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Phenotypic and Proteomic Characterization of Ddr48, a Candida 

albicans Cell Wall Protein 

Carell C. Salameh 

 

Abstract 

 

The fungus Candida albicans is an opportunistic pathogen that possesses multiple 

factors and mechanisms that control virulence. The most important virulence factors 

and antigenic determinants are the cell wall proteins as they are the first elements 

contacting the host. Ddr48 is a cell wall protein consisting of 212 amino acids. This 

protein had been previously studied where it was found to be required for tolerance to 

hydrogen peroxide oxidative stress, drug resistance, filamentation and virulence. 

DDR48 was found to be haploid insufficient and essential as only a heterozygous strain 

was generated and not a homozygous null strain. In this study, we aimed to further 

elucidate the role of Ddr48 by subjecting our DDR48 heterozygous strain to a battery 

of assays in order to achieve additional phenotypic characterization. In addition, a 

proteomic approach was utilized to determine differentially expressed cell wall 

proteins detected exclusively in the wild type strain. Our results showed that the 

heterozygous mutant strain exhibited a 10% decrease in adhesion mirrored by a 20% 

decrease in biofilm formation, and a slight sensitivity to oxidative stress agents and 

SDS. Both strains showed similar hyphae formation ability, temperature tolerance, 

calcofluor white and Congo red sensitivities, chitin content, and virulence. For 

proteomic characterization, a total of 8 and 10 proteins were identified exclusively in 

the wild type strain grown under filamentous and non-filamentous conditions 
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respectively. These proteins included members of the superoxide dismutase family 

required for resisting superoxide stress such as Sod4 and Sod6. Additionally, proteins 

responsible for adhesion (Als3, Hyr4, Pmt1, and Utr2), biofilm formation (Hsp90, 

Ece1, Rim9, Ipp1, and Pra1) and cell wall integrity (Utr2 and Pga4) were found. The 

lack of detection of these proteins in the heterozygous mutant strain go a long way in 

explaining the observed phenotypes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Keywords: Candida albicans, Cell Wall, Ddr48, Adhesion, Biofilm, Oxidative Stress, 

Proteomics, Tandem Mass Spectrometry  



viii 
 

Table of Contents 

Chapter                                                                                                                  Page 
 
Chapter 1 .................................................................................................................... 1 

Literature Review ...................................................................................................... 1 

1.1 Overview of Candida albicans .......................................................................... 1 

1.2 Epidemiology of Candidiasis ............................................................................. 2 

1.3 Pathogenicity Mechanisms ................................................................................. 3 

1.3.1 Morphological plasticity .............................................................................. 3 

1.3.2 Biofilm formation and quorum sensing ....................................................... 6 

1.3.3 Major virulence proteins .............................................................................. 9 

1.4 Cell Wall of C. albicans ................................................................................... 10 

1.4.1 Cell wall organization ................................................................................ 10 

1.4.2 Cell wall proteins ....................................................................................... 12 

1.4.3 Known cell wall perturbing and stress agents ........................................... 14 

1.5 Ddr48: a CWP in C. albicans ........................................................................... 15 

1.6 Tandem Mass Spectrometry ............................................................................. 16 

1.7 Aim of the Study .............................................................................................. 17 

Chapter 2 .................................................................................................................. 20 

Materials and Methods ............................................................................................ 20 

2.1 Strains utilized .................................................................................................. 20 

2.2 Media preparation and culture conditions ........................................................ 20 

2.3 Phenotypic Characterization ............................................................................ 21 

2.3.1 Oxidative stress tolerance .......................................................................... 21 

2.3.2 Heat shock tolerance .................................................................................. 21 

2.3.3 Osmotic stress tolerance ............................................................................ 21 

2.3.4 Resistance to cell surface disrupting agents .............................................. 22 

2.3.5 Biofilm formation ...................................................................................... 22 

2.3.6 Adhesion assay .......................................................................................... 22 
       2.3.7. Chitin content………………………………………………………….…23 
       2.3.8. Virulence test: Murine model of disseminated candidiasis.. ……………23 

2.4 Proteomic Characterization .............................................................................. 24 

2.4.1 Cell wall isolation and protein extraction .................................................. 24 

2.4.2 Extraction of alkali labile CWPs ............................................................... 24 

2.4.3 Glucanase treatment of cell wall pellets .................................................... 25 

2.4.4 Tryptic digestion ........................................................................................ 25 

2.4.5 Peptide concentration................................................................................. 25 



ix 
 

2.4.6 Mass spectrometry ..................................................................................... 26 

2.4.7 Protein identification ................................................................................. 27 

Chapter 3 .................................................................................................................. 29 

Results ....................................................................................................................... 29 

3.1 Phenotypic Characterization ............................................................................ 29 

3.1.1 Oxidative stress tolerance .......................................................................... 29 

3.1.2 Heat shock tolerance .................................................................................. 32 

3.1.3 Osmotic stress tolerance ............................................................................ 32 

3.1.4 Resistance to cell surface disrupting agents .............................................. 33 

3.1.5 Biofilm formation ...................................................................................... 35 

3.1.6 Adhesion assay .......................................................................................... 36 

3.2 Proteomic Characterization .............................................................................. 39 

3.2.1 Proteins detected solely in the wild type strain under filamentous growth 
conditions ............................................................................................................ 40 

3.2.2 Proteins detected solely in the wild type strain under non-filamentous 
growth conditions ............................................................................................... 41 

Chapter 4 .................................................................................................................. 42 

Discussion .................................................................................................................. 42 

4.1 Phenotypic Characterization ............................................................................ 42 

4.2 Proteomic Characterization .............................................................................. 44 

4.2.1 Proteins involved in oxidative stress tolerance .......................................... 45 

4.2.2 Proteins involved in cell wall elasticity and integrity ................................ 46 

4.2.3 Proteins involved in biofilm formation ..................................................... 46 

4.2.4 Proteins involved in adhesion .................................................................... 47 

Chapter 5 .................................................................................................................. 49 

Conclusion and Insights .......................................................................................... 49 

Bibliography ............................................................................................................. 50 
Appendix……………………………………………………………………………63 
 
 

  



x 

 

List of Tables 

Table 1. Number of proteins exclusive to each of the wild type and mutant strains 

under each growth condition………………………………………………………...40 

 

Table 2. Proteins exclusive to the wild type strain grown under filamentous 

conditions……………………………………………………………………………40 

Table 3. Proteins exclusive to the wild type strain grown under non-filamentous 

conditions……………………………………………………………………………41 

 

 

 

 

  



xi 

 

List of Figures 

Figure 1. Scanning electron micrographs of C. albicans blastospore and hyphal 

forms. ........................................................................................................................ xvi 

Figure 2. Negative and positive regulators of hypha-specific gene expression in C. 

albicans ................................................................................................................... xviii 

Figure 3. Steps for C. albicans biofilm formation ................................................... xix 

Figure 4. Quorum-sensing controls the three-dimensional architecture of a biofilm xx 

Figure 5. A transmission electron microscopy and schematic representation of a part 

of the C. albicans cell wall ..................................................................................... xxiii 

Figure 6. The structural composition of the C. albicans cell wall. ........................ xxiv 

Figure 7. Schematic representation of the workflow followed to achieve 

characterization of Ddr48........................................................................................... xli 

Figure 8. Hydrogen peroxide tolerance .................................................................... xlii 

Figure 9. Menadione tolerance ................................................................................ xliii 

Figure 10. Diamide tolerance .................................................................................. xliii 

Figure 11. Heat shock tolerance .............................................................................. xliv 

Figure 12. Osmotic stress tolerance. ........................................................................ xlv 

Figure 13. SDS tolerance ........................................................................................ xlvi 

Figure 14. Congo red tolerance ............................................................................... xlvi 

Figure 15. Calcofluor white tolerance .................................................................... xlvii 

Figure 16. Biofilm formation. ............................................................................... xlviii 

Figure 17. Adhesion ................................................................................................ xlix 

Figure 18. Chitin content. ............................................................................................ l 

Figure 19. Virulence test. ............................................................................................ li 

 

 

 

 

 

 



xii 

 

List of Appendices 

 

Appendix A. Proteins exclusive to the mutant strain grown under filamentous 

conditions……………………………………………………………………………63 

Appendix B. Proteins exclusive to the mutant strain grown under non- filamentous 

conditions……………………………………………………………………………64  



1 
 

Chapter 1 

Literature Review 

 
1.1 Overview of Candida albicans  

Candida albicans is an opportunistic diploid fungal pathogen well known for 

residing as a harmless colonizer of gut flora in healthy individuals but turning 

pathogenic when the host’s environment is disturbed (Karkowska-Kuleta and Kozik, 

2015).  About one hundred fifty years ago, this yeast was described for the first time 

(Hoffmann et al., 2013). In healthy individuals, C. albicans resides in the oral cavity, 

gastrointestinal (GI) tract, and vaginal cavity as part of the normal flora (Southern et 

al., 2008). It is estimated that up to sixty percent of human adults have C. albicans 

detected in their oral cavities and GI tracts (Kerawala and Newlands, 2014). In healthy 

individuals, the virulent nature of this fungus is kept under the surveillance by immune 

system; thus preventing it from causing an infection (Southern et al., 2008). However, 

this benign colonization switches pathogenic when the immunity becomes 

compromised or when there is epithelial damage (Perlroth et al. 2007). This is mainly 

caused by diabetes, chemo or radio therapies, pregnancy, malignancy, neutropenia in 

addition to several other nosocomial factors such as hospital catheterization (Viudes 

et al., 2002). These factors allow the fungus to override the host’s immune system and 

begin overgrowing causing a variety of infections (Pfaller et al. 2007). Infections 

caused by C. albicans are termed candidiasis and can range from mild superficial 

infections, to life threatening systemic infections (Martins et al. 2014; Warnock, 2007).  
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1.2 Epidemiology of Candidiasis 

 There are over 20 species of Candida yeasts that can cause infection in 

humans, but C. albicans is the most common and most pathogenic one (Karkowska-

Kuleta and Kozik, 2015). Candida albicans infections are costly to treat with between 

one to two billion dollars spent annually to treat C. albicans bloodstream infections in 

the United States alone (Wilson et al., 2000). Even with the use of aggressive 

therapeutic techniques and modern advancements in medical treatments, C. albicans 

infections have a poor prognosis with mortality rate approaching fifty percent (Pfaller 

et al., 2007; Vindues et al., 2002).  

