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Abstract 

In yeast, the absence of Pex11 and Pex23 family proteins 

generally results in a weak peroxisomal phenotype. We 

performed transposon mutagenesis of Hansenula polymorpha 

pex11 cells to test whether these weak phenotypes are due to 

functional redundancy. This genetic screen identified VPS13 as 

being essential for peroxisome biogenesis in pex11 cells. Cells 

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

single deletion strain, are defective in peroxisome biogenesis 

and contain small peroxisomal structures that appeared to be 

blocked in membrane expansion. Essentially similar results 

were obtained for pex23 vps13. The Saccharomyces cerevisiae 

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

in the formation of peroxisome-ER membrane contact sites, 

suggesting that Vps13 is important for peroxisome biogenesis in 

cells defective in these contacts. 

Indeed, the peroxisomal phenotype of pex11 vps13 and pex23 

vps13 cells could be largely suppressed by the introduction of 

an artificial peroxisomes-ER tethering protein.  

Our data suggest that Vps13 is essential for peroxisome 

biogenesis in mutants with defects in peroxisome-endoplasmic 

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

Peroxisomes are ubiquitous organelles that continuously 

adjust their function and abundance in response to cellular 

needs. This adaptation involves among others organelle 

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

Smith and Aitchison, 2013). 

Because yeast peroxisomes are fully devoid of lipid 

biosynthetic enzymes, growth of the peroxisomal membrane 

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

Yeast peroxisomes receive lipids from different organelles, 

including the mitochondrion, the Golgi apparatus, the vacuole 

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

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

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

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

2015) have been proposed to be responsible for transport of 

lipids to peroxisomes. 

Evidence is accumulating that regions of close apposition 

between two membranes, designated membrane contact sites 

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

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

peroxisomes and other cellular membranes are already known 

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

however only recently a peroxisomal MCS was demonstrated to 

be involved in lipid exchange. This MCS occurs between 

mammalian peroxisomes and lysosomes and is important for 

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

known peroxisomal MCSs have been implicated in functions 

different from lipid exchange. So far two EPCONS (endoplasmic 

reticulum-peroxisome contact sites) have been described. The 

first one functions in peroxisome retention in yeast and requires 

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

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

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

This EPCONS was suggested to represent ER exit sites for de 

novo peroxisome formation. Peroxisome-mitochondrial 

associations most likely enhance metabolism by creating a short 

distance serving efficient transport of metabolites between both 

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

proposed to be formed by the peroxisomal membrane protein 

(PMP) Pex11 and the ERMES (ER Mitochondrial Encounter 

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

(Mattiazzi Usaj et al., 2015). 

In case membrane lipid transport to peroxisomes also 

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

genes (genes involved in peroxisome biogenesis), genes occur 

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

currently known PEX genes have been implicated in membrane 

lipid exchange. Most PEX genes play a role in peroxisomal 

matrix protein import. Deletion of these genes results in severe 

defects in peroxisome function. The absence of the remaining 

peroxins generally results in relatively weak phenotypes (Smith 

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

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

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

that they perform redundant functions. Interestingly, recent data 

indicated that mitochondrial lipid exchange occurs via two 

redundant MCSs, namely ERMES, which links mitochondria to 

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

forms a contact between mitochondria and vacuoles (Elbaz-Alon 

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

components of only one MCS show a weak phenotype, whereas 

mutants missing components of both are fully blocked in 

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

2014; Honscher et al., 2014). 

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

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

Likewise, mutants lacking proteins of the Pex11 and Pex23 

families generally possess peroxisomes that show altered size 

and abundance. 

Based on the above considerations, we hypothesized that 

some of the proteins of the Pex11 and Pex23 protein families 

may play redundant roles in MCSs involved in lipid transfer to 

the peroxisomal membrane. To test this hypothesis, we 

performed transposon mutagenesis of Hansenula polymorpha 

pex11 cells and isolated double mutants in which peroxisome 

biogenesis and function was compromised severely. This screen 

resulted in the identification of Vps13, a protein initially identified 

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

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

multiple aspects of prospore membrane biogenesis, including 

regulation of phosphatidylinositol phosphates and membrane 

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

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

recently reported to regulate the activities of two yeast vacuolar 

MCSs, namely the NVJ (Nuclear Vacuolar Junction) and 

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

likely is required to activate vCLAMP in ERMES deficient cells, 

explaining why the simultaneous absence of ERMES 

components and Vps13 is lethal. 

Our current data suggest that Vps13 also plays a 

redundant role in peroxisome biogenesis and is important to 

compensate for defects in MCSs in H. polymorpha pex11 and 

pex23 cells.  

 

Materials and methods 

Strains and growth conditions 

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

were grown on rich or mineral media as described previously 

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

used for cloning and grown as described previously (Knoops et 

al., 2014).  

 

Generation of H. polymorpha mutants 

The H. polymorpha pex11 DsRed-SKL strain was 

transformed with the REMI cassette which was amplified by 

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

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

strains and genomic inserts were sequenced as described 

before (van Dijk et al., 2001).  

