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ABBREVIATIONS 

 
2-DE Two-dimensional electrophoresis 
amu Atomic mass unit 
ASL Alkali-sensitive linkage 
BCA Bicinchoninic acid 
BLAST Basic local alignment search tool 
BPI Base peak intensity 
CAI Codon adaptation index 
CBM Carbohydrate-binding module 
CFEM (a protein domain) common in fungal extracellular membrane/wall proteins 
CFW Calcofluor white 
CID Collision-induced dissociation 
CWI Cell wall integrity 
CWP Cell wall protein 
Da Dalton 
ESI Electrospray ionization 
FBS Fetal bovine serum 
GFP Green fluorescent protein 
GH Glycoside hydrolase 
GlcNAc N-Acetylglucosamine 
GPI Glycosylphosphatidylinositol 
GPI-CWP Glycosylphosphatidylinositol-modified cell wall protein 
HPLC High performance liquid chromatography 
ICAT Isotope-coded affinity tags 
iTRAQ Isobaric relative and absolute quantitation 
LC Liquid chromatography 
LC-MS/MS Liquid chromatography coupled to tandem mass spectrometry via 

electrospray 
MALDI  Matrix-assisted laser desorption/ionization 
αMEM Eagle’s minimum essential medium with alpha modification 
mRNA Messenger ribonucleic acid 
MS Mass spectrometry 
MS/MS Tandem mass spectrometry  
m/z Mass over charge ratio 
OD Optical density 



 

 8 

  
  
  
  
  
PAGE Polyacrylamide gel electrophoresis 
Pir Protein with internal repeats 
QTOF Quadrupole and time-of-flight hybrid mass spectrometer  
SCMD Saccharomyces cerevisiae Morphological Database 
SDS Sodium dodecyl sulfate 
SGD Saccharomyces Genome Database 
SILAC Stable isotope labeling with amino acids in cell culture 
TIC Total ion current 
TOF Time-of-flight mass spectrometer 
UV Ultra-violet 

   
   
   
  
   



 

 9 

 

CHAPTER 1  

General introduction 
 
A combined version of chapters one and six has been accepted for publication in Trends in 
Microbiology. 
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DEFINING THE BIOLOGICAL PROBLEM 

Fungi are a large group of organisms, ranging in form from unicellular yeasts to multicellular, 
macroscopic structures like mushrooms, with a very high level of structural organization. The 
unique and diverse morphology of many fungi with well-defined shapes is determined by their 
outermost cellular structure, the cell wall. The fungal cell wall is involved in many aspects of the 
physiology and behavior of the fungus. In a living fungal cell that is actively growing and 
metabolizing, the cell wall composition can change dramatically depending on the environment 
and the developmental stage of its life cycle (Bernard and Latgé, 2001; Firon et al., 2004; 
McFadden and Casadevall, 2001; Smits et al., 2001; Odds et al., 2003). As most molecular cell 
wall research has been carried out in the ascomycetous yeasts Saccharomyces cerevisiae and Candida 
albicans, we will first discuss their cell wall organization. 
 
Yeast cell wall composition 
The unicellular yeast S. cerevisiae and the pleomorphic yeast C. albicans both have four groups of 
polysaccharide-containing molecules in their cell wall: β-1,3- and β-1,6-linked glucans, chitin, 
and mannan (Klis et al., 2001). The microfibrillar polymers (β-1,3-glucans and chitin) represent 
the structural components of the cell wall, which form a rigid frame that provides strong physical 
properties to the cell. β-Glucans are the major constituent of the cell wall, which account for 60% 
by weight. Chitin is a minor (1-2%) but important component of the wall. Chitin molecules are 
particularly localized at the septa between independent cell compartments, budding scars, and the 
ring around the constriction between mother cell and bud (Chaffin et al., 1998). Mannan 
molecules do not exist in free form but are found in covalent association with proteins 
(mannoproteins). They represent about 40% of the total cell wall polysaccharide. 
Cell wall structure has been studied most extensively in S. cerevisiae and the cell wall model based 
on that research is likely to be representative for C. albicans as well, since they show many 
similarities, in particular with respect to sensitivity to enzymatic digestion and 
glucan-mannoprotein linkages. Kollár et al. (1997) described the presence of covalently linked 
complexes containing all four major cell wall components, β-1,3-glucan, β-1,6-glucan, chitin, and 
mannoprotein. Their analysis indicated that β-1,6-glucan has some β-1,3-glucan branches that 
may be linked to the reducing end of chitin. The β-1,6-glucan and mannoprotein are attached to 
each other through a remnant of the mannoprotein glycosylphosphatidylinositol (GPI) anchor 
(Klis et al., 2006). C. albicans can switch from growing as single budding cells to a filamentous 
form of growth. The relative amount of β-glucan, chitin, and mannan of walls from yeast cells 
and from filamentous forms may vary according to the C. albicans growth form considered.  
 
Yeast cell wall organization 
The cell wall of S. cerevisiae and C. albicans is organized in two layers: an inner skeletal layer 
largely consisting of an elastic network of branched β-1,3-glucan molecules with some chitin 
predominantly found close to the plasma membrane, and an outer layer consisting of  
β-1,6-glucans and cell wall mannoproteins. This outer cell wall layer appears as a dense network 
of radially projecting fibrils, which extend for 100 to 300 nm (Figure 1.1). A similar wall 
organization has also been observed in other (dimorphic) ascomycetous yeasts, including various 
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human pathogens such as Candida glabrata, Exophiala dermatitidis, Sporothrix schenckii, in the 
fission yeast Schizosaccharomyces pombe, and also in mycelial ascomycetous fungi such as Aspergillus 
spp., Fusarium oxysporum, and Neurospora crassa (De Groot et al., 2007; Klis et al., 2007b; Weig et 
al., 2004). The wall of the yeast form of the basidiomycetous fungus Ustilago maydis also has a 
similar bi-layered organization, whereas other basidiomycetes such as Cryptococcus neoformans 
possess a multilayered wall (Klis et al., 2007b). 
 
The fungal cell wall proteins 
There are several categories of cell wall-associated proteins (CWPs). These proteins are either 
covalently linked to cell wall polysaccharides through a glycosidic linkage (GPI-anchored proteins) 
or an ester bond (Pir proteins) or to other cell wall proteins through disulfide bonds (e.g. 
ScAga2p). They can also be noncovalently associated to cell wall polysaccharides through, for 
example, a glycan-binding domain (e.g. ScBgl2p); or they can be ionically bound to the many 
negative charges of, for example, phosphodiester groups present in the O- and N-linked 
carbohydrate side-chains of cell wall glycoproteins (Klis et al., 2006). Ionically bound wall 
proteins often include nonglycosylated proteins of cytosolic origin, raising the question if there 
might exist a nonclassical protein export pathway as observed in mammalian cells (Nombela et al., 
2006; Urban et al., 2005). Unfortunately, many studies about ionically bound cell wall proteins 
have been compromised by the use of extraction procedures, which perturb the plasma membrane, 
causing leakage of cytosolic proteins (Klis et al., 2007a). Similar problems have been encountered 
in studies concerning non-canonical cell wall-associated proteins in plants (Jamet et al., 2006). In 
this study we focus on the subproteome represented by the fungal wall glycoproteins, which are 
the sole proteins found in hot detergent-extracted, isolated walls and which all possess an 
N-terminal signal peptide and thus are expected to follow the classical ER-Golgi export pathway. 
 

Figure 1.1 Electron micrograph showing the 
cell wall of Saccharomyces cerevisiae. The 
fibrillar outer layer consists of glycoproteins 
emanating into the environment and is 
attached to the skeletal inner layer. Most cell 
wall glycoproteins are 
glycosylphosphatidylinositol-modified cell 
wall proteins (GPI-CWPs), which are 
covalently linked to β-1,6-glucan through a 
trimmed form of their original GPI-anchor, 
forming the protein-polysaccharide complex: 
CWP-GPIr→β-1,6-g
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 →β-1,3-glucan. A 
second class of proteins is directly linked to 

β-1,3-glucan via a mild alkali-sensitive linkage, including Pir-CWPs (Protein with internal repeats) 
forming the protein-polysaccharide complex CWP-ASL-β-1,3-glucan, in which ASL denotes an 
alkali-sensitive linkage (reviewed in Klis et al., 2006). The average CWP density in the cell wall has 
been estimated to be c. 31 × 10

3
 molecules µm

-2
 (Yin et al., 2007). The bar corresponds to 100 nm. 

ves, vesicle. Photo adapted from Baba et al. (1989).  
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Genome-wide studies have predicted a significant number of genes encoding GPI-anchored 
proteins in S. cerevisiae, as well as in the human pathogens C. albicans and C. glabrata, in fission 
yeast Sch. pombe, and in the basidomycete Cry. neoformans (De Groot et al., 2003; Eisenhaber et 
al., 2004). Proteins corresponding to these genes are implicated in cell wall integrity, in adhesion 
and host cell recognition, in biofilm formation, in coping with oxidative stress and iron deficiency, 
and in pathogenicity (Klis et al., 2006). Transcriptome analysis in S. cerevisiae and C. albicans 
have made it clear that transcript levels of CWP-encoding genes may vary widely depending on 
the phase of the cell cycle in which the cell occurs, and on growth conditions such as nutrient 
availability, temperature, pH, and oxygen level, indicating that the cell may adapt the protein 
composition of the newly formed walls to better cope with environmental conditions (Klis et al., 
2006; Setiadi et al., 2006; Smits et al., 2006). It is therefore important to explore the cell wall 
proteome and its dynamics both qualitatively and quantitatively to improve our understanding of 
the function of these proteins. The data acquired will also provide the foundation for studying the 
regulatory circuits that control the cell wall proteome. In this study, we developed a mass 
spectrometry-based proteomics approach to achieve this. 
 

DEVELOPING ANALYTICAL SOLUTIONS 

Cell wall isolation 
‘In the study of cell walls of yeasts and other micro-organisms, chemically intact, clean cell wall 
material is a first requirement’ (Kreger, 1954). To achieve this concisely stated aim is not easy. As 
mentioned earlier, many studies on cell wall proteins have been compromised by the use of 
extraction procedures, which perturb the plasma membrane, causing leakage of cytosolic proteins 
(Klis et al. 2007a). Cell wall material must be separable from other cellular components for 
subsequent analyses to be meaningful. In our research group, a cell wall isolation and purification 
protocol has been developed and optimized for different organisms. The key step in the procedure 
is complete cell wall breakage and efficient washing of isolated fungal walls. The criteria of purity 
include: absence of intact cells; absence of small and spherical bodies; microscopic homogeneity; 
and free of non-secretory proteins in mass spectrometric detection.  
 
Proteomic analysis of fungal cell walls by mass spectrometry 
The term ‘proteomics’, which denotes analysis of the entire protein complement expressed by a 
genome, was initially coined in 1994 in the context of two-dimensional gel electrophoresis (2-DE, 
Williams and Hochstrasser, 1997), a method to separate, identify and quantify complex mixtures 
of soluble proteins. Given the fact that cell wall glycoproteins are covalently linked to an insoluble 
polysaccharide network (see above), most traditional methods to study these proteins rely on 
various ways of solubilization. In a typical experiment, proteins are released from the 
polysaccharide network, and then separated by 2-DE by making use of differences in their 
isoelectric point and mass. The proteins are subsequently proteolytically digested and the resulting 
peptides are analyzed with mass spectrometry (MS) to reveal their identity. However, there are 
two major disadvantages related to the use of this electrophoretic approach for the analysis of 
fungal cell wall glycoproteins. First, N- and O-linked carbohydrate side-chains of fungal 
glycoproteins often carry a variable number of negative charges due to the presence of 
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phosphodiester bridges, uronic acid or pyruvylation (Zeng and Biemann, 1999), resulting in 
glycoproteins with different isoelectric points. Second, N-and O-linked carbohydrate side-chains 
of fungal glycoproteins do not have a defined length, and the degree of occupancy of individual 
glycosylation sites may vary, resulting in a wide range of glycoforms with a different mass. 
Consequently, fungal cell wall proteins often occur as multiple, fuzzy spots, thus lowering 
resolution and sensitivity of the method, and complicating quantitation. Improved approaches to 
study the fungal cell wall proteome are thus desirable. In recent years, challenges of comprehensive 
proteomic analysis have motivated the development of mass spectrometry-based strategies to 
obtain information not accessible by using 2-DE methods (Aebersold and Mann, 2003; Brunet et 
al., 2003; Sadygov et al., 2004). In one of such approaches, proteolysis, liquid chromatography 
(LC) and tandem mass spectrometry (MS/MS) have been coupled to identify hundreds of 
proteins out of highly complex peptide mixtures (Link et al., 1999; Washburn et al., 2001). This 
approach has been adapted in this thesis for a comprehensive proteomic study of fungal walls (Yin 
et al. 2005). 
 
Mass spectrometric quantitation of cell wall glycoproteins 
Another important goal is the capability of monitoring the changes in protein composition 
quantitatively (see above). Whereas in the 2-DE method, relative quantitation of biological 
samples is achieved by comparing the staining intensities of protein spots on the gel, MS-based 
approaches use stable isotope labels that enable comparisons of corresponding peptide peak areas 
from different samples. Stable isotope labels can be incorporated at various stages of the 
experiment (Ong and Mann, 2005). First, they may be introduced by metabolic labeling with 
stable isotope-containing amino acids (SILAC, Stable Isotope Labeling with Amino acids in Cell 
culture), or by using other 

15
N- and/or 

13
C-labeled metabolic precursors (Oda et al., 1999; Ong et 

al., 2002).  Cells grown in light and heavy media will give rise to two differentially labeled protein 
or peptide populations, allowing accurate quantitation. A major advantage of metabolic 
incorporation is that the label is introduced at a very early stage of the experiment. Cells from two 
different experimental conditions can be mixed before cell lysis, fractionation, purification, and 
subsequent protease digestion, implying that these steps will not affect the accuracy of 
quantitation. A limitation of metabolic incorporation is that it does not allow direct in situ 
labeling with infectious fungi from clinical samples. To circumvent this problem, a heavy 
isotope-labeled culture might be used as the reference for relative quantitation of different samples 
of clinical origin. It is also important to use highly enriched isotopes to avoid complicated isotopic 
distributions resulting from partially labeled peptides (Ong and Mann, 2005; Wu et al., 2004). 
 
Another major way to introduce stable isotope labels is to chemically modify the two fungal wall 
proteomes. Depending on the stage of introduction of stable isotopes, differentially labeled 
chemical reagents have been designed to target reactive sites on proteins or peptides. The first such 
labels described were isotope-coded affinity tags (ICAT) (Gygi et al., 1999). The first ICAT 
reagent described consists of a reactive group that is cysteine-directed, a polyether linker with 
either eight deuterium or eight hydrogen atoms, and a biotin tag that enables recovery of labeled 
peptides. In a typical ICAT-labeling experiment, proteins from different samples are modified 
with the heavy or light ICAT reagent. Both samples are mixed, enzymatically digested, and the 



 

 14 

labeled peptides affinity-purified and separated by liquid chromatography. The relative peptide 
abundance can then be determined by MS. This labeling method is relatively simple and the 
resulting peptide mixtures are considerably less complex than the complete peptide mixtures (Ong 
and Mann, 2005). On the other hand, the method falls short because the label exclusively targets 
cysteine residues, a relatively rare amino acid in fungal wall proteins (for example ScCwp1, which 
lacks cysteine residues; see Saccharomyces Genome Database at http://www.yeastgenome.org). In 
addition, the biotin group in the ICAT tag significantly influences fragmentation spectra, 
complicating peptide identification and leading to low sensitivity. An improved version of the 
ICAT reagent therefore contains a cleavable linker part to facilitate the removal of the biotin tag 
after the affinity-based enrichment of biotinylated peptides (Li et al., 2003; Oda et al., 2003).  
 
Labeling the cell wall proteome by targeting the primary amine groups in lysine residues and at 
the amino terminal end of peptides overcomes the limitations of ICAT labeling. This reaction is 
specific and largely complete. If the isotopic labeling is introduced after the protease digestion, 
peptides will generally possess at least one label at the amino terminus. A recently introduced 
reagent, called iTRAQ (isobaric tag for relative and absolute quantitation), has gained 
considerable popularity (Ross et al., 2004). iTRAQ uses a set of four isobaric tags comprising an 
amine-specific reactive group, a carbonyl mass balance group ranging in mass from 31 to 28 Da, 
and a reporter group with a mass ranging from 114 to 117 Da. The latter two groups are 
combined in such a way that they always add up to the same mass (145 Da), so that the 
corresponding labeled peptides from different samples are isobaric, namely, of the same mass. 
Hence, each peak detected in MS represents a peptide from the combined four samples. Only 
after fragmentation, specific reporter ions will be observed, allowing relative quantitation of the 
peptide. iTRAQ enables quantitation of multiple peptides from a single protein and allows 
analysis of four (or even eight with the latest product) separately labeled pools of protein in a 
single analysis, increasing experimental accuracy and allowing, for example, quantitative studies on 
a time-resolved basis. This technique has been adapted in this study to quantitatively monitor the 
changes in the cell wall proteome of S. cerevisiae and C. albicans.  
 

OUTLINE OF THIS THESIS 

The work described in this thesis has been carried out within a larger framework of projects 
aiming to gain insight into the mechanism of fungal cell wall biosynthesis (STREP Fungwall) and 
of fungal pathogenesis (Galar Fungail 2). The aim of this study is to facilitate the research in 
fungal cell wall biology by providing reliable, sensitive and quantitative analytical tools to 
characterize the cell wall proteins. The method has been validated and found to be effective in 
many different fungal species.  
 
In Chapter 2, using S. cerevisiae as a model fungus, we establish a so-called ‘wall shaving’ method, 
which uses protease digestion and liquid chromatography in combination with tandem mass 
spectrometry, to identify the cell wall proteins that are expressed in log phase-grown cells. The 
reliability and sensitivity of the method have been evaluated in a fractionation study. We further 
examine the cell wall integrity and stability of deletion mutants, which lack the corresponding 
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genes encoding the identified proteins. The correlation between these cell wall proteins and 
different cell wall phenotypes is established. 
 
In Chapter 3, the versatility and general applicability of this method is illustrated in a different 
organism, the fission yeast Sch. pombe. The absolute cellular quantities of five cell wall proteins in 
S. cerevisiae have been determined in Chapter 4, with the help of the iTRAQ methodology. We 
then extended the method to monitor the differential expression of cell wall proteins in a gas1∆ 
mutant of S. cerevisiae, in which the cell wall integrity pathway is constitutively activated, and has 
an altered cell wall structure. 
 
Chapter 5 applies a similar quantitative approach to the human pathogen C. albicans. Cell wall 
proteins that are differentially expressed upon transferring yeast cells to various hypha-inducing 
growth media were quantified.  
 
In Chapter 6, the general discussion, we discuss the key findings of this research. We look into the 
recent advances and the challenges encountered in mapping cell wall proteomes. We further 
discuss its potential applications and present the future perspectives of the method.  
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CHAPTER 2 

Comprehensive proteomic analysis of 
Saccharomyces cerevisiae cell walls 
 
Qing Yuan Yin, Piet W. J. de Groot, Henk Dekker, Luitzen de Jong, Frans M. Klis, and Chris G. 
de Koster 
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ABSTRACT 

The cell wall of yeast contains proteins (CWPs) that are covalently bound to the glycan network. 
These CWPs mediate cell-cell interactions and may be involved in cell wall biosynthesis. Using 
tandem mass spectrometry, we have identified 19 covalently bound CWPs of Saccharomyces 
cerevisiae. Twelve of them are shown here for the first time to be covalently incorporated into the 
cell wall. The identified proteins include twelve predicted glycosylphosphatidylinositol-modified 
CWPs, all four members of the Pir-protein family, and three additional proteins (Scw4p, Scw10p, 
and Tos1p) that are, like Pir-proteins, connected to the cell wall glycan network via an 
alkali-sensitive linkage. However, Scw4p, Scw10p, and Tos1p do not contain internal repeat 
sequences shown to be essential for Pir-protein incorporation and may represent a separate class of 
CWPs. Strikingly, seven of the identified proteins (Crh1p, Crh2p, Gas1p, Gas3p, Gas5p, Scw4p 
and Scw10p) are classified as glycoside hydrolases. Phenotypic analysis of deletion mutants, 
lacking the corresponding CWP-encoding genes, indicated that most of them have altered cell 
wall properties, which reinforces the importance of the identified proteins for proper cell wall 
formation. In particular, gas1∆ and ecm33∆ were highly sensitive to Calcofluor White and high 
temperature, whereas gas1∆, scw4∆, and tos1∆ were highly resistant to incubation with 
β-1,3-glucanase. The CWP identification method developed here relies on directly generating 
tryptic peptides from isolated cell walls, and is independent of the nature of the covalent linkages 
between CWPs and cell wall glycans. Therefore, it will probably be equally effective in many other 
fungi. 
  
Journal of Biological Chemistry (2005) 280:20894. Copyright © American Society for Molecular 
Biology and Biochemistry.
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INTRODUCTION 
 
Fungal cells are surrounded by a cell wall, an essential organelle that enables cells to withstand the 
internal turgor pressure and provides protection against mechanical injury. Electron microscopy 
studies have revealed that the cell wall of the budding yeast Saccharomyces cerevisiae has a 
bi-layered structure (Tokunaga et al., 1986; Osumi, 1998). The inner part of the cell wall is 
electron transparent and consists mainly of a network of branched β-1,3-glucan molecules, held 
together by hydrogen bridges (Kopecka et al., 1974) and extended with covalently attached 
β-1,6-glucan and chitin molecules (Hartland et al., 1994). The outer part of the wall is electron 
dense and is mainly comprised of mannoproteins that are covalently bound to the cell wall glycans. 
In related fungi like the human pathogens Candida albicans and Candida glabrata, a similar 
overall cell wall structure exists (Klis et al., 2001; Weig et al., 2004). The cell wall mannoproteins 
are thought, and in some cases demonstrated, to be involved in adhesion to host cells and inert 
surfaces, virulence, fungal morphogenesis, cell wall biogenesis and possibly biofilm formation 
(Chaffin et al., 1998; Hoyer, 2001; Sundstrom, 2002; Garcia-Sanchez et al., 2004; Klotz et al., 
2004).  
 
β-1,3-Glucan and chitin are individually synthesized by transmembrane protein complexes at the 
plasma membrane. Whether this is also the case for β-1,6-glucan is not clear. It is also unknown 
how β-1,3-glucan becomes branched, how linkages between different glycans are achieved, and 
how mannoproteins are attached to glucans. Recently, we have shown in C. albicans that several 
putative (trans)glycosidases are covalently linked to the glycan network (De Groot et al., 2004). It 
is conceivable that these proteins are involved in branching and cross-linking of newly synthesized 
cell wall polymers, or in cell wall remodeling in growing cells. 
 
In terms of their linkage to the glycan lattice, two classes of covalently bound fungal CWPs can be 
distinguished: (1) glycosylphosphatidylinositol modified (GPI-) proteins, representing the major 
class of CWPs, and (2) a minor group of CWPs that can be liberated by treating cell walls with 
mild alkali (alkali-sensitive linkage (ASL)-CWPs). In addition, some proteins may be linked by 
disulfide bonds to other CWPs (Mrsa et al., 1997). Among the fungal GPI-proteins that have 
been experimentally confirmed to be covalently incorporated into the cell wall are flocculins and 
adhesins (Cormack et al., 1999; Frieman et al., 2002; Kapteyn et al., 2000; Staab et al., 2004) as 
well as proteins that are classified as structural CWPs. ‘Structural’ CWPs refer to CWPs with 
unknown but presumably non-enzymatic functions; usually, they are relatively small proteins with 
a high percentage of serine and threonine residues, indicating that they may be heavily 
O-glycosylated. Examples of such proteins are Cwp1p, Ssr1p, Tir1p, Tip1p, Ccw12p and Sed1p 
of S. cerevisiae (Moukadiri et al., 1997; Mrsa et al., 1997; Shimoi et al., 1998; Van der Vaart et al., 
1995). In addition, several of the glycoside hydrolases that were identified in C. albicans are 
GPI-proteins (De Groot et al., 2004). Originally, these enzymes were thought to be retained at 
the plasma membrane to play a role in cross-linking newly formed cell wall polymers synthesized 
by glycan synthases. Our data suggests that they might also be active while being linked to the cell 
wall. Furthermore, in C. albicans two GPI-modified superoxide dismutases (De Groot et al., 2004; 
Fradin et al., 2005) as well as the haem binding protein Rbt5p (Weissman and Kornitzer, 2004) 
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have been shown to be covalently incorporated into the cell wall. 
 
In the class of ASL-CWPs, the best characterized proteins are a family of proteins with conserved 
internal repeats (Pir-proteins). S. cerevisiae Pir1p, Pir2p and Pir4p, and C. albicans Pir1p have 
been shown to be covalently bound to the cell wall matrix (Mrsa et al., 1997; De Groot et al., 
2004). The Pir-protein linkage to the cell wall β-1,3-glucan is devoid of interconnecting 
β-1,6-glucan molecules (Kapteyn et al., 1999). Recently, experiments with truncated versions of S. 
cerevisiae Pir4p indicated that the internal repeat sequence is important for incorporation (Castillo 
et al., 2003). In C. albicans, the putative β-1,3-glucanase Scw1p was co-extracted with Pir1p (De 
Groot et al., 2004), indicating that besides Pir-proteins other proteins are linked through an 
alkali-labile linkage.  
 