Systemic Candidiasis occurs when C. albicans breaches the epithelial barriers 

and enters the bloodstream eventually disseminating to other organs such as the central 

nervous system, eyes, liver, joints, kidneys, bones, muscles, or spleen triggering 

potentially life-threatening septicemia (Karkowska-Kuleta and Kozik, 2015). 

Normally, neutrophils protect the host against such bloodstream and disseminated 

infections; however, being an opportunistic pathogen, people suffering from cancers, 

or on immunosuppressive medication become neutropenic and eventually develop 

candidemia. Candidemia might also be caused by surgeries that breach the GI tract as 

well as ICU catheters that lead to the formation of fungal biofilm and the spread of C. 

albicans into the blood (Kim and Sudbery, 2011). In the United States, C. albicans 

was found to be the 4th most common bloodstream-isolated pathogen among all 

systemic infectious agents (Mohan das and Ballal, 2008). 

Pseudomembranous candidiasis is the infection of the mucosal layers of the 

vagina, mouth, and GI tract. It is also called thrush and it is characterized by white 

spots occurring on top of an inflamed area (Sobel, 1997). HIV-infected patients usually 

show thrush as the first symptom for AIDS so thrush is considered as an indication for 
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the onset of the disease (Klein et al., 1984). More than 75% of all females get affected 

by vulvovaginal candidiasis where this infection might reappear more than once in 

their lifetime (Fidel, 2007) with vaginal thrush considered as a sexually transmitted 

disease (Southern et al., 2008). Oropharyngeal candidiasis is the infection of the 

oropharynx and it affects individuals using dentures, suffering from oral cancer, and 

failing to produce sufficient saliva (Runke, 2002).  

 

1.3 Pathogenicity Mechanisms  

The pathways utilized by C. albicans to transform itself from the commensal 

state to the pathogenic state has been intensively studied (Cheng et al., 2003). C. 

albicans possesses multiple virulence factors expressed at different timepoints. The 

ability of this fungus to coordinate the expression of such factors in response to host 

defenses and changing environmental conditions is what makes it the successful 

pathogen that it is (Mahan et al., 2000).  

 

1.3.1 Morphological plasticity 

C. albicans is termed a dimorphic fungus since it is commonly isolated as either 

a round yeast shaped blastospore or a hyphal cell (Ten cate et al., 2009). These are its 

two major forms although it can appear to a lesser extent in seven additional 

morphologies such as pseudo-hyphae, chlamydospores, opaque cells, 

gastrointestinally induced transition cells (GUT), and grey cells (Noble et al., 2016). 

The ability of Candida to switch between all those morphologies in response to 

specific environmental conditions is paramount to successful pathogenesis. In 

particular the transition between the blastopore form and the hyphal form is termed 
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dimorphism or dimorphic switching and this switching is reversible (Ten cate et al., 

2009).  

Blastospores, or more commonly yeasts, are round or oval free-floating cells 

that reproduce by budding, a process in which a daughter cell develops as a bud on its 

mother cell and detaches completely off by cytokinesis (Noble et al., 2016). On the 

other hand, hyphae are chains of parallel walled un-constricted cells that extend from 

germ tube formations (Hornby et al., 2001). Following cytokinesis, these cells remain 

firmly attached to each other so that subsequent cell division cycles would result in 

branched filaments called mycelia (Carlisle et al., 2009). As a transitional form 

between these two states, C. albicans can exist in a pseudo-hyphal form. This form is 

similar to true hyphae but with less elongation  and with constrictions at the septal bud 

junction (Hornby et al. 2001). Pseudo-hyphae resemble features of both blastospores 

and hyphae and are considered a transitory intermediate form between both (Carlisle 

et al. 2009).  

 

 

Figure 1. Scanning electron micrographs of C. albicans blastospore and hyphal 
forms. Note the elongated hyphae that extend from a germ tube. Scale bar: 5 µm 
(modified from Si et al., 2013). 

 

The blastospore-hyphae transition is crucial for virulence of C. albicans. The 

blastospore form is needed for the multiplication, growth, and spread of the fungus 
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allowing for its fast clonal expansion while the hyphal form allows the fungus to 

invade and penetrate tissues, a prerequisite for proper dissemination and host-defense 

evasion (Sherwood et al., 1992; Karkowska-Kuleta and Kozik, 2015). Various 

environmental factors mimicking the host’s physiological conditions induce this 

transition and the growth of hyphae such as 370C temperature, nitrogen depletion, 

physiological carbon dioxide concentration, hypoxia, neutral to basic pH, amino acids, 

peptidoglycan availability, contact with macrophages, and presence of serum the most 

potent hyphal inducer (Sudbery et al., 2008).  

A network of several signaling pathways are utilized by C. albicans to control 

its blastospore-hyphae transition and these pathways are coordinated by transcriptional 

regulators (Nickerson et al., 2006). As can be seen in Figure 2 the pathways that induce 

hyphal formation include a mitogen-activated protein (MAP) kinase pathway that 

activates the transcription factor Cph1, the cAMP-dependent protein kinase pathway 

through Efg1, a Rim101-dependent pH-responsive pathway, and other pathways 

controlled by Cph2, Czf1, and Tec1. On the other hand repressors that favor the yeast 

form include the Tup1-mediated repression through Nrg1 and Rfg1. These 

transcription pathways contribute to the morphological plasticity of C. albicans and 

lead to the transcription of a common group of genes that are hypha-specific and that 

encode important virulence proteins (Liu, 2001). 

Upon incubating blastospores with epithelial cells in vitro under filament 

inducing conditions, 98% of the cells transitioned into the hyphal form (Zakikhany et 

al., 2008). Researchers found that knocking out filamentation-inducing genes like 

EFG1 or CPH1 would block the fungus in the round yeast form and make it avirulent, 

knocking out filamentation repressors like TUP1 and RFG1 would block the fungus in 

the hyphal form and also make it avirulent (Braun et al., 2001). This shows that the 
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either form on its own is not sufficient for virulence; it is the switching between these 

two forms that establishes and maintains virulence of C. albicans (Brown et al., 2007). 

 

Figure 2. Negative and positive regulators of hypha-specific gene expression in 
C. albicans (Nickerson et al., 2006). Multiple pathways regulate the transition from 
the yeast to the hyphal form. 

  

1.3.2 Biofilm formation and quorum sensing 

A second major virulence factor of Candida albicans and indeed most 

pathogenic microorganism is the ability to form biofilms: communities of microbes 

growing on biotic and abiotic surfaces (Fanning and Mitchell, 2012). Biofilms forming 

on catheters and certain other medical devices are of great clinical importance and 

concern due to their high prevalence and their inherent resistance to antifungals and to 

the patient’s immunity (Soll et al., 2016).  
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As can be seen in figure 3 C. albicans blastospores can readily form biofilms 

by first contacting a surface and adhering to it.  They then start multiplying to 

eventually form microcolonies. Blastospores switch to pseudohyphae and hyphae that 

secrete extracellular matrix composed of a meshwork of proteins, polysaccharides 

including beta glucans, and nucleic acids. This complex architecture of extracellular 

matrix is the reason behind the increased resistance of the biofilm to drugs since it 

creates a barrier preventing the drug from reaching the cells. Additionally, biofilms 

lead to the detachment and spread of blastospores.(Finkel and Mitchell, 2011). This 

happens when a blastospore separates from the biofilm and adheres to a new site, 

causing a disseminated infection (Daniels et al. 2013, Uppuluri et al., 2010).  

 

 

Figure 3. Steps for C. albicans biofilm formation. First, the blastospore needs to 
attach to a solid surface. After proliferating, they become arranged into a microcolony. 
Hyphae and pseudohyphae develop on the apical region and a matrix of proteins, 
nucleic acids, and polysaccharides forms thus leading to the maturation of the biofilm. 
Blastospores start detaching from the mature biofilm in an attempt to spread and re-
adhere to other sites (Noble et al., 2016). 

 

Multiple transcriptional factors affect biofilm formation such as Bcr1, Brg1, 

Efg1, Hsp90, Ndt80, Rob1, and Tec1 (Nobile et al., 2012). In addition, contact sensing 

triggers the formation of either hyphae or biofilms depending on the type of the 



8 
 

encountered surface. When C. albicans encounters blood, mucosal surfaces, or other 

types of biotic surfaces, it prefers forming hyphae over biofilms in order to invade the 

underlying tissues and strata. However, when it contacts catheters and other abiotic 

surfaces, it would rather form biofilms that allow the fungus to proliferate, spread, and 

become more virulent (Kumamoto, 2008).  

Quorum sensing was found to be an important factor that controls the three-

dimensional architecture of a biofilm and its stress resistance in a nutrient dependent 

manner as shown in Figure 4 below. A study showed that the filamentous architecture 

of a biofilm is usually formed under high-nutrient conditions, whereas a classic 

microcolony biofilm is formed under low-nutrient conditions (Rice et al., 2005). Also, 

quorum sensing regulates dimorphism. When cell density is high, blastospore growth 

is promoted, whereas when it is low, hyphal growth is induced (Mayer et al., 2013).  

 

 

Figure 4. Quorum-sensing controls the three-dimensional architecture of a 
biofilm. This occurs by affecting the attachment of planktonic cells to a surface, the 
maturation of the biofilm into either a filamentous one or a classical microcolony 
depending on nutrient availability, and the dispersal of some biofilm cells (Rice et al., 
2005). 
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1.3.3 Major virulence proteins 

Adhesins are considered major virulence factors in C. albicans since they are 

the factors mediating the attachment of the fungus to other cells and to surfaces with 

attachment being the first step required for pathogenesis (Verstrepen & Klis, 2006). In 

order to establish a successful infection, yeast cells need to adhere to the contacted 

surface through adhesins expressed at the yeast cells’ surface. Consequently, when 

hyphae start growing from the yeast cells, they need to also adhere to the surfaces and 

start invading underlying strata through the hyphal-expressed adhesins (Moyes et al., 

2015). Examples of well-studied adhesins are the ALS family, Hwp2 family, Iff4, Int1, 

and Mp65 (Naglik et al., 2011). Some adhesins also function as invasins such as Als3 

and Ssa1 that work together to achieve successful endocytosis (Cheng et al., 2005). 

