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peroxisomal peroxiredoxin Pmp20 of the yeast Hansenula polymorpha. Cells of a
PMP20 disruption strain (pmp20) grew normally on substrates that are not metabolized by peroxisomal
enzymes, but showed a severe growth defect on methanol, the metabolism of which involves a hydrogen
peroxide producing peroxisomal oxidase. This growth defect was paralleled by leakage of peroxisomal matrix
proteins into the cytosol. Methanol-induced pmp20 cells accumulated enhanced levels of reactive oxygen
species and lipid peroxidation products. Moreover, the fatty acid composition of methanol-induced pmp20
cells differed relative to WT controls, suggesting an effect on fatty acid homeostasis. Plating assays and FACS-
based analysis of cell death markers revealed that pmp20 cells show loss of clonogenic efficiency and
membrane integrity, when cultured on methanol. We conclude that the absence of the peroxisomal
peroxiredoxin leads to loss of peroxisome membrane integrity and necrotic cell death.

© 2008 Elsevier Inc. All rights reserved.
Introduction
In biological systems the harmful effects of reactive oxygen species
(ROS) are the cause of oxidative stress, which has been implicated in
many human diseases and in ageing [1]. In eukaryotic cells
mitochondria are considered to be the prime sources of ROS, which
are generated as by-products of normal mitochondrial oxidative
metabolism. However, peroxisomal oxidases produce hydrogen
peroxide (H2O2) and hence may also contribute to intracellular ROS
levels. Although H2O2 has no unpaired electrons and thus is not a
radical, it is also often qualified as ROS because it can easily convert
into the highly reactive hydroxyl radical (UOH) by transition metal ion
decomposition. Transitionmetal ions, like iron and copper, are present
in peroxisomes, where they are generally in complex with perox-
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isomal enzymes (e.g., as a cofactor or in heme). However, under
certain conditions these metal ions can be released from the
peroxisomal enzyme [2].

Catalase (CAT) is a well-known peroxisomal marker enzyme that
decomposes H2O2 into water and molecular oxygen. Compartmenta-
lization of H2O2 producing oxidases together with CAT in peroxisomes
is assumed to prevent release of H2O2 from the organelle into the
cytosol. This colocalization is especially important because CAT has a
relatively low affinity for H2O2 (Km of approx. 25 mM) [3,4]. The
importance of CAT as peroxisomal antioxidant enzyme is well
established [2,5,6]. However, peroxisomes also contain other anti-
oxidant enzymes, among others peroxiredoxins (Prxs). As yet, the
physiological significance of peroxisomal Prxs is still largely
speculative.

Prxs are thiol-specific antioxidant enzymes, which are present in
organisms from all kingdoms. They are involved in the enzymatic
degradation of H2O2 and organic hydroperoxides (ROOH). All Prxs
contain one or more conserved cysteine (Cys) residues that undergo a
cycle of peroxide-dependent oxidation and thiol-dependent reduc-
tion. In eukaryotic cells, Prx enzymes have been localized to different
cell compartments including the cytosol, the endoplasmic reticulum,
mitochondria, peroxisomes, and nuclei [7,8].

The first peroxisomal Prx was described in the yeast Candida
boidinii. It was designated CbPmp20 because it was initially identified
as a peroxisomal membrane protein, hence its name [9]. However,
later studies revealed that it is a peroxisomal matrix-localized protein,
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which may associate to the inner surface of the peroxisomal
membrane [10]. In vitro, CbPmp20 has glutathione peroxidase activity
toward alkyl hydroperoxides and H2O2 [3].

Mammalian cells have six Prxs, designated peroxiredoxin 1–6. The
mammalian homologue of CbPmp20 is peroxiredoxin 5. Like
CbPmp20 this protein is localized to peroxisomes and contains a C-
terminal peroxisomal targeting signal 1 (PTS1) [11]. However, the N-
terminus of mammalian peroxiredoxin 5 contains mitochondrial
targeting information and localization studies suggest that the protein
may be localized to both peroxisomes and mitochondria [12]. Human
PMP20 is expressed in all tissues and upregulated in human
osteoarthritis [13] and in GravesT thyroid [14], indicating an important
physiological role of PMP20 in man.

In order to further study the physiological function of Pmp20 in
vivo, we identified the Pmp20 homologue of the yeast Hansenula
polymorpha and analyzed the properties of a PMP20 disruption strain
(pmp20). The rational behind this approach is that H. polymorpha can
grow on methanol as sole source of carbon and energy, a compound
that is oxidized by a peroxisomal alcohol oxidase (AO). AO-mediated
oxidation of methanol results in the generation of formaldehyde and
H2O2. Hence, during growth of cells on methanol, vast amounts of
H2O2 are produced (one molecule for each methanol molecule
oxidized). This renders this organism very attractive to study the
physiological role of peroxisomal antioxidant enzymes [6]. Here we
present evidence that peroxiredoxin Pmp20 protects peroxisomal
membranes and prevents necrotic cell death.

