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I.  Candida albicans  
 
Introduction  
 
Candida albicans is a commensal of humans, which colonizes mucosal surfaces and 
can be found in gastrointestinal and genitourinary tracts and, to a lesser extent, on the 
skin. This opportunistic organism becomes a pathogen and invades host tissues when 
immune systems are weak, for example in neonates or as a consequence of 
chemotherapy, HIV infection or organ transplantation. C. albicans infections may also 
result from the elimination of competing microorganisms, e.g. after antibiotic 
treatment. When a superficial mucosal infection evolves into a condition known as 
candidemia in which the fungal cells are disseminated via blood, the disease can 
progress to growth of large quantities of Candida cells in kidney, heart and brain and 
become life threatening. Thrush was the first type of yeast infection that was 
recognized as being caused by Candida, although initially various other causative 
agents were proposed. The recent era of research on C. albicans started in the 1950s, 
and in 1954 the Eighth Botanical Congress officially adopted the binominal 
Candida albicans as the official name for the organism. 
Of the approximately150 Candida species that have been described, the most severe 
diseases seem to be caused by C. albicans. However, Wingard’s reports on the 
virulence of C. tropicalis suggest the medical relevance of other Candida species 
(Wingard et al., 1979). The most recent addition to the list of pathogenic Candida 
species is C. dubliniensis, which shows a high phenotypical similarity to C. albicans 
and is an important pathogen in AIDS patients (Sullivan et al., 1995).  
The first molecular biological approaches to the study of C. albicans were published 
during the 1980s. In these studies, the organism was proven to have a diploid genome 
with apparent naturally occurring heterozygosity, as shown by the analysis of different 
isolates (Whelan and Magee, 1981). This explains the difficulty in obtaining 
C. albicans mutants in comparison to Saccharomyces cerevisiae. The sequencing of 
the C. albicans genome was completed recently at the Stanford Genome Technology 
Center, which markedly increased the applicability of state-of-the-art molecular 
techniques of this organism such as the construction of double deletion strains and the 
use of full-genome microarrays for transcriptional profiling. 

Because C. albicans and other fungal pathogens are eukaryotes and many of their 
biological processes are similar to the corresponding human processes, most known 
antifungal drugs cause deleterious side effects. The polyene Amphotericin B is still the 
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most commonly used drug for most deep-seated mycoses. Polyenes are compounds, 
which interact with ergosterol in fungal membranes and drastically alter their 
permeability. Another example of the antifungal drugs is provided by the triazoles, 
which are a class of five-membered heterocyclic ring compounds that inhibit fungal 
ergosterol biosynthesis. Among the azole antifungals, fluconazole is the most 
frequently used drug for treatment of disseminated Candida infections. Since the 
fungal cell wall is an essential component for the maintenance of the turgor pressure of 
the cell, the interest in cell wall components has been intensive, focusing on 
identifying new targets for antifungal drug development. Cell wall biomolecules and 
their organization within the cell wall were characterized in the era between the 1950s 
and the 1970s, during which the main cell wall constituents were identified as chitin, 
β-glucan and mannan (Chattaway et al., 1968; Elorza et al., 1985; Elorza et al., 1983). 
These studies formed the basis for the development of an important new group of 
antifungals: the Echinocandins (caspofungin, anidulofungin, and micafungin). 
Echinocandins are fatty acid derivatives of cyclic hexapeptides that non-competitively 
inhibit the β-1,3 glucan synthase, which is part of the enzyme complex that forms the 
major cell wall component of C. albicans, β-glucan. A more detailed description of the 
different antifungal drugs can be found in Table 1. 

One of the major problems connected with the usage of azoles is the low sensitivity 
of several clinical isolates of C. albicans to these drugs, as a result of the upregulation 
of genes encoding multidrug efflux transporters such as the ATP-binding cassette 
(ABC) transporter genes CDR1 and CDR2 and the major facilitator (MF) gene BENr 
(renamed MDR1) (Albertson et al., 1996; Franz et al., 1998; Franz et al., 1999; Lopez-
Ribot et al., 1998; Sanglard et al., 1997b; Sanglard et al., 1995). Another cause of 
drug-resistance is caused by gene mutations resulting in amino acid changes in the 
target of the azoles, the α-methyl sterol demethylase (Erg11p), which is one of the 
enzymes of  ergosterol biosynthesis pathway (Marichal et al., 1997). In addition, also 
the upregulation of ERG11, and/or alterations in sterol composition of the plasma 
membrane may increase fungal resistance to azoles (Franz et al., 1999; Marichal et al., 
1997; Sanglard et al., 1997b; Sanglard et al., 1995).  
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Table I. Antifungal drugs 

Group Drug in use Mode of action 
 
Polyenes 

 
Amphotericin B 

 
Interact with ergosterol 
in fungal membranes 
and catastrophicaly alter 
their membrane 
permeability.  
Most widely used for 
deep-seated mycoses 
 

Triazoles Fluconazole 
Itraconazole 
Ketoconazole 
Posaconazole 
Ravuconazole 
Voriconazole 
 

Specifically inhibit 
fungal ergosterol 
biosynthesis  

Echinocandins  Caspofungin 
Anidulofungin 
Micafungin 

Specific inhibitors of β-
glucan polymer 
biosynthesis in the 
fungal cell wall  
 

Flucytosine  Inhibits DNA and RNA 
synthesis in pathogenic 
yeasts. Mostly used in 
combination with 
polyenes or triazoles 

 
 
The above illustrates that new drug targets are urgently needed. The increasing 
knowledge of metabolic processes of C. albicans may benefit anti-fungal technologies, 
allowing a shift in focus from cell membrane/wall macromolecules to components of 
metabolism as potential drugs targets (See section VII). 
 
Biology 
 
Species of the genus Candida taxonomically belong to the Ascomycete class of fungi. 
This classification is predominantly based on parsimony analysis of SSU (Small- 
Subunit) rDNA sequences of 75 representative Ascomycetes and Basidiomycetes. 
C. albicans is an obligate diploid organism lacking a complete sexual cycle 
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(Kurtzman, 1998).These features have significantly hampered classical reverse genetic 
and molecular genetic approaches for elucidating the functions of genes in this 
opportunistic commensal. In practice, it means that the gene must first be identified by 
its sequence, and then both genomic copies must be sequentially deleted or mutated to 
create a (null) mutant. In addition, C. albicans ‘mistranslates’ the CUG codon as 
serine instead of the ‘universal’ leucine. For that reason, many heterologous markers 
cannot be applied in C. albicans unless their CUG codons are modified (Ohama et al., 
1993). C. albicans can exist in three forms, namely yeast cells (blastospores), 
pseudohyphal and hyphal cells (Figure 1). This ability to switch between different 
morphological forms is thought to be one of the features of C. albicans determining its 
survival, growth and dissemination in the mammalian host (see section II). 
 
 

 
 
 
 
Figure 1. Morphological switching of C. albicans 
C. albicans can exist in three forms: yeast cells (blastospores), which are round and separate readily from 
each other, pseudohyphae, which resemble elongated yeast cells remaining attached to one another at the 
constricted septation site and true hyphal cells, which are long and highly polarized, having parallel sides 
without obvious constrictions between cells. 
 
 

Sequencing of the Candida genome revealed the presence of a mating type-like 
(MTL) locus, which resembles the mating type (MAT) locus of S. cerevisiae. This 
discovery stimulated further investigations, which led to the identification of mating in 
C. albicans. Hull et al. (Hull et al., 2000) have shown that the C. albicans MTL locus 
carries orthologs of the S. cerevisiae MATα1, MATα2 and MATa1 genes, which 
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encode transcriptional regulatory proteins that determine the cell type in S. cerevisiae. 
In common C. albicans laboratory strains, both the MTLa and MTLα loci are present 
and as a consequence mating can not take place since gene products from both MTL 
alleles preclude mating, similarly to what is described for diploid (MATa/MATα) 
S. cerevisiae strains. However, these observations made it possible to construct ‘a’ and 
‘α’ mating strains in the laboratory by deleting the MTLα and MTLa regulatory genes 
from the genome, respectively. The constructed ‘a’ and ‘α’ cells could mate, albeit 
with a low frequency, forming tetraploid cells (Magee and Magee, 2000). The above 
experiments indicate that the first step of sexual reproduction, i.e. mating and the 
formation of recombinants with the genome of both parents, can occur. Later studies 
have shown that mating not only occurs in constructed laboratory strains, but also in 
clinical isolates (Legrand et al., 2004; Lockhart et al., 2002). However, despite many 
efforts, so far there have been no reports of tetraploid cells (the product of mating) 
undergoing meiosis, although tetraploid cells can return to the diploid state by random 
chromosome loss (Bennett and Johnson, 2003). Thus, as noted above, a complete 
sexual cycle in C. albicans appears to be absent still.  
 
Epidemiology 
 
Candidiasis occurs in the setting of the immunocompromised patient, but other 
predisposing factors can contribute to the disease, which can be divided in 4 
categories: natural, dietary, mechanical and iatrogenic (Odds, 1988). Natural factors 
comprise microbial infections other than fungi, endocrine dysfunctions (diabetes), 
lymphocyte defects (or reduction in number), phagocyte abnormalities, pregnancy, 
infancy, and old age. Dietary factors include nutrient excess (carbohydrate-rich diets) 
or deficiencies (e.g. vitamin deficiencies). The group of mechanical factors consists of 
trauma, burns, wounds, occlusions, prosthetic devices (such as dentures), or thumb 
sucking. Iatrogenic factors include treatment with drugs that eliminate or reduce the 
bacterial competitors in the gut and other body sites (antibiotics), or alter host defences 
(immunosuppressive drugs), surgery and the insertion of mechanical devices 
(catheters), which increase the risk of blood-borne candidiasis by over threefold 
(Beck-Sague and Jarvis, 1993).  

One of the major causes of the great increase in candidiasis that was observed in the 
past 15 years is the AIDS epidemic. In addition, the study of Collins et al. (Collins et 
al., 1994) showed that approximately 20% of the patients who underwent solid organ 
transplantations developed fungal infections. Of 28 patients who developed 
candidemias, 20 became blood test-positive within the first two weeks post-transplant, 
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which underscores the need for developing sensitive, diagnostic assays. In nosocomial 
patients (= patients suffering from a hospital-acquired infection), candidemias rank 
fourth in frequency just behind the infections caused by Enterobacteriaceae (28%), 
Staphylococcus aureus (13%), and Pseudomonas spp. (11%) (Beck-Sague and Jarvis, 
1993; Harbarth et al., 1999). Mortality as a consequence of nosocominal candidemia 
has been estimated at 35% (Wenzel, 1995). The use of fluconazole as an alternative to 
amphotericin B has resulted in the emergence of Candida species other than 
C. albicans as clinically important pathogens. Among them are C. glabrata, C. krusei 
and C. dubliniensis, which are either inherently resistant to fluconazole or rapidly 
develop resistance. 
 
 

II.  C. albicans virulence factors 
 
The currently available therapies of C. albicans infection do not satisfy the 
requirements in terms of specificity and therapeutic index (the ratio of the dose that 
produces a toxic effect and the therapeutic dose), therefore there is a continuing need 
to identify (additional) fungal virulence determinants. Facilitated by recent advances in 
the development of molecular genetic techniques, many factors have been identified 
whose inhibition may attenuate C. albicans virulence at different stages of infection 
and can serve as potential drug targets in antifungal research (Cutler, 1991; Ghannoum 
and Rice, 1999; Sanglard and Odds, 2002).  
As mentioned above, C. albicans is a member of the commensal flora of the gut and 
vaginal tract in a certain percentage of the population, becoming pathogenic in 
immuno-compromised individuals. For this reason, it is important to unmask the 
genes/virulence factors that promote invasion, growth, colonization and survival 
within the host under these specific (immune-diminished) situations, and determine, if 
possible, the role of these genes/factors in cellular physiology at the stage of 
commensalism.  
 

According to the frequently cited molecular postulates of Koch, a virulence gene is a 
gene whose deletion decreases the virulence of a particular micro-organism in vivo, 
irrespective of the method used to quantify such a decrease, and whose reintroduction 
restores virulence to the original level. This definition is, however, open for discussion 
and a gene could for example also be classified as a virulence determinant when it 
belongs to the category of genes that are essential for growth not only in the infection 
process, but also under normal physiological and/or housekeeping conditions. 
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There are many assays that allow testing of C. albicans virulence. The most frequently 
used assay is the acute lethality test, which involves injection of a C. albicans cell 
suspension into the lateral vein of the mouse tail and monitoring survival over a period 
of three to four weeks (Navarro-Garcia et al., 2001). This assay most closely 
resembles hematogenously disseminated candidiasis in patients. The acute lethality 
test has also been used in the same fashion in other animals such as the guinea 
pig(Calera et al., 1999; Hube et al., 1997). These studies are usually coupled with 
histological analyses and quantification of fungal burden [estimated by colony forming 
units (CFUs) in selected organs such as kidneys, liver or brain]. The second most 
widely used model is the rat vaginitis model, which mimics vulvovaginal candidiosis 
in humans. Also other, less frequently applied, models exist that mimic different 
human pathologies such as thrush, oral and oesophageal infections. To test different 
properties of C. albicans (mutant) cells such as adherence or invasiveness, several 
systems have been developed. Some of these adhesion protocols use tissue culture 
polystyrene plates  or glass surfaces coated with poly-L-lysine (San Millan et al., 
2000). Invasiveness together with adherence has been studied using human epithelial 
buccal cells (Arie et al., 1998; Bailey et al., 1995), fibroblasts (Eck et al., 1999), HeLa 
cells (Anaissie, 1992), endothelial cells or epithelial cell lines (Filler et al., 1995; Sohn 
et al., 2006; Weide and Ernst, 1999).  
  

The ability of C. albicans to efficiently colonize and traverse a tissue is the major 
mechanism by which, from a commensal situation, the fungal cells reach the 
bloodstream and disseminate within the host. One of the properties that allow 
C. albicans to break tissue barriers is its capacity to switch morphologically between 
yeast and hyphal forms: ‘dimorphic switch’. Hyphal (or ‘filamental’) growth is 
promoted by several environmental conditions, of both chemical and physical nature, 
such as a temperature shift to 370C, an upshift to pH 7, a shift from an aerobic to a 
fermentative metabolism or particular compounds such as serum and N-acetyl 
glucosamine (Alvarez and Konopka, 2007; Buffo et al., 1984) 
There are several complex pathways which control cell morphology (for a review of 
the regulation of morphological switching, see Brown & Gow (Brown and Gow, 
1999). Two of these signal cascades culminate in transcription factors Cph1 and Efg1 
and were studied by Lo et. al. (Lo et al., 1997). Double deletion mutants cph1∆/∆ and 
efg1∆/∆ showed reduced hyphal formation and diminished virulence in a mouse 
model. An increased tendency to form hyphae has also been found associated with 
attenuated virulence, as exemplified by the deletion of TUP1 – a repressor of hyphal 
development. The deletion strain tup1∆/∆ is altered in transcription regulation of the 
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morphological transition and constitutively grows in extended pseudohyphal 
forms(Braun et al., 2000; Braun and Johnson, 1997).  
Therefore, it seems that the ability to switch between the yeast and hyphal forms rather 
than the ability to form hyphae per se, is the essential determinant of virulence in 
C. albicans. One complicating factor is that conditions that induce hyphal growth also 
induce expression of hyphal-specific genes such as adhesins and SAPs (Secreted 
Aspartic Proteases) many of which are also required for virulence (see below). This 
raises the question whether the reduced virulence in the transcription factor knock out 
cells is due to a defect in morphogenesis or the lack of expression of other virulence 
factors that are under the control of these transcription factors. 
 

Most fungal pathogens have developed mechanisms to resist physical clearing from 
the infected host, employing tactics that are similar to those used by bacterial 
pathogens. C. albicans avoids being washed out of its various niches, both as a 
commensal and during the onset of haematogenous infections, by utilizing its cell 
surface molecules to adhere to various host surfaces. Adhesion to host cells of 
C. albicans has been the focus of numerous studies and several gene products have 
been implicated in this process, such as the ALS (agglutinin like sequence) protein 
family and the HWP1 and INT1 gene products, all of which are specific cell wall 
proteins. Apart from these proteins, the Candida literature describes many surface 
molecules that belong to the category of receptors and are implicated in cell-cell 
interactions, in modulation of host responses, as well as many adhesins, which are 
host-specific polysaccharides or glycoproteins. Most of the ligands required for 
adhesion are cell-associated, but some of them are present in serum. Here I shall not 
discuss the various adhesion mechanisms. Detailed information on that topic is 
provided in the following reviews (Blankenship and Mitchell, 2006; Nobile and 
Mitchell, 2006). 
 

Virulence of C. albicans also involves the production of digestive enzymes such as 
the SAPs, a family of approximately nine proteins whose members may have distinct 
roles in the colonization and invasion of the host (Hube et al., 1994; Sanglard et al., 
1997a). C. albicans is known to secrete phospholipases and possess a phospholipase 
gene family, which very likely play a role in C. albicans pathogenicity, as blood 
isolates of the fungus produce significantly more extracellular phospholipases than 
commensal strains (Ibrahim et al., 1995). Indeed, disruption of the PLB1 gene, 
encoding such a phospholipase, leads to diminished virulence (Leidich and Orlean, 
1996). The traversing of host tissues appears to be supported by the production of 
secreted hydrolytic enzymes, the production of which is stimulated by the binding of 
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the fungus to plasminogen (Lottenberg et al., 1994). All these enzymes allow the 
fungus to overcome structural barriers, thereby promoting invasive infection. 
  

The phenotypic switching between white and opaque colonies of the C. albicans 
WO-1 strain (Slutsky et al., 1987) may also affect virulence. The white colonies 
contain normally shaped white cells in contrast to ‘opaque’ colonies, which consist of 
bean shaped cells that have different surface properties (e.g.: the cell wall is pimpled, 
less adhesive to buccal epithelium and more hydrophobic than in white phase cells), 
gene expression patterns (e.g. SAP1, CDR3, PFK2 - display increased expression 
level) and temperature sensitivity (Albertson et al., 1996; Ghannoum et al., 1990; 
Kennedy et al., 1988; Lan et al., 2002; Tsong et al., 2003). The mechanism of 
phenotypic switching is unknown, but it may be the result of epigenetic changes, 
which are modifications in gene expression that are controlled by heritable but 
potentially reversible changes in chromatin structure. In virulence studies, the white 
cells are the most pathogenic in a systemic mouse model of infection, whereas opaque 
cells are more effective in colonization in a mouse cutanous infection model (Kvaal et 
al., 1999). The white-opaque transition is relatively rare among C. albicans isolates; 
therefore its overall significance in disease is questionable (Morrow et al., 1994). 
 

In order to survive in a host organism, C. albicans needs to carry out a number of 
biosynthetic reactions. The first enzymes described to be required during infection are 
enzymes involved in nucleotide metabolism and inability to synthesize purines or 
pyrimidines de novo significantly diminishes C. albicans virulence. For example, 
strains in which the URA3 or the ADE2 genes, which encode key enzymes for the 
biosynthesis of uracil and adenine, respectively, have been knocked out are avirulent 
when assayed in a rat model of oral candidiasis (Brand et al., 2004; Cutler, 1991; 
Navarro-Garcia et al., 2001).  
In fact, this result questioned the interpretation of several virulence studies in which 
the URA3 gene was used as a genetic marker, since observed differences in virulence 
that were attributed to the deletion of target genes could in some cases also have been 
caused by lower levels of expression of the URA3 marker gene (see section III) (Lay et 
al., 1998; Manning et al., 1984; Shepherd, 1985). 
Another group of metabolic genes implicated in C. albicans virulence are NMT1 and 
FAS2. Various studies showed that mutations in the NMT1 gene encoding N-
myristoyltransferase that resulted in a significant reduction in the catalytic efficiency 
of this enzyme, lead to reduced virulence in immuno-suppressed mice. Apparently, the 
enzyme fulfills an essential role under these conditions (Weinberg et al., 1995). 
Another example is the FAS2 gene encoding the A-subunit of fatty acid synthase. 
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Strains in which both alleles of this gene were disrupted, were found to be dependent 
on the addition of myristic and stearic acid, and showed reduced virulence in a murine 
model of systemic candidiasis (Zhao et al., 1996; Zhao et al., 1997).  
 

There is also a broad spectrum of variability in the expression of the genes 
controlling the utilisation of alternative carbon and nitrogen sources. The results 
suggest that for certain defined locations, or during certain stages of infection in the 
human body, nutrient availability is limiting. Recently, the development of full 
genome microarrays of C. albicans allowed the identification of highly induced genes 
encoding enzymes of the glyoxylate cycle, fatty acid β-oxidation and gluconeogenis, 
respectively, in C. albicans cells incubated with macrophages or neutrophiles (see 
section VI and VII). These studies indicated that upon ingestion by these phagocytic 
cells, C. albicans experiences a shortage of glucose inducing the utilization of 
alternative carbon sources, such as fatty acids. For a more in depth discussion of this 
experiment, I refer to Chapter 2 of this thesis. 
 

The factors mentioned so far: morphogenesis, adherence, the production of key 
degradative enzymes, phenotypic switching, and metabolic specialization, may all 
contribute to virulence. It is important to realize, however, that candidiasis occurs at a 
number of different sites in the human host, each with its own set of environmental 
conditions, such as pH, nutrient availability, etc. and that the fungal factors required 
for disease progression at a particular site may be quite different from those needed at 
another location. It is safe to conclude that virulence in Candida species is 
multifactorial, and that invasion will depend on the sum of the attributes of the fungus, 
the influence of the host environment, and the depletion/loss of host defense systems. 
 
 

III.  Genome and genetics of C. albicans 
 
C. albicans is a diploid organism with 16 chromosomes comprising 32Mbp nuclear 
DNA per cell. The genes are organised like those in S. cerevisiae and usually lack 
introns. In addition, the genes are relatively densely packed compared with 
mammalian genomes (Riggsby et al., 1982). Separation of the chromosomes by pulse-
field electrophoresis revealed a high variability in the electrophoretic karyotype 
between different isolates of C. albicans, caused by large scale DNA alterations, such 
as translocations, deletions/insertions, amplifications, and even ploidy changes (Lasker 
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et al., 1989; Magee and Magee, 1987; Magee et al., 1988; Selmecki et al., 2006; Snell 
et al., 1987; Snell and Wilkins, 1986) 
 

The C. albicans strain used in most molecular genetic analyses is CAI4, which is 
why its progenitor strain SC5314 was recently sequenced at the Stanford Genome 
Centre. CAI4 represents the ‘standard’ karyotype found in approximately 60-70% of 
the clinical isolates of C. albicans (Magee et al., 1992), although recently it was 
reported that most CAI4 strains harbor a chromosome 2 trisomy. C. albicans lacks a 
complete sexual cycle and for this reason, forward genetic techniques have not been 
implemented routinely in studies of gene function and virulence. Gene deletion 
requires two successive rounds of transformation and target genes have been chosen 
on the basis of their expression pattern or, alternatively, on the basis of similarity to 
genes of known function in other organisms (Berman and Sudbery, 2002).  
An example of the latter approach is provided by the construction by our group of 
C. albicans fox2∆/∆, pex5∆/∆ and pex13∆/∆ deletion strains, in which the genes were 
selected on the basis of their similarity to the FOX2, PEX5 or PEX13 genes in the well 
studied model yeast S. cerevisiae. As described in Chapter 2 and 4 of this thesis, these 
genes indeed appeared to encode the C. albicans versions of the Fox2, Pex5 and Pex13 
proteins.  

This study and many others showed that the budding yeast S. cerevisiae can be used 
as a model organism in the research on C. albicans gene function.  
Nevertheless, analysis of the C. albicans genomic sequence revealed a substantial 
difference between the two organisms in terms of gene content and/or function, and 
many of the C. albicans genes lack similarity to a S. cerevisiae gene. Therefore, 
attempts to identify a C. albicans gene using comparative methods such as 
complementation of S. cerevisiae mutants (Devasahayam et al., 2002; Gillum et al., 
1984) or hybridization-based methods can only be successful if the homologous gene 
exists in C. albicans and is sufficiently similar to allow detection.  
 

The set of genes that are absent from the non-pathogenic yeast S. cerevisiae and 
unique to C. albicans deserve special attention, because some of them may be directly 
linked to Candida pathogenesis. Strategies to verify this include transformation of 
S. cerevisiae with C. albicans-specific genes and observation of the conferred 
phenotype. Interestingly, many genes that have been identified as potentially involved 
in pathogenesis, appear to be member of a large gene family (for example the ALS 
gene) (Hoyer and Hecht, 2000; Hube et al., 2000; Monod et al., 1998). Large gene 
families are not a major feature of the S. cerevisiae genome.  
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To assign a role in a particular cellular process to a C. albicans gene, different 
screening methods have been used, which include yeast-to-hyphal transformation, the 
white-opaque switching system (Srikantha and Soll, 1993) and response to pH 
changes. These approaches have led to a better understanding of the function of a 
number of genes. For example, the PHR1 gene turned out to be required for apical cell 
growth and morphogenesis, in view of the fact that a homozygous PHR1 null mutant 
exhibited a pH-dependent morphological defect, no longer capable of conducting 
apical growth of either yeast or hyphal growth forms at alkaline pH (Saporito-Irwin et 
al., 1995).  
 

Although it is possible to clone Candida genes through complementation of Candida 
mutants (Goshorn et al., 1992), this approach has not been widely employed. Recently, 
a number of powerful strategies that overcome the limitations of C. albicans genetics 
have become available (Bruno and Mitchell, 2004), including new protocols for gene 
disruption (Walther and Wendland, 2003) and microarray technology for expression 
profiling (Bennett et al., 2003; Lane et al., 2001; MacCallum and Odds, 2005; Murad 
et al., 2001; Nantel et al., 2002; Navarro-Garcia et al., 2001; Odds et al., 2000; Sohn et 
al., 2003). 
 

As mentioned above, the creation of homozygous null mutants of C. albicans 
typically requires two successive transformations. The majority of C. albicans 
knockout strains have been generated with URA3 as selectable auxotrophic marker. 
However, the level of expression of the URA3 gene, which is dependent on the 
chromosomal position it occupies, is known to influence C. albicans virulence, as well 
as morphogenesis and adhesion (Bain et al., 2001; Brand et al., 2004; Cheng et al., 
2003; Kirsch and Whitney, 1991; Lay et al., 1998; Sundstrom et al., 2002). As many 
as 30% of the published putative virulence mutants may have diminished virulence 
due to a lower expression of URA3, rather than resulting from the deletion of the gene 
in question. Different strategies have been employed to circumvent this problem, one 
of them being based on restoration of the URA3 gene into a single, well defined, 
chromosomal location with constitutively high expression levels (e.g. the ENO1 or 
RPS10 locus) (Brand et al., 2004; Sundstrom et al., 2002).  
Recently a new plasmid (pLUB), carrying a 4.9kb Pac1-Pac1 insert containing the 
complete URA3 locus and the flanking IRO1 gene, was constructed, which allows 
complementation of URA3 gene in its native locus. This strategy has been 
implemented in our studies (see chapter 2).  

Another solution is to use a dominant selectable marker that can be recycled for each 
round of gene disruption (Reuss et al., 2004). The cassette which is used in this 
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method contains a dominant nourseothricin resistance marker (SAT1) for the selection 
of integrative transformants and a C. albicans-adapted FLP (‘flippase’) gene that 
allows the subsequent excision of the cassette. 
The third solution proposed by Nobel and Johnson is the usage of a combination of 
auxotrophic markers like HIS1, ARG1 and LEU2 that do not significantly influence 
virulence of C. albicans. In addition, all these marker genes come from non-
C. albicans species, which reduce the risk of undesirable recombination involving the 
marker loci (Noble and Johnson, 2005). 
 
 

IV.  Immunity 
 
Innate and acquired humoral and cellular immune mechanisms are involved in 
resistance to candidiasis. Patients with a compromised immune system e.g. as a 
consequence of leukemia, diabetes, human immuno deficiency virus (HIV) infection 
or organ transplant are targets for the development of C. albicans infections (Klein et 
al., 1984; Maksymiuk et al., 1984). 

A key issue in the study of Candida infection is the complex relationship between 
innate and acquired immunity, and the role played by each system in the different 
manifestations of the disease. The innate immune system includes circulating 
polymorphonuclear neutrophils (PMNs) and monocytes, tissue macrophages, natural 
killer (NK) cells, and soluble molecules, including opsonins (specific antibodies and 
components of classical and alternative complement pathways), mannose-binding 
proteins, collectins, and defensins. Acquired immunity refers to the humoral immune 
system composed of B cells (B-lymphocytes) producing antibodies in response to 
specific antigens, and the cell-mediated immune system, which depends on T cells (T-
lymphocytes) and is mediated by the chemical messengers (‘cytokines’) that are 
produced by these cells.  

The role of T-cells in immunity to candidiasis is unclear. Studies in animal models 
reported the essential role of T cells in the process of recovery from oropharyngeal 
candidiasis, while in murine systemic candidiasis activation of phagocytes by T cell 
mediated cytokines appeared to be necessary for full resistance against the disease 
(Romani, 1999). In other models of infection, however, the importance of T cells for 
recovery from candidiasis has been questioned (Ashman, 1998). Antibody mediated 
immunity has also been implicated in resistance to systemic candidiasis. Opsonisation 
(coating) with antibody is required for the effective killing of an infecting Candida 
after phagocytosis by neutrophils or macrophages, which produce an increased 
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oxidative burst, compared to that induced by unopsonized yeasts (Casadevall, 1995; 
Matthews and Burnie, 1992; Wagner et al., 1996). 
 

The phagocytic cells of the innate immune response seem to play an essential role 
during superficial C. albicans infections. Congenital or acquired defects in phagocytic 
cell-mediated immunity are known to predispose to the development of 
mucocutaneous infections, but not of disseminated candidiasis (Kirkpatrick, 1984). It 
is, however, not precisely known how the fungal cells are cleared from the human 
organism during multiple clinical infections (mucocutaneous and systemic), which 
Candida can produce. It is known that the origin of (many forms of) disseminated 
candidiasis is the gastrointestinal tract (Cole et al., 1996), but it has not yet been 
determined whether the mechanisms that lead to these different forms are similar or 
significantly different. In inbred mice, both systemic (Papadimitriou and Ashman, 
1986) and oral (Farah et al., 2002) candidiasis closely resemble the human disease. In 
this model of infection, both neutrophils and macrophages have been shown to exert 
candidacidal activity, and these cells probably represent the first line of defense 
against Candida infection. 
Recently, transcriptional profile changes in C. albicans induced by incubation with 
phagocytic cells were analyzed (see section VIII). Since this work is relevant to the 
work presented in this thesis, I will discuss the role in infection of the essential 
components of the innate immune system in the next section. 
 
Role of the innate immune system  
 
Systemic infections are often associated with neutropenia (Mouy et al., 1989)or 
congenital defects that affect neutrophil function, such as myeloid peroxidase (MPO) 
deficiency and NADPH oxidase inactivation in chronic granulomatous disease (Parry 
et al., 1981). Nevertheless, patients with chronic congenital or autoimmune 
neutropenia are not overly susceptible to systemic Candida infections (Dale et al., 
1979; Ganser et al., 1988; Lyall et al., 1992), which argues against an exclusive role of 
neutrophils in the resistance to the systemic form of the disease, and suggests that 
other phagocytic cells (e.g. monocytes) may also be involved in controlling systemic 
candidiasis.  
 

