
 

 

 University of Groningen

Routing of Hansenula polymorpha alcohol oxidase
Gunkel, Katja; van Dijk, Ralf ; Veenhuis, Marten; Klei, Ida J. van der

Published in:
Molecular Biology of the Cell

DOI:
10.1091/mbc.E03-04-0258

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2004

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Gunkel, K., van Dijk, R., Veenhuis, M., & Klei, I. J. V. D. (2004). Routing of Hansenula polymorpha alcohol
oxidase: An alternative peroxisomal protein-sorting machinery. Molecular Biology of the Cell, 15(3), 1347-
1355. https://doi.org/10.1091/mbc.E03-04-0258

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://doi.org/10.1091/mbc.E03-04-0258
https://research.rug.nl/en/publications/72bc35af-671c-49eb-9bb3-0f47e18ff497
https://doi.org/10.1091/mbc.E03-04-0258


Molecular Biology of the Cell
Vol. 15, 1347–1355, March 2004

Routing of Hansenula polymorpha Alcohol Oxidase:
An Alternative Peroxisomal Protein-sorting Machinery
Katja Gunkel, Ralf van Dijk, Marten Veenhuis, and Ida J. van der Klei*

Eukaryotic Microbiology, Groningen Biomolecular Sciences and Biotechnology Institute (GBB),
University of Groningen, 9750 AA Haren, The Netherlands

Submitted April 25, 2003; Revised November 5, 2003; Accepted November 7, 2003
Monitoring Editor: Randy Schekman

Import of Hansenula polymorpha alcohol oxidase (AO) into peroxisomes is dependent on the PTS1 receptor, HpPex5p. The
PTS1 of AO (-LARF) is sufficient to direct reporter proteins to peroxisomes. To study AO sorting in more detail, strains
producing mutant AO proteins were constructed. AO containing a mutation in the FAD binding fold was mislocalized to
the cytosol. This indicates that the PTS1 of AO is not sufficient for import of AO. AO protein in which the PTS1 was
destroyed (�LARA) was normally sorted to peroxisomes. Moreover, C-terminal deletions of up to 16 amino acids did not
significantly affect AO import, indicating that the PTS1 was not necessary for targeting. Consistent with these observa-
tions we found that AO import occurred independent from the C-terminal TPR-domain of HpPex5p, known to bind PTS1
peptides. Synthesis of the N-terminal domain (amino acids 1–272) of HpPex5p in pex5 cells restored AO import, whereas
other PTS1 proteins were mislocalized to the cytosol. These data indicate that AO is imported via a novel HpPex5p-
dependent protein translocation pathway, which does not require the PTS1 of AO and the C-terminal TPR domains of
HpPex5p, but involves FAD binding and the N-terminus of HpPex5p.

INTRODUCTION

Growth of the yeast Hansenula polymorpha on methanol as
sole carbon and energy source is associated with the massive
development of peroxisomes in the cells (Veenhuis and
Harder, 1987). These organelles are crucial for growth be-
cause they harbor the key enzymes of methanol metabolism,
namely alcohol oxidase (AO), dihydroxyacetone synthase
(DHAS), and catalase.

One topic of research in the laboratory includes the bio-
synthetic pathway of AO, focused on the mechanisms of the
sorting and assembly/activation of the enzyme. AO is a
homo-octameric flavoenzyme of 600 kDa; each of the eight
identical subunits contains one noncovalently bound flavin
molecule (FAD) as a cofactor. In wild-type (WT) H. polymor-
pha cells AO enzyme activity is confined to peroxisomes
(van der Klei et al., 1990).

AO monomers are synthesized in the cytosol and subse-
quently posttranslationally imported into the target or-
ganelle, where assembly into the active octamer is presumed
to take place. AO may represent one of the exceptions to the
rule that peroxisomal matrix proteins are imported in their
oligomerized state (Stewart et al., 2001; (Faber et al., 2002). In
riboflavin auxotrophic mutants of H. polymorpha that pro-
duce reduced levels of FAD, AO import into peroxisomes is
strongly inhibited (Evers et al., 1994, 1996). Therefore, bind-
ing of the cofactor FAD to AO monomers may be essential to
allow import. Recently, evidence was presented that FAD-
binding requires the function of pyruvate carboxylase pro-
tein (HpPyc1p), a cytosolic protein essential for import of
AO into peroxisomes (Ozimek et al., 2003).

Here, we study sorting and import of AO in H. polymorpha
peroxisomes in more detail. Strains were constructed in
which the WT AOX gene was replaced by mutant ones. The
analysis of these strains revealed that FAD binding is essen-
tial for targeting of AO, whereas the extreme C-terminus of
AO, which contains the putative PTS1, was not required.
Also, the C-terminal TPR domain of HpPex5p, known to
bind PTS1 tripeptides, was dispensable for AO sorting. The
details of this work are included in this article.