Materials and methods

Organisms and growth

The H. polymorpha strains used in this study are shown in Table S1.
Yeast cells were grown as described before [15] at 37 °C in batch
cultures in mineral medium containing 0.25k ammonium sulfate or
0.25k methylamine as nitrogen source supplemented with 0.25k
glucose or 0.5kmethanol as carbon sources. Amino acids were added
to a final concentration of 30 mg/L as required. To test whether GFP-
SKL (green fluorescent protein with a C-terminal peroxisomal
targeting sequence [serine-lysine-leucine]) leaked from peroxisomes,
cells producing GFP-SKL under control of the amine oxidase promoter
(PAMO) were extensively precultivated on medium containing glucose
as carbon source and methylamine as nitrogen source. The PAMO was
subsequently repressed by shifting the cells to a medium containing
ammonium sulfate without carbon source and incubation for 30 min
to deplete the cells from GFP-SKL mRNAs [16]. Subsequently,
methanol was added to allow growth and to induce peroxisomes.

For analysis of import of GFP-SKL into peroxisomes, cells were
pregrown on glucose/ammonium sulfate medium and then shifted to
media containing methanol/ methylamine to induce peroxisome
proliferation and PAMO.

Molecular techniques

Standard recombinant DNA techniques [17] and transformation of
H. polymorpha [18] were performed as detailed before.

Construction of an H. polymorpha PMP20 disruption strain
A PMP20 disruption cassette was constructed in which the ATG

start codon was replaced by the stop codon TAA. The Invitrogen
MultiSite Gateway System was used to construct an URA3 containing
disruption cassette. PCR primers (Table S2) containing attB recombi-
nation sides were used for amplification of the 5′- and 3′-flanking
regions of PMP20 and as well as the H. polymorpha URA3 gene [19]. In
the b5′-rev-pmp20Q primer the ATG start codon was replaced by the
TAA. After recombination in Escherichia coli to obtain the 5′-entry
vector pEBA017, the 3′-entry vector pEBA018, and the pENT221_ura3
containing URA3, the complete disruption cassette was obtained and
designated as pEBA019. The disruption cassette was amplified by PCR
using primers bcut-fwd-pmp20Q and bcut-rev-pmp20.Q The presence
of the introduced stop codonwas confirmed by sequencing of the PCR
product. The resulting disruption cassette was transformed into
electro-competent H. polymorpha wild-type leu1.1 ura3. After trans-
formation Ura+ clones were selected on leucine containing YND plates
(0.67k yeast nitrogen base without amino acids supplemented with
1k glucose and 2k agar). Replacement of the PMP20 gene by the
disruption cassette in the genome at the correct position was
confirmed by Southern blot analysis.

Construction of H. polymorpha yca1 and pmp20yca1 strains
A YCA1 (gene encoding yeast caspase 1) disruption cassette was

constructed in which the ATG start codon was replaced by the stop
codon TAA. Two-step cloning was used to construct the plasmid
pEBA031 which contains the disruption cassette. PCR primer couples
shown in Table S2 were used for amplification of the 5′- and 3′-
flanking regions of YCA1 from H. polymorpha genomic DNA. The
amplified fragments were cloned to pFEM39 in the upstream and
downstream flanking regions of the Zeocine marker gene. The
disruption cassette was obtained by PCR using primers bpcr-yca1-
fwQ and bpcr-yca1-rev.Q The resulting disruption cassette was
transformed separately into electro-competent H. polymorpha wild-
type leu1.1 and pmp20 leu1.1 cells. After transformation Zeocine-
resistant clones were selected on YPD plates (1k yeast extract, 1k
peptone,1k glucose, and 2k agar) containing zeocine. Replacement of
the YCA1 gene by the disruption cassette in the genome at the correct
position was confirmed by Southern blot analysis in both strains.

Construction of a pmp20::PAMOGFP-SKL strain
The PHIPX5-GFP-SKL plasmid [20] containing the GFP-SKL gene

under the control of H. polymorpha PAMO was linearized with BsiWI
and transformed to H. polymorpha pmp20 cells. After transformation
Leu+ clones were selected on YND plates. Correct integration and the
copy number of the integrated gene were confirmed by Southern blot
analysis.

Construction of plasmid pEBA025 (PAMOHis6-PMP20) and
complementation of pmp20

Using PCR, six copies of the histidine coding triplet were
introduced after the ATG start codon of PMP20, resulting in a gene
encoding HpPmp20 containing a His6 tag at the extreme N-terminus.
A BamHI restriction site was included in the primer bhis-pmp20-fwdQ
that was used to amplify the PMP20 gene with the reverse primer
bhis-pmp20-revQ (Table S2). The amplified fragment was digested
with BamHI and ligated with the SmaI/BamHI-digested PHIPX5-GFP-
SKL plasmid, containing leucine as a marker. The resulting plasmid,
designated pEBA025 containing His6-PMP20 under control of the
PAMO, was transformed to cells of the pmp20 strain.