When hyphae invade host surfaces, they start secreting hydrolyzing enzymes that 

supply the fungus with nutrients from the hydrolyzed molecules present on the host 

cell surface. These proteins include phospholipases, lipases, and secreted aspartic 

proteases (SAPs) (Gow et al., 2017).  

C. albicans has many pH sensing proteins that allow this fungus to sense 

changes in environmental pH and respond accordingly by activating morphogenesis 

(Vylkova et al., 2011).  Moreover, C. albicans can sense changes in temperature 

through heat shock proteins or chaperones that offer adaptation to temperature stresses 

by preventing protein clumping and denaturation (Richter et al., 2010). 

Other virulence proteins include superoxide dismutases (SODs) and catalases 

that aid C. albicans in detoxifying reactive oxygen and nitrogenous species produced 

by macrophages and neutrophils thus allowing the fungus to escape (Mayer et al., 

2013). The proteome of C. albicans includes various metal acquisition proteins that 

allow it to retrieve and use metals from the surrounding environment which are needed 
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for the activation of certain proteins required for growth and dissemination. These 

metals are mainly iron in the form of ferritin, copper, iron, manganese, and zinc (Hood 

and Skaar., 2012). 

 C. albicans has many proteins functioning in sterol biosynthesis and drug 

resistance such as the efflux pumps that actively pump antifungal agents out of the 

cells. Resistance to drugs and other stressing and perturbing agents is also achieved by 

the various structural proteins that add up to the cell wall integrity and rigidity (Nett et 

al., 2008).  

 

1.4 Cell Wall of C. albicans 

C. albicans cells are enclosed within a versatile cell wall that is highly 

adaptable to stresses and alterations in environmental conditions allowing for a high 

survival rate, stress tolerance, and pathogenicity. This dynamic and active structure 

affects the overall biology and virulence of C. albicans (Gow et al. 2017). The cell 

wall is essential for maintaining the structural integrity of the yeast cells. It is 

responsible for adhesion, the initial step in causing an infection and for anchorage of 

cell surface proteins that are necessary for virulence. The cell wall allows for 

dimorphism, morphological switching, stress tolerance, antigenicity and other 

virulence processes (Masuoka, 2004). Approximately twenty percent of C. albicans’ 

overall genes encode proteins related to the structure and function of the cell wall (Gow 

et al. 2017). 

 

1.4.1 Cell wall organization  

The C. albicans cell wall has 4 major components: β-1,3-glucan, β-1,6-glucan, 

chitin, and a large number of mannnoproteins (Masuoka, 2004).  As can be seen in 
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figure 5 the cell wall is organized in a bi-layer structure: inner stress tolerant chitin 

layer bound mainly to the β-1,3-glucan and some β-1,6-glucan molecules, and the 

outermost layer consists of the mannoproteins. The different components are held 

together by hydrogen, hydrophobic or covalent bonding (Tronchin et al., 1981). The 

major constituents of the cell wall are glucans while the minor ones are chitin 

molecules. Since these constituents are lacking from the host’s membranes, they are 

considered potential antifungal drug targets (Shepherd, 1987). 

Though the cell wall is active and dynamic, it is a rigid structure that ensures 

shape stability and maintenance. The three-dimensional arrangement of the above 

mentioned components dictates the overall morphological type of C. albicans cells 

(Shepherd, 1987). Hyphae for example have tripled chitin content within the cell wall 

and elevated level of glucans when compared to blastospores (Chattaway et al., 1968). 

 

 

Figure 5. A transmission electron microscopy and schematic representation of a 
part of the C. albicans cell wall. The outer wall consists of a mannan layer while the 
inner wall consists of a β-1,6-glucan layer, followed by a β-1,3-glucan layer, followed 
by a chitin layer. Cell wall proteins have distinct linkages to these layers (Gow et al., 
2012). 
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1.4.2 Cell wall proteins 

Cell wall proteins (CWPs) are divided into 2 major groups based on their 

linkage and attachment site. As seen in figure 6, GPI-anchored proteins are linked to 

the β-1,6-glucan layer through a glycosylphosophatidylinositol (GPI) anchor. Pir 

proteins (Proteins with Internal Repeats) are linked directly to the β-1,3-glucan layer 

via alkali-sensitive covalent bonding (Chaffin, 2008). CWPs equate to almost forty 

percent of C. albicans cell wall’s dry mass (Klis et al. 2001). More than one hundred 

GPI-anchored proteins exist in C. albicans (de Groot et al. 2003). 

 

 

Figure 6. The structural composition of the C. albicans cell wall Image was 
obtained using Transmission Electron Microscopy and Freeze Fracture Electron 
Microscopy along with a schematic representation of these layers and the proposed 
models of cell wall proteins’ linkages (Masuoka, 2004). 

 

Most CWPs in C. albicans are considered virulence factors since they have 

roles in various pathogenicity mechanisms discussed in the previous sections above. 

As a pathogen, the wall of C. albicans contains antigenic molecules that induce human 

immune responses, but at the same time contains other proteins such as superoxide 

dismutases that allow it to shield itself and evade those responses (Erwig and Gow. 

2016).  
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Most known adhesins are bound to the cell wall via GPI anchors that are post 

translationally added to the C-terminus (de Groot et al., 2003). In addition, many 

CWPs have crucial roles in cell wall synthesis, growth, and overall virulence such as 

deacetylases, hydrolases, hydrophobins, transglycosidases, and yapsins (Gow et al. 

2017). As discussed above, hydrolases help in digesting the extracellular matrix and 

the cell membrane of the host. They supply the yeast with needed nutrients and 

facilitate host tissue invasion and subsequent dissemination (Ibrahim et al., 1995). 

Phospholipases (PL) such as Pla1 and Pla2 hydrolyze the ester bonds in glycerol 

molecules. Amphipathic phospholipid molecules are cleaved by PLC and PLD (Theiss 

et al., 2006). PLB is the major phospholipase in C. albicans. It hydrolyses the ester 

bonds found in glycerophospholipids. During host infection, the gene is 

overexpressed, and the enzyme is secreted at high levels thus damaging the host cell 

membrane (Ghannoum, 2000). Among the virulence factors present in the cell wall, 

C. albicans expresses ten different SAPs. These proteases digest laminin, fibronectin, 

cystatin A, salivary lactoferrin, complement proteins and other components of host 

tissue. SAPs allow the yeast to invade the host tissue (Naglik et al., 2003). RBT5 is 

also secreted by C. albicans, supplying the yeast with iron; crucial for growth and 

virulence (Weissmen and Kornitzer, 2004). Catalases, heat shock proteins and 

dismutases protect the yeast from ROS (Reactive Oxygen Species) burst generated by 

macrophages and neutrophils, and help it fight off the host immune system (Brown et 

al., 2007). C. albicans expresses Phr1 and Phr2 to help it confront the neutral and 

acidic pH respectively. (Yang, 2003). Biofilm-forming C. albicans cells upregulate 

efflux pumps to get rid of the antifungal drugs. Furthermore, cell wall β-1,3-glucans 

bind drug agents preventing them from entering the yeast cell (Nett et al., 2008).  
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1.4.3 Known cell wall perturbing agents  

Calcofluor white is usually used in laboratories for immunostaining purposes 

as it acts as a fluorescent brightener when exposed to UV light. It does that by binding 

to β-linked fibrillar polymers of cellulose and chitin via hydrogen bonds (Maeda and 

Ishida, 1967). Due to its chitin-binding ability, calcofluor white is used as an antifungal 

drug (Kingsbury et al., 2012). In fungi and especially C. albicans where chitin is a 

constituent of the inner cell wall, the binding of calcofluor white to the emerging chitin 

chains hinders this layer’s normal assembly (Brasch et al., 2003). As such, this agent 

perturbs the entire cell wall architecture, reduces its integrity, and inhibits fungal 

growth (Elorza et al., 1983). 

Congo red is a dye that also acts as a cell wall perturbing agent. It has the ability 

to interact with various polysaccharides such as β-glucans (Wood, 1980). It binds to 

the nascent glucan chains via hydrogen linkages, thus preventing the microfibrils from 

crystallyzing properly (Nodett et al., 1990). Also, Congo red coats cellulose thus 

blocking the crosslinking of cellulose and β-glucans (Wessels, 1986). Failing to have 

a well assembled glucan layer, would generate a loose cell wall resulting in loss of 

integrity (Nodett et al., 1990).  

Sodium dodecyl sulfate (SDS) is a detergent that solubilizes proteins of the 

plasma membrane. This is due to its ability to hydrophobically interact with these 

proteins and eventually forming complexes that disrupt the plasma membrane (Plaine 

et al., 2008).  Though SDS is not cell wall-specific, it reflects the integrity of the cell 

wall since its permeability towards the plasma membrane increases when the cell wall 

is loose (Daher et al., 2011).  

2-methylnaphthalene-1,4-dione, or simply menadione, is a commonly used 

oxidative stress agent in fungal studies (Grant, 2001; Osorio et al., 2003). It is a 
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polycyclic aromatic ketone that produces ROS (Chaves and da Silva, 2012). It does 

that by accepting an electron from a respiratory carrier, transferring it to molecular 

oxygen, and eventually forming superoxide without repressing the respiratory chain 

(Halliwell and Gutteridge., 2007).  

Diamide, a thiol-specific oxidant, is widely used in oxidative stress response 

studies in yeasts. Diamide oxidizes cysteines and homocysteines thus deterring protein 

synthesis and hindering fungal growth (Wax et al., 1970). It also oxidizes reduced 

glutathione (GSH) which is a crucial protective antioxidant (Chaves and da Silva, 

2012; Zitka et al., 2012).  

 

1.5 Ddr48: a CWP in C. albicans 

Ddr48 is an immunogenic stress-associated protein on the cell wall made up of 

212 amino acids. It is isolated in cell surface extracts of biofilm cultures where it has 

been shown to be overexpressed (Thomas et al., 2006). For C. albicans to cause 

systemic infections, it has to adapt to the hostile environmental conditions of the blood, 

survive in this niche, and escape from blood vessels into other tissues (Fradin et al., 

2005). When C. albicans cells are exposed to macrophages, this exposure leads to an 

8 fold increase in the regulation of DDR48.  This suggests that DDR48 is primarily 

induced in response to macrophages. Hence, when C. albicans is engulfed by 

macrophages, it can grow hyphae, lyse the macrophage, and counterattack neutrophils; 

thus permitting systemic infections (Singh et al., 2005). 

