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Candida albicans:
A versatile yeast that is a human commensal, but is also 
the major cause of human fungal infections. Candida 
albicans is dimorphic: it can grow in the oval-shaped 
yeast form or the elongated hyphal form, the latter of 
which is associated with infection. Because yeasts are 
eukaryotes and share many cellular processes with hu-
mans, Candida albicans can be used as a model system. 

Metabolic Pathways:
Series of chemical reactions that occur within a cell. 
An initial molecule is modified step by step to shape it 
into another product. Most chemical conversions that 
occur in the cell are catalyzed by individual enzymes. 

Compartmentalization: 
Formation of cellular compartments (also called organ-
elles) enabling separation of various cellular processes. 
Mitochondria harbor the TCA cycle and are the power 
plants of the cell and peroxisomes are the site for fatty 
acids degradation. Transport of metabolites between 
these organelles is essential. 

Cellular compartmentalization in Candida albicans is 
illustrated on the right. Peroxisomes are labeled (black 
dots) and mitochondria can be recognized by their 
double membranes. Top panel: wild type cell. Middle 
panel: cat2 null mutant. Lower panel: mitCAT2 mutant.
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General Introduction

Introduction

“We propose that modern [Candida albicans] strains reflect early hominid evolution and 
have co-evolved with their host.”
Timothy J. Lott, Ruth E. Fundyga, Randall J. Kuykendall, Jonathan Arnold
Fungal Genetics and Biology, 2005.

The yeast Candida albicans is a human commensal that resides in the gastrointestinal 
tract and is part of the normal microflora of most humans (16). The interaction between 
C. albicans and it’s human host is thought to go back to the dawn of human existence, as 
nucleotide polymorphisms in modern C. albicans strains suggest a common ancestor 3-
16 million years ago, which is around the same time as early hominid evolution (93). The 
authors therefore propose that the evolutionary relationship between modern C. albicans 
resembles early hominid evolution and thus suggest a long-lasting commensal relationship 
between fungus and host. It is thought that individuals are colonized with C. albicans at or 
near birth (128) and that from then on the fungus becomes part of the commensal microbial 
community in the oral cavity and gastrointestinal tract. However, environmental changes 
such as alterations in host immunity or physical perturbation of its niche, for example through 
surgery, can cause spreading through the body resulting in overgrowth. The transformation 
of the commensal C. albicans into the opportunistic pathogen has become more and more 
prevalent due to the rapid medical progression of the last century.

Biology and evolution of pathogenic fungi

“The potential benefits of sex are to purge the genome of deleterious mutations…”
Joseph Heitman
Current Biology, 2006.

The fungal kingdom
Fungi, or yeasts, are heterotrophic eukaryotic organisms and the fungal kingdom 
consists of the phyla of the Basidiomycetes, Zygomycetes, Chytrids and the Ascomycetes, 
the latter of which harbor 75% of all described fungi (Fig. 1). The different phyla of the 
fungal kingdom include mushrooms, black bread mold and bakers’ yeast, illustrating 
the morphological diversity amongst these organisms. Most fungi are living in soil or 
as symbionts of plants, animals or other fungi, some of them only becoming noticeable 
when fruiting, either as mushrooms or molds. Many fungal species are used as a direct 
source of food, such as mushrooms and truffles and in fermentation of various food 
products, such as wine, beer and soy sauce. One of their other virtues is that they can be 
used as sources for antibiotics and various enzymes, such as cellulases, pectinases, and 
proteases. 

Several species of the fungi have adapted to a pathogenic lifestyle being able to infect 
animals or plants, the latter causing losses due to diseases of crops that have a large 
impact on human food supply and local economies (e.g., rice blast disease). However, 
of the total of 1,5 million fungal species a minority of only 150 species are pathogenic 
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to humans, animals or plants (82). Infection requires adaptation to enable growth 
in completely different conditions. The human body, for example, is a very hostile 
environment for the fungus and survival requires the ability to grow at 37ºC, evade the 
immune system and to acquire nutrients in a competitive environment.

Figure 1. The fungal phylogenetic tree
A phylogenetic three of 35 fungal species taken from http://fungal.genome.duke.edu. The tree is based on 
protein sequence from 25 genes of 35 species. Numbers indicate bootstrap values from 100 replicates. The 
phyla of Hemiascomycetes, Euascomycota and Basidiomycetes are indicated. Schizosaccharomyces pombe is 
considered part of the phyla of the Archeascomycota.

Three pathogenic lifestyles: Cryptococcus, Aspergillus and Candida
The three most common, successful systemic human fungal pathogenic species are 
Cryptococcus, Aspergillus fumigatus and C. albicans (Fig. 2). A unifying feature of 
these three major fungal pathogens is that they all mainly cause severe infections in 
immunocompromised hosts and only rarely in normal healthy hosts.  

Cryptococcus is a ubiquitous basidiomycete that is associated with soil and pigeon guano. 
This pathogen comprises four defined serotypes (A-D) that have diverged over 10 to 40 
million years into sibling species C. neoformans variety grubii (serotype A), C. neoformans 
variety neoformans (serotype D) and C. gatii (serotypes B and C), the latter of which has 
become endemic on Vancouver Island (72). Cryptococcus spores are readily aerosolized 
and deposited in alveoli of the lung. As these spores are very ubiquitous, most individuals 
have been exposed and the organism occurs in a dormant latent granulomatous form in 
the lymph nodes. Upon reactivated in response to immunosuppression, the organism 
disseminates to infect most prominently the central nervous system, including the 
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brain. The morphology of Cryptococcus during the infectious stage is yeast-like and 
characterized by a distinctive melanin capsule that surrounds the plasma membrane. 
Cryptococcus is a haploid organism with a bipolar mating-type system, a and α (61). 
However, the vast majority of isolates are α and virulence is also linked to this mating 
type (81, 111).

Figure 2. Reproduction in three pathogenic fungi
(A) Cryptococcus neoformans is a melanin-encapsulated basidiomycete. Yeasts of opposite mating type (a 
and α) can undergo diploidization and sporulation. (B) The filamentous ascomycete Aspergillus fumigatus 
continuously sporulates. A sexual cycle has recently been demonstrated in the laboratory. (C) The diploid 
ascomycete Candida albicans has a parasexual cycle and is normally found as an a/α heterozygote. Mating-
type locus (MTL) homozygosis leads to white a/a and α/α cells that can switch to the mating-competent 
opaque phenotype. Cell fusion produces an a/a/α/α tetraploid that under certain conditions undergoes 
chromosomal loss to return to the diploid state.

A. fumigatus is a filamentous ascomycete that shares the inhalation route of infection 
with Cryptococcus. People are daily exposed to A. fumigatus spores, but only severely 
immunocompromised are at high risk for disease. Alveolar macrophages play an 
important role in preventing infections initiated from spores that can lead to fungal 
balls in the lungs. A high incidence of Aspergillosis is observed among organ transplant 
recipients, especially lung transplants. The increased prevalence of infections could be 
caused by increased exposure of the organ to the environment, impaired defenses or 
reduced cough and mucociliary clearance (19, 142). A. fumigatus is thought to have a 
heterothallic sexual cycle and population genetic studies reveal a 1:1 distribution of the 
two mating types in nature providing evidence of recombination (117). Very recently 
such a sexual cycle for A. fumigatus was demonstrated in the laboratory (112). However, 
isolates worldwide share considerable genetic similarity, which could be indicative of a 
principally clonal mode of reproduction or inbreeding (134).

a α

a α

a/α

α/αa/a

α/αa/a

a/a/α/α

a/a

a/α

α/α

A B C

Figure 2

MAT1-1/MAT1-2
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C. albicans is a polymorphic diploid ascomycete that is a commensal in healthy human 
hosts, but an opportunistic pathogen when the immune system is weakened. Several 
clades exist worldwide: North American clades I-III and European and African-specific 
clades, but no correlation has been found between host factors such as sex and age and 
strain type (143). C. albicans multiplies primarily in clonal mode of reproduction (44, 
92) and relative high levels of non-homologous mitotic recombination, translocation 
and aneuploidy are observed (21). However, lately more and more evidence has been put 
forward for a cryptic sexual or parasexual cycle that entails mating and genome reduction 
without meiosis (63). Although C. albicans harbors both alleles of the mating-type locus 
and is an a/α diploid that would not be expected to mate (62), mating competent a/a 
and α/α homozygous strains exist in clinical isolates as 5-7% of the population (85, 88). 
A switch from the regular “white” morphology to the “opaque” cell type was shown to 
govern mating efficiency (103). C. albicans mating appears to occur robustly on skin, 
were the temperature is 31-32ºC, a prerequisite for stable opaque cell formation (83). 
Mating on skin may facilitate genetic exchange between isolates from different hosts, 
promote transfer between hosts or avoid immune surveillance during mating.

Interestingly, all three major systemic human pathogens have retained the machinery 
needed for a sexual cycle, yet all three limit their access to sexual reproduction. This 
suggests that it might confer an advantage to be able to create clonal populations in 
response to constant environment and recombining populations in response to changing 
environments. Another advantage of reduction of sexual reproduction is limitation of 
immunogenic spore formation. Sporulation might be reduced if continuous spreading 
from a nutrient-rich environment like the body is not necessary (48).

Yeasts as model organisms
Since ancient times the yeast Saccharomyces cerevisiae has been used for baking and 
brewing, but in the last century it was recognized as a suitable unicellular model 
organism to study eukaryotic cells, partially because of its compact genome of about 
6000 genes (compared to the estimated 20.000-25.000 protein-coding human genes) 
and relatively easy genetic manipulation. Many cellular processes are conserved between 
yeast and human and even an estimated 20% of human gene defects leading to disease 
have yeast counterparts. Because of the diversity among fungi, different species were 
found most suitable to study different aspects of eukaryotic cell behavior. For example 
Neurospora crassa, the orange bread mold, is mainly used for genetic studies on meiosis, 
metabolic regulation, and circadian rhythm and Schizosaccharomyces pombe or fission 
yeast for studies on cell cycle, cell polarity, RNAi and centromere structure. It is tempting 
to extrapolate findings from one organism to the other, but the observation that for 
example S. cerevisiae and C. albicans are evolutionary as distant as human and fish, is 
important to keep in mind during inter-species comparison.
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Epidemiology of C. albicans

“We have administered approximately 1012 cells of Candida albicans orally to a healthy 
volunteer. (…). The volunteer (W.K., one of the authors) is a 36-year-old surgeon …”
W. Krause, H. Matheis and K. Wulf
Lancet, 1969. 

One of the main differences between C. albicans and the other described pathogenic 
fungi is that, in contrast with an environmental habitat and an inhalation route of 
infection of the latter, the normal habitat of C. albicans is the human body. C. albicans 
resides in the gastrointestinal tract and oral cavity as part of the normal microflora in an 
estimated 70% of the human population (16, 133). The commensal lifestyle of the fungus 
is associated with normal immune response of the host and characterized by nutrient 
acquisition, adherence and maintenance. While in vitro growth at 37ºC is associated with 
hyphal formation, this seems not always to be the case within the body, as C. albicans 
is mostly found as yeast cells in the gut (22). In the 1960s, a bold experiment of oral 
self administration of 80 grams of C. albicans proved that the fungus can transmigrate 
from gut to blood (77). Candida infections can be divided into two groups: superficial 
mucosal Candida infections and systemic infections. The mucosal infections include 
thrush of the mouth and throat, vaginal infections, diaper rash and skin infections. The 
systemic infections occur almost exclusively in immunocompromised hosts and can 
result in deep mycosis in which the fungus has invaded the organs. Besides immune-
incompetence, other factors can also contribute to candidiasis: natural factors comprise 
microbial infections other than fungi, diabetes, pregnancy, infancy or old age. Dietary 
factors include nutrient excess (carbohydrate-rich diets) or vitamin deficiencies. Trauma, 
burns, wounds, occlusions or prosthetics like dentures also lead to increased C. albicans 
infections. Certain medical treatments can contribute to candidiasis such as antibiotics 
that result in reduction of bacterial competitors, immunosuppressive drugs that alters 
host defenses or medical devises such as catheters (125). The latter is probably associated 
with the formation of microbial biofilms (see below). Lately a rise in hospital infections 
by non-albicans Candida species like C. tropicalis and C. lusitaniae was described by 
several studies in the United States (1, 55) and Europe (123, 157, 158), showing that also 
previously considered non-pathogenic Candida species are able to cause infections.

Virulence factors

“Specific inactivation of the gene(s) associated with the suspected virulence trait should lead 
to a measurable loss in pathogenicity or virulence (…). Specific inactivation or deletion of 
the gene(s) should lead to loss of function in the clone.”
Koch’s second postulate adapted for molecular biology 
Stanley Falkow
Reviews of Infectious Diseases, 1988

Although C. albicans is a member of the normal commensal flora of the gastrointestinal 
tract of most humans, it has the additional ability to invade other parts of the body 
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and cause superficial mucosal infections or severe systemic infections. The traits that 
contribute to these infectious processes are called virulence factors and are defined by 
the postulates of Koch adapted for molecular biology (31, 32). The molecular postulates 
state, among other things, that disruption of a virulence gene should lead to measurable 
loss of pathogenicity and that re-introducing the virulence gene should restore 
pathogenicity. The interpretation of the postulates is however open to discussion, as 
some genes that are essential for growth under normal physiological conditions would 
also classify as virulence factors using this definition. 

Models to assay C. albicans virulence 
In the search for C. albicans virulence factors, several different virulence models have 
been used of which the mouse survival test is the most widely accepted. In this acute 
lethality test, a C. albicans yeast cell suspension is injected into the tail veins of several 
mice and survival/lethality of the animals is assayed over a period of three to four weeks 
(108). It is thought that this test most closely resembles hematogenously disseminated 
candidiasis in patients, however it is blind to virulence genes associated with the actual 
process of dissemination from gut to bloodstream. Therefore during the last years more 
specific models have been developed in which the role of virulence factors in certain 
aspects of C. albicans infection can be monitored more closely. Some of the in vivo 
models include the murine/rat vaginitis model (18, 122) and the mouse model of gastro-
intestinal (GI) colonization and fungemia (76). Examples of in vitro models are invasion 
of reconstituted human oral or vaginal epithelial cells (138).

Figure 3. Candida albicans, a dimorphic fungus
Morphology of the polymorphic fungus C. albicans during growth in rich glucose medium at 28ºC (yeasts) 
and 37ºC (hyphae).

Morphology
C. albicans is a polymorphic fungus that has at least three distinct morphological growth 
forms: yeast, pseudohyphae and hyphae. Additionally it has the ability to form conidia. 
Yeast and pseudohyphae of C. albicans are similar to those of S. cerevisiae in shape and 
size. Yeast cells grow by asymmetric budding, forming smooth, round colonies, while 
pseudohyphal cells grow in a unipolar pattern and their colonies are fibrous and rough. 
Pseudohyphal cells remain attached after cytokinesis, forming branched chains of 

Figure 3
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elongated buds. Hyphae are narrower than pseudohyphal cells (about 2 μm) and have 
parallel walls with no obvious constriction at the site of septation (Fig. 3) (150). 

Growth in the yeast form is associated with low temperatures (28ºC) and low pH. Hyphal growth 
is stimulated by higher temperatures (37ºC), high pH and is associated with stress conditions 
like nutrient starvation and reactive oxygen species. Phagocytosis of yeast cells by macrophages 
also results in induction of hyphae formation. Switching between yeast and hyphal growth is 
essential for virulence when tested in the mouse model of infection. A cph1/efg1 null mutant 
that cannot form hyphae and is therefore locked in the yeast phase is avirulent in this model 
(87), however, transcription of hyphae-associated genes might be affected in this strain, as 
Cph1 and Efg1 are both transcription factors involved in the initiation of the hyphal program. 
Therefore avirulence of another null mutant, hgc1, which is thought to be solely affected in 
hyphal development, poses a better argument that hyphae formation specifically is essential 
for virulence (175). Switching between yeast and hyphal forms seems essential for virulence, 
as also a strain with an increased tendency to form hyphae showed attenuated virulence (11, 
12). The fact that, in general, the hyphal form of C. albicans is associated with pathology, is an 
exception among pathogenic fungi. Dimorphic pathogenic ascomycetes like H. capsulatum, P. 
brasiliensis, C. immitis, S. schenkii, P. marneffei, B. dermatitides grow as filaments at 25ºC in 
their natural habitat soil, but start growing as yeasts after the temperature shift to 37ºC that is 
associated with infection of the body (8, 100). Apparently the commensal yeast C. albicans has 
reversed the yeast-hyphal program to enable permanent association with its human host.

Invasion
Ultrastructural studies of specimen from humans and experimental animals have 
suggested that C. albicans hyphae are indeed the invasive form of the organism, because 
hyphae are found within epithelial cells, whereas yeasts are generally found either on 
the epithelial cell surface or between these cells (127, 139). Hyphae are hypothesized to 
be essential for crossing epithelial layers and for invasion of tissue. One of the read-out 
parameters of the mouse model of infection is the organ fungal burden, as measured by 
colony forming units retrieved from shredded organ material. Several models for hyphal 
invasion are in use, for example systems that either monitor the penetration (crossing) 
of a layer of epithelial cells (138) or of the chick chorioallantoic membrane in (41). The 
importance of the hyphae for invasive growth might partially lie in the ability to build 
up sufficient physical pressure to disrupt cell-cell adhesion in epithelial layers of tissues. 
For the plant pathogen Magnaporthe grisea it was suggested that turgor build-up in 
hyphae sprouting from the infectious appressoria is essential to invade plant tissue (171). 
An interesting mechanism of invasion of epithelial cells is the induction of epithelial 
cell endocytosis by C. albicans. Both yeasts and hyphae can stimulate epithelial cells 
to produce pseudopods that surround the organism and lead to endocytosis, thereby 
displaying a more sophisticated way of breaching the epithelial layer (4, 118). 

Adhesins
In addition to the merely physical and morphological differences between C. albicans yeast 
and hyphae, a wide variety of different genes are specifically expressed after initiation of 
the hyphal program. The C. albicans genome encodes multiple cell wall adhesins, some 
specifically expressed by yeasts and others by hyphae. The best-known hyphae-associated 
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adhesins include the single hyphal wall protein (Hwp1) and the Als and Ewa families of 
adhesion proteins (106). The different adhesins determine the stickiness of hyphae and 
they are thought to play a role in vivo in the attachment of hyphae to epithelial cells. 
The adhesins have been widely studied and show a wide variety in length and binding 
capacities. Because many of the adhesins have overlapping functions, their individual 
contribution to virulence is difficult to address. Transformation and characterization 
of S. cerevisiae with a C. albicans adhesin of choice has proven a powerful tool to 
understand the capacities of these virulence-associated proteins (56).

Secreted enzymes
In 1965 it was shown that C. albicans has the ability to utilize protein as the sole nitrogen 
source and that the fungus achieves this by expressing proteolytic activity (146). This 
activity was demonstrated to be encoded by a family of at least 10 members of secreted 
aspartic proteinases (SAPs) (57, 136). Sap1 to Sap8 are excreted in the extracellular space 
while Sap9 and Sap10 are membrane-anchored glycophosphatidylinositol (GPI) proteins 
and most of these lytic enzymes display an optimal activity in the acidic pH range. Other 
pathogenic Candida species including C. dubliniensis, C. tropicalis and C. parapsilosis also 
express proteolytic activity in vitro (reviewed by 137). Sap activity was shown to be higher 
in fungi isolated from oral diseased states (80, 113) while Sap5 was shown to be specifically 
involved in systemic C. albicans infections. The fact that C. dubliniensis lacks SAP5 may 
partially explain why this species is rarely involved in systemic infections (105). 

Another class of C. albicans lytic enzymes of which some members are excreted 
are the phospholipases (PLs) that can hydrolyze one or more ester linkages in 
glycerophospholipids, a major component of biological membranes. The PLs can be 
divided in different subclasses based on the mode of action and the target within the 
phospholipid molecule: PLA, PLB, PLC and PLD (reviewed by 137). The primary activity 
detected in the supernatants of C. albicans cultures is due to PLB activity. The PLs are 
not only considered virulence factors in C. albicans, but also in other pathogenic fungi, 
e.g. A. fumigatus and C. neoformans. Blood isolates from systemic C. albicans infections 
produce significantly more extracellular phospholipases than commensal strains (67). 
Disruption of PLB1, one of the two PLB-class enzymes, leads to diminished virulence 
(67). The exact contribution of the PLs to virulence of C. albicans is not precisely known, 
but they have been implicated in invasion of reconstituted human oral epithelium (69). 
The contribution of the PLs to digest the phospholipids of the epithelial cell surface 
would enable C. albicans invasion (33).

C. albicans is able to grow in media with triolein (a triglyceride with three oleic acid 
chains) as sole carbon source, suggesting that the organism can hydrolyze the ester 
bonds between the glycerol and fatty acid side chains (141). The C. albicans genome 
encodes several excreted lipases and esterases that have the ability to catalyze the 
hydrolysis of ester bonds of mono-, di- and triacylglycerol or even phospholipids. One of 
the differences between these two classes of enzymes is that lipases can act on insoluble 
triacylglycerol, while esterases can only act on soluble substrates. The first identified 
C. albicans lipase was named Lip1 and nine new family members were additionally 
characterized (36, 58). Not much is known about the function of the lipases in vivo, but 
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transcription data indicate that the expression of this gene family is highly flexible and 
can be lipid-independent (147).  Whether these lipases contribute to C. albicans nutrition 
or invasion in vivo remains to be established.

Growth as a virulence factor
According to the strict definition of a virulence factor as proposed in the molecular 
postulates, the ability of a pathogenic organism to grow can also be considered a 
virulence factor. C. albicans is a strict commensal and has rarely been isolated from the 
environment. In the body it encounters many different niches during different stages of 
the commensal-pathogenic life cycle. As a commensal, C. albicans grows in the oral cavity 
and in the gastrointestinal tract, while as a pathogen the fungus invades oral and vaginal 
epithelial surfaces and in severely immunocompromised individuals it spreads through 
the bloodstream to the organs. All these niches vary with respect to physiology, pH, 
availability of nutrients and type of immunological defense (15). After colonization of a 
niche, C. albicans probably alters it by metabolizing available nutrients, thereby altering the 
ambient pH and damaging host tissues. Nutrient acquisition during these different states 
of maintenance, invasion and colonization requires a custom-made metabolic adaptation.  

Biofilm formation
Biofilms are a protected niche created by interaction between microorganisms forming a 
community that can consist of one or more species. C. albicans is able to form biofilms on 
indwelling medical devices like dental implants, catheters, hart valves and ocular lenses. 
Catheter-associated candidemia has a high mortality rate (40%) (110) and biofilms are 
particularly harmful because they convey resistance to antifungals. 

Figure 4. Biofilm formation by C. albicans.
Figure adapted from (10). Biofilm formation is depicted in four stages: (1) substrate adherence in which C. albicans 
yeast cells attaches to a surface. (2) Biofilm development: an extracellular matrix is produced and the biofilm starts 
to be a mixture of yeasts and hyphae. (3) Biofilm maturation: extension of the extracellular matrix and increase of 
hyphal mass. (4) Dispersal and spreading to other sites.

Resistance might be caused by the heterogeneous architecture of the biofilm, reduced 
access of antifungals due to the density of the extracellular matrix or differential gene 
expression of, for example, drugs efflux pumps. Biofilm formation can be divided into 
several stages (Fig. 4) (10, 20). Substrate adherence is characterized by the initial settlement 

Figure 4
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of C. albicans yeasts on a surface and this early attachment requires C. albicans adhesins 
like the Als family. The biofilm develops by the synthesis of an extracellular polysaccharide 
matrix. During biofilm maturation the extracellular matrix extends and more filaments 
are observed. In the last phase of biofilm formation it is hypothesized that dispersal of C. 
albicans yeasts cells is hypothesized to take place that can result in colonization elsewhere 
in the body. 

The ability of C. albicans to form biofilms might be related with early stages of sexual 
reproduction, because pheromones produced by rare opaque cells in a population can 
signal the white majority of opposite mating type to form a biofilm (26). Within a biofilm, 
chemotropic signaling between rare a/a and α/α member of the population is facilitated.

Antifungal drugs

“In humans, systemic fungal diseases were considered a rarity until the mid-20th century, 
when advancements in medicine produced antimicrobial drugs, indwelling venous catheters, 
and immunosuppressive therapies.”
Arturo Casadevall
Fungal Genetics and Biology, 2005

There are several factors that determine the outcome of the competition between C. albicans 
and its host. On the side of the fungus we see a diversity of traits that determine maintenance 
and/or virulence of the organism, whereas on the side of the host the immune system and 
especially the phagocytic cells of the innate immune system are essential in withholding C. 
albicans from invading the body (see below). Besides the natural human defenses against 
infections, antifungal drugs are one extra determinant that can influence the outcome in 
favor of the host. One of the major difficulties in the process of antifungal drug development 
are the possibility of side effects, because both the fungal pathogen and the mammalian 
host are eukaryotes and share many cellular processes. The following classes of antifungals 
are currently available: the polyenes interact with ergosterol in the plasma membrane, 
forming a pore, while the imidazoles inhibit biosynthesis of ergosterol, which is an essential 
constituent of the plasma membrane. The newer class of echinocandins inhibits biosynthesis 
of the cell wall (Table 1). The classification of antifungal differentiates between fungicidal 
and fungistatic drugs and the most stringent definitions identify fungistatic drugs as those 
that inhibit growth, whereas fungicidal drugs kill fungal pathogens. 

Development of antifungal resistance is a major concern because most of the available 
antifungals target similar cellular processes and therefore putative fungal adaptation 
would result in a dramatic decrease in suitable antifungals. Resistance could occur 
through transcriptional changes of for example efflux pumps or target genes, or 
immediate target protein alterations. As has been discussed above, biofilms confer 
resistance to antifungals, although the mechanism through which that occurs has not 
been elucidated. 
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Table 1. Currently available antifungals

Drug  Usage  Antifungal activity  Side effects

Amphotericin B Widely used for  Interact with ergosterol  Severe side effects:  
(Polyenes)  systemic fungal in fungal membranes  interaction with 
   infections  (fungicidal)  cholesterol
 
Voriconazole Broadspectrum Inhibition of fungal    Severe side effects: 
Fluconazole antifungals ergosterol biosynthesis  inhibition of steroid
(Azoles)    (fungistatic)   synthesis
    
Caspofungin  Invasive cand.,  Specific inhibitors of β(1,3)- Low incidence in side  
Anidulofungin neutropenic   D-glucan synthase   effects compared
(Echinocandins) patients  (fungistatic)   to Amp B

Flucytosine Mostly used in  Inhibits DNA and RNA  Antiproliferative  
(Antimetabolites) combination  synthesis (fungistatic) actions on bone 
   therapy     marrow and GI

Immunity against C. albicans

“Within the teleological context of the host-parasite relationship, Candida may seek to 
induce a protective host immune response that permits its own survival.”
Luigina Romani
Current Opinion in Microbiology, 1999

To cause a systemic infection, C. albicans must leave its commensal niche in the gastro-
intestinal tract, which requires transmigration of the epithelial layer of the gut and spreading 
through the bloodstream. Macrophages and neutrophils of the innate immune system 
play an essential role in detecting these trespassers, which is illustrated by the fact that 
neutropenia is a predisposing factor for the establish a systemic C. albicans infection (76).

Role of the innate immune system
Macrophages and neutrophils are the first line of defense against C. albicans infection. 
Both neutropenia and macrophage defects lead to systemic and superficial C. albicans 
infections (76). Although macrophages and neutrophils can both recognize and 
phagocytose C. albicans, the outcome of this encounter in ex-vivo models is very different 
for the two cell types. While phagocytosis by neutrophils results in killing of the fungus, 
phagocytosis by macrophages initiates hyphae formation and eventual escape of the fungus 
from the phagolysosome (34, 131). The differences in outcome between phagocytosis of C. 
albicans by macrophages and neutrophils are poorly understood. C. albicans has a rigid 
cell wall that acts as a protective barrier and is essential for survival of the organism. The 
innate immune system readily identifies this cell wall as “non-self”, as the outer surface 
of the yeast consists mainly of carbohydrates such as β-glucans and mannan, structural 
molecules that are absent from mammalian cells (Fig. 5). Recognition of these conserved 
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carbohydrate structures is mediated by mammalian pattern-recognition receptors (PRRs) 
expressed by the phagocytic cells of the innate immune system. Binding of the PPRs to 
accessible β-glucan, mannan and other cell wall components initiates phagocytosis and 
subsequent fungal killing by the respiratory burst and the production of cytokines and 
chemokines. Two groups of PRRs are important in C. albicans immunity: the Toll-like 
receptors (TLRs) and the C-type lectin receptors (CLRs). Two well-studied TLRs, TLR2 
and TLR4 on macrophages and neutrophils, recognize C. albicans. Their activation 
leads to initiation of a pro-inflammatory (Th1) or regulatory T cell response (Th2). 
Other contributors to antifungal activity of phagocytes are the family of C-type lectin 
receptors, of which Dectin-1 especially is involved in the initiation of phagocytosis, the 
respiratory burst and downstream signaling.

Figure 5: Fungal cell wall composition
Electron microscopy picture and schematic representation of the C. albicans cell wall. Cell wall components 
are: mannoproteins (35-40%; round), β(1,6)-Glucan (20%; grey lines), β(1,3)-Glucan (40%; black lines) and 
Chitin (1-2%; dashed line).

Role of the adaptive immune system
Recognition of C. albicans by the antigen-presenting cells of the immune system 
(macrophages, neutrophils and dendritic cells) leads to the induction of cytokine production 
and the initiation of either the pro-inflammatory (Th1) or regulatory T cell response (Th2). 
The Th1 response can involve two pathways: MyD88-mediated induction of the transcription 
factor NF-kB-dependent release of pro-inflammatory cytokines or transcription factor IRF3-
dependent release of type I interferons, which induce the secondary production of Th1-type 
cytokines such as IFNγ. Activation of the Th1 adaptive immunity results in phagocytosis-
mediated defenses. The other outcome of C. albicans recognition is the phagocytosis-
independent Th2 response in which pro-inflammatory cytokines are down regulated. 
Persistent colonization of various tissues by C. albicans as a commensal organism requires 
suppression of host Th1 adaptive immunity, which the fungus accomplishes by activation of 
the Th2 response through TLR2-mediated IL-10 release (109, 151).

Inside the phagolysosome
After recognition of C. albicans antigens, macrophages and neutrophils initiate 
phagocytosis and the fungus becomes engulfed by the plasma membrane of the phagocyte 
leading to its internalization. In both phagocytes, granules start fusing with the fungus-
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containing phagosome, thereby releasing their lytic content to attack the pathogen. 
Although granule-associated proteins are generally similar between macrophages and 
neutrophils, also some distinctive differences have been reported (148). After phagocytosis, 
both phagocytes produce an antimicrobial respiratory burst generated by different 
enzymes. Macrophages activate nitric oxide synthase, which leads to the synthesis of nitric 
oxide (NO) and has cytostatic or cytotoxic activity against microbes (95). Neutrophils 
express NADPH oxidase, an enzyme that generates H2O2 and other reactive oxygen 
species (ROS) by oxidation of NADPH (130). Myeloperoxidase (MPO) is released from the 
granules during phagocytosis and interacts with H2O2 and a halide, presumably chloride, 
to generate hypochlorous acid (HOCl), which is a potent antibacterial substance (74, 75). 
Neutrophils and macrophages from patients with chronic granulomatous disease (CGD), 
in which NADPH oxidase activity is defective, exhibited minimal fungicidal activity 
against C. neoformans (101). The antimicrobial activity of neutrophils is fiercer compared 
to macrophages, but the latter have the capacity to kill a larger diversity of microbes 
compared with neutrophils. Another important difference is that, in contrast to mature 
neutrophils, macrophages retain the ability to synthesize proteins, including a variety of 
cytokines that enhance the inflammatory response (148). 

Figure 6. Transcriptional and morphological response of C. albicans upon phagocytosis. 
Figure adapted from references 15 and 34. Phagocytosis by macrophages initiates induction of hyphal-associated 
genes and transcription profiling indicates that the fungus experiences a moderate oxidative stress and nitrogen 
starvation. Hyphal formation eventually leads to puncturing of the plasma membrane and release of the fungus. 
Phagocytosis by neutrophils on the other hand inhibits growth in general and specifically hyphae formation. 
Transcription profiling shows oxidative stress and carbohydrate and nitrogen starvation.

Phagocytosis of C. albicans by macrophages in vitro stimulates hyphae formation of 
the fungus that eventually leads to escape by puncturing of the plasma membrane. It 
is not know whether C. albicans retrieves nutrients inside the phagolysosome, but one 
would argue that the biomass formation required for hyphal development would only be 
feasible when sufficient nutrients are available. Neutrophils on the other hand are able 
to prevent hyphal induction thereby ensuring longer exposure to antifungal activity by 
trapping the pathogen in the phagolysosome. Transcriptional profiling of C. albicans 
during phagocytosis by macrophages revealed that inside the phagolysosome, the 
fungus only experiences a moderate oxidative stress and a moderate nitrogen starvation. 
Phagocytosis by neutrophils leads to more extensive oxidative stress and carbohydrate 
and nitrogen starvation, leading to induction of fatty acid β-oxidation, glyoxylate cycle, 
gluconeogenesis and amino acid synthesis (Fig. 6) (34, 90).

Growth: inhibition

Oxidative stress
Carbohydrate starvation:
    Glyoxylate cycle
    β-oxidation
    Gluconeogenesis
Nitrogen starvation:
    Amino acid synthesis

Neutrophil
Growth: hyphal formation

Hyphal-associated genes
Moderate oxidative stress
Moderate nitrogen starvation

Macrophage
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 Oxidative stress defense

At the risk of inducing unpleasant flashbacks to college chemistry courses, let us consider 
the class of chemical reaction upon which our bodies rely for energy production. Reduction-
oxidation (or redox) reactions are at the core of our metabolic machinery.
Joe M. McCord
The American Journal of Medicine, 2000

One of the most noticeable transcriptional reactions of C. albicans to phagocytosis is 
the upregulation of oxidative stress defense genes, probably a direct response to the 
antifungal respiratory burst of ROS and RNS produced by the phagocyte. Additionally, 
one of the characteristics of aerobic metabolism is the production of endogenous ROS 
in different places in the cell: the respiratory chain in the mitochondria and during β-
oxidation of fatty acids in peroxisomes. Yeasts are excellent model systems to study 
oxidative stress because of the availability of mutants and oxidative agents. One of the 
overall findings of the extensive studies on this subject is that many of the oxidative 
stress defense systems in the cell play overlapping roles.

Formation of ROS and RNS
ROS are a variety of molecules derived from molecular oxygen and also comprise free 
radicals: species with one or more unpaired electrons. Molecular oxygen contains two 
unpaired electrons in its outer shell (a bi-radical), but is not very reactive due to the fact 
that both electrons have the same spin. When one of the electrons is excited, however, 
the resulting singlet oxygen becomes a powerful oxidant. Oxygen as an oxidant is central 
to energy metabolism, as it serves as the terminal electron acceptor (of four electrons) 
for cytochrome c oxidase in the respiratory chain. However, using this reactive molecule 
also poses the risk of ROS production due to incomplete reduction. Reduction of oxygen 
by one electron yields the superoxide anion (O2∙

-), a relatively stable intermediate. If 
two electrons are transferred, the resulting product is hydrogen peroxide (H2O2). In 
the presence of reduced metals, partial reduction of hydrogen peroxide generates the 
hydroxyl radical (∙OH), one of the strongest oxidants in nature. This reaction is called 
the Fenton reaction when iron is involved. ROS are so harmful because they can lead 
to protein, lipid and DNA damage that is often irreversible. Protein damage by ROS 
includes formation of carbonyl groups on the side chains of certain amino acids and 
oxidation of methionine to methionine sulphoxide (145). RNS derived from nitric oxide 
(NO) are able to promote modification of thiol groups to yield S-nitrosothiols (40). 
Nitric oxide can react with superoxide anion to form peroxynitrate (ONOO-), a potent 
derivate that can lead to nitration of tyrosine residues. Oxidative stress can also be 
generated by addition of xenobiotics that accept an electron from a respiratory carrier 
and transfer it to molecular oxygen, stimulating superoxide formation. Examples of such 
xenobiotics that are often used in yeast studies are the herbicide paraquat (1,1’-dimethyl-
4,4’-bipyridinium) or the polycyclic aromatic ketone menadione (2-methylnaphthalene-
1,4-dione). Biological metabolic processes in which ROS are produced will be discussed 
in the organelle-specific paragraphs (see below).
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ROS-decomposing pathways
To protect themselves against the extracellular ROS attack and the inevitable 
metabolic production of ROS, cells have developed various strategies, which involve 
small antioxidant molecules and/or enzymatic degradation. The superoxide anion can 
be converted to hydrogen peroxide by a reaction with water catalyzed by superoxide 
dismutases (Sods). Sods require redox active metal ions for their activity and are divided 
in two different classes: CuZnSods and MnSods (25). Three classes of enzymes are 
the main decomposers of H2O2: cytochrome c peroxidases (Ccp), catalases (Cta) and 
glutathione peroxidases (Gpx) (Fig. 7).

Figure 7. Main pathways to decompose reactive oxygen species.
Superoxide (O2-) can be converted to H2O2 by Superoxide dismutase (Sod). H can be decomposed via different 
pathways depending on enzymes Cytochrome c peroxidases (Ccp), catalase (Cta) or glutathione peroxidases 
(Gpx). Gpx is dependent on reduced glutathione (GSH), which can be regenerated from oxidized glutathione 
(GSSG) by glutathione reductase (Glr1). Glr1 on its turn is dependent on NADPH for reduction equivalents.

Ccp is a haem-containing enzyme that takes reducing equivalents from cytochrome c 
to reduce hydrogen peroxide to water (102). The reaction mechanism of Cta is thought 
to be similar to Ccp, as catalase is also a haem-containing enzyme that doesn’t require 
cofactors (174). Gpxs on the other hand are dependent on cofactor glutathione (γ-gluta
mylcysteinylglycine), which needs to be in the reduced state. The enzymatic reduction of 
glutathione is performed by glutathione reductase (Glr), a reaction that is dependent on 
the reducing power of NADPH. There are two classes of Gpxs: the classical multimeric 
soluble Gpxs that act on organic hydroperoxides and the monomeric membrane-
associated phospholipid hydroxyperoxide Gpxs (Phgpxs) that play an essential role in 
the repair of lipid hydroperoxides in membranes, one of the major consequences of 
oxidative stress. Other glutathione-dependent enzymes are glutaredoxins, implicated in 
detoxification of superoxide and hydroperoxide (94) and glutathione S-transferases that 
conjugate glutathione to exogenous and endogenous electrophilic compounds, which 
results in detoxification and excretion (23, 47). Several of these glutathione-dependent 
enzymes play an important role in repair of oxidized proteins. A second complete 
enzymatic antioxidant system is the thioredoxin system that is analogous to the glutathione 
system. The thioredoxin and glutathione systems often play overlapping roles in oxidative 
stress defense (42, 144). Besides the enzymatic protection conveyed by different classes of 
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oxidoreductases described above, small molecules like reduced glutathione, ascorbate or 
vitamin E can also directly function as antioxidants in the cell (30). 

Production of NADPH
The reduction of GSSG to GSH by Glr1 requires NADPH (Fig. 7) and therefore the 
complete glutathione system in the cell is indirectly dependent on the availability of this 
reducing equivalent. The pentose phosphate pathway (PPP), the anabolic alternative of 
glycolysis, is the main source of NADPH in the cell. The flow of glucose-6-phosphate 
through glycolysis or PPP is determined by the NADP+/NADPH ratio, as high levels of 
NADPH inhibit the first enzyme of the PPP, glucose-6-phosphate dehydrogenase (Zwf1), 
and high levels of NADP+ result in an increased flow through the PPP (7, 86). 

The oxidative branch of the PPP converts glucose-6-phosphate to ribulose-5-phosphate 
in three enzymatic steps: glucose-6-phosphate dehydrogenase (Zwf1), gluconolactonase 
(Sol3) and 6-phosphogluconase dehydrogenase (Gnd1). One molecule of NADPH is 
produced during the reactions catalyzed by each Zwf1 and Gnd1 (Fig. 8). The non-
oxidative PPP consists of reactions performed by epimerase, transketolase, transaldolase 
and isomerase that serve to rearrange ribulose-5-phosphate into the glycolytic and 
gluconeogenic intermediates. These rearrangements also produce ribose-5-phosphate, 
a precursor for nucleotide synthesis. A defective pentose phosphate pathway directly 
results in a dysfunctional regulation of the redox state of the cell because glutathione 
reductase (Glr1) and thioredoxin reductase (Trr1) lack the required reducing 
equivalents in the absence of sufficient NADPH (reviewed for S. cerevisiae by 42). The 
relationship between the pentose phosphate pathway and oxidative stress is illustrated 
by the symptoms of human G6PDH deficiency and phenotypes of PPP null mutants of S. 
cerevisiae. Human G6PDH deficiency results in haemolytic anemia, which is caused by 
reduced NADPH levels resulting in a shortage of reduced glutathione in red blood cells 
(17). Deletion mutants of pentose phosphate pathway genes of S. cerevisiae showed an 
elevated sensitivity to oxidative stress agents (70) and cells without a functional pentose 
phosphate pathway loose viability due to loss of antioxidant function (104).

Figure 8. Generation of NADPH in the pentose 
phosphate pathway.
The oxidative branch of the pentose phosphate pathway 
converts glucose-6-phosphate to ribulose-5-phosphate in three 
enzymatic steps: glucose-6-phosphate dehydrogenase (Zwf1), 
gluconolactonase (Sol3) and 6-phosphogluconate dehydrogenase 
(Gnd1). NADPH is produced during both dehydrogenase 
reactions. The non-oxidative branch of the pentose phosphate 
pathway consists of a series of enzymatic conversions (epimerase, 
transketolase, transaldolase and isomerase) that eventually lead 
to the production of glycolysis intermediates glyceraldehydes-3-
phosphate and/or fructose-6-phosphate.
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Other minor sources of NADPH in the cell are NADP+-dependent isocitrate dehydrogenase 
(Idp) and malic enzyme. The S. cerevisiae genome was shown to encode three NADP+-
dependent isocitrate dehydrogenases that are targeted to three different locations: Idp1 
to the mitochondria, Idp2 to cytosol and Idp3 to the peroxisomes (9, 46, 89). The C. 
albicans genome however encodes only two isocitrate dehydrogenases, that appear to 
be orthologs of the mitochondrial Idp1 and cytosolic Idp2 (our observations). Besides its 
function in oxidative stress defense, the other important function of NADPH is to provide 
reducing power for anabolic reactions like lipid and nucleic acid synthesis. The function 
of the NADPH-producing malic enzyme (malate to pyruvate) is to provide NADPH for 
lipid synthesis (reviewed by 126). As far as we know of, no biosynthesis defects have been 
reported associated with PPP or isocitrate dehydrogenase deficiencies.

Extracellular protection against oxidative attack
The respiratory burst produced by phagocytes consists of a multitude of reactive species 
like superoxide, hydrogen peroxide, nitric oxide and peroxynitrate and results in an 
oxidative attack that is met extracellularly by C. albicans. The fungus expresses secreted 
superoxide dismutases (Sod) that convert superoxide into the less damaging hydrogen 
peroxide. One of these Sods is the CuZn-containing Sod5, a hyphal-induced GPI-
anchored protein (34) that is essential for virulence in the mouse model of infection (97). 
However, macrophage survival of the SOD5 null mutant in vitro was comparable to the 
wild type survival rate, suggesting that the role of Sod5 might relate to another aspect 
of virulence in the mouse model of infection (97). Hyr1 (or Gpx1) is a predicted GPI-
anchored protein, which is induced in hyphae compared to yeast and during interaction 
with macrophages (6). The moonlighting protein thioredoxin Tsa1 is localized to cell 
wall in hyphae and important for extracellular oxidative stress (160).

ROS-defense in the cytosol
As ROS and RNS can easily cross biological membranes, the cytosol and organelles also 
encounter exogenously produced oxygen and nitrogen species. The cytosol is thought 
to cope with the majority of ROS decomposition, simply because it contains the biggest 
volume. C. albicans and C. neoformans mutants of the cytosolic Sod1 were shown to have 
virulence defects when tested for macrophage survival and in mouse models (24, 65, 66). 
The glutathione system is known to function both in the cytosol and in the mitochondria 
and Glr1 has been shown to localize to both compartments in S. cerevisiae and S. pombe 
(115, 144). While Glr1 of S. cerevisiae was shown to be required for protection against 
oxidative stress (43), S. pombe Glr1 is absolutely required for growth (84). Disruption of 
glutathione synthesis in a C. albicans γ-glutamylcysteine synthetase (GCS1) knockout 
strain resulted in complete glutathione auxotrophy on minimal glucose medium and 
an increase of apoptotic markers (5). The growth defect of S. pombe and C. albicans 
glutathione mutants could be caused by damage of oxidation-sensitive iron-sulphur 
cluster proteins as has been reported for S. pombe aconitase (144).

Mitochondria: production of ROS during respiration
The respiratory chain in mitochondria is the major source of intracellular ROS production 
because of premature electron leakage to oxygen and subsequent O2

- generation. C. albicans 
has two alternative oxidases that can (temporarily) decrease ROS production by the 
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respiratory chain by reduction of proton translocation (59, 60). The main antioxidant 
enzyme in the mitochondrial compartment is the haem-containing enzyme cytochrome 
c peroxidases (Ccp1). As described above, Glr1 also localizes to mitochondria (115) and 
is essential in prevention of destabilization of iron-sulphur clusters in S. pombe (144). 

Hydrogen peroxide production in peroxisomes
Peroxisomes are single membrane bound organelles that are named for their production 
of peroxides. In yeasts like C. albicans and S. cerevisiae, β-oxidation of fatty acids 
is completely peroxisomal (78). By contrast, mammalian fatty acid oxidation is 
predominantly mitochondrial, while peroxisomes are involved in shortening of very 
long chain fatty acids (reviewed by 169). One round of β-oxidation entails shortening 
of the fatty acid chain by 2 carbons and the production of one acetyl-CoA, which is 
accomplished in four enzymatic reactions. H2O2 is one of the byproducts of the first 
peroxisomal β-oxidation enzyme, acyl-CoA oxidase, as that enzyme transfers two 
electrons via the electron acceptor FAD to O2, forming H2O2 in the peroxisomal matrix. 
Other peroxisomal oxidases that produce H2O2 as a by-product are D-amino oxidase, 
which converts D-amino acids to the respective imino acids and is present in peroxisomes 
of most organism and alcohol oxidase of the methylotrophic yeast Candida boidinii (53, 
54). The scavenging enzyme catalase (Cta1) can decompose reactive H2O2 and is well 
known for its association with peroxisomes. The protein Cta1 itself is protected against 
inactivation by it’s toxic substrate by an interaction with NADPH (73). S. cerevisiae has 
two catalases that are localized to the cytosol (Ctt1) and peroxisomes (Cta1), but C. 
albicans has a single catalase that localizes to the peroxisomes (119). C. albicans CTA1 was 
shown to be induced after extracellular oxidative stress and phagocytosis by neutrophils 
in an ex-vivo model (28, 29). The protein was shown to play a role in virulence as tested 
in the mouse model of infection (107, 172), however how this relates to the peroxisomal 
localization has not been addressed. The C. neoformans genome encodes four catalases, 
however a quadruple knockout was not attenuated in virulence (39). Another oxidative 
stress defense enzyme that associates with peroxisomes is peroxisomal membrane 
protein 20 (Pmp20), which has thiol-specific antioxidant activity. Pmp20 is a membrane 
protein in S. cerevisiae, but its human and mouse orthologs do not have transmembrane 
domains (173). Pmp20 is the major membrane protein in methanol-induced peroxisomes 
in C. boidinii (38), where it contributes to oxidative stress defense (54).