The ability of professional phagocytes, neutrophils and macrophages to ingest and 
kill microorganisms is central to innate immunity and host defense. During the normal 
course of an infection, PMNs are recruited early, while macrophages are more 
abundant at later times before their numbers decline after the elimination of the 
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invading organism. Neutrophils are short-lived cells that contain host-defense 
molecules packed in the cytoplasm (so called granules) containing proteinases and 
lactoferrin for rapid mobilization after infectious challenge, known to inhibit growth 
and germ tube formation in C. albicans (Fradin et al., 2005; Vazquez-Torres and 
Balish, 1997). Although neutrophils are relatively dependent on opsonins for microbe 
internalization, the rapid mobilization of granules and the capacity to generate large 
amounts of toxic reactive oxygen species (ROS), make them highly efficient killers.  
Macrophages in contrast, are long-lived cells that possess numerous receptors for 
phagocytosis at the cell surface. The efficiency of phagocytosis is comparable to that 
exhibited by neutrophils, but the oxidative killing capacity of macrophages is less 
marked, primarily because these cells lack myeloperoxide (MPO), and thus are unable 
to convert superoxide anions into HOCl (Ashman et al., 2004; Vazquez-Torres and 
Balish, 1997).  
As outlined in section VIII, recent data show that C. albicans cells exposed to whole 
blood respond most significantly to one of its components – neutrophils. At the 
transcriptional level, this was reflected in the induction of oxidative stress and 
carbohydrate starvation. Moreover, the contact with the neutrophil-enriched fraction of 
blood caused inhibition of growth and hypha formation (Fradin et al., 2005; Rubin-
Bejerano et al., 2003).  
The incubation of Candida cells with PMN cells seems to inhibit the expression of 
most hypha-associated genes, e.g. the SAP4-6 genes family, which has been associated 
with survival in macrophages. Surprisingly, the sap4-6∆/∆ mutant was strongly 
attenuated in systemic infection of mice (Sanglard et al., 1997a), but did not show 
diminished survival rates during incubation with PMN fractions (Fradin et al., 2005). 
Therefore it can be concluded that these genes are crucial for survival in macrophages, 
but not in neutrophils, and at later stages of systemic infection, when cells invade 
tissues. In contrast to neutrophiles, macrophages do not inhibit the transition from 
yeast to hyphal cells, as judged from transcription profile data (Fradin et al., 2005).  
Recent reports suggest that neutrophils might also act extracellulary on C. albicans.  
In Fradin’s study, the majority of C. albicans cells were attached to neutrophils and 
blocked in the yeast form, while C. albicans cells that were incubated in supernatants 
from neutrophil co-cultures still formed hyphae. These results suggest that close 
contact between C. albicans and neutrophils causes inhibition of hypha formation. 
Such a contact could be mediated by ‘Neutrophil Extracellular Traps (NETs), 
consisting of extracellular fibres produced by neutrophils, which bind microbes and 
prevent diffusion of anti-microbial compounds (Brinkmann et al., 2004).  
As already mentioned above, oxidative bursts of phagocytic cells are essential for 
killing many microorganisms. Candida responds to it by upregulating genes encoding 
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proteins that can deal with reactive oxygen species, such as a cytoplasmic superoxide 
dismutase, catalase and the glutathione peroxidase/glutathione reductase complex 
(Fradin et al., 2005; Rubin-Bejerano et al., 2003). Interestingly, Candida mutants 
lacking the SOD5 gene were sensitive to neutrophils but the gene was not essential for 
survival in macrophages (Martchenko et al., 2004). This supports the findings on the 
existence of different defence mechanisms against C. albicans in neutrophils and 
macrophages. 
 

Dendritic cells (DCs), that are capable of ingesting Candida cells, are also potent 
antifungal effector cells in Candida infections. Phagocytosis of yeast and hyphal forms 
of the fungus evoke distinct DC activities. For example, internalization of the yeast 
form activates nitric oxide, cytokines production and priming of Th1 cells (helper T 
cells), whereas ingestion of hyphae inhibits those processes (d'Ostiani et al., 2000). 
 

The last cellular component of the innate immune system, the natural killers cells 
(NKs) do not seem to have a direct killing activity towards C. albicans, both in mice 
and in humans. Instead, the interaction with the fungus may initiate the release of 
cytokines by the NKs affecting the activity of the phagocytic cells discussed above. 
 

The innate system, through the use of specific recognition mechanisms based on 
germ-line PRRs (Pattern Recognition Receptors), recognizes invariant molecular 
structures shared by large groups of pathogens (also known as PAMPs, pathogen 
associated molecular patterns). Examples of PRRs are the Toll-like receptors (TLRs), 
which are type I transmembrane proteins activating specialized antifungal genes 
through the activation of NF-kB family members. Apart from TLRs, mammalian 
PRRs consist of MRs (mannose receptors), scavenger receptors, integrins, collectins, 
and other clusters of differentiation antigens. PRRs are expressed by PMNs, 
macrophages, DC and NK cells, and probably also epithelial and endothelial cells in 
the lung, kidney, skin, and gastrointestinal tract. The observation that phagocytes from 
different anatomical sites exhibit a different secretory response (release of 
proinflamatory cytokines and chemokines) to the two forms of C. albicans could 
perhaps be explained in terms of the activation of different PRRs by distinct PAMPs. 
Elucidation of the role of the different components of the immune system in resistance 
to C. albicans is critical for preventing and controlling fungal infections. 
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V.  Peroxisomes 
 
Introduction 
 
The eukaryotic cell contains an elaborate system of organelles (e.g. the nucleus, 
mitochondria, chloroplasts, peroxisomes, etc.) which are subcellular structures 
surrounded by characteristic membranes. Each organelle harbours a specific set of 
metabolic processes, the end result being that different processes are carried out 
simultaneously in different compartments. However, many metabolic pathways are not 
restricted to one organelle and different steps of a given reaction pathway may occur 
in different compartments, allowing the creation of an optimal environment for each of 
the steps in a pathway. In recent years, research in our group has focussed on one type 
of organelle, i.e. peroxisomes, which are single membrane-bounded microbodies 
present in almost all eukaryotic cells. In 1966, de Duve and Baudhuin (De Duve and 
Baudhuin, 1966) discovered the presence of catalase and H2O2 – generating oxidases 
in these organelles and named them ‘peroxisomes’. The biological processes housed in 
peroxisomes (and consequently the peroxisomal proteome) vary between cell type and 
species. In mammalian cells, the first steps of the β-oxidation of very long chain fatty 
acids (VLCFA) are carried out inside peroxisomes, while the remainder of the 
pathway takes place inside mitochondria. In contrast, in C. albicans and other yeast 
species and in plants the breakdown of fatty acids is an exclusively peroxisomal affair. 
The other processes in which peroxisomes can be involved are the synthesis of bile 
acids and that of glycerol lipids, such as plasmalogens, as well as catabolic processes 
like the respective breakdown of polyamines, purines, D-amino acids, phytanic acid, 
L-pipecolic acid and glyoxylate (Wanders and Waterham, 2006).  
The usage of S. cerevisiae as a model system in a variety of selection screens allowed 
the identification of genes involved in peroxisome biogenesis, maintenance and 
function (Distel et al., 1996; Vizeacoumar et al., 2004). These genes were named PEX 
genes and the proteins they encode were called peroxins (see Table 2). 
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Table II. Peroxins 
Peroxin *Candida protein 

(assembly 19 names) 
Features and/or (proposed) functions 

Pex1p orf 19.6460 AAA-protein required for import of 
peroxisomal matrix proteins and/or 
vesicle fusion 

Pex2p orf 19.3546 RING zinc finger protein, integral 
PMP, required for import of 
peroxisomal matrix proteins and 
receptor recycling 

Pex3p orf 19.4426 Integral PMP, marking of 
peroxisomal membranes, required 
for the insertion of PMPs 

Pex4p orf 19.4041 E2 ubiquitin-conjugating enzyme 
required for import of peroxisomal 
matrix proteins 

Pex5p orf 19.5640 TPR domain-containing receptor for 
PTS1 and PTS3 proteins, required 
for import of PTS1 proteins into 
peroxisomes, in mammals also 
required for PTS2 import, 
ubiquitinated in yeast 

Pex6p orf 19.3573 AAA-protein required for import of 
peroxisomal matrix proteins and /or 
vesicle fusion 

Pex7p  orf 19.89 WD-40 repeat-containing receptor 
for PTS2 proteins, required for 
import of PTS2 proteins into 
peroxisomes 

Pex8p orf 19.2805 Intra peroxisomal localization, 
contains a PTS1 and a PTS2, 
required for import of peroxisomal 
matrix proteins and for the assembly 
of the docking and the RING finger 
complexes 

Pex10p orf 19.5660 RING zinc finger protein, integral 
PMP, required for import of 
peroxisomal matrix proteins and 
receptor recycling 

Pex11p 
Pex11p-like 

orf 19.1089 
orf 19.2883 

PMP involved in peroxisome 
proliferation or translocation of 
MCFA 
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Table II. continued 
Peroxin *Candida protein 

(assembly 19 names) 
Features and/or (proposed) 

functions 
Pex12p orf 19.2009 RING zinc finger protein, integral 

PMP, required for import of 
peroxisomal matrix proteins and 
receptor recycling 

Pex13p orf 19.7282 SH3 domain-containing integral 
PMP, required for import of 
peroxisomal matrix proteins, 
involved in receptor docking 

Pex14p orf 19.1805 phosphorylated PMP required for 
import of peroxisomal matrix 
proteins, initial site for receptor 
docking 

Pex15p NP phosphorylated, integral PMP 
required for import of peroxisomal 
matrix proteins, membrane anchor 
for Pex6p 

Pex16p  integral PMP required for PMP 
import 

Pex17p orf 19.3605 PMP required for import of 
peroxisomal matrix proteins, 
component of the receptor docking 
complex 

Pex18p NP Required for import of PTS2 
proteins, ubiquitinated in yeast 

Pex19p orf 19.6434 Required for import of PMPs, 
farnesylated 

Pex20p orf 19.692 Required for import of thiolase in Y. 
lipolytica and Neurospora crassa 

Pex21p NP Required for import of PTS2 proteins 
Pex22p orf 19.1225 PMP required for import of 

peroxisomal matrix proteins, 
membrane anchor for Pex4p  

Pex23p - like 
Pex23p 

orf 19.6103 
 

orf 19.2113 

PMP required for import of 
peroxisomal matrix proteins 

Pex24p orf 19.13364 Integral PMP required for 
peroxisome assem-bly in Y. lipolitica 

Pex25p orf19.5575 PMP required for regulating 
peroxisomal size and maintenance 
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Table II. continued 
Peroxin *Candida protein 

(assembly 19 names) 
Features and/or (proposed) 

functions 
Pex26p orf 19.8003 Integral PMP, membrane anchor for 

Pex6p 
Pex27p NP PMP required for regulating 

peroxisomal size and maintenance 
Pex28p NP PMP required for regulating 

peroxisomal size and maintenance 
Pex29p orf 19.1933 PMP required for regulating 

peroxisomal size and maintenance 
Pex30p NP PMP required for regulating 

peroxisomal size and maintenance 
Pex31p NP PMP required for regulating 

peroxisomal size and maintenance 
Pex32p orf 19.2313 PMP required for regulating 

peroxisomal size and maintenance 
Djp1 NP DnaJ-like protein, chaperone 

required for import of peroxisomal 
matrix proteins 

NP, Not Present or not identifiable in C. albicans.                                                    .     
* Putative C. albicans pex protein sequences were taken from Kiel et al (2006) and 
used to search the CGD database (http://www.candidagenome.org). 
C. albicans orthologs are indicated with their assembly 19 names. 
 

Peroxisomes are dispensable during growth of S. cerevisiae on glucose, but when the 
organism is shifted to a medium containing oleic acid as the sole carbon source, they 
increase in number and volume, being necessary for survival in this environment. The 
biogenesis of peroxisomes comprises a number of processes, such as (i) synthesis of 
the peroxisomal membrane components including the lipid bilayer and peroxisomal 
membrane proteins, (ii) synthesis and import of peroxisomal matrix proteins, (iii) 
expansion of peroxisomes upon specific stimuli, and finally (iv), segregation of 
peroxisomes between daughter and mother cells at cell division.  
 

The mechanism of peroxisome generation is still matter of debate. The classical 
model envisages that peroxisomes are autonomous organelles that multiply by fission. 
However, recent evidence suggests that the ER is involved in the initial stages of 
peroxisome biogenesis, since the peroxisomal membrane protein Pex3p appears to be 
routed to peroxisomes via the ER (Hoepfner et al., 2005; Kragt et al., 2005a). In 
addition, some of the lipids of the peroxisomal membrane may also be derived from 
the ER membrane, leading to a model in which mature peroxisomes are generated 
from small vesicles that have budded from the ER. Targeting of proteins to 
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peroxisomes is discussed in the next section. For a more extensive description of 
peroxisome biogenesis I refer to reviews for detailed information (Brown and Baker, 
2003; Eckert and Erdmann, 2003; Purdue and Lazarow, 2001; Tabak et al., 2003; 
Titorenko and Rachubinski, 2001). 
 
Targeting of matrix proteins to peroxisomes 
 
All peroxisomal proteins are synthesized on free ribosomes in the cytosol and are 
imported into the organelle by an elaborate protein import machinery, given that the 
membrane itself is impermeable to proteins and other macromolecules. This import 
machinery is composed of a number of peroxins that are specialized to the task of 
recognizing and binding the proteins destined to peroxisomes and, depending on their 
final destination, either help to insert them into the membrane or transport them into 
the matrix. In most cases, proteins are imported after folding has been completed and 
occasionally even after oligomerisation (Brul et al., 1988; Hausler et al., 1996; 
McNew and Goodman, 1994).  
 

The mechanisms of peroxisomal protein targeting have been intensely studied. Two 
well-documented peroxisomal import pathways appear to exist, each with their own 
targeting signal and receptor proteins. The large majority of peroxisomal matrix 
proteins contain a PTS1 (Gould et al., 1987; Swinkels et al., 1991), which consists of 
variations of a C-terminal tripeptide motif -SKL, within a rather broad consensus 
[AECPSHK][KHYR][MFIL], as determined in a model study with S. cerevisiae 
malate dehydrogenase (Elgersma et al., 1996). In addition, sequences other than the 
SKL-tripeptide, in combination with tertiary structure determinants might influence 
the efficiency of protein transport (Amery et al., 2000; Maynard et al., 2004; Mizuno 
et al., 2002). PTS1 proteins are recognized by Pex5 which acts as a mobile receptor 
binding to these proteins in the cytoplasm (McCollum et al., 1993; Van der Leij et al., 
1993). 

S. cerevisiae Pex5p is a member of the tetratricopeptide (TPR) motif – containing 
proteins (Goebl and Yanagida, 1991), possessing 6 highly conserved TPR motifs at the 
C-terminus that are required for the recognition of PTS1 sequences. TPRs are present 
in a wide variety of proteins involved in cell-cycle regulation, chaperone functions or 
protein phosphorylation. The N-terminal part of Pex5p contains several WXXXF 
(where X is any amino acid) motifs, which may be important for the interaction 
between Pex5p and one or both of the membrane peroxins Pex13p and Pex14p 
(Barnett et al., 2000; Bottger et al., 2000; Otera et al., 2002; Saidowsky et al., 2001; 
Schliebs et al., 1999). 
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Once the receptor-cargo complex reaches the peroxisomal membrane, it interacts with 
the translocation machinery comprised of a docking complex consisting of Pex13p, 
Pex14p and Pex17p, which might represent the translocon, and a complex of the RING 
domain proteins Pex2p, Pex10p and Pex12p, presumably involved in the recycling of 
the PTS receptor from the peroxisome to cytosol (Figure 2). Recently, Agne et al. 
(Agne et al., 2003) showed that Pex8p, peripherally associated with the luminal side of 
the membrane, is required for the assembly of both these complexes into a large 
import complex called importomer. Pex10p and Pex12p appear to interact directly 
with Pex5p preventing its complete translocation to the trans-side of the membrane. 
Nevertheless, there is still considerable uncertainty concerning the constituents of the 
peroxisomal translocon complex, while it is also subject to debate whether Pex5p 
releases its cargo on the cytosolic face of the membrane (simple-shuttle) or inside the 
peroxisome (extended shuttle).  

In the last step of the import cycle, Pex5p is transported back into cytosol, which 
appears to be mediated by the AAA-proteins (=ATPases associated with a wide range 
of cellular activities) Pex1p and Pex6p, that are also present at the peroxisomal 
membrane (Patel and Latterich, 1998; Platta et al., 2005). The ATPase activity of these 
proteins may induce conformational changes in Pex5p, resulting in its dissociation 
from the RING protein complex and release into the cytosol. Recently, it has been 
shown that mono-ubiqutination at Cys6 might be essential for Pex5p receptor cycling, 
a process most likely mediated by the E2 ubiquitin-conjugating enzyme Pex4p, the E3 
ubiquitin ligase activity being provided by the RING complex (Kragt et al., 2005b; 
Platta et al., 2007; Williams et al., 2007). In pex mutants such as pex1∆, pex6∆, 
pex15∆, pex4∆ and pex22∆, however, Pex5p is also poly-ubiquitinated dependent on 
another E2 enzyme (Ubc4p), which targets the receptor for degradation by the 
proteasome in situations in which Pex5p-recycling is blocked (for a review on Pex5p 
ubiquitination, see Kragt et al., 2005c).  
 

The second peroxisomal import mechanism utilises the target sequence PTS2 
comprised by a nonapeptide motif with the consensus [RK][LVIQ]XX[LVIHQ] 
[LSGAK]X[HQ][LAF], present near the N-terminus of PTS2 proteins (Petriv et al., 
2004; Swinkels et al., 1991). This sequence is recognized by another mobile receptor: 
Pex7p. To date, the region of Pex7p involved in PTS2 binding has not been identified, 
but it is known that the Pex7p receptor protein requires additional, species-specific 
proteins to carry out its function, i.e. Pex18p and Pex21p in S. cerevisiae (Purdue et 
al., 1998) or Pex5p in mammals and Arabidopsis thaliana (Braverman et al., 1998; 
Nito et al., 2002; Otera et al., 2000). In analogy to Pex5p receptor, Pex7p cycles 
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between the cytosol and the peroxisome resulting in translocation of the cargo across 
the membrane in a hitherto unknown fashion. 
Very few peroxisomal proteins appear to utilize the PTS2-dependent transport system 
(Swinkels et al., 1991). For example, the only protein identified as a PTS2 protein in 
S. cerevisiae is 3-ketoacyl-CoA thiolase. The advantage of preserving a separate PTS2 
pathway to target only a few proteins to peroxisomes is not clear. It is unlikely to be 
essential in peroxisome biogenesis, given that organisms like Caenorhabditis elegans 
completely lack PTS2 proteins, all peroxisomal proteins being imported with the use 
of a PTS1 signal (Motley et al., 2000).  
 
 
 

  
 
 
 

Figure 2. Targeting and import of peroxisomal matrix proteins 
The model for PTS1 and PTS2 import of peroxisomal proteins is based on knowledge of import pathways in 
other organisms and the occurrence of the Pex proteins in C. albicans (see Table 2). The Pex5p and Pex7p 
receptor proteins bind in the cytoplasm to proteins containing a PTS1 or PTS2 targeting signal, respectively. 
The receptor-protein complex then docks at the peroxisome followed by translocation of the substrate across 
the peroxisomal membrane and subsequent recycling of the receptors to the cytosol. For further details see 
text. Each Pex protein is indicated by its number. 
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Interestingly, some peroxisomal proteins possess neither a PTS1 nor a PTS2 targeting 
signal. One of these proteins is S. cerevisiae acyl-CoA oxidase Pox1p/Fox1p, which is 
nevertheless imported by Pex5p, the interaction being mediated by an internal region 
of Pox1p/Fox1p (called PTS3) and the N-terminal half of Pex5p, which lacks the 
tetratricopeptide repeat domain (TPR) involved in PTS1 binding (see above) (Klein et 
al., 2002; Small et al., 1988).  
Proteins without a PTS1 or PTS2 can at least in principle also be imported into 
peroxisomes through association with a protein that does have a peroxisomal targeting 
signal, a phenomenon known as ‘piggy backing’. Natural examples of such an import 
mechanism are not known, but it was shown that S. cerevisiae ∆3, ∆2 – enoyl – CoA 
isomerase (Eci1p), of which the PTS1was disrupted, can enter peroxisomes dependent 
on the PTS1 of Dcp1(Subunit of the Dcp1p-Dcp2p decapping enzyme complex), its 
binding partner in a hetero-oligomeric complex (Karpichev and Small, 2000). 
Moreover, in Nicotiana tabaccum L. dimeric thiolase is imported into peroxisomes, 
even if the PTS2 of one of the two thiolase moieties has been disrupted (Flynn et al., 
1998).  
In most pex mutants peroxisomal membrane proteins (Pmps) can still be imported into 
peroxisomes, suggesting that matrix protein import and membrane protein import are 
independent pathways. However, exceptions to this rule exist, i.e. pex3∆ and pex19∆ 
deletion mutants, in which peroxisomal membrane proteins are mislocalized to the 
cytosol and degraded, implying that two proteins are directly or indirectly involved in 
Pmp targeting (for review see (Fujiki et al., 2006)). 
 
 

VI.  Transcriptional regulation of fatty acid metabolism  
 
Enzymology of the peroxisomal β-oxidation system 
 
As mentioned above, fatty acid  catabolism in plants and yeasts occurs exclusively 
inside peroxisomes, which possess a complete set of enzymes to degrade saturated and 
unsaturated fatty acids by β-oxidation. Sustained peroxisomal β-oxidation also 
requires mechanisms for reoxidation of the NADH produced, as well as for reduction 
of the NADP+ produced in the 2,4-dienoyl-CoA reductase reaction during oxidation of 
unsaturated fatty acids. In addition, fatty acids need to be imported from the cytosol, 
while acetyl-CoA units should be exported to the mitochondria for full oxidation to 
CO2 and H2O, and ATP synthesis.  
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The β-oxidation in all organisms proceeds via the following enzymatic reactions, 
regardless of whether it occurs in peroxisomes or mitochondria, with the exception of 
the first step of the pathway where in mitochondria FAD serves as electron acceptor 
rather than O2. 

 

 
 
 
 

Figure 3. Peroxisomal fatty acid β-oxidation in yeast 
The schematic drawing depicts the basic steps of peroxisomal β-oxidation. The arrows indicate four steps of 
the pathway: oxidation, hydratation, oxidation and cleavage by thiolysis of fatty acids CoA esters. 



Chapter 1  

Fatty acids are activated via the formation of a thioester linkage between their 
carboxyl group and the SH-group of CoA; the CoA ester is subsequently (i) 
dehydrogenated, (ii) hydrated, (iii) dehydrogenated again and (iv) cleaved by thiolysis.  
The first reaction in peroxisomal β-oxidation of the acyl-CoA esters is catalyzed by 
acyl-CoA oxidase (Fox1p), the second and third step by Fox2p (bi-functional enzyme 
with 3-OH-acyl CoA dehydrogenase and enoyl CoA hydratase activity) and the last by 
thiolase. During the first dehydrogenation reaction of all acyl-CoAs, hydrogen 
peroxide is produced, which is subsequently decomposed to H2O and O2 by catalase. 
The end result of Fox2p activity is formation of a 3-ketoacyl-CoA molecule, which is 
subsequently cleaved by 3-ketoacyl-CoA thiolase (step iv), shortening the fatty acid 
chain by two carbon atoms.  
In C. albicans, only a single Fox2p has been identified, but three isoenzymes with 3-
ketoacyl CoA thiolase activity have been found: Pot1p (orf19.7520), Fox3p 
(orf19.1704) and Pot1-2p (orf19.2046), of which only the first appears to possess a 
bona fide peroxisomal targeting sequence. All of these enzymes appear to be encoded 
by separate genes. There are also three oxidases catalyzing the first step of β-
oxidation. In this respect the β-oxidation pathway in Candida resembles that in 
humans with several oxidases and thiolases, presumably with different substrate 
specificity (Poirier et al., 2006). 
 
Transcriptional regulation of fatty acid metabolism  

In S. cerevisiae cells supplied with fatty acids as the sole carbon source, the 
transcription of genes encoding proteins involved in β-oxidation (e.g. β-oxidation 
enzymes, transporters) is dramatically induced. The induction is mediated almost 
exclusively by a pair of transcription factors, Pip2p and Oaf1p, which bind to Oleate 
Response Elements (OREs) in the promoter of target genes (Einerhand et al., 1993; 
Filipits et al., 1993; Karpichev et al., 1997; Luo et al., 1996; Rottensteiner et al., 1996; 
Rottensteiner et al., 1997). Cells, in which the PIP2 and/or the OAF1 genes have been 
disrupted, are unable to grow on oleic acid and to induce peroxisome biogenesis. 

 
The ORE contains palindromes of CGG with a spacer of 15-18 bp containing 

conserved T and A nucleotides, and may be present in one or two copies depending on 
the gene (Rottensteiner et al., 1996; Wang et al., 1994). The ORE consensus sequence 
has been characterised as an imperfect inverted repeat of either CGG-N15-18CCG 
(Rottensteiner et al., 1996)or CGGNNNTNA-N9-12-CCG (Karpichev and Small, 
1998). The presence of only one half of the palindromic sequence can already lead to 
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transcription activation. These observations suggested that activation of transcription 
via the ORE occurs via binding of an activator dimer complex (Einerhand et al., 1993). 
Indeed, Pip2p and Oaf1p were found to interact with OREs and activate transcription 
as heterodimers (Karpichev et al., 1997). The domain structure of the two proteins is 
similar: each containing an N-terminal Zn2Cys6DNA binding domain, two inhibitory 
domains and one auxiliary domain near the middle of the protein, and a C-terminal 
activation domain of 26-27 amino acids (Karpichev and Small, 1998). The role of each 
of these transcription factors was elucidated using protein fusions and reporter 
constructs. When oleic acid is present, Oaf1p becomes activated in an as yet unknown 
manner and the Oaf1p/Pip2p complex binds to OREs and activates transcription 
(Baumgartner et al., 1999). However, the mechanism of induction by fatty acids 
proved not to be the same for all genes involved. At least one gene activated by 
Pip2p/Oaf1p is lacking an ORE, and conversely, not all genes possessing the element 
are induced by Pip2p/Oaf1p (Karpichev and Small, 1998).  
 

Another transcription factor that appears to regulate gene expression in an oleate 
medium is ADR1, which binds to the consensus sequence UAS1 (CCRDN4-

36HYGGRG, where N= G, A, T or C; R = A or G; D = G, A or T; H = A, T or C; Y = 
T or C) and acts in synergy with the Pip2p-Oaf1p transcription activation complex 
(Gurvitz et al., 2001). ORE-dependent transcriptional activation is also influenced by 
other factors in an as yet unknown way, (reviewed in Einerhand et al., 1995; Gurvitz et 
al., 1999). The issue of how ORE-regulated genes are repressed in cells grown on 
glucose medium and derepressed in the presence of non-fermentable carbon sources is 
beyond the scope of this thesis. 
Peroxisomal enzymes appear to be induced ‘en bloc’ in the presence of a variety of 
fatty acids, irrespective of the role (if any) of a particular enzyme in the metabolism of 
the fatty acid(s) that was supplied in each case. It is an attractive idea that activation of 
Pip2p-Oaf1p can be accomplished by the direct binding of a(ny) fatty acid, in analogy 
to the scenario observed in higher eukaryotes. In these organisms, peroxisome 
proliferator-activated receptors are capable of binding a number of lipids, which in 
turn leads to transcriptional responses regulating lipid metabolism (Forman et al., 
1997; Gurvitz and Rottensteiner, 2006; Kliewer et al., 1997; Phelps et al., 2006).  
 

As discussed above, the capacity to metabolize fatty acids may be one of the 
determinants of virulence during systemic infection of C. albicans. This hypothesis 
was based on the observation that C. albicans cells incubated together with 
macrophages exhibit strong upregulation of genes encoding β-oxidation enzymes 
together with genes encoding enzymes responsible for the conversion of acetyl-CoA, 
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the end product of fatty acid degradation, to glucose (Lorenz et al., 2004). However, 
much less is known about the regulation of fatty acid metabolism in this organism. 
 

Since the entire C. albicans genome has been sequenced, promoter regions of the 
genes were scrutinized for the occurrence of transcription factor binding sites on a 
genome-wide basis. We used the REDUCE algorithm (Roven and Bussemaker, 2003) 
to screen promoter regions of C. albicans genes for elements that could serve as ORE, 
in combination with DNA microarray analyses (Mol et al, in preparation) to monitor 
alterations in mRNA abundance during growth of the organism on oleic acid-
containing media. The data collected so far indeed point to a set of genes that are 
highly induced in cells grown on oleic acid medium, most of which belong to a 
category of genes involved in fatty acid metabolism. Recently, we identified a 
consensus sequence in the promoter region of these genes that could serve as an ORE. 
Remarkably, the C. albicans motif has no clear resemblance to the S. cerevisiae ORE, 
in agreement with the notion that clear orthologs of the Zn-finger transcription factors 
Pip2p and Oaf1p of S. cerevisiae appear to be absent in C. albicans. Which 
transcription factor binds to the C. albicans ORE is currently under investigation in the 
lab. 
 

Notwithstanding the above, peroxisomal enzymes and proteins that are a part of the 
peroxisomal import machinery have clearly been conserved between S cerevisiae and 
C. albicans (see Table 2). These observations are in agreement with recent studies 
which revealed large-scale differences between transcription programs of related 
species, presumably resulting from the loss of specific cis-regulatory elements in one 
of the species (Ihmels et al., 2005). Apparently, since the divergence of S. cerevisiae 
and C. albicans, this has happened to the ORE, but other explanations remain possible. 
Therefore, the transcriptional mechanisms that regulate the response to fatty acids in 
C. albicans remain to be elucidated. 
 
 
 

VII.  The glyoxylate cycle  
 
In microorganisms, very frequently non-fermentable compounds such as fatty acids, 
ethanol or acetate, are the only carbon sources available, their degradation resulting in 
the production of acetyl-CoA (C2). The TCA cycle, with its two decarboxylation 
steps, does not permit assimilation of two carbon compounds, and synthesis of 
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macromolecules from them. The glyoxylate pathway (also dubbed the glyoxylate 
shunt) is the only way to bypass the decarboxylations and replenish the TCA cycle 
intermediates, allowing the synthesis of glucose, amino acids, DNA and RNA from 
two carbon compounds. The glyoxylate shunt is present in plants, certain 
invertebrates, and in some microorganisms such as E. coli and yeast. Vertebrate 
animals do not have the enzymes specific for this pathway, and therefore cannot bring 
about the net synthesis of glucose, etc. from C2 compounds. This implies that 
glyoxylate cycle enzymes may serve as specific targets for the development of 
antimicrobial drugs, because this pathway does not exist in the mammalian host. The 
crystal structure of isocitrate lyase from Mycobacterium has been determined recently, 
both alone and in complex with several small molecule inhibitors, providing hope that 
a pharmacologically suitable inhibitor can someday be developed (Sharma et al., 
2000). 
 

The glyoxylate cycle has two critical steps (see Figure 4). In the first, isocitrate (six 
carbons) is hydrolysed to succinate (four carbons) and glyoxylate (two carbons) by 
isocitrate lyase (Icl). The second step is condensation of acetyl-CoA (two carbons) 
with glyoxylate resulting in the production of malate (four carbons), a process 
catalyzed by malate synthase (Mls). In the eukaryotes that possess a glyoxylate cycle, 
the process is thought to occur in the peroxisomal matrix and, indeed, this is also true 
for C. albicans, in which the two key glyoxylate cycle enzymes, Icl1 and Mls1, are 
located in peroxisomes (see chapter 3 of this thesis). 
 

The malate produced in the glyoxylate cycle can be converted to oxaloacetate, one of 
the intermediates of the TCA cycle, and subsequently to citric acid and isocitrate, etc., 
in enzymatic steps that are identical to those occurring in the TCA-cycle and are 
performed by malate dehydrogenase, citrate synthase and aconitase, respectively  
(see Figure 4). At that stage, the specific function of the two pathways comes from the 
compartmentalization and the presence of specialized glyoxylate circuit isozymes. 
 

As mentioned above, Mls1p and Icl1p of C. albicans are localized in peroxisomes. In 
addition, we found that one of the two aconitase genes, ACO1, encodes a protein with 
a putative PTS1 suggesting that it may be localized to peroxisomes. There are three 
genes encoding malate dehydrogenases: one has a mitochondrial targeting signal (orf 
19.4602) and probably functions in the TCA cycle, the second has a peroxisomal 
targeting signal (orf19.5323) and may be involved, like in S. cerevisiae, in the 
regeneration of NAD for the β-oxidation process. The third (orf19.7481) has no 
recognizable targeting signal and therefore probably localizes to the cytosol. Whether 
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the latter MDH protein functions in the glyoxylate cycle remains to be established. 
The localization of the other essential glyoxylate cycle (iso)enzyme, citrate synthase 
(one gene), is still unknown.  
 
