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Aim and outline 

Hallmark of eukaryotic cells is the compartmentalization of 

various functions into different membrane bound structures, the 

so called organelles. Of these, peroxisomes represent a special 

class of organelles because they participate in an 

unprecedented range of functions. 

The importance of peroxisomes is highlighted by the 

severe inherited human disorders such as Zellweger syndrome, 

which are caused by peroxisome dysfunction. Until now, over 30 

PEX genes, encoding peroxins, have been identified as being 

required for peroxisome formation. Mutations in PEX genes are 

not lethal in yeast, which renders these organisms ideal models 

to study the molecular mechanisms involved in peroxisome 

biogenesis. 

For decades, the origin of peroxisomes is debated. Two 

different modes of peroxisome formation have been 

documented, namely fission from pre-existing organelles, and 

de novo formation of peroxisomes from the endoplasmic 

reticulum (ER). The first model is among others based on the 

identification of proteins that are essential for peroxisome fission 

(i.e. Dnm1, Vps1, Pex11). The most recent ER based model 

predicts that all peroxisomal membrane proteins (PMPs) are first 

sorted to the ER and subsequently end up in two types of 

ER-derived vesicles, a process that requires the peroxins Pex3 

and Pex19. Subsequent heterotypical vesicle fusion, which 

depends on Pex1 and Pex6, leads to the formation of nascent 

peroxisomes. However, this latter model has recently been 

challenged by two independent studies that indicate that Pex1 

and Pex6 are not involved in vesicle fusion. Also, most likely not 

all PMPs sort via the ER to peroxisomes. Instead, many if not 

most may directly insert into the peroxisomal membrane upon 

their synthesis in the cytosol. 

Like sorting of PMPs also the transport pathways of 
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peroxisomal membrane lipids are still unresolved. According to 

the de novo peroxisome formation model, peroxisomes may 

receive membrane lipids from ER-derived vesicles. However, 

evidence for non-vesicular lipid transport pathways to 

peroxisomes has been presented as well.  

The aim of this thesis is to understand the formation of 

peroxisomes, both regarding their origin and the subsequent 

expansion of the organellar membrane. 

 

Chapter 1 discusses the recent advances in peroxisome 

formation, including PMP sorting and lipid incorporation.  

  

In Chapter 2 we demonstrate that, akin to what was 

previously shown for Hansenula polymorpha pex3 cells, 

peroxisomal membrane remnant structures are present in 

Saccharomyces cerevisiae pex3 cells. Our data revealed that 

these structures in S. cerevisiae pex3 are relatively stable and 

harbor the peroxisomal receptor docking protein Pex14 in 

conjunction with the matrix protein Pex8, challenging the view 

that all PMPs sort to the ER and exit this membrane by a 

Pex3-dependent process. Moreover, the peroxisome remnant 

structures could mature into functional peroxisomes upon 

reintroduction of Pex3, suggesting that under these conditions 

peroxisomes are not formed de novo from the ER.  

 

Chapter 3 describes a novel role for Vps13, originally 

described to be essential for vacuolar protein sorting (Vps). This 

work is based on the observation that deletion of several PEX 

genes does not lead to peroxisome deficiency, but rather to 

aberrant peroxisome morphologies i.e. reduction of organelle 

numbers and/or size. Examples of such genes are PEX11 and 

PEX23. We reasoned that these genes may have redundant 

functions with other genes involved in peroxisome formation. To 

test this hypothesis, we performed transposon mutagenesis of H. 
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polymorpha pex11 cells to search for these genes. This 

screening identified Vps13, a regulator of mitochondrial-vacuole 

and nuclear-vacuole membrane contact sites. Deletion of both 

VPS13 and PEX11 resulted in severe mislocalization of 

peroxisomal matrix proteins, which was not observed in VSP13 

or PEX11 single deletion strains. Further analysis revealed that 

peroxisomal membrane structures are present in H. polymorpha 

pex11 vps13 cells, which contained all PMPs tested (Pex3, Pex8, 

Pex10, Pex13, Pex14 and Pmp47), indicating that the targeting 

of PMPs to peroxisomal membranes is not defective in these 

cells.   

Deletion of both VPS13 and PEX23, a gene important for 

the formation of ER-peroxisome membrane contact sites 

(EPCONS) resulted in a similar phenotype as observed for 

pex11 vps13 cells.  

The small peroxisomal structures present in pex11 vps13 

cells were able to import minor amounts of matrix proteins, but 

failed to grow, suggesting that the membranes were unable to 

expand. Indeed, the peroxisome deficient phenotype of pex11 

vps13 and pex23 vps13 cells could be largely suppressed upon 

artificially tethering the peroxisomal membrane structures to the 

ER.  

Taking together, these findings suggest that Vps13 is 

important to compensate for a defect in MCSs that occurs in 

pex11 and pex23 cells, which are required for peroxisomal 

membrane expansion. 

Vps13 has been implicated in the regulation of nuclear 

vacuole junctions (NVJs) and vCLAMP, a membrane contact site 

between vacuoles and mitochondria. As H. polymorpha pex11 

vps13 and pex23 vps13 are peroxisome deficient, we 

subsequently tested whether vCLAMP proteins are also 

important for peroxisome biogenesis (Chapter 4). 

At the morphological level, distinct membrane contacts 

between peroxisomes and vacuoles were very evident in 
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wild-type H. polymorpha cells grown at peroxisome proliferating 

conditions. Our data furthermore showed that components of 

vCLAMP (Ypt7, Vam7, Vps39) partially co-localize with 

peroxisomes. However, deletion of YPT7, VAM7 or VPS39 did 

not significantly affect peroxisome biogenesis.  

Because deletion of VPS13 in pex11 or pex23 cells 

(Chapter 3) caused peroxisome deficiency, we subsequently 

tested whether double deletion of PEX11 or PEX23 together 

with genes encoding vCLAMP proteins, caused peroxisome 

deficiency (i.e. pex11 ypt7, pex11 vam7, pex11 vps39, pex23 

ypt7, pex23 vps39). Indeed, in all these double mutants the bulk 

of the peroxisomal matrix proteins was mislocalized to the 

cytosol. Detailed analysis of pex11 ypt7 cells revealed that they 

contained small peroxisomes harboring all PMPs tested (i.e. 

Pex3, Pex8, Pex10, Pex13, Pex14, Pmp47), but most likely 

failed to grow in size. The peroxisomal phenotype of pex11 ypt7 

could be complemented by artificially tethering peroxisomes to 

the ER. Our findings suggest that peroxisome-vacuole contact 

sites together with EPCONS contribute to the membrane lipid 

supply to growing peroxisomes 
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Abstract 

This contribution describes the phenotypic differences of 

yeast peroxisome-deficient mutants (pex mutants). In some 

cases different phenotypes were reported for yeast mutants 

deleted in the same PEX gene. These differences are most 

likely related to the marker proteins and methods used to detect 

peroxisomal remnants. This is especially evident for pex3 and 

pex19 mutants, where the localization of receptor docking 

proteins (Pex13, Pex14) resulted in the identification of 

peroxisomal membrane remnants, which do not contain other 

peroxisomal membrane proteins, such as the ring proteins Pex2, 

Pex10 and Pex12. These structures in pex3 and pex19 cells are 

the template for peroxisome formation upon introduction of the 

missing gene. Taken together, these data suggest that in all 

yeast pex mutants analyzed so far peroxisomes are not formed 

de novo but use membrane remnant structures as template for 

peroxisome formation upon re-introduction of the missing gene. 

The relevance of this model for peroxisomal membrane protein 

and lipid sorting to peroxisomes is discussed. 

 

Keywords: peroxisome, peroxisome deficient mutant, yeast, 

peroxisomal membrane protein, membrane, lipids, membrane 

contact sites 
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Introduction 

Peroxisomes are morphologically simple organelles that 

measure up to 1 micrometer. Despite their simple architecture 

they are involved in an unprecedented range of metabolic 

functions that vary with the organism in which they occur. 

General functions include the β-oxidation of fatty acids and the 

detoxification of hydrogen peroxide (for a review see [1]). 

A characteristic feature of peroxisomes is that they 

develop in response to external cues. In yeast, peroxisome 

numbers and enzyme repertoires can be readily prescribed by 

manipulating the growth substrates [2]. This, together with the 

unique property that yeast mutants affected in peroxisome 

assembly are viable, renders them very attractive model 

organisms to study the origin, formation and function of 

peroxisomes. Based on research in yeast various genes 

essential for peroxisome biogenesis (termed PEX genes; Table 

1) have been identified and analyzed for their function. However, 

details on the origin and molecular mechanisms involved in the 

formation of the organelles are still unresolved.  

For long, yeast peroxisomes were considered 

semi-autonomous organelles that multiply by growth and 

division of pre-existing ones [3]. Recently, however, a crucial 

role of the endoplasmic reticulum (ER) in peroxisome formation 

was proposed thereby challenging the classical growth and 

division model [4,5]. This model prescribes that all peroxisomal 

membrane proteins (PMPs) are first sorted to the ER. Two 

classes of PMPs are subsequently incorporated in two types of 

biochemically distinct vesicles that subsequently undergo 

Pex1/Pex6 dependent heterotypic fusion to form peroxisomes 

[6]. However, in yeast organelle fission appears to represent the 

dominant mode of organelle multiplication in wild-type cells [7,8]. 

Detailed analysis of the phenotype of peroxisome deficient 

mutants (pex mutants) has given important clues on the function 
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of the defective PEX gene. However, the deletion of a specific 

PEX gene sometimes leads to different phenotypes in different 

model organisms, making it difficult to draw conclusions on their 

function. For instance, cells of Yarrowia lipolytica PEX19 

deletion strains (pex19) still contain peroxisomes [9], whereas 

the corresponding deletion in other species (i.e. baker’s yeast 

and Hansenula polymorpha) results in an almost complete lack 

of these organelles [10,11]. Moreover, also the choice of 

organelle markers may affect the interpretation of the 

experimental data. This for instance became clear in H. 

polymorpha pex3 mutants in which the receptor docking 

proteins (Pex13, Pex14) are localized in punctate structures in 

conjunction with the RING finger proteins (Pex2, Pex10, Pex12) 

localized to the cytosol [12].  

 

Table 1. Peroxins in yeast and filamentous fungi* 

Matrix 

protein 

import 

Pex5 PTS1 receptor 

Pex7 PTS2 receptor 

Pex18, Pex20, 

Pex21 

Pex7 co-receptors 

Pex13, Pex14, 

Pex17, 

Pex14-Pex17, Pex33 

Components of the receptor 

docking site 

Pex8 Cargo release, importomer 

assembly 

Pex22 Anchoring protein for Pex4 

Pex4 Ubiquitin conjugating enzyme 

involved in receptor ubiquitination 

Pex2, Pex10, Pex12 Components of the ring complex 

involved in receptor ubiquitination 

(ligase) 

Pex15, Pex26  Anchoring proteins for Pex1 and 

Pex6 
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Pex1, Pex6 AAA-type ATPases involved in 

receptor recycling 

Regulation of 

organelle 

size or 

abundance 

Pex11 Membrane elongation and 

GTPase activating protein for 

Dnm1 

Pex23, Pex24, 

Pex28, Pex29, 

Pex30, Pex31, 

Pex32 

Form a complex with reticulon 

homology domain-containing 

proteins and establish 

peroxisome contact sites at ER 

subdomains 

Pex25 Membrane elongation and 

modelling 

Pex27 Negatively affects fission 

Pex34 Positive regulator of fission 

Peroxisomal 

membrane 

biogenesis 

Pex3 Membrane anchor for Pex19 

Pex19 mPTS receptor 

* Adapted from [1] 

In this contribution we will give an overview on the 

reported phenotypes of various yeast pex mutants. For some 

yeast pex mutants different mutant phenotypes have been 

reported, which may be due to the use of different marker 

proteins and experimental procedures. Related to this, we 

discuss the principles of peroxisome reintroduction in these pex 

mutants as well as the current knowledge on sorting of PMPs 

and lipids. 

 

On the origin of peroxisomes 

In eukaryotic cells two main categories of cell organelles 

exist: organelles of the endomembrane system (ER, Golgi 

apparatus, vacuole) and semi-autonomous organelles 

(mitochondria, chloroplasts). All membrane compartments that 

belong to the endomembrane system have their origin in the ER, 
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to which almost all endomembrane proteins are initially sorted 

and where the bulk of the membrane lipids are synthesized [13]. 

Trafficking of proteins and lipids to other endomembrane 

compartments is accomplished by vesicular carriers [14]. 

Proteins of semi-autonomous organelle are not first transported 

to the ER but either synthesized inside these organelles or 

directly imported from the cytosol [15]. Recent studies indicate 

that membrane lipids are transported to these organelles from 

other membranes at membrane contact sites (MCS) [16]. 

Semi-autonomous organelles invariably originate by fission of 

pre-existing ones. 

The origin of peroxisomes is still debated. Consensus exist 

that peroxisomal matrix proteins are directly imported into 

peroxisomes upon their synthesis in the cytosol. Also, it is 

generally accepted that these organelles can divide like 

mitochondria. However, it has also been suggested that 

peroxisomes are a branch of the endomembrane system [5]. 

The latter is predominantly based on observations made in 

peroxisome reintroduction experiments where pex mutants are 

complemented with the missing genes. Likely, this process of 

peroxisome formation differs from that occurring under normal 

conditions in wild-type cells (see below). 

Detailed studies using yeast mutants defective in 

peroxisome fission suggested that new peroxisomes 

predominantly originate by fission of pre-existing ones in 

wild-type yeast cells [7,8,17–19]. This model however does not 

exclude that (a subset of) PMPs first sort to the ER and 

subsequently are transported via vesicles to pre-existing 

organelles. In this way peroxisomes may receive their lipids from 

the ER, where they are predominantly synthesized. Alternatively, 

PMPs are directly inserted into peroxisomal membranes [20] 

and lipids transported to these membranes via non-vesicular 

transport [21]. 
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Below we discuss the current knowledge of pex mutants 

and how peroxisome reintroduction experiments contribute to 

our understanding of peroxisome formation in wild-type yeast 

cells. 

 

Yeast peroxisome-deficient (pex) mutants 

Almost three decades ago the first yeast peroxisome 

deficient mutants were isolated. Such mutants were viable and 

capable to grow on glucose, but not on carbon sources that are 

metabolized by peroxisomal enzymes, such as oleic acid and 

methanol [22, 23]. This property strongly facilitated the isolation 

of pex mutants and the identification of the specific genes 

involved (termed PEX genes) by functional complementation 

[24]. Later, also other approaches such as organelle proteomics 

and systems biology resulted in the identification of PEX genes 

[2]. So far, 34 PEX genes have been described, which can be 

divided in three major groups (Table 1).  

 

PEX genes that control peroxisome size, abundance or 

dynamics 

The least studied PEX genes are those whose deletion 

result in aberrant peroxisome numbers or size (Table 1). 

Mutants defective in these genes generally do not show defects 

in peroxisome function, because they are not defective in sorting 

of PMPs or matrix proteins. The phenotype of such mutants 

often varies dependent on the organism studied. E.g. while the 

lack of Pex30 in Saccharomyces cerevisiae leads to an increase 

in the number of normal-sized peroxisomes [25] in Pichia 

pastoris its absence results in the appearance of fewer and 

clustered peroxisomes [26]. 

Of this group of peroxins Pex11 is most extensively 

studied and implicated in peroxisome fission. Deletion of PEX11 

invariably results in a reduction of peroxisome numbers in 

conjunction with an increase in organellar size (Fig. 1AB). 
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Recent studies revealed that Pex11 both plays a role in the 

initial organelle elongation [27] as well as in the final organelle 

scission step [28]. Upon reintroduction of PEX11 in pex11 cells it 

is assumed that newly synthesized Pex11 protein is sorted to 

the pre-existing organelle, where the protein subsequently 

mediates normal fission again. 

 

PEX genes encoding peroxins involved in matrix protein 

import 

PEX genes involved in matrix protein import have been 

most extensively studied. Mutations in these genes results in 

mislocalization of peroxisomal matrix proteins, but PMPs are 

normally inserted into membranes of the predominantly “empty” 

peroxisomal membrane remnant structures (also designated 

ghosts) that are still present in these mutants [11,29]. For most 

peroxins of this category it is known in which stage of the import 

cycle they function (i.e. recognition of the peroxisomal targeting 

signal (PTS); receptor docking; receptor recycling). However, 

the exact molecular function of several of these peroxins is still 

speculative. Also, the substructure of ghosts in different pex 

mutants defective in matrix protein import varies. Careful 

electron microscopy analysis of cells of different H. polymorpha 

deletion strains defective in matrix protein import revealed three 

major morphological classes, namely i) cells that contained 

virtually normal peroxisomes (pex7, pex17 and pex20), ii) cells 

that contained very small, spherical peroxisomal structures, 

which harbored very low amounts of matrix protein (pex2, pex4, 

pex5, pex10, pex12 and pex14; Fig. 1D) and iii) mutants that 

contained multilamellar membrane sheets that lack an apparent 

proteinaceous matrix (pex1, pex6, pex8 and pex13; Fig. 1C) [29]. 

The presence of virtually normal peroxisomes in pex7 and 

pex20 cells can be explained by the fact that in these mutants 

only import of PTS2 proteins is blocked, which represents a 

minor portion of all peroxisomal matrix proteins. However, it 
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remains to be analyzed why for instance the deletion of different 

genes involved in receptor recycling (PEX2, PEX4, PEX10, 

PEX12, PEX1, PEX6) do not show the same morphological 

phenotype. Similarly, disruption of different genes encoding 

genes of the receptor docking complex (PEX13, PEX14, PEX17) 

do not show the same phenotype (Fig. 1 CD). 

 
Figure 1. Morphological phenotypes of Hansenula polymorpha pex 

mutants. Electron micrographs of thin sections of methanol-induced cells 
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of wild-type (A), pex11 (B), pex13 (C), pex2 (D) and pex3 (E) cells. White 

arrows in (A) show close associations between peroxisomes and the ER, 

mitochondria and vacuoles. In pex11 cells the number of peroxisomes is 

reduced (B). pex13 cells contain lamellar peroxisomal membrane 

structures (arrow) that lack matrix proteins (C), based on the absence of a 

matrix space. In pex2 cells small spherical structures with a matrix 

content (arrows) are present (D). In pex13 and pex2 cells peroxisomal 

membranes can be discriminated from other cellular membrane 

structures by their width. pex3 cells contain preperoxisomal vesicles (E, 

arrows). Fluorescence microscopy images of H. polymorpha pex3 cells 

(F). A cluster of preperoxisomal vesicles (which are markedly smaller as 

the ghosts observed in pex2 or pex13 cells) that is often localized 

adjacent to the ER appears as a single fluorescent spot in fluorescence 

microscopy images (Pex14-mCherry). These spots often appear as foci 

at the ER, but represent structure adjacent to the ER (compare E). The 

ER is marked with ER marker BiPN30-eGFPHDEL. ER – endoplasmic 

reticulum, M – mitochondrion, N – nucleus, P – peroxisome, V – vacuole. 

The bars represent 500 nm (A, B, C, D), 200 nm ( E) or 1 micrometer (F).  

 

For all the above pex mutants the re-introduction of the 

missing genes results in restoration of matrix protein import and 

the development of the ghosts into normal peroxisomes. 

It must be noted that although it is often assumed that 

mislocalization of bulk of the matrix proteins in the cytosol of a 

given pex mutant is due to a defect in the function of the 

peroxisomal importomer, this may not be always the case, as 

mutants defective in growth of the peroxisomal membrane are 

expected to have the same defect. Such mutants that show for 

instance a defect in membrane lipid transport have not been 

identified yet. 
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PEX genes required for the biogenesis of the peroxisomal 

membrane 

The most severe peroxisome-deficient phenotype is 

observed in yeast pex3 and pex19 cells in which both 

peroxisomal matrix and membrane proteins are mislocalized. 

The way how peroxisomes are formed again in Pex3 or 

Pex19-deficient cells upon reintroduction of the missing proteins 

is still debated (Fig. 2). The term de novo peroxisome formation 

is often used to describe this process, as they are assumed not 

to be formed from pre-existing peroxisomal structures. Because 

it is very unlikely that a new membrane can be formed ‘from 

scratch’, new organelles were proposed to form de novo from an 

alternative membrane template, likely the ER. According to this 

model in pex3 cells newly synthesized Pex3 first sorts to ER 

where it concentrates at specialized regions, followed by 

budding of vesicles from the ER, which ultimately leads to the 

formation of new peroxisomes (see below; [30]). 

However, an important question is whether peroxisomal 

membrane remnants are indeed fully absent in pex3 and pex19 

cells. Related to this: how should we define peroxisomal 

membrane remnants and based on which criteria can be 

concluded that these structures are really absent? 

 

The phenotype of yeast pex3 and pex19 mutants 

The classical model of PMP sorting describes that Pex19 

serves as soluble receptor for the targeting signal of PMPs 

(mPTS), which is recruited to the peroxisomal membrane by the 

PMP Pex3, followed by insertion of the cargo PMPs into the 

membrane by a yet unknown process. This model predicts that 

in the absence of Pex3 or Pex19 PMPs are mislocalized and 

consequently, peroxisomal membranes containing peroxisomal 

membrane marker proteins are absent. Indeed, many studies 

indicated that peroxisomal membrane structures are absent in 

yeast cells lacking Pex3 [11,31,32]. Similar data have been 
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reported for mammalian cells lacking a functional PEX3 gene 

[33]. In pex3 cells of various species PMPs were reported to be 

localized to the ER [34], but also to mitochondria [35]. The levels 

of other PMPs were below the limit of detection precluding the 

determination of their localization [11]. Noteworthy, different 

PMPs were used as marker proteins in these studies, which may 

explain why partially deviating phenotypes were reported. 

The accumulation of some PMPs at the ER in yeast pex3 

or pex19 cells has been an important argument to propose that 

PMPs first traffic to the ER and that peroxisomes belong to the 

endomembrane system. However, using electron microscopy 

approaches we recently showed that in H. polymorpha pex3 

cells three peroxins (the docking proteins Pex13 and Pex14, as 

well as Pex8) are localized to membrane structures that are 

located adjacent to the ER at a distance that cannot be resolved 

by fluorescence microscopy [12] (Fig. 1EF). It is very unlikely 

that these membrane structures represent specialized ER 

subdomains as they contained a functional peroxisomal 

importomer, as is evident from that observation that they 

harbored the matrix protein Pex8 as well as minute amount of 

the peroxisomal matrix enzyme alcohol oxidase. 

In H. polymorpha pex3 cells only a subset of PMPs are 

present on peroxisomal membrane structures. These proteins 

are stable relative to other PMPs, which in addition are 

mislocalized to the cytosol (Pex10, PMP47). Interestingly, in 

Pichia pastoris pex3 cells the same proteins (Pex13, Pex14, 

Pex8) were reported to be relatively stable, whereas also the 

ring proteins Pex2, Pex10, Pex12 were instable, like Pex10 in H. 

polymorpha. This suggests that also in P. pastoris pex3 cells 

peroxisomal membrane structures may exist, which has indeed 

been suggested based on microscopy and biochemical 

analyses [36]. 

Upon a shift of H. polymorpha pex3 cells to 

peroxisome-inducing growth conditions, Pex11 was transiently 
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observed at the ER but subsequently not detectable anymore. 

The instability of Pex11 in H. polymorpha pex3 cells is in line 

with data from pulse-chase experiments in S. cerevisiae, which 

revealed that Pex11 was normally synthesized in pex3 cells, but 

very rapidly degraded, unlike in the wild type control [11]. These 

authors concluded that Pex11 was localized to the cytosol 

based on immunofluorescence and immunocytochemistry using 

HA tagged Pex11. The same study also revealed that the PMPs 

Pat1 and Pex15 were relatively instable and mislocalized to the 

cytosol in yeast pex3 and pex19 cells [11]. Because of the use 

of these PMP markers these authors mistakenly concluded that 

pex3 and pex19 cells completely lack peroxisomal membrane 

structures. 

In H. polymorpha pex3 cells, the ring protein Pex10 as well 

as the transporter protein PMP47, are very unstable and 

mislocalized to the cytosol. This is in line with the cytosolic 

mislocalization of Ant1, a protein homologous to PMP47, in a 

mammalian Pex3 temperature sensitive mutant. Also, in the 

same mutant cells the ring protein Pex10 was below the limit of 

detection [37]. Whether peroxisomal membrane remnants exist 

in these cells is not clear as the localization of proteins of the 

receptor docking site were not analyzed.  

In H. polymorpha pex3 cells, peroxisomal membrane 

structures are sensitive to degradation by autophagy. These 

structures are however readily detected in double mutants in 

which autophagy is blocked (pex3 atg1 cells). This may explain 

why they have been overlooked previously. As indicated above 

another reason why they have been unnoticed likely is related to 

the choice of marker proteins (e.g Pex11 or Ring proteins), 

which do not localize to the membrane structures. 

H. polymorpha pex19 cells contain comparable 

peroxisomal membrane structures as observed in pex3 cells 

[12]. Also, in this mutant the levels of Pex14 are normal, but 

Pex10 levels are strongly reduced, like in pex3 cells. Importantly, 
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the H. polymorpha pex19 phenotype could be largely 

suppressed by Pex3 overproduction [10]. Moreover, Y. lipolytica 

pex19 cells contain structures morphologically resembling 

wild-type peroxisomes [9]. Interestingly, also in these cells the 

levels of the ring protein Pex2 were very low. These 

observations underscore that Pex19 is not essential to form 

peroxisomal membranes. 

Summarizing, our recent findings, together with literature 

data, suggest that peroxisomal membranes can be formed in the 

absence of Pex3 or Pex19. In fact pex3 and pex19 cells contain 

peroxisomal membrane structures that harbor a subset of PMPs, 

including the docking proteins Pex13 and Pex14. Ring proteins 

were never observed to be localized at these structures. 

Because these membrane structures matured into normal 

peroxisomes upon reintroduction of Pex3, peroxisomes are not 

formed de novo from the ER upon reintroduction of Pex3 in pex3 

cells as was generally anticipated (Fig. 2). 

This model provokes the concept proposed by van der 

Zand and colleagues [5,6]. According to this model, all PMPs 

first sort to the ER, followed by the inclusion in two types of 

biochemically distinct vesicles, which requires the function of 

Pex3 and Pex19. Subsequently the vesicles fuse in a 

Pex1/Pex6 dependent manner into an intermediate 

compartment (Fig. 2). One type of the vesicles contains the 

docking proteins (Pex13, Pex14), whereas the other type 

harbors the ring proteins (Pex2, Pex10, Pex12) together with 

Pex11. As each of the vesicles contains half the matrix protein 

translocon, matrix protein import is abrogated in the separate 

vesicles. But upon fusion into the intermediate compartment a 

complete translocon can be assembled, allowing import of 

peroxisomal matrix proteins. In this model the peroxisomal 

fission machinery is responsible for dividing the intermediate 

compartment into smaller units [5]. However, how these units 

subsequently can grow and receive new PMPs and membrane 
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lipids is not clear. 

The model of van der Zand and colleagues is based on the 

following observations: first the accumulation of PMPs at the ER 

in pex3 and pex19 mutants. As indicated above to our opinion 

this is only true for a subset of PMPs (Pex11 in H. polymorpha), 

which most likely are transiently mislocalized to the ER and 

subsequently degraded. The localization of other PMPs at the 

ER may be due to misinterpretation of fluorescence microscopy 

images, where fluorescent foci often can be seen at or near the 

ER. In our analysis of H. polymorpha pex3 mutant cells, we 

showed that these foci represent clusters of membrane 

structures that are localized adjacent to the ER. 

 

 

Figure 2. Schematic representation of the two models of peroxisome 

formation in yeast pex3 cells upon reintroduction of Pex3. According 

to the model that proposes that peroxisomes derive from the ER, PMPs 

accumulate at the ER in yeast pex3 cells. Upon reintroduction of Pex3, 

two types of biochemically distinct vesicles are formed from the ER, a 
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process that depends on Pex3 and Pex19. One type of vesicles contains 

the receptor docking complex proteins, whereas the other type contains 

the RING proteins. Next, these vesicles fuse in a Pex1/Pex6 dependent 

manner, to form nascent peroxisomes that are capable to import matrix 

protein, because they contain all components of the translocon (i.e. both 

the docking and RING proteins). According to the alternative model yeast 

pex3 cells contain preperoxisomal vesicles (PPVs) that harbor the 

docking complex proteins. Upon reintroduction of Pex3, this peroxin is 

sorted to the PPVs, which allows Pex3/Pex19 dependent sorting of other 

PMPs to the vesicles, including the RING proteins. The formed nascent 

peroxisome subsequently matures into normal peroxisomes by the 

uptake of matrix proteins. 