Biochemical methods and microscopy

Preparation of crude extracts, measurement of protein concentra-
tions, Western blotting, cell fractionation, and enzyme activity
measurements were performed as described before [21–23]. The
colorimetric AO activity assay is an indirect method based on the
methanol-dependent production of H2O2. The H2O2 produced oxidizes
ABTS (2,2-azino-di-[2-ethylbenztioazolin sulfonate]), a reaction cata-
lyzed by horseradish peroxidase. The rate of oxidized ABTS formation
is spectrophotometrically monitored at 340 nm. Catalase activity is
directly measured by spectrophotometrically monitoring the decrease
in H2O2 concentration at 240 nm. Cytochrome c oxidase is determined
by monitoring the decrease in reduced cytochrome c at 550 nm.

Western blots were probed with specific polyclonal antibodies
against various H. polymorpha proteins. Antibodies against H.
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polymorpha proteins were generated in rabbit as described previously
for AO, CAT, Pex5p, Pex10p, Pex14p, and Pyc1p [24–29], respectively.
The anti-H. polymorpha Pex11p antiserum was raised in rabbit using
two synthetic Pex11p peptides (J.A.K.W. Kiel, unpublished results).
Protein carbonylation was analyzed using the Oxy-blot kit (Chemicon,
USA). Electron microscopy was performed as described [23] and
fluorescence microscopy was performed on a Zeiss Axioskop50
fluorescence microscope. Images were taken with a Princeton
Instruments 1300Y digital camera. GFP signal was visualized with a
470/40-nm bandpass excitation filter, a 495-nm dichromatic mirror,
and a 525/50-nm bandpass emission filter.

Purification of Pmp20 and generation of Pmp20 antiserum

His6-Pmp20 was produced in H. polymorpha pmp20 cells
containing plasmid pEBA025. The protein was purified from a total
membrane fraction, solubilized in a buffer containing 50 mM Tris-
HCl, pH 7.5, and 1k SDS, using Nickel-NTA beads (Qiagen) as
described by the manufacturer. Fractions containing one major
protein band of the expected molecular weight (~20 kDa), which
was recognized by anti-His6 antibodies, were selected. The 20-kDa
protein band was cut from the gel and used for immunization of
rabbits.
Fig. 1. Identification of HpPmp20 and physiological properties of pmp20 cells. (A) Western b
specificity of the polyclonal anti-Pmp20 antiserum. (B) Sucrose density gradient prepare
approximately 50k sucrose Pmp20 cosediments with the peroxisomal membrane protein Pe
(z) protein concentration in mg/ml, (—) sucrose concentration (k), (U) cytochrome c oxidase
shift of cells from glucose (t=0 h) to methanol. On glucose Pmp20 is below the limit of detec
normally on glucose like WT, but show a severe growth defect on methanol, initiating after
Analysis of intracellular ROS levels

Reactive oxygen species were visualized using the ROS-specific
fluorescent dye dichlorodihydrofluorescein diacetate (H2DCFDA) [30]
and quantified using a fluorescence activated cell sorter (FACS; Coulter
Epics Elite equipped with a Gated Amplifier, Coulter Electronics, FL).
The experiments were performed with two independent cultures and
each measurement was performed in triplicate.

Lipid peroxidation analysis

Lipid peroxidation was quantified by determination of thiobarbi-
turic acid (TBA)-reactive substances (TBARS) [31]. Cells were collected
by centrifugation, washed once with demineralized water, and
resuspended to a density of 100 OD600 units/ml in ice-cold 50 mM
potassium phosphate buffer, pH 7.2, containing protease inhibitors.
Cells were broken with glass beads and 500 μl of the cell extract was
used per assay. One milliliter of TBA reagent was added and the
mixturewas incubated at 90 °C for 20min. After cooling on ice, samples
were centrifuged at 20,800 g for 5 min. The absorbance of the samples
was measured at 535 nm against a reference solution inwhich the cell
extract was replaced by buffer. The TBARS concentration was
expressed as picomole malondialdehyde per milligram protein.
lot prepared from crude extracts of methanol-grown WT and pmp20 cells, showing the
d of homogenized methanol-grown H. polymorpha WT cells. In the protein peak at
x10p, indicating the peroxisomal nature of Pmp20. The symbols on the graph indicate:
activity (Units/ml). (C) Induction profile of Pmp20 protein at various time points after a
tion but readily induced during adaptation of cells to methanol. (D,E) pmp20 cells grow
8 h of cultivation on methanol.
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Lipid extraction and analysis