 

Molecular Techniques 

Plasmids and oligonucleotides used in this study are listed 

in Table S3 and S4, respectively. Recombinant DNA 

manipulations and transformations of H. polymorpha were 

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

polymerase chain reactions (PCR) for cloning were carried out 

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

Initial selection of positive transformants by colony PCR was 

carried out using Phire polymerase (Thermo Scientific). All 

deletions were confirmed by Southern blotting. For DNA and 

amino acid sequence analysis, the Clone Manager 5 program 

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

Construction of H. polymorpha vps13 GFP-SKL, vps13 

PMP47-mGFP and pex11 vps13 GFP-SKL strains 

Two plasmids allowing disruption of H. polymorpha VPS13 

were constructed using Multisite Gateway technology as follows: 

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

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

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

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

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

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

recombined with destination vector pDEST R4-R3 together with 

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

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

Then VPS13 disruption cassettes containing hygromycin or 

zeocin resistance genes were amplified with primers Vps13-08 

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

templates.  

To construct a VPS13 single disruption strain, the VPS13 

disruption cassette containing the zeocin resistance gene was 

transformed into yku80 cells and zeocin resistant transformants 

were checked by colony PCR using primers Vps13-06 and 

Vps13-07. 

To create vps13 PMP47-mGFP, a plasmid encoding 

Pmp47 with a C-terminal monomeric green fluorescent protein 

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

containing Candida albicans LEU2 was amplified with primers 

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

template. The obtained PCR fragment was digested with XhoI 

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

pMCE7, resulting in plasmid pHIPX-PMP47-mGFP. 

SpeI-linearized plasmid pHIPX-PMP47-mGFP was transformed 

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

pHIPX7-GFP-SKL was transformed into vps13 cells. 

To create a pex11 vps13 strain, the VPS13 disruption 

cassette containing the hygromycin resistance gene was 

transformed into pex11 cells and hygromycin resistant 

transformants were selected and checked by colony PCR using 

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

plasmid pHIPZ7-GFP-SKL was transformed into pex11 vps13 

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

co-localization studies 

A pex11 vps13 strain producing Pex14-mCherry was 

obtained by transforming pSEM01, linearized with XhoI, into 

pex11 vps13 cells. Positive transformants were analyzed by 

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

encoding Pex3 containing a C-terminal mGFP was constructed 

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

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

polymorpha genomic DNA as a template. The obtained PCR 

fragment was digested with BglII and HindIII, and inserted 

between the BglII and HindIII sites of pHIPZ-mGFP fusinator 

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

EcoRI-linearized pHIPZ-PEX3-mGFP was transformed into 

pex11 vps13 Pex14-mCherry cells. Correct integration was 

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

Similarly, pMCE4, pMCE5, pSEM03 and pMCE7 were 

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

transformed into pex11 vps13 Pex14-mCherry cells. Correct 

integrations were confirmed by colony PCR using primers 

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

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

 

Construction of the H. polymorpha dnm1 vps13 DsRed-SKL 

strain 

The VPS13 disruption cassette containing the hygromycin 

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

DNM1 deletion cassette was obtained in a PCR reaction with 

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

template. Deletion of DNM1 was checked by colony PCR using 

primers Dnm1-Fw and Dnm1-Rev.  
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Construction of H. polymorpha pex11 vps13 PAMOPEX11 

GFP-SKL 

A plasmid expressing PEX11 under the control of the 

inducible amine oxidase promoter (PAMO) was constructed as 

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

and PEX11-02 using the H. polymorpha NCYC495 genomic 

DNA as a template. The obtained fragment and plasmid 

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

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

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

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

Finally the Bsu36I-linearized pHIPX5-PEX11 was transformed 

into pex11 vps13 GFP-SKL cells.  

 

Construction of H. polymorpha pex23 DsRed-SKL and 

pex23 vps13 DsRed-SKL strains 

The pex23 deletion strain was constructed by replacing 

the PEX23 region with the zeocin resistance gene as follows: 

first, a PCR fragment containing the zeocin resistance gene and 

50 bp of the PEX23 flanking regions were amplified with primers 

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

a template. The resulting PEX23 deletion cassette was 

transformed into yku80 cells. Zeocin resistance transformants 

were selected and checked by colony PCR with primers 

cPEX23-Fw+cPEX23-Rev. 

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

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

VPS13 deletion cassette containing hygromycin was 

transformed into pex23 DsRed-SKL, resulting in pex23 vps13 

DsRed-SKL. Hygromycin resistance transformants were 

selected and confirmed by colony PCR using primers Vps13-06 

and Vps13-07. 
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Construction of H. polymorpha PEX23-mGFP DsRed-SKL 

and PEX23-mGFP BiPN30-mCherry-HDEL strains 

A plasmid encoding Pex23-mGFP was constructed as 

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

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

polymorpha NCYC495 genomic DNA as a template. The 

obtained PCR fragment was digested with BglII and HindIII, and 

inserted between the BglII and HindIII sites of pHIPZ-mGFP 

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

BsmBI-linearized pHIPZ-PEX23-mGFP was transformed into 

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

BiPN30mCherry-HDEL strain, plasmid 

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

A PCR fragment containing BiP was obtained with primers KN18 

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

obtained fragment was digested with BamHI, HindIII and 

inserted between the BamHI and HindIII sites of pBlueScript II, 

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

GFP-HDEL was obtained with primers KN14 and KN17 using 

pANL29 as a template, and the resulting fragment was digested 

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

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

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

inserted between the BamHI and SalI sites of pHIPX7 to obtain 

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

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

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

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

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

pHIPZ4-DsRed-T1-SKL. To obtain 

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

by primers BIPmCh1_fw and BIPmCh1_rev on plasmid pHIPN 

mCherry fusinator, and the resulting fragment was inserted 

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

BIPmCh1_rev using plasmid pHIPZ4-BiPN30-mCherry-HDEL as 

a template, and the resulting fragment was inserted between 

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

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

pHIPX7-BiPN30-mCherry-HDEL was transformed into 

PEX23-mGFP cells. 

