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Abstract

We have analyzed the functions of two vacuolar t-SNAREs, Vam3p and Vam7p, in peroxisome degradation in the methylo-
trophic yeast Hansenula polymorpha. A Hp-vam7 mutant was strongly affected in peroxisome degradation by selective macropexo-
phagy as well as non-selective microautophagy. Deletion of Hp-Vam3p function had only a minor effect on peroxisome degradation
processes. Both proteins were located at the vacuolar membrane, with Hp-Vam7p also having a partially cytosolic location. Previ-
ously, in baker�s yeast Vam3p and Vam7p have been demonstrated to be components of a t-SNARE complex essential for vacuole
biogenesis. We speculate that the function of this complex in macropexophagy includes a role in membrane fusion processes between
the outer membrane layer of sequestered peroxisomes and the vacuolar membrane. Our data suggest that Hp-Vam3p may be func-
tionally redundant in peroxisome degradation. Remarkably, deletion of Hp-VAM7 also significantly affected peroxisome biogenesis
and resulted in organelles with multiple, membrane-enclosed compartments. These morphological defects became first visible in cells
that were in the mid-exponential growth phase of cultivation on methanol, and were correlated with accumulation of electron-dense
extensions that were connected to mitochondria.
� 2005 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.
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1. Introduction

At present, three modes of peroxisome degradation
have been characterized. These include (i) selective per-

oxisome degradation (macropexophagy), (ii) selective,
bulk uptake of peroxisomes into the vacuole (micro-
pexophagy), and (iii) non-selective uptake of peroxisomes
by microautophagy (reviewed by [1,2]). Macropexo-
phagy is a prominent feature in methylotrophic yeast
species (e.g. Hansenula polymorpha and Pichia pastoris)
following the repression of methanol metabolism or
inactivation of organelle function. In contrast, micro-
pexophagy is yet only observed in P. pastoris cells as a
response of the cells to excess glucose conditions (for re-
view see [2]). Non-selective autophagy involves turnover
of portions of cytoplasm (including peroxisomes) by the
vacuole, either following sequestration into an auto-
phagosome (macroautophagy; reviewed by [3]) or after
uptake via a pinocytosis-like mechanism (microauto-
phagy). In H. polymorpha, only the latter process has
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been observed, which is initiated by nitrogen limitation
[1,4]. Very recently, the non-selective nature of autoph-
agy was challenged by the finding that certain cytosolic
components may be specific cargo during these autopha-
gic processes [5].

Macropexophagy has been a topic of research of our
laboratory for several years, using the methylotrophic
yeast H. polymorpha as model organism. Characteristic
for this process is that upon induction of macropexo-
phagy organelles are degraded individually and sequen-
tially (reviewed by [6]). At present, our research has
focused on the principles of tagging organelles for deg-
radation and, in addition, on the origin of the mem-
branes that sequester peroxisomes. Recent data
indicate that in H. polymorpha the machineries of perox-
isome biogenesis and selective peroxisome degradation
converge at the peroxin Pex14p [7]. Also a second per-
oxin, Pex3p, essential for peroxisome membrane forma-
tion, plays a role in the onset of macropexophagy [8].
These data led us to hypothesize that the initiation of
peroxisome sequestration may be regulated via the func-
tion of membrane-bound peroxins. At present, little is
known on the origin of the membranes that sequester
peroxisomes during macropexophagy. However, based
on the similarity between the two processes, we recently
have proposed [6] that the principles of membrane for-
mation during macropexophagy are reminiscent of
those of the cytoplasm-to-vacuole-targeting (Cvt) path-
way that sorts specific proteins (Ape1p and Ams1p) to
the vacuole in Saccharomyces cerevisiae (reviewed by
[9]). Two key components of the Cvt pathway are
Atg19p and Atg11p (for the new nomenclature see
[10]) that specifically deliver the cargo molecules Ape1p
and Ams1p to the sequestering machinery. This machin-
ery involves the function of Atg8p, that can be
conjugated to phosphatidylethanolamine, and the pre-
autophagosomal structure, a large, presumptive mem-
branous scaffold to which various proteins involved in
autophagy and the Cvt pathway are recruited. Upon
completion of sequestration, fusion of the sequestered

compartment (designated Cvt vesicle) with the vacuole
takes place, a process that requires the function of
SNARE proteins.

In a recent screen for macropexophagy mutants of
H. polymorpha we have isolated a mutant that appeared
to be disrupted in the VAM3 gene. In S. cerevisiae
VAM3 encodes a t-SNARE involved in vacuole biogen-
esis, autophagy and the Cvt pathway [11,12], and is
present in a cis-SNARE protein complex together with
Vam7p [13,14]. This led us to isolate both the H. poly-

morpha VAM3 and VAM7 genes and analyze the func-
tion of their gene products in peroxisome degradation
in H. polymorpha. The data of this study are contained
in this paper.

2. Materials and methods

2.1. Micro-organisms and growth conditions

All H. polymorpha strains used are derivatives of
NCYC495 [15] and are listed in Table 1. H. polymorpha
strains were grown at 37 �C in (i) rich complex media
(YPD) containing 1% yeast extract, 1% peptone and
1% glucose, (ii) mineral medium (MM) as described
[16], supplemented with 0.25% ammonium sulphate
using 0.5% glucose or 0.5% methanol as carbon source,
and (iii) selective minimal medium containing 0.67%
Yeast Nitrogen Base without amino acids (DIFCO) sup-
plemented with 1% glucose (YND), 0.5% methanol
(YNM), or 0.4% glucose together with 0.1 mM allyl
alcohol (AA selection medium). For growth on plates,
1.5% granulated agar was added to the media. When-
ever necessary, media were supplemented with
30 lg ml�1 leucine or 100 lg ml�1 zeocin.