Lipids from H. polymorpha cells were extracted by the method of
Folch essentially as described [32]. In brief, 109 cells were harvested by
centrifugation, washed in ice-cold distilled water, and transferred into
cooled homogenization tubes, in 5 ml ice-cold methanol. Cells were
homogenized in a Braun Melsungen homogenizer under CO2 cooling.
Lipids were extracted with 10 ml CHCl3 for 1 h. After addition of 3 ml
0.034k MgCl2 solution, cell slurry and glass beads are transferred to
centrifugation tubes; the homogenization tubes are rinsed with 5 ml
CHCl3/methanol 2/1 (v/v), and 1 ml 0.034k is added to the
homogenate. Phase separation occurs by centrifugation at 2500 rpm
for 2–5 min. The lower phase is reextracted with 5 ml CHCl3/
methanol/H2O 3/48/47 per volume and cleared by centrifugation (2
min at 2500 rpm). The lower phase is dried in a rotavapor and residual
water removed azeotropically by addition of 3ml toluene/ethanol (4/3
v/v). Lipid extracts are stored in CHCl3/methanol (2/1, v/v) at –20 °C.
Fatty acid methylesters (FAMEs) are prepared from lipid extracts
of ~2 108 cells. Extracts are dried under a stream of nitrogen, and
dissolved in 0.5 ml benzene. After addition of 2 ml 14k BF3 in
methanol, samples are heated to 100 °C for 45 min. After cooling on
ice, 1 ml of distilled H2O is added and FAMEs are extracted three times
with 3 ml petrol ether (PE) each. The collected PE phases are dried
under a streamof nitrogen and FAMEs are dissolved in 200–300 l of PE.

GC-MS analysis of fatty acid methylesters

GC-MS analysis of the fatty acid methyl esters was done on a Trace-
GC Ultra-DSQMS spectrometer (ThermoElectron,Waltham,MA) using
an HP-5MS separation column (30 m, i.d. 0.25 mm). Samples were
dissolved in 200 ml petrol ether and 1 ml was injected in splitless
Fig. 2. Fluorescence microscopy analysis of pmp20 and WT cells. Cells produce GFP-SKL from
ammonium sulfate (t=0 h) to methanol/methylamine-containing media and analyzed at va
undetectable but became induced after the shift to methanol/methylamine. In pmp20 cells, G
also appeared in the cytosol initiating 8 h after the shift (peroxisome indicated by arrow
fluorescence was distributed over the cytosol. In WT controls peroxisome development w
methylamine-grown cells (t=0 h) after a shift of cells to methanol/ammonium sulfate, c
repression of GFP-SKL synthesis (by ammonium sulfate). In the initial stage of growth (t=4,
cultivation also cytosolic GFP is observed (peroxisome indicated by arrow) but the organel
confined to peroxisomes.
mode, with 1 ml/min He carrier gas flow. The temperature gradient
started at 60 °C (hold time4min) and increasedup to 300 °C (20°C/min,
hold time 10 min). MS analysis was performed in positive EI mode
(electron energy 70 EV, mass range 50–800 m/z). Quantification of
signals was performed with Xcalibur 1.4 software (ThermoElectron,
Waltham, MA).

Survival plating and tests for apoptotic and necrotic markers

For survival platings, cell cultures were diluted, cell concentration
was determined with a CASY cell counter, and aliquots containing 500
cells were plated on YPD plates. The number of colonies was
determined after 1 day at 37 °C.

Annexin V/PI-costaining with modifications in the protoplasting
step were performed and quantified using FACSAria as described [33].
Protoplasting of H. polymorpha was done as described before [21].

Results

Identification of a peroxisomal peroxiredoxin in H. polymorpha

A search in the Hansenula polymorpha genome database [34]
revealed the presence of a gene (NCBI GenBank Accession Number
EU200440) encoding a protein that is homologous (63k identity) to
the peroxisomal Prx of C. boidinii, CbPmp20 [3]. Like CbPmp20, the
putative H. polymorpha homologue, HpPmp20, is a 1-Cys type Prx
with a C-terminal –AKL sequence, which represents a peroxisomal
targeting signal type 1.

An antiserum generated against HpPmp20 specifically recognized
a protein band of 20 kDa which is the expected molecular mass based
on its amino acid composition (Fig. 1A). This band was absent in
the methylamine-inducible amine oxidase promoter. (A) Cells are shifted from glucose/
rious time points after the shift. On glucose/ammonium sulfate, GFP fluorescence was
FP fluorescence was confined to distinct spots, representing peroxisomes (t=4, 6 h) but
). At later time points (t=10, 12 h) peroxisomes were no longer detectable and GFP
as normal. Panel B represents the fate of peroxisomal GFP-SKL present in glucose/

