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Aim and outline of this thesis 
Virtually all eukaryotic cells contain peroxisomes, a class of important cell 

organelles that are involved in a range of metabolic and non-metabolic pathways. 

In yeast, these organelles multiply by fission and grow by the incorporation of 

membrane and matrix compounds. Since yeast peroxisomes are not capable of 

synthesizing membrane lipids, they acquire their membrane lipids via vesicular 

and non-vesicular lipid pathways from other sources.  

Membrane Contact Sites (MCSs), regions where two membranes come into 

close proximity (up to 30 nm), have been shown to be involved in non-vesicular 

lipid transport between different organellar membranes.  

The aim of this thesis is to understand the function of proteins of the 

Pex11, Pex23 and Pex24 families. Some of these proteins have been implicated in 

the formation of peroxisomal MCS.  

In Chapter 1, recent developments in peroxisome biogenesis research, 

including sorting of peroxisomal membrane proteins and membrane lipid 

incorporation, are discussed. 

In Chapter 2, we studied whether Pex11, Pex23 and Pex24 family 

proteins fulfill redundant functions in peroxisome biogenesis in Hansenula 

polymorpha cells. In yeast Pex11, Pex23 and Pex24 proteins generally are not 

essential for peroxisome formation, but their absence leads to altered peroxisome 

abundance. We showed that cells of pex11, pex23 or pex24 single deletion strains 

have less and enlarged peroxisomes, and show enhanced doubling times on 

methanol, indicative of a partial defect in peroxisome function.  

Next, we applied transposon mutagenesis to H. polymorpha pex11 cells 

which revealed Vps13, a regulator of mitochondria-vacuole (vCLAMP) and 

nuclear-vacuole (NVJ) membrane contact sites, as being essential for peroxisome 

formation in pex11 cells. pex11 vps13 cells showed severe mislocalization of 

peroxisomal matrix proteins, whereas cells of a vps13 single deletion strain 

showed no peroxisomal phenotype.  

Further analysis revealed that pex11 vps13 cells have small peroxisomal 

membrane structures, suggesting that the membranes were unable to expand. 

We observed similar phenotypes upon deletion of VPS13 in pex23 or pex24 cells. 

The peroxisome deficient phenotype of all three double deletion strains (i.e. 

pex11 vps13, pex23 vps13 and pex24 vps13 cells) could be largely suppressed by 

the introduction of an artificial ER-peroxisome tethering protein. These findings 

suggest that the ER-peroxisome associations important for peroxisomal 

membrane growth are affected in the double mutants, and restored by artificially 

tethering peroxisomes to the ER. 
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In Chapter 3, we show that at conditions of strong peroxisomal growth, 

the organelles associate with the ER (at ER-Peroxisome CONtact Sites: 

EPCONS), vacuole (at VAcuole Peroxisome CONtact Sites: VAPCONS), plasma 

membrane and mitochondria. Of these contact sites, the VAPCONS were the 

largest in size. 

Vps13 has been reported to regulate vacuolar contact sites, including 

vCLAMP. In this chapter, we show that in addition to Vps13, the absence of 

vCLAMP proteins (i.e. Ypt7 or Vps39) in pex11, pex23 or pex24 also results in 

peroxisomal defects, similar to those observed in the vps13 double mutants 

(Chapter 2). Also, the ypt7 and vps39 double mutants with pex11, pex23 and 

pex24 could be suppressed by an artificial ER-peroxisome tethering protein.  

This suggests that the role of Vps13 in peroxisome biogenesis may be 

related to regulation of vCLAMP. 

In Chapter 4, we show that pex11 pex25 cells have a similar phenotype 

as the pex11 vps13 double mutant or double mutants of pex11 with vCLAMP 

components. Similarly, this phenotype could be suppressed by an artificial ER-

peroxisome tethering protein. Pex11 and Pex25 are both PMPs. FM analysis 

revealed that Pex25, but not Pex11, forms patches at the site of peroxisome-

vacuole associations. These findings suggest that Pex25 may play a role in the 

regulation of VAPCONS.  

In Chapter 5, we performed a genetic analysis of Pex11, Pex23 and Pex24 

family proteins with the aim to elucidate their redundancy. In addition, we 

characterized H. polymorpha Pex34.  

We show that most double mutants (pex11 pex23, pex23 pex24, pex23 

pex29 and pex25 vps13) do not show a peroxisome deficient phenotype. In 

contrast, pex23 pex25 and pex23 pex34 show a defect in the formation of normal 

peroxisomes. Moreover, the peroxisomal phenotypes of pex23 pex25 and pex23 

pex34 could be partially suppressed upon introduction of an artificial ER-

peroxisome tethering protein.  

Thus, our data suggest that Pex25 and Pex34 play roles in peroxisome 

membrane growth in EPCONS defective cells, and peroxisomes can form in the 

absence of multiple EPCONS or VAPCONS components. 
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Abstract 

Peroxisomes are single membrane enclosed cell organelles which are present in 

almost all eukaryotic cells. In addition to the β-oxidation of fatty acids and 

decomposition of H2O2, which are common peroxisome pathways, these organelles 

harbor an unprecedented range of metabolic and non-metabolic functions. 

Peroxisomes are of great importance since various brain development disorders 

exist that are caused by a defect in the functioning of these organelles.  

So far, much progress has been made in understanding the molecular 

mechanisms of peroxisome biogenesis. This includes processes involved in 

peroxisomal protein sorting and organelle fission. How peroxisomes receive their 

membrane lipids is still debated. It has been proposed that peroxisomes obtain 

membrane lipids from other membrane sources via vesicular and non-vesicular 

lipid transfer pathways at membrane contact sites.  

In this contribution, the current knowledge on the formation of 

peroxisomes in yeast will be discussed with a focus on peroxisomal contact sites, 

their identified tethering complexes and their possible roles in the development 

of these organelles. 
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1. Introduction 

The cell is the fundamental structural and functional unit of all living 

organisms. Eukaryotic cells are characterized by the presence of the nucleus and 

membrane-enclosed organelles. Peroxisomes are single membrane-bound 

organelles found nearly in all eukaryotes. Even though certain organisms 

contain specialized peroxisomes (e.g. glyoxysomes in plants and glycosomes in 

certain human parasites), β-oxidation of fatty acids and detoxification of the toxic 

compound H2O2 are common functions of these organelles. Examples of species-

specific functions include the biosynthesis of plasmalogens and bile acids in 

animals and the metabolism of unusual carbon and nitrogen sources like 

methanol, alkanes, fatty acids or primary amines in yeast.  

Peroxisome number, size, and shape depend on the environment and the 

cell type and can readily adapt to changing conditions. For instance, when yeast 

cells are grown at peroxisome repressing growth conditions (e.g. in medium 

containing glucose), the cells harbor low numbers of relatively small 

peroxisomes. Peroxisome proliferation is stimulated when these cells are shifted 

to media supplemented with carbon sources such as oleic acid or methanol that 

require peroxisomal enzymes for growth. 

The proteins involved in the biogenesis or maintenance of peroxisomes are 

named peroxins and encoded by PEX genes. To date more than 30 PEX genes 

have been identified (reviewed by (Platta and Erdmann, 2007; Smith and 

Aitchison, 2013). In human, mutations in several PEX genes are associated with 

Peroxisomal Biogenesis Disorders (PBDs) that affect brain development and may 

result in death at an early age (Wanders, 2004; Waterham et al., 2016). Because 

peroxisomes are not essential in yeast and the molecular mechanisms of 

peroxisome biogenesis are conserved, peroxisome biogenesis research performed 

in this simple model organism can contribute to our understanding of PBDs in 

man. 

So far two models of peroxisome biogenesis have been proposed. According 

to the first model, peroxisomes multiply by growth and division from pre-existing 

ones similar to the organelles with an endosymbiont origin (i.e. mitochondria and 

chloroplasts) (Lazarow and Fujiki, 1985). The second model proposes that 

peroxisomes are part of the endomembrane system and are formed de novo from 

the endoplasmic reticulum (ER) (Kim et al., 2006; van der Zand et al., 2010; van 

der Zand et al., 2012; Hoepfner et al., 2005).  

There is a lot of debate regarding these models. It is not yet known 

whether in WT cells peroxisomes are formed by both proposed processes or 

whether one of them prevails. Regardless of how peroxisomes are formed, 
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peroxisomal growth requires the import of matrix proteins, the insertion of 

membrane proteins and the incorporation of lipids.  

In this contribution, an overview of our current knowledge on the 

mechanisms of peroxisome biogenesis in yeast are presented. In addition, 

possible pathways of lipid transport to peroxisomes, including the role of 

peroxisomal membrane contact sites (MCSs) are discussed. 

2. Peroxisome growth and fission in yeast 

For long, the growth and fission model has been the prevailing mode of 

peroxisome formation and many lines of evidence support this model. According 

to this model, pre-existing peroxisomes grow in size via import of peroxisomal 

matrix and membrane components. When a certain size has been reached, 

peroxisomes divide asymmetrically to form two new peroxisomes, of which the 

smaller one subsequently grows whereas the larger mature one does not. The 

first morphological evidence indicative for the division of peroxisomes was 

obtained by electron microscopy analysis of the yeasts Hansenula polymorpha 

and Candida tropicalis (Veenhuis et al., 1976, 1978, 1980; Kamasawa et al., 

1996). Further investigations showed that peroxisome division consists of three 

consecutive steps: organelle elongation, constriction, and fission (Motley and 

Hettema, 2007; Koch and Brocard, 2011). Key proteins in peroxisome fission 

include the peroxisomal membrane protein Pex11 (elongation) and a fission 

complex that contains a Dynamin-Related Protein (DRP) (Figure 1). Factor(s) 

responsible for organelle constriction have not been identified yet. 

2.1. Pex11 

Among several proteins which are involved in peroxisome fission, Pex11 was the 

first one that was implicated in this process. This conclusion was based on the 

observation that in all organisms analyzed, deletion of PEX11 results in fewer 

peroxisomes of enlarged size, whereas overexpression of this gene causes 

increased numbers of small peroxisomes (Erdmann and Blobel, 1995; Marshall et 

al., 1995).  

Besides its role in peroxisome division, Pex11 has been affiliated with 

many other functions including fatty acid oxidation and transport (Roermund et 

al., 2000), peroxisome inheritance (Krikken et al., 2009) and PMP reorganization 

on the peroxisome membrane during organelle fission (Cepińska et al., 2011). 

Pex11 is the most abundant peroxisomal membrane protein (PMP). It has 

a molecular weight of 25 – 30 kDa. At the N-terminus, Pex11 contains a 

conserved amphipathic α-helix, which functions in membrane remodeling 

(Opaliński et al., 2011). Moreover, the same region was shown to play a role in 



Peroxisome biogenesis and peroxisomal Membrane Contact Sites (MCSs) 

15 
 

the final scission step by stimulating the GTPase activity of the yeast DRP 

Dnm1 (Williams et al., 2015).  Topological studies show that Pex11 is oriented 

with both N- and C- termini facing to the cytosol. In S. cerevisiae, Pex11 behaves 

as a peripheral membrane protein, whereas in other organisms it was proposed 

to be an integral membrane protein (Marshall et al., 1995; Rottensteiner et al., 

2003; Tam et al., 2003; Orth et al., 2007; Koch and Brocard, 2012). However, 

using an electrophysiological approach Mindthoff and colleagues recently showed 

that ScPex11 is a pore-forming protein, which allows the transfer of metabolites 

across the peroxisomal membrane (Mindthoff et al., 2016). Based on these data it 

is likely that ScPex11 is an integral membrane protein.  

 

Figure 1. Hypothetical model of asymmetric peroxisome fission. First, a newly formed 

peroxisome grows by incorporation of membrane and matrix components. PMPs are imported 

directly from the cytosol or travels to peroxisomes via the ER, a process which also supplies lipids 

to the peroxisome membrane. When peroxisomes have obtained their mature size Pex11 

dependent peroxisome membrane remodeling results in elongation of the organelle. After 

membrane constriction, proteins of the fission machinery (Dnm1, Mdv1, Fis1, Vps1) collaborate 

for the asymmetric division of peroxisomes, resulting in a new, relatively small nascent organelle 

and a mature one. Pex11 also plays a role in this final step, because it stimulates the GTPase 

activity of Dnm1.   

Recent studies showed that Pex11 of S. cerevisiae, P. pastoris or H. 

polymorpha cells is phosphorylated. Phosphorylation of ScPex11 and PpPex11 

but not of HpPex11 influences peroxisomal fission suggesting that factors other 

than post-translational modifications might be responsible for the regulation of 

HpPex11 (Joshi et al., 2012; Knoblach and Rachubinski, 2010; Thomas et al., 

2015). 
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Most organisms contain at least one Pex11 paralog. In S. cerevisiae, the 

Pex11 protein family consists of Pex11, Pex25, and Pex27 (Smith et al., 2002; 

Tam et al., 2003). Deletion of S. cerevisiae PEX25 or PEX27 results in the 

formation of enlarged peroxisomes resembling peroxisomes in pex11 cells. Also, 

overproduction of Pex25 or Pex27 leads to increased numbers of small 

peroxisomes suggesting that these proteins are also involved in the regulation of 

peroxisome size and number (Smith et al., 2002; Rottensteiner et al., 2003; Tam 

et al., 2003). Interestingly, overexpression of ScPex25 leads to juxtaposed 

elongated peroxisomes (JEPs), which suggests that Pex25 might trigger 

initiation of peroxisome proliferation (Huber et al., 2012). Also, ScPex25 recruits 

the GTPase Rho1 to the peroxisomal membrane which might control peroxisome 

membrane dynamics and biogenesis via actin assembly on the peroxisome 

membrane (Marelli et al., 2004).  

Although neither one of the Pex11 family members is essential for 

peroxisome biogenesis, Pex11 and Pex25 are important for the growth of S. 

cerevisiae on oleate containing media (Tam et al., 2003). Supporting that, 

deletion of PEX11 in pex25 cells resulted in a full block of growth of cells on fatty 

acids (Rottensteiner et al., 2003). Moreover, the absence of all three Pex11 family 

members in S. cerevisiae  (i.e. in pex11 pex25 pex27 cells) results in the 

mislocalization of matrix proteins to the cytosol suggesting that these proteins 

may play additional roles in peroxisome biogenesis (Rottensteiner et al., 2003; 

Huber et al., 2012).  

Recently, it has been shown that the peroxisomal membrane protein 

Pex34 plays a role in the proliferation of peroxisomes in cooperation with Pex11 

family members in S. cerevisiae (Tower et al., 2011). However, the function of 

Pex34 still remains speculative.  

The yeast H. polymorpha contains the Pex11 paralogs, Pex11C and Pex25, 

whose functions are still unknown. Transcriptomic data showed that methanol 

stimulates both Pex11 and Pex25 expression, whereas Pex11C was 

downregulated upon shifting cells from glucose to methanol (Zutphen et al., 

2010) suggesting that Pex11C may play a role in peroxisome fission in glucose-

grown cells.  

In Pichia pastoris, the Pex11 family contains only two members, Pex11 and 

Pex25 (Love et al., 2016). So far, the function of PpPex25 is not known. 
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2.2. The peroxisome fission machinery 

Peroxisome fission involves a Dynamin-Related Protein (DRP) dependent fission 

machinery. DRPs are large GTPases, which contain three conserved domains: 

the GTPase domain, the middle domain (MD) and GTPase-effector domain 

(GED) (Heymann and Hinshaw, 2009). In S. cerevisiae, the DRPs Dnm1 and 

Vps1 are involved in peroxisome fission. While ScDnm1 plays a role at 

peroxisome inducing conditions, ScVps1 is important at glucose-repressing 

conditions. In H. polymorpha Dnm1, but not Vps1, is responsible for the 

peroxisome fission. The N-terminal region of Pex11 functions as a GTPase 

activating protein (GAP) for Dnm1, showing the tight cooperation of these 

proteins in yeast (Williams et al., 2016).  

Dnm1 is recruited to the peroxisomal membrane by the tail anchor protein 

Fis1 and the WD-repeat containing adaptor proteins Mdv1 or, only in S. 

cerevisiae, its paralog Caf4 (Nagotu et al., 2008a; Motley et al., 2008). 

Interestingly, in both S. cerevisiae and H. polymorpha the Dnm1-dependent 

fission machinery is responsible for mitochondrial fission as well (Hoepfner et al., 

2001; Kuravi et al., 2006).  

In S. cerevisiae, the absence of DNM1 or VPS1 results in a decrease in 

peroxisome numbers. In the absence of both, peroxisomal fission is completely 

blocked which results in the existence of a single enlarged peroxisome per cell 

(Kuravi et al., 2006). Vps1 and Dnm1, which also play a role in vacuole fusion 

and mitochondrial fission respectively, do not complement for each other’s 

function in vacuolar fusion and mitochondrial fission indicating that they are 

partially redundant for their role in the division of peroxisomes (Motley et al., 

2008).  

In H. polymorpha the absence of DNM1 fully blocks peroxisome division, 

resulting in the presence of a single enlarged peroxisome that forms long 

protrusions, which extend from mother cells to developing buds and partition via 

cytokinesis (Nagotu et al., 2008b). The fact that additional peroxisomes are not 

observed in S. cerevisiae dnm1 vps1 cells or in H. polymorpha dnm1 cells 

supports the idea of growth and fission being the prevalent mechanism for 

peroxisome multiplication in these yeast species.  

Besides the above-mentioned proteins, other factors might be also involved 

in the peroxisomal division. For instance, it has recently been shown that the ER 

and actin filaments mark the site of mitochondrial division which leads to the 

constriction of this organelle, followed by fission (Friedman et al., 2011). Since 

peroxisomes and mitochondria share many components of the fission machinery, 

the ER may also play a role in the fission of peroxisomes. 
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3.  De novo formation of peroxisomes 

It has been shown that the prevalent mechanism for peroxisome proliferation in 

wild-type yeast cells is via growth and division (Motley and Hettema, 2007). 

However, other data indicate that peroxisomes may also form de novo possibly 

from the ER. Main lines of evidence of de novo peroxisome formation include: 

1. Reintroduction experiments [Reappearance of peroxisomes in cells devoid 

of peroxisomes (i.e. in pex3, pex19 mutant yeast cells)] 

2. De novo formation of peroxisomes in yeast cells with peroxisome fission or 

inheritance defects  

3. Sorting of PMPs to peroxisomes via the ER 

4. In vitro vesicle budding assays 

These topics are detailed below. 

3.1. Reintroduction experiments 

The concept of peroxisomes forming de novo was based on the assumption that 

yeast mutants exist lacking peroxisomal structures (e.g. pex3 or pex19 mutants). 

Because peroxisomes appeared upon reintroduction of the corresponding missing 

genes, these organelles were thought to form from an alternative template  

(Hoepfner et al., 2005; Tam et al., 2005; Haan et al., 2006; Kragt et al., 2005). 

Hoepfner and colleagues showed that in S. cerevisiae pex3 cells, galactose-

induced Pex3-YFP was first detected at the ER and subsequently present at the 

newly formed peroxisomes. These authors also presented experiments suggesting 

that galactose-induced YFP-Pex3 travels via the ER in WT S. cerevisiae cells 

(Hoepfner et al., 2005). Similarly, it was shown that in H. polymorpha pex3 cells, 

upon reintroduction of Pex3-GFP under control of an inducible strong promoter, 

the initial fluorescent spots were present on the ER and the nuclear envelope. At 

a later stage, Pex3-GFP was confined to the developing peroxisomes (Haan et al., 

2006). 

These studies suggest the involvement of the ER in de novo formation of 

peroxisomes, judged by the trafficking route of Pex3. Interestingly, it has also 

been proposed that under these conditions peroxisomes can form from 

mitochondria, because peroxisomes also reappeared in pex3 cells upon 

reintroduction of Pex3, which is artificially targeted to mitochondria 

(Rucktäschel et al., 2010). However, it has been shown that H. polymorpha and 

S. cerevisiae pex3 cells harbor pre-peroxisomal vesicles (PPVs) which mature into 

nascent peroxisomes upon reintroduction of PEX3 gene indicating that 

peroxisomes do not form de novo from the ER (Knoops et al., 2014; Wroblewska 

et al., 2017). Electron Microscopy (EM) analysis showed that PPVs are located 

close to the ER, which might explain earlier fluorescence microscopy 
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observations where Pex3 was thought to travel via the ER. Also, the findings 

that in WT cells most of the PMPs are solely localized to the peroxisome 

membrane and never are detected on the ER suggests an ER-independent route.  

The exact mechanism of how PPVs in pex3 cells mature into functional 

peroxisomes upon reintroduction of the PEX3 gene is not known. However, one 

study points to Pex25 as being required for this event. It was shown that S. 

cerevisiae cells lacking all genes encoding the Pex11 protein family leads to a 

strong decrease in peroxisome numbers accompanied by matrix protein 

mislocalization in the cytosol. Interestingly, Pex25 -but not Pex11 or Pex27- is 

required for peroxisome reintroduction upon reintroducing PEX3 in pex3 pex11 

pex25 pex27 cells (Huber et al., 2012) suggesting that if PPVs are present in 

these cells, Pex25 may play a role in the maturation of these peroxisomal 

structures. Also, a very recent study showing that Pex25, but not Pex11 or 

Pex27, is partially localized to PPVs present in pex3 cells (Wroblewska et al., 

2017) points to a possible role of Pex25 in PPV formation or maturation. 

3.2. De novo formation of peroxisomes in cells with 

fission or inheritance defects 

De novo formation of peroxisomes is also observed in the cells with fission or 

inheritance defects (Motley and Hettema, 2007; Fagarasanu et al., 2005, 2006; 

Huber et al., 2012). In yeast, Inp1 is responsible for the retention of peroxisomes 

in mother cells upon peroxisome fission, whereas Inp2 governs the inheritance of 

peroxisomes from mother cell to daughter cell. Cells devoid of either one of these 

players temporarily lack functional peroxisomes which form possibly de novo 

after budding is completed (Fagarasanu et al., 2005, 2006). Surprisingly, it was 

found that S. cerevisiae inp2 pex25 double deletion cells do not contain any 

peroxisomes, supporting the function of Pex25 in de novo peroxisome biogenesis 

(Huber et al., 2012). However, the source of newly formed peroxisomes is not 

investigated in these studies since no PMP marker was used. Thus, both studies 

using fission or inheritance mutants lack information regarding the presence of 

PPVs.  

3.3. Sorting of PMPs to peroxisomes via the ER 

The first  evidence suggesting a contribution of the ER in peroxisome formation 

was the observation that in wild-type Yarrowia lipolytica the PMPs Pex2p and 

Pex16p traffic via the ER to the peroxisomal membrane, because both proteins 

are N-glycosylated (Titorenko and Rachubinski, 1998).  

It has been suggested that Pex3 invariably traffics via the ER, based on 

the finding that the N-terminal part of S. cerevisiae Pex3 contains two signals 
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which mediate its sorting to a specialized region of the ER also called 

peroxisomal ER (pER). Pulse-chase experiments using several chimeras of Pex3 

with the ER resident membrane protein Sec66 showed that the N-terminal part 

of Pex3 is competent to sort an ER membrane protein to the pER, whereas a 

transmembrane part of Pex3 functions in the transport from the pER to 

peroxisomes (Fakieh et al., 2013). Further studies showed that Pex3 together 

with Pex19 play roles in intra-ER sorting and budding of docking or RING 

complex proteins. Both proteins function in concert towards the sorting of RING 

complex proteins to the pER, which prevents premature formation of importomer 

on the ER (Agrawal et al., 2016).  

Van der Zand and colleagues showed that in WT S. cerevisiae cells a large 

number of PMPs co-localized with the ER marker Sec63. However, these proteins 

were invariably overproduced, which may cause mislocalization (van der Zand et 

al., 2010). The depletion of Sec61 complex proteins (Sec61, 62, 63), which are 

required by most of the proteins to enter to the ER, resulted in partial 

mislocalization of the same PMPs to the cytosol suggesting that the observed 

PMP traveling may depend on the ER secretory pathway. However, Pex8, which 

is a PTS1 containing matrix protein, also became cytosolic in Sec61 depleted 

cells. The same study showed that the import of the tail-anchor protein Pex15 to 

the ER is dependent on Get3 (Guided entry of tail-anchored proteins 3) (van der 

Zand et al., 2010).  

In H. polymorpha WT cells, none of the PMPs tested so far have been 

found on the ER (Cepińska et al., 2011; Haan et al., 2002). However, we cannot 

rule out a possible short residence of PMPs at the ER in WT cells. Only in special 

mutant cells, PMPs were observed in other cellular locations. For instance, 

Pex11 may localize to the ER in H. polymorpha pex3 and to mitochondria in S. 

cerevisiae pex3 cells (Knoops et al., 2014; Mattiazzi Ušaj et al.). This might be 

caused by the limited capacity of PPVs to import PMPs in these cells (Knoops et 

al., 2014). Careful investigation of PMP trafficking using high-speed microscopy 

techniques is required to solve the exact PMP sorting pathway. 

Contradicting to the formation of peroxisomes by the maturation of pre-

existing PPVs, two examples have been presented that suggest that peroxisome 

formation from the ER involves fusion of different, ER derived vesicles. 

(Titorenko et al., 2000) showed that six subforms of peroxisomes are present in 

Y. lipolytica that via a multistep peroxisome assembly pathway developed into 

distinct peroxisome intermediates. In S. cerevisiae the group of Tabak showed 

that all peroxisomal membrane proteins (PMPs) first sort to the ER, then are 

incorporated into two types of biochemically distinct vesicles which later fuse in 

a Pex1/Pex6 dependent way to form functional peroxisomes (van der Zand et al., 

2010; van der Zand et al., 2012). According to this model, two types of vesicles 

containing either proteins of the docking complex (Pex13, Pex14, Pex17; named 
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as PPV-D) or RING complex (Pex2, Pex10, Pex12; named as PPV-R) should 

accumulate in pex1 or pex6 cells. However, two recent studies showed that S. 

cerevisiae pex1 or pex6 deletion strains do not harbor two types of vesicles. By 

using advanced, high-resolution microscopy techniques and biochemical analysis 

it was shown that in pex1 or pex6 cells both docking and RING complex proteins 

are present on the same vesicles which subsequently mature into functional 

peroxisomes upon re-introduction of the missing genes. These data confirm the 

model that Pex1 and Pex6 play a role in matrix protein import as proposed 

before and support the idea that yeast peroxisomes multiply by growth and 

division (Knoops et al., 2015; Motley et al., 2015). 

3.4. In vitro assays 

Additional evidence supporting de novo formation of peroxisomes from the ER 

came from in vitro cell-free budding assays, which suggest that PMP containing 

vesicles can be formed from the ER in a Pex19 dependent way (Lam et al., 2010; 

Agrawal et al., 2011). Using permeabilized cells of Pichia pastoris Pex3-GFP and 

Pex11-2HA fusion proteins were shown to become co-packaged in the same 

vesicles. The in vitro vesicle formation was  dependent on ATP, cytosol, and 

Pex19 (Agrawal et al., 2011). Similarly, vesicles containing N-glycosylated Pex15 

and Pex3 were formed in vitro from purified ER in a process that required Pex19 

and other cytosolic proteins (Lam et al., 2010). 

In both cases it is assumed that the PMPs are localized to the ER before 

the vesicles are formed. This is indeed likely for N-glycosylated Pex15. However, 

the other PMPs also may be localized to an alternative cellular membrane. Also, 

these studies should be interpreted with care because only a subset of PMPs was 

analyzed. Moreover, the addition of certain tags to N- or C- terminal regions of 

the PMPs may affect their targeting. 

4. Peroxisome growth 

Peroxisomes grow both via the import of lipids for the expansion of their 

surrounding membrane and via the import of their matrix and membrane 

proteins components (Figure 1). One of the outstanding features of peroxisomes 

is that they can import large, oligomeric proteins (reviewed by (Ma et al., 2011)). 

How this process occurs is not fully understood, yet. Here, we will shortly 

describe the trafficking routes of matrix and membrane components with a focus 

on transport of lipids to the peroxisomal membrane. 
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4.1. Import of peroxisomal matrix proteins 

Peroxisomes import their matrix proteins post-translationally from the cytosol. 

This is achieved by the matrix protein sorting and import machinery which 

comprises several protein complexes (Figure 2). So far, 19 peroxins were shown 

to be directly involved in peroxisomal matrix protein import (reviewed by (Hasan 

et al., 2013)).  

Peroxisomal matrix proteins may have different peroxisomal targeting 

signals (PTSs). Most of them contain a PTS1 signal which is a C-terminal located 

non-cleavable dodecamer with at the end the tripeptide SKL or variants thereof 

(S/A/C)-(K/R/H)-(L/A) (Hasan et al., 2013; Ma et al., 2011). The PTS1 signal is 

recognized by the soluble PTS1 receptor Pex5 via its C-terminal tetratricopeptide 

repeat (TPR) domain (Van der Leij et al., 1993; Nuttley et al., 1995). Very 

recently, two studies identified a new PTS1 receptor (designated as Pex9) which 

is involved in the import of PTS1-containing peroxisomal malate synthases 

(Effelsberg et al., 2016; Yifrach et al., 2016). Pex9 also contains TPR domains 

similar to Pex5 and interacts with docking complex protein Pex14. Different from 

Pex5, Pex9 is only expressed under peroxisome-inducing conditions (i.e. oleate) 

and it binds to PTS1 containing malate synthases upon induction by oleate. As 

both PTS1 receptors (i.e. Pex5 and Pex9) contribute to the import of malate 

synthases, Pex9 was suggested to increase the import efficiency of these PTS1 

containing proteins (Effelsberg et al., 2016). 

The second known peroxisomal targeting signal (PTS2) is an N-terminally 

located nonapeptide sequence present in the first 20 amino acids of the proteins 

and can be defined as (RK)-(LVIQ)-XX-(LVIHQ)-(LSGAK)-X-(HQ)-(LAF) (Petriv 

et al., 2004). The import of PTS2 proteins is accomplished by the PTS2 receptor 

Pex7 and its co-receptors (Pex18, Pex21 in S. cerevisiae and Pex20 in H. 

polymorpha) (Figure 2) which show sequence similarity to the N-terminal 

domain of Pex5 (Purdue et al., 1998; Schäfer et al., 2004; Otzen et al., 2005; 

Hensel et al., 2011). 

Some matrix proteins lack a PTS1 or PTS2. These proteins may be 

imported via piggy-back import together with another known or contain a still 

unknown PTS  (Yang et al., 2001; Titorenko et al., 2002; Islinger et al., 2009). 

Indeed, some proteins contain a not yet identified internal PTS that is recognized 

by the N-terminal part of Pex5 (Klein et al., 2002; Gunkel et al., 2004).  

Import of matrix proteins into peroxisomes includes several steps 

independent of their import receptors (Figure 2): 1) recognition of the cargo in 

the cytosol, 2) docking of the receptor/cargo complex at the peroxisomal 

membrane, 3) translocation of the cargo through the peroxisome membrane, 4) 

release of the cargo into the peroxisomal lumen, 5) export of the receptor to the 

cytosol (reviewed by (Hasan et al., 2013)).  
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Matrix protein import into peroxisomes requires a functional importomer which 

consists of the docking complex (Pex13, Pex14, Pex17) and the RING (Really 

Interesting New Gene) complex (Pex2, Pex10, Pex12) proteins (Figure 2). In 

case of PTS1 import, the current model indicates that cargo-loaded Pex5 binds to 

the docking complex and forms a transient pore which allows the transfer of the 

cargo through the peroxisome membrane. The release of the cargo into 

peroxisome lumen is dependent of Pex8 which -together with Pex3- bridges the 

docking and RING complexes (Agne et al., 2003; Hazra et al., 2002). After cargo 

release, the PTS1 receptor is exported to the cytosol by the recycling machinery 

which consists of E3 ubiquitin ligases (i.e. RING complex proteins), the E2 

ubiquitin-conjugating enzyme (Pex4) with its anchoring protein Pex22 and the 

AAA-ATPases Pex1 and Pex6 with their anchoring protein Pex15 (Ma et al., 

2011; Hasan et al., 2013) (Figure 2). 

 

Figure 2. Model of peroxisomal matrix protein import in S. cerevisiae. Peroxisomal matrix 

proteins containing PTS1 and PTS2 are recognized by the predominantly cytosolic PTS receptors 

Pex5 and Pex7, respectively. Pex7 functions together with its auxiliary proteins Pex18 and Pex21 

for the import of PTS2 proteins. Receptor-bound matrix proteins first associate with the docking 

complex (Pex13, Pex14, Pex17), followed by the translocation of the matrix proteins through the 

peroxisome membrane. Docking and RING (Pex2, Pex10, Pex12) complexes are bridged by Pex8 

which functions in cargo release to the peroxisome lumen. After cargo release, receptors are 

recycled back to the cytosol by RING and export complexes for the next round of import. 
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While mono-ubiquitination of Pex5 leads to its export to the cytosol and 

allows its use for another round of import, Pex5 poly-ubiquitination leads to its 

degradation by the proteasome (Williams et al., 2007; Platta et al., 2007). 

Whether the second PTS1 receptor, Pex9, is also involved in transient pore 

formation, ubiquitylated as Pex5 and exported from the peroxisome membrane 

in an ATP-dependent manner needs further investigation. Recent data indicate 

that Pex7 and Pex18 form a distinct pore in the peroxisome membrane for the 

import of PTS2 proteins (Montilla-Martinez et al., 2015). Whether the 

dissociation of the PTS2 import complex occurs at the peroxisome membrane or 

in the peroxisome lumen still has to be addressed. It is tempting to speculate 

that  PTS1 and PTS2 import is  accomplished by  a single pore in higher 

eukaryotes since in these organisms isoforms of Pex5 function as  Pex7 

coreceptors (Schliebs and Kunau, 2006).  

4.2. Sorting of PMPs 

Targeting of PMPs differs from peroxisomal matrix protein import. Current 

models range from PMP sorting via the ER to direct post-translational insertion 

from the cytosol (Kim and Hettema, 2015).  

PMPs are classified into two classes depending on their requirement for 

PMP receptor Pex19 (Figure 3). Class I PMPs are targeted to peroxisome 

membrane via binding of Pex19 to their peroxisomal membrane targeting signal 

(mPTS) in the cytosol. Cargo loaded Pex19 binds to Pex3 present on the 

membrane, followed by cargo insertion into the peroxisomal membrane by a yet 

unknown mechanism (Fang et al., 2004). It has been proposed that Pex19 might 

behave as a chaperone in this event (Jones et al., 2004; Hettema et al., 2000). 

Class II PMPs do not require Pex19 for their targeting to the peroxisome 

membrane. Examples of Class II PMPs include Pex3 and Pex22 (also Pex16 in 

human). It has been shown that the targeting signal of Pex3, which is present in 

its N-terminal domain, does not interact with Pex19 (Fang et al., 2004). The N-

terminal domain of Pex22, which share sequence similarity with Pex3 N-

terminal domain, can functionally replace it in targeting and peroxisome 

formation (Halbach et al., 2009).  

While direct import from the cytosol to the peroxisomal membrane is most 

likely the prevalent PMP import mechanism, certain PMPs (such as tail anchor 

(TA) proteins) are thought to travel via the ER. For example, in S cerevisiae the 

TA protein Pex15 was suggested to sort to peroxisomes via the ER by the GET 

pathway (Schuldiner et al., 2008). In that sense, it also can be classified as a 

Class II PMP. However, the absence of GET components does not fully block 

peroxisomal matrix protein import (as in pex15 cells) suggesting that Pex15 
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travels to peroxisomes also in an ER-independent manner. In line with this, it 

has been shown that targeting of Pex26 (human ortholog of ScPex15) is 

dependent of Pex3 and Pex19, but independent of TRC40 (the human equivalent 

of the yeast Get3) (Yagita et al., 2013).  

