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Detoxification of hydrogen peroxide is a fundamental aspect of the cellular antioxidant responses in which
catalases play a major role. Two differentially regulated catalase genes, cat4 and catB, have been studied in
Aspergillus nidulans. Here we have characterized a third catalase gene, designated catC, which predicts a
475-amino-acid polypeptide containing a peroxisome-targeting signal. With a molecular mass of 54 kDa, CatC
shows high similarity to other small-subunit monofunctional catalases and is most closely related to catalases
from other fungi, Archaea, and animals. In contrast, the CatA (~84 kDa) and CatB (~79 kDa) enzymes belong
to a family of large-subunit catalases, constituting a unique fungal and bacterial group. The catC gene
displayed a relatively constant pattern of expression, not being induced by oxidative or other types of stress.
Targeted disruption of catC eliminated a constitutive catalase activity not detected previously in zymogram
gels. However, a catalase activity detected in cat4 catB mutant strains during late stationary phase was still
present in catC and catABC null mutants, thus demonstrating the presence of a fourth catalase, here named
catalase D (CatD). Neither catC nor catABC triple mutants showed any developmental defect, and both mutants
grew as well as wild-type strains in H,0,-generating substrates, such as fatty acids, and/or purines as the sole
carbon and nitrogen sources, respectively. CatD activity was induced during late stationary phase by glucose
starvation, high temperature, and, to a lesser extent, H,O, treatment. The existence of at least four differentially
regulated catalases indicates a large and regulated capability for H,0O, detoxification in filamentous fungi.

Several studies indicate that reactive oxygen species play
crucial roles in various aspects of cell physiology, such as cel-
lular defense (45), life span (38), stress signaling (22), devel-
opment (19), apoptosis (30), and pathology (33). The hydrogen
peroxide formed during aerobic metabolism is capable of gen-
erating other reactive oxygen species, which can damage many
cellular components (18). Catalases and peroxidases are the
most important enzymatic systems used to degrade H,O..
There are three separate families of catalases: Mn-catalases,
bifunctional catalase-peroxidases, and monofunctional, or
“true,” catalases. The last group is the one best characterized
and corresponds to homotetrameric heme-containing enzymes
present in eubacteria and eukaryotes and recently also found
in the Archaea (34). Within this family of catalases, two clearly
distinct classes can be recognized: the small-subunit (50- to
65-kDa) and the large-subunit (~80-kDa) enzymes. The first
class includes a large number of catalases from bacteria, plants,
fungi, and animals. An increasing number of catalases of the
second class have been identified in bacteria and filamentous
fungi (5, 8, 13, 15, 23-25, 27, 37) but not in higher eukaryotes.

The core sequence of the true catalases is composed of 360
to 390 amino acid residues (24, 48), while the large-subunit
enzymes typically have ~70 and ~150 additional residues at
the N and C termini, respectively. These terminal sequences
seem to confer increased stability on the enzymes (6, 24).

Our studies focused on the antioxidant response in eu-
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karyotes and its possible connections to cellular development
(19), through the detailed analysis of catalase gene regulation
in Aspergillus nidulans. Well-characterized sexual and asexual
development processes in this filamentous fungus are amena-
ble to genetic analysis (1, 40). In A. nidulans the catalase genes
catA and catB have been characterized, both encoding large-
subunit (~84- and ~79-kDa, respectively) true catalases (23,
27). The catA and catB genes are evolutionarily divergent, as
judged from the relatively low similarity among the encoded
polypeptides (40% identity) and the different exon structures
(23). The catA mRNA accumulates during sporulation as well
as in response to multiple types of stress, and its translation is
connected to asexual and sexual spore formation, resulting in
the high levels of catalase A activity in spores. This regulation
is mediated by the cat4 5’ untranslated mRNA region (26). In
contrast, the catB gene is induced and translated in growing
and developing hyphae and in response to oxidative and other
types of stress. Both catalases provide protection against H,O,
at different stages of the A. nidulans life cycle, and CatA, and
to a lesser extent CatB, protects germlings from heat shock (23,
27, 28). Here, we present the characterization of a third cata-
lase gene, the catC gene, and present evidence for the exis-
tence of a fourth catalase (CatD) in A. nidulans. Unlike catA
and catB, catC encodes a small-subunit catalase with a perox-
isomal targeting sequence which is closely related to catalases
from other fungi, animals, and Archaea. The catC gene is not
essential for fatty acid and/or purine utilization, and its expres-
sion is constitutive, overlapping in time with the expression of
the other catalase genes. On the other hand, the CatD activity
was induced under a narrow set of conditions, such as the late
stationary phase, glucose starvation, high temperature, and
H,O, treatment.
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TABLE 1. Strains used in this work”

