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      General discussion 

      Candida albicans is an opportunistic fungal pathogen that causes high levels of 

mortality in immunocompromised patients. Because it is a eukaryotic organism, its 

infections are difficult to treat. In addition, there are only a limited number of clinically 

useful antifungal agents available. Similar to other (pathogenic) microorganisms, C. 

albicans possesses versatile mechanisms that allow its cells to adapt to changes in 

environmental conditions. These adaptations are crucial for survival in a wide range 

of stressful environmental conditions including different temperatures, pHs, poor 

nutrient availability, varying carbon sources, low oxygen concentrations, the 

presence of antimicrobial peptides as part of the innate defense system, the 

presence of pharmacological compounds, etc.  

      The cell wall plays an important role in coping with various stress conditions. It 

consists of an internal β-glucan-chitin layer that is largely responsible for the 

mechanical strength of the wall and an external layer of various types of 

mannoproteins that are covalently linked to these skeletal polysaccharides. The cell 

wall proteins have a wide range of functions, including structural functions, 

remodeling of cell wall polysaccharides in response to changes in environmental 

conditions, adhesion to biotic and abiotic surfaces, contribution to biofilm formation, 

etc. (Klis, Sosinska et al. 2009). The rapid development of mass spectrometry in the 

past two decades has made this technique to a powerful tool in exploring the cell 

wall proteome of fungi. This progress has enabled the identification of many cell wall 

proteins in the model yeast Saccharomyces cerevisiae (Yin, de Groot et al. 2005), 

the pathogenic fungi C. albicans (de Groot, de Boer et al. 2004) and Candida 

glabrata (de Groot, Kraneveld et al. 2008), the fission yeast Schizosaccharomyces 
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pombe (chapter 5; (de Groot, Yin et al. 2007)), and has also enabled their 

quantification ((Yin, de Groot et al. 2007) and chapter 3). In this thesis we have 

focused on the identification and quantification of fungal wall proteins, in particular in 

C. albicans, and we have shown that – also for this organism - the composition of the 

proteome of newly formed walls can vary enormously in response to changes in the 

environmental conditions. 

      Chapter 2 of this thesis is dedicated to identifying the modifications in the cell 

wall proteome of C. albicans in response to the environmental conditions which the 

fungus encounters during colonization of the human vagina, such as low oxygen 

levels, increased CO2 levels (as compared to atmospheric values), low iron 

availability and acidic pH (chapter 2). At the selected pH (pH 4), C. albicans grew 

exclusively in the yeast- and the pseudohyphal form. This low pH might explain why 

in our in vitro model of vaginal infection at 37°C, which is a condition that is known 

from literature to stimulate hyphal growth (see General Introduction, Table 1), only 

yeast-forms and pseudohyphal growth were observed. Using mass spectrometric 

analysis, we found that the wall proteome of C. albicans grown under these 

conditions differs strongly from the wall proteome of C. albicans grown in a rich 

medium under standard conditions, thus showing convincingly that the wall proteome 

is not a static entity. By varying the oxygen concentrations and using an 

immunological approach, we could show that low oxygen conditions resulted in 

strongly increased incorporation levels of at least four cell wall proteins: Hwp1, 

Pga10, Pir1, and Rbt5. This raises the question whether or not the incorporation 

levels of other cell wall proteins could also be stimulated by micro-aerobic conditions. 

