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Abstract 

Until now, several proteins have been identified regulating peroxisome 

numbers in yeast. Here we investigated the role of Pex23 and Pex32 of the yeast 

Hansenula polymorpha.  

Using GFP fusion proteins, Pex23-GFP showed a dual localization at 

peroxisomes and the endoplasmic reticulum, whereas Pex32-GFP was 

predominantly observed at peroxisomes. pex23 cells showed reduced 

peroxisome numbers and retarded growth on methanol. Instead, pex32 cells 

were peroxisome-deficient and unable to grow on methanol. Electron 

microscopy revealed a strong focal proliferation of the ER in pex23 cells, which 

was not observed in pex32 cells. Surprisingly, deletion of PEX23 in pex32 cells 

restored the peroxisome-deficient phenotype of pex23 cells. 

We speculate that in H. polymorpha pex23 cells, de novo peroxisome 

formation is stimulated, similar as previously demonstrated for Saccharomyces 

cerevisiae pex30 cells. This may explain why in pex32 cells peroxisomes 

reappear upon deletion of PEX23.  
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Introduction 

Peroxisomes are ubiquitous single membrane bound organelles that 

show an unprecedented variety of metabolic functions dependent on species, 

tissue, developmental stage and environmental conditions. Common functions 

are the β-oxidation of fatty acids and the metabolism of hydrogen peroxide (1). 

Two pathways of peroxisome proliferation have been proposed, namely 

multiplication by fission of pre-existing ones or de novo formation from the 

endoplasmic reticulum (ER). Current data suggest that in yeast fission is the 

main mode of peroxisome proliferation at peroxisome-inducing conditions (2, 

3). De novo synthesis is in particular observed in mutant cells that lack 

peroxisomes due to mutations in PEX3 or PEX19 upon reintroduction of the 

corresponding gene. This process also occurs in cells of mutants that lack 

peroxisomes due to an organelle inheritance defect (4, 5). 

So far, several proteins involved in peroxisome proliferation have been 

identified. Of these, proteins of the Pex11 protein family have been shown to 

play an important role in peroxisome fission (Pex11) or de novo peroxisome 

formation (Pex25; only in yeast). Most proteins of the Pex11 family are 

peroxisomal membrane proteins (PMPs). However, Pex11B of the filamentous 

fungus Penicillium chrysogenum (6) is localized at the ER. The function of this 

protein is still unknown but may be involved in an early stage of peroxisome 

development. 

Also the Pex23 protein family has been suggested to play a role in the 

regulation of peroxisome numbers (Table 1). So far very little is known about 

these proteins (7). Proteins of the Pex23 family contain a DysF motif, which was 

first identified in dysferlin, a protein that plays a role in Ca2+ dependent 

membrane fusion and repair in mammalian cells (8). 

Based on sequence homology, two groups of Pex23 proteins can be 

distinguished, namely i) Pex23 and related proteins (Pex30, Pex31 and Pex32), 
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and ii) Pex24 together with Pex28 and Pex29 (9, 10) (Table 1). In this paper we 

focus on the first group. 

 

Table 1. Nomenclature of yeast proteins of the Pex23 protein family 

 Y. lipolytica S. cerevisiae P. pastoris H. polymorpha 

GROUP 1     

Pex23 + + (= Pex30) + (= Pex30) + 

Pex31 - + + - 

Pex32 - + - + 

     

GROUP 2     

Pex24 + + (= Pex28) + + 

Pex29 + + + + 

+ homologue present; - homologue absent. The S. cerevisiae (11) and P. pastoris 

(12) homologues of Y. lipolytica Pex23 have been designated Pex30.  

 

Yarrowia lipolytica Pex23 was the first protein of the Pex23 family that 

was identified (13). Analyses of genome databases revealed the presence of 

homologues in other yeast species and filamentous fungi, but not in higher 

eukaryotes (7). The effect of the deletion of PEX23 or other genes of the first 

group resulted in a variety of phenotypes, ranging from a matrix protein import 

defect to enhanced or decreased peroxisome numbers (11-13) . Deletion of Y. 

lipolytica PEX23 resulted in the absence of peroxisomes and mislocalization of 

bulk of the peroxisomal matrix proteins to the cytosol. However, peroxisomal 
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membrane vesicles containing PMPs and some matrix components were still 

present. In P. pastoris pex30 or pex31 cells matrix protein import is not 

defective. Instead, the number of peroxisomes is reduced in oleic acid- but not 

in methanol-grown cells (11, 12). S. cerevisiae contains three Pex23 family 

members, termed Pex30, Pex31 and Pex32. In single, double and triple deletion 

strains an increase in peroxisome abundance was observed, whereas matrix 

protein import was normal (11). Localization experiments revealed that Y. 