Strain Genotype Reference or source”

FGSC26 biAl veAl FGSC

RMSO011 pabaAl yA2 AargB::trpCAB veAl trpC801 36

CLK20 biAl AcatA::argBAA metG1 AcatB::argBAB veAl Progeny from cross TRN1 X CLK15 (this work)
(FGSC strain A1055 and ATCC MYA-116)

TLK61 pabaAl yA2 AcatC::argBAC AargB:trpCAB trpC801 veAl Obtained by transforming strain RMS011 with
linear pLK20 (this work)

TLK12 pabaAl yA2 AargB::trpCAB AcatB::argBAB trpC801 veAl 23 (FGSC strain A1054 and ATCC MYA-118)

CLK35 pabaAl yA2 biAl AcatC::argBAC AcatA::argBAA AcatB::argBAB veAl Progeny from cross CLK20 X TLK61 (this work)

CLK14 biAl AcatA::argBAA metG1 AcatB::argBAB veAl Progeny from cross CLK12 X TLK12 (this work)

CLK15 biAl metG1 AcatB::argBAB veAl Progeny from cross CLK12 X TLK12 (this work)

RYC17 AargB::trpCAB AcatA::argB veAl Partial genotype 7

RYC16 AargB::trpCAB AcatA::argB AcatB::argB veAl Partial genotype 7

CLK36 pabaAl biAl AcatC::argBAC AcatA::argBAA metG1 AcatB::argBAB veAl Progeny from cross CLK20 X TLK61 (this work)

“To obtain triple catA catB catC mutants, strains CLK20 and TLK61 were crossed. Master plates containing progeny from this cross were screened for the lack of
CatB, using 20 mM H,O0,, as described previously (23). Of 94 strains, 37 lacked catB and used to extract genomic DNA. DNA samples were screened for catC disruption
by PCR, using oligonucleotides catC10 (5’ AAGATTGGGTCGAAGCGG3') and argB1 (5'CATAAGTCCGCCAGCAGG3'). The lack of CatA and CatB activities was

confirmed by Zymogram analysis.
® FGSC, Fungal Genetics Stock Center.

MATERIALS AND METHODS

Strains, media, transformation, and growth conditions. The A. nidulans
strains used in this work are shown in Table 1. All strains were grown in
supplemented minimal-nitrate or minimal-ammonium (20 mM ammonium tar-
trate) medium (21). When carbon sources other than glucose were used, the
concentrations were 100 mM (50 mM in solid medium) sodium acetate, 0.5%
Tween 80, 200 mM ethanol, 200 mM methanol, 1% glycerol, and 6 mM oleate in
1% Tergitol NP-10. Nitrogen sources other than nitrate or ammonium were 2.2
mM adenine or 0.8 mg of uric acid/ml. Developmental cultures were induced as
previously described (2). To disrupt the carC gene, strain RMS011 was trans-
formed with plasmid pLK20 by using standard techniques (46).

Catalase induction by different types of stress. Wild-type strain FGSC26 was
used to study catC gene expression under different conditions. Liquid cultures
were inoculated with 5 X 10° spores/ml and grown for 12 h (nitrate as the
nitrogen source) or 14 h (ammonium as the nitrogen source) at 37°C and 300
rpm. Then mycelia were incubated under different conditions or filtered through
Miracloth and transferred to different media. Stress conditions were heat shock
(42°C), 5 mM paraquat, 0.5 mM H,O, (added every 30 min), 1 M sorbitol, and
1 M NaCl. Cultures were incubated under these conditions for 2 to 6 h. Mycelia
were harvested and frozen in liquid nitrogen. Total RNA was extracted using
Trizol (Gibco-BRL) and Northern blotting analysis was performed using stan-
dard techniques using catC as a probe.