For example, in addition to Hwp1, six more cell wall proteins, detected in the walls of 
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cells grown under micro-aerobic conditions, were not detected in our standard 

cultures (Als3, Pga4, Sim1, Tos1, Utr2, and Ywp1; note that Hwp1 was identified 

only by immunoblot analysis, probably because this protein does not possess 

suitable tryptic peptides for MS analysis due to glycosylation or poor ionization 

during MS analysis, and to sizes outside the size window suitable for QTOF 

analysis). Interestingly, Hwp1, an adhesion protein that acts as a substrate for 

epithelial trans-glutaminases, is considered to be hyphal-specific (HWP stands for 

Hyphal Wall Protein). Possibly, expression of Hwp1 is due to the presence of 

pseudo-hyphae in the cultures (Snide and Sundstrom 2006). Similarly, the Als3 

adhesin, which might be involved in the attachment of cells to mucosal layers, is 

believed to be strongly, or perhaps even exclusively, associated with hyphal growth 

(Argimon, Wishart et al. 2007). Importantly, the detection of Als3 in our in vitro model 

of vaginal infection is in agreement with in vivo results (Cheng, Wozniak et al. 2005). 

Also the cell wall glucan-remodeling protein Phr2 is involved in vaginal infections (De 

Bernardis, Muhlschlegel et al. 1998; Fonzi 1999; Muhlschlegel and Fonzi 1997). 

Consistent with this, the much higher protein level of Phr2 detected at pH 4 (Table 2 

in chapter 2) suggests increased cell wall incorporation of Phr2 at pH 4 and is also in 

agreement with its known acidic pH-specific expression (Bensen, Martin et al. 2004).  

      How limited oxygen availability is sensed and how exactly it affects the cell wall 

proteome is largely unknown. As oxygen availability affects many cellular processes, 

including respiration, synthesis of sterols, and desaturation of fatty acids (Kaplan, 

McVey Ward et al. 2006), control of the composition of the wall proteome probably is 

a multifactorial process. Because iron uptake by the high affinity iron uptake system 

requires molecular oxygen (Almeida, Wilson et al. 2009), cells grown at low oxygen 
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levels probably experience iron starvation and this may explain some of our 

observations. We therefore tested the effect of the iron chelator ferrozine at a non-

limiting oxygen concentration on the expression (level) of some wall proteins by 

immunological means. Interestingly, the incorporation level of Rbt5, which is an iron 

acquisition protein and binds hemoglobin (Weissman and Kornitzer 2004), was 

substantially increased. The level of Hwp1 also increased. However, the levels of 

Pga10 and of Pir1 did not.  Low iron conditions also led to increased resistance of 

the cells to the β-glucan-degrading enzyme Zymolyase (Sweet and Douglas 1991), 

similar to our results obtained with cells grown under oxygen-limitation. Our results 

indicate that oxygen limitation indeed results in iron deficiency and that this can 

partially explain the observed changes in the cell wall proteome. Finally, it is 

important to note that the changes in the cell wall proteome observed under hypoxic 

conditions are in general agreement with the results of transcript profiling (Setiadi, 

Doedt et al. 2006). In summary, the changes in the cell wall proteome presented in 

chapter 2 show that the newly formed cell walls are extensively remodeled under 

hypoxic conditions at the vaginal pH and suggest that these changes are important 

for adaptation of the cells to conditions they encounter in the vaginal ecosystem. 

      In chapter 3 we compared the wall proteome of C. albicans grown at pH 7, 

which is a pH encountered in human saliva, blood and intracellular and extracellular 

fluids with the wall proteome of C. albicans grown at pH 4, as found in the vagina. 

The cell wall proteomes of yeast cells and hyphae possess have a different 

composition, which allows the cells to adapt to different stages of invasion. During 

colonization of the mucosal layer yeast cells first attach to the surface and 

subsequently switch to hyphal growth. Hyphae grow then invasively into the mucosal 
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layer and can reach the blood stream (Naglik, Challacombe et al. 2003). We first 

developed a simple experimental system that partially mimics mucosal infections. 

The conditions found at the surface of a mucosal layer were mimicked by using a 

semi-solid surface of agarose (0.3% (w/v)), supplemented with a synthetic medium 

containing mucin as the sole nitrogen source, and 5 mM glucose as the carbon 

source (this latter concentration corresponds to the average concentration found in 

body fluids). The pH was set at 4 or 7, corresponding to the pH found in the vagina 

and in the oral cavity, respectively. The cells were grown at 37°C to reflect the 

temperature of the human body. Our results show that cells at pH 4 grew mostly as 

yeast cells and pseudohyphae, which could be easily removed from the agarose 

surface as they did not grow invasively. In contrast to this. at pH 7 the cells 

developed hyphae that formed a cohesive network and invaded the agarose.  