 

Construction of H. polymorpha pex11 vps13 PMP47-GFP 

strains with or without an artificial ER linker 

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

PCR fragment encoding the nourseothricin resistance gene was 

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

pHIPN4 plasmid as a template. The obtained PCR fragment was 

digested with NotI and XhoI and inserted between the NotI and 

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

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

transformed into pex11 vps13 cells. The correct integrations 

were confirmed by colony PCR with primers 

PMP47_fwd_check+ mGFP_rev_check.  

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

was performed on H. polymorpha NCYC495 genomic DNA 

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

digested with HindIII and NotI and the resulting fragment was 

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

plasmid. The resulting plasmid was further used for the 

construction of ER-PER fusion construct.  

To introduce an artificial peroxisome-ER linker, two 

plasmids pARM059 (pHIPZ18-PEX14) and pARM053 

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

PCR fragment containing PEX14 was amplified with primers 

Pex14_HindIII_fw and Pex14_PspXI_rev using the H. 

polymorpha NCYC495 genomic DNA as a template. The 

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

plasmid, resulting in plasmid pARM059. 

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

amplified by primers HindIII-Pex14+Pex14_HA-HA and 

HAHA_Ubc6+Ubc6_PspXI, respectively using the H. 

polymorpha NCYC 495 genomic DNA as a template. The 

obtained PCR fragments were purified and used as templates 

together with primers HindIII-Pex14+Ubc6_PspXI in a second 

PCR reaction. The obtained PCR fragment was digested with 

HindIII and PspXI, and inserted between the HindIII and SalI 

sites of pAMK94 plasmid, resulting in plasmid pARM053.  

Then the NruI-linearized pARM059 and pARM053 were 

transformed into pex11 vps13 PMP47-mGFP cells. Correct 

integrations were confirmed by colony PCR with primers Adh1 

cPCR fwd+Pex14_cPCR_rev and Adh1 cPCR fwd+ 

Ubc6_cPCR_rev. 

 

Construction of H. polymorpha pex23 vps13 PMP47-mGFP 

strains with or without an artificial ER linker 

To construct pex23 vps13 the VPS13 deletion cassette 

containing the hygromycin resistance gene was transformed into 

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

MunI-linearized pHIPN-PMP47-mGFP plasmid was transformed 

into pex23 vps13 cells. 

To introduce an artificial peroxisome-ER linker, two 

plasmids pARM069 (pHIPX18-PEX14) and pARM072 

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

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

SacI/NotI fragment from plasmid pHIPX4 were ligated, resulting 

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

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

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

performed using primers Padh1_mid_fw and Padh1_mid_rev 

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

cells. Correct integrations were confirmed by colony PCR with 

primers Adh1 cPCR fwd+Pex14_cPCR_rev and Adh1 cPCR 

fwd+ Ubc6_cPCR_rev. 

 

Construction of S. cerevisiae strains 

A fragment containing a PEX11 deletion cassette was 

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

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

transformed into S. cerevisiae BY4742 WT and vps13 cells, 

resulting in pex11 and pex11 vps13 strains respectively. Deletion 

of PEX11 was confirmed by colony PCR with primers 

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

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

NarI-linearized plasmid pSL34 was transformed into S. 

cerevisiae pex11, vps13 and pex11 vps13 cells, respectively.  

 

Fluorescence Microscopy 

All images were captured at room temperature using a 

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

captured in media in which the cells were grown using a 

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

Micro-Manager 1.4 software and a digital camera (Coolsnap 

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

fluorescence was visualized with a 470/40 nm band pass 

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

band-pass emission filter. mCherry fluorescence was visualized 

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

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

DsRed fluorescence was visualized with a 546/12 nm bandpass 

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

bandpass emission filter.  

Image analysis was carried out using ImageJ and Adobe 

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

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

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

microscope (LSM510, Carl Zeiss) and photomultiplier tubes 

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

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

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

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

Peroxisomes were quantified using a custom made plugin for 

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

experiments (2 x ~300 cells were counted). 

 

Electron Microscopy 

Ultrathin sections were viewed in a Philips CM12 TEM. For 

morphological analysis, cells were fixed in 1.5% potassium 

permanganate, post-stained with 0.5% uranyl acetate and 

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

images were taken from 60 nm thin sections and the distance 

between peroxisomes and other organelles were measured in 

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

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

were defined as regions with a distance between two opposing 

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

Immunolabeling experiments were performed using 

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

Immunolabeling of Pex14 was performed using rabbit polyclonal 

antibodies followed by goat-anti-rabbit antibodies conjugated to 

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

monoclonal antibodies (Sigma-Aldrich H9658) followed by 

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

Netherlands). 
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Results and Discussion 

Transposon mutagenesis of H. polymorpha pex11 

Approximately 100 strains defective in methanol utilization 

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

transposon mutagenesis of H. polymorpha pex11 cells producing 

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

displayed mislocalization of DsRed-SKL to the cytosol. 