For cloning purposes, Escherichia coli DH5a (Gibco-
Brl, Gaithesburg, MD) was used and grown at 37 �C in
LB (1% Bacto tryptone, 0.5% yeast extract, 0.5% NaCl),
supplemented with zeocin (25 lg ml�1), ampicillin
(100 lg ml�1) or kanamycin (50 lg ml�1) when required.

Table 1
Hansenula polymorpha strains used in this study

Strain Genotype and characteristics Reference

NCYC495 leu1.1 derivative [15]
NCYC495 leu1.1 ura3 derivative [15]
HF246 NCYC495::(PAOXeGFP.SKL)

1c; leu1.1 [23]
Pdd20-1 HF246::pREMI-Z; leu1.1; Pdd�; zeoR This study
vam3-1 HF246 retransformed with the VAM3 disruption cassette

isolated from mutant Pdd20-1; leu1.1; Pdd�; zeoR
This study

eGFP.VAM3 NCYC495 transformed with pHIPX6-eGFP.PDD20 This study
vam7 NCYC495 vam7::Hp-URA3; leu1.1 This study
VAM7.eGFP NCYC495 transformed with pHIPX6-VAM7.eGFP This study
DsRED.SKL NCYC495::(PAOXDsRED-T1.SKL), leu1.1; zeoR [36]
DsRED.SKL/VAM7.eGFP DsRED.SKL transformed with pHIPX6-VAM7-eGFP; zeoR This study

Abbreviation: zeo, zeocin.
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2.2. Miscellaneous DNA techniques

Plasmids and oligonucleotide primers used in this
study are listed in Tables 2 and 3, respectively. Standard
DNA techniques were carried out essentially according
to [17]. Electrotransformation of H. polymorpha was
performed as described previously [18]. Yeast chromo-
somal DNA was isolated as described by Faber et al.
[19]. DNA-modifying enzymes were used as recom-
mended by the supplier (Roche, Almere, the Nether-
lands). For Southern- blot analysis the ECL direct
nucleic-acid labeling and detection system was used
(Amersham Corp., Arlington Heights, IL). DNA
sequencing reactions were carried out at BaseClear (Lei-
den, The Netherlands) on a LiCor automated DNA-
sequencer using dye primer chemistry (LiCor INC.,
Lincoln, NB). Oligonucleotide primers were obtained
from Life Technologies (Breda, the Netherlands). For
DNA sequence analysis, the Clone Manager 5 program
(Scientific and Educational Software, Durham, USA)
was used. BLAST algorithms [20] were used to screen
databases at the National Center for Biotechnology
Information (Bethesda, MD). The Clustal_Xprogram

was used to align protein sequences [21], while the Gene-
Doc program (available at http://www.psc.edu/biomed/
genedoc) was used to display the aligned sequences. The
software TREECON for Windows [22] was used for the
construction of phylogenetic trees.

2.3. Gene tagging mutagenesis and isolation of mutants

The RAndom Integration of Linear DNA Fragments
(RALF) method [23] was used to generate yeast mu-
tants. H. polymorpha HF246 was transformed with
BamHI-linearized pREMI-Z plasmid. Transformants
were initially selected on YPD plates supplemented with
zeocin, then screened using AA selection plates [24]. Al-
lyl alcohol-sensitive colonies were subsequently screened
for their peroxisome degradation-deficient (Pdd�) phe-
notype using the AO activity plate assay as described
by Titorenko et al. [25].

2.4. Identification of the gene disrupted in mutant Pdd20-1

To identify the gene disrupted by the pREMI-Z vec-
tor in mutant Pdd20-1, genomic DNA of mutant cells

Table 2
Plasmids used in this study

Plasmid Relevant characteristics Reference

pREMI-Z Used for gene-tagging mutagenesis; zeoR [23]
pBSK-URA3 pBluescript SK+ containing the 2.3 kb H. polymorpha URA3 fragment, ampR [37]
pHIPX6 E. coli/H. polymorpha shuttle vector containing the H. polymorpha PEX3

promoter, the H. polymorpha AMO terminator and the S. cerevisiae LEU2 gene; kanR
[38]

pHIPX6-eGFP.PDD20 pHIPX6 containing an eGFP.VAM3 fusion gene; kanR This study
pHIPX6-VAM7.eGFP pHIPX6 containing a VAM7.eGFP fusion gene; kanR This study
pFEM36 Plasmid containing the GFP.SKL gene; kanR [39]
pHS6A E. coli/H. polymorpha shuttle vector derived from pBluescript II SK+, ampR,

S. cerevisiae LEU2 gene, HARS1
Lab. collection

pHS6A-VAM7 pHS6A with the entire H. polymorpha VAM7 gene; ampR This study
pHIPX6-eGFP.ATG8 pHIPX6 containing an eGFP.ATG8 fusion gene; kanR [36]

Abbreviations: amp, ampicillin; kan, kanamycin; zeo, zeocin.