The first major aim of the work presented in this paper is to determine whether other fungi than 
C. albicans also possess carbohydrate-active enzymes covalently linked to the cell wall. To this end, 
we have developed a mass spectrometric method to identify CWPs, unbiased with respect to the 
covalent linkages to the cell wall carbohydrates. Second, to obtain a better understanding of the 
function of covalently-linked CWPs, we determine to what extent deletion mutants lacking 
CWP-encoding genes have altered cell wall properties. We show that cell walls of S. cerevisiae, like 
C. albicans, contain multiple covalently bound glycoside hydrolases and that many of the 
identified CWPs are required for normal cell wall formation. Finally, we show that besides 
Pir-proteins, S. cerevisiae contains at least three other ASL-CWPs. 
 

EXPERIMENTAL PROCEDURES 

Strains and cell culture 
wide-type strain FY833 (MATa his3∆300 ura3-52 leu2∆1 lys2∆202 trp1∆63) was grown in YPD 
(1% [w/v] yeast extract, 2% [w/v] bactopeptone, 2% [w/v] glucose) and harvested at A

600
 = 2. 

Phenotypic analyses were performed with the BY4741 strain (MATa his3∆1 ura3∆0 leu2∆0 
met15∆0) and mutant derivatives thereof obtained from Euroscarf (see: 
http://web.uni-frankfurt.de/fb15/mikro/euroscarf). Mutant strains are single-gene deletants in 
which the genes of interest are completely deleted and replaced with the Geneticin 
resistance-encoding KanMX4 module. 
 
Cell wall isolation  
The detailed procedure for cell wall isolation has been described in De Groot et al. (2004). Briefly, 
cells were harvested by centrifugation and washed with cold H

2
O and then with 10 mM Tris-HCl, 

pH 7.5. Cells were then resuspended in 10 mM Tris-HCl, pH 7.5, and fully disintegrated with ∅ 
0.25-0.50 mm glass beads (Emergo BV, Landsmeer, NL) in the presence of a protease inhibitor 
cocktail (Sigma, St. Louis, MA) using a Bio-Savant Fast Prep 120 machine (Qbiogene, Carlsbad, 
CA). To remove non-covalently linked proteins and intracellular contaminants, isolated cell walls 
were washed extensively with 1 M NaCl, and twice extracted with 2% SDS, 100 mM Na-EDTA, 
40 mM β-mercaptoethanol, and 50 mM Tris-HCl, pH 7.8, for 5 min at 100°C. SDS-extracted 
walls were washed three times with water, aliquoted, freeze-dried, and stored at -20°C until use.  
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Protein extraction and fractionation 
GPI-CWPs were released by incubating the cell walls in undiluted HF-pyridine (Sigma-Aldrich, 
Buchs, Switzerland) at 0°C for 3 h. After quenching the reaction by diluting the reaction mixture 
with an equal amount of ice-cold H

2
O, HF-pyridine was removed by dialysis overnight against 

H
2
O. Pir-proteins were released by incubating cell walls with 30 mM NaOH at 4°C for 17 h. The 

reaction was stopped by adding neutralizing amounts of acetic acid, followed by dialysis of the 
released proteins against H

2
O or 20 mM Bis-Tris pH 6.0. Fractionation of extracted mild 

alkali-sensitive CWPs was performed by anion-exchange chromatography using a MonoQ HR 
5/5 column (Amersham Biosciences, Buckinghamshire, UK), essentially as described by De Groot 
et al. (2004). Eluted protein fractions were dialyzed against H

2
O, freeze-dried, and subjected to 

electrophoresis in the presence of SDS using linear 2.6-20% gradient polyacrylamide gels. 
Proteins were visualized by staining with Coomassie Brilliant Blue R-250. 
 
Sample preparation for mass spectrometric analysis 
Freeze-dried cell walls, 4 mg, were resuspended in a solution containing 100 mM NH

4
HCO

3
 and 

10 mM dithiothreitol, and incubated for one hour at 56°C. After centrifugation (5 min at 3000 
rpm), the pellet was S-alkylated in a solution containing 100 mM NH

4
HCO

3
 and 55 mM 

iodoacetamide for 45 min at room temperature in the dark. Cell walls were then washed three 
times with 50 mM NH

4
HCO

3
 and dried under vacuum. Reduction with DTT and S-alkylation 

with iodoacetamide of released CWPs in unfractionated protein pools (De Groot et al., 2004) and 
excised protein bands (Shevchenko et al., 1996) was done as earlier described. For proteolytic 
cleavage, cell walls, unfractionated protein pools, and excised protein bands in 50 mM NH

4
HCO

3
 

were incubated overnight at 37°C with sequencing grade trypsin (Roche, Basel, Switzerland), or at 
25°C with endoprotease Glu-C (Sigma, St. Louis, MA), using a CWP/enzyme ratio of 50:1. For 
proteolytic digestion of cell walls and unfractionated protein extracts, we assumed that protein 
accounts for c. 2% (w/w) of the cell wall dry weight. Digested samples were centrifuged and the 
supernatants containing the solubilized peptides were analyzed by nanoscale high pressure liquid 
chromatography electrospray ionization quadrupole time-of-flight tandem mass spectrometry 
(LC-MS/MS). Remaining pellets of cell walls were washed three times with H

2
O, freeze-dried, 

and stored for immunoblot analysis. 
 
Immunoblot analysis  
Freeze-dried undigested cell walls and proteolytically treated cell wall residues were incubated with 
recombinant endo-β-1,6-glucanase (ProZyme, San Leandro, CA) to release GPI-proteins, and 
with cold NaOH to release Pir-proteins, as previously described (Kapteyn et al., 2001). CWPs 
were separated by electrophoresis using linear 2.6%-20% polyacrylamide gels and 
electrophoretically transferred onto Immobilon polyvinylidene difluoride membranes (Millipore). 
Membranes were probed with polyclonal antisera directed against S. cerevisiae GPI-CWPs Cwp1p 
and Ssr1p, and the Pir-protein Pir2p/Hsp150p, respectively. Sources of antisera and detailed 
immunoblotting procedures can be found in Kapteyn et al. (1999).  
 
Mass spectrometric analysis 
Proteolytic digests derived from 40 µg freeze-dried cell walls were fractionated on a 150 mm × 75 
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µm (length × inner diameter) reversed phase capillary column (PepMap C18, Dionex, Amsterdam, 
The Netherlands). Sample introduction and mobile phase delivery at 300 nl/min was performed 
using an Ultimate nano-LC system (Dionex, Sunnyvale, CA) equipped with a 10-µl injection 
loop. Mobile phase A was water + 0.1% formic acid and mobile phase B was acetonitrile + 0.1% 
formic acid. For the separation of peptides, a linear gradient of 5% - 95% B over 30 min was 
employed. Eluting peptides were directly electrosprayed into a Micromass QTOF mass 
spectrometer (Waters, Manchester, UK). The most abundant ions from the survey spectrum, 
ranging from m/z 500 to 3,500, were automatically selected for collision-induced fragmentation 
using MASSLYNX software. Fragmentation was conducted with argon as collision gas at a 
pressure of 4 × 10

-5
 bars measured on the quadrupole pressure gauge. Resulting MS/MS spectra 

were processed with the MAXENT3 algorithm embedded in MASSLYNX software to generate 
peak lists. Each LC-MS/MS run was repeated at least twice, thereby excluding abundant ions 
from previous runs.  
 
Database searching and protein identification 
MS/MS peak lists were used to search the S. cerevisiae proteome from the Saccharomyces Genome 
Database (see: http://www.yeastgenome.org) using the MASCOT search engine version 2.0. To 
identify N-terminal peptides, signal peptidase cleavage sites within GPI- and ASL-CWPs were 
predicted using the SignalP 3.0 server (see: http://www.cbs.dtu.dk/services/SignalP) and sequences 
of the matured proteins were added to the proteome file. The MASCOT searching parameters 
were as follows: allowing up to one missed cleavage, fixed carbamidomethyl modification, a 
peptide tolerance of 2.0 Da, and a MS/MS tolerance of 0.8 Da. Probability-based MASCOT 
scores were used to evaluate protein identifications. Only matches with p < 0.05 for random 
occurrence were considered to be significant. Unassigned MS/MS spectra were analyzed with 
MASSLYNX software to identify peptides with potential posttranslational modifications. 
 
Phenotypic cell wall assays 
To test the sensitivity of different mutants to the cell wall-perturbing agent Calcofluor White and 
to heat stress, cells were pre-grown overnight in YPD. From these cultures, tenfold serial dilutions 
were prepared and 10

1
 to 10

5
 cells were spotted onto YPD plates or YPD plates containing 50 µg 

ml
-1
 Calcofluor White. Growth was monitored after two and three days at 30°C or 39°C. For the 

β-1,3-glucanase sensitivity assay, cells from a fresh overnight culture were inoculated in YPD at a 
starting A

600
 of 0.1, and cultured at 30°C to the early logarithmic phase (A

600
 = 0.5-1.0). Cells were 

collected by centrifugation and gently resuspended in 50 mM Tris-HCl, 40 mM 
β-mercaptoethanol, pH 7.4, at A

600
 = 1. Cells were incubated at room temperature for one hour, 

after which 60 units ml
-1
 β-1,3-glucanase (Quantazyme, Quantum Biotechnologies Inc. Laval, 

Quebec, Canada) was added (t
0
). The effect of β-1,3-glucanase treatment was followed by 

measuring the decrease of A
600

 in time and expressed as the percentage of the A
600

 at t
0
. 
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RESULTS 

CWPs are efficiently digested by proteases while being linked to the glucan network 
Previously, we have identified covalently bound CWPs of Candida albicans by releasing specific 
classes of CWPs using biochemical methods, followed by proteolytic digestion of the liberated 
protein pools and tandem mass spectrometry. Although leading to the identification of 14 CWPs 
in C. albicans, the use of this method is limited to the identification of CWPs that can be liberated 
from cell walls with established methods. To abolish this limitation, we now aimed to identify 
CWPs without a prior protein solubilization step. Thus, generation of proteolytic fragments of 
CWPs for protein sequencing, using endoproteinases, was performed while the CWPs were still 
bound to the cell wall lattice. A major concern about this method was whether the CWPs would 
be fully accessible to the proteinases used. To investigate this, isolated SDS-treated cell walls were 
incubated with the endoproteinases trypsin or Glu-C, followed by immunoblot analysis of the 
proteins remaining on the cell wall lattice. Digestion of isolated cell walls with 
endo-β-1,6-glucanase, resulted in release of the major class of covalently bound CWPs in S. 
cerevisiae, the GPI-CWPs, as was demonstrated with antisera raised against the abundant 
GPI-CWPs Cwp1p (Figure 2.1) and Ssr1p (data not shown). However, in cell walls that were 
treated with trypsin or Glu-C prior to digestion with endo-β-1,6-glucanase we did not detect 
these proteins or smaller fragments thereof, indicating that GPI-CWPs were efficiently digested 
despite their connection to the cell wall. Similarly, using antibodies against the Pir-protein 
Pir2p/Hsp150p, we tested release of mild alkali-extractable proteins. In contrast to undigested 
samples, alkali extracts of cell walls digested with trypsin or Glu-C walls did not react with 
anti-Pir2p serum (Figure 2.1), indicating that Pir-proteins were efficiently digested when using 
isolated walls in suspension as substrate as well. 
 

Identification of 19 covalently bound CWPs 
For the identification of covalently linked CWPs of S. cerevisiae, wide-type cells were grown to 
mid-log phase. SDS-treated walls, devoid of noncovalently associated proteins, were directly 
incubated with trypsin and Glu-C to obtain peptide fragments that were separated and sequenced 
by LC-MS/MS. For each LC-MS/MS run, the complete set of peptide tandem mass spectra was 
submitted to MASCOT for protein sequence database searching. The high confidence limit  

 

 

 

Figure 2.1 Both GPI-CWPs and ASL-CWPs in 
isolated cell walls are efficiently digested by 
proteases. Proteins were released from S. 
cerevisiae cell walls before (C) or after 
digestion with trypsin (T) or Glu-C (G). 
GPI-proteins were released with 
endo-β-1,6-glucanase and monitored with 

anti-Cwp1p antiserum. ASL-CWPs were extracted with 30 mM NaOH and monitored with 
anti-Pir2p antiserum. 
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settings (p < 0.05) that were used in the analysis of the peptide data together with the 
identification of multiple peptides for most of the proteins, allowed for the unambiguous 
identification of 18 CWPs from log-phase S. cerevisiae cells using this technique (Table 2.1). 
Details of the mass spectrometric analysis using MASCOT can be found in Table 2.2. The 
amount of sequenced peptides per identified protein ranged from 1 to 13 with an average of 5. Of 
the 18 proteins, ten were identified in both tryptic and Glu-C extracts, seven were found only in 
tryptic extracts, and one was detected only in Glu-C extracts.  
 

Among the identified CWPs are 12 predicted GPI-proteins (Caro et al., 1997; De Groot et al., 
2003). At least five of these are putative carbohydrate-active enzymes (Coutinho and Henrissat, 
1999), possibly involved in modifying the cell wall glycan network during growth. Gas1p, Gas3p, 
and Gas5p are classified in glycoside hydrolase family 72, and are thought to be directly involved 
in β-1,3-glucan remodeling or crosslinking of β-1,3-glucan and β-1,6-glucan chains (Mouyna et 
al., 2000). Crh1p and Crh2p belong to glycoside hydrolase family 16 and seem to have a role, 
directly or indirectly, in linking chitin to the β-1,3-glucan network (Rodríguez-Peña et al., 2000). 
For Ecm33p, a member of a family of four GPI-proteins (the Sps2p family), little functional 
information is available. However, recently it has been reported that the proteins of this family 
contain a receptor L-domain for ligand binding similar to the mammalian type 1 insulin-like 
growth factor receptor and the insulin receptor (Pardo et al., 2004). Furthermore, similar to GAS1, 
deletion of ECM33 is known to result in a strong hypersensitivity to the cell wall perturbant 
Calcofluor White, in large swollen cells, in an increased amount of β-1,6-glucosylated proteins 
secreted to the growth medium, and in increased levels of activated Slt2p, the mitogen-activated 
protein kinase of the cell wall integrity pathway (Terashima et al., 2003; Pardo et al., 2004). This 
suggests that this protein has a crucial role in cell wall biogenesis and is required to ensure proper 
cell wall integrity. 
 
One of the identified GPI-proteins is the phospholipase Plb2p. Finding Plb2p in the cell wall was 
rather surprising since phospholipases are generally known to be located and active at the plasma 
membrane. On the other hand, Plb2p lacks adjacent basic residues in the region immediately 
upstream of the GPI modification site. Such a dibasic motif is often present in proteins that are 
predominantly localized at the plasma membrane whereas this is usually not the case for proteins 
destined to be cell wall localized (Vossen et al., 1997; De Groot et al., 2003). Consistent with this, 
Plb1p and Plb3p do have a dibasic motif and are not detected in cell walls using mass 
spectrometry.  
 

Among the identified CWPs are 12 predicted GPI-proteins (Caro et al., 1997; De Groot et al., 
2003). At least five of these are putative carbohydrate-active enzymes (Coutinho and Henrissat, 
1999), possibly involved in modifying the cell wall glycan network during growth. Gas1p, Gas3p, 
and Gas5p are classified in glycoside hydrolase family 72, and are thought to be directly involved 
in β-1,3-glucan remodeling or crosslinking of β-1,3-glucan and β-1,6-glucan chains (Mouyna et 
al., 2000). Crh1p and Crh2p belong to glycoside hydrolase family 16 and seem to have a role, 
directly or indirectly, in linking chitin to the β-1,3-glucan network (Rodríguez-Peña et al., 2000).  
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Table 2.1 Characteristics of identified S. cerevisiae CWPs. 
 

CWPs ORFs Samples
a
 GPI

b
 

Reference 
for covalent 

linkage 

Reference for 
cell surface 
association 

# aa CDD
c
 

Function or 
properties 

Enzymes        

Crh1p YGR189C D  HF Yes This study 
Rodriguez-Pena 

et al., 2000 
507 69-235 GH16  

Crh2p YEL040W D  HF Yes This study 
Rodriguez-Pena 

et al., 2002 
467 111-278 GH16  

Gas1p YMR307W D  HF Yes This study 

Conzelmann et 

al.,1988;  

Hamada et al., 

1998 

559 26-330 
GH72, hydrolyzes 
and extends 
β-1,3-glucan  

Gas3p YMR215W D  HF Yes This study 
Hamada et al., 

1999 
524 15-352 GH72 

Gas5p YOL030W D  HF Yes This study 
Hamada et al., 

1999 
484 30-331 GH72 

Scw4p YGR279C D       A No This study 
Cappellaro et al., 

1998 
386 168-384 

β-1,3-glucanase 
GH17 

Scw10p YMR305C D       A No This study 
Cappellaro et al., 

1998 
389 257-389 

β-1,3-glucanase 
GH17  

Plb2p YMR006C D  HF Yes This study 
Hamada et al., 

1999 
706 42-561 Phospholipase 

Structural CWPs        

Cwp1p YKL096W D  HF A Yes 
Van der Vaart 

et al., 1995 
 239 none  

Ssr1p YLR390W-a D  HF Yes 
Moukadiri et 

al., 1997 
 238 20-84 CFEM domain 

Tip1p YBR067C D Yes 
Van der Vaart 

et al., 1995 
 210 none  

Tir1p YER011W D Yes 
Van der Vaart 

et al., 1995 
 254 none  

Pir1p YKL164C D      A No 
Mrsa et al., 

1997 
 341 244-341 

Conserved 4-C 
domain 

Pir2p YJL159W D      A No 
Mrsa et al., 

1997 

Mrsa and Tanner, 

1999 
412 315-412 

Conserved 4-C 
domain 

Pir3p
d
 YKL163W D      A No This study   325 228-325 

Conserved 4-C 
domain 

Pir4p YJL158C D      A No 
Mrsa et al., 

1997 
 227 130-227 

Conserved 4-C 
domain 
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CWPs ORFs Samples
a
 GPI

b
 

Reference 
for covalent 

linkage 

Reference for 
cell surface 
association 

# aa CDD
c
 

Function or 
properties 

Unknown proteins        

Ecm33p YBR078W D  HF Yes This study 
Pardo et al., 2004; 

Terashima et al., 

2003 

429 50-91 
incorporation of 
β1,6-glucosylated 
proteins  

Pry3p YJL078C D  HF Yes This study 
Hamada et al., 

1998; Hamada 

et al., 1999 

881 25-153  

Tos1p YBR162C D      A No This study 
Terashima et al., 

2002 
455 none Target of SBF 

a
Peptides were obtained from proteolytic digestions directly on cell walls (D), or HF-pyridine (HF) 
or alkali (A) extracted protein pools. 
b
Predicted GPI-proteins (Caro et al., 1997; de Groot et al., 2003) 

c
Location of conserved domain (Marchler-Bauer et al., 2003) 

d
Pir3p has been identified unambiguously in stationary-phase cells only. 
 
For Ecm33p, a member of a family of four GPI-proteins (the Sps2p family), little functional 
information is available. However, recently it has been reported that the proteins of this family 
contain a receptor L-domain for ligand binding similar to the mammalian type 1 insulin-like 
growth factor receptor and the insulin receptor (Pardo et al., 2004). Furthermore, similar to GAS1, 
deletion of ECM33 is known to result in a strong hypersensitivity to the cell wall perturbant 
Calcofluor White, in large swollen cells, in an increased amount of β-1,6-glucosylated proteins 
secreted to the growth medium, and in increased levels of activated Slt2p, the mitogen-activated 
protein kinase of the cell wall integrity pathway (Terashima et al., 2003; Pardo et al., 2004). This 
suggests that this protein has a crucial role in cell wall biogenesis and is required to ensure proper 
cell wall integrity. 
One of the identified GPI-proteins is the phospholipase Plb2p. Finding Plb2p in the cell wall was 
rather surprising since phospholipases are generally known to be located and active at the plasma 
membrane. On the other hand, Plb2p lacks adjacent basic residues in the region immediately 
upstream of the GPI modification site. Such a dibasic motif is often present in proteins that are 
predominantly localized at the plasma membrane whereas this is usually not the case for proteins 
destined to be cell wall localized (Vossen et al., 1997; De Groot et al., 2003). Consistent with this, 
Plb1p and Plb3p do have a dibasic motif and are not detected in cell walls using mass 
spectrometry.  
Four of the identified GPI-modified proteins, Cwp1p, Tip1p, Tir1p, and Ssr1p, are relatively 
small proteins that have a high content of serine and threonine residues and are heavily 
O-glycosylated. These proteins therefore do not seem to have enzymatic functions but they may 
be important to determine the cell surface properties of yeast cells. The last predicted GPI-protein 
is Pry3p (pathogen related in yeast), an unknown protein that has similarity with the plant PR-1 
class of pathogen-related proteins. 
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Table 2.2 Identification of covalently-linked CWPs in S. cerevisiae by LC/MS/MS. 
 

Protein 
Name 

ORF Peptide 
mass(Da) 

Residues Peptide sequence
a
 Mascot score

b
 

D     HF     A 

Crh1 YGR189C 808.41 68-73 WFTDLK 27 26  
  1241.58 80-91 YGSDGLSMTLAK 111 77  
  1121.52 100-108 SNFYIMYGK 23 35  
  1325.62 187-197 TTWYLDGESVR 24 16  
  1081.58 252-261 VIVTDYSTGK 49 46  
  1209.66 252-262 VIVTDYSTGKK 45 38  
Crh2 YEL040W 1826.81 60-74 YSFSHDSCMPVPICK 17   
/Utr2  1110.56 243-251 YQYPQTPSK 22   

YKL096W 1250.61 21-31 DSEEFGLVSIR
d
 63 71 68 Cwp1 

 1136.70 25-35 FGLVSIRSGSD 49   
  1945.92 32-49 SGSDLQYLSVYSDNGTLK 90  44 
  1352.79 45-58 NGTLKLGSGSGSFE 57   
  1640.75 50-66 LGSGSGSFEATITDDGK 135  91 
  1881.95 50-68 LGSGSGSFEATITDDGKLK 83   
  1847.86 69-84 FDDDKYAVVNEDGSFK 102  35 
  1397.60 85-98 EGSESDAATGFSIK 89  79 
  2225.05 85-105 EGSESDAATGFSIKDGHLNYK 84 26  
  958.49 106-114 SSSGFYAIK 65 55 54 
  2029.98 106-124 SSSGFYAIKDGSSYIFSSK 59 58  
  1089.50 115-124 DGSSYIFSSK 63 60 52

c
 

  1544.80 125-139 QSDDATGVAIRPTSK 35 29  
Ecm33 YBR078W 1202.63 163-172 VNVFNINNNR 43 33  
  1574.86 248-262 VGQSLSIVSNDELSK 65 91  
  1318.62 288-300 GFNKVQTVGGAIE 60   
  1623.78 337-351 LQSNGAIQGDSFVCK 56   
Gas1 YMR307W 1255.65 23-34 DDVPAIEVVGNK

d
 18 43  

  1699.77 128-141 DDPTWTVDLFNSYK 48   
  1694.77 193-207 KIPVGYSSNDDEDTR 48 11  
  1535.62 210-222 MTDYFACGDDDVK  56  
  1192.53 415-424 YGAYSFCTPK 57 57  
Gas3 YMR215W 2245.07 32-51 FIKPSSATNSESDNEVFFVK  28  
  1580.79 81-94 DAYAFQQLGVNTVR  20  
  1427.71 95-106 IYSLNPDLNHDK 33   
  1543.77 134-147 ADPSGTYDSLYLSR 86 62  
  1577.78 203-217 SIPVGYSAADNTDLR 58 102  
  1513.72 293-306 TFDEVSEGLYGGLK 23 10  
  1256.59 358-368 ESEISSDSIYK 43 52  
Gas5 YOL030W 1125.57 32-41 IKGNAFFNSE 34   
  1313.58 34-45 GNAFFNSESGER  15  
  886.49 80-87 DLGINTVR 22   
  1819.84 88-102 VYTVDNSQDHSHCMK 17   
  1599.81 317-329 LTDFENLKNEYSK 42 38  
Pir1, 2  1060.49  MNLKGGILTD 43   
Pir1-4  828.48  IGSIVANR 54  54

c
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Pir1 YKL164C 1078.54 246-255 SSGTLEMNLK 86   
  1675.67 323-337 HIGTQCNAVHLQAID 18   
  2175.91 323-341 HIGTQCNAVHLQAIDLLNC

e
 82  27 

Pir2 YJL159W 1092.52 317-326 TSGTLEMNLK 83  81 
  1376.69 394-405 HIGSQCTPVHLE 58  56 
Pir3

f
 YKL163W 2270.05 307-325 HIGSQCHEVYLQAIDLIDC

e
 50   

Pir4 YJL158C 1651.81 127-141 DSSCKNSGTLELTLK   90
c
 

  1074.93 132-141 NSGTLELTLK 65  82 
  1874.00 132-149 NSGTLELTLKDGVLTDAK   71

c
 

  1073.54 138-147 LTLKDGVLTD 37   
  1784.75 165-182 GPPPQAGAIYAAGWSITE 75   
  956.55 213-220 QCSAIHLE 40   
Plb2 YMR006C 1109.57 101-111 IGIACSGGGYR  42  
  1468.75 256-269 NGEMPLPITVADGR 21   
  925.46 354-361 MINSFANK 42   

YJL078C 1676.98 110-124 STGHFTQVVWKSTAE 21   Pry3 
 1084.48 121-130 STAEIGCGYK 22 28  

Scw10 YMR305C 1821.95 171-186 LYGVDCSQVENVLQAK 76  53 
  1001.54 202-210 IQDAVDTIK   37

c
 

  1130.59 344-354 ANQEAAISSIK   53
c
 

Scw4 YGR279C 1533.65 135-148 GITYTPYESSGACK 51  61
c
 

  2018.02 149-167 SASEVASDLAQLTDFPVIR 93  79 
  1685.79 168-181 LYGTDCNQVENVFK 113  99 
  1084.72 301-308 WLLEQIQR   30 
  1315.68 318-329 NVVITESGWPSK   45

c
 

  2404.46 318-340 NVVITESGWPSKGETYGVAVPSK   24 
  1106.68 330-340 GETYGVAVPSK   57 
  1605.80 330-344 GETYGVAVPSKENQK   25

c
 

  1049.46 332-341 TYGVAVPSKE 49   
  1257.70 367-377 YWKADGAYGVE 37   
  1108.56 378-386 KYWGILSNE 42   
  980.51 379-386 YWGILSNE 11  28

c
 

Ssr1 YLR390W-a 1583.78 24-37 TPPACLLACVAQVGK
d
 116 110  

  2221.02 24-43 TPPACLLACVAQVGKSSSTCD
d
 39   

 
 

 3475.72 24-53 TPPACLLACVAQVGKSSSTCDSLNQVT 
CYCE

d
 

29   

  2675.03 38-60 SSSTCDSLNQVTCYCEHENSAVK 32 103  
  2803.14 38-61 SSSTCDSLNQVTCYCEHENSAVKK 40 137  
  1272.42 44-53 SLNQVTCYCE 24   
  2259.00 61-80 KCLDSICPNNDADAAYSAFK 45 55  
  2130.90 62-80 CLDSICPNNDADAAYSAFK 142 108  
Tip1 YBR067C 2070.20 29-47 LQAIIGDINSHLSDYLGLE 69   
Tir1 YER011W 1983.03 19-35 QTQDQINELNVILNDVK

d
 33   

  1621.03 27-40 LNVILNDVKSHLQE 84   
Tos1 YBR162C 1417.67 308-321 EGIPAYHGFGGADK 45  43 
  2899.43 386-411 LISHIHDGQDGGTQDYFERPTDGTLK 13   
  1050.55 412-421 AAVIFNSSDK  44   60

c
 

a
Trypsin cleaves after K or R, Glu-C cleaves after D or E. 
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b
Mascot score is reported as -10Log

10
(P), where P is the absolute probability that the observed 

match between the experimental data and the database sequence is a random event. Peptides 
were obtained from proteolytic digestions directly on cell walls (D), or on proteins pools which 
were extracted with HF-pyridine (H) or alkali (A). 
c
Only identified in large-scale fractionation approach. 

d
N-terminus of the obtained peptide sequence is identical to the N-terminus of the mature 
protein after removing the signal peptide as predicted by SignalP V3.0. 
e
C-terminal peptides of Pir1p (Glu-C) and Pir3p (trypsin). 

f
Pir3 has been identified unambiguously in stationary-phase cells only. 
 