Subcellular compartmentalization in eukaryotes

The evolution of complex cells could have been divided into two major phases. First, the 
emergence of the eukaryotic cell possessing a nucleus, endomembrane and cytoskeleton. 
Second, the symbiotic origin of mitochondria resulting in the appearance of the first 
energetically efficient aerobic protozoan.
Tibor Vellai and Gábor Vida
Proceedings of the Royal Society, 1999

While the bacterial cell consists of a single compartment, the division of metabolic 
pathways over different intracellular organelles is one of the major characteristics of 
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eukaryotic cells. The creation of different compartments within one cell facilitates the 
housing of specialized pathways in optimized sub-environments. Compartmentalization 
was initiated by an early fusion event of an alpha-proteobacterium with a pre-eukaryotic 
cell that resulted in a successful symbiotic union. The internalized proteobacterium 
grew out to be the nowadays mitochondria and the presence of mitochondrial DNA 
is a remnant of an independent lifestyle in the past (96). The evolutionary origin of 
other organelles is less clear. Although peroxisomes can divide, they do not contain 
DNA and recent data indicate that these organelles originate from the ER (reviewed by 
155). Compartmentalization of cellular processes in membrane-surrounded organelles 
necessitates specific targeting of enzymes to these compartments and transport of 
metabolites over membranes. The shape and subcellular localization of mitochondria and 
peroxisomes in C. albicans grown on rich glucose medium are depicted in Figure 9.

Figure 9. Mitochondria and peroxisomes in C. albicans grown on rich glucose medium.
The peroxisomal protein Thiolase was labeled with GFP and incubated with the fluorescent dye Mitotracker 
(Invitrogen) to strain the mitochondria. Left panel: Phase contrast picture of the Thiolase-GFP strain grown 
on rich glucose medium. Middle panel: Mitochondrial straining by Mitotracker shows tubular connected 
structures. Right panel: Thiolase-GFP signal showing puntated fluorescence representing peroxisomes. Some 
mitochondrial straining is still visible. 

Mitochondria
Mitochondria are indispensable for energy metabolism in all eukaryotic cells as 
these organelles harbor the tricarboxylic acid (TCA) cycle and the respiratory chain. 
Together these two pathways enable generation of adenosine triphosphate (ATP), the 
major energy storage and transfer molecule in the cell. The mitochondrial matrix is 
surrounded by a double membrane that consists of the inner mitochondrial membrane, 
the intermembrane space and the outer membrane. Mitochondrial proteins are 
synthesized in the cytosol and contain a N-terminal mitochondrial targeting sequence 
(MTS) that is recognized by the mitochondrial import machinery and is often cleaved of 
after import. The MTS is not strictly defined, but consists of sevaral positively charged 
and non-polar (hydrophobic) residues. These amino acids form an amphiphilic α-helix 
in which positively charged residues cluster on one side of the helix, while uncharged 
hydrophobic residues cluster on the opposite side. Transport of mitochondrial proteins 
over both membranes occurs in an unfolded, linear state (37, 114). The TCA cycle 
proteins are localized in the mitochondrial matrix. The overall reaction of the TCA cycle 
is the linkage of acetyl-CoA (a C2 compound) to oxaloacetate (a C4 compound) and the 
production of CO2 and NADH that feeds protons into the respiratory chain. The protein 
complexes that form the respiratory chain are imbedded in the inner mitochondrial 
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membrane and make use of the membrane for the build-up of a proton gradient that is 
essential for ATP generation during oxidative phosphorylation. 

Peroxisomes
In contrast with mitochondria, peroxisomes are single membrane bound and do not 
contain DNA. Localization of biochemical pathways to peroxisomes differs between 
organisms, but the single pathway that is peroxisomal in almost all eukaryotic organisms 
is the β-oxidation of fatty acids. Other biochemical pathways that are peroxisomal in 
many organisms are ether phospholipid biosynthesis and the breakdown of D-amino 
acids (121, 169). Peroxisomal number and size can be greatly increased in yeasts in the 
presence of fatty acids or other compound that require a higher rate of peroxisomal 
metabolism, which is illustrated by the expression of the peroxisomal enzyme thiolase 
fused to GFP on rich glucose or rich oleate medium (Fig. 10).

Figure 10. Induction of peroxisomes on rich oleate medium compared to rich glucose medium.
Fluorescence and phase-contrast pictures of the Thiolase-GFP strain grown on Rich glucose medium (left 
panels) or rich oleate medium (right panels).

Peroxisomal matrix proteins contain a C-terminal peroxisomal targeting signal 1 
(PTS1) or a N-terminal PTS2. The PTS1 sequence is recognized by receptor Pex5 and 
was originally defined as S/A/C-K/R/H-LCOOH (154). However, with the identification of 
more PTS1 proteins it became clear that the PTS1 is not as strict as originally defined 
but may vary depending on the organism or protein context (2, 14). The majority of 
peroxisomal proteins are targeted to peroxisomes via the PTS1-import route, but a few 
PTS2 proteins are known that are imported via the PTS2 receptor Pex7. The PTS2 is 
located near the N-terminus and is defined by the consensus sequence R[L/V/I]X5[H/
Q][L/A] where X is any amino acid (135, 149, 153, 159). The PTS1 and PTS2-containing 
proteins are synthesized in the cytosol and are bound by the cycling receptors Pex5 and 
Pex7, respectively, forming a receptor-cargo complex that associates with the docking 
complex on the peroxisomal membrane. After association with the docking complex, 
the cargo protein is translocated over the membrane and the receptors Pex5 and Pex7 
disassociate from the membrane and can be used for another round of transport. 
Around 12 proteins called peroxins play important roles in the receptor cycle of Pex5 
and Pex7, but the exact mechanism of import of peroxisomal matrix proteins remains to 
be clarified. It is intriguing that, in contrast with mitochondrial proteins, peroxisomal 
proteins are translocated over the membrane in a completely folded conformation 
and even protein complexes and gold-particles can be translocated from cytosol to 
peroxisomal matrix (168).Peroxisomes are essential for the utilization of fatty acids by 
eukaryotes, as is illustrated by yeast peroxin (pex) mutants that are unable to grow on 

Figure 9

Rich glucose
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Rich oleate
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fatty acids as sole carbon source due to non-functional peroxisomes. Human disorders 
that are associated with peroxisomal dysfunction are divided into two major groups: the 
peroxisome biogenesis disorders (PBD’s) and the single peroxisomal enzyme deficiencies 
(PED’s). General loss of peroxisomal function is observed in PBD’s due to a non-functional 
import system for either peroxisomal membrane or matrix proteins that leads to increased 
levels of very long chain fatty acids (VLCFA’s), bile acids intermediates and phytanic 
acid and a decrease in plasmalogen levels in the body. Patients that suffer from PBD’s 
typically display a delay in development, facial abnormalities, hypotonia and liver disease 
and, in the majority of cases, die prematurely. One example of such a PBD is rhizomelic 
chondrodysplasia punctata (RCDP) that is caused by a defect in peroxisomal import of 
PTS2 proteins. RCDP can be caused by mutation of PTS2-receptor Pex7 or a single-enzyme 
deficiency in one of the following PTS2 proteins involved in phospholipid biosynthesis: 
dihydroxyacetonephosphate acyltransferase deficiency (DHAPAT; RCDP type 2) or alkyl 
dihydroxyacetonephosphate synthase (alkyl-DHAP synthase; RCDP type 3) (50, 52). 
PED’s are caused by the inactivation or mislocalization of a single peroxisomal enzymes 
and can be divided in the following classes: ether phospholipid biosynthesis, fatty acid β-
oxidation, peroxisomal α-oxidation, glyoxylate detoxification, and H2O2 metabolism (170).

The β-oxidation of fatty acids is completely peroxisomal in yeasts like C. albicans 
and S. cerevisiae, which is in contrast with the partially mitochondrial β-oxidation in 
mammals (78). It is not exactly clear how fatty acids are imported into peroxisomes, 
but they probably enter as acyl-CoA esters through the ATP binding cassette (ABC) 
transporter and associated acyl-CoA synthetase (reviewed by 167). In yeast it has been 
shown that short fatty acids can pass the membrane and are activated in the matrix 
(49). After import the acyl-CoA’s enter the β-oxidation pathway that consists of four 
enzymatic steps catalyzed by acyl-CoA oxidase, enoyl-CoA hydratase, 3-hydroxyacyl-
CoA dehydrogenase and 3-ketoacyl thiolase. One round of β-oxidation results in 
shortening of the acyl-CoA chain by 2 carbons, resulting in the production of one 
molecule of acetyl-CoA for each round of β-oxidation. Acetyl-CoA subsequently needs 
to be transported to the mitochondria to be used in the TCA cycle (see below). The 
glyoxylate cycle is a pathway that enables assembly of C4 units by linkage of acetyl-CoA 
(C2) to glyoxylate (C2). This pathway allows growth of the organism on fatty acids and 
C2 compounds such as ethanol and acetate as sole carbon source. The key enzymes of 
the glyoxylate cycle, isocitrate lyase (Icl1) and malate synthase (Mls1), are localized to 
peroxisomes in C. albicans (119) (see below). Another metabolic process that takes place 
in the peroxisomes of most eukaryotes (except plants) is the oxidative deamination of D-
isomers of neutral and polar amino acids by D-amino acid oxidase (DAO). The products 
of the FAD-mediated DAO reaction are imino acids, ammonia and H2O2. DAO plays a 
catabolic role in yeasts, as the ability to oxidize a large number of D-amino acids allows 
growth during limitation of classical carbon sources (reviewed by 121). 

The transport of metabolic intermediates over the peroxisomal membrane has been a 
matter of research for several decades and still remains controversial. The peroxisomal 
membrane was shown to be permeable in vivo to low molecular weight, hydrophobic 
solutes such as glycolate and urate, but not to more bulky cofactors like NADH or acetyl-
CoA (3, 161). A number of groups have reported porin-like proteins in peroxisomes of 
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mammals, plants and yeast (reviewed by 129) but also a number of specific transporters 
have been identified (reviewed by 167). 

C. albicans central carbon metabolism

“…the discovery of the vitamin status of carnitine in one species of insect led to our 
understanding of the process whereby fat supplies energy to the organism”.
George Wolf
The Journal of Nutrition, 2006.

Nutrient acquisition during the commensal and pathogenic lifecycles
As described above, growth must also be considered a virulence factor. There is not much 
information available on nutrient acquisition of C. albicans during the different stages 
of the commensal and/or pathogenic lifecycle. We can reason however that the normal 
commensal niche of C. albicans in the gut is rich in nutrients and that especially fatty 
acids might be available in high concentrations. However, because of the presence of many 
other microorganisms in the gut, acquisition of the necessary nutrients might be very 
competitive in this environment. In the course of the establishment of a systemic infection, 
C. albicans passes through the glucose-rich blood stream and starts to invade organs like 
liver, kidneys and spleen. Superficial C. albicans infections require growth on mucosal 
surfaces or the skin. Making use of the model systems described above, the behavior 
of C. albicans under many of these conditions has been tested. The release of secreted 
lipases, phospholipases, esterases and proteinases might play an important role in nutrient 
acquisition during infection, as is illustrated by the decreased virulence of strains affected 
in any of these enzymes. The glyoxylate cycle is a metabolic pathway unique to plants, 
bacteria and some fungi and was shown to be important for the virulence of a different 
pathogenic organisms, including Mycobacterium tuberculosis (99) and C. albicans (91). 
Another metabolic observation was the downregulation of C. albicans genes involved in 
glycolysis and the upregulation of fatty acid oxidation genes during phagocytosis of the 
fungus by macrophages (90). The virulence deficiency of C. albicans glyoxylate cycle 
mutants together with the upregulation of fatty acid oxidation genes seems to point at fatty 
acids as the main carbon source during phagocytosis and systemic infection. However, we 
showed that β-oxidation of fatty acids does not contribute to virulence of C. albicans by 
testing a fox2 mutant that is unable to oxidize fatty acids in the mouse model of infection 
(120). Therefore the exact role of the glyoxylate cycle and the contribution of central carbon 
metabolism in C. albicans pathogenesis remain unclear. 

Independent of the carbon source that cells grow on, the C2 unit acetyl-CoA is the central 
metabolite that is the substrate or product of various metabolic pathways. Acetyl-CoA is 
essential for the production of ATP, as it is used to replenish the mitochondrial TCA cycle 
with C2 units and therefore acetyl-CoA supply in the mitochondrial matrix is absolutely 
essential for growth. However, growth on carbon sources other than glucose lead to 
the production of acetyl-CoA in other cellular compartments and therefore requires 
transport of acetyl units over (the) organellar membrane(s). Below we summarize the 
current knowledge on acetyl transport and related pathways in C. albicans. 
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Glucose metabolism 
Glucose is taken up by the cell and phosphorylated by hexokinase (Hxk1), a reaction that 
requires ATP, to trap the molecule in the cell. The formed glucose-6-phosphate can enter 
the catabolic glycolysis where it is degraded to 2 molecules of pyruvate, which results in 
a net gain of 2 ATP and 2 NADH. Pyruvate can be transported over the mitochondrial 
membrane and is converted to acetyl-CoA in the mitochondrial matrix by the pyruvate 
dehydrogenase complex (Pda). Therefore, during growth on glucose acetyl-CoA is 
directly synthesized in the mitochondrial matrix and no transport of acetyl-CoA over 
the mitochondrial membrane is required (Fig. 11). 

Fatty acid β-oxidation and the glyoxylate cycle
The β-oxidation of fatty acids is solely peroxisomal in C. albicans as can be deduced 
from the observation that a C. albicans mutant of peroxisomal multifunctional enzyme  
has lost all β-oxidation activity (119). After import into the peroxisome, acyl-CoA is 
oxidized completely to acetyl-CoA units in four enzymatic steps performed by three 
different enzymes. The C. albicans genome encodes multiple isozymes for some of the 
enzymatic steps of β-oxidation (two acyl-CoA oxidases, one multifunctional enzyme 
and three 3-ketoacyl-CoA thiolases), a complexity that resembles the human β-oxidation 
pathway (three acyl-CoA oxidases, two multifunctional enzymes and three 3-ketoacyl-
CoA thiolases) but not that of S. cerevisiae (one acyl-CoA oxidase, one multifunctional 
enzyme and one 3-ketoacyl-CoA thiolase). The increased number β-oxidation isozymes 
in C. albicans might indicate that this fungus has undergone an adaptation towards 
a more sophisticated fatty acid metabolism compared to S. cerevisiae, allowing it 
to handle a wider variety of fatty acid substrates. For yeasts to grow on fatty acids as 
sole carbon source, acetyl-CoA needs to be transported to the mitochondrial TCA 
cycle for ATP generation and also fed into the glyoxylate cycle to generate C4 units 
for gluconeogenesis (Fig. 11). This pathway is unique to plants and microorganisms as 
E. coli and yeasts and is essential for growth on non-fermentable carbon sources like 
fatty acids, ethanol or acetate as sole carbon source. Disruption or mutation of one of 
the key enzymes of the glyoxylate cycle, either isocitrate lyase (Icl1) or malate synthase 
(Mls1), leads to a complete growth defect on non-fermentable carbon sources (45, 91, 
99). The glyoxylate cycle essentially is a shunt of the TCA cycle that acts on citrate, 
thereby excluding the decarboxylation steps of the TCA cycle catalyzed by isocitrate 
dehydrogenase (Idh1) and α-ketoglutarate dehydrogenase (α-Kgdh). In C. albicans Icl1 
and Mls1 are compartmentalized in peroxisomes (119), as is the case in most organisms, 
with the exception of S. cerevisiae where Icl1 is cytosolic and Mls1 is localized to the 
peroxisomes or cytosol depending on the growth conditions (79, 98). The C. albicans 
genome encodes two aconitases (Aco), the TCA/glyoxylate cycle enzyme that converts 
citrate to isocitrate.  Both C. albicans Aco1 and Aco2 have a predicted MTS, but Aco1 
additionally has a putative PTS1 (-SKYCOOH). We determined the subcellular distribution 
of the aconitases experimentally and found a dual localization. The majority of the 
signal detected with an α-Aco1 antibody associated with the mitochondria and some 
associated with the peroxisomes. The presence of Aco1 in peroxisomes implies transport 
of citrate from mitochondria to peroxisomes where it feeds into the glyoxylate cycle. The 
peroxisomal presence of the Fe-S cluster-containing Aco1 would be very remarkable, 
because this class of proteins has never been found in the oxidative environment of the 
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peroxisomal matrix. Mitochondrial aconitase was shown to be inactivated in the absence 
of sufficient oxidative stress defense (144).

Carnitine-dependent transport of acetyl units
Because of its amphiphilic nature, acetyl-CoA cannot cross the biological membranes 
without the aid of a carrier, carnitine (L-3-hydroxy-4-N,N,N-trimethylaminobutyrate). 
Carnitine acetyl-transferases reversibly link carnitine to the acetyl unit of acetyl-CoA 
forming acetyl-carnitine that can cross the membrane. The C. albicans and S. cerevisiae 
genomes encode three putative carnitine acetyl-transferases: Cat2, Yat1 and Yat2. Cat2 
is the major carnitine acetyl-transferase that has a dual localization to peroxisomes and 
mitochondria in both yeasts (Chapter 2, reference 27). In S. cerevisiae two pathways for 
acetyl-CoA transport from peroxisomes to mitochondria were identified: one depending 
on the enzyme carnitine acetyl-transferase (Cat2) and the other on peroxisomal citrate 
synthase (Cit2). These pathways function in parallel in S. cerevisiae and only a cat2∆/
cit2∆ double knockout looses the ability to grow on fatty acids (162). In C. albicans 
however, we have shown that peroxisomes lack Cit and are completely dependent on Cat2 
for the transport of acetyl units (Chapter 2). Peroxisomal Cat2 generates acetyl-carnitine 
inside the organelle which can subsequently be transported across the membrane. Upon 
arrival in the mitochondria, the acetyl units are released from acetyl-carnitine by the 
reverse reaction catalyzed by mitochondrial Cat2 (Fig. 11). Although this metabolic 
scheme indicates that peroxisomal and mitochondrial Cat2 are equally important for 
acetyl unit transport from peroxisomes to mitochondria during growth on fatty acids, 
this does not seem to be the case (Chapter 3).  

While a strain that lacks the peroxisomal Cat2 is still able to β-oxidize fatty acids, 
it cannot grow on this carbon source. We hypothesize that the growth defect of this 
mutant strain is due to a non-functional glyoxylate cycle cased by a peroxisomal import 
defect of (iso)citrate (Chapter 3). Furthermore the wild type β-oxidation activity 
(based on CO2 production measured in whole cells) suggests that acetyl units are still 
exported from the peroxisomal matrix and enter the mitochondrial TCA cycle, even in 
the absence of peroxisomal Cat2. We hypothesize that this might be accomplished by 
peroxisomal thioesterases that convert acetyl-CoA to acetate that might be able to cross 
the peroxisomal membrane. The C. albicans genome encodes four thioesterases that are 
predicted to be peroxisomal, a situation that again is more comparable to humans (three 
thioesterases) than to S. cerevisiae (a single thiosesterase). During growth on ethanol 
or acetate, acetyl-CoA is produced in the cytosol and needs to be transported to the 
peroxisomal glyoxylate cycle and the mitochondrial TCA cycle. We have shown that 
growth on ethanol and acetate is dependent on the mitochondrial Cat2, but not strictly 
on the peroxisomal Cat2. This again suggests that acetate might be capable of crossing 
the peroxisomal membrane but not the mitochondrial (inner) membrane (Chapter 3). 

Yat1 and Yat2 localize to the cytosol in C. albicans (Addendum Chapter 3, reference 35), 
while S. cerevisiae Yat1 localizes to the outer mitochondrial membrane (140) and the 
localization of Yat2 is unknown. In S. cerevisiae disruption of either CAT2, YAT1 or YAT2 
in the cit2∆ background has the same effect: all double knockouts cannot grow on oleate, 
ethanol or acetate (Table 2) (152). By contrast, the growth phenotypes of C. albicans 
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YAT1 and YAT2 disruption strains are quite different: a yat1∆ strain is unable to grow on 
ethanol or acetate, but a yat2∆ strain does not display a growth defect (Table 2) (124, 176). 
We hypothesize that the phenotypic difference between the C. albicans yat1∆ and yat2∆ 
strain is correlated with the much higher expression of YAT1 compared to YAT2 during 
growth on oleate and acetate (176). During growth on ethanol or acetate as sole carbon 
source, acetyl-CoA is produced in the cytosol by the enzymatic activities of alcohol 
dehydrogenase (Adh), acetaldehyde dehydrogenase (Ald) and acetyl-CoA synthase (Acs). 
The cytosolic acetyl units need to be transported to mitochondria and peroxisomes for 
energy and C4 synthesis, respectively. Because of their homology to carnitine acetyl-
transferases and the observed phenotypes of the disruption strains, the Yats were 
hypothesized to function as carnitine acetyl-transferases on cytosolic acetyl-CoA 
derived from ethanol and acetate (Fig. 11). We attempted to investigate this hypothesis, 
but so far could not find convincing evidence in support of a role for C. albicans Yat1 or 
Yat2 as carnitine acetyl-transferases (Addendum to Chapter 3). 
 
Table 2. Growth phenotypes of S. cerevisiae and C. albicans disruption and mutant strains
  
Species   Strain  Glucose Ethanol Acetate Oleate Reference

S. cerevisiae cat2∆   + + + + (152, 162)
   cit2∆$  + + + + (152)
   cit2∆/cat2∆$ + - - - (152)
   cit2∆/yat1∆$ + - - - (152)
   cit2∆/yat2∆$ + - - - (152)
C. albicans cat2∆/∆  + - - - Chapter 2, 3 and (176)
   perCAT2  + - - - Chapter 3
   mitCAT2  + +/- +/- - Chapter 3
   yat1∆/∆  + - - + (176)
   yat2∆/∆  + + + + (124, 176)
   tmld∆/∆  + - - - Chapter 4

$ Growth medium with additional carnitine
Note: S. cerevisiae is unable to synthesize carnitine endogenously and therefore a cit2∆ mutant is unable 
to grow on non-fermentable carbon sources unless carnitine is added, which allows the Cat2-dependent 
pathway to function.

Carnitine transporters
Acetyl-carnitine can be transported over the peroxisomal membrane in yeasts, but 
peroxisomal acetyl-carnitine transporter protein(s) remain thus far unknown. However, 
acetyl-carnitine and acyl-carnitine transport over the mitochondrial membranes has 
been well characterized in humans, where peroxisomal β-oxidation acts on very long 
chain fatty acids and shortened long chain acyl units are transported to the mitochondrial 
matrix as acyl-carnitine for further oxidation. Long chain fatty acids taken up by the 
cells are first activated in the cytosol to acyl-CoAs. The enzyme carnitine palmitoyl-
transferase I (CPT I) associated with the outer mitochondrial membrane then links 
carnitine to the acyl unit of acyl-CoA. Next, acyl-carnitine is transported over the outer 
mitochondrial membrane by diffusion or an unknown transporter and over the inner 
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mitochondrial membrane via the specific carrier carnitine-acylcarnitine translocase 
(CACT). CPT II in the mitochondrial matrix links the acyl unit to intramitochondrial 
CoA, forming acyl-CoA that can enter mitochondrial fatty acid β-oxidation. CACT is 
also able to transport acetyl-carnitine (reviewed by 132). The S. cerevisiae gene Yor100c 
(CRC1) was identified as the ortholog of human CACT (116, 162) and the human carrier 
was shown to functionally complement a S. cerevisiae cit2∆/crc1∆ mutant (68). The likely 
C. albicans CACT/CRC1 ortholog is orf19.2599. Besides carnitine-mediated transport 
between organelles, carnitine can also be taken up from extracellularly. S. cerevisiae 
Agp2, a transporter that is a member of the amino acid permease family, was shown 
to localize to the plasma membrane where it is responsible for the uptake of carnitine 
from the extracellular medium (162). We identified the C. albicans orf19.4679 as the 
most likely Agp2 ortholog, but a disruption mutant was still able to import carnitine. 
The screen performed by Van Roermund et al. (162) aimed at isolation of S. cerevisiae 
mutants affected in acetyl unit transport from peroxisomes to mitochondria failed to 
identify a peroxisomal acyl/acetyl-carnitine carrier. Therefore identification of the 
carriers involved in carnitine-mediated transport over the peroxisomal membrane 
remains a challenge for the future.

Carnitine biosynthesis
The sole dependence of C. albicans on carnitine acetyl-transferases during utilization 
of non-fermentable carbon sources, led us to the hypothesis that C. albicans would be 
able to synthesize carnitine de novo. The carnitine biosynthesis pathway was chemically 
characterized in the 1970s in experiments with labeled substrates and subsequent detection 
of carnitine, carnitine biosynthesis intermediates and byproducts in Neurospora crassa 
and rat (13, 51, 64, 71, 156). The precursor of carnitine biosynthesis is the trimethylated 
amino acid lysine (6-N-trimethyllysine; TML), a product of lysosomal degradation of 
trimethylated proteins. TML is converted into carnitine in four enzymatic steps, encoded 
by TML dioxygenase (TMLD), 3-hydroxy-TML aldolase (HTMLA), 4-trimethylaminobut
yraldehyde dehydrogenase (TMABADH) and γ-butyrobetaine dioxygenase (BBD). In the 
1990s the human genes encoding TML, TMABADH and BBD were identified (163-165), 
but the nature of the HTMLA gene and protein remained elusive (reviewed by 166). We 
have identified a complete carnitine biosynthesis pathway in C. albicans, including the 
previously unknown HTMLA (Chapter 4). The protein that performs the aldolytic cleavage 
of HTML has high homology with threonine aldolases, and we discuss the chemical 
similarities between both reactions in detail. We show that carnitine biosynthesis mutants 
have the same growth defect on non-fermentable carbon sources as carnitine acetyl-
transferase mutants. To our knowledge, we are the first to identify all genes encoding the 
four enzymatic steps of the carnitine biosynthesis pathway in any organism. These data 
suggest that in C. albicans carnitine has become an essential metabolite during growth on 
non-fermentable carbon sources. By contrast, S. cerevisiae can employ alternative pathways 
to transport acetyl units and is unable to synthesize carnitine (152, 162).
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Scope of this thesis

This thesis focuses on two major subjects of C. albicans biology: central carbon 
metabolism and transport of acetyl units between compartments is discussed in 
Chapters 2, 3 and 4 and oxidative stress defense is the subject of Chapters 5, 6 and 7. 
Special attention is paid to the compartmentalization of proteins and metabolic pathways 
and the requirement for transport of metabolites between organelles.
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Abstract

In eukaryotes, acetyl-CoA produced during peroxisomal fatty acid β-oxidation needs 
to be transported to mitochondria for further metabolism. Two parallel pathways 
for acetyl-CoA transport have been identified in Saccharomyces cerevisiae, one being 
dependent on peroxisomal citrate synthase (Cit) while the other requires peroxisomal 
and mitochondrial carnitine acetyl-transferase (Cat) activity. Here we show that the 
human fungal pathogen Candida albicans lacks peroxisomal Cit, relying exclusively on 
Cat activity for transport of acetyl units. Deletion of the CAT2 gene encoding the major 
Cat in C. albicans resulted in a strain that had lost both peroxisomal and mitochondrial-
associated Cat activity, could not grow on fatty acids or C2 carbon sources (acetate or 
ethanol), accumulated intracellular acetyl-CoA and showed strongly reduced fatty acid 
β-oxidation activity. The cat2 null mutant was however not attenuated in virulence in a 
mouse model for systemic candidiasis. These observations support our previous results 
showing that peroxisomal fatty acid β-oxidation activity is not essential for virulence 
of C. albicans. Biofilm formation by the cat2 mutant on glucose was slightly reduced 
compared to wild type, although both strains grew at the same rate on this carbon 
source. Our data show that C. albicans has diverged considerably from S. cerevisiae 
with respect to the mechanism of intracellular acetyl-CoA transport and imply that 
carnitine-dependence may be an important trait of this human fungal pathogen.
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Introduction

The β-oxidation of fatty acids is a well-conserved metabolic process that results in the 
stepwise degradation of fatty acids to acetyl-CoA. While in mammalian cells this process 
takes place both in mitochondria and peroxisomes, in plants and fungi the oxidation of 
fatty acids is exclusively peroxisomal (16). To allow further metabolism, the produced 
acetyl-CoA must be transported from peroxisomes to the mitochondria, where it enters 
the tricarboxylic acid (TCA) cycle and is oxidized completely to CO2 and H2O. In the 
yeast S. cerevisiae two pathways for the transport of acetyl-CoA from peroxisomes to 
mitochondria have been identified: the first pathway depends on peroxisomal citrate 
synthase (Cit2p) while the second pathway requires carnitine acetyl-transferase (Cat2p; 
41). In the Cit2p-dependent pathway, the acetyl moiety of peroxisomal acetyl-CoA is 
linked to oxaloacetate by Cit2p to form citrate and free CoA. Citrate is subsequently 
transported to the mitochondria where it enters the TCA cycle. In the Cat2p-dependent 
pathway, Cat2p catalyzes the formation of acetyl-carnitine from acetyl-CoA and the 
carrier molecule carnitine. Formation of acetyl-carnitine is necessary to allow transport 
of acetyl units over the peroxisomal and mitochondrial membranes. The mitochondrial 
Cat2p catalyzes the reverse reaction liberating the acetyl unit from carnitine and 
coupling it to a molecule of free CoA for further metabolism. Interestingly, in S. cerevisiae 
peroxisomal and mitochondrial Cat2p are encoded by a single gene and the mechanism 
of differential targeting of the protein has been well established (6). The work of van 
Roermund et al. (40, 41) has shown that the Cit2p- and Cat2p-dependent pathways of 
acetyl-CoA export can work in parallel: disruption of either the CIT2 or the CAT2 gene in 
S. cerevisiae doesn’t lead to a growth defect on fatty acids while the simultaneous disruption 
of both genes does. While both pathways function in S. cerevisiae, plants seem to lack the 
Cat pathway as disruption of both peroxisomal citrate synthases (CSY2 and CSY3) in 
Arabidopsis thaliana resulted in a mutant that failed to metabolize triacylglycerol (28).

In S. cerevisiae acetyl-CoA transport can be studied independently of fatty acid β-oxidation. 
When yeast cells are growing on acetate or ethanol, acetyl-CoA is formed in the cytosol, 
which needs to be transported to the mitochondria and fed into the glyoxylate cycle. 
Transport of acetyl-CoA from cytosol to mitochondria is probably mediated by one or 
both of the other carnitine acetyl-transferases in S. cerevisiae: Yat1p or Yat2p. Yat1p 
is localized to the outer mitochondrial membrane (34) while the localization of Yat2p 
is unknown. The specific functions of either of the Yat’s are not known yet, however a 
random mutagenesis screen in a S. cerevisiae cit2∆ strain (which is dependent on the 
Cat pathway for growth on oleate and ethanol) revealed that all three carnitine acetyl-
transferases (Cat2p, Yat1p and Yat2p) are essential for growth on non-fermentable 
carbon sources such as acetate, ethanol, oleate and glycerol (36). The C. albicans genome 
encodes three putative carnitine acetyl-transferases: homologs of S. cerevisiae Cat2p, 
Yat1p and Yat2p, which have been named Ctn2p, Ctn1p and Ctn3p, respectively (29). 
Mitochondrial and peroxisomal targeting signals are conserved in the C. albicans Cat2p 
homolog (CaCtn2p) and two in frame start codons are present, as is also the case in S. 
cerevisiae (6), suggesting that the mechanism of dual localization of Cat2p is conserved 
between the two yeasts. All three putative carnitine acetyl-transferases are up-regulated 
during phagocytosis by macrophages (29). 
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To allow growth on fatty acids, ethanol or acetate the produced acetyl-CoA must not 
only be transported to the mitochondria for oxidation in the TCA cycle, but this C2 
compound also needs to be converted to C4 units (succinate) that can be used for 
biosynthetic purposes. The metabolic pathway that allows the net synthesis of C4 units 
from acetyl-CoA is the glyoxylate cycle (14). The essential role of this metabolic pathway 
for the utilization of non-fermentable carbon sources has been substantiated through 
the analysis of fungal mutants lacking one of the key enzymes of the glyoxylate cycle, 
i.e. isocitrate lyase (Icl1p) or malate synthase (Mls1p). S. cerevisiae icl1 or mls1 mutants 
are unable to grow on fatty acids, ethanol or acetate as sole carbon source (7, 11, 21) 
and similar phenotypes have been reported for C. albicans mutants lacking Icl1p (20, 
27). While the function of the glyoxylate pathway in eukaryotes is well conserved, 
the subcellular localization of the enzymes may vary from organism to organism. For 
example in plants and certain fungi such as C. albicans, Icl1p and Mls1p are exclusively 
peroxisomal (24, 26) whereas in S. cerevisiae Icl1p is cytosolic and Mls1p is only 
peroxisomal when cells are grown on fatty acids (17, 37). 

Interestingly, acetyl-CoA transport and metabolism seems to play an essential role in 
virulence of pathogenic fungi. The glyoxylate pathway enzymes Icl1p and Mls1p were 
shown to be crucial for virulence of the plant pathogens Magnaporthe grisea (45) 
and Stagonospora nodorum (35) and the human pathogen C.  albicans (20, 27), while 
carnitine-dependent acetyl-unit transport in M. grisea is required for the elaboration of 
penetration hyphae during plant infection (2, 31).

In this report we have investigated the role of acetyl-CoA transport in fatty acid 
metabolism and in the virulence of the human fungal pathogen C. albicans. We 
demonstrate that the C. albicans genome contains only one citrate synthase (CIT) gene 
(alleles orf19.4393 and orf19.11871) and show that citrate synthase activity is present 
in mitochondria but not in peroxisomes, suggesting that for growth on fatty acids and 
transport of acetyl units from peroxisomes the fungus is dependent on the Cat pathway. 
A C. albicans mutant lacking the major Cat (Cat2p) is not able to grow on fatty acids or on 
acetate or ethanol, but virulence of the mutant is not attenuated. While the cat2 deletion 
strain exhibits no growth deficiency on glucose, the mutant shows a small but significant 
reduction in its ability to form biofilms in vitro on this carbon source. Our results provide 
insight into the mechanism of intracellular acetyl-CoA transport in C. albicans and suggest 
that carnitine-dependence may be an important trait of this human fungal pathogen.

Materials and Methods

Media and culture conditions
C. albicans strains were grown at 28ºC unless otherwise stated. For routine non-selective 
culturing of C. albicans strains YPD (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, 2% agar and amino acids as needed (20 µg/ml arginine, µg/ml histidine, 80 µg/
ml uridine). Plates used for spot-assays had the same composition and contained glucose 
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(2%), oleic acid/Tween 80 (0.12%/0.2%), ethanol (2%) or sodium acetate (2% with 0.5% 
potassium phosphate buffer pH 6.0) as a carbon source. For carnitine acetyl-transferase 
(Cat) enzyme assays strains were grown overnight on YPD, YPO (2% bactopeptone, 1 % 
yeast extract, 0.12/0.2% oleic acid/Tween 80), YPA (0.5% bactopeptone, 0.3% yeast extract, 
0.5% potassium phosphate buffer pH 6, 2% sodium acetate) or YPE (0.5% bactopeptone, 
0.3% yeast extract, 0.5% potassium phosphate buffer pH 6, 2% ethanol). For subcellular 
fractionation, β-oxidation assay and immunoelectron microscopy strains were grown 
overnight on YPO. In all experiments strains were pre-grown on minimal glucose medium 
(0.3% glucose, 0.67% YNB) for at least 8 h before being shifted to the medium of choice.

Spot test
Cells were pregrown 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). Four 
microliters of each dilution was spotted onto agar plates. The pictures were taken after 
3 days (glucose) or 5 days (oleate, acetate and ethanol) of incubation at 28ºC. Sensitivity 
to various stress agents was tested by spotting serial dilutions of cells onto YPD plates 
containing 25 µg/ml Calcofluor White (CFW), 200 µg/ml Congo Red (CR), 1.5 M sorbitol 
or 0.05% SDS. Plates were incubated at 28°C for 3 days. Hyphae formation was tested by 
spotting dilutions onto YPD plates containing 10% fetal calf serum (FCS) or 3% glycerol 
followed by incubation at 37ºC for 7 days.

Strains and plasmids
C. albicans strains used in this study are listed in Table I and are derivatives of SN76 
(23). Plasmids and primers used in this study are listed in Table II and Table III, 
respectively. The CAT2 gene (alleles orf19.4591 and orf19.12060) was deleted using a 
PCR-based procedure with primers containing 100-bp regions of sequence identity to 
the 5’ and 3’ flanking sequences of the open reading frames (ORFs) (46). A cat2∆/cat2∆ 
ura3- strain was created by successive transformation with two disruption cassettes. The 
first cassette containing the ARG4 auxotrophic marker was amplified from the plasmid 
pFA-CaARG4 (8) by using primers CAT2-∆-F-FA and CAT2-∆-R-FA in combination 
with extension primers CAT2-F-Ext and CAT2-R-Ext. The same primers were used for 
construction of the second cassette by amplification on plasmid pFA-CdHIS1 (33) which 
contains the HIS1 auxotrophic marker from Candida dubliniensis. The cat2∆/cat2∆ 
ura3- strain was transformed with XhoI-digested pLUBP (30) to create a prototrophic 
cat2 null mutant. For complementation of the cat2∆/cat2∆  strain with the CAT2 gene a 
plasmid was constructed by PCR with primers KS128 and JB10 on genomic DNA isolated 
from SN76. The PCR product containing the 800 bp promoter region, the full length 
CAT2 ORF and 800 bp 3’ untranslated region was cloned into pGEM-T and sequenced. 
The fragment was cloned into pLUBP resulting in plasmid pKa30. Transformation of 
the cat2∆/cat2∆ ura3- with XhoI-digested pKa30 resulted in the cat2∆/∆ + CAT2 
strain (the complemented deletion strain). A prototrophic SN76 strain (SN76-P) was 
constructed by sequential transformation of strain SN76 with NheI-linearized pLUBP 
(for complementation of the URA3-IRO1 region), a 2.0 kb KpnI/SacI fragment of pRS-
ARG4*SpeI (to complement the ARG4 deletion) and a 1.8 kb BamHI/XbaI fragment 
from pGEM-HIS1 (to complement the HIS1 deletion). Strain SN76-P will be referred to 
as wild type. All strains were verified by PCR.
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Table I. Yeast strains used in this study

Strain Species/Name  Genotype     Reference

BJ1991 S. cerevisiae wild type (wt) MATa; leu2, ura3-251, trp1, pbr1-1122, pep4-3, gal2 (13)
SN76 C. albicans wt auxotroph arg4/arg4 his1/his1 ura3::imm434/ura3::imm434 
     iro1::imm434/iro1::imm434    (23)
SN76-P C. albicans wt prototroph arg4∆/ARG4 his1∆/HIS1    This study
     ura3∆::imm434/ura3∆::imm434::URA3   
     iro1∆::imm434/iro1∆::imm434::IRO1   
CEM28 C. albicans cat2∆/cat2∆  arg4∆/arg4∆ his1∆/his1∆    This study
     ura3∆::imm434/ura3∆::imm434 
     iro1∆::imm434/iro1∆::imm434 
     cat2∆::CdHIS1/cat2∆::ARG4 
CEM38 C. albicans cat2∆/cat2∆   arg4∆/arg4∆ his1∆/his1∆    This study
  + URA3   ura3∆::imm434/ura3∆::imm434::URA3 
     iro1∆::imm434/iro1∆::imm434::IRO1 
     cat2∆::CdHIS1/cat2∆::ARG4 
CKS58 C. albicans cat2∆/cat2∆   arg4∆/arg4∆ his1∆/his1∆    This study
  + CAT2   ura3∆::imm434/ura3∆::imm434::URA3::CAT2 
     iro1∆::imm434/iro1∆::imm434::IRO1 
     cat2∆::CdHIS1/cat2∆::ARG4 
CEM16 C. albicans fox2∆/fox2∆ ura3∆::imm434/ura3∆::URA3    (27)
  + URA3   his1∆::hisG/his1∆::hisG arg4∆::hisG/arg4∆::hisG 
     fox2∆::ARG4/fox2∆::HIS1 

Transformation
C. albicans was transformed using a modified lithium acetate protocol (43). The heat 
shock was carried out at 44ºC for 15 min.

Subcellular fractionation and density gradient analysis of C. albicans
Cells were inoculated in YNB 2% glucose and grown overnight. The next morning the 
culture was diluted in YNB 0.3% glucose to an optical density (OD) at 600 nm of 0.15, 
grown to an OD600 of 1.0-1.5, then inoculated in YPO at an OD600 of 0.01 and grown 
overnight. The next morning cells were collected by centrifugation (10 min at 4,000 x 
g), washed 3x with 25 ml distilled water and collected again by centrifugation (10 min at 
4,000 x g). Cells were resuspended in 5 ml of buffer Z (0.5 M KCl, 5 mM MOPS pH 7.2, 
10 mM Na2SO3) containing 0.25 mg Zymolyase 100T (ICN Biomedicals) per gram wet 
weight and incubated for 10-30 min at 28ºC while shaking at 120 rpm to convert the cells 
to spheroplasts. Spheroplast formation was monitored microscopically. Spheroplasts were 
harvested by centrifugation at 2,300 x g for 8 min at 4ºC. The pellet was resuspended in 
3 ml buffer F (5% Ficoll 400, 0.6 M sorbitol, 5.5 mM MOPS pH 7.2, 0.5 mM EDTA, 0.1% 
ethanol) containing 1 mM PMSF and yeast protease inhibitor cocktail, and homogenized 
in a grinding vessel (Potter-Elvejhem) with a tight fitting pestle by 20 down-and-up strokes 
while on ice. The homogenate was centrifuged 3 x for 10 min at 3,000 x g at 4ºC to remove 
cell debris and nuclei, and the low-speed supernatant (H) was separated in an organellar 
pellet (P) and a cytosolic (S) fraction by centrifugation for 20 min at 20,000 x g at 4ºC. The 
organellar pellet was taken up in 1 ml buffer G (5 mM Tris-Hcl pH 7.5, 3 mM KCl, 0.3 mM 
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EDTA [pH 8], 0.1% ethanol, 0.6 M sorbitol) and loaded onto a 15-50% Nycodenz gradient. 
Gradients were spun in a vertical rotor for 2.5 hours at 29,000 x g with gentle acceleration 
and braking. Gradients were fractionated from bottom to top in about 12 fractions. Each 
fraction was analyzed for the presence of citrate synthase by Western blotting using an 
antibody raised against S. cerevisiae Cit1p (42), 3-hydroxyacyl-CoA dehydrogenase activity 
(44) (a peroxisomal marker), fumarase activity (39) (a mitochondrial marker) and carnitine 
acetyl transferase (Cat) activity (6). Subcellular fraction and density gradient analysis of S. 
cerevisiae were performed as described previously (6).

Fatty acid β-oxidation measurements
β-oxidation activity in intact cells was measured essentially as described before 
(40) except that the cells were resuspended at an OD600 of 1. Production of CO2 and 
incorporation of radiolabel into acid-soluble material were followed with time.

Acyl-CoA measurements
Acyl-CoA measurements were performed as described by Hammond et al. (10) with some 
modifications. Approximately 20 mg of freeze dried material of oleate-grown yeast cells 
was added to 1.5 ml Eppendorf vials, and the exact weight of the sample was determined 
using a microbalance. To the sample, 20 µl of internal standard (2H3-acetyl-CoA (100 
µM); 2H3-octanoyl-CoA (100 µM) and 2H3-palmitoyl-CoA (100 µM) in 70% acetonitrile) 
was subsequently added on ice in 50 mM KH2PO4, 50% 2-propanol. An equal volume of 
acetonitrile was added. After 3 min mixing, the samples were centrifuged at 1,600 x g for 
5 min at 4ºC, and the supernatant was transferred to a glass tube and evaporated under a 
stream of nitrogen at 40ºC. The final residue was taken up in 100 µl methanol/H2O (1:1) 
and subjected to LC-MS-MS analysis as described before (10).

Table II. Plasmids used in this study

Plasmid   Purpose    Reference

pLUBP   URA3 complementation  (30)
pFa-CaARG4 #201  ARG4 disruption   (8)
pFA-CdHIS1 #627  CdHIS1 disruption    (33)
pGEM-HIS1  HIS1 complementation  (46)
pRS-ARG4  ARG4 complementation  (46)
pKa30   CAT2 complementation  This study

Virulence studies
Virulence assays were performed at the University of Aberdeen, using a murine tail 
vein injection model. Groups of six BALB/c female mice were challenged intravenously 
with the C. albicans strains at a dose of 1.5 x 104 CFU/g body weight as previously 
described (27). Mice were weighed and observed daily. Animals that developed signs of 
serious illness or which lost more than 20% of their initial body weight were humanely 
terminated and recorded as dying the following day. Survival data were analyzed by 
Logrank statistics and tissue burden data by t test.
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Growth and analyses of biofilms
Biofilms were grown in 96-well plates (Costar, Corning Incorporated, Corning, USA) 
coated with fetal bovine serum (FBS) as described previously (15) and growth was 
quantified by crystal violet (CV) staining (38). Biofilm thicknesses were measured with 
a low load compression tester (LLCT) (25) on biofilms grown on FBS-coated 1.5 x 1.5 
cm polymethylmethacrylate (PMMA) slides in 12-well tissue culture plates. For confocal 
laser scanning microscopy (CLSM), biofilms were grown in FBS-coated 12-well plates, 
washed once with 2 ml phosphate buffered saline (PBS; 10 mM potassium phosphate, 
0.15 M NaCl, pH 7.0) and incubated with 1 ml PBS containing Baclight (Molecular 
Probes, Leiden, the Netherlands), prepared according to the manufacturers instructions, 
for 30 min at room temperature in the dark. A confocal laser scanning microscope 
model LEICA TCS SP2 (Leica Microsystems Heidelberg GmbH, Heidelberg, Germany) 
equipped with a He-Ne laser and an Ar laser and supplied with the latest version of 
Leica Confocal Software was used to visualize the submerged biofilms with a 40x water 
objective. The two components of of Baclight were excited at 488 nm, the green signal 
was recorded with a 510-540 nm emission filter setting and the red signal was recorded 
with a 600-680 nm emission filter setting. 

Table III. Primers used in this study

Primer  5’-3’ sequence
CaCAT2-∆-F-FA AACTAATCAGAAGAAATAGAGGTCGAAAATAAAGAATAACGACAAGAAAAA 

  AAAAAAGTAATCACATTTGTTCTGATATCATAGAGAAGCTTCGTACGCTGCA 
  GGTC

CaCAT2-∆-R-FA AAATTTAAGAACTTTCTATATGTTACTTATACTAATATGAAATAAATAGATAT 
  GAATTGAAAAATGAAAAGACTAACCAAATTTCTCTGATATCATCGATGAATT 
  CGAG

CaCAT2-Ext-F TATTCTTTTCAATCCAACTAATCAGAAGAAATAGA
CaCAT2-Ext-R GTGCTAATAATAACTAAATTTAAGAACTTTCTATA
CAT2-C-F ATCAAGTATCCATGACCCCCAC
CAT2-C-R GATGAGAGTAGTGTTGTTGAGG
CaA2  AATGGATCAGTGGCACCGGTG
CaA4  GGGCCCATTGGTTAAGTTCATATGC
X2-CdHIS1 TCTAAACTGTATATCGGCACCGCTC
X3-CdHIS1 GCTGGCGCAACAGATATATTGGTGC
JB10  AGTTGGTACCAGAAGTGTGGGGTGCATAGG
KS128  TGAGGCCTCGTTGATTTAAACTCCGCGATGT

Results

C. albicans contains one citrate synthase that is localized to mitochondria
The S. cerevisiae genome encodes three citrate synthases, two of which are mitochondrial 
(Cit1p and Cit3p) and one is peroxisomal (Cit2p; 9, 12, 18, 32). We performed BLASTp 
searches with the S. cerevisiae Cit proteins and found that the C. albicans genome (http://
www.candidagenome.org) contains only one gene predicted to encode citrate synthase. 
The putative C. albicans citrate synthase (orf19.4393) shares 77% sequence identity with 
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ScCit1p and 72% and 45% with ScCit3p and ScCit2p, respectively, and has a predicted 
mitochondrial targeting signal in its N-terminal region (4). To determine the subcellular 
localization of the C. albicans citrate synthase we performed subcellular fractionation 
followed by density gradient analysis on cells grown in rich medium containing oleic 
acid (Fig. 1A). Analysis of the C. albicans gradient fractions by immunoblotting with 
an antibody directed against S. cerevisiae Cit1p revealed a single band with an apparent 
molecular weight (MW) of about 45 kDa corresponding to the predicted MW of C. albicans 
Cit1p that co-fractionated with the mitochondrial marker enzyme fumarase. Very little 
signal was detected in the peroxisomal peak fractions, suggesting that the single CIT gene in 
C. albicans encodes a mitochondrion-targeted protein. 

