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ABSTRACT 

 

 

  Candida albicans is usually present as a harmless commensal of the mucosal 

surfaces of the alimentary canal and urogenital tracts, but it is a major cause of hospital-

acquired infection in immunocompromised individuals. Candida spp. are the fourth most 

common cause of bloodstream infection. Moreover, the mortality rate of systemic 

candidiasis is very high due to the difficulty in diagnosis and treatment. Candida albicans 

is a polymorphic fungus that can change its morphology ranging from hyphae to yeast. 

The ability to switch between these morphologies is believed to be involved in the 

pathogenesis and virulence of this organism. The Candida albicans PHR1 (pH-regulated) 

gene is an alkali-expressed gene that encodes a 548 amino acid residue GPI-anchored cell 

surface glycoprotein. The deletion of PHR1 in C. albicans resulted in pH-conditional 

defects of cell morphology and virulence. The enzyme encoded by PHR1 is required for 

proper cross-linking of -1,3-glucans and -1,6-glucans in the cell wall. Both this 

enzyme and the cell wall itself are absent in host cells, which makes it an interesting 

target for new antifungal drug development.  

 We developed methods to study protein-protein interactions which combined 

protein cross-linking, Triton
®
X-114 extraction, ion exchange chromatography, 2 

dimensional SDS-PAGE and mass spectrometry of an epitope tagged Phr1p that proved 
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successful in analyzing interactions of membrane bound Phr1p. Therefore, these 

procedures might be useful for studying other membrane proteins. The results showed 

that the Phr1p forms a complex about double the size of Phr1p and mass spectrometry 

indicated that Phr1p was the only major component of this complex. Together this 

suggests that Phr1p forms a dimer. The dimer was enriched in the detergent-rich phase 

after Triton
®
X-114 extraction and phase separation, an observation consistent with the 

dimer retaining a hydrophobic GPI-anchor moiety. Western blotting results showed about 

25-60% of Phr1p was in a dimeric form, which may indicate that the function of the 

dimeric form of Phr1p is distinct from that of the monomeric form. 
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Chapter I: Introduction 

 

1.1 Candida albicans medical significance 

Candida albicans is usually present as a harmless commensal of the mucosal 

surfaces of the alimentary canal and urogenital tracts in healthy individuals. Nevertheless, 

it is the most common cause of opportunistic fungal infection in immunocompromised 

individuals and those who are hospitalized with serious underlying disease. It can cause 

serious infections in HIV-infected patients, cancer patients that are undergoing cytotoxic 

chemotherapy and organ or bone marrow transplant recipients receiving 

immunosuppressive therapy. Risk factors include broad-spectrum antibiotics, treatments 

that suppress the normal microbiota, neutropenia, catheterization, malnutrition and 

diabetes (Fridkin and Jarvis, 1996; Arnaud et al., 2009). 

Candida infections can be divided into a superficial group such as oral thrush or 

vaginal infection and invasive candidiasis that occurs when Candida albicans enters the 

blood, causing bloodstream infection and spreads throughout the body (Molero et al., 

1998). 

Data from the U.S. Centers for Disease Control (CDC) shows that since 1980, 

Candida spp. are the fourth most common cause of bloodstream infection (Edmond et al., 

1999; Wisplinghoff et al., 2004; Ha et al., 2010).  Candida albicans is also a major cause 
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of health care-acquired infection. The mortality rate of systemic candidiasis is around 30-

40%, which is very high compared to bacterial septicemia (Mora-Montes, 2009). This 

problem is due to the difficulty in diagnosis and treatment (Ha et al., 2010).  

Invasive candidiasis is a major and persistent public health problem because the 

mortality rate associated with this infection is substantial and there is a dramatically 

increased frequency in spite of advances in antifungal therapy. It also extends the 

patients’ length of hospital stay (LOS) and increases the total cost of medical care, which 

is estimated at $1 billion each year in the United States alone. So it is clear that fungal 

diseases have emerged as important public health problems (Pfaller, 2007).  

Many Candida infections involve the formation of biofilms on medical devices 

such as catheters, cardiac pacemakers, prosthetic heart valves, joint replacements, 

endotracheal tubes, dentures and cerebrospinal fluid shunts. These biofilms help Candida 

sp. to gain access to tissues that they do not normally colonize in healthy individuals 

(Douglas, 2003).  

Candida albicans biofilms formed in vitro on catheters consist of matrix-enclosed 

microcolonies of yeast and hyphae, arranged in a bilayer structure (Douglas, 2003). The 

biofilms formed on these medical devices are difficult to treat due to their resistant to a 

range of antifungal drugs currently in clinical use (Douglas, 2003; Ramage, 2005). C. 

albicans cells in biofilms are 100-fold more resistant to the anti-fungal drug fluconazole, 

and 20-30-fold more resistant to amphotericin B compared to planktonic cells 
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(Kumamoto, 2002). Relative toxicity, side effects and the development of resistance limit 

the use of antifungal drugs in C. albicans treatments (Ha et al., 2010). 

 

1.2 Candida albicans biology 

Candida albicans and Saccharomyces cerevisiae are both ascomycetes. Early 

investigations showed the similarities between C. albicans and S. cerevisiae including the 

ability of C. albicans genes to complement some S. cerevisiae mutations (Vai et al., 

1996; Molero et al., 1998). However, the homologous genes in S. cerevisiae and C. 

albicans do not always have the same functions (Ernst, 2000). More recent works have 

shown that the molecular biology of these organisms has diverged since their 

evolutionary separation around 140-850 million years ago (Berman and Sudbery, 2002). 

Though similar to S. cerevisiae in many ways, the varied morphological forms of 

C. albicans such as true hyphae, chlamydospores and phenotypic switching are not 

observed in S. cerevisiae (Ernst, 2000). Moreover, the most important characteristic that 

separates C. albicans from S. cerevisiae is that C. albicans is an opportunistically 

pathogenic organism that can cause disease in humans, whereas S. cerevisiae is non-

pathogenic (Magee and Scherer, 1998). 

The asexual diploid nature of C. albicans makes it difficult to manipulate 

genetically. Because of its diploid genome, both alleles of a gene must be mutated to 
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uncover recessive phenotypes (Gow and Gadd, 1995; Backer et al., 2000). Moreover, C. 

albicans has a non-standard codon usage, which translates the CUG codon to serine 

instead of leucine (Santos et al., 1993). This further complicates heterologous gene 

expression and prevents the use of standard reporter genes for gene expression analysis 

(Gow and Gadd, 1995; Biswas, 2007). 

Most strains of C. albicans can switch colony morphology at high frequencies. 

This phenotypic switching is reversible and colony type can be inherited from one 

generation to another. Many colony morphotypes occur, some strains may generate at 

least seven different colony types. Colony morphologies vary from smooth to wrinkled, 

fuzzy, ringed or star-shaped. These different colony morphologies result from changes in 

the proportion of yeast, hyphal and pseudohyphal forms in different parts of the colony 

(Gow and Gadd, 1995). One of the well-studied strains that undergoes phenotypic 

switching is WO-1. It switches between a white hemispherical colony called “white 

phase” and a grey, flat colony called “opaque phase” (Slutsky, 1987; Gow and Gadd, 

1995). 

Cell morphologies of each colony type are different. White-phase
 
cells of strain 

WO-1 have normal spherical yeast cells whereas opaque-phase cells are larger, elongated 

and have “pimples” on the cell wall (Gow and Gadd, 1995).  

Candida albicans usually exists as a diploid organism and never undergoes 

meiosis. In order to mate, C. albicans cells heterozygous “a/α” at the mating type locus 
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(MTL) have to undergo homozygosis to form “a/a” or “/” cells. Homozygosis occurs 

in association with the phenotypic switch from the non-mating smooth-wall white cell to 

the mating-competent rough-walled opaque cell (Arnaud, 2009; Soll, 2009).  

Opaque cells that are homozygous at the mating type locus and of opposite 

mating types “a/a” and “/” can mate resulting in genetic recombination and the 

formation of tetraploids (aa/). Random chromosome loss can reduce the chromosome 

number potentially restoring diploid cells (a/). This process is called a parasexual cycle 

(Arnaud, 2009).  

There’s also evidence that mating-competent opaque cells release pheromones 

that signal mating-incompetent white cells to become adhesive and form a biofilm, which 

facilitates the mating process in vitro. But this observation remains to be verified in vivo 

(Daniels, 2006).  

Candida albicans is a dimorphic fungus that can grow under various 

physiological conditions. It can undergo a reversible morphological transition from a 

round, single-celled budding-yeast form to a series of elongated, hyphal forms in 

response to many different environmental signals such as starvation, 37°C temperature, 

neutral pH, low nitrogen levels and exposure to serum (Penalva and Arst, 2002; Nather, 

2008). These filamentous forms include a spectrum of morphologies that range from 

pseudohyphae to true hyphae (Odds, 1988).  
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The ability to change morphology is often stimulated by growth in the host, which 

correlates with host invasion and is believed to be essential for pathogenicity. The 

different morphological forms are believed to be advantageous at different stages of 

infection. 

Additional advantages of the filamentous form include providing increased 

resistance to phagocytosis by macrophages and other leukocytes. Hyphae also secrete 

hydrolytic enzymes at the hyphal tip that can facilitate penetration into substrates and 

host tissues by degrading proteins, lipids and other cellular components  (Gow et al., 

2002). 

 

1.3 Candida sp. cell wall structure, functions and biosynthesis 

Fungal cells are protected by an envelope composed of three major components: 

the cell wall, periplasm and plasma membrane. The cell wall is the outermost barrier, 

about 100-200 nm thick and accounts for 25% of the total cell dry weight (Premsler, 

2009). Scanning electron microscopy shows that C. albicans cell walls are bi-layered and 

consist of a fibrillar outer layer that emanates from an underlying skeletal layer (De 

Groot, 2005). 

The fungal cell wall is a very dynamic structure that continues to change as a 

result of different environmental stimuli. Its functions involve a number of important 
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processes including providing physical integrity and maintenance of cell shape when 

cells are exposed to changes in osmotic pressure. It also provides plasticity to the cell, 

allowing it to change size and shape during the cell cycle, cell growth, cell division, and 

morphological transitions. The cell wall is also in direct contact with the external 

environment and is involved in adhesion, signal transduction, virulence and pathogenic 

processes (Klis et al., 2006). 

The Candida albicans cell wall plays a major role in host-pathogen interactions 

because it is in direct contact with host cells and the immune system. It carries antigenic 

determinants that are responsible for the adherence of the pathogen to immune cells and 

important for immune recognition (Netea et al., 2008; Mora-Montes, 2009). 

The fungal cell wall is a unique cellular component that distinguishes fungi from 

other organisms. Its structure is significantly different from plant cell walls and bacterial 

peptidoglycan. Moreover, there are no similar structures in the host. Because of its unique 

structure, composition and biosynthesis, the fungal cell wall is an excellent target for 

developing anti-fungal drugs (Groll et al., 1998).  

The cell wall of C. albicans is a highly complex structure composed of layers of 

polysaccharide networks. It is composed mainly of -glucans and mannoproteins with a 

small amount of chitin. The carbohydrate chains of the cell wall are composed of three 

monosaccharides, D-glucose (Glc), which is the building block for glucan, N-acetyl-D-

glucosamine (GlcNac) and D-mannose (Man) (Masuoka, 2004).  
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The -glucans are the major component of the cell wall, which account for 50-

60% of the cell wall by weight and mannoproteins account for 30-40% of the wall 

(Kapteyn, 2000). Chitin is a long linear -(1-4)-linked polymer of N-acetyl-D-

glucosamine that accounts for only 1-2% of the yeast wall by dry weight but it is 

important for providing strength (Bowman, 2006). 

The -1,3-glucan-chitin complex is the major component of the inner wall. The -

1,6-glucan is a highly branched polysaccharide that links inner and outer walls together 

and it is also linked to chitin. On the outer surface of the wall are mannoproteins which 

are bound to -1,3-glucan or -1,6-glucan. Cell wall proteins perform many functions, 

including adhesion, which mediate the interaction between C. albicans and host. They 

also act as surface antigens that play a major role in pathogenesis by inducing the host 

immune response (Lipke and Ovalle, 1998). Some polysaccharides in the cell wall, such 

water soluble -1,3-glucan or -1,6-glucan can also act as food reserves. Fungal cells can 

utilize glucan by catabolizing it into glucose when needed (Gow and Gadd, 1995). 

Fungal cell wall biosynthesis takes place in three sites: plasma membrane, 

cytoplasm and cell wall itself. Structural polymers such as chitins and -1,3-glucans are 

synthesized at the plasma membrane by transmembrane synthases. These enzymes accept 

nucleotide sugar precursors from the cytosol and feed the polymerized chains vectorially 

into the wall. Mannoprotein synthesis begins in the endoplasmic reticulum (ER) with the 

addition of N-linked oligosaccharides and GPI-anchor. The precursors are then 
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transferred through the secretory pathway to the Golgi apparatus where the addition of O-

linked sugars and extension of N-linked oligosaccharides takes place. The glycoproteins 

are then transported via secretory vesicles and secrete into the periplasmic space. Finally, 

cell wall assembly, which involves activities such as cross-linking of all cell wall 

components, takes place in the cell wall itself (Gow and Gadd, 1995; Bowman and Free, 

2006).  

 

1.4 Cell wall Proteins 

Cell wall proteins (CWPs) play key roles in cell wall assembly, adhesion to host 

cells, mediating immune responses and protecting the cell from host enzymes. Therefore, 

their functions are critical to the virulence of C. albicans (Nather, 2008). Yeast 

mannoproteins are highly glycosylated, from twenty to more than eighty percent 

carbohydrate by weight (Lehle and Tanner, 1995; Lipke and Ovalle, 1998). Molecular 

analysis of C. albicans cell wall components is important for understanding host-fungal 

interactions. 

CWPs are normally highly mannosylated by the addition of extensively branched 

N-linked glycans attached to asparagine residues and short, linear O-linked glycans 

attached to serine and threonine residues. Both of these are important pathogen-

associated molecular patterns (PAMPs) that are recognized by immune cells (Nather, 
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2008; Netea, 2008). These proteins are attached to the glycan network by an alkali-

sensitive linkage or glycosylphosphatidylinositol-anchor (GPI-anchor) (Kapteyn, 2000). 

GPI-anchored proteins are linked to the extracellular side of cell membranes through their 

glycolipid moieties. Precursors of GPI-anchored proteins are synthesized with a cleavable 

N-terminal signal sequence for endoplasmic reticulum (ER) localization and C-terminal 

signal sequence that guides GPI-anchored attachment. The conserved GPI core structure 

is composes of a lipid moiety, phosphatidylinositol, an N-acetylglucosamine group, three 

mannose residues, and a phosphoethanolamine group which connects the GPI anchor to 

the carboxyl terminus of the protein via amide linkage (Mayor and Riezman, 2004). 

GPI-modified proteins are targeted to the plasma membrane, but may be cleaved 

and attached to -1,6-glucans. Examples of GPI-anchor proteins are the ALS gene family 

that encodes eight cell wall proteins involved in adhesion of C. albicans to host cells and 

the Gas/Phr family, which is involved in cell wall biogenesis and remodeling (Nather and 

Munro, 2008). However, the functions of most C. albicans GPI-proteins are still 

unknown. Around 100 C. albicans proteins are predicted to be post-translationally 

modified with GPI-anchors (Richard and Plaine, 2007). 

 

1.5 Cell wall assembly and pH-regulated genes in Candida albicans             
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Candida albicans can cause a broad range of infections in diverse host 

environments (Hube, 2004). The ability of this organism to cause infection depends in 

part on its ability to respond to changes in the pH of the environment (Davis, 2009). At 

an optimal temperature of 37°C, filamentation of C. albicans is favored at neutral pH and 

reduced at pH values lower than 6 whereas the yeast form predominates almost 

exclusively at pH 4 (Penalva and Arst, 2002; Biswas, 2007). 