Cloning of catC, seq ing, and pl construction. Oligonucleotides
catCl (5'CTAGGTACCGAGCGAGTGGTCCATGCC3') and catC2 (5'AGTA
GATCTCGGGATTCTCGTCAAGG3') were designed based upon a 1,085-bp
A. nidulans genomic sequence (contig ANIC10430), predicting a catalase frag-
ment different from CatA and CatB, provided by Cereon Genomics, LLC. These
primers were used to amplify by PCR a 770-bp DNA fragment, using total A.
nidulans DNA as the template. This PCR product was cloned into PCRII
(pLK12) vector (Invitrogen) and subsequently used to probe an A. nidulans
chromosome-specific cosmid library (4). Eight cosmids belonging to chromo-
some I were identified: L9E07, L28G03, W6C12, W9009, W10009, W11609,
W17G01, and W28001. Restriction analysis of cosmids W6C12, W9009, W28001,
and W17G01 indicated that they represent the same chromosomal region. Cos-
mid W17G01 was used as a template to fully sequence both DNA strands of the
catC gene, by automatic fluorescent sequencing in an ABI PRISM 310 from
Perkin-Elmer. After DNA sequencing was completed, primers catC8 (5'TTCC
TCAATGCTTAGTGC3') and catC9 (5 TCCCGGGAACTTTAAGGCATGTT
AG3’) were used to amplify by PCR a 2,200-bp fragment containing the com-
plete catC gene, using cosmid W17GO01 as the template. This 2,200-bp fragment
was cloned into PCRII to originate plasmid pLLK17. The catC Kpnl-Notl frag-
ment from pLK17 was ligated into pBluescript I KS(+) (Stratagene) to generate
plasmid pLK19. pLK19 was digested with Xhol and Hincll and ligated to the
argB Xhol-Smal fragment from plasmid pDC1 to generate pLK20, which was
used to transform strain RMSO011.

Hybridization analyses and nucleic acid isolation. Genomic DNA was isolated
as reported previously (39). Total RNA was isolated with the Trizol reagent
(Gibco-BRL), fractionated in formaldehyde-agarose gels, transferred to Hy-
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bond-N nylon membranes (Amersham), and hybridized by using standard tech-
niques. The EcoRI fragment from pLK17 was used as a catC-specific probe, and
the BamHI-Nrul fragment from pDC1 was used as an argB-specific probe. Both
were labeled with 3?P using the BRL random priming labeling kit. Transformants
containing the desired catC disruption were identified by Southern blotting,
using first the catC Xhol-Hincll internal fragment from pLK19 and then the
entire catC EcoRI fragment from pLK17 as probes.

Catalase activity determination. Mycelial samples from 50-ml cultures were
filtered through Whatman paper, dried by passing ~200 ml of cold acetone
through the mycelia, and stored at —75°C until used. Acetone-dried mycelia were
ground with mortar and pestle by using dry ice, until a fine powder was obtained.
Ground mycelia were used to prepare protein extracts, which were used to
determine catalase activity in zymograms (23) or by O, evolution, using an
oxygen electrode (11).

Nucleotide sequence accession number. The sequence obtained for carC has
been deposited in GenBank under accession number AF316033.

RESULTS

Cloning and characterization of the catC gene. Using catalase
activity zymograms, we detected the presence of a third catalase
activity in mycelial samples obtained from several catA catB null
mutants grown for 48 h. This novel activity, which was later
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FIG. 1. A catalase activity is detected in zymogram analysis of mu-
tants carrying different deletions in the catA and catB genes. Protein
extracts (55 pg) obtained from mycelia grown for 48 h in minimal-
nitrate liquid media were fractionated in a native polyacrylamide gel
and stained for catalase activity. Catalase activity from isolated conidia
(strain RMSO011) is shown as a reference.
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FIG. 2. Comparison of A. nidulans CatC with the most similar catalases. CatC was aligned with catalases from Ajellomyces capsulatus (GenBank
accession number AF189369), Schizosaccharomyces pombe (47), Saccharomyces cerevisiae (10), D. discoideum (14), and M. barkeri (34). Conserved
amino acids that form part of the active (*) and heme coordination (|) sites are indicated. The alignment was performed using the programs
PILEUP and PRETTY (12).

