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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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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 × 103 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 15N- and/or 13C-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 
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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 gas1Δ 
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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