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 Proteome analysis of Candida albicans cell wall mutants 

 

Joseph Wissam Koussa 

 

ABSTRACT 

 

The fungal pathogen Candida albicans is a leading causative agent of 

death in immuno-compromised individuals. This pathogenicity involves, among 

other, morphological switching from yeast to hyphal form. When filamentation is 

induced, major structural and compositional alterations take place in the cell wall 

affecting cell wall chitin content and cell wall proteome composition. Knockouts 

of pir32, hwp2and pga1, three cell wall protein coding genes, have been 

previously generated by homologous recombination of marker cassettes in our 

lab. The purpose of this current study is to analyze the role these genes play by 

comparing the cell wall composition of the mutant strains to the parental wild 

type strain under both filamentous and non filamentous conditions. Cell wall 

isolation and total cell wall protein content of these strains showed alterations in 

the cell wall proteome. Chitin content was found to significantly decrease(50%) in 

the pga1/pga1 mutant under non filamentous conditions, whereas in the 

pir32/pi32 mutant, and under similar conditions, a 150% increase in chitin content 

was recorded, an interesting result bearing in mind that chitin is a key player in 

cell wall structure and rigidity. Total cell wall protein content ranged from a 50% 

decrease in the pga1 null to a 50% increase in the pir32 mutant, implying 

fundamental changes in the cell wall proteome. MALDI-TOF analysis showed 

differential peptide mass fingerprints of cell wall proteins with many peaks found 

to be unique to each mutant and to specific growth conditions. These peaks, when 

entered into available databases, remained unidentified. As such, future work 

requires analysis of these peaks by MS/MS peptide sequencing in an effort to 

identify specific up or down regulated proteins represented by these peaks. 

 

Keywords. Cell wall Proteins, chitin, MALDI-TOF MS, C. albicans. 
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CHAPTER ONE 

INTRODUCTION 

1.1 General overview 

Fungal systemic infections are one of the most important causes of 

mortality among immuno-compromised patients [Ruiz‐Herrera, Victoria, 

Valentín, & Sentandreu, 2006]. Teaching hospitals around Europe have estimated 

that one in twenty five patients die as a result of systemic fungal infections. 

Laboratory analysis and isolation of fungal pathogens from blood samples of 

immuno-deficient patients, found the opportunistic pathogen Candida albicans to 

be the most common causative agent of infections [Sohn, Schwenk, Urban, 

Lechner,  Schweikert, & Rupp, 2006].  

C. albicans is naturally found as a commensal organism colonizing several 

tissues in its human host. Under normal conditions, C. albicans inhabits anywhere 

from the oral cavity to the gastrointestinal tract and is also a colonizer of vaginal 

areas [Karkowska-Kuleta, Rapala-Kozik, & Kozik, 2009]. Pregnancy, AIDS, and 

immuno-suppressive therapies post transplantation allow C. albicans to overcome 

the host’s immune system and defenses and invade tissues and blood, 

disseminating all over the host leading to, in most cases, lethal septicemia 

[Karkowska-Kuleta et al. 2009]. 
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The success of this pathogen and its virulence are due to its ability to form 

drug-resistant biofilms on hospitals’ intubation equipments and catheters on one 

hand and to its dimorphism on the other hand. Switching from oval yeast non 

filamentous cells or blastospores into filamentous hyphea (Figure 1) is a major 

process involved in invasion as well as virulence and is usually referred to as the 

“dimorphic transition” [Sohn et al. 2006; Hayek, Dib, Yazbeck, Beyrouthy, & 

Khalaf, 2010]. Cells blocked at either of the two stages have exhibited decreased 

virulence in murine models [Ebanks, Chisholm, McKinnon, Whiteway, & Pinto, 

2006] as the filamentous form is necessary for invasive growth while the yeast 

form is necessary for clonal expansion. The morphological changes allowing this 

transition require remodeling the structure and composition of the cell wall. 

Filamentous C. albicans is shown to display higher adhesion to tissues and 

polystyrene surfaces added to an increased invasiveness and higher resistance to 

macrophages when compared to the yeast cells [Ebanks et al 2006; Pitarch, 

Sánchez, Nombela, & Gil, 2002]. This dimorphic switch is triggered by a 

diversity of factors ranging from growth at 37 °C, physiological CO2 

concentration, to basic and neutral pH, to iron depletion and exposures to N-acetyl 

glucosamine, proline, or serum, the strongest hyphal inducer [Berman & Sudbery 

2002; Ernst 2000]. 
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Figure 1. Optical microscopy of C. albicans. Cells grown under both non 

filamentous (A) and filamentous conditions (B). Bars represent 5 μm. [Modified 

from Sohn et al, 2006] 

1.2 Overview of C. albicans cell wall organization  

The cell wall of C. albicans is a unique structure that plays a central role 

in the process of invasion and filamentation and is tightly related to both, drug 

and stress resistance as well as virulence. The cell wall, the first contact interface 

between the pathogen and its host, can be considered an antigenic determinant 

composed of proteins – mainly in the form of mannoproteins – involved in 

adhesion and other virulence-related attributes, complexed with polysaccharides 

in the form of β-1,3 and β-1,6-glucans joined altogether by a crystalline structure 

of anti-parallel chitin chains [Ruiz‐Herrera et al 2006; Poulain & Joualt, 2004]. 
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Figure 2. Electron micrograph of C. albicans. A cross section of a 

hyphal cell from C. albicans is illustrated. The cell wall is visible as 

a multilayered structure comprising an electron-dense outer surface 

layer as well as a less electron-dense portion adjacent to the plasma 

membrane. cw=cell wall, va=vacuole, cy=cytosol. Bar represents 

0.5 μm [Sohn et al, 2006]. 

 

All of the above are arranged in a distinctive architecture forming four to 

eight layers within the cell wall with a high concentration of mannoproteins in 

outer layers translated into an electron-dense outer layer and an accumulation of 

structural polysaccharides along the innermost layers rendering it less electron-

dense as shown in Figure 2 [Horisberger & Clerc 1988; Kapteyn, Hoyer, Hecht, 

Müller, Andel, Verkleij, et al. 2000; Marcilla, Elorza, Mormeneo, Rico, & 

Sentandreu, 1991].  

Mannoproteins are composed of variable numbers of β-1,2-mannans 

linked to Cell Wall Proteins (CWPs) through a phosphodiester bond 
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[Ruiz‐Herrera et al. 2006]. These molecules are present in higher concentrations 

in hyphal cells compared to yeast cells and are thought to actively participate in 

the virulence of the pathogen [Masuoka & Hazen 1997; Ruiz‐Herrera et al. 2006]. 

They mainly contribute in rendering the cell wall more hydrophobic and 

hydrophobicity has been linked to the length and number of β-1,2-mannans on 

one hand and correlated with proper adhesion and invasiveness profiles on the 

other [Masuoka & Hazen 1997; Ruiz‐Herrera et al. 2006]. CWPs are involved in a 

wide variety of functions from enzymatic, such as Phr1p and Phr2p that are β-1,3-

glucanosyl transferases [Castillo, Calvo, Martínez, Ruiz‐Herrera, Valentín, Lopez, 

et al. 2008] to Cht1p, which is a major chitinase. Furthermore, CWPs comprise 

internal cell structures and adhesins such as Als1p and Als3p [Castillo et al. 2008] 

as well as pathogenicity-determining complexes combating the immune system 

and oxidative stress such as Sod5, and at last morphogenesis, where Cls4p has 

been identified to be crucial in inducing filamentation [Alberti-Segui, Morales, 

Xing, Kessler et al. 2004] . 

