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Abstract  

Here we show that in the yeast Hansenula polymorpha 

extensive peroxisome-vacuole contacts exist at peroxisome 

inducing growth conditions (methanol). We also demonstrate 

that Ypt7, Vam7 and Vps39 localize to the vacuole membrane 

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

Vps39 were previously shown to be components of vCLAMP, a 

vacuole-mitochondrial membrane contact site.  

Our data indicate that the absence of any of these three 

vCLAMP proteins in combination in pex11 or pex23 cells, results 

in a peroxisome deficient phenotype, whereas functional 

peroxisomes are present in all single deletion strains.  

Importantly, the severe peroxisomal phenotype of pex11 

ypt7 cells could be largely suppressed by the introduction of an 

artificial peroxisomes-ER tethering protein. Our data therefore 

suggest that lipid transfer and hence peroxisomal membrane 

expansion depends on two redundant MCSs: one with the ER 

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

vacuoles that requires the vCLAMP proteins Ypt7, Vam7 and 

Vps39. 
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Introduction 

Peroxisomes are relatively small organelles of simple 

architecture that notwithstanding their small size may display an 

unprecedented assortment of physiological functions. These 

functions vary with species, tissue, developmental stage and 

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

underscored by the fact that in man peroxisome malfunction 

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

are inducible of nature and proliferate or disappear in response 

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

proliferation is still debated. The current models of organelle 

development range from that all peroxisomes arise from the 

endoplasmic reticulum (ER) to the view that they are 

semi-autonomous organelles and develop by growth and fission 

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

of peroxisomes is independent of their origin from the ER or 

fission and requires the import of matrix and membrane 

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

contain DNA or an own protein synthesizing machinery, their 

proteins are nuclear encoded, synthesized in the cytosol and 

subsequently incorporated in the organelles. The principles of 

these protein import machineries have been studied extensively 

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

How peroxisomes acquire their membrane lipids is less 

well understood. Vesicle transport pathways from the ER and 

mitochondria have been proposed playing a role in this process 

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

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

via membrane contact sites (MCSs) have been suggested as 

well (Raychaudhuri and Prinz, 2008).  

In the yeast Hansenula polymorpha morphological evidence for  

membrane contacts between peroxisomes and other organelles 

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

contacts were in particular observed in cells shortly after transfer 

from peroxisome repressing (glucose) to inducing (methanol) 

growth conditions. Similar morphological observations have 

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

Rosenberger et al., 2009). 

Recently the first yeast proteins involved in the association 

of peroxisomes with other organelles have been identified. 

These include proteins involved in MCSs with the ER (Knoblach 

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

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

lysosome-peroxisome MCSs was identified. This MCS was 

proposed to play a role in intracellular cholesterol transport (Chu 

et al., 2015). 

Whereas several reports indicate a role for the ER in 

peroxisome biogenesis, the involvement of yeast vacuoles in 

peroxisome formation is fully unexplored. Recently, we observed 

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

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

to regulate two vacuolar MCSs, namely the nuclear vacuole 

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

an MCS between vacuoles and mitochondria. The vCLAMP 

proteins identified so far include the HOPS complex protein 

Vps39, its activating GTPase Ypt7 and the SNARE protein Vam7 

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

2015).  

Interestingly, we previously observed that the absence of 

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

in aberrant peroxisome formation in H. polymorpha (Stevens et 

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

vam7 and ypt7 mutants, the organelles were normally functional. 

These observations prompted us to investigate whether 

vCLAMP proteins may be involved in peroxisome-vacuole 

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

peroxisome-vacuole contact sites are important for peroxisomal 

membrane expansion at peroxisome-inducing growth conditions. 

Moreover, our data suggests that ER-peroxisome contact sites 

(EPCONS) can compensate for the absence of 

peroxisome-vacuole contact sites, whereas disruption of both 

MCSs results in peroxisome deficiency.  

 

Materials and Methods     

Strains and growth conditions 

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

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

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

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

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

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

When required leucine was added to a final concentration of 30 

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

supplemented with 2% agar. Transformants were selected on 

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

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

Bioagents). 

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

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

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

supplemented with the appropriate antibiotic selection markers 

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

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

 

Molecular techniques 

Plasmids and oligonucleotides used in this study are listed in 

Table S2 and S3, respectively. Transformations of H. 

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

the suppliers (Fermentas, Roche). Preparative polymerase 

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

High-Fidelity DNA Polymerase (Thermo Scientific). Initial 

selection of positive transformants by colony PCR was carried 

out using Phire polymerase (Thermo Scientific). For DNA and 

amino acid sequence analysis, the Clone Manager 5 program 

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

Extracts prepared from cells treated with 12.5% trichloroacetic 

acid were prepared for SDS-polyacrylamide gel electrophoresis 

and Western blotting (WB) as detailed previously (Baerends et 

al., 2000). Equal amounts of proteins were loaded per lane. 

Blots were probed with rabbit polyclonal antisera against Pex14 

or pyruvate carboxylase-1 (Pyc1).  

 

Construction of WT DsRed-SKL and pex11 DsRed-SKL 

To construct a WT strain producing DsRed-SKL, 

NsiI-linearized plasmid pHIPN4-DsRed-SKL was transformed 

into yku80 cells. Correct integration was checked by colony PCR 

with primers PAOX-fwd and DsRed-rev.  

To construct a PEX11 deletion cassette, two entry 

plasmids pKVK106 and pKVK107 were recombined with 

destination vector pDEST-R4-R3 together with entry plasmid 

pENTR221-hph or pENTR-LEU2Ca2, resulting in plasmid pGKL 

or pRSA0074, respectively.  

The PEX11 deletion cassette was amplified with primers 

KVK-PEX11-del3.1 and KVK-PEX11-del3.2 using pGKL as a 

template and transformed into WT DsRed-SKL cells. 

Hygromycin resistance transformants were selected and 

checked by colony PCR using primers KVK-PEX11-4.1 and 

KVK-PEX11-4.2. Finally, the correct deletion of PEX11 was 

confirmed by southern blotting. pRSA0074 was used to delete 

PEX11 in ypt7 cells (see below).  
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Construction of strains for the localization of GFP-Ypt7 or 

Vps39-GFP 

A plasmid allowing localization of Ypt7 was constructed 

using Multisite Gateway technology as follows: First, the YPT7 

gene was amplified with primers TER010+TER011, using H. 

polymorpha NCYC495 genomic DNA as a template. The 

obtained fragment was then recombined into donor vector 

pDONR221, resulting in plasmid pENTR-YPT7. Then 

pENTR-YPT7 was recombined with entry plasmid 

pENTR41-PAMOGFP and pENTR23-TAMO together with 

destination vector pDEST-R4-R3-Zeo, resulting in plasmid 

pDEST-PAMOGFPYPT7. Finally, the NarI-linearized 

pDEST-PAMOGFPYPT7 was transformed into WT DsRed-SKL 

cells. 

For the construction of plasmid pHIPX4-Vps39-GFPHA, a 

PCR fragment encoding GFP containing an HA tag (GFP-HA) 

was obtained with primers GFP-HA-F and GFP-HA-R using 

pMCE5 as a template. The obtained PCR fragment was 

digested with SbfI and SalI, and inserted between the SbfI and 

SalI sites of pHIPX4-DsRed-SKL, resulting in plasmid 

pHIPX4-GFPHA. Then, PCR fragments VPS39 and GFPHA 

were amplified by primers Vps39F01+Vps39R02 and 

pHIPX4-GFPHA-F+pHIPX4-GFPHA-R, respectively using the H. 

polymorpha NCYC495 genomic DNA and pHIPX4-GFPHA as 

templates. The obtained PCR fragments were purified and 

ligated with each other using Gibson assembly, resulting in 

plasmid pHIPX4-Vps39-GFP-HA. Finally, StuI linearized 

pHIPX4-Vps39-GFP-HA was transformed into WT DsRed-SKL 

cells. 

 

Construction of vCLAMP single and double deletion strains 

The ypt7 strain was constructed by replacing the YPT7 

gene with the auxotrophic marker URA3. A deletion cassette 

was constructed by overlap PCR as follows: First, the 5’ and 3’ 
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flanking regions of the YPT7 were amplified by PCR with 

primers hsp26-fw+URA-hsp26-rev and URA3-ypt7-fw+ypt7-rev, 

respectively. The fragment comprising the URA3 gene and its 

promoter and terminator was obtained with primers 

hsp26-URA3-fw and ypt7-URA3-rev using pBSK-URA3 as a 

template. As the primers URA3-hsp26-rev and URA3-ypt7-fw 

are inverse complements of the primers hsp26-URA3-fw and 

ypt7-URA3-rev, respectively, these three fragments obtained 

overlap with each other. Then, the YPT7 deletion cassette was 

amplified with primers hsp26-fw+ypt7-rev using the three PCR 

products mentioned above as templates. The resulting 2.6 kb 

PCR fragment was transformed into WT leu1.1 ura3 cells. 