 
 

 
 
 
 
 
Figure 4.  Glyoxylate cycle 
The figure shows the key steps of the glyoxylate cycle – the metabolic pathway which allows synthesis of 
C4 compounds from C2 substrates. The abbreviations used are: ACO – aconitase, ICL – isocitrate lyase, 
MLS – malate synthase, MDH – malate dehydrogenase, CIT – citrate synthase. 
There is evidence for dual localization of the (iso)enzymes of the glyoxylate cycle in S. cerevisiae. For 
example, when this yeast is grown on ethanol as the only carbon source, Mls1p is found in the cytosol, 
which can be beneficial since in that situation the production and utilization of acetyl-CoA occur in the same 
compartment increasing efficiency. In analogy to that, the peroxisomal localization of glyoxylate cycle 
enzymes in C. albicans grown on fatty acids appears to be also advantageous, because the acetyl-CoA 
produced from fatty acid degradation can be directly used by peroxisomal malate synthase. 
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We wanted to get a more complete insight into the localization of glyoxylate cycle 
isoenzymes in C. albicans, since full knowledge of the location of these enzymes 
might be relevant for the development of antifungal agents. For this aim, we 
constructed pex5∆/∆ and pex13∆/∆ deletion strains and grew them on acetate or 
ethanol. The results are included in Chapter 4 and suggest that although the glyoxylate 
cycle is primarily a peroxisomal process in C. albicans, it can be performed efficiently 
in cytosol of pex13 or pex5 knock out strains. 
Genes associated with a functional glyoxylate pathway, such as ICL1, MLS1, ACO1, 
CIT1 and MDH1-2 are strongly upregulated during ingestion of C. albicans by 
macrophages (Lorenz et al., 2004; Lorenz and Fink, 2001). Overexpression of the 
ICL1 gene was also observed in other organisms when subjected to the environment of 
macrophages, such as S. cerevisiae, M. tuberculosis and C. neoformans (Eschrich et 
al., 2002; Lorenz and Fink, 2001; McKinney et al., 2000). These results suggest that 
when bacterial and fungal pathogens are phagocytosed by macrophages, glyoxylate 
cycle enzymes are produced to cope with nutrient starvation in the phagosome. In line 
with this, deletion of the ICL1 gene in M. tuberculosis and C. albicans leads to 
strongly attenuated virulence.  

The content of phagosomes in terms of nutrient availability is essentially unknown, 
but it is unlikely to include significant amounts of glucose. This led to the hypothesis 
that the acetyl-CoA that feeds the glyoxylate cycle of the ingested pathogens such as 
C. albicans is mainly derived from the beakdown of fatty acids (Lorenz and Fink, 
2002). In order to investigate this hypoyhesis and assess the role of the peroxisomal β-
oxidation in virulence, we constructed C. albicans pex5∆/∆ and fox2∆/∆ deletion 
mutants (described in Chapter 2). In the pex5 knock-out strain, fatty acid β-oxidation 
activity was drastically reduced (to a level of about 5% of wild type), whereas the fox2 
KO-strain was completely devoid of β-oxidation activity. Remarkably, only the fox2 
KO-strain was attenuated in virulence. The degree of virulence attenuation was 
comparable to that of the icl1 null mutant, which lacks a functional glyoxylate cycle. 
Growth assays revealed that the fox2 KO-strain cannot efficiently utilize C2 carbon 
sources, suggesting that the attenuated virulence of this mutant is largely due to a non-
functional glyoxylate cycle and implying that fatty acid metabolism is not necessary 
for survival of C. albicans in infected mice. Nevertheless, the ability to use acetyl-
CoA for the production of C4 molecules in the glyoxylate cycle appears crucial for 
survival of the Candida cells in the phagolysosome. In chapter 2 we argue that the 
acetyl-CoA that fuels the glyoxylate cycle may originate from lactate.   
 

Recent reports suggest that the glyoxylate cycle is also important for the virulence of 
phytopathogens. One of the examples is the bacterium Rhodococcus fascians, which 
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causes a gall in several plant species. A R. fascians mutant defective in malate 
synthase (VicA) is avirulent (Vereecke et al., 2002). Other examples came from a 
study of isocitrate lyase in Leptosphaeria maculans, a fungal pathogen of Bassia 
napus (Canola) (Idnurm and Howlett, 2002), Neurospora crassa, and rice blast fungus 
Magnaporthe grisea (Thines et al., 2000). Moreover, microarray analysis in the model 
plant Arabidopsis thaliana showed the glyoxylate cycle to be moderately induced in 
response to infection with the bacterial plant pathogen Pseudomonas syringae 
(Scheideler et al., 2002). This could be indicative of the usage of fatty acids for energy 
to combat the infection, or, alternatively, pointing to an attempt to sequester lipids 
from the invading organism. 
 
 
 

VIII.  Transcriptional profiling in C. albicans  
 
As pointed out in section II, the different sites of residence of C. albicans in the human 
body (may) differ with respect to oxygen supply, carbon dioxide concentration, pH, 
osmolarity, temperature and availability of nutrients. In addition, the fungus is faced 
with an immune reponse (even in immunocompromised individuals), mounted for 
example by neutrophils and macrophages. Therefore, the success of C. albicans as a 
pathogen depends on its capacity to deal with a hostile environment (Calderone and 
Fonzi, 2001). Like most cellular processes in lower eukaryotes such as yeasts, the 
changes in gene expression that are a prerequisite for the survival of Candida in the 
mammalian host appear to be regulated at the transcriptional level. For this reason, 
transcriptional profiling with the aid of DNA microarrays has been applied to elucidate 
mechanisms of Candida morphogenesis and infectivity, an approach that was 
facilitated by the recent completion of the C. albicans genome sequence 
(http://www.candidagenome.org/). This work led to the identification in C. albicans of 
(candidate) infection-associated genes, whose expression change in response to e.g. 
specific nutrients, various forms of stress, blood, neutrophils and macrophages, etc 
(Enjalbert et al., 2003; Fradin et al., 2005; Fradin et al., 2003; Hube, 2004; Nantel et 
al., 2002; Rubin-Bejerano et al., 2003; Smail et al., 1992; Smith et al., 2004).  
Rubin-Bejerano and co-workers (Rubin-Bejerano et al., 2003) have analysed transcript 
profiles of C. albicans (and S. cerevisiae) following phagocytosis by isolated 
neutrophils and monocytes. The main observation in this study was that these yeasts 
responded to the presence of neutrophils in fresh serum by up-regulating the 
methionine and arginine biosynthetic pathways. These data suggest that the human 
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neutrophil phagosome is amino acid-deficient, and distinct from the monocyte 
phagosome. A comparison of the C. albicans and S. cerevisiae transcriptional profiles 
showed that the amino acid deprivation response is conserved between these two 
species. However, human neutrophils elicit an obvious antioxidant response in 
C. albicans but fail to do so in S. cerevisiae (Rubin-Bejerano et al., 2003).  
 

Another study offering a unique insight into the response of C. albicans to different 
components of the innate immune system was done by Fradin et al. (Fradin et al., 
2003), who used whole-genome microarrays to analyse the transcriptional response of 
C. albicans cells exposed to different blood components. Although blood contains 
different cellular and soluble components with the potential to affect C. albicans at 
different levels, neutrophils clearly have the most pronounced effect on C. albicans in 
terms of viability and morphology. Neutrophils caused growth arrest, inhibition of 
hypha formation, oxidative stress and carbohydrate and nitrogen starvation, in 
agreement with the results reported by Rubin-Bajerano et al. (2003). Furthermore, in 
neutrophil-depleted blood, the C. albicans transcription profile was different from that 
in cells exposed to whole blood but similar to that of cells exposed to plasma, 
illustrating the key role of neutrophils in the Candida transcription response. It has 
been suggested that neutrophils have developed mechanisms to block the sensing of 
glucose or nitrogen sources by fungal cells, maybe already before the cells are 
ingested, resulting in the induction of the glyoxylate cycle or a nitrogen starvation 
response, respectively. This assumption is based on the fact that only 38% of the 
Candida cells in the PMN fraction of blood were phagocytosed when the sample was 
taken for transcriptional analysis (after 30 min.). As an alternative, the starvation 
response might result from a very strong gene expression of phagocytosed fungi 
(Fradin et al., 2005; Fradin et al., 2003). 
 

As discussed in the previous section, activation of the key enzymes of the glyoxylate 
cycle was also shown in C. albicans cells after phagocytosis by macrophages. 
Upregulation of these genes was part of extensive transcriptional reprogramming, 
which resulted in the induction of fatty acid β-oxidation, arginine biosynthesis and 
gluconeogenic growth and in down regulation of translation. Macrophages not only 
induce a metabolic response in C. albicans, but also affect non-metabolic processes 
such as the oxidative stress response, peptide uptake and DNA repair. When hyphal 
growth enables Candida to escape from the macrophage, cells quickly resume 
glycolytic growth (Lorenz et al., 2004; Lorenz and Fink, 2001). 
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A shift from glycolysis to gluconeogenesis and upregulation of the glyoxylate pathway 
genes was reported previously in S. cerevisiae in an experiment in which the live yeast 
cells were co-incubated with a murine macrophage-like cell line for several time 
periods (Lorenz and Fink, 2001). Together, these observations suggested that the 
macrophage is deficient in glucose and that in ingested fungi the acetyl-CoA needed to 
fuel the glyoxylate cycle is derived from other carbon sources (for an in depth 
discussion, see section VII).  
 

Other studies analyzed the transcriptional response of C. albicans to cellular stress 
(e.g. temperature stress, osmotic stress or oxidative stress). Each condition tested, 
evoked a transient induction of a specific set of genes, the classic markers observed in 
the stress responses of other organisms. The genes known to be the hallmarks of a 
general stress response, like the genes involved in glycogen and trehalose metabolism, 
were, however, not significantly upregulated, which leads to the conclusion that 
C. albicans lacks the strong general stress response exhibited by S. cerevisiae 
(Enjalbert et al., 2003; Smith et al., 2004). These results illustrate the divergence of 
C. albicans from S. cerevisiae, which could result from the differences in 
environmental constraints for both organisms, followed by different evolution of 
signal transduction pathways. 
 
 
 

IX.  Oxidative stress 
 
All species that grow under aerobic condition are forced to cope with reactive oxygen 
species (ROS) such as superoxide anion, hydrogen peroxide and sulphydryl radicals. 
Two of the main processes contributing to ROS generation are oxidative 
phosphorylation and ß-oxidation of fatty acids. Approximately 2% of the oxygen 
consumed by the cell generates ROS. ROS react readily with nucleic acids, lipids, 
proteins and cause lipid peroxidation. Such oxidative stress is associated with several 
human pathologies including cancer, cardiovascular disease, Down’s syndrome, 
Friedreich’s ataxia (slowly progressive disorder of the nervous system), rheumatoid 
arthritis, autoimmune diseases and AIDS (Halliwell, 1987; Halliwell, 1997). Oxidative 
damage is emerging as an important factor in mutagenesis, tumorigenesis, aging, and 
age-related diseases such as Parkinson and Alzheimer. The cell has active antioxidant 
defenses that neutralise ROS and prevent oxidative damages. These defenses comprise 
the primary defenses that promote neutralisation of ROS and the secondary defenses 

 44



General Introduction 

 45 

involved in the repair mechanism of damaged cellular components (Costa and 
Moradas-Ferreira, 2001).  
Like other organisms, S. cerevisiae responds to oxidative stress in several ways 
depending on the magnitude of the stress. Lower doses of ROS allow the cell to adapt 
to higher oxidant concentrations, whereas higher doses delay cell division (Alic et al., 
2001; Flattery-O'Brien and Dawes, 1998; Nunes and Siede, 1996) and induce repair 
systems (Gasch et al., 2000; Thorpe et al., 2004). Very high doses initiate a form of 
apoptosis (Madeo et al., 2002).  
 
Enzymes and compounds involved in the oxidative stress response 
 
Glutathione (GSH) and thioredoxin are two of the most important and abundant 
cellular antioxidants, which play key roles in maintaining the redox homeostasis of the 
cell. The first and rate limiting step of GSH biosynthesis is catalysed by γ-
glutamylcysteine-synthetase (GSH1), the second enzyme in this pathway, GSH2 
(glutathione synthetase) is dispensable for normal growth, confirming an important 
role for the γ-glutamylcysteine dipeptide in replacing GSH (tripeptide Glu-Cys-Gly) in 
essential functions. Regeneration of GSH is catalysed in a NADPH-dependent reaction 
by glutathione reductase (GLR1). 
The second system that operates in the yeast cytoplasm is the general disulphide 
reductase pathway comprising two thioredoxins (TRX1, TRX2) and thioredoxin 
reductase (TRR1), with NADPH providing reducing equivalents. Mitochondrial TRX3 
and TRR2 have been identified as protecting against oxidative stress generated during 
mitochondrial metabolism (Pedrajas et al., 1999). Thioredoxin and GSH provide 
reducing equivalents for TPxs [thioredoxin (or thiol) peroxidases] and GPxs 
(glutathione peroxidases) required for ROS detoxification. To date, many TPxs have 
been found in yeast and the group consists of cytoplasmic (cTPx I, cTPx II, cTPx III) 
mitochondrial (mTPx) and nuclear (nTPx) species (Park et al., 2000). Three 
glutathione peroxidases (GPX1, GPX2, GPX3) have been identified in the 
S. cerevisiae genome (Inoue et al., 1999) that are required for yeast resistance against 
phospholipid- and non-phospholipid hydroperoxidases, which by their peroxidative 
modifications of biomolecules, triggered by free radical species, can disturb the 
integrity of biomembranes and other cellular components (Avery and Avery, 2001; 
Monje-Casas et al., 2004). Because of its predominant function as a hydroperoxide 
receptor and redox transducer in gene activation mediated by the transcription factor 
Yap1p, Gpx3p has been renamed as oxidant receptor peroxidase 1 (Orp1p) (Delaunay 
et al., 2002). 
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Cellular mechanisms for inactivation of various reactive oxygen species include also 
cytoplasmic and mitochondrial forms of superoxide dismutase encoded by SOD genes 
(Bermingham-McDonogh et al., 1988; Fink and Scandalios, 2002). These enzymes 
convert the superoxide anion to H2O2, which subsequently is decomposed to H2O by 
other enzymes. Among them are mitochondrial cytochrome c peroxidase, cytosolic 
catalase T and peroxisomal catalase A respectively encoded by CCP1, CTT1 and 
CTA1 genes (Thorpe et al., 2004). 
 
Transcription factors involved in the oxidative stress response 
 
Several transcription factors are involved in the oxidative stress response: Yap1p, 
Yap2p, Ace1p, Mac1p, Msn2p, Msn4p and Hap1p. Yap1p belongs to the AP-1 
(Acting Protein-1) family of transcription factors that bind the AP-1 site (TGACTCA; 
also known as the TPA-response element) or related DNA sequences. It serves as an 
oxidative stress sensor, which directly regulates transcription of several anti-oxidant 
genes including TRX2, TRR1, GLR1, GSH1 (Collinson and Dawes, 1995; Gasch et al., 
2000; Grant et al., 1996; Kuge and Jones, 1994; Lee et al., 1999; Morgan et al., 1997; 
Ohtake and Yabuuchi, 1991; Wu and Moye-Rowley, 1994). The activity of the 
transcription factor Yap1p is controlled by its movement from the cytosol to the 
nucleus. Yap1p re-localises from the cytoplasm, where it is kept by the action of the 
Crm1 receptor (exportin), to the nucleus, in response to oxidative stress (Kuge et al., 
1998; Yan et al., 1998). The Crm1p receptor binds to the C-terminal nuclear export 
signal (NES) of Yap1p, which seems to counteract the N-terminal nuclear localization 
signal (NLS). In the presence of H2O2, Cys-598 in the proximity of the NES, forms a 
disulfide bond with an oxidized cysteine residue of Gpx3/Orp1p. The Gpx1p-Yap1p 
mixed-disulfide bond is immediately converted to the intramolecular disulfide bond 
between Cys-598 and Cys-303 within the Yap1p protein. The altered conformation of 
Yap1p probably masks its NES from the Crm1p export receptor, leading to nuclear 
accumulation of Yap1p and induction of its target genes (Delaunay et al., 2000; Kuge 
et al., 2001). 
 

Msn2p and Msn4p are C2H2 zinc finger proteins that recognize the so-called stress 
response elements (STRES) (Martinez-Pastor et al., 1996; Ruis and Schuller, 1995). 
The transcription of ~ 180 genes is upregulated by these two factors in response to 
environmental stress (Gasch et al., 2000). The intracellular localization of Msn2 and 
Msn4 is influenced by environmental stress conditions such as weak organic acids, 
osmotic stress, heat stress and nutrient starvation (Gorner et al., 1998). During 
logarithmic growth, both proteins are predominantly cytosolic, whereas in stressed 
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cells or when glucose is suddenly withdrawn, they rapidly concentrate in the nucleus. 
The intracellular distribution of Msn2p and Msn4p is linked to the status of cAPK 
(cyclic adenosine monophosphate-dependent protein kinase) activity and low cAPK 
activity leads to nuclear accumulation of Msn2p and Msn4p. The NLS-containing 
domain of Msn2p is directly phosphorylated by cAPK in vivo and in vitro, decreasing 
Msn2p activity and influencing its overall intracellular distribution (Gorner et al., 
2002). 
 

The results provided in Chapter 5 of this thesis show that when S. cerevisiae cells are 
forced to adapt to a change in carbon source, from glucose to the fatty acid oleate, a 
very specific but transient stress defense is activated. Directly after the shift from 
growth on limited glucose to growth on oleate, a subset of genes containing a promoter 
governed by the Yap1p transcription factor is up-regulated. The transcription factors 
Msn2 and Msn4, which participate in a general stress response activated under 
different environmental and metabolic stresses, reach their site of activity in the 
nucleus at a later stage during the course of the experiment, when Yap1p is already 
exported from the nucleus. The change in carbon source and the need to reprogram the 
entire metabolic system probably disturbs the intracellular balance between reduced 
and oxidized species. Additionally, fatty acids are known to function as detergents and 
cause uncoupling of the mitochondrial respiratory chain, which can result in 
accumulation of ROS in the cytosol of the cell. Among the proteins mobilised against 
the oxidants are glutathione peroxidase (GPX2), cytochrome c peroxidase (CCP1),and 
the cytosolic and mitochondrial superoxide dismutases (SOD1 and 2), as well as 
enzymes that keep thioredoxin and glutathione reduced (e.g. TRR1 an GLR1). Only 
after recovery from oxidative stress, the genes encoding peroxisomal enzymes 
required for the breakdown of fatty acids were induced, allowing the cells to 
reprogram their metabolism. Interestingly, transcription profiling data of C. albicans 
cells undergoing the same shift from glucose-limited growth conditions to growth on 
oleate, suggest that this fungus does not experience such a transient oxidative stress 
and is able to reprogram its cellular metabolism more quickly in order to utilize the 
new carbon source, oleate (G. Hardy and E. Mol, personal communication). The 
mechanisms behind the different responses of S. cerevisiae and C. albicans are 
currently under investigation in the lab. 
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X.  Scope of this thesis 

The recent reports on disseminated C. albicans infections indicate that the available 
treatment options are limited and emphasize the need for the development of new 
antifungal agents. To achieve that goal a more extensive knowledge of the biology of 
Candida infection is crucial. The aim of the studies described in Chapter 2 was to 
investigate the role of peroxisomes and in particular that of fatty acid β-oxidation, in 
virulence of C. albicans. We found that the deletion of the PEX5 gene disrupted the 
import of the majority of peroxisomal matrix proteins, demonstrating that we indeed 
had deleted the C. albicans PTS1 receptor.  In addition, we constructed a double 
deletion of the fox2 gene encoding the multifunctional protein Fox2p, which catalyzes 
the second and third step in the fatty acid β-oxidation pathway. Although both pex5 
and fox2 null mutants showed strongly reduced β-oxidation activity, only the fox2 
deletion strain was attenuated in virulence. Further analyses of these strains revealed 
that the fox2 null mutant, but not the pex5 deletion strain, was unable to efficiently 
utilize C2 carbon sources suggesting a glyoxylate cycle defect. As discussed above 
and in Chapter 2, these results imply that fatty acid metabolism is not necessary for 
survival of C. albicans in infected mice, and the acetyl-CoA that feeds the glyoxylate 
cycle must be generated from (an)other source(s). 

Since the glyoxylate cycle was shown to be essential for C. albicans virulence, we 
wanted to get insight into the subcellular localization of the enzymes of this cycle. To 
this aim, we implemented immunocytochemistry and subcellular fractionation 
methods, which showed peroxisomal localization of the two key enzymes of the 
glyoxylate cycle, ICL1 and MLS1 (Chapter 3). Moreover we proved that the 
peroxisomal localization of these enzymes does not depend on the carbon source being 
utilized by C. albicans cells. 
 

Since Icl1p and Mls1p are mislocalized to the cytosol in pex5∆/∆ cells, we 
concluded that their peroxisomal targeting is dependent on the Pex5p receptor, 
however, the canonical PTS1 targeting signal is not present in either Icl1p or Mls1p. 
Growth assays with the pex5∆/∆ strain revealed that peroxisomal localization of the 
glyoxylate cycle is not required for efficient utilization of C2 carbon sources. In 
Chapter 2, we describe that a fox2 deletion strain exhibited a growth deficiency on 
ethanol and acetate. Morphological analysis of the fox2∆/∆ mutant in Chapter 3 
showed the presence of enlarged peroxisomes in ethanol, acetate and oleate grown 
cells. By deleting the PEX5 gene in the fox2∆/∆, thereby reallocating Mls1p and Icl1p 
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to the cytosol, we were able to restore the growth of this double deletion strain to near 
wild type levels. We discuss the possibility that the giant peroxisomes in the fox2∆/∆ 
mutant are disturbed in the transport of glyoxylate cycle products and/or acetyl CoA 
across the peroxisomal membrane. 
 

The role of peroxisomes in C. albicans fatty acid metabolism was further 
investigated in Chapter 4 of this thesis. We used the pex13∆/∆ mutant, which is 
disturbed in both PTS1- and PTS2-dependent protein import into peroxisomes, to 
measure β-oxidation activity. This study showed that, unlike S. cerevisiae, C. albicans 
can perform β-oxidation in the cytosol in a situation where all β-oxidation enzymes 
are cytosolic. However, C. albicans pex13∆/∆ cells could not grow on a medium with 
oleate as the only carbon source. Chemostat experiments in which the C. albicans 
pex13∆/∆ strain was switched from glucose as sole carbon source to oleic acid 
confirmed that fatty acids can be oxidized by this strain, but that fatty acid metabolism 
stops about 70 min after the carbon switch. DNA microarray analysis on samples 
taken from the chemostat experiment did not provide a clear explanation for inhibition 
of β-oxidation and, as a consequence, inhibition of growth of the C. albicans 
pex13∆/∆ mutant on oleic acid-containing medium. 
 

Chapter 5 of this thesis focusses on genome-wide expression analyses of 
S. cerevisiae cells that undergo a switch in metabolism from glucose as the sole-
carbon source to oleic acid. The transient changes in genes expression were monitored 
in a very well defined environment, the chemostat. This set up of the experiment 
allowed observing a transient oxidative stress response during the first few minutes 
after the shift to a new carbon source - oleic acid, which was followed by a more 
general stress response. The data presented in this chapter support the thesis that the 
initiation of the oxidative stress response is a consequence of poor redox flux and fatty 
acid induced uncoupling of the respiratory chain during the shift to the new carbon 
source – oleic acid. 
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Abstract 

Phagocytic cells form the first line of defense against infections by the human fungal 
pathogen Candida albicans. Recent in vitro gene expression data suggest that upon 
phagocytosis by macrophages, C. albicans reprograms its metabolism to convert fatty 
acids into glucose by inducing the enzymes of the glyoxylate cycle and fatty acid β-
oxidation pathway. Here, we asked the question whether fatty acid β-oxidation, a 
metabolic pathway localized to peroxisomes, is essential for fungal virulence by 
constructing two C. albicans double deletion strains: a pex5∆/∆ mutant, disturbed in 
the import of most peroxisomal enzymes, and a fox2∆/∆ mutant, which lacks the 
second enzyme of the β-oxidation pathway. Both mutant strains had strongly reduced 
β-oxidation activity and, accordingly, were unable to grow on media with fatty acids 
as a sole carbon source. Surprisingly, only the fox2∆/∆ mutant, but not the pex5∆/∆  
mutant, displayed strong growth defects on non-fermentable carbon sources other than 
fatty acids (e.g., acetate, ethanol, or lactate) and showed attenuated virulence in a 
mouse model for systemic candidiasis. The degree of virulence attenuation of the 
fox2∆/∆ mutant was comparable to that of the icl1∆/∆ mutant, which lacks a functional 
glyoxylate cycle and also fails to grow on non-fermentable carbon sources. Together, 
our data suggest that peroxisomal fatty acid β-oxidation is not essential for virulence 
of C. albicans, implying that the attenuated virulence of the fox2∆/∆ mutant is largely 
due to a dysfunctional glyoxylate cycle. 
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Introduction 
 
The opportunistic human fungal pathogen Candida albicans is part of the normal 
microbial flora that colonizes mucosal surfaces, including the gastrointestinal tract and 
the oral and vaginal mucosa. When the immune system is compromised, superficial 
colonization by the fungus causes oropharyngeal thrush, vaginitis and cutaneous 
infections. However, in severely immunosuppressed patients such as those who have 
undergone organ transplantation or chemotherapy, or are taking broad-spectrum 
antibiotics, C. albicans may penetrate into deeper tissue and disseminate via the 
bloodstream, invading organs and causing life-threatening systemic infections 
(Calderone and Fonzi, 2001). 

The balance between benign commensal organism and invasive pathogen is largely 
determined by the activity of the host’s innate immune system and patients with 
defects in innate immunity are extremely sensitive to systemic C. albicans infections 
(Mansour and Levitz, 2002; Odds, 1988; Vazquez-Torres and Balish, 1997; Wenzel, 
1995). When phagocytic cells of the innate immune system such as macrophages and 
neutrophils encounter C. albicans cells, they take up the fungus into an intracellular 
compartment called the phagosome, which fuses with lysosomes to form the 
phagolysosome. The phagolysosome, characterized by the presence of antimicrobial 
compounds, reactive oxidative species and a shortage of key nutrients necessary for 
metabolism, is a hostile environment for C. albicans. However, often, in an ex-vivo 
setting, C. albicans is able to survive its encounter with macrophages. Once inside, the 
intracellular conditions of the phagolysosome trigger C. albicans to grow as hyphae, 
which puncture the plasma membrane, thereby destroying the macrophage and, thus, 
allowing the fungus to escape.  

This outcome illustrates the ability of C. albicans to rapidly adapt to the hostile 
environment of the macrophage. The response of C. albicans to phagocytosis by 
macrophages has been studied by genome-wide expression profiling and differential 
display (Lorenz et al., 2004; Prigneau et al., 2003). Both reports revealed that 
C. albicans reprograms its metabolism in order to cope with nutrient deprivation. In 
particular the more extensive studies of Lorenz et al (Lorenz et al., 2004) showed a 
dramatic upregulation of a specific set of metabolic pathways, i.e. gluconeogenesis, 
glyoxylate cycle and fatty acid β-oxidation, that are all required to convert fatty acids 
into glucose, implying that inside the macrophage the fungus utilizes lipids for energy 
production and biosynthesis. Similarly, following exposure to human neutrophils 
C. albicans downregulates the glycolytic genes and activates genes encoding the key 
enzymes of the glyoxylate cycle (ICL1, isocitrate lyase and MLS1, malate synthase), 
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indicating that the cells face a carbohydrate-poor environment (Fradin et al., 2005; 
Rubin-Bejerano et al., 2003). The observation that disruption of ICL1 resulted in a 
significantly attenuated virulence of C. albicans in a mouse model, supports the notion 
that a functional glyoxylate cycle is required for full virulence in vivo (Barelle et al., 
2006; Lorenz and Fink, 2001). A crucial role for glyoxylate cycle enzymes in 
virulence has also been shown for Mycobacterium tuberculosis (McKinney et al., 
2000), a bacterial pathogen of mammals, Leptosphaeria maculans (Idnurm and 
Howlett, 2002), Magnaporthe grisae (Wang et al., 2003), and Stagonospora nodorum 
(Solomon et al., 2004), which are all three plant pathogenic fungi, and Rhosococcus 
fascians (Vereecke et al., 2002), a bacterial pathogen of plants. These studies imply 
that the glyoxylate cycle, and thus lipid metabolism, is a key factor in virulence, both 
in animal and plant pathogens.  

In C. albicans and other fungi, the breakdown of fatty acids only takes place inside 
peroxisomes and no mitochondrial β-oxidation is found in these organisms (Hiltunen 
et al., 2003). Similarly, in most fungi the key enzymes of the glyoxylate cycle, i.e. Icl1 
and Mls1, are localized in peroxisomes (Maeting et al., 1999; Titorenko et al., 1998; 
Valenciano et al., 1996), although in the yeast S. cerevisiae either one or both enzymes 
may be extra-peroxisomal depending on the growth conditions (Kunze et al., 2002; 
Taylor et al., 1996). Together, these observations suggest an important role for 
peroxisomes and peroxisomal metabolism in virulence of fungal pathogens.  

Peroxisomes are single membrane-bound organelles that not only contain the 
enzymes for the β-oxidation of fatty acids, but can also be involved in a variety of 
other metabolic pathways such as the inactivation of toxic substrates (H2O2-based 
respiration), the synthesis of etherphospholipids (in mammals) and the breakdown of 
purines and amino acids (van den Bosch et al., 1992). Peroxisome biogenesis is a 
conserved process among eukaryotes involving the concerted action of at least 32 
proteins (peroxins) that are encoded by PEX genes (Distel et al., 1996; Vizeacoumar et 
al., 2004). Most of these peroxins function in targeting and import of peroxisomal 
matrix proteins that are nuclear encoded and synthesized on cytosolic ribosomes. The 
majority of peroxisomal matrix enzymes contains a type I peroxisomal targeting signal 
(PTS1) while only a few contain a type II (PTS2) (Purdue and Lazarow, 2001). Proper 
targeting and import of PTS1 and PTS2 proteins is mediated by the cycling receptors 
Pex5p and Pex7p, respectively.  

To test if impaired function of peroxisomes can affect virulence in C. albicans, we 
constructed a mutant lacking the PTS1 receptor Pex5p. Also, we generated a mutant 
that has no β-oxidation activity by deleting the FOX2 gene encoding the second 
enzyme of the β-oxidation pathway. While both mutant strains were unable to grow on 

 66



Peroxisomal fatty acid β-oxidation is not essential for virulence of C. albicans  

media with fatty acids as sole carbon source and showed strongly reduced β-oxidation 
activity in vitro, only the fox2∆∆ strain was attenuated in virulence to a degree 
comparable to that of the icl1∆/∆ mutant. In vitro growth assays revealed that the 
fox2∆/∆ and icl1∆/∆ mutants could not efficiently utilize two-carbon compounds or 
lactate, whereas the pex5∆/∆ mutant showed wild type growth rates on these carbon 
sources. These rather unexpected results are discussed in the context of the proposed 
role of fatty acid metabolism and the glyoxylate shunt in virulence.  

 
 

Materials and methods 

Media and culture conditions 
C. albicans strains were grown at 28 °C unless otherwise stated. For routine non-
selective culturing of C. albicans strains YPD+Uri (2% bactopeptone, 1% yeast 
extract, 2% glucose and 80 µg/ml uridine) was used. C. albicans transformants were 
selected and grown on minimal solid medium containing 0.67% Yeast Nitrogen Base 
(YNB) w/o amino acids (DIFCO), 2% glucose, 80µg/ml uridine and amino acids as 
needed (20µg/ml arginine, 20 µg/ml histidine). Plates used for spot-assays had the 
same composition and contained glucose (2%), ethanol (2%), lactate (2%) or sodium 
acetate (2%, pH 5.0) as a carbon source. The liquid medium used for growing cells for 
electron microscopy or ß-oxidation measurements contained 0.5% potassium 
phosphate buffer, pH 6.0, 0.3% yeast extract, 0.5% peptone, 0.2% Tween-40 and 
0.12% oleic acid as carbon source. Liquid minimal oleate medium used for growth 
curves contained 0.67% YNB, 0.2% Tween-40 and 0.12% oleate. Before shifting to 
one of these media, cells were grown on minimal glucose medium (0.3% glucose, 
0.67% YNB) for at least 24h. 
 
Strains and plasmids. 
Candida albicans strains used in this study are listed in Table I and are derivatives of 
BWP17 (Wilson et al., 1999). Primers are listed in Table II. 