Differential
 
screening techniques were used to isolate genes with a pH-dependent 

expression
 
profile and identified PHR1. PHR1 (pH-regulated) is an alkaline-expressed 

gene that encodes a 548 amino acid residue, GPI-anchored cell surface glycoprotein. 

Northern blot analysis showed that PHR1 expression varied in relation to the pH of the 

culture medium, expression is high at neutral to alkaline pH but undetectable below pH 

5.5. Deletion of PHR1 resulted in an inability to form normal yeast or hyphal morphology 

at an alkaline pH, but no defects occurred at acidic pH (Saporito-Irwin et al., 1995). A 

homolog of PHR1, PHR2, showed an inverse pattern of expression from PHR1. It is 

expressed at an ambient pH below 5.5. It also plays
 
a role in morphogenesis, since a 

PHR2 null mutant is unable to grow at acidic pH and also shows morphological 

abnormalities (Muhlschlegel and Fonzi, 1997). 

The virulence of phr1 null mutants is severely compromised in a mouse model of 

systemic infection (Ghannoum et al., 1995). The clinical isolate SC5314 caused 100% 

mortality within 3 days after IV injection of 1.5x10
6
 C. albicans cells. In contrast, the 



12 
 

phr1 null mutant strain CAS10 causes 0% mortality. Two mutants that are heterozygous 

for PHR1, produced similar survival curves with about half the mortality rate of the wild-

type strain, suggesting that a single allele is insufficient for full expression of the 

pathogenic potential of these strains (De Bernardis, 1998). 

Biochemical evidence indicates that Phr1p remodels -1,3-glucans via a 

transglycosylation reaction. This enzyme cleaves an internal -1,3-glycosidic bond in a 

donor glucan followed by the transfer of the newly generated reducing end to the non-

reducing end of another -1,3-glucan molecule. The generation of a new -1,3-glycosidic 

linkage between the acceptor and donor molecule results in an elongation of -1,3-glucan 

(Mouyna, 2000). 

The enzyme encoded by PHR1 is required for proper cross-linking of -1,3-

glucans and -1,6-glucans. In the absence of Phr1p, the cross-linking between -1,3-

glucans and -1,6-glucans is decreased. In the mutant, chitin which is normally linked to 

a small percentage of -1,6-glucan, becomes the site of attachment of almost all of the -

1,6-glucan (Fonzi, 1999). The enzymatic activity of Phr1p suggested that it participates in 

the process of cell wall biosynthesis by processing -1,3-glucans and making them 

available for the attachment of -1,6-glucans. The activity of this enzyme is absent in 

mammalian cells, which makes it an interesting target for new antifungal drug 

development.  
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Specific Aims 

 

In order to obtain answers to key issues about C. albicans morphogenesis, 

pathogenicity and virulence, protein-biochemical approaches are needed since proteins 

are the functional biomolecules directly involved in physiological and pathological 

processes. Proteins normally do not work individually, but rather interact with other 

proteins to form stable or transient complexes.  Sequences of higher eukaryotic genomes 

suggest that the complexity of the organism is not mediated by dramatic increase in the 

number of genes but rather by a more complex pattern of protein-protein interactions 

(Rubin, 2001). 

 The cell wall of non-pathogenic fungi, e.g., Saccharomyces cerevisiae, and 

pathogenic fungi, e.g., Candida albicans, are very similar in their polysaccharide 

structure, but very different in their protein compositions. This emphasizes the 

importance of C. albicans cell wall proteins in virulence. 

Bacterial peptidoglycan synthesis requires multienzyme complexes containing 

transglycosylases, transpeptidases, endopeptidases and carboxypeptidases for both 

synthesis and remodeling (Cabeen and Jacobs-Wagner, 2005). The compositions of the 

complexes vary depending on the location and function of the complex (Alaedini and 

Day, 1999). For instance, in the process of elongation versus cell division, the 
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composition of protein complexes are different (Cabeen and Jacobs-Wagner, 2005). 

Synthesis of the fungal cell wall is believed to require a similar coordination of activity.  

Very little is known about the molecular basis of fungal cell wall assembly. 

Identification and characterization of the cell wall proteins that interact with Phr1-protein 

will provide us more understanding of the role of Phr1p in cell wall assembly and the 

functioning of Phr1p itself. 

However, studying cell wall proteins is very challenging due to the complex 

biochemistry of these proteins. Moreover, the analysis of membrane proteins is further 

complicated by their hydrophobicity.  

 In order to test the hypothesis that Phr1p interacts with other cell surface 

protein(s), the following specific aims were proposed:  

1. To develop a method for studying Phr1-protein complex(s). 

2. To purify and identify the components of the Phr1-protein complex(s).  

Phr1p was tagged to facilitate detection and purification. Interacting protein(s) 

were cross-linked to Phr1p to stabilize the interactions within the protein-complex and 

purification techniques were developed to isolate purified protein complexes. These steps 

included optimization of cross-linking steps, purification steps and detection steps. 

Finally, components of the Phr1 protein complex were identified using mass 

spectrometry. 
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Chapter II: Materials and Methods 

PART1: Phr1p-Strep-tag II 

2.1.1 Phr1p-Strep-tag II strain construction 

A 433 bp EcoRI/SacII fragment of PHR1 from plasmid pSMS24 (Saporito-Irwin 

et al., 1995) was ligated into plasmid pBKS (Stratagene) at the like sites. The ligation 

reaction was transformed into E. coli XLI-Blue (Stratagene) by electroporation. White 

colonies on LB-Amp Xgal-IPTG plates were selected for screening. Plasmid DNA was 

prepared using a Quantum Prep
®
 Plasmid Miniprep Kit (BIO-RAD) and cut with 

EcoRI/SacII to check for the correct insert, indicated by the presence of 3 kb and 433 bp 

bands. Plasmid DNA from the desired clone was then used as a template for inverse PCR. 

Phr1p contains an amino-terminal secretory sequence and a carboxy-terminal GPI 

addition sequence, so this protein cannot be simply tagged at either end. The secretory 

signal cleavage site predicted by SignalP 2.0 (Zhang and Henzel, 2004) is between 

alanine and lysine at positions 20 and 21, respectively. Nucleotides encoding Strep-tag II 

and two linker glycines at both ends were incorporated between codons 22 

(phenylalanine) and 23 (glutamic acid) of PHR1, which did not alter the SignalP 

predicted processing site.  

Strep-tag II is a peptide mimic of biotin that contains a sequence of eight amino 

acids, tryptophan-serine-histidine-proline-glutamine-phenylalanine-glutamic acid-lysine 
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(Schmidt and Skerra, 2007). Codons encoding Strep-tag II were optimized based on 

relative synonymous codon usage (RSCU) values (McInerney, 1998) derived from 

assembly 19 of C. albicans genome (Jones et al., 2004). The tagged gene was integrated 

into a phr1 null mutant background. Since the tagged gene was the only full-length allele 

present, its functionally could be directly assessed.  

Strep-tag II DNA sequences were inserted into the PHR1 fragment by Inverse 

PCR using primers 5’-TGG ATG TGA CCA ACC ACC AAA CTT GGC TAA AGT 

TAA TGA AAA-3’ (StrepTagPHR1-Left) and 5’-CAA TTT GAA AAA GGT GGT 

GAA TCG TCC ACC CCA CCA G-3’ (StrepTagPHR1-Right). The underlined bases of 

the StrepTagPHR1-Left primer contain 4 codons: Pro-His-Ser-Trp of Strep-tag II 

sequences and two linker glycine residues. The underlined bases of StrepTagPHR1-Right 

primer contain 4 codons: Gln-Phe-Glu-Lys of Strep-tag II sequences with two glycine 

linkers. The PCR reaction mix contained 0.5 µg of plasmid DNA template, 2 µM of each 

primer, 0.25 mM dNTPs and 0.5 units of Vent DNA polymerase (NEB) in Thermo Pol 

buffer (NEB). The PCR cycles were 95°C for 5 minutes, 10 cycles of 94°C for 1 minute, 

48°C for 1 minute, and 72°C for 3.5 minutes, and a final extension at 72°C for 10 

minutes.  

Following agarose gel electrophoresis, the desired PCR product of 3.5 kb was cut 

from the gel, and purified using a QIAGEN gel purification kit. The linear DNA product 

was then phosphorylated using T4 polynucleotide kinase and ligated using T4 DNA 
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ligase (Invitrogen). The ligation reaction was transformed into E. coli XLI-Blue 

(Stratagene) by electroporation and spread on LB-Amp Xgal-IPTG plates. White colonies 

were selected for plasmid purification. Plasmids were digested with Tsp45I to check for 

the correct restriction digestion pattern of 1.9 kb, 900 bp and 200 bp bands. The correct 

clones were confirmed by DNA sequencing. The plasmid insert was amplified with M13 

forward and reverse primers in a sequencing reaction mix (BD). The PCR cycles were 28 

cycles of 96°C for 10 seconds, 50°C for 5 seconds, and 60°C for 4 minutes. The PCR 

products were cleaned with Micro-SELECT
®
 Spin columns before sequencing at the 

Lombardi Comprehensive Cancer Center, Macromolecular Analysis Shared Resource.  

A BtgZI/SacII fragment of 362 bp from plasmids with the correct DNA sequence 

was cloned into the like sites of PHR1 in plasmid pSMS54 (Saporito-Irwin et al., 1995). 

The ligation reactions were transformed into E. coli XLI-Blue by electroporation and 

spread on LB-Amp Xgal-IPTG plates. The selected transformants were checked for the 

Strep-tag II insert using PCR. One PCR primer was located in the Strep-tag II sequence: 

5’-TGG TTG GTC ACA TCC ACA ATT TGA AAA A-3’ (StrepTag-F). The other one 

was downstream in PHR1: 5’-TGA ACC ACA AGA GAA ATA ATC GGC AAT G-3’ 

(StrepTag-R). The PCR reaction mix contained 0.5 µg of plasmid DNA template, 2 µM 

of each primer, 0.25 mM dNTPs and 0.5 units of Taq DNA polymerase (NEB) in Thermo 

Pol buffer (NEB). The PCR cycles were 95°C for 5 minutes, 25 cycles of 94°C for 1 

minute, 55°C for 1 minute, and 72°C for 1 minute, and final extension of 72°C for 10 

minutes.  
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Plasmid DNA of clones with the predicted PCR product of 600 bp was digested 

with BtgZI. Following agarose gel electrophoresis, the 6 kb BtgZI digested DNA bands 

were cut out and purified using a QIAGEN gel purification kit, then transformed into the 

Candida albicans phr1 null mutant strain CAS8 and spread on YNB plates (2% glucose, 

0.17% yeast nitrogen base without ammonium sulfate and amino acids, 0.5% ammonium 

sulfate, 2% agar). Transformation was done by the lithium acetate method. (Walther and 

Wendland, 2003) Ura
+
 transformants were selected for verification by Southern Blotting. 

 

2.1.2 Southern Blot Analysis 

One milliliter YPD overnight cultures of the selected Ura
+
 clones were collected 

by centrifugation for chromosomal DNA extraction. The cell pellets were washed with 

autoclaved distilled water then resuspended in 200 µl of lysis mix (1% SDS, 2% Triton
®

 

X-100, 100 mM NaCl, 10 mM Tris pH 8.0, 1 mM EDTA). Then 200 µl 

phenol/chloroform (1:1) and 100 µl of acid-washed glass beads were added. The mixtures 

were vortexed for 1 minute then put on ice for 1 minute. The process was repeated until 

cells were lysed (about 4-5 times). The cell lysates were transfer to new tubes then 

centrifuged at 12,000 rpm for 10 minutes at 4°C. The supernatants were collected and 

DNA was precipitated by adding 2.5 volumes of 100% ethanol and incubating at -80°C 

for 30 minutes.  The precipitated DNA was collected by centrifugation at 13,000 rpm for 

10 minutes. DNA pellets were dissolved in sterile distilled water containing 10 µg/ml of 
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RNaseA (Qiagen) and incubated at 37°C for 30 minutes. A 2.5 µl volume of 4 M 

ammonium acetate and a 250 µl volume of 100% ethanol were added to precipitate the 

DNA at -20°C, overnight. The precipitated DNA was spun down at 13,000 rpm for 20 

minutes at 4°C. The DNA pellets were washed with 70% ethanol, air-dried and then 

dissolved in 50 µl of sterile distilled water.  

Ten micrograms of chromosomal DNA were digested with BamHI and separated 

on a 0.8% agarose gel in TAE buffer.  After visualization by ethidium bromide staining, 

the gel was rinsed in distilled water and then incubated in depurination solution (0.25 N 

HCl) for 15 minutes. The gel was rinsed twice in distilled water and then incubated in 

denaturation solution (0.5 N NaOH) for 30 minutes. The gel was rinsed twice in distilled 

water and then incubated in 10x SSC solution for 30 minutes. The gel was vacuum 

transferred to Hybond
TM

-N membrane (Amersham Biosciences) in 10x SSC for 60 

minutes. The membrane was rinsed in 2x SSC and wrapped in Saran
®
 wrap. DNA was 

cross-linked to the membrane by exposure to UV light for 4 minutes. The fixed 

membrane was pre-hybridized in 20 ml of hybridization buffer (0.5 M sodium phosphate 

buffer pH 7.2, 5% SDS and 10 mM EDTA) at 68°C for 40 minutes.  

Membranes were hybridized with DNA probes at 68°C overnight in hybridization 

buffer (5% SDS, 0.5 M phosphate buffer, pH 7.2, 10 mM EDTA). Plasmid pSMS54 was 

cut with ClaI to make an 850 bp ClaI probe. Plasmid p5921 was cut with BglII/StyI to 

make a 950 bp hisG probe. Hybridization probes were labeled with (α-
32

P)-dCTP (ICN, 5 
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µCi per sample) using the Ready-to-go DNA labeling kit (Amersham Biosciences). 

Following hybridization, membranes were washed with 30 ml of 0.1X hybridization 

buffer three times at 68°C for 20 minutes each. Hybridized DNA was visualized by 

autoradiography at -70°C, overnight.  

 

2.1.3 Functionality assessment of PHR1-Strep-tag II protein  

2.1.3.1 Germ tube formation of Phr1p-Strep-tag II strain 

Germ tube formation was assessed in Medium 199 (GIBCO), 150 mM HEPES, 

pH 8.0. Strains were cultured in YPD at 25ºC, overnight. Stationary phase yeast cells 

were collected by centrifugation, washed with sterile distilled water and inoculated into 

Medium 199, pH 8.0, at a final cell density of 6x10
6
 cells/ml. Cultures were incubated at 

37°C for 2 hours on a rotary shaker. Cell morphology was examined and imaged through 

a microscope.  

 

2.1.3.2 Filamentation of Phr1p-Strep-tag II strain 

Hyphal formation was assessed on Medium 199 agar plates, pH 8.0, at 37ºC. 

Strains were cultured in YPD at 25ºC, overnight. Stationary phase yeast cells were 

collected by centrifugation and washed with sterile distilled water. Cells were suspended 



21 
 

in sterile distilled water and the cell density was determined by hemocytometer count. 

Cell suspensions of 1x10
6
 cells in 5 µl of sterile distilled water were spotted on agar 

plates and incubated at 37°C. The colonies were imaged on day 4. 

 

2.1.4 Cross-linking of PHR1-Strep-tag II protein complex 

 2.1.4.1 DTSSP Cross-linking  

 Cells culture overnight in YPD were inoculated into Medium199 containing 150 

mM HEPES, pH 8.0, to a concentration of 3 x 10
6 

cells/ml. Cells were grown in a 30°C 

water bath shaker until reaching mid-log phase (about 6 hours). Cells were harvested by 

centrifugation at 2,500.g at 4°C for 10 minutes and then washed twice with PBS and 

incubated with 20 mM DTSSP (PIERCE) in PBS. After incubation at room temperature 

for 1 hour, the DTSSP cross-linking reaction was stopped by addition of 150 mM Tris, 

pH 7.5, to a final concentration of 20 mM. The cells were washed with PBS and held at -

20°C. 

