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Abbreviations 

 

AIDS   Acquired immune deficiency syndrome 

ALS   Agglutinin-like sequence 

DNA   Deoxyribonucleic acid  

RNA   Ribonucleic acid  

MS/MS   Tandem mass spectrometry 

HPLC   High performance liquid chromatography 

MS   Mass spectrometry 

LC   Liquid chromatography 

YPD   Yeast peptone dextrose 

SD   Synthetic dextrose 

GPI   glycosylphosphatidylinositol-anchoring signal 

BSA   Bovine serum albumin 

CFU   Colony forming unit 

FBS   Fetal bovine serum 

PBS   Phosphate-buffered saline 

HCD   high-energy C-trap dissociation 

ESI-TOF/MS  Electrospray ionization time of flight/mass spectrometry 

TEAB   Triethyl ammonium bicarbonate 

TMT   Tandem mass tag 

CGD   Candida genome database 

FDR   False discovery rate 

PCA   Principal component analysis 

GO   Gene ontology 

PC   Principal component 

TNF-α   Tumor necrosis factor-α 
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Introduction 

 

In 1950s, antibiotics were supplied for medicinal use. Discovery of antibiotics had 

momentous effects on the treatment of bacterial, fungal and protozoal infections. These 

pathogens had brought death to people very frequently until the discovery. The rate of death by 

some infectious diseases had dropped sharply during the following 10–15 years. While being 

exposed to specific antibiotics, bacteria and fungi gradually got the ability to resist against the 

antibiotics. They change their genome or metabolic process which the antibiotics target for. 

Antibiotic-resistant organisms cause complication in medical treatment and increased healthcare 

costs. Exploring the pathogenic mechanisms is urgent issue in healthcare field in worldwide 

because of leading more effective drugs. 

 

Pathogenesis of Candida albicans 

Candidiasis, by a fungus of genus Candida, is an opportunistic infection in human (Fig. 

1A). In healthy people, Candida species behave as commensal fungi in the part of the 

microflora of skin, the oral cavity, the gastrointestinal tract, and the vagina (1, 2). Candida 

species are estimated to have diverged from Saccharomyces cerevisiae, the most useful yeast 

that have been instrumental to wine-making, baking and brewing, since about 400 million years 

ago (3). However, unlike S. cerevisiae, Candida species, especially Candida albicans, provoke 

illness in immunosuppressed individuals such as AIDS patients and cancer patients who are 

undergoing chemotherapy (4) (Fig. 1B). For example, in gastrointestinal tract, the resident C. 

albicans breaks the mucosal immune barrier and enters the bloodstream (5). After spreading 

human body through the bloodstream, C. albicans invades virtually any organs, including the 

brain, kidneys, heart, liver, and lungs, often leading the patients to death (6). The mortality rate 

of systemic candidiasis is as high as 50% because of the lack of effective diagnostics and 

treatments (7). The incidence of candidiasis infection has increased drastically in recent years, 

and this trend will inevitably continue because of the aging society and the AIDS pandemic. 

Hence, it is imperative that we elucidate virulence mechanisms of C. albicans and support the 

development of effective drugs. 
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Fig. 1 Characteristics of C. albicans. (A) Micrographs of C. albicans yeast form (left panel) and  

Hyphae form (right panel). (B) Feature of C. albicans pathogenesis. 

 

Drug for candidiasis 

Few antifungal compounds such as micafungin and amphotericin B have been identified 

and marketed as drugs against candidiasis (Fig. 2). Micafungin was originally extracted from 

Coheophoma empetri, filamentous fungi, in 2007. It is an inhibitor of 1, 3-β-D-glycan synthase 

which is necessary to maintain cell shape and osmotic stability (8). Amphotericin B was 

originally extracted from Streptomyces nodous, a filamentous bacterium, in 1955. It binds to 

ergosterol which is the main component of fungal cell membranes, forming a transmembrane 

channel which releases ion outside of the cell (9). Both antifungal drugs lead the fungi to death. 

However, these drugs have some lethal problems. C. albicans and other fungal pathogens are 

eukaryotes and therefore share many of their biological process with human; therefore, 

antifungal agents can cause deleterious side effects. Moreover, C. albicans can acquire the 
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mechanisms of drug resistance (10). It includes overexpression of the genes encoding the drug 

molecular targets, mutations in the gene which result in reduced affinity to the drug, and 

reduced intracellular drug accumulation. Therefore, in order to overcome these problems, a 

novel drug is passionately desired (11, 12).  

 

[A]        [B] 

 

 

 

 

 

 

Fig. 2 Drugs against C. albicans. [A] Micafungin (Trade name is Funguard, Astellas Pharma 

Inc.). [B] Amphotericin B (Trade name is Fungizone, Bristol-Myers Squibb). 

(http://www.rxlist.com/mycamine-drug.htm) 

 

C. albicans virulence factors 

C. albicans is equipped with various virulence factors for their colonization of host 

tissues, overcoming of host defenses, and invasion into the bloodstream and organs. Adhesion 

(13), hydrolytic enzyme production (14, 15), hyphae formation (16), and biofilm formation (17) 

are known as important factors for C. albicans infection.    

One of the most important virulence factors is the agglutinin-like sequence (ALS) family 

that encodes cell-wall glycoproteins (18) (Figs. 3 and 4). Some Als proteins function in 

adhesion to host surfaces and cellular components. It is reported that ALS genes are 

differentially regulated; for example, growth medium change (ALS1 expression) (19), 

morphological form change (ALS3 and ALS8 expression) (20, 21), and growth phase 

progression (ALS4 expression) (22). In regards to structure, Als has three different domains. 

N-terminal domain of Als is composed of approximately 433 amino acids. This domain is 

presumed to play an adhesive role from the similarity to the sequence of S. cerevisiae 

α-agglutinin (23) and suggestion from experimental data. In the central Als domain, a motif of 
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36 amino acid sequence is tandemly repeated. Each Als protein has each own repeat count. The 

C-terminal domain is variable in length and sequence among Als proteins (24). A model of Als 

protein is that N-terminal portion is displayed on extracellular surface with its C-terminal 

domains anchored in cell wall (25). Als protein is estimated to play an important role in C. 

albicans adhesion to medical devices, host tissues, and host immune cells, but the structure and 

function of Als proteins have not yet been sufficiently studied. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Description of the structure for 9 kinds of ALS genes. The colors close to each other 

means these regions with high similarity in sequence. The central repetitive domain of each ALS 

is represented as repeated boxes. 
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Fig. 4 Schematic of Als protein structure. The three-domain structure and each role for a typical 

ALS protein are shown. 

 

Adaptation to the blood 

Invasion into the blood vessel system from the residual commensal flora is the first step 

for causing life-threatening systemic infections for C. albicans (26, 27). Blood vessel is hostile 

environment for C. albicans because of nutrient shortage and attack from immune cell. To adapt 

such deleterious place, C. albicans has developed various pathogenic factors. The response of C. 

albicans to blood has been analyzed mainly by large-scale transcript profiling methods (28, 29). 

The microarray data concluded that the fungus changed its metabolic process very quickly to 

adapt to a new environment. For example, the expression of the genes involved in the general 

stress response, antioxidative response, glyoxylate cycle as well as putative virulence attributes 

are altered in the process. Moreover, some virulence factors of C. albicans are reported to be 

important for the blood adaptation process: ion acquisition from transferrin (30), degradation of 

host factors by secreted aspartic proteases (31) and phospholipase (32), and adhesion to host cell 

and red blood cell (33, 34). However, these investigations could not completely explain the 

adaptation mechanisms of C. albicans to blood.  

 

The fate of C. albicans interacting with macrophage 

Blood is a complex and hostile milieu composed of several types of immunoactive cells 

to which C. albicans has to respond (35). Especially, such host defense initially relies on the 
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phagocytosis and elimination of fungal cells by cells of the innate immune system, especially 

macrophage (36). Additionally, macrophage stimulates themselves and surrounding immune cell 

into production of cytokines and chemokines. These secreted proteins attract other innate and 

acquired immune cells. After phagocytosis by macrophage, C. albicans is moved inside 

macrophage cell through endocytic membrane transport pathway. Eventually C. albicans reach 

the lysosome where C. albicans is exposed to a low pH and to a number of microbiocidal 

components such as reactive oxygen, nitric oxide, antimicrobial cationic peptides called 

defensin, and many different lysosomal hydrolases. C. albicans must resist these factors which 

potentially contributing to killing and digestion of ingested pathogens inside macrophage (37). 

In spite of exposure to such buttery of antifungal factors, C. albicans adapts, breaks and finally 

kills macrophages (38). An outstanding characteristic of C. albicans is its morphological change 

between yeast form and hyphae form (39) (Fig. 5). The ability of killing macrophage has long 

been considered that it derived from the pressure of extending hyphae. Within macrophages, 

high pH induces hyphal growth allowing piercing and killing of macrophages (40). However, in 

recent years, not only hyphae formation, but also virulent proteins were reported as important 

factors for C. albicans to escape from macrophage.  

Several laboratories have isolated C. albicans mutant strains that cannot elongate its 

hyphae within macrophage, yet induce significantly lower levels of macrophage lysis (41-43). 

From these investigations, C. albicans proteins, in addition to filamentous form, are regarded as 

virulent factors. One of the virulent mechanisms related to proteins is the release of secreted 

aspartic proteases by C. albicans. These proteases can destroy host tissue and liberate 

oligopeptides which are taken up by C. albicans (44). In addition to the proteases, C. albicans 

has the ability to get rid of macrophage-associated stresses, including reactive oxygen and 

nitrogen species. C. albicans has catalase (45), six superoxide dismutases (46, 47) and three 

flavohemoglobin enzymes (48). With these proteins, C. albicans is estimated to cope with 

antimicrobial attack from macrophage. Recent analysis demonstrated that live C. albicans and 

dead C. albicans show different behavior after phagocytosis (49). These researches cannot fully 

explain the overall escaping process of C. albicans, and the existence of uncovered virulent 

factors remains unclear.  

