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Abstract 

A collection of Hansenula  polymorpha mutants that were simultaneously affected in 

methanol utilisation and selective peroxisome degradation has been isolated by gene tagging 

mutagenesis. Sequence analysis revealed that two of these mutants were affected in the same 

gene, namely H. polymorpha DAK, encoding dihydroxyacetone kinase. DAK is a cytosolic 

protein despite the fact that it contains an authentic PTS1 peroxisome targeting signal (-SNL) 

that is sufficient to sort a fluorescent reporter protein (eGFP) to peroxisomes. Remarkably, 

the dak mutant cells, when grown on glycerol/methanol, were affected in peroxisome 

proliferation. Moreover, these cells showed a specific import defect in the key enzymes of 

methanol metabolism, alcohol oxidase, dihydroxyacetone synthase and catalase at later stages 

of growth on glycerol/methanol mixtures. The specific peroxisome degradation defect that 

was suggested from the initial plate analysis, appeared to represent a side effect of the 

deficient organelle proliferation in conjunction with the contribution of possible cytosolic 

alcohol oxidase, that is not sensitive to degradation via selective peroxisome degradation.  
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Introduction 

Eukaryotic cells have compartmentalized specific cellular functions into separate organelles. 

Among these organelles, peroxisomes are remarkable. They are present in virtually all 

eukaryotic cells and function in a vast variety of metabolic processes, which depend on 

organism and growth conditions. Despite this functional versatility, these organelles are very 

simple of architecture, i.e. a single membrane that surrounds a dense proteinaceous matrix 

[1].  

Peroxisomes contain no DNA or ribosomes. Matrix proteins are synthesized in 

the cytosol and post-translationally incorporated into the peroxisomes. Most 

of them are sorted to their target organelle via one of the two specific 

peroxisome targeting signals (PTSs) that have been identified (termed PTS1 

and PTS2). The PTS1 is located at the extreme C-terminus of the protein and 

consist of the sequence -SKL or variants thereof. The PTS2 is located in the 

N-terminus and has the consensus sequence (R/K)-(L/V/I)-(X)5-(H/Q)-(L/A) [2]. 

Hansenula polymorpha is a methylotrophic yeast that is able to grow on methanol as the sole 

source of carbon and energy. Under these conditions peroxisomes are essential for growth 

and contain the key enzymes of methanol metabolism: alcohol oxidase (AO), 

dihydroxyacetone synthase (DHAS) and catalase (CAT). Enzymes for the assimilatory 

pathway (except DHAS) as well as those involved in dissimilation of formaldehyde to 

generate energy house in the cytosol [3].  

In H. polymorpha, peroxisomes can be induced by a variety of growth substrates. Conversely, 

when methanol-induced organelles become dysfunctional or redundant for growth, they are 

rapidly and selectively degraded by a process referred to as macropexophagy (reviewed in 

[4]). Degradation of peroxisomes proceeds via three subsequent steps: (i) sequestration of 

organelles tagged for degradation by various membrane layers (up to twelve), (ii) fusion of 

the sequestered organelles with the vacuole and finally (iii) hydrolytic degradation of the 

organelles by vacuolar hydrolases [5].  

The pronounced ultrastructural changes that accompany peroxisome biogenesis and selective 

degradation render H. polymorpha a very suitable model organism to study peroxisome 

homeostasis (biogenesis versus degradation) [4]. Although much has been learnt of yeast 

peroxisome biogenesis and degradation during the last years, our understanding of the 

principles of these processes is still rather limited. Recently, it became clear that few genes 

involved in peroxisome biogenesis are also involved in the process of selective peroxisome 
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degradation [6, 7]. We therefore set out to isolate additional mutants defective in methanol 

utilization and peroxisome degradation. 