PMP sorting to the ER is also observed when PEX3 is overexpressed in 

WT or in pex3 cells (Section 3.3). Since Class 1 PMPs are targeted to Pex3 

containing membranes, the mislocalization of Pex3 to the ER might explain why 

at certain conditions other PMPs are also observed at the ER.  

It is important to note that in mammals, Pex16 is first sorted to the ER 

before reaching the peroxisomal membrane. Pex16 is required for sorting of Pex3 

to the peroxisome (Kim et al., 2006), which suggests that also in yeast the sorting 

of class II PMPs (e.g Pex3, Pex22) may depend on the ER. However, Pex16 

homologues are not present in yeast (with the exception of Y. lipolytica, though 

the function is different) and peroxisome formation occurs independently of 

Sec61, the major component of the ER protein translocation machinery, 

suggesting direct sorting of PMPs to its target membrane (South et al., 2001; 

Fang et al., 2004). 
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Figure 3. Overview of PMP import pathways in yeast. Class 1 PMPs are targeted to the 

peroxisomal membrane directly from the cytosol. The Pex19-PMP complex associates with Pex3 

at the peroxisomal membrane. After import, Pex19 is recycled for the further cycles of PMP 

import. Class 2 PMP import does not require Pex19. Several PMPs which travel to peroxisomes 

via the ER (such as TA proteins Pex15 or Fis1) can be also classified as Class 2 proteins. These 

PMPs are first incorporated to the ER by the GET pathway, later concentrate in a specific region 

of the ER. After budding from the ER, vesicles which contain these PMPs fuse with an existing 

peroxisome. Upon reintroduction of Pex3 in pex3 cells, Pex3 first appears at PPVs. 
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4.3. Uptake of membrane lipids 

Growth of peroxisomes requires the incorporation of membrane lipids. Most of 

the peroxisomal membrane lipids are synthesized at the ER. Several studies 

suggest vesicular trafficking of proteins to peroxisomes (van der Zand et al., 

2012; Titorenko et al., 2000; Agrawal et al., 2011; Lam et al., 2010). Hence, via 

this pathway also ER lipids will end up in the peroxisomal membrane. However, 

non-vesicular lipid supply to peroxisomes from the ER has also been proposed 

(Rosenberger et al., 2009; David et al., 2013; Raychaudhuri and Prinz, 2008). 

Interestingly, peroxisome membranes also contain cardiolipin which is 

synthesized in mitochondria (Wriessnegger et al., 2007) indicating that also a 

transport mechanism must exist from mitochondria to peroxisomes. 

Non-vesicular lipid supply to the organelles may be achieved at Membrane 

Contact Sites (MCS), the regions where the membranes of two organelles are 

closely opposed (Toulmay and Prinz, 2011). Here, we will first introduce our 

current knowledge on MCSs and illustrate their function by describing the 

structure and function of a few well-known yeast MCSs. Subsequently, our 

current knowledge of the role of MCS in non-vesicular lipid transfer between 

peroxisomes and other organelles will be detailed. 

4.3.1.  Membrane Contact Sites 

According to Prinz (2014) true MCSs display four features: 1) the membranes 

from two intracellular compartments are tethered in close apposition (up to 30 

nm distance). 2) the membranes do not fuse, though they may hemi-fuse. 3) 

specific proteins and/or lipids are enriched at the MCS, and 4) MCS affects the 

function or organization of at least one of the organelles in the MCS (Prinz, 

2014). 

Most of the MCSs that have been described occur between the ER and a 

second organelle (Toulmay and Prinz, 2011). Though, MCSs have also been 

observed within the same organelle harboring double membranes (i.e. 

mitochondria, chloroplasts, multivesicular bodies) or between other organelles 

different than the ER (Toulmay and Prinz, 2011; Prinz, 2014; Eisenberg-Bord et 

al., 2016). Initially, these contacts were mainly implicated in intracellular 

exchange of calcium and lipids. However, recently it became evident that they 

also play critical roles in intracellular signaling, trafficking of metabolites, 

organelle transport, division and autophagy (Prinz, 2014; Lahiri et al., 2015). 

MCSs are maintained by tether(s). An MCS tether is a protein or set of 

proteins that synchronously bridges two opposing membranes at an MCS (Prinz, 

2014; Eisenberg-Bord et al., 2016). As recently reviewed by Prinz (2014), there 

are three important features of the molecular tethers. First, several tethers can 
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maintain the same MCSs. For example, in S. cerevisiae ER-plasma membrane 

(PM) junctions are maintained by at least six ER-resident proteins. Second, 

tethering seems to be a dynamic, regulated process. For instance, extended 

synaptotagmins (E-Syts) in mammals mediate tethering of ER and PM and are 

regulated by Ca2+ and PM-enriched lipids PI(4,5)P2. Third, many tethering 

complexes have additional functions besides tethering. For example in mammals, 

the DRP Mfn2 (mitofusin-2) whose main function is mitochondrial fusion, 

mediates tethering of the ER and mitochondria (Prinz, 2014).  

Most likely, MCSs between the ER and other organelles may facilitate 

immediate lipid transfer. Indeed, transfer of lipids via several MCSs between the 

ER and other organelles have been elucidated. In yeast, it has been shown that 

ER-PM contacts allow sterol exchange between these membranes (Toulmay and 

Prinz, 2011). Also such contacts play a role in the regulation of PI4P levels on the 

PM (Stefan et al., 2011). 

The ERMES (ER-mitochondria encounter structure) complex between the 

ER and mitochondria is also important for lipid transport (Figure 4). The 

absence of individual components of ERMES causes a decrease in lipid exchange 

between the ER and mitochondria. Interestingly, these defects can be 

compensated by the expression of ChiMERA -an artificial ER-mitochondria 

tether- (Kornmann et al., 2009). The fact that several ERMES proteins contain a 

synaptotagmin-like mitochondrial lipid-binding protein (SMP) domain might be 

responsible for lipid transfer between both organelles (Kornmann et al., 2009). 

Recently, in S. cerevisiae an ER membrane protein complex (EMC) was 

identified, which is a tether additional to ERMES (Figure 4). It was shown that 

EMC and ERMES together regulate phospholipid synthesis and cell growth since 

cells lacking both are inviable (Lahiri et al., 2014). Also, an auxiliary tether for 

ER-mitochondria MCSs which regulates sterol transfer between both organelles 

has been identified (Gatta et al., 2015; Murley et al., 2015; Elbaz-Alon et al., 

2015). 

Importantly, ER-mitochondria contact sites do not only play a role in lipid 

transport but also are implicated in mitochondrial division. Both in mammalian 

and S. cerevisiae cells, ER tubules were shown to engulf mitochondria and mark 

a majority of sites where the division will take place (Friedman et al., 2011). 

Later studies showed that in yeast the ERMES complex localizes to this region 

(Murley et al., 2013). Moreover, ERMES mutant cells, due to disturbed 

mitochondrial division, display severe mitophagy defects (Böckler and 

Westermann, 2014) further emphasizing the importance of these contacts in 

mitochondrial fission. 

Another well-documented MCS in yeast is the nucleus-vacuole junction 

(NVJ) that is formed between the outer nuclear membrane and the vacuolar 
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membrane (Figure 4). NVJs promote piecemeal microautophagy of the nucleus 

(PMN) which results in degradation and recycling of non-essential parts (Roberts 

et al., 2003). Interestingly, Osh1 and Tsc13, which are involved in the 

biosynthesis of lipids, are localized to NVJs (Kvam et al., 2005; Kvam and 

Goldfarb, 2004). However, it is not known whether NVJs play a role in lipid 

biosynthesis. 

A contact site between mitochondria and the vacuole was named as 

vCLAMP (vaCuoLe And Mitochondria Patch) which is important for lipid 

transport to mitochondria (Elbaz-Alon et al., 2014; Hönscher et al., 2014) 

(Figure 4). It was shown that vCLAMPs are enhanced in cells lacking ERMES 

subunits, and vice versa. Interestingly, mutant cells lacking both contacts are 

not viable indicating vCLAMP maintains mitochondrial lipid supply in ERMES 

mutants (Elbaz-Alon et al., 2014).  

Recently, it was shown that Vps13, which is one of the largest and well-

conserved proteins in eukaryotes, localizes to both NVJ and vCLAMP, and 

regulate both contacts. It was also shown that it plays a role in regulating 

mitochondrial integrity and acts in collaboration with ERMES (Park et al., 

2016). Whereas vps13 single deletion cells do not show any abnormality in 

mitochondrial lipid homeostasis, the combinatory loss of VPS13 and a subunit of 

ERMES subunit is synthetic lethal (Lang et al., 2015). These studies 

demonstrate that alternative MCSs function as a back-up system for the non-

vesicular lipid transfer to mitochondria. 

4.3.2.  Peroxisomal Membrane Contact Sites  

Peroxisomes act in cooperation with their surroundings and were observed in 

close proximity to other organelles including the ER, mitochondria, chloroplasts, 

lipid bodies, lysosomes and also to themselves (Shai et al., 2015; Schrader et al., 

2013) (Figure 4). Here, we will describe the known peroxisomal MCSs, their 

tethering complexes, and the functions they display. 

4.3.2.1. Peroxisome-ER membrane contact sites 

More than four decades ago, electron microscopy studies revealed clear 

interactions between peroxisomes and the ER (Lazarow and Fujiki, 1985; Zwart 

et al., 1979; Veenhuis et al., 1976; Novikoff and Novikoff, 1972).  

In S. cerevisiae, peroxisome-ER contacts were shown to play a role in 

peroxisome proliferation. The ER protein Pex30 interacts with ER reticulon 

proteins (Rtn1, Rtn2, Yop1) and enriches at ER-Peroxisome CONtact Sites 

(EPCONS) (Figure 4). Pex30 may negatively regulate peroxisome proliferation 

since its absence stimulates peroxisome formation from the ER (David et al., 

2013; Mast et al., 2016). Also in P. pastoris Pex30 has been found at the ER 
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suggesting that it might be an EPCONS protein also in this organism (Yan et al., 

2008). 

 

 

Figure 4. Yeast MCSs. The MCSs between the ER and mitochondria include ERMES and EMC.  

ER-peroxisome MCSs (EPCONS) include a complex containing Pex30 together with the reticulon 

family proteins Rtn1, Rtn2 and Yop1. A second one is formed by the interaction of Pex3 and 

inheritance protein Inp1 which regulates peroxisome retention in the mother cell. Peroxisomes 

associate mitochondria via the interaction of the peroxisomal Pex11 protein with the ERMES 

complex protein Mdm34. A peroxisomal MCS between peroxisomes and lipid droplets was 

suggested to stimulate lipid breakdown in lipid droplets. 
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Peroxisome-ER contacts may control also peroxisome inheritance. 

Knoblach and colleagues showed that peroxisomes in S. cerevisiae are tethered to 

the ER, mediated by a Pex3-Inp1 complex which retains peroxisomes in the 

mother cell (Figure 4). In the absence of this ER-peroxisome tether peroxisomal 

retention is disturbed, thus leading to the accumulation of peroxisomes in 

daughter cells (Knoblach et al., 2013). This model is based on the observation 

that Inp1 physically interacts with Pex3. Together with the assumption that a 

portion of the cellular Pex3 is localized to the ER, a tether consisting of ER and 

peroxisome associated Pex3 molecules binding both Inp1 was proposed. Whether 

indeed sufficient amounts of Pex3, in transit to peroxisomes, are localized to the 

ER to fulfil this function remains debated. 

In human, crosstalk between the ER and peroxisomes is proposed to 

mediate the biosynthesis of several lipids (ether-phospholipids, polyunsaturated 

fatty acids cholesterol, bile acids etc.) Defects in lipid biosynthesis pathways are 

related to neurodegenerative disorders (Costello et al., 2017a). Thus it is of great 

importance to identify the membrane contacts and the tethering proteins which 

maintain them (Shai et al., 2015). Very recently, the components regulating 

peroxisome-ER contacts in human were identified. While these interactions 

regulate peroxisome-ER associations, their loss disturbs peroxisomal membrane 

expansion and results in an enhanced peroxisome movement (Costello et al., 

2017a; b). Whether specific niches of the ER are tethered to peroxisomes needs to 

be elucidated. 

4.3.2.2. Peroxisome-mitochondria membrane contact sites 

Both physical and functional interactions exist between peroxisomes and 

mitochondria. Both organelles are involved in ROS signaling and share 

components of their fission machinery. Moreover, peroxisomal membranes 

contain relatively high amounts of cardiolipin (Zinser et al., 1991; Wriessnegger 

et al., 2007). It is likely that transport of cardiolipin, that is exclusively produced 

in mitochondria, from their place of synthesis to peroxisomes requires MCSs. 

In higher eukaryotes peroxisomes and mitochondria both contribute to β-

oxidation of fatty acids. Acetyl CoA produced in peroxisomes by this process is 

transferred to mitochondria and oxidized to produce ATP in the TCA cycle 

(Cohen et al., 2014). Since fatty acid β-oxidation in yeast is confined to 

peroxisomes, an association of peroxisomes with mitochondria could definitely 

facilitate transport of acetyl CoA between both organelles. Indeed, it was shown 

that in S. cerevisiae peroxisomes are juxtaposed to sites in mitochondria where 

pyruvate dehydrogenase is localized. This  might accelerate acetyl CoA supply to 

mitochondria for energy production or the synthesis of certain lipids (Cohen et 

al., 2014). Both organelles are tethered to each other via the interaction between 

Pex11 and the ERMES component Mdm34 suggesting that the ER also might 
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play a role in peroxisome-mitochondria contacts (Figure 4). In line with that, 

the percentage of peroxisomes co-localizing with ERMES foci decreased from 30% 

to 15% in a pex11 mutant. Since peroxisomes still  localize in the vicinity of 

ERMES foci in pex11 mutant cells, most likely additional proteins are involved 

in peroxisome-mitochondria MCSs (Mattiazzi Ušaj et al.). For instance, high 

content screen using S. cerevisiae showed that mdm10 cells have enhanced 

numbers of peroxisomes (Cohen et al., 2014). Whether this is an indirect effect of 

disrupted ERMES or a direct effect of the disruption of peroxisome-mitochondria 

MCS has to be analyzed. 

4.3.2.3. Peroxisome-Lipid Droplet contact sites 

Lipid droplets (LDs) are the storage site of neutral lipids such as triglycerides 

and sterol esters. Several studies reported that peroxisomes are in close 

associations with LDs in etiolated cotyledons, mammalian cells and yeast 

(Figure 4). It was shown that peroxisomes in oleate-grown S. cerevisiae cells 

form stable interactions with LDs, and they can form protrusions (termed as 

pexopodia) which penetrate into the core of LDs. Pexopodia are formed via 

hemifusion of single leaflet of LD membrane and outer membrane of 

peroxisomes. Interestingly, pexopodia and LD inclusions were selectively 

enriched in peroxisomal β-oxidation enzymes. Therefore, the physical contact 

between peroxisomes and LDs were suggested to stimulate neutral lipid 

breakdown in LDs and their subsequent β-oxidation in peroxisomes (Binns et al., 

2006). 

Summarizing, peroxisomes may form several MCSs with different cellular 

membranes. The molecular mechanisms which enable peroxisomal contacts and 

the functions employed by them await to be explored. Future investigations will 

shed light on the functions of peroxisomal MCSs in peroxisome metabolism and 

dynamics; and will show whether these contacts are required for the formation of 

peroxisomal membranes. 

5. Perspectives 

The peroxisome field has reached consensus regarding the import of peroxisomal 

matrix proteins. However, still there are many issues which remain to be solved. 

Firstly, how peroxisomes are formed is still under debate. While in WT yeast 

cells growth and division is the prevalent mechanism of peroxisome formation, in 

cells devoid of functional peroxisomes de novo peroxisome biogenesis is suggested 

to occur upon complementation by the missing gene (Motley and Hettema, 2007; 

Hoepfner et al., 2005; van der Zand et al., 2012). As recent findings (Knoops et 

al., 2014; Wroblewska et al., 2017) showed the presence of PPVs in pex3 cells, 

this idea has been challenged and new questions appeared: How are PPVs 
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formed? How are certain PMPs sorted to the PPVs independent of Pex3? Does 

Pex3 directly sort to the PPVs or travel via the ER to PPVs after reintroduction 

of Pex3 in pex3 cells?  

It could be that in the absence of pre-existing peroxisomes PMPs randomly 

sort to other cellular membranes which leads to the formation of PPVs from any 

other membrane. Indeed, very recently it has been shown that human patient 

fibroblasts devoid of peroxisomes contain two types of PPVs which are either 

formed from the ER or mitochondria, depending on the targeting of Pex16 or 

Pex3, respectively (Sugiura et al., 2017). This is in line with peroxisome 

formation via the expression of mitochondria-targeted Pex3 in S. cerevisiae pex3 

cells (Rucktäschel et al., 2010). However, it is still unknown whether targeting of 

Pex3 to mitochondria can also occur in WT cells. The finding that upon 

reintroduction in H. polymorpha pex3 cells, Pex3 is not first detected on the ER 

or mitochondria but at PPVs might be caused by the short residence time of the 

protein on these organelles. Further research using novel approaches such as 

high-speed microscopy techniques are required to unravel the sorting mechanism 

of Pex3 (and other PMPs) to PPVs. 

Independent of above-mentioned biogenesis routes, a functional 

peroxisome requires the incorporation of membrane lipids obtained from other 

cell organelles. Recently, MCSs have been identified as hubs of non-vesicular 

lipid transport between peroxisomes and other organelles such as the ER and 

lysosomes (human equivalent of yeast vacuole) (Costello et al., 2017a; b; Chu et 

al., 2015). Since the ER is the main site of lipid biosynthesis in the cell, such 

interactions would facilitate the adaptation of the peroxisome growth to the 

needs of the cell. It is not known yet whether these associations play additional 

roles in signaling or degradation of the peroxisomes and whether they contribute 

to the maturation of PPVs. It might be possible that remnants in the pex 

mutants mature into peroxisomes upon the reintroduction of the missing genes 

in an MCS dependent manner. This needs further investigation. Other questions 

to solve are: How many different peroxisomal membrane contact sites do exist in 

yeast? What are their tethering complexes? What are their functions? Answering 

these questions will contribute to our understanding of peroxisome biogenesis 

and function.  
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Abstract 

Yeast Pex11, Pex23 and Pex24 family proteins are implicated in the regulation of 

peroxisome numbers. It has been established that Pex11 plays a role in 

peroxisome fission, but the role of other Pex11 family proteins is still speculative. 

Similarly, the functions of Pex23- and Pex24-family proteins are still debated 

and include roles in de novo peroxisome biogenesis or the formation of ER-

peroxisome contact sites. 

Using fluorescence microscopy, we show that Hansenula polymorpha 

Pex23 and Pex24 are localized to the ER, whereas Pex11 is confined to 

peroxisomes. Deletion of PEX11, PEX23 or PEX24 results in similar phenotypes, 

namely a reduction in peroxisome numbers together with an increase in their 

size. Also, all three single deletion strains are capable to grow on methanol, but 

the growth rates are reduced relative to WT controls, indicative for abnormalities 

in peroxisome function. 

To test whether these relatively weak phenotypes are due to functional 

redundancy, we performed transposon mutagenesis of an Hansenula polymorpha 

pex11 strain. This screen identified VPS13 as being essential for peroxisome 

biogenesis in a pex11 background. We show that cells of the pex11 vps13 double 

deletion strain, but not of the vps13 single deletion strain, show a severe defect 

in peroxisome biogenesis and are unable to grow on methanol. Essentially 

similar results were obtained upon deletion of VPS13 in pex23 or pex24 cells. 

The peroxisome deficient phenotypes of pex11 vps13, pex23 vps13 and 

pex24 vps13 cells could be largely suppressed by the introduction of an artificial 

peroxisome-ER tethering protein. Our data support the role of Pex23 and Pex24 

in the formation of peroxisome-ER membrane contact sites. These contact sites, 

which apparently also required Pex11, likely play a role in peroxisome 

membrane 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 (Mast et al., 2015; Smith and 

Aitchison, 2013). 

Because yeast peroxisomes are fully devoid of lipid biosynthetic enzymes, 

growth of the peroxisomal membrane 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., 2016; Yuan et al., 2016) 

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 peroxisomal MCSs have been demonstrated to be involved in lipid 

exchange. For instance, an MCS occurs between mammalian peroxisomes and 

lysosomes, which is important for intracellular cholesterol transport (Chu et al., 

2015). Also in mammals, ACBD5/ACBD4 and VAPB mediated peroxisome-ER 

associations have been identified. These peroxisome-ER interactions could 

facilitate collaboration of both organelles in the biosynthesis of ether 

phospholipids and polyunsaturated fatty acids (Costello et al., 2017a; b; Hua et 

al., 2017). 

Other peroxisomal MCSs have been proposed to serve functions different 

from lipid exchange. For instance, in Saccharomyces cerevisiae an ER-peroxisome 

MCS functions in retention of peroxisomes in mother cells during yeast budding 

(Knoblach et al., 2013). Another S. cerevisiae ER-peroxisome contact site, 

designated EPCONS, was suggested to represent ER exit sites for de novo 

peroxisome formation. Several ER localized peroxins, including Pex29 and 

Pex30, localize to EPCONS (David et al., 2013; Mast et al., 2016; Joshi et al., 

2016). 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 S. cerevisiae, 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 Ušaj et al., 2015). 
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In case lipid transport to peroxisomal membranes requires MCSs in yeast, 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. Instead, 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., 2016). These include a large 

group of peroxins that belong to the Pex11, Pex23 and Pex24 protein families 

(Kiel et al., 2006) (Fig. 1). A possible explanation for these weak phenotypes is 

that these peroxins perform redundant functions. Interestingly, 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; 

Hönscher et al., 2014). Mutants lacking components of either of these MCSs 

show a weak phenotype, whereas double mutants missing components of both 

MCSs are inviable (Elbaz-Alon et al., 2014; Hönscher et al., 2014). Yeast 

mutants lacking ERMES components show altered mitochondrial morphology 

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

1994). Likewise, yeast mutants lacking proteins of the Pex11, Pex23 and Pex24 

families generally possess peroxisomes that show altered size and abundance 

(Tam et al., 2003; Vizeacoumar et al., 2003, 2004). Hence, it is tempting to 

speculate that these peroxins play a role in MCSs as well. 

Here we studied whether H. polymorpha Pex11, Pex23 and Pex24 fulfill 

redundant functions in peroxisome biogenesis. We show that pex11, pex23 and 

pex24 single deletion strains have similar phenotypes, namely decreased 

numbers of peroxisomes which are enhanced in size. A mutant screen revealed 

that the peroxisomal phenotype of pex11 cells became more severe upon deletion 

of VPS13, whereas cells of a vps13 single deletion strain have no obvious 

peroxisomal phenotype. Cells of the pex11 vps13 double mutant contain very 

small peroxisomes in conjunction with mislocalization of the bulk of the matrix 

proteins to the cytosol. pex23 vps13 and pex24 vps13 double mutants showed a 

similar severe peroxisome biogenesis defect. Introduction of an artificial ER-

peroxisome tethering protein largely suppressed this phenotype in all three 

double deletion strains. These data suggest that ER-peroxisome associations 

important for peroxisomal membrane growth are disturbed in the double 

mutants. 
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Figure 1. Phylogenetic trees of Pex11-, Pex23- and Pex24- family proteins in selected yeast 

species. Protein sequences from Pex11, Pex23 and Pex24 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. 

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. 

C. Pex24 family proteins. 

S. cerevisiae: Sc-Pex28, NP_012020; Sc-Pex29, NP_010767. 

H. polymorpha: Hp-Pex24, ABG36524; Hp-Pex29, ABG36527. 

P. pastoris: Pp-Pex24, CAY70931; Pp-Pex29, CAY69146. 

Y. lipolytica: Yl-Pex24, CAG80906; Yl-Pex29, CAG78436. 
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Results 

H. polymorpha pex11, pex23 and pex24 mutants have similar 

phenotypes 

Yeast pex11 cells are impaired in peroxisome fission, resulting in a reduction in 

the number of peroxisomes accompanied by an increase in their size (Erdmann 

and Blobel, 1995; Krikken et al., 2009; Marshall et al., 1995; Opaliński et al., 

2011; Williams et al., 2015).  

  Quantitative fluorescence microscopy (FM) analysis using H. polymorpha 

strains producing the peroxisomal membrane marker PMP47-GFP showed that 

pex23 and pex24 cells also have less peroxisomes, in conjunction with the 

presence of relatively large organelles (Fig. 2A, B, C).  

 

Figure 2. The absence of Pex11, Pex23 or Pex24 results in the reduction of total peroxisome 

numbers and an increase in relatively large organelles. (A) Fluorescence microscopy images of WT 

and the indicated deletion strains producing the peroxisomal membrane marker PMP47-GFP. Cells were 

grown for 16 hours on methanol. Scale bar is 1 μm. (B) Quantification of the percentage of peroxisomes with 

a diameter > 1 μm. 2 x 500 peroxisomes from two independent cultures were quantified. The error bar 

represents standard deviation (SD). Asterisk shows significant difference based on T-test (P<0.05). (C) 

Average number of peroxisomes per cell (±SD) of WT and indicated deletion strains 2 x 200 cells from two 

independent cultures were quantified. 

In line with earlier observations, FM studies indicated that H. polymorpha 

Pex11 is localized to the peroxisomal membrane (Fig. 3A). Co-localization 

studies with the ER lumen marker BiP mCherry-HDEL showed close 

connections of the ER with peroxisomes, most likely representing ER-peroxisome 

contact sites. Although Pex11 is present at the ER-peroxisome associations, this 

peroxin is not enriched at these sites (Fig. 3A). 
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Figure 3. Localization of Pex11, Pex23 and Pex24 in H. polymorpha. Localization of Pex11-mGFP 

(A), Pex23-mGFP (B, D) both under control of the endogenous promoter or Pex24-mGFP (C) under control 

of the AMO promoter in WT cells also producing the peroxisomal marker DsRed-SKL or the ER marker 

BiPN30-mCherry-HDEL. Cells were grown for 8 hours on mineral medium containing methanol (A, B, D) or a 

mixture of methanol and methylamine (C). Scale bar: 1 μm. 

  Similar studies using Pex23-GFP revealed that this peroxin co-localizes 

with the ER (Fig. 3D) and is often enriched at patches. Pex23 patches were often 

observed close to peroxisomes (Fig. 3B). Pex24-GFP produced under control of 

its own promoter was not detectable. Using the relatively strong amine oxidase 

promoter Pex24-GFP was detectable, but fluorescence was still very low. Because 

of bleed through with the peroxisomal marker DsRed-SKL it was not possible to 

perform reliable co-localization experiments with peroxisomes. However, Pex24-

GFP could be observed to co-localize with the ER, where it also formed patches 

(Fig. 3C).  

Transposon mutagenesis of H. polymorpha pex11 

To test whether the pex11, pex23 and pex24 phenotypes are due to functional 

redundancy, we performed transposon mutagenesis using pex11 cells. 

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 
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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. 4A), whereas in the 

remaining ones deletions or truncations had occurred in the VPS13 gene (not 

shown).  

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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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. 4A). 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. 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. 4B). 

 

Figure 4. 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 

Zeo to construct a vps13 strain. (B) Growth curves of the indicated strains using mineral medium 

containing methanol. The optical density is expressed as optical density at 660 nm (OD660). Error bars 

represent SD (n = 2). (C) 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. (D) 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. (E) FM analysis of pex11 vps13 cells constitutively producing 

GFP-SKL and producing Pex11 under control of the PAMO. Cells were grown on glucose/ammonium sulfate 

(PAMO repressing conditions) or methanol/methylamine (PAMO inducing conditions) containing media. Scale 

bar: 2µm. 
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Quantification of organelle numbers revealed a small reduction in 

peroxisome numbers in vps13 cells relative to the wild-type control (in methanol-

grown WT cells an average number of 4.9 peroxisomes per cell, versus 3.9 in 

vps13 cells). 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. 4C). Electron 

microscopy (EM) studies showed that peroxisome morphology was similar in 

vps13 and WT cells (Fig. 4D). 

To rule out that the peroxisome biogenesis defect of pex11 vps13 cells was 

due to secondary mutations, we re-introduced the PEX11 gene under control of 

the inducible amine oxidase promoter (PAMOPEX11). Upon growth of these cells 

on medium containing ammonium sulfate, thus repressing PAMO, GFP-SKL was 

mislocalized to the cytosol, but again confined to peroxisomes when methylamine 

was used as sole nitrogen source (Fig. 4E). These data confirm that the 

combined absence of Pex11 and Vps13 causes the peroxisome biogenesis defect in 

pex11 vps13 cells. 

 

Figure 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. 

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). 
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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. This revealed that essentially all pex11 vps13 cells 

contained clusters of vesicles, which are peroxisomal in nature as they contain 

Pex14 (Fig. 6A). Moreover, in the larger vesicles a minor alcohol oxidase 

crystalloid was observed regularly, indicating that these structures have a (very 

limited) capacity of importing peroxisomal matrix proteins (Fig. 6A III, inset). 

 

Figure 6. 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 endogenous promoters. Cells were grown on glycerol/methanol medium. Scale bar: 2 

µm.  
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FM revealed that Pex14-mCherry was localized in spots in pex11 vps13 

cells, which therefore most likely represent clusters of peroxisomal membrane 

structures (Fig. 6B). Co-localization studies of various PMPs, C-terminally 

tagged with mGFP and produced under the control of their endogenous 

promoters, revealed that they invariably co-localized with Pex14-mCherry (Fig. 

6B). 

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. 

Deletion of VPS13 in H. polymorpha pex23 and pex24, but not 

in dnm1, results in peroxisome deficiency 

Pex11 is involved in peroxisome fission. We therefore wondered whether the pex 

phenotype of the pex11 vps13 strain was related to the fission function of Pex11. 

As shown in Fig. 7A, this is not the case, because deletion of VPS13 in another 

peroxisome fission mutant, dnm1 (Nagotu et al., 2008a), did not result in a 

peroxisome deficient phenotype.  

 

Figure 7. pex23 vps13 and pex24 vps13 cells are peroxisome deficient. (A) FM analysis of the 

indicated strains producing DsRed-SKL or GFP-SKL, grown for 16 h on a mixture of glycerol and methanol. 

Scale bar: 2 μm. (B) Growth curves of the indicated strains on mineral medium containing methanol. The 

optical density is expressed as OD660. Error bars represent SD (n = 2). 
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  Next, we analyzed whether deletion of VPS13 affects the phenotype of 

pex23 and pex24 cells. As shown in Fig. 7, almost all (95%) cells of the pex23 

vps13 and pex24 vps13 double deletion strains showed mislocalization of the 

peroxisomal matrix marker, which was not observed in pex23 and pex24 single 

deletion cells (Fig. 7A). Moreover, pex23 vps13 and pex24 vps13 cells, but not 

pex23 and pex24 cells, are unable to grow on methanol (Fig. 7B). 

  Summarizing our data suggest that Vps13 is important to compensate for 

the absence of Pex23 and Pex24, like it does for the absence of Pex11. 

An artificial peroxisome-ER tether suppresses the pex11 

vps13, pex23 vps13 and pex24 vps13 phenotypes 

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). In order to test whether a defective peroxisome-ER MCS was causing the 

severe phenotype in the double mutants, 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 the pex11 vps13, pex23 vps13 and pex24 vps13 control strains contained 

small GFP spots and occasionally a peroxisome (Fig. 8A). However, introduction 

of ER-PER led to the appearance of more and larger peroxisomes in all three 

double deletion strains, which was not observed when PADH1PEX14 was 

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

(Fig. 8A). EM analysis revealed that in all double mutants (pex24 vps13 not 

shown here) producing the ER-PER tether the large peroxisomes were associated 

with ER strands (Fig. 8B). 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. 8B, III and IV). Suppression of the pex11 

vps13, pex23 vps13 and pex24 vps13 phenotypes by the ER-PER tether was 

corroborated by quantitative EM analysis of ultrathin sections (Fig. 8C). 
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Figure 8. Suppression of peroxisome biogenesis defects by the ER-PER tether. (A) FM analysis of 

methanol-glycerol grown pex11 vps13, pex23 vps13 and pex24 vps13 cells containing PPMP47PMP47-GFP 

alone or in combination with PADH1PEX14 (Pex14++) or PADH1PEX14-HAHA-UBC6TA (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-UBC6TA cell. III, IV Immunolabelling experiment using anti-

HA antibodies of pex11 vps13 PADH1PEX14-HAHA-UBC6TA cells. V, VI EM images of ultrathin section (V 

overview, VI magnification) of pex23 vps13 PADH1PEX14-HAHA-UBC6TA. Scale bars: I: 500 nm, II: 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). 
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Discussion 

Here we show that H. polymorpha pex11, pex23 and pex24 mutants have very 

similar peroxisomal phenotypes, namely reduced numbers of peroxisomes 

together with an increase in their size. Moreover, all three deletion strains show 

enhanced doubling times on methanol, indicative for a partial defect in 

peroxisome function. Deletion of VPS13 in each of these mutants resulted in a 

much more severe peroxisome biogenesis defect, reflected by mislocalization of 

the bulk of the matrix proteins in the cytosol and a full defect in methanol 

growth. The mislocalization of matrix proteins is not due to a defect in the 

import machinery, but likely caused by a reduced capacity of the organelles to 

grow. This is based on the observation that small peroxisomes containing matrix 

proteins are still formed in the double mutants. Moreover, peroxisomal 

membrane proteins are properly sorted to these organelles and the import defect 

can partially be compensated by the introduction of an artificial ER-peroxisome 

tethering protein. Together these data suggest that ER-peroxisome associations 

important for peroxisomal membrane growth are affected in the double mutants 

and restored by artificially tethering peroxisomes to the ER. 

H. polymorpha Pex23 and Pex24 are ER localized peroxins (Fig. 3), 

belonging to the Pex23- and Pex24-protein families, respectively (Fig. 1). 

Detailed localization and proteomic studies in S. cerevisiae indicate that several 

proteins of these two families (Pex28, Pex29, Pex30, Pex31, Pex32) form a 

complex at the ER, together with the reticulon homology proteins Rtn1, Rtn2 

and Yop1 (David et al., 2013; Mast et al., 2016). Although the Pichia pastoris 

Pex23 family proteins Pex30 and Pex31 were suggested to have a dual 

localization at the ER and peroxisomes, the high sequence conservation indicates 

that these peroxins as well as Y. lipolytica Pex23 and Pex24 most likely are ER-

localized (Yan et al., 2008; Tam and Rachubinski, 2002). 

