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Abstract 

We have identified PDD15 as a gene essential for peroxisome degradation in the 

methylotrophic yeast Hansenula polymorpha. PDD15 shows similarity to three genes of 

Saccharomyces cerevisiae: AUT10/CVT18, MAI1 and YGR223c. Methanol-grown ∆pdd15 

cells are unable to degrade peroxisomes upon a shift to excess glucose or in response to N-

limitation, conditions that normally trigger either of two morphologically distinct modes of 

organelle degradation in H. polymorpha (macropexophagy and microautophagy, 

respectively). Upon exposure of methanol-grown ∆pdd15 cells to excess glucose, 

sequestration of peroxisomes initiates, but fails to be completed. A Pdd15p-eGFP fusion 

protein, produced from the endogenous PDD15 promoter, has a dual location, at the vacuole 

and in the cytosol. Additionally, Pdd15p-eGFP levels are transiently increased in cells 

subjected to macropexophagy conditions. 
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Introduction 

Generally, cells respond to new stimuli by adapting their metabolic machinery to the new 

environment. In eukaryotes, organelles represent a major portion of the proteins that may be 

subject to such adaptations. One type of such compartments includes peroxisomes, which can 

be induced to proliferate or be degraded in relation to the nutrient composition of the 

environment. 

In the yeast Hansenula polymorpha, proliferation of peroxisomes is induced when methanol 

is available as sole source of carbon and energy. Under these conditions the organelles harbor 

the key enzymes for the metabolism of methanol and therefore are essential for growth on 

this compound. When peroxisomes become redundant for growth (i.e. due to the presence of 

glucose in the medium) the reverse process occurs and the organelles are degraded by a very 

selective and efficient process designated macropexophagy (reviewed in [1]). 

An alternative mode of peroxisome degradation occurs when methanol-grown cells of H. 

polymorpha are subjected to nitrogen (N)-limitation. These conditions trigger the degradation 

of portions of the cytoplasm in a non-selective way. During this process, the vacuolar 

membrane is actively engaged in sequestration of material (cytosol and organelles), which 

becomes engulfed and is subsequently degraded. This mode of degradation is known as 

microautophagy [1, 2]. 

We aim at understanding the process of peroxisome degradation at the molecular level and to 

this end we have isolated H. polymorpha mutants that are unable to perform macropexophagy 

(pdd mutants) and cloned the corresponding genes. The data gathered so far have 

demonstrated that macropexophagy in H. polymorpha shares common factors with other 

protein transport routes to the vacuole that have been observed in baker’s yeast and 

mammalian cells, namely autophagy (Apg), the cytoplasm-to-vacuole targeting pathway 

(Cvt), vacuolar protein sorting (Vps) and endocytosis (End) (reviewed recently in [1, 3, 4]. In 

the present work we report the identification of the H. polymorpha PDD15 gene. In ∆pdd15 

cells, macropexophagy is blocked in a step after the initiation of peroxisome sequestration. 

Furthermore, Pdd15p was found to be associated with the vacuole in conjunction with a 

cytosolic location. The PDD15 gene product is similar to 3 paralogues of S. cerevisiae: 

Aut10p/Cvt18p, Mai1p and Ygr223cp. Although Pdd15p appears to be most similar to 

baker's yeast Mai1p, it differs in various functional aspects from this protein. The details of 

this work are contained in this paper. 
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Materials and Methods 

Micro-organisms and growth conditions 

The Hansenula polymorpha strains used in this study are listed in Table I. H. polymorpha 

cells were grown at 37 oC in either YPD media (1% yeast extract, 1% peptone, 1% glucose), 

selective minimal media containing 0.67% Yeast Nitrogen Base without amino acids 

(DIFCO) supplemented with 1% glucose (YND) or 0.5% methanol (YNM), or mineral media 

(MM; [5]) supplemented with 0.5% glucose or 0.5% methanol. Whenever necessary, media 

were supplemented with 30 µg/ml leucine or 100 µg/ml zeocin. For solid media 2% 

granulated agar was added.  

