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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 4a (Mrsa and Tanner, 1999) 
   C. albicans Pir1a (Klis et al., 2006) 
  Cross-linking β-1,6-glucan   
   and β-1,3-glucan 

S. cerevisiae Cwp1, Cwp2, 
Tip1, Tir1, Tir2b  

(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)

aThese proteins are believed to cross-link polysaccharides (Klis et al., 2006). 
bThese GPI-proteins contain a Pir repeat and are believed to cross-link β-1,6- and β-1,3-glucan. 



 

 84

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-GPIr β-1,6-glucan β-1,3-glucan and possibly also 
CWP-GPIr 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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