      



7 

 

 

(A)      (B) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 Presumed mechanisms of C. albicans escaping from macrophage. (A) Mucosal resident C. 

albicans started to invade into the human body. Macrophage in human immune cells defenses 

by phagocytosis of pathogen. (B) C. albicans breaks macrophage and infects human body. 

 

Proteome analysis 

     Traditionally, research on proteins implies the characterization of one specific protein via 

targeted approaches using antibodies, immunoblotting, enzyme-linked immunosorbent assay, 

microscopy or fluorescence activated cell sorting (50-52). However, such bottom-up research 

could only open up a small window into complicated network of proteins in the organisms. The 

term ‘proteome analysis’ describes the study for all proteins presenting in a targeted condition 

(53). In proteome analysis, high-resolution mass spectrometry enables comprehensive 

characterization of all proteins, in terms of protein abundance, their modifications, localization, 

turnover and interaction partners. Because proteome analysis is bottom-up and system-wide 

analysis, it has great possibilities to address many fundamental biological questions which could 
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not be disclosed with conventional methods. Analyze on DNA and RNA have been becoming 

easier and more accurate to measure due to advance of DNA sequencer and microarray 

technology (54, 55). Comprehensive protein analysis is important because proteins are 

responsible for both the structure and the functions of all living things. In fact, some reports 

show the evidence that there are significant differences between the expression levels of genes 

and production of proteins in diverse biological conditions (56). 

. In conventional gel-based proteome analysis, proteins extracted from organisms are 

separated with 2-dimentional gel electrophoresis (57). Proteins separated from each other are 

extracted from gel and identified with tandem mass spectrometry (MS/MS) system, one by one. 

This method requires the laborious visual inspection. Therefore, in order to improve the 

identification of proteins that exist in low abundance, shotgun proteome analysis has been 

increasingly utilized (Fig. 6). Shotgun proteome analysis (58) refers to identification of proteins 

using a combination of high performance liquid chromatography (HPLC) and mass 

spectrometry (MS). In the analysis, proteins are digested and the resulting peptides are 

subsequently identified in single shot without time-consuming gel electrophoresis.  

Especially in shotgun proteome analysis, reversed-phase liquid chromatography 

performed in nanocolumns is employed to separate complex peptide mixtures before detection 

in a MS. The high resolving power of this novel separation step is a crucial prerequisite to 

identifying as many peptides as possible. To improve column separation efficiency and 

analytical throughput, a monolithic column was adopted. The monolithic silica capillary column 

is made of silica skeletons and through-pores (59). This structure gives a monolithic column 

with large flow-through pores. This allows for a higher separation efficiency and lower-pressure 

drop than conventional particle-packed columns (60). Recently, proteome analysis with 

monolithic silica capillary column successfully identified 2,602 proteins produced in 

Escherichia coli cells in a single analysis (61). 

In order to analyze the biological functions of each protein in detail, it is important to 

quantify, as well as identify, peptides and proteins. Stable isotope labeling, either through 

metabolic incorporation or chemical labeling during sample preparation, gives researchers the 

instrument to reliably quantify and compare multiple samples. The advantage of quantitative 

proteome analysis (62) is to chase small changes in protein profiles and peptide abundances. 
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As the behavior of pathogen become complicated, the technology is expected to be 

reliable, at present (63). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 Work flow of shotgun proteome analysis with nanoLC-MS/MS system 
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Chapter I  Profiling of adhesive properties of ALS family, 

virulent proteins of C. albicans 

 

 

 

 

     C. albicans normally exists within most humans as a commensal organism, but 

opportunistically causes fatal diseases in immunocompromised patients. Biofilm formation by C. 

albicans on medical devices, such as stents and vascular catheters, has been a significant clinical 

problem. Biofilm on such materials results in resistance to antifungal drugs and leads to 

recurrent infections. 

The ALS gene family has been suggested to be a major factor in biofilm formation. The 

family includes nine genes (ALS1 to ALS7, ALS9-1 and ALS9-2), each of which comprises 

three domains. The N terminus contains a tandem Ig-like sequence, which mediates adherence 

to various materils. The central domain includes tandem repeats of a 108-bp motif. The C 

terminus contains a structural stalk region. C. albicans is well known to adhere to medical 

devices using Als proteins, but the structure and function of ALS proteins have not yet been 

sufficiently studied. 

In this chapter, we cloned 10 ALS genes and determined their adhesive properties. Most of 

ALS homologues could bind to some kinds of materials, which are often used in medical 

devices.  

 

Materials and Methods 

 

Construction of plasmid for ALS-displaying 

We constructed a pHLD1 plasmid for yeast cell surface display of ALS proteins by 

replacing URA3 of pULD1 (1) with HIS3 (Table 1 and Fig. 1A, B). The N-terminal Ig-T regions 

of each ALS gene were cloned from the C. albicans SC5314 genome using the primer sets 

detailed in Table 1. The sequences of the ALS genes were optimized for S. cerevisiae translation 

by using the QuikChange multi site-directed mutagenesis kit (Stratagene, CA, USA). Because C. 
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albicans displays alternative CTG codon usage (Ser for Leu; (2)) , the CTG codons were 

replaced by TCG codons. The resulting plasmids were named as pHLD-ALS1 through 

pHLD-ALS9-2. E. coli strain DH5α [F
−
, ΔlacU169 (φ80lacZΔM15), hsdR17 (rK

−
, mK

+
), recA1, 

endA1, deoR, thi-1, supE44, gyrA96, relA1, λ
−
] (TOYOBO, Osaka, Japan) was used as a host 

for DNA manipulation. E. coli transformants were grown in a Luria-Bertani medium [1% (w/v) 

tryptone, 0.5% (w/v) yeast extract, and 1% (w/v) sodium chloride] containing 50 µg mL
−1

 

ampicillin. 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Construction of plasmids for cell surface display of ALS isozymes 

(A) Structure of the ALS protein family. S, secretion signal; Ig, tandem Ig-like domain; T, 

conserved Thr-rich region; TR, tandem Thr-rich repeats of a 108 bp motif; Stalk, Ser-Thr-rich 

glycosylated stalk; GPI, glycosylphosphatidylinositol-anchoring signal. (B) Plasmid constructed 

for the cell surface display of ALS isozymes. GAPDH, glyceraldehyde-3-phosphate 

dehydrogenase; G. A., glucoamylase. 

 

Transformation of Saccharomyces cerevisiae 

S. cerevisiae BY4741 [MATa, his3, leu2, met15, ura3] (Euroscarf, Frankfurt, Germany) 

cells were transformed with pHLD-ALS1 through pHLD-ALS9-2 by the lithium acetate method 

using the EZ-yeast transformation kit (BIO 101; Qbiogene, Vista, CA, USA), and the 

transformants were cultivated in SD+LMU media [2.0% (w/v) glucose, 0.67% (w/v) yeast 

nitrogen base w/o amino acids, 2.0×10
−3

% (w/v) uracil, 3.0×10
−3

% (w/v) methionine, and 



19 

 

2.0×10
−3

% (w/v) leucine]. 

 

Table 1 Primers used in this chapter 

 

 

 

 

 

 

 

 

 

 

 

 

 

Immutnofluorescence microscopy 

     The localization of the ALS proteins on yeast cell surface was individually confirmed by 

the immunofluorescence labeling of cells. After incubation in SD+LMU medium at 30°C for 48 

h, yeast cells were collected and washed with phosphate-buffered saline (PBS, WAKO, Osaka, 

Japan). Cells were fixed with 3.7% formaldehyde for 1.5 h at room temperature and 

resuspended in PBS containing 1% (w/v) BSA for 30 min at room temperature. The yeast cells 

were then incubated for 1.5 h in PBS containing 1% (w/v) BSA with the mouse monoclonal 

antibody against FLAG peptide (Sigma Chemical Co., St. Louis, Mo, USA) used as the primary 

antibody at dilution rate 1:500, and then they were incubated for 1.5 h at room temperature with 

the secondary antibody, Alexa Fluor 488-conjugated goat anti-mouse IgG (H+L) (Molecular 

Probes Inc, Eugene, OR, USA) at dilution rate 1:300. After washing with PBS, the green 

fluorescence on the cells was observed by fluorescence microscopy. Fluorescence was detected 

with the inverted microscope IX71 (Olympus, Tokyo, Japan). Live image were obtained using 

the Aqua Cosmos 2.0 software (Hamamatsu Photonics, Shizuoka, Japan) to control a digital 
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charge-coupled device camera (C4742-95-12ER, Hamamatsu, Photonics).  

 

Measurement of adhesive activity of ALS-displaying cells 

     The transformants were cultivated in SD + LMU media and washed with PBS. We 

determined the initial amount of each strain (CFU), and all the transformants showed almost 

identical values. Then, 200 µL PBS buffer containing 1.0×10
7
 cells was put on various abiotic 

surfaces (polypropylene, borosilicate glass, polyvinyl chloride, polyurethane, polymethyl 

methacrylate, polytetrafluoroethylene, titanium). The solution was incubated on the surface for 2 

h, and then the surface was thoroughly washed with PBS buffer seven times. Next, the cells 

bound to the surface were treated with 1 mL of 6 M urea to remove the cells, and 100 µL of the 

urea solution was spread on an SD + LMU plate. We counted the number of colonies that 

appeared and normalized the binding ability to the number of displayed fusion proteins. 

 

Measurement of cell surface hydrophobicity of ALS-displaying cells 

     The cell surface hydrophobicity was measured by the assays of microbial adhesion to 

hydrocarbon (3). The transformants were suspended in PBS at an absorbance of 1.0 at 600 nm. 

Then, 300 µL of n-octane was added to the suspension, and the solution was vortexed. The 

solution was allowed to stand for 15 min, and the final OD of the aqueous solution was 

measured at 600 nm. 

 

Results 

 

ALS expression on yeast cell surface 

     The plasmid pHLD-ALS1 to pHLD-ALS9-2 for displaying ALS proteins on the yeast cell 

surface was constructed. To confirm the localization of the ALS proteins on the yeast cell 

surface, immunofluorescence labeling was performed (Fig. 2). Cells with pHLD1 or 

pHLD-ALS showed strong fluorescence on their cell surfaces, whereas cells with pHLD1-s 

(negative control without a FLAG tag epitope) showed no fluorescence. These results suggest 

that all of the ALS fusion proteins were successfully displayed on the yeast cell surface by S. 

cerevisiae. 
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Fig. 2. Immunofluorescence labeling of ALS-displaying cells 

The yeast cells were stained using an anti-FLAG M2 antibody. The photos show phase contrast 

(left) and immunofluorescence (right) micrographs. Scale bars = 2 µm. 