MATERIALS AND METHODS

Organisms and Growth
The H. polymorpha strains used in this study are H. polymorpha NCYC 495
(leu1.1; Gleeson and Sudbery, 1988), pex3::URA3 (leu1.1.pex3; Baerends et al.,
1996), pex5::URA3 (leu1.1.pex5; Salomons et al., 2000a), and HF295, a DHAS
deletion strain (leu1.1.�DHAS; van Dijk R. et al., 2001). Yeast cells were grown
at 37°C in selective minimal media containing 0.67% yeast nitrogen base
without amino acids supplemented with 0.5% glucose (YND) or 0.5% meth-
anol (YNM) or in mineral media (van Dijken et al., 1976) containing 0.25%
ammonium sulfate as nitrogen source supplemented with 0.5% glucose, 0.5%
methanol, or 0.5% methanol � 0.1% glycerol as carbon sources. When re-
quired leucine or uracil were added to a final concentration of 30 mg/l.
Escherichia coli DH5� (Sambrook et al., 1989) was grown on LB medium
supplemented with the appropriate antibiotics.

Molecular Techniques
Standard recombinant DNA techniques were carried out essentially as de-
scribed by Sambrook et al. (1989). Transformation of H. polymorpha was
performed by electroporation (Faber et al., 1994b). Restriction enzymes and
biochemicals were obtained from Roche (Almere, The Netherlands) and used
as detailed by the manufacturer. The plasmids used in this study are listed in
Table 1.

Construction of AOX Mutants
AO mutant strains were constructed by replacing the WT AOX gene by
mutant ones using targeted integration. The mutant AOX genes were created
by PCR using the universal primer and the primers listed in Table 2 using
plasmid pAOX (Distel et al., 1987) as template. The obtained DNA fragments
were inserted in pHIPX1 (Faber et al., 1994a). The resulting plasmids were
designated pHIPX1-AOX�1, pHIPX1-AOX�4, pHIPX1-AOX�10, pHIPX1-
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AOX�16, and pHIPX1-AOX�22 and encode AO proteins lacking 1, 4, 10, 16,
or 22 C-terminal residues. pHIPX1-AOX-LARA encodes AO containing a
C-terminal A instead of F. The plasmids were linearized by BamHI and
transformed to WT NCYC 495. pHIPX1-AOX�22 was also transformed to
pex3::URA3 and leu1.1 �DHAS. Correct integration in the AOX locus was
analyzed by Southern blot analysis. The resulting strains were designated
WT-AO�1, AO�4, AO�10, AO�16, AO�22, AO-LARA (Figure 1), pex3-
AO�22, and �DHAS-AO�22.

AO protein with a mutation in the FAD binding fold was created by
changing G at position 15 into A. The mutation was introduced into the AOX
gene using primers AOX G15A and AOX-downstream (Table 2). The PCR
product was cloned into plasmid pHIPX4 (Gietl et al., 1994). The resulting
plasmid, designated pHIPX4-AOX G15A, was linearized and integrated into
the AOX locus of WT NCYC 495 as detailed above. The resulting strain was
designated AO-G15A.

HpPex5p and HpPyc1p Overproduction Strains
An H. polymorpha strain producing AO�22 (Figure 1) and overproducing
HpPex5p was obtained by placing the PEX5 gene under control of the strong
AOX promoter. To this purpose a fragment containing the ZEO gene, ob-
tained from pHIPZ4-NIa (Faber et al., 2001) upon digestion with SacI/KpnI,
was inserted into plasmid pHIPX4-PEX5 (van der Klei et al., 1995). The
resulting plasmid pHIPX4-PEX5-ZEO was linearized by NotI and trans-
formed to WT-AO�22. Correct integration in the AOX promoter was ana-
lyzed by Southern blotting.

A strain overproducing HpPyc1p was created by inserting a ZEO contain-
ing fragment, obtained upon digestion of pHIPZ4-NIa with SpeI/ScaI, into
pHIPX5-PYC (Ozimek et al., 2003) digested with SpeI/HpaI. The resulting
plasmid pHIPX5-PYC-ZEO was linearized by SpeI and transformed to
WT-AO�22. Transformants were tested for correct integration in the AMO
promoter by Southern blotting.

Construction of a Truncated H. polymorpha PEX5 Gene
A strain, producing the first N-terminal 272 amino acids of HpPex5p in a
PEX5 deletion strain (pex5), was constructed by insertion of a DNA fragment
consisting of the first 816 base pairs of PEX5 (1–816PEX5) in pex5::URA3

(leu1.1pex5) by targeted integration. For this purpose the region encoding the
N-terminal HpPex5p-domain was created by PCR using the universal primer
and primer N-PEX5-downstream (Table 2) and inserted into plasmid pHIPX4
via NotI/SphI. The resulting plasmid pHIPX4-N-PEX5 was linearized by ApaI
and transformed to pex5::URA3 (leu1.1pex5). Transformants were tested for
correct integration in the PEX5 promoter by Southern blot analysis. The
resulting strain was designated pex5(1–272)Pex5p.

Protein Purification
AO was isolated from WT H. polymorpha, WT-AO�16, and WT-AO�22 as
detailed previously (van der Klei et al., 1990). A HpPex5p-His6 fusion protein
was overproduced in E. coli and purified by affinity chromatography using
Ni-NTA-resin (Qiagen, Hilden, Germany) as described previously (Wang et
al., 2003).