For cloning purposes, Escherichia coli DH5α (Gibco-Brl, Gaithesburg, MD) was grown at 

37 oC in LB medium (1% trypton, 0.5% yeast extract, 0.5% NaCl) supplemented with 100 

µg/l ampicillin or 25 µg/l zeocin as required. 

 

Miscellaneous DNA techniques  

Plasmids used in this study are listed in Table II. All DNA manipulations were carried out 

according to standard techniques [6]. H. polymorpha cells were transformed by 

electroporation [7] and yeast chromosomal DNA was isolated as described in [8]. DNA 

modifying enzymes were used as recommended by the supplier (Roche, Almere, the 

Netherlands). Pwo polymerase was used for preparative polymerase chain reactions (PCR). 

The ECL direct nucleic acid labeling and detection system (Amersham Corp., Arlington 

Heights, IL) was used for Southern Blot analysis. Oligonucleotides were synthesized by Life 

Technologies (Breda, The Netherlands). DNA sequencing reactions were performed at 

BaseClear (Leiden, The Netherlands) using a LiCor automated DNA-sequencer and dye 

primer chemistry (LiCor, Lincoln, NB). For DNA sequence analysis, the Clone Manager 5 

program (Scientific and Educational Software, Durham, USA) was used. The BLASTP 

 
Table I. H. polymorpha strains used in this study 
Strain Genotype and characteristics Reference 
NCYC495  leu1.1 derivative [29] 

NCYC495 leu1.1 ura3 derivative [29] 

HF246  NCYC495::(PAOX eGFP.SKL)1c, leu1.1 [14] 

pdd15 HF246::[pREMI-Z], leu1.1, pdd, zeoR This study 

∆pdd15 NCYC495 ∆pdd15::HpURA3, leu1.1 This study 

∆pdd15.eGFP-SKL  ∆pdd15::(PAOX eGFP-SKL), leu1.1, zeoR This study 

PDD15.eGFP NCYC495::PDD15-eGFP, leu1.1, zeoR This study 
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algorithm [9] was used to screen databases at the National Center for Biotechnology 

Information (Bethesda, MD). The Clustal_X program was used to align protein sequences 

[10], while the GeneDoc program was used to display the aligned sequences. The Simple 

Module Architecture Research Tool (SMART) was used to identify protein domains [11]. 

Hydropathy plots were constructed using the MemGen (version 4.08) program [12]. The 

software TREECON for Windows [13] was used for the construction of phylogenetic trees. 

 

Gene tagging mutagenesis and identification of the PDD15 gene 

The RAndom Integration of Linear DNA Fragments (RALF) method [14] was used to 

generate yeast mutants. H. polymorpha HF246 was transformed with BamHI-linearized 

pREMI-Z plasmid in the presence of 1 U of BamHI restriction enzyme. Transformants were 

initially selected on YPD plates supplemented with zeocin and subsequently screened for 

their inability to degrade peroxisomes by the allyl alcohol [15] and alcohol oxidase plate 

assays [16]. Using these assay methods, a mutant designated pdd15 was isolated. The Pdd 

phenotype of pdd15 was further confirmed by more quantitative peroxisome degradation 

experiments [16]. For the identification of the pREMI-Z integration site in the genome of 

pdd15, the chromosomal DNA of the mutant was isolated, digested with EcoRI, self-ligated 

and transformed to E. coli, giving rise to plasmid pREMI-7. Subsequently, the genomic 

regions flanking the pREMI-Z vector in pREMI-7 were sequenced using vector-based 

primers. Preliminary sequence analysis indicated that the pREMI-Z vector had integrated in 

the common promoter of 2 ORFs: the already characterized H. polymorpha DAK gene [17] 

and an unknown ORF which displayed similarity to 3 ORFs of S. cerevisiae (AUT10/CVT18, 

MAI1 and YGR223c). In order to determine which of the two ORFs was responsible for the 

Pdd phenotype, strains carrying disruptions in either one of the ORFs were subjected to 

peroxisome degradation experiments. In this way, it was possible to determine that not the 

DAK gene, but rather the uncharacterized H. polymorpha ORF represented the true PDD15 

gene. Subsequently, the entire nucleotide sequence of PDD15 was determined by primer-

walking on pREMI-7. The PDD15 gene sequence was deposited at GenBank (accession 

number AY383554). For complementation analysis, a plasmid (pPDD15) containing the full-

length PDD15 gene including its promoter region was constructed by cloning the 2.8 kb 

EcoRI (blunt ended)/XhoI fragment of pKNF38 between the SmaI/SalI sites of pHS6-A [18]. 