 

 2.1.4.2 Formaldehyde Cross-linking 

 Cells cultured overnight in YPD were inoculated into Medium199 containing 150 

mM HEPES pH 8.0, to a concentration of 3 x 10
6 

cells/ml. Cells were grown in a 30°C 
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water bath shaker until reaching mid-log phase. The culture was split into two flasks. One 

flask served as a control. Formaldehyde at a final concentration of 1% was added to the 

other. After 30 minutes the cross-linking reaction was stopped by addition of 2 M glycine 

to a final concentration of 330 mM. Cells were pelleted by centrifugation, washed with 

PBS and held at -20°C. 

 

2.1.5 Preparation of cell lysates  

Cells grown to a density of 3-5 x 10
7
cells/ml (mid-log phase) were collected by 

centrifugation and washed twice with ice-cold PBS. Cross-linked or control cells were 

suspended in ice-cold PBS with a protease inhibitor cocktail (SIGMA) and lysed using 

glass beads and vortexing. Cell lysis was monitored under a microscope. Cell walls and 

unbroken cells were removed by centrifugation at 1200g for 5 minutes. The supernatant 

was transferred to a new tube and used for subsequent experiments. 

 

2.1.6 Purification of PHR1-Strep-tag II protein complex  

 The Strep-Tactin
®
Superflow

® 
column (IBA) was used for PHR1-Strep-tag II 

protein purification. This Strep-tag II affinity purification is based on the highly specific 

binding of Strep-Tactin (engineered Streptavidin) to Strep-tag II fusion protein.  
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 All purification steps were performed at 4°C in a cold room. The column was 

equilibrated with 2 column volumes of Buffer W (100 mM Tris, pH 8.0, 150 mM NaCl, 1 

mM EDTA). Cell extracts were applied to the column and then the column was washed 

with 1 column volume of Buffer W to remove unbound proteins. The elution of the Strep-

tag II fusion protein was achieved by the addition of Buffer E (Buffer W containing 2.5 

mM desthiobiotin). Desthiobiotin is a reversibly binding derivative of biotin, which binds 

to the biotin binding pocket on Strep-Tactin
® 

in competition with Strep-tag II. Eluted-

fractions were analyzed by SDS-PAGE followed by silver staining or Western blotting. 

 

2.1.7 Detection of PHR1-Strep-tag II protein complex 

 2.1.7.1 SDS-PAGE 

 One-dimensional SDS-PAGE was performed using standard methods on the Bio-

Rad Mini-ProteanII system. Samples were mixed with protein loading buffer (50 mM 

Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 1% -mercaptoethanol, 12.5 mM EDTA, 

0.02% Bromophenol Blue) and were boiled at 95°C for 3 minutes before loading onto the 

gel. Proteins were separated by electrophoresis on 8% polyacrylamide-SDS gels 

(Laemmli, 1970). All lanes were loaded with identical amounts of protein as determined 

by the BCA protein assay using BSA as a standard (Pierce). Molecular weight markers 

were used to determine the relative molecular mass of the sample proteins. 
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Electrophoresis was run at 120 V at room temperature in Tris-glycine running buffer (25 

mM Tris, 250 mM glycine, 0.1% SDS). The gels were stained with Coomassie Blue 

(0.1% Coomassie R-250, 40% ethanol, 10% acetic acid), and then destained (7.5% acetic 

acid, 10% ethanol) and dried in cellophane. Silver Staining (Pierce) was used for gels in 

which small amounts of sample were separated. For Western Blotting, the gels were 

transferred without prior staining.  

 

 2.1.7.2 Western Blotting 

A PVDF membrane was pre-wetted in 100% methanol, washed in distilled water 

for 5 minutes and equilibrated in Tris-Glycine transfer buffer (48 mM Tris, 39 mM 

glycine, 0.037% SDS, 20% methanol) for 10 minutes. Proteins were transferred from the 

SDS-PAGE gels to PVDF membranes at 80V for at least 3 hours at 4°C.  

The non-specific binding sites on the membrane were blocked by incubation with 

20 ml of 3% BSA and 0.5% Tween in PBS buffer for 1 hour at room temperature or 

overnight at 4°C on a rocking platform. The membrane was then washed with 40 ml 

PBS-T (PBS with 0.1% v/v Tween 20) three times for 5 minutes each. The washed 

membrane was incubated in 10 ml PBS-T containing 10 µl of biotin blocking buffer 

(IBA) for 10 minutes then rinsed with PBS-T.  

The Strep-tag II-specific monoclonal antibody conjugated with horseradish 

peroxidase was added at the final dilution of 1:4000 in 10 ml PBS-T and the blot was 

incubated for another 60 minutes. The membrane was washed twice with 20 ml PBS-T 
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and twice with 20 ml PBS. SuperSignal
®
 West Pico Chemiluminescent Substrate (Pierce) 

was added to detect bound antibody. The blot was incubated at room temperature for 5 

minutes. Excess reagent was removed then the membrane was wrapped in Saran
®

 wrap 

and exposed to film.  
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PART2: HA tagged Phr1 protein 

2.2.1 Strains and Growth conditions 

 HA-tagged Phr1p in Candida albicans strain CSB1 (PHR1::HA-pUC18-URA3-

Δphr1::hisG/Δphr1Δura3::imm434/Δura3::imm434) was constructed by incorporation of 

the influenza hemagglutinin (HA) epitope (YPYDVPDYA) between codons encoding 

phenylalanine (22) and glutamate (23) in a phr1 null mutant strain. (Brunt and Fonzi, 

unpublished data) Strain CSB1 was used to study Phr1-HA tagged protein interactions. 

Since CSB1 carries one allele of PHR1::HA as the only functional PHR1 allele, the wild 

type Phr1p cannot compete with HA tagged Phr1p for incorporation into protein 

complexes. 

 All strains were routinely cultured on YPD medium, Medium 199 lacking sodium 

bicarbonate (GIBCO) or YNB medium at 30°C. The media were supplemented with 150 

mM HEPES adjusted to the desired pH.  

 

2.2.2 Phr1p-HA Cross-linking 

2.2.2.1 Formaldehyde cross-linking  

Formaldehyde activates primary amines and sulfhydryl groups of the protein and 

cross-linking is typically limited to intimate contacts. To determine whether Phr1p exists 
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as part of a protein complex, strain CSB1 was cultured to mid-log phase (3-5x10
7 

cells/ml) in Medium 199, pH 8.0 at 30ºC. The culture was split into two flasks. One flask 

served as a control. In the other flask, formaldehyde was added directly into the culture at 

final concentration of 2% and incubated in a 30°C water bath shaker for 1 hour. The 

cross-linking reaction was stopped by addition of glycine at a final concentration of 330 

mM. Cells were harvested by centrifugation and washed with ice-cold PBS. Cell pellets 

were kept at -20°C. 

 For cells grown in YPD media, mid-log phase cells were collected by 

centrifugation, washed twice with ice-cold PBS and suspended in room temperature PBS. 

Formaldehyde was added at various final concentrations. The samples were incubated at 

room temperature or 4°C on a rocking platform for 1 hour. Glycine at a final 

concentration of 330 mM was added to stop the cross-linking reaction. Cells were washed 

twice with ice-cold PBS and kept at -20°C for subsequent experiments. 

2.2.2.2 DTSSP Cross-linking 

Strain CSB1 was cultured as in the previous experiment, harvested by 

centrifugation, washed twice with PBS and incubated with 20 mM DTSSP (Pierce) in 

PBS. After incubation at room temperature for 1 hour, DTSSP cross-linking was stopped 

with 1 M Tris (pH 7.5) at the final concentration of 50 mM. The cells were washed and 

lysed as in the previous experiment. DTSSP-treated cell lysates were incubated with and 
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without 50 mM DTT at 37ºC for 30 minutes before SDS-PAGE analysis or stored at -

20°C for subsequent analysis.  

 

2.2.3 Preparation of cell lysates and fractionation 

Overnight cultures of C. albicans in YPD were inoculated into Medium 199, pH 

8.0, containing 150 mM HEPES or YPD media, pH 8.0, containing 100 mM HEPES to a 

concentration of 3 x 10
6 

cells/ml. Cultures were incubated in a water bath shaker at 30°C 

until reaching mid-log phase (about 6 hours). Cells were collected by centrifugation then 

washed twice with ice-cold PBS. Protease inhibitor cocktail (SIGMA) was added before 

lysing cells using glass beads and vortexing. Cell lysis was monitored under the 

microscope.  

Cell walls and unbroken cells were removed from the total cell lysate by 

centrifugation at 1200 x g for 5 minutes. The supernatant was used directly or transferred 

to a new tube and further fractionated by centrifugation at 15,000 x g for 20 minutes at 

4°C to pellet cell membranes. The membrane pellets were washed with PBS buffer using 

a glass homogenizer. The membranes were pelleted again by centrifugation at 15,000 x g 

for 20 minutes at 4°C. The protein content of each fraction was quantified using the BCA 

protein assay (Pierce). Proteins from each fraction were analyzed by SDS-PAGE and 

Western blotting or used for subsequent purification. 
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2.2.4 Triton
®
X-114 extraction 

 Triton
®
X-114 (Pierce) was added to cell fractions, membrane or total cell lysate, 

to a final concentration of 2%. The samples were place on a rocking platform at 4°C, 

overnight. Insoluble material was then removed by centrifugation at 12,000.g for 15 

minutes at 4°C. The supernatant was incubated in a 37°C water bath for 10 minutes. The 

detergent and aqueous phases were then separated by centrifugation at 8,000.g for 10 

minutes at room temperature. The phases were collected and used in further purification 

steps. For some analyses the proteins were precipitated from each phase by addition of 10 

volumes of acetone and incubation at -20°C, overnight. (Bordier, 1981; Brusca and 

Radolf, 1994) 

 

2.2.5 Purification of HA-tagged PHR1p-complex.  

 2.2.5.1 Immunoprecipitation of HA-tagged protein complex  

Immunoprecipitations of HA-tagged protein complexes were performed using 

ProFound™ HA-Tag IP/Co-IP Kit (Pierce). Cell lysates were added to the spin columns 

and mixed with 6 µl of anti-HA agarose slurry (10 µg anti-HA antibody), which was 

added using a wide-bore pipette tip. The mixtures were incubated for 1 hour at 4ºC on a 

rocking platform.  Cell lysate mixtures were removed by pulse centrifugation at 13,000 

rpm for 10 seconds. The column was washed with 0.5 ml of Tris-buffered saline 
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(BupH
TM

) with 0.05% Tween
®
-20 (TBS-T) by centrifugation for 10 seconds at 13,000 

rpm. To elute samples, the spin column was placed in a new collection tube. Elution 

buffer, 10 µl, was added to the anti-HA agarose and mixed gently, and the column was 

centrifuged for 10 seconds. The elution step was repeated two additional times. Each 

fraction was analyzed by SDS-PAGE and Western blotting. 

2.2.5.2 Purification using MACS HA Isolation Kit  

The µMACS anti-HA protein isolation kit (Miltenyi Biotec) was used in attempts 

to purify the cross-linked Phr1-protein complex. The µMACS Microbeads are super-

paramagnetic Microbeads 50 nm in diameter. They are conjugated to HA-specific 

antibodies.  

 MicroBeads (50 µl) were added to cell fractions and mixed well. The mixtures 

were incubated on ice for 30 minutes. The µ column was equilibrated with 1 ml of lysis 

buffer (150 mM NaCl, 1% Triton
®
X-100, 50 mM Tris-HCl, pH 8). The mixtures were 

added to the µ column and placed in the magnetic field of the µMACS Separator. The 

column was washed with 4 x 200 µl of Wash Buffer 1 (150 mM NaCl, 1% NP-40, 0.5% 

sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCl, pH 8) and then washed with 100 µl 

of Wash Buffer 2 (20 mM Tris-HCl, pH 7.5).  

 Twenty microliters of Elution Buffer heated to 95°C were applied to the column 

and incubated at room temperature for 5 minutes. Another 50 µl of Elution Buffer (50 

mM Tris-HCl (pH 6.8), 50 mM DTT, 1% SDS, 1 mM EDTA, 0.005% bromophenol blue, 
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10% glycerol) at 95°C were applied to the column.  The eluates were analyzed by SDS-

PAGE and Western blotting.  

 2.2.5.3 Anion exchange chromatography 

 Cells were lysed in ice-cold 20 mM Bis-Tris buffer, pH 6.5, containing 0.02% 

sodium azide. Lysates were fractionated by centrifugation at 12,000 x g at 4°C for 10 

minutes and the soluble fraction was filtered through a 0.45 µm filter. Samples were 

loaded onto a 5 ml HiTrapQ column (GE Healthcare) equilibrated with 20 mM Bis-Tris 

buffer, pH 6.5, at a flow rate of 0.5 ml/minute and the flow through fractions were 

collected. The column was washed with 20 ml of 20 mM Bis-Tris buffer at a flow rate of 

1 ml/minute and wash fractions were collected in 2 ml x 10 tubes. The column was eluted 

with a 50 ml of 0-0.5 M NaCl gradient in 20 mM Bis-Tris buffer, pH 6.5, at the same 

flow rate. Eluate fractions were collected in 2 ml x 25 tubes. The column was washed 

with 1 M NaCl in 20 mM Bis-Tris buffer, pH 6.5 at a flow rate 5 ml/minute for 5 

minutes. The column was regenerated with 100 ml of 1 N NaOH, washed with 500 ml of 

distilled water and equilibrated with 20 mM Bis-Tris buffer, pH 6.5, containing 0.02% 

sodium azide before the next use. 

 For samples extracted with Triton
®
X-114, the detergent phase was diluted 10-fold 

with 20 mM Bis-Tris buffer, pH 6.5, that contained 0.03% Triton
®

X-100. Triton
®
X-100 

was added to the sample to a final concentration of 1% before loading to the column. The 

mobile phase also contained 0.03% Triton
®

X-100.  
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 Protein concentrations in each fraction were measured using the BCA protein 

assay kit (Pierce). All fractions were precipitated and then analyzed by SDS-PAGE and 

Western blotting. Eluate fractions that contained the Phr1p-complex band, as identified 

on Western blots, were combined and precipitated using the methanol/chloroform 

precipitation method (Wessel and Flugge, 1984).  

 

2.2.6 Detection of Phr1-HA-tagged protein complex  

 2.2.6.1 SDS-PAGE 

 One-dimensional SDS-PAGE was performed using standard methods using the 

Bio-Rad Mini-Protean II system. Protein loading buffer was added to the samples and the 

samples were heated at 95°C for 3 minutes before loading onto the gel. Proteins were 

separated on 8% polyacrylamide SDS gels (Laemmli, 1970). All lanes were loaded with 

identical amounts of protein as determined by the BCA protein assay. Molecular weight 

markers were used as standards to determine the relative molecular mass of the separated 

proteins. Electrophoresis was run at 120 V at room temperature in Tris-glycine running 

buffer.  The gels were stained with Coomassie Blue (0.1% Coomassie R-250, 40% 

ethanol, 10% acetic acid), then destained (7.5% acetic acid, 10% ethanol) and dried using 

cellophane membrane. Silver staining (Pierce) was used to detect proteins that were less 

abundant. For Western blotting, the gels were transferred without prior staining.  
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 2.2.6.2 Gel Staining  

 Rather than Coomassie Blue staining, which is used for routine detection of 

protein bands on SDS-PAGE gels, GelCode
®
 Blue (Pierce) and Imperial

TM
 stain (Thermo 

Scientific) were used for samples to be analyzed by mass spectrometry. SilverSnap
®
 

Stain (Pierce) was also used to stain gels when lower amounts of sample were loaded.  

2.2.6.2.1 GelCode® Blue Staining procedure 

SDS-PAGE gels were placed in a clean tray and rinsed with 200 ml of ultra-pure 

water for 5 minutes. GelCode® Blue Stain, 20 ml, was added to stain the gel. Gels were 

placed on a rocking platform and monitored for protein band development. When the 

desired band intensity was achieved the gel was destained with ultra-pure water.  