 

Comparison of the adhesive ability of ALS-displaying yeast to various kinds of abiotic 

surfaces 

Using the transformants, we measured the binding properties of the ALS proteins with 

medically related materials. On this basis, most of the ALS homologues had the ability to bind 

to polypropylene, borosilicate glass and polyvinyl chloride, which are often used in medical 

devices (Fig. 3a). In particular, ALS1 and ALS3 bound strongly to these materials. By contrast, 

the transformants were not able to bind to polyurethane, polymethyl methacrylate, 

polytetrafluoroethylene or titanium (data not shown). 

To determine whether the binding ability correlated with cell surface hydrophobicity, we 

carried out assays of microbial adhesion to hydrocarbon (Fig. 3b). In the assay, the yeast cells 

that exhibited lower final OD had a more hydrophobic cell surface. The correlation between cell 

surface hydrophobicity and the ability to bind each abiotic surface was investigated, and we 

found no statistical significance. As a representative result, the Pearson correlation coefficient 

between the ability to bind to borosilicate glass and cell surface hydrophobicity was r = 0.1156 

(Fig. 3c).  
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Fig. 3. Ability of ALS-displaying cells to bind to abiotic surfaces 

(a) Binding ability to abiotic surfaces. The number of cells bound to abiotic surfaces was 

counted by measuring CFUs. The error bars are shown as ±SEM. (b) Cell surface 

hydrophobicity. The distribution of the yeast cells between water and n-octane was quantified as 

final OD of the aqueous solution at 600 nm. The error bars are shown as ±SEM. (c) Pearson 

correlation coefficient test between the binding ability to borosilicate glass and cell surface 

hydrophobicity. There was no correlation between the two factors. 

 

Discussion 

 

The yeast cell surface display system is a convenient system to measure activities of 

heterologous proteins. In this system, a fusion protein of a heterologous protein and the 

C-terminal half of α-agglutinin is anchored to the cell surface via 

glycosylphosphatidylinositol-anchoring. We can measure the activity of the fusion protein 

without purification because the fusion proteins are directly exposed to extracellular solution. 

Furthermore, S. cerevisiae does not possess any members of the ALS gene family. Thus, 

heterologous expression of a single ALS gene in S. cerevisiae enables us to evaluate the binding 

properties of the protein without background adherence.  

Most of the ALS homologues had the ability to bind to medically related materials, such 

as polypropylene, borosilicate glass and polyvinyl chloride. However, the transformants were 

not able to bind to titanium. C. albicans is known to bind to titanium (4). Thus, C. albicans may 

produce other proteins adhesive to titanium. It was shown that titanium had a high affinity for 

phosphorylated peptides (5), and C. albicans produced several phosphomannnoproteins on its 

cell surface (6). These observations suggest that phosphorylated cell surface proteins of C. 
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albicans may provide it with the ability to adhere to titanium.  

Assay of measurement of the cell surface hydrophobicity suggest that ALS proteins 

bound to the abiotic surfaces mainly by a specific adhesion mechanism between the material and 

the substrate recognition pockets of the ALS proteins, not by cell surface hydrophobicity. 

 

Summary 

 

We successfully produced all ALS homologues and determined their comprehensive 

binding properties for abiotic surfaces. Most of the ALS homologues had the ability to bind 

polypropylene, borosilicate glass and polyvinyl chloride, which are often used as materials in 

medical devices. These results will aid in the development of biofilm-resistant medical devices. 
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Chapter II  Elucidation of potentially virulent factors of C. albicans 

during serum adaptation by proteome analysis 

 

 

 

 

     Survival in blood is integral to the overall virulence for C. albicans in causing fatal 

systemic infections. The representative virulent attributes of C. albicans are recognized to be 

important for the process: degradation of human tissues by the secreted aspartic protease family, 

ion acquisition, binding to host cells and medical instruments such as catheter by the ALS 

family, and evading immune cells by the yeast-to-hyphal transition. However, adaptation to 

blood of C. albicans is a complex process; already reported virulence factors cannot fully 

explain the overall survival process of the organism in blood, and the existence of hidden 

virulent factors is likely. Thus, detailed characterization of C. albicans adapting to a serum has 

been an important research subject. Proteome analysis that precisely reflects the abundance of 

proteins will be an important approach to reveal virulence factors of C. albicans.  

     We think that quantitative time-course proteomics based on LC and MS/MS could be a 

promising and complementary technique. This approach is very comprehensive, and could lead 

to a profound understanding of the details of the adaptation process. Using the method, a large 

number of proteins, including scarce proteins, can be identified in a high-throughput manner. In 

addition, a system using ultra-performance chromatographic separation with a monolithic 

column has shown excellent performance. A monolithic column, prepared from a mixture of 

tetramethoxysilane and methyltrimethoxysilane in a long-fused silica capillary, showed higher 

performance compared to conventional particle-packed columns. 

This chapter describes quantitative time-course variations in the C. albicans proteome 

through recognition of serum using an LC–MS/MS system with a long monolithic silica 

capillary column.   

 

Materials and Methods 
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Strains and media 

C. albicans strain SC5314 was maintained in yeast extract–peptone–dextrose (YPD) 

media (1% w/v yeast extract, 2% w/v glucose, and 2% w/v peptone), and was used for the 

isolation of proteins. For adaptation to serum, C. albicans was grown in a fetal bovine serum 

(FBS (Life Technologies, CA, USA)). As a control, C. albicans was grown in buffered YPD 

media (1% w/v yeast extract, 2% w/v glucose, and 2% w/v peptone in 100 mM ammonium 

bicarbonate) that can maintain a nearly constant pH of 7.0 to mimic serum conditions. S. 

cerevisiae BY4741 was used for expression of a heterologous gene, and was grown in SD + 

HLM media. 

 

Adaptation to serum 

C. albicans was precultivated in 300 mL YPD media for 24 h. C. albicans cells (5 g wet 

weight) were collected by centrifugation at 4000 ×g for 5 min at 25°C and resuspended in fresh 

300 mL YPD media. The cells were incubated for 2 h at 37 °C to maintain the exponential 

growth phase. Then, the C. albicans cells were collected and transferred to 50 mL buffered YPD 

media or FBS (30 mg wet weight of cells/mL). The media were immediately shaken for 0, 30, 

60, 120, and 180 min at 37 °C. In the serum condition, we observed hyphal development of C. 

albicans, while cells maintained the yeast-type morphology in YPD media (Fig. 1). After 

incubation, each cell sample was instantly cooled in ice-cold water and centrifuged at 7000 ×g 

for 2 min at 4°C. The collected cells were washed twice with PBS to eliminate serum proteins. 

The cells were frozen quickly using liquid nitrogen and preserved at −80 °C until required. 

 

Isolation of proteins 

Proteins were extracted according to a previously published protocol with some 

modifications. Collected cells were resuspended in 700 μL lysis buffer (4% w/v lysis buffer (4% 

w/v 3-(3-cholamidepropyl)dimethylammonio-1-propanesulfonate, 1% w/v dithiothreitol, 1% v/v 

protease inhibitor cocktail (Sigma-Aldrich, MO, USA), 7 M urea, and 2 M thiourea in 20 mM 

Tris-HCl pH 7.8). The solution was mixed with 200 mg of 0.5-mm glass beads (TOMY SEIKO, 

Tokyo, Japan). Then, the cells were disrupted mechanically 10 times using BeadSmash 12
®
 

(WAKENYAKU, Kyoto, Japan) at 4C with 4,000 agitations per min for 1 min. The solution 
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was centrifuged at 3000 × g for 15 min, and the supernatant was collected. 

 

 

 

 

 

 

 

Fig. 1 Representative morphology of C. albicans cells 

FBS induced hyphal development, while YPD maintained the yeast-type morphology. Scale 

bars indicate 5 µm in length. 

 

 

Reduction, alkylation, digestion 

Each supernatant (350 μL) was mixed with 135 µL of 200 mM triethyl ammonium 

bicarbonate (TEAB) and 30 μL of 200 mM tris-(2-carboxyethyl) phosphine. The solution was 

incubated at 55C for 1 h for reduction. After the reaction, 60 μL of 375 mM iodoacetamide was 

added to the solution and incubated for 30 min. The reactant was mixed with 4 mL of ice-cold 

acetone and incubated at −20C for 2 h to precipitate the proteins. Precipitated proteins were 

resuspended with 100 μL of TEAB and mixed with 2 μL of 1 µg μL
-1

 sequencing grade 

modified trypsin (Promega, WI, USA) at 37C for 12 h. Peptide concentration of the tryptic 

digests was measured using a Protein Assay Bicinchoninate Kit (Nacalai tesque, Kyoto, Japan). 

 

TMT labeling 

The tryptic digests were labeled using the TMT (tandem mass tag) 6-plex labeling kit 

(Thermo Fisher Scientific, MA, USA) according to the manufacturer’s protocol. The 

TMT-labeling reagents were dissolved in 41 µL acetonitrile and mixed with 30 µL of each 

tryptic digest (approximately 30 µg) as illustrated in Figure 2. In brief, the tryptic digests of 

samples from the 0, 30, 60, 120, and 180 min time points in the YPD and FBS series were 

mixed with TMT-126, 127, 128, 129, or 130, respectively. In addition, an equal volume mixture 
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of tryptic digests at 0–180 min (YPD series or FBS series) was treated with TMT-131 as an 

internal control for quantification. The reactants were quenched by the addition of 8 µL of 5% 

hydroxylamine and then lyophilized after mixing in a 1:1:1:1:1:1 ratio (YPD series or FBS 

series labeled with TMT-126 to TMT-131). The dried samples were reconstituted in 90 µL of 

0.1% formic acid. For calibration of TMT labeling, 3 samples of 0 min YPD (a 1:0.5:2 ratio in 

volume) were labeled with TMT-126, 127, and 128. 