The PEX5, FOX2 and ICL1 genes were deleted using a PCR-based procedure with 
primers containing 60-70 bp regions of sequence identity to the 5’ and 3’ flanking 
sequences of the ORFs (Wilson et al., 1999). The technique involved the construction 
of two cassettes. The first one, containing the ARG4 auxotrophic marker, was 
amplified from the plasmid pRS-Arg4*SpeI using primers CaDPex5F and CaDPex5R 
(PEX5 disruption), FOX2-F1 and FOX2-R1 (FOX2 disruption) or S11-ICL1 and S22-
ICL1 in combination with extension primers E11-ICL1 and E22-ICL1 (ICL1 
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disruption). The second cassette contained the HIS1 auxotrophic marker, which was 
amplified on plasmid pGEM-HIS1 with the same primers as used for amplification of 
ARG4 cassette. Gene deletions were created through sequential rounds of 
transformation of strain BWP17 with the disruption cassettes.  

 
 
Table I. Yeast strains used in this study 

Strain Genotype Source or 
Reference 

SC5314  45 
BWP17 ura3∆::imm434/ura3∆::imm434his1∆::hisG/his1∆::hisG 

arg4∆::hisG/arg4∆::hisG 
45 

YKP1 ura3∆::imm434/ura3∆::imm434 his1∆::hisG/his1∆::hisG  
arg4∆::hisG/arg4∆::hisG PEX5/pex5∆::ARG4 

This study 

YKP3 ura3∆::imm434/ura3∆::imm434 his1∆::hisG/his1∆::hisG  
arg4∆::hisG/arg4∆::hisG pex5∆::HIS1/pex5∆::ARG4 

This study 

CPK1 ura3∆::imm434/ura3∆::URA3 his1∆::hisG/his1∆::hisG  
arg4∆::hisG/arg4∆::hisG pex5∆::HIS1/pex5∆::ARG4 

This study 

CPK3 ura3∆::imm434/ura3∆::URA3::PEX5 his1∆::hisG/his1∆::hisG  
arg4∆::hisG/arg4∆::hisG pex5∆::HIS1/pex5∆::ARG4 

This study 

CPK5 ura3∆::imm434/ura3∆::URA3 his1∆::hisG/his1∆::HIS1  
arg4∆::hisG/arg4∆::ARG4 

This study 

CPK12 ura3∆::imm434/ura3∆::imm434 his1∆::hisG/his1∆::hisG 
arg4∆::hisG/arg4∆::hisG fox2∆::ARG4/fox2∆::HIS1 

This study 

CEM15 ura3∆::imm434/ura3∆::URA3::FOX2 his1∆::hisG/his1∆::hisG 
arg4∆::hisG/arg4∆::hisG fox2∆::ARG4/fox2∆::HIS1 

This study 

CEM16 ura3∆::imm434/ura3∆::URA3 his1∆::hisG/his1∆::hisG 
arg4∆::hisG/arg4∆::hisG fox2∆::ARG4/fox2∆::HIS1 

This study 

CMD3 ura3∆::imm434/ura3∆ his1∆::hisG/his1∆::hisG  
arg4∆::hisG/arg4∆::hisG icl1∆::HIS1/icl1∆::ARG4 

This study 

CMD8 ura3∆::imm434/ura3∆::URA3 his1∆::hisG/his1∆::hisG  
arg4∆::hisG/arg4∆::hisG icl1∆::HIS1/icl1∆::ARG4 

This study 

CMD6 ura3∆::imm434/ura3∆::URA3::ICL1 his1∆::hisG/his1∆::hisG 
arg4∆::hisG/arg4∆::hisG icl1∆::HIS1/icl1∆::ARG4 

This study 
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To construct pKP5, plasmid pRSArg-N/Ura (Wilson et al., 1999) was digested with 
BamHI and SpeI releasing a 1970 bp fragment encompassing the ARG4 gene. The 
fragment was cloned between the BamHI and SpeI sites of pAN1 (Klein et al., 2001) 
resulting in plasmid pKP5, which was used for complementation of the arginine 
auxotrophy of BWP17. Plasmid pKP6, used for complementation of the pex5∆/∆ 
mutant with the PEX5 gene, was constructed as follows: the wild type PEX5 sequence 
from nucleotide -842 to +2374 was amplified from genomic DNA with primers 
pex5intF and pex5intR carrying XhoI and BamHI restriction sites, respectively, and 
ligated into pGEM-T Easy (Promega) vector. The resulting plasmid, pKP1, was 
digested with XhoI and the overhanging ends were filled in using Klenow fragment 
(Sambrook et al., 1989). The linearized plasmid was recovered, digested with BamHI 
and the fragment encompassing the PEX5 gene was cloned into plasmid pLUBP 
(Ramon and Fonzi, 2003) digested with BamHI and StuI. The resulting plasmid pKP6 
was digested with PacI and integrated into the URA3 locus of strain YKP3 (pex5∆/∆) 
giving rise to the reintegrant strain CPK3 (pex5∆/∆+PEX5). The wild type ICL1 
sequence from nucleotide -590 to +2016 was amplified from genomic DNA of strain 
SC5314 with primers ICL1-PstI and Sac1-ICL1 and ligated into vector pGEM-T 
(Promega).  After sequencing, the 2.6 kb fragment encompassing the ICL1 gene and 
promoter was cloned into plasmid pLUBP digested with SacI and PstI. The resulting 
plasmid pEM311 was digested with PacI and integrated into the URA3 locus of strain 
CMD3 (icl1∆/∆) giving rise to reintegrant strain CMD6 (icl1∆/∆ + ICL1). 

To isolate the FOX2 gene, XhoI and PstI digested genomic DNA of C. albicans 
SC5314 was size-fractionated on an agarose gel and 4-5 kb fragments were isolated 
and cloned into vector pSP73 (Promega). A small library of 8000 transformants was 
screened with a 2.6 kb FOX2 probe that was generated by PCR on genomic DNA 
using primers FOX-F6 and FOX-R8. Four independent transformants were identified 
that contained a 4.5 kb XhoI-PstI fragment encompassing the FOX2 ORF, 1.6 kb 5’ 
sequences and 0.3 kb of 3’ sequences. One of these plasmids (pEM501) was digested 
with XhoI, blunt-ended, and digested with PstI. The resulting 4.5 kb FOX2 fragment 
was inserted into pLUBP digested with StuI and PstI to give plasmid pEM503. The 
FOX2-reintegrant strain CEM15 was constructed by integrating XhoI-digested 
pEM503 into strain CPK12 (fox2∆/∆).  

To create prototrophic strains of pex5∆/∆ (YKP3), fox2∆/∆ (CPK12) and icl1∆/∆ 
(CMD3) the strains were transformed with PacI or XhoI-digested pLUBP resulting in 
strains CPK1, CEM16 and CMD8, respectively. Finally, a prototrophic BWP17 strain 
(CPK5) was constructed by sequential transformation of strain BWP17 with plasmids 
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pLUBP, pKP5 and pGEM-HIS1 digested with PacI, NotI and PstI, respectively. All 
strains were verified by PCR and Southern hybridization.  

 
Table II. Primers used in this study 
Primer  Sequence (5’-3’) 
CaDPex5F GAAAATTTGTTATTTTTCTTTCTCCCATATCATTATCAAA

GAATGTGGAATTGTGAGCGGATA   
CaDPex5R ACAGCTAGAAAAATAATAATTTGCAATTTTGCCATAAA

TACATACCCTATATACTTAGAAGTTTTCCCAGTCACGAC
GTT 

CaPex5F CCACTTTATCATTTCTCGGTGG 
CaPex5R GTTGGTGGTAGGAAGCGTTG 
pex5intF CCGCTCGAGCGGCACAATGTCTTGTTGATCTG 
pex5intR CGGGATCCCGTCCTGAGTAAAGTTAGACTC 
URA3INTF ATCAGTAGCATCATCCTCAGCG 
URA3INTR TAGTGATCACTTCTCCTACTCCG 
pex5-F2 AGAGGCGTTGATGACTTGGC 
pex5-R2 GCCTTGTTTGTCAACTCCTCTA 
Ca arg3 TGCCACTGATCCATTGATGGATT 
Ca arg5 TTGTGGCATCAATGAAGAACCAG 
Ca his5 AAGTTCCAGCAGATGGCGAGTA 
Ca his3 GGCCAGTTCCCTTAGATCTAGA 
HIS1CHR2 GCGACCAAAGGTGGTATTGACA 
HIS1CHR AGGTTTCCCGACTGGAAAGC  
FOX2-F1 TTCCTTTTAATCCTTTGAAATATTCTATTTTATTAACTTC

AGACATAATACTTTCCTCCCCCCCCCCATTTGTGGAATT
GTGAGCGGATA 

FOX2-R1 CTTAAAAAGAAAAAAAATAAATACTAACAAAACAAAA
TAATATAAAAAACTAAATGGCAATTTTACTGCGTTTTCC
CAGTCACGACGTT 

FOX2-F11 CCCCCTTTTCCTTATTTCCA 
FOX2-R12 CAAGACAAACTAACATCAAAACTTCA 
FOX-F6 CCCCCCCCATTATGTCTCCAA 
FOX-F8 CAGTGTCATCGCTTTCTTTCCA 
S11-ICL1 TTTCTTTTTTCCTTCTTTCCTCTATACTTATACCTTTTATT

CTAATATAAATTAAAGAATAAACATTAATAATATCTAC
CGAAGCTTCGTACGCTGCAGGTC 

S22-ICL1 CAACAGAATAACTTTCTTATAATTTTACTTACAAATTGT
ACTACAAAAACAGTTTTCAAAATATAAATAATGTTGAA
TAATCTGATATCATCGATGAATTCGAG 

E11-ICL1 TTCATTCTTTTTTAATACCCTTTTTCTTTTTCTTTTTT 
E22-ICL1 TCTCTTTGACGAATAATTGCCAACAGAATAACTTTCTT 
FP-Icl1 TCGTTACTCCAAGTGGTCAATG 
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Table II. continued 
Primer Sequence (5’-3’) 
RP-Icl1 TTTAATGTGCGATGGGTTCA 
Sac1-Icl1 AAGAGCTCCCCGTCGAACAAAAGAAAAA 
ICL1-PstI TTCTGCAGAAGGCTCAAATTGTTCCCGA 
Arg2 AATGGATCAGTGGCACCGGTG 
Arg4 GTAGAGTATTTGGTCAGTTATCTGG 
His4 GAAATGGCCTCCCCTACCACAG 
His5 GGACGAATTGAAGAAAGCTGG 

 
 
Southern analysis 
Southern blotting was carried out with standard protocols (Sambrook et al., 1989) 
using randomly primed probes. The PEX5 probe was a 0.7 kb SalI-BamHI fragment of 
plasmid pKP1 comprising 0.1 kb of the PEX5 ORF and 0.6 kb of 3’sequences. The 
FOX2 probe was a 1.7 kb XbaI-ClaI fragment comprising 0.5 kb promoter sequences 
and 1.2 kb of the FOX2 ORF. Radioactive signals were revealed by exposure to Kodak 
Bio Max MR film (Amersham Biosciences). 
 
Transformation 
C. albicans was transformed using a modified lithium acetate protocol (Walther and 
Wendland, 2003). The heat shock was carried out at 44 °C for 15min.  
 
Fatty acid ß-oxidation measurements. 
ß-oxidation measurements in intact cells were performed essentially as described by 
Van Roermund et al (van Roermund et al., 1995) except that the cells were 
resuspended at an OD600 of 1 and the incubations with radiolabeled fatty acids were 
allowed to proceed for 45 min. The ß-oxidation capacity of wild-type cells grown on 
oleate in each experiment was taken as a reference (100%). 
 
Antibodies 
Polyclonal antibodies directed against S. cerevisiae 3-ketoacyl CoA thiolase or 
catalase were used in this study. Both antibodies cross-react specifically with the 
corresponding peroxisomal proteins in C. albicans (our unpublished results). 
 
Electron Microscopy 
Oleate-induced cells were fixed with 2% formaldehyde (w/v) and ultra-thin sections 
were prepared as described (Hettema et al., 2000). Immunolabeling was performed 
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using antibodies directed against S. cerevisiae 3-ketoacyl CoA thiolase or catalase and 
gold-conjugated protein A.  
 
Virulence studies 
Virulence assays were performed at the University of Aberdeen using a murine tail 
vein injection model. Four independent experiments were carried out with 6-12 female 
BALB/c mice in each injection group. All C. albicans strains, except for the icl1∆/∆ 
and icl1∆/∆ reintegrant, were tested at least twice. Strains were grown overnight at 30 
°C in NGY medium (0.1% neopepton, 0.4% glucose, 0.1% yeast extract) to early 
stationary phase (2x107 CFU/ml ± 0.3x107 CFU/ml). Cells were centrifuged (10 min at 
2500 g), washed twice and resuspended in sterile saline. The optical density (OD) of 
the final suspension was adjusted according to a predetermined calibration curve of 
OD vs. colony-forming units (CFU) per ml to yield suspensions of cells calculated to 
give suitable yeast inoculum doses for intravenous (IV) injection in 100 µl volumes 
for mice weighing 20 g. Actual CFU/ml in inoculum suspensions were determined by 
viable counting procedures, and ranged from 1.6 to 4.5x104 CFU per gram body 
weight. Animals were observed and weighed daily for a period of 28 days after 
challenge. Animals that lost more than 20% of their body weight or otherwise showed 
signs of irrecoverably severe disease were humanely terminated and recorded as 
having died on the following day. Tissue burdens were assessed on the day of demise 
of the animal. For all animals, the left and right kidneys and brain were removed post 
mortem, weighed, homogenized in saline and tissue burdens of fungi determined by 
viable counts of the homogenate. For the purpose of calculating mean burdens, when 
tissues were negative for recovery of C. albicans they were recorded as containing 0.5 
log10 CFU/g below the detection threshold, i.e. 1.8 log10 CFU/g for kidneys and 1.3 
log10 CFU/g for brain. 
 
Statistical analysis 
Survival data were analysed by Logrank/Kaplan-Meier statistics. Tissue burden data 
were analysed by the Mann-Whitney U test. 
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Results 

Identification of the C albicans PEX5 and FOX2 genes 
In order to identify the genes encoding CaPex5p and CaFox2p, a BLASTp search with 
S. cerevisiae Pex5p and Fox2p was performed. This resulted in the identification of a 
single Pex5-like open reading frame (orf.19.5640) encoding a protein of 593 residues 
and a single Fox2-like open reading frame (orf. 19.1809) encoding a 907 amino acids 
protein. Sequence alignment of CaPex5p and CaFox2p with their S. cerevisiae 
homologues revealed an overall identity of 41% and 52%, respectively. Accordingly, 
these ORFs were named CaPEX5 and CaFOX2. The PEX5 gene was amplified by 
PCR with genomic DNA prepared from the wild-type strain SC5314 using gene-
specific oligonucleotides. The clone was sequenced to confirm its identity. Because of 
difficulties with PCR amplification of the 5’ end of the FOX2 gene, a small genomic 
library was constructed (see Materials & Methods) and a single clone containing a 4.6 
kb fragment was isolated encompassing 1.6 kb upstream sequences, the complete 
FOX2 ORF and 0.3 kb downstream sequences.  
 
Construction of C. albicans pex5 and fox2 null mutants by targeted gene 
disruption 
To investigate the role of CaPex5p and CaFox2p in C. albicans virulence, we created 
strains in which both copies of either the PEX5 or the FOX2 gene were deleted 
(pex5∆/∆ and fox2∆/∆ ) using a PCR-based gene disruption procedure, described by 
Mitchell and colleagues (Wilson et al., 1999). Correct integration of the ARG4 and 
HIS1 cassettes at the PEX5 and FOX2 loci was verified by PCR (results not shown) 
and Southern blot analysis (Fig. 1). Recently, it was demonstrated that different 
genomic positions of the URA3 gene might result in different levels of URA3 gene 
expression, thereby altering the virulence potential of C. albicans strains (Brand et al., 
2004; Cheng et al., 2003). To avoid positional effects on URA3 expression, we 
reintroduced the URA3 gene at a common locus in all strains. For this, we used vectors 
based on the pLUBP plasmid (Ramon and Fonzi, 2003), which contains the complete 
URA3 gene and the flanking IRO1 gene. Vectors were integrated at the ura3 locus, 
thereby restoring ura3 prototrophy and reintroducing the wild type copy of the deleted 
gene at the same locus (Fig. 1). Ura3 prototrophs of the double deletion strains were 
obtained by integration of an ‘empty’, linearized, pLUBP vector. The correct 
integration of plasmids was confirmed by PCR and Southern analysis (result not 
shown). 
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Figure 1. Southern blot analysis of the constructed strains. Shown is the genomic configuration of the 
PEX5 and FOX2 wild-type loci, the deleted derivatives, and the reintegrants at the URA3 locus. Genomic 
DNA was digested with XbaI and analysed by southern blotting using the indicated probes (dotted lines). 
The strains used were the prototrophic wild type strain CPK5 (PEX5/PEX5 and FOX2/FOX2), CPK1 
(pex5∆::ARG4/pex5∆::HIS1), CPK3 (pex5∆::ARG4/pex5∆::HIS1 + PEX5), CEM16 
(fox2∆::ARG4/fox2∆::HIS1), and CEM 15 (fox2∆::ARG4/fox2∆::HIS1 + FOX2). Due to allelic variation, 
resulting in loss of the Xba I site downstream of the FOX2 gene, two bands are visible in the wild type strain 
CPK5 probed with the FOX2 probe. 
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Characterization of the pex5 and fox2 null mutants by immunoelectron 
microscopy. 
Previous studies in other organisms have shown that deletion of the PEX5 gene 
encoding the receptor Pex5p results in mislocalization of peroxisomal proteins 
containing a PTS1 while PTS2 proteins are properly localized.  
To determine whether the Capex5∆/∆ strain also shows a PTS1-dependent 
mislocalization of peroxisomal matrix proteins we performed immunoelectron 
microscopy on oleate-induced C. albicans cells using antibodies directed against 
S. cerevisiae thiolase (a PTS2 protein) and catalase (a PTS1 protein). Western blot 
analysis on total lysates of wild type C. albicans cells showed that both antibodies 
specifically cross-react with the corresponding proteins in C. albicans (data not 
shown). 

Immunocytochemistry of the pex5∆/∆ strain revealed mislocalization of catalase as 
indicated by significant labeling of cytosol and nucleus whereas thiolase was confined 
to membrane structures (Fig. 2). These results are in line with previous studies in 
S. cerevisiae, which showed that in pex5∆/∆ cells thiolase could still be imported in 
peroxisomal membrane structures lacking all of the PTS1-containing matrix proteins 
(Van der Leij et al., 1993). In wild type C. albicans cells, the anti-catalase and anti-
thiolase antibodies only labeled peroxisomal profiles, confirming the specificity of the 
antibodies used. Catalase and thiolase labeling in the complemented pex5∆/∆ strain 
(pex5∆/∆+PEX5) was indistinguishable from that of wild type cells indicating that 
PTS1 import was fully restored in the revertant. 
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Figure 2. Characterization of the pex5∆/∆ and fox2∆/∆ strains by immuno electron microscopy.  
Oleate-induced wild type cells (A and E), pex5∆/∆ cells (B and F), fox2∆/∆ cells (C and G) or 
complemented  pex5∆/∆ cells (D and H) were fixed and prepared for immuno cytochemistry. Cryosections 
were incubated with antibodies directed against catalase (A-D) or thiolase (E-H) and antigens were 
visualized with immunogold particles conjugated to protein A. P, peroxisome, M, mitochondrion, N, 
nucleus. Bar 0.5 µm.  
 

As expected, deletion of the FOX2 gene encoding the bi- or multifunctional enzyme 
(Fox2p) did not influence the transport of peroxisomal proteins, as indicated by the 
strong labelling of the peroxisomal profiles with both anti- catalase and anti-thiolase. 
However, peroxisomes in fox2∆/∆ cells appeared to be larger and more irregular in 
structure compared to wild type cells (or the complemented fox2∆/∆ strain, data not 
shown). Such a phenotype has been observed before in yeast and mammalian mutants 
with deficiencies in peroxisomal fatty acid β-oxidation, and has been ascribed to 
defects in peroxisome proliferation (Smith et al., 2000; van Roermund et al., 2000). 

 
The pex5 and fox2 null mutants are unable to grow on oleic acid-containing 
medium. 
S. cerevisiae mutants with defects in peroxisome biogenesis (e.g. pex5∆) or 
peroxisomal ß-oxidation (e.g. fox2∆) can not utilize fatty acids as the sole carbon 
source (Hiltunen et al., 2003). Therefore, we tested the ability of the C. albicans 
pex5∆/∆ and fox2∆/∆ null mutants to grow on minimal medium containing oleic acid 
as the exclusive carbon source (Fig. 3). No increase in optical density was observed 
for the pex5∆/∆ or the fox2∆/∆ strain during the time course of the experiment (24 h). 
In contrast, the strains with the reintroduced PEX5 or FOX2 genes showed growth 
rates comparable to that of the wild-type strain. All strains grew equally well on 
medium containing glucose as the carbon source (see Fig. 6). From these experiments, 
we conclude that both deletion strains cannot use oleic acid as the sole carbon source 
and that the oleic acid non-utilizing phenotype was fully suppressed in the 
complemented null strains.  
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Figure 3. The pex5∆/∆ and fox2∆/∆mutants are unable to grow on oleic acid-containing medium. 
Strains were pre-grown on minimal medium containing 0.3% glucose and inoculated at an OD600 of 0.1 in 
minimal oleate medium. Growth was monitored over a period of 24 hours by measuring the optical density 
of the cultures. 
 
The pex5 and fox2 null mutants have strongly reduced fatty acid ß-oxidation 
activity. 
The above results suggested that the pex5∆/∆ and fox2∆/∆ strains could not metabolize 
oleic acid. To directly determine their capacity to degrade fatty acids, we measured the 
oxidation of [1-14C]-labelled oleic acid in these strains. As shown in Figure 4, 
oxidation of [1-14C] oleic acid in the pex5∆/∆ mutant was strongly reduced to about 
5% of the ß-oxidation activity present in wild-type cells. In the strain lacking Fox2p ß-
oxidation activity dropped to background levels (~0.2% of the activity in wild-type 
cells). Complementation of the deletion strains with the corresponding wild-type gene 
almost completely restored fatty acid oxidation to wild-type levels. Similar results 
were found when the strains were tested for their ability to oxidize short chain fatty 
acids (octanoic acid, data not shown). Together, these data indicate that peroxisomal 
fatty acid ß-oxidation of both short- and long chain fatty acids is strongly reduced in 
the pex5∆/∆ and fox2∆/∆ strains. Furthermore, these results support the notion that 
there is a single FOX2 gene encoding peroxisomal multifunctional enzyme in 
C. albicans. 
 

 
 
Figure 4. The pex5∆/∆ and fox2∆/∆mutants have strongly reduced fatty acid ß-oxidation activity.  
Strains were induced on oleate and ß-oxidation activity was measured as described in Materials and 
Methods. ß-oxidation rates are expressed as percentage of the activity measured in the prototrophic wild 
type strain BWP17. 
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The fox2 null mutant, but not the pex5 null mutant, is significantly attenuated in 
virulence. 
To assess the virulence of the pex5∆/∆ and fox2∆/∆ strains, four separate experiments 
were performed in which groups of 12 (first experiment) or 6 (second, third and fourth 
experiment) female BALB/c mice were infected intravenously with a challenge dose 
in the range of 1.6-4.5 x 104 CFU/g body weight. As controls, the complemented 
derivatives (fox2∆/∆ +FOX2 and pex5∆/∆ + PEX5), the prototrophic BWP17 and the 
clinical isolate SC5314 were used. In Fig. 5A the combined data of four separate 
experiments are summarized. The survival curves show that all strains derived from 
BWP17 (including the prototrophic BWP17) are slightly attenuated in virulence 
relative to the wild-type strain SC5314. The reason for the reduced virulence of 
BWP17-derived strains is currently not known, but may be related to the observation 
that this strain does not have a full-length copy of chromosome 5 (Selmecki et al., 
2005). Nevertheless, survival of the BWP17-derived pex5∆/∆ mutant was not 
significantly different from the prototrophic BWP17 strain (P=0.655) or the pex5∆/∆ 
reintegrant (data not shown). A small but significant difference in survival was 
observed between the fox2∆/∆ and BWP17 (P=0.027). Reintroduction of the FOX2 
gene completely suppressed this virulence defect indicating that FOX2 function is 
required for full virulence of C. albicans. Analysis of left and right kidney burdens and 
brain burdens of the infected mice showed no significant difference between the six 
strains tested (Fig. 5C and data not shown).  
 

The fox2 and icl1 null mutants display a similar degree of virulence attenuation 
Based on transcription profiling studies it has been suggested that the ability of 
C. albicans to convert fatty acids into glucose, a metabolic process that requires the 
glyoxylate cycle, may contribute to its virulence in vivo (Lorenz et al., 2004; Lorenz 
and Fink, 2001). Indeed, inactivation of the ICL1 gene encoding a key enzyme of the 
glyoxylate cycle attenuated virulence of C. albicans (Barelle et al., 2006; Lorenz and 
Fink, 2001). However, since the ICL1 gene deletions were made in different strain 
backgrounds using different procedures, a direct comparison with our BWP17-derived 
fox2∆/∆ strain was not possible. Therefore, we generated an icl1 null mutant in 
BWP17 and determined the effect of inactivating ICL1 on C. albicans virulence (Fig. 
5B). Deletion of ICL1 partially but significantly attenuated virulence (P=0.027), 
confirming previous results (Barelle et al., 2006; Lorenz and Fink, 2001). This 
virulence defect was suppressed, albeit incompletely, by reintroduction of the ICL1 
gene. Interestingly, the icl1 null mutant displayed a similar degree of virulence 
attenuation as the fox2∆/∆ mutant. At first sight these results seem to be in 
concordance: icl1∆/∆ cells (Lorenz and Fink, 2001) and fox2∆/∆ cells (Fig. 3) cannot 
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grow in vitro on fatty acids and show a similar reduction in virulence, suggesting that 
the capacity to ß-oxidize fatty acids plays a role in C. albicans virulence. However, 
our results with the pex5∆/∆ mutant do not support this conclusion: pex5∆/∆ cells also 
have a strongly reduced fatty acid ß-oxidation activity and, accordingly, do not grow 
on media with fatty acids, but virulence is not affected in this mutant. We therefore 
investigated the growth behavior of all three mutant strains on non-fermentable carbon 
sources other than fatty acids.  
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Figure 5. Virulence of the pex5∆/∆, fox2∆/∆and icl1∆/∆mutants in a mouse model for systemic 
candidiasis. A) Survival of the pex5∆/∆, fox2∆/∆and fox2∆/∆ reintegrant were compared to that of the 
prototrophic BWP17 strain and the clinical isolate SC5314. BALB/c mice were infected intravenously with 
a challenge dose in the range of 1.6-4.5 x 104 CFU/g body weight. The combined data from four separate 
experiments are shown. B) Comparison of the virulence of the icl1∆/∆and icl1∆/∆reintegrant with that of the 
fox2∆/∆ mutant. As a control, the survival curve of the prototrophic parental strain BWP17 is shown. C) 
Mean tissue burden in brain (hatched bars), left kidney (white bars) and right kidney (black bars) for mice 
infected with each of the seven C. albicans strains.  
 
The fox2∆/∆ and icl1∆/∆ mutants, but not the pex5∆/∆ mutant, display severe growth 
defects on non-fermentable carbon sources other than fatty acids Serial dilutions of 
cells pre-grown in 0.3% glucose medium were spotted onto plates containing acetate 
(C2), ethanol (C2), lactate (C3) or glucose (C6) as a carbon source (Fig. 6). As 
expected, the icl1∆/∆ mutant did not grow on acetate or ethanol, and, surprisingly, also 
not on lactate. The growth behavior of the fox2∆/∆ strain was remarkably similar to 
that of the icl1∆/∆ strain: strongly reduced growth on acetate or lactate, and virtually 
no growth on ethanol. These phenotypes were suppressed completely (FOX2) or 
partially (ICL1) by introduction of the corresponding wild-type gene. In contrast, the 
pex5∆/∆ mutant exhibited growth rates comparable to wild type cells on all three non-
fermentable carbon sources. Furthermore, all strains grew equally well on glucose. 
These results indicate that the fox2∆/∆ mutant like the icl1∆/∆ mutant cannot 
efficiently utilize non-fermentable carbon sources such as acetate, ethanol or lactate, a 
phenotype that is not observed for the pex5∆/∆ mutant. 
 
 

 
 
 
 
Figure 6. Growth characteristics of wild type and mutant strains on different carbon sources.  
Cells were pre-grown on medium containing 0.3% glucose, washed, resuspended to a concentration of about 
2.7 x 107 cells/ml and serially diluted (1:10 dilutions). 5 µl of each dilution was spotted onto agar plates. The 
picture was taken after 3 days (glucose) or five days (acetate, ethanol and lactate) of incubation at 28 °C.  

 80



Peroxisomal fatty acid β-oxidation is not essential for virulence of C. albicans  

Discussion 

Recent studies have suggested that the ability of C. albicans to convert fatty acids into 
glucose may contribute to its virulence in vivo (Lorenz et al., 2004; Lorenz and Fink, 
2001; Prigneau et al., 2003). Three metabolic pathways are essential for this 
conversion: i) fatty acid ß-oxidation, a metabolic pathway that is localized in 
peroxisomes in all yeasts and mediates the breakdown of fatty acids to acetyl-CoA 
(C2) units, ii) the glyoxylate cycle, a pathway that allows the conversion of acetyl-
CoA units to C4 compounds, and iii) gluconeogenesis, for the synthesis of C6 
compounds (e.g. glucose) from C4 units. Here we use two C. albicans mutants, 
pex5∆/∆ and fox2∆/∆, to directly address the role of peroxisomal function and 
peroxisomal fatty acid ß-oxidation in virulence of this organism. The pex5∆/∆ mutant 
is disturbed in peroxisome biogenesis and specifically mislocalizes PTS1 containing 
proteins to the cytosol (Fig. 2). As a consequence, fatty acid ß-oxidation is strongly 
reduced and pex5∆/∆ cells cannot grow on media with oleic acid as the sole carbon 
source (Fig. 3 and 4). The fox2∆/∆ mutant lacks in vitro ß-oxidation activity and 
accordingly does not grow on oleic-acid containing medium (Fig 3 and 4). These data 
and the southern blot analyses show that C. albicans contains a single PEX5 and a 
single FOX2 gene.  

Despite the inability of both mutants to grow on fatty acids as the sole carbon and 
energy source, virulence assays in a mouse model for systemic candidiasis revealed 
that only the fox2∆/∆ strain is significantly attenuated in virulence (Fig. 5). How can 
the difference between the fox2∆/∆ mutant and the pex5∆/∆ mutant be explained? 
Direct comparison of the two mutant strains with the glyoxylate cycle mutant icl1∆/∆ 
with respect to their growth- and virulence phenotypes revealed a striking similarity 
between the fox2∆/∆ mutant and the icl1∆/∆ mutant: both mutant strains could not 
efficiently utilize non-fermentable carbon sources such as acetate, ethanol or lactate, 
and in a mouse model for systemic candidiasis both mutant strains displayed a similar 
degree of virulence attenuation (Figs 5 and 6). In contrast, the pex5∆/∆ mutant showed 
wild type growth rates on these non-fermentable carbon sources and, as mentioned 
above, was not attenuated in virulence. These data suggest a strong correlation 
between in vivo virulence attenuation and the inability of mutant cells to grow in vitro 
on non-fermentable carbon sources other than fatty acids, and imply that in the 
fox2∆/∆ mutant the glyoxylate cycle does not function optimally.  

In C. albicans, like in most fungi, the key enzymes of the glyoxylate shunt are 
localized in the peroxisomal matrix and their import into the organelles is dependent 
on the PTS1 receptor Pex5p (manuscript in preparation). The fact that growth of the 
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pex5∆/∆ strain on two-carbon compounds is not disturbed indicates that the glyoxylate 
cycle functions equally well in the peroxisome and in the cytosol, and implies that 
there is no requirement for a peroxisomal compartmentalization of this metabolic 
pathway. Why the glyoxylate cycle is deficient in the fox2∆/∆ strain remains to be 
investigated. 

 
 

 
 
 

Figure 7. Schematic drawing of metabolic routes possibly involved in lactate utilization in C. albicans. 
The figure shows the lactate transporters JEN1 and 2, the L-lactate dehydrogenase CYB2, the pyruvate 
decarboxylase pathway or “pyruvate dehydrogenase bypass” (highlighted with thick arrows), the 
tricarboxylic acid cycle and the glyoxylate bypass. Other abbreviations used are: PDC, pyruvate 
decarboxylase; PYC, pyruvate carboxylase; PDA/B, pyruvate dehydrogenase complex; ALD, acetaldehyde 
dehydrogenase; ACS, acetyl-CoA synthase; YAT, carnitine acetyl transferase; ICL, isocitrate lyase; MLS, 
malate synthase; MDH, malate dehydrogenase. For details see text. 