      To measure the changes in the cell wall proteome resulting from a switch of the 

environmental pH from 4 to 7, qualitative LC-MS/MS analysis, an immunological 

approach, and quantitative FT-MS were used. Qualitative and quantitative mass 

spectrometry led to detection of the same set of 21 CWPs and minor changes with 

respect to the detection of Rbt1 which was not detected by FT-MS and is often 

difficult to detect by LC-MS/MS. The high level of agreement between both methods 

with respect to the detected CWPs supports the reliability of both methods. Our 

proteomic analysis further showed that the pH significantly affects the incorporation 

levels of CWPs and identified a set of CWPs only, or predominantly, observed at pH 

4 and pH 7, respectively. The increased incorporation levels of Pir1 at pH 4 and of 

Rbt5 at pH 7 as detected by quantitative MS was confirmed by immunological 

means. Importantly, our results were also consistent with the trends predicted by the 
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transcript levels of the CWP-encoding genes. It has been reported that Rim101, a 

transcription factor regulating pH responses in C. albicans cells, regulates the 

expression of 17 cell wall protein-encoding genes, including a considerable number 

of genes that are shown in our study to be differentially incorporated in cell walls at 

acidic and neutral pH (Bensen, Martin et al. 2004; Lotz, Sohn et al. 2004; 

Martchenko, Alarco et al. 2004; Nobile, Solis et al. 2008). Ten of them were also 

identified in our MS studies and another one (Hwp1) was identified immunologically. 

At pH 4, the incorporation levels of Als4 and Phr2 were ≥ 20-fold higher compared to 

pH 7, whereas at pH 7 the incorporation levels of Als1, Als3, Hwp1, Hyr1, Ihd1, Phr1, 

Rbt5 and Sod5 were increased at least 10-fold compared to pH 4. The higher 

incorporation levels at pH7 of Als3 and Rbt5, which both are involved in iron 

acquisition (Almeida, Brunke et al. 2008; Weissman and Kornitzer 2004) , might be 

due to the lower iron availability caused by the lower solubility of ferric ions at neutral 

pH. Interestingly, depending on the pH, the cells seem to differentially incorporate 

homologs of the same family of cell wall proteins such as Phr1 at pH7 and Phr2 at 

pH4, and also Als1 and Als3 at pH7 and Als4 at pH4.  

      Besides the Rim101 regulation, our data indicate that additional regulation 

mechanisms control the expression of CWP-encoding genes or the incorporation of 

proteins in the cell wall. The higher incorporation levels of Ecm33, Pir1, and Rhd3 at 

pH 4 might be related to cell morphology. RHD3 (repressed during hyphae 

development) encodes a CWP predominantly incorporated in the yeast form (de 

Groot, de Boer et al. 2004; de Boer, de Groot et al. 2010), and is repressed by 

hyphal induction (Kadosh and Johnson 2005). Expression of PIR1 was shown to 

decrease under hyphal growth-inducing conditions (Kadosh and Johnson 2005; 
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Sohn, Urban et al. 2003). Alternatively, as Pir1 is a protein that may cross-link β-1,3-

glucan, its incorporation level at pH 4 might help the cells to cope with cell wall 

stress. Furthermore, Ecm33 and Rhd3 have been shown to be important for cell wall 

maintenance (de Boer, de Groot et al. 2010; Martinez-Lopez, Park et al. 2006). 

Collectively, these results suggest that Pir1, Ecm33, and Rhd3 could play a role in 

maintaining cell wall strength at pH 4.  