named CatD (see below), migrated slightly faster than CatB and
was not present in asexual spores (Fig. 1). This result led us to
contact Cereon Genomics, LLC (Cambridge, Mass.), for possible
catalase gene sequences, different from cat4 and catB, present in
their A. nidulans genomic sequence database. We used a 1,085-bp
sequence identified in the database to design primers to amplify
a 770-bp DNA fragment, using A. nidulans genomic DNA as the
template. The cloned PCR product was confirmed by sequencing
and used to probe a chromosome-specific library (4), which iden-
tified eight cosmid clones from chromosome I. Restriction anal-
ysis of four of these cosmids indicated that they represent the
same chromosomal region. Using one of the cosmid clones,
W17G01, the region of interest was sequenced in both strands.
The resulting genomic sequence contains an uninterrupted open
reading frame encoding a 475-amino-acid polypeptide. Because
the predicted amino acid sequence showed high similarity to
known catalases, this newly identified gene and its protein prod-
uct were named catC and CatC, respectively.

catC encodes a small-subunit monofunctional catalase with
a putative peroxisomal targeting signal. The catC gene pre-
dicts a protein with a molecular mass of 54,128 Da. CatC is
highly similar to catalase P from the fungal human pathogen
Ajellomyces (Histoplasma) capsulatus (84% identity), Cttl from
Schizosaccharomyces pombe (61% identity), CAT1 (43) from
Candida albicans (61% identity), and the peroxisomal catalase
Ctalp from Saccharomyces cerevisiae (58% identity). CatC also
shows high similarity to CatA (14) from the slime mold Dic-
tyostelium discoideum (52% identity) and catalases from the
strict anaerobic methanogenic archacon Methanosarcina bark-
eri (52% identity) and animals (data not shown). All of these
enzymes belong to the family of small-subunit (50- to 65-kDa)
monofunctional catalases. As shown in Fig. 2, amino acid se-
quences that form part of the active and heme coordination
sites are conserved in CatC and these enzymes.

The CatC carboxy terminus contains the tripeptide ARL,
which fits the consensus ([S/C/A][K/R/H]L) peroxisomal tar-
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FIG. 3. catC expression during growth, asexual development, and
stress. Total RNA extracted from wild-type strain FGSC26 mycelia,
subject to the indicated conditions, was fractionated in a formalde-
hyde-agarose gel and used for Northern blot analyses. (A) Regulation
during growth and stationary phase. RNA samples were from mycelia
harvested at 12, 24, and 48 h of growth in liquid minimal-nitrate
medium. (B) Expression during asexual development. RNA samples
obtained from mycelia grown for 18 h in liquid minimal nitrate me-
dium (0 h) and from mycelia induced to conidiate for the indicated
time. (C) catC expression under different nutritional and stress condi-
tions. Strain FGSC26 was grown in liquid minimal-ammonium me-
dium for 14 h and then incubated at 42°C (HS) or in the presence of
5 mM paraquat or 0.5 mM H,O, for 4 h. In the case of 1 M sorbitol,
0.1% glucose, 0.5% Tween 80, and 200 mM ethanol, the 14-h-grown
mycelia were filtered, washed, and transferred to the indicated media
for 4 h (sorbitol and glucose) or 6 h. Glucose (0.1% ), Tween 80, and
ethanol were used as the sole carbon sources. The EcoRI catC frag-
ment from pLK12 was used as the probe. The same blots probed with
argB are shown as RNA loading controls.

geting signal type I. This signal has been shown to be both
necessary and sufficient to direct proteins to peroxisomes (17,
20). It is present in other enzymes from filamentous fungi that
very likely are peroxisomal, such as monoamino oxidase
(ARL) and urate oxidase (AKL) (29, 32).