Figure 1. Subcellular localization of citrate synthase and carnitine acetyl transferase in S. cerevisiae 
and C. albicans.
Nycodenz density gradient analysis of the organellar pellet fraction obtained from wild type C. albicans 
(A) and wild type S. cerevisiae (B) grown on rich oleic acid medium. Enzyme assays were performed on 
the gradient fractions to determine the distribution of the peroxisomal marker enzyme 3-hydroxyacyl-
CoA dehydrogenase (3HAD), the mitochondrial marker enzyme fumarase and Cat. Activities are given as 
percentage of total activity present in the whole gradient. Relative Cat activities were determined for the 
peroxisomal and mitochondrial peak fractions of both gradients: 4088.8 nmol/min/mg for the C. albicans 
peroxisomal peak fraction (3), 445.6 nmol/min/mg for the mitochondrial peak fraction (8); 82.2 nmol/min/
mg for the S. cerevisiae peroxisomal peak fraction (4) and 122.6 nmol/min/mg for the mitochondrial peak 
fraction (8). Localization of citrate synthase in the gradients was determined by immunoblotting with an 
antibody directed against S. cerevisiae citrate synthase 1 (Cit1p).

As a control oleate-grown S. cerevisiae cells were analyzed in a similar way. Fig. 1B shows 
that the α-Cit1 antibody recognizes at least two citrate synthase proteins in S. cerevisiae: 
a band running at about 45 kDa that co-fractionates with the mitochondrial marker 
and most likely represents Cit1p and/or Cit3p and a band enriched in the peroxisomal 
fractions that runs slightly faster, presumably corresponding to peroxisomal Cit2p. Due 
to the almost identical predicted molecular mass of Cit1p and Cit3p it is very possible 
that both proteins run at the same position in the gel and are observed as a single band 
or, alternatively, either of the two proteins is not expressed under our experimental 
conditions. Notwithstanding the above, these data confirm previous results of Lewin et 
al. (18) who showed the presence of a peroxisomal citrate synthase (Cit2p) in S. cerevisiae 
and imply that peroxisomes in C. albicans lack this protein. 
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Carnitine acetyl transferase is abundantly present in peroxisomes and mitochondria 
of C. albicans
The absence of peroxisomal citrate synthase in C. albicans predicts that for export of 
acetyl units the organism depends on the carnitine acetyl-transferase pathway. We 
measured Cat activity in the gradient fractions of both C. albicans and S. cerevisiae 
(Fig. 1A and B). Cat activity in the C. albicans gradient co-localized with the peroxisomal 
and mitochondrial peaks and the activity in both peaks is comparable. In concordance with 
Elgersma et al. (6) we also found a bimodal distribution of the Cat activity in S. cerevisiae with 
about five times more activity in the mitochondrial peak fraction than in the peroxisomal 
peak fraction. 

CAT2 encodes the major carnitine acetyl transferase in C. albicans
In S. cerevisiae, the CAT2 gene encodes both the peroxisomal and mitochondrial Cat2p 
and contributes about 95% of the total Cat activity in oleate grown cells, while the 
remaining activity is ascribed to Yat1p and Yat2p (6, 36). To determine the role of Cat2p 
in C. albicans we constructed a deletion strain of the CAT2 gene (alleles orf19.4591 
and orf19.12060) using a PCR-based gene disruption procedure (46); see Materials and 
Methods). To generate the complemented strain (cat2∆/cat2∆ + CAT2) the CAT2 gene 
together with the 800 bp upstream promoter region was cloned into the pLUBP vector 
(30) and transformed to the cat2∆/cat2∆ strain. Ura3 prototrophy of the cat2∆/cat2∆ 
was restored by introducing the empty pLUBP vector.

Table 4. Cat activity in lysates of C. albicans cells grown on various carbon sources 
     
Strain  Glucose   Oleate  Acetate  Ethanol

wild type  653.4 ± 18.2a  1189.5 ± 403.3a  1273.8 ± 3.0a   1486.2 ± 39.9a 
cat2∆/cat2∆ 1.1 ± 0.3a   0.1 ± 0.1a   3.4 ± 5.5a   0.9 ± 1.8a 
cat2∆/∆ + CAT2 517.3 ± 59.3a  1403.9 ± 115.4a  939.5 ± 11.9a  679.9 ± 21.4a 

a Cat activity in nanomoles of [14C-]acetylcarnitine formed per min per mg of protein

Total Cat activity was determined in lysates of the wild type, cat2∆/cat2∆ and 
complemented strains grown on rich medium containing glucose, oleate/tween80, ethanol 
or acetate (Table 4). Cat activity of the wild type and complemented strain was about 
two-fold higher on oleate, acetate and ethanol compared to glucose. Cat activity in the 
cat2∆/cat2∆ strain was just above background levels under the growth conditions tested, 
in spite of the fact that the C. albicans genome encodes two other putative carnitine acetyl-
transferases, potential homologs of S. cerevisiae Yat1p and Yat2p (29, 34, 36). We tried 
to detect residual Cat activity in the cat2∆/cat2∆ strain by varying the conditions of the 
assay (different pH, addition of a non-ionic detergent), by varying the method of protein 
lysate preparation and by using purified peroxisomal and mitochondrial fractions instead 
of total protein lysates (data not shown). We were however not able to detect significant 
amounts of Cat activity in the cat2 null mutant by any of these methods suggesting that 
the expression of the YAT genes is very low under the conditions tested. Taken together, 
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these results show that the C. albicans CAT2 gene like the S. cerevisiae CAT2 gene (6) 
encodes both the major peroxisomal and mitochondrial Cat. 

The C. albicans cat2 null mutant is unable to utilize fatty acids, ethanol or acetate 
To determine whether in the absence of a peroxisomal citrate synthase the peroxisomal 
Cat2p plays an essential role in the export of acetyl-CoA produced during fatty acid 
β-oxidation, we tested the cat2∆/cat2∆ strain for its ability to utilize oleate as sole 
carbon source. Serial dilutions of the wild type, cat2∆/cat2∆ and complemented strains 
were spotted onto plates containing YNB and oleate or glucose (as a control) as carbon 
source. All strains grew well on glucose, however the cat2∆/cat2∆ strain was unable to 
grow on oleate (Fig. 2), a phenotype that was confirmed by carrying out growth assays 
in liquid media (data not shown). These results support the hypothesis that C. albicans 
is dependent on the activity of Cat2p to export acetyl units produced during fatty acid 
β-oxidation and confirm that C. albicans lacks a peroxisomal citrate synthase. As the 
cat2∆/cat2∆ strain lacks both the peroxisomal and mitochondrial Cat2p, it is currently 
unclear what each form contributes to the phenotype on oleate. Remarkably, the cat2∆/
cat2∆ strain is also not able to grow on the C2 carbon sources acetate or ethanol (Fig. 2), 
conditions under which acetyl-CoA is produced in the cytosol. Together, these results 
show that both peroxisomal and mitochondrial Cat2p are essential for growth on non-
fermentable carbon sources.

The cat2 null mutant shows reduced β-oxidation activity and elevated levels of 
acetyl-CoA
To study oleic acid metabolism of the cat2 null mutant in more detail we determined 
total β-oxidation activity by incubating intact cells with 1-14C-labeled oleic acid and 
measuring the produced labeled CO2 and acid soluble counts (representing carbon 
metabolism intermediates; (40). The C. albicans fox2∆/fox2∆ strain lacking the second 
enzyme of the β-oxidation pathway served as a negative control, as this mutant has a 
strongly reduced fatty acid β-oxidation activity (27). The fox2∆/fox2∆ and cat2∆/cat2∆ 
strains showed a strongly reduced production of CO2 compared to the wild type and 
CAT2 complemented strain (Fig. 3A). The incorporation of radiolabel in acid soluble 
material was very low in the The fox2∆/fox2∆ strain, but significant amounts were found 
in the cat2∆/cat2∆ strain, suggesting that the labeled fatty acid can still be converted to 
acetyl-CoA and/or other carbon metabolism intermediates in this strain (Fig. 3B). 

Figure 2. The cat2 null mutant is unable to 
grow on non-fermentable carbon sources. 
Glucose-grown cultures (about 2.7 x 107 cells/
ml) of the indicated strains were serially diluted 
(1:10) and 4 µl of each dilution was spotted on 
minimal plates containing glucose, oleate, 
acetate or ethanol as sole carbon source. Pictures 
were taken after 3-7 days of incubation at 28ºC. 
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We determined total acetyl-CoA levels by mass spectrometry analysis and found them to be 
three- to four-fold higher in the cat2∆/cat2∆ strain than in the wild type or complemented 
strain (Fig. 3C; see Materials and Methods). The accumulation of acetyl-CoA in the cat2 
mutant may account for the relatively large amount of acid soluble material produced in this 
strain as compared to the fox2 null strain (see Fig 3B). Together, these data show that acetyl-
CoA transport from peroxisomes to mitochondria is defective in cells lacking Cat2p.

The cat2 null mutant is not attenuated in virulence in the mouse model for systemic 
candidiasis
Previously it was shown that carnitine acetyl-transferase plays an essential role during 
plant infection by the rice blast fungus M. grisea (2). We used the mouse model for 
systemic infections to test the role of Cat2p in virulence of C. albicans. BALB/c mice 
were injected intravenously with a challenge dose of 1.5 x 104 CFU/g body weight cells 
of the wild type, cat2∆/cat2∆ or complemented strain. No significant differences were 
found between the strains with respect to survival times (as calculated by logrank 
test) or tissue burdens (t test) (Fig. 4A, B). These results indicate that carnitine acetyl-
transferase doesn’t play an essential role in C. albicans infection in the mouse model. 

Figure 4. Virulence of the cat2 mutant is not attenuated in a mouse model of systemic candidiasis. 
Survival of BALB/c mice injected with 1.5 x 104 CFU/g body weight of each of the three different strains (A). 
Tissue burdens were determined for left and right kidneys and brain (B).
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Figure 3. The cat2 mutant shows strongly reduced β-oxidation 
activity and accumulates acetyl-CoA. 
Oleate-grown cells of the indicated strains were incubated with 1-
14C-labeled oleic acid and release of CO2 (A) and conversion into acid 
soluble intermediates (B) were measured over a period of 4 hours. Total 
acetyl-CoA levels in the three strains were determined as described in 
Materials and Methods (C). Error bars represent standard deviations 
of 3-4 measurements from 2 independent experiments.
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Figure 5. Biofilm formation is reduced in the cat2 mutant. 
(A): Biofilm formation as measured by crystal violet staining after 22, 42 and 72 hours. Two independent 
experiments were performed, with similar results. Shown are the results of one experiment (mean plus standard 
deviation). For each time point and each strain 5 individual biofilms were measured. Significant reduction 
in biofilm formation by the cat2 mutant was observed when compared to the wild type (*, p<0.005) and 
complemented strain (#, p<0.05) as tested by student t-test. (B): Quantitative assessment of biofilm thickness 
determined after 72 hours by Low Load Compression Tester (LLCT). Error bars represent standard deviations 
of between 6-8 independent measurements on 2 individual biofilms for each strain. Asterisk represents 
significant difference between cat2 null mutant and wild type or complemented strain (p<0.005, student t-
test). (C): CLSM analysis of 72 h biofilms formed by the three indicated strains. Bars represent 100 µm.

The cat2 null mutant shows a small but significant defect in biofilm formation
We tested whether the absence of the metabolic enzyme Cat2p affected biofilm 
formation over a period of 72 hours and observed that significantly less biofilm was 
formed by the cat2 null mutant compared to the wild type and complemented strain 
as quantified by crystal violet (CV) staining (Fig. 5A). Direct measurement of biofilm 
thickness using a Low Load Compression Tester (LLCT) (25) revealed that the cat2 
null mutant formed 30% thinner biofilms compared to the wild type strain (350 µm 
and 250 µm thick, respectively) and that biofilm formation was partially restored in the 
complemented strain (300 µm thick), which is in line with the gene dosage effect (Fig. 
5B). CLSM analysis revealed no difference between the three strains with respect to 
biofilm architecture or morphology and confirmed the reduced ability of the cat2 null 
mutant to form biofilm (Fig. 5C).

Discussion

Two possible pathways for the transport of acetyl units from peroxisomes to mitochondria 
have been described in plants and yeasts, one of which is reliant on peroxisomal citrate 
synthase the other on peroxisomal carnitine acetyl-transferase. Here we show that the 
human fungal pathogen C. albicans lacks a peroxisomal citrate synthase and exclusively 
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relies on Cat activity for the export of acetyl units from peroxisomes (Fig. 1). A C. albicans 
cat2 null mutant that lacks the major Cat is unable to grow on a fatty acid as sole carbon 
source, shows strongly reduced β-oxidation activity and accumulates acetyl-CoA (Figs. 
2 and 3). In S. cerevisiae it was shown that the Cit and Cat routes work in parallel since 
deletion of either peroxisomal citrate synthase (cit2∆) or the major Cat (cat2∆) does not 
affect the growth on oleate but deletion of both does (40). Current evidence suggests that 
plant peroxisomes lack carnitine acetyl-transferase and use the citrate synthase pathway 
to shuttle acetyl units to mitochondria (28). Thus whereas S. cerevisiae can employ both 
pathways, A. thaliana and C. albicans are each dependent on a single pathway, Cit in 
A. thaliana and Cat in C. albicans (Fig. 6). A BLAST search of the sequenced fungal 
genomes (http://www.broad.mit.edu/annotation/fgi/ and http://cbi.labri.fr/Genolevures/
blast/index.php) revealed that at least three other closely related fungal species (Candida 
tropicalis, Debaryomyces hansenii and Candida lusitaniae) contain a single CIT gene 
predicted to encode a mitochondrion-targeted citrate synthase, suggesting that they, like 
C. albicans, are dependent on peroxisomal Cat activity for growth on fatty acids. The 
fact that C. albicans grows very well on mineral oleate medium lacking carnitine (Fig. 2 
and our unpublished observations) together with the observed strict requirement for Cat 
activity under these growth conditions implies that C. albicans possesses a functional 
carnitine biosynthesis pathway. Experiments to provide evidence for this are currently 
underway in our lab.

We have shown that the cat2∆/cat2∆ strain is not only unable to grow on fatty acids but 
also does not grow on ethanol or acetate (Fig. 2). Under the latter conditions the acetyl-
CoA is produced in the cytosol. Since the peroxisomal and mitochondrial membranes 
are impermeable to acetyl-CoA it is conceivable that the acetyl units must be linked to 
carnitine to allow their transport over the peroxisomal and mitochondrial membranes 
and enter the glyoxylate cycle and TCA cycle, respectively. The absence of mitochondrial 
and peroxisomal Cat in the cat2 null mutant prevents the reformation of acetyl-CoA 
inside the organelles and thus further metabolism. Which enzyme(s) is (are) involved in 
linking the acetyl units to carnitine in the cytosol is currently unclear. This function may 
be carried out by either of the two other predicted CAT genes, CTN1 and CTN3, which 
are potential homologs of S. cerevisiae YAT1 and YAT2, respectively (29). In S. cerevisiae 
both YAT genes are expressed on ethanol and Yat1p was shown to be associated with the 
outer mitochondrial membrane, suggesting that Yat1p and/or Yat2p may be involved in 
the generation of acetyl-carnitine in the cytosol (34, 36). The subcellular localization of 
Ctn1p or Ctn3p in C. albicans has not been addressed experimentally, but the absence of a 
clear mitochondrial or peroxisomal targeting signal 1 (http://ihg.gsf.de/ihg/mitoprot.html 
and http://mendel.imp.ac.at/mendeljsp/sat/pts1/PTS1predictor.jsp) suggests that they may 
function in the cytosol. However, no significant amounts of Cat activity could be detected 
in the cat2 null mutant grown on glucose, acetate, ethanol or oleate (Table 4) despite our 
efforts to measure this activity using a variety of assay conditions. It remains possible 
however that Ctn1p and Ctn3p are not active in our assay or that they are expressed under 
very specific conditions. Indeed Prigneau et al. (29) have shown by Northern blot analysis 
that CTN1, CTN3 and CAT2 transcripts are induced during macrophage infection, but 
enzyme activities were not determined. How cytosolic produced acetyl-CoA enters the 
peroxisomal and mitochondrial compartments remains therefore unresolved.
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Previously we, and others, have investigated the role of fatty acid metabolism in 
virulence of C. albicans (19, 27). Piekarska et al. showed that a C. albicans fox2∆/fox2∆ 
strain lacking the second enzyme of the β-oxidation pathway is attenuated in virulence 
in mice, but that the virulence defect of this strain is probably caused by a dysfunctional 
glyoxylate cycle (27). 

Figure 6. Schematic representation of two possible pathways for transport of acetyl units from 
peroxisomes to mitochondria
Peroxisomal β-oxidation of fatty acids (FA) generates acetyl-CoA (AcCoA) as the end product. In pathway 
A, the acetyl (Ac) moiety of acetyl-CoA is linked to carnitine by carnitine acetyl-transferase (perCat) and 
transported to the mitochondrion where mitochondrial Cat (mitCat) catalyzes the reverse reaction, resulting in 
the generation of mitochondrial acetyl-CoA entering the TCA cycle. In pathway B, acetyl groups are linked to 
oxaloacetate (OAA) by peroxisomal citrate synthase (Cit) and transported as citrate to the mitochondrial TCA 
cycle. For simplicity the other enzymes of the glyoxylate cycle (isocitrate lyase, malate synthase and aconitase) 
are not depicted. S. cerevisiae was shown to possess both the Cat- and Cit-dependent pathways (41), A. thaliana 
only employs the Cit-dependent pathway (28) while C. albicans is solely dependent on the Cat pathway for 
export of acetyl units from peroxisomes (this article). Figure adapted from Pracharoenwattana et al. (28).

The phenotype of the cat2 null mutant is similar to that of the fox2∆/fox2∆ strain in 
that it exhibits strongly reduced β-oxidation activity and the inability to grow on oleate, 
acetate and ethanol. However, the glyoxylate cycle in the oleate-grown cat2∆/cat2∆ 
strain may still be partially functional, as can be inferred from the conversion of fatty 
acids into acid soluble material representing carbon metabolism intermediates (Fig. 3). 
The wild type virulence of the cat2 strain in the mouse model corroborates previous 
data with the fox2∆/fox2∆ strain and shows independently that fatty acid β-oxidation is 
not required for survival of C. albicans in infected mice (Fig. 4). In line with this Barelle 
et al. recently reported that the dominant metabolic mode of C. albicans single cells in 
vivo is glycolytic rather that gluconeogenic (1). 

Carnitine acetyl-transferase does play an essential role in virulence of the plant 
pathogenic fungus M. grisea as shown by the inability of a pth2 mutant lacking the 
major Cat to form penetration hyphae and cause plant infection (2, 31). Interestingly, 
the pth2 mutant is also not able to grow on fatty acids (olive oil) or acetate indicating 
that M. grisea, like C. albicans, is dependent on the Cat pathway for growth on these 
carbon sources. Using GFP-tagged versions of Pth2p a unique peroxisomal localization 
was found for the protein (2). Since in S. cerevisiae and C. albicans the Pth2p ortholog 
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Cat2p has a dual localization and contains targeting signals both in the N-terminal 
(mitochondrial) and C-terminal (peroxisomal) parts of the protein, it is very well 
possible that GFP-tagging of Pth2 has disturbed mitochondrial targeting, causing it to 
localize only to peroxisomes. However, the Pth2-GFP construct did fully complement 
the pth2 mutant phenotype, suggesting that peroxisome-targeted Pth2p is functional. 
Determination of the subcellular distribution of the endogenous, untagged, protein will 
be required to resolve this issue. 

Figure S1. The cat2 mutant does not have apparent defects in the cell wall or hyphae formation
(A): Glucose-grown cultures (about 2.7 x 107 cells/ml) of the indicated strains were serially diluted (1:10) and 
4 µl of each dilution was spotted on YPD plates containing 25 µg/ml Calcofluor White (CFW), 200 µg/ml 
Congo Red (CR), 1.5 M sorbitol or 0.05% SDS to test functionality of the cell wall. Plates were incubated at 
28ºC for 3 days. (B): Hyphae formation was tested by spotting dilutions onto YPD plates containing 10% fetal 
calf serum (FCS) or 3% glycerol followed by incubation at 37ºC for 7 days.

Cell-cell adherence, the ability to form hyphae and production of an extracellular matrix 
are required for robust biofilm formation by C. albicans (3, 5). Because a C. albicans ctn3 
null mutant showed reduced hyphae formation (29) and a M. grisea pth2 mutant showed 
an increased sensitivity to cell wall stress (2, 31), we determined whether our cat2 null 
mutant exhibited similar phenotypes. No noticeable differences were found between the 
wild type and the null mutant in their sensitivity to cell wall perturbing compounds 
(CFW, CR, sorbitol or SDS) or their ability to form hyphae (Fig. S1). However, a small 
but significant reduction in the ability to form biofilms in vitro was observed for the 
cat2 deletion mutant (Fig. 5), possibly because the mutant is unable to metabolize non-
fermentable carbon sources which may cause a growth disadvantage in the later, mature 
stages of biofilm formation when glucose is exhausted. Further experiments are required 
to address this issue.

In conclusion, our studies revealed that C. albicans exclusively relies on Cat activity for 
the transport of acetyl units between peroxisomes, cytosol and mitochondria during 
growth on non-fermentable carbon sources. While the lack of Cat activity does not affect 
virulence of C. albicans in mice, maximum biofilm formation does require a functional 
Cat pathway. Following the observations by Mukerjee and colleagues on the role of 
alcohol dehydrogenase (22), Cat2p is now the second example of a metabolic enzyme 
affecting biofilm formation in C. albicans.
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Abstract

Carnitine acetyl-transferase (Cat2) is essential for growth on non-fermentable carbon 
sources like fatty acids, ethanol and acetate in the yeast Candida albicans. The function of 
Cat2 is to reversibly link acetyl units to carnitine to enable transport over the peroxisomal 
or mitochondrial membranes. Growth on fatty acids requires acetyl unit transport 
from peroxisomes to mitochondria where it enters the tricarboxylic (TCA) cycle, while 
growth on acetate or ethanol generates cytosolic acetyl-CoA that has to be transported 
to mitochondria for breakdown in the TCA cycle and to peroxisomes to generate C4 
compounds in the glyoxylate cycle. We have shown previously that the CAT2 gene encodes 
the peroxisomal and mitochondrial isozymes and that a cat2 knockout strain looses 
almost all Cat activity (Chapter 2). Here we describe the phenotypes of strains exclusively 
expressing either the peroxisomal (perCAT2) or mitochondrial Cat2 (mitCAT2). The 
perCAT2 strain is, like the cat2 knockout, unable to grow on oleate, acetate, ethanol 
and citrate and shows reduced growth on lactate indicating that mitochondrial Cat2 is 
indispensable during growth on these non-fermentable carbon sources. The mitCAT2 
strain that lacks a peroxisomal Cat2 is still able to grow on acetate, ethanol and citrate, 
but cannot grow on fatty acids, despite its very high β-oxidation activity. How this strain 
is able to shuttle acetyl units from peroxisomes to mitochondria is currently unclear, but 
we discuss possible alternative, carnitine-independent, pathways. The accumulation of 
(iso)citrate in the mitCAT2 strain suggests a transport defect of this metabolite from 
mitochondria to peroxisomes, a phenotype that might be correlated with the aberrant 
peroxisomal morphology in the mitCAT2 strain.
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Introduction

Compartmentalization is one of the main characteristics of eukaryotic cells and 
separation of metabolic pathways to different organelles is though to convey an 
advantage over the uni-compartmental system of bacteria. However, the consequence 
of compartmentalization is that the various pathways at the different locations must be 
connected through the transport of metabolites over the organellar membranes. Acetyl-
CoA is a central metabolite that is the product and substrate of many pathways that 
partake in central carbon metabolism. During growth on glucose, acetyl-CoA is produced 
in the mitochondria where it can directly enter the tricarboxylic acid (TCA) cycle to be 
oxidized to CO2 and H2O (18). However, during growth on other carbon sources like 
fatty acids, ethanol or acetate, acetyl-CoA is produced in different locations in the cell 
requiring shuttling of acetyl-CoA between compartments. Utilization of ethanol or 
acetate as sole carbon source results in cytosolic production of acetyl-CoA, while during 
growth fatty acids acetyl-CoA is produced in peroxisomes, the sole site of β-oxidation of 
fatty acids in most yeasts. Acetyl-CoA cannot cross the organellar membranes without 
the aid of the carrier molecule carnitine (34). Acetyl units are reversibly bound to 
carnitine by carnitine acetyl-transferases (Cat) forming acetyl-carnitine, which can be 
transported over the membrane. On the other side of the membrane the reverse reaction 
catalyzed by Cat takes place, converting acetyl-carnitine to acetyl-CoA and carnitine. 
We have shown previously that for acetyl-CoA transport the opportunistic fungal 
pathogen Candida albicans is strictly dependent on the carrier molecule carnitine and 
the activity of the major carnitine acetyl-transferase (Cat2) while growing on oleic acid, 
ethanol or acetate (Chapters 2 and 4). This is in contrast with Saccharomyces cerevisiae, 
which has two parallel pathways for acetyl-CoA transport depending either on Cat2 
or on peroxisomal citrate synthase (Cit2). Moreover this fungus cannot synthesize 
carnitine (34, 35).

The major carnitine acetyl transferase, Cat2, of both C. albicans and S. cerevisiae 
is encoded by a single gene of which the translation products are dually localized 
to mitochondria and peroxisomes (Chapter 2 and 7). Elgersma et al. showed that 
S. cerevisiae CAT2 has two in frame start codons and that transcription initiation is 
dependent on carbon source.  The longer transcript contains a mitochondrial targeting 
signal (MTS) and its translation product is targeted to mitochondria. The shorter 
transcript does not contain the MTS and encodes the peroxisomal Cat that is targeted to 
peroxisomes via its C-terminal peroxisomal targeting signal (PTS1). However, in yeast-
two-hybrid experiments it was shown that the S. cerevisiae Cat2 has a PTS1-dependent 
and -independent interaction with the PTS1-receptor Pex5 and that the enzyme can 
be localized to peroxisomes via an internal targeting signal (7, 17). Expression of the 
peroxisomal Cat2 is carbon source dependent: the shorter peroxisomal Cat2 transcript 
is only detectable in oleate-grown but not in glycerol- or acetate-grown cells (7). 

It is thought that the peroxisomal Cat2 is involved in export of acetyl-CoA produced 
during β-oxidation and that the main function of the mitochondrial Cat2 is to release 
acetyl-CoA from acetyl-carnitine in the mitochondria. Growth on fatty acids or C2 
carbon sources like ethanol and acetate also requires a functional glyoxylate cycle. This 
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microorganism-specific shunt bypasses the decarboxylation steps of the TCA cycle 
thereby enabling gluconeogenesis by linking acetyl-CoA (C2) to glyoxylate (C2) forming 
malate (C4), a reaction catalyzed by malate synthase (Mls1). The glyoxylate cycle, 
therefore, is the second pathway besides the TCA cycle that is dependent on acetyl-CoA 
supply. Since Mls1 and the second key enzyme of the glyoxylate cycle, isocitrate lyase 
(Icl1), are peroxisomal in C. albicans (26), growth on C2 carbon sources requires import 
of acetyl-CoA into peroxisomes. Whether this import is carnitine-dependent is not 
known. Interestingly, the localization of Mls1 in S. cerevisiae is carbon source dependent: 
the enzyme is cytosolic when cells are growing on ethanol or acetate, but peroxisomal 
when grown on oleate (11). 

Enzymes that might play a role in the transport of acetyl units produced in the cytosol 
are Yat1 (or Ctn1) and Yat2 (or Ctn3) that have homology with carnitine acetyl-
transferases (32). However, both C. albicans and S. cerevisiae cat2 null mutants display 
very little (< 5% in S. cerevisiae, undetectable in C. albicans; Chapter 2 and reference 15) 
residual Cat activity, suggesting that Yat1 and Yat2 may not encode true carnitine acetyl-
transfersases (see the Addendum to this chapter). 

Although the essential role of Cat2 during growth on non-fermentable carbon sources 
has been firmly established (Chapter 2 and (43), our understanding of the flow of acetyl-
CoA between compartments and the exact role of Cat2 in this process is rudimentary. 
To investigate the function of the peroxisomal and mitochondrial Cat2 in more detail, 
we constructed strains that exclusively express one of both isozymes. We show that 
mitochondrial Cat2 is indispensable during growth on non-fermentable carbon sources 
and that this isozyme contributes to growth on lactate. The function of the peroxisomal 
Cat2 on the other hand is less clear, as a mutant that lacks the peroxisomal Cat2 
(mitCAT2) is still able to grow on ethanol and acetate and displays β-oxidation activity, 
but does not grow on rich oleate medium. Based on the phenotypic analysis of the Cat2 
mutants and current literature we present a hypothetical model explaining the flow of 
acetyl units between compartments in C. albicans.

Materials and Methods

Media and culture conditions
C. albicans strains were grown at 28ºC 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 and amino acids as needed (20 µg/ml arginine, 
20 µg/ml histidine, 80 µg/ml uridine). Growth curves were performed in liquid YNB 
medium with glucose (2 %), oleic acid/Tween 80 (0.12%/0.2%), sodium acetate (2 % with 
0.5% 1 M potassium phosphate buffer pH 6.0) or ethanol (2 %). For enzyme assays or 
measurements of metabolites, strains were pregrown for 16 hours on minimal glucose 
medium (YNB with 2% glucose), inoculated at OD600 0.2 in YNB 0.3% glucose medium 
and grown for 8 hours. Finally, the strains were inoculated at OD600 0.005 into rich oleate 
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medium (YPO; 2% bactopeptone, 1 % yeast extract, 0.12%/0.2% oleic acid/Tween 80) or 
rich acetate medium (YPA; 2% bactopeptone, 1% yeast extract, 2% sodium acetate) and 
grown for 16 hours.

Table I. Strains used in this study

Strain Species/Name  Genotype     Reference

PCY2 S. cerevisiae Y2H  MAT, gal4, gal80, URA3::GAL1-lacZ  (4)
     lys2-801amber, his3-200, trp1-63
     leu2 ade2-101ochre 
CSN76 C. albicans wildtype   arg4/arg4 his1/his1 ura3::imm434/ura3::imm434  (23)  

 auxotroph     iro1::imm434/iro1::imm434

CSN76-P wildtype prototroph  arg4∆/ARG4 his1∆/HIS1    Chapter 2
     ura3∆::imm434/ura3∆::imm434::URA3 
     iro1∆::imm434/iro1∆::imm434::IRO1 
CEM28 cat2∆/∆   arg4∆/arg4∆ his1∆/his1∆    Chapter 2
     ura3∆::imm434/ura3∆::imm434 
     iro1∆::imm434/iro1∆::imm434

     cat2∆::CdHIS1/cat2∆::ARG4 
CEM38 cat2∆/∆ + URA3  arg4∆/arg4∆ his1∆/his1∆    Chapter 2
     ura3∆::imm434/ura3∆::imm434::URA3 
     iro1∆::imm434/iro1∆::imm434::IRO1 
     cat2∆::CdHIS1/cat2∆::ARG4 
CKS58 cat2∆/∆ + CAT2  arg4∆/arg4∆ his1∆/his1∆    Chapter 2
     ura3∆::imm434/ura3∆::imm434::URA3::CAT2 
     iro1∆::imm434/iro1∆::imm434::IRO1 
     cat2∆::CdHIS1/cat2∆::ARG4 
CKS59 cat2∆/∆ + perCAT2  arg4∆/arg4∆ his1∆/his1∆    This study
     ura3∆::imm434/ura3∆::imm434::URA3::perCAT2 
     iro1∆::imm434/iro1∆::imm434::IRO1 
     cat2∆::CdHIS1/cat2∆::ARG4 
CKS61 cat2∆/∆ + mitCAT2  arg4∆/arg4∆ his1∆/his1∆    This study
     ura3∆::imm434/ura3∆::imm434::URA3::mitCAT2 
     iro1∆::imm434/iro1∆::imm434::IRO1 
     cat2∆::CdHIS1/cat2∆::ARG4 
CEM16 fox2∆/∆ + URA3  arg4∆/arg4∆ his1∆/his1∆    (27)
     ura3∆::imm434/ura3∆::imm434::URA3 
     iro1∆::imm434/iro1∆::imm434::IRO1 
     fox2∆::HIS1/fox2∆::ARG4 

Spot test
Cells were pregrown on minimal glucose medium, transferred to 0.3% glucose medium, 
spun down, washed with water twice and resuspended to a concentration of about 2.7 
x 107 cells/ml (OD600: 1.0) and serially diluted (1:10 dilutions). Four microliters of each 
dilution was spotted onto agar plates. Plates contained 0.67% YNB with glucose (2%), 
oleic acid/Tween 80 (0.12%/0.2%), ethanol (2%), sodium acetate (2% with 0.5% potassium 
phosphate buffer pH 6.0), lactate (2%, to pH 4.5 with NaOH) or citrate as a carbon 
source. The pictures were taken after 3 – 5 days of incubation at 28ºC.
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Table II. Plasmids used in this study

Name  Vector-insert  Purpose    Reference

pGAD  pGAD-empty  Y2H, Gal4 transactivation domain Clontech
pGBT9  PGBT10-empty  Y2H, Gal4 DNA-binding domain Clontech
pGAD-TR  pGAD with tryptophan marker Y2H, transcription activation  This study
pGBT10-L pGBT10 with leucine maker Y2H, DNA binding   This study
pPC     Design MCS   (4)
21.29  Gal4-DB/TRP  Insertion of CaPEX5 for Y2H  (6)
pTi252  Gal4-CaPEX5-DB/TRP Y2H    This study
pKa01  pGAD-TR-CaPEX5  Y2H    This study
pKa07  pGAD-TR-CaPEX5N376D Y2H    This study
pKa02  pGBT10-L-CaMDH1-3 Y2H    This study
pKa15  pGBT10-L-ICL1  Y2H    This study
pKa55  pGBT10-L-CAT2  Y2H    This study
pKa56  pGBT10-L-CAT2∆PTS1 Y2H    This study
pLUBP  pLUBP-empty  URA3 complementation  (29)
pKa30  pLUBP-CAT2  CAT2 complementation  Chapter 2
pKa32  pLUBP-perCAT2  Peroxisomal Cat2 complementation This study
pKa36  pLUBP-mitCAT2  Mitochondrial Cat2 complementation This study

Strains and plasmids
C. albicans strains used in this study are listed in Table I and are derivatives of SN76 
(23). Plasmids used in this study are listed in Table II. Primers are listed in Table III. The 
marker of the S. cerevisiae yeast-2-hybrid plasmids containing the Gal4 transactivating 
domain (pGAD; Clontech) and Gal4 DNA-binding domain (pGBT9; Clontech) were 
swapped to create pGAD-TR with tryptophan (TR) and pGBT10-L with leucine (L) as 
selectable markers. The multiple cloning site (MCS) of plasmid pPC was introduced in 
pGAD-TR by using double-stranded oligo’s MCS-pGAD-F and MCS-pGAD-R and in 
pGBT10-L by PCR with double-stranded oligo’s MCS-pGBT-F and MCS-pGBT-R. A PCR 
product containing the full length C. albicans PEX5 gene was obtained with CaPEX5-F-
ATG and CaPEX5-R-STOP and cloned BglII/SphI into pSP73 and sequenced. The insert 
was cloned BglII/SacII into plasmid 21.29 (6), resulting in pTi252. The insert was cloned 
BglII/SacII into pGAD-TR resulting in pKa01. Primers KS59 and KS60 were used for 
site-directed mutagenesis on pKa01 to introduce the N376D mutation in PEX5, resulting 
in plasmid pKa07. The C. albicans MDH1-3 gene was fused to the Gal4 DNA-binding 
domain by cloning the PCR product obtained with primers CaMDH12_F_ATG and 
CaMDH12_R_STOP into pGBT10-L using restriction sites BamHI and XhoI, resulting 
in pKa02. The C. albicans ICL1 gene was cloned SmaI/BglII into pGBT10-L using primers 
KS80 and KS81, resulting in pKa15. PCRs were performed with primers KS191 & KS192 
and KS191 & KS193 to PCR the C. albicans CAT2 gene with and without the 3’ PTS1 
sequence. Both PCR products were cloned BamHI/SpeI into pGBT10-L, creating pKa55 
and pKa56. Construction of the C. albicans prototrophic SN76 (wild type) and cat2∆/∆ 
strains have been described previously (Chapter 2). Plasmid pKa30, containing the full-
length CAT2 gene and a 800 bp promoter region was used to complement the cat2 null 
strain (Chapter 2). To create a construct that would exclusively express peroxisomal 
Cat2, site-directed mutagenesis was performed on pKa30 with primers KS132 and 
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KS133 to mutate the first ATG of the CAT2 gene into a stop codon (M001*), resulting in 
pKa32. To create a construct that would exclusively express mitochondrial Cat2p, a PCR 
was performed with primers KS128 and KS129 to amplify the CAT2 promoter and gene 
without the C-terminal 3 amino acids encompassing the PTS1. The second ATG that is 
presumed to initiate translation of the peroxisomal Cat2, was changed by site-directed 
mutagenesis to an alanine (M023A) with primers KS130 and KS131, resulting in pKa36. 
CEM28 (cat2∆/∆) was transformed with plasmids pKa32 and pKa36, resulting in strains 
CKS59 (cat2∆/∆ + perCAT2) and CKS61 (cat2∆/∆ + mitCAT2).

Table III. Primers used in this study

Primer/Purpose  5’-3’ sequence

MCS-pGAD-F  CTAGCGTCGACCCCGGGATCCGGAATTCAGATCTACTAGTAGGCCT 
   GAGCTCCCGCGGT

MCS-pGAD-R  TCGAACCGCGGGAGCTCAGGCCTACTAGTAGATCTGAATTCCGGAT 
   CCCGGGGTCGACG

MCS-pGBT-F  AATTGTCGACCCCGGGATCCGGAATTCAGATCTACTAGTAGGCCTG 
   AGCTCCCGCGGT

MCS-pGBT-R  TCGAACCGCGGGAGCTCAGGCCTACTAGTAGATCTGAATTCCGGAT 
   CCCGGGGTCGAC

CaPEX5-F-ATG  gaAGATCTcaGGATCCatgtcgtttgttggtggagg
CaPEX5-R-STOP  acatGCATGCcgcggACTAGTttagaaactaaattcgcctctg
KS59, F_pex5_SD  atgaacttggcaattagttatatcgacgaagggtatgataatgc
KS60, R_pex5_SD  gcattatcatacccttcgtcgatataactaattgccaagttcat
CaMDH12_F_ATG  cgcGGATCCatggtcaaagttactgttgcag
CaMDH12_R_STOP ccgCTCGAGttacaatttagaagcattgacg
KS80, F_ICL1_SmaI  agtCCCGGGAatgccttacactcctattgacat
KS81, R_ICL1_BglII  cgcAGATCTttaagccttggctttggattcttt
KS191, F_CAT2_BamHI cgGGATCCatgtttaaatttagaattccacaa
KS192, R_CAT2_SpeI cgACTAGTttacaatttggcctttggttcag
KS193, R_CAT2∆PTS1_SpeI cgACTAGTttactttggttcagataacaagc
KS128, CAT2_F_StuI TGAGGCCTCGTTGATTTAAACTCCGCGATGT
KS129, CAT2_R_∆PTS1_KpnI TGGGTACCTTACTTTGGTTCAGATAACAAGC
KS130, CAT2_M023A_F CTCAACAAGTTCCAAATCTATAATCGCGCCAGTTTTGAAGAAACCA 

   TTC
KS131, CAT2_M023A_R GAATGGTTTCTTCAAAACTGGCGCGATTATAGATTTGGAACTTGTT 

   GAG
KS132, CAT2_M001*_F GTAATCACATTTGTTCTGATATCATAGATAGTTTAAATTTAGAATTC 

   CACAACAAATATTG
KS133, CAT2_M001*_R CAATATTTGTTGTGGAATTCTAAATTTAAACTATCTATGATATCAG 

   AACAAATGTGATTAC

Transformation
C. albicans was transformed using a modified lithium acetate protocol (38). The heat 
shock was carried out at 44ºC for 15 minutes.

Yeast-two-hybrid interactions
The constructed Y2H plasmids were transformed to the S. cerevisiae two-hybrid reporter 
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strain PCY2 and transformants were selected on minimal glucose plates supplemented 
with 30 µg/ml lysine, 20 µg/ml adenine, 20 µg/ml uracil and 20 µg/ml histidine. 
Interactions were assayed by staining with X-gal and quantified by determining β-
galactosidase activity (17). Total β-galactosidase activity was determined by the formula: 
(1000 x OD420)/(PxVxt). P = protein (mg/ml), V = volume (ml), t = time (min).

Subcellular fractionation and density gradient analysis
The subcellular fractionation of C. albicans strains was performed as previously described 
(Chapter 2) and the gradient fractions were analyzed for the presence of enzymatic 
activity of the peroxisomal marker 3-hydroxyacyl-CoA dehydrogenase (3HAD) (39), the 
mitochondrial marker Fumarase (33) and carnitine acetyl transferase (Cat) (7). 

Mass-spec measurements of metabolites
For acyl-CoA measurements strains were grown for 16 hours on YPO and washed twice 
with water. Acyl-CoA measurements were performed as described by Hammond et al. (10) 
with some modifications that were described previously (Chapter 2). For carnitine and 
acetyl-carnitine measurements, cells were grown for 16 hours on YPO or YPA without or 
with 2 mM carnitine and washed twice with water. 20 OD units were spun down, taken 
up in 500 µl PBS and 200 µl glassbeads were added after which the tubes were vortexed for 
20 minutes at 4ºC. The supernatant was transferred to a new tube and the glassbeads were 
washed with an additional 200 µl PBS that was also transferred. The pooled supernatants 
were centrifuged twice at high speed to remove cell debris and whole cells, resulting in 
the final lysates. The protein concentration of the lysates was determined by the method 
of Bradford using BSA as a standard (2). Determination of carnitine and acetyl-carnitine 
by LC-MS-MS was performed as previously described (28). For the determination of 
(iso)citrate, succinate, fumarate and lactate, cells were inoculated in YNB 2% glucose and 
grown overnight. The next morning the culture was diluted in YNB 0.3% glucose to an 
OD600 of 0.15, grown for 6-8 hours, then inoculated in YPO at an OD600 of 0.002 and grown 
overnight. After 16 hours of growth the cells were collected by centrifugation (10 min at 
4,000 g), washed 3 x with 25 ml distilled water and collected again by centrifugation (10 
min at 4,000 g) and converted to spheroplasts in approximately 45 minutes (Chapter 2). 
Spheroplasts were harvested by centrifugation at 2,300 g for 8 min at 4ºC and the pellet 
was resuspended in 1.5 ml buffer V (10 mM MOPS, 10% w/v glycerol, 5 mM DTT, 0.9% 
NaCl, pH 7.4). Spheroplasts were sonicated 2 times for 30 seconds to amplitude 10 while 
on ice and left on ice for 30 seconds in between sessions. The homogenate was centrifuged 
twice at 20,000 g at 4ºC to remove debris, nuclei and whole cells. Levels of organic acids 
(iso)citrate, succinate, fumarate and lactate were determined by conventional mass 
spectrometry following extraction with ethyl acetate/diethyl ether. The acids were 
separated as their methoxime/trimethylsilyl esters (1).

Fatty acid β-oxidation measurements
β-oxidation activity in intact cells was measured essentially as described before 
(34) except that the cells were resuspended at an OD600 of 1. Production of CO2 and 
incorporation of radiolabel into acid-soluble material were followed with time.
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Electron microscopy
Oleate-induced cells were fixed with 2% (wt/vol) formaldehyde, and ultrathin sections 
were prepared as described previously (12). Immunolabeling was performed using 
antibodies directed against S. cerevisiae 3-ketoacyl-CoA thiolase and gold-conjugated 
protein A.

Isocitrate lyase enzyme assay
Preparation of cell-free extracts and enzyme assays were performed essentially as 
described previously (5), except that extracts were freshly prepared and the assays 
were carried out in a UVIKON 820 double beam spectrophotometer (Kontron) at room 
temperature.

Immunoblotting
Protein extracts were separated on a 10% SDS-polyacrylamide gel and blotted to 
nitrocellulose membrane using a semi-dry system. Antibodies used were directed against 
S. cerevisiae thiolase (Thiol), catalase (Cta1), malate synthase (Mls1) (19), peroxisomal 
membrane protein 35 (Pmp35/Ant1) (37), citrate synthase (Cit1) (36), hexokinase 
(Hxk1), isocitrate dehydrogenase (Idh1) (a kind gift of H. van der Spek, FNWI), glucose 
6-phosphate dehydrogenase (Zwf1) (Sigma), Ashbya gossypii isocitrate lyase (Icl1) (21). 
α-Thiol, α-Cta1, α-Icl1, α-Mls1 and α-Cit1 antibodies were previously tested for specific 
cross-reactivity with the corresponding C. albicans proteins (Chapter 2, references 26, 
27). In this study, α-Ant1 (1:2000), α-Hxk1 (1:1000), α-Zwf1 (1:500) and α-Idh1 (1:1000) 
antibodies were tested for cross-reactivity with C. albicans proteins. Each antibody 
detected a band of the predicted molecular weight in a total cell lysate.

Results

C. albicans Cat2 interacts with CaPex5 in a PTS1-dependent manner
To address the question whether peroxisomal targeting of C. albicans Cat2 is dependent 
on its (putative) PTS1 (-AKLCOOH), we designed a two-hybrid experiment. The C. albicans 
PTS1 receptor Pex5 was cloned into a GAL4 transcription activation (TA) domain 
plasmid (pGAD-TR) and the full-length CAT2 was cloned into a GAL4 DNA binding 
(DB) domain plasmid (pGBT10-L). As controls the PTS1 protein MDH1-3 (-SKLCOOH) 
and the peroxisomal protein Icl1 were also cloned into pGBT10-L. The latter protein, 
Icl1, lacks a consensus PTS1, but is targeted to peroxisomes in a Pex5-dependent manner 
(26). Plasmids were co-transformed to S. cerevisiae yeast-2-hybrid strain PCY2 and 
expression of the reporter LacZ was quantified by performing a β-galactosidase assay 
(Fig. 1). Cat2 and MDH1-3 showed a clear interaction with Pex5, while Icl1 exhibited a 
very weak interaction with the PTS1 receptor. Deletion of the three C-terminal amino 
acids of Cat2 (CAT2∆PTS1) resulted in a complete loss of Pex5 interaction. To further 
investigate the nature of the interaction between Pex5 and Cat2, a mutation that was 
shown to disrupt Pex5-PTS1 interaction in S. cerevisiae (16) was made in C. albicans Pex5 
(CaPEX5N376D). CaPEX5N376D did not interact with the PTS1 protein Mdh1-3, showing 
that the N376D mutation completely disturbs PTS1 interaction. β-galactosidase was 
only slightly reduced for the CaPEX5N376D – Icl1 interaction, suggesting that C. albicans 
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Icl1 is able to interact with Pex5 in a PTS1-independent manner, as has previously been 
shown for Castor bean Icl1∆PTS1 (25), and that folding of the mutant Pex5 is not grossly 
affected. No interaction was observed between CaPEX5N376D and Cat2. These results 
show that the interaction between Pex5 and Cat2 is strictly dependent on the Cat2 PTS1 
and suggest that peroxisomal import of Cat2 can be abolished by deletion of the three 
C-terminal amino acids. 