Table 3
Primers used in this study

Name Sequence

VAM7-del-F1 50 GACTGGTGCGCGTCCCCCACGATCG 30

VAM7-del-R1 50 CATAATTGCGTTGCTGAACATCAGTTGAAGCTCCGTTCAAAAACTCCGCCAGCCC 3 0

VAM7-del-F2 50 GAAGAAGCGACGCCGATCCAGTTGATGTGCGGCTTGGACAATCAAGTCGACAGC 30

VAM7-del-R2 50 CCCGGAAATTCCACAATCCC 3 0

VAM7-F3 50 TGACCTCGCCATATTTCACG 3 0

PDD20-1 50 CACTGCTGTGAGAAGAAGAC 3 0

PDD20-2 50 ATCGTGTTTCATACTCTACG 30

PDD20-S-GFP 50 CTCGGCATGGACGAGCTGTACAAGATGTCGTTTGCCAACTTGGATC 3 0

PDD20-AS 50 GGGCACAGCCTCCTCTATTTAGTTC 30

pHIPX6-F 50 GCTCACAAGTGATACCCCATTCG 3 0

FwVAM7 50 TCAGGGATCCATGGTGGAGGTCAGAATACC 3 0

RevVAM7GFP 50 GGTGAACAGCTCCTCGCCCTTGCTCACGAGAATACGGCCAATTTTC 30

RevGFP 50 GGGCTACTTGTACAGCTCGTCCATGCCG 3 0

pREMI-ori 50 GATCTTTTCTACGGGGTCTG 3 0

pREMI-tef 50 CGGAGTCCGAGAAAATCTGG 3 0

P. Stevens et al. / FEMS Yeast Research 5 (2005) 985–997 987

http://www.psc.edu/biomed/genedoc
http://www.psc.edu/biomed/genedoc


was isolated, digested with EcoRI, self-ligated and trans-
formed into E. coli. After plasmid rescue, the flanking
genomic regions were sequenced using the vector-based
primers pREMI-ori and pREMI-tef [23]. Sequence anal-
ysis revealed that the pREMI-Z vector had integrated in
the putative H. polymorpha VAM3 gene (Fig. 1(a)). The
nucleotide sequence of the Hp-VAM3 gene was com-
pleted by sequencing an approximately 1-kb DNA frag-
ment obtained by PCR with primers PDD20-1 and
PDD20-2, using genomic DNA of wild-typeH. polymor-

pha as template. The nucleotide sequence of Hp-VAM3

was submitted to Genbank and assigned the accession
number AY874422.

Sequence analysis of the genomic regions flanking
pREMI-Z in the Pdd20-1 mutant indicated that 127 bp
upstream of Hp-VAM3 the startcodon of a putative
homologue of the essential S. cerevisiae POL1 gene,
encoding a catalytic subunit of the DNA polymerase I
complex, was located (Fig. 1(a)). Since this would place
the promoter of the putative Hp-POL1 gene partly in-
side the coding region of Hp-VAM3, this precluded con-
struction of a null mutant lacking the entire Hp-VAM3
ORF. Therefore, only the mutant disrupted by the pRE-
MI-Z plasmid was used in our studies. To ensure that
the mutant strain used carried only the disrupted Hp-
VAM3 gene, and no possible second site mutations,
we isolated the RALF disruption cassette as a 3-kb frag-
ment from the Pdd20-1 mutant by PCR, using primers
PDD20-1 and PDD20-2 and transformed H. polymor-

pha HF246. Zeocin-resistant colonies were analysed by
Southern blotting to identify the correct disruptant

(data not shown). The resulting strain was designated
vam3-1. AO activity plate assays demonstrated that both
the Pdd20-1 and vam3-1 mutants had the same weak
Pdd� phenotype (data not shown).

2.5. Construction of aH. polymorpha VAM7 null mutant

A TBLASTN search using the primary sequence of S.
cerevisiae Vam7p as a query identified a single Hp-
VAM7 candidate gene in the H. polymorpha genome
database [26]. The nucleotide sequence of Hp-VAM7

has been submitted to Genbank and was assigned the
accession number AY884835.

A strain deleted forHp-VAM7 (designated vam7) was
constructed by replacing the region comprising nucleo-
tides +260 to +837 by an auxotrophic marker (Fig.
1(b)). To this end, a Hp-VAM7 deletion cassette was
constructed by overlap PCR. First, two DNA fragments
comprising the region �141 to +259 and + 838 to
+1290 of the Hp-VAM7 genomic region were obtained
by PCR, using the primer combinations VAM7-del-
F1 + VAM7-del-Rl and VAM7-del-F2 + VAM7-del-
R2, respectively, and wild-type H. polymorpha DNA
as template. Two of these primers, VAM7-del-Rl and
VAM7-del-F2, contain DNA sequences that overlap
with the H. polymorpha URA3 promoter and terminator
regions, respectively. In a second PCR step, the deletion
cassette was synthesized using the products obtained
after the first amplification reactions as primers and
pBSK-URA3 as template. The resulting 2.4-kb frag-
ment, which contains the Hp-URA3 gene with flanking
regions of the VAM7 gene, was used to transform
NCYC495 leu1.1 ura3 cells. Proper deletion of VAM7

was confirmed by Southern blotting (data not shown).
A plasmid containing the entire Hp-VAM7 gene (re-

gion �707 to +1290) was isolated by PCR with the
primers VAM7-F3 and VAM7-del-R2 using WT geno-
mic H. polymorpha DNA as template. The resulting
2136-bp fragment was digested with XhoI and cloned be-
tween the SalI and SmaI sites of the polylinker of vector
pHS6A, resulting in plasmid pHS6A-VAM7.