onditions that induce peroxisome biogenesis (by methanol) in conjunction with full
6 h) the GFP spot enlarges, indicative for growth of peroxisomes on methanol. At 8 h of
les are no longer observed after 12 h of cultivation. In WT controls GFP fluorescence is
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extracts prepared from cells of a PMP20 disruption strain (pmp20; Fig.
1A); hence the antiserum was considered a bona fide HpPmp20
antiserum. Western blot analysis using these antibodies and fractions
of a sucrose density gradient prepared from a homogenate of
methanol-grown H. polymorpha WT cells revealed that HpPmp20
cosedimented with the peroxisomal membrane protein HpPex10p,
confirming its peroxisomal localization (Fig. 1B). Further analysis
showed that HpPmp20p is below the level of detection in glucose-
grown cells, but induced during growth of cells on methanol (Fig. 1C),
suggesting a function during methylotrophic growth conditions. This
was corroborated by the observation that pmp20 cells displayed
aberrant growth on methanol, but not on glucose (Figs. 1D and E).
Growth of pmp20 cells was also normal on ethanol or glycerol (data
not shown), two carbons sources that are not metabolized via
peroxisomal oxidases (data not shown). The aberrant growth
phenotype on methanol was restored by reintroducing the H.
polymorpha PMP20 gene, confirming that this phenotype was caused
by disruption of the PMP20 gene (data not shown).

Peroxisomes in pmp20 cells become leaky for proteins

On shifting pmp20 cells from peroxisome repressing conditions
(glucose/ammonium sulfate) to conditions that induce the formation of
peroxisomes and synthesis of the fluorescent peroxisomal marker
protein GFP-SKL (methanol/methylamine), peroxisomes (Fig. 2A) and
the key enzymes ofmethanolmetabolism, alcohol oxidase (AO) and CAT
(Fig. 3A), are normally induced and enzymatically active (Figs. 3B and C).
Fig. 3. Induction and activities of peroxisomal enzymes in pmp20 cells. Panel A shows that
catalase (CAT), is induced after a shift of cells from glucose (t=0 h) to methanol. During indu
controls. By contrast, AO protein is highest in WT cells. The proteins levels are reflected in t
shows the induction patterns of Pex5p and Pex14p. The blots show the strong reduction in
point also the nonphosphorylated form of Pex14p (lower band of the Pex14p doublet eviden
Under these conditions the peroxisomal membrane protein Pex11p remains normally prese
However, after 8 h of incubation GFPfluorescencewas also detectable in
the cytosol of pmp20 cells, the intensity of which increased after
prolonged cultivation (Fig. 2A). Since GFP-SKL is produced from the
inducible amine oxidase promoter (PAMO), we analyzed whether the
cytosolic GFP-SKL protein in pmp20 cells was related to leakage from
peroxisomes or due to a failure in protein import. To this end, cells were
pregrown on glucose/methylamine to induce PAMO and thus GFP-SKL
synthesis to visualize peroxisomes in the glucose inoculum cells (Fig.
2B). Subsequently, the cells were placed in fresh methanol/ammonium
sulfate medium to induce peroxisome formation (by methanol) in
conjunction with full repression of PAMO (by ammonium sulfate). The
data (Fig. 2B) show that in pmp20 cells peroxisomes initially normally
increase in size as inWT. However, after 8 h of cultivation onmethanol/
ammonium sulfate the first GFP fluorescence was also observed in the
cytosol, suggesting that this protein resulted from leakage from the
organelles. At 12 h of cultivation the organelles could no longer be
observedandcytosolicfluorescencewasprominent. InWTcontrolsGFP-
SKL remained confined to spots that slowly reduced in intensity at later
stages of cultivation (Fig. 2B).We interpret this that inWT the originally
present GFP-SKL is diluted out over newly formed organelles during
vegetative cell multiplication.

Electron microscopy analyses, however, revealed that virtually
intact peroxisomes are present in pmp20 cells, indistinguishable from
WTorganelles, at all time points examined (up to 16 h) after the shift of
cells from glucose to methanol (compare Figs. 4A–D). We never
observed organelles having damaged membranes or subject to
selective degradationbypexophagy (datanot shown). Immunolabeling
the synthesis of the key enzymes of methanol metabolism, alcohol oxidase (AO) and
ction on methanol the levels of CAT are enhanced in pmp20 cells relative to those of WT
he patterns of specific CAT (B) and AO (C) enzyme activities in the two strains. Panel D
Pex5p levels, relative to WT, initiating after 8 h of cultivation on methanol. At this time
t at t=6 h) rapidly declines and is undetectable in samples taken at 16 h on methanol.
nt, similar as pyruvate carboxylase (Pyc1p), taken as cytosolic control.



