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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).  
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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 



Chapter 3 

108 
 

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 



Chapter 3 

116 
 

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 

 

  



Chapter 3 

122 
 

Acknowledgements 

This work was supported by grants from the Netherlands Organisation for 

Scientific Research/Chemical Sciences (NWO/CW) to AA (711.012.002), the 

CHINA SCHOLARSHIP COUNCIL to YW and the Marie Curie Initial Training 

Networks (ITN) program PerFuMe (Grant Agreement Number 316723) to IvdK. 

The authors declare no competing financial interests. 

  



Peroxisomal membrane expansion requires multiple membrane contact sites 

123 
 

References 

Andrade-Navarro, M.A., L. Sanchez-Pulido, and H.M. McBride. 2009. Mitochondrial 

vesicles: an ancient process providing new links to peroxisomes. Curr. Opin. Cell Biol. 

21:560–567. doi:10.1016/j.ceb.2009.04.005. 

Baerends, R.J., K.N. Faber, A.M. Kram, J.A. Kiel, I.J. van der Klei, and M. Veenhuis. 

2000. A stretch of positively charged amino acids at the N terminus of Hansenula 

polymorpha Pex3p is involved in incorporation of the protein into the peroxisomal 

membrane. J. Biol. Chem. 275:9986–9995. 

Cepińska, M.N., M. Veenhuis, I.J. van der Klei, and S. Nagotu. 2011. Peroxisome fission 

is associated with reorganization of specific membrane proteins. Traffic Cph. Den. 

12:925–937. doi:10.1111/j.1600-0854.2011.01198.x. 

David, C., J. Koch, S. Oeljeklaus, A. Laernsack, S. Melchior, S. Wiese, A. Schummer, R. 

Erdmann, B. Warscheid, and C. Brocard. 2013. A Combined Approach of Quantitative 

Interaction Proteomics and Live-cell Imaging Reveals a Regulatory Role for Endoplasmic 

Reticulum (ER) Reticulon Homology Proteins in Peroxisome Biogenesis. Mol. Cell. 

Proteomics. 12:2408–2425. doi:10.1074/mcp.M112.017830. 

van Dijken, J.P., R. Otto, and W. Harder. 1976. Growth of Hansenula polymorpha in a 

methanol-limited chemostat. Physiological responses due to the involvement of methanol 

oxidase as a key enzyme in methanol metabolism. Arch. Microbiol. 111:137–144. 

Elbaz-Alon, Y., E. Rosenfeld-Gur, V. Shinder, A.H. Futerman, T. Geiger, and M. 

Schuldiner. 2014. A Dynamic Interface between Vacuoles and Mitochondria in Yeast. 

Dev. Cell. 30:95–102. doi:10.1016/j.devcel.2014.06.007. 

Faber, K.N., P. Haima, W. Harder, M. Veenhuis, and G. Ab. 1994. Highly-efficient 

electrotransformation of the yeast Hansenula polymorpha. Curr. Genet. 25:305–310. 

doi:10.1007/BF00351482. 

Flis, V.V., A. Fankl, C. Ramprecht, G. Zellnig, E. Leitner, A. Hermetter, and G. Daum. 

2015. Phosphatidylcholine Supply to Peroxisomes of the Yeast Saccharomyces cerevisiae. 

PLOS ONE. 10:e0135084. doi:10.1371/journal.pone.0135084. 

Gietl, C., K.N. Faber, I.J. van der Klei, and M. Veenhuis. 1994. Mutational analysis of 

the N-terminal topogenic signal of watermelon glyoxysomal malate dehydrogenase using 

the heterologous host Hansenula polymorpha. Proc. Natl. Acad. Sci. U. S. A. 91:3151–

3155. 

Hettema, E.H., R. Erdmann, I. van der Klei, and M. Veenhuis. 2014. Evolving models for 

peroxisome biogenesis. Curr. Opin. Cell Biol. 29C:25–30. doi:10.1016/j.ceb.2014.02.002. 

Hirata, R., L.A. Graham, A. Takatsuki, T.H. Stevens, and Y. Anraku. 1997. VMA11 and 

VMA16 encode second and third proteolipid subunits of the Saccharomyces cerevisiae 

vacuolar membrane H+-ATPase. J. Biol. Chem. 272:4795–4803. 

Hönscher, C., M. Mari, K. Auffarth, M. Bohnert, J. Griffith, W. Geerts, M. van der Laan, 

M. Cabrera, F. Reggiori, and C. Ungermann. 2014. Cellular Metabolism Regulates 



Chapter 3 

124 
 

Contact Sites between Vacuoles and Mitochondria. Dev. Cell. 30:86–94. 

doi:10.1016/j.devcel.2014.06.006. 