 
Our observations are rather unexpected in light of the accumulating data that suggest 

an important role of the fatty acid ß-oxidation pathway in bacterial (McKinney et al., 
2000) and fungal virulence (Lorenz et al., 2004; Lorenz and Fink, 2001; Prigneau et 
al., 2003). The persistence defect of M. tuberculosis isocitrate lyase mutants is thought 
to be due to an inability to utilize fatty acids as the carbon source when the bacteria are 
in a lipid-rich environment of macrophages (McKinney et al., 2000). A similar 
suggestion has been put forward to explain the reduced virulence of a C. albicans 
icl1∆/∆ mutant (Lorenz and Fink, 2001). In support of this, Lorenz et al (Lorenz et al., 
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2004) found that upon ingestion by macrophages C. albicans induces most of the 
enzymes required for the breakdown of fatty acids. Our results suggest that fatty acids 
are not the exclusive source of acetyl-CoA within the phagolysosome. Therefore, the 
question arises which other compounds could serve as precursors of these C2 units? 
Our in vitro growth assays and the transcription profiling data of Lorenz et al provide 
a possible answer. Phagocytosis of both S. cerevisiae and C. albicans by macrophages 
results in a strongly increased expression of ACS1 (acetyl-CoA synthase; 8.7 and 6.1 
fold induced, respectively) and YAT1 (carnitine acetyl transferase; 36.6 and 20.4 fold 
induced, respectively). In S. cerevisiae YAT1 is even more highly induced than the 
glyoxylate cycle genes (Lorenz and Fink, 2001). ACS1 is also upregulated together 
with the glyoxylate cycle genes ICL1 and MLS1 upon incubation of C. albicans with 
neutrophils (Fradin et al., 2005). ACS1, a cytosolic enzyme in yeasts (Kispal et al., 
1991; Sheridan et al., 1990), catalyzes the ATP-dependent activation of acetate to 
acetyl-CoA. The cytosolic acetyl-CoA is either shuttled into mitochondria requiring 
the carnitine acetyl transferase YAT1 localized in the outer mitochondrial membrane 
(Schmalix and Bandlow, 1993) or serves as a building block for lipid synthesis 
(Flikweert et al., 1999). However, it is unlikely that acetate is present in sufficiently 
high concentration inside the phagolysosome to sustain growth of C. albicans.  

A more likely explanation is that the intracellular acetate is the product of lactate 
degradation (Fig 7). Among the C. albicans genes that are most highly induced in 
macrophages are JEN1 (5.5 fold induced) and its close homolog JEN2 (orf19.5307, 
159.5 fold induced) encoding lactate permeases, and CYB2 (15.1 fold induced) coding 
for L-lactate dehydrogenase (Soares-Silva et al., 2004). L-lactate is abundantly present 
in the human body and is produced at high rates by red blood cells, by brain, and by 
muscle (Buchalter et al., 1989). Lactate taken up by C. albicans is oxidized to 
pyruvate by lactate dehydrogenase. The observed induction of the cytosolic pyruvate 
decarboxylase pathway (involving pyruvate decarboxylase [PDC12, 1.4 fold induced] 
and acetaldehyde dehydrogenase [orf19.6306, 7.6 fold induced]) and the down 
regulation of the mitochondrial pyruvate dehydrogenase complex (PDA1 and PDB1, 
4-5 fold repressed) suggest that the lactate-derived pyruvate is converted to acetate in 
the cytosol. Strikingly, the enzymes required for lactate utilization and production of 
cytosolic acetyl-CoA are strongly repressed (> 10 fold) in C. albicans challenged with 
fatty acids only (our unpublished micro array data). These data, together with the 
observation that lactate induces the expression of the lactate permease JEN1 (Soares-
Silva et al., 2004), may point at the presence of lactate in the microenvironment of the 
phagosome, the utilization of which may contribute to the survival of C. albicans. The 
requirement for the glyoxylate bypass when lactate (C3 compound) is present as 
carbon and energy source is rather unexpected since the lactate-derived pyruvate can 
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be converted to oxaloacetate (C4) by pyruvate carboxylase (PYC2) (Fig 7). However, 
our in vitro growth assays show that the C. albicans icl1∆/∆ mutant cannot grow on 
lactate, suggesting that the pyruvate decarboxylase pathway is the preferred route 
under these conditions and implying a key role for the glyoxylate shunt to synthesize 
C4 carbon compounds for gluconeogenesis. 

Several studies have now shown that following phagocytosis by macrophages or 
neutrophils C. albicans cells downregulate glycolytic genes and activate glyoxylate 
cycle and gluconeogenic genes, allowing the assimilation of two-carbon compounds 
(Barelle et al., 2006; Fradin et al., 2005; Lorenz et al., 2004; Lorenz and Fink, 2001; 
Prigneau et al., 2003). The role of the glyoxylate cycle and gluconeogenesis in 
C. albicans pathogenesis has been substantiated by analysis of deletion mutants 
lacking the key enzymes of these metabolic pathways (Barelle et al., 2006; Lorenz and 
Fink, 2001). Our data indicate that peroxisomal fatty acid β-oxidation, despite the 
strong induction of the enzymes of this pathway after phagocytosis by macrophages, 
does not significantly contribute to the ability of C. albicans to survive in vivo. 
Furthermore, since the glyoxylate cycle was shown to be essential for fungal virulence 
our data suggest that, in vivo, the acetyl-CoA required to feed the glyoxylate cycle is 
not derived from the breakdown of fatty acids but from other non-fermentable carbon 
sources such as acetate or lactate. 
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Abstract 

The glyoxylate cycle, a metabolic pathway required for generating C4 units from C2 
compounds, is an essential factor in virulence, both in animal and plant pathogens. 
Here, we report the localization of the key enzymes of this cycle, isocitrate lyase (ICL) 
and malate synthase (MLS), in the human fungal pathogen Candida albicans. 
Immunocytochemistry in combination with subcellular fractionation showed that both 
ICL and MLS are localized to peroxisomes independent of the carbon source used. 
Although ICL and MLS lack a consensus type I peroxisomal targeting signal (PTS1), 
their import into peroxisomes was dependent on the PTS1-receptor Pex5p, suggesting 
the presence of non-canonical targeting signals in both proteins. Peroxisomal 
compartmentalization of the glyoxylate cycle is not essential for proper functioning of 
this metabolic pathway because a pex5∆/∆ strain, in which ICL and MLS were 
localized to the cytosol, grew equally well as the wild type strain on acetate and 
ethanol. Previously, we reported that a fox2∆/∆ strain that is completely deficient in 
fatty-acid ß-oxidation but has no peroxisomal protein import defect, displayed a 
strongly reduced growth on acetate and ethanol. Here, we show that growth of the 
fox2∆/∆ strain on two carbon compounds can be restored when ICL and MLS are 
reallocated to the cytosol by deleting the PEX5 gene. We hypothesize that the fox2∆/∆ 
strain is disturbed in the transport of glyoxylate cycle products and/or acetyl-CoA 
across the peroxisomal membrane and discuss the possible relationship between such a 
transport defect and the presence of giant peroxisomes in the fox2∆/∆ mutant.  
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Introduction 

The glyoxylate cycle, present in bacteria, yeasts and plants, allows utilization of non-
fermentable carbon sources such as acetate, ethanol, or fatty acids by converting the 
produced acetyl CoA into four carbon compounds that can be used for the biosynthesis 
of macromolecules (Kornberg and Krebs, 1957). This function has been confirmed 
through the analysis of bacterial and fungal mutants lacking either isocitrate lyase 
(ICL) or malate synthase (MLS), the key enzymes of the glyoxylate cycle. Loss of ICL 
or MLS results in the inability of these mutants to grow on acetate, ethanol or fatty 
acids (Hartig et al., 1992; Lorenz and Fink, 2001; McKinney et al., 2000; Munoz-Elias 
and McKinney, 2005; Pellicer et al., 1999). There is a renewed interest in the 
glyoxylate cycle that is based on recent observations suggesting a key role for this 
metabolic pathway in survival of bacterial and fungal pathogens within macrophages, 
phagocytic cells of the innate immune system that form the first line of defence against 
microbial infections. Whole genome DNA microarrays have shown an upregulation of 
glyoxylate cycle genes and concomitant induction of genes associated with 
gluconeogenesis when Candida albicans, a human fungal pathogen, is internalized by 
macrophages (Lorenz et al., 2004). Deletion of the ICL1 gene resulted in a mutant 
C. albicans strain that showed reduced virulence in a mice model providing strong 
support for the requirement of the glyoxylate cycle for pathogenesis of this fungus 
(Lorenz and Fink, 2001). Similarly, the persistence of Mycobacterium tuberculosis in 
macrophages is dependent on a functional glyoxylate cycle (McKinney et al., 2000; 
Munoz-Elias and McKinney, 2005). For both C. albicans and M. tuberculosis it has 
been suggested that the organism relies heavily on lipid catabolism for survival within 
the human host (Boshoff and Barry, 2005; Lorenz and Fink, 2002). However, we have 
recently shown that fatty acid metabolism is not essential for virulence of C. albicans, 
indicating that in vivo the acetyl CoA that feeds the glyoxylate cycle may be derived 
from other, simple, carbon sources (Piekarska et al., 2006). Nevertheless, since the 
glyoxylate cycle is absent from mammals, ICL and MLS are potential targets for the 
development of drugs to combat bacterial and fungal infections. 
The glyoxylate cycle consists of five enzymatic activities, two of which are unique to 
the cycle namely ICL and MLS, while the other three activities, citrate synthase (CIT), 
aconitase (ACO) and malate dehydrogenase (MDH) are shared with the TCA 
(tricarboxylic acid) cycle and are often carried out by isoenzymes. In the C. albicans 
genome, single genes exist for ICL (orf19.6844), MLS (orf19.4833) and CIT 
(orf19.4393) whereas there are three encoding MDH activity (orf19.7481, orf19.4602 
and orf19.5223) and two for aconitase (orf19.6385 and orf19.6632). Studies in fungi 
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have shown that the key enzymes of the glyoxylate cycle, ICL and MLS, are often 
compartmentalized in peroxisomes, the other enzymatic steps being extra peroxisomal 
(either cytosolic or mitochondrial) (Hikida et al., 1991; Maeting et al., 1999; Tanaka 
and Ueda, 1993; Titorenko et al., 1998; Valenciano et al., 1996). S. cerevisiae seems to 
be an exception to this rule: ICL is a cytosolic enzyme (McCammon et al., 1990) and 
MLS is localized either to the peroxisome or to the cytosol depending on the growth 
conditions applied (Kunze et al., 2002). These data in conjunction with the observation 
that S. cerevisiae pex mutants lacking functional peroxisomes can grow on ethanol and 
acetate as sole carbon source imply that the glyoxylate cycle can function in the 
cytosol, at least in S. cerevisiae. 
The import of proteins into peroxisomes is mediated by two cycling receptors: Pex5p 
and Pex7p (reviewed in (Purdue and Lazarow, 2001), see also Chapter II of this 
thesis). In the cytosol, Pex5p binds to proteins carrying a type I peroxisomal targeting 
signal (PTS1), which is a carboxyl terminal tripeptide with the consensus sequence 
S/A/C-K/R/H-L/M (Gould et al., 1989; Swinkels et al., 1992). However, depending on 
the species and protein under study the carboxyl-terminal tripeptide may deviate from 
the consensus and residues just upstream of it also can contribute to Pex5p binding and 
peroxisomal targeting (Lametschwandtner et al., 1998; Purdue and Lazarow, 1996). 
Proteins delivered to the peroxisome via the Pex7p receptor possess a PTS2, a bipartite 
amino acid motif with the consensus sequence R/K-L/V/I-x5-H/Q-L/A (Gietl et al., 
1994; Glover et al., 1994b) present in the N-terminus of these proteins. A number of 
proteins can be imported into peroxisomes independent of a recognizable PTS1 or 
PTS2 (Elgersma et al., 1995; Klein et al., 2002; Ozimek et al., 2006; Small et al., 
1988). Subsequent studies have shown that, although the targeting signal is as yet not 
characterized, Pex5p mediates the peroxisomal sorting of these proteins (Elgersma et 
al., 1995; Klein et al., 2002; Ozimek et al., 2006). Finally, some proteins can reach the 
organelle by association with another subunit or protein that possesses a functional 
targeting signal, a process referred to as “piggy backing” (Glover et al., 1994a; 
McNew and Goodman, 1994; Yang et al., 2001). The PTS1 and PTS2 pathways 
converge at the peroxisomal membrane where the cargo-loaded receptors dock onto a 
complex consisting of Pex13p and Pex14p (and Pex17p in S. cerevisiae). 
Subsequently, the cargo is released and translocated across the peroxisomal membrane 
after which the receptors recycle back to the cytosol for a new round of import (Purdue 
and Lazarow, 2001). Although the early steps in peroxisomal protein import are rather 
well defined very little is known about the events following docking. 
It is well documented that peroxisome size and number can be regulated by 
extracellular stimuli (van den Bosch et al., 1992). Current evidence suggests that this 
regulation is controlled by a subset of peroxisomal membrane proteins. In yeast, 
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members of the Pex11p family, notably Pex11p, Pex25p and Pex27p, have been 
shown to play a role in the regulation of peroxisome size and abundance in response to 
oleic acid, a substrate metabolized by peroxisomes (Erdmann and Blobel, 1995; 
Marshall et al., 1996; Rottensteiner et al., 2003). Overexpression of one of the three 
isoforms of PEX11, PEX11ß, in mammalian cells also significantly induces 
peroxisome proliferation, a process that appears to be independent of the presence of 
an external stimulus (Schrader et al., 1998). Additionally, there is evidence for 
metabolic control of peroxisome size and number. Both in yeast and mammalian cells 
defects in peroxisomal ß-oxidation affect peroxisome size and abundance (Chang et 
al., 1999; Smith et al., 2000; van Roermund et al., 2000). Like the mechanism of 
PEX11-controled peroxisome division, the phenomenon of metabolic control is poorly 
understood and still under debate (Li and Gould, 2002). 
Here we have studied the localization of the two key enzymes of the glyoxylate cycle, 
ICL1p and Mls1p, in the human fungal pathogen C. albicans and show that both 
enzymes are localized to peroxisomes in a Pex5p-dependent way. We also provide 
evidence that the glyoxylate cycle cannot function properly in giant peroxisomes of a 
fox2∆/∆ mutant, because the activity of the glyoxylate cycle in this strain can be 
restored by reallocating Icl1p and Mls1p to the cytosol. Our data show that the 
glyoxylate cycle can function in the cytosol also in C. albicans and suggest that the 
giant peroxisomes of the fox2∆/∆ strain are impaired in metabolite transport across the 
membrane. 
 
 

Materials and methods 

Strains, media and culture conditions 
C. albicans and S. cerevisiae strains used in this study are listed in Table 1. 
C. albicans deletions strains are derivatives of BWP17 (Wilson et al., 1999). Gene 
deletions in S. cerevisiae were constructed in BJ1991 (Jones, 1977). Solid minimal 
media used for selection and growth of both C. albicans and S. cerevisiae 
transformants contained 0.67% yeast nitrogen base (YNB) w/o amino acid (DIFCO), 
2% glucose, 2% agar, amino acids (20-30µg/ml) and either 80µg/ml uridine 
(C. albicans) or 20µg/ml uracil (S. cerevisiae) as needed.  

 91 



Chapter 3  

 
Table I. Yeast strains used in this study 
Strain Genotype Source or 

Reference 
SC5314   
BWP17 ura3∆::imm434/ura3∆::imm434 

his1∆::hisG/his1∆::hisG  
arg4∆::hisG/arg4∆::hisG 

 

CPK5 
(BWP17 
prototroph) 

ura3∆::imm434/ura3∆::URA3 
his1∆::hisG/his1∆::HIS1  
arg4∆::hisG/arg4∆::ARG4 

(Piekarska 
et al.,2006) 

CPK1 ura3∆::imm434/ura3∆::URA3 
his1∆::hisG/his1∆::hisG  
arg4∆::hisG/arg4∆::hisG 
pex5∆::HIS1/pex5∆::ARG4 

(Piekarska 
et al., 2006) 

CEM16 ura3∆::imm434/ura3∆::URA3 
his1∆::hisG/his1∆::hisG 
arg4∆::hisG/arg4∆::hisG 
fox2∆::ARG4/fox2∆::HIS1 

(Piekarska 
et al., 2006) 

CPK2 ura3∆::imm434/ura3∆::URA3 
his1∆::hisG/his1∆::hisG 
arg4∆::hisG/arg4∆::hisG 
pex13∆::ARG4/pex13∆::HIS1 

(Piekarska 
et al., 2006) 

CPK3 ura3∆::imm434/ura3∆::URA3::PEX5 
his1∆::hisG/his1∆::hisG 
arg4∆::hisG/arg4∆::hisG 
pex5∆::HIS1/pex5∆::ARG4 

(Piekarska 
et al., 2006) 

CEM15 ura3∆::imm434/ura3∆::URA3::FOX2 
his1∆::hisG/his1∆::hisG 
arg4∆::hisG/arg4∆::hisG 
fox2∆::ARG4/fox2∆::HIS1 

(Piekarska 
et al., 2006) 

CPK4 ura3∆::imm434/ura3∆::URA3::PEX13 
his1∆::hisG/his1∆::hisG 
arg4∆::hisG/arg4∆::hisG 
pex13∆::ARG4/pex13∆::HIS1 

(Piekarska 
et al., 2006) 

CMD3 ura3∆::imm434/ura3∆ his1∆::hisG/his1∆::hisG  
arg4∆::hisG/arg4∆::hisG 
icl1∆::HIS1/icl1∆::ARG4 

(Piekarska 
et al., 2006) 

CMD8 ura3∆::imm434/ura3∆::URA3 
his1∆::hisG/his1∆::hisG  
arg4∆::hisG/arg4∆::hisG 
icl1∆::HIS1/icl1∆::ARG4 

(Piekarska 
et al., 2006) 
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Table I. continued 
Strain Genotype Source or 

Reference 
CMD6 ura3∆::imm434/ura3∆::URA3::ICL1 

his1∆::hisG/his1∆::hisG 
arg4∆::hisG/arg4∆::hisG 
icl1∆::HIS1/icl1∆::ARG4 

(Piekarska 
et al., 2006) 

CJB8 ura3∆::imm434/ura3∆ his1∆::hisG/his1∆::hisG 
arg4∆::hisG/arg4∆::hisG 
fox2∆::ARG4/fox2∆::HIS1 
pex5∆::URA3/pex5∆::SAT1 

This study 

BJ1991 MATα, leu2,trp1,ura3-251,prb-1122,pep4-3,gal2 (Jones,1977) 
Scfox2∆ BJ1991; fox2∆::LEU2 This study 
Scicl1∆ BJ1991; 1cl1∆::KanMX This study 

 
For transformations using the dominant selection marker SAT1, a 24 h incubation 
under non-selective conditions was applied prior to replica plating on YPD+Uri ( (2% 
bactopeptone, 1% yeast extract, 2% glucose and 80 µg/ml uridine) with 200 µg/ml 
nourseothricin clonNAT (Werner Bioagents, Jena, Germany). Plates used for spot-
assays had the same composition and contained glucose (2%), ethanol (2%), glycerol 
(2%) or sodium acetate (2%, pH 5.0) as a carbon source. The liquid media used for 
culturing of the cells for total protein isolation, subcellular fractionation and 
immunoelectron microscopy contained 0.5% potassium phosphate buffer, pH 6.0, 
0.3% yeast extract, 0.5% peptone and, as a carbon source, either 0.1% (v/v) oleate and 
0.2% (v/v) Tween40 or 2% ethanol. All yeast strains were grown at 28 0C unless 
otherwise stated. 
 
Gene disruptions and plasmid constructions 
For gene deletions in C. albicans, a PCR-based procedure with primers carrying 60-
70bp regions of homology to the 5’ and 3’ flanking sequences of the ORF was used 
(Wilson et al., 1999). Primers are listed in Table II. The construction of the pex5∆/∆ 
(CPK1), fox2∆/∆ (CEM16), pex13∆/∆ (CPK2) and icl1∆/∆ (CDM8) strains and their 
complemented derivatives (CPK3, CEM15, CPK4 and CDM6, respectively) has been 
described before (Chapters II of this thesis). To delete the PEX5 gene in the fox2∆/∆ 
strain CPK12, two disruption cassettes were made by PCR with primer pair CaPex5∆-
F-FA and CaPex5∆-R-FA in combination with extension primers (PEX5-F extension 
and PEX5-R extension) on plasmids pFA-URA and pFA-SAT1, respectively (Gola et 
al., 2003). The latter plasmid contains the dominant marker SAT1 that confers 
resistance to nourseothricin. Sequential transformation of these cassettes into CPK12 
resulted in strain CJB8 (fox2∆/∆ pex5∆/∆). All C. albicans disruption strains were 

 93 



Chapter 3  

made prototrophic by transformation of a linearized pLUBP vector, which contains the 
complete URA3 gene and the flanking IRO1 gene. The S. cerevisiae icl1∆ and fox2∆ 
strains were generated by one-step PCR-mediated gene disruption using KanMX and 
LEU2, respectively (Gueldener et al., 2002). All constructed strains were verified by 
diagnostic PCR and Southern blotting. 
 

 Table II. Primers used in this study 
Primer Sequence (5’-3’) Description 

CaPex5∆-F-FA TAATTTTGGATTTTCGAAAATTTG
TTATTTTTCTTTCTCCCATATCAT
TATCAAAGAAGAAGCTTCGTACG
CTGCAGGTC 

disruption primer 

CaPex5∆-R-FA ACAGCTAGAAAAATAATAATTTG
CAATTTTGCCATAAATACATACC
CTATATACTTAGAATCTGATATC
ATCGATGAATTCGAG 

disruption primer 

PEX5-F 

extension 

GATTGGTCTGGACTATAATTTTG
GATTTTCGAAAA 

extension primer 
for disruption 

PEX5-R 

extension 

AGTCATTTTCTCATTACAGCTAG
AAAAATAATAAT 

extension primer 
for disruption 

CaPex5F CCACTTTATCATTTCTCGGTGG diagnostic primer 

CaPex5R GTTGGTGGTAGGAAGCGTTG diagnostic primer 

Verif-Ca-U4 ACGAATCAATGGCACTACAGC diagnostic primer 

Verif-Ca-U5 GATTAGATGATAAAGGTGATGG diagnostic primer 

JB12-SAT1-inR TTCGTTGGCAATAAATCTTGG diagnostic primer 
SAT internal 

JB13-SAT1-inF AGCACAGGATGACGCCTAAC diagnostic primer 
SAT internal 

A5 TTTAATGTGCGATGGGTTCA diagnostic primer 
ARG4 internal 

A4 GTAGAGTATTTGGTCAGTTATCT
GG 

diagnostic primer 

H4 GAAATGGCCTCCCCTACCACAG diagnostic primer 
HIS1 internal 

H5 GGACGAATTGAAGAAAGCTGG diagnostic primer  
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Spot assay 
Cells were pre-grown in minimal liquid medium containing 0.3% glucose for at least 
24 hours, washed with water and resuspended at a concentration of ≈ 2.7x107 cells/ml 
(OD600 of 1). Cells were serially diluted (1:10 dilutions) in water and 5 µl aliquots of 
each dilution were applied to agar plates. Plates were incubated at 280C for three days 
(glucose) or five days (acetate, ethanol and glycerol). 
 
Subcellular fractionation of C. albicans 
For subcellular fractionation, C.albicans cells were pre-grown in minimal 0.3% 
glucose medium for at least 24 hours, transferred to 200 ml rich oleic acid or ethanol 
medium and grown to the late logarithmic phase. Subcellular fractionation was 
performed essentially as described (Aitchison and Rachubinski, 1990; Kamiryo et al., 
1982). Briefly, cells were collected by centrifugation, washed three times with water 
and converted to spheroplasts with zymolyase 100T (0.25 mg/gram cells) in buffer Z 
(5 mM MOPS [pH 7.2], 0.5M KCl and 10 mM Na2SO3). Spheroplasts were collected 
by centrifugation, resuspended in buffer F (5.5 mM MOPS [pH 7.2], 5% Ficoll 400, 
0.6 M sorbitol, 0.5 mM EDTA, 0.1% [v/v/] ethanol) and homogenized in a grinding 
vessel (Potter-Elvejhem) by 20 down-and-up strokes with a tight-fitting pestle. The 
homogenate was centrifuged for 10 min at 1000xg and the resulting post-nuclear 
supernatant (H) was fractionated into an organellar pellet (P) and cytosolic supernatant 
(S) fraction by centrifugation for 20 min at 20,000xg. 
 
Antibodies and immunoblotting 
Antibodies against S. cerevisiae thiolase and catalase and their cross-reactivity with 
the corresponding peroxisomal proteins in C. albicans have been described before 
(Chapter II). Polyclonal rabbit antibodies against S. cerevisiae Mls1p (Kunze et al., 
2002) and Ashbya gossypii Icl1p (Schmidt et al., 1996) were used at dilutions of 
1:1000 and 1:10,000, respectively. Immunoreactive complexes were visualized with 
horse radish peroxidase-coupled goat-anti-rabbit IgG and the ECL system of 
Amersham Biosciences. 
 
Morphometric analysis of peroxisomes 
Images were acquired with a SIS MegaviewII camera of randomly selected cells at a 
magnification of 5500 (100 pixels = 0.44 µm). Using QWin (Leica) in an interactive 
mode, all peroxisomal structures in a cell as well as the whole cell were traced to 
determine their cross sectional areas. The average peroxisome area was calculated by 
dividing the total peroxisome area by the total number of peroxisomes counted. 
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Miscellaneous  
The following procedures were performed according to published methods: nucleic 
acids manipulations (Sambrook et al., 1989), C. albicans transformation (Walther and 
Wendland, 2003), preparation of whole-cell protein extracts (Elgersma et al., 1996), 
SDS-PAGE and immunoblotting (Bottger et al., 2000) and immunoelectron 
miscroscopy (Gould et al., 1990). 
 
 
Results  

Icl1p and Mls1p are localized to peroxisomes in a Pex5p-dependent manner  
Both CaIcl1p and CaMls1p lack a typical PTS1 or PTS2 motif in their primary 
sequence. To determine their subcellular distribution, we performed biochemical 
fractionation and immuno electron miscroscopy experiments with C. albicans cells 
grown on two different non-fermentable carbon sources: ethanol and oleic acid. The 
choice of the two media was based on a previous study in S. cerevisiae in which it 
shown that the compartmentalization of Mls1p may vary with the carbon source used 
(Kunze et al., 2002). First, we assessed the specificity and cross reactivity of the 
antibodies used in this study by immunoblotting of total protein extracts (Figure 1). 
 
 

 
 
 

Figure 1. Specificity of anti-Mls1p and anti-Icl1p antibodies. 
Total protein extracts of the indicated C. albicans and S. cerevisiae strains grown on oleic acid containing 
media were electrophoresed on SDS-PA gels, followed by transfer to nitrocellulose and probing with either 
antibodies to A. gosshypii Icl1p (left panel) or antibodies to S. cerevisiae Mls1p (right panel). 
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 The antibody raised against Ashbya gossypii Icl1p decorated a single protein band 
with an apparent molecular mass of 62 kDa in wild type C. albicans and S. cerevisiae 
cells while this band was absent in the Caicl1 deletion strain. Similarly, the 
S. cerevisiae Mls1p antibody recognized a single protein band in both S. cerevisiae 
and C. albicans lysates with a molecular mass of about 61 kDa. No band was present 
in the extracts of S. cerevisiae mls1∆ cells confirming the specificity of the antibody. 
Next, we carried out subcellular fractionation experiments to determine the 
distribution of Mls1p and Icl1p in ethanol- or oleate-grown C. albicans cells (Figure 
2).  
 
 

 
 
 

Figure 2. Subcellular distribution of Icl1p and Mls1p in oleic acid and ethanol-grown C. albicans 
strains 
Oleic acid- (left panel) or ethanol- (right panel) grown wild type (BWP17), pex5∆/∆ and pex13∆/∆ strains 
were subjected to subcellular fractionation as described in Materials and Methods. Equivalent volumes of 
the homogenate (H), organellar pellet (P) and supernatant (S) fractions were electrophoresed on SDS-PA 
gels, followed by transfer to nitrocellulose. The blot was probed with antibodies to proteins indicated at the 
left. The asterisk indicates a cross-reactive, aspecific band. 

 
In addition to wild type cells we used pex5∆/∆ and pex13∆/∆ cells as controls. The 
pex5∆/∆ mutant lacking Pex5p is specifically disturbed in the peroxisomal import of 
PTS1 proteins whereas in the pex13∆/∆ strain both PTS1 and PTS2 import pathways 
are blocked. Differential centrifugation of a homogenate (H), obtained by osmotic 
lysis of spheroplasts, resulted in an organellar pellet fraction (P) containing 
mitochondria and peroxisomes, and a cytosolic supernatant fraction (S). Equal 
portions of each fraction were analyzed by immunoblotting with the Mls1p and Icl1p 
antibodies (see Fig. 1). As a control, antibodies against thiolase (a PTS2 protein) and 
catalase (a PTS1 protein) were used, both of which are proven peroxisomal proteins in 
C. albicans (Piekarska et al., 2006). In both oleic and ethanol grown wild type cells 
Mls1p and Icl1p were predominantly present in the pellet fraction. In the pex5∆/∆ 
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mutant both proteins completely mislocalized to the supernatant fraction, 
independently of the carbon source used. Comparable results were obtained with the 
pex13∆/∆ strain. The relatively large amounts of the peroxisomal marker proteins 
thiolase and catalase in the cytosolic fraction of wild type cells suggested that during 
the fractionation procedure some peroxisomes are disrupted and matrix proteins leak 
out, a phenomenon that is seen more often because peroxisomes are very fragile 
organelles. 
To firmly establish the subcellular localization of Icl1p and Mls1p, we performed 
immuno electron microscopy (Figure 3). 
The Icl1p and Mls1p antibodies almost exclusively labelled peroxisomal profiles in 
oleate- and ethanol-grown wild type cells. In pex5∆/∆ cells cultured on oleic acid gold 
particles were only found in the cytosol with both antibodies, substantiating the 
cytolosic localization of Icl1p and Mls1p in this strain inferred from the subcellular 
fractionation experiments of Fig. 2. Anti-thiolase labelling of pex5∆/∆ cells showed 
that the PTS2 protein thiolase is still imported in peroxisomal remnants as can be seen 
by the gold particles decorating membranous structures in these cells. These data 
confirm the PTS1-specific import defect in this mutant strain. Similar results were 
obtained with the pex5∆/∆ strain grown on ethanol (results not shown). Together, 
these data suggest that Icl1p and Mls1p are peroxisomal in oleic acid- and ethanol-
grown cells and imply that Pex5p mediates their import into peroxisomes. 
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Figure 3. Peroxisome morphology and subcellular localization of Icl1p and Mls1p in wild-type, 
pex5∆/∆ and fox2∆/∆ cells.  
Electron microscopy analysis was performed of wild type cells (A-C, G-I), pex5∆/∆ cells (D-F) and fox2∆/∆ 
cells (J-O) grown on medium containing oleic acid (A-F, J-L) or ethanol (G-I, M-O). Cryosections were 
labelled with primary antibodies specific for Mls1p (A, D, G, J and M), Icl1p (B, E, H, K and N) or thiolase 
(C, F, I, L and O) and gold particles coupled to protein A. P, peroxisome; M, mitochondrion. Bar, 0.5 µm.  
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The glyoxylate cycle can function both in the peroxisome and in the cytosol. 
Next we addressed the question whether a peroxisomal localization of Icl1p and Mls1p 
is required for proper functioning of the glyoxylate cycle. To this aim, the capacity of 
wild type cells to grow on solid minimal ethanol- or acetate-containing media was 
compared to that of the pex5∆/∆ and icl1∆/∆ mutant strains (Figure 4). The pex5∆/∆ 
mutant grew equally well on acetate and ethanol as the wild type strain, while the 
icl1∆/∆ strain was unable to grow on either carbon source. Growth on glucose and 
glycerol (a non-fermentable C3 carbon source) was similar for all strains.  
These results suggest that the glyoxylate cycle can function both in the peroxisome 
and the cytosol.  
 