β-1,3 and β-1,6-glucans are the only glucans found in C. albicans cell walls and 

are common to most fungal organisms [Ruiz‐Herrera et al 2006]. β-1,6-Glucans 

are water soluble branched polymers, whereas β-1,3-Glucans are alkali-sensitive 

forming helical polymers found normally in triple helix conformations [De Groot, 

de Boer, Cunningham, Dekker, de Jong, Hellingwerf, et al. 2004; Ruiz‐Herrera et 

al 2006]. Linkage to either of the two glucans differentiates the two types of 
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CWPs in C. albicans. The first type, GPI-anchored CWPs, are linked to the β-1,3-

Glucan network through intermediary water soluble β-1,6-Glucan branches as 

discussed earlier, whereas the second type, proteins with internal repeats (PIR), 

are directly bound to the β-1,3-glucan network via an alkali-sensitive bond as 

mentioned previously [De Groot et al. 2004; Castillo et al. 2008; Kapteyn, 

Montijin, Vink, De La Cruz, Llobell, Douwes, et al. 1996; Kapteyn, Hoyer, 

Hecht, Müller, Andel, Verkleij, et al. 2000]. 

 

 

 

 

 

 

 

Figure 3. Classes of covalently linked cell wall mannoproteins. GPI-dependent 

CWPs are linked with their C termini to a carbohydrate remnant of the GPI 

structure through a phosphodiester bond; Pir-CWPs are CWPs with internal 

repeats. Pir-CWPs are directly linked to β-1,3-glucan through an alkali-sensitive 

linkage of unknown nature. [Modified from de Groot et al., Eukaryotic cell , Aug 

2004 p 955-965] 
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Chitin, finally, is known to be one of the most insoluble natural compound 

and shown to have differential linkages with β-1,3-glucans rather than β-1,6-

polymers. Chitin forms a crystalline structure at the innermost layers of cell wall 

and is necessary for rigidity and permeability of the wall in addition to sustaining 

the morphological changes that derive from Candida’s dimorphism [Chaffin, 

Lopez-Ribot, Casanova, Gozalbo, & Martinez, 1998; Eckert et al. 2007; Santos, 

Marquina, Leal, & Peinado, 2000]. A schematic diagram showing the complex 

cell wall structure is shown in Figure 4. 

 

 

 

 

Figure 4. Structure and schematic representation of the architecture of 

Candida albicans cell wall. (a) Electron micrograph of a median cell section. The 

electron transparent inner layer of the wall (thin black and white arrow) is made 

mainly of polysaccharides (β-glucans and chitin) and small amounts of 

proteins. The electron-dense outer layer (thick black arrow) is built mostly of 

different types of mannoproteins. (b) Scheme of the cell wall. β-1,3/1,6- 

Glucan chains are linked by covalent bonds to chitin microfibrils and, together 

with some proteins, give rise to a basic composite (A). The outer surface 

of this composite (B) is enriched in different types of proteins which are anchored 

by either noncovalent bonds or by an assortment of covalent linkages. [modified 

from Ruiz‐Herrera et al. 2006] 
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The increase in relative abundance of β-1,3 to β-1,6-Glucans added to a 

threefold increase in chitin content in hyphal cells [Ruiz‐Herrera et al. 2006] and 

major variations in proteome composition in between the morphologies [Klis, de 

Groot, & Hellingwerf, 2001; Sohn et al. 2006], have allowed identification of 

differential upregulation of cell wall proteins such as Als3p for example as shown 

in Figure 5.  

 

 

 

 

 

 

 

Figure 5.  Differential analysis of cell wall peptides derived by the protease 

approach using 2D-PAGE. Wild type cells of C. albicans 

were cultured in YPD at 30 °C or a-MEM at 37 °C to induce yeast or hyphal 

growth, respectively. Cell wall peptides were released by the 

protease digestion approach from isolated cell walls of both cultures and 

subsequently were analyzed by 2D-PAGE. Peptide pattern isolated 

from yeast cells (A) or hyphal cells grown in a-MEM at 37 °C (B). Black arrows 

indicate spots exclusively present in fractions derived from 

hyphal walls including Als3p, open triangles represent spots that are present under 

yeast as well as under hyphal inducing conditions like 

Crh1p and Cht2p). Bars represent 5 μm. [Modified from Sohn et al., 2006.] 
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Both CWP families are controlled at the post-translational level and each 

of them is characterized by specific, post-translational modifications varying in 

number and type. All GPI anchored CWPs share a similar structure and post-

translational modification profile that can be summarized as follows. All GPI-

anchored CWPs share a central serine/threonine rich region containing O-

glycosylation sites, a short hydrophobic domain and a ω-consensus site [Sohn et 

al. 2006]. The hydrophobic stretch is cleaved further in the endoplasmic reticulum 

and replaced by a glycolipid via the action of GPI-transamidase enzyme adding a 

GPI-anchor site to the protein, which will serve as attachment point to cell wall 

glucans [De Groot et al. 2003, Strahl-Bolsinger, Gentzsch, & Tanner, 1999]. 

Figure 6 schematically summarizes these above-mentioned modifications. 

Figure 6. Structural composition of Hwp2p representing a typical GPI-

anchored cell wall protein. The precursor protein contains a signal sequence at the 

N-terminus required to direct the protein to the secretory pathway. Adjacent to the 

signal sequence there is a putative ligand-binding and furthermore a serine-/ 

threonine-rich domain. At the C-terminus there is hydrophobic segment comprising 

a w-consensus site for the attachment of a GPI-anchor [Modified from Sohn et al, 

2006]. 
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On the other hand, PIR proteins exhibit only one potential N-glycosylation 

site added to a serine/threonine O-glycosylation sites and do not display GPI 

anchors, but are rather directly linked to β-1,3-glucans through covalent bonds 

[De Groot et al. 2004].  

The presence of the cell wall in C. albicans and its subsequent absence 

from its human host cells have made this structure a major target for drug 

development and therapy leading to more in-depth explorations and research 

oriented towards unraveling the complexity of this structural component. 

Recent advances in the mass spectrometry field have lead to the 

establishment of a high throughput, cost efficient approach to analyze dynamic 

proteomes such as the C. albicans cell wall proteome. Briefly, a mass 

spectrometer consists of at least an ion source, a mass analyzer and a detector 

[Pitarch, Sánchez, Nombela, & Gil, 2003]. 

Two strategies for protein identification using mass spectrometry have 

been implemented. On one hand, peptide mapping or peptide mass fingerprinting 

(PMF) and on the other, peptide fragmentation or partial sequencing through post-

source decay (PSD) or collision induced dissociation (CID). Several publications 

reported the use of both approaches to analyze the C. albicans proteome 

[Masuoka, Glee, & Hazen, 1998; Pardo et al. 2000; Singleton, Masuoka, & 

Hazen, 2001; De Backer, et al. 2000]. Usually, proteins are first identified through 
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PMF and when assertive identification fails, CID sequencing is carried to attempt 

and sequence peptides of interest [Pitarch et al. 2003].  

The peptide mass fingerprint of a protein is the list of peptide masses 

generated by site-specific enzymatic digestion of the isolated protein. In MALDI-

TOF MS, peptides resulting from in-situ digestion, usually with trypsin, are 

ionized by laser hits, accelerated by an electrical field and differentiated according 

to their respective mass to charge ratios calculated based on their time of flight 

from source to detector. Several computer algorithms such as MASCOT [Perkins, 

Pappin, Creasy, & Cottrell, 1999] and MS-FIT [Clauser, Baker, & Burlingame, 

1999] are available and allow a comparison of experimental m/z values with 

ratios calculated theoretically from proteomic or genomic databases [Pitarch et al. 

2003]. Increasing sample complexity and chemical modification such as post-

translational modifications as well as possible shielding of protease-specific 

digestion sites by hydrophilic O-glycosyl side chains such as in C. albicans 

mannoproteins for example, altogether render PMF more prone to failure in 

conclusively identifying a significant number of proteins [Pitarch et al. 2003, 

Roepstorff 1997]. 

Such approaches have lead to the identification of 14 cell wall proteins in 

C. albicans such as Cht2p, Crh11p, pga4p and pir1 by De Groot et al. (2004). 

Previous research done by the same lab had reported identification of no less than 

104 GPI-anchored proteins through in-silico analysis of data available on genomic 
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or protein databases [De Groot et al. 2003, 2004]. Although De Groot et al. 

assume that the previously mentioned 14 successfully identified proteins 

constitute all of the proteins expressed on the cell wall under defined conditions 

referring to the previously discussed differential expression profiles; they fail to 

prove such a claim. Potentially, chemical post-translational modification or any of 

the previously mentioned limitation account for the limited number of identified 

proteins. 