2.6. Construction of strains synthesizing fluorescent

versions of Hp-Vam3p and Hp-Vam7p

To obtain a H. polymorpha strain producing an
eGFP.Vam3p fusion protein, we constructed plasmid
pHIPX6-eGFP.PDD20 by overlap PCR as follows.
Firstly, an 831-bp PCR fragment containing the entire
Hp-VAM3 coding region was obtained with primers
PDD20-S-GFP and PDD20-AS using WT genomic
H. polymorpha DNA as template. Primer PDD20-S-
GFP contains DNA sequences that overlap with the 3 0

end of the eGFP gene. The amplified fragment was puri-
fied and used in a second PCR with primer pHIPX6-F
using plasmid pHIPX6-eGFP.ATG8 as template. The

Fig. 1. (a) Schematic representation of the H. polymorpha chromo-
somal region that contains VAM3. The pREMI-Z integration site in
the vam3-1 mutant is shown. Also indicated is the start of a putative
Hp-POL1 gene upstream of the startcodon of Hp-VAM3. The location
of the primers PDD20-1 and PDD20-2 is represented by arrows. The
numbers refer to nucleotide numbers in the VAM3-coding sequence.
(b) Schematic representation of the strategy to delete the VAM7 gene
from the H. polymorpha genome via double cross-over. The numbers
refer to nucleotide numbers in the VAM7-coding sequence.
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obtained 1577 bp fragment, which contained eGFP

fused in frame with Hp-VAM3, was digested with
BamHI and subsequently inserted in BamHI + SmaI-
digested pHIPX6. The resulting plasmid, pHIPX6-
eGFP.PDD20, was transformed into H. polymorpha

NCYC495 (leu1.1) cells to obtain strain eGFP.VAM3.
In a similar way, we constructed plasmid pHIPX6-

VAM7.eGFP. First, a 946-bp PCR fragment containing
the entire Hp-VAM7 gene was obtained with primers
FwVAM7 and RevVAM7GFP using WT genomic H.

polymorpha DNA as template. Note that primer Rev-
VAM7GFP contains DNA sequences that overlap with
the 5 0 end of the eGFP gene. The amplified fragment was
used in a second PCR together with primer RevGFP
and plasmid pFEM36 as template. The obtained 1639-
bp fragment, which contained Hp-VAM7 fused in frame
with eGFP, was digested with BamHI and subsequently
inserted in BamHI + SmaI-digested pHIPX6. The
resulting plasmid, pHIPX6-VAM7.eGFP, was trans-
formed into H. polymorpha NCYC495 (leu1.1) and
DsRED.SKL cells to obtain strains VAM7.eGFP and
DsRED.SKL/VAM7.eGFP, respectively.

2.7. Biochemical methods

Crude cell extracts were prepared as described [27].
Determination of protein concentrations, SDS–PAGE
and Western blotting were performed by established
procedures. The degradation of peroxisomes in batch-
cultured cells of H. polymorpha was determined as de-
scribed [25]. Induction of microautophagy by nitrogen
limitation was performed as detailed in [4].

2.8. Morphological analysis

Intact cells were prepared for electron microscopy
and immunocytochemistry as described previously
[28]. Ultrathin unicryl sections were labelled using
polyclonal antibodies raised in rabbits and goat-anti-
rabbit antibodies conjugated to gold according to the
instructions of the manufacturer (Amersham, Little
Chalfont, UK). Fluorescence microscopy studies were
performed using a Zeiss Axioskop microscope (Carl
Zeiss, Göttingen, Germany). Vacuolar membranes
were visualized using FM4-64 (final concentration of
2 lM) that was added to the cultures 30–45 min before
analysis.

3. Results

3.1. Isolation of the H. polymorpha VAM3 and VAM7

genes

The H. polymorpha VAM3 gene was identified within
a collection of peroxisome degradation-defective (Pdd�)

mutants that had been isolated by gene tagging muta-
genesis [23]. Of this collection, one mutant, designated
Pdd20-1, had shown a reduced rate of peroxisome deg-
radation relative to wild-type cells in AO activity plate
assays [25]. Sequence analysis of the regions flanking
the pREMI-Z vector in the genome of this mutant indi-
cated that the vector had integrated at +272 in an ORF
encoding a protein with similarity to the syntaxin family
of t-SNARE molecules. Primary-sequence analyses and
BLAST searches indicated that the protein was most
similar to S. cerevisiae Vam3p and Pep12p and much
less similar to other members of the syntaxin family. Re-
cently the nucleotide sequence of the H. polymorpha

genome has been determined [26]. Sequence analysis
showed that the H. polymorpha genome encodes multi-
ple SNAREs of the syntaxin family. Besides the isolated
Pdd20p also a predicted protein can be identified (desig-
nated Hp-Pep12p; Genbank accession number
AY884836), that is highly similar to S. cerevisiae

Pep12p. An alignment of the primary sequences of these
proteins is shown in Fig. 2(a). A phylogenetic tree show-
ing the divergence between these sequences is depicted in
Fig. 2(b). Analysis of these data indicates that the iso-
lated protein clusters with S. cerevisiae Vam3p rather
than Pep12p. From this we concluded that we had iso-
lated the H. polymorpha VAM3 gene. Hp-VAM3 en-
codes a 262-amino-acid protein of approximately
30 kDa. Like other members of the syntaxin family,
Hp-Vam3p contains a typical t-SNARE coiled-coil
homology region (amino acids 170–232, see Fig. 2(a);
see [29] and the references therein). Furthermore, similar
to Sc-Vam3p, Hp-Vam3p contains a hydrophobic re-
gion at its extreme C-terminus (amino acids 244–260,
see Fig. 2(a)) that presumably represents a transmem-
brane anchor (cf. [29]).