Sequencing of the genomic regions flanking the integrated 

pREMI-Z cassette resulted in the identification of 17 genes 

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

biogenesis and methanol metabolism, the most frequently 

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

cassette was inserted at different positions in the VPS13 open 

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

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

 

Vps13 is required for peroxisome biogenesis in pex11 cells 

To validate this result, a pex11 vps13 double deletion strain 

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

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

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

carbon source, indicating that peroxisomes are fully functional 

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

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

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

Quantification of organelle numbers revealed no major 

change in peroxisome numbers in vps13 cells relative to the 

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

showed that peroxisome morphology was similar in vps13 and 

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

producing GFP-SKL confirmed that peroxisomal matrix protein 

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

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

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

Upon growth of these pex11 vps13 PTEFGFP-SKL 

PAMOPEX11 cells on medium containing ammonium sulphate, 

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

but again confined to peroxisomes when methylamine was used 

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

combined absence of Pex11 and Vps13 causes the peroxisome 

biogenesis defect in pex11 vps13 cells. 

 

Table 1. Genes identified by transposon mutagenesis of H. 

polymorpha pex11 cells    

Genes identified Times 

found 

Function 

PEX1 1 Matrix protein import 

PEX2 2 Matrix protein import 

PEX4 1 Matrix protein import 

PEX5 3 Matrix protein import 

PEX6 3 Matrix protein import 

PEX8 4 Matrix protein import 

PEX10 2 Matrix protein import 

PEX12 3 Matrix protein import 

PEX25 2 PMP with unknown function 

PEX26 2 Matrix protein import 

AMO 3 Amine oxidase 

IRA1 1 GTPase activating protein 

MUT3 1 Alcohol oxidase activation 

HPODL_04236 1 Hypothetical protein 

HPODL_05268 1 Putative transcription factor 

MPP1 3 Transcription factor 

VPS13 9 Vacuolar protein sorting, 

prospore formation, 

regulation of vacuolar MCSs 
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pex11 vps13 cells contain peroxisomal membrane 

structures 

In order to better understand the pex11 vps13 phenotype, 

we performed detailed microscopy analysis. EM revealed that 

essentially all pex11 vps13 cells contained clusters of vesicles, 

which are peroxisomal in nature as they contain Pex14. 

Moreover, in the larger vesicles a minor alcohol oxidase 

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

mutants, are peroxisome deficient. 

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

showing the four positions where transposon insertion occurred as well 

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

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

mineral medium containing methanol. Cell density is expressed as optical 

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

producing the peroxisomal membrane marker Pmp47-mGFP and grown 

for 16 hours on methanol medium. Peroxisome numbers were quantified 

from images obtained by confocal laser scanning microscopy. 

Peroxisomes from 2 x 300 cells of two independent experiments were 

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

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

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

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

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

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

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

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

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

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

methanol/methylamine (PAMO inducing conditions) containing media. 

Scale bar: 2µm. 

 

structures have a (very limited) capacity of importing peroxisomal 

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

FM revealed that Pex14-mCherry was localized in spots in 

pex11 vps13 cells, which therefore most likely represent clusters 

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

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

produced under the control of their endogenous promoters, 

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

These results are consistent with the view that pex11 

vps13 cells contain peroxisomal membrane vesicles, which are 

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

grow due to a defect in the peroxisomal membrane expansion 

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

membrane vesicles 

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

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

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

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

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

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

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

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

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

Scale bar: 2 µm. 

 

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

also results in peroxisome deficiency 

pex11 cells are impaired in peroxisome fission (Erdmann 

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

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

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

indicating that the pex11 vps13 phenotype is not associated with 

the fission function of Pex11. 

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

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

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

3B, close appositions of peroxisomal membranes with ER, 

vacuolar and mitochondrial membranes occur in H. polymorpha 

WT cells  (Fig. 3B).  

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

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

candidate, because it is homologous to Saccharomyces 

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

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

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

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

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

al., 2008).  

Analysis of a pex23 vps13 double deletion strain revealed 

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

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

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

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

Summarizing our data suggest that Vps13 may be 

important to compensate for the absence of Pex11 or Pex23, 

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

deletion strains. Remarkably, the pex11 and pex23 single 

deletion strains have similar phenotypes in that peroxisome 

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

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

 

 
Figure 3 pex23 vps13 cells are peroxisome deficient 

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

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

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

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

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

Pex23-mGFP produced under control of the endogenous promoter in 

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

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

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

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

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

bars represent SD (n = 2). 

 

An artificial peroxisome-ER tether suppresses the pex11 

vps13 and pex23 vps13 phenotype 

Studies in S. cerevisiae indicated that the absence of 

ERMES compounds can be partially complemented by 

artificially anchoring mitochondria to the ER using a fusion 

protein containing an N-terminal domain of a mitochondrial 

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

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

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

the peroxisomal membrane protein Pex14 (full length) and the 

corresponding Ubc6 tail-anchor, separated by two 

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

of the constitutive alcohol dehydrogenase 1 promoter 

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

peroxisomal membrane structures by FM, we also introduced 

the peroxisomal membrane marker PMP47-GFP. As expected, 

cells of both the pex11 vps13 and pex23 vps13 control strains 

contained small GFP spots and occasionally a peroxisome (Fig. 

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

the appearance of more and larger peroxisomes in both double 

deletion strains, which was not observed when PADH1PEX14 was 

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

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

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

Immunolabelling using anti-HA antibodies confirmed that the 

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

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

Suppression of the pex11 vps13 and pex23 vps13 phenotypes 

by the ER-PER tether was corroborated by quantitative EM 

analysis of ultrathin sections (Fig. 4C). 