  Deletion of genes encoding proteins of the Pex23 or Pex24 families result 

in phenotypes ranging from the presence of small peroxisomal membrane 

vesicles which harbor both matrix and membrane proteins in Y. lipolytica 

(Brown et al., 2000; Tam and Rachubinski, 2002) to reduced numbers of enlarged 

peroxisomes in S. cerevisiae, P. pastoris (Vizeacoumar et al., 2003, 2004; David et 

al., 2013; Yan et al., 2008) and H. polymorpha (this study, Fig. 2). Why the 

deletion of similar genes results in different phenotypes remains unclear, but 

may be related to functional redundancy. For instance, Y. lipolytica has only one 

Pex23 family member (Pex23), whereas the other yeast species have two (P. 

pastoris, H. polymorpha) or three (S. cerevisiae) (Fig. 1). Hence, Y. lipolytica 

pex23 cells are fully devoid of proteins of the Pex23 family, whereas in S. 

cerevisiae pex30 (homologous to Pex23) still two members of this protein family 

are left (i.e. Pex31 and Pex32; Fig. 1). 
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S. cerevisiae Pex29 and Pex30 have been proposed to be ER-localized 

proteins of EPCONS, an ER-peroxisome contact site. It is likely that proteins of 

the EPCONS complex interact with peroxisomal proteins or lipids, however, a 

peroxisomal protein of EPCONS has not yet been identified. Interestingly, S. 

cerevisiae Pex30 and Pex32 physically interact with the soluble peroxin Pex19, 

which can bind many peroxisomal membrane proteins (Vizeacoumar et al., 

2006). Hence, Pex19 could form a bridge between the ER- and peroxisome-

localized proteins at EPCONS. Proteomic analysis of a Pex29-containing 

membrane protein complex identified the peroxisomal membrane protein Pex11 

(David et al., 2013), suggesting the Pex11 could be a peroxisomal binding partner 

for the ER-localized peroxin-reticulon protein complex. This suggestion is 

supported by our observation that H. polymorpha cells lacking Pex11 have a 

similar phenotype as cells lacking Pex23 or Pex24. Moreover, pex11 vps13, pex23 

vps13 and pex24 vps13 have a similar peroxisomal phenotype, which can be 

suppressed by an artificial ER-peroxisome tethering protein. The similarity of 

the phenotypes of H. polymorpha pex23, pex24 and pex11 single deletion strains 

as well as the double deletion strains with vps13 is unexpected, because Pex11 

has been implicated in peroxisome fission (Li and Gould, 2002; Opaliński et al., 

2011; Williams et al., 2015). However, Pex11 also plays a role in the regulation of 

the formation of PMP complexes (Cepińska et al., 2011). Hence, it may indirectly 

play a role in EPCONS function/formation, by influencing the composition of yet 

unknown membrane protein complexes at the peroxisomal membrane. 

Alternatively, Pex11 may directly interact with the ER-localized EPCONS 

complex, which is supported by the observation that Pex11 is present in Pex29 

complexes (David et al., 2013).  

Proteins of S. cerevisiae Pex23 and Pex24 protein families have been 

suggested to play role in de novo peroxisome formation from the ER (David et al., 

2013; Mast et al., 2016; Joshi et al., 2016). Interestingly, recent studies showed 

that overproduction of S. cerevisiae Pex30 or Pex31 in cells devoid of the 

reticulon homology proteins restore ER shape suggesting that these peroxins 

also play a role in maintaining proper ER morphology (Joshi et al., 2016). Based 

on our data we speculate that a H. polymorpha protein complex that contains 

Pex23 and Pex24, facilitates non-vesicular lipid transfer between the ER and 

peroxisomes. This function would be in line with the observation that the 

reticulon homology domain containing proteins Rtn1p, Rtn2p and Yop1p, which 

are components of EPCONS, facilitate lipid exchange between membranes (Voss 

et al., 2012).  

A role of the H. polymorpha EPCONS in peroxisomal membrane growth is 

supported by our finding that the phenotype of pex11 vps13, pex23 vps13 and 

pex24 vps13 cells can be suppressed by an artificial ER-peroxisome tethering 

protein. 
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  Why deletion of VPS13 enhances the phenotype of the three single 

deletion strains remains to be studied. Vps13 is among the largest proteins in 

yeast (approx. 350 kDa). It contains a plextrin homology domain (Fidler et al., 

2016) and is capable to bind membranes via different domains with specific 

affinities for certain lipids (De et al., 2017). Given the large range of functions 

proposed for yeast Vps13 and its human homologues, it has been suggested that 

the core function of Vps13 may be to physically connect membranes (Myers and 

Payne, 2017). 

  S. cerevisiae Vps13 was initially characterized as a protein involved in 

vacuolar protein sorting (Brickner and Fuller, 1997). Recent in vitro studies 

using isolated yeast Vps13 indicated a role in trans-Golgi network (TGN) to 

prevacuolar compartment trafficking as well as in TGN homotypic fusion (De et 

al., 2017). Vps13 is also important for multiple aspects of yeast prospore 

membrane biogenesis, including regulation of phosphatidylinositol phosphates 

and membrane bending (Park and Neiman, 2012). Evidence for a role of Vps13 in 

MCSs came from studies indicating that Vps13 localizes to different yeast MCSs 

including the Nuclear Vacuolar Junction (NVJ), vCLAMP and endosome-

mitochondrial MCSs (Park et al., 2016; Lang et al., 2015). Importantly, recent 

fluorescence microscopy data revealed that also a small portion of the Vps13 foci 

co-localized with peroxisomes in S. cerevisiae (John Peter et al., 2017).  

  In peroxisome biogenesis, Vps13 may be involved in the function or 

regulation of the EPCONS. However, proteomic studies of the EPCONS complex 

did not result in the identification of this protein. Moreover, we were unable to 

localize Vps13 to EPCONS (data not shown). Alternatively, Vps13 could be 

important for another, redundant peroxisomal MCS with the ER or another cell 

organelle.  

Vps13 is only required for peroxisome biogenesis when an EPCONS 

peroxin (Pex23, Pex24 or Pex11) is absent. This defect can be largely suppressed 

by an artificial ER-peroxisome tethering protein. Hence, our results indicate that 

these peroxins play a role in tethering peroxisomes to the ER as an important 

process in peroxisomal membrane biogenesis. 

  



Chapter 2 

62 
 

Materials and methods 

Strains and growth conditions 

H. polymorpha and S. cerevisiae strains used in this study are listed in Table 1 

and Table 2, 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 3 and 4, 

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 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 
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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. 

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. 
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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 H. polymorpha PEX11-mGFP BiPN30-mCherry-

HDEL 

The yku80 strain was transformed with BstAPI-lineairized plasmid pAMK65, 

which contains the Pex11 promoter and gene fused to GFP. To create a PEX11-

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 
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between BglII and SalI sites of pRSA017. Finally, a PCR 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. Subsequently DraI-lineairized plasmid pHIPX7 BiPN30-

mCherry-HDEL was transformed into WT PEX11-mGFP cells. 

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. Finally, the StuI-linearized 

pHIPX7-BiPN30-mCherry-HDEL was transformed into WT PEX23-mGFP cells. 

Construction of H. polymorpha PEX24-mGFP BiPN30-mCherry-

HDEL strain 

A plasmid encoding Pex24-mGFP was constructed as follows: a PCR fragment 

encoding the C-terminus of Pex24 was obtained using primers pex24fw and 

pex24rev with H. polymorpha NCYC495 genomic DNA as a template. The 

obtained PCR fragment and pHIPZ-mGFP fusinator plasmid were restricted by 

BglII and HindIII, then ligated which resulted in pHIPZ-PEX24-mGFP. BclI-

linearized pHIPZ-PEX24-mGFP was transformed into WT cells. Then correct 

integrations were confirmed by colony PCR with primers pex24 fw check + pex32 

rev check. 

To construct pHIPH5-PEX24-mGFP plasmid, first a PCR fragment containing 

Pex24-mGFP was obtained using primers Pex24GFP fw and Pex24GFP rev with 

WT Pex24-mGFP genomic DNA as a template. PCR product and pHIPH5 were 

restricted by SbfI and BamHI, then ligated which resulted in pHIPH5-PEX24-

GFP. To create, WT PAMOPEX24-mGFP BiPN30-mCherry-HDEL, first the PmlI-

linearized pHIPH5-PEX24-mGFP plasmid was transformed into yku80 cells. 

Finally, the DraI-linearized pHIPX7-BiPN30-mCherry-HDEL was transformed 

into WT PAMOPEX24-mGFP cells. 
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Construction of the H. polymorpha dnm1 vps13 DsRed-SKL 

strain 

The VPS13 disruption cassette containing the zeocin resistance gene was 

transformed into WT DsRed-SKL cells resulting in vps13 DsRed-SKL strain. The 

DNM1 deletion cassette was obtained in a PCR reaction with primers Hyg-Fw01 

and Hyg-Rev02 using plasmid pARM001 as a template and then transformed 

into vps13 DsRed-SKL resulting in dnm1 vps13 DsRed-SKL. Deletion of DNM1 

was checked by colony PCR using primers Dnm1-Fw and Dnm1-Rev. 

Construction of H. polymorpha pex23 DsRed-SKL, pex23 

PMP47-GFP 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 50bp 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 and correct deletion of PEX23 was 

confirmed by southern blotting.  

To create pex23 PMP47-mGFP, firstly the plasmid pHIPN-PMP47-mGFP was 

constructed as follows. 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 pHIPN-PMP47-

mGFP plasmid was transformed into pex23 cells. The correct integrations were 

confirmed by colony PCR with primers PMP47_fwd_check+ mGFP_rev_check. 

To create pex23 vps13 DsRed-SKL, first the SphI-linearized plasmid pHIPX4-

DsRed-SKL was transformed into pex23 strain. 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, 

and correct deletions of VPS13 was confirmed by southern blotting. 

Construction of H. polymorpha pex24 GFP-SKL, pex24 PMP47-

GFP and pex24 vps13 GFP-SKL strains 

The pex24 deletion strain was constructed by replacing the PEX24 region with 

the zeocin resistance gene as follows: First, a PCR fragment containing the 

zeocin resistance gene and 50bp of the PEX24 flanking regions were amplified 
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with primers PEX24-Fw and PEX24-Rev using plasmid pENTR221-Zeocin as a 

template. The resulting PEX24 deletion cassette was transformed into yku80 

cells. Zeocin resitance transformants were selected and checked by colony PCR 

with primers cPEX24-Fw+cPEX24-Rey and correct deletion of PEX24 was 

confirmed by southern blotting.  

To create pex24 PMP47-mGFP, the MunI-linearized pHIPN-PMP47-mGFP 

plasmid was transformed into pex24 cells. The correct integrations were 

confirmed by colony PCR with primers PMP47_fwd_check+ mGFP_rev_check. 

To create pex24 GFP-SKL, the StuI-linearized plasmid pHIPX4-GFP-SKL was 

transformed into pex24 strain.  Then the VPS13 deletion cassette containing 

hygromycin was amplified with primers Vps13-08 and Vps13-09 using pDEST-

VPS13-02 as a template. The resulted VPS13 deletion cassette was transformed 

into pex24 GFP-SKL cells, resulting in pex24 vps13 GFP-SKL strains. 

Hygromycin resistance transformants were selected and confirmed by colony 

PCR using primers Vps13-06 and Vps13-07 and correct deletions of VPS13 was 

confirmed by southern blotting. 

Construction of H. polymorpha pex11 vps13 PMP47-GFP 

strains with or without an artificial ER linker 

To create pex11 vps13 PMP47-mGFP, the MunI-linearized 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, 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-



Chapter 2 

68 
 

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 and 

pex24 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 construct pex24 vps13 the VPS13 deletion cassette containing the hygromycin 

resistance gene was transformed into pex24 cells. Hygromycin resistance 

transformants were selected and confirmed by colony PCR using primers Vps13-

06 and Vps13-07 and correct deletions of VPS13 was confirmed by southern 

blotting. To create pex24 vps13 PMP47-mGFP, the MunI-linearized pHIPN-

PMP47-mGFP plasmid was transformed into pex24 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 

fragments were transformed into pex23 vps13 PMP47-mGFP and pex24 vps13 

PMP47-GFP cells. Correct integrations were confirmed by colony PCR with 

primers Adh1 cPCR fwd+Pex14_cPCR_rev and Adh1 cPCR fwd+ 

Ubc6_cPCR_rev. 

  



Hansenula polymorpha Pex11, Pex23 and Pex24 are important for peroxisome-ER membrane contact sites 

involved in organelle expansion 

 

69 
 

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. 
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FM 

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 

wild-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 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). 

EM 

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). 

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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Table 1. H. polymorpha strains used in this study 

Strains Description Reference 

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-GFP-SKL::sh ble (Nagotu et al., 

2008a) 

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 GFP-SKL 

PAMOPEX11 

PEX11::URA3 VPS13::HPH  pHIPZ7-

GFP-SKL::sh ble pHIPX5-PEX11::LEU2    

This study 

pex11 vps13 PEX14-

mCherry 

PEX11::URA3 VPS13::HPH pHIPN-

PEX14-mCherry::NAT  

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 PEX14-

mCherry PEX8-mGFP 

PEX11::URA3 VPS13::HPH pHIPN-

PEX14-mCherry::NAT pMCE4::sh ble 

This study 

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 

WT PEX11-mGFP pAMK65::sh ble YKU80::URA3 This study 
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WT PEX11-mGFP 

BiPN30-mCherry-

HDEL 

pAMK65::sh ble pHIPX7-BiPN30-

mCherry-HDEL::LEU2 YKU80::URA3 

This study 

WT PEX23-mGFP pHIPZ-PEX23-mGFP::sh ble 

YKU80::URA3 

This study 

WT PEX23-mGFP 

DsRed-SKL 

pHIPZ-PEX23-mGFP::sh ble  pHIPX7-

DsRed-SKL:: LEU2 YKU80::URA3 

This study 

WT PEX23-mGFP 

BiPN30-mCherry-

HDEL 

pHIPZ-PEX23-mGFP::sh ble pHIPX7-

BiPN30-mCherry-HDEL::LEU2  

YKU80::URA3 

This study 

WT PEX24-mGFP pHIPZ-PEX24-mGFP::sh ble This study 

WT PAMOPEX24-

mGFP 

pHIPH5-PEX24-mGFP::HPH This study 

WT PAMOPEX24-

mGFP BiPN30-

mCherry-HDEL 

pHIPH5-PEX24-mGFP::HPH pHIPX7-

BiPN30-mCherry-HDEL::LEU2 

This study 

dnm1 DsRed-SKL DNM1::LEU2 pHI-DsRed-SKL::URA3 (Cepińska et al., 

2011) 

vps13 DsRed-SKL VPS13::sh ble pHIPN4-DsRed-

SKL::NAT  YKU80::URA3 
This study 

dnm1 vps13 DsRed-

SKL 

VPS13::sh ble DNM1::HPH pHIPN4-

DsRed-SKL::NAT  YKU80::URA3 
This study 

pex23 PEX23::sh ble YKU80::URA3 This study 

pex23 vps13 PEX23::sh ble VPS13::HPH  

YKU80::URA3 

This study 

pex23 PMP47-mGFP PEX23::sh ble YKU80::URA3 pHIPN-

PMP47-GFP::NAT 

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 

pex24 PEX24::sh ble YKU80::URA3 This study 

pex24 vps13 PEX23::sh ble VPS13::HPH 

YKU80::URA3 

This study 

pex24 PMP47-mGFP PEX24::sh ble YKU80::URA3 pHIPN-

PMP47-GFP::NAT 

This study 

pex24 GFP-SKL PEX24::sh ble YKU80::URA3 pHIPX4-

GFP-SKL::LEU2   

This study 

pex24 vps13 GFP-SKL PEX24::sh ble VPS13::HPH 

YKU80::URA3 pHIPX4-GFP-SKL::LEU2   

This study 

pex11 PMP47-mGFP PEX11::URA3 pMCE07::sh ble (Thomas et al., 

2015) 

pex11 vps13 PMP47-

GFP 

PEX11::URA3 VPS13::HPH pHIPN-

PMP47-GFP::NAT 

This study 

pex11 vps13 PMP47- PEX11::URA3 VPS13::HPH pHIPN- This study 
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GFP PADH1PEX14 PMP47-GFP::NAT pARM059::sh ble 

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 

pex24 vps13 PMP47-

GFP 

PEX24::sh ble  VPS13::HPH pHIPN-

PMP47-GFP::NAT  YKU80::URA3 

This study 

pex24 vps13 PMP47-

GFP PADH1PEX14 

PEX24::sh ble VPS13::HPH pHIPN-

PMP47-GFP::NAT pARM069::LEU2  

YKU80::URA3 

This study 

pex24 vps13 PMP47-

GFP PADH1PEX14-

2xHA-UBC6 

PEX24::sh ble VPS13::HPH pHIPN-

PMP47-GFP::NAT pARM072::LEU2  

YKU80::URA3 

This study 
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Table 2. 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 
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Table 3. Plasmids used in this study 

Plasmids   Description References 

pREMI-Z REMI plasmid for screening, ZeoR, AmpR (van Dijk et al., 

2001) 

pDONR P4-P1R  Multisite Gateway vector; KanR CmR Invitrogen 

pDONR P2R-P3 Multisite Gateway vector; KanR CmR Invitrogen 

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

of VPS13; KanR 
This study 

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

of VPS13; KanR 
This study 

pDEST R4-R3  Multisite Gateway vector; KanR CmR Invitrogen 

pENTR221-zeocin pDONR 221 with sh ble cassette; ZeoR, 

KanR  

(Saraya et al., 

2012) 

pENTR221-hph pDONR 221 with HPH; HphR, KanR (Saraya et al., 

2012) 

pDEST-VPS13-01 Plasmid containing VPS13 deletion 

cassette; HphR, AmpR 
This study 

pDEST-VPS13-02 Plasmid containing VPS13 deletion 

cassette; ZeoR, AmpR 
This study 

pENTR221-

LEU2Ca 

pDONR221 with LEU2; KanR (Nagotu et al., 

2008b) 

pMCE7 pHIPZ plasmid containing gene 

encoding C-terminal of Pmp47 fused to 

mGFP; ZeoR, AmpR 

(Cepińska et al., 

2011) 

pHIPX-PMP47-

mGFP 

pHIPX plasmid containing gene 

encoding C-terminus of Pmp47 fused to 

mGFP; LEU2, AmpR 

This study 

pHIPX7-GFP-SKL pHIPX plasmid containing GFP-SKL 

under the control of PTEF; LEU2, KanR 

(Baerends et al., 

1997) 

pHIPZ7-GFP-SKL pHIPZ plasmid containing GFP-SKL 

under the control of PTEF; ZeoR, AmpR 

(Knoops et al., 

2014) 

pSEM04 pHIPH plasmid containing PEX3 under 

control of PAMO; HphR; AmpR 

(Knoops et al., 

2014) 

pHIPH5-PEX11 pHIPH plasmid containing PEX11 under 

the control of PAMO; HphR, AmpR 

This study 

pHIPX5 pHIPX plasmid containing AMO 

promoter; LEU2, KanR  

(Kiel et al., 1995) 

pHIPX5-PEX11 pHIPX plasmid containing PEX11 under 

the control of PAMO; LEU2, KanR 

This study 

pHIPN4-DsRed-

SKL 

pHIPN plasmid containing DsRed-SKL 

under the control of PAOX; NatR, AmpR 

(Cepińska et al., 

2011) 

pSEM01 pHIPN plasmid containing gene 

encoding C-terminal part of Pex14 fused 

(Knoops et al., 

2014) 
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to mCherry; NatR, AmpR 

pHIPZ-mGFP 

fusinator 

pHIPZ plasmid containing mGFP and 

AMO terminator; ZeoR, AmpR 

(Saraya et al., 

2010) 

pHIPZ-PEX3-

mGFP 

pHIPZ plasmid containing gene 

encoding C-terminal of Pex3 fused to 

mGFP; ZeoR, AmpR 

This study 

pMCE4 pHIPZ plasmid containing gene 

encoding C-terminal of Pex8 fused to 

mGFP; ZeoR, AmpR  

(Cepińska et al., 

2011) 

pMCE5 pHIPZ plasmid containing gene 

encoding C-terminal of Pex10 fused to 

mGFP; ZeoR, AmpR 

(Cepińska et al., 

2011) 

pSEM03 pHIPZ plasmid containing gene 

encoding C-terminal of Pex13 fused to 

mGFP; ZeoR, AmpR 

(Knoops et al., 

2014) 

pAMK65 pHIPZ containing PPEX11PEX11-GFP; 

ZeoR, AmpR 

(Thomas et al., 

2015) 

pHIPZ-PEX23-

mGFP 

pHIPZ plasmid containing gene 

encoding C-terminal of Pex23 fused to 

mGFP; ZeoR, AmpR 

This study 

pBlueScript II Standard vector; AmpR Fermentas 

pBS-BiP p-Bluescript II containing BIP; AmpR This study 

pANL29 pHIPZ plasmid containing GFP-SKL 

under the control of PAOX; ZeoR, AmpR 

(Leao-Helder et al., 

2003) 

pBS-BiPN30-GFP-

HDEL 

p-Bluescript II containing BIP N30- 

GFP-HDEL; AmpR  

This study 

pHIPX7-BiPN30-

GFP-HDEL 

pHIPX containing BIP N30 fused to 

GFP-HDEL under the control of PTEF; 

LEU2, KanR 

This study 

pHIPX4 pHIPX plasmid containing AOX 

promoter; LEU2, KanR 

(Gietl et al., 1994) 

pHIPX4-BiPN30-

GFP-HDEL 

pHIPX containing BIP N30 fused to 

GFP-HDEL under the control of PAOX; 

LEU2, KanR 

This study 

pRSA017 pHIPZ containing BIP N30 fused to 

GFP-HDEL under control of PAOX; ZeoR, 

AmpR 

This study 

pHIPZ4-BiPN30-

mCherry-HDEL 

pHIPZ containing BIP N30 fused to 

GFP-HDEL under control of PAOX; ZeoR, 

AmpR 

This study 

pHIPX7-BiPN30-

mCherry-HDEL 

pHIPX containing BIP N30 fused to 

mCherry-HDEL under the control of 

PTEF; LEU2, KanR 

This study 

pHIPZ-PEX24- pHIPZ plasmid containing gene This study 
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mGFP encoding C-terminal of Pex24 fused to 

mGFP; ZeoR, AmpR 

pHIPH5-PEX24-

mGFP  

pHIPH plasmid containing Pex24-mGFP 

under the control of PAMO; HphR, Amp 

This study 

pARM001 pHIPH plasmid containing gene 

encoding C-terminal part of Pex14 fused 

to mCherry; HphR, AmpR 

(Kumar et al., 

2016) 

pHIPX4-DsRed-

SKL 

pHIPX plasmid containing DsRed-SKL 

under the control of PAOX; LEU2, KanR 

(Otzen et al., 2004) 

pHIPX4-GFP-SKL pHIPX plasmid containing GFP-SKL 

under the control of PAOX; LEU2, KanR 
(Faber et al., 2002) 

pHIPN4 pHIPN plasmid containing AOX 

promoter; NatR, AmpR 

(Cepińska et al., 

2011) 

pHIPN-PMP47-

GFP 

pHIPN plasmid containing C-terminal of 

PMP47 fused to mGFP; NatR, AmpR 

This study 

pHIPZ4-GFP-SKL pHIPZ plasmid containing GFP-SKL 

under the control of PAOX; ZeoR, AmpR 

(Leao-Helder et al., 

2003) 

pAMK94 pHIPZ plasmid containing GFP-SKL 

under the control of PADH1; ZeoR, AmpR 

This study 

pARM059 pHIPZ plasmid containing PEX14 under 

the control of PADH1; ZeoR, AmpR 

This study 

pARM053 pHIPZ plasmid containing PEX14-

2xHA-UBC6 under the control of PADH1; 

ZeoR, AmpR 

This study 

pARM069 pHIPX plasmid containing PEX14 under 

the control of PADH1; LEU2, KanR 

This study 

pARM072 pHIPX plasmid containing PEX14-

2xHA-UBC6 under the control of PADH1; 

LEU2, KanR 

This study 

pSL34 Plasmid containing GFP-SKL under the 

control of PMET25; ZeoR, AmpR 

(Lefevre et al., 

2013) 

pAG25 Plasmid containing nourseothricin 

resitance gene; NatR, AmpR 

Euroscarf 
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Table 4. Primers used in this study 

Primer  Sequence (5’ – 3)’ 

pREMI-fw GCTAGCTAGGATCCTGACTG 

pREMI-rev CGGGATCCCTGGCCGTCGTTTTACGATC 

pREMI-ori GATCTTTTCTACGGGGTCTG 

pREMI-tef CGGAGTCCGAGAAAATCTGG 

VPS13-5’F GGGGACAACTTTGTATAGAAAAGTTGCGGCCGCAATCACCA

ACTCA 

VPS13-5’R GGGGACTGCTTTTTTGTACAAACTTGACGGTCACGTCGCGT

AGCAT 

VPS13-3’F GGGGACAGCTTTCTTGTACAAAGTGGCCGTGTCAACCAGCT

CCATA 

VPS13-3’R GGGGACAACTTTGTATAATAAAGTTGGCTGATGAACGCTGC

CGAAT 

Vps13-06 CGGCTGTCGTAGACGTATTC 

Vps13-07 CATCGAGGCGATCGTACGTT 

Vps13-08 CGGCCGCAATCACCAACTA 

Vps13-09 GCTGATGAACGCTGCCGAAT 

Leucine-F CTAGCTCGAGGGTGAATCGTTGTTAATGG 

Leucine-R GCATGCGGCCGCTGGAAACAAGCCCGT 

PEX11-01 TCGAGGATCCATGGTTTGCGACACGATAAC 

PEX11-02 CGATCCCGGGTCATAGCACAGAAGACTCGG 

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 

KN18 CCCAAGCTTGGATCCATGTTAACTTTCAATAAGTC 

KN19 GGGAAGCTTAGATCTAAACTGCTGTGTTGTTAGTGGG 

KN14 CCCCTCGAGAACCTGTACTTCCAGTCGAGATCTGTGAGCAA

GGGCGAGGAGC 

KN17 GGGGTCGACTTACAGCTCGTCGTGAAGCTTGTACAGCTCG 

BIPmCh1_fw GGAAGATCTGTGAGCAAGGGCGAGGAGGA 

BIPmCh1_rev GACGTCGACTTAGAGTTCATCATGCTTGTACAGCTCGTCCAT

GCCGCCGG 

BIPmCh2_fw CGCGGATCCATGTTAACTTTCAATAAGTCGG 

Pex23GFP-fw CCCAAGCTTGGTGACACGAAAGTTGCTTT 

Pex23GFP-rev AGATCTTCCTTCTTTCTTTTTGTCTGTGACACCACC 
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pex24fw CCCAAGCTTGGATGTCTAATGCCCTACC 

pex24rev GGAAGATCTTCGCTTTTTTGGTGGCCTG 

pex24 fw check ATTGGAGGACCGGCATAGGA 

pex32 rev check AGCTTGCCGTAGGTGGCATC 

Pex24GFP fw CGGGATCCATGAGCAATTCTCCTCCTTC 

Pex24GFP rev GAGCGACCTGCAGGTTACTTGTACAGCTCGTCCA 

Hyg-Fw01 GAATACATTTCCAAGCCAAACTCGATTATTCTAGCTGTTTCT

CCAGCCAATAACCCACACACCATAGCTTCAA 

Hyg-Rev02 ACCGAACCATTTGGCGACCTGGCATGGTCTTTACTCTTCTGT

TTCTGTTT CGTTTTCGACACTGGATGGC 

Dnm1-Fw TATTGGTGACCAACCAACCG 

Dnm1-Rev GAGCTCCTTCTCGCCATTTG 

PEX23-Fw CACCTTCTAGCATTAACAGCAACATTTCAGAAGTACAGCCAA

CAACAGGCTAATTCCGATCCCCCACACACCATAGCTTC 

PEX23-Rev ATCCATCTTCTGCGTCGCGTATACTTGCTGAACGAATCTTCG

GTGGACGGGCAAATTAAAGCCTTCGAGCGTCCC 

cPEX23-Fw GTACGATTACTGGACGTTGA 

cPEX23-Rev AGCTCCAACATCTCGGAAGA 

Nat-fwd CAAAACCTCGAGACTTGCCTTTGAAGGCTCTT 

Nat-rev ATAGTTTAGCGGCCGCATCATCGATGAATTCGAGCT 

PMP47_fwd_chec

k 
ACTTATCCGCTGGTCACTCT 

mGFP_rev_check AAGTCGTGCTGCTTCATGTG 

PEX24-Fw GTGCACCAGGAGTCCCCAGAAATCATTTGTAGAAATAACTT

ATCAGACAATTCCGATCCCCCACACACCATAGCTTC 

PEX24-Rev TGTTTCAGACGGCTTTTCGATGGCCTGGTTCAGGAATCATA

GTTGAGCCCGCAAATTAAAGCCTTCGAGCGTCCC 

cPEX24-Fw CGTCTACAAACTCTCTCAAC 

cPEX24-Rev CCTACTTCTGCAATTTGTGT 

Adh1-F AAGGAAAAAAGCGGCCGCCCCCTGCATTATTAATCACC 

Adh1-R AATCAATCAATCAATTTAAAAAGCTTGGG 

Pex14_HindIII_fw CCCAAGCTTGGGATGTCTCAACAGCCAGCAAC 

Pex14_PspXI_rev GACCTCGAGCTTAGGCATTCAGCTGCCACG 

HindIII-Pex14 CCCAAGCTTATGTCTCAACAGCCAGCAAC 

Pex14_HA-HA 
TCCTGCATAGTCCGGGACGTCATAGGGATAGCCCGCATAGT

CAGGAACATCGTATGGGTAGGCATTCAGCTGCCACGCCG 

HAHA_Ubc6 
TACCCATACGATGTTCCTGACTATGCGGGCTATCCCTATGAC

GTCCCGGACTATGCAGGAGAAAACGGATGGGGCATATA 

Ubc6_PspXI CGCCTCGAGCCTATCATCTTGATGTACCTCCGG 

Padh1_mid_fw CAGGCCGAGTAATGCTGACC 

Padh1_mid_rev CGGACACCCTACACCAGAAT 

Adh1 cPCR fwd TGTTGAGCAGGCTGATAACC 

Pex14_cPCR_rev TCTCTGGACAACACGTCTCT 
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Ubc6_cPCR_rev ACCACTGCCAACAGCACATA 

PEX11-Fw ATGGTCTGTGATACACTGGTATATCATCCCTCCGTGACGAG

ATTCGTCAACCAGATCTGTTTAGCTTGCCTT 

PEX11-Rev TATGTAGCTTTCCACATGTCTTGCATACCAAGGATAGATGTG

ACAACACCATTCGAGCTCGTTTTCGACA 

cPEX11-Fw AGAACCCGAAGCGATGGGTA 

cPEX11-Rev GGACATGGAACATTGGGTCA 
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Abstract 

Here we show that in the yeast Hansenula polymorpha peroxisomes form 

intimate contacts with the endoplasmic reticulum (EPCONS) and vacuoles 

(VAPCONS) at conditions of rapid peroxisome expansion. Previously, we 

presented evidence that the ER proteins Pex23, Pex24 and the peroxisomal 

membrane protein Pex11 may be important for transfer of membrane lipids from 

the ER to peroxisomes at EPCONS. The absence of these proteins, together with 

Vps13 resulted in severe peroxisomal phenotypes. Vps13 regulates among others 

vCLAMP, a mitochondrial-vacuolar membrane contact site. We now studied 

whether the observed defects in the vps13 double deletion strains are related to 

vCLAMP defects by analyzing double mutants of pex11, pex23 or pex24 with ypt7 

or vps39. We show that all double mutants, but not the single deletion strains, 

show a strong matrix protein import defect most likely due to the limited capacity 

of the organelles to increase in size. These defects can be suppressed by the 

introduction of an artificial ER-peroxisome tethering protein.  

Based on these observations we speculate that EPCONS and VAPCONS 

play redundant roles in peroxisomal membrane biogenesis, where Ypt7 and 

Vps39 may play a direct or indirect role in VAPCONS formation or function. 
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Introduction 

Peroxisomes are organelles of simple architecture that notwithstanding their 

small size may display an unprecedented assortment of physiological functions 

that varies with the organism in which they occur (Smith and Aitchison, 2013). 

Their significance is underscored by the fact that in man peroxisome malfunction 

leads to severe diseases (Waterham and Wanders, 2012).  

The current models of peroxisome development ranges from a process in 

which all peroxisomes arise from the endoplasmic reticulum (ER) (Tabak et al., 

2013) to one that prescribes that the organelles are semi-autonomous and 

multiply by fission (Lazarow and Fujiki, 1985). Growth of peroxisomes requires 

the import of matrix and membrane components. The principles of matrix and 

membrane protein sorting have been studied extensively (Hettema et al., 2014), 

but the molecular mechanisms involved in transport of lipids to the organellar 

membrane is relatively unexplored (Shai et al., 2015; Yuan et al., 2016). Yeast 

peroxisomes lack lipid biosynthetic enzymes. Therefore, lipids have to derive 

from other organelles. In yeast, evidence has been reported that the peroxisomal 

membrane contains lipids that are derived from mitochondria, vacuoles, the ER 

and the Golgi apparatus (Flis et al., 2015; Rosenberger et al., 2009). Transport 

from these organelles to peroxisomes could occur via vesicular transport 

(Andrade-Navarro et al., 2009; Hettema et al., 2014), but evidence has been 

presented that non-vesicular pathways may play a role as well (Raychaudhuri 

and Prinz, 2008). Regions of close apposition between two membranes, 

designated membrane contact sites (MCSs), play crucial roles in non-vesicular 

lipid transport (Lahiri et al., 2015). Close associations between yeast peroxisomes 

and other cellular membranes have been demonstrated by electron microscopy 

approaches (Perktold et al., 2007; Veenhuis et al., 1979). Also, several yeast 

proteins that are localized at these regions have been identified (David et al., 

2013; Knoblach et al., 2013; Mast et al., 2016; Mattiazzi Ušaj et al., 2015). 

We recently obtained evidence that contacts between peroxisomes and the 

ER (EPCONS) (David et al., 2013) play a role in peroxisome membrane growth 

(Chapter 2, this thesis). Here we further studied peroxisomal MCSs in the yeast 

Hansenula polymorpha. We observed that at peroxisome repressing growth 

conditions (glucose) the organelles are only associated with the ER, whereas upon 

a shift to conditions of maximal peroxisome induction (methanol), MCSs with 

vacuoles (VAPCONS) become very prominent as well. Our data suggest that 

EPCONS and VAPCONS may play redundant roles in the expansion of the 

peroxisomal membrane.  
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Results 

Developing peroxisomes are associated with the ER and 

vacuoles 

We reasoned that potential MCSs involved in peroxisomal membrane biogenesis 

could be best identified in cells containing rapidly expanding peroxisomes. In H. 

polymorpha, these conditions are ideally met in cells, which are precultivated on 

glucose (peroxisome repressing conditions), 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 (approximately 0.1 μm in diameter) that rapidly develops into a 

larger organelle (almost 1μm in diameter) in the first 6-8 h of adaptation of cells 

to growth on methanol (Veenhuis et al., 1979). Hence, the membrane surface of 

this single organelle increases almost 100-fold prior to the first fission event in 

the same time interval. For this reason, we analyzed wild-type (WT) cells at 

conditions of fast organellar growth, that is 4 hours after the shift of cells from 

glucose- to methanol-containing media.  

Electron microscopy (EM) analysis of KMnO4-fixed cells confirmed that 

most cells contained a single enlarged peroxisome. This organelle displayed 

intimate contacts with the ER, vacuoles, mitochondria and plasma membrane 

(Fig. 1A). Similar studies using glucose-grown cells revealed that the small 

peroxisomes present in these cells associated with the cortical ER and plasma 

membrane (Fig. 1B). 

At regions where the peroxisomal membrane was closely associated with a 

membrane of another organelle, the distance between both membranes was 

generally less than 5 nm in sections of the KMnO4-fixed cells. We therefore used 

a maximum distance of 5 nm as criterion for MCSs in subsequent quantification 

studies. Analysis of serial sections of 10 individual peroxisomes showed that in 

glucose-grown cells all peroxisomes were associated with the cortical ER 

(EPCONS), whereas none of them formed a MCS with mitochondria or vacuoles. 

The majority of the organelles also were associated to the plasma membrane (Fig. 

1C). In methanol-grown cells virtually all organelles formed contacts with the 

ER, plasma membrane and vacuolar membranes (VAPCONS), whereas 

infrequently a close association with mitochondria was observed (Fig. 1C). 