lipolytica Pex23 is a peroxisomal membrane protein (13), whereas P. pastoris 

Pex30 and Pex31 were show to have a dual localization at peroxisomes and the 

ER (14). Although initially S. cerevisiae Pex30, Pex31 and Pex32 all were 

described as peroxisomal membrane proteins (11), recent studies indicated that 

Pex30 also has a dual localization at peroxisomes and the ER (14). This ER 

localization is in line with the observation that S. cerevisiae Pex30 interacts with 

the reticulon homology domain containing proteins (RHPs) Yop1, Rtn1 and 

Rtn2, which are ER resident proteins important to maintain tubular ER 

structures (14). This ER localization may point to a function in the de novo 

formation of peroxisomes from the ER (15), in the assembly of ER-peroxisome 

contact sites (EPCONS) (14) that may play a role in peroxisome retention (16) or 

lipid transfer from the ER to peroxisomes (17).  

Because of the variations in subcellular localizations as well as the 

diversity in peroxisomal phenotypes reported for yeast strains in which genes 

encoding PEX23 or related genes were deleted, we here studied these proteins in 

the methylotrophic yeast Hansenula polymorpha, in an attempt to shed further 

light on the function of this intriguing class of proteins. 

 

Materials and Methods:  

Strains and growth conditions  

The H. polymorpha strains used in this study are listed in Table 2. Cells 

were grown at 37°C, either on (1) YPD media containing 1% yeast extract, 1% 
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peptone and 1% glucose, (2) selective media containing 0.67% yeast nitrogen 

base without amino acids (YNB; Difco), or (3) mineral media (MM) (18) 

supplemented with 0.25% glucose,  0.4% methanol or 0.4% methanol with 

0.05% glycerol as carbon sources and 0.25% ammonium sulphate as nitrogen 

source. If required, amino acids, uracil or leucine were added to a final 

concentration of 30 µg/ml. For growth on agar plates, the medium was 

supplemented with 2% agar. For the selection of resistant transformants, YPD 

plates containing 100 µg/ml zeocin (Invitrogen), 300 µg/ml hygromycine B 

(Invitrogen) or 100 µg/ml nourseothricin (Werner Bioagents) were used.  

To analyze growth on different carbon sources in batch cultures, the 

optical densities at 660 nm were measured at different time points. For growth 

analysis at least two independent cultures were used for each strain.  

For cloning purposes, Escherichia coli DH5α was used. Cells were 

grown at 37 °C in LB media supplemented with 100 µg/ml ampicillin or 50 

µg/ml kanamycin, when required. 

 

Table 2. Strains used in this study 

Strain Characteristics  Reference  

ku80 Deletion of KU80 (19) 

ku80.Pex23-mGFP ku80 with integration of pHIPZ-

Pex23-mGFP 

This study 

ku80.Pex23-GFP.DsRed-

SKL 

ku80 with integration of pHIPZ-

Pex23-mGFP and pAMK15 

This study 

ku80.Pex23-GFP.Bip30-

mCherry-HDEL 

ku80 with integration of pHIPZ-

Pex23-mGFP and pHIPX7-Bip30-

mCherry-HDEL 

This study 



Chapter 4 

127 

 

ku80.Pex32-GFP ku80 with integration of pHIPZ-

Pex23-mGFP 

This study 

ku80.Pex32-GFP.DsRed-

SKL 

ku80 with integration of pHIPZ-

Pex23-mGFP and pAMK15 

This study 

ku80.Pex32-GFP.Bip30-

mCherry-HDEL 

ku80 with integration of pHIPZ-

Pex23-mGFP and pHIPX7-Bip30-

mCherry-HDEL 

This study 

ku80.pex23 ku80 with deletion of PEX23 This study 

ku80.pex23.GFP-SKL ku80.pex23 with integration of 

pHIPN5-GFP-SKL 

This study 

ku80.pex32 ku80 with deletion of PEX32 This study 

ku80.pex32.GFP-SKL ku80.pex32 with integration of 

pHIPN5-GFP-SKL 

This study 

ku80.pex23.pex32 ku80 with double deletion of 

PEX23 and PEX32 

This study 

ku80.pex23.pex32.GFP-

SKL 

ku80.pex23.pex32 with 

integration of pHIPN5-GFP-SKL 

This study 

ku80.GFP-SKL ku80 with integration of pHIPN5-

GFP-SKL 

This study 

ku80.Pmp47-GFP ku80 with integration of pHIPN-

Pmp47-mGFP 

This study 

ku80.pex23.Pmp47-GFP ku80.pex23 with integration of 

pHIPN-Pmp47-mGFP 

This study 
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ku80.pex32.Pmp47-GFP ku80.pex32 with integration of 

pHIPN-Pmp47-mGFP 

This study 

ku80.pex23.pex32.Pmp47-

GFP 

ku80.pex23.pex32 with 

integration of pHIPN-Pmp47-

mGFP 

This study 

 