Having noted the importance of cell wall proteins in terms of host-

pathogen interaction and potential drug development, our lab has previously 

characterized three different cell wall proteins, Pga1, Pir32 and Hwp2, by creating 

homozygous null strains for each of the above mentioned genes [Hashash et al. 

2010; Younes et al 2011, Bahnan, MS. Thesis, 2009]. 

1.3 –Pga1 protein and pga1/pga1 null strain 

 Pga1 is a 133 amino acids (aa) long protein, part of the PGA (Putative 

GPI-Anchored) family that encompasses around 65 members. It is known to be 

upregulated as part of the cell wall reconstruction process. While the majority of 

PGA proteins remain uncharacterized, some are associated with well-established 

and characterized Open Reading Frames (ORFs). Pga2 and Pga3, commonly 

known under the names Sod4 and Sod5, both code for the enzyme superoxide 

dismutase [Richard & Plaine, 2007; http://candidagenome.org/]. 

http://candidagenome.org/
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 All PGA family members share at least two distinctive features, the first 

being an N-terminal signal peptide and the second, the above mentioned C-

terminal glycosylphosphatidylinositol (GPI) anchor site [Martchenko, Alarco, 

Harcus, & Whiteway, 2004]. GPI anchored proteins do not necessarily share 

identity outside these regions.   

 GPI-anchored proteins constitute a major part of cell wall proteins in       

C. albicans with functions ranging from proteases to lipases to adhesins. In most 

cases these proteins are covalently bound to the cell wall, specifically to the         

β-1,6-glucans but in some instances could remain bound to the plasma membrane 

as discussed earlier [De Groot et al. 2003]. 

 The characterization of Pga1 was achieved by generating a pga1/pga1 null 

strain using URA3 and HIS1 marker cassettes, starting with an RM 1000 Ura- 

/His- wild type strain, leading to a pga1:URA3/pga1:HIS1 strain, where both 

copies of the gene were knocked out [Negredo, Monteoliva, Gil, Pla, & Nombela, 

1997]. The created strain is viable under both non filamentous and filamentous 

conditions and displayed alterations with respect to the parental strain [Hashash et 

al. 2010]. These modifications can be summarized by a decrease in oxidative 

stress tolerance and resistance added to an increase in sensitivity and 

susceptibility to both calcofluor white and Congo red, both cell wall disrupting 

chemicals in the mutant [Hashash et al. 2010].  
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1.4- Pir32 protein and pir32/pir32 null strain 

 Pir32 is a 424 aa long protein and is part of the second major family of cell 

wall proteins along with the previously mentioned GPI-anchored cell wall 

proteins. These proteins, PIR, found across fungi, exhibit high sequence 

similarities ranging from a conserved N-terminal sequence domain to highly 

conserved stretches of cysteine residues along with, as the name suggests, specific 

internal tandem repeats [Kapteyn et al. 2000; Troncchin et al, 1981]. In contrast to 

the GPI-anchored proteins, PIR proteins are covalently bound to the inner layer of 

β-1,3-glucans. Only two different PIR proteins are found in C. albicans namely 

Pir1 and Pir32 [Mazan et al. 2004]. 

The Pir1 protein, shown to be involved in rigidity, has already been 

characterized. The respective knock out of the Pir1 gene resulted in a mutant 

phenotype displaying significant modifications compared to the wild type 

phenotype mainly expressed as an increase in susceptibility to calcofluor white, 

SDS and Congo red and a decrease in growth rates [Martinez et al. 2004]. 

In an attempt to characterize Pir32, a pir32/pir32 null strain was created 

using the same marker cassettes to perform the knock out as described earlier 

[Negredo et al. 1997; Bahnan, MS Thesis, 2009]. The created knock-out strain, 

pir32:URA3/HIS1:pir32 was viable under both filamentous and non filamentous 

conditions and various characterization assays revealed interesting variations with 



15 

 

respect to the wild type phenotype. These differences were reflected as an 

increase in resistance to oxidative stress and SDS, and more importantly an 

increase in filamentation and virulence in a murine model of systemic infection. 

No discrepancies in levels of susceptibility to specific cell wall disrupting agents 

such as calcofluor white and Congo red was found [Bahnan, MS. Thesis, 2009]. 

1.5- Hwp2 protein and hwp2/hwp2 null strain 

 Hyphal Wall Protein 2 (Hwp2) is a large protein composed of 908 aa, 

which is only expressed under filamentous conditions [Sohn et al. 2003]. Hwp2 is 

part of the GPI-anchored cell wall proteins discussed previously and thus share 

both the C-terminal GPI anchor site and the N-terminal signal peptide. 

 Previous work done in our lab found that Hwp2 has repeat sequences that 

share high similarity with many other cell wall proteins such as Hwp1 and Rbt1, 

involved in adhesion and virulence [Braun et al. 2000; Nobile et al. 2006]. Such 

sequences were found to be involved in aggregation and amyloid formation, a 

precursor to adhesion. Characterization of this protein was done as previously 

mentioned generating a hwp2:URA3/hwp2:HIS1 null strain [Younes et al. 2010]. 

The mutant strain was assessed for stress tolerance, antifungal drug 

susceptibilities, and sensitivity to cell wall disrupting agents.  Results showed a 

severe decrease in filamentation on solid agar together with a slight decrease in 

virulence tested in a murine model of systemic infection. The mutant strain was 
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also found to be hypersensitive towards hydrogen peroxide and displayed 

significantly decreased levels of adhesion to human epithelial cells and decreased 

biofilm formation thus confirming the role of Hwp2 as an adhesin [Hayek et al. 

2009; Younes et al. 2010]. 

1.6- Rationale of study: strategies and applications 

 The generated mutant strains have shown differential phenotypes as 

discussed earlier. The differences in responses to cell wall disrupting agents 

between the mutants can be associated with differences in cell wall integrity and 

rigidity, mainly the structure and organization of its polysaccharide layers. As 

such, differential up or down regulation of chitin, previously shown to be 

involved in rigidity, can explain some of these phenotypes.  

On the other hand, the diversity of response to oxidative stress, virulence, 

adhesion and biofilm formation might suggest a differential activation of genes 

and proteins involved in the processes. This can be manifested as an increase or 

decrease in total cell wall protein content in addition to differential cell wall 

protein expression patterns. 

Thus our project involves assaying for total chitin content, total cell wall 

protein content in addition to determining mutation-specific cell wall proteomic 

profiles by mass spectrometric analysis using MALDI-TOF of total cell wall 
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protein under both non filamentous and filamentous growth conditions of all three 

mutants and the parental wild type strain.  
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CHAPTER TWO 

MATERIALS AND METHODS 

2.1-Strains, culture and conditions 

Mutant and wild type strains were constructed and supplied previously in 

our lab [Hashash et al. 2010; Hayek et al. 2009]. For non filamentous conditions, 

all strains were cultured without selection on rich potato dextrose agar (PDA) 

medium (Himedia Laboratories, Mumbai, India) and incubated at 30 °C 

overnight. Colonies were then selected and grown in potato dextrose broth (PDB) 

incubated at 30 °C overnight. Cells were then harvested by centrifugation and 

washed with cold, distilled water, then resuspended in 50 mM Tris buffer. 

For filamentous conditions, all strains were cultured without selection on 

rich PDA and incubated at 37 °C overnight. Colonies were then selected and 

grown in PDB with 20% Fetal Bovine Serum (FBS; BioWhittaker, Walkersville, 

MD, USA) and incubated at 37 °C overnight. Cells were harvested by 

centrifugation, washed with cold distilled water and then resuspended in 50 mM 

Tris buffer. 

2.2- Cell wall extraction and isolation 

 Cell wall extraction and isolation was done following a modified supplied 

protocol. [Clemens, J.H., Sorgo, A.G., Siliakus, A.R., Dekker, H.L., et al. 2011]. 

