et al., 2006; Fig. 1.1D). It 

has been proposed that Pir proteins with several repeats link different β-1,3-glucan molecules 

(Klis et al., 2010). This model is supported by the localization of the proteins within the 

polysaccharide layer of the cell wall (Klis et al., 2010). The expression of the encoding PIR 

genes is up-regulated in response to cell wall stress, indicating an important role in the 

defense against such conditions. Accordingly, the simultaneous disruption of all PIR genes 

leads to swollen cells, which grow slower and are hypersensitive to the cell wall perturbing 

agents Congo red and Calcofluor white (Klis et al., 2002).  

In addition to the Pir proteins, the putative β-1,3-glucanases Scw4 and Scw10 belong to the 

group of ASL-proteins (de Groot et al., 2005).  

 

1.1.3 The cell wall integrity pathway 

The cell wall integrity (CWI) pathway mediates the adjustment of the synthesis of cell wall 

components to the necessities of cell growth, mating and extracellular stress (Levin, 2005; 

Levin, 2011; Heinisch and Dufrene, 2010; Jendretzki et al., 2011).  

In S. cerevisiae, five membrane spanning sensors detect cell surface stresses: Wsc1, Wsc2, 

Wsc3, Mid2 and Mtl1 (Jendretzki et al., 2011). The signal is transmitted to the GDP/GTP 

exchange factor Rom2, which activates the small GTPase Rho1 (Levin, 2005). As stated 

above, Rho1 is the regulatory subunit of the glucan synthase complexes. Additionally, it 

contributes to the polarization of the actin cytoskeleton. In the CWI pathway, Rho1 performs 

another function in activating the sole isoform of the yeast protein kinase C, Pkc1 (Schmitz et 

al., 2002; Schmitz and Heinisch, 2003; Fig. 1.2). Pkc1 signals to a MAP kinase cascade 

consisting of the MAPKKK Bck1, the redundant pair of MAPKKs, Mkk1 and Mkk2, and the 

MAPK Mpk1/Slt2. Mpk1 in turn triggers the expression of genes involved in cell wall 

synthesis by activation of the MADS box transcription factor Rlm1 (Jung and Levin, 1999; 
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Jung et al., 2002) and the SBF-complex, which is a dimer of Swi4 and Swi6 (Madden et al., 

1997; Fig. 1.2). Among the genes, which are up-regulated by the pathway, are FKS1 and 

FKS2, encoding the catalytic subunits of the β-1,3-glucan synthase, as well as the one 

encoding the chitin synthase Chs3. In addition, expression of genes encoding cell wall 

proteins, such as CRH1 and CWP1, is induced (Jung and Levin, 1999). 

 

 

Fig. 1.2: Schematic representation of the CWI pathway 
(Jendretzki et al., 2011) 

 

 

1.1.4 The milk yeast Kluyveromyces lactis and its cell wall integrity pathway 

As described above, the cell wall and its components have been extensively studied in 

S. cerevisiae. When this thesis was started, a characterization of the cell wall of the milk yeast 

K. lactis was still missing, although this yeast has been developed into a second major 

eukaryotic model organism (Breunig et al., 2000; Rodicio and Heinisch, 2013). The 

availability of the whole genome sequence has aided in this purpose (Sherman et al., 2004), 

such as the applicability of most classical and molecular genetic techniques (Rubio-Texeira, 

2006; Heinisch et al., 2010). However, there are several differences to the baker’s yeast 

S. cerevisiae due to their different natural habitats (i.e. milk, with lactose as the major carbon 

source for K. lactis; and fruits, with glucose, fructose and saccharose for S. cerevisiae), which 

explains their physiological differences. While S. cerevisiae is Crabtree-positive and widely 

known for its fermentative capacity K. lactis is a Crabtree-negative yeast with a 

predominantly respiratory metabolism (Gonzalez-Siso et al., 2000).  



Introduction 

7 

Regarding the cell wall integrity pathway in K. lactis, it has been shown that there is a high 

degree of similarity to the signal transduction pathway in S. cerevisiae, albeit with less 

redundancy in the encoding genes. For almost all of the CWI pathway components, 

homologous proteins in K. lactis have been detected and they serve functions similar to their 

S. cerevisiae homologs (Backhaus et al., 2011). 

 

1.2 The Snf1 kinase complex is a major regulator of carbohydrate metabolism 

in S. cerevisiae 

The baker’s yeast S. cerevisiae is well known for its capacity to ferment a variety of sugars 

and to utilize a range of non-fermentable carbon sources such as glycerol and ethanol 

(Gancedo, 1998). A key regulator in this context is the ortholog of the mammalian AMP-

activated kinase (AMPK), encoded by the SNF1 gene. In general, the SNF1/AMPK family of 

protein kinases is highly conserved in mammals, plants and fungi (Hedbacker and Carlson, 

2008). The complex mediates nutrient and energy sensing and is activated upon depletion of 

these sources, thus serving an essential function in cell physiology (Carling et al., 1994; 

Mitchelhill et al., 1994; Woods et al., 1994). Accordingly, mutations in mammalian AMPK 

have severe effects like e.g. heart diseases (Hardie, 2007). In humans, AMPK represents a 

target for drugs that are used in treatment of type-2 diabetes (Momcilovic et al., 2008).  

The yeast SNF1 gene was originally discovered in a screen for sucrose non-fermenters, hence 

the name (Ciriacy, 1977; Zimmermann and Scheel, 1977). The phenotype occurs, since snf1∆ 

mutants are defective in the release from carbon catabolite repression upon a shift from 

fermentable to non-fermentable carbon sources, including the gene encoding invertase, which 

hydrolyses sucrose (reviewed in Hedbacker and Carlson, 2008; Gancedo, 1998). Moreover, 

mutants fail to accumulate glycogen as a storage carbohydrate and contain a lower level of 

glucose-6-phosphate when growing on glucose as a sole carbon source (Cannon et al., 1994; 

Thompson-Jaeger et al., 1991; Huang et al., 1997). 

In addition to its role in utilization of alternative carbon sources, the kinase is involved in 

other nutrient responses like the initiation of sporulation and meiosis, as well as in cellular 

aging (Ashrafi et al., 2000; Carlson et al., 1981; Honigberg and Lee, 1998). 

 

1.2.1 Composition and regulation of the SNF1 kinase complex 

The SNF1 kinase complex is a heterotrimeric complex with its α-subunit Snf1 exerting the 

kinase activity, which is controlled by various regulatory mechanisms. Either one of three 
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alternative regulatory β-subunits, encoded by SIP1, SIP2 and GAL83, can bind to Snf1 

(Fig. 1.3). The proteins are functionally overlapping and each one alone is sufficient to 

support growth (Hedbacker and Carlson, 2008). Their C-terminal sequences mediate the 

interaction with Snf1 and are fairly conserved, whereas the N-termini diverge significantly. 

The β-subunits confer a unique subcellular localization to the trimeric complex, which is 

important for its regulation (Hedbacker and Carlson, 2008). When glucose is available, all 

complexes are cytoplasmic, but upon glucose depletion the localization of the complexes 

changes dependent on the bound β-subunit. Complexes with Sip1 now localize to the vacuolar 

membrane, whereas Sip2 containing complexes stay cytoplasmic and those with Gal83 show 

nuclear localization (Hedbacker and Carlson, 2008; Vincent et al., 2001). The triple deletion 

sip1∆ sip2∆ gal83∆ displays a snf1∆ phenotype, indicating that the presence of one β-subunit 

is essential for the kinase activity (Zhang et al., 2010). The third subunit of the complex is 

Snf4, which has regulatory functions. The kinase subunit Snf1 alone has a conformation, in 

which the catalytic N-terminal domain is bound to the C-terminal regulatory domain of the 

protein and thereby is autoinhibited. This inhibition is relieved, once Snf4 binds to the C-

terminal domain of Snf1 (Hedbacker and Carlson, 2008).  

Furthermore, the kinase activity is regulated by phosphorylation at Thr210 of Snf1. This 

modification is crucial for the kinase activity. Phosphorylation of Snf1 Thr210 can be 

detected with a specific antibody and has been observed in response to glucose depletion, but 

also upon nitrogen limitation, sodium ion stress, alkaline pH or oxidative stress (Hong and 

Carlson, 2007; Portillo et al., 2005; Ye et al., 2008). 

There are three kinases, which activate SNF1: Sak1, Tos3 and Elm1 (Fig. 1.3). Since these 

kinases have overlapping functions, all three of them have to be deleted to abolish SNF1 

phosphorylation completely (Hedbacker and Carlson, 2008). Sak1 has been reported to be the 

major activating kinase. It forms a stable complex with SNF1, whereas Elm1 and Tos3 

associate more transiently with SNF1 (Hedbacker and Carlson, 2008). Additionally, the 

different β-subunits influence not only substrate-specificity of the complex, but they are also 

conferring a stress-dependent preference for the upstream kinase (Zhang et al., 2010). 
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Fig. 1.3: Schematic representation of the SNF1 pathway (adapted from Rodicio and Heinisch, 

2009) 

 

Dephosphorylation and thereby deactivation of SNF1 is executed by the Reg1-Glc7 

phosphatase (Hedbacker and Carlson, 2008; Fig. 1.3). The binding of ADP to the regulatory 

γ-subunit Snf4 can prevent this dephosphorylation, linking the activity of the Snf1 kinase 

complex to the intracellular level of ATP and thereby nutrient availability (Mayer et al., 

2011). In general, recent publications argue that dephosphorylation is the crucial regulatory 

step and that an increased phosphorylation of Snf1 Thr210 primarily is the result of a reduced 

rate of its dephosphorylation (Mayer et al., 2011; Rubenstein et al., 2008). 

 

1.2.2 Targets of the SNF1 complex 

The proteins Mig1, Adr1, Cat8, Sip4 and Rds2 are known downstream effectors of SNF1 

(Soontorngun et al., 2012; Hedbacker and Carlson, 2008). Mig1 is a transcriptional repressor, 

which controls transcription of genes required for the utilization of alternative carbon sources 

like sucrose, galactose or mannose. Its phosphorylation by SNF1 leads to the release of the 

Mig1-dependent repression of the respective genes. Adr1, Cat8 and Sip4 as well as Rds2 are 

transcriptional activators. Activated Adr1 promotes the transcription of genes required for the 

utilization of ethanol and glycerol as carbon sources, whereas Cat8, Sip4 and Rds2 are 

involved in the expression of genes encoding enzymes for gluconeogenesis and the glyoxylate 

pathway (Soontorngun et al., 2012). Interestingly, the transcription of CAT8 is repressed by 

Mig1 and SIP4 expression is induced by Cat8 (Schuller, 2003; Rodicio and Heinisch, 2009). 
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1.2.3 Glucose signaling and its influence on the yeast cell wall 

The Snf1 kinase complex is a key regulator of glucose signaling in yeast and it has been 

shown to regulate several components of the cell wall synthesis and the CWI pathway, e.g. 

the expression of one of the genes encoding a catalytic subunit of the β-1,3-glucan synthase, 

FKS2 (Zhao et al., 1998). Moreover, upon triple deletion of the baker’s yeast’s SNF1            

β-subunits SIP1, SIP2 and GAL83, a cluster of genes for cell wall organization was found to 

be up-regulated. This gene cluster includes the chitin synthase gene CHS3, as well as the cell 

wall protein encoding genes CRH1 and CWP1 and the genes MPK1 and MID2, which encode 

components of the cell wall integrity pathway (Zhang et al., 2010). Additionally, SNF1 might 

indirectly influence the cell wall composition by providing metabolites for the synthesis of 

cell wall components. As mentioned above, a snf1 deletion strain of S. cerevisiae has a 

reduced glucose-6-phosphate content (Thompson-Jaeger et al., 1991). Glucose-6-phosphate is 

a precursor of other metabolites, e.g. UDP-glucose, which are required for the synthesis of 

cell wall components (Fig. 1.4).  

 

                           Fig. 1.4: Glucose-6-phosphate is a central metabolite 

 

 

  



Introduction 

11 

1.3 Aims of the thesis 

This thesis can be divided into two main parts: 

1. As described above, the cell wall and its components have been extensively studied in 

S. cerevisiae. A characterization of the cell wall of the milk yeast K. lactis was still missing. 

Thus, the composition and structure of the K. lactis cell wall was investigated in detail for the 

first time. For this purpose, transmission electron microscopy was applied to visualize the 

ultrastructure of the cell wall. In addition, the relative composition of cell wall 

polysaccharides was determined from cell wall preparations and the cell wall proteins were 

analyzed by a semi-quantitative approach. 

2. The Snf1 kinase complex regulates several proteins involved in cell wall synthesis. The 

connection between cell wall integrity- and glucose signaling was therefore investigated with 

regard to the role of the SNF1 complex in S. cerevisiae. Here, genetic epistasis analyses with 

deletion mutants lacking components of the SNF1 complex in conjunction with defects in 

CWI signaling, various transcription factors and glycolytic mutants were performed. 
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2. Material and methods 

2.1 Material 

2.1.1 Strains, plasmids and oligonucleotides 

2.1.1.1 Bacterial strains employed in this work 

The E. coli strain DH5α [(F´glnV44 thiA-1 ∆8argF-lac)U169 deoR endA1 gyrA96 hsdR17 recA1 

supE44 (Φ80lacZ∆M15) Nalr from Stratagene, La Jolla, California] was used for cloning. 

 

2.1.1.2 Yeast strains employed in this work 

The S. cerevisiae strains employed in this work are shown in table 2.1. In addition, the haploid 

K. lactis type strain CBS2359 (Sherman et al., 2004) was employed for the characterization of the 

milk yeast cell wall.  

 

Tab. 2.1: S. cerevisiae strains employed in this work 

 Strain Genotype Reference 

1 Y00000  

(BY4741) 

MATa his3∆1 leu2∆0 met15∆0 ura3∆0 (Brachmann et al., 

1998) 

2 Y10000  

(BY4742) 

MATα his3∆1 leu2∆0 lys2∆0 ura3∆0 (Brachmann et al., 

1998) 

3 Y20000  

(BY4743) 

MATa/MATα his3∆1/his3∆1 leu2∆/leu2∆0 

met15∆0/MET15 LYS2/lys2∆0 

ura3∆0/ura3∆0 

(Brachmann et al., 

1998) 

4 BKB12  

(snf1∆) 

MATa his3∆1 leu2∆0 met15∆0 ura3∆0 

snf1::KlLEU2 

This work 

5 BKB15 MATα his3∆1 leu2∆0 lys2∆0 ura3∆0 

snf1::KlLEU2 

This work 

6 BKB13  

(sip1∆) 

MATa his3∆1 leu2∆0 met15∆0 ura3∆0 

sip1::KlURA3 

This work 

7 Y04574  

(sip2∆) 

MATa his3∆1 leu2∆0 met15∆0 ura3∆0 

sip2::kanMX4 

(Brachmann et al., 

1998) 

8 Y06694  

(gal83∆) 

MATa his3∆1 leu2∆0 met15∆0 ura3∆0 

gal83::kanMX4 

(Brachmann et al., 

1998) 

9 HOD104-2D 

(sip1∆ sip2∆ gal83∆) 

MATa his3∆1 leu2∆0 lys2∆0 ura3∆0 

sip1::KlURA3 sip2::kanMX gal83::kanMX 

Jürgen J. Heinisch, 

personal 

communication 

10 Y04482  

(snf4∆) 

MATa his3∆1 leu2∆0 met15∆0 ura3∆0 

snf4::kanMX4 

(Brachmann et al., 

1998) 

11 HJW32-2C  

(wsc1∆) 

MATα his3∆1 leu2∆0 lys2∆0 ura3∆0 

wsc1::KlURA3 

Janina Wittland, 

personal 

communication 

12 BKB45-2D  

(snf1∆ wsc1∆) 

MATa his3∆1 leu2∆0 ura3∆0 met15∆0 

snf1::KlLEU2 wsc1::KlURA3 

This work 
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13 HOD113-8D  

(bck1∆) 

MATa his3∆1 leu2∆0 lys2∆0 ura3∆0 

bck1::SpHIS5 

Jürgen J. Heinisch, 

personal 

communication  

14 BKB38-9A  

(snf1∆ bck1∆) 

MATa his3∆1 leu2∆0 met15∆0 ura3∆0 

snf1::KlLEU2 bck1::SpHIS5 

This work 

15 HOD109-3D 

(mpk1∆) 

MATa his3∆1 leu2∆0 met15∆0 ura3∆0 

mpk1::kanMX 

Jürgen J. Heinisch, 

personal 

communication 

16 BKB37-3C  

(snf1∆ mpk1∆) 

MATa his3∆1 leu2∆0 met15∆0 ura3∆0 

snf1::KlLEU2 mpk1::kanMX 

This work 

17 Y05893 MATa his3∆1 leu2∆0 met15∆0 ura3∆0 

pfk1::kanMX4 

(Brachmann et al., 

1998) 

18 HOD126-5D 

(pfk1∆) 

MATα his3∆1 leu2∆0 met15∆0 ura3∆0 

pfk1::kanMX 

This work 

19 HOD126-2C  

(snf1∆ pfk1∆) 

MATα his3∆1 leu2∆0 met15∆0 ura3∆0 

pfk1::kanMX snf1::KlLEU2 

This work 

20 Y00866  

(cat8∆) 

MATa his3∆1 leu2∆0 met15∆0 ura3∆0 

cat8::kanMX 

(Brachmann et al., 

1998) 

21 Y01334  

(sip4∆) 

MATa his3∆1 leu2∆0 met15∆0 ura3∆0 

sip4::kanMX 

(Brachmann et al., 

1998) 

22 BKB39-7A  

(mig1∆) 

MATa his3∆1 leu2∆0 met15∆0 ura3∆0 

mig1::KlURA3 

This work 

23 Y14897  

(elm1∆) 

MATα his3∆1 leu2∆0 lys2∆0 ura3∆0 

elm1::kanMX 

(Brachmann et al., 

1998) 

24 Y06128  

(sak1∆) 

MATa his3∆1 leu2∆0 met15∆0 ura3∆0 

sak1::kanMX 

Brachmann et al., 

1998 

25 Y14546  

(tos3∆) 

MATα his3∆1 leu2∆0 lys2∆0 ura3∆0 

tos3::kanMX4 

(Brachmann et al., 

1998) 

26 BKB34-9B 

(reg1∆) 

MATa his3∆1 leu2∆0 met15∆0 ura3∆0 

reg1::kanMX 

This work 

27 HD56-5A
1 

MATα ura3-52 leu2-3,112 his3-11,15  (Arvanitidis and 

Heinisch, 1994) 

28 HOD93-1C
1 

MATα ura3-52 leu2-3,112 his3-11,15 

snf1::SpHIS5 

Jürgen J. Heinisch, 

personal 

communication 

29 CEN.PK111-61A
2
 

(K39) 
MATα his3-11,15 leu2-3,112 ura3-52  (Entian and Kötter, 

1998) 

30 PJ69-4A
3 

MATa trp1-901 leu2-3,112 ura3-52 his3-

200 gal4∆ gal80∆ lys2::GAL1-HIS3 

GAL2-ADE2 met2::GAL7-lacZ 

(James et al., 

1996) 

All strains were in the “BY” genetic background except for 
1
 which are in the HD56-5A background and 

2
 the 

“CEN.PK” background. The strain name for the latter used in section 3 (results) is K39, as shown in parentheses. 
3
 PJ69-4A is a yeast two-hybrid test strain described in the work cited. 
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2.1.1.3 Vectors and plasmids 

The basic vectors and plasmids employed in this work are given in table 2.2. The plasmids constructed 

herein are listed in table 2.3. 

Tab. 2.2: Vectors and plasmids used in this work 

 

  

Plasmid Selection marker / 

origin of replication 

Description Source 

YEp352 AMP
R 

URA3 

2 µm 

High copy number 

E. coli/S. cerevisiae shuttle vector 

(Hill et al., 1986) 

YEp357 AMP
R 

URA3 

2 µm 

lacZ 

High copy number 

E. coli/S. cerevisiae shuttle vector 

with lacZ gene used for promoter 

fusion 

(Myers et al., 1986) 

YCplac33 AMP
R 

URA3 

ScARS/CEN 

lacZ’ 

E. coli/S. cerevisiae shuttle vector 

with lacZ’ gene (alpha-fragment) 

for blue/white screening 

(Gietz and Sugino, 

1988) 

pUG6 AMP
R 

KanMX
R
 

E. coli vector used for the 

amplification of KanMX resistance 

cassette 

(Gueldener et al., 

2002) 

pUG72 AMP
R 

KlURA3 

E. coli vector used for the 

amplification of KlURA3 cassette 

(Gueldener et al., 

2002) 

pUG73 AMP
R 

KlLEU2 

E. coli vector used for the 

amplification of KlLEU2 cassette 

(Gueldener et al., 

2002) 

pUK1921 Kan
R 

lacZ’ 

E. coli vector used for subcloning 

and blue/white screening 

(Heinisch, 1993) 

pFA6a-3HA-

His 

AMP
R 

SpHIS3 

3HA tag 

Vector used for amplification of 

the 3HA tag  

(Bahler et al., 1998) 

pMP151 AMP
R 

TRP1 

2 µm 

Gal4BD-CAT8 

Vector used for determination of 

Cat8 activation. The GAL4BD-

CAT8 fusion is under control of 

the ADH1-promoter. 

(Randez-Gil et al., 

1997); kindly 

provided by K.D. 

Entian 

pWSHA-

T210A 

AMP
R 

URA3 

2 µm 

ADHp-SNF1-T210A-

HA 

Plasmid used to obtain the T210A 

exchange allele of SNF1 

Fernando Moreno, 

personal 

communication 
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Tab. 2.3: Plasmids constructed in this work 

 

  

Plasmid Insert Backbone Construction 

pKBO.34 MKC7p YEp357 The MKC7-promoter was amplified from genomic 

DNA with the oligonucleotides 11.398/11.399, 

digested with EcoRI/SalI and ligated into YEp357. 

pKBO.35 GAS5p YEp357 The GAS5-promoter was amplified from genomic 

DNA with the oligonucleotides 11.400/11.401, 

digested with EcoRI/HindIII and ligated into 

YEp357. 

pKBO.36 PLB2p YEp357 The PLB2-promoter was amplified from genomic 

DNA with the oligonucleotides 11.402/11.403, 

digested with EcoRI/HindIII and ligated into 

YEp357. 

pKBO.37 PIR1p YEp357 The PIR1-promoter was amplified from genomic 

DNA with the oligonucleotides 11.404/11.405, 

digested with EcoRI/HindIII and ligated into 

YEp357. 

pKBO.38 HSP150p YEp357 The HSP150-promoter was amplified from genomic 

DNA with the oligonucleotides 11.406/11.407, 

digested with EcoRI/HindIII and ligated into 

YEp357. 

pKBO.44) SNF1 YCplac33 Wild-type SNF1 was amplified from genomic DNA 

with the oligonucleotides 10.179/10.180, digested 

with EcoRI/BamHI and ligated into YCplac33. 

pKBO.59 SNF1-3HA YCplac33 The 3HA tag was amplified with the 

oligonucleotides 12.426/12.427 using pFA6a-3HA-

His as a template and cloned into pKBO.44 by 

homologous recombination in yeast. 

pKBO.60 SIP1p YEp357 The SIP1-promoter was amplified from genomic 

DNA with the oligonucleotides 12.413/12.414, 

digested with EcoRI/SalI and ligated into YEp357 . 

pKBO.63 

 

SNF1-

T210A 

pKBO.44 The amino acid exchange region of pWSHA-T210A 

was cut out with AflII/MluI and ligated into 

pKBO.44 to get the complete SNF1 with the T210A 

exchange. The amino acid exchange was confirmed 

by sequencing. 
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2.1.1.4 Oligonucleotides 

The oligonucleotides applied in this work are given in table 2.4. 