Biochemical Methods
Crude extracts of H. polymorpha cells were prepared as described previously
(van der Klei et al., 1991c). AO activity was measured according to Verduyn
et al. (1984). Protein concentrations were determined using the Bio-Rad Pro-
tein Assay system (Bio-Rad GmbH, Munich, Germany) using BSA as a stan-
dard.

Sucrose-gradient centrifugation for the separation of monomeric and oc-
tameric AO was performed according to Goodman et al. (1984).

AO protein was immunoprecipitated from crude extracts using specific
anti-AO antibodies and protein A-Sepharose beads essentially as described
before (van der Klei et al., 1989). The crude extracts were prepared from cells
producing WT AO or AO�16 precultivated on glucose medium and shifted
for 5 h to methanol-containing medium. Immunoprecipitates were analyzed
by Western blotting using anti-HpPex5p or anti-AO antibodies.

SDS-PAGE was carried out according to Laemmli (1970). Western blotting
was performed as described by Kyhse-Andersen (1984). The blots were dec-
orated using specific antibodies against H. polymorpha AO. Levels of AO
protein were determined by densitometric scanning of the blots.

Table 1. Plasmids used in this study

Plasmid Relevant properties Reference

pAOX E. coli plasmid containing PAOXAOX Distel et al. (1987)
pHIPX1 Shuttle vector containing PAOX and S. cerevisiae

LEU2 flanked by promoter and terminator regions of
HpAOX; allows gene replacement of WT AOX by
mutant versions

Faber et al. (1994a)

pHIPX4 Shuttle vector containing the AO promoter (PAOX) Gietl et al. (1994)
pHIPX4-PEX5 pHIPX4 containing the PEX5 gene under control of PAOX van der Klei et al. (1995)
pHIPX4-PEX5-ZEO pHIPX4-PEX5 containing ZEO resistance gene This study
pHIPX4-N-PEX5 pHIPX4-PEX5-ZEO encoding C-terminal truncated

HpPex5p instead of full length HpPex5p
This study

pHIPX5-PYC pHIPX5 containing the PYC gene under control of the
amine oxidase promoter (PAMO)

Ozimek et al. (2003)

pHIPX5-PYC-ZEO pHIPX5-PYC containing ZEO resistance gene This study
pHIPX1-AOX�N (N � 1, 4, 10, 16, 22) pHIPX1 encoding different truncated AOX genes This study
pHIPX1-AOX-LARA pHIPX1 encoding AO-LARA This study
pHIPX4-AOX-G15A pHIPX4 encoding AO-G15A This study

Table 2. Primers used in this study

Name Sequence 5�–3�

AOX-LARA CCCAGGCTTAGGCCTTAGGCTCTGGCAAGTCCGGTC
AOX�1 CCCAAGCTTGAATTCTTATCTGGCAAGTCCGGTCTCC
AOX�4 CCCAAGCTTATCCGGTCTCCTCGTAAGTTCC
AOX�10 CCCAGGCTTGCTAGCTTATCCGAGTCTGAAGTTTGGAATCG
AOX�16 CCCAGGCTTACTAGTTAAATCGTCATGTCCAGGTCGG
AOX�22 CCCAAGCTTCTAGATTAGGAGCCTGAGTAGCCAAGATC
AOX G15A CGATATCATTGTTGTTGGTGGCGCCTCCACCGGCTGC
AOX-downstream CCCCTGCAGTTAGAATCTGGCAAGTCCGGTCTCC
N-PEX5-downstream AGTCATCGTACGCAGATTGTTACGGAACTGATTATTC

K. Gunkel et al.
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HpPex5p-AO Binding Experiments
Purified native octameric AO was dissociated into monomers by incubation in
80% glycerol (final AO protein concentration 0.1 �M) for 20 min at 23°C
(Evers et al., 1995). To study interactions of HpPex5p with WT AO or the
C-terminally truncated form AO�16, AO protein incubated in 80% glycerol
was diluted 10 times in 50 mM potassium phosphate buffer, pH 6.0, contain-
ing 0.3 �M purified HpPex5p (Evers et al., 1995). The samples were kept on ice
for 15 min before being subjected to nondenaturating gel electrophoresis
using 4–10% polyacrylamide gradient gels (Musgrove et al., 1987). Subse-
quently, Western blots were prepared from the gels and decorated with
anti-AO antibodies.

Protein concentrations of purified AO and HpPex5p were determined from
the absorbance at 280 nm using the corresponding molar extinction coefficient
of AO (�280 � 93500 M�1 cm�1) and HpPex5p (�280 � 58000 M�1 cm�1).

FAD content of purified AO
Purified AO protein (WT and truncated forms) was precipitated with 12.5%
TCA, a procedure that caused the release of noncovalently bound FAD (van
der Klei et al., 1989). After centrifugation (20 min, 20,000 � g, 4°C) fluores-
cence intensities were determined in the supernatants (excitation at 450 nm,
emission at 521 nm) using a FluoroMax-3 spectrofluorimeter (Jobin Yvon,
Edison, NJ). Solutions of purified FAD were used as standard.

UV illumination of native gels was used to qualitatively determine the
presence of FAD in various AO proteins.