Three CWPs that were identified in log-phase cells belong to the small family of Pir proteins 
(Mrsa et al., 1997). Discriminating between the four different members of this family using 
protein sequencing is hampered by the fact that they contain conserved repetitive sequences and 
produce only a few unique peptide sequences from the C-terminal region (Figure 2.2). For 
instance, the identified tryptic peptide IGSIVANR with a mass of 828.5 Da is present in all four 
Pir proteins. Obtained sequences of additional discriminating peptides did unambiguously 
identify Pir1p, Pir2p and Pir4p in log-phase yeast cells, however, no peptide uniquely specifying 
Pir3p was found. Probably, this may be explained by the lack of short tryptic peptides in the 
C-terminal region of Pir3p, as expression levels of PIR3 are comparable to the other Pir genes in 
log-phase cells (Boorsma et al., 2004). Because transcript profiling studies indicated that PIR3 
expression is upregulated during stationary phase (Gasch et al., 2000), we grew wide-type cells to 
stationary phase and analyzed a tryptic digest of isolated cell walls for the presence of Pir3p. In 
this case, we were able to determine the sequence of a peptide with a mass of 2270.05 Da 
corresponding to the C-terminus of Pir3p, which demonstrated that Pir3p is also incorporated in 
the cell wall, at least during stationary phase. Apart from identifying Pir3p, analysis of stationary 
phase cells confirmed most of the protein identifications from log-phase cells but did not reveal 
other new identifications (results not shown). 
 
Pir1p 
244 CKSSGTLEMNLKGGILTDGKGRIGSIVANRQFQ...FYQCLSGNFYNLYDEHIGTQCNAVHLQAIDLLNC 341 

Pir2p 
315 CKTSGTLEMNLKGGILTDGKGRIGSIVANRQFQ...FYQCLSGTFYNLYDEHIGSQCTPVHLEAIDLIDC 412 

Pir3p 
228 CNNNSTLSMSLSKGILTDRKGRIGSIVANRQFQ...FYQCLSGDFYNLYDKHIGSQCHEVYLQAIDLIDC 325 

Pir4p 
130 CKNSGTLELTLKDGVLTDAKGRIGSIVANRQFQ...FYQCLSGNFYNLYDQNVAEQCSAIHLEAVSLVDC 227 

    *↑                                     *                *            * 

Figure 2.2 MS identification of common and unique peptides in the C-terminal conserved 
4-cysteine domains of S. cerevisiae Pir1-4p. LC/MS/MS analysis of Pir-proteins resulted in 
identification of peptides in the region downstream of the tandem repeats only. Tryptic fragments 
sequenced by tandem MS are highlighted whereas identified Glu-C peptides are underlined. The 
four conserved cysteine residues are indicated by asterisks. Note the absence of lysine after the 
first conserved cysteine in Pir3p, marked by an arrow, which may hamper its identification. 
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Two of the remaining non-GPI-modified proteins, Scw4p and Scw10p, belong to the Bgl2p 
family of β-1,3-glucanases/β-1,3-glucanosyl transferases (GH17). Interestingly, the orthologous 
protein Scw1p of C. albicans was recently found to be present in protein extracts of cell walls that 
had also been pre-treated with reducing agents (De Groot et al., 2004). Covalent incorporation of 
this family of proteins is therefore not unique for a single organism and may be more common in 
fungi. The last protein we identified in log-phase cells was Tos1p/Ybr162cp. For Tos1p (target of 
SBF), we detected three peptides. In previous studies, Tos1p has been detected in laminarinase- 
treated cell wall extracts, suggesting a tight association of this protein with the cell wall (Terashima 
et al., 2002). This is consistent with our data showing that Tos1p is covalently bound to the cell 
wall network.  
 
Covalently bound CWPs are either GPI-modified or attached in an alkali-labile manner  
To understand how the three proteins, that are neither GPI-modified nor Pir proteins, are 
covalently linked to the wall, and to confirm the linkage type of the other identified CWPs, the 
two known types of CWPs were separately released from isolated cell walls before trypsin 
digestion. GPI-CWPs can be specifically released with HF-pyridine (De Groot et al., 2004). 
HF-pyridine cleaves the phosphodiester bonds through which GPI-CWPs are linked to 
β-1,6-glucan chains. Extracted protein pools were then proteolytically digested with trypsin and 
analyzed by LC-MS/MS, which generated amino acid sequences of 33 different peptides (Table 
2.2) originating from nine different proteins. These nine proteins corresponded to predicted 
GPI-proteins that were also identified in trypsin extracts with the direct cell wall digestion method. 
This result confirms GPI modification for most of the predicted GPI-proteins identified above, 
and demonstrates the specificity of the HF-pyridine extraction towards GPI-proteins. 
 
Pir CWPs and Scw1p of C. albicans are linked to β-1,3-glucan through a linkage that is destroyed 
by treatment with cold 30 mM NaOH (Mrsa et al., 1997; De Groot et al., 2004). NaOH 
extraction of cell walls from log-phase yeast cells yielded 17 proteolytic peptide sequences 
originating from seven proteins. These were the six non-GPI modified proteins (Pir1p, Pir2p, 
Pir4p, Scw4p, Scw10p, and Tos1p), which were identified in log-phase cells using direct digestion 
of cell walls, plus Cwp1p (Table 2.2). The presence of the latter in this extract confirms earlier 
observations that, in addition to GPI-dependent incorporation, Cwp1p can alternatively be linked 
to the cell wall in a mild alkali-sensitive manner (Kapteyn et al., 2001). Extraction by mild alkali 
of Scw4p and Scw10p is consistent with the detection of Scw1p in alkali extracts of C. albicans 
cell walls (De Groot et al., 2004). Identification of Tos1p in the same extract indicates that other 
proteins besides Pir proteins and Bgl2 family members can be incorporated in the cell wall via an 
alkali-labile linkage.  
 
GPI-CWPs are attached to β-1,6-glucan via a GPI remnant at their C-terminus. In these proteins, 
functional domains are generally found in the N-terminal regions (Table 2.1). In contrast, Pir 
proteins have a conserved four-cysteine domain in their C-terminal regions, and in Scw4 and 
Scw10 functional domains are in the C-terminal regions as well. This may indicate that there is a 
relation between protein organization and the manner of cell wall incorporation. 
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Identification of ASL-CWPs using large scale fractionation 
To identify possible additional, less abundant, ASL-CWPs and to test the sensitivity of the direct 
cell wall digestion method, we undertook a large scale fractionation approach. Starting with a 
>100-fold increased amount of starting material from an independent culture, cell walls were 
treated with mild alkali, followed by anion-exchange chromatography and SDS-PAGE analysis of 
the separated protein fractions. Protein bands visualized with Coomassie Brilliant Blue R-250 
were excised from gel and analyzed by LC-MS/MS resulting in the identification of seven proteins 
(Figure 2.3). These proteins were the seven proteins that were already identified in the small scale 
unfractionated mild alkali extract and were also detected with the direct cell wall digestion method. 
The increased amount of individual peptides subjected to LC-MS/MS with the large scale method 
only allowed us to increase the sequence coverage of these proteins (Table 2.2). These results 
prove the sensitivity and reproducibility of the small scale methods to identify CWPs, and 
emphasize the specificity of the mild alkali extraction to select for a subclass of covalently bound 
CWPs. 
 

Not all ASL-CWPs contain Pir-specific tandem repeats 
Mutagenesis studies with Pir4p of S. cerevisiae indicated that covalent attachment of Pir proteins 
to the cell wall matrix is governed by the presence of internal, Pir-specific, tandem repeats 
(Castillo et al., 2003) conforming to the consensus sequence Q[IV]XDGQ[IVP]Q. Interestingly, 
GPI-CWP Cwp1p, also present in NaOH extracts, contains one perfect copy of such a repeat 
(Figure 2.4) whereas CaScw1p contains a glutamine-rich region that is partly similar. However, 
Pir-specific repeats are absent in S. cerevisiae Scw4p, Scw10p, and Tos1p. This prompted us to 
perform pairwise protein alignments and BLAST analyses to identify other common features of 
the alkali extracted CWPs of S. cerevisiae and C. albicans. The only obvious similarity seems to be 
the presence of adjacent basic residues (KR and KK), known to be potential substrates for  
 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 Large scale fractionation of ASL-CWPs. Mild-alkali extracts of isolated walls were 
fractionated by anion-exchange chromatography. Fractions 18 to 34, eluted with 0.34 - 0.68 M 
NaCl, were separated on a 2.6 – 20% gradient SDS-PAGE gel and stained with Coomassie. 
Numbered protein bands were excised from gel and subjected to mass spectrometric analysis. 
LC/MS/MS of bands 1–4 identified Cwp1p, Pir2p, Pir1p, and Pir4p, respectively. Protein band 5 
contained a mixture of Scw4p, Scw10p, and Tos1p. 
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proprotein cleavage by the maturating enzyme Kex2p, in the N-terminal regions of all these 
proteins, except Cwp1p (Figure 4). Moreover, in the proteins that do not comprise Pir-specific 
internal repeats, the Kex2p site is preceded by at least three additional positively charged residues 
(including at least two histidines). It is possible that a strongly positively charged Kex2p region 
may be an additional factor contributing to covalent incorporation of CWPs in a mild 
alkali-sensitive manner. 
 
Phenotypic analysis of mutant strains lacking CWP-encoding genes  
To investigate the relevance of the identified CWPs for attaining normal cell wall structure and 
integrity, BY4741-derived single gene knockout strains carrying deletions in the corresponding 
genes were subjected to cell wall-related phenotypic tests (Figure 1.5). First, we tested sensitivity 
to Calcofluor White (CFW), a drug that interferes with cell wall biosynthesis by binding to chitin. 
Mutants having aberrant cell wall structures are often hypersensitive to the presence of CFW in 
the growth medium (Lussier et al., 1997). As described in earlier reports and consistent with the 
observation that the levels of chitin in cell walls of GAS1 and ECM33 deletion mutants are 
drastically increased, these mutants are highly sensitive to the addition of CFW to the growth 
medium (Ram et al., 1998; De Groot et al., 2001; Pardo et al., 2004). Those deleted in CRH1, 
SCW4, SSR1, PIR2, PLB2, PRY3 and TOS1 showed only slight hypersensitivity to CFW, whereas 
the sensitivity to CFW of the remaining mutants was comparable to wild type (data not shown). 
Second, we tested sensitivity to sustained heat stress. Again, mutants deleted in GAS1 and ECM33 
showed the most severe phenotypes and were unable to grow at 39°C. The tos1∆ mutant showed a 
slightly decreased ability to grow at this high temperature, whereas the others showed wild type 
behavior. Third, sensitivity to Quantazyme, a recombinant β-1,3-glucanase that hydrolyzes 
β-1,3-glucan, was tested. Eight mutants showed increased resistance to Quantazyme in 
comparison to wide-type. Of these mutants, gas1∆, tos1∆, and scw4∆ were most resistant, pry3∆,  
 
 

ScPir1p 57 KAKRAAAISQIGDGQIQATT 

ScPir2p 69 KAKRAASQIGDGQVQAATTT 

ScPir3p 64 KAKRAASQIGDGQVQAATTT 

ScPir4p 61 KAKRDVISQIGDGQVQATSA 

CaPir1p 71 RNDNKKEATPVAQITDGQVQ 

ScCwp1p 190 SSPTASVISQITDGQIQAPN 

ScScw4p 24 HEHKDKRAVVTTTVQKQTTI 

ScScw10p 23 RHKHEKRDVVTATVHAQVTV 

CaScw1p 24 HQHHQHKEEKRAVHVVTTTN 

ScTos1p 108 KKRSEKQSIESCKEGEAVVSRHKHQHKR 

 

Figure 2.4 Sequence characteristics of N-terminal regions of ASL-CWPs. Indicated are all 
identified CWPs in mild-alkali extracts of cell walls of S. cerevisiae and C. albicans. Potential 
Kex2p cleavage sites (KK or KR) and adjacent positively charged regions are in bold and underlined. 
PIR-specific repeat sequences conforming to the consensus Q[IV]XDGQ[IVP]Q (in Prosite format) 
are underlined. Numbers indicate distance from the N-terminus of the translated peptides. 
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tir1∆ and ecm33∆ showed intermediate resistance, and pir2∆ and plb2∆ showed slightly increased 
resistance. Interestingly, the Quantazyme resistance of tos1∆ is not accompanied by a dramatically 
increased sensitivity to CFW, as was observed for gas1∆ and ecm33∆. This suggests that chitin 
incorporation in tos1∆ is not increased but that β-1,3-glucan molecules are less accessible to the 
β-1,3-glucanase (for instance, by alterations in the outer protein layer) or more resistant to the 
enzyme by increased branching. Taken together, the results of these phenotypic tests underline the 
notion that the identified covalently bound CWPs, including the newly identified Pry3p, Tos1p, 
Plb2p and Ecm33p are important to the cell for normal cell wall construction. 
 

 
 
 
 
 
 

 

 

 

 

 

 

 

 

Figure 1.5 Phenotypic 
analysis of deletion mutants 
lacking CWP-encoding genes. 
a. Sensitivity to Calcofluor 
White and sustained heat 
stress. Serial tenfold dilutions 
of deletion mutants were 
tested for their ability to grow 
on solid YPD medium in the 
presence of 50 µg/ml 
Calcofluor White and on YPD 
at 39°C. Only mutants that 
show increased sensitivity to 
CFW are shown.  

b. Sensitivity to β-1,3-glucanase. Left panel, mutants deleted in GPI-CWP-encoding genes. �, 
wild type BY4741; �, ecm33∆; �, gas1∆; �, plb2∆; �, pry3∆; �, tir1∆. Right panel, mutants 
deleted in ASL-CWP-encoding genes, �, BY4741; �, pir2∆; �, scw4∆; , tos1∆. Only mutants 
with altered sensitivity in comparison to wild type strain BY4741 are shown. The decrease in OD

600
 

is taken as a measure of cell lysis and is expressed as % of the starting OD
600

. The results shown are 
the mean of two independent experiments. 
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DISCUSSION 

This paper describes the identification of 19 covalently bound CWPs of S. cerevisiae using a rapid, 
sensitive, and versatile method based on mass spectrometry. In contrast to our earlier approach, 
which involved solubilization of CWPs prior to proteolytic digestion, in the current set-up, cell 
walls are directly subjected to proteolytic enzymes. This has two major advantages. First, the new 
method is faster, which increases the throughput while maintaining sensitivity comparable to large 
scale approaches. Second, the new approach allows for the identification of proteins irrespective of 
the nature of their covalent linkages to the cell wall lattice. In other words, we can make a full 
inventory of covalently bound CWPs, even when knowledge about protein-glycan linkages is 
lacking. Our method will therefore also be applicable to other fungi, provided that they contain 
CWPs that are not shielded from cleavage by endoproteinases. Conceivably, this may lead to the 
discovery of novel types of connections between glycoproteins and cell wall matrices. 
 
Several lines of evidence indicate that all proteins identified in this study are genuine covalently 
linked CWPs. First, all peptides identified in this study (Table 2.2) originated from secretory 
proteins. Our cell wall preparations are therefore free from any intracellular contaminants. Second, 
all identified proteins have GPI signatures or can be solubilized from cell walls by 30 mM NaOH, 
which specifically releases covalently bound CWPs (Mrsa et al., 1997; Kapteyn et al., 1999; De 
Groot et al., 2004). Third, phenotypic tests showed that mutants lacking genes coding for many 
of the identified CWPs, have strong cell wall-related phenotypes indicating that their cell wall 
integrity is affected by a change in cell wall composition. Fourth, the cell wall identification of all 
proteins reported in our manuscript is validated by independent studies which show covalent 
linkage to cell wall glycans (seven proteins), or cell surface association (the other twelve proteins) 
(Table 2.1). In most cases, the evidence is obtained from fractionation studies, in which 
glucanase-extractable or biotin (a non-permeable reagent)-labeled proteins are analyzed by 
N-terminal sequencing (Van der Vaart et al., 1995; Mrsa et al., 1997; Cappellaro et al., 1998; 
Mrsa et al., 1999), immunoblot analysis (Moukadiri et al., 1997; Terashima et al., 2002) or by 
measuring the activity of a reporter protein that is placed in front of C-terminal GPI anchor 
sequences (Hamada et al., 1998; Hamada et al., 1999). Only in a few cases (Cwp1p, Crh1p and 
Crh2p), cell surface localization has been demonstrated in vivo using fluorescence microscopy 
(Ram et al., 1998; Rodríguez-Peña et al., 2000; Rodríguez-Peña et al., 2002). Localization studies 
of CWPs using GFP fusion constructs are hampered by the fact that these proteins undergo 
various processing steps and other posttranslational modifications. This may easily lead to 
mislocalization and misinterpretation of results. For instance, in GPI-proteins, the C-terminal 
part encodes a hydrophobic GPI-signal peptide, which is removed in the ER by a transamidase 
complex. C-terminally attached GFP fusion constructs, as reported by Huh et al. (2003), whose 
data are accessible at SGD (see: http://www.yeastgenome.org), will therefore show the localization 
of the detached GPI signal peptide, instead of the mature GPI-protein. The same approach also 
failed to show cell surface localization of the ASL-CWPs Scw4p, Scw10p, Pir1p, Pir2p and Pir4p, 
all of which are well-known, biochemically confirmed cell surface proteins (Mrsa et al., 1997; 
Cappellaro et al., 1998; Mrsa and Tanner, 1999).  
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In S. cerevisiae, 60-70 proteins are predicted to be GPI-modified by in silico analysis (Caro et al., 
1997; De Groot et al., 2003). Nevertheless, we strongly believe that the 19 proteins identified in 
this study, including twelve predicted GPI-proteins, represent almost all CWPs that are covalently 
bound to cell wall glycans of S. cerevisiae under the conditions tested. Approximately 40 of the 
predicted GPI-proteins are suggested to remain predominantly attached to the plasma membrane, 
rather than becoming covalently linked to the cell wall (Klis et al., 2002). Also, many 
GPI-proteins are differentially regulated. For instance, perturbations of the yeast cell wall (Lagorce 
et al., 2003; Boorsma et al., 2004; Garcia et al., 2004) or hypoxic growth conditions (Abramova et 
al., 2001) cause S. cerevisiae cells to use a very different set of CWPs. Consistent with our results, 
in an extensive search for CWPs, only 13 different CWPs were detected on SDS gels in 
exponential-phase cells of S. cerevisiae (Mrsa et al., 1997; Cappellaro et al., 1998; Mrsa et al., 
1999). Recently, analysis of the cell wall proteome of C. albicans, using LC-MS/MS, also resulted 
in the identification of twelve GPI-CWPs from log-phase cells (De Groot et al., 2004). However 
we can not rule out that our analysis may have missed proteins if their proteolytic fragments fall 
out of the range detectable by LC-MS/MS, especially when they are glycosylated. Notably, most 
of the identified peptides derive from predicted functional domains (Marchler-Bauer et al., 2003) 
or from other regions with a relatively low frequency of serines and threonines. 
 
Scw4p, Scw10p, and Tos1p neither contain consensus sequences for GPI modification nor belong 
to the Pir protein family. Similar to Scw1p of C. albicans (De Groot et al., 2004), these proteins 
were co-extracted with Pir-proteins by treatment with NaOH, and are resistant to treatment with 
hot SDS/β-mercaptoethanol and dithiothreitol. Scw4p and Scw10p have been described as 
proteins that can be released from cell walls by extraction with reducing agents (Cappellaro et al., 
1998). Apparently, a fraction of these CWPs does not contain alkali-labile linkages to the glucan 
network but bind to the cell wall in a manner that is sensitive to reduction of disulfide bonds. 
Scw4p, Scw10p, and Tos1p do not contain Pir-specific internal repeats, which are required to 
incorporate Pir-proteins in an alkali-labile manner (Castillo et al., 2003). A common feature of 
alkali extracted proteins is the presence of a Kex2p substrate site (KK or KR) in the N-terminal 
region, and in Scw4p, Scw10p, Tos1p and CaScw1p this site is preceded by at least three 
additional positively charged amino acids. We hypothesize that this may contribute to covalent 
incorporation of CWPs in a mild alkali-sensitive manner. However, this would imply that such 
alkali extractable proteins are not processed by Kex2p, as Kex2p will remove the positively charged 
regions from the mature proteins. Strikingly, Kex2p processing of Pir-proteins has only been 
shown for secreted proteins (Mrsa et al., 1997), and unprocessed Pir1p of C. albicans is 
incorporated into the cell wall (De Groot et al., 2004). 
 
Whether a GPI-protein localizes to the cell wall or to the plasma membrane is primarily 
determined by the amino acids immediately upstream of the site of GPI anchor addition. 
Adjacent basic residues in this region promote plasma membrane retention rather than cell wall 
incorporation (Caro et al., 1997; De Groot et al., 2003; Frieman and Cormack, 2003). Recently, 
it has been demonstrated that long regions rich in serine and threonine residues can override this 
dibasic signal and redirect a GPI plasma membrane protein to the cell wall (Frieman and 
Cormack, 2004). Consistent with this, of the twelve identified GPI-CWPs, only Gas1p and 
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Ecm33p have a dibasic motif and in both cases this is preceded by a stretch of consecutive serine 
residues. Gas1p has been shown to be localized in the plasma membrane (Conzelmann et al., 
1988). The fact that we detect Gas1p and Ecm33p in the cell wall may also be explained by their 
high expression levels or by the high sensitivity of our method (De Groot et al., 2004). 
 
