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In this study we cloned CTAIl, the gene encoding peroxisomal catalase, from the methylotrophic yeast
Candida boidinii and studied targeting of the gene product, Ctalp, into peroxisomes by using green fluorescent
protein (GFP) fusion proteins. A strain from which CTAI was deleted (ctalA strain) showed marked growth
inhibition when it was grown on the peroxisome-inducing carbon sources methanol, oleate, and p-alanine,
indicating that peroxisomal catalase plays an important nonspecific role in peroxisomal metabolism. Ctalp
carries a peroxisomal targeting signal type 1 (PTS1) motif, -NKF, in its carboxyl terminus. Using GFP fusion
proteins, we found that (i) Ctalp is transported to peroxisomes via its PTS1 motif, -NKF; (ii) peroxisomal
localization is necessary for Ctalp to function physiologically; and (iii) Ctalp is bimodally distributed between
the cytosol and peroxisomes in methanol-grown cells but is localized exclusively in peroxisomes in oleate- and
D-alanine-grown cells. In contrast, the fusion protein GFP-AKL (GFP fused to another typical PTS1 sequence,
-AKL), in the context of CbPmp20 and p-amino acid oxidase, was found to localize exclusively in peroxisomes.
A yeast two-hybrid system analysis suggested that the low transport efficiency of the -NKF sequence is due to
a level of interaction between the -NKF sequence and the PTS1 receptor that is lower than the level of
interaction with the AKL sequence. Furthermore, GFP-CtalpAnkf coexpressed with Ctalp was successfully
localized in peroxisomes, suggesting that the oligomer was formed prior to peroxisome import and that it is not
necessary for all four subunits to possess a PTS motif. Since the main physiological function of catalase is
degradation of H,0,, suboptimal efficiency of catalase import may confer an evolutionary advantage. We
suggest that the PTS1 sequence, which is found in peroxisomal catalases, has evolved in such a way as to give
a higher priority for peroxisomal transport to peroxisomal enzymes other than to catalases (e.g., oxidases),

which require a higher level of peroxisomal transport efficiency.

Catalase, which degrades H,O, to oxygen and H,O, is
present along with various types of H,O,-generating oxidases
in the matrix of the peroxisome, an organelle found in virtually
all eukaryotic cells. Because of this, catalase has been used for
a long time as a marker enzyme for peroxisomes (6, 24, 52). A
lack of catalase in peroxisomes is thought to result in accumu-
lation of toxic H,O, and/or other reactive oxygen species de-
rived from H,O, (7, 18, 44, 53, 60), and the physiological
importance of catalase activity is shown by the existence of a
genetic disease, known as acatalasemia (52). In addition, a
defect in catalase import into the peroxisome has been re-
ported to lead to a severe neurological disorder (44). The
peroxiredoxine Pmp20 family is another peroxisomal antioxi-
dant system capable of degrading H,O, that has recently been
identified in both mammalian and yeast cells (20, 57). The
physiological significance of catalase is reevaluated in this re-
port and compared with the function of members of the Pmp20
family of proteins.

Peroxisomal proteins are encoded by nuclear genes, are syn-
thesized on free polyribosomes, and, following translation, are
imported into the peroxisome (24). The targeting of proteins
to peroxisomes is mediated by cis-acting peroxisomal targeting
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signals (PTSs) and their corresponding receptors. PTSs are
necessary and sufficient for peroxisomal targeting. At least
three types of PTSs are known, including a C-terminal tripep-
tide, PTS1 (16); an NH,-terminal peptide, PTS2 (12, 13, 50);
and mPTS, which is specific for an integral peroxisomal mem-
brane protein (8, 27, 28). The PTS1 receptor, Pex5p, and the
PTS2 receptor, Pex7p, have been shown to bind and recruit
PTS1 and PTS2 proteins to peroxisomes, respectively (46).
Another feature of peroxisomal protein import is the pres-
ence of some proteins that can be imported into peroxisomes
in a folded oligomeric state. Such oligomeric transport has
been demonstrated with artificial PTS1-tagged chlorampheni-
col acetyltransferase in yeast and human cells (29) and also
with some native PTS1 and PTS2 proteins, including Saccha-
romyces cerevisiae thiolase (13), S. cerevisiae malate dehydro-
genase 3 (9), human alanine/glyoxylate amino transferase 1
(26), and plant isocitrate lyase (25). In these studies, a reporter
protein from which PTS had been deleted was shown to be
transported into peroxisomes only when the same reporter
protein harboring a PTS was coexpressed in the same cell. This
finding was supported by the results of microinjection studies
of human cell lines in which colloidal gold particles (diameter,
9 nm) that were coated with a human serum albumin-PTS1
conjugate were shown to be imported into the peroxisome
(54). In contrast, two major methanol-induced peroxisomal
proteins, dihydroxyacetone synthase and alcohol oxidase
(AOD), seemed to differ in that these two proteins fold within
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peroxisomes after they are imported into these organelles (40,
56).

There is no direct evidence that oligomeric transport of
catalase occurs, but there is indirect evidence which suggests
that oligomeric transport of catalase could occur. For example,
in cells of patients with Zellweger syndrome, in which catalase
and other peroxisomal matrix proteins are synthesized on ri-
bosomes normally but are not transported across the peroxi-
somal membrane (52), catalase assembles into catalytically ac-
tive tetramers in the cytosol (55). These cells can be divided
into distinct complementation groups so that fusion of cells
from different groups results in the appearance of catalase-
containing peroxisomes (4, 45). However, studies performed
with monoclonal antibodies specific for tetrameric or dimeric-
monomeric catalase subunits showed that in contrast to what
happens in rodent liver, human skin fibroblasts assemble cyto-
solic tetrameric catalase in the cytosol (within 1 h of synthesis),
and this catalase is then targeted to peroxisomes for disassem-
bly and import (30).