Finally, the correct deletion was confirmed by Southern blotting. 

To create ypt7 DsRed-SKL and ypt7 PmP47-mGFP strains, 

StuI-linearized plasmid pHIPX4-DsRed-SKL and 

MunI-linearized plasmid pMCE7 were transformed into ypt7 

cells respectively, and the correct integration were checked by 

colony PCR with primers PAOX-fwd+DsRed-rev and 

PMP47-Fw+GFP-Rev.  

To create a pex11 ypt7 strain, a PEX11 deletion cassette 

containing a LEU2 marker was amplified with primers 

KVK-PEX11-del3.1+KVK-PEX11 and transformed into ypt7 cells. 

Transformants were selected on YND and checked by colony 

PCR using primers KVK-PEX11-4.1 and KVK-PEX11-4.2. The 

correct deletion of PEX11 was confirmed by southern blotting. 

To create pex11 ypt7 DsRed-SKL and pex11 ypt7 GFP-SKL 

strains, NsiI-linearized plasmid pHIPN4-DsRed-SKL and 

MunI-linearized pHIPN7-GFP-SKLwere transformed into pex11 

ypt7 cells, respectively. 

To create a vam7 DsRed-SKL strain, NsiI-linearized 

plasmid pHIPN4-DsRed-SKL was transformed into vam7 cells, 

and the correct integration was checked by colony PCR with 

primers PAOX-fwd and DsRed-rev.  

To create pex11 vam7 DsRed-SKL and pex11 vam7 
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GFP-SKL strains, the PEX11 deletion cassette containing LEU2 

marker was transformed into vam7 cells. Colonies were selected 

on YND and checked by colony PCR using primers 

KVK-PEX11-4.1 and KVK-PEX11-4.2. The correct deletion of 

PEX11 was confirmed by southern blotting. Then, NsiI-linearized 

plasmid pHIPN4-DsRed-SKL and MunI-linearized 

pHIPN7-GFP-SKLwas transformed into pex11 vam7 cells.  

The vps39 strain was constructed by replacing the VPS39 

region with an antibiotic marker Nourseothricin (Nat) using a 

single step PCR strategy. First, a PCR fragment containing the 

selective marker Nat and 50bp of VPS39 flanking regions was 

amplified with the primers dVPS39-F and dVPS39-R using the 

plasmid pHIPN4 as a template. The resulting VPS39 deletion 

cassette was then transformed into yku80 cells. Nourseothricin 

resistance transformants were selected and checked by colony 

PCR using the primers VPS39-5’FWD and VPS39-3’REV. The 

correct deletion of VPS39 was confirmed by southern blotting. 

To create a vps39 GFPS-SKL strain, MunI-linearized plasmid 

pAKW27 was transformed into vps39 cells. 

To construct a pex11 vps39 GFP-SKL strain, the PEX11 

deletion cassette containing hygromycin was transformed into 

vps39 cells. Hygromycin resistance transformants were selected 

and checked by colony PCR with primers 

KVK-PEX11-del3.1+KVK-PEX11-del3.2. The correct deletion 

was confirmed by southern blotting. Then, MunI-linearized 

plasmid pAKW27 was transformed into pex11 vps39 cells. 

 

Construction of single deletion vps34, vps41, vac8, vma16 

strains and double deletion pex11 vps34, pex11 vps41, 

pex11 vac8, pex11 vma16 strains  

To create a vps34 DsRed-SKL strain, NsiI-linearized 

plasmid pHIPN4-DsRed-SKL was transformed into vps34 cells.  

To create a pex11 vps34 DsRed-SKL strain, the PEX11 

deletion cassette containing hygromycin was transformed into 
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vps34 cells. Hygromycin resistance transformants were selected 

and checked by colony PCR with primers 

KVK-PEX11-del3.1+KVK-PEX11-del3.2. The correct deletion 

was confirmed by southern blotting. Then, NsiI-linearized 

plasmid pHIPN4-DsRed-SKL was transformed into pex11 vps34 

cells. 

To create vps41 DsRed-SKL and pex11 vps41 DsRed-SKL 

strains, a plasmid allowing deletion of VPS41 was constructed 

using Multisite Gateway technology as follows: First, the 5’ and 3’ 

flanking regions of the VPS41 gene were amplified by PCR with 

primers VPS41-5’F+VPS41-5’R and VPS41-3’F+VPS41-3’R, 

respectively, using H. polymorpha NCYC495 genomic DNA as a 

template. The resulting PCR fragments were then recombined 

into the donor vectors pDONR P4-P1R and pDONR P2R-P3, 

resulting in plasmids pENTR-5’VPS41 and pENTR-3’VPS41, 

respectively. Both entry plasmids were recombined with 

destination vector pDEST-R4-R3 together with entry plasmid 

pENTR221-zeocin, resulting in plasmid pDEST-VPS41. Then 

VPS41 deletion cassette was amplified with primers TER001F 

and TER002R using pDEST-VPS41 as a template. Then, the 

resulted VPS41 deletion cassette was transformed into yku80 

DsRed-SKL and pex11 DsRed-SKL cells. Zeocin resistance 

transformants were selected and checked by colony PCR using 

primers VPS41-checking-F and VPS41-3’R. Finally, the correct 

deletion of VPS41 was confirmed by Southern blotting.  

The deletion of VAC8 was performed by replacing the 

VAC8 region with an antibiotic marker zeocin using a single step 

PCR strategy. First, a PCR fragment containing the selective 

marker zeocin and 50bp of VAC8 flanking regions was amplified 

with the primers VAC8-fwd and VAC8-rev using the plasmid 

pMCE7 as a template. Then, the resulting VAC8 deletion 

cassette was transformed into yku80 and pex11 DsRed-SKL 

cells. Zeocin resistance transformants were selected and 

checked by colony PCR using the primers cVAC8-fwd and 
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cVAC8-rev. The correct deletion of VAC8 was confirmed by 

southern blotting. To create vac8 DsRed-SKL strain, 

NsiI-linearized plasmid pHIPN4-DsRed-SKL was transformed 

into vac8 cells. 

Deletion of VMA16 was performed by replacing the 

VMA16 region with an auxotrophic marker LEU2 using a single 

step PCR strategy. First, a PCR fragment containing the 

auxotrophic marker LEU2 and 50bp of VMA16 flanking regions 

was amplified with the primers VMA16-Leucin-F and 

VMA16-Leucin-R using the plasmid pENTR221-CaLEU2 as a 

template. Then, the obtained VMA16 deletion cassette was 

transformed into WT DsRed-SKL and a pex11 DsRed-SKL. 

Transformants were selected on YND plates and checked by 

colony PCR using primers VMA16-checking-F and 

VMA16-checking-R. Finally, correct deletion was confirmed by 

southern blotting. 

 

Construction of pex23 ypt7 and pex23 vps39 strains (pex23 

ypt7 GFP-SKL, pex23 vps39 GFP-SKL) 

First, the PEX23 deletion cassette containing zeocin was 

obtained with primers Pex23-F and Pex23-R using pex23 

genomic DNA as a template. Then, the obtained PEX23 deletion 

cassette containing zeocin was transformed into ypt7 and vps39 

cells, respectively. To create pex23 ypt7 GFP-SKL and pex23 

vps39 GFP-SKL strains, StuI-linearized plasmid pFEM35 was 

transformed into pex23 ypt7 and pex23 vps39 cells, 

respectively.  

 

Construction of pex11 ypt7 strains for co-localization 

studies  

First, the Bpu1102I-linearized pARM001 was transformed 

to pex11 ypt7 cells. Then, the plasmids pHIPZ-PEX3-mGFP, 

pMCE4, pMCE5, pSEM03, pMCE7 were linearized with EcoRI, 

EcoRI, Bsu36I, ApaI, MunI, respectively, and transformed into 
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pex11 ypt7 Pex14-mCherry cells. The correct integrations were 

confirmed by colony PCR with primers PEX3-Fw+GFP-Rev, 

PEX8-Fw+GFP-Rev, PEX10-Fw+GFP-Rev, PEX13- 

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

 

Construction of H. polymorpha pex11 GFP-SKL and pex11 

ypt7 GFP-SKL strains with or without an artificial ER linker 

To introduce an artificial peroxisome-ER linker, the 

NruI-linearized pARM059 and pARM053 were transformed into 

pex11 GFP-SKL and pex11 ypt7 GFP-SKL cells. Correct 

integrations were confirmed by colony PCR with primers Adh1 

cPCR fwd+Pex14_cPCR_rev and Adh1 cPCR fwd+ 

Ubc6_cPCR_rev. 