Fig. 4. Peroxisomes normally develop in pmp20 cells. Panels A and B show characteristic surveys of ultrathin sections of KMnO4-fixed cells, grown for 16 h on methanol. Peroxisome
development in pmp20 cells (B,D) is indistinguishable from that in WT (A,C) controls. Also, disintegration of peroxisomal membranes is never detected. Immunocytochemical
analysis of catalase protein shows that anti-catalase-specific labeling in pmp20 cells is predominantly observed in the cytosol (D), but characteristically present at the edge of the
peroxisomes in WT cells (C).
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experiments revealed that the bulk of the peroxisomal catalase
(Fig. 4D) as well as low amounts of AO protein (not shown) was
mislocalized to the cytosol in pmp20 cells, but not in WT controls
(Fig. 4C). AO crystalloids, which are typically observed in the
peroxisomal matrix of WT cells, were predominantly present inside
peroxisomes of pmp20 cells. Most likely the incorporation of AO in
crystalloids prevents bulk leakage of this protein into the cytosol.

Finally, the fate of two key components of the peroxisomal matrix
protein import machinery, Pex5p and Pex14p, was analyzed. Western
blotting using crude extracts of pmp20 and WT control cells (Fig. 3D)
revealed that the levels of Pex5p and nonphosphorylated Pex14p
strongly declined in pmp20 cells relative to those inWT in the 8- to 12-
h interval of cultivation of cells on methanol. In the same time interval
Pex11p, a peroxisomal membrane protein involved in organelle
proliferation, and the constitutive cytosolic protein Pyc1p remained
unaffected, suggesting that the reduction in the levels of Pex5p and
nonphosphorylated Pex14p in the absence of Pmp20 is specific.

Oxidative stress in pmp20 cells

Since Prxs are important in preventing cellular damage caused by
ROS, we analyzed intracellular ROS levels using the ROS-specific
fluorescent probe H2DCFDA and flow cytometry. In glucose-grown
cells (t=0 h) ROS-specific fluorescence was below the limit of
detection in both pmp20 cells and WT controls. Eight hours after the
shift of cells to methanol over 15k of the pmp20 cells showed ROS-
specific fluorescence, relative to 0.5k in WT (Fig. 5A). Also at 16 h the
ROS levels remained significantly higher in pmp20 cells. High
intracellular ROS species may lead to oxidative damage to proteins
(protein carbonylation) and lipids. Analysis of protein carbonylation
revealed no significant differences in pmp20 and WT (data not
shown). A general method to analyze oxidative damage of lipids is the
measurement of thiobarbituric acid reactive substances (reviewed by
[35]). Malondialdehyde (MDA) is an important by-product of lipid
peroxidation and reacts with TBARS. The data shown in Fig. 5B
revealed that MDA levels were similar in WT and pmp20 cells grown
on glucose and after 8 h of cultivation on methanol. At later stages,
however, MDA levels were significantly enhanced in pmp20 cells
relative to those of WT controls.

Next we studied the fatty acid composition of pmp20 andWT cells.
The distribution of saturated and unsaturated lipids was approxi-
mately identical in glucose-grown pmp20 and WT cells (Fig. 5C).
However, in cells incubated for 8 h on methanol, palmitic acid (C16:0)
had reduced by 30k with a concomitant increase in stearic acid
(C18:0) and linoleic acid (C18:2). This shift toward increased content
of linoleic acid during extended exposure of cells to methanol was
even more pronounced after 16 h of incubation. At that time point,
both the degree of unsaturation (unsaturated/saturated fatty
acids=3.61) and the chain length distribution (C18/C16=4.46) are
markedly enhanced in the mutant compared to WT (3.24 and 3.91,
respectively). These data suggest a significant impact of the PMP20
deletion on fatty acid homeostasis, presumably due to deficiencies
in peroxisomal long-chain fatty acid oxidation. The increased content
of linoleic acid may render the pmp20 mutant more susceptible
to oxidative damage, as exemplified by the significantly increased
content of MDA.



Fig. 5. ROS formation and fatty acid homeostasis. Panel A shows the induction of ROS, determined by flow cytometry of cells incubated with H2DCFDA. In pmp20 cells ROS is absent in
glucose-grown cells (t=0) but strongly induced after 8 or 16 h of growth of pmp20 cells on methanol. This process is paralleled by enhanced lipid peroxidation in pmp20 cells after 16
h of cultivation on methanol (B). Oxidative lipid damage is determined by the formation of the by-product malondialdehyde (MDA) after reaction with thiobarbituric acid reactive
substances (TBARS). MDA is expressed as picomole/mg protein. Panel C represents the increase in unsaturated fatty acids and chain length distribution in pmp20 cells after 8 and 16 h
of cultivation on methanol. t=0 h represent glucose inoculum cells. C16:0 is palmitic acid, C16:1 is palmitoleic acid, C18:0 is stearic acid, C18:1 is oleic acid, C18:2 is linoleic acid. Bars
show the percentages of each fatty acid species in total fatty acid amount.
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Methanol-induced pmp20 cells show necrotic cell death