 

Tab. 2.4: Oligonucleotides applied in this work 

Number Sequence (5’ – 3’) 

99.98 CAGGAAACAGCTATGACCATG 

99.113 CGCCAGGGTTTTCCCAGTCACGAC 

03.59 GATGATTTGGCAAAATGAAATCGG 

04.36 GAAGGGAGAAAGGCGGACAGG 

04.123 GAGGAGAAAAAGGAATCTGCA 

04.147 GAGCGACCTCATACTATACC 

05.63 GCTTGTTTTTGAACACTTCTGG 

05.64 GGCGGAATTCGGAGAATACCTTTCGAGTGTAGG 

06.120 GTTGGCAGAATGGAAAGTTTCAGTG 

06.121 GAAAAGAAAGAATTCAAGAGGCG 

10.96 GCATATGGAAAAAGTTTAGG 

10.97 GGCTTAGTGGTGAGGAAG 

10.166 GTTGGTTCTTCACCTCCGG 

10.167 GATTTCGCGACACAGTGGG 

10.170 GATTATCAATGCACTTGAG 

10.171 GTATGATTTGATTGAGGAGG 

10.179 GTAACTGAATTCGTAGGG 

10.180 GTAGGTTGTATTTTTGTCG 

10.185 
TTTGTAACAAGTTTTGCTACACTCCCTTAATAAAGTCAACTTCGTACGCTG

CAGGTCGAC 

10.186 
AAAAAAGGGAACTTCCATATCATTCTTTTACGTTCCACCGCATAGGCCAC

TAGTGGATCTG 

10.231 GATAGACAGACTGGTCTAG 

10.232 GTACTTATGTACAGAGATG 

10.233 
GAAAGTTGAACTGTCATATTATATAGTTGTTGCAGCCGCCTTCGTACGCTG

CAGGTCGAC 

10.234 
GAATTAATAGAGTTCGTGAGAATCATTGCGAATTGAGATTGCATAGGCCA

CTAGTGGATCTG 

10.235 GGAAGTTATGTTAGTGTCGG 

10.236 GTTTCAGATGGTTGGATTGG 

10.237 GCTAAAGACATGGGCATGGG 

10.238 GTGTGTGGGAATTCTTGAGG 

10.239 GGAGTTTTTGACAGTAAGCGG 

10.240 GCGAAATATCAATGACATTG 

10.247 GAAGACGCATACTGCTGCTG 

10.248 GTTGCTCGGAGTGTTATCTG 

10.286 CAATACTAGAGCTCAATCTTC 

10.287 CGGCTACTAGTTTATTTCATAC 

10.288 GGCCAAGAACGAGATGAAGG 

10.289 CATAGCTGCCACTAACCTAC 

10.290 
CGAGAGTTGAGTATAGTGGAGACGACATACTACCATAGCCTTCGTACGCT

GCAGGTCGAC 

10.291 
TCTTTTGATTTATCTGCACCGCCAAAAACTTGTCAGCGTAGCATAGGCCAC

TAGTGGATCTG 

10.345 GGCCAAGAACGAGATGAAGG 

10.351 CATAGCTGCCACTAACCTAC 

10.366 GGATGGCAGCAGCCCAGATAACG 



Materials and methods 

17 

10.367 
GCAAGCATATTGACGAAGACGAGATAAGAAAAATCCAAAAGCTTCGTAC

GCTGCAGGTCG 

10.368 
CTTACTTGGATCCTAAAGACGGCACTGATCCACACTACCTGCCGCATAGG

CCACTAGTGGATCTG 

10.369 GCGCGAATTCCGTTCATCAGCTCTATCAAG 

10.370 GCGCGTCGACGAACACACATACGACTATGG 

11.398 GCGCGAATTCGTTATGATTCGAATGCTATTG 

11.399 CCGCGTCGACATAGAGCTCTTTCTTTTTC 

11.400 CCGCGAATTCAACTAGTCTATTATAGTTGC 

11.401 GCGCAAGCTTCATAGCTATTTAGAGCTGTG 

11.402 CCGCGAATTCTCTTTCTTCGTTTCTATTTC 

11.403 CCGCAAGCTTCATCTGCGTAAGAAGTGTTAC 

11.404 CCGCGAATTCGAAAGTCCGAATGCGCCTATC 

11.405 GCGCAAGCTTCATTTTCTAGAATATACTATTAG 

11.406 CCCGCGAATTCATTTGAGCTGAGCTAATTTC 

11.407 CCGCAAGCTTCATTATATTATTATTATTGTAC 

12.271 GAAGAAGGCATACTACGCCAAG 

12.272 GGTAGACAGCACGATCTTCAG 

12.342 
CCGTCTGTAAAACCAATTGTAGTAACAAAAAACGCTCATTTCAATGCATA

GGCCACTAGTGGATCTG 

12.343 
ACGTGCAGATGGTGATGATTGCAAACCCAAAAAATTACCAGCTTCGCATA

GGCCACTAGTGGATCTG 

12.345 
TTACTGAAGAAGGCATACTACGCCAAGACTATTTTATTCTCAGCACAGCT

GAAGCTTCGTACGCTGC 

12.413 CCGCGAATTCTGGAACATAGGCTCATGGAAC 

12.414 GCGCGTCGACCATGGCGGCTGCAACAACTATATAATATG 

12.417 CCGCGAATTCCTCCTCTATATTTTCGAAATC 

12.426 
AACAAAACTAATTATGGAATTAGCCGTTAACAGTCAAAGCAATCGGATCC

CCGGGTTAATTAA 

12.427 
ATATTATAAAGATGTTGCAAATACGTTACGATACATAAAAAAAAGAATTC

GAGCTCGTTTAAAC 

12.613 GCCCGTAGTGGTATGATATG 

Underlined sequences designate regions homologous to vector templates. Bold sequences contain inserted 

recognition sites for endonucleases.  

 

2.2 Media and culture conditions 

2.2.1 Media and culture conditions for the cultivation of yeast 

Unless otherwise indicated, yeast cells were cultivated at 30°C. Liquid cultures were agitated on a 

rotary shaker at 180 rpm. 

 

Rich media (YEP) 

1 % (w/v) yeast extract 

2 % (w/v) peptone 

2 or 4 % (w/v) glucose, 2 % (w/v) lactose, 1 - 3 % (w/v) ethanol were added as carbon sources 

When osmotic stabilization was required, 1 M sorbitol was added. 

Solid media contained 1.5 % agar. 
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Synthetic media (SC) 

0.67 % (w/v) Yeast Nitrogen Base w/o amino acids  

0.06% (w/v) “complete supplement mixture” (CSM) w/o histidine, leucine, tryptophane, uracil and 

adenine 

Amino acids were added as required according to Zimmermann, 1975. 2 or 4 % glucose, 1 - 2 % 

ethanol or 2 % sucrose were supplemented as carbon sources. For solid media, the pH was adjusted to 

6.2-6.3 and 1.5 % agar were added. 

For selection of KanMX expressing yeast cells, 200 mg/l G418 were added to the medium. 

 

Sporulation medium (Sherman, 2002) 

1 % potassium acetate 

0.1 % yeast extract 

0.05 % glucose 

2 % agar  

 

Storage of yeast cells 

For long-term storage of yeast strains, 500 µl of a stationary overnight culture were added to 1 ml of 

33 % glycerol. After incubation at room temperature for 1 h, the culture was frozen and stored at         

-80°C. 

 

2.2.2 Media and culture conditions for cultivation of E. coli 

E. coli cells were cultivated at 37°C. 

 

Rich medium (LB) 

1 % sodium chloride 

0.5 % yeast extract 

1 % tryptone 

For plates, 1.5 % agar were added. 

For plasmid selection, antibiotics were added after sterilization of the medium. The final concentration 

of ampicillin was 50 mg/ml and the one of kanamycin 20 mg/l.  

For performance of blue/white screening, 100 µl of an X-Gal solution (2 % w/v in 

dimethylformamide) were spread onto the plate before streaking out the E. coli cells. 
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2.3 Methods 

2.3.1 Transformation of E. coli  

Transformation of chemically competent E. coli was performed according to Hanahan et al., 1985. 

Thus, 50 ml of LB medium were inoculated with 0.5 to 1 ml of cells from an overnight culture of 

DH5α and incubated on a rotary shaker at 180 rpm until they reached an OD600 of 0.4 - 0.6. The 

culture was harvested by centrifugation at 4°C at 3500 rpm in an Allegra X-22R centrifuge (Beckman 

Coulter, Krefeld). The pellet was resuspended in 5 ml of RF1 solution (100 mM RbCl, 50 mM MgCl2, 

30 mM KAc, 10 mM CaCl2, 15 % glycerol, pH 5.8) and incubated on ice for 15-20 min. The cells 

were precipitated again and resuspended in 4 ml of RF2 solution (10 mM MOPS, 10 mM RbCl, 

75 mM CaCl2, 15 % glycerol, pH 6.8). After incubation on ice for 20 min, the cells were aliquoted in 

200 µl portions and stored at -80°C until use. For transformation, 1 µl of plasmid DNA or 10 µl of a 

ligation mixture were added to a thawed aliquot of competent cells. After incubation on ice for 30 min, 

a heat shock at 42°C for 1.5 min was performed. After a brief incubation of the sample on ice, 1 ml of 

LB medium was added and the cells were incubated for 1 h at 37°C for phenotypic expression. Cells 

were collected by centrifugation in a microfuge at 13000 rpm for 1 min, resuspended in a drop of 

medium and plated on selective LB medium containing the required antibiotics. 

 

2.3.2 Transformation of yeast cells according to the “freeze” protocol (Klebe et al., 1983) 

50 ml of full medium were inoculated with 0.5-1 ml of an overnight culture and incubated on a shaker 

until the OD600 was about 0.6. The yeast cells were harvested (5 min at 2500 rpm and 4°C in an 

Allegra X-22R centrifuge, Beckman Coulter) and washed in 5 ml of buffer A (1 M sorbitol, 10 mM 

bicine pH 8.35, 3 % ethylene glycol) and again resuspended in 4 ml of buffer A. The cell suspension 

was aliquoted in 200 µl portions and stored at -80°C until further use. For transformation, 5 - 10 µl of 

DNA and 5 µl of fish sperm DNA (10 mg/ml, Roche, Mannheim) were added. The samples were 

incubated for 5 min at 37°C and mixed carefully several times. After that, 1 ml of buffer B (40 % PEG 

1000, 200 mM Bicine pH 8.35) was added and the samples were incubated at 30°C for 1 h. The 

transformed yeast cells were spun down (6000 rpm for 5 min in a Heraeus Pico17 table top centrifuge 

for Eppendorf cups), resuspended in a small amount of buffer B and plated onto selective media. 

Cells, which were selected for resistance to G418, were incubated overnight in rich medium and plated 

onto rich medium plates containing G418. 

 

2.3.3 Transformation of yeast cells with lithium acetate (Gietz et al., 1995) 

50 ml of full medium were inoculated with 1 ml of an overnight culture and incubated on a shaker 

until the OD600 was about 1.5. The cells were harvested (3 min at 3000 rpm and 4°C in an Allegra X-

22R centrifuge, Beckman Coulter), washed with 25 ml H2O, resuspended in 1 ml of 100 mM lithium 
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acetate and spun down again (3000 rpm for 3 min in a Heraeus Pico17 table top centrifuge for 

Eppendorf cups). The pellet was resuspended in 400 µl of 100 mM lithium acetate and the suspension 

was split into 50 µl aliquots, which were spun down. To each pellet 240 µl 50 % PEG 4000, 36 µl 1 M 

lithium acetate, 5 µl of fish sperm and 3 µl of a plasmid preparation or 25 µl PCR product were added. 

Afterwards, the pellet was resuspended and the samples were first incubated for 30 min at 30°C 

followed by a heat shock at 42°C for 20 min. The transformed cells were spun down and selection of 

transformants was done as described above (2.3.2). 

 

2.3.4 Analysis of DNA 

2.3.4.1 Isolation of plasmids from E. coli 

Plasmids from E. coli were isolated with the “GeneJET Plasmid Miniprep Kit” (Thermo Scientific) 

according to manufacturers’ instructions. 

 

2.3.4.2 Isolation of plasmids from yeast 

For plasmid isolation from yeast, 10 ml of an overnight culture were harvested (5 min at 4000 rpm at 

4°C in an Allegra X-22R centrifuge, Beckman Coulter) and resuspended in 400 µl “resuspension 

solution” of the “GeneJET Plasmid Miniprep Kit” (Thermo Scientific). Subsequently, 500 µl of glass 

beads were added and the samples were shaken for 15 min at 4°C on a “Vibrax VXR basic” (IKA, 

Staufen). Afterwards, 250 µl of the supernatant were used for plasmid isolation according to the 

manufacturers’ instructions with the “GeneJET Plasmid Miniprep Kit” (Thermo Scientific). Optional 

steps for better purification of the DNA were performed and plasmid DNA was eluted with 20 µl 

water, previously warmed up to 50°C. The entire samples were transformed into E. coli with selection 

for ampicillin resistance.  

 

2.3.4.3 Isolation of yeast chromosomal DNA 

5 ml of overnight culture were harvested (5 min at 4000 rpm, Hettich EBA 8S) and resuspended in 

100 µl of extraction buffer (50 mM NaCl, 1 mM EDTA pH 8, 10 mM Tris-HCl pH 8, 0.5 % TritonX-

100). To each sample, 100 µl Phenol/CIA (Roti-Phenol/Chloroform/Isoamylalcohol from Carl Roth 

GmbH & Co KG, Karlsruhe) and 100 µl of silica beads were added. Cells were disrupted by vigorous 

shaking for 15 min at 4°C on a “Vibrax VXR basic” (IKA, Staufen). After centrifugation for 15 min at 

13000 rpm, 10 µl of the aqueous phase were removed and mixed with 50 µl of water. 5 µl of this 

mixture were used as a template for PCR.  
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2.3.4.4 Polymerase chain reaction (PCR) 

DNA fragments for cloning were amplified by PCR with the “Expand High Fidelity Polymerase” 

(Roche, Mannheim). The composition of a typical mixture is given in table 2.5. 

 

Tab. 2.5: Composition of the PCR samples for amplification of DNA fragments for cloning 

Component Volume 

High Fidelity buffer (10x) with MgCl2 (15 mM) 5 µl 

dNTP-mixture (2 mM dCTP, dGTP, dATP und dTTP 

each, Jena Bioscience) 

5 µl 

oligonucleotide 1 (10 pmol/µl) 1µl 

oligonucleotide 2 (10 pmol/µl) 1 µl 

template-DNA (plasmids were diluted 1:50 to contain 

approximately 10 ng/µl of DNA) 

2 µl 

sterile H2Obidest 33.25 µl 

High Fidelity Polymerase 0.75 µl 

 

For confirmation of correct cloning, the “DreamTaq DNA Polymerase” (Thermo Scientific) was 

employed. The composition of a typical mixture is given in table 2.6. 

Tab. 2.6: Composition of samples for control PCRs 

Component Volume 

Taq-buffer (10x) without MgCl2 5 µl 

dNTP-mixture (2 mM dCTP, dGTP, dATP und dTTP 

each, Jena Bioscience) 

5 µl 

MgCl2 (25 mM)    7 µl 

oligonucleotide 1 (10 pmol/µl) 1 µl 

oligonucleotide 2 (10 pmol/µl) 1 µl 

DNA-template 5 µl 

sterile H2Obidest 23.75 µl 

Taq Polymerase 0.25 µl 

 

The standard amplification program consisted of an initial denaturation step of 2 min at 94°C. This 

was followed by 35 cycles of 30 s at 94°C, primer annealing at temperatures between 50 and 58°C for 

1 min and elongation at 72°C for 1 min per kb of amplified DNA. If the desired PCR product was 

longer than 3 kb, the elongation temperature was reduced to 68°C. A final elongation step for 15 min 

at the applied elongation temperature was carried out and samples were cooled down to 20°C. If the 

“DreamTaq DNA Polymerase” was employed, only 25 cycles of denaturation, annealing and 

elongation were used. All PCRs were carried out in a T-personal thermocyler (Biometra, Göttingen). 

 

2.3.4.5 Agarose gel electrophoresis 

DNA was separated by electrophoresis in 0.8 or 1 % agarose gels in TAE buffer (2 M Tris, 1 M acetic 

acid, 50 mM EDTA, pH 8.3, MP Biomedicals Europe, Illkirch, France). 10x fast digest green buffer 

(Thermo Scientific) was added to the samples according to manufacturers’ instructions. “O’GeneRuler 
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1 kb DNA Ladder” (ready-to-use, Thermo Scientific) was used as a molecular weight marker. 

Electrophoresis was carried out for 1 h at 90 V and the gel was stained for 20 min in ethidiumbromide 

(final concentration 1 µg/ml in H2O). The DNA was visualized by exposure to UV light and 

documented with a “GelDoc-It Ultraviolet Transilluminator” (UVP, Upland, USA). 

 

2.3.4.6 Extraction of DNA from agarose gels and purification of PCR products 

To extract DNA from agarose gels, the respective bands were cut out and the DNA was eluted using 

the “GeneJET PCR Purification Kit” (Thermo Scientific) according to manufacturers’ instructions. 

Likewise, PCR products were purified with the same kit. 

 

2.3.4.7 Restriction and ligation of DNA 

For restriction analyses, “FastDigest” restriction enzymes (Thermo Scientific) were used according to 

the manufacturers’ instructions. Subsequently, the DNA was separated by agarose gel electrophoresis.  

Ligation of DNA fragments was carried out with the T4 DNA ligase (Thermo Scientific) according to 

manufacturers’ instructions. 

 

2.3.4.8 Sequencing of DNA 

The DNA samples were sent to SRD GmbH (Bad Homburg) for sequencing.  

 

2.3.5 Crossing of yeast strains, sporulation and tetrad analyses 

2.3.5.1 Crossing of yeast strains 

Overnight cultures of the respective strains were spun down (5 min at 4000 rpm, Hettich EBA 8S) and 

resuspended in fresh rich medium. 1.5 ml of each culture were taken, mixed and filled up to 5 ml with 

rich medium. After incubation for at least 6 h at 30°C, the cells were harvested (5 min at 4000 rpm, 

Hettich EBA 8S) and streaked out on plates, which were selective for diploids. 

 

2.3.5.2 Sporulation and tetrad analysis 

Overnight cultures of diploid cells were harvested (5 min at 4000 rpm, Hettich EBA 8S). The 

supernatant was discarded and the pellet resuspended in the remaining medium was dropped onto a 

Sherman agar plate. The plate was incubated at 30°C for 3-6 days. After tetrad formation was 

microscopically confirmed, a small sample was taken with a sterile pipette tip and resuspended in 

70 µl water. 1 µl of Zymolyase (12.5 mg/ml, Zymolyase 20T, MP Biomedicals, Illkirch, France) was 
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added to the cell suspension. After incubation at room temperature for 10 min, another 70 µl of water 

were added and 15 µl of this mixture were streaked onto a full medium plate. Tetrads were dissected 

using the micromanipulator “MSM System” by Singer Instruments (Watchet, UK). The plate was 

incubated at 30°C and segregants forming colonies were used to prepare a master plate for checking 

all genetic markers by subsequent replica-platings.  

 

2.3.6 Preparation of cell extracts for enzyme assays 

10 to 50 ml of yeast culture were harvested (5 min at 4000 rpm and 4°C in an Allegra X-22R 

centrifuge, Beckman Coulter, Krefeld). The supernatant was discarded and the cell pellet was stored at       

-20°C until further use.  

For the preparation of yeast cell extracts, the frozen pellets were washed once with 1 ml of 50 mM 

potassium phosphate buffer (pH 7). The pellet was resuspended again in 500 µl of 50 mM potassium 

phosphate buffer (pH 7) and 500 µl of glass beads were added, before the yeast cells were disrupted on 

a “Vibrax VXR basic” (IKA, Staufen, Germany) for 20 min at 4°C. After addition of another 500 µl of 

potassium phosphate buffer, the samples were mixed and the supernatant was transferred to a new 

Eppendorf cup and centrifuged for 10 min at 13000 rpm (Heraeus Pico17 table top centrifuge). The 

supernatant was transferred to a fresh Eppendorf cup and used for protein determination and enzyme 

assays.  

 

2.3.7 Determination of protein concentration in cell extracts 

The protein concentration in yeast cell extracts was determined by the “Micro-Biuret” method as 

described in Zamenhof et al., 1957. 

Briefly, 950 µl H2O and 500 µl of Biuret solution (10 N NaOH, 1% Cu2SO4) were added to 50 µl of 

cell extract. After a brief incubation, the protein concentration was determined by measuring the 

extinction at 290 nm and comparison to a standard obtained with BSA.  

 

2.3.8 β-galactosidase activity assay 

Prewarmed β-galactosidase buffer (60 mM Na2HPO4, 40 mM NaH2PO4, 1 mM MgSO4, 2 mg/ml 

ONPG, pH 7.0) was added to samples of crude extract to give a final volume of 1 ml. The samples 

were incubated at 30°C until the colorless solution turned yellow. The reaction was stopped by the 

addition of 500 µl 0.5 M sodium carbonate. Substrate turnover was determined by the absorption at 

420 nm and specific activities were calculated according to the formula 

[mU/mg] = (∆E/min * Vtotal * 10
6
)/(ε * mprotein * VCE * d) 

∆E420nm = extinction at 420 nm 

ε = extinction coefficient = 4.5*10
3
 l mol

-1
 cm

-1
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Vtotal = total volume = 1500 µl 

VCE = volume of crude extract = 50 µl 

mprotein = protein concentration as determined with the “Micro-Biuret” method [mg/ml] 

d = thickness of the cuvette = 1 cm 

 

2.3.9 Phosphoglucose isomerase activity assay 

The applied volume of crude extract was filled up to 1 ml final volume with water. 500 µl of the 

master-mix (Tab. 2.7) were added and ∆E340/min was determined in a spectrophotometer (Beckman 

Coulter DU800, Krefeld) at 30°C. The enzyme activity was determined with the equation given in 

section 2.3.8 with ε = 6.2*10
3
 l mol

-1
 cm

-1
. The protein concentration was determined with the “Micro-

Biuret” method (see section 2.3.7). 

Tab. 2.7: Composition of the master-mix for the determination of phosphoglucose isomerase activity 

Component µl/500 µl of master-mix 

MgCl2 (1 M) 15 

KCl (1 M) 150 

NADP (200 mM) 3.75 

EDTA (0.5 M) 0.3 

imidazole buffer (0.5 M) 150 

glucose-6-phosphate 

dehydrogenase (0.5 U/µl) 

1 

H2O 180 

 

2.3.10 Western blot analysis to determine the Snf1-phosphorylation state  

The cells were grown over night in selective medium with 4 % glucose. At an OD600 of approximately 

0.4, a sample was taken for the negative control. For the positive control, 10 ml of the culture were 

collected by centrifugation, resuspended in selective medium with 2 % ethanol and harvested after 

2.5 h of incubation. To the remaining overnight culture Caspofungin was added to a final 

concentration of 50 ng/ml. Congo red or Calcofluor white were added in different concentrations as 

indicated in the results section. For each sample, 7 ml of culture were transferred into a prewarmed 

glass tube and boiled for 3 min. After cooling to room temperature, the cells were collected by 

centrifugation and resuspended in 150 µl TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.5). After 

addition of the same volume of 0.25 M NaOH and incubation for 5 min at room temperature, the 

samples were centrifuged again and insoluble material was resuspended in 30 µl of gel loading buffer 

(80 mM Tris-HCl, pH 6.8, 10 mM EDTA, 5 % mercaptoethanol, 20 % glycerol, 0.2 % bromphenol 

blue, 4 % SDS). The samples were boiled for 5 min before separation in a 10 % SDS-polyacrylamide 

gel. The transfer to a nitrocellulose membrane (PROTRAN Nitrocellulose Transfer Membrane, 

Whatman, Dassel) was done with the “Trans-Blot SD Semi-Dry Electrophoretic Transfer Cell” (Bio-

Rad Laboratories, Munich) for 1 h at 20 V. Subsequently, the membrane was blocked for 1.5 h at 
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room temperature with 5 % milk powder in TBS (20 mM Tris, 137 mM NaCl, pH adjusted to 7.6 with 

HCl). Phosphorylated Snf1 was detected using phospho-AMPKα (Thr172) (40H9) (Cell Signaling 

Technology, Danvers, MA, USA). The antibody was diluted 1:100 with 5 % BSA in TBS-T (20 mM 

Tris, 137 mM NaCl, pH adjusted to 7.6 with HCl, 0.1 % Tween 20). The membrane was incubated 

with the first antibody over night at 4°C and then treated with an anti-rabbit secondary antibody 

coupled to IRDye700 (611-730-127, Rockland immunochemicals, Gilbertsville, PA, USA; diluted 

1:5000 with 1 % milk powder in TBS-T) for 1 h at room temperature. For the subsequent detection of 

the overall amount of Snf1-HA a mouse polyclonal anti-HA serum (kindly provided by Anja Lorberg, 

Osnabrück; diluted 1:2500 with 1 % milk powder in TBS-T) was applied for 2 h at room temperature, 

followed by an anti-mouse secondary antibody coupled to IRDye800 (926-32210, Li-Cor, Lincoln, 

NE, USA; diluted 1:5000 with 1 % milk powder in TBS-T) for 1 h at room temperature. The signals 

were visualized and quantified using an Odyssey infrared imaging system (Li-Cor, Lincoln, NE, USA) 

and the Odyssey 2.1 software. 