 

Fluorescence microscopy 

Widefield images were captured at room temperature 

using a 100x1.30 NA Plan Neofluar objective (Carl Zeiss). 

Images were captured in media in which the cells were grown 

using a fluorescence microscope (Axio Scope A1; Carl Zeiss), 

Micro-Manager 1.4 software and a digital camera (Coolsnap 

HQ2; Photometrics). The GFP fluorescence was visualized with 

a 470/40 nm band pass excitation filter, a 495 nm dichromatic 

mirror, and a 525/50 nm band-pass emission filter. mCherry 

fluorescence was visualized with a 587/25 nm band pass 

excitation filter, a 605 nm dichromatic mirror, and a 647/70 nm 

band-pass emission filter. DsRed fluorescence was visualized 

with a 546/12 nm bandpass excitation filter, a 560 nm 

dichromatic mirror, and a 575-640 nm bandpass emission filter.  

Image analysis was carried out using ImageJ and Adobe 

Photoshop CS6 software.  

To quantify peroxisomes random images of cells were 

taken as a stack using a confocal microscope (LSM800, Carl 

Zeiss) and Zen software. Z-stacks were made containing 11 

optical slices and the GFP signal was visualized by excitation 
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with a 488 nm laser and the emission was detected from 490 – 

650 nm using an GaAsp detector. Peroxisomes were quantified 

from 200 cells of two independent experiments.  

 

Electron microscopy 

For morphological analysis, cells were fixed in 1.5% 

potassium permanganate, post-stained with 0.5% uranyl acetate 

and embedded in Epon 812 (Serva, 21045). 

For cryo-fixation cells were mounted between two copper 

discs and plunged rapidly into melting propane. Cells were 

freeze-substituted in acetone containing 1% OsO4, 0.5% uranyl 

acetate and 5% H2O and embedded in Epon 812.Ultrathin 

sections were viewed in a Philips CM12 TEM.  

For MCSs quantification, images were taken from 60 nm 

thin sections and the distance between peroxisomes and other 

organelles were measured in ImageJ (http://imagej.nih.gov/ij/). 

Images were taken at 66.000 x magnification which resulted in a 

pixel size of 0.8 nm. MCSs were defined as regions with a 

distance between two opposing membranes of less than 5 nm. 

In each section the length of the contact size was measured. 

The average surface of MCSs was calculated based on serial 

sections of 10 peroxisomes. 

Immunolabeling experiments were performed using 

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

Immunolabeling of Pex14 was performed using rabbit polyclonal 

antibodies followed by goat-anti-rabbit antibodies conjugated to 

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

monoclonal antibodies (Sigma-Aldrich H9658) followed by 

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

Netherlands). 
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Results 

Nascent peroxisomes associate with vacuoles in H. 

polymorpha 

We reasoned that putative MCSs involved in peroxisomal 

membrane biogenesis could be best identified in cells containing 

fast growing peroxisomes. In H. polymorpha, these conditions 

are ideally met in cells which are precultivated on glucose 

(peroxisome repressing conditions) and shifted for a few hours 

to medium containing methanol as sole carbon source 

(peroxisome inducing conditions). H. polymorpha cells growing 

exponentially on glucose generally contain a single small 

peroxisome (0.1 μm of diameter) that rapidly develops into a 

large organelle (approximately 1 μm of diameter) in the first 6-8 

h of adaptation of cells to growth on methanol (Veenhuis et al., 

1979). Hence, the membrane surface of the organelles 

increases approximately 100-fold in the same time interval 

(Veenhuis et al., 1979). 

For this reason we analyzed wild-type (WT) cells 4 hours 

after the shift from glucose to methanol media (Fig. 1). Electron 

microscopy (EM) analysis of KMnO4-fixed cells revealed that 

bulk of these cells contained a single enlarged peroxisome that 

displayed intimate contacts with membranes of other organelles, 

including the ER, mitochondria and vacuoles (Fig. 1A). Analysis 

of a series of serial sections showed that especially the MCSs 

between vacuoles and peroxisomes were very prominent in 

these cells (Fig. 1B). Similar studies using glucose-grown cells 

revealed that under these conditions peroxisomes were mainly 

associated with the ER (Fig. 1C). 
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Figure 1 Peroxisome membrane contacts in H. polymorpha.  

(A, B) EM analysis of thin sections of KMnO4-fixed WT cells grown for 4 

hours on methanol. White arrows indicate MCSs (distance between 

membranes < 5nm). Overview (A-I) and details of peroxisome-vacuole 

(A-II), peroxisome-ER (A-III) and peroxisome-mitochondrion (A-VI) MCSs. 

Scale bars AI: 500 nm; A II-A IV: 100 nm. B shows a series of serial 

sections indicating that one peroxisome is in contact with the vacuole (2-7), 

the ER (3, 6-7) and a mitochondrion (8-9). Scale bars: 200 nm. (C) EM 

analysis of KMnO4 fixed glucose grown cell. Scale bar: 200 nm. (D) 

Quantification of MCSs in WT cells grown for 4h on glucose or methanol . 

The averages MCS size is measured of 10 peroxisomes from each strain. 

(E) Overview (I) and detail (II) of H. polymorpha WT cell grown for 4 hours 

on methanol. Fixation was performed by high pressure freezing. Cells 

were subsequently subjected to freeze substitution. Scale Bar: 100 nm. M 

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

 

At regions where two membranes were closely apposed, 

the distance between two membranes was generally less than 5 

nm in sections of the KMnO4 fixed cells. We therefore used the 

distance of 5 nm or less as a criterion to quantify the surface 

areas of the various MCSs. Analysis of methanol-grown cells 

revealed that relatively large MCSs occurred between 

peroxisomes and vacuoles, whereas smaller MCSs were 

observed with the ER and mitochondria. In contrast, in 

glucose-grown cells only MCSs between peroxisomes and the 

ER were present (Fig. 1D). The observed extensive  

membrane contacts between peroxisomes and vacuoles in 

methanol-grown cells are not an artifact due to chemical fixation 

of the cells, as they were also observed in cryofixed and freeze 

substituted yeast cells (Fig. 1E). 

 

Ypt7, Vam7 and Vps39 partially localize to peroxisomes 

vCLAMP, the S. cerevisiae vacuole/mitochondrial MCS 

requires the function of Vps39, Ypt7 and Vam7 (Hönscher et al., 
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2014; Elbaz-Alon et al., 2014; Ungermann, 2015). Interestingly, 

H. polymorpha vam7 and ypt7 deletion mutants show aberrant 

peroxisome formation (Stevens et al., 2005; de Vries et al., 

2004). We therefore asked whether these proteins play a role in 

peroxisome-vacuolar contact sites. 

To analyze this, we first studied the subcellular location of 

Vam7, Ypt7 and Vps39. Fluorescence microscopy (FM) analysis 

of cells, producing DsRed-SKL as peroxisomal matrix marker, 

together with GFP-Ypt7, Vam7-GFP or Vps39-GFP revealed 

that a portion of all three proteins co-localized with peroxisomes 

(Fig. 2A-C). 

 

Ypt7, Vam7 and Vps39 are important for peroxisome 

formation in cells defective in EPSCONS  

FM analysis of methanol-grown ypt7, vam7 and vps39 

single deletion strains producing a fluorescent peroxisomal 

matrix marker revealed no major defect in peroxisome 

biogenesis or abundance relative to the WT control (Fig. 3A). 

We next hypothesized that the functions of Ypt7, Vam7 and 

Vps39 may be redundant with that of other proteins playing a 

role in peroxisomal MCSs, e.g. EPCONS that involves Pex23 

(David et al., 2013). Indeed, we recently showed that in the 

absence of the vCLAMP regulatory protein Vps13 peroxisome 

formation depends on Pex23 as well as on Pex11, whose 

function in MCSs is still speculative (Chapter 3, this thesis). 
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Figure 2. Ypt7, Vam7 and Vps39 partially co-localize with 

peroxisomes. FM analysis of cells producing DsRed-SKL, together with 

(A) GFP-Ypt7 under the control of amine oxidase promoter (PAMO), (B) 

Vam7-GFP under the control of the PEX3 promoter and (C) Vps39-GFP 

under the control of alcohol oxidase promoter. Cells were grown on 

mineral medium containing methanol for 16 hours. Cells producing 

GFP-Ypt7 were grown on methanol/methylamine containing medium. 

