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Abstract

Here we describe a novel peroxin, Pex37, in the yeast Hansenula polymorpha. H. polymorpha 
Pex37 is a peroxisomal membrane protein, which belongs to a protein family that includes 
among others the Neurospora crassa Woronin body protein Wsc, the human peroxisomal 
membrane protein PXMP2, the Saccharomyces cerevisiae mitochondrial inner membrane 
protein Sym1 and its mammalian homologue MPV17.

We show that deletion of H. polymorpha PEX37 does not appear to have a significant 
effect on peroxisome biogenesis or proliferation in cells grown at peroxisome inducing growth 
conditions (methanol). However, the absence of Pex37 results in a reduction in peroxisome 
numbers and a defect in peroxisome segregation in cells grown at peroxisome repressing 
conditions (glucose). Conversely, overproduction of Pex37 in glucose-grown cells results in 
an increase in peroxisome numbers in conjunction with a decrease in their size. The increase 
in numbers in PEX37 overexpressing cells depends on the peroxisome fission protein Dnm1. 
Together our data suggest that Pex37 is involved in peroxisome fission in glucose-grown cells.

Introduction of human PXMP2 in H. polymorpha pex37 cells partially restored 
the peroxisomal phenotype, indicating that PXMP2 represents a functional homologue  
of Pex37.

H. polymorpha pex37 cells did not show aberrant growth on any of the tested carbon and 
nitrogen sources that are metabolized by peroxisomal enzymes, suggesting that Pex37 may not 
fulfill an essential function in transport of these substrates or compounds required for their 
metabolism across the peroxisomal membrane.
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Introduction

Peroxisomes are cell organelles that are well-known for their role in a large variety of metabolic 
pathways. Common functions are detoxification of hydrogen peroxide and β-oxidation of fatty 
acids. Examples of species specific functions include the biosynthesis of plasmalogens and bile 
acids in mammals 1, the metabolism of methanol in methylotrophic yeasts 2 and the biosynthesis 
of penicillin in filamentous fungi 3. Peroxisomes also can fulfill non-metabolic functions. For 
instance in filamentous Ascomycetes a highly specialized peroxisome called Woronin body 
(WB) plugs septal pores upon hyphal wounding to prevent cytoplasmic leakage 4.

The broad range of peroxisomal metabolic pathways requires continuous metabolite 
exchange between the peroxisomal matrix and cytosol. So far two pore-forming proteins have 
been identified in peroxisomal membranes, namely mammalian PXMP2 5 and Saccharomyces 
cerevisiae Pex11 6. Based on in vitro assays and biochemical studies, both proteins were proposed 
to enable free diffusion of molecules with molecular masses up to 300 Da. These observations 
support the view that the peroxisomal membrane is permeable for small molecules, but requires 
specific transporters for larger ones (reviewed by 7,8. This is further underlined by the outcome 
of in vivo polymer exclusion measurements in yeast, which pointed to a non-specific pore in 
the peroxisomal membrane with a radius between 0.57 and 0.65 nm 9. 

Human PXMP2 is member of a protein family, which also includes N. crassa WSC (Woronin 
Sorting Complex), a protein of the peroxisomal and WB membrane in ascomycete fungi 10. 
Other members of this family include the S. cerevisiae mitochondrial inner membrane protein 
Sym1 11, its mammalian homologue MPV17 12 and S. cerevisiae YOR292c, a putative vacuolar 
protein of unknown function 13. Although members of the PXMP2 family ubiquitously occur in 
eukaryotes, in which they localize to various intracellular membranes, a common function for 
these proteins has not been established yet.

Mutations in human MPV17 result in hepatocerebral mitochondrial DNA (mtDNA) 
depletion syndrome (MDDS), which is an inherited autosomal recessive disease characterized 
by a strongly reduced copy number of mtDNA 12. Like PXMP2, MPV17 has been suggested 
to function as a non-selective channel 14. Depletion of mtDNA in MDDS patients has been 
proposed to be caused by mitochondrial nucleotide insufficiency 15. How this relates to 
mutations in MPV17 is still speculative. Also, although MPV17 is an established mitochondrial 
inner membrane protein, a recent report indicated that it is also localized to other organelles, 
including peroxisomes, endosomes and lysosomes 10. The yeast MPV17 homologue Sym1 
forms a channel in the mitochondrial inner membrane and is proposed to allow passage of 
intermediates of the tricarboxylic acid cycle (reviewed by 16). Interestingly, deletion of SYM1 
also results in the flattening of mitochondrial cristae, suggesting a role in the maintenance of 
the mitochondrial ultrastructure 17.

N. crassa WSC has a dual function as it plays a role in WB biogenesis and segregation. WBs 
formation depends on the peroxisomal matrix protein HEX1, which self-assembles to produce 
a solid micrometer-scale protein assembly 4,18. This assembly associates to the matrix face of 
the peroxisomal membrane and subsequently buds off to form a WB. In the absence of WSC, 
HEX assemblies no longer associate with the peroxisomal membrane, suggesting that WSC is 
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required to engulf HEX assemblies. WSC is also involved in cortical association of WBs as well 
as in proper organelle distribution 10. In addition, cortical association of WBs requires LAH, 
a protein that physically interacts with WSC 19. The Aspergillus fumigatus WSC homologue, 
WscA, also plays an important role in WB biogenesis, but is not required for WB segregation 20.

The above observations indicate that proteins of the PXMP2 family not only fulfill 
a function in solute transport, but in addition play roles in processes related to membrane 
shaping or organelle positioning. 

In order to obtain further insights into this protein family, we studied the PXMP2 
protein family in Hansenula polymorpha, a methylotrophic yeast that has been extensively 
used as a model organism for studies on peroxisome biogenesis and function. We show that 
one of the four PXMP2 family proteins identified in this organism localizes to peroxisomes. 
The absence of this protein, which we designated Pex37, resulted in a reduction in peroxisome 
numbers and a defect in peroxisome segregation between mother cells and buds at peroxisome 
repressing growth conditions (glucose). Upon introduction of human PXMP2 in H. polymorpha 
pex37 peroxisome numbers became normal again, indicating that this protein represents 
a functional homologue of Pex37.

Results

Identification of PXMP2 homologues in Hansenula polymorpha
S. cerevisiae has two members of the PXMP2 family, whereas N. crassa and Homo sapiens have 
5 and 3, respectively (Table 1). A search for PXMP2 family candidates in the genome of H. 
polymorpha revealed that this species has four proteins that show sequence homology with 
human PXMP2 and N. crassa WSC.

In a phylogenetic tree (Fig. 1 A) these proteins cluster in two major groups, one containing 
N. crassa WSC and H. polymorpha Hp32g403 and the other containing the rest of the proteins, 
including human PXMP2. An alignment of the H. polymorpha, S. cerevisiae, N. crassa and 
human orthologs revealed 4 conserved regions. Hydropathy analysis of the alignment suggests 
that each of these conserved regions contains a hydrophobic motif that might constitute 
a membrane spanning domain, in agreement with trans-membrane helix predictions. A short 
consensus sequence of 112 amino acids could be identified between the proteins (Fig. 1 B). 

Table 1. Proteins of the PXMP2 family in various species 

S. cerevisae H. polymorpha N. crassa Homo sapiens

Sym1
YOR292c

Hp32g403 (MN379451 )
Hp27g68 (MN379453 )
Hp24g381 (MN379452 )
Hp32g332 (MN379454)

WSC(EAA33867)
EAA34618
EAA32569
EAA36527
EAA33195

PXMP2
MPV17
MPV17 L1
MPV17 L2
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Figure 1. Proteins of the PXMP2 family. (A) Protein phylogeny and secondary structure features of 
PXMP2-related proteins obtained with Foundation [46]. Nc- N. crassa; Sc- S. cerevisiae, Hs– Homo sapiens, 
Hp- H. polymorpha. Phylogenetic tree (Left): numbers represents the bootstraps values, while branch 
length represents the amino acidic substitution rates. Sequence feature representation (Right): The black 
horizontal lines represent the protein’s sequence. The predicted β-strands and α-helices are depicted by 
bars above each line in cyan and magenta, with the height of the bars representing the confidence of 
the prediction. Transmembrane helices predictions are depicted as green boxes underneath the secondary 
structure prediction.(B) Representation of a conserved portion in the sequence alignment of PXMP2 
family proteins. Manually curated alignment obtained by ClustalOmega [40] . Residues are colored 
according to their biochemical character. 