 

2.3.11 Determination of the Mpk1-phosphorylation state  

Crude extracts for the analysis of the phosphorylation state of Mpk1 were prepared as followed:  

10
7
 cells of a logarithmically growing culture were collected by centrifugation. The Mpk1 

phosphorylation was induced for 40 min with 50 ng/ml Caspofungin or by incubation at 37°C. The 

cell pellets were resuspended in 500 µl “Roedel-mixture” [0.25N NaOH, Mercaptoethanol, 200 mM 

PMSF, 25x Complete Protease Inhibitor (Roche, Mannheim), 100 mM sodium orthovanadate, 10x 

phosphatase inhibitor mix (Roche, Mannheim)] and incubated on ice for 10 min. After addition of 

trichloroacetic acid to a final concentration of 13 %, the samples were incubated on ice for another 

10 min. The insoluble material was collected by centrifugation, washed with 1 ml of cold acetone and 

dried at 55°C. After resuspension in SDS sample buffer, the samples were incubated at 95°C for 3 min 

and separated in a 10 % SDS-polyacrylamide gel before transfer to a nitrocellulose membrane 

(Whatman GmbH, Dassel). The membrane was blocked for 1 h at room temperature with 5 % milk 

powder in TBS-T (20 mM Tris, 137 mM NaCl, pH adjusted to 7.6 with HCl, 0.1 % Tween 20). The 

phosphorylated Mpk1 was detected with Phospho-p44/42 MAPK XP rabbit antibody (Cell Signaling 

Technology, Danvers, MA, USA), which was diluted 1:100 with 1 % milk powder in TBS-T. The 

incubation with the first antibody occurred over night at 4°C. This step was followed by the incubation 

with an anti-rabbit IRDye 700 Dx (Rockland immunochemicals, Gilbertsville, PA, USA; diluted 

1:5000 with 1 % milk powder in TBS-T) for 1 h at room temperature. The total amount of Mpk1 was 

detected by goat Mpk y-C20 polyclonal antibody (Santa Cruz Biotechnology, Heidelberg; diluted 

1:5000 with 1 % milk powder in TBS-T) which was applied for 2 h at room temperature, followed by 

the incubation with an anti-goat antibody from donkey coupled to IRDye800 (Rockland 

Immunochemicals, Gilbertsville, PA, USA; diluted 1:5000 with 1 % milk powder in TBS-T) for 1 h at 
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room temperature. The signals were visualized and quantified in the Odyssey infrared imaging system 

(Li-Cor, Lincoln, NE, USA) using Odyssey 2.1 software.  

 

2.3.12 Preparation of yeast cell walls (Backhaus et al., 2010) 

Cell walls were isolated according to de Groot et al., 2004. Briefly, 100 ml of logarithmically growing 

cells or 50 ml of cells from a stationary culture were harvested, washed once with cold water and once 

more with 10 mM Tris-HCl, pH 7.5. The cells were resuspended in 2.5 ml of 10 mM Tris-HCl, pH 7.5 

with the addition of protease inhibitors (Protease Inhibitor Mix FY in DMSO, Serva), and 

disintegrated by vigorous shaking with glass beads (0.5 mm diameter) twice for 30 min at 8°C. The 

debris containing the cell walls was washed extensively with 1 M NaCl and extracted four times with 

detergent (50 mM Tris-HCl, pH 7.8, 2 % SDS, 100 mM Na-EDTA, 150 mM NaCl and 8 µl β-

mercaptoethanol per ml of extraction buffer). After seven washing steps with water, the cell walls 

were freeze-dried and stored at -20°C until use. 

 

2.3.13 Analyses of cell wall proteins by mass spectrometry (Backhaus et al., 2010) 

Lyophilized cell walls were reduced with 10 mM dithiothreitol in 100 mM NH4HCO3 by incubation 

for 1 h at 55°C. After cooling to room temperature and centrifugation, the reduced proteins in the 

pellet were alkylated with 65 mM iodoacetamide in 100 mM NH4HCO3 for 45 min at room 

temperature in the dark. The samples were quenched with 55 mM dithiothreitol in 100 mM NH4HCO3 

for 5 minutes, washed six times with 50 mM NH4HCO3 and either frozen in liquid nitrogen for storage 

at -80°C or directly subjected to trypsin digestion. For the latter 2 µg Trypsin Gold (Promega, 

Madison,WI, USA) were added from a 1 µg/µl stock solution with 0.1 % Rapigest SF surfactant 

(Waters, Milhouse, MA, USA) and incubated for 18 h at 37°C. The tryptic digests were desalted using 

a C18 tip column (Varian, Palo Alto, CA, USA) according to the manufacturer’s instructions. After 

evaporation of acetonitrile in a Speedvac (Genevac, Ipswich, England), the peptide concentration was 

determined at 205 nm using a NanoDrop ND-1000 (Isogen Life science, IJsselstein, The Netherlands; 

Desjardins et al., 2009). Each sample was diluted with 0.1 % trifluoroacetic acid to a final 

concentration of 7.5 ng/µl, and 10 µl per run were injected onto an Ultimate 2000 nano-HPLC system 

(LC Packings, Amsterdam, The Netherlands) equipped with a PepMap100 C18 reversed phase column 

(75 µm inner diameter, 25 cm length; Dionex, Sunnyvale, CA, USA). An elution flow rate of 

0.3 µl/min was applied along a linear gradient with increasing acetonitrile concentrations over 45 min. 

The eluting peptides were directly ionized by electrospray in a Q-TOF (Micromass, Whyttenshawe, 

United Kingdom). Survey scans were acquired from m/z 350-1200. For low energy collision-induced 

dissociation (MS/MS), the most intense ions were selected in a data-dependent mode. After processing 

with the MaxEnt3 algorithm, included in the Masslynx Proteinlynx software, the spectra were 

converted into pkl (peak list) files. Submitting these to an internally licensed version of MASCOT 



Materials and methods 

27 

(Matrix Science, Great Britain) led to the identification of proteins by comparison to a complete ORF 

translation of the K. lactis genome (http://www.genolevures.org/) or the S. cerevisiae genome, 

respectively. In MASCOT two miscleavages and a tolerance of 0.6 Da for peptides and MS/MS were 

allowed. Based on probabilistic MASCOT scoring, a P value of <0.05 was considered significant for 

peptide identification. Two to three independently obtained biological samples were analyzed for each 

condition (biological replicates). Each biological sample was subjected to two runs with MS/MS 

selection switching times of 1.5 s and 1.25 s, respectively. All identified proteins were subjected to 

signal peptide prediction using SignalP3.0 (Bendtsen et al., 2004) and prediction of a GPI anchor 

sequence using the BIG-PI fungal predictor (Eisenhaber et al., 2004). 

 

2.3.14 Analyses of cell wall polysaccharides by HPLC (Backhaus et al., 2010) 

The glucose and mannose content of the yeast cell walls were analyzed by HPLC. Four mg freeze-

dried walls were hydrolyzed by treatment with 100 µl 72 % H2SO4 (v/v) for 3 hours at room 

temperature. After addition of 575 µl distilled water to obtain a 2 M H2SO4 solution, samples were 

boiled for 4 hours and cooled on ice. Proteins were precipitated by adding 67.5 µl of 35 % perchloric 

acid and neutralized with 37 µl of 7 M KOH. After centrifugation, the supernatant was filtered and the 

sugar composition was analyzed by HPLC on a REZEX organic acid analysis column (Phenomenex, 

Torrance, CA, USA) at 45°C
 
with 7.2 mM H2SO4 as the eluent, using an RI 1530 refractive

 
index 

detector (Jasco, Tokyo, Japan). AZUR chromatography software was used for
 
data integration. 

Solutions with different glucose and mannose concentrations were used as standards. 

The chitin content was determined using a colorimetric method (Elson and Morgan, 1933). Briefly, 

100 µl of a sample were mixed with 100 µl of solution A (1.5 N Na2CO3 in 4 % acetylacetone). The 

mixture was boiled for 20 min. After cooling to ambient temperature, 100 µl of solution B (1.6 g p-

dimethyl-aminobenzaldehyde in 30 ml of concentrated HCl and 30 ml of 96 % ethanol) were added, 

incubated for 1 h at room temperature, and the absorbance at 520 nm was determined. The chitin 

content of the samples was determined relative to a glucosamine standard. 

 

2.3.15 Transmission electron microscopy of yeast cells (Backhaus et al., 2010) 

Thirty OD600 units of exponentially growing cells were prefixed with 3x FIX (6 % glutaraldehyde, 

300 mM PIPES, 3 mM MgCl2, 3 mM CaCl2, 600 mM sorbitol pH 6.8; Brizzio et al., 1996; Wright, 

2000) for 5 min at room temperature. Cells were harvested by centrifugation and incubated with 1x 

FIX for another 30 min at room temperature. Cells were then washed three times with water and fixed 

with 3 % (w/v) freshly prepared KMnO4 for 15 h at 8°C. After four further washing steps with water, 

cells were incubated in 1 % (w/v) NaIO3 for 15 min at room temperature (Brizzio et al., 1996), washed 

once more, resuspended in 50 mM (NH4)3PO4 and incubated 15 min at room temperature (Brizzio et 

al., 1996). The fixed cells were dehydrated with increasing concentrations of ethanol (10-100 % v/v) 
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and transferred to a mixture of equal volumes of ethanol and acetone for 10 min followed by two times 

of incubation in acetone for 5 min. Cells were then infiltrated overnight in a 3:1 mixture of acetone 

and Epon812. This mixture was replaced by Epon812 for 7-8 h, and cells were resuspended in fresh 

Epon812, which was polymerized for 72 h at 60°C. Seventy nm thick sections were cut with a 

diamond knife on a Leica Ultracut UCT ultramicrotome, transferred to single slot grids, stained with 

2 % uranyl acetate and lead citrate (Reynolds, 1963), and examined with a Zeiss TEM 902A electron 

microscope at 50 kV. 

 

2.3.16 Serial drop dilution assays 

Cells were grown overnight in rich medium containing 1 M sorbitol if required. The cultures were 

diluted to an OD600 of 0.1 and grown again in the respective medium for several hours. Exponentially 

growing cells were washed once with 1 M sorbitol and again adjusted to an OD600 of 0.1 with fresh 

growth medium. Dilutions from 10
0
 to 10

-3
 were prepared and 3 µl of each dilution were spotted onto 

solid media with the stress agents indicated in the results section.  

 

2.3.17 Zymolyase growth inhibition assay 

The sensitivity assay to a β-1,3-glucanase preparation (ImmunO Zymolyase-20T, MP Biomedicals, 

Illkirch, France) was performed according to Alonso-Monge et al., 2001. Cell cultures were inoculated 

with an OD600 of 0.025 in 3 ml of YEPD medium. Different amounts of Zymolyase were added and 

the OD600 was determined after 16 h of cultivation at 30°C on a rotary shaker (180 rpm/min). Relative 

sensitivities were calculated as the percentage of cell densities compared to the samples grown without 

enzyme addition. 
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3. Results 

In the first part of this thesis, the cell wall of the milk yeast K. lactis was characterized. These 

results have been published in Backhaus et al., 2010. The second part deals with the 

questions, whether and how the Snf1 kinase complex (a key regulator of carbohydrate 

metabolism in S. cerevisiae) influences cell wall biosynthesis in baker’s yeast. In this context, 

the nature of a presumed crosstalk between the response to glucose availability and cell wall 

integrity signaling was also investigated. 

 

3.1 Characterization of the K. lactis cell wall (main parts published in Backhaus 

et al., 2010) 

 

In this part of the work, the cell wall of the milk yeast K. lactis was characterized with regard 

to its polysaccharide composition, the cell wall proteome and the thickness of the cell wall 

under different growth conditions. Moreover, the sensitivity to the cell wall degrading enzyme 

mixture Zymolyase was determined. The sequenced K. lactis type strain CBS2359 (Sherman 

et al., 2004) was chosen for these investigations and results were compared to a S. cerevisiae 

strain from the CEN.PK-series (K39), whose characteristics have been suggested to be similar 

to industrial strains (Schehl et al., 2004).  

 

3.1.1 Transmission electron microscopy of the yeast cell wall 

To have a closer look at the ultrastructure of the milk yeast and especially its cell wall, a 

protocol for transmission electron microscopy was established (section 2.3.15) and cells 

grown under different conditions were examined. Figure 3.1 shows electron micrographs of 

K. lactis and S. cerevisiae. Clearly, K. lactis disposes of more mitochondria than S. cerevisiae 

especially when grown on glucose as a carbon source. A more detailed look at the cell wall of 

both yeast species does not reveal differences in the general ultrastructure. Both display an 

electron-dense outer layer, supposedly consisting of mannoproteins, and a more electron-

transparent inner layer, which presumably harbors the majority of the cell wall 

polysaccharides. Yet, the cell wall thickness of K. lactis differs from the one of the baker’s 

yeast (Tab. 3.1). Exact determinations (Fig. 3.1C and F) reveal that the cell wall of glucose-

grown K. lactis cells is only 64 nm thick on average. However, growth on ethanol leads to a 

40 nm increase in the cell wall thickness (Tab. 3.1). This difference cannot be found for 

S. cerevisiae, whose cell wall is approximately 100 nm thick under both growth conditions. 
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A 

 

D 

 
B 

 

E 

 
C 

 

F 

 

Fig. 3.1: Transmission electron micrographs of K. lactis and S. cerevisiae (Backhaus et al., 2010) 

A, B, D, E Representative electron micrographs of the indicated yeast with glucose or ethanol as a carbon 

source 

C Enlarged image of a representative K. lactis cell grown on YEPD, indicating ten points for measurement of 

cell wall thickness  

F Enlarged image of a representative S. cerevisiae cell grown on YEPD, indicating ten points for measurement 

of cell wall thickness  

Kl = K. lactis; Sc = S. cerevisiae; YEPD = Cells were grown on YEP with 2 % glucose; YEPE = Cells were 

grown on YEP with 3 % ethanol; cw = cell wall; pm = plasma membrane; n = nucleus; v = vacuole; 

m = mitochondrium 
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Tab. 3.1: Cell wall thickness after growth on different carbon sources (Backhaus et al., 2010) 

yeast 
cell wall thickness [nm] 

glucose ethanol 

K. lactis 64 +/- 10 105 +/- 18 

S. cerevisiae 102 +/- 14 100 +/- 15 

The given values are the average of 45 cells measured for each condition. +/- gives the standard deviation. For 

each cell, wall thickness was determined at 10 different points of the mother cell as exemplified in Fig. 3.1C and 

F. 

 

3.1.2 Polysaccharide composition of the K. lactis cell wall in comparison to S. cerevisiae 

The polysaccharide portion of yeast cell walls consists mainly of glucan, subdivided into      

β-1,3- and β-1,6-glucan, mannan, which is bound to the cell wall proteins, and minor amounts 

of chitin. 

The glucan content apparently does not vary dramatically in K. lactis cell walls under 

different growth conditions (Tab. 3.2). In contrast, for S. cerevisiae cell walls a slight 

reduction of the glucan portion can be observed in the walls prepared from ethanol-grown 

cells as compared to those grown with glucose as a carbon source. Stationary S. cerevisiae 

cells have even less glucan in their cell wall than those grown on ethanol. Conversely, in 

S. cerevisiae cell walls the mannan content increases under these conditions with the one of 

glucose-grown cells being the lowest and the one in stationary cells being the highest (Tab. 

3.2). For K. lactis, the opposite behavior can be observed: the cell wall mannan content is 

lowest in stationary cells and highest for cell walls obtained from glucose-grown cells 

harvested in the logarithmic growth phase.  

Regarding the chitin content, similar values for both yeasts were found (Tab. 3.2). Chitin 

constitutes about 3 % of the total cell wall dry weight but when cells are grown on ethanol the 

chitin content increases to approximately 4 %. 
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Tab. 3.2: Polysaccharide content of cell walls obtained under different growth conditions (Backhaus et al., 

2010) 

 
growth 

phase 

carbon 

source 
glucan mannan 

glucan/ 

mannan 

ratio 

chitin 

K. lactis 
log 

glucose 556 +/- 11 326 +/- 24 1.7 34 +/- 3 

ethanol 557 +/- 21 272 +/- 13 2.0 43 +/- 8 

stat glucose 569 +/- 40 263 +/-   3 2.2 34 +/- 4 

S. cerevisiae 
log 

glucose 463 +/- 34 317 +/- 20 1.5 29 +/- 4 

ethanol 427 +/- 61 340 +/- 27 1.3 47 +/- 3 

stat glucose 373 +/- 69 368 +/- 53 1.0 24 +/- 1 

Carbohydrate contents are given in µg/mg of cell wall dry weight including the standard deviations (+/-) from at 

least three independent determinations, with the sole exception of K. lactis cells growing logarithmically on 

glucose, for which only two cultures were tested. log = logarithmic growth phase; stat = stationary phase 

 

3.1.3 Sensitivity to Zymolyase 

In addition to the quantitative determinations of the cell wall composition, the sensitivity to 

the glucanase preparation Zymolyase was determined. This method serves to detect in vivo 

alterations of the cell wall structure in growing yeast cells (de Nobel et al., 2000). 

S. cerevisiae and K. lactis cultures were incubated with glucose or ethanol as a carbon source 

in the presence of increasing amounts of Zymolyase. Their ability to grow was determined 

after overnight incubation. Figure 3.2 shows that K. lactis is generally more sensitive to 

glucanase than S. cerevisiae. Additionally, S. cerevisiae is slightly less sensitive to the 

enzyme preparation, when grown with ethanol as a carbon source, compared to cells grown 

on glucose. In contrast, K. lactis cells grown on ethanol are more sensitive to Zymolyase than 

glucose-grown cells.  
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Fig. 3.2: The effect of Zymolyase on growth with glucose or ethanol as carbon sources 

Cells of the indicated yeast species were incubated in rich medium with the indicated carbon source in the 

presence of increasing concentrations of Zymolyase.  

Kl = K. lactis; Sc = S. cerevisiae; YEPD = Cells were grown on YEP with 2 % glucose; YEPE = Cells were 

grown on YEP with 3 % ethanol 

 

3.1.4 The K. lactis cell wall proteome 

The outer electron-dense layer of the cell wall is dominated by mannoproteins. For many 

yeast species, the composition of this outer mannoprotein layer was shown to depend on 

environmental conditions (Kapteyn et al., 2001; Sosinska et al., 2008; Sosinska et al., 2011). 

Therefore, the K. lactis cell wall proteome was examined in collaboration with the group of 

Frans Klis (Amsterdam, The Netherlands). Cells grown with different carbon sources, which 

were harvested during logarithmic growth, were investigated. Additionally, walls from cells 

grown with glucose as a carbon source into the stationary phase were prepared. After 

digestion with trypsin to release the cell wall proteins, the proteomes were analyzed by mass 

spectrometry. Tables containing all the detected proteins under the respective growth 

conditions can be found in the supplemental material (Tab. S1 to S4). Table 3.3 shows a 

representative selection of cell wall proteins, their predicted function and their predicted 

homolog in S. cerevisiae. The analysis led to detection of 24 different cell wall proteins. 

Twenty of them belong to the GPI-proteins and four are non-GPI-proteins. In addition to the 

putative cell wall proteins, which contain either a predicted attachment site for a GPI-anchor 

or internal repeats, some of the detected proteins are not expected to be linked to either the 

cell wall structure or its remodeling. Some examples for these proteins can be found in the 

lower part of table 3.3. For instance, the protein KlFre1 is a predicted ferric reductase that is 
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located in the plasma membrane. Another example is KlInv1, which is a secreted invertase 

mostly retained in the periplasmic region (Georis et al., 1999).  

 

Tab. 3.3: Selected K. lactis cell wall proteins identified in cell walls by mass spectrometry (see 

supplementary materials for complete listings) 

K. lactis ORF 

(suggested protein 

name) 

S. cerevisiae 

homolog 
a 

(% aa identity
c
) 

total no. of aa (region of 

identified peptides)
 b 

predicted function 
c
 

GPI cell wall proteins 

KLLA0A06556g YJL171C (62) 399 (83-205) CWP 

KLLA0B06347g 

(KlCwp1a) 
Cwp1 (50) 248 (32-138) CWI 

KLLA0B14498g - 766 (55-264) unknown 

KLLA0C04928g Fit3 (ws) 174 (58-64) iron uptake 

KLLA0C05940g 

(KlPlb1) 
Plb1 (69) 640 (49-543) fatty acid release 

KLLA0C07238g 

(KlGas3) 
Gas3 (67) 499 (30-408) 

transglycosylase 

using β-1,3-glucan as 

substrate 

KLLA0C14091g 

(KlGas1) 
Gas1 (67) 555 (83-206) 

transglycosylase 

using β-1,3-glucan as 

substrate 

KLLA0C14454g 

(KlEcm33) 
Ecm33 (60) 417 (143-351) 

CWI and mannan 

assembly 

KLLA0C19437g 

(KlMuc1b) 

Muc1/Flo11 

(57) 
795 (60-202) adhesion/flocculation 

KLLA0D01507g Yps3 (ws) 515 (54-439) aspartic protease 

KLLA0D14421g 

(KlGas5) 
Gas5 (75) 470 (99-335) 

transglycosylase 

using β-1,3-glucan as 

substrate 
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KLLA0E01001g 

(KlMuc1a) 

Muc1/Flo11 

(59) 
1878 (31-206) adhesion/flocculation 

KLLA0E03938g 

(KlYps1) 
Yps1 (51) 589 (336-344) GPI protein turnover 

KLLA0E04939g 

(KlCcw14) 
Ccw14 (52) 248 (38-83) CWP 

KLLA0E14586g Flo5 (ws) 1224 (33-165) flocculation 

KLLA0E24893g - 222 (82-103) unknown 

KLLA0E24937g 

(KlCwp1b) 
Cwp1 (32) 184 (29-140) CWI 

KLLA0E24959g - 324 (30-119) unknown 

KLLA0F16907g 

(KlUtr2) 
Utr2 (54) 452 (65-251) 

linkage of chitin to  

β-1,6-glucan 

KLLA0F22671g 

(KlCrh1) 
Crh1 (58) 466 (41-279) 

linkage of chitin to  

β-1,6-glucan 

Non-GPI cell wall proteins 

KLLA0B07370g 

(KlPir1b) 
Pir1 (56) 341 (189-311) CWI 

KLLA0B07392g 

(KlPir1a) 
Pir1 (72) 362 (253-311) CWI 

KLLA0C14047g 

(KlScw4) 
Scw4 (68) 378 (142-327) glucanase 

KLLA0F22088g 

(KlYps7) 
Yps7 (39) 558 (228-428) peptidase 
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Other proteins 

KLLA0A10417g 

(KlInv1) 
Suc2 (47) 609 (237-251) secreted invertase 

KLLA0F04950g 

(KlFre1) 
Fre1 (42) 695 (586-596) 

metalloreductase 

(plasma membrane) 

KLLA0A00418g 

(KlGut2) 
Gut2 (69) 642 (280-359) 

glycerol-3-P-DH 

(mitochondrial) 

 a
 the closest S. cerevisiae homolog is listed; amino acid identity of the deduced protein sequence given in %; 

ws = weak similarity (mentioned in NCBI database, but not found by blasting against the same database) 
b
 the lengths of the K. lactis homologs are given with the regions covered by the identified peptides given in 

parentheses 
c
 CWP = cell wall protein; CWI = involved in cell wall integrity and stability 

 

For the proteins Pir1, Cwp1 and Muc1, there is only one encoding gene in S. cerevisiae, 

whereas in K.lactis two isoforms are present and therefore two different proteins were 

detected in the cell wall. This is surprising, because a higher degree of redundancy is expected 

in the baker’s yeast since, in contrast to K. lactis, it has undergone a whole genome 

duplication (Wong et al., 2002). 

To get information about the differences in the cell wall proteome under the different growth 

conditions, a semi-quantitative approach was employed. It has been shown by Liu et al., 2004, 

that the total number of peptide identifications of a particular protein correlates with its 

abundance. Taking this into account, the numbers of peptide hits for each protein and growth 

condition were compared. Most of the proteins were detected under all applied growth 

conditions. However, there are some exceptions: KlFlo5 and KlUtr2 are exclusively found in 

cell walls of logarithmically growing cells. Whereas KlFlo5 is only detected in glucose- and 

lactose-grown cells, KlUtr2 is also found in cells grown on ethanol (Tab. S1 to S4). The 

putative GPI-protein KLLA0E24893p is exclusively present in cell walls of cells grown with 

ethanol or lactose as a carbon source. Interestingly, this protein does not have a homolog in 

S. cerevisiae. A BLAST search reveals a protein of the food spoilage yeast 

Zygosaccharomyces rouxii as the closest homolog. In table 3.4 proteins, whose abundance 

varies under different growth conditions, are given. In this context, KlCwp1 and KlMuc1 are 

especially interesting due to their higher redundancy in K. lactis. The isoforms of KlCwp1 

differ insofar as KlCwp1a contains a Pir repeat as well as a GPI-anchor attachment site, 

whereas the KlCwp1b isoform does not contain Pir repeats. Both isoforms are predominantly 

found in the cell walls of stationary cells (Tab. 3.4).  
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In contrast to this, the KlMuc1 isoforms are oppositely regulated. KlMuc1a is preferentially 

found in walls of logarithmically growing cells, whereas KlMuc1b is more abundant in 

stationary cells. In addition, KlMuc1a predominates in walls of cells grown on glucose and 

KlMuc1b seems to be lactose-induced (Tab. 3.4A and C). 

The appearance of other cell wall proteins varies in a carbon source dependent manner, too. 

However, many proteins are more readily found in the cell wall proteome of cells grown with 

glucose as a carbon source. This is also the case for two proteins with no apparent homolog in 

S. cerevisiae: KLLA0B14498p and KLLA0E24959p. Although interesting, the investigation 

of the biological significance of these differences between specific K. lactis and S. cerevisiae 

cell wall proteins would be extremely time-consuming, so that they were not followed up in 

the context of this thesis. 