catC expression is constant under different conditions. We
have reported that the cat4 and catB genes are differentially
regulated during the A. nidulans life cycle as well as in response
to different types of stress (23, 26, 27). With argB mRNA and
rRNA staining (not shown) as loading controls, we examined
the expression of catC by Northern blot analysis, using RNA
samples from the wild-type strain FGSC26 grown under dif-
ferent conditions. As shown in Fig. 3A, the catC mRNA was
detected in young hyphae as early as 12 h of growth, and its
level was relatively constant up to 48 h of growth. This result
suggested either that catC did not encode the catalase activity
that appears after 48 h of growth (Fig. 1) or that it was subject
to some type of posttranscriptional control. During asexual
development, the catC message level showed little change up
to 6 h, increased slightly by 12 h, and declined thereafter (Fig.
3B), to become barely detectable in isolated conidia (not
shown).
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The catC mRNA level was virtually unaffected by several
stress and nutritional conditions, including oxidative stress,
osmotic stress, and growth for 6 h in Tween 80 or ethanol as
the sole carbon source (Fig. 3C). A slight induction was no-
ticeable only during heat shock (Fig. 3C) and growth in uric
acid as the sole nitrogen source (not shown).

Targeted disruption of cafC revealed the existence of an
unidentified catalase gene. To determine if catC encoded a
catalase different from the one previously detected in catA4 catB
double null mutants (Fig. 1), we designed plasmid pLK20 to
perform a targeted disruption of cartC. In pLK20 a central
region of 740 bp from the catC gene was replaced by the argB
gene as a selectable marker. This resulted in the deletion of
amino acid residues 94 to 341 from CatC. Linear pLK20 was
used to transform strain RMS011 to arginine independence.
Forty-one Arg* transformants were analyzed by Southern
blotting using the catC internal Xhol-Hincll fragment deleted
in pLK20. Among these, 12 transformants gave no hybridiza-
tion signal, indicating deletion of the corresponding catC frag-
ment. Genomic DNA from three of these catC mutants was
digested with BamHI, EcoRI, and Sa/l and analyzed by South-
ern blotting using the entire catC gene as the probe. All three
transformants gave hybridization patterns identical to the one
shown in Fig. 4B for strain TLK61. This pattern is consistent
with the double recombination event and consequent disrup-
tion of the catC gene, depicted in Fig. 4A.

To analyze zymogram catalase activity patterns in a more
conclusive way, we created triple caz4ABC mutant strains (Table
1). Both catA catB (strain CLK20) and catA catB catC (strain
CLK36) mutants were grown for 12, 24, and 48 h, and corre-
sponding protein extracts were used to detect catalase activity
in zymograms. As shown in Fig. 5, the catalase activity detected
previously in 48-h samples from the cat4B double mutants
(Fig. 1) was unaffected by the deletion of the catC gene, dem-
onstrating that this catalase, which we have designated CatD, is
encoded by an as-yet-unidentified gene.

Samples from the cat4 catB double mutant showed a cata-
lase activity smear at the gel wells and a more defined band
right below the concentrator gel. These activities were totally
absent in samples from the catABC triple mutant (Fig. 5),
indicating that the catC-encoded catalase was not detected in
our previous zymogram gel system. This was supported when
catalase-specific activity was assayed by O, evolution in the
samples used for the zymogram. As shown at the bottom of
Fig. 5, ~250 U of catalase activity was detected in samples
from strain CLK20 grown for 12 h, which remained constant at
24 h of growth. In contrast, catalase activity was negligible in
12- and 24-h samples from strain CLK36. The 48-h sample of
CLK36 contained 92 U of catalase activity, which would cor-
respond to the catalase D activity detected in the zymogram. A
slight decrease in CatC activity in the CLK20 48-h sample may
explain why the total catalase-specific activity remained around
250 U, despite the contribution of CatD activity. These results
confirm that carC encodes a novel catalase activity that remains
relatively unchanged during 12 to 48 h of growth. This pattern
of CatC activity is consistent with the catC mRNA levels de-
tected during the same period of growth (Fig. 3A).