In this paper, we describe the characterization of two mutants of this novel collection that 

appeared to be affected in the H. polymorpha DAK gene, encoding the cytosolic enzyme 

dihydroxyacetone kinase [8]. We demonstrate that disruption of the DAK gene leads to 

reduced numbers of peroxisomes per cell and also, in a PTS1 matrix protein import defect at 

later stages of growth of the cells in liquid cultures supplemented with glycerol/methanol 

mixtures. However, macropexophagy was not affected in the dak mutants. The cytosolic 

portion of AO protein negatively contributed to the observed specific peroxisome 

degradation defect observed on plates, a phenomenon that most likely is even strengthened 

by the reduced numbers of organelles per cell (compare Chapter 2 of this thesis - [9]). 

 

 

Materials and methods 

Micro-organisms and growth conditions 

All Hansenula  polymorpha strains used are derivatives of NCYC495 [10]. Strains NCYC495 

leu1.1, PAOX..eGFP.SNL (NCYC495::(PAOX..eGFP.SNL)1c, leu1.1; this study), HF246 

(NCYC495::(PAOX .eGFP.SKL)1c, leu1.1; [11]) and the derived mutants dak1-1 and dak1-2 

were grown at 37°C in (a) rich complex media (YPD) containing 1% yeast extract, 2% 

peptone and 1% glucose, in (b) mineral medium (MM) as described [12] or on (c) YNB 

without amino acids containing 0.67% Yeast Nitrogen Base (Difco). Carbon sources used 

were 0.5% glucose, 0.5% methanol or 0.1% glycerol/0.5% methanol mixtures; as nitrogen 

source 0.25% ammonium sulphate was used. Whenever necessary, media were supplemented 

with 30 µg/ml leucine or 100 µg/ml zeocin. For growth on plates, 2% granulated agar was 

added to the media.  

For cloning purposes, Escherichia coli DH5α (Gibco-Brl, Gaithesburg, MD) was used and 

grown at 37oC in LB (1% trypton, 0.5% yeast extract, 0.5% NaCl), supplemented with 25 

µg/l zeocin when required. 

 

Miscellaneous DNA techniques  

All DNA manipulations were carried out according to standard techniques [13]. H. 

polymorpha cells were transformed by electroporation [14]. DNA modifying enzymes were 

used as recommended by the supplier (Roche, Almere, The Netherlands). DNA sequencing 
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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 algorithm [15] was used to screen databases at the National Center 

for Biotechnology Information (Bethesda, MD). The Clustal X program was used to align 

protein sequences [16]. 

 

Gene tagging  mutagenesis  and  isolation  of  mutants 

The RAndom Integration of Linear DNA Fragments (RALF) method [11] was used to 

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

pREMI-Z plasmid. Transformants were initially selected on YPD plates supplemented with 

zeocin and subsequently screened for the inability to grown on methanol plates (Mut- 

phenotype; [17] and to degrade peroxisomes (Pdd phenotype) through the alcohol oxidase 

plate assay [18]. 

 

Identification of genes disrupted in mutants  dak1-1 and dak1-2 

To identify the gene(s) disrupted by pREMI-Z in mutants dak1-1 and dak1-2, the 

chromosomal DNA of the cells was digested with EcoRI, self-ligated and transformed to E. 

coli. After plasmid rescue, the genomic regions were sequenced using vector-based primers 

[11]. Sequence analysis showed that the pREMI-Z vector had integrated in mutants dak1-1 

and dak1-2 at two different locations in the H. polymorpha DAK gene. In mutant dak1-1 and 

dak1-2, the pREMI plasmid had integrated at bp +63 and bp +939, respectively.  

 

Construction of  the PAOXeGFP.SNL strain 

The plasmid containing the eGFP.SNL gene under control of the alcohol oxidase promoter 

was constructed as follows. The eGFP.SNL fusion was generated by PCR, using pFEM72 

[19] as a template and the primers KN1 (5’ CCC GGA TCC ATG GTG AGC AAG GGC 

GAG) and eGFP.SNLstop (5’ TCT GTC GAC TTA CAG GTT CGA CTT GTA CAG CTC 

GTC CAT GC). The amplified fragment was digested with BamHI and SalI and ligated into 

pFEM45 [19] digested with the same restriction enzymes. The resulting plasmid was 

linearized with SphI and transformed to NCYC495 leu1.1 cells. Zeocin-resistant 

transformants were analyzed for correct integration into the PAOX locus by Southern blot 
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analysis. A strain containing a single copy of the integrated plasmid was designated 

PAOX.eGFP.SNL. 