Scale bar: 1 µm. 

 

To test whether Pex11 and Pex23 are important for 

peroxisome formation in cells lacking Ypt7, Vam7 or Vps39, we 

constructed pex11 ypt7, pex11 vam7, pex11 vps39 and pex23 

ypt7, pex23 vps39 double deletion strains. As shown in Fig. 3 
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B-D cells of all double deletion strains displayed mislocalisation 

of peroxisomal matrix proteins upon incubation of cells in 

methanol containing media (peroxisome-inducing conditions) 

(Fig. 3C), whereas upon growth of cells on glucose the matrix 

protein marker was confined to peroxisomes (Fig. 3B, D).  

 

Figure 3. Deletion of YPT7, VAM7 or VPS39 in pex11 or pex23 cells 

results in peroxisome deficiency under peroxisome inducing growth 

conditions. FM analysis of WT and the indicated mutant strains 

producing a fluorescent peroxisomal matrix marker (GFP-SKL or 

DsRed-SKL). Cells were grown on mineral medium containing methanol 

for 16 h (A), on glucose for 4 h (B) or on a mixture of glycerol and 

methanol for 16 h (C). (D) Analysis of pex23 ypt7 and vps23 vps39 

double mutants. Cells were grown on glucose for 4 h (the first, and the 
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third panel) or glycerol/methanol (the second and the fourth panel) for 16 

h. Scale bar: 1µm.  

 

To rule out that the peroxisomal matrix protein 

mislocalisation phenotype in pex11 vam7, pex11 ypt7 and pex11 

vps39 cells was caused by a general defect in the 

function/integrity of vacuoles, we deleted VMA16 (a vacuolar 

ATPase essential for vacuole acidification (Hirata et al., 1997)) 

in a pex11 mutant background. FM analysis of pex11 vma16 

cells producing DsRed-SKL and incubated in the presence of 

methanol revealed that DsRed-SKL was localized to 

peroxisomes, indicating that the phenotype of the double 

mutants of vam7, ypt7 and vps39 with pex11 was not caused by 

a general vacuolar defect (Fig. 4). To further substantiate these 

data we constructed additional double deletion strains with 

VPS41, another component of the HOPS complex (Bröcker et 

al., 2012), VAC8 (involved in nuclear vacuolar junctions) (Pan et 

al., 2000) and VPS34 (required for autophagy and endocytosis) 

(Robinson et al., 1988; Thorngren et al., 2004). FM data 

revealed that methanol-induced pex11 vps41 cells, but not those 

of pex11 vac8 and pex11 vps34, showed mislocalisation of 

peroxisomal matrix proteins in the cytosol at 

peroxisome-inducing growth conditions (Fig. 4). 
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Figure 4. pex11 vps41, but not double deletions of pex11 in 

conjunction with vma16, vac8 or vps34 cause mislocalisatio of 

peroxisomal matrix proteins.  FM analysis of the indicated strains 

producing GFP-SKL or DsRed-SKL. Cells were grown on a mixture of 

glycerol and methanol for 16 h. The bar: 1 μm.  

 

Summarizing these data indicate that Ypt7, Vam7, Vps39 

and Vps41 are essential for peroxisome biogenesis in H. 

polymorpha pex11 and pex23 mutant cells, possibly by 

functioning in a vacuole-peroxisome MCS important for 

membrane lipid transfer to peroxisomes. 

 

pex11 ypt7 cells contain peroxisomal membrane structures 

Because the pex11 vam7, pex11 ypt7, pex11 vps39 and 

pex11 vps41 double mutants as well as the pex23 ypt7 and 

pex23 vps39 double mutants have similar phenotypes, we 

confined our further studies to one of these mutants, namely 

pex11 ypt7. To further substantiate that pex11 ypt7 cells have 

non-functional peroxisomes, growth curves were prepared (Fig. 

5).  
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Figure 5. Growth curves of the indicated strains on mineral medium 

containing methanol. Cells were pre-cultivated on glucose medium and 

shifted to methanol medium at T = 0 h. Growth is expressed as optical 

density at 660 nm (OD660). Error bars represent SD (n = 2). 

 

In media containing methanol as sole carbon source, 

pex11 cells showed reduced growth, whereas ypt7 cells grew 

like WT controls. In contrast, cells of the double mutant pex11 

ypt7 displayed a severe defect in methanol growth, consistent 

with the observed mislocalization of matrix proteins to the 

cytosol (Fig. 3 C).  

Quantification of peroxisome numbers in ypt7 cells 

confirmed that the number of organelles was largely similar to 

WT controls (average 3.9 ± 0.007 and average 3.8 ± 0.004, 

respectively). Together these data indicate that ypt7 cells show 

no major defect in peroxisome biogenesis, abundance and 
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function, in contrast to pex11 ypt7 cells, which shows a  severe 

peroxisomal  defect.  

   
Figure 6. The matrix protein import defect increases in pex11 ypt7 

cells upon a shift from glucose to methanol-containing media. FM 

analysis of pex11 ypt7 cells producing GFP-SKL under the control of PTEF. 

Cells were pre-cultivated on mineral medium containing glucose and 

subsequently shifted to mineral medium containing glycerol/methanol and 

grown for 16 h.  

 

Quantitative analysis of FM images of glucose-grown 

pex11 ypt7 cells revealed that 45.7% of the pex11 ypt7 cells 

contain matrix protein import competent peroxisomes, which is 

similar to the percentage observed in the pex11 single deletion 

strain (48.1%). However, after 16 h of incubation of these cells in 
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the presence of methanol, only 7.4% of the pex11 ypt7 cells 

harbored peroxisomes, whereas 51.2% of the pex11 cells 

contained peroxisomes (Fig. 6). In order to better understand 

the pex11 ypt7 phenotype, we performed detailed FM and EM 

analysis of glycerol/methanol grown cells. This revealed that a 

portion of the pex11 ypt7 cells contained normal peroxisomes 

(Fig. 7A-I), but most cells harbored small peroxisomes in 

conjunction with a severe matrix protein import defect (Fig. 

7A-II). Using immunocytochemistry, these structures, which 

frequently contained a very minor alcohol oxidase protein 

crystalloid, were positively labeled using α-Pex14 antibodies 

(Fig. 7A- III).  

We next questioned whether all peroxisomal membrane 

proteins (PMPs) are present in the peroxisomal membranes of 

pex11 ypt7 cells. To test this, we analyzed pex11 ypt7 cells 

producing Pex14-mCherry together with different PMP-mGFP 

fusion proteins (Pex3-mGFP, Pex8-mGFP, Pex10-mGFP, 

Pex13-mGFP, Pmp47-GFP), all under control of their 

endogenous promoter. FM analysis of methanol-induced pex11 

ypt7 cells revealed that all PMPs tested co-localized with 

Pex14-mCherry (Fig. 7B).  

Taken together, our data suggest that the membrane 

structures in pex11 ypt7 cells represent small peroxisomes that 

are matrix protein import competent but defective to grow in size. 

Hence, bulk of the matrix proteins are mislocalized to the cytosol, 

which is not caused by a defect in the import machinery, but due 

to limited capacity of the organelles to incorporate matrix 

proteins. 
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Figure 7. pex11 ypt7 cells contain peroxisomal membrane vesicles. 

(A) EM analysis of thin sections of KMnO4-fixed pex11 ypt7 cells grown for 

16 hours on a mixture of glycerol and methanol. Cells contain either 

normal peroxisomes (I) or small peroxisomal structures (II). III– 

Immuno-labelling experiment of pex11 ypt7 cells using Pex14 antibodies. 

P-peroxisome; M-mitochondrion; V-vacuole; N-nucleus. Scale bars: 200 

nm. (B) FM images of pex11 ypt7 cells producing Pex14-mCherry together 

with the indicated mGFP fusion proteins. Cells were grown on 

glycerol/methanol medium. Scale bar: 2 µm.  
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The pex phenotype of pex11 ypt7 cells can be partially 

bypassed by an artificial ER linker 

In line with the view that the defect in peroxisome 

development in pex11 ypt7 cells is related to the combined effect 

of defects of vacuole and ER MCSs, the question arose whether 

the phenotype of ypt7 pex11 cells could be suppressed by 

artificially linking the peroxisomal membrane structures to the 

ER. To this end we constructed a pex11 ypt7 strain producing 

Pex14 fused to the ER membrane anchor of Ubc6 via two heme 

agglutinin (HA) tags under the control of the constitutive alcohol 

dehydrogenase 1 promoter (PADH1PEX14-HAHA-UBC6TA). The 

same construct was also introduced in pex11 control cells. In 

addition pex11 and pex11 ypt7 strains were analyzed in which 

an additional copy of PEX14 was introduced under control of the 

ADH1 promoter (PADH1PEX14). Production of the linkers as well 

as the overproduction of Pex14 in the control strains was 

confirmed by western blotting (Fig. 8).  