Electron Microscopy and Immunocytochemistry
Whole cells were fixed and prepared for electron microscopy and immuno-
cytochemistry as described (Waterham et al., 1994). Immunolabeling was
performed on ultrathin sections of Unicryl-embedded cells using specific
polyclonal antibodies against various H. polymorpha proteins and gold-conju-
gated goat anti-rabbit antibodies (Waterham et al., 1994).

RESULTS

A Point Mutation (G15A) in the Putative FAD-binding
Site Prevents AO Import and Assembly
Recently, Ozimek et al. (2003) suggested that cytosolic bind-
ing of FAD to newly synthesized AO monomers, a process
mediated by pyruvate carboxylase (HpPyc1p), is essential
for targeting of the protein to peroxisomes. To determine the
importance of FAD-binding for AO import in a direct way,
an H. polymorpha strain (AO-G15A) was constructed in
which the WT AOX gene was replaced by a mutant one
encoding AO protein containing an amino acid substitution
in the FAD binding fold (Gly15 into Ala).

Growth experiments revealed that H. polymorpha AO-
G15A cells were unable to grow in media containing meth-
anol as sole carbon and energy source and lacked AO en-
zyme activity. Western blotting experiments, however,
indicated that AO protein was normally produced, but con-
tained no FAD judged from fluorescence analysis of native

gels prepared from crude extracts of AO-G15A cells (Figure
2A). In control experiments using crude extracts of WT cells,
FAD fluorescence was evident at the position in the gel
where octameric AO protein was located (Figure 2A). West-
ern blot analysis of the native gels also revealed that AO
protein produced in H. polymorpha AO-G15A was not oli-
gomerized but present as monomers (Figure 2B).

In ultrathin sections of cells of H. polymorpha AO-G15A,
anti-AO labeling was confined to the cytosol, indicating that
AO protein was mislocalized to the cytosol (Figure 3) under
conditions that the PTS1 import machinery was normally
functioning.

Short C-terminal Deletions Do Not Affect AO Protein
Sorting and Enzyme Activity
AO-G15A is not imported into peroxisomes despite the pres-
ence of a functional PTS1 (�LARF; Waterham et al., 1997;
Salomons et al., 2000b) at the extreme C-terminus of the
protein. Therefore, we analyzed the significance of the C-
terminus for AO sorting in more detail. Six mutants were
constructed in which either the putative PTS1 was inacti-
vated (the extreme C-terminal F changed into A) or deleted
(deletions of 1, 4, 10, 16, or 22 C-terminal amino acids,
respectively; see Figure 1). All strains, except AO�22 (for
details see below), grew normally in media containing meth-
anol as sole carbon source at WT rates and displayed normal
specific AO activities in crude extracts (approximately 4
U/mg protein). Also, immunolabeling experiments revealed
that these mutant AO proteins were normally imported into
peroxisomes (Figure 4). Sucrose gradients prepared of crude
extracts from these cells indicated that these mutant AO
proteins were predominantly in the octameric state (shown
for WT and AO�16; Figure 5). Also, the specific activity of

Figure 1. C-terminal amino acid sequences of AO from WT H.
polymorpha and the mutated and truncated AO proteins used in this
study. The introduced cloning sites in the corresponding DNA
fragment are indicated as well.

Figure 2. Analysis of oligomerization and FAD binding in AO-
G15A. (A) A native gel exposed to UV light to visualize FAD
fluorescence. (B) A Western blot of a similar native gel decorated
with anti-AO antibodies. Purified WT octameric AO (20 �g protein;
lane 1) or an equal amount of WT AO protein dissociated into
monomers (incubated in 80% glycerol; lane 2) were used as controls.
Lanes 3 and 4: 200 �g protein of crude extracts prepared from WT
(lane 3) and AO-G15A (lane 4) cells. (A) Octameric (lane 1 and 3)
and monomeric AO (lane 2) obtained by dissociation of native WT
AO contained FAD, as evident from the fluorescent bands. Mono-
meric AO present in crude extracts of strain AO-G15A lacked FAD
(lane 4). (B) Western blotting revealed that in crude extracts of
AO-G15A (lane 4) only monomers were observed, whereas in crude
extracts of WT cells (lane 3) octameric AO also is found. The
locations of AO octamers and monomers are indicated by arrows
and were determined using purified WT octameric (lane 1) or
monomeric (lane 2) AO as controls. Because of less efficient blotting
of AO octamers compared with monomers, the signal of monomeric
AO is relatively strong.
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purified WT and mutant AOs (except for AO�22) were
similar and amounted to �20 U/mg protein.

Cells that produced AO�22 showed an aberrant behavior.
The initial growth of such cells on methanol was normal, but
growth ceased at an OD corresponding to the midexponen-
tial growth stage in WT cells (unpublished data). These cells
displayed �90% reduction in specific AO activities (0.3
U/mg protein) relative to WT cells. Analysis of Western
blots prepared from crude extracts of these cells, indicated

that this reduction in AO activity was associated with a
comparable reduction in AO protein levels (unpublished
data).