Quantification of the average length of the different MCSs revealed that in 

methanol-grown cells the VAPCONS represent the largest MCSs (Fig. 1C). 
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Figure 1. Peroxisome membrane contacts in H. polymorpha. (A) EM analysis of thin sections of 

KMnO4-fixed WT cells grown for 4 hours on methanol. White arrows indicate MCSs (distance between 

membranes < 5nm) with different organelles. Overview (A-I) and details of peroxisome-vacuole (A-II), 

peroxisome-ER and peroxisome-PM (A-III) and peroxisome-mitochondrion (A-IV) MCSs. Scale bars A-I: 500 

nm; A-II, III, IV: 100 nm. (B) EM analysis of KMnO4-fixed glucose grown cell. Scale bar: 200 nm. (C) 

Quantification of MCSs in WT cells grown for 4 hours on glucose or methanol. The average maximum MCS 

length was calculated from 10 individual peroxisomes (either of glucose- or methanol-grown cells) using 

serial sections. For the same 10 organelles, the number of peroxisomes with vacuole, ER and mitochondrial 

MCSs were quantified. CW – cell wall, ER- endoplasmic reticulum, M – mitochondrion, N – nucleus, P – 

peroxisome, V – vacuole. 

The prominent VAPCONS in methanol-grown cells are not an artifact 

caused by chemical fixation, as they were also observed in cryofixed and freeze 

substituted methanol-grown cells (Fig. 2A). 
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Figure 2. Close associations of peroxisomes and vacuoles are formed upon induction of 

peroxisome growth. (A) Details of H. polymorpha WT cells grown for 4 hours on methanol, showing close 

apposition of the peroxisomal and vacuolar membrane. Fixation was performed by plunge freezing. Cells 

were subsequently subjected to freeze substitution. Scale bars: 100 nm. P – peroxisome, V – vacuole. (B) FM 

images of WT cells shifted from glucose (T = 0 h) to methanol medium for 4 or 8 hours. Cells produce the 

peroxisomal matrix marker GFP-SKL. Vacuolar membranes are stained with FM4-64. Scale bar 1 μm. 

Graphs show normalized fluorescence intensities along the lines indicated in the merged images. The peak 

of highest intensity was set to 1. (C) Quantification of the percentages of peroxisomes that are in contact 

with a vacuole based on FM images (see B). Error bars represent SD. More than 200 peroxisomes of two 

independent cultures were used for quantification. Asterisks indicate significant difference (p <0.05). 

Fluorescence microscopy (FM) of living cells supported the EM 

observations, because in glucose-grown cells, the green fluorescence originating 

from the peroxisomal matrix marker GFP-SKL rarely co-localized with red 

fluorescence from the vacuolar membrane marker FM4-64 (Fig. 2B; T = 0 h). 

However, upon shifting the cells to methanol, overlapping green and red 

fluorescence gradually increased to almost 100 % at 8 hours after the shift (Fig. 

2B). 

Taken together these data suggest that VAPCONS may be important for 

peroxisomal membrane development at peroxisome inducing growth conditions. 

Enlarged peroxisomes are present in mutants lacking Ypt7 or 

Vps39 

We recently established a role for Pex11, Pex23 and Pex24 in EPCONS 

function. In addition, we observed that deletion of VPS13 affected peroxisome 

biogenesis in pex11, pex23 and pex24 mutants, whereas cells of a vps13 single 

deletion strains did not show any peroxisomal defect (Chapter 2 this thesis). 

Vps13 has been proposed to function as regulator of various MCSs, including 

vacuole-mitochondria associations (vCLAMP) and the vacuole-nuclear junction 

(NVJ) (Lang et al., 2015). vCLAMP plays a role in vacuolar-mitochondrial lipid 

exchange and requires the HOPS complex protein Vps39 together with the Rab 

GTPase Ypt7 (Elbaz-Alon et al., 2014; Hönscher et al., 2014). This led us to 

analyse whether in addition to Vps13, vCLAMP proteins also play a role in 

peroxisome biogenesis. FM analysis of single ypt7 and vps39 deletion strains 

revealed no major defects in peroxisome formation (Fig. 3A).  



Chapter 3 

96 
 

 

Figure 3. Deletion of YPT7 or VPS39 results in weak peroxisomal phenotypes. (A) FM analysis of 

WT and the indicated mutant strains producing the peroxisomal membrane marker PMP47-GFP grown for 

16 hours on methanol. Scale bar 1 μm. (B) Graph showing the percentages of large peroxisomes (> 1 μm in 

diameter) in the indicated strains. Asterisk shows significant difference (P <0.05). (C) Table showing the 

average numbers of peroxisomes per cells of the indicated strains (± SD). For B and C at least 600 cells of 

two independent cultures were used per strains. Error bars represent SD. Asterisk shows significant 

difference based on T-test (P<0.05). Cells were grown for 16 h on methanol. 

Also, quantitative analysis of peroxisome numbers revealed that the 

average number of peroxisomes per cell was very similar in WT and the two 

single deletion strains (Fig. 3C). Interestingly, however, some of the ypt7 and 

vps39 cells contained relatively large peroxisomes (Fig. 3A). Quantification of the 

percentages of peroxisomes larger than 1 μm in diameter confirmed that in ypt7 

and vps39 cultures these very large peroxisomes were more frequent relative to 

WT controls, suggesting that Ypt7 and Vps39 may play a role in controlling 

peroxisome size (Fig. 3B). 
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Deletion of YPT7 or VPS39 in pex23, pex24 or pex11 cells 

results in a peroxisome-deficient phenotype at peroxisome 

inducing growth conditions 

Deletion of PEX11, PEX23 or PEX24, genes encoding proteins implicated in 

EPCONS, results in the presence of organelles of enlarged sizes. Moreover, upon 

deletion of VPS13 in these strains, peroxisome biogenesis is severely affected 

(Chapter 2 this thesis). Because VPS13 regulates vCLAMP (Lang et al., 2015), we 

wondered whether the absence of the vCLAMP components Ypt7 or Vps39 in 

pex11, pex23 or pex24 also results in peroxisomal defects.  

Analysis of pex11 ypt7, pex11 vps39, pex23 ypt7, pex23 vps39, pex24 ypt7 

and pex24 vps39 double deletion strains showed that invariably glucose-grown 

cells contained peroxisomes that normally imported matrix proteins (Fig. 4A II). 

However, at peroxisome inducing conditions (growth in the presence of methanol) 

the bulk of the cells of all double mutants displayed mislocalization of 

peroxisomal matrix proteins (Fig. 4A I).  

EM analysis indicated that methanol-induced cells of the pex23 ypt7, pex11 

ypt7 and pex11 vps39 strains contained clusters of small peroxisomal structures 

(Fig. 4C), whereas infrequently also a peroxisome of normal size was observed 

(Fig. 4C III, shown for pex23 ypt7).  

To rule out that the mislocalization of peroxisomal matrix proteins in the 

six double mutants under study 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 pex11. FM analysis of methanol-

grown pex11 vma16 cells revealed that the peroxisomal matrix marker was not 

mislocalized in these cells (Fig. 4B). In addition, we deleted VAM7 in H. 

polymorpha pex11. S. cerevisiae vam7 cells have a comparable phenotype as 

vps39 cells, i.e. increased ERMES foci (Elbaz-Alon et al., 2014). As shown in Fig. 

4B, pex11 vam7 showed a peroxisomal matrix protein import defect like observed 

in pex11 vps39 cells. 

Summarizing, our data indicate that the absence of Ypt7 or Vps39 in H. 

polymorpha pex11, pex23 or pex24 mutant cells results in aberrant peroxisome 

formation at peroxisome-inducing growth conditions. 
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Figure 4. The absence of Ypt7 and Vps39 in pex11, pex23 or pex24 cells results in a severe defect 

in peroxisome biogenesis. (A) FM analysis of the indicated single and double deletion strains producing 

GFP-SKL. Cells were grown on a mixture of glycerol and methanol (I) or on glucose (II). The bar represents 1 

μm. (B) FM analysis of the indicated double deletion strains, grown on a mixture of glycerol and methanol. 

Cells produced the matrix protein DsRed-SKL. Scale bar is 1 μm. (C) EM analysis of KMnO4-fixed cells of 

the indicated strains. Cells were grown for 8 hours on a mixture of glycerol and methanol. Cells generally 

contain a cluster of small peroxisomes. Occasionally a single enlarged peroxisome is present (shown for 

pex23 ypt7 in III). Scale bar I, III, IV 500 nm; II, V, VI 200 nm. 
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pex11 ypt7 cells contain peroxisomes that fail to expand 

As the various double mutants used in this study showed comparable 

peroxisomal phenotypes, we confined our further analyses to one double deletion 

strain, namely pex11 ypt7. Growth experiments showed that pex11 ypt7 cells 

displayed a severe growth defect on methanol (Fig. 5A), consistent with the 

observed mislocalization of peroxisomal matrix proteins. By contrast, cells of the 

ypt7 single deletion strain grew like WT on methanol, whereas the doubling 

times of the pex11 cultures had increased (Fig. 5A). 

Next, we performed live cell imaging experiments to follow the transition 

of cells showing normal matrix protein import (glucose) to cells in which 

peroxisomal matrix proteins are mislocalized to the cytosol (methanol).  

For this analysis, we used pex11 ypt7 cells producing the peroxisomal 

membrane marker Pex14-GFP together with DsRed-SKL as matrix marker. As 

shown in Fig. 5B, the peroxisomes present in the glucose-grown inoculum cells 

initially grew in size upon the shift to methanol-containing medium. However, 

during further growth in the presence of methanol, almost all newly formed cells 

lacked DsRed-SKL containing peroxisomes. Instead they harbored Pex14-GFP 

spots in conjunction with cytosolic DsRed-SKL. Based on these observations we 

conclude that the relatively large peroxisomes that are occasionally observed in 

the methanol-grown pex11 ypt7 cells, originate from the glucose-grown inoculum 

cells, whereas newly formed cells are characterized by mislocalization of the bulk 

of the peroxisomal matrix proteins in conjunction with the presence of small 

peroxisomes. 

Immuno-electron microscopy experiments confirmed that Pex14 was 

properly localized to small organelles peroxisomes (Fig. 5C). Occasionally small 

alcohol oxidase crystalloids were observed in the organelle matrix, underscoring 

that these peroxisomes are capable to import matrix proteins (Fig. 5C).  

FM revealed that all peroxisomal membrane proteins tested co-localized 

with Pex14, underlining that PMP sorting is not defective in pex11 ypt7 cells 

(Fig. 5D). 

Taken together, our data indicate that pex11 ypt7 cells contain small 

peroxisomes that harbor PMPs and are capable to import matrix proteins. Our 

data suggest that in cells grown at peroxisome inducing conditions the bulk of the 

matrix proteins are mislocalized to the cytosol, not because of a defect in the 

import machinery (importomer), but most likely due to the limited capacity of the 

organelles to grow. 
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Figure 5. pex11 ypt7 cells contain small peroxisomes that harbor a functional importomer. (A) 

Growth curves of the indicated strains on mineral medium containing methanol as sole carbon source. Cells 

were pre-cultivated on glucose medium and shifted to methanol medium at T = 0 h. The cell density is 

expressed as optical density at 660 nm (OD660). Error bars represent SD (n = 2) (B) Live cell imaging of 

pex11 ypt7 cells producing Pex14-GFP and DsRed-SKL. Cells were precultivated in batch cultures on glucose 

medium and subsequently shifted to agar containing a mixture of glycerol and methanol (T = 0 h). The 

peroxisomes present in the inoculum cells are both green and red, indicating that DsRed-SKL is imported in 

the organelles. However, during growth of these cells on methanol containing medium, new cells are formed 

containing GFP spots in conjunction with cytosolic DsRed-SKL. Scale bar: 2 μm. (C) Immuno-labelling 

experiment of pex11 ypt7 cells using Pex14 antibodies. V-vacuole. Scale bars: 200 nm. (D) 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 defect in peroxisome development in pex11 ypt7, pex23 

ypt7 and pex24 ypt7 cells can be bypassed by an artificial ER-

peroxisome linker protein 

We previously showed that the peroxisome biogenesis defect in double deletion 

strains of vps13 together with pex11, pex23 or pex24, can be largely suppressed 

by artificially linking peroxisomes to the ER (Chapter 2 this thesis). To test this, 

we constructed a pex11 ypt7 strain producing Pex14 fused to the ER membrane 

anchor of Ubc6 via two hemagglutinin tags (designated ER-PER; Fig. 6B) under 

control of the constitutive alcohol dehydrogenase 1 promoter (PADH1PEX14-

HAHA-UBC6TA). Synthesis of the ER-PER tether in pex11 ypt7 cells resulted in a 

more than two-fold increase in cells that harbored large peroxisomes (Fig. 6DE). 

This increase was not observed when PADH1PEX14 was introduced, ruling out 

that the observed effect was caused by Pex14 overproduction (Pex14++, Fig. 6E). 

The introduction of the ER-PER tether in pex11 ypt7 cells, but not Pex14 

overproduction, also resulted in improved growth of cells on methanol containing 

media, indicating that peroxisome function is partially restored as well (Fig. 6F). 

Western blotting confirmed that the ER-PER tether was produced and 

showed that the protein was present at similar levels as Pex14 in the control 

strain containing PADH1PEX14 (Fig. 6C). EM showed that in pex11 ypt7 cells 

producing the ER-PER tether the enlarged peroxisomes were associated with 

strands of the ER, including the nuclear ER (Fig. 6A). Immunolabelling using 

anti-HA antibodies confirmed that the ER-PER tethering protein localized at the 

sites where the ER and peroxisomal membrane were closely apposed (Fig. 6A 

III). Also, when the ER-PER tether was introduced in pex23 ypt7 or pex24 ypt7 

cells, an increase in the portion of cells containing peroxisomes was observed 

(Fig. 6DE). 
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Figure 6. Suppression of peroxisome biogenesis defects in pex11 ypt7, pex23 ypt7 and pex24 ypt7 

cells by an artificial ER-peroxisome tethering protein. (A) EM images of ultrathin sections of glycerol-

methanol grown KMnO4-fixed pex11 ypt7 cells producing the ER-PER tether protein. (I) whole cell; (II) detail 

of AI; Immuno-electron microscopy using anti-HA antibodies. Scale bar I (50nm), II (200nm), III (100nm). 

ER – endoplasmic reticulum, M – mitochondrion, P – peroxisome, N – nucleus. (B) Schematic representation 

of the ER-PER tethering protein. (C) Western blot of pex11 ypt7 cells containing PADH1PEX14 (++ Pex14) or 

PADH1PEX14-HAHA-UBC6TM (ER-PER) grown for 16 hours on glycerol-methanol medium. The blot was 

decorated using α-Pex14 antibodies. Pyruvate carboxylyase (Pyc1) was used as loading control. (D) FM 

analysis of glycerol-methanol grown pex11 ypt7, pex23 ypt7 and pex24 ypt7 cells with or without 

PADH1PEX14-HAHA-UBC6TM (ER-PER). Scale bars: 5 μm. (E) Percentage of cells containing a peroxisome 

larger than 0.8 μm in diameter based on FM analysis. Approximately 1500 cells were quantified per culture. 

The average is presented of two independent cultures (n = 2). Asterisks indicate significant difference 

(p<0.05). (F) Optical densities of the indicated cultures upon growth for 16 h on medium containing a 

mixture of methanol and glycerol. Average values (± SD) are shown from two independent cultures. 

Ypt7 and Vps39 localizations 

Finally, we analyzed the localization of Vps39 and Ypt7 using the corresponding 

N-terminal GFP fusion proteins together with fluorescence matrix marker 

proteins (BFP-SKL or DsRed-SKL) and the fluorescent vacuolar membrane dye 

FM4-64 or lumen dye CMAC. Previous array studies indicated that VPS39 and 

YPT7 are very low expressed in H. polymorpha (Zutphen et al., 2010). Hence, we 

overexpressed both genes using strong promoters. However, also at these 

conditions GFP fluorescence intensities were invariably very low or below the 

limit of detection. Distinct GFP fluorescence was evident in the vacuole lumen 

indicating that at these conditions the proteins were subject to degradation by 

autophagy. The fluorescence patterns in the cells were very similar for both 

proteins, namely localization in the vacuole lumen and at the vacuolar 

membrane, concomitant with a spot of enhanced intensity at the membrane, 

which was often present at the edges of the VAPCONS (Fig. 7). 
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Figure 7. Localization of GFP-Ypt7 and GFP-Vps39. FM images of examples of cells producing GFP-

Vps39 or GFP-Ypt7. GFP-Vps39 was produced under control of the PAOX (A) or PADH1 (B, C), whereas eGFP-

Ypt7 production was controlled by PAMO. Cells were grown for 4 hours (B, C) or 8 hours (A, D) on medium 

containing methanol as sole carbon source. For D, cells were grown in the presence of methylamine as 

nitrogen source to induce PAMO. Peroxisomes were either marked with BFP-SKL (A, D) or DsRed-SKL (B, C). 

Vacuolar membranes were stained with FM4-64 (A, D) or CMAC (B, C). Bar represents 1 μm. 
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Discussion 

Here we present evidence that in the yeast H. polymorpha, at conditions of strong 

peroxisomal membrane expansions, large vacuole-peroxisome contact sites 

(VAPCONS) are formed, in addition to the previously described ER-peroxisomal 

contact sites (EPCONS) (Knoblach et al., 2013; David et al., 2013; Mast et al., 

2016). These contact sites can reach relatively large dimensions (over 600 nm in 

length, covering over 20 % of the peroxisomal surface).  

Previously, yeast mitochondria were also reported to form close 

associations with both the ER (ERMES) and the vacuole (vCLAMP). These MCSs 

play redundant roles in lipid transport. It is tempting to speculate that 

peroxisomes also may form two redundant MCSs with the ER and vacuoles, 

which may be important for transport of membrane lipids towards peroxisomes 

at conditions of strong organelle expansion. Indeed, morphological analysis 

revealed that in glucose-grown WT cells, in which only a single small peroxisome 

is present per cell, peroxisomes are associated to the ER, whereas in addition 

VAPCONS are formed at conditions where the organelles rapidly grow in size 

(i.e. upon transfer to methanol containing growth media). 

Previously, we presented evidence that H. polymorpha Pex11, Pex23 and 

Pex24 are EPCONS proteins (Chapter 2 this thesis). Deletion of PEX11, PEX23 

or PEX24 results in relatively weak peroxisomal phenotypes, namely a reduction 

in organelle number in conjunction with an increase in organellar size. However, 

the additional deletion of VPS13 in these mutants, results in severe peroxisome 

biogenesis defects and the inability of the cells to grow on methanol. Vps13 has 

been reported to regulate two vacuolar contact sites namely vCLAMP and NVJ. 

Therefore, Vps13 may also be involved in the regulation of VAPCONS. 

Alternatively, the observed severe peroxisomal phenotypes of the double mutants 

may be indirectly caused by alterations in vCLAMP or NVJ caused by VPS13 

deletion. Changes in vCLAMP or NVJ may for instance alter the lipid 

composition of the vacuolar membrane and possibly also the function of yet 

unknown proteins at VAPCONS. 

Our current data support the view that vCLAMP is important in pex11, 

pex23 or pex24 cells, because deletion of the genes encoding the vCLAMP proteins 

Ypt7 or Vps39 in these mutants results in a peroxisome-deficient phenotype, like 

previously observed for the deletion of VPS13 (Chapter 2 this thesis). Also, 

similar to what we have observed for the double mutants with vps13, the ypt7 

and vps39 double mutants with pex11, pex23 and pex24 can be suppressed by the 

introduction of an artificial ER-peroxisome tethering protein. We propose that 

this tether supports the restoration of non-vesicular transport of membrane lipids 

from the ER to peroxisomes in these double mutants, thus resulting in growth of 

the organelles. Interestingly, full functional complementation was observed when 
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the ER-PER tether was introduced in pex24 ypt7 cells suggesting that Pex24 is a 

structural component of EPCONS rather than the functional one. 

Our fluorescence microscopy analyses indicated that Vps39 and Ypt7 are 

present in foci at the edges of the VAPCONS, but not at the peroxisome-vacuole 

interface. This localization pattern, suggests that Ypt7 and Vps39 are not 

components of this MCS.  

Since peroxisomes are still present in pex11 ypt7, pex23 ypt7 and pex24 

ypt7 cells, lipid transport to these organelles is not fully blocked. Also, upon a 

shift from glucose medium, these organelles are initially capable to grow. A 

possible explanation includes that the existing EPCONS in glucose-grown cells is 

not disturbed during adaptation to methanol but does so in the newly formed 

cells. Alternatively, the EPCONS and VAPCONS may only be partially defective 

in the double mutant strains due to the presence of additional MCS proteins or 

other MCS complexes that can take over their function. Indeed, in S. cerevisiae 

two different peroxisome-ER tethering complexes have already been identified, 

namely the Pex30 and the Pex3-Inp1 containing complexes (David et al., 2013; 

Knoblach et al., 2013; Mast et al., 2016). Besides, Ypt7 and Vps39 have functions 

in the endolysosomal system (Wickner, 2010). Thus, altering the function of this 

network of organelles might affect also contact sites between endosomes and 

peroxisomes, which in turn could change peroxisome physiology. 

In conclusion, our data indicate that multiple redundant MCSs may play a 

role in expansion of peroxisomal membranes. 
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Materials and Methods 

Strains and growth conditions 

The H. polymorpha strains used in this study are listed in Table 1. 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 200 µg/ml zeocin (Invitrogen), 200 µg/ml 

hygromycin (Invitrogen) or 100 µg/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 100 µg/ml ampicillin or 50 µg/ml kanamycin. For growth on agar plates, 

LB medium was supplemented with 2% agar. 

Molecular techniques 

Plasmids and primers used in this study are listed in Table 2 and 3, 

respectively. Transformations of H. polymorpha were performed as described 

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

by the suppliers (Fermentas, New England Biolabs). 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 and pex11 DsRed-SKL strains 

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 pENTR221-LEU2Ca, resulting in plasmid pGKL or 
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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). 

Construction of 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’ flanking regions of the YPT7 were amplified by PCR with 

primers hsp26-fw+URA3-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 PMP47-mGFP strain MunI-

linearized plasmid pMCE7 was transformed into ypt7 cells and the correct 

integration was checked by colony PCR with primers PMP47-Fw+GFP-Rev.  

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 vps39 PMP47-GFP, MunI-linearized plasmid pMCE7 was transformed 

into vps39 cells. 

To construct a pex11 ypt7 strain, a PEX11 deletion cassette containing a LEU2 

marker was amplified with primers KVK-PEX11-del3.1 and KVK-PEX11-del3.2 

using pRSA0074 as template 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 GFP-SKL strain, StuI-linearized pHIPN7-GFP-

SKL was transformed into pex11 ypt7 cells.  To construct a pex11 vps39 GFP-SKL 
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strain, the PEX11 deletion cassette containing hygromycin was transformed into 

vps39 cells. Hygromycin resistance transformants were selected and checked by 

colony PCR using primers KVK-PEX11-4.1 and KVK-PEX11-4.2. The correct 

deletion was confirmed by southern blotting. Then, MunI-linearized plasmid 

pAKW27 was transformed into pex11 vps39 cells. 

For the construction of pex23 ypt7 and pex23 vps39 strains first, the PEX23 

deletion cassette containing zeocin was obtained with primers Pex23-F and 

Pex23-R using pex23 genomic DNA as a template (Chapter 2 this thesis). 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.  

To create pex24 ypt7 strain, a PCR fragment containing the selective marker 

hygromycin and 50bp of YPT7 flanking regions was amplified with the primers 

YPT7del_hph_fw and YPT7del_hph_rev using the plasmid pHIPH4 as a 

template. The resulting YPT7 deletion cassette was then transformed into pex24 

cells. Hygromycin resitance transformants were selected and checked by colony 

PCR using the primers Ypt7_up_fwd and Ypt7_down_rev. The correct deletion of 

YPT7 was confirmed by southern blotting.  

To create pex24 vps39 strain, 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 pex24 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.   

Finally, StuI linearized pHIPN7-GFP-SKL and pFEM35 was transformed into 

pex24 ypt7 and pex24 vps39 cells, respectively. 

To construct vam7 DsRed-SKL, 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 vam7 PMP47-GFP, MunI-

linearized plasmid pMCE7 was transformed into vam7 cells. 

To create pex11 vam7 DsRed-SKL strain 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 was transformed into pex11 vam7 cells. 

The correct integration was checked by colony PCR using primers PAOX-fwd and 

DsRed-rev. 
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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-LEU2Ca 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 pex11 ypt7 strains for co-localization studies 

First, the Bpu1102I-linearized pARM001 was transformed to pex11 ypt7 cells. 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, the plasmids pHIPZ-PEX3-

mGFP, pMCE4, pMCE5, pSEM03, pMCE7 were linearized with EcoRI, EcoRI, 

Bsu36I, ApaI, MunI, respectively, and transformed into 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 pex11 ypt7 strain for live cell imaging 

Plasmid pSNA12 was linearized with PstI and transformed into pex11 ypt7 cells. 

Then, plasmid pAMK15 was digested with NotI and SalI and the PTEFDsRed-SKL 

fragment was ligated in pHIPH4 that was digested with the same enzymes. The 

resulting plasmid pHIPH7 DsRed-SKL (pAMK119) was linearized by MunI and 

transformed into pex11 ypt7 PEX14-GFP strain. 

 

Construction of H. polymorpha pex11 ypt7 GFP-SKL, pex23 

ypt7 GFP-SKL and pex24 ypt7 GFP-SKL strains with or 

without an artificial ER linker 

To create pex23 ypt7 GFP-SKL strain, StuI linearized pHIPN7-GFP-SKL was 

transformed into pex23 ypt7 cells. To introduce an artificial peroxisome-ER 

linker, firstly plasmid pAMK94 (pHIPZ18-eGFP-SKL) was constructed as follows: 

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 
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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.  

Plasmids pARM059 (pHIPZ18-PEX14) and pARM053 (pHIPZ18-PEX14-2xHA-

UBC6 = ERPER) 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, 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 

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. 

To introduce ER-PER into pex23 ypt7 GFP-SKL and pex24 ypt7 GFP-SKL 

strains, 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 fragments were transformed into pex23 ypt7 GFP-SKL and 

pex24 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. 

Construction of strains for the localizations of Ypt7 and Vps39 

For the localization of an N-terminal GFP fusion of Vps39, first a WT DsRed-SKL 

strain was constructed as follows. Plasmid pAMK15 was digested with NotI and 

SalI and the PTEFDsRed-SKL fragment was ligated in pHIPH4 that was digested 

with the same enzymes. The resulting plasmid pHIPH7 DsRed-SKL (pAMK119) 

was linearized by MunI and transformed into yku80 cells. 
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A plasmid allowing localization of Ypt7 was constructed using Multisite Gateway 

technology as follows: First, the YPT7 gene was amplified with primers 

Ypt7_5'_attB1+Ypt7_3'_attB2, using H. polymorpha NCYC495 genomic DNA as a 

template. The obtained fragment was then recombined into donor vector 

pDONR221, resulting in plasmid pENTR221-YPT7 (pARM075). Then 

pENTR221-YPT7 was recombined with entry plasmid pENTR41-PAMOGFP and 

pENTR23-TAMO together with destination vector pDEST-R4-R3-Nat, resulting in 

plasmid pEXP-GFP-YPT7 (pARM084). Finally, the AdeI-linearized pARM084 

was transformed into WT BFP-SKL cells. Correct integrations were checked by 

colony PCR using the primers Pamo_cPCR_fwd+mGFP_rev_check. 

The plasmid for the expression of mGFP-2xHA-Vps39 was constructed as follows. 

Firstly, two fragments to be used in the overlap PCR were produced. mGFP-

2xHA was amplified with primers HindIII_mGFP_fw+mGFP_2xHA_rev using 

pHIPZ.mGFP-fusinator as a template. 2xHA-VPS39 was amplified with primers 

2xHA_Vps39_fw+Vps39_SalI_rev using H. polymorpha NCYC495 genomic DNA 

as a template. By overlap PCR using these two fragments, mGFP-2HA-Vps39 

was amplified.  The obtained PCR fragment was digested with HindIII and SalI, 

and inserted between the HindIII and SalI sites of pHIPZ4 or pAMK94, resulting 

in plasmids pHIPZ4.mGFP-2xHA-Vps39 (pARM0104) and pHIPZ18.mGFP-

2xHA-Vps39 (pARM0107), respectively. Finally, the Tth111I-linearized 

pARM0104 was transformed into WT BFP-SKL cells. NruI linearized pARM0107 

was transformed into WT DsRed-SKLcells. Correct integrations of pARM0104, 

pARM0107 were checked by colony PCR using the primers AOX_up_fwd+ 

mGFP_rev_check, Adh1_cPCR_fwd+ mGFP_rev_check, respectively. 
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Fluorescence microscopy 

Wide field images were captured at room temperature using a 100x1.30 NA 

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 and 

FM4/64 fluorescence was visualized with a 546/12 nm bandpass excitation filter, 

a 560 nm dichromatic mirror, and a 575-640 nm bandpass emission filter. BFP 

and CMAC fluorescence were visualized with a 380/30 nm bandpass excitation 

filter, a 420 nm dichromatic mirror, and a 460/50 nm bandpass emission filter. 

The Vacuolar membranes were stained with FM4-64 by incubating cells at 37°C 

in 2 µM FM4-64. 

The vacuolar lumen was labeled with CMAC by incubating cells at 37°C in 

100µM CMAC. 

Image analysis was carried out using ImageJ and Adobe Photoshop CS6 

software.  

To quantify peroxisomes, random images of cells were taken using a 100x1.40 NA 

objective as a stack using a confocal microscope (LSM800, Carl Zeiss) and Zen 

software. Z-stacks were made containing 9 optical slices and the GFP signal was 

visualized by excitation with a 488 nm laser and the emission was detected from 

490 – 650 nm using an GaAsp detector. Peroxisomes were detected and 

quantified automatically using a custom made plugin (Thomas et al., 2015) from 

cells of two independent experiments.  

Live cell imaging was performed using the LSM800 described above. For live cell 

imaging, the temperature of the objective and object slide was kept at 37°C and 

the cells were grown on 1% agar containing glycerol methanol medium. GFP 

fluorescence was analyzed by excitation of the cells with a 488-nm laser, and 

emission was detected using a 410 – 535 nm band-pass emission filter. DsRed 

fluorescence was analyzed by excitation of the cells with a 561-nm laser, and 

emission was detected using a 535 – 700 nm band-pass emission filter. Eight z-

axis planes were acquired every 15 minutes. 
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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 length 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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Table 1. H. polymorpha strains used in this study 

Strains Description  References 

WT NCYC495, leu1.1, ura3 (Waterham et 

al., 1994)  

yku80 NCYC495, leu1.1 YKU80::URA3 (Saraya et al., 

2012)  

WT GFP SKL pFEM35::LEU2 (Krikken et al., 

2009) 

ypt7 YPT7::URA3 This study 

vps39 VPS39::NAT YKU80::URA3 This study 

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

al., 2013) 

ypt7 PMP47-mGFP YPT7::URA3 pMCE7::sh ble This study 

vps39 PMP47-mGFP VPS39::NAT pMCE7::she ble This study 

pex11 ypt7 PEX11::LEU2 YPT7::URA3 This study 

pex11 ypt7 GFP-SKL PEX11::LEU2 YPT7::URA3  pHIPN7-

GFP-SKL::NAT 

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 

pex23 PEX23::sh ble YKU80::URA3 Chapter 2 

pex23 ypt7 PEX23::sh ble YPT7::URA3 This study 

pex23 ypt7 GFP-SKL PEX23::sh ble YPT7::URA3 

pFEM35::LEU2 

This study 

pex23 vps39 PEX23::sh ble VPS39::NAT YKU80::URA3 This study 

pex23 vps39 GFP-SKL PEX23::sh ble VPS39::NAT 

pFEM35::LEU2 YKU80::URA3 

This study 

pex24 PEX24::sh ble YKU80::URA3 Chapter 2 

pex24 ypt7 PEX24::sh ble YPT7::HPH YKU80::URA3 This study 

pex24 ypt7 GFP-SKL PEX24::sh ble YPT7::HPH YKU80::URA3 

pHIPN7-GFP-SKL::NAT 

This study 

pex24 vps39 PEX24::sh ble VPS39::NAT YKU80::URA3 This study 

pex24 vps39 GFP-SKL PEX24::sh ble VPS39::NAT 

pFEM35::LEU2 YKU80::URA3 

This study 

vam7 VAM7::URA3 (Stevens et al., 

2005)  

vam7 DsRed-SKL VAM7::URA3 pHIPN4-DsRed-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 

WT DsRed-SKL (PAOX) pHIPN4-DsRed-SKL::NAT YKU80::URA3 This study 

pex11 DsRed-SKL PEX11::HPH pHIPN4-DsRed-SKL::NAT  

YKU80::URA3 

This study 
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vma16 DsRed-SKL VMA16::LEU2 pHIPN4-DsRed-SKL::NAT 

YKU80::URA3 

This study 

pex11 vma16 DsRed-

SKL 

PEX11::HPH VMA16::LEU2  pHIPN4-

DsRed-SKL::NAT YKU80::URA3 

This study 

pex11 ypt7 PEX14-

mGFP 

PEX11::LEU2 YPT7::URA3 pSNA12::sh 

ble 

This study 

pex11 ypt7 PEX14-

mGFP DsRed-SKL 

PEX11::LEU2 YPT7::URA3 pSNA12::sh 

ble pHIPH7-DsRed-SKL 

This study 

pex11 ypt7 PEX14-

mCherry 

PEX11::LEU2 YPT7::URA3 

pARM001::HPH 

This study 

pex11 ypt7 PEX14-

mCherry PEX3-mGFP 

PEX11::LEU2 YPT7::URA3 

pARM001::HPH 

pHIPZ-PEX3-GFP::sh ble 

This study 

pex11 ypt7 PEX14-

mCherry PEX8-mGFP 

PEX11::LEU2 YPT7::URA3 pHIPH-

PEX14-mCherry::HPH pMCE4::sh ble 

This study 

pex11 ypt7 PEX14-

mCherry PEX10-

mGFP 

PEX11::LEU2 YPT7::URA3 pHIPH-

PEX14-mCherry::HPH pMCE5::sh ble 

This study 

pex11 ypt7 PEX14-

mCherry PMP47-

mGFP 

PEX11::LEU2 YPT7::URA3 pHIPH-

PEX14-mCherry::HPH pMCE7::sh ble 

This study 

pex11 ypt7 PEX14-

mCherry PEX13-

mGFP 

PEX11::LEU2 YPT7::URA3 pHIPH-

PEX14-mCherry::HPH pSEM03::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 

PADH1PEX14-2xHA-

UBC6 TA 

PEX11::LEU2 YPT7::URA3 pHIPN7-

GFP-SKL::NAT pARM053::sh ble 

This study 

pex23 ypt7 GFP-SKL PEX23::sh ble  YPT7::URA3 pHIPN7-

GFP-SKL::NAT 

This study 

pex23 ypt7 GFP-SKL 

PADH1PEX14 

PEX23::sh ble  YPT7::URA3 pHIPN7-

GFP-SKL::NAT pARM069::LEU2 

This study 

pex23 ypt7 GFP-SKL 

PADH1PEX14-2xHA-

UBC6 TA 

PEX23::sh ble  YPT7::URA3 pHIPN7-

GFP-SKL::NAT pARM072::LEU2 

This study 

pex24 ypt7 GFP-SKL 

PADH1PEX14 

PEX24::sh ble YPT7::HPH YKU80::URA3 

pHIPN7-GFP-SKL::NAT 

pARM069::LEU2 

This study 

pex24 ypt7 GFP-SKL 

PADH1PEX14-2xHA-

UBC6 TA 

PEX24::sh ble YPT7::HPH YKU80::URA3 

pHIPN7-GFP-SKL::NAT 

pARM072::LEU2 

This study 

WT DsRed-SKL (PTEF) YKU80::URA3 pHIPH7-DsRed-SKL::HPH This study 

WT DsRed-SKL 

mGFP-2HA-Vps39 

YKU80::URA3 pHIPH7-DsRed-SKL::HPH 

pARM107::sh ble   

This study 
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WT eBFP2-SKL pSNA09::LEU2 (Nagotu et al., 