We have used the methylotrophic yeast Candida boidinii
extensively as a model organism to study peroxisomal metab-
olism and protein import. C. boidinii can grow on three met-
abolically distinct peroxisome-inducing carbon sources, meth-
anol, fatty acids, and p-alanine (15, 38). When this organism is
used in combination with a gene manipulation system (37, 41),
the metabolic significance of a specific protein can be evalu-
ated by examining the growth defect with cells grown on a
peroxisome-inducing carbon source. For example, in a previ-
ous study we showed that the function of CbPmp20 is specific
for methanol metabolism (20). In the present study we sought
to evaluate the physiological contributions of peroxisomal
catalase in various types of peroxisome metabolism. In addi-
tion, the following two aspects of peroxisomal import of cata-
lase were studied: the efficiency of transport; and oligomeric
transport in which green fluorescent protein (GFP) was used,
which enabled us to visualize the localization of GFP-Ctalp
fusion protein in living cells. We were able to show that the
efficiency of catalase import into peroxisomes depends on the
growth conditions (i.e., the carbon source). Furthermore, our
findings suggest that the variations in PTSs in different proteins
are related to the metabolic significance of each protein. In this
report we show that not only peroxisomal metabolism but also
the efficiency of peroxisomal protein transport can change de-
pending on the environmental conditions.

MATERIALS AND METHODS

Microorganisms and growth conditions. C. boidinii TK62 (ura3) (37) was used
as the host for transformation. C. boidinii GC (39) was used as the wild-type
strain. Synthetic MI medium was used as the basal medium on which C. boidinii
was cultured (42). One or more of the following compounds was used as the
carbon source in each experiment: 1% (wt/vol) glucose, 1% (vol/vol) methanol,
0.6% (wt/vol) p-alanine, or 0.5% (vol/vol) oleic acid. Tween 80 was added to the
oleate medium at a concentration of 0.05% (vol/vol). The initial pH of the
medium was adjusted to 6.0. Complex YP medium containing 2% Bacto Peptone
(Difco Laboratories, Detroit, Mich.) and 1% yeast extract (Difco) was also used
as the basal medium in some experiments. YPD medium contained 2% glucose
and YPMGy medium contained 0.5% methanol and 0.5% glycerol as the carbon
source(s). The C. boidinii strains were incubated under aerobic conditions at
28°C with reciprocal shaking, and growth of the yeast was monitored by mea-
suring the optical density at 610 nm.

Escherichia coli DH5« (43) was routinely used for plasmid propagation.
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TABLE 1. Oligonucleotide primers used in this study

Primer Sequence (5'-3")

CATGGATCCGACGTTTGTGCCGCAAAG
CATGGATCCCAATCTGTGTCTGTGAGT

CBCAT-N ATAAGAATGCGGCCGCAATATGTCTAATCCTC
CAACTTAT

CBCAT-R1 .......... ATAAGAATGCGGCCGCTTAAAATTTATTCTITAG
AAGCACC

CBCAT-R2 .......... ATAAGAATGCGGCCGATTACTTAGAAGCACCT
CTTGGAC

CTAI1PstI3' .......... AACTGCAGTTAAAATTTATTCTTAGAAGCACC

AKLPstI3' ............ AACTGCAGTTATAATTTAGCCTTAGAAGCACCT
CTTGGAC

DNKFPstI ............ AACTGCAGTTACTTAGAAGCACCTCTTGGAC

5'SalICTA1 .ACGCGTCGACTGTCTAATCCTCCAACTTATAC

CTAIGFP ............ GTTGTATAAGTTGGAGGATTAGAACCTCCGGA
CTTGTATAGTTCATC

GFPCTAL ............ GATGAACTATACAAGTCCGGAGGTTCTAATCC
TCCAACTTATACAAC

TH-Pex5-N........... CTCGAGAAATGTCATTCATAGGTGGAGGT

ereereee [CTAGATTAAATCCCGTTAGATGTGCG
TH-GFP-N........... ACGCGTCGACTGGGTAAAGGAGAAGAACTTTT
ACGCGTCGACATGGGTAAAGGAGAAGAACTTT
AACTGCAGTTATAATTTAGCACCTCCGGA

GFP-NKF AACTGCAGTTAAAATTTATTACCTCCGGACTTG
TATAGTTC
GFP-Stop.............. AACTGCAGTTAACCTCCGGACTTGTATAG

Cloning and sequencing of CTAI from C. boidinii S2. A 0.8-kb DNA fragment
of the peroxisomal catalase gene from a related Candida strain (32) was used as
the probe for cloning of the CbCTAI gene. This fragment was obtained by PCR
by using primers CTAN1 and CTARI1 (Table 1) and Candida tropicalis pK233
genomic DNA as the template. The PCR-amplified fragment was gel purified,
32P labeled by the method of Feinberg and Vogelstein (10), and used for cloning
experiments. A ca. 5.0-kb EcoRV-digested genomic DNA pool was gel purified
and ligated into the EcoRV site of pBluescript II KS+ (Stratagene, San Diego,
Calif.). E. coli transformants were transferred onto a Biodyne nylon membrane
(Pall Bio Support, New York, N.Y.). After lysis of the bacteria, the liberated
DNA was bound to the nylon membrane, and the blots were then used for colony
hybridization under high-stringency hybridization conditions, using Church-Gil-
bert buffer (1% bovine serum albumin, 1 mM EDTA, 0.25 M NaCl, 0.25 M
NasPO, [pH 7.2], 7% sodium dodecyl sulfate) (5). Hybridization was performed
at 65°C overnight, and then the membranes were washed six times in 0.2X SSC
(1x SSCis 0.15 M NaCl plus 0.015 M sodium citrate) at the same temperature.
Clones that showed strong positive signals were found to harbor a reactive 5.0-kb
EcoRV fragment. Nested deletion mutants were derived as previously described
(58), and the complete CTAI gene was sequenced in both directions by using a
7-deaza sequencing kit (Thermo Sequence fluorescent labeled primer cycle se-
quencing kit) from Amersham Pharmacia Biotech (Little Chalfont, Buckingham-
shire, England) and a model DSQ-2000L DNA sequencer (Shimadzu Co. Ltd.,
Kyoto, Japan).