When exposed to oxidative stress, C. albicans detoxifies nitric oxides by the 

flavohemoglobin YHB1 that reacts with oxygen and leads to the formation of nitrate 

and ferric flavohemoglobin. Researchers found that upon the exposure of C. albicans 

for ten minutes to nitric oxide, DDR48 was up-regulated 1.9 folds, indicating that 
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Ddr48 might function in combatting nitric oxide’s effect. They also found it constantly 

induced 57.1 times in the yhb1 null strain proving that DDR48 plays a role in DNA 

repair (Hromatka et al., 2005). 

In addition, upon amino acid starvation, the expression of DDR48 is dependent 

on Gcn4, the amino acid biosynthesis transcriptional activator (Tournu et al., 2005). 

Also, Cph1 activates DDR48 under hyphal inducing media; but in a strain where both 

tup1 and nrg1 were deleted, DDR48 was overexpressed 15 times (Kadosh et al., 2005). 

This finding is of great interest and importance since Tup1 and Nrg1 are major 

repressors of hyphae-inducing and virulence genes. As a result, this suggests that 

Ddr48 might play a role in hyphal growth and virulence. 

Moreover, BLASTing the DDR48 ORF in the C. albicans database, results in 

hits to HYR1, IHD1, and ALS7 (Garcia-Sanchez et al., 2005). The cell surface 

glycoprotein ALS7 is an adhesin and an important virulence factor (Zhang et al., 2008). 

Therefore, these results imply that Ddr48 might be involved in adhesion and virulence 

as well. 

 

1.7 Tandem Mass Spectrometry  

Mass spectrometry (MS) is a widely used tool for identifying peptides, measuring 

the molecular weight of polypeptides, and characterizing proteins (Yergey et al., 

2002). In proteomics, one way for protein identification via MS is peptide sequence 

analysis (Damodaran et al., 2007).  

First of all, protein samples are spotted on a metal plate and either mixed or 

overlaid with a certain ionization matrix. Matrix-assisted laser desorption/ionization 

(MALDI) utilizes matrices that desorb laser energy thus generating ions from larger 

molecules that have been fragmented (Hillenkamp et al., 1991).  Peptide sequence 
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analysis technique, in specific, subjects peptides to tandem mass spectrometry 

(MS/MS) that leads to the fragmentation of peptides into daughter ions. When a pulsed 

laser hits the plate, it causes the sample and the matrix to desorb so the sample 

molecules will start ionizing and will eventually accelerate into the used mass 

spectrometer (Karas et al., 2003). The mass to charge ratios of the accelerated ions are 

used to predict the amino acid sequences of the peptides of interest. Following that, 

these obtained sequences along with their respective masses are compared to online 

databases to achieve successful protein identification (Damodaran et al., 2007).   

MS is now routinely used in laboratories as this technique allows for the fast 

identification of proteins. It has also been used for rapidly identifying infection causing 

agents and pathogens (Putignani et al., 2011). Identification of proteins through MS 

has been widely utilized in identifying proteins expressed on the cell surface proteome 

of C. albicans in response to surface stresses (Heilmann et al., 2012). This feature has 

also been used in studies aiming at characterizing the roles that cell wall proteins of C. 

albicans such as Dse1 (Zohbi et al., 2014), Pga1 (Awad et al., 2018), Pir32 (El Khoury 

et al., 2018) and other secreted proteins (Sorgo et al., 2010) play. 

 

1.8 Aim of the Study  

Ddr48 had been previously characterized in our lab where it was found to be 

necessary for proper oxidative stress response, drug resistance, hyphal growth, and 

virulence. Dib et al. found the gene haploid insufficient and essential since only a 

heterozygous strain was generated but not a homozygous null strain. The heterozygous 

strain was defective in filamentation on all tested hyphae-inducing media including 

corn meal agar and serum. It was also found to be slightly more susceptible to 

itraconazole, fluconazole, and ketoconazole than the wild type strain. When tested for 
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hydrogen peroxide tolerance, the heterozygous strain also showed higher sensitivity 

than the wild type strain. The mutant was also found to be attenuated for virulence. 

(Dib et al., 2008).  

A few years later, Cleary et al. were able to generate a homozygous null strain 

refuting the fact that DDR48 as an essential gene. They also found that Ddr48 protein 

is unnecessary for filamentation, but required for biofilm formation, flocculence, and 

DNA damage response. In their study, both heterozygous and homozygote null strains 

were more resistant than the wild type strain to SDS, rapamycin, and amphotericin B 

that disturb the cell wall, Tor kinase pathway, and cell membrane respectively at 37ºC 

only. Cleary et al. hypothesized that the reason for this increased resistance is the 

compensatory up-regulation of other stress response factors in the absence of Ddr48. 

However, when tested for 4-nitroquinoline 1-oxide resistance, the wild type strain was 

more resistant than the other strains indicating that Ddr48 is needed for DNA damage 

and oxidative stress. Cleary et al. also found no difference in response to fluconazole 

or hydrogen peroxide among the studied strains. Also, they found that flocculation and 

self-adhesion are reduced in the mutant strains, with biofilm formation slightly reduced 

in the presence of 3-AT that induces amino acid starvation (Cleary et al., 2012). 

Because of this controversy, we decided to perform further experiments to 

characterize our DDR48 heterozygote strain. For phenotypic characterization, both 

wild type and mutant strains were tested for their tolerance to oxidative, temperature, 

and osmotic stresses, their resistance to cell surface disrupting agents, and their ability 

to form biofilms and adhere to surfaces, in addition to testing the strains for virulence, 

and for chitin presence. In addition since Ddr48 is a CWP, we hypothesize that a 

mutant haploinsufficient heterozygous strain would have an impact on the proteomic 

constitution and architecture of the cell wall. Accordingly, a proteomic approach was 



19 
 

utilized to isolate differentially expressed CWPs in each of the wild type strain and the 

heterozygous strain that could explain the variations in phenotypes previously 

observed. Strains were grown under filament-inducing and non-filament-inducing 

conditions with their cell walls isolated and treated with different enzymes to 

fractionate the CWPs depending on their linkage. Tandem mass spectrometry was later 

applied and resultant proteome profiles of the strains compared. 
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Chapter 2  

Materials and Methods 

2.1 Strains utilized 

 The C. albicans strains utilized in this project are the wild type parental strain 

BWP17 +pABSK2 (ura3: : 1imm434/ura3: : 1imm434 his1: : hisG/ his1: : hisG arg4: 

: hisG/arg4: : hisG) which is a triple auxotroph, and the mutant strain which is a 

heterozygote (DDR48/ddr48::URA3+pABSK2) (Dib et al., 2008).  

2.2 Media and culture conditions 

Rich potato dextrose agar (PDA) medium (HiMedia, India) was used to grow the 

strains for routine cultures. PDA plates were supplemented with histidine and uracil 

throughout all phenotypic characterization experiments: spotting, adhesion, biofilm, 

and tolerance to different stresses. For the biofilm assay, yeast nitrogen base (YNB) 

synthetic medium (Fluka, Switzerland) (Kaiser et al., 1994) was used supplemented 

with uracil and histidine. In order to grow the strains until exponential phase for 

oxidative stress tolerance, cell surface disruption resistance, temperature sensitivity, 

and adhesion experiments rich potato dextrose broth (PDB) liquid medium (Hi Media, 

India) was used, and the  strains were incubated at 30ºC under aerobic conditions. 

Prior to the cell wall extraction for proteomic analysis, the strains were full-grown 

in a PDB supplemented with histidine and uracil until exponential phase. For non-

filamentous growth, strains were incubated at 28ºC under aerobic conditions. For 

filamentous growth, PDB media was supplemented with 10% fetal bovine serum 

(FBS) and incubated at 37℃ under aerobic conditions. 
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2.3 Phenotypic Characterization 

2.3.1 Oxidative stress tolerance 

The C. albicans wild type and mutant strains were assayed for their ability to 

endure a potentially lethal dose of hydrogen peroxide. During their exponential growth 

phase, four time serial dilutions (105 to 102 cells/mL) were prepared for each strain and 

treated with hydrogen peroxide (10, 25 or 50 mM) for 1 hour followed by spotting 5 

μL onto PDA plates. Untreated cultures were also spotted as controls. Growth was 

monitored for 3 days (Pedreño et al., 2007). The same was applied to test the tolerance 

of both strains to menadione (0.5 mM, 1 mM, and 1.5 mM) and diamide (2 mM, 4 

mM, and 10 mM). 

2.3.2 Heat shock tolerance 

The C. albicans wild type and mutant strains were also assayed for their ability to 

endure drastic changes in temperature. A four time serial dilution was performed for 

each strain. During their exponential growth, the strains were incubated in a thermo 

mixer at a rising temperature for 2 hours and a half to reach 42°C. The thermo mixer 

was then cooled to a temperature of 18°C for 20 min. After that, 5 μL of each tube 

were spotted on PDA plates and growth was monitored for 3 days. 

2.3.3 Osmotic stress tolerance 

A four time serial dilution was performed for each of the tested strains during their 

exponential growth phase. The strains were then treated with different masses of NaCl 

(10, 20, or 30 mg) to test the ability of the strains to resist osmotic stress. They were 

then incubated at 37°C for 2.5 hours, and 5 μL of each were subsequently spotted on 

PDA plates. Growth was monitored for 3 days.  
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2.3.4 Resistance to cell surface disrupting agents 

The wild type and mutant strains were grown until exponential phase and 

subjected to serial dilution. 5 μL of the serial dilutions were spotted on PDA plates 

treated with either 0.05%, 0.1%, and 2% SDS (Sigma-Aldrich, Germany), 100 to 300 

μg/mL calcofluor white (Sigma-Aldrich, Germany), or 100 to 300 µg/mL Congo red 

(Sigma-Aldrich, Germany). A control plate lacking cell surface disrupting agents was 

spotted with the exact same volumes of the two strains. The plates were incubated at 

30ºC for 3-4 days (Plaine et al., 2008).  