The identified GPI-CWPs Gas1p, Gas3p, Gas5p, Crh1p, and Crh2p specify putative 
(trans)glycosidases, able to modify the carbohydrates of the cell wall. Furthermore, Ecm33p is also 
crucial to attain a normal cell wall structure. Orthologues of these three GPI-protein families have 
previously been isolated from plasma membranes in Aspergillus fumigatus (Bruneau et al., 2001). 
This raises an important question: at which location, plasma membrane or cell wall, are these 
proteins mainly functional? Interestingly, a mutant lacking ECM33 in S. cerevisiae was only 
partially complemented by the homologous (58% identity) protein Pst1p (Pardo et al., 2004). As 
suggested by these authors, possibly these proteins have different functions, however, the 
improper complementation may also be caused by different localization of the proteins, as Pst1p 
has never been shown to be covalently incorporated into the cell wall. Apart from five GPI-CWPs, 
Scw4p and Scw10p also specify (trans)glycosidases. Since these proteins are not GPI-modified, 
they enter the cell surface as soluble proteins and are not bound by the plasma membrane. 
Interestingly, members from all three GH families were also shown to be covalently bound to the 
cell wall in the pathogenic yeast C. albicans (Table 2.1), and orthologues are present in the 
genomes of many other ascomycetic fungi with similar cell wall structures. Altogether, these 
observations indicate that the activity of the proteins is not restricted to the plasma membrane, 
but they may be actively involved in cell wall biosynthesis while being covalently bound to the cell 
wall. Alternatively, these enzymes may play a role in biofilm formation. Biofilms usually consist of 
a polymorphic population of cells embedded in a glycan matrix and are an important factor in 
pathogenesis of Candida spp. (Kumamoto, 2002; Douglas, 2003). Biofilm formation has also 
been demonstrated in the budding yeast S. cerevisiae (Reynolds and Fink, 2001). Actually, natural 
environments of fungi are often solid surfaces which they can colonize and to which they 
irreversibly adhere. Future studies will aim to obtain a better understanding of the function of 
these proteins, to analyze their occurrence in cell walls of other fungi, and to biochemically 
decipher the alkali-labile linkage(s). 
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ABSTRACT 

The cell wall of Schizosaccharomyces pombe is bilayered, consisting of an inner layer of mainly 
polysaccharides and an outer layer of galactomannoproteins. We present a detailed analysis of the 
cell wall proteome. Six covalently bound cell wall proteins were identified using tandem mass 
spectrometry, including four predicted GPI-dependent CWPs (Gas1p, Gas5p, Ecm33p and 
Pwp1p) and two alkali-sensitive CWPs (Psu1p and Asl1p). Gas1p and Gas5p belong to glycoside 
hydrolase family 72, and are believed to be involved in β-1,3-glucan elongation. Ecm33p belongs 
to a ubiquitous fungal protein family with an unknown but crucial function in cell wall integrity. 
Pwp1p is an abundant protein with an unknown but probably non-enzymatic function. All four 
CWPs were present in HF-pyridine extracts, indicating that they are linked via a phosphodiester 
bridge to the glucan network. Psu1p is a homologue of the Saccharomyces cerevisiae Sun family, 
whereas Asl1p has no homologues in S. cerevisiae but is related to Aspergillus fumigatus and 
Ustilago maydis proteins. Finally, although the protein content of Sch. pombe cell walls is only 
slightly less than in S. cerevisiae and Candida albicans, the amount of carbohydrate added to the 
proteins was found to be two- to threefold decreased, consistent with earlier reported differences 
in outer chain N-glycosylation. 
 
Yeast (2007) 24:267. Copyright © John Wiley & Sons, Ltd. 



 

 39 

INTRODUCTION 

The fungal cell wall is an essential organelle that enables cells to withstand osmotic pressure and 
cope with environmental stress, and also determines cell shape. In contrast to the oval-shaped 
budding cells of Saccharomyces cerevisiae and Candida albicans growing in the yeast form, 
Schizosaccharomyces pombe cells have a cylindrical rod-like shape and divide by medial fission. In S. 
cerevisiae and C. albicans, the composition and architecture of cell walls have been studied in great 
detail (De Groot et al., 2005; Klis et al., 2001, 2006; Lesage and Bussey, 2006). The inner part of 
the cell wall in S. cerevisiae is a skeletal layer that is mainly composed of a polysaccharide network. 
This is surrounded by an external layer that is comprised of a variety of different mannoproteins. 
The major cell wall polysaccharide in S. cerevisiae and C. albicans is β-1,3-glucan, which forms a 
strong but flexible water-insoluble network and contains acceptor sites for covalent attachment of 
the polysaccharides β-1,6-glucan and chitin, and cell wall mannoproteins. Studies of the cell wall 
composition in Sch. pombe have revealed similarities but also some important differences as 
compared to S. cerevisiae and C. albicans. In fission yeast, the major wall component is also 
β-1,3-glucan (46-54%). However, the walls of Sch. pombe lack chitin and instead contain 
α-1,3-glucan (28%), a component that has not been found in S. cerevisiae (Grün et al., 2005; 
Magnelli et al., 2005; Manners and Meyer, 1977; Pérez and Ribas, 2004). Also, instead of the 
branched β-1,6-glucan found in S. cerevisiae, Sch. pombe contains short polymers termed diglucan 
(2%). These polymers consist of a backbone of β-1,6-linked glucose residues, approximately 75% 
of which carry β-1,3-linked glucose substituents (Magnelli et al., 2005). Not much is known 
about the interpolymeric linkages between cell wall components and about the identity of the 
covalently bound cell wall proteins (CWPs) in Sch. pombe. 
 
Depending on the type of their linkages to the cell wall glucans, covalently bound yeast CWPs are 
divided into two groups: (a) glycosylphosphatidylinositol (GPI)-modified proteins are the largest 
group of proteins; they are linked via a sugar remnant of the GPI anchor to β-1,6-glucan which 
interconnects them to β-1,3-glucan or, especially under cell wall stress conditions, to chitin; (b) a 
minor group of proteins is linked via a mild alkali- sensitive linkage (ASL) to β-1,3-glucan (De 
Groot et al., 2005; Ecker et al., 2006). Genome analysis indicates that genes encoding Pir proteins, 
the best-characterized ASL-CWPs in S. cerevisiae, are not present in Sch. pombe (data not shown). 
Whether other ASL-CWPs are present is not known. In Sch. pombe 33 proteins were predicted to 
be GPI-modified (De Groot et al., 2003), and a table presenting these proteins can be 
downloaded from the Galar Fungail website (see:  
http://www.pasteur.fr/recherche/unites/Galar_Fungail). For one of the predicted GPI proteins, 
the predominantly membrane-localized -amylase Aah3p, some immunological evidence has been 
presented recently indicating that it also might be partially localized in the cell wall (Morita et al., 
2006). These data, together with the visualization of a darkly stained outer mannoprotein layer by 
electron microscopy, similar to what has been observed in S. cerevisiae, C. albicans and other fungi 
(Baba and Osumi, 1987; Humbel et al., 2001; Osumi, 1998; Tokunaga et al., 1986), suggest that 
covalently bound GPI-CWPs are also present in Sch. pombe. 
 
Previously, we have performed mass spectrometric analysis of proteins that are covalently bound 
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to the cell wall polysaccharide network in S. cerevisiae and C. albicans, resulting in the 
identification of about 15-20 CWPs in both species under a given condition (De Groot et al., 
2004; Pardini et al., 2006; Yin et al., 2005). Intriguingly, many of the proteins identified were 
classified as carbohydrate-active enzymes, in particular members of the fungal-specific Gas/Phr 
(GH 72), Bgl2p (GH 17) and Crh (GH 16) families, and the C. albicans chitinase Cht2p (GH 
18), which may all use cell wall polysaccharides as their natural substrates. The covalent 
incorporation of these enzymes raises important questions about their functionality, as continued 
hydrolysis of cell wall polymers might weaken the skeletal wall layer. Importantly, cell wall 
construction is tightly controlled, allowing the cell to grow, divide and adapt its wall to 
environmental changes. Cell wall-localized carbohydrate-active enzymes may be actively involved 
in these processes. In agreement with this, many of the genes encoding such enzymes are cell-cycle 
regulated or activated in response to cell-wall stress conditions, and the proteins are enriched at 
specific locations where their activity seems needed (Klis et al., 2006; Rodríguez-Peña et al., 
2000). 
 
Gas family members of various fungi have β-1,3-transglucosidase activity in vitro (Mouyna et al., 
2000) and are thought to hydrolyse and extend newly formed β-1,3-glucan chains. Fungal Bgl2p 
also has transglucosidase activity in vitro (Mouyna et al., 1998). Crh proteins in Yarrowia 
lipolytica possess endo-β-1,3-glucosidase activity in vitro (Hwang et al., 2006), but it is yet 
unknown whether they also have transglucosidase activity. Crh-family members in both S. 
cerevisiae and C. albicans are cell cycle-regulated and their cell-surface localization largely coincides 
with spots of chitin incorporation (Pardini et al., 2006; Rodríguez-Peña et al., 2000). Based on 
these results, it has been postulated that Crh proteins may be transglycosidases involved in the 
coupling of chitin to cell wall -glucan. Consistent with this, Sch. pombe has chitin-less walls and 
lacks Crh homologues but contains homologues of other CWP-encoding gene families, such as 
BGL2, GAS and ECM33 (as indicated by BLAST analysis; this study). 
 
In this study, we show that Sch. pombe contains multiple covalently bound CWPs and we 
identified six CWPs by direct trypsin digestion of SDS-treated walls followed by tandem mass 
spectrometry. We also investigated the covalent linkages between the proteins and the cell wall 
carbohydrates by extracting proteins using different chemical or enzymatic treatments. 
 

MATERIALS AND METHODS 

Strain, growth conditions and cell wall isolation 
Sch. pombe wild type strain 972 (h-) was precultured on YEA plates (0.5% w/v yeast extract, 3% 
w/v glucose, 0.025% w/v adenine sulphate, solidified with 2% w/v agar) and then cultured at 30 
°C in liquid YEA medium until OD600 2. Cells were harvested by centrifugation (5 min at 5000 
r.p.m.) and washed with cold H2O and with 10 mM Tris-HCl, pH 7.5. The cells were 
resuspended in 10 mM Tris-HCl, pH 7.5 (2 × 109 cells/tube in 200 µl) and disintegrated with ∅ 
0.25-0.50 mm glass beads (Emergo BV, Landsmeer, the Netherlands) in the presence of a 
protease inhibitor cocktail (Sigma, St. Louis, MO) using a Bio-Savant Fast Prep 120 machine 
(Qbiogene, Carlsbad, CA). Complete cell breakage was assessed by light microscopy. Preliminary 
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mass spectrometric experiments with Sch. pombe indicated that the procedure for cell wall 
isolation as described for C. albicans in De Groot et al. (2004) required some modifications to 
obtain wall preparations that are free from non-covalently associated or cytosolic proteins. Broken 
cell material was collected and repeatedly washed (by resuspending them) with 1 M NaCl until 
the supernatant after centrifugation became clear. The walls were then extracted four times, 
instead of the usual two as described for C. albicans (De Groot et al., 2004), for 5 min at 100 °C 
with 50 mM Tris-HCl, pH 7.8, containing 2% SDS, 100 mM Na-EDTA and 100 mM 
β-mercaptoethanol. SDS/β-mercaptoethanol-treated walls are washed with milliQ water until all 
SDS is removed (no foam formation by resuspension) and freeze-dried. 
 
Cell wall protein and carbohydrate content 
Protein and chitin contents in the cell wall were determined following the protocols described by 
Kapteyn et al. (2001) using BSA and glucosamine, respectively, as standards. For determination of 
the glucan and galactomannan content, the polysaccharides in cell wall preparations were 
hydrolysed to monosaccharides using sulphuric acid (Dallies et al., 1998) and analyzed by HPLC 
analysis. Briefly, freeze-dried walls (4 mg) were incubated with 100 µl 72% v/v H

2
SO

4
 for 3 h at 

room temperature, then diluted with 575 µl distilled H
2
O to get a 2 M H

2
SO

4
 solution and 

incubated further for 4 h at 100 °C. The samples were analyzed on a REZEX organic acid analysis 
column (Phenomenex, Torrance, CA) at 40 °C with 7.2 mM H

2
SO

4
 as eluent using a RI 1530 

refractive index detector (Jasco, Great Dunmow, UK). Chromatograms were analyzed using 
AZUR chromatography software and compared with chromatograms of known amounts of 
mannose, glucose, galactose and glucosamine. 
 
Cell wall protein extraction 
Four different extraction methods were used to solubilize covalently bound CWPs. 
Endo-β-1,6-glucanase (ProZyme, San Leandro, CA) digestion and hydrogen fluoride 
(HF)-pyridine treatment, both resulting in specific release of GPI-CWPs in S. cerevisiae and C. 
albicans, were performed as described previously (De Groot et al., 2004; Kapteyn et al., 2001; Yin 
et al., 2005). ASL-CWPs can be extracted by treatment with 30 mM NaOH at 4 °C for 17 h (De 
Groot et al., 2004; Mrsa et al., 1997; Yin et al., 2005). Quantazyme (Qbiogene, Morgan Irvine, 
CA), is a recombinant endo-β-1,3-glucanase that releases both classes of CWPs in S. cerevisiae and 
C. albicans (De Groot et al., 2004; Yin et al., 2005). Digestion with Quantazyme was performed 
as described by Kapteyn et al. (2001). Protein extracts for mass spectrometric analysis were 
dialysed against MilliQ water and freeze-dried. 
 
Lectin blot analysis 
Extracted CWPs were separated on 3-8% NuPAGE Tris-Acetate Gels (Invitrogen, Carlsbad, CA) 
and transferred to a PVDF membrane (Millipore). The blot was incubated with the 
mannoprotein-binding lectin concanavalin A (0.5 µg ml

-1
; Sigma-Aldrich, Zwijndrecht, the 

Netherlands) and developed using ECL detection reagents (GE Healthcare, Buckinghamshire, 
UK) as described in Kapteyn et al. (2001). 
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Mass spectrometric analysis 
Cell walls and protein extracts were reduced with dithiothreitol and S-alkylated with 
iodoacetamide as described previously (Shevchenko et al., 1996; Yin et al., 2005). Samples were 
digested with sequencing grade trypsin (Roche Applied Science, Mannheim, Germany) overnight 
at 37 °C at an estimated CWP:trypsin ratio of 50:1. Resulting peptides were analyzed by 
nanoscale HPLC coupled to quadrupole time-of-flight tandem mass spectrometry (LC-MS/MS), 
using an Ultimate Nano-LC system (Dionex, Hercules, CA) interfaced with a Waters MicroMass 
QTOF mass spectrometer (Waters, Milford, MA). Instrument settings are described in Yin et al. 
(2005). MASSLYNX software automatically selected peptides from the survey spectrum for 
fragmentation by argon as the collision gas. Each LC-MS/MS run was repeated at least twice, 
thereby excluding identified ions from previous runs. MS/MS spectra were analyzed with 
MASSLYNX software to generate peak lists. These data were used to search an in-house Sch. 
pombe proteome database using the MASCOT search engine, version 2.0 (Matrix Science Ltd, 
London, UK). The Sch. pombe proteome is available at the website of the Sanger Institute (see: 
http://www.sanger.ac.uk/Projects/S_pombe). To identify N-terminal peptides, signal peptidase 
cleavage sites of putative GPI proteins (De Groot et al., 2003) and identified ASL-CWPs were 
predicted using the SignalP 3.0 server (see: http://www.cbs.dtu.dk/services/SignalP) and sequences 
of matured proteins were added to the proteome file (in total 5049 protein sequences). Database 
searching was restricted to tryptic peptides of Sch. pombe, used enzymes (trypsin and glucanases) 
and possible contaminations (keratin). Searching parameters were as follows: S-carbamidomethyl 
addition as a fixed modification, allowing one missed cleavage, a precursor tolerance of 2.0 Da, 
and a MS/MS tolerance of 0.8 Da. Probability-based MASCOT scores were used to evaluate 
protein identifications (see: http://www.matrixscience.com). Only matches with p < 0.05 for 
random occurrence were considered to be significant. Peptide identifications with a MASCOT 
score smaller than 25 were verified by manual inspection of the corresponding MS/MS spectra. 
 
Bioinformatics 
For functional assignment and homology studies, identified proteins were analyzed using the 
BLAST tool of the Sch. pombe GeneDB (see: http://www.genedb.org/genedb/pombe) and 
NCBI-BLAST (see: http://www.ncbi.nlm.nih.gov/BLAST). Conserved domains of 
carbohydrate-active proteins were retrieved from the CAZy database (see: 
http://afmb.cnrs-mrs.fr/CAZY; Coutinho and Henrissat, 1999). Boundaries of the Sun domains 
were determined using CDD (see: 
http://www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=pfam03856). The presence of 
GPI-modification signal peptides was analyzed using the bigPI server (see: 
http://mendel.imp.ac.at/gpi/fungi_server.html; Eisenhaber et al., 2004). Pairwise alignments to 
calculate the percentage identity between two sequences were performed at 
http://www.ebi.ac.uk/emboss/align, using default settings. The unrooted phylogenetic tree was 
calculated with CLUSTALX, with correction for multiple substitutions and excluding gaps, and 
was plotted using TREEVIEW version 1.6.6 (Page, 1996). 
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RESULTS AND DISCUSSION 

Cell wall composition in Sch. pombe 
In contrast to C. albicans and S. cerevisiae, cell walls of Sch. pombe lack chitin, but contain a 
considerable amount of β-1,3-glucan and also short polymers of an extremely branched 
β-1,6-glucan (Magnelli et al., 2005; Pérez and Ribas, 2004). To investigate whether these 
differences in cell wall composition may be reflected by differences in the CWP composition, and 
to gain insight into the role of CWPs in cell wall construction, we have performed a detailed 
proteomic analysis of the cell walls of Sch. pombe. 
 
First, to enable efficient trypsin digestion of covalently bound CWPs, we determined the protein 
content and the amount of glycan (galactomannan) additions. Sch. pombe cell walls contained 2.8 
± 0.1% (cell wall dry weight) protein and 13.5 ± 0.1% galactomannan; the latter is in full 
agreement with previously reported values (Magnelli et al., 2005; Pérez and Ribas, 2004). In the 
cell walls of S. cerevisiae and C. albicans (in the yeast form), 3-4% protein and about 30% mannan 
was measured (our unpublished results) using the same methods. Thus, the amount of glycan 
added to the CWPs in Sch. pombe seems to be relatively low, which is consistent with reported 
differences in outer-chain N-glycosylation (Ballou et al., 1994; Gemmill and Trimble, 1999). 
Finally, also consistent with the detailed cell wall carbohydrate analysis by Magnelli et al. (2005), 
we found that chitin was absent in Sch. pombe cell walls and that the remaining 83-84% of the cell 
wall mass consisted of glucose originating from β-1,3-glucan, β-1,6-glucan and β-1,3-glucan. 
 
Sch. pombe cell walls contain covalently bound CWPs 
GPI-CWPs that are covalently bound to the glucan network in S. cerevisiae, C. albicans and 
Candida glabrata can efficiently and specifically be released from cell wall preparations by 
hydrolysis of β-1,6-glucan with β-1,6-glucanase, or by breaking the phosphodiester bond between 
the protein and the GPI remnant using HF-pyridine or phosphodiesterase (De Groot et al., 2004; 
Kapteyn et al., 1997; Weig et al., 2004; Yin et al., 2005). To investigate whether cell walls of Sch. 
pombe also contain covalently bound GPI-CWPs, we tested HF-pyridine and 
endo-β-1,6-glucanase treatments. Lectin blotting using the lectin concanavalin A of CWPs 
released by HF-pyridine revealed several distinct protein bands and a heavy smear in the size range 
110-440 kDa (Figure 3.1). Lowering the amount of protein loaded onto the gel revealed that the 
smear actually comprises a highly prominent protein band of 220 kDa. In contrast to C. albicans 
and S. cerevisiae, treatment with recombinant endo-β-1,6-glucanase hardly released visible protein 
bands, except for very faint bands at c. 220 and 330 kDa. We surmise that the extremely branched 
nature of β-1,6-glucan (therefore also termed diglucan; Magnelli et al., 2005) in Sch. pombe may 
cause the observed resistance to the glucanase. 
 
In S. cerevisiae and C. albicans, a mild alkali treatment solubilizes a second class of CWPs (De 
Groot et al., 2005), the so-called ASL-CWPs. Mild alkali extraction of Sch. pombe cell walls 
released two clearly visible protein bands with an apparent Mr of about 330 and 110 kDa, and 
two faint protein bands of Mr about 400 and 220 kDa, indicating that ASL-CWPs are also 
present in Sch. pombe. Finally, we performed an enzymatic digestion using recombinant 
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endo-β-1,3-glucanase (Quantazyme). In S. cerevisiae and C. albicans Quantazyme digestion 
hydrolyses the β-1,3-glucan backbone of the cell wall, resulting in the release of both classes of 
CWPs (De Groot et al., 2004; Yin et al., 2005). Quantazyme digestion in Sch. pombe solubilized 
four clearly visible protein bands, which all seem to correspond to the mild alkali-extracted 
proteins, indicating that ASL-CWPs are efficiently released by Quantazyme. Fragments of 
β-1,3-glucan chains remain attached to the solubilized proteins after Quantazyme treatment, 
explaining why the apparent Mr of the protein bands in this extract is slightly higher than the 
corresponding bands in the mild alkali extract (Kapteyn et al., 1999). The protein band of c. 220 
kDa seems to correspond with the very abundant protein in the HF-pyridine extract, suggesting 
that it is a GPI protein that is partly solubilized by Quantazyme treatment, and that a minor 
amount is also liberated by mild alkali treatment. An additional very faint band at 70 kDa is 
visible only in the β-1,3-glucanase extract and probably originates from Quantazyme. From these 
data we conclude that Sch. pombe contains GPI-CWPs as well as ASL-CWPs, and that the high 
number of side-groups of the β-1,6-glucan backbone limits the accessibility of the 1,6- linkages 
for enzymatic hydrolysis, thereby preventing the release of GPI proteins by β-1,6-glucanase 
treatment. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 S. pombe cell walls contain 
covalently-bound (galacto)mannoproteins. 
Freeze-dried SDS/β-mercaptoethanol-treated 
walls were incubated with recombinant 
β-1,3-glucanase (Quantazyme), 
β-1,6-glucanase, HF-pyridine or 30 mM NaOH. 
Proteins separation and immunoblotting with 
Concanavalin A are described in Materials and 
Methods. Protein bands that are described in 
the text are indicated by arrows. 
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Identification of six covalently bound CWPs 
Until now, the identity of the CWPs in Sch. pombe was largely unknown. To identify 
covalently-linked CWPs, we have performed direct trypsin digestion of cell walls that were 
pretreated with hot SDS/β-mercaptoethanol, followed by tandem mass spectrometry. A major 
advantage of this approach is that the identification of CWPs is independent of prior knowledge 
about the linkages between the proteins and the cell wall polysaccharides. Also, it avoids the need 
for protein separation on gel, which is often hampered by a high degree of protein glycosylation. 
Application of this method resulted in the unambiguous identification of six CWPs of Sch. pombe, 
listed in Table 3.1. Although the protein content in cell walls of Sch. pombe is only slightly lower 
than in S. cerevisiae and C. albicans, the number of identified proteins is significantly lower, which 
is in good agreement with the number of protein bands that are visible on the lectin blots. 
Consistent with this, the number of predicted GPI proteins in Sch. pombe (33) is lower than in S. 
cerevisiae (66) and C. albicans (104) (De Groot et al., 2003). In those fungi, about half of the GPI 
proteins are predicted to be predominantly localized in the plasma membrane, rather than in the 
cell wall (De Groot et al., 2005). All four identified GPI-CWPs from Sch. pombe lack a dibasic 
motif and contain stretches of consecutive serine residues immediately upstream of the predicted 
GPI-attachment site, conforming to the rules for cell wall vs. plasma membrane localization (Caro 
et al., 1997; Frieman and Cormack, 2004) (Table 3.2). However, we cannot exclude the 
possibility that some covalently bound CWPs might escape our analysis because: (a) the 
expression of many cell wall protein-encoding genes is regulated during the cell cycle and is 
dependent on the growth conditions (Klis et al., 2006); (b) proteins that lack unglycosylated 
tryptic peptides within the size range (400-3500 Da) from which our instrument selects ions for 
fragmentation may remain undetected; (c) some evidence has been presented that the GPI protein 
Aah3p is partially cell wall-localized (Morita et al., 2006); and (d) the amount of protein 
molecules present in the wall may be below the detection limit of our mass spectrometer. In the 
following sections the identified proteins are discussed in more detail. To determine how these 
CWPs are linked to the cell wall network, the fractions obtained by endo-1,3-glucanase, 
endo-1,6-glucanase, HF-pyridine and mild alkali treatments were also analyzed by mass 
spectrometry. 
 

Two identified CWPs, designated Gas1p and Gas5p after their closest S. cerevisiae homologues 
(Table 3.2), are GPI proteins belonging to the Gas family (GH 72) of transglucosidases. BLAST 
analysis indicated that in Sch. pombe this family consists of four proteins, three of which were 
predicted to be GPI proteins (De Groot et al., 2003). Similar Gas (also designated Phr or Gel) 
protein families have been described in various ascomycetous fungi, e.g. S. cerevisiae, C. albicans, 
C. glabrata and Aspergillus fumigatus (Carotti et al., 2004; Mouyna et al., 2000; Popolo and Vai, 
1999; Weig et al., 2001). The most abundant Gas protein in S. cerevisiae, Gas1p, is 
predominantly localized in the plasma membrane; however, a minority of its protein molecules is 
covalently linked to the cell wall. In cell wall extracts of S. cerevisiae three (Gas1p, Gas3p and 
Gas5p) and in C. albicans two (Phr1p and Pga4p) Gas homologues have been identified (De 
Groot et al., 2004; Yin et al., 2005). In contrast to the GAS genes in S. cerevisiae, transcription of 
PHR1 and PHR2 in C. albicans is controlled by the external pH through the transcription factor 
Rim101p. PHR1 expression is induced at neutral to alkaline pH and under those conditions the 
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low pH-induced gene PHR2 is repressed (Fonzi, 1999). The occurrence of these pH-controlled 
Gas homologues in C. albicans may reflect its evolutionary divergence into a species that can 
thrive in various niches (in terms of pH) within the human host. Recently, some Gas family 
members were reported to possess a carbohydrate-binding module (CBM 43) preceding their 
catalytic GH 72 domain, which may be important for substrate binding. Sch. pombe Gas1p does 
possess a CBM 43 domain, whereas Gas5p does not. This is similar to S. cerevisiae and C. albicans, 
 

TABLE 3.1 Identification of covalently-linked CWPs in S. pombe by LC/MS/MS. 
 