Growth on C2 carbon sources of the fatty acid ß-oxidation mutant fox2∆/∆ can be 
restored by reallocation of Icl1p and Mls1p to the cytosol 
Recently, we reported that a fox2∆/∆ mutant, which lacks the multifunctional enzyme 
(3-hydroxyacyl-CoA dehydrogenase and enoyl-CoA hydratase) and is completely 
deficient in peroxisomal fatty acid ß-oxidation but has no PTS1 or PTS2 import defect, 
showed a strongly reduced growth on acetate- and ethanol-containing media 
((Piekarska et al., 2006) and Figure 4). In contrast, growth of the fox2∆/∆ mutant on 
glucose or on glycerol was comparable to that of wild type cells (Figure 4). The 
addition of acetic acid or ethanol in the same concentrations to plates containing 
glucose did not affect growth of the fox2∆/∆ mutant compared to glucose-only plates, 
suggesting that the strongly reduced growth on acetate and ethanol is due to the 
inability of the mutant to efficiently metabolize C2 carbon sources and is not caused 
by toxic effects of these compounds (results not shown). This growth phenotype of the 
C. albicans fox2∆/∆ strain was rather unexpected because the S. cerevisiae fox2∆ 
mutant is not deficient for growth on acetate or ethanol (Figure 4 and data not shown).  
Since it has been shown that in S. cerevisiae Mls1p and Icl1p are both cytosolic in 
ethanol and acetate grown cells (Kunze et al., 2002) we suspected a correlation 
between the peroxisomal compartmentalization of these key enzymes of the glyoxylate 
cycle in C. albicans and the inability of the fox2∆/∆ mutant to grow on C2 carbon 
sources. To test this hypothesis we disrupted both alleles of the PEX5 gene in the 
fox2∆/∆ strain and assessed growth of the double deletion strain on glucose, ethanol 
and acetate. Deletion of the PEX5 gene in the fox2∆/∆ strain completely restored its 
ability to grow on acetate while growth on ethanol was partially restored (Figure 4). 
These results suggest that in the fox2∆/∆ strain the glyoxylate cycle cannot function 
optimally in the peroxisomal compartment and that glyoxylate function can largely be 
restored by deletion of Pex5p and reallocation of Mls1p and Icl1p to the cytosol.  
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Figure 4. Growth characteristics of wild type and mutant strains on different carbon sources.  
Cells were pre-grown on 0.3% glucose-containing medium, washed, resuspended at a concentration of about 
2.7 x 107 cells/ml and serially diluted (1:10 dilutions). 5 µl of cell suspension of each dilution was spotted 
onto plates. The picture was taken after three days (glucose) or five days (acetate, ethanol, and glycerol) of 
incubation at 28 0C. 
 

Fox2∆/∆ cells grown on oleate or ethanol have significantly larger peroxisomes 
than wild type cells  
During growth on ethanol or acetate the cytosolically formed acetyl CoA must be 
transported into peroxisomes to enter the glyoxylate cycle, whereas products of this 
shunt, i.e. succinate and malate, have to leave the peroxisome and shuttled to the 
cytosol/mitochondria. Therefore, the observed phenotype of the fox2∆/∆ strain could 
be explained by defective transport of (a) metabolite(s) across the peroxisome 
membrane. Previously, it has been observed in both yeasts and mammals that mutants 
with a deficiency in peroxisomal ß-oxidation exhibit a changed peroxisome size and 
abundance (Chang et al., 1999; Smith et al., 2000). These observations prompted us to 
investigate peroxisome morphology in the fox2∆/∆ strain (Figure 3). Immuno electron 
microscopy revealed that peroxisomes in oleic acid grown fox2∆/∆ cells appeared 
more irregular in shape and larger in size than peroxisomes of wild type cells. 
Morphometric analysis showed that wild type cells did not contain peroxisomes larger 
than 0.6 µm2 whereas many peroxisomes in fox2∆/∆ cells had a surface area larger 
than 1.0 µm2 (Figure 5). The average peroxisome area in fox2∆/∆ cells was found to be 
2 times larger than that of wild type cells (Table 3). The enlarged peroxisomes were 
still capable of importing peroxisomal matrix proteins as shown by the peroxisomal 
localization of the PTS2 enzyme thiolase and the glyoxylate cycle enzymes Icl1p and 
Mls1p (Figure 3).  
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Figure 5. Peroxisome size in wild type and fox2∆/∆ cells grown on different carbon sources. 
Morphometric analysis of peroxisomes was performed (see Material and Methods) on wild type and fox2∆/∆ 
cells, grown on medium containing oleic acid (top panels) or ethanol (bottom panels). On the y axis the 
percentage of total peroxisome surface area occupied by the peroxisomes of each category is given. The 
maximum sizes of peroxisomes in each category are depicted on the x axis. 

 
Similarly, peroxisomes of fox2∆/∆ cells grown in ethanol were considerably larger in 
size than those of wild type cells and contained all three peroxisomal enzymes 
(Figures 3 and 5). Again, morphometric analysis showed that the average area of 
peroxisomes in fox2∆/∆ cells was about 2.5 times that of wild type cells (Table 3). 
However, in contrast to that was observed for cells grown in oleic acid, peroxisomes in 
ethanol-grown fox2∆/∆ cells were regular in shape and appeared as oval-shaped 
structures as normally seen in wild type cells. These results show a clear increase in 
peroxisome size in the fox2∆/∆ mutant, which may contribute to its inability to 
efficiently metabolize C2 carbon sources.  
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Table II. Average surface area of peroxisomes in wild type- and fox2∆/∆ cells 
Strain C-source in 

growth medium 

Average surface area 

of peroxisomes (µm2) 

wild type oleate 0.126 ± 0.090*(n = 69)**

fox2∆/∆ oleate 0.264 ± 0.321 (n = 104) 

wild type ethanol 0.062 ± 0.040 (n = 80) 

fox2∆/∆ ethanol 0.162 ± 0.121 (n = 106) 
* Standard deviation, ** Number of peroxisomes counted on micrographs 

 

Discussion 
 
In most eukaryotic organisms that utilize the glyoxylate cycle, i.e. plant seedlings, 
yeasts and filamentous fungi, the metabolic pathway is compartmentalized in 
peroxisomes. In this paper we report the localization in C. albicans of the two key 
glyoxylate cycle enzymes Icl1p and Mls1p. In subcellular fractionation experiments 
both proteins co-fractionate with peroxisomal marker enzymes and their peroxisomal 
localization was confirmed by immuno electron microscopy (Figures 2 and 3). 
Targeting to peroxisomes of Icl1p and Mls1p appeared to be dependent on the PTS1 
receptor Pex5p although both proteins are not equipped with a PTS1 consensus 
sequence, which was defined as S/A/C-K/R/H-L/M (Gould et al., 1989; Swinkels et 
al., 1992). Peroxisomal targeting of proteins in the absence of a typical PTS1 has been 
reported before and these studies revealed that residues upstream of the carboxyl-
terminal tripeptide could play a critical role in the targeting event, with a preference 
for a lysine (or arginine) at the -4 position immediately preceding the non-consensus 
PTS1 (Lametschwandtner et al., 1998; Mullen et al., 1997; Purdue and Lazarow, 
1996). A conserved lysine residue is present at the -4 position in Icl1p from 
C. albicans (KAKACOOH), Candida tropicalis (KAKVCOOH) castor bean (KARMCOOH) 
and Yarrowia lipolytica (KSKLCOOH), although the latter two also contain a PTS1 that 
complies with the consensus sequence. In all four organisms Icl1p appears to be 
peroxisomal (Gao et al., 1996; Tanaka and Ueda, 1993; Titorenko et al., 1998) and this 
study) whereas in S. cerevisiae Icl1p is cytosolic, which is in line with the absence of 
both a consensus PTS1 and a lysine at –4 (GVKKCOOH) (McCammon et al., 1990; 
Taylor et al., 1996). Whether the carboxyl terminal 4 amino acids in C. albicans Icl1p 
play a role in peroxisomal targeting of the protein remains to be established, in 
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particular since it has been shown that castor bean Icl1p can be targeted to 
peroxisomes in a Pex5p-dependent way when the carboxyl terminal 19 amino acids 
are deleted (Parkes et al., 2003). These data suggest the presence of alternative non-
PTS1 targeting sequences in castor bean Icl1p. Also C. albicans Mls1p lacks a typical 
PTS1 (ERLCOOH) and no lysine or arginine is present at the -4 position, whereas in 
most other organisms, i.e. Neurospora crassa, Aspergillus nidulans, S. cerevisiae and 
Brassica napus, a consensus PTS1 is found (either SKLCOOH or SRLCOOH). The 
carboxyl terminal tripeptide ERLCOOH is also found in C. tropicalis Mls1p and the 
peroxisomal location of the protein has been firmly established (Hikida et al., 1991). A 
glutamic acid at the -3 position is also present in Mls1p of the closely related species 
Debaryomyces hansenii (-EKLCOOH), suggesting that the PTS1 consensus of Mls1p in 
these species deviates from the established one and that negatively charged amino 
acids at the -3 position may be tolerated. Although S. cerevisiae Mls1p contains a 
typical PTS1 (-SKLCOOH), the localization of this enzyme is not always peroxisomal 
but depends on the carbon source used: in oleate-grown cells Mls1p is peroxisomal 
whereas in ethanol-grown cells it is cytosolic (Kunze et al., 2002). It has been 
suggested that the carbon source-dependent localization of Mls1p may be 
advantageous to the cell, the enzyme being localized in the compartment where the 
acetyl-CoA, one of its substrates, is formed i.e. peroxisomal on oleic acid and 
cytosolic on ethanol or acetate. Such a carbon source-dependent localization was not 
seen for Mls1p or Icl1p in C. albicans: both enzymes were found in peroxisomes 
under all conditions tested (Figures 2 and 3). Nevertheless, a peroxisomal 
compartmentalization of Mls1p and Icl1p is not absolutely required for proper 
functioning of the glyoxylate cycle since a pex5∆/∆ strain, which mislocalizes both 
enzymes to the cytosol, showed wild type growth rates on ethanol and acetate (Figure 
4).  
Next, we asked whether there is a correlation between the peroxisomal 
compartmentalization of the key enzymes of the glyoxylate cycle in C. albicans and 
the inability of the ß-oxidation mutant fox2∆/∆ to grow on C2 carbon sources 
((Piekarska et al., 2006) and Figure 4). We show that the growth inhibition is not 
caused by toxicity of acetate or ethanol and mitochondrial functions appeared to be 
normal in the fox2∆/∆ mutant, strongly suggesting that it cannot efficiently metabolize 
C2 compounds. Growth on ethanol could be restored partially and on acetate 
completely by deleting the PEX5 gene in the fox2∆/∆ mutant, consistent with our 
hypothesis that the observed growth phenotype of the fox2∆/∆ strain on C2 
compounds may be caused by peroxisomal compartmentalization of the glyoxylate 
cycle. Why the glyoxylate cycle cannot function optimally in peroxisomes of the 
fox2∆/∆ strain is unclear. One possible explanation is that the glyoxylate cycle 
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enzymes Icl1p and Mls1p are less active in peroxisomes of fox2∆/∆ cells. However, 
currently we favour the hypothesis that the increase in size and/or changed 
morphology of peroxisomes in the fox2∆/∆ strain somehow affects the transport of 
metabolites (glyoxylate cycle products and/or acetyl CoA) across the peroxisomal 
membrane thereby reducing the overall rate of C2 metabolism. One possible 
mechanism is based on simple physics: when the size of the organelle increases the 
surface (= membrane) area-to-volume ratio decreases and, thus, large peroxisomes 
have relatively less membrane surface available for transport processes than small 
peroxisomes. Similar suggestions have recently been put forward by Kiel et al (Kiel et 
al., 2005) to explain the increase of penicillin production in Penicillium chrosogenum 
upon overexpression of Pex11p. Penicillin biosynthesis in P. chrosogenum occurs 
partially in peroxisomes and partially in the cytosol. Overexpression of Pex11p in this 
organism resulted in massive proliferation of small tubular-shaped peroxisomes and 
2.5 fold increase in penicillin production while the level of the penicillin biosynthesis 
enzymes remained unchanged. Our results and the observations in P. chrosogenum 
suggest that the reduced growth of the fox2∆/∆ strain on C2 carbon sources may be 
rescued by decreasing the size of peroxisomes and increasing the membrane-to-
volume ratio and, thus, the transport capacity of the organelles. It is also possible that a 
defect in the ß-oxidation of fatty acids results in an altered lipid composition of the 
peroxisome membrane thereby changing its physical properties and transport 
capabilities. Experiments to directly test these hypotheses are currently being 
performed in the lab. 
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Abstract 

Peroxisomes are single membrane-bound organelles that compartmentalize enzymes 
responsible for a number of metabolic processes, such as the β-oxidation of fatty acids 
and the glyoxylate cycle. It is generally believed that peroxisomal 
compartmentalization of the β-oxidation pathway is absolutely essential for its 
function, as mutants that mislocalize all their peroxisomal matrix proteins to the 
cytosol are unable to utilize fatty acids. Here we show that a C. albicans pex13∆/∆ 
mutant, which displays a generalized peroxisomal protein import defect is able to 
perform fatty acid β-oxidation at wild type levels. Nevertheless, the mutant is not able 
to grow on fatty acids as sole carbon source. Physiological, biochemical and 
transcriptional analyses of the mutant strain suggest that cytosolic fatty acid β-
oxidation may result in H2O2-mediated oxidative damage of the glyoxylate cycle 
enzyme isocitrate lyase, thereby preventing growth on fatty acids. These results 
support the concept put forward by De Duve and Baudhin in the 1960’s (De Duve and 
Baudhuin, 1966) arguing that peroxisomal compartmentalization of H2O2-producing 
oxidases is required for the efficient in situ decomposition of the generated H2O2. 
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Introduction 

Peroxisomes are single membrane organelles that are ubiquitous in eukaryotic cells 
and have roles in various metabolic processes such as fatty acid β-oxidation, the 
breakdown of some amino acids and the biosynthesis of bile acids and plasmalogens 
(van den Bosch et al., 1992). Peroxisomal matrix proteins are transported into 
peroxisomes after synthesis on free polysomes in the cytosol. Most matrix precursor 
proteins have a targeting signal in their sequence, such as a peroxisome targeting 
signal type I (PTS1) at the carboxyl-terminus or a PTS2 near the amino-terminus 
(Brocard et al., 1994; Lazarow, 2006) 
CaPEX13 encodes the orthologue of the S. cerevisiae peroxin Pex13p, which is 
localized in peroxisomal membranes and is involved in transporting matrix proteins 
into peroxisomes in yeast (Elgersma et al., 1996; Erdmann and Blobel, 1996; Gould et 
al., 1996) and mammals (Gould et al., 1996; Shimozawa et al., 1999; Toyama et al., 
1999). Pex13p is thought to be a component of the peroxisomal docking complex as it 
interacts with Pex7p, the cytosolic PTS2 receptor, and Pex5p, the PTS1 receptor 
(Elgersma et al., 1996; Erdmann and Blobel, 1996; Fransen et al., 1998; Gould et al., 
1996; Williams and Distel, 2006). Thus, deletion of the PEX13 gene, either in yeast or 
mammalian cells, results in the mislocalization of both PTS1- and PTS2 proteins to the 
cytosol. 

Studies on yeast pex mutants with defects in peroxisomal matrix protein targeting 
have revealed that peroxisomal compartmentalization of β-oxidation enzymes is 
crucial for normal functioning of this metabolic pathway, as such mutants lack β-
oxidation activity and are unable to grow in medium with oleic acid as a sole carbon 
source (Erdmann et al., 1989; Gould et al., 1992, Nuttley, 1993 #29). In this study, we 
describe a C. albicans pex13∆/∆ mutant, blocked in PTS1- and PTS2-dependent 
protein transport into peroxisomes, which can perform fatty acid β-oxidation at wild 
type levels, but is unable to grow on oleic acid as sole carbon source. To get further 
insight into the cellular response of the pex13∆/∆ strain to a switch from glucose to 
fatty acid metabolism, we carried out chemostat experiments and recorded 
physiological parameters such as CO2 production and O2 consumption during the time 
course of the experiment. Additionally, the transcriptional response to a change in 
carbon source was analyzed by DNA microarrays. Finally, we measured in the 
pex13∆/∆ strain the activity of the glyoxylate cycle, a pathway that is required for the 
growth on fatty acids. These experiments revealed that the activity of one of the key 
enzymes of the glyoxylate cycle, Icl1p, was strongly reduced in the pex13∆/∆ strain. 
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Based on these preliminary data we present a speculative model that may explain the 
remarkable phenotype of this mutant. 
 
 

Experimental Procedures 

Media and growth conditions 
C. albicans strains SC5314 and pex13∆/∆ (CPK2) were cultured in a 600 ml  Porton-
type chemostat (Herbert et al., 1965) or in a 700 ml Modulator Fermentor 502D (L.H. 
Engineering Co. LTD., Stokes Poges, Bucks, UK). Cells were cultured under glucose 
limitation at a constant dilution rate (D) of 0.2 + 0.01 h-1, resulting in a doubling time 
of ± 3.5 h. At steady state, the optical density at 600nm was 3.5 and the dry weight 1 
mg/ml. The growth medium contained salt medium as described previously 
(Koerkamp et al., 2002). The pH was kept at 5.2 +/- 0.1 by titrating with sterile 1M 
NaOH and 1M HCl and temperature was kept at 280C. Silicone antifoam was added to 
prevent foaming. Chemostat cultures were flushed with air at a flow rate of 900-1000 
ml/min and were stirred at 1000 rpm. Culture purity was routinely monitored by phase 
contrast microscopy and by plating on YPD plates. O2 and CO2 percentage were 
determined in the effluent gas with a Servomex 4100 Gas Purity Analyser (Xentra).  
Starting from glucose steady-state cultures in the chemostat, different types of time-
course experiments were set up and sampled. In a “pump of” experiment, at time point 
zero, oleic acid was added at a final concentration of 3 mM (0.12%), and the pump 
supplying nutrients and glucose was stopped. In a “pump on” experiment supply of 
glucose medium was stopped and medium containing oleic acid (3mM) and nutrients 
was supplied with the same rate. The formulas for oleic acid and glucose oxidation 
(see below) were used to calculate the theoretical values of the respiratory quotient 
(CO2 production/O2 consumption), which are respectively 0.71 (18CO2/25.5O2) and 
1 (6CO2/6O2) for oleic acid and glucose. To assess which substrates were metabolized 
during the chemostat experiments the measured RQs were compared with the 
theoretical values. 
 
glucose oxidation: C6H12O6 + 6O2 → 6CO2 + 6H2O 
oleic acid oxidation: C18H34O2 + 25.5O2 → 18CO2 + 17H2O 
 
Samples for both RNA isolation and enzyme assays were taken with a QuickSampler 
(Lange et al., 2001) and contained at least 30 OD units of cells. 
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The composition of liquid minimal and rich medium for batch cultures and solid 
medium for spot assays has been described previously (see chapter 2) 
 
Microarray Setup 
Microarrays were generated essentially as described (Koerkamp et al., 2002), except 
that the primary PCR products representing 6039 genes of the C. albicans total 
genome were obtained from EuroGentec. The primary PCR products were reamplified 
using one set of primers containing tags common to all primary PCR products. RNA 
isolation, spotting, hybridization, image analysis and data analysis were carried out as 
previously described (Koerkamp et al., 2002). 
 
Strains and plasmids 
All strains and plasmids used in this study are listed in Table I and II. Primers are 
listed in Table III. 
 
 

Table I. Strains used in this study 
Strain  Parent 

strain 
Reference 
or source 

SC1453   A. Mitchell 
BWP17 ura3∆::imm434/ura3∆::imm434 

his1∆::hisG/his1∆::hisG arg4∆::hisG/arg4∆::hisG 
 A. Mitchell 

YKP2 ura3∆::imm434/ura3∆::imm434 
his1∆::hisG/his1∆::hisG arg4∆::hisG/arg4∆::hisG 
PEX13/pex13∆::ARG4 

BWP17 This study 

YKP4 ura3∆::imm434/ura3∆::imm434 
his1∆::hisG/his1∆::hisG arg4∆::hisG/arg4∆::hisG 
pex13∆::HIS1/pex13∆::ARG4 

YKP2 This study 

CPK2 ura3∆::imm434/ura3∆::URA3his1∆::hisG/his1∆::
hisG arg4∆::hisG/arg4∆::hisG 
pex13∆::HIS1/pex13∆::ARG4 

YKP4 This study 

CPK4 ura3∆::imm434/ura3∆::URA3::PEX13 
his1∆::hisG/his1∆::hisG arg4∆::hisG/arg4∆::hisG 
pex13∆::HIS1/pex13∆::ARG4 

YKP4 This study 

CPK5 ura3∆::imm434/ura3∆::URA3 
his1∆::hisG/his1∆::HIS1 
arg4∆::hisG/arg4∆::ARG4 

BWP17 This study 
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Table II. Plasmids used in this study 
Plasmid Parent plasmid Description Reference or 

source 
 
pGEM-T 

 
pGEM-T based plasmid harboring 
native HIS1 

 
A.Mitchell 

 Plasmid used for amplification of 
ARG4 containing disruption cassette 

A.Mitchell 

 Plasmid used for excising ARG4 
gene 

A.Mitchell 

LITMUS28 Plasmid used for reintroducing 
URA3 

W.Fonzi 

pGEM-T PEX13 gene in pGEM-T vector This study 
pAN1 Plasmid for reintroducing ARG4 at 

the ARG4 locus 
This study 

 
pGEM-HIS1 
 
pRS-Arg4*Spe 
 
pRSArg-
N/URA 
 
pLUBP 
 
pKP2 
pKP5 
 
pKP7 pLUBP Plasmid for reintroducing PEX13 at 

the URA3 locus 
This study 

 
β-oxidation 
β-oxidation assays in intact cells were performed as described previously by Van 
Roermund et al. (1998). 
 
Immuno EM 
Oleate-induced cells were fixed with 2% paraformaldehyde and 0.5% glutaraldehyde. 
Ultra-thin sections were labeled with anti-thiolase antibodies and protein A-gold. 
 
Spot assay 
Cells were pre-grown on 0.3% glucose-containing medium, washed, resuspended at a 
concentration of about 2.7 x 107 cells/ml and serially diluted (1:10 dilutions). 5 µl of 
cell suspension of each dilution was spotted onto plates. The picture was taken after 
three days (glucose) or five days (acetate, ethanol) of incubation at 28 0C. 
 
Isocitrate lyase enzyme assay 
Preparation of cell-free extracts and enzyme assays were performed essentially as 
described by de Jong-Gubbels et al. (1995), except that extracts were freshly prepared 
and the assays were carried out in a UVIKON 820 double beam spectrophotometer 
(Kontron) at room temperature. 
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Table III. Primers used in this study 
Name Sequence 
  
CaDPex13F taattttggattttcgaaaatttgttatttttctttctcccatatcattatcaaagaatgtggaattgtgagcggata 
CaDPex13R acagctagaaaaataataatttgcaattttgccataaatacataccctatatacttagaagttttcccagtcacgacgtt 
CaPex13F caaggcacacccgtcattc 
CaPex13R ttatcgaagtagataatatgacg 
Pex13intF ccgctcgagtcccaatcagtagattatatgc 
Pex13intR ggaagatctacatcgtgctgatgcaatatc 
URA3INTF atcagtagcatcatcctcagcg 
URA3INTR tagtgatcacttctcctactccg 
Pex13-F2 gcaattatatactcatacacaatg 
Pex13-R2 tgcagctaaadatatcgaatacg 
Ca arg 5 ttgtggcatcaatgaagaaccag 
ARG4CHF atggtctaactaaattaagatcc 
HIS1CHR2 gcgaccaaaggtggtattgaca 
HIS1CHR aggtttcccgactggaaagc 
Pex13Fsthint gcaattatatactcatacacaatg 
Pex13Rsthint tgcagctaaagatatcgaatacg 
URAFsth ccttatcggatttagcaatttca 
URARsth gcagaaactcatgcctcacca 
 
 

Results 

Identification of the C. albicans PEX13 gene and construction of the pex13 null 
mutant. 
Blast analyses with the S. cerevisiae Pex13p amino acid sequence allowed 
identification a single PEX13-like open reading frame (orf19.7282) in the C. albicans 
genome (http://www.candidagenome.org), encoding a protein of 372 residues with an 
overall sequence identity of 73% with S. cerevisiae Pex13p. Thus, we named the ORF 
CaPEX13. 

To construct the C. albicans pex13 null mutant we used the PCR-based gene 
disruption method developed by Mitchell and colleagues (Wilson et al., 1999), which 
is described in detail in chapter 2 of this thesis. The pex13 knockout strain was either 
complemented with the URA3 gene to generate a prototrophic deletion strain or with 
the PEX13 gene to generate a reintegrant. Correct integration was verified by PCR and 
Southern blot analysis (data not shown). 
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Characterisation of pex13 null mutant by immunoelectron microscopy. 
Previous studies in other organisms have shown that Pex13 is a peroxisomal 
membrane protein involved in the transport of PTS1 and PTS2 proteins into 
peroxisomes, and that disruption of the PEX13 gene results in a typical pex phenotype: 
mislocalisation of matrix proteins to the cytosol and presence of aberrant peroxisomal 
membrane structures (Elgersma et al., 1996; Erdmann and Blobel, 1996; Gould et al., 
1996; Hettema et al., 2000). To verify the phenotype of the Capex13∆/∆ strain we 
performed immunoelectron microscopy on oleate-induced C. albicans cells using 
antibodies directed against S. cerevisiae thiolase (a PTS2 protein). As shown in Fig. 
1A, thiolase was predominantly present in the cytosol and no peroxisomal structures 
were visible. The PEX13 reintegrant showed normal peroxisomal profiles that were 
decorated with immuno gold particles (Fig. 1B). These results, together with our 
previous data on the Capex13 mutant (see chapter 3) showing mislocalisation of PTS1 
proteins in subcellular fractionation experiments, indicate that CaPex13p is involved 
in both PTS1 and PTS2 protein import. 
 
 

 
 
 
 

Figure 1. Characterisation of the C. albicans pex13∆/∆ mutant strain by immunoelectron microscopy. 
Electron microscopical analysis of the C. albicans pex13∆/∆ mutant (A) and complemented strain (B). 
Cryosections of the cells incubated in oleate were labelled using S. cerevisiae thiolase antiserum. Antigens 
were visualized with gold particles conjugated to protein A. (P) Peroxisome. Bar = 500 nm. 
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The pex13 null mutant is unable to grow on oleic acid-containing medium, but 
shows β-oxidation activity comparable to that of wild-type cells. 
Growth assays in liquid medium revealed that the pex13∆/∆ mutant could not grow on 
a minimal medium with oleic acid as carbon source, but grew normally on glucose 
(Fig. 2, Fig. 4 and data not shown). The ability to grow on oleic acid was almost 
completely restored by reintegration of one of the deleted PEX13 alleles, indicating 
that the growth defect was caused by deletion of the PEX13 gene. 
 
 

 
 
 

Figure 2 
The pex13∆/∆ mutant strain is unable to grow on oleic acid-containing media. 
The indicated strains were pre-grown on minimal medium containing 0.3% glucose and inoculated at an 
OD600 of 0.1 in minimal oleate medium. Growth was monitored over a period of 24 hours by measuring the 
optical density of the cultures. 
 

We expected that the lack of growth on fatty acids would be the result of a block in β-
oxidation activity, as compartmentalization of the β-oxidation enzymes has been 
suggested to be essential for proper functioning of the pathway (Reumann, 2000). To 
measure β-oxidation activity, the pex13∆/∆ cells were cultured for 12-14 hours on rich 
medium containing oleic acid, conditions that allow the cells to grow on substrates 
present in the yeast extract and peptone when the added carbon source, i.e. oleic acid, 
cannot be used. As control the fox2∆/∆ mutant was used. This mutant is unable to β-
oxidise fatty acids because it lacks the second enzyme of this pathway (see chapter 2). 
Surprisingly, the Capex13∆/∆ mutant showed β-oxidation activity comparable to that 
of the wild type and reintegrant strains (Fig. 3A). As a comparison the β-oxidation 
activity was measured in a S. cerevisiae pex13∆ strain cultured in a similar way.  
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Fig. 3B shows that the β-oxidation activity is reduced in a Scpex13 null mutant to 
about 15% of the activity in a wild type strain. As expected no β-oxidation activity 
could be measured in the fox2 null mutants (Fig 3A and B). 
 
 

 
Figure 3. C. albicans pex13∆/∆ mutant cells show wild type β-oxidation levels 
β-oxidation activity in oleic acid-induced C. albicans (A) and S. cerevisiae (B) strains were measured as 
described in Material and Methods. The β-oxidation activity in C. albicans (A) and S. cerevisiae (B) wild 
type strains were set at 100%.. 
 

Behavior of the pex13 null mutant during the transient state when glucose is 
replaced by oleic acid. 
So far, all experiments with the pex13∆/∆ strain were carried out in batch cultures. A 
major drawback of this system is that it does not allow one to monitor in a 
reproducible way the physiological changes that occur during a switch in carbon 
source. We therefore used a chemostat and grew the strain under glucose limitation. 
As soon as the steady state was reached, conditions where neither medium nor cells 
contain glucose, the culture was switched to oleic acid as a carbon source. Two types 
of experiments were performed: i) so called “pump on” experiments where glucose 
supply was stopped and oleic acid plus the appropriate nutrients were supplied at the 
same rate, and ii) so called “pump off” experiments where glucose and nutrient supply 
was stopped and the concentration of oleic acid was immediately brought to 3mM 
(0.12%) in the chemostat vessel by injection of a stock solution of oleic acid. The 
important difference between both is that in the “pump on” experiment the oleate 
concentration in the vessel is slowly increased, while in the “pump off” experiment 
there is a sudden rise in the oleate concentration. As controls wild type cells and the 
fox2∆∆ mutant were used.  
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To get insight into the substrates that are metabolized during the experiment we 
measured O2 and CO2 concentrations in the effluent gas and calculated the rates of 
CO2 production (qCO2) and O2 consumption (qO2) and compared the obtained 
respiratory quotients (qCO2/qO2) to the theoretical values for oleic acid and glucose 
catabolism (0.71 and 1, respectively) (see Materials and Methods). 
The wild type and pex13∆/∆ mutant when subjected to 3mM oleic acid at the 
beginning of the time course (“pump off” experiment) start oxidising the fatty acid 
after about 10-15 min as can be inferred from the decrease in the CO2/O2 ratio (Fig. 
4A and B). After 20-25 min the respiratory quotient had dropped to ~0.7 suggesting 
that the cells had completely switched their metabolism from glucose to fatty acid 
utilization. These data confirm the β-oxidation measurements in batch cultures and 
show that the pex13∆/∆ mutant can oxidise fatty acids. In contrast, the fox2∆/∆ mutant 
maintained a CO2/O2 ratio of about 1 after oleate addition suggesting that it was unable 
to oxidise fatty acids (Fig. 4C). Why the respiratory quotient in the fox2∆/∆ remains at 
this high value is currently unclear. To avoid a sudden increase in oleic acid 
concentration in the culture vessel we performed a “pump on” experiment with the 
pex13∆/∆ mutant and followed the CO2 production and O2 consumption over a period 
of three hours (Fig. 4D). About 30 min after the carbon source switch the pex13∆/∆ 
cells fully metabolise oleic acid (CO2/O2 ~0.7). This respiratory quotient is maintained 
until ~60 min, however, from that time point on, CO2 production and O2 consumption 
rapidly decrease and come to a full stop at 80 min indicating that cellular metabolism 
has ceased. Again, these data show that the pex13∆/∆ mutant can oxidize fatty acids, 
although only for a limited time period. Remarkably, during the first 15 min of the 
time course the CO2/O2 ratio rises above 1. The reason for this increase in respiratory 
quotient is currently unclear, but some suggestions are put forward in the discussion 
section (see below).  
Since in the first step of the β-oxidation H2O2 is produced, which can result in 
oxidative damage of cellular components we tested whether metabolism in the 
pex13∆/∆ strain ceases because of irreversible oxidative damage to the cells. When 
glucose was added to the pex13∆/∆ chemostat culture three hours after oleate 
metabolism had stopped, CO2 production and O2 consumption resumed within 5 min, 
indicating that the oleic acid exposed cells were still metabolically active (data not 
shown). Remarkably, when ethanol was added to the oleic acid-exposed pex13∆/∆ 
cells in a similar experiment, restoration of CO2 production and O2 consumption was 
not observed (data not shown). Together, these data suggest that while the oleic acid-
exposed pex13∆/∆ cells are metabolically active they are unable to utilize a C2 carbon 
source. To further analyse the pex13∆/∆ strain, we carried out transcriptional profiling 
using DNA micro arrays with samples taken from the “pump on” experiment and 
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compared the transcriptional response with that of wild type cells grown under similar 
conditions (Els Mol et al, manuscript in preparation). These experiments revealed a 
clear induction of genes related to fatty acid metabolism in pex13∆/∆ cells, although 
the induction levels were somewhat lower than in wild type cells. The only remarkable 
difference observed between pex13∆/∆ and wild type cells was a more pronounced 
down regulation of genes involved in amino acid and protein synthesis in the former. 
These transcriptional data suggest that the ability to synthesise cellular building blocks 
such as amino acids and proteins is strongly reduced in the pex13∆/∆ strain when only 
fatty acids are available as a carbon and energy source. 
 