Hp32g403 localizes to peroxisomes
To determine the localization of the four H. polymorpha PXMP2 family members, we 
constructed strains producing C-terminal GFP fusions, all under control of their endogenous 
promoter, together with the peroxisomal matrix marker DsRed-SKL. 

Fluorescence microscopy (FM) analysis of glucose-grown cells revealed that Hp32g403-
GFP accumulated in spots, which represent small peroxisomes based on the co-localization 
with DsRed-SKL (Fig. 2). In methanol-grown cells multiple larger green fluorescent rings were 
observed, which surround the peroxisomal matrix marked by DsRed-SKL. This pattern is 
typical for peroxisomal membrane proteins in methanol-grown H. polymorpha cells. As shown 
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in Figure 2B, Hp32g403-GFP is not extracted upon carbonate treatment, like the peroxisomal 
membrane protein Pex14. As expected, the soluble peroxisomal matrix protein catalase is 
predominantly observed in the soluble fraction. Western blot analysis of total cell extracts 
indicated that the levels of Hp32g403-GFP are similar in glucose and methanol-grown cells 
(Fig. 2C).

Cells producing Hp32g332-GFP, Hp24g381-GFP or Hp27g68-GFP under control of their 
own promoters displayed very low GFP signals, both in glucose and methanol containing 

Figure 2. Hp32g403-GFP localizes to peroxisomes. (A) Fluorescence microscopy images of H. polymorpha 
cells producing Hp32g403-GFP together with DsRed-SKL. Cells were grown to the mid-exponential 
growth phase on glucose or grown for 8 h on methanol medium. In the merged image the cell contours 
are indicated in white. The scale bar represents 2 μm. (B) Western blot analysis of a carbonate extraction 
experiment using an organellar pellet (P3) of methanol-grown wild type cells producing Hp32g403-GFP. 
Equal portions of the P3, pellet (P) and supernatant (S) were loaded per lane. Blots were decorated with 
anti-GFP antibodies. The peroxisomal membrane protein Pex14 and matrix protein catalase were used as 
controls. (C) Western blot of total cell extracts of glucose and methanol-grown cells producing Hp32g403-
GFP. Pyruvate carboxylase (Pyc) was used as loading control.



Hansenula polymorpha Pex37 is a peroxisomal membrane protein

97

4

Figure 3. Localization of Hp32g332, Hp24g381 and Hp27g68. FM images of glucose/methylamine 
grown wild type (WT) cells producing PAMO driven (A) Hp32g332-GFP stained with the vacuole marker 
FM4-64, (B) Hp24g381-GFP stained with the vacuole marker FM4-64 or, (C) Hp27g68-GFP stained with 
MitoTracker. Cells were grown to the mid-exponential growth phase on glucose/methylamine media. In 
the merged image the cell contours are indicated in white. Scale bar represent 1 μm.

media, which severely hampered their localization. We therefore analyzed strains producing 
these GFP fusion proteins under control of the relatively strong amine oxidase promoter (PAMO), 
which is induced by methylamine. In the strain producing Hp32g332-GFP, GFP fluorescence 
was predominantly observed in the lumen of the vacuoles (Fig. 3 A). Overproduced Hp24g381-
GFP was observed in patch-like structures at or close to the vacuolar membrane (Fig 3 B). 
Hp27g68-GFP localized to discrete network like structures that were identified as mitochondria 
by concurrent staining with the mitochondrion-specific probe MitoTracker (Fig. 3 C), similar 
as observed for S. cerevisae Sym1 11. 
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Hp32g403 is not required for growth on substrates that are metabolized by 
peroxisomal pathways
Of all four H. polymorpha PXMP2 family proteins tested, only Hp32g403 showed a clear 
localization to peroxisomes. To analyse a possible pore function of Hp32g403, growth tests 
were performed using several carbon (methanol, ethanol) and nitrogen sources (methylamine, 
D-choline, D-alanine, uric acid), which are (partially) metabolized by peroxisome borne 
pathways. Spot tests revealed no significant differences in growth compared to the WT control 
for any of the substrates tested (Fig. 4), indicating that Hp32g403 is not an essential, non-
specific pore for transport of metabolites across the peroxisomal membrane at these conditions.

Figure 4. Growth analysis of Hp32g403 deficient cells. Spot assays performed using WT and Hp32g403-
deficient cells. Cultures were serially diluted and spotted on agar plates containing the indicated carbon 
and nitrogen sources.
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The absence or overproduction of Hp32g403 affects peroxisome abundance in 
glucose grown cells
To investigate whether H. polymorpha Hp32g403 plays a role in peroxisome proliferation, we 
quantified peroxisome numbers in Hp32g403-deficient cells using Confocal Laser Scanning 
Microscopy (CLSM). This revealed that in methanol-grown Hp32g403 cells peroxisome 
abundance is comparable to that in WT controls (average number of 3.9 ± 0.1 and 3.8 ± 0.2 
peroxisomes per cell, respectively) (Fig. 5 A).

However, the loss of Hp32g403 caused a significant reduction in peroxisome numbers, when 
cells were grown on glucose (average number of 0.5 ± 0.1 in Hp32g403 deficient cells relative to 
1.0 ± 0.2 in WT controls) (Fig. 5 B). In glucose cultures of H. polymorpha WT, generally a single 
peroxisome is present in non-budding cells. This peroxisome divides prior to cell budding and 
one of the resulting organelles is retained in the mother cell, whereas the other is transported 
to the bud. Peroxisome quantification confirmed that in budding WT cells, peroxisomes are 
generally detected in both the mother cell and bud. However, in Hp32g403 deficient cells, this 
is only the case in a minor fraction of the cells, whereas substantial percentages of budding cells 
occur in which peroxisomes are only present in either the mother cell or the bud (Fig. 5 C). 

In N. crassa WSC plays a role in cortical association of WBs (Liu et al., 2008). We recently 
showed that in glucose-grown H. polymorpha WT cells, peroxisomes associate to the plasma 
membrane and cortical ER 23. Electron microscopy (EM) analysis revealed that in Hp32g403-
deficient cells peroxisomes remain localized in close vicinity to the plasma membrane and 
cortical ER (Fig. 5D), suggesting that cortical association is unaltered.

Finally, we analysed the effect of Hp32g403 overproduction by placing the encoding gene 
under control of the strong ADH1 promoter (PADH). FM analysis revealed that overproduction 
of Hp32g403 leads to an increase in GFP-SKL positive fluorescent puncta in glucose-grown 
cells (Fig. 6 A, B) from 1,17 ± 0,01 peroxisomes per cell in WT controls to 3,06 ±0,01 in 
the PEX37 overexpression strain. In cells of the Pex37 overproduction strain peroxisome size 
decreased as evident from EM analysis (Fig. 6 C, D; Fig. 7). The peroxisomes invariably were 
present close to the cell cortex and plasma membrane as evident from FM (Fig. 6 A, B) and EM  
analysis (Fig. 6 C, D). 