Since enhanced intracellular ROS levels may ultimately lead to cell
death, we also analyzed whether Pmp20 is important for cell viability.
Cell survival was monitored by quantitative analysis of the percentage
of colony forming units in a plating assay. As shown in Fig. 6A, the
number of colony forming units was similar in pmp20 andWTcultures
after 12 h of incubation in methanol medium. However, after 36 h the
pmp20 cells showed amuch lower survival relative toWTcontrols (Fig.
6A). To test whether this was due to apoptosis, similar studies were
performed using a constructed H. polymorpha PMP20 YCA1 double
deletion strain (pmp20.yca1). YCA1 encodes the yeast homologue of
mammalian caspase, a protein that plays an important role in apoptosis
[36]. H. polymorpha Yca1p (NBCI GenBank Accession Number
EU543808) was identified by homology search in the H. polymorpha
genomedatabase using S. cerevisiaeYca1p as a bait (63k homologyand
52k identity). As shown in Fig. 6A, yca1 cells showed a similar decrease
in viability as WT controls 36 h after the shift to methanol, whereas
cultures of the pmp20yca1 double mutant behaved similar as the
pmp20 single deletion strain. These data indicate that deletion of YCA1
did not result in suppression of the relatively strong decrease in
viability of pmp20 cultures during incubation in methanol medium.

We finally analyzed markers for apoptosis (Annexin V staining)
and necrosis (propidium iodide, PI). Staining of cells with FITC
conjugated Annexin V is indicative for externalization of phosphati-
dylserine, a phenomenon that occurs during early apoptosis [33]. By PI
staining the loss of membrane integrity is monitored. Cells that are
positively stained with Annexin V, but not with PI, are early apoptotic,
whereas late apoptotic cells show both Annexin V and PI staining.
Cells that do not stain with Annexin V, but are PI positive, are
considered to be necrotic [37].

Fig. 6B shows the quantitative analysis of Annexin V, Annexin
V+PI, and PI staining of the four H. polymorpha strains (WT, pmp20,
yca1, pmp20yca1) 36 h after the shift to methanol media. At this time
point the percentage of cells stained with PI but not with Annexin V
was enhanced in the pmp20 cultures relative to the WT and yca1
controls, whereas the percentages of cells stained with Annexin V did
not increase. These data are indicative for cell death by necrosis rather
than apoptosis. The latter is corroborated by the observation that
deletion of YCA1 in pmp20 cells did not significantly suppress the
increase in percentage of PI-stained cells.

Discussion

Peroxisomal peroxiredoxin is an important antioxidant enzyme

In this study, we analyzed the function of a peroxisomal member
of the peroxiredoxin family of antioxidant enzymes, Pmp20, of the
yeast H. polymorpha. We demonstrate a crucial function of Pmp20 in
vivo to prevent protein leakage from the peroxisome and—ultimately—



Fig. 6. Survival plating and tests for apoptotic and necrotic markers in wt and pmp20
cells. Panel A represents cell survival of wt cells and yca1, pmp20, or pmp20yca1 mutant
cells after the shift to methanol at indicated time points (0, 12, or 36 h). Survival was
normalized to wt control at time point 0 (100k survival). Representative experiments
are shown, with data representing mean –/+ SEM of 3 independent experiments. Panel
B shows quantification of phosphatidylserine externalization and loss of membrane
integrity using Annexin V/PI costaining at time point 36 h of the experiment shown in
(A). In each experiment, 30,000 cells were evaluated using FACS analysis.
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cell death under growth conditions of active peroxisomal oxidative
metabolism.

Because of the oxidative character of peroxisomal metabolism,
antioxidant enzymes are important in these organelles. Yeast
peroxisomes harbor catalase and peroxiredoxins. In higher eukaryotes
superoxide dismutase, glutathione peroxidase, or ascorbate perox-
idase may occur in peroxisomes as well [2].

Generally, CAT is assumed to play a major role in the decomposi-
tion of bulk of the H2O2, produced by peroxisomal oxidases. Its
importance is stressed by the finding that CAT-deficientH. polymorpha
strains cannot grow on methanol as sole carbon source [4].

The affinity of CAT for H2O2 is, however, rather low (Km of approx.
25 mM). This, together with the fact that the AO/CAT protein ratio in
mature peroxisomes is rather high may result in inefficient H2O2

decomposition during growth of cells in the presence of excess
methanol. Under these conditions, Prx proteins are required to support
growth of H. polymorpha on methanol. Prx enzymes are active toward
H2O2 and alkyl hydroperoxide substrates. In vitro analysis of the
properties of C. boidinii Pmp20 indicated that this enzyme has a higher
affinity for H2O2 (Km of approx. 3 mM) relative to CAT [3].

The affinity of CbPmp20 for alkyl hydroperoxides was in the same
range as H2O2 (Km 0.5–1 mM). Hence, Pmp20 may be involved in
degrading residual amounts of H2O2 as well as in degradation of
hydroperoxides. Removal of hydroperoxides from cellular membranes
is crucial, because accumulation of these very toxic molecules may
further accelerate oxidative decomposition of membrane lipids
through radical chain reactions [1,38].

