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Chapter 1 

 

General introduction: 

 

 

Peroxisome homeostasis in Hansenula polymorpha 

 
Adriana N. Leão and Jan A. K. W. Kiel 

 

Reprinted from FEMS Yeast Res. (2003) 4, 131-139, with permission from Elsevier. 

 

Abstract 

Peroxisomes are essential organelles in many eukaryotes. Until recently, the main focus of 

the investigations concerning this important organelle was to understand the biogenesis of the 

peroxisome (induction, proliferation and matrix protein import). However, when peroxisomes 

become redundant they are quickly degraded by highly selective processes known as 

pexophagy. The first molecular studies on pexophagy have indicated that this process shares 

many features with other transport pathways to the vacuole (vacuolar protein sorting, 

autophagy, cytoplasm-to-vacuole targeting and endocytosis). Nevertheless, recent data 

demonstrate that in addition to common genes also unique genes are required for these 

transport processes. The main focus for the future should therefore be on identifying the 

unique determinants of pexophagy. Earlier results suggest that in the methylotrophic yeast 

Hansenula polymorpha proteins located on the peroxisome itself are required for pexophagy. 

Thus, it has become essential to study in detail the role of peroxisomal membrane proteins in 

the degradation process. This review highlights the main achievements of the last few years, 

with emphasis on H. polymorpha. 
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Introduction 

Peroxisomes are morphologically simple organelles that are present in virtually all eukaryotic 

cells. Morphologically, peroxisomes are characterized by a single membrane that encloses a 

proteinaceous matrix, which can consist of enzymes involved in highly diverse metabolic 

processes [1, 2]. These organelles are inducible in nature, a characteristic that is very 

pronounced in methylotrophic yeasts such as Hansenula polymorpha. Their importance is 

probably best illustrated by the existence of various peroxisomal diseases in man (e.g.  

Zellweger syndrome) [2]. Additionally, peroxisomes are involved in the synthesis of 

secondary metabolites (e.g. the β-lactam antibiotic penicillin G) by filamentous fungi, 

making them also biotechologically highly relevant [3]. Because of these medical and 

biotechnological implications, the biogenesis of peroxisomes has been under study for many 

years, using a number of  yeast species as model systems. This has led to a better 

understanding of how peroxisomes are formed and how they import their matrix enzymes 

(reviewed in [4]). Next to this, peroxisomes are also subject to degradation by the major lytic 

compartment in the cell, the lysosome/vacuole. This removal of peroxisomes occurs via 

highly selective processes designated pexophagy. For the study of these processes again the 

methylotrophic yeasts have proven to be most useful model organisms. This is not surprising 

as the morphological events that accompany peroxisome induction and their selective 

removal are much more pronounced in these yeasts than in other organisms including baker's 

yeast. 

 

Peroxisome homeostasis in H. polymorpha  

When cells of H. polymorpha, cultured in media containing glucose, are shifted to methanol 

as sole carbon and energy source, peroxisome proliferation is induced (Fig. 1A). 

Morphologically, the single, small peroxisome characteristic of glucose-grown cells increases 

in size as a result of the import of peroxisomal enzymes involved in methanol metabolism 

(alcohol oxidase, dihydroxyacetone synthase and catalase). Subsequently, when the organelle 

has reached a certain size, by fission from the original organelle a new peroxisome is formed, 

which in turn starts to import matrix enzymes. Surprisingly, from this moment the large - 

now mature - organelle has become virtually matrix protein import-incompetent. It is thought 

that these large organelles function solely as "enzyme bags" that allow the cell to utilize 

methanol for energy and biomass production. By contrast, import of matrix enzymes,  
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Fig. 1. Peroxisome homeostasis in H. polymorpha. Schematic representation of peroxisome biogenesis (panel A) and 

selective peroxisome degradation (macropexophagy, panel B) in H. polymorpha. A, Glucose-grown H. polymorpha cells 

contain a single, small peroxisome. Upon a shift of these cells to a medium with methanol, the single peroxisome grows as a 

result of matrix protein import (step I). When the peroxisome has reached a certain size, peroxisome proliferation occurs 

(step II) until the cell contains many large peroxisomes. B, When peroxisomes are no longer required for growth (e.g. during 

renewed growth on glucose), redundant organelles are degraded. After signalling (step III), macropexophagy starts on a 

single import-incompetent peroxisome, which is sequestered by additional membranes (step IV). After complete 

sequestration, the organelle fuses with the vacuole (step V). Subsequently, one by one the other import-incompetent 

peroxisomes are sequestered and degraded. Finally, only the import-competent peroxisome(s) remain(s), which function(s) 

as the progenitor(s) of new organelles when required. Key: P, peroxisome; V, vacuole. Note: full collor pictures in the 

original article. 

 

organelle proliferation and inheritance are now apparently restricted to the single - or a few - 

small organelle(s) in the cell [5,6]. 

When methanol-grown H. polymorpha cells are shifted to conditions not requiring 

peroxisomes (e.g. media with glucose), the now redundant organelles are quickly degraded 

by a highly selective process known as macropexophagy (see below). Morphological analysis 

has indicated that predominantly the large import-incompetent organelles become degraded, 

while the small organelle(s) escape(s) the degradation process [5, 7] (Fig. 1B). 
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Physiologically, the survival of one (or a few) peroxisome(s) may enable the cell to rapidly 

respond to new changes in the environment that require novel peroxisome functions. 

Recently, we have obtained the first experimental evidence confirming that cells containing a 

single peroxisome do not degrade this organelle upon induction of pexophagy (A.N. Leão, 

A.M. Krikken, I.J. van der Klei, J.A.K.W. Kiel and M. Veenhuis, see chapter 2 of this thesis).  

Thus, in H. polymorpha the growth conditions of the cells tightly regulate both peroxisome 

biogenesis and degradation. It must be noted that selective degradation of peroxisomes in H. 

polymorpha appears to be dependent on the carbon source used in the new environment. 

Peroxisomes are not degraded in H. polymorpha after a shift to another nitrogen source [8]. 

Selective degradation of peroxisomes in H. polymorpha has not only been observed during  

carbon catabolite inactivation. Also when peroxisomes are damaged  (e.g. by chemical 

damage to either peroxisomal matrix components - using KCN [9] - or peroxisomal 

membrane components - using the toxin peroxysomicine A-1 [10])  peroxisomes are 

selectively removed from the cytoplasm.  

 

Degradation of peroxisomes in H. polymorpha by macropexophagy 

In H. polymorpha carbon catabolite-induced selective peroxisome degradation occurs via a 

process that resembles macroautophagy in higher eukaryotes and hence was termed 

macropexophagy.  

During macropexophagy, peroxisomes in H. polymorpha are degraded by the vacuole in a 

consecutive fashion [5, 7]. Morphologically, the first sign of macropexophagy is the 

sequestration of a single peroxisome out of a cluster of organelles by several membranous 

layers (Fig. 1B). During macroautophagy in higher eukaryotes - and also baker’s yeast - 

invariably a double membrane sequesters a portion of the cytoplasm, including organelles 

[11]. By contrast, during macropexophagy the number of membrane layers that sequester a 

peroxisome can vary considerably (from 2 up to 12 membrane layers) [5, 7]. It is still 

unknown where the sequestering membranes originate from. Occasionally, endoplasmic 

reticulum (ER) strands are seen close to sequestering peroxisomes. Additionally, close 

contacts between sequestering membranes and mitochondria have been regularly observed 

(our unpublished data). Although this may suggest that the ER or mitochondria play a role in 

the formation of the sequestering membranes, definite proof is lacking. Sequestering 

membranes do not appear to contain abundant integral membrane proteins. This fact together 

with the lack of a known marker for these membranes has considerably complicated studies 

on the nature of the sequestering membranes. Nevertheless, sequestration of peroxisomes 
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during macropexophagy in H. polymorpha is a highly selective process; other cell 

components (cytosol, ribosomes, mitochondria, ER etc.) are not taken up in the sequestered 

compartment [7, 12]. In contrast, during macroautophagy both cytosol and organelles are 

randomly  sequestered by the autophagosomal membrane [11].  

Sequestration of the peroxisome destined for degradation presumably enables it to be 

recognized by the machinery that fuses membranous structures to the vacuolar membrane 

(Fig. 1 B). In this way the sequestered organelle obtains the hydrolytic enzymes required for 

its degradation. Fusion may be accomplished with a vacuolar vesicle that arises upon 

fragmentation of the central vacuole. Alternatively, the sequestered peroxisome can directly 

fuse with the central vacuole [5, 7]. The fusion of the outer membrane of the sequestered 

organelle with the vacuolar membrane releases the peroxisome and the remaining 

sequestering membranes into the vacuolar lumen, where vacuolar hydrolases lyse the 

membranes surrounding the organelle and degrade its contents. So far, no data are available 

that may imply a selectivity in this final stage of the degradation process. However, in H. 

polymorpha the vacuolar hydrolase CPY does not seem to play a significant role during 

macropexophagy [13]. 

 

Alternative modes of peroxisome degradation in methylotrophic yeasts  

In Pichia pastoris, a methylotrophic yeast related to H. polymorpha, carbon catabolite-

induced inactivation of peroxisomes may proceed through two morphologically quite distinct 

processes, and is dependent on the carbon source used to induce the degradation process. 

When methanol-grown P. pastoris cells are subjected to ethanol-adaptation, peroxisomes are 

degraded by macropexophagy as described for H. polymorpha [14]. Alternatively, in P. 

pastoris peroxisomes may be degraded by a process termed micropexophagy, which occurs 

when methanol-grown cells are subjected to glucose adaptation. Under specific conditions a 

process resembling micropexophagy can be observed in H. polymorpha. Therefore, this mode 

of peroxisome degradation will be briefly discussed here. 

In contrast to macropexophagy, where peroxisomes are degraded one by one, during 

micropexophagy the whole cluster of peroxisomes is progressively surrounded by the 

vacuolar compartment, resulting in the incorporation of the entire peroxisome cluster into the 

lumen of the vacuole, where it is subsequently degraded [15- 17]. First, by septation of the 

parental vacuole new vacuolar compartments are generated, which progressively surround the 

peroxisomal cluster (Fig. 2). Subsequently, these vacuolar compartments fuse thereby 
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completely surrounding the organelles. Finally, the interior membranes lyse, releasing the 

peroxisomal contents into the vacuolar lumen, thereby promoting its degradation [16, 17].  

Also micropexophagy in P. pastoris seems to be specific for peroxisomes - mitochondrial 

proteins are not degraded. However, it must be noted that at least the cytosolic enzyme 

formate dehydrogenase (FDH) required for energy generation during methanol metabolism is 

also degraded by the vacuole during glucose adaptation, although the mechanism of its 

transport to the vacuole is unknown [14, 15]. In contrast, cytosolic FDH is not degraded 

during macropexophagy, implying that micropexophagy may be less specific than 

macropexophagy. Furthermore, it should be emphasized that micropexophagy and 

macropexophagy in P. pastoris are not only phenotypically distinct processes. For P. pastoris 

it was shown that the protein synthesis inhibitor cycloheximide does not inhibit 

macropexophagy, whereas micropexophagy in P. pastoris requires synthesis of some new 

proteins [14, 16]. 

So far the available data suggest that macropexophagy and micropexophagy are induced by 

specific effectors in P. pastoris. However, this is not necessarily always the case and these 

processes can sometimes be induced by the same effector. It has been noted that in a P. 

 

 
Fig. 2. Selective degradation of peroxisomes by micropexophagy. Schematic representation of the different steps that 

occur during micropexophagy in P. pastoris [17]. Upon addition of glucose to methanol-grown P. pastoris cells, the vacuole 

starts to sequester a cluster of peroxisomes. Upon complete sequestration of the organelles, homotypic fusion occurs during 

which a single vacuole is formed again. Lysis of the interior membrane releases the peroxisomes into the lumen of the 

vacuole where they are degraded. Note: full collor pictures in the original article. 
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pastoris mutant completely disturbed in glucose-induced micropexophagy, peroxisomes were 

still slowly degraded during glucose-adaptation, possibly by macropexophagy [18].  

Recently, we have observed that a process resembling micropexophagy actually occurs in H. 

polymorpha when methanol-grown cells are shifted to nitrogen-starvation conditions in the 

presence of methanol [19]. Under these conditions, interconnected tubular vacuolar structures 

start to enclose peroxisomes. After engulfment the organelles are degraded in the vacuole. In 

addition to this, during nitrogen starvation, portions of the cytosol and mitochondria are taken 

up via invaginations of the vacuolar membrane. The fact that these processes occur 

simultaneously complicates an understanding of the selectivity of the peroxisome degradation 

process taking place in H. polymorpha during nitrogen starvation. Nevertheless, the data 

obtained so far suggest that in both H. polymorpha and P. pastoris macro- and 

micropexophagy do occur, but are apparently induced under different conditions. 

 

Genes involved in peroxisome degradation 

Molecular analysis of pexophagy has become possible by the isolation of mutants involved in 

macropexophagy in H. polymorpha (designated pdd mutants, peroxisome degradation-

deficient) [12] and micropexophagy in P. pastoris (designated gsa, pag and paz mutants) [14, 

16, 17]. Initially, generation of pexophagy mutants occurred via classical means (i.e. 

chemical treatment) and the genes involved were isolated by functional complementation, 

using a colorimetric plate assay [see e.g. 18, 20]. Currently, we are using a positive selection 

method to complement these pdd mutants [21]. Additionally, for both H. polymorpha and P. 

pastoris a gene tagging approach has been developed to generate mutants in pexophagy. This 

makes it possible to directly identify the tagged gene after sequencing the genomic regions 

flanking the plasmid in the mutant genome [17, 22, 23].  

For H. polymorpha 20 pdd mutants affected in macropexophagy have been isolated [12, 22, 

24 and our unpublished results]. Morphological analysis of a number of the pdd mutants has 

demonstrated that they show defects in either sequestration of peroxisomes (e.g. the pdd7 

mutant) [24] or the uptake of the sequestered peroxisome into the vacuole (e.g the pdd2 

mutant) [12].  

Sequence analysis and biochemical characterization of the first genes and their gene products 

involved in pexophagy revealed that many appear to play essential roles in other cellular 

processes as well. Notably, GSA1, the first isolated gene involved in micropexophagy in P. 

pastoris - but not required for macropexophagy in this yeast -, appears to encode the α-
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subunit of phosphofructokinase, an enzyme essential in glycolysis [18]. In many cases, genes 

required for micro- and/or macropexophagy encode orthologs of Saccharomyces cerevisiae 

proteins required for transport of proteins/organelles towards the vacuole. These include 

processes involved in the biogenesis of the vacuole (vacuolar protein sorting – Vps,  

cytoplasm-to-vacuole targeting - Cvt) but also degradative processes (autophagy - Apg, 

endocytosis - End) [for reviews see 25- 27]. A good example is provided by the first isolated 

H. polymorpha gene involved in macropexophagy (PDD1) [20]. PDD1 encodes the 

functional homologue of S. cerevisiae Vps34p, a phosphatidylinositol (PtdIns) 3-kinase 

initially isolated as being involved in vacuolar protein sorting and endocytosis (see Table I). 

In H. polymorpha pdd1 mutants, macropexophagy is affected at an early stage, namely 

sequestration of peroxisomes from the cytoplasm. It has been shown that in S. cerevisiae 

vps34 mutants vacuolar proteases are missorted to the extracellular medium. Similarly, Kiel 

et al. [20] have demonstrated that cells of the ∆pdd1 mutant secrete the vacuolar protease 

carboxypeptidase Y. Nevertheless, since peroxisomes never reach the interior of the vacuole 

in pdd1 mutants, it is unlikely that the pexophagy defect in these mutants is caused by a lack 

of vacuolar proteases. Clearly, Pdd1p must play a specific function in macropexophagy. 

Recently, we found that H. polymorpha Pdd1p is not only required for macropexophagy, but 

also plays a role in nitrogen starvation-induced peroxisome degradation and autophagy of 

other cytoplasmic components [19]. A role for S. cerevisiae Vps34p in autophagy and 

pexophagy was also demonstrated (see Table I). ScVps34p is recruited to membranes by 

ScVps15p, a membrane-bound protein kinase essential for activation of the lipid kinase [28]. 

Recently, the P. pastoris paz13 and H. polymorpha pdd19 mutants affected in selective 

degradation of peroxisomes were shown to be disrupted in orthologs of S. cerevisiae VPS15 

[17, 29 and our unpublished data]. It is likely that the role of the Vps15p/Vps34p complex in 

the multitude of transport processes to the vacuole is related to its activity in phosphorylating 

PtdIns at the D-3 position of the inositol ring. Presumably, the activated lipid serves as a 

second messenger, since many PtdIns 3-phosphate-binding proteins have been implicated in 

transport of proteins/organelles towards the vacuole [30]. Thus Vps15p and Vps34p may 

represent proteins whose function is required at a very early stage during these processes. 