 

Generation of antisera 

Antibodies against DAK protein were generated by injecting the synthetic peptide 

SSKHWNYKQDLVHAH + C (corresponding to the 2nd to 16th amino-acid residues of DAK 

and coupled to hemocyanin) in rabbits. The antisera were affinity purified against the peptide 

(Eurogentec, Seraing, Belgium).    

 
Biochemical assays 

Crude cell extracts were prepared as described in [20]. SDS-PAGE [21] and Western blot 

analysis [22] were performed by established methods. The degradation of peroxisomes in 

batch cultures of H. polymorpha was analyzed as described in [18].  

 

Morphological   analysis 

Intact cells were prepared for electron microscopy and immunocytochemistry as described 

previously [23]. Fluorescence microscopy studies were performed using a Zeiss Axioskop 

microscope (Carl Zeiss, Göttingen, Germany).  

 

 

Results 

Isolation of methanol utilization deficient mutants using RALF 

Hansenula  polymorpha  mutants were generated via the recently developed RALF method 

[11] using the strain HF246 which produces the peroxisomal report protein eGFP.SKL [11]. 

Initially, mutants were selected based on their putative methanol utilization deficiency (Mut- 

phenotype). Subsequently, the Mut- mutants were screened for putative peroxisome 

degradation deficiency (Pdd phenotype), using an alcohol oxidase plate assay [18].  

From a collection of approximately 5,000 mutants several putative mut-/pdd mutants were 

obtained. Sequencing of the flanking genomic sequences revealed that two of these mutants 

were affected in the H. polymorpha dihydroxyacetone kinase (DAK) gene. 
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Fig. 1. A, Schematic representation of a genomic 

fragment containing the H. polymorpha DAK gene. 

The sites of integration of the pREMI-Z plasmid in 

mutants dak1-1 and dak1-2 are indicated. B, Western 

blots, decorated with α-DAK antibodies, prepared from 

cell extracts of glycerol/methanol grown cells of the 

wild type H. polymorpha strain HF246 (lane 1) and 

mutants thereof, dak1-1 (lane 2) and dak1-2 (lane 3). 

DAK is absent in both dak mutant mutants, whereas in 

HF246, DAK is normally produced. 

 

 

 

 

 

In mutant dak1-1, the pREMI plasmid had integrated at nucleotide +63, and in dak1-2 

pREMI had integrated at nucleotide +939 of the DAK coding region (Fig. 1A). Western blot 

analysis using specific α-DAK antibodies demonstrated that mature DAK protein was not 

produced in either of these mutant (Fig. 1B), which supports the notion that indeed the DAK 

gene had been disrupted. 

 

Dak1-1 and dak1-2 mutant cells are affected in peroxisome proliferation 

In a previous paper we reported the cloning and sequencing of the H. polymorpha DAK gene 

as part of a complementing genomic fragment of the H. polymorpha  per6 mutant [8]. This 

strain that fully lacked DAK protein could not grow on methanol but showed normal 

peroxisome proliferation patterns, comparable to WT controls. 

The peroxisome proliferation pattern in dak1-1 and dak1-2 cells was analyzed by 

fluorescence and electron microscopy. Since the strains do not grow on methanol as sole 

carbon source, they were grown in batch cultures on glycerol/methanol mixtures to achieve 

full induction of methanol metabolism and peroxisome proliferation. The growth experiments 

revealed that the addition of methanol led to a retardation of growth. The final optical density 

of such cultures amounted approximately 60-70% of the values observed for control cultures 

that lacked methanol. Fluorescence microscope analysis of glycerol/methanol-grown cells 

revealed that they generally contained a single large fluorescent spot occasionally in 
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conjunction with one or few smaller spots (Fig.2). This morphology differed from identical-

grown WT controls that generally contained several large spots, organized in a cluster.  