No increase in peroxisome numbers was observed upon overproduction of Hp32g403 in 
cells lacking Dnm1, indicating that enhanced levels of Hp32g403 stimulate Dnm1 dependent 
peroxisome fission (Fig. 6 E, F). Interestingly, peroxisomes are more elongated in dnm1 cells 
overproducing Hp32g403 (Fig. 6F) relative to the organelles in dnm1 control cells (Fig. 6E). 
Overproduction of Hp32g403 did not affect growth. The optical densities of glucose cultures at 
the stationary phase (8 h after inoculation) were 3,2 ± 0.0 (WT) and 3,3 ± 0,0 (PADH-Hp32g403) 
and for cultures grown on methanol (24 h after inoculation) 3,2 ± 0,1 and 3.1 ± 0,2, respectively. 

Human PXMP2 partially rescues the phenotype of Hp32g403 deficient 
cells
The human peroxisomal membrane protein PXMP2 shows 25% amino acid sequence identity 
with Hp32g403. To investigate whether human PXMP2 is a functional ortholog of Hp32g403, 
the PXMP2 coding region was expressed in Hp32g403 deficient cells under control of  
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Figure 5. Peroxisome abundance and distribution is altered in Hp32g403-deficient cells. (A) CLSM 
images of methanol-grown WT and Hp32g403 deficient cells producing the peroxisomal membrane 
marker Pmp47-GFP. (B) CLSM images of WT, Hp32g403 deficient cells and Hp32g403 deficient cells 
expressing PTEF driven human PXMP2. The peroxisomal matrix is marked by GFP-SKL. Cells were 
grown to the mid-exponential growth phase on glucose. The scale bar in A and B represents 1 μm. (C) 
Organelle quantification (from Z-stack images) in budding cells of the Hp32g403 deficient strain with 
and without PTEF driven human PXMP2, together with the WT control strain, for the presence or absence 
of peroxisomes in the mother and daughter cells. All strains produced GFP-SKL as peroxisomal marker. 
Peroxisomes from 2 x 70 budding cells were counted from two independent experiments. Error bar 
represents standard deviation. The statistics represents a student t-test, * = p < 0.05. ns – p > 0.05. (D) 
Electron microscopy analysis of glucose-grown WT cells and Hp32g403 deficient cells. (P-peroxisome, 
CW- cell wall, ER- endoplasmic reticulum, M-mitochondria, V-vacuole).
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Figure 6. Hp32g403 overproduction results in enhanced numbers of peroxisomes in glucose-grown 
cells. FM images of glucose-grown WT (A) and Hp32g403 overproducing cells (PADH-Hp32g403) (B). 
EM analysis of WT (C) and the Hp32g403 overproducing strain (D) (P-peroxisome, CW- cell wall, 
ER- endoplasmic reticulum). FM images of glucose-grown dnm1 (E) and dnm1 cells overproducing 
Hp32g403 (F). In A, B, E and F peroxisomes are marked by the matrix protein GFP-SKL. Scale bars 
represents 1 μm in A, B, E and F and 200 nm in C and D.

the PTEF promoter. A significant increase in number of cells in which peroxisomes were present 
in both the mother cell and bud was observed, together with a strong decrease in the number of 
cells with a peroxisome present only in the bud (Fig. 5 C). In addition, the average number of 
peroxisomes per cell in glucose grown cells increased two-fold and reached the same value as 
observed in the WT control (1.0 ± 0.29 and 1.0 ± 0.01, respectively).

FM analysis of a strain producing a C-terminal GFP fusion of PXMP2 under control of 
the constitutive TEF promoter (PTEF) showed that a portion of protein co-localized with 
DsRed-SKL, but most GFP fluorescence was detected at another structure, which based on its 
morphology most likely represent the nuclear envelope (Fig. 8).
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Figure 7. Hp32g403 overproduction results in smaller peroxisomes. Quantification of the peroxisome 
diameter of glucose-grown WT and Hp32g403 overproducing cells using EM. For both strains 
22 peroxisomes are measured and depicted in an interquartile box together with the diameter of  
the individual peroxisomes.

Figure 8. Human PXMP2 partially localizes to peroxisomes in H. polymorpha. FM images of Hp32g403 
deficient cells producing PXMP2-GFP under control of the TEF promoter together with PADH1-driven 
DsRed-SKL as a peroxisome matrix marker. Cells were grown on glucose medium. Scale bar represents 
1 μm.

Discussion 

Here we identified H. polymorpha Hp32g403, a PXMP2 family protein, which localizes to 
peroxisomes. Based on sequence analysis, homology to several known membrane proteins 
and the outcome of our carbonate extraction experiment (Fig. 2B), Hp32g403 most likely is an 
integral peroxisomal membrane protein (PMP). Our data indicate that this novel yeast protein 
is required for proper peroxisome multiplication and segregation in cells grown at peroxisome 
repressing growth conditions (glucose), but not at peroxisome inducing growth conditions 
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(methanol). Because of its role in regulating peroxisome abundance, we consider this PMP 
being a peroxin and designated it Pex37.

H. polymorpha Pex37 is the third peroxisomal PXMP2 family member that has been 
identified, in addition to N. crassa WSC and mammalian PXMP2. N. crassa WSC has been 
implicated in the formation of WB from peroxisomes and in the inheritance of WBs via cortical 
association 10. PXMP2 has been proposed to function as non-selective pore in the peroxisomal 
membrane of mammalian cells. Our data indicate that H. polymorpha Pex37 is important 
for peroxisome multiplication and segregation at peroxisome repressing conditions, which is 
reminiscent of the functions proposed for N. crassa WSC.

In glucose-grown H. polymorpha pex37 cells peroxisome multiplication and segregation is 
abnormal. In glucose-grown WT cells, the single peroxisome that is present in mother cells 
divides prior to cell budding. One of the resulting organelles remains in the mother, anchored 
to the cell cortex by the retention factor Inp1 24,25. The other organelle is transported to the bud, 
a process that requires the actin cytoskeleton, the motor protein Myo2 and the inheritance 
protein Inp2 26,27. Our data revealed that in glucose-grown pex37 cells, peroxisomes do not 
multiply prior to yeast budding. The single peroxisome either remains in the mother or is 
transported to the bud.

Peroxisome fission can be divided in three steps. First the organelle elongates, followed by 
constriction and ultimately the actual scission process. In H. polymorpha Pex11 and the Dnm1 
dependent organelle fission machinery are key players in peroxisome fission, both in glucose 
and methanol-grown cells 28. In glucose-grown H. polymorpha dnm1 cells the single peroxisome 
present in the mother cell forms a protrusion into the developing bud and ultimately divides 
in two organelles during cytokinesis 28. In glucose-grown pex11 cells, the organelle does not 
elongate. In glucose-grown pex11 cells, the single peroxisome is invariably transported 
to the bud, leaving the mother cell without a peroxisome 29. Apparently, at these conditions 
the pulling force of Myo2 towards the bud is stronger than the capacity of Inp1 to retain 
the single organelle in the mother cell. In pex37 cells the peroxisome does not elongate nor 
divide. In this mutant the single peroxisome either remains in the mother or moves to the bud, 
suggesting that the retention force and the pulling force might be similar.

The observation that, like in WT cells, peroxisomes are still localized to the cell periphery 
in pex37 cells indicates that Pex37 is not essential for associating peroxisomes to the cell cortex. 
Instead our results suggest that in addition to Pex11 and the Dnm1 fission machinery, Pex37 
is essential for peroxisome fission in H. polymorpha cells grown at peroxisome repressing 
conditions. Indeed, like overproduction of H. polymorpha Pex11 and Dnm1 28,29, also Pex37 
overproduction results in enhanced peroxisome numbers. Overexpression of PEX37 in dnm1 
cells does not cause an increase in peroxisome abundance, indicating that the increase in 
organelle numbers in Pex37 overproducing cells is due to Dnm1 dependent peroxisome fission. 
However, different from Pex11 and Dnm1, Pex37 is not essential for peroxisome multiplication 
when cells are grown on methanol.