Sequence analysis has demonstrated that the majority of the genes essential for 

micropexophagy in P. pastoris encode orthologs of S. cerevisiae proteins involved in the Apg 

and Cvt pathways [17, 23, 31]. Also certain orthologs of S. cerevisiae APG/CVT genes 

appear to be essential for macropexophagy in H. polymorpha (see Table I). Thus H.  
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Table I. H. polymorpha PDD genes that are orthologs of genes involved in transport processes to the 

vacuole in P. pastoris and S. cerevisiae 

 
Gene [reference] 

 

 
Mutant phenotype 

H. polymorpha 

 
Mutant phenotype    

P. pastoris 

 
Mutant phenotype 

S. cerevisiae 
 

HpPDD1 [19,20,*] 
ScVPS34 [11,47-49] 

 

 
Macro, Vps, Apg, 

End 

 
nd 

 
Vps, End, Apg, Cvt 

 
HpPDD7 [24] 

ScAPG1[43,50]/AUT3[51]/CVT10 [52] 
PpGSA10 [52]/PAZ1 [17] 

 

 
 

Macro, Micro, 
Apg 

 
 

Micro, Apg 

 
 

Pexo, Apg, Cvt 

 
HpPDD18 [*] 
ScCVT9 [23] 

PpGSA9 [23]/PAZ6 [17] 
 

 
 

Macro, Micro 

 
 

Micro (NOT Apg) 

 
 

Pexo, Cvt 
(NOT Apg) 

 
HpPDD19 [*] 

ScVPS15 [49,53] 
PpVPS15 [29]/GSA19 [52]/PAZ13 [17] 

 

 
 

Macro 

 
 

Macro, Micro 

 
 

Vps, Apg, Cvt 

Key: Hp, H. polymorpha; Pp, P. pastoris; Sc, S. cerevisiae; Apg, autophagy; Cvt, cytoplasm-to-vacuole-targeting; End, 

endocytosis; Macro, macropexophagy; Micro, micropexophagy; nd, not determined; Pexo, pexophagy (uncertain whether 

micro- or macropexophagy was affected); Vps, vacuolar protein sorting. The asterisk indicates our unpublished results. 

Many H. polymorpha PDD genes do not show similarity to S. cerevisiae APG/AUT/CVT/VPS genes. These are not listed 

here. 

 
polymorpha PDD7 and PDD18 encode the putative orthologs of S. cerevisiae Apg1p/Cvt10p 

and Cvt9p, respectively [24, J.A. Komduur et al., unpublished]. It must, however, be noted 

that this does not imply that macropexophagy utilizes the same machinery as the other 

transport processes to the vacuole. 

A number of observations suggest that these processes may be in part mechanistically 

distinct. (i) Certain genes required for the Cvt pathway do not play a role in the Apg route 

and vice versa (e.g ScCVT9/PpGSA9 [23]). (ii) Some H. polymorpha pdd mutants affected in 

macropexophagy are not affected in nitrogen limitation-induced peroxisome degradation 

(micropexophagy) and autophagy (e.g. pdd2 [19]). (iii) Preliminary analysis of the sequences 

from certain H. polymorpha PDD genes indicate that these are novel genes that have no 

obvious homologues in the available databases (our unpublished data). Thus, the idea that all 

transport processes to the vacuole require the same sequestration and fusion mechanisms may 

no longer be valid, because each process definitely requires a number of unique genes. 

Clearly, the focus should be to identify these unique genes to understand processes like 

macropexophagy at the molecular level. 
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Overlap between peroxisome biogenesis and macropexophagy 

The most obvious location to identify proteins required for macropexophagy is the 

peroxisome itself. Previously, van der Klei et al. [32] had demonstrated that the peroxisomal 

membrane is the prime target during selective peroxisome degradation using a H. 

polymorpha mutant defective in peroxisome biogenesis. These mutants (designated pex 

mutants [33]) lack intact peroxisomes. However, upon induction of peroxisome biogenesis, 

they still contain peroxisomal membrane structures (known as “remnants”), while the 

peroxisomal matrix proteins are mislocalized to the cytosol. In most pex mutants peroxisomal 

membrane proteins are normally incorporated into the remnants [for review see (4)]. When 

pex mutant cells are subjected to macropexophagy-inducing conditions, peroxisomal 

membrane remnants are still degraded [34]. In contrast, the mislocalized matrix proteins 

remain unaffected in the cytosol. Notably, Veenhuis et al. [34] observed that degradation of 

peroxisomal remnants was not detectable in ∆pex14 cells, suggesting an involvement of 

PEX14 in selective peroxisome degradation. This was confirmed with a derivative of ∆pex14 

in which the peroxisome biogenesis defect was largely suppressed [35, 36]. Also the 

peroxisomes formed in this strain appeared to be resistant to degradation via 

macropexophagy. Proteins involved in peroxisome biogenesis and matrix protein import have 

been designated peroxins [33]. The peroxin Pex14p has been demonstrated to be tightly 

bound to the cytoplasmic side of the peroxisomal membrane. During peroxisome biogenesis 

Pex14p functions in peroxisomal matrix protein import as a component of the docking site 

for receptor/cargo protein complexes [4]. Recently, Bellu et al. [36] demonstrated that the N-

terminus of HpPex14p is essential for macropexophagy. Although this N-terminus is also 

required for matrix protein import, H. polymorpha cells producing an N-terminally truncated 

Pex14p contain peroxisomes with significant amounts of matrix proteins. When such cells 

were subjected to macropexophagy-inducing conditions, sequestration of peroxisomes was 

not observed. Thus, Pex14p is required early in the degradation process and in fact may act as 

a molecular switch at which peroxisome biogenesis and degradation converge. 

Recent data show that also the peroxin Pex3p has a role during macropexophagy in H. 

polymorpha [37]. Pex3p is a membrane-bound protein that is tightly associated to the 

cytoplasmic side of the peroxisomal membrane [38]. Recent evidence indicates that one of 

the functions of Pex3p during matrix protein import may be to bridge the docking site for 

receptor/cargo protein complexes (thought to contain the peroxins Pex14p, Pex13p and 

Pex17p) and the putative translocation site (consisting of at least three integral membrane 
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proteins, the RING finger-containing peroxins Pex2p, Pex10p and Pex12p) [39]. We 

hypothesize that in organelles that are no longer import-competent these docking and 

translocation complexes have separated (cf. Fig. 3). The first indication regarding a possible 

role for Pex3p in macropexophagy came from biochemical analysis of two H. polymorpha 

mutants affected in selective peroxisome degradation [37]. In both the pdd2 mutant and a 

suppressed ∆pex14 strain in which normal peroxisomes are formed (see above), the level of 

Pex3p decreased during glucose-adaptation. Nevertheless, peroxisomes were not taken up by  

 

 

Fig.3. The role of the peroxins Pex3p and Pex14p during macropexophagy in H. polymorpha. Schematic representation 

of the role that H. polymorpha Pex3p and Pex14p could play during macropexophagy. In methanol-grown H. polymorpha 

cells two types of peroxisomes (P) are present: (i) large, mature peroxisomes that do not import matrix proteins. It is thought 

that on the membrane of these peroxisomes the docking complex is no longer attached to the translocation complex. 

Nevertheless, Pex3p remains attached to the docking complex and supposedly shields Pex14p from recognition by a pre-

existing protein, designated Terminator, that is required for macropexophagy. (ii) a small peroxisome that is import-

competent in which the docking and translocation complexes are held together by Pex3p thus allowing matrix protein 

import. In our current model, induction of macropexophagy (step I) results in removal of the Pex3p molecules from a mature 

peroxisome, upon which they may be degraded by the proteasome (step II). As a result, the Terminator protein can recognize 

Pex14p at the peroxisomal membrane, a step that is thought to trigger sequestration of the organelle (step III). After 

sequestration the organelle is targeted to the vacuole (V) for degradation (step IV). Significantly, the current model predicts 

that the small import-competent peroxisome escapes the degradation process and provides the cell with the opportunity to 

quickly respond to changes in the environment. Note: full collor pictures in the original article. 
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the vacuole but remained present in the cytoplasm [37]. This decrease in Pex3p levels was 

not observed in pdd1 cells, which are affected in a very early step of macropexophagy. It was 

demonstrated that during glucose-adaptation of methanol-grown wild type H. polymorpha 

cells, Pex3p levels decrease rapidly in a proteasome-dependent way, suggesting that Pex3p is  

actually removed from the peroxisomal membrane prior to degradation of the organelle in the  

vacuole [37]. Three additional observations confirmed the essential role of Pex3p during 

selective peroxisome degradation in H. polymorpha. (i) Overexpression of PEX3 in H. 

polymorpha appeared to prevent glucose-induced macropexophagy [40], suggesting that 

Pex3p might in essence protect peroxisomes from degradation. (ii) Tagging HpPex3p with 

enhanced green fluorescence protein at its C-terminus retarded macropexophagy [37] and (iii) 

Replacing the H. polymorpha PEX3 gene by its S. cerevisiae ortholog succesfully restored 

peroxisome biogenesis [41], but proved detrimental to macropexophagy [37]. In the latter 

case, upon induction of macropexophagy ScPex3p levels remained constant and peroxisomes 

were not degraded. Thus ScPex3p apparently cannot play the role in macropexophagy that H. 

polymorpha Pex3p fulfills. Fig. 3 shows a hypothetical model that depicts the possible role 

for the peroxins Pex3p and Pex14p during selective peroxisome degradation. We hypothesize 

that a major step during macropexophagy is the recognition of  Pex14p by a protein – 

designated Terminator – that signals sequestration of the organelle. H. polymorpha Pex3p 

plays a major role in this process by protecting peroxisomes from degradation. It is 

conceivable that during methanol growth Pex3p actually functions as a shield that prevents 

recognition of Pex14p by the Terminator protein. Indeed, Hazra et al. have convincingly 

demonstrated that Pex3p and Pex14p are part of the same complex [39]. Upon induction of 

macropexophagy, Pex3p becomes detached from the peroxisomal membrane and is probably 

degraded by the proteasome. As a result, the Terminator protein can bind to Pex14p resulting 

in sequestration of the organelle that subsequently becomes degraded in the vacuole. Our data 

indicate that sequestration of peroxisomes - and consequently degradation in the vacuole - 

does not occur under conditions that Pex3p is not sufficiently detached from the peroxisomal 

membrane (obtained either via overexpression of PEX3, by physically blocking the function 

of Pex3p with a tag or by replacing HpPex3p by the heterologous ScPex3p). Currently, 

studies are underway to elucidate the role of the peroxins Pex3p and Pex14p in detail and to 

identify the putative Terminator protein.  
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Concluding remarks 

The methylotrophic yeasts H. polymorpha and P. pastoris have proven to be ideal model 

systems for the study of pexophagy. Furthermore, the availability of the complete genome 

sequences of these organisms, which are expected soon, will allow a genome-wide analysis. 

However, also in S. cerevisiae [42, 43], in the yeast Yarrowia lipolytica [44], in the 

filamentous fungus Aspergillus nidulans [45] and in mammalian cells [46] (selective) 

degradation of peroxisomes has been observed. Unfortunately, it is not clear whether in these 

organisms peroxisome degradation occurs via macro- and/or micropexophagy or whether 

different principles apply, a situation that clearly needs to be addressed. 

Additionally, - as denoted above - selective degradation of peroxisomes in H. polymorpha 

also occurs when peroxisomes become damaged. It can be envisaged that this process has an 

important physiological function as it may be required for degradation of aging organelles 

damaged by e.g. reactive oxygen species like hydrogen peroxide or oxygen radicals. This 

implies that also peroxisomes have a finite lifespan. Thus also studies should be performed 

that aim to understand how peroxisomes age in cells under vegetative and stationary growth 

conditions. Again, for these studies methylotrophic yeasts are presumably models of choice. 

 

 

Aim and outline of this thesis 

Hallmark of eukaryotic cells is the presence of membrane-bound organelles. In these 

compartments biochemical reactions that require specific focal conditions (e.g. pH) can be 

carried out in an optimized way. While the development of organelles is often regarded as an 

advantage for the cell, the precise control of their activity is an absolute prerequisite to allow 

the cell to optimally adapt to prevailing environmental conditions. One of the mechanisms to 

achieve this is to precisely control organelle numbers. Organelle biogenesis has been topic of 

extensive studies during the last 15-20 years. It was only recently, that also the mechanisms 

that regulate organelle degradation are being explored at the molecular level. Actually, the 

understanding on how cells control the number of their organelles is one of the challenging 

questions of contemporary Cell Biology.  

Yeast species are favorable model organisms to study the principles of peroxisome 

proliferation and degradation because they combine the ease to induce both processes by 

manipulation of the growth conditions with powerful recombinant DNA technology. In the 

Laboratory of Eukaryotic Microbiology, research on peroxisome biogenesis and degradation 
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is the main topic for over two decades now, using the methylotrophic yeast Hansenula 

polymorpha as model organism. 

This PhD project aimed at a further understanding of peroxisome homeostasis in H. 

polymorpha, with emphasis on the characterization of genes involved in selective peroxisome 

degradation.  

In chapter 1 the current knowledge of the processes of peroxisome degradation is reviewed. 

An overview is presented that conciliates peculiar structural aspects of the proliferation and 

turnover of H. polymorpha peroxisomes and recent findings/hypotheses about the selective 

degradation of these organelles at the molecular level.  

In chapter 2 we describe a novel H. polymorpha transcription factor, termed Mpp1p, which is 

essential for the methanol-induced proliferation of peroxisomes. In cells deleted for the 

function of the MPP1 gene generally a single peroxisome is observed at maximal 

peroxisome-induction conditions that lead to strong organelle proliferation in wild type 

controls. These single organelles were not degraded when these cells were exposed to 

conditions that promote selective peroxisome degradation. We also showed that wild type 

cells shortly induced on methanol and which contain only one peroxisome per cell do not 

degrade these organelles upon a shift of cells to peroxisome degradation conditions. Our data 

suggests that a mechanism does exist that specifically protects at least one organelle per cell 

against macropexophagy. The physiological significance of this is immediately clear since it 

allows the cell to rapidly adapt to a new environment that requires novel peroxisome 

functions.  

Chapter 3 describes the identification of the PDD2 gene. Mutant pdd2 has been identified 

within a collection of pdd mutants that was isolated before in the research group. The PDD2 

gene was cloned by functional complementation and shown to be homologous to 

Saccharomyces cerevisiae TUP1. In S. cerevisiae Tup1p functions as a global transcriptional 

repressor that controls various important cellular processes. We speculate that the H. 

polymorpha Tup1p homologue is important to repress specific genes that have to be down-

regulated to allow selective peroxisome degradation to proceed.  

In chapter 4 we describe the isolation of a novel H. polymorpha pdd mutant (pdd15) and the 

identification of the corresponding gene. PDD15 gene shows similarity to 3 ORFs of S. 

cerevisiae: MAI1, AUT10 and YGR223c. In baker’s yeast Mai1p is essential for the 

cytoplasm-to-vacuole targeting (Cvt) pathway while Aut10p is necessary for the Cvt pathway 

and autophagy. Pdd15p seems to function during the sequestration of peroxisomes as ∆pdd15 
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cells that were shifted to peroxisome degradation conditions displayed peroxisomes that were 

only partially sequestered. A Pdd15p-GFP fusion protein was visualized as punctate 

structures at the vacuole and in the cytosol. 