Immunocytochemically, AO�22 showed a dual location in
both peroxisomes and the cytosol (Figure 4). Also, sucrose
gradient analysis indicated that �70% of the total AO�22
protein was in the monomeric state (Figure 5A). Because
AO�16 was predominantly octameric, this indicates that
deletion of six additional amino acids in AO�22 severely
affected the oligomerization and stability of the protein. This
view was consistent with the observation that the specific
activity of purified AO�22 protein had decreased to 9 U/mg
protein. Also, the FAD content of AO�22 was significantly
lower than WT and AO�16 (Table 3), suggesting that the
capacity to bind or retain FAD is also affected by the deletion
of 22 C-terminal amino acids.

Possibly, the strong reduction in AO protein levels in
AO�22 cells was due to instability and degradation of not
properly imported or assembled AO protein in vivo. To
analyze this, we took advantage of the fact that in H. poly-
morpha PEX3 deletion (pex3) cells, AO is normally synthe-
sized, assembled, and stable in the cytosol but is not subject
to selective degradation upon a shift of cells to glucose-
containing media, as is peroxisomal AO in WT cells (van der
Klei et al., 1991b). Because glucose fully represses AO syn-
thesis, the analysis of the fate of cytosolic AO�22 relative to
WT AO protein in a pex3 background allowed to determine
the stability of both proteins in vivo upon a shift to glucose
media. The results, depicted in Figure 6, indicated that WT
AO protein showed the expected behavior and remained
unaffected in methanol-induced pex3 cells, exposed to excess
glucose. However, the level of mutant AO�22 protein rap-
idly diminished in identical cells to 	10% of the original
amounts in a few hours time interval, indicative of a de-
creased stability of this protein in vivo. Because �70% of the
total AO protein was octameric in methanol-induced AO�22
cells (Figure 5A), these data imply that both monomeric and
octameric AO�22 proteins display reduced stability relative
to WT AO. Indeed, when purified octameric AO�22, ob-
tained by gel filtration chromatography, was subsequently
subjected to sucrose density centrifugation, both monomers

Figure 3. AO-G15A protein is mislocalized to the cytosol. Metha-
nol-induced AO-G15A cells were analyzed immunocytochemically
using anti-AO antibodies. Labeling was confined to the cytosol and
not detected on peroxisomal profiles. M, mitochondrion; P, perox-
isome; V, vacuole. Aldehyde fixation. Bar, 0.5 �m.

Figure 4. Immunocytochemical localization of the mutant AO proteins AO-LARA (A), AO�16 (B), and AO�22 (C). To illustrate (partial) AO
import, sections of cells were selected in which several peroxisomes were present. The distribution of the labeling demonstrates that
AO-LARA and AO�16 protein is confined to peroxisomes, whereas AO�22 protein is present both in peroxisomes and in the cytosol.
Aldehyde fixation. M, mitochondrion; N, nucleus; P, peroxisome. Bar, 0.5 �m.
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Molecular Biology of the Cell1350



and octamers were found (Figure 5B), indicating that part of
the AO�22 octamers was dissociated into monomers during
the procedure. In a control experiment using WT AO, only
AO octamers were found, indicating that these oligomers
are more stable (Figure 5B).

Import of Truncated AO Is Dependent on HpPex5p and Is
Not Due to Piggybacking with DHAS
Next, we addressed whether the import of C-terminal trun-
cated AO species was still dependent of HpPex5p. To this
end, AO�22 was produced in a PEX5 deletion strain (pex5)
and localized by immunocytochemistry. Inspection of ultra-
thin sections of glycerol/methanol-grown cells revealed that
mutant AO�22 protein was confined to the cytosol (unpub-

lished data). Hence, import of AO�22 (and also the other
C-terminal truncated AO species) is still dependent of
HpPex5p function.

The observed import of mutant AO protein lacking the
carboxyterminal PTS1 raised the question whether this im-
port could be due to piggyback import together with an-
other high abundant PTS1 matrix protein, DHAS. This as-
pect was investigated by producing AO�22 protein in a
DHAS deletion strain. The distribution pattern of AO�22
protein in the DHAS deletion strain was indistinguishable
from that in a WT background (Figure 7, compare Figure
4C), thus suggesting that AO�22 import was not due to
piggyback import together with DHAS. Also, overproduc-
tion of HpPex5p or HpPyc1p, a protein shown to be essential
for FAD binding and AO import (Ozimek et al., 2003), did
not affect the dual subcellular AO�22 distribution (unpub-
lished data), suggesting that the key components of the AO
sorting machinery were not limiting for import.