2.3.5 Biofilm formation 

The ability of the strains to form biofilms on polystyrene microtiter wells was 

assayed according to a previously described protocol (Peeters et al., 2008). Briefly, 

5X106 cells of each of the strains were incubated in a flat bottomed microtiter well 

pretreated with 5% serum overnight. Strains, along with an un-inoculated control well, 

were left to incubate at 37ºC in a shaking incubator at 75 rpm for 2 hours. Wells were 

rinsed with PBS to remove non-adherent cells followed by the addition of YNB and 

incubation at 37ºC for 48 hours. After incubation, plates were washed again, fixed with 

methanol, and air dried. A 0.2% crystal violet solution was added and left for 20 

minutes. Excess crystal violet was washed with distilled water and the crystal violet 

bound to biofilm cells was released by acetic acid treatment. Absorbance of the 

released crystal violet was measured using a spectrophotometer at 590 nm wavelength. 

2.3.6 Adhesion assay 

Adhesion ability of the strains was assayed against human epithelial cell line HT-

29 as previously described (Tsuchimori et al., 2000). Briefly, around 100 cells of each 

of the wild type and mutant strains were incubated with human cell lines in 6 well 

microtiter plates for 180 minutes followed by washing with PBS and overlay with 
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molten PDA agar. Colonies were counted after overnight growth and were compared 

with a control plate inoculated with the same number of C. albicans cells. The results 

of this experiment are expressed as percentage adhesion of the control plate. 

2.3.7 Chitin content assay 

Cell wall chitin content was measured according to a modified protocol described 

previously (Munro et al., 2003). Briefly, 6N HCl was used to hydrolyze 50 mg wet 

weight purified cell walls at 100°C overnight. After centrifugation, the pellet was 

reconstituted in 1 mL of distilled water. A 0.1 mL aliquot of this sample was added to 

0.1 mL of solution A (1.5 N Na2CO3 in 4% acetylacetone). The mixture was incubated 

at 100°C for 20 min, and after cooling to room temperature, 0.7 mL of 96% ethanol 

was added to the mixture followed by addition of a 0.1 mL of solution B (1.6 g of p-

dimethyl-aminobenzaldehyde in 30 mL of concentrated HCl and 30 mL of 96% 

ethanol). The mixture was incubated for 1 h at room temperature, and absorbance of 

the samples was measured spectrophotometrically at 520 nm. The results were plotted 

against a standard curve generated by the use of known glucosamine standards taken 

through the same procedure as our samples. Chitin amount was expressed as a 

percentage of the wild type strain.  

2.3.8 Virulence test: Murine model of disseminated candidiasis 

Six female BALB/c mice (Lebanese American University stock), 4 to 6 weeks old 

and weighing 20 g to 30 g, were injected via the lateral tail vein with 200 μL of 1.5×108 

cells of the heterozygote strain suspended in PBS solution, pH 7.5. The same was 

applied for another 6 mice injected with cells of the wild type strain instead. All 12 

mice were given food and water ad libitum and monitored 3 times daily for survival 

over a period of 15 days. 
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2.4 Proteomic Characterization 

2.4.1 Cell wall isolation and protein extraction 

Eight cell wall extractions from each strain and for filamentous and non-

filamentous growth conditions were performed independently. Cells were first 

centrifuged at 4,000 rpm for 5 min, then re-suspended in 5 mL Tris (5 mM, pH=7.8). 

Protease Inhibitor Cocktail (6 µL, abcam ab65621) along with cold glass beads were 

added. 30 cycles of vortexing were applied to ensure breakage as follows: 30 sec on 

vortex followed by 30 sec on ice. Samples turned orange reflecting a reaction between 

the acidic cytosol and the Protease inhibitor. Beads were then removed and the 

efficiency of breakage was examined under the microscope. The samples were spun, 

the supernatants containing intracellular proteins were poured off, while pellets were 

re-suspended in NaCl (40 mL, 1 M) and spun. This NaCl washing step was repeated 

three to four times. Protein extraction buffer (50 mM Tris, 2% SDS, 100 mM Na-

EDTA, 150 mM NaCl, pH 7.8) with β-ME (8 µL per 1 mL SDS extraction buffer) was 

added (0.5 mL buffer per 100 mg wet weight walls) and the pellets re-suspended. 

Tubes were boiled for 10 min and spun for 5 min at 3,000 rpm. The supernatants 

containing SDS extractable proteins were collected for later analysis. Protein 

extraction buffer and β-ME were added again to re-suspend pellet. Samples were 

boiled, cooled, centrifuged for 5 min at 3,000 rpm, and re-suspended in water. Wash 

steps with Type 2 water were done to remove excess SDS. The final pellets were frozen 

in liquid N2 and freeze-dried. Lyophilized cell walls were finally stored at -20 ℃ until 

use. See figure 7 for a complete flowchart of the methods utilized. 

2.4.2 Extraction of alkali labile CWPs 

The cell wall pellets were subjected to overnight incubation with NaOH (30 mM) 

at 4 ℃. They were then neutralized with aqueous acetic acid (30 mM) (Sorgo et al., 
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2010). Samples were spun, and supernatants were collected and subjected to tryptic 

digestion.  

2.4.3 Glucanase treatment of cell wall pellets 

108 cells were incubated at 37 ℃ with 1 mg of glucanase in sodium acetate buffer 

(1 mL, 150 mM, pH=5) overnight (Cabezon et al., 2009). Spectrophotometric analysis 

was used to estimate cell numbers. Supernatants were collected and subjected to tryptic 

digestion.  

2.4.4 Tryptic digestion 

The cell wall extracts were incubated in a reducing buffer (10 mM DTT, 100 mM 

NH4HCO3) at 55℃ for 1 h. Samples were cooled to room temperature and spun. An 

alkylating buffer (65 mM iodoacetamide, 100mM NH4HCO3) was added to the pellets 

that were kept for 45 min at room temperature in the dark. Subsequently, a quenching 

solution (55 mM DTT, 100 mM NH4HCO3) was added to the samples for 5 min at 

room temperature. Ammonium bicarbonate buffer (50 mM) was used to wash the 

samples 5 times. Pellets were re-suspended in solution containing ammonium 

bicarbonate (50 mM) and trypsin (1 µg/µL). Samples were left at 37℃ for 16 h. Then, 

they were spun, and the supernatants were collected and prepared for Zip Tipping by 

adding TFA (0.1% V/V). 

2.4.5 Peptide concentration 

ZipTip C18 clean up tips were wetted in acetonitrile solution and then equilibrated 

in a 0.1% TFA HPLC water solution. Sample binding was achieved by full pressing 

the pipette a minimum of 10 times in the digest tube. The membrane was then washed 

in a 0.1% TFA HPLC water solution. Sample elution was performed using 10 µL of 

elution buffer (0.1% TFA (v/v) in HPLC water/acetonitrile (1:1)). 
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2.4.6 Mass spectrometry 

Digested CWPs were spotted on a stainless steel target plate (Opti-TOF TM 384 

Well Insert, 128x81 mm RevA, Applied Biosystems). BSA digests were also spotted 

and used as a standard solution. The sample and BSA digest spots were overlaid with 

α-cyano-4-hydroxy-cinnamic acid matrix solution (10 mg CHCA matrix in 50% 

acetonitrile with 0.1% TFA) and air-dried. MALDI-TOF-TOF MS spectra were 

acquired on 4800 MALDI-TOF-TOF analyzer (operated by the 4000 Series Explorer 

software version 3.7). The instrument was externally calibrated using TOF/TOF 

Calibration Mixture (Mass Standards Kit for Calibration of AB SCIEX TOF/TOF™ 

Instruments). MS reflector positive mode at a laser intensity of 2500 was used as an 

acquisition method. The selected mass range was 499 Da-2500 Da with a focus mass 

of 1500 Da. Reflector positive default was used as a processing method with a 

minimum signal-to-noise ratio of 5. The resulting mass lists were manually scanned 

for known contaminant mass peaks including keratin, matrix, and trypsin autolysis. 

The identified contaminant mass peaks were used to create an exclusion list that 

applied in the interpretation method for the MS/MS data acquisition. The minimum 

signal-to-noise filter for the monoisotopic precursor selection for MS/MS was also 

assigned 5. “Strongest precursors first” option was selected for precursor sorting order 

per spot and “weakest precursors first” option was selected for MS/MS acquisition 

order per spot with a maximum of 30 precursors per spot for each. MS/MS 1kV 

positive was used as an MS/MS acquisition method with a fixed laser intensity of 3500 

and a precursor mass of 1570.677 Da. CID was turned on with specifying medium gas 

pressure and air gas type. Metastable suppressor was also turned on. MS/MS positive 

default was used as an MS/MS processing method with a signal-to-noise threshold of 

5 for monoisotopic peaks. 
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2.4.7 Protein identification 

MS/MS Ion Search was performed first using the contaminants and cRAP 

databases, in order to eliminate any additional contaminants whose peaks were not 

included within the exclusion list, then using a custom database on the MASCOT 

Server in order to identify the proteins within the samples. The database consisted of 

protein sequences of all curated C. albicans proteins (taxon id: 237561) present in the 

Swissprot database (2016_07, retrieved on September 18, 2016) with gene ontology: 

cell wall (GO: 0005618), plasma membrane (GO: 0005886), and transmembrane (GO: 

0016021) localization tags. The peptide and fragment tolerance values were specified 

at ±2 Da. This may seem too tolerant; however, the default settings of the 4800 

MALDI-TOF-TOF analyzer were used where the resolution per mass peak as 

displayed by the machine is on average 4000 which is lower than the preferred 

acceptable values. This is another limitation of the machine. As such we had to choose 

a slightly more lenient tolerance level. Carbamidomethyl C was chosen as a fixed 

modification, whereas Oxidation at M was selected as a variable modification. Up to 

two missed cleavages were permitted for trypsin. A peptide charge of 1+ was assigned 

and MALDI-TOF-TOF was picked in the instrument type option. After these 

parameters were assigned, the data file was chosen and searched. 

In the exported peptide summary report generated by MASCOT, proteins with 

less than 2% sequence coverage were disregarded. Also, proteins that were detected 

less than 4 times from the 8 independent extractions for each strain were also 

disregarded allowing a 50% cut off to ensure successful protein identification. The 

nature of the work MS/MS Ion Search results in greater peptide confidence than PMF, 

which makes the issue of sequence coverage less important. 2% coverage equates to 

an average of 12 amino acids identified in a specific order which is enough for 
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unmistakable protein identification (Barrett et. al, 2005). We added the 2% cut off as 

an extra step to reduce false positives.  