Chapter 5 describes the attempts to isolate mutants that were affected in both methanol 

utilization and selective peroxisome degradation. Two mutants that were isolated appeared to 

be affected in the same gene, namely dihydroxyacetone kinase. Unexpectedly, both mutants 

displayed an aberrant peroxisome proliferation profile in that they generally contained one 

large organelle, eventually together with one of few very small organelles. We showed that 

during initial growth on glycerol/methanol mixtures matrix protein import is normal but 

becomes hampered in later stages of growth resulting in the accumulation of alcohol oxidase, 

catalase and dihydroxyacetone synthase proteins in the cytosol. The initial observed defect in 

organelle degradation appeared to be a side effect of the peroxisome proliferation defect in 

conjunction with cytosolic AO that remains unaffected during macropexophagy. However, 

basically the organelle degradation machinery seems to be unaffected in these cells. 
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Abstract 

We have isolated and characterized a novel transcription factor of Hansenula polymorpha 

that is involved in the regulation of peroxisomal protein levels. This protein, designated 

Mpp1p, belongs to the family of Zn(II)2Cys6 proteins. In cells, deleted for the function of 

Mpp1p, the levels of various proteins involved in peroxisome biogenesis (peroxins) and 

function (enzymes) are reduced compared to wild type or, in the case of the matrix protein 

dihydroxyacetone synthase, fully absent. Also, upon induction of mpp1 cells on methanol, the 

number of peroxisomes was strongly reduced relative to wild type cells and generally 

amounted to one organelle per cell. Remarkably, this single organelle was not susceptible to 

selective peroxisome degradation (pexophagy) and remained unaffected during exposure of 

methanol-induced cells to excess glucose conditions. We show that this mechanism is a 

general phenomenon in H. polymorpha in case of cells that contain only a single peroxisome. 
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Introduction 

Eukaryotic cells are thought to have evolved approximately 1.5 billion years ago. The 

development of cell organelles allowed primitive eukaryotes to compartmentalize specific 

cellular functions. Concomitantly, genetic mechanisms that control the biogenesis and 

function of these compartments had to be developed. Obviously, the separate classes of 

organelles are characterized by their specific function as e.g. in energy metabolism 

(mitochondrion), degradation processes (vacuole, lysosome) or protein transport (Golgi 

system, endoplasmatic reticulum).  

Among the organelles, peroxisomes are remarkable because of their highly versatile functions 

most of which are related to specific metabolic pathways in the organism in which they 

occur. This functional flexibility is not reflected in their morphology. The organelles are 

invariably very simple of construction and consist of a proteinaceous matrix, surrounded by a 

single membrane. Nevertheless, their function varies from the oxidation of very long chain 

fatty acids in man, germination of oil-bearing seed and photorespiration in green plants to the 

metabolism of unusual carbon and/or nitrogen sources in fungi [1]. In the methylotrophic 

yeast Hansenula polymorpha peroxisomes are essential to support growth of cells on media 

containing methanol as sole source of carbon and energy. Under these conditions many 

organelles that contain the key enzymes involved in methanol metabolism, alcohol oxidase 

(AO), dihydroxyacetone synthase (DHAS) and catalase (CAT), develop in the cells. 

Conversely, when methanol-grown wild type (WT) cells are shifted to conditions in which 

the organelles are redundant for growth (e.g. glucose), they are rapidly and sequentially 

degraded by a process designated pexophagy (reviewed in [2]). Morphological data suggest 

that in each cell generally a single (or few) small peroxisome(s) escape(s) the degradation 

process. The resistance of these organelles to degradation is thought to be of physiological 

advantage in that it allows the cells to quickly adapt to new environments that require new 

peroxisome functions.  

In the present work, we report the identification of a novel H. polymorpha transcription 

factor, Mpp1p, which is involved in the regulation of peroxisomal proteins. In H. polymorpha 

mpp1cells, various peroxisomal matrix enzymes involved in methanol metabolism and 

proteins essential for peroxisome biogenesis (peroxins) are present at reduced levels. As a 

result, mpp1 cells cannot grow on methanol as sole source of carbon and energy. 

Interestingly, methanol-induced mpp1 cells generally contained a single enlarged 

peroxisome. Remarkably, also these single organelles are protected from selective 

degradation upon exposure of cells to excess glucose. 
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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 37oC in 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; [3]) supplemented with 0.5% glucose, 0.5% methanol or 0.5% methanol + 0.1% 

glycerol. 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 100 

µg/l ampicilin, 25 µg/l kanamycin or 25 µg/l zeocin when required. 

 

Gene tagging mutagenesis and isolation of Mut- mutants 

The RAndom Integration of Linear DNA Fragments (RALF) method [4] was used to 

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

pREMI-Z plasmid (Table II) in the presence of 1 U of BamHI restriction enzyme. 

Transformants were initially selected on YPD plates supplemented with zeocin and 

subsequently replica-plated to YND and YNM plates, respectively. Colonies unable to grow 

on YNM plates (methanol-utilization defective, Mut- colonies) were further analyzed. Two 

Mut- mutants, designated mpp1-1 and mpp1-2 (previously designated ARJ-59, [4]) were 

further studied. 

 
Table I. H. polymorpha strains used in this study 

Strain Genotype and characteristics Reference 
NCYC495  leu1.1 derivative [44] 

NCYC495 leu1.1 ura3 derivative [44] 

HF246  NCYC495::(PAOX eGFP.SKL)1c, leu1.1 [4] 

mpp1-1 HF246::[pREMI-Z], leu1.1, Mut-, zeoR This study 

mpp1-2  HF246::[pREMI-Z], leu1.1, Mut-, zeoR [4] 

mpp1 NCYC495 ∆mpp1::HpURA3, leu1.1 This study 

mpp1.eGFP.SKL  ∆mpp1::(PAOX eGFP.SKL)1c, leu1.1, zeoR This study 

MPP1-eGFP NCYC495::MPP1-eGFP, leu1.1, zeoR This study 
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Cloning of the MPP1 gene 

To identify the gene(s) disrupted by pREMI-Z in mutants mpp1-1 and mpp1-2, the 

chromosomal DNA of the cells was digested with either EcoRI or SphI, self-ligated and 

transformed to E. coli, giving rise to the following plasmids: pANL7, pANL15, pREMI-59 

and pANL22 (Table 2). The genomic regions of pANL7 and pREMI-59 were initially 

sequenced using vector-based primers [4]. Sequence analysis showed that the pREMI-Z 

vector had integrated in mutants mpp1-1 and mpp1-2 at two different locations in the same 

gene that was designated MPP1. Subsequently, the entire nucleotide sequence of the MPP1 

gene was determined by primer-walking on the rescued pREMI-Z plasmids. The nucleotide 

sequence of the MPP1 gene was deposited at GenBank (accession number AY190521). 

To clone the MPP1 open reading frame, mutant mpp1-1 was transformed with a H. 

polymorpha genomic library constructed in the pYT3 vector [5]. Leucin prototrophic 

transformants were screened on YNM-plates for the ability to grow on methanol. From a 

complementing plasmid, a sub-clone containing a 3.4kb PstI-NheI fragment with the entire 

MPP1 gene was obtained, designated pANL26, that was used for complementation studies. 

 

Construction of a H. polymorpha MPP1 null mutant 

A strain deleted for MPP1 was constructed by replacing the region of MPP1 comprising 

nucleotides +1 to +1042 by an auxotrophic marker. To this end, a deletion cassette was 

constructed as follows. Firstly, two DNA fragments comprising the  regions –816 to –1 and  

+1042 to +1841 of the MPP1 genomic region were obtained by PCR, using primers 

MPP1del-1 + MPP1del-2 and MPP1del-3 + MPP1del-4, respectively (see Table III). After 

restriction with NotI + BglII and PstI + Asp718I, respectively, the resulting fragments were 

inserted upstream and downstream of the H. polymorpha URA3 gene [6] in pBSK-URA3. 

From the resulting plasmid, designated pANL17, a 2650bp BamHI-PvuI fragment was used 

to transform H. polymorpha NCYC495 leu1.1 ura3. Uracil prototrophic transformants were 

selected by their inability to grow on YNM plates. Proper deletion of MPP1 was confirmed 

by Southern blotting (data not shown). The resulting strain was designated mpp1. 

To enable visualization of peroxisomes by fluorescence microscopy, the eGFP.SKL reporter 

gene was introduced in the resulting mpp1 strain. First, we constructed a H. polymorpha 

integrative plasmid containing the PAOX .eGFP.SKL cassette and the zeocin-resistance gene 

by inserting the 1.2 kb SphI-SalI fragment of pFEM34 [7] in pHIPZ4 [8]. Subsequently, the  
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Table II. Plasmids used in this study 
Plasmid Characteristics Reference 
 
pBluescript II SK+ 
 

 
Cloning vector, ampR 

 
Stratagene, La Jolla, CA 
 

 
pBSK-URA3 

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

 
This study 

 
pREMI-Z 
 

 
Used for gene-tagging mutagenesis, zeoR 
 

 
[4] 

 
pANL7 
 

 
Rescued plasmid of mutant mpp1-1, obtained by digestion 
of chromosomal DNA with EcoRI followed by 
selfligation, zeoR  

 
This study 

 
pANL15 

 
Rescued plasmid of mutant mpp1-1, obtained by digestion 
of chromosomal DNA with SphI followed by selfligation, 
zeoR 

 
This study 

 
pANL17 

 
Plasmid containing the cassette for the deletion of the 
MPP1 gene, ampR, H.polymorpha URA3 gene 

 
This study 

 
pREMI-59 

 
Rescued plasmid of mutant mpp1-2, obtained by digestion 
of chromosomal DNA with EcoRI followed by 
selfligation, zeoR 

 
This study 

 
pANL22 
 

 
Rescued plasmid of mutant mpp1-2, obtained by digestion 
of chromosomal DNA with SphI followed by selfligation, 
zeoR 

 
This study 

 
pANL26 

 
E. coli / H. polymorpha shuttle plasmid (pHS6-A) 
containing the uninterrupted MPP1 gene, ampR, S. 
cerevisiae LEU2 gene, HARS1 

 
This study 

 
pANL29 

 
pHIPZ4 containing eGFP.SKL, zeoR, ampR 
 

 
This study 

 
pANL31 

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

 
This study 

 
pANL32 

 
pANL31 with a 748 bp fragment containing the 3' end of 
the MPP1 gene fused in-frame to the eGFP gene, zeoR, 
ampR 

 
This study 

 
pFEM34 

 
Plasmid containing the PAOX.eGFP.SKL cassette and the 
kanR, S. cerevisiae LEU2 gene 

 
[7] 

 
pHIPZ4 

 
Integrative plasmid for H. polymorpha, contains the H. 
polymorpha AOX promoter, zeoR, ampR 

 
[8] 
 

 
pX3-PPAOXβlac 

 
Plasmid expressing the β-lactamase gene under control of 
the AOX promoter 

 
[19] 

 
pX3-PPEX3βlac 

 
Plasmid expressing the β-lactamase gene under control of 
the PEX3 promoter 

 
[23] 
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resulting plasmid, designated pANL29, was linearized with SphI and integrated in the mpp1 

genome. Zeocin-resistant transformants were analyzed for correct integration in the PAOX 

region by Southern blotting (data not shown). A strain containing a single copy of the 

integrated plasmid, designated mpp1.eGFP.SKL, was used for further studies. 

 

Construction of a strain expressing an MPP1.eGFP fusion gene 

To enable replacement of the genomic MPP1 gene by a MPP1.eGFP fusion gene, we first 

constructed plasmid pANL31. This plasmid is based on the pBluescript vector and contains 

an eGFP gene, lacking its start codon, and the zeocin-resistance cassette. Subsequently, a 

749bp HindIII-BamHI PCR fragment containing the 3’ end of the MPP1 gene lacking its stop 

codon (comprising the region +1306 to +2052 of MPP1), obtained using primers MPP1-Ori2 

and MPP1w/oStop (Table III), was inserted in HindIII/BglII-digested pANL31. The resulting 

plasmid, designated pANL32, was linearized with EcoRI in the MPP1 region and 

transformed to WT H. polymorpha NCYC495 leu 1.1. Zeocin-resistant colonies were 

analyzed by Southern blotting to confirm correct integration in the MPP1 region (data not 

shown). 

 

Miscellaneous DNA techniques  

Plasmids and primers used in this study are listed in Tables II and III, respectively. All DNA 

manipulations were carried out according to standard techniques [9]. H. polymorpha cells 

were transformed by electroporation [10]. 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 algorithm [11] was used to screen databases at the 

National Center for Biotechnology Information (Bethesda, MD). The Clustal X program was 

used to align protein sequences [12], the GeneDoc program to display the aligned protein 

sequences and the ScanProsite program [13] to scan protein sequences for profiles and 

patterns of the PROSITE database [14]. 
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Table III. Primers used in this study 
Name  Sequence 
 
MPP1-del1 

 
5’ AGAGAGAGGCGGCCGCGGCTATAGACGCTC G 3’ 
                                       NotI 

 
MPP1-del2 

 
5’ AGAGATCTTTTGGAGCAAAACCTGAGC 3’ 
              BglII 

 
MPP1-del3 

 
5’ AGCTGCAGTTGCCTCCCGACACCTTG 3’ 
                PstI 

 
MPP1-del4 

 
5’ AGAGGTACCACCGATGATCTGCTTGGC 3’ 
              Asp718I 

 
MPP1-Ori2 

 
5’ GACACCTTGAGAAAGTCAGATC 3’  
 

 
MPP1w/oStop 

 
5’ AGAGGATCCGCACTCGCGTTTCCAG 3’ 
               BamHI 

 

 

Biochemical assays 

Crude cell extracts were prepared as described in [15]. SDS-PAGE [16] and Western blot 

analysis [17] were performed by established methods. The degradation of peroxisomes in 

batch cultures of H. polymorpha was determined as described in [18]. Relative AO levels 

were determined by densitometric scanning of Western blots decorated with specific 

antibodies against AO. The decrease in AO levels during peroxisome degradation is 

expressed as a percentage of the initial value, which is arbitrarily set to 100 %. β -lactamase 

activities were assayed by established methods [19]. 

 

Morphological analysis 

Intact cells were prepared for electron microscopy and immunocytochemistry as described 

previously [19]. Fluorescence microscopy studies were performed using a Zeiss Axioskop 

microscope (Carl Zeiss, Göttingen, Germany). Nuclear staining was performed as follows: 

20-40 OD660 units of cells were harvested by centrifugation, resuspended in 1 ml of fresh 

medium supplemented with 40 µl of a 2.7 mg/ml Hoechst 33258 stock solution and incubated 

at 37oC for 45 minutes prior to analysis. 
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Results 

Mpp1p is a member of the Zn(II)2Cys6 cluster protein family and is induced during 

growth of H. polymorpha on methanol 

From a collection of 5,000 RALF transformants, mutants were selected that were impaired in 

growth on methanol as sole carbon source (Mut – phenotype). Two mutants, designated 

mpp1-1 and mpp1-2, were identified of identical morphological phenotype. 

Characteristically, upon growth in glycerol/methanol-containing media, conditions that lead 

to a strong peroxisome development in wild type (WT) cells, generally a single peroxisome 

was observed in the vast majority of the mpp1-1 and mpp1-2 cells (Fig.1). Sequencing of the 

plasmids recovered from these mutants revealed that the flanking regions were overlapping. 

Hence, both were apparently disturbed in the function of the same gene, termed MPP1 

(methylotrophic peroxisomal protein regulator). Further sequencing of the plasmids 

recovered from mutants mpp1-1 and mpp1-2 allowed the determination of the remainder of 

the MPP1 open reading frame (ORF). Sequence analysis indicated that in case of mutant 

mpp1-1, the integration of the pREMI-Z plasmid had occurred 456 bp downstream from the 

initiation of the MPP1 ORF. In mutant mpp1-2, pREMI-Z had inserted at the promoter region 

of the same ORF (nucleotide  -195). The sequence upstream the 5’ region of this ORF 

comprised the 3’ end of the H. polymorpha dihydroxyacetone synthase (DAS) gene (Fig. 2A). 

The MPP1 gene encodes a protein of 684 amino acids. A BLASTP search revealed that the 

N-terminal region of Mpp1p is similar to that of many DNA binding proteins. However, a 

true homologue was not found in the available databases. Further analysis using the 

 

Fig. 1. Induced cells of an mpp1 mutant contain a single peroxisome. Merged images of bright field and fluorescence 

pictures of Hansenula polymorpha WT (Fig. 1A) and mpp1-2 (Fig. 1B) cells that express PAOX. eGFP.SKL. Cells were 

grown for 15h in glycerol/ methanol-containing media. In WT cells clusters of fluorescent spots are evident while in 

mpp1-2 cells only a single spot can be observed.  
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ScanPROSITE program revealed that Mpp1p is a putative member of the Zn(II)2Cys6 family 

of transcription factors. These transcription regulators are exclusively detected in fungi and 

contain a well-conserved DNA-binding domain [20]. This domain consists of a cystein rich 

motif ( CysX2 CysX6 CysX6 CysX2 CysX6 Cys), that complexes two Zn2+ ions, and in most 

cases recognizes a pair of 5’-CGG-3’ triplets in the promoters of target genes [20, 21]. A 

primary sequence comparison of the region comprising the DNA binding domain of 

characteristic Zn(II)2Cys6 proteins of S. cerevisiae and the putative DNA binding domain of 

Mpp1p is depicted in Fig. 2B.  

The subcellular location of Mpp1p in H. polymorpha was studied in a strain in which the 

endogenous MPP1 gene was replaced by a MPP1.eGFP fusion gene. The presence of the C-

terminal tag most likely did not interfere with Mpp1p function since the resulting strain, 

MPP1.eGFP, grew normally on glucose and methanol (data not shown). In MPP1.eGFP cells 

grown on glucose, GFP fluorescence was invariably undetectable, independent of the growth 

stage. However, upon a shift of glucose-grown cell to fresh methanol-containing media, GFP 
 

Fig. 2. A, the Hansenula polymorpha MPP1 gene. 

