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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 



149

Peroxisomal localization and protective role of catalase

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

wild type
cta1∆/∆

cta1∆/∆ + CTA1

YNB 2% glucose YPD

YPD + 1 mM PQ YPD + 2.5 mM PQ
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cta1∆/∆ + CTA1

YPD + 1 mM H2O2 YPD + 4 mM H2O2
wild type
cta1∆/∆

cta1∆/∆ + CTA1
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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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