 

Fig. 4. Suppression of peroxisome biogenesis defects by the 

ER-PER tether 

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

vps13 cells containing PPMP47PMP47-GFP alone or in combination with 

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

 (+ ER-PER). 

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

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

PADH1PEX14-HAHA-UBC6
TM

 cell. III, IV Immunolabelling experiment 

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

 

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

of pex23 vps13 PADH1PEX14-HAHA-UBC6
TM

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

Quantitative analysis of the presence of peroxisomes in sections of 

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

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

analyzed (n=100). 

 

Concluding remarks 

Our results suggest that expansion of the peroxisomal 

membrane involves MCSs. Our data  also indicates that in 

pex11 and pex23 cells Vps13 is important to maintain functional 

peroxisomes. Possibly, Vps13 is required to compensate for the 

absence of EPCONS components in pex23 cells like it does for 

the absence of ERMES components. Vps13 has recently been 

implicated in regulating NVJ and vCLAMP, two vacuolar MCSs 

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

Vps13 may regulate a peroxisome-vacuole MCS, which 

becomes important for peroxisomal membrane expansion in the 

absence of EPCONS. Indeed, nascent peroxisomes are 

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

Vps13 is also required for peroxisome expansion in pex11 cells, 

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

Indeed recent data in S. cerevisiae suggested that Pex11 is 

important to associate peroxisomes with mitochondria (Mattiazzi 

Ušaj et al., 2015). 

So far we were unable to localize Vps13 to peroxisomes 

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

regulatory role than being a physical component of a 

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

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

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

Scale bars: 2.5μm. 

 

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

absence of either Pex11 or Vps13 does not severely affect 

peroxisome biogenesis, whereas a pex11 vps13 double deletion 

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

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

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

them result in severe inherited diseases (Douzgou and Petersen, 

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

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

peroxisome and mitochondrial defects. 
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Supplemental Figure 

 

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

selected yeast species. 

Protein sequences from Pex11 and Pex23 family members from 

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

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

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

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

The distance scale represents the number of differences between the 

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

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

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

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

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

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

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

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

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

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

WT NCYC495, leu1.1  (Gleeson and 

Sudbery, 1988) 

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

2001) 

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

al., 2013) 

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

2012) 

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

YKU80::URA3 

This study 

pex11 PEX11::URA3 (Krikken et al., 

2009) 

pex11 DsRed-SKL PEX11::URA3 

pHIPX4-DsRed-SKL 

This study 

pex11 GFP-SKL PEX11::URA3   pHIPZ4-GF

P-SKL::sh ble 

(Nagotu et al., 

2008) 

vps13 VPS13::sh ble  

YKU80::URA3 

This study 

vps13 

PMP47-mGFP 

VPS13::HPH  

pHIPX-PMP47-mGFP::LEU2  

YKU80::URA3   

This study 

vps13 GFP-SKL VPS13::sh ble  

pHIPX7-GFP-SKL::LEU2  

YKU80::URA3 

This study 

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

pex11 vps13 

GFP-SKL 

PEX11::URA3 VPS13::HPH   

pHIPZ7-GFP-SKL 

::sh ble 

This study 

pex11 vps13 

PEX14-mCherry 

PEX3-mGFP 

PEX11::URA3 VPS13::HPH 

pHIPN-PEX14-mCherry::NAT  

pHIPZ-PEX3-GFP::sh ble 

This study 

pex11 vps13 PEX11::URA3 VPS13::HPH This study 
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PEX14-mCherry 

PEX8-mGFP 

pHIPN-PEX14-mCherry::NAT  

pMCE4::sh ble 

pex11 vps13 

PEX14-mCherry 

PEX10-mGFP 

PEX11::URA3 VPS13::HPH 

pHIPN-PEX14-mCherry::NAT 

pMCE5::sh ble 

This study 

pex11 vps13 

PEX14-mCherry 

PEX13-mGFP 

PEX11::URA3 VPS13::HPH 

pHIPN-PEX14-mCherry::NAT  

pSEM03::sh ble 

This study 

pex11 vps13 

PEX14-mCherry 

PMP47-mGFP 

PEX11::URA3 VPS13::HPH  

pHIPN-PEX14-mCherry::NAT  

pMCE7::sh ble 

This study 

dnm1 DsRed-SKL DNM1::LEU2  

pHI-DsRed-SKL::URA3 

(Cepińska et al., 

2011) 

dnm1 vps13 

DsRed-SKL 

VPS13::sh ble DNM1::HPH  

pHIPN4-DsRed-SKL::NAT  

YKU80::URA3 

This study 

pex11 vps13 

PAMOPEX11. 