 

The above model also implies that in pex1 and pex6 cells 

two types of biochemically distinct vesicles accumulate. 

However, several lines of evidence indicated that Pex1 and 

Pex6 are involved in PTS receptor recycling and hence pex1 

and pex6 mutants only show a matrix protein import defect [38]. 

Indeed previous studies using Pex6-deficient CHO cells 

indicated that in these cells empty peroxisomal membrane 

ghosts exist that upon reintroduction of Pex6 develop into 

peroxisomes by importing matrix proteins, in line with a function 

in matrix protein import [39]. 

Finally, van der Zand and colleagues reported that Pex1 is 

localized on one type of ER-derived vesicles, whereas Pex6 is 

present at the other type [6]. This result seems to be at odds 

with the recent cryo-electron microscopy data indicating that 

Pex1/Pex6 form a heterohexameric complex with alternating 

Pex1 and Pex6 subunits [40,41]. 

Therefore the model of van der Zand and colleagues raises 

many questions. However, there are also serious caveats in the 

growth and division model, whereby all PMPs are assumed to 

be directly sorted to peroxisomes in a Pex3/Pex19 dependent 

matter. For instance, how are Pex13 and Pex14 sorted to 
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peroxisomes in wild-type cells, as apparently these PMPs can 

sort to peroxisomal membrane vesicles in a Pex3/Pex19 

independent manner in pex3 and pex19 cells? Moreover, how 

are membrane lipids transported to peroxisomes? In the 

following section, we will give an overview of our current 

knowledge on PMP and membrane lipid sorting to peroxisomes. 

 

PMP sorting 

According to the classical PMP sorting pathway Pex19 

recognizes newly synthesized PMPs at regions containing 

peroxisomal sorting information (mPTS). Based on this property 

two classes of PMPs have been defined in the past, namely 

class I PMPs that are recognized by Pex19 and Class II PMPs 

that are not recognized by this peroxin [42]. Almost all PMPs 

were proposed to represent Class I PMPs, whereas in yeast 

Class II only contains Pex3 and Pex22. 

The function of Pex19 as mPTS receptor implies that 

PMPs which depend on Pex19 for their sorting are mistargeted 

and probably instable in the absence of Pex19. In H. 

polymorpha and Y. lipolytica pex19 mutants the levels of the ring 

proteins Pex10 (in H. polymorpha) and Pex2 (in Y. lipolytica) 

were very low [9,10]. In Y. lipolytica pex19 no other PMPs were 

analysed, whereas in H. polymorpha pex19 cells Pex3 and 

Pex14 levels were normal [10]. Interestingly although the levels 

of most PMPs were reduced in S. cerevisiae pex19 cells relative 

to wild-type controls, in mutants blocked in Pex19 farnesylation 

(important for the function of Pex19), specifically the levels of 

Pex11, the peroxisomal ABC transporter Pxa1, and the ring 

proteins were strongly reduced [43], but the docking protein 

levels were normal. These data indicate that for sorting of Pex3, 

as well as for the docking proteins Pex13 and Pex14, Pex19 

may not serve as receptor, whereas Pex19 is especially 

important for the ring proteins (Pex2, Pex10, Pex12) and 

possibly also for Pex11 and transporter proteins.  
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Another prediction for the function of Pex19 as mPTS 

receptor is that this peroxin physically interacts with PMPs at the 

region where the mPTS is present. In line with the above this is 

an issue of controversy for Pex13 and Pex14 as for these 

proteins data have been presented that Pex19 binds to their 

mPTS, binds to another region or does not bind at all (Table 2). 

Structural information on Pex19 in complex with these and other 

PMPs is urgently required to understand this issue. 

If Pex19 binds to a PMP, but at a region that does not 

contain the mPTS, this interaction may serve an alternative 

function. Indeed, human Pex19 plays a role regulating 

assembly/disassembly of membrane-associated protein 

complexes [44,45]. Also, human Pex14 does not bind to the 

putative mPTS binding region of Pex19, but to another region of 

the protein. In addition, S. cerevisiae Pex19 plays a role in the 

formation of Myo2-Inp2 complexes that are required for 

peroxisome inheritance in yeast [46]. 

The above data support our view that Pex19 serves as 

mPTS receptor for only a subset of PMPs and that the class II 

PMPs is much larger than initially anticipated. Little is so far 

known on the putative Pex19 independent PMP sorting 

pathways. Obviously, proteins that associate with other PMPs 

do not need the Pex3/Pex19 complex. For instance Pex4 is 

anchored to the integral peroxisomal membrane protein Pex22, 

Inp1 and Atg36 associate to Pex3 and the Pex1/Pex6 complex 

is recruited to peroxisomes by Pex15 or Pex26 (Table 1). A 

similar Pex19-independent mechanism may exist for Pex14, 

because Pex13 contributes to Pex14 localization, based on the 

observation that in S. cerevisiae and man Pex14 mislocalizes in 

Pex13-deficient cells [44,47,48]. Another possibility for 

Pex3/Pex19 independent sorting is the initial transport of the 

protein to the ER, followed by further trafficking to the 

peroxisome by vesicle transport. 
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Several studies indeed suggest that PMPs first traffic to the 

ER, mediated by the Sec or Get translocons. One of the first 

indications came from the observation that Y. lipolytica Pex2 and 

Pex16 are glycosylated, a process that only occurs in the ER 

lumen [56]. However, glycosylation of these peroxins has never 

been demonstrated in other species. 

For Pex3 much more data are available on an ER-dependent, 

Pex3/Pex19 independent pathway. For instance, fluorescence 

microscopy analysis revealed the transient presence of 

Pex3-GFP at the ER during re-introduction of Pex3 in S. 

cerevisiae pex3 cells [30]. In addition, Hettema and colleagues 

identified the ER sorting signal of S. cerevisiae Pex3 as well as a 

signal that is responsible for sorting of this PMP to an ER 

subdomain from which peroxisomal vesicles are assumed to be 

formed [57]. Moreover, data have been presented that the yeast 

ER translocon is involved in Pex3 sorting [58]. However, it should 

be noted that in mammals evidence has been presented 

indicating that Pex3 directly inserts into the peroxisomal 

membrane, a process that depends on Pex16 [59].  

Sorting of yeast Pex3 to the ER followed by its exit in 

vesicles is supported by the results of in vitro budding reactions 

resulting in the release of Pex3 containing vesicles [60,61]. 

These may represent transport vesicles that fuse with 

pre-existing peroxisomes thereby delivering Pex3 and lipids to 

pre-existing peroxisomes.  
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Table 2 Reported physical interactions of Pex13 and Pex14 

with Pex19 

PMP Interaction 

with Pex19 

Interaction 

at mPTS 

Remarks References 

ScPex13 Yes yes  [49,50]  

PpPex13 Yes No  [51] 

HsPex13 Yes Yes 2 regions with 

targeting 

information 

[52,53]  

HsPex13 Yes No Sorts 

independent of 

Pex19 to the 

peroxisomal 

membrane 

[44,54]  

ScPex14 Yes ?  [49]  

PpPex14 No -  [51]  

HsPex14 Yes Yes  [53]  

HsPex14 Yes No  Interaction 

regulates 

binding of Pex5 

and Pex13 to 

Pex14 

[44,54,55]  

HsPex14 Yes Yes Mutations in 

Pex14 mPTS 

that affect 

correct sorting 

do not disturb 

Pex19 

interaction 

[48] 

 

The above data however should be interpreted with care, 

as in these studies ER localization was invariably observed using 

strains in which Pex3 was overproduced or in which mutant 
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variants of Pex3 were used. Overproduction of membrane 

proteins can cause mistargeting to the ER [62,63]. Moreover, 

localization of Pex3 at the ER has never been observed in 

wild-type cells. Also, we have never observed Pex3-GFP at the 

ER upon introduction of this protein in H. polymorpha pex3 cells 

[12]. Instead the initial Pex3-GFP fluorescence was detected at 

the preperoxisomal vesicles, suggesting that Pex3 directly sorts 

to these structures. However, we cannot fully rule out that Pex3 

traffics via ER to pre-peroxisomal structures, because the 

process of sorting of Pex3 to the ER followed by subsequent 

sorting to pre-peroxisomal vesicles may be so fast that 

Pex3-GFP fluorescence is invariably below the limit of detection 

at the ER. Notably, Van der Zand and colleagues [34] suggested 

that in addition to Pex3 at least 15 other PMPs initially insert into 

the ER in yeast. These experiments were mainly based on 

fluorescence microscopy data and PMP localization analysis 

during reintroduction of Pex3 in pex3 cells. These authors also 

presented evidence for a role of the Sec61 translocon in PMP 

sorting. In these experiments they used in vivo depletion assays, 

in which an essential component of the Sec61 translocon 

became limiting in time. Upon depletion for 7 h a minor fraction of 

Pex13, Pex14 and Pex8 indeed appeared in the soluble fraction 

obtained after fractionation of a post nuclear supernatant. This 

experiment however was performed using pex3 cells and 

essential controls were missing. Moreover, the appearance of 

Pex8 in the soluble fraction as a result of ER translocon depletion 

is unexpected as Pex8 is sorted to peroxisomes via PTS 

receptors and Pex14 [64,65]. 

Van der Zand and colleagues showed that Pex15 insertion 

in to the ER membrane depends on the GET complex [34]. 

However, Fujiki and colleagues showed that the mammalian 

homologue of Pex15, Pex26, inserts into peroxisomal 

membranes independent of GET [66]. 
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As clear from the above much more research is required to 

figure out whether or not the Sec and GET translocons are 

important for sorting of certain PMPs. 

 

Phospholipid transport 

Peroxisomes lack a membrane lipid synthesizing 

machinery. Therefore, the organelles have to attain their 

phospholipids (including phosphatidylcholine, 

phosphatidylethanolamine, phosphatidylinositol, 

phosphatidylserine, cardiolipin, phosphatidic acid [67,68]) from 

other cellular resources. Except for cardiolipin, which is 

synthesized in mitochondria, all other lipids are produced at the 

ER. Both vesicular and non-vesicular pathways have been 

proposed to be involved in membrane lipid transport to 

peroxisomes.  

As discussed above it has been proposed that Pex3 first 

sorts to the ER, then accumulates at an ER subdomain and 

finally is enclosed in ER-derived vesicles [30,69]. If true, these 

vesicles may ultimately fuse with pre-existing peroxisomes, 

thereby contributing to transfer of both lipids and Pex3 from the 

ER to nascent peroxisomes [30,69]. This model is supported by 

the observation that newly synthesized Pex3 sorts to all 

pre-existing peroxisomes [57,70] and that this process is 

independent of Pex19.  

The earliest data on non-vesicular lipid transport to 

peroxisomes came from an elegant study performed in the Prinz 

laboratory [21]. These authors made use of the fact that all 

enzymes involved in the synthesis of the two major 

phospholipids phosphatidylethanolamine (PE) and 

phosphatidylcholine (PC) are localized to the ER except for the 

enzyme phosphatidyl serine decarboxylase (Psd), which in S. 

cerevisiae occurs in mitochondria (Psd1) and in the Golgi 

apparatus (Psd2). Therefore the synthesis of PE and PC 

requires transport of lipids out of the ER and back again. To 
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study lipid transport between the ER and peroxisomes, Psd was 

artificially sorted to the peroxisomal matrix in a yeast strain 

missing both endogenous Psd enzymes. The formation of PE 

and PC in these cells indicates that transport indeed occurred. 

Lipid transport from the ER to peroxisomes turned out to be very 

rapid and independent of Sec proteins, suggesting that it does 

not involve vesicular transport [21]. Lipid transport from the ER 

to peroxisomes also was independent of Pex3. 

Non-vesicular lipid transport usually takes place at 

membrane contact sites (MCSs). So far several peroxisomal 

MCSs have been described [91]. An MCS is defined as a region 

where two different membranes are tethered in close apposition 

(within 30 nm). Besides a role in lipid transfer, MCSs have also 

been implicated in other multiple processes such as intracellular 

signaling, organelle trafficking, organelle inheritance, metabolite 

transport and organelle fission. At MCSs generally specific 

proteins and/or lipids are enriched (for a review see [71]). Here 

we focus on those putative peroxisomal MCSs that may play a 

role in membrane lipid transport. 

Morphological analysis of mammalian [72,73] and yeast 

cells [74] revealed that peroxisomes are invariably very closely 

associated with the ER (Fig. 1A). Cell fractionation studies using 

Y. lipolytica pex12 mutant cells resulted in the first biochemical 

evidence for the association of peroxisomal membranes with the 

ER and Golgi. These associations could be dissociated by 

incubation of membrane fractions with EDTA. The authors 

proposed that the peroxisome-associated forms of the ER and 

Golgi may be a source of phospholipids for the formation of the 

peroxisomal membrane and that Pex12 could perform an 

important role in this process [75].  

So far two MCSs linking peroxisomes to the ER (also 

designated ER-to-peroxisome contact site; EPCONS) have 

been described in yeast. The first one consists of ER and 

peroxisome localized Pex3 molecules that are linked by the 
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association with Inp1, a protein involved in peroxisome retention 

[19]. So far it remains to be investigated whether Inp1 plays a 

role in lipid transport. 

Another S.cerevisiae EPCONS was identified by an 

elegant proteomics approach in which binding partners of the 

peroxisomal membrane protein Pex30 were identified. This 

study revealed that Pex30 forms a complex with the 

ER-localized reticulon proteins Rtn1, Rtn2 and Yop1 [76]. 

Peroxisomes are more mobile in pex30 cells relative to that in 

wild-type controls, in line with the view that these organelles 

may indeed be associated to the ER in wild-type cells. Given the 

important role of Pex30 in peroxisome biogenesis, the authors 

speculate that EPCONS may provide a connecting platform for 

pre-existing peroxisomes for growth [76]. Notably, in vitro 

binding experiments revealed that S. cerevisiae Inp1 binds to 

Pex30 [19]. It is therefore tempting to speculate that the 

Pex3-Inp1 tether and the Pex30 containing protein complex 

constitute a macro-molecular complex regulating peroxisome 

dynamics through EPCONS. Whether this macro-complex 

facilitates the exchange of membrane lipids between these 

organelles is still unknown.  

Electron microscopy data revealed that peroxisomes are 

also present in the vicinity of mitochondria in S. cerevisiae [77]. 

Direct contacts between mitochondria and peroxisomes may 

facilitate transport of cardiolipin, which is exclusively 

synthesized in mitochondria, but also abundant in peroxisomal 

membranes of S. cerevisiae [68,78]. Whether this is a 

conserved property of peroxisomal membranes still has to be 

established as cardiolipin was not detected in mammalian 

peroxisomes or in peroxisomes from Candida tropicalis [79,80].  

Synthetic genetic arrays in conjunction with high content 

fluorescence microscopy screens, revealed that peroxisomes 

are often localized to specific mitochondrial subdomains such as 

mitochondrial-ER junctions and sites of acetyl-CoA synthesis 
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[81]. These sites are most likely important for metabolite 

transport between both organelles, but it cannot be excluded 

that they also function in lipid transport. 

Two-hybrid data indicated that Pex11 physically interacts 

with the ERMES (ER-mitochondria-encounter-structure) protein 

Mdm34 at mitochondria, which could be responsible for an MCS 

between peroxisomes and mitochondria. Indeed, the 

percentage of peroxisomes co-localizing with ERMES foci 

decreased from 30% to 15% in a pex11 mutant [82]. Considering 

that 15 % of the peroxisomes are still localized in the vicinity of 

ERMES foci in the pex11 mutant, suggests that additional 

proteins are likely involved in mitochondrial-peroxisome MCSs 

[82]. 

Recently, Chu and colleagues identified 

lysosome-peroxisome contact sites (LPMC) in mammalian cells, 

which were mediated by lysosomal Syt7 (Synaptotagmin VII) 

and PI(4,5)P2 in the peroxisomal membrane [82]. This is the first 

evidence that peroxisomes can acquire lipids directly from other 

organelles through MCSs. The identified MCS is transient and 

dynamic as a lysosome forms contact sites with a peroxisome in 

a time frame of 100 s, then releases and moves away. 

Disruption of the LPMC resulted in the accumulation of 

cholesterol in lysosomes, indicating that transport of cholesterol 

from lysosomes to peroxisome requires LPMCs [83]. It is 

tempting to speculate that yeast vacuoles also can donate 

membrane lipids to peroxisomes. Notably, in yeast an MCS 

between vacuoles and mitochondria (vCLAMP) important for 

mitochondrial biogenesis has been described [84,85].  

Peroxisomes are often observed in close contact with lipid 

bodies in S.cerevisiae [86]. The physical interaction between 

peroxisomes and lipid bodies promotes peroxisomal 

beta-oxidation of fatty acids. Interestingly, membrane lipids of 

glyoxysomes are derived from lipids droplets in cotton seedlings 

[86]. However, the proteins which are involved in these contact 
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sites still need to be identified. 

In plant recently physical interactions between 

peroxisomes and chloroplasts were demonstrated using 

femtosecond laser technology. These studies revealed that 

peroxisomes and chloroplasts interact in a photosynthesis 

dependent way, which is important for efficient metabolite flow 

between both organelles for photorespiration [87]. Notably, 

previous light and transmission electron microscopy studies also 

revealed that plant peroxisomes are generally associated with 

chloroplasts. Interestingly, this association was lost in cells of an 

Arabidopsis pex10 [88]. 

Summarizing, peroxisomes may form several MCSs with 

different cellular membranes. Whether these indeed play a role 

in the formation of peroxisomal membranes is an urgent 

question in current peroxisome research.  

 

Perspectives 

Now consensus has been reached on the principles of 

matrix protein import, two other main topics in research on 

peroxisome biogenesis are not yet solved: how do organelles 

obtain their PMPs and how are the membrane lipids required for 

membrane expansion incorporated? 

The ER vesicle fusion model, put forward to explain 

peroxisome re-introduction in pex3 cells by van der Zand and 

colleagues [6], does not explain how once formed organelles 

receive additional PMPs or membrane lipids. The likely 

explanation is that upon organelle maturation, additional PMPs 

are sorted via direct Pex3/Pex19 dependent pathways. However, 

this model again does not fit for all PMPs as yeast pex3 and 

pex19 cells contain small peroxisomal membrane remnants that 

contain Pex13 and Pex14. Therefore these PMPs must follow 

an alternative pathway that is independent from Pex3/Pex19. 

This suggests that multiple PMP sorting pathways may exist. 
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Resolving these pathways is one of the challenging topics of the 

near future. 

Lipid incorporation may require vesicle fusion processes, 

possibly derived from different organelles [89]. Recently a novel, 

promising machinery has been described, namely the direct 

transfer of lipids at MCSs. Morphologically such close organelle 

association has frequently been observed by electron 

microscopy. In particular, nascent peroxisomes are associated 

with other organelles.  

Interestingly, in yeast, deletion of a gene involved in matrix 

protein import (i.e. PEX13, PEX14) leads to the accumulation of 

matrix components in the cytosol in conjunction with the 

presence of small peroxisomal ghosts. The membrane surface 

of these remnants is reduced relative to the surface of the 

peroxisomal membrane in identically grown wild-type cells. This 

suggests that organellar matrix protein import and lipid 

acquisition are in a yet unknown way coupled processes. 

It is therefore tempting to speculate that (one of the) 

importomer proteins is involved in these contact sites. This is 

strengthened by the observation that proteins of the importomer 

levels are strongly enhanced in nascent organelles, relative to 

the small amounts remaining in older/mature organelles [90]. 

Moreover, as indicated above Pex10 (plant) and Pex12 (Y. 

lipolytica) have been suggested to play a role in the formation of 

MCSs. Unraveling the role of MCSs in peroxisome growth is 

gaining growing interest in the field. 

Finally, peroxisomes form in cells of pex mutants upon 

reintroduction of the missing gene using peroxisomal membrane 

remnants as template. This raises the question whether it is 

possible to generate specific mutants that completely lack any 

peroxisomal membrane remnant structure. One option is to 

study this in buds of yeast inp2 cells, which are assumed not to 

receive a peroxisome during budding from the mother cell. 

However, it is yet unclear if these cells indeed completely lack 
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peroxisomal membrane vesicles, or whether such structures 

migrate to the bud in an Inp2-independent manner. Additional 

studies are required to shed light on this important topic to solve 

whether real de novo synthesis of peroxisomes is possible. 
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Abstract 

We demonstrated that Saccharomyces cerevisiae pex3 

cells contain vesicular peroxisomal membrane structures. These 

structures are relatively stable and harbor the peroxisomal 

receptor docking protein Pex14 in conjunction with Pex8. Pex11 

was mislocalized to mitochondria, whereas the other tested 

peroxisomal membrane proteins were below the limit of 

detection. Upon reintroduction of Pex3 in cells lacking Pex3 

protein, the Pex14 containing vesicles matured into functional 

peroxisomes, suggesting that the vesicles are preperoxisomal 

structures.  
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Introduction 

Peroxisomes are ubiquitous multifunctional organelles that 

are present in almost all eukaryotic cells. Their functions vary 

with the organism in which they occur and with their 

developmental stage. Common functions include hydrogen 

peroxide metabolism and β-oxidation of fatty acids (van den 

Bosch et al., 1992).  

Peroxisome numbers are highly flexible. Organelle 

abundance enhances upon stimulation of peroxisome 

proliferation, but deceases upon induction of pexophagy 

(autophagic degradation of peroxisomes) (Honsho et al.; Mast et 

al., 2015; Smith and Aitchison, 2013).How organelle numbers 

increase is still a matter of debate. For yeast, two main 

machineries of peroxisome development have been 

documented (Lazarow and Fujiki, 1985; Tabak et al., 2008, 

2013). The first one prescribes that peroxisomes, as 

semi-autonomous organelles, proliferate by growth and fission. 

Related to this, multiple components involved in organelle 

fission and inheritance have been firmly established (Opaliński 

et al., 2011, 11; Motley et al., 2008; Williams et al., 2015). 

Alternatively, peroxisomes may form from the endoplasmic 

reticulum (ER), which involves sorting of peroxisomal membrane 

proteins (PMPs) to the ER, followed by Pex3/Pex19 dependent 

vesicle formation and Pex1/Pex6 mediated vesicle fusion 

(van der Zand et al., 2012). This model is pre-dominantly based 

on the analysis of organelle formation in yeast pex3 deletion 

strains upon re-introduction of the missing PEX3 gene 

(Hoepfner et al., 2005) and supported by data indicating that 

peroxisomal membrane vesicles can be formed in vitro from the 

ER (Lam et al., 2011; Agrawal., 2016). On the other hand, recent 

studies indicated that yeast Pex1 and Pex6 are not involved in 

the fusion of ER-derived PMPs-containing vesicles (Knoops et 

al., 2015; Motley et al., 2015), but play a role in peroxisomal 
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matrix protein import in line with earlier reports on the function of 

these proteins (Grimm et al., 2012). 

The ER based model also has been challenged by data 

obtained in Hansenula polymorpha that indicated that H. 

polymorpha pex3 cells contain preperoxisomal vesicles (PPVs) 

that harbor components of the matrix protein docking complex 

(Pex13, Pex14 and Pex8), but not of the RING complex (Pex2, 

Pex10, Pex12), thus explaining why a functional importomer is 

not formed (Knoops et al., 2014). In addition, H. polymorpha 

PPVs lacked the fission protein Pex11 as well as the ATP-AMP 

transporter Pmp47. Upon re-induction of Pex3, the PPVs, but 

not the ER, were the  target for Pex3 and subsequently 

matured into normal peroxisomes. 

These results prompted us to re-investigate S. cerevisiae 

pex3 cells, as these are generally considered to lack 

peroxisome remnants structures (Hettema et al., 2000; van der 

Zand et al., 2010). Our data indicate that S. cerevisiae pex3 

cells contain clusters of small membrane vesicles that contained 

Pex14 and Pex8, but not Pex13, Pex10, Pex11 and Ant1, the 

homologue of H. polymorpha Pmp47. We furthermore show that 

these vesicles mature into functional peroxisomes upon 

reintroduction of Pex3, like observed in H. polymorpha. 

 

Materials and methods 

Strains and growth conditions 

The S. cerevisiae strains used in this study are derivatives 

of BY4742 (his3Δ1; leu2Δ0; lys2Δ0; ura3Δ0), or DF5 (trp1Δ1; 

ura3Δ52; his3Δ200; leu2Δ3; lys2Δ801) and are listed in Table 1. 

S. cerevisiae cells were grown at 30°C on either YPD (1% yeast 

extract, 1% peptone and 1% glucose), selective media 

containing 0.67% yeast nitrogen base without amino acids (YNB; 

Difco BD) or mineral medium supplemented with 1% glucose or 

a mixture of 0.1% glucose and 0.1% oleic acid (MM-O). For 



57 
 

growth on agar plates, the medium was supplemented with 2% 

agar. For selection of antibiotic resistant transformants, YPD 

plates containing 200 μg/ml Zeocin (Invitrogen), 200 μg/ml 

Hygromycin B (Invitrogen) or 100 μg/ml Nourseothricin (Werner 

Bioagents) were used. For selection of auxotrophic 

transformants, mineral medium was supplemented with the 

required amino acids. 

 

Molecular and Biochemical techniques 

Oligonucleotides used in this study are listed in Table 2. 

Standard recombinant DNA techniques were performed as 

described previously (Janke et al., 2004). Preparative 

polymerase chain reactions (PCR) were carried out with 

Phusion polymerase (Thermo Scientific). Initial selection of 

positive transformants by colony PCR was carried out using 

Phire polymerase (Thermo Scientific). Extracts prepared from 

cells treated with 12.5% trichloroacetic acid were prepared for 

SDS-polyacrylamide gel electrophoresis and Western blotting 

(WB) as detailed previously (Baerends et al., 2000). Equal 

amounts of proteins were loaded per lane. Blots were probed 

with rabbit polyclonal antisera against Pex14, pyruvate 

carboxylase-1 (Pyc1) or glucose-6-phosphate dehydrogenase 

(G6PD). mGFP-fusion proteins of Pex10, Pex11, Pex13, Ant1 

were probed with mouse monoclonal antiserum against green 

fluorescence protein (GFP; Santa Cruz Biotechnology, sc-9996). 

Pyc1 and G6PD were used as loading controls. Secondary 

antibodies conjugated to horseradish peroxidase were used for 

detection. 

 

Construction of pex3 Pex14-mGFP, pex3 atg1 Pex14-mGFP 

and pex3 atg1 Pex14-6xHA strains 

The S. cerevisiae pex3 strain was obtained from the 

Euroscarf collection (Table 1). The PEX3 deletion was 

confirmed by colony PCR with primers TER202 and TER203. 
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ATG1 was disrupted by replacing the ATG1 region with the 

nourseothricin (Nat) resistance gene using a PCR fragment 

containing the selective marker and 50bp of ATG1 flanking 

regions. The PCR fragment was amplified with the primers 

TER208 and TER209 using plasmid pAG25 (Goldstein and 

McCusker, 1999) as a template, and then transformed into pex3 

cells. Nourseothricin resistant transformants were selected and 

the correct integration was checked by colony PCR using the 

primers TER210 and TER211, and confirmed by Southern 

blotting.  

To obtain pex3 Pex14-mGFP and pex3 atg1 Pex14-mGFP, 

a fragment containing PEX14-mGFP was amplified using 

primers TER216 and TER217 from the yeast Euroscarf GFP 

fusion collection and transformed into pex3 and pex3 atg1 cells, 

respectively. Subsequently, correct integration of PEX14-mGFP 

was confirmed by colony PCR using TER198 and TER199. 

 

Construction of pex3 atg1 strains for co-localization studies 

A fragment encoding mCherry was cloned from plasmid 

pARM001 (Kumar et al., 2016) using primers TER214 and 

TER215, and then transformed into BY4742 and pex3 atg1 cells, 

respectively. Hygromycin resistant transformants were selected 

and correct integration was confirmed by colony PCR with 

primers TER216 and TER217. The PEX8-mGFP fragment was 

amplified with primers TER234 and TER235 using plasmid 

pMCE7 (Cepińska et al., 2011) as a template. A fragment 

encoding mGFP-PEX8 under the control of the NOP1 promoter 

(PNOP1) was amplified with TER306 and TER307 using genomic 

DNA of strain AK259 as a template. PEX10-mGFP, 

PEX11-mGFP, PEX13-mGFP, Ant1-mGFP fragments were 

amplified from the yeast GFP fusion library with primers TER218 

and TER219, TER222 and TER223, TER226 and TER227, 

TER299 and TER300, respectively. The above PEX8-mGFP, 

PEX10-mGFP, PEX11-mGFP, PEX13-mGFP, Ant1-mGFP 
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fragments were transformed into WT and pex3 atg1 

Pex14-mCherry cells. Correct integration was confirmed by 

colony PCR using primers TER236+TER237, TER220+TER221, 

TER224+TER225, TER228+ 

TER229, TER301+TER302, respectively. 