 

LC-MS/MS analysis  

Proteome analyses were performed by an LC (Ultimate 3000
®
; Thermo Fisher 

Scientific)/MS (LTQ Velos orbitrap mass spectrometer
®
; Thermo Fisher Scientific) system. 

Tryptic digests were injected and separated by reversed-phase chromatography using a long 

monolithic silica capillary column, which was prepared from a mixture of tetramethoxysilane 

and methyltrimethoxysilane (470-cm long, 0.1-mm ID) as described in the previous paper (1), at 

a flow rate of 500 nL min
−1

. The gradient was provided by changing the mixing ratio of the 2 

eluents: A, 0.1% (v/v) formic acid; and B, 80% acetonitrile containing 0.1% (v/v) formic acid. 

The gradient was started with 5% B, increased to 45% B for 600 min, further increased to 95% 

B to wash the column, and then the gradient was returned to the initial condition and held for 

re-equilibration. The separated analytes were detected on the MS with a full-scan range of 350–

1500 m/z (resolution 60,000) in the positive mode followed by 10 data-dependent high-energy 

C-trap dissociation (HCD) MS/MS scans acquired for TMT reporter ions. For data-dependent 

acquisition, the method was set to automatically analyze the top 10 most intense ions observed 

in the MS scan. An ESI voltage of 2.4 kV was applied directly to the LC buffer distal to the 

chromatography column using a MicroTee. Normalized collision energy of 80% in HCD with 

0.1 ms activation time was used. The dynamic time exclusion was 180 s. The ion-transfer tube 

temperature on the LTQ Velos ion trap was set to 300 °C. Duplicate analyses were done for each 

sample of 2 biological replicates, and blank runs were inserted between different samples. 
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Fig. 2 Experimental workflow for the identification of proteins.  

C. albicans was cultured in buffered YPD or FBS media for 0, 30, 60, 120, and 180 min. These 

cells were disrupted by beads, and cell lysates were digested with trypsin. Tryptic peptides were 

labeled by TMT and were then subjected to one-shot LC-MS/MS analysis with a long 

monolithic column. Details of the experimental workflow are described in the experimental 

procedures. 

 

Data analysis 

The MS data of each sample were used for protein identification, and quantification was 

performed using Proteome Discoverer 1.2 (Thermo Fisher Scientific). Protein identification was 

performed using MASCOT (Matrix Science; London, UK) against the assembly 21 protein 

database at the Candida genome database (CGD) (2) containing 6198 sequences with a 

precursor mass tolerance of 50 ppm, a fragment ion mass tolerance of 20 mmu, and strict 

specificity allowing for up to 1 missed cleavage. For trypsin digestion, carbamidomethylation of 

cysteine, TMT 6-plex of N-term (+229.1629 Da), and TMT 6-plex of lysine (+229.1629 Da) 

were set as fixed modifications. The data were then filtered at a q-value ≤ 0.01 corresponding to 

a 1% false discovery rate (FDR) on a spectral level. Protein quantification was performed by 
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Reporter Ions Quantifier with the TMT 6-plex method on Protein Discoverer. Two independent 

biological experiments for each sampling point were performed, and proteins identified in every 

replicate with a number of used peptides (≥3) were accepted. Proteins that were identified in 

every replicate of the YPD series, but not in the FBS series, were accepted as YPD-specific 

proteins, and vice versa. The global median normalization was carried out to normalize the 

amount of tryptic digest injected into the LC–MS/MS. 

 

Cluster analysis 

Cluster 3.0 (3) was used for hierarchical cluster analysis of regulatory patterns of protein 

abundance. To normalize protein abundance, the mean value of abundance of each protein was 

set as 0, and the sum of the squares of the abundance values was adjusted to 1.0. To organize 

clusters, complete linkage was set as the clustering method, and correlation distance based on 

Pearson’s correlation coefficient was set as the similarity measures; these methods are 

appropriate to obtain compact clusters for time-course data. Then, JAVA TreeView (4) was used 

to visualize the hierarchical clustering results. Non-hierarchical K-means clustering was used to 

obtain clustered proteome changes for both the YPD and FBS series, and the Hartigan-Wong 

algorithm was set as clustering methods using R. Principal component analysis (PCA) was used 

to investigate the similarity of expression profiles between the 2 biological replicates of the 

YPD or FBS series, and the dataset was analyzed using R. 

 

Functional annotation 

An annotation tool (5) DAVID (http://david.abcc.ncifcrf.gov/) was used for functional 

annotation and gene ontology (GO) enrichment analysis of the protein sets. The threshold was 

set to P < 0.05 after the Benjamini-Hochberg adjustment, which corrects for the occurrence of 

false positives derived from multiple statistical tests and increases reliability of statistical 

results. 

 

Characterization of orf19.4914.1 

We cloned orf19.4914.1 (Blood-induced peptide 1, BLP1) from the genomic DNA of C. 

albicans SC5314 using the following primers with a FLAG tag-encoding sequence 

http://david.abcc.ncifcrf.gov/
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(DYKDDDDK) at the 5′ terminal: forward primer, 

ACACATAAACAGAATTCATGGATTACAAGGATGACGATGACAAGGACTTCAAAAGA

AAATTGTCTGAAGTAG; reverse primer, 

TGTTCAACCAAGTCGACTTATTTGCGAATGTAATTAACATTATAATCTGTTTTTAAG. 

The amplified fragment was inserted into the pULI1 vector (6) for cytosolic expression of BLP1 

using the In-Fusion HD Cloning Kit (Clontech, CA, USA). The resulting plasmid was named 

pBLP1. S. cerevisiae cells were transformed with pBLP1 or pULI1 (as a control), and the 

production of Blp1 was detected by silver staining after protein purification using the 

anti-FLAG affinity gel (Sigma-Aldrich). The growth curves of the transformants were measured 

using OD values at 600 nm. To determine tolerance against heat, salt, and cycloheximide, the 

transformed strains were grown in SD+HLM liquid media, and were then cultured on SD+HLM 

at 40C, SD+HLM containing 1.25 M NaCl, or SD+HLM containing 0.2 μg mL
-1

 

cycloheximide, respectively. As a control, the strains were spotted on a SD+HLM agar plate and 

incubated at 30C.  

 

Statistical analysis 

The Jonckheere-Terpstra trend test was implemented to evaluate the correlation between 

protein abundance changes and time-course during adaptation to YPD or FBS media using R. 

The threshold was set to P < 0.05 after adjustment of FDR based on the Benjamini-Hochberg 

method as described above. Welch’s t-test was used for growth curves of the strains harboring 

pBLP1 or pULD1, and then the Bonferroni-adjustment was implemented to address the problem 

of multiple comparisons and to control the family-wise error rate. 

 

Results  

 

Identification of proteins 

First, we assessed the performance of TMT-labeling and LC-MS/MS analysis with a long 

monolithic silica capillary column using the proteome sample of YPD 0 min as a representative 

example. The sample (YPD 0 min) was separated into 3 tubes at a ratio of 1:0.5:2 by volume, 

and the samples were labeled with TMT-126, TMT-127, or TMT-128, respectively. After 
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quenching the reaction, these samples were mixed in a single tube, and injected into the 

LC-MS/MS, and then the relative intensities of reporter ions of each identified protein were 

calculated. The normalized boxplots showed that the intensity ratio between TMT-126, 127, and 

128 were almost 1:0.5:2 (Fig. 3a), indicating high precision of TMT labeling and LC-MS/MS 

analysis. Furthermore, we assessed variance between biological replicates. A scatter plot was 

depicted using the data derived from 2 biological replicates of YPD 0 min as an example. The 

values of Pearson’s correlation were sufficiently high (r = 0.857) (Fig. 3b). In addition, a score 

plot of PCA showed high similarity between each biological replicate (Fig. 3c). These data 

indicate that we successfully quantified proteome variance with high precision and accuracy. As 

a next step, we carried out proteome quantification of the YPD series and the FBS series using 

the LC-MS/MS system. As a result, 1024 proteins were identified and quantified. Among them, 

44 proteins were categorized as YPD-specific proteins and 28 as FBS-specific proteins (Table 1). 

The results are summarized in Figure 4 using a Venn diagram.  

 

(a)                        (b) 

 

 

 

 

 

 

           (c) 

      

 

 

 

 

Fig. 3 Protein quantification data 

(a) Precision of protein quantification. Protein quantification data were summarized for the 

1:0.5:2 samples of YPD 0 min. The boxplots were normalized as the median of 
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TMT-126-labeled peptides equal to 1. Boxplots indicate the median, interquartile range, and the 

1
st
 and 99

th
 percentile. (b) A scatter plot of 2 biological replicates of YPD 0 min. (c) Principal 

component analysis for the data of 2 biological replicates in this study. Proteome data with 

similar expression profiles are clustered in close proximity. The cumulative contribution rate for 

principal component 1 (PC1) to PC2 was 85%, indicating high reliability of the clustering 

results. 

 

Table 1 Proteins uniquely identified in the FBS series  

 

 

 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

+, virulence defect in mutant strains; -, no virulence defect in mutant strains; n.t., virulence not 

tested (according to CGD) 
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To analyze treatment-specific proteome patterns, time-course profiles of the FBS series 

and the YPD series were grouped using non-hierarchical K-means clustering (Fig. 5a). As a 

result, we found there were 2 protein clusters with significant up-regulation in the FBS series 

(Group 1: 10-fold, Group 2: 5-fold), while proteins treated with YPD showed modest changes 

with a maximum of a 2-fold increase (Fig. 5a). Interestingly, in the FBS series, only 2 of the 

1024 identified proteins were clustered in Group 1, and 4 proteins were clustered in Group 2. 

Other proteins in the FBS series showed moderate abundance changes (around 2-fold). These 

results suggest features of the adaptation strategy of C. albicans. First, C. albicans modulated its 

proteome to adapt to a new environment, and most proteins were regulated around 2-fold as 

supported by previous proteomics studies (7, 8). Second, a few proteins were upregulated over 

5- or 10-fold, which might indicate proteins critical for adaptation to the new environment. 