      Proteomic studies can provide information about the importance of particular 

CWPs during colonization of different niches of the human body. Such knowledge 

might be useful for the development of vaccines directed against the most abundant 

CWPs during colonization of these different niches. Up to now several CWPs (Als1, 

Als3, Hwp1, Hyr1) have been shown to be effective vaccines in mice (Ibrahim, 

Spellberg et al. 2006; Luo, Ibrahim et al. 2010; Xin, Dziadek et al. 2008). Also MP65 

and carbohydrate side-chains of CWPs have been shown to possess immunogenic 

properties (La Valle, Sandini et al. 2000). Our results indicate that the list of vaccine 

candidates can be extended to include Als1, Als3, Als4, Ecm33, Hyr1, Ihd1, Phr1, 

Phr2, Pir1, Rbt5, Rhd3, and Sod5.  

      Chapter 4 describes the adaptation of C. albicans to continuous temperature 

stress. C. albicans is able to grow at a wide range of temperatures up to 45°C (De 

Hoog and Guarro 2000). Our results show that cells respond to high growth 

temperatures by adapting their cell wall. This is accompanied by the formation of 

large cell aggregates, which cannot be separated by SDS. As the incorporation level 

of the GPI-modified chitinase Cht2 strongly declined under these conditions, this 

aggregation is probably due to decreased degradation of chitin in the primary septum 

between mother and daughter cells. Importantly, cells grown at 42°C are more 
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sensitive to cell wall-perturbing drugs, they are more resistant to β-1,3-glucanase, 

and the chitin level of the cell walls is increased; properties that  are believed to be 

hallmarks of a cell wall stress response (Kapteyn, Hoyer et al. 2000). An increased 

chitin content was also observed as a reaction to temperature stress in S. cerevisiae 

(Aguilar-Uscanga and Francois 2003). Our results indicate that C. albicans uses a 

similar mechanism of adaptation to thermal stress. Our data are also supported by 

the observation that deletion of the CHT2 gene caused a slight increase in chitin 

levels in the cell walls and slightly increased sensitivity to Calcofluor white (CFW)  at 

30°C (Selvaggini, Munro et al. 2004).  

      LC-MS/MS analysis revealed interesting changes in the cell wall proteome of 

cells encountering temperature stress. The increased chitin content was 

accompanied by increased incorporation of Crh11, a trans-glycosylase that is likely 

to be involved in connecting β-glucan and chitin (Cabib, Blanco et al. 2007; Cabib 

2009), as it shares a conserved glycosyl-hydrolase domain with S. cerevisiae Crh1 

and Crh2, which in S. cerevisiae are required for cell wall integrity under stress 

conditions (Bermejo, Rodriguez et al. 2008). Temperature stress-stimulated 

incorporation of Cht2 and Crh11 is also correlated with higher incorporation levels of 

Utr2, another GPI-modified CWP that possesses chitin-binding and trans-

glycosylase properties. In addition, the incorporation level of Phr2, a pH-specific 

transglycosylase that has been proposed to be involved in interconnecting β-1,3- and 

β-1,6-glucan (Fonzi 1999), is increased.  Higher incorporation of Pir1, a non-GPI 

CWP that is believed to cross-link β- 1,3-glucan, also indicates that cells encounter 

cell wall stress under elevated temperature (Kapteyn, Hoyer et al. 2000; Klis, 

Sosinska et al. 2009). In S. cerevisiae higher incorporation levels of Pir1 in the cell 
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wall appear under stress conditions (Kapteyn, ter Riet et al. 2001) and are 

associated with increased bonding between chitin and glucan. Pir1 also protected 

cells from digestion by β-1,3-glucanase, which can explain the higher resistance of 

cells grown at 42°C to β-1,3-glucanase. In summary, the results presented in chapter 

4 show that cells encountering continuous thermal stress adapt the cell wall 

proteome of the newly formed walls to be able to withstand the cell wall stress 

caused by the increased growth temperature. 