 

Construction of a TIR1 Pex3-AID*-6HA strain producing 

Pex14-mGFP and DsRed-SKL 

A plasmid encoding Pex3 tagged with the yeast-optimized 

auxin-inducible degron-6HA tag (AID*-6HA) (Morawska and 

Ulrich, 2013) was obtained as follows: First, PEX3 was amplified 

by PCR using the primers Pex3-F and Pex3-R and  S. 

cerevisiae BY4742 genomic DNA as a template. Next, the 

resulting 1.3kb fragment was digested with HindIII and SalI, and 

inserted between the HindIII and SalI sites of pHyg-AID*-6xHA, 

resulting in pHyg-PEX3-AID*-6HA. Then, the Mfe1-lineralized 

pHyg-PEX3-AID*-6HA was integrated in the genome of the TIR1 

strain. 

To create a TIR1 Pex3-AID*-6HA Pex14-mGFP 

DsRed-SKL strain, the DraI-linearized pPtdh3-DsRed-SKL 

(Knoops et al., 2015) was transformed into TIR1 Pex3-AID*-6HA 

cells. A fragment encoding Pex14-mGFP was amplified with 

primers TER216 and TER217 using WT Pex14-mGFP 

(Euroscarf collection) as a template. Then the obtained 

Pex14-mGFP fragment was transformed into TIR1 

Pex3-AID*-6HA DsRed-SKL cells. 

 

Fluorescence microscopy 

All images were captured at room temperature using a 

100x1.30 NA Plan Neofluar objective (Carl Zeiss). Images were 

captured in media in which the cells were grown using a 

fluorescence microscope (Axio Scope A1; Carl Zeiss), 

Micro-Manager 1.4 software and a digital camera (Coolsnap 

HQ2; Photometrics). For wide-field microscopy, GFP 



60 
 

fluorescence was visualized with a 470/40 nm band pass 

excitation filter, a 495 nm dichromatic mirror, and a 525/50 nm 

band-pass emission filter. mCherry fluorescence was visualized 

with a 587/25 nm band pass excitation filter, a 605 nm 

dichromatic mirror, and a 647/70 nm band-pass emission filter. 

DsRed fluorescence was visualized with a 546/12 nm bandpass 

excitation filter, a 560 nm dichromatic mirror, and a 575-640 nm 

bandpass emission filter. Image analysis was carried out using 

ImageJ and Adobe Photoshop CS6 software.  

To quantify Pex14-mGFP spots in pex3 and pex3 atg1 

strains, cells were grown for 16 hours on MM-O. Random 

images were taken as a stack using a confocal microscope 

(LSM510, Carl Zeiss) and photomultiplier tubes (Hamamatsu 

Photonics) and Zen 2009 software (Carl Zeiss). Z-Stack images 

were made containing 14 optical slices and the GFP signal was 

visualized by excitation with a 488 nm argon ion laser (Lasos), 

and a 500-550 nm bandpass emission filter.  

Live cell imaging was performed using a Zeiss LSM800 

confocal microscope. For live cell imaging, the temperature of 

the objective and object slide was kept at 30°C and the cells 

were grown on 1% agar in medium. GFP fluorescence was 

analyzed by excitation of the cell with a 488-nm laser, and 

emission was detected using a 490 - 535 nm band-pass 

emission filter. DsRed fluorescence was analyzed by excitation 

with a 561-nm laser, and emission was detected using a 535 – 

700 nm band-pass filter. Eight z-axis planes were acquired 

every 20 minutes. 

 

Electron microscopy 

Cells were fixed in 1.5% KMnO4 and prepared for electron 

microscopy analysis as described previously (Waterham et al., 

1993). Immunocytochemistry was performed using cryosections 

as described previously (Knoops et al., 2014). 
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Results 

PPVs are present in S. cerevisiae pex3 and pex3 atg1 cells 

In H. polymorpha pex3 cells PPVs are very sensitive 

toward autophagic degradation. This process is prevented by 

deletion of ATG1, which greatly facilitated their identification 

(Knoops et al., 2014). In order to address whether PPVs are 

also present in S. cerevisiae cells lacking Pex3, we also used an 

atg1 background (i.e. an S. cerevisiae pex3 atg1 double deletion 

strain). Fluorescence microscopy (FM) analysis of oleic acid 

induced pex3 atg1 cells revealed the presence of Pex14-mGFP 

spots, similar as observed in H. polymorpha pex3 atg1 cells (Fig. 

1A, B). However, the number of spots were similar in S. 

cerevisiae pex3 and pex3 atg1 cells, as was evident from 

quantitative analysis of FM images (Fig. 1C). This result 

indicates that in S. cerevisiae pex3 cells PPVs are not subject to 

constitutive degradation by autophagy. This was confirmed by 

Western blot analysis, which showed that the levels of Pex14 in 

pex3 cells were comparable to those in wild-type (WT) and pex3 

atg1 cells (Fig. 1E).  

In order to address whether the observed Pex14-mGFP 

spots in S. cerevisiae pex3 atg1 cells indeed represent PPVs, 

we performed immuno electron microscopy (iEM) analysis using 

α-Pex14 antibodies. These experiments revealed that S. 

cerevisiae pex3 atg1 cells contain clusters of vesicular 

structures (Fig. 1D), which are selectively labeled with α-Pex14 

antibodies, indicating that they are peroxisomal in nature.  
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Figure 1. PPVs are present in oleic acid induced S. cerevisiae pex3 

and pex3 atg1 cells. 

Cells were grown on a mixture of glucose and oleic acid for 16 h. FM 

images of pex3 (A) and pex3 atg1 (B) cells producing Pex14-mGFP. 

Scale bar: 2.5 µm. (C) Quantification of Pex14-mGFP spots in pex3 and 

pex3 atg1 cells. The average number of spots was calculated from 200 

cells in each strain. (D) I. Immuno-electron microscopy analysis of pex3 

atg1 cells. Labelling was performed on a 90 nm thick cryosection using 

anti-Pex14 antibodies. II shows a 3D reconstruction of a dual tilt tomogram 

of the 90 nm thick section selected in I. PPVs (blue), plasma membrane 

(magenta). Scale bars: D I - 200 nm, D II - 100 nm. M – mitochondrion, 

LD-lipid droplet; CW – cell wall. (E) Western blot analysis of Pex14 levels 

in WT, pex3 and pex3 atg1 cells. G6PD was used as loading control.  

 

PPVs in S. cerevisiae pex3 atg1 cells contain Pex14 and 

Pex8 

In order to address whether the PPVs in S. cerevisiae 

pex3 atg1 cells have a similar protein composition as in H. 

polymorpha pex3 atg1 cells, we performed co-localization 
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studies using Pex14-mCherry together with different PMPs 

C-terminally tagged with mGFP under control of their 

endogenous promoters. As expected the PMPs Pex10-GFP, 

Pex11-GFP and Ant1-GFP were present in spots in WT control 

cells (Fig. 2A). Pex8-GFP, however, was partially mislocalized to 

the cytosol in WT controls (Fig. 2A). We therefore also tested 

the localization of a Pex8 variant which was N-terminally tagged 

with mGFP and  produced under the control of PNOP1 (Yofe et 

al., 2016). As shown in Fig. 2A, GFP-Pex8 was confined to 

spots in WT cells, indicating that the C-terminal GFP tag 

influenced the peroxisomal localization of Pex8.   

As shown in Fig. 2B, in S. cerevisiae pex3 atg1 cells bulk 

of the GFP-Pex8 fluorescence co-localized with Pex14-mCherry 

in spots (Fig. 2B), indicating that Pex8  associates with PPVs, 

like in H. polymorpha pex3 atg1. In contrast, Pex10-mGFP, 

Pex13-mGFP and Ant1-mGFP fluorescence was below the limit 

of detection in pex3 atg1 cells (data not shown). The reduced 

levels of these PMPs, but not of Pex14, was confirmed by 

Western blot analysis (Fig. 2C). Pex11-mGFP fluorescence was 

present in foci, which did not co-localize with Pex14-mCherry 

(Fig. 2B). Further analysis, using live cell imaging and 

mitotracker staining, revealed that Pex11-GFP localized to 

mitochondria in pex3 atg1 cells (Fig. 2D). The levels of Pex11 

were strongly reduced in pex3 atg1 cells relative to WT controls, 

indicating that this peroxin is also relatively unstable in these 

cells (Fig. 2C). 

Taken together, we conclude that Pex14 and Pex8, but not 

Pex10, Pex11, Pex13 and Ant1 associate with PPVs in S. 

cerevisiae pex3 atg1 cells. 
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Figure 2 PMPs levels and localization in pex3 atg1 cells. (A) FM 

analysis of glucose grown WT cells producing various PMPs fused to 

mGFP. Scale bar: 2.5 µm. (B) FM analysis of glucose grown pex3 atg1 

producing Pex14-mCherry together with different PMPs fused with mGFP. 

(C) Western blot analysis of the levels of Pex10, Pex11, Pex13, Pex14, 

Ant1 in S. cerevisiae WT and pex3 atg1 cells. Cells were grown in mineral 

medium containing glucose, subsequently shifted to mineral medium 

containing a mixture of glucose and oleic acid. TCA samples were taken 

at the indicated time points. Pyc1 or G6PD were used as loading controls. 

(D) Confocal laser scanning microscopy analysis of pex3 atg1 cells 

producing Pex11-mGFP. Mitochondria were stained with Mitotracker 

(Red). In order to improve visualization of mitochondria, cells growing on 

glucose medium containing 1% agar were imaged. Scale bar: 5 µm. 
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S. cerevisiae PPVs mature into functional peroxisomes 

upon reintroduction of Pex3 

In order to investigate whether PPVs can develop into 

functional peroxisomes upon reintroduction of Pex3, we used an 

auxin-inducible degron system (Kanke et al., 2011; Morawska 

and Ulrich, 2013; Nishimura et al., 2009) for modulating Pex3 

levels in a strain producing Pex14-mGFP and the peroxisomal 

matrix marker DsRed-SKL.  

In this strain Pex3, produced under control of its 

endogenous promoter, is continuously degraded in cultures 

containing auxin, but is stable in the absence of auxin. The 

advantage of this system is that, unlike using inducible, strong 

promoters such as PGAL, Pex3 is never overproduced.  

As expected, the peroxisomal matrix marker DsRed-SKL is 

cytosolic when cells were grown in the presence of auxin (Fig. 

3A). However, several hours after removing auxin DsRed-SKL 

co-localized with Pex14-mGFP, indicating that the PPVs 

became competent to import matrix proteins. This was 

confirmed by live cell imaging (Fig. 3B). Taken together these 

data indicate that PPVs can develop into functional peroxisomes 

when Pex3 protein is reintroduced in the cells. 
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Figure 3. Reintroduction of Pex3 results in import of DsRed-SKL in 

PPVs. (A) S. cerevisae Pex3-AID*-6HA Pex14-mGFP DsRed-SKL cells 

were precultivated on glucose medium in the presence of auxin. At T = 0h, 

cells were transferred to fresh glucose medium without lacking auxin. FM 

analysis shows that at T = 0h all DsRed mislocalizes to the cytosol, 

whereas several hours after the shift (T = 7.5 h) DsRed-SKL also 

co-localized with Pex14-mCherry. (B) Live cell imaging showing 

reintroduction of peroxisomes in S. cerevisae Pex3-AID*-6HA 

Pex14-mGFP DsRed-SKL cells upon removal of auxin. Scale bar: 2.5 µm. 
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Discussion 

We demonstrated that Saccharomyces cerevisiae cells 

lacking Pex3, which until now were considered to lack any 

peroxisomal membrane structures, in fact do contain such 

membranes (pre-peroxisomal vesicles, PPVs). Like in H. 

polymorpha these membrane structures harbored Pex14 and 

Pex8, but not  the RING protein Pex10 or Ant1, which were 

both below the limit of detection.  

The PPVs in S. cerevisiae pex3 cells differ from those in H. 

polymorpha pex3 cells in three aspects. First, they are relatively 

stable whereas those in H. polymorpha pex3 cells are subject to 

constitutive autophagic degradation (Knoops et al., 2014). 

Second, Pex13 does not accumulate on the PPVs in S. 

cerevisiae pex3 atg1 cells. Third, Pex11 localizes to 

mitochondria in S. cerevisiae pex3 atg1 cells, whereas this 

peroxin was present at the ER in H. polymorpha pex3 atg1 cells. 

This difference in location in the two organisms suggests that 

Pex11 mislocalizes in the absence of Pex3. Importantly, as in H. 

polymorpha, also the PPVs in S. cerevisiae cells lacking Pex3, 

matured into normal peroxisomes upon reintroduction of Pex3. 

This indicates that the ER-based de novo peroxisome formation 

pathway proposed by van der Zand et al. (2012) needs 

adaptation.   

The remarkable difference between the stability of PPVs in 

S. cerevisiae and H. polymorpha can be readily explained by the 

difference in function of Pex3 protein in pexophagy in the two 

organisms. In S. cerevisiae Pex3 is required for pexophagy 

(Motley et al., 2012), whereas in H. polymorpha Pex3 should be 

absent on peroxisomes to allow pexophagy (Bellu et al., 2002) 

thus explaining why PPVs lacking Pex3 are sensitive to 

autophagic degradation in the latter organism. 

Previously, in S. cerevisiae pex3 cells, 15 PMPs were 

reported to be localized to the ER, including Pex8, Pex11, Pex13, 
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Pex14 and Atn1(van der Zand et al., 2010). In this study a 

C-terminal YFP fusion protein of Pex8 was used. Here we show 

that Pex8-mGFP partially mislocalizes to the cytosol in WT cells. 

Most likely, this is due to the presence of peroxisomal targeting 

signal 1 (PTS1) at C-terminus of Pex8 (Rehling et al., 2000), 

which upon addition of a fluorescent protein causes partial 

mis-localization. Indeed, when we fused GFP to the N-terminus 

of Pex8 no cytosolic GFP was detected in WT cells. In S. 

cerevisiae pex3 atg1 GFP-Pex8 was predominantly associated 

with PPVs as it co-localized with Pex14-mCherry.  

In S. cerevisiae pex3 cells Pex11 has been reported to be 

either mislocalized to the cytosol, the ER, or mitochondria 

(Hettema et al., 2000; van der Zand et al., 2010; Mattiazzi Ušaj 

et al., 2015, Motley et al., 2015). Using Western blot analysis, 

Hettema et al.(2000) showed that the levels of Pex11 are very 

low in S. cerevisiae pex3 cells. Immunofluorescence revealed a 

weak and diffuse staining, whereas immunolabelling did not 

reveal the association of Pex11-HA to membrane structures, 

suggesting that the protein was cytosolic (Hettema et al., 2000). 

In contrast, van der Zand and colleagues (2010) localized 

Pex11-YFP to the ER in S. cerevisiae pex3 cells. Recently, 

however, two groups showed that Pex11-GFP was localized to 

mitochondria in S. cerevisiae pex3 cells (Mattiazzi Ušaj et al., 

2015; Motley et al., 2015). The latter observation is fully in line 

with our current data. We also observed a significant decrease 

in total Pex11 levels in the cells lacking Pex3, relative to the WT 

control. Our data that PPVs contain at least Pex14 and Pex8 

challenges the view that all PMPs sort to the ER before routing 

to the target peroxisome (van der Zand et al., 2010). Moreover, it 

also opposes the assumption that all PMPs follow a similar 

pathway to peroxisomes as the PPVs contain specific PMPs that 

are sorted to these structures without the ER as intermediate.  

Until recently, it was generally accepted that cells lacking 

Pex3 lack peroxisomal membrane remnants. The finding that 
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yeast pex3 cells harbor PPVs that can develop into functional 

peroxisomes upon Pex3 re-introduction lends us to support the 

view that the current de novo model that peroxisomes arise from 

the ER is no longer generally valid. In fact, our data support the 

view that in all pex mutants known so far new organelles arise 

from pre-existing peroxisomal membrane vesicles. Hence, 

studies on de novo peroxisome biosynthesis require other 

models that lack these remnants structures, for instance yeast 

mutant cells that are affected in organelle inheritance. 
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Table 1. strains used in this study 

WT BY4742, MATα his3Δ1 

leu2Δ0 lys2Δ0 

ura3Δ0 

Euroscarf 

TIR1 DF5, 

ADH1-AtTIR1
9myc

::URA3 

(Morawska 

and Ulrich, 

2013) 

pex3 BY4742, PEX3::KanMX Euroscarf 

pex3 atg1 BY4742, PEX3::KanMX, 

ATG1::NAT 

This study 

pex3 Pex14-mGFP BY4742, PEX3::KanMX, 

Pex14-mGFP:: 

HIS3 

This study 

pex3 atg1 Pex14-mGFP BY4742, PEX3::KanMX, 

ATG1::NAT, 

Pex14-mGFP::HIS3 

This study 

WT Pex8-mGFP BY4742, Pex8-mGFP::HIS3 This study 

WT Pex10-mGFP BY4742, Pex10-mGFP::HIS3 This study 

WT Pex11-mGFP BY4742, Pex11-mGFP::HIS3 This study 

WT Pex13-mGFP BY4742, Pex13-mGFP::HIS3 This study 

WT Ant1-mGFP BY4742, Ant1-mGFP::HIS3 This study 

WT Pex14-mCherry 

PNOP1GFP-Pex8 

BY4742, 

Pex14-mCherry::HPH 

P NOP1GFP-Pex8::URA3 

This study 

AK259 BY4742, PEX3::KanMX, 

ATG1::NAT, 

Pex14-mCherry::HPH  

PNOP1mGFP-Pex8::URA3 

(Agrawal et 

al., 2016) 

pex3 atg1 Pex14- 

mCherry Pex10-mGFP 

BY4742, PEX3::KanMX, 

ATG1::NAT, 

Pex14-mCherry::HPH, 

Pex10-mGFP::HIS3 

This study 

pex3 atg1 Pex14- BY4742, PEX3::KanMX, This study 
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mCherry Pex11-mGFP ATG1::NAT, 

Pex14-mCherry::HPH, 

Pex11-mGFP::HIS3 

pex3 atg1 Pex14 

-mCherry Pex13-mGFP 

BY4742, PEX3::KanMX, 

ATG1::NAT, 

Pex14-mCherry::HPH, 

Pex13-mGFP::HIS3 

This study 

pex3 atg1 Pex14 

-mCherry Ant1-mGFP 

BY4742, PEX3::KanMX, 

ATG1::NAT, 

Pex14-mCherry::HPH, 

Ant1-mGFP::HIS3 

This study 

pex3 atg1 Pex11-mGFP 

 

BY4742, PEX3::KanMX, 

ATG1::NAT, 

Pex11-mGFP::HIS3 

This study 

Pex3-AID*-6HA DF5,ADH1-AtTIR1
9myc

:: 

URA3,pHyg-PEX3-AID*-6HA:

: HPH 

 This study 

Pex3-AID*-6HA 

Pex14-mGFP 

DsRed-SKL 

DF5,ADH1-AtTIR1
9myc

::URA3

, Pex14-mGFP::HIS3, 

pHyg-PEX3-AID*-6HA:: 

HPH, 

PTDH3-DsRed-SKL::LEU2 

 This study 
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Table 2. Oligonucleotides used in this study (5’ to 3’) 

TER198 TGCATGGATCAGACGCTTTC 

TER199 AATGGGCCAATAGCAAGGAG 

TER202 CAAGTAGTAGAGTTTGCGTG 

TER203 ATCGCTGCAGGGTAATGTCA 

TER208 ACCCCATATTTTCAAATCTCTTTTACAACACCAGACGAG

AAATTAAGAAACCAGATCTGTTTAGCTTGCCTT 

TER209 ATAGCAGGTCATTTGTACTTAATAAGAAAACCATATTAT

GCATCACTTAAATTCGAGCTCGTTTTCGACA 

TER295 AGATCAGTGTCCCTGACTGGCAAAATGGACAGGTCGA

AGACTCCATCCCAGTATCACCCGGGAAATACCCA 

TER296 GTTACAATTACAATTTCCGTTAAAAAACTAATTACTTAC

ATAGAATTGCG TGCGTACACGCGTCTGTACA 

TER214 AGATCAGTGTCCCTGACTGGCAAAATGGACAGGTCGA

AGACTCCATCCCAATGGTGAGCAAGGGCGAGGAGGAT 

TER215 GTTACAATTACAATTTCCGTTAAAAAACTAATTACTTAC

ATAGAATTGCGCGTTTTCGACACTGGATGGCGGCGTT 

TER216 TAACCGTATGGAATCCGGTA 

TER217 TCCATGGCAATTCAAGGTCAT 

TER234 CCATCGACTGGTGGTACACAACGGTCTTATCAAGTCAA

TCTTCTAAATTA-GTGAGCAAGGGCGAGGAGCTGTT 

TER235 TTGAGAAAAAAGGAATATAAAAAGGCGCTACTATAAAG

TACTTAATGATA-GAACTAGTGGATCCCCCGTA 

TER236 AGCATTTGCTTAGGGACTCT 

TER237 TGAAGGGGGGTATCTTTGGA 

TER306 GACTAGAATCCCGGACTTGG 

TER307 GATTGAACTGGTCAAGCAACT 

TER218 TACTAGGTCGTCTGTTGGTC 

TER219 ACTACCTCCACCAAAGCCAA 

TER220 TAGACGTACACATGACCCTC 

TER221 ACACTCTGAGACCCGTGCAA 

TER222 AGTGGTCTGGCTATGGATCT 

TER223 TATCACGAGCGGGTAACAGA 
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TER224 ACTTGCAGGCAGCTGCTAAA 

TER225 CCCTGAAATATATAGGCGCA 

TER226 AGACCTCTGGAACCATACGA 

TER227 TGCCATATCACAATTGTCCTGA 

TER228 TGATAGGCGCTGTTACTGGA 

TER229 GGTGCTGGTAAGAAGAAAGT 

TER299 GGGTGTCCTTTCCAAGATGA 

TER300 TCCCAATTCCAAGTGGCTCT 

TER301 GTGGTAGCTACAAGACAACA 

TER302 GACCTGCGTTGAAGTGGAAC 

Pex3-F CCCAAGCTTTTGACGGCATACACCCAAGA 

Pex3-R AGAGTCGACAGGCTTGAAGGAAAACGAGC 
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Abstract 

In yeast, the absence of Pex11 and Pex23 family proteins 

generally results in a weak peroxisomal phenotype. We 

performed transposon mutagenesis of Hansenula polymorpha 

pex11 cells to test whether these weak phenotypes are due to 

functional redundancy. This genetic screen identified VPS13 as 

being essential for peroxisome biogenesis in pex11 cells. Cells 

of the pex11 vps13 double deletion strain, but not of the vps13 

single deletion strain, are defective in peroxisome biogenesis 

and contain small peroxisomal structures that appeared to be 

blocked in membrane expansion. Essentially similar results 

were obtained for pex23 vps13. The Saccharomyces cerevisiae 

homolog of Pex23, Pex30, was previously shown to be involved 

in the formation of peroxisome-ER membrane contact sites, 

suggesting that Vps13 is important for peroxisome biogenesis in 

cells defective in these contacts. 

Indeed, the peroxisomal phenotype of pex11 vps13 and pex23 

vps13 cells could be largely suppressed by the introduction of 

an artificial peroxisomes-ER tethering protein.  

Our data suggest that Vps13 is essential for peroxisome 

biogenesis in mutants with defects in peroxisome-endoplasmic 

reticulum contact sites, which play a role in organelle growth.  
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Introduction 

Peroxisomes are ubiquitous organelles that continuously 

adjust their function and abundance in response to cellular 

needs. This adaptation involves among others organelle 

multiplication and growth (Honsho et al., 2015; Mast et al., 2015; 

Smith and Aitchison, 2013). 

Because yeast peroxisomes are fully devoid of lipid 

biosynthetic enzymes, growth of the peroxisomal membrane 

fully relies on the supply of membrane lipids from other sources. 

Yeast peroxisomes receive lipids from different organelles, 

including the mitochondrion, the Golgi apparatus, the vacuole 

and the endoplasmic reticulum (ER) (Flis et al., 2015; 

Rosenberger et al., 2009). Both vesicular (Andrade-Navarro et 

al., 2009; Hettema et al., 2014) and non-vesicular pathways 

(Raychaudhuri and Prinz, 2008; Shai et al., 2015; Yuan et al., 

2015) have been proposed to be responsible for transport of 

lipids to peroxisomes. 

Evidence is accumulating that regions of close apposition 

between two membranes, designated membrane contact sites 

(MCSs), play crucial roles in non-vesicular lipid transport (Lahiri 

et al., 2015). At the morphological level associations between 

peroxisomes and other cellular membranes are already known 

for many decades (reviewed by (Schrader et al., 2015)), 

however only recently a peroxisomal MCS was demonstrated to 

be involved in lipid exchange. This MCS occurs between 

mammalian peroxisomes and lysosomes and is important for 

intracellular cholesterol transport (Chu et al., 2015). All other 

known peroxisomal MCSs have been implicated in functions 

different from lipid exchange. So far two EPCONS (endoplasmic 

reticulum-peroxisome contact sites) have been described. The 

first one functions in peroxisome retention in yeast and requires 

Inp1, which acts as a molecular hinge between the ER and 

peroxisome-bound Pex3 (Knoblach et al., 2013). The second 
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contains Pex30, which interacts with ER-localized reticulon 

homology proteins Rtn1, Rtn2, and Yop1 (David et al., 2013). 

This EPCONS was suggested to represent ER exit sites for de 

novo peroxisome formation. Peroxisome-mitochondrial 

associations most likely enhance metabolism by creating a short 

distance serving efficient transport of metabolites between both 

organelles (Cohen et al., 2014). In yeast, this association was 

proposed to be formed by the peroxisomal membrane protein 

(PMP) Pex11 and the ERMES (ER Mitochondrial Encounter 

Structure (Kornmann et al., 2009)) component Mdm34 

(Mattiazzi Usaj et al., 2015). 

In case membrane lipid transport to peroxisomes also 

requires MCSs, it is to be expected that among the known PEX 

genes (genes involved in peroxisome biogenesis), genes occur 

that encode components of such MCSs. However, none of the 

currently known PEX genes have been implicated in membrane 

lipid exchange. Most PEX genes play a role in peroxisomal 

matrix protein import. Deletion of these genes results in severe 

defects in peroxisome function. The absence of the remaining 

peroxins generally results in relatively weak phenotypes (Smith 

and Aitchison, 2013; Yuan et al., 2015). These include peroxins 

of the Pex11 and Pex23 protein families (Kiel et al., 2006)(Fig. 

S1). A possible explanation for these weak phenotypes could be 

that they perform redundant functions. Interestingly, recent data 

indicated that mitochondrial lipid exchange occurs via two 

redundant MCSs, namely ERMES, which links mitochondria to 

the ER, and vCLAMP (vacuole and mitochondria patch), which 

forms a contact between mitochondria and vacuoles (Elbaz-Alon 

et al., 2014; Honscher et al., 2014). Indeed, mutants lacking 

components of only one MCS show a weak phenotype, whereas 

mutants missing components of both are fully blocked in 

mitochondrial lipid exchange and thus inviable (Elbaz-Alon et al., 

2014; Honscher et al., 2014). 

Remarkably, mutants lacking ERMES components show 
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altered mitochondrial morphology (Sogo and Yaffe, 1994) and 

relatively weak growth phenotypes (Burgess et al., 1994). 

Likewise, mutants lacking proteins of the Pex11 and Pex23 

families generally possess peroxisomes that show altered size 

and abundance. 

Based on the above considerations, we hypothesized that 

some of the proteins of the Pex11 and Pex23 protein families 

may play redundant roles in MCSs involved in lipid transfer to 

the peroxisomal membrane. To test this hypothesis, we 

performed transposon mutagenesis of Hansenula polymorpha 

pex11 cells and isolated double mutants in which peroxisome 

biogenesis and function was compromised severely. This screen 

resulted in the identification of Vps13, a protein initially identified 

to play a role in vacuolar protein sorting in yeast (Bankaitis et al., 

1986). Later studies revealed that yeast Vps13 is important in 

multiple aspects of prospore membrane biogenesis, including 

regulation of phosphatidylinositol phosphates and membrane 

bending (Park and Neiman, 2012), processes which have also 

been linked to MCSs (Lahiri et al., 2015). Moreover, Vps13 was 

recently reported to regulate the activities of two yeast vacuolar 

MCSs, namely the NVJ (Nuclear Vacuolar Junction) and 

vCLAMP (Lang et al., 2015). The data suggest that Vps13 most 

likely is required to activate vCLAMP in ERMES deficient cells, 

explaining why the simultaneous absence of ERMES 

components and Vps13 is lethal. 