2008a)  

WT eBFP2-SKL 

eGFP-Ypt7 

pSNA09::LEU2  pARM084::NAT This study 

WT eBFP2-SKL 

mGFP-2HA-Vps39 

pSNA09::LEU2 pARM104::sh ble   This study 
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Table 2. Plasmids used in this study 

Plasmids Description References 

pHIPN4-DsRed-

SKL 

pHIPN plasmid containing DsRed-SKL 

under the control of PAOX; NatR, AmpR  

(Cepińska et al., 

2011)  

pKVK106 pDONR P4-P1R with 5’ flanking region of 

PEX11; KanR 

(Krikken et al., 

2009)  

pKVK107 pDONR P2R-P3 with 3’ flanking region of 

PEX11; KanR 

(Krikken et al., 

2009)  

pDEST R4-R3 Multisite gateway donor vector; AmpR, CmR Invitrogen 

pENTR221-hph pDONR221 with HPH marker; HphR, KanR (Saraya et al., 

2012)  

pENTR221-

LEU2Ca 

pDONR221 with LEU2 marker; LEU2, 

KanR 

(Nagotu et al., 

2008b)  

pGKL PEX11 deletion cassette; HphR, AmpR  This study 

pRSA0074 PEX11 deletion cassette; LEU2, AmpR This study 

pBSK-URA3 URA3 with its promoter and terminator; 

AmpR  

(Leao-Helder et 

al., 2003)  

pMCE7 pHIPZ plasmid containing C-terminal part 

of PMP47 fused to mGFP; ZeoR, AmpR 

(Cepińska et al., 

2011, 2011)  

pHIPN4 pHIPN plasmid containing AOX promoter; 

NatR, AmpR 

(Cepińska et al., 

2011)  

pHIPN7-GFP-SKL pHIPN plasmid containing GFP-SKL under 

the control of PTEF1; NatR, AmpR 

(Thomas et al., 

2015)  

pAKW27 pHIPZ plasmid containing eGFP-SKL 

under the control of PTEF1; ZeoR, AmpR  

(Knoops et al., 

2014)  

pFEM35 pHIPX plasmid containing GFP-SKL under 

the control of PTEF1; LEU2, AmpR 

(Krikken et al., 

2009)  

pHIPH4 pHIPH plasmid containing AOX promoter; 

HphR, AmpR 

(Saraya et al., 

2012)  

pARM001 pHIPH plasmid containing C-terminal part 

of PEX14 fused to mCherry; HphR, AmpR 

(Kumar et al., 

2016)  

pHIPZ-mGFP-

fusinator 

pHIPZ plasmid containing mGFP and AMO 

terminator; ZeoR, AmpR 

(Saraya et al., 

2010)  

pHIPZ-PEX3-GFP pHIPZ plasmid containing C-terminal part 

of PEX3 fused to mGFP; ZeoR, AmpR 

This study 

pMCE4 pHIPZ plasmid containing C-terminal part 

of PEX8 fused to mGFP; ZeoR, AmpR 

(Cepińska et al., 

2011)  

pMCE5 pHIPZ plasmid containing C-terminal part 

of PEX10 fused to mGFP; ZeoR, AmpR 

(Cepińska et al., 

2011)  

pSEM03 pHIPZ plasmid containing C-terminal part 

of PEX13 fused to mGFP; ZeoR, AmpR 

(Knoops et al., 

2014)  

pSNA12 pHIPZ plasmid containing C-terminal part 

of PEX14 fused to mGFP; ZeoR, AmpR 

(Cepińska et al., 

2011) 

pAMK15 pHIPX plasmid containing DsRed-SKL (Krikken et al., 
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under the control of PTEF; LEU2, KanR 2009) 

pAMK119 pHIPH plasmid containing DsRed-SKL 

under the control of PTEF1; HphR, AmpR 

This study 

pHIPZ4-GFP-SKL pHIPZ plasmid containing GFP-SKL under 

the control of PAOX1; ZeoR, AmpR 

(Leao-Helder et 

al., 2003) 

pAMK94 pHIPZ plasmid containing eGFP-SKL 

under the control of PADH1; ZeoR, AmpR 

This study 

pARM053 pHIPZ plasmid containing PEX14-2xHA-

UBC6 TA under the control of PADH1; ZeoR, 

AmpR 

This study 

pARM059 pHIPZ plasmid containing PEX14 under 

the control of PADH1; ZeoR, AmpR 

This study 

pHIPX4 pHIPX plasmid containing AOX promoter; 

LEU2, KanR 

(Gietl et al., 1994) 

pARM069 pHIPX plasmid containing PEX14 under 

the control of PADH1; LEU2, KanR 

This study 

pARM072 pHIPX plasmid containing PEX14-2xHA-

UBC6 TA under the control of PADH1; LEU2, 

KanR 

This study 

pAMK15 pHIPX PTEFDsRed-SKL; LEU2, KanR (Krikken et al., 

2009)  

pHIPH4 Plasmid containing HPH marker; HphR, 

AmpR 

(Saraya et al., 

2012)  

pAMK119 pHIPH containing PTEFDsRed-SKL; HphR, 

AmpR 

This study 

pDONR221 Multisite gateway donor vector; KanR, CmR Invitrogen 

pARM075 pDONR 221 with YPT7; KanR This study 

pENTR41-

PAMOGFP 

pDONR P4-P1R with PAMOGFP; KanR (Nagotu et al., 

2008b)  

pENTR23-TAMO pDONR P2R-P3 with TAMO; KanR (Nagotu et al., 

2008b)  

pDEST-R4-R3-Nat pDEST-R4-R3 containing NatR, AmpR (Nagotu et al., 

2008b)  

pARM084 Plasmid with PAMOGFP, YPT7 and TAMO; 

NatR, AmpR 

This study 

pARM104 pHIPZ containing PAoxmGFP-2xHA-VPS39; 

ZeoR, AmpR 

This study 

pARM107 pHIPZ containing PADH1mGFP-2xHA-

VPS39; ZeoR, AmpR 

This study 
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Table 3. Primers used in this study 

Primers Sequences (5’ - 3’) 

PAOX-fwd AATACTGCTGCCAGTGC 

DsRed-rev AGCTTCTTGTAGTCGGGGATGT 

KVK-PEX11-del3.1 CAGACAGTTATCCAAGGTTTGCG 

KVK-PEX11-del3.2 GGTCGGTAGTCTAGTGGTATG 

KVK-PEX11-4.1 GTCCAATCCGCGTTCTCCTC 

KVK-PEX11-4.2 GCGACTGATTCGGCAAGATG 

hsp26-fw TAAGGACAAGGTCACCATTG 

URA3-hsp26-rev CATAATTGCGTTGCTGAACATCAGTTGAAGCTCGTAAAAT

GATGAGGCAAAGGC 

URA3-ypt7-fw GAAGAAGCGACGCCGATCCAGTTGATGTGCTACAAAGCTG

GAAGGACGAG 

ypt7-rev GAAAGTACAAATGGCGGTGG 

hsp26-URA3-fw GCCTTTGCCTCATCATTTTACGAGCTTCAACTGATGTTCAG

CAACGCAATTATG 

Ypt7-URA3-rev CTCGTCCTTCCAGCTTTGTAGCACATCAACTGGATCGGCG

TCGCTTCTTC 

PMP47-Fw GTCTTAGCGAAGGAAGCGTT 

GFP-Rev TCGGAGGTGGTCATGGCGTAGGAAG 

dVPS39-F CCCATGGTGCTGGTGGTATCTCCGTATTCGTATTTTGAATT

CGGACCCCATAAGATCCCCCACACACCATAGC 

dVPS39-R GTCAAGTTCCTTATGTTGGATTCCAAGTAGCCCTCCAATTT

GCCAAGCTGCATCATCGATGAATTCGAG 

VPS39-5’FWD  AGCGTCTTGGAGAGGTACTT 

VPS39-3’REV GAGGTTGATGAGCTGCACTT 

Pex23-F GTACGATTACTGGACGTTGA 

Pex23-R AGCTCCAACATCTCGGAAGA 

YPT7del_hph_fw ACTTTGTTTCTCCTTACGTAAATATTTTTGCCTTTGCCTCA

TCATTTTACCCCACACACCATAGCTTCAA 

YPT7del_hph_rev AGGGTCTTTGATGTTGGCCTGGATAAGAAACTCGTCCTTC

CAGCTTTGTACGTTTTCGACACTGGATGGC 

Ypt7_up_fwd CGACAAGAAGTCCGCATAAG 

Ypt7_down_rev TCTCGGATGGCGAAGGCATA 

VMA16-Leucin-F CCGACAATGAGTCCAAAGAGCCCCAAAACGGAACCAAAAA

TCTCAATGACTAA GGTGAATCGTTGTTAATGGC 

VMA16-Leucin-R ATGCTGTTCAATGGCTCCGGTGAGGCTTTCAACGTTGGAG

AGTATCTGGATGGAAACAAGCCCGTGCCCA 

VMA16-Checking-F GCAGTTGTGGCTGGTGTGAT 

VMA16-Checking-R TTGGACTCGGCTCTAGTTGA 

PEX3-01 ACTGAAGCTTCTTTTTGGCACGGGAGTGAT 

PEX3-02 TCGAAGATCTAGCATCGAAATTAGAGTAGACAC 

PEX3-Fw GTTGCGGCAAGATATAGGC 

PEX8-Fw CGGGTCGTAGCTCAGCACAA 
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PEX10-Fw TGCACAACCAGCTCTTAGAC 

PEX13-Fw AAAAAGCTTTAGCCATGGCTGAACAGTTCC 

Adh1-F AAGGAAAAAAGCGGCCGCCCCCTGCATTATTAATCACC 

Adh1-R AATCAATCAATCAATTTAAAAAGCTTGGG 

Pex14_HindIII_fw CCCAAGCTTGGGATGTCTCAACAGCCAGCAAC 

Pex14_PspXI_rev GACCTCGAGCTTAGGCATTCAGCTGCCACG 

HindIII-Pex14 CCCAAGCTTATGTCTCAACAGCCAGCAAC 

Pex14_HA-HA 
TCCTGCATAGTCCGGGACGTCATAGGGATAGCCCGCATAG

TCAGGAACATCGTATGGGTAGGCATTCAGCTGCCACGCCG 

HAHA_Ubc6 
TACCCATACGATGTTCCTGACTATGCGGGCTATCCCTATG

ACGTCCCGGACTATGCAGGAGAAAACGGATGGGGCATATA 

Ubc6_PspXI CGCCTCGAGCCTATCATCTTGATGTACCTCCGG 

Adh1_cPCR_fwd TGTTGAGCAGGCTGATAACC 

Pex14_cPCR_rev TCTCTGGACAACACGTCTCT 

Ubc6_cPCR_rev ACCACTGCCAACAGCACATA 

Padh1_mid_fw CAGGCCGAGTAATGCTGACC 

Padh1_mid_rev CGGACACCCTACACCAGAAT 

Ypt7_5'_attB1 GGGGACAAGTTTGTACAAAAAAGCAGGCTCCATGTCCACT

CGTAAGAAAACCATCC 

Ypt7_3'_attB2 GGGGACCACTTTGTACAAGAAAGCTGGGTTCTAACAGCCG

CATGACCCATAGCTA 

Pamo_cPCR_fwd GCGCTGTCTGCACTGAATAG 

mGFP_rev_check AAGTCGTGCTGCTTCATGTG 

HindIII_mGFP_fw CCAAGCTTATGGTGAGCAAGGGCGAGGAGCT 

mGFP_2xHA_rev TCCTGCATAGTCCGGGACGTCATAGGGATAGCCCGCATAG

TCAGGAACATCGTATGGGTACTTGTACAGCTCGTCCATGC 

2xHA_Vps39_fw TACCCATACGATGTTCCTGACTATGCGGGCTATCCCTATG

ACGTCCCGGACTATGCAGGAATGGTGCTGGTGGTATCTCC 

Vps39_SalI_rev GACGTCGACTTAATTTTTATACCTGCCAC 

AOX_up_fwd TTCGAACCGAGCGAGTTGAA 
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Abstract 

Pex11 and Pex25 are peroxisomal membrane proteins that belong to the same 

protein family. Recent studies in the yeast Hansenula polymorpha suggest that 

Pex11 and Pex25 play redundant roles in peroxisome biogenesis, because cells of 

a H. polymorpha pex11 pex25 double deletion strain, but not of a pex11 single 

deletion strain, have a severe peroxisome biogenesis defect. Pex11 has been 

studied extensively, but very little is known on the function of Pex25.  

Here we show that deletion of H. polymorpha PEX25 only has a minor 

effect on peroxisome number, however, pex25 cells show reduced growth on 

methanol, a substrate that requires functional peroxisomes. Analysis of H. 

polymorpha pex11 pex25 cells revealed the presence of clusters of small 

peroxisomes to which peroxisomal membrane proteins are normally sorted. Also, 

these structures contain some matrix protein, but the bulk is mislocalized to the 

cytosol. Upon reintroduction, Pex25 sorts to these organelles, which subsequently 

mature into normal peroxisomes. At these conditions, the peroxisomes are 

invariably closely associated with the vacuole and nucleus. 

pex25, but not pex11 cells show abnormal vacuolar morphology. 

Fluorescence microscopy revealed that Pex25 is localized over the entire 

peroxisomal surface, but also can form patches at membrane contact sites 

between peroxisomes and vacuoles. Together these data suggest that Pex25 may 

play a role in Vacuolar-Peroxisome membrane CONtact Sites (VAPCONS).  

Introduction of an artificial peroxisome-ER linker protein results in partial 

suppression of the pex11 pex25 phenotype. Based on these observations we 

speculate that in pex11 pex25 both ER-Peroxisome CONtact Sites (EPCONS) 

(due to the absence of Pex11) and VAPCONS (caused by PEX25 deletion) are 

disturbed.   
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Introduction 

Peroxisomes are ubiquitous organelles that perform various metabolic processes 

and are present in almost all eukaryotic cells. β-oxidation of fatty acids and 

degradation of hydrogen peroxide by catalase take place in these organelles (for a 

recent review see (Smith and Aitchison, 2013)). There are different models about 

the origin of peroxisomes ranging from de novo peroxisome formation from the 

endoplasmic reticulum (ER) to proliferation of pre-existing peroxisomes by fission 

(Smith and Aitchison, 2013). Peroxisome proliferation in wild-type (WT) yeast 

cells most likely occurs via growth and division (Motley and Hettema, 2007; 

Nagotu et al., 2008b).  

In yeast proteins of the Pex11, Pex23 and Pex24 protein families have been 

proposed to be involved in peroxisome proliferation (Kiel et al., 2006). Of these 

proteins, the structure and function of Pex11 has been extensively studied 

(Erdmann and Blobel, 1995; Huber et al., 2012; Tam et al., 2003; Opaliński et al., 

2011). It was shown that Pex11 contains an amphipathic α-helix which is 

responsible for membrane curvature that is required for peroxisome elongation 

prior to fission (Opaliński et al., 2011). Besides its role in peroxisomal fission 

Pex11 has also been affiliated with several other functions such as fatty acid 

oxidation and transport, peroxisome inheritance and reorganization of 

peroxisomal membrane proteins (PMPs) (Erdmann and Blobel, 1995; Marshall et 

al., 1995; Cepińska et al., 2011). 

Many organisms have at least one additional Pex11-like protein. In 

Saccharomyces cerevisiae the Pex11 protein family contains three members, 

namely Pex11, Pex25 and Pex27 (Kiel et al., 2006). Similar to Pex11, the absence 

of Pex25 or Pex27 results in enlarged peroxisomes in S. cerevisiae. Also,  

overexpression of PEX11, PEX25 or PEX27 leads to increased numbers of small 

peroxisomes indicating that these PMPs regulate peroxisome size and number 

(Smith et al., 2002; Rottensteiner et al., 2003; Tam et al., 2003). Although neither 

one of the Pex11 family members are essential for peroxisome biogenesis in S. 

cerevisiae, Pex11 and Pex25 are both important for growth on oleate containing 

media (Tam et al., 2003; Huber et al., 2012). Supporting that, deletion of PEX11 

in pex25 pex27 cells worsens the partial growth defect and blocks growth on all 

fatty acids (Rottensteiner et al., 2003). It was also shown that Pex25 is required 

for the reintroduction of peroxisomes in S. cerevisiae pex3 pex11 pex25 pex27 cells 

upon induction of the PEX3 gene (Huber et al., 2012). However, the exact 

function of Pex25 remains speculative. 

Previously it was shown that peroxisomes in H. polymorpha form intimate 

contacts with the ER (EPCONS) and vacuoles (VAPCONS) at conditions of strong 

peroxisome proliferation, where VAPCONS forming the largest contacts (Chapter 

3, this thesis). Also, similar to what is known for mitochondrial membrane 
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contact sites (MCSs), these peroxisomal MCSs most likely show redundancy. 

That is, simultaneous loss of EPCONS and VAPCONS component possibly causes 

a severe defect in growth of the peroxisomal membrane (Chapter 2 and 3, this 

thesis).  

It was shown that H. polymorpha Pex11, Pex23 and Pex24 proteins are 

important for EPCONS which are involved in organelle expansion (Chapter 2, 

this thesis). Transposon mutagenesis studies of a Hp pex11 single deletion cells 

revealed that deletion of VPS13 or PEX25 in pex11 cells results in peroxisome 

deficiency (Chapter 2, this thesis). Further analysis of the phenotype of H. 

polymorpha pex11 vps13 cells, revealed the presence of small peroxisomes, which 

upon expression of an artificial ER-peroxisome linker protein (ERPER) increased 

in size (Chapter 2).  

We now analyzed the Hp pex11 pex25 double mutant in more detail. We 

show that a H. polymorpha pex25 single deletion strain is not affected in terms of 

peroxisome numbers. However, similar to pex11 vps13 cells, pex11 pex25 cells 

also contain small peroxisomes together with mislocalizations of the bulk of the 

matrix proteins to the cytosol. Also, the introduction of an artificial ER-

peroxisome tethering protein partially suppressed the phenotype of pex11 pex25 

double mutant cells. Further studies indicated that Pex25 may play a role in 

regulation of VAPCONS, because Pex25 can form patches at VAPCONS and 

pex25 cells have increased peroxisome-vacuole associations. Based on these 

observations we speculate that failure of peroxisome membrane expansion in 

pex11 pex25 cells is caused by defects in both EPCONS (caused by PEX11 

deletion) and VAPCONS (caused by PEX25 deletion). 
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Results 

Deletion of PEX25 in pex11 cells results in peroxisome 

deficiency  

In order to better understand the pex11 pex25 phenotype we first analyzed 

peroxisome biogenesis and abundance in the pex11 pex25 double deletion strains 

using the pex11 and pex25 single deletion strains as well as a WT strain as 

controls. Confocal Laser Scanning Microscopy (CLSM) of cells producing the 

peroxisomal matrix marker GFP-SKL revealed that in glucose grown cells the 

number of fluorescent spots, representing peroxisomes that have imported GFP-

SKL, decreased in all mutant strains, with the largest reduction in the pex11 

pex25 double mutant. Cells lacking such spots showed cytosolic GFP fluorescence 

(Fig. 1A, D). Quantification of the distribution of peroxisome numbers indicated 

that especially the number of cells without peroxisomes dramatically increased in 

pex11 pex25 cells relative to the single deletion strains (Fig. 1A, C). 

The same deletion strains were analyzed also under peroxisome inducing 

condition, namely upon incubation of cells in media containing methanol (Fig. 

1B). Relative to the WT control, peroxisome numbers were reduced in methanol-

grown pex11 and pex11 pex25 cells, but not in pex25 cells (Fig. 1 B, D). Upon 

deletion of both genes, cells containing peroxisomes were almost undetectable 

(less than 1% of the cells contain a peroxisome) (Fig. 1B, D). 

Growth experiments indicated that all mutant strains normally grew on 

glucose. In methanol containing media pex11 and pex25 cells showed reduced 

growth, whereas pex11 pex25 cells were unable to grow (Fig. 1E).  
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Figure 1. pex11 pex25 cells show a severe reduction in peroxisome numbers. Intracellular 

localization of GFP-SKL in H. polymorpha WT, pex11, pex25 and pex11 pex25 cells producing GFP-SKL 

under control of the TEF (A) or AOX (B) promoter. Cells were grown for 4 hours on mineral medium 

containing glucose (MM-glu) (A) or for 16 hours on mineral medium containing methanol (MM/M) (B), 

respectively. FM images were obtained by CLSM. Bar=1 μm. (C) Peroxisome number distribution of glucose 

grown cells. (D) Average peroxisome numbers per cell of cells grown on glucose or on methanol medium. (E) 

Optical densities of the indicated cultures upon growth for 16 h on methanol medium. For all peroxisome 

quantification data, average values were calculated from two biological replicates. 200 cells were counted 

manually per replicate. Error bars indicate standard deviation. 
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pex11 pex25 cells harbor peroxisomal membrane structures 

Upon incubation on methanol medium, less than 1 % of the pex11 pex25 cells 

have a peroxisome that imports GFP-SKL (Fig. 1D). In order to test whether 

PMP sorting is also affected, we introduced the peroxisomal membrane marker 

Pex14-GFP into these cells. As shown in Fig 2A, many but not all cells showed 

Pex14-GFP fluorescent spots, indicating that these cells contain peroxisomal 

membrane structures. To test whether the absence of Pex14 spots in some of the 

cells is due to autophagy, we deleted ATG1 in pex11 pex25 cells. As shown in Fig. 

2B, all cells of this strain show Pex14-GFP spots, indicating that the spots are 

sensitive to autophagic degradation. This observation was confirmed by western 

blot analysis, which showed a reduction in Pex14 levels in pex11 pex25 cells, 

which increased again upon deletion of ATG1 (Fig. 2E). Quantification of Pex14 

protein levels indicates that Pex14 protein levels in pex11 pex25 atg1 cells nearly 

reached WT levels (Fig. 2F).  

To analyze whether the Pex14-GFP spots in pex11 pex25 cells represent 

clusters of membrane vesicles, we performed electron microscopy analysis. 

Immunolabelling experiments revealed that Pex14 is localized to small vesicular 

structures similar to those observed in other pex11 double deletion strains (e.g. 

pex11 vps13, pex11 ypt7, pex11 vps39, chapters 2 and 3 this thesis) (Fig. 2C). 

These structures have a limited capacity to import matrix proteins. Hence, they 

most likely represent small peroxisomes. Indeed, immunolabelling experiments 

using anti-Pex3 antibodies showed that this peroxisomal membrane protein 

localizes to these structures as well (Fig. 2D).  
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Figure 2. pex11 pex25 cells harbor Pex14-containing structures. FM images of pex11 pex25 (A) and of 

pex11 pex25 atg1 (B) strains both producing Pex14-mGFP. Cells were grown for 8h on mineral medium 

containing methanol and glycerol (MM-M/G). Immuno-electron microscopy (iEM) analysis of pex11 pex25 

atg1 cells using α-Pex14 antibodies (C) or α-Pex3 antibodies (D) identifying clusters of membrane structures 

that are specifically labelled. N – nucleus; V - vacuole. (E) Western blot analysis of cells grown for 8h on 

MM-M/G using α-Pex14 antibodies. Pyruvate carboxylase (Pyc1) was used as a loading control. (F) Pex14-

GFP levels were quantified using ImageJ software. Error bars represent SD based on 2 individual blots. 

Protein levels were corrected for Pyc1 levels and WT levels were set to 100%. Bars: (A,B) 1 μm. (C,D) 100 

nm. 
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Vesicles in pex11 pex25 cells harbor certain PMPs 

Next, we performed co-localization studies to analyze which additional PMPs 

were localized to the membrane structures (Fig. 3). This revealed that all 

peroxins tested (Pex3, Pex8, Pex13) co-localized with Pex14 on these structures 

(Fig. 3A-C). 

 

Figure 3. Localization of various PMPs in pex11 pex25 atg1 cells. Fluorescence microscopy images of 

cells grown for 8h on MM-M/G. Cells produce Pex14-mCherry together with C-terminal mGFP fusions of the 

indicated proteins (A: Pex13, B: Pex8, C: Pex3). The scale bar indicates 1 μm. 

Pex14 containing structures in pex11 pex25 cells mature into 

normal peroxisomes upon reintroduction of PEX25 

In order to study whether the structures present in pex11 pex25 cells can mature 

into normal peroxisomes, we constructed a pex11 pex25 strain expressing PEX25 

under control of the inducible alcohol oxidase promoter (PAOX) and also producing 

the peroxisomal membrane marker Pex14-mCherry as well as the matrix marker 

GFP-SKL. Cells were precultivated on glucose, to repress PAOX and subsequently 

shifted to medium containing glycerol/methanol to induce PAOX and peroxisome 

proliferation. After 60 min of incubation on glycerol/methanol medium, cytosolic 

GFP-SKL started to accumulate at the red fluorescent Pex14-mCherry spots, 

ultimately resulting in co-localization of all GFP with mCherry (after 90 min.) 

(Fig. 4). 
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Figure 4. Pex14-containing membrane structures in pex11 pex25 cells mature into peroxisomes 

upon reintroduction of Pex25. pex11 pex25.PAOXPex25 cells producing Pex14-mCherry and GFP-SKL pre-

grown on glucose (0 min) were shifted to an agar slide supplemented with glycerol/methanol (0.05%/0.5% 

(v/v)) and followed in time by FM. 

The re-introduced Pex25 sorted to the pre-existing Pex14-mCherry 

structures, as was evident from live cell imaging of a pex11 pex25 atg1 strain 

producing Pex14-mCherry under the endogenous promoter and Pex25-mGFP 

under control of the inducible amine oxidase (AMO) promoter. After induction on 

glycerol/methanol/methylamine, the initial Pex25-mGFP fluorescence appeared 

on the Pex14-mCherry vesicles (Fig. 5) suggesting that the newly synthesized 

Pex25 directly sorts to these vesicles and peroxisomal structures mature into 

functional peroxisomes. 
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Figure 5. Upon reintroduction, Pex25 initially targets to the Pex14-containing structures. Live 

cell imaging of pex11 pex25 atg1 cells producing Pex14-mCherry upon Pex25-GFP reintroduction after 

shifting cells from MM-glu with ammonium sulphate (0 min) to MM-M/G with methylamine. The scale bar is 

1 μm. 

In addition, we did immune electron microscopy using Pex3 antibodies. 6h 

after reintroduction of Pex25 in pex11 pex25 cells, multiple enlarged peroxisomal 

structures were observed. These peroxisomes were generally clustered and often 

located near the nucleus and vacuole (Fig. 6). 
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Figure 6. Pex25 reintroduction in pex11 pex25 cells.  iEM analysis of pex11 pex25.PAOXPex25 cells 

using α-Pex3 antibodies. Cells were precultivated on MM-glu and induced for 6h on MM-M/G. Bars: 500 nm 

(left), 200 nm for the selection. CW – cell wall, M – mitochondrion, N – nucleus, P – peroxisome, V – vacuole. 

The peroxisomal structures in pex11 pex25 cells invariably are localized in 

the vicinity of fragmented vacuolar structures (Fig. 2) as observed in other 

double deletion mutants (i.e. pex11 vps13, pex11 ypt7, pex11 vps39) (Chapter 2 

and 3, this thesis), whereas during reintroduction of Pex25 the peroxisomes seem 

to associate with vacuolar structures (Fig. 6). These observations point to 

possible defects in VAPCONS function in pex11 pex25 cells that are restored upon 

Pex25 reintroduction.  

To analyze whether Pex25 is indeed a possible VAPCONS component, we 

performed FM analysis of WT cells expressing Pex25-GFP and labelled with the 

vacuolar dye FM4-64. This revealed that Pex25-GFP localizes to the whole 

peroxisome membrane and sometimes is also found as spots. Interestingly, we 

also found that Pex25 occasionally forming a patch at the site of VAPCONS (Fig. 

7).  
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Figure 7. Pex25-GFP intensities are occasionally enhanced at VAPCONS. FM analysis of WT cells 

expressing C-terminal mGFP fusions of Pex14, Pex25 or PMP47 under control of their endogenous promoter. 

Cells were grown on MM/M for 16 hours and analyzed by FM. Vacuoles were labeled by FM4-64. Pex25-GFP 

concentration at the VAPCONS are indicated by white arrows. Scale bar: 1µm. 

If Pex25 is important for VAPCONS formation, the absence of Pex25 may 

affect vacuolar morphology. FM analysis showed that in WT cells, peroxisomes 

are fully associated with vacuoles which show differing morphology (see also 

Chapter 3). We could easily detect peroxisome-vacuole associations also in pex11 

cells, though vacuoles surrounding (wrapping) peroxisomes were less abundant 

compared to WT cells. Interestingly, we observed enhanced peroxisome-vacuole 

associations in pex25 cells, judged by the full colocalization of the peroxisomal 

membrane marker PMP47-GFP and the vacuolar marker FM4-64 (Fig. 8). 
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Figure 8. FM analysis of vacuole morphology in WT, pex11 and pex25. Indicated strains expressing 

PMP47-GFP were grown on MM/M for 16h and analyzed by FM Axioskope. Vacuoles were labeled by FM4-

64. Scale bar: 1µm. 

Artificial link between PPVs and the ER results in peroxisome 

formation 

pex11 vps13, pex11 ypt7 and pex11 vps39 mutants show similarities with pex11 

pex25 in that they contain small peroxisomal membrane structures (Chapter 2 

and 3). The phenotype of these mutant strains could invariably be partially 

suppressed by the introduction of an ER-peroxisome tethering protein. Thus, we 

also introduced an artificial ER-peroxisome linker protein (Pex14-2*HA-Pho8N89) 

in pex11 pex25 cells. Our FM data showed that in the presence of the tether 

peroxisomes formed again for both conditions (Fig. 9 A, C). 
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Figure 9. Artificial linker forms peroxisomes in pex11 pex25 atg1 cells both on glucose and on 

glycerol/methanol. pex11 pex25 atg1 cells producing GFP-SKL under TEF promoter and Pex14-2*HA-

Pho8N89 under Adh1 promoter (right panel) were grown on MM-glu for 4 hours (A) or on MM-M/G for 16h 

(C). Scale bar is 1µm. Peroxisome number quantifications were made manually in duplo, ~500 cells were 

quantified for glucose (B) and glycerol/methanol cultures (D), respectively. EM analysis of pex11 pex25 atg1 

cells with (F) or w/o (E) artificial linker were shown. Cells were grown for 16h on MM/G-M. N=Nucleus; 

M=Mitochondrion; V=Vacuole; P=Peroxisome. Scale bar is 500 nm. 

EM analysis confirmed that the linker protein indeed associated the ER to 

peroxisomes (Fig. 9 F). It is clear that peroxisomes are surrounded by the ER. 

Quantification of peroxisome numbers showed a significant increase in the 

numbers of peroxisomes (Fig. 9 B, D). 
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Discussion 

In this study, we show that H. polymorpha pex11 pex25 cells are indeed 

peroxisome deficient as suggested by a previous mutagenesis screen (Chapter 2, 

this thesis). Even though cells of pex11 and pex25 single deletion strains contain 

functional peroxisomes, these organelles are absent in pex11 pex25 cells when 

grown on medium which requires proliferation of the peroxisomes (methanol; 

Fig.1). This observation is in line with data obtained for S. cerevisiae, which 

revealed that deletion of PEX11 in pex25 cells disturbed fatty-acid utilization, 

which requires functional peroxisomes as well (Rottensteiner et al., 2003). 

Our data indicated that cells of a H. polymorpha pex25 single deletion strain 

show reduced growth on methanol, which is similar to that of Hp pex11 cells, 

though pex25 cells are not affected in terms of peroxisome numbers (Fig. 1).  

Our finding that cells of a pex11 pex25 double deletion strain are unable to grow 

on methanol and contain small peroxisomes together with the mislocalisation of 

matrix proteins suggests that both Pex11 and Pex25 play a role in peroxisome 

growth (Fig. 1). These small peroxisomes contained all PMPs tested, namely 

Pex3, Pex8, Pex13 and Pex14, and morphologically resembled peroxisomal 

structures present in pex11 ypt7, pex11 vps13, pex23 ypt7, pex23 vps13, pex24 

ypt7, pex24 vps13 cells (Fig. 2 CD; Chapter 2, 3 this thesis). Similar as observed 

in pex11 ypt7 cells (Fig. 5C, Chapter 3 this thesis), the small peroxisomes 

harboured a minor portion of peroxisomal matrix protein. Hence they do contain 

a functional importomer. Therefore, the lack of complete import of all matrix 

protein is most likely due to a defect in the growth of the organelles indirectly 

leading to mislocalisation of the bulk of the matrix proteins. We analyzed 

whether the peroxisomes already present in pex11 pex25 cells can grow upon re-

introduction of Pex25. This revealed that Pex25 initially sorted to the already-

existing peroxisomes, which matured into functional peroxisomes capable of fully 

importing matrix proteins. This further supports the view that peroxisome 

membrane growth is blocked in pex11 pex25 cells and restored upon Pex25 

reintroduction (Fig. 4-6). 

Previous data suggested that in H. polymorpha peroxisome-vacuole associations 

are important for the expansion of the peroxisome membrane under peroxisome 

proliferation conditions (Chapter 3). Our EM data showed that upon 

reintroduction of PEX25 in pex11 pex25 cells, newly formed peroxisomes appear 

in the vicinity of vacuoles and nucleus (Fig. 6). Moreover, at some peroxisomes 

Pex25-GFP is present at slightly higher levels at VAPCONS compared to other 

regions of the organelle (Fig. 7). Interestingly, peroxisomes in pex25 cells are 

fully enwrapped by vacuoles (Fig. 8), indicating that Pex25 is not essential for 

the formation of VAPCONS. As VAPCONS are still present in pex25 cells, Pex25 

might be a negative regulator of this contact. 
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It should be noted that increased peroxisome-vacuole associations in pex25 cells 

might limit lipid transport from other membrane sources (i.e. the ER, plasma 

membrane, mitochondria) and change the lipid composition of the peroxisomal 

membrane. Possibly this explains the reduced growth of pex25 cells on methanol, 

despite the fact that peroxisomes are normally present. Whether the enhanced 

peroxisome-vacuole associations in pex25 cells are caused by increased expression 

of other VAPCONS components need further investigation. Another possibility 

for enhanced peroxisome-vacuole contacts might be also related to other functions 

of Pex25. It was demonstrated that in S. cerevisiae the small GTPase Rho1, 

which is mainly localized to the plasma membrane, is recruited to the peroxisome 

membrane via interaction with Pex25. At this location it regulates peroxisome 

dynamics by assembling actin on the peroxisome membrane (Marelli et al., 2004; 

Logan et al., 2010). Interestingly, data have been presented that Rho1 also 

functions in regulating vacuole membrane fusion (Logan et al., 2010). Hence, it is 

tempting to speculate that Rho1 also may regulate peroxisome/vacuole contacts. 

As Pex25 is localized at the entire peroxisome surface, we cannot rule out that it 

might also play a role in peroxisome associations with the ER. It was shown that 

peroxisomes in S. cerevisiae are tethered to the ER by both Pex3-Inp1 and Pex30, 

which function in peroxisome inheritance and de novo peroxisome biogenesis, 

respectively (Knoblach et al., 2013; Mast et al., 2016; David et al., 2013). 

Interestingly Inp1, which regulates peroxisome retention in the mother cell, 

interacts both with Pex30 and Pex25 (Fagarasanu et al., 2005) suggesting that 

the loss of Pex25 from the peroxisome membrane might decrease lipid supply 

from the ER, which could result in enhancement of VAPCONS.  