       Chapter 5 focuses on the cell wall proteome of the fission yeast Sz. pombe and 

on the covalent linkages between the proteins and polysaccharides from its cell wall. 

Sz. pombe is phylogenetically only distantly related to C. albicans and S. cerevisiae; 

for example, its walls lack chitin but instead contain a considerable amount of α-1,3-

glucan, a polysaccharide that is missing in C. albicans and S. cerevisiae. Genomic 

analysis showed that the number of predicted GPI-proteins in Sz. pombe was much 

smaller than in C. albicans and S. cerevisiae. Consistent with this prediction, using 

direct trypsinization of isolated cell wall fragments, followed by LC-MS/MS, we 

detected only four GPI-proteins in the cell walls (Gas1, Gas5, Ecm33, and Pwp1); in 

addition, two alkali-releasable proteins, Psu1 and Asl1, were identified. The Gas1 

and Gas5 proteins are homologs of S. cerevisiae Gas1 and Gas5, respectively; both 

are CWPs that belong to the Gas family of proteins and possess trans-glucosylase 

activity towards β-1,3-glucan chains, resulting in their elongation (Mouyna, Fontaine 

et al. 2000). Sz. pombe Gas1 and Gas5 were also identified after extraction of 

isolated cell walls with HF/pyridine, which cleaves phospho-diester bridges, 

suggesting that they are linked to cell wall polysaccharides via a truncated GPI 

anchor, as shown for S. cerevisiae (Kollar, Reinhold et al. 1997). Ecm33 belongs to 
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the fungal Ecm33 family of proteins which are involved in maintaining cell wall 

integrity, although their exact function is yet unknown. The cell walls of Sz. pombe 

lack chitin, and the presence of Ecm33 in Sz. pombe cell walls therefore indicates 

that the role of this family of proteins in cell wall construction presumably is not 

related to chitin. Pwp1 is a protein that lacks homologs in other fungi and does not 

share common domains with known enzymes, making it less likely that it does 

posses enzymatic activity. Our data indicate that Pwp1 is a GPI-CWP, although it is 

also partially linked to the cell wall in an alkali-sensitive manner; however, it lacks 

similarities to Pir-CWPs. Psu1 and Asl1 are shown to be linked to the cell wall via an 

alkali-sensitive linkage. Because Quantazyme, a recombinant β-1,3-glucanase, 

releases them efficiently, they are probably linked to β-1,3-glucan and not to α-1,3-

glucan. These CWPs lack a C-terminal GPI anchor addition signal, but they share an 

N-terminal basic motif with alkali-extractable CWPs of S. cerevisiae and C. albicans, 

such as CaMp65, CaSim1, CaSun41, and ScNca3, ScSim1, ScSun4, and ScUth1. 

This raises the question whether this motif could be involved in the alkali-sensitive 

linkage of these proteins to the cell wall polysaccharides. In summary, the cell walls 

of the distantly related from C. albicans and S. cerevisiae fission yeast Sz. pombe 

contains GPI-proteins and alkali-extractable CWPs, and both seem to be linked in a 

similar way to the cell wall as in S. cerevisiae and C. albicans; however,  the number 

of GPI-proteins in the wall is apparently significantly smaller. 

      The presented data in chapters 2-4 illustrate the important role of cell wall 

proteins in adaptation of the pathogenic fungus C. albicans to the various 

environments on/in the human body, as well as to environmental stresses. In 

addition, a specific set of CWPs seems to play an important role in strengthening the 
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cell wall. Chapter 5 indicates that mass spectrometry can also be used as a tool to 

analyze the cell wall proteome of other distantly related fungi such as Sz. pombe. 

Collectively, our data show that qualitative and quantitative mass spectrometric 

analyses of cell wall proteins are excellent tools that allow identification and 

quantification of the adaptive changes in the composition of the cell wall proteome 

and seem promising tools for discovering yet unknown cell surface proteins in other 

fungi. 
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