Our current data suggest that Vps13 also plays a 

redundant role in peroxisome biogenesis and is important to 

compensate for defects in MCSs in H. polymorpha pex11 and 

pex23 cells.  

 

Materials and methods 

Strains and growth conditions 

H. polymorpha and S. cerevisiae strains used in this study 
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are listed in Table S1 and Table S2, respectively. Yeast cells 

were grown on rich or mineral media as described previously 

(Knoops et al., 2014). Escherichia coli DH5α and DB3.1 were 

used for cloning and grown as described previously (Knoops et 

al., 2014).  

 

Generation of H. polymorpha mutants 

The H. polymorpha pex11 DsRed-SKL strain was 

transformed with the REMI cassette which was amplified by 

primers pREMI-fw and pREMI-rev using pREMI-Z (van Dijk et al., 

2001) as a template. Total genomic DNA was isolated from Mut- 

strains and genomic inserts were sequenced as described 

before (van Dijk et al., 2001).  

 

Molecular Techniques 

Plasmids and oligonucleotides used in this study are listed 

in Table S3 and S4, respectively. Recombinant DNA 

manipulations and transformations of H. polymorpha were 

performed as described before (Faber et al., 1994). Preparative 

polymerase chain reactions (PCR) for cloning were carried out 

with Phusion High-Fidelity DNA Polymerase (Thermo Scientific). 

Initial selection of positive transformants by colony PCR was 

carried out using Phire polymerase (Thermo Scientific). All 

deletions were confirmed by Southern blotting. For DNA and 

amino acid sequence analysis, the Clone Manager 5 program 

(Scientific and Educational Software, Durham, NC.) was used.  

Construction of H. polymorpha vps13 GFP-SKL, vps13 

PMP47-mGFP and pex11 vps13 GFP-SKL strains 

Two plasmids allowing disruption of H. polymorpha VPS13 

were constructed using Multisite Gateway technology as follows: 

First, the 5’ and 3’ flanking regions of the VPS13 gene were 

amplified by PCR with primers VPS13-5’F+VPS13-5’R and 

VPS13-3’F+VPS13-3’R, respectively, using H. polymorpha 

NCYC495 genomic DNA as a template. The resulting fragments 
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were then recombined in donor vectors pDONR P4-P1R and 

pDONR P2R-P3, resulting in plasmids pENTR-5’VPS13 and 

pENTR-3’VPS13, respectively. Both entry plasmids were 

recombined with destination vector pDEST R4-R3 together with 

entry plasmid pENTR221-hph or pENTR221-zeocin, resulting in 

plasmids pDEST-VPS13-01 or pDEST-VPS13-02, respectively. 

Then VPS13 disruption cassettes containing hygromycin or 

zeocin resistance genes were amplified with primers Vps13-08 

and Vps13-09 using pDEST-VPS13-01 or pDEST-VPS13-02 as 

templates.  

To construct a VPS13 single disruption strain, the VPS13 

disruption cassette containing the zeocin resistance gene was 

transformed into yku80 cells and zeocin resistant transformants 

were checked by colony PCR using primers Vps13-06 and 

Vps13-07. 

To create vps13 PMP47-mGFP, a plasmid encoding 

Pmp47 with a C-terminal monomeric green fluorescent protein 

(mGFP) was constructed as follows: first, a PCR fragment 

containing Candida albicans LEU2 was amplified with primers 

Leucine-F and Leucine-R using pENTR221-LEU2Ca as a 

template. The obtained PCR fragment was digested with XhoI 

and NotI, and inserted between the XhoI and NotI sites of 

pMCE7, resulting in plasmid pHIPX-PMP47-mGFP. 

SpeI-linearized plasmid pHIPX-PMP47-mGFP was transformed 

into vps13 cells. To create vps13 GFP-SKL, StuI-linearized 

pHIPX7-GFP-SKL was transformed into vps13 cells. 

To create a pex11 vps13 strain, the VPS13 disruption 

cassette containing the hygromycin resistance gene was 

transformed into pex11 cells and hygromycin resistant 

transformants were selected and checked by colony PCR using 

primers Vps13-06 and Vps13-07. Finally, MunI-linearized 

plasmid pHIPZ7-GFP-SKL was transformed into pex11 vps13 

cells, which resulted in pex11 vps13 GFP-SKL. 
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Construction of H. polymorpha pex11 vps13 strains for 

co-localization studies 

A pex11 vps13 strain producing Pex14-mCherry was 

obtained by transforming pSEM01, linearized with XhoI, into 

pex11 vps13 cells. Positive transformants were analyzed by 

colony PCR using primers PEX14-Fw and Hyg-Rev. A plasmid 

encoding Pex3 containing a C-terminal mGFP was constructed 

as follows: First, a PCR fragment encoding the C-terminus of 

Pex3 was amplified with primers PEX3-01 and PEX3-02 using H. 

polymorpha genomic DNA as a template. The obtained PCR 

fragment was digested with BglII and HindIII, and inserted 

between the BglII and HindIII sites of pHIPZ-mGFP fusinator 

plasmid, resulting in plasmid pHIPZ-PEX3-mGFP. Then, 

EcoRI-linearized pHIPZ-PEX3-mGFP was transformed into 

pex11 vps13 Pex14-mCherry cells. Correct integration was 

confirmed by colony PCR with primers PEX3-Fw and GFP-Rev. 

Similarly, pMCE4, pMCE5, pSEM03 and pMCE7 were 

linearized with EcoRI, Bsu36I, ApaI, MunI, respectively, and 

transformed into pex11 vps13 Pex14-mCherry cells. Correct 

integrations were confirmed by colony PCR using primers 

PEX8-Fw+GFP-Rev, PEX10-Fw+GFP-Rev, 

PEX13-Fw+GFP-Rev, PMP47-Fw+GFP-Rev, respectively.  

 

Construction of the H. polymorpha dnm1 vps13 DsRed-SKL 

strain 

The VPS13 disruption cassette containing the hygromycin 

resistance gene was transformed into WT DsRed-SKL cells. The 

DNM1 deletion cassette was obtained in a PCR reaction with 

primers Hyg-Fw01 and Hyg-Rev02 using plasmid pARM001as a 

template. Deletion of DNM1 was checked by colony PCR using 

primers Dnm1-Fw and Dnm1-Rev.  

  



87 
 

Construction of H. polymorpha pex11 vps13 PAMOPEX11 

GFP-SKL 

A plasmid expressing PEX11 under the control of the 

inducible amine oxidase promoter (PAMO) was constructed as 

follows: the PEX11 gene was amplified with primers PEX11-01 

and PEX11-02 using the H. polymorpha NCYC495 genomic 

DNA as a template. The obtained fragment and plasmid 

pSEM04 were cut with BamHI and XmaI, and ligated with each 

other, resulting in plasmid pHIPH5-PEX11. Then, both pHIPX5 

and pHIPH5-PEX11 were digested with Bsu36I and XmaI, and 

ligated with each other, resulting in plasmid pHIPX5-PEX11. 

Finally the Bsu36I-linearized pHIPX5-PEX11 was transformed 

into pex11 vps13 GFP-SKL cells.  

 

Construction of H. polymorpha pex23 DsRed-SKL and 

pex23 vps13 DsRed-SKL strains 

The pex23 deletion strain was constructed by replacing 

the PEX23 region with the zeocin resistance gene as follows: 

first, a PCR fragment containing the zeocin resistance gene and 

50 bp of the PEX23 flanking regions were amplified with primers 

PEX23-Fw and PEX23-Rev using plasmid pENTR221-zeocin as 

a template. The resulting PEX23 deletion cassette was 

transformed into yku80 cells. Zeocin resistance transformants 

were selected and checked by colony PCR with primers 

cPEX23-Fw+cPEX23-Rev. 

To create pex23 DsRed-SKL, the SphI-linearized plasmid 

pHIPX4-DsRed-SKL was transformed into pex23. Then the 

VPS13 deletion cassette containing hygromycin was 

transformed into pex23 DsRed-SKL, resulting in pex23 vps13 

DsRed-SKL. Hygromycin resistance transformants were 

selected and confirmed by colony PCR using primers Vps13-06 

and Vps13-07. 

 

 



88 
 

Construction of H. polymorpha PEX23-mGFP DsRed-SKL 

and PEX23-mGFP BiPN30-mCherry-HDEL strains 

A plasmid encoding Pex23-mGFP was constructed as 

follows: a PCR fragment encoding the C-terminus of Pex23 was 

obtained using primers Pex23GFP-fw and Pex23GFP-rev with H. 

polymorpha NCYC495 genomic DNA as a template. The 

obtained PCR fragment was digested with BglII and HindIII, and 

inserted between the BglII and HindIII sites of pHIPZ-mGFP 

fusinator plasmid, resulting in plasmid pHIPZ-PEX23-mGFP. 

BsmBI-linearized pHIPZ-PEX23-mGFP was transformed into 

WT and WT DsRed-SKL cells. To create a PEX23-mGFP 

BiPN30mCherry-HDEL strain, plasmid 

pHIPX7-BiPN30-mCherry-HDEL was constructed as follows. First, 

A PCR fragment containing BiP was obtained with primers KN18 

and KN19 using H. polymorpha genomic DNA as templates. The 

obtained fragment was digested with BamHI, HindIII and 

inserted between the BamHI and HindIII sites of pBlueScript II, 

resulting in plasmid pBS-BiP. Then A PCR fragment containing 

GFP-HDEL was obtained with primers KN14 and KN17 using 

pANL29 as a template, and the resulting fragment was digested 

with SalI, BglII and inserted between the SalI and BglII sites of 

pBS-BiP, resulting in pBS-BiPN30-GFP-HDEL. Subsequently, 

pBS-BiPN30-GFP-HDEL was digested with BamHI, SalI and 

inserted between the BamHI and SalI sites of pHIPX7 to obtain 

pHIPX7-BiPN30-GFP-HDEL, which was digested with. BamHI, 

EcoRI and inserted between the HindIII–EcoRI sites of pHIPX4, 

resulting in pHIPX4-BiPN30-GFP-HDEL. To obtain plasmid 

pRSA017, pHIPX4-BiPN30-GFP-HDEL was digested with NotI 

and SalI, and inserted between the NotI and SalI sites of 

pHIPZ4-DsRed-T1-SKL. To obtain 

pHIPZ4-BiPN30-mCherry-HDEL, a PCR fragment was obtained 

by primers BIPmCh1_fw and BIPmCh1_rev on plasmid pHIPN 

mCherry fusinator, and the resulting fragment was inserted 

between BglII and SalI sites of pRSA017. Finally, a PCR 
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fragment was obtained by primers BIPmCh2_fw and 

BIPmCh1_rev using plasmid pHIPZ4-BiPN30-mCherry-HDEL as 

a template, and the resulting fragment was inserted between 

BglII and SalI pHIPX7-BiPN30-GFP-HDEL, resulting in 

pHIPX7-BiPN30-mCherry-HDEL. The StuI-linearized 

pHIPX7-BiPN30-mCherry-HDEL was transformed into 

PEX23-mGFP cells. 

 

Construction of H. polymorpha pex11 vps13 PMP47-GFP 

strains with or without an artificial ER linker 

For the construction of plasmid pHIPN-PMP47-mGFP, a 

PCR fragment encoding the nourseothricin resistance gene was 

obtained with primers Nat-fwd and Nat-rev using plasmid 

pHIPN4 plasmid as a template. The obtained PCR fragment was 

digested with NotI and XhoI and inserted between the NotI and 

XhoI sites of pMCE7, resulting in plasmid pHIPN-PMP47-mGFP. 

Then the MunI-linearized plasmid pHIPN-PMP47-mGFP was 

transformed into pex11 vps13 cells. The correct integrations 

were confirmed by colony PCR with primers 

PMP47_fwd_check+ mGFP_rev_check.  

To construct plasmid pAMK94 (pHIPZ18-eGFP-SKL), PCR 

was performed on H. polymorpha NCYC495 genomic DNA 

using primers Adh1-F and Adh1-R. The PCR product was 

digested with HindIII and NotI and the resulting fragment was 

inserted between the HindIII and NotI sites of pHIPZ4-GFP-SKL 

plasmid. The resulting plasmid was further used for the 

construction of ER-PER fusion construct.  

To introduce an artificial peroxisome-ER linker, two 

plasmids pARM059 (pHIPZ18-PEX14) and pARM053 

(pHIPZ18-PEX14-2xHA-UBC6) were constructed as follows. A 

PCR fragment containing PEX14 was amplified with primers 

Pex14_HindIII_fw and Pex14_PspXI_rev using the H. 

polymorpha NCYC495 genomic DNA as a template. The 

resulting PCR fragment was digested with HindIII and PspXI, 
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and inserted between the HindIII and SalI sites of pAMK94 

plasmid, resulting in plasmid pARM059. 

PCR fragments PEX14-2xHA and 2xHA-UBC6 were 

amplified by primers HindIII-Pex14+Pex14_HA-HA and 

HAHA_Ubc6+Ubc6_PspXI, respectively using the H. 

polymorpha NCYC 495 genomic DNA as a template. The 

obtained PCR fragments were purified and used as templates 

together with primers HindIII-Pex14+Ubc6_PspXI in a second 

PCR reaction. The obtained PCR fragment was digested with 

HindIII and PspXI, and inserted between the HindIII and SalI 

sites of pAMK94 plasmid, resulting in plasmid pARM053.  

Then the NruI-linearized pARM059 and pARM053 were 

transformed into pex11 vps13 PMP47-mGFP cells. Correct 

integrations were confirmed by colony PCR with primers Adh1 

cPCR fwd+Pex14_cPCR_rev and Adh1 cPCR fwd+ 

Ubc6_cPCR_rev. 

 

Construction of H. polymorpha pex23 vps13 PMP47-mGFP 

strains with or without an artificial ER linker 

To construct pex23 vps13 the VPS13 deletion cassette 

containing the hygromycin resistance gene was transformed into 

pex23 cells. To create pex23 vps13 PMP47-mGFP, the 

MunI-linearized pHIPN-PMP47-mGFP plasmid was transformed 

into pex23 vps13 cells. 

To introduce an artificial peroxisome-ER linker, two 

plasmids pARM069 (pHIPX18-PEX14) and pARM072 

(pHIPX18-PEX14-2xHA-UBC6) were constructed as follows. A 

2.1 kb SacI/NotI fragment from plasmid pARM059 and a 5.3 kb 

SacI/NotI fragment from plasmid pHIPX4 were ligated, resulting 

in plasmid pARM069. A 2.2 kb SacI/NotI fragment from plasmid 

pARM053 and a 5.3 kb SacI/NotI fragment from plasmid pHIPX4 

were ligated, resulting in plasmid pARM072. Then, PCR was 

performed using primers Padh1_mid_fw and Padh1_mid_rev 

with pARM069 or pARM072 as templates. The obtained PCR 
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fragments were transformed into pex23 vps13 PMP47-mGFP 

cells. Correct integrations were confirmed by colony PCR with 

primers Adh1 cPCR fwd+Pex14_cPCR_rev and Adh1 cPCR 

fwd+ Ubc6_cPCR_rev. 

 

Construction of S. cerevisiae strains 

A fragment containing a PEX11 deletion cassette was 

obtained with primers PEX11-Fw and PEX11-Rev using plasmid 

pAG25 as a template. The resulting 1.3 kb PCR fragment was 

transformed into S. cerevisiae BY4742 WT and vps13 cells, 

resulting in pex11 and pex11 vps13 strains respectively. Deletion 

of PEX11 was confirmed by colony PCR with primers 

cPEX11-Fw and cPEX11-Rev. To create pex11.GFP-SKL, 

vps13.GFP-SKL and pex11 vps13.GFP-SKL strains, 

NarI-linearized plasmid pSL34 was transformed into S. 

cerevisiae pex11, vps13 and pex11 vps13 cells, respectively.  

 

Fluorescence Microscopy 

All images were captured at room temperature using a 

100x1.30 NA Plan Neofluar objective (Carl Zeiss). Images were 

captured in media in which the cells were grown using a 

fluorescence microscope (Axio Scope.A1; Carl Zeiss), 

Micro-Manager 1.4 software and a digital camera (Coolsnap 

HQ2; Photometrics). For wid-field microscopy, GFP 

fluorescence was visualized with a 470/40 nm band pass 

excitation filter, a 495 nm dichromatic mirror, and a 525/50 nm 

band-pass emission filter. mCherry fluorescence was visualized 

with a 587/25 nm band pass excitation filter, a 605 nm 

dichromatic mirror, and a 647/70 nm band-pass emission filter. 

DsRed fluorescence was visualized with a 546/12 nm bandpass 

excitation filter, a 560 nm dichromatic mirror, and a 575-640 nm 

bandpass emission filter.  

Image analysis was carried out using ImageJ and Adobe 

Photoshop CS6 software. To quantify peroxisomes in WT 
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PMP47-mGFP and vps13 PMP47-mGFP strains, cells were 

grown to the mid-exponential phase in MM-M for 16 hours. 

Random images of cells were taken as a stack using a confocal 

microscope (LSM510, Carl Zeiss) and photomultiplier tubes 

(Hamamatsu Photonics) and Zen 2009 software (Carl Zeiss). 

Z-Stack images were made containing 14 optical slices and the 

GFP signal was visualized by excitation with a 488 nm argon ion 

laser (Lasos), and a 500-550 nm bandpass emission filter. 

Peroxisomes were quantified using a custom made plugin for 

ImageJ (Thomas et al., 2015) from two independent 

experiments (2 x ~300 cells were counted). 

 

Electron Microscopy 

Ultrathin sections were viewed in a Philips CM12 TEM. For 

morphological analysis, cells were fixed in 1.5% potassium 

permanganate, post-stained with 0.5% uranyl acetate and 

embedded in Epon 812 (Serva, 21045). For MCSs quantification, 

images were taken from 60 nm thin sections and the distance 

between peroxisomes and other organelles were measured in 

ImageJ (http://imagej.nih.gov/ij/). Images were taken at 66.000 x 

magnification which resulted in a pixel size of 0.8 nm. MCSs 

were defined as regions with a distance between two opposing 

membranes of less than 5 nm over a length of at least 30 nm. 

Immunolabeling experiments were performed using 

cryosections as described previously (Knoops et al., 2015). 

Immunolabeling of Pex14 was performed using rabbit polyclonal 

antibodies followed by goat-anti-rabbit antibodies conjugated to 

10 nm gold (Aurion, the Netherlands). HA was labelled using 

monoclonal antibodies (Sigma-Aldrich H9658) followed by 

goat-anti-mouse antibodies conjugated to 6 nm gold (Aurion, the 

Netherlands). 
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Results and Discussion 

Transposon mutagenesis of H. polymorpha pex11 

Approximately 100 strains defective in methanol utilization 

(Mut-) were selected from a collection of mutants obtained by 

transposon mutagenesis of H. polymorpha pex11 cells producing 

the peroxisomal matrix marker DsRed-SKL. Of these, 42 

displayed mislocalization of DsRed-SKL to the cytosol. 

Sequencing of the genomic regions flanking the integrated 

pREMI-Z cassette resulted in the identification of 17 genes 

(Table 1). Apart from various genes involved in peroxisome 

biogenesis and methanol metabolism, the most frequently 

identified gene was VPS13. In four mutants the pREMI-Z 

cassette was inserted at different positions in the VPS13 open 

reading frame (Fig. 1A), whereas in the remaining ones deletions 

or truncations had occurred in the VPS13 gene (not shown).  

 

Vps13 is required for peroxisome biogenesis in pex11 cells 

To validate this result, a pex11 vps13 double deletion strain 

was constructed by disrupting VPS13 in a pex11 strain (Fig. 1A). 

In addition, a vps13 single deletion strain was made. vps13 cells 

grew like wild-type on media containing methanol as a sole 

carbon source, indicating that peroxisomes are fully functional 

(Fig. 1B). Growth of pex11 cells on methanol was retarded, in 

line with earlier observations (Krikken et al., 2009). In contrast, 

pex11 vps13 cells were unable to grow on methanol (Fig. 1B).  

Quantification of organelle numbers revealed no major 

change in peroxisome numbers in vps13 cells relative to the 

wild-type control (Fig. 1C). Electron microscopy (EM) studies 

showed that peroxisome morphology was similar in vps13 and 

wild-type cells (Fig. 1E). Fluorescence microscopy (FM) of cells 

producing GFP-SKL confirmed that peroxisomal matrix protein 

import was normal in vps13 cells, but defective in virtually all 

pex11 vps13 GFP-SKL cells (> 95 %; Fig. 1D). As expected, 
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pex11 control cells contained enlarged peroxisomes and 

reduced organelle numbers (Williams et al., 2015).  

Upon growth of these pex11 vps13 PTEFGFP-SKL 

PAMOPEX11 cells on medium containing ammonium sulphate, 

thus repressing PAMO, GPF-SKL was mislocalized to the cytosol, 

but again confined to peroxisomes when methylamine was used 

as sole nitrogen source (Fig. 1F). These data confirm that the 

combined absence of Pex11 and Vps13 causes the peroxisome 

biogenesis defect in pex11 vps13 cells. 

 

Table 1. Genes identified by transposon mutagenesis of H. 

polymorpha pex11 cells    

Genes identified Times 

found 

Function 

PEX1 1 Matrix protein import 

PEX2 2 Matrix protein import 

PEX4 1 Matrix protein import 

PEX5 3 Matrix protein import 

PEX6 3 Matrix protein import 

PEX8 4 Matrix protein import 

PEX10 2 Matrix protein import 

PEX12 3 Matrix protein import 

PEX25 2 PMP with unknown function 

PEX26 2 Matrix protein import 

AMO 3 Amine oxidase 

IRA1 1 GTPase activating protein 

MUT3 1 Alcohol oxidase activation 

HPODL_04236 1 Hypothetical protein 

HPODL_05268 1 Putative transcription factor 

MPP1 3 Transcription factor 

VPS13 9 Vacuolar protein sorting, 

prospore formation, 

regulation of vacuolar MCSs 
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pex11 vps13 cells contain peroxisomal membrane 

structures 

In order to better understand the pex11 vps13 phenotype, 

we performed detailed microscopy analysis. EM revealed that 

essentially all pex11 vps13 cells contained clusters of vesicles, 

which are peroxisomal in nature as they contain Pex14. 

Moreover, in the larger vesicles a minor alcohol oxidase 

crystalloid was observed regularly, indicating that these  
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Figure 1. pex11 vps13 cells, but not pex11 or vps13 single deletion 

mutants, are peroxisome deficient. 

(A) Schematic representation of the H. polymorpha VPS13 gene, 

showing the four positions where transposon insertion occurred as well 

as the region that was replaced (nucleotide 2430 to 5436) by HPH to 

construct a vps13 strain. (B) Growth curves of the indicated strains using 

mineral medium containing methanol. Cell density is expressed as optical 

density at 660 nm (OD660). Error bars represent SD (n = 2). (C) 
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Frequency distribution of peroxisomes in wild-type and vps13 cells, 

producing the peroxisomal membrane marker Pmp47-mGFP and grown 

for 16 hours on methanol medium. Peroxisome numbers were quantified 

from images obtained by confocal laser scanning microscopy. 

Peroxisomes from 2 x 300 cells of two independent experiments were 

analyzed. The error bars indicate SD. The average number of 

peroxisomes was 4.98 ± 0.03 and 5.30 ± 0.02 for vps13 and wild-type 

cells, respectively. (D) FM images of the indicated strains producing 

GFP-SKL. Cells were grown for 16 hours on medium containing a mixture 

of methanol and glycerol. Scale bar: 2 µm. (E) EM analysis of 

KMnO4-fixed wild-type and vps13 cells grown on methanol medium for 16 

h. M-mitochondrion, V-vacuole; N-nucleus; P-peroxisome. Scale bar: 500 

nm. (F) FM analysis of pex11 vps13 cells constitutively producing 

GFP-SKL and producing Pex11 under control of the PAMO. Cells were 

grown on glucose/ammonium sulphate (PAMO repressing conditions) or 

methanol/methylamine (PAMO inducing conditions) containing media. 

Scale bar: 2µm. 

 

structures have a (very limited) capacity of importing peroxisomal 

matrix proteins (Fig. 2A III, inset). 

FM revealed that Pex14-mCherry was localized in spots in 

pex11 vps13 cells, which therefore most likely represent clusters 

of peroxisomal membrane structures (Fig. 2B). Co-localization 

studies of various PMPs, C-terminally tagged with mGFP and 

produced under the control of their endogenous promoters, 

showed that they invariably co-localized with Pex14-mCherry. 

These results are consistent with the view that pex11 

vps13 cells contain peroxisomal membrane vesicles, which are 

capable to import minor amounts of matrix proteins, but fail to 

grow due to a defect in the peroxisomal membrane expansion 

machinery. 
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Figure 2. H. polymorpha pex11 vps13 cells contain peroxisomal 

membrane vesicles 

(A) EM analysis of thin sections of KMnO4-fixed pex11 vps13 cells grown 

on a mixture of glycerol and methanol. Cells contain clusters of vesicular 

structures (arrows). I – overview, II – magnification. III – Immunolabelling 

experiment of pex11 vps13 cells using Pex14 antibodies. The inset shows 

a small peroxisome labelled with anti-Pex14 antibodies, containing an 

alcohol oxidase crystalloid. Scale bars: I: 500nm, II: 100 nm, III 

100nm ,inset: 50 nm. M-mitochondrion; N – nucleus, V-vacuole. (B) FM 

images of pex11 vps13 cells producing Pex14-mCherry together with the 

indicated mGFP fusion proteins, all produced under control of the 
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endogenous promoters. Cells were grown on glycerol/methanol medium. 

Scale bar: 2 µm. 

 

Deletion of VPS13 in H. polymorpha pex23, but not in dnm1, 

also results in peroxisome deficiency 

pex11 cells are impaired in peroxisome fission (Erdmann 

and Blobel, 1995; Marshall et al., 1995). Deletion of VPS13 in 

another peroxisome fission mutant, dnm1 (Nagotu et al., 2008), 

did not result in a peroxisome deficient phenotype (Fig. 3A), 

indicating that the pex11 vps13 phenotype is not associated with 

the fission function of Pex11. 

Vps13 has been implicated in regulating MCSs (Lang et al., 

2015). Our current results suggest that Vps13 may also be 

important for the function of peroxisomal MCSs. As shown in Fig. 

3B, close appositions of peroxisomal membranes with ER, 

vacuolar and mitochondrial membranes occur in H. polymorpha 

WT cells  (Fig. 3B).  

So far, we have not identified a peroxisomal MCS protein in 

H. polymorpha. However, H. polymorpha Pex23 is a likely 

candidate, because it is homologous to Saccharomyces 

cerevisiae Pex30 (Fig. S1), which is involved in EPCONS 

formation (David et al., 2013). Localization studies revealed that 

H. polymorpha Pex23 indeed co-localizes with both ER and 

peroxisomal marker proteins (Fig. 3C), as observed for S. 

cerevisiae (David et al., 2013) and Pichia pastoris Pex30 (Yan et 

al., 2008).  

Analysis of a pex23 vps13 double deletion strain revealed 

that, like in pex11 vps13 cells, almost all cells (>95 %), showed 

mislocalisation of DsRed-SKL, which was not observed in pex23 

control cells (Fig. 3A). Moreover, pex23 vps13 cells, but not 

pex23 cells, are unable to grow on methanol (Fig. 3D).  

Summarizing our data suggest that Vps13 may be 

important to compensate for the absence of Pex11 or Pex23, 

leading to peroxisome deficiency of pex11 vps13 and pex23 
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vps13 double deletion strains, but not of pex11 or pex23 single 

deletion strains. Remarkably, the pex11 and pex23 single 

deletion strains have similar phenotypes in that peroxisome 

numbers are reduced and growth on methanol is retarded (Fig. 

1B,D; Fig. 3A,D). 