In S. cerevisiae, the t-SNARE Vam3p is involved in
autophagy and the Cvt pathway [11]. As Vam3p func-
tions in complex with Vam7p in baker�s yeast [13,14],
we decided to investigate the role of Vam7p in macrop-
exophagy in H. polymorpha as well. We identified a
putative Hp-VAM7 gene in the H. polymorpha genome
sequence ([26] Genbank AY884835) using the primary
sequence of Sc-Vam7p as a query. Hp-VAM7 encodes
a protein of approximately 35 kDa with 39% identity
to S. cerevisiae Vam7p (Fig. 2(c)). Primary-sequence
analysis showed that like Sc-Vam7p, Hp-Vam7p con-
tains a phox homology (PX) domain at its N-terminus
(amino acids 1–124, Fig. 2(c)). For Sc-Vam7p, this do-
main has been demonstrated to bind to phosphatidylin-
ositol-3-phosphate [30,31], and is required to recruit the
protein to the vacuolar membrane. Furthermore, Hp-
Vam7p contains coiled-coil regions of t-SNARE similar-
ity (amino acids 232–302; Fig. 2(c)). Analysis of the
hydropathy profile of the protein (not shown) indicated
that, like Sc-Vam7p, the Hp VAM7 gene product has no
typical membrane-spanning regions.
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Fig. 2. (a) Alignment of the putative H. polymorpha Vam3p and closely related members of the syntaxin family of SNAREs identified in
H. polymorpha and S. cerevisiae. The Hp-Vam3p primary sequence (Genbank accession number AY874422) was aligned with S. cerevisiae (Sc)
Vam3p (Genbank AAC49737), Pep12p (SwissProt P32854), and the Pep12p homologue encoded by the H. polymorpha genome sequence ([26];
Genbank AY884836). The one-letter code is shown. The bars below the sequences indicate the t-SNARE similarity region and the C-terminal
membrane anchor. Gaps were introduced to maximise the similarity. Residues that are similar in all proteins are in black; those that are similar in
three of the proteins are shaded dark gray, while those that are similar in two of the proteins are shaded light gray. (b) Evolutionary tree of the
putativeH. polymorpha Vam3p (Genbank AY874422) and the most similar SNAREs of the syntaxin family identified in H. polymorpha (Hp-Pep12p,
Genbank AY884836) and S. cerevisiae (Sc-Vam3p and Sc-Pep12p, Genbank AAC49737 and SwissProt P32854, respectively). As an outgroup, a
member of the syntaxin family (Sc-Tlg2p, Swissprot Q08144) was chosen which has weaker similarity to Vam3p and Pep12p. The protein encoded by
the isolated PDD20 gene is more closely related to S. cerevisiae Vam3p than toH. polymorpha and S. cerevisiae Pep12p. (c) Alignment of the putative
H. polymorpha Vam7p and S. cerevisiae Vam7p. The Hp-Vam7p primary sequence (Genbank AY884835) was aligned with S. cerevisiae (Sc) Vam7p
(Genbank AAC49494). The one-letter code is shown. Gaps were introduced to maximise the similarity. Residues that are similar in both proteins are
present in black boxes. The bars below the alignment indicate the N-terminal PX domain and the C-terminal region of t-SNARE similarity.
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3.2. H. polymorpha vam7 cells are impaired in

macropexophagy and microautophagy

Since plate assays provide only a qualitative indica-
tion of defects in peroxisome degradation, the vam3-1

and vam7 strains were analyzed in more detail after cul-
tivation in liquid cultures. Growth experiments indi-
cated that cells of both mutants had no defects in
growth on glucose, glycerol or methanol (data not
shown). However, in fluorescence microscopy studies
using the vacuolar dye FM4-64, vam7 cells appeared
to contain highly fragmented vacuoles, while WT cells
typically contain a single vacuole (Fig. 3). In the vam3-

1 mutant, often multiple vacuoles were present in the
cells (Fig. 3; compare also Fig. 5(a)).

To analyse the fate of peroxisomes during macro-
pexophagy, methanol-grown cells of both strains were
exposed to glucose excess conditions. Under these con-
ditions, in vam3-1 cells the activity of the peroxisomal
matrix protein alcohol oxidase (AO) declined, albeit
somewhat slower than in WT cells (Fig. 4(a)). Also,
analysis of AO protein levels by Western blotting
demonstrated that selective peroxisome degradation
was retarded in vam3-1 cells (Fig. 4(b)). Electron-micro-
scopical analysis – including inspection of KMnO4-fixed
cells (not shown) and immunocytochemistry, using a-
AO antibodies – revealed that indeed peroxisomes were

degraded via macropexophagy, since organelles became
normally sequestered and were taken up by the vacuole
(Fig. 5(a)).

Identical experiments, performed on methanol-grown
vam7 cells adapted to glucose, showed that reduction in
AO activity (not shown) and AO protein (Fig. 6(a)) did
not occur. Electron-microscopical analysis demon-
strated that peroxisomes remained intact during pro-
longed incubation of cells for four hours.
Immunocytochemically, AO protein was never observed
in the vacuolar lumen. However, initiation of peroxi-
some sequestration was not impaired in vam7 cells,

Fig. 3. H. polymorpha vam3-1 and vam7 cells contain multiple
vacuoles. H. polymorpha WT, vam3-1 and vam7 cells were grown on
methanol to the mid-exponential growth phase. Subsequently, FM4-64
was used to label vacuolar membranes, and the cells were inspected by
fluorescence microscopy. In WT cells typically a single large vacuole is
observed. In vam3-1 cells often multiple vacuoles can be seen, while in
vam7 cells the vacuole appears to be fragmented into many small
vesicular structures.