 

Tab. 3.4: Differential detection of K. lactis cell wall proteins 

A Stationary versus logarithmic growth phase for cells grown on glucose 

K. lactis ORF 

suggested 

protein 

name 

stationary phase logarithmic phase 

log/stat 

ratio peptide 

hits 

peptide 

hits/ 

replicate 

peptide 

hits 

peptide 

hits/ 

replicate 

KLLA0B06347g KlCwp1a 4 1.3 2 0.7 0.50 

KLLA0C05940g KlPlb1 27 9.0 6 2.0 0.22 

KLLA0C14047g KlScw4 2 0.7 8 2.7 4.00 

KLLA0C14091g KlGas1 6 2.0 3 1.0 0.50 

KLLA0C19437g KlMuc1b 19 6.3 1 0.3 0.05 

KLLA0E01001g KlMuc1a 7 2.3 14 4.7 2.00 

KLLA0E04939g KlCcw14 7 2.3 3 1.0 0.43 

KLLA0E24937g KlCwp1b 9 3.0 2 0.7 0.22 
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B Growth on glucose versus growth on ethanol 

K. lactis ORF 

suggested 

protein 

name 

YEPD YEPEtOH 

D/EtOH 

ratio peptide 

hits 

peptide 

hits/ 

replicate 

peptide 

hits 

peptide 

hits/ 

replicate 

KLLA0B14498g - 10 3.3 3 1.0 3.33 

KLLA0C14047g KlScw4 8 2.7 2 0.7 4.00 

KLLA0E04939g KlCcw14 3 1.0 8 2.7 0.38 

KLLA0E24959g - 19 6.3 8 2.7 2.38 

KLLA0F16907g KlUtr2 6 2.0 3 1.0 2.00 

KLLA0F22671g KlCrh1 11 3.7 2 0.7 5.50 

 

C Growth on glucose versus growth on lactose 

K. lactis ORF 

suggested 

protein 

name 

YEPD YEPLac 

D/Lac 

ratio peptide 

hits 

peptide 

hits/ 

replicate 

peptide hits 

peptide 

hits/ 

replicate 

KLLA0C19437g KlMuc1b 1 0.3 10 5.0 0.07 

KLLA0E01001g KlMuc1a 14 4.7 4 2.0 2.33 

KLLA0E14586g KlFlo5 1 0.3 3 1.5 0.22 

KLLA0E04939g KlCcw14 3 1.0 6 3.0 0.33 

KLLA0F16907g KlUtr2 6 2.0 1 0.5 4.00 

The cells were grown in full medium supplied with the indicated carbon source. Unless otherwise indicated, the 

cells were harvested in the logarithmic growth phase. Only those proteins are given, whose estimated abundance 

varies by at least a factor of two regarding the relative number of detected peptide hits in the pairwise 

comparison of two growth conditions.  

stat = The cells were harvested in stationary phase. log = The harvested cells were logarithmically growing. 

D = The cells were grown with 2 % glucose as a carbon source. EtOH = The cell were grown with 3 % ethanol 

as a carbon source. Lac = The cells were grown with 2 % lactose as a carbon source. 
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3.2 The Snf1 kinase complex and the cell wall in S. cerevisiae 

 

In the second part of this thesis, the question, whether and how the carbon metabolism affects 

the cell wall biosynthesis, was addressed. The yeast homolog of the mammalian AMP-

activated kinase, SNF1, regulates the utilization of carbon sources alternative to glucose, as 

well as many other processes in S. cerevisiae. Therefore, it is a likely candidate to be also 

involved in cell wall construction and composition. To address this question, mutants in 

different subunits of the kinase complex were first investigated for their cell wall 

characteristics, and subsequently the activation of the SNF1 signaling pathway was 

determined under cell wall stress conditions. In addition, epigenetic analyses between mutants 

affected in the cell wall integrity pathway and the SNF1-mediated signaling were performed. 

Finally, glycolytic intermediates were analysed with regard to a possible regulatory function. 

As evident from table 2.1, the following experiments were almost exclusively performed in 

the isogenic BY background of S. cerevisiae strains obtained from the EUROSCARF 

collection or constructed herein. 

 

3.2.1 Characterization of the cell wall phenotypes of SNF1 complex mutants 

Defects in cell wall synthesis frequently result in hypersensitivity to a number of drugs such 

as Calcofluor white, Congo red, Caspofungin, or treatment with the β-glucanase preparation 

Zymolyase (Levin, 2011; Jendretzki et al., 2011). To get a first insight into the possible 

participation of the SNF1 complex in the construction and composition of the yeast cell wall, 

mutations in genes encoding different complex components were obtained and tested for the 

appearance of cell wall related phenotypes. For this purpose, growth was tested on plates 

containing cell wall perturbing agents like Congo red and Calcofluor white, which interfere 

with the cell wall chitin, as well as Caspofungin, a glucan synthase inhibitor of the 

echinocandin family of antifungals. 

Figure 3.3 shows that the deletion of the genes encoding the catalytic subunit Snf1 results in 

hypersensitivity to Calcofluor white and Congo red as well as to Caspofungin. In contrast, the 

deletion of SNF4, which encodes the regulatory γ-subunit, does not lead to a higher 

susceptibility to the cell wall stress agents. As expected from their function in the 

carbohydrate metabolism, the snf1∆ and snf4∆ mutants both fail to grow on plates, which 

contain ethanol as a carbon source. The single deletions of the β-subunits display much 

weaker sensitivities to the cell wall perturbing agents compared to the snf1∆ strain. Although 

the β-subunits Sip2 and Gal83 are more abundant than Sip1 and are supposed to play major 
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roles in the regulation of SNF1 (Hedbacker and Carlson, 2008), the sip2 gal83 double 

deletion strain does not show a stronger phenotype than the single deletions. Only the triple 

deletion strain sip1∆ sip2∆ gal83∆, which lacks all three isoforms of the regulatory β-subunit, 

displays the same phenotype as the kinase deletion itself. Notably, the observed cell wall 

phenotypes are osmoremedial, indicating that the reason for the restricted growth can indeed 

be attributed to alterations in the cell wall. 

Additionally, it was investigated, whether the cell wall phenotype of the snf1 deletion can be 

abolished by high glucose, since this has been reported for the sensitivity of the mutant to 

alkaline conditions (Casamayor et al., 2012). Figure 3.4 illustrates, that the cell wall 

phenotype of the snf1 deletion is not only osmoremedial (Fig. 3.3) but can also be suppressed 

by high glucose. 

In order to test for further features related to the cell wall composition, the SNF1 complex 

mutants were also subjected to a growth inhibition assay using Zymolyase. With this assay, 

several different concentrations can easily be tested and quantified more accurately to detect 

smaller differences in the phenotypes. As shown in figure 3.5, this assay revealed that growth 

of snf1∆ strains is reduced by about 50 % upon addition of 1 U/ml Zymolyase. In contrast, the 

wild-type strain still shows 90 % of growth. Single deletion of either of the β-subunits 

encoding genes SIP1 and SIP2 does not lead to hypersensitivity to the glucanase preparation, 

which is in accordance with the phenotype observed in the drop dilution assay. However, the 

gal83 deletion strain, for which a clear cell wall phenotype could not be determined in the 

drop dilution assay, clearly displayed an increased sensitivity to Zymolyase. In this respect, 

both the gal83∆ and the snf4∆ strain show an intermediate phenotype between wild type and 

snf1∆. The triple deletion of all three β-subunits behaves similar to the snf1 deletion. Unlike 

the gal83 single mutant, the sip2 gal83 double mutant does not show a growth inhibition, 

indicating that the lack of Sip2 somehow suppresses this phenotype.  
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Fig. 3.3: The drop dilution assay of different mutants in the Snf1 kinase complex reveals a hypersensitivity 

to cell wall stress inducing agents in the snf1∆ and the sip1∆ sip2∆ gal83∆ mutant  
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Fig. 3.4: Suppression of the snf1∆ cell wall phenotype by high glucose concentrations 

 

 

 
Fig. 3.5: Growth inhibition test with the glucanase preparation Zymolyase 

The graph shows the mean values of at least three independent experiments. Cells were grown for 16 h in the 

presence of the indicated concentrations of Zymolyase and growth was examined by determination of the 

OD600. Values were normalized to the growth observed for each strain in the absence of Zymolyase. The error 

bars give the standard deviation. 
 

A possible explanation for this observation would be a higher expression of the remaining 

SIP1 gene upon deletion of the two alternative β-subunits. In order to check this, the SIP1 

promoter was fused to the lacZ gene encoding the bacterial β-galactosidase (see Fig. 3.6A and 

B for an example of the construction of a lacZ promoter fusion). The expression of SIP1 is 

then reflected by the β-galactosidase activities measured in crude extracts. These assays 

revealed no significant differences in SIP1 expression between the wild-type and the double 

deletion strain (Fig. 3.6C). In accordance with previous studies on the expression of SIP1, the 

gene is expressed at very low levels as indicated by the low β-galactosidase activities 

(Ghaemmaghami et al., 2003). 
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A 

 

       B 

 
 

 

                          C 

 
Fig. 3.6: Construction and β-galactosidase activity of the promoter fusion SIP1p-lacZ 

A Construction of pKBO.60 (SIP1p-lacZ) 

The promoter region of the gene was amplified by PCR. The oligonucleotides were designed to contain 

recognition sites for restriction endonucleases and the ATG start codon of the respective gene. The PCR product 

and the vector YEp357 were cut with the respective restriction enzymes (in this case EcoRI and SalI) and 

ligated. The obtained plasmid was amplified in E. coli and checked by restriction analysis and sequencing. 

B Restriction analysis of pKBO.60 

The plasmid was cut with BglI. From the correct plasmid, three bands with 4453, 2341 and 2121 bp have to be 

obtained. The empty vector would lead to different band sizes (4453, 2121 and 1385 bp). S = DNA standard 

C The expression of SIP1 is not significantly increased in the sip2∆ gal83∆ strain background 

The mean values from three independent determinations of the β-galactosidase activity are shown. The error bars 

give the standard deviation. The respective strains were transformed with an episomal plasmid carrying the 

SIP1-lacZ promoter fusion and at least 20 transformants were inoculated for each culture to minimize effects 

caused by differences in the plasmid copy number. Samples were taken at the indicated optical densities. The last 

sample was taken 48 h after the first one. The collected cells were stored at - 20°C until preparation of the crude 

extract and the β-galactosidase assay were carried out.  
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3.2.2 The cell wall structure and cell wall thickness in SNF1 complex mutants 

To find out, whether there are any major changes in the cell wall structure of SNF1 complex 

mutants, the cells were fixed and observed in the electron microscope. Figure 3.7 shows 

examples of TEM images taken from a wild-type and a snf1∆ cell. All of the observed mutant 

strains show a normal cell wall organization with an electron-dense outer layer and a more 

electron-transparent inner layer. However, the cell wall thickness of some of the mutant 

strains differs from the wild type (Tab. 3.5). The snf1∆ and snf4∆ strain have an about 20 nm 

and 10 nm thinner cell wall, respectively. Consistent with the growth tests reported above, the 

triple deletion of the β-subunits is similar to snf1∆ in this respect. Accordingly, the single 

deletions of the β-subunits, do not display a significant change in the cell wall thickness.  

 
A 

 
B 

Fig. 3.7: Exemplary electron micrographs of wild-type (A) and snf1∆ (B) cells 

The cells were grown to an OD600 of 2 in rich medium supplied with 2 % of glucose as a carbon source. After the 

pictures were recorded, the cell wall thickness was determined. Some determinations are shown exemplarily. 

 

To ensure that the reduced cell wall thickness is not only present in the BY strain background, 

the snf1 deletion was additionally examined in the HD56 strain background. The determined 

cell wall thicknesses are alike in both strain backgrounds (Tab. 3.5). Thus, the reduction in 

cell wall thickness can be regarded as a general phenotype of a lack of the Snf1 kinase in 

S. cerevisiae.  
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Tab. 3.5: Cell wall thickness of strains deleted for Snf1 kinase complex components 

strain cell wall thickness [nm] 

wild type (BY4741) 93.8 +/- 6.8 

snf1∆ 72.8 +/-5.4 

sip1∆ 91.4 +/- 7.2 

sip2∆ 88.1 +/- 6.3 

gal83∆ 87.5 +/- 6.0 

sip1∆ sip2∆ gal83∆ 72.8 +/- 4.5 

snf4∆  81.3 +/- 8.0 

wild type (HD56-5A) 90.8 +/- 6.9 

snf1∆ (HD56-5A) 74.2 +/- 6.2 

The given values are the average of 45 cells per strain (20 cells for the HD56-5A strains). +/- gives the standard 

deviation. Cell wall thickness was determined at 10 different points of each mother cell according to Backhaus et 

al., 2010.  

 

3.2.3 Composition of the cell wall in snf1∆ cells 

The susceptibility of the snf1 deletion to cell wall stress agents might arise from a different 

cell wall composition. Thus, a more detailed analysis was performed using purified cell walls 

from logarithmically growing cells. 

In the light of the results mentioned above, it is not surprising, that the total mass of the yeast 

cell walls obtained from the cell wall preparations was reduced in cells carrying a snf1 

deletion (22 ng/OD600*ml versus 40 ng/OD600*ml in the wild-type BY strain background). 

 

3.2.3.1 Composition of the cell wall’s carbohydrate portion 

The carbohydrate composition was determined by HPLC. As evident from the data shown in 

table 3.6, the relative amounts of glucan, mannan and chitin do not vary significantly between 

the wild-type strain and the snf1 deletion, if normalized to the cell wall dry weight. As a 

consequence of the above reported decrease in cell wall thickness and mass, the contents of 

polysaccharides is reduced by half in snf1∆ cells if normalized to cell numbers (represented 

by the amount per OD600 and ml of culture volume). 
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Tab. 3.6: Composition of the carbohydrate portion of the yeast cell wall 

 µg/OD*ml µg/mg cell wall dry weight 

wild type snf1∆ wild type snf1∆ 

chitin 0.879 +/- 0.148 0.460 +/- 0.037 22.23 +/- 3.74 21.36 +/- 1.71 

glucan 31.9 +/- 4.3 15.0 +/- 0.4 808.1 +/- 108.7 695.6 +/- 19.0 

mannan 19.2 +/- 3.5 11.1 +/- 0.5 487.1 +/- 88.4 515.5 +/- 25.1 

The mean values derived from at least three independent experiments per strain are given. +/- gives the standard 

deviation. 

 

The differences in the glucan and mannan content between the K39 strain investigated earlier 

(Tab. 3.2) and the BY wild-type strain are probably strain specific, since a dependence of the 

carbohydrate composition on the employed strain has been reported previously (Aguilar-

Uscanga and Francois, 2003).  

 

3.2.3.2 The cell wall proteome of snf1∆ cells compared to the wild type 

The accessibility of external agents to the yeast cell wall is primarily controlled by its outer 

mannoprotein layer. Therefore, the cell wall proteome of wild-type and SNF1 deleted cells 

was analyzed by mass spectrometry. In total, 18 different cell wall proteins were detected 

(supplemental material Tab. S5). As described above in section 3.1.4, a semi-quantitative 

mass spectrometric approach was applied to assess the proteomes of the snf1 deletion and the 

wild-type control. Significant differences between the two strains with respect to their 

abundance were only detected for five of the 18 proteins (Tab. 3.7). Three of them belonged 

to the family of GPI-proteins, namely Gas5, Mkc7 and Plb2. Their abundance is decreased in 

snf1∆ as compared to the wild-type strain. On the other hand, the two Pir proteins Pir1 and 

Hsp150 appear to be more abundant in the snf1 deletion strain (Tab. 3.7). In fact, Hsp150 was 

not detected in the wild-type strain at all. 

The observed differences in protein abundance could be either attributed to a different 

expression of the encoding genes or to post-transcriptional mechanisms such as secretion or 

degradation. 
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Tab. 3.7: Comparison of cell wall proteomes of wild-type and snf1∆ samples  

protein 

wild type snf1∆ 

ratio wild 

type/snf1∆ peptide count 

peptide count/ 

replicate peptide count 

peptide count/ 

replicate 

Mkc7 2 0.67 0 0 - 

Gas5 11 3.67 5 1.67 2.20 

Plb2 5 1.67 2 0.67 2.50 

Pir1 4 1.33 9 3.00 0.44 

Hsp150/Pir2 0 0 7 2.33 - 

Proteins, differing in their abundance between wild type and the snf1 deletion by a factor of more than two or 

those missing completely in one strain and giving more than one hit in the other, are shown. A ratio of hits 

between wild type and the snf1 deletion of >1 indicates a decrease, a ratio of <1 an increase in the protein 

abundance in the wall of snf1∆ cells. The peptide count/replicate represents the average of detected peptides per 

biological replicate and correlates with the abundance of the protein in the cell wall (Liu et al., 2004). 

 

In order to distinguish between these possibilities, fusions of the promoters of the respective 

genes with the lacZ reporter gene were constructed on episomal plasmids, as exerted for the 

SIP1 gene in section 3.2.1 (Fig. 3.6). After transformation of the wild-type and the snf1 

deletion strain, specific β-galactosidase activities in crude extracts were determined. Neither a 

transcriptional down-regulation of two genes encoding GPI-proteins, nor an up-regulation of 

those encoding the Pir-proteins could be observed in the snf1∆ strain as compared to the wild 

type (Fig. 3.8). Note that gene expression in most cases is drastically higher as judged from 

specific β-galactosidase activity compared to that of the SIP1 construct. Only the                   

β-galactosidase activities in strains carrying the MKC7 promoter fusion remained below 

detectable levels indicating that essential regulatory functions are lacking in this construct. 

 

 

Fig. 3.8: The first determinations of 

the cell wall protein expression do not 

show clear results 

The cells were grown in SC medium 

without uracil to achieve maintenance of 

the respective plasmid, harvested at an 

OD600 of 1 and stored at -20°C until 

crude extract preparation and 

determination of the β-galactosidase 

activity. The results shown are derived 

from three independent experiments. The 

error bars give the standard deviation.  
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All strains employed for the determination of β-galactosidase activities (Fig 3.8) were 

harvested at an OD600 of about 1. In order to investigate the influence of the growth phase, the 

strains carrying the GAS5 and HSP150 promoter fusions were additionally examined in other 

growth stages. Figure 3.9A shows that the expression of GAS5 may slightly increase but not 

significantly decrease, if wild-type are compared to snf1∆ cells. In contrast, HSP150 

transcription, as inferred from the specific β-galactosidase activities, is slightly higher in the 

snf1 deletion strain compared to the wild type at all points, with an approximately 80 % 

higher activity in stationary phase (Fig. 3.9B).  

 

A GAS5p-lacZ B HSP150p-lacZ 

Fig. 3.9: Expression of the genes encoding the cell wall proteins Gas5 and Hsp150 at different points 

during growth deduced from specific β-galactosidase activities generated by the respective promoter 

fusions 
A The expression of GAS5 is not decreased in snf1∆ cells  

B The expression of HSP150 is higher in snf1∆ than in wild-type cells 

The cells were cultivated in SC medium without uracil to achieve maintenance of the plasmids. Samples were 

taken at the indicated OD600. Stationary wild-type cells had an OD600 of approximately 6, whereas the OD600 of 

snf1∆ cells was approximately 5. The samples were stored at -20°C until preparation of the crude extracts and 

determination of the specific β-galactosidase activities.  

For the EtOH samples, cells were pregrown in SC without uracil containing 2 % of glucose to an OD600 of 2 and 

subsequently incubated in medium with 2 % ethanol as a carbon source for 2 h. 

 

3.2.4 The activation of the SNF1 complex upon cell wall stress  

To shed further light on the relation of the SNF1 complex to the regulation of cell wall 

biosynthesis in S. cerevisiae, mutants of genes encoding proteins, which modify the activity 

of the complex, i.e. kinases and phosphatases, were first tested for their phenotypic effects 

upon cell wall stress. Subsequently, the phosphorylation state of the Snf1 kinase subunit itself 

was investigated under such stress conditions. 
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3.2.4.1 Cell wall phenotypes of deletions in the kinases and the phosphatase upstream of 

SNF1 

The phosphorylation of Thr210 in Snf1 is essential for the activity of the SNF1 complex. In 

order to investigate, whether the phosphorylation and thereby the activity of the complex is 

essential for exerting its role in response to cell wall stresses, the cell wall phenotypes of 

mutants lacking the genes for the SNF1 activating kinases were tested in a drop dilution assay 

(Fig. 3.10). As one would expect, the triple kinase mutant sak1∆ tos3∆ elm1∆ displays similar 

responses to cell wall stress to the snf1 deletion mutant (i.e. hypersensitivity to Calcofluor 

white, Congo red and Caspofungin). Amongst the single deletion mutants in these genes, only 

elm1∆ is hypersensitive to Calcofluor white and Congo red. In addition, the double mutants 

elm1∆ sak1∆ and elm1∆ tos3∆ are hypersensitive to all tested cell wall stress agents, whereas 

the sak1 tos3 double deletion is not affected. It should be noted that, in contrast to all other 

strains tested above, the mutants harboring an elm1 deletion are still sensitive to Calcofluor 

white and Congo red even in the presence of 1 M sorbitol, i.e. their phenotypes are not 

osmoremedial.  

The action of the kinases in Snf1 phosphorylation is counteracted by a dimeric phosphatase 

complex composed of Glc7 and Reg1. The former fulfills the phosphatase function, whereas 

Reg1 targets it to the SNF1 complex. Thus, a reg1 deletion was also tested for its phenotypes 

in the presence of cell wall stress agents. reg1∆ turned out to be hypersensitive to 

Caspofungin, but was neither affected by Calcofluor white nor by Congo red.  
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Fig. 3.10: Drop dilution assays of strains carrying deletions in the genes encoding the activating kinases, 

which phosphorylate Snf1 (elm∆1, sak1∆, tos3∆), and the targeting subunit of the counteracting 

phosphatase (reg1∆) 
The deletion of ELM1 leads to a cell wall phenotype, which is not osmoremedial on plates containing Congo 

red or Calcofluor white. This was also observed at lower concentrations of these cell wall stress agents (data 

not shown).  
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3.2.4.2 Determination of the phosphorylation state of Snf1 Thr210 upon cell wall stress  

To gain further insight into the importance of SNF1 complex activation, Western blots were 

performed to investigate, whether Snf1 Thr210 is phosphorylated in the presence of cell wall 

stress inducing agents. The phosphorylation of Snf1 Thr210 is detectable with a phospho-

specific antiserum raised against mammalian AMPK. In order to determine the total amount 

of Snf1 in the Western blot, the SNF1 gene carried on a centromeric plasmid was tagged with 

a sequence encoding the 3HA-epitope and introduced into a snf1∆ background (for details of 

the plasmid construction see Fig. 3.11A and B) . This allele complemented all growth defects 

of the snf1 deletion, demonstrating that the tag does not interfere with the in vivo function of 

the protein (Fig. 3.11C). 

Cell wall stressors at different concentrations were added to cells growing on glucose and 

incubated for the times indicated. To verify the suitability of the technique for assessment of 

the phosphorylation state of Snf1 Thr210, the phosphorylation in response to glucose 

depletion was also determined and used as a positive control: a sample was removed from the 

still untreated culture, washed once in selective medium containing ethanol as a carbon source 

and afterwards incubated for 2.5 hours in selective medium for plasmid maintenance with 

ethanol as a carbon source. For the positive control, the ratio of the band intensities detected 

with the phospho-specific antiserum to the total amount of Snf1 detected by the anti-HA 

antibody was set 100 %. Three negative controls were used: i) a sample from the untreated 

culture was taken at the beginning of the experiment; ii) another sample was further incubated 

without any stressors until reaching an OD600 similar to the treated counterparts; iii) a sample 

from a snf1 deletion mutant. All samples were analyzed simultaneously in a Western blot. For 

the first two controls, the detected signal was very low and no signal was found for the snf1∆ 

mutant strain with any antibody (Fig. 3.12 and data not shown for the second control). 

For the stressors, treatment with Caspofungin results in increasing kinetics of phosphorylation 

of Snf1 Thr210, which reaches its maximum at approximately 30 % of that of the positive 

control after two hours of incubation (Fig. 3.12A). Phosphorylation of Snf1 Thr210 could not 

be detected after treatment with Calcofluor white or Congo red even at concentrations much 

higher than the ones applied in the drop dilution assays (Fig. 3.12B and C). 
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               C 

 

Fig. 3.11: Construction of SNF1-3HA for Western blotting and test for functionality 

A Construction of pKBO.59 (pSNF1-3HA) 

The 3HA-tag together with a SkHIS3 cassette for selection was amplified from the plasmid pFA6a-3HA-His with 

the oligonucleotides 12.426 and 12.427 by PCR. For homologous recombination, the resulting product was co-

transformed with the plasmid pKBO.44, which is a centromeric plasmid carrying a copy of SNF1. The obtained 

plasmid was isolated from yeast, amplified in E. coli and checked by restriction analyses and sequencing.  