 

 
Figure 3 pex23 vps13 cells are peroxisome deficient 

(A) FM analysis of the indicated strains producing DsRed-SKL, grown for 

16 h on a mixture of glycerol and methanol. Scale bar: 2 μm. (B) EM 

analysis of KMnO4-fixed WT H. polymorphagrown for 4 hours on 

methanol, conditions that lead to the presence of a single, nascent 
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peroxisome per cell. Contacts are observed with vacuoles (V), 

mitochondria (M) and the ER (ER). Scale bar: 200 nm. (C) Localization of 

Pex23-mGFP produced under control of the endogenous promoter in 

wild-type cells also producing the peroxisomal marker DsRed-SKL (upper 

panels) or the ER marker BiPN50-mCherry-HDEL (lower panels). Cells 

were grown for 4 h on mineral medium containing methanol. Scale bar: 1 

μm. (D) Growth curves of the indicated strains on mineral medium 

containing methanol. The optical density is expressed as OD660. Error 

bars represent SD (n = 2). 

 

An artificial peroxisome-ER tether suppresses the pex11 

vps13 and pex23 vps13 phenotype 

Studies in S. cerevisiae indicated that the absence of 

ERMES compounds can be partially complemented by 

artificially anchoring mitochondria to the ER using a fusion 

protein containing an N-terminal domain of a mitochondrial 

protein and a C-terminal tail-anchor derived from the ER protein 

Ubc6 (Kornmann et al., 2009). We constructed a hybrid gene 

that encodes a protein (designated ER-PER tether) consisting of 

the peroxisomal membrane protein Pex14 (full length) and the 

corresponding Ubc6 tail-anchor, separated by two 

heme-agglutinin (HA) tags. The gene was placed under control 

of the constitutive alcohol dehydrogenase 1 promoter 

(PADH1PEX14-HAHA-UBC6TA). In order to detect the 

peroxisomal membrane structures by FM, we also introduced 

the peroxisomal membrane marker PMP47-GFP. As expected, 

cells of both the pex11 vps13 and pex23 vps13 control strains 

contained small GFP spots and occasionally a peroxisome (Fig. 

4A, compare Fig. 2B). However, introduction of ER-PER led to 

the appearance of more and larger peroxisomes in both double 

deletion strains, which was not observed when PADH1PEX14 was 

introduced, ruling out that the observed effect was due to PEX14 

overexpression (Fig. 4A). EM analysis revealed that in both 

double mutants producing the ER-PER tether the large 
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peroxisomes were associated with ER strands (Fig. 4B). 

Immunolabelling using anti-HA antibodies confirmed that the 

ER-PER tether was localized at the sites where the ER and 

peroxisomal membrane were closely apposed (Fig. 4B). 

Suppression of the pex11 vps13 and pex23 vps13 phenotypes 

by the ER-PER tether was corroborated by quantitative EM 

analysis of ultrathin sections (Fig. 4C). 

 

Fig. 4. Suppression of peroxisome biogenesis defects by the 

ER-PER tether 

(A) FM analysis of methanol-glycerol grown pex11 vps13 and pex23 

vps13 cells containing PPMP47PMP47-GFP alone or in combination with 

PADH1PEX14 (Pex14++) or PADH1PEX14-HAHA-UBC6
TM

 (+ ER-PER). 

Scale bar: 1 μm. (B) I,II EM images of ultrathin section (I overview, II 

magnification) of methanol-glycerol grown KMnO4-fixed pex11 vps13 

PADH1PEX14-HAHA-UBC6
TM

 cell. III, IV Immunolabelling experiment 

using anti-HA antibodies of pex11 vps13 PADH1PEX14-HAHA-UBC6
TM

 

cells. V, VI EM images of ultrathin section (V overview, VI magnification) 

of pex23 vps13 PADH1PEX14-HAHA-UBC6
TM

. Scale bars: I: 500 nm, II: 
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500nm, III: 200 nm, IV 100 nm, V: 500 nm, VI: 500 nm (insets: 50 nm). (C) 

Quantitative analysis of the presence of peroxisomes in sections of 

methanol-glycerol grown cells of the indicated strains. Peroxisomes are 

defined as organelles with a diameter > 200 nm. 100 cell sections were 

analyzed (n=100). 

 

Concluding remarks 

Our results suggest that expansion of the peroxisomal 

membrane involves MCSs. Our data  also indicates that in 

pex11 and pex23 cells Vps13 is important to maintain functional 

peroxisomes. Possibly, Vps13 is required to compensate for the 

absence of EPCONS components in pex23 cells like it does for 

the absence of ERMES components. Vps13 has recently been 

implicated in regulating NVJ and vCLAMP, two vacuolar MCSs 

(Lang et al., 2015). It is therefore tempting to speculate that 

Vps13 may regulate a peroxisome-vacuole MCS, which 

becomes important for peroxisomal membrane expansion in the 

absence of EPCONS. Indeed, nascent peroxisomes are 

frequently associated with vacuoles in H. polymorpha (Fig. 3 B). 

Vps13 is also required for peroxisome expansion in pex11 cells, 

suggesting that Pex11 also plays a role in a peroxisomal MCS. 

Indeed recent data in S. cerevisiae suggested that Pex11 is 

important to associate peroxisomes with mitochondria (Mattiazzi 

Ušaj et al., 2015). 

So far we were unable to localize Vps13 to peroxisomes 

(data not shown), suggesting that Vps13 may rather play a 

regulatory role than being a physical component of a 

peroxisomal MCS. 
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Fig. 5. S. cerevisiae pex11 vps13 show a peroxisome deficient 

phenotype. FM analysis of the indicated S. cerevisiae strains producing 

GFP-SKL. Cells were grown on mineral medium containing glucose. 

Scale bars: 2.5μm. 

 

Importantly, like in H. polymorpha also in S. cerevisiae the 

absence of either Pex11 or Vps13 does not severely affect 

peroxisome biogenesis, whereas a pex11 vps13 double deletion 

strain is peroxisome deficient (Fig. 5). Hence, the function of 

Vps13 is most likely conserved. Importantly, in man four Vps13 

orthologs exist (Velayos-Baeza et al., 2004). Mutations in two of 

them result in severe inherited diseases (Douzgou and Petersen, 

2011). So far, the functions of these genes are unknown. 
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However, based on the recent data in yeast (our current data, 

(Lang et al., 2015)), both diseases may be linked to combined 

peroxisome and mitochondrial defects. 

 

Acknowledgements 

We are grateful to Rinse de Boer and Anita M. Kram for support 

with electron microscopy. We thank Małgosia Cepinska for 

construction of some of the strains and Jan Kiel for preparing Fig. 

S1. This work was supported by grants from the CHINA 

SCHOLARSHIP COUNCIL to YW, the Netherlands Organization 

for Scientific Research/Chemical Sciences (NWO/CW) to AA 

(711.012.002) and the Marie Curie Initial Training Networks (ITN) 

program PerFuMe (Grant Agreement Number 316723) to IvdK. 

The authors declare no competing financial interests. 

 

  



106 
 

Supplemental Figure 

 

Fig. S1 Phylogenetic trees of Pex11- and Pex23-family proteins in 

selected yeast species. 

Protein sequences from Pex11 and Pex23 family members from 

Saccharomyces cerevisiae (Sc), Hansenula polymorpha (Hp), Pichia 

pastoris (Pp) and Yarrowia lipolytica (Yl) were taken from Genbank and 

aligned using ClustalX (Thompson et al., 1997). Subsequently, 

phylogenetic trees were constructed with MEGA6 (Tamura et al., 2013). 

The distance scale represents the number of differences between the 

sequences. Genbank accession numbers used are: A. Pex11 family 

proteins. S. cerevisiae: Sc-Pex11, NP_014494; Sc-Pex25, NP_015213; 

Sc-Pex27, NP_014836. 
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H. polymorpha: Hp-Pex11, ABG36520; Hp-Pex11C, ABG36521; 

Hp-Pex25, ABG36525.P. pastoris: Pp-Pex11, CAY69135; Pp-Pex11C, 

CAY68384; Pp-Pex25, CAY70171; Y. lipolytica: Yl-Pex11, CAG81724; 

Yl-Pex11/25, CAG81480; Yl-Pex11C, CAG81746. B. Pex23 family 

proteins. S. cerevisiae: Sc-Pex30, NP_013428; Sc-Pex31, NP_011518; 

Sc-Pex32, NP_009727. H. polymorpha: Hp-Pex23, ABG36522; Hp-Pex32, 

ABG36528. P. pastoris: Pp-Pex30, ABU54840; Pp-Pex31, ABU54841. 

Y. lipolytica: Yl-Pex23, CAG81562. 
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Table S1. H. polymorpha strains used in this study  

WT NCYC495, leu1.1  (Gleeson and 

Sudbery, 1988) 

HF246 GFP-SKL pHI-GFP-SKL::LEU2 (van Dijk et al., 

2001) 

WT PMP47-mGFP pMCE7::sh ble (Manivannan et 

al., 2013) 

yku80 NCYC495  YKU80::URA3 (Saraya et al., 

2012) 

WT DsRed-SKL pHIPN4-DsRed-SKL::NAT  

YKU80::URA3 

This study 

pex11 PEX11::URA3 (Krikken et al., 

2009) 

pex11 DsRed-SKL PEX11::URA3 

pHIPX4-DsRed-SKL 

This study 

pex11 GFP-SKL PEX11::URA3   pHIPZ4-GF

P-SKL::sh ble 

(Nagotu et al., 

2008) 

vps13 VPS13::sh ble  

YKU80::URA3 

This study 

vps13 

PMP47-mGFP 

VPS13::HPH  

pHIPX-PMP47-mGFP::LEU2  

YKU80::URA3   

This study 

vps13 GFP-SKL VPS13::sh ble  

pHIPX7-GFP-SKL::LEU2  

YKU80::URA3 

This study 

pex11 vps13 PEX11::URA3  VPS13::HPH This study 

pex11 vps13 

GFP-SKL 

PEX11::URA3 VPS13::HPH   

pHIPZ7-GFP-SKL 

::sh ble 

This study 

pex11 vps13 

PEX14-mCherry 

PEX3-mGFP 

PEX11::URA3 VPS13::HPH 

pHIPN-PEX14-mCherry::NAT  

pHIPZ-PEX3-GFP::sh ble 

This study 

pex11 vps13 PEX11::URA3 VPS13::HPH This study 



109 
 

PEX14-mCherry 

PEX8-mGFP 

pHIPN-PEX14-mCherry::NAT  

pMCE4::sh ble 

pex11 vps13 

PEX14-mCherry 

PEX10-mGFP 

PEX11::URA3 VPS13::HPH 

pHIPN-PEX14-mCherry::NAT 

pMCE5::sh ble 

This study 

pex11 vps13 

PEX14-mCherry 

PEX13-mGFP 

PEX11::URA3 VPS13::HPH 

pHIPN-PEX14-mCherry::NAT  

pSEM03::sh ble 

This study 

pex11 vps13 

PEX14-mCherry 

PMP47-mGFP 

PEX11::URA3 VPS13::HPH  

pHIPN-PEX14-mCherry::NAT  

pMCE7::sh ble 

This study 

dnm1 DsRed-SKL DNM1::LEU2  

pHI-DsRed-SKL::URA3 

(Cepińska et al., 

2011) 

dnm1 vps13 

DsRed-SKL 

VPS13::sh ble DNM1::HPH  

pHIPN4-DsRed-SKL::NAT  

YKU80::URA3 

This study 

pex11 vps13 

PAMOPEX11. 

GFP-SKL 

PEX11::URA3  VPS13::HPH  

pHIPX5-PEX11:: 

LEU2   

pHIPZ7-GFP-SKL::sh ble 

This study 

pex23 PEX23::sh ble   

YKU80::URA3 

This study 

pex23 vps13 PEX23::sh ble VPS13::HPH  

YKU80::URA3 

This study 

pex23 DsRed-SKL PEX23::sh ble  

pHIPN4-DsRed-SKL::NAT  

YKU80::URA3 

This study 

pex23 

vps13.DsRed-SKL 

PEX23::sh ble  VPS13::HPH  

pHIPN4-DsRed-SKL::NAT  

YKU80::URA3 

This study 

PEX23-mGFP 

DsRed-SKL 

pHIPZ-PEX23-mGFP::sh ble  

pHIPX7-DsRed-SKL:: LEU2 

This study 
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YKU80::URA3 

PEX23-mGFP 

BiPN30-mCherry-HD

EL 

pHIPZ-PEX23-mGFP::sh ble  

pHIPX7-BiPN30-mCherry-HD

EL::LEU2  YKU80::URA3 

This study 

pex11 vps13 

PMP47-GFP 

PEX11::URA3 VPS13::HPH 

pHIPN-PMP47-GFP::NAT 

This study 

pex11 vps13 

PMP47-GFP 

PADH1PEX14 

PEX11::URA3 VPS13::HPH 

pHIPN-PMP47-GFP::NAT 

pARM059::sh ble 

This study 

pex11 vps13 

PMP47-GFP PADH1 

PEX14-2xHA-UBC6 

PEX11::URA3 VPS13::HPH 

pHIPN-PMP47-GFP::NAT 

pARM053::sh ble 

This study 

pex23 vps13 

PMP47-GFP 

PEX23::sh ble  VPS13::HPH  

pHIPN-PMP47-GFP::NAT  

YKU80::URA3 

This study 

pex23 vps13 

PMP47-GFP 

PADH1PEX14 

PEX23::sh ble VPS13::HPH  

pHIPN-PMP47-GFP::NAT 

pARM069::LEU2  

YKU80::URA3 

This study 

pex23 vps13 

PMP47-GFP 

PADH1PEX14-2xHA-

UBC6 

PEX23::sh ble VPS13::HPH  

pHIPN-PMP47-GFP::NAT 

pARM072::LEU2  

YKU80::URA3 

This study 
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Table S2. S. cerevisiae strains used in this study 

WT BY4742 Euroscarf 

collection 

WT GFP-SKL BY4742, pSL34:: sh ble This study 

pex11 GFP-SKL BY4742, PEX11::KanMX, 

pSL34::sh ble 

This study 

vps13 GFP-SKL BY4742, VPS13::KanMX, 

pSL34::sh ble 

This study 

pex11 vps13 GFP-SKL BY4742, VPS13::KanMX 

PEX11::NAT, pSL34::sh ble 

This study 

 

 

Table S3. Plasmids used in this study 

Plasmids   Description References 

pDONR P4-P1R  Multisite Gateway vector; Kan
R
 

Cm
R
 

Invitrogen 

pDONR P2R-P3 Multisite Gateway vector; Kan
R
 

Cm
R
 

Invitrogen 

pDEST R4-R3  Multisite Gateway vector; Kan
R
 

Cm
R
 

Invitrogen 

pENTR-5’VPS13 pDONR P4-P1R with 5’ flanking 

region of VPS13; Kan
R
 

This study 

pENTR-3’VPS13 pDONR P2R-P3 with 3’ flanking 

region of VPS13; Kan
R
 

This study 

pENTR221-zeocin pDONR
 

221 with sh ble 

cassette;  Zeo
R
, Kan

R
  

(Saraya et 

al., 2012) 

pENTR221-hph pDONR 221 with HPH; Hph
R
, 

Kan
R
 

(Saraya et 

al., 2012) 

pENTR221-LEU2Ca pDONR221 with LEU2;  Kan
R
 (Nagotu et 

al., 2008) 

pDEST-VPS13-01 Plasmid containing VPS13 

deletion cassette; Zeo
R
, Amp

R
 

This study 

pDEST-VPS13-02 Plasmid containing VPS13 This study 
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deletion cassette; Hph
R
, Amp

R
 

pHIPN4 pHIPN plasmid containing AOX 

promoter; Nat
R
, Amp

R
 

(Cepińska et 

al., 2011) 

pHIPN4-DsRed-SKL pHIPN plasmid containing 

DsRed-SKL under the control 

of PAOX;  Nat
R
, Amp

R
 

(Cepińska et 

al., 2011) 

pHIPX-PMP47-mGFP pHIPX plasmid containing gene 

encoding C-terminus of Pmp47 

fused to mGFP; LEU2, Amp
R
 

This study 

pHIPX7-GFP-SKL pHIPX plasmid containing 

GFP-SKL under the control of 

PTEF;  LEU2, Kan
R
 

(Baerends et 

al., 1997) 

pHIPZ7-GFP-SKL pHIPZ plasmid containing 

GFP-SKL under the control of 

PTEF;  Zeo
R
, Amp

R
 

(Knoops et 

al., 2014) 

pSEM01 pHIPN plasmid containing gene 

encoding C-terminal part of 

Pex14 fused to mCherry; Nat
R
, 

Amp
R
 

(Knoops et 

al., 2014) 

pHIPZ-mGFP fusinator pHIPZ plasmid containing 

mGFP and AMO terminator;  

Zeo
R
, Amp

R
 

(Saraya et 

al., 2010) 

pHIPZ-PEX3-mGFP pHIPZ plasmid containing  

gene encoding C-terminal of 

Pex3  

This study 

 fused to mGFP;  Zeo
R
, Amp

R
  

pMCE4 pHIPZ plasmid containing  

gene encoding C-terminal of 

Pex8 fused to mGFP;  Zeo
R
, 

Amp
R
  

(Cepińska et 

al., 2011) 

pMCE5 pHIPZ plasmid containing  

gene encoding  C-terminal of 

Pex10 fused to mGFP;  Zeo
R
, 

(Cepińska et 

al., 2011) 
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Amp
R
 

pSEM03 pHIPZ plasmid containing  

gene encoding C-terminal of 

Pex13 fused to mGFP;  Zeo
R
, 

Amp
R
 

(Knoops et 

al., 2014) 

pMCE7 pHIPZ plasmid containing  

gene encoding C-terminal of 

Pmp47 fused to mGFP;  Zeo
R
, 

Amp
R
 

(Cepińska et 

al., 2011) 

pARM001 pHIPH plasmid containing  

gene encoding C-terminal part 

of Pex14 fused to mCherry;  

Hph
R
, Amp

R
 

(Kumar et al.) 

pSEM04 pHIPH plasmid containing 

PEX3 under control of PAMO; 

Hph
R
; Amp

R
 

(Knoops et 

al., 2014) 

pHIPH5-PEX11 pHIPH plasmid containing 

PEX11 under the control of 

PAMO; Hph
R
, Amp

R
 

This study 

pHIPX5 pHIPX plasmid containing AMO 

promoter;  LEU2, Kan
R
  

(Kiel et al., 

1995) 

pHIPX5-PEX11 pHIPX plasmid containing 

PEX11 under the control of 

PAMO;  LEU2, Kan
R
 

This study 

pHIPX4-DsRed-SKL pHIPX plasmid containing 

DsRed-SKL under the control 

of PAOX; LEU2, Kan
R
 

(Otzen et al., 

2004) 

pHIPZ-PEX23-mGFP pHIPZ plasmid containing  

gene encoding C-terminal of 

Pex23 fused to mGFP;  Zeo
R
, 

Amp
R
 

This study 

pBlueScript II Standard vector; Amp
R
 Fermentas 

pBS-BiP p-Bluescript II containing BIP; This study 
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Amp
R
 

pANL29 pHIPZ plasmid containing 

GFP-SKL under the control of 

PAOX; Zeo
R
, Amp

R
 

(Leao-Helder 

et al., 2003) 

pBS-BiPN30-GFP-HDE

L 

p-Bluescript II containing BIP 

N30- GFP-HDEL; Amp
R
  

This study 

pHIPX7-BiPN30-GFP-H

DEL 

pHIPX containing BIP N30 

fused to GFP-HDEL under the 

control of PTEF; LEU2 , Kan
R
 

This study 

pHIPX4-BiPN30-GFP-H

DEL 

pHIPX containing BIP N30 

fused to GFP-HDEL under the 

control of PAOX; LEU2 , Kan
R
 

This study 

pRSA017 pHIPZ containing BIP N30 

fused to GFP-HDEL under 

control of PAOX;  Zeo
R
, Amp

R
 

This study 

pHIPZ4-BiPN30-mCherr

y-HDEL 

pHIPZ containing BIP N30 

fused to GFP-HDEL under 

control of PAOX;  Zeo
R
, Amp

R
 

This study 

pHIPX7-BiPN30-mCherr

y-HDEL 

pHIPX containing BIP N30 

fused to mCherry-HDEL under 

the control of PTEF;  LEU2, 

Kan
R
 

This study 

pSL34 Plasmid containing GFP-SKL 

under the control of PMET25; 

Zeo
R
, Amp

R
 

(Lefevre et al., 

2013) 

pAG25 Plasmid containing 

nourseothricin resitance gene; 

Nat
R
, Amp

R
 

Euroscarf 

pHIPX4 pHIPX plasmid containing 

AOX promoter;  LEU2, Kan
R
 

(Gietl et al., 

1994) 

pHIPZ4-GFP-SKL pHIPZ plasmid containing 

GFP-SKL under the control of 

(Leao-Helder 

et al., 2003) 
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PAOX;  Zeo
R
, Amp

R
 

pAMK94 pHIPZ plasmid containing 

GFP-SKL under the control of 

PADH1; Zeo
R
, Amp

R
 

This study 

pARM059 pHIPZ plasmid containing 

PEX14 under the control of 

PADH1;  Zeo
R
, Amp

R
 

This study 

pARM053 pHIPZ plasmid containing 

PEX14-2xHA-UBC6 under the 

control of PADH1;  Zeo
R
, Amp

R
 

This study 

pHIPN-PMP47-GFP pHIPN plasmid containing 

C-terminal of PMP47 fused to 

mGFP;  Nat
R
, Amp

R
 

This study 

pARM069 pHIPX plasmid containing 

PEX14 under the control of 

PADH1;   LEU2, Kan
R
 

This study 

pARM072 pHIPX plasmid containing 

PEX14-2xHA-UBC6 under the 

control of PADH1;   LEU2, 

Kan
R
 

This study 
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Table S4. Primers used in this study 

Primer  Sequence (5’ – 3)’ 

pREMI-fw GCTAGCTAGGATCCTGACTG 

pREMI-rev CGGGATCCCTGGCCGTCGTTTTACGATC 

pREMI-ori GATCTTTTCTACGGGGTCTG 

pREMI-tef CGGAGTCCGAGAAAATCTGG 

VPS13-5’F GGGGACAACTTTGTATAGAAAAGTTGCGGCCGCAAT

CACCAACTCA 

VPS13-5’R GGGGACTGCTTTTTTGTACAAACTTGACGGTCACGT

CGCGTAGCAT 

VPS13-3’F GGGGACAGCTTTCTTGTACAAAGTGGCCGTGTCAA

CCAGCTCCATA 

VPS13-3’R GGGGACAACTTTGTATAATAAAGTTGGCTGATGAAC

GCTGCCGAAT 

Vps13-06 CGGCTGTCGTAGACGTATTC 

Vps13-07 CATCGAGGCGATCGTACGTT 

Vps13-08 CGGCCGCAATCACCAACTA 

Vps13-09 GCTGATGAACGCTGCCGAAT 

Leucine-F CTAGCTCGAGGGTGAATCGTTGTTAATGG 

Leucine-R GCATGCGGCCGCTGGAAACAAGCCCGT 

PEX14-Fw CACAATTGGAGCAGGACAAG 

Hyg-Rev GGGTGTTTTGAAGTGGTACG 

PEX3-01 ACTGAAGCTTCTTTTTGGCACGGGAGTGAT 

PEX3-02 TCGAAGATCTAGCATCGAAATTAGAGTAGACAC 

PEX3-Fw GTTGCGGCAAGATATAGGC 

PEX8-Fw CGGGTCGTAGCTCAGCACAA 

PEX10-Fw TGCACAACCAGCTCTTAGAC 

PEX13-Fw AAAAAGCTTTAGCCATGGCTGAACAGTTCC 

PMP47-Fw GTCTTAGCGAAGGAAGCGTT 

GFP-Rev TCGGAGGTGGTCATGGCGTAGGAAG 

Hyg-Fw01 GAATACATTTCCAAGCCAAACTCGATTATTCTAGCTG

TTTCTCCAGCCAATAACCCACACACCATAGCTTCAA 

Hyg-Rev02 ACCGAACCATTTGGCGACCTGGCATGGTCTTTACTC
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TTCTGTTTCTGTTT CGTTTTCGACACTGGATGGC 

Dnm1-Fw TATTGGTGACCAACCAACCG 

Dnm1-Rev GAGCTCCTTCTCGCCATTTG 

PEX11-01 TCGAGGATCCATGGTTTGCGACACGATAAC 

PEX11-02 CGATCCCGGGTCATAGCACAGAAGACTCGG 

PEX23-Fw CACCTTCTAGCATTAACAGCAACATTTCAGAAGTAC

AGCCAACAACAGGCTAATTCCGATCCCCCACACACC

ATAGCTTC 

PEX23-Rev ATCCATCTTCTGCGTCGCGTATACTTGCTGAACGAA

TCTTCGGTGGACGGGCAAATTAAAGCCTTCGAGCG

TCCC 

cPEX23-Fw GTACGATTACTGGACGTTGA 

cPEX23-Rev AGCTCCAACATCTCGGAAGA 

Pex23GFP-fw CCCAAGCTTGGTGACACGAAAGTTGCTTT 

Pex23GFP-re

v 

AGATCTTCCTTCTTTCTTTTTGTCTGTGACACCACC 

KN18 CCCAAGCTTGGATCCATGTTAACTTTCAATAAGTC 

KN19 GGGAAGCTTAGATCTAAACTGCTGTGTTGTTAGTGG

G 

KN14 CCCCTCGAGAACCTGTACTTCCAGTCGAGATCTGTG

AGCAAGGGCGAGGAGC 

KN17 GGGGTCGACTTACAGCTCGTCGTGAAGCTTGTACA

GCTCG 

BIPmCh1_fw GGAAGATCTGTGAGCAAGGGCGAGGAGGA 

BIPmCh1_rev GACGTCGACTTAGAGTTCATCATGCTTGTACAGCTC

GTCCATGCCGCCGG 

BIPmCh2_fw CGCGGATCCATGTTAACTTTCAATAAGTCGG 

Nat-fwd CAAAACCTCGAGACTTGCCTTTGAAGGCTCTT 

Nat-rev ATAGTTTAGCGGCCGCATCATCGATGAATTCGAGCT 

Pex14_HindII

I_fw 
CCCAAGCTTGGGATGTCTCAACAGCCAGCAAC 

Pex14_PspXI

_rev 
GACCTCGAGCTTAGGCATTCAGCTGCCACG 
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HindIII-Pex14 CCCAAGCTTATGTCTCAACAGCCAGCAAC 

Pex14_HA-H

A 

TCCTGCATAGTCCGGGACGTCATAGGGATAGCCCG

CATAGTCAGGAACATCGTATGGGTAGGCATTCAGCT

GCCACGCCG 

HAHA_Ubc6 

TACCCATACGATGTTCCTGACTATGCGGGCTATCCC

TATGACGTCCCGGACTATGCAGGAGAAAACGGATG

GGGCATATA 

Ubc6_PspXI CGCCTCGAGCCTATCATCTTGATGTACCTCCGG 

Padh1_mid_f

w 
CAGGCCGAGTAATGCTGACC 

Padh1_mid_r

ev 
CGGACACCCTACACCAGAAT 

PMP47_fwd_

check 
ACTTATCCGCTGGTCACTCT 

mGFP_rev_c

heck 
AAGTCGTGCTGCTTCATGTG 

Adh1 cPCR 

fwd 

TGTTGAGCAGGCTGATAACC 

Pex14_cPCR

_rev 

TCTCTGGACAACACGTCTCT 

Ubc6_cPCR_

rev 

ACCACTGCCAACAGCACATA 

Adh1-F AAGGAAAAAAGCGGCCGCCCCCTGCATTATTAATCA

CC 

Adh1-R AATCAATCAATCAATTTAAAAAGCTTGGG 

PEX11-Fw ATGGTCTGTGATACACTGGTATATCATCCCTCCGTG

ACGAGATTCGTCAACCAGATCTGTTTAGCTTGCCTT 

PEX11-Rev TATGTAGCTTTCCACATGTCTTGCATACCAAGGATA

GATGTGACAACACCATTCGAGCTCGTTTTCGACA 

cPEX11-Fw AGAACCCGAAGCGATGGGTA 

cPEX11-Rev GGACATGGAACATTGGGTCA 
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Abstract  

Here we show that in the yeast Hansenula polymorpha 

extensive peroxisome-vacuole contacts exist at peroxisome 

inducing growth conditions (methanol). We also demonstrate 

that Ypt7, Vam7 and Vps39 localize to the vacuole membrane 

including the peroxisome-vacuole contact sites. Ypt7, Vam7 and 

Vps39 were previously shown to be components of vCLAMP, a 

vacuole-mitochondrial membrane contact site.  

Our data indicate that the absence of any of these three 

vCLAMP proteins in combination in pex11 or pex23 cells, results 

in a peroxisome deficient phenotype, whereas functional 

peroxisomes are present in all single deletion strains.  