Fig. 4. H. polymorpha vam3-1 cells are only weakly disturbed in
macropexophagy and microautophagy. (a and b) Macropexophagy in
H. polymorpha WT and vam3-1 cells. Cells were grown on methanol-
containing media to the mid-exponential growth phase, upon which
glucose was added to the cultures to induce selective peroxisome
degradation. (a) The enzyme activity of the peroxisomal marker
protein AO was measured in crude extracts of H. polymorpha WT
(squares) and vam3-1 (circles) cells taken 0, 1, 2 and 4 h after the shift
to the new environment. AO activities are expressed as percentage of
the initial (methanol) value, which was set to 100%. Data are corrected
for growth on glucose. (b) TCA samples of identically grown cells were
taken and were prepared for Western blots. To correct for growth on
glucose, equal volumes of culture were loaded per lane. The blots were
decorated with antibodies against AO. (c) Western blots were prepared
from cell extracts from methanol/ammonium sulphate-grown H. poly-

morpha wild-type (WT) and vam3-1 cells shifted to methanol media
lacking any nitrogen source to induce microautophagy. Samples were
taken at the indicated time points. Equal amounts of protein were
loaded per lane. Blots were decorated with polyclonal antibodies
against AO protein. At both macropexophagy and microautophagy
conditions the levels of AO activity and protein in WT cells decreased
over time, indicating degradation of peroxisomes. AO degradation also
occurred in vam3-1 cells, albeit at a slower pace.
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although sequestration has never been observed to be
completed (Fig. 5(b)). These data are consistent with
the view that completion of sequestration of peroxisomes
and/or the fusion process between the sequestered orga-
nelle and the vacuolar membrane are affected in vam7

cells, thus explaining the defect in macropexophagy.
We also analysed the fate of peroxisomes in vam3-1

and vam7 cells during microautophagy. To this purpose
methanol-grown cells of both strains were shifted to
methanol medium lacking any nitrogen source. Under
these conditions, in vam3-1 cells, AO protein levels de-
creased over time, suggesting that microautophagy is
not blocked in this mutant, but only retarded as com-
pared to WT cells (Fig. 4(c)). In contrast, in vam7 cells
AO protein levels remained unchanged, implying that
peroxisomes were not degraded under these conditions
(Fig. 6(b)). Moreover, in vam7 cells, also the levels of
the cytosolic marker protein Hsp70 remained un-
changed, while in WT control cells Hsp70 levels de-
creased. Combined, these data suggest that vam7 cells
are fully blocked in both selective macropexophagy
and non-selective microautophagy.

3.3. H. polymorpha vam7 cells show aberrant

peroxisome morphology

In the macropexophagy experiments we observed that
peroxisomes in methanol-grown vam7 cells – and to a
much lesser extent vam3-1 cells (data not shown), but
not WT cells – often showed aberrant morphologies in
that the organelles appeared to have internal membrane

Fig. 5. Macropexophagy in H. polymorpha vam3-1 and vam7 cells. (a) Immunocytochemistry on ultrathin sections of methanol-grown vam3-1 cells
subjected to excess glucose for 1 h. The selective location of gold particles on both peroxisomal and vacuolar profiles after incubation with anti-AO
antibodies shows that peroxisomes in vam3-1 cells are being degraded. Note the presence of multiple vacuolar structures. (b) Peroxisomes in vam7

cells become sequestered but are not taken up by the vacuole for degradation. Morphology of methanol-grown vam7 cells that were exposed to
glucose-excess conditions for 30 min. Cells were fixed with KMnO4. Section of a cell showing the characteristic stretches of sequestering membrane
that adhere to the peroxisomes, but fail to completely sequester the organelles. Note that the partially sequestered peroxisome (asterisk) appears to
contain internal membranes (arrow). Key: M – mitochondrion, N – nucleus, P – peroxisome, V – vacuole. The bar represents 1 lm.

Fig. 6. H. polymorpha vam7 cells are disturbed in macropexophagy
and microautophagy. Western blots were prepared from cell extracts
from methanol-grown H. polymorpha WT and vam7 cells subjected to
excess glucose conditions to induce macropexophagy (a) and from
methanol/ammonium sulphate-grown H. polymorpha WT and vam7

cells shifted to methanol media lacking any nitrogen source to induce
microautophagy (b). Samples were taken at the indicated time points.
In (a) equal volumes of cultures were loaded per lane to correct for the
growth of the cells on glucose, while in (b) equal amounts of protein
were loaded per lane. Blots were decorated with polyclonal antibodies
against AO or Hsp70 protein. Upon induction of macropexophagy or
microautophagy AO levels in vam7 cells do not decrease over time,
implying that peroxisomes are not degraded under these conditions,
while in WT cells AO levels decrease significantly. Also, upon
induction of microautophagy the levels of the cytosolic protein
Hsp70 do not decrease, while a clear reduction in Hsp70 levels is
observed in WT cells.
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structures (compare Fig. 5(b)). The morphology of these
peroxisomes varied from organelles that contained addi-
tional internal structures to organelles with double sur-
rounding membranes and organelles that had internal
vesicular-like inclusions. Immunocytochemistry using
specific antisera against the major peroxisomal matrix
proteins gave surprising results. Using a-catalase (CAT)
and a-dihydroxyacetone synthase (DHAS) antisera, spe-
cific labeling was observed in all sub-peroxisomal com-
partments (Fig. 7(b) and (c)). However, using a-AO
antibodies, labelling was confined to the larger sub-com-
partment of the organelle that probably represents an
individually developed part of the organelle (Fig. 7(a)).
To study this in more detail we analyzed by electron
microscopy the kinetics of peroxisome induction in
vam7 cells after a shift of cells from glucose- to metha-
nol-containing media. The data obtained indicate that
during the initial hours of incubationof cells onmethanol,