Truncated AO Binds to HpPex5p
To study whether the C-terminal truncated AO forms were
capable of binding to HpPex5p, in vitro binding studies
were performed using purified HpPex5p, WT AO, and
AO�16 protein. We previously showed that HpPex5p solely
binds AO monomers, but not octamers (Faber et al., 2002).
Therefore purified octameric WT AO and AO�16 proteins
were first dissociated into monomers by incubation in 80%
glycerol (compare Figure 2, lanes 2). This procedure does
not result in removal of FAD from the monomers and there-
fore is associated with reoligomerization of the protein after
dilution of the glycerol (Evers et al., 1995; Boteva et al., 1999;
see also Figure 8A, lane 3). To analyze HpPex5p binding, the
AO/glycerol solutions were diluted in buffer containing
purified HpPex5p. On native gel electrophoresis and West-
ern blotting, an additional anti-AO cross-reacting band was
observed, located in between the bands of AO monomers
and octamers (Figure 8A, lane 4). This band was absent in
samples of purified HpPex5p (Figure 8A, lane 1) and thus is
not due to cross-reactivity of the AO antiserum with a
contaminating protein in the purified HpPex5p sample.
Therefore it most likely represents a complex containing
HpPex5p and AO. Using truncated AO�16 the additional
band was also observed, indicating that HpPex5p binds this
truncated AO protein as well (Figure 8A, lane 6). These
results were confirmed by coimmunoprecipitation experi-
ments using crude extracts of WT and AO�16 cells. As
shown in Figure 8B, HpPex5p coprecipitated with both

Figure 5. Separation of octameric and monomeric AO protein by
sucrose density centrifugation. Crude extracts (A) prepared from
methanol-induced cells producing WT AO, AO�16, or AO�22 pro-
tein or purified, octameric AO (B) isolated from WT cells or cells
producing AO�22 were subjected to sucrose density centrifugation.
The fractions obtained were analyzed by Western blotting using
anti-AO antibodies. In crude extracts of WT cells and cells produc-
ing AO�16, AO protein was predominantly octameric (peak frac-
tion in lane 3), whereas crude extracts prepared from cells produc-
ing AO�22 contained both AO monomers (peak fraction lane 7) and
octamers. Purified, octameric WT AO obtained by gel filtration
chromatography remained octameric upon sucrose density centrif-
ugation (B), whereas AO octamers purified from cells synthesizing
AO�22 partly had dissociated into monomers. Equal volumes of the
fractions obtained from each gradient were loaded per lane. From
the gradients prepared from AO�22 cells larger volumes of each
fraction were loaded per lane compared with WT and AO�16, to
allow detection of the strongly reduced amounts of AO protein in
these cells.

Figure 6. AO�22 is less stable than WT AO in vivo. Methanol-
induced pex3 cells, producing WT AO or AO�22 protein, were
shifted to glucose media to fully repress AO synthesis. Samples
were taken at the indicated time points after the shift and analyzed
by Western blotting using anti-AO antibodies. The level of AO�22
protein decreased with time, whereas WT AO levels remained
constant. Equal portions of the cultures were loaded per lane.

Table 3. FAD content of purified AO proteins

WT AO AO�16 AO�22

Fluorescence intensities 1 1.13 0.20

FAD was extracted from equal amounts of purified octamers of WT
AO, AO�16, and AO�22 and quantified by fluorescence spectros-
copy. The fluorescence intensity of WT AO was arbitrarily set to 1.
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forms of AO in immunoprecipitation experiments using spe-
cific antibodies against AO.

Import of WT AO and AO�16 Is Mediated by the
N-terminal Domain of HpPex5p
The finding that import of AO occurred independent of the
PTS1 suggested that it may require other domains of
HpPex5p than the C-terminus where the PTS1 binding TPR
repeats are located. To investigate this, we constructed a
truncated PEX5 gene consisting of nucleotides 1–816, encod-
ing amino acids 1–272 of HpPex5p, and expressed this gene
under control of the PEX5 promoter in a pex5 deletion strain.
Glycerol/methanol grown cells of this strain contained nor-
mal specific AO activities (approximately 4U/mg protein in
crude cell extracts). The location of AO was analyzed im-
munocytochemically. The data, shown in Figure 9, show
that anti–AO-dependent labeling was predominantly local-
ized on peroxisomal profiles, indicating that the protein was
localized in these organelles (Figure 9A). Essentially similar
results were obtained in a strain in which also the WT AOX
gene was replaced by AOX�16 (Figure 9C). For the other
PTS1 proteins, DHAS and catalase, specific labeling was
confined to the areas of cytosol, indicating that these pro-
teins were mislocalized in these strains (Figure 9, B and D).

DISCUSSION

We have studied the biosynthetic pathway of peroxisomal
AO focused on sorting of the protein to its target organelle.
The extreme carboxyterminal amino acids of AO contains a
PTS1 (Waterham et al., 1997;Salomons et al., 2000b) and
import of AO into peroxisomes requires the function of the
PTS1 receptor, Pex5p (McCollum et al., 1993; van der Klei et
al., 1995). However, previous studies revealed that the sort-
ing pathway of AO displays several unusual features. First,
only AO monomers can be imported into peroxisomes.
Pulse-chase experiments in combination with cell fraction-
ation studies using Candida boidinii cells, convincingly dem-
onstrated that AO octamers never occur in the cytosol of WT
cells, whereas oligomerization could be followed within the

peroxisomal matrix (Waterham et al., 1993;Stewart et al.,
2001). In line with these results are the observations of Faber
et al. (2002), who showed that H. polymorpha Pex5p
(HpPex5p) is capable of binding monomeric but not oc-
tameric AO, explaining why AO octamers that artificially
accumulated in the cytosol were not imported into peroxi-
somes. Another peculiar finding is that deletion of the car-
boxyterminal four amino acids of Pichia pastoris AO did not
fully block AO import, suggesting that P. pastoris AO con-
tains a second PTS in another part of the protein (Waterham
et al., 1997). Finally, several observations in H. polymorpha

Figure 7. AO�22 is not imported via piggybacking together with
DHAS. Immunocytochemical localization of AO�22 protein synthe-
sized in a H. polymorpha DHAS deletion strain. AO specific labeling
is found on peroxisomal profiles and in the cytosol. Aldehyde
fixation. M, mitochondrion; P, peroxisome; N, nucleus. Bar, 0.5 �m.