Cells were first spun at 4000 rpm for 5 min at 4 °C. Washing was done three 
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times with cold distilled water and pellet was resuspended in 5 mL 50 mM Tris, 

spun again and resuspended in 1 mL of the same buffer. Afterwards, 2 µL of 

protease inhibitor cocktail (SIGMA-ALDRICH, P8215) and glass beads of 0.5 

mm diameter were added to samples. Samples were then subjected to 30 rounds 

of vortexing consisting of 30 sec vortexing and 30 sec on ice. Cell breakage was 

monitored under a microscope and the detection of an orange color indicated 

reaction between the acidic cytosol and protease inhibitor. Tubes were then placed 

on ice for 5 min and supernatant transferred to a new tube. Beads were washed 

three times with 1 M NaCl and supernatant was also collected in the new tube. 

 Cell lysate was then centrifuged for 5 min at 3000 rpm at 4 °C and 

supernatant was carefully discarded. Pellet was washed until supernatant became 

clear with 1 M NaCl and cold distilled water. Samples were resuspended in a 

small volume of distilled water and transferred to pre-weighed 12 mL tubes. 

Tubes were then centrifuged for 5 min at 3000 rpm and supernatant discarded and 

pellet weighed. 

 SDS extraction buffer (50 mM Tris, 2% SDS, 100 mM Na-EDTA, 150 

mM NaCl, pH= 7.8, 8 µL/1 mL β-ME) was added to samples as 0.5 mL of buffer 

per 100 mg wet weight and resuspended completely. Tubes were then boiled for 

10 min and left to cool to room temperature. Then tubes were spun at 3000 rpm 

for 5 min and supernatant discarded. SDS extraction buffer was added again to the 

samples which were then subjected to 4 cycles of boiling for 10 min,  cooling to 
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room temperature and then spun for 5 min at 3000 rpm and supernatant was 

discarded. Pellets were washed extensively with distilled water until foam 

disappeared and complete removal of SDS. Pellets were then snap-frozen in liquid 

nitrogen and stored at -20 °C until further analysis. 

2.3-Total cell wall proteins quantification 

 Total cell wall protein determination was done following a standard BCA 

Assay following manufacturer’s protocol [SIGMA- ALDRICH, BCA1-1KT]. 

At first, 50 mg of wet weight cells were transferred from frozen pellets to 

a 1.5 mL eppendorf tube and resuspended in 100 µL of 1 M NaOH, boiled for 10 

min in a heating block, cooled down to room temperature and 100 µL of 1 M HCl 

was added. Samples were spun at 13,000 rpm for 5 min and supernatant was 

transferred to a new tube. Pellet was conserved for chitin assay. 

A further 10 µL of the supernatant was then added to 1 mL BCA mix 

[SIGMA- ALDRICH, BCA1-1KT], (A: B=50:1) and incubated for 30 min at 37 

°C. Absorbance was measured at 563 nm and calibration was done with a BSA 

standard curve ranging from 0-1000 µg/mL protein concentrations. Measurements 

were done in triplicates and standard error calculated. 
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2.4- Total chitin content quantification 

 Total chitin content determination was done following a modified protocol 

described previously (Munro et al. 2003; Kapteyn et al. 2000). Briefly, 50 mg of 

wet weight cell wall pellets were hydrolyzed in 1 mL of 6 M HCl and samples 

were incubated at 100 °C for 17 hours in a heating block. Samples were then 

centrifuged at 13,000 rpm for 12 min and supernatant discarded. After 

centrifugation, pellets were reconstituted in 1 mL distilled water and 0.1 mL of 

the sample were added to 0.1 mL of solution A (1.5 N Na2CO3 in 4% 

acetylacetone) and incubated at 100 °C for 20 min. Samples were then cooled to 

room temperature and 0.7 mL of 96% EtOH was added. To the mix, 0.1 mL of 

solution B (1.6 g of p-dimethylaminobenzaldehyde in 30 mL of concentrated HCl 

and 30 mL of 96% EtOH) and incubated for 1 hour at room temperature. 

Absorbance of samples was measured spectrophotometrically at 520 nm and 

values compared to a standard curve of 0-100 µg glucosamine taken through the 

same reactions. Measurements were done in triplicates and standard error 

calculated [Younes et al. 2010]. 

2.5- Reduction/alkylation and tryptic digestion of proteins  

 To start with, 50 mg wet weight of previously isolated cell walls were 

transferred into a 1.5 mL eppendorf tube. A total volume of 101 µL of reducing 

solution of (10 mM DTT, 100 mM NH4HCO3) was added and samples were 
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incubated at 55 °C for one hour. Samples were allowed to cool at room 

temperature and then spun down and supernatant was discarded. A total of 107 

µL of an alkylating solution of 65 mM IAA, 100 mM NH4HCO3 was added and 

incubated at dark for 45 min. Samples were spun down again and the supernatant 

removed and 106 µL of a quenching solution, 55 mM DTT, 100 mM NH4HCO3, 

was added and incubated for 5 min at room temperature. Then, samples were spun 

down and five washing cycles were performed with 50 mM NH4HCO3 to remove 

DTT and IAA. Cell wall pellet was then resuspended in 160 µL of 50 mM 

NH4HCO3 and 2 µg of trypsin (2 µL of a 1 µg/µL stock) were added and the mix 

incubated at 37 °C for 16 hours while shaking. Afterwards, samples were 

vortexed and centrifuged and the supernatant stored at -20 °C for mass 

spectrometric analysis. 

2.6- Mass Spectrometric analyses via MALDI-TOF 

 For mass spectrometric analysis samples were first desalted using Omix 

ZipTip C18 10 µL column activated with 50% acetonitrile (ACN) solution, 

equilibrated with 0.1 % TFA solution and eluted with a 0.1%  TFA, 50 % ACN 

following manufacturer protocol. A 4700 Applied Biosystems Matrix Assisted 

Laser Desorption Ionization-Time of Flight instrument was used and calibrated 

with 4700CAL mix. 0.6 µL of samples, diluted 1:1 with matrix, were spotted on a 

384 well MALDI-TOF plate using 5 mg/mL CHCA matrix following the dried 

droplet spotting technique [Moskovets, Chen, Pashkova, Rejtar, Andreev, & 
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Karger, 2003]. Internal calibration was done with CAL/sample overlayer spots 

and error was calculated and averaged at 11 ppm. Data acquisition and processing 

were done under reflector mode with a laser intensity of 6670 Hz and 400 hits per 

sample. A S/N ratio of 30 was set as threshold and spectra were processed by 

noise filtering and background noise removal and peaks were deisotoped. 

Samples were run in 10 replicas each on a plate and triplicate plates were ran and 

respective peak lists were sorted for all 30 samples. Respective examples of 

spectra are shown in Appendices. 

 A software developed by Computer engineer Mazen Naamani allowed 

generation of a cumulative peak list resulting from N=30 replicate spots with the 

% of occurrence of each peak considering a 0.001% (11 ppm) error range. These 

lists were then processed via a second program developed by Computer engineer 

Imad Koussa. All matrix peaks were excluded from all sample peak lists. 

 The same program was used again with the wild type peak list as a 

reference to exclude all WT related peaks from the sample peak lists. Resulting 

sample peak lists of which both matrix and WT peaks were excluded were then 

processed using a third program written by Computer engineer Imad Koussa. This 

program allowed selection for peaks only found in either the mutant only or WT 

only with an occurrence greater or equal to 50% averaging all filtered entries 

falling within the 0.001% error range. Resulting peak lists show mutant-only 
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peaks and WT-only peaks after a 1-to-1 comparison of each mutant with the WT 

under filamentous and non filamentous growth conditions as described earlier. 

2.7- Statistical analysis 

 Data from both total cell wall proteins and chitin content assays were 

collected and entered into a Microsoft Excel 2007 sheet. T-student statistical test 

(TTEST) was carried and p-values less than 5% were considered significant. All 

experiments were performed in triplicates.  
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CHAPTER THREE 

RESULTS 

3.1-Total cell wall protein content 

 3.1.1- Under non filamentous conditions 

       Total cell wall protein content under non filamentous conditions 

 

 

 

 

 

Figure 7. Graph showing total cell wall protein content in the three mutants with 

reference to the WT (wild type) strain. Bars displayed represent ±SEM and strains 

were grown under non filamentous conditions in PDB at 30 °C. Measurements 

were done in triplicates. 