Mitochondrial and peroxisomal Cat2
In S. cerevisiae, dual localization of Cat2 to peroxisomes and mitochondria is regulated 
on transcriptional level resulting in two proteins that either contain or lack the N-
terminal mitochondrial targeting sequence (MTS), while both proteins harbor the C-
terminal PTS1. Because of the sequence similarity between S. cerevisiae and C. albicans 
and the two conserved in frame ATGs, we assumed that transcriptional regulation 
of the C. albicans CAT2 gene would be comparable. Two constructs were designed 
using the C. albicans wild type Cat2 complementation construct, containing a 800 bp 
promoter region and the full length gene, as a template (Chapter 2). The peroxisomal 
Cat2 construct (perCAT2) was created by mutation of the first ATG into a stop codon 
(M001*) to block translation initiation of the Cat2 form containing the MTS. To create 
the mitochondrial Cat2 (mitCAT2), the three C-terminal amino acids of the wild type 
construct were deleted and the second ATG was mutated into an alanine (M023A) 
abolishing translation of the peroxisomal Cat2 (see materials and methods for details on 
the constructions). The previously described cat2 null strain (Chapter 2) was transformed 
with the perCAT2 and mitCAT2 plasmids and PCR confirmed their correct integration 
in the URA3 locus. Total Cat2 activity was determined in lysates of the wild type, cat2 
null, CAT2 complemented, perCAT2 and mitCAT2 strains grown on rich glucose and 
rich oleate medium (Fig. 2A). Cat2 activity in the wild type, CAT2 complemented, 
perCAT2 and mitCAT2 was in a similar range of 300-800 pmol/mg/min on glucose 
and 800-1400 pmol/mg/min on oleate, showing that all constructs are enzymatically 
active and do not result in gross over- or underexpression of Cat2. As previously reported, 

Figure 1. C. albicans Cat2 interacts with Pex5 in 
a PTS1-dependent manner 
β-galactosidase activity in S. cerevisiae strain PCY2 
co-expressing DNA binding (DB) and transcription 
activation (TA) domain fusions. The TA domain was 
fused to the C. albicans PTS1-receptor Pex5 (TA-
CaPEX5) or Pex5 with the N376D mutation (TA-
CaPEX5N376D). Putative PTS1 proteins were fused 
to the DB domain: full length C. albicans Cat2 (DB-
CaCAT2), Cat2 without the three C-terminal amino 
acids –AKLCOOH (DB-CaCAT2∆PTS1), the PTS1 
protein MDH1-3 (DB-MDH1-3) or the peroxisomal 
protein Icl1 that lacks a predicted PTS1 (DB-ICL1). 
The empty DB plasmid was taken along as a control. 
Asterisks: no activity detectable.
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no Cat2 activity was detected above the background in the cat2 null strain (Chapter 
2). Localization of Cat2 activity in the wild type, perCat2 and mitCat2 strains was 
investigated by subcellular fractionation and Nycodenz density gradient analysis. The 
wild type strain showed a dual distribution of Cat2 activity between peroxisomes 
and mitochondria (Fig. 2B). Cat2 activity in the perCAT2 strain colocalized with the 
peroxisomal marker 3HAD, but a second Cat peak is visible at the top of the gradient, 
presumably representing lysed peroxisomes (Fig. 2C). A single Cat2 activity peak is 
seen in the gradient of the mitCAT2 strain that shows a strict co-localization with the 
mitochondrial marker Fumarase (Fig. 2D). These experiments strongly suggest that 
Cat2 localizes to the designated organelles in the perCAT2 and mitCAT2 strains. 

Figure 2: Subcellular distribution of Cat activity in wild type, perCAT2 and mitCAT2 strains
(A): Total Cat activity in homogenates of the wild type, cat2∆/∆, cat2∆/∆ + CAT2, peroxisomal Cat2 (perCAT2) 
and mitochondrial Cat2 (mitCAT2) strain grown on rich glucose and rich oleate medium. All strains showed 
higher activity on oleate compared to glucose, except for the cat2∆/∆ in which no activity could be detected as 
indicated by the asterisk. (B): Distribution of Cat activity, the peroxisomal marker 3HAD and the mitochondrial 
marker Fumarase in a Nycodenz density gradient of the wild type strain, the perCAT2 strain (C) and the 
mitCAT2 strain (D). In each experiment an organellar pellet fraction was loaded on the gradient.

Growth phenotype of the perCAT2 and mitCAT2 strains
The individual contribution of the peroxisomal and mitochondrial Cat2 isozymes to 
growth on various carbon sources was studied by spot assays and growth curves. Serial 
dilutions of all strains were spotted on minimal YNB plates with glucose, oleate, lactate, 
citrate, acetate or ethanol as sole carbon source (Fig. 3A). In all tested conditions, the 
perCAT2 showed a similar growth defect as the cat2 null mutant: no growth was seen 
on oleate, citrate, acetate and ethanol and intermediate growth was observed on lactate. 
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Figure 3: Growth phenotypes of the different CAT2 strains
(A): Serial dilutions (1:10) of the indicated strains were spotted on minimal plates with different carbon sources: 
glucose, oleate, lactate, citrate, acetate or ethanol. Growth curves of the indicated strains on minimal glucose 
medium (B), minimal oleic acid medium (C), minimal acetate medium (D) and minimal ethanol medium (E). 

These data suggest that mitochondrial Cat2 is essential for metabolizing these carbon 
sources. The mitCAT2 strain grew like wild type on lactate and showed reduced growth 
on citrate and acetate and strongly reduced growth on oleate. Growth of the mitCAT2 
strain on ethanol was also strongly reduced compared to the wild type, but a few colonies 
did appear after several days. A survival assay was conducted by plating individual cells 
of each strain on glucose, oleate, acetate or ethanol and calculating cell survival on non-
fermentable carbon sources relative to glucose (number of colonies on medium X/number 
of colonies on glucose x 100). The mitCAT2 strain had a 30%, 52% and 20% survival on 
oleate, acetate and ethanol, respectively. Growth of colonies on the ethanol plates took about 
7 days compared to 3 days for the wild type (data not shown). This survival assay shows 
that although the mitCAT2 strain is capable of growing on oleate, acetate and ethanol, 
the cell survival rate and the growth rate are (much) lower compared to the wild type. To 
investigate this intriguing growth phenotype of the mitCAT2 in more detail, we performed 
growth curves on minimal glucose, oleate, acetate and ethanol medium. Growth on glucose 
was comparable for all strains (Fig. 3B), while only the wild type and complemented strain 
grew on liquid minimal oleic acid medium (Fig. 3C). The reason for this slightly different 
growth phenotype of the mitCAT2 on oleate plates and in liquid oleate medium is unclear. 
Initiation of growth of the mitCAT2 strain was delayed on acetate and ethanol compared 
to the wild type, but after a lag phase of 30 and 100 hours, respectively, a near wild type 
growth rate was observed on both carbon sources (Fig. 3D and E). 
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These results show that a mitochondrial localized Cat2 is essential for growth on most 
non-fermentable carbon sources tested, except lactate. The peroxisomal Cat2 on the 
other hand is dispensable while growing on lactate, citrate, ethanol or acetate. Growth 
on (liquid) oleate medium however does require peroxisomal Cat2. 

Figure 4: Uncoupling of growth and β-oxidation activity in the mitCAT2 strain
(A): Levels of acetyl-CoA and butyryl-CoA (C4-CoA) in cells grown on rich oleate medium. (B): β-oxidation 
of labeled oleic acid in cell grown on rich oleate medium measured by production of labeled CO2. (C): 
Production of acid soluble intermediates from labeled oleic acid during β-oxidation. (D): Growth of the CAT2 
strains on rich oleate acid medium: only the wild type and complemented strain reach the maximum OD600.

The mitCAT2 strain displays high β-oxidation activity
As an indicator of deficient intracellular transport of acetyl units, we determined the 
accumulation of acetyl-CoA and C4-CoA in cells grown on rich oleate medium. Acetyl-
CoA and C4-CoA levels were found to be elevated in the cat2 null mutant, the perCAT2 
and mitCAT2 compared to the wild type and complemented strain, indicating a transport 
defect (Fig. 4A). To directly determine the ability of the different strains to transport 
acetyl-CoA, generated during fatty acid β-oxidation, from peroxisomes to mitochondria, 
we measured the amount of CO2 that is produced by the mitochondrial TCA cycle and 
the acid soluble counts representing carbon metabolism intermediates (34). Cells were 
pre-grown overnight on rich oleate medium, washed twice and then incubated with 1-
14C-labeled oleic acid. Samples were taken after 1, 2 and 4 hours of incubation and the 
amount of produced labeled CO2 and acid soluble counts were determined for each time 
point (Fig. 4B and C). CO2 production was undetectable in the cat2 null mutant and the 
perCAT2 strain, while the mitCAT2 strain showed a high CO2 production that was 2-3 
fold higher compared to the wild type and complemented strain. Similarly, acid soluble 
counts were very high in the mitCAT2 strain (2-3 fold higher than wild type), but low in 
the cat2 null and perCAT2 strains. While these data indicate that the mitCAT2 strain 
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can efficiently β-oxidize fatty acids, the growth assays on minimal oleic acid medium 
show that fatty acids cannot be used by this strain as sole carbon and energy source. 
To determine whether ATP is generated during fatty acid β-oxidation in the mitCAT2 
strain that can be used to support growth, we analyzed the strain on rich oleate medium 
containing yeast extract and peptone (Fig. 4D). The mitCAT2 strain reached an OD600 
of about 5 after 24 hours of incubation, a value that is comparable to that of the cat2 null 
and perCAT2 strains, while the wild type and complemented strains reached an OD600 
of about 15. Together, these results show that in the absence of peroxisomal Cat2 the 
mitCAT2 strain is capable of transporting peroxisomal acetyl units to the mitochondria 
where it is broken down in the TCA cycle, but that this strain is not able to generate 
biomass from the oxidized fatty acids. 

Figure 5: All CAT2 strains display an aberrant peroxisomal morphology 
Characterization of peroxisomal morphology by immuno electron microscopy. Thin sections of the wild 
type, cat2 null mutant, complemented strain, perCAT2 and mitCAT2 strains were incubated with α-thiolase 
antibodies and protein A-conjugated gold particles to label peroxisomes. The 6th panel shows details of 
peroxisomal morphology in the mitCAT2 strain.

Aberrant peroxisomal morphology in the different Cat2 strains
We and others have previously shown that defects in fatty acid β-oxidation can result 
in aberrant peroxisome morphology (3, 8, 9, 26, 30, 31). To determine peroxisome 
morphology, the Cat2 mutant strains were grown on rich oleate medium and analyzed 
by immunoelectron microscopy. Peroxisomes were labeled with a cross-reacting 
antibody directed against S. cerevisiae thiolase, a known peroxisomal matrix protein. 
Peroxisomes in the cat2 null strain were more prevalent, larger and more irregularly 
shaped than peroxisomes in wild type cells, a phenotype that was even more apparent 
in the perCAT2 strain (Fig. 5). Peroxisomes of the mitCAT2 seemed to be even more 
affected as their size and shape were very irregular. Long protrusions or “needles” were 
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often visible in the mitCAT2 strain and the very small round peroxisomal profiles seen 
in the mutant strains might be cross-sections of such protrusions. 

Characterization of peroxisomal functions of the Cat2 strains
Because increased protein import into peroxisomes has been suggested to cause aberrant 
morphology (31), we determined protein abundance of peroxisomal, mitochondrial and 
cytosolic markers to see whether they were affected in the Cat2 strains (Fig. 6A). In all 
Cat2 mutants the levels of catalase (Cta1) and the glyoxylate cycle enzymes isocitrate 
lyase (Icl1) and malate synthase (Mls1) were slightly elevated, while the levels of the 
β-oxidation enzyme thiolase (Thiol) and peroxisomal the membrane adenine nucleotide 
transporter (Ant1) appeared to be much higher in the mutants compared to wild type 
and complemented strains. Mitochondrial TCA cycle enzymes citrate synthase (Cit1) 
and isocitrate dehydrogenase (Idh1) were also clearly more abundant in all the Cat2 
mutants, while the levels of the cytosolic markers hexokinase (Hxk1) and glucose-6-
phosphate dehydrogenase (Zwf1) were similar in all strains. Although the increased levels 
of peroxisomal proteins could contribute to the increased peroxisomal volume observed in 
all Cat2 mutants, it does not explain the morphological differences between the cat2 null, 
perCAT2 and mitCAT2 strains as all tested markers are similarly elevated in all mutants. 
Previously, it was reported that aberrant peroxisome morphology might affect transport 
of metabolites over the peroxisomal membrane (26). As the mitCAT2 strain is able to 

Figure 6. Abundance of peroxisomal and mitochondrial marker proteins in the CAT2 strains and levels 
of metabolites in the mitCAT2 strain  
(A): Immunoblot showing levels of peroxisomal, mitochondrial and cytosolic markers proteins in the wild 
type, cat2 null perCAT2 and mitCAT2 strains. In each lane equal amounts of total protein was layered. (B): 
Icl1 activity in wild type, cat2 null, perCAT2 and mitCAT2 strains. (C): Levels of intermediates in the wild 
type and mitCAT2 strain. Metabolites measured were isocitrate/citrate, succinate, fumarate and lactate. 
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β-oxidize but not grow on fatty acids and has aberrant peroxisomes we wanted to test 
whether the underlying problem in this strain is a (peroxisomal) transport defect. A 
previous experiment (Fig. 6A) already revealed that the enzymes of the β-oxidation, the 
glyoxylate cycle and TCA cycle are abundantly expressed in the mitCAT2 strain and 
that the TCA cycle is active in this mutant (Fig. 4B and C). We tested the activity of 
the peroxisome-localized Icl1 that converts isocitrate to glyoxylate and succinate and 
found that Icl1 activity in all Cat2 mutants was at least as high as wild type activity 
(Fig. 6B). Next, we determined the levels of the TCA/glyoxylate cycle intermediates 
(iso)citrate (isocitrate and citrate were detected as one peak in our mass spec analysis) 
succinate, fumarate and lactate by mass spectrometry (Fig. 6C). Succinate, fumarate and 
lactate were lower in the mitCAT2 strain than in the wild type strain, while the levels of 
(iso)citrate were more than 3 fold higher in the mitCAT2 strain. The strongly elevated 
(iso)citrate levels in conjunction with a functional TCA and glyoxylate cycle (Icl1) may 
suggest that the mitCAT2 strain is unable to grow on fatty acids because (iso)citrate 
cannot enter the peroxisomal glyoxylate cycle due to a transport defect. This transport 
defect maybe caused by the aberrant peroxisomal morphology as was also reported for 
the C. albicans fox2 null strain (26). 

Discussion

To unravel the mechanism of carnitine-dependent acetyl unit transport between 
organelles we studied the function of the dually localized Cat2 of C. albicans. We 
constructed strains that exclusively express either the peroxisomal Cat2 (perCAT2) or 
the mitochondrial Cat2 (mitCAT2) and studied their phenotypes. Below we discuss the 
possible functions of both Cat2 proteins in cells growing on different carbon sources and 
present a hypothetical model of carnitine-dependent transport between the different 
compartments of the yeast cell (Fig. 7). 

Import of acetyl units into mitochondria
Activity of the mitochondrial Cat2 is very likely to be associated with the (intra)-
mitochondrial conversion of acetyl-carnitine to acetyl-CoA, which feeds into the TCA 
cycle that generates reducing equivalents that can be used for ATP synthesis. Acetyl-CoA 
can be produced directly in the mitochondria from cytosolic pyruvate by the pyruvate 
dehydrogenase complex (Pda). Therefore, growth on glucose does not require acetyl unit 
transport and likewise acetyl unit transport is not strictly required during growth on 
lactate. In contrast, the mitochondrial Cat2 is suggested to be required during growth 
on oleate, ethanol, acetate and citrate. The phenotype of the perCAT2 strain that lacks 
the mitochondrial Cat2 supports this hypothesis, as this strain cannot grow on oleate, 
acetate, ethanol or citrate and displays intermediate growth on lactate (Fig. 3). 

Export of acetyl units from peroxisomes
The activity of the peroxisomal Cat2 is thought to be required for the export of acetyl units 
produced during β-oxidation of fatty acids. Peroxisomal Cat2 can link the acetyl units 
to carnitine and acetyl-carnitine can cross the membrane and be transported further to 
the mitochondria. In contrast to S. cerevisiae, C. albicans does not have an alternative, 
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citrate synthase-dependent, export pathway as it lacks the peroxisomal isoenzyme Cit2 
(Chapter 2). The mitCAT2 strain lacking peroxisomal Cat2 activity (Fig. 2D) is unable 
to utilize fatty acids as carbon and energy source either in minimal or rich medium (Fig. 
3C and 4D), indicating that the peroxisomal Cat2 activity is indispensable under these 
conditions. Surprisingly, the mitCAT2 is able to β-oxidize fatty acids efficiently (Fig. 4B 
and C). The employed β-oxidation assay measures the production of labeled CO2 from 
1-14C-labeled oleic in whole cells and therefore requires a functional peroxisomal β-
oxidation, transport of acetyl units from peroxisomes to mitochondria and a functional 
TCA cycle where CO2 is produced. The mitCAT2 strain shows a very high production 
of CO2 and incorporation of label in acid soluble intermediates. The suggestion that the 
mitCAT2 can efficiently oxidize fatty acids is supported by the clearance of turbid (rich) 
oleate medium after 24 hours of incubation (data not shown). These results strongly 
suggest that under these conditions acetyl units are exported from peroxisomes, even in 
the absence of peroxisomal Cat2. Possible ways to export acetyl units independently of 
peroxisomal Cat2 are conversion of acetyl-CoA to acetate by a peroxisomal thiosesterase 
or a putative peroxisomal acetyl-CoA hydrolase (Fig. 7, dashed box 1). 

Figure 7. Hypothetical model showing the inter-organellar flow of acetyl units in C. albicans
Schematic representation of hypothetical acetyl-CoA transport between peroxisomal, cytosolic and 
mitochondrial compartments in C. albicans. Depicted biochemical pathways are: β-oxidation of fatty acids, 
glyoxylate cycle and TCA cycle. Abbreviations: Ach1: acetyl-CoA hydrolase, Aco: aconitase, Acs1/2: acetyl-
CoA synthase, Adh: alcohol dehydrogenase, Ald: acetaldehyde dehydrogenase, Cit: citrate synthase, Cyb2: L-
lactate dehydrogenase, Icl1: isocitrate lyase, mitCat2: mitochondrial Cat2, Mls1: malate synthase, Pda: pyruvate 
dehydrogenase complex, Pdc: pyruvate decarboxylase, perCat2: peroxisomal Cat2, Tes: thioesterase, Yat1/2: 
putative carnitine acetyl-transferases. Box1: hypothetical alternative pathway for transport of acetyl units across 
the peroxisomal membrane in the form of acetate. export of acetyl-CoA from peroxisomes. Box2: hypothetical 
cytosolic carnitine acetyl-transferases. 3: hypothetical transport deficiency in the mitCAT2 strain.
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In mammals, peroxisomal thioesterases and carnitine-acyl/acetyl-transferases were 
shown to be differentially expressed and suggested to provide complementary systems 
for exporting  β-oxidation products from peroxisomes (40). While S. cerevisiae has a 
single peroxisomal thioesterase (Tes1) (20), the C. albicans genome encodes 5 putative 
thioesterases, of which four have a likely PTS1 (-AKLCOOH or –SRLCOOH). Thioesterases 
hydrolyse acyl-CoAs to the corresponding free fatty acids. Several studies have 
suggested however that peroxisomes may also contain acetyl-CoA thioesterase activity 
(14, 24, 42) and a acetyl-CoA thioesterase referred to as ACOT12 has been detected in 
isolated peroxisomes of rat and mouse (22, 41). It remains to be investigated if one of 
the C. albicans isoenzymes is localized to peroxisomes and has acetyl-CoA thioesterase 
activity. An other possibility to produce acetate from acetyl-CoA is posed by the enzyme 
acetyl-CoA hydrolase (Ach1), however this protein is predicted to be cytosolic as it lacks 
obvious targeting signals. The produced acetate might be able to cross the peroxisomal 
membrane by active transport or diffusion. In plants, transport of acetate in the other 
direction (from cytosol to peroxisomes) was shown to be dependent on the Comatose 
transporter (Cts) that is also the acyl-CoA transporter in plants (13). Pxa1 and Pxa2 are 
the yeast orthologues of Cts and therefore these transporters might also play a role in 
acetate transport. Upon arrival in the cytosol, acetate can be converted to acetyl-CoA 
by one of the cytosolic acetyl-CoA synthases (Acs1 or Acs2), linked to carnitine by a 
putative cytosolic carnitine acetyl-transferase and transported to mitochondria. If true, 
it is remarkable that this carnitine-independent export of C2 units appears to be very 
efficient as can be deduced form the high CO2 production measured in the β-oxidation 
assay (Fig. 4B).

Uncoupling of β-oxidation and glyoxylate cycle in the mitCAT2 strain 
One of the most striking observations is that the mitCAT2 strain is still able to β-
oxidize fatty acids, but cannot use these fatty acids for energy conservation and biomass 
formation and thus for growth. Our data suggest that the TCA cycle and glyoxylate 
cycle are functional in this strain and that isocitrate or citrate accumulates when cells 
are incubated in rich oleate medium (Fig. 4 and 6). As (iso)citrate produced in the 
mitochondrial TCA cycle must be transported to peroxisomes to feed the glyoxylate 
cycle, the accumulation of (iso)citrate suggest a transport defect of this metabolite, 
either its export out of the mitochondria or its import into peroxisomes. An increase 
in size and a changed peroxisomal morphology has been previously connected to 
transport deficiencies in C. albicans (26) and we speculate that the aberrant peroxisomal 
morphology of the mitCAT2 strain might cause a similar transport defect. As a 
consequence, (iso)citrate cannot enter the peroxisomal glyoxylate cycle thereby blocking 
the synthesis of C4 units for gluconeogenesis (Fig. 7, marked 3). If citrate cannot be 
shuttled into the glyoxylate cycle due to a peroxisomal transport defect resulting in an 
accumulation of citrate (Fig. 6), there might be an increased flow of citrate through the 
TCA cycle resulting in increased decarboxylation, which would explain the increased 
CO2 production in the β-oxidation assay (Fig. 4B).

Transport of acetyl-CoA from cytosol to peroxisomes
During growth of C. albicans on non-fermentable carbon sources other then fatty 
acids, such as ethanol and acetate, acetyl-CoA is produced in the cytosol and needs to 
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be imported into peroxisomes where the key enzymes of the glyoxylate cycle, Mls1 and 
Icl1, are localized (26). This situation is different from that in S. cerevisiae where Mls1 is 
cytosolic during growth on acetate or ethanol, but peroxisomal during growth on oleic 
acid (11). We hypothesize that in C. albicans the putative carnitine acetyl-transferases 
Yat1 and Yat2 are involved in generating acetyl-carnitine in the cytosol that can be 
transported to peroxisomes and/or mitochondria (Fig. 7, dashed box 2), a suggestion 
that is based on mutant phenotypes and their sequence homology to Cat2. However, 
since no Cat activity can be measured in a cat2 null strain (Chapter 2) it remains to 
be seen whether Yat1 and Yat2 are true carnitine acetyl-transferases (see Addendum to 
this Chapter). Alternatively acetate may be transported over the peroxisomal membrane 
and converted to acetyl-CoA by Acs1 or Acs2 (Fig. 7, dashed box 1), although these 
proteins are predicted to be cytosolic due to absence of obvious targeting signals. This 
alternative pathway may explain the unexpected observation that the mitCAT2 strain 
lacking peroxisomal Cat2 is able to grow on ethanol, acetate and citrate, although with 
some delay (Fig. 3). However, growth of the mitCAT2 strain does not start immediately, 
but only after a large number of hours (depending on the carbon source), suggesting 
some kind of metabolic adaptation. What this metabolic adaptation entails is currently 
unclear, but the fact that the strain, once started, achieves wild type growth rates on 
ethanol and acetate, suggests very efficient generation of peroxisomal acetyl units, which 
cannot be easily explained by diffusion of acetate over the peroxisomal membrane. 
Clearly, further work is required to resolve this issue. 
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Abstract

Carnitine acetyl-transferase 2 (Cat2) of Candida albicans localizes to peroxisomes and 
mitochondria and is essential for growth on non-fermentable carbon sources. Here we 
show that a cat2 knockout strain that has background levels Cat activity is still able to 
synthesize acetyl-carnitine when incubated with fatty acids or acetate as carbon source. 
Candidate enzymes that could be responsible for this activity are two other putative 
carnitine acetyl-transferases present in the C. albicans genome, YAT1 and YAT2. It has 
been hypothesized that Yat1 and Yat2 play a role in transport of cytosolically generated 
acetyl units to mitochondria and/or peroxisomes. We show that N-terminally tagged C. 
albicans Yat1 and Yat2 indeed localize to the cytosol, but overexpression of the tagged 
proteins in the cat2 null background does not lead to increased Cat activity. We also 
constructed a cat2∆/∆/yat2∆/∆ double knockout strain and a strain with a single YAT1 
allele under control of the inducible MET3 promoter in the cat2∆/∆ background: cat2∆/∆/
yat1∆/pMET3-YAT1. In this latter strain expression of Yat1 can be turned off by addition 
of cysteine and methionine to the growth medium. Both strains, however, did not show 
reduced levels of acetyl-carnitine compared to the cat2 null strain and therefore these 
experiments fail to confirm that Yat1 and Yat2 are carnitine acetyl-transferases. Further 
experiments are necessary to assign a function to Yat1 and Yat2 and address the question 
whether they are true carnitine acetyl-transferases.
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Introduction

Transport of acetyl units between organelles in C. albicans is dependent on the carrier 
carnitine, as acetyl-CoA is too amphiphilic to cross membranes. Carnitine acetyl-
transferase reversibly links carnitine to the acetyl units of acetyl-CoA forming acetyl-
carnitine that can be transported between organelles. Chapters 2 and 3 described the 
function of Cat2, the major carnitine acetyl-transferase in this organism that localizes 
to peroxisomes and mitochondria. Analysis of strains expressing only the peroxisomal 
Cat2 (perCAT2) or mitochondrial Cat2 (mitCAT2) revealed that the mitochondrial Cat2 
is indispensable for growth on fatty acids, citrate, ethanol and acetate. The exact function 
of the peroxisomal Cat2 in acetyl-CoA import and export, however, remains unclear 
(Chapter 3). The C. albicans genome encodes two additional proteins with homology to 
Cat2: Yat1 (or Ctn1) and Yat2 (or Ctn3). Based on their homology to carnitine acetyl-
transferases and through phenotypic analysis of S. cerevisiae and C. albicans yat1 and 
yat2 null mutants, the Yats were hypothesized to function in transport of cytosolic 
acetyl-CoA produced during growth on ethanol and acetate, to mitochondria and/or 
peroxisomes (Fig. 1, for complete overview: Fig 7 Chapter 3). S. cerevisiae Yat1 was found 
to be associated with the outer mitochondrial membrane (7), while the localization of S. 
cerevisiae Yat2 is not known. In C. albicans C-terminally tagged Yat2-GFP localized to 
the cytosol (2), while the localization of Yat1 has not yet been established.

Figure 1. Model showing the inter-organellar flow of acetyl units in C. albicans
Schematic representation of hypothetical acetyl-CoA transport between the peroxisomal, cytosolic and 
mitochondrial compartments in C. albicans. Abbreviations: Ac-CoA: acetyl-CoA, mitCat2: mitochondrial 
carnitine acetyl-transferase, perCat2: peroxisomal Cat2, Yat1/2: putative carnitine acetyl-transferases. 

C. albicans cat2 null mutants are unable to utilize oleate, ethanol and acetate and 
display an intermediary growth phenotype on citrate (Chapter 2 and reference 11). 
C. albicans null mutants of yat1 were unable to grow on ethanol, acetate or citrate, 
while a C. albicans yat2 null mutant did not have any detectable growth defects (5, 11). 
Northern blot analysis showed that CAT2, YAT1 and YAT2 are highly expressed on 
oleate and some YAT1 and YAT2 mRNA expression was detectable on acetate. On both 
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oleate and acetate YAT1 expression is higher than that of YAT2 (11). All three genes 
were upregulated during phagocytosis by macrophages (5). In a S. cerevisiae strain that 
lacks peroxisomal citrate synthase (cit2∆) and as a consequence is solely dependent on 
carnitine-mediated transport of acetyl units, deletion of either CAT2, YAT1 or YAT2 
resulted in a the same growth defect on oleate, ethanol, acetate and glycerol plates (Table 
1) (8). Why the C. albicans and S. cerevisiae Yat1/2 deficient strains have different growth 
phenotypes is currently not known. Also, it is unclear whether the Yats have carnitine 
acetyl-transferase activity, as C. albicans and S. cerevisiae cat2 null mutants display very 
little residual Cat activity (< 5% of wild type activity in S. cerevisiae and undetectable in 
C. albicans (Chapter 2 and reference 8). However, in S. cerevisiae Cat activity was shown 
to be further reduced by knocking out YAT2 in a cat2 null background suggesting that 
Yat2 has carnitine acetyl-transferase activity (8).

Table 1. Growth Phenotypes of S. cerevisiae and C. albicans null strains
  
Species/Strain  Glucose Citrate Ethanol Acetate Oleate Reference

S. cerevisiae 
 cat2∆   + + + + + (8, 9)
 cit2∆$  + + + + + (8)
 cit2∆/cat2∆$ + - - - - (8)
 cit2∆/yat1∆$ + - - - - (8)
 cit2∆/yat2∆$ + - - - - (8)
C. albicans 
 cat2∆/∆  + +/- or - - - - Chapters 2, 3 and (11)
 yat1∆/∆  + - - - + (11)
 yat2∆/∆  + + + + + (5, 11)

$ Growth medium with additional carnitine. Note: S. cerevisiae is unable to synthesize carnitine endogenously 
and therefore a cit2∆ mutant is unable to grow on non-fermentable carbon sources unless carnitine is added, 
which allows the Cat2-dependent pathway to function.

In this study we show that acetyl-carnitine can be synthesized in the C. albicans cat2 null 
strain, indicating that in the absence of Cat2 some Cat activity is still present in these 
cells. Overexpression of N-terminally 3xHA tagged Yat1 or Yat2 in the cat2 null strain 
did not result in increased Cat activity nor did the deletion of either YAT1 or YAT2 in 
the cat2 null background lead to reduction of acetyl-carnitine levels. These preliminary 
results do not support a role for Yat1 and Yat2 as carnitine acetyl-transferases, but clearly 
further experiments are necessary before a more definitive conclusion can be drawn. 



95

Characterization of the putative carnitine acetyl-transferases Yat1 and Yat2

Materials and Methods

Media and culture conditions
C. albicans strains were grown at 28ºC 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 and amino acids as needed (20 µg/ml arginine, 20 µg/ml histidine, 
80 µg/ml uridine). For enzyme assays, measurements of metabolites and immunoblot 
analysis, strains were pregrown for 16 hours on minimal glucose medium (YNB with 2% 
glucose), inoculated into at OD600 0.2 in YNB 0.3% glucose medium and grown for 8 hours. 
Finally, the strains were inoculated at OD600 0.005 into rich oleate medium (YPO; 2% 
bactopeptone, 1 % yeast extract, 0.12%/0.2% oleic acid/Tween 80) or rich acetate medium 
(YPA; 2% bactopeptone, 1 % yeast extract, 2% sodium acetate) without or with 2 mM L-
carnitine and grown for 16 hours. Induction of the MAL2 promoter was performed by 
culturing strains in YPO medium with an additional 0.5% maltose.

Strains and plasmids
C. albicans strains used in this study are listed in Table II and are derivatives of SN76 (23). 
Plasmids used in this study are listed in Table III. Primers are listed in Table IV. Plasmid 
pIS56 for the expression of N-terminal 3xHA-tagged C. albicans proteins under control 
of the MAL2 promoter was previously constructed in our laboratory (I. Smaczynska-de 
Rooij, unpublished). PCR products obtained with primers KS196 & KS200 and KS198 & 
KS201 were cloned BamHI/SphI into pIS56 and the insert was sequenced. The plasmid was 
linearized with PacI or XhoI and transformed to SN76 and CEM28 (cat2∆/∆). Cassettes 
used to create the cat2∆/∆/yat2∆/∆ and cat2∆/∆/pMET3-YAT1 strains were made using 
the PCR-based procedure as described previously (Chapter 4). Primers KS250 & KS251 and 
KS252 & KS253 were used to PCR flanking regions for the YAT1 disruption and primers 
KS260 & KS261 and KS262 & KS263 to PCR flanking regions for the YAT2 disruption. The 
flanking region were used to PCR on linearized plasmids pFA-CaURA3-loxP, pFA-SAT1-
loxP, creating CaURA3 and SAT1 disruption cassettes. Strain CEM28 was transformed 
with the YAT1-SAT1 and YAT2-SAT1 cassettes and positive transformants were selected 
on plates containing 200 µg/ml nourseothricin and confirmed by PCR. Next, the cat2∆/∆/
yat1∆/YAT1 and cat2∆/∆/yat2∆/YAT2 were transformed with YAT1-URA3 and YAT2-
URA3 disruption cassettes, respectively, to create double knockout strains. However, 
we were only able to find cat2∆/∆/yat2∆/∆ transformants, but not cat2∆/∆/yat1∆/∆ 
transformants, suggesting that a cat2∆/∆/yat1∆/∆ double null might be lethal. Therefore 
we decided to insert an inducible promoter in front of the remaining YAT1 allele in the 
cat2∆/∆/yat1∆/YAT1 strain. Flanking regions created with primers KS291 & KS292 and 
KS293 & KS294 were used to PCR on plasmid URA3-pMET3 (3) and the resulting fusion 
PCR product, URA3-pMET3-YAT1, was transformed to the cat2∆/∆/yat1∆/YAT1 strain. 
Proper insertion of the cassette into the YAT1 locus was confirmed by PCR.

Transformation
C. albicans was transformed using a modified lithium acetate protocol (10). The heat 
shock was carried out at 44ºC for 15 minutes. 
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Table II. Strains used in this study

Strain Name   Genotype     Reference

CSN76 C. albicans wildtype   arg4/arg4 his1/his1 ura3::imm434/ura3::imm434  (4)
 auxotroph   iro1::imm434/iro1::imm434 
CSN76-P wildtype prototroph  arg4∆/ARG4 his1∆/HIS1 ura3∆::imm434/ura3∆:: Chapter 2
    imm434::URA3 iro1∆::imm434/iro1∆::imm434::IRO1
CEM28 cat2∆/∆   arg4∆/arg4∆ his1∆/his1∆    Chapter 2
    ura3∆::imm434/ura3∆::imm434 
    iro1∆::imm434/iro1∆::imm434

    cat2∆::CdHIS1/cat2∆::ARG4 
CEM38 cat2∆/∆ + U  arg4∆/arg4∆ his1∆/his1∆    Chapter 2
    ura3∆::imm434/ura3∆::imm434::URA3 
    iro1∆::imm434/iro1∆::imm434::IRO1 
    cat2∆::CdHIS1/cat2∆::ARG4 
CKS58 cat2∆/∆ + CAT2  arg4∆/arg4∆ his1∆/his1∆    Chapter 2
    ura3∆::imm434/ura3∆::imm434::URA3::CAT2 
    iro1∆::imm434/iro1∆::imm434::IRO1 
    cat2∆::CdHIS1/cat2∆::ARG4 
CKS59 cat2∆/∆ + perCAT2  arg4∆/arg4∆ his1∆/his1∆    Chapter 3
    ura3∆::imm434/ura3∆::imm434:: URA3::perCAT2
    iro1∆::imm434/iro1∆::imm434::IRO1 
    cat2∆::CdHIS1/cat2∆::ARG4 
CKS61 cat2∆/∆ + mitCAT2  arg4∆/arg4∆ his1∆/his1∆    Chapter 3
    ura3∆::imm434/ura3∆::imm434::URA3::mitCAT2 
    iro1∆::imm434/iro1∆::imm434::IRO1 
    cat2∆::CdHIS1/cat2∆::ARG4 
CJB72 pMAL-3xHA-YAT1  arg4∆/arg4∆ his1∆/his1∆ ura3::imm434/ura3::  This study
    imm434::pMAL-3xHA-YAT1-URA3 
    iro1::imm434/iro1::imm434::IRO1 
CJB73 pMAL-3xHA-YAT2  arg4∆/arg4∆ his1∆/his1∆ ura3::imm434/ura3::  This study
    imm434::pMAL-3xHA-YAT2-URA3 
    iro1::imm434/iro1::imm434::IRO1 
CJB74 cat2∆/∆ - pMAL-3xHA-YAT1 arg4∆/arg4∆ his1∆/his1∆ ura3∆::imm434/ura3∆:: This study
    imm434::pMAL-3xHA-YAT1-URA3 
    iro1∆::imm434/iro1∆::imm434::IRO1 
    cat2∆::CdHIS1/cat2∆::ARG4 
CJB75 cat2∆/∆ - pMAL-3xHA-YAT2 arg4∆/arg4∆ his1∆/his1∆ ura3∆::imm434/ura3∆:: This study
    imm434::pMAL-3xHA-YAT2-URA3 
    iro1∆::imm434/iro1∆::imm434::IRO1 
    cat2∆::CdHIS1/cat2∆::ARG4 
CJB98 cat2∆/∆/yat2∆/∆  arg4∆/arg4∆ his1∆/his1∆ ura3::imm434/ura3:: This study
    imm434 iro1::imm434/iro1::imm434

    cat2∆::CdHIS1/cat2∆::ARG4 
    yat2∆::SAT1/yat2∆::CaURA3 
CJB103 cat2∆/∆/pMET3-YAT1 arg4∆/arg4∆ his1∆/his1∆ ura3::imm434/ura3:: This study
    imm434 iro1::imm434/iro1::imm434

    cat2∆::CdHIS1/cat2∆::ARG4 
    yat1∆::SAT1/URA3-pMET3-YAT1 
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Table III. Plasmids used in this study

Name Vector-insert  Purpose     Reference

pIS56 URA3-pMAL-3xHA  Expression of N-terminally 3xHA tagged proteins This study
pJB145 pMAL-3xHA-YAT1  Expression of N-terminally 3xHA tagged Yat1 This study
pJB146 pMAL-3xHA-YAT2  Expression of N-terminally 3xHA tagged Yat2 This study
 pFA-CaURA3-loxP  URA3 disruption with loxP-recombination sites Chapter 4
 pFA-SAT1-loxP  SAT1 disruption with loxP-recombination sites Chapter 4
 URA3-pMET3  PCR template for pMET3 insertion  (3)

Mass-spec measurements of metabolites
For carnitine and acetyl-carnitine measurements, cells were grown for 16 hours on YPO 
or YPA without or with 2 mM carnitine and washed twice with water. 20 OD units 
were spun down, taken up in 500 µl PBS and 200 µl glassbeads were added after which 
the tubes were vortexed for 20 minutes at 4ºC. The supernatant was transferred to a 
new tube and the glassbeads were washed with an additional 200 µl PBS that was also 
transferred. The pooled supernatants were centrifuged twice at high speed to remove 
cell debris and whole cells, resulting in the final lysates. The protein concentration of the 
lysates was determined by the method of Bradford (1). Determination of carnitine and 
acetyl-carnitine by LC-MS-MS was performed as previously described (6).

Table IV. Primers used in this study

Primer Purpose   5’-3’ sequence

KS196 F_YAT1_BamHI  cgGGATCCATGTCAACTTATAGATTTCAAGAA
KS200 R_YAT1_SphI  acATGCATGCTTAATATTCACTTAATCGTAATTTT
KS198 F_YAT2_BamHI  cgGGATCCATGACACAGGAACAATTTTACAC
KS201 R_YAT2_SphI  acATGCATGCTCATGAAAGTTTTGACATGTCTA
KS249 YAT1_SN1  gatattgaaagtggcgcactac
KS250 YAT1_SN2  gtaaaataatgggtatttgcttt
KS251 YAT1_SN3  GACCTGCAGCGTACGAAGCTTCtgtatatggaggttgtctcaac
KS252 YAT1_SN4  CTCGAATTCATCGATGATATCAGAatgaacaattgttgttctttgag
KS253 YAT1_SN5  ctagactatactatcatctcctt
KS254 YAT1_SN6  caggacttcgtgttttgaattc
KS259 YAT2_SN1  atcaataaactgtgattcctaaag
KS260 YAT2_SN2  gaacaattttttgcttctttttct
KS261 YAT2_SN3  GACCTGCAGCGTACGAAGCTTCtgcgatagattttcttttaatttc
KS262 YAT2_SN4  CTCGAATTCATCGATGATATCAGAgattctctactgattttaaaccat
KS263 YAT2_SN5  gtgctgtaaatgtccttgataag
KS264 YAT2_SN6  ctaaaataaagcaatctgtgaaag
KS291 YAT1_SN3_prom_R  GACCTGCAGCGTACGAAGCTTCgtctcaactaataagtaaaaccag
KS292 YAT1_SN4_prom_F  GTAAATACCCTCCCCAGAAAACATGtcaacttatagatttcaagaaaca
KS293 YAT1_SN5_prom_R  gtttaacttgaggattaatactac
KS294 YAT1_SN6_prom_R  cataacaacaatatgattgataag
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Immunoblotting
Protein extracts were separated on a 10% SDS-polyacrylamide gel and blotted to a 
nitrocellulose membrane using a semi-dry system. Antibodies used were directed against 
S. cerevisiae thiolase (Thiol), hexokinase (Hxk1), mitochondrial isocitrate dehydrogenase 
(Idh1) and the HA tag (mAb12CA5). The α-Hxk1 and α-Idh1 antibodies were kind gifts 
of H. van der Spek, FNWI.

Results

Acetyl-carnitine synthesis in the cat2 strain
During growth on fatty acids acetyl-CoA is produced in the peroxisomal β-oxidation 
pathway, which is subsequently linked to carnitine by the peroxisomal Cat2 (Fig. 1, 
perCAT2,) and transported to mitochondria where the acetyl-CoA is released by the 
mitochondrial Cat2 (mitCAT2). In a cat2 null strain lacking both peroxisomal and 
mitochondrial Cat it is expected that no acetyl-carnitine can be formed if no other 
carnitine acetyl transferases are present in the cell. To test this we determined the levels 
of acetyl-carnitine in the cat2 null strain and, as a control, in the wild type and perCAT2, 
mitCAT2 and CAT2 complemented strain. Cells were grown on rich oleate medium 
with or without extra carnitine and both intracellular carnitine and acetyl-carnitine 
levels were determined by mass spectrometry. Total acetyl-carnitine levels are higher 
in the strains grown in the presence of carnitine compared with those grown without 
carnitine, suggesting that acetyl-carnitine is synthesized intracellularly and not (only) 
taken up from the medium (Fig. 2A). Surprisingly, acetyl-carnitine levels were found 
to be extremely high in the cat2 null mutant, either with or without extra carnitine. 
These results show that in the absence of Cat2, acetyl-carnitine is still synthesized but 
probably cannot be reconverted to acetyl-CoA and carnitine. Carnitine levels were 
comparable between all strains, except for the cat2 null strain that showed a significantly 
lower carnitine concentration. This observation supports the idea that acetyl-carnitine 
is synthesized in the cat2 strain but cannot be broken down anymore. Carnitine and 
acetyl-carnitine levels were also determined in the strains grown on rich acetate medium 
with 2 mM carnitine (Fig. 2B). The results are comparable to those obtained with oleate 
grown cells and show that the cat2 null strain accumulates acetyl-carnitine relative to 
the control strains.

C-terminally tagged Yat1 and Yat2 localize to the cytosol
To study the putative carnitine acetyl-transferases YAT1 and YAT2 in more detail we 
cloned both genes into an N-terminal 3xHA tagging plasmid under control of the MAL2 
promoter. The MAL2 promoter is induced by maltose and repressed by glucose in the 
growth medium. The plasmids were linearized and transformed to the C. albicans 
wild type and the cat2 null mutant. Western blot analysis of oleate grown cells (YPO) 
revealed expression of both constructs that could be moderately induced by addition 
of 0.5% maltose to the medium (Fig. 3A). Expression of 3xHA-Yat1 in both strains 
resulted in a single band of the predicted size. The 3xHA-Yat2 also shows a single 
band of the predicted size on YPO, but upon overexpression an extra band is present 
that migrates slightly slower than the band visible on YPO. The nature of this extra, 
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slower migrating, band is currently unknown. To investigate the localization of Yat1 and 
Yat2, a subcellular fractionation experiment was performed on both strains in which a 
total cellular homogenate (H) was separated into an organellar pellet fraction (P) and 
a cytosolic supernatant (S). Both the 3xHA-Yat1 and 3xHA-Yat2 fusion proteins were 
found almost exclusively in the S fraction and co-fractionated with the cytosolic marker 
hexokinase (Fig. 3B). The peroxisomal marker thiolase (Thiol) and the mitochondrial 
marker isocitrate dehydrogenase (Idh1) fractionated mainly in the P fraction, showing 
overall intactness of the organelles during the fractionation procedure. Immuno-
electron microscopy of these strains with α-HA antibodies generally confirmed the 
subcellular fractionation results, as very little gold particles were found associated with 
either peroxisomes or mitochondria (data not shown). Together, these data indicate that 
the tagged Yat1 and Yat2 are localized to the cytosol, although it cannot be excluded that 
N-terminal tagging of the proteins influences their subcellular localization. 

Figure 2: Carnitine and acetyl-carnitine levels in the CAT2 strains
Carnitine and acetyl-carnitine levels in homogenates of the wild type, cat2∆/∆, cat2∆/∆ + CAT2, peroxisomal 
CAT2 (perCAT2) and mitochondrial CAT2 (mitCAT2) strain grown on rich oleate (A) and rich acetate 
medium (B), without or with 2 mM carnitine. 