 
 

 
 
 
 
Figure 4. Physiological characterisation of the pex13∆/∆ mutant in the transient state when glucose is 
replaced by oleic acid 
The graphs show rates of CO2 production (qCO2), O2 consumption (qO2) and respiratory quotient (qCO2/ 
qO2) during the transient state when glucose-limited cultures of wild type (A), pex13∆/∆ (B and D) or 
fox2∆/∆ (C) cells are exposed to oleic acid. “Pump off” experiment: A, B and C; “pump on”: D. For details 
see text. 
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The glyoxylate cycle can function in the cytosol of pex13∆/∆ cells but Icl1p 
activity is strongly reduced after oleic acid addition. 
To be able to grow on fatty acids as sole carbon source, the cells must harbour a 
functional glyoxylate cycle, which allows the synthesis of C4 units from acetyl CoA 
(Kunze et al., 2006). These C4 units can be used as precursors to synthesise cellular 
compounds such as amino acids and carbohydrates. The results described above 
suggested that the oleic acid-exposed pex13∆/∆ strain is affected in its ability to 
synthesise cellular building blocks. Previously, we showed that the key enzymes of the 
glyoxylate cycle, Mls1p and Icl1p, are localised in peroxisomes of wild type cells but 
are mislocalised to the cytosol in pex13∆/∆ cells (see chapter 3). To test whether the 
glyoxylate cycle can function in the cytosol of a pex13∆/∆ strain, we carried out spot 
assays on plates with ethanol or acetate, C2 carbon sources that also require a 
functional glyoxylate cycle for their metabolism. As controls wild type (positive 
control) and icl1∆/∆ (negative control) cells were analyzed. Fig. 5 shows that the 
pex13∆/∆ mutant grows on acetate and ethanol with rates comparable to that of the 
wild type strain. As expected the icl1∆/∆ mutant is unable to grow on either of these 
C-sources. 
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Figure 5 Growth of the C. albicans pex13∆/∆ mutant on different carbon sources. 
Serial dilutions of C. albicans pex13∆/∆, icl1∆/∆ and wild type cells were spotted onto minimal plates 
containing glucose, acetate or ethanol as the only carbon source. 
 
 Although these results imply that the glyoxylate cycle can function in the cytosol of 
pex13∆/∆ cells these data do not allow us to draw conclusions about the function of 
the glyoxylate cycle in pex13∆/∆ cells exposed to fatty acids. We therefore cultivated 
pex13∆/∆ cells for 12-14 hours on rich medium containing oleic acid (or ethanol) and 
determined the Icl1p activity in lysates as a measure for glyoxylate cycle activity. The 
Icl1p activity in ethanol grown pex13∆/∆ cells was reduced to about 30% of that 
measured in wild type cells (Fig. 6). However, Icl1p activity in pex13∆/∆ cells 
cultured in the presence of oleic acid was reduced even further to about 15% of the 
activity measured in wild type cells. 
 
 
 

 
 

 
 
 
Figure 6. Icl1p activity in pex13∆/∆ cells is strongly reduced 
Icl1p activity was measured in cell-free extracts of wild type and pex13∆/∆ cells cultured on rich oleate (A) 
or rich ethanol (B) medium. 
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Discussion 
 
A key feature of an eukaryotic cell is its compartmentalization into membrane-bound 
organelles, such as mitochondria, lysosomes and peroxisomes, which house different 
metabolic pathways. Compartmentalization of metabolic pathways is thought to 
contribute to their efficient performance by creating an optimized micro-environment 
within the cell and ensure an efficient flux of intermediates.  

Peroxisomes may house many different metabolic pathways but the main pathway in 
both yeast and mammals is the β-oxidation of (long chain) fatty acids. 
Compartmentalization of fatty acid oxidation may be particularly advantageous for the 
following reasons: i) in the first step of the β-oxidation H2O2 is produced, which is a 
strong oxidant that can be converted to more reactive oxygen species such as the 
hydroxyl radical (•OH) that has the capacity to damage cellular components such as 
DNA, proteins and lipids. The localization of catalase, which decomposes H2O2 to 
H2O, within the same compartment may allow efficient inactivation of H2O2 at the site 
of production and prevent diffusion of this oxidative species to the cytosol, ii) there is 
increasing evidence that peroxisomal enzymes are organized in multi-enzyme 
complexes that allow metabolic channelling thereby decreasing the transit time of 
metabolites, prevent loss of metabolites, and protect them from the solvent (Reumann, 
2000). Indeed, compartmentalization of the β-oxidation enzymes in peroxisomes 
seems to be essential for the function of this metabolic pathway as mislocalization of 
the enzymes to the cytosol in mutants with a generalized peroximal protein import 
defect, i.e. pex in yeast and PBDs (peroxisome biogenesis disorders) in mammals, 
results in an almost complete loss of β-oxidation activity and, in the case of yeast pex 
mutants, the inability to grow on fatty acids as sole carbon source (Erdmann et al., 
1989; Gould et al., 1992, Nuttley, 1993). In fibroblasts of patients with PBDs it was 
already shown in the 1980’s that the mislocalized β-oxidation enzymes are rapidly 
degraded, explaining the strongly reduced β-oxidation activity in these cells (Schram 
et al., 1986). However, in S. cerevisiae pex mutants there is no experimental evidence 
for instability of the β-oxidation enzymes and generally the individual enzymes can 
readily be detected in cell lysates by Western blotting or enzyme activity assays (Van 
der Leij et al., 1993; van Roermund et al., 1998). Nevertheless, overall β-oxidation 
activity is strongly reduced in these mutant cells (Fig. 3B) and, consequently, growth 
on fatty acids is not possible. Here we show for the first time that β-oxidation of fatty 
acids can be performed in a pex mutant, the C. albicans pex13∆/∆ strain. As both 
PTS1 and PTS2 import are blocked in this mutant (Fig 1 and chapter 3) we assume 
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that all peroxisomal matrix enzymes including the β-oxidation enzymes are located in 
the cytosol. These data suggest that in a strict sense compartmentalization of this 
metabolic pathway is not required for its activity. Why the β-oxidation can efficiently 
run in the cytosol of a C. albicans pex13∆/∆ strain but not in that of a S. cerevisiae 
pex13∆ mutant remains to be elucidated.  

Despite the wild type levels of β-oxidation activity in the C. albicans pex13∆/∆ 
strain, the cells cannot grow in a medium with fatty acids as sole carbon source (Fig 
2). Although the analysis of the pex13∆/∆ strain is far from complete our preliminary 
data suggest that the mutant cannot utilize fatty acids because the glyoxylate cycle is 
strongly inhibited upon exposure of the cells to fatty acids, resulting in its inability to 
synthesize cell constituents from the produced acetyl CoA. While the glyoxylate cycle 
per se can function in the cytosol, as shown by the growth of the pex13∆/∆ strain on 
the C2 carbon sources ethanol and acetate (Fig. 5), the activity of one of the key 
enzymes of this pathway, Icl1p, is reduced to 30% of the wild type levels (Fig. 6). 
These results suggest that Icl1p is less stable in the cytosol or may be partially 
inactivated. Upon exposure of the mutant cells to fatty acids, either in batch cultures or 
in the chemostat, Icl1p activity is even more strongly reduced (to about 15% of the 
wild type activity, Fig. 6 and data not shown). Since it has been shown in plants that 
Icl1p is very susceptible to oxidation resulting in rapid loss of enzymatic activity 
(Nguyen and Donaldson, 2005; Yanik and Donaldson, 2005) we speculate that the 
H2O2 produced during fatty acid oxidation in the cytosol cannot be efficiently 
decomposed by catalase and/or other H2O2 scavenging enzymes, leading to the 
oxidative inactivation of Icl1p. Further experiments are required to confirm that 
oxidative damage of this enzyme (and possibly others such as Mls1p) indeed occurs in 
the pex13∆/∆ strain. If this were true, it is also unclear how Icl1p is protected against 
oxidative inactivation in the wild type situation when the enzyme, together with the β-
oxidation enzymes, is localized in peroxisomes. However, a clue is provided by the 
work of Yanik and Donaldson (Yanik and Donaldson, 2005) who showed that 
peroxisomal Icl1p in plants is tightly associated with catalase and that this association 
protects Icl1p from H2O2-mediated damage. 

Our chemostat experiments suggest that in the pex13∆/∆ strain, not only Icl1p is 
inhibited but possibly also one of its products, glyoxylate. In two independent 
experiments (Fig. 4D and data not shown) a transient increase in the CO2/O2 ratio to a 
value above 1 is observed after addition of oleic acid to the culture vessel. Since, by 
definition, there is no glucose present at the start of the experiment the only available 
carbon source is oleic acid and, possibly, some intermediates of glucose metabolism. 
However, oxidation of these substrates is not expected to give a respiratory quotient 
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above 1. One possible explanation for the transient rise in the respiratory quotient is an 
increased CO2 production resulting from the direct oxidation of glyoxylate, the 
product of Icl1p, by H2O2 yielding formate and CO2 (Weinhouse and Friedmann, 
1952). Formate can be further oxidized to CO2 by formate dehydrogenase. In support 
of this we have found a strong transient increase in the expression of formate 
dehydrogenases in our transcription profiling experiment with the pex13∆/∆ strain 
exposed to oleic acid (data not shown).  

In conclusion, our preliminary data suggest that while fatty acid β-oxidation can be 
performed in the cytosol, compartmentalization of the pathway may be required for 
efficient decomposition of the produced H2O2, most likely by catalase, thereby 
protecting both Icl1p and its product glyoxylate against oxidative damage. It will be 
interesting to see whether a pex13∆/∆ strain can be engineered that is able to grow on 
fatty acids by overexpressing H2O2 degrading enzymes in the cytosol. 
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Abstract 
 
Yeast cells were grown in glucose-limited chemostat cultures and forced to switch to a 
new carbon source, the fatty acid oleate. Alterations in gene expression were 
monitored using DNA microarrays combined with bioinformatics tools, among which 
was included the recently developed algorithm REDUCE. Immediately after the 
switch to oleate, a transient and very specific stress response was observed, followed 
by the up-regulation of genes encoding peroxisomal enzymes required for fatty acid 
metabolism. The stress response included up-regulation of genes coding for enzymes 
to keep thioredoxin and glutathione reduced, as well as enzymes required for the 
detoxification of reactive oxygen species. Among the genes coding for various 
isoenzymes involved in these processes, only a specific subset was expressed. Not the 
general stress transcription factors Msn2 and Msn4, but rather the specific factor 
Yap1p seemed to be the main regulator of the stress response. We ascribe the initiation 
of the oxidative stress response to a combination of poor redox flux and fatty acid-
induced uncoupling of the respiratory chain during the metabolic reprogramming 
phase. 
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Introduction 

Aerobic life is associated with the production of reactive oxygen species (ROS) by 
various metabolic processes. ROS can modify lipids, proteins, and nucleic acids and 
can particularly cause mutations in DNA, which might contribute to tumor formation. 
Normally, ROS production is kept at bay by a variety of detoxifying enzymes, some of 
which derive their reducing power from glutathione (GSH) or thioredoxins (TRXs) 
(Grant et al., 1998; Hohmann and Mager, 1997; Jamieson and Storz, 1997). However, 
in certain pathological conditions caused by tissue damage or during treatment with 
certain pharmaceuticals, this protection fails, probably due to a compromised redox 
state: [NAD(P)H/NAD(P)]. Although the mitochondrial respiratory chain is an 
important source of ROS, peroxisomal metabolism is another contributor in this 
respect. For instance, in rodents, application of hypolipidemic drugs resulted in 
enlargement of the peroxisome compartment, and long-term treatment even caused 
cancer (Lock et al., 1989; Reddy and Mannaerts, 1994). 

Peroxisomes house a number of oxidative enzymes producing ROS, such as H2O2, 
which is formed during the β-oxidation of fatty acids (Beevers, 1969; van den Bosch et 
al., 1992). In the classic view, the raison d'etre of the organelle is to provide a 
boundary to keep ROS confined within a compartment where they can be quickly 
detoxified. Several considerations indicate that this concept may be too simple (Tabak 
et al., 1999). H2O2 can easily permeate through membranes and loss of peroxisomal 
catalase remains without symptoms. Is this due to the fact that other detoxifying 
enzymes come to the rescue? There are indeed suggestions that peroxisomes harbor 
additional GSH or thioredoxin-dependent detoxifying enzymes (Jeong et al., 1999; 
Lee et al., 1999a), but it may also be that cytosolic enzymes are recruited. 

An opportunity to study the role of peroxisomes in relation to ROS metabolism arose 
from our work with Saccharomyces cerevisiae as a model to study on a genome-wide 
scale how cells adapt to growth on a fatty acid as sole carbon source. In the 
experimental setup that we chose to carry out these experiments, steady-state growth 
of cells in a glucose-limited chemostat and shifting them subsequently to oleate, we 
observed that the cells experienced a transient oxidative stress response. Remarkably, 
this stress response was very specific in terms of the enzymes that were recruited and 
was completely independent of factors usually considered to be part of the general 
stress response. This was inferred from our observations that targets of the Yap1p 
transcription factor were up-regulated, whereas targets of the transcription factors 
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Msn2p and Msn4p were down-regulated during this stress period. These findings 
differ from prevalent opinions on the behavior of yeast cells experiencing stress and 
provide arguments for a role for Msn2p and Msn4p in reprogramming cellular 
metabolism. 

Materials and Methods 

Yeast Strains and Culture Conditions 
S. cerevisiae strain DBY7286 (MATa, ura3-52, GAL2; Spellman et al., 1998) was 
grown in chemostat cultures of 700 ml (L.H. Fermentation, Stoke Poges, 
Buckinghamshire, United Kingdom). Cells were cultured under glucose limitation at a 
constant dilution rate (D) of 0.1 ± 0.01 h−1, resulting in a doubling time of 6.9 h. At 
steady state, the optical density at 600 nm was 5 and the dry weight 2.2 mg/ml. The 
growth medium contained salt medium as described previously (Evans et al., 1970), 
with the following modifications and additions: 2 mM nitrilo-triacetic acid replaced 
citrate as chelator, 3 g/l yeast extract, 5 g/l bactopepton, uracil (20 µg/l), and 
vitamins—myo-inositol (0.55 mM), calcium-D(+)-pantothenate (0.2 mM), pyridoxin-
HCl (0.013 mM), thiamin-HCl (0.006 mM), D(+)-biotin (0.05 mM), nicotinate (0.16 
mM), and 2.5 g/l glucose. This rich medium was chosen by necessity because S. 
cerevisiae cannot be grown in minimal medium with oleate as sole carbon source. The 
pH was kept at 5.8 ± 0.1 by titrating with sterile 2 M NaOH. Temperature was set at 
28°C. Silicone antifoam was added to prevent foaming. Chemostat cultures were 
flushed with air at a flow rate of 1.05 l/min. The culture was stirred at 1250 rpm. 
Culture purity was routinely monitored by phase-contrast microscopy and by plating 
on YPD and selective ura− plates. O2 and CO2 concentrations were determined in the 
effluent gas with an oxygen analyzer (paramagnetic O2 transducer; Servomex, 
Crowborough, United Kingdom) and an I.R. gas analyzer (Servomex), respectively. 
Dry weight was measured by the procedure of Herbert et al. (1971). Growth in steady 
state was limited by glucose availability as shown by various controls: 1) the initial 
glucose concentration in the medium was 13 mM but undetectable (<0.5 mM) in the 
chemostat chamber, whereas the presence of alcohol could not be demonstrated; 2) 
when the glucose concentration in the medium was doubled biomass increased 
correspondingly, and 3) this is in line with extensive chemostat studies (Van Hoek et 
al., 1998), which indicate that below growth rates of 0.3/h, glucose is the limiting 
factor determining the increase in biomass. Media and culture supernatants were 
analyzed by high-performance liquid chromatography with an HPX 87H Aminex ion 
exchange column (30 × 7.8 mm; Bio-Rad, Hercules, CA) at 60°C. The column was 
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eluted with 5 mM H2SO4 at a flow rate of 0.6 ml/min. Fatty acids were quantitatively 
analyzed in supernatants by capillary gas chromatography (Dacremont et al., 1995). 
Time Course Experiments, RNA Isolation, and cDNA Synthesis. 
 
Time Course Experiments, RNA Isolation, and cDNA Synthesis 
Starting from steady-state cultures in the chemostat, two time-course experiments were 
set up and sampled. In an oleate pulse (OP) experiment, at time point 0, oleic acid 
(Merck, Darmstadt, Germany) was added to a final concentration of 0.12% and the 
pump supplying nutrients, including glucose, was stopped. Samples of 30 OD units of 
cells were taken at various times during 90 min. A control experiment was carried out 
in which the addition of glucose was stopped but the supplementation with oleate was 
omitted. 

Samples were taken by collecting 7.5 ml of cells (30 OD units) with a QuickSampler 
in an equal volume of ethanol at −80°C. The transfer time of the sample from the 
culture to ethanol was <0.1 s (Lange et al., 2001). The cells were concentrated at 
−20°C, resuspended, and stored as pellets at −80°C. 

Cell content was released from the frozen cell samples by disruption in a Braun 
Microdismembrator S (B. Braun Biotech International GmbH, Melsungen, Germany). 
RNA was extracted from the frozen powder by using TRIzol and was further purified 
according to the instructions from the supplier (Invitrogen). 33P-Labeled cDNA probes 
were made using oligo(dT) and reverse transcriptase on 5–20 µg of total RNA as 
described previously (Hauser et al., 1998). 

Microarray Setup 
Gene pairs (6219) were provided by Research Genetics (Huntsville, AL) and were 
used to amplify open reading frames (ORFs) from yeast DNA, including start and stop 
codons. All primers contained tags that allow a second round of amplification with one 
set of primers: RG1, 5′ GGAATTCCAGCTGACCACC 3′; and RG2, 5′ 
GATCCCCGGGAATTGCCATG 3′. 

Forward and reverse oligonucleotides were mixed and diluted using a Biomek 2000 
robot (Beckman Coulter, Fullerton, CA). Polymerase chain reaction (PCR) reactions 
were set up in 384-well plates by using the same robot; 20-µl reactions contained 4 ng 
of yeast DBY7286 genomic DNA, 8 pmol of each primer, and 0.4 U of Taq 
polymerase (Takara, Kyoto, Japan). Thirty amplification cycles (annealing at 55°C; 5-
min extension) were run in a PTC200 (MJ Research, Waltham, MA), containing an 
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automatic 384-well block. All products were supplied with sucrose (1.5%) and cresol 
red (0.025%) and were tested on 1% agarose gels to be verified for quantity and 
correct length. ORFs that failed to amplify in the first round were included in a second 
attempt at amplification. The final success rate was 97% (6013 ORFs in total, 
including 18 amplification products whose sizes visibly differed from expected sizes 
and another 14 for which an additional “contaminating” product was seen on the gel). 
Reamplifications were carried out with the common tag oligonucleotides on a dilution 
of the primary products. Typical reactions yielded 5 µg of product, as was estimated 
from gel electrophoresis. The PCR reactions were diluted into sucrose (1.5%) and 
cresol red (0.025%) to a concentration of 0.1–0.5 µg/µl, and this mixture was used for 
spotting. 

Microarrays were generated using a home-built arrayer (see 
http://cmgm.stanford.edu/pbrown/mguide/), with some home-made modifications. The 
print-head contains 12 adjustable custom-made quilted pins. The machine is 
programmed to yield filter arrays with duplicate spot patterns of each gene product. 
The amount of DNA delivered to the filter was 60–80 nl/spot (6–40 ng). With spot 
sizes of 700 µm and a heart-to-heart distance of 1 mm, 33P can be used without the risk 
of overlapping signals. 

Filter arrays were generated using Hybond N+ (Amersham Biosciences, Piscataway, 
NJ). Besides all duplicate gene products, external controls were spotted (Holstege et 
al., 1998) as well as cornerspots to facilitate the image analysis. After drying, the 
filters were denatured and renatured according to standard protocols (Sambrook et al., 
1989), and cross-linked using a Stratalinker (position auto cross-link; Stratagene, La 
Jolla, CA). Filters were reused several times after melting off the labeled target, cDNA 
(Hauser et al., 1998). Hybridization with labeled target was performed in bottles in a 
hybridization oven in 5× SSC, 5× Denhardt, and 0.1% SDS at 65°C for at least 40 h. A 
stringent wash was done at 0.2× SSC, followed by exposure and scanning at 50-µm 
resolution on a Storm 860 (Molecular Dynamics, Sunnyvale, CA). 

Image and Data Analysis 
The Storm image file (16-bit tif) was analyzed using Bioimage high-density grid 
analyzer (Genomic Solutions, RMLuton, Inc., Jackson, MI). Resulting report files 
containing integrated intensities for each spot were then subjected to further data 
analysis. 

Normalization was carried out using total integrated intensities per filter, thus 
assuming a constant amount of mRNA per cell throughout the time course of the 
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experiment. As an alternative, external spots were taken for normalization (Holstege et 
al., 1998), but no significant differences in results were seen between those methods in 
this experimental setup. 

Duplicate spots were averaged, and values with a SD (SD/average × 100%) >50% 
were ignored for further analysis (mostly very low values, usually 400–600 
spots/filter). The reproducibility of the microarray analysis was assessed by correlation 
of datasets. Duplo spots on one filter correlated >0.99; different labeling on identical 
RNA samples correlated >0.95. 

Normalized intensities were converted to ratios by using the zero time point, the 
steady state, as the reference and were transformed to 2log-ratios to be used in all 
subsequent computational analyses. Using the computer program REDUCE each time 
point was analyzed separately for regulatory motifs in the 600-base pair upstream 
region of all ORFs (allowing no overlap with other ORFs) (Bussemaker et al., 2001). 
For changes in gene categories defined by the Gene Ontology Project (Ashburner et 
al., 2000), the program QUONTOLOGY (Bussemaker and Lascaris, unpublished data) 
was used. The magnitude of the Pearson correlation between the log-ratio for a gene 
and the relevant feature (i.e., motif count in the promoter region for REDUCE; 
belonging to specific Gene Ontology Project category for QUONTOLOGY) was 
represented by a Z-score equal to the deviation from zero in units of the SD for 
random log-ratios drawn from a normal distribution. 

Ratio data sets of time courses as described above were used for filtering genes by 
applying 2log calculation, >95% presence, and a more than twofold change as 
described by Cluster (Eisen et al., 1998). Expression data of selected ORFs were used 
as input for GeneMaths (Applied Maths, Sint-Martens-Latem, Belgium) to be 
subjected to several clustering algorithms. Hierarchical clustering was performed by 
Euclidian distance metric clustering and UPGMA (Unweighted Pair Group Method 
with Arithmetic mean) clustering. 

GFP Labeling of Transcription Factors Yap1p and Msn2p 
The coding sequences of YAP1p and MSN2 were cloned to yield an in-frame fusion 
of each ORF with the green fluorescent protein (GFP) behind a weak promoter 
(PEX5) in YCPLac33. The fusion constructs were then subcloned in YIPlac211 and 
integrated into yeast strain DBY7286. Resulting strains were subjected to the 
chemostat culturing conditions and time-course experiments described above. Samples 
were drawn and unfixed cells were as soon as possible photographed using a 
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fluorescence microscope (Axiophot 2; Carl Zeiss, Thornwood, NY), supplemented 
with phase-contrast light. 
 
 
Results 

Full transcriptome analysis is an excellent method to study physiological adaptation 
processes in yeast cells experiencing a sudden change in carbon source. In most 
laboratory protocols, a shift in carbon source involves manipulations such as collecting 
cells by centrifugation and resuspending them in a new culture medium, followed by 
batch-wise growth. Such procedures prevent analysis on a short time scale and may 
also interfere with the objectives of the study itself. Instead, we chose a chemostat for 
our experimental setup because 1) cells can be cultivated under well-defined growth 
conditions, keeping biological noise to a minimum; 2) the steady state can be easily 
reproduced and thus a renewable reference source can be created for multiple 
experiments, and 3) under conditions of carbon-limited growth, neither medium nor 
cells contain residual carbon source, which makes it possible to change to a new 
carbon source immediately and effectively. 

Yeast cells were grown in the chemostat on rich medium containing glucose (for 
rationale, see MATERIALS AND METHODS). The amount of glucose supplied (2.5 
g/l) and the dilution rate (0.1 h−1) in the chemostat were chosen to limit growth of the 
cells by the availability of glucose and to obtain a generation time of 7 h. This rather 
long generation time was dictated by the relatively slow growth rate of yeast on oleate 
and our wish to compare the cells under equal conditions on both carbon sources. 
After reaching steady state, the addition of glucose-containing medium was stopped 
and oleate was added to bring the concentration of oleate in the chemostat vessel to 
0.12%. This selective change in carbon source without altering the other components 
of the medium is a typical advantage of the chemostat setup. At various time points 
aliquots of the culture were taken for mRNA profiling. Time courses were determined 
in two independent chemostat experiments. For each time point two independent RNA 
isolations were carried out and 33P-labeled cDNA was synthesized. Labeled cDNA 
was hybridized with nitrocellulose filters containing duplicate DNA spots of 6013 
PCR-amplified yeast ORFs (for details, see MATERIALS AND METHODS). 

Global Analysis of Changes in mRNA Abundance 
To get insight into the physiological changes that took place after the shift from 
glucose to oleate, we analyzed our data by using three different bioinformatics tools. 
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Using the steady state as a reference, the mRNA abundance measured at different 
times was first converted to log-ratios. The program REDUCE (Bussemaker et al., 
2001) was then used to perform simultaneous analyses of genome sequence and 
expression data. Based on an unbiased search, REDUCE selects those sequence motifs 
whose occurrence in the upstream region of a gene correlates with a change in 
expression. Multivariate analysis is then applied to infer changes in the activity of all 
relevant transcription factors. This allows a compact and informative representation of 
the transcriptional response and takes into account the combinatorial nature of 
transcriptional regulation. Many of the significant motifs we found corresponded to 
binding sites of known transcription factors. The activity time courses for six known 
DNA control elements are shown in Figure 1A. 

 

 135 



Chapter 5  

 

 
Figure 1. Dissection of the transcriptional response of yeast cells to a shift from glucose to oleate as 
new carbon source as analyzed by DNA microarrays and three bioinformatics tools. (A) REDUCE 
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analysis of the oleate induction time course. The log-ratios data set of an oleate induction time course were 
correlated with DNA sequence elements in promoter regions using the program REDUCE. Six relevant 
regulatory motifs are shown. Complete results are available at 
http://bussemaker.bio.columbia.edu/papers/oleate. (B) QUONTOLOGY analysis of the same oleate 
induction time course. Time courses corresponding to the average log-ratio for genes in five significantly 
changing functional categories from Gene Ontology. (C) Hierarchical clustering of expression profiles for 
genes whose expression changed significantly. Three time-course experiments were analyzed: one oleate 
induction experiment with double RNA isolations (OP1 and OP2), and one independent oleate induction 
experiment from a separate chemostat (OP3). All datasets were gathered and filtered as described in 
MATERIALS AND METHODS. Filtering resulted in 269 significantly regulated genes (more than twofold 
induced or repressed). This set was used as input for GeneMaths (www.applied-maths.com) to perform 
Euclidian correlation combined with UPGMA clustering. Enlarged are 1) an early up-regulated cluster, 
containing many Yap1-regulated genes (red squares) or containing a Yap1-control element (TTASTAA); 
and 2) a cluster containing peroxisomal matrix genes (green squares) and/or an ORE element. Also, down-
regulation of glycolysis, the significance of a (promoter) element with unknown function (CGATGAG) and 
STRE elements (AAGGGG) are indicated. 

We also used the program QUONTOLOGY (Bussemaker and Lascaris, unpublished 
data), which scores functional categories (Gene Ontology) based on expression of the 
genes they contain, in close analogy with REDUCE. This provides global information 
about the biological processes that are associated with the transcriptional response. 
Time courses of categories that were significantly induced or repressed at one or more 
time points are shown in Figure 1B. 

Finally, we scrutinized the data by hierarchical clustering, after first filtering out the 
genes whose expression did not change significantly during the time course (Eisen et 
al., 1998) (Figure 1C). Approximately five clusters of genes could be discerned: 1) a 
group that was up-regulated in the beginning of the time course, most genes of which 
contained the Yap1p DNA target sequence (TTASTAA) in their promoter; 2) a group 
that was increasingly down-regulated during the time course, comprising many genes 
coding for glycolytic enzymes; 3) a group that was up-regulated after a delay of ~30 
min, most genes of which contained an oleate response element (ORE) motif in their 
promoter; 4) a group that was first up- but later down-regulated, with a common motif 
of unknown function (CGATGAG) in the region upstream of the genes; and 5) a group 
that was down-regulated in the beginning of the time course, which is rather enriched 
in STRE (AAGGGG) elements, which are reported to mediate a general stress 
response. Thus, the oxidative and general stress responses appeared in opposite 
clusters. Taken together, the three different approaches complemented each other and 
allowed us to delineate the most important physiological changes that took place after 
the change in carbon source. 
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Genes Involved in Peroxisomal Functions 
As expected, the shift to oleate activated genes encoding enzymes involved in fatty 
acid degradation, allowing efficient use of the new carbon source. These enzymes are 
housed in peroxisomes and indeed also genes were expressed coding for PEX proteins, 
involved in the maintenance of these organelles and required for the increase in their 
number and volume during growth on oleate. It is known that the levels of the β-
oxidation enzymes increase due to a dramatic and coordinate induction of the 
corresponding genes (Kal et al., 1999). This is achieved via the action of two 
transcription factors, Oaf1p and Pip2p, that recognize a cis-acting sequence called 
ORE in the promoter of these genes (Eisen et al., 1998; Luo et al., 1996; Rottensteiner 
et al., 1996). Indeed, REDUCE analysis indicated the use of the ORE UAS (Figure 
1A) and QUONTOLOGY reported a strong correlation of peroxisome functional 
categories with the expression data (Figure 1B). This picture was reinforced by 
hierarchical clustering that grouped a set of genes, most of which are dependent on 
ORE for their expression (Figure 1C). 
 
An Oxidative Stress Response Precedes Metabolic Adaptation 
Expression of genes coding for peroxisomal functions did not start immediately after 
the addition of oleate (Figure 1A). Instead, their expression increased �20–30 min 
later. From control elements and corresponding transcription factors that became 
active immediately after the addition of oleate, we could deduce that the cells had 
encountered a temporary crisis. Genes under the control of the transcription factor 
complex MCF (Swi6p + Mbp1p) targeting the MCB site were down-regulated, which 
indicates that cells stopped multiplying and arrested during the G1 phase (Spellman et 
al., 1998). Genes controlled by the transcription factor Pdr3p (DeRisi et al., 2000) 
were up-regulated. Among other things, this transcription factor controls the 
expression of genes coding for multidrug transporters located in the plasma 
membrane, suggesting that oleate might initially be experienced as an unwanted 
compound due to its detergent-like properties. A clue as to the nature of the stress was 
given by the up-regulation of genes controlled by Yap1p (Figure 1A), a transcription 
factor involved in oxidative stress (Delaunay et al., 2000; Stephen et al., 1995). 
Remarkably, the targets of the transcription factors Msn2p and Msn4p, which are 
considered to be factors that operate during general stress (Martinez-Pastor et al., 
1996; Schmitt and McEntee, 1996), were in fact down-regulated during this period 
(Figure 1A) and also the functional category “stress” displayed a negative Z-score 
during the first 50 min (Figure 1B). 
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The occurrence of oxidative stress deduced from the behavior of the Yap1p-binding 
element could be inferred from a marginally positive identification of an oxidative 
stress functional group (Figure 1B). The low Z-score for this group may be due to the 
fact that this category is still rather small and heterogeneous and that some of the 
enzymes belonging to this group are still dispersed in other functional groups of the 
Gene Ontology database. This annotation problem was particularly obvious for the 
functional group “gluconeogenesis,” which group showed a negative Z-score 
increasing with time (our unpublished data). This was unexpected because for growth 
on oleate gluconeogenesis is indispensable. Indeed, expression of the genes required 
for gluconeogenesis, FBP1 and PCK1, was strongly induced. However, because this 
functional group also contains genes coding for glycolytic enzymes, it was not 
surprising that this group was found to be down-regulated. In addition, of the genes 
coding for isoenzymes/proteins listed in the oxidative stress group only some were 
induced (see below), which affected the Z-score of the functional group as a whole. 
This neatly illustrates the problems underlying the definition of functional groups. 