peroxisome growth anddevelopment proceedednormally
[cf. 32]. After approximately seven hours of incubation
(OD663 = 0.6), the first aberrant structures were detected:
developing peroxisomes were observed that were in inti-
mate contact with various small vesicular membrane
structures (Fig. 8(b)). Upon serial sectioning, such struc-
tures appeared to be extensions of mitochondria (Fig.
9). Relative to normal mitochondria, these structures
showed increased electron densities. In addition, also
membrane clusters were observed that were associated
with the peroxisomes (Fig. 8(b) and (c)) and were also fre-
quently detectable at mitochondria (Fig. 8(a)). Our data
suggest that the small vesicular structures that are associ-
atedwith the peroxisomalmembrane are the initial sites of
aberrant organelle formation and lead to the formation of
additional peroxisomal membranes, which was observed
after twelve hours of incubation (OD663 = 1.5) (cf. Fig.
9). After 16 h of incubation, when the cells entered the

Fig. 7. The sub-compartments in peroxisomes of H. polymorpha vam7 cells have a differential distribution of peroxisomal matrix proteins.
Immunocytochemistry on ultrathin sections of H. polymorpha vam7 cells grown on methanol for 16 h. Sections were labelled with specific antibodies
against AO (a), DHAS (b) and CAT (c). The selective location of gold particles shows that AO protein is exclusively located in the larger sub-
compartment of the peroxisome, while DHAS and CAT protein are present in all sub-compartments. Key: M – mitochondrion, P – peroxisome, V –
vacuole. The bar represents 1 lm.

Fig. 8. Formation of peroxisomes with aberrant morphology in vam7 cells. Morphology of vam7 cells grown on methanol for 7 h (b) and 12 h (a and
c). Cells were fixed with KMnO4. (a) Section of a cell showing the characteristic clusters of additional membranes that are connected to mitochondria
(arrow). (b) and (c) Show the initial stages in the formation of aberrant peroxisomes. Membrane clusters adhere to pre-existing peroxisomes, resulting
in the formation of new peroxisomal compartments (arrows). Note the membrane clusters in the bottom part of b and c (arrows). Key:
M – mitochondrion, P – peroxisome. The bar represents 0.5 lm.
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Fig. 9. The aberrant peroxisomes in H. polymorpha vam7 cells are closely connected to mitochondria. Serial sections of methanol-grown H.

polymorpha vam7 cell fixed with KMnO4. Two peroxisomes are shown both of which are closely connected to mitochondria via dense membrane
structures (a, b, f and g, see arrows). In addition, both peroxisomes already have internal membranes (double arrows) that divide the organelles into
multiple sub-compartments. The bar represents 1 lm.

Fig. 10. (a) Localization of Vam3p and Vam7p in H. polymorpha. Methanol-grown H. polymorpha eGFP.VAM3 and VAM7.eGFP cells were
incubated with FM4-64 to label the vacuolar membrane and were analysed by fluorescence microscopy. eGFP-Vam3p fluorescence co-localized
exclusively with FM4-64 fluorescence, indicating that eGFP-Vam3p is located at the vacuolar membrane (a, top panels). In contrast, Vam7p-eGFP
showed a dual localization, with a major portion of the protein co-localizing with the vacuolar membrane, while a significant amount of fluorescence
was also observed in the cytosol (a, lower panels). (b) Vam7p-eGFP does not co-localize significantly with peroxisomes. Methanol-grown H.

polymorpha DsRED.SKL/VAM7.eGFP cells were analysed by fluorescence microscopy. Red-fluorescent peroxisomes are located in close vicinity of
the vacuole. However, concentration of Vam7p-eGFP fluorescence is not observed at the peroxisomal membrane (b, top panels). Upon induction of
macropexophagy, red fluorescence is also observed inside the vacuole, indicating uptake and degradation of peroxisomes (b, lower panels).
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late-exponential growth phase (OD663 = 2.5), organelles
with an aberrant architecture were abundant (cf. Fig.
5(b) and Fig. 7).

3.4. Both Hp-Vam3p and Hp-Vam7p localize to the

vacuole

To enable subcellular localization of Hp-Vam3p and
Hp-Vam7p in H. polymorpha, we constructed plasmids
allowing expression of eGFP-VAM3 or VAM7-eGFP fu-
sion genes under the control of the mild H. polymorpha

PEX3 promoter. In methanol-grown eGFP.VAM3 cells,
the fusion protein exclusively localized to the vacuolar
membrane as determined by the complete overlap of
the eGFP fluorescence with that of the fluorescent vacu-
olar membrane marker FM4-64 (Fig. 10(a)). Similarly,
also in VAM7.eGFP cells, eGFP fluorescence was
mainly located at the vacuolar membrane in conjunction
with significant fluorescence in the cytosol.

The peculiar peroxisomal profile observed in vam7

cells prompted us to analyse a possible co-localization
of a portion of Vam7p with peroxisomes. To this end
we produced Vam7p.eGFP in WT H. polymorpha cells
that also synthesize the fluorescent peroxisomal matrix
protein DsRED.SKL. Analysis of methanol-grown cells
of this strain showed that red-fluorescent peroxisomes
were typically located in close vicinity of vacuoles
(Fig. 10(b)). However, no other obvious co-localization
of eGFP and DsRED.SKL fluorescence was observed.
This suggest that Vam7p is probably not present in sig-
nificant amounts on peroxisomes. As expected, upon a
shift of methanol-grown DsRED.SKL/VAM7.eGFP
cells to glucose-excess conditions, red fluorescence was
observed also inside the vacuoles, indicating that the
macropexophagy machinery was normally functional
in this strain (Fig. 10(b)).