Schematic representation of the genomic region 

comprising the H. polymorpha MPP1 gene. The strategy 

to disrupt MPP1 by homologous recombination is 

presented. The integration sites of pREMI-Z in the 

mpp1-1 and mpp1-2 mutants are also indicated. Only 

relevant restriction sites are shown. B, Alignment of the 

N-termini of Mpp1p and other characteristic yeast 

Zn(II)2Cys6 proteins. The N-terminal amino acid 

sequences of Saccharomyces cerevisiae Gal4p 

(SwissProt P04386; amino acids 1-58), Pip2p 

(SwissProt P52960; amino acids 1-72) and Pdr3p 

(SwissProt P33200; amino acids 1-61) were aligned 

with that of H. polymorpha Mpp1p (amino acids 1-75) 

using the Clustal X program. The one-letter code is 

shown. Gaps were introduced to maximize the 

similarity. Residues that are similar in all four proteins 

are shaded black, those that are similar in three of the 

proteins are shaded dark gray and those that are similar 

in two of the four proteins are shaded light gray. 
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Fig. 3. Localization of Mpp1p. A H. polymorpha strain in which the endogenous MPP1 gene was replaced by a 

MPP1.eGFP fusion gene (strain MPP1.eGFP) was grown on methanol. The GFP fluorescence localizes to the 

nucleus, which is visualized by the blue fluorescent dye Hoechst 33258 (bottom panel). A WT strain lacking the 

MPP1.eGFP fusion gene was used as control (upper panel). 

 

fluorescence was readily observed as a single dot at all growth phases. This spot was 

observed in the same region of the cells as Hoechst 33258, which is a nuclear stain. These 

findings therefore indicate that Mpp1p is associated with the nucleus (Fig. 3). 

 

Cells of the MPP1 deletion strain generally contain a single peroxisome 

For construction of a MPP1 deletion strain, we replaced a 1042bp fragment from the MPP1 

open reading frame by the H. polymorpha URA3 gene (Fig. 2A). Cells of the mpp1 strain and 

the original RALF mutants, mpp1-1 and mpp1-2, showed identical phenotypes. Mpp1 cells 

were unable to grow on methanol as sole carbon source and, when grown on 

glycerol/methanol mixtures, characteristically contained a single peroxisome (Fig. 4B). 

Reintroduction of  the MPP1 gene from an autonomously replicating plasmid (pANL26) 

restored normal growth of mpp1 cells on methanol as well as normal peroxisome 

proliferation (Fig. 4C).  

In crude extracts of glycerol/methanol-grown wild type (WT) and mpp1 cells, the levels of 

the peroxisomal matrix protein alcohol oxidase (AO) were strongly reduced, whereas 

dihydroxyacetone synthase (DHAS), another peroxisomal matrix enzyme, could not be 

detected (Fig. 5A). However, catalase was present at approximately WT levels. Also the 

levels of malate synthase, a peroxisomal key enzyme of glyoxylate (C2) metabolism [22] did 
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Fig. 4. Restoration of peroxisome formation in mpp1 cells by functional complementation. H. polymorpha mpp1 cells 

exhibit a WT peroxisome phenotype after introduction of a plasmid containing the entire MPP1 gene. Fluorescence 

pictures are shown of cells that express PAOX .eGFP.SKL in WT (Fig. 4A), in mpp1 cells (Fig. 4B) and cells of the 

complemented mpp1 strain (mpp1 + pANL26; see C). Electronmicroscopical observations. Immunocytochemistry on 

ultrathin sections of glycerol/methanol grown mpp1 cells, showing the selective location of gold particles on a peroxisomal 

profile after incubation with anti-AO antibodies (Fig. 4D). A similar location was observed when anti-catalase antibodies 

were used (inset; Fig. 4D). E, shows a section through a methanol-grown H. polymorpha WT cells, subjected to excess 

glucose for two hours. Note that both in the developing bud and the mother cell a relatively small organelle is not degraded. 

A, degrading peroxisome; M mitochondrion; N, nucleus; P, peroxisome; V, vacuole. The marker represents 0.5 µm. 

 

not change significantly under the conditions tested (Fig. 5A). In addition, the level of 

various peroxins that play a role in peroxisome formation was analyzed. All were present at 

significantly reduced levels (Pex3p, Pex5p, Pex10p) with the exception of Pex14p (Fig.5B). 

Cytosolic alcohol dehydrogenase levels were normal. 
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Fig. 5. Levels of peroxins and peroxisomal matrix 

proteins in WT and mpp1 cells.  A and B. Crude 

extracts were prepared from cells grown for 15h on 

glycerol/methanol-containing media and subjected to 

Western blot analysis. Equal amounts of protein were 

loaded per lane. A shows Western blots that were 

decorated with specific antibodies against the 

peroxisomal matrix enzymes alcohol oxidase (α-AO), 

dihydroxyacetone synthase (α-DHAS), catalase (α-

CAT), malate synthase (α-MAS) and the cytosolic 

enzyme alcohol dehydrogenase (α-ADH). B shows 

Western blots decorated with specific antibodies 

against the indicated peroxins. C, activities of the AOX 

and PEX3 promoters in WT and mpp1 cells analyzed 

by measuring the enzyme activities of the reporter 

enzyme β-lactamase produced under control of the 

AOX or PEX3 promoter. Enzyme activities were 

measured in crude extracts of glycerol/methanol grown 

cells and expressed as U/mg protein. 

 

In order to test whether the observed lower protein levels were due to decreased expression or 

increased protein degradation, we analysed the promoter activities of the AOX (PAOX) and 

PEX3 (PPEX3) genes in WT and mpp1 cells using β-lactamase as a reporter [19, 23]. As shown 

in Fig. 5C, the activities of both promoters are significantly reduced in mpp1 cells compared 

to WT controls. 

In spite of the low peroxisome numbers we did not observe a defect in matrix protein import in 

mpp1 cells. GFP.SKL was solely observed in spots (compare Fig. 4B) and immunocytochemistry 

revealed that anti-alcohol oxidase en anti-catalase dependent specific labeling was confined to the 

peroxisomal profiles (Fig. 4D), indicating that these proteins were incorporated in their correct 

target organelle. As expected, using anti-dihydroxyacetone synthase antibodies, specific labeling 

was not detected (not shown). 

 

Single peroxisomes in H. polymorpha cells are not susceptible to glucose-induced 

selective peroxisome degradation (pexophagy) 

In methanol-grown WT H. polymorpha cells peroxisomes are rapidly degraded when they 

have become redundant for growth [24]. To analyze the fate of the single organelles in mpp1 

cells, glycerol/methanol-grown cells of this strain were exposed to excess glucose conditions. 

In the first 2 hours after the shift of cells, no significant AO protein degradation had occurred 
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in mpp1 cells, as judged from Western blots (Fig. 6A, B). In mpp1.eGFP.SKL cells, 

fluorescence microscopy studies failed to demonstrate the uptake of the fluorescent reporter 

protein in vacuoles, a phenomenon that was readily observed in WT controls (Fig. 6C). Also, 

electron microscopically we were never able to detect peroxisome sequestration, the typical 

initial event of pexophagy in H. polymorpha (not shown).  

To further substantiate the possibility that also in WT cells specific organelles escape the 

pexophagy process, we have grown H. polymorpha WT cells on methanol to a phase that 

they generally contain only one or two organelles per cell (early exponential growth; [25]) 

and studied pexophagy relative to cells that were in the mid-exponential growth phase and 

contained several peroxisomes. The results clearly show that the single peroxisome present in 

 
Fig. 6. Induction of pexophagy in H. polymorpha WT and mpp1 

cells. H. polymorpha WT and mpp1 cells were grown for 15 h in 

glycerol/ methanol-containing media and subsequently 

supplemented with 0.5% (w/v) glucose. Samples were taken at the 

indicated time points. For biochemical analysis (A and B), cells 

were TCA precipitated and subjected to Western blot analysis. 

Equal volumes of cultures were loaded per lane. A shows Western 

blots decorated with specific antibodies against AO protein. In WT 

cells the levels of AO decrease, while in mpp1 cells AO levels 

remain approximately constant during the same time interval. B 

shows quantification of AO levels based on densitometry scanning 

of Western blots. The values represent the average of three 

independent experiments. C, fluorescence microscopy. Upon 

induction of pexophagy the majority of the peroxisomes of WT cells 

are subject to degradation; note the GFP fluorescence of the vacuole 

(arrow). In mpp1 cells the single peroxisomes remain unaffected.  
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early exponential WT cells is not degraded within a period of 4 h after exposure of the cells 

to excess glucose (Fig. 7C). In contrast, in mid-exponential cells a rapid reduction of 

peroxisome numbers was observed. Nevertheless, in these cells generally a single fluorescent 

spot remained indicating that not all peroxisomes were degraded (Fig. 7C). Remarkably, the 

morphological phenotypes of early and mid-exponential WT cells after 4h of exposure of 

cells to glucose was indistinguishable in that they generally contained a single fluorescent 

spot. Most likely, solely small organelles remain unaffected as was evident after careful 

electron microscopical observations (Fig. 4E). 

These observations were confirmed biochemically by Western blot analysis of samples taken 

from the same cultures using specific antibodies against AO (Fig. 7A, B). When WT cells in 

the early exponential growth phase were subjected to pexophagy conditions, AO protein 

levels only slightly decreased during the first hour after the shift. However, at later time 

points the AO levels remained constant, indicating that the peroxisomes in these cells were 

not degraded. The initial decrease most likely is due to the presence of a minor fraction of the 

cells that contains more than one peroxisome at the time of the shift. Mid-exponentially 

grown cells showed the continuous decrease in AO protein characteristic for WT cells 

subjected to pexophagy [18]. 

 

 

Discussion 

We have cloned and characterized a novel member of the family of zinc cluster proteins of 

the yeast Hansenula polymorpha, designated Mpp1p. Mpp1p plays a role in the control of 

peroxisomal protein synthesis (see below) and represents the third H. polymorpha zinc cluster 

protein reported so far. The other two proteins, Yna1p and Yna2p, activate genes involved in 

nitrate assimilation [26, 27]. 

Zinc cluster proteins are a class of transcription factors involved in the modulation of various 

cell activities in fungi, among which transcriptional control of genes required for growth on 

various carbon sources, synthesis of specific metabolites (e.g. amino acids, pyrimidines) and 

the expression of ABC transporters that mediate multi-drug resistance (reviewed in [28, 29]). 

A well-known example of these proteins is Gal4p (Fig. 2B), responsible for the activation of 

genes of galactose metabolism. Gal4p function involves binding of the N-terminal zinc 

cluster to CGG triplets present in the promoter of target genes and the formation of a dimer 

through one or more very short coiled-coils present C-terminal from the zinc cluster motif 

[20]. Most members of this family bind to DNA as a homodimer, although formation of 
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Fig. 7. Peroxisome degradation in WT cells: early 

exponential versus mid-exponential grown cells. H. 

polymorpha WT cells were grown for 6h (early exponential 

cells) or 15h (mid-exponential cells) in media containing 0.5% 

(v/v) methanol and subsequently supplemented with 0.5% 

(w/v) glucose. Samples were taken at the indicated time 

points; equal volumes of cultures were loaded per lane. A, 

Western blots were decorated with specific antibodies against 

AO protein. B shows quantification of the blots by 

densitometric scanning. In mid-exponential cells AO protein 

gradually decreases during the first 4 hours after addition of 

glucose. In early exponential cells AO levels initially slightly 

decrease, but remains unchanged at later time points. C, 

fluorescence microscopy. Cells of the early exponentially 

growth phase generally contain one fluorescent dot (C, early 

exponential growth, T0) representing a single peroxisome. 

Upon induction of pexophagy one fluorescent organelle per 

cell remains unaffected and is not degraded in a 4 hours time 

interval (C, early exponential growth, T2 and T4). In contrast, 

cells of the mid-exponential growth phase contain several 

fluorescent peroxisomes (C, mid-exponential growth T0), bulk 

of which are degraded in the vacuole (arrow) upon addition of 

glucose to the culture (B, mid-exponential, T2 and T4). After 

4h of incubation in the presence of glucose the fluorescent 

images of both cultures are largely similar in that the cells 

generally show a single fluorescent dot.  

 

 

 

 

 

 

 
heterodimers or activation by only one monomer has also been reported [30-32].  

We can now add methylotrophic growth to the list of Zn(II)2Cys6  transcription factor-

modulating activities. Our data clearly demonstrate that Mpp1p is necessary to sustain growth 

of H. polymorpha cells on media containing methanol as sole carbon source. Interestingly, 

this is yet the only growth condition where the role of Mpp1p is essential as mpp1 cells grow 

normally on several other carbon and nitrogen sources (e.g. glucose, ethanol, glycerol, 
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dihydroxyacetone, ethylamine - data not shown), some of which require peroxisome 

functions. These alternative functions are presumably not regulated by MPP1 but require 

different transcription factors to induce the required enzyme repertoire. 

The Mut- phenotype of mpp1 cells is readily explained by the observation that the levels of 

the two major enzymes of methanol metabolism, alcohol oxidase (AO) and dihydroxyacetone 

synthase (DHAS), are strongly reduced (AO) or absent (DHAS). Also, in mpp1 cells 

peroxisomes do not proliferate in response to the presence of methanol. This inhibitory effect 

is most probably not related to the reduced amounts of AO and DHAS protein. In fact, 

several earlier observations argue against a direct relation between matrix protein levels and 

peroxisome numbers in H. polymorpha. For instance, H. polymorpha pim mutants that are 

affected in matrix protein import contain enhanced numbers of small-sized peroxisomes 

relative to wild type organelles [33]. On the other hand, overproduction of AO protein in 

glucose-grown cells resulted in enlarged organelles but not an increase in organelle numbers 

[34].  

It has been proposed that peroxisomes may divide (multiply) through a “constitutive” or a 

“regulated” mechanism [35, 36]. In this view the “constitutive” mechanism is responsible for 

the partitioning of peroxisomes between mother and bud in non-induced (glucose-grown) 

cells, a phenomenon that may be related to the cell cycle. The “regulated” division occurs in 

induced cells and this mechanism is responsible for the formation and partitioning of the 

characteristic peroxisome cluster during growth of cells on methanol. In line with this 

hypothesis we speculate that the absence of Mpp1p prevents the “regulated” peroxisome 

division in H. polymorpha during C1-metabolism but not the “constitutive” mechanism as 

also developing buds are generally administrated with a single organelle. In H. polymorpha 

mpp1 cells the effect on peroxisome proliferation is therefore likely to be due either to the 

down-regulation of a yet unknown initial (signalling) compound of the proliferation 

machinery, or directly related to the strongly reduced level(s) of protein(s) (e.g. Pex3p) 

involved in biogenesis and/or fission. It has been shown before that in H. polymorpha a direct 

relation exists between the levels of the peroxin Pex3p and the number of peroxisomes [37]. 

Possible additional candidates besides Pex3p are H. polymorpha homologues of S. cerevisiae 

Vps1p and Pex11p [35, 38, 39]. 

In bakers yeast, oleate induced-peroxisome proliferation was shown to be dependent on 

Oaf1p and Pip2p, both Zn(II)2Cys6  transcription  factors [29, 31].Extensive studies showed 

that Oaf1p is constitutively synthesized and is the receptor for the oleate signal, whereas in 

the absence of the inducer, Pip2p is produced at low levels and its activity is inhibited by 
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Oaf1p.The current model [40] proposes that upon oleate induction, Oaf1p becomes active 

thereby abolishing its inhibitory effect on Pip2p, which in turn becomes able to up-regulate is 

own synthesis. As a consequence, maximal amounts of the heterodimer Oaf1p-Pip2p are 

produced, that efficiently bind to the oleate response element (ORE), thereby activating 

transcription of genes involved in oleate metabolism.  

Mpp1p is not the homologue of S. cerevisiae Pip2p or Oaf1p. First, H. polymorpha Mpp1p 

only shares similarity with these proteins in the Zn(II)2Cys6 region. Moreover, a search in the 

H. polymorpha genome database revealed that H. polymorpha does contain genes that encode 

proteins with significant overall similarity to S. cerevisiae Pip2p and Oaf1p (G. Gellissen, 

personal communication). 

It is possible that a mechanism similar to the S. cerevisiae Oaf1p-Pip2p activation-complex 

functions during methylotrophic growth of H. polymorpha and that Mpp1p behaves 

analogous to Pip2p, since the protein was only detected in cells grown on methanol. The 

identification of a putative Mpp1p partner and the definition of a DNA-response element are 

issues of current investigations. 