These observations are not consistent with all data presented in previous transcriptome reports, 

which have shown that dozens of proteins were upregulated over 5- to 10-fold after blood 

treatment (9, 10), indicating a low correlation between the transcriptome and proteome in C. 

albicans likely because of differences in the stability of transcripts and proteins. 

The generated cluster profiles by K-means were subjected to GO enrichment analysis using 

DAVID (Fig. 5b). In Figure 5b, up-regulated GO biological processes are shown in yellow and 

down-regulated processes are indicated in blue. As a result, the translation process associated 

with aminoacyl-tRNA biosynthesis and ribosome assembly was enriched in the YPD series, and 

citrate cycle-associated processes were enriched in the FBS samples. 

 

Fig. 4 Overview of proteins identified in this study 

The Venn diagram of identified proteins is shown for 

the samples in the YPD and FBS series. The total 

number of proteins identified in this study was 1024. 

The number of proteins common to both the YPD and 

FBS series was 952. 
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(a)                              (b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 GO analysis of K-means clustered proteome changes 

(a) The individual protein profiles were grouped by K-means clustering for the YPD or FBS 

series. For the FBS series, the detailed profiles of Group 3–5 are shown in the magnified panel. 

Each cluster profile indicates the average abundance change of clustered proteins. (b) All groups 

were searched for significant over-representation of proteins belonging to specific GO 

biological processes using DAVID. Up-regulated GO biological processes are shown in yellow, 

while down-regulated processes are indicated in blue. 

 

Unique proteins and up-regulated proteins in the FBS series 

We assumed that proteins uniquely identified or specifically upregulated in the FBS series 

might be important factors for adaptation to the serum. First, we extracted a list of proteins 

identified in both series but that were upregulated only in the FBS series, as described in the 

experimental procedures section. As a result, we identified 22 proteins specifically upregulated 

in the FBS series (Table 2). In addition, we identified 28 proteins uniquely identified in the FBS 
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series (Table 1). Here, these 50 proteins were named “FBS-induced proteins” (Table 1 and Table 

2). These proteins may be possible virulence factors because previously identified virulence 

factors (Rpf2, Sod5, Phr1, Nag6, and Alo1) (11-15) were included in this group. The potential 

functions of the FBS-induced proteins in the adaptation to the serum are discussed in the 

discussion section. 

 

Table 2 Up-regulated proteins in the FBS series 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Study on Blood-induced peptide 1 

Twelve proteins among the 50 FBS-induced proteins have not been characterized yet at 

the functional level. These proteins could be important virulent factors, and further annotation 

will be necessary. Among them, orf19.4914.1 is particularly noteworthy because it showed 
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12-fold induction, which was the second highest fold-change among the 1024 proteins (Table 2), 

and orf19.4914.1 might be recognized as a non-typical virulence factor because it encodes a 

very small peptidic protein (9 kDa) without any homology to previously characterized proteins. 

Orf19.4914.1 was annotated as an open reading frame in 2009, and its mRNA expression has 

been confirmed (16, 17).  

We hypothesized that orf19.4914.1 might be an important factor; therefore, we characterized 

its features further. Orf19.4914.1, named Blood-induced peptide 1 (Blp1), is composed of 77 

amino acids (9 kDa) (Fig. 6a). BLAST analysis found 3 hypothetical proteins with local 

similarity coded by Spathaspora passalidarum (xylose-fermentable yeast) (18), Candida 

orthopsilosis, and Candida parapsilosis (pathogenic Candida genera) (19) (E-value < 5.0 × 

10
-4

), while S. cerevisiae, a close species to C. albicans, does not have any homologous region. 

The secondary structure was predicted by PSIPRED (20); we found 2 major α-helices (helix 1 

and helix 2) (Fig. 6a). Helical wheel representation indicated distinct amphipathic properties 

with a polar/charged side and a hydrophobic side (Fig. 6b). This amphipathic structure looks 

similar to that of antimicrobial peptide (21), but they differed in the composition of charged 

amino acids. Furthermore, we found a leucine zipper motif in helix 2 (Fig. 6b). A leucine zipper 

consists of leucine residues at approximately 7-residue intervals and is important for formation 

of complex structures (22, 23). Indeed leucine residues were located at positions 41, 48, 55, and 

62 at 7-residue intervals. Blp1 might function as a homodimer or a heterodimer with other 

proteins that contain a leucine-zipper motif.  

We constructed a pBLP1 plasmid for heterologous expression of BLP1 in S. cerevisiae to 

determine its physiological function. S. cerevisiae strains harboring pBLP1 or pULI1 (as a 

control) were grown in SD+HLM media, and we found that Blp1 significantly shortened the lag 

phase compared to the control strain (Fig. 6c). We confirmed production of Blp1 under these 

conditions by silver staining, and we observed a distinct band in the protein sample extracted 

from Blp1-producing cells (Fig. 6d). Next, we investigated the effects of Blp1 on 

stress-tolerance. The strains were cultivated on SD+HLM solid media with heat-, salt-, and 

cycloheximide-stresses; the Blp1-producing strain showed enhanced tolerance to these 

conditions (Fig. 6e).  
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Fig. 6 Properties of orf19.4914.1 

(a) A secondary structure was predicted using PSI-PRED, and 2 major helical regions were 

identified. Pred: predicted structure, AA: amino acid sequence. (b) Helical wheel representations 

of the helices indicated amphipathic properties with a charged and hydrophobic side. Red and 

blue show negative and positive charges, respectively; green and yellow indicate nonpolar and 

polar amino acids, respectively. Leucine residues (41, 48, 55, and 62) predicted to be associated 

with the leucine zipper motif are indicated by red circles. (c) Growth curves of the strains 

harboring pULI1 or pBlp1. Blp1 significantly shortened the lag phase. The averages of 7 

independent experiments are plotted, and the error bars are shown as ± standard error. * P<0.05. 

(d) Silver staining of Blp1. Ctrl: control extract from the cells transformed with the pULI1 

vector. (e) Stress-tolerance assay. The strains were incubated on SD+HLM at 30C and 40C, 

SD+HLM containing 1.25 M NaCl at 30C, or SD+HLM containing 0.2 μg mL
-1

 cycloheximide 

(CHX) at 30C. 

 

Discussion 

 

In this chapter, we describe quantitative time-course proteomics of C. albicans during 

adaptation to serum at the early stage (0–180 min). Though quantitative time-course proteomics 

is a promising approach, it needs a high-throughput system to measure many samples. In this 
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study, we used an LC-MS/MS system with a long monolithic silica capillary column, which 

enables identification of several thousands of proteins in a high-throughput manner without 

laborious sample fractionation. Comprehensive characterization of the adaptation process by 

quantitative time-course proteomics will lead to further elucidation of the virulence of C. 

albicans. 

 

Detoxification of oxidative species 

     We identified Sod5 and Alo1, oxidative stress response proteins, among the 

FBS-induced proteins (Table 2). In particular, Sod5 showed the highest fold-change (12.5-fold) 

during time-course adaptation to the serum in this study. Previous studies have indicated that 

Sod5 is a glycosylphosphatidylinositol-anchored superoxide dismutase on the cell surface and is 

up-regulated by incubation in FBS or contact with neutrophils (10). The SOD5 mutant displayed 

sensitivity to hydrogen peroxide and showed decreased virulence in mice (12). In addition, Alo1, 

D-arabinono-1,4-lactone oxidase, is also known to be involved in protection against oxidative 

damage and full virulence in a mouse model of systemic infection (15). While FBS itself does 

not present an oxidative stress environment, C. albicans might produce antioxidant proteins in 

advance for protection from immune cells. 

 

Energy-related proteins 

     Among the FBS-induced proteins, we identified energy-related proteins such as 

high-affinity transporters of glucose (Hgt1 and Hgt6), citrate cycle-associated proteins, and 

oxidative phosphorylation-associated proteins (Cox5 and Cox13) (Table 1 and Table 2). 

Enrichment of high-affinity transporters has been confirmed by a previous qualitative proteome 

analysis (24). Because FBS has a lower glucose concentration than the control media, it might 

be necessary to actively accumulate and efficiently metabolize glucose to survive. Recently, a 

report revealed that Hgt1 functions not only as a high-affinity transporter but also as a 

complement inhibitor during candidiasis by mimicking complement receptor 3 (25). 

Considering this information, we hypothesized that these energy-related proteins might exert 

additional protective effects against the attack of immune cells. Further consideration will be 

necessary to investigate any additional roles of these proteins. 
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Heme-activated proteins (Hap) 

We identified Hap5, a transcriptional factor involved in iron accumulation, among the 

FBS-induced proteins (Table 1). The Hap-regulatory complex is known to be involved in iron 

homeostasis and the respiratory pathway (26, 27). Moreover, we identified Als3, which 

assimilates ferritin as an iron source (28), to be up-regulated by FBS (Student’s t-test, P < 0.05). 

In mammalian serum, iron, which is an essential factor for all organisms, was sequestered by 

ferritin and transferrin, hence mammalian serum is an iron-deprived environment restricting the 

survival of pathogenic organisms (29). Therefore, activation of the Hap-regulatory complex and 

up-regulation of Als3 could be necessary for C. albicans to survive. 

In addition, we found 11 proteins that are regulated by Hap43, a GATA-type responsive 

regulator, among the FBS-induced proteins (Table 1 and Table 2). Hap43 is not necessary for 

iron acquisition; instead, it is important for the repression of genes associated with 

mitochondrial respiration and iron-sulfur cluster assembly under low iron conditions (30). 

However, we found that many Hap43-repressed proteins including Stf2 and Cox5 were 

significantly upregulated during the time-course in the FBS series. While these observations 

seem mutually contradicting, a previous report has shown that iron-poor human whole blood 

significantly induced production of Hap-repressed Stf2 and Cox5 in C. albicans at the 

transcription level (10). A future challenge will be to investigate the physiological significance 

of up-regulation of Hap43-repressed proteins under iron-poor conditions. 