Overexpression of N-terminally tagged Yat1 or Yat2 does not increase Cat activity in 
a cat2 null strain
To determine whether the tagged Yat1 and/or Yat2 exhibit Cat activity, the strains 
expressing 3xHA-Yat1 and 3xHA-Yat2 in the cat2 null background were grown on YPO 
and YPO + 0.5% maltose and lysates were analyzed for Cat activity. The Cat activity 
assay was performed for 1 hour with undiluted protein samples to ensure that low 
amounts of Cat activity could be measured. As a consequence the wild type sample, 
which contains relatively high amounts of Cat activity, was not measured in the linear 
range and shows very low Cat activity due to depletion of substrate. No activity was 
detected in the cat2∆/∆, cat2∆/∆ - 3xHA-Yat1 or cat2∆/∆ - 3xHA-Yat2 strains nor was 
there any increase in Cat activity observed upon induction of the constructs by maltose 
(Fig. 3C). These data confirm previous results (Chapter 2) and show that the cat2 null 
strain lacks any detectable Cat activity. These experiments also fail to confirm that Yat1 
and/or Yat2 have Cat activity. 
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Figure 3: Expression of tagged Yat1 and Yat2 and phenotypic analysis of disruption strains 
(A): Immunoblot analysis with α-HA antibody of the wild type and cat2 null strain expressing pMAL2-3xHA-
Yat1 and pMAL2-3xHA-Yat2 constructs. Strains were grown on rich oleate medium (YPO) or on YPO + 0.5% 
maltose (YPO/M) to induce expression from the MAL2 promoter.  (B): Immunoblot analysis of a subcellular 
fractionation experiment of the 3xHA-Yat1 and 3xHA-Yat2 strains grown on YPO. The total homogenate (H) 
was fractionated into an organellar pellet fraction (P) and a cytosolic supernatant (S). Thiolase: peroxisomal 
marker protein. Idh1: mitochondrial marker protein. Hxk1: cytosolic marker protein. (C): Cat activity in 
indicated strains grown on YPO or YPO/M. (D): Carnitine and acetyl-carnitine levels in the indicated strains 
grown for 16 hours on YPO or rich acetate medium (YPA).

Deletion of YAT1 or YAT2 does not affect acetyl-carnitine levels in the cat2 null strain
To gain more insight into the function of the Yats, we attempted to knockout the 
YAT1 and YAT2 genes in the cat2 null background. We succeeded in constructing a 
cat2∆/∆/yat2∆/∆ knockout strain but were not able to obtain correct transformants 
for a cat2∆/∆/yat1∆/∆ strain. Therefore, we inserted the inducible MET3 promoter in 
front of the single YAT1 allele in a cat2∆/∆/yat1∆/YAT1 strain, thereby enabling shut 
down of Yat1 expression by addition of methionine and cysteine. The wild type, cat2∆/∆, 
cat2∆/∆/yat2∆/∆ and cat2∆/∆/pMET3-YAT1 strains were grown for 16 hours on rich 
oleate medium and rich acetate medium with an additional 2 mM carnitine. Both 
media contain an estimated 1 mM of methionine and cysteine, probably sufficient to 
down-regulate expression from the MET3 promoter. Lysates were made and carnitine 
and acetyl-carnitine levels were measured by mass spectrometry. Carnitine and acetyl-
carnitine levels were almost identical in all strains, suggesting that neither Yat1 nor Yat2 
are solely responsible for the accumulation of acetyl-carnitine in the cat2∆/∆ strain 
(Fig. 3D). However, since both genes are expressed during growth on oleate (11), we 
cannot exclude that Yat1 and Yat2 are redundant and that both genes have to be deleted 
simultaneously to observe an effect on acetyl-carnitine levels.  
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Discussion

The accumulation of acetyl-carnitine in the cat2 null mutant shows that acetyl-carnitine 
can still be synthesized in the absence of Cat2 (Fig. 2A and B), although no residual Cat 
activity can be detected with our current enzyme assay (Fig. 3C). We have attempted 
to address the question whether Yat1 and/or Yat2 are responsible for the generation 
of acetyl-carnitine in the cat2 null mutant and thus may have Cat activity. However, 
overexpression of 3xHA tagged Yat1 or Yat2 in the cat2 null strain did not result in 
an increase in Cat activity (Fig. 3C). Additionally, acetyl-carnitine levels were not 
affected by deletion (YAT2) or shut-down (YAT1) of the Yats in the cat2 null strain (Fig. 
3D). These negative results make it very difficult to draw any conclusions from these 
experiments. Tagging of Yat1 and Yat2 may interfere with their enzyme activity and/or 
our current methods are not able to measure the activity of these proteins. Alternatively, 
Yat1 and Yat2 are not true Cats and there is another enzyme that is responsible for 
the synthesis of acetyl-carnitine in the cat2 null. Nevertheless, Yat1 and Yat2 seem to 
be the only putative carnitine acetyl-transferases present in the C. albicans genome, 
as no other significant hits were found by Blastp analysis with Cat2. Although the 
conservation between C. albicans and S. cerevisiae Cat2 and Yat1 is relatively high, C. 
albicans Yat2 has about the same homology to S. cerevisiae Yat2 and Yat1 (Table 5). 
Thus far, only S. cerevisiae Yat2 was shown to have some Cat activity (8). However, in 
this study a Cat activity assay was employed that was adapted from the L-carnitine UV-
test (Roche) that is designed to determine L-carnitine levels in deproteinated samples 
and measures NADH consumption after five coupled reactions. Swiegers et al., used this 
test to measure Cat activity in total lysates and it cannot be excluded that the observed 
NADH consumption is not dependent on either of the carnitine acetyl-transferases but 
caused by another NADH consuming enzyme. When we compare sequence homologies 
between C. albicans and S. cerevisiae Cat2, Yat1 and Yat2, we see that Cat2 and Yat1 
have relatively high homology scores, but that of Yat2 and Cat2 are relatively low (Table 
5). Also the expression of C. albicans YAT2 was much lower than expression of YAT1 on 
both oleate and acetate (11). Therefore, notwithstanding the considerations mentioned 
above, the remaining < 5% Cat activity in the S. cerevisiae cat2 null mutant could be 
indeed be due to the activity of Yat1 and/or Yat2 and interspecies differences might 
explain the absence of Cat activity in the C. albicans cat2 null mutant.

Table 5. Homology scores between C. albicans and S. cerevisiae Cat2, Yat1 and Yat2 
(According to clustalw at http://www.ebi.ac.uk/Tools/clustalw2/index.html).

 ScCat2 ScYat1 ScYat2

CaCat2 43 23 17
CaYat1 23 46 27
CaYat2 16 29 28

In the absence of an available activity assay or specific antibody, we tried to determine 
the localization of Yat1 and Yat2 by epitope tagging and subcellular fractionation. Both 
the N-terminally tagged Yat1 and Yat2 localize to the cytosol (Fig. 3B). Localization of 
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Yat2 to the cytosol is consistent with the earlier reported localization of C-terminal GFP-
tagged Yat2 (2). In another report a peroxisomal localization was proposed for Yat2, but 
no convincing evidence was put forward to support this hypothesis (5). In S. cerevisiae 
C-terminally tagged Yat1 was show to localize to the outer mitochondrial membrane (7), 
but our results do not support a mitochondrial localization for the C. albicans Yat1 (Fig. 
3B). Also immunoelectron microscopy failed to detect a mitochondrial association of 
Yat1 (data not shown). Whether the difference in localization of Yat1 between C. albicans 
and S. cerevisiae is caused by the different tags applied or by differences between species 
remains to be established. Summarizing, we have not been able to show Cat activity 
for Yat1 or Yat2 nor do the absence or overexpression of these proteins affect acetyl-
carnitine levels in a cat2 null strain. Therefore, the question whether the Yat1 and Yat2 
play a role in acetyl unit transport remains unanswered.

The observed increased production and/or decreased breakdown of acetyl-carnitine in 
the cat2 null mutant provides an interesting clue for understanding the growth phenotype 
of the strain lacking the peroxisomal Cat2 (mitCAT2 strain, Chapter 3). We have shown 
that this strain is able to grow on ethanol and acetate, conditions in which acetyl-CoA 
is produced in the cytosol. The fact that acetyl-CoA is still formed in a cat2 null strain 
indicates that (an)other enzyme(s) is capable of producing this metabolite, which may 
explain why the mitCAT2 strain is able to grow on some of the non-fermentable carbon 
sources in the absence of peroxisomal Cat2.
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Abstract

Carnitine is an essential metabolite that enables intracellular transport of fatty acids and 
acetyl units. Here, we show that the yeast Candida albicans can synthesize carnitine de 
novo and identify the four genes of the pathway. Null mutants of orf19.4316 (trimethyllysine 
dioxygenase), orf19.6306 (trimethylaminobutyraldehyde dehydrogenase) and orf19.7131 
(butyrobetaine dioxygenase) lacked their respective enzymatic activities and were unable 
to utilize fatty acids, acetate or ethanol as sole carbon source, in accordance with the 
strict requirement for carnitine-mediated transport under these growth conditions. The 
second enzyme of carnitine biosynthesis, hydroxy-trimethyllysine aldolase, is encoded 
by orf19.6305, a member of the threonine aldolase (TA) family in C. albicans. A strain 
lacking orf19.6305 showed strongly reduced growth on fatty acids and was unable to utilize 
either acetate or ethanol, but TA activity was unaffected. Growth of the null mutants on 
non-fermentable carbon sources is only restored by carnitine biosynthesis intermediates 
after the predicted enzymatic block in the pathway, providing independent evidence for 
a specific defect in carnitine biosynthesis for each of the mutants. In conclusion, we have 
genetically characterized a complete carnitine biosynthesis pathway in C. albicans and 
show that a TA family member is mainly involved in the aldolytic cleavage of hydroxy-
trimethyllysine in vivo.
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Introduction

Carnitine (L-3-hydroxy-4-N,N,N-trimethylaminobutyrate) is an important metabolite 
which function is indispensable for intermediary metabolism in eukaryotic cells. The 
main function of carnitine is to act as a carrier to facilitate transport of fatty acids 
and acetyl units between compartments during central carbon metabolism. Enzymes 
of the family of carnitine acyl- and acetyltransferases catalyze the reversible exchange 
of the CoA group of activated fatty acids or acetyl-CoA for carnitine, forming acyl- or 
acetyl-carnitine, which subsequently can cross the membrane by the additional aid 
of a transporter. In mammals, carnitine is involved in both the transport of activated 
long-chain fatty acids from the cytosol to mitochondria as well as the transfer of the 
products of peroxisomal β-oxidation, i.e. shortened fatty acids and acetyl units to the 
mitochondria. Additional (related) roles of carnitine include modulation of the acyl-
CoA/CoA ratio, storage of energy (in the form of acetyl-carnitine) and excretion of 
poorly metabolizable, toxic, acyl groups (4). 

In animal species, carnitine uptake by food is thought to be an important contributor to 
total carnitine levels but is dependent on diet, as meat and dairy products contain high 
levels of carnitine, while food sources derived from plants contribute very little (26). 
Although carnitine can be obtained from the diet, most mammalian species are also 
able to synthesize it endogenously. The carnitine biosynthetic pathway was chemically 
characterized in the 1970s in rat and the filamentous fungus Neurospora crassa using 
labeled precursors of carnitine and subsequent detection of carnitine, carnitine 
biosynthesis intermediates and byproducts (3, 12-14, 32). The precursor of carnitine 
biosynthesis is the trimethylated amino acid lysine (6-N-trimethyllysine; TML). 
In mammals certain proteins such as calmodulin, myosin, actin, cytochrome c and 
histones contain lysine residues that are N-methylated, which is a post-translational 
modification carried out by methyl-transferases that use S-adenosylmethionine as a 
methyl-donor (21). Lysosomal degradation of these proteins generates TML, which can 
be used as a substrate to synthesize carnitine in four enzymatic steps (Fig. 1). First, 
TML is hydroxylated at carbon 3 by TML dioxygenase (TMLD) to yield 3-hydroxy-
TML (HTML). Second, HTML undergoes an aldolytic cleavage between carbons 2 
and 3 generating 4-trimethylaminobutyraldehyde (TMABA) and glycine, a reaction 
catalyzed by a pyridoxal 5’-phosphate (PLP)-dependent aldolase (dubbed HTMLA). 
Third, dehydrogenation of TMABA by TMABA dehydrogenase (TMABADH) results 
in the formation of 4-N-trimethylaminobutyrate or γ-butyrobetaine (γ-BB). Fourth, 
γ-BB is hydroxylated on the 3-position by γ-butyrobetaine dioxygenase (BBD) to 
yield L-carnitine (reviewed by 38). Although the chemistry of the pathway has been 
well established, not all enzymes of the carnitine biosynthesis pathway have been 
characterized. Rat and human genes encoding TMLD, TMABADH and BBD were 
identified (35-37), but the HTMLA gene has thus far remained elusive.

A number of candidates have been put forward that might be capable of converting 
HTML to TMABA and glycine. The first is serine hydroxymethyltransferase (SHMT), 
an enzyme performing the interconversion between serine and glycine, both of which 
are major sources of one-carbon units required for purine, thymidylate and methionine 
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biosynthesis (10, 11, 19). The enzymatic activity of SHMT, like many aldolases, is 
dependent on PLP (a derivative of vitamin B6) as a cofactor and addition of the vitamin 
B6 antagonist L-amino-D-proline was shown to lead to a reduction in carnitine 
biosynthesis and to accumulation of HTML in rat liver (7). This finding indicates that it 
is likely that the HTMLA is indeed dependent on PLP, but thus far no further evidence 
was put forward to show that SHMT itself is the HTMLA of the carnitine biosynthesis 
pathway. Another putative candidate for this enzymatic step in carnitine biosynthesis is 
threonine aldolase. Hochalter and Henderson (12) noticed that cleavage of HTML into 
TMABA by the putative HTMLA was similar to the reaction performed by threonine 
aldolases, as glycine is produced in both aldolase reactions. Threonine aldolases are, like 
SHMT, PLP-dependent enzymes that catalyze the reversible reaction between threonine 
and acetaldehyde and glycine (18). While mammals seem to lack a genuine threonine 
aldolase (20), unicellular eukaryotes such as the yeast Saccharomyces cerevisiae express 
threonine aldolase activity. Genetic approaches revealed that the S. cerevisiae genome 
harbors a single gene (GLY1) encoding threonine aldolase, which is involved in glycine 
metabolism in this organism (16). Interestingly, S. cerevisiae appears not to have a 
functional carnitine biosynthesis pathway. Previous studies have shown that a mutant 
lacking peroxisomal citrate synthase (Cit2), which solely relies on carnitine-dependent 
transport of acetyl units for the utilization of fatty acids, acetate or ethanol, can only 
grow on these carbon sources when carnitine is added to the medium (31, 33). These 
data therefore do not support a role of yeast GLY1 in carnitine biosynthesis. 

Figure 1. The carnitine biosynthesis pathway. 
Picture adapted from Vaz and Wanders (38) 
showing the reactions and structure formulas 
of the carnitine biosynthesis pathway. TML is 
released during lysosomal protein degradation, 
after which it is hydroxylated by TMLD to form 
HTML. The aldolase HTMLA cleaves HTML into 
TMABA and glycine, a reaction that is dependent 
on pyridoxal 5’-phosphate (PLP). TMABA is then 
converted into γ-BB by TMABADH and finally γ-
BB is hydroxylated by BBD to form carnitine. TML: 
6-N-trimethyllysine; HTML: 3-hydroxy-6-N-
trimethyllysine; TMABA:  4-trimethylaminobutyral 
dehyde; γ-BB: γ-butyrobetaine or 4-N-trimethyl-
aminobutyrate; TMLD: TML dioxygenase; 
HTMLA: HTML aldolase; TMABADH: TMABA 
dehydrogenase; BBD: γ-BB dioxygenase
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Candida albicans is a human commensal yeast that is part of the normal intestinal 
microflora. However it is also the major cause of human mucosal and systemic fungal 
infections, the latter especially occurring in immuno-compromized patients (29). We 
have shown previously that, in contrast to S. cerevisiae, C. albicans lacks a peroxisomal 
citrate synthase and is solely dependent on carnitine acetyl-transferase (Cat) activity 
for the transport of acetyl units from the cytosol and peroxisomes to mitochondria 
(Chapter 2). Consequently, a strain lacking the major Cat (CAT2) in this organism is 
unable to grow on fatty acids, ethanol or acetate, and a similar result has been reported 
for C. albicans strains lacking CTN1 (the homolog of S. cerevisiae YAT1), one of the two 
minor carnitine acetyl-transferases in this organism (40). The strict dependence of 
C. albicans on carnitine for intracellular transport of acetyl groups and its ability to grow 
on minimal fatty acid medium without supplementary carnitine led us to hypothesize 
that C. albicans has a functional carnitine biosynthesis pathway.

Here we show that C. albicans indeed can synthesize carnitine de novo and we identify 
the four responsible genes of the pathway. Remarkably, our data show that members of 
the threonine aldolase family can catalyze the second step in carnitine biosynthesis, the 
aldolytic cleavage of hydroxy-trimethyllysine, and we identify one of the two presumptive 
threonine aldolases in C. albicans, encoded by orf19.6305, as the main HTMLA in this 
organism. Through detailed phenotypic and biochemical analysis of the four constructed 
gene deletion strains we provide compelling evidence for their specific role in carnitine 
biosynthesis. To our knowledge, this paper describes the first genetic characterization of 
a complete carnitine biosynthesis pathway in any organism.

Materials and Methods

Media and culture conditions
C. albicans strains were grown at 28ºC unless otherwise stated. For routine non-selective 
culturing of C. albicans strains YPD (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, 2% agar and amino acids as needed (80 µg/ml uridine, 20 µg/ml 
arginine, 20 µg/ml histidine). For the carnitine biosynthesis enzyme assays, cells were 
grown overnight on YPO (2% bactopeptone, 1 % yeast extract, 0.12%/0.2% oleic acid/
Tween 80). Strains were pre-grown on 0.3% glucose medium (0.3% glucose, 0.67% YNB) 
for at least 8 hours before being shifted to other media. The growth curves were performed 
on minimal medium containing 0.67% YNB and glucose (2%), oleic acid/Tween 80 
(0.12%/0.2%), ethanol (2%) or sodium acetate (2% with 0.5% 1 M potassium phosphate 
buffer pH 6.0). In order to observe a growth phenotype of the carnitine biosynthesis 
mutants, strains had to be pre-grown for at least 3 days in minimal glucose medium, 
presumably to reduce intercellular carnitine levels. For the growth rescue experiments 
with carnitine biosynthesis intermediates, cells were pre-cultured as described and 
inoculated at 0.27 x 107 cells/ml, which is equivalent to an optical density at 600 nm 
(OD600) of 0.1, in minimal oleate or acetate medium containing 200 nM TML, TMABA, 
γ-BB or carnitine. The end OD was determined after 16-18 hours of incubation.
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Table I. Yeast strains used in this study.

Strain Name  Genotype      Reference

SN76 wild type  arg4/arg4 his1/his1 ura3::imm434/ura3::imm434   (25)
   auxotroph iro1::imm434/iro1::imm434 
SN76-P wild type  arg4∆/ARG4 his1∆/HIS1 ura3∆::imm434/ura3∆::  (42)
   prototroph imm434::URA3 iro1∆::imm434/iro1∆::imm434::IRO1 
CKS105a tmld∆/∆ + URA3 arg4∆/arg4∆ his1∆/his1∆     This study
    ura3∆::imm434/ura3∆::imm434::URA3 
    iro1∆::imm434/iro1∆::imm434::IRO1 
    tmld∆::CdHIS1/tmld∆::CdARG4 
CKS106a tmld∆/∆ + TMLD arg4∆/arg4∆ his1∆/his1∆     This study
    ura3∆::imm434/ura3∆::imm434::URA3::TMLD 
    iro1∆::imm434/iro1∆::imm434::IRO1 
    tmld∆::CdHIS1/tmld∆::CdARG4 
CKS99a bbd∆/∆ + URA3 arg4∆/arg4∆ his1∆/his1∆ ura3∆::imm434/ura3∆::  This study
    imm434::URA3 iro1∆::imm434/iro1∆::imm434::IRO1 
    bbd∆::CdHIS1/bbd∆::CdARG4 
CKS100a bbd∆/∆ + BBD arg4∆/arg4∆ his1∆/his1∆     This study
    ura3∆::imm434/ura3∆::imm434::URA3::BBD 
    iro1∆::imm434/iro1∆::imm434::IRO1 
    bbd∆::CdHIS1/bbd∆::CdARG4 
CKS96a tmabadh∆/∆  arg4∆/arg4∆ his1∆/his1∆ ura3∆::imm434/ura3∆::  This study
  + URA3  imm434::URA3 iro1∆::imm434/iro1∆::imm434::IRO1 
    tmabadh∆::CdHIS1/tmabadh∆::CdARG4 
CKS97a tmabadh∆/∆   arg4∆/arg4∆ his1∆/his1∆     This study
  + TMABADH ura3∆::imm434/ura3∆::imm434::URA3::TMABADH 
    iro1∆::imm434/iro1∆::imm434::IRO1 
    tmabadh∆::CdHIS1/tmabadh∆::CdARG4 
CKS87a gly1∆/∆ + URA3 arg4∆/arg4∆ his1∆/his1∆ ura3∆::imm434/ura3∆::  This study
    imm434::URA3 iro1∆::imm434/iro1∆::imm434::IRO1 
    gly1∆::CdHIS1/gly1∆::CdARG4 
CKS88a gly1∆/∆ + GLY1 arg4∆/arg4∆ his1∆/his1∆      This study
    ura3∆::imm434/ura3∆::imm434::URA3::GLY1 
    iro1∆::imm434/iro1∆::imm434::IRO1 
    gly1∆::CdHIS1/gly1∆::CdARG4 
CKS107 htmla∆/∆ + URA3 arg4∆/arg4∆ his1∆/his1∆ ura3∆::imm434/ura3∆::  This study
    imm434::URA3 iro1∆::imm434/iro1∆::imm434::IRO1 
    htmla∆::CdHIS1/htmla∆::CdARG4 
CKS108a htmla∆/∆   arg4∆/arg4∆ his1∆/his1∆      This study
  + HTMLA  ura3∆::imm434/ura3∆::imm434::URA3::HTMLA 
    iro1∆::imm434/iro1∆::imm434::IRO1 
    htmla∆::CdHIS1/htmla∆::CdARG4 
CKS92a htmla∆/∆/gly1∆/∆  arg4∆/arg4∆ his1∆/his1∆ ura3∆::imm434/ura3∆::  This study
  + URA3  imm434::URA3 iro1∆::imm434/iro1∆::imm434::IRO1 
    htmla∆::CdHIS1/htmla∆::CdARG4 gly1∆::SAT1/gly1∆::ura3 
CKS93a htmla∆/∆/gly1∆/∆  arg4∆/arg4∆ his1∆/his1∆      This study
  + HTMLA/GLY1 ura3∆::imm434/ura3∆::imm434::URA3::HTMLA::GLY1 
    iro1∆::imm434/iro1∆::imm434::IRO1 
    htmla∆::CdHIS1/htmla∆::CdARG4 gly1∆::SAT1/gly1∆::ura3 
CEM38 cat2∆/∆ + URA3 arg4∆/arg4∆ his1∆/his1∆ ura3∆::imm434/ura3∆::  (23)
    imm434:: URA3 iro1∆::imm434/iro1∆::imm434::IRO1 
    cat2∆::CdHIS1/cat2∆::ARG4 
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Strains and plasmids
C. albicans strains used in this study are listed in Table I and are derivatives of SN76 (17). 
Plasmids and primers used in this study are listed in Table II and Table III, respectively. 
A new set of pFA disruption plasmids was constructed by introducing loxP sites that 
enable Cre recombinase-mediated recycling of markers. LoxP sites were introduced 
by cloning annealed primers LoxP1 and LoxP2 into a SalI/SacI digested pFA-CaURA3 
(9) creating pFA-loxP. The insert was confirmed by sequencing. Inserts from plasmids 
pFA-CaURA3 (9), pFA-CdHIS1 and pFA-CmLEU2 (28) were cloned BamHI/PmeI into 
pFA-loxP (pFA-CaURA3-loxP, pFA-CdHIS1-loxP and pFA-CmLEU2-loxP). A PCR with 
primers SAT-F and SAT-R on pFA-SAT1 (28) was performed to introduce SacI and BglII at 
the 5’ side of the marker and PmeI and SphI at the 3’ side of the marker. The PCR product 
was cloned SacI/SphI into pUC19 (Fermentas) and confirmed by sequencing. From this 
plasmid a BglII/PmeI insert was cloned into BamHI/PmeI cut pFA-loxP (pFA-SAT1-
loxP). Selection marker CdARG4 was introduced into the pFA modules by performing a 
PCR with primers CdARG-F en CdARG-R on plasmid pSN69 (17) thereby introducing 
BamHI and PmeI sites on the 5’ and 3’ ends of the marker, respectively. The obtained 
PCR product was cloned BamHI/PmeI into pFA-URA3 and pFA-loxP and sequenced 
(pFA-CdARG4 and pFA-CdARG4-loxP). Null mutants were constructed according to 
the method of Noble et al. (17) with some modifications: primers SN2 & SN3 and SN4 & 
SN5 were used in a PCR reaction on genomic DNA isolated from strain SN76 to obtain 
200-400 bp 5’ and 3’ flanking regions of the target gene. PCR fragments were purified on 
GFX columns (GE Healthcare) and used as primers on linearized plasmids containing 
(heterologous) markers to create a fusion PCR product that comprises the marker and 
the flanking regions of the target gene. 

Table II. Plasmids used in this study.

Plasmid  Purpose     Reference

pUC19       Fermentas
pSN69  ARG4 disruption    (25)
pFA-CdARG4 ARG4 disruption    This study
pFA-CdHIS1 HIS1 disruption    (27)
pFA-CaURA3 URA3 disruption    (26)
pFA-SAT1  SAT1 disruption    (27)
pFA-CmLEU2 LEU2 disruption    (27)
pFA-loxP  Introduction of loxP sites in the pFA module  This study
pFA-CdARG4-loxP ARG4 disruption with loxP-recombination sites This study
pFA-CdHIS1-loxP HIS1 disruption with loxP-recombination sites This study
pFA-CaURA3-loxP URA3 disruption with loxP-recombination sites This study
pFA-SAT1-loxP SAT1 disruption with loxP-recombination sites This study
pFA-CmLEU2-loxP LEU2 disruption with loxP-recombination sites This study
pLUBP  URA3 complementation   (29)
pKa58  TMLD complementation   This study
pKa54  TMABADH complementation   This study
pKi01  BBD complementation   This study
pKa52  GLY1 complementation   This study
pKa48  HTMLA complementation   This study
pKa59  HTMLA/GLY1 complementation  This study
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Table III. Primers used in this study.

Primer, Standard name  5’-3’ sequence
JH05, TMLD_SN1   ctatctatctatcatcatcatcatc
JH03, TMLD_SN2   ctagccactttttaaccgatattc
JH09, TMLD_SN3   GACCTGCAGCGTACGAAGCTTCgagttagaaagtattgattgtaga
JH10, TMLD_SN4   CTCGAATTCATCGATGATATCAGAttagacaaagattggaattttatc
JH04, TMLD_SN5   tatttgaacatgaaactattaaatc
JH06, TMLD_SN6   caaattgaacatcatccttatttac
KS194, TMLD_compl_F_StuI  aAGGCCTgttgaatgaaaaacaaggatatg
KS195, TMLD_compl_R_PstI  ctaCTGCAGgatattgggttaagatttaatga
KB01, BBD_SN1   catcgggaaacgtgtctgta
KB02, BBD_SN2   caagagccttgcagtgtttg
KB03, BBD_SN3   GACCTGCAGCGTACGAAGCTTCgttggaaaagaaaggtggtacaa
KB04, BBD_SN4   CTCGAATTCATCGATGATATCAGActgcttaaacccattgcacaaac
KB05, BBD_SN5   ccagcacttgcttgttgaag
KB06, BBD_SN6   gtggaaagtgggcaacaact
KB13, BBD_compl_F_SacI  ctGAGCTCggtaaccctatccacatactcg
KB14, BBD_compl_R_BamHI  agGGATCCggtcaagtgtgtatccgaacatg
KS164, GLY1_SN1   catcgcggaaaaactacaatgc
KS165, GLY1_SN2   gtttctgttttgatcccatcag
KS166, GLY1_SN3   GACCTGCAGCGTACGAAGCTTCattaatgtggtgtgctgagtaat
KS167, GLY1_SN4   CTCGAATTCATCGATGATATCAGAgtattgtaaaactgtctcttgtt
KS168, GLY1_SN5   cttgataatgaagacatgttgtg
KS169, GLY1_SN6   tccaattccaagtttttagtatg
KS170, GLY1_compl_F_SacI  ctGAGCTCgcttagtgaatgtgtgtatgag
KS171, GLY1_compl_R_PstI  ctaCTGCAGccaaattacaccaagaagcgtc
KB26, HTMLA_SN1   gcttggttggttgcttgcattg
KB27, HTMLA_SN2   ccaaattgggaaattattagcgg
KB28, HTMLA_SN3   GACCTGCAGCGTACGAAGCTTCgtgtaagttagaaagtatatttg
KB29, HTMLA_SN4   CTCGAATTCATCGATGATATCAGAgccagatgatatgattttgtaag
KB30, HTMLA_SN5   gattgaatgattgaattgattgc
KB31, HTMLA_SN6   caattaaggcaattatatcattag
KB38, HTMLA_compl_F_StuI  ctAGGCCTctttgaagtcaactcaattaacg
KB39, HTMLA_compl_R_SacI  ctGAGCTCcaatcttacaaatgaaattagtc
KS177, TMABADH_SN1  caaccaaccaagcaaaaattgag
KS178, TMABADH_SN2  gaagaatacaacttatctgttgt
KS179, TMABADH_SN3  GACCTGCAGCGTACGAAGCTTCtgattttgttagtataaaagtatg
KS180, TMABADH_SN4  CTCGAATTCATCGATGATATCAGAtggaactcaatatattaattattc
KS181, TMABADH_SN5  atcaccaagaaatctaaaatttg
KS182, TMABADH_SN6  tacagtgacaaccactcattag
KS234, TMABADH_compl_F_SacI ctGAGCTCagtagtaaatcctatgactcaatg
KS235, TMABADH_compl_R_BamHI agGGATCCcaagaaatggaacgaataaatttc
JB3-ARG4-inF, X2_CdARG4  TGGTGAATGTGTTAGAAAAGCTG
JB21-CdARG4inF, X3_CdARG4 TGAATCGACCACCCCATAAT
X2_CdHIS1   TCTAAACTGTATATCGGCACCGCTC
X3_CdHIS1   ACGAATCAATGGCACTACAGC
Verif-Ca-U4, X2_URA3  GATTAGATGATAAAGGTGATGG
Verif-Ca-U5, X3_URA3  GATTAGATGATAAAGGTGATGG
X2_SAT1    GCACACACTACTTAATATACACAGC
X3_SAT1    GTGAAGTGTGAAGGGGGAG
CdARG-F    aaaGGATCCgaatatagacgagttgattggtg
CdARG-R    atagGCATGCGTTTAAACAtagtaggaatatctacctgaacc
SAT-F    tttGAGCTCAGATCTgagcgtcaaaactagagaataataaag
SAT-R    atagGCATGCGTTTAAACcgctctagaactagtggatcc
LoxP1    TCGACATAACTTCGTATAATGTATGCTATACGAAGTTA  

    TGGATCCGGCGCGCCGTTTAAACATAACTTCGTATAATGT 
    ATGCTATACGAAGTTATtagggataacagggtaatGAGCT

LoxP2    cattaccctgttatccctaATAACTTCGTATAGCATACATTATACGA 
    AGTTATGTTTAAACGGCGCGCCGGATCCATAACTTCGTAT 
    AGCATACATTATACGAAGTTATG
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Markers used in this study were CdARG4, CdHIS1, URA3 and SAT1 from the newly 
constructed loxP plasmids. A standard fusion PCR reaction contained 50 ng of DNA of 
each flanking region, 100 ng cut plasmid, 5 µl 2.5 mM dNTPs, 10 µl Phusion buffer and 
1 unit Phusion polymerase (Biolabs) in 50 µl. After 5 cycles, 2 µl of a 10 µM solution of 
both outside primers (SN2 and SN5) used for amplification of the flanking regions were 
added for 25 more cycles to yield the disruption cassette. The protocol was adjusted for 
each specific cassette to increase yield. Strain SN76 was transformed with the disruption 
cassette and transformants were selected according to the marker used. All null mutants 
(tmld, htmla, gly1, tamabadh and bbd) were constructed by sequential transformation 
with CdARG4 and CdHIS1. The htmla/gly1 double mutant was created by knocking out 
GLY1 with SAT1 and URA3 in the htmla null mutant background after which the URA3 
cassette was removed by 5-FOA selection (2). Integration of cassettes in the proper locus 
was confirmed by PCR with primers SN1 and SN6 in combination with internal cassette 
primers. Plasmids for complementation were constructed by cloning a PCR product 
(obtained with F and R complementation primers listed in Table II), containing the 
open reading frame of interest and including a 800 bp promoter region, into pLUBP (24). 
The inserts used for complementation were verified by sequencing. Null mutant strains 
were complemented with linearized plasmids carrying the gene of interest or with empty 
pLUBP to restore URA3 prototrophy. 

Transformation
C. albicans was transformed using a modified lithium acetate protocol (39). The heat shock 
was carried out at 44 ºC for 15 minutes.

Carnitine biosynthesis enzyme assays (TMLD, TMABADH and BBD)
Cells were inoculated in YNB 2% glucose and grown overnight. The next morning the 
culture was diluted in YNB 0.3% glucose to an OD600 of 0.15, grown for 6-8 hours, then 
inoculated in YPO at an OD600 of 0.002 and grown overnight. After 16 hours of growth 
the cells were collected by centrifugation (10 min at 4,000 g), washed 3 x with 25 ml 
distilled water and collected again by centrifugation (10 min at 4,000 g) and converted 
to spheroplasts in approximately 45 minutes (Chapter 2). Spheroplasts were harvested 
by centrifugation at 2,300 g for 8 min at 4ºC and the pellet was resuspended in 1.5 ml 
buffer V (10 mM MOPS, 10% w/v glycerol, 5 mM DTT, 0.9% NaCl, pH 7.4). Spheroplasts 
were sonicated 2 times for 30 seconds to amplitude 10 while on ice and left on ice for 
30 seconds in between sessions. The homogenate was centrifuged twice at 20,000 g 
at 4ºC to remove debris, nuclei and whole cells, and the supernatant was analyzed for 
carnitine biosynthesis enzyme activities. Determination of carnitine and biosynthesis 
intermediates and TMLD, TMABADH and BBD enzyme assays were performed as 
described previously (23). 

Threonine aldolase assay
The threonine aldolase enzyme assay was adapted from the assay previously described 
by Monschau et al. (16), which is based on the detection of glycine produced during 
the aldolytic cleavage reaction. Cell lysates were prepared as described for the carnitine 
biosynthesis assay and endogenous glycine was removed by chromatography using 
spun-columns (23). The assay mixture contained 100 mM HEPES/NaOH pH 7.0, 30 µM 
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pyridoxal phosphate and cell lysate. The reaction was started with 80 mM threonine 
and incubated at 37ºC. At different time points samples were taken and the reaction was 
stopped by addition of 500 µl acetonitrile (100%) to 100 µl reaction mix and 40 µmol 
d3-serine was added as an internal standard. Samples were left on ice for 15 minutes, 
centrifuged at 20,000 g for 10 minutes after which the supernatants were taken and 
boiled until all fluid was evaporated. The remaining pellet was taken up in 100 µl 0.1% 
heptafluorobutyric acid. Glycine levels were determined by ESI-MS-MS using positive 
ionisation mode as described previously by Piraud et al. (22).

Results

Carnitine biosynthesis assays and intermediates.
Our previous work on carnitine acetyl-transferases in C. albicans suggested that this 
fungus might be able to synthesize its own carnitine (Chapter 2). To provide further 
evidence for this, we determined whether carnitine and the carnitine biosynthesis 
intermediates TML and γ-BB were present in lysates of C. albicans cells grown on 
minimal glucose or oleic acid medium without carnitine. Carnitine was detected in 
both glucose- and oleate grown C. albicans cells with the highest levels in oleate-derived 
lysates (Fig. 2A). 

Figure 2. C. albicans is capable of de novo carnitine biosynthesis. 
(A): Levels of carnitine and carnitine biosynthesis intermediates TML, γ-BB in lysates of C. albicans grown on 
minimal glucose or oleate medium. HTML was not detectable in either of the lysates. (B): Activity of carnitine 
biosynthesis enzymes TMLD, TMABADH and BBD in lysates of C. albicans grown on minimal glucose or 
oleate medium. All experiments were performed at least twice; the means of duplicate determinations of 
representative experiments are shown. 

Relatively high levels of TML and γ-BB were found in glucose-grown cells, while oleate 
cells contained very little of these carnitine biosynthesis intermediates. As the presence 
of carnitine and biosynthesis intermediates suggested an active carnitine biosynthesis 
pathway in C. albicans, we also determined the activities of TMLD, TMABADH 
and BBD in lysates of glucose- and oleic acid-grown wild type cells using previously 
established enzyme assays (34). TMLD, TMABADH and BBD activity could be detected 
in both glucose and oleic acid grown cells. The TMABADH and BBD enzyme activities 
were found to be significantly higher in cells grown on oleate than on glucose, while 
TMLD activity was higher on glucose (Fig. 2B). We were unable to measure the second 
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enzyme of carnitine biosynthesis, HTMLA, as currently there is no assay available for 
this enzyme. These results clearly show that C. albicans can synthesize carnitine and 
that the activity of three of the four carnitine biosynthesis enzymes can be detected in 
C. albicans lysates. 

Figure 3. Identification and characterization of the C. albicans TMLD and BBD. 
(A): Enzyme activities of TMLD and BBD in wild type strain, tmld and bbd null mutants and complemented 
strains grown on rich oleate medium. No TMLD activity could be detected in the tmld null mutant and no BBD 
activity was detected in the bbd null mutant, as indicated by the asterisks (*). Values are means of duplicate 
determinations of one representative experiment. TMLD and BBD activities ranged between 20-80 pmol/min/
mg between different experiments and TMABADH between 400-700 pmol/min/mg. (B): Growth of tmld and 
bbd null mutants on minimal glucose or oleate medium (C). Strains were pregrown on minimal glucose medium 
for 3 days before execution of the experiment. Growth on minimal ethanol or acetate medium was comparable 
to growth on minimal oleate medium (data not shown). (D): For growth rescue experiments the indicated strains 
were pregrown on minimal glucose medium for 3 days and inoculated in minimal oleate medium without any 
addition or containing carnitine or the carnitine biosynthesis intermediates TML, TMABA or γ-BB, each at a 
concentration of 200 nM. The OD at 600 nm of the cultures was determined after 16 hours of incubation. All 
experiments were performed at least twice; representative experiments are shown. 

Identification and characterization of the C. albicans TMLD and BBD. 
To identify the C. albicans TMLD and BBD genes we performed BLAST analyses with the 
human TMLD and BBD sequences. Two uncharacterized C. albicans open reading frames 
(ORFs) were identified as putative orthologs (orf19.4316 and orf19.7131, respectively). The 
predicted translation products of these ORFs have a sequence similarity of 35% and 21% 
with the human TMLD and BBD, respectively. The putative C. albicans TLMD and BBD 
genes were deleted using a modified PCR-based procedure (see Experimental procedures) 
and correct integration of the disruption cassettes in the chromosomal loci was checked 
by PCR (data not shown). Plasmids containing the TMLD or BBD open reading frame 
and 800 bp 5’ sequences were transformed to the tmld∆/∆ and bbd∆/∆ strains to create 
the complemented strains tmld∆/∆ + TMLD and bbd∆/∆ + BBD. To determine TMLD, 
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TMABADH and BBD activities, enzyme assays were performed on lysates prepared from 
wild type cells, null mutants and complemented strains grown on rich oleate medium. 
TMLD and BBD activities were completely lost in the tmld and bbd null mutants, 
respectively. Both null mutants had wild type levels of TMABADH activity. Restoration 
of TMLD and BBD activities in the complemented strains strongly suggests that these 
open reading frames indeed encode the C. albicans carnitine biosynthesis enzymes 
TMLD and BBD, respectively (Fig. 3A). 

We and others have previously shown that a C. albicans cat2 null mutant is unable to 
grow on oleic acid, acetate or ethanol (Chapter 2 and reference 40). The dependence on 
Cat2p activity and thereby the carrier molecule carnitine during growth on these carbon 
sources predicts that null mutants of the carnitine biosynthesis pathway should display a 
similar growth defect. The tmld∆/∆ and bbd∆/∆ mutants and complemented strains were 
pre-grown on minimal glucose medium for 3 days to deplete endogenous carnitine pools, 
after which growth assays were carried out on minimal glucose, oleate, acetate or ethanol 
medium. All four strains displayed wild-type growth rates on minimal glucose medium 
(Fig. 3B), while the tmld∆/∆ and bbd∆/∆ null mutants were unable to utilize oleate, 
acetate or ethanol (Fig. 3C; growth on acetate or ethanol not shown). Growth on these 
carbon sources was restored to wild type levels in the complemented strains, indicating 
that the growth defect in the null mutants is caused by the deletion of the gene. 

Figure 4. Carnitine is the limiting factor for growth of C. albicans on oleate and acetate. 
Growth of C. albicans wild type and carnitine acetyl-transferase null mutant (cat2∆/∆) on minimal oleate 
(A) and minimal acetate medium (B) with addition of 10 µM TML or carnitine.

To provide independent evidence for the role of TMLD and BBD in carnitine biosynthesis, 
we conducted growth rescue experiments by adding carnitine or one of the carnitine 
biosynthesis intermediates TML, TMABA or γ-BB (HTML was not (commercially) 
available) to the tmld∆/∆ and bbd∆/∆ strains growing on minimal oleate medium. 
Strains were inoculated at an OD600 of 0.1 and the OD600 was determined after 16 hours 
of incubation. Growth of the tmld null mutant on oleate was restored by addition of 
TMABA, γ-BB or carnitine but not by TML, while growth of the bbd null mutant could 
only be restored by addition of carnitine (Fig. 3D). These rescue experiments corroborate 
the results of the enzyme assays and show that the tmld and bbd null mutants are unable 
to convert TML and γ-BB, respectively, to carnitine and that this defect can be restored 
by addition of carnitine or by carnitine biosynthesis intermediates entering the pathway 
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after the predicted enzymatic block. Interestingly, addition of any of the carnitine 
biosynthesis intermediates or carnitine stimulated the growth of wild type cells on oleate 
suggesting that the availability of endogenous TML is rate limiting for growth on oleate 
rather than the capacity of the carnitine biosynthesis pathway itself. Similar results were 
obtained when acetate was used as carbon source, but the growth stimulatory effect was 
even more pronounced then with oleate as a substrate (Fig. 4). These data together with 
our previous observations (Chapter 2) show that a functional carnitine biosynthesis 
pathway is essential for growth of C. albicans on carbon sources requiring acetyl unit 
transport between organelles.

Identification and characterization of the C. albicans TMABADH
The third enzyme of carnitine biosynthesis, i.e. TMABADH, belongs to the class of 
aldehyde dehydrogenases that has several representatives in the C. albicans genome. 
A BLASTP search with the proposed human TMABADH (35) identified the predicted 
translation products of C. albicans orf19.6306 (uncharacterized ORF), orf19.5806 (ALD5) 
and orf19.4543 (UGA2) as the most likely orthologs. Of these, the translation product of 
orf19.6306 showed the highest sequence similarity with the human TMABADH (35% 
identity). Moreover, we noticed that orf19.6306 is the neighboring gene of the putative 
HTMLA on chromosome R (Fig. 5 and see below). Orf19.6306 and the putative HTMLA 
(orf19.6305) are transcribed in opposite directions and share a 1000 bp upstream region. 
Although we have no data on the transcriptional regulation of both genes, it is possible 
that they are under control of the same regulatory elements and coordinately expressed.

We constructed an orf19.6306 knockout strain (tmabadh∆/∆) and complemented strain 
(tmabadh∆/∆ + TMABADH) and compared TMLD, TMABADH and BBD enzyme 
activity in these mutants to that of the wild type after all were grown on rich oleate 
medium. TMABADH activity was almost completely lost in the tmabadh∆/∆ strain, 
while activity was restored in the complemented strain (Fig. 6A). TMLD and BBD enzyme 
activities in the tmabadh null mutant were comparable to wild type. We determined the 
growth phenotype of the tmabadh null mutant on glucose, oleate, acetate and ethanol 
and found that, similar to the tmld and bbd null mutants, the strain did not grow on 
non-fermentable carbon sources  (Fig. 6B and C and data not shown). Growth on oleate 
could be rescued by addition of γ-BB or carnitine and not by TML or TMABA (Fig. 6D). 
Together, these experiments show that C. albicans orf19.6306 encodes the TMABADH, 
the third enzyme of the carnitine biosynthesis pathway. 

Figure 5. Chromosomal localization of the 
putative TMABADH and HTMLA.
Gene orientation and localization of orf19.6305 
(putative TMABADH) and orf19.6306 (putative 
HTMLA) and on chromosome R. Genes are 
orientated in opposite direction and share a 1000 
bp upstream region.
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Figure 6. Identification and characterization of the C. albicans TMABADH. 
(A): TMLD, TMABADH and BBD activity in the wild type, tmabadh null mutant and complemented strain 
grown on rich oleate medium. Growth of the strains on minimal glucose (B) or oleate medium (C). Growth 
on minimal ethanol or acetate medium was comparable to growth on minimal oleate medium (data not 
shown). (D): Growth rescue of the tmabadh null strain by carnitine or carnitine biosynthesis intermediates 
growing on minimal oleate medium. The experiment was performed as described in the legend to Figure 3. 
All experiments were performed at least twice; representative experiments are shown.

Identification and characterization of the C. albicans HTMLA 
Very little is known about the gene encoding the second enzyme of carnitine biosynthesis, 
HTMLA. We studied the occurrence in C. albicans of the genes that have previously 
been connected with HTMLA activity: SHMT and threonine aldolase. C. albicans has 
one predicted cytosolic and one predicted mitochondrial SHMT, like S. cerevisiae, an 
organism that cannot synthesize carnitine (31). However, C. albicans has two putative 
threonine aldolases (GLY1 and an unnamed ORF: orf19.6305), while S. cerevisiae has only 
a single gene (GLY1). The reaction catalyzed by threonine aldolase is very similar to that of 
the putative HTMLA of carnitine biosynthesis. They both carry out an aldolytic cleavage 
of the substrate into glycine and an aldehyde (Fig. 7A). GLY1 and orf19.6305 display a high 
sequence similarity (58% identity) and BLAST analyses revealed that they both belong 
to the family of threonine aldolases with a strictly conserved PLP-binding lysyl residue 
located in the middle of the sequence (Fig. 7B). However, McNeil and coauthors previously 
showed that GLY1 of C. albicans encodes the major threonine aldolase, as virtually all 
threonine aldolase activity was lost in a GLY1 null strain (15). We therefore hypothesized 
that the other C. albicans threonine aldolase homolog, the uncharacterized open reading 
frame orf19.6305 in chromosome R, might encode the HTMLA.

Strains were constructed in which orf19.6305, which from now on will be referred to as 
putative HTMLA, and GLY1 were disrupted individually or in combination. The htmla, 
gly1 and htmla/gly1 null strains were complemented with the respective ORFs (data not 
shown). First, we determined the contribution of Gly1 and the putative HTMLA to total 
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threonine aldolase activity. Wild type, gly1, htmla and htmla/gly1 null strains were grown 
on rich oleic acid medium and threonine aldolase activity was measured using a modified 
version of the assay previously described by Monschau et al. (16); see also Experimental 
procedures). In line with previous observations (15), our gly1 strain showed about 10% 
residual threonine aldolase activity compared to the wild type. Disruption of the putative 
HTMLA gene in the gly1 null strain did not result in a further reduction of threonine 
aldolase activity, while the htmla null strain displayed a threonine aldolase activity that was 
comparable to wild type (Fig. 8A). These results confirm that Gly1 is the major threonine 
aldolase in C. albicans and show that the threonine aldolase homolog HTMLA does not 
significantly contribute to threonine aldolase activity in this organism.

Figure 7. Threonine aldolase and HTMLA. 
(A): Comparison of the enzymatic reaction catalyzed by threonine aldolase (TA) and HTMLA. Both enzymes 
perform a similar aldolytic cleavage of their substrate into glycine and an aldehyde (acetaldehyde and 
TMABA for TA and HTMLA, respectively). (B): Sequence alignment of the C. albicans threonine aldolase 
Gly1 (CaGly1) and the C. albicans threonine aldolase homolog and putative HTMLA (CaHTMLA). Identical 
residues are shown in grey and boxes indicate amino acids with similar properties. The asterisk indicates the 
PLP-binding lysyl residue.