ku80.pex23.DsRed-SKL ku80.pex23 with integration of 

pHIPX4DsRed-SKL 

This study 

ku80.pex23.pex25.DsRed-

SKL 

ku80.pex23.DsRed-SKL with 

deletion of PEX25 

This study 

pex11 PEX11 deletion strain (20) 

pex11.Pmp47-GFP pex11 with integration of pHIPN-

Pmp47-mGFP 

This study 

pex3 PEX3 deletion strain (21) 

pex3.Pmp47-GFP pex3 with integration of pHIPN-

Pmp47-mGFP 

This study 

pex5 PEX5 deletion strain (22) 

pex5.Pmp47-GFP pex5 with integration of pHIPN-

Pmp47-mGFP 

This study 

pex19 PEX19 deletion strain (23) 

pex19.Pmp47-GFP pex19 with integration of pHIPN-

Pmp47-mGFP 

This study 
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Molecular and biochemical techniques  

Standard recombinant DNA techniques and transformation of H. 

polymorpha was performed by electroporation as described previously (24). 

Cell extracts of TCA treated cells were prepared for SDS-PAGE as detailed 

previously (25). SDS-PAGE and western blotting were performed by established 

methods. Blots were probed with rabbit polyclonal antisera against Pex11, 

Pex14, DHAS, Pex3, pyruvate carboxylase-1 (Pyc1) or mouse monoclonal 

antiserum against green fluorescent protein (GFP; Santa Cruz Biotechnology, 

sc-9996). Blots were scanned using a densitometer (Biorad GS-710). 

 

Table 3. Plasmids used in this study  

Plasmid  Characteristics  Reference  

pHIPZ-mGFP 

fusinator 

Plasmid containing mGFP without start codon; 

zeoR, ampR 

(26) 

pHIPZ-Pex23-

mGFP 

Plasmid containing the 3’-end of the PEX23 gene 

fused in-frame to mGFP; zeoR, ampR 

This study 

pHIPZ-Pex32-

mGFP 

Plasmid containing the 3’-end of the PEX32 gene 

fused in-frame to mGFP; zeoR, ampR 

This study 

pAMK15 Plasmid containing DsRed-SKL under control of 

TEF promoter; kmR, LEU2 

(20) 

pRSA017 pHIPZ4 containing BIPN30 fused to GFP-HDEL 

under control of alcohol oxidase promoter; zeoR, 

ampR 

(19) 

pHIPZ4-Bip30-

mCherry-HDEL 

Plasmid containing alcohol oxidase promoter 

followed by first 30 aa of BIPN30 fused N-

terminally with mCherry containing HDEL at the 

This study 
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C-terminus; zeoR, ampR 

pHIPX7-Bip30-

mCherry-HDEL 

Plasmid containing PTEF followed by first 30 aa of 

BIPN30 fused N-terminally with mCherry 

containing HDEL at the C-terminus; zeoR, ampR 

This study 

pMCE2 Plasmid containing mCherry; ampR, natR (27) 

pHIPN4 Plasmid containing nourseothricin marker; ampR (19) 

pENTR221–

Zeocin 

Gateway plasmid containing Zeocin marker; kmR (19) 

pHIPH4 Plasmid containing hygromycine B marker; ampR (19) 

pMCE7 Plasmid containing C-terminal part of PMP47 

fused to mGFP; ampR, zeoR 

(27) 

pHIPN-Pmp47-

mGFP 

Plasmid containing C-terminal part of PMP47 

fused to mGFP; ampR, natR 

This study 

pHIPX5-GFP-

SKL 

Plasmid containing GFP-SKL under control of 

amine oxidase promoter; kmR, LEU2 

(28) 

pHIPN5-GFP-

SKL 

Plasmid containing GFP-SKL under control of 

amine oxidase promoter; kmR, LEU2 

This study 

pRSA018 pDEST-R4-R3 containing PEX25 deletion 

cassette; ampR, natR 

(19) 

pHIPX4DsRed-

SKL 

Plasmid containing DsRed-SKL under control of 

AOX promoter; kmR, LEU2 

(24) 
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Table 4. Primers used in this study 

Primer  Sequence  

dPex23_F 5’-CACCTTCTAGCATTAACAGCAACATTTCAGAAGTACAGCC 

AACA ACAGGCTAATTCCGATCCCCCACACACCATAGCTTC-3’ 

dPex23_R 5’-ATCCATCTTCTGCGTCGCGTATACTTGCTGAACGAATCTT 

CGGTG GACGGGCAAATTAAAGCCTTCGAGCGTCCC-3’ 

dPex32_F 5’-TCGAGCCATTCAGCTATTTTGGGTCCTTATCCAGTTCTGA 

CTATT TCATCTAATTCCGATCCCCCACACACCATAGCTTC-3’ 

dPex32_R 5’-TTAGCGTCCAGCCATCTCCACCGGCACGTTGCTTGTGTA 

ATCTCT GGGAAGCAAATTAAAGCCTTCGAGCGTCCC-3’ 