 

Study on Blood-induced peptide 1 

     We focused Blp1 among proteins with unknown function. Because it showed 12-fold 

induction, which was the second highest fold-change among the 1024 proteins. And 

Blp1-producing strain showed enhanced tolerance to various stress conditions (Fig. 6) 

It is known that C. albicans naturally shows tolerance against many types of stresses using 

heat shock proteins (31), multidrug transporters (32), and antioxidant proteins (32). While 

further analysis will be necessary to determine the detailed molecular mechanisms, Blp1 might 

confer a non-canonical survival ability in blood on C. albicans based in the shortened lag phase 

and pleiotropic stress-tolerance phenotype. Recently, Hsp12 of S. cerevisiae (ScHsp12), which 
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has a similar secondary structure as Blp1, showed protective effects on a variety of stress 

conditions by increasing membrane stability (33). Blp1 might have a similar 

membrane-stabilizing ability. 

 

Summary 

 

We successfully identified dynamic variations in the Candida proteome by quantitative 

time-course proteomics. FBS-induced proteins were shown to be associated with detoxification 

of oxidative species, high-affinity glucose transport, the citrate cycle, oxidative phosphorylation, 

and iron acquisition. Furthermore, we identified possible virulence factors such as orf19.4914.1 

(Blp1) that displayed a pleiotropic stress-tolerance in S. cerevisiae. Further analysis of candidate 

virulence proteins identified in this chapter will lead to further understanding of C. albicans and 

the development of novel antifungal agents. 
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Chapter III Description of the interaction between C. albicans and 

macrophages by mixed proteome analysis 

 

 

 

 

The innate immune system, in particular macrophages, is the first step of host defenses 

against pathogenic fungi (1). Macrophages are able to kill microorganisms by phagocytosis and 

attract other immune cells by producing cytokines (2). However, following phagocytosis, C. 

albicans tears and kills macrophages, eventually escaping from them (3). Little is known about 

the mechanisms used by C. albicans to escape from macrophages. The purpose of this study is 

to understand the comprehensive proteome response occurring during natural interactions 

between C. albicans and macrophages using a quantitative proteome analysis. 

     In the mixed and quantitative proteome analysis, samples prepared from C. albicans and 

macrophages were directly analyzed by nanoLC-MS/MS without isolating the individual C. 

albicans and macrophage cells in the co-culture. Using genome data, we could distinguish each 

peptides derived from the individual organisms by referring individual genome sequences. 

Omitting the individual cell isolation steps is important because these steps are known to alter 

the natural states of protein networks by causing various artifacts from unnecessary stresses. 

This is the first report of a mixed and quantitative proteome analysis in which the purification 

and fractionation processes were completely omitted. 

 

Materials and Methods 

Strain 

C. albicans strain SC5314 was maintained on YPD media and incubated at 30C. J774.1 

murine macrophages (RIKEN BioResource Center, Ibaragi, Japan) were maintained in complete 

culture media (DMEM media containing 10% FBS, 100 units/ml penicillin, and 100 μg/ml 

streptomycin (Life Technologies, Carlsbad CA, USA)) at 37C in a humidified atmosphere with 

5.0% CO2. Cells were maintained at low densities (75% confluence) and passaged until 

reaching the confluent state, usually every 34 days on 90 mm cell culture dishes. For 
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phagocytic experiments, macrophage cells were plated at 1.0 × 10
5
 cell/well for 16 h prior to the 

experiments. 

 

Interaction of macrophages with C. albicans 

A total of 5.0 × 10
6
 macrophage cells were plated in complete culture media in culture 

dishes for 16 h prior to the experiments. C. albicans was pre-cultivated in 10 ml YPD media for 

12 h. These C. albicans cells were washed with complete culture medium, counted with a 

hemocytometer and diluted to 5.0 × 10
6
 cell/ml in 50 ml of complete culture medium. A total of 

5.0 × 10
6
 C. albicans cells were added per macrophage dish to obtain a fungus-macrophage 

ratio of 10:1 and incubated for the indicated times at 37C and under 5.0% CO2. 

 

Tumor necrosis factor-α measurement 

Fifty microliters of the supernatant of C. albicans-macrophage interaction cultures were 

collected at 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 12, and 24 h to determine Tumor necrosis factor-α (TNF-α) 

levels. The amount of TNF-α was determined using a mouse TNF-α ELISA kit (R & D systems, 

Minneapolis MN, USA), according to the manufacturer’s instructions.  

 

Isolation of proteins 

The macrophage cells were incubated with C. albicans cells for 3 h for proteome analysis. 

After three washes with ice-cold PBS (1.4 M NaCl, 81 mM Na2HPO4, 27 mM KCl, 15 mM 

KH2PO4), the macrophages and C. albicans cells were dislodged by scraping the dish with 

rubber scrapers in ice-cold wash buffer (20 mM Tris-HCl, pH 7.8, containing 1.0% protease 

inhibitor cocktail for use with mammalian cell and yeast extract (Life Technologies)). Collected 

samples were frozen quickly using liquid nitrogen and preserved at -80C until use. Proteins 

were extracted as described in chapter II with minor modifications. Briefly, each sample was 

centrifuged for 5 min at 3,000 ×g, and the resulting cell pellets were suspended in 400 μl lysis 

buffer. The solution was mixed with 200 mg of 0.5 mm beads, and the cells were mechanically 

disrupted 10 times using a BeadSmash 12 at 4C, 4,000 oscillations per minute for 1 min. The 

solution was centrifuged at 3,000 × g for 15 min and the supernatant was collected. Two 

hundred microliters of 200 mM TEAB was added to each pellet and centrifuged at 3000 × g for 
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15 min. The supernatant was combined with the previously collected supernatant and the 

solutions were concentrated using Amicon Ultra YM-10 with buffer exchange into 200 mM 

TEAB. The concentrated samples were dissolved in 100 μl of TEAB. 

 

Reduction, alkylation, digestion 

The sample solutions were mixed with 135 µl of 200 mM TEAB and 30 μl of 200 mM 

tris-(2-carboxyethyl) phosphine. The solutions were incubated at 55C for 1 h for reduction. 

After the reaction, 60 μl of 375 mM iodoacetamide was added to the solutions and incubation 

was continued for 30 min at room temperature, with protection from light. The reactants were 

mixed with 1 ml of ice-cold acetone and incubated at −20C for 2 h to precipitate the proteins. 

The precipitated proteins were suspended with 250 μl of TEAB and mixed with 2 μl of 

sequencing grade modified trypsin (1 µg/μl). The mixture was incubated at 37C for 12 h. 

Peptide concentration was determined using the Bicinchoninic acid assay kit (Nacalai Tesque, 

Kyoto, Japan) according to the manufacturer’s instructions. 

 

TMT labeling 

The peptide solutions were labeled using the TMT sixplex Isobaric Label Reagent Set, 

according to the manufacturer’s protocol. The TMT-labeling reagents were dissolved in 41 µl 

acetonitrile and mixed with 0.75 µg of each digest. In brief, a total of 0.75 µg of the proteins 

from the monoculture and co-culture were mixed with TMT-126 and -127, respectively. In 

addition, an equal amount of a mixture containing all of the samples types was labeled with 

TMT-131 as an internal control for quantification. The reactions were quenched by the addition 

of 8 µl of 5% hydroxylamine, followed by combining and lyophilizing the solutions. The dried 

samples were dissolved in 200 µl of 0.1% formic acid for calibration of TMT labeling. To 

measure the precision of protein quantification with the nanoLC-MS/MS system, the standard 

sample was separated into three tubes at a ratio of 0.5:1:2 by volume and the samples were 

labeled with TMT-128, TMT-130, and TMT-131, respectively. After quenching the reaction, 

these samples were combined in a single tube and injected into the nanoLC-MS/MS and the 

relative intensities of reporter ions of each identified protein were calculated. 

 



48 

 

LC-MS/MS measurement 

Proteome analyses were performed using a nanoLC-MS/MS system. Tryptic digests were 

injected and separated by reversed-phase chromatography using a long monolithic silica 

capillary column, which was prepared from a mixture of tetramethoxysilane and 

methyltrimethoxysilane (500-cm long, 0.1-mm ID) as described in chapter II (4) , at a flow rate 

of 500 nl min
−1

. A gradient was established by changing the mixing ratio of the two eluents; A, 

0.1% (v/v) formic acid; and B, 80% acetonitrile containing 0.1% (v/v) formic acid. The gradient 

was started with 5% B, increased to 45% B for 600 min, further increased to 95% B to wash the 

column and then returned to the initial condition and held for re-equilibration. The separated 

peptides were detected on the MS with a full-scan range of 350–1,500 m/z (resolution 60,000) in 

the positive mode followed by 10 data-dependent HCD MS/MS scans to acquire TMT reporter 

ions. For data-dependent acquisition, the method was set to automatically analyze the top 10 

most intense ions observed in the MS scan. An ESI voltage of 2.4 kV was applied directly to the 

LC eluent distal to the chromatography column. Normalized collision energy of 40% in HCD 

with 0.1 ms activation time was used. The dynamic time exclusion was 180 s. The ion-transfer 

tube temperature on the LTQ Velos ion trap was set to 300°C. Triplicate analyses were done for 

each sample of four biological replicates. 

 

Data analysis 

The mass spectrometry data of each biological replicate was used for protein 

identification and quantification. Analysis was performed using Proteome Discoverer 1.2. 

Protein identification was performed using MASCOT against the Assembly 21 CGD (6,198 

sequences) for C. albicans and against the Mus musculus database (25,530 sequences) from the 

common part of NCBI (http://www.ncbi.nlm.nih.gov/) and IPI 

(http://www.webcitation.org/getfile?fileid=ccad550bc21e5bcf0f4b8763a56240fcb7058693) 

database with a precursor mass tolerance of 50 ppm, a fragment ion mass tolerance of 20 mmu 

and strict specificity allowing for up to one missed cleavage. For trypsin digestion, 

carbamidomethylation of cysteine, TMTsixplex of N-term (+229.1629 Da) and TMTsixplex of 

lysine (+229.1629 Da) were set as fixed modifications. The data were then filtered at a q-value 

≤ 0.01 corresponding to a 1% FDR on a spectral level. Protein quantification was performed by 

http://www.ncbi.nlm.nih.gov/
http://www.webcitation.org/getfile?fileid=ccad550bc21e5bcf0f4b8763a56240fcb7058693
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Reporter Ions Quantifier with the TMTsixplex method on Protein Discoverer. Four independent 

biological experiments were performed and proteins identified in every replicate were 

considered.  