Construction of the disruption cassette and one-step disruption of CTAIL.
pCTALl, carrying 5.0-kb EcoRV fragment harboring the C. boidinii CTAI gene,
was digested with Spel and HindIII, and the 2.5-kb Spel-HindIII fragment con-
taining the 5’ flanking region and truncated C-terminal coding region of C.
boidinii CTAI was cloned into the multiple cloning site of pBluescript II SK+
(Stratagene), which yielded pCTA1SH. This plasmid was digested with StyI to
delete a 1.4-kb fragment which included the 5" half of the C. boidinii CTAI gene.
The remaining fragment was gel purified, blunt ended with T4 DNA polymerase,
and ligated to the XhoI-Sacl fragment of pSPR (C. boidinii URA3 gene having a
repeated sequence in the 5" and 3’ flanking regions) (41). The ligation reaction
generated the C. boidinii CTAI disruption vector pCTA1SPR. After propagation
of pCTAISPR in E. coli, the inserted DNA fragment was isolated following
Sacl-Xhol digestion, and this fragment was used to transform C. boidinii TK62 to
uracil prototrophy. The disruption of CTAI was confirmed by genomic Southern
analysis of Bgl/ll-HindIlI-digested DNA from a Ura™ transformant, using the
0.4-kb Styl-Hincll fragment from pCTA1 as a probe. The strain in which CTAI
was disrupted (ctalA strain) which was obtained with pCTA1SPR was reverted
to uracil auxotrophy by using a previously described procedure (41), which
yielded the ctalA ura3 strain.

Construction of Ctalp and CtalpAnkf overexpression vectors. NotI sites were
added to both ends of the C. boidinii CTAI coding sequence by PCR performed
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with primers CBCAT-N and CBCAT-R1 (Table 1), and C. boidinii CTAI DNA
was used as the template in the reaction. The amplified fragment was purified
from an agarose gel, digested with NorI, and introduced into the C. boidinii ex-
pression vector pNotel (35). The plasmid construct was designated pNotCtalp-
NKF. pNotCtalpAnkf, an expression vector of CtalpAnkf lacking the coding
sequence of the C-terminal three amino acids of Ctalp, was constructed in the
same way by using primers CBCAT-N and CBCAT-R2 (Table 1). The correct
orientation of the inserted fragment was confirmed by physical mapping. Plasmid
constructs were linearized with BamHI and introduced into the ctalA ura3 strain
by the modified lithium acetate method (36).

Construction of GFP fusion proteins and their expression vectors. A PCR
technique was used to construct GFP fusion proteins and their expression vec-
tors. To construct pGFP-Ctalp-NKF, two rounds of PCR were performed by
using primers GFP-ATG and GFPCTA1 (Table 1) with pGFP-C1 (Clontech, Palo
Alto, Calif.) as the template and primers CTAIGFP and CTA1PstI3’ (Table 1)
with C. boidinii CTA1 DNA as the template. Next, the two amplified fragments
were gel purified and used as PCR templates with primers GFP-ATG and
CTAI1PstI3’ (Table 1). The amplified fragment was gel purified, digested with
Sall and Pst1, and introduced into the C. boidinii expression vector pACT1 (42).
PACT1 harbored the C. boidinii ACTI promoter and terminator sequences with
a unique Sall-Pst1 site to insert coding sequences for expression (42). pGFP-
CtalpAnkf and pGFP-Ctalp-AKL were constructed in exactly the same manner,
except that primer DNKFPstI was used instead of CTA1PstI3" and AKLPstI3’,
respectively (Table 1). pGFP-NKF was constructed by cloning the PCR product
obtained by using primers GFP-ATG and GFP-NKF (Table 1) with pGFP-C1 as
the template into the Sall-PstI site of pACT1. The plasmid constructs were
linearized with Xbal and introduced into C. boidinii strain TK62 and the ctalA
ura3 strain by the modified lithium acetate method (36). Strains GFP-AKL/wt
and GFP-Stop/wt (42) were used as the wild-type strains for comparison of
peroxisome morphology.

Protein methods and antibody preparations. Size exclusion chromatography
was performed by using HilLoad 16/60 Superdex pg (Amersham Pharmacia
Biotech) with 0.1 M potassium phosphate buffer (pH 7.5) at a flow rate of 1.0 ml/
min at 4°C. The molecular mass standards used were glutamate dehydrogenase
(290 kDa), lactate dehydrogenase (142 kDa), enolase (67 kDa), adenylate kinase
(32 kDa), and cytochrome ¢ (12.4 kDa).

Standard 9% polyacrylamide Laemmli gels (22) with a pH 9.2 separating gel
were used. Immunoblotting was performed by the method of Towbin et al. (49),
using an ECL detection kit (Amersham, Arlington Heights, Ill.). IVA7 mono-
clonal anti-Pmp47 antibody and anti-Aodlp antibody were kindly provided by
J. M. Goodman (University of Texas Southwestern Medical Center, Dallas).
Anti-GFP antibody was kindly provided by M. Fransen (Katholieke Universiteit,
Louvain, Belgium).

Enzyme assays. The levels of catalase and cytochrome ¢ oxidase activities were
determined as described previously (1, 48). Protein quantification was performed
by the method of Bradford (3) with a protein assay kit (Bio-Rad Laboratories,
Hercules, Calif.), using bovine serum albumin as the standard.

H,0, concentration and methanol concentration. Fluorescent measurement
was used for horseradish peroxidase-catalyzed oxidation of homocanillic acid to
determinine the concentration of H,O, (17, 59). Because thiols are substrates for
horseradish peroxidase (19), sulthydryl groups were alkylated with N-ethylmale-
imide prior to the determination of H,O, concentration. Calibration curves were
generated with known amounts of H,O,. Methanol concentrations were deter-
mined by gas-liquid chromatography with a Porapak Q column (inside diameter,
0.55 cm; length, 2 m) by using a Shimadzu GC 7A as previously described (47).

Organelle fractionation. C. boidinii cells were grown on YPMGy medium
overnight, converted to spheroplasts with Zymolyase 100T (Seikagaku Co., To-
kyo, Japan), and osmotically lysed by the method of Goodman et al. (14), as
described previously (33). Unlysed cells, nuclei, and other cell debris were re-
moved from the lysate by centrifugation at 1,000 X g and 4°C for 10 min. The
supernatant was centrifuged at 20,000 X g and 4°C for 20 min to obtain a crude
pellet containing mainly peroxisomes and mitochondria.

To prepare a continuous Nycodenz (Sigma Chemical Co., St. Louis, Mo.)
gradient solution, a 10.6-ml stepwise gradient (1.3 ml of 60% [wt/vol] Nycodenz,
2 ml of 50% [wt/vol] Nycodenz, 4 ml of 35% [wt/vol] Nycodenz, and 3.3 ml of
28% [wt/vol] Nycodenz) was frozen once in liquid nitrogen and then thawed.
Next, the organelle suspension was layered on top of the 10.6-ml gradient, and
samples were centrifuged at 100,000 X g for 2 h at 4°C in a VTi 65.1 vertical rotor
(Beckman Instruments, Inc., Palo Alto, Calif.). The gradients were fractionated
from the bottom.