We observed that peroxisomal matrix proteins were not mislocalized in mpp1 cells; both AO 

and CAT as well as GFP.SKL were normally imported into the single organelles of mpp1 

cells. Apparently, the strongly reduced levels of specific peroxins (Pex3p, Pex5p) in 

methanol-induced mpp1 cells still suffice to allow quantitative matrix protein import into 

peroxisomes. Hence, the efficient matrix protein import in  mpp1 cells may be related to the 

normal levels of Pex14p that showed no decrease in methanol-induced cultures. 

We were particularly interested in the fate of the single peroxisome of mpp1 cells upon the 

induction of pexophagy. We observed that these organelles were protected from degradation 

after a shift to conditions that led to a rapid degradation of peroxisomes in identically grown 

WT cells. Subsequent studies demonstrated that also the single organelles present in shortly 

induced WT cells were resistant to pexophagy. Possibly, these single organelles are protected 

from degradation thus enabling the cell to rapidly respond to changes in the environment that 

require new peroxisome [2]. Previously, we demonstrated that in H. polymorpha peroxisomes 

are only temporarily competent to import matrix proteins by a yet unknown mechanism [41]. 

An attractive possibility is that exclusively the peroxisomes that no longer import matrix 

proteins are degraded during pexophagy, while the few organelles that can import matrix 

proteins are not susceptible to degradation. This reasoning would imply that proteins 

involved in the biogenesis of peroxisomes may significantly contribute to pexophagy. Indeed, 

we recently demonstrated that two membrane-associated peroxins, Pex3p and Pex14p, are 
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also involved in pexophagy in H. polymorpha [42, 43]. Undoubtedly, the understanding on 

how the cell distinguishes between peroxisomes that should be destroyed or preserved 

promises to be an exciting part of the study of the peroxisome life cycle. 
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Abstract 

In the yeast Hansenula polymorpha peroxisomes are selectively degraded upon a shift of 

cells from methanol to glucose containing media. We identified the H. polymorpha TUP1 

gene by functional complementation of the peroxisome degradation deficient mutant pdd2-4. 

Tup1 proteins function in transcriptional repression of specific sets of genes involved in 

various cellular processes. Our data indicate that H. polymorpha TUP1 is involved in 

regulation of the switch between peroxisome biogenesis and selective degradation. The initial 

complementing DNA fragment contained a second gene, encoding H. polymorpha Vps4p. 

Deletion of this gene did not result in a block of selective peroxisome degradation. 
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Introduction 

Peroxisomes form a class of membrane-bound organelles that harbour enzymes involved in a 

wide range of metabolic pathways. In the yeast Hansenula polymorpha these organelles are 

massively induced during growth on methanol. At these conditions the organelles contain the 

key enzymes of methanol metabolism, alcohol oxidase (AO), dihydroxyacetone synthase and 

catalase. Upon a shift of methanol-grown cells to glucose-media these peroxisomes become 

redundant for growth and are selectively degraded. We have isolated various H. polymorpha 

mutants defective in selective peroxisome degradation (pdd mutants [1]) and identified the 

first two H. polymorpha PDD genes (for reviews see [2, 3]). 

Here we report on the cloning of the H. polymorpha PDD2 gene, which encodes a protein 

similar to yeast Tup1p. Tup1 proteins are involved in transcriptional repression of distinct 

sets of genes that play a role in various cellular processes like glucose repression, mating type 

regulation, flocculation and bud-hypha transition [4, 5, 6]. 

Our data indicate that H. polymorpha Tup1p is required for the repression of specific genes 

upon induction of selective peroxisome degradation, which is necessary to allow selective 

peroxisome degradation to proceed. 

 

 

Materials and Methods 

Micro-organisms and growth conditions  

H. polymorpha was grown on at 37 oC minimal media containing 0.67% Yeast Nitrogen Base 

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

(MM [7]) supplemented with 0.5% glucose or 0.5% methanol. The following strains were 

used: (i) NCYC 495 leu1.1 ura3 [8], (ii) pdd2-4 [1], (iii) tup1 (this study) and (iv) vps4 (this 

study). 

 

DNA techniques  

The primers used in this study are listed in Table I. DNA manipulations were carried out 

according to established techniques [9, 10, 11]. DNA sequencing was 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 [12] 

was used to screen databases at the National Center for Biotechnology Information 

(Bethesda, MD). The ClustalX program was used to align protein sequences [13]. 
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H. polymorpha pdd2-4 cells were transformed with a H. polymorpha genomic library [14] 

and prototrophic transformants were screened for their ability to degrade peroxisomes using 

the AO activity plate assay [1]. The smallest complementing plasmid, pPDD2-30, contained a 

6.5 kb insert that was sequenced. The nucleotide region of the complementing region (4.1 kb) 

was deposited at GenBank (accession number AY383553). 

To identify the mutation in pdd2-4 the corresponding DNA region was amplified by PCR 

using Pwo polymerase and primers PDD2-S and PDD2-AS (Table I). Two independent PCR 

products were digested with XbaI and XhoI and cloned into XbaI/ SalI digested pYT3 prior to 

sequencing. 

 

Gene disruptions 

An H. polymorpha TUP1 deletion strain (tup1) was constructed as follows. First, DNA 

fragments comprising two regions of the TUP1 gene (corresponding to nucleotides 1818 to 

2601 and 3484 to 4147 in GenBank accession number AY383553) were obtained by PCR  

 
Table I. Primers used in this study 

Name  Sequence 
 
PDD2-S 

 
5’ CACTTGCCTCGCCTGTCTGATC 3’ 
 

 
PDD2-AS 

 
5’ GAAGTTAGCGTCGAAACTGAAGC 3’ 
 

 
TUP1-1 

 
5’ AGAGAGAGGCGGCCGCACCTCGTTCGTATAAATCC 3’ 
                                   NotI 

 
TUP1-2 
 

 
5’ GAAGATCTCCACGGTTGCTGCTTCGCCG 3’ 
              BglII 

 
TUP1-3 
  

 
5' GCGGATGCTGCTGAGACTGG 3' 

 
TUP1-4 
      

 
5’ CCATCGATAACGGGCCAATCAGAACACG 3’ 
              ClaI 

 
VPS4-1 
 

 
5’ CGGGATCCGGTGTTTTAGTACTTGGAGC 3’ 
            BamHI 

 
VPS4-2 
 

 
5’ AGAGAGAGGCGGCCGCCGAGTTGTCGAAGGTGGTGG 3’ 
                                  NotI 

 
VPS4-3 
 

 
5’ AACTGCAGCCGGCAATATGACAGCTTCC 3’ 
               PstI 

 
VPS4-4 

 
5’ CCATCGATGCAGAGATGTGTCATGAGAG 3’ 
              ClaI 
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using pPDD2-30 as template and primers Tup1-4 + Tup1-3 and Tup1-2 + Tup1-1 (Table I).  

The corresponding PCR products were digested with ClaI/ PstI and BglII/NotI and cloned, 

respectively, upstream and downstream the H. polymorpha URA3 gene present in the pBSK-

URA3 vector [15], generating plasmid pBSK-URA3-Tup1. The 2.4 kb DraI/DrdI fragment 

from the pBSK-URA3-Tup1 plasmid was transformed into H. polymorpha NCYC495 leu1.1 

ura3. Uracil prototrophic colonies were selected and correct deletion was confirmed by 

Southern blot analysis.  

For construction of a H. polymorpha VPS4 deletion strain (vps4) strain DNA fragments 

comprising two regions of the VPS4 gene (corresponding to nucleotides 75 to 656 and 1004 

to 1515 in GenBank accession number AY383553) were obtained by PCR using pPDD2-30 

as template and the primers VPS4-2 + VPS4-1 and VPS4-3 + VPS4-4. The resulting PCR 

products were digested with NotI/BamHI and PstI/ClaI, respectively and cloned downstream 

and upstream the H. polymorpha URA3 gene present in the pBSK-URA3 vector, giving rise 

to plasmid pBSK-URA3-Vps4. The 2.2 kb DrdI/AatII fragment from plasmid pBSK-URA3-

Vps4 was transformed into H. polymorpha NCYC495 leu1.1 ura3. Uracil prototrophic 

colonies were selected and correct insertion was confirmed by Southern blot analysis. 

 

Biochemical methods 

The presence of carboxypeptidase (CPY) protein in culture media was determined as 

described previously [16]. Preparation of crude extracts, SDS-PAGE and Western blot 

analysis were performed by established methods. 

 

 

Results 

Functional complementation of Hansenula polymorpha pdd2-4 

To clone the gene that is affected in H. polymorpha pdd2-4, cells of this strain were 

transformed with a H. polymorpha genomic library. Three colonies were obtained that 

showed a decrease in alcohol oxidase activity (AO) upon a shift of cells from methanol to 

glucose plates, indicative for normal peroxisome degradation. The complementing plasmids 

were rescued in Escherichia coli and re-introduced into pdd2-4 cells. All 3 plasmids appeared 

to be able to complement the defect in peroxisome degradation of H. polymorpha pdd2-4 

based on the AO activity plate assay. Restriction analysis revealed that these plasmids 

contained overlapping inserts ranging in size from 6.5 to 20 kb. Sequencing of the smallest 
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Fig. 1. Schematic representation of the H. polymorpha chromosomal 

region containing VPS4 and TUP1 genes. The strategies to construct 

H. polymorpha tup1 and vps4 strains are indicated as well. 
 

 

insert (pPDD2-30) revealed the presence of two ORFs (see Fig. 1). The first ORF encodes a 

protein of 439 amino acids, which shares homology to Vps4 proteins of various organisms 

(73% identity to Vps4p of S. cerevisiae and 59% identity to H. sapiens Vps4-Bp; see Fig. 2). 

We designated the gene HpVPS4 and its translation product HpVps4p. The second ORF 

encodes a protein of 602 amino acids, which is 55% identical to Tup1p of Candida albicans  
 

 

Fig. 2. Alignment of HpVps4p. An alignment of HpVps4p with S. cerevisiae (SwissProt P52917) 

and H. sapiens (SwissProt O75351) homologues is shown. The AAA-ATPase domain is 

underlined by black bars. White regions in the black bars indicate the Walker A and B motif (* and 

**, respectively). Residues that are similar in all three proteins are shaded black and those that are 

similar in two of the proteins are shaded dark grey. 



Chapter 3 

 52

 

Fig. 3. Alignment 

of HpTup1p. 

HpTup1p is aligned 

with its C. albicans 

(SwissProt P56093) 

and S. cerevisiae 

(P16649) 

counterparts. The 7 

WD repeats are 

underlined by black 

bars. Glutamine 

193, mutated in H. 

polymorpha pdd2-

4, is indicated by 

an arrow. Gaps 

were introduced to 

maximize the 

similarity. Residues 

that are similar in 

all three proteins 

are shaded black 

and those that are 

similar in two of 

the proteins are 

shaded dark grey. 
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and 46 % identical to S. cerevisiae Tup1p. Tup1 proteins are characterised by 7 WD40 

repeats in the carboxyterminal domain (Fig. 3). We designated this ORF HpTUP1 and the 

corresponding protein HpTup1p. 

A subclone containing the XbaI-XhoI fragment of the pPDD2-30 insert was constructed. This 

plasmid enables the expression of only HpTUP1. Upon transformation of this plasmid 

(pYT3-TUP1) to pdd2-4 cells, AO activity plate assays indicated that the expression of 

HpTUP1 gene alone was sufficient to complement the deficiency in peroxisome degradation. 

This was confirmed biochemically.  

In extracts of pdd2-4 cells transformed with pYT3-TUP1, the AO levels gradually decreased 

upon a shift from methanol to glucose media (Fig. 4). A similar pattern was observed in WT 

control cells, but not in cells of pdd2-4 transformed with the empty plasmid (pYT3). 

In order to analyse the mutation in HpTUP1 that caused the peroxisome deficient phenotype 

of pdd2-4, a genomic DNA fragment containing the TUP1 gene was amplified by PCR and 

sequenced. Analysis of 2 independent PCR products revealed a point mutation (cytosine to 

thymine) at base pair +577. This mutation results in a truncated protein as it turns a glutamine 

codon into a stop codon (Fig. 3). 

 

Characterisation of the H. polymorpha tup1 and vps4 strains 

A H. polymorpha TUP1 deletion strain (tup1) was constructed by replacing 882 bp from the 

TUP1 ORF (corresponding to amino acids 127 to 421) by the URA3 gene (Fig. 1). Upon a 

shift of methanol-grown tup1 cells to fresh glucose media the levels of AO did not 

significantly decrease (Fig. 4). Morphological analysis revealed that, like in cells of the  

  
Fig. 4. Biochemical analysis of selective 

peroxisome degradation. Cells of the indicated H. 

polymorpha strains were grown on methanol media 

and shifted to glucose media to induce selective 

peroxisome degradation. Samples were taken at the 

indicated time points after the shift. Equal volumes of 

cultures were loaded per lane and analysed for the 

presence of AO protein by Western blotting using 

anti-AO antibodies. 
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original pdd2-4 mutant, peroxisomes were not degraded. Occasionally partially sequestered 

peroxisomes were observed. However, fusion of sequestered peroxisomes with vacuoles was 

not observed (data not shown). 

VPS gene products may play an essential role in selective peroxisome degradation [3]. To 

confirm that HpTUP1 represents the sole complementing activity on the original 

complementing fragment, we analysed peroxisome degradation in a constructed H. 

polymorpha vps4 strain. Like in WT control cells AO levels gradually decreased upon a shift 

from methanol to glucose media (Fig. 4), indicating that peroxisome degradation is not 

significantly affected in vps4. 

In S. cerevisiae vps4 mutants the vacuolar enzyme carboxypeptidase Y (CPY) is mistargeted 

and secreted into the growth medium [17]. We observed that in the H. polymorpha vps4 

strain CPY is secreted as well. As expected, CPY protein was not found in media of WT and 

pdd2-4 cultures (Fig. 5). 

 
 Fig. 5. Western blot analysis of the presence of CPY protein in media 

of WT, pdd2-4 and vps4 cultures. Two protein bands were detected in the 

medium of the vps4 culture, grown for 24 h on YPD media. These bands 

most likely represent the pro- (PrCPY) and mature (mCPY) forms of CPY. 

In growth media of WT or pdd2-4 cells these bands were absent. 

 

 

Discussion 

Here, we describe the isolation of the gene that functionally complements H. polymorpha 

pdd2-4 cells. H. polymorpha pdd2-4 has been described to be defective in selective 

peroxisome degradation [1], but not in N-starvation induced general autophagy [18]. The 

initial complementing DNA fragment contained two ORFs that showed homology to yeast 

VPS4 and TUP1 and were designated HpVPS4 and HpTUP1.  

Complementation analysis revealed that the defect in selective peroxisome degradation in H. 

polymorpha pdd2-4 was solely due to a mutation in the HpTUP1 gene. In S. cerevisiae, 

Tup1p is involved in repression of transcription of several sets of genes. These vary from 

genes involved in glucose repression, mating-type regulated genes, osmostress-inducible 

genes to sporulation-related genes [4]. Also in Candida albicans TUP1 is important for the 

regulation of a variety of genes, including those involved in bud-hypha transition and 

virulence [5]. In the pathogenic fungus Penicillium marneffei the Tup1p homologue TupA 

coordinates cell fate by promoting filamentation and repressing both spore en yeast 
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morphogenetic programmes [6]. Apparently, Tup1 proteins function in regulating switches 

from one state to another (e.g. glucose induction/repression, mating type a/α, 

yeast/filamentous growth). 

Tup1p is shown to be recruited to specific sets of promoters through interaction with specific 

DNA-binding proteins for each functionally related set of genes. It has been suggested that 

Tup1 mediates repression by interfering with chromatin structure [19] and interaction with 

the basal transcription machinery [20]. 

How HpTup1p exactly functions in selective peroxisome degradation is still speculative. 

Most likely HpTup1p is directly involved in repression of specific genes, which allows 

selective peroxisome degradation to proceed. Hence, selective peroxisome degradation can be 

added to the list of cellular processes that are controlled via Tup1 proteins. The alternative 

explanation, namely that the block in selective peroxisome degradation in H. polymorpha 

tup1 cells is solely an indirect effect due to a defect in glucose repression is unlikely. Firstly, 

the H. polymorpha pdd2-4 mutant is also unable to degrade peroxisomes upon induction of 

peroxisome degradation by ethanol [1]. Secondly, a H. polymorpha regulatory mutant has 

been described that is blocked in glucose repression, but is still capable to degrade 

peroxisomes [21]. Hence, peroxisome degradation can occur without functional glucose 

repression. Future DNA-array studies in which mRNA levels in H. polymorpha WT cells are 

compared to tup1 cells during induction of peroxisome degradation may elucidate which 

genes are repressed by HpTup1p. 