GFP-SKL 

PEX11::URA3  VPS13::HPH  

pHIPX5-PEX11:: 

LEU2   

pHIPZ7-GFP-SKL::sh ble 

This study 

pex23 PEX23::sh ble   

YKU80::URA3 

This study 

pex23 vps13 PEX23::sh ble VPS13::HPH  

YKU80::URA3 

This study 

pex23 DsRed-SKL PEX23::sh ble  

pHIPN4-DsRed-SKL::NAT  

YKU80::URA3 

This study 

pex23 

vps13.DsRed-SKL 

PEX23::sh ble  VPS13::HPH  

pHIPN4-DsRed-SKL::NAT  

YKU80::URA3 

This study 

PEX23-mGFP 

DsRed-SKL 

pHIPZ-PEX23-mGFP::sh ble  

pHIPX7-DsRed-SKL:: LEU2 

This study 
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YKU80::URA3 

PEX23-mGFP 

BiPN30-mCherry-HD

EL 

pHIPZ-PEX23-mGFP::sh ble  

pHIPX7-BiPN30-mCherry-HD

EL::LEU2  YKU80::URA3 

This study 

pex11 vps13 

PMP47-GFP 

PEX11::URA3 VPS13::HPH 

pHIPN-PMP47-GFP::NAT 

This study 

pex11 vps13 

PMP47-GFP 

PADH1PEX14 

PEX11::URA3 VPS13::HPH 

pHIPN-PMP47-GFP::NAT 

pARM059::sh ble 

This study 

pex11 vps13 

PMP47-GFP PADH1 

PEX14-2xHA-UBC6 

PEX11::URA3 VPS13::HPH 

pHIPN-PMP47-GFP::NAT 

pARM053::sh ble 

This study 

pex23 vps13 

PMP47-GFP 

PEX23::sh ble  VPS13::HPH  

pHIPN-PMP47-GFP::NAT  

YKU80::URA3 

This study 

pex23 vps13 

PMP47-GFP 

PADH1PEX14 

PEX23::sh ble VPS13::HPH  

pHIPN-PMP47-GFP::NAT 

pARM069::LEU2  

YKU80::URA3 

This study 

pex23 vps13 

PMP47-GFP 

PADH1PEX14-2xHA-

UBC6 

PEX23::sh ble VPS13::HPH  

pHIPN-PMP47-GFP::NAT 

pARM072::LEU2  

YKU80::URA3 

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

WT BY4742 Euroscarf 

collection 

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

pex11 GFP-SKL BY4742, PEX11::KanMX, 

pSL34::sh ble 

This study 

vps13 GFP-SKL BY4742, VPS13::KanMX, 

pSL34::sh ble 

This study 

pex11 vps13 GFP-SKL BY4742, VPS13::KanMX 

PEX11::NAT, pSL34::sh ble 

This study 

 

 

Table S3. Plasmids used in this study 

Plasmids   Description References 

pDONR P4-P1R  Multisite Gateway vector; Kan
R
 

Cm
R
 

Invitrogen 

pDONR P2R-P3 Multisite Gateway vector; Kan
R
 

Cm
R
 

Invitrogen 

pDEST R4-R3  Multisite Gateway vector; Kan
R
 

Cm
R
 

Invitrogen 

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

region of VPS13; Kan
R
 

This study 

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

region of VPS13; Kan
R
 

This study 

pENTR221-zeocin pDONR
 

221 with sh ble 

cassette;  Zeo
R
, Kan

R
  

(Saraya et 

al., 2012) 

pENTR221-hph pDONR 221 with HPH; Hph
R
, 

Kan
R
 

(Saraya et 

al., 2012) 

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

al., 2008) 

pDEST-VPS13-01 Plasmid containing VPS13 

deletion cassette; Zeo
R
, Amp

R
 

This study 

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

R
 

pHIPN4 pHIPN plasmid containing AOX 

promoter; Nat
R
, Amp

R
 

(Cepińska et 

al., 2011) 

pHIPN4-DsRed-SKL pHIPN plasmid containing 

DsRed-SKL under the control 

of PAOX;  Nat
R
, Amp

R
 

(Cepińska et 

al., 2011) 

pHIPX-PMP47-mGFP pHIPX plasmid containing gene 

encoding C-terminus of Pmp47 

fused to mGFP; LEU2, Amp
R
 

This study 

pHIPX7-GFP-SKL pHIPX plasmid containing 

GFP-SKL under the control of 

PTEF;  LEU2, Kan
R
 

(Baerends et 

al., 1997) 

pHIPZ7-GFP-SKL pHIPZ plasmid containing 

GFP-SKL under the control of 

PTEF;  Zeo
R
, Amp

R
 

(Knoops et 

al., 2014) 

pSEM01 pHIPN plasmid containing gene 

encoding C-terminal part of 

Pex14 fused to mCherry; Nat
R
, 

Amp
R
 

(Knoops et 

al., 2014) 

pHIPZ-mGFP fusinator pHIPZ plasmid containing 

mGFP and AMO terminator;  

Zeo
R
, Amp

R
 

(Saraya et 

al., 2010) 

pHIPZ-PEX3-mGFP pHIPZ plasmid containing  

gene encoding C-terminal of 

Pex3  

This study 

 fused to mGFP;  Zeo
R
, Amp

R
  

pMCE4 pHIPZ plasmid containing  

gene encoding C-terminal of 

Pex8 fused to mGFP;  Zeo
R
, 

Amp
R
  

(Cepińska et 

al., 2011) 

pMCE5 pHIPZ plasmid containing  

gene encoding  C-terminal of 

Pex10 fused to mGFP;  Zeo
R
, 

(Cepińska et 

al., 2011) 
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Amp
R
 

pSEM03 pHIPZ plasmid containing  

gene encoding C-terminal of 

Pex13 fused to mGFP;  Zeo
R
, 

Amp
R
 

(Knoops et 

al., 2014) 

pMCE7 pHIPZ plasmid containing  

gene encoding C-terminal of 

Pmp47 fused to mGFP;  Zeo
R
, 

Amp
R
 

(Cepińska et 

al., 2011) 

pARM001 pHIPH plasmid containing  

gene encoding C-terminal part 

of Pex14 fused to mCherry;  