 

 

 



The PDD15 gene 

 63

Construction of a ∆pdd15 strain 

In order to construct a PDD15 null mutant, the region comprising nucleotides +328 to +555 

of PDD15 gene was replaced by the URA3 gene (see Fig. 1A). As a first step in the 

construction of the PDD15 deletion cassette, a 1.5 kb EcoRV-BglII fragment of pREMI-7 

(containing 327 bp of the 5' end of PDD15) was cloned in NotI(blunt ended)+BglII-digested 

pBSK-URA3. Subsequently, a 1.1 kb EcoRI(blunt ended)-PstI fragment of pREMI-7 

(containing 617 bp of the 3’end of PDD15) was cloned into the resulting plasmid that had 

been digested with Asp718I(blunt ended)+PstI. From the final plasmid, designated 

pPDD15del, a 3.3 kb BamHI-DraI cassette was obtained and transformed to H. polymorpha 

NCYC495 leu1.1 ura3. Uracil prototrophic colonies were analysed by Southern Blotting for 

proper deletion of the PDD15 locus (data not shown). Additionally, a variant of the ∆pdd15 

strain carrying the peroxisomal reporter gene eGFP-SKL (designated ∆pdd15 eGFP-SKL) 

was constructed by integrating plasmid pANL29 [18] in the genome of the ∆pdd15 strain. 

 

Construction of a H. polymorpha strain synthesizing Pdd15p-eGFP 

For the construction of a H. polymorpha strain that expresses a PDD15-eGFP fusion gene 

from the endogenous PDD15 promoter, we replaced the genomic PDD15 gene by 

the fusion gene. To enable this replacement, a 1.1 kb PCR product (containing the 3’ end of 

PDD15 lacking its stop codon), obtained using primers HindIII-PDD15 (5’ AGA AAG CTT 

GGC GGC GCA AAC TTG G 3’) and PDD15w/oStop (5’ AGA GGA TCC TTC TAT TTT 

ATA GTG CTT GAG GAG CAC GC 3’), was digested with HindIII+BamHI and cloned into 

HindIII+BglII-digested pANL31 [18]. The final plasmid, pPDD15-eGFP, was linearized with 

BglII in the PDD15 region and transformed to wild type H. polymorpha NCYC495 leu 1.1. 

Zeocin-resistant colonies were analyzed by Southern blotting to confirm correct integration in 

the PDD15 region (data not shown). 

 

Biochemical and morphological methods 

Crude cell extracts were prepared as described in [19]. SDS-PAGE [20] and Western blot 

analysis [21] were performed by established methods. The degradation of peroxisomes in 

batch cultured cells of H. polymorpha was determined as described by [16]. Induction of 

starvation by nitrogen limitation was performed as detailed in [2].  

Intact cells were prepared for electron microscopy as described previously [22]. Fluorescence 

microscopy studies were performed using a Zeiss Axioskop microscope (Carl Zeiss, 
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Göttingen, Germany). For the staining of the vacuolar membrane a 2 mM solution of the 

fluorescent lipophilic dye FM 4-64 in DMSO was prepared. This solution was added to yeast 

cell cultures to a final concentration of 0.4 µM, 1 hour before the analysis of cells under the 

fluorescence microscope. 

 
Table II. Plasmids used in this study 
Plasmid Characteristics Reference 
 
pBluescript II SK+ 
 

 
E. coli cloning vector, ampR 

 
Stratagene, La 
Jolla, CA 
 

 
pBSK-URA3 

 
pBluescript SK+ containing the 2.3 kb H. 
polymorpha URA3 fragment, ampR 
  

 
[18] 

 
pREMI-Z 

 
used for gene-tagging mutagenesis, zeoR 
 

 
[14] 

 
pREMI-7 

 
Rescued plasmid of mutant pdd15, obtained by 
digestion of chromosomal DNA with EcoRI followed 
by selfligation, zeoR  
 