B The restriction analysis of pKBO.59 with BglII shows the expected fragments (5.4, 3.3 and 1.7 kb; lane 1). If 

the homologous recombination was not successful, the smallest fragment is missing (lane 2). The correct plasmid 

was transformed into the snf1 deletion strain. S = DNA standard 

C Phenotypes of strains with different SNF1 alleles 

The indicated strains were transformed with the respective plasmids and at least twenty colonies were inoculated 

for the drop dilution test in SC medium without uracil supplied with 4 % glucose. About 6 h before diluting and 

spotting them onto the plates, the cultures were reinoculated in SC medium without uracil containing 2 % 

glucose.  

The assay confirms that the SNF1-3HA fusion construct, which was used for Western blotting, is functional with 

respect to the cell wall phenotype and utilization of alternative carbon sources. 

pSNF1 = pKBO.44; pSNF1-3HA = pKBO.59; pSNF1-T210A = pKBO.63 

 



Results 

53 

A 

  
 

B     

 
  

 

C      

 
 

Fig. 3.12: Phosphorylation of Snf1 Thr210 in response to cell wall stress inducing agents 

A Phosphorylation of Snf1 after treatment with Caspofungin  

The ratio of phosphorylated Snf1 to the total amount of the protein in the positive control was set 100 %. 

Three independent experiments were performed and standard deviations are given by the error bars.  

B Snf1 phosphorylation does not occur after treatment with Calcofluor white for 1 h.  

C Treatment with Congo red for 5 min or 1 h does not lead to a detectable phosphorylation of Snf1 

Thr210.  
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To gain further insight into the importance of the phosphorylation of Thr210, the cell wall 

phenotype of snf1 mutants carrying different alleles of SNF1 on a centromeric plasmid was 

addressed with a drop dilution assay (Fig. 3.11C). The plasmid with the wild-type SNF1 allele 

complemented all cell wall phenotypes displayed by the snf1 deletion strain such as the 

hypersensitivity to Congo red, Calcofluor white and Caspofungin. In contrast, transformants 

carrying the SNF1 allele with Thr210 exchanged by alanine, which cannot be phosphorylated, 

behave like the snf1∆ control under cell wall stress and fails to grow on alternative carbon 

sources like ethanol or sucrose. 

 

3.2.5 Investigation of mutants lacking known effectors of the SNF1 complex 

The data reported above suggest that the SNF1 signaling pathway plays an important role in 

the biosynthesis of the cell wall. Therefore, genes encoding known downstream transcription 

factors were deleted and the resulting strains were investigated in drop dilution assays on 

plates containing the cell wall stress agents Caspofungin, Calcofluor white and Congo red 

(Fig. 3.13). None of the tested deletions displayed a cell wall phenotype similar to the snf1∆ 

strain. In fact, only the lack of the transcriptional repressor Mig1 increases the sensitivity to 

Caspofungin, indicating that it might be involved in the specific response to treatment with 

this glucan synthase inhibitor. 

Since the transcription factor Cat8 is one of the most prominent targets of the SNF1 complex 

upon glucose depletion, its activation in response to Caspofungin was analyzed in a yeast one-

hybrid assay. Therefore, the strain PJ69-4A, which carries a lacZ gene under the control of a 

GAL7 promoter and is commonly employed in yeast two-hybrid assays, was transformed with 

a plasmid containing a GAL4BD-CAT8 fusion. It has previously been demonstrated that this 

construct leads to an increased lacZ gene expression if Cat8 is activated by phosphorylation 

(Randez-Gil et al., 1997). However, after treatment with Caspofungin no increase in specific 

β-galactosidase activity, and hence no Cat8 activation could be observed (Fig. 3.14). The only 

activation observed, which occurs after 24 hours, is more likely caused by the entry into the 

stationary growth phase than by Caspofungin. As expected, transfer into medium containing 

2 % ethanol resulted in an increase of specific β-galactosidase activity within three hours. 

Consistent with the data of the drop dilution assays reported above, this indicates that Cat8 is 

not involved in mediating the action of the SNF1 complex on cell wall biosynthesis. 
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Fig. 3.13: Drop dilution assay of mutants deleted for known SNF1 effectors  
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Fig. 3.14: Activation of Cat8 reflected by Cat8-dependent lacZ expression 

pMP151, which carries a GAL4BD-CAT8 fusion construct under the control of an ADH1 promoter, was 

introduced into the yeast two-hybrid strain PJ69-4A. The determined β-galactosidase activities reflect the 

phosphorylation and hence the activity of Cat8.  

The cells were grown to an OD600 of 0.4 in SC medium without tryptophane and incubated with 50 ng/ml 

Caspofungin for the times indicated. Cells were harvested and stored at -20°C until further use. 

EtOH = This sample was incubated for 3 h in medium containing 2 % of ethanol, prior to harvesting the 

cells. 

 

3.2.6 Interaction between SNF1 signaling and the CWI pathway 

As mutations in the SNF1 complex components affect the cell wall, the question arose, 

whether there is a relation between the cell wall integrity pathway and SNF1 signaling. In 

order to address this issue by an epigenetic approach, the snf1∆ allele was combined with null 

mutants defective in different steps of the CWI pathway. Subsequent drop dilution assays 

showed that all the double mutants tested displayed synthetic growth defects with snf1∆ under 

cell wall stress conditions (Fig. 3.15). Thus, the additional deletion of WSC1 in the snf1 

deletion strain leads to hypersensitivity on all tested agents as compared to the respective 

single mutations. These phenotypes are more pronounced in snf1∆ bck1∆ and snf1∆ mpk1∆ 

double mutants. Notably, the snf1∆ bck1∆ strain even shows a temperature sensitivity at 37°C, 

which could not be observed in any of the single mutants (Fig. 3.15).  
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Fig. 3.15: Epistatic analyses of genetic interactions of snf1∆ with components of the CWI signaling 

pathway  

 

These data indicated that SNF1 signaling and the CWI response act in parallel rather than in a 

consecutive order to support cell wall biosynthesis. In order to substantiate this hypothesis, 

the activity of the CWI pathway was determined in snf1∆. Similar to the activation of the Snf1 

kinase, an indirect immunological procedure was applied to this end. Perturbations of the cell 
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wall lead to activation of the CWI signaling pathway, which is manifested in the increased 

rate of dual phosphorylation of the MAP kinase Mpk1. Thus, the phosphorylation state of 

Mpk1 reflects the pathway activity and was detected by Western blotting using a phospho-

specific antiserum. The obtained band intensities were normalized to the total amount of 

Mpk1, which was determined with a polyclonal antiserum raised against a human MAP 

kinase homolog. Caspofungin treatment (Fig. 3.16A and B) and heat stress (Fig. 3.16C and D) 

were applied to address the pathway activation in wild-type and snf1∆ cells. Neither the basal 

phosphorylation levels in uninduced cells nor the activated levels after stress induction 

differed significantly between the two strains. Thus, a lack of SNF1 signaling has no effect on 

the activation of the CWI pathway.  

These results confirm that SNF1 signaling and CWI signaling likely act on the yeast cell wall 

biosynthesis in separate ways. 

 

Caspofungin 

 

37°C 

 

A 

 

C 

 

B 
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Fig. 3.16: Immunological assessment of CWI pathway activation in wild-type and snf1∆ strains 

A/B Western blot after induction for 40 min with 50 ng/ml Caspofungin  

The phosphorylation in the induced wild-type sample was set 100 %. The given values were derived from three 

independent experiments. The error bars give the standard deviation. 

C/D Western blot after induction for 40 min at 37°C 

The level of phosphorylation in the induced wild-type sample was set at 100 %. The given values are the mean 

of two independent experiments, with error bars indicating the standard deviation. 
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3.2.7 The influence of the glycolytic flux on the cell wall phenotype of snf1 mutants 

Previously, snf1 deletion mutants have been reported to be defective in glycogen 

accumulation, which was attributed to a decrease in the cellular glucose-6-phosphate level 

(Huang et al., 1997). The authors found that an additional mutation in one of the two PFK 

genes, which encode the subunits of the heterooctameric key glycolytic enzyme 

phosphofructokinase (Heinisch et al., 1989), restores glycogen accumulation in the snf1∆ 

background.  

Since glucose-6-phosphate is a precursor for cell wall components, e.g. glucan (Fig. 1.4), it 

was assumed that the reduced intracellular concentration of glucose-6-phosphate could also be 

responsible for the observed cell wall phenotypes of the snf1∆ mutant. Drop dilution assays 

illustrate that the additional deletion in PFK1 alleviates the cell wall stress hypersensitivities 

of a snf1 deletion (Fig. 3.17A). Moreover, a growth inhibition assay with the glucanase 

preparation Zymolyase shows that the pfk1 mutant alone is hyperresistant to the enzyme 

treatment as compared to the wild type. In the snf1 pfk1 double deletion this resistance is 

further increased (Fig. 3.17B). This indicates that a metabolite preceding the PFK step in 

glycolysis may affect the constitution of the yeast cell wall. 

The above mentioned experiments were not carried out with pfk2∆ mutants, because the 

single deletion strain already displays several growth defects, e.g. sensitivity to high 

temperatures. However, the thicknesses of the cell walls were determined for the pfk1∆ and 

pfk2∆ strains. Figure 3.18 shows some exemplary transmission electron micrographs of pfk1∆ 

mutants. Additional mutations in PFK1 or PFK2 in conjunction with snf1∆ restore the cell 

wall thickness to wild-type level (Fig. 3.18 and Tab. 3.8). 
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Fig. 3.17: Cell wall related phenotypes of the snf1∆ pfk1∆ strain 

A An additional deletion of PFK1 in the snf1∆ strain partially abolishes the hypersensitivity to Caspofungin, 

Calcofluor white and Congo red. 

The overnight precultures were inoculated in full medium supplied with 4 % of glucose to avoid acquirement of 

suppressor mutations. The cells were reinoculated in full medium containing 2 % glucose to an OD600 of 0.1 and 

cultivated for another 6 h before preparation of the dilutions.  

B The hypersensitivity of snf1∆ to Zymolyase is abolished upon an additional deletion of PFK1.  

The graph shows the mean values of three independent experiments. The error bars give the standard deviation. 
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Fig. 3.18: Representative transmission electron micrographs of pfk1∆ mutants 

A Transmission electron micrograph of a pfk1∆ cell 

B Enlarged image section of the micrograph shown in A with exemplary measurements on one side of the cell 

C Transmission electron micrograph of a snf1∆ pfk1∆ cell 

D Enlarged image section of the micrograph shown in C with exemplary measurements on one side of the cell 

 

Tab. 3.8: Effect of PFK mutations on wall thickness in snf1∆ mutants  

strain cell wall thickness 

wild type (BY4741) 93.8 +/- 6.8 

snf1∆ 72.8 +/-5.4 

pfk1∆ 97.9 +/- 6.8 

snf1∆ pfk1∆ 89.9 +/- 6.5 

pfk2∆ 104.3 +/- 8.3 

snf1∆ pfk2∆ 97.0 +/- 7.7 

45 cells were measured for each strain in the lateral cell wall at ten different points per cell. The data for the 

wild-type and the snf1∆ strain are taken from table 3.5 for comparison. +/- gives the standard deviation. 
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Since these data suggested a possible role of the intracellular glucose-6-phosphate 

concentration in the cell wall defects observed in snf1∆ cells, a modulation of this glycolytic 

intermediate was attempted. For this purpose, promoter-deletion mutants in the 

phosphoglucose isomerase (PGI) gene were constructed at its genomic locus (Fig. 3.19). It 

was assumed that with decreasing activity of the encoded Pgi1, the glucose-6-phosphate 

content would increase and thereby influence the cell wall characteristics. PGI1 was not 

completely deleted, because this mutant would not be able to grow on glucose as a sole 

carbon source.  

 

 

Fig. 3.19: Specific activities of phosphoglucose isomerase in different strains 

The position of the deleted promoter region is given in bases in front of the ATG start codon. The PGI activities 

are given in mU/mg and were determined from cultures grown in full medium to an OD600 of about 1. The 

variations give the standard deviation of two independent experiments. 

Employed strains: pgi1p truncation 1 SNF1 – BKB63; pgi1p truncation 1 snf1::KlLEU2 – BKB70-7B; pgi1p 

truncation 2 SNF1 – BKB65; pgi1p truncation 2 snf1::KlLEU2 – BKB72-2D 

 

As evident from figure 3.19, the promoter truncations indeed lead to an approximately eight-

fold decrease in PGI activity compared to the wild-type control. The double mutants 

constructed with snf1∆ display similar PGI activities to the controls and their cell wall 

phenotype was tested in a growth inhibition assay with Zymolyase. The additional insertion of 

both PGI1-promoter truncations in the snf1∆ strain led to an intermediate sensitivity to this 

treatment between wild-type and snf1∆ cells, suggesting that the hypersensitivity to 

Zymolyase is at least partially suppressed (Fig. 3.20).  

  



Results 

63 

 

Fig. 3.20: An additional truncation in the PGI-promoter leads to alleviation of the 

Zymolyase hypersensitivity of snf1∆ 

The data were obtained in three independent experiments. Growth inhibition is given in 

percent of the non-treated controls measured by the OD600 after 16 h of incubation at 

30°C. The variations give the standard deviation. 
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4. Discussion 

4.1 Cell wall characteristics of the milk yeast K. lactis 

 

In the first part of the thesis, the cell wall characteristics of the milk yeast K. lactis were 

addressed and compared to those of the standard yeast model S. cerevisiae. This was the first 

systematic study on the cell wall structure of K. lactis, since TEM pictures have only been 

provided of some mutants with a thicker cell wall previously and these pictures lack an exact 

determination (Uccelletti et al., 1999; Uccelletti et al., 2000; Uccelletti et al., 2005). Although 

the primary interest of these studies regarded the cell wall, conclusions can also be drawn on 

the general subcellular compartmentalization of the two yeast species. 

4.1.1 Ultrastructure of the K. lactis cell and susceptibility to cell wall degrading enzymes 

Amongst the most prominent intracellular structures that can be visualized by transmission 

electron microscopy (TEM) of yeast cells are the nucleus and a number of mitochondria. A 

much higher abundance of the latter can be observed in glucose-grown cells of K. lactis 

compared to S. cerevisiae. On average, mitochondrial structures were found at three different 

positions per cell in the milk yeast in contrast to 1.5 in S. cerevisiae cells. However, for a 

detailed investigation of the mitochondrial structure, a tomographic approach would be 

required. The higher abundance of mitochondria in the milk yeast is not surprising, since it 

has a predominantly respiratory metabolism (Gonzalez-Siso et al., 2000). In contrast, 

S. cerevisiae ferments glucose even in the presence of oxygen and is thus regarded as a 

Crabtree-positive yeast. A closer look at the cell wall thickness of K. lactis showed that it only 

reaches approximately 65% of the one of S. cerevisiae (i.e. 64 nm on average in the former 

compared to 100 nm in the latter; Backhaus et al., 2010). Ethanol stress in K. lactis increased 

cell wall thickness to approximately 100 nm under conditions, where the cell wall of the 

better adapted S. cerevisiae remained largely unaltered. Consistent with this notion, 

S. cerevisiae can still grow in ethanol concentrations of 10 % (Teixeira et al., 2012), whereas 

the growth of K. lactis is completely inhibited at this concentration (Heipieper et al., 2000).  

As observed before in baker’s yeast, the polysaccharide content of the cell wall varies with 

the carbon source and other environmental conditions (Aguilar-Uscanga and Francois, 2003).  

However, the increased sensitivity of K. lactis to Zymolyase treatment on ethanol medium 

demonstrates that the total amount of cell wall polysaccharide is only a crude parameter for 

the characterization of the cell wall (Backhaus et al., 2010). S. cerevisiae is slightly less 

sensitive to Zymolyase upon growth on ethanol compared to the glucose-grown cells. 
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Although this may be in line with the lower amount of glucan in the cell walls under this 

condition, the more sensitive K. lactis cells grown on ethanol do not display an altered glucan 

content compared to glucose-grown cells. Hence, the sensitivity to the glucanase does not 

correlate directly with the amount of its substrate in the cell wall. In agreement with published 

data (Aguilar-Uscanga and Francois, 2003), this result indicates that the outer protein layer 

and the degree of crosslinking between the polysaccharides are more important to determine 

the susceptibility to glucan degrading enzymes, since these parameters modulate the access to 

the glucan target. 

The decreased abundance of several cell wall proteins in the ethanol-grown K. lactis cells 

compared to cells grown on glucose supports this assumption. KlUtr2 and KlCrh1 are 

especially interesting in this respect. They are presumably involved in linking chitin chains to 

the cell wall β-1,6-glucan (Klis et al., 2010; Cabib et al., 2008). Their lower abundance in 

K. lactis cells grown on ethanol might lead to a decreased crosslinking between the cell wall 

carbohydrates and thereby to a higher susceptibility to Zymolyase.  

 

4.1.2 The K. lactis cell wall proteome 

The investigation of the K. lactis cell wall proteome revealed 24 covalently bound cell wall 

proteins, which are presumably attached to the cell wall by either a GPI-remnant or an alkali 

sensitive linkage. Similar numbers of covalently bound cell wall proteins were found in 

S. cerevisiae and C. albicans (Yin et al., 2005; de Groot et al., 2004), suggesting that they 

fulfill conserved functions in most ascomycetous yeasts (Klis et al., 2010).  

Accordingly, homologs of S. cerevisiae cell wall proteins were found in K. lactis, which 

presumably fulfill all functions that have been reported for cell wall proteins so far: 

modification and crosslinking of the cell wall carbohydrates, facilitation of iron uptake, 

aspartyl proteases responsible for incorporation and retention of glucan in the cell wall, cell-

cell adhesion and adhesion to surfaces. In addition, three proteins lacking a homolog in the 

baker’s yeast were detected. These proteins are thus potentially important for an adaption of 

the milk yeast to its natural environment. Amongst them, KLLA0B14498p has a domain 

called Hyphal_reg_CWP, which is present in “hyphally regulated proteins” (PF11765 in Pfam 

database; Finn et al., 2010). Correspondingly, homologous proteins with 30 to 40 % amino 

acid identity can be found in Candida species, whose switch to hyphal growth is crucial for 

their pathogenicity (de Groot et al., 2008). Since hyphal growth has not been observed in 

K. lactis, the role of this homolog for cell wall reconstruction remains to be determined. A 

second protein, which is not found in S. cerevisiae, is KLLA0E24893p. A BLAST search 
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revealed that a close homolog exists in Zygosaccharomyces rouxii, a halo- and osmotolerant 

food spoilage yeast that, like K. lactis, did not undergo a whole genome duplication (Pitt and 

Hocking, 1997; Gallagher et al., 2009). Its function, as well as the one of KLLA0E24959p, a 

protein without any known homolog in the databases and thus specific for K. lactis, remains 

unknown.  

 

Figure 4.1: Amino acid alignment of Cwp1 proteins from S. cerevisiae, K. lactis and C. glabrata 

The Pir repeat is highlighted in yellow (sequence of the Pir repeat according to Ecker et al., 2006). Black boxes 

emphasize residues, which are conserved in all five proteins. Amino acids highlighted in gray are conserved in 

four of the five proteins. The residues framed in red mark the putative GPI-attachment site (Eisenhaber et al., 

2004). 
 

Moreover, three proteins are of interest, for which there is only one isoform present in 

S. cerevisiae, whereas two homologs exist in K. lactis: Muc1, Pir1 and Cwp1. This was not 

expected, since the milk yeast, unlike the baker’s yeast, did not undergo whole genome 

duplication (Wong et al., 2002). The two KlMuc1 proteins as well as the KlPir1 proteins share 

similar domains, i.e. a FLO11 domain (PF10182 in Pfam database; Finn et al., 2010) and Pir 

           

           

ScCwp1   : 

KlCwp1a  : 

KlCwp1b  : 

CgCwp1.1 : 

CgCwp1.2 : 

           

                                                             

         *        20         *        40         *        60 

--MKFSTALSVALFALAKMVIADSEEFGLVSIRSGSDLQYLSVYSDNGTLKLGSGSGSF-E

--MRFSTAFSVALLSFAKLIVADSEQFGLVTIRSGSALQYAGVYSKDGALYFGSGD-SL-S

MRLEYYFALVATLWLTT--VYAASEKFGL-KLTGPNELKGMMIYEDGSSLFIGKHSGDIIE

--MQFTTAFSVALIAMAKLALADSQAFGLLAIHSGSPVQNTPVDSQNGALVLKTG-GSF-A

--MQFTTAFSVALIAMAKLALADSQAFGLLAIHSGSPVQNTPVNSENGALVLKSG-GSF-A

                                                             

      

      

 :  58

 :  57

 :  58

 :  57

 :  57

      

           

           

ScCwp1   : 

KlCwp1a  : 

KlCwp1b  : 

CgCwp1.1 : 

CgCwp1.2 : 

           

                                                             

        *        80         *       100         *       120  

ATITDDGKLKFDDDKYAVVNEDGSFKEGS-ESDAATGFSIK-DGHLNYKSSSGFYAIKDGS

GVITDDGKLKFTDNTYAVVGDDGYLTASSDESTASTGFSIK-SGYLAYADKNGFYGVLEDS

GTIQEDGSLKLGTGEFIGINKNYLTLTTN-YTQYATPFAINGDGYLTLYGEKEFKAIPSGQ

GTVTDAGKLKFSDNTYAVVNSDGSIKTGS-ESEGTSGFALS-GSHLTYKGNSGFFAIPSGS

GTVTDAGKLKFSDNTYAVVNSDGSIKTGS-ESEGTSGFALS-GSHLTYKGNSGFFAIPSGS

                                                             

      

      

 : 117

 : 117

 : 118

 : 116

 : 116

      

           

           

ScCwp1   : 

KlCwp1a  : 

KlCwp1b  : 

CgCwp1.1 : 

CgCwp1.2 : 

           

                                                             

       *       140         *       160         *       180   

SYIFSSK-QSDDATGVAIRPTS-KSGSVAADFSPSDSSSSSSASASSASASSSTKHSSSIE

SYKVATKSESSDSLPVAISARG-SDGQVVPDFSADGSSSSSSAAPESSSETSSAAPETSSA

TDIW-------------------------------------ILASNNAVSTLDSVHTTKVK

EYKFSTA-QGTGAIDIVISPRSTKDGSVVADFTPAGSASSAASSAKPSSAA----------

EYKFSTA-QGTGAIDIVISPRSTKDGSVVADFTPAGSASSAASSAKPSSAA----------

                                                             

      

      

 : 176

 : 177

 : 142

 : 166

 : 166

      

           

           

ScCwp1   : 

KlCwp1a  : 

KlCwp1b  : 

CgCwp1.1 : 

CgCwp1.2 : 

           

                                                             

      *       200         *       220         *       240    

SVETSTTV-ETSSASS---PTASVISQITDGQIQAPN---TVYEQTE--NAGAKAAVGMGA

APETTTIAPETTSKDSNVVQTVAPVSQIGDGQIQATTGTQSVWIKTESGNNAGKVTFGAGA

CVD-------------------------SDGK--------KVNKFTV--NGSSASKLLNKT

-----------ASSAA---PTKAAISQIGDGQIQATS---TIHQQTT--NGAAKAAAGMGA

-----------ASSAA---PTKAAISQINDGQIQA---------QTT--NGAAKAAAGMGA

                                                             

      

      

 : 228

 : 238

 : 168

 : 208

 : 202

      

           

           

ScCwp1   : 

KlCwp1a  : 

KlCwp1b  : 

CgCwp1.1 : 

CgCwp1.2 : 

           

                

     *       260

GALAVA----AAYLL-

GIAAIA----ALLL--

ELLAVLFFSFSAYVLF

GAIAAI----AMLL--

GAIAAI----AMLL--

                

      

      

 : 239

 : 248

 : 184

 : 218

 : 212

      



Discussion 

67 

repeats, with their respective S. cerevisiae homolog. In contrast, the KlCwp1 proteins do not 

dispose any conserved domains. While KlCwp1a seems to be a syntenic homolog of the 

S. cerevisiae Cwp1 (Byrne and Wolfe, 2005), the origin of KlCwp1b is unclear. Additionally, 

the amino acid sequence of the latter displays only 20 % identity to both, KlCwp1a and 

ScCwp1. In contrast, the amino acid identity of KlCwp1a and ScCwp1 accounts for about 

50 %. KlCwp1a has a GPI-attachment site as well as a Pir repeat for connecting the protein to 

the cell wall β-1,6- and β-1,3-glucan, respectively. Due to these characteristics, the 

S. cerevisiae homolog is thought to strengthen the cell wall by its ability to crosslink glucan 

chains (Kapteyn et al., 1999, Klis et al., 2006). In contrast, KlCwp1b has a GPI-attachment 

site but lacks a Pir repeat. Hence, this protein cannot be attached to the cell wall β-1,3-glucan 

directly and should not be able to crosslink β-1,3- and β-1,6-glucan. Interestingly, for 

Candida glabrata two Cwp1 proteins, CgCwp1.1 and CgCwp1.2, have been identified, too 

(Weig et al., 2004). However, an alignment of the amino acid sequences reveals that these 

proteins, in contrast to KlCwp1b, both contain a Pir repeat (Fig. 4.1).  