Peptide sequences identified by MASCOT but not assigned to any protein were 

blasted on Candidagenome.org where the selected target genome and target sequence 

dataset were “Candida albicans SC5314 Assembly 22” and “Proteins – translation of 

coding sequence (PROTEIN)” respectively. The BLASTP program was selected and 

no gapped alignments were allowed. The cut off e-value was < 0.05 for MASCOT 

searches as well as BLAST searches. 
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Figure 7. Schematic representation of the workflow followed to achieve 
characterization of Ddr48. Note that the work involves phenotypic assays as well 
as proteomic analysis. 
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Chapter 3  

Results  

3.1 Phenotypic Characterization 

3.1.1 Oxidative stress tolerance 

The tested C. albicans wild type and mutant strains showed varying tolerance 

capacities to the different oxidative stress agents. The mutant strain was found to be 

more sensitive to hydrogen peroxide, menadione, and diamide than the wild type strain 

as seen in figures 8, 9, and 10. 

 

 

Figure 8. Hydrogen peroxide tolerance: Both wild type (upper lanes) and 
heterozygous (lower lanes) strains were tested for their tolerance to different 
concentrations of hydrogen peroxide; the latter was found to be more sensitive. 
Numbers reflect the number of cells per mL of the applied four time serial dilution. 
(A) Control, untreated cells. (B) Cells were treated with 10 mM hydrogen peroxide. 
(C) Cells were treated with 22 mM hydrogen peroxide. (D) Cells were treated with 50 
mM of hydrogen peroxide. 
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Figure 9. Menadione tolerance: Both wild type (upper lanes) and heterozygous 
(lower lanes) strains were tested for their tolerance to different concentrations of 
menadione; the heterozygote was more sensitive. Numbers reflect the number of cells 
per mL of the applied four time serial dilution. (A) Control, untreated cells. (B) Cells 
were treated with 0.5 mM menadione. (C) Cells were treated with 1 mM menadione. 
(D) Cells were treated with 1.5 mM menadione. 

 
 

 

Figure 10. Diamide tolerance: Both wild type (upper lanes) and heterozygous 
(lower lanes) strains were tested for their tolerance to different concentrations of 
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diamide; the heterozygote was more sensitive. Numbers reflect the number of cells 
per mL of the applied four time serial dilution. (A) Control, untreated cells. (B) Cells 
were treated with 2 mM diamide. (C) Cells were treated with 4 mM diamide. (D) 
Cells were treated with 10mM diamide. 

 
 
3.1.2 Heat shock tolerance 

Both strains were also tested for their ability to endure drastic changes in 

temperature by increasing the temperature to 420C for 2 hours and then lowering it to 

180C. Results showed no significant difference between both strains; thus indicating 

equal endurance to heat shock between the mutant and the wild type strains. 

  

 

Figure 11. Heat shock tolerance: No significant difference exists between the 
heterozygous (lower lane) and the wild type (upper lane) strains as revealed by the 
obtained spotting results. Numbers reflect the number of cells per mL of the applied 
four time serial dilution. (A) Control, untreated plate. (B) Strains were subjected to 
heat shock by first heating at 420C then cooling at 180C. 
 
 

3.1.3 Osmotic stress tolerance 

When treated with different concentrations of NaCl to compare the tolerance of the 

mutant and wild type strains to osmotic stress, results as seen in figure 12 showed that 
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the mutant strain was slightly more sensitive to the osmotic pressure created by the salt 

gradient than the wild type. 

 

 

Figure 12. Osmotic stress tolerance: Both wild type (upper lanes) and heterozygous 
(lower lanes) strains were tested for their tolerance to different concentrations of NaCl 
and the latter was found to be slightly more sensitive. (A) Control, no NaCl was added. 
(B) 10mg/ml of NaCl were added. (C) 20mg/ml of NaCl were added. (D) 30mg/ml of 
NaCl were added. 

 

3.1.4 Resistance to cell surface disrupting agents 

In order to assess the role of Ddr48 in resisting cell surface disrupting agents, 

the wild type and mutant strains were treated with varying concentrations of SDS, 

calcofluor white and Congo red.   

The mutant strain showed higher sensitivity to SDS when compared to the wild 

type strain as observed in figure 13. However, no significant difference was observed 

between the mutant and wild type strains when treated with calcofluor white or Congo 

red as seen in figures 14 and 15. 
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Figure 13. SDS tolerance: Both wild type (upper lanes) and heterozygous (lower 
lanes) strains were tested for their tolerance to SDS and the heterozygote was more 
sensitive. Numbers reflect the number of cells per mL of the applied four time serial 
dilution. (A) Control, untreated cells. (B) Cells were treated with 0.05% SDS. (C) Cells 
were treated with 0.1% SDS. (D) Cells were treated with 0.2% SDS. 

 
 

 

Figure 14. Congo red tolerance: Both wild type (upper lanes) and heterozygous 
(lower lanes) strains were tested for their tolerance to different concentrations of 
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Congo red and no significant difference was observed. (A) Control, no Congo red was 
added. (B) 100µg/mL of Congo red were added. (C) 200µg/mL of Congo red were 
added. (D) 300µg/mL of Congo red were added. 

 
 

 

Figure 15. Calcofluor white tolerance: Both wild type (upper lanes) and 
heterozygous (lower lanes) strains were tested for their tolerance to different 
concentrations of calcofluor white and no significant difference was observed. (A) 
Control, no calcofluor white was added. (B) 100µg/mL of calcofluor white were 
added. (C) 200µg/mL of calcofluor white were added. (D) 300µg/mL of calcofluor 
white were added. 

 
 
3.1.5 Biofilm formation 

The ability of the strains to form biofilms on polystyrene microtiter wells was 

assayed and the heterozygous strain showed a 10-20% decrease in biofilm forming 

capacity as shown by a decrease in absorbance as demonstrated in figure 16. 
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Figure 16. Biofilm formation: The DDR48 heterozygous strain showed reduced 
ability reflected by the 10-20% drop in crystal violet absorbance at 590 nm. This 
experiment was repeated three times for each strain and the values represented by the 
bars resemble the average along with the -/+ SEM. 

 

3.1.6 Adhesion assay 

Adhesion ability of both strains was assayed against human epithelial cell line HT-

29. As shown in figure 17 below, the heterozygous strain was 10% less adhesive than 

the wild type. 
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Figure 17. Adhesion: The DDR48 heterozygous strain showed 10% reduced ability. 
This experiment was repeated three times for each strain and the values represented by 
the bars resemble the average along with the -/+ SEM. 

 
 
3.1.7 Chitin content assay 

The amount of chitin in the cell wall of each strain was assayed 

spectrophotometrically following acid hydrolysis. No significant variation was 

observed regarding the chitin content between the heterozygote and the wild type as 

observed in figure 18.  
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Figure 18. Chitin content: No significant decrease in chitin content was observed in 
the DDR48 heterozygous strain when compared to the wild type strain. This 
experiment was repeated three times for each strain and the values represented by the 
bars resemble the average of percent chitin content in reference to that of the wild type 
strain along with the -/+ SEM. 

 
 
3.1.8 Virulence test 

Virulence capacity of each of the strains was tested following the murine 

disseminated candidiasis model. As shown in figure 19 below, the deletion of DDR48 

has no effect on virulence in C. albicans since all mice died within the same period of 

2 weeks post infection.  
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Figure 19. Virulence test: Six mice were intravenously injected with C. albicans wild 
type or heterozygous strains and their survival was monitored for 15 days. Both strains 
were able to cause disseminated candidiasis and eventually kill the mice within 2 
weeks of infection.  

 
 
3.2 Proteomic Characterization 

The proteome profiles of the heterozygous strain and the wild type strain were 

compared in order to reveal differentially detected CWPs responsible for the 

previously described phenotypes. The number of proteins exclusive to each strain 

under each growth condition is represented in Table 1. It is important to note that only 

proteins appearing in 4 out of the 8 performed extractions were included in our study. 

This study will mainly focus on the proteins exclusive to the wild type and missing 

from the heterozygous strain since the tested phenotypes were more pronounced in the 

former strain. Proteins detected under both conditions filamentous and non-

filamentous exclusive to the heterozygous strain are listed in appendices A and B. 
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Table 1. Number of proteins exclusive to each of the wild type and mutant strains 

under filamentous and non-filamentous growth condition. Note the presence of 

more mutant specific proteins than wild type specific. 

Growth condition Wild type strain Mutant strain 

Non-filamentous 10 21 

Filamentous 7 17 

 
 
 
 
3.2.1 Proteins detected solely in the wild type strain under filamentous growth 

conditions  

Proteins that were exclusively detected in the wild type listed in Table 2 mainly 

function in adhesion (Hyr4 and Pra1) and biofilm formation (Rim9, Ece1, Ipp1, Pmt1, 

and Pra1). The lack of these proteins from the heterozygous strain explain its reduced 

ability to adhere and form biofilms.  

Table 2. Proteins exclusive to the wild type strain grown under filamentous 
conditions. Proteins were detected through both MASCOT as shown through 
sequence coverage, and through BLAST as shown through an E value 

Protein Protein Description Sequence 
Coverage 

(%) 

Number 
of Missed 
Cleavages 

Peptide Sequence E-
value 

Cdc42 Rho-type GTPase  -   -  AVKYVECSALT
QR 

5.00E-
08 

Ece1 Candidalysin, cytolytic 
peptide toxin 

 -   -  RDGANDDVANA
VVR 

3.00E-
08 

Hyr4 Putative GPI-anchored 
adhesin-like protein 

 -   -  VTHFTNSSTSNR 4.00E-
07 

Ipp1 Inorganic pyrophosphatase 3.8 0 TILNMIVEVPR  -  
Pmt1 Protein mannosyltransferase  -   -  MAKKPVTPASK

VAAK 
1.00E-

09 
Pra1 pH-regulated antigen  4 0 TNIFWAGDLLH

R 
 -  

Rim9 pH-response regulator 
protein palI/RIM9 

2.9 1 YANDDMRIMR  -  
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3.2.2 Proteins detected solely in the wild type strain under non-filamentous 

growth conditions 

Proteins functioning in adhesion (Als3 and Utr2), biofilm formation (Als3 and 

Hsp90), resisting oxidative stress (Sod4, Sod6, and Vma2), and cell wall rigidity (Utr2 

and Pga4) were exclusively identified in the wild type listed in Table 3 below. The 

absence of these proteins from the heterozygous strain reflect its impaired phenotypes 

of decreased biofilm formation, oxidative stress, and reduced resistance to SDS. 