Fluorescence microscopy. Cells expressing GFP fusion protein were placed on
a microscope slide and examined with an Axioplan 2 fluorescence microscope
(Carl Zeiss, Oberkochen, Germany) equipped with a Plan-NEOFLUAR 100/
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1 - 30 (oil) objective and Nomarski attachments and set at the fluorescein
isothiocyanate channel. Images were acquired with a charge-coupled device
camera (Carl Zeiss ZVS-47DE) and a CG7 frame grabber (Scion Corp., Fred-
erick, Md.).

Two-hybrid procedures and assays. A PCR technique was employed to con-
struct vectors expressing fusion proteins with the GAL4 DNA binding domain or
the transcriptional activation domain. pBD-Ctalp-NKF was constructed by clon-
ing the PCR product by using primers 5'SallCTA1 and CTA1PstI3’ (Table 1)
with pCTA1 as the template and ligating it to the SalI-PstI site of the pBD-GAL4
Cam phagemid vector (Stratagene). pBD-CtalpAnkf was constructed in exactly
the same way, except that primer DNKFPstI was used instead of CTA1PstI3’
(Table 1). pBD-GFP-NKF was constructed by cloning the PCR product by using
primers TH-GFP-N and GFP-NKF (Table 1) with pGFP-C1 as the template and
ligating it to the Sall-PstI site of the pBD-GAL4 Cam phagemid vector. pBD-
GFP-AKL and pBD-GFP-Stop were constructed in exactly the same way, except
that primer GFP-NKF was replaced by primers GFP-AKL and GFP-Stop, re-
spectively (Table 1). pAD-CbPex5p was constructed by cloning the PCR product
by using primers TH-Pex5-N and TH-Pex5-C (Table 1) with C. boidinii genomic
DNA as the template and ligating it into the XhoI-Xbal site of the pAD-GAL4
Cam phagemid vector (Stratagene). Cotransformation of two-hybrid vectors into
strain YRG-2 (Stratagene) was performed by using the protocols of the manu-
facturer. Double transformants were selected on SD medium lacking tryptophan
and leucine.

Yeast cells were harvested, washed with distilled water, and lysed by freezing
in liquid nitrogen. Cell debris was removed by centrifugation, and the protein
concentration of the supernatant was determined. B-Galactosidase activity was
measured photometrically at 420 nm by using the substrate o-nitrophenyl-B-p-
galactopyranoside, as described previously (31). Two transformants harboring
each of the plasmids were tested in duplicate, and the B-galactosidase activities
presented below are averages based on three determinations (the standard de-
viations were less than 15%). One unit was defined as the amount of protein
which resulted in hydrolysis of 1 wmol of o-nitrophenyl-B-p-galactopyranoside
per min (31).

Nucleotide sequence accession number. The nucleotide sequence of the CTA1
gene determined in this study has been deposited in the DDBJ/GenBank/EMBL
databases under accession number AB064338.

RESULTS

Cloning and disruption of C. boidinii CTAI gene coding for
peroxisomal catalase. The 5.0-kb EcoRV fragment cloned
from the C. boidinii genomic library harbored an open reading
frame (length, 504 amino acids) with high levels of similarity to
peroxisomal catalases from other sources (e.g., 76, 65, 52, and
48% amino acid sequence similarities with peroxisomal cata-
lases from Hansenula polymorpha, C. tropicalis, S. cerevisiae,
and humans, respectively). This open reading frame was des-
ignated the C. boidinii CTAI gene. The molecular mass of the
protein was calculated to be 57,092 Da, which is in close agree-
ment with the molecular mass of purified C. boidinii catalase as
judged by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (51). Ctalp had conserved amino acid residues which
are thought to be of considerable importance for construction
and functioning of the catalase active site (His63, Ser102, and
Asnl136) and for interaction with heme (Val62, Thr103, Phel41,
Pro323, Arg341, and Tyr345). The extreme C-terminal se-
quence of Ctalp is -NKF, which is a PTS1 motif.

A CTAI disruption vector, pPCTA1SPR, was constructed and
introduced into C. boidinii TK62 (Fig. 1A). Gene disruption
and subsequent excision of the URA3 sequence were con-
firmed by Southern analysis with Bg/II-HindIII-digested geno-
mic DNA from the transformant, in which the 0.4-kb StyI-
HinclIl fragment from pCTA1 was used as a probe (Fig. 1B).
The 2.3-kb hybridizing band in the host strain (Fig. 1B, lane 3)
shifted to 5.6 kb in the ctalA strain (Fig. 1B. lane 1), and this
5.6-kb band shifted to 2.0 kb upon regeneration of uracil aux-
otrophy (Fig. 1B, lane 2). The levels of catalase enzyme activity
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FIG. 1. One-step disruption of the CTAI gene in the C. boidinii genome. (A) Physical map of the cloned fragment and disruption strategy. The
arrows indicate the directions of the coding sequences. The shaded boxes at the two ends of URA3 represent repeated sequences for homologous
recombination to remove the URA3 gene after gene disruption (41). (B) Genomic Southern analysis of Bg/II-HindIII-digested total DNAs (3 pg
each) of the ctalA strain (lane 1), host strain TK62 (lane 2), and the ctalA ura3 strain (lane 3) probed with the **P-labeled 0.8-kb StyI-HindIIl

fragment, including the 3’ flanking region of CTAI.

in the C. boidinii wild-type strain were maximally enhanced in
methanol-grown cells (2,530 U/mg of protein), followed by
oleate-grown cells (1,010 U/mg of protein) and p-alanine-
grown cells (117 U/mg of protein), while enzymatic activity was
lowest in glucose-grown cells (10.2 U/mg of protein). It has
been shown previously that catalase activity is regulated at the
mRNA level, most likely via transcription, as in S. cerevisiae
(42). In contrast, methanol-induced cells of the ctalA strain ex-
hibited a detectable loss of catalase activity (data not shown).
(Using our assay conditions, we could not detect cytosolic
catalase or cytochrome peroxidase activity and estimated that
more than 98% of the H,0,-degrading activity could be attrib-
uted to Ctalp.) These results and results described below in-
dicate that the cloned gene encodes peroxisomal catalase of
C. boidinii.