 
This study 

 
pKNF38 

 
Rescued plasmid of mutant dak1-2 (a RALF mutant 
disrupted in the DAK ORF), obtained by digestion of 
chromosomal DNA with EcoRI followed by 
selfligation, zeoR 
 

 
Chapter 5 of this 
thesis 

 
pPDD15del 

 
Plasmid containing the cassette for the deletion of 
the PDD15 gene, ampR, H.polymorpha URA3 gene 
 

 
This study 

 
pHS6-A 
 
 

 
E. coli / H. polymorpha shuttle vector derived from 
pBluescript II SK+, ampR, S. cerevisiae LEU2 gene, 
HARS1 
 

 
[18] 
 

 
pPDD15 
 

 
pHS6-A containing the PDD15 gene, ampR, S. 
cerevisiae LEU2 gene, HARS1 
 

 
This study 

 
pANL29 

 
H. polymorpha integrative plasmid containing AOX 
promoter-driven eGFP.SKL, zeoR, ampR 
 

 
[18] 

 
pANL31 

 
pBluescript derivative containing the eGFP gene 
without a startcodon, zeoR, ampR 
 

 
[18] 

 
pPDD15-eGFP 

 
pANL31 with a 748 bp fragment containing the 3' 
end of the PDD15 gene fused in-frame to the eGFP 
gene, zeoR, ampR 

 

 
This study 
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Results 

Identification of the PDD15 gene  

Mutants generated by the RALF method [14] were screened using the allyl alcohol and 

alcohol oxidase plate assays for their inability to degrade peroxisomes [15, 16]. One mutant, 

designated pdd15, was further analysed. The pREMI-Z plasmid that had integrated in the 

genome of pdd15 cells was isolated together with genomic flanking regions. Initial DNA 

sequence analysis of these flanking regions revealed that pREMI-Z had integrated in a 

promoter region of 2 divergently transcribed genes (see Fig. 1). The closest ORF to the site of 

integration (51 bp downstream from the integrated pREMI-Z plasmid) is known to encode 

the dihydroxyacetone kinase enzyme (DAK; [17]). The second open reading frame, 240 bp 

upstream from the site of the integrated pREMI-Z, is similar to 3 paralogue genes of S. 

cerevisiae (AUT10/CVT18,  MAI1 and YGR223c), two of which (AUT10 /CVT18 and MAI1) 

have been implicated in autophagy, the cytoplasm-to-vacuole targeting pathway and/or 

pexophagy [23-26].  

The enzymatic activity of DAK is essential for growth of H. polymorpha cells on methanol 

[17]. However, in the pdd15 mutant only the promoter of the DAK gene was interrupted and 

its capability to grow on methanol was not drastically affected. Thus, we considered it 

unlikely that mutation of this gene was responsible for the phenotype of pdd15 cells, which 

was confirmed by fluorescence microscopical analysis of a dak mutant strain (data not 

shown). Subsequently, a H. polymorpha strain deleted for the second ORF was constructed 

by replacing the region corresponding to amino acids 110 to 185 of the ORF by an 

auxotrophic marker (see Fig. 1). Cells of this mutant strain grew normally on media that 

contain methanol as sole source of carbon and energy. However, when methanol-grown cells 

were submitted to peroxisome degradation conditions, the peroxisomal marker enzyme AO 

was not degraded (Fig. 2A). We therefore termed this gene PDD15 and the respective 

deletion strain ∆pdd15. As expected, the expression of PDD15 from a self-replicating 

 

 
Fig. 1. Schematic representation of the H. 

polymorpha chromosomal region containing 

PDD15 and DAK. The strategy for the PDD15 

deletion is also illustrated. Only relevant restriction 

sites are indicated. The pREMI-Z integration site is 

indicated by the arrow.  
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Fig. 2. ∆pdd15 cells are disturbed in selective peroxisome degradation. H. polymorpha cells were grown on methanol to 

the mid-exponential growth phase and subsequently subjected to excess glucose conditions. Samples were taken at the 

indicated time points. Western blots were prepared from cell extracts with equal volumes of cultures loaded per lane. Blots 

were decorated with antibodies against the peroxisomal marker protein AO. A, the levels of AO gradually decrease in wild 

type (WT) cells while they remain stable in cells of the ∆pdd15 strain. B, transformation of ∆pdd15 cells with a self-

replicating plasmid carrying the PDD15 gene (pPDD15) restores the ability of the cells to degrade peroxisomes as 

demonstrated by the decrease in AO levels. In contrast, transformation of ∆pdd15 cells with the empty vector (pHS6-A) has 

no effect on peroxisome degradation. 