Protein Accession nr. Observed Calculated Residues Tryptic peptide Mascot score
a
 

  mass Mass  sequence D HF A 1,6 1,3 
GPI-CWPs          
Gas1p SPAC19B12.02C 526.84 1051.54 20-29 SVSPVHVDGR

b
 53 13    

  1072.28 3213.40 43-72 GIAYQPNVDDSDTEG 
TLFVDPLSDGDACSR

c
 

27     

  825.90 1649.84 73-86 DVPYFQELSVNAIR 53     
  854.52 1706.81 189-203 QIPVGYSTNDEEVTR 55     
Gas5p SPAC11E3.13C 686.38 1370.59 33-44 GNAFFNSDTNER 50     

  1190.73 2379.13 49-71 GVDYQPGGSSTLVDP 
LADTSICK

c
 

48     

  815.57 1628.89 73-86 DLPYLQGLNINTIR 21     
  788.46 1574.79 191-205 DIPVGYSAADVAEIR 82 44    
Ecm33p 
 

SPAC1705.03C 856.39,  
1284.31 

2566.26 170-192 YIQEITMEGLESAQNI 
QISANSK 

81     

  419.23,  
837.39 

836.44 193-200 GVSVNFSK 42 36   43 

  409.73,  
818.42 

817.45 314-321 GALTVETK 49 39   44 

Pwp1p SPCC1322.10 423.73 845.46 21-28 VSVTSPTR
b
 41 28  32 37 

ASL-CWPs          
Psu1p SPAC1002.13C 795.36 1588.71 220-233 TQWPSTQPSDGETR 68  37  40 
  565.78 1129.54 313-322 GTSAQYYVNK 72  63  28 
Asl1p SPAC13G6.10c 1033.99 2066.01 298-316 GLAWIPGTDLGYSDN 

FVNK 
61 32 48 19 35 

  631.07, 
945.94 

1889.93 477-494 TLMTSALGFLDGHGS 
VER 

65 78   91 

a
Mascot score is reported as -10LOG

10
(P), where P is the probability that the observed match is a 

random event. Analyzed cell wall fractions. D, direct trypsin digestion of cell walls; HF, 
HF-pyridine, A, mild-alkali extract, 1,6, β-1,6- glucanase, and 1,3, β-1,3-glucanase CWP extracts. 
b
N-terminus of the obtained peptide sequence is identical to the N-terminus of the mature 
protein after removing the signal peptide as predicted by SignalP 3.0. 
c
Cysteine residues are S-alkylated by treatment with iodoacetamide. 
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where we also did not observe a direct relationship between the presence or absence of such a 
domain and cell-wall localization of the proteins. It is possible that functional subgroups exist 
within this family. Sch. pombe Gas1p and Gas5p were both also identified in HF-pyridine extracts, 
suggesting that they are linked to β-1,6-glucan via a GPI remnant. Both proteins were absent in 
endo-β-1,6-glucanase extracts, which is consistent with the absence of clear protein bands in our 
lectin blot experiments. 
 

The ECM33 family is a ubiquitous fungal gene family encoding GPI proteins that have an 
important role in cell wall biosynthesis, although their biochemical activity has not yet been 
elucidated. ECM33 deletion mutants in S. cerevisiae and C. albicans produce cells that are  
 
TABLE 3.2 Functional characteristics of covalently bound CWPs of S. pombe. 
 

Localization 
features of GPI 

proteins
c
 

Protein 
name 

Closest (annotated) 
homologs 

 

Putative biological 
function 

Size 
(aa) 

SP
a
 GPI

b
 

 

Dibasic 
motif 

S/T-rich 
stretch 

Gas1p S. cerevisiae Gas1p 1,3-β-transglucosidase, 
GH 72d, CBM 43

d
 

542 1-19 S516 no yes 

Gas5p S. cerevisiae Gas5p 1,3-β-transglucosidase, 
GH 72 

510 1-22 S485 no yes 

Ecm33p S. pombe Meu10p, 
S. cerevisiae Ecm33p 

Unknown role in cell wall 
construction 

421 1-19 S398 no yes 

Pwp1p S. cerevisiae Gas1p Unknown but probably 
non-enzymatic 

262 1-20 S237 no yes 

Psu1p S. cerevisiae SUN 
family 

Involved in septation, 
possibly 
1,3-β-glucosidase activity 

417 1-18 n/a n/a n/a 

Asl1p Ustilago maydis 
UM00102.1 
A. fumigatus 
XP750728.1 

Unknown 530 1-18 n/a n/a n/a 

a
Signal peptides were predicted using the SignalP 3.0 server 
(http://www.cbs.dtu.dk/services/SignalP/). 
b
Most likely position for GPI anchoring as predicted using the bigPI server 
(http://mendel.imp.ac.at/gpi/fungi_server.html). 
c
The absence of a dibasic motif (Caro, et al., 1997) and the presence of a stretch of serine and/or 
threonine residues (Frieman and Cormack, 2004) in the region preceding the GPI-attachment site 
positively influence cell-wall localization of GPI proteins. 
d
GH, glysoside hydrolase family AZy, according to the carbohydrate-active enzyme classification 
by Coutinho and Henrissat (Coutinho and Henrissat, 1999). n/a, not applicable. 
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spherical and swollen, show a dramatically increased sensitivity to cell wall-perturbing agents, such 
as Calcofluor white and Congo red, and a constitutively activated cell wall integrity pathway 
(Martinez-Lopez et al., 2006; Pardo et al., 2004). Furthermore, S. cerevisiae ecm33 cells 
hyper-secrete β-1,6-glucosylated proteins into the growth medium (De Groot et al., 2001). These 
observed phenotypes strongly resemble those in GAS mutants, therefore the functions of these 
proteins might be related. The genome of Sch. pombe harbors two ECM33 paralogues and both 
are likely to encode putative GPI proteins, although one, Meu10p, has a histidine in its 
hydrophobic tail. The other protein, encoded by SPAC1705.03C, was experimentally identified 
by mass spectrometry from trypsin-digested walls and also in HF-pyridine and Quantazyme 
extracts, and was termed Ecm33p. The presence of Ecm33p in the cell wall of Sch. pombe 
indicates that it has a function in cell wall construction which is not related to chitin 
incorporation. We hypothesize that Ecm33p-related proteins might be involved in the 
modification or cross-linking of cell wall glucans, or in the covalent coupling of proteins to the 
glucan network. However, this still needs confirmation by biochemical means. 
The fourth predicted GPI protein that was identified is encoded by SPCC1322.10. This gene 
encodes a protein of 262 amino acids with a very high content of serine (81) and threonine (29) 
residues, accounting for 42% of the protein. BLAST analysis indicated that SPCC1322.10 has no 
significant homology to known proteins (Table 3.2). It is therefore unlikely that this protein has 
any enzymatic activity, but it may possibly have an important function as a cell surface 
determinant and was named Pwp1p (Sch. pombe wall protein 1). The mature GPI protein lacks 
lysine residues and contains only one arginine. Fortunately, the latter enabled us to identify the 
N-terminal end of the protein (Figure 3.2) and to confirm the predicted signal peptidase cleavage 
site (Table 3.1). Pwp1p was identified in a trypsin digest from isolated cell walls and in the 
extracts obtained with Quantazyme, HF-pyridine, and β-1,6-glucanase, indicating that this GPI 
protein is likely to correspond to the abundant 220 kDa protein observed in the SDS-PAGE  
 

 

Figure 3.2 Identification of the N-terminal peptide of Pwp1p. Deconvoluted MS/MS spectrum of a 
peptide with a mass of 846.47 Da [M+H]

+
. The corresponding peptide sequence, mainly based on 

assignment of abundant y-ions, is indicated. 
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experiments (Figure 3.1). Although not identified by MS/MS fragmentation, the Pwp1p peptide 
was also present in the MS survey spectrum of the mild alkali extract, which is consistent with the 
faint 220 kDa band observed on the lectin blot of this fraction. Pwp1p, however, lacks Pir 
repeat-like sequences or other features of ASL-CWPs (see below) that could explain the partial 
alkali sensitivity. The apparent high Mr of Pwp1p can be explained by a high degree of 
O-glycosylation and N-glycan additions to two asparagine residues in the sequence NXS/T. This 
would also tend to strengthen the signal when using the lectin concanavalin A for its detection. 
 

The two remaining proteins, Psu1p and SPAC13G6.10C, were identified from mild alkali 
extracts (Table 3.1). They do not have C-terminal GPI anchor addition signals (Eisenhaber et al., 
2004), although Psu1p was originally marked as a putative GPI protein (De Groot et al., 2003). 
In common with ASL-CWPs of S. cerevisiae and C. albicans, both proteins have a positively 
charged region, 

22
RHPHH

26
 in Psu1p and 

25
HRHHRR

30
 in SPAC13G6.10C, immediately 

downstream of the signal peptidase cleavage site, which might play a role in the covalent 
incorporation of ASL-CWPs (Yin et al., 2005). Furthermore, they have a high content of serine 
and threonine residues in their N-terminal halves only, indicating that the C-terminal parts 
contain their functional domains, which is typical of ASL-CWPs but not GPI proteins (De Groot 
et al., 2005). We conclude that both proteins are ASL-CWPs, and SPAC13G6.10c was therefore 
named Asl1p (alkali-sensitive linkage). Psu1 has two paralogues (SPBC2G2.17C and Adg1p) and 
is homologous to the SUN family in S. cerevisiae (Sim1p, Uth1p, Nca3p, and Sun4p) and C. 
albicans (Sim1p, Sun41p, and ORF19.5896). All these proteins contain a conserved SUN domain 
(see: www.ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uid=pfam03856). In most cases this 
domain is found in the C-terminal part of the proteins, whereas the N-terminal part is 
predominantly S/T-rich. Exceptions to this are SpAdg3p, which has a reversed orientation, and 
CaORF19.5896, which lacks an S/T-rich part. Because of their homology to BGLA of Candida 
wickerhamii, SUN genes are frequently annotated as β-glucosidase-encoding genes. BGLA, 
together with BGLB, was isolated as a positive clone in an immunological screening using 
polyclonal antibodies against a purified extracellular exo-β-glucosidase (a GH 1 enzyme). BGLB 
turned out to encode the corresponding β-glucosidase (Skory and Freer, 1995) but is not 
significantly related to BGLA (Figure 3.3). 
  
 

 

Figure 3.3 Psu1p and the SUN family are not 
related to the β-glucosidase BglBp of C. 
wickerhamii. Unrooted radial tree showing the 
phylogenetic relationships between SUN 
domains of S. pombe Psu1p, SPBC2G2.17C, 
and ADG1p, S. cerevisiae Sim1p, Uth1p, Nca3p, 
and Sun4p, C. albicans Sim1p, Sun41p, and 
Orf19.5896), C. wickerhamii BglAp, and the 
most homologous part of C. wickerhamii 
BglBp. 
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Taken together, so far there is no direct evidence that SUN proteins actually have β-glucosidase 
activity. Interestingly, however, inactivation of SUN4 in S. cerevisiae (Mouassite et al., 2000) and 
PSU1 in Sch. pombe (Omi et al., 1999) resulted in cells that were unable to complete cell division, 
although mitosis seemed to occur normally. PSU1-deficient cells were resistant to β-1,3-glucanase 
digestion, indicating that their cell wall integrity was affected (Omi et al., 1999). Furthermore, 
newly formed cells were able to divide several times before swelling and eventual lysis, indicating 
that the cell walls were weakened by subsequent cell divisions. From this we hypothesize that 
Psu1p is important to strengthen the glucan network of the bud scar during cytokinesis, but at 
this point it is unclear whether this involves (trans)glucosidase activity. Sun4p has been described 
as a soluble cell wall protein that was isolated from cell walls of S. cerevisiae by extraction with 
dithiothreitol (Cappellaro et al., 1998), but until now no SUN proteins have been identified in 
mild alkali extracts. 
 
BLAST analysis of the putative functional domain of Asl1p indicated that it has no homologues in 
S. cerevisiae and C. albicans or other budding yeasts. On the other hand, significant homology 
(>30% identity) was found with unknown proteins from filamentous ascomycetes as well as 
filamentous and yeast-like basidiomycetes (Table 3.2). Surprisingly, this protein was identified in 
all protein fractions, including the β-1,6-glucanase and HF-pyridine extracts, which both 
specifically release GPI proteins in S. cerevisiae and C. albicans. Possibly the C-terminal end of 
Asl1p, which contains seven (out of eleven) hydrophobic residues, has structural similarity with 
that of GPI proteins, enough to be recognized as a substrate for GPI anchor addition. Asl1p (32% 
S or T residues and three potential N-glycosylation sites) seems to correspond to the 330 kDa 
protein band identified on the lectin blot that is abundant in the mild alkali and Quantazyme 
extracts and faint in the β-1,6-glucanase extract. 
 
In contrast to S. cerevisiae and C. albicans, no alkali-sensitive Bgl2p or Tos1p homologues and no 
adhesin-like GPI proteins were identified in the cell wall of Sch. pombe. Athough we have to keep 
in mind that proteins may escape identification due to technical limitations, it is interesting to 
speculate how differences in the cell wall proteome between these fungi may reflect differences in 
cell wall composition. The absence of the single Bgl2p homologue (SPAC26H5.08C) in cell walls 
of Sch. pombe may be related to the fact that it shares higher similarity with S. cerevisiae Bgl2p, a 
non-covalently-associated CWP, than with its covalently bound paralogues, Scw4p and Scw10p. 
In the past, purified Bgl2p has been shown to bind to chitin as well as to β-1,3-glucan (Mrsa et al., 
1993), suggesting a possible role in cross-linking these polysaccharides. This would be consistent 
with the absence of SPAC26H5.08C in the chitin-less walls of Sch. pombe. Deletion of TOS1 in S. 
cerevisiae causes a dramatically increased resistance to β-1,3-glucanase activity. However, it is 
unknown what its function in cell wall integrity is and how this may be related to the absence of 
the Tos1p homologue (SPBP23A10.11C) in cell walls of Sch. pombe. Finally, the absence of 
adhesin-like proteins in Sch. pombe cell walls is consistent with the low number of proteins with 
adhesive properties among the predicted GPI proteins. 
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CONCLUSION 

Our results show that Sch. pombe contains covalently bound GPI-CWPs and ASL-CWPs, similar 
to S. cerevisiae and C. albicans. All six proteins identified by direct trypsin digestion of the cell 
walls could also be extracted with either mild alkali or HF-pyridine, indicating a similar cell wall 
incorporation pattern of CWPs in Sch. pombe. Three of the identified proteins are homologues of 
GPI-CWPs in S. cerevisiae and C. albicans, indicating that they are involved in the construction of 
parts of the cell wall network that these fungi have in common (β-glucan and proteins). On the 
other hand, the absence of homologues of certain CWPs from S. cerevisiae and C. albicans in the 
cell walls of Sch. pombe may underline important differences in the cell wall composition between 
these fungi. 
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Mass spectrometric quantitation of covalently 
bound cell wall proteins in Saccharomyces 
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ABSTRACT 

The cell wall of yeast consists of an internal skeletal layer and an external layer of glycoproteins 
covalently linked to the stress-bearing polysaccharides. The cell wall protein (CWP) population 
consists of over 20 different proteins, and may vary in composition. We present two 
complementary methods for quantifying CWPs, based on isobaric tagging and tandem mass 
spectrometry: (i) absolute quantitation of individual CWPs allowing estimation of surface 
densities; (ii) relative quantitation of CWPs allowing monitoring the dynamics of the CWP 
population. For absolute quantitation, we selected a representative group of five proteins (Cwp1p, 
Crh1p, Scw4p, Gas1p, and Ecm33p), which had 67 × 10

3
, 44 × 10

3
, 38 × 10

3
, 11 × 10

3
, and 6.5 × 

10
3
 of wall-bound copies per cell, respectively. As Cwp1p is predominantly incorporated in the 

birth scar, this corresponds to a protein density of c. 22 × 10
3
 copies per µm

2
. For relative 

quantitation, we compared wild type cells to gas1∆ cells, in which the cell wall integrity pathway is 
constitutively activated. The levels of Crh1p, Crh2p, Ecm33p, Gas5p, Pst1p, and Pir3p increased 
about three to fivefold, whereas the level of Scw4p was significantly decreased. We propose that 
our methods are widely applicable to other fungi. 
 
FEMS Yeast Research (2007) 7: 887. Copyright © Blackwell Publishing. 
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INTRODUCTION 

Fungal cells are surrounded by a sturdy wall enabling them to withstand the internal osmotic 
pressure, and providing protection against mechanical injury. The fungal wall is also instrumental 
in adhesion to abiotic and biotic surfaces and in pathogenesis. The cell wall of Saccharomyces 
cerevisiae has two layers: an internal layer, which consists of a network of branched β-1,3-glucan 
molecules extended with covalently attached β-1,6-glucan and chitin molecules, and an outer 
layer, which is mainly composed of mannoproteins covalently linked to the underlying glycans 
(Klis et al., 2006). A similar cell wall structure is also found in other ascomycetous yeasts such as 
the human pathogens Candida albicans, Candida glabrata, Exophiala dermatitidis and Sporothrix 
schenckii, in the fission yeast Schizosaccharomyces pombe,  and to a lesser extent in mycelial 
ascomycetous fungi as well (Travassos, 1985; Brul et al., 1997; Montijn et al., 1997; De Groot et 
al., 2004; Weig et al., 2004; Damveld et al., 2005; Klis et al., 2006; De Groot et al., 2007). 
 
In the external protein layer of baker’s yeast at least 20 different types of cell wall proteins (CWPs) 
have been identified (Protchenko et al., 2001; Yin et al., 2005; Verstrepen & Klis, 2006). Most of 
them are glycosylphosphatidylinositol-modified and are therefore called GPI-CWPs. GPI-CWPs 
include flocculins, adhesins, transglycosidases, proteins involved in iron utilization, and proteins 
of unknown function (Klis et al., 2006). A smaller group of CWPs are directly linked to the 
β-1,3-glucan network through an alkali-sensitive linkage (ASL), including the family of Pir-CWPs 
(Pir, proteins with internal repeats; Mrsa et al., 1997). Pir-CWPs may be involved in cross-linking 
the β-1,3-glucan network through their repeats, presumably, by the formation of a  carboxyl ester 
bond between a specific glutamine residue and a glucosyl hydroxyl group (Ecker et al., 2006). The 
composition of the cell wall proteome is highly dynamic and depends on growth conditions such 
as nutrient availability, temperature, external pH, and oxygen level (Klis et al., 2006). 
Furthermore, the expression and incorporation into the cell wall of CWPs is temporally and 
spatially controlled. When the cell wall is stressed, either constitutively due to a genetic defect or 
temporarily and dose-dependent by growing the cells in the presence of cell wall perturbing 
compounds, the cells tend to become swollen as their walls are less capable of withstanding the 
turgor pressure. In response to cell wall stress, the cell wall integrity pathway is activated, resulting 
in increased expression of a specific set of CWPs, massive deposition of chitin in the lateral walls, 
and much higher levels of the CWP-polysaccharide complex CWP → β-1,6-glucan ← chitin 
(Kapteyn et al., 1997; Jung & Levin, 1999; Lagorce et al., 2003; Levin, 2005). A representative 
cell wall mutant is gas1∆, in which a gene encoding a β-1,3-glucan remodeling enzyme is deleted 
(Popolo & Vai, 1999).  
 
Quantitation of CWPs by gel-based methods is notoriously difficult, because CWPs are heavily 
glycosylated and often also phosphorylated. They occur as mixtures of multiple glycoforms and 
phosphoforms, resulting in multiple fuzzy spots per protein (Weig et al., 2004). In this study, we 
used isobaric tagging and tandem mass spectrometry (MS/MS) for absolute and relative 
quantitation of CWPs. Our method is gel-independent and does not require a specific antiserum 
nor a tagged form of the target proteins. In addition, as the number of fully sequenced fungal 
genomes is rapidly growing, and because many fungi, such as Candida spp., Sch. pombe, Aspergillus 
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niger, Fusarium oxysporum and Ustilago maydis, and also the oömycete Phytophthora ramorum, 
possess covalently bound CWPs, our methods will be widely applicable (Ruiz-Herrera et al., 1996; 
Schoffelmeer et al., 1996; Brul et al., 1997; Schoffelmeer et al., 2001; Weig et al., 2004; Damveld 
et al., 2005; Meijer et al., 2006; De Groot et al., 2007). 
 

MATERIALS AND METHODS 

Yeast strains and media.  
Cells from the wild-type strain FY833 (MATa his3∆200 ura3-52 leu2∆1 lys2∆202 trp1∆63), and 
mutant strain AR104 (FY833 gas1::LEU2) were grown to exponential phase at 30 °C in YPD 
medium (1% yeast extract, 2% Bacto peptone and 2% glucose). At harvest the A

600
 was 1.2; A

600
 = 

1.0 corresponds to 1.66 ± 0.05 × 10
7
 cells ml

-1
 (mean ± SD, n = 3) as measured by a Multisizer 

Coulter Counter (Beckman Coulter, Fullerton, CA). 
 
Cell wall isolation and protein content determination.  
Cell walls were isolated as described by De Groot et al. (2004). The cell wall protein content was 
determined with the BCA protein assay (Perbio Science, Erembodegem, Belgium) as described by 
Kapteyn et al. (1997).  
 
Cell wall digestion.  
SDS-extracted cell walls were reduced, alkylated, and freeze-dried overnight as described (Yin et al., 
2005). Freeze-dried cell walls (4 ± 0.1 mg; mean ± SD, n = 3) were resuspended in 50 µl 0.5 M 
triethylammonium bicarbonate, pH 8.5, and incubated overnight at 37 °C with sequencing grade 
trypsin (Roche Applied Science, Mannheim, Germany), using a protein:enzyme ratio of 50:1. 
This procedure has been immunologically shown to result in a complete loss of the signal in case 
of Cwp1p, Pir2p, and Ccw14p, indicating that tryptic digestion is exhaustive (Yin et al., 2005). 
Digested samples were centrifuged, and the supernatants containing the solubilized peptides were 
completely dried in a vacuum concentrator.  
 
Preparation of defined standard solutions of labeled peptides.  
The synthetic peptides 

68
WFTDLK

73
 (for Crh1p), 

106
SSSGFYIK

114
 (for Cwp1p), 

285
VIDGFNK

291
 

(for Ecm33p), 
248

TAEFK
252

 (for Gas1p), and 
301

WLLEQIQR
308

 (for Scw4p) were purchased from 
KJ Ross-Petersen ApS (Klampenborg, Denmark). The sequence identity of the peptides was 
verified by amino acid analysis and confirmed by mass spectrometry. Synthetic peptides, 0.4-0.7 
mg, were dissolved in 10 µl of 0.5 M triethylammonium bicarbonate, pH 8.5. Five µl of 
iTRAQ

114
 reagent (Applied Biosystem, Foster City, CA) were added and the mixture was 

incubated at room temperature for 1 h. The iTRAQ
114

-labeled synthetic peptides were diluted 
100- to 1000-fold and were used as stock solutions. The concentrations of the standard peptides 
in stock solutions were determined spectrophotometrically based on the molar extinction 
coefficients of phenylalanine, tryptophan, or tyrosine residues (195 M

-1
cm

-1
, 5,579 M

-1
cm

-1
, and 

1,405 M
-1
cm

-1
, respectively Fasman, 1976). The UV absorbances at 257.5 nm (for peptides 

TAEFK and VIDGFNK), 280 nm (for peptides WFTDLK and WLLEQIQR) and 274 nm (for 
peptide SSSGFYIK) were used to calculate peptide concentrations. Stock solutions of the five 
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peptides were mixed to obtain a working standard solution, in which the concentration of each 
peptide was normalized to 0.32-0.54 µM. 
 
Isobaric labeling of cell wall peptides and synthetic peptides.  
Absolute and relative amounts of CWPs were determined using the iTRAQ methodology (Ross et 
al., 2004). Figure 4.1a presents an overview of the essential steps of the quantitation experiments. 
In brief, peptide samples were incubated with one or more of the four available iTRAQ reagents 
(Applied Biosystem) to derivatize the N-termini and the lysine residues of the peptides. Each 
iTRAQ reagent molecule consists of a reporter group (based on N-methylpiperazine), a mass 
balance group (the carbonyl group), and a peptide-reactive group (N-hydroxylsuccinimide ester) 
(Figure 4.1b). The overall added mass of reporter and balance components of the molecule is kept 
constant so that derivatized peptides from different samples are isobaric (i.e. of the same mass) and 
chromatographically indistinguishable, but yield specific reporter ions at m/z 114, 115, 116, or 
117 following collision-induced dissociation in a mass spectrometer. The relative concentration of 
the peptides is thus deduced from the relative intensities of the corresponding reporter ions.  
For absolute quantitation, dried peptides from 2 mg cell walls were resuspended in 20 µl 
acetonitrile and 10 µl 0.5 M triethylammonium bicarbonate, pH 8.0. Ten µl of iTRAQ

115
 reagent 

were added and the reaction mixture was incubated at room temperature for 1 h. The labeled 
peptides were dried to remove organic solvent and resuspended in 10 µl H

2
O. Subsequently, the 

labeled cell wall peptides were mixed with the working standard solution of the synthetic peptides 
in ratios of 1:5, 1:1, and 5:1 (v:v). For relative quantitation, equal amounts of dried cell walls 
from wild type and gas1∆ cells were digested with the endoprotease trypsin. Resulting peptides 
were labeled with iTRAQ reagents (iTRAQ

114 
on the wild type sample and iTRAQ

116
 on the gas1∆ 

sample). The experiment was repeated on samples from a replicate culture with a different 
combination of iTRAQ tags, i.e. iTRAQ

117
 for the wild type sample and iTRAQ

114
 for the gas1∆ 

sample.  
 