Another protein, for which two homologs were identified in the K. lactis cell wall proteome, 

is Pir1. Pir1 of S. cerevisiae carries eight Pir repeats, which are presumably responsible for 

the crosslinking of β-1,3-glucan molecules, and a Kex2 cleavage site (Klis et al., 2002). 

KlPir1a also has eight putative Pir repeats, only five of which are conserved in KlPir1b (Fig. 

4.2). This reduced number of Pir repeats may decrease the number of β-1,3-glucan chains, 

which can be crosslinked by KlPir1b. Interestingly, an alignment of the amino acid sequences 

shows that the Kex2 cleavage site, which was reported to be characteristic for the 

S. cerevisiae protein, is conserved in K. lactis (Mrsa and Tanner, 1997; Duckert et al., 2004). 

A homolog of ScKex2, KlKex1, is present in K. lactis. KlKEX1 complements the kex2 

deletion in S. cerevisiae, indicating, that it has a similar recognition site and function in 

K. lactis (Wesolowski-Louvel et al., 1988). Hence, the Pir proteins are processed by a Kex-

protease in both species.  
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Figure 4.2: Amino acid alignment of Pir1 proteins from S. cerevisiae and K. lactis 

The Pir repeat is highlighted in yellow (sequence according to Ecker et al., 2006). The Kex2 cleavage site is 

framed in red. The cleavage site in ScPir1 is derived from Mrsa and Tanner, 1997, the cleavage sites in the 

K.  lactis proteins were predicted using the ProP v1.0b ProPeptide Cleavage Site Prediction tool (Duckert et al., 

2004). Cleavage presumably occurs between the two framed amino acids. Black boxes emphasize residues, 

which are conserved in all three proteins. Amino acids highlighted in gray are conserved in two of the three 

proteins 
 

Furthermore, two homologs of the adhesin ScMuc1 were detected in the K. lactis cell wall 

proteome. The two K. lactis proteins vary significantly in length with KlMuc1a consisting of 

1878 amino acids and KlMuc1b of only 795 amino acids. Both proteins have a 

serine/threonine-rich region, which is encoded by a region with repeated sequences (Fig. 4.3). 

Moreover, they contain a signal peptide for the translocation into the ER and a predicted site 

for GPI-anchor attachment.  

Adhesion is of special biotechnological interest, since it is important for cell-cell contacts and 

flocculation, thus facilitating the removal of production yeasts from the medium (Verstrepen 

and Klis, 2006). Moreover, adhesins are employed by pathogenic fungi for attachment to the 

host tissue and other surfaces like plastic (Douglas et al., 2007). ScMuc1 confers adhesion to 

surfaces based on hydrophobicity (Verstrepen and Klis, 2006). Most of the laboratory strains 

like e.g. S288C do not express ScMUC1 due to a nonsense mutation in the gene encoding the 

transcriptional activator ScFlo8 (Liu et al., 1996). Furthermore, the expression of ScMUC1 is 

controlled by several signaling pathways like the Ras-cAMP pathway, the filamentous growth 

pathway and the SNF1 mediated glucose signaling pathway. Additionally, ScMUC1 

expression has been reported to be under epigenetic control (Verstrepen and Klis, 2006; 

          

          

ScPir1  : 

KlPir1a : 

KlPir1b : 

          

                                                                          

         *        20         *        40         *        60         *    

MQYKKSLVASALVATSLAAYAPKDPWSTLTPSATYKGGITDYSSTFGIAVEPIAT-------------------

MQFKKTLAASALATSSLAAYVPSDPWTTLTPDSTYKGGLTDYASTFGIAVIPITTSVSTVSTGTATSTSAKTTA

MQFRKTFTAASLASCAFAAYVPSDPWTTLTPDSTYEGGLTDYSSTFGIAVIPITT-------------------

                                                                          

      

      

 :  55

 :  74

 :  55

      

          

          

ScPir1  : 

KlPir1a : 

KlPir1b : 

          

                                                                          

    80         *       100         *       120         *       140        

TASSKAKR-AAAISQIGDGQIQATTKTTAAAVSQIGDGQIQATTKTK--AAAVSQIGDGQIQATTKTT--SAKT

TTTSKAKRDVAAISQIGDGQIQATTKTTAQAVSQIGDGQIQATTKTT--AQAVSQIGDGQIQATTQTLKPTSKT

SVSTKT----------------STTATSATFTS---------TPKAKRDVAAISQIGDGQIQATTKTLKPSPKT
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 : 104

      

          

          

ScPir1  : 
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 *       160         *       180         *       200         *       220  

TAAAVSQIGDGQIQATTKTKAAAVSQIGDGQIQATTKTTAA--AVSQIGDGQIQATTKTTAAAVSQIGDGQIQA

TAQAVSQIGDGQIQATTKTTAQAVSQIGDGQIQATTKTTAQ--AVSQIGDGQIQATTKTTAAAVSQIGDGQIQA

TAQAVSQIGDGQIQATTATSIPPVHQICDGQIQATTAKPEAPPAVSQIGDGQIQA---TTAPTVSQIGDGQIQA
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       *       240         *       260         *       280         *      

TTNTTVAPVSQITDGQIQATTLTSATIIPSPAPAPITNGT--DPVTAETCKSSGTLEMNLKGGILTDGKGRIGS

TTKTSATAASQISDGQVQATTKTGSST-ASTSSSKATDST--DPVTAQSCKNNGTLSMTLKDAVLTDGSGRLGS

TATTSDA------------------------APAQTRSATKDDPVKAQSCKNTGTLQMTLKDAVLTDGSGRLGS
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 300         *       320         *       340         *       360         

IVANRQFQFDGPPPQAGAIYAAGWSITPEGNLAIGDQDTFYQCLSGNFYNLYDEHIGTQCNAVHLQAIDLLNC

IVANRQFQFDGPPPQAGAIYAKGWALTPEGNLALGDSDVFYQCLSGEFYNLYDESIGDQCSAVHLQAIDLVDC

IVANRQFQFDGPPPQAGAIYAKGWALTPEGNLALGDSDVFYQCLSGDFYNLYDENVAEQCTPVYLQAIDLVDC

                                                                         

      

      

 : 341

 : 362
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Govender et al., 2008). With respect to the number of different adhesins, it was found that 

various industrial S. cerevisiae strains have genes encoding adhesins, which vary significantly 

in length. Longer adhesins generally confer better adherence than smaller ones (Verstrepen 

and Klis, 2006). The observed length variations in the adhesins have been attributed to highly 

repetitive sequences in the middle part of the encoding genes, where they presumably trigger 

frequent slippage and recombination events during DNA replication (Verstrepen and Klis, 

2006). Thus, it is not surprising, that the two homologs to ScMuc1 in K. lactis also possess 

regions with internal repeats, differ in length and might modulate the adhesion properties of 

the milk yeast. A search for repeat containing regions in the encoding genes reveals eight 

different repeated sequences in KlMUC1a. Five of these repeats are also visible in the amino 

acid sequence (Fig. 4.3 and Tab. S6 in supplemental material). For KlMUC1b, only three 

repeat regions were found, two of which are also apparent in the amino acid sequence. 

Additionally, the application PALINDROME (Rice et al., 2000) detected three palindromic 

sequences in the first repeat region of KlMUC1b.  

 

 
 

 
Figure 4.3.: Schematic drawing of the two Muc1 proteins in K. lactis  
The signal peptide was predicted using Signal P (Bendtsen et al., 2004), the putative GPI-attachment (ω-) site 

was determined with the big-PI Fungal Predictor (Eisenhaber et al., 2004).  

The regions indicated as S/T-rich are encoded by repetitive sequences. In the areas depicted in dark gray within 

this region, the repetitive nucleotide sequence is also apparent in the amino acid sequence. The respective 

parameters were taken from table S6 in the supplemental material. 
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The abundance of the KlMuc1 isoforms depends on the growth conditions. Whereas 

KlMuc1a, which is the longer adhesin, is more abundant in cell walls of logarithmically 

growing cells with glucose as a carbon source, KlMuc1b is more abundant in stationary cells 

and cells growing logarithmically on lactose. Hence, the expression of KlMUC1b is probably 

influenced by the SNF1 mediated glucose signaling pathway. However, the low abundance of 

KlMuc1b in ethanol-grown cells indicates that the regulation is more complex and might 

involve many different signaling cascades like in S. cerevisiae (Verstrepen and Klis, 2006). 

Since flocculation has not yet been studied in K. lactis but is frequently observed in some 

strains and mutants (Rosaura Rodicio, personal communication), the role of these isoforms 

remains to be investigated. 

Beside the putative cell wall proteins, three other prominent proteins of different origins were 

detected in the cell wall preparations of K. lactis (Tab. 3.3). Similar results have been 

obtained previously for other yeast species (Klis et al., 2002; de Groot et al., 2005) and might 

be caused by contaminations retained in the preparation despite of the washing steps. Thus, 

KlInv1, which is a periplasmic enzyme (Georis et al., 1999), is probably detected because of 

its incomplete removal from the cell wall preparations. This could also apply for the plasma 

membrane protein KlFre1. An alternative explanation lies within the chemical properties of 

the cell wall: yeast cell walls contain a high amount of phosphodiester linkages between the 

carbohydrate side chains of the mannoproteins and are thus negatively charged. Consequently, 

positively charged proteins may bind to them (Klis et al., 2002; de Groot et al., 2005). Indeed, 

KlFre1 as well as the third detected non-cell wall protein, KlGut2, are positively charged 

under physiological conditions due to their high isoelectric points (ExPASy compute pI/mw 

tool: KlFre1 8.87 and KlGut2 8.56). 

 

4.2 The Snf1 kinase complex and its influence on the cell wall in S. cerevisiae 

 

The influence of glucose signaling exerted by the SNF1 complex on the cell wall of 

S. cerevisiae was investigated, since the cell wall of the milk yeast K. lactis displays 

significant differences on media with different carbon sources, which could well be mediated 

by glucose signaling. This is consistent with the observation that mutants lacking components 

of the SNF1 kinase complex are hypersensitive to cell wall perturbing agents. Furthermore, 

the application of the β-1,3-glucan synthase inhibitor Caspofungin resulted in phosphorylation 

of Snf1, whereas neither Congo red nor Calcofluor white exerted this effect (results sections 
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3.2.1 and 3.2.4). These findings and their physiological implications are discussed in detail in 

the following. 

 

4.2.1 Characterization of the cell wall of snf1 mutants 

The deletion of the gene encoding the catalytic subunit Snf1 as well as the triple deletion of 

the genes for the alternative β-subunits (Sip1, Sip2 and Gal83) result in a decreased thickness 

of the cell wall and hypersensitivity to the cell wall stressing agents Congo red, Calcofluor 

white, Caspofungin and Zymolyase (Fig. 3.3 and 3.5, Tab. 3.5). Most of these phenotypes are 

osmoremedial and can also be suppressed by high glucose concentrations (Fig. 3.3 and 3.4). A 

similar observation was already made by Casamayor et al., 2012, who found that the 

sensitivity of a snf1 deletion mutant to alkaline conditions is compensated by high glucose 

concentrations. These phenotype suppressions can be explained by the increased medium 

osmolarity (6 % glucose corresponds to 0.33 M). This might activate the HOG signaling 

pathway, which shows cross-pathway regulation with CWI signaling (Fuchs and Mylonakis, 

2009). Alternatively, the concentration of the central metabolite glucose-6-phosphate may be 

increased under high glucose conditions, which may also affect cell wall biosynthesis (see 

below in section 4.2.6).  

The similarity between the phenotypes of the triple deletion lacking the β-subunits and the 

snf1 deletion itself indicates that the presence of one of the β-subunits is necessary and 

sufficient to mediate the cell wall related function of the Snf1 kinase. Similar effects of these 

deletions were reported regarding their growth on non-fermentable carbon sources (Zhang et 

al., 2010). This indicates that the SNF1 complex uses a similar mechanism and/or acts on the 

same targets in response to carbohydrate and cell wall stress. Mutants lacking either one of 

the β-subunits remain largely unaffected. However, in contrast to the other single deletions of 

the genes encoding the β-subunits, the gal83∆ mutant is more sensitive to Zymolyase 

treatment, indicating that the nuclear localization of the Snf1 kinase, which has been 

attributed to its association with Gal83, is important for the response to the glucanase 

preparation. It can therefore be speculated that a transcription factor is phosphorylated and 

mediates this response.  

However, the additional deletion of the SIP2 gene (i.e. a gal83 sip2 double deletion) reversed 

the sensitivity towards Zymolyase. Gal83 and Sip2 have been suggested to be of major 

importance for the regulation of SNF1, since the expression of SIP1 occurs at a rather low 

level (Hedbacker and Carlson, 2008). The observed suppression of the hypersensitivity of 

gal83∆ to Zymolyase cannot be explained by a compensatory increase in SIP1 expression, 
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which would have been detected in the SIP1-lacZ promoter fusions (Fig. 3.6). Further studies, 

e.g. using tagged versions of the Sip1 protein, would be required to assess a possible effect on 

protein stability and its localization in the gal83∆ sip2∆ background. 

In contrast to Sip2 and Gal83, Sip1 confers localization to the vacuole upon glucose depletion 

(Vincent et al., 2001). The encoding gene is expressed at a much lower level, and the encoded 

protein is about twice as large as Sip2 and Gal83, with significantly lower amino acid 

identities [55 % between Gal83 and Sip2 (Mangat et al., 2010), as opposed to 17 % between 

Gal83 and Sip1]. Sip1 also fails to support growth on ethanol or glycerol when it is the only 

functional β-subunit present (Zhang et al., 2010). A possible reason for the lack of Zymolyase 

sensitivity of the sip2∆ gal83∆ mutant might lie in the potential binding of glycogen to the β-

subunits. In mammalian AMPK, binding of glycogen to the β-subunit inhibits the kinase 

activity (McBride et al., 2009). However, glycogen binding to Sip2 and Gal83 has been 

demonstrated in vitro (Wiatrowski et al., 2004), but is considered unlikely in vivo, since a 

highly conserved aromatic residue is exchanged by leucine in the glycogen binding domain of 

Gal83 and Sip2 (Ruiz et al., 2011). Furthermore, the intracellular glycogen level does not 

influence the SNF1 activity as deduced from a Sip4 reporter assay similar to the Cat8 reporter 

assay described in sections 3.2.5 and 4.2.4 (Wiatrowski et al., 2004). Nevertheless, the 

authors found that the glycogen binding domain modulates SNF1 function probably by 

binding of an unidentified molecule similar to glycogen (Wiatrowski et al., 2004). Since the 

glycogen binding domain is not conserved in Sip1, this regulatory mechanism would not 

affect the SNF1 complex in the sip2∆ gal83∆ mutant, which is a possible explanation for the 

missing cell wall phenotype of this mutant. For the investigation of this hypothesis, the SNF1 

activity could be addressed in different β-subunit mutants with the Cat8 reporter assay. 

However, to check the activation in response to Caspofungin, a reporter assay employing 

Mig1 and its binding site in front of a lacZ reporter gene would be more appropriate, since, 

unlike Cat8, Mig1 is putatively phosphorylated in response to Caspofungin (see section 

4.2.4). Another possibility is to address the activity of an enzyme, whose expression is 

induced upon phosphorylation of Mig1. 

The deletion of snf4, the third subunit of the Snf1 kinase complex, only leads to a slight 

hypersensitivity to Zymolyase and lacks pronounced phenotypes in the drop dilution assays in 

the presence of cell wall stress. This is surprising, since this subunit is thought to relieve Snf1 

from autoinhibition and thus should be required for the activation of the complex (Celenza et 

al., 1989). The data reported herein suggest that the Snf1 kinase function required for 
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mediating cell wall stress response can probably be activated by a mechanism different from 

that required for the glucose response. Apparently, the γ-subunit is dispensable for this action. 

 

4.2.2 The cell wall proteome of snf1∆ cells 

Besides the crosslinking of polysaccharide chains, the susceptibility of snf1∆ mutants to cell 

wall perturbing agents could be influenced by changes in the cell wall proteome. It has been 

suggested that the mannoproteins in the outer layer of the cell wall protect the underlying 

polysaccharides from adverse environmental conditions (Klis et al., 2010). Five proteins were 

found to have different abundances in the cell walls obtained from wild-type and snf1∆ cells. 

The three proteins, which are less abundant in the latter, are of the GPI-type. lacZ promoter 

fusions did not reveal a decreased gene expression, indicating that the delivery of these 

proteins to the cell wall could be impaired. Alternatively, the attachment of the GPI-anchor or 

its processing during cell wall biogenesis could be altered, precluding their proper attachment 

to the cell wall β-1,6-glucan. However, a general effect of the SNF1 complex on GPI anchor 

attachment is unlikely, since the abundance of other GPI-proteins in the cell wall appears to 

be unaffected by the snf1 deletion.  

The two proteins with a higher abundance in the cell wall of SNF1 deleted cells are both Pir 

proteins. Here, a slight increase in gene expression could be demonstrated for HSP150 using 

the respective lacZ promoter fusion. This is in line with the observed increase in PIR gene 

expression upon cell wall stress and in mutants with an impaired cell wall (Klis et al., 2002; 

Kapteyn et al., 1999).  

 

4.2.3 The role of Snf1 phosphorylation for the cell wall related function of SNF1 

To determine the role of Snf1 phosphorylation as a measure of SNF1 activity for its cell wall 

related function, the phenotypes of mutants deleted in the three genes encoding the upstream 

kinases were investigated. A triple deletion (sak1∆ tos3∆ elm1∆) displays the same cell wall 

phenotype as the snf1 deletion (Fig. 3.10). However, a striking difference is that the 

hypersensitivity to Congo red and Calcofluor white in all combinations including an elm1 

deletion is not osmoremedial. A similar behavior was previously observed for these mutants 

on high NaCl concentrations or growth at an alkaline pH (Ye et al., 2008; Casamayor et al., 

2012): the addition of sorbitol or glucose, which suppressed the growth defects in the snf1∆ 

mutant, did not rescue elm1∆ mutants. Thus, Elm1 apparently serves other important 

functions apart from the phosphorylation of Snf1. The elongated morphology of elm1∆ cells 
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already indicated a role of the kinase in cell division (Blacketer et al., 1993), which was 

supported by the finding that Elm1 is crucial for proper localization of septins to the bud neck 

prior to cytokinesis (Bouquin et al., 2000). Since cytokinesis also requires cell wall 

remodeling, the phenotypes observed regarding the stress agents could well be a direct result 

of the lack of Elm1, rather than being mediated by the SNF1 complex. Unfortunately, a 

dissection of these presumed Elm1 functions is well beyond the scope of this thesis. 

Additionally, the cell wall phenotype of a deletion of the phosphatase targeting subunit Reg1 

was investigated. The reg1∆ mutant is hypersensitive to Caspofungin, but not to Calcofluor 

white and Congo red (Fig. 3.10). The more pronounced sensitivity of the reg1 deletion to 

Caspofungin compared to that of a snf1∆ mutant suggests a pleiotropic effect caused by the 

influence on Reg1 targets other than Snf1. In fact, the Reg1-Glc7 phosphatase has been 

shown to act on Hxk2, which is the main hexokinase isoform in S. cerevisiae at high glucose 

concentrations and becomes dephosphorylated by the Reg1-Glc7 heterodimer. Hxk2 then 

enters the nucleus and interacts with the transcriptional repressor Mig1 (Fernandez-Garcia et 

al., 2012). Additionally, the reg1 deletion may have an indirect effect on cell wall 

biosynthesis due to the perturbation of intermediate metabolite concentrations. reg1∆ mutants 

have an increased glycogen content (Ruiz et al., 2011). Since glucan and glycogen syntheses 

require UDP-glucose, it is possible that fewer UDP-glucose for glucan synthesis is available 

in the mutant, causing the hypersensitivity to the β-1,3-glucanase inhibitor Caspofungin. 

The differences in the sensitivities of the kinase and phosphatase mutants to the cell wall 

stress agents affecting either chitin or glucan synthesis suggest that these substances address 

different mechanisms involving SNF1. This assumption is supported by the results of the 

Western blots, which determined phosphorylation of the Snf1 kinase subunit. An increased 

phosphorylation of Snf1 Thr210 only occurs in response to Caspofungin, but not to 

Calcofluor white or Congo red (Fig. 3.12). However, it is possible that phosphorylation also 

occurs in response to Calcofluor white and Congo red, which might have escaped detection 

because the appropriate conditions were not discovered. It has been demonstrated that 

phosphorylation of Snf1 Thr210 can already occur within the first minute after exposure to 

stress (Ye et al., 2008). Since the first sample was not taken until five minutes after the 

exposition to the cell wall stress agent, it is possible that Thr210 phosphorylation occurs really 

fast, is not persistent and was therefore not detected.  

It should be noted that the time-dependent phosphorylation induced by Caspofungin never 

reached the same level as the phosphorylation induced by glucose depletion. For the latter a 

28-fold increase of phosphorylation between the basal level and the induced level was found, 
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which is in line with previous findings (Ruiz et al., 2012). In contrast, the induction with 

Caspofungin only leads to a tenfold increase in phosphorylation. A similar situation has been 

reported for the phosphorylation of the Hog1-MAP kinase upon treatment with Zymolyase: a 

lower phosphorylation level was observed as compared to that obtained in response to 

osmotic stress. This was accompanied by a lack of translocation of Hog1 to the nucleus, 

suggesting that the response is triggered by phosphorylation of cytoplasmic targets (Bermejo 

et al., 2008). In analogy, although Snf1 can be phosphorylated by certain stresses, it does not 

necessarily translocate into the nucleus (Hong and Carlson, 2007). In the light of a possible 

lack of Snf1 phosphorylation in the presence of Calcofluor white or Congo red and the 

observed hypersensitivity of the snf1 deletion towards these agents on the other hand, it can 

be speculated that either the kinase function itself, or a yet unidentified protein interaction 

exerted by Snf1, can be activated without phosphorylation at Thr210.  

 

4.2.4 The role of known downstream effectors of the Snf1 kinase 

Several transcription factors are known to be phosphorylated by an active SNF1 complex and 

were tested herein for their role in cell wall synthesis. Thus, the transcriptional activator Cat8 

was employed in a yeast one-hybrid assay using a lacZ reporter (Fig. 3.14). Albeit no 

activation could be detected upon cell wall stress, one has to keep in mind that the expression 

of the CAT8 gene fused to the GAL4-DNA binding domain, which drives the reporter gene 

lacZ, is controlled by the ADH1 promoter. This promoter is repressed on non-fermentable 

carbon sources like ethanol and only expressed on glucose medium (Denis et al., 1983). 

Consequently, the positive control for Snf1 activation, which is usually achieved by transfer 

to medium with ethanol as a carbon source, is not reliable: whereas the Cat8 fusion protein is 

expected to be activated by phosphorylation, its production is simultaneously lowered because 

of the carbon source employed. Despite of these counteracting effects, a transcriptional 

activation of the reporter gene has been observed with regard to a change in the carbon source 

(Randez-Gil et al., 1997). Upon a three hour shift to ethanol this is reflected in a two-fold 

higher specific β-galactosidase activity (Fig. 3.14). However, an activation of Cat8 in 

response to Caspofungin addition was not observed. The slight increase after 24 hours of 

incubation with Caspofungin can be attributed to the cells having reached the stationary phase 

rather than to the action of the glucan synthase inhibitor. Together with the data from drop 

dilution assays, in which neither cat8 or sip4 single deletions nor the double deletion 

displayed any pronounced cell wall stress phenotype, it can be concluded that these two 
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transcriptional activators do not serve as downstream targets to mediate the effect of the SNF1 

complex on cell wall synthesis. 

Similarly, the single deletions of ADR1 and RDS2, which lack two other target transcription 

factors described for SNF1, are not hypersensitive to the cell wall perturbing agents. Only the 

deletion of MIG1, which lacks the most prominent transcriptional repressor of genes, whose 

products are involved in the utilization of alternative carbon sources (Hedbacker and Carlson, 

2008; Rodicio and Heinisch, 2009), is hypersensitive to Caspofungin (Fig. 3.13). This 

indicates that Mig1 is somehow activated by SNF1 and mediates at least a partial response to 

the glucan synthase inhibitor. Since the phenotype of mig1∆ is less severe than the one of 

snf1∆, other factors should also be involved, but remain to be identified.  

In this respect, other known effectors of SNF1, which may mediate the response to cell wall 

stress, but have not been investigated in this thesis, should be discussed, briefly: A possible 

downstream effector that might be activated by SNF1 in response to Caspofungin treatment is 

Rlm1. This transcription factor is activated by phosphorylation by Mpk1, the MAPK of the 

CWI pathway. Rlm1 induces expression of genes, whose products ensure cell wall integrity 

(Heinisch et al., 1999; Jung and Levin, 1999). However, epistasis analyses do not support a 

role of the cell wall integrity pathway and its components in SNF1 signaling. 