Peroxisomes in pmp20 cells are leaky for proteins

Cells of a constructed H. polymorpha PMP20 disruption strain
(pmp20) are defective to sustain growth on methanol, but not on
carbon sources that are not metabolized by H2O2 generating
peroxisomal oxidases (glucose, ethanol, glycerol). Most likely Pmp20
protects peroxisomal membranes against oxidative damage caused by
ROS, generated via the H2O2 by-product of methanol oxidation. Our
combined data suggest that a threshold amount of H2O2-producing
AO protein must be synthesized to account for the observed
deteriorating effects of ROS formation and permeabilization of the
peroxisome membrane and, related to this, protein leakage from the
organelles. However, peroxisome development is normal in pmp20
cells and peroxisomemembrane disintegrationwas never observed by
electron microscopy. Based on our data we speculate that the
peroxisome protein leakage in pmp20 cells is related to lipid oxidation
in the peroxisomal membrane rather than oxidation of peroxisomal
membrane proteins. As it is unlikely that proteins can pass a lipid
bilayer, changes in the lipid composition most likely influence protein
complexes in the peroxisomal membrane, which are ultimately
responsible for the observed protein leakage.

Proteins can also release from other cellular organelles. Some of
these processes have been well established (e.g., protein export
through nuclear pore complexes), whereas themolecular mechanisms
behind other export pathways are topic of debate (e.g., the ERAD
pathway in the endoplasmic reticulum, the release of proteins from
mitochondria at the onset of apoptosis).

Permeabilization of the mitochondrial membrane and release of
cytochrome c are important processes at the onset of apoptosis.
Interestingly, heterologous expression of the human apoptotic inducer
Bax in S. cerevisiae results in mitochondrial lipid oxidation, which is
important for cytochrome c release and Bax-mediated cell death [39].
Despite much effort, the principles of Bax-related permeabilization of
the mitochondrial outer membrane in yeast and the molecular nature
of the mitochondrial apoptosis-induced channel are still unclear
(reviewed by [40]). Possibly, the protein permeability changes in
peroxisomal membranes of pmp20 cells have mechanisms in common
with this process.

The absence of Pmp20 results in reduced levels of Pex5p and
phosphorylated Pex14p

The leakage of peroxisomal matrix proteins into the cytosol
coincided with major changes in the levels of Pex5p and Pex14p,
two key proteins in PTS1 peroxisomal matrix protein import. Previous
data indicated that most likely only nonphosphorylated Pex14p is
functional in mediating peroxisomal matrix protein import [41].
Hence, the very low levels of nonphosphorylated Pex14p together
with the strongly reduced Pex5p levels in pmp20 cells will severely
affect import of newly synthesized peroxisomal matrix protein
import. Therefore, the cytosolic pool of peroxisomal matrix proteins
in pmp20 cells, grown for 16 h in the presence of methanol, most likely
represents the added sum of leakage and missorting of newly
synthesized peroxisomal matrix proteins.

The observed drop in Pex5p levels may be caused by degradation
of the protein by the proteasome. In WT cells, Pex5p is considered to
cycle between the cytosol and the peroxisomes [42]. Recycling of
Pex5p to the cytosol involves Pex4p-dependent monoubiquination,
most likely at a conserved cysteine residue in the N-terminus of
Pex5p [43,44]. However, when the Pex5p recycling pathway is
blocked (e.g., in pex4 deletion strains), Pex5p becomes polyubiqui-
tinated and is directed to the proteasome for degradation [45,46]. We
speculate that in pmp20 cells normal recycling of Pex5p may be
blocked because of the altered biochemical/biophysical properties of
the organelle.

The absence of Pmp20 results in necrotic cell death

Our results suggest for the first time a relationship between the
oxidative function of a peroxisomal protein and cell death. In pmp20
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cultures we observed a decrease in cell survival relative to WT
controls. Analysis of apoptosis and necrosis markers revealed that
pmp20 cell deathmost likely relates to necrosis. This was suggested by
the observation that in pmp20 cultures the percentages of PI-stained
cells, indicative for necrosis, were much higher than in the
correspondingWT host. Consistently, deletion of gene YCA1, encoding
a key player in yeast apoptosis, had no major effect on pmp20-
mediated cell death. Basically, the observed necrosis may be triggered
by two distinct or overlapping lipotoxic effects, namely (i) a direct
effect as oxidized lipids are known to induce necrosis during
atherosclerosis and (ii) an indirect effect related to disturbance of
peroxisome function causing enhancement of the intracellular free
fatty acid pool and subsequent cell death.

In conclusion, we showed that, in addition to mitochondria,
peroxisomes may represent major sites of ROS formation. Our data
strongly suggest that the initial deteriorating effects of ROS formation
in H. polymorpha pmp20 cells are confined to peroxisome function and
integrity and exert severe effects on cell function and viability.
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