Movement of Yap1p and Msn2p between Cytosol and Nucleus 
Independent control over the active state of the transcription factors Yap1p and 
Msn2/Msn4p is made possible by their property to move from cytosol to nucleus upon 
activation (Beck and Hall, 1999; Delaunay et al., 2000). To visualize this process, we 
constructed an expression cassette of the YAP1 and MSN2 genes fused to the GFP 
gene behind the weak promoter of the PEX5 gene. These cassettes were integrated in 
the URA3 locus, and the corresponding stable transformed strains were grown in the 
chemostat under the conditions specified above. During the steady state the Yap1p-
GFP fusion protein was present in the cytosol and cells showed an overall green 
fluorescence (Figure2). After stopping the supply of glucose and the subsequent 
addition of oleate, cells temporarily showed green fluorescent nuclei indicating the 
transfer of Yap1p to the nucleus. The number of fluorescent nuclei peaked early after 
the addition of oleate. Thereafter the fluorescence returned to the cytosol, which 
confirms the transient nature of the oxidative stress response. As a control we treated 
steady-state grown cells with the uncoupler carbonyl cyanide m-chlorophenyl-
hydrazone (CCCP). This resulted in much brighter fluorescent nuclei confirming the 
relatively mild nature of the oleate-induced oxidative stress. The opposite was noted 
for Msn2p-GFP. During the steady state Msn2p-GFP resided both in the cytosol and in 
the nucleus as expected for glucose-starved cells (Gorner et al., 2002), moved to the 
cytosol after the addition of oleate, to return to the nucleus later. These qualitative 
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 results show the contrasting behavior of Yap1p and Msn2p and confirm our 
interpretation deduced from the quantitative microarray data. 
 
 
 

 
 
 
 
Figure 2. GFP-Yap1p and GFP-Msn2p localization after oleate induction. A yeast strain containing an 
integrated copy of GFP-Yap1p (A) and GFP-Msn2p (B) was subjected to glucose-limited growth in a 
chemostat, followed by oleate induction. At indicated times samples were taken and immediately inspected 
under a fluorescence microscope and photographed. A full oxidative stress response for Yap1p is shown in 
panel CCCP in which cells were treated with the uncoupler CCCP. 
 

Dissection of Oxidative Stress Response 
In view of the difficulties with annotation and grouping in functional categories 
mentioned above, we decided to carry out a more detailed analysis of the apparent 
oxidative stress during the carbon shift, based on the expression of individual genes. 
The most important agents that keep the cytosol in a reduced state are GSH and the 
TRXs 1–3, which are all kept in reduced state by NADPH (Grant et al., 1998). 
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Reduced GSH and thioredoxins are used as cofactors by a number of enzymes in 
various detoxification reactions, whereas other ROS-removing enzymes use alternative 
hydrogen donors (Figure3). For all these enzymes, we inspected how their mRNAs are 
expressed during the first hour after the switch to oleate. 
 

 
 
Figure 3. Components of the redox/ROS stress response.  
Isoenzymes are shown that are possibly involved in maintaining cellular redox balance and detoxification of 
ROS. 
 

We found that mRNAs of TRR1 and TRX2 rose quickly after the switch (Figure 4A). 
TRR1 encodes thioredoxin reductase, which keeps thioredoxin reduced at the expense 
of NADPH; TRX2 encodes cytosolic thioredoxin. The genes coding for the enzymes 
required for synthesis of GSH (GSH1 and GSH2) and keeping it reduced (GLR1) were 
also induced but to 10–20-fold lower levels (Figure 4B). These data suggested that a 
redox imbalance developed shortly after the switch to oleate, causing induction of 
primarily the thioredoxin system. At the same time, mRNAs for ROS-removing 
enzymes accumulated (Figure5). A very transient rise in mRNA was observed for a 
glutathione peroxidase (GPX2). Peaking at 20–30 min were mRNAs coding for 
cytochrome c peroxidase (CCP1), a typical H2O2 scavenger associated with 
mitochondria in yeasts (Verduyn et al., 1991), for thioredoxin peroxidase (TSA1), and 
for cytosolic superoxide dismutase (SOD1). Remarkably, catalases were not called 
upon in coping with the stress: mRNA for cytosolic catalase (CTT1) remained very 
low.  
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Figure 4. Expression of individual redox genes in oleate induction.  
Absolute expression levels of selected redox genes were taken from the microarray data of an oleate 
induction time course (A). POT1 was included as a marker for peroxisomal induction. Glutathione-related 
genes show 10-fold lower expression levels (B). 
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Figure 5. Expression of ROS genes after oleate addition.  
Absolute expression levels of selected ROS genes were taken from the microarray results. POT1 was taken 
as a marker of peroxisome induction. 
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To validate this last result CTT1 mRNA was also probed by Northern blot analysis 
(our unpublished data), which confirmed the DNA microarray data. CTT1 is an 
Msn2/4p-controlled gene and indeed behaved similarly to genes belonging to the 
“STRE” group and the “general stress” group (Figure1, A and B). The mRNA for 
peroxisomal catalase (CTA1) followed the normal expression pattern of peroxisomal 
enzyme-encoding genes, indicating that also this catalase did not contribute to 
combating the oxidative stress. Recently, it was reported that AHP1 codes for a 
thioredoxin or glutathione-dependent ROS-detoxifying enzyme (Geraghty et al., 1999; 
Lee et al., 1999b). In Candida boidinii the orthologous protein is located in 
peroxisomes (Horiguchi et al., 2001) and on the basis of its PTS1-like C-terminal 
tripeptide in S. cerevisiae, it was proposed to be a peroxisomal enzyme in this 
organism, too. Surprisingly, however, expression of AHP1 followed exactly the early 
oxidative stress response preceding the appearance of mRNAs typical for peroxisomal 
enzymes. In addition, Ahp1p, NH-tagged at its N terminus, appeared in the cytosolic 
fraction upon biochemical fractionation of a cell homogenate (our unpublished data). 
It will therefore be of interest to find out whether Ahp1p is indeed a peroxisomal 
enzyme in S. cerevisiae. 

Interestingly, mRNA coding for Yap1p also increased slightly, shortly after the shift 
from glucose to oleate. However, Skn7p, another transcription factor involved in 
oxidative stress (Lee et al., 1999a; Morgan et al., 1997), was not significantly altered 
in its expression (our unpublished data). 

 
Possible Toxicity of Oleate 
At the moment the carbon source was changed, the cells experienced no glucose 
repression because glucose is the limiting factor in the chemostat and therefore cells 
are in a derepressed state. Such cells express PEX genes for peroxisomal maintenance 
functions (see above) and genes coding for peroxisomal enzymes are expressed at low 
levels. Although full adaptation to growth on oleate as single carbon source requires 
much higher levels of peroxisomal enzymes than the derepressed state and 
reprogramming of cellular metabolism must take place, it is likely that some redox 
flow can be maintained to produce ATP, NADH, and NADPH. Moreover, the cells 
were not completely deprived of nutrients because they were grown in rich medium, 
which to some extent provides alternative carbon sources to oleate. 
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Figure 6. REDUCE analysis of a glucose-stop time course, performed as control for the oleate-response 
experiment presented in Figure 1. Activity profiles are shown here for the six promoter elements in Figure 
1A. 
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Figure 7. RNA levels of indicative genes for peroxisome induction and stress-response are plotted from 
time courses of 0.12% oleate addition (A), 0.0002% oleate addition (B), and the glucose stop experiment 
(C). 
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If the time to reprogram metabolism was the critical factor producing the oxidative 
stress, one would predict that stopping the supply of glucose and providing no new 
carbon source would bring the cells in an even worse condition. The opposite was 
found, however: no indication for an oxidative stress response was observed (Figure 
7C). We analyzed the results of this time-course experiment with the algorithm 
REDUCE (Figure 6) and compared them with the data shown in Figure 1A. 
Withholding glucose did not lead to down-regulation of MCF-controlled genes or 
stimulation of stress-related processes controlled by Yap1p or Pdr3p. Predictably, 
there was no transcriptional activation of genes controlled by Pip2p/Oaf1p or Adr1p. 
Interestingly, the transcription factor Msn2p/Msn4p behaved completely different 
from the glucose-to-oleate shift. Shortly after stopping the addition of glucose genes 
controlled by Msn2p/Msn4p were strongly up-regulated. This was a transient effect, 
however, because after 30 min it was no longer observed. We also carried out an 
experiment in which the final concentration of oleate was much lower (0.0002 
compared with 0.12%). Under these conditions, which also led to production of 
mRNAs coding for peroxisomal enzymes, the cells did not mount a stress response 
either. Together, the findings of these experiments suggest that the oxidative stress 
response is related to the sudden exposure of the cells to relatively high levels of oleate 
that are commonly used in the field to start batch cultures, rather than to withdrawal of 
glucose.  

Oleate-induced Uncoupling 
We explored the possibility that the transient toxicity of oleate was due to its ability to 
uncouple the respiratory chain (Polcic et al., 1997; Skulachev, 1998). This is indeed in 
line with several observations. We have compared O2 consumption, CO2 production 
and increase in biomass under the same three conditions as specified above: 1) glucose 
addition was stopped and oleate was added to 0.12% (conditions as in Figure 1), 2) 
glucose addition was stopped and a lower dose of oleate to 0.0002% was added, and 3) 
glucose addition was stopped and no new carbon source was supplied. In all cases, 
there is comparable O2 consumption after the change in carbon source, but only in 2 
and 3 is there an increase in biomass (Table 1). Supplementation of 0.12% oleate 
results in O2 consumption without increase in biomass, a typical feature of uncoupled 
respiration. 
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Table 1. The uncoupling effect of oleate addition (0.12%) 

Percent 
oleate 

qo2 [mmol×(g 
biomass · h)−1] 

Percent increase in biomass 
concentration 

Doubling time 
(h−1) 

Steady 
state 2.0 (± 0.2)  6.9 

0.12 2.0 (± 0.2) 0 0 

0.0002 1.4 3.7 9 

0 1.1 (± 0.1) 3.7 (± 0.4) 9 (± 0.5) 
 
Oxygen consumption was monitored continuously according to MATERIALS and METHODS. The 
doubling time was calculated from viable counts and optical density measurements of samples taken every 5 
min during 30 min. Data for steady state are the averaged values of six experiments, two experiments for 
0.12%, one experiment for 0.0002%, and two experiments for 0%. (STDEV). 
 

We also compared the changes in mRNAs coding for representative genes of the 
stress response with peroxisomal thiolase (POT1) mRNA as reference marker for 
peroxisomal enzyme formation. Figure 7 shows that the reported stress response upon 
exposure to 0.12% oleate (Figures 1 and 7A) does not take place in the other two 
conditions (Figure7, B and C). The nature of the oxidative stress response combined 
with the physiological growth parameters presented in Table 1 suggests the occurrence 
of a redox imbalance in the cells due to a transient uncoupling of the respiratory chain 
by oleate. 
 
 

Discussion 

Cellular life is frequently endangered by adverse conditions. Particularly unicellular 
organisms experience many forms of unfavorable changes to which they react with 
various stress responses. In the experimental setup described herein we observed the 
development of a transient oxidative stress response of short duration. It occurred 
when we exposed yeast cells grown in a chemostat on limiting glucose (derepressed 
state) to the fatty acid oleate as new carbon source and analyzed the alterations in 
mRNA content by DNA microarrays. Global insight into the changing patterns of gene 
expression was obtained by applying the algorithm REDUCE (Bussemaker et al., 
2001). REDUCE uses expression patterns to determine which promoter elements are 
responsible for the observed dynamic transcriptional response, and to infer the activity 
of the associated transcription factors. With an estimated number of 250 transcription 
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factors and >6000 genes in yeast, the complexity of the data can be much reduced. 
Annotated UAS elements were found as well as elements for which binding factors 
still need to be identified, including the motifs AAAATTTT, TGAAAAA, and 
CGATGAG. The last motif correlated particularly well with the expression data upon 
hierarchical clustering (Figure 1C). REDUCE predicted that Yap1p, a transcription 
factor of oxidative stress, would be active shortly after the change from glucose to 
oleate. 

The clues provided by REDUCE were followed up by inspecting the time course of 
expression of the individual genes that belong to the target genes of the corresponding 
transcription factor, and by inspecting the behavior of genes that belong to the same 
functional category. This analysis showed that there was a rise in mRNAs coding for 
proteins upholding the redox state of the cell (cytosolic thioredoxin [TRX2], 
thioredoxin reductase [TRR1]) and to a lesser extent in the mRNAs coding for the 
enzymes required for the synthesis of glutathione (GSH1, GSH2) and glutathione 
reductase (GLR1), which keeps glutathione reduced. At the same time we saw a rise in 
mRNAs coding for ROS-detoxifying enzymes. Within 0.5 h the cells apparently 
recuperated from this stressful period and resumed normal metabolism, as evidenced 
by the steep rise in mRNAs coding for enzymes of peroxisomal fatty acid metabolism 
and mitochondrial enzymes, and the decrease in levels of mRNAs of genes regulated 
by Yap1p and Pdr3p. 

A striking aspect of the oxidative stress response observed herein is its specificity. A 
rise in thioredoxin mRNA was preferred to a rise in the level of mRNAs involved in 
glutathione biosynthesis. Furthermore, there was a remarkable specificity in the choice 
of expression of genes coding for isoenzymes or isoproteins. Among the thioredoxins 
TRX2 was preferred to TRX1 and TRX3, and among the glutaredoxins GRX2 was 
preferred to GRX1, GRX3, and GRX4. Thioredoxin reductase type 1 (TRR1) was 
preferred to thioredoxin reductase type 2. The same is true for the enzymes capable of 
detoxifying ROS. Contributing to the specificity of the detoxifying response may be 
substrate preference toward the type of ROS produced. However, this cannot be the 
full explanation. For instance, for the removal of H2O2 cytochrome c peroxidase 
(CCP1) was strongly preferred to cytosolic catalase (CTT1), which was not expressed 
at all. 

The observed specificity differs in a number of respects from reports in the literature. 
Reviews emphasize the (partial) coinduction of the proteins that are part of various 
stress responses and the interconnections between the control circuits responsible for 
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their induction (Causton et al., 2001; Hohmann and Mager, 1997; Jamieson and Storz, 
1997). This difference in results is best illustrated by the results of REDUCE shown in 
Figure 1A, which indicate that during the stress period targets of the transcription 
factors Msn2p and Msn4p are down-regulated. These transcription factors are 
considered to be main actors in responding to various forms of stress, including 
oxidative stress, and to be activators to induce responses to environmental change 
(Beck and Hall, 1999; Causton et al., 2001; Hohmann and Mager, 1997). Surprisingly, 
in our experimental setup they only came into action when the oxidative stress period 
was over and the other transcription factors needed for adaptation to the environmental 
change became active (Adr1p, Pip2p, and Oaf1p). Similar behavior of Msn2p/Msn4p 
was observed when we evaluated the course of events occurring after stopping the 
supply of glucose and providing no new, alternative carbon source. Under these 
conditions, no stress response was mounted but Msn2p/Msn4p was very active during 
the first 30 min of this experiment (Figure 6). This again indicates that Msn2p/Msn4p 
was particularly active during events requiring metabolic reprogramming. Such a role 
has also been proposed before for Msn2p and Msn4p under conditions of diauxic shift 
(Boy-Marcotte et al., 1998; DeRisi et al., 1997). An explanation for the observed 
differences is offered by recent work indicating that the nuclear localization of Msn2p 
can be achieved in two independent ways: 1) by controlling the phosphorylation state 
of the nuclear import signal in Msn2p by cAMP-dependent protein kinase in response 
to glucose availability; and 2) by affecting the functional state of the nuclear export 
signal, located in a different part of Msn2p, in response to various forms of 
environmental stress (Gorner et al., 2002). 

We ascribe the cause of the oxidative stress not only to the sudden shift in carbon 
source but also to the fact that this carbon source is a fatty acid. When a carbon source 
is scarce or when there is a temporary inability to degrade it due to absence of the 
corresponding catabolic enzymes, lack of reduction equivalents ensures that redox 
flow through the respiratory chain stops. Yet, under our experimental conditions the 
respiratory chain as the main producer of ROS remained active. Fatty acids can 
uncouple the respiratory chain (Polcic et al., 1997; Skulachev, 1998). Indeed, all our 
observations pointed into the direction of an idling respiratory chain that compromised 
the redox state of the cell by producing the ROS that elicited the oxidative stress 
response. 

After the recovery from oxidative stress, other transcription factors became active: 
Oaf1p, Pip2p, Adr1p, Msn2p, and Msn4p. Oaf1p and Pip2p are transcription factors 
that form a heterodimer capable of binding to OREs (Einerhand et al., 1993; Luo et al., 
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1996; Rottensteiner et al., 1997). OREs are found in genes coding for proteins directly 
or indirectly involved in fatty acid metabolism. They are considered to be the main 
factors in reprogramming the cells for growth on fatty acids. The contribution of 
Adr1p is less clear. Adr1p was originally found as a transcription factor controlling the 
expression of the ADH2 gene coding for alcohol dehydrogenase (Thukral et al., 1991). 
Adr1p target sites are present in a variety of genes, suggesting that it is a globally 
acting factor. In certain genes such target sites are also located together with OREs 
(Gurvitz et al., 2001). An interesting aspect is that Adr1p is important for expression 
of the POX1 gene coding for acyl-CoA oxidase, the first enzyme of the β-oxidation 
pathway (Baumgartner et al., 1999). Several observations suggest that fatty acids or 
their oxidized derivatives form a signal to start the genetic program leading to 
peroxisome proliferation via activation of Oaf1p (Baumgartner et al., 1999; van 
Roermund et al., 2000). Failure to start POX1 expression could then prevent formation 
of the signal derived from fatty acids, resulting in stalling of Oaf1p-mediated gene 
expression. Such a scenario would be in line with the global role of Adr1p in gene 
expression and would explain how the cells wait for the oxidative stress to pass before 
preparing themselves for growth on the new carbon source. 

One of the benefits of genome-wide expression studies is that the response of 
unknown genes can be linked to groups of genes with known functions, for instance, 
by hierarchical clustering analysis. In this way informative functional clues can be 
obtained. An interesting example is OYE2/3 (Karplus et al., 1995). This gene clustered 
within the oxidative stress category and was expressed very strongly shortly after the 
shift to oleate. OYE2/3 codes for “old yellow enzyme,” the first enzyme found to 
contain flavin as prosthetic group. It displays NADPH oxidase activity but the natural 
hydrogen acceptor is not known, despite the fact that much has been learned about the 
physical and chemical properties of the enzyme over the past 65 years. Recently, it 
was found that quinones can serve as efficient substrates for the enzyme (Xu et al., 
1999). In this context, it is important to note that semiquinones are excellent free 
radical generators, initiating a redox cycle that results in the formation of superoxide 
(Pius et al., 2000). It is thus conceivable that in a period of redox imbalance Oye2/3p 
acts to keep quinones fully reduced to prevent the damaging consequences of the 
presence of semiquinones. 

The events that we observed as responses to a drastic shift in nutrients combined 
with recent findings by others suggest the existence of a delicately tuned control 
circuit for redox homeostasis (Carmel-Harel et al., 2001; Delaunay et al., 2000). 
Insufficient flux of reduction equivalents compromises the cytosolic redox balance of 
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the cell and affects the reduction state of glutathione and thioredoxin. Particularly 
thioredoxin plays a key role in relaying this state of alarm to compensatory action in 
the nucleus by controlling the oxidative state of crucial cysteine residues in Yap1p 
(Kuge et al., 2001). As a result Yap1p moves from the cytosol into the nucleus where 
it activates its target genes. This may be an example of a more general principle. 
Recently it was reported that the cellular redox environment in S. cerevisiae influences 
the DNA-binding activity of the Hap3p subunit of the HAP transcription complex, and 
the importance of cysteine residues in Hap3p in this process was demonstrated (Yao et 
al., 1999). A similar picture was drawn for the mammalian homolog of Hap3p, NF-YB 
(Nakshatri et al., 1996); cysteine residues in NF-YB were shown to be important for 
DNA binding of the heterotrimeric NF-Y complex. Together, the results suggest that a 
number of transcription factors tune in to the redox state of the cell to exert their 
activity and that this principle may extend from yeast to man. 
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Summary 

Summary 
 
The ascomycete Candida albicans is a commensal yeast residing in the 

gastrointestinal tract of humans and other warm-blooded animal species, which can 
also turn pathogenic, causing a variety of skin and soft tissue infections in healthy 
people and disseminated diseases in patients with a compromised immune system. The 
interaction of C. albicans with macrophages, phagocytic cells of the innate immune 
system is considered a crucial step in the immune response during a C. albicans 
infection. DNA microarray analyses of C. albicans cells internalized by macrophages 
have provided insight into the metabolic adaptation of the fungus to the new 
environment, the phagosome. The prominent up-regulation of genes encoding 
enzymes of the fatty acid β-oxidation and glyoxylate pathways suggested that fatty 
acids might be the carbon source used by Candida to survive inside macrophages. This 
assumption was supported by studies showing that the C. albicans icl1∆/∆ mutant, 
which lacks one of the key enzymes of the glyoxylate cycle, had severely diminished 
virulence in a mice model for systemic candidiasis. 
 

To address the role of fatty acid β-oxidation in virulence, we constructed two 
C. albicans deletion mutant strains: pex5∆/∆, disturbed in the import of most 
peroxisomal proteins, among which two of the β-oxidation enzymes, and fox2∆/∆, 
lacking the second enzyme of the β-oxidation pathway (Chapter 2). Both mutant 
strains were devoid of β-oxidation activity and could not grow on fatty acids as the 
only carbon source, but only the fox2∆/∆ mutant showed reduced virulence in a mice 
model for systemic candidiasis. The lack of growth on non-fermentable carbon sources 
such as acetate, ethanol and lactate suggested that the reduced virulence of the fox2∆/∆ 
mutant could be the result of a dysfunctional glyoxylate cycle rather than lack of β-
oxidation activity. Our data indicate that peroxisomal fatty acid β-oxidation is not 
essential for survival of C. albicans in vivo and imply that other, non-fermentable, 
carbon sources like e.g. lactate can be utilized in the microenvironment of the 
phagosome. 
 

In chapter 3 we studied the localization of the glyoxylate cycle enzymes in 
C. albicans. As discussed above, this metabolic pathway, required for the generation 
of C4 units from C2 compounds, is a proven virulence factor of animal and plant 
pathogens. Using immunocytochemistry and subcellular fractionation techniques we 
showed that both key enzymes of the pathway, Icl1p and Mls1p, are localized to 

 157 



Summary 

peroxisomes, independent of the carbon source used. Although a consensus type1 
peroxisomal targeting signal (PTS1) in Icl1p and Mls1p is missing, our results show 
that both proteins are dependent on the PTS1-receptor Pex5p for transport into 
peroxisomes. However, peroxisomal compartmentalization of the glyoxylate cycle is 
not essential for proper functioning of this metabolic pathway, as shown by the near 
wild type growth rates of the pex5∆/∆ strain on C2 carbon sources such as ethanol and 
acetate. Remarkably, the fox2∆/∆ mutant displayed a strongly reduced growth on C2 
carbon sources and aberrant giant peroxisomes. The C2 non-utilizing phenotype of the 
fox2∆/∆ strain could be suppressed by allocating Icl1p and Mls1p to the cytosol, 
suggesting that the fox2∆/∆ cells may be disturbed in the transport of glyoxylate cycle 
products and/or acetyl-CoA across the peroxisomal membrane.  
 

The experiments in chapter 4 revealed that also β-oxidation of fatty acids could be 
performed in the cytosol of C. albicans. To demonstrate this, we constructed a 
pex13∆/∆ mutant that mislocalizes all peroxisomal matrix proteins to the cytosol. 
Although this mutant displayed wild type levels of fatty acid β-oxidation activity, it 
was unable to grow on fatty acids as a sole carbon source. Our preliminary results 
suggest that in the pex13∆/∆ mutant strain the β-oxidation can proceed efficiently in 
the cytosol, but the performance of the glyoxylate cycle in this compartment is 
severely compromised, possibly by H2O2-mediated oxidative damage of Icl1p and one 
of its products, glyoxylate. Further experiments are required to confirm this 
hypothesis. 
 

In chapter 5 we investigated the role of peroxisomes in relation to ROS (reactive 
oxygen species) metabolism in the model yeast Saccharomyces cerevisiae. Using 
chemostat cultures, the changes in the gene expression upon a shift from glucose to the 
fatty acid oleate as new carbon source were monitored. Bioinformatic analyses of the 
expression data revealed a transient and very specific oxidative stress response 
regulated by the Yap1p transcription factor just after shift to oleic acid. Our data 
suggest that the observed oxidative stress response is caused by a poor redox flux and 
uncoupling of the respiratory chain by oleate. Reprogramming of the metabolism in 
order to use the new carbon source, oleate, occurred only after the cells had recovered 
from oxidative stress. Interestingly, the targets of Msn2p and Msn4p, the more general 
stress response transcription factors, were down regulated during this stress period, 
suggesting that under these conditions these proteins do not play a role in 
reprogramming cellular metabolism in S. cerevisiae. 
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Samenvatting 
 

De ascomyceet Candida albicans is een commensale gist die in het maagdarm 
kanaal voorkomt van de mens en andere warmbloedige diersoorten. In gezonde 
mensen kan C. albicans pathogeen worden en oppervlakkige infecties veroorzaken van 
de huid en zachte weefsels, maar in patiënten met een slecht functionerend immuun 
systeem kan C. albicans systemische infecties veroorzaken waarbij verschillende 
organen kunnen worden geïnfecteerd. De interactie van C. albicans met macrofagen, 
dat zijn fagocytische cellen van het aangeboren immuun systeem, wordt beschouwd 
als een kritische stap in de immuun respons gedurende een C. albicans infectie. DNA 
microarray analyses van C. albicans cellen die door macrofagen zijn opgenomen, 
hebben inzicht verschaft in de metabole aanpassing van de schimmel aan de nieuwe 
omgeving: de fagosoom. De aanzienlijke stimulering van de transcriptie van genen die 
coderen voor enzymen betrokken bij de vetzuur β-oxidatie and glyoxylaat cyclus 
suggereerde dat vetzuren de koolstof bron zijn die door Candida wordt gebruikt 
wanneer ze door macrofagen zijn opgenomen. Deze aanname werd ondersteund door 
studies die lieten zien dat de C. albicans icl1∆/∆ mutant, waarin één van de sleutel 
enzymen van de glyoxylaat cyclus ontbreekt, een aanzienlijk lagere virulentie had in 
een muizen model voor systemische candidiasis. 
 

Met het doel de rol van vetzuur β-oxidatie in de virulentie van C. albicans te 
onderzoeken, hebben we twee deletie mutant stammen geconstrueerd: pex5∆/∆, waarin 
de import geblokkeerd is van de meeste peroxisomale eiwitten, waaronder twee van de 
β-oxidatie enzymen, en fox2∆/∆, een mutant die het tweede enzym van het β-oxidatie 
pad mist (Hoofdstuk 2). Beide mutant stammen hadden geen β-oxidatie activiteit en 
konden niet groeien in een medium met vetzuren als enige koolstof bron, maar alleen 
de fox2∆/∆ mutant had een verlaagde virulentie in bovengenoemd muizen model voor 
systemische candidiasis. Het onvermogen om te groeien op niet-fermenteerbare 
koolstofbronnen, zoals acetaat, ethanol en lactaat, suggereerde dat de verlaagde 
virulentie van de fox2∆/∆ mutant waarschijnlijk te wijten is aan een niet-
functionerende glyoxylaat cyclus en niet aan het ontbreken van β-oxidatie activiteit. 
Onze gegevens geven aan dat de peroxisomale β-oxidatie niet essentieel is voor het 
overleven van C. albicans in vivo en impliceren dat andere niet-fermenteerbare 
koolstofbronnen zoals b.v. lactaat gebruikt kunnen worden in het micro-milieu van de 
fagosoom.  
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In Hoofdstuk 3 hebben we de lokalisatie van de glyoxylaat cyclus enzymen in 
C. albicans onderzocht. Zoals hierboven besproken, is bewezen dat dit metabole pad 
(nodig voor het genereren van C4 eenheden uit C2 verbindingen) een virulentie factor 
is van pathogenen van dieren en planten. Gebruik makend van immunocytochemie en 
subcellulaire fractionerings technieken hebben we aangetoond dat beide sleutel 
enzymen van de cyclus, Icl1p en Mls1p, gelokaliseerd zijn in het peroxisoom, 
onafhankelijk van de gebruikte koolstofbron. Hoewel het consensus type I 
peroxisomale adresseringssignaal (PTS1) ontbreekt in Icl1p en Mls1p, laten onze 
resultaten zien dat het transport van beide eiwitten naar peroxisomen afhankelijk is 
van de PTS1-receptor Pex5p. Desalniettemin is de peroxisomale 
compertimentalisering van de glyoxylaat cyclus niet essentieel voor het correct 
functioneren van dit metabole pad, zoals wordt geïllustreerd door de nagenoeg wild-
type groeisnelheid van de pex5∆/∆ stam in media met C2 koolstofbronnen, zoals 
ethanol en acetaat. Opmerkelijk genoeg groeit de fox2∆/∆ mutant erg slecht op C2 
koolstof bronnen, waarbij tevens abnormale, zeer grote peroxisomen gevormd worden. 
Het vermogen van deze mutant om C2 eenheden te gebruiken, kon worden hersteld 
door Icl1p en Mls1p naar het cytosol te dirigeren, hetgeen suggereert dat in de fox2∆/∆ 
cellen het transport van glyoxylaat cyclus producten en/of van acetyl-CoA door de 
peroxisomale membraan geblokkeerd is.  
 

De experimenten in Hoofdstuk 4 laten zien dat de β-oxidatie van vetzuren ook kan 
worden uitgevoerd in het cytosol van C. albicans. Om dit aan te tonen hebben we een 
pex13∆/∆ mutant geconstrueerd waarin alle peroxisomale eiwitten in het cytosol, 
gelokaliseerd zijn. Hoewel deze mutant een wild-type niveau van β-oxidatie activiteit 
vertoonde, was hij niet in staat om te groeien in media met vetzuren als enige koolstof 
bron. Onze voorlopige resultaten met de pex13∆/∆ mutant stam suggereren dat hoewel 
de β-oxidatie efficiënt kan worden uitgevoerd in het cytosol, de glyoxylaat cyclus in 
deze stam slecht functioneert in dit compartiment, waarschijnlijk als gevolg van door 
H2O2 veroorzaakte oxidatieve schade aan Iclp en één van de producten ervan, 
glyoxylaat. Aanvullende experimenten zullen moeten worden gedaan om deze 
hypothese te bevestigen.  

 
In Hoofdstuk 5 hebben we de rol van peroxisomen in het metabolisme van reactieve 

zuurstof radicalen onderzocht in de model gist Saccharomyces cerevisiae. Gebruik 
makend van in chemostaat gegroeide cultures, hebben we de veranderingen in 
genexpressie bekeken die optraden na het vervangen van glucose door oleaat als 
koolstof bron. Analyses m.b.v. bioinformatica van de expressie gegevens gaven een 
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tijdelijke, zeer specifieke oxidatieve stress respons te zien onmiddellijk na de 
vervanging door oleaat, die gereguleerd werd door de Yap1p transcriptie factor. Onze 
gegevens suggereren dat deze oxidatieve stress respons wordt veroorzaakt door een 
slechte redox flux en ontkoppeling van de ademhalingsketen door oleaat. Het opnieuw 
programmeren van het metabolisme om de nieuwe koolstofbron, oleaat, te gaan 
gebruiken gebeurde pas nadat de cellen hersteld waren van de oxidatieve stress. 
Interessant genoeg werd de expressie van de door Msn2p en Msn4p (de meer 
algemene stress-respons factoren) gereguleerde genen onderdrukt tijdens deze stress 
periode, hetgeen suggereert dat deze eiwitten onder deze condities geen rol spelen bij 
het opnieuw programmeren van het cellulaire metabolisme in S. cerevisiae. 
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