 

plasmid restored the ability of ∆pdd15 cells to degrade peroxisomes, as demonstrated by the 

clear decrease in AO levels after the induction of macropexophagy (Fig. 2B). 

 

In silico analysis of Pdd15p 

The PDD15 gene encodes a protein with a calculated molecular weight of 43 kDa. Primary 

sequence analysis indicates that two WD40 repeats are present in the middle of Pdd15p 

(depicted in Fig. 3). Furthermore, although Pdd15p does not contain predicted membrane 

spanning regions, a rather hydrophobic region is present between residues 45 and 60 (see Fig. 

4A). As already indicated above, Pdd15p shows similarity to the S. cerevisiae 

AUT10/CVT18, MAI1 and YGR223c gene products. Additionally, Pdd15p is also similar to P. 

pastoris Gsa12p, a functional homologue of S. cerevisiae Aut10p/Cvt18p [26]. An alignment 

of the primary sequences of these proteins is presented in Fig. 3. A region of high similarity 

in the middle of the proteins corresponds to the two WD repeats observed in all proteins. In 

addition, a phylogenetic tree based on the sequence alignment is depicted in Fig. 4B, and 

indicates that Pdd15p is most similar to S. cerevisiae Mai1p. 

 

Pdd15p acts in a step of macropexophagy after initiation of peroxisome sequestration  

The process of macropexophagy can be subdivided in 3 morphological steps: (1) 

sequestration of individual peroxisomes tagged for degradation by multiple membrane layers, 

(2) fusion of the sequestered organelle with the vacuolar membrane and (3) degradation of  
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Fig. 3. Alignment of Pdd15p 

and its paralogues. The Pdd15p 

primary sequence was aligned 

with S. cerevisiae 

Aut10p/Cvt18p (SwissProt 

P43601), Mai1p (SwissProt 

Q02887), Ygr233cp (SwissProt 

P50079) and P. pastoris Gsa12p 

(SwissProt Q8X1F5). The one-

letter code is shown. Gaps were 

introduced to maximize the 

similarity. Residues that are 

similar in all proteins are shaded 

black, those that are similar in 

four of the proteins are shaded 

dark gray while  those that are 

similar in three of the proteins 

are shaded light gray. The two 

WD40 motifs present in the 

proteins are underlined by black 

bars. 
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Fig. 4. Characterization of Pdd15 protein. A, hydropathy plot of Pdd15p. The X-axis indicates amino acid positions and 

the Y-axis the hydropathy score. A moderate hydrophobic region exists between amino acids 45 - 60 (arrow). B, 

Evolutionary tree of Pdd15p and its paralogues in S. cerevisiae and P. pastoris. Pdd15p appears to be more closely related to 

S. cerevisiae Mai1p than to Aut10p/Cvt18p and P. pastoris Gsa12p, while the protein is least related to Ygr223cp.  

 

the incorporated peroxisome by vacuolar hydrolases [27]. We carried out microscopical 

analyses to determine in which step the process of selective peroxisome degradation is 

disturbed in ∆pdd15 cells. First, cells of a derivative of ∆pdd15 synthesizing the peroxisomal 

reporter protein eGFP-SKL, were analysed by fluorescence microscopy. During growth of 

this strain (∆pdd15.eGFP-SKL) on methanol, morphologically normal peroxisomes 

developed within the cells. However, upon glucose-induced macropexophagy, eGFP 

fluorescence was never observed in the vacuoles (Fig. 5). Additionally, we analysed 

methanol-grown ∆pdd15 cells that had been shifted to glucose-excess conditions by electron 

microscopy. In these studies, we never observed any morphological characteristics of 

peroxisomes being taken up by the vacuole. Strikingly, short stretches of membranes were 

observed adjacent to peroxisomes, although fully sequestered organelles were never seen 

(Fig. 6). Together, these results indicate that in ∆pdd15 cells macropexophagy is blocked at 

an early step of the sequestration process. 