   

Table 3. Proteins exclusive to the wild type strain grown under non-filamentous 
conditions. Protein were identified through both MASCOT and BLAST 

Protein Protein Description Sequence 
Coverage 

(%) 

 Number 
of Missed 
Cleavages 

Peptide Sequence E-
value 

Als3 Agglutinin-like protein 2 0 GYLTDSR  -  
1 CFKAGTNTVTFND

GDK 
 -  

Dfg5 N-linked mannoprotein of 
cell wall and membrane 

 -   -  NSISNGCLFHLAAR 3.00E-
09 

Eft2 Elongation Factor 2; 
GTPase 

 -   -  DSVVAAFQWATK 4.00E-
07 

 -   -  SIQRTVLMMGR 3.00E-
06 

Hsp90 Heat shock protein 3.5 1 ELISNASDALDKIR  -  
0 FTVTLDETNER  -  

Pga4 Beta-1,3-
glucanosyltransferase  

 -   -  AGIYVILDVNTPHS
SITR 

4.00E-
13 

Sod4 Cell surface super oxide 
dismutase 

 -   -  SNSTSSSSSSSK 1.00E-
05 

Sod6 Cell surface superoxide 
dismutase [Cu-Zn]  

3.8 0 DEGPFFYHIHER  -  

Tim21 Component of the 
Translocase of the Inner 
Mitochondrial membrane 

 -   -  MHMIQRVSSIGLR 1.00E-
08 

Utr2 Putative GPI anchored 
cell wall glycosidase 

 -   -  MSTFQESFDSK 5.00E-
06 

Vma2 V-type proton ATPase 
subunit B 

2.3 1 ISPKILEELYGR  -  
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Chapter 4  

Discussion 

4.1 Phenotypic Characterization 

This thesis aimed at further elucidating the role of Ddr48 in C. albicans. While Dib 

et al. claimed that this strain is filamentation defective (Dib et al., 2008), Cleary et al. 

found that it filaments just as the wild type strain does (Cleary et al., 2012). When we 

were growing the strains on PDA agar for the phenotypic and proteomic 

characterization experiments, we found no differences in filament-forming abilities 

where both strains were able to produce hyphae under filament-inducing conditions.  

Dib et al. found that the heterozygous strain was more sensitive to oxidative stress; 

which was observed as a decrease in OD growth in liquid upon addition of hydrogen 

peroxide (Dib et al., 2008). However, the Cleary group found no observable difference 

between both strains concerning hydrogen peroxide though the heterozygous strain 

was more sensitive to the oxidative stress imposed by 4-nitroquinoline 1-oxide (Cleary 

et al., 2012). For that reason, we decided to retest the tolerance of the strains to 

hydrogen peroxide by a different technique, agar spotting. The heterozygous strain 

showed more sensitivity to this oxidizing agent than the wild type; confirming the 

results obtained previously in our lab. To back up this finding, we decided to test the 

tolerance of both strains to two additional oxidative stress agents: menadione and 

diamide. The heterozygous strain turned out to be also more sensitive to these agents 

than the wild type. Hydrogen peroxide, menadione, and diamide are used in our study 

to mimic the harsh conditions C. albicans faces when ROS burst by host macrophages 

takes place (Brown et al., 2007). These experiments confirm that Ddr48 functions in 

oxidative stress tolerance.   
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Cleary and his colleagues stated that ddr48 mutant strains were more resistant to 

SDS than the wild type strain and hypothesized that C. albicans compensated for this 

deletion by up-regulating extra stress response factors (Cleary et al., 2012). To test 

this, we applied this SDS tolerance stress. We observed the heterozygous strain to be 

less resistant to SDS than the wild type. As such, two other cell wall perturbing agents 

were utilized: calcofluor white and Congo red. Both strains showed equal sensitivities 

to these agents. Each of these agents has a distinct and unique mode of action as 

explained in section 1.4.3 of the Introduction section. It is a bit unexpected to have the 

heterozygous strain sensitive to SDS that acts on the plasma membrane proteins 

(Plaine et al., 2008), but not to Congo red or calcofluor white that act on β-glucans and 

chitin fibers respectively (Nodett et al., 1990; Brasch et al., 2003) since all three agents 

test for a decreased cell surface rigidity. We hypothesize that Ddr48 does not interfere 

with the formation and assembly of glucans or chitin fibers, but in the crosslinking of 

these cell wall components altogether; affecting by this the overall cell wall elasticity 

and integrity. We therefore performed a chitin content assay and, as expected, the cell 

wall chitin content did not vary between the wild type and the heterozygote. A recent 

study proved that C. albicans’ ability to withstand a hyperosmotic stress is controlled 

by its cell wall elasticity extent (Ene et al., 2015). For that reason, we subjected both 

wild type and heterozygous strains to NaCl osmotic shock. Results showed that the 

heterozygous strain was more sensitive than the wild type; thus confirming that the 

elasticity of the cell wall has been affected by the deletion of DDR48.  

 In our study, we also tested both strains for their tolerance to heat shock by heating 

the strains at 42oC then cooling them to 18oC. The heterozygous strain turned out to 

tolerate heat as much as the wild type. This hints that Ddr48 is not required for thermal 

resistance.  
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 The ability of both strains to form biofilm was assessed. We found that the 

heterozygous strain has a 20% drop in this ability when compared to the wild type. 

Knowing that adhesion is an essential step in biofilm formation (Uppuluri et al., 2010), 

we decided to perform an adhesion assay on human epithelial cells. As expected, the 

heterozygous strain showed a 10% drop in adhesion as well. These findings are in 

accordance with those of Cleary and his colleagues as they showed that the deletion of 

either one copy or both copies of DDR48 leads to defects in self-adhesion as measured 

by a decrease in flocculence, (Cleary et al., 2012). Thus, we confirm that Ddr48 affects 

adhesion and biofilm formation in C. albicans. 

Moreover, virulence of each of the wild type and heterozygous strains was 

evaluated through a murine model of disseminated candidiasis. All infected mice were 

killed by both strains within 2 weeks post intravenous injection. This shows that 

virulence is not affected by the deletion of DDR48. This result, even though contradicts 

with the result of Dib et al that observed an attenuation in virulence, is not surprising 

given that our mutant strain was found to filament and form hyphae in the same manner 

as the wild type and bearing in mind that hyphal formation is necessary for proper 

virulence.  

 

4.2 Proteomic Characterization 

As a summary, our lab has characterized the DDR48 heterozygous strain as having 

an increased sensitivity to oxidative stress, decreased cell wall elasticity reflected by 

its increased sensitivity to SDS a cell surface perturbing agents, and to osmotic stress. 

In addition the strain showed slight defects in adhesion and biofilm formation when 

compared to the wild type strain.  Since these phenotypes were more pronounced in 

the mutant strain, we focused in our proteomic analysis study on the proteins that are 
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exclusive to the wild type strain and missing from the heterozygous strain in an attempt 

to explain these phenotypic variations.   

It is noteworthy in this proteomic approach that the lack of detection of a particular 

protein in a sample does not necessarily mean that the protein is absent and not 

expressed. It could still be present in the sample but at low insufficient concentration 

for it to be successfully detected.  For that reason, we performed eight independent cell 

wall extractions for each strain and collected as much cell wall material and proteins 

as possible. In order to ensure successful protein identification and reduce the number 

of false positives only proteins appearing in 50% of these extractions were included in 

our study. 

 

4.2.1 Proteins involved in oxidative stress tolerance 

Three proteins detected exclusively in the wild type strain have functions in 

combating oxidative stress: Sod4, Sod6, and Vma2. Sod4 and Sod6 are superoxide 

dismutases. This family of proteins function in converting the damaging superoxide 

radicals generated by the host’s macrophages and neutrophils into less harmful 

hydrogen peroxide that can be later transformed into water by catalases (Frohner et al., 

2009). This ability to degrade host-derived ROS makes dismutases crucial for evading 

innate immune surveillance and permits the emergence of persisters in biofilms that 

can withstand high doses of antifungals (Bink et al., 2011). Vma2, a subunit of the 

vacuolar ATPase complex involved in the acidification of intracellular organelles, is 

needed for the resistance of C. albicans to oxidative stress (Rane et al., 2014). The lack 

of detection of these three proteins from the heterozygous explain the reduced ability 

of this strain to survive oxidative stress.    
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4.2.2 Proteins involved in cell wall elasticity and integrity  

The extent of cell wall elasticity and integrity reflects the ability of C. albicans to 

tolerate cell wall perturbing agents and osmotic stress (Ene et al., 2015). Pga4, Utr2, 

and Dfg5 are proteins involved in cell wall remodeling that affect its elasticity and 

tolerance. Pga4 is needed for the elongation of the β-1,3-glucan chains during cell wall 

biosynthesis and morphogenesis (Plaine et al., 2008). Utr2 is an extracellular 

glycosidase that functions in cell wall assembly and adhesion (Alberti-Segui et al., 

2004). It does that by linking β-glucan to chitin where the degree of crosslinks between 

β-glucan and chitin in the cell wall impacts osmotic stress resistance (Ene et al., 2015). 

Dfg5 is a GPI-linked cell surface protein that functions in cell wall biogenesis and 

integrity (Spreghini et al., 2003). These proteins were only detected in the wild type 

which has a more rigid cell wall and higher tolerance to osmotic and some cell wall 

perturbing agents than the heterozygous strain.  

 

4.2.3 Proteins involved in biofilm formation 

Biofilm formation is a multi-step mechanism in which various proteins and factors 

are recruited. Als3 is a cell surface adhesin that in addition to mediating yeast-to-host 

tissue adherence, it has a major role in yeast aggregation and consequently in biofilm 

formation (Klotz et al., 2007; Nobile et al., 2008). Hsp90 is a heat shock protein that 

is prime regulator of antifungal tolerance and dispersion of C. albicans biofilms 

(Nobile et al., 2012). Another factor contributing to biofilm formation is Ece1 that is 

a secreted protein (Nobile et al., 2006). Ipp1, an inorganic pyrophosphatase, and Pra1 

are components of the biofilm matrix with Pra1 being a major constituent (Nobile et 

al., 2012; Sentandreu et al., 1998). Pmt1 is a mannosyltransferase that is required for 

biofilm formation especially during its early stages (Peltroche-Llacsahuanga et al., 
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2006). Rim9 is a pH-sensing protein that is biofilm induced (Cornet et al., 2009; Nobile 

et al., 2012). Cdc42 is a Rho-type GTPase functioning in morphogenesis induced by a 

biotic stimulus and in maintaining hyphae; both of which are essential processes in 

biofilm formation (Bassilana et al., 2003; Uppuluri et al., 2010). All of these proteins 

were not detected in the heterozygous strain, explaining its deteriorated ability to form 

biofilms.  