 

Calculation of false positive proteins rates 

C. albicans monoculture, macrophage monoculture, and complete culture medium were 

incubated for 3 h and the proteins as a control were extracted, reduced, alkylated, and digested 

with trypsin. Tryptic digests were analyzed by nanoLC-MS/MS system with a long monolithic 

silica capillary column under the same conditions. Triplicate analyses were performed for each 

sample of three biological replicates. The mass spectrometry data was used for protein 

identification using MASCOT, working on Proteome Discoverer with a peptide tolerance of 1.2 

Da, MS/MS tolerance of 0.8 Da, and maximum number of missed cleavages of two. For trypsin 

digestion, cysteine carbamidomethylation (+57.021 Da) and methionine oxidation (+15.995 Da) 

were set as a variable modification. The data were then filtered at a q-value < 0.01 

corresponding to 1% false discovery rate on a spectral level. To identify false positive proteins, 

proteins derived from each organism and complete culture medium were analyzed with C. 

albicans, M. musculus database for macrophage, and Bos taurus database for complete culture 

medium from NCBI (http://www.ncbi.nlm.nih.gov/genome?term=bos%20taurus). Proteins 

identified by detection of at least two peptides in any of three biological replicates or by a single 

peptide at all three biological replicates were considered as ‘false positive protein’. 

 

Extraction of differentially produced proteins 

After removing false positive proteins from the total set of quantified proteins, a global 

median normalization was carried out to normalize the amount of tryptic digest injected into the 

nanoLC-MS/MS. To select the proteins that showed significant fold-change under the co-culture 

condition as compared with monoculture, an empirical Bayes moderated t-test was performed 

and p-values were adjusted with the Benjamini–Hochberg method to avoid the problem of 

multiple testing. Volcano plots were generated to visualize differentially produced proteins for 

co-culture. The criteria of differentially produced proteins used an FDR-adjusted p-value < 0.01 

and fold-change of protein ratio (log2) > 0.5. 
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Pathway analysis 

An annotation tool, KEGG pathway of DAVID (5) (http://david.abcc,ncifcrf.gov/) was 

used for functional annotation and pathway analysis of the protein sets. The threshold was set to 

enrichment score > 1.6. 

 

Results 

 

Mixed and quantitative proteome analysis for C. albicans-macrophage interaction. 

We first assessed the measurement accuracy of mixed and quantitative proteome analysis. 

The standard sample consisted of all types of samples in this experiment. The standard sample 

was separated into three aliquots at a ratio of 0.5:1:2 by volume, respectively. After labeling 

with TMT reagents, the three samples were mixed in a single tube and injected into 

nanoLC-MS/MS. Each peptide had the approximate expected proportional intensity of reporter 

ions based the mixed ratio (0.5:1:2) (Fig. 1). This assay showed that each peptide could be 

quantified with high accuracy, even though the peptides were in a mixture derived from two 

organisms. 

 

 

 

 

 

 

 

 

Fig. 1 False positive protein of C. albicans (18 proteins) and macrophage (30 proteins) 

 

Macrophages infected by pathogens produce TNF-α, which is a cytokine involved in 

inflammation (6). The amount of TNF-α released from macrophages into the culture medium 

was measured by ELISA (Fig. 2). Macrophage and C. albicans monocultures were used as the 

http://david.abcc,ncifcrf.gov/
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controls. The amount of TNF-α released from macrophages interacting with C. albicans was 

greater than non-interacting controls and increased in a time-dependent manner with the amount 

of TNF-α increasing after 3 h of interaction. To identify proteins involved in the mechanism 

used by C. albicans to escape from macrophages, and not the proteins that appeared after escape, 

an early time of interaction (3 h) was selected for the mixed and quantitative proteome analysis 

of C. albicans interacting with macrophages. 

We identified 483 C. albicans proteins and 1,253 macrophage proteins using the mixed 

and quantitative proteome analysis method (Fig. 3). In this analysis, a protein of one organism 

could be identified in the mixture of peptides derived from two kinds of organisms. Using the C. 

albicans database, 976, 18, and 0 proteins were identified from the C. albicans monoculture, the 

macrophage monoculture, and the complete culture medium, used as background, respectively. 

The false-positive rate for C. albicans proteins was 1.81% (18 + 0)/(976 + 18 + 0). Using the M. 

musculus database, 21, 1357, and 9 proteins were identified from the C. albicans monoculture, 

macrophage monoculture, and complete culture medium as background, respectively. The 

false-positive rate for macrophage protein was 2.16% (21 + 9)/(21 + 1357 + 9). The number of 

identified proteins was comparable to the number of proteins obtained by conventional 

proteome analysis that included cell isolation steps (7, 8). This suggests that changes in levels of 

proteins from the two interacting organisms were simultaneously and efficiently analyzed by 

our “mixed and quantitative proteome analysis” that used a monolithic column. This analysis 

method should allow us to identify proteins that are related to the interaction of C. albicans with 

macrophages. To evaluate proteins that showed significant fold-changes between the co-culture 

and monoculture systems, an empirical Bayes moderated t-test was performed. Proteins that 

fulfilled the criteria (FDR adjusted p-value < 0.01 and fold change of protein ratio (log2) > 0.5) 

are indicated with black dots in the volcano plot (Fig. 4). Ninety-five up-regulated and 132 

down-regulated proteins from C. albicans and five down-regulated proteins from macrophages 

were identified. 
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Fig. 2 Levels of TNF-α secreted by macrophages upon interaction with C. albicans 

Data are represented as mean ± standard deviation (SD) from three independent experiments. 
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Fig. 3. Method of mixed and quantitative proteome analysis 

A method for mixed and quantitative proteome analysis is depicted in which protein expression 

in two organisms can be measured without their isolation. 

 

(a) (b)  

 

 

 

    

 

 

 

Fig. 4. Graphical representations of quantitative proteome analysis data from C. albicans  

(a) and macrophage (b) 

Volcano plots were generated by plotting the FDR-adjusted p-value against the relative 

abundance ratio between co-culture and monocultures on a logarithmic scale. The  

differentially produced proteins were defined as FDR-adjusted p-value < 0.05 and a relative  

abundance ratio > 0.5. Significantly up- (each right panel) and down- (each left panel)  

regulated proteins are shown as black circles in the volcano plot.  

 

Pathway analysis of C. albicans proteins 

Proteins that were significantly up- and down-regulated in C. albicans were grouped 

according to functions by pathway analysis using KEGG pathway of DAVID (threshold: 

enrichment score > 1.5) (Table 1). We found that 95 of the up-regulated proteins were mainly 

involved in pathways associated with synthesis of glucose (such as ‘Fatty acid metabolism’ and 

‘Glyoxylate and dicarboxylate metabolism’ according to terminology of pathways on KEGG of 

DAVID), degradation of amino acids (such as ‘Alanine, aspartate and glutamate metabolism’ 

and ‘Arginine and proline metabolism’), proteasome function, and stress response (such as 

‘Glycerolipid metabolism’). The 132 down-regulated proteins were grouped mainly in 

‘Ribosome’. Three conclusions, which will be expanded on below, were suggested by this 
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pathway analysis; 1. With respect to central metabolic pathways, C. albicans degrades proteins 

through proteasomes and generates glucose from the degradation products to prevent glucose 

starvation inside macrophages; 2. C. albicans produces stress-tolerance proteins that help it 

endure the harsh environment inside macrophages. ; 3. C. albicans produces candidate 

pathogenic proteins that allow it to escape from the macrophages.  

 

Table 1 Pathway analysis among up- and down- regulated proteins of C. albicans 

 

1. Central metabolic system of C. albicans. 

C. albicans downregulated synthesis of enzymes related to the glycolytic pathway (Lat1, 

Pdb1) and TCA cycle (Lsc1, Lsc2) (Fig. 5a). Because there is little free glucose inside the 

macrophages (9), it was assumed that C. albicans could not generate energy by these pathways. 

C. albicans upregulated enzymes of the fatty acid β-oxidation pathway (Cat2, Pot1-3, Fox2), the 

glyoxylate cycle (Cit1, Aco1, Icl1, Mls1, Mdh1-3), and gluconeogenesis (Pck1). In a 

glucose-poor environment, C. albicans must produce glucose by these pathways from 
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non-fermentable carbon sources such as fatty acids (10). The synthesis of proteins involved with 

degradation of amino acids enhanced. Syntheses of enzymes associated with degradation of 

alanine (Hbr2), valine and leucine (Ilv6), asparagine, aspartate, cysteine, and glutamine (Aat21), 

lysine (Lys12), glutamate (Gdh2, Gdh3), and proline (Put2) were all upregulated (Fig. 5a). 

Syntheses of enzymes related to proteasome function (Pre3, Rpt1, Rpt2, Rpt6, Scl1, 

Orf19.6582) and proteases (Ape2, Orf19.7263, Orf19.1891) (Fig. 5b) were also upregulated. 

This suggested that C. albicans degraded proteins into amino acids using both proteasomes and 

proteases. 

Nitrogen metabolism also had a high enrichment score in the pathway analysis of 

upregulated C. albicans proteins (Table 1). Of the pathway components, both Gdh2 and Gdh3 

(Fig. 5a) are glutamate dehydrogenases that degrade glutamate to ammonia (11). C. albicans 

actively alters the pH of its environment by release of ammonia in vitro (12). The upregulation 

of Gdh2- and Gdh3-encoding genes suggested that C. albicans used ammonia for pH 

neutralization inside macrophages. Moreover, the gene encoding the ammonia transporter 

(Frp3) was also upregulated (Fig. 5b), and this transporter could contribute to ammonia release 

(13) 
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(b) 

Fig. 5 C. albicans proteins for (a) metabolic pathway and (b) stress tolerance, and candidate 

pathogenic proteins 

C. albicans proteins whose syntheses were up- and downregulated are listed in Additional file 6. 

Here, squares denote proteins detected in this study. Red and blue squares indicate the fold 

changes of individual proteins. 