 

Figure 8.  Western blot showing the presence of the artificial 

ER-PER linker protein. Western blotting analysis of pex11, or pex11 ypt7 

cells containing PADH1PEX14 (++ Pex14) or PADH1PEX14-HAHA-UBC6
TM
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(ER-PER) grown for 16 h on glycerol-methanol medium using α-Pex14 

antibodies. Pyruvate carboxylyase (Pyc1) was used as loading control. 

 

Fluorescence microscopy analysis of the strains producing 

GFP-SKL as peroxisomal marker indicated that ypt7 pex11 cells 

containing  the ER-PER protein harbored more peroxisomes 

relative to the same strain without the ER-PER protein. 

Quantitative analysis showed that synthesis of the ER-PER 

tether in pex11 ypt7 cells resulted in more than two fold increase 

in the number of GFP-SKL containing spots (Fig. 9, Table 1).  

 

Table 1. Quantification of GFP spots 

Strain Average number of GFP spots 

per cell 

pex11 0,63 

pex11 Pex14++ 0,54 

pex11 ER-PER 1,13 

pex11 ypt7  0,25 

pex11 ypt7 Pex14++ 0,34 

pex11 ypt7 ER-PER  0,60 

The average number of GFP spots was calculated based on 

data from 200 cells of each of the indicated strains. 

 

This strong increase was not observed when PADH1PEX14 

was introduced, ruling out that the observed effect was caused 

by Pex14 overproduction. This result suggests that the 

peroxisome deficient phenotype of pex11 ypt7 cells is partially 

suppressed by the ER-PER tether (Fig. 9B). Interestingly, also 

in pex11 cells the number of GFP spots increased when the 

artificial tether was introduced. Again, introduction of 

PADH1PEX14 did not result in major changes in the number of 

GFP spots. Electron microscopy indicated that both in pex11 

and pex11.ypt7 cells producing the ER-PER tether the 
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peroxisomes were surrounded by strands of ER (Fig. 9C)  

 

 

Figure 9. Suppression of peroxisome biogenesis defects in pex11 

ypt7 cells by the ER-PER tether. (A, B) EM images of ultrathin sections 

of glycerol-methanol grown KMnO4-fixed pex11 PADH1PEX14-HAHA- 

UBC6
TM 

(A) or pex11 ypt7 PADH1PEX14-HAHA-UBC6
TM

 (B) cells. Scale 

bars: 200 nm; inset 100 nm. (C, D) FM analysis of glycerol-methanol 

grown pex11 cells (C), or pex11 ypt7 cells (D) containing PADH1PEX14 (++ 

Pex14) or PADH1PEX14-HAHA-UBC6
TM

 (ER-PER). Scale bars: 5 μm.
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Discussion 

Here, we present evidence that in the yeast H. polymorpha 

vacuole-peroxisome MCSs exist that together with an MSC 

between ER and peroxisomes contributes to  peroxisomal 

membrane expansion in cells grown at organelle-inducing 

conditions (methanol). 

EM analysis of glucose-grown wild-type cells revealed that 

at these conditions peroxisomes only associate with the ER, 

whereas upon transfer of cells to methanol media, conditions 

that result in extensive peroxisomal membrane expansion (from 

0.1 – 1 μm in diameter in a time interval of 6-8h), prominent 

MCSs of peroxisomes with vacuoles are formed as well. 

Our current observations suggest that Vps39, Vam7 and 

Ypt7 are important for vacuole-peroxisome MCSs in H. 

polymorpha, because we observed that a portion of these 

proteins localizes to peroxisomes, possibly at the 

vacuole-peroxisome MCSs.  

S. cerevisiae Vps39 was initially characterized as a HOPS 

complex component, which is required for fusion processes with 

the vacuolar membrane (Nakamura et al., 1997). Vps39 function 

requires activation by the GTPase Ypt7. Vam7 is one of the 

SNARES involved in HOPS-mediated vacuole fusion 

(Ungermann and Wickner, 1998). The HOPS complex consists 

of six proteins, of which only Vps39 was shown to be essential 

for vCLAMP, an MCS between mitochondria and vacuoles that 

was recently identified in S. cerevisiae. In addition, Ypt7 and 

Vam7 were demonstrated to function in this MCS (Hönscher et 

al., 2014; Elbaz-Alon et al., 2014). 

vCLAMP is essential for lipid transport to mitochondria in 

cells in which the ER-mitochondrial MCS (ERMES) is 

compromised. Disruption of either vCLAMP or ERMES results in 

weak mitochondrial phenotypes, whereas the simultaneous 

deficiency of both MCSs is lethal.  
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We observed a similar phenomenon for peroxisomes, 

because mutations affecting either the ER-peroxisome (in pex23 

or pex11 cells) or the vacuole-peroxisome MCS (e.g. in ypt7, 

vam7 or vps39 cells) show mild or no peroxisomal phenotypes, 

whereas affecting both MCSs at the same time results in a 

severe defect in peroxisome formation. Different from the 

situation for mitochondria, blocking both peroxisomal MCSs is 

not lethal, because peroxisome-deficient yeast mutants are 

viable. 

We propose that both Pex23 and Pex11 play a role in 

MCSs of peroxisomes and the ER. Previous studies showed 

that S. cerevisiae Pex30, the homologue of H. polymorpha 

Pex23, is an EPCONS protein (David et al., 2013). Moreover, 

we recently confirmed that Pex23 is localized to peroxisome-ER 

contact sites in H. polymorpha (Chapter 3 of this thesis). 

Our data suggest that Vps41, another HOPS complex 

protein, is involved in the H. polymorpha vacuole-peroxisome 

MCS as well, because pex11 vps41 cells, but not cells of the 

vps41 single deletion strain are peroxisome deficient as well. 

Further studies are required to understand whether all HOPS 

complex components – possibly in conjunction with the vacuolar 

SNARES - play a role in vCLAMP and the vacuole-peroxisome 

MCSs. 

Our data indicate that double mutants of ypt7, vam7 or 

vps39 with pex11 or pex23 matrix protein import competent 

peroxisomes are still present and of sufficient size to incorporate 

all matrix proteins during growth at peroxisome-repressing 

conditions (glucose). However, at peroxisome inducing 

conditions, the organelles are unable to further expand to the 

size normally occurring in methanol-grown wild-type cells. As a 

consequence a major portion of the matrix proteins remains in 

the cytosol, despite the fact that the peroxisomes contain a 

functional importomer. Indeed, we show that sorting of PMPs is 

unaffected in pex11 ypt7 cells, which is underscored by the fact 
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that the peroxisomal importomer, which consists of many 

different PMPs, is fully functional in pex11 ypt7 cells. 

Importantly, in pex11 ypt7 cells small peroxisomes are still 

present. Apparently there is still transport of membrane lipids to 

these organelles. Possibly, the vacuolar and/or ER MCSs are 

still partially functioning, or mitochondrial MCSs may contribute 

to lipid transport. Alternatively, these organelles may obtain 

lipids via vesicle mediated transport or form de novo from the 

ER (Schekman, 2005). 

We showed that an artificial ER-peroxisome tethering 

protein could largely suppress the peroxisomal phenotype of 

methanol-induced pex11 ypt7 cells. These data support the idea 

that together with MCSs between peroxisomes and vacuoles, 

EPCONS are important for peroxisome development on 

methanol. Indeed pex11 and pex23 cells, which we propose to 

be (partially) defective in EPCONS, show a stronger 

peroxisomal phenotype relative to ypt7, vam7 or vps39 mutant 

cells. In line with this view, the ER-PER tether could also 

partially complement the phenotype of pex11 cells. 