Using N.crassa WSC as a query, only PXMP2 is found in H. sapiens. But using Hp32g403 no 
human homologs are found using a variety of tools (HMMER3, HHpred, HHblits, Genome3D, 
BLASTP). However, we could establish a conservation of function between H. polymorpha 
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Pex37 and human PXMP2 through the partial complementation of the pex37 phenotype by 
human PXMP2. When H. polymorpha pex37 cells producing human PXMP2 were grown on 
glucose, the average number of peroxisomes per cell increased again to similar numbers as 
observed in WT controls. The peroxisome segregation defect was only partially restored upon 
introduction of Pxmp1. Possibly this is related to the fact that the molecular mechanisms of 
peroxisome segregation are different in human cells.

Mammalian PXMP2 functions as a non-selective pore for solute transports in 
the peroxisome membrane. This pore allows diffusion of molecules with molecular masses 
of up to 300 Da 5. We showed that deletion of the PEX37 gene does not affect growth of H. 
polymorpha on methanol or ethanol containing media. Also, the metabolism of D-amino acids, 
D-choline or methylamine by peroxisomal oxidases was not defective in the PEX37 deletion 
strain, indicating that Pex37 is not essential for diffusion of these metabolites into peroxisomes. 
Methanol metabolism requires import of xylulose 5-phosphate (230 Da) into peroxisomes, 
which apparently also does not require Pex37. Interestingly, a recent study in S. cerevisiae 
demonstrated that Pex11 forms a non-selective channel for the transfer of metabolites with 
size exclusion limit of 300-400 Da across the peroxisomal membrane 6. Hence, it is possible 
that Pex11 and Pex37 play redundant roles in metabolite transport, explaining why we did not 
observed growth defects for the pex37 mutant strain. 

In silico analysis indicated differences in the number of PXMP2 related proteins in various 
species. Sym1 and YOR292c are the sole S. cerevisiae PXMP2 proteins, while all other organisms 
analysed contained more than two PXMP2 proteins (Table 1). A possible explanation is that S. 
cerevisiae has evolved from an ancestor yeast species that underwent whole genome duplication 
followed by massive gene loss 30. 

H. polymorpha Hp27g68 showed a mitochondrial localization, like S. cerevisae Sym1 11  
and mammalian MPV17 12,31,32. H. polymorpha Hp24g381 accumulated in patches close to 
the vacuolar membrane. It is unclear what these patches represent. Because this GFP fusion 
protein could only be detected upon overproduction, this result should be interpreted with 
caution. Using the endogenous promoter, the levels of the Hp32g332-GFP fusion protein were 
below the limit of detection as well. Upon overproduction weak fluorescence was predominantly 
detected in the vacuole lumen. Because Hp32g332 is most likely a membrane protein, 
Hp32g332-GFP is most likely degraded by autophagy, which could have been stimulated by  
its overproduction.

Summarizing, PXMP2 proteins are ubiquitously present in eukaryotes. These proteins 
localize to different intracellular compartments including mitochondria and peroxisomes. In 
addition to the well characterized peroxisome localized proteins in fungi (WSC) and mammals 
(PXMP2), we here show that yeast peroxisomes also harbour a PXMP2 protein, which we call 
Pex37. Our data indicate that this novel peroxin most likely is involved in peroxisome fission at 
peroxisome repressing growth conditions.
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Materials and Methods

Strains and growth conditions
The H. polymorpha strains used in this study are listed in Table 2. Yeast cells were grown at 37 
°C in batch cultures on mineral medium (MM) [33] supplemented with 0.5% glucose or 0.5% 
methanol as carbon sources and 0.25% ammonium sulphate or 0.25% methylamine as nitrogen 
sources. When required, media were supplemented with amino acids to a final concentration 
of 30 µg/ml. For the selection of transformants YPD plates contained 100 µg/ml nourseothricin 
(Werner Bioagents, Jena, Germany), 100 µg/ml zeocin (Invitrogen) or 300 µg/ml hygromycin 
(Invitrogen). For cloning purposes, Escherichia coli DH5α was used as host for propagation of 
plasmids using Luria Broth supplemented with the appropriate antibiotics (100 µg/ml). 

For spot assays, exponential glucose growing H. polymorpha cells were harvested by 
centrifugation and diluted to an OD660 of 1.0 in H2O. Cells were serial diluted (10-1, 10-2, 
10-3, 10-4, 10-5) and spotted on MM plates containing different carbon sources (0.5% glucose, 
0.5% methanol or 0.5% ethanol) and nitrogen sources (0.25% ammonium sulphate, 0.25% 
methylamine, 0.25% choline, 0.25% D-alanine or 0.25% uric acid). Growth differences were 
followed during 48 h of incubation at 37 °C.

Construction of yeast strains
Plasmids and primers used in this study are listed in Table 3 and 4. Transformation was 
performed as described  previously 34.

Plasmid constructions 
Plasmid pSEM060 was constructed by, PCR amplification of Hp32g403 gene lacking 
the stop codon using the primers P1 and P2 and H. polymorpha genomic DNA as a template. 
The obtained PCR fragment was digested with HindIII and BglII and inserted between 
the HindIII and BglII sites of the pHIPZ_mGFP fusinator plasmid. The resulting plasmid 
containing a PEX37-mGFP fusion gene, designated as pSEM060, was linearized with PflMI and 
integrated into the PEX37 gene of H. polymorpha WT strain producing  DsRed-SKL. 

Similarly, plasmid pHIPZ-Hp32g332-mGFP (C-terminal fusion)  was constructed by PCR 
amplification of the Hp32g332 gene without a stop codon, using primers Hp32g332 Fwd and 
Hp32g332 Rev and H. polymorpha genomic DNA as a template. The obtained DNA fragment 
was digested with HindIII and BamHI and cloned into the HindIII-BglII digested pHIPZ-
mGFP fusionator plasmid. The resulting plasmid was linearized with PflMI and integrated 
into the Hp32g332 gene of H. polymorpha WT  producing  DsRed-SKL as a peroxisomal  
matrix marker. 

Plasmid pHIPZ-Hp27g68-mGFP was constructed by PCR amplification of the Hp27g68 
gene lacking a stop codon using the primers P3 and P4 and H.  polymorpha genomic DNA 
as a template. The obtained PCR product was digested with HindIII and BglII and inserted 
between the HindIII and BglII sites of the pHIPZ-mGFP fusinator plasmid. The resulting 
plasmid encoding  a Hp27g68-mGFP fusion protein was linearized with BsmI and integrated 
into Hp27g68 gene of H. polymorpha WT strain producing  DsRed-SKL. 
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Table 2. Yeast strains used this study

Strains Characteristics Reference

Wild-type (WT) NCYC495 leu1.1  [50]
WT. DsRed-SKL WT cells with integration of plasmid pHIPX7-DsRed-SKL This study
WT. DsRed-SKL.PEX37-mGFP WT.DsRed-SKL with integration of  plasmid pSEM060 This study
WT. DsRed-SKL pHIPZ-
Hp32g332-mGFP

WT.DsRed-SKL integrated with  plasmid  pHIPZ-
Hp32g332-mGFP

This study

WT. DsRed-SKL pHIPZ-
Hp27g68-mGFP

WT.DsRed-SKL integrated with plasmid  pHIPZ-Hp27g68-
mGFP 

This study

WT. DsRed-SKL pHIPZ-
Hp24g381-mGFP

WT.DsRed-SKL integrated with plasmid  pHIPZ-Hp27g68-
mGFP 

This study

WT.Pex14mKATE2 pHIPZ5-
Hp27g68-mGFP

WT.Pex14mKATE2 with integrated pHIPZ5-Hp27g68-
mGFP

This study

WT.Pex14mKATE2pHIPZ5-
Hp24g381-mGFP

WT.Pex14mKATE2 integrated with pHIPZ5-Hp24g381-
mGFP

This study

WT.Pex14mKATE2pHIPZ5-
Hp32g332-mGFP

WT.Pex14mKATE2 integrated with pHIPZ5-Hp32g332-
mGFP

This study

WT.PMP47-GFP WT cells integrated with plasmid containing PPMP47PMP47-
GFP

[35]

pex37. PMP47-GFP PEX37 deletion strain integrated with plasmid containing 
PPMP47PMP47-GFP