In order to test whether the observed defect of pex11 pex25 is related to ER 

membrane contact sites (MCS), we produced an artificial linker protein in these 

cells, which links peroxisomes to the ER. Our data show that peroxisomes were 

formed again in these cells upon artificial tethering to the ER (Fig. 9). Our 

findings suggest that peroxisomal membrane structures are present in pex11 

pex25 cells that may be unable to grow due to defects in both EPCONS (caused by 

PEX11 deletion) and VAPCONS (caused by PEX25 deletion). 
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Materials and methods 

Strains and growth conditions 

H. polymorpha strains used in this study are listed in Table1. Yeast cultures 

were grown at 37°C on (a) YPD media containing 1% yeast extract, 1% peptone, 

and 1% glucose; or (b) mineral media (MM; van Dijken et al., 1976) supplemented 

with 0.5% glucose, or 0.5% methanol as carbon source eventually supplemented 

with 0.05% glycerol. Leucine was added to a final concentration of 30 µg/ml. For 

growth on agar plates the medium was supplemented with 2% agar. For the 

selection of resistant transformants, YPD plates containing 200 µg/ml zeocin or 

300 µg/ml hygromycin (Invitrogen) were used. 

For cloning purposes, E. coli DH5alpha was used. Cells were grown at 37°C in LB 

media supplemented with 100 µg/ml ampicillin or 25 µg/ml zeocin when required. 

Cells were grown in shake flask cultures as described previously (Knoops et al., 

2014). 

Molecular Techniques 

Plasmids and primers used in this study are listed in Table 2 and 3, 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 pex25 and pex11 pex25 strains 

Two plasmids allowing disruption of H. polymorpha PEX25 were constructed 

using Multisite Gateway technology as follows: First, the 5’ and 3’ flanking 

regions of the PEX25 gene were amplified by PCR with primers RSAPex25-

1+RSAPex25-2 and RSAPex25-3+RSAPex25-4, respectively, using H. polymorpha 

NCYC495 genomic DNA as a template. The resulting fragments were then 

recombined in donor vectors pDONR P4-P1R and pDONR P2R-P3, resulting in 

plasmids pENTR-PEX25 5’ and pENTR-PEX25 3’, respectively. Then, PCR 

amplification was performed using primers attB1-Ptef1-forward and attB2-Ttef1-

reverse using pHIPN4 as the template. The resulting PCR fragment was 

recombined into vector pDONR-221 yielding entry vector pENTR-221-NAT. 

Recombination of the entry vectors pENTR-PEX25 5’, pENTR-221-NAT, and 

pENTR-PEX25 3’, and the destination vector pDEST-R4-R3, resulted in 
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pRSA018. Then PEX25 disruption cassette containing neursothricin resistance 

gene was amplified with primers RSAPex25-5 and RSAPex25-6 using pRSA018 

as a template.  

To create pex25 and pex11 pex25 strains, the PEX25 disruption cassette was 

transformed into yku80 and pex11 cells, respectively. Correct deletions were 

confirmed by cPCR and southern blot analysis. 

Construction of H. polymorpha WT GFP-SKL, pex11 GFP-SKL, 

pex25 GFP-SKL and pex11 pex25 strains 

To create strains for FM quantification analysis, StuI-linearized pHIPX7-GFP-

SKL or StuI-linearized pHIPX4-GFP-SKL was transformed into WT, pex11, 

pex25 and pex11 pex25 cells. 

Construction of H. polymorpha WT PEX14-GFP and pex11 

pex25 PEX14-GFP strains 

To create WT PEX14-GFP and pex11 pex25 PEX14-GFP strains, PstI-linearized 

pSNA12 was transformed into WT and pex11 pex25 cells. Zeocin resistant 

transformants were selected and checked by colony PCR using primers 

Pex14FWD and R-GFP. 

Construction of H. polymorpha pex11 pex25 atg1 PEX14-GFP, 

pex5 atg1 PEX14-GFP strains and the strains for co-

localization studies 

Two plasmids allowing disruption of H. polymorpha ATG1 were constructed 

using Multisite Gateway technology as follows. First, the 5’ and 3’ flanking 

regions of the ATG1 gene were amplified by PCR with primers 

ATG1_5'_fwd+ATG1_5'_rev and ATG1_3'_fwd+ATG1_3'_rev, respectively, using 

H. polymorpha NCYC495 genomic DNA as a template. The resulting fragments 

were then recombined in vectors pDONR P4-P1R and pDONR P2R-P3, resulting 

in plasmids pENTR ATG1 5’ and pENTR ATG1 3’, respectively. Both entry 

plasmids were recombined with destination vector pDEST R4-R3 together with 

entry plasmid pENTR221-hph, resulting in plasmid pARM011 (pDEL ATG1). 

Then, deletion cassette was amplified with primers pDEL_ATG1_fwd and 

pDEL_ATG1_rev, using pARM011 as a template. 

To create pex11 pex25 atg1 strain, the ATG1 disruption cassette containing the 

hygromycin resistance gene was transformed into pex11 pex25 cells and 

hygromycin resistant transformants were selected and checked by colony PCR 

using primers ATG1_cPCR_fwd and ATG1_cPCR_rev. Correct disruptions were 

confirmed by colony PCR and southern blotting. Finally, PstI-linearized pSNA12 
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was transformed into pex11 pex25 atg1 which resulted in pex11 pex25 atg1 

PEX14-GFP. 

For co-localization analysis, first a plasmid encoding Pex14 with a C-terminal 

mCherry fluorescent protein was constructed as follows: First, a PCR fragment 

containing Pex14-mCherry was amplified with primers PRARM001 and 

PRARM002 using pSEM01 as a template. The obtained PCR fragment was 

digested with NotI and HindIII, and inserted between the NotI and HindIII sites 

of plasmid pHIPX7, resulting in plasmid pARM014 (pHIPX-PEX14-mCherry). 

BlpI-linearized pARM014 was transformed into pex11 pex25 atg1 cells, which 

resulted in pex11 pex25 atg1 PEX14-mCherry. Then, pHIPZ-PEX3-mGFP, 

pMCE4 and pSEM03 were linearized by EcoRI, EcoRI and ApaI, respectively, 

and transformed into pex11 pex25 atg1 PEX14-mCherry cells. Correct 

integrations were confirmed by colony PCR. 

Construction of H. polymorpha pex11 pex25 PAOXPEX25 PEX14-

mCherry GFP-SKL 

A plasmid expressing PEX25 under the control of inducible alcohol oxidase 

promoter (PAOX) was constructed as follows: First, a 519 bp BamHI–NcoI 

fragment from pREMI-Z was inserted between the BamHI and NcoI of pHIPZ4-

Nia to get plasmid pDEST-Zeo-tussen. The 1143 bp HindIII–Asp718I fragment 

(blunted) from pDEST-Zeo-tussen was ligated with pDEST-R4-R3 (digested with 

SfoI) which resulted in pRSA07. To construct pRSA08, following plasmids were 

constructed: pRSA01, pRSA02, pENTR-P4-P1R-PAOX and pENTR-221-PEX25. For 

the construction of plasmid pRSA01, a PCR fragment of 700 bp was obtained by 

primers RSA10fw and RSA11rev on pCDNA3.1mCherry. The resulting BglII–

SalI fragment was inserted between the BglII and SalI of pANL31. For 

construction of plasmid pRSA02, PCR was done with primers RSA12Fw and 

RSA13Rev on pRSA01. The PCR fragment was cloned into the vector pDONR-

P2R-P3, resulting in the entry vector pRSA02. For the construction of entry 

vector pENTR-P4-P1R-PAOX, PCR amplification was done with primers att PAOX F 

and att PAOX R on pANL29. The PCR fragment was cloned in entry vector 

pDONR-P4-P1R resulting in the entry vector pENTR-P4-P1R-PAOX. The PEX25 

coding sequence lacking a stop codon was amplified using the primers BB-JK-037 

and BB-JK-038 and cloned into the vector pDONR-221 resulting in plasmid 

pENTR-221-PEX25. pRSA08 was obtained by recombination of pENTR-P4-P1R-

PAOX, pENTR-221-PEX25, and pRSA02 and destination vector pRSA07. Next, the 

PEX25 gene was amplified with primers AOX_StuI_fwd and Pex25_SalI_rev 

using pRSA08 as a template. The obtained fragment and plasmid pHIPH4 were 

cut with SalI and StuI, and ligated with each other, resulting in plasmid 

pARM026 (pHIPH4-PEX25). Then, the StuI linearized pARM026 was 

transformed into pex11 pex25 cells, resulting in pex11 pex25 PAOXPEX25. Correct 
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integrations were checked by AOX_up_fwd+Pex25_cPCR_rev. To create a pex11 

pex25 PAOXPEX25 PEX14-mCherry strain, first BlpI-linearized pARM014 was 

transformed into pex11 pex25 PAOXPEX25 cells. Then, MunI-linearized pAKW27 

was transformed into pex11 pex25 PAOXPEX25 PEX14-mCherry strain, which 

resulted in pex11 pex25 PAOXPEX25 PEX14-mCherry GFP-SKL. 

Construction of H. polymorpha pex11 pex25 atg1 PEX14-

mCherry PAMOPEX25-GFP 

A plasmid encoding Hansenula polymorpha Pex25 with a C-terminal monomeric 

green fluorescent protein (mGFP) under the control of inducible amine oxidase 

promoter (PAMO) was constructed using Multisite Gateway technology as follows: 

The plasmids pRSA07, pENTR-221-PEX25, pENTR23-mGFP-TAMO and 

pENTR41-PAMO were recombined resulting in pARM027 (pHIPZ5-PEX25-mGFP). 

Finally, EheI-linearized pARM027 was transformed into pex11 pex25 atg1 

PEX14-mCherry cells. Correct integrations were checked by AMO_sel_f and 

mGFP_rev_check. 

Construction of H. polymorpha WT PEX25-mGFP 

To create WT Pex25-mGFP, PstI-linearized pMCE1 was transformed into yku80 

strain. Correct integrations were checked by Pex25_cPCR_fwd+mGFP_rev_check. 

Construction of H. polymorpha pex11 pex25 atg1 strain with 

an artificial ER linker 

To create pARM032 (pHIPZ18-PEX14-2xHA-PHO8N89), PCR fragments PEX14-

2xHA and 2xHA- PHO8N89 were amplified by primers HindIII-Pex14+Pex14_HA-

HA and HA-HA_Pho8+Pho8_PspXI (2), 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+Pho8_PspXI_rev (2) 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 pARM032. Then, 

the NruI-linearized pARM032 was transformed into pex11 pex25 atg1 cells. 

Correct integrations were confirmed by colony PCR with primers 

Adh1_cPCR_fwd+Pho8_cPCR_rev. Finally, BciVI-linearized pHIPX7-GFP-SKL 

was transformed into these cells, which resulted in pex11 pex25 atg1 PADH1-

PEX14-2xHA-PHO8N89 GFP-SKL. 

 

 

 



Chapter 4 

148 
 

Table 1. H. polymorpha strains used in this study 

Strains Description References 

WT NCYC495, leu 1.1 (Gleeson and 

Sudbery, 1988) 

pex11 PEX11::URA3 (Krikken et al., 

2009) 

pex25 PEX25::NAT YKU80::URA3 This study 

pex11 pex25 PEX11::URA3 PEX25::NAT  This study 

WT GFP-SKL pHIPX7-GFP-SKL::LEU2 This study 

pex11 GFP-SKL PEX11::URA3 pHIPX7-GFP-SKL::LEU2 This study 

pex25 GFP-SKL PEX25::NAT YKU80::URA3 pHIPX7-

GFP-SKL::LEU2 

This study 

pex11 pex25 GFP-SKL PEX11::URA3 PEX25::NAT pHIPX7-

GFP-SKL::LEU2 

This study 

WT PAOXGFP-SKL pHIPX4-GFP-SKL::LEU2 This study 

pex11 PAOXGFP-SKL PEX11::URA3 pHIPX4-GFP-SKL::LEU2 This study 

pex25 PAOXGFP-SKL PEX25::NAT YKU80::URA3 pHIPX4-

GFP-SKL::LEU2 

This study 

pex11 pex25 PAOXGFP-

SKL 

PEX11::URA3 PEX25::NAT pHIPX4-

GFP-SKL::LEU2 

This study 

WT PEX14-mGFP pSNA12::sh ble (Knoops et al., 

2014) 

pex11 pex25 PEX14-

mGFP 

PEX11::URA3 PEX25::NAT pSNA12::sh 

ble 

This study 

pex11 pex25 atg1 PEX11::URA3 PEX25::NAT ATG1::HPH This study 

pex11 pex25 atg1 

PEX14-mGFP 

PEX11::URA3 PEX25::NAT ATG1::HPH 

pSNA12::sh ble 

This study 

pex11 pex25 atg1 

PEX14-mCherry 

PEX11::URA3 PEX25::NAT ATG1::HPH 

pARM014::LEU2 

This study 

pex11 pex25 atg1 

PEX14-mCherry PEX3-

mGFP 

PEX11::URA3 PEX25::NAT ATG1::HPH 

pARM014::LEU2 pHIPZ-PEX3-

mGFP::sh ble 

This study 

pex11 pex25 atg1 

PEX14-mCherry PEX8-

mGFP 

PEX11::URA3 PEX25::NAT ATG1::HPH 

pARM014::LEU2 pMCE4::sh ble 

This study 

pex11 pex25 atg1 

PEX14-mCherry 

PEX13-mGFP 

PEX11::URA3 PEX25::NAT ATG1::HPH 

pARM014::LEU2 pSEM03::sh ble 

This study 

pex11 pex25 PAOXPEX25 PEX11::URA3 PEX25::NAT 

pARM026::HPH 

This study 

pex11 pex25 PAOXPEX25 

PEX14-mCherry 

PEX11::URA3 PEX25::NAT 

pARM026::HPH pARM014::LEU2 

This study 

pex11 pex25 PAOXPEX25 

PEX14-mCherry GFP-

PEX11::URA3 PEX25::NAT 

pARM026::HPH pARM014::LEU2 

This study 
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SKL pAKW27::sh ble 

pex11 pex25 atg1 

PEX14-mCherry 

PAMOPEX25-mGFP 

PEX11::URA3 PEX25::NAT ATG1::HPH 

pARM014::LEU2 pARM027::sh ble 

This study 

WT PEX25-mGFP pMCE1::sh ble YKU80::URA3 This study 

pex11 pex25 atg1  

PADH1PEX14-2HA-

PHO8N89 

PEX11::URA3 PEX25::NAT ATG1::HPH 

pARM032::sh ble 

This study 

pex11 pex25 atg1  

PADH1PEX14-2HA-

PHO8N89 GFP-SKL 

PEX11::URA3 PEX25::NAT ATG1::HPH 

pARM032::sh ble pHIPX7-GFP-

SKL::LEU2 

This study 
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Table 2. Plasmids used in this study 

Plasmids Description References 

pDONR P4-P1R          Multisite Gateway vector; KanR, CmR Invitrogen 

pDONR P2R-P3 Multisite Gateway vector; KanR, CmR Invitrogen 

pENTR PEX25 5’ pDONR P4-P1R with 5’ flanking region of 

PEX25; KanR 

This study 

pENTR PEX25 3’ pDONR P2R-P3 with 3’ flanking region of 

PEX25; KanR 

This study 

pHIPN4 pHIPN plasmid containing AOX promoter; 

NatR, AmpR 

(Cepińska et al., 

2011) 

pDONR-221 Multisite gateway donor vector; KanR, CmR Invitrogen 

pENTR-221-NAT pDONR 221 with NAT cassette; NatR, KanR  This study 

pDEST-R4-R3 Multisite Gateway donor vector; AmpR, 

CmR 

Invitrogen 

pRSA018 Plasmid containing PEX25 deletion 

cassette; ZeoR, AmpR 

This study 

pHIPX7-GFP-SKL           pHIPX plasmid containing GFP-SKL under 

the control of PTEF1; LEU2, KanR 

(Baerends et al., 

1997) 

pHIPX4-GFP-SKL pHIPX plasmid containing GFP-SKL under 

the control of PAOX; LEU2, KanR 

(Faber et al., 

2002) 

pSNA12 pHIPZ plasmid containing gene encoding C-

terminal of Pex14 fused to mGFP; ZeoR, 

AmpR 

(Cepińska et al., 

2011) 

pENTR ATG1 5’ pDONR P4-P1R with 5’ flanking region of 

ATG1; KanR 

This study 

pENTR ATG1 3’ pDONR P2R-P3 with 3’ flanking region of 

ATG1; KanR 

This study 

pENTR221-hph pDONR 221 with HPH; HphR, KanR (Saraya et al., 

2012) 

pARM011 Plasmid containing ATG1 deletion cassette; 

HphR, AmpR 

This study 

pSEM01 pHIPN plasmid containing gene encoding 

C-terminal of Pex14 fused to mCherry; 

NatR, AmpR 

(Knoops et al., 

2014) 

pHIPX7 pHIPX plasmid containing TEF1 promoter; 

LEU2, KanR 

(Baerends et al, 

1996) 

pARM014 pHIPX plasmid containing gene encoding 

C-terminal of Pex14 fused to mCherry; 

LEU2, KanR 

This study 

pHIPZ-PEX3-

mGFP        

pHIPZ plasmid containing gene encoding C-

terminal of Pex3 fused to mGFP; ZeoR, 

AmpR  

Chapter 2 

pMCE4 pHIPZ plasmid containing gene encoding C-

terminal of Pex8 fused to mGFP; ZeoR, 

(Cepińska et al., 

2011) 
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AmpR 

pSEM03  pHIPZ plasmid containing gene encoding C-

terminal of Pex13 fused to mGFP; ZeoR, 

AmpR 

(Knoops et al., 

2014) 

pREMI-Z REMI plasmid; ZeoR, AmpR (van Dijk et al., 

2001) 

pHIPZ4-Nia pHIP plasmid containing Nia under AOX 

promoter; ZeoR, AmpR 

(Faber et al., 

2001) 

pDEST-Zeo-tussen pDEST with Zeocin marker; ZeoR, AmpR This study 

pRSA07 pDEST-R4-R3 containing zeocin marker; 

ZeoR, AmpR 

This study 

pCDNA3.1mCherry Plasmid containing mCherry; AmpR (Shaner et al., 

2004) 

pANL31 pHIP containing eGFP fusinator; AmpR, 

ZeoR 

(Leão-Helder et 

al., 2003) 

pRSA01 pHIP containing mCherry fusinator under 

AOX promoter; ZeoR 

This study 

pRSA02 pDONR-P2R-P3 containing mCherry-TAMO, 

KanR 

This study 

pANL29 pHIP containing GFP-SKL under AOX 

promoter; ZeoR, AmpR 

(Leão-Helder et 

al., 2003) 

pENTR-P4-P1R-

PAOX 

pDONR-P4-P1R containing AOX promoter, 

KanR 

This study 

pENTR-221-PEX25 Gateway entry clone containing PEX25 

without stop codon, KanR 

This study 

pRSA08 pHIP plasmid containing gene encoding 

Pex25 fused to mCherry under AOX 

promoter; ZeoR, AmpR 

This study 

pHIPH4 pHIPH plasmid containing AOX promoter; 

HphR, AmpR 

(Saraya et al., 

2012) 

pARM026 pHIPH plasmid containing PEX25 under 

the control of PAOX; HphR, AmpR 

This study 

pAKW27           pHIPZ plasmid containing GFP-SKL under 

the control of PTEF1; ZeoR, AmpR 

(Knoops et al., 

2014) 

pDONR-221 Multisite gateway donor vector; KanR, CmR Invitrogen 

pENTR23-mGFP-

TAMO 

pDONR P2R-P3 with mGFP-TAMO; KanR (Nagotu et al., 

2008a) 

pENTR41-PAMO pDONR P4-P1R with PAMO; KanR Laboratory 

collection 

pARM027 pHIP plasmid containing PEX25-mGFP 

under the control of PAMO; ZeoR, AmpR 

This study 

pMCE1 pHIPZ plasmid containing gene encoding C-

terminal of Pex25 fused to mGFP; ZeoR, 

AmpR 

(Cepińska et al., 

2011) 

pAMK94 pHIPZ plasmid containing GFP-SKL under Chapter 2 
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the control of PADH1; ZeoR, AmpR 

pARM032 pHIPZ plasmid containing PEX14-2xHA-

PHO8N89 under the control of PADH1; ZeoR, 

AmpR 

This study 
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Table 3. Primers used in this study 

Primers Sequence (5’ – 3’) 

RSAPex25-1 GGGGACAACTTTGTATAGAAAAGTTGCAAAGTCTGGATGG

AGGCTTCATCTC 

RSAPex25-2 GGGGACTGCTTTTTTGTACAAACTTGAGCGTGGCATGCGG

TTCATAGAAAC 

RSAPex25-3 GGGGACAGCTTTCTTGTACAAAGTGGGAGTCTCTGCTCGC

GTACAAGATC 

RSAPex25-4 GGGGACAACTTTGTATAATAAAGTTGACTTGGAGCTGCTG

TGCTTGTATG 

attB1-Ptef1-

forward 

GGGGACAAGTTTGTACAAAAAAGCAGGCTGATCCCCCACA

CACCATAGCTTC 

attB2-Ttef1-reverse GGGGACCACTTTGTACAAGAAAGCTGGGTGCTCGTTTTCG

ACACTGGATGG 

RSAPex25-5 CTGGATGGAGGCTTCATCTC 

RSAPex25-6 GGAGCTGCTGTGCTTGTATG 

Pex14FWD GTCTCAACAGCCAGCAACGAC 

R-GFP CAGATGAACTTCAGGGTCAGC 

ATG1_5'_fwd GGGGACAACTTTGTATAGAAAAGTTGGGCTGGAGAACGCG

GCAGATCC 

ATG1_5'_rev GGGGACTGCTTTTTTGTACAAACTTGGGGAGGGGAAGGGT

ACCTCTC 

ATG1_3'_fwd GGGGACAGCTTTCTTGTACAAAGTGGCCGCCACAAATGGT

GAAGTCGATC 

ATG1_3'_rev GGGGACAACTTTGTATAATAAAGTTGCATCGAGCTTCTCG

TTGCCCGTGAC   

pDEL_ATG1_fwd ACAGGTCGTTGGTGACTTTAC 

pDEL_ATG1_rev CTTCTCGTTGCCCGTGACC 

ATG1_cPCR_fwd GGCTGGAGAACGCGGCAGAT 

ATG1_cPCR_rev GCGACCGTATCCACTGAACC 

PRARM001 ATAGCGGCCGCTTGCAGGAAGTCGACGAAAT 

PRARM002 CGGAAGCTTTTACTTGTACAGCTCGTCCA 

RSA10fw GAAGATCTATGGTGAGCAAGGGCGAGGAG 

RSA11rev GCGTGTCGACTTACTTGTACAGCTCGTCCATGCC 

RSA12Fw GGGGACAGCTTTCTTGTACAAAGTGGCCATGGTGAGCAAG

GGCGAGGAG 

RSA13Rev GGGGACAACTTTGTATAATAAAGTTGCGATCTGAACCTCG

ACTTTCTG 

att PAOX F GGGGACAACTTTGTATAGAAAAGTTGGATCTCGACGCGGA

GAACGATC 

att PAOX R GGGGACTGCTTTTTTGTACAAACTTGGTTTTTGTACTTTAG

ATTGATGTCACC 

BB-JK-037 GGGGACAAGTTTGTACAAAAAAGCAGGCTGTATGTCGTTT

AACGACGATCTTTATAGGG 
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BB-JK-038 GGGGACCACTTTGTACAAGAAAGCTGGGTTATTCAGGCAG

GGATTTAGCTCCTTTTCCG 

AOX_StuI_fwd CATAGAGGTCCTTGGCCATT 

Pex25_SalI_rev ACGCGTCGACTTAATTCAGGCAGGGATTTAGCT 

AOX_up_fwd TTCGAACCGAGCGAGTTGAA 

Pex25_cPCR_rev GCGTGGCATGCGGTTCATAG 

BB-JK-037 GGGGACAAGTTTGTACAAAAAAGCAGGCTGTATGTCGTTT

AACGACGATCTTTATAGGG 

BB-JK-038 GGGGACCACTTTGTACAAGAAAGCTGGGTTATTCAGGCAG

GGATTTAGCTCCTTTTCCG 

AMO_sel_f GTTGGCGAAAAGTCCAGAAG 

mGFP_rev_check AAGTCGTGCTGCTTCATGTG 

Pex25_cPCR_fwd CAAGCGACCTCGGCACAAGT 

HindIII-Pex14 CCCAAGCTTATGTCTCAACAGCCAGCAAC 

Pex14_HA-HA TCCTGCATAGTCCGGGACGTCATAGGGATAGCCCGCATAG

TCAGGAACATCGTATGGGTAGGCATTCAGCTGCCACGCCG 

HA-HA_Pho8 TACCCATACGATGTTCCTGACTATGCGGGCTATCCCTATGA

CGTCCCGGACTATGCAGGAATGCAACGGAACCAAGATCG 

Pho8_PspXI (2) CGCCTCGAGCCTAGCCTGTACCATCCGTGACCA 

Pho8_PspXI_rev (2) CGCCTCGAGCCTAGCCTGTA 

Adh1_cPCR_fwd TGTTGAGCAGGCTGATAACC 

Pho8_cPCR_rev CGCCGTCAAGCAGAGAATCG 
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Biochemical methods 

Extracts of trichloroacetic acid treated cells were prepared for sodium dodecyl 

sulfate PAGE and Western blotting as detailed previously (Baerends et al., 2000; 

Laemmli, 1970). Blots were probed with rabbit polyclonal antisera against Pex3, 

Pex14 or pyruvate carboxylase (Pyc1). Secondary antibodies conjugated to 

horseradish peroxidase were used for detection. Pyc1 was used as a loading 

control. Blots were scanned by using a densitometer (Biorad GS-710) and 

quantified using ImageJ (version 1.37). Preparation of crude cell extracts was 

performed as described previously (van der Klei et al., 1991).  

Fluorescence microscopy 

Wide field images were captured at room temperature using a 100x1.30 NA 

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. FM4/64 

fluorescence was visualized with a 546/12 nm bandpass excitation filter, a 560 

nm dichromatic mirror, and a 575-640 nm bandpass emission filter. The Vacuolar 

membranes were stained with FM4-64 by incubating cells at 37°C in 2 µM FM4-

64. 

Image analysis was carried out using ImageJ and Adobe Photoshop CC 2015 

software. To quantify peroxisomes, cells were grown 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 12 (Fig 1.A) or 

10 (Fig. 1B) 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 manually from two independent experiments (2 x 

200 cells were counted). 

Live cell imaging was performed on a Zeiss Observer Z1 using Axiovision 

software and a Photometrics Coolsnap HQ2 digital camera. Cells were grown on 

1% agar containing MM-M/G and the temperature of the heating chamber XL 

was set at 37°C. Four z-axis planes were acquired for each time interval using 1 

sec and 1.5 sec exposure times for GFP and mCherry, respectively.  
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Cryosectioning and immuno-gold labeling 

For immune-EM, cells were fixed in 3% glutaraldehyde in 0.1 M cacodylate 

buffer, pH 7.2, for 1 h on ice and treated afterward with 0.4% sodium periodate 

(15 min) and 1% NH4Cl (15 min). Upon embedding in 12% gelatin in phosphate 

buffer, pH 7.4, ∼0.5 mm3 cubes were infiltrated overnight in 2.3 M sucrose in the 

same buffer. Cryosections of 60 nm were cut using a cryo diamond knife 

(Diatome) at −120°C in an ultramicrotome (Ultracut; Reichert). Sections were 

mounted on carbon-coated Formvar nickel grids. Pex14 and Pex3 were localized 

using polyclonal antibodies raised against Pex14 and affinity purified Pex3, and 

goat anti–rabbit antibodies conjugated to 10 nm gold (Aurion). Sections were 

stained with 2% uranyl oxalate, pH 7.0, for 10 min, briefly washed on three drops 

of distilled water, and embedded in 0.5% methylcellulose and 0.5% uranyl acetate 

on ice for 10 min before viewing them with a transmission EM microscope 

(CM12) (Slot and Geuze, 2007). 
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Abstract 
Peroxisomes in methylotrophic yeast Hansenula polymorpha form intimate 

contacts with the ER (EPCONS) and vacuoles (VAPCONS) under peroxisome 

proliferation conditions. Recent data suggest that the simultaneous loss of 

EPCONS and VAPCONS, inhibits peroxisome membrane growth and results in 

peroxisome deficiency. Based on this model we hypothesized that in the absence 

of multiple EPCONS or VAPCONS components peroxisomes can still grow.  

Here we studied whether Pex11C, Pex29, Pex32 and Pex34 are involved in 

EPCONS or VAPCONS. Localization studies revealed that Pex11C and Pex34 

are peroxisomal, whereas Pex29 and Pex32 are localized to the ER. Deletion of 

PEX11C and PEX29 has no apparent effect on peroxisome biogenesis or 

abundance, whereas deletion of PEX32 results in peroxisome deficiency and 

deletion of PEX34 in a major decrease in peroxisome numbers accompanied by an 

increase in organellar size. 

Deletion of two putative EPCONS proteins (pex23 pex11, pex23 pex24, 

pex23 pex29) did not result in a peroxisome deficient phenotype. Similarly, 

deletion of two genes suggested to be involved in VAPCONS or VAPCONS 

regulation (pex25 vps13) did not affect peroxisome formation. The double deletion 

pex23 pex25 resulted in a peroxisome deficient phenotype in line with the 

assumption that Pex23 is important for EPCONS and Pex25 for VAPCONS. 

pex23 pex34 cells were peroxisome deficient as well. Peroxisomal deficient 

phenotype of either one of these strains could be partially suppressed by an 

artificial ER-peroxisome tethering protein, suggesting that Pex25 and Pex34 

function in peroxisome membrane development in cells affected in EPCONS. As 

pex32 cells are peroxisome deficient Pex32 may be important for both VAPCONS 

and EPCONS or eventually also other additional peroxisome contacts. 

Alternatively, this peroxin fulfills a function which is not related to peroxisomal 

contact sites.  

Summarizing, our data support the model that defects only in one type of 

peroxisomal membrane contact do not hamper peroxisome biogenesis. 
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Introduction 

In yeast, peroxisome size and numbers are regulated by Pex11, Pex23 and Pex24 

family proteins (Chapter 2, Figure 1) (Kiel et al., 2006; Smith and Aitchison, 

2013; Yuan et al., 2016). In Saccharomyces cerevisiae, in addition to the above 

mentioned protein families Pex34, which shows limited homology to Pex11 (Fig. 

1), was shown to play a role in the regulation of peroxisome size and abundance 

(Tower et al., 2011). In this organism the absence of a single protein family 

member generally results in a weak peroxisomal phenotype (Huber et al., 2012; 

Vizeacoumar et al., 2003, 2004). Similarly, we showed that Hansenula 

polymorpha pex11, pex23, pex24 and pex25 single deletion strains show weak 

peroxisomal defects (Chapter 2, 4). However, the function of the remaining 

members of these protein families in H. polymorpha is not known, yet.  

We have recently shown that peroxisomes of H. polymorpha wild type (WT) 

cells form intimate contacts with the endoplasmic reticulum (ER) (EPCONS) and 

the vacuole (VAPCONS) under peroxisome inducing growth conditions 

(methanol) (Chapter 3). Most likely both contact sites play redundant roles in 

peroxisomal membrane growth because the absence of proteins implicated in 

EPCONS formation, Pex11, Pex23 or Pex24, together with those that play a role 

in the function of VAPCONS (e.g. Ypt7, Vps13) results in a peroxisomal growth 

defect (Chapter 2 and 3). Based on these data we hypothesized that in the 

absence of multiple proteins involved in EPCONS or VAPCONS formation, 

peroxisomes still can grow via lipid supply from VAPCONS or EPCONS, 

respectively.  

Our data indicate that the absence of two putative EPCONS proteins (in 

the double mutants pex23 pex11, pex23 pex24, pex23 pex29) or two VAPCONS 

component (pex25 vps13) indeed did not result in a severe peroxisomal defect. In 

contrast, deletion of both PEX23 and PEX25 resulted in a peroxisome deficient 

phenotype in line with the assumption that Pex23 is important for EPCONS 

(Chapter 2, 3) and Pex25 for VAPCONS (Chapter 4). pex23 pex34 cells were 

peroxisome deficient as well, suggesting that Pex34 plays a redundant role in 

peroxisome biogenesis and is important to compensate for a deficiency in 

EPCONS. 

Based on these observations our data suggest that multiple deletions 

affecting only one peroxisomal contact site neither blocks peroxisome formation 

nor exacerbate the peroxisomal phenotype of the single deletion strains.  
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Results 

Localization of putative EPCONS proteins 

Proteins involved in peroxisome-ER contact sites are predicted to localize to the 

peroxisome or ER. We therefore started with fluorescence microscopy (FM) 

analysis of methanol grown H. polymorpha WT cells producing C-terminal GFP 

fusions of the Pex11 family member Pex11C, the Pex23 family member Pex32 

and the Pex24 family member Pex29 together with the putative H. polymorpha 

homologue of S. cerevisiae Pex34. 

Multiple Sequence Alignment (MSA) of the putative H. polymorpha Pex34 

with various yeast Pex34 proteins revealed regions that are highly conserved. 

However, very little sequence homology is present at the N-terminus (Fig. 1). 

 

Figure 1. Sequence alignment of yeast Pex34 proteins. The sequences were first aligned using the 

CLUSTAL_X program and visualized by the GeneDoc program. Gaps were introduced to maximize the 

similarity. Colors were assigned to indicate strongly conserved positions in a decreasing order of 

conservation: “black”, “dark gray” and “light gray”. “6” below black residues indicates the presence of a non-

polar amino acid. Capital letters indicate the conserved residues. Small letters below the gray residues 

indicate the most conserved amino acid among the sequences. Ca – Candida albicans KGU18165; Dh – 

Debaryomyces hansenii CAG88545; Zr – Zygosaccharomyces rouxii CAR29068; Kl – Kluyveromyces lactis 

CAH01071; Ag – Ashbya gossypii AAS54114; Kp – Pichia pastoris (Komagataella phaffii) CAY67701; Hp – 

H. polymorpha OBA14840; Sc – Saccharomyces cerevisiae CAA99168. Asterisks and numbers mark amino 

acids positions in the alignment. The ScPex34 homolog of P. pastoris was recently named Pex36 (Farré et al., 

2017)). 
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Since ScPex34 shows sequence similarity to ScPex11 (Tower et al., 2011), 

we also made an alignment of these proteins together with H. polymorpha Pex11 

and Pex34. This analysis revealed conservation especially at the extreme C-

terminus of these proteins (Fig. 2).  

 

Figure 2. Sequence alignment of H. polymorpha and S. cerevisiae Pex11 and Pex34 proteins. The 

sequences were first aligned using the CLUSTAL_X program and visualized by the GeneDoc program. Gaps 

were introduced to maximize the similarity. Colors were assigned to indicate strongly conserved positions in 

a decreasing order of conservation: “black”, “dark gray” and “light gray”. “3” below the black residues 

indicates the presence of polar amino acids, “5” the presence of non-polar amino acids containing an 

aromatic side chain and “6” the presence of non-polar amino acids without aromatic side chain. Capital 

letters indicate the conserved residues. Small letters below gray residues indicate the most conserved amino 

acid among the sequences. Hp – H. polymorpha OBA14840 (Pex34), ABG36520 (Pex11); Sc – Saccharomyces 

cerevisiae DAA07430 (Pex34), CAA99168 (Pex11). Asterisks and numbers mark amino acids positions in the 

alignment. 