Together, this study for the first time suggests a central role 

of the vacuole in peroxisome biogenesis. 
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Table S1. H. polymorpha strains used in this study 

Strain Description Source/Referenc

e 

WT NCYC495, leu1.1, ura3 (Waterham et al., 

1994) 

yku80 NCYC495, leu1.1 

YKU80::URA3 

(Saraya et al., 

2012) 

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

YKU80::URA3 

Chapter 3 

WT DsRed-SKL 

PAMOGFP-YPT7 

pHIPN4-DsRed-SKL::NAT  

pDEST-PAMO GFP-YPT7::sh 

ble  YKU80::URA3 

This study 

WT DsRed-SKL 

Vam7-GFP 

pHIPZ4-DsRed-SKL::sh ble  

pHIPX6-VAM7-GFP::LEU2  

(Stevens et al., 

2005) 

WT DsRed-SKL 

Vps39-GFPHA 

pHIPN4-DsRed-SKL::NAT  

pHIPX4 Vps39-GFPHA::LEU2  

YKU80::URA3 

This study 

WT 

PMP47-mGFP 

pMCE7::sh ble (Manivannan et 

al., 2013) 

pex11 GFP-SKL PEX11::URA3 

pHIPX7-GFP-SKL::LEU2 

(Krikken et al., 

2009) 

pex11 DsRed-SKL PEX11::HPH 

pHIPN4-DsRed-SKL 

::NAT  YKU80::URA3 

This study 

ypt7 YPT7::URA3 This study 

ypt7 DsRed-SKL YPT7::URA3 

pHIPX4-DsRed-SKL::LEU2 

This study 

ypt7 Pmp47-GFP YPT7::URA3 pMCE7::sh ble This study 

vam7 NYCY495 VAM7::URA3 (Stevens et al., 

2005) 

vam7 DsRed-SKL VAM7::URA3 

pHIPN4-DsRed-SKL::NAT 

This study 

vps41 DsRed-SKL VPS41:: sh ble This study 
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pHIPN4-DsRed-SKL 

::NAT  YKU80::URA3 

pex11 ypt7 PEX11::LEU2 YPT7::URA3 This study 

pex11 ypt7 

DsRed-SKL 

PEX11::LEU2 YPT7::URA3 

pHIPN4-DsRed-SKL::NAT 

This study 

pex11 ypt7 

GFP-SKL 

PEX11::LEU2 YPT7::URA3  

pHIPN7-GFP-SKL::NAT 

This study 

pex11 vam7 PEX11::LEU2 VAM7::URA3  This study 

pex11 vam7 

DsRed-SKL 

PEX11::LEU2 VAM7::URA3 

pHIPN4-DsRed-SKL::NAT 

This study 

 

pex11 vam7 

GFP-SKL 

PEX11::LEU2 VAM7::URA3 

pHIPN7-GFP-SKL::NAT 

This study 

vps39 VPS39::NAT YKU80::URA3 This study 

vps39 GFP-SKL VPS39::NAT pAKW27::sh ble 

YKU80::URA3 

This study 

pex11 vps39 PEX11::HPH  VPS39::NAT 

YKU80::URA3 

This study 

pex11 vps39 

GFP-SKL 

PEX11::HPH  VPS39::NAT 

pAKW27::sh ble YKU80::URA3 

This study 

vps34 VPS34::URA3 (Kiel et al., 1999) 

vps34 DsRed-SKL VPS34::URA3  

pHIPN4-DsRed-SKL::NAT 

This study 

pex11 vps34 PEX11::HPH VPS34::URA3  This study 

pex11 vps34 

DsRed-SKL 

PEX11::HPH  VPS34::URA3  

pHIPN4-DsRed-SKL::NAT 

This study 

vps41 DsRed-SKL VPS41::sh ble  

pHIPN4-DsRed-SKL 

 ::NAT YKU80::URA3 

This study 

pex11 vps41 

DsRed-SKL 

PEX11::HPH  VPS41::sh ble  

pHIPN4-DsRed-SKL::NAT 

YKU80::URA3 

This study 

vac8 VAC8::sh ble  YKU80::URA3 This study 

vac8 DsRed-SKL VAC8::sh ble  This study 
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pHIPX4-DsRed-SKL 

 ::LEU2 YKU80::URA3 

pex11 vac8 

DsRed-SKL 

PEX11::HPH  VAC8::sh ble  

pHIPN4 

-DsRed-SKL::NAT 

YKU80::URA3 

This study 

vma16 

DsRed-SKL 

VMA16::LEU2  

pHIPN4-DsRed-SKL::NAT 

YKU80::URA3 

This study 

pex11 vma16 

DsRed-SKL 

VMA16::LEU2  

pHIPN4-DsRed-SKL::NAT 

YKU80::URA3 

This study 

pex23 PEX23:: sh ble  

YKU80::URA3 

See chapter 3 

pex23 ypt7 PEX23::sh ble  YPT7::URA3 This study 

pex23 vps39 PEX23::sh ble  VPS39::NAT 

YKU80::URA3 

This study 

pex23 ypt7 

GFP-SKL 

PEX23::sh ble  YPT7::URA3 

pHIPX7-GFP-SKL::LEU2 

This study 

pex23 vps39 

GFP-SKL 

PEX23::sh ble  VPS39::NAT 

pHIPX7- 

GFP-SKL::LEU2 

YKU80::URA3 

This study 

pex11 ypt7 

Pex14-mCherry 

PEX11::LEU2 YPT7::URA3 

pHIPH-PEX14-mCherry::HPH 

This study 

pex11 ypt7 

Pex14-mCherry 

Pex3-GFP 

PEX11::LEU2 YPT7::URA3 

pHIPH-PEX14-mCherry::HPH 

pHIPZ-PEX3-GFP::sh ble 

This study 

pex11 ypt7 

Pex14-mCherry 

Pex8-GFP 

PEX11::LEU2 YPT7::URA3 

pHIPH-PEX14-mCherry::HPH 

pMCE4::sh ble 

This study 

pex11 ypt7 

Pex14-mCherry 

PEX11::LEU2 YPT7::URA3 

pHIPH-PEX14-mCherry::HPH 

This study 
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Pex10-GFP pMCE5::sh ble 

pex11 ypt7 

Pex14-mCherry 

Pmp47-GFP 

PEX11::LEU2 YPT7::URA3 

pHIPH-PEX14-mCherry::HPH 

pMCE7::sh ble 

This study 

pex11 ypt7 

Pex14-mCherry 

Pex13-GFP 

PEX11::LEU2 YPT7::URA3 

pHIPH-PEX14-mCherry::HPH 

pSEM03::sh ble 

This study 

pex11 GFP-SKL 

PADH1PEX14 

PEX11::URA3 

pHIPX7-GFP-SKL::LEU2 

pARM059::sh ble 

This study 

pex11 GFP-SKL 

PADH1PEX14-2xH

A-UBC6 

PEX11::URA3  

pHIPX7-GFP-SKL::LEU2 

pARM053::sh ble 

This study 

pex11 ypt7 

GFP-SKL 

PADH1PEX14 

PEX11::LEU2 YPT7::URA3 

pHIPN7-GFP-SKL::NAT 

pARM059::sh ble 

This study 

pex11 ypt7 

GFP-SKL  

PADH1PEX14-2xH

A-UBC6 

PEX11::LEU2 YPT7::URA3 

pHIPN7-GFP-SKL::NAT 

pARM053::sh ble 

This study 
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Table S2. Plasmids used in this study 

Name Description reference 

pDONR221 Multisite gateway donor 

vector; Kan
R
, Cm

R
 

Invitrogen 

pDEST-R4-R3-Zeo pDEST-R4-R3 containing 

zeocin marker; Zeo
R
, 

Amp
R
 

(Saraya et al., 

2012) 

pENTR41-PAMOGFP pDONR P4-P1R with 

PAMOGFP; Kan
R
 

(Nagotu et al., 

2008a, 1) 

pENTR23-TAMO pDONR
 
P2R-P3 with 

TAMO; Kan
R
 

(Nagotu et al., 

2008a, 1) 

pENTR-YPT7 pDONR221 with YPT7; 

Kan
R
 

This study 

pDEST-PAMOGFPYPT7 Plasmid with PAMOGFP, 

YPT7 and TAMO; Zeo
R
, 

Amp
R
 

This study 

pHIPX4-GFPHA pHIPX plasmid containing 

GFPHA under the control 

of PAOX; LEU2, Kan
R
 

This study 

pHIPX4-VPS39-GFPHA pHIPX plasmid containing 

VPS39-GFPHA under the 

control of PAOX; LEU2, 

Kan
R
 

This study 

pDONR P4-P1R Multisite gateway donor 

vector; Kan
R
, Cm

R
 

Invitrogen 

pDONR P2R-P3 Multisite gateway donor 

vector; Kan
R
, Cm

R
 

Invitrogen 

pDEST
 
R4-R3 Multisite gateway donor 

vector; Amp
R
, Cm

R
 

Invitrogen 

pENTR221-hph pDONR221 with HPH;   