Pex23GFPfw 5’-CCCAAGCTTGGTGACACGAAAGTTGCTTT-3’ 

Pex23GFPrev 5’-AGATCTTCC-TTCTTTCTTTTTGTCTGTGACACCACC-3’ 

Pex32 fw 5’- CCCAAGCTTTAGTGGCGTGCACTGTCCTA-3’ 

Pex32 rev 5’- TCGAGGACGACGCAACCACC TAGGGATCCGCG-3’ 

BIPmCh1_fw 5’-GGAAGATCTGTGAGCAAGGGCGAGGAGGA-3’ 

BIPmCh1_rev 5’-GACGTCGACTTAGAGTTCATCATGCTTGTACAGCTCGTCC 

ATGC CGCCGG-3’ 

BIPmCh2_fw 5’-CGCGGATCCATGTTAACTTTCAATAAGTCGG-3’ 

dPex32_FH 5’-TCGAGCCATTCAGCTATTTTGGGTCCTTATCCAGTTCTG 

ACTATTTCATCTAACCCACACACCATAGCTTCAAAATGTTTCT

ACTCC-3’ 

dPEX32_RH 5’-TTAGCGTCCAGCCATCTCCACCGGCACGTTGCTTGTGTAA 

TCTCTGGGAACGTTTTCGACACTGGATGGCGGCGTTAGTA-3’ 
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Nat for 5’-CAAAACCTCGAGACTTGCCTTTGAAGGCTCTT-3’ 

Nat rev 5’-ATAGTTTAGCGGCCGCATCATCGATGAATTCGAGCT-3’ 

GFPN5_Fw 5’-ATAAGAATGCGGCCGCAATTCTTTCACCGCCCCACGCC-3’ 

GFPN5_Rev 5’-CTAGTCTAGATTACAGCTTCGACTTGTACAGC-3’ 

pex23comp-

fw 

5’-ATAAGAATGCGGCCGCAGGCGAATAATCAGGTCTGG-3’ 

pex23comp-

rev 

5’-AGAGTCGACCTCTTGGACCGGTGACAGTA-3’ 

pex32comp-

fw 

5’-ATAAGAATGCGGCCGCCACCTCCATGGCCTTCACTC-3’ 

pex32comp-

rev 

5’-CCCAAGCTTCAATGTCCGGTGCCATTCTG-3’ 

RSAPex25-5 5’-CTGGATGGAGGCTTCATCTC-3’ 

RSAPex25-6 5’-GGAGCTGCTGTGCTTGTATG-3’ 

 

Construction of H. polymorpha strains  

Plasmids and primers used in this study are listed in Table 3 and 4 

respectively. All integrations were confirmed by PCR. All deletions were 

confirmed by PCR and Southern blotting. 

Deletion of PEX23 and PEX32 were made as follows. PCR fragments 

were obtained by PCR using either dPex23_F and dPex23_R or dPex32_F and 

dPex32_R respectively on pENTR221–Zeocin. The fragments were next 

integrated in H. polymorpha ku80 cells (19). pex23 pex32 double deletion strain 
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was obtained by integration of a PCR product made by PCR using dPex32_FH 

and dPEX32_RH on pHIPH4 into a pex23 cells.  

The pex23 pex25 double deletion strain was constructed by introducing 

the PEX25 deletion cassette, obtained by PCR using primer RSAPex25-5 and 

RSAPex25-6 on pRSA018, into pex23 cells. 

For the construction of plasmid pHIPZ-Pex23-mGFP, a PCR fragment 

of 865 bp was obtained by using primers Pex23GFPfw and Pex23GFPrev on 

genomic DNA. After digestion with HindIII and BglII, the resulting fragment 

was inserted between the HindIII and BglII sites of pHIPZ-mGFP fusinator, 

resulting in pHIPZ-Pex23-mGFP (5933 bp). For stable integration in the PEX23 

promoter region, BsmBI linearized plasmid was transformed to the ku80 cells 

resulting in a strain producing Pex23-mGFP under control of the endogenous 

promoter. 

Plasmid pHIPZ-Pex32-mGFP was made as follows – primers Pex32 fw 

and Pex32 rev and the genomic DNA as a template were used to get a PCR 

product of 949 bp. The obtained PCR product and the pHIPZ-mGFP plasmid 

were digested with HindIII and BglII. Subsequently, the 5077 bp fragment of the 

vector was ligated to digested PCR fragment. This resulted in the plasmid 

pHIPZ-Pex32-mGFP which was linearized with MfeI to integrate into the 

genome of ku80 cells resulting in a strain producing Pex32-mGFP under control 

of the endogenous promoter. 