4. Discussion

We have isolated the H. polymorpha homologues of
the S. cerevisiae VAM3 and VAM7 genes, encoding vac-
uolar t-SNAREs, and analyzed the properties of their
gene products, Hp-Vam3p and Hp-Vam7p, respectively,
in peroxisome homeostasis. This research was initiated
by the isolation of the H. polymorpha Pdd20-1 mutant
by gene-tagging mutagenesis that appeared to be dis-
rupted in a gene encoding a member of the syntaxin
family of t-SNAREs (cf. [33]). Our data indicate that
the gene disrupted in Pdd20-1 in fact represents the
H. polymorpha VAM3 gene. Firstly, primary sequence
analysis indicates that the protein encoded by the iso-
lated gene is most related to Sc-Vam3p. Secondly, a
Vam3p-eGFP fusion protein exclusively localized to
the vacuolar membrane, as expected for this vacuolar
t-SNARE [11,12]. Finally, the occurrence of multiple

vacuoles in the H. polymorpha vam3-1 mutant resembles
the S. cerevisiae vam3 mutant rather than the pep12 mu-
tant, which typically has single, large vacuoles [11].

Careful quantitative analysis revealed that deletion of
Hp-Vam3p function had only a limited effect on mac-
ropexophagy and microautophagy. This was unex-
pected, in view of the essential role of this protein in
membrane fusion processes in S. cerevisiae (i.e. autoph-
agy, the Cvt pathway, vacuolar protein sorting and
homotypic vacuole–vacuole fusion; [11–13]). By con-
trast, a second component of the S. cerevisiae vacuolar
cis-SNARE complex to which Vam3p belongs, Vam7p,
was essential for macropexophagy and microautophagy
in H. polymorpha. We explain these data by assuming
that another t-SNARE of the syntaxin family can
(partly) take over the function of Hp-Vam3p in the vac-
uolar cis-SNARE complex. That this is not only a hypo-
thetical possibility is evident from the finding that in
S. cerevisiae, Pep12p-overproduction rescues all the phe-
notypes of a vam3 mutant and vice versa, suggesting a
clear redundancy in function [11]. A similar behaviour
of Hp-Pep12p (or another member of the syntaxin fam-
ily present in H. polymorpha) may very well explain the
weak phenotype of the vam3-1 mutant during peroxi-
some degradation. Also, the fact that aberrant peroxi-
somes were less frequently observed in the vam3-1

mutant relative to the vam7 mutant (see below) could
be interpreted as being caused by suppression of a much
stronger phenotype by another syntaxin-like protein. Fi-
nally, the isolated H. polymorpha vam3-1 mutant does
not appear to secrete the vacuolar proteinase carboxy-
peptidase Y to the extracellular medium (our unpub-
lished data). By contrast, both S. cerevisiae vam3 and
pep12 mutants are affected in CPY maturation [11,34].
Again, this points to functional redundancy of Hp-
Vam3p. An alternative explanation for the observed
weak Pdd� phenotype of the Hp-vam3 mutant is that
the truncated gene might be still capable to produce a
90-amino-acid protein that could be partially functional.
However, we feel that this explanation is less likely, be-
cause such a truncated version of Vam3p lacks both the
region of t-SNARE similarity and the C-terminal mem-
brane anchor, which have been demonstrated to be
essential for its function in S. cerevisiae [35].

Deletion of VAM7 affected both macropexophagy
and microautophagy in H. polymorpha. In S. cerevisiae,
Vam7p has been implicated in the transport of the Cvt
cargo protein Ape1p to the vacuole [13]. Apart from a
complete block in peroxisome degradation, deletion of
Hp-VAM7 also had an effect on peroxisome biogenesis.
Surprisingly, peroxisomes with distinct sub-compart-
ments were formed in methanol-grown Hp-vam7 cells
at later stages of growth on methanol. Their develop-
ment was closely associated with electron-dense mem-
brane material that seemed to originate from
mitochondria.
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There also appeared to be a bias in the distribution of
peroxisomal matrix proteins over the separate compart-
ments in the aberrant peroxisomes of Hp-vam7 cells. In
particular, the AO protein appeared not to be present in
peroxisome sub-compartments formed during the later
stages of exponential growth, in contrast, the DHAS
and CAT proteins were localized in all sub-compart-
ments. The reasons for these discrepancies in sub-perox-
isomal location are unclear and require further
investigation.

One possible explanation for the formation of these
aberrant peroxisomes may be that, in the absence of
Hp-Vam7p, the electron-dense membrane material does
not become properly transported to or fused to the per-
oxisomal membrane. The implication of this interpreta-
tion would be that in wild-type cells a significant amount
of membrane material that constitutes the peroxisome
may actually originate from mitochondria. However, a
clear co-localization of (a portion of) Vam7p-eGFP with
peroxisomes, which would be expected in this scenario,
could not be established (Fig. 10). Alternatively, the
membrane flow may normally not be so significantly di-
rected towards peroxisomes, but to other organelles, a
process that has become blocked when Hp-Vam7p is ab-
sent, resulting in missorting of membrane material to
peroxisomes. Clearly, these aspects require further anal-
ysis as well.
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