MALDI-MS/MS Analysis.  
For absolute quantification, peptides were collected on Ziptip µC

18
 pipette tips (Millipore, 

Bedford, MA), washed with 0.1% formic acid, and eluted with 60% acetonitrile/0.1% formic acid. 
Subsequently, 0.5 µl of the eluate was mixed with 0.5 µl α-hydroxy cinnaminic acid (10 µg µl

-1
 in 

acetonitrile:ethanol 1:1, v:v). The mixture was spotted on a MALDI target plate and allowed to 
dry. MS was performed using a QSTAR XL Hybrid LC-MS/MS system (Applied Biosystems, 
Framingham, MA) with its oMALDI (orthogonal MALDI) ion source. To obtain precursor 
masses of target peptides, the mass spectrometer was set to perform data acquisition in the positive 
ion mode, with a selected mass range of m/z 800-2000. Peptides were selected for MS/MS, and 
the time of summation of MS/MS events was set at 3 s. 
 
LC-MS/MS Analysis.  
For relative quantification, six LC-MS/MS runs were performed for each sample of mixed 
peptides from wild type and gas1∆ cells. Proteolytic digests derived from 30 µg of freeze-dried cell 
walls were fractionated on a 150 mm × 75 µm (length × inner diameter) reversed phase capillary 
column (PepMap C18, Dionex). Sample introduction and mobile phase delivery at 300 nl min

-1
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were performed using an Ultimate nano-LC system (Dionex, Sunnyvale, CA) equipped with a 
10-µl injection loop. Mobile phase A was water + 0.1% formic acid and mobile phase B was 80% 
acetonitrile + 0.1% formic acid. For the separation of peptides, a linear gradient of 5–95% B over 
30 min was employed. Eluting peptides were directly electrosprayed into a Micromass quadrupole 
time-of-flight mass spectrometer (Waters, Milford, MA). The most abundant ions from the 
survey spectrum, ranging from m/z 350 to 2000, were automatically selected for collision-induced 
fragmentation using MASSLYNX software. Fragmentation was conducted with argon as collision 
gas at a pressure of 4 × 10

-5
 bars as measured on the quadrupole pressure gauge. Resulting MS/MS 

spectra were processed with the MAXENT3 algorithm embedded in MASSLYNX software to 
generate peak lists. 
 
Data Analysis.  
Mass spectra were transformed and submitted to MASCOT (version 2.05, Matrix Science, 
London, UK) by the script provided in data acquisition and analysis software ANALYST QS 
(Applied Biosystems), or by the peak list (pkl) file generated from software MASSLYNX (Waters). 
Each MS/MS spectrum was searched against an in-house database (Yin et al., 2005), resulting in a 
set of tryptic peptide matches with confidence values. These peptide identifications were then 
combined using the MASCOT search engine to yield a set of cell wall protein identifications with 
confidence values. The MASCOT searches were run using the following parameters: fixed 
carbamidomethyl modification of cysteine residues, fixed iTRAQ modification of free amine in 
the N-terminus and lysine; variable methionine oxidation, and glutamine and asparagine 
deamidation. Incomplete tryptic digestion with one missed cleavage was allowed; precursor error 
tolerance was set at ± 0.8 Da; MS/MS fragment tolerance was set at ± 0.4 Da and charge was set 
at +1. Furthermore, only peptides matching the identified protein better than any other protein in 
the database (first rank) with p < 0.05 for random occurrence were retained for further analysis. 
For each MS/MS spectrum acquired, signature-ion peak areas at m/z 114.1, 115.1, 116.1, and 
117.1 were extracted using software ANALYST QS or MASSLYNX.  
For absolute quantitation, in the three mixing experiments, MS/MS spectra that showed the 
closest signal-to-noise ratios at the signature-ion region were selected for quantitation. For relative 
quantitation, the ratios of the raw peak heights were normalized against the amount of dried cell 
walls used. Since the accuracy of ion intensity measurement may be affected by its signal-to-noise 
ratio in the time-of-flight type of mass spectrometer used in this study, spectra with the intensity 
of reporter ion peaks below a pre-defined threshold were considered as noise and were filtered 
using Masslynx software. The remaining spectra were used to calculate the mean peptide ratios 
and standard deviations. We took into consideration that each protein potentially can be 
identified by a number of peptides and every peptide can be measured multiple times. Finally, 
protein ratios from the duplicate labeling experiments (iTRAQ

114
 vs. iTRAQ

116
, and iTRAQ

117
 vs. 

iTRAQ
114

) were averaged. For proteins quantified with only two peptides, the raw data were 
manually inspected and a protein ratio was calculated only if the two peptide ratios differed by no 
more than 25%. 
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Figure 4.1 
a. Experimental steps of absolute and relative 
quantitation of cell wall proteins using iTRAQ. 
For absolute quantitation, WT cell wall 
peptides were labeled with iTRAQ

115
 reagent 

and then mixed with iTRAQ
114

-labeled 
synthetic peptides. The peptide mixture a was 
subsequently subjected to MALDI-MS/MS. For 
relative quantitation, equal amounts of dry 
cell walls from wild type and gas1∆ cells were 
digested with trypsin. Resulting peptides were 
labeled with iTRAQ

114
 and iTRAQ

116
, respectively. 

The experiment was repeated on samples from 
a replicate culture with iTRAQ

117
 for the wild 

type sample and iTRAQ
114

 for the gas1∆ sample 
(see Materials and Methods).  The peptide 
mixture b was subsequently subjected to 
LC-MS/MS.  
b. A diagram of the iTRAQ reaction. Each 
iTRAQ reagent molecule consists of a reporter 
group (based on N-methylpiperazine), a mass 
balance group (the carbonyl group), and a 
peptide-reactive group 
(N-hydroxylsuccinimide ester). The overall 
mass of reporter and balance components of 
the molecule is kept constant using 
differential isotopic enrichment with 

13
C, 

15
N, 

and 
18

O atoms. Peptides from differently 
labeled samples are therefore 
chromatographically indistinguishable and 
isobaric, but yield specific reporter ions at m/z 
114, 115, 116, or 117 following MS/MS. 
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RESULTS AND DISCUSSION 
 
Cellular quantitation of covalently linked cell wall proteins.  
Previously, we identified 19 covalently bound CWPs of Saccharomyces cerevisiae, seven of which 
(Crh1p, Crh2p, Gas1p, Gas3p, Gas5p, Scw4p, and Scw10p) were classified as glycoside 
hydrolases (Coutinho and Henrissat, 1999). Phenotypic analysis of deletion mutants lacking the 
corresponding encoding genes indicated that most of them have altered cell wall properties, which 
reinforces the importance of the identified proteins for proper cell wall formation. These studies, 
however, did not provide quantitative information on the CWPs identified. To address this 
question, we determined as a first step the total number of CWP molecules in a log-phase haploid 
cell. 5 × 10

8
 yeast cells (harvested from 25 ml of medium) were freeze-dried, yielding a dry weight 

of 9.3 ± 0.2 mg (mean ± SD, n = 3), which corresponds to 18.6 ± 0.4 pg (mean ± SD, n = 3) 
biomass per cell. In parallel, the same number of cells was used to isolate cell walls as described 
(De Groot et al., 2004), showing that the cell wall dry weight accounted for c. 21% of the total 
biomass (3.9 ± 0.3 pg cell

-1
; mean ± SD, n = 3). This is in agreement with a previous report 

showing that in rich medium the cell wall accounts for ca. 20% of the dry biomass per cell 
(Aguilar-Uscanga & François, 2003). The peptide parts of the covalently bound CWPs were 
determined using the BCA protein assay to be 4% of the wall biomass, which corresponds to 0.16 
pg cell

-1
, consistent with a previous report (Kapteyn et al., 2001). Assuming a mean molecular 

mass of CWPs of 50 kDa, a haploid cell contains 1.9 × 10
6
 covalently attached CWP molecules.   

As CWPs seem to be uniformly distributed over the cell surface (Tokunaga et al., 1986; Baba & 
Osumi, 1987), it is possible to estimate their surface density by calculating the cell surface of an 
average yeast cell. Yeast cells were assumed to approximate two prolate spheroids (the mother cell 
and the bud cell) in conjunction with each other. The surface area S was calculated from the 
semi-major (a) and semi-minor (b) axes and the equation:  
 

S = 2π (b
2
+abœ/sinœ) 

 
where œ = arccos(a/b). The values for the major and minor axes of the adult cell (4.57 µm and 
3.82 µm, respectively) and for the major and minor axes of the bud (1.85 µm and 1.70 µm, 
respectively) were averaged from the data of 126 wild type strains in Saccharomyces cerevisiae 
Morphological Database (SCMD, see: http://scmd.gi.k.u-tokyo.ac.jp). The surface area S was 
calculated to be c. 60 µm

2
, which corresponds to an average CWP density in the cell wall of c. 31 

× 10
3
 molecules µm

-2
. Considering that a spherical protein such as hemoglobin (M

r
 64500), which 

has a diameter of about 5.5 nm (Lehninger et al., 1993), needs about 24 nm
2
 to accommodate it 

on a surface (corresponding to c. 38× 10
3
 copies µm

-2
 in hexagonal packing; see: 

http://mathworld.wolfram.com/CirclePacking.html), these results suggest that CWPs are closely 
packed on the cell surface, as also suggested by ultrastructural studies (Tokunaga et al., 1986; Baba 
& Osumi, 1987) and consistent with their being largely present in the form of a monolayer. It has 
to be noted that CWPs  are frequently heavily glycosylated and may carry extended N-chains of 
up to 200 sugar residues (Orlean, 1997) and thus occupy more space than their protein parts 
alone. This predicted dense packing of CWPs on the cell surface is also consistent with the 
observation that the N-chains of CWPs have been shown to limit the permeability of the yeast cell 
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wall for macromolecules (De Nobel et al.,1990). 
 
Absolute quantitation of five covalently linked cell wall proteins.  
In a recent genome-wide study using fusion constructs with a C-terminally attached green 
fluorescent protein (GFP), the absolute quantity of yeast proteins was determined 
(Ghaemmaghami et al., 2003). Unfortunately, the analysis of CWPs using GFP fusion constructs 
did not take into account that the C-terminal

 
hydrophobic part of GPI-modified proteins is 

removed in the endoplasmic reticulum by a transamidase complex (Ohishi et al., 2000). Their 
estimates are therefore not reflecting the protein amount at the cell surface and are probably too 
low. For example, a yeast cell was estimated to contain only c. 2000 copies of Cwp1p 
(Saccharomyces Genome Database; Ghaemmaghami et al., 2003). We therefore developed an 
alternative approach for CWP quantitation based on using defined concentrations of synthetic 
peptides, isobaric tagging with the iTRAQ reagent, and tandem mass spectrometry (Ross et al., 
2004). To this end, five CWPs were selected to determine their absolute quantities, including a 
member from each of three carbohydrate-active enzyme families (the two GPI-dependent CWPs 
Crh1p and Gas1p, and the ALS-CWP Scw4p) found in the cell wall, Ecm33p, another 
GPI-dependent CWP of unknown function, which has been postulated to be a 
carbohydrate-active enzyme as well (Klis et al., 2006), and the structural CWP Cwp1p.  
To develop a suitable internal standard, one peptide from each target protein was chosen based on 
its amino acid sequence and the cleaving characteristics of the protease trypsin. The selection 
criteria we used were: a) the peptides were observed in previous MS/MS experiments, indicating 
that they are sensitive to the ionization process; b) the peptides do not contain methionine or 
cysteine residues so that they are stable under oxidative conditions; c) the peptides contain as few 
serine and threonine residues as possible as these may undergo a side reaction with the iTRAQ 
reagent; and d) the peptides must be unique for the corresponding protein but not too large to 
complicate synthesis and analysis. Five peptides (Table 4.1) were thus order-synthesized, 
derivatized with an isobaric iTRAQ tag, and evaluated by MALDI-MS/MS. This evaluation 
process provided qualitative information about peptide ionization efficiency in MS, 
collision-induced fragmentation, and about their identity (data not shown). 
 
Table 4.1 Absolute quantitation of covalently linked cell wall proteins. 
 

Protein Synthetic peptide Residue 
numbers 

Peptide 
mass 

Observed 
mass

a
 

Copies cell
-1
 

× 10
-3
 

GPI protein 
Crh1p WFTDLK 68-73 808.41 1097.63  44 
Cwp1p SSSGFYAIK 106-114 958.48 1247.70  67 
Ecm33p VIDGFNK 285-291 791.42 1080.64   6.5 
Gas1p TAEFK 248-252 594.30   883.52  11 
ASL protein 
Scw4p WLLEQIQR 301-308 1084.60 1229.71  38 

a
Observed masses ([M+H]

+
) of iTRAQ-labeled peptides in the MS-spectrum (Fig. 4.2a). The iTRAQ 

reagent labels the N-termini and the ε-amino group from lysine residues of peptides.  
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When titrated with a defined amount of the synthetic peptide, an iTRAQ-labeled tryptic peptide 
from natural CWP is chromatographically indistinguishable from the internal standard peptide 
and has an identical mass. Therefore, in a typical MALDI-MS spectrum of CWPs (Figure 4.2a), 
the subsequent MALDI-MS/MS analysis provides a highly specific and sensitive measurement of 
both the internal standard and the analyte, directly from a mixture of hundreds of cell wall 
peptides. In this MS spectrum, peaks of interest (i.e. synthetic peptides and their native 
counterparts from target CWPs) could be easily recognized based on their m/z value (Figure 4.2a, 
mass-labeled). Taking the peptide *VIDGFN*K of Ecm33p (* denotes the labeled amino groups) 
as an example, this particular peptide has two labeling sites, resulting in an observed precursor m/z 
of 1080.6. The precursor ion could be sent to fragmentation for sequence verification and for 
quantification. Figure 4.2b shows a representative MS/MS spectrum. The series of both y and b 
product ions from MS/MS and the precursor ion m/z have been used to verify the identity of this 
peptide. The isobaric tags from the iTRAQ label produced abundant MS/MS signature ions of 
m/z 114.1 and 115.1, representing the ion of the N-methylpiperazinylated N-terminus. The 
stability of the resulting alkylated immonium ion is universal for essentially all modified tryptic 
peptides, as it is independent of the amino acid at the N-terminus of the peptide. The relative 
intensities of the signature ions correspond to the proportions of the synthetic and natural 
peptides. Figure 4.2c zooms in on the reporter region of the MS/MS spectra of the peptide 
VIDGFNK derived from 5 × 10

8
 yeast cells which were titrated with 1.1, 5.4, and 26.9 pmoles of 

standard peptides (from top to bottom, respectively). The peaks in the middle spectrum showed 
the closest signal-to-noise ratio, and the ratio of the peak areas at m/z 114.1 and 115.1 was then 
used to determine the amount (5.4 pmol) of this peptide in the original cell wall material, 
resulting in an estimated number of 6.5 × 10

3
 wall-bound Ecm33p molecules per cell (Table 4.1). 

The absolute quantitation of all five CWPs has been summarized in Table 4.1. 
 
Our experimental results are in reasonable agreement with the notion that dividing haploid cells 
contain on average 1.9 × 10

6
 covalently attached CWPs per cell (see above), considering that there 

are over 20 CWPs incorporated in the wall of a log-phase grown cell. Cwp1p is the most 
abundant cell wall protein observed in this study (67 × 10

3
 per cell), which is indeed much higher 

than previously reported by Ghaemmaghami et al. (2003). Assuming that Cwp1p is preferentially 
incorporated in the birth scar area (Smits et al., 2006), and using an estimated birth scar area of c. 
3 µm

2
 (measured from Figure 2, Smits et al., 2006), this would correspond to a local density of 

Cwp1p of c. 22 × 10
3
 copies µm

-2
. As the average CWP density of the cell wall is c. 31 × 10

3
 

molecules µm
-2
, this suggests that Cwp1p is the major CWP found in this area. Interestingly, 

Cwp1 can function as a cross-linking protein, because it is one of the few GPI-CWPs that also 
possesses a Pir repeat, which may be used to couple it directly to β-1,3-glucan in addition to its 
linkage to β-1,6-glucan (Kapteyn et al., 2001). This suggests that it may protect the birth scar 
against cell wall damage during cytokinesis. Wall-bound Crh1p is present at 44 × 10

3
 copies per 

cell. As its incorporation in the wall is cell cycle-dependent and as it is only found at the emerging 
bud site and, later in the cell cycle, in the neck region, its local density is considerable, consistent 
with its reported function in interconnecting chitin to β-glucan (Rodríquez-Peña et al., 2000; 
Cabib et al., 2007). The low copy numbers per cell of the wall-bound forms of Gas1p and 
Ecm33p are consistent with the empirical evidence that Gas1p and Ecm33p are mainly targeted 
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to the plasma membrane (Conzelmann et al., 1988; Caro et al., 1997; Hamada et al., 1999). The 
ALS-CWP Scw4p seems to be moderately expressed in the cell wall. 
 
 

 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 MS and MS/MS spectra of peptides 
from a tryptic cell wall protein digest titrated 
with synthetic peptides.  
a. Overview of a MALDI-MS spectrum showing 
the total cell wall protein digest mixed with 
labeled synthetic peptides (peptide mixture a 
in Figure 4.1). The base peak labeled with an 
asterisk is from a shared peptide of 
Pir-proteins (peptide B in Figure 4.3). The five 
indicated precursor ions were fragmented to 
obtain quantitative information.  
b.  MS/MS spectrum of the precursor ion 
1080.6 [M+H]

+
 corresponding to the peptide 

*VIDGFN*K from Ecm33p (*denotes the labeled 
amino groups). The sequence was derived from 
both b- and y-ion series, confirming the 
identity of the peptide.  
c.  Expanded view of the signature ion region 
of three MS/MS spectra of Ecm33p peptide 
VIDGFNK from 5 × 10

8
 cells (peaks at 115.1) 

titrated with (from top to bottom) 1.08, 5.4, 
and 27 pmol of synthetic peptide (peaks at 
114.1), allowing an accurate estimation of the 
absolute quantity of the peptide studied.  
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Relative quantitation of the cell wall proteome. 
To examine the changes in the CWP population as a result of cell wall stress, we performed a 
quantitative proteomics study comparing wild type and gas1∆ cells. In total, 367 peptides were 
identified of which 113 peptides were suitable for quantitation (Table 4.2). Fourteen cell wall 
proteins were unambiguously identified and their abundance ratios (gas1∆ cells vs. wild type cells) 
were quantified. Although most of the abundance ratios of covalently bound proteins were 
derived from multiple observations, this was not the case for proteins from Pir family. The 
members of this protein family are highly homologous and all contain a variable number of 
glutamine-containing internal repeats and a carboxy-terminal domain containing four cysteine 
residues with fixed spacing (Figure 4.3). The internal repeat domain is highly mannosylated and is 
therefore not identified by our approach. Only the C-terminal regions of these proteins provide 
suitable tryptic peptides for identification and quantitation. However, since this region is highly 
conserved, the sequences of four frequently identified peptides (Figure 4.3 a, b, c and d) are 
(partially) shared between the members of the Pir family. Therefore, unambiguous identification 
and quantitation of individual Pir proteins can only be based on those peptides that are unique to 
each individual protein (Figure 4.3 bold and underlined). This resulted in a relatively low 
frequency of the observations of unique peptides from Pir1p and Pir3p. It has to be noted that 
none of the identified peptides in this study is unique to the fifth member of this family 
(Pir5/YJL160C). Its presence can thus not be verified. Finally, in a previous study we identified 
six other covalently linked CWPs in exponentially growing yeast cells (Yin et al., 2005); two of 
them could not be identified by tryptic digestion, but were instead identified by using the 
endoprotease Glu-C and are thus missed here. The remaining four CWPs are relatively rare and 
might have been missed because of the lower sensitivity inherent to the approach taken in the 
current study. 
 
The protein level of isolated walls of gas1∆ cells is about twice as high as in wild type, consistent 
with the known constitutive activation of the cell wall integrity pathway in these cells (7.7% vs. 
4.0%, own observation; Kapteyn et al., 1997). This implies that without any changes in the 
relative protein composition in the wall, the abundance ratios should average at about two. The 
abundance ratios in Table 4.2 indicate that activation of the cell wall integrity pathway as a result 
of the cell wall defects in gas1∆ cells triggers a considerable increase in the absolute cell wall levels 
of five putative carbohydrate-active enzymes (Crh1p, Crh2p, Gas5p, and also Ecm33p and Pst1p), 
and four predicted structural CWPs (Cwp1p, Pir2p, Pir3p, and Pir4p), whereas the level of 
Scw4p is strongly decreased. For comparison, we have included the corresponding mRNA ratios 
obtained by microarray analysis of gas1∆ and wt cells (Table 4.2, Lagorce et al., 2003). 
Interestingly, the ratios of the wall-bound forms of the ASL proteins tend to be lower than the 
corresponding transcript ratios. As these proteins, at least partially, may end up in the medium 
(Russo et al., 1992; Kapteyn et al., 2001), this raises the question whether in gas1∆ cells ASL 
proteins are less efficiently incorporated into the walls. Conversely, the protein ratios of Crh2p 
and Ecm33p are considerably higher than the corresponding transcript ratios. 
 
Gas1p, Gas3p, and Gas5p are classified in glycoside hydrolase family 72 and are thought to be 
directly involved in β-1,3-glucan remodeling (Popolo & Vai, 1999; Mouyna et al., 2000). In 
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gas1∆ cell walls, a considerable amount of β-1,3-glucan is present (Ram et al., 1998). This raises 
the question whether in a gas1∆ mutant another member of this family may compensate for the 
loss of Gas1p function in β-1,3-glucan remodeling. Our data suggest that Gas5p but not Gas3p 
may become more relevant, since in gas1∆ cells three times more Gas5p is incorporated into the 
cell wall. Our observation is in agreement with the results of Schuldiner et al. (2005), who found a 
genetic interaction between GAS1 and GAS5 by epistatic miniarray profiling. Interestingly, a 
search for suppressor genes of the synthetic lethality of a kex2∆ gas1∆ mutant revealed that 
increased expression of GAS5 was able to rescue the mutant (Tomishige et al., 2005). A recent in 
vitro study also showed that Gas5p has β-1,3-transglucosidase activity similar to Gas1p, whereas a 
similar activity could not be detected for Gas3p under the experimental conditions used (Ragni et 
al., 2007a). 
 

Table 4.2 Relative quantitation of covalently linked cell wall proteins in WT and gas1∆ cells 
 

Protein Quantified 
peptides 

Protein ratio 
±  SD

a
 

mRNA 
ratio

b
 

Function and properties 

GPI protein 

Crh1p 15 4.65 ± 0.65 3.84 GH16, transglycosylase crosslinking 
chitin to β-1,6-glucan 

Crh2p 6 3.58 ± 0.59 0.86 GH16, transglycosylase crosslinking 
chitin to β-1,6-glucan 

Cwp1p 24 2.95 ± 0.79 1.10 Contains a Pir-like repeat  

Ecm33p 6 4.76 ± 1.39 1.15 Related to CW biogenesis 

Gas1p
c
 4 0.18 ± 0.05 0.04 GH72, transglucosidase  extending 

β-1,3-glucan 
Gas3p 6 0.99 ± 0.26 0.81 GH72 

Gas5p 2 3.00 ± 0.61 1.42 GH72, transglucosidase 

Pst1p 17 5.33 ± 1.74 3.87 Related to CW biogenesis 

Ssr1p 7 1.42 ± 0.25 0.83 CFEM domain 

ASL protein 

Pir1p 1 1.09 3.26 conserved 4-C domain 

Pir2p 8 2.98 ± 0.80 2.30 conserved 4-C domain 

Pir3p 2 3.17 ± 0.34 6.64 conserved 4-C domain 

Pir4p 7 2.09 ± 0.27 3.42 conserved 4-C domain 

Scw4p 8 0.50 ± 0.08 0.78 GH17, β-1,3-glucanase 
a
Protein ratios (gas1∆/wild type) are means of peptide ratios from two duplicated labeling 
experiments; SD, standard deviation. 
b
mRNA data are obtained from www.dkfz.de/funct_genome/yeast-data.html. 

c
Gas1 data in gas1∆ cells represent the background noise of MS experiments. 
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Pst1p was for the first time identified here as an authentic covalently linked cell wall protein, 
probably because of its strong up-regulation in gas1∆ cells, which may have allowed its 
identification by MS. The increased level of Pst1p in the wall is also consistent with the increased 
mRNA ratio of 3.87 observed by Lagorce et al. (2003). The level of wall-bound Ecm33p, which is 
a homologue of Pst1p, is also strongly increased in gas1∆ cells. This raises the question whether 
this protein, which is normally mainly targeted to the plasma membrane, might now function in 
directly counteracting cell wall damage. Interestingly, similar to GAS1, deletion of ECM33 is 
known to result in strong hypersensitivity to the cell wall perturbant Calcofluor White, swollen 
round cells, and an increased amount of β-1,6-glucosylated proteins secreted into the growth 
medium (Pardo et al., 2004, De Groot et al. 2001). This suggests that the function of Gas1p and 
Ecm33p may be related. 
Crh1p and Crh2p belong to glycoside hydrolase family 16. Their role in cell wall biogenesis has 
been implicated in linking chitin to the β-1,6-glucan network (Rodríquez-Peña et al., 2000; 
Cabib et al., 2007). In the gas1∆ cell wall, β-1,3-glucan levels detected in the alkali-resistant 
fraction were reduced, although the chitin level was increased compared to the wild type (Ram et 
al., 1998). Insolubility of β-1,3-glucan in alkali is due to its linkage to chitin. With the limited 
availability of β-1,3-glucan, there seems to be an increased demand of enzymes that can crosslink 
chitins to β-1,6-glucan (Kapteyn et al., 1997). This explanation is in agreement with our 
observation that the levels of both Crh1p and Crh2p have increased about four-fold. 
 