Hph
R
, Amp

R
 

(Kumar et al.) 

pSEM04 pHIPH plasmid containing 

PEX3 under control of PAMO; 

Hph
R
; Amp

R
 

(Knoops et 

al., 2014) 

pHIPH5-PEX11 pHIPH plasmid containing 

PEX11 under the control of 

PAMO; Hph
R
, Amp

R
 

This study 

pHIPX5 pHIPX plasmid containing AMO 

promoter;  LEU2, Kan
R
  

(Kiel et al., 

1995) 

pHIPX5-PEX11 pHIPX plasmid containing 

PEX11 under the control of 

PAMO;  LEU2, Kan
R
 

This study 

pHIPX4-DsRed-SKL pHIPX plasmid containing 

DsRed-SKL under the control 

of PAOX; LEU2, Kan
R
 

(Otzen et al., 

2004) 

pHIPZ-PEX23-mGFP pHIPZ plasmid containing  

gene encoding C-terminal of 

Pex23 fused to mGFP;  Zeo
R
, 

Amp
R
 

This study 

pBlueScript II Standard vector; Amp
R
 Fermentas 

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

pANL29 pHIPZ plasmid containing 

GFP-SKL under the control of 

PAOX; Zeo
R
, Amp

R
 

(Leao-Helder 

et al., 2003) 

pBS-BiPN30-GFP-HDE

L 

p-Bluescript II containing BIP 

N30- GFP-HDEL; Amp
R
  

This study 

pHIPX7-BiPN30-GFP-H

DEL 

pHIPX containing BIP N30 

fused to GFP-HDEL under the 

control of PTEF; LEU2 , Kan
R
 

This study 

pHIPX4-BiPN30-GFP-H

DEL 

pHIPX containing BIP N30 

fused to GFP-HDEL under the 

control of PAOX; LEU2 , Kan
R
 

This study 

pRSA017 pHIPZ containing BIP N30 

fused to GFP-HDEL under 

control of PAOX;  Zeo
R
, Amp

R
 

This study 

pHIPZ4-BiPN30-mCherr

y-HDEL 

pHIPZ containing BIP N30 

fused to GFP-HDEL under 

control of PAOX;  Zeo
R
, Amp

R
 

This study 

pHIPX7-BiPN30-mCherr

y-HDEL 

pHIPX containing BIP N30 

fused to mCherry-HDEL under 

the control of PTEF;  LEU2, 

Kan
R
 

This study 

pSL34 Plasmid containing GFP-SKL 

under the control of PMET25; 

Zeo
R
, Amp

R
 

(Lefevre et al., 

2013) 

pAG25 Plasmid containing 

nourseothricin resitance gene; 

Nat
R
, Amp

R
 

Euroscarf 

pHIPX4 pHIPX plasmid containing 

AOX promoter;  LEU2, Kan
R
 

(Gietl et al., 

1994) 

pHIPZ4-GFP-SKL pHIPZ plasmid containing 

GFP-SKL under the control of 

(Leao-Helder 

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

R
 

pAMK94 pHIPZ plasmid containing 

GFP-SKL under the control of 

PADH1; Zeo
R
, Amp

R
 

This study 

pARM059 pHIPZ plasmid containing 

PEX14 under the control of 

PADH1;  Zeo
R
, Amp

R
 

This study 

pARM053 pHIPZ plasmid containing 

PEX14-2xHA-UBC6 under the 

control of PADH1;  Zeo
R
, Amp

R
 

This study 

pHIPN-PMP47-GFP pHIPN plasmid containing 

C-terminal of PMP47 fused to 

mGFP;  Nat
R
, Amp

R
 

This study 

pARM069 pHIPX plasmid containing 

PEX14 under the control of 

PADH1;   LEU2, Kan
R
 

This study 

pARM072 pHIPX plasmid containing 

PEX14-2xHA-UBC6 under the 

control of PADH1;   LEU2, 

Kan
R
 

This study 

 

 

 

 

 

 

 

 



116 
 

Table S4. Primers used in this study 

Primer  Sequence (5’ – 3)’ 