Hph
R
, Kan

R
 

(Saraya et al., 

2012) 

pENTR-LEU2Ca2 pDONR221 with LEU2 

marker; LEU2, Kan
R
 

(Nagotu et al., 

2008b) 
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pHIPN4-DsRed-SKL pHIPN plasmid 

containing DsRed-SKL 

under the control of PAOX;  

Nat
R
, Amp

R
  

(Cepińska et al., 

2011) 

pKVK106 pDONR
 
P4-P1R with 5’ 

flanking region of PEX11; 

Kan
R
 

(Krikken et al., 

2009) 

pKVK107 pDONR
 
P2R-P3 with 3’ 

flanking region of PEX11; 

Kan
R
 

(Krikken et al., 

2009) 

pGKL Plasmid with PEX11 

deletion cassette; Hph
R
, 

Amp
R
  

This study 

pRSA0074 Plasmid with PEX11 

deletion cassette; LEU2, 

Amp
R
 

This study 

pBSK-URA3 Plasmid containing URA3 

and its promoter and 

terminator; URA3, Amp
R
  

(Leao-Helder et 

al., 2003) 

pHIPX4-DsRed-SKL Plasmid with 

PAOX-DsRed-SKL 

expression cassette; 

LEU2, Kan
R
 

(Otzen et al., 

2004) 

pHIPN7-GFP-SKL Plasmid containing 

PTEF-GFP-SKL; Nat
R
, 

Amp
R
 

(Thomas et al., 

2015) 

pAKW27 Plasmid containing 

PTEF-GFP-SKL; Zeo
R
, 

Amp
R
  

(Knoops et al., 

2014) 

pHIPN4 Plasmid containing 

nourseothricin marker; 

Nat
R
, Amp

R
 

(Cepińska et al., 

2011) 

pENTR-5’VPS41 pDONR
 
P4-P1R with 5’ This study 
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flanking region of VPS41; 

Kan
R
 

pENTR-3’VPS41 pDONR
 
P2R-P3 with 3’ 

flanking region of VPS41; 

Kan
R
 

This study 

pENTR221-zeocin pDONR221 with Sh ble 

cassette; Zeo
R
, Kan

R
  

(Saraya et al., 

2012) 

pDEST-VPS41 Plasmid with VPS41 

deletion cassette; Zeo
R
, 

Amp
R
 

This study 

pFEM35 Plasmid with 

PTEF-GFP-SKL 

expression cassette; 

LEU2, Amp
R
 

(Krikken et al., 

2009) 

pSEM01 pHIPN plasmid 

containing C-terminal of 

PEX14 fused to mCherry; 

Nat
R
, Amp

R
 

(Knoops et al., 

2014, 3) 

pHIPH4 Plasmid containing 

hygromycin marker; 

Hph
R
, Amp

R
 

(knoops et al., 

2014) 

pARM001 Plasmid containing 

C-terminal part of PEX14 

fused to mCherry; Hph
R
, 

Amp
R
 

(Kumar et al., 

2016) 

pHIPZ-PEX3-GFP Plasmid containing 

C-terminal part of PEX3 

fused to mGFP; Zeo
R
, 

Amp
R
 

See chapter 3 

pMCE4 Plasmid containing 

C-terminal of PEX8 fused 

to mGFP; Zeo
R
, Amp

R
 

(Cepińska et al., 

2011) 

pMCE5 Plasmid containing (Cepińska et al., 
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C-terminal of PEX10 

fused to mGFP; Zeo
R
, 

Amp
R
 

2011) 

pSEM03 Plasmid containing 

C-terminal of PEX13 

fused to mGFP; Zeo
R
, 

Amp
R
 

(Knoops et al., 

2014) 

pMCE7 Plasmid containing 

C-terminal of PMP47 

fused to mGFP; Zeo
R
, 

Amp
R
 

(Cepińska et al., 

2011) 

pARM059 pHIPZ plasmid containing 

PEX14 under the control 

of PADH1;  Zeo
R
, Amp

R
 

See chapter 3 

pARM053 pHIPZ plasmid containing 

PEX14-2xHA-UBC6 

under the control of PADH1;  

Zeo
R
, Amp

R
 

See chapter 3 
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Table S3. Oligonucleotides used in this study (5’ to 3’) 

KVK-PEX11-del3.1 CAGACAGTTATCCAAGGTTTGCG 

 

KVK-PEX11-del3.2 GGTCGGTAGTCTAGTGGTATG 

 

KVK-PEX11-4.1 GTCCAATCCGCGTTCTCCTC 

KVK-PEX11-4.2 GCGACTGATTCGGCAAGATG 

PAOX-fwd AATACTGCTGCCAGTGC 

DsRed-rev AGCTTCTTGTAGTCGGGGATGT 

TER010 GGGGACAAGTTTGTACAAAAAAGCAGGCTT

CCATGTCCACTCGTAAGAAAACC 

TER011 GGGGACCACTTTGTACAAGAAAGCTGGGTA

CTAACAGCCGCATGACCCAT 

GFP-HA-F TCGACCTGCAGGGTGAGCAAGGGCGAGGA

GCTGTT 

GFP-HA-R ACCAGTCGACTTACGCATAGTCAGGAACAT

CGTATGGGTATTTCCCGGGTGATACCTTGT

ACAGCTCGTCCATGC 

Vps39-F01 GGTGGTGACATCAATCTAAAGTACAAAAAC 

ATGGTGCTGGTGGTATCTCC 

 

Vps39-R02 CCCGGTGAACAGCTCCTCGCCCTTGCTCA

C 

ATTTTTATACCTGCCACAGCTATAGTGCACC

A 

pHIPX4-GFPHA-F GTGAGCAAGGGCGAGGAGCTGT 

pHIPX4-GFPHA-R GTTTTTGTACTTTAGATTGATGTCACCACCG

TGCACT 

hsp26.fw TAAGGACAAGGTCACCATTG 

URA3-hsp26-rev CATAATTGCGTTGCTGAACATCAGTTGAAG

CTCGTAAAATGATGAGGCAAAGGC 

URA3-ypt7-fw GAAGAAGCGACGCCGATCCAGTTGATGTG

CTACAAAGCTGGAAGGACGAG 
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ypt7-rev GAAAGTACAAATGGCGGTGG 

hsp26-URA3-fw 

 

GCCTTTGCCTCATCATTTTACGAGCTTCAAC

TGATGTTCAGCAACGCAATTATG 

Ypt7-URA3-rev CTCGTCCTTCCAGCTTTGTAGCACATCAAC

TGGATCGGCGTCGCTTCTTC 

dVPS39-F CCCATGGTGCTGGTGGTATCTCCGTATTCG

TATTTTGAATTCGGACCCCATAAGATCCCC

CACACACCATAGC 

dVPS39-R GTCAAGTTCCTTATGTTGGATTCCAAGTAG

CCCTCCAATTTGCCAAGCTGCATCATCGAT

GAATTCGAG 

VPS39-5’FWD  AGCGTCTTGGAGAGGTACTT 

VPS39-3’REV GAGGTTGATGAGCTGCACTT 

VPS41-5’F GGGGACAACTTTGTATAGAAAAGTTGCGCG

CCGAAGATGGCTCAAT 

VPS41-5’R GGGGACTGCTTTTTTGTACAAACTTGGCTA

CCGTGATGCCAGAGTC 

VPS41-3’F GGGGACAGCTTTCTTGTACAAAGTGGGGCT

TCTGTGCGACGGTTGA 

VPS41-3’R GGGGACAACTTTGTATAATAAAGTTGGCCA

CCACGAGCGTCTGAAT 

TER001F CGCGCCGAAGATGGCTCAAT 

TER002R GCCACCACGAGCGTCTGAAT 

VPS41-checking-F GGTCCACGGAATACCATCAG 

VAC8-fwd CATACCCAACAAATAAGAAGAGCGTCTTCA

ATTGGAAATAACACATAAAACCCACACACC

ATAGCTTCAA 

 

VAC8-rev AACACTCTAGAACAAGCAATGATACCACCC

GAAGCACTGGCTCACTTGATACTAGTGGAT

CCCCCGTACC 

cVAC8-fwd GGCAAACCTATAACCGAACA 

cVAC8-rev GAAGGCTACTTTTGGCGAGA 
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VMA16-Leucin-F CCGACAATGAGTCCAAAGAGCCCCAAAAC

GGAACCAAAAATCTCAATGACTAA 

GGTGAATCGTTGTTAATGGC 

VMA16-Leucin-R ATGCTGTTCAATGGCTCCGGTGAGGCTTTC

AACGTTGGAGAGTATCTGGATGGAAACAAG

CCCGTGCCCA 

VMA16-Checking-F GCAGTTGTGGCTGGTGTGAT 

VMA16-Checking-R TTGGACTCGGCTCTAGTTGA 

Pex23-F GTACGATTACTGGACGTTGA 

Pex23-R AGCTCCAACATCTCGGAAGA 

PEX3-Fw GTTGCGGCAAGATATAGGC 

PEX8-Fw CGGGTCGTAGCTCAGCACAA 

PEX10-Fw TGCACAACCAGCTCTTAGAC 

PEX13-Fw AAAAAGCTTTAGCCATGGCTGAACAGTTCC 

PMP47-Fw GTCTTAGCGAAGGAAGCGTT 

GFP-Rev TCGGAGGTGGTCATGGCGTAGGAAG 

Adh1 cPCR fwd TGTTGAGCAGGCTGATAACC 

Pex14_cPCR_rev TCTCTGGACAACACGTCTCT 

Ubc6_cPCR_rev ACCACTGCCAACAGCACATA 

 

 

  



169 
 

References  

 

1. 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. 