Total cell wall protein assay for all strains under non filamentous 

conditions showed no dramatic alterations of the total cell wall proteome with 

respect to the WT. All mutants showed a slight, non-statistically significant 
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decrease ranging from 14-16% compared to the wild type strain, Figure 7. 

 3.1.2- Under filamentous conditions 

         Total cell wall protein content under filamentous conditions  

 

 

 

 

  

Figure 8. Graph showing total cell wall protein content in the three mutants with 

reference to the WT (wild type) strain. Bars displayed represent ±SEM and strains 

were grown under filamentous conditions with 20% FBS in PDB at 30 °C. 

Measurements were done in triplicates and statistically significant data with p< 

0.05 are annotated with a star. 

Total cell wall protein content under filamentous conditions was assayed 

and results are displayed, Figure 8. The pga1/pga1 null strain showed a 45% 

decrease in total protein compared to WT, whereas the pir32/pir32 null strain 

showed a 50% increase in total protein content with respect to the WT and the 

hwp2/hwp2 null strain showed an 18% decrease in total protein with reference to 

WT strain. 
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 3.2- Total chitin content 

3.2.1- Under non filamentous conditions 

                              Total chitin content under non filamentous conditions  

 

 

 

 

 

Figure 9. Graph showing total chitin content in the three mutants with reference 

to the WT (wild type) strain. WT chitin content was 50 μg. Bars displayed 

represent ±SEM and strains were grown under non filamentous conditions in PDB 

at 30 °C. Measurements were done in triplicates and statistically significant data 

with p < 0.05 are annotated with a star.  

Chitin assay performed on non-filamentous strains revealed a 37.3% 

decrease in total chitin content in the pga1/pga1 null strain with respect to the WT 

strain, together with a 150 % increase in total chitin content in the pir32/pir32 

mutant null strain, and a decrease of 14% in total chitin content for the 

hwp2/hwp2 mutant strain compared to the WT strain. 
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 3.2.2- Under filamentous conditions 

Total chitin content under filamentous conditions  

 

 

 

 

 

Figure 10. Graph showing total chitin content in the three mutants with reference 

to the WT (wild type) strain.  WT chitin content was 150 μg. Bars displayed 

represent ±SEM and strains were grown under filamentous conditions with 20 % 

FBS in PDB at 30 °C. Measurements were done in triplicates. No statistical 

significance was observed. 

Under filamentous conditions, the chitin assay showed no major 

modifications to the total chitin content in the mutants with respect to the WT yet 

it exhibited the same general profile as the non-filamentous strains. i.e. 

pir32/pir32 displayed a slight increase of 14%, pga1/pga1 showed a minor 

decrease of around 8% and hwp2/hwp2 showed only a 2% decrease in total chitin. 
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3.3- MALDI-TOF Mass spectrometric analysis of cell wall proteomes 

 3.3.1- pga1/pga1 null strain analysis 

Table 1: pga1/pga1 cell wall proteome analysis under non filamentous 

conditions. Unique peaks identified after data analysis of pga1/pga1 vs. WT 

MALDI-TOF spectra of respective samples grown under non filamentous 

conditions. Matrix related peaks are not shown. Error was calculated and set as 

0.001% with N=30. 

 The pga1/pga1 null strain grown under non filamentous conditions 

exhibited around 67% of shared peaks with the wild type strain, 25% of the peaks 

were only found in null strain whereas only 8% were unique to the wild type. 
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Table 2: pga1/pga1 cell wall proteome analysis under filamentous conditions. 

Unique peaks identified after data analysis of pga1/pga1 vs. WT MALDI-TOF 

spectra of respective samples grown under filamentous conditions. Matrix related 

peaks are not shown. Error was calculated and set as 0.001% with N=30. 

  

 

 

 

 

 

 

 

 

  

Under filamentous conditions,  the pga1/pga1 null strains has shown around 34% 

of the peaks shared with the Wild type, 4% were only found in the mutant 

whereas an unexpected  62% were only found in the WT strain. 
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3.3.2- pir32/pir32 null strain analysis 

Table 3:pir32/pir32 cell wall proteome analysis under non filamentous 

conditions. Table of unique peaks identified after data analysis of pir32/pir32 vs. 

WT MALDI-TOF spectra of respective samples grown under non filamentous 

conditions. Matrix related peaks are not shown. Error was calculated and set as 

0.001% with N=30. 

 

 

 

 Pir32/pir32 null strain grown under non filamentous conditions has shown 

around 63% of shared peaks with the wild type strain, 12% of the peaks were only 

found in the null strain whereas only 25% were unique to the wild type. 
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Table 4: pir32/pir32 cell wall proteome analysis under filamentous condition. 

Table of unique peaks identified after data analysis of pir32/pir32 vs. WT 

MALDI-TOF spectra of respective samples grown under filamentous conditions. 

Matrix related peaks are not shown. Error was calculated and set as 0.001% with 

N=30. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Under filamentous conditions,  the pir32/pir32 null strains has shown 

around 16% of the peaks shared with the wild type, 4% were only found in the 

mutant whereas 80% of all peaks were only found in WT strain. 
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3.3.3- hwp2/hwp2 null strain analysis 

Table 5. hwp2/hwp2 cell wall proteome analysis under non filamentous 

conditions. Table of unique peaks identified after data analysis of hwp2/hwp2 vs. 

WT MALDI-TOF spectra of respective samples grown under non filamentous 

conditions. Matrix related peaks are not shown. Error was calculated and set as 

0.001% with N=30. 

 

 

 

 

 

 

 

 

 

 

 

 

  The hwp2/hwp2 null strain grown under non filamentous conditions 

exhibited around 19% of shared peaks with the wild type strain, 16% of the peaks 

were only found in null strain whereas 65% were unique to the wild type. 
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Table 6. hwp2/hwp2 cell wall proteome analysis under filamentous 

conditions.Summary table of unique peaks identified after data analysis of 

hwp2/hwp2 vs. WT MALDI-TOF spectra of respective samples grown under 

filamentous conditions. Matrix related peaks are not shown. Error was calculated 

and set as 0.001% with N=30. 

 

 

   

 

  

  

 

 

 

 

 Under filamentous conditions, the hwp2/hwp2 null strains has shown 

around 28% of the peaks shared with the wild type, 6% were only found in the 

mutant whereas 66% of all peaks were only found in the WT strain. 
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3.3.4- Comparative analysis of mutant-only peaks for all strains under               

non filamentous conditions 

Table 7.  Comparative analysis of mutant-only peaks for all strains under 

non-filamentous conditions. Non colored peaks are unique mutation-specific 

peaks. 

As Table 7 shows, under non filamentous conditions, the three mutants share 3 

different peaks that are found in all mutants yet not in the wild type. In addition, 3 

peaks are found to be missing from the hwp2/hwp2 null strain only compared to 2 

peaks missing from the pir32/pir32 mutant and only a single peak was found to be 

missing from the pga1/pga1 mutant strain only. 
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 Under filamentous conditions, comparative analysis has shown no 

common peaks and all mutant-only peaks reported in tables 2, 4, and 6 are unique 

to each mutant respectively. 
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CHAPTER FOUR 

DISCUSSION 

4.1 Review of aims and objectives 

 The cell wall of C. albicans is the first contact interface between the 

pathogen and its host. In order to succeed as a pathogen, C. albicans exhibits a 

dynamic, elastic cell wall structure and organization. The elasticity allows 

adaptation of the pathogen to diverging conditions and parameters namely and 

primarily, switching from oval yeast cells under non filamentous conditions to 

hypha under filamentous conditions. This process, as discussed previously, 

involves all three main components of the cell wall: CWPs, chitin and the β- 

Glucan network. 

 Several studies have reported morphology-dependant expression profiles 

of CWPs [Klis, Groot, & Hellingwerf, 2001; Sohn et al. 2003], as well as a 3-4 

fold upregulation of chitin when switching from yeast to hyphal cells. β-Glucans 

were reported to vary slightly in terms of quantity between both morphologies yet 

the β-1,3 to β-1,6-glucan ratio was recorded to be reversed in germ tubes when 

compared to both non filamentous and filamentous cells [Ruiz-Herrera et al. 