To construct plasmid pHIPZ4-Bip30-mCherry-HDEL PCR was 

performed on pHIPN-mCherry fusinator using the primers BIPmCh1_fw and 

BIPmCh1_rev. The PCR product of 738bp was digested with BglII and SalI and 

the resulting fragment was inserted between the BglII and SalI sites of pRSA017 

plasmid. The resulting plasmid of 6650 bp was designated pHIPZ4-Bip30-

mCherry-HDEL. Next, pHIPZ4-Bip30-mCherry-HDEL plasmid was used as a 

template for a PCR using BIPmCh2_fw and BIPmCh1_rev. After digestion with 

BamHI and SalI, the resulting fragment was inserted between BglII and SalI 

sites of pHIPX7-BIPN30-GFP-HDEL resulting in plasmid pHIPX7-BIP30-



Chapter 4 

134 

 

mCherry-HDEL of 7863bp. For stable integration, pHIPX7-BIPN30-mCherry-

HDEL was linearized with BciVI and transformed to H. polymorpha ku80 cells 

producing Pex23-mGFP or Pex32-mGFP. 

For the construction of plasmid pHIPN-Pmp47-mGFP, a PCR fragment 

of 1553 bp was obtained using plasmid pHIPN4 plasmid as a template and 

primers Nat for and Nat rev. The PCR fragment was digested with NotI and 

XhoI and the resulting fragment was ligated in NotI and XhoI digested pHIPZ-

Pmp47-mGFP, resulting in plasmid pHIPN-Pmp47-mGFP. The plasmid was 

linearized with MunI and integrated into ku80, ku80.pex23, ku80.pex32, 

ku80.pex23.pex32, pex11, pex3, pex5 and pex19 cells. 

Plasmid pHIPN5-GFP-SKL was made as follows – primers GFPN5_Fw 

and GFPN5_Rev and the pHIPX5-GFP-SKL plasmid as a template were used to 

get a PCR product of 1748 bp. The obtained PCR product and the pHIPN4 

plasmid were digested with NotI and XbaI. Subsequently, the 4508 bp fragment 

of the vector was ligated to 1729 bp digested PCR fragment. This resulted in the 

plasmid pHIPN5-GFP-SKL of 6237 bp which was linearized with Bsu36I to 

integrate into the genome of ku80, ku80.pex23, ku80.pex32 and 

ku80.pex23.pex32 cells resulting in a strain producing GFP-SKL under control 

of the amine oxidase promoter. 

 

Complementation analysis 

A plasmid containing the entire PEX23 gene (region -1233 to +295) was 

isolated by PCR using primers pex23comp-fw and pex23comp-rev, with wild-

type genomic H. polymorpha DNA as a template. The resulting PCR fragment 

consists of the promoter, gene and terminator and was restricted with NotI and 

SalI and cloned between the NotI and SalI sites of vector pHIPN4, resulting in 

plasmid pHIPN PEX23. This plasmid was linearized with BstBI and this 

fragment was subsequently transformed to H. polymorpha. Correct integration 

was confirmed by colony PCR. A plasmid containing the entire PEX32 gene 
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(region -1099 to +360) was isolated by PCR using primers pex32comp-fw and 

pex32comp-rev, with wild type genomic H. polymorpha DNA as a template. The 

resulting PCR fragment consists of the promoter, gene and terminator was 

restricted with NotI and HindIII and cloned between the NotI and HindIII sites 

of vector pHIPX7, resulting in plasmid pHIPX PEX32. This plasmid was 

linearized with BseJI and this fragment was subsequently transformed to H. 

polymorpha. Correct integration was confirmed by colony PCR. 

 

Fluorescence microscopy 

All images were made using a 100x 1.30 NA Plan-Neofluar objective 

(Carl Zeiss). For wide-field microscopy, the GFP signal 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 band-pass excitation filter, a 560 nm dichromatic mirror, and a 575–640 

nm band-pass emission filter. Images were captured using a Zeiss Axioskop50 

fluorescence microscope (Carl Zeiss, Sliedrecht, The Netherlands) using 

MetaVue software and a Princeton Instruments 1300Y digital camera. The 

images were captured in the media in which the cells were grown.  

Confocal images were captured with a confocal microscope (LSM510; 

Carl Zeiss), equipped with photomultiplier tubes (Hamamatsu Photonics) and 

Zen 2009 software. GFP fluorescence was analyzed by excitation of the cell with 

a 488-nm argon ion laser (Lasos), and emission was detected using a 500–550 

nm band-pass emission filter. Eleven z-axis planes were acquired for each 

picture. Image analysis was carried out using ImageJ and figures were prepared 

using Adobe Photoshop CS6. 
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Electron microscopy 

Cells were fixed in 1.5% KMnO4 and prepared for electron microscopy, 

as detailed before (29).  

 

Results 

Identification and characterization of H. polymorpha Pex23 and 

Pex32 

A pBLAST analysis of the H. polymorpha genome resulted in the 

identification of two proteins that showed homology to Y. lipolytica Pex23, P. 

pastoris Pex30 and Pex31 and S. cerevisiae Pex30, Pex31 and Pex32 (7) (Table 

1, Fig. 1). Based on sequence homology, the H. polymorpha proteins were 

designated Pex23 and Pex32 (7). Structural prediction analysis showed that 

both proteins have a dysferlin motif at the C-terminus and contain multiple 

predicted membrane spans (data not shown). 