Electron microscopy of ultrathin sections of KMnO4-fixed cells confirmed this phenotype in 

that dak1-1 and dak1-2 cells contained one large peroxisome accompanied by 0-6 small ones 

(Fig. 3A). Immunocytochemistry revealed that the organelles, present in the dak1-1 and 

dak1-2 cells contained AO (Fig. 3B), CAT and DHAS (not shown) during exponential 

growth of cells. Surprisingly, at later stages of growth a significant block in import of these 

three proteins was observed, leading to the accumulation of a significant portion of these 

proteins in the cytosol (shown for CAT, Fig. 3C). From this analysis we conclude that dak1-1 

and dak1-2 cells when grown on glycerol/methanol mixtures display a defect in peroxisome 

proliferation and show a major defect of matrix protein import during later stages of 

exponential growth. 

Fig. 2. Fluorescence micrographs of Hansenula polymorpha dak1-1 mutant grown on glycerol/methanol 

mixtures. In cells from the early exponential growth phase (panels A and B), GFP fluorescence is exclusively 

in punctated structures that represent peroxisomes. In samples of the late exponential growth phase (panels C 

and D) several cells display a cytosolic GFP fluorescence, regularly in conjunction with a punctated structure 

while others display a solely punctated fluorescent pattern. Mutant dak1-2 displayed an identical phenotype 

(not shown). Left column: bright field micrographs, right column: corresponding GFP fluorescence 

micrographs.  
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Fig. 3. Electron microscopical micrographs demonstrating the overall morphology of dak1-1 cells. The 

dak1-1 cells were grown for 12 h on glycerol/methanol mixtures (panels A and B).  The dak1-1 cells show one 

large peroxisome together with several smaller ones (panel A). Immunocytochemical experiments using 

ultrathin sections of dak1-1 cells from the early exponential growth stage decorated with α-AO antibodies 

(panel B) show that labeling is confined to peroxisomal profiles. C, in identical cells of the late exponential 

growth stage α-CAT dependent labeling is almost exclusively in the cytosol. Mutant dak1-2 displayed an 

identical phenotype (not shown). M mitochondrion, N nucleus, P peroxisome, V vacuole. The marker 

represents 0.5 µm. 

 

Selective peroxisome degradation is not disturbed in dak1-1 and dak1-2 cells 

Peroxisomes of H. polymorpha WT cells grown on methanol are degraded when the cells are 

placed in fresh glucose-containing media. This process, which is rapid and highly selective, is 

also known as macropexophagy [4]. To analyze the fate of the organelles present in the dak1-

1 and dak1-2 strains, glycerol/methanol-grown cells of these strains were exposed to excess 

glucose conditions and analyzed by fluoresence microscopy and biochemistry. Fluorescence 

microscopy revealed that 2 hours after the shift of cells to the new environment, the vacuoles 

showed eGFP fluorescence indicative for selective peroxisome degradation (Fig. 4B). 

Remarkably, the cytosolic eGFP fluorescence that is evident at the onset of the experiment 

(T0; Fig. 4A) is no longer observed after cultivation of cells for two hours in the presence of 

glucose (Fig. 4B). Western blot analysis, prepared from crude extracts of these cells and 

decorated with α-AO antibodies, revealed a decline in AO protein levels albeit at a reduced 

level relative to WT controls (Fig. 5). From these results, we concluded that in 

glycerol/methanol grown dak1-1 and dak1-2 cells macropexophagy occurs but at a reduced 

rate relative to WT.  
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Fig. 4. Fluorescence micrographs of dak1-1 cells exposed to selective 

peroxisome degradation conditions. Cells were grown on glycerol/methanol 

for 15 hours and subsequently 0.5 % (w/v) glucose was added to the cultures. A, 

dak1-1 cells at onset of the experiment. GFP is detectable in peroxisomes and in 

the cytosol. B, eGFP fluorescence can be observed inside the vacuoles 

(visualized with FM4-64) after 2 hours of the shift of cells to excess glucose. 