Growth defect of the ctalA strain in the presence of perox-
isome-inducing carbon sources. To evaluate the physiological
significance of Ctalp in peroxisome metabolism, growth of the
ctalA strain on various peroxisome-inducing carbon sources
was examined and was compared with growth of the wild-type
strain and the pmp20A strain. CbPmp20 is a recently identified
peroxisomal antioxidant enzyme, glutathione peroxidase, which
also degrades H,O, and is specifically induced in methanol
medium (20, 42). As shown in Fig. 2, growth of the ctalA strain
was clearly inhibited in the presence of all of the peroxisome-
inducing carbon sources tested (methanol, oleic acid, and D-
alanine). On the other hand, although the pmp20A strain was
not able to grow at all on methanol, growth on oleate or
D-alanine was not inhibited. When the cfalA strain was grown
in methanol medium, H,O, gradually accumulated in the me-
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FIG. 2. Growth of the C. boidinii ctal A strain on peroxisome-inducible carbon sources, including methanol (A), oleate (B), and D-alanine (C).
Symbols: O, wild-type strain; @, ctalA strain; A, pmp20A strain. ODg,, optical density at 610 nm.
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FIG. 3. Carboxyl-terminal -NKF of Ctalp is necessary for peroxisomal transport. (A) Growth on methanol medium of ctalA strains expressing
Ctalp and GFP-tagged Ctalps. Symbols: O, wild-type strain; B, Ctalp/ctalA strain; [, CtalpAnkf/ctalA strain; A, GFP-Ctalp/ctalA strain; A,
GFP-CtalpAnkf/ctalA strain; @, ctal A URA3 strain. OD610, optical density at 610 nm. (B) Differential centrifugation of organelle pellet and
supernatant fractions from the wild type, the GFP-Ctalp/ctalA strain, the GFP-CtalpAnkf/ctalA strain, and the GFP-Ctalp-AKL/ctalA strain.
Methanol-induced cells were lysed by osmotic shock, and cell debris was removed by centrifugation at 500 X g. The resulting supernatant was
separated by centrifugation at 20,000 X g into a pelletable fraction (P), including peroxisomes and mitochondria, and supernatant (S) and
resuspended in the same volume of buffer. Catalase and AOD activities of each fraction were then assayed as described in Materials and Methods.
(C) The organelle pellet fraction of the GFP-Ctalp/ctalA strain after centrifugation at 20,000 X g was further fractionated by Nycodenz
equilibrium density gradient centrifugation. A relative activity of 100% for catalase (O) corresponded to 453 U/ml for the GFP-Ctalp/ctalA strain,
and a relative activity of 100% for cytochrome c oxidase (@) corresponded to 0.156 U/ml for this strain. Peroxisomal localization of GFP-Ctalp
was confirmed by Western blotting by using anti-GFP antibody with the GFP-Ctalp/ctalA strain.

dium for up to 110 h, reaching a concentration of 0.67 mM. In
addition, the ctalA strain was able to grow on glucose medium
as well as the wild-type strain (data not shown). On the basis of
these results, we propose that the main physiological role of
Ctalp is to degrade H,O, generated by peroxisomal oxidases
(i.e., alcohol oxidase, acyl coenzyme A oxidase, and D-amino
acid oxidase).

C-terminal -NKF sequence is necessary for peroxisomal
transport of Ctalp and its physiological function. Next, we
asked whether peroxisomal localization of Ctalp is necessary
for its physiological function. When Ctalp was expressed in
ctalA cells, the Ctalp/ctalA strain was able to grow in meth-
anol medium at a level comparable to the level of the wild-type
strain. In contrast, CtalpAnkf, in which the PTS1 motif se-
quence -NKEF is not present, could not complement the growth

defect of the ctalA strain (Fig. 3A). Since CtalpAnkf was
present in an enzymatically active form and its enzyme activity
was much higher than the activity of the wild-type strain due to
overexpression under the control of the AODI promoter (data
not shown), the loss of the physiological function of CtalpAnkf
may have been due to the deficiency of peroxisomal transport.
To confirm this, we expressed two GFP-Ctalp fusion proteins,
GFP-Ctalp and GFP-CtalpAnkf, in ctalA cells under the con-
trol of the actin promoter (the C. boidinii GFP-Ctalp/ctalA
strain and the GFP-CtalpAnkf/ctalA strain, respectively). These
GFP-tagged proteins showed catalase activity in vivo, and
GFP-Ctalp could complement the growth defect of the ctalA
strain on methanol medium (Fig. 3A), indicating that these
fusion proteins were physiologically functional. The partial
complementation may have been due to the low level of enzy-
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matic activity of the C. boidinii GFP-Ctalp/ctalA strain (1/70
of the wild-type level), whose expression was driven by the
actin promoter. The localization of GFP-Ctalp and GFP-
CtalpAnkf was analyzed by subjecting each strain to differen-
tial centrifugation, which separated the intracellular compo-
nents into a cytosolic supernatant and an organelle pellet
fraction consisting mainly of peroxisomes and mitochondria
(Fig. 3B). About 40% of the catalase activity was detected in
the organelle pellet fraction in the GFP-Ctalp/ctalA cells,
while more than 90% of the catalase activity in the GFP-
CtalpAnkf/ctal A strain was found in the cytosolic supernatant
fraction (Fig. 3B). These results indicate that transport of
GFP-Ctalp fusion protein into the peroxisome was necessary
to complement the growth defect of the ctalA strain.

Efficiency of catalase import into the peroxisome depends
on the growth carbon source. To further confirm the subcel-
lular localization of GFP-Ctalp fusion proteins in C. boidinii,
methanol-grown cells expressing GFP-Ctalp or GFP-CtalpAnkf
were observed by fluorescent microscopy. While GFP fluores-
cence was distributed throughout the cytosol in the GFP-
CtalpAnkf/ctalA cells, the GFP-Ctalp/ctalA cells had a bi-
modal distribution of GFP fluorescence in peroxisomes and
the cytosol. These results were in accordance with the results of
the biochemical experiments described above (Fig. 3B). Since
more than 90% of peroxisomal AOD activity was detected in
the organelle pellet fraction in both strains and a similar low
pelletability of catalase in the methanol-induced wild-type
strain was observed (Fig. 3B), the lower pelletability of catalase
activity than of AOD activity in the GFP-Ctalp/ctalA strain
was not due to rupture of peroxisomes or fusion of GFP. The
pelletable catalase activity of GFP-Ctalp comigrated with the
peroxisomal marker Pmp47 protein during Nycodenz equilib-
rium density gradient centrifugation (Fig. 3C). On the basis of
these results, we concluded that catalase is present both in
peroxisomes and in the cytosol in methanol-grown cells of
C. boidinii. In the pex5A strain, most catalase activity was pres-
ent in the cytosolic fraction, and GFP-Ctalp had a cytosolic
distribution (33) (Fig. 4A). This indicated that the imported
portion of Ctalp was transported to peroxisomes via the PTS1
pathway in C. boidinii.