2006]. These findings suggest an important contribution of β-Glucans in C. 

albicans cell wall plasticity. Moreover, differential linkages of CWPs to the 
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glucan network assert for the contribution of these polysaccharides and require a 

more in-depth analysis of CWPs. 

 Although many CWPs were recorded only in one of the two morphologies 

as mentioned earlier, several manuscripts in the literature present a strong 

evidence of no or very slight variation of total cell wall protein content between 

the two morphologies [Choi, Yoo, Kim, Shin, Jeon, & Choi 2003; Hernandez, 

Nombela, Diez‐Orejas, & Gil, 2004].  

 We have attempted to analyze cell wall modifications in three cell wall 

mutant strains previously generated in our lab. Chitin content and total CWP 

content were measured under both non filamentous and filamentous conditions. 

Mass spectrometric analyses of isolated CWPs from both cell morphologies was 

done in an attempt to study mutation-specific, morphology-dependant, protein 

expression profiles through PMF of cell wall tryptic digests analyzed using 

MALDI-TOF MS. 

4.2 Cell wall modifications in the pga1/pga1 null strain 

 The Pga1 protein has been previously characterized in our lab and is 

known to be involved in the cell wall reconstruction processes [Hashash et al. 

2010]. We have performed biochemical assays to determine both total chitin and 

total cell wall protein content under both non filamentous and filamentous growth 

conditions in the mutant strain. Our results have shown a major and statistically 
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significant decrease in chitin content under non filamentous conditions (p=0.009). 

On the other hand, total chitin content under filamentous conditions showed no 

statistical significance with a p-value of 0.27 (Figures 9 and 10). Such findings 

suggest a down-regulation of chitin in the mutant strain under non filamentous 

conditions. Previous characterization of Pga1 under non filamentous conditions 

recorded increased susceptibility to cell wall disrupting agents namely calcofluor 

white and Congo red as mentioned earlier. Plaine et al. (2008) previously 

established a correlation between a decrease in chitin content and the decreased 

resistance to cell wall disrupting agents in several C. albicans cell wall mutants. 

Calcofluor white interferes in the assembly of chitin microfilament network, and 

as such a decrease in chitin content observed correlated well with increased 

susceptibility to drugs that interfere with chitin assembly. The non-significance of 

modifications in total chitin content under filamentous conditions does not refute 

the above mentioned rather these findings might be explained by the 3-4 folds 

upregulation of chitin in filamentous C. albicans as previously discussed, where 

an upregulation of chitinases, more specifically Cht2, known to be upregulated 

only in filamentous cells [Choi et al. 2003], account for the compensation in terms 

of total chitin. In fact our lab did not test for susceptibility of the mutant to 

calcofluor white under filamentous conditions. 

 On the other hand, Congo red, on top of disrupting chitin assembly, also 

interferes with the β-1,3-glucans network. An increased sensitivity to Congo red 
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suggests, similarly to calcofluor white, a decrease in total chitin deposition; a 

suggestion enforced by our results previously discussed. Alternatively another 

possibility would be a decrease in β-glucan content or impairment in the linkage 

between glucans and CWPs, resulting in a decrease in total cell wall proteins. 

These proteins could be either loosely bound and easily washed off during hot- 

SDS extraction [Ebanks, Chisholm, McKinnon, Whiteway, & Pinto, 2006], or 

have failed to attach to the β-1,3-glucan network and thus fail to anchor to cell 

wall. As such under filamentous conditions, a major decrease in protein content 

was observed supporting this hypothesis. This decrease was found to be 

statistically significant with a p-value of 0.008, Figures 7 and 8, and goes along 

with the previous suggestions inferred from the increased sensitivity towards 

Congo red. The absence of significant alterations in CWP content under non 

filamentous conditions does not necessarily refute the above mentioned. Since 

chitin was shown to be downregulated in the pga1/pga1 null mutant under non 

filamentous conditions, cell wall integrity and stability is seriously hindered. 

Survival of the mutant cells thus depends on the compensation of such dramatic 

effects. To compensate decreasing cell wall integrity, the mutant might 

differentially upregulate CWPs involved in maintaining internal structures thus 

explaining the lack of a decrease in total cell wall content. 

 MALDI-TOF analysis of CWPs under both growth conditions revealed a 

33% decrease in common, mutant-WT, peaks on one hand , and a 54% increase in 
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WT-only peaks when comparing  non filamentous to filamentous conditions, 

Tables 1 and 2. The decrease in common peaks suggests either (i) a lower number 

of expressed CWPs, (ii) a lower number of CWP anchored to cell wall, or (iii) a 

pronounced upregulation of a specific protein masking peptide peaks of proteins 

existing at lower concentrations. The previously discussed profound decrease in 

CWP content under non-filamentous conditions favors the first two suggestions 

yet does not allow rejection of the remaining one. Bearing in mind the increased 

susceptibility to Congo red, the second hypothesis is more plausible. The shift of 

peaks, classified as common to both mutant and WT under non filamentous 

conditions to WT-only under filamentous conditions, favors suggestion (ii) and 

infers inappropriate anchoring of proteins to mutant cell wall leading to a 

decreased display of CWPs on cell wall reinforcing previous results of both 

biochemical assays. 

 Finally, having a priori selected for all peaks with at least 50% occurrence 

in 30 replicates and noting the very low error averaging at 11 ppm, we assume 

that the above discussed modifications reflect actual alterations and cannot be 

solely associated with experimental errors. 

4.3 Cell wall modifications in the pir32/pir32 null strain 

 Pir32 has also been previously characterized in our lab and previous 

experiments have shown no alteration of susceptibility to selective cell wall 
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disrupting agents such as calcofluor white and Congo red, yet the mutant 

exhibited increased resistance to oxidative stress and SDS and more importantly 

an increase in virulence in murine models of systemic infection [Bahnan, MS. 

Thesis, 2009]. 

 We have determined that the pir32/pir32 null mutant exhibited a major, 

statistically significant (p-value = 0.02), upregulation of chitin under non 

filamentous conditions whereas no significant modifications of total chitin under 

filamentous conditions were noted (p-value = 0.09), Figures 9 and 10. These 

results suggest an upregulation of chitin under non filamentous conditions which 

would potentially explain the lack of susceptibility to cell wall disrupting agents 

such as calcofluor white and Congo red that specifically interfere with chitin 

assembly. An upregulation of chitin would lead to thickening of the cell wall 

rendering the cell more resistant to stress. In fact, Plaine et al 2008 have shown 

that in some instances the cell compensates a deletion of cell wall proteins by 

upregulating chitin and restoring rigidity to the cell wall. This is what we 

observed in our study. Bahnan 2009, also found out that the mutant exhibited an 

over filamentous phenotype. Since filamentation is generally essential for 

virulence, over-filamentation which might translate into a higher ability to invade 

tissues and organs, together with the thickened, more rigid cell wall that might be 

more resistant to breakdown by the host immune system, and the increased 

resistance to oxidative stress, might explain by the observed increase in virulence. 
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On the other hand, the lack of chitin content modifications noted under 

filamentous conditions can be explained, by the fact that in any case under 

filamentous conditions C. albicans upregulates chitin deposition by 3-4 folds, and 

thus no further increase in the mutant is necessary.  

 Total protein content assays have shown statistically significant (p-value = 

0.01) increases in total CWP content under filamentous conditions whereas no 

significance (p-value= 0.14) is attributed to the slight increase recorded under non 

filamentous conditions, Figures 7 and 8. The significant increase in total CWPs 

under filamentous conditions might explain the increased resistance to SDS and 

oxidative stress noted earlier. Both resistance to oxidative stress and SDS mainly 

depend on functional enzymes such as Sod4 and Sod5 proteins [Richard & Plaine, 

2007]. An increase in any of the enzymes involved in, resistance to cell wall 

solubilizing agents, such as the above-mentioned SDS, or oxidative stress 

response, would explain the increased resistance recorded in our mutant strain. On 

the other hand, the lack of significant modifications affecting total CWP content 

under non filamentous conditions is potentially justified by the increase in chitin 

deposition noted previously. With increases in chitin content, cell wall thickening 

is expected. The resulting increase in rigidity would render the increase in cell 

wall proteins unnecessary-or even hindered. 