            A                B                    C 
Pir1 246 ...AETCKSSGTLEMNLKGGILTDGKGR-IGSIVANR-QFQFDGPPPQAGAIY 

Pir2 317 ...AVSCKTSGTLEMNLKGGILTDGKGR-IGSIVANR-QFQFDGPPPQAGAIY 

Pir3 230 ...VVSCNNNSTLSMSLSKGILTDRKGR-IGSIVANR-QFQFDGPPPQAGAIY 

Pir4 132 ...DSSCKNSGTLELTLKDGVLTDAKGR-IGSIVANR-QFQFDGPPPQAGAIY 

Pir5 186 ...VQACKSSGTLAITLQGGVLIDSSGR-IGSIVANR-QFQFDGPPPQAGAIY 

                         * 

    D 
Pir1 288 AAGWSITPEGNLAIGDQDTFYQCLSGNFYNLYDEHIGTQCNAVHLQAIDLLNC 

Pir2 359 AAGWSITPDGNLAIGDNDVFYQCLSGTFYNLYDEHIGSQCTPVHLEAIDLIDC 

Pir3 272 AAGWSITPEGNLALGDQDTFYQCLSGDFYNLYDKHIGSQCHEVYLQAIDLIDC 

Pir4 174 AAGWSITEDGYLALGDSDVFYQCLSGNFYNLYDQNVAEQCSAIHLEAVSLVDC 

Pir5 234 AGGWSITKHGTLAIGDNDVFYQCLSGTFYNLYDQSIGGQCNPVHLQTVGLVDC 

                                         *                *            * 

Figure 4.3 Mass spectrometric identification of the members of the Pir-family. Only the 
C-terminal regions of the proteins are depicted. The numbers correspond to the position of amino 
acid residues in the ORFs of each Pir protein. Identification and quantitation can not be realized 
based on the tryptic peptides B and C, which occur in all members of the Pir-family, or on A and D, 
which are shared by two members (highlighted). Pir1p to Pir4p contain a unique tryptic peptide 
(underlined). A unique tryptic peptide from Pir5p or tryptic peptides from the region preceding the 
conserved four-cysteine (indicated by asterisks) domain have never been observed. Due to trypsin 
miscleavage, peptide A appears in two forms: GGILTDGK and GGILTDGKGR. Peptides C and D are 
generated due to aspecific enzymatic activity of trypsin (chymotrypsin).  
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CHAPTER 5 

Different induction media of the yeast-hypha 
transition in Candida albicans result in 
different cell wall proteomes 
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ABSTRACT 

Various methods are used to initiate the switch from yeast to hyphal growth in the pleiomorphic 
human fungal pathogen Candida albicans. This transition is accompanied by the induction and 
repression of many genes, including a considerable number of cell wall protein-encoding genes. 
However, the actual changes at the protein levels in the wall remain unknown. Using mass 
spectrometry, we quantified 14 cell wall proteins that are differentially expressed upon transferring 
yeast cells to three hypha-inducing growth media, namely, α-MEM, fetal bovine 
serum-containing medium, and N-acetylglucosamine-containing medium. We found that during 
hyphal development, the levels of Als1, Als3, Hyr1, Phr1, Rbt5, and Sod5 strongly increased, 
whereas the levels of Cht2 and Rhd3 strongly declined. The fold ratios highly depended on the 
induction medium and on the particular protein. For example, in α-MEM, Hyr1 and Sod5 
increased 3-fold and 61-fold, in fetal bovine serum induction medium 11-fold and 22-fold, and in 
N-acetylglucosamine induction medium 37-fold and 3-fold, respectively. Our results show that 
the cell wall proteome of C. albicans changes dramatically when the cells switch from yeast to 
hyphal growth and, furthermore, that the extent of these changes strongly depends on the 
conditions used to induce the morphological switch. 
 
In preparation for publication.
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INTRODUCTION 
 
The ability of the human fungal pathogen Candida albicans to switch between the yeast and 
hyphal mode of growth is a major virulence factor (Sudbery et al. 2004).  In vitro studies have 
identified a variety of different stimuli that can induce C. albicans to switch morphologies. One of 
the strongest known inducers of the yeast-hypha transition is serum, a complex medium 
containing many compounds which might be conducive to hyphal growth. Morphogenesis may 
be regulated by growth temperature, pH and nutrients, etc. Screens for chemically defined 
inducers have found that the amino sugar N-acetylglucosamine (Simonetti et al., 1974) and 
certain amino acids, such as L-proline (Shepherd et al., 1985; Maidan et al., 2005), will also 
stimulate the transition towards hyphal growth.  
 
The cell wall proteome is also a major contributor to virulence. Cell wall proteins allow the cells, 
for example, to bind to specific host tissues through specialized adhesins (Li et al., 2007; Nobile et 
al., 2006), to cope with oxidative stress through superoxide dismutases (Fradin et al., 2005; 
Martchenko et al., 2004), and to cope with iron deprivation through iron acquisition proteins 
(Weissman and Kornitzer, 2004). Cell wall proteins are also required for biofilm formation 
(Douglas, 2003; Li et al., 2007; Nobile et al., 2006; Zhao et al., 2006). Importantly, the 
yeast-hypha transition is accompanied by compositional changes of the cell wall (Hoyer, L.L. 
2001; Kapteyn et al. 2000; Staab et al. 1999).  In addition, microarray studies have shown that 
many cell wall protein-encoding genes are either significantly induced or repressed during the 
transition from the yeast mode of growth to the hyphal mode of growth (Kadosh and Johnson, 
2005; Nantel et al. 2002).  
 
Using iTRAQ labeling and mass spectrometry, we report here the identification and quantitation 
of cell wall proteins that are differentially expressed, in response to different hyphal induction 
conditions. We show that the composition of the fungal cell wall proteome is highly dependent 
on the induction method used. 
 

MATERIALS AND METHODS 

Strains and culture conditions 
The C. albicans strain used in this study was the clinical isolate SC5314 (Gillum et al., 1984).  For 
yeast cultivation, cells were grown overnight in YPD (1% yeast extract, 2% peptone, 2% dextrose) 
and harvested at A

600
 = 1-2. Cells destined for hyphal induction were grown overnight in YPD and 

inoculated the next morning into pre-warmed hyphal induction media at A
600

 = 2. Three 
induction media were used: Eagle’s Minimum Essential Medium, alpha modification, (α-MEM, 
Sigma Aldrich) supplemented with 2% glucose, pH 5.3; 10% fetal bovine serum (FBS) in YPD, 
pH 7.4; and basal salt medium (4.5 g l

-1
 NaCl, 0.85 g l

-1
 yeast nitrogen base, 2.5 g l

-1
 ammonium 

sulfate, 2.5 mM N-acetylglucosamine, pH 7.4). Cells were incubated at 37°C for 2-5 h for 
optimal hyphal induction and enrichment. Longer incubation times were used to monitor the 
reversion of hyphal growth to yeast growth. 
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Cell wall isolation and determination of its protein content  
Cells were harvested by centrifugation and washed with cold H

2
O and 10 mM Tris-HCl buffer 

(pH 7.5).  Cell walls from yeast cells were isolated as described by De Groot et al. (2004).  For 
disruption of hyphae, the pellet was resuspended in 10 mM Tris-HCl buffer (pH 7.5) and 
subjected to disintegration with ∅ 0.25-0.50 mm glass beads (Emergo BV, Landsmeer, The 
Netherlands), using a Bio-Savant Fast Prep 120 machine (Qbiogene, Carlsbad, CA).  Ten cycles 
of 45 sec at maximum speed were required for complete disintegration. The walls were spun down 
and then washed with 1 M NaCl and extracted with hot SDS-extraction solution, as described for 
yeast cell walls (De Groot et al., 2004). The cell wall protein content was determined with the 
BCA protein assay as described by Kapteyn et al. (1997).  
 
Cell wall digestion and isobaric labeling of cell wall peptides 
SDS-extracted cell walls were reduced, alkylated, and trypsin-digested overnight as described (Yin 
et al., 2005). An aliquot of each sample was subjected to LC-MS/MS to profile the corresponding 
cell wall proteome. For quantitative analysis, peptides from equal dry weights of freeze-dried yeast 
and hyphal walls were incubated with iTRAQ reagents to derivatize the N-termini and the lysine 
residues as described (Yin et al., 2007). Four versions of iTRAQ reagents, namely iTRAQ

114
, 

iTRAQ
115

, iTRAQ
116

, and iTRAQ
117

,
 
were used to label the wall proteins originating from yeast 

cells, and from hyphal cells induced with α-MEM, FBS, and GlcNAc, respectively.  
 
LC-MS/MS Analysis 
To identify and quantify cell wall peptides, three LC-MS/MS runs were performed for each 
labeling experiment. Peptides derived from 30 µg (dry weight) of freeze-dried cell walls were 
fractionated on a reversed phase capillary column and were directly electrosprayed into a Waters 
QTOF mass spectrometer as described (Yin et al., 2007).  
 
Data Analysis 
For profiling of the cell wall proteome, mass spectra obtained in LC-MS/MS were processed with 
MASSLYNX software (Waters, Milford, MA) to generate the peak list (pkl) file and subsequently 
submitted to a licensed local MASCOT server (version 2.05, Matrix Science, London, UK). Each 
MS/MS spectrum was searched against an in-house database (De Groot et al., 2004), resulting in 
a set of tryptic peptide matches with confidence values. The MASCOT searches were run using 
the following parameters: fixed carbamidomethyl modification of cysteine residues, fixed iTRAQ 
modification of free amine in the N-terminal amino acid residue and in lysine residues; variable 
iTRAQ modification on tyrosine; variable glutamine and asparagine deamidation. Incomplete 
tryptic digestion with one missed cleavage was allowed; precursor error tolerance was set at ± 0.8 
Da; MS/MS fragment tolerance was set at ± 0.4 Da and the charge was set at +1. Furthermore, 
only peptides matching the identified protein better than any other protein in the database (first 
rank) with a MASCOT score greater than 30 were retained for further analysis. For quantitation, 
signature ion peak areas at m/z 114.1, 115.1, 116.1, and 117.1 of each MS/MS spectrum were 
extracted using MASSLYNX. Data filtering, normalization, and statistical analysis were performed 
as described (Yin et al., 2007). The proteins that showed statistically significant (p < 0.05) changes 
of > 1.5-fold in at least one of the three hyphal induction conditions were reported.
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RESULTS AND DISCUSSION 
 
Induction of hyphae in Candida albicans 
One of the purposes of our research was to differentiate between cell wall proteins that are more 
abundant in the yeast cell wall and cell wall proteins that are more abundant in hyphal walls. 
There are, however, two complicating factors: (i) most methods for inducing the switch from 
yeast to hyphal growth result in a transient phase of hyphal growth followed at some time by a 
reversion to yeast growth, producing a mixed population of yeasts and hyphal forms; (ii) cell wall 
proteins do not show significant turnover. This makes it important to choose a time point at 
which hyphal growth has continued long enough to minimize the contribution of the cell wall 
proteins of the yeast cells transferred to the induction medium, and short enough to minimize 
reversion to yeast growth. We therefore experimented with three induction media (YPD 
supplemented with 10% FBS; α-MEM, which is an enriched variant of the Minimum Essential 
Medium containing all 20 natural amino acids; and  a basal salts medium containing 2.5 mM 
GlcNAc) and monitored their efficiency (Figure 5.1). It has been widely reported that when 
stationary phase yeast cells are transferred to fresh medium containing amino acids or GlcNAc at 
37°C, Candida cells will undergo the yeast-to-hypha transition (reviewed in Shepherd et al. 1985). 
It was found that for cells grown in α-MEM + 2% glucose and for cells grown in the basal salt 
medium containing GlcNAc, optimal enrichment of hyphae was  achieved after 5 h (Figure 5.1j 
and k), whereas for YPD + 10% FBS this took place after 2 h (Figure 5.1g). A longer incubation 
time resulted in a mixture of yeasts and hyphal clumps in all three media due to the reversion to 
the yeast mode of growth (Figure 5.1 h and i).   
 
Quantitation of cell wall proteins by iTRAQ and mass spectrometry 
To quantitatively study the hyphal wall proteins under different hyphal induction conditions, we 
used the recently developed iTRAQ methodology (Ross et al., 2004), which has been adapted for 
quantitative cell wall proteomic analysis in S. cerevisiae earlier (Yin et al., 2007). The iTRAQ 
method has the advantage that it allows mapping of multiple samples simultaneously. The 
labeling experiment was carried out four times with different combinations of iTRAQ tags (Table 
5.1). 
 
Table 5.1 Number of identified and quantified peptides per labeling experiment 
 

iTRAQ tags
a
 Labeling 

experiment YPD α-MEM FBS GlcNAc 

Identified 
peptides 

Quantified 
peptides 

1 114 115 116 117 260 73 
2 115 116 117 114 216 63 
3 116 117 114 115 273 70 
4 117 114 115 116 231 78 

a
Labeling was performed on peptides derived from SC5314 cells cultured in YPD medium (Figure 
5.1a), or in α-MEM (Figure 5.1j), in YPD + 10% FBS (Figure 5.1g), or in basal salt medium 
containing 2.5 mM GlcNAc (Figure 5.1k) 
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Figure 5.1 Morphology of Candida albicans cells. Only yeast cells were observed in an overnight 
culture grown in YPD at 30°C (a), or when the culture was inoculated in fresh YPD medium at 30°C 
after 5 h (b) and 9 h (c). Hyphal and partially pseudohyphal development was observed after 
growth for 2 h at 37°C in prewarmed YPD medium (d), 2 h at 37°C in YPD + 10% fetal bovine 
serum (g), 5 h at 37°C in Eagle’s Minimum Essential Medium, alpha modification (j), or 5 h at 30°C 
in basal salt medium which contains GlcNAc (k). A reversion from hyphal growth to the yeast 
mode of growth was observed when culturing took place at 37°C in YPD for a prolonged period of 
time (5h, e). This culture was fully enriched with yeasts after 9 h of incubation (f).When culturing 
took place at 37°C in YPD + 10% FBS, the reversion seems to be slower (compare h and e), but a 
large number of yeast cells is present after 9 h (i, slightly out of focus). 
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The purified cell walls from yeast and hyphal cells induced by α-MEM, FBS or GlcNAc (Figure 
5.1a, j, g, and k, respectively) were digested with the endoprotease trypsin. Tryptic peptides from 
four different samples were incubated with one of the four iTRAQ reagents to derivatize their 
N-termini and their lysine residues. These samples were subsequently pooled and analyzed by 
LC-MS/MS. The signature ion region of MS/MS spectra contains quantitative information of the 
corresponding peptides in all four samples. Figure 5.2 illustrates the signature ion region of 
MS/MS spectra from the tryptic peptides of the cell wall proteins Als3, Cht2, Hyr1 and Sod5. A 
strong correlation among all peptides derived from the same protein can be clearly observed, 
indicating that trypsin digestion was exhaustive and that iTRAQ labeling was largely complete. 
Interestingly, the level of adhesion protein Als3 was increased under all three hyphal induction 
conditions, in agreement with  Northern blot analysis showing that ALS3 expression was increased 
by inducing hypha formation with a variety of inducers, including L-proline, L-glutamine (both 
are present in α-MEM), serum, and GlcNAc (Hoyer et al., 1998). The amount of chitinase Cht2, 
on the other hand, was largely decreased under hyphal induction conditions, in agreement with 
Northern blot and microarray analysis showing that CHT2 expression was suppressed in 
serum-induced hyphae (Braun and Johnson, 2000; McCreath et al., 1995; Nantel et al., 2002). 
 
Quantitative cell wall proteomes 
Relative quantity ratios of all peptides derived from the same protein can be grouped and averaged, 
giving rise to a protein abundance ratio. In total, 980 peptides were identified of which 284 
peptide spectra fulfilled the statistical criteria for calculation of their quantities (Table 5.1). These 
980 peptide identifications resulted in an unambiguous identification of 14 proteins, of which 12 
showed a statistically significant (p < 0.05) change of > 1.5-fold in at least one of the three hyphal 
inducing conditions in comparison with YPD at 30°C (Table 5.2).  
 
Consistent with our previous findings, most identified and quantified proteins are 
glycosylphosphotidylinositol-anchored (GPI) CWPs (Table 5.2, De Groot et al., 2004). Among 
the 14 proteins identified, the adhesion proteins Als1 and Als3, the hyphally regulated protein 
Hyr1, the transglycosylases Pga4 and Phr1, the haem receptor Rbt5, and the superoxide dismutase 
Sod5 were found to be induced, whereas the levels of the chitinase Cht2, the transglycosidase 
Crh11, and three more GPI-proteins (Ecm33, Rhd3, and Ssr1) were decreased. Two proteins, 
Ihd1 and MP65/Scw1, were unambiguously identified based on their MS/MS spectra, but the 
intensities of their reporter ion peaks were too low for reliable calculations of protein ratios, 
indicating that these two proteins are relatively rare in the samples analyzed. Thus, these two 
proteins were assigned a ‘+’ in Table 5.2, meaning that they were identified in the experiment but 
that no abundance changes could be determined. It should be noted here that cells with a hyphal 
morphology are induced from yeast cells and that the cultures are therefore only enriched in, but 
do not solely consist of hyphal cells.  
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Figure 5.2 Signature ion regions of MS/MS spectra from tryptic peptides of the cell wall proteins 
Als3, Cht2, Hyr1 and Sod5. The base peak intensities have been normalized to 100%. Peaks at m/z 
114, 115, 116, and 117 correspond to cells in the yeast form (Figure 5.1a), or cells in the hyphal 
form induced by α-MEM (Figure 5.1j), FBS (Figure 5.1g), and GlcNAc (Figure 5.1k), respectively. The 
relative intensities of these peaks were used to calculate the relative quantities of different 
peptides. Average peptide ratios from the same protein gave rise to an accurate and reproducible 
estimation of the protein ratios. 
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Table 5.2 Quantitative CWP profiles obtained after the yeast-to-hypha transition in response to 
α-MEM, serum, or GlcNAc. 
 

Protein fold change
a
 Protein 

name 
ORF 
No. α-MEM FBS GlcNAc 

Yeast
b
 mRNA  

fold change
c
 

Function and properties
d
 

  ↑ ↓ ↑ ↓ ↑ ↓  ↑ ↓  

Als1 5741 4.0  11  7.1  Y n.a. Adhesin 
Als3 1816 19  33  16   70  Adhesin 
Cht2 2344  13  30  23 Y 5.9  Chitinase, GH18 
Crh11 2706  1.8  1.9  2.6 Y 1.2  Transglycosidase, GH16 
Ecm33 3010.1  1.3  2.4  4.4 Y n.a.  
Hyr1 4072 3.3  11  37   166  Hyphally regulated 
Ihd1 6198 + + +  10   
Pga4 4035 1.3  1.7  1.5  Y  1.9 Transglycosylase, GH72 
Phr1 3829 8.9  17  6.1  Y 14  Transglycosylase, GH72 
Rbt5 5636 18  7.4  4.8  Y  13 CFEM, iron uptake 
Rhd3 
/Pga29 

5305  2.8  7.1  3.1 Y  7.4  

Scw1 
/MP65 

1779 + + + Y n.a. GH17, non-GPI-CWP 

Sod5 2060 61  22  3.4   6.4  Superoxide dismutase 
Ssr1 7030  1.1  1.6  3.4 Y  1.1 CFEM 

 

a
Protein fold change (hyphal vs. yeast walls;  ↑, fold increase; ↓, fold decrease) are means of 
peptide ratios from four labeling experiments (Table 5.1). The coefficient of variation ranges from 
11% to 32% with a mean of 21%. 
b
Protein identified (Y) in the yeast cell wall (De Groot et al., 2004). 

c
mRNA data are obtained from Kadosh and Johnson (2005); n.a., not available. 

d
GH, glycoside hydrolases, classification according to Henrissat and Davies (1997); CFEM, a 
domain with a conserved cysteine pattern  found in fungal extracellular membrane/wall proteins. 
 
Importantly, four proteins, Als3, Hyr1, Ihd1 and Sod5, were identified in our study but not in 
our previous profiling of the cell wall proteome in log phase-cultured yeast cells in rich medium at 
acidic pH (De Groot et al., 2004). This is probably due to the fact that these proteins are highly 
induced under the hyphal-specific conditions used in this study. Indeed, all four proteins were 
shown at the transcriptional level to be highly induced under the hyphal induction conditions 
(Table 5.2, mRNA fold changes; Hoyer et al., 1998; Bailey et al., 1996; Martchenko et al., 2004). 
On the other hand, four proteins (Als4, Pga24, Pir1, and Sod4) were identified in the previous 
study but not in the current investigation. Interestingly, the expression of both PGA24 and PIR1 
was strongly down-regulated (Kadosh and Johnson, 2005) in a hyphal induction medium, which 
might explain why they were not found here. Als4 and Sod4 were previously identified either with 
a single peptide or using a large-scale fractionation approach (De Groot et al., 2004), suggesting 
that their abundance in the cell wall is relatively low. They may have been missed here because of 
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the lower sensitivity inherent to the multiplexed approach taken in the current study. It is 
noticeable that the abundantly present  hyphal wall protein Hwp1 (Staab et al., 1998) was not 
identified. An in silico tryptic digestion of the mature form of Hwp1 revealed that four out of 
seven cleavage products have a molecular weight of at least 4300 Da, which was outside the m/z 
detection range used in the experiment (Fig 5.3). The remaining three peptides are localized in the 
S/T-rich domain and might be highly glycosylated. The glycosylation will not only limit the 
accessibility of Hwp1 to the proteolytic enzyme but also complicate the MS identification of these 
peptides. 
 
Five of the 14 proteins identified in this morphological transition study are putative carbohydrate 
active enzymes, namely Cht2, Crh11, Pga4, Phr1, and Scw1. Their location in the cell wall and 
the dramatic changes in their abundance suggest that these proteins may have a specific role in 
hyphal growth. Among the proteins identified, two adhesion proteins, Als1 and Als3, belong to a 
larger family of eight adhesins (Hoyer, 2001). Both Als1 and Als3 were significantly upregulated 
in hyphal samples and therefore may be important for hyphal adhesion to host cells. This is in 
agreement with the previous report that deletion mutants of ALS1 or ALS3 are less adhesive to 
epithelial cells and impaired in the formation of biofilms. 
 
Media-specific hyphal wall proteins 
As can be seen in Table 5.2, the absolute abundance ratios of some cell wall proteins under a 
specific hyphal induction condition are greater than in the other two conditions. For example, 
Hyr1, a well known hyphae-specific protein, is much more induced in GlcNAc-containing basal 
salt medium (36.9-fold) than in FBS or in α-MEM medium (10.9- or 3.3-fold respectively), 
whereas the increase in Sod5 expression is more pronounced in α-MEM medium (60.6-fold) than 
 

MRLSTAQLIAIAYYMLSIGATVPQVDG QGETEEALIQKR SYDYYQEPCDDYPQQQQQQEP 
 CDYPQQQQQEEPCDYPQQQPQEPCDYPQQPQEPCDYPQQPQEPCDYPQQPQEPCDNPPQP 

 DVPCDNPPQPDVPCDNPPQPDIPCDNPPQPDIPCDNPPQPDQPDDNPPIPNIPTDWIPNI 

 PTDWIPDIPEKPTTPATTPNIPATTTTSESSSSSSSSSSSTTPKTSASTTPESSVPATTP 

 NTSVPTTSSESTTPATSPESSVPVTSGSSILATTSESSSAPATTPNTSVPTTTTEAKSSS 

 TPLTTTTEHDTTVVTVTSCSNSVCTESEVTTGVIVITSKDTIYTTYCPLTETTPVSTAPA 

 TETPTGTVSTSTEQSTTVITVTSCSESSCTESEVTTGVVVVTSEETVYTTFCPLTENTPG 

 TDSTPEASIPPMETIPAGSESSMPAGETSPAVPKSDVPATESAPVPEMTPAGSQPSIPAG 

 ETSPAVPKSDVPATESAPAPEMTPAGTETKPAAPKSSAPATEPSPVAPGTESAPAGPGAS 

 SSPKSSVLASETSPIAPGAETAPAGSSGAITIPESSAVVSTTEGAIPTTLESVPLMQPSA 

 NYSSVAPISTFEGA GNNMRLTFGAAIIGIAAFLI 

 
Fig 5.3 In silico tryptic digestion of the GPI-CWP Hwp1. The predicted N-terminal signal peptide, 
the Kex2 cleaved propeptide and the C-terminal GPI-anchor addition signal are in grey; they are 
all removed from the mature form of the protein (Staab et al., 1999). Note that the C-terminal 
peptide of the mature protein remains attached to the skeletal framework of the cell wall during 
trypsin digestion of isolated walls. Highlighted, potential trypsin cleavage sites. Underlined, tryptic 
peptides that localize at the S/T-rich domain which might be highly O-glycosylated.  
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in the other two conditions (21.9- and 3.4-fold, Table 5.2). Similar differences, although to a 
lesser extent, can be observed for Crh11, Ecm33 and Rbt5 as well. In other words, under the 
different conditions that have been used to incubate the cell, there seems to be a medium-specific 
cell wall proteome being expressed. Genome-wide studies have shown that hyphal inductions 
under different conditions (e.g. Lee’s medium and serum-containing medium) generate a different 
pattern of gene expression (Nantel et al., 2002). By quantitatively assaying the cell wall proteome, 
we show here that the CWP profile of C. albicans may vary widely, probably to cope better with 
the specific environment it is exposed to.  
 