FM analysis revealed that, Pex11C and Pex34 showed a peroxisomal 

localization pattern, similar as observed previously for  Pex11 and Pex25 

(Chapter  2 and 4 this thesis) (Cepińska et al., 2011) (Fig. 3).  

Interestingly, Pex34 was mostly found at the smaller peroxisomes or 

observed as spots, which was not the case for Pex11 or Pex11C, though Pex25 

was also sometimes observed in patches (Fig. 3). Pex29 showed a similar pattern 

to that observed for Pex23 and Pex24 (Chapter 2, this thesis), suggesting that 

this is an ER protein (Fig. 3). 

Previous localization studies of Pex32-GFP revealed the presence of 

relatively faint GFP spots that co-localized to peroxisomes (Cepińska M.N. PhD 

Thesis, 2014). We also observed Pex32-GFP in distinct spots and patches 

together with very faint peripheral spots, that may represent the ER (Fig.3).  
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Figure 3. Localization of Pex11, Pex23, Pex24 family proteins and Pex34. Fluorescence microscopy 

analysis of H. polymorpha WT strains expressing indicated peroxins C-terminally tagged with GFP under 

control of their endogenous promoters. Cells were grown on mineral medium containing methanol for 16 

hours. The cell contour is shown in blue. Scale bar is 1 µm. 

Pex32 and Pex34, but not Pex11C or Pex29, regulate 

peroxisome size and numbers 

Previously, we showed that deletion of PEX11, PEX23 or PEX24 resulted in a 

decrease in peroxisome numbers and an increase in organelle size, whereas 

PEX25 deletion had no effect on peroxisome abundance (Chapter 2 and 4, this 

thesis), but deletion of PEX32 caused peroxisome deficiency (Cepińska M.N. PhD 

Thesis, 2014). 

We now studied the effect of deletion of PEX11C, PEX29 and PEX34, using 

strains producing Pmp47-GFP as peroxisomal membrane marker. For 

comparison we also analyzed WT, pex11, pex23, pex24, pex25 and pex32 cells 

(Fig. 4).  

FM analysis showed that cells of pex11C and pex29 strains have a similar 

peroxisomal phenotype as WT cells (Fig. 4A). Indeed, quantitative analysis 

indicated that deletion of PEX11C or PEX29 did not result in major changes in 

peroxisome number or size (Table 1, Fig. 4C). Growth experiments using 

medium containing methanol as sole carbon source revealed that pex11C and 

pex29 cells grew similar as WT controls, confirming that peroxisomes were fully 

functional (Fig. 4B). In contrast, pex34 cells showed a prominent peroxisome 

deficient phenotype (Fig. 4).  
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Figure 4. Loss of Pex11, Pex23, Pex24 family proteins or Pex34 results in different peroxisomal 

phenotypes. (A) FM analysis of WT and the indicated mutant strains producing the peroxisomal 

membrane marker PMP47-GFP grown for 16 hours on MM-M. Additionally, pex32 cells were also grown on 

mineral medium containing mixture of glycerol and methanol (MM-G/M, indicated by *). Scale bar: 1µm. (B) 

Optical densities of the indicated cultures upon growth for 16 h on MM-M. Asterisk indicates growth on MM-

G/M. Average values (± SD) are shown from two independent cultures. (C) Quantification of the percentage 

of peroxisomes with a diameter > 1 μm of methanol grown cells (glycerol/methanol for pex32). The error bar 

represents standard deviation (SD). 2 x 500 peroxisomes from two independent cultures were quantified. 

In line with earlier observations (Cepińska M.N. PhD Thesis, 2014), 

peroxisomes could not be detected by FM in pex32 cells incubated in methanol 

containing medium. This is probably related to the deficiency of this mutant to 

grow on methanol and hence to induce the synthesis of the peroxisomal 

membrane marker protein PMP47-GFP (Fig. 4A, B). Because of this methanol 
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growth defect, we subsequently grew pex32 cells on a mixture of glycerol and 

methanol. At these conditions, peroxisomes marked by PMP47-GFP were 

detected and a major decrease in peroxisome numbers together with an increased 

peroxisome size was observed (Fig. 4 A, C and Table 1). Similarly, the average 

number of peroxisomes per cell significantly decreased in pex34 cells (Table 1), 

concomitant with an increase in peroxisome size and slow growth on methanol 

(Fig. 4 A-C).  

Quantification of the percentage of relatively large peroxisomes (diameter 

>1 µm revealed that like in pex11, pex23 and pex24 cells, cells of the pex32 and 

pex34 strains contain enhanced numbers of very large peroxisomes (Fig. 4C). 

The increase in peroxisome size was accompanied by a decrease in growth at 

conditions of peroxisome proliferation, which however was also observed for 

pex25 cells that have a WT peroxisome phenotype, but also a partial methanol 

growth defect. 

 

Table 1. Average numbers of peroxisomes. Average number of peroxisomes per cell (±SD) of WT and 

indicated deletion strains. 2 x 900 cells from two independent cultures were quantified. Cells were grown for 

16 hours on MM-M unless otherwise stated. 

Strain Mean ± SD 

WT 2,52 ± 0,02 

pex11 0,71 ± 0,06 

pex11C 2,53 ± 0,06 

pex23 1,31 ± 0,16 

pex24 0,97 ± 0,1 

pex25 2,37 ± 0,04 

pex29 2,76 ± 0,003 

pex32 (MM-M/G) 0,85 ± 0,02 

pex34 1,45 ± 0,29 

Based on their phenotype (i.e. growth on methanol, peroxisome size and 

numbers) WT, pex11C and pex29 strains can be classified in the same group 

(Group 1), whereas pex11, pex23, pex24 and pex34 strains fall into another group 

(Group 2). pex25 strain has a phenotype which is in between both groups. pex32 

cells are devoid of peroxisomes on methanol, however upon growth on MM-G/M 

they contain peroxisomes resembling the ones found in cells of Group 2.  
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The loss of PEX25 or PEX34 in pex23 cells results in 

peroxisome deficiency 

Previously, we showed that Pex23 plays a redundant role in peroxisome 

formation with Vps13, Ypt7 and Vps39, three proteins implicated in vacuolar 

membrane contact sites (Chapter 2 and 3 of this thesis). To study whether Pex23 

also shows redundancy with peroxins implicated in peroxisomal membrane 

contact sites, we analyzed various double deletion strains.  

FM analysis of methanol-grown pex11 pex23, pex24 pex23 and pex29 pex23 

double deletion strains producing the GFP-SKL peroxisomal matrix marker 

protein showed that all of them could import GFP-SKL, whereas deletion of 

PEX23 in pex25 or pex34 cells resulted in mislocalization of GFP-SKL to the 

cytosol (Fig. 5A). Since the latter two double deletion strains could not grow on 

methanol, we subsequently grew these strains on methanol-glycerol mixtures for 

further FM analysis. This showed that the phenotypes of these strains were 

slightly different, because in cultures of the pex25 pex23 strain approx. 18% of 

the cells could still form peroxisomes which are enlarged in size, whereas approx. 

31% of pex34 pex23 cells contained peroxisomes which are mostly smaller than 

the ones present in pex23 or pex34 cells (Fig. 5B). In the peroxisome containing 

pex23 pex34 and pex23 pex25 cells peroxisomal matrix protein marker GFP-SKL 

was also observed in the cytosol (Fig. 5B, 6A). Because of the phenotypic 

differences, we also analyzed glucose grown cells of pex23 pex25 and pex23 pex34 

which showed that approximately 38% of pex23 pex25 cells contained 

peroxisomes that imported GFP-SKL, whereas only 4% of pex23 pex34 cells 

harbored GFP-SKL containing peroxisomes which was accompanied by 

mislocalization of GFP-SKL to the cytosol. These data suggest that Pex34 and 

Pex25 play different roles in peroxisome biogenesis, by Pex34 is being required 

for peroxisome biogenesis in pex23 cells even when cells are grown on glucose. 

Recently, we showed that the double mutant pex23 vps13 is peroxisome 

deficient (Chapter 2) and here we demonstrate that pex23 pex25 has a severe 

peroxisome biogenesis as well. This suggests that Vps13 and Pex25 may play a 

role in a similar process involved in peroxisome biogenesis, which is however 

redundant to the function of Pex23. To test this, we constructed a vps13 pex25 

double deletion strain. As shown in Fig 5A, this double mutant has a phenotype 

that strongly resembles that of the vps13 and pex25 single deletion strains, which 

both have no clear peroxisomal phenotype relative to the WT control (chapter 2 

and 4 respectively). 
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Figure 5. pex25 pex23 and pex34 pex23 strains are peroxisome deficient. (A) Indicated strains 

expressing GFP-SKL were grown on MM/M for 16h. (B) pex25 pex23 and pex34 pex23 strains were grown 

both on mineral medium containing glucose (MM/glu) and on MM/G-M. Scale bar: 1 µm. 

An artificial peroxisome-ER tether partially suppresses the 

phenotypes of pex23 pex25 and pex34 pex23 strains 

Previously, we showed that the severe peroxisomal phenotype of several double 

deletion strains (such as pex11 vps13 (Chapter 2), pex23 ypt7 (Chapter 3), pex11 

pex25 (Chapter 4)) can be partially suppressed by artificially linking peroxisomes 

to the ER. We now tested whether this artificial tether (named ER-PER) could 

also suppress the peroxisome deficient phenotype of the pex23 pex25 and pex23 

pex34 strains. Expression of the ER-PER tether in pex23 pex34 cells or pex23 
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pex25 cells did not complement the growth defect of these strains, however more 

peroxisomes were formed (Fig. 6). 

 

Figure 6. Expression of ER-PER tether in pex23 pex34 or pex23 pex25 strain partially suppresses 

peroxisome deficient phenotypes. (A) FM analysis of methanol-glycerol grown pex23 pex25 and pex23 

pex34 cells containing GFP-SKL alone or PADH1PEX14-HAHA-UBC6TM (ERPER++). Scale bar: 5 μm. (B) 

Percentage of MM-G/M grown cells containing a peroxisome based on FM analysis. 400 cells were quantified 

per culture. The average is presented of two independent cultures. The error bar represents SD. (C) Optical 

densities of the indicated cultures upon growth for 16 h on medium containing a mixture of methanol and 

glycerol. Average values (± SD) are shown from two independent cultures. 
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Discussion 

In this study, we show that H. polymorpha Pex29 and Pex32, like Pex23 and 

Pex24 are ER proteins, whereas Pex11C and Pex34 are localized to peroxisomes. 

Moreover, a severe effect on peroxisome size and number was observed upon 

deletion of PEX34, but not in cells lacking PEX11C or PEX29.  

We further investigated the role of these peroxins by the analysis of double 

deletion strains. This indicated that deletion of two putative EPCONS 

components (i.e. pex11 pex23, pex23 pex24 and pex23 pex29) does not affect 

peroxisome formation. Similarly, in pex25 vps13 cells lacking two putative 

VAPCONS proteins functional peroxisomes are still present.   

In contrast pex23 pex25 cells showed a peroxisome deficient phenotype, 

supporting our model that Pex23 and Pex25 are important for different functions, 

possibly for the function of EPCONS (Pex23; Chapter 2, 3) and VAPCONS 

(Pex25; Chapter 4).  pex23 pex34 cells were also defective in methanol growth 

suggesting that Pex34 may also play a role in the function of VAPCONS. 

pex23 pex25 and pex23 pex34 cells contain small peroxisomes capable of 

importing matrix proteins, while the major portion of the matrix proteins are 

mislocalized to the cytosol. Larger peroxisomes were formed upon expression of 

an artificial ER-peroxisome linker in both double deletion strains, suggesting 

that the formation of extensive physical ER-peroxisome contacts can partially 

restore the organelle growth defects in these double mutants. 

Together these data suggest that the simultaneous loss of components of 

one type of peroxisomal MCS does not block peroxisome formation. 

H. polymorpha Pex29 and Pex32 are ER-localized peroxins (Fig. 3) 

belonging to the Pex24- and Pex23-protein families, respectively (Chapter 2, Fig. 

1). Yarrowia lipolytica contains only a single member of the Pex23 and Pex24 

protein families, which are localized to peroxisome membrane and both essential 

for growth on peroxisome proliferation medium (i.e oleate) in this organism 

(Brown et al., 2000; Tam and Rachubinski, 2002). However, in S. cerevisiae 

Pex23- (Pex30, Pex31, Pex32) and Pex24-protein families (Pex28, Pex29) contain 

multiple members. These proteins form a complex at the ER, interact with ER 

reticulon proteins (Yop1, Rtn1, Rtn2) and are not essential for growth on oleate 

medium (David et al., 2013; Mast et al., 2016), possibly due to functional 

redundancy. Among these proteins ScPex29 and ScPex30 were shown to play a 

role in EPCONS and the absence of these proteins results in more and smaller 

peroxisomes, whereas the absence of HpPex29 neither affects peroxisome 

number/size nor the growth on peroxisome proliferation medium (methanol). 

These phenotypic differences could be explained by the different number of 

proteins in each protein family (Chapter 2, Fig 1: Pex23 family: Yl:1, Hp:2, Sc:3 
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members; Pex24 family: Yl:1, Hp:2, Sc:2 members) and also the localization of 

these proteins (Yl proteins on the peroxisome, whereas Sc and Hp proteins on the 

ER) (Brown et al., 2000; Tam and Rachubinski, 2002; Mast et al., 2016; David et 

al., 2013).  

Our findings imply that in H. polymorpha Pex24 plays a role in EPCONS 

as ScPex29 does, whereas HpPex29 does not. It could be that the ER-localized 

Pex29 plays a role at a different MCS. This could explain why pex29 cells have no 

peroxisomal phenotype. 

Our data showing that Pex32 is essential for peroxisome biogenesis in 

methanol grown cells (Fig. 4) suggest that Pex32 might function directly at 

multiple peroxisome membrane contact sites or it might play an indirect role on 

peroxisome membrane development by affecting contact sites between ER and 

other organelles (e.g. ERMES, NVJs). Pex32 and Pex11 are the highest 

upregulated proteins upon a shift of glucose grown H. polymorpha cells to 

methanol supporting  an important role for Pex32 in peroxisome proliferation 

(Zutphen et al., 2010).  

Y. lipolytica pex23 cells harbor small peroxisomal structures. Y. lipolytica 

Pex23 (the only Pex23 family protein in this organism) was shown to localize to 

the peroxisome membrane and its absence resulted in the proliferation of ER-

sheets surrounding the nucleus (Brown et al., 2000). Thus, it could be that 

HpPex32 might be both an ER and peroxisomal component of EPCONS. Indeed, 

we observed Pex32 can concentrate as spots/patches (Fig. 3), the localization of 

which needs further analysis. Detailed morphological and biochemical analysis of 

the pex32 single deletion strain would help our understanding of the peroxisome 

deficient phenotype of this strain. 

HpPex34 shows weak homology to ScPex34 and localizes to the 

peroxisomes (Fig. 1-3). Our FM analysis showed that deletion of PEX34 resulted 

in decreased numbers of peroxisomes which have enlarged size as in pex11 cells 

(Fig. 3). Similar results were obtained in S. cerevisiae pex34 cells, which is 

coherent with Pex34’s function in proliferation (Tower et al., 2011). Moreover, 

ScPex34 has interactions both with Pex11 family proteins and peroxisomal tail-

anchor protein Fis1, which play a role in the fission of peroxisomes (Tower et al., 

2011). 

In pex11C and pex25 cells peroxisome numbers are similar as in WT 

controls (Fig. 3). However, growth of pex25 cells on methanol is reduced, which 

supports the proposed function of Pex25 in VAPCONS regulation (Chapter 4). 

Our data that HpPex11C localizes to peroxisomes and the pex11C strain does not 

have any peroxisomal phenotype (Fig. 4) is in line with the data of Penicillium 

chrysogenum Pex11C (Opaliński et al., 2012). HpPex11C most likely plays a 
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redundant role in peroxisome proliferation as observed in P. chrysogenum 

(Opaliński et al., 2012). 

Our findings that H. polymorpha pex23 pex24 and pex23 pex29 strains 

show a similar peroxisomal phenotype as pex23 is in line with data that ScPex23 

family proteins function upstream of Pex24 family proteins (Vizeacoumar et al., 

2004). Similarly, pex11 pex23 strain showed a phenotype resembling that of 

pex23 cells supporting our idea that Pex11 is an EPCONS protein.  

pex23 pex25 and pex23 pex34 strains were peroxisome deficient on 

methanol but contained peroxisomes upon growth on medium containing a 

mixture of glycerol and methanol (Fig. 5). The phenotype of pex23 pex25 strain is 

in line with our data that Pex25 is able to concentrate at VAPCONS and required 

in pex11 cells which are affected in EPCONS (Chapter 4 this thesis). However, 

we observed that pex23 pex25 and pex23 pex34 strains show slightly different 

phenotypes. Peroxisomes in pex23 pex34 cells, but not in pex23 pex25 cells, were 

not enlarged as the ones found in pex23 or pex34 single deletion strains 

suggesting that Pex34 is more important than Pex25 for the growth of 

peroxisomes present in pex23 cells.  

The introduction of an artificial ER-peroxisome tethering protein (ERPER) 

in pex23 pex25 or pex23 pex34 cells resulted in partial suppression of peroxisome 

deficient phenotype judged by the formation of more peroxisomes (Fig. 6). 

Interestingly, expression of ERPER in pex23 pex34 cells resulted in high 

proliferation of small-sized peroxisomes suggesting that fission is enhanced in 

these cells. A recent paper showed that P. pastoris Pex36 (a ScPex34 homolog) 

plays a role in ER to peroxisome trafficking of peroxisomal membrane proteins 

(Farré et al., 2017). Thus, whether enhanced fission is caused by the 

mislocalization of peroxisomal fission proteins to the ER should be analyzed.  

In conclusion, our results indicate that defects only in one type of 

peroxisomal MCS do not hamper peroxisome biogenesis. Moreover, we speculate 

that Pex34 is a VAPCONS component/regulator essential for the peroxisome 

biogenesis in EPCONS defective cells. 
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Materials and Methods 

Strains and growth conditions 

The H. polymorpha strains used in this study are listed in Table 1. 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 200 µg/ml zeocin (Invitrogen), 200 µg/ml 

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

Escherichia coli DH5α was 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 100 µg/ml ampicillin. For growth on agar plates, LB 

medium was supplemented with 2% agar. 

Molecular techniques 

Plasmids and primers used in this study are listed in Table 2 and 3, 

respectively. Transformations of H. polymorpha were performed as described 

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

by the suppliers (Fermentas, New England Biolabs). 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.  

Construction of strains expressing Peroxin-GFP fusion 

proteins under endogenous promoter 

A plasmid encoding Pex11C-mGFP was constructed as follows: a PCR fragment 

encoding the C-terminus of Pex11C was obtained using primers 

RSAPex11Cfusfw and RSAPex11Cfusrev on 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 pAMK24. Finally, BstBI-linearized pAMK24 was 

transformed into WT cells. Correct integrations were checked by using primers 

EMK2 and Pex11C-5. 
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A plasmid encoding Pex29-mGFP was constructed as follows: a PCR fragment 

encoding the C-terminus of Pex29 was obtained using primers Pex29 fw and 

Pex29 rev with H. polymorpha NCYC495 genomic DNA as a template. The 

obtained PCR fragment was digested with BamHI and HindIII, and inserted 

between the BglII and HindIII sites of pHIPZ-mGFP fusinator plasmid, resulting 

in plasmid pAMK82. NruI-linearized pAMK82 was transformed into WT cells. 

Correct integrations were checked by using primers Pex29 fwd check and Pex32 

rev check. 

A plasmid encoding Pex32-mGFP was constructed as follows: a PCR fragment 

encoding the C-terminus of Pex32 was obtained using primers Pex32 fw and 

Pex32 rev with H. polymorpha NCYC495 genomic DNA as a template. The 

obtained PCR fragment was digested with BamHI and HindIII, and inserted 

between the BglII and HindIII sites of pHIPZ-mGFP fusinator plasmid, resulting 

in plasmid pAMK83. MfeI-linearized pAMK83 was transformed into WT cells. 

Correct integrations were checked by using primers Pex32 fw check and Pex32 

rev check. 

A plasmid encoding Pex34-mGFP was constructed as follows: a PCR fragment 

encoding the C-terminus of Pex34 was obtained using primers pex34 fw and 

pex34 rev with H. polymorpha NCYC495 genomic DNA as a template. The 

obtained PCR fragment was digested with BglII, and inserted between the BglII 

and NruI sites of pHIPZ-mGFP fusinator plasmid, resulting in plasmid pAMK58. 

BsmBI-linearized pAMK58 was transformed into WT cells. Correct integrations 

were checked by using primers Pex34 over fw and EMK2 check. 

Construction of H. polymorpha pex11C, pex23, pex24, pex25, 

pex29, pex32 and pex34 strains 

The pex11C deletion strain was constructed by replacing the PEX11C region with 

the hygromycin resistance gene as follows: First, two PCR fragments comprising 

the PEX11C flanking regions were amplified with primers Pex11C-1+Pex11C-2 

and Pex11C-3+Pex11C-4 using H. polymorpha genomic DNA as a template. The 

PCR fragments were cloned into the vectors pDONR P4-P1R and pDONR P2R-

P3, respectively, resulting in the entry vectors pENTR-PEX11C 5’ and pENTR-

PEX11C 3’. Hygromycin fragment was amplified with primers attB1-Ptef1-

forward and attB2-Ttef1-reverse using pHIPH4 as the template. The resulting 

PCR fragment was recombined into vector pDONR221 yielding entry vector 

pENTR221-hph. Recombination of the entry vectors pENTR-PEX11C 5’, 

pENTR221-hph, and pENTR-PEX11C 3’, and the destination vector pDEST-R4-

R3, resulted in pRSA019. PEX11C deletion cassette was amplified with primers 

Pex11C-5 and Pex11C-6 using pRSA019 as a template, then transformed into WT 

leu1.1 ura3 cells. Hygromycin resistant transformants were selected and checked 
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by colony PCR with primers Pex11C-7+Pex11C-8 and correct deletion of PEX11C 

was confirmed by southern blotting.   

To create pex11C cells expressing PMP47-GFP, first PsyI linearized pSNA03 was 

transformed into pex11C cells. Finally, MunI linearized pMCE7 was transformed 

into pex11C DsRed-SKL cells. Correct integrations were checked by using 

primers PMP47_fwd_check and mGFP_rev_check. 

The pex29 deletion strain was constructed by replacing the PEX29 region with 

the zeocin resistance gene as follows: First, a PCR fragment containing the zeocin 

resistance gene and 50bp of the PEX29 flanking regions were amplified with 

primers dPex29_F and dPex29_R using plasmid pENTR221-zeocin as a template. 

The resulting PEX29 deletion cassette was transformed into yku80 cells. Zeocin 

resistant transformants were selected and checked by colony PCR with primers 

Pex29_test1+Pex29_test2. Correct deletion of PEX29 was confirmed by southern 

blotting. To create pex29 PMP47-mGFP, the MunI-linearized pHIPN-PMP47-

mGFP plasmid was transformed into pex29 cells. The correct integrations were 

confirmed by colony PCR with primers PMP47_fwd_check+ mGFP_rev_check. 

The pex32 deletion strain was constructed by replacing the PEX32 region with 

the zeocin resistance gene as follows: First, a PCR fragment containing the zeocin 

resistance gene and 50bp of the PEX32 flanking regions were amplified with 

primers dPex32_F and dPex32_R using plasmid pENTR221-zeocin as a template. 

The resulting PEX32 deletion cassette was transformed into yku80 cells. Zeocin 

resistant transformants were selected and checked by colony PCR with primers 

checkP32_F+ checkP32_R. Correct deletion of PEX32 was confirmed by southern 

blotting. Then, the MunI-linearized pHIPN-PMP47-mGFP plasmid was 

transformed into pex32 cells. The correct integrations were confirmed by colony 

PCR with primers primers PMP47_fwd_check+ mGFP_rev_check. 

The pex34 deletion strain was constructed by replacing the PEX34 region with 

the hygromycin resistance gene as follows: First, two PCR fragments comprising 

the PEX34 flanking regions were amplified with primers pex34-1+pex34-2 and 

pex34-3+pex34-4 using H. polymorpha genomic DNA as a template. The PCR 

fragments were cloned into the vectors pDONR P4-P1R and pDONR P2R-P3, 

respectively, resulting in the entry vectors pENTR-PEX34 5’ and pENTR-PEX34 

3’. Recombination of the entry vectors pENTR-PEX34 5’, pENTR221-hph, and 

pENTR-PEX34 3’, and the destination vector pDEST-R4-R3, resulted in 

pAMK57. PEX34 deletion cassette was amplified with primers pex34-5 and 

pex34-6 using pAMK57 as a template, then transformed into yku80 cells. 

Hygromycin resistant transformants were selected and checked by colony PCR 

with primers pex34-7+pex34-8 and correct deletion of PEX34 was confirmed by 

southern blotting. To create pex34 PMP47-mGFP, the MunI-linearized pMCE7 
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was transformed into pex34 cells. The correct integrations were confirmed by 

colony PCR with primers PMP47_fwd_check+ mGFP_rev_check. 

Construction of H. polymorpha double deletion strains 

To create pex11 pex23, pex23 pex24 and pex23 pex29 strains, a plasmid allowing 

deletion of PEX23 was constructed using Multisite Gateway technology as 

follows: First, the 5’ and 3’ flanking regions of the PEX23 gene were amplified by 

PCR with primers PEX23-5’F+PEX23-5’R and PEX23-3’F+PEX23-3’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’PEX23 and 

pENTR-3’PEX23, respectively. Both entry plasmids were recombined with 

destination vector pDEST-R4-R3 together with entry plasmid pENTR221-hph, 

resulting in plasmid pDEST-PEX23. Then PEX23 deletion cassette was amplified 

with primers P23H_cas_fw and P23H_cas_rev using pDEST-PEX23 as a 

template. Then, the resulted PEX23 deletion cassette was transformed into 

pex11, pex24 and pex29 cells. Hygromycin resistance transformants were selected 

and checked by colony PCR using primers cPEX23-Fw+cPEX23-Rev. Finally, the 

correct deletion of PEX23 was confirmed by Southern blotting.  

To construct pex23 pex34 strain, a PCR fragment containing PEX23 deletion 

cassette was amplified with primers cPEX23-Fw+cPEX23-Rev using pex23 

genomic DNA as a template. The resulting PEX23 deletion cassette was 

transformed into pex34 cells. Zeocin resistant transformants were selected and 

checked by colony PCR with primers cPEX23-Fw+cPEX23-Rev and correct 

deletion of PEX23 was confirmed by southern blotting. Finally, StuI linearized 

pHIPN7-GFP-SKL was transformed into pex11 pex23, pex23 pex24, pex23 pex29, 

pex23 pex34 cells.  

To construct pex23 pex25 strain, a PCR fragment containing PEX25 deletion 

cassette was amplified with primers RSAPex25-5 and RSAPex25-6 using 

pRSA018 as a template. The resulting PEX25 deletion cassette was transformed 

into pex23 cells. To construct vps13 pex25 strains, a PCR fragment containing 

PEX25 deletion cassette was amplified with primers Pex25_fwd and Pex25-rev 

using pRSA018 as a template. The resulting PEX25 deletion cassette was 

transformed into vps13 cells. Nourseothricin resistant transformants were 

selected and checked by colony PCR with primer combinations 

Pex25_cPCR_fw+Pex25_rev and Pex25_cPCR_fw+Nat 5’ rev. Correct deletions of 

PEX25 were confirmed by southern blotting. Finally, StuI linearized pFEM35 

was transformed into pex23 pex25 and vps13 pex25 cells. 
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Construction of H. polymorpha pex23 pex25 GFP-SKL and 

pex23 pex34 GFP-SKL strains with or without an artificial ER 

linker 

To construct pex23 pex34 GFP-SKL PADH1Pex14-2HA-Ubc6 strain, first PCR was 

performed using primers Padh1_mid_fw and Padh1_mid_rev with pARM072 as 

templates. The obtained PCR fragment was transformed into pex23 pex34 GFP-

SKL cells. Correct integrations were confirmed by colony PCR with primers Adh1 

cPCR fwd+ Ubc6_cPCR_rev. 

To introduce ER-PER into pex23 pex25 GFP-SKL strain, plasmid pARM118 

(pHIPH18-PEX14-2xHA-UBC6) were constructed as follows. A 2.7 kb NotI/BpiI 

fragment from plasmid pARM053 and a 4.3 kb NotI/BpiI fragment from plasmid 

pHIPH4 were ligated, resulting in plasmid pARM118. Then the NruI-linearized 

pARM118 were transformed into pex23 pex25 GFP-SKL cells. Correct 

integrations were confirmed by colony PCR with primers Adh1 cPCR fwd+ 

Ubc6_cPCR_rev. 

Fluorescence microscopy 

Wide field images were captured at room temperature using a 100x1.30 NA 

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.  

To quantify peroxisomes, random images of cells were taken using a 100x1.40 NA 

objective as a stack using a confocal microscope (LSM800, Carl Zeiss) and Zen 

software. Z-stacks were made containing 9 optical slices and the GFP signal was 

visualized by excitation with a 488 nm laser and the emission was detected from 

490 – 650 nm using an GaAsp detector. Peroxisomes were detected and 

quantified automatically using a custom made plugin (Thomas et al., 2015) from 

cells of two independent experiments. 

Image analysis was carried out using ImageJ and Adobe Photoshop CC 2017 

software. 
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In Silico Analysis 

Pex34-related proteins in various yeast species were identified using the primary 

sequence of S. cerevisiae Pex34 in Gapped Blast and Position Specific Iterated 

(PSI) Blast analyses (Altschul et al., 1997) on the budding yeasts dataset (taxid: 

4892) of the non-redundant (nr) protein database at the National Center for 

Biotechnological Information (NCBI). In the PSI-Blast analyses a statistical 

significance value of 0.001 was used as a threshold for the inclusion of 

homologous sequences in each next iteration. Alignments of amino acid 

sequences were constructed using the Clustal_X2 program 

(http://www.clustal.org/clustal2/) and displayed using GeneDoc software 

(Nicholas et al., 1997) .  
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Table 1. H. polymorpha strains used in this study 

Strains Description  References 

WT NCYC495, leu1.1, ura3 (Waterham et 

al., 1994) 

yku80 NCYC495, leu1.1 YKU80::URA3 (Saraya et al., 

2012) 

pex11 PPEX11PEX11-

mGFP 

PEX11::URA3 pHIPN4-DsRed-SKL::NAT 

pAMK065::sh ble 

(Thomas et al., 

2015) 

WT PEX11C-mGFP pAMK24::sh ble This study 

WT PEX23-mGFP pHIPZ-PEX23-mGFP::sh ble 

YKU80::URA3 

Chapter 2 

WT PEX24-mGFP pAMK81::sh ble YKU80::URA3 Chapter 2 

WT PEX25-mGFP pMCE1::sh ble YKU80::URA3 This study 

WT PEX29-mGFP pAMK82::sh ble YKU80::URA3 This study 

WT PEX32-mGFP pAMK83::sh ble YKU80::URA3 This study 

WT PEX34-mGFP pAMK58::sh ble  This study 

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

al., 2013) 

pex11 PMP47-mGFP PEX11::URA3 pMCE07::sh ble (Thomas et al., 

2015) 

pex11C PEX11C::HPH, ura3 This study 

pex11C DsRed-SKL PEX11C::HPH pHI-DsRed-SKL::URA3 This study 

pex11C DsRed-SKL 

PMP47-mGFP 

PEX11C::HPH pHI-DsRed-SKL::URA3 

pMCE07::sh ble 

This study 

pex23 PMP47-mGFP PEX23::sh ble YKU80::URA3 pHIPN-

PMP47-GFP::NAT 

Chapter 2 

pex24 PMP47-mGFP PEX24::sh ble YKU80::URA3 pHIPN-

PMP47-GFP::NAT 

Chapter 2 

pex25 PMP47-mGFP PEX25::NAT   YKU80::URA3 pHIPX-

PMP47-GFP::LEU2 

Chapter 4 

pex29 PEX29::sh ble   YKU80::URA3 This study 

pex29 PMP47-mGFP PEX29::sh ble   YKU80::URA3 pHIPN-

PMP47-GFP::NAT 

This study 

pex32 PEX32::sh ble   YKU80::URA3 This study 

pex32 PMP47-mGFP PEX32::sh ble   YKU80::URA3 pHIPN-

PMP47-GFP::NAT 

This study 

pex34 PEX34::HPH YKU80::URA3 This study 

pex34 PMP47-mGFP PEX34::HPH YKU80::URA3 pMCE07::sh 

ble 

This study 

WT GFP-SKL pFEM35::LEU2 (Krikken et al., 

2009) 

pex11 pex23 PEX11::URA3 PEX23::HPH This study 

pex11 pex23 GFP-SKL PEX11::URA3 PEX23::HPH pHIPN7-

GFP-SKL::NAT 

This study 
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pex23 pex24 PEX23::HPH PEX24::sh ble 

YKU80::URA3 

This study 

pex23 pex24 GFP-SKL PEX23::HPH PEX24::sh ble 

YKU80::URA3 pHIPN7-GFP-SKL::NAT 

This study 

pex23 pex25 PEX23::sh ble PEX25::NAT 

YKU80::URA3 

This study 

pex23 pex25 GFP-SKL PEX23::sh ble PEX25::NAT 

YKU80::URA3 pFEM35::LEU2 

This study 

pex23 pex29 PEX23::HPH PEX29::sh ble 

YKU80::URA3 

This study 

pex23 pex29 GFP-SKL PEX23::HPH PEX29::sh ble 

YKU80::URA3 pHIPN7-GFP-SKL::NAT 

This study 

pex23 pex34 PEX23::sh ble PEX34::HPH 

YKU80::URA3 

This study 

pex23 pex34 GFP-SKL PEX23::sh ble PEX34::HPH 

YKU80::URA3 pHIPN7-GFP-SKL::NAT 

This study 

vps13 VPS13::sh ble YKU80::URA3 Chapter 2 

vps13 pex25 VPS13::sh ble PEX25::NAT YKU80::URA3 This study 

vps13 pex25 GFP-SKL VPS13::sh ble PEX25::NAT YKU80::URA3 

pFEM35::LEU2 

This study 

pex23 pex34 GFP-SKL 

PADH1PEX14-2xHA-

UBC6 

PEX23::sh ble PEX34::HPH 

YKU80::URA3 pHIPN7-GFP-SKL::NAT 

pARM072::LEU2 

This study 

pex23 pex25 GFP-SKL 

PADH1PEX14-2xHA-

UBC6 

PEX23::sh ble PEX25::NAT 

YKU80::URA3 pFEM35::LEU2 

pARM118::HPH 

This study 
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Table 2. Plasmids used in this study 

Plasmids   Description References 
pHIPZ-mGFP 

fusinator (pSNA10) 
pHIPZ plasmid containing mGFP without 

start codon and AMO terminator; ZeoR, AmpR 
(Saraya et al., 

2010) 

pAMK24 
pHIPZ plasmid containing gene encoding C-

terminal of Pex11C fused to mGFP; ZeoR, 

AmpR 
This study 

pAMK82 
pHIPZ plasmid containing gene encoding C-

terminal of Pex29 fused to mGFP; ZeoR, AmpR 
This study 

pAMK83 
pHIPZ plasmid containing gene encoding C-

terminal of Pex32 fused to mGFP; ZeoR, AmpR 
This study 

pAMK58 
pHIPZ plasmid containing gene encoding C-

terminal of Pex34 fused to mGFP; ZeoR, AmpR 
This study 

pDONR P4-P1R          Multisite Gateway vector; KanR, CmR Invitrogen 
pDONR P2R-P3 Multisite Gateway vector; KanR, CmR Invitrogen 

pENTR PEX11C 5’ 
pDONR P4-P1R with 5’ flanking region of 

PEX11C; KanR 
This study 

pENTR PEX11C 3’ 
pDONR P2R-P3 with 3’ flanking region of 

PEX11C; KanR 
This study 

pHIPH4 
pHIPH plasmid containing AOX promoter; 