Importantly, the severe peroxisomal phenotype of pex11 

ypt7 cells could be largely suppressed by the introduction of an 

artificial peroxisomes-ER tethering protein. Our data therefore 

suggest that lipid transfer and hence peroxisomal membrane 

expansion depends on two redundant MCSs: one with the ER 

which may require Pex11 and Pex23, and the other one with 

vacuoles that requires the vCLAMP proteins Ypt7, Vam7 and 

Vps39. 
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Introduction 

Peroxisomes are relatively small organelles of simple 

architecture that notwithstanding their small size may display an 

unprecedented assortment of physiological functions. These 

functions vary with species, tissue, developmental stage and 

environmental conditions (Mast et al., 2010). Their importance is 

underscored by the fact that in man peroxisome malfunction 

leads to severe diseases (Honsho et al., 2015). Peroxisomes 

are inducible of nature and proliferate or disappear in response 

to metabolic needs (Smith and Aitchison, 2013). Their mode of 

proliferation is still debated. The current models of organelle 

development range from that all peroxisomes arise from the 

endoplasmic reticulum (ER) to the view that they are 

semi-autonomous organelles and develop by growth and fission 

(Tabak et al., 2008, 2013; Lazarow and Fujiki, 1985). Maturation 

of peroxisomes is independent of their origin from the ER or 

fission and requires the import of matrix and membrane 

components (Lazarow and Fujiki, 1985). As peroxisomes do not 

contain DNA or an own protein synthesizing machinery, their 

proteins are nuclear encoded, synthesized in the cytosol and 

subsequently incorporated in the organelles. The principles of 

these protein import machineries have been studied extensively 

(Hettema et al., 2014; Kim and Hettema, 2015). 

How peroxisomes acquire their membrane lipids is less 

well understood. Vesicle transport pathways from the ER and 

mitochondria have been proposed playing a role in this process 

(Hoepfner et al., 2005; Schekman, 2005; Neuspiel et al., 2008; 

Braschi et al., 2010), but non-vesicular transport mechanisms 

via membrane contact sites (MCSs) have been suggested as 

well (Raychaudhuri and Prinz, 2008).  

In the yeast Hansenula polymorpha morphological evidence for  

membrane contacts between peroxisomes and other organelles 

(i.e. mitochondria and ER) has already been reported in the 
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seventies of the previous century (Veenhuis et al., 1979). These 

contacts were in particular observed in cells shortly after transfer 

from peroxisome repressing (glucose) to inducing (methanol) 

growth conditions. Similar morphological observations have 

been made in Saccharomyces cerevisiae (Perktold et al., 2007; 

Rosenberger et al., 2009). 

Recently the first yeast proteins involved in the association 

of peroxisomes with other organelles have been identified. 

These include proteins involved in MCSs with the ER (Knoblach 

et al., 2013; David et al., 2013) and mitochondria (Mattiazzi Ušaj 

et al., 2015). In mammalian cells a protein responsible for 

lysosome-peroxisome MCSs was identified. This MCS was 

proposed to play a role in intracellular cholesterol transport (Chu 

et al., 2015). 

Whereas several reports indicate a role for the ER in 

peroxisome biogenesis, the involvement of yeast vacuoles in 

peroxisome formation is fully unexplored. Recently, we observed 

a role for Vps13 in peroxisome biogenesis in S. cerevisiae and H. 

polymorpha (Chapter 3 this thesis). Vps13 has been proposed 

to regulate two vacuolar MCSs, namely the nuclear vacuole 

junction (NVJ) and vCLAMP (vacuole and mitochondrial patch), 

an MCS between vacuoles and mitochondria. The vCLAMP 

proteins identified so far include the HOPS complex protein 

Vps39, its activating GTPase Ypt7 and the SNARE protein Vam7 

(Hönscher et al., 2014; Elbaz-Alon et al., 2014; Ungermann, 

2015).  

Interestingly, we previously observed that the absence of 

the vacuolar SNARES Vam7 and Vam3, as well as Ypt7 resulted 

in aberrant peroxisome formation in H. polymorpha (Stevens et 

al., 2005, de Vries, 2008). However, in H. polymorpha vam3, 

vam7 and ypt7 mutants, the organelles were normally functional. 

These observations prompted us to investigate whether 

vCLAMP proteins may be involved in peroxisome-vacuole 

MCSs and required for peroxisome membrane biogenesis.  
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Here, we report on these studies. Our data suggests that 

peroxisome-vacuole contact sites are important for peroxisomal 

membrane expansion at peroxisome-inducing growth conditions. 

Moreover, our data suggests that ER-peroxisome contact sites 

(EPCONS) can compensate for the absence of 

peroxisome-vacuole contact sites, whereas disruption of both 

MCSs results in peroxisome deficiency.  

 

Materials and Methods     

Strains and growth conditions 

The H. polymorpha strains used in this study are listed in 

Table S1. H. polymorpha cells were grown at 37°C either on 

YPD (1% yeast extract, 1% peptone and 1% glucose) or mineral 

medium (MM) supplemented with 0.5% glucose (MM-G), 0.5% 

methanol (MM-M) or a mixture of 0.5% methanol and 0.05% 

glycerol (MM-M/G) as carbon sources (van Dijken et al., 1976). 

When required leucine was added to a final concentration of 30 

μg/ml. For growth on agar plates, YPD medium was 

supplemented with 2% agar. Transformants were selected on 

YPD plates containing 200µg/ml zeocin (Invitrogen), 200µg/ml 

hygromycin (Invitrogen) or 100µg/ml nourseothricin (Werner 

Bioagents). 

Escherichia coli DH5α and DB3.1 were used for cloning. 

E.coli cells were grown at 37° C in Luria Bertani (LB) medium (1% 

Bacto tryptone, 0.5% Yeast Extract and 0.5% NaCl) 

supplemented with the appropriate antibiotic selection markers 

such as 100µg/ml ampicillin or 50µg/ml kanamycin. For growth 

on agar plates, LB medium was supplemented with 2% agar. 

 

Molecular techniques 

Plasmids and oligonucleotides used in this study are listed in 

Table S2 and S3, respectively. Transformations of H. 

polymorpha were performed as described before (Faber et al., 
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1994). DNA restriction enzymes were used as recommended by 

the suppliers (Fermentas, Roche). Preparative polymerase 

chain reactions (PCR) for cloning were carried out with Phusion 

High-Fidelity DNA Polymerase (Thermo Scientific). Initial 

selection of positive transformants by colony PCR was carried 

out using Phire polymerase (Thermo Scientific). For DNA and 

amino acid sequence analysis, the Clone Manager 5 program 

(Scientific and Educational Software, Durham, NC.) was used. 

Extracts prepared from cells treated with 12.5% trichloroacetic 

acid were prepared for SDS-polyacrylamide gel electrophoresis 

and Western blotting (WB) as detailed previously (Baerends et 

al., 2000). Equal amounts of proteins were loaded per lane. 

Blots were probed with rabbit polyclonal antisera against Pex14 

or pyruvate carboxylase-1 (Pyc1).  

 

Construction of WT DsRed-SKL and pex11 DsRed-SKL 

To construct a WT strain producing DsRed-SKL, 

NsiI-linearized plasmid pHIPN4-DsRed-SKL was transformed 

into yku80 cells. Correct integration was checked by colony PCR 

with primers PAOX-fwd and DsRed-rev.  

To construct a PEX11 deletion cassette, two entry 

plasmids pKVK106 and pKVK107 were recombined with 

destination vector pDEST-R4-R3 together with entry plasmid 

pENTR221-hph or pENTR-LEU2Ca2, resulting in plasmid pGKL 

or pRSA0074, respectively.  

The PEX11 deletion cassette was amplified with primers 

KVK-PEX11-del3.1 and KVK-PEX11-del3.2 using pGKL as a 

template and transformed into WT DsRed-SKL cells. 

Hygromycin resistance transformants were selected and 

checked by colony PCR using primers KVK-PEX11-4.1 and 

KVK-PEX11-4.2. Finally, the correct deletion of PEX11 was 

confirmed by southern blotting. pRSA0074 was used to delete 

PEX11 in ypt7 cells (see below).  

 



133 
 

Construction of strains for the localization of GFP-Ypt7 or 

Vps39-GFP 

A plasmid allowing localization of Ypt7 was constructed 

using Multisite Gateway technology as follows: First, the YPT7 

gene was amplified with primers TER010+TER011, using H. 

polymorpha NCYC495 genomic DNA as a template. The 

obtained fragment was then recombined into donor vector 

pDONR221, resulting in plasmid pENTR-YPT7. Then 

pENTR-YPT7 was recombined with entry plasmid 

pENTR41-PAMOGFP and pENTR23-TAMO together with 

destination vector pDEST-R4-R3-Zeo, resulting in plasmid 

pDEST-PAMOGFPYPT7. Finally, the NarI-linearized 

pDEST-PAMOGFPYPT7 was transformed into WT DsRed-SKL 

cells. 

For the construction of plasmid pHIPX4-Vps39-GFPHA, a 

PCR fragment encoding GFP containing an HA tag (GFP-HA) 

was obtained with primers GFP-HA-F and GFP-HA-R using 

pMCE5 as a template. The obtained PCR fragment was 

digested with SbfI and SalI, and inserted between the SbfI and 

SalI sites of pHIPX4-DsRed-SKL, resulting in plasmid 

pHIPX4-GFPHA. Then, PCR fragments VPS39 and GFPHA 

were amplified by primers Vps39F01+Vps39R02 and 

pHIPX4-GFPHA-F+pHIPX4-GFPHA-R, respectively using the H. 

polymorpha NCYC495 genomic DNA and pHIPX4-GFPHA as 

templates. The obtained PCR fragments were purified and 

ligated with each other using Gibson assembly, resulting in 

plasmid pHIPX4-Vps39-GFP-HA. Finally, StuI linearized 

pHIPX4-Vps39-GFP-HA was transformed into WT DsRed-SKL 

cells. 

 

Construction of vCLAMP single and double deletion strains 

The ypt7 strain was constructed by replacing the YPT7 

gene with the auxotrophic marker URA3. A deletion cassette 

was constructed by overlap PCR as follows: First, the 5’ and 3’ 
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flanking regions of the YPT7 were amplified by PCR with 

primers hsp26-fw+URA-hsp26-rev and URA3-ypt7-fw+ypt7-rev, 

respectively. The fragment comprising the URA3 gene and its 

promoter and terminator was obtained with primers 

hsp26-URA3-fw and ypt7-URA3-rev using pBSK-URA3 as a 

template. As the primers URA3-hsp26-rev and URA3-ypt7-fw 

are inverse complements of the primers hsp26-URA3-fw and 

ypt7-URA3-rev, respectively, these three fragments obtained 

overlap with each other. Then, the YPT7 deletion cassette was 

amplified with primers hsp26-fw+ypt7-rev using the three PCR 

products mentioned above as templates. The resulting 2.6 kb 

PCR fragment was transformed into WT leu1.1 ura3 cells. 

Finally, the correct deletion was confirmed by Southern blotting. 

To create ypt7 DsRed-SKL and ypt7 PmP47-mGFP strains, 

StuI-linearized plasmid pHIPX4-DsRed-SKL and 

MunI-linearized plasmid pMCE7 were transformed into ypt7 

cells respectively, and the correct integration were checked by 

colony PCR with primers PAOX-fwd+DsRed-rev and 

PMP47-Fw+GFP-Rev.  

To create a pex11 ypt7 strain, a PEX11 deletion cassette 

containing a LEU2 marker was amplified with primers 

KVK-PEX11-del3.1+KVK-PEX11 and transformed into ypt7 cells. 

Transformants were selected on YND and checked by colony 

PCR using primers KVK-PEX11-4.1 and KVK-PEX11-4.2. The 

correct deletion of PEX11 was confirmed by southern blotting. 

To create pex11 ypt7 DsRed-SKL and pex11 ypt7 GFP-SKL 

strains, NsiI-linearized plasmid pHIPN4-DsRed-SKL and 

MunI-linearized pHIPN7-GFP-SKLwere transformed into pex11 

ypt7 cells, respectively. 

To create a vam7 DsRed-SKL strain, NsiI-linearized 

plasmid pHIPN4-DsRed-SKL was transformed into vam7 cells, 

and the correct integration was checked by colony PCR with 

primers PAOX-fwd and DsRed-rev.  

To create pex11 vam7 DsRed-SKL and pex11 vam7 
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GFP-SKL strains, the PEX11 deletion cassette containing LEU2 

marker was transformed into vam7 cells. Colonies were selected 

on YND and checked by colony PCR using primers 

KVK-PEX11-4.1 and KVK-PEX11-4.2. The correct deletion of 

PEX11 was confirmed by southern blotting. Then, NsiI-linearized 

plasmid pHIPN4-DsRed-SKL and MunI-linearized 

pHIPN7-GFP-SKLwas transformed into pex11 vam7 cells.  

The vps39 strain was constructed by replacing the VPS39 

region with an antibiotic marker Nourseothricin (Nat) using a 

single step PCR strategy. First, a PCR fragment containing the 

selective marker Nat and 50bp of VPS39 flanking regions was 

amplified with the primers dVPS39-F and dVPS39-R using the 

plasmid pHIPN4 as a template. The resulting VPS39 deletion 

cassette was then transformed into yku80 cells. Nourseothricin 

resistance transformants were selected and checked by colony 

PCR using the primers VPS39-5’FWD and VPS39-3’REV. The 

correct deletion of VPS39 was confirmed by southern blotting. 

To create a vps39 GFPS-SKL strain, MunI-linearized plasmid 

pAKW27 was transformed into vps39 cells. 

To construct a pex11 vps39 GFP-SKL strain, the PEX11 

deletion cassette containing hygromycin was transformed into 

vps39 cells. Hygromycin resistance transformants were selected 

and checked by colony PCR with primers 

KVK-PEX11-del3.1+KVK-PEX11-del3.2. The correct deletion 

was confirmed by southern blotting. Then, MunI-linearized 

plasmid pAKW27 was transformed into pex11 vps39 cells. 

 

Construction of single deletion vps34, vps41, vac8, vma16 

strains and double deletion pex11 vps34, pex11 vps41, 

pex11 vac8, pex11 vma16 strains  

To create a vps34 DsRed-SKL strain, NsiI-linearized 

plasmid pHIPN4-DsRed-SKL was transformed into vps34 cells.  

To create a pex11 vps34 DsRed-SKL strain, the PEX11 

deletion cassette containing hygromycin was transformed into 
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vps34 cells. Hygromycin resistance transformants were selected 

and checked by colony PCR with primers 

KVK-PEX11-del3.1+KVK-PEX11-del3.2. The correct deletion 

was confirmed by southern blotting. Then, NsiI-linearized 

plasmid pHIPN4-DsRed-SKL was transformed into pex11 vps34 

cells. 

To create vps41 DsRed-SKL and pex11 vps41 DsRed-SKL 

strains, a plasmid allowing deletion of VPS41 was constructed 

using Multisite Gateway technology as follows: First, the 5’ and 3’ 

flanking regions of the VPS41 gene were amplified by PCR with 

primers VPS41-5’F+VPS41-5’R and VPS41-3’F+VPS41-3’R, 

respectively, using H. polymorpha NCYC495 genomic DNA as a 

template. The resulting PCR fragments were then recombined 

into the donor vectors pDONR P4-P1R and pDONR P2R-P3, 

resulting in plasmids pENTR-5’VPS41 and pENTR-3’VPS41, 

respectively. Both entry plasmids were recombined with 

destination vector pDEST-R4-R3 together with entry plasmid 

pENTR221-zeocin, resulting in plasmid pDEST-VPS41. Then 

VPS41 deletion cassette was amplified with primers TER001F 

and TER002R using pDEST-VPS41 as a template. Then, the 

resulted VPS41 deletion cassette was transformed into yku80 

DsRed-SKL and pex11 DsRed-SKL cells. Zeocin resistance 

transformants were selected and checked by colony PCR using 

primers VPS41-checking-F and VPS41-3’R. Finally, the correct 

deletion of VPS41 was confirmed by Southern blotting.  

The deletion of VAC8 was performed by replacing the 

VAC8 region with an antibiotic marker zeocin using a single step 

PCR strategy. First, a PCR fragment containing the selective 

marker zeocin and 50bp of VAC8 flanking regions was amplified 

with the primers VAC8-fwd and VAC8-rev using the plasmid 

pMCE7 as a template. Then, the resulting VAC8 deletion 

cassette was transformed into yku80 and pex11 DsRed-SKL 

cells. Zeocin resistance transformants were selected and 

checked by colony PCR using the primers cVAC8-fwd and 
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cVAC8-rev. The correct deletion of VAC8 was confirmed by 

southern blotting. To create vac8 DsRed-SKL strain, 

NsiI-linearized plasmid pHIPN4-DsRed-SKL was transformed 

into vac8 cells. 

Deletion of VMA16 was performed by replacing the 

VMA16 region with an auxotrophic marker LEU2 using a single 

step PCR strategy. First, a PCR fragment containing the 

auxotrophic marker LEU2 and 50bp of VMA16 flanking regions 

was amplified with the primers VMA16-Leucin-F and 

VMA16-Leucin-R using the plasmid pENTR221-CaLEU2 as a 

template. Then, the obtained VMA16 deletion cassette was 

transformed into WT DsRed-SKL and a pex11 DsRed-SKL. 

Transformants were selected on YND plates and checked by 

colony PCR using primers VMA16-checking-F and 

VMA16-checking-R. Finally, correct deletion was confirmed by 

southern blotting. 

 

Construction of pex23 ypt7 and pex23 vps39 strains (pex23 

ypt7 GFP-SKL, pex23 vps39 GFP-SKL) 

First, the PEX23 deletion cassette containing zeocin was 

obtained with primers Pex23-F and Pex23-R using pex23 

genomic DNA as a template. Then, the obtained PEX23 deletion 

cassette containing zeocin was transformed into ypt7 and vps39 

cells, respectively. To create pex23 ypt7 GFP-SKL and pex23 

vps39 GFP-SKL strains, StuI-linearized plasmid pFEM35 was 

transformed into pex23 ypt7 and pex23 vps39 cells, 

respectively.  

 

Construction of pex11 ypt7 strains for co-localization 

studies  

First, the Bpu1102I-linearized pARM001 was transformed 

to pex11 ypt7 cells. Then, the plasmids pHIPZ-PEX3-mGFP, 

pMCE4, pMCE5, pSEM03, pMCE7 were linearized with EcoRI, 

EcoRI, Bsu36I, ApaI, MunI, respectively, and transformed into 
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pex11 ypt7 Pex14-mCherry cells. The correct integrations were 

confirmed by colony PCR with primers PEX3-Fw+GFP-Rev, 

PEX8-Fw+GFP-Rev, PEX10-Fw+GFP-Rev, PEX13- 

Fw+GFP-Rev, PMP47-Fw+GFP-Rev, respectively.  

 

Construction of H. polymorpha pex11 GFP-SKL and pex11 

ypt7 GFP-SKL strains with or without an artificial ER linker 

To introduce an artificial peroxisome-ER linker, the 

NruI-linearized pARM059 and pARM053 were transformed into 

pex11 GFP-SKL and pex11 ypt7 GFP-SKL cells. Correct 

integrations were confirmed by colony PCR with primers Adh1 

cPCR fwd+Pex14_cPCR_rev and Adh1 cPCR fwd+ 

Ubc6_cPCR_rev. 

 

Fluorescence microscopy 

Widefield images were captured at room temperature 

using a 100x1.30 NA Plan Neofluar objective (Carl Zeiss). 

Images were captured in media in which the cells were grown 

using a fluorescence microscope (Axio Scope A1; Carl Zeiss), 

Micro-Manager 1.4 software and a digital camera (Coolsnap 

HQ2; Photometrics). The GFP fluorescence was visualized with 

a 470/40 nm band pass excitation filter, a 495 nm dichromatic 

mirror, and a 525/50 nm band-pass emission filter. mCherry 

fluorescence was visualized with a 587/25 nm band pass 

excitation filter, a 605 nm dichromatic mirror, and a 647/70 nm 

band-pass emission filter. DsRed fluorescence was visualized 

with a 546/12 nm bandpass excitation filter, a 560 nm 

dichromatic mirror, and a 575-640 nm bandpass emission filter.  

Image analysis was carried out using ImageJ and Adobe 

Photoshop CS6 software.  

To quantify peroxisomes random images of cells were 

taken as a stack using a confocal microscope (LSM800, Carl 

Zeiss) and Zen software. Z-stacks were made containing 11 

optical slices and the GFP signal was visualized by excitation 
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with a 488 nm laser and the emission was detected from 490 – 

650 nm using an GaAsp detector. Peroxisomes were quantified 

from 200 cells of two independent experiments.  

 

Electron microscopy 

For morphological analysis, cells were fixed in 1.5% 

potassium permanganate, post-stained with 0.5% uranyl acetate 

and embedded in Epon 812 (Serva, 21045). 

For cryo-fixation cells were mounted between two copper 

discs and plunged rapidly into melting propane. Cells were 

freeze-substituted in acetone containing 1% OsO4, 0.5% uranyl 

acetate and 5% H2O and embedded in Epon 812.Ultrathin 

sections were viewed in a Philips CM12 TEM.  

For MCSs quantification, images were taken from 60 nm 

thin sections and the distance between peroxisomes and other 

organelles were measured in ImageJ (http://imagej.nih.gov/ij/). 

Images were taken at 66.000 x magnification which resulted in a 

pixel size of 0.8 nm. MCSs were defined as regions with a 

distance between two opposing membranes of less than 5 nm. 

In each section the length of the contact size was measured. 

The average surface of MCSs was calculated based on serial 

sections of 10 peroxisomes. 

Immunolabeling experiments were performed using 

cryosections as described previously (Knoops et al., 2015). 

Immunolabeling of Pex14 was performed using rabbit polyclonal 

antibodies followed by goat-anti-rabbit antibodies conjugated to 

10 nm gold (Aurion, the Netherlands). HA was labelled using 

monoclonal antibodies (Sigma-Aldrich H9658) followed by 

goat-anti-mouse antibodies conjugated to 6 nm gold (Aurion, the 

Netherlands). 
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Results 

Nascent peroxisomes associate with vacuoles in H. 

polymorpha 

We reasoned that putative MCSs involved in peroxisomal 

membrane biogenesis could be best identified in cells containing 

fast growing peroxisomes. In H. polymorpha, these conditions 

are ideally met in cells which are precultivated on glucose 

(peroxisome repressing conditions) and shifted for a few hours 

to medium containing methanol as sole carbon source 

(peroxisome inducing conditions). H. polymorpha cells growing 

exponentially on glucose generally contain a single small 

peroxisome (0.1 μm of diameter) that rapidly develops into a 

large organelle (approximately 1 μm of diameter) in the first 6-8 

h of adaptation of cells to growth on methanol (Veenhuis et al., 

1979). Hence, the membrane surface of the organelles 

increases approximately 100-fold in the same time interval 

(Veenhuis et al., 1979). 

For this reason we analyzed wild-type (WT) cells 4 hours 

after the shift from glucose to methanol media (Fig. 1). Electron 

microscopy (EM) analysis of KMnO4-fixed cells revealed that 

bulk of these cells contained a single enlarged peroxisome that 

displayed intimate contacts with membranes of other organelles, 

including the ER, mitochondria and vacuoles (Fig. 1A). Analysis 

of a series of serial sections showed that especially the MCSs 

between vacuoles and peroxisomes were very prominent in 

these cells (Fig. 1B). Similar studies using glucose-grown cells 

revealed that under these conditions peroxisomes were mainly 

associated with the ER (Fig. 1C). 
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Figure 1 Peroxisome membrane contacts in H. polymorpha.  

(A, B) EM analysis of thin sections of KMnO4-fixed WT cells grown for 4 

hours on methanol. White arrows indicate MCSs (distance between 

membranes < 5nm). Overview (A-I) and details of peroxisome-vacuole 

(A-II), peroxisome-ER (A-III) and peroxisome-mitochondrion (A-VI) MCSs. 

Scale bars AI: 500 nm; A II-A IV: 100 nm. B shows a series of serial 

sections indicating that one peroxisome is in contact with the vacuole (2-7), 

the ER (3, 6-7) and a mitochondrion (8-9). Scale bars: 200 nm. (C) EM 

analysis of KMnO4 fixed glucose grown cell. Scale bar: 200 nm. (D) 

Quantification of MCSs in WT cells grown for 4h on glucose or methanol . 

The averages MCS size is measured of 10 peroxisomes from each strain. 

(E) Overview (I) and detail (II) of H. polymorpha WT cell grown for 4 hours 

on methanol. Fixation was performed by high pressure freezing. Cells 

were subsequently subjected to freeze substitution. Scale Bar: 100 nm. M 

– mitochondrion, N – nucleus, P – peroxisome, V – vacuole. 

 

At regions where two membranes were closely apposed, 

the distance between two membranes was generally less than 5 

nm in sections of the KMnO4 fixed cells. We therefore used the 

distance of 5 nm or less as a criterion to quantify the surface 

areas of the various MCSs. Analysis of methanol-grown cells 

revealed that relatively large MCSs occurred between 

peroxisomes and vacuoles, whereas smaller MCSs were 

observed with the ER and mitochondria. In contrast, in 

glucose-grown cells only MCSs between peroxisomes and the 

ER were present (Fig. 1D). The observed extensive  

membrane contacts between peroxisomes and vacuoles in 

methanol-grown cells are not an artifact due to chemical fixation 

of the cells, as they were also observed in cryofixed and freeze 

substituted yeast cells (Fig. 1E). 

 

Ypt7, Vam7 and Vps39 partially localize to peroxisomes 

vCLAMP, the S. cerevisiae vacuole/mitochondrial MCS 

requires the function of Vps39, Ypt7 and Vam7 (Hönscher et al., 
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2014; Elbaz-Alon et al., 2014; Ungermann, 2015). Interestingly, 

H. polymorpha vam7 and ypt7 deletion mutants show aberrant 

peroxisome formation (Stevens et al., 2005; de Vries et al., 

2004). We therefore asked whether these proteins play a role in 

peroxisome-vacuolar contact sites. 

To analyze this, we first studied the subcellular location of 

Vam7, Ypt7 and Vps39. Fluorescence microscopy (FM) analysis 

of cells, producing DsRed-SKL as peroxisomal matrix marker, 

together with GFP-Ypt7, Vam7-GFP or Vps39-GFP revealed 

that a portion of all three proteins co-localized with peroxisomes 

(Fig. 2A-C). 

 

Ypt7, Vam7 and Vps39 are important for peroxisome 

formation in cells defective in EPSCONS  

FM analysis of methanol-grown ypt7, vam7 and vps39 

single deletion strains producing a fluorescent peroxisomal 

matrix marker revealed no major defect in peroxisome 

biogenesis or abundance relative to the WT control (Fig. 3A). 

We next hypothesized that the functions of Ypt7, Vam7 and 

Vps39 may be redundant with that of other proteins playing a 

role in peroxisomal MCSs, e.g. EPCONS that involves Pex23 

(David et al., 2013). Indeed, we recently showed that in the 

absence of the vCLAMP regulatory protein Vps13 peroxisome 

formation depends on Pex23 as well as on Pex11, whose 

function in MCSs is still speculative (Chapter 3, this thesis). 
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Figure 2. Ypt7, Vam7 and Vps39 partially co-localize with 

peroxisomes. FM analysis of cells producing DsRed-SKL, together with 

(A) GFP-Ypt7 under the control of amine oxidase promoter (PAMO), (B) 

Vam7-GFP under the control of the PEX3 promoter and (C) Vps39-GFP 

under the control of alcohol oxidase promoter. Cells were grown on 

mineral medium containing methanol for 16 hours. Cells producing 

GFP-Ypt7 were grown on methanol/methylamine containing medium. 

Scale bar: 1 µm. 

 

To test whether Pex11 and Pex23 are important for 

peroxisome formation in cells lacking Ypt7, Vam7 or Vps39, we 

constructed pex11 ypt7, pex11 vam7, pex11 vps39 and pex23 

ypt7, pex23 vps39 double deletion strains. As shown in Fig. 3 
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B-D cells of all double deletion strains displayed mislocalisation 

of peroxisomal matrix proteins upon incubation of cells in 

methanol containing media (peroxisome-inducing conditions) 

(Fig. 3C), whereas upon growth of cells on glucose the matrix 

protein marker was confined to peroxisomes (Fig. 3B, D).  