Sod5 is known as a superoxide dismutase and has been suggested to play a role in protecting C. 
albicans from reactive oxygen species produced by macrophages and neutrophils. Reactive oxygen 
species are potential anti-microbial agents, produced by phagocytic cells to kill microbes. H

2
O

2
 is 

the key oxidizing agent produced by immunoactive cells, which generates other extremely toxic 
radicals that are active against microorganisms (Martchenko et al., 2004). To detoxify these 
components, pathogenic microorganisms need a number of enzymes that catalyze the 
transformation of reactive oxygen species via H

2
O

2
 to water. It is therefore interesting to observe 

that the level of Sod5 was dramatically increased during the yeast-hyphal transition in 
serum-containing medium and particularly in α-MEM medium. This is consistent with the 
notion that transcription of SOD5 was up-regulated during the yeast-to-hypha transition, and 
SOD5 was induced when C. albicans cells were challenged with osmotic or oxidative stresses 
(Martchenko et al., 2004). These data suggest that C. albicans utilizes cell wall superoxide 
dismutases to counteract oxidative stress.  
 
Consistent to the observation that Hyr1 is a hyphally induced cell wall protein (Bailey et al., 
1996), we found that the level of this protein was increased in all three conditions used for hyphal 
induction. The strikingly high level of Hyr1 expression in GlcNAc-containing medium suggests 
that it is not merely a hyphally regulated cell wall protein, but responds specifically toward 
components in this medium. GlcNAc was first reported to induce hyphae over 30 years ago in a 
screen for chemically defined inducers of hyphal growth in vitro (Simonetti et al., 1974). 
Subsequent studies revealed that C. albicans is capable of taking up GlcNAc and to use it as an 
energy source, whereas the nonpathogenic S. cerevisiae lacks the proteins needed to transport and 
catabolize GlcNAc (Singh et al., 2001). Recently, Ngt1 in C. albicans has been identified as the

 

first eukaryotic GlcNAc transporter (Alvarez and Konopka, 2007), thus permitting direct analysis 
of its role in GlcNAc transport and signaling. The analysis of Hyr1 expression in a NGT1 deletion 
mutant would be an interesting approach to understand the interaction between GlcNAc uptake 
and hyphal induction. 
 
The early infection process usually involves a switch from the yeast mode of growth to the hyphal 
mode of growth. As CWPs are involved in the primary interactions with host cells and the host 
environment, the CWPs associated with the yeast-to-hyphal transition may help the fungus to 
initiate and maintain attachment, invade tissues and promote survival. In addition, they may also 
actively help to create a micro-environment. Using a quantitative proteomic approach, we found 
that different hyphal growth-inducing media resulted in widely differing CPW profiles. 
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Conceivably, this may help the cells to better cope with each specific environment. This suggests 
that similar differences in CWP profiles may occur at different infection sites in the body such as 
the surface layers of the vagina, the oral cavity, the skin, and the eye, or in blood, and during 
penetration of various organs. Furthermore, our results suggest that the CWP profiles of hyphal 
cells in biofilms on implanted medical devices might also differ from those occurring in C. 
albicans associated with host cells. Collectively, our results illustrate the dynamics and the 
adaptability of the cell wall proteome, thus contributing to the virulence of C. albicans and the 
capacity of this organism to survive in a mammalian host. 
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CHAPTER 6 

General discussion 
 
A combined version of chapters one and six has been accepted for publication in Trends in 
Microbiology. 
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IMPORTANT CELL WALL PROTEINS 

It is now clear that at any time there are over 20 different cell wall glycoproteins present in the 
walls of C. albicans and S. cerevisiae, as described in Chapters 2, 4 and 5. Not surprisingly, cell 
wall glycoproteins identified in this thesis and in other studies show a wide diversity of function 
(Table 6.1). It is has been well recognized that they contribute to cell wall integrity by 
cross-linking polysaccharides and by limiting access of the stress-bearing polysaccharides to 
glycanases from other organisms, and that they mediate flocculation and mating (De Groot et al., 
2005; Dranginis et al., 2007; Lesage and Bussey, 2006). In recent years, a growing number of 
studies has shown that cell wall proteins are also required for biofilm formation on biotic and 
abiotic surfaces (Douglas, 2003; Li et al., 2007; Nobile et al., 2006; Zhao et al., 2006), promote 
adhesion to epithelial cell layers (Li et al., 2007; Nobile et al., 2006), offer protection against 
oxidative stress (Fradin et al., 2005), and facilitate iron acquisition (Protchenko et al., 2001; 
Weissman and Kornitzer, 2004). Individually and collectively, they thus play a crucial role in 
pathogenicity. The process of cell wall protein biogenesis and translocation therefore offers 
potential targets for the development of antifungal drugs. Cell wall proteins may also serve as the 
basis for novel vaccines, and might function as diagnostic tools for infectious diseases. 
 
Table 6.1 Diverse functions of covalently linked fungal cell wall proteins  
 

Function or property Organism Genes/ 
Proteins 

Reference 

Cell wall integrity    

  Cross-linking β-1,3-glucans S. cerevisiae Pir1, 2, 3, and 4
a
 (Mrsa and Tanner, 1999) 

   C. albicans Pir1
a
 (Klis et al., 2006) 

  Cross-linking β-1,6-glucan    
   and β-1,3-glucan 

S. cerevisiae Cwp1, Cwp2, 
Tip1, Tir1, Tir2

b
  

(Klis et al., 2006) 

  Cell wall architecture C. albicans Ecm33 (Martinez-Lopez et al., 2006) 
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Function or property Organism Genes/ 
Proteins 

Reference 

Adhesins    

  Adhesion to epithelial cells C. albicans Als1, Eap1 (Fu et al., 1998; Li et al., 2007) 
 C. glabrata Epa1 (Cormack et al., 1999) 
  Biofilm formation   S. cerevisiae Flo11 (Reynolds and Fink, 2001) 
 C. albicans Als3, Hwp1, Eap1 (Li et al., 2007; Nobile et al., 

2006; Zhao et al., 2006) 
  Flocculation S. cerevisiae Flo1, 5, 9, and 11 (Dranginis et al., 2007; Guo et 

al., 2000) 
  Host transglutaminase   
  substrate 

C. albicans  Hwp1 (Staab et al., 2004) 

  Mating S. cerevisiae Sag1 (Klis et al., 2006)  
  Mimicking cadherins C. albicans Als3 (Phan et al., 2007) 

Carbohydrate-active enzymes    

  Chitinase C. albicans Cht2 (De Groot et al., 2004) 
  Endo-β-1,3-glucanase S. cerevisiae Scw4 and 10 (Teparic et al., 2007; Yin et al., 

2005) 
 C. albicans Scw1 (De Groot et al., 2004) 
  (Trans)glycosylases S. cerevisiae Crh1, Utr2, 

Gas family 
(Cabib et al., 2007; Ragni et al., 
2007a; Yin et al., 2005) 

 C. albicans Crh11, Pga4, 
Phr1, Phr2, Utr2 

(De Groot et al., 2004; Pardini 
et al., 2006) 

 Sch. pombe Gas1 and 5 (De Groot et al., 2007) 
 Cryptococcus 

neoformans 
CNBN2300 (Eigenheer et al., 2007) 

Other enzymatic activities    

  Chitin deacetylase Cryptococcus 
neoformans 

CNBD2840, 
CNBD2750, 
CNBF2910 

(Eigenheer et al., 2007; Levitz et 
al., 2001) 

  Glyoxal oxidase Cryptococcus 
neoformans 

CNBA3760, 
CNBE5040 

(Eigenheer et al., 2007; Levitz 
and Specht, 2006) 

  Phospholipase B S. cerevisiae Plb2 (Yin et al., 2005) 
  Proteases S. cerevisiae Yps1 (Fancellu et al., unpublished) 
 C. albicans Sap10 (Albrecht et al., 2006) 
 Cryptococcus 

neoformans 
CNBH1590 (Levitz and Specht, 2006) 

  Superoxide dismutase C. albicans Sod4, and 5 (Martchenko et al., 2004) 

Iron acquisition    

 S. cerevisiae Fit1, 2, and 3 (Protchenko et al., 2001) 
  Haem binding C. albicans Rbt5, Pga10 (Weissman and Kornitzer, 2004) 

a
These proteins are believed to cross-link polysaccharides (Klis et al., 2006). 

b
These GPI-proteins contain a Pir repeat and are believed to cross-link β-1,6- and β-1,3-glucan. 
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ADVANCES IN ANALYTICAL METHODOLOGY 

We have termed the novel approach described in this thesis for studying the fungal cell wall 
proteome ´the wall-shaving method´ (Figure 6.1a). It uses proteolysis and liquid chromatography 
in combination with tandem mass spectrometry (LC-MS/MS), which allows the identification of  
multiple proteins from highly complex peptide mixtures (Washburn et al., 2001). In this method, 
stringently washed cell wall fragments are directly digested by a site-specific protease (e.g. trypsin), 
followed by collection of the released wall peptides and separation by LC. Resolved peptides are 
fragmented in the mass spectrometer and the MS/MS spectra are searched against a fungal 
genome database to identify the corresponding cell wall proteins (Figure 6.1a). An important 
advantage of this method is that it allows protein identification irrespective of the nature of their 
covalent linkages to the cell wall lattice. Alternatively, as shown in our fractionation study 
(Chapter 2), CWPs may be first released by chemical or enzymatic means, thus providing 
information about how these proteins may be linked to the cell wall polysaccharides. For example, 
HF-pyridine specifically releases GPI-modified CWPs by cleaving the phosphodiester bridge in 
the GPI-remnant that interconnects GPI-CWPs to β-glucan, whereas mild alkali releases 
Pir-CWPs and other CWPs linked through an alkali-sensitive linkage to cell wall polysaccharides 
(De Groot et al., 2004; Ecker et al., 2006; Yin et al., 2005). Furthermore, identification of 
GPI-proteins in a cell wall digest obtained with β-1,6-glucananase points to the presence of the 
CWP-polysaccharide complexes CWP-GPI

r
→β-1,6-glucan→β-1,3-glucan and possibly also 

CWP-GPI
r
→β-1,6-glucan←chitin (Klis et al., 2006). 

 
Figure 6.1 Mass 
spectrometric identification 
or quantitation of fungal 
wall glycoproteins. For 
identification, (a) stringently 
washed cell wall fragments 
or (b) intact fungal cells are 
digested by a protease (e.g. 
trypsin). Resulting peptides 
are subjected to LC-MS/MS 
and the spectra are searched 
against a fungal genome 
database to identify the 
corresponding cell wall 
proteins. For quantitation, 
stable isotope labels can be 
introduced at various stages 
of the experiment, such as during cell culturing and before or after a proteolytic ‘shaving’ step. The 
open arrow heads denote the stages where isotope-labeled samples can be combined with their 
non-labeled counterparts. Protein quantitation can be realized by comparing the corresponding 
peptide peak areas from differentially labeled samples. 
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About 20 different covalently linked cell wall proteins have been identified in the cell wall of the 
model fungus S. cerevisiae or in the clinical yeast C. albicans, including proteins involved in 
construction and reinforcement of the cell wall, in adhesion, in offering protection against 
oxidative stress, in iron acquisition, and in other functions (Table 6.1, Chapters 2 and 5). Using a 
quantitative extension of the method, we were also able to identify cell wall proteins that were 
differentially expressed under different experimental conditions both in S. cerevisiae and in C. 
albicans (Chapters 4 and 5). Furthermore, using synthetic peptides mimicking their natural 
counterparts in five selected cell wall proteins, we were able to estimate the absolute numbers per 
cell of these CWPs (Chapter 4). 
 
Although a single peptide sequence is often sufficient for cell wall protein identification, some 
known covalently linked cell wall proteins were not identified after tryptic digestion because of the 
absence of suitably-sized peptides (c. 500-5000 Da) and because of abundant N- and 
O-glycosylation (Figure 6.2). To obtain different sets of peptides, other proteases such as the 
endoprotease Glu-C or proteinase K might be used. Removal of N-chains may increase the 
accessibility of N-glycosylated proteins to endoproteases. In addition, it helps to establish which 
potential N-glycosylation sites are actually used. N-chains can be removed with either endo-β-N- 
acetylglucosaminidase H, which leaves a single N-acetylglucosamine residue attached to the 
asparaginyl residue, or peptide-N-Glycosidase F, which completely removes the N-linked 
carbohydrate side-chain, thereby converting the asparaginyl residue into an aspartyl residue. 
Unfortunately, no suitable fungal O-glycanases have yet been identified. The wall-shaving 
approach has also been successfully applied for the comprehensive analysis of several other fungal 
cell wall proteomes including those of Ashbya gossypii, C. albicans, C. glabrata, Cryptococcus 
neoformans, S. cerevisiae  Sch. pombe, and Phytotophthora ramorum (De Groot et al., 2004, 2007, 
unpublished; Eigenheer et al., 2007; Meijer et al., 2006; Rischatsch et al., unpublished; Yin et al., 
2005). 
 
CaSsr1 

MASFLKISTLIAIVSTLQTTLA APPACLLACVAKVEKGSKCSGLNDLSCICTTKNSDVEK  60 

 CLKEICPNGDADTAISAFKSSCSGYSSQSSSSESESESASSEESSASASASASSSAGKSS 120 

 NVEASTTKESSSAKASSSAAGSSEAVSSATETASTEESSSAAASASASASATKESSSEAA 180 

 SSTSSTLKESKTSTTAAASSSESTTATGVLTQSEG SAAKVGLGALVGLVGAVLL  234 

 

ScCcw12 
MQFSTVASIAAVAAVASAA ANVTTATVSQESTTLVTITSCEDHVCSETVSPALVSTATVT  60 

VDDVITQYTTWCPLTTEAPKNGTSTAAPVTSTEAPKNTTSAAPTHSVTSYTG AAAKALPA  120 

AGALLAGAAALLL       ↑               ↑          133 

 
Figure 6.2 Tryptic cleavage sites and identified tryptic peptides of two cell wall GPI-proteins. 
Despite the presence of trypsin cleavage site in ScCcw12, the protein has escaped detection, 
whilst CaSsr1 was identified by LC-MS/MS (tryptic peptides underlined). The mature form of both 
GPI-CWPs lacks the N-terminal signal peptide and the C-terminal GPI-anchor addition signal 
peptide (both in grey), which are removed in the endoplasmic reticulum. The C-terminal peptide of 
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the mature protein is covalently linked to β-1,6-glucan, which hampers its identification. Note 
that the masses of some tryptic peptides can be altered dramatically by glycosylation of the 
potential N-glycosylation sites (arrows, Ragni et al., 2007b) and of the serine and threonine 
residues within the sequence (see for example in the C-terminal part of CaSsr1). Due to their 
increased mass, the resulting peptides might easily fall out of the detection range of an ordinary 
mass spectrometer. Furthermore, their corresponding MS/MS spectra might be difficult to 
interpret. 
 
An alternative approach using direct MS analysis of fungal wall proteins without prior 
electrophoretic separation of proteins is the so-called ‘cell-shaving’ method (Figure 6.1b). Intact 
fungal cells are incubated in the presence of proteases to digest accessible cell surface proteins. As 
proteolytic enzymes are unlikely to permeate the plasma membrane of intact cells, this will release 
peptides that are associated specifically with the cell surface. Released peptides can be subsequently 
analyzed by mass spectrometry, allowing the identification of cell surface proteins (Figure 6.1b). 
This approach was introduced in fungal research by Eigenheer et al. (2007). By treating intact 
cells of the clinical fungus Cryptococcus neoformans with trypsin, 29 extracellular proteins with a 
predicted N-terminal signal sequence were found, more than half of which have a predicted 
C-terminal GPI-anchor addition signal. It has to be noted that this method does not distinguish 
cell wall proteins from other potentially accessible proteins, such as plasma membrane-associated 
proteins. 
 

APPLICATIONS AND PERSPECTIVES 

Some promising applications of cell wall proteomic research are related to vaccine development, 
biofilm studies, and cell surface engineering. For example, identification and quantitation of 
fungal wall proteins may help to identify suitable vaccine candidates as shown for bacterial cell 
surface proteins (Ibrahim et al., 2005; Rodriguez-Ortega et al., 2006; Zhu et al., 2006). In 
addition, multivalent vaccines may be developed consisting of cell wall proteins expressed under 
different infection-related environmental conditions (Tarcha et al., 2006). To combat plant 
pathogens, fusion proteins may be constructed consisting of a fungal CWP-specific antibody and 
an antifungal peptide (Peschen et al., 2004). 
 
Fungal cell wall proteins have further been shown to play a crucial role in biofilm formation on 
biotic and abiotic surfaces. At present their precise role is often not yet known and the 
identification of biofilm-promoting CWPs is far from complete. Another challenge is the analysis 
of the cell wall proteomes of mixed-species biofilms such as found in the oral cavity and on other 
human mucosal layers (Klotz et al., 2007). This may help to identify additional cell wall proteins, 
whose action is crucial in the development of such biofilms. 
 
Identification of the targeting mechanisms of fungal cell wall proteins allows genetic engineering 
of the fungal cell surface and introduction of heterologous proteins at will (Kondo and Ueda, 
2004). In combination with the quantitative techniques discussed here, this will allow the 
development of novel vaccines (Zhu et al., 2006) and  fine-tuning of cell surface properties to 
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improve fungal productivity in bioreactors. 
 
As mentioned before, fungi may synthesize different sets of cell wall proteins depending on the 
environmental conditions (Klis et al., 2006). Because many of the identified cell wall proteins are 
abundant proteins, studying their regulatory mechanisms and developing mathematical models to 
analyze these control mechanisms in more depth, becomes an attractive proposition. In 
combination with measuring transcript levels of CWP-encoding genes using microarrays or 
real-time polymerase chain reaction, reliable relative and absolute quantitation of cell wall 
glycoproteins will generate essential data for such studies. 
Finally, many of the approaches presented here for fungal cell wall glycoproteins seem, at least in 
principle, equally applicable to fungal glycoproteins secreted into the growth medium and for 
plasma membrane-associated glycoproteins, thus extending application of these approaches to a 
much larger group of proteins.  
 

CONCLUDING REMARKS  

A key challenge for fungal cell wall biology is to investigate the role of the fungal cell wall 
proteome in morphogenesis, in biofilm formation, and in infection and disease. It is equally 
important to study the dynamics of fungal wall proteomes in relation to environmental conditions 
in a reliable, sensitive, and high-throughput way. Comparison between species will reveal how the 
fungal wall proteome of each species is adapted to its particular niche. Direct mass spectrometric 
analysis of the fungal cell wall proteome by using the ´shaving´ methods developed in this research 
is a powerful tool for solving such questions. Importantly, these approaches can also be applied to 
bacterial walls and to the walls of green algae and higher plants, and might be equally effective in 
other taxonomic groups (Calvo et al., 2005; Feiz et al., 2006; Jamet et al., 2006; Rodriguez-Ortega 
et al., 2006; Severin et al., 2007; Waffenschmidt et al., 1999).  
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SUMMARY 

Fungal cell wall glycoproteins are instrumental in many aspects of the physiology and behavior of 
the fungus, including cross-linking and protecting skeletal polysaccharides, adhesion, mating, host 
cell recognition, biofilm formation, coping with oxidative stress and iron deficiency, and 
pathogenicity. Transcriptome analysis in the baker’s yeast Saccharomyces cerevisiae and the human 
pathogen Candida albicans have made it clear that transcript levels of cell wall protein-encoding 
genes may vary widely depending on the phase of the cell cycle in which the cell occurs, and on 
growth conditions such as nutrient availability, temperature, pH, and oxygen levels. These results 
indicate that the cell may adapt the protein composition of the newly formed walls to better cope 
with environmental conditions. It is therefore important to explore the cell wall proteome and its 
dynamics both qualitatively and quantitatively. However, due to the complex and variable 
glycosylation they may have, cell wall proteins are difficult to analyze using traditional 
electrophoretic methods.  
 
Recent advances in mass spectrometry offer new options for identification of fungal cell wall 
proteins and for studying their dynamics. Using Saccharomyces cerevisiae as a model fungus, we 
establish a method involving protease digestion and liquid chromatography in combination with 
tandem mass spectrometry to identify the cell wall proteins. The method has been validated and 
found to be effective in many different fungal species including Candida albicans and the fission 
yeast Schizosaccharomyces pombe. Furthermore, with the help of the isobaric relative and absolute 
quantitative labeling, the absolute cellular quantities of cell wall proteins in Saccharomyces 
cerevisiae have been determined. This quantitative method has also been extended to monitor cell 
wall proteins that are differentially expressed in the mutant of Saccharomyces cerevisiae and to 
investigate the dynamics of the cell wall proteome upon transferring Candida albicans cells to 
different hypha-inducing growth media. The methods developed in this study will not only 
facilitate the research in fungal cell wall biology by providing reliable, sensitive and quantitative 
analytical tools to characterize the cell wall proteins, but also will find their applications in 
identifying new targets for antifungal agents, development of novel vaccines and diagnostic tools, 
cell surface engineering, and in mathematical modeling of regulatory circuits.  
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SAMENVATTING 

Glycoproteinen in de celwanden van schimmels spelen een belangrijke rol in het leven van 
schimmels. Zo zijn ze bij voorbeeld betrokken bij verknoping van skeletvormende polysacchariden 
in de celwand, waardoor deze aanzienlijk wordt versterkt, Ze beschermen deze skeletelementen 
ook tegen polysaccharide-afbrekende enzymen uitgescheiden door andere organismen. Ze spelen 
verder een sleutelrol bij adhesie en paring, bij herkenning van gastheercellen, bij weefselafbraak en 
bij biofilmvorming.  Tot slot bieden ze ook bescherming tegen oxidatieve stress en helpen 
ijzergebrek te voorkomen. Transcriptoom-analyses in de bakkersgist Saccharomyces cerevisiae en in 
de ziekteverwekkende schimmel Candida albicans laten zien, dat de transcriptniveaus van 
celwandeiwit-coderende genen sterk kunnen variëren afhankelijk van de fase van de celcyclus, 
waarin de cel verkeert, en van de groeiomstandigheden zoals de beschikbaarheid van 
voedingsstoffen, de temperatuur, de pH en de zuurstofspanning. Deze waarnemingen wijzen er op, 
dat de cel de eiwitsamenstelling van de nieuwgevormde wanden kan aanpassen om beter te 
kunnen inspelen op veranderende omstandigheden. Het is daarom belangrijk om het 
celwandproteoom en de daarin optredende veranderingen te onderzoeken, zowel kwalitatief als 
kwantitatief. Vanwege de complexe en variabele glycosylering van celwandglycoproteinen in 
schimmels, zijn deze moeilijk ter analyseren met behulp van traditionele, electroforetische 
methoden. Nieuwe ontwikkelingen in de massaspectrometrie bieden nieuwe mogelijkheden om 
celwandeiwitten te identificeren en te kwantificeren. Gebruikmakend van S. cerevisiae als 
modelschimmel hebben we een methode ontwikkeld om celwandeiwitten te identificeren. Deze 
methode is gebaseerd op proteolytische klieving van celwandeiwitten en scheiding van de 
verkregen eiwitfragmenten met behulp van vloeistofchromatografie, direct gevolgd door analyse 
van de eiwitfragmenten met behulp van tandem massaspectrometrie. Deze methode is ook 
bruikbaar gebleken in verscheidene andere schimmels zoals C. albicans en de splijtgist 
Schizosaccharomyces pombe. Door gebruik te maken van isobarische merking van de verkregen 
eiwitfragmenten zijn we er in geslaagd om deze methode te kwantificeren, zodat we nu in staat 
zijn om zowel absolute aantallen van celwandeiwitten te bepalen als ook relatieve concentraties. 
Deze benadering is voor het eerst toegepast in een celwandmutant van S. cerevisiae en is vervolgens 
gebruikt om de veranderingen in het celwandproteoom te bepalen van C. albicans cellen, nadat 
deze zijn overgebracht naar verschillende hyfegroei-inducerende media. De in deze studie 
ontwikkelde methoden zijn betrouwbaar en bovendien uitermate gevoelig en zijn daarom van 
groot belang om de celwandbiologie van schimmels te bestuderen. Daarnaast bieden ze ongekende 
nieuwe mogelijkheden om nieuwe doelwitten voor antischimmelmiddelen te identificeren en om 
nieuwe vaccins en diagnostica te ontwikkelen. Onze methoden zullen het verder mogelijk maken 
om genetische modificering van het celoppervlak van schimmels te kwantificeren en gericht te 
veranderen, en om mathematische modellen te ontwikkelen van de regelcircuits, die de expressie 
van celwandeiwitten controleren. 
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