pREMI-fw GCTAGCTAGGATCCTGACTG 

pREMI-rev CGGGATCCCTGGCCGTCGTTTTACGATC 

pREMI-ori GATCTTTTCTACGGGGTCTG 

pREMI-tef CGGAGTCCGAGAAAATCTGG 

VPS13-5’F GGGGACAACTTTGTATAGAAAAGTTGCGGCCGCAAT

CACCAACTCA 

VPS13-5’R GGGGACTGCTTTTTTGTACAAACTTGACGGTCACGT

CGCGTAGCAT 

VPS13-3’F GGGGACAGCTTTCTTGTACAAAGTGGCCGTGTCAA

CCAGCTCCATA 

VPS13-3’R GGGGACAACTTTGTATAATAAAGTTGGCTGATGAAC

GCTGCCGAAT 

Vps13-06 CGGCTGTCGTAGACGTATTC 

Vps13-07 CATCGAGGCGATCGTACGTT 

Vps13-08 CGGCCGCAATCACCAACTA 

Vps13-09 GCTGATGAACGCTGCCGAAT 

Leucine-F CTAGCTCGAGGGTGAATCGTTGTTAATGG 

Leucine-R GCATGCGGCCGCTGGAAACAAGCCCGT 

PEX14-Fw CACAATTGGAGCAGGACAAG 

Hyg-Rev GGGTGTTTTGAAGTGGTACG 

PEX3-01 ACTGAAGCTTCTTTTTGGCACGGGAGTGAT 

PEX3-02 TCGAAGATCTAGCATCGAAATTAGAGTAGACAC 

PEX3-Fw GTTGCGGCAAGATATAGGC 

PEX8-Fw CGGGTCGTAGCTCAGCACAA 

PEX10-Fw TGCACAACCAGCTCTTAGAC 

PEX13-Fw AAAAAGCTTTAGCCATGGCTGAACAGTTCC 

PMP47-Fw GTCTTAGCGAAGGAAGCGTT 

GFP-Rev TCGGAGGTGGTCATGGCGTAGGAAG 

Hyg-Fw01 GAATACATTTCCAAGCCAAACTCGATTATTCTAGCTG

TTTCTCCAGCCAATAACCCACACACCATAGCTTCAA 

Hyg-Rev02 ACCGAACCATTTGGCGACCTGGCATGGTCTTTACTC



117 
 

TTCTGTTTCTGTTT CGTTTTCGACACTGGATGGC 

Dnm1-Fw TATTGGTGACCAACCAACCG 

Dnm1-Rev GAGCTCCTTCTCGCCATTTG 

PEX11-01 TCGAGGATCCATGGTTTGCGACACGATAAC 

PEX11-02 CGATCCCGGGTCATAGCACAGAAGACTCGG 

PEX23-Fw CACCTTCTAGCATTAACAGCAACATTTCAGAAGTAC

AGCCAACAACAGGCTAATTCCGATCCCCCACACACC

ATAGCTTC 

PEX23-Rev ATCCATCTTCTGCGTCGCGTATACTTGCTGAACGAA

TCTTCGGTGGACGGGCAAATTAAAGCCTTCGAGCG

TCCC 

cPEX23-Fw GTACGATTACTGGACGTTGA 

cPEX23-Rev AGCTCCAACATCTCGGAAGA 

Pex23GFP-fw CCCAAGCTTGGTGACACGAAAGTTGCTTT 

Pex23GFP-re

v 

AGATCTTCCTTCTTTCTTTTTGTCTGTGACACCACC 

KN18 CCCAAGCTTGGATCCATGTTAACTTTCAATAAGTC 

KN19 GGGAAGCTTAGATCTAAACTGCTGTGTTGTTAGTGG

G 

KN14 CCCCTCGAGAACCTGTACTTCCAGTCGAGATCTGTG

AGCAAGGGCGAGGAGC 

KN17 GGGGTCGACTTACAGCTCGTCGTGAAGCTTGTACA

GCTCG 

BIPmCh1_fw GGAAGATCTGTGAGCAAGGGCGAGGAGGA 

BIPmCh1_rev GACGTCGACTTAGAGTTCATCATGCTTGTACAGCTC

GTCCATGCCGCCGG 

BIPmCh2_fw CGCGGATCCATGTTAACTTTCAATAAGTCGG 

Nat-fwd CAAAACCTCGAGACTTGCCTTTGAAGGCTCTT 

Nat-rev ATAGTTTAGCGGCCGCATCATCGATGAATTCGAGCT 

Pex14_HindII

I_fw 
CCCAAGCTTGGGATGTCTCAACAGCCAGCAAC 

Pex14_PspXI

_rev 
GACCTCGAGCTTAGGCATTCAGCTGCCACG 
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HindIII-Pex14 CCCAAGCTTATGTCTCAACAGCCAGCAAC 

Pex14_HA-H

A 

TCCTGCATAGTCCGGGACGTCATAGGGATAGCCCG

CATAGTCAGGAACATCGTATGGGTAGGCATTCAGCT

GCCACGCCG 

HAHA_Ubc6 

TACCCATACGATGTTCCTGACTATGCGGGCTATCCC

TATGACGTCCCGGACTATGCAGGAGAAAACGGATG

GGGCATATA 

Ubc6_PspXI CGCCTCGAGCCTATCATCTTGATGTACCTCCGG 

Padh1_mid_f

w 
CAGGCCGAGTAATGCTGACC 

Padh1_mid_r

ev 
CGGACACCCTACACCAGAAT 

PMP47_fwd_

check 
ACTTATCCGCTGGTCACTCT 

mGFP_rev_c

heck 
AAGTCGTGCTGCTTCATGTG 

Adh1 cPCR 

fwd 

TGTTGAGCAGGCTGATAACC 

Pex14_cPCR

_rev 

TCTCTGGACAACACGTCTCT 

Ubc6_cPCR_

rev 

ACCACTGCCAACAGCACATA 

Adh1-F AAGGAAAAAAGCGGCCGCCCCCTGCATTATTAATCA

CC 

Adh1-R AATCAATCAATCAATTTAAAAAGCTTGGG 

PEX11-Fw ATGGTCTGTGATACACTGGTATATCATCCCTCCGTG

ACGAGATTCGTCAACCAGATCTGTTTAGCTTGCCTT 

PEX11-Rev TATGTAGCTTTCCACATGTCTTGCATACCAAGGATA

GATGTGACAACACCATTCGAGCTCGTTTTCGACA 

cPEX11-Fw AGAACCCGAAGCGATGGGTA 

cPEX11-Rev GGACATGGAACATTGGGTCA 
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