 

Pdd15p is also essential for N-limitation-induced degradation of peroxisomes 

In H. polymorpha cells exposed to nitrogen-limitation, portions of the cytoplasm, including 

peroxisomes, are degraded by microautophagy [2]. In order to analyse whether Pdd15p also 

plays a role during this process, we followed the fate of the peroxisomal marker enzyme AO 

after a shift of methanol-grown ∆pdd15 cells to media lacking a nitrogen source. After 4 h of 

incubation in the N-limiting conditions, AO degradation was not observed (Fig. 7A), 

indicating that microautophagy is also blocked in ∆pdd15 cells. 
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Fig. 5. In ∆pdd15 cells peroxisomes do not fuse 

with the vacuole upon induction of 

macropexophagy. Fluorescence microscopical 

analysis of H. polymorpha wild type (WT) cells and 

cells of a derivative of ∆pdd15 that synthesize the 

peroxisomal reporter protein eGFP-SKL 

(∆pdd15.eGFP-SKL, but indicated only as ∆pdd15). 

Cells were grown on methanol to the mid-

exponential growth phase and subsequently 

subjected to excess glucose conditions. The vacuolar 

membrane was stained using the fluorescent dye 

FM4-64. Two hours after the onset of the 

experiment eGFP fluorescence is readily observed in 

the vacuole of wild type cells, while in 

∆pdd15.eGFP-SKL cells the fluorescence remains 

confined to peroxisomes. T0: methanol-grown cells; 

T2: 2 h after the addition of glucose to the cells. 

 
 

 

 

Fig. 6. Peroxisomes are partially sequestered upon induction of macropexophagy in ∆pdd15 cells. Morphology 

of methanol-grown ∆pdd15 cells that were exposed to glucose-excess conditions for 30 min. Cells were fixed with 

KMnO4. A, section of a cell showing that stretches of sequestering membrane have attached to the peroxisome 

(double arrowheads), but fail to sequester the organelle. The other membrane material present in the cytosol is likely 

of same nature but at large distance from the organelle. B, enlargement of the indicated region in panel A. The arrow 

indicates a region of the peroxisomal membrane that was not sequestered. Additional membranes that are thought to 

represent sequestering membranes that cannot attach to the peroxisomal membrane, are clearly visible in the cytosol. 

M, mitochondrion; P, peroxisome. The bar in panel A represents 1 µm.  
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Fig. 7. Analysis of peroxisome degradation in constructed H. polymorpha strains. Panel A: ∆pdd15 cells are 

unable to degrade peroxisomes during nitrogen starvation. H. polymorpha wild type (WT) and ∆pdd15 cells were 

grown on methanol to the mid-exponential growth phase and then shifted to methanol media lacking any nitrogen 

source. Samples were taken at the indicated time points. Western blots were prepared using cell extracts with equal 

volumes of cultures loaded per lane. Blots were decorated with antibodies against AO. In wild type cells the levels of 

AO decrease in time indicating degradation of peroxisomes by the vacuole. In ∆pdd15 cells AO levels do not 

decrease during N-limitation. Panel B: Functionality of Pdd15p-eGFP. H. polymorpha PDD15.eGFP cells were 

grown on methanol to the mid-exponential growth phase and subsequently subjected to excess glucose conditions. 

Samples were taken at the indicated time points. Western blots were prepared from cell extracts with equal volumes 

of cultures loaded per lane. Blots were decorated with antibodies against AO protein. The PDD15p-eGFP protein is 

functional as judged by the decrease in AO protein levels after the induction of macropexophagy. 