This study

WT.GFP-SKL WT cells integrated with plasmid containing pHIPX7-GFP-
SKL

[29]

pex37.GFP-SKL PEX37 deletion integrated with plasmid  pHIPX7-GFP-
SKL and PPMP47PMP47-GFP

This study

pex37.GFP-SKL. PADH1Pex37 PEX37 deletion integrated with plasmid  pHIPX7-GFP-
SKL and PADH1Pex37 plasmid

This study

WT.Pex14mKATE2 WT cells integrated with plasmid containing pHIPH-
Pex14-mKATE2

This study

pex37. PADH1GFP-SKL PEX37 deletion strain integrated with  plasmid pHIPN18-
GFP-SKL

This study

pex37. PADH1DsRed-SKL PEX37 deletion strain integrated with  plasmid pHIPN18-
DsRed-SKL

This study

pex37. pHIPZ7-PXMP2-2HA. 
pHIPN18-eGFP-SKL

PEX37 deletion strain integrated with human PXMP2 under 
PTEF and the plasmid pHIPN18-eGFP-SKL

This study

pex37. pHIPZ7-PXMP2-mGFP. 
pHIPN18-DsRed-SKL

PEX37 deletion strain integrated with human PXMP2-
mGFP under PTEF and the plasmid pHIPN18-DsRed-SKL

This study

dnm1 DNM1 deletion strain [35]
dnm1.GFP-SKL DNM1 deletion strain integrated with plasmid pHIPZ7-

GFP-SKL
This study

dnm1.GFP-SKL PADH1PEX37 DNM1 deletion strain integrated with plasmid pHIPZ7-
GFP-SKL and PADH1Pex37 plasmid

This study

Plasmid pHIPZ-Hp24g381-mGFP was constructed by PCR amplification of the Hp24g381 
gene lacking a stop codon  using the primers P5 and P6. pHIPZ-mGFP fusionator was linearized 
with HindIII, treated with Klenow fragment followed by digestion with BglII. The linearized 
plasmid was ligated the BamHI digested PCR fragment. The resulting plasmid was linearized 
with BglII and integrated in  H. polymorpha WT  producing  DsRed-SKL. 
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Table 3. Plasmids used in this study.

Plasmid Description Reference

pHIPX7-DsRed-SKL Plasmid containing PTEF-DsRed-SKL, ampR, LeuR     [29]
pHIPZ_mGFP fusinator pHIPZ plasmid containing mGFP and AMO terminator;  

ampR, zeoR
[27]

pSEM060 Plasmid containing C-terminal part of PEX37 fused to GFP, 
ampR, zeoR

This study

pHIPZ-Hp32g332-mGFP Plasmid containing Hp32g332 fused with GFP, ampR, zeoR This study
pHIPZ-Hp27g68-mGFP Plasmid containing Hp27g68 fused with GFP, ampR, zeoR This study
pHIPZ-Hp24g381-mGFP Plasmid containing Hp27g68 fused with GFP, ampR, zeoR This study
pDONR-P4-P1R Standard Gateway vector Invitrogen
pDONR-P2R-P3 Standard Gateway vector Invitrogen
pENTR-221-HPH pENTR-221 containing hygromycin marker, hphR, kanR [51]
pDEST-R4-R3 Standard destination vector Invitrogen
pENTR-41-PEX37 5’ pDONOR-P4-P1 containing 5’region of Hp32g403, kanR This study
pENTR-23- PEX37 3’ pDONOR-P2R-P3 containing 3’region of Hp32g403, kanR This study
pSEM027 pDEST-R4-R3 containing PEX37 deletion cassette,  

HphR, ampR
This study

pHIPZ5 Nia Plasmid containing multiple cloning site and AMO promoter, 
zeoR  , ampR

[52]

pHIPX7 GFP-SKL Plasmid containing GFP-SKL under the control of TEF 
promoter, LeuR , kanR

[29]

pHIPZ7 GFP-SKL Plasmid containing GFP-SKL under the control of TEF 
promoter, zeoR , ampR

[53]

pHIPZ5-Hp27g68-mGFP Plasmid containing Hp27g68 fused to GFP under control of 
PAMO, zeoR , ampR

This study

pHIPZ5-Hp24g381-mGFP Plasmid containing Hp24g381 fused to GFP under control of 
PAMO, zeoR  , ampR

This study

pHIPZ5-Hp32g332-mGFP Plasmid containing Hp32g332 fused to GFP under control of 
PAMO, zeoR , ampR

This study

pHIPZ-PMP47-mGFP Plasmid containing PMP47-mGFP under the control of PPMP47, 
zeoR, ampR

[54]

pHIPZ18-eGFP-SKL pHIPZ containing eGFP.SKL under control of PADH1,  
zeoR , ampR

This study

pHIPZ4-GFP-SKL pHIPZ4 containing eGFP.SKL, zeoR, ampR [55]
pHIPN18-eGFP-SKL pHIPN containing eGFP.SKL under control of PADH1,  

natR , ampR
This study

pHIPN4 Plasmid containing ampR, natR [54]
pHIPN18-Pex37 pHIPN containing PEX37 under control of PADH1, natR , ampR This study
pHIPN18-DsRed-SKL pHIPN containing DsRed.SKL under control of PADH1,  

natR , ampR
This study

pHIPZ4-DsRed-SKL Plasmid containing DsRed.SKL, zeoR [56]
pHIPZ7-PXMP2-2HA pHIPZ containing human PXMP2 fused with 2HA tag under 

control of PTEF, zeoR, ampR
This study

pUC57-PXMP2 plasmid pUC57 containing human PXMP2 fused with 2HA tag This study
pHIPZ7 pHIPZ plasmid containing TEF1 promoter, zeoR, ampR [57]
pHIPZ7-PXMP2-mGFP pHIPZ  containing human PXMP2 fused with GFP under 

control of PTEF, zeoR , ampR
This study
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The plasmids pHIPZ5-Hp27g68-mGFP, pHIPZ5-Hp24g381-mGFP and pHIPZ5-
Hp32g332-mGFP were constructed by PCR amplification of the respective genes with the GFP 
tag lacking the stop codon by using genomic DNA of  H. polymorpha, containing endogenous 
Hp27g68-GFP, Hp24g381-GFP and Hp32g332-GFP fusion constructs, as a template and primer 
combinations P7+P8, P9+P10 and P11+P12, respectively. The amplified DNA Hp27g68-
GFP and Hp24g38-GFP was digested using BamHI and NdeI, whereas Hp32g332-GFP was 
digested using BamHI and SpeI. The plasmid pHIPZ5-Nia was also digested with the same 
restriction enzyme combinations for the particular gene. The amplified and digested gene 
fragments were ligated to the respective plasmid fragment. The resulting plasmids expressing  
a fusion gene were linearized using Bsu36I and transformed into H. polymorpha WT strain 
containing Pex14-mKATE2.