Catalase C activity is not required for asexual or sexual
development or for fatty acid and/or purine utilization. We
observed no obvious defect during asexual development of 4.
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FIG. 4. catC gene targeted disruption. (A) Plasmid pLK20 was constructed by replacing a central region of 740 bp from the catC gene with the
argB gene, used as a selectable marker. The CatC region removed corresponds to amino acids 94 to 341 (Fig. 2). Linear pLK20 was used to
transform strain RMS011 to arginine independence. Restriction sites: B, BamHI; E, EcoRI; S, Sall. (B) Total DNA extracted from recipient strain
RMSO011 and the AcatC strain TLK61 was digested with indicated restriction enzymes and used for Southern blot analysis. The probe used was
the EcoRI catC fragment from pLK17. The same membrane probed with argB (not shown) gave a hybridization pattern fully consistent with the
illustrated integration event. MW, molecular weight (weights are in thousands); WT, wild type.

nidulans catC mutants. However, Berteaux-Lecellier et al. (3)
reported that peroxisomal function is necessary for caryogamy
and sexual development in Podospora anserina. We found that
wild-type strain FGSC26 and catAB (CLK20), catB (TLK12),
catC (TLK61), and catABC (CLK35) null mutant strains were
all able to differentiate sexual fruiting bodies (cleistothecia) in
similar amounts and produced viable sexual spores.

A. nidulans can utilize oleate as the sole carbon source and
purines as the sole nitrogen source. The degradation of these
compounds appears to occur in peroxisomes and involve H,O,
generation (31, 42). We tested the growth response of CLK20,
TLK12, TLK61, and CLK35 mutant strains in media contain-
ing different carbon and/or nitrogen sources (see Material and
Methods). In particular, we tested oleate and Tween 80 as the
sole carbon sources, adenine and uric acid as the sole nitrogen
sources, and combinations of both carbon and nitrogen
sources. All four catalase mutants grew as well as the wild-type
strain in all tested media, indicating that CatC function is
dispensable for growth in these substrates.

Catalase D is induced during late stationary phase, by glu-
cose starvation, and heat shock. We used catA catB double
mutants to examine CatD activity under different conditions.
As shown in Fig. 5 and 6, CatD activity was not detectable
before 48 h of growth. After 48 h, a slight increase was ob-
served by 72 h (data not shown). Under our growing condi-
tions, glucose in the medium becomes exhausted by 36 h (35).
Therefore, 48 to 72 h of growth corresponds to a very late
stationary phase under severe nutrient starvation. To analyze
CatD activity under different growth and stress conditions,
strain CLK20 was grown for 24 h, and then mycelia were
shifted to different media for 10 to 12 h. Alternatively, 24-h
mycelia were exposed for 10 h to osmotic stress, high temper-
ature, or the oxidative stress caused by paraquat and H,O,
treatments. Figure 6 shows that glucose starvation and incu-
bation at 42°C resulted in a clear induction of CatD activity,

while H,O, produced a modest induction. All other treat-
ments, including nitrate starvation, failed to induce CatD.

DISCUSSION

The catC gene encodes a small-subunit monofunctional
catalase, likely localized in peroxisomes. Here we have shown
that A. nidulans catC encodes a catalase more related to small-
subunit catalases from other fungi, a slime mold, Archaea, and

© catAlcatB: catA-lcatBlcatC
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CatC
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>
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FIG. 5. A. nidulans contains at least four different catalases. Pro-
tein extracts (40 pg) prepared from strains CLK20 (catA™ catB™) and
CLK36 (catA™ catB™ catC™) grown for 12, 24 and 48 h were fraction-
ated in a native polyacrylamide gel that was stained to detect catalase
activity. A protein sample from isolated conidia (strain FGSC26) is
shown as a catalase A and B reference. Numbers below the zymogram
are catalase-specific activities (in units per milligram of protein per
milliliter) in each sample, measured by O, evolution (11). Data are the
averages of two determinations, with a maximum variation of 13% with
respect to the average.
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FIG. 6. Catalase D is induced during late stationary phase, by glucose starvation, heat shock, and H,O,. Strain CLK20 (catA ™~ catB™) was grown
in minimal-nitrate medium for 24, 34, and 48 h. Mycelia grown for 24 h were incubated at 42°C, in the presence of 1 M sorbitol, 5 mM paraquat,
or 0.5 mM H,O, for 10 h. Where indicated, 24-h mycelia were shifted for 10 to 12 h to fresh media containing or lacking glucose, lacking nitrate,
or containing 0.5% Tween 80 or 0.8 mg of uric acid/ml as the sole carbon and nitrogen sources, respectively. A total of 100 pg of protein was loaded

in each lane.

animals than to catalases from eubacteria and plants. In con-
trast, CatA and CatB, along with other enzymes up to now
found only in filamentous fungi and eubacteria, form the large-
subunit catalase family (5, 8, 13, 15, 23, 24, 27, 37, 48). In fact,
endosymbiosis and horizontal gene transfer mechanisms have
been invoked to explain the grouping of these fungal and
bacterial catalases (24). It seems clear that catC and catAB
genes have different evolutionary origins, as judged from their
sequence and size disparity and the catC lack of introns.