2.2.6.2.2 Imperial
TM

 Staining 

After electrophoresis, gels were washed three times for 5 minutes each with 50 ml 

of ultra-pure water in a clean tray. Imperial™ protein stain (Thermo Scientific) was 

added to completely cover the gel. Gels were placed on a rocking platform to stain 

overnight. The staining reagent was removed and replaced with 200 ml of ultra-pure 

water and washed until the desired band intensity was obtained.  

2.2.6.2.3 SilverSnap
®
 Staining Procedure  

 Fixing procedure 

Gels were washed twice in ultra-pure water for 5 minutes then incubated in Fixing 

Solution for 15 minutes at room temperature.  The fixing solution was replaced with fresh 
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solution and gels were fixed overnight. Gels were washed with the Ethanol Wash twice 

for 5 minutes, and then washed in ultra-pure water twice for 5 minutes. 

SilverSnap staining procedure 

Gels were incubated in freshly mixed sensitizer working solution for 1 minute, 

and then washed with two changes of ultra-pure water for 1 minute each. Washed gels 

were incubated for 5 minutes in freshly mixed Silver Stain Enhancer and Silver Stain. 

Gels were washed with two changes of ultra-pure water for 20 seconds each. Developer 

working solution (1 part Silver Stain Enhancer with 100 parts Silver Stain Developer) 

was added and incubated until the desired protein band intensity was reached, about 2-3 

minutes. Developer working solution was replaced with Stop Solution. Gels were washed 

briefly, and then incubated in 5% acetic acid for 10 minutes.  

 Destaining procedure for Silver-stained gels  

Gels were washed in ultra-pure water twice for 10 minutes. A light box was used 

to illuminate the gels and the protein bands of interest were excised with a clean razor 

blade. Excised bands were cut into small, approximately 1 mm, pieces and placed in 

clean 0.65 ml siliconized tubes. Samples were destained by adding 0.2 ml of destain 

solution (74 l of Silver Destain Reagent A, 245 l of Silver Destain Reagent B and 4 ml 

of ultra-pure water), mixing gently and incubating at room temperature for 15 minutes. 

Destain solution was replaced with another 0.2 ml of fresh destain solution and incubated 

for another 15 minutes. Destained samples were washed three times for 10 minutes each 

with 0.2 ml of Wash Solution and used for trypsin in-gel digestion.  
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2.2.6.3 Western Blotting 

The PVDF membrane (Amersham Bioscience) was pre-wetted in 100% methanol, 

washed in distilled water for 5 minutes and equilibrated in Tris-glycine transfer buffer 

(48 mM Tris, 39 mM glycine, 0.037% SDS, 20% methanol) for 10 minutes. Proteins 

were transferred from SDS-PAGE gels to PVDF membranes at 80 V for at least 3 hours 

at 4°C. Non-specific binding sites were blocked by incubating the membrane in 5% non-

fat dried milk, 0.1% Tween
®
20 in PBS (PBS-T) on a rocking platform at room 

temperature for at least 1 hour or at 4°C overnight. The membrane was then rinsed with 

two changes of PBS-T. 

The optimal concentrations of primary and secondary antibody were determined 

by cutting the membrane into several strips. Each strip was then incubated with different 

concentrations of primary antibody and secondary antibody.  

Primary antibody (anti-HA monoclonal antibody 12CA5 (Boehringer Mannheim) 

or anti-HSV antibody (Novagen)) were diluted in PBS-T. The membrane was incubated 

with primary antibody for 1 hour at room temperature on a rocking platform. The 

membrane was rinsed with PBS-T and then washed for another 15 minutes at room 

temperature with 20 ml PBS-T. The wash was repeated 4 times. The membrane was 

incubated in the optimized concentration of secondary antibody (anti-mouse HRP) in 

PBS-T for 1 hour at room temperature on a rocking platform. The membrane was rinsed 

with PBS-T and then washed as above.  
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ECL
®
Plus (Amersham) detection reagents were removed from storage at 4°C and 

brought to room temperature. Detection solutions A and B were mixed in a ratio of 40:1. 

The membrane was incubated in Detection solution at room temperature for 5 minutes. 

The excess detection reagent was drained off, then the membrane was wrap in 

SaranWrap™, protein side down. Wrapped blots were placed, protein side up, in an X-

ray film cassette and exposed to film until the desired bands intensity was reached, the 

film was then developed. After exposure to film a Storm Imager was used to scan the 

membrane using the blue fluorescence mode with the resolution set at 100 microns and 

PMT gain of between 650 and 1000 V.  

Membranes were reprobed following stripping of the membrane in Stripping 

buffer (100 mM -mercaptoethanol, 2% SDS, 62.5 mM Tris-HCl, pH 6.7) at 50°C for 1 

hour with occasionally shaking. The stripped membrane was washed with PBS-T 3 times, 

15 minutes each. The membrane was then blocked with 5% non-fat milk in PBS-T at 

4°C, overnight and then processed by the usual Western blotting steps.  

2.2.6.4 2D-gel Electrophoresis 

 Isoelectric Focusing (IEF), was performed using the PROTEAN IEF cell (Bio-

Rad). The immobilized pH gradient (IPG) strips, pH 4-7, were rehydrated with 130 l of 

a solution (2 M thiourea, 7 M urea, 4% CHAPS, 0.5% Triton
®
X-100, 0.2% Biolytes 3–

10, 50 mM dithiothreitol, and 0.2% bromphenol blue) that contained 100 g of the 

protein sample. Isoelectric focusing was conducted at 250 V/15 min, linearly increased 

over 2 h to a maximum of 4,000 V, and then run to accumulate a total of 20,000 V-h.  
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 For the second dimension, the IPG strips were equilibrated for 15 minutes in 50 

mM Tris-HCl (pH 8.8), 6 M urea, 30% glycerol, 2% SDS, 1% dithiothreitol (DTT), and 

0.2% bromphenol blue. The strips were washed in 50 mm Tris-HCl (pH 8.8), 6 M urea, 

30% glycerol, 2% SDS, 3% iodoacetamide and 0.2% bromphenol blue for 15 minutes. 

The strips were then embedded in 0.7% (w/v) agarose on the top of 8% acrylamide slab 

gels containing a 4% stacking gel. The second-dimension, SDS-PAGE, was run as 

described previously for 1-D gel electrophoresis. 

 

2.2.7 Identification of Phr1-protein complex using Mass Spectrometry 

 2.2.7.1 Trypsin in-gel digestion procedure for 1D-gels 

 The desired protein bands were excised from the gel and cut into small cubes 

about 1 cubic millimeter in size. Three gel cubes were placed into a 0.65 ml siliconized 

tube. To wash the gel cubes, 100 µl of 25 mM ammonium bicarbonate/50% acetonitrile 

was added and samples were incubated at room temperature for 15 minutes with 

occasional vortexing. The solution was removed using a gel-loading tip and this wash 

step was repeated 3 times. Samples were dried in a vacuum centrifuge at room 

temperature for 30 minutes.  

 To reduce the samples, 100 µl of 10 mM DTT/25 mM ammonium bicarbonate 

was added to cover the dried gel and incubated at 56°C for 1 hour. The solution was 

removed using a gel-loading tip. One hundred microliters of 55 mM iodoacetamide/25 
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mM ammonium bicarbonate solution was added, mixed by vortexing and incubated at 

room temperature for 45 minutes. 

 For rehydration, the solution from the reduction step was discarded, and the 

samples were washed with 100 µl of 25 mM ammonium bicarbonate for 10 minutes with 

occasional vortexing. Samples were then dehydrated with 100 µl of 25 mM ammonium 

bicarbonate/50% acetonitrile at room temperature for 10 minutes. The rehydrating and 

dehydrating steps were repeated one more time. After removal of the solution, samples 

were dried in a vacuum centrifuge for 30 minutes.  

Dried samples were rehydrated in trypsin solution (5 µl/mm
3
 gel particle) and 

incubated at 37° overnight. Peptides were extracted from the gel by addition of 70 µl 

50%acetonitrile/1%TFA solution and incubated at room temperature with occasional 

vortexing for 10 minutes. The peptide solution was transferred to a new tube using a gel-

loading tip and dried in a vacuum centrifuge at 60°C for 4 hours.  

 

2.2.7.2 Trypsin in-gel digestion procedure for 2D-gel 

Protein spots were excised from the gel and then cut into small cubes. To wash 

the gel cubes, 100 µl of 25 mM ammonium bicarbonate/50% acetonitrile were added to 

Coomassie blue-stained gel pieces or destained silver-stained gel pieces, and then 

incubated at room temperature for 15 minutes with occasionally vortexing. The solution 

was removed using a gel-loading tip, and then the wash step was repeated 3 times. 

Samples were dried in a vacuum centrifuge at room temperature for 30 minutes. The gel 
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pieces were rehydrated in trypsin solution and incubate at 37° overnight. Peptides were 

extracted from the gel particles by adding 70 µl of 50% acetonitrile/1% TFA solution and 

incubating at room temperature for 10 minutes with occasional vortexing. Samples were 

spun down briefly in a microcentrifuge tube and a gel-loading tip was used to transfer the 

peptide solution to a new tube. The peptide solution was dried in a vacuum centrifuge at 

60°C for about 3-4 hours.  

 

2.2.7.3 MALDI Mass Spectrometry 

 Peptide samples were dissolved in 5 mg/ml -cyano-4-hydroxycinnamic acid in 

50% acetonitrile containing 0.1% TFA, and manually spotted onto the ABI 01-192-6-AB 

target plate. MALDI-MS (matrix-assisted laser desorption/ionization mass spectrometry) 

analyses was performed using a 4700 Proteomics Analyzer (Applied Biosystems, 

Framingham, MA) at the Center for Advanced Research in Biotechnology (CARB), 

University of Maryland Biotechnology Institute (UMBI). MS/MS spectral data were 

analyzed with GPS Explorer software 3.5 utilizing Mascot 2.0 (MatrixScience, London, 

UK) as the search engine. The collected spectra were searched against the NCBI 

database. 
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2.2.8 Verification of Phr1p Interactions 

2.2.8.1 Integration of PHR1-HA in a pga4 null mutant  

The plasmid CIp20 (Dennison et al., 2005) was digested with XbaI and BamHI to 

excise the 1.3 kb HIS1 gene. The HIS1 DNA was ligated into the like sites of pUC19 and 

transformed into E. coli XLI-Blue (Stratagene) by electroporation. White colonies on LB-

Amp Xgal-IPTG plates were selected and plasmid DNA was isolated using the Quantum 

Prep
®
 plasmid minikit (BIORAD). Plasmid DNA was digested with EcoRI to check for 

the desired 4 kb plasmid, pUC19-HIS. Plasmid pSB13 (Brunt and Fonzi, unpublished 

results) was digested with EcoRI to release a PHR1-HA fragment of 2 kb which was 

ligated into plasmid pUC19-HIS at the like site. The ligation reaction was transformed 

into E. coli XLI-Blue. White colonies on LB-Amp Xgal-IPTG plate were selected and 

purified plasmid DNA was cut with NheI to check for the presence of the 4 kb and 2 kb 

bands indicative of the desired clones.  

Purified DNA of plasmid HA-PHR1-HIS-pUC19 was digested with BtgZI to 

linearize the plasmid and target its integration into the PHR1 locus. The 6 kb BtgZI-

digested plasmid band was cut from an agarose gel and purified using a QIAGEN gel 

purification kit and then transformed into a Candida albicans pga4 null mutant strain 

DK65-15-1 (Eckert et al., 2006) by lithium acetate transformation (Walter and 

Wendland, 2003). The His
+
 transformant clones were selected for analysis.  
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2.2.8.2 Insertion of Pga4p-HSV in strain CSB1  

 Pga4p contains an amino-terminal secretory sequence and a carboxy-terminal GPI 

addition sequence, so this protein cannot be simply tagged at either end. The secretory 

signal cleavage site of Pga4p predicted by the SignalP 3.0 (Bendtsen et al., 2004) is 

between serine and isoleucine at positions 18 and 19, respectively. Nucleotides encoding 

the HSV epitope were incorporated between codons 19 (isoleucine) and 20 (alanine) of 

PGA4 by fusion PCR. This insertion does not alter the predicted signal processing site. 

The HSV epitope is composed of the following 11 amino acids, glutamine-proline-

glutamate-leucine-alanine-proline-glutamate-aspartate-proline-glutamate-aspartate. 

Codons encoding the HSV epitope were optimized based on relative synonymous codon 

usage (RSCU) values of C. albicans genome as determined by GCUA software 

(McInerney, 1998). 

 Two sets of primers PGA4SpeI1/PGA4_HSV-5’ and PGA4_HSV-3’/PGA4SpeI2 

were used to amplify PGA4 from chromosomal DNA of SC5314. In the first PCR 

reaction, primer PGA4SpeI1 (5’-GCG ACT AGT TTG ACC TTT CAC TGC GTG TC-

3’) and PGA4_HSV-5’ (5’-ATC TTC TGG ATC CTC TGG AGC TAA TTC TGG TTG 

AAT AGA CAA GAC GGA GGA AAC-3’) were used to generate a 0.5 kb fragment of 

the amino-terminus of PGA4 with the HSV-tag at the 3’-end. In the second PCR reaction, 

primer PGA4_HSV-3’ (5’-CAA CCA GAA TTA GCT CCA GAG GAT CCA GAA 

GAT GCT TCC ATC AAA GTT GAA GGT-3’) and PGA4SpeI2 (5’-GCG ACT AGT 
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ACG CAG TGT TGA ATG ACT GG-3’) were used to generate a 1.5 kb fragment of the 

carboxy-terminus of PGA4 with the HSV-tag at the 5’-end. The PCR products from both 

reactions were purified using a QIAGEN gel purification kit and then used as templates 

in the final fusion PCR reaction. Primer PGA4SpeI1 and PGA4SpeI2 were used in the 

final fusion PCR reaction to amplify a 2 kb fragment. The PCR product of 2 kb was 

purified, digested with SpeI and ligated into the SpeI site of plasmid pBKS (BamHI-) in 

which the BamHI site was previously eliminated by Klenow fill-in and self-ligation. The 

ligation reaction was transformed into E. coli XLI-Blue. White colonies on LB-Amp 

Xgal-IPTG plate were selected for screening and plasmid DNA was checked for the 

correct structure by digestion with BamHI, which was predicted to generate a 5 kb band. 

A BamHI site was incorporated within the HSV epitope sequence. The plasmid DNA was 

also digested with SpeI, to verify the presence of the predicted 3 kb and 2 kb fragments. 

 The nourseothricin resistance gene, NAT1, was added to the HSV-PGA4 plasmid 

as a selectable marker. Plasmid pJK795 (Shen et al., 2005) was digested with SacI to 

excise the 1.3 kb NAT1 fragment. The HSV-PGA4-pBKS plasmid was cut with SacI, 

treated with calf intestinal alkaline phosphatase (CIP) to dephosphorylate the DNA and 

prevent self-ligation, then ligated with the NAT cassette. The ligation reaction was 

transformed into E. coli XLI-Blue by electroporation. The recovered plasmids were 

confirmed by digestion with SacI and BamHI.  
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 The final plasmid, HSV-PGA4-pBKS-NAT (6 kb), was cut with NcoI and 

transformed into strain CSB1. Transformed cells were selected on YPD plates containing 

100 µg/ml nourseothricin. The Nat
+
 clones were then checked for the integration location 

of HSV-PGA4 using primers PGA4genomeA (5’-GTG TTG GCA CCT TTT TGA CC-

3’), which is located in the genome before the 5’-end of PGA4 and primer PGA4SpeI2, 

which binds to the 3’-end of PGA. Clones with the correct integration have a PCR 

product of 2.1 kb. Following agarose gel electrophoresis of the PCR products, the 2.1 kb 

PCR product band was cut from the gel, purified and digested with BamHI, to confirm 

the presence of the HSV sequences. The expected digestion reaction products were 1.3 kb 

and 700 bp. The resulting strain contains both HA-PHR1 and HSV-PGA4 in the CSB1 

strain background.   
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Chapter III: Results 

PART 1: Phr1p-Strep-tag II 

3.1 Phr1p-Strep-tag II 

Phr1p was tagged to help in the detection and purification processes. The 

successful purification of protein complexes requires a method that is stringent enough to 

differentiate the complex of interest from all other proteins in the mixture but must also 

be gentle enough not to disrupt the protein complex. We chose Strep-tag II to tag Phr1p. 