Plasmid pHIPZ18-eGFP-SKL was constructed by performing PCR using primers Adh1-F 
and Adh1-R on H. polymorpha genomic DNA, followed by digestion of the PCR product with 

Table 4. Primers used in this study

P1 5’ AAAAAGCTTATGCTCGCCGATCTGAAC 3’
P2 5’ TTTAGATCTTTCATTCTTGTTCTGTTC 3’
Hp32g332 Fwd 5’ AAAAAGCTTACTGGCAGCTTCTGA 3’
Hp32g332 Rev 5’ AAGGATCCCGTGATCAGAGTCAGTAG 3’
P3 5’AAAAAGCTTATGATCACTGGATACAAAACGCTC3’
P4 5’ AAAAGATCTCTGTCCACTGTGCTCAACC 3’
P5 5’ GCTCTCATGCCTATCAG  3’  
P6 5’AAAGGATCCGCTGGTAGCATTCCTCAAG 3’
Fwd attB4 5’GGGGACAACTTTGTATAGAAAAGTTGCCGCTCCGCCTCTTGGT

GCTCCTCTAA3’
Rev attb1 5’GGGGACTGCTTTTTTGTACAAACTTGGCAAAGGGACGCGTTTT

GTGACAGAG3’
Fwd attB2 5’GGGGACAGCTTTCTTGTACAAAGTGGCCACCAGTGGGCCGTGT

TCTTC3’
Rev attB3 5’GGGGACAACTTTGTATAATAAAGTTGCGTGGACAAGGGCCGTC

ATAAACTGT3’
PEX37 del. Fwd 5’GCTCCGCCTCTTGGTGCTCCTCTAA3’
PEX37 del. Rev 5’GTGGACAAGGGCCGTCATAAACTGT3’
P7 (Hp27gBamHI-F) 5’CGGGATCCATGAGAGCAGTTATCTACGGAGG3’
P8 (Hp27gNdeI-R) 5’CCCATATGGGATCTGAACCTCGACTTTCTG3’
P9 (Hp24gBamHI-F) 5’CGGGATCCATGTCACGTGTTATTTCTTTTTCTAG3’
P10 (Hp24gNdeI-R) 5’CCCATATGGGATCTGAACCTCGACTTTCTG3’
P11 (Hp32gBamHI-F) 5’CGGGATCCATGCCCGAAGAAGTGCTG3’
P12 (Hp32gSpeI-R) 5’CCACTAGTGGATCTGAACCTCGACTTTCTG3’
Adh1-F 5’AAGGAAAAAAGCGGCCGCCCCCTGCATTATTAATCACC3’
Adh1-R 5’AATCAATCAATCAATTTAAAAAGCTTGGG3’
PEX37 fw 5’CCCAAGCTTATGCTCGCCGATCTGAACAG3’
PEX37 rev 5’TCTAGAGGAGGCATTGTGGACA3’
PTEFNruI_F 5’CCCTCGCGACATGGAACCAAGACCCATGAC3’
TEFPxmp2BglII_R 5’GAAGATCTTTTACCCAAAGAAGCCAAATAAG3’
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HindIII and NotI. The resulting fragment was inserted between the HindIII and NotI sites  
of pHIPZ4-GFP-SKL.

For the construction of  pHIPN18-eGFP-SKL, digestion of  plasmids pHIPZ18-eGFP-SKL 
and pHIPN4 was performed with NotI and XhoI, followed by ligation and transformation 
into E. coli. Plasmid pHIPN18-PEX37 was constructed by amplification of the PEX37 ORF 
plus terminator region (975bp) with additional HindIII, XbaI sites in a PCR reaction using 
primers PEX37 fw and PEX37 rev and H. polymorpha genomic DNA as a template, followed by 
digestion of the PCR product with HindIII and XbaI. The PCR fragment was inserted between 
the HindIII and XbaI sites of pHIPN18-eGFP-SKL. The resulting plasmid was linearized with 
PstI and integrated in the H. polymorpha pex37 strain containing pHIPX7-GFP-SKL plasmid.

pHIPN18-DsRedSKL was created using plasmids pHIPZ4-DsRed-SKL and pHIPN18-
eGFP-SKL. Both  plasmids were digested using HindIII and SalI, followed by ligation. 

Plasmid pHIPZ7 GFP-SKL was linearized with MunI and integrated in dnm1 35  cells. 
Subsequently plasmid pHIPN18-Pex37 was linearized with PstI and integrated in this strain.

Contruction of a plasmid containing human PXMP2
The  human PXMP2 cDNA was codon-optimized for expression in Pichia pastoris by 
OptimumGeneTM algorithm (GenScript HK Limited, Hongkong,China). Codon-optimized 
PXMP2 containing two Human influenza hemagglutinin (HA) tags was subcloned in pUC57 
vector (GeneScript HK Limited, Hongkong, China). Plasmid pHIPZ7-PXMP2-2HA was 
constructed by digesting  pUC57 containing PXMP2 and pHIPZ7 using restriction enzymes 
HindIII and XbaI followed by  ligation. The resulting plasmid was linearized using MunI and 
transformed into H. polymorpha pex37 containing pHIPN18-eGFP-SKL. 

To construct human PXMP2-GFP, pHIPZ7-PXMP2-2HA was used as a template to amplify 
PTEF-PXMP2 using primers PTEFNruI_F and TEFPxmp2BglII_R. The pHIPZ-mGFP fusinator 
plasmid as well as the amplified PXMP2 fragment were digested using NruI and BglII followed 
by  ligation. The resulted plasmid, designated PTEF-PXMP2-mGFP, was linearized using MunI 
and transformed into H. polymorpha pex37 containing pHIPN18-DsRedSKL

Construction of Gateway plasmids
A H. polymorpha PEX37 (Hp32g403) deletion strain was constructed by replacing the  portion 
of the genomic region of Hp32g403  comprising nucleotides +1659 to +2008 by the antibiotic 
marker Hygromycin (Hph). To this end, pSEM027 [pDest-PEX37 (Hp32g403) deletion 
cassette)] was constructed using Gateway Technology. By using H. polymorpha genomic 
DNA as a template, two DNA fragments comprising the regions −1231 to +1658 and +2008 
bp to +2408 of the PEX37 genomic region were obtained by PCR using primers Fwd attB4/ 
Rev attb1 and Fwd attB2/ Rev attB3, respectively. The PCR fragments were recombined into 
the vectors pDONR-P4-P1R and pDONR-P2R-P3, respectively, resulting in the entry vectors 
pENTR- PEX37 5′ and pENTR- PEX37 3′. Recombination of the entry vectors pENTR- PEX37 
5′, pENTR-221-HPH, and pENTR- PEX37 3′, and the destination vector pDEST-R4-R3, 
resulted in pSEM027. A 2.6 kb fragment of pSEM027 comprising the PEX37 deletion cassette 
was amplified by PCR with the primers PEX37 del. fwd and PEX37 del. Rev. The amplified 
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fragment was transformed into H. polymorpha wild-type cells producing PMP47-GFP as 
a peroxisomal membrane marker. The deletion was confirmed by PCR and Southern blot 
analysis. The plasmid pHIPX7 GFP-SKL was linearized with  StuI in the  TEF1  region and 
transformed into pex37 cells. 

Fluorescence Microscopy.
Wide-field images were made using a Zeiss Axioscope fluorescence microscope (Carl Zeiss, 
Sliedrecht, The Netherlands). Images were taken using a Coolsnap HQ2 digital camera and 
Micro-Manager 1.4 software. The GFP signal was visualized by using a 470/40 nm bandpass 
excitation filter, a 495 nm dichromatic mirror and a 525/50 nm bandpass emission filter. DsRed, 
FM4-64 and MitoTracker fluorescence was visualized with a 546/12 nm bandpass excitation 
filter, a 560 nm dichromatic mirror and a 575/640 nm bandpass emission filter. The vacuolar 
membranes were stained with FM4-64 (Invitrogen) by incubating cells at 37°C with 2 µM 
FM4-64. Mitochondria were stained with 0.5 µg/ml MitoTracker orange (Invitrogen) by 
incubating cells at 37°C followed by extensive washing.

Confocal imaging was performed on a Carl Zeiss  LSM800 confocal microscope. For 
quantification of peroxisomes, Z-stack images of cells were taken using a 100x1.40 NA objective 
and Zen 2009 software (Carl Zeiss). GFP signal was visualized by excitation with a 488  nm 
argon laser (Lasos), and emission was detected using a 500–550 nm bandpass emission filter. 
The DsRed signal was visualized by excitation with a 543 nm helium neon laser (Lasos), and 
emission was detected using a 565–615 nm bandpass emission filter. Image analysis was carried 
out using imageJ and Adobe Photoshop CS6 software.