Another significant observation was that the bimodal distri-
bution of GFP-Ctalp fluorescence did not occur in cells grown
on oleate or p-alanine (Fig. 4B). Oleate- or p-alanine-grown
cells had a clear punctate pattern of fluorescence representing
peroxisomal localization, and these cells did not exhibit cyto-
solic fluorescence like that observed in methanol-grown cells.
Since the actin promoter used gave rise to constant gene ex-
pression and the expressed protein level was also constant as
determined by Western blot analysis (data not shown), the
change in the localization was not likely to be the result of a
change in the level of expression of the proteins. Oleate-grown
cells of the GFP-Ctalp/ctalA strain and of the wild-type strain
were also subjected to subcellular fractionation (Fig. 4C). In
both strains, more than 95% of the acyl coenzyme A oxidase
activity and 75 to 80% of the catalase activity were detected in
the organelle pellet fraction. These biochemical and fluores-
cence analyses showed that the efficiency of catalase import is
high in oleate- and p-alanine-grown cells and low in methanol-
grown cells.
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Peroxisomal transport efficiency of PTS1 sequences and
their interaction with CbPex5p. Next, we asked whether the
-NKF sequence is sufficient for peroxisomal transport in C. boi-
dinii. This question was addressed by fusing the -NKF se-
quence to the C terminus of GFP and expressing it in the wild-
type strain. While GFP-NKF was observed to be imported into
peroxisomes in oleate- and D-alanine-grown cells (Fig. 5A),
much of the GFP-NKF fluorescence was observed in the
cytosol, as well as in peroxisomes, of methanol-grown cells
(Fig. 5A). Another PTS1 sequence, -AKL, which is present in
Pmp20 and the p-amino acid oxidase of C. boidinii, delivers
GFP to peroxisomes efficiently in methanol-grown cells (Fig.
5B) (42). Subcellular fractionation experiments performed
with anti-GFP antibody also revealed that the amount of GFP
fusion protein in the organelle pelletable fraction was larger
for GFP-AKL than for GFP-NKF (Fig. 5C). In contrast, both
the GFP without the PTS1 sequence (Fig. 5D) and the GFP-
AKL expressed in the pex5A strain (Fig. SE) showed cytosolic
fluorescence. These experiments revealed that the efficiency of
peroxisomal transport for GFP-NKF is lower than that for
GFP-AKL.

Next, the interactions of the two PTS1 sequences with the
PTS1 receptor CbPex5p were analyzed by using a yeast two-
hybrid system, in which B-galactosidase activity was previously
shown to reflect the binding of various PTS1 sequences to
Pex5p proteins (23). Significant interactions with CbPex5p
were detected for Ctalp (39.7 U/mg of protein), GFP-NKF
(31.2 U/mg of protein), and GFP-AKL (68.5 U/mg of protein)
(Table 2). On the other hand, CtalpAnkf, GFP-Stop, and oth-
er control constructs exhibited background levels of inter-
action. These experiments confirmed that Ctalp interacted
with CbPex5p through its carboxyl-terminal -NKF sequence
and that the level of interaction of GFP-NKF with CbPex5p is
about half that of GFP-AKL.

Finally, we expressed a GFP-Ctalp fusion protein having an
optimal PTS1 -AKL sequence under the control of the actin
promoter (C. boidinii GFP-Ctalp-AKL/ctalA strain). The re-
sults of a biochemical fractionation experiment (Fig. 3B) and
fluorescence analysis (Fig. 4A) confirmed that GFP-Ctalp-
AKL was transported to peroxisomes more efficiently than
GFP-Ctalp having the original PTS1 sequence, -NKF. These
experiments showed that the carboxyl-terminal PTS1 sequence
primarily determines the efficiency of peroxisomal transport of
catalase.

Oligomeric transport of GFP-CtalpAnkf and oligomer for-
mation with native Ctalp. We monitored import of the oligo-
meric form of catalase into peroxisomes by using GFP-tagged
CtalpAnkf in living cells. When GFP-CtalpAnkf was intro-
duced into the C. boidinii wild-type strain expressing full-
length catalase (GFP-CtalpAnkf/wt strain), GFP-CtalpAnkf
exhibited fluorescence similar to that in the GFP-Ctalp/ctalA
strain, showing that GFP-CtalpAnkf was transported into per-
oxisomes even though it lacked the PTS1 sequence (Fig. 6A).
A subcellular fractionation experiment performed with GFP-
CtalpAnkf/wt cells confirmed that the GFP-CtalpAnkf protein
was present in the peroxisomal fraction (Fig. 6B). In contrast,
the GFP-CtalpAnkf/ctalA strain showed cytosolic GFP fluo-
rescence (Fig. 4A).

Next, we asked whether the GFP-CtalpAnkf protein could
form an active heterooligomer with a native Ctalp subunit in
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FIG. 4. Import efficiency of peroxisomal catalase. (A) Fluorescence and Nomarski images of the GFP-Ctalp/ctalA strain, the GFP-CtalpAnk{/
ctal A strain, the GFP-Ctalp-AKL/ctalA strain, and the GFP-Ctalp/pex5A strain in methanol medium. (B) Fluorescence and Nomarski images of
the GFP-Ctalp/ctalA strain in oleate and D-alanine media. (C) Enzyme activities after differential centrifugation of the wild-type and GFP-Ctalp/
ctal A strains grown on oleate medium that resulted in cytosolic supernatant (S) and an organelle pellet fraction (P). AcylCoA, acyl coenzyme A.
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FIG. 5. Import efficiency of PTS motifs. (A) Fluorescence and Nomarski images of the GFP-NKF/wt strain in methanol, oleate, and D-alanine
media. (B) Fluorescence and Nomarski images of the GFP-AKL/wt strain in methanol medium. (C) Enzyme activity after differential centrifu-
gation of the GFP-AKL/wt and GFP-NKF/wt strains grown on methanol medium that resulted in cytosolic supernatant (S) and an organelle pellet
fraction (P). The AOD activity of each fraction was assayed as described in Materials and Methods. The GFP-PTS1 proteins were detected by
Western blotting using anti-GFP antibody. (D) Fluorescence and Nomarski images of the GFP-Stop/wt strain in methanol medium. (E)
Fluorescence and Nomarski images of the GFP-AKL/pex5A strain in methanol medium.