Strep-tag II is a peptide mimic of biotin that contains eight amino acids (Trp-Ser-His-Pro-

Gln-Phe-Glu-Lys) (Schmidt and Skerra, 2007).  

Strep-tag II was developed for the affinity purification of Strep-tag II fusion 

proteins on Strep-Tactin Sepharose matrix columns. The Strep-tag II epitope is small and 

therefore, it does not interfere with the functions, structure or interactions of the tagged 

protein. Moreover, the tag is recognized even when its amino or carboxy termini are 

blocked. The elution of fusion protein was performed by addition of 2.5 mM desthibiotin, 

an analog of biotin, which is a natural ligand of Streptavidin. With specificity in both 

binding and elution, the Strep-tag II affinity purification can be very effective. This 

single-step purification technique functions under physiological conditions enabling an 

efficient purification of native protein complexes. It also reduces sample dilution and 

prevents the loss of transiently or weakly interacting proteins. Moreover, the interaction 
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between Strep-tag II and Strep-Tactin is unaffected by detergents, which are required for 

membrane protein extraction. (Junttila et al., 2005) 

For Strep-tag II-Phr1p construction, an EcoRI-SacII fragment of PHR1 was 

cloned into plasmid pBKS (Stratagene). The Strep-tag II sequences were inserted into 

PHR1 by inverse PCR. Phr1p contains an amino-terminal secretory sequence and a 

carboxy-terminal GPI addition sequence, so this protein cannot be simply tagged at either 

end. The cleavage site of Phr1p predicted by SignalP 2.0 (Zhang and Henzel, 2004) is 

between alanine and lysine at positions 20 and 21 respectively (Figure 3.1A). Nucleotides 

encoding Strep-tag II and two linker glycines at both ends were incorporated between 

codons 22 (phenylalanine) and 23 (glutamate) of PHR1. Insertion at this site does not 

alter the native cleavage site prediction (Figure 3.1B).  

Insertion of the tag was preliminarily verified by restriction digestion with Tsp45I, 

which is unique to the insert. The fidelity of the insert sequence was verified by 

nucleotide sequencing. The tagged sequence was then incorporated into the full-length 

PHR1 gene in plasmid pSMS54 (Saporito-Irwin et al., 1995), which contains URA3 as a 

selectable marker. DNA of plasmids containing Strep-tagged PHR1 was digested with 

BtgZI and transformed into the phr1 null mutant strain CAS8 (Saporito-Irwin et al., 

1995).  
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Figure 3.1. SignalP 2.0 program results showing the predicted cleavage sites of 

Phr1p before (A) and after (B) addition of Strep-tag II.  

 

 

Ura
+
 transformants were selected on YNB plates for verification by Southern 

blotting. Genomic DNA of strain CAS8 and the transformants was digested with BamHI 

and separated on a 0.8% agarose gel in TAE buffer. Following Southern blotting, 

membranes were hybridized with a PHR1-ClaI probe or a hisG probe. 

Southern blot results showed that all eleven transformants tested yielded a 6.7 kb 

band when hybridized with the PHR1-ClaI probe (Figure 3.2 A) and a 5.5 kb band with 

A B 
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the hisG probe (Figure 3.2 B). In contrast, the parental strain CAS8 yielded a 6.2 kb band 

when hybridized with the hisG probe (Figure 3.2 B). This indicated that the Strep tag II-

PHR1 allele had integrated at the PHR1 locus and specifically into allele 1 of PHR1 

(Figure 3.3).  

 

 

 

 

 

Figure 3.2 Southern blots of Strep-tag II-PHR1 transformants (lane 1-11) compared to 

the parental strain CAS8 hybridized with the PHR1-ClaI probe (A) or hisG probe (B).  

A 

B 

CAS8     1       2        3        4        5        6       7        8         9       10        11 

 

CAS8     1       2        3       4        5        6       7        8         9      10        11 

 

6.7 kb 

5.5 kb 

6.2 kb 
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Figure 3.3 Diagram showing the location of BamHI restriction sites at the PHR1 loci of 

the parental and the two possible integration events in the transformed strains. The 

location of the probe sequences is also shown. 

 

 

 3.1.1 Assessing functionality of tagged PHR1 protein  

 Strain construction was designed to generate strains in which the PHR1-Strep 

tagged gene was the only full-length allele present. Since no wild-type allele of PHR1 is 

present, the functionality of the tagged protein can be directly assessed. Furthermore, the 

tagged protein does not have to compete for interactions with partner proteins.  
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Functionality of the Strep-tag II-Phr1 protein was determined by its ability to 

complement the pH-conditional morphological defects of the phr1 null mutant. Germ 

tube formation was assessed in Medium 199 (GIBCO), pH 8.0, with 150 mM HEPES. To 

test germ tube formation, cells cultured overnight in YPD were inoculated into Medium 

199, 150 mM HEPES, pH 8.0, at a density of 6x10
6
 cells/ml and incubated at 37°C for 2 

hours on a rotary shaker. Cell morphology was examined and imaged through a 

microscope. Under these conditions prolific germ tube formation occurs in the wild-type 

control strain CAF3-1, while the phr1 null mutant exhibits only short, stumpy extensions 

(Figure 3.4). The Strep-tag II-PHR1 strain was indistinguishable from CAF3-1, 

suggesting that the tagged Phr1 protein was functional (Figure 3.4). 

As an additional test, filamentation on agar was examined. Suspensions of 

overnight cells, 1x10
6
 cells in 5 µl water, were spotted on Medium199, 150 mM HEPES, 

pH 8.0 agar plates and incubated at 37°C. The colonies were imaged on day 4. Again, the 

Strep-tag II-PHR1 strain was indistinguishable from the wild-type strain and showed a 

fringe of extensive hyphae around the colony perimeter (Figure 3.5). In contrast, the phr1 

null mutant had no visible hyphae (Figure 3.5). This further confirmed that the Strep-tag 

II protein is fully functional.  
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Figure 3.4 Germ tube formation in Medium 199, pH 8.0, of CAF3-1 (A), CAS8 (B) and 

Strep-tag II-Phr1 strain (C). 

A 

B 

C 
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Figure 3.5 Filamentation on Medium 199 agar, pH 8.0, of CAF3-1 (A), CAS8 (B) and 

Strep-tag II-Phr1 strain (C). 

B 

A 

C 
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3.1.2 Detection of Phr1p-Strep-tag II protein 

The Strep-tag II-Phr1 strain was lysed and extracted with 2% Triton
®
X-114 

(Pierce) to isolate GPI-anchored and other membrane-associated proteins. The detergent 

phase was subjected to affinity chromatography on Strep-Tactin
®
 Superflow columns 

(IBA). Bound proteins were eluted with desthiobiotin and resolved by PAGE followed by 

silver staining and Western blotting.  

 

 

                    

Figure 3.6 Silver stain (A) and Western blot (B) of PAGE gels of eluates from 

Strep-Tactin
®

 Superflow column of lysates from the wild-type strain CAF3-1 (lane 1) or 

the Strep-tag II-PHR1 strain (lane 2).  

A B 

   M           1           2         

 

   M            1             2         
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45 kDa 

30 kDa 

60 kDa 

45 kDa 
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Silver staining of the eluate gels showed a 100 kDa band that was present in the 

Strep-tag II-PHR1 strain, but absent from the control strain CAF3-1 (Figure 3.6A). This 

band was identified as Phr1p by Western blot analysis using anti-Strep-Tactin antibodies 

(Figure 3.6B). These results showed that the affinity purification efficiently isolated 

tagged Phr1p from the lysates.  

Previous studies in the lab had shown that native Phr1p is approximately 100 kDa 

in size. No higher molecular weight bands were evident by either Silver staining or 

Western blot analysis, suggesting that Phr1p was not tightly associated with other 

membrane or call wall proteins. It is possible that there were no interacting proteins or 

that the interactions were too weak to survive the purification process.   

 

3.1.3 Cross-linking of Strep-tagged Phr1p 

The ability to detect protein-protein interactions can be greatly enhanced by 

chemical cross-linking. Cross-linking stabilizes weak protein-protein interactions that 

might be disrupted during extraction and purification. It can also be used to distinguish 

native interactions from nonspecific interactions that occur after cell lysis.  
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DTSSP cross-linking  

DTSSP is a homo-bifunctional cross-linking agent that contains an amine-reactive 

N-hydroxysulfosuccinimide (sulfo-NHS) ester, which can react with primary amines to 

form stable amide bonds. DTSSP is membrane impermeable with a spacer arm of 12Å, so 

DTSSP will crosslink only cell surface proteins. 

 

 

 

 

Figure 3.7 Silver staining of Strep-Tactin eluate fractions from Strep-tag II-PHR1 

strain without cross-linking (lane 1), DTSSP cross-linked (lane 2) and DTSSP cross-

linked with addition of DTT (lane 3). 
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Strep-tag II-PHR1 protein was affinity purified from cells following treatment 

with DTSSP and analyzed by PAGE. The silver-stained gel of elute fractions from the 

Strep-Tactin column (Figure 3.7) was similar to the non-crosslinked control samples. 

Reversal of cross-linking by treatment with DTT did not change the size of the Phr1p 

band. Assuming Phr1p associates with another protein or proteins, various factors could 

account for the inability to detect them after cross-linking. If the protein(s) were 

sufficiently small, they might minimally alter the electrophoretic mobility of Strep-tag II-

Phr1p. The absence or inaccessibility of DTSSP-reactive lysines in the partner proteins or 

their distance from lysines of Phr1p might prevent cross-linking. Alternatively, 

interacting partner proteins might block accessibility of the Streptag and prevent binding 

to the Strep-Tactin column. An additional consideration is that cell centrifugation and 

washing prior to DTSSP treatment might perturb native interactions. 

 

Formaldehyde Cross-linking  

Formaldehyde is a cross-linking agent that activates primary amines and 

sulfhydryl groups. Because no spacer arm is present, cross-linking is typically limited to 

intimate contacts. Formaldehyde, however, can be added directly to growing cultures and 

immediately stabilizes in situ interactions.  



56 
 

To determine whether in situ cross-linking with formaldehyde would allow 

identification of Phr1p-protein interactions, the Strep-tag II-Phr1 strain was cultured to 

mid-log phase in Medium 199, pH 8.0, at 30ºC. The culture was split into two flasks. One 

flask served as a control. Formaldehyde at a final concentration of 1% was added to the 

other. After 30 minutes incubation, the cross-linking reaction was stopped by addition of 

glycine. Cells were harvested, washed, suspended in PBS containing protease inhibitor 

cocktail and lysed by vortexing with glass beads. Total cell lysates were mixed with SDS 

sample buffer and boiled for 5 minutes to denature proteins or 30 minutes to denature and 

cleave formaldehyde mediated cross-links. The samples were separated on an 8% SDS-

PAGE gel, transferred to PVDF membrane, and reacted with mouse monoclonal anti-

Strep-tag II antibody. Reactive bands were visualized with HRP-conjugated rabbit anti-

mouse secondary antibody and ECL-Plus substrate.  

Control samples without cross-linking displayed a series of reactive bands ranging 

from around 100 kDa to 200 kDa (Figure 3.8). In contrast, samples with formaldehyde 

cross-linked cells showed a strongly reactive band of about 100 kDa. Interestingly, the 

cross-linked samples also exhibited an approximately 200 kDa band which was lost upon 

boiling for 30 minutes. (Figure 3.8) The latter result is that expected if formaldehyde 

effected the cross-linking of Phr1p with one or more proteins. Furthermore, the 

observation of a discrete band suggests that limited and specific interactions occur. 
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Figure 3.8 Western blotting of Strep-tag II-Phr1p with formaldehyde cross-

linking and reversal of cross-linking by boiling. 

 

 

3.1.4 Purification of Strep-tagged Phr1-protein complex using Strep-Tactin column 

In an attempt to purify the putative Phr1p complex, extracts from formaldehyde 

cross-linked cells were subjected to Strep-Tactin affinity purification. Unfortunately, 

neither Phr1p nor any higher molecular weight species were evident on silver stained gels 

of the elute fractions (Figure 3.9). The failure of even the native Strep-tag II-Phr1 protein 

to bind the column suggests that formaldehyde cross-linking renders the Streptag 

sequence unavailable due either to steric effects or destruction of the epitope. The epitope 

contains a formaldehyde-reactive lysine residue. Given the high concentration of 
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formaldehyde used (1% w/v = 333 mM), it is conceivable that all the epitopes were 

modified and no longer recognized by Strep-Tactin.  

 

 

 

 

Figure 3.9 Silver staining of eluates from Strep-Tactin column of Strep-tag II Phr1 strain 

with formaldehyde cross-linking (lane 1) and without cross-linking (lane 2). 
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PART 2: HA-tagged Phr1-protein complex 

 

3.2.1 HA-tagged Phr1-protein  

Encouraged by the observation that formaldehyde cross-linking indicated an 

intimate association of Phr1p with other cell components, we sought an alternate epitope 

tag that lacked lysine residues and was amenable to affinity purification. A previous 

investigator in the lab, Shelly Brunt, had constructed a strain called CSB1 in which Phr1p 

was tagged with the hemagglutinin or HA epitope (YPYDVPDYA). Oligonucleotides 

encoding the epitope were inserted between the codons encoding Phe-22 and Glu-23, 

which is the same position as the Strep-tag II insertion. As for Strep-tag II, insertion of 

the HA epitope did not alter the signal peptide cleavage site as predicted by SignalP3.0 

(Bendtsen et al., 2004).  

Strain CSB1 was constructed from the phr1 null mutant strain CAS8 and the HA-

tagged allele was shown to complement the null mutant phenotypes (Brunt and Fonzi, 

unpublished results). Thus, CSB1 contains a single functional allele of PHR1 and the 

expressed protein is tagged with an epitope that lacks lysine residues and for which many 

reagents are available. 
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3.2.2 Cross-linking of HA-tagged Phr1 protein-complex  

The foregoing experiments suggested that Phr1p may interact with one or more 

cellular components and that formaldehyde cross-linking stabilizes this interaction. The 

results did not rule out the possibility that the interaction was due only to the presence of 

the StrepII-tag and not intrinsic to Phr1p. Furthermore, they did not distinguish whether 

the interaction was intra- or extracellular. The interaction was detected with membrane 

permeant formaldehyde, but not with membrane impermeant DTSSP. However, analysis 

of DTSSP cross-linked samples was based on the absence of affinity-purified material, 

not Western blot analysis of total extracts as was done with formaldehyde-treated cells. 

To resolve these issues, cells expressing HA-Phr1p were treated with DTSSP or 

formaldehyde and cell lysates were examined by Western blot analysis using anti-HA 

antibody.  

Strain CSB1 was cultured to mid-log in Medium 199, pH 8.0, at 30ºC. The culture 

was split into two flasks. One flask served as a control. In the other flask, formaldehyde 

at the final concentration of 2% was added directly to the culture and incubated in a 30°C 

water bath shaker for 1 hour. The cross-linking reaction was stopped by the addition of 

glycine. Cells were harvested by centrifugation.  

For DTSSP cross-linking, CSB1 was cultured as in the previous experiment, 

harvested by centrifugation, washed with PBS and incubated without cross-linker or 
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20mM DTSSP in PBS. After incubation at room temperature for 1 hour, the DTSSP 

cross-linking reaction was stopped with 150 mM Tris.  