To quantify peroxisome inheritance in WT and pex37 cells, the cells were grown on glucose 
containing media to the mid-exponential growth stage. Only cells for which the bud volume 
was < 25% of the mother cell volume were counted. Quantification was performed manually 
using two independent cell cultures (70 cells per culture). The images were also used for 
the quantification of average peroxisome numbers (two independent cultures, 100 cells per 
culture). The peroxisome number per cell was quantified by counting the number of fluorescent 
spots per cell for both glucose and methanol grown cells. For the quantification of peroxisome 
numbers in the PEX37 overexpression strain cells were grown on glucose and Z-stacks were 
prepared by CLSM. Fluorescent spots were counted in cells from two independent cultures. 100 
cells were quantified per culture.

Statistical differences were determined by using a student t-test. Error bars represent 
standard deviations.

Electron microscopy
H. polymorpha cells were cryo-fixed using self-pressurized rapid freezing 36. The copper 
capillaries were sliced open longitudinally and placed on frozen freeze-substitution medium 
containing 1% osmium tetroxide, 0.5% uranyl acetate and 5% water in acetone. The cryo-
fixed cells were dehydrated and fixed using the rapid freeze substitution method 37. Samples 
were embedded in Epon and ultra-thin sections were collected on formvar coated and carbon 
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evaporated copper grids. For morphological studies, ultrathin sections were inspected using 
a CM12 (Philips) transmission electron microscope (TEM).

Phylogenetic analysis
Homology-based searches in the H. polymorpha genome sequence 38 were performed as 
described previously 39. Phylogenetic profiling of the PXMP2-related proteins was based on 
a multiple sequence alignment created with ClustalOmega 40 with default parameters and 
manually curated in Jalview 45. The resulting curated MSA was used to create a phylogenetic 
tree with PhyML 3.1 42 using the LG matrix, 100 bootstraps, tree and leaves refinement, SPR 
moves and amino acids substitution rates determined empirically. Secondary structure, trans-
membrane helices and disorder predictions were realized with Psi-Pred 43, TMHMM 44 and IUP 
softwares 45, respectively and drawn with Foundation (http://pvcbacteria.org/foundation; 46.

Biochemical techniques
An organellar fraction (P3) was obtained as described previously 47  and subjected to carbonate 
extraction for 30 min on ice, followed by centrifugation for 30 min at 100,000 g at 4°C 48. Total 
cell extracts were prepared from cells treated with 12.5% trichloroacetic acid (TCA) and used 
for SDS/PAGE as described previously 49. Equal amounts of protein were loaded per lane. Blots 
were decorated with mouse monoclonal antisera against GFP (sc‐9996, Santa Cruz Biotech, 
Heidelberg, Germany) or specific polyclonal antisera against Pex14, or Catalase. Pyruvate 
carboxylase -1 (Pyc1) was used as loading control.

Acknowledgements

We thank Jan Kiel for the identification of the H. polymorpha PXMP2 proteins. This work was 
supported by a grant from the Marie Curie Initial Training Networks (ITN) program PerFuMe 
(Grant Agreement Number 316723) to RS, NB, DPD and IvdK.

Author contributions

RS, SM, IvdK conceived the project; RS, SM, RdB, AMK, NB, DPD, IJvdK performed 
the experiments, analyzed the data and prepared the figures; RS, SM, IJvdK wrote the original 
draft. All contributed to reviewing and editing the manuscript.

The authors declare no competing financial interests.



Chapter 4

112

4

References
1. Wanders RJA & Waterham HR (2006) Biochemistry of mammalian peroxisomes revisited. Annu. 

Rev. Biochem. 75, 295–332.
2. van der Klei IJ, Yurimoto H, Sakai Y & Veenhuis M (2006) The significance of peroxisomes in methanol 

metabolism in methylotrophic yeast. Biochim. Biophys. Acta BBA - Mol. Cell Res. 1763, 1453–1462.
3. Bartoszewska M, Opaliński Ł, Veenhuis M & van der Klei IJ (2011) The significance of peroxisomes 

in secondary metabolite biosynthesis in filamentous fungi. Biotechnol. Lett. 33, 1921–1931.
4. Jedd G & Chua NH (2000) A new self-assembled peroxisomal vesicle required for efficient resealing 

of the plasma membrane. Nat. Cell Biol. 2, 226–231.
5. Rokka A, Antonenkov VD, Soininen R, Immonen HL, Pirilä PL, Bergmann U, Sormunen RT, 

Weckström M, Benz R & Hiltunen JK (2009) Pxmp2 is a channel-forming protein in Mammalian 
peroxisomal membrane. PloS One 4, e5090.

6. Mindthoff S, Grunau S, Steinfort LL, Girzalsky W, Hiltunen JK, Erdmann R & Antonenkov VD 
(2016) Peroxisomal Pex11 is a pore-forming protein homologous to TRPM channels. Biochim. 
Biophys. Acta 1863, 271–283.

7. Antonenkov VD & Hiltunen JK (2012) Transfer of metabolites across the peroxisomal membrane. 
Biochim. Biophys. Acta 1822, 1374–1386.

8. Visser WF, van Roermund CWT, Ijlst L, Waterham HR & Wanders RJA (2007) Metabolite transport 
across the peroxisomal membrane. Biochem. J. 401, 365–375.

9. DeLoache WC, Russ ZN & Dueber JE (2016) Towards repurposing the yeast peroxisome for 
compartmentalizing heterologous metabolic pathways. Nat. Commun. 7, 11152.

10. Liu F, Ng SK, Lu Y, Low W, Lai J & Jedd G (2008) Making two organelles from one: Woronin body 
biogenesis by peroxisomal protein sorting. J. Cell Biol. 180, 325–339.

11. Trott A & Morano KA (2004) SYM1 Is the Stress-Induced Saccharomyces cerevisiae Ortholog of 
the Mammalian Kidney Disease Gene Mpv17 and Is Required for Ethanol Metabolism and Tolerance 
during Heat Shock. Eukaryot. Cell 3, 620–631.

12. Spinazzola A, Viscomi C, Fernandez-Vizarra E, Carrara F, D’Adamo P, Calvo S, Marsano RM, Donnini 
C, Weiher H, Strisciuglio P, Parini R, Sarzi E, Chan A, DiMauro S, Rötig A, Gasparini P, Ferrero I, 
Mootha VK, Tiranti V & Zeviani M (2006) MPV17 encodes an inner mitochondrial membrane protein 
and is mutated in infantile hepatic mitochondrial DNA depletion. Nat. Genet. 38, 570–575.

13. Huh W-K, Falvo JV, Gerke LC, Carroll AS, Howson RW, Weissman JS & O’Shea EK (2003) Global 
analysis of protein localization in budding yeast. Nature 425, 686–691.

14. Antonenkov VD, Isomursu A, Mennerich D, Vapola MH, Weiher H, Kietzmann T & Hiltunen JK 
(2015) The Human Mitochondrial DNA Depletion Syndrome Gene MPV17 Encodes a Non-selective 
Channel That Modulates Membrane Potential. J. Biol. Chem. 290, 13840–13861.

15. Dalla Rosa I, Cámara Y, Durigon R, Moss CF, Vidoni S, Akman G, Hunt L, Johnson MA, Grocott 
S, Wang L, Thorburn DR, Hirano M, Poulton J, Taylor RW, Elgar G, Martí R, Voshol P, Holt IJ & 
Spinazzola A (2016) MPV17 Loss Causes Deoxynucleotide Insufficiency and Slow DNA Replication 
in Mitochondria. PLoS Genet. 12.