 

4.2.4 Proteins involved in adhesion 

In C. albicans, Als3 acts as both an adhesin and an invasion (Almeida et al., 2008). 

As an adhesin, Als3 expressed on the fungal cell wall binds to the E-cadherin receptor 

at the host cell membrane thus facilitating the attachment of C. albicans cells to the 

host. Als3 also interacts with the EGFR/Her2 heterodimer; a crucial step in the 

formation of the invasion pocket (Moyes et al., 2015). Hyr4 is a GPI-anchored protein 

acting as an adhesin that allows the fungus to adhere to host tissues (De Groot et al., 

2003). Pmt1 which functions in the early stages of biofilm formation as stated in the 

above section also functions in the adhesion of C. albicans to epithelial cells 

(Peltroche-Llacsahuanga et al., 2006). These adhesion proteins were not detected in 

any protein sample isolated from the heterozygous strain. These proteins explain the 

observed variation in adherence between the two strains.  

 

In addition to the above-mentioned proteins, Eft2 and Tim21 were solely detected 

in the wild type strain. However, these proteins are ribosomal and mitochondrial 

proteins respectively as referenced in candidagenome.org and uniprot.org. These are 

artifacts or contaminants from the cytosolic proteins during cell wall isolation. 
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Additional such contaminants were detected exclusively in the heterozygous strain: 

Mic60, Pam17, Alo1, and Erv25. 

Both the DDR48 heterozygous and wild type strains exhibited equal filament 

forming, temperature tolerating, and virulence abilities. Following the observed drop 

in adhesion, biofilm formation, stress tolerance, and cell wall rigidity, one would 

expect the heterozygous strain to be less virulent. But this was not the case. As such, 

we hypothesize that additional virulence factors have been up-regulated in the absence 

of Ddr48 to compensate. Tables 4 and 5 list the proteins that were exclusively detected 

in the heterozygous strain under filamentous and non-filamentous growth conditions. 

The most remarkable of these proteins are Qdr1-3, Cdr1, Ctr1, Sap9, and Plb1. Qdr1 

and Qdr3 are MFS antiporters important for fungal growth inside the host (Shah et al., 

2014). Cdr1 is a pleiotropic ABC efflux transporter conferring resistance to various 

antifungal drugs and chemicals (Sanglard et al., 1996). Ctr1 is a copper transporter into 

the cell where copper is needed for the activation of enzymes and for ensuring growth 

and resisting oxidative stress (Marvin et al., 2003). Although the heterozygous strain 

was less resistant to oxidative stress and cell wall perturbing agents than the wild type, 

it could still survive these stresses. The presence of these proteins exclusively in the 

heterozygous explain its ability to survive these stresses but they cannot compete with 

the superoxide dismutases, Utr2, Pga4, and Vma2 expressed in the wild type. 

Moreover, Sap9 and Plb2 are too important for the fitness of C. albicans inside the 

host and under hostile conditions where they supply the fungus with nutrients by 

degrading the host cell membranes (Gow et al., 2017). These proteins, along with the 

other ones exclusively detected in the mutant strain, collectively increase the survival 

of the fungus when DDR48 is deleted and allow the mutant strain to remain virulent 

even though it has some deteriorations in particular pathogenicity mechanisms.  
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Chapter 5  

Conclusion and Insights 
 

In this study, we continued our characterization of the Candida albicans cell 

wall protein Ddr48. Previous characterizations in our lab and another lab found 

discrepancies in the results obtained. Our current study found that the DDR48 mutant 

strain has reduced resistance to oxidative stress, weakened cell wall elasticity revealed 

by its increased sensitivity to SDS and osmotic stress, and decreased adhesion and 

biofilm formation when compared to the wild type strain. We also identified 

differentially expressed cell wall proteins between the wild type and DDR48 mutant 

that attempt to explain the observed phenotypic results observed. 

Future work should focus on conducting protein quantification experiments 

that would give detailed information regarding the extent of up-regulation or down-

regulation of each of the differentially detected proteins. Also, additional experiments 

should be applied to investigate the pathways and stimuli involved in the expression 

of Ddr48.   
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Appendix 

 
Appendix A. Proteins exclusive to the mutant strain grown under filamentous 
conditions. 

Protein Protein Description Sequence 
Coverage 

(%) 

 Number 
of Missed 
Cleavages 

Peptide Sequence E-
value 

Cbr1 NADH-cytochrome b5 
reductase 1 

2.7 1 FPLIEKIR  -  

Cdc11 Septin 4 0 SINFSIMIIGESGS
GR 

 -  

Ecm33 GPI-anchored protein  -   -  FDCSAFDKLHEK
GK 

1.00
E-09 

Erg1 Squalene monooxygenase 2.4 0 GFILLGDSLNMR  -  
Hyr1 GPI-anchored hyphal cell 

wall protein 
 -   -  GYDSKLFR 1.20

E-02 
Mic60 MICOS complex subunit 3.9 1 MIRITSR  -  

2 GWSRKLANDWV
VEGR 

 -  

Mnt1 Alpha-1,2-mannosyl 
transferase 

 -   -  IIYGHSESYRHMC
R 

6.00
E-11 

Pam17 Presequence translocated-
associated motor subunit 
PAM17, mitochondrial  

4.9 0 MFSLGVQNR  -  

Pga49 Predicted GPI-anchored 
protein 49 

2.5 2 RRPKLLK  -  
1 RFTGVVLPENR  -  

Pga50 Gpi-anchored protein, 
adhesin-like 

 -   -  GSFLAEQK 4.00
E-02 

Plb1 Phospholipase B  -   -  QGMISNGFEIATR 4.00
E-08 

Qdr1 MFS antiporter 2.2 1 RIVGNGSIRPK  -  
Rbt1 Cell wall protein with 

similarity to Hwp1 
 -   -  EAEIANKDGTIEK

R 
3.00
E-08 

Sec4 Ras-related protein SEC4  4.3 1 SGKGTSSR  -  
1 MSGKGTSSR  -  

Sec61 Protein transport protein 
SEC61 subunit alpha 

2.1 2 DTSAYKELKK  -  

Tef1 Elongation factor 1-alpha 1  7.2 0 THVNVVVIGHVD
SGK 

 -  

1 FAVRDMR  -  
0 IGGIGTVPVGR  -  

UCF1 Upregulated by cAMP in 
filamentous growth 

 -   -  EEEDMYDRHWR 2.00
E-07 
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Appendix B. Proteins exclusive to the mutant strain grown under non-filamentous 
conditions. 

Protein Protein Description Sequence 
Coverage 

(%) 

 Number 
of Missed 
Cleavages 

Peptide Sequence E-
value 

Alo1 D-arabinono-1,4-lactone 
oxidase 

2 0 FVDLTVEAGTR  -  

Ape2 Aminopeptidase 2.3 0 AIHPNLR  -  
1 YMATTQMEPTD

CRR 
 -  

Bmh1 14-3-3 protein homolog  3.8 0 DSTLIMQLLR  -  
Bud4 Bud site selection protein 5 0 KPPTALLSADR  -  

1 DTWANKFAPDG
SFAR 

 -  

2 KESISSKPAKLSS
ASPR 

 -  

Cdc11 Septin  -   -  KFEERVHQDLIN
K 

3.00E
-08 

Cdr1 Pleiotropic ABC efflux 
transporter of multiple drugs 

0.7 1 DVYEVREAPSR  -  
 -   -  EYFEKMGWKCP

QR 
4.00E

-10 
Dcw1 Mannan endo-1,6-alpha-

mannosidase 
2.9 0 YTGNDSYVVWA

ER 
  

Ecm33 Cell surface GPI-anchored 
protein 

3.4 2 FDCSAFDKLHEK
GK 

 -  

Erv25 Endoplasmic reticulum 
vesicle protein 25 

4.7 1 LKPVEVELKR  -  

Fba1 Fructose-bisphosphate 
aldolase 

3.6 2 YFDPRVWVREG
EK 

 -  

Gpm1 Phosphoglycerate mutase 4 0 NLFTGWVDVR  -  
Mpg1 Mannose-1-phosphate 

guanyltransferase  
3.3 1 STIVGWNSRIGK  -  

Pam17 Presequence translocated-
associated motor subunit 
PAM17, mitochondrial 

4.9 0 MFSLGVQNR  -  

Pdc11 Pyruvate decarboxylase  -   -  LISEASNPVILVD
ACAIR 

2.00E
-12 

Pga19 Predicted GPI-anchored 
protein 

5.7 1 RDVSDSDNEQV
LR 

 -  

Pga49 Predicted GPI-anchored 
protein 

4.1 1 TMKVSTQISSAM
SK 

 -  

2 KTMKVSTQISSA
MSK 

 -  

1 FTGVVLPENRQF
VFR 

 -  

Pgk1 Phosphoglycerate kinase 13.4 0 DGEIFLLENLR  -  
0 AHSSMVGLEVP

QR 
 -  

0 YIVLASHLGRPN
GER 

 -  

0 ALENPERPFLAIL
GGAK 

 -  

Rbt1 Cell wall protein 2 2 EAEIANKDGTIE
KR 

 -  

Ssa1 Heat shock protein 4.4 0 DAVVTVPAYFN
DSQR 

 -  
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2 EEIDKMVSEAEK
FK 

 -  

Ssa2 Heat shock protein 4.3 0 TTPSFVAFTDTE
R 

  

0 DAVVTVPAYFN
DSQR 

  

Tef1 Elongation factor 1-alpha 12.2 0 IGGIGTVPVGR  -  
1 DMRQTVAVGVI

K 
 -  

0 YHVTVIDAPGH
R 

 -  

0 TLLEAIDAIEPPT
RPTDKPLR 

 -  
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