 

2. Braschi, E., V. Goyon, R. Zunino, A. Mohanty, L. Xu, and H.M. 

McBride. 2010. Vps35 mediates vesicle transport between the 

mitochondria and peroxisomes. Curr. Biol. CB. 20:1310–1315. 

 

3. Bröcker, C., A. Kuhlee, C. Gatsogiannis, H.J. kleine Balderhaar, C. 

Hönscher, S. Engelbrecht-Vandré, C. Ungermann, and S. Raunser. 

2012. Molecular architecture of the multisubunit homotypic fusion and 

vacuole protein sorting (HOPS) tethering complex. Proc. Natl. Acad. 

Sci. U. S. A. 109:1991–1996. 

 

4. 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. 

 

5. Chu, B.-B., Y.-C. Liao, W. Qi, C. Xie, X. Du, J. Wang, H. Yang, H.-H. 

Miao, B.-L. Li, and B.-L. Song. 2015. Cholesterol Transport through 

Lysosome-Peroxisome Membrane Contacts. Cell. 161:291–306. 

 

6. 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. 

 



170 
 

7. De Vries, B. The biology of peroxisomes in Hansenula polymorpha. 

The PhD thesis of university of Groningen. 2008. 

 

8. 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. 

 

9. 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. 

 

10. Hettema, E.H., R. Erdmann, I. van der Klei, and M. Veenhuis. 2014. 

Evolving models for peroxisome biogenesis. Curr. Opin. Cell Biol. 

29:25–30.  

 

11. 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. 

 

12. Hoepfner, D., D. Schildknegt, I. Braakman, P. Philippsen, and H.F. 

Tabak. 2005. Contribution of the Endoplasmic Reticulum to 

Peroxisome Formation. Cell. 122:85–95. 

 

13. 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 contact sites between vacuoles and 

mitochondria. Dev. Cell. 30:86–94.  

 

14. Honsho, M., S.-I. Yamashita, and Y. Fujiki. 2015. Peroxisome 

homeostasis: Mechanisms of division and selective degradation of 

peroxisomes in mammals. Biochim. Biophys. Acta. 

15. Kiel, J., K.B. Rechinger, I.J. Van der Klei, F.A. Salomons, V.I. 

Titorenko, and M. Veenhuis. 1999. The Hansenula polymorpha PDD1 



171 
 

gene product, essential for the selective degradation of peroxisomes, 

is a homologue of Saccharomyces cerevisiae Vps34p. Yeast. 

15:741–754. 

 

16. Kim, P.K., and E.H. Hettema. 2015. Multiple pathways for protein 

transport to peroxisomes. J. Mol. Biol. 427:1176–1190. 

 

17. 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. 

 

18. 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. 

 

19. 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.  

 

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

exposure results in increased peroxisomal levels of yeast Pnc1 and 

Gpd1, which are imported via a piggy-backing mechanism. Biochim. 

Biophys. Acta BBA - Mol. Cell Res. 

 

21. Lazarow, P.B., and Y. Fujiki. 1985. Biogenesis of Peroxisomes. Annu. 

Rev. Cell Biol. 1:489–530. 

 

22. 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. 

23. 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. 



172 
 

 

24. Mast, F.D., A. Fagarasanu, B. Knoblach, and R.A. Rachubinski. 2010. 

Peroxisome biogenesis: something old, something new, something 

borrowed. Physiol. Bethesda Md. 25:347–356. 

 

25. 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. 

 

26. 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 Cph. Den. 9:1471–1484.  

 

27. 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. 1783:760–769. 

 

28. Nakamura, N., A. Hirata, Y. Ohsumi, and Y. Wada. 1997. 

Vam2/Vps41p and Vam6/Vps39p are components of a protein 

complex on the vacuolar membranes and involved in the vacuolar 

assembly in the yeast Saccharomyces cerevisiae. J. Biol. Chem. 

272:11344–11349. 

 

29. Neuspiel, M., A.C. Schauss, E. Braschi, R. Zunino, P. Rippstein, R.A. 

Rachubinski, M.A. Andrade-Navarro, and H.M. McBride. 2008. 

Cargo-selected transport from the mitochondria to peroxisomes is 

mediated by vesicular carriers. Curr. Biol. CB. 18:102–108. 

 

30. Otzen, M., U. Perband, D. Wang, R.J.S. Baerends, W.H. Kunau, M. 

Veenhuis, and I.J.V. der Klei. 2004. Hansenula polymorpha Pex19p 



173 
 

Is Essential for the Formation of Functional Peroxisomal Membranes. 

J. Biol. Chem. 279:19181–19190.  

 

31. Pan, X., P. Roberts, Y. Chen, E. Kvam, N. Shulga, K. Huang, S. 

Lemmon, and D.S. Goldfarb. 2000. Nucleus-vacuole junctions in 

Saccharomyces cerevisiae are formed through the direct interaction 

of Vac8p with Nvj1p. Mol. Biol. Cell. 11:2445–2457. 

 

32. 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. 

 

33. Price, A., D. Seals, W. Wickner, and C. Ungermann. 2000. The 

docking stage of yeast vacuole fusion requires the transfer of proteins 

from a cis-SNARE complex to a Rab/Ypt protein. J. Cell Biol. 

148:1231–1238. 

 

34. Raychaudhuri, S., and W.A. Prinz. 2008. Nonvesicular phospholipid 

transfer between peroxisomes and the endoplasmic reticulum. Proc. 

Natl. Acad. Sci. U. S. A. 105:15785–15790. 

 

35. Robinson, J.S., D.J. Klionsky, L.M. Banta, and S.D. Emr. 1988. 

Protein sorting in Saccharomyces cerevisiae: isolation of mutants 

defective in the delivery and processing of multiple vacuolar 

hydrolases. Mol. Cell. Biol. 8:4936–4948. 

 

36. 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. 1791:379–387. 

 

37. Sambrook, J., E.F. Fritsch, and T. Maniatis. Molecular cloning: A 

laboratory manual, 2nd edn 1989 Cold Spring Harbor. NY Cold 

Spring Harb. Lab. 



174 
 

 

38. 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.  

 

39. Schekman, R. 2005. Peroxisomes: another branch of the secretory 

pathway? Cell. 122:1–2. 

 

40. Smith, J.J., and J.D. Aitchison. 2013. Peroxisomes take shape. Nat. 

Rev. Mol. Cell Biol. 14:803–817.  

 

41. 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. 

 

42. 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. 

 

43. Tabak, H.F., A. van der Zand, and I. Braakman. 2008. Peroxisomes: 

minted by the ER. Curr. Opin. Cell Biol. 20:393–400. 

 

44. 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. 5:11493. 

 

45. Thorngren, N., K.M. Collins, R.A. Fratti, W. Wickner, and A.J. Merz. 

2004. A soluble SNARE drives rapid docking, bypassing ATP and 

Sec17/18p for vacuole fusion. EMBO J. 23:2765–2776. 

 

46. Ungermann, C. 2015. vCLAMPs-an intimate link between vacuoles 

and mitochondria. Curr. Opin. Cell Biol. 35:30–36. 

 



175 
 

47. Ungermann, C., and W. Wickner. 1998. Vam7p, a vacuolar SNAP-25 

homolog, is required for SNARE complex integrity and vacuole 

docking and fusion. EMBO J. 17:3269–3276. 

 

48. 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. 

 

49. 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. 

 

50. 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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