We also cloned the HpVSP4 gene and showed that this gene is involved in vacuolar protein 

sorting, as indicated by the missorting of the vacuolar protein CPY in a constructed H. 

polymorpha vps4 strain. This gene is not required for selective peroxisome degradation in H. 

polymorpha. Vps4p proteins are AAA-type ATPases and act in a common step required for 

transport of various proteins out of an endosomal compartment. Most likely vacuolar proteins 

like CPY are transported from the Golgi to this compartment, prior to trafficking to the 

vacuole. It has been shown that in the absence of Vps4p vacuolar, endocytic and Golgi 

markers accumulate in this compartment, which in S. cerevisiae vps4 cells form aberrant 

multilamelar structures (designated the class E-compartment) [17]. Here we show that 

HpVps4p is not involved in selective peroxisome degradation, suggesting that the endosome 

may not play an important role in selective degradation of peroxisomes. 
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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]. 
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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.  

 



Chapter 4 

 66

 
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 



The PDD15 gene 

 73

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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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.  

 

 

 

 

 



Chapter 5 

 78 

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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Summary 

Living organisms are constituted by either one of two types of cells (smallest unit of self-

reproducible life): prokaryotes and eukaryotes. Prokaryotic cells (bacteria), usually 

considered more primitive, are basically composed of a protective envelope and a membrane 

(“thin layer of lipids”) that surround their cytoplasm (cellular space), which contains 

metabolites and their proteinaceous and genetic material. Eukaryotic cells have a more 

complex structure, because besides the membranes that surround them, these cells have 

additional membranes that enclose specific compartments in the cytoplasm called organelles 

(“small organs”). Examples of organelles are: nucleus, mitochondrion, vacuole, 

endoplasmatic reticulum and peroxisome. 

Each one of these organelles has one -or sometimes more- specific function(s). For example, 

the nucleus acts as the storage compartment for most of the cell’s genetic material, while the 

mitochondria are the main place of energy generation (“gas station”). 

Among the organelles, peroxisomes draw attention due to their strong functional versatility. 

Despite the fact that their shape is very simple, the function of peroxisomes varies depending 

on the organism in which they occur, as well as on the growth stage of the cells or their 

environmental conditions. In fact, while peroxisomes of the human liver cells burn specific 

kinds of fat, peroxisomes of the filamentous fungus Penicillium chysogenum are responsible 

for the production of the antibiotic penicillin. This versatility is due to the fact that 

peroxisomes in different cell types contain totally different sets of enzymes. Actually, we 

could say that the only common characteristic of peroxisomes is the ability to carry out 

oxidative reactions coupled to the production of harmful reactive oxygen species as 

byproducts (eg. hydrogen peroxide), which are, however, subsequently decomposed still 

inside the peroxisome. Nevertheless, the process of peroxisome formation (peroxisome 

biogenesis) is evolutionary conserved, meaning that despite the differences in their function, 

peroxisomes of different organisms contain very similar proteins in their membranes and are 

therefore, structurally similar. 

The importance of the role of peroxisomes in human cells is best illustrated by the existence 

of several inherited human diseases that are due to a defect in the structure/composition of 

these organelles. These diseases, so far, cannot be cured and, in their extreme forms, result in 

the patients’ death during the first months or years of their lives. 

Yeast species are small unicellular organisms, some of which are only slightly larger in size 

than normal bacteria. Strains of the genus Saccharomyces have been used for millenniums to 

make bread and wine. Yeast, as eukaryotes, resemble in many aspects and function similar to 
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higher evolved multi-cellular organisms like animals and plants. Because of this, the study of 

many biological processes in yeast contributes, in general, to our comprehension of these 

processes in higher organisms, even in man. 

For the study of these small organisms in laboratories, billions of identical cells are grown at 

the same time, in solutions called growth media or on the top of a dish, which contains solid 

growth medium (due to the addition of agar, a substance with properties similar to gelatin). 

The composition of the growth medium is manipulated according to the aims of the scientist, 

but in general it is constituted by compounds needed for the cell growth, including: carbon 

source (glucose or another sugar, or alcohol like ethanol and methanol), nitrogen source, 

minerals and vitamins. 

H. polymorpha is a yeast species that can be found in nature on decaying plant material (e.g. 

spoiled orange juice) and soil. During the growth of cells in medium containing glucose only 

one peroxisome is observed in each cell. However, when cells of this yeast grow on medium 

containing solely methanol as carbon source, the peroxisome multiplies so that at after 15-17 

hours, numerous large peroxisomes can be observed in the cells (see scheme: figure 1A from 

chapter 1). During these growth conditions the H. polymorpha peroxisomes contain enzymes 

important for the utilization of this carbon source by the cells. Interestingly, when H. 

polymorpha cells grown on methanol are transferred to medium containing glucose, the 

production of these peroxisomes is aborted and the existing ones are destroyed by a very 

selective process. Firstly, membranes wrap around each peroxisomes sequentially to separate 

them from the cytosol (aqueous solution in which the cell organelles are dispersed), a process 

designated sequestration, and subsequently, the sequestered peroxisome fuses to another 

organelle called vacuole. The vacuole contains enzymes that are able to break down proteins 

and lipids and consequently, the peroxisome is degraded in the interior of the vacuole. In this 

way, simple molecules resulting from the destruction of the peroxisome can be re-utilized by 

the cell. In this view the vacuole can be considered a cellular “trash recycling unit”. 

In the present study, H. polymorpha was used as model organism in peroxisome research. 

The main goal of this research was to find out the principles that govern the process of 

selective peroxisome degradation (also called macropexophagy) in H. polymorpha. As in H. 

polymorpha the peroxisomes induced by growth on methanol are relatively very large, the 

morphological and biochemical alterations that result from peroxisome degradation are very 

pronounced. Therefore, these alterations can then be easily monitored using specific types of 

microscopy and by quantification of the remaining amounts of a peroxisomal enzyme called 

alcohol oxidase (AO) few hours after the transfer of cells to medium containing glucose. 
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In order to carry out this research it was necessary to intervene in the H. polymorpha cells at 

the level of the genetic material, the DNA. The genes of a cell dictate how proteins should be 

produced. The proteins determine the structure and the behavior of the cells. One way to 

understand how cells perform a biological process is to isolate and characterize the genes 

essential for this process. First, it is necessary to create mutants. Mutants are cells that were 

subject to a type of treatment (chemical or other) that causes alterations in the DNA. In this 

way, genes suffer random perturbations (or mutations) and as a consequence produce 

dysfunctional proteins or, eventually, no protein at all. Next, using specific assays, it is 

possible to select the cells that have mutations only in genes important for the process under 

study and to identify the affected gene. When the structure of the gene becomes known, it is 

possible, through DNA manipulating techniques, to modify the structure of a gene or even to 

delete it from the genome (pool of genes of an organism) of the yeast. By comparing the 

behavior of normal cells (or wild type) to the behavior of the mutant, or preferably of the 

strain deleted for the gene, it is possible to obtain information on the role that the 

mutated/deleted gene normally plays in the cell. 

In the introduction of this thesis (chapter 1) a review on the current knowledge of peroxisome 

degradation processes in H. polymorpha is presented.  

In chapter 2 of this thesis we report the identification of the H. polymorpha MPP1 

(methylotrophic peroxisomal protein regulator) gene. H. polymorpha cells in which the 

MPP1 gene was deleted from the genome can not grow in media containing methanol as sole 

carbon source (a behavior called Mut-, from methanol non-utilizing). Using different 

techniques, we found that the MPP1 gene produces a protein responsible for the activation of 

many genes that are necessary for the development of peroxisomes that are normally induced 

by the methanol. Curiously, when the strain containing the deletion of the MPP1 gene 

(∆mpp1 cells) grows in media containing methanol and glycerol (an extra carbon source to 

support growth of mut- cells), only one peroxisome is observed per cell, while in wild type 

control cells, grown under the same conditions, many peroxisomes are observed. This 

characteristic of ∆mpp1 cells prompted us to test the already earlier developed hypothesis that 

(at least) one peroxisome of H. polymorpha is not susceptible to degradation when the cells 

are transferred from media containing methanol to media containing glucose. We observed 

that, when ∆mpp1 cells grown on media containing methanol and glycerol were shifted to 

glucose, the single peroxisomes present in these cells indeed were not affected and stayed 

intact. Experiments using wild type cells confirmed these results. Wild type cells were grown 
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for only 6 hours in media containing methanol. During this short period, the cells do not have 

time to multiply their peroxisomes and therefore, resemble ∆mpp1 cells in that only one 

peroxisome is observed in the vast majority of cells. Also in this case degradation of the 

single peroxisomes was not observed after the cells were shifted to glucose-containing 

medium. The mechanism that allows at least one peroxisome to be preserved is still 

unknown. Our current hypothesis to explain this is included in figure 3 of chapter 1 of this 

thesis. On the other hand, the physiological importance of this phenomenon is immediately 

recognized as it allows the cells to rapidly proliferate their peroxisomes in response to new 

environments that require new peroxisomal functions.  

H. polymorpha mutants that have lost the ability to degrade peroxisomes are called pdd (an 

acronym for peroxisome degradation-deficient) cells. In chapters 3 and 4 of this thesis the 

identification of genes affected in mutants pdd2 and pdd15 is reported. 

In the strain deleted for the PDD2 gene occasionally sequestered peroxisomes were observed, 

however the sequestered organelles were not able to fuse with the vacuole. The PDD2 gene is 

very similar to a gene of Saccharomyces cerevisiae (“baker’s yeast”) called TUP1. In S. 

cerevisiae the Tup1 protein localizes to the nucleus of the cell, where it functions in 

preventing a large variety of genes to produce their respective proteins. Nevertheless, at this 

moment the function of PDD2 gene product in peroxisome degradation is only speculative. 

The ∆pdd15 cells are only able to initiate the sequestration of the peroxisomes. Completely 

sequestered organelles were not observed. The Pdd15 protein shows similarity to three 

proteins of S. cerevisiae: Aut10p, Mai1p and Ygr223cp. Interestingly, Aut10p was reported 

to be essential for two transport routes to the vacuole, namely autophagy and cytoplasm-to-

vacuole targeting (Cvt) pathway while Mai1p is essential only for the Cvt pathway and no 

role has been assigned to Ygr223cp yet. 

Autophagy is a process that can be induced in various eukaryotic cells by limitation of the 

nitrogen compound from the environment. In mammalian and baker’s yeast cells autophagy 

takes place through a morphological process designated macroautophagy. When S. cerevisiae 

cells are transferred to growth medium lacking a nitrogen source, membranes wrap portions 

of the cytoplasm forming a specific kind of vesicles (autophagosomes) that can include 

various organelles and cytosol. Next, the autophagosomes fuse to the vacuole and are 

subsequently degraded together with their content. In this way the cell recycles dispensable 

cellular components during periods of nitrogen starvation.  
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The Cvt pathway is a process described for S. cerevisiae cells in which specific cargoes, two 

vacuolar enzymes called aminopeptidase 1 and alpha-mannosidase 1 (Ape1 and Ams1, 

respectively), are delivered to the vacuole where they function in hydrolysing molecules. 

Ape1 and Ams1 proteins are incorporated into vesicles called Cvt-vesicles. Subsequently the 

Cvt-vesicles fuse with the vacuole. The Cvt pathway is actually a process involved in the 

biogenesis of the vacuole, therefore quite different -in fact opposite to- autophagy and 

macropexophagy, which are degradative processes. Moreover, the Cvt pathway is not 

inducible but it happens constitutively (“all the time”) during growth of the cells under 

nutrient-rich conditions.  

Although the H. polymorpha Pdd15 protein seems to be more similar to Mai1p than to 

Aut10p, our results showed that the function of Pdd15p is also essential for degradation of 

peroxisomes upon induction of autophagy.  However, autophagy in H. polymorpha happens 

in a different morphological way than macropexophagy or macroautophagy. In contrast to 

these two processes, the uptake of cytosol and organelles in H. polymorpha cells starved for 

nitrogen happens directly through engulfment of portions of the cytoplasm by the vacuolar 

membrane (see figure 2 of chapter 1). Sequestering membranes or autophagosomes are not 

observed. This mode of autophagy is called microautophagy.  

The Pdd15 protein was localized at the vacuole and in the cytosol. The results described in 

chapter 4 corroborate to the conclusion that macropexophagy, Cvt pathway, macroautophagy 

and also microautophagy are related processes since they depend on the function of the same 

proteins. How these proteins are shared between processes that are so different in goals, 

induction factor and selectivity is unknown. 

Recently, others in our group observed that selective peroxisome degradation and peroxisome 

biogenesis also share elements. Therefore, we sought to isolate novel mutants that were 

affected in these two oppositely directed processes (chapter 5). Selecting for cells with Mut- 

and Pdd characteristics we found two mutants that were both affected in the same gene, 

namely DAK. This was quite surprising since the DAK protein is known to be an enzyme 

(dihydroxyacetone kinase), essential for the methanol assimilation, i.e., the formation of 

larger carbon-based structures (e.g. sugars and amino-acids) generated from methanol. 

Detailed analysis of the two dak mutants made clear that when grown on glycerol/methanol 

they display an aberrant peroxisome development pattern: only one very large peroxisome, 

eventually accompanied by a few very small ones. Another bizarre characteristic of the dak 

mutants is that during prolonged growth on medium containing glycerol and methanol, the 

peroxisomal enzymes (AO and others) were not anymore solely present inside the 
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peroxisomes but also in the cytosol. How the biochemical unbalance derived from the defect 

in methanol assimilation leads to all these peroxisomal disfunctions is topic for further 

research. Nevertheless, we were able to determine that the peroxisome degradation-deficient 

characteristic of the dak strains suggested by our initial assays were most likely a side effect 

of both peroxisomal disfunctions. As explained before, our assays for the selection of pdd 

mutants are based on the quantification of the remaining amounts of the peroxisomal enzyme 

AO a few hours after the induction of macropexophagy. However, the “last” 

(macropexophagy-resistant) peroxisomes of H. polymorpha wild type cells (remember 

chapter 2!) are often smaller than the “last” (macropexophagy-resistant) peroxisomes of the 

dak strains. Therefore, probably many of the “last” peroxisomes of dak cells contain higher 

residual amounts of AO than the “last” peroxisomes of wild type cells. Moreover, the 

degradation of the AO upon induction of macropexophagy is dependent on its localization 

inside the peroxisomes (data already known from the literature). Hence, both the peroxisome 

proliferation defect and the mislocalization of AO to the cytosol possibly contributed to the 

initially observed relatively high AO levels after the shift of the dak cells to peroxisome 

degradation conditions. In spite of that, the peroxisome degradation “machinery” of the dak 

strains seems to function normally since, using microscopy, we observed that peroxisomes of 

these cells do fuse with the vacuoles upon induction of macropexophagy. 
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Samenvatting 

Levende organismen zijn opgebouwd uit één van twee typen cellen (kleinste eenheid van 

reproduceerbaar leven), namelijk prokaryote cellen danwel eukaryote cellen. Prokaryote 

cellen (bacteria), die gewoonlijk als primitiever worden beschouwd, zijn opgebouwd uit een 

beschermende buitenlaag en een membraan (“dunne lipidelaag”) die het cytoplasma 

omgeven, dat metabolieten, eiwitten en genetisch materiaal bevat. Eukaryote cellen bezitten 

een complexere structuur, omdat deze afgezien van de buitenmembraan, additionele 

membranen hebben, die specifieke compartimenten met de naam organellen (“kleine 

organen”) kunnen vormen. Voorbeelden van organellen zijn: kern, mitochondrion, vacuole, 

endoplasmatisch reticulum en peroxisoom. 

Elk van deze organellen heeft één - of soms- verscheidene specifieke functies. De kern 

bijvoorbeeld, fungeert als de opslagplaats voor het merendeel van het genetisch materiaal van 

de cel, terwijl de mitochondriën fungeren als de voornaamste plek voor de generatie van 

energie (“tankstation”).  