 

Figure 3. Deletion of YPT7, VAM7 or VPS39 in pex11 or pex23 cells 

results in peroxisome deficiency under peroxisome inducing growth 

conditions. FM analysis of WT and the indicated mutant strains 

producing a fluorescent peroxisomal matrix marker (GFP-SKL or 

DsRed-SKL). Cells were grown on mineral medium containing methanol 

for 16 h (A), on glucose for 4 h (B) or on a mixture of glycerol and 

methanol for 16 h (C). (D) Analysis of pex23 ypt7 and vps23 vps39 

double mutants. Cells were grown on glucose for 4 h (the first, and the 
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third panel) or glycerol/methanol (the second and the fourth panel) for 16 

h. Scale bar: 1µm.  

 

To rule out that the peroxisomal matrix protein 

mislocalisation phenotype in pex11 vam7, pex11 ypt7 and pex11 

vps39 cells was caused by a general defect in the 

function/integrity of vacuoles, we deleted VMA16 (a vacuolar 

ATPase essential for vacuole acidification (Hirata et al., 1997)) 

in a pex11 mutant background. FM analysis of pex11 vma16 

cells producing DsRed-SKL and incubated in the presence of 

methanol revealed that DsRed-SKL was localized to 

peroxisomes, indicating that the phenotype of the double 

mutants of vam7, ypt7 and vps39 with pex11 was not caused by 

a general vacuolar defect (Fig. 4). To further substantiate these 

data we constructed additional double deletion strains with 

VPS41, another component of the HOPS complex (Bröcker et 

al., 2012), VAC8 (involved in nuclear vacuolar junctions) (Pan et 

al., 2000) and VPS34 (required for autophagy and endocytosis) 

(Robinson et al., 1988; Thorngren et al., 2004). FM data 

revealed that methanol-induced pex11 vps41 cells, but not those 

of pex11 vac8 and pex11 vps34, showed mislocalisation of 

peroxisomal matrix proteins in the cytosol at 

peroxisome-inducing growth conditions (Fig. 4). 
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Figure 4. pex11 vps41, but not double deletions of pex11 in 

conjunction with vma16, vac8 or vps34 cause mislocalisatio of 

peroxisomal matrix proteins.  FM analysis of the indicated strains 

producing GFP-SKL or DsRed-SKL. Cells were grown on a mixture of 

glycerol and methanol for 16 h. The bar: 1 μm.  

 

Summarizing these data indicate that Ypt7, Vam7, Vps39 

and Vps41 are essential for peroxisome biogenesis in H. 

polymorpha pex11 and pex23 mutant cells, possibly by 

functioning in a vacuole-peroxisome MCS important for 

membrane lipid transfer to peroxisomes. 

 

pex11 ypt7 cells contain peroxisomal membrane structures 

Because the pex11 vam7, pex11 ypt7, pex11 vps39 and 

pex11 vps41 double mutants as well as the pex23 ypt7 and 

pex23 vps39 double mutants have similar phenotypes, we 

confined our further studies to one of these mutants, namely 

pex11 ypt7. To further substantiate that pex11 ypt7 cells have 

non-functional peroxisomes, growth curves were prepared (Fig. 

5).  
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Figure 5. Growth curves of the indicated strains on mineral medium 

containing methanol. Cells were pre-cultivated on glucose medium and 

shifted to methanol medium at T = 0 h. Growth is expressed as optical 

density at 660 nm (OD660). Error bars represent SD (n = 2). 

 

In media containing methanol as sole carbon source, 

pex11 cells showed reduced growth, whereas ypt7 cells grew 

like WT controls. In contrast, cells of the double mutant pex11 

ypt7 displayed a severe defect in methanol growth, consistent 

with the observed mislocalization of matrix proteins to the 

cytosol (Fig. 3 C).  

Quantification of peroxisome numbers in ypt7 cells 

confirmed that the number of organelles was largely similar to 

WT controls (average 3.9 ± 0.007 and average 3.8 ± 0.004, 

respectively). Together these data indicate that ypt7 cells show 

no major defect in peroxisome biogenesis, abundance and 
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function, in contrast to pex11 ypt7 cells, which shows a  severe 

peroxisomal  defect.  

   
Figure 6. The matrix protein import defect increases in pex11 ypt7 

cells upon a shift from glucose to methanol-containing media. FM 

analysis of pex11 ypt7 cells producing GFP-SKL under the control of PTEF. 

Cells were pre-cultivated on mineral medium containing glucose and 

subsequently shifted to mineral medium containing glycerol/methanol and 

grown for 16 h.  

 

Quantitative analysis of FM images of glucose-grown 

pex11 ypt7 cells revealed that 45.7% of the pex11 ypt7 cells 

contain matrix protein import competent peroxisomes, which is 

similar to the percentage observed in the pex11 single deletion 

strain (48.1%). However, after 16 h of incubation of these cells in 
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the presence of methanol, only 7.4% of the pex11 ypt7 cells 

harbored peroxisomes, whereas 51.2% of the pex11 cells 

contained peroxisomes (Fig. 6). In order to better understand 

the pex11 ypt7 phenotype, we performed detailed FM and EM 

analysis of glycerol/methanol grown cells. This revealed that a 

portion of the pex11 ypt7 cells contained normal peroxisomes 

(Fig. 7A-I), but most cells harbored small peroxisomes in 

conjunction with a severe matrix protein import defect (Fig. 

7A-II). Using immunocytochemistry, these structures, which 

frequently contained a very minor alcohol oxidase protein 

crystalloid, were positively labeled using α-Pex14 antibodies 

(Fig. 7A- III).  

We next questioned whether all peroxisomal membrane 

proteins (PMPs) are present in the peroxisomal membranes of 

pex11 ypt7 cells. To test this, we analyzed pex11 ypt7 cells 

producing Pex14-mCherry together with different PMP-mGFP 

fusion proteins (Pex3-mGFP, Pex8-mGFP, Pex10-mGFP, 

Pex13-mGFP, Pmp47-GFP), all under control of their 

endogenous promoter. FM analysis of methanol-induced pex11 

ypt7 cells revealed that all PMPs tested co-localized with 

Pex14-mCherry (Fig. 7B).  

Taken together, our data suggest that the membrane 

structures in pex11 ypt7 cells represent small peroxisomes that 

are matrix protein import competent but defective to grow in size. 

Hence, bulk of the matrix proteins are mislocalized to the cytosol, 

which is not caused by a defect in the import machinery, but due 

to limited capacity of the organelles to incorporate matrix 

proteins. 
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Figure 7. pex11 ypt7 cells contain peroxisomal membrane vesicles. 

(A) EM analysis of thin sections of KMnO4-fixed pex11 ypt7 cells grown for 

16 hours on a mixture of glycerol and methanol. Cells contain either 

normal peroxisomes (I) or small peroxisomal structures (II). III– 

Immuno-labelling experiment of pex11 ypt7 cells using Pex14 antibodies. 

P-peroxisome; M-mitochondrion; V-vacuole; N-nucleus. Scale bars: 200 

nm. (B) FM images of pex11 ypt7 cells producing Pex14-mCherry together 

with the indicated mGFP fusion proteins. Cells were grown on 

glycerol/methanol medium. Scale bar: 2 µm.  
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The pex phenotype of pex11 ypt7 cells can be partially 

bypassed by an artificial ER linker 

In line with the view that the defect in peroxisome 

development in pex11 ypt7 cells is related to the combined effect 

of defects of vacuole and ER MCSs, the question arose whether 

the phenotype of ypt7 pex11 cells could be suppressed by 

artificially linking the peroxisomal membrane structures to the 

ER. To this end we constructed a pex11 ypt7 strain producing 

Pex14 fused to the ER membrane anchor of Ubc6 via two heme 

agglutinin (HA) tags under the control of the constitutive alcohol 

dehydrogenase 1 promoter (PADH1PEX14-HAHA-UBC6TA). The 

same construct was also introduced in pex11 control cells. In 

addition pex11 and pex11 ypt7 strains were analyzed in which 

an additional copy of PEX14 was introduced under control of the 

ADH1 promoter (PADH1PEX14). Production of the linkers as well 

as the overproduction of Pex14 in the control strains was 

confirmed by western blotting (Fig. 8).  

 

Figure 8.  Western blot showing the presence of the artificial 

ER-PER linker protein. Western blotting analysis of pex11, or pex11 ypt7 

cells containing PADH1PEX14 (++ Pex14) or PADH1PEX14-HAHA-UBC6
TM
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(ER-PER) grown for 16 h on glycerol-methanol medium using α-Pex14 

antibodies. Pyruvate carboxylyase (Pyc1) was used as loading control. 

 

Fluorescence microscopy analysis of the strains producing 

GFP-SKL as peroxisomal marker indicated that ypt7 pex11 cells 

containing  the ER-PER protein harbored more peroxisomes 

relative to the same strain without the ER-PER protein. 

Quantitative analysis showed that synthesis of the ER-PER 

tether in pex11 ypt7 cells resulted in more than two fold increase 

in the number of GFP-SKL containing spots (Fig. 9, Table 1).  

 

Table 1. Quantification of GFP spots 

Strain Average number of GFP spots 

per cell 

pex11 0,63 

pex11 Pex14++ 0,54 

pex11 ER-PER 1,13 

pex11 ypt7  0,25 

pex11 ypt7 Pex14++ 0,34 

pex11 ypt7 ER-PER  0,60 

The average number of GFP spots was calculated based on 

data from 200 cells of each of the indicated strains. 

 

This strong increase was not observed when PADH1PEX14 

was introduced, ruling out that the observed effect was caused 

by Pex14 overproduction. This result suggests that the 

peroxisome deficient phenotype of pex11 ypt7 cells is partially 

suppressed by the ER-PER tether (Fig. 9B). Interestingly, also 

in pex11 cells the number of GFP spots increased when the 

artificial tether was introduced. Again, introduction of 

PADH1PEX14 did not result in major changes in the number of 

GFP spots. Electron microscopy indicated that both in pex11 

and pex11.ypt7 cells producing the ER-PER tether the 
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peroxisomes were surrounded by strands of ER (Fig. 9C)  

 

 

Figure 9. Suppression of peroxisome biogenesis defects in pex11 

ypt7 cells by the ER-PER tether. (A, B) EM images of ultrathin sections 

of glycerol-methanol grown KMnO4-fixed pex11 PADH1PEX14-HAHA- 

UBC6
TM 

(A) or pex11 ypt7 PADH1PEX14-HAHA-UBC6
TM

 (B) cells. Scale 

bars: 200 nm; inset 100 nm. (C, D) FM analysis of glycerol-methanol 

grown pex11 cells (C), or pex11 ypt7 cells (D) containing PADH1PEX14 (++ 

Pex14) or PADH1PEX14-HAHA-UBC6
TM

 (ER-PER). Scale bars: 5 μm.
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Discussion 

Here, we present evidence that in the yeast H. polymorpha 

vacuole-peroxisome MCSs exist that together with an MSC 

between ER and peroxisomes contributes to  peroxisomal 

membrane expansion in cells grown at organelle-inducing 

conditions (methanol). 

EM analysis of glucose-grown wild-type cells revealed that 

at these conditions peroxisomes only associate with the ER, 

whereas upon transfer of cells to methanol media, conditions 

that result in extensive peroxisomal membrane expansion (from 

0.1 – 1 μm in diameter in a time interval of 6-8h), prominent 

MCSs of peroxisomes with vacuoles are formed as well. 

Our current observations suggest that Vps39, Vam7 and 

Ypt7 are important for vacuole-peroxisome MCSs in H. 

polymorpha, because we observed that a portion of these 

proteins localizes to peroxisomes, possibly at the 

vacuole-peroxisome MCSs.  

S. cerevisiae Vps39 was initially characterized as a HOPS 

complex component, which is required for fusion processes with 

the vacuolar membrane (Nakamura et al., 1997). Vps39 function 

requires activation by the GTPase Ypt7. Vam7 is one of the 

SNARES involved in HOPS-mediated vacuole fusion 

(Ungermann and Wickner, 1998). The HOPS complex consists 

of six proteins, of which only Vps39 was shown to be essential 

for vCLAMP, an MCS between mitochondria and vacuoles that 

was recently identified in S. cerevisiae. In addition, Ypt7 and 

Vam7 were demonstrated to function in this MCS (Hönscher et 

al., 2014; Elbaz-Alon et al., 2014). 

vCLAMP is essential for lipid transport to mitochondria in 

cells in which the ER-mitochondrial MCS (ERMES) is 

compromised. Disruption of either vCLAMP or ERMES results in 

weak mitochondrial phenotypes, whereas the simultaneous 

deficiency of both MCSs is lethal.  
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We observed a similar phenomenon for peroxisomes, 

because mutations affecting either the ER-peroxisome (in pex23 

or pex11 cells) or the vacuole-peroxisome MCS (e.g. in ypt7, 

vam7 or vps39 cells) show mild or no peroxisomal phenotypes, 

whereas affecting both MCSs at the same time results in a 

severe defect in peroxisome formation. Different from the 

situation for mitochondria, blocking both peroxisomal MCSs is 

not lethal, because peroxisome-deficient yeast mutants are 

viable. 

We propose that both Pex23 and Pex11 play a role in 

MCSs of peroxisomes and the ER. Previous studies showed 

that S. cerevisiae Pex30, the homologue of H. polymorpha 

Pex23, is an EPCONS protein (David et al., 2013). Moreover, 

we recently confirmed that Pex23 is localized to peroxisome-ER 

contact sites in H. polymorpha (Chapter 3 of this thesis). 

Our data suggest that Vps41, another HOPS complex 

protein, is involved in the H. polymorpha vacuole-peroxisome 

MCS as well, because pex11 vps41 cells, but not cells of the 

vps41 single deletion strain are peroxisome deficient as well. 

Further studies are required to understand whether all HOPS 

complex components – possibly in conjunction with the vacuolar 

SNARES - play a role in vCLAMP and the vacuole-peroxisome 

MCSs. 

Our data indicate that double mutants of ypt7, vam7 or 

vps39 with pex11 or pex23 matrix protein import competent 

peroxisomes are still present and of sufficient size to incorporate 

all matrix proteins during growth at peroxisome-repressing 

conditions (glucose). However, at peroxisome inducing 

conditions, the organelles are unable to further expand to the 

size normally occurring in methanol-grown wild-type cells. As a 

consequence a major portion of the matrix proteins remains in 

the cytosol, despite the fact that the peroxisomes contain a 

functional importomer. Indeed, we show that sorting of PMPs is 

unaffected in pex11 ypt7 cells, which is underscored by the fact 
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that the peroxisomal importomer, which consists of many 

different PMPs, is fully functional in pex11 ypt7 cells. 

Importantly, in pex11 ypt7 cells small peroxisomes are still 

present. Apparently there is still transport of membrane lipids to 

these organelles. Possibly, the vacuolar and/or ER MCSs are 

still partially functioning, or mitochondrial MCSs may contribute 

to lipid transport. Alternatively, these organelles may obtain 

lipids via vesicle mediated transport or form de novo from the 

ER (Schekman, 2005). 

We showed that an artificial ER-peroxisome tethering 

protein could largely suppress the peroxisomal phenotype of 

methanol-induced pex11 ypt7 cells. These data support the idea 

that together with MCSs between peroxisomes and vacuoles, 

EPCONS are important for peroxisome development on 

methanol. Indeed pex11 and pex23 cells, which we propose to 

be (partially) defective in EPCONS, show a stronger 

peroxisomal phenotype relative to ypt7, vam7 or vps39 mutant 

cells. In line with this view, the ER-PER tether could also 

partially complement the phenotype of pex11 cells. 

Together, this study for the first time suggests a central role 

of the vacuole in peroxisome biogenesis. 
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Table S1. H. polymorpha strains used in this study 

Strain Description Source/Referenc

e 

WT NCYC495, leu1.1, ura3 (Waterham et al., 

1994) 

yku80 NCYC495, leu1.1 

YKU80::URA3 

(Saraya et al., 

2012) 

WT DsRed-SKL pHIPN4-DsRed-SKL::NAT 

YKU80::URA3 

Chapter 3 

WT DsRed-SKL 

PAMOGFP-YPT7 

pHIPN4-DsRed-SKL::NAT  

pDEST-PAMO GFP-YPT7::sh 

ble  YKU80::URA3 

This study 

WT DsRed-SKL 

Vam7-GFP 

pHIPZ4-DsRed-SKL::sh ble  

pHIPX6-VAM7-GFP::LEU2  

(Stevens et al., 

2005) 

WT DsRed-SKL 

Vps39-GFPHA 

pHIPN4-DsRed-SKL::NAT  

pHIPX4 Vps39-GFPHA::LEU2  

YKU80::URA3 

This study 

WT 

PMP47-mGFP 

pMCE7::sh ble (Manivannan et 

al., 2013) 

pex11 GFP-SKL PEX11::URA3 

pHIPX7-GFP-SKL::LEU2 

(Krikken et al., 

2009) 

pex11 DsRed-SKL PEX11::HPH 

pHIPN4-DsRed-SKL 

::NAT  YKU80::URA3 

This study 

ypt7 YPT7::URA3 This study 

ypt7 DsRed-SKL YPT7::URA3 

pHIPX4-DsRed-SKL::LEU2 

This study 

ypt7 Pmp47-GFP YPT7::URA3 pMCE7::sh ble This study 

vam7 NYCY495 VAM7::URA3 (Stevens et al., 

2005) 

vam7 DsRed-SKL VAM7::URA3 

pHIPN4-DsRed-SKL::NAT 

This study 

vps41 DsRed-SKL VPS41:: sh ble This study 
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pHIPN4-DsRed-SKL 

::NAT  YKU80::URA3 

pex11 ypt7 PEX11::LEU2 YPT7::URA3 This study 

pex11 ypt7 

DsRed-SKL 

PEX11::LEU2 YPT7::URA3 

pHIPN4-DsRed-SKL::NAT 

This study 

pex11 ypt7 

GFP-SKL 

PEX11::LEU2 YPT7::URA3  

pHIPN7-GFP-SKL::NAT 

This study 

pex11 vam7 PEX11::LEU2 VAM7::URA3  This study 

pex11 vam7 

DsRed-SKL 

PEX11::LEU2 VAM7::URA3 

pHIPN4-DsRed-SKL::NAT 

This study 

 

pex11 vam7 

GFP-SKL 

PEX11::LEU2 VAM7::URA3 

pHIPN7-GFP-SKL::NAT 

This study 

vps39 VPS39::NAT YKU80::URA3 This study 

vps39 GFP-SKL VPS39::NAT pAKW27::sh ble 

YKU80::URA3 

This study 

pex11 vps39 PEX11::HPH  VPS39::NAT 

YKU80::URA3 

This study 

pex11 vps39 

GFP-SKL 

PEX11::HPH  VPS39::NAT 

pAKW27::sh ble YKU80::URA3 

This study 

vps34 VPS34::URA3 (Kiel et al., 1999) 

vps34 DsRed-SKL VPS34::URA3  

pHIPN4-DsRed-SKL::NAT 

This study 

pex11 vps34 PEX11::HPH VPS34::URA3  This study 

pex11 vps34 

DsRed-SKL 

PEX11::HPH  VPS34::URA3  

pHIPN4-DsRed-SKL::NAT 

This study 

vps41 DsRed-SKL VPS41::sh ble  

pHIPN4-DsRed-SKL 

 ::NAT YKU80::URA3 

This study 

pex11 vps41 

DsRed-SKL 

PEX11::HPH  VPS41::sh ble  

pHIPN4-DsRed-SKL::NAT 

YKU80::URA3 

This study 

vac8 VAC8::sh ble  YKU80::URA3 This study 

vac8 DsRed-SKL VAC8::sh ble  This study 
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pHIPX4-DsRed-SKL 

 ::LEU2 YKU80::URA3 

pex11 vac8 

DsRed-SKL 

PEX11::HPH  VAC8::sh ble  

pHIPN4 

-DsRed-SKL::NAT 

YKU80::URA3 

This study 

vma16 

DsRed-SKL 

VMA16::LEU2  

pHIPN4-DsRed-SKL::NAT 

YKU80::URA3 

This study 

pex11 vma16 

DsRed-SKL 

VMA16::LEU2  

pHIPN4-DsRed-SKL::NAT 

YKU80::URA3 

This study 

pex23 PEX23:: sh ble  

YKU80::URA3 

See chapter 3 

pex23 ypt7 PEX23::sh ble  YPT7::URA3 This study 

pex23 vps39 PEX23::sh ble  VPS39::NAT 

YKU80::URA3 

This study 

pex23 ypt7 

GFP-SKL 

PEX23::sh ble  YPT7::URA3 

pHIPX7-GFP-SKL::LEU2 

This study 

pex23 vps39 

GFP-SKL 

PEX23::sh ble  VPS39::NAT 

pHIPX7- 

GFP-SKL::LEU2 

YKU80::URA3 

This study 

pex11 ypt7 

Pex14-mCherry 

PEX11::LEU2 YPT7::URA3 

pHIPH-PEX14-mCherry::HPH 

This study 

pex11 ypt7 

Pex14-mCherry 

Pex3-GFP 

PEX11::LEU2 YPT7::URA3 

pHIPH-PEX14-mCherry::HPH 

pHIPZ-PEX3-GFP::sh ble 

This study 

pex11 ypt7 

Pex14-mCherry 

Pex8-GFP 

PEX11::LEU2 YPT7::URA3 

pHIPH-PEX14-mCherry::HPH 

pMCE4::sh ble 

This study 

pex11 ypt7 

Pex14-mCherry 

PEX11::LEU2 YPT7::URA3 

pHIPH-PEX14-mCherry::HPH 

This study 
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Pex10-GFP pMCE5::sh ble 

pex11 ypt7 

Pex14-mCherry 

Pmp47-GFP 

PEX11::LEU2 YPT7::URA3 

pHIPH-PEX14-mCherry::HPH 

pMCE7::sh ble 

This study 

pex11 ypt7 

Pex14-mCherry 

Pex13-GFP 

PEX11::LEU2 YPT7::URA3 

pHIPH-PEX14-mCherry::HPH 

pSEM03::sh ble 

This study 

pex11 GFP-SKL 

PADH1PEX14 

PEX11::URA3 

pHIPX7-GFP-SKL::LEU2 

pARM059::sh ble 

This study 

pex11 GFP-SKL 

PADH1PEX14-2xH

A-UBC6 

PEX11::URA3  

pHIPX7-GFP-SKL::LEU2 

pARM053::sh ble 

This study 

pex11 ypt7 

GFP-SKL 

PADH1PEX14 

PEX11::LEU2 YPT7::URA3 

pHIPN7-GFP-SKL::NAT 

pARM059::sh ble 

This study 

pex11 ypt7 

GFP-SKL  

PADH1PEX14-2xH

A-UBC6 

PEX11::LEU2 YPT7::URA3 

pHIPN7-GFP-SKL::NAT 

pARM053::sh ble 

This study 
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Table S2. Plasmids used in this study 

Name Description reference 

pDONR221 Multisite gateway donor 

vector; Kan
R
, Cm

R
 

Invitrogen 

pDEST-R4-R3-Zeo pDEST-R4-R3 containing 

zeocin marker; Zeo
R
, 

Amp
R
 

(Saraya et al., 

2012) 

pENTR41-PAMOGFP pDONR P4-P1R with 

PAMOGFP; Kan
R
 

(Nagotu et al., 

2008a, 1) 

pENTR23-TAMO pDONR
 
P2R-P3 with 

TAMO; Kan
R
 

(Nagotu et al., 

2008a, 1) 

pENTR-YPT7 pDONR221 with YPT7; 

Kan
R
 

This study 

pDEST-PAMOGFPYPT7 Plasmid with PAMOGFP, 

YPT7 and TAMO; Zeo
R
, 

Amp
R
 

This study 

pHIPX4-GFPHA pHIPX plasmid containing 

GFPHA under the control 

of PAOX; LEU2, Kan
R
 

This study 

pHIPX4-VPS39-GFPHA pHIPX plasmid containing 

VPS39-GFPHA under the 

control of PAOX; LEU2, 

Kan
R
 

This study 

pDONR P4-P1R Multisite gateway donor 

vector; Kan
R
, Cm

R
 

Invitrogen 

pDONR P2R-P3 Multisite gateway donor 

vector; Kan
R
, Cm

R
 

Invitrogen 

pDEST
 
R4-R3 Multisite gateway donor 

vector; Amp
R
, Cm

R
 

Invitrogen 

pENTR221-hph pDONR221 with HPH;   

Hph
R
, Kan

R
 

(Saraya et al., 

2012) 

pENTR-LEU2Ca2 pDONR221 with LEU2 

marker; LEU2, Kan
R
 

(Nagotu et al., 

2008b) 
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pHIPN4-DsRed-SKL pHIPN plasmid 

containing DsRed-SKL 

under the control of PAOX;  

Nat
R
, Amp

R
  

(Cepińska et al., 

2011) 

pKVK106 pDONR
 
P4-P1R with 5’ 

flanking region of PEX11; 

Kan
R
 

(Krikken et al., 

2009) 

pKVK107 pDONR
 
P2R-P3 with 3’ 

flanking region of PEX11; 

Kan
R
 

(Krikken et al., 

2009) 

pGKL Plasmid with PEX11 

deletion cassette; Hph
R
, 

Amp
R
  

This study 

pRSA0074 Plasmid with PEX11 

deletion cassette; LEU2, 

Amp
R
 

This study 

pBSK-URA3 Plasmid containing URA3 

and its promoter and 

terminator; URA3, Amp
R
  

(Leao-Helder et 

al., 2003) 

pHIPX4-DsRed-SKL Plasmid with 

PAOX-DsRed-SKL 

expression cassette; 

LEU2, Kan
R
 

(Otzen et al., 

2004) 

pHIPN7-GFP-SKL Plasmid containing 

PTEF-GFP-SKL; Nat
R
, 

Amp
R
 

(Thomas et al., 

2015) 

pAKW27 Plasmid containing 

PTEF-GFP-SKL; Zeo
R
, 

Amp
R
  

(Knoops et al., 

2014) 

pHIPN4 Plasmid containing 

nourseothricin marker; 

Nat
R
, Amp

R
 

(Cepińska et al., 

2011) 

pENTR-5’VPS41 pDONR
 
P4-P1R with 5’ This study 
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flanking region of VPS41; 

Kan
R
 

pENTR-3’VPS41 pDONR
 
P2R-P3 with 3’ 

flanking region of VPS41; 

Kan
R
 

This study 

pENTR221-zeocin pDONR221 with Sh ble 

cassette; Zeo
R
, Kan

R
  

(Saraya et al., 

2012) 

pDEST-VPS41 Plasmid with VPS41 

deletion cassette; Zeo
R
, 

Amp
R
 

This study 

pFEM35 Plasmid with 

PTEF-GFP-SKL 

expression cassette; 

LEU2, Amp
R
 

(Krikken et al., 

2009) 

pSEM01 pHIPN plasmid 

containing C-terminal of 

PEX14 fused to mCherry; 

Nat
R
, Amp

R
 

(Knoops et al., 

2014, 3) 

pHIPH4 Plasmid containing 

hygromycin marker; 

Hph
R
, Amp

R
 

(knoops et al., 

2014) 

pARM001 Plasmid containing 

C-terminal part of PEX14 

fused to mCherry; Hph
R
, 

Amp
R
 

(Kumar et al., 

2016) 

pHIPZ-PEX3-GFP Plasmid containing 

C-terminal part of PEX3 

fused to mGFP; Zeo
R
, 

Amp
R
 

See chapter 3 

pMCE4 Plasmid containing 

C-terminal of PEX8 fused 

to mGFP; Zeo
R
, Amp

R
 

(Cepińska et al., 

2011) 

pMCE5 Plasmid containing (Cepińska et al., 
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C-terminal of PEX10 

fused to mGFP; Zeo
R
, 

Amp
R
 

2011) 

pSEM03 Plasmid containing 

C-terminal of PEX13 

fused to mGFP; Zeo
R
, 

Amp
R
 

(Knoops et al., 

2014) 

pMCE7 Plasmid containing 

C-terminal of PMP47 

fused to mGFP; Zeo
R
, 

Amp
R
 

(Cepińska et al., 

2011) 

pARM059 pHIPZ plasmid containing 

PEX14 under the control 

of PADH1;  Zeo
R
, Amp

R
 

See chapter 3 

pARM053 pHIPZ plasmid containing 

PEX14-2xHA-UBC6 

under the control of PADH1;  

Zeo
R
, Amp

R
 

See chapter 3 
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Table S3. Oligonucleotides used in this study (5’ to 3’) 

KVK-PEX11-del3.1 CAGACAGTTATCCAAGGTTTGCG 

 

KVK-PEX11-del3.2 GGTCGGTAGTCTAGTGGTATG 

 