The cells were washed and lysed as in the Strep-tag II experiments. DTSSP-

treated cell lysates were incubated with and without 50 mM DTT at 37ºC for 30 minutes 

before being analyzed by SDS-PAGE. All samples were heated at 95°C for 3 minutes 

before separation on an 8% SDS-PAGE gel. For formaldehyde-treated samples cross-

linking was reversed by heating at 95°C for 30 minutes. The electrophoresed proteins 

were transferred to a PVDF membrane and HA-Phr1p was detected with mouse 

monoclonal anti-HA antibody, HRP-conjugated rabbit anti-mouse secondary antibody 

and ECL-Plus substrate.  

Western blot results (Figure 3.10) showed that the CSB1 cell lysates of non-cross-

linked control samples contained the expected Phr1-protein band of about 105 kD. 

Formaldehyde treated samples, in addition to this band, contained a higher molecular 

weight anti-HA reactive band of >200 kD. This band was lost upon cross-link hydrolysis. 

A similar high molecular weight band was present in DTSSP cross-linked samples, which 

was also lost upon DTT cleavage of the cross-linker. These results suggest Phr1p has 

intrinsic interactions with other cell components independent of the epitope tag, that these 

interactions are external to the cell membrane and that formaldehyde and DTSSP 

stabilize similar interactions. 
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Figure 3.10 Western Blotting of CSB1 total lysates without cross-linking and cross-

linked with 2% formaldehyde (A) compared to samples cross-linked with 20 mM DTSSP 

(B) both before and after reversal of cross-linking. The same amount of protein (20 µg) 

was loaded in all lanes. 

 

 

3.2.3 Phr1 protein-complex at different temperatures 

Candida albicans is a dimorphic fungus that can change cell morphology from 

yeast cells when grown at 30°C to hyphae when grown at 37°C. Because changes in cell 
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wall structure are central to morphological differentiation and Phr1p is essential to cell 

wall formation, the effect of morphology on Phr1p interactions was examined. In order to 

test this, CSB1 cells were grown at 30°C and 37°C, cross-linked with formaldehyde and 

then analyzed by Western blotting.  

As shown in Figure 3.11 cells grown at 30°C or 37°C have a similar size and 

similar amount of Phr1p-complex. Thus it can be concluded that Phr1p interacts with the 

same protein or at least proteins of similar size at both temperatures.  

 

3.2.4 Optimization of Formaldehyde Cross-linking 

The concentration of formaldehyde in the cross-linking reaction was varied in 

order to find the formaldehyde concentration that gives the highest amount of Phr1p-

complex. Formaldehyde at a final concentration of 0%, 2%, 5% or 10% was used to 

cross-linked CSB1 cells at room temperature for one hour. Total cell lysates were 

analyzed with Western blots. 
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Figure 3.11 Western Blotting of CSB1 cells grown at 30°C (A) and 37°C (B), before and 

after reversal of cross-linking. Ten micrograms of protein were loaded in each lane. 
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Figure 3.12 Western blot analysis of Phr1p-HA in total cell lysates from cells fixed with 

formaldehyde at 0%, 2%, 5% and 10% (w/v), respectively. The same amount of protein 

(20 µg) was loaded in each lane. 

 

As seen in Figure 3.12, a similar amount of Phr1p-complex was present in all 

cross-linked samples regardless of formaldehyde concentration. However, cells fixed 

with 5% and 10% formaldehyde were very hard to lyse limiting their utility for 

subsequent analysis. It should also be noted that the ratio of Phr1-complex to non-

complexed protein did not vary significantly with formaldehyde concentration. This 

suggests that this proportionality is not an artifact resulting from incomplete cross-

linking. 
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To further optimize the cross-linking reaction, formaldehyde was tested at 

concentrations from 0% to 2% and fixation was conducted at 25°C or 4°C. The latter, 

while reducing the reaction rate, might significantly stabilize interactions and enhance the 

overall efficiency.  

When cross-linking was performed at 4°C, no evidence of Phr1p interactions was 

seen (Figure 3.13A). It is not known if this is due to a reduction in reaction rates or the 

disruption of interactions at this temperature. When cross-linking was performed at 25°C, 

the amount of high molecular weight complex varied with formaldehyde concentration 

(Figure 3.13B). Cells fixed with 2% formaldehyde showed a higher amount of the Phr1p-

complex band than those treated with 1% formaldehyde. The amount was further reduced 

at 0.5% formaldehyde and nearly absent at 0.25% (Figure 3.13).  

In addition to Western blot analysis, the total protein distribution in the extracts 

was examined by Coomassie blue staining of the SDS-PAGE gels. As seen in Figure 

3.14, increasing formaldehyde concentrations resulted in a progressive decline in the 

sharpness of the protein bands and the number of discrete protein bands present. This 

suggested excessive cross-linking, which could compromise subsequent purification 

procedures. So, we chose 1% formaldehyde as a compromise between stabilizing Phr1p 

interactions and preventing excessive cross-linking in the samples.  
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Figure 3.13 Western blot of CSB1 total lysates fixed with the indicated concentration of 

formaldehyde at 4°C (A) or 25°C (B) for 1 hour. Twenty micrograms of protein were 

loaded in each lane. 
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Figure 3.14 Coomassie blue stained gel of CSB1 total lysates fixed with the indicated 

concentration of formaldehyde at room temperature. Each lane was loaded with 20 µg of 

protein. 

 

 

 3.2.5 Phr1 protein-complex at different pH 

 Expression of PHR1 varies significantly with the pH of the culture medium. 

Expression is high at neutral to alkaline pH, but undetectable at pH values below 5.5. 

(Saporito-Irwin, 1995) In order to test whether culture pH alters the amount or species of 
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Phr1p-complex, CSB1 cells were cultured at pH 5, pH 6, pH 7, and pH 8.  Total cell 

lysates were prepared and analyzed by SDS-PAGE and Western blotting.  

 

 

 

Figure 3.15 Western blot of CSB1 cell lysates from cells cultured at different pH. CSB1 

cells were grown in YPD at pH 5 (lane 1), pH 6 (lane 2), pH 7 (lane 3) and pH 8 (lane 4), 

respectively. The same amount of protein (10 µg) was loaded in each lane. 

 

 The results of this experiment (Figure 3.15) showed that both Phr1p and Phr1p-

complex band intensities are directly correlated to PHR1 expression, the intensity was 

highest when cells were grown at pH 8.0 and undetectable at pH 5. No change in the ratio 

of complex to free Phr1p or alteration in size were noted.  
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3.2.6 Verification that high molecular weight complex contains Phr1p 

Cell extracts from C. albicans contain several low molecular weight proteins that 

strongly cross react with anti-HA antibodies (Brunt and Fonzi, unpublished results). In 

order to confirm that the Phr1p-complex band results from Phr1p and not from cross-

linking of the lower molecular weight non-specific proteins, extracts from the phr1 null 

mutant, CAS8, were examined.  

 

 

 

Figure 3.16 Western blot of total cell lysates from CSB1 (lane1), and CSB1 

formaldehyde cross-linked (lane 2) compared to CAS8 (lane 3) and CAS8 formaldehyde 

cross-linked (lane 4). The same amount of protein (10 µg) was loaded in each lane. 
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The result shown in Figure 3.16 demonstrated the absence of a high molecular 

weight reactive band in extracts of strain CAS8. Thus, it can be concluded that the Phr1p-

complex band present in CSB1 extracts does not result from cross-linking of the anti-HA 

cross-reactive proteins.  

 

3.2.7 Optimization of growth conditions 

 Different growth media were tested to find the one that gives the highest amount 

of Phr1p-complex. 

As seen in figure 3.17, Medium 199 resulted in the highest amount of Phr1p-

complex compared to several formulations of YNB medium.  

The results from figure 3.18 showed that there was no Phr1p-complex band 

detected from CSB1 grown in YPD overnight (stationary phase). There was little 

difference in intensity of Phr1p-complex bands from cells cultured to log phase in the 

other media. The Phr1p-complex band from CSB1 grown in YPD had slightly higher 

intensity than the rest.  

The amount of Phr1p complex was similar in cells cultured in Medium 199 and 

YPD (Figure 3.19). Because YPD is less expensive than Medium 199, it was used to 

grow large batches of cells for purification of the complex. 
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Figure 3.17 Western blot of total cell lysates (5 µg each) from mid-log phase CSB1 

grown in Medium 199, 100 mM HEPES, pH 8 (lane 1), YNB with 5mM (NH4)2SO4, 100 

mM HEPES, pH 8 (lane 2), YNB with 0.5% (NH4)2SO4, 100 mM HEPES, pH 8 (lane 3) 

and YNB with 0.5% (NH4)2SO4, 100 mM MOPS, pH 8 (lane 4).  
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Figure 3.18 Western blot of cell lysate supernatants (10 µg each) from CSB1 cultured in 

YPD, overnight (lane 1), YPD, to log phase (lane 2), YNB with 1% peptone (lane 3), 

YNB with 0.5% (NH4)2SO4 (lane 4), YNB with 10 mM glutamine (lane 5). All were 

buffered with 50 mM HEPES, pH 8.0.  
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Figure 3.19 Western blot of total cell lysates from strain CSB1 grown in YPD (lanes 1 

and 2) compared to Medium 199 (lanes 3 and 4) with and without formaldehyde cross-

linking as indicated. 

 

3.2.8 Purification of Phr1-protein complex 

3.2.8.1 Triton
®
X-114 extraction 

Triton
®
X-114 is a nonionic detergent used to solubilize membrane proteins. A 

solution of Triton
®
X-114 is homogeneous at 0°C, but undergoes a phase transition at 

temperatures above 20°C and separates into an aqueous, detergent-poor phase and a 

detergent-rich phase (Bordier, 1981). After phase separation, hydrophilic proteins are 

found predominantly in the aqueous phase, and membrane proteins with an amphiphilic 

nature are recovered in the detergent phase (Brusca and Radolf, 1994). 
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To test the effectiveness of Triton
®
X-114 extraction in the recovery of Phr1p, 

cells were grown in medium Medium 199, pH 8.0, to mid-log phase. The cell lysate was 

incubated with 2% Triton
®
X-114 at 4°C. Insoluble material was removed by 

centrifugation and the supernatant was transferred to a new tube. The extract was 

incubated at 37°C for 10 minutes and centrifuged to separate the aqueous and denser 

detergent phase. After acetone precipitation, proteins from each phase were analyzed by 

SDS-PAGE and Western blotting. 

The results (Figure 3.20) showed that Phr1p and Phr1p-complex partitioned 

predominantly in the Triton
®
X-114 detergent phase with a small amount remaining in the 

aqueous phase. The result is consistent with the fact that Phr1p has a hydrophobic GPI-

anchor attached to it. Based on these results, Triton
®

X-114 extraction was chosen as the 

initial step of purification. 
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Figure 3.20 Western blot of strain CSB1 formaldehyde cross-linked total cell 

lysate (lane 1), cell lysate supernatant (lane 2), Triton
®
X-114 aqueous phase (lane 3) and 

Triton
®
X-114 detergent phase (lane 4). Three microgram of protein were loaded in each 

lane.  

 

3.2.8.2 Purification using MACS HA Isolation Kit  

Affinity purification of the Phr1-complex was attempted using the µMACS anti-

HA protein isolation kit (Miltenyi Biotec). The µMACS Microbeads are super-

paramagnetic microbeads with a diameter of 50 nm. They are conjugated to HA-specific 

antibodies. This method is preferable to traditional antibody-Sepharose media, which 

may have a limited binding capacity due to inaccessibility of internal sites to a high 

molecular weight cross-linked protein complex.  
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 Total cell lysates were prepared from strain CSB1 with or without formaldehyde 

treatment and a clarified supernatant was made by centrifugation at 12,000 x g, for 10 

minutes at 4°C. A 50 µl aliquot of MicroBeads was added to the supernatant fractions 

and mixed well. The mixtures were incubated on ice for 30 minutes. The µ column was 

equilibrated with 1 ml of Lysis Buffer (150 mM NaCl, 1% Triton
®
X-100, 50 mM Tris-

HCl, pH 8). The mixtures were applied to a µMACS column that was placed in the 

magnetic field of the µMACS Separator. The column was washed with 4 x 200 µl of 

Wash Buffer 1 (150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 

mM Tris-HCl, pH 8) and then with 100 µl of Wash Buffer 2 (20 mM Tris-HCl, pH 7.5). 

Twenty microliter of pre-heated 95°C Elution Buffer (50 mM Tris-HCl, pH 6.8, 

containing 50 mM DTT, 1% SDS, 1 mM EDTA, 0.005% bromophenol blue and 10% 

glycerol) were applied to the column and incubated at room temperature for 5 minutes. 

Another aliquot of 50 µl of pre-heated 95°C Elution Buffer was applied to the column 

and the eluates were collected for analysis by SDS-PAGE and Western blotting.  

 HA-Phr1p in control extracts was efficiently bound by and eluted from µMACS 

Microbeads (Figure 3.21, lanes 1-5). However, when formaldehyde-treated extracts were 

tested, only a small fraction of HA-tagged Phr1p and Phr1p-complex were bound (Figure 

3.21, lanes 6-10).  
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Figure 3.21 Western blot of different fractions from µMACS Microbeads column. 

Control samples without formaldehyde treatment; total lysate (lane 1), supernatant (lane 

2), flow-through (lane 3), wash fraction (lane 4), and eluate fraction (lane 5). Lanes 6-10 

are the analogous fractions from formaldehyde cross-linked cells. Ten micrograms of 

protein were loaded in each lane. 

 

 

 Repeated passage of the flow-through fraction over the column failed to recover 

additional protein, suggesting that formaldehyde treatment altered the availability of the 

HA epitope. Furthermore, examination of the fractions by silver staining showed minimal 

purification by this affinity method and it was, therefore, abandoned.  
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3.2.8.3 Anion Exchange Chromatography (HiTrapQ column) 

 With the failure of the affinity purification approach, we turned toward traditional 

protein fractionation methods starting with anion exchange chromatography. For this 

approach, cells were lysed using glass beads in ice-cold 20 mM Bis-Tris buffer, pH 6.5, 

containing 0.02% sodium azide and variously fractionated. Prior to application to the 

column samples were filtered through a 0.45 µm filter to remove small particulates. 

Samples were loaded onto a HiTrapQ column equilibrated with 20 mM Bis-Tris buffer, 

pH 6.5, at a flow rate of 0.5 ml/minute, and the flow-through was collected. The column 

was washed with 20 ml of 20 mM Bis-Tris buffer, pH 6.5, at a flow rate of 1 ml/minute, 

and wash fractions were collected in 2 ml x 10 tubes. The column was eluted with a 50 

ml linear gradient of 0-0.5 M NaCl in 20 mM Bis-Tris buffer, pH 6.5, at the same flow 

rate, and eluate fractions were collected in 2 ml x 25 tubes.  Protein concentrations in 

each fraction were measured using a BCA Protein assay kit (Pierce). All fractions were 

precipitated by addition of 10 volumes of acetone and incubation at -20°C overnight, and 

then analyzed by SDS-PAGE and Western blotting. 

 As a first test of the utility of HiTrapQ anion exchange chromatography, a total 

cell lysate was prepared from formaldehyde-treated CSB1 cells, clarified by 

centrifugation and applied to the column. A total of 185 mg of protein was loaded onto a 

5 ml HiTrapQ column. Each fraction was analyzed by SDS-PAGE (20 µl) and Western 

blotting (15 µl) to detect Phr1p (Figure 3.22 and 3.23). The majority of Phr1p and the 



80 
 

complexed form were bound to the column under these conditions (Figure 3.22 and 3.23). 

Both Phr1p and the complex started eluting at approximately 200 mM NaCl. Whereas the 

complexed form was completely eluted within three fractions, there was significant 

trailing of Phr1p elution. Nonetheless, based on the Imperial Stain (Pierce) of the gel, the 

column achieved significant separation of various proteins in the sample. 