Ssd1 is another possible downstream effector that might be implicated in SNF1 dependent 

signaling in response to Caspofungin. Ssd1 is a translational regulator, which shuttles between 

the nucleus and the cytoplasm, and functions in a pathway that promotes cell wall integrity in 

parallel to the CWI pathway (Kaeberlein and Guarente, 2002). In fact, Ssd1 was shown to be 

phosphorylated by the SNF1 complex in a high throughput approach for protein kinase targets 

(Ptacek et al., 2005). However, preliminary results of epistasis analyses employing a drop 

dilution assay indicate that the cell wall phenotypes of snf1∆ and ssd1∆ are additive, 

suggesting that these two proteins act in parallel in the response to cell wall stress (Dorthe 

Rippert, personal communication). 

Finally, the transcriptional activator complex Msn2/4 was considered as a possible SNF1 

target in response to Caspofungin treatment. MSN2 as well as MSN4 are multi-copy 

suppressors of the carbohydrate related phenotypes of snf1∆ (Estruch and Carlson, 1993). In 

our laboratory, suppression was also observed for the cell wall related phenotypes (Dorthe 

Rippert, personal communication). However, Msn2 is phosphorylated by SNF1 in its nuclear 

localization sequence and is subsequently excluded from the nucleus and cannot activate 

transcription (de Wever et al., 2005). Hence, it is difficult to imagine a mechanism by which 
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Msn2/4 could play a role in the transcriptional activation of cell wall related genes in response 

to Caspofungin. 

 

Figure 4.4 summarizes the possible action of SNF1 signaling in response to Caspofungin in a 

preliminary model. Clearly, the role of the β-subunit Sip1, the participation of an alternative 

γ-subunit and the participation of a putative transcriptional activator or a translational 

regulator are still a matter of speculation. Furthermore, the phosphorylation of Mig1 by SNF1 

in response to Caspofungin remains to be verified. 

 

 

Figure 4.4: Schematic drawing of the possible SNF1 pathway in response to Caspofungin 

The genes depicted, whose products are involved in cell wall construction and whose transcription might be at 

least partially inhibited, harbor Mig1 binding sites in their promoter region according to Zhu et al., 2009 and 

Badis et al., 2008.  
 

4.2.5 The SNF1 complex acts in parallel to the CWI signaling pathway 

The cell wall stress phenotypes of mutants lacking components of the SNF1 complex strongly 

suggested, that the Snf1 kinase activity contributes to yeast cell wall integrity. Until now, cell 

wall biosynthesis was thought to be more or less exclusively regulated by the CWI pathway. 

The synthetic phenotypes of double deletions in SNF1 and several genes encoding 

components of the CWI pathway suggest that the two pathways act in parallel to ensure cell 

wall integrity upon exposure to external stresses. Otherwise, mutations affecting components 

of the same pathway would not be expected to be additive. Since the CWI pathway response 

is ultimately mediated by the Rlm1 transcriptional activator, this finding is consistent with the 

observation that some cell wall specific gene expressions are elevated rather than decreased 
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upon deletion of the genes encoding the SNF1 β-subunits (Zhang et al., 2010). Regarding the 

epistasis analyses with the CWI pathway mutants, the phenotype of a snf1∆ bck1∆ double 

deletion is remarkably severe (Fig. 3.15). This could be explained, if Bck1 had additional 

functions apart from activating the downstream MAPKKs (Mkk1, Mkk2). Supporting this 

view, a bck1∆ mutant does not accumulate glycogen and displays a viability loss upon 

starvation (Costigan and Snyder, 1994). The molecular mechanisms underlying these 

phenotypes are probably not related to the downstream MAPK cascade, but remain to be 

explained.  

 

4.2.6 The role of the SNF1 complex in cell wall integrity is related to glucose metabolism 

In addition to Caspofungin, a snf1 deletion is also hypersensitive to Calcofluor white and 

Congo red. This behavior could be explained by a reduced availability of building blocks for 

the synthesis of cell wall components in the kinase mutant. The thinner cell wall in the snf1∆ 

mutant as well as in the sip1∆ sip2∆ gal83∆ triple mutant supports this hypothesis. The 

glucan/mannan ratios between wild type and snf1∆ are similar (Tab. 3.6) despite the reduction 

in the total mass of the cell wall. This indicates a general effect of the loss of the Snf1 kinase 

function on these cell wall polysaccharides. In previous investigations, snf1 deletions have 

been shown to be deficient in glycogen accumulation, which has been attributed to its reduced 

levels of glucose-6-phosphate (Huang et al., 1997). Consequently, the additional deletion of a 

gene encoding one of the phosphofructokinase subunits (PFK1 or PFK2), which accumulates    

glucose-6-phosphate due to the partial block in glycolysis (Heinisch, 1986), suppressed this 

phenotype.  

This is also true for the cell wall phenotype of the snf1 deletion. The additional deletion of 

PFK1 in a snf1∆ strain leads to an increase in cell wall thickness, abolishes the 

hypersensitivity to Zymolyase and alleviates the hypersensitivity to Congo red, Calcofluor 

white and Caspofungin (Fig. 3.17A and B, Tab. 3.8). This effect is not specific for the pfk1 

deletion, since an eight-fold reduction in the activity of phosphoglucose isomerase achieved 

by genomic promoter truncations in a snf1 deletion background also partially restores the 

resistance to Zymolyase treatment (Fig. 3.19 and 3.20). Clearly, an increase in             

glucose-6-phosphate levels is expected for these strains when grown on glucose medium. In 

this case, complete pgi1 deletions could not be employed, since they cannot grow on glucose 

media (Aguilera, 1986). Several attempts to determine the intracellular glucose-6-phosphate 

concentrations in these strains using different methods for metabolite determinations after 

extraction with hot ethanol did not yet yield reproducible results and were aborted due to time 



Discussion 

79 

constraints. Nevertheless, increased glucose-6-phosphate concentrations have been published 

for pfk1∆ mutants, previously (Heinisch, 1986), as have decreased concentrations for this 

metabolite in snf1 deletions (Thompson-Jaeger et al., 1991; Huang et al., 1997). Since 

glucose-6-phosphate provides the substrate for both UDP-glucose and mannose-6-phosphate 

synthesis, the primary building blocks for cell wall glucan and protein-linked mannose chains, 

respectively (Orlean, 2012), one can conclude that the phenotypes observed for mutants 

lacking a Snf1 kinase activity are caused by a decrease in the concentration of this central 

metabolite. Since it acts on cell wall synthesis at an anabolic level, it would also explain the 

additive phenotypes with mutants lacking CWI components, which primarily act on the level 

of gene expression. Thus, a limiting amount of cell wall biosynthetic enzymes and cell wall 

proteins would be combined with a decreased availability of substrates for both 

polysaccharides and cell wall protein mannosylation, explaining the hypersensitivity to stress 

agents. 
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5. Summary 
 

The yeast cell wall confers shape and integrity and serves as a first barrier against adverse 

environmental conditions. This thesis provides a first analysis of the cell wall structure of the 

milk yeast Kluyveromyces lactis and compares it to the one of the baker’s yeast 

Saccharomyces cerevisiae. Transmission electron microscopy revealed that the cell wall of 

K. lactis is 60 nm thick in glucose-grown cells and increases to 100 nm on ethanol media, 

whereas S. cerevisiae displays a cell wall thickness of 100 nm under both conditions. The cell 

wall proteome of K. lactis shares several homologs with the one of S. cerevisiae, but also 

contains three proteins not found in the latter. Moreover, three of the common cell wall 

proteins have two isoforms in K. lactis, but only one in S. cerevisiae. 

The restructuring of the cell wall on different carbon sources (i.e. glucose versus ethanol) 

indicates a relation between cell wall synthesis and/or remodeling and glucose signaling. 

Therefore, a key regulator which mediates the glucose response in S. cerevisiae, the SNF1 

protein kinase complex, was further investigated. 

Mutants lacking the kinase activity have a thinner cell wall and show pronounced cell wall 

phenotypes in S. cerevisiae, i.e. they are hypersensitive to Zymolyase, Congo red, Calcofluor 

white and to the antifungal agent Caspofungin. Epistasis analyses with mutants affecting cell 

wall integrity signaling indicate that the SNF1 complex acts in parallel to the CWI pathway, 

which is induced upon cell wall stress. Immunological detection reveals the phosphorylation 

of Thr210 in the Snf1 kinase subunit, which is an indication for the activation of the kinase 

complex. Genetic analyses suggest that the transcriptional repressor Mig1 may be a 

downstream target mediating the cellular response. Further epistasis analyses with glycolytic 

mutants indicate that the availability of glucose-6-phosphate influences the cell wall 

phenotype of snf1∆ mutants. Hence, the role of the SNF1 complex in cell wall integrity is 

related to the glucose metabolism and glycolytic flux. This work provides the first 

comprehensive analysis of the role of glucose signaling and the SNF1 complex in yeast cell 

wall biosynthesis. 
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5. Zusammenfassung  
 

Die Hefezellwand gewährleistet Zellform und –integrität und stellt eine erste Barriere 

gegenüber ungünstigen Umgebungsbedingungen dar. Im Rahmen dieser Arbeit wurde die 

Zellwand der Milchhefe Kluyveromyces lactis analysiert und mit der Bäckerhefe 

Saccharomyces cerevisiae verglichen. Transmissionselektronenmikroskopische Aufnahmen 

zeigen, dass die Zellwanddicke von K. lactis nach Anzucht mit Glucose als Kohlenstoffquelle 

60 nm beträgt und bei Wachstum auf Ethanol auf 100 nm ansteigt. Die Zellwand von 

S. cerevisiae ist unter beiden Wachstumsbedingungen 100 nm dick.  

Im Zellwandproteom von K. lactis wurden Homologe zu S. cerevisiae, aber auch drei Proteine 

ohne Homolog in der Bäckerhefe gefunden. Außerdem wurden drei Zellwandproteine 

identifiziert, die zwei Isoformen in K. lactis aber nur eine in S. cerevisiae aufweisen. 

Die Restrukturierung der Zellwand bei Wachstum auf verschiedenen Kohlenstoffquellen (d.h. 

Glucose oder Ethanol) legt eine Verknüpfung zwischen Zellwandsynthese und/oder 

Umstrukturierung und Glucosesignalwegen nahe. Da der SNF1-Kinasekomplex eine 

Schlüsselrolle in der Glucoseregulation spielt, wurde dieser näher untersucht. 

S. cerevisiae Mutanten, die keine Kinaseaktivität mehr aufweisen, haben eine dünnere 

Zellwand und weisen einen Zellwandphänotypen auf (Hypersensitivität gegenüber 

Zymolyase, Kongo Rot, Calcofluor white und Caspofungin). Epistasieanalysen mit Mutanten 

des Zellwandintegritätsweges deuten darauf hin, dass der SNF1-Komplex parallel zum 

Zellwandintegritätsweg, der unter Zellwandstressbedingungen induziert ist, agiert. Die 

Phosphorylierung von Thr210 der Snf1 Untereinheit, die auf eine Aktivierung der Kinase 

hinweist, konnte immunologisch nachgewiesen werden. Genetische Analysen legen den 

Transkriptionsrepressor Mig1 als Zielprotein nahe, welches die zelluläre Antwort vermittelt. 

Weitere Epistasieanalysen mit Glycolysemutanten weisen darauf hin, dass die Verfügbarkeit 

von Glucose-6-phosphat den Zellwandphänotypen von snf1∆ beeinflusst. Demzufolge ist die 

Rolle des SNF1-Komplexes in der Integrität der Zellwand durch den Glucosestoffwechsel und 

die glycolytische Flussrate bedingt.  

Diese Arbeit stellt die erste umfassende Analyse der Rolle von Glucosesignalwegen und des 

SNF1-Komplexes in der Zellwandbiosynthese dar. 
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5. Resumen 

 

La pared celular confiere a las levaduras la forma e integridad y sirve como primera barrera 

frente a condiciones ambientales adversas. En esta tesis se presenta el primer análisis 

sistemático de la estructura la pared celular de la levadura Kluyveromyces lactis y se compara 

con la de la levadura de panadería Saccharomyces cerevisiae. Estudios de microscopía 

electrónica de transmisión mostraron que la pared celular de K. lactis tiene un grosor de 60 

nm en células crecidas en glucosa e incrementa a 100 nm en medio con etanol. El proteoma 

de la pared celular de K. lactis muestra varios homólogos con el de S. cerevisiae pero contiene 

también tres proteínas no encontradas en esta última. Además, tres de las proteínas más 

comunes de pared celular tienen dos isoformas en K. lactis pero sólo una en S. cerevisiae. 

La reestructuración de la pared celular en diferentes fuentes de carbono (por ejemplo glucosa 

en relación a etanol) indica una relación entre la síntesis y/o el remodelado de la pared celular 

y la señalización por glucosa. Por ello se investigó con detalle la función del complejo de la 

quinasa SNF1 como regulador clave que media la respuesta a glucosa en S. cerevisiae.  

En S. cerevisiae, los mutantes deficientes en la actividad quinasa tienen una pared celular más 

delgada que la cepa isogénica correspondiente y muestran fenotipos relacionados con defectos 

en la pared celular tales como hipersensibilidad a zimoliasa, rojo congo, blanco de calcoflúor 

y al agente antifúngico caspofungina. Análisis epistáticos indican que el complejo SNF1 actúa 

en paralelo con la ruta CWI la cual se induce en situaciones de estrés de la pared celular. 

Mediante detección inmunológica se demostró que en estas situaciones la subunidad catalítca 

Snf1 se fosforila en la Thr210, lo cual indica la activación del complejo. Análisis genético 

sugiere que esta respuesta celular podría ser llevada a cabo a través del represor 

transcripcional Mig1. Análisis epistáticos con mutantes glucolíticos indican que la 

disponibilidad de glucosa 6-fosfato influye sobre el fenotipo de los mutantes snf1. Por tanto, 

el papel del complejo SNF1 en la integridad de la pared celular está relacionado con el flujo 

glucolítico y el metabolismo de la glucosa. Este trabajo representa el primer análisis 

sistemático del papel de la señalización por glucosa y el complejo SNF1 en la biosíntesis de la 

pared celular en levaduras. 
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7. Abbreviations 

 

AA/aa   amino acid 

ADP   adenosine diphosphate 

AMP   adenosine monophosphate 

ASL   alkali sensitive linkage 

CWP   cell wall protein 

CWI   cell wall integrity 

ER   endoplasmic reticulum 

G418   Geneticin 

GlcN   glucosamine 

Gln   glutamine 

Glu   glutamate 

glycerol-3-P-DH glycerol-3-phosphate dehydrogenase 

GPI   glycosylphosphatidylinositol 

GTP   guanosine triphosphate 

HA   human influenza hemagglutinin 

HPLC   high pressure liquid chromatography 

MAPK   mitogen activated protein kinase 

MAPKK  mitogen activated protein kinase kinase 

MAPKKK  mitogen activated protein kinase kinase kinase 

no.   number 

ONPG   ortho-nitrophenyl-β-galactoside 

ORF   open reading frame 

PEG   polyethylene glycol 

PFK   phosphofructokinase 

PGI   phosphoglucose isomerase 

SC   synthetic complete medium 

Ser   serine 

SNF1   Snf1 kinase complex consisting of α-, β- and γ-subunit 

TEM   transmission electron microscopy 

Thr   threonine 

UDP   uridine diphosphate 
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X-Gal   5-bromo-4-chlor-3-indolyl-ß-D-galactopyranoside 

YEP   yeast extract peptone (rich medium) 

 

Nucleotides and amino acids are represented with the single letter code (IUPAC-IUB 

Commission on Biochemical Nomenclature). 
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8. Supplemental material 

Tables S1 to S4 give all the detected proteins in the K. lactis cell wall under the respective 

growth conditions.  
 
Table S1: K. lactis 30°C YEPD 72 h (stationary cells) 

protein reresidues sequence R 1 R 2 R 3 
S. cerevisiae 

homolog SP? GPI? 

KLLA0A06556p 83-89 GPLSLSK 0 1 0 YJL171C yes yes 

 192-205 SGIPAYYGFEGDTK 2 2 0    

         

KLLA0B06347p 32-44 SGSALQYAGVYSK 2 0 0 Cwp1 yes yes 

 125-138 SESSDSLPVAISAR 2 0 0    

         

KLLA0B07370p 189-197 SATKDDPVK 2 1 0 Pir1 yes no 

 223-230  LGSIVANR 1 1 2    

         

KLLA0B07392p 253-266 ATDSTDPVTAQSCK 2 2 2 Pir1 yes no 

 267-276 NNGTLSMTLK 1 0 0    

 287-294 LGSIVANR 1 1 2    

         

KLLA0B14498p 237-248 LEALGSPTFVYK 2 2 2 - yes yes 

 257-264 VGLAVAIR 0 0 1    

         

KLLA0C04928p 58-64 DDVVYTK 0 0 1 Fit3 yes yes 

         

KLLA0C05940p 49-61 ADAVSDDEADWLK 1 2 1 Plb1 yes yes 

 64-72 HESTVPALK 2 2 2    

 92-101 LLATQDTAPK 0 1 2    

 102-112 VAIACSGGGYR 1 0 0    

 228-250 ALSYNFFPSLDEGGVGYTWNTLR 0 1 1    

 455-461 QFGLQGK 0 1 1    

 462-491 GIAFPYVPDVNTFTNLGLNTRPTFFGCDAR 0 2 1    

 522-529 MSYSTSER 2 2 1    

 532-543 MIQNGFEAVTMK 0 0 1    

         

KLLA0C07238p 30-37 FIQPSSPK 2 2 0 Gas3 yes yes 

 38-49 NDASDNTVFFVR 0 0 2    

 93-104 IYSLNPDLNHDK 1 2 1    

 140-145 DYYLER 1 0 0    

 201-215 SIPVGYSAADNVDLR 2 2 2    

 266-271 LESSFK 0 0 1    

 379-398 FGTNDFEIPDQPSEITDLIK 2 0 1    

 399-408 NGVEVENAGK 2 2 0    

         

KLLA0C14047p 142-160 SAQQVASDLASLSSYGVIR 1 0 0 Scw4 yes no 

 161-176 LYGVDCNQVENVFQGK 0 1 0    

         

KLLA0C14091p 139-145 YTSVVDK 2 2 2 Gas1 yes yes 
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KLLA0C14454p 143-172 QITIADTALESIAGFEDLDEIEVFNVNNNK 1 1 0 Ecm33 yes yes 

 283-304 LATIDTFSELSTIGGALVVTGK 0 0 1    

 341-351 GGIQGDSFVCK 0 1 0    

         

KLLA0C19437p 60-71 YDIVVEQVNWVK 1 2 1 Muc1 yes yes 

 
132-160 VYGQTDSNDQSIVWMPTFEVQYEYCQGS

R 0 2 1    

 161-167 TDCSNWK 2 2 2    

 188-202 SQTDAPSYFWPAQLK 2 2 2    

         

KLLA0D01507p 142-149 LFSTDNVK 1 2 0 Yps3 yes yes 

 424-439 YAVFDVQNQQFGLANK 0 1 1    

         

KLLA0D14421p 203-217 AVPVGYSAADVSSNR 2 2 0 Gas5 yes yes 

 218-233 QLAAEYFNCGDDADAR 2 1 2    

 315-335 YGLVQIDGDSVTTLDDFDNLK 0 1 1    

         

KLLA0E01001p 98-117 IIGVNSPDGSTFQLFGYNEK 0 0 1 Muc1 yes yes 

 118-132 TYLIDNPTDWTATFR 1 0 0    

 188-206 SQTDAGSYFWPAQLSGETK 2 2 1    

         

KLLA0E03938p 336-344 SIGYTEQIR 1 1 1 Yps1 yes yes 

         

KLLA0E04939p 38-52 KSDCDGMQDIACMCK 2 1 0 Ccw14 yes yes 

 64-83 SICPDGEADAAQDALESTCK 1 1 2    

         

KLLA0E24937p 29-36 LTGPNELK 2 2 2 Cwp1 yes yes 

 52-68 HSGDIIEGTIQEDGSLK 0 1 2    

         

KLLA0E24959p 30-36 VDAPDTK 2 2 1 - yes yes 

 55-75 TDQSLSATIQDDGTLLLDDGK 2 1 1    

 88-105 AISSAWIVAEPWAIEGGK 1 1 1    

 106-119 LTLYGGNFHSVYSR 1 2 1    

         

KLLA0F22088p 228-241 ANAGTLLLGSVDPK 0 2 1 Yps7 yes no 

         

KLLA0F22671p 41-55 SISVPFDEESSYFER 0 0 1 Crh1 yes yes 

 77-92 LDNPSLVSEFYIMFGK 1 0 0    

 139-146 GETTTFDR 1 0 0    

 182-197 TITSDNGQGYPESPMR 2 2 1    

 270-279 YDQGVADFDK 0 0 1       
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others 
S. cerevisiae 

homolog R1 R2 R3 

KLLA0A09031p Pma1 1 2 2 

KLLA0B04648p Rpl6 1 0 1 

KLLA0B02717p Fas1 0 1 0 

KLLA0B05841p Fks1 0 2 1 

KLLA0C15983p  Fas2 0 2 0 

KLLA0C09152p  Are2 0 2 0 

KLLA0F20163p Ale1 0 0 1 
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Table S2: K. lactis YEPD 30°C logarithmically growing cells 

protein residues sequence R 1 R 2 R3 
S. cerevisiae 

homolog SP? GPI? 

KLLA0A10417p  237-251 EGYLGYNYECPGLVK 1 0 0 Suc2 yes no 

         

KLLA0B06347p 32-44 SGSALQYAGVYSK 0 0 2 Cwp1 yes yes 

         

KLLA0B07370p 213-222 DAVLTDGSGR 1 0 2 Pir1 yes no 

 223-230  LGSIVANR 2 2 2    

 231-247  QFQFDGPPPQAGAIYAK 1 0 1    

         

KLLA0B07392p 277-286  DAVLTDGSGR 1 0 2 Pir1 yes no 

 287-294 LGSIVANR 2 2 2    

 295-311 QFQFDGPPPQAGAIYAK 1 0 1    

         

KLLA0B14498p 91-97 VLGSTQK 0 2 1 - yes yes 

 167-188 GGTLTLGNLGSAITNSGTICLK 0 2 1    

 237-248 LEALGSPTFVYK 0 0 2    

 257-264 VGLAVAIR 0 0 2    

         

KLLA0C05940p 92-101 LLATQDTAPK 2 0 0 Plb1 yes yes 

 462-491 GIAFPYVPDVNTFTNLGLNTRPTFFGCDAR 2 0 1    

 532-543 MIQNGFEAVTMK 0 0 1    

         

KLLA0C07238p 30-37 FIQPSSPK 2 1 2 Gas3 yes yes 

 38-49 NDASDNTVFFVR 1 0 2    

 50-64 GIDYQPGGSSSYSSK 0 1 0    

 79-92 DAFVFQQLGINTIR 0 1 0    

 93-104 IYSLNPDLNHDK 1 2 0    

 201-215 SIPVGYSAADNVDLR 1 0 2    

 232-240 VDEALQTSR 1 1 1    

 327-343 IDDDGNIEFKDDFENLK 1 0 0    

         

KLLA0C14047p 142-160 SAQQVASDLASLSSYGVIR 1 0 2 Scw4 yes no 

 161-176 LYGVDCNQVENVFQGK 1 2 2    

         

KLLA0C14091p 83-89 VATNVIR 1 0 0 Gas1 yes yes 

 192-206 SIPVGYSSNDDADTR 2 0 0    

         

KLLA0C14454p 143-172 QITIADTALESIAGFEDLDEIEVFNVNNNK 0 1 1 Ecm33 yes yes 

 214-222 DVSSASFAK 1 0 2    

 341-351 GGIQGDSFVCK 1 1 0    

         

KLLA0C19437p 188-202 SQTDAPSYFWPAQLK 1 0 0 Muc1 yes yes 

         

KLLA0D01507p 54-67 YAAQFVNINDALSK 0 0 2 Yps3 yes yes 

 142-149 LFSTDNVK 0 1 0    

 424-439 YAVFDVQNQQFGLANK 0 1 1    
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KLLA0D14421p 99-117 VYTIDNSLDHTECMQLLEK 2 1 2 Gas5 yes yes 

 203-217 AVPVGYSAADVSSNR 0 1 2    

 296-314 MSSVFSGGLVYEYSQESNK 0 2 2    

 315-335 YGLVQIDGDSVTTLDDFDNLK 0 1 0    

         

KLLA0E01001p 31-52 GNHGSGSFEPINGCPCLDFSFR 0 0 1 Muc1 yes yes 

 58-69 TMPYNIELENVK 1 0 0    

 70-86 WVESNIYTVTLHVTGQK 1 0 0    

 98-117 IIGVNSPDGSTFQLFGYNEK 2 1 2    

 188-206 SQTDAGSYFWPAQLSGETK 2 2 2    

         

KLLA0E04939p 64-83 SICPDGEADAAQDALESTCK 2 0 1 Ccw14 yes yes 

         

KLLA0E14586p 136-165 MTGDYQFLLNNVDEAAYGSIGAGNAFDCC
QK 

0 1 0 Flo5 yes no 

         

KLLA0E24937p 52-68 HSGDIIEGTIQEDGSLK 0 1 0 Cwp1 yes yes 

 113-140 AIPSGQTDIWILASNNAVSTLDSVHTTK 0 1 0    

         

KLLA0E24959p 30-36 VDAPDTK 2 2 2  yes yes 

 37-49 VDGFNVYLDSDYR   2    

 55-75 TDQSLSATIQDDGTLLLDDGK 1 2 1    

 88-105 AISSAWIVAEPWAIEGGK 1 1 0    

 106-119 LTLYGGNFHSVYSR 2 2 1    

         

KLLA0F04950p  586-596 ELAWLASNNCK 1 1 0 Fre1 yes no 

         

KLLA0F16907p  65-74 EACMPLPVCR 0 0 2 Utr2 yes yes 

 124-142 NSGGTVLSSTHYMWYGNIK 0 1 2    

 242-251 QYEYPQTPSR 0 1 0    

         

KLLA0F22088p 385-402 MYPNYATSFSVLGQSFIK 0 1 1 Yps7 yes no 

 403-428 NAYIVHDVDNSNIALAQAASDEAVEK 0 0 1    

         

KLLA0F22671p 41-55 SISVPFDEESSYFER 2 0 1 Crh1 yes yes 

 77-92 LDNPSLVSEFYIMFGK 2 0 0    

 182-197 TITSDNGQGYPESPMR 0 2 1    

 198-226 IFTGIWAGGDSQNEPGTIEWAGGLTDYTK 1 0 0    

 270-279 YDQGVADFDK 2 0 0       

         

others 
S. cerevisiae 
homolog R1 R2 R3    

KLLA0A09031p Pma1 2 2 2    

KLLA0B01804p  Tom1 0 1 0    

KLLA0B02717p Fas1 2 2 2    

KLLA0B04686p Rpl6 0 0 1    

KLLA0B05841p Fks1 2 2 1    

KLLA0B08998p Tef2 1 0 2    

KLLA0C03179p  Laa1 1 0 0    

KLLA0C05764p  Pyc2 1 0 0    
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others 
S. cerevisiae 
homolog R1 R2 R3   

 
 

KLLA0C15983p  Fas2 1 2 0    

KLLA0D03432p Snq2 1 0 0    

KLLA0D12958p  Hsc82 0 1 0    

KLLA0E01342p Pmt1 1 0 0    

KLLA0E09075p  Rpl9 2 0 0    

KLLA0E12353p  Pet9 0 0 1    

KLLA0E12947p  Ptr2 0 1 0    

KLLA0E15444p  Ura2 0 1 0    

KLLA0E17479p  Utp20 0 1 0    

KLLA0E21989p  Nde2 0 1 0    

KLLA0E22352p Spf1 1 1 0    

KLLA0F04884p Cop1 1 1 0    

KLLA0F06072p  Acc1 1 1 0    

KLLA0F06116p    - 1 0 0    

KLLA0F09911p  Chc1 0 1 0    

KLLA0F12210p Hef3 2 0 0    

KLLA0F15829p  Pmt2 0 1 0    

KLLA0F18040p  Rps13 1 0 0    

KLLA0F21208p  Utp10 0 2 0    

KLLA0F22385p  Kem1 1 0 0    

KLLA0F23419p  Put4 1 0 0    
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Table S3: K. lactis 30°C YEPEtOH logarithmically growing cells 

protein residues sequence R1  R2 R3  
S. cerevisiae 

homolog SP? GPI? 