Binnen de groep organellen trekken peroxisomen speciaal de aandacht door hun grote 

veelzijdigheid. Ondanks hun simpele vorm varieert de functie van de peroxisomen al naar 

gelang in welk organisme ze voorkomen, het groeistadium van de cel of de omgeving waarin 

de cel verkeert. Zo verzorgen peroxisomen in mensen de verbranding van bepaalde soorten 

vetzuren, terwijl ze in de filamenteuze schimmel Penicillium chysogenum verantwoordelijk 

zijn voor de laatste stap in de productie van het antibioticum penicilline. Deze functionele 

variëteit is gerelateerd aan het feit dat peroxisomen in verschillende typen cellen volkomen 

andere groepen enzymen bevatten. In feite valt te beweren dat de enige gemeenschappelijke 

eigenschap van peroxisomen hieruit bestaat dat ze de mogelijkheid hebben om oxidatieve 

reacties uit te voeren gekoppeld aan de productie van schadelijke reactieve zuurstof 

verbindingen als nevenproduct (bijvoorbeeld waterstofperoxide), die echter vervolgens 

worden gemetaboliseerd in het organel Het proces van de vorming van peroxisomen 

(peroxisoom biogenese) is evolutionair bewaard, wat betekent dat bij de vorming van 

peroxisomen in verschillende organismen eiwitten betrokken zijn die zeer veel op elkaar 

lijken. 

Het belang van de rol van peroxisomen in de mens wordt het best geïllustreerd door het 

bestaan van verscheidene erfelijke ziekten die te wijten zijn aan een defect in de structuur of 

samenstelling van deze organellen. Tot dusverre zijn deze ziekten niet te genezen en in hun 

meest extreme vorm resulteren ze in de dood van de patiënt in zijn eerste levensmaanden of -

jaren. 
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Gisten zijn kleine ééncellige organismen, die gewoonlijk iets groter zijn dan bacteriën. Gisten 

van het geslacht Saccharomyces worden reeds millennia gebruikt om brood en wijn te 

produceren. Als eukaryoten, lijken gisten in vele aspecten en functies op cellen van hoger 

geëvolueerde meercellige organismen zoals dieren en planten. Daarom draagt de studie van 

veel biologische processen in gisten bij aan het begrip van dezelfde processen in hogere 

organismen, zelfs in de mens. 

Voor het bestuderen van deze kleine organismen in laboratoria worden miljarden identieke 

cellen gelijktijdig gekweekt in oplossingen genaamd groeimedia of op een schaaltje dat vast 

groei medium bevat (als gevolg van de toevoeging van agar, een substantie met 

eigenschappen zoals die van gelatine). De samenstelling van het groeimedium hangt af van 

de vraagstelling van de wetenschapper, maar bevat in het algemeen de stoffen, die nodig zijn 

voor celgroei zoals: koolstofbron (glucose of een andere suiker, of een alcohol zoals ethanol 

en methanol), een stikstofbron, mineralen en vitaminen. 

Hansenula polymorpha is een gistsoort die in de natuur gevonden kan worden in rottend 

plantenmateriaal (bijvoorbeeld gistend sinaasappelsap) en in de bodem. Gedurende de groei 

van cellen in medium dat glucose bevat, wordt er slechts één peroxisoom per cel 

aangetroffen. Echter, als cellen van deze gistsoort groeien in medium dat als koolstofbron 

alleen methanol bevat, vermenigvuldigt het peroxisoom zich zodat er na 15 tot 17 uur talrijke 

relatief grote peroxisomen in de cel worden aangetroffen (zie schema: figuur 1A hoofdstuk 

1). Onder deze groeicondities bevatten de peroxisomen van H. polymorpha enzymen, die 

essentieel zijn voor het gebruik van de koolstofbron methanol door de cellen. Interessant 

genoeg houdt de productie van deze organellen op als de cellen worden overgebracht op een 

vers glucose-bevattend medium en worden de bestaande peroxisomen vernietigd via een zeer 

selectief proces. Eerst vouwen membranen om afzonderlijke  peroxisomen waarbij ze 

afgescheiden worden van het cytosol (de waterige oplossing waarin de organellen 

ronddrijven), een proces dat sequestratie wordt genoemd, waarna de gesequestreerde 

peroxisomen fuseren met een ander organel, de vacuole. De vacuole bevat enzymen die in 

staat zijn om eiwitten en lipiden af te breken en dit heeft de afbraak van het peroxisoom in de 

vacuole tot gevolg. Op deze manier kunnen eenvoudige moleculen die ontstaan door de 

afbraak van het peroxisoom hergebruikt worden door de cel. In dit opzicht kan de vacuole 

gezien worden als een cellulaire “afval recycle eenheid”. 

In dit onderzoek is H. polymorpha gebruikt als een model organisme voor de bestudering van 

peroxisomen. Het voornaamste doel in dit onderzoek was het bepalen van belangrijke 

factoren die het proces van selectieve peroxisoom afbraak (ook: macropexofagie) bepalen in 
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H. polymorpha. Omdat de peroxisomen die worden geïnduceerd door groei van H. 

polymorpha op methanol relatief behoorlijk groot zijn, zijn de morfologische en 

biochemische veranderingen als resultaat van peroxisoom afbraak zeer uitgesproken. 

Hierdoor kunnen deze veranderingen gemakkelijk gevolgd worden met behulp van 

microscopische technieken en door het kwantificeren van de overgebleven hoeveelheden van 

een peroxisomaal enzym genaamd alcohol oxidase (AO) enkele uren na het overbrengen van 

de cellen naar een medium dat glucose bevat. 

Om dit onderzoek uit te kunnen voeren was het noodzakelijk om in te grijpen in de cellen van 

H. polymorpha op het niveau van het genetisch materiaal, het DNA. De genen van een cel 

dicteren hoe eiwitten worden geproduceerd. De eiwitten bepalen de structuur en het gedrag 

van de cellen. Een manier om te begrijpen hoe een cel een biologisch proces uitvoert is de 

isolatie en karakterisering van genen, die essentieel zijn voor dit proces. Ten eerste is het 

noodzakelijk om mutanten te creëren. Mutanten zijn cellen die chemisch of op andere wijze 

zo behandeld zijn dat hun DNA is veranderd. Op deze manier ondergaan genen willekeurig 

veranderingen (of mutaties) met als gevolg de productie van dysfunctionele eiwitten. 

Vervolgens kunnen door het gebruik van specifieke testen cellen worden geselecteerd die 

mutaties hebben in genen die belangrijk zijn voor het biologisch proces dat onderwerp is van 

studie en kan het gen worden geïdentificeerd. Als het gen bekend is geworden, is het 

mogelijk om met behulp van DNA manipulatie technieken ofwel het gen te veranderen ofwel 

zelfs het gen uit het genoom (totale groep van genen van een organisme) van de gist te 

verwijderen. Door het gedrag van normale cellen (wild-type) te vergelijken met dat van de 

mutant, bij voorkeur van een stam zonder het betreffende gen, is het mogelijk om de rol te 

bepalen die het gen speelt in de cel. 

In de inleiding van dit proefschrift (hoofdstuk 1) wordt een overzicht van de huidige kennis 

van peroxisoom afbraakprocessen in H. polymorpha gepresenteerd. 

In hoofdstuk 2 van dit proefschrift hebben we de identificatie van het H. polymorpha MPP1 

(methylotrofe peroxisomale proteïne regulator) gen beschreven. H. polymorpha cellen 

waaruit het MPP1 gen verwijderd is kunnen niet groeien in media die methanol als enige 

koolstofbron bevatten (een eigenschap bekend als Mut-; methanol niet-utiliserend). Met 

behulp van andere technieken is vastgesteld dat het MPP1 gen voor een eiwit codeert, dat 

vele genen activeert die normaliter noodzakelijk zijn voor de ontwikkeling van peroxisomen 

tijdens groei in media met methanol. Als de giststam zonder het MPP1 gen (stam ∆mpp1) 

groeit in media die methanol en glycerol (een extra koolstofbron om groei van mut- cellen 
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mogelijk te maken) bevatten, wordt vreemd genoeg slechts één peroxisoom gevonden in elke 

cel. In wild-type cellen daarentegen, die onder dezelfde omstandigheden groeien, worden 

meerdere peroxisomen gevonden. Deze eigenschap van ∆mpp1 cellen noopte ons de reeds 

eerder ontwikkelde hypothese te onderzoeken, dat (ten minste) één peroxisoom van H. 

polymorpha niet gevoelig is voor afbraak als de cellen worden overgebracht van media met 

methanol naar media met glucose. Inderdaad werd gevonden dat wanneer ∆mpp1 cellen 

werden overgebracht van media met methanol en glycerol naar media met glucose, het ene 

peroxisoom per cel niet wordt afgebroken maar intact blijft. Experimenten met wild-type 

cellen bevestigden deze resultaten. Wild-type cellen werden slechts gedurende 6 uur 

gekweekt in media met methanol. Gedurende deze korte periode is het voor deze cellen 

onmogelijk om hun peroxisomen te vermenigvuldigen, zodat ze lijken op ∆mpp1 cellen wat 

betreft de aanwezigheid van slechts één peroxisoom in de meerderheid van de cellen. Ook in 

dit geval werd degradatie van deze peroxisomen niet waargenomen wanneer de wild-type 

cellen werden overgebracht van media met methanol naar media met glucose. Het 

mechanisme dat ervoor zorgt dat er ten minste één peroxisoom per cel behouden blijft is nog 

steeds onbekend. Onze huidige veronderstelling hierover wordt geïllustreerd in figuur 3 van 

hoofdstuk 1 van dit proefschrift. Het fysiologische belang van dit fenomeen kan onmiddellijk 

worden onderkend, omdat het de cellen in staat stelt snel peroxisomen te prolifereren tijdens 

nieuwe omstandigheden in het groeimilieu, die nieuwe peroxisomale functies verlangen. 

H. polymorpha mutanten die de mogelijkheid om peroxisomen af te breken ontberen, worden 

pdd (een acroniem voor peroxisome degradation deficient) cellen genoemd. In hoofdstuk 3 en 

4 van dit proefschrift wordt de identificatie van de genen in de mutanten pdd2 en pdd15 

beschreven. In de stam waarin het PDD2 gen ontbrak werden gesequestreerde peroxisomen 

ontdekt, die echter niet in staat waren om met de vacuole te fuseren. Het PDD2 gen lijkt op 

een gen uit S. cerevisiae ("bakkersgist") met de naam TUP1. In S. cerevisiae is het Tup1 

eiwit in de kern gelokaliseerd, waar het verantwoordelijk is voor de inactivatie van een grote 

variëteit aan genen. Niettegenstaande is op dit moment de functie van het PDD2 gen in de 

afbraak van peroxisomen slechts speculatief. 

∆pdd15 cellen zijn alleen in staat om de sequestratie van peroxisomen te initiëren. Compleet 

afgesnoerde organellen werden niet waargenomen. Het Pdd15 eiwit vertoont gelijkenis met 

drie eiwitten uit S. cerevisiae, namelijk Aut10p, Mai1p, Ygr223cp. Interessant genoeg is over 

Aut10p gerapporteerd dat het essentieel is voor twee transport routes naar de vacuole te 

weten autofagie en cytoplasma-naar-vacuole transport (Cvt) route, terwijl Mai1p alleen 
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verantwoordelijk is voor de Cvt route en er nog geen rol is gevonden voor Ygr223cp. 

Autofagie is een proces dat in eukaryote cellen geïnduceerd wordt door een tekort aan stikstof 

in het groeimedium. In zoogdier- en bakkersgistcellen vindt autofagie plaats via een 

morfologisch proces met de term macroautofagie. Als S. cerevisiae cellen worden 

overgebracht naar media zonder stikstofbron, snoeren membranen bepaalde gedeeltes van het 

cytoplasma af en worden blaasjes gevormd (autofagosomen), die verschillende organellen en 

delen van het cytosol kunnen bevatten. Vervolgens fuseren de autofagosomen met de vacuole 

en wordt hun inhoud afgebroken, zodat de cel cellulaire componenten kan hergebruiken bij 

gebrek aan stikstof. 

De Cvt route is een proces dat voor het eerst is beschreven in S. cerevisiae, waarin specifieke 

enzymen, aminopeptidase 1 en alpha-mannosidase 1 (respectievelijk, Ape1 en Ams1), naar 

de vacuole worden getransporteerd, waar deze functioneren in de afbraak van moleculen. De 

Ape1 en Ams1 eiwitten worden opgenomen in blaasjes met de naam Cvt-blaasjes. 

Vervolgens fuseren deze Cvt-vesicles met de vacuole. De Cvt route is een route die leidt tot 

de opbouw van de vacuole en verschilt dus van autofagie en macropexofagie, die beide 

afbraak processen zijn. Verder is de Cvt route niet induceerbaar, maar vindt constitutief (“de 

hele tijd”) plaats. 

Hoewel het H. polymorpha Pdd15 eiwit meer gelijkenis vertoont met Mai1p dan Aut10p, 

toonden onze resultaten aan dat de functie van Pdd15p ook noodzakelijk is voor de afbraak 

van peroxisomen via autofagie. De morfologische kenmerken van autofagie verschillen 

enigszins van die van macropexofagie. In tegenstelling tot dit laatste proces, worden bij 

autofagie in H. polymorpha delen van het cytoplasma (dus cytosol en organellen) afgesnoerd 

door uitstulpingen van de vacuole (zie figuur 2 hoofdstuk 1). Membranen die zich afsnoeren 

tot autofagosomen werden niet waargenomen. Deze wijze van autofagie wordt 

microautofagie genoemd. 

Het Pdd15 eiwit was gelokaliseerd in de directe nabijheid van de vacuole en in het cytosol. 

De resultaten die worden beschreven in hoofdstuk 4 dragen bij aan de conclusie dat 

macropexofagie, de Cvt route, macroautofagie en ook microautofagie verwante processen 

zijn, omdat deze afhankelijk zijn van dezelfde eiwitten. De manier waarop de eiwitten 

functioneren in deze processen, die zodanig verschillen qua doel, inductie factor en 

selectiviteit, is nog niet bekend. 

Onlangs werd door leden binnen onze groep gevonden dat selectieve peroxisoom afbraak en 

peroxisoom biogenese gemeenschappelijke elementen hebben. Om deze reden wilden we 

nieuwe mutanten isoleren welke aangetast zijn in deze tegenovergestelde processen 
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(hoofdstuk 5). Door cellen te selecteren met Mut- en Pdd eigenschappen, vonden we twee 

mutanten die beide gestoord waren in hetzelfde gen, namelijk DAK. Dit was nogal verrassend 

omdat het DAK eiwit bekend staat als een enzym (dihydroxyaceton kinase), dat essentieel is 

in methanol assimilatie. Via een gedetailleerde analyse van de twee dak mutanten werd 

duidelijk dat ze een afwijkende peroxisoom ontwikkeling vertoonden bij groei op 

glycerol/methanol: de cellen bevatten slechts één relatief groot peroxisoom, soms 

samengaand met een paar kleine. Een andere bijzondere eigenschap van deze dak mutanten 

was dat de peroxisomale enzymen (o.a. AO) normaal in peroxisomen, maar tevens in het 

cytosol gevonden werden. Hoe een defect in de methanol assimilatie route tot deze 

peroxisomale afwijking leidt is onderwerp voor vervolgonderzoek. Echter, zeer 

waarschijnlijk is de deficiëntie in peroxisoom afbraak een secundair effect veroorzaakt door 

het defect in peroxisoom vorming. Zoals eerder beschreven was onze selectie van pdd 

mutanten gebaseerd op resterende specifieke AO activiteit na inductie van macropexofagie. 

Het defect in peroxisoomproliferatie heeft waarschijnlijk bijgedragen aan de resterende 

relatief hoge AO hoeveelheden in dak cellen. Immers, in cellen die maar één peroxisoom 

bevatten treedt afbraak niet op (zie hoofdstuk 2). Derhalve lijkt de selectieve peroxisoom 

afbraak machinerie in dak cellen normaal te functioneren.  
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Sumário 

Os seres vivos são constituídos por um dos dois seguintes tipos de células (menor unidade 

auto-reprodutora de vida): procarióticas ou eucarióticas. As células procarióticas (bactérias), 

geralmente consideradas mais primitivas, são formadas basicamente por um envelope 

protetor e por uma membrana (“fina capa de lipídios”) que delimitam o citoplasma (espaço 

celular), o qual contém o material genético e protéico dessas células, além de vários 

metabólitos. Já as células eucarióticas possuem uma estrutura mais complexa, pois além das 

membranas que as envolvem, estas células possuem membranas adicionais, que delimitam 

compartimentos específicos no citoplasma chamados organelas (pequenos órgãos). São 

exemplos de organelas: núcleo, mitocôndria, vacúolo, retículo endoplasmático e 

peroxissomo.  

Cada uma dessas organelas desempenha uma função - ou as vezes funções - específica(s). Por 

exemplo, o núcleo é o compartimento armazenador da maior parte do material genético da 

célula, enquanto as mitocôndrias constituem o principal sítio de geração de energia (“posto de 

gasolina”). 