 Interestingly, MALDI-TOF analysis of CWPs under both, non filamentous 

and filamentous, conditions have shown a dramatic difference in CWP peptide 
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mass fingerprints. Under non filamentous conditions, most peaks were found to 

be common to both strains with only a handful of peaks specific to each. 

However, total protein content was shown to be dramatically increased in the 

mutant. One explanation could be that the mutant-only peaks represent proteins 

that are significantly up-regulated and that explain the above-mentioned 

phenotypes: namely a possible increase in Sod5 explaining the increased 

resistance to oxidative stress. 

On the other hand under filamentous conditions, most peaks are WT-only peaks 

with very few mutant-only peaks. Interestingly, even with less cell wall protein 

diversity detected in the mutant, the total cell wall protein content was not 

decreased, implying over expression of these mutant only peaks. This suggests a 

dramatic total cell wall proteome reprogramming in the mutants. As such it would 

be of great interest to identify the proteins represented by these mutant-only peaks 

in an effort to better characterize our mutant strain. Alternatively, however one 

should always keep in mind that the up-regulation of these mutant proteins might 

mask the detection of other peaks. 

4.4 Cell wall modifications in the hwp2/hwp2 null strain 

 Hwp2 has been previously characterized in our lab [Hayek et al. 2009; 

Younes et al. 2010], and was shown to share high similarities with other well 

known C. albicans adhesins such as Hwp1. It is also known to be differentially 
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expressed under filamentous conditions only [Younes et al. 2010]. The mutant 

strain also displayed major decreases in biofilm formation on polystyrene surfaces 

and dramatically reduced adhesion to human epithelial cells. No specific 

susceptibility or resistance profiles to any of the cell wall disrupting agents were 

recorded under both non filamentous and filamentous conditions [Hayek et al. 

2009; Younes et al. 2010]. Our results have shown no significant alterations in 

both total chitin and total CWP content under any of the two growth conditions 

with p-values for all data series >0.05, Figures 7, 8, 9 and 10. These results are 

not surprising bearing in mind the functional activity of Hwp2 as an adhesin. 

Most adhesins are GPI-anchored proteins and Hwp2 is no exception. GPI-

anchored Hwp2 is linked to β-1,6-glucans through a water soluble linkage. 

Contrarily to Pir32, which is directly linked to the β-1,3-glucan network and 

whose knock out is thought to strongly affect cell wall structure and organization 

affecting integrity and rigidity, a knock-out of an adhesin is not expected to affect 

call wall integrity since it is not involved in cell wall structure and organization. 

 Interestingly, MALDI-TOF MS analysis of CWPs from both non 

filamentous and filamentous hwp2/hwp2 mutant strain cells showed a distinctive 

feature differing from both pga1 and pir32 null strains, with the hwp2 null 

exhibiting almost identical percentages of WT-only peaks under both growth 

conditions. This initially goes along with expectations of very slight modification 

of protein expression. However, the low percentage of common, mutant-WT 



46 

 

peaks recorded under both conditions is quite unexpected. One plausible 

explanation of such a finding suggests an up-regulation of specific proteins 

masking and hindering detection of other peptides yet total CWP assays have 

shown no proof of such an up-regulation unless this adaptation is coupled with a 

respective down-regulation of other proteins leaving the total CWP content 

unmodified. Further research is needed to assess the plausibility of such an 

explanation.  

4.5 Database search and mutation specific proteomic profiles. 

 MALDI-TOF MS generated peak lists analyzed and summarized above 

were hereafter compared to two non-redundant databases namely Swiss Prot and 

NCBInr, using two commonly used algorithms; MASCOT and MS-FIT, in an 

attempt to identify proteins from total cell wall extracts. All searches came back 

with no significant hits even though adequate filters were used accounting for O-

glycosylation, N-glycosylation and M-oxidation. Failure to identify proteins 

through PMF is not unprecedented and several studies mentioned earlier [Klis, 

Groot, & Hellingwerf, 2001; Sohn et al. 2003], discuss potential reasons 

underlying this failure. Varying post-translational and chemical modifications 

shift experimental values from theoretical ones and thus PMF fails in identifying 

them by comparison to available databases. More importantly, inefficient tryptic 

digest due to, either low enzyme concentrations or shielding of enzyme-specific 

digestion sites by polysaccharide side chains, and the high complexity of our 
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sample including theoretically the totality of the cell wall proteome reflected by 

very high concentrations of proteins displayed by the high baselines in respective 

spectra (Appendix), not to mention potential cytosolic contaminations, all 

contribute to this failure. With adequate filters, the first limitation should be 

overcome, and the use of freshly prepared trypsin solution of high concentration 

accounts for any inefficient digestion. Yet, the complexity of our sample is the 

main limiting factor for analysis and this is usually overcome with precursor 

fractionation steps. These fractionation steps include specific extraction methods 

targeting a specific set of proteins using HF-pyridine, glucanases and chitinases as 

shown in Figure 3. These treatments generate fractions containing decreasing 

number of CWP isolated based on their preferential linkages to other cell wall 

components [Ebanks et al. 2006; Pitarch et al. 2002 ]. In addition to selective 

extraction methods, 2D-PAGE and LC are the two main fractionation methods 

used in most of the literature when studying cell wall proteome of C. albicans. 

Subsequent isolation from gel or Liquid Chromatography (LC) fractions of 

purified proteins and tryptic digestion preceding MS analysis is the usual 

workflow leading to proper identification of proteins through PMF. 

Unfortunately, we have neither the selective treatments nor the 2D-PAGE 

instrument not to mention the challenging analysis of a 2D-PAGE pattern.  

Thus our analysis at this stage leaves us with identification of unique 

peaks of interest through the comparative analysis of all mutation-specific 
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identified peaks shown in Table 7. Such approach allowed us to clearly identify 

under non filamentous conditions 12 unique peaks only found in the pga1 null 

strain, 4 unique pir32 null strain peaks and 8 peaks only showing in the hwp2 null 

mutant. The presence of 3 common peaks between all mutants has been recorded 

(yellow, Table7) suggesting a potential compensation mechanism triggered in all 

three mutants post knock out of the respective cell wall protein suggesting at least 

a partially common pathway leading to such a compensation. Under filamentous 

conditions the pga1 mutant displayed 7 unique peaks, pir32 mutant exhibited 6 

unique peaks and 11 unique peaks were noted in the hwp2 mutant. None of these 

peaks were shared by more than one mutant implying specific protein expression 

profiles unique to each mutant. 

At this stage, additional research needs to be done and peptide sequencing 

should be carried out as previously suggested when PMF fails to conclusively 

identify proteins. More specifically, MS-MS should be carried out first on 

identified, mutation-specific peaks, in an attempt to partially decipher mutation-

specific proteomic profiles and differential expression of CWPs and a 2D-PAGE 

would highly enhance potential outcomes of such a study and should be carried 

out whenever equipment is made available and technical help is provided. 

Furthermore it would also be interesting to compare differential protein regulation 

in each mutant by comparing the filamentous to the non-filamentous forms, 
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instead of only comparing the mutants to their respective wild type counterpart. 