KLLA0A00418p 280-291 VVVNATGPYSDR 0 1 0 Gut2 yes no 

 347-359 EIGLLDAQTSDGR 0 1 0    

         

KLLA0B06347p 68-98 FTDNTYAVVGDDGYLTASSDESTAST
GFSIK 

0 0 1 Cwp1 yes yes 

 108-120 NGFYGVLEDSSYK 0 0 1    

         

KLLA0B07370p 189-197 SATKDDPVK 1 1 1 Pir1 yes no 

 223-230 LGSIVANR 0 1 2    

 231-247  QFQFDGPPPQAGAIYAK 1 2 1    

         

KLLA0B07392p 253-266 ATDSTDPVTAQSCK 1 0 1 Pir1 yes no 

 267-276 NNGTLSMTLK 1 1 0    

 287-294 LGSIVANR 0 1 2    

 295-311 QFQFDGPPPQAGAIYAK 1 2 1    

         

KLLA0B14498p 257-264 VGLAVAIR 1 1 1 - yes yes 

         

KLLA0C04928p 58-64 DDVVYTK 0 0 1 Fit3 (weak) yes yes 

         

KLLA0C05940p 64-72 HESTVPALK 1 0 1 Plb1 yes yes 

 92-101 LLATQDTAPK 0 0 1    

 102-112 VAIACSGGGYR 1 1 0    

 202-212 WDDISDAVEEK 0 0 1    

         

KLLA0C07238p 30-37 FIQPSSPK 0 0 2 Gas3 yes yes 

 38-49 NDASDNTVFFVR 0 1 0    

 50-64 GIDYQPGGSSSYSSK 0 1 0    

 68-78 DALTDEELCAR 0 0 1    

 93-104 IYSLNPDLNHDK 0 2 2    

 201-215 SIPVGYSAADNVDLR 0 2 2    

 232-240 VDEALQTSR 0 0 1    

 266-271 LESSFK 0 0 1    

 327-343 IDDDGNIEFKDDFENLK 1 1 0    

 399-408 NGVEVENAGK 0 0 1    

         

KLLA0C14047p 142-160 SAQQVASDLASLSSYGVIR 0 0 1 Scw4 yes no 

 161-176 LYGVDCNQVENVFQGK 0 0 1    

         

KLLA0C14091p 83-89 VATNVIR 1 0 0 Gas1 yes yes 

 139-145 YTSVVDK 0 0 1    

         

KLLA0C19437p 188-202 SQTDAPSYFWPAQLK 0 1 0 Muc1 yes yes 

         

KLLA0D01507p 142-149 LFSTDNVK 0 1 2 Yps3 yes yes 

 424-439 YAVFDVQNQQFGLANK 1 1 1    
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KLLA0D14421p 99-117 VYTIDNSLDHTECMQLLEK 0 2 1 Gas5 yes yes 

 203-217 AVPVGYSAADVSSNR 1 1 2    

 218-233 QLAAEYFNCGDDADAR 0 1 0    

 296-314 MSSVFSGGLVYEYSQESNK 0 1 2    

 315-335 YGLVQIDGDSVTTLDDFDNLK 1 1 1    

         

KLLA0E01001p 31-52 GNHGSGSFEPINGCPCLDFSFR 0 0 1 Muc1 yes yes 

 92-97 SLWSLK 0 1 1    

 98-117 IIGVNSPDGSTFQLFGYNEK 1 1 0    

 188-206 SQTDAGSYFWPAQLSGETK 1 2 2    

         

KLLA0E03938p 336-344 SIGYTEQIR 0 1 1 Yps1 yes yes 

         

KLLA0E04939p 39-52 SDCDGMQDIACMCK 1 2 2 Ccw14 yes yes 

 64-83 SICPDGEADAAQDALESTCK 1 1 1    

         

KLLA0E24893p 121-135 DGIYVLGSINAAAGR 0 1 0 - yes yes 

         

KLLA0E24937p 29-36 LTGPNELK 0 0 1 Cwp1 yes yes 

 52-68 HSGDIIEGTIQEDGSLK 0 1 0    

         

KLLA0E24959p 30-36 VDAPDTK 1 1 2 - yes yes 

 55-75 TDQSLSATIQDDGTLLLDDGK 1 2 1    

 88-105 AISSAWIVAEPWAIEGGK 0 0 1    

 106-119 LTLYGGNFHSVYSR 0 1 0    

         

KLLA0F16907p  124-142 NSGGTVLSSTHYMWYGNIK 1 0 1 Utr2 yes yes 

 242-251 QYEYPQTPSR 0 1 0    

         

KLLA0F22671p 182-197 TITSDNGQGYPESPMR 0 0 1 Crh1 yes yes 

 270-279 YDQGVADFDK 0 1 0       

 

others 
S. cerevisiae 
homolog R1 R2 R3 

KLLA0A00484p Pck1 0 2 0 

KLLA0A00616p Rpl40A/Rpl40B 0 1 0 

KLLA0A09031p Pma1 1 2 2 

KLLA0A10483p Rps11A/Rps11B 1 2 0 

KLLA0B02717p Fas1 1 2 0 

KLLA0B05841p Fks1 1 1 0 

KLLA0B07139p Rpl4A/Rpl4B 0 1 0 

KLLA0B08998p Tef2 1 0 0 

KLLA0C05764p  Pyc2 1 1 0 

KLLA0C06336p Ndi1 0 1 0 

KLLA0C07491p Vph1 1 0 0 

KLLA0C14949p Bsc6  1 0 0 

KLLA0C15983p  Fas2 1 1 0 

KLLA0D03410p Rpl7A/Rpl7B 1 0 0 

KLLA0D08305p Rps3 1 0 0 

KLLA0D08481p Gdh2 0 2 0 
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others 
S. cerevisiae 
homolog R1 R2 R3 

KLLA0D10571p Gcd11 1 0 0 

KLLA0D12958p  Hsc82 1 0 0 

KLLA0E01342p Pmt1/Pmt2 1 1 0 

KLLA0E02926p Eft1/Eft2 1 2 0 

KLLA0E08987p Itr1 * 1 2 0 

KLLA0E11077p Rsn1 0 1 0 

KLLA0E12353p  Pet9 1 1 0 

KLLA0E15444p  Ura2 0 1 0 

KLLA0E16313p Jen1 0 1 1 

KLLA0E22352p Spf1 1 0 0 

KLLA0F04884p Cop1 0 1 0 

KLLA0F06072p  Acc1 1 2 0 

KLLA0F09911p  Chc1 0 2 0 

KLLA0F12210p Hef3 1 2 0 

KLLA0F15829p  Pmt2 0 0 0 

KLLA0F16511p Rpl3 1 1 0 

KLLA0F16555p Cyt1 0 1 0 

KLLA0F18106p Tpo1 1 0 0 

KLLA0F20075p Ycf1 1  0  0 

 
* found with Genolevures blast 
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Table S4 : K. lactis YEPLac 30°C logarithmically growing cells 

protein residues sequence R1 R2 
S. cerevisiae 

homolog SP? GPI? 

KLLA0B07370p 189-197 SATKDDPVK 2 0 Pir1 yes no 

 223-230  LGSIVANR 0 2    

 231-247  QFQFDGPPPQAGAIYAK 2 2    

        

KLLA0B07392p 253-266 ATDSTDPVTAQSCK 2 0 Pir1 yes no 

 287-294 LGSIVANR 0 2    

 295-311 QFQFDGPPPQAGAIYAK 2 2    

        

KLLA0B14498p 55-68 FLALVSGTTEYFNK 0 1 - yes yes 

 91-97 VLGSTQK 0 2    

 167-188 GGTLTLGNLGSAITNSGTICLK 0 2    

 237-248 LEALGSPTFVYK 0 1    

 257-264 VGLAVAIR 0 2    

        

KLLA0C05940p 92-101 LLATQDTAPK 1 2 Plb1 yes yes 

 102-112 VAIACSGGGYR 1 0    

 462-491 GIAFPYVPDVNTFTNLGLNTRPTFFGCDAR 0 2    

 532-543 MIQNGFEAVTMK 2 0    

        

KLLA0C07238p 30-37 FIQPSSPK 2 2 Gas3 yes yes 

 38-49 NDASDNTVFFVR 0 2    

 93-104 IYSLNPDLNHDK 0 2    

 201-215 SIPVGYSAADNVDLR 0 2    

 266-271 LESSFK 1 0    

 327-343 IDDDGNIEFKDDFENLK 2 0    

 399-408 NGVEVENAGK 1 0    

        

KLLA0C14047p 142-160 SAQQVASDLASLSSYGVIR 0 2 Scw4 yes no 

 161-176 LYGVDCNQVENVFQGK 0 2    

 310-327 QVVITESGWPSQGQTYGK 2 0    

        

KLLA0C14091p 139-145 YTSVVDK 2 0 Gas1 yes yes 

 192-206 SIPVGYSSNDDADTR 1 0    

        

KLLA0C14454p 143-172 QITIADTALESIAGFEDLDEIEVFNVNNNK 1 1 Ecm33 yes yes 

 305-314 FGDLEFPSLK 0 1    

        

KLLA0C19437p 60-71 YDIVVEQVNWVK 1 0 Muc1 yes yes 

 72-90 DNIYTVTVHVTGEEQIPLK 2 0    

 132-160 
VYGQTDSNDQSIVWMPTFEVQYEYCQGS
R 2 0    

 161-167 TDCSNWK 2 0    

 172-187 NFDLITGCNNYDNNHR 1 0    

 188-202 SQTDAPSYFWPAQLK 2 0    

        

KLLA0D01507p 54-67 YAAQFVNINDALSK 0 2 Yps3 yes yes 

 424-439 YAVFDVQNQQFGLANK 2 2    
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KLLA0D14421p 99-117 VYTIDNSLDHTECMQLLEK 1 1 Gas5 yes yes 

 203-217 AVPVGYSAADVSSNR 2 2    

 296-314 MSSVFSGGLVYEYSQESNK 1 1    

 315-335 YGLVQIDGDSVTTLDDFDNLK 2 0    

        

KLLA0E01001p 188-206 SQTDAGSYFWPAQLSGETK 2 2 Muc1 yes yes 

        

KLLA0E04939p 38-52 KSDCDGMQDIACMCK 2 0 Ccw14 yes yes 

 64-83 SICPDGEADAAQDALESTCK 2 2    

        

KLLA0E14586p 33-48 VSSAGFHVDYYHYPMK 2 0 Flo5 yes no 

 136-165 
MTGDYQFLLNNVDEAAYGSIGAGNAFDCC
QK 0 1    

        

KLLA0E24893p 82-103 NYLSLEADSSSFEIAYPFTIEK 1 0 - yes yes 

        

KLLA0E24937p 52-68 HSGDIIEGTIQEDGSLK 2 0 Cwp1 yes yes 

 113-140 AIPSGQTDIWILASNNAVSTLDSVHTTK 1 0    

        

KLLA0E24959p 30-36 VDAPDTK 1 2 - yes yes 

 37-49 VDGFNVYLDSDYR 0 1    

 55-75 TDQSLSATIQDDGTLLLDDGK 1 0    

 106-119 LTLYGGNFHSVYSR 0 2    

        

KLLA0F16907p  124-142 NSGGTVLSSTHYMWYGNIK 0 1 Utr2 yes yes 

        

KLLA0F22088p 385-402 MYPNYATSFSVLGQSFIK 0 1 Yps7 yes no 

        

KLLA0F22671p 41-55 SISVPFDEESSYFER 0 2 Crh1 yes yes 

 77-92 LDNPSLVSEFYIMFGK 0 1    

 182-197 TITSDNGQGYPESPMR 2 2    

 270-279 YDQGVADFDK 1 0       

        

others 
S. cerevisiae 

homolog R1 R2 

KLLA0A09031p Pma1 2 2 

KLLA0A09185p Eno1 1 0 

KLLA0B02717p Fas1 2 2 

KLLA0B04686p Rpl6 2 0 

KLLA0B05841p Fks1 1 1 

KLLA0B08998p Tef2 1 0 

KLLA0D03432p Snq2 1 0 

KLLA0E01342p Pmt1 1 0 

KLLA0E22352p Spf1 1 0 

KLLA0F12210p Cef3 2 0 

KLLA0F20988p Gap1 1 0 
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Table S5: All detected peptides of logarithmically growing BY4741 and snf1∆ cells (YEPD 30°C) 

   BY4741  
snf1∆∆∆∆ 

protein residues sequence R1 R2 R3  R1 R2 R3 

Gas3 32-51 FIKPSSATNSESDNEVFFVK 2 1 1  0 2 1 

 81-94 DAYAFQQLGVNTVR 0 1 0  0 2 1 

 95-106 IYSLNPDLNHDK 2 0 0  1 1 1 

 107-133 CMTIFNNAGIYAILDVNSGNYGESLNR 0 0 0  0 0 1 

 134-147 ADPSGTYDSLYLSR 0 1 0  2 0 0 

 151-156 FIDAFK 2 2 1  1 2 1 

 157-179 NYPNVLGFFSGNEVINDQSDYAK 1 1 0  0 0 1 

 203-217 SIPVGYSAADNTDLR 0 0 0  2 0 1 

 223-233 YLQCNSLDGNK 2 1 1  1 2 1 

 293-306 TFDEVSEGLYGGLK 2 2 1  2 2 2 

 307-328 NVFSGGLVYEYTEEANNYGLVK 0 2 1  2 2 1 

 329-338 LDDSGSLTYK 2 1 1  1 0 0 

 339-349 DDFVNLESQLK 2 0 1  0 1 1 

 358-368 ESEISSDSIYK 0 1 0  1 2 1 

          

Cwp1 32-49 SGSDLQYLSVYSDNGTLK 2 2 1  2 2 2 

 50-66 LGSGSGSFEATITDDGK 1 2 1  0 2 2 

 69-84 FDDDKYAVVNEDGSFK 2 2 1  2 2 2 

 74-84 YAVVNEDGSFK 2 2 1  2 2 2 

 85-98 EGSESDAATGFSIK 1 1 0  2 1 2 

 99-105 DGHLNYK 0 0 0  2 1 2 

 106-124 SSSGFYAIKDGSSYIFSSK 2 0 1  0 0 0 

 125-139 QSDDATGVAIRPTSK 2 2 1  2 2 2 

          

Crh1 80-91 YGSDGLSMTLAK 0 2 0  1 0 1 

 93-99 YDNPSLK 2 2 1  2 2 2 

 163-174 GEFHGVDTPTDK 2 2 1  2 2 2 

 187-197 TTWYLDGESVR 2 2 1  1 2 2 

 252-261 VIVTDYSTGK 2 2 1  2 2 2 

 263-285 YTYGDQSGSWESSIEADGGSIYGR 1 0 0  2 0 0 

          

Gas1 84-90 LNTNVIR 2 2 1  2 2 2 

 106-127 ALNDADIYVIADLAAPATSINR 2 1 1  0 2 0 

 194-207 IPVGYSSNDDEDTR 1 0 1  0 0 0 

 210-222 MTDYFACGDDDVK 0 0 0  1 0 1 

 223-236 ADFYGINMYEWCGK 1 2 1  2 2 2 

 415-424 YGAYSFCTPK 2 2 1  2 2 2 

 425-437 EQLSFVMNLYYEK 0 1 0  0 0 1 

          

Cis3 132-141 NSGTLELTLK 2 1 1  1 2 1 

 152-159 IGSIVANR 2 2 1  1 2 1 
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Mkc7 305-321 YAGDLYTIPIINTLQHR 1 0 0  0 0 0 

 355-374 IPVLLDSGTTISYMPTELVK 1 0 0  0 0 0 

          

Gas5 88-102 VYTVDNSQDHSHCMK 2 0 1  0 0 0 

 250-269 LYQDYSVPVFLSEFGCNQVK 2 1 1  1 1 2 

 317-324 LTDFENLK 2 1 1  0 1 0 

          

Ccw14 38-60 SSSTCDSLNQVTCYCEHENSAVK 2 2 1  2 1 2 

 62-80 CLDSICPNNDADAAYSAFK 1 2 1  2 2 2 

          

Utr2 60-74 YSFSHDSCMPVPICK 2 2 1  2 2 2 

 80-86 FKDYSSK 2 2 1  2 2 2 

 124-134 NSGGTVLSSTR 2 2 1  2 2 2 

 243-251 YQYPQTPSK 0 2 1  2 2 2 

          

Scw4 135-148 GITYTPYESSGACK 1 2 1  0 2 1 

 189-207 VFLGIYYVDQIQDGVNTIK 0 0 0  0 1 1 

 309-317 VWTACDGK 2 1 1  0 1 0 

 318-329 NVVITESGWPSK 2 0 1  0 1 0 

          

Ecm33 163-172 VNVFNINNNR 2 2 1  2 2 2 

 285-291 VIDGFNK 1 2 1  1 2 2 

          

Plb1 317-343 GQCIAGFDNTGFITATSSTLFNQFLLR 0 0 0  0 1 0 

          

Plb2 201-211 WESIVQEVQAK 0 0 0  0 0 1 

 227-249 ALSYNFFPSLPDAGSALTWSSLR 2 2 1  0 0 0 

 354-361 MINSFANK 0 0 0  0 0 1 

          

Pst1 126-140 LITLPAISSFTSNIK 2 2 1  2 2 2 

 246-261 LNTIGQTFSIVSNDYLK 0 0 0  0 0 1 

          

Tos1 415-421 AAVIFNSSDK 1 0 0  0 0 0 

          

Pir1 246-255 SSGTLEMNLK 0 1 1  1 2 1 

 256-263 GGILTDGK 0 0 0  1 0 0 

 266-273 IGSIVANR 0 1 1  1 2 1 

          

Hsp150 318-327 TSGTLEMNLK 0 0 0  1 1 1 

 328-335 GGILTDGK 0 0 0  1 0 0 

 338-345 IGSIVANR 0 0 0  1 1 1 

          

Yps1 366-398 IPALLDSGTTLTYLPQTVVSMIATELGAQYSSR 0 0 0  0 1 0 
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Proteins without signal peptide 

Protein 

BY4741 snf1∆ 

R1 R2 R3 R1 R2 R3 

Pma1/Pma2 6 10 3 11 1 2 

Cdc19 5 18 3 21 0 0 

Nup1 2 0 0 0 1 0 

Pry3 1 1 1 0 0 0 

Rps11a/b 1 2 1 3 0 0 

Pdc1 0 2 0 6 0 0 

Rpl3 0 3 0 8 0 0 

Tef4 0 1 0 2 0 0 

Psd1 0 1 0 0 0 0 

Rpl7a/b 0 0 0 2 0 0 

Yef3 0 0 0 2 0 0 

Ygr126w 0 0 0 1 0 0 

Rpl15a/b 0 0 0 1 0 0 

Rpl27a/b 0 0 0 1 0 0 
 
 

Table S6: Regions with repeated sequences in the two KlMUC1 genes 

repeat start end  score size 
[bp] 

count identity 
[%] 

consensus sequence 

KlMUC1a (KLLA0E01001g) 

1
2,3

 694 861 40 84 2 86.9 attagttctaccagctccactagtagtagttccgtaagcacaacc
agctccatgccttcagccagttccgctgttccagttgac 

2
2,3

 1586 1660 32 15 5 81.3 cctcaactgaagtta 

3
1,3

 1774 3222 388 69 21 65.8 actgaagctactacagcagaaacttctactgaagctacttcaac
tgaatctaccactgaagctactaca 

4
1,3

 3247 3666 118 42 10 69.0 tccactgaagctactacttctgatgctacttcaactgaatct 

5
1,3

 3736 3813 35 39 2 97.4 tctaccgagtcttccactgaagctacttcaactgaatct 

6
1,3

 3824 3913 31 45 2 92.2 tcacttcttctgatgttacatcaactgaatcttccactgaagcta 

7
1,3

 3924 4295 207 93 4 90.3 aattatcgcatcgtcaaccacgatcttagagccagaagaacga
acttcaactgagtcgtcttctgaagtcacctcaactggatcctcaa
ctgt 

8
2
 5274 5399 24 18 7 66.7 cgaaactgaaactgctgc 

KlMUC1b (KLLA0C19437g) 

1
1,3

 640 1455 363 51 16 75.4 gaacaaccttcaacaacttattccgatgaaacttctaccaccaat
tcttct 

2
1,3

 1476 1787 110 78 4 80.1 ctcttctgaacaaccttcaagcactgattcctcagaacaaccttc
aagcacttcttctgaagaaccatcaacaaccga 

3
2
 1826 2131 61 153 2 85.0 cagagaagaccgtctcgttgactactgttaccacaacagtaaa

aggcgtgaccaaaatttacacgacaacttgtccaattgaatcca
ccactactgaaaccactgccgaaccagaaacaaagaagatc
gaaacttcgagtaccccagttacaa 

The table gives the start and the end position in the coding region of each gene as well as the obtained score with 
the ETANDEM program (Rice et al., 2000). The count gives the number of repetitions of the repeat sequence in 
the indicated DNA region. The ETANDEM program searches for sequence segments, which match well to a 
consensus sequence. The score is augmented by one for each match and reduced by one for each mismatch. 
The average identity between the respective part of the sequence and the consensus sequence is given.  
To obtain the data, the initial step was to submit the respective sequence to the EQUICKTANDEM (Rice et al., 
2000) program to be able to restrict the parameters for proper use of the ETANDEM program. In case of 
KLLA0C19437g, this led to a minrepeat of 24 and a maxrepeat of 153. For KLLA0E01001g a minrepeat of 12 and 
a maxrepeat of 93 were applied. 
1
 repeat apparent in the amino acid sequence 

2
 repeat not apparent in the amino acid sequence 

3
 encoded region is Ser/Thr-rich (serine and threonine make up more than 50 % of the amino acids) 
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