To determine the growth phenotype of the gly1, htmla and htmla/gly1 null strains, 
they were pregrown on minimal glucose medium and then shifted to minimal glucose, 
oleate, acetate or ethanol medium. All strains grew equally well on glucose (Fig. 8B), 
but different growth rates were observed on oleate, acetate or ethanol medium. The 
gly1 null mutant grew as wild type on all carbon sources, but the htmla null mutant 
showed reduced growth on oleate and did not grow on either minimal acetate or ethanol 
medium. The htmla/gly1 double mutant also did not show any growth on acetate or 
ethanol medium while growth on oleate was even further reduced compared to the 
htmla null mutant (Fig. 8C and D; growth on ethanol not shown). In each deletion 
strain the observed growth deficiency was restored by introduction of the wild type gene 
(data not shown) and activities of TMLD, TMABADH and BBD in the htmla, gly1 and 
htmla/gly1 null strains were comparable to those in wild type cells (Fig. 8E). These data 
indicate that the putative HTMLA is important during growth on minimal oleate and 
essential while growing on acetate. Furthermore, the residual growth of the htmla null 
mutant on minimal oleate compared to the htmla/gly1 double mutant suggests that Gly1 
is able to partially take over the function of the putative HTMLA.
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Figure 8. Identification and characterization of the C. albicans HTMLA. 
(A): Threonine aldolase activity in lysates of wild type, gly1, htmla and htmla/gly1 cells grown overnight on 
rich oleate medium. Growth of gly1, htmla and htmla/gly1 null mutants on minimal glucose (B), oleate (C) 
or acetate medium (D). Growth on minimal ethanol medium was comparable to growth on minimal acetate 
medium (data not shown). (E): Enzymatic activity of TMLD, TMABADH and BBD in the different mutant 
strains grown on rich oleate medium. (F): Growth of the indicated strains on minimal acetate medium in the 
presence of 200 nM TML, TMABA, γ-BB or carnitine. The OD600 of the cultures was determined after 18h of 
incubation. All experiments were performed at least twice; representative experiments are shown.

Finally, we wanted to provide conclusive evidence that the growth phenotypes observed 
in the htmla and htmla/gly1 null strains are due to a carnitine biosynthesis defect and 
that the putative HTMLA catalyses the conversion of HTML to TMABA. We performed 
growth rescue experiments on acetate because the growth defect of the htmla null 
strain is more pronounced on this medium. Since the growth of the wild type strain on 
acetate is extremely slow and is strongly stimulated by addition of any of the carnitine 
biosynthesis intermediates or carnitine (see Fig. 4), we determined the OD after 18 
hours of growth in the presence of the different additions (Fig. 8F). The wild type strain 
reached an OD600 of about 3 after 20 hours of growth in the presence of either of the 
carnitine biosynthesis intermediates TML, TMABA, γ-BB or carnitine. The htmla and 
htmla/gly1 null strain grew to a similar density as the wild type with TMABA, γ-BB or 
carnitine. The htmla null, but not the htmla/gly1 strain, showed some residual growth 
in the presence of TML. Taken together, these results show that the conversion of TML 
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to TMABA is deficient in the htmla and htmla/gly1 null strains. As these mutants have 
wild type TMLD activity we conclude that they are affected in the aldolytic cleavage of 
HTML into TMABA and that orf19.6305 indeed encodes the major HTMLA. 

Discussion

Here we show that the human fungal pathogen C. albicans is able to synthesize carnitine 
(Fig. 2) and we provide the genetic and biochemical characterization of the carnitine 
biosynthesis pathway in this organism. Null mutants were constructed of candidate genes 
for the four enzymatic steps of the pathway: TMLD, HTMLA, TMABADH and BBD 
(Fig. 1). The tmld, tmabadh and bbd null strains lacked the respective enzyme activities, 
displayed an inability to grow on oleate, acetate or ethanol and growth on these carbon 
sources could be rescued by addition of one of the carnitine biosynthesis intermediates 
after the enzymatic block, providing compelling evidence for their essential role in 
carnitine biosynthesis (Figs. 3 and 6). The second enzyme of the carnitine biosynthesis, 
the previously unidentified HTMLA, is encoded by the uncharacterized C. albicans 
orf19.6305. Interestingly, the C. albicans HTMLA belongs to the family of threonine 
aldolases. While it has been speculated in the past that threonine aldolases might be 
capable of catalyzing the aldolytic cleavage of HTML, our data show for the first time 
that this is indeed the case. Despite its strong sequence similarity with threonine 
aldolases (Fig. 5) the C. albicans HTMLA does not contribute to total threonine aldolase 
activity in this organism. Our results confirm previous observations (15) and show that 
the major threonine aldolase is encoded by GLY1 (Fig. 8). While orf19.6305 encodes the 
main HTMLA, Gly1 can also catalyze the conversion of HTML to TMABA with low 
efficiency. This conclusion is supported by the observation that growth on oleate of the 
htmla mutant can be further reduced when also the GLY1 gene is deleted. Remarkably, 
the growth of the htmla null strain is completely blocked on acetate or ethanol, 
suggesting that Gly1 is not expressed in these conditions or that HTML levels are below 
the substrate concentration required for conversion by Gly1. The residual growth of the 
htmla/gly1 double mutant on oleate could be due to activity of a third enzyme that is able 
to convert HTML to TMABA, possibly one of the SHMTs. The non-exclusive character 
of the HTML to TMABA conversion seems to contrast with the threonine aldolase 
reaction in C. albicans, which is dependent only on Gly1. Further characterization of 
the substrate specificities of this group of intriguing enzymes would be desirable, as 
well as the development of a specific enzyme assay for HTMLA. Unfortunately such an 
assay is currently not available because the substrate (HTML) cannot be obtained from 
commercial sources and is very difficult to synthesize chemically. Notwithstanding 
these considerations, the growth phenotypes of the mutant strains combined with the 
enzymatic analyses strongly suggest that C. albicans orf19.6305 encodes the second 
enzyme of carnitine biosynthesis, HTMLA.

The question remains whether mammalian threonine aldolases in fact are the HTMLAs 
of the carnitine biosynthesis pathway. Three pathways are known that allow the 
degradation of threonine: the threonine aldolase pathway with products acetaldehyde and 
glycine, the threonine dehydratase pathway that converts threonine to 2-ketobutyrate 
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and the threonine 3-dehydrogenase pathway that produces 2-amino-3-ketobutyrate. 
In vertebrates the main pathway for threonine degradation is via threonine 3-
dehydrogenase (1, 6), although the presence of threonine aldolase activity has been 
reported in rat liver (References 7-14 in 8). However, since some mammalian SHMTs 
also possess low threonine aldolase activity (5) it has been suggested that mammals 
lack a true threonine aldolase (reviewed by 20). Our results in C. albicans cast new 
light on this issue and suggest that mammalian threonine aldolases may catalyze the 
aldolyitc cleavage of HTML. Indeed, the human and mouse genomes both have a single 
threonine aldolase ortholog THA1P and GLY1, respectively. However, it was suggested 
that the human THA1P might be a pseudogene, as two single nucleotide deletions cause 
a predicted premature in-frame stop. The human THA1P mRNA was not detectable by 
5’ and 3’ RACE methods on human liver RNA, whereas the mouse threonine aldolase 
mRNA was present in several adult tissues, including prostate, heart and liver (8). 
Rebouche and Engel however showed evidence of HTMLA activity in human tissues, 
as they could detect enzymatic activity in liver, brain, kidney, heart and skeletal muscle 
homogenates (25). The strong phenotype of the C. albicans htmla mutant provides us 
with an ideal model to investigate whether human THA1P and mouse GLY1 indeed 
encode the HTMLAs of the carnitine biosynthesis pathways in these organisms. 

Although our data clearly show that C. albicans is able to synthesize carnitine 
endogenously, addition of either TML or carnitine to cultures of wild type C. albicans 
cells growing on minimal oleate or acetate resulted in a shorter lag phase and faster 
growth on these carbon sources compared to cultures without extra TML or carnitine 
(Fig. 4). We therefore conclude that the rate-limiting determinant for growth on these 
carbon sources in vitro is not the capacity of the carnitine biosynthesis pathway but 
the availability of TML, which is produced during lysosomal protein degradation. The 
possibility that protein turnover is rate limiting for carnitine biosynthesis in mammals 
was previously proposed based on experiments that showed urinary excretion of 
carnitine after TML or γ-BB administration to rats (27). Our experiments also show that 
low concentrations (nM range) of carnitine or carnitine intermediates are sufficient to 
rescue growth of carnitine biosynthesis mutants on non-fermentable carbon sources 
indicating efficient uptake of these compounds from the extracellular medium. In 
the natural habitat of C. albicans, the human gastro-intestinal tract, carnitine levels 
are expected to be high as total daily carnitine intake is estimated to range between 
50-300 µmol/day during a normal diet (reviewed by 30). The fact that the commensal 
organism C. albicans has retained a functional carnitine biosynthesis pathway suggests 
a selective pressure to maintain sufficient carnitine levels during low carnitine intake by 
the host. The exact role of carnitine biosynthesis in C. albicans during the various stages 
of commensalism and pathogenicity remain to be investigated, but our current and 
previous results (Chapter 2 and 3) clearly show that carnitine-dependent metabolism is 
a characteristic trait of this human fungal pathogen.
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Abstract

The pentose phosphate pathway, which converts glucose-6-phosphate to pentose sugars 
and glycolytic and gluconeogenic intermediates, is the main source of NADPH in the cell 
and therefore essential for the maintenance of the redox balance and anabolic reactions. 
NADPH is produced in the oxidative branch of the pentose phosphate pathway that 
consists of three enzymes: glucose-6-phosphate dehydrogenase (Zwf1), gluconolactonase 
(Sol3) and 6-phosphogluconate dehydrogenase (Gnd1). Here we show that in the human 
opportunistic commensal yeast Candida albicans two enzymes of the oxidative branch 
of the pentose phosphate pathway, Zwf1 and Gnd1, have a dual localization. Both 
enzymes are mainly cytosolic, but a small fraction is peroxisome-associated, consistent 
with the putative peroxisomal targeting signals (PTSs) present in these proteins. While 
Zwf1 has a C-terminal PTS1, GND1 is a spliced gene consisting of two exons with a 
putative (in frame) PTS2 located in the intron. We provide different lines of evidence 
for the existence of the unspliced PTS2 form of Gnd1 that localizes to peroxisomes. By 
overexpressing the unspliced form of Gnd1 from an inducible promoter we show that the 
intron-encoded PTS2 is a functional targeting signal. By interfering with the translation 
of the spliced (cytosolic) GND1 mRNA, we show that the endogenous unspliced form 
of Gnd1 is peroxisomal and that it’s targeting is dependent on the PTS2 receptor Pex7. 
Dual localization of the oxidative pentose phosphate pathway seems to be a trait shared 
between C. albicans and C. tropicalis, and possibly other close relatives, as peroxisomal 
targeting signals in Zwf1 and Gnd1 are conserved between both species.
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Introduction

The pentose phosphate pathway, the anabolic alternative of glycolysis, is the main 
source of NADPH in the cell. The pathway utilizes the six carbons of glucose to 
produce five carbon sugars, hence the name pentose (Latin for five). In the oxidative 
stage of the pathway, glucose-6-phosphate is converted to gluconolactone by 
glucose-6-phosphate dehydrogenase (G6PDH or Zwf1) generating one molecule 
of NADPH. The second step of the pentose phosphate pathway that converts 6-
phophogluconolactone to 6-phophogluconate can occur spontaneously, but is 
catalyzed by gluconolactonase (Sol3). In the third and last step of the oxidative stage 
of the pentose phosphate pathway a second molecule of NADPH is produced by 6-
phosphogluconate dehydrogenase (Gnd1). This enzyme converts 6-phosphogluconate 
to the pentose sugar ribulose-5-phopshate, the precursor for nucleotides and nucleic 
acid synthesis. The subsequent steps of the non-oxidative pentose phosphate 
pathway are performed by epimerases, transketolases and transaldolases and serve 
to rearrange the carbon skeleton into glycolytic and gluconeogenic intermediates. 
The NADPH produced in the oxidative branch of the pentose phosphate pathway 
plays an important role in the regulation of the redox state of the cell, as  glutathione 
reductase (Glr1) and thioredoxin reductase (Trr1), which both play key roles in 
oxidative stress defense are NADPH-dependent enzymes (reviewed for S. cerevisiae 
by 14). The other important function of NADPH is to provide reducing power for 
anabolic reactions like lipid and nucleic acid synthesis. However, as far as we know 
of, no biosynthesis defects have been reported associated with pentose phosphate 
pathway deficiencies. Other minor sources of NADPH in the cell are NADP+-
dependent isocitrate dehydrogenase (Idp) and malic enzyme.

The pentose phosphate pathway is classically regarded as a cytosolic pathway, providing 
NADPH required for cytosolic oxidative stress defense and lipid and nucleic acid 
biosynthesis. However, several groups have reported (partial) localization of pentose 
phosphate pathway enzymes to peroxisomes in plants (8, 33) and mammals (2, 4, 11) 
or to glycosomes in trypanosomes (10, 15, 24, 37). Although the general mechanisms 
of how a single gene can give rise to proteins that are localized to different subcellular 
compartments have been extensively studied (reviewed by 18), it is unknown how dual 
localization is accomplished for the pentose phosphate pathway enzymes.

The requirement for a peroxisomal/glycosomal localization of NADPH producing 
enzymes of the pentose phosphate pathway has not yet been established although some 
suggestions have been put forward. For example peroxisomes and glycosomes contain the 
enzymes for the β-oxidation of fatty acids (26, 41) and the first enzyme of this pathway, 
acyl-CoA oxidase, produces H2O2 as a by-product. Fatty acid metabolism requires a high 
flux through β-oxidation, resulting in the production of high levels of reactive oxygen 
species (ROS). NADPH might play a role in combating oxidative stress in conjunction 
with the peroxisomal scavenging enzyme catalase that can decompose the reactive 
H2O2 (20, 21). In trypanosomes some purine salvage enzymes are glycosomal and the 
pentose phosphate pathway may provide both the ribose-5-phosphate and NADPH for 
biosynthetic purposes (43). 
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Targeting of proteins to peroxisomes is dependent on the presence of a peroxisomal 
targeting signal of which there are two well-described types: PTS1 and PTS2. The 
majority of peroxisomal proteins contain a PTS1 consensus sequence that is located 
at the extreme C-terminus of a protein and is defined as S/A/C-K/R/H-LCOOH (34). 
However, with the identification of more PTS1 proteins it became clear that the PTS1 
is not as strict as originally defined, but may vary depending on the organism (1, 5). 
Furthermore, amino acids upstream of the PTS1 may influence peroxisomal targeting. 
It was shown that humans have a preference for a lysine at the C-terminal –4 position 
and/or a leucine at position –5 (25). The PTS2 consensus sequence is only known from 
a small subset of proteins and therefore less well defined, but it is usually located close 
to the N-terminus and consists of the sequence R[L/V/I]X5[H/Q][L/A], where X is any 
amino acid (23, 29). The most well known PTS2 protein is 3-ketoacyl-CoA thiolase, 
which performs the final step of one round of β-oxidation. PTS1- and PTS2-containing 
proteins are synthesized in the cytosol where they are bound by their cytosolic 
receptors, Pex5 and Pex7, respectively. After docking of the PTS-receptor complex at 
the peroxisomal membrane the PTS-containing protein is imported into the organelle 
(reviewed by 6).

Figure 1. GND1 is a spliced gene with an in-frame PTS2 in its intron 
(A): Intron-exon structure of GND1: depicted are the 17 bp first exon (gray), an intron of 700 bp and the 
beginning of the 1471 bp long second exon (gray). The intron encodes a putative PTS2 (black box, white 
letters) that is in frame with the second exon. (B): Putative GND1 gene products are a spliced Gnd1 without 
any predicted targeting signals (middle) and a Gnd1 that is translated from the ATG in the intron and 
containing the PTS2 (below). 

We have studied the three enzymes of the oxidative stage of the pentose phosphate 
pathway in the human fungal pathogen Candida albicans. Inspection of the sequences 
of Zwf1, Sol3 and Gnd1 revealed that all harbor putative peroxisomal targeting 
signals. Zwf1 and Sol3 both have a putative PTS1, -VKGKICOOH and -LTSKYCOOH, 
respectively, while GND1 is a spliced gene containing a putative in frame PTS2 in its 
intron (NH2MKNFNALSRLSILSKQL-). The GND1 gene consists of two exons that are 
separated by a 700 bp intron, that encodes an in-frame PTS2 (Fig. 1A). The spliced Gnd1 
and the PTS2-containing Gnd1 are two hypothetical translation products that could 
derive from the single GND1 gene (Fig. 1B). In this study we show that the C. albicans 
dehydrogenases Zwf1 and Gnd1 partially localize to the peroxisomes en we provide 
compelling evidence for the means of dual targeting of Gnd1.

Figure 1

ATGTCTTCAGCTCCAAAGTATGTTACATATTCTATTTAGATTTCGTTTTT
TCTTTTTTGTTTTTTTATCCGATAGTTTGACATTCTTACCATGAAGTGAA
AAATGAGAGTGATCTTGATAATTAATTGGGCAATTGAAAGAGATGAGATT
TGATTATAATATAGGTCTATTATTGCAATTGGTTTGAAACCAACATTATA
ACTAATTCAAGTTTAAATGGGGAAAGATGTGATCCGTTTATCAATTGAAA
AGGGGAATTGGAGAAATTTCACACTCATTCCTGGCTCTTTCTCCCCTTGC
TTTTTTTCAACACATTTTTTTTATCATTGCTGGAAAAATTCTCCCTCACG
CCGAAATTAAATCTTTTTTTTTTCTCCTTTTCCTTTTAGGCCGATTTCCG
AATTTTAGTGCACAAGCAAGAGAAAAAAAGGTAGCAAAACTAATTCTAAA
ATGGACGAACGGTTGGAAGGATGGAGGGGTGGAGGATTTATTTAAATATT
CATCTAAATTCCCCCTCTCCCTTTTGTCCTGATTCACAAGTGTTTTCTTT
TTCTTTTTGTTTTTCATGTAATTGAAGGGTGTCTACATATCTATCAAATA
TTAACGAAATATAAAAATAAATCAAAAAAGGAAAATGAAAAATTTTAATG
CCTTATCAAGATTATCAATCTTGTCAAAACAATTATCGTTCAATAATACT
AACAGTTCTATTGCTAGAGGTGATATCGGTTTAATTGGTTTAGCCGTTAT
GGGTCAAAACTTGATTCTTAACATGGCCGACCATGGTTACACTGTTGTTG

A intron
GND1
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PTS2 GND1

B

MKNFNALSRLSILSKQLSFNNTNSSIARGDIGLIGLA

MSSAPKGDIGLIGLA
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Materials and Methods

Media and culture conditions
C. albicans strains were grown at 28ºC 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 and amino acids as needed (20 µg/ml arginine, 20 
µg/ml histidine, 80 µg/ml uridine). Induction of peroxisomes was performed on YPO 
medium (2% bactopeptone, 1 % yeast extract, 0.12%/0.2% oleic acid/Tween-80) to which 
0.5% maltose was added for induction of the MAL2 promoter constructs (YPO/M).

Strains and plasmids
C. albicans strains used in this study are listed in Table I and are derivatives of 
BWP17 (42) or SN76 (28). Plasmids and primers are listed in Table II and Table III, 
respectively. 

Table I. Yeast strains used in this study

Strain Name  Genotype      Reference

BWP17 wild type   ura3∆::imm434/ura3∆::imm434 his1∆::hisG/his1∆::hisG  (42)
  auxotroph  arg4∆::hisG/arg4∆::hisG 
BWP17-P wild type   ura3∆::imm434/ura3∆::URA3 his1∆::hisG/his1∆::HIS1  (30)
  prototroph arg4∆::hisG/arg4∆::ARG4 
SN76 wild type   arg4/arg4 his1/his1 ura3::imm434/ura3::imm434  (28)
  auxotroph  iro1::imm434/iro1::imm434 
SN76-P wild type   arg4∆/ARG4 his1∆/HIS1 ura3∆::imm434/ura3∆::  Chapter 2
  prototroph imm434::URA3 iro1∆::imm434/iro1∆::imm434::IRO1 
CKS38 pex7∆/∆ URA3 ura3∆::imm434/URA3 his1∆::hisG/his1∆::hisG   This study
    arg4∆::hisG/arg4∆::hisG pex7∆::ARG4/pex7∆::HIS1 
CKS01 GND1-GFP ura3∆::imm434/ura3∆::imm434 his1∆::hisG/his1∆::hisG  This study
    arg4∆::hisG/arg4∆::hisG GND1-GFP-URA3/GND1 
CKS27 pMAL2-   ura3∆::imm434/ura3∆::imm434 his1∆::hisG/his1∆::hisG  This study
  GND1spliced-GFP arg4∆::hisG/arg4∆::hisG 
    HIS1-pMAL-GND1cyt-GFP-URA3/GND1 
CKS28 pMAL2-  ura3∆::imm434/ura3∆::imm434 his1∆::hisG/his1∆::hisG  This study
  GND1PTS2-GFP  arg4∆::hisG/arg4∆::hisG 
    HIS1-pMAL-GND1PTS2-GFP-URA3/GND1   This study 
CKS39 GND1-GFP  arg4∆/arg4∆ his1∆/his1∆ ura3∆::imm434/ura3∆::imm434

  (with pKa19) iro1∆::imm434/iro1∆::imm434 GND1-GFP-URA3/GND1 
CKS51 GND1M001*-GFP arg4∆/arg4∆ his1∆/his1∆ ura3∆::imm434/ura3∆::imm434 This study
  (with pKa24) iro1∆::imm434/iro1∆::imm434 GND1M001*-GFP-URA3/GND1 
CKS53 pex7∆/∆   arg4∆/arg4∆ his1∆/his1∆ ura3∆::imm434/ura3∆::imm434  This study
  GND1M001*-GFP iro1∆::imm434/iro1∆::imm434 pex7∆::ARG4/pex7∆::HIS1 
    GND1M001*-GFP-URA3/GND1 
CKS54 Thiolase-GFP arg4∆/arg4∆ his1∆/his1∆ ura3∆::imm434/ura3∆::imm434  This study
    iro1∆::imm434/iro1∆::imm434 Thiolase-GFP-URA3/Thiolase 
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The C. albicans genes encoding the three enzymes of the oxidative branch of the 
pentose phosphate pathway were identified based on their sequence similarity with the 
S. cerevisiae genes. For each of the S. cerevisiae genes a single putative ortholog was 
identified in C. albicans: orf19.4754 (ZWF1), orf19.704 (SOL3) and orf19.5024 (GND1). We 
attempted to construct double knockouts of the two dehydrogenases, ZWF1 and GND1, 
using a PCR-mediated disruption technique (34). However, we were not able to obtain 
double knockouts for either of the genes, suggesting that they are essential in C. albicans. 
We identified C. albicans orf19.89 as the ortholog of the S. cerevisiae PTS2 receptor gene 
PEX7 and constructed a C. albicans pex7∆/∆ null strain using standard procedures using 
S1 and S2 and reamplification primers (34). One of the GND1 alleles was C-terminally 
tagged with GFP using the pFA-GFP-URA3 plasmid (nr. 316) and the methods described 
by Gola et al. (13). We constructed strain pMAL2-GND1spliced and pMAL2-GND1PTS2 by 
transformation of a PCR product containing the MAL2 promoter to Gnd1-GFP strain 
CKS01. For pMAL2-GND1spliced primers KS34 & KS45 were used in a PCR reaction on 
the pFA-HIS1-MAL2prom. The obtained PCR product was transformed to strain CKS01, 
resulting in the deletion of the first exon and the complete intron while inserting the 
sequences of the first exon upstream of the second exon, thereby creating a continuous 
frame that resembles the spliced mRNA sequence. To create pMAL2-GND1PTS2 primers 
KS34 & KS30 were used in a PCR reaction on the pFA-HIS1-MAL2prom plasmid. The 
obtained PCR product was transformed to CKS01, resulting in insertion of the MAL2 
promoter just upstream the in-frame ATG in the intron and at the same time deleting of 
the first exon together with the remaining part of the intron. Plasmid pKa19 (containing 
GND1-GFP-URA3) was constructed as follows: primers KS62 & KS63 and KS64 & KS65 
were used for two PCR reactions using genomic DNA from the C. albicans GND1-GFP 
strain as a template. The two PCR products were cloned SacII/XbaI and XbaI/BamHI, 
respectively, into pBLEUSCRIPT SK+ (Fermentas), resulting in a plasmid that harbors a 565 
bp GND1 promoter region, the complete GND1 gene (including both exons and the intron) 
fused in frame to GFP and the URA3 marker (pKa19). The first ATG of the first exon of 
GND1-GFP was mutated into a stop codon (mutation M001*) by site-directed mutagenesis 
on pKa19 with primers KS120 & KS121 using the QuikChange Kit (Stratagene), resulting 
in pKa24. Theoretically, mutation of the first ATG would rid the cell of cytosolic Gnd1-
GFP but leave the putative Gnd1PTS2-GFP unaffected. 

Table II. Plasmids used in this study

Plasmid   Name/purpose  Reference

pLUBP   URA3 complementation (31)
pGEM-T    Cloning of PCR products Promega
pBLUE-SCRIPT SK+  Cloning of GND1-GFP Fermentas
pFA-ARG4  Disruption with ARG4 (13)
pFA-HIS1   Disruption with HIS1 (13)
pFA-GFP-URA3  C-terminal tagging with GFP (13)
pFA-HIS1-MAL2prom Insertion of MAL2 promoter (13)
pMG1506 (1602)  Template GFP-URA3 (12)
pKa19   GND1-GFP-URA3  This study
pKa24   GND1M001*-GFP-URA3 This study
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Plasmids pKa19 and pKa24 were both digested with restriction enzymes BstAPI and 
AclI and the fragment encompassing the complete GND1-GFP-URA3 sequence was 
purified from an agarose gel and transformed to C. albicans strain BWP17. To tag the 
peroxisomal thiolase with GFP, a PCR product was obtained with primers POT11-F1 and 
R1 on plasmid pMG1506 (1602) (12), which was amplified by a second PCR with POT11-
F2 and R2. The PCR product was transformed to BWP17 and tested for peroxisomal 
fluorescence, resulting in strain CKS54.

Table III. Primers used in this study

Primer   5’-3’ sequence
KS01, GND1_S1  ctttttgtttttcatgtaattgaagggtgtctacatatctatcaaatattaacgaaatataaaaataaatcaaaa 

   aaggaaaGAAGCTTCGTACGCTGCAGGTC
KS04, GND1_F_Re  CTTTTTGTTTTTCATGTAATTG
KS05, GND1_R_Re  TTACGAAGCCACTTTCGGAGT
KS02, GND1_S2  cttacgaagccactttcggagtctcttcattacacaataactaatattaatattaatattaatattaatgttcatt 

   gTCTGATATCATCGATGAATTCGAG
KS03, GND1_XFP_S1 gaattgttgaagaaagatgaatggattcacattaactggactggtagaggtggtgatgtttcttcaactactta 

   cgatgctGGTGCTGGCGCAGGTGCTTC
KS06, GND1_XFP_F_Re GAATTGTTGAAGAAAGATGAATG
KS34, GND1_S1_ATG1 ctttcttctctattgaagtttgtcttttattcattcaattcaattgatttaagaaaaacaactacaacttactact 

   acaacaacaGAAGCTTCGTACGCTGCAGGTC
KS37, GND1_al2_F-Re ctttcttctctattgaagtttg
KS45, GND1_MAL_S2 caacagtgtaaccatggtcggccatgttaagaatcaagttttgacccataacggctaaaccaattaaaccga 

 spliced only tatcaccttttggagctgaagaCATTGTAGTTGATTATTAGTTAAACCAC
KS46, KS45_Re  caacagtgtaaccatggtcg
KS30, GND1_MAL_S2  ctagcaatagaactgttagtattattgaacgataattgttttgacaagattgataatcttgataaggcattaaaa 

 PTS2 only  tttttCATTGTAGTTGATTATTAGTTAAACCAC
KS31, GND1_MAL_R_Re ctagcaatagaactgttagtat
KS62, F_GND1_SacII tccCCGCGGatcagaaaagcaggagtaaggag
KS63, R_GND1 (XbaI) gctttagaggcttcaactctttc
KS64, F_GND1 (XbaI) ggtaaatggactgctgtcaatg
KS65, R_GND1_BamHI cgGGATCCctactactgcttgtttggatgc
KS120, F_GND1_SD_M001* acttactactacaacaacaTAGtcttcagctccaaagtatgtt
KS121, R_GND1_SD_M001* aacatactttggagctgaagaCTAtgttgttgtagtagtaagt
KS96, ZWF1_S1  caattgaaacattacaaaccttttactatattgattgatttcttcttgataacccaccgttttaacatatacaca 

   caccaatattGAAGCTTCGTACGCTGCAGGTC
KS99, ZWF1_F_Re  caattgaaacattacaaaccttt
KS97. ZWF1_S2  gaaaataaaaacatacattcatagaacttaaaagactaactaagtactataaaagacaccataaagaaactt 

   cttcatttttTCTGATATCATCGATGAATTCGAG
KS100, ZWF1_R_Re  gaaaataaaaacatacattcatag
KS90, PEX7_S1  cttaatacgccgatataatagaaaaaaaattaacctacactaagaagtatatatatattcaatcatcaaagaca 

   cagtacttagttGAAGCTTCGTACGCTGCAGGTC
KS92, PEX7_F_Re  cttaatacgccgatataatagaa
KS91, PEX7_S2  gaaaagtgattatattccgatcacttttctatgcaaataaaagaaaaaatgcaaaacttcctcaaacaagcca 

   tagcatcaaacTCTGATATCATCGATGAATTCGAG 
KS93, PEX7_R_Re  gaaaagtgattatattccgatct
POT11-F1   aggtgaaattggtttgacttctatgtgtatcggtagtggtatgggtgctgcctccatattgattaaggaaggtg 

   gtggttctaaaggtgaagaattattcac
POT11-R1   tattatcccatcaacagcgtatattacctcccaccgataaacgtggtatattttccccacagagctcatctcta 

   gaaggaccacctttgattg
POT11-F2   aggtgaaattggtttgacttc
POT11-R2  tattatcccatcaacagcg
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Transformation
C. albicans was transformed using a modified lithium acetate protocol (39). The heat shock 
was carried out at 44ºC for 15 minutes.

Subcellular fractionation, Nycodenz gradient and enzyme assays
Subcellular fractionations and Nycodenz density gradients were performed as 
previously described (Chapter 2). Fractions were analyzed for the presence of enzymatic 
activity of the peroxisomal marker 3-hydroxyacyl-CoA dehydrogenase (3HAD) (40) 
and mitochondrial marker Fumarase (35). Glucose-6-phosphate dehydrogenase 
activity was measured essentially as previously described by Kuby and Noltman (22) 
with some adjustments. Activity was measured at 37ºC by monitoring the absorption 
at 340 nm over a time span of at least 5 minutes using a reaction mixture with the 
following components: 83 mM glycylglycine buffer pH 8, 0.33 mM NADP+, 5 mM 
MgSO4 0.1% Triton-100 and the sample to be analyzed. The reaction was started 
by addition of 1 mM glucose-6-phosphate. The change in absorbance of a solution 
without sample was recorded and substracted to determine the specific activity in 
each sample. 6-Phosphogluconate dehydronenase activity was measured essentially 
as previously described by Berdis and Cook (3) with some adjustments. Activity was 
measured at 37ºC by monitoring the absorption at 340 nm over a time span of at least 
5 minutes using a reaction mixture with the following components: 100 mM Hepes pH 
7 (to pH with KOH), 200 µM NADP+, 0.1% Triton-100 and the sample to be analyzed. 
The reaction was started by addition of 2 mM 6-phosphogluconate. The change in 
absorbance of a solution without sample was recorded and substracted to determine 
the specific activity in each sample.

Fluorescence microscopy
Strains were grown on YPO or YPO/M, washed twice with H2O and embedded in 
2% low melting point agarose (Boehringer Mannheim) and photographed using an 
Axiophot 2 microscope (Carl Zeiss) equipped with a Coolsnap HQ ditial camera 
(Photometrics). Image processing was performed using Imago-Pro Express software 
(Media Cybernetics).

Immuno-electron microscopy
Oleate-induced cells were fixed with 2% (wt/vol) formaldehyde, and ultrathin sections 
were prepared as described previously (17). Immunolabeling was performed using 
antibodies directed against GFP or S. cerevisiae 3-ketoacyl-CoA thiolase and gold-
conjugated protein A.

Results

The dehydrogenases of the oxidative branch of the pentose phosphate pathway have 
a dual localization in C. albicans
To investigate the localization of the oxidative branch of the pentose phosphate 
pathway in C. albicans, we performed subcellular fractionation experiments on oleate-
grown cells. A total homogenate (H) was separated by centrifugation into an organellar 
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pellet fraction (P), consisting mainly of mitochondria and peroxisomes, and a cytosolic 
supernatant (S). Next, the distribution over the fractions of the peroxisomal and 
mitochondrial marker enzymes 3HAD (a PTS1 protein) and fumarase, respectively, 
and the pentose phosphate pathway dehydrogenases Zwf1 and Gnd1 was determined. 
About 90% of Zwf1 and 95% of Gnd1 activity was found in the S fraction, while the 
peroxisomal and mitochondrial markers 3HAD and fumarase were predominantly 
recovered in the P fraction, indicating that the dehydrogenases of oxidative pentose 
phosphate pathway are mainly cytosolic (Fig. 2A). 

Figure 2. The pentose phosphate pathway of C. albicans is both cytosolic and peroxisomal
Subcellular fractionation of C. albicans wild type cells. Enzymatic activities of the peroxisomal marker 3HAD, 
the mitochondrial marker Fumarase, glucose-6-phosphate dehydrogenase (Zwf1) and 6-phosphogluconate 
dehydrogenase (Gnd1) in the different fractions are shown. H = homogenate, P = organellar pellet, S = supernatant 
containing cytosol (A). The wild type P fraction was analyzed on a Nycodenz gradient to separate organelles 
according to density. Fraction 1 represents the bottom of the gradient, fraction 12 the top. Immunoblots were 
performed on the fractions to reveal the localization of the peroxisomal PTS2 enzyme Thiolase and the cytosolic 
enzyme Hexokinase (B). The same experiment was performed with a strain in which the gene for the PTS2 
receptor Pex7 was deleted (C and D).

The remaining 5-10% activity of Zwf1 and Gnd1, however, was found in the organellar 
fraction. To rule out contamination of the organellar fraction with cytosolic enzymes the 
pellet fraction was analyzed in more detail on Nycodenz density gradients. Fractions were 
assayed for activities of 3HAD, Fumarase, Zwf1 and Gnd1 as well as for the distribution 
of the cytosolic marker hexokinase and the PTS2-protein thiolase by immunoblotting. 
The activity of Zwf1 showed a clear colocalization with the peroxisomal marker 3HAD 
while Gnd1 activity only partially co-localized with this peroxisomal marker (Fig. 2B). 
No hexokinase was found in the peroxisomal peak fraction indicating that the Zwf1 
and Gnd1 activities in these fractions are not caused by contamination with cytosolic 
enzymes. An additional Gnd1 peak was observed in the middle of the gradient, which 
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is probably due to the presence of whole cells/unbroken spheroplasts at this position in 
the gradient as suggested by the presence of the cytosolic marker hexokinase in these 
fractions. The small Gnd1/Zwf1 peak in the top of the gradients could be caused by 
specific leakage of peroxisomal proteins, as thiolase is also found in these fractions. 
Together, these results suggest that the two dehydrogenase of the oxidative pentose 
phosphate pathway are localized to both the cytosol and peroxisomes.

Zwf1 and Gnd1 are imported into peroxisomes by different receptors
Peroxisomal proteins are imported into peroxisomes by the cycling receptors Pex5 and 
Pex7. Pex5 is specific for the import of PTS1 proteins while Pex7 recognizes and imports 
PTS2 proteins. We constructed a C. albicans null strain of the PTS2 receptor Pex7 and 
performed subcellular fractionation and Nycodenz gradient analysis on this strain to 
determine whether peroxisomal import of Zwf1 and Gnd1 is Pex7-dependent. (Fig. 2C 
and D). The pellet/supernatant distribution of Zwf1 and Gnd1 in the pex7∆/∆ strain 
was similar to that of wild type cells. The gradient of the pex7∆/∆ mutant showed a clear 
Zwf1p peak that co-localized with peroxisomal marker 3HAD while very little Gnd1 
activity was associated with the peroxisomal peak fractions (Fig. 2D). The relative high 
amounts of peroxisomal, mitochondrial and cytosolic proteins in the top of the gradient 
are probably caused by (contaminating) spheroplasts in the organellar pellet that were 
lysed during loading of the pellet fraction on the gradient. Notwithstanding the above, 
the data show that the peroxisomal localization of Zwf1 is not dependent on Pex7, which 
is in line with the putative PTS1 sequence in Zwf1 (-VKGKICOOH). Whether peroxisomal 
targeting of Zwf1 is indeed Pex5-mediated could not be determined because 
fractionation of a pex5∆/∆ did not give reproducible results. The absence of Gnd1 in 
the peroxisomal peak fractions of the pex7∆/∆ strain suggests that Gnd1 import is 
indeed Pex7p-dependent and supports the intriguing hypothesis that peroxisomal 
Gnd1 is encoded by the unspliced PTS2 form of of GND1. 

The PTS2 encoded in the intron targets GND1 to peroxisomes 
To provide further evidence for the dual localization of Gnd1, we C-terminally tagged 
the gene with GFP at is chromosomal locus leaving the N-terminal region including 
the putative PTS2 unmodified (see Materials and Methods). Fluorescence microscopy 
revealed a strong homogenous fluorescent signal throughout the cell, confirming that 
the majority of Gnd1-GFP is localized to the cytosol (Fig. 3A). To determine whether 
the putative PTS2 in the intron of GND1 is functional, we constructed two strains: 
Gnd1spliced-GFP and Gnd1PTS2-GFP. Gnd1spliced-GFP exclusively expresses the spliced 
Gnd1-GFP mRNA as the intron with the putative PTS2 was deleted. The first exon and 
the 5’ part of the intron were deleted to construct the Gnd1PTS2-GFP that exclusively 
expresses the PTS2-containing Gnd1-GFP. Both constructs were placed under control 
of the inducible MAL2 promoter. Strains were grown on rich oleate medium with 
0.5% maltose to induce both peroxisomes and expression of the pMAL2-controlled 
Gnd1-GFP constructs. The Gnd1spliced-GFP strain showed bright cytosolic fluorescence 
(Fig. 3B). Overexpression of the Gnd1PTS2-GFP construct resulted in a typical 
punctated fluorescence pattern, suggesting that the PTS2 in the GND1 intron indeed 
is a functional peroxisomal targeting signal (Fig. 3C). To unambiguously show that 
GND1PTS2-GFP is located in peroxisomes, we performed immuno-electron microscopy 
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on the GND1PTS2-GFP strain grown on rich oleate medium with 0.5% maltose and 
detected the tagged protein with a GFP antibody (Fig. 3D). Gold particles specifically 
decorated peroxisomal profiles, while little labeling was seen in the cytosol or on other 
organelles, confirming that GND1PTS2-GFP is imported into peroxisomes. 

Figure 3. The PTS2 in the intron of GND1 is a functional targeting signal
(A): Schematic representation and fluorescence microscopy of a strain expressing GFP tagged Gnd1 from 
its endogenous promoter. (B): Schematic representation and fluorescence of strain pMAL2-GND1spliced that 
exclusively expresses the spliced GND1 mRNA without the intron from the strong MAL2 promoter. The 
strain was grown on rich oleate medium with 0.5% maltose. (C): Schematic representation and fluorescence 
microscopy of pMAL2-GND1PTS2 exclusively expression the PTS2 form of Gnd1 from the MAL2 promoter 
grown on rich oleate medium with 0.5% maltose. (D): Immuno-electron microscopy of pMAL2-GND1PTS2 
grown on rich oleate medium with 0.5% maltose. Thin sections were incubated with α-GFP antibodies and 
protein A gold. Peroxisomes (P) and mitochondria (M) are indicated. Bars represent 250 nm.

The endogenous unspliced PTS2 form of GND1 is localized to peroxisomes in a Pex7-
dependent manner
The results thus far show that the unspliced GND1 mRNA is expressed and that the 
intron encodes a functional PTS2. To visualize the endogenous GND1PTS2, we cloned 
GND1-GFP including 800 bp 5’ untranslated region, both exons and the intron into 
a plasmid and mutated the ATG of the first exon into a stop codon (GND1M001*-GFP), 
thereby disturbing the translation initiation of the spliced (cytosolic) Gnd1-GFP and 
reducing the cytosolic fluorescent signal.  The unmodified GND1-GFP construct and 
the GND1M001*-GFP construct were transformed to the wild type C. albicans strain 
and the latter was also transformed to a pex7∆/∆ null strain lacking the PTS2 receptor. 
Expression of the constructs was tested by immunoblot analysis with an affinity-purified 
α-GFP antibody. The unmodified Gnd1-GFP construct in the wild type background 
showed a single band running at about 80 kDa that was absent from the untransformed 
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wild type strain. Expression of the GND1M001*-GFP construct in the wild type and 
pex7∆/∆ background yielded a band of approximately the same size as the unmodified 
GND-GFP but of a severely reduced intensity (Fig. 4A). The intensity of the GND1M001*-
GFP band is less than 10% of the unmodified construct (compare lanes 3 and 4), which 
is in agreement with the 5-10% Gnd1 activity found to be organelle-associated in the 
fractionation experiment shown in Figure 2. Next the strains were analyzed by direct 
fluorescence microscopy. To visualize peroxisomes a strain expressing GFP-tagged 
thiolase (a PTS2 protein) was taken along as well as an untransformed wild type cells to 
determine background (auto)fluorescence (Fig. 4E and F). 

Figure 4. Visualization of the endogenous Gnd1PTS2-GFP in wild type and the pex7 null strain
(A): Immunoblots of total cell extracts of the untransformed wild type strain, Gnd1-GFP, Gnd1-GFP 1:10 
dilution, Gnd1M001*-GFP and pex7∆/∆ Gnd1M001*-GFP strains. Blots were incubated with antibodies directed 
against GFP. Fluorescence microscopy of Gnd1-GFP (B), Gnd1M001*-GFP (C), pex7∆/∆ Gnd1M001*-GFP (D), the 
untransformed wild type (E) and peroxisomal fluorescence of Thiolase-GFP (F). 

Wild type cells expressing the unmodified GND1-GFP construct showed bright 
cytosolic staining (Fig. 4B) comparable to that of cells expressing GFP-tagged Gnd1 
from its chromosomal locus (Fig. 3A). In wild type cells expressing Gnd1M001*-GFP 
about 3-7 weakly fluorescent dots/cell were visible (Fig. 4C), a pattern that resembles 
peroxisomal fluorescence as seen in the thiolase-GFP strain (Fig. 4F). In pex7∆/∆ cells 
expressing Gnd1M001*-GFP no punctated fluorescent structures were seen, instead the 
cells showed a very weak cytosolic fluorescence just above background levels (compare 
with Fig. 4E, untransformed wild type cells) indicating mislocalization of the Gnd1M001*-
GFP construct in the absence of the PTS2 receptor Pex7. (Fig. 4D). In conclusion, these 
data corroborate the subcellular fractionation experiments and show that the (unspliced) 
PTS2 form of Gnd1 is localized to peroxisomes in a Pex7-dependent manner. 
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The dual localization of Gnd1 and Zwf1 is predicted to be conserved between C. albicans 
and Candida tropicalis
We investigated the occurrence of peroxisomal targeting signals in the enzymes of the 
oxidative pentose phosphate pathway of close relatives of C. albicans using the genomes 
available on the website of the Broad Institute (http://www.broad.mit.edu/node/568) and 
the Genolevure Consortium (http://cbi.labri.fr/Genolevures/). The occurrence of a PTS1 
targeting signal in Zwf1 is conserved between C. albicans and the pathogenic yeast Candida 
tropicalis, one of its closest known relatives (both Zwf1 proteins end with –VKGKICOOH). 
Although currently not annotated as such, C. tropicalis GND1 appears to have an almost 
identical intron-exon structure compared to C. albicans, including a putative in frame 
PTS2 encoded in the intron. Another relatively close relative of C. albicans, Debaryomyces 
hansenii does have a GND1 that is predicted to be spliced, but no apparent peroxisomal 
targeting signal is present neither in the intron nor in the exon sequences. GND1 of 
Candida lusitaniae is not predicted to be a spliced gene, but it does have a classical PTS2 
in its N-terminus, while Candida lusitaniae Zwf1 has a putative PTS1 (-VKGKMCOOH). 
Localization experiments need to be performed to determine targeting of the oxidative 
pentose phosphate pathway in these yeasts. However, we suggest that a peroxisomal 
localization of the oxidative branch of the pentose phosphate pathway is probably not 
restricted to C. albicans, but that some of its close relatives also target these NADPH 
producing enzymes to their peroxisomes.

Figure 5. Occurrence of splicing and peroxisomal targeting signals in Gnd1 of various yeasts
Alignment of the N-terminal region of the predicted spliced and unspliced Gnd1 variants of C. albicans (Ca), 
C. tropicalis (Ct), C. lusitaniae (Cl) and D. hansenii (Dh). Amino acids identical in all sequences (dark grey) 
or some sequences (light grey) are indicated. Black boxes indicate (putative) PTS2 sequences.

Discussion

Dual targeting of proteins encoded by a single gene can be achieved at the level of 
transcription, splicing or translation, resulting in the synthesis of two proteins that 
either contain or lack a targeting signal. However, recently it has emerged that a single 
translation product can also be localized two different compartments, a process that 
may be regulated by differential protein folding, post-translational modification or 
protein-protein interactions (reviewed by 18). Here we show that the NADPH-producing 
dehydrogenases Zwf1 and Gnd1 of the oxidative branch of the pentose phosphate 
pathway in C. albicans have a dual localization and are distributed between the cytosol 
and the peroxisome, but that the mechanism of dual targeting differs between both 
proteins. C. albicans ZWF1 is a non-spliced single gene, presumably giving rise to a 
single translation product containing a non-classical PTS1 that leads to dual targeting. 
Gnd1 on the other hand is a spliced gene with a PTS2 in it’s intron that might yield 
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two mRNAs resulting in two translation products of which only one contains the 
peroxisomal targeting signal.  

Peroxisomal targeting of Zwf1, the first dehydrogenase of the pentose phosphate 
pathway, is independent of the PTS2 receptor Pex7 (Fig. 2). This observation in 
conjunction with the presence of a non-classical PTS1 targeting signal in the C-
terminus of Zwf1 (-VKGKICOOH), suggests that targeting of this protein is dependent 
on the PTS1 receptor Pex5. It has been shown previously that the tripeptide GKI can 
function as a peroxisomal targeting signal in C. albicans (1). In this paper, Aitchinson 
and coworkers showed that the carboxyl-terminal tripeptide of trifunctional enzyme 
HDE of Candida tropicalis (-DKAKICOOH) is essential for targeting to peroxisomes. 
Mutation of this tripeptide to GKI still resulted in peroxisomal targeting, both in 
C. tropicalis and C. albicans, but not in S. cerevisiae. These experiments show that GKI 
is a bona fide peroxisomal targeting signal in C. albicans and underscores the previously 
observed targeting variation between species (1). Interestingly, the C-terminal five amino 
acids of Zwf1 in C. tropicalis are strictly conserved compared to C. albicans, suggesting 
a similar distribution of the enzyme in this organism. How dual targeting of Zwf1 is 
brought about remains to be investigated. As Zwf1 is encoded by a single, non-spliced, 
gene and the targeting signal is located in the C-terminus, it is likely that the non-
consensus PTS1 in the single translation product results in dual targeting. This could be 
accomplished by inefficient peroxisomal targeting due to the presence of a suboptimal or 
weak PTS1 that has a low affinity for the PTS1 receptor Pex5p. Such a mechanism would 
be similar to that proposed for dual targeted mitochondrial proteins, which were found 
to have weak mitochondrial targeting signals based on the MitoprotII score (7, 9, 32). 