HphR, AmpR 
This study 

pDONR221 Multisite gateway donor vector; KanR, CmR Invitrogen 
pENTR221-hph pDONR221 with HPH marker; HphR, KanR This study 
pDEST-R4-R3 Multisite Gateway donor vector; AmpR, CmR Invitrogen 

pRSA019 
Plasmid containing PEX11C deletion cassette; 

HphR, AmpR 
This study 

pSNA03 
pHIP plasmid containing DsRed-SKL under 

the control of PAOX; URA3, AmpR 
(Nagotu et al., 

2008) 
pHIPN-PMP47-

GFP 
pHIPN plasmid containing C-terminal of 

PMP47 fused to mGFP; NatR, AmpR 
Chapter 2 

pENTR221-zeocin pDONR 221 with sh ble cassette; ZeoR, KanR  
(Saraya et al., 

2012) 

pRSA018 
Plasmid containing PEX25 deletion cassette; 

ZeoR, AmpR 
Chapter 4 

pHIPX-PMP47-

mGFP 

pHIPX plasmid containing gene encoding C-

terminus of Pmp47 fused to mGFP; LEU2, 

AmpR 
This study 

pENTR PEX34 5’ 
pDONR P4-P1R with 5’ flanking region of 

PEX34; KanR 
This study 

pENTR PEX34 3’ 
pDONR P2R-P3 with 3’ flanking region of 

PEX34; KanR 
This study 

pAMK57 
Plasmid containing PEX34 deletion cassette; 

HphR, AmpR 
This study 

pENTR PEX23 5’ 
pDONR P4-P1R with 5’ flanking region of 

PEX23; KanR 
This study 

pENTR PEX23 3’ 
pDONR P2R-P3 with 3’ flanking region of 

PEX23; KanR 
This study 

pDEST-PEX23 
Plasmid containing PEX23 deletion cassette; 

HphR, AmpR 
This study 

pHIPN7-GFP-SKL 
pHIPN plasmid containing GFP-SKL under 

the control of PTEF1; NatR, AmpR 
(Thomas et 

al., 2015) 
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pFEM35 
pHIPX plasmid containing GFP-SKL under 

the control of PTEF; LEU2, KanR 
(Baerends et 

al., 1997) 

pARM072 
pHIPX plasmid containing PEX14-2xHA-

UBC6 under the control of PADH1; LEU2, KanR 
Chapter 2 

pARM053 
pHIPZ plasmid containing PEX14-2xHA-

UBC6 under the control of PADH1; ZeoR, AmpR 
Chapter 2 

pARM118 
pHIPH plasmid containing PEX14-2xHA-

UBC6 under the control of PADH1; HphR, AmpR 
This study 

 

  



The absence of multiple EPCONS or VAPCONS components does not block peroxisome membrane growth in 

Hansenula polymorpha 

 

185 
 

Table 3. Primers used in this study 

Primer  Sequence (5’ – 3)’ 
RSAPex11Cfusfw CCCAAGCTTTGCTGCGACTGCTAGCCAATCCCA 

RSAPex11Cfusrev AGATCTTCCAACAAGCTGGCGCAACTGTGCAGA 

EMK2 GTGCAGATGAACTTCAGGGTCAGCTTG 

Pex11C-5 ACCAGAGCTCATGTGCTGTTCCAG 

Pex29 fw CCCAAGCTTCCGACAAGCACACCATTCTC 

Pex29 rev CGCGGATCCTCCGTCCACAGAATCGATCG 

Pex29 fw check CCGACAAGCACACCATTCTC 

Pex32 rev check AGCTTGCCGTAGGTGGCATC 

Pex32 fw CCCAAGCTTTAGTGGCGTGCACTGTCCTA 

Pex32 rev CGCGGATCCGGTGGTTGCGTCGTCCTCGA 

Pex32 fw check CTGCACTGTATGCGGCATTC 

pex34 fw CAGCAGTCCTACGCTCTATT 

pex34 rev AGAAGATCTTAAATACTGTTTCTGCATAG 

pex34 over fw CGCGGATCCATGTCCAATTTGCACTACGG 

Pex11C-1 
GGGGACAACTTTGTATAGAAAAGTTGTACCAGAGCTCATGT

GCTGTTCCAG 

Pex11C-2 
GGGGACTGCTTTTTTGTACAAACTTGAAGATCCATAACAGA

CGGTCGACAG 

Pex11C-3 
GGGGACAGCTTTCTTGTACAAAGTGGCAACTGGACGCACCT

TGAAAAGTC 

Pex11C-4 
GGGGACAACTTTGTATAATAAAGTTGGAAAGCCGGTCTATC

AGGTCAAGC 

attB1-Ptef1-

forward 

GGGGACAAGTTTGTACAAAAAAGCAGGCTGATCCCCCACAC

ACCATAGCTTC 

attB2-Ttef1-

reverse 

GGGGACCACTTTGTACAAGAAAGCTGGGTGCTCGTTTTCGA

CACTGGATGG 

Pex11C-6 GAAAGCCGGTCTATCAGGTCAAGC 

Pex11C-7 TTCCTGAAGCCGGATGAGTACGAG 

Pex11C-8 CTCCAGACGAGTGGAATTACCATG 

PMP47_fwd_chec

k 
ACTTATCCGCTGGTCACTCT 

mGFP_rev_check AAGTCGTGCTGCTTCATGTG 

dPex29_F 

GATTGCGTCTGCAGCAAGTTTACAGAAAATAATTTGTCAACT

CTTCCCATGGAGTCTAATTCCGATCCCCCACACACCATAGCT

TC 

dPex29_R 
GTCCTGCCTGGTACGAGAACTTGGTCACAAGATCGTAGCAC

CATTTCTCGTCCTCGGCAAATTAAAGCCTTCGAGCGTCCC 

Pex29_test1 GCATCGAGCGCCATGAGACA 

Pex29_test2 GCCATGAGCGACGACTCGTA 

dPex32_F 
TCGAGCCATTCAGCTATTTTGGGTCCTTATCCAGTTCTGACT

ATTTCATCTAATTCCGATCCCCCACACACCATAGCTTC 

dPex32_R TTAGCGTCCAGCCATCTCCACCGGCACGTTGCTTGTGTAAT
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CTCTGGGAAGCAAATTAAAGCCTTCGAGCGTCCC 

checkP32_F CTTTAGGCACGTGTGCCTCG 

checkP32_R GACGATCACCAGTGCGCGTC 

pex34-1 
GGGGACAACTTTGTATAGAAAAGTTGCGGCAGAGTTGGCTG

TTCCTTC 

pex34-2 
GGGGACTGCTTTTTTGTACAAACTTGGTAGAGCTTCTGCGT

CGTTGT 

pex34-3 
GGGGACAGCTTTCTTGTACAAAGTGGAACGAGCTGGTTCTG

GATCTGA 

pex34-4 
GGGGACAACTTTGTATAATAAAGTTGGAGAAGACTACCGAC

GAGGTT 

pex34-5 GCAGAGTTGGCTGTTCCTTC 

pex34-6 CTACCGACGAGGTTTTCGGT 

pex34-7 GAGCAGGAGGCTCGACAGTT 

pex34-8 TTGAAGTGGTACGGCGATGC 

Pex23-5’F 
GGGGACAACTTTGTATAGAAAAGTTGGCCACCTTCTAGCAT

TAACAGC 

Pex23-5’R 
GGGGACTGCTTTTTTGTACAAACTTGCGCGTCGCAGTCGTC

ACTAGGAG 

Pex23-3’F 
GGGGACAGCTTTCTTGTACAAAGTGGCCACGAAGCTGAGTC

ACCAGAC 

Pex23-3’R 
GGGGACAACTTTGTATAATAAAGTTGCAAGCAGAATGCGGC

AAAGAGGC 

P23H_cas_fw AGTACAGCCAACAACAGGCC 

P23H_cas_rev AAAGAGGCACTGTCCGTGGA 

cPEX23-Fw GTACGATTACTGGACGTTGA 

cPEX23-Rev AGCTCCAACATCTCGGAAGA 

RSAPex25-5 CTGGATGGAGGCTTCATCTC 

RSAPex25-6 GGAGCTGCTGTGCTTGTATG 

Pex25_fwd AGCACGAAAGGTGTGCTCAT 

Pex25_rev GAGCTGCTGTGCTTGTATGG 

Pex25_cPCR_fw CAAGCGACCTCGGCACAAGT 

Nat 5’ rev TAAGCCGTGTCGTCAAGAGT 

Padh1_mid_fw CAGGCCGAGTAATGCTGACC 

Padh1_mid_rev CGGACACCCTACACCAGAAT 

Adh1 cPCR fwd TGTTGAGCAGGCTGATAACC 

Ubc6_cPCR_rev ACCACTGCCAACAGCACATA 
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Summary 

The cell is the fundamental structural and functional unit of all living organisms 

which can be classified into three domains: archaea, prokaryotes or eukaryotes. 

The eukaryotic cells can belong to one of the kingdoms of plants, animals or 

fungi; and differ from archaea and prokaryotes in that they contain a nucleus 

(which contains genetic material) and membrane-enclosed organelles. These 

organelles enable the cell to isolate cellular biochemical processes by creating 

optimal physical conditions which increase the efficiency of these reactions. For 

example, the endoplasmic reticulum is involved in biosynthesis of lipids, the 

vacuole plays major roles in recycling of the cell components, and the 

mitochondrion is engaged in chemical energy production 1–3. 

Another group of organelles are peroxisomes which were discovered in the 

early 1950s by Rhodin during his ultrastructural analysis of mouse kidney cells 4. 

These organelles are characterized by the presence of a single membrane 

enclosing a proteinaceous matrix which contains hydrogen peroxide (H2O2) 

producing oxidases 5. Now we know that peroxisomes are present in almost all 

eukaryotic cells and involved in an unprecedented range of metabolic and non-

metabolic functions 6. Among these, β-oxidation of fatty acids and detoxification 

of the toxic compound H2O2 by catalase are common functions of these organelles 
6. Their importance is underscored by the fact that defects in the functioning of 

peroxisomes in humans affect brain development and may lead to death at an 

early age 7. 

To study peroxisomes, yeasts are extensively used as model systems since 

peroxisomes are not essential in yeast. Also, the molecular mechanisms of 

peroxisome biogenesis are conserved from yeast to human 8. Moreover, 

peroxisome number, size, and shape can readily adapt to changing conditions 6,9. 

For example, when yeast cells are shifted from glucose (peroxisome repressing 

growth condition) to media supplemented with methanol or oleic acid (the 

conditions requiring peroxisomal enzymes for growth), peroxisome proliferation 

is stimulated which result in massive development of these organelles 8. Thus, 

using yeast in peroxisome biogenesis research is very convenient and can 

contribute to our understanding of peroxisome biogenesis disorders in man.  

So far two mechanisms of peroxisome biogenesis in yeast were described: 

growth and division from pre-existing peroxisomes or de novo peroxisome 

formation from the ER 10,11. Independent of these biogenesis routes, peroxisomes 

require the incorporation of membrane lipids for their growth, which is essential 

for functioning of these organelles by allowing enough space for the import of 

peroxisomal matrix proteins. Yeast peroxisomes are devoid of enzymes that 

synthesize lipids. Consequently, membrane lipids have to be transported to these
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organelles from other membranes 12,13 , which can occur via vesicular 14,15 or/and 

non-vesicular transport pathways 16–18. Vesicular lipid transport most likely 

occurs via fusion of ER-derived vesicles with the pre-existing peroxisomes, 

whereas non-vesicular lipid transfer can be achieved at regions where 

peroxisomes and other organelles come into close proximity. Indeed, at the 

morphological level, close associations between peroxisomes and other cellular 

membranes have already been known for decades 19–21. However, only very 

recently non-vesicular lipid transfer has been demonstrated at peroxisomal 

Membrane Contact Sites (MCSs) in higher eukaryotes. Such interactions were 

suggested to allow not only immediate lipid transfer between peroxisomes and 

other cellular membranes but also to function in the biosynthesis of 

phospholipids and fatty acids 22–25.  

The aim of this thesis is to address the formation/regulation of peroxisomal 

MCSs and the role of peroxisomal contacts in peroxisomal membrane 

development in H. polymorpha. 

Chapter 1 highlights our current knowledge on the mechanisms of 

peroxisome biogenesis in yeast. In addition, an overview is presented of the 

known peroxisomal MCSs, their identified tethering complexes and their possible 

roles in the development of these organelles. 

In Chapter 2 experiments are described that aim to elucidate whether 

Pex11, Pex23 and Pex24 family proteins play redundant functions in peroxisome 

biogenesis and peroxisome membrane development. Pex11 is a peroxisomal 

membrane protein, whereas Pex23 and Pex24 are localized to the ER. Our 

experiments indicated that in H. polymorpha pex11, pex23 and pex24 cells, the 

average number of peroxisomes per cell strongly decreased paralleled by an 

increase in organellar size. Moreover, these cells invariably showed reduced 

growth rates in media containing methanol, which is characteristic for defects in 

peroxisome function.  

In line with our data, Saccharomyces cerevisiae Pex11, Pex29 and Pex30 

proteins (belonging to Pex11, Pex24 and Pex23 families, respectively) are not 

essential for growth on peroxisome proliferation medium; and they regulate 

peroxisome size and numbers 26–29. Recently, these proteins were all implicated to 

function in peroxisomal membrane contact sites. For example, the ER-localized 

Pex29 and Pex30 proteins were shown to function at ER-peroxisome contact site, 

designated EPCONS which was suggested to represent ER exit sites for de novo 

peroxisome formation 28–30. The peroxisomal membrane protein Pex11 was 

proposed to play a role in peroxisome-mitochondria associations by interacting 

the ERMES (ER Mitochondrial Encounter Structure 31) component Mdm34 32. 

Such associations were suggested to enhance metabolism by allowing efficient 

transport of certain metabolites between both organelles 33.  
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Based on these data we investigated whether the relatively weak 

phenotypes of H. polymorpha pex11, pex23 and pex24 cells are due to functional 

redundancy. By performing transposon mutagenesis of a pex11 strain we 

identified VPS13 (Vacuolar Protein Sorting) as being essential for peroxisome 

biogenesis in this genetic background. In contrast to pex11 and vps13 cells, cells 

of the pex11 vps13 double deletion strain are unable to grow on methanol. 

Essentially similar results were obtained upon deletion of VPS13 in pex23 or 

pex24 cells. Our data showed that S. cerevisiae pex11 vps13 cells were also 

peroxisome deficient as similar to H. polymorpa pex11 vps13 cells indicating the 

redundancy of these proteins in peroxisome biogenesis is conserved in both 

organisms.  

The peroxisome deficient phenotypes of H. polymorpha pex11 vps13, pex23 

vps13 and pex24 vps13 cells could be largely suppressed by an artificial ER-

PERoxisome tethering protein (designated as ERPER), supporting a role of Pex23 

and Pex24 in the formation of EPCONS. Most likely EPCONS also require the 

presence of Pex11 and play a role in peroxisome membrane growth. Since Pex11 

plays a role in the regulation of the formation of PMP complexes, it might 

indirectly affect EPCONS function/formation34. This suggestion is supported by 

the observation that  Pex11 was identified in Pex29 complexes in a mass 

spectrometry study 28. The reason why Vps13 is required in EPCONS deletion 

strains but not essential for peroxisome biogenesis could be explained by the role 

of Vps13 in the regulation of various MCSs such as vacuolar-mitochondrial 

membrane contact sites (vCLAMP), nucleus-vacuole junctions (NVJs) and 

endosome-mitochondria MCSs 35,36. Importantly, recent data revealed presence of 

a small portion of the Vps13 foci on peroxisomes in S. cerevisiae 37. It is possible 

that it functions as a regulator of MCS between peroxisomes and other cellular 

membranes as well. 

In Chapter 3 we studied peroxisomal membrane contact sites in detail. 

We show that at peroxisome repressing growth condition (glucose) these 

organelles are associated with the ER, whereas upon shifting the cells to 

conditions that induce peroxisome proliferation (i.e. methanol), MCSs with 

vacuoles (VAPCONS) are formed as well. This may explain why the absence of 

the ER EPCONS proteins Pex23 and Pex24 together with Vps13, which regulates 

peroxisomal contacts, results in severe peroxisomal phenotypes (Chapter 2). 

One of the contacts that has been reported to be regulated by Vps13 is 

vCLAMP, a membrane contact site between mitochondria and vacuoles. Ypt7 and 

Vps39 are vCLAMP components. To test whether the function of Vps13 in 

peroxisome growth is related to these vCLAMP proteins, we analyzed double 

mutants of pex11, pex23 or pex24 with ypt7 or vps39, which revealed severe 

peroxisome defects, which were not observed in the ypt7 and vsp39 single 

mutants. These defects were suppressed by the ERPER tethering protein. Based 
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on these observations we speculate that EPCONS and VAPCONS indeed may 

play redundant roles in peroxisomal membrane growth, where Ypt7 and Vps39 

may be important for the formation or function of VAPCONS. 

In Chapter 4, we studied the H. polymorpha pex11 pex25 double deletion 

strain which was identified as peroxisome deficient on methanol based on 

transposon mutagenesis of pex11 cells (Chapter 2 this thesis). Since peroxisome 

membrane growth in pex11 cells requires vacuolar proteins Vps13 (Chapter 2), 

Ypt7 and Vps39 (Chapter 3), we questioned whether Pex25 also plays a role in 

peroxisomal membrane contact sites. We show that deletion of H. polymorpha 

PEX25 has no apparent effect on peroxisome number, however, pex25 cells show 

reduced growth on methanol. Moreover, fluorescence microscopy revealed that 

pex25 cells show abnormal vacuolar morphology, which was not the case for 

pex11 cells. Localisation studies indicated that Pex25 is localized over the entire 

peroxisomal surface, but also can form patches at contact sites between 

peroxisomes and vacuoles.  

Further analysis of H. polymorpha pex11 pex25 cells revealed the presence 

of clusters of small peroxisomes to which peroxisomal membrane proteins are 

normally sorted. Also, these structures contain some matrix protein, but the bulk 

is mislocalized to the cytosol as similarly observed in pex11 vps13 (Chapter 2), 

pex11 ypt7 and pex11 vps39 (Chapter 3) strains. Again the ERPER tether could 

partially suppress the phenotype of the pex11 pex25 mutant. Based on these 

observations we speculate that also in pex11 pex25 both EPCONS (due to the 

absence of Pex11) and VAPCONS (caused by PEX25 deletion) are disturbed.  

In Chapter 5, we demonstrated that peroxisomes can still grow in the 

absence of multiple EPCONS or VAPCONS components. We showed that the 

absence of two putative EPCONS proteins (in the double mutants pex23 pex11, 

pex23 pex24, pex23 pex29) or two VAPCONS component (pex25 vps13) did not 

result in a severe peroxisomal defect. In contrast, deletion of both PEX23 and 

PEX25 resulted in a peroxisome deficient phenotype in line with the assumption 

that Pex23 is important for EPCONS (Chapter 2, 3) and Pex25 for VAPCONS 

(Chapter 4). pex23 pex34 cells were peroxisome deficient as well, suggesting that 

Pex34 plays a redundant role in peroxisome biogenesis and is important to 

compensate for a deficiency in EPCONS.  

Our results are in line with data showing that mitochondrial lipid 

exchange occurs via two redundant MCSs, namely ERMES and vCLAMP 38,39. 

Mutants lacking components of either of these MCSs show a weak phenotype, 

whereas double mutants missing components of both MCSs are inviable 38,39. 

Yeast mutants lacking ERMES components show altered mitochondrial 

morphology 40 and relatively weak growth phenotypes 41. Similarly yeast mutants 

lacking proteins of Pex11, Pex23 and Pex24 possess peroxisomes that show 
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altered size, abundance and/or growth (Chapter 2, 4, 5, this thesis,  26,42,43). 

Peroxisome membrane development in these mutants require Vps13 (Chapter 2); 

Ypt7 and Vps39 (Chapter 3); Pex25 (Chapter 4-5) and Pex34 (Chapter 5).  

Based on these observations we hypothesize that multiple deletions 

affecting only one peroxisomal contact site neither blocks peroxisome formation 

nor exacerbate the peroxisomal phenotype of the single deletion strains.
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Samenvatting 

De cel is de fundamentele bouwsteen van alle levende organismen, welke kunnen 

worden in gedeeld in drie groepen: Archaea, prokaryoten en eukaryoten. De 

eukaryote cel bevat een celkern (welke de genetische informatie bevat) en 

organellen omgeven door een membraan. Celorganellen zijn afwezig in Archaea 

en prokaryoten. In organellen kunnen bepaalde processen efficiënter plaats 

vinden en beter worden gereguleerd. Het endoplasmatisch reticulum (ER) is 

bijvoorbeeld betrokken bij de biosynthese van lipiden, de vacuole speelt een 

belangrijke rol in de afbraak en recycling van celcomponenten en de 

mitochondriën zijn verantwoordelijk voor de energie productie in de cel 1–3. 

Begin jaren vijftig van de vorige eeuw is er door Rhodin tijdens een 

ultrastructurele analyse van muizenniercellen een nieuwe groep organellen 

ontdekt namelijk de peroxisomen 4. Peroxisomen hebben een enkele membraan 

en bevatten veel eiwitten waaronder waterstof peroxide producerende oxidases 

en catalase5. Deze organellen zijn aanwezig in bijna alle eukaryote cellen en 

betrokken bij een breed scala aan metabole en niet-metabole processens. De β-

oxidatie van vetzuren en de detoxificatie van waterstofperoxide zijn de meest 

voorkomende functies van deze organellen 6. In de mens kan het niet goed 

functioneren van peroxisomen leiden tot problemen in de hersenontwikkeling, 

wat al op jonge leeftijd de dood tot gevolg kan hebben 7. 

Voor onderzoek naar peroxisomen wordt veel gebruik gemaakt van gisten 

als model organismen. Anders dan in de mens is een defect in peroxisoom 

vorming of functie in gisten niet lethaal, waardoor gisten uitermate geschikt zijn 

voor moleculaire onderzoek aan peroxisomen. De moleculaire mechanismen 

betrokken bij de vorming van peroxisomen (ook wel peroxisoom biogenese 

genoemd) komt grotendeels overeen tussen de gist en de mens 8. Hierdoor 

kunnen we d.m.v. onderzoek met gisten ook een beter beeld krijgen van de 

werking van peroxisoom biogenese en peroxisoom gerelateerde ziekten in de 

mens. 

In gisten is het aantal peroxisomen per cel en hun grootte afhankelijk van 

de groeicondities 6,9. Wanneer gistcellen worden gekweekt in een vloeistof dat 

glucose bevat, zijn peroxisomen niet nodig voor de groei en bevatten de cellen 

maar één klein peroxisoom. Wanneer deze cellen naar een vloeistof worden 

overgebracht met methanol of oleaat, stoffen die worden afgebroken door 

peroxisomale enzymen, wordt peroxisoom deling en groei sterk gestimuleerd wat 

leidt tot meer en grotere peroxisomen per cel 8. 



Samenvatting 

198 
 

Er bestaan twee modellen voor de manier waarop het aantal peroxisomen 

per cel kan toenemen: groei en deling van bestaande peroxisomen of de novo 

peroxisoom vorming, waarbij de organellen ontstaan vanuit het ER 10,11. Voor 

beide modellen geldt dat er membraanlipide toevoer nodig is voor de groei van de 

organellen, zodat het oppervlakte van het membraan toeneemt en er ruimte 

ontstaat voor de opnamen van peroxisomale enzymen Peroxisomen in gist 

bevatten geen enzymen die lipiden kunnen synthetiseren en daarom zijn alle 

membraan lipiden in de peroxisomale membraan afkomstig van andere 

organellen in de cel 12,13. Transport van de lipiden kan gebeuren via kleine 

blaasjes (vesiculair transport 14,15 ) of via alternatieve processen (niet-vesiculair 

transport 16-18). Vesiculair transport vindt waarschijnlijk plaats d.m.v. fusie 

tussen peroxisomen en vesicles gevormd van het ER membraan. Niet-vesiculair 

transport vindt plaats op plekken waar peroxisomen en andere organellen tegen 

elkaar aan liggen, de zogenaamde “ membrane contact sites” (MCSs). In hogere 

eukaryoten zijn contacten tussen peroxisomen en andere organellen recent 

aangetoond als plaats waar overdracht van membraanlipiden plaats vindt 19-21.  

Waarschijnlijk zijn deze MCSs ook betrokken bij de biosynthese van fosfolipiden 

en vetzuren 22-25. 

Dit proefschrift beschrijft onderzoek dat als doel heeft een beter inzicht te 

krijgen in de regulatie en vorming van peroxisomale MCSs en hun rol in de groei 

van de peroxisomale membraan. Voor dit onderzoek is de gist Hansenula 

polymorpha gebruikt als model organisme. 

Hoofdstuk 1 beschrijft onze huidige kennis over de mechanismen van 

peroxisoom vorming. Bovendien wordt een overzicht gegeven van alle bekende 

peroxisomale MCSs, de eiwit complexen die in deze MCSs voorkomen en de 

mogelijke rol die deze contacten mogelijk spelen in de groei van deze organellen. 

In Hoofdstuk 2 wordt onderzoek beschreven naar de rol van eiwitten van 

de Pex11, Pex23 en Pex24 families in de vorming en groei van peroxisomen in H. 

polymorpha. Pex11 is een eiwit dat zich bevindt in de peroxisomale membraan. 

Pex23 en Pex24 bevinden zich in het ER. In cellen die Pex11, Pex23 of Pex24 

missen (in pex11, pex23 en pex24 cellen) zijn minder en grotere peroxisomen 

aanwezig. Ook groeien deze cellen langzamer op methanol wat karakteristiek is 

voor defecten in de functie van peroxisomen in H. polymorpha. 

Saccharomyces cerevisiae Pex11, Pex29 en Pex30 (die tot de Pex11, Pex24 

en Pex23 families behoren) zijn niet essentieel voor groei op oleaat medium. Wel 

zijn ze, net als in H. polymorpha, belangrijk voor de regulatie van peroxisoom 

grootte en aantallen 26-29. Recent is beschreven dat deze eiwitten betrokken zijn 

bij de vorming van peroxisomale MCSs. Pex29 en Pex30 zijn bijvoorbeeld 

belangrijk voor de ER-peroxisome contact site (EPCONS). Waarschijnlijk is de 

EPCONS belangrijk voor de novo peroxisoom vorming 28-30. Het peroxisomale 
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eiwit Pex11 speelt een rol in peroxisoom-mitochondrion contacten en bindt aan 

het mitochondriële eiwit Mdm34, een component van het ERMES complex (ER 

Mitochondrial Encouter Structure 31,32). Dit contact is belangrijk voor efficiënt 

transport van metabolieten tussen beide organellen 33. 

Wij hebben onderzocht of de relatief zwakke fenotypes van H. polymorpha 

pex11, pex23 en pex24 cellen verklaard kan worden door overlap in functie van 

Pex11, Pex23 en Pex24 met andere eiwitten (zogenaamde functionele 

redundantie). Door middel van transposon mutagenese van een pex11 stam is het 

gen VPS13 (Vacuolar Protein Sorting) gevonden als belangrijk gen voor 

peroxisoom groei in pex11 cellen. In tegenstelling tot pex11 en vps13 cellen, 

kunnen cellen van de pex11 vps13 dubbel mutant niet groeien op methanol en 

bevatten ze hele kleine peroxisomen. Wanneer VPS13 wordt uitgeschakeld in 

pex23 of pex24  cellen leidt dit tot een zelfde fenotype. Het zelfde hebben we 

gezien in S. cerevisiae pex11 vps13 cellen. Op grond van deze uitkomsten 

concluderen we dat de redundantie van deze eiwitten geconserveerd is in beide 

gist soorten. 

Het peroxisoom deficiënte fenotype van H. polymorpha pex11 vps13, pex23 

vps13 en pex24 vps13 cellen kan grotendeels worden gecomplementeerd met een 

artificieel ER-PERoxisoom anker eiwit (ER-PER). Dit zou kunnen betekenen dat 

Pex11, Pex23 en Pex24 een rol spelen in de formatie van EPCONS. Pex11 is 

betrokken bij de regulatie en formatie van eiwitcomplexen in de peroxisomale 

membraan, wat indirect de EPCONS functie/vorming zou kunnen beïnvloeden 34. 

Daarnaast is Pex11 geïdentificeerd met massa spectrometrie in eiwit complexen 

die Pex29 bevatten 28. In vps13 cellen zijn normale peroxisomen aanwezig. De 

observatie dat Vps13 heel belangrijk is voor peroxisoomvorming in EPCONS 

deletie stammen, zou kunnen betekenen dat Vps13 een rol speelt in de regulatie 

van een tweede peroxisomale MCS, naast de bekende rol in regulatie van 

vacuole-mitochondrion contacten (vCLAMP), kern-vacuole juncties (NVJ) en 

endosoom-mitochondrion MCSs 35,36. Recent onderzoek heeft aangetoond dat er 

een kleine hoeveelheid Vps13 aanwezig is op peroxisomen in S. cerevisiae 37. Het 

is daarom goed mogelijk dat Vps13 ook functioneert als een regulator van een 

MCS tussen peroxisomen en een ander organel, b.v. de vacuole of endosoom.  

In Hoofdstuk 3 hebben we peroxisomale membraan contacten nader 

bestudeerd met behulp van microscopische technieken. Dit onderzoek toonde aan 

dat in cellen die gekweekt zijn op glucose bevattende media de peroxisomen 

voornamelijk geassocieerd zijn met het ER, terwijl er ook grote contacten 

ontstaan met vacuoles wanneer de cellen worden gekweekt media met methanol. 

Als MCSs met het ER en vacuoles belangrijk zijn voor de groei van de 

peroxisomale membraan (en lipide transport), zou het kunnen dat de ER eiwitten 

Pex23 en Pex24 belangrijk zijn voor de ER contacten (EPCONS) en Vps13 een rol 

speelt in het reguleren van de contacten met vacuoles (VAPCONS). Dit zou 
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verklaren waarom de afwezigheid van zowel Pex23 of Pex24 samen met Vps13 

leidt tot defecten in de groei van peroxisomen, zoals aangetoond in Hoofdstuk 2.  

Eén van de membraan contacten die wordt gereguleerd door Vps13 is 

vCLAMP, een MCS tussen mitochondriën en vacuoles. Ypt7 en Vps39 zijn 

eiwitten die belangrijk zijn voor de vorming van vCLAMP. Om te onderzoeken of 

de functie van Vps13 in peroxisoom groei is iets te maken heeft met de functie 

van vCLAMP hebben we onderzocht wat het fenotype is van dubbel mutanten 

van pex11, pex23 en pex24 met ypt7 of vps39. Terwijl de ypt7 en vps39 enkel 

mutanten normale peroxisomen hebben, is er in alle dubbel mutanten een sterke 

reductie in de grootte van peroxisomen en een defect in groei op methanol. Deze 

defecten kunnen deels teniet worden gedaan door de introductie van het ER-PER 

anker. Gebaseerd op deze observaties stellen we voor dat dat EPCONS en 

VAPCONS een functie kunnen hebben in membraan groei, waarbij Ypt7 en 

Vps39 een rol spelen in de vorming of functie van de VAPCONS.  

In Hoofdstuk 4 wordt onderzoek aan de H. polymorpha pex11 pex25 

dubbel deletie mutant beschreven. Deze stam werd geïdentificeerd in de 

transposon mutagenese screen van pex11 cellen (Hoodstuk 2 dit proefschrift) en 

is net als de pex11 vps13 stam niet in staat te groeien op methanol. Omdat bij 

peroxisomale membraan groei in pex11 cellen de vacuolaire eiwitten Vps13 

(Hoofdstuk 2), Ypt7 en Vps39 (Hoodstuk 3) essentieel zijn wilden we weten of 

Pex25 ook een rol speelt in peroxisomale membraan contacten. We laten zien dat 

een deletie van H. polymorpha PEX25 geen duidelijk effect heeft op peroxisoom 

grootte, maar wel leidt tot langzamer groei op methanol. Met fluorescentie 

microscopie hebben we laten zien dat de vacuole morfologie is veranderd in pex25 

cellen. Lokalisatie studies wezen uit dat Pex25 zich op het peroxisomale 

membraan bevind en soms ook is geconcentreerd op MCSs tussen peroxisomen en 

vacuoles.  

Verdere analyse van H. polymorpha pex11 pex25 cellen liet zien dat zich in 

deze cellen clusters van kleine peroxisomen bevinden waarop zich alle 

peroxisomale membraan eiwitten bevinden. Ook bevatten deze structuren een 

kleine hoeveelheid van matrix eiwit, maar het overgrote deel bevindt zich in het 

cytosol net als in pex11 vps13 (Hoofdstuk 2 ), pex11 ypt7 en pex11 vps39 

(Hoofdstuk 3) stammen. Ook in pex11 pex25 cellen kan het fenotype voor een deel 

worden gecomplementeerd met het ER-PER anker. Op basis van deze observaties 

concluderen wij dat ook in pex11 pex25 cellen EPCONS (door afwezigheid van 

Pex11) en VAPCONS (door deletie van PEX25) zijn verstoord.  

In Hoofdstuk 5 laten we zien dat peroxisomen nog steeds kunnen groeien 

wanneer meerdere EPCONS of VAPCONS componenten zijn uitgeschakeld. De 

afwezigheid van twee mogelijke EPCONS eiwitten (in de dubbel mutanten pex23 

pex11, pex23 pex24 en pex23 pex29) of twee VACPONS eiwitten (pex25 vps13) 
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resulteerde niet in een peroxisomaal defect. Wanneer PEX23 en PEX25 tegelijk 

worden uitgeschakeld resulteerde dit wel in een peroxisoom deficiënt fenotype. 

Dit was het verwachte fenotype omdat Pex23 belangrijk is voor EPCONS 

(Hoofdstuk 2 en 3) en Pex25 voor VAPCONS (Hoofdstuk 4). Ook pex23 pex34 

cellen zijn peroxisoom deficiënt wat zou betekenen dat ook het peroxisomaal 

membraan eiwit Pex34 een rol speelt in peroxisoom biogenese en met name 

belangrijk is wanneer EPCONS defect zijn. 

Onze resultaten zijn vergelijkbaar met de twee MCSs die beide belangrijk 

zijn voor mitochondriële lipide transport namelijk ERMES en vCLAMP 38,39. 

Mutanten die componenten van één MCS missen hebben een zwak fenotype. 

Dubbel mutanten waarin beide MCSs defect zijn zijn echter lethaal 38,39. 

Mutanten die ERMES componenten missen hebben een afwijkende 

mitochondriële morfologie 40 en een relatief zwak groei fenotype 41. In pex11, 

pex23 en pex24 cellen is het aantal en de grootte van peroxisomen afwijkend. Ook 

groeien deze mutanten slechter op methanol (Hoofdstuk 2, 4, en 5 in dit 

proefschrift 26,42,43). Voor de groei van peroxisomen in deze mutanten is Vps13 

(Hoofdstuk 2 ), Ypt7 en Vps39 (Hoofdstuk 3), Pex25 (Hoofdstuk 4-5) of Pex34 

(Hoofdstuk 5) essentieel. 

Gebaseerd op deze resultaten is onze hypothese dat meerdere deleties van 

genen die coderen voor eiwitten in één en dezelfde MCS de peroxisoom groei niet 

blokkeren, terwijl de afwezigheid van componenten van verschillende MCSs leidt 

tot peroxisomale defecten. 
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