 

Pdd15p is localized at the vacuolar membrane in conjunction with a cytosolic location  

In order to determine the subcellular location of Pdd15p we constructed a strain, 

PDD15.eGFP, in which the endogenous PDD15 gene was replaced by a PDD15.eGFP fusion 

gene. To assess the functionality of the hybrid protein, PDD15.eGFP cells were grown on 

methanol and then exposed to excess glucose to induce macropexophagy. Western blot 

analysis demonstrated that the extent of AO degradation was similar in both wild type and 

PDD15.eGFP cells, indicating that the fusion protein is fully functional (Fig. 7B). Next, we 

analyzed PDD15.eGFP cells by fluorescence microscopy. When cells of this strain were 

grown on glucose or methanol-containing media, eGFP fluorescence was detected at the 

vacuolar membrane (Fig. 8A). Additionally, in cells grown on methanol, fluorescence was 

also observed in the cytosol (Fig. 8A). Notably, in cells grown on methanol the eGFP 

fluorescence was considerably higher than in glucose-grown cells.  

We also studied whether induction of macropexophagy had an effect on the location of 

Pdd15p-eGFP. When methanol-grown cells of the PDD15.eGFP strain were subjected to 

excess glucose, eGFP fluorescence remained visibly at the vacuole and in the 
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Fig. 8. Pdd15p-eGFP is associated with the 

vacuolar membrane and the cytosol. A and B, 

fluorescence microscopy. The vacuolar membrane 

was stained using the fluorescent dye FM4-64. A, 

in both glucose and methanol-grown PDD15.eGFP 

cells, fluorescence is observable as a small spot at 

the vacuole. During growth of the cells on 

methanol, the Pdd15p-eGFP fluorescence is also 

observed in the cytosol. B shows that Pdd15p-

eGFP fluorescence remains present at the vacuole 

and in the cytosol upon induction of 

macropexophagy. However, after 2 h of incubation 

on glucose, the vacuolar lumen becomes weakly 

fluorescent, and the total amount of fluorescence in 

the cells is clearly decreased. 

 

 

 

 

 

 

 

 

 

 

cytosol (Fig. 8B). However, the total amount of fluorescence present in the cells was reduced 

considerably 2 h after the induction of macropexophagy. Additionally, somewhat higher 

fluorescence levels were detected inside vacuoles of cells 2 h after the shift to glucose. 

However, the fluorescence signal remained rather weak, and hardly exceeded that of the 

autofluorescence of the vacuoles.  

In biochemical experiments, using α-eGFP antibodies, Pdd15p-eGFP could be detected on 

Western blots prepared with crude extracts of both glucose and methanol-grown cells (Fig. 

9A). As already suggested by the fluorescence data, the level of Pdd15p-eGFP was higher in 

cells grown exponentially on methanol than in glucose-grown cells of the same growth stage.   
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Fig. 9.  Biochemical analysis by Western blotting using specific antibodies against eGFP. Analysis of 

PDD15.eGFP cells upon induction of macropexophagy. A, shows a Western blot prepared with cell extracts of wild 

type (lanes 1 and 3) and PDD15.eGFP (lanes 2 and 4) cells with equal amounts of protein loaded per lane. Clearly, the 

levels of Pdd15p-eGFP fusion protein are highest in methanol-grown cells. B, shows a Western blot with cell extracts 

of PDD15.eGFP cells prepared from samples taken at the indicated time points after induction of macropexophagy. 

Equal volumes of cultures were loaded per lane. The levels of Pdd15p-eGFP transiently increase upon induction of 

peroxisome degradation and become reduced at later time points.   

 

We also analyzed by Western blotting the levels of the fusion protein in samples taken upon 

induction of macropexophagy. Interestingly, we observed an increase in the level of Pdd15p-

eGFP within the first hour after the start of the experiment (Fig. 9B). However, at later time 

points the amount of protein had decreased to a level similar to that present at the beginning 

of the experiment (Fig. 9B). 

 

 

Discussion 

Here we report the isolation of the H. polymorpha pdd15 mutant and the identification of the 

corresponding gene, PDD15, as a member of the WD40 repeat protein family. Our results 

showed that Pdd15p is essential for degradation of peroxisomes by both macropexophagy 

and microautophagy, two morphologically distinct processes in H. polymorpha. Furthermore, 

an endogenously produced Pdd15p-eGFP fusion protein was mainly located in one (or few) 

spot(s) adjacent to the vacuole and in the cytosol. 