 Because Phr1p, and presumably the Phr1p-complex, are membrane bound, 

isolation and extraction of the cell membranes should provide significant purification 

prior to anion-exchange fractionation. A cell lysate was prepared and following low 

speed centrifugation to remove cell debris, a membrane fraction was isolated by 

centrifugation at 15,000 x g for 20 minutes at 4°C. The membrane pellets were washed 

with 20 mM Bis-Tris, pH 6.5, and then extracted with Triton
®
X-114.  

 Following phase separation, the detergent phase was diluted 10-fold with 20 mM 

Bis-Tris, pH 6.5, that contained 0.03% Triton
®
X-100. Additional Triton

®
X-100 was then 

added to the sample to a final concentration of 1% before loading onto the column. The 

mobile phases were also supplemented with 0.03% Triton
®
X-100. 

 The eluate fractions from HiTrapQ column of the detergent phase extract of 

membranes had a reduced amount of protein relative to other samples, as can be seen on 

Imperial-stained gels (Figure 3.24). The low recovery suggested that membrane isolation 

prior to purification would not be a useful approach. 

 Poor recovery of the membrane fraction may be related to formaldehyde cross-

linking which could cross-link membrane and cell wall proteins resulting in loss of 
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membranes to the low speed cell wall fraction. To assess this, the cell wall fraction was 

extracted with Triton
®
X-114 and run on the HiTrap Q column as previously described. 

The Western blot results showed that a substantial amount of Phr1p and Phr1p-complex 

were found in cell wall fraction (Figure 3.25). 

 Based on the foregoing, Triton
®
X-114 extraction of crude total cell lysates was 

performed to provide optimal yield and an initial purification of Phr1p and complex. The 

detergent-phase extract was applied to the HiTrapQ column, washed and eluted with the 

salt gradient. Protein staining and Western blot analyses of the relevant fractions are 

shown in Figure 3.26. Western blots showed that the Phr1p complex was enriched in 

fractions 24-26 of the gradient and little high molecular weight protein was present in 

these fractions based on protein staining.  
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Figure 3.22 Imperial-stained gels of fractions (20 µl each) from HiTrap Q column 

of clarified cell lysate. Numbers above each lane are the column fraction. Fractions #1-10 

are wash fractions. The remainder are from the NaCl gradient. 
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Figure 3.23 Western blots of eluate fractions (15 µl each) from HiTrap Q column 

of cell lysate supernatant. Numbers above each lane indicate the fraction number. 
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Figure 3.24 Imperial-stained gel (A) and Western blot (B) of eluate fractions 

from HiTrap Q column of detergent-extracted membranes. Fraction numbers are 

indicated above each lane. 
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Figure 3.25 GelCode Blue stained gel (A) and Western blot (B) of eluate 

fractions from HiTrap Q column of cell wall-extracted detergent phase. The fraction 

number is indicated above each lane.  
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Figure 3.26 Imperial (Pierce) stained gel (A) and Western blot (B) of fractions 

eluted from HiTrapQ column loaded with the detergent phase of Triton
®
X-114-extracted 

total cell lysate. Fraction numbers are indicated above each lane.  
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3.2.8.4 Immunoprecipitation of HA-tagged protein.  

Attempts at further purification using HiTrapSP cation exchanger and molecular 

sieve chromatography were not successful (data not shown). In order to further purify the 

Phr1p-complex, affinity purification was again attempted using an alternate approach, 

immunoprecipitation using the ProFound™ HA-Tag IP/Co-IP Kit (Pierce). Eluate 

fractions (#22 and #23) from the HiTrapQ column were mixed with anti-HA agarose 

slurry and purified as described in Materials and Methods. Each fraction was collected 

and analyzed by SDS-PAGE and Western blotting. 

 

 

Figure 3.27 Western blot of fractions from ProFound™ HA-Tag IP/Co-IP Kit 

purification. Eluate fractions number 22 and 23 from the HiTrap Q column, flow-

through, immunoprecipitation eluate #1 and eluate #2 (5 µl of 15 µl eluate) were 

separated by SDS-PAGE and Phr1p was visualized by Western blot analysis using anti-

HA antibody.  

Phr1p 
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 The Western blot result (Figure 3.27) showed that the Phr1p-complex was not 

bound to the agarose beads.  

 

3.2.9 Concentration and precipitation of HiTrapQ eluate fractions 

 As an alternative to chromatographic techniques, the utility of SDS-PAGE for 

purification of the Phr1p-complex was examined. The HiTrapQ fractions that contained 

Phr1p-complex were combined, concentrated with an Amicon Ultra centrifugal filtration 

unit with 100 kDa molecular weight cut off and then precipitated using the 

methanol/chloroform precipitation method (Wessel and Flugge, 1984). As a control, the 

analogous fractions were prepared from a control strain, CAS10, which lacks HA-tagged 

Phr1p.  Protein concentrations were measured using the BCA protein assay kit (Pierce) 

then analyzed by SDS-PAGE.   

As shown in Figure 3.28, samples from strain CSB1 contained a protein of 

approximately 260 kDa that was absent from the control strain CAS10. To determine 

whether this band corresponded to the cross-linked Phr1p-complex, Western blot analysis 

was performed. As seen in Figure 3.29, this high molecular weight protein coincided with 

anti-HA reactive protein. 
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Figure 3.28 GelCode Blue-stained gel of concentrated HiTrapQ fractions from 

strains CSB1 and CAS10.  
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Figure 3.29 Imperial-stained gel (A) and Western blot (B) of concentrated 

HiTrapQ fractions from formaldehyde-treated strain CSB1.  

 

3.2.10 Mass Spectrometry of 1D-gel samples 

The composition of the ~260 kD band was determined by mass spectrometry. The 

band was cut from the gel, destained, digested with trypsin and prepared for mass 

spectrometry analysis as described in Material and Methods. MALDI-MS (matrix-

assisted laser desorption/ionization mass spectrometry) analyses were performed using a 

4700 Proteomics Analyzer (Applied Biosystems, Framingham, MA). MS/MS spectral 

data analysis was performed with GPS Explorer software 3.5 utilizing Mascot 2.0 

A B 

Phr1p-complex 

260 kDa 

160 kDa 

110 kDa 

80 kDa 

260 kDa 

160 kDa 

110 kDa 

80 kDa 
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(MatrixScience, London, UK) as the search engine. The collected spectra were searched 

against the NCBI database. 

 

Rank Accession number Protein name MW (kDa) pI Average Score 

1 gi:46437219 PDC11 62 5.4 290 

2 gi:46439014 PHR1 60 4.9 86 

3 gi:46444836 FBA1 39 5.7 58 

4 gi:46444052 PGA4 49 4.6 41 

 

Table 1 Mascot search results for mass spectral data of the ~260 kD gel band.  

 

 The Mass spectrometry results (Table 1) showed 4 Candida albicans proteins 

with high ion scores.  Pdc11p shows the highest average Mascot ion score of about 290. 

This average score was calculated from 10 sample spots. The ion score is -10*Log(P), 

where P is the probability that the observed match is a random event. Proteins with scores 

greater than 63 are considered significant (p<0.05). Phr1p, Fba1 and Pga4 are ranked 2
nd

, 

3
rd

 and 4
th

 respectively. Pdc11p is pyruvate decarboxylase, an enzyme involved in 

fermentation. Fructose 1,6-bisphosphate aldolase (Fba1) is a glycolytic enzyme. Pga4p, a 

homolog of Phr1p, is a predicted GPI-anchored protein encoding -1,3-

glucanosyltransferase. 
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 These results are difficult to interpret. They might indicate that Phr1p is cross-

linked with each of these proteins. Alternatively, one or more of these proteins may be 

co-purifying with the Phr1p-complex. Notably, pyruvate decarboxylase, Pdc11p, 

normally forms a tetramer with a molecular weight of about 240 kDa. Similarly, fructose 

1,6-bisphosphate aldolase, Fba1p, forms a tetramer of ~160 kDa. Furthermore, both of 

these proteins are predominantly localized to the cytoplasm. Unfortunately, MS data do 

not provide quantitative information that might identify low abundance contaminants.  

 

3.2.11 2-Dimensional SDS-PAGE and Western blotting 

 To overcome the limitations of the preceding 1D-gel analysis, 2D-gel 

electrophoresis was utilized. Each of the four proteins identified in the 1D-gel analysis 

has a different theoretical pI, which should allow their separation from the Phr1p-

complex by isoelectric focusing. Isoelectric focusing (IEF) constitutes the first 

dimensional separation of 2D-gel electrophoresis. IEF was performed using immobilized 

pH gradient (IPG) strips, pH 4-7, with the PROTEAN IEF cell (Bio-Rad), as described in 

Materials and Methods. The second-dimension SDS-PAGE was run as in the previous 1-

D gel electrophoresis. Gels were stained or processed for Western blotting.  
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Figure 3.30 2D-SDS-PAGE gel of concentrated fractions from a HiTrapQ column 

Imperial stained (A), Silver stained (B) and Western blotted (C).  
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3.2.12 Mass Spectrometry analysis of 2-D gel samples 

 The high molecular weight Phr1p-complex was excised from the 2-dimensional 

gel, destained, digested with trypsin and analyzed as in the previous experiment.  

 

Rank Assession number Protein name MW (kDa) pI Average Score 

1 gi:46439014 PHR1 60 4.9 88 

2 gi:46444052 PGA4 49 4.6 41 

 

Table 2. Mascot search results of Mass spectrometry analysis of Phr1p-complex spot 

from 2-dimensional gel electrophoresis. 

 

 The mass spectrometry results (Table 2) identified two proteins, Phr1p and Pga4p. 

Pdc11p and Fba1p were not detected, suggesting these were contaminating proteins in the 

1D-gel analysis. Phr1p has the highest average score of about 88 and was present in 10 of 

10 sample spots. Pga4p had a Mascot score of 41, and was found in only one sample.  

 A limitation of mass spectrometry is that some proteins are detected more readily 

than others and this depends on many factors such as the degree of peptide fragmentation. 

Consequently, even though Pga4p had a low score, we could not rule out the possibility 
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that it might be a part of the Phr1p-complex. This possibility is made more attractive by 

the fact that Pga4p, like Phr1p, is a GPI-anchored cell surface protein.  

 

3.2.13 Assessment of putative interactions 

 3.2.13.1 Phr1p-complex formation in a pga4 null mutant  

 One approach to determine whether Phr1p associates with Pga4p is to examine 

Phr1p complex formation in a pga4 null mutant. If complex formation is dependent on 

Pga4p, then no complex should be found in this mutant background. To test this, the HA-

tagged allele of PHR1 was integrated into the PHR1 locus of the strain DK65-15-1, 

which contains a transposon insertion that disrupts pga4 (Eckert et al., 2006). This was 

achieved in several steps. The HIS1 gene from plasmid CIp20 (Dennison et al., 2005) 

was cloned into pUC19. A 2 kb PHR1-HA fragment from plasmid pSB13 (Brunt and 

Fonzi, unpublished results) was then ligated to plasmid pUC19-HIS. Plasmid HA-PHR1-

HIS-pUC19 was digested with BtgZI then transformed into Candida albicans pga4 null 

mutant strain DK65-15-1 (Eckert et al., 2006). The His
+
 transformants were selected on 

YNB minus histidine agar plates. The resulting strain CSP1 was cultured in YPD, pH8.0, 

to mid-log phase and treated with formaldehyde. Total cell extracts were prepared and 

subjected to SDS-PAGE. Strain CSB1 was cultured and processed in parallel as a control.  
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 Western blot analysis (Figure 3.31) showed the presence of Phr1p and a ~260 kD 

complex in the formaldehyde-treated cells of strain CSP1. The pattern was similar to that 

of the control strain CSB1 except for the presence of an additional ~200 kD band. None 

of these bands were observed in strain DK65-15-1. These results suggest that Pga4p is 

not necessary for complex formation. 

 

 

 

Figure 3.31 Western blot of extracts from CSB1 (lane 1, 2), the pga4 null mutant strain 

DK65-15-1 (lane 3, 4) and strain CSP1, pga4 null mutant with HA-Phr1p (lane 5, 6). 

Extracts were prepared from cells without (-) and with (+) formaldehyde cross-linking. 

Twenty micrograms of protein were loaded in each lane. 
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110 kDa 

80 kDa 

                            M         1           2           3         4           5          6 

Cross-linked                     -           +           -         +           -          + 
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 3.2.13.2 HSV-tagged PGA4p in CSB1 strain 

 As an alternate approach to exploring the potential association of Phr1p and 

Pga4p, an allele of PGA4 was created which contains sequences encoding the HSV 

epitope. This HSV-tagged allele was then inserted into strain CSB1 and examined for 

association of the HA and HSV epitope tags. 

 Pga4p contains an amino-terminal secretory sequence and a carboxy-terminal GPI 

addition sequence, so this protein cannot be simply tagged at either end. SignalP 3.0 

predicts signal peptide cleavage between serine and isoleucine at positions 18 and 19 

respectively. We chose the HSV epitope to tag Pga4p since it lacks lysine residues and 

would not be altered by formaldehyde treatment. The HSV epitope is composed of 11 

amino acids, QPELAPEDPED. Nucleotides encoding the HSV-tag were incorporated 

between codons 19 (isoleucine) and 20 (alanine) of PGA4 by fusion PCR as described in 

Materials and Methods. Based on SignalP 3.0 predictions, this should not alter the signal 

peptide cleavage site.  

 The fusion PCR product of 2 kb was purified, digested with SpeI and ligated into 

the SpeI site of plasmid pBKS (BamHI-) then transformed into E. coli XLI-Blue. The 

nourseothricin resistance gene, NAT1, was added to the HSV-PGA4 plasmid as a 

selectable marker. The final plasmid, HSV-PGA4-pBKS-NAT (6 kb), was cut with NcoI 

and transformed into strain CSB1. Transformed cells were selected on YPD containing 

100 µg/ml Nourseothricin. The Nat
+
 clones were then checked for the correct integration 



98 
 

location as described in Materials and Methods. The resulting strain, CSP2, contains both 

HA-Phr1 and HSV-Pga4 in the CSB1 strain background. The CSP2 strain was then used 

for SDS-PAGE and Western blot analysis. 

 

          

 

Figure 3.32 SignalP 3.0 program results showing the predicted signal peptide cleavage 

site of Pga4p before (A) and after addition of the HSV-tag (B). 

 

 Western blot analysis using anti-HSV antibodies revealed the presence of a 

doublet protein band of approximately 70 kDa that was present in samples from 

formaldehyde-treated and untreated cells (Figure 3.33). Formaldehyde treatment resulted 

A B 
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in the appearance of an additional broad band of 130-150 kDa (Figure 3.33). None of 

these bands was present in the control strain CSB1, which lacks the HSV-Pag4p. 

 

 

 

 

Figure 3.33 Western blot of CSB1 total cell lysates without (lane 1) and with 

formaldehyde cross-linking (lane 2) compared to strain CSP2 containing both HA-Phr1p 

and HSV-Pga4p without (lane 3) and with formaldehyde cross-linking (lane 4), reacted 

with anti-HSV antibody. 
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Figure 3.34 Western blot of CSB1 total cell lysates without (lane 1) and with 

formaldehyde cross-linking (lane 2) compared to strain CSP2 containing HSV-Pga4p 

without (lane 3) and with formaldehyde cross-linking (lane 4), reacted with anti-HA 

antibody (A) then reprobed with anti-HSV antibody (B) 

 

 The preceding results suggested that Pga4p does not associate with Phr1p. To 

ensure the accuracy of the results, a Western blot of the samples was reacted first with 

anti-HA antibodies to visualize Phr1p, stripped, and then reacted with anti-HSV 

antibodies. The results are shown in Figure 3.34. It was clear from these results that 

Phr1p and Pga4p do not associate.   
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Chapter IV: Discussion 

 

 The opportunistic fungus Candida albicans has become a major problem for 

immunocompromised individuals such as cancer patients undergoing chemotherapy, 

organ transplant recipients and HIV-infected individuals (Ha et al., 2010). The mortality 

rates of systemic candidiasis patients are very high (Mora-Montes, 2009). Moreover, C. 

albicans has developed resistance to conventional anti-fungal drugs (Hernandez et al., 

2004). 