 

Figure 1. Sequence alignment of yeast Pex23 proteins.  
The sequences were aligned using the CLUSTAL_X program. Gaps were introduced to maximize the 
similarity. Markings were assigned to indicate strongly conserved positions in a decreasing order of 
conservation: "*", “:” and “.”Colors were introduced to mark residues of similar properties. Yl – Y. 
lipolytica, Hp – H. polymorpha, Sc – S. cerevisiae, Pp – P. pastoris 
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Peroxisome morphology of PEX23 and PEX32 deletion strains 

PEX23 deletion cells (pex23) grew normal on glucose (Fig.2A). On 

glucose (at non-peroxisome inducing conditions) the cells generally contained a 

single peroxisome per cell judged from fluorescence microscopy (FM) analysis 

using a GFP-SKL fusion protein as marker for peroxisomes (not shown). This 

phenotype strongly resembles the wild-type (WT) situation. On methanol (at 

peroxisome inducing conditions), however, pex23 cells displayed retarded 

growth relative to the WT control (Fig. 2B). Characteristically, these cells 

contained enlarged peroxisomes, but showed no matrix protein import defect as 

all GFP-SKL fluorescence was confined to the organelle matrix (Fig. 3A). 

 

Fig 2. Growth curves of wild-type and mutant strains. 
Growth curves of wild-type (WT), pex23, pex32 and pex23 pex32 cells on media containing glucose 
(A) or methanol (B). The optical density (Y-axis) is expressed as absorption at 660 nm (OD660) and 
time (X-axis) in hours. 

 

pex32 cells also grew normally on glucose (Fig. 2A), but showed a 

distinct peroxisome biogenesis defect in that approximately 50% of the cells 

lacked a peroxisome (data not shown). pex32 cells failed to grow on methanol 

(Fig. 2B) most likely due to the fact that intact peroxisomes were absent (Fig. 

3A). Consequently, GFP-SKL was mislocalized to the cytosol in these cells. 

Since both deletion strains displayed a (partial) methanol-growth and 

peroxisome biogenesis defect, we decided to also create a pex23 pex32 double 

deletion in an attempt to reinforce the overall defect. Surprisingly, pex23 pex32 

cells showed a phenotype comparable to the single pex23 mutant: a moderate 
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growth defect on methanol (Fig. 2B) in conjunction with single enlarged 

peroxisomes per cell (Fig. 3A).  

 

Figure 3. Fluorescence microscopy analysis of WT and mutant cells. 
Fluorescence microscopy images of strains grown for 16 hours on methanol, producing GFP-SKL (A) 
or Pmp47-mGFP. Relative to the WT the mutants contain reduced numbers of peroxisomes that are 
enlarged in size (B). The scale bar represents 2 micrometer. C shows peroxisome numbers per cell in 
strains grown for 16 hours on methanol. The error bar represents standard deviation. Three 
asterisks mark sets of data which are significantly different (p < 0,001).     

 

The pex23 and pex32 single deletion strains as well as the pex23 pex32 

double deletion strain could all be functionally complemented upon 

transformation with the corresponding gene(s), as they displayed again the WT 
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phenotype (normal methanol growth; data not shown). These data show that the 

phenotypes were not due to second site mutations.  

Quantification analyses of fluorescence microscopy (FM) images 

confirmed the reduced peroxisome numbers in methanol-grown pex23 and 

pex23 pex32 cells (Fig. 3C). We did not quantify peroxisomes in methanol-

induced pex32 cells as these cells contained cytosolic GFP-SKL. 

We also checked whether peroxisome membrane protein (PMP) 

insertion was affected in these mutants. For that reason we introduced Pmp47-

GFP in WT, pex23, pex32 and pex23 pex32 cells. As shown in figure 3B, Pmp47-

GFP was localized to peroxisomes in WT, pex23 and pex23 pex32 cells, while in 

pex32 cells the Pmp47-GFP signal was below the limit of detection. 

 

Electron microscopy 

Cells were analyzed that were incubated for 16 h on methanol-

containing media. Analysis of ultrathin sections of these cells revealed that 

deletion of PEX23 had a dual effect; the cells generally contained a single 

enlarged peroxisome together with few small organelles, as observed in pex11 

cells (30), in conjunction with a strong proliferation of ER adjacent to the 

nucleus (Fig. 4A). Remarkably, cells of the pex23 pex32 double mutant had a 

comparable morphology (not shown). However, also cells were observed that 

lack normal peroxisomes but contained electron dense aggregates, which most 

likely represent remnants of deteriorating ER proliferation structures. Moreover 

cells were observed containing clusters of vesicles, most likely representing 

peroxisomal remnants.  