Figure 8. HpPex5p binds AO�16 protein. (A) Demonstration of in
vitro association of purified HpPex5p with purified WT AO or
AO�16 protein analyzed by native gel electrophoresis followed by
Western blotting using anti-AO antibodies. Purified HpPex5p (lane
1), octameric WT AO (lane 2), and octameric AO�16 (lane 5) are
used as controls. WT octameric AO was dissociated into monomers
by incubation in 80% glycerol (see Figure 2, lane 2). On dilution in
buffer, the reduction in glycerol concentration causes that mono-
meric AO reassociates into octamers (Evers et al., 1995). This ex-
plains the presence of two bands, octameric AO and monomeric
AO, on the Western blot (lane 3). On dilution of the AO sample
incubated in 80% glycerol with buffer containing purified HpPex5p,
an additional band above the monomeric AO band appeared (lane
4). After the same procedure performed with AO�16 protein, this
additional band was detected as well (lane 6), indicating that also
AO�16 protein associates with HpPex5p. (B) Coimmunoprecipita-
tion experiments using crude extracts of cells producing WT AO or
AO�16 and specific anti-AO antibodies and protein A-Sepharose
beads. Immunoprecipitates were analyzed by Western blotting us-
ing anti-HpPex5p or anti-AO antibodies as indicated. Lane 1: total
crude extract of WT cells to show the position of AO and HpPex5p
on the Western blots. Lanes 2 and 3: control experiments using
protein A-Sepharose beads without anti-AO antiserum; lanes 4 and
5: immune-precipitation experiment using protein A-Sepharose
beads and anti-AO antiserum. Lane 2 and 4 WT cells. Lanes 3 and
5: cells producing AO�16. In control experiments (lanes 2 and 3)
minor amounts of HpPex5p and AO protein were detected most
likely because of nonspecific binding to the protein A-Sepharose
beads. In the presence of anti-AO antiserum high amounts of AO
protein were precipitated from both extracts. These precipitates also
contained HpPex5p (lanes 4 and 5).
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suggested that translocation of AO monomers requires bind-
ing of the cofactor FAD (Evers et al., 1994, 1995, 1996;
Ozimek et al., 2003).

In this article we provide direct evidence that FAD bind-
ing is a prerequisite for import of H. polymorpha AO into
peroxisomes, because a point mutation (AO-G15A) that pre-
vents FAD binding fully blocks import of the protein. This
finding is remarkable in view of the fact that H. polymorpha
AO-G15A still contains a PTS1. The failure to import AO-
G15A was not due to a general defect in PTS1 protein import
in the cells, because other PTS1 proteins were normally
imported. This suggests that in H. polymorpha AO the PTS1
may not be recognized by HpPex5p. The reason behind this
phenomenon is fully unknown.

Consistent with this finding is our observation that import
of AO occurred efficiently in the absence of the PTS1 se-
quence. In fact up to 16 amino acids could be deleted from
the C-terminus without affecting AO import or assembly.
Import of the proteins also remained dependent on the
function of HpPex5p and was not due to piggyback import
together with DHAS, as previously reported for Saccharomy-
ces cerevisiae Eci1p (Yang et al., 2001). Eci1p is a peroxisomal
enzyme involved in beta-oxidation of unsaturated fatty ac-
ids and, like AO, is imported into peroxisomes in a Pex5p-
dependent way upon deletion of the PTS1. However, in this
case it has been demonstrated that in the absence of the
PTS1, Eci1p was translocated as a hetero-oligomer with an-
other PTS1 protein, Dcilp (Yang et al., 2001). In vitro binding
experiments using purified HpPex5p and purified AO�16
protein demonstrated that HpPex5p directly interacts with
AO lacking a PTS1, in line with the view that the protein is
not imported by a piggyback mechanism.

The most remarkable finding in this study includes that
AO sorting is not dependent on the PTS1 of AO and the
C-terminal part of HpPex5p, which contains the TPR motifs

known to bind PTS1 sequences (Gatto et al., 2000). Instead,
only the N-terminal half of the PTS1 receptor was essential
to mediate AO import. The fact that in PEX5 deletion cells
production of the N-terminal half of HpPex5p solely facili-
tated import of AO but not of the other PTS1 proteins
catalase and DHAS stresses the exceptional import pathway
of AO.