The gene product of PDD15 is similar to 3 paralogues of S. cerevisiae, Aut10p/Cvt18p, 

Mai1p, and Ygr223cp, all members of the WD40 repeat protein family. The observation that 

Pdd15p clusters with Mai1p in a phylogenetic tree suggests that it may be a functional 

homologue of Sc-Mai1p rather than of Aut10p/Cvt18p and Ygr223cp. This conclusion is 

supported by the observation that Pdd15p shows a rather low similarity to P. pastoris 

Gsa12p, the putative functional homologue of Sc-Aut10p/Cvt18p, whereas this 
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methylotrophic yeast is closely related to H. polymorpha. Recently the nucleotide sequence 

of the H. polymorpha genome was determined [28]. Although this sequence is not freely 

available yet, preliminary analysis of the sequence shows that the H. polymorpha genome 

encodes in addition to Pdd15p two members of the same WD40 repeat protein family, 

namely one protein that is highly smilar to P. pastoris Gsa12p and S. cerevisiae 

Aut10p/Cvt18p, as well as a protein that closely clusters with Sc-Ygr223cp (Gerd Gellissen, 

personal communication). 

The phenotype of the PDD15 null mutant is not in line with Pdd15p being a true functional 

homologue of S. cerevisiae Mai1p. In baker's yeast, Mai1p is exclusively required for the Cvt 

pathway, while autophagic degradation induced by N-limitation is not significantly disturbed 

[24]. In contrast, S. cerevisiae aut10/cvt18 mutants are fully deficient in both N-limitation 

induced autophagy, pexophagy as well as the Cvt pathway [23, 26] and, similarly, P. pastoris 

gsa12 mutants are disturbed in both autophagy and pexophagy [26]. Our data indicate that in 

H. polymorpha, Pdd15p is required not only for selective peroxisome degradation via 

macropexophagy, but also for N-limitation induced microautophagy. This suggests that in H. 

polymorpha the function of Pdd15p and the putative Hp-Aut10p/Cvt18p homologue may 

differ from that of Mai1p and Aut10p/Cvt18p in baker's yeast. Possibly, in this yeast Mai1p 

and Aut10p/Cvt18p have partly redundant functions, a feature that may not be conserved in 

H. polymorpha. 

Morphological analysis of pdd15 cells subjected to macropexophagy conditions demonstrated 

that initiation of the sequestration of peroxisomes tagged for degradation did occur, but that 

sequestration was not completed and fusion with the vacuole did not take place. This suggests 

that in pdd15 cells the processes that signal and initiate degradation of tagged organelles are 

not affected. Rather, pdd15 cells are blocked in the fusion processes between the membranes 

that have already sequestered part of the organelle and additional membrane material that is 

occasionally observed in the cytosol. This might imply that the function of the machinery that 

controls selective sequestration i.e. the formation of membranes parallel to the peroxisomal 

membrane, is affected. Although no morphological data are available of S. cerevisiae mai1 

cells, the incomplete Cvt-vesicles found in an aut10/cvt18 mutant strain [26] closely resemble 

the incomplete sequestration of peroxisomes observed in pdd15 cells. On the other hand, 

sequestering membranes were reported to be completely absent in case of peroxisomes in P. 

pastoris gsa12 mutants shifted to macropexophagy inducing conditions [26]. 

Our data demonstrate that on methanol media the Pdd15p-eGFP protein localizes to spots at 

the vacuole and in the cytosol. Similar locations have been published for S. cerevisiae HA3-
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Mai1p [24] and Aut10p-HA3/Cvt18p-GFP [23, 26] fusion proteins, and in P. pastoris for 

overexpressed HA-Gsa12p [26]. This might suggest that these proteins are actually present 

on identical structures, a notion that clearly requires further investigation. Interestingly, in H. 

polymorpha the subcellular levels of Pdd15p-eGFP showed a transient increase within the 

first hour after the onset of macropexophagy. This suggests that Pdd15p may be directly 

required during the sequestration process, and may actually become degraded together with 

the organelles in the vacuole. This is in line with the increased vacuolar staining observed by 

fluorescence microscopy 2 h after induction of macropexophagy. However, additional studies 

are required to prove this hypothesis. 
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