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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, gas1Δ and ecm33Δ were highly sensitive to Calcofluor White and high 
temperature, whereas gas1Δ, scw4Δ, and tos1Δ 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 his3Δ300 ura3-52 leu2Δ1 lys2Δ202 trp1Δ63) was grown in YPD 
(1% [w/v] yeast extract, 2% [w/v] bactopeptone, 2% [w/v] glucose) and harvested at A600 = 2. 
Phenotypic analyses were performed with the BY4741 strain (MATa his3Δ1 ura3Δ0 leu2Δ0 
met15Δ0) 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 H2O 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 H2O, HF-pyridine was removed by dialysis overnight against 
H2O. 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 H2O 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 H2O, 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 NH4HCO3 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 NH4HCO3 and 55 mM 
iodoacetamide for 45 min at room temperature in the dark. Cell walls were then washed three 
times with 50 mM NH4HCO3 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 NH4HCO3 
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 H2O, 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 101 to 105 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 A600 of 0.1, and cultured at 30°C to the early logarithmic phase (A600 = 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 A600 = 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 (t0). The effect of β-1,3-glucanase treatment was followed by 
measuring the decrease of A600 in time and expressed as the percentage of the A600 at t0. 
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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 Samplesa GPIb
Reference 

for covalent 
linkage 

Reference for 
cell surface 
association 

# aa CDDc 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 

Pir3pd 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 



 

 26

CWPs ORFs Samplesa GPIb
Reference 

for covalent 
linkage 

Reference for 
cell surface 
association 

# aa CDDc 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 
aPeptides were obtained from proteolytic digestions directly on cell walls (D), or HF-pyridine (HF) 
or alkali (A) extracted protein pools. 
bPredicted GPI-proteins (Caro et al., 1997; de Groot et al., 2003) 
cLocation of conserved domain (Marchler-Bauer et al., 2003) 
dPir3p 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 sequencea Mascot scoreb

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 DSEEFGLVSIRd 63 71 68Cwp1 
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 52c

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 DDVPAIEVVGNKd 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  54c
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Pir1 YKL164C 1078.54 246-255 SSGTLEMNLK 86
1675.67 323-337 HIGTQCNAVHLQAID 18
2175.91 323-341 HIGTQCNAVHLQAIDLLNCe 82 27

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

Pir3f YKL163W 2270.05 307-325 HIGSQCHEVYLQAIDLIDCe 50
Pir4 YJL158C 1651.81 127-141 DSSCKNSGTLELTLK 90c

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

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 21Pry3 
1084.48 121-130 STAEIGCGYK 22 28

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

1130.59 344-354 ANQEAAISSIK 53c

Scw4 YGR279C 1533.65 135-148 GITYTPYESSGACK 51 61c

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 45c

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

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

Ssr1 YLR390W-a 1583.78 24-37 TPPACLLACVAQVGKd 116 110
2221.02 24-43 TPPACLLACVAQVGKSSSTCDd 39

 3475.72 24-53 TPPACLLACVAQVGKSSSTCDSLNQVT
CYCEd

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 QTQDQINELNVILNDVKd 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 60c

aTrypsin cleaves after K or R, Glu-C cleaves after D or E. 
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bMascot score is reported as -10Log10(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). 
cOnly identified in large-scale fractionation approach. 
dN-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. 
eC-terminal peptides of Pir1p (Glu-C) and Pir3p (trypsin). 
fPir3 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 tos1Δ 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, gas1Δ, tos1Δ, and scw4Δ were most resistant, pry3Δ,  
 
 

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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tir1Δ and ecm33Δ showed intermediate resistance, and pir2Δ and plb2Δ showed slightly increased 
resistance. Interestingly, the Quantazyme resistance of tos1Δ is not accompanied by a dramatically 
increased sensitivity to CFW, as was observed for gas1Δ and ecm33Δ. This suggests that chitin 
incorporation in tos1Δ 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; �, ecm33Δ; �, gas1Δ; �, plb2Δ; �, pry3Δ; �, tir1Δ. Right panel, mutants 
deleted in ASL-CWP-encoding genes, �, BY4741; �, pir2Δ; �, scw4Δ; �, tos1Δ. Only mutants 
with altered sensitivity in comparison to wild type strain BY4741 are shown. The decrease in OD600

is taken as a measure of cell lysis and is expressed as % of the starting OD600. 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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