Dual targeting of Gnd1 to both cytosol and peroxisomes can be accomplished by 
expression of two mRNA’s: one spliced mRNA that encodes the cytosolic Gnd1 and 
one mRNA that contains the in frame PTS2 encoded by the intron (Fig. 3). Gnd1 
containing the PTS2 is imported into peroxisomes as shown by over-expression of 
Gnd1PTS2-GFP (Fig. 3) and by disturbing translation of the (spliced) cytosolic Gnd1 (Fig. 
4C). Peroxisomal targeting of the Gnd1M001*-GFP construct expressing the PTS2 form 
at endogenous levels is dependent on PTS2 receptor Pex7 (Compare Fig. 4C and 4D). 
Therefore we conclude that the peroxisomal Gnd1 of C. albicans can be added to the 
surprisingly short list of known PTS2 proteins. Although we cannot conclude it with 
certainty, we hypothesize that transcription of the mRNA that encodes the peroxisomal 
Gnd1 starts from a promoter that is located in the intron of GND1 and that transcription 
of the spliced mRNA starts upstream from the first exon. Further experiments are 
necessary to investigate the transcriptional regulation of GND1. C. albicans Gnd1 is 
a good example of how a targeting signal encoded in an intron can contribute to dual 
targeting of a protein. Another known example of dual targeting by means of a PTS2 in 
an intron is Arabidopsis thaliana Transthyretin-Like Protein (TLP). Tlp is a bifunctional 
protein that consists of a carboxylase and a hydrolase domain and is synthesized in three 
different splice variants. The full-length Tlp protein carries a predicted internal PTS2 
in the linker region between the two functional domains and the two shorter splice 
variants lack the internal PTS2 (33). 
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The localization of the third enzyme of the oxidative branch of the pentose phosphate 
pathway, Sol3, has not been determined, but the presence of a (non-classical) PTS1 
(-LTSKYCOOH) suggests that it may be (partially) localized to peroxisomes. Moreover, 
the proven peroxisomal localization of Zwf1 implies the presence Sol3 in the same 
compartment, as the product of Zwf1, 6-phosphogluconolactone, needs to be hydrolyzed 
efficiently to prevent the formation of the gamma form of 6-phosphogluconolactone which 
is an enzymatic dead end (27). Further experiments are required to address this issue.

Occurrence of a (partially) peroxisomal pentose phosphate pathway is clearly conserved 
from mammals to plants to trypanosomes (2, 4, 8, 10, 11, 15, 24, 33, 37) and we show 
here that the oxidative pentose phosphate pathway is also peroxisomal in the yeast 
C. albicans. Moreover, analysis of the C. tropicalis pentose phosphate genes suggests 
that the mechanism of targeting of the three enzymes of the oxidative branch seems 
to be conserved in this close relative of C. albicans. While the intron-exon structure 
that is instrumental in dual targeting of Gnd1 is conserved between C. albicans, 
C. tropicalis and D. hanseniae, the latter organism does not have a recognizable 
targeting signal encoded in the intron. GND1 of C. lusitaniae, on the other hand, does 
encode a putative PTS2, but there are no indications that the gene is spliced (Fig. 6). 
Localization of the pentose phosphate pathway enzymes remains to be investigated 
in these organisms, but the differences between these closely related species suggest 
evolutionary divergence, which may correlate with pathogenicity. 

The exact function of the peroxisomal oxidative pentose phosphate pathway remains 
to be established, although a relation with redox management and oxidative stress 
defense seems likely in a compartment that is named after the continuous production of 
peroxide. The H2O2 produced in peroxisomes is decomposed by catalase, which is mainly 
a peroxisomal enzyme in C. albicans (30). However, catalase can be inactivated by its 
own substrate H2O2 (19), and the interaction of the enzyme with NADPH was shown to 
play an important role in preventing H2O2-mediated catalase inactivation. Furthermore, 
glutathione reductase (Glr1) of both C. albicans and S. cerevisiae are partially localized 
to peroxisomes (Chapter 7 and reference 38), an enzyme that is dependent on NADPH 
for the reduction of glutathione. Another known NADPH-requiring peroxisomal process 
is the breakdown of fatty acids with double bonds at even positions by the enzyme 2,4-
dienoyl-CoA reductase. In the yeast S. cerevisiae one of the three NADPH-producing 
isocitrate dehydrogenase, Idp3, was shown to be localized to peroxisomes and required 
for growth on fatty acids such as arachidonic, linoleic and petroselenic acid (16, 36). The 
C. albicans genome does encode orthologs of the cytosolic Idp1 and the mitochondrial 
Idp2, however it lacks a peroxisomal Idp3 ortholog. Therefore we hypothesize that while S. 
cerevisiae arranged peroxisomal production of NADPH by targeting of Idp3, in C. albicans 
and C. tropicalis dual localization of the oxidative branch of the pentose phosphate 
pathway has solved that necessity. Unfortunately, we have not been able to test either 
of these hypotheses since both ZWF1 and GND1 are essential genes in C. albicans (our 
unpublished results). 
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Abstract

The peroxisomal matrix is an oxidative environment where H2O2 is actively produced 
during the β-oxidation of fatty acids. H2O2-decomposing enzymes like catalases are 
required to convert the reactive molecule to O2 and H2O to prevent oxidative damage 
of proteins and lipids. We show that the single catalase (Cta1) of the human fungal 
pathogen Candida albicans and the oxidation-sensitive enzymes of the glyoxylate 
cycle, isocitrate lyase (Icl1) and malate synthase (Mls1), co-localize to peroxisomes. 
Furthermore, CTA1 and ICL1 showed the same transcriptional upregulation as the fatty 
acid β-oxidation enzyme Thiolase during a shift from glucose as sole carbon source to 
oleic acid, indicating that these genes are coordinately expressed. A strain lacking Cta1 
(cta1 null) showed a growth defect on minimal oleic acid medium and Icl1 activity was 
significantly reduced compared to the wild type strain, suggesting a protective role for 
catalase against oxidative damage of Icl1. The inability of the cta1 null mutant to grow 
in the presence of high H2O2 concentrations suggests that Cta1 also has an essential 
scavenging function when cells are exposed to extracellular oxidative stress. Collectively, 
these findings indicate that Cta1 has an important role in protection against both 
endogenous and exogenous peroxide stress. 
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Introduction

Antioxidant defense systems have evolved in aerobic cells to support utilization of 
oxidative phosphorylation for energy production and for protection against exogenous 
oxidants encountered in the environment. Reactive oxygen species (ROS) like H2O2 and 
∙OH are produced intracellularly by the respiratory chain in the mitochondria and by 
H2O2-producing oxidases in the peroxisomal matrix. The cell harbors a wide variety of 
ROS-decomposing enzymes of which many have organelle-specific functions (reviewed 
by 12). Catalases are enzymes that can degrade H2O2 directly to oxygen and water. 
Because of their low affinity for H2O2, this class of enzymes is considered to play an 
important role in general ROS scavenging. An enzyme with higher affinity for H2O2 
is glutathione peroxidase that uses the metabolite glutathione as an electron donor. 
Pathogenic bacteria and fungi additionally rely on their antioxidant defense systems 
during the antimicrobial oxidative attack generated by neutrophils and macrophages 
after phagocytosis. The contribution of catalase to pathogenesis and infection however 
differs between organisms. Catalase mutants of the bacterial pathogens Campylobacter 
jejuni (4) and Mycobacterium tuberculosis (19) and fungal pathogen Candida albicans 
(23, 38) showed reduced virulence, while disruption of the four catalases of the fungal 
pathogen Cryptococcus neoformans did not result in a virulence defect (9) nor did 
disruption of any of the three Aspergillus fumigatus catalases (27).

C. albicans is a human commensal fungus that can cause life-threatening infections 
in immunocompromised hosts. The fungus resides in the gastrointestinal tract from 
where it can invade the body when immune surveillance is low. The ability of the fungus 
to grow in and switch between the yeast and filamentous (hyphal) form contributes 
to full virulence (1, 2, 40). Previously, two independent C. albicans catalase knockout 
strains were constructed and characterized phenotypically (22, 23, 38). Catalase 
deficient hyphae were shown to have an increased sensitivity to attack by neutrophils as 
measured by metabolic activity using the XTT assay (38). Both catalase mutants showed 
decreased virulence in the mouse experimental model of disseminated candidiasis (23, 
38). However, interpretation of these data remains difficult as one group was not able to 
construct a CTA1 complemented strain and the other group did not include their CTA1-
complemented strain in the virulence experiments (22, 38).

The peroxisome, an organelle found in almost al eukaryotic organisms, harbors 
various types of H2O2-generating oxidases (5). In yeasts like Saccharomyces cerevisiae 
and C. albicans peroxisomal oxidases are associated with fatty acid, D-alanine and in 
Candida boidinii with methanol metabolism. H2O2 is a byproduct of acyl-CoA oxidase, 
the first enzyme of β-oxidation, of peroxisomal D-amino oxidase that converts D-amino 
acids to the corresponding imino acids and ammonia and of alcohol oxidase (AO), the 
first enzyme in methanol breakdown (13, 31). Catalase is the main H2O2-decomposing 
enzyme present in the peroxisomal matrix and has for long been used as a marker enzyme 
for peroxisomes (5). The essential function of peroxisomal catalase was illustrated by the 
growth defect on methanol, oleate and D-alanine of a catalase knockout strain of the 
methylotrophic yeast Candida boidinii. C. boidinii Cta1 has a non-classical C-terminal 
peroxisomal targeting signal (PTS1) -NKFCOOH that is responsible for its interaction with 
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the receptor Pex5 and import into peroxisomes. Cta1 was shown to be peroxisomal 
on oleate and D-alanine, but divided over peroxisomes and the cytosol during growth 
on methanol (13). While the peroxisome-related metabolic defect of the C. boidinii 
catalase knockout was apparent, the authors did not address what caused the decreased 
growth. One of the effects of increased intracellular ROS is the metal catalyzed oxidative 
attack on amino-acid side chains of proline, arginine, lysine, and threonine resulting in 
carbonylation. Secondary reactions with reactive carbonyl compounds on carbohydrates 
and lipids can lead to carbonyl derivatives on lysine, cysteine and histidine (reviewed by 
26). Because the carbonylation of proteins is an irreversible oxidative process (3), the cell 
must remove the damaged proteins by degradation.

Lack of catalase activity has been directly linked to increased carbonylation in the 
yeast Saccharomyces cerevisiae, which has two catalases: the peroxisomal Cta1 and the 
cytosolic Ctt1 (21, 33). While a single knockout of peroxisomal Cta1 does not display 
any growth defects, a double knockout of both catalases (cta1∆/ctt1∆) showed a growth 
defect and increased overall carbonylation when grown on ethanol-containing medium 
(17). Other proteins that are known to be sensitive to oxidative damage and carbonylation 
are the key enzymes of the glyoxylate cycle isocitrate lyase (Icl1) and malate synthase 
(Mls1) (24). The glyoxylate cycle is a shunt that circumvents the decarboxylating steps of 
the TCA cycle, thereby enabling synthesis of C4 units (malate) from C2 units (glyoxylate 
and acetyl-CoA). This shunt is essential during growth on non-fermentable carbon 
sources and plays an important role in pathogenesis of C. albicans (16, 29). Icl1 and Mls1 
are localized to the peroxisomes in C. albicans (28), while in S. cerevisiae Icl1 is cytosolic 
(20) and Mls1 was shown to be cytosolic or peroxisomal depending on carbon source 
availability (15). Both Icl1 and it’s product glyoxylate are sensitive to H2O2 and castor 
bean Icl1 was shown to undergo a protective association with catalase (39). 

In this study we have addressed the function of C. albicans catalase under H2O2-
producing growth conditions. We show that a catalase null mutant exhibits reduced 
growth on fatty acids and we provide evidence that this may be caused by (oxidative) 
damage of the glyoxylate cycle enzyme Icl1. Furthermore, we show that the cta1 null 
mutant is extremely sensitive to high H2O2 concentrations indicating that catalase has a 
general H2O2 scavenging function when this peroxide is added extracellularly. 

Materials and Methods

Media and culture conditions
C. albicans strains were grown at 28ºC 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 and amino acids as needed (20 μg/ml arginine, 20 μg/ml histidine, 80 
μg/ml uridine). Growth curves were performed in liquid YNB medium with 2% glucose or 
0.12%/0.2% oleic acid/Tween80. For enzyme assays and immunoblot analysis, strains were 
pregrown for 16 hours on minimal glucose medium (YNB with 2% glucose), inoculated 
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into at OD600 0.2 in YNB 0.3% glucose medium and grown for 8 hours. Finally, the strains 
were inoculated at OD600 0.005 into rich oleate medium (YPO; 2% bactopeptone, 1 % yeast 
extract, 0.12%/0.2% oleic acid/Tween 80) and grown for 16 hours. 

Spot test
Cells were pregrown on minimal glucose medium, transferred to 0.3% glucose medium, 
spun down and washed twice with water. Cells were resuspended to a concentration of 
about 2.7 x 107 cells/ml (OD600: 1.0), serially diluted (1:10 dilutions) and four microliters of 
each dilution was spotted onto agar plates. Plates contained YNB + 2% glucose, YPD, YPD 
+ 1 or 4 mM H2O2 and YPD + 1 or 2.5 mM Paraquat (N,N’-Dimethyl-4,4’-bipyridinium 
dichloride; Sigma). The pictures were taken after 3 days of incubation at 28ºC.

Table I. Strains used in this study

Strain Name  Genotype      Reference

SC5314         (10)
CSN76 wildtype auxotroph arg4/arg4 his1/his1 ura3::imm434/ura3::imm434   (25)
    iro1::imm434/iro1::imm434 
CSN76-P SN76 prototroph arg4∆/ARG4 his1∆/HIS1 ura3∆::imm434/ura3∆::  Chapter 2
    imm434::URA3 iro1∆::imm434/iro1∆::imm434::IRO1 
CKS103 cta1∆/∆  arg4∆/arg4∆ his1∆/his1∆ ura3∆::imm434/ura3∆::   This study
    imm434::URA3 iro1∆::imm434/iro1∆::imm434::IRO1  
    cta1∆::CdHIS1/cta1∆::CdHIS1 
CKS104 cta1∆/∆ + CTA1 arg4∆/arg4∆ his1∆/his1∆ ura3∆::imm434/ura3∆::   This study
    imm434::URA3-CTA1 iro1∆::imm434/iro1∆::imm434::IRO1  
    cta1∆::CdHIS1/cta1∆::CdHIS1  
BWP17 wildtype auxotroph ura3∆::imm434/ura3∆::imm434 his1∆::hisG/his1∆::hisG  (37)
    arg4∆::hisG/arg4∆::hisG 
CPK05 BWP17 prototroph ura3∆::imm434/ura3∆::URA3 his1∆::hisG/his1∆::HIS1  (29)
    arg4∆::hisG/arg4∆::ARG4 
CMD08 icl1∆/∆  ura3∆::imm434/ura3∆::URA3 his1∆::hisG/his1∆::hisG  (29)
    arg4∆::hisG/arg4∆::hisG icl1∆::HIS1/icl1∆::ARG4 
CMD06 icl1∆/∆ + ICL1 ura3∆::imm434/ura3∆::URA3-ICL1 his1∆::hisG/his1∆::hisG  (29)
    arg4∆::hisG/arg4∆::hisG icl1∆::HIS1/icl1∆::ARG4 

Strains and plasmids
C. albicans strains used in this study are listed in Table I, plasmids used in this study 
are listed in Table II and primers are listed in Table III. The cta1∆/∆ was constructed 
according to the PCR-based procedure that was described previously (Chapter 4). 
Primers KS148 & KS149 and KS150 & KS151 were used to generate the flanking regions 
PCR products that were used as primers on linearized pFA-CdARG4-loxP and pFA-
CdHIS-loxP. The ARG4 and HIS1 disruption cassettes were subsequently transformed to 
auxotrophic wild type strain SN76 (25) and the integration of the cassette in the proper 
locus was tested by PCR. For complementation of the cta1∆/∆ strain, a PCR product was 
generated with primers KS153 & KS154 encompassing the whole open reading frame 
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and 798 bp and 255 bp 5’ and 3’ untranslated region, respectively. The PCR fragment 
was cloned StuI/PstI into pLUBP (30), sequenced, and the linearized plasmid was 
transformed to the cta1∆/∆, thereby creating the cta1∆/∆ + CTA1 strain. Other strains 
used in this study were previously reported and summarized in Table I.

Table II. Plasmids used in this study

Name   Purpose     Reference

pFA-CdARG4-loxP  ARG4 disruption with loxP recombination sites Chapter 4
pFA-CdHIS1-loxP  HIS1 disruption with loxP recombination sites Chapter 4
pLUBP   URA3 complementation   (30)
pLUBP-CTA1  CTA1 complementation   This study

Transformation
C. albicans was transformed using a modified lithium acetate protocol (35). The heat shock 
was carried out at 44ºC for 15 minutes.

Microarrays
Microarray experiments on C. albicans were performed as described in detail for S. 
cerevisiae by Koerkamp et al. (14). C. albicans strain SC5314 (10) was grown in chemostat 
cultures of 700 ml. Cell were cultured under glucose or oleic acid/Tween80 limitation at a 
constant dilution rate (D) of 0.1 ± 0.01 h-1. The growth medium contained salt as described 
previously (8). The pH was kept at 5.8 ± 0.1 by titrating with sterile 2 M NaOH. The 
temperature was set at 28ºC. 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. O2 and CO2 concentration were determined in the effluent gas and dry weight was 
measured. Starting from a C. albicans steady-state glucose-grown culture in the chemostat, 
a time-course experiment was set up and sampled. In a transient state experiment at 
time point 0, a mixture of oleic acid and Tween-80 was added to a final concentration of 
0.12%/0.2% and the pump supplying nutrients, including glucose, was stopped. Samples of 
30 OD units of cells were taken at various times during 51 minutes. Samples were taken 
by collecting 7.5 ml of cells (30 OD units) with a QuickSampler in an equal volume of 
ethanol at -80ºC. The cells were concentrated at –20ºC, resuspended and stored as pellets 
at -80ºC. Cell content was released from the frozen cell samples by distruption in a Braun 
Microdismembrator S. RNA was extracted from the frozen powder by using TRIzol and 
was further purified according to the instruction from the supplier (Invitrogen). 33P-
Labeled cDNA probes were made using oligo(dT) and reverse transcriptase on 5-20 
mg of total RNA as described previously (11). Primary PCR products representing 
6039 C. albicans ORFs were obtained from Eurogentec and reamplified using one set of 
primers containing tags common to all primary PCR products. All products were tested 
on agarose gels to verify quantity and correct length. Microarrays were generated using a 
home-built arrayer. The machine was programmed to yield filter arrays with triplicate spot 
patterns of each gene product and filter arrays were generated using Hybond N+ (Amersham 
Biosciences). Hybridization with labeled target was performed in 5x SSC, 5xDenhardt and 
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0.1% SDS at 65ºC for at least 40 hours. A stringent wash was done in 0.2x SSC, followed 
by exposure and scanning on a Storm 860 (Molecular Dynamics). The Storm image file 
was analyzed using Bioimage high-density grid analyzer (Genomic Solutions). External 
space around the spots was used for normalization and triplicate spots were averaged. 
Normalized intensities were converted to to log 2 ratio’s by using the zero time point, the 
steady state on glucose, as the reference.

Table III. Primers used in this study

Primer Standard Name  5’-3’ sequence

KS147 CTA1_SN1  ctaatacaaataattgctcttcac
KS148 CTA1_SN2  gaaaaatactgcatataaccaaag
KS149 CTA1_SN3  GACCTGCAGCGTACGAAGCTTCctaaatcaattgagattgataaag
KS150 CTA1_SN4  CTCGAATTCATCGATGATATCAGAgaaaccaggaaagcgctaatttg
KS151 CTA1_SN5  gtatagtttaatcttctatgagag
KS152 CTA1_SN6  agtgttgggttttcttatgagag
KS153 CTA1_compl_F_StuI aAGGCCTagctaaatgggtggttataagtg
KS154 CTA1_compl_R_PstI ctaCTGCAGccaactaaatcaataccatcttc

Subcellular fractionation and density gradient C. albicans
The subcellular fractionation of C. albicans strains was performed as previously described 
(Chapter 2) and the fractions of the Nycodenz gradient were analyzed for the presence 
of enzymatic activity of the peroxisomal marker 3-hydroxyacyl-CoA dehydrogenase 
(3HAD) (36) and the mitochondrial marker Fumarase (34).

Isocitrate lyase enzyme assay
Preparation of cell-free extracts and enzyme assays were performed essentially as 
described previously (6), except that extracts were freshly prepared and the assays 
were carried out in a UVIKON 820 double beam spectrophotometer (Kontron) at room 
temperature.

Immunoblotting
Gradient fractions or protein extracts were separated on a SDS-polyacrylamide gel (10%) 
and blotted to nitrocellulose membrane using a semi-dry system. Antibodies used were 
directed against S. cerevisiae catalase (Cta1), thiolase (Thiol), malate synthase (Mls1) 
(15), glucose-6-phosphate dehydrogenase (Zwf1) (Sigma) and Ashbya gossypii Icl1 (18).
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Results

Catalase co-fractionates with Icl1 and Mls1 to peroxisomes in a density gradient
Previously, immuno-electron microscopy was employed to show that Cta1, Icl1 and Mls1 
localize to peroxisomes in C. albicans (28, 29). To confirm the peroxisomal localization 
of Cta1, Icl1 and Mls1 and to determine whether these proteins co-fractionate during 
subcellular fractionation experiments we analyzed an organellar pellet fraction of C. 
albicans wild type cells on a Nycodenz density gradient. All three proteins showed a 
similar distribution in the gradient and co-localized with the peroxisomal marker 3HAD 
in fractions 2-4 (Fig. 1A). The additional peak observed for Cta1 and Icl1 in fractions 10-
11 might correspond to (partially) lysed peroxisomes.

Figure 1. Subcellular localization and transcriptional regulation of C. albicans CTA1
(A): Nycodenz density gradient analysis of the organellar pellet fraction of C. albicans wild type cells 
(BWP17-P) grown on rich oleate medium. Fractions of the gradient were analyzed for the enzymatic activity 
of the peroxisomal marker 3HAD and the mitochondrial marker Fumarase and by immunoblotting for the 
presence of Cta1, Icl1 and Mls1. (B): Microarray expression data of a selected set of genes during the transient 
state when cells are shifted from glucose to oleic acid as a carbon source. Points represent 2 log values relative 
to glucose steady state expression levels. Points in graph: glucose steady state (1), transient state 6 min (2), 
transient state 12 min (3), transient state 20 min (3), transient state 26 min (4), transient state 32 min (5), 
transient state 51 min (6) and oleic acid/tween80 steady state (7).

Transcriptional regulation of CTA1 during glucose to oleic acid transient state
When cells are shifted from glucose to oleate as a single carbon source, peroxisome 
biogenesis and transcription of genes encoding peroxisomal matrix proteins are 
induced. Koerkamp et al. studied the transcriptional response when cells of S. cerevisiae 
are shifted from steady state growth on minimal glucose medium to oleic acid/Tween20 
metabolism by using chemostat cultures and microarrays (14). They showed that during 
the transient state from glucose to oleic acid peroxisomal CTA1 is up-regulated together 
with peroxisomal Thiolase, while transcription of the cytosolic catalase (CTT1) remains 
unchanged. A similar glucose to oleic acid switch experiment was performed with C. 
albicans in a chemostat and transcription data were collected during the transient state 
(our unpublished results). Expression data for CTA1, Thiolase, ICL1, MLS1, isocitrate 
dehydrogenase (IDH1, a mitochondrial TCA cycle enzyme) and hexokinase (HXK1, a 
cytosolic enzyme) are depicted in Fig. 1B and are represented as 2 log values relative to 
the glucose steady state values (first point). The last point indicates the oleic acid steady 
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state value. The presence of oleic acid clearly induces peroxisomal Thiolase together 
with CTA1 and ICL1. Transcription of MLS1 remains relatively stable after an initial 
down-regulation and expression of mitochondrial and cytosolic markers IDH1 and 
HXK1, respectively, is lower than during growth on glucose. These data show that CTA1 
and ICL1 are highly induced in response to the presence of fatty acids and that their 
transcriptional pattern is the same. 

The cta1 null mutant is sensitive to high H2O2 concentrations
To investigate the effect of removal of peroxisomal catalase, we disrupted both CTA1 
alleles and complemented this cta1∆/∆ strain by transformation with one of the 
CTA1 alleles, resulting in cta1∆/∆ + CTA1. Serial dilutions of both strains and, as a 
control, the wild type were spotted on minimal glucose plates. Fig. 2A shows that all 
strains grew equally well under these conditions. Next, we tested the wild type, cta1 
null and complemented strain for their sensitivity to oxidative stress inflicted by the 
superoxide-generating compound paraquat (PQ) and H2O2. Strains were spotted on 
plates containing YPD without or with 1 mM PQ, 2.5 mM PQ, 1 mM H2O2 or 4 mM 
H2O2. The strains showed comparable growth on YPD and on plates containing PQ. 
Growth was also indistinguishable for all three strains on 1 mM H2O2, but the cta1 
null strain was completely unable to grow on the 4 mM H2O2 plate, while the wild type 
and complemented strain did not show a growth defect (Fig. 2A). We conclude that 
the cta1 null mutant is sensitive to high concentrations of H2O2. This finding supports 
a role for catalase in low-affinity scavenging during (temporarily and or locally) high 
H2O2 concentrations. 

The cta1 null mutant displays a growth defect on oleic and reduced Icl1 activity
We performed growth curves of the wild type, cta1 null, CTA1 complemented, icl1 null 
and ICL1 complemented strain on minimal glucose or oleate medium to investigate 
peroxisomal function in the cta1 null strain. Because the cta1 and icl1 mutant strains 
were constructed from different auxotrophic strains, we also tested both prototrophic 
wild type strains. All strains grew at comparable growth rates on minimal glucose 
medium (Fig. 3A). The icl1 null mutant failed to grow on minimal oleate medium, as 

Figure 2. Phenotypic analysis of the cta1 null 
mutant 
Spot test of the wild type, the cta1 null and 
complemented strain on minimal glucose, YPD, 
YPD + 1 mM Paraquat, YPD + 2.5 mM Paraquat, 
YPD + 1 mM H2O2 and YPD + 4 mM H2O2 plates. 
Plates were incubated for 3 days at 28ºC. 

Figure 2
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previously reported (16, 29) and the ICL1 complemented strain showed an intermediary 
growth phenotype (Fig. 3B). The cta1 mutant strain showed a growth defect on oleate 
medium: after 24 hours the cta1 null strain had reached an OD600 that was about half 
of that of the wild type and the growth rate of the mutant was much slower. The final 
cell density reached by the cta1 strain was lower than the wild type, indicating reduced 
biomass formation by this mutant (Fig. 3B). As the glyoxylate cycle is indispensable for 
gluconeogenesis and, thus, for biomass formation when cells are grown on fatty acids, 
we determined the levels of the key enzymes of the glyoxylate cycle, Icl1 and Mls1, by 
immunoblot analysis of strains grown on rich oleate medium. Antibodies against the 
cytosolic marker glucose-6-phosphate dehydrogenase (Zwf1) and the peroxisomal 
marker Thiolase (Thiol) were taken along as controls. The levels of Icl1 and Mls1 did not 
differ between the cta1 mutant, the complemented and the wild type strain (Fig. 3C). 
The abundance of Icl1 in the ICL1 complemented strain was much lower compared to 
the other strains, which may provide an explanation for the slower growth phenotype of 
the complemented strain on oleate (compare Fig. 3B and C). Finally, we determined Icl1 
activity in all strains. As reported previously (28) Icl1 activity was completely lost in the 
icl1 null strain and only partial restoration of activity was observed in the complemented 
strain. The cta1 null strain displayed a significant reduction in Icl1 activity compared to 
the wild type (P < 0.02) (Fig. 3D).

Figure 3. The cta1 null mutant exhibits both a reduction in growth and Icl1 activity on oleate 
Growth of strain SN76-P (wild type), cta1 null , CTA1 complemented, BWP17-P (wild type), icl1 null and 
ICL1 complemented on minimal glucose (A) and minimal oleic acid medium (B). (C): Immunoblot analysis 
of catalase (Cta1), isocitrate lyase (Icl1), malate synthase (Mls1), cytosolic marker Hexokinase (Hxk1) and 
peroxisomal marker thiolase (Thiol) in the indicated strains grown on rich oleate medium. (D): Icl1 activity in 
the indicated strains. Reduction of Icl1 activity in the cta1 mutant compared to the wild type is significantly 
different (#; P< 0.02). No Icl1 activity is detectable in the icl1 null strain (*).
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These results suggest a correlation between a low Icl1 activity and reduced growth on 
oleate and may imply that catalase plays a role in protection of Icl1 against H2O2-induced 
damage during fatty acid metabolism.

Discussion

Compartmentalization is a hallmark trait of eukaryotic cells and separation of 
metabolic pathways has been argued to contribute to efficiency. Especially in the case 
of peroxisomes, which are named after their production of peroxides, one can image a 
beneficial effect of concentration of H2O2-producing and H2O2-decomposing enzymes 
in the same compartment. Here we show by subcellular fractionation that the single 
catalase of C. albicans localizes to peroxisomes in oleate-grown cells, confirming 
previous localization studies using immuno-electron microscopy (29). The oxidation-
sensitive glyoxylate cycle enzymes Icl1 and Mls1 co-localize with catalase to the 
peroxisomal compartment (Fig. 1A). Furthermore, transcriptional profiling showed 
that CTA1 and ICL1 are similarly upregulated together with the fatty acid β-oxidation 
enzyme Thiolase when cells are shifted from glucose to oleic acid, while transcription of 
MLS1 remains relatively stable (Fig. 1B). During peroxisomal β-oxidation of fatty acids, 
H2O2 is produced in the peroxisome and we show that a C. albicans cta1 null strain 
has a growth defect on minimal oleate medium. Based on the significantly reduced Icl1 
activity in the cta1 null strain we speculate that in the absence of peroxisomal catalase the 
H2O2 produced during fatty acid β-oxidation cannot be efficiently decomposed resulting 
in oxidative damage of Icl1 and reduced growth (Fig. 3). Whether Mls1 is also affected 
in the cta1 null strain remains to be investigated. Previous reports have shown a clear 
correlation between a defective glyoxylate cycle in C. albicans and a reduced virulence in 
the mouse model of infection (16, 29). Our current results show a reduced functionality 
of the glyoxylate cycle in the cta1 null strain and we hypothesize that the previously 
described virulence defects of C. albicans CTA1 knockouts (23, 38) are actually due to a 
defective glyoxylate cycle. It is interesting to speculate that also in C. boidinii the growth 
defects of the cta1 mutant strain (13) could be (partially) due to a defective glyoxylate 
cycle. However, it remains to be investigated whether the glyoxylate cycle is peroxisomal 
in this yeast. In this context it is interesting to note that in S. cerevisiae Icl1 is cytosolic 
and one wonders whether the different localization of this enzyme is is connected with the 
presence of a second catalase (Ctt1) that localizes to the cytosol. Interestingly, Castor been 
Icl1 expressed in S. cerevisiae was imported into peroxisomes, but not enzymatically active 
(32). However, whether in this case the inactivity of Icl1 was due to insufficient oxidative 
protection by S. cerevisiae Cta1 or heterologous expression is not clear. 

While peroxisomes are present during growth of C. albicans on YPD, the organelles 
are more prevalent and bigger during growth on YPO (our unpublished observations). 
We showed that the single Cta1 of C. albicans is essential for growth on YPD plates in 
the presence of high concentrations of extracellular H2O2 (Fig. 2A). Although H2O2 can 
easily cross membranes and therefore diffuse through the whole cell, the essential role of 
a peroxisomal catalase during protection against exogenous ROS seems rather counter-
intuitive. We have shown that catalase is peroxisomal, but it remains to be investigated 
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whether this is the case under all (growth) conditions. There is precedence for a growth-
dependent localization of catalase, because in C. boidinii catalase is strictly peroxisomal 
on oleate and D-alanine, but equally distributed between peroxisomes and the cytosol 
on methanol (13). Why catalase is also required in the cytosol when C. boidinii is grown 
on methanol remains unclear. 

In support of an essential role of catalase in general stress response, transcriptional 
analysis showed that the C. albicans CTA1 gene was one of few “core” stress response 
genes that were up-regulated within 10 minutes after exposure to three different stress 
conditions: osmotic stress (0.3 M NaCl), oxidative stress (5 mM H2O2) and heavy metal 
stress (0.5 mM CdSO4) (7). These results indicate that the CTA1 gene is transcriptionally 
wired to stress conditions in general and is not exclusively responsive to oxidative stress. 
These findings indicate that Cta1 plays a major role in general stress response and predict 
that probably many other proteins depend on its protective function.
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Abstract

The tripeptide glutathione plays a central role in detoxification of reactive oxygen 
species and reduction of cellular disulfide bonds by serving as a cofactor for a variety of 
glutathione-dependent enzymes. Oxidized glutathione (GSSG) is converted to reduced 
glutathione (GSH) by glutathione reductase (Glr1), an enzyme that is conserved from 
bacteria to higher eukaryotes. Glr1 is protective against reactive oxygen species (ROS) 
in the yeast Saccharomyces cerevisiae, while the protein is essential in the fission yeast 
Schizosaccharomyces pombe (13, 29). Reactive oxygen species are produced in different 
cellular locations and therefore all organelles must contain antioxidant systems. Here we 
present biochemical evidence suggesting that Glr1 of Candida albicans may localize to 
three different compartments: the cytosol, mitochondria and peroxisomes. We present 
a model to explain triple targeting from the single GLR1 gene that involves alternative 
translational start sites, a mitochondrial targeting sequence (MTS) and a conserved N-
terminal peroxisomal targeting signal 2 (PTS2). The C. albicans GLR1 gene was found to 
encode all Glr1 activity in the cell and to be essential for normal growth. 
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Introduction

Glutathione (γ-glutamylcysteinylglycine) is an abundant tripeptide that plays an 
important role in maintaining the intracellular redox state by detoxification of reactive 
oxygen species (ROS) and reduction of cellular disulfide bonds (15). The redox-active 
thiol group of reduced glutathione (GSH) reacts with ROS, disulfides and metals, 
yielding oxidized glutathione (GSSG). The enzyme glutathione reductase (Glr1) 
mediates reduction of GSSG to GSH and uses NADPH as a reducing equivalent (6). The 
pentose phosphate pathway is the main source of NADPH in the cell and this pathway 
is functionally linked to Glr1 (Fig. 1). Different classes of enzymes like glutathione 
peroxidases (Gpx), glutaredoxins (Grx) and glutathione S-transferases (Gst and Gtt) 
are dependent on GSH as an electron donor for a variety of functions. Although Glr1 is 
conserved from bacteria to higher eukaryotes, the dependence of different organisms on 
this enzyme varies. In the yeast Saccharomyces cerevisiae Glr1 is required for protection 
against oxidative stress (13), Escherichia coli Glr1 mutants have no phenotype and they 
maintain a highly reduced glutathione pool (30), while Glr1 of Schizosaccharomyces 
pombe is an essential gene (19).

Figure 1. Glutathione-dependent oxidation-reduction cycle
Schematic representation of the various roles of glutathione-dependent enzymes Gpx, Grx, Gst and Gtt 
in the decomposition of H2O2 and the reduction disulphide bonds in oxidized proteins. All enzymes use 
reduced glutathione (GSH) as a reducing agent generating oxidized glutathione (GSSG). Glr1 reduces GSSG 
back to GSH by using NADPH as an electron donor. The pentose phosphate pathway produces most NADPH 
in the cell. Abbreviations: Protox: oxidized proteins, Protred: reduced proteins, Gpx: glutathione peroxidases, 
Grx: glutaredoxin, Gst: glutathione S-transferase, Gtt: glutathione S-transferase, GSH: reduced glutathione, 
GSSG: oxidized glutathione, Glr1: glutathione reductase.

The respiratory chain in mitochondria is a major site of ROS production in the cell. 
S. cerevisiae Glr1 was shown to localize both to mitochondria and cytosol by in- or 
exclusion of a N-terminal mitochondrial targeting sequence (MTS), a mechanism that 
relies on alternative translational start sites of the GLR1 gene (23). GSH is synthesized in 
the cytosol and transported to the mitochondria by an anion carrier (8, 20), but GSSG is 
unable to exit the compartment (22).  An essential process in the mitochondrial matrix 
is the generation of iron-sulphur (Fe-S) clusters, which are prosthetic groups found 
in various proteins of all living organisms (4). This process was shown to be directly 
dependent on glutathione, because mitochondrial glutaredoxin Grx5 of S. cerevisiae is 
required for maturation of Fe-S clusters (27). In absence of S. pombe mitochondrial Glr1, 
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activity of the oxidation-sensitive Fe-S protein aconitase was completely lost, illustrating 
the direct effect of a decreased GSH pool in mitochondria (16, 29).

The matrix of the peroxisome, the organelle that is named for its production of peroxide, 
harbours several H2O2-producing oxidases. Acyl-CoA oxidase, the first enzyme of the 
fatty acid β-oxidation pathway, D-amino acid oxidase that converts D-amino acids and 
alcohol oxidase involved in methanol metabolism all produce H2O2 as by-product. 
Peroxisomal catalase (Cta1) is the main H2O2-decomposing enzyme in the peroxisomes, 
but some reports also point at a peroxisomal glutathione-dependent system. Glutathione 
peroxidases activity has been detected in C. boidinii and rat liver peroxisomes (14, 28) and 
a glutathione S-transferases (Gto1; an omega class glutathione S-transferases) was shown 
to be peroxisomal in S. cerevisiae. Gto1 is targeted to the peroxisomes by a peroxisomal 
targeting signal 1 (PTS1) and a gto1∆ mutant displayed a growth defect on oleic acid (3). 
Although S. cerevisiae Glr1 is not predicted to contain any peroxisomal targeting signals, 
the enzyme was found to localize to the peroxisomes (32). The function of peroxisomal 
Glr1 however is unclear, because β-oxidation of oleate (C18:1) and myristate (C14:0) and 
number and size of peroxisomes was comparable between the glr1∆ and the wild type 
strain (32). The different phenotypes of the S. cerevisiae gto1∆ (growth defect on oleate) 
and glr1∆ (no growth defect on oleate) mutant strains might suggest that other protective 
mechanisms are upregulated to compensate for the lack of Glr1. 

The human fungal pathogen Candida albicans is a commensal yeast that resides in the 
gastrointestinal tract. Candida infections mainly occur in immunocompromised hosts, 
indicating the essential role of the immune system in infection prevention (17). Upon 
detection of the pathogen, cells of the innate immune system initiate phagocytosis 
of the yeast cells. The ingested cells are exposed to a range of reactive oxygen species 
generated by NADPH oxidase complex of the phagocyte. To survive this oxidative burst, 
the pathogen requires a competent defence system, but the contribution of glutathione-
dependent enzymes in this response is currently unknown. The C. albicans glutaredoxin 
Grx2 was shown to contribute to virulence in the mouse model of infection, but this 
could be (partially) due to a hyphae-formation defect of the grx2∆/∆ strain (7). Another 
virulence-related trait of C. albicans is the ability to form biofilms. Genes involved 
in GSH synthesis are upregulated during early biofilm formation and this lead to the 
speculation that glutathione might play a role in the acquired drug resistance of biofilms 
(21). Glutathione is thought to be an essential metabolite in C. albicans, as disruption 
of glutathione synthesis by deletion of the γ-glutamylcysteine synthetase (GCS1) gene 
resulted in complete glutathione auxotrophy on minimal glucose medium and an 
increase of apoptotic markers (1). 

Here we have studied the subcellular localization of C. albicans Glr1 and addressed its role 
in defence against oxidative stress. The C. albicans genome contain a single GLR1 gene 
that has two in frame ATG start codons, similar to S. cerevisiae GLR1 (23). In yeast dual 
targeting of Glr1 to mitochondria and the cytosol is regulated at the level of translation 
by a so called ”leaky scanning” mechanism (23). In C. albicans, hypothetical translation 
from the first AUG would yield a protein that is predicted by the program MitoprotII (9) to 
contain a MTS and to be targeted to mitochondria, whereas translation from the second 
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AUG would result in a protein without a putative MTS that is predicted to remain in the 
cytosol. However, the predicted translation product starting at the first ATG also contains 
a putative peroxisomal targeting signal 2 (PTS2; -RLTQLSRQL-) that overlaps with the 
MTS (Fig. 2). The N-terminal PTS2 in Glr1 complies with the consensus sequence of R[L/
V/I]X5[H/Q][L/A] (where X is any amino acid) (18, 24) and is almost identical to that of 
known PTS2 proteins Thiolase (-RLNQLSGQL-) and Gnd1 (-RLSILSKQL-) (Chapter 5).

In this study we have employed fluorescence microscopy and subcellular fractionation 
experiments to investigate the subcellular distribution of C. albicans Glr1. The data 
suggest that in H2O2-stressed cells Glr1 may have a triple localization and is targeted to 
the cytosol, mitochondria and peroxisomes. Furthermore we show that a glr1∆/∆ strain 
exhibits strongly reduced growth in all conditions tested, indicating that Glr1 is required 
for normal growth in C. albicans. 

Figure 2. Targeting signals and alternative start sites of C. albicans Glr1
Schematic drawing of Glr1 depicting the class I/II oxidoreductase domain, a dimerization domain and the 
N-terminal domain that contains two putative start sites (AUG; boxed), a putative peroxisomal targeting 
signal (PTS2; boxed and underlined) and a mitochondrial targeting signal (MTS). Translation initiation 
from the first AUG would result in a protein that contains both a mitochondrial targeting signal (MTS) and 
a peroxisomal targeting signal (PTS2), while translation initiation from the second AUG would result in a 
protein without any targeting signal that would presumably remain in the cytosol.

Materials and Methods

Media and culture conditions
C. albicans strains were grown at 28ºC 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 and amino acids as needed (20 μg/ml arginine, 20 μg/ml histidine, 
80 μg/ml uridine). For subcellular fractionation, enzyme assays or immunoblot analysis, 
strains were pregrown for 16 hours on minimal glucose medium (YNB with 2% glucose), 
inoculated into at OD600 0.2 in YNB 0.3% glucose medium and grown for 8 hours. Finally, 
the strains were inoculated at OD600 0.005 into rich oleate medium (YPO; 2% bactopeptone, 
1 % yeast extract, 0.12%/0.2% oleic acid/Tween80) and grown for 16 hours. 

...uuagAUGuuuacuaauaguauaauaucuaaaucaacuacuagacuuacucaauuaaguagacaauuaucaacaacaacuAUGgcuccaacuuc...

   M F T N S I I S K S T T R L T Q L S R Q L S T T T M A P

Class I/II oxidoreductase domain Dim.
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Table I. Strains used in this study

Strain Name  Genotype      Reference

BWP17 wildtype auxotroph ura3∆::imm434/ura3∆::imm434 his1∆::hisG/his1∆::hisG  (36)
    arg4∆::hisG/arg4∆::hisG 
CPK05 BWP17 prototroph ura3∆::imm434/ura3∆::URA3 his1∆::hisG/his1∆::HIS1  (25)
    arg4∆::hisG/arg4∆::ARG4 
CKS11 Glr1-6xMyc ura3∆::imm434/ura3∆::imm434 his1∆::hisG/his1∆::hisG  This study
    arg4∆::hisG/arg4∆::hisG GLR1/GLR1-6xMyc-URA3 
CKS19 Glr1-3xHA ura3∆::imm434/ura3∆::imm434 his1∆::hisG/his1∆::hisG  This study
    arg4∆::hisG/arg4∆::hisG GLR1/GLR1-3xHA-URA3 
CKS02 Glr1-GFP  ura3∆::imm434/ura3∆::imm434 his1∆::hisG/his1∆::hisG  This study
    arg4∆::hisG/arg4∆::hisG GLR1/GLR1-GFP-URA3 
CKS10 glr1∆/∆  ura3∆::imm434/ura3∆::URA3 his1∆::hisG/his1∆::hisG  This study
    arg4∆::hisG/arg4∆::hisG icl1∆::HIS1/icl1∆::ARG4 
CKS31 glr1∆/∆ + GLR1 ura3∆::imm434/ura3∆::URA3-GLR1 his1∆::hisG/his1∆::hisG  This study
   arg4∆::hisG/arg4∆::hisG glr1∆::ARG4/glr11∆::HIS1

Spot test
Cells were pregrown on minimal glucose medium, transferred to 0.3% glucose medium, 
spun down and washed twice with water. Cells were resuspended to a concentration of 
about 2.7 x 107 cells/ml (OD600: 1.0), serially diluted (1:10 dilutions) and four microliters of 
each dilution was spotted onto agar plates. Plates contained YNB + 2% glucose, YPD, YPD 
+ 1 or 4 mM H2O2 and YPD + 1 or 2.5 mM Paraquat (N,N’-Dimethyl-4,4’-bipyridinium 
dichloride; Sigma). The pictures were taken after 3 days of incubation at 28°C.

Strains and plasmids
C. albicans strains used in this study are listed in Table I, plasmids used in this study are 
listed in Table II and primers are listed in Table III. To construct a knockout strain of the 
C. albicans GLR1 gene (orf19.4147), disruption cassettes were made by PCR with primers 
KS09 and KS10 on plasmids pFA-HIS1 and pFA-ARG4 (12). Primers KS12 and KS13 were 
used in a second PCR reaction to increase the yield. The obtained disruption cassettes were 
subsequently transformed to BWP17 and correct integration of the cassettes was checked 
by PCR. Correct integration of both cassettes resulted in strain glr1∆/∆ ura3-. Primers 
KS55 and KS56 were used in a reaction on C. albicans genomic DNA to PCR the GLR1 
gene including a 800 bp promoter region. The PCR product was cloned BamHI/SacI into 
pLUBP (26), sequenced and named pLUBP-GLR1. The empty pLUBP and pLUBP-GLR1 
plasmids were linearized with XhoI/PacI and transformed to the glr1∆/∆ ura3- strain to 
create the prototrophic glr1∆/∆ and glr1∆/∆ + GLR1 strains. A new set of pFA plasmids 
was constructed for C-terminal tagging with 3xHA and 6xMyc epitopes in C. albicans. 
Plasmid pFA-3xHA-URA3 was constructed as follows: plasmid pFA6a-3HA-kanMX6 was 
used as a template to PCR the 3xHA tag with primers c3HAF and R, thereby introducing a 
3x-Gly-Ala linker sequence at the 5’ site of the tag. The PCR product was cloned PstI/AscI 
into pFA-GFP-URA3 (12). The pFA-6xMyc-URA3 was constructed as follows: plasmid 
pFA6a-13Myc-kanMX6 was used as template in a PCR reaction with primers 6myc-F 
and R, resulting in a PCR product that contained a 6xMyc sequence. That PCR product 



167

Subcellular localization and function of glutathione reductase

was cloned SacI/BamHI into pAsk26.1, resulting in pAsk47. Primers cMycF and R were 
used in a PCR reaction on pAsk47, thereby introducing restriction sites and a 3x-Gly-Ala 
linker sequence at the 5’ site of the tag. This PCR product was also cloned PstI/AscI into 
pFA-GFP-URA3. For the tagging of Glr1 with GFP, 3xHA or 6xMyc, primers KS11 and 
KS10 were used in a PCR reaction on plasmids pFA-GFP-URA3, pFA-3xHA-URA3 or 
pFA-6xMyc-URA3. The yield of the reactions was increased by a second PCR with primers 
KS14 and KS13. The three PCR products were transformed to BWP17 resulting in strains 
Glr1-GFP, Glr1-3xHA and Glr1-6xMyc. Correct integration of the constructs and epitope 
tag of Glr1 was confirmed by PCR and immunoblot analysis with the α-GFP, α-HA or α-
Myc antibodies, respectively.