Recently, Distel and coworkers (Klein et al., 2002) indi-
cated that S. cerevisiae acyl-CoA oxidase, a protein that lacks
both a PTS1 and PTS2, interacts with the N-terminus of
ScPex5p and Purdue and Lazarow (2001) reported that the
region of ScPex5p responsible for this interaction was
mapped to residues 136–292 of ScPex5p, a domain clearly
distinct from the TPR repeat region. Whether the corre-
sponding region of HpPex5p is involved in AO binding is
the topic of current investigations.

Our data suggest that a not yet identified internal PTS of
AO (a putative PTS3) is recognized by HpPex5p. This PTS3
apparently becomes functional upon FAD binding, explain-
ing why in the absence of FAD binding, import of AO is
fully blocked (Evers et al., 1994;Ozimek et al., 2003; this
article). This also suggests that the PTS3 of AO represents a
structural rather than an amino acid sequence motif.

The importance of FAD binding for AO import may ex-
plain why AO�22 was only partially imported. Most likely
deletion of 22 carboxyterminal residues interferes with the
tertiary structure of AO (Boteva et al., 1999) and affects FAD
binding and subsequent octamerization. This is indicated by
the reduced FAD content of purified AO�22 protein and the
increased amounts of monomeric AO found in crude ex-
tracts of WT-AO�22 cells. Also, the stability of AO�22 pro-
tein was strongly reduced in vivo. Because our in vivo
stability test revealed that AO�22 protein disappeared al-
most completely during incubation of cells for 6 h, appar-
ently both AO�22 monomers and octamers are degraded.

Figure 9. AO is imported into peroxi-
somes in cells producing C-terminally trun-
cated HpPex5p. Immunocytochemical local-
ization of AO (A and C), DHAS (B), and
catalase (D) in a PEX5 deletion strain pro-
ducing the N-terminal domain of HpPex5p
(residues 1–272) that lacks the TPR motifs.
WT AO (A) and AO�16 (C) proteins were
normally located in peroxisomes, whereas
other PTS1 proteins (DHAS; B), or catalase
(D) were mislocalized to the cytosol. Alde-
hyde fixation. M, mitochondrion; N, nucle-
us; P, peroxisome; V, vacuole. Bar, 0.5 �m.
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Whether degradation of octamers is preceded by dissocia-
tion of octamers into monomers and release of FAD is not
known. Also, whether the putative peroxisomal protease
(Stewart et al., 2002) contributes to degradation of AO�22
protein inside peroxisomes of WT-AO�22 cells remained
elusive.

At present several peroxisomal matrix proteins are known
to be imported in their oligomeric enzymatically active state,
which implies that folding and cofactor binding of these
proteins occurs in the cytosol. For Yarrowia lipolytica acyl-
CoA oxidase, Titorenko et al. (2002) showed that assembly of
pentameric complexes is obligatory for import into the per-
oxisome. Most likely the proteins that facilitate folding, as-
sembly, and cofactor binding to these peroxisomal enzymes
do not occur in the organelles but are located to the cytosol.
Examples are Y. lipolytica Pex20p, involved in thiolase as-
sembly (Titorenko et al., 1998) and HpPyc1p, a cytosolic
protein that is necessary for FAD binding to AO (Ozimek et
al., 2003). This pathway of protein translocation has charac-
teristics of the Tat-system for secretion of cofactor containing
enzymes in bacteria. These enzymes are not secreted by the
Sec system, because the Sec translocon can only accommo-
date unfolded proteins. Because bacteria cannot control co-
factor binding after the protein has been secreted, this pro-
cess occurs in the cytosol before export (Palmer and Berks,
2003). An example of a Tat protein is glucose-fructose oxi-
doreductase, which requires a twin arginine (Tat) motif in
the signal peptide for secretion. Interestingly, mutations that
affect binding of the cofactor severely affected secretion
(Halbig et al., 1999). For another Tat-protein evidence was
obtained that a specific chaperone may exist that keeps the
protein in a conformation competent to bind the cofactor
and at the same time shelters the signal peptide to prevent
interaction with the Tat-translocase (Sargent et al., 2002). It is
tempting to speculate that cytosolic HpPyc1p, which has
been suggested to facilitate FAD binding to AO, fulfils a
comparable function in the AO sorting pathway (Ozimek et
al., 2003).

Interestingly, binding of the cofactor and—at least par-
tial—folding of the AO monomer occurs in the cytosol,
whereas the oligomerization process is postponed to a stage
after import. Why is this mechanism used? We hypothesize
that this is related to specific physiological advantages. We
showed before that the presence of low amounts of active
oligomeric AO in the cytosol is associated with severe ener-
getic disadvantages and prevents growth of WT cells on
methanol (van der Klei et al., 1991a). Only few yeast species
have gained the capacity of methylotrophic growth. As these
species are closely related, acquisition of this property may
have been a rare and relatively late event in the evolution of
the organisms. Because cytosolic assembly/activation of the
protein had to be prevented for metabolic reasons, probably
only those species could survive that invented an interme-
diate system: partial folding and FAD-binding before import
and—most likely spontaneous (Evers et al., 1995)—assembly
upon translocation in the target organelle. Possibly this ad-
aptation has changed the interaction of the PTS1 of AO with
the TPR domains of HpPex5p into a novel mode of binding
involving the N-terminus of HpPex5p and an internal PTS3
that requires FAD binding.
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