 

2. C. albicans stress-tolerance proteins 

In addition to the shortage of glucose and the low pH, C. albicans suffers several stresses 

inside macrophages, including exposure to oxidative stress and a shortage of iron and copper 

ions (14) (Fig. 5b). 

In our experiments, we found an elevated expression of Muq1-encoding gene, which 

encodes an enzyme for synthesis of PE, together with a constant amount of Ino1, which is an 

enzyme associated with synthesis of phosphatidylinositol. These results suggested an overall 

increase of phospholipid synthesis by C. albicans upon interaction with macrophages. 

Phospholipids could possibly contribute to C. albicans pathogenicity.  

Macrophages release reactive oxygen species as part of their antimicrobial burst (15). However, 
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C. albicans seemed to resist the oxygen species by detoxification using Cat1, which catalyzes 

the decomposition of hydrogen peroxide to water and oxygen (16). Moreover, synthesis of ferric 

reductase Cfl1 was upregulated, possibly to allow for capture of iron (III) ions, which are 

indispensable for Cat1 activity (17). The other upregulated protein related to resistance to ion 

shortages was a copper transporter, Ctr1 (18). 

 

3. C. albicans candidate pathogenic proteins 

Many of the upregulated proteins identified in our study have roles in adhesion (Als3, Mp65) 

(Fig. 5b). Als3 promotes C. albicans invasion into endothelial cells by binding to cadherin and 

inducing their own endocytosis (19). Inside the macrophages, the C. albicans adhesion protein 

might further help with adhesion and escape. Upregulation of some proteases (Ape2, 

Orf19.7263, Orf19.1891) indicated that proteolysis and utilization of peptides were important 

for C. albicans survival (Fig. 5b). Some of the upregulated proteins that are related to unknown 

proteins or hyphal development have not yet been characterized in detail at the functional level 

(Fig. 5b). These proteins could be important virulent factors and further studies would be 

necessary. 

 

Hypothetical target proteins of C. albicans during escape from macrophages 

Most of the marked proteins were downregulated, not upregulated (Fig. 4b). 

Especially, down-regulation of macrophage apoptosis-associated protein NOA1- and 

chaperone HSPA1A-syntheses indicated that C. albicans was able to escape from macrophages 

in part by suppressing the production of these macrophage proteins. 

 

Fig. 6 Schematic illustration of 

macrophage proteins that were 

differentially regulated 

Changes (indicated in color) in the 

macrophage proteins after interaction 

with C. albicans and their putative roles 

are represented.  
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Discussion 

 

Our study has quantitatively characterized the protein profiles during the interaction of C. 

albicans with macrophages using a novel mixed and quantitative proteome analysis system that 

employs nanoLC-MS/MS with a long monolithic column. We quantitatively identified 483 C. 

albicans proteins and 1,253 macrophage proteins.   

Our proteome analysis demonstrated that C. albicans upregulated enzymes of the fatty 

acidβ-oxidation pathway and glyoxylate cycle, and gluconeogenesis (Fig. 5a) To resist 

glucose-poor environment, C. albicans must produce glucose by these pathways from 

non-fermentable carbon sources (10). The glyoxylate cycle plays significant roles in C. 

albicans-macrophage interactions, because C. albicans mutant lacking ICL1-encoding enzyme, 

which is one of the key enzymes in glyoxylate cycle, was less virulent in mice than wild type 

(22). In addition, independent microarray and qualitative proteome analyses of C. 

albicans-macrophage interactions have suggested the importance of the glyoxylate cycle for C. 

albicans pathogenesis (7, 9). These previous findings are consistent with the results from our 

mixed and quantitative proteome analyses. 

The synthesis of proteins involved with degradation of amino acids and proteasome 

function, and proteases enhanced (Fig. 5a). This suggested that C. albicans degraded proteins 

into amino acids using both proteasomes and proteases. The resulting amino acids were very 

likely incorporated into the glyoxylate cycle and gluconeogenesis as 2-oxoglutarate, 

oxaloacetate, and pyruvate through pathways of amino acid degradation (21). Syntheses of 

almost all enzymes that have a role only in the TCA cycle (Lsc1, Lsc2, Osm2, Sdh12) were 

downregulated, but synthesis of isocitrate dehydrogenase was upregulated. The increased 

amounts of Idp2 (isocitrate dehydrogenase) are probably used for taking 2-oxoglutarate into the 

glyoxylate cycle (Fig. 5a).  

With respect to C. albicans stress-tolerance proteins, we observed high expression levels 

of enzymes involved synthesis of PE, which is a constituent of phospholipid (Fig. 5b). 

Phospholipids are important components of cell membranes and regulation of their biosynthesis 

is essential for balanced cell growth (22). The cell membrane plays a crucial role in the 

virulence of several pathogens. In the fungal pathogen Cryptococcus neoformans, Ipc1, which 
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contributes to sphingolipid metabolism, is essential for virulence in a rabbit infection model 

(11157776). In the bacterial pathogen Brucella abortus, PssA, which is required for 

phosphatidylethanolamine (PE) biosynthesis, is necessary for optimal virulence in a murine 

model of infection (23). Phospholipids could possibly contribute to C. albicans pathogenicity; 

however, little is currently known about its roles in the pathogenesis of C. albicans. One 

possibility is the restoration of cellular membrane of C. albicans, since PE is one of the major 

components of fungal membrane. PE is a precursor of phosphatidylcholine, which also occupies 

the major fungal phospholipid (24). A C. albicans PE synthase mutant, PSD1PSD2 is 

avirulent in a mouse model of systemic candidiasis (25), which implies a critical role for PE 

synthesis. The second possible explanation is the need for synthesis of GPI-anchored proteins. 

GPI-anchored proteins govern the physiology and pathogenicity of C. albicans (26) and GPI 

assembly is dependent on PE supply (27). 

Among the differentially produced macrophage proteins that were downregulated, we 

focused on two proteins, NOA1 and HSPA1A (Fig. 6).  

NOA1 (Nitric oxide-associated protein 1) is a guanosine triphosphate-binding protein encoded 

in chromosomal DNA that localizes predominantly in the mitochondrial matrix, and is involved 

in mitochondrial protein biogenesis and apoptosis. Knockdown of NOA1 impairs enzymatic 

activity of the mitochondrial respiratory chain, resulting in oxidative stress and, eventually, 

apoptosis of C2C12 myoblasts (28). The decrease of NOA1 observed in this study might cause 

macrophage apoptosis, which could eventually allow for C. albicans to escape from the 

macrophages. Apoptosis has, in fact, been described in macrophages infected with C. albicans 

(8, 29, 30), although the precise causative mechanisms have not been clarified. Pathogens have 

evolved diverse strategies to induce host cell apoptosis, which aids in their dissemination within 

the host (31-33). 

HSPA1A (Heat shock 70 kDa protein 1A) is a chaperone. HSPA1A is assumed to be 

produced to play a part in the macrophage inflammatory response because transcription of 

HSPA1A (34). C. albicans may lower HSPA1A 

production to induce macrophage protein instability to help with its escape. Other bacteria, such 

as Helicobacter pylori, have been reported to produce down-modulate host chaperone as part of 

their immune evasion mechanism (35). 
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Summary 

 

We identified a total of 483 C. albicans proteins and 1,253 macrophage proteins. 

Furthermore, we identified 227 C. albicans and five macrophage proteins with altered 

production level. Macrophage-induced C. albicans proteins were associated with glucose 

generation, membrane synthesis, stress response, and other unknown functions. C. 

albicans-induced macrophage proteins were associated with apoptosis and a chaperone. The 

escape of C. albicans from macrophages could be apparently mediated by the production of 

these C. albicans proteins and the degradation of macrophage proteins. 

Our results provide novel insights into the relationship of C. albicans and macrophage 

and should lead to a better understanding of systemic candidiasis and the development of novel 

drugs.  
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Conclusions 

 

The present study has been carried out to study on C. albicans virulence mechanisms and 

the development of novel drugs. 

In the chapter I, I cloned all ALS genes and determined the binding properties of their 

gene products by cell surface engineering of S. cerevisiae. I found that most of the ALS 

homologues had the ability to bind polypropylene, borosilicate glass, and polyvinyl chloride, 

which are often used as materials in medical devices. However, ALS homologues were not able 

to bind polyurethane, polymethyl methacrylate, polytetrafluoroethylene, or titanium. These 

findings will aid in the development of biofilm-resistant medical devices. 

In chapter II, quantitative time-course proteomics of C. albicans during adaptation to FBS 

is described. I cultivated C. albicans in FBS and YPD media for 0–180 min, and determined 

variations of 1024 proteins in the cultured cells by using an LC-MS/MS system with a long 

monolithic silica capillary column. Clustering analysis identified FBS-induced proteins 

associated with detoxification of oxidative species, high-affinity glucose transport, citrate cycle, 

oxidative phosphorylation, and iron acquisition. Furthermore, I identified possible virulence 

factors such as Blp1 that had amphipathic properties and a leucine zipper motif. Heterologous 

expression of BLP1 in S. cerevisiae shortened the lag phase and resulted in a pleiotropic 

stress-tolerance phenotype, indicating a role for quick adaptation to a stressful environment. 

Identification of candidate virulence proteins will lead to further understanding of C. albicans 

and to the development of novel antifungal agents. 

In the chapter III, interactions of C. albicans with macrophages were investigated by 

proteome analysis. Using this system, I developed a method of “mixed proteome analysis” in 

which C. albicans and macrophages were simultaneously analyzed without the need to isolate 

the two individual cells. Two hundred twenty-seven proteins from C. albicans and five proteins 

from macrophages were identified as candidate virulence proteins. Up-regulation of 

stress-related and candidate pathogenic proteins in C. albicans indicated how C. albicans 

endured the harsh environment. Down-regulation of macrophage apoptosis-associated protein 

NOA1- and chaperone HSPA1A-syntheses indicated that C. albicans was able to escape from 

macrophages in part by suppressing the production of these macrophage proteins. 
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