Table II. Plasmids used in this study

Name   Purpose    Reference

pFA-GFP-URA3  C-terminal GFP tagging  (12)
pFA6a-3HA-kanMX6 Template for pFA-3xHA-URA3  (2)
pFA6a-13Myc-kanMX6 Template for pAsk47   (2)
pAsk26.1   Vector for pAsk47   A. Kragt, unpublished
pAsk47   Template for pFA-3xHA-URA3  A. Kragt, unpublished
pFA-3xHA-URA3  C-terminal 3xHA tagging  This study 
pFA-6xMyc-URA3  C-terminal 6xMyc tagging  This study 
pFA-ARG4  Disruption with ARG4  (12)
pFA-HIS1   Disruption with HIS1  (12)
pLUBP   URA3 complementation  (26)
pLUBP-GLR1  GLR1 complementation  This study

Transformation
C. albicans was transformed using a modified lithium acetate protocol (33). The heat shock 
was carried out at 44ºC for 15 minutes.

Glutathione reductase enzyme assay
Glutathione reductase activity was measured as previously described in the academic 
thesis of W. F. Visser (32). Glutathione reductase activity was measured at 37ºC by 
monitoring the absorption at 340 nm over a time span of 5 minutes using a reaction 
mixture with the following components: 1 mM EDTA, 50 mM Tris buffer pH 7.2, 0.1% 
(v/v) Triton X-100, 0.1 mM NADPH, 5 mM GSSG and the sample to be analyzed. The 
change in absorbance of a solution containing no sample was recorded and subtracted 
from all measurements to obtain the total glutathione reductase activity.

Fluorescence microscopy
The Glr1-GFP strain was inoculated in YPD with 2.5 mM Paraquat, 4 mM H2O2 
or without additions and grown for 3 hours. 100 nM Mitotracker Deep Red FM 
(Invitrogen/Molecular Probes) dissolved in DMSO was added to the growing cultures 
and mitochondrial staining was induced for 30 minutes. Cells were harvested by 
centrifugation and washed twice with PBS. Cells were embedded in low melting point 
agarose (Boehringer-Mannheim) and photographed using an Axiophot 2 microscope (Carl 



Chapter 7

168

Zeiss) equipped with a Coolsnap HQ digital camera (Photometrics). Image processing was 
performed using Imago-Pro Express software (Media Cybernetics).

Subcellular fractionation and density gradient analysis
The subcellular fractionation of C. albicans strains was performed as previously described 
(Chapter 2) and the fractions of the Nycodenz gradient were analyzed for the presence 
of enzymatic activity of the peroxisomal marker 3-hydroxyacyl-CoA dehydrogenase 
(3HAD) (34) and the mitochondrial marker Fumarase (31).

Immunoblotting
Gradient fractions or protein extracts were separated on a SDS-polyacrylamide gel (10%) 
and blotted to nitrocellulose membrane using a semi-dry system. Antibodies used were 
directed against S. cerevisiae catalase (Cta1), S. cerevisiae thiolase (Thiol), S. cerevisiae 
Hexokinase (Hxk1), S. cerevisiae glutathione reductase (Glr1), GFP, HA (mAb12CA5) 
and Myc (9b11, Cell Signaling). The Glr1 antibody was a kind gift of Caryn Outten, John 
Hopkins institute, USA.

Table III. Primers used in this study

Primer/Standard Name 5’-3’ sequence

KS09, GLR1_S1  GCTTCAATTTCTAACTTTTCAAGTTGCATTTATATTTTCATAAGTTTTTT 
   TTTTCTTTTTGGTTCTTCTTTTTAGGAAGCTTCGTACGCTGCAGGTC

KS10, GLR1_S2  CACATAACTACGTACTTTCTATTGAAGAACCGATTAAGAACAATTGTTGT 
   TGTTATCTAAAAAATAGGACTCATTCTGATATCATCGATGAATTCGAG

KS11, GLR1_XFP_S1  ATGGGTGCAACTAAGAAAGATTTTGATAATTGTGTTGCTATTCATCCTA 
   CATCAGCTGAAGAATTGGTCACAATGACTGGTGCTGGCGCAGGTGCTTC

KS12, GLR1_F_Re  GCTTCAATTTCTAACTTTTCAAG
KS13, GLR1_R_Re  CACATAACTACGTACTTTCTATTG
KS14, GLR1_XFP_F_Re ATGGGTGCAACTAAGAAAGAT
KS55, F_GLR1_compl_BamHI CGGGATCCgaagaagtaaagcaaaatattttc
KS56, R_GLR1_compl_SacI AAGGCCTcacataactacgtactttctattg
c3HAF   aaaCTGCAGggtgctggcgcaggtgcttccatcttttacccatacgatgttc
c3HAR   ttggcgcgcctcagcactgag
6myc-F   cGAGCTCaccatgcccgggttaattaacggtg
6myc-R   cgcGGATCCagaaccagaacccaaatcttcttcagaaatcaac
cMycF   aaaCTGCAGggtgctggcgcaggtgcttccaacatgcccgggttaattaacgg
cMycR   ttGGCGCGCCtcacaaatcttcttcagaaatcaacttttg

Results

C. albicans Glr1 activity localizes to the cytosol and organelles
The C. albicans wild type strain was grown on YPD and on YPD with 4 mM H2O2 
to apply oxidative stress. Protein extracts of both cultures were analyzed for Glr1 
activity. The total Glr1 activity was found to be four times higher in wild type strain 
grown in the presence of H2O2 compared to the wild type growing on YPD without any 
additions (Fig. 3A). To determine the subcellular distribution of Glr1, the protein was 
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C-terminally tagged at the chromosomal location with a 6xMyc epitope tag. Tagging of 
Glr1 at the C-terminus is expected not to interfere with the function of the predicted N-
terminal targeting signals. A total homogenate (H) of cells grown on YPO was obtained 
by enzymatic removal of the cell wall and osmotic lysis of spheroplasts. The organellar 
pellet (P), containing mainly mitochondria and peroxisomes, was separated from the 
cytosolic supernatant (S) by differential centrifugation and all fractions were analyzed 
for the presence of Glr1-Myc, peroxisomal catalase, peroxisomal thiolase and cytosolic 
hexokinase by immunoblot analysis. Peroxisomal thiolase fractionated predominantly 
in the P fraction, while the distribution of catalase was equal between P and S fractions, 
suggesting some leakage of the peroxisomal enzymes due to damage of the organelles. 
We did not take along a mitochondrial marker in this experiment, but generally 
mitochondrial proteins are found solely in the P fractions. About 70% of the Glr1-
6xMyc fusion protein was found in the S fraction, together with the cytosolic marker 
Hexokinase, while about 30% was associated with the organellar pellet fraction (Fig. 
3B). This experiment shows that Glr1-6xMyc is mainly cytosolic, but that a considerable 
amount of the protein co-fractionates with organelles. 

Figure 3. Activity and subcellular distribution of Glr1
(A): Glr1 enzymatic activity in the wild type grown on YPD and YPD with 4 mM H2O2. (B): Subcellular 
fractionation of Glr1-6xMyc. The total homogenate (H) was separated by centrifugation in a cytosolic 
supernatant (S) and an organellar pellet (P) fraction. Equivalent volumes of the H, P and S fractions were 
analyzed for the presence of Glr1-6xMyc, peroxisomal Catalase, peroxisomal Thiolase and cytosolic 
Hexokinase by immunoblot analysis with α-Myc, α-Cta1, α-Thiol and α-Hxk1 antibodies.

The organelle-associated Glr1 predominantly localizes to mitochondria
To investigate the organellar distribution of C. albicans Glr1 in more detail we performed 
density gradient analysis on organellar pellets obtained from the wild type strain grown 
on YPO (to induce peroxisomes) or YPO with a low or high concentration of H2O2 (to 
induce Glr1 activity). Gradient fractions were analyzed for the enzyme activities of the 
peroxisomal marker 3HAD, the mitochondrial marker Fumarase and Glr1. Additionally 
the distribution of Glr1 in the gradients was also determined by immunoblot analysis 
with an antibody directed against S. cerevisiae Glr1. Analysis of the gradients showed 
that Glr1 activity clearly colocalizes with the mitochondrial peak in all three conditions 
(Fig. 4A, B, D). No clear association of Glr1 activity with peroxisomes was found on 
YPO. Glr1 activity was not elevated in the peroxisomal fractions of the YPO with 1 

Figure 3

50

30

20

10

0

Ac
tiv

ity
/m

g

wild type

Glr1 activity

YPD + 4 mM H2O2

YPD
A

40

B H P S
Glr1-6xMyc

Catalase

Thiolase

Hexokinase

α-Myc

α-Cta1

α-Thiol

α-Hxk1



Chapter 7

170

mM H2O2 gradient, but immunoblot analysis of the gradient fractions revealed a minor 
Glr1 signal associated with the peroxisomes. The peroxisomal and mitochondrial peak 
fractions of the 1 mM H2O2 gradient were analyzed by immunoblot analysis in more 
detail and compared to TCA lysates of the wild type strain, glr1∆/∆ mutant and a strain 
expressing 3xHA-tagged Glr1 incubated with 4 mM H2O2 (Fig. 4C). The mitochondrial 
fraction showed a clear Glr1 signal and a weak Glr1 band of slightly higher molecular 
weight was detectable in the peroxisomal fraction. The gradient of cells incubated with 
4 mM H2O2 revealed a small peak of Glr1 activity that colocalized with the peroxisomal 
marker 3HAD (Fig. 4D). As no Fumarase activity was found in the peroxisomal peak 
fraction, these results may suggest that during high H2O2 stress conditions Glr1 is also 
targeted to peroxisomes.

Figure 4. Organelle-associated Glr1 predominantly localizes to mitochondrial
(A): Nycodenz density gradient of the organellar pellet of the wild type strain grown on YPO. The gradient 
was divided into 12 fractions and in each fraction enzymatic activity of the peroxisomal marker 3HAD, the 
mitochondrial marker Fumarase and Glr1 was determined. Underneath the gradient: immunoblot analysis 
of all fractions with α-Glr1. (B): Nycodenz density gradient of organellar fraction of the wild type grown on 
YPO in the presence of 1 mM H2O2 for one hour. Absolute activity of Glr1 in the mitochondrial peak fraction 
is 7x higher than in the gradient without H2O2. Underneath the gradient: immunoblot analysis of all fractions 
with α-Glr1. (C): Detailed immunoblot analysis with the α-Glr1 antibody of peroxisomal and mitochondrial 
peak fractions of the 1 mM H2O2 gradient along with TCA lysates of the wild type, glr1∆/∆ and Glr1-3xHA 
strain incubated with 4 mM H2O2. (D): Nycodenz density gradient of subcellular fractionation experiment on 
wild type grown for 16 hours in the presence of 4 mM H2O2. 

Glr1 is upregulated and predominantly localizes to the cytosol after addition of H2O2

Glr1 was C-terminally tagged with GFP and 3xHA by insertion of tagging cassettes in 
the chromosomal locus. The Glr1-3xHA strain was used to determine Glr1 induction 
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after addition of 2.5 mM Paraquat or 4 mM H2O2. Paraquat (1,1’-dimethyl-4,4’-
bipyridinium dichloride) is widely used as an agent for superoxide production in 
mitochondria (10). Samples were taken 0, 30 and 180 minutes after addition of the 
oxidative agents. The levels of Glr1-3xHA were very low at time point zero and addition 
of Paraquat resulted in only a slight upregulation after 180 minutes. Upon addition of 
H2O2, however, Glr1-3xHA levels were increased within 30 minutes (Fig. 5A). The Glr1-
GFP strain was used to analyse Glr1 induction and localization after addition of H2O2. 
Fluorescence of the Glr1-GFP construct was barely detectable in the cells grown on 
YPD without additional oxidative stress (Fig. 5B). The Glr1-GFP strain that was grown 
in the presence of H2O2 for 3 hours showed a very bright fluorescent signal that was 
distributed throughout the cell indicating a predominantly cytosolic localization of the 
fusion protein (Fig. 5C). 

C. albicans GLR1 encodes all Glr1 activity and is essential for normal growth
We constructed a glr1 null strain to investigate the overall contribution of Glr1 to 
oxidative stress defence in C. albicans. Construction of the double knockout was 
complicated by the slow growth of the mutant after disruption of the second allele. 
We measured total Glr1 activity in lysates of the glr1 null grown on YPD without or 
with 4 mM H2O2. No Glr1 activity was detected above background levels in the glr1 
null strain in either condition, showing that the single C. albicans GLR1 gene encodes 
all measurable Glr1 (data not shown). We complemented the glr1 null strain with the 
wild type GLR1 gene and tested growth of the strains on minimal and rich glucose 
medium either in the presence or absence of Paraquat, a compound that mainly leads 
to production of superoxide radicals in mitochondria (10), or H2O2, that is thought to 
result in general oxidative stress in all compartments. Growth of the glr1 null strain was 
very slow compared to wild type and complemented strain in all tested conditions, but 
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(A): Immunoblot analysis of Glr1-
3xHA from cells grown on YPD with 
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grown on YPD. (C): Brightfield  and 
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especially on minimal glucose medium and in the presence of 2.5 mM Paraquat. High 
levels of H2O2 also lead to reduced growth of the glr1 null mutant, but a growth reduction 
was also observed for the wild type under these conditions (Fig. 6). The relatively severe 
phenotype of the glr1 null strain in the presence of Paraquat compared to the wild 
type strain might indicate that the contribution of C. albicans mitochondrial Glr1 is 
particularly important to cope with increased intra-mitochondrial ROS levels.

Discussion

Here we have addressed the function of Glr1 of C. albicans and studied its subcellular 
distribution. Microscopic and immunoblot analysis showed that Glr1 normally is 
expressed at relatively low levels, but that extracellular addition of H2O2 results in a strong 
increase of Glr1 levels within 30 minutes (Fig. 3A and 5A). Biochemical fractionation 
experiments showed that Glr1 is localized both to the cytosol and to the organellar pellet 
(Fig. 3B). Further separation of the organellar pellet on density gradients revealed that 
Glr1 is predominantly localized to mitochondria, with some peroxisomal association in 
cells stressed with H2O2 (Fig. 4). 

While the peroxisomal localization of Glr1 remains to be firmly established, it is 
interesting to note that Glr1 contains a putative PTS2 in its N-terminus that overlaps 
with the predicted MTS (Fig. 2). The C. albicans GLR1 gene contains two in-frame 
ATG codons that potentially lead to translation of two gene products: a longer protein 
starting at the first AUG harbouring both the MTS and PTS2 and a shorter product 
lacking both signals that is predicted to be cytosolic. Dual targeting of identical proteins 
to mitochondria and an other compartment was shown to be associated with relatively 
low MTS parameters (11). The longer C. albicans Glr1 has a high MTS parameter 
(0.9795, MitoprotII, reference 9) and therefore equal distribution between mitochondria 
and another compartment is predicted to be unlikely. Our results confirm that the MTS 
overrules the (overlapping) PTS2 because Glr1 is mainly located in the mitochondrial 
fractions under the conditions that we have tested. However, it is possible that the PTS2 
is more favoured under specific conditions that require high levels of peroxisomal Glr1. 

Figure 6. C. albicans Glr1 is essential for 
normal growth
Spot test of the wild type, glr1∆/∆ and GLR1 
complemented strain on minimal glucose 
medium, YPD, YPD with 1 or 2.5 mM Paraquat 
or 1 or 4 mM H2O2.
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The C. albicans GLR1 gene structure is very similar to that of S. cerevisiae GLR1 (23), 
except that the latter does not contain any obvious peroxisomal targeting sequences. 
Despite the absence of a PTS the S. cerevisiae Glr1 has been reported to be equally 
distributed between peroxisomes and mitochondria (32). How peroxisomal targeting of 
Glr1 is achieved in S. cerevisiae is currently unknown. Whether the difference in Glr1 
localization is caused by different oxidative requirements of C. albicans and S. cerevisiae 
peroxisomes remains to be investigated.

The exact contribution of Glr1 to peroxisomal metabolism, if any, remains to be 
established with more certainty. We have previously shown partial peroxisomal 
localization of the NADPH-producing dehydrogenases of the pentose phosphate pathway 
(Chapter 5) indicating that NADPH is available in the peroxisomal matrix to provide 
Glr1 with the necessary reducing power. It seems likely that peroxisomal glutathione 
system would be involved in ROS detoxification and/or repair of oxidized proteins in 
the reactive environment of the peroxisomal matrix. The effect of absent Glr1 might not 
be immediately apparent, because the S. cerevisiae glr1∆ mutant did not have a direct β-
oxidation defect (32). The S. cerevisiae Gto1 is an omega class glutathione S-transferase 
(GST) that localizes to peroxisomes (3). Omega class GSTs have low activity against 
standard GST substrates, but are active as redox regulators of thiol groups using GSH as 
reductant (5, 35). Peroxisomal Gto1 is hypothesized to be involved in redox regulation 
of peroxisomal cystathionine beta-lyase (Str3), which partakes in sulphur amino 
acid metabolism (3). In C. albicans the ortholog of Stre3 (orf19.2092; -PKLCOOH) and 
additionally the ortholog of cystathionine beta-synthase (Cys4; orf19.2263; -PKLCOOH) 
are predicted to be peroxisomal proteins (our observations). We therefore hypothesize 
that peroxisomal glutathione-based protection could also be involved in sulphur amino 
acid metabolism in C. albicans. Further experiments are required to address this issue.

The glr1 null strain that we constructed showed a severe growth defects on all media 
tested and seemed to be especially sensitive to Paraquat, a compound that causes ROS 
production in the mitochondria. High levels of H2O2 affected growth of all the tested 
strains, including the wild type (Fig. 5). We showed that Glr1 is upregulated only slightly 
after addition of Paraquat, but is highly induced in the presence of H2O2 (Fig. 4). The 
essential contribution of Glr1 during growth in the presence of Paraquat seems to contrast 
with the minor upregulation under these conditions. Although Glr1 activity is completely 
lost in the glr1 null strain, there might still be some reduced glutathione present is this 
strain because the glutathione biosynthesis pathway directly produces GSH. Previously 
it was shown that apoptosis was induced by disruption of a C. albicans gene involved in 
glutathione biosynthesis (GCS1) (1). Although the phenotypes of the gcs1 and glr1 mutants 
convincingly show that reduced glutathione is required for normal growth in C. albicans, 
the exact cause of the growth defect remains to be identified. A good candidate protein 
that could be inactivated by oxidation in the absence of Glr1 would be the Fe-S cluster 
protein aconitase. This oxidation-sensitive protein, which is essential for aerobic growth 
was shown, to be completely inactivated in the S. pombe glr1 mutant (29).
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Summary

The yeast Candida albicans is a human commensal that resides in the gastro-intestinal 
tract, but is also the most common cause of human fungal infections. These infections 
range from relatively harmless superficial mucosal infections to life-threatening 
systemic infections that mainly occur in immunocompromised patients. C. albicans is 
a dimorphic fungus that is able to grow in the yeast or in the filamentous form and 
switching between both forms is essential for virulence. Phagocytic cells of the immune 
system, macrophages and neutrophils, play an important role in prevention of infection 
in healthy hosts. Upon recognition, macrophages and neutrophils initiate phagocytosis 
of C. albicans and employ antifungal mechanisms in an attempt to kill the fungus. 
One of these antifungal mechanisms is the respiratory burst of reactive oxygen species 
(ROS) that are released to attack the yeast within the phagolysosomal compartment. 
The transcriptional response of C. albicans at different time points after phagocytosis 
has been studied by microarray analysis. Three noticeable transcriptional changes 
were observed in the fungus: hyphal induction, oxidative stress defense and metabolic 
adaptation to a glucose-poor environment. The latter response is characterized by 
down-regulation of genes involved in glycolysis and up-regulation of genes involved in 
gluconeogenesis, β-oxidation of fatty acids and the glyoxylate cycle. In this thesis we have 
employed molecular and biochemical techniques to study central carbon metabolism 
and oxidative stress defense of the versatile fungus C. albicans.

Central carbon metabolism of eukaryotic cells is characterized by compartmentalization 
of metabolic pathways. The mitochondria harbor the tricarboxylic acid (TCA) cycle and 
the respiratory chain, which are both essential for generation of ATP. The β-oxidation 
of fatty acids is associated with peroxisomes in most eukaryotes and in yeasts like 
C. albicans. Acyl-CoAs of different lengths are completely metabolized to acetyl-
CoA units in the peroxisomal matrix. Subsequently, acetyl-CoA (C2) is fed into the 
peroxisomal glyoxylate cycle to enable generation of malate (C4) units for gluconeogenesis 
and is transported to the mitochondrial TCA cycle where it is degraded to CO2 and 
H2O, thereby assisting in the production of ATP. Transport requirements differ between 
growth conditions, because the site of acetyl-CoA production depends on the carbon 
source. During growth on fatty acids the peroxisomal acetyl-CoA can immediately enter 
the glyoxylate cycle, but transport to the mitochondrial matrix is required for breakdown 
of acetyl-CoA in the TCA cycle. By contrast, during growth on ethanol or acetate acetyl-
CoA is produced in the cytosol and has to be transported to both peroxisomes and 
mitochondria to enter the glyoxylate and TCA cycle, respectively.

The main finding that we describe in Chapters 2, 3 and 4 is the importance of carnitine 
in central carbon metabolism in C. albicans. We describe the role of carnitine acetyl-
transferases and the carrier carnitine in transport of acetyl units between compartments 
in C. albicans. In Chapter 2 we investigate the function of the carnitine acetyl-
transferase Cat2 and show that this enzyme has a dual localization to peroxisomes 
and mitochondria. In contrast with Saccharomyces cerevisiae, C. albicans lacks a 
peroxisomal citrate synthase and is completely dependent on Cat2 for growth on 
fatty acids, ethanol and acetate. We show that Cat2 does not contribute to virulence 
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of C. albicans in the mouse model of infection, but that the protein does play a role 
in biofilm formation of C. albicans. However, the exact contribution of Cat2 to this 
complicated mechanism remains to be investigated. The function of the peroxisomal 
and mitochondrial Cat2 isozymes is studied in more detail in Chapter 3. We use mutant 
strains that lack either the peroxisomal (the mitCAT2 strain) or mitochondrial (the 
perCAT2 strain) isoenzyme and study their phenotypes during growth on fatty acids, 
ethanol and acetate. During growth on these non-fermentable carbon sources, acetyl-
CoA supply to both the mitochondrial TCA cycle and the peroxisomal glyoxylate cycle is 
essential. We show that the mitochondrial Cat2 is essential under all conditions tested, 
as the perCAT2 strain has the same growth defects as a cat2 null strain. However, the 
function of the peroxisomal Cat2 is less clear, because the mitCAT2 strain is still able 
to grow on ethanol and acetate and β-oxidize fatty acids. We discuss the implications 
for acetyl unit transport between compartments using the model presented in this 
chapter. The role of the other two putative carnitine acetyl-transferases, Yat1 and Yat2, 
is discussed in the Addendum to Chapter 3. We show that these proteins localize to the 
cytosol, a localization that seems to be consistent with their putative role in transport 
of acetyl units produced in the cytosol during growth on ethanol or acetate. However, 
the experiments presented in the addendum do not support a role for Yat1 and/or 
Yat2 as carnitine acetyl-transferases and additional data are necessary to unravel 
the function of these proteins. The characterization of the carnitine biosynthesis 
pathway in C. albicans is the subject of Chapter 4. In this chapter we identify the genes 
that encode the four enzymes of the pathway and study their function individually. 
Disruption strains for the genes encoding TMLD, TMABADH and BBD are analyzed 
phenotypically and we show that the strains lack their respective enzymatic activities. 
We show that the second enzyme of the pathway, HTMLA, is a member of the threonine 
aldolase family of proteins. Phenotypic analysis of constructed disruption strains 
revealed its specific function in carnitine biosynthesis in C. albicans. 

The starting hypothesis that acetyl unit transport may contribute to virulence of C. albicans 
has not been confirmed in our studies. We show that Cat2 does not contribute to C. albicans 
virulence in the mouse model of infection, in which the yeast is injected in the blood 
stream. This result confirms earlier findings showing that the β-oxidation of fatty acids 
does not contribute to virulence in this model. However, the mouse model of systemic 
candidiasis might not be very suitable to test alternative carbon metabolism, because 
it is blind to the establishment of infection and because the blood is rich in glucose. 
Alternative models should be employed that take carbon-limitation in account, for 
example during phagocytosis by macrophages and neutrophils.

Chapters 5, 6 and 7 of this thesis also deal with compartmentalization, but focus on 
proteins that contribute to oxidative stress defense. To survive the reactive oxygen 
species (ROS) produced by a macrophage or neutrophil after phagocytosis, C. albicans 
requires a functional defense mechanism. Additionally, ROS like hydrogen peroxide 
(H2O2) are produced intracellularly as by products of many metabolic pathways in 
aerobically living cells. The respiratory chain in mitochondria and oxidases in the 
peroxisomal matrix are the main sources of intracellular H2O2. All ROS either produced 
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intracellularly or entering the cell from the environment, need to be decomposed to 
prevent irreversible damage to proteins, DNA or lipids. Each organelle contains its 
own ROS-decomposing enzymes, but we especially focus on oxidative stress defense 
in the oxidative environment of the peroxisomal matrix. We investigate the subcellular 
localization of the following enzymes in C. albicans: the catalase (Cta1), the glutathione 
reductase (Glr1) and the NADPH-producing dehydrogenases of the pentose phosphate 
pathway, the main source of NADPH in the cell. NADPH plays an essential role as electron 
donor in redox reactions. Chapter 5 describes our finding that the dehydrogenases of 
the pentose phosphate pathway, glucose-6-phosphate dehydrogenase (Zwf1) and 6-
phosphogluconate dehydrogenase (Gnd1), have a dual localization to the cytosol and 
peroxisomes. We show that the Zwf1 and Gnd1 employ different mechanisms to achieve 
their dual targeting and we discuss the putative function of the NADPH production in 
peroxisomes. One of these functions could be to provide NADPH for the protection of 
peroxisomal catalase (Cta1) of C. albicans. In Chapter 6 we study the contribution of 
Cta1 to oxidative stress defense in general and to peroxisomal oxidative stress defense 
specifically. We hypothesize that the enzymes of the peroxisomal glyoxylate cycle are 
particularly sensitive to oxidation and that catalase may protect these enzymes against 
oxidative damage. Finally we investigate the localization of the single Glr1 of C. albicans 
in Chapter 7. Reduced glutathione plays an important role in maintaining the redox 
state of the cell and is used as a cofactor by a variety of glutathione-dependent enzymes 
in different compartments. We show that Glr1 contains both a mitochondrial and a 
peroxisomal targeting signal (MTS and PTS2) in its N-terminus and localizes to the 
cytosol, mitochondria and possibly peroxisomes. Disruption of the GLR1 gene revealed 
that its activity is essential for normal growth on all carbon sources.
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Samenvatting

De gist Candida albicans is een commensaal micro-organisme dat in het menselijke 
maagdarm stelsel leeft. In gezonde mensen veroorzaakt C. albicans over het algemeen 
alleen oppervlakkige infecties van de huid en zachte weefstels, maar in patiënten met 
een slecht functionerend immuun systeem kan de gist levensbedreigende systemische 
infectie veroorzaken. C. albicans kan in twee verschillende vormen groeien: de 
gistvorm waarin de cellen ovaal van vorm zijn en de hyfale vorm, waarin langgerekte 
aaneengeschakelde cellen een draad vormen. Onderzoek heeft aangetoond dat het 
vermogen van C. albicans te switchen tussen de gist- en hyfale vorm een belangrijke 
rol speelt in de virulentie van dit organisme. Macrofagen en neutrofielen zijn cellen 
van het aangeboren, niet-specifieke immuun systeem welke gespecialiseerd zijn in het 
herkennen, aanvallen en vernietigen van pathogene microorganismen en zij spelen een 
belangrijke role in de verdeding tegen C. albicans infecties. Een macrofaag of neutrofiel 
zet de aanval in door de gist te omringen en in zich op te nemen (fagocytose) waarna 
schadelijke zuurstof moleculen (reactive oxygen species; ROS) worden geproduceerd in 
een poging de gist te doden. Onderzoek naar de reactie van C. albicans op een aanval 
door macrophagen liet zien dat de gist drie belangrijke mechanismen in werking stelt: 
groei in de hyfale vorm, verdediging tegen ROS en een verandering in metabolisme. 
In de macrofaag schakelt C. albicans genen die een rol spelen in suikermetabolisme 
“uit” en genen die een rol spelen bij vetmetabolisme “aan”. De hypothese is dus dat 
vetmetabolisme en de verdediging tegen ROS een belangrijke bijdrage levert aan de 
overleving van C. albicans en daarmee aan infecties die deze gist kan veroorzaken. 
Dit proefschrift beschrijft onze moleculaire en biochemische bevindingen over deze 
twee onderwerpen en hoe deze bevindingen een bijdrage leveren aan ons inzicht in de 
veelzijdige gist C. albicans.

Een belangrijk kenmerk van eukaryote cellen, een klassificatie waaronder gisten en 
menselijke cellen vallen, is compartimentalisatie: de indeling van de cel in verschillende 
“kamers” of compartimenten omgeven door een membraan. De opbouw- en afbraakroutes 
van moleculen in de cel zijn vaak gescheiden in de verschillende compartimenten met als 
gevolg dat metabolieten (intermediaire stoffen) moeten worden getransporteerd tussen 
verschillende compartimenten. Mitochondrien bevatten de citroenzuur cyclus, een 
metabool pad dat essentieel is voor de productie van het belangrijke energiemolecuul ATP. 
Tijdens groei op verschillende koolstofbronnen (C-bronnen), worden er in verschillende 
compartimenten acetyl-CoA (C2) geproduceerd, dat naar de mitochondriële citroenzuur 
cyclus getransporteerd moet worden. Tijdens groei op andere C-bronnen dan glucose 
(C6), moeten acetyl eenheden ook getransporteerd worden naar de glyoxylaat cyclus, een 
metabole route die in de peroxisomen gelocaliseerd is. De glyoxylaat cyclus zorgt voor de 
productie van malaat (C4), wat gebruikt kan worden voor de aanmaak van glucose. De 
afbraak van vetten vindt plaats in de peroxisomen en leidt tot de productie van acetyl-
CoA in het peroxisomale compartiment. Acetyl-CoA wordt in twee metabole paden 
geleid: de peroxisomale glyoxylaat cyclus voor de aanmaak van C4 en de mitochondriële 
citroenzuur cyclus voor de productie van ATP. Tijdens groei op vetten moet acetyl-CoA 
dus van de peroxisomen naar de mitochondriën getransporteerd worden. Gisten kunnen 
ook groeien op C2-verbindingen als ethanol of acetaat en tijdens dit metabolisme 
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wordt acetyl-CoA in het cytosol geproduceerd. Tijdens groei op deze stoffen moeten 
acetyl eenheden dus getransporteerd worden van het cytosol naar de peroxisomen (de 
glyoxylaat cyclus) en naar de mitochondrien (de citroenzuur cyclus).

De belangrijkste bevinding die wordt beschreven in hoofdstukken 2 tot en met 4 is de 
essentiële rol van de stof carnitine tijdens het transport van acetyl eenheden tussen 
de verschillende compartimenten in de cel. In Hoofdstuk 2 onderzoeken we de 
functie van het eiwit carnitine acetyl-transferase (Cat2) dat carnitine aan de acetyl 
eenheid bindt zodat acetyl-carnitine gevormd wordt, maar ook de omgekeerde reactie 
uit kan voeren. We laten zien dat Cat2 gelokaliseerd is in de peroxisomen en in de 
mitochondriën in C. albicans en dat dit eiwit essentieel is voor groei op vetten, ethanol 
en acetaat. Een C. albicans stam waarin het CAT2 gen is uitgeschakeld is minder goed 
in staat om biofilms te vormen, maar kan nog steeds een muis infecteren. De functies 
van de peroxisomale en mitochondriële Cat2 worden in meer detail bestudeerd in 
Hoofdstuk 3. Daarvoor gebruiken we stammen die alleen nog de mitochondriële of 
de peroxisomale Cat2 tot expressie brengen en we bestuderen de groeifenotypes van 
deze mutanten. We concluderen dat de mitochondriële Cat2 (en daarmee acetyl-CoA 
import in de citroenzuur cyclus) essentieel is voor groei op vetten, ethanol en acetate. 
De rol van de peroxisomale Cat2 is minder duidelijk, aangezien onze resultaten erop 
wijzen dat er nog steeds acetyl eenheden van en naar de peroxisomen getransporteerd 
kunnen worden. We presenteren een schematisch model met onze bevindingen 
aan het einde van dit hoofdstuk. De rol van de twee andere aanwezige potentiële 
carnitine acetyl-transfereses van C. albicans, Yat1 en Yat2, wordt bediscussieerd in het 
Addendum van Hoofdstuk 3. Eerdere resultaten wezen erop dat Yat1 en Yat2 een rol 
zouden kunnen spelen bij het transport van acetyl eenheden tijdens groei op ethanol 
en acetaat. Wij laten zien dat Yat1 en Yat2 inderdaad in het cytosol gelokaliseerd zijn, 
maar wij kunnen met onze proeven niet aantonen dat deze eiwitten inderdaad carnitine 
acetyl-transferases zijn. De identificatie van de metabole route voor de synthese van 
carnitine in C. albicans is het onderwerp van Hoofdstuk 4. In dit hoofdstuk worden 
de eiwitten geidentificeerd die de vier enzymatische omzettingen verzorgen die leiden 
tot de aanmaak van carnitine: TMLD, HTMLA, TMABADH en BBD. We schakelen 
de genen uit, laten zien dat de enzymatische activiteit verdwenen is en/of tonen aan 
dat ook deze mutanten niet kunnen groeien op vetten, ethanol en acetaat. Vooral 
het achterhalen van het HTMLA enzym was een uitdaging, aangezien dit eiwit nooit 
eerder geidentificeerd was.

De hypothese dat transport van acetyl eenheden in C. albicans een belangrijke rol 
speelt tijdens het infectieproces, het uitgangspunt voor dit onderzoek, is niet bevestigd 
in onze studies. We tonen aan dat Cat2 niet bijdraagt aan infectie in het muis model 
en dit bevestigt een eerdere bevinding van onze groep dat vetafbraak zelf ook geen 
bijdrage levert tijdens dit process. Omdat infectie in het muis model wordt gemeten 
na injectie van C. albicans gistcellen in de bloedbaan waarin veel glucose aanwezig 
is, is dit systeem misschien niet geschikt voor het testen van onze mutanten. Andere 
modellen zouden uitgetest moeten worden waarin C. albicans blootgesteld wordt aan 
een tekort aan glucose, bijvoorbeeld tijdens fagocytose van C. albicans door macrofagen 
of neutrofielen.
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Compartimentalisatie is ook het onderwerp van de volgende hoofdstukken, maar 
hierin bestuderen we eiwitten die een rol spelen bij de verdediging tegen ROS. Na 
het opnemen van de gist door een macrofaag of neutrofiel en de aanval met ROS, is 
een verdedigingsmechanisme onontbeerlijk voor overleving van de gist. Maar ook 
tijdens normaal metabolisme ontstaan er ROS zoals waterstofperoxide (H2O2) in de 
verschillende compartimenten van de cel. De ademhalingsketen in de mitochondriën 
en verschillende oxidases in de peroxisomen zijn de voornaamste bronnen van H2O2 in 
de cel. Alle ROS die ontstaan in de cel of die vanuit de omgeving de cel binnenkomen 
moeten onschadelijk worden gemaakt voordat ze onomkeerbare schade aanrichten aan 
eiwitten, DNA en lipiden. Elk compartiment bevat een eigen set van enzyme die ROS 
af kunnen breken, maar onze aandacht is vooral uitgegaan naar de eiwitten die in de 
peroxisomen gelocaliseerd zijn. Wij hebben de lokalisatie onderzocht van de volgende 
C. albicans eitwitten: catalase (Cta1), glutathione reductase (Glr1) en de NADPH 
producerende dehydrogenases van de pentose phosphaat pathway, de belangrijkste 
bron van NADPH in de cell. NADPH speelt een essentiële rol in de verdediging tegen 
ROS. In Hoofdstuk 5 beschrijven we onze resultaten met betrekking tot de lokalisatie 
van de NADPH producerende eiwitten glucose-6-phospaat dehydrogenase (Zwf1) 
en 6-phosphogluconaat dehydrogenase (Gnd1). We tonen aan dat Zwf1 en Gnd1 op 
verschillende manieren geimporteerd worden in de peroxisomen en we bediscussiëren 
de rol van NADPH in dit compartiment. De functie van het de peroxisomale Cta1 in 
zowel bescherming tegen ROS van buiten als ROS geproduceerd in het peroxisomal 
compartiment wordt behandeld in Hoofdstuk 6. Wij poneren de hypothese dat de 
enzymen van de peroxisomale glyoxylaat cyclus erg gevoelig zijn voor beschadiging 
door ROS en dat catalase een belangrijke functie heeft in de bescherming van deze 
enzymen. De lokalisatie van het Glr1 wordt bestudeerd in Hoofdstuk 7. Dit eiwit 
genereert gereduceerd glutathion wat een belangrijke rol speelt in de verdediging tegen 
ROS. Eiwitten in verschillende compartimenten gebruiken gereduceerd glutathion voor 
het onschadelijk maken van ROS of voor het voorkomen van schade veroorzaakt door 
deze reactieve moleculen. Wij laten zien dat Glr1 een mitochondriaal targeting signaal 
(MTS) heeft en een peroxisomaal targeting signaal (PTS2) en dat het eiwit aanwezig is in 
de mitochondriën, het cytosol en wellicht de peroxisomen. Verder tonen we aan dat de 
activiteit van Glr1 essentieel is voor normale groei van C. albicans. 
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Aan de vooravond van mijn promotietraject is de gedachte “vier jaar lang onderzoek 
doen in hetzelfde lab, zal ik het dan nog wel leuk vinden?” meerdere malen door mijn 
hoofd geschoten. Nu, vijf jaar later kan ik die vraag volmondig met “JA” beantwoorden. 
Het tastbare resultaat van deze leerzame en intensieve periode is het proefschrift dat 
je nu in handen hebt. Ondanks het feit dat het voelt als “mijn boekje”, zijn er heel veel 
mensen die ik op deze plek van harte wil bedanken voor hun bijdrage.

Ten eerste wil ik natuurlijk Ben bedanken voor de begeleiding en aanmoediging tijdens 
mijn gehele promotietraject, maar ook voor het afremmen en inperken waar nodig. Ik 
heb enorm veel geleerd van je kritische vragen en passie voor fundamentele wetenschap. 
Geweldig dat je deur altijd open stond! Hans, bedankt voor de steun op de achtergrond, 
fijn dat je mijn promotor wilt zijn. Carlo, een groot deel van dit proefschrift zou nooit 
het levenslicht gezien hebben zonder jou. Wat mij betreft was (en is) onze samenwerking 
perfect: twee nieuwsgierige enthousiastelingen die zoveel mogelijk proeven willen doen. 
Ik ben blij dat je mijn paranimf zult zijn! Maar wat betreft hartstocht voor de wetenschap 
kan niemand tippen aan Guy, misschien ook niet wat levendigheid betreft. Bedankt voor 
alle discussies over wetenschap/actualiteit/natuur/geschiedenis etc, die zal ik zeker 
gaan missen! Misschien zal jij de eerste paranimf zijn die door de promovendus in toom 
gehouden moet worden? Janny, jouw bijdrage aan dit proefschrift is enorm! Sinds we 
samen begonnen te werken zijn meerdere projecten dankzij jou in een stroomversnelling 
gekomen. Bedankt voor je doorzettingsvermogen, maar ook voor de gezelligheid. Een 
aantal van de spannendste momenten in de afgelopen jaren heb ik doorgebracht met 
Marlene achter de elektronen microscoop. Hopelijk kijk je met trots naar je plaatjes op 
de achterkant van dit boekje! Ik zal jou ook missen! Met veel plezier heb ik mijn studentes 
Dorien, Jolanda en Karien begeleid tijdens hun stages. Bedankt voor jullie inzet, 
zonder jullie was er geen carnitine project geweest en ik ben trots dat ik jullie begeleider 
mocht zijn. Andere mensen zonder wie het carnitine project er niet was geweest zijn 
Naomi, Fred en Ron en de mass spec mensen van afdeling Genetisch Metabole Ziekten. 
Eens een carnitine-addict, altijd...? Maar niet alleen voor het carnitine project heb ik 
geleund op de afdeling GMZ, want voor de oxidatieve stress hoofdstukken ben ik veel 
dank verschuldigd aan Wouter. Gradienten draaien en dan daarna nog Cobassen, het 
waren lange maar erg gezellige dagen. Frans en Rob, een wetenschapper in opleiding 
als ik moet de kunst toch een beetje afkijken en jullie waren dankbaar studiemateriaal. 
Bedankt voor de discussies en jullie kritische vragen. Chris, thanks for all the stupid (or 
brilliant) jokes and for listening to my grumbleling. I think I have copied your motto: Just 
Get On With It! Kasia, I really enjoyed our evenings of food & drinks. Travelling around 
Istanbul was so much fun! Iwona, you know how to handle a big project, whether it is 
plasmid construction of moving a family abroad. Aan het begin van mijn project heb 
ik veel geleerd van Els, onze Candida expert. Bedankt voor de fijne kneepjes! Saskia 
van “the other side”, bedankt voor de macrofagen en neutrofielen, jammer dat ze het 
proefschrift niet gehaald hebben. Veel sociale evenementen met als hoogtepunt de lab-
expeditie naar Vigo hadden we te danken aan Astrid. Dit proefschrift ziet er zo goed uit 
dankzij Alina en haar InDesign for Dummies. Een gezellig dagje is aan ons wel besteed! 
Natuurlijk mag ik stuiterbal Nick niet vergeten, zonder jou is lunchen wellicht sneller, 
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maar ook een stuk minder ver(s)makelijk. Ook Marielle, Annett en Duco bedankt voor 
de gezelligheid rond het middaguur. Just when I started to feel rather lonely in the lab, two 
new AIO’s were there to stir things up. Teja, I admire your perseverence, but remember 
fruit time! Areti, our very own Greek “mom”, you don’t need me to tell you to remind 
people about eating... Bastiaan, we ontmoetten elkaar toevallig, maar daar is toch een 
mooie samenwerking uit voortgevloeit. Marco, goed dat we samen een projectje zijn 
begonnen: immunologie en gist, daar zit toekomstmuziek in! Ik heb me altijd bijzonder 
welkom gevoeld op de afdeling Medische Biochemie: tijdens de labdagen, de borrels, de 
kerstlunches en gewoon dagelijks in de koffiekamer. Romana en Annette, bedankt voor 
alle goede zorgen! Professoren Ronald Wanders, Stanley Brul, Ronald Oude-Elferink, 
Joost Teixeira De Mattos, Ron van Noorden en Dr. Bastiaan Krom hartelijk bedankt 
voor het plaatsnemen in mijn promotiecommissie. Op deze plaats wil ik ook mijn 
waardering en dank uitspreken naar mijn ouders, Thea en P.C., die mij altijd de volledige 
mogelijkheden en ruimte hebben geboden om mijzelf te ontwikkelen. Ook de sponsering 
van dit proefschrift wordt erg gewaardeerd. Ik hou van jullie! Alle vrienden en familie 
bedankt voor de interesse, het medeleven en het begrip wanneer proeven toch langer 
duurder dan voorzien. Lieve Bjorn, jij lijkt wel als vanzelfsprekend aan te voelen wanneer 
je me kan bijstaan of wanneer je me beter de ruimte kan geven. Deze eigenschap is van 
onschatbare waarde geweest in dit laatste jaar van mijn promotie, bedankt daarvoor. Ik 
zie onze gezamelijke toekomst in Boston helemaal zitten!



Appendix

186

List of Publications

Karin Strijbis, Carlo van Roermund, Wouter Visser, Els Mol, Janny van den Burg, Donna 
MacCallum, Frank Odds, Ekaterina Paramonova, Bastiaan Krom and Ben Distel
Carnitine-dependent transport of acetyl-CoA in Candida albicans is essential for 
growth on non-fermentable carbon sources and contributes to biofilm formation
Eukaryot Cell. 2008 Apr;7(4):610-8.

Kasia Piekarska, Guy Hardy, Els Mol, Janny van den Burg, Karin Strijbis, Carlo van 
Roermund, Marlene van den Berg and Ben Distel
The activity of the glyoxylate cycle in peroxisomes of Candida albicans depends 
on a functional beta-oxidation pathway: evidence for reduced metabolite transport 
across the peroxisomal membrane.
Microbiology. 2008 Oct;154(Pt 10):3061-72.

Karin Strijbis, Carlo van Roermund, Guy Hardy, Janny van den Burg, Karien Bloem, 
Jolanda de Haan, Naomi van Vlies, Ronald Wanders, Fred Vaz and Ben Distel
Identification and characterization of a complete carnitine biosynthesis pathway 
in Candida albicans
Accepted for publication in FASEB Journal

Karin Strijbis, Wouter Visser, Janny van den Burg, Marlene van der Berg and Ben Distel
Dual localization of the oxidative branch of the pentose phosphate pathway in the 
human fungal pathogen Candida albicans
Manuscript in preparation

Karin Strijbis, Carlo van Roermund, Marlene van de Berg, Janny van den Burg, Guy 
Hardy and Ben Distel
The role of Candida albicans peroxisomal and mitochondrial carnitine acetyl-
tranferases in intracellular acetyl unit transport
Manuscript in preparation



187

List of publications and CV

Curriculum Vitae

Karin Strijbis was born on May 16, 1980, in Alkmaar, the Netherlands. After attending 
the Jan Arentsz College in Alkmaar, she started her study Medical Biology at the Vrije 
Universiteit, Amsterdam, and specialized in molecular biology and evolution. She 
performed a traineeship at the department of Developmental Genetics of the Vrije 
Universiteit. During this traineeship, she worked on gene silencing and methylation 
by RNAi with inverted repeat loci in Arabidosis thaliana under supervision of Dr. 
J. Kooter. She wrote her Masters thesis on the role of BRCA1 and BRCA2 in breast 
and ovarian cancer under supervision of Dr. F. Arwert of the department of Human 
Genetics of the same university. She gained a Socrates-Erasmus Scholarship to perform 
a second traineeship in the department of Molecular Evolution at Uppsala University, 
Sweden. Here she worked on functional analysis of (pseudo?)genes in the intracellular 
bacteria Buchnera aphidicola and Bartonella henselae, a project that was supervised 
by Prof. S.G.E. Andersson. Karin gained her MSc in August 2003. In January 2004 she 
started working as a PhD student at the department of Medical Biochemistry of the 
Academic Medical Center of the University of Amsterdam. The defense of her thesis  
“Compartmentalization of metabolic pathways: a matter of transport” will take place on 
April 28, 2009. In July of this year she will start working as a post doc in the laboratory of 
Prof. Hidde Ploegh at the Whitehead Institute in Boston, Massachusetts, USA.


	01
	Thesis_Strijbis_klein.pdf