PEX32 deletion had a severe effect on peroxisome morphology. The 

pex32 cells lacked peroxisomal structures, also including vesicular structures, 

and contained electron dense structures the nature of which is unknown (Fig. 

4C). 



Chapter 4 

140 

 

 

Fig 4. EM analysis of pex23 and pex32 cells. 
Electron micrographs of A, B) pex23 and C) pex32 cells. B) Shows a close up of proliferating ER in 
pex23 cells. The arrow marks electron dense structures in pex32 cells. The scale bar represents 500 
nm, N – nucleus, P – peroxisome, M – mitochondrion, V - vacuole 

 

Pex23 and Pex32 localization 

The localization of H. polymorpha Pex23 and Pex32 was studied by FM, 

using hybrid genes encoding mGFP- (monomeric Green Fluorescence Protein) 

Pex23 or Pex32 fusion proteins under control of their endogenous promoters. 

DsRed-SKL or mCherry-HDEL were used to mark peroxisomes or the ER, 

respectively. The signal of Pex23-mGFP was weak but co-localized with DsRed-

SKL and mCherry-HDEL, both in glucose- and methanol-grown cells (Fig. 5 

A,B). Hence, the protein localizes to both peroxisomes and ER. Pex23-mGFP 

fluorescence was not equally distributed over the surface of both organelles, but 

formed foci of enhanced fluorescence intensity. Also Pex32-mGFP showed a 

weak fluorescent signal that was observed at spots that co-localized with the red 

peroxisomal marker, DsRed-SKL, both in glucose- and methanol-grown cells 

(Fig. 5 C,D). 
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Fig 5. Localization and levels of Pex23-mGFP and Pex32-mGFP. 
Fluorescence microscopy images of glucose- or methanol-grown cells producing Pex23-mGFP or 
Pex32-mGFP together with DsRed-SKL or mCherry-HDEL. Pex23-GFP co-localizes in spots with the 
ER and peroxisomes at both growth conditions, whereas Pex32p is seen at peroxisomes in glucose-
grown cells but present in a spot at the vicinity of the nucleus in methanol-grown cells. The scale bar 
represents 1µm. B) Western Blot analysis showing the protein levels of Pex23-mGFP and Pex32-
mGFP in cell extracts of glucose or methanol-grown cells. Blots were decorated with anti-GFP 
antibodies. Equal amounts of protein were loaded per lane. Pyruvate carboxylase (Pyc) was used as a 
loading control. 

 

To compare the Pex23 and Pex32 protein levels at peroxisome 

repressing (glucose) and inducing (methanol) conditions, Western blot 

experiments were performed using anti-GFP antibodies. As shown in Fig. 5 E, 

Pex23-mGFP was present at similar levels in cell extracts of glucose and 
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methanol-grown cells. Instead, Pex32-mGFP was below the limit of detection in 

extracts of glucose-grown cells, whereas in extracts of methanol grown cells, a 

weak Pex32-mGFP band was detectable. This indicates that Pex23 is a 

constitutive protein, whereas Pex32 is induced by methanol.  

 

PMP protein levels 

To further study the role of PEX23 and PEX32 in peroxisome biology, 

we analyzed the protein levels of various peroxisome proteins in cells of the 

single and double deletion strains. As shown in Fig 6, in pex23 cells the levels of 

Pex14, Pex3, Pex11 and the matrix protein dihydroxyactone synthase (DHAS) 

were slightly decreased relative to the WT control. In contrast, Pmp47-GFP was 

significantly reduced in this strain. This cannot simply be explained by the 

reduced growth properties on methanol, because higher levels were observed in 

pex11 cells, which like pex23 cells, show retarded growth relative to WT on 

methanol (20). pex23 pex32 cells showed very similar levels of PMPs as pex23 

cells. 

In pex32 cells all proteins under study were strongly reduced, including 

the matrix protein DHAS. Most likely this is due to the strong defect in growth 

of cells on methanol, preventing proper induction of peroxisomal membrane 

and matrix proteins upon a shift of cells from glucose to methanol-containing 

media. Indeed, when comparing with pex3 or pex19 cells, pex mutants that lack 

peroxisomes and show a similar growth defect on methanol as pex32 cells, a 

similar reduction in protein levels is observed.  
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Fig 6. Levels of peroxisomal membrane proteins in WT and mutant strains. 
Cells were grown on methanol for 16 hours. Equal amounts of protein were loaded per lane. 
Antibodies against Pex11, Pex14, DHAS and GFP were used as primary antibodies. The Pyc blot is 
used as loading control. 

 

 

PEX25 deletion in pex23 cells results in a peroxisome deficient 

phenotype 

Recently, David and colleagues (14) showed that deletion of S. 

cerevisiae PEX30 (homologue of H. polymorpha PEX23) stimulated de novo 

peroxisome formation. This might explain why in peroxisome-deficient H. 
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polymorpha pex32 cells, peroxisome formation is restored upon deletion of 

PEX23. If deletion of PEX23 indeed stimulates de novo peroxisome formation, 

this cannot occur upon deletion of PEX25, a gene required for this process (19). 