Note that in the cells exposed to glucose, cytosolic GFP is no longer detectable, 

indicative for the fact that the protein has been imported into peroxisomes. 

 

 
Fig. 5. Peroxisome degradation experiment. WT 

(HF246) cells and the mutants dak1-1 and dak1-2 

were subjected to macropexophagy conditions. Cells 

were grown as described at Fig.4. Inset, Western 

blots were decorated with α-AO antibodies. Samples 

were taken at the indicated time points. Equal 

volumes of cultures were loaded per lane. The graph 

shows quantification of the blots by densitometry 

scanning; the data at T0 were arbitrarily set to 100%. 

Closed balls: WT; open balls: dak1-1; triangles: 

dak1-2. Degradation of AO in the dak mutant cells is 

reduced relative to the parental WT strain (HF246). 
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Location of a eGFP.SNL fusion protein 

Previously, we showed that DAK protein is localized in the cytosol of H. polymorpha [8]. A 

similar location was reported for the Pichia  pastoris DAK [24]. As for P. pastoris, also the 

H. polymorpha DAK contains a putative PTS1 signal (Fig. 6). The P. pastoris signal (-TKL) 

was shown to be sufficient to sort a model protein (eGFP) to peroxisomes. To examine if also 

the H. polymorpha DAK tri-peptide (-SNL) could function as a PTS1 signal, a fusion protein 

of eGFP and the -SNL peptide (eGFP.SNL) was produced under control of the alcohol 

oxidase promoter in H. polymorpha WT cells (strain PAOX.eGFP.SNL). Cells of strain 

PAOX.eGFP.SNL were grown in methanol-containing media and analyzed by fluorescence 

microscopy. The results indicated that the eGFP.SNL fusion protein was localized to 

subcellular structures that showed a typical peroxisomal morphology (Fig. 7). Therefore, we 

conclude that also -SNL can act as a bonafide PTS1 signal in the context of the GFP protein. 
 

Fig. 6. Alignment of the C-terminal regions of H. polymorpha and P. pastoris DAK using the Clustal X 

program. The one-letter code is shown. Identical residues are shaded black. 

 

 

Discussion 

In this paper we describe the isolation of two Hansenula polymorpha mutants, that are 

affected in both methanol utilization (Mut- phenotype) and selective peroxisome degradation, 

using specific plate assays. Sequencing of the flanking genomic regions revealed that both 

mutants were affected in the dihydroxyacetone kinase (DAK) gene. 

The DAK protein product (DAK) is a cytosolic enzyme essential for formaldehyde 

assimilation via the so-called xylulose phosphate pathway [25]. In this pathway, 

formaldehyde generated from methanol is converted to glyceraldehyde-3-phosphate (GAP) 

and dihydroxyacetone (DHA) in a transketolase reaction with xylulose-5-phosphate (Xu5P), 

mediated by peroxisome-bound DHAS.  Specifically, DAK functions in the phosphorylation 

of DHA to form dihydroxyacetone phosphate (DHAP) [8] that is, together with GAP 

converted into  
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Fig. 7. Fluorescence micrograph of PAOX..eGFP.SNL cells grown on methanol-containing media. A, 

bright-field picture. B, eGFP signal. GFP fluorescence is confined to the clusters of peroxisomes. 

 

fructose-1,6-bisphosphate (FBP) in the cytosol. Subsequent rearrangement reactions convert 

FBP into GAP, used for biosynthetic processes and Xu5P, which replenishes the Xu5P 

pathway and promotes the peroxisomal pathway of formaldehyde assimilation [3].  