Knoblach, B., X. Sun, N. Coquelle, A. Fagarasanu, R.L. Poirier, and R.A. Rachubinski. 

2013. An ER-peroxisome tether exerts peroxisome population control in yeast. Embo J. 

32:2439–2453. doi:10.1038/emboj.2013.170. 

Knoops, K., R. de Boer, A. Kram, and I.J. van der Klei. 2015. Yeast pex1 cells contain 

peroxisomal ghosts that import matrix proteins upon reintroduction of Pex1. J. Cell Biol. 

211:955–962. doi:10.1083/jcb.201506059. 

Knoops, K., S. Manivannan, M.N. Cepińska, A.M. Krikken, A.M. Kram, M. Veenhuis, 

and I.J. van der Klei. 2014. Preperoxisomal vesicles can form in the absence of Pex3. J. 

Cell Biol. 204:659–668. doi:10.1083/jcb.201310148. 

Krikken, A.M., M. Veenhuis, and I.J. van der Klei. 2009. Hansenula polymorpha pex11 

cells are affected in peroxisome retention. FEBS J. 276:1429–1439. doi:10.1111/j.1742-

4658.2009.06883.x. 

Kumar, S., R. Singh, C.P. Williams, and I.J. van der Klei. 2016. Stress exposure results 

in increased peroxisomal levels of yeast Pnc1 and Gpd1, which are imported via a piggy-

backing mechanism. Biochim. Biophys. Acta. 1863:148–156. 

doi:10.1016/j.bbamcr.2015.10.017. 

Lahiri, S., A. Toulmay, and W.A. Prinz. 2015. Membrane contact sites, gateways for lipid 

homeostasis. Curr. Opin. Cell Biol. 33:82–87. doi:10.1016/j.ceb.2014.12.004. 

Lang, A.B., A.T.J. Peter, P. Walter, and B. Kornmann. 2015. ER–mitochondrial junctions 

can be bypassed by dominant mutations in the endosomal protein Vps13. J Cell Biol. 

210:883–890. doi:10.1083/jcb.201502105. 

Lazarow, P.B., and Y. Fujiki. 1985. Biogenesis of Peroxisomes. Annu. Rev. Cell Biol. 

1:489–530. doi:10.1146/annurev.cb.01.110185.002421. 

Leao-Helder, A.N., A.M. Krikken, I.J. van der Klei, J.A.K.W. Kiel, and M. Veenhuis. 

2003. Transcriptional down-regulation of peroxisome numbers affects selective 

peroxisome degradation in Hansenula polymorpha. J. Biol. Chem. 278:40749–40756. 

doi:10.1074/jbc.M304029200. 

Manivannan, S., R. de Boer, M. Veenhuis, and I.J. van der Klei. 2013. Lumenal 

peroxisomal protein aggregates are removed by concerted fission and autophagy events. 

Autophagy. 9:1044–1056. doi:10.4161/auto.24543. 

Mast, F.D., A. Jamakhandi, R.A. Saleem, D.J. Dilworth, R.S. Rogers, R.A. Rachubinski, 

and J.D. Aitchison. 2016. Peroxins Pex30 and Pex29 Dynamically Associate with 

Reticulons to Regulate Peroxisome Biogenesis from the Endoplasmic Reticulum. J. Biol. 

Chem. 291:15408–15427. doi:10.1074/jbc.M116.728154. 

Mattiazzi Ušaj, M., M. Brložnik, P. Kaferle, M. Žitnik, H. Wolinski, F. Leitner, S.D. 

Kohlwein, B. Zupan, and U. Petrovič. 2015. Genome-Wide Localization Study of Yeast 

Pex11 Identifies Peroxisome–Mitochondria Interactions through the ERMES Complex. 

J. Mol. Biol. 427:2072–2087. doi:10.1016/j.jmb.2015.03.004. 



Peroxisomal membrane expansion requires multiple membrane contact sites 

125 
 

Nagotu, S., A.M. Krikken, M. Otzen, J.A.K.W. Kiel, M. Veenhuis, and I.J. Van Der Klei. 

2008a. Peroxisome Fission in Hansenula polymorpha Requires Mdv1 and Fis1, Two 

Proteins Also Involved in Mitochondrial Fission. Traffic. 9:1471–1484. 

doi:10.1111/j.1600-0854.2008.00772.x. 

Nagotu, S., R. Saraya, M. Otzen, M. Veenhuis, and I.J. van der Klei. 2008b. Peroxisome 

proliferation in Hansenula polymorpha requires Dnm1p which mediates fission but not 

de novo formation. Biochim. Biophys. Acta BBA - Mol. Cell Res. 1783:760–769. 

doi:10.1016/j.bbamcr.2007.10.018. 