Fluorescence microscopy revealed that deletion of PEX25 in pex23 cells results 

in mislocalization of DsRed-SKL to the cytosol (Fig. 7A). Analysis of these cells 

by electron microscopy confirmed the absence of peroxisomes (Fig. 7B). These 

data suggest that all peroxisomes present in pex23 cells are formed by a Pex25-

dependent de novo peroxisome formation process. 

 

 

Fig 7. pex23 pex25 cells are peroxisome deficient.  
A) Fluorescence microscopy image and B) electron micrograph of pex23 pex25 cells producing 
DsRed-SKL grown for 13h on a mixture of glycerol and methanol. The scale bar in A represents 1 
micrometer. The scale bar in B represents 500nm, N – nucleus, M – mitochondrion, V – vacuole, * - 
alcohol oxidase crystal 

 

Discussion 

We have studied the function of H. polymorpha Pex23 and Pex32, two 

members of the first group of the Pex23 protein family (Table 1), in peroxisome 

formation and maintenance.  

Our current study revealed that H. polymorpha Pex32 has properties in 

common with Y. lipolytica Pex23, as both proteins are confined to peroxisomes 

and their absence results in mislocalization of peroxisomal matrix proteins to 
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the cytosol. H. polymorpha Pex23 resembles P. pastoris Pex30 and Pex31, in 

that these proteins show a dual localization to the ER and peroxisomes and their 

absence results in less and enlarged peroxisomes. This phenotype however 

differs from that observed in S. cerevisiae, in which peroxisome numbers were 

enhanced upon deletion of PEX30, PEX31 or PEX32. Why these phenotypes are 

that much different remains unclear. 

As evident from our study, Pex32 is more important for peroxisome 

formation in H. polymorpha compared to Pex23. Also, Pex32-mGFP levels, but 

not those of Pex23-GFP, are induced upon a shift from glucose to methanol, 

conditions that induce massive peroxisome proliferation. This is in line with 

previous transcriptome data of van Zutphen et al., (31) who showed that PEX32 

mRNA’s, but not PEX23 mRNA’s, were strongly induced upon a shift of cells 

from glucose to methanol. In fact, of all H. polymorpha PEX genes known, 

PEX32 together with PEX11 showed the highest induction upon a shift to 

methanol medium (31).  

Recently a role of S. cerevisiae Pex30 in the formation of ER-

peroxisome contact sites (EPCONS) was proposed (14). Indeed, in bakers’ yeast 

interactions between Pex30, Rtn1, Rtn2 and Yop1, proteins involved in shaping 

ER tubules, were demonstrated (14). Such interactions might facilitate direct 

phospholipid transfer from the ER to peroxisomes. In line with this H. 

polymorpha Pex23, which shows the highest sequence homology with S. 

cerevisiae Pex30, may therefore serve a function in direct phospholipid transfer 

from the ER to peroxisomes, which would explain the strong expansion of the 

ER when the flow of these lipids to peroxisomes is aborted via PEX23 deletion. 

pex32 cells contain peroxisomes on glucose but show a strong 

peroxisome deficient phenotype on methanol, comparable to pex3 cells. 

Therefore, the protein apparently is essential for the transition of the glucose 

peroxisome into the metabolically essential organelle on methanol.  
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Table 5. Summary table explaining the phenotypes of H. polymorpha 

pex23, pex32 and pex23 pex32 cells 

Strain fission  De novo formation peroxisomes 

WT + - + 

pex23 - + (stimulated) +  

pex32 - - - 

pex23 pex32 - + (stimulated) + 

pex25 + - + 

pex23 pex25 - - - 

 

A surprising finding in our study was that cells of a pex23 pex32 double 

mutant have enlarged peroxisomes, similar as the pex23 single deletion strain 

and hence are not peroxisome-deficient like pex32 cells. A possible explanation 

could be that both deletion of PEX23 and PEX32 affect peroxisome fission 

(Table 5), whereas in pex32 cells also the de novo peroxisome formation 

pathway is blocked. The latter leads to a peroxisome deficient phenotype in 

pex32 cells (Table 5), similar as previously observed for pex11 pex25 cells that 

lack peroxisomes due to a defect in both fission (caused by PEX11 deletion) and 

in de novo synthesis (caused by the PEX25 deletion (19)). 

In line with the recent observation by David et al. (14) in S. cerevisiae 

pex30 cells, H. polymorpha Pex23 also may have a second function as a 

negative regulator of de novo synthesis. Hence, when absent, de novo 

peroxisome formation may be stimulated, explaining the presence of 

peroxisomes in these cells. Our data indicate that indeed most likely all 

peroxisomes in H. polymorpha pex23 cells are formed de novo, because 

deletion of PEX25 in pex23 cells resulted in a peroxisome-deficient phenotype. 
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