Dentre as organelas, os peroxissomos destacam-se pela sua versatilidade. Apesar da forma 

dos peroxissomos ser muito simples, eles desempenham funções que variam de organismo 

para organismo e que dependem da fase de crescimento ou das condições do ambiente. De 

fato, enquanto os peroxissomos das células do fígado humano se ocupam em queimar certos 

tipos de gorduras, peroxissomos das células do fungo filamentoso Penicillium crysogenum 

realizam reações bioquímicas responsáveis pela produção do antibiótico penicilina. Esta 

versatilidade se deve ao fato de cada tipo de célula conter peroxissomos “recheados” com 

enzimas totalmente diferentes. Na realidade podemos dizer que a única característica comum 

dos peroxissomos é a habilidade de realizar reações oxidativas que produzem perigosos 

produtos intermediários chamados coletivamente “espécies reativas de oxigênio” (ex.:água 

oxigenada), que são, entretanto, subseqüentemente decompostos ainda dentro dos 

peroxissomos. Porém, o processo de formação dos peroxissomos (a biogênese dos 

peroxissomos) é evolutivamente conservado, significando que apesar da variedade das suas 

funções, peroxissomos de diferentes organismos possuem em suas membranas proteínas 

muito semelhantes e são, portanto, estruturalmente parecidos.   

A importância do papel dos peroxisomos nas células humanas é ilustrada pela existência de 

várias doenças hereditárias que tem como causa um defeito na estrutura/composição desta 

organela. Essas doenças não têm cura até o momento e resultam, nas suas formas mais 

severas, em morte dos pacientes nos primeiros meses ou anos de suas vida. 
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Leveduras são pequenos organismos unicelulares apenas um pouco maior que bactérias. 

Espécies de levedura do gênero Saccharomyces são utilizadas pela humanidade a milênios 

para a fabricação de pães e vinhos. Devido ao fato de leveduras serem células eucarióticas, 

em vários aspectos elas se parecem e funcionam de forma similar às células de organismos 

multicelulares que ocupam uma posição mais alta na escala evolutiva, como animais e 

plantas. Por isso o estudo de vários processos biológicos em leveduras contribui, em geral, 

para a compreensão desses processos em organismos mais complexos, até mesmo em 

humanos.  

Para o estudo desses pequenos organismos em laboratório, bilhões de células idênticas são 

crescidas ao mesmo tempo em soluções chamadas meio-de-cultura ou sobre uma placa 

contendo um meio-de-cultura sólido (devido à adição de ágar, uma substância com 

propriedades similares à gelatina). A composição do meio-de-cultura é variada de acordo 

com o objetivo do cientista, mas em geral ele é constituído de compostos necessários para o 

crescimento das células, incluindo-se: fonte de carbono (glicose ou outros açúcares, ou 

álcools como o etanol e metanol), fonte de nitrogênio, minerais e vitaminas.  

H. polymorpha é uma espécie de levedura que pode ser encontrada na natureza em material 

vegetal em decomposição (ex: suco de laranja estragado) e no solo. Durante o crescimento 

das células em meio contendo glicose apenas um peroxissomo é observado em cada célula. 

Entretanto, quando células desta levedura crescem em meio-de-cultura contendo apenas 

metanol como fonte de carbono, os peroxissomos se multiplicam, de forma que ao final de 

15-17 horas, numerosos e grandes peroxissomos podem ser observados nas células (ver 

esquema: figura 1A do capítulo 1). Nessas condições os peroxissomos da H. polymorpha 

contêm enzimas importantes para proporcionar a utilização desta fonte de carbono pelas 

células. Interessantemente, quando as células de H. polymorpha que foram crescidas em 

metanol são tranferidas para meio-de-cultura contendo glicose, a produção de peroxissomos 

cessa e os existentes são destruidos por um processo altamente seletivo. Primeiramente 

membranas envolvem cada peroxisome seqüencialmente para separá-lo do citossol (solução 

aquosa na qual as organelas se encontram dispersas), um processo denominado seqüestro, e a 

seguir o peroxissomo seqüestrado é fusionado a uma outra organela chamada vacúolo. O 

vacúolo, por sua vez, contém enzimas que são capazes de quebrar proteínas e gorduras e 

conseqüentemente, o peroxissomo é degradado no interior do vacúolo (ver esquema: figura 

1B do capítulo 1). Dessa forma, moléculas simples resultantes da destruição dos 

peroxissomos podem ser re-utilizadas pela célula. Tendo isto em vista, o vacúolo pode ser 

considerado uma “unidade recicladora de lixo” da célula. 
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No presente estudo, H. polymorpha foi utilizada como organismo-modelo na pesquisa sobre 

peroxissomos. O objetivo principal dessa pesquisa foi desvendar os princípios que governam 

o processo de degradação seletiva dos peroxissomos (também chamado macropexofagia) em 

H. polymorpha. Como em H. polymorpha os peroxissomos induzidos pelo metanol são 

relativamente bem grandes, as alterações morfológicas e bioquímicas que resultam da 

indução da degradação dos peroxissomos são bastante pronunciadas. Em conseqüência, estas 

alterações podem ser facilmente monitoradas utilizando-se tipos específicos de microscopia e 

quantificando-se o conteúdo restante de uma enzima peroxissomal chamada álcool oxidase 

(AO), algumas horas após a transferência das células para meio-de-cultura contendo glicose. 

Para a relalização desta pesquisa foi necessário intervir nas células de H. polymorpha ao nível 

do seu material genético, o DNA. Os genes de uma de uma célula ditam como as proteínas 

devem ser produzidas. As proteínas, por sua vez, determinam a estrutura e o comportamento 

das células. Um caminho para se compreender como as células realizam um processo 

biológico consiste em isolar e caracterizar os genes essenciais para o processo em estudo. 

Primeiramente é necessário criar-se mutantes. Mutantes são células que foram submetidas a 

um tipo de tratamento (químico ou outro) que ocasiona alterações aleatórias no DNA. Dessa 

forma, genes sofrem pertubações (ou mutações) e em conseqüência produzem proteínas 

disfuncionais ou, eventualmente, nenhuma proteína. A seguir, utilizando-se ensaios 

específicos é possível selecionar células que possuem mutações apenas em genes importantes 

para o processo que se deseja estudar e identificar o gene afetado. Quando a estrutura do gene 

se torna conhecida é possível, através de  técnicas de manipulação do DNA, modificar a 

estrutura de um gene ou mesmo removê-lo (“deletá-lo”) do genoma (conjunto dos genes de 

um organismo) da levedura. Ao se comparar o comportamento de células normais (ou tipo 

selvagem) com o comportamento do mutante, ou preferencialmente da linhagem deletada, é 

possível obter informação sobre a função que o gene mutado/deletado normalmente exerce na 

célula.  

Na introdução desta tese (capítulo 1) uma revisão é apresentada sobre o conhecimento atual 

dos processos degradação de peroxissomos em H. polymorpha.   

No capítulo 2 desta tese nos reportamos à identificação do gene MPP1 (do inglês 

“methylotrophic peroxisomal protein regulator”, ou seja, “regulador de proteínas 

peroxissomais metilotróficas”) de H. polymorpha. Células da linhagen deletada para o gene 

MPP1 não conseguem crescer em meio-de-cultura contendo metanol como única fonte de 

carbono (um comportamento chamado Mut-, do inglês “methanol non-utilizing”, que significa 

“não utilizador de metanol”). Utilizando diferentes técnicas, conseguimos descobrir que o 
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grande variedade de genes produza suas respectivas proteínas. Entretanto, até o momento a 

função que o produto do gene PDD2 desempenha no processo de degradação de 

peroxissomos é totalmente especulativa. 

As células da linhagem ∆pdd15 são apenas capazes de iniciar o seqüestramento dos 

peroxissomos. Peroxissomos completamente seqüestrados não são observados. A proteína 

Pdd15 apresenta similaridades com três proteínas de S. cerevisiae: Aut10p, Mai1p. 

Ygr223cp. Interessantemente, já foi reportado que Aut10p é essencial a duas rotas de 

transporte para o vacúolo, autofagia e caminho Cvt (do inglês, “Cytosol-to-vacuole 

targeting”, ou seja, “de direcionamento do citossol para o vacúolo”) enquanto Mai1p é 

essencial apenas para o caminho Cvt e nenhuma função foi ainda atribuída para a proteína 

Ygr223c. 

Autofagia é um processo que pode ser induzido em várias células eucarióticas através da 

supressão da fonte de nitrogênio do ambiente. Em células de mamíferos e em S. cerevisiae 

autofagia acontece através de um processo morfológico designado macroautofagia. Quando 

células de S. cerevisiae são tranferidas para meio-de-cultura sem nitrogênio, membranas 

envolvem porções do citoplasma formando tipos específicos de vesículas (autofagosomas) 

que incluem além do citosol, diversas organelas. A seguir, os autofagossomas fusionam com 

o vacúolo e são subseqüentemente degradados juntamente com o seu conteúdo. Dessa forma 

a célula recicla componentes celulares dispensáveis durante os períodos de abstenção de 

nitrogênio. 

O caminho Cvt é um processo descrito para as células de S. cerevisiae no qual duas cargas 

específicas, duas enzimas vacuolares chamadas aminopepetidase 1 e alfa-monosidase 1 

(Ape1 e Ams1, respectivamente), são direcionadas para a o vacúolo aonde elas agem 

hidrolisando moléculas. Ape1 e Ams1 são incorporadas dentro de vesículas chamadas 

vesículas-Cvt. O caminho Cvt é na realidade um processo relacionado com a biogênese do 

vacúolo, portanto bastante diferente –de fato oposto a – autofagia e macropexofagia, os quais 

são processos degradativos. Além do mais, o caminho Cvt não é induzível, mas acontece 

constitutivamente (“o tempo todo”) durante o crescimento das células em condições ricas em 

nutrientes. 

Apesar da proteína Pdd15 de H. polymorpha ser mais similar a Mai1p do que a Aut10p, 

nossos resultados demonstraram que a função de Pdd15p é também essencial para que a 

degradação de peroxissomos ocorra ao se induzir autofagia. Entretanto, autofagia em H. 

polymorpha ocorre de uma forma morfologicamente diferente do que macropexofagia ou 
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gene MPP1 produz uma proteína responsável pela ativação de vários genes que produzem 

proteínas necessárias para a composição dos numerosos peroxissomos normalmente 

induzidos pelo metanol. Curiosamente, quando a linhagem deletada para o gene MPP1 

(células ∆mpp1) cresce em meio-de-cultura contendo metanol e glicerol (uma fonte extra de 

carbono que suporta o crescimento de células mut-), apenas um peroxissomo é encontrado em 

cada célula, enquanto nas células do tipo selvagem, crescidas sob as mesmas condições, 

vários peroxissomos são observados. Esta característica das células ∆mpp1 levou-nos a testar 

a hipótese já anteriormente desenvolvida de que pelo menos um peroxissomo da H. 

polymorpha não é passível a degradação quando as células são transferidas de meio-de-

cultura contendo metanol para meio contendo glicose. Foi observado que quando as células 

∆mpp1 crescidas em meio-de-cultura contendo metanol e glicerol foram transferidas para 

meio contendo glicose, os peroxissomos solitários presentes nestas células, de fato, não 

sofreram degradação e permaneceram intactos. Experimentos utilizando células do tipo 

selvagem contribuiram para a mesma conclusão. Células do tipo selvagem foram crescidas 

por apenas 6 horas em meio-de-cultura contendo metanol. Durante este curto intervalo as 

células não têm tempo de multiplicar seus peroxissomos e, portanto, similarmente as células 

da linhagem ∆mpp1, apenas um peroxissomo é observado na grande maioria das células. 

Também neste caso a degradação dos peroxissomos solitários não foi observada após as 

células terem sido transferidas para meio-de-cultura contendo glicose. O mecanismo que 

permite a preservação de pelo menos um peroxissomo em cada célula ainda é desconhecido. 

Uma hipótese atual para explicar este fato está incluida na figura 3 do capítulo 1 desta tese. 

Por outro lado, a importância fisiológica deste fenômeno é imediatamente reconhecida, já que 

ele permite que as células possam rapidamente proliferar seus peroxissomos em resposta a 

novos ambientes que demandem função(ões) dos peroxissomos.  

Mutantes de H. polymorpha que perderam a capacidade de degradar peroxissomos são 

chamados mutantes pdd (uma abreviação do inglês para “peroxisome degradation-deficient”, 

que significa “deficiente em degradar peroxissomos”). Nos capítulos 3 e 4 desta tese 

descrevemos a identificação dos genes afetados nos mutantes pdd2 e pdd15. 

Na linhagem deletada para o gene PDD2 peroxissomos seqüestradosestrados foram 

ocasionalmente observados, porém as organelas seqüestradas não foram capazes de fusionar 

com o vacúolo. O gene PDD2 é muito parecido com um gene de Saccharomyces cerevisiae 

(espécie de levedura utilizada pelo padeiro para fazer pães) chamado TUP1. Em S. cerevisiae 

a proteína Tup1 localiza-se no núcleo da célula, aonde ela funciona impedindo que uma 
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macroautofagia. Em contraste a estes dois processos, quando células de H. polymorpha são 

abstidas de nitrogênio porções do citossol e organelas são diretamente capturadas pela 

membrana vacuolar (ver figura 2 do capítulo 1). Membranas seqüestradoras ou 

autofagosomas não são observados. Esta forma de autofagia recebe o nome de 

microautofagia. 

A proteína Pdd15p foi localizada próxima ao vacúolo e no citossol. Os resultados descritos 

no capítulo 4 colaboram para a conclusão de que macropexofagia, caminho Cvt, 

macroautofagia e também microautofagia são processos relacionados já que eles são 

dependentes de funções das mesmas proteínas. Como estas proteínas são compartilhadas 

entre processos tão diferentes em objetivos, fator de indução e seletividade não é sabido.  

Recentemente, outros em nosso grupo observaram que degradação seletiva de peroxissomos e 

biogênese dos peroxissomos também compartilham elementos. Por isso procuramos isolar 

novos mutantes que fossem afetados nesses dois processos opostos. Selecionando células que 

tivessem características Mut- e Pdd, encontramos dois mutantes os quais determinamos serem 

ambos afetados em um gene chamado DAK. Este foi um achado bastante inesperado, já que a 

proteína DAK (di-hidroxiacetona quinase, ou em inglês kinase) é conhecida pela sua função 

enzimática  durante o processo de assimilação do metanol, i.e. a formação de grandes 

compostos carbonados (ex.: açúcares e amino-ácidos) a partir do metanol. Análises 

detalhadas dos dois mutantes dak tornaram evidente que as células crescidas em meio-de-

cultura contendo glicerol e metanol apresentam um padrão anormal de proliferação de 

peroxissomos: um peroxissomo muito grande, eventualmente com alguns outros muito 

pequeninos. Outra característica bizarra dos mutantes dak é que durante o crescimento 

prolongado das células em meio contendo glicerol e metanol, as de enzimas peroxissomais 

(AO e outras) não são encontradas exclusivamente nos peroxissomos, mas também no 

citossol. Como o desequilíbrio bioquímico ocasionado pelo defeito na assimilação do metanol 

gera todas estas disfunções peroxissomais é tópico para futuras pesquisas. Entretanto, foi 

possível determinar que a característica Pdd inicialmente sugerida durante os experimentos 

preliminares foi um resultado colateral de ambas disfunções peroxissomais. Como explicado 

anteriormente, os nossos métodos de seleção para o isolamento de mutantes pdd é baseado na 

quantificação da concentração residual da enzima álcool oxidase nas células, algumas horas 

após a indução de macropexofagia. Todavia, os “últimos” peroxissomo das células do tipo 

selvagem de H. polymorpha (e, portanto resistente a macropexofagia; lembre-se do capítulo 

2!) são freqüentemente menores do que os “últimos” peroxissomos das células dak. Portanto, 

é bastante provável que os “últimos” peroxissomos da linhagem dak possuam uma 
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quantidade maior de AO do que os “últimos” peroxissomos das células do tipo selvagem. 

Além disso, a degradação da enzima AO em resposta a indução de autofagia é dependente da 

sua localização no interior dos peroxissomos (dado já conhecido através da literatura). Por 

isso, tanto o defeito na proliferação dos peroxissomos quanto a localização errônea da enzima 

AO no citossol possivelmente contribuíram para a inicial observação de concentrações 

residuais relativamente altas de AO nas linhagens dak submetidas a macropexofagia. 

Entretanto, a “maquinária” de degradação dos peroxissomos das células dak parece funcionar 

normalmente, já que utilizando microscopia, foi possível observar que os peroxissomos 

destas células fusionam com os vacúolos ao se induzir macropexofagia. 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

“You become responsible, forever, for what you have tamed.” 
Antoinne de Saint-Exupery in “Le Petit Prince” 
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