peroxisomes, and gel permeation chromatography was per-
formed with the peroxisomal fractions from the different
strains. In the wild-type peroxisomal fraction, the peak of cata-
lase activity was detected around an elution volume of 56 ml
(Fig. 7A), corresponding to ca. 230 kDa, which coincided with
the molecular mass of a tetrameric form of Ctalp (Fig. 7B)
(peak I). On the other hand, the peroxisomal fraction from the
GFP-Ctalp/ctalA strain had a peak of catalase activity around

an elution volume of 51 ml (Fig. 7A) (peak II), which repre-
sented a higher molecular mass than that of the 290-kDa
marker protein (around ca. 350 kDa), which is consistent with
the molecular mass of a tetrameric form of the GFP-Ctalp
protein (Fig. 7). When the peroxisomal fraction from the GFP-
CtalpAnkf/wt strain was used, several catalase activity peaks
were detected between peaks I and II, and Western blot anal-
ysis with anti-GFP antibody showed that the fusion protein was
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TABLE 2. Interaction between GFP-PTS1s and
CbPex5p in the two-hybrid system®

Bindin; Activation -Galactosidase activi

domaix% domain Growth g (U/mg of protein) v
Ctalp Pex5p + 39.7 22
Ctalp None - 422 = 1.01
CtalpAnkf PexSp - 5.81+0.39
CtalpAnkf None - 5.71 £ 0.47
GFP-NKF Pex5p + 31226
GFP-NKF None - 6.12 = 1.08
GFP-AKL Pex5p ++ 68.5 = 1.5
GFP-AKL None - 4.33 = 0.87
GFP-Stop PexSp - 5.25 £ 0.65
GFP-Stop None - 6.65 = 0.26
None PexSp - 3.87 £ 1.02

“ 8. cerevisiae YRG-2 cells were transformed with plasmids as indicated and
were grown on glucose media lacking histidine (but containing 20 mM 3-amino-
1,2,4-triazole). ++, single colonies after 3 days of incubation at 30°C; +, single
colonies after 5 days of incubation at 30°C; —, no growth. B-Galactosidase
activities were measured photometrically at 420 nm by using the substrate o-ni-
trophenyl-B-p-galactopyranoside. The B-galactosidase activities shown are aver-
ages based on triplicate measurements for three independent transformants
harboring each set of plasmids.

J. BACTERIOL.

indeed present in these fractions (Fig. 7A). These results strong-
ly suggested that the GFP-CtalpAnkf protein could form ac-
tive hybrid oligomers with the Ctalp subunit and that the
GFP-CtalpAnkf protein was transported to peroxisomes after
oligomer formation with Ctalp.

DISCUSSION

In this study, we monitored transport of peroxisomal cata-
lase in the methylotrophic yeast C. boidinii, and on the basis of
the results obtained, we were able to elucidate its metabolic
significance.

The CTAI gene encoding peroxisomal catalase was cloned
from the C. boidinii genome. The fact that growth of the ctalA
strain was inhibited with all of the peroxisome-inducible car-
bon sources used indicates that catalase plays a general meta-
bolic role in scavenging H,O, produced by peroxisomal oxi-
dase. This result was distinct from the results obtained for
another peroxisomal antioxidant protein, CbPmp20 (20), as
gene knockout studies established that this protein plays a role
only in methanol medium. The affinity of Ctalp for H,O, (K,
for H,0,, 25 mM) is lower than that of CbPmp20 (K, for
H,0,, 2.86 mM). However, since the ctalA strain accumulated
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FIG. 6. -NKF-truncated Ctalp is transported into peroxisomes in wild-type cells. (A) Fluorescence and Nomarski images of the GFP-
CtalpAnkf/wt strain. (B) Methanol-induced cells were lysed by osmotic shock, and cell debris was removed by centrifugation at 500 X g. The
resulting supernatant was separated by centrifugation at 20,000 X g into a pelletable fraction, including peroxisomes and mitochondria, and
supernatant. The organelle pellet fraction after centrifugation at 20,000 X g was further fractionated by Nycodenz equilibrium density gradient
centrifugation. A relative activity of 100% for catalase (O) corresponded to 1,970 U/ml for the GFP-CtalpAnkf/wt strain, and a relative activity
of 100% for cytochrome c oxidase (@) corresponded to 0.208 U/ml for the GFP-CtalpAnkf/wt strain. Peroxisomal localization of GFP-CtalpAnkf
was confirmed by Western blotting using anti-GFP antibody with the GFP-CtalpAnkf/wt strain.
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FIG. 7. Formation of hybrid oligomers of Ctalp and GFP-
CtalpAnkf in peroxisomes of the GFP-CtalpAnkf/wt strain. (A) Size
exclusion chromatography with Ctalp and GFP-CtalpAnkf. Cell ex-
tracts of methanol-induced cells of the wild-type strain (@) and the
GFP-CtalpAnkf/ctalA strain (O) and a peroxisomal fraction (M) (Fig.
6B, fraction 5) of the GFP-CtalpAnkf/wt strain were loaded onto a
HiLoad 16/60 Superdex pg column that had been equilibrated with a
buffer containing 100 mM potassium phosphate buffer (pH 7.5). The
catalase activity of the column effluent was assayed. The arrows indi-
cate the positions of proteins used as molecular mass standards (see
Materials and Methods). A relative activity of 100% for catalase cor-
responded to 312 U/ml for the cell extract from the wild-type strain, to
214 U/ml for the cell extract from the GFP-CtalpAnkf/ctalA strain,
and to 106 U/ml for the cell extract from the GFP-CtalpAnkf/wt strain.
The GFP-CtalpAnkf protein was also detected by Western blotting
using anti-GFP antibody. (B) Estimation of the sizes of the native
tetramer (O) and GFP-CtalpAnkf tetramer (@) on the Hi Load 16/60
Superdex pg column. The calibration line was determined with the
following standards: glutamate dehydrogenase (290 kDa) (1), lactate
dehydrogenase (142 kDa) (2), enolase (67 kDa) (3), adenylate kinase
(32 kDa) (4), and cytochrome ¢ (12.4 kDa) (5). Each calibration point
is the result of at least two independent measurements in the same
buffer containing 100 mM potassium phosphate (pH 7.5).
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H,O, during incubation in methanol medium, peroxisomal
catalase apparently plays a major role in the degradation of
H,0, (20).