KVK-PEX11-4.1 GTCCAATCCGCGTTCTCCTC 

KVK-PEX11-4.2 GCGACTGATTCGGCAAGATG 

PAOX-fwd AATACTGCTGCCAGTGC 

DsRed-rev AGCTTCTTGTAGTCGGGGATGT 

TER010 GGGGACAAGTTTGTACAAAAAAGCAGGCTT

CCATGTCCACTCGTAAGAAAACC 

TER011 GGGGACCACTTTGTACAAGAAAGCTGGGTA

CTAACAGCCGCATGACCCAT 

GFP-HA-F TCGACCTGCAGGGTGAGCAAGGGCGAGGA

GCTGTT 

GFP-HA-R ACCAGTCGACTTACGCATAGTCAGGAACAT

CGTATGGGTATTTCCCGGGTGATACCTTGT

ACAGCTCGTCCATGC 

Vps39-F01 GGTGGTGACATCAATCTAAAGTACAAAAAC 

ATGGTGCTGGTGGTATCTCC 

 

Vps39-R02 CCCGGTGAACAGCTCCTCGCCCTTGCTCA

C 

ATTTTTATACCTGCCACAGCTATAGTGCACC

A 

pHIPX4-GFPHA-F GTGAGCAAGGGCGAGGAGCTGT 

pHIPX4-GFPHA-R GTTTTTGTACTTTAGATTGATGTCACCACCG

TGCACT 

hsp26.fw TAAGGACAAGGTCACCATTG 

URA3-hsp26-rev CATAATTGCGTTGCTGAACATCAGTTGAAG

CTCGTAAAATGATGAGGCAAAGGC 

URA3-ypt7-fw GAAGAAGCGACGCCGATCCAGTTGATGTG

CTACAAAGCTGGAAGGACGAG 
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ypt7-rev GAAAGTACAAATGGCGGTGG 

hsp26-URA3-fw 

 

GCCTTTGCCTCATCATTTTACGAGCTTCAAC

TGATGTTCAGCAACGCAATTATG 

Ypt7-URA3-rev CTCGTCCTTCCAGCTTTGTAGCACATCAAC

TGGATCGGCGTCGCTTCTTC 

dVPS39-F CCCATGGTGCTGGTGGTATCTCCGTATTCG

TATTTTGAATTCGGACCCCATAAGATCCCC

CACACACCATAGC 

dVPS39-R GTCAAGTTCCTTATGTTGGATTCCAAGTAG

CCCTCCAATTTGCCAAGCTGCATCATCGAT

GAATTCGAG 

VPS39-5’FWD  AGCGTCTTGGAGAGGTACTT 

VPS39-3’REV GAGGTTGATGAGCTGCACTT 

VPS41-5’F GGGGACAACTTTGTATAGAAAAGTTGCGCG

CCGAAGATGGCTCAAT 

VPS41-5’R GGGGACTGCTTTTTTGTACAAACTTGGCTA

CCGTGATGCCAGAGTC 

VPS41-3’F GGGGACAGCTTTCTTGTACAAAGTGGGGCT

TCTGTGCGACGGTTGA 

VPS41-3’R GGGGACAACTTTGTATAATAAAGTTGGCCA

CCACGAGCGTCTGAAT 

TER001F CGCGCCGAAGATGGCTCAAT 

TER002R GCCACCACGAGCGTCTGAAT 

VPS41-checking-F GGTCCACGGAATACCATCAG 

VAC8-fwd CATACCCAACAAATAAGAAGAGCGTCTTCA

ATTGGAAATAACACATAAAACCCACACACC

ATAGCTTCAA 

 

VAC8-rev AACACTCTAGAACAAGCAATGATACCACCC

GAAGCACTGGCTCACTTGATACTAGTGGAT

CCCCCGTACC 

cVAC8-fwd GGCAAACCTATAACCGAACA 

cVAC8-rev GAAGGCTACTTTTGGCGAGA 
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VMA16-Leucin-F CCGACAATGAGTCCAAAGAGCCCCAAAAC

GGAACCAAAAATCTCAATGACTAA 

GGTGAATCGTTGTTAATGGC 

VMA16-Leucin-R ATGCTGTTCAATGGCTCCGGTGAGGCTTTC

AACGTTGGAGAGTATCTGGATGGAAACAAG

CCCGTGCCCA 

VMA16-Checking-F GCAGTTGTGGCTGGTGTGAT 

VMA16-Checking-R TTGGACTCGGCTCTAGTTGA 

Pex23-F GTACGATTACTGGACGTTGA 

Pex23-R AGCTCCAACATCTCGGAAGA 

PEX3-Fw GTTGCGGCAAGATATAGGC 

PEX8-Fw CGGGTCGTAGCTCAGCACAA 

PEX10-Fw TGCACAACCAGCTCTTAGAC 

PEX13-Fw AAAAAGCTTTAGCCATGGCTGAACAGTTCC 

PMP47-Fw GTCTTAGCGAAGGAAGCGTT 

GFP-Rev TCGGAGGTGGTCATGGCGTAGGAAG 

Adh1 cPCR fwd TGTTGAGCAGGCTGATAACC 

Pex14_cPCR_rev TCTCTGGACAACACGTCTCT 

Ubc6_cPCR_rev ACCACTGCCAACAGCACATA 
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Summary 

The study of peroxisomes began in the 1950’s with the 

electron microscopic discovery by Rhodin that mouse kidney 

cells contain single membrane bound structures with diameters 

between 0.1-1.0 μm, which were initially named microbodies 

(Rhodin et al., 1954). Later in the 1960’s, the term ‘microbodies’ 

was renamed to peroxisomes, because several hydrogen 

peroxide producing oxidases were shown to be present in these 

organelles (De Duve et al., 1966; 1969).  

Now, we know that peroxisomes are very common cell 

organelles that occur in almost all eukaryotic cells and display a 

large variety of metabolic and non-metabolic functions. Their 

size, morphology and function strongly depend on the cells in 

which they occur. In man, peroxisomes play key roles in the 

oxidation of very long chain fatty acids and plasmalogen 

biosynthesis. As a consequence defects in peroxisome 

formation result in severe, inherited diseases (called 

Peroxisome Biogenesis Disorders (PBDs)) some of which are 

lethal. In germinating plant oil seeds, enzymes of the β-oxidation 

of fatty acids and key enzymes of the glyoxylate cycle are 

localized in peroxisomes (also called glyoxysomes). In yeast, 

peroxisomes are crucial for the metabolism of several unusual 

carbon and nitrogen sources (i.e. methanol, oleic acid, alkanes, 

primary amines, purines). In filamentous fungi, peroxisomes are 

involved in the formation of a variety of secondary metabolites, 

such as antibiotics. Moreover, in some filamentous fungi 

peroxisomes also play a role in development and differentiation, 

whereas specialized peroxisomes, called Woronin bodies, play 

a structural role in plugging septal pores (Jedd.,2011). 

There is a long debate on the origin of peroxisomes. 

These organelles could either be formed by fission of 

pre-existing peroxisomes, or de novo from the endoplasmic 

reticulum (ER). Several proteins required for peroxisome fission 
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have been identified (e.g. Pex11, Dnm1, Vps1). The de novo 

model is based on the assumption that peroxisomal membrane 

remnants are absent when genes encoding the peroxins Pex3 

or Pex19 are deleted. 

The de novo model predicts that all PMPs are first sorted 

to the ER in WT cells, and are subsequently enclosed in two 

different types of ER-derived vesicles, that contain both one half 

of the peroxisomal translocon. According to this model, Pex3 

and Pex19 are required for the exit of PMPs from the ER. 

Subsequently, these two types of vesicles fuse with each other 

dependent of Pex1/Pex6. Hence, in cells lacking Pex1 and Pex6, 

functional peroxisomal translocons cannot assemble because 

they are physically separated.  

However, this model was recently challenged by the 

studies that showed that a subset of PMPs (Pex13, Pex14, Pex8) 

are present in preperoxisomal vesicles in Hansenula 

polymorpha pex3 cells indicating that Pex3 is not required for 

the exit of at least Pex8, Pex13 and Pex14 to preperoxisomal 

vesicles. Recent studies also revealed that yeast Pex1 and 

Pex6 are not involved in the fusion of ER-derived vesicles, but 

play a role in peroxisomal matrix protein import as initially 

suggested.  

Upon formation of a new peroxisome by either fission or 

de novo synthesis, the nascent organelles growth into a mature 

one. Growth of peroxisomes not only involves the incorporation 

of peroxisomal membrane and matrix proteins, but also of 

membrane lipids. But, yeast peroxisomes lack of a membrane 

lipid synthesizing machinery. Therefore, peroxisomes must 

obtain their membrane lipids from other sources, which may 

occur by either non-vesicular pathways or vesicular pathways or 

a combination of these two. The non-vesicular model predicts 

that lipids transfer directly from other cellular membranes to 

peroxisomes at membrane contact sites. In the vesicular 

pathway ER-derived vesicles most likely fuse with pre-existing 
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peroxisomes contributing to lipid transfer. 

The aim of this thesis is to address the origin of 

peroxisomes, as well as the molecular mechanisms of 

organellar membrane growth in yeast.  

Chapter 1 highlights our current knowledge on the origin 

of yeast peroxisomes, focusing on the phenotypes of various 

peroxisome deficient mutants. For some yeast PEX deletion 

strains, different mutant phenotypes have been reported. 

However, we propose that this may not be correct but is due to 

the fact that different marker proteins, experimental procedures 

and species were used. We discuss the current main models of 

peroxisome formation: peroxisome fission and de novo 

synthesis from the ER. In addition, this chapter provides an 

overview on the molecular mechanisms involved in the 

biogenesis of the peroxisomal membrane, which involves 

sorting of peroxisomal membrane proteins and membrane lipids.  

The research described in Chapter 2 shows that S. 

cerevisiae pex3 cells contain vesicular peroxisomal membrane 

structures, which contradicts the earlier view that peroxisomal 

membrane structures are fully absent in S. cerevisiae pex3 cells. 

In contrast to the membrane structures in H. polymorpha pex3 

cells, in S. cerevisiae pex3 cells the vesicles are stable and not 

degraded by autophagy. Probably, this is due to the fact that 

Pex3 is required for pexophagy in S. cerevisiae. The vesicular 

structures in S. cerevisiae pex3 cells harbor the PMP Pex14 and 

the matrix protein Pex8, indicating that the current de novo 

model is not valid because this model predicts that these 

peroxins accumulate at the ER in pex3 cells. Relative to WT 

controls, the levels of Pex10, Pex11, Pex13 and Ant1 were 

strongly reduced in pex3 atg1 cells, suggesting that the sorting 

of these PMPs is blocked. Where GFP fusion proteins of Pex10, 

Pex13 and Ant1 were below the limit of detection by 

fluorescence microscopy, Pex11-GFP was mislocalized to 

mitochondria. To test whether the vesicular peroxisomal 



179 
 

structures in S. cerevisiae pex3 can develop into mature 

peroxisomes upon reintroduction of Pex3, we introduced an 

auxin-inducible degron system to modulate the levels of Pex3. 

Using time-lapse videos, we showed that Pex14 containing 

vesicles in cells lacking Pex3 can mature into peroxisomes upon 

reintroduction of Pex3, suggesting that peroxisomes in S. 

cerevisiae pex3 cells are not formed de novo from the ER.  

In Chapter 3 we showed that Vps13 plays an important 

role in peroxisome biogenesis in H.  polymorpha pex11 and 

pex23 mutant cells, because cells of pex11, pex23 and vps13 

single deletion strains contain functional peroxisomes, whereas 

these are absent in pex11 vps13 and pex23 vps13 double 

deletion strains. Vps13 was previously shown to regulate two 

vacuolar membrane contact sites: the Nuclear Vacuole Junction 

(NVJ) and vCLAMP (vacuole and mitochondrial patch). Based 

on our results we speculate that Vps13 may play a role in 

peroxisome vacuole contact sites as well. 

Based on earlier studies in S. cerevisiae, we propose that 

H. polymorpha Pex23 is involved in the formation of 

ER-peroxisome membrane contact sites (EPCONS). Indeed, 

FM analysis revealed that Pex23 colocalizes with both ER and 

peroxisomal marker proteins. Most likely Pex11 also plays a 

function in the formation of a peroxisomal MCS. We hypothesize 

that different redundant peroxisomal MCSs exist that are 

required for growth of the peroxisomal membrane. This explains 

why only a strong effect on peroxisome formation is observed 

when more than one MCS is defective at the same time (i.e. in 

pex11 vps13 and pex23 vps13 cells). 

This hypothesis is supported by detailed microscopy 

analyses, which revealed that pex11 vps13 cells harbor vesicles 

that contain a minor portion of the peroxisomal matrix proteins 

and in addition contain all tested PMPs (Pex3, Pex8, Pex10, 

Pex11, Pex14, Pmp47). Hence, these structures most likely 

represent small peroxisomes that have the ability to import 
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matrix and membrane proteins, but are not able to grow due to a 

defect in the peroxisomal membrane expansion machinery.  

In addition, we showed that pex11 vps13 and pex23 vps13 

regain functional peroxisomes by introduction of an artificial 

ER-peroxisome tethering protein. This suggests that in both 

pex23 and pex11 EPCONS may be defective, which can be 

partially repressed by the ER-peroxisome tethering protein. 

Finally, analysis of S. cerevisiae pex11 vps13 cells revealed that 

this double mutant is also peroxisome deficient, indicating that 

the phenotype we observed in H. polymorpha pex11 vps13 is 

conserved in different yeast species. 

In Chapter 4 we further analyze peroxisomal membrane 

contact sites. We show that in H. polymorpha at peroxisome 

repressing growth conditions (glucose) peroxisomes are only 

associated with the ER, whereas upon a shift of cells to 

peroxisome inducing conditions (methanol) both the vacuole 

and the ER are in close contact with peroxisomes, indicating 

that these organelles may be important for peroxisome 

biogenesis.  

Because Vps13 regulates vCLAMP, we also analyzed the 

role of the vCLAMP components Ypt7, Vam7 and Vps39 in 

peroxisome biogenesis. Interestingly, these proteins partially 

colocalize with peroxisome marker proteins at peroxisome 

inducing conditions. Interestingly, the absence of either vCLAMP 

proteins or deletion of components of the putative 

ER-peroxisome MCSs (Pex11, Pex23) results in a mild or no 

peroxisomal phenotype, whereas disruption both MCSs (e.g. in 

pex11 ypt7 or pex23 ypt7) results in a severe defect in 

peroxisome formation, similar as observed for pex11 vps13 and 

pex23 vps13 (Chapter 3).  

Like in pex11 vps13, also in pex11 ypt7 cells, the 

peroxisome biogenesis defect could be largely suppressed by 

the introduction of an artificial ER-peroxisome tethering.  

It is worth noting that small peroxisomes are still present in 
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pex11 and pex23 strains lacking vCLAMP proteins. Obviously 

transport of membrane lipids still occurs. Possibly, mitochondrial 

MCSs may contribute to lipid transport or the vacuolar and/or ER 

MCSs are still partially functioning. Alternatively, these 

organelles may obtain lipids via vesicle mediated transport or 

form de novo from the ER. Further studies are required to further 

elucidate these important questions. 

 

References 

 

1. De Duve, C. A. B. P., Baudhuin, P. 1966. Peroxisomes (microbodies 

and related particles). Physiological Reviews, 46(2), 323-357. 

 

2. De Duve, C. 1969. The peroxisome: a new cytoplasmic organelle. 

Proceedings of the Royal Society of London. Series B, Biological 

sciences,173(1030), 71-83. 

 

3. Jedd G. 2011. Fungal ev-devo; organelles and multicellular 

complexity. Trends Cell Biol, 21:12-19. 

 

 

 

 

 

 

 

 

 

 

 

 

 



182 
 

 

Samenvatting 

Onderzoek naar peroxisomen begon in de jaren vijftig 

van de vorige eeuw. Rhodin ontdekte in niercellen van de muis 

met behulp van elektronenmicroscopie structuren ter grootte 

van 0,1 - 1,0 micrometer die waren begrensd door een enkele 

membraan. Aanvankelijk werden ze microbodies genoemd 

(Rhodin et al., 1954). In de jaren zestig werd de naam 

microbodies vervangen door peroxisomen omdat deze 

organellen verschillende waterstofperoxide producerende 

oxidases bleken te bevatten. 

Nu weten we dat peroxisomen in bijna alle eukaryote 

cellen voorkomen en dat ze verschillende metabole en 

niet-metabole functies hebben. De grootte, morfologie en functie 

van peroxisomen hangen af van het celtype. Bij de mens spelen 

peroxisomen een sleutelrol in de oxidatie van langketenige 

vetzuren en de biosynthese van plasmalogenen. Hierdoor leidt 

een defect in de biogenese van peroxisomen tot zeer ernstige 

erfelijke ziektes (Peroxisome Biogenesis Disorders (PBSs)), die 

soms letaal zijn. In kiemende oliezaden van planten zijn de 

enzymen die de beta-oxidatie van vetzuren katalyseren en de 

sleutelenzymen van de glyoxylaatcyclus aanwezig in 

peroxisomen (glyoxysomen). In gist zijn peroxisomen essentieel 

voor het metabolisme van verschillende bijzondere koolstof- en 

stikstofbronnen zoals methanol, oliezuur, alkanen, primaire 

amines en purines. In filamenteuze schimmels zijn peroxisomen 

betrokken bij de ontwikkeling en differentiatie. Tevens spelen 

gespecialiseerde peroxisomen, Woronin lichaampjes, een 

structurele rol in het dichten van poriën in septa (Jedd, 2011).  

De oorsprong van peroxisomen is nog steeds onderwerp 

van discussie. Ze kunnen worden gevormd door deling van 

reeds bestaande peroxisomen of de novo vanaf het 
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endoplasmatisch reticulum (ER). Verschillende eiwitten 

betrokken bij deling van peroxisomen zijn geïdentificeerd (bijv. 

Pex11, Dnm1 en Vps1). Het de novo model is gebaseerd op de 

aanname dat peroxisomale membranen afwezig zijn wanneer 

de genen die coderen voor Pex3 en Pex19 ontbreken.  

Het de novo model stelt dat alle peroxisomale 

membraaneiwitten (Peroxisomal Membrane Proteins, PMPs) in 

wild-type cellen eerst naar het ER worden getransporteerd. 

Vervolgens worden ze opgenomen in twee verschillen typen 

blaasjes (vesikels) die elk een deel van de peroxisomale eiwit 

import machinerie (translocon) bevatten. Volgens dit model zijn 

Pex3 en Pex19 nodig voor de vorming van deze vesikels. 

Uiteindelijk fuseren deze twee typen vesikels met elkaar met 

behulp van Pex1 en Pex6. Dit betekent dat cellen zonder Pex1 

of Pex6 geen functioneel translocon kunnen assembleren omdat 

de benodigde componenten fysiek gescheiden zijn. 

Het de novo model kwam recentelijk onder vuur te liggen 

door studies die aantoonden dat een subset van PMPs (Pex13, 

Pex14, Pex8) aanwezig is in preperoxisomale structuren in 

Hansenula polymorpha pex3 cellen. Pex3 is derhalve niet 

essentieel voor de vorming van vesikels die Pex8, Pex13 en 

Pex14 bevatten. Recent onderzoek toonde ook aan dat Pex1 en 

Pex6 niet betrokken zijn bij de vesikel fusie, maar dat ze een rol 

spelen in import van peroxisomale matrixeiwitten zoals 

oorspronkelijk was gepostuleerd. 

Na de vorming van nieuwe peroxisomen door deling of de 

novo synthese rijpt het peroxisoom tot een volwassen organel. 

Groei van peroxisomen betekent dat niet alleen matrixeiwitten 

maar ook membraanlipiden moeten worden geïmporteerd. 

Peroxisomen missen echter de machinerie voor biosynthese 

van membraanlipiden. Deze moleculen moeten daarom vanaf 

de plek in de cel waar ze worden gesynthetiseerd (vooral het 

ER) naar peroxisomen worden getransporteerd. Het 

niet-vesiculaire model impliceert dat lipide transport plaats kan 
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vinden op plekken waar de peroxisomale membraan in direct 

contact is met de ER membraan, op de zogenaamde membraan 

contact sites (MCSs). In het vesiculaire model zullen blaasjes 

afkomstig van het ER waarschijnlijk fuseren met reeds 

aanwezige peroxisomen en zo lipiden overbrengen. 

Het doel van dit proefschrift is de oorsprong van 

peroxisomen en de moleculaire mechanismen van 

peroxisomale membraangroei te onderzoeken. 

Hoofdstuk 1 vat onze huidige kennis samen over de 

oorsprong van gist peroxisomen met nadruk op de fenotypes 

van verschillende peroxisoom-deficiënte mutanten. Het effect 

van de deletie van specifieke PEX-genen (genen die belangrijk 

zijn voor de vorming van peroxisomen) is namelijk niet altijd 

eenduidig. De verschillen in gepubliceerde onderzoeken zijn 

waarschijnlijk het gevolg van het gebruik van verschillende 

markereiwitten, experimentele procedures en organismen 

(modelsystemen). Dit heeft zijn weerslag in de sterk 

verschillende meningen over hoe peroxisomen worden 

gevormd: deling versus de novo synthese vanaf het ER.  

Naast bovenstaande aspecten van peroxisoom biogenese 

wordt in hoofdstuk 1 tevens een overzicht van de moleculaire 

mechanismen die betrokken zijn bij de vorming van de 

peroxisomale membraan gegeven. Hierbij wordt zowel onze 

kennis over het transport van peroxisomale membraaneiwitten 

als membraanlipiden beschreven.   

Het onderzoek dat beschreven is in Hoofdstuk 2 laat zien 

dat Saccharomyces cerevisiae pex3 cellen peroxisomale 

membraan vesikels bevatten, terwijl tot nu gedacht werd dat 

deze volledig afwezig waren in cellen van deze stam. In S. 

cerevisiae worden de vesikels niet afgebroken middels 

autofagie, zoals in H. polymorpha is waargenomen. 

Mogelijkerwijs komt dit doordat Pex3 nodig is voor autofagie van 

peroxisomen in S. cerevisiae. De vesikels in S. cerevisiae pex3 

cellen bevatten het peroxisomale membraaneiwit Pex14 en het 
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matrixeiwit Pex8. Dit duidt erop dat het huidige de novo 

peroxisoom biogenese model niet klopt. Dit model impliceert 

namelijk dat Pex8 en Pex14 accumuleren op het ER in pex3 

cellen. Vergeleken met de wild-type controle zijn de niveaus van 

Pex10, Pex11, Pex13 en Ant1 sterk gereduceerd in pex3 atg1 

cellen, mogelijk doordat het transport van deze PMPs naar het 

juiste membraan in de cel is verstoord. Fusie eiwitten van 

Pex10, Pex13 en Ant1 met het groene fluorescente eiwit GFP, 

waren niet meer detecteerbaar met fluorescentiemicroscopie, 

terwijl Pex11 op mitochondria werd gevonden. Om te testen of 

de vesikels in S. cerevisiae pex3 kunnen uitgroeien tot 

peroxisomen, gebruikten we het auxine induceerbare 

degron-systeem om de niveaus van Pex3 te reguleren. Met 

behulp van time-lapse videos toonden we aan dat in cellen 

zonder Pex3 eiwit, Pex14-bevattende vesikels kunnen 

uitgroeien tot volwassen peroxisomen na reïntroductie van 

Pex3. Dit duidt erop dat in S. cerevisiae pex3 cellen 

peroxisomen niet de novo worden gevormd vanaf het ER. 

In Hoofdstuk 3 tonen we aan dat Vps13 een belangrijke 

rol speelt in peroxisoom biogenese in cellen van H. polymorpha 

pex11 en pex23 mutanten. Cellen van pex11, pex23 of vps13 

mutanten bevatten functionele peroxisomen terwijl ze in pex11 

vps13 en pex23 vp13 dubbelmutanten ontbreken. Van Vps13 is 

bekend dat het twee membraan contact sites (MCSs) reguleert: 

de contact site tussen kern en vacuole (Nuclear Vacuole 

Junction (NVJ)) en tussen vacuole en mitochondria (vacuole 

and mitochondrial patch (vCLAMP)). Onze resultaten wijzen 

erop dat Vps13 wellicht ook een rol speelt in een MCS tussen de 

vacuole en het peroxisoom. 

Gebaseerd op eerdere studies in S. cerevisiae stellen we 

voor dat H. polymorpha Pex23 betrokken is bij de vorming van 

ER-peroxisoom contact sites (EPCONS). Fluorescentie 

microscopie studies wezen inderdaad uit dat Pex23 zich zowel 

op het ER als op peroxisomen bevindt, op plaatsen waar beiden 
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organellen dicht bij elkaar liggen. Waarschijnlijk heeft Pex11 ook 

een functie bij de vorming van de peroxisomale membraan. 

Onze hypothese is dat verschillende peroxisomale contact sites 

bestaan die nodig zijn voor groei van de peroxisomale 

membraan en elkaars functie kunnen overnemen. Dit verklaart 

waarom alleen een sterk effect op peroxisomen is te zien 

wanneer meer dan één MCS is uitgeschakeld, zoals 

bijvoorbeeld in pex11 vps13 en pex23 vps13 cellen. 

Deze hypothese wordt ondersteund door gedetailleerde 

microscopische analyses waaruit blijkt dat H. polymorpha pex11 

vps13 vesikels bevat die een klein deel van de peroxisomale 

matrixeiwitten en alle geteste PMPs bevat (Pex3, Pex8, Pex10, 

Pex11, Pex14, Pmp47). Deze structuren zijn daarom 

waarschijnlijk kleine peroxisomen die matrix- en 

membraaneiwitten kunnen importeren maar die niet verder 

kunnen uitgroeien omdat de machinerie voor membraangroei 

niet goed werkt. 

Daarnaast tonen we aan dat pex11 vps13 en pex23 vps13 

cellen functionele peroxisomen kunnen maken met behulp van 

een eiwit dat kunstmatige ER-peroxisoom MCSs maakt (een 

ER-PER tether). Het lijkt er dus op dat in beide dubbelmutanten 

de EPCONS defect zijn, wat deels kan worden hersteld door de 

ER-PER tether. Tot slot laten we zien dat S. cerevisiae pex11 

vps13 cellen ook peroxisoom deficiënt zijn wat betekent dat het 

effect dat we zien in H. polymorpha is geconserveerd in 

verschillende gist soorten.  

In Hoofdstuk 4 vervolgen we ons onderzoek aan 

peroxisomale MCSs. We laten zien dat in H. polymorpha onder 

condities waarbij peroxisoom inductie wordt gerepresseerd 

(glucose) peroxisomen alleen met het ER zijn geassocieerd, 

terwijl na overschakelen op peroxisoom inducerende condities 

(methanol) de organellen in nauw contact staan met zowel de 

vacuole als het ER. Dit wijst erop dat vacuole en ER allebei 

belangrijk zijn voor de groei van de peroxisomale membraan. 
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Omdat Vps13 vCLAMP reguleert, onderzochten we ook de 

rol van de vCLAMP componenten Ypt7, Vam7 en Vps39 in 

peroxisoom biogenese. Het is opvallend dat deze eiwitten 

gedeeltelijk co-lokaliseren met peroxisomale merkers onder 

peroxisoom inducerende condities. Interessant is ook dat de 

afwezigheid van vCLAMP eiwitten of componenten van 

EPCONS (Pex11, Pex23) niet of nauwelijks resulteert in een 

peroxisomaal fenotype. Echter wanneer beide voorgestelde 

MCSs defect zijn (bijv. in pex11 ypt7 of pex23 ypt7 cellen), wordt 

een sterk defect in peroxisoom biogenese waargenomen, 

vergelijkbaar met wat we zagen in pex11 vps13 en pex23 vps13 

cellen (Hoofdstuk 3). 

Evenals in pex11 vps13 cellen kan het defect in 

peroxisoom biogenese in pex11 ypt7 cellen ook grotendeels 

worden gecompenseerd door de introductie van een 

kunstmatige ER-peroxisoom tether. 

Het is belangrijk om te vermelden dat kleine peroxisomen 

nog steeds aanwezig zijn in pex11 en pex23 stammen die 

vCLAMP eiwitten missen. Dit betekent dat er nog steeds 

transport is van membraanlipiden naar peroxisomen. 

Mogelijkerwijs dragen mitochondriële MCSs bij aan het lipide 

transport of de vacuole en/of ER MCSs functioneren nog deels. 

Een andere verklaring is dat deze organellen lipiden ontvangen 

via vesikel-transport of dat zij de novo worden gevormd vanaf 

het ER. Meer onderzoek is nodig om deze belangrijke vragen op 

te lossen. 
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