This would allow a more exhaustive analysis of the CWPs. 
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CHAPTER FIVE 

CONCLUSION 

In conclusion, our pilot study has allowed a more in depth characterization 

of three cell wall mutants previously generated in our lab These mutants had 

previously displayed mutation-specific phenotypes in terms of either 

susceptibility to cell wall disrupting agents, oxidative stress or virulence. Our 

analyses has resulted in providing plausible explanations to the above mentioned 

differential susceptibilities to cell wall disrupting agents, and the respective 

decreases or increases in total chitin content assayed for, under both filamentous 

and non filamentous conditions, were found to be possible underlying causes of 

either increased or decreased susceptibilities. Total cell wall protein 

quantifications coupled to mass spectrometric analysis of extracted total cell wall 

proteins, have in turn provided additional potential proofs to previous findings 

keeping in mind the functions of CWPs, but more importantly, have lead to the 

identification of mutation-specific proteomic profiles suggesting mutation-

specific CWP differential regulation. These peptides are of high interest to us and 

all peptide mass fingerprinting attempts have failed in assertive identification of 

potential proteins. More experiments should be carried out and sequencing of 

these peptides by CID should be performed. Further steps leading to sample 

decomplexing such as a 2D-PAGE would also be of great benefit and might allow 

a better analysis of samples and thus should be performed whenever equipment is 

available.  
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APPENDICES 

6.1 Pga1/pga1 under non filamentous conditions. 

 

 

MALDI-TOF spectrum of pga1/pga1 mutant CWPs. Acquisition is done through 

reflector mode with 6670 Hz laser intensity. Partial spectrum is shown with m/z 

ratios ranging from 400 to 980. Labeled peaks correspond to mutation-specific 

peptides identified after software-assisted processing of peak lists generated by 30 

replicas of the mutant grown under non filamentous conditions.  
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MALDI-TOF spectrum of pga1/pga1 mutant CWPs. Acquisition is done through 

reflector mode with 6670 Hz laser intensity. Full spectrum is shown with m/z 

ratios ranging from 400 to 4000. Labeled peaks correspond to mutation-specific 

peptides identified after software-assisted processing of peak lists generated by 30 

replicas of the mutant grown under non filamentous conditions.  
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MALDI-TOF spectrum of pga1/pga1 mutant CWPs. Acquisition is done through 

reflector mode with 6670 Hz laser intensity. Partial spectrum is shown with m/z ratios 

ranging from 400 to 980. Labeled peaks correspond to mutation-specific peptides 

identified after software-assisted processing of peak lists generated by 30 replicas of the 

mutant grown under non filamentous conditions.  
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6.2 Pga1/pga1 under filamentous conditions. 

 

MALDI-TOF spectrum of pga1/pga1 mutant CWPs. Acquisition is done through 

reflector mode with 6670 Hz laser intensity. Partial spectrum is shown with m/z 

ratios ranging from 1760 to 2611. Labeled peaks correspond to mutation-specific 

peptides identified after software-assisted processing of peak lists generated by 30 

replicas of the mutant grown under filamentous conditions.  
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MALDI-TOF spectrum of pga1/pga1 mutant CWPs. Acquisition is done through 

reflector mode with 6670 Hz laser intensity. Partial spectrum is shown with m/z ratios 

ranging from 2250 to 2850. Labeled peaks correspond to mutation-specific peptides 

identified after software-assisted processing of peak lists generated by 30 replicas of the 

mutant grown under filamentous conditions.  
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6.3 Pir32/pir32 under non filamentous conditions 

 

 

 

 

 

 

 

 

 

 

 

 

 

MALDI-TOF spectrum of pir32/pir32 mutant CWPs. Acquisition is done through 

reflector mode with 6670 Hz laser intensity. Partial spectrum is shown with m/z 

ratios ranging from 650 to 670. Labeled peaks correspond to mutation-specific 

peptides identified after software-assisted processing of peak lists generated by 30 

replicas of the mutant grown under non filamentous conditions.  
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MALDI-TOF spectrum of pir32/pir32 mutant CWPs. Acquisition is done through 

reflector mode with 6670 Hz laser intensity. Partial spectrum is shown with m/z ratios 

ranging from 1725 to 1878. Labeled peaks correspond to mutation-specific peptides 

identified after software-assisted processing of peak lists generated by 30 replicas of the 

mutant grown under non filamentous conditions.  
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MALDI-TOF spectrum of pir32/pir32 mutant CWPs. Acquisition is done through 

reflector mode with 6670 Hz laser intensity. Partial spectrum is shown with m/z 

ratios ranging from 2135 to 2245. Spectrum is processed by baseline correction 

and noise removal and peaks were deisotoped. Labeled peaks correspond to 

mutation-specific peptides identified after software-assisted processing of peak 

lists generated by 30 replicas of the mutant grown under non filamentous 

conditions.  
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6.4 Pir32/pir32 under filamentous conditions 

 

 

MALDI-TOF spectrum of pir32/pir32 mutant CWPs. Acquisition is done through 

reflector mode with 6670 Hz laser intensity. Partial spectrum is shown with m/z ratios 

ranging from 950 to 1521. Labeled peaks correspond to mutation-specific peptides 

identified after software-assisted processing of peak lists generated by 30 replicas of the 

mutant grown under filamentous conditions.  
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MALDI-TOF spectrum of pir32/pir32 mutant CWPs. Acquisition is done through 

reflector mode with 6670 Hz laser intensity. Partial spectrum is shown with m/z 

ratios ranging from 1422 to 1512. Labeled peaks correspond to mutation-specific 

peptides identified after software-assisted processing of peak lists generated by 30 

replicas of the mutant grown under filamentous conditions.  
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MALDI-TOF spectrum of pir32/pir32 mutant CWPs. Acquisition is done through 

reflector mode with 6670 Hz laser intensity. Full spectrum is shown with m/z ratios 

ranging from 400 to 4000. Labeled peaks correspond to mutation-specific peptides 

identified after software-assisted processing of peak lists generated by 30 replicas of the 

mutant grown under filamentous conditions.  
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6.5 Hwp2/hwp2 under non filamentous conditions 

 

 

 

 

 

 

 

 

 

 

 

 

 

MALDI-TOF spectrum of hwp2/hwp2 mutant CWPs. Acquisition is done through 

reflector mode with 6670 Hz laser intensity. Partial spectrum is shown with m/z 

ratios ranging from 1320 to 2150. Labeled peaks correspond to mutation-specific 

peptides identified after software-assisted processing of peak lists generated by 30 

replicas of the mutant grown under non filamentous conditions.  
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MALDI-TOF spectrum of hwp2/hwp2 mutant CWPs. Acquisition is done through 

reflector mode with 6670 Hz laser intensity. Partial spectrum is shown with m/z 

ratios ranging from 400 to 455. Spectrum is processed by baseline correction and 

noise removal and peaks were deisotoped. Labeled peaks correspond to mutation-

specific peptides identified after software-assisted processing of peak lists 

generated by 30 replicas of the mutant grown under non filamentous conditions.  
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MALDI-TOF spectrum of hwp2/hwp2 mutant CWPs. Acquisition is done through 

reflector mode with 6670 Hz laser intensity. Partial spectrum is shown with m/z 

ratios ranging from 630 to 710. Spectrum is processed by baseline correction and 

noise removal and peaks were deisotoped. Labeled peaks correspond to mutation-

specific peptides identified after software-assisted processing of peak lists 

generated by 30 replicas of the mutant grown under non filamentous conditions.  
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6.6 Hwp2/hwp2 under filamentous conditions 

 

MALDI-TOF spectrum of hwp2/hwp2 mutant CWPs. Acquisition is done through 

reflector mode with 6670 Hz laser intensity. Partial spectrum is shown with m/z 

ratios ranging from 2170 to 3230. Spectrum is processed by baseline correction 

and noise removal and peaks were deisotoped. Labeled peaks correspond to 

mutation-specific peptides identified after software-assisted processing of peak 

lists generated by 30 replicas of the mutant grown under filamentous conditions.  
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MALDI-TOF spectrum of hwp2/hwp2 mutant CWPs. Acquisition is done through 

reflector mode with 6670 Hz laser intensity. Partial spectrum is shown with m/z 

ratios ranging from 2677 to 2727. Labeled peaks correspond to mutation-specific 

peptides identified after software-assisted processing of peak lists generated by 30 

replicas of the mutant grown under filamentous conditions.  
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MALDI-TOF spectrum of hwp2/hwp2 mutant CWPs. Acquisition is done through 

reflector mode with 6670 Hz laser intensity. Partial spectrum is shown with m/z 

ratios ranging from 2670 to 2720. Labeled peaks correspond to mutation-specific 

peptides identified after software-assisted processing of peak lists generated by 30 

replicas of the mutant grown under filamentous conditions.  

 

 

 