 Candida albicans is a polymorphic fungus that can change morphology between a 

range of forms from yeast cells, pseudohyphae to true hyphae (Odds, 1988). The ability 

to switch between these morphologies is believed to be involved in pathogenesis and 

virulence of this organism (Calderone and Fonzi, 2001; Saville et al., 2003).  

 The cell wall of Candida albicans is a unique cellular structure that is very 

dynamic. The cell wall polysaccharide network is constantly remodeled during different 

stages of cell growth (Bowman and Free, 2006). Remodeling and synthesis of cell wall 

polysaccharides requires multiple enzymes including synthases, hydrolases and 

transglycosidases (De Groot et al., 2004). The morphological conversion between the 

yeast and filamentous forms involves changes in C. albicans cell wall composition, 

organization and structure, which are responsive to environmental signals. The cell wall 
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is also the initial point of contact between fungal cells and their environment (Calderone, 

1993).  The cell wall and the enzymes involved in its biosynthesis are absent from host 

cells, thus they are excellent targets for new antifungal drug development (Latge, 2007). 

 Candida albicans cell wall proteins play an important role in morphogenesis, 

pathogenesis and cell wall assembly. However, these cell wall proteins are very difficult 

to study because of their hydrophobic nature, high heterogeneity, low abundance, low 

solubility and interconnections with cell wall polysaccharides (Pitarch et al., 2002). It is 

also very difficult to analyze cell wall proteins by conventional methods such as SDS-

PAGE (Kashino, 2003). 

 Even though we have some understanding about major cell wall polysaccharide 

synthesis and composition, very little is known about assembly processes (Nather and 

Munro, 2008). Identifying enzymes involved in this process will provide us more 

understanding about C. albicans cell wall assembly. 

 The Candida albicans PHR1 gene that was identified previously in our lab is 

believed to be involved in cell wall assembly. The deletion of PHR1 in C. albicans 

resulted in pH-conditional defects of cell morphology and virulence. The expression of 

PHR1 is regulated in response to environmental pH. PHR1 expression is undetectable at a 

pH below 5.5 and is induced at alkaline pH. A PHR1 null mutant strain is not able to 

grow normally either in yeast or hyphal forms at alkaline pH (Saporito-Irwin et al., 
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1995). A PHR1 null mutant strain also shows reduced virulence in a mouse model of 

systemic candidiasis (Ghannoum et al., 1995; Bernardis et al., 1998).  

 Phr1 is a glycosidase required for proper cross-linking of -1,3-glucans and -

1,6-glucans (Fonzi, 1999). The phenotypic defects of the mutant are not a result of 

defective cytoskeleton polarization or secretion, suggesting that PHR1 is involved in cell 

wall organization. Therefore, studying the biology of Phr1p would be important for the 

understanding of Candida albicans cell wall biology.  

 Protein-protein interactions are involved in many processes including cell cycle 

regulation, signal transduction, metabolism and immune response and are critical to cell 

wall assembly in bacteria (Phizicky and Fields, 1995).  By analogy it might be expected 

that Phr1p would function within a complex of interacting proteins to ensure proper 

spatial and temporal assembly of the cell wall. Since Phr1p is involved in cross-linking of 

cell wall glucans (Fonzi, 1999), proteins that interact with Phr1p might have glucan as a 

substrate. There are many proteins that are known or expected to have glucan as a 

substrate including Phr3p, Phr4p and Phr5p (Lee, 2003). Chitin, which is normally 

attached to a small amount of -1,6-glucan, becomes attached to nearly all of the -1,6-

glucan in mutants lacking Phr1p suggesting that Phr1p is involve in chitin-mannoprotein 

interaction (Fonzi, 1999). Therefore, Phr1p may also interact with chitinase or chitin 

synthase. Based on Phr1p function, interacting proteins might include glucan synthase, 

glycosidases, transferases, enzymes involved in mannoprotein processing and enzymes 
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involved in any stages of the cell wall assembly processes. Many of these proteins will 

likely be of unknown functions because almost half of the predicted GPI-anchored 

proteins in C. albicans are of unknown function (Eisenhaber et al., 2004). 

 Many approaches have been developed to study protein-protein interactions such 

as affinity chromatography, immunoprecipitation and gel filtration (Mackun and 

Downard, 2002). Two-hybrid analysis has been extensively used to study protein-protein 

interactions of intracellular proteins (Pandey and Mann, 2000), but is of limited utility in 

analyzing cell surface glycoproteins such as Phr1p.  

 To facilitate detection and purification of Phr1p an epitope tagging strategy was 

used. Both Strep-tag II and HA-tagged Phr1p were functional as assessed by their ability 

to complement pH-conditional growth and morphological defects of the Phr1 null mutant. 

Expression of Phr1p was detected during log phase growth of C. albicans but not in 

stationary phase cells, indicating that Phr1p is required during cell growth. Consistent 

with mRNA abundance, expression of Phr1p was also regulated in response to the pH of 

growth media, which increases at alkali pH suggesting that elevated amounts of Phr1p are 

required under theses growth conditions. The inability to purify Phr1p tagged with either 

Strep-tag II or HA epitope by conventional affinity chromatography might result from the 

blockage of access to the affinity tag after cross-linking. 

 Candida albicans cells were cross-linked to stabilize the Phr1p interactions prior 

to extraction. Cross-linking with DTSSP and formaldehyde resulted in a similar size 
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Phr1p complex as assessed by SDS-PAGE. The results of DTSSP cross-linking indicate 

that the Phr1p complex is formed at the C. albicans cell surface as DTSSP is membrane 

impermeable. Since formaldehyde has a shorter linker arm of 2 A°, interacting proteins 

must be in very close contact. Formaldehyde inactivates enzymes upon addition, 

suggesting that it provides a snapshot of protein interaction at the specific time of 

addition (Hall and Struhl, 2002; Vasilescu et al., 2004). Cross-linking can also be used to 

detect transient interactions with different proteins at various stages of cell growth 

(Phizicky and Fields, 1995). The optimal formaldehyde concentration for Phr1p cross-

linking is 1%. At higher concentrations of formaldehyde, excessive cross-linking 

occurred reducing the amount of soluble protein in lysates and causing a smearing effect 

on polyacrylamide gels.  

 Proteins rarely function in isolation but they’re interrelated in many ways 

(Alberts, 1998). Protein function cannot be predicted based on sequence homology or 

three-dimensional structure alone. Therefore, identifying protein interactions is a 

prerequisite to understanding proteins at the molecular and biophysical level (Premsler et 

al., 2009; Piehler, 2005). Proteomic studies have become more important because of their 

ability to analyze post-translationally modified proteins (Pandey and Mann, 2000).  

However, proteomic analysis of membrane proteins is complicated by their 

hydrophobicity, low abundance and their covalent connection to the framework of the 

cell wall (Kashino, 2003). Membrane proteins account for almost 30% of the total protein 

in yeast.  
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 Sequence comparisons and hydrophobic cluster analysis (HCA), which is based 

on fundamental rules of globular protein folding (Gaboriaud et al., 1987), showed that the 

Gas proteins of S. cerevisiae, Phr proteins of C. albicans and Gel proteins of Aspergillus 

fumigatus belong to the same glycosylhydrolase family 72 (GH 72) (Mouyna et al., 

2000). Enzymes in this family exhibit the same glycohydrolase and transglycosylation 

activities. This GAS-related gene family is conserved among fungi but absent from other 

eukaryotes. There are several features conserved in this group of proteins: 1. a 

hydrophobic amino terminus with a secretory signal sequence, 2. several N-glycosylation 

sites, 3. a serine-rich region at the carboxy-terminus, a potential site for O-glycosylation, 

4. a hydrophobic carboxy-terminus with a GPI-anchor attachment site (Mouyna et al., 

2000). This family of enzymes showed -1,3-glucanosyltransferase activity which is 

involved in the modification of -1,3-glucan. These enzymes cleave a -1,3-glucan 

molecule internally then transfer the newly generated reducing end to the non-reducing 

end of the acceptor -1,3-glucan molecule (Mouyna et al., 2000).  

 The hydrophobic nature of membrane proteins makes their investigation and 

separation difficult (Kashino, 2003; Mirza et al., 2007). The amino acid sequence of 

PHR1 contained motifs suggesting that it was a secreted protein modified by 

glycosylation and GPI-anchor addition (Saporito-Irwin et al., 1995). This was 

subsequently demonstrated (Vai et al., 1996). Triton
®
-X114 detergent has proved to be 

useful for membrane protein isolation and solubilization (Brusca and Radolf, 1994). 
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Phr1p was enriched in the detergent-rich phase after Triton
®
X-114 extraction and phase 

separation, an observation consistent with Phr1p containing a hydrophobic GPI-anchor 

moiety. The Phr1p dimer is also membrane bound and can be extracted from membranes 

using Triton
®

X-114, which provided a partial purification of the protein complex. 

 Two sizes of Phr1p were detected on Western blots, 90 kDa and 105 kDa. The 

smaller form was unlikely derived from degradation since a protease inhibitor cocktail 

was used. The 90 kDa form of Phr1p might be an intermediate form as shown for Gas1p, 

which also has 2 forms, 125 kDa and 105 kDa (Schimmoller et al., 1995). 

 The predicted molecular weight of Phr1p based on the amino acid sequence is 

approximately 59 kDa, but Phr1p migrates on SDS-PAGE as a 105 kDa mature protein. 

Therefore, the protein component of Phr1p accounts for only about 55% of the molecular 

mass of Phr1p. After removal of N-linked carbohydrate chains with EndoH digestion, the 

N-deglycosylated form of Phr1p is reduced about 20 kDa in size. O-linked carbohydrate 

might account for the rest of molecular weight difference, as O-linked carbohydrate in 

Gas1p accounts for about 26% of its molecular weight. More than half of this O-

glycosylation is located on the serine-rich region at the carboxy terminus (Gatti et al., 

1994) and Phr1p contains a similar serine-rich region at its carboxy terminus.  

 Mass spectrometry has become a major tool for the identification of proteins in 

complex biological mixtures. Because of its sensitivity, it can detect low abundance 

proteins (Gingras et al., 2005). Membrane proteomics has been a major challenge 
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because the association of membrane proteins with lipids makes them difficult to analyze 

by mass spectrometry. Membrane proteins are amphipathic, containing both hydrophobic 

and hydrophilic regions (Mirza et al., 2007). Detergent has proved useful for membrane 

protein isolation and solubilization, but the presence of detergent can affect 

chromatographic separation and suppress mass spectral signals.  

 Methanol/chloroform precipitation of the purified Phr1p-dimer improved the 

performance of protein separation on SDS-PAGE, as sharper distinct protein bands were 

observed (data not shown). Glycosylation of protein can also interfere with tryptic 

digestion and result in weak signals on MALDI analysis (de Groot et al., 2004). The 

glycosidic nature of Phr1p also hampers its resolution on SDS-PAGE. 

 The Phr1p-complex band is about double the size of Phr1p and the mass 

spectrometry results indicated that Phr1p was the only major component.  Together these 

data suggest that the Phr1p-complex is actually a Phr1p-dimer. Phr1p appears to form 

dimers in both yeast and hyphal cells since growth at both 30°C and 37°C resulted in the 

same size of Phr1 complex. The reciprocal cross-linking experiment also confirmed that 

Pga4p was not interacting with Phr1p under the conditions tested, even though both 

proteins are in the same family and closely related by sequence homology. PGA4 

disruption does not result in growth or morphological defects. Moreover, the expression 

of PGA4 is not dependent on the pH of the growth medium, unlike PHR1 (Eckert et al., 

2007).  
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 The first crystal structure of a GH72 transglycosylase enzyme, Saccharomyces 

cerevisiae Gas2, revealed a multi-domain fold, with a (/)8 catalytic core and a separate 

glucan binding domain with a conserved glucan binding groove (Hurtado-Guerrero et al., 

2009). Both Phr1 and Gas2 belong to the same gene family of glycohydrolase 72, 

moreover sequence homology of these proteins suggests that Phr1p might have a similar 

structure. Since GH72 enzymes appear to be essential for proper development and fungal 

cell morphogenesis, with the significant degree of sequence conservation in the GH72 

family it may be possible to develop drugs that would inhibit all of the members of this 

family (Hurtado-Guerrero et al., 2009). 

 Structure comparison of Escherichia coli β-galactosidase (α/β)8 or α/β  barrel 

structure suggests that they have a functional and evolutionary relationship with other 

glycohydrolase enzymes (Juers et al., 1999). There’s also evidence that β-galactosidase 

can form both a tetramer and an active dimer (Kaneshiro et al., 1975). Moreover, both 

monomeric and dimeric forms of exo-1,3--glucanases were detected in A. fumigatus 

(Fontaine et al., 1997). Therefore the formation of a Phr1p dimer is not unlikely. 

 Structural and biophysical studies show that protein dimerization or 

oligomerization is a key factor in regulating the activity of proteins such as enzymes, ion 

channels, receptors and transcription factors (Marianayagam et al., 2004). Protein 

dimerization can provide different structural and functional advantages including increase 

stability, specificity and complexity of protein (Marianayagam et al., 2004). In addition, 
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self-association can help to minimize genome size, while maintaining the advantages of 

modular complex formation. Multi-subunit proteins might also have an advantage over a 

single large protein because it is more economical to build proteins from simpler subunits 

and it reduces the errors that might occur from translation of a single large protein. 

(Phizicky and Fields, 1995).  

 Based on Western blotting results, about 25-60% of Phr1p was in a dimeric form 

after cross-linking. Not all of Phr1p was dimerized suggesting that dimerization of Phr1p 

might provide some advantages for Phr1p function, but is not required for the function of 

Phr1p. Because protein dimerization can generate a new binding site for substrate, the 

dimeric form of Phr1p might be able to utilize a different substrate(s) than the monomeric 

form. While only a fraction of Phr1p is self-associated, it is possible that the dimeric form 

of Phr1p might conduct different functions than the monomer form.  

 Further studies are required to characterize the nature of the Phr1p-dimer. 

Mutational analysis might provide more information about how Phr1p forms a dimer. 

Deletion of regions that are not essential for protein activity, such as the serine-rich 

region, might further validate the existence of the dimer form. But it is also possible that 

it might prevent Phr1p dimerization. Serine
 
and threonine residues within this domain are 

frequently heavily
 
O-mannosylated and this O-glycan cluster is thought to

 
confer an 

extended, rod-like configuration (Gatti et al., 1994) that elevates the protein from the 
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membrane or cell surface, giving the protein the flexibility to interact with other surface 

proteins (Lipke and Ovalle, 1998). 

 The majority of cell wall proteins are loosely associated with the cell surface, but 

several CWPs are linked and retained within the glucan/chitin network (Pitarch et al., 

2002). There is evidence that Gas1p of S. cerevisiae, which localizes predominantly to 

the plasma membrane, can be incorporated into the cell wall (de Groot et al., 2004). 

Some of Phr1p could be loosely associated with the cell surface or could be cross-linked 

to the glucan/chitin network through the GPI-anchor. Phr1p may also cross-link to 

integral wall proteins and be removed with the cell wall fraction. That may be one reason 

why we failed to detect other proteins that interact with Phr1p. If so, the Phr1p-complex 

trapped within the glucan/chitin network would require glucanase and chitinase treatment 

for its release. Phr1p might also transiently interact with other cell surface proteins at 

very specific times. Further investigations are needed to evaluate such potential 

interactions.  

 Even though we failed to identify other proteins that interact with Phr1p, the 

procedures we developed, which combined protein cross-linking, Triton
®
X-114 

extraction, ion exchange chromatography, 2 dimensional SDS-PAGE and mass 

spectrometry of an epitope tagged protein, proved successful in analyzing interactions of 

membrane-bound Phr1p. Therefore, these procedures might be useful for studying other 

membrane proteins. 
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