Perktold, A., B. Zechmann, G. Daum, and G. Zellnig. 2007. Organelle association 

visualized by three-dimensional ultrastructural imaging of the yeast cell. FEMS Yeast 

Res. 7:629–638. doi:10.1111/j.1567-1364.2007.00226.x. 

Raychaudhuri, S., and W.A. Prinz. 2008. Nonvesicular phospholipid transfer between 

peroxisomes and the endoplasmic reticulum. Proc. Natl. Acad. Sci. 105:15785–15790. 

doi:10.1073/pnas.0808321105. 

Rosenberger, S., M. Connerth, G. Zellnig, and G. Daum. 2009. 

Phosphatidylethanolamine synthesized by three different pathways is supplied to 

peroxisomes of the yeast Saccharomyces cerevisiae. Biochim. Biophys. Acta BBA - Mol. 

Cell Biol. Lipids. 1791:379–387. doi:10.1016/j.bbalip.2009.01.015. 

Saraya, R., M.N. Cepińska, J.A.K.W. Kiel, M. Veenhuis, and I.J. van der Klei. 2010. A 

conserved function for Inp2 in peroxisome inheritance. Biochim. Biophys. Acta BBA - 

Mol. Cell Res. 1803:617–622. doi:10.1016/j.bbamcr.2010.02.001. 

Saraya, R., A.M. Krikken, J.A.K.W. Kiel, R.J.S. Baerends, M. Veenhuis, and I.J. van der 

Klei. 2012. Novel genetic tools for Hansenula polymorpha. FEMS Yeast Res. 12:271–278. 

doi:10.1111/j.1567-1364.2011.00772.x. 

Shai, N., M. Schuldiner, and E. Zalckvar. 2015. No peroxisome is an island - Peroxisome 

contact sites. Biochim. Biophys. Acta. doi:10.1016/j.bbamcr.2015.09.016. 

Smith, J.J., and J.D. Aitchison. 2013. Peroxisomes take shape. Nat. Rev. Mol. Cell Biol. 

14:803–817. doi:10.1038/nrm3700. 

Stevens, P., I. Monastyrska, A.N. Leão-Helder, I.J. van der Klei, M. Veenhuis, and 

J.A.K.W. Kiel. 2005. Hansenula polymorpha Vam7p is required for macropexophagy. 

FEMS Yeast Res. 5:985–997. doi:10.1016/j.femsyr.2005.02.009. 

Tabak, H.F., I. Braakman, and A. van der Zand. 2013. Peroxisome formation and 

maintenance are dependent on the endoplasmic reticulum. Annu. Rev. Biochem. 82:723–

744. doi:10.1146/annurev-biochem-081111-125123. 

Thomas, A.S., A.M. Krikken, I.J. van der Klei, and C.P. Williams. 2015. Phosphorylation 

of Pex11p does not regulate peroxisomal fission in the yeast Hansenula polymorpha. Sci. 

Rep. 5. doi:10.1038/srep11493. 

Veenhuis, M., I. Keizer, and W. Harder. 1979. Characterization of peroxisomes in 

glucose-grown Hansenula polymorpha and their development after the transfer of cells 

into methanol-containing media. Arch. Microbiol. 120:167–175. doi:10.1007/BF00409104. 



Chapter 3 

126 
 

Waterham, H.R., V.I. Titorenko, P. Haima, J.M. Cregg, W. Harder, and M. Veenhuis. 

1994. The Hansenula polymorpha PER1 gene is essential for peroxisome biogenesis and 

encodes a peroxisomal matrix protein with both carboxy- and amino-terminal targeting 

signals. J. Cell Biol. 127:737–749. 

Waterham, H.R., and R.J.A. Wanders. 2012. Metabolic functions and biogenesis of 

peroxisomes in health and disease. Biochim. Biophys. Acta BBA - Mol. Basis Dis. 

1822:1325. doi:10.1016/j.bbadis.2012.06.001. 

Wickner, W. 2010. Membrane Fusion: Five Lipids, Four SNAREs, Three Chaperones, 

Two Nucleotides, and a Rab, All Dancing in a Ring on Yeast Vacuoles. Annu. Rev. Cell 

Dev. Biol. 26:115–136. doi:10.1146/annurev-cellbio-100109-104131. 

Yuan, W., M. Veenhuis, and I.J. van der Klei. 2016. The birth of yeast peroxisomes. 

Biochim. Biophys. Acta. 1863:902–910. doi:10.1016/j.bbamcr.2015.09.008. 

Zutphen, T. van, R.J. Baerends, K.A. Susanna, A. de Jong, O.P. Kuipers, M. Veenhuis, 

and I.J. van der Klei. 2010. Adaptation of Hansenula polymorpha to methanol: a 

transcriptome analysis. BMC Genomics. 11:1–12. doi:10.1186/1471-2164-11-1. 

 

 


	Chapter 3