The catC gene was expressed at relatively constant levels
under several growth, stress, and nutritional conditions, the
most noticeable change being a gradual decrease during
conidiation. This constitutive expression correlates well with
the CatC activity detected during 12 to 48 h of growth (Fig. 5).
CatC activity was not detected previously due to its extremely
low migration rate in our zymogram gel system. This can be
explained by the high isoelectric point (8.69) predicted for
CatC, perhaps the most basic reported for a catalase, with our
starting electrophoresis conditions at pH 8.5. A slight change
in pH during electrophoresis may account for the CatC activity
that enters the zymogram gel. Our attempt to resolve and/or
detect CatC using electrofocusing gels was unsuccessful, while
CatA and CatB were well separated and detected under the
same conditions. This result could be explained by a higher
stability of CatA and CatB than of the smaller CatC enzyme. In
fact, CatB has been found to be resistant to 9 M urea, 2%
sodium dodecyl sulfate, and ethanol-chloroform treatment (6).

Several lines of evidence suggest that CatC may be a perox-
isomal enzyme. First, it contains the peroxisome-targeting sig-
nal ARL. Second, our preliminary cell fractionation experi-
ments using cell extracts from catA4 catB double mutant grown
for 18 h showed that at least 20% of the total CatC activity is
contained within the subcellular particle pellet, along with high
activity levels of the peroxisomal marker isocitrate lyase (41)
and the mitochondrial marker fumarase. Third, a catalase ac-
tivity has been cytochemically localized in microbodies from
young growing hyphae, and cosedimentation of catalase activ-
ity and peroxisome marker enzymes has also been shown in A.
nidulans (42). 1t is unlikely that the reported peroxisome-as-
sociated catalase (42) corresponds to CatA, CatB, or CatD.
CatA and CatB do not contain peroxisome-targeting signals
(23, 27). CatA activity is largely associated with spores (26) and
has been immunolocalized in the asexual spore cell wall and

cytosol (R. E. Navarro and J. Aguirre, unpublished data),
whereas CatB has been immunolocalized in the cell wall and
cytosol from hyphae (L. Kawasaki and J. Aguirre, unpublished
data). CatD has been shown here to be present in old and
high-temperature-grown hyphae.

Multiple catalases and other H,0, detoxification enzymes
in A. nidulans. Although there is some overlap, CatA and CatB
are present at different stages of the A. nidulans life cycle and
protect different cell types from H,O, or other types of oxida-
tive stress (23, 26, 27) and heat shock stress (28). The fact that
the catC gene is expressed at relatively constant levels suggests
that CatC activity overlaps CatA or CatB activity. However,
confirmation of a peroxisomal location for CatC would argue
against such functional overlap or redundancy. CatD seems
repressed by glucose and is induced during late stationary
phase, showing a partial overlap with CatB expression. No
other catalase genes besides catA, -B, and -C were found in the
A. nidulans genome database, suggesting that the database is
not complete or that CatD does not belong to the monofunc-
tional catalase family.

The fact that CatC is dispensable for growth in oleic acid as
the sole carbon source and/or in purines as the sole nitrogen
sources suggests the presence of alternative peroxisomal H,O,
detoxification systems. A search of an A. nidulans cDNA par-
tial sequence database (http://www.genome.ou.edu/fungal
.html) for genes encoding enzymes involved in H,O, detoxifi-
cation identified two genes in addition to cat4 and catB. Clone
r2g02al predicts a protein with high similarity to fungal and
mammalian PMP20 peroxisomal peroxidases (9, 16, 44). Clone
c7g02al predicts a protein with high similarity to glutathione
peroxidases. The existence of two putative thiol-dependent
peroxidases and at least four catalases suggests a large and
regulated capability for H,O, degradation in filamentous
fungi.
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