The transport of Ctalp was monitored by using GFP fusion
proteins as fluorescent and immunogenic tags. Although in
some previous studies workers have used GFP-PTS1 proteins
to monitor peroxisomal transport in vivo, our results demon-
strate that GFP fluorescence images can be used to evaluate
the efficiency of peroxisomal import. The transport efficiency
of peroxisomal proteins has also been analyzed in biochemical
fractionation experiments by procedures that require careful
manipulation and skill of the investigators to compensate for
the fragile nature of peroxisomes. Our GFP fluorescence anal-
ysis procedure, although qualitative, can readily be used to
analyze peroxisomal and cytosolic localization of GFP fusion
proteins in vivo, and the results are consistent with those of
conventional biochemical fractionation experiments. Digital
image analyses should provide more quantitative information
regarding transport efficiency.

One line of evidence has suggested that peroxisomal catalase
enters peroxisomes after oligomer formation, but this has not
been confirmed directly. In the present study we were able to
confirm by fluorescent microscopy in a relatively simple and
straightforward manner that catalase transport to peroxisomes
occurs in an oligomeric form.

The efficiency of peroxisomal transport in relation to various
PTS1 signals was studied previously with S. cerevisiae in a
homologous context (9). Subsequently, randomly synthesized
PTS1 sequences were extensively studied to determine their
ability to target the reporter protein to peroxisomes and their
ability to bind to PexSp in human and S. cerevisiae cells (23).
These previous studies revealed that the functional PTS1 se-
quences are species specific, based on the binding activity to
the Pex5p of the organism. Indeed, the interaction of the PTS1
sequence from Ctalp, -NKF, with CbPex5p was about half that
of the Pmp20 and p-amino acid oxidase sequence, -AKL, in the
yeast two-hybrid system. This finding further emphasizes the
point that the binding activity of the PTS1 sequence directly
affects the efficiency of peroxisomal transport.

Previous studies focusing exclusively on the transport effi-
ciency of PTS1 signals have not taken into account the meta-
bolic aspects of the native PTS1 proteins. By using C. boidinii,
three independent peroxisomal metabolic processes could be
controlled by the carbon sources used, and we were able to
assess the transport efficiency of Ctalp in relation to peroxi-
somal metabolism (i.e., the content and amount of peroxisomal
proteins). Oleate- or D-alanine-grown cells showed normal lo-
calization of both GFP-Ctalp and Ctalp exclusively in peroxi-
somes. In contrast, these same proteins were distributed bimo-
dally between the cytosol and peroxisomes in methanol-grown
cells. Methanol-induced peroxisomes contain large amounts of
PTS1 proteins, AOD, and dihydroxyacetone synthase, which
account for nearly 80% of the total soluble protein. Oleate- or
D-alanine-induced peroxisomes do not contain such large
amounts of peroxisomal proteins. Hence, in methanol-induced
cells, the majority of CbPex5p and other peroxin molecules
may be used for transport of two major peroxisomal proteins,
and as a result, the transport efficiency of Ctalp is low due to
its weak interaction with CbPex5p. Furthermore, cytosolic
catalase activity is very low or not detectable in C. boidinii cells,
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and due to its bimodal distribution Ctalp in methanol-grown
cells may help scavenge cytosolic H,O, which has leaked from
peroxisomes. In fact, expression of CtalpAnkf slightly stimu-
lated the growth of the ctalA strain on methanol (Fig. 3A).
Thus, the bimodal distribution of H,O,-scavenging peroxiso-
mal catalase does not confer a physiological disadvantage on
the cells. Clearly, this is different from the situation in which
there is aberrant localization of H,O,-generating oxidases in
the cytosol which should result in major cellular damage. In
addition, even under the same conditions in methanol-induced
cells, CbPmp20 was efficiently transported into peroxisomes,
where it could carry out its antioxidant function, probably
because the loss of CbPmp20 from methanol-induced peroxi-
somes resulted in immediate cell death (20). PTS1 motif se-
quences which do not function with the minimum three amino
acids have been reported for peroxisomal catalyzes from hu-
mans and S. cerevisiae (-KANL and -SSNSKF, respectively)
(21, 34), in which four or six carboxyl-terminal amino acid
sequences are necessary for peroxisomal transport. Residues
upstream of the tripeptide influenced the strength of the in-
teraction, and the molecular basis of the interaction was re-
cently revealed by the three-dimensional structure of human
Pex5p (11). The catalase PTS1 sequences may have evolved in
such a way that peroxisomal enzymes other than catalases (i.e.,
enzymes requiring exclusive localization to peroxisomes) have
priority for peroxisomal transport. Differences in PTS1 motif
sequences may reflect the priority of peroxisomal transport.

The efficiency of peroxisomal transport can be considered an
important determinant in peroxisomal disorders. The loss of
catalase import into peroxisomes has been reported to cause
severe peroxisomal dysfunction in human skin fibroblast cell
lines in which the import of other PTS1 and PTS2 signal-
containing proteins was normal (44). Since peroxisomal func-
tions in a mutant cell line could not be restored by normal
catalase (catalase-KANL protein) but could be restored by
catalase fused to the efficient PTS1 sequence (catalase-SKL
protein) (44), we speculated that catalase import deficiency in
the cell line is due to retarded efficiency of general peroxisomal
transport caused by mild peroxine mutation (e.g., Pex5p). In-
deed, Bottger et al. showed that in an S. cerevisiae pex5 mutant
catalase was completely mislocalized to the cytosol while other
PTS1 proteins were unaffected (2). In these cases, catalase
transport, whose priority is low, may be the first to be affected.
Although peroxisomal transport efficiency has not been fully
considered due to technical difficulties, GFP technology as
described in this paper should provide a new approach for
assessing the transport efficiencies of various peroxisomal pro-
teins, and the resulting information may help establish effective
gene therapy for peroxisomal disorders.
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