Obviously, in the absence of DAK methylotrophic yeast species (H. polymorpha and P. 

pastoris) display a Mut- phenotype [8, 24] due to the failure in DHA phosphorylation, thereby 

inhibiting the Xu5P pathway. In DAK disruption cells peroxisomes are normally induced by 

methanol [8]. However, we observed that in dak1-1 and dak1-2 cells when grown on 

glycerol/methanol mixtures, peroxisome proliferation was significantly affected, a 

phenomenon that was associated with an approximately 40% reduction in cell yield. A 

possible explanation for the latter phenomenon is that during growth on glycerol/methanol 

DHA accumulates to levels that may be toxic and for instance may lead to the inhibition of 

pyruvate uptake into mitochondria. Also, the defect in DHA phosphorylation may be 

complemented by DHAP, formed from glycerol, to allow formaldehyde assimilation to 

normally proceed, a scenario that may be accompanied by energy depletion.  However, these 

hypotheses require further research. However, the observation that eGFP.SKL, located in the 

cytosol of the dak mutant cells, is as yet incorporated into peroxisomes upon subsequent 

exposure of cells to excess glucose, as is observed in the selective degradation experiments, 

suggests that the defect in import is not due to a defect in the PTS1 protein import machinery 

but rather related to the physiological properties of the cells. We showed before, using a 

temperature-sensitive mutant of H. polymorpha [26], that GFP.SKL that has accumulated in 

the cytosol of these cells remains capable for import at later stages of growth. 

The reasons for the aberrant peroxisome proliferation are still unclear. As suggested before, 

prohibition of matrix protein import in H. polymorpha can lead to enhanced proliferation of 
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small import-competent peroxisomes in an attempt of the cells to increase the total import 

capacity [27].  

Why in dak1-1 and dak 1-2 import would first be normal, resulting in the initial formed large 

peroxisomes, but becomes hampered during further stages of growth, is still an enigma. 

Possible options are toxic effects of DHA accumulation that for instance may affect the pH 

gradient across the peroxisomal membrane or energy depletion, as described above. Also 

this, however, needs further clarification.   

The observed lowered degree of selective peroxisome degradation in dak1-1 and dak1-2 cells 

is most likely a side effect of defects in organelle proliferation (compare Chapter 2 of this 

Thesis for further details – [9]) in conjunction with the possible contribution of cytosolic AO 

that had accumulated and is not sensitive to degradation via selective peroxiosme degradation 

[28]. 

Recently, the Pichia  pastoris DAK gene was cloned and sequenced [24]. Also in P. pastoris 

the DAK protein is cytosolic. Interestingly however, both H. polymorpha and P. pastoris 

proteins contain a putative PTS1 targeting signal, -TKL and -SNL for P. pastoris and H. 

polymorpha respectively. As for the P. pastoris sequence, also the H. polymorpha -SNL 

sequence was sufficient to sort a reporter protein (eGFP) efficiently to peroxisomes and 

hence can act as a PTS1. Despite the presence of this PTS1 sequence, HpDAK is a cytosolic 

protein [8]. For P. pastoris DAK it was argued that folding of DAK results in burying of the 

extreme carboxy terminus inside the protein, thus rendering it inaccessible for the PTS1 

receptor, Pex5p. Obviously, the same may be true for H. polymorpha DAK. In addition to 

this, two alternative explanations can be envisaged for the cytosolic location. First, the 

growth conditions tested prohibit DAK import. A similar phenomenon has been shown for 

Saccharomyces cerevisiae Malate synthase (Mls1p). Sorting of Mls1p to peroxisomes was 

determined by the growth substrate. Mls1p remained in the cytosol when cells were grown on 

ethanol but was in peroxisomes during growth of cells on oleic acid [29]. The possibility that 

this growth condition-dependent targeting mechanism also acts on the HpDAK sorting is 

however very unlikely. A more favorable explanation for the cytosolic location of DAK is 

that it requires a second topogenic signal, similar as observed for H. polymorpha AO. AO has 

a functional PTS1 (-ARF; [30]), but is also imported when this signal is deleted [31]. In fact, 

a yet unidentified alternative signal that most likely becomes exposed upon partial folding of 

the protein is essential to incorporate AO into peroxisomes [32]. By analogy, also DAK may 
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require a second signal which however during evolution may be lost or become hidden 

because of its favorable location in the cytosol to promote normal assimilation.  
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