16. Löllgen S & Weiher H (2015) The role of the Mpv17 protein mutations of which cause mitochondrial 
DNA depletion syndrome (MDDS): lessons from homologs in different species. Biol. Chem. 396, 13–25.

17. Dallabona C, Marsano RM, Arzuffi P, Ghezzi D, Mancini P, Zeviani M, Ferrero I & Donnini C (2010) 
Sym1, the yeast ortholog of the MPV17 human disease protein, is a stress-induced bioenergetic and 
morphogenetic mitochondrial modulator. Hum. Mol. Genet. 19, 1098–1107.

18. Managadze D, Würtz C, Sichting M, Niehaus G, Veenhuis M & Rottensteiner H (2007) The peroxin 
PEX14 of Neurospora crassa is essential for the biogenesis of both glyoxysomes and Woronin bodies. 
Traffic Cph. Den. 8, 687–701.



Hansenula polymorpha Pex37 is a peroxisomal membrane protein

113

4

19. Ng SK, Liu F, Lai J, Low W & Jedd G (2009) A tether for Woronin body inheritance is associated with 
evolutionary variation in organelle positioning. PLoS Genet. 5, e1000521.

20. Leonhardt Y, Beck J & Ebel F (2016) Functional characterization of the Woronin body protein WscA 
of the pathogenic mold Aspergillus fumigatus. Int. J. Med. Microbiol. 306, 165–173.

21. Escaño CS, Juvvadi PR, Jin FJ, Takahashi T, Koyama Y, Yamashita S, Maruyama J & Kitamoto K 
(2009) Disruption of the Aopex11-1 gene involved in peroxisome proliferation leads to impaired 
Woronin body formation in Aspergillus oryzae. Eukaryot. Cell 8, 296–305.

22. Ramos-Pamplona M & Naqvi NI (2006) Host invasion during rice-blast disease requires carnitine-
dependent transport of peroxisomal acetyl-CoA. Mol. Microbiol. 61, 61–75.

23. Wu H, de Boer R, Krikken AM, Akşit A, Yuan W & van der Klei IJ (2019) Peroxisome development 
in yeast is associated with the formation of Pex3-dependent peroxisome-vacuole contact sites. 
Biochim. Biophys. Acta Mol. Cell Res. 1866, 349–359.

24. Fagarasanu M, Fagarasanu A, Tam YYC, Aitchison JD & Rachubinski RA (2005) Inp1p is 
a peroxisomal membrane protein required for peroxisome inheritance in Saccharomyces cerevisiae. 
J. Cell Biol. 169, 765–775.

25. Munck JM, Motley AM, Nuttall JM & Hettema EH (2009) A dual function for Pex3p in peroxisome 
formation and inheritance. J. Cell Biol. 187, 463–471.

26. Motley AM & Hettema EH (2007) Yeast peroxisomes multiply by growth and division. J. Cell Biol. 178, 399–410.
27. Saraya R, Cepińska MN, Kiel JAKW, Veenhuis M & der Klei IJ van (2010) A conserved function for 

Inp2 in peroxisome inheritance. Biochim. Biophys. Acta BBA - Mol. Cell Res. 1803, 617–622.
28. Nagotu S, Saraya R, Otzen M, Veenhuis M & van der Klei IJ (2008) Peroxisome proliferation in 

Hansenula polymorpha requires Dnm1p which mediates fission but not de novo formation. Biochim. 
Biophys. Acta BBA - Mol. Cell Res. 1783, 760–769.

29. Krikken AM, Veenhuis M & van der Klei IJ (2009) Hansenula polymorpha pex11 cells are affected in 
peroxisome retention. FEBS J. 276, 1429–1439.

30. Ochman H, Daubin V & Lerat E (2005) A bunch of fun-guys: the whole-genome view of yeast 
evolution. Trends Genet. 21, 1–3.

31. Dalla Rosa I, Durigon R, Pearce SF, Rorbach J, Hirst EMA, Vidoni S, Reyes A, Brea-Calvo G, Minczuk 
M, Woellhaf MW, Herrmann JM, Huynen MA, Holt IJ & Spinazzola A (2014) MPV17L2 is required 
for ribosome assembly in mitochondria. Nucleic Acids Res. 42, 8500–8515.

32. Krick S, Shi S, Ju W, Faul C, Tsai S, Mundel P & Böttinger EP (2008) Mpv17l protects against 
mitochondrial oxidative stress and apoptosis by activation of Omi/HtrA2 protease. Proc. Natl. Acad. 
Sci. U. S. A. 105, 14106–14111.

33. van Dijken JP, Otto R & Harder W (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.

34. Faber KN, Haima P, Harder W, Veenhuis M & Ab G (1994) Highly-efficient electrotransformation of 
the yeast Hansenula polymorpha. Curr. Genet. 25, 305–310.

35. Manivannan S, de Boer R, Veenhuis M & van der Klei IJ (2013) Lumenal peroxisomal protein 
aggregates are removed by concerted fission and autophagy events. Autophagy 9, 1044–1056.

36. Leunissen JLM & Yi H (2009) Self-pressurized rapid freezing (SPRF): a novel cryofixation method 
for specimen preparation in electron microscopy. J. Microsc. 235, 25–35.

37. McDonald KL & Webb RI (2011) Freeze substitution in 3 hours or less. J. Microsc. 243, 227–233.
38. Ramezani-Rad M, Hollenberg CP, Lauber J, Wedler H, Griess E, Wagner C, Albermann K, Hani J, 

Piontek M, Dahlems U & Gellissen G (2003) The Hansenula polymorpha (strain CBS4732) genome 
sequencing and analysis. FEMS Yeast Res. 4, 207–215.

39. Kiel JAKW, Veenhuis M & van der Klei IJ (2006) PEX Genes in Fungal Genomes: Common, Rare or 
Redundant. Traffic 7, 1291–1303.



Chapter 4

114

4

40. Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W, Lopez R, McWilliam H, Remmert M, 
Söding J, Thompson JD & Higgins DG (2011) Fast, scalable generation of high-quality protein 
multiple sequence alignments using Clustal Omega. Mol. Syst. Biol. 7, 539.

41. Waterhouse AM, Procter JB, Martin DMA, Clamp M & Barton GJ (2009) Jalview Version 2--a multiple 
sequence alignment editor and analysis workbench. Bioinforma. Oxf. Engl. 25, 1189–1191.

42. Guindon S, Dufayard J-F, Lefort V, Anisimova M, Hordijk W & Gascuel O (2010) New algorithms 
and methods to estimate maximum-likelihood phylogenies: assessing the performance of PhyML 
3.0. Syst. Biol. 59, 307–321.

43. Buchan DWA, Minneci F, Nugent TCO, Bryson K & Jones DT (2013) Scalable web services for 
the PSIPRED Protein Analysis Workbench. Nucleic Acids Res. 41, W349–W357.

44. Sonnhammer EL, von Heijne G & Krogh A (1998) A hidden Markov model for predicting 
transmembrane helices in protein sequences. Proc. Int. Conf. Intell. Syst. Mol. Biol. 6, 175–182.

45. Dosztányi Z, Csizmok V, Tompa P & Simon I (2005) IUPred: web server for the prediction of 
intrinsically unstructured regions of proteins based on estimated energy content. Bioinforma. Oxf. 
Engl. 21, 3433–3434.

46. Bordin N, González-Sánchez JC & Devos DP (2018) PVCbase: an integrated web resource for 
the PVC bacterial proteomes. Database J. Biol. Databases Curation 2018.

47. Klei IJ van der, Heide M van der, Baerends RJS, Rechinger K-B, Nicolay K, Kiel J a. KW & Veenhuis M (1998) 
The Hansenula polymorpha per6 mutant is affected in two adjacent genes which encode dihydroxyacetone 
kinase and a novel protein, Pak1p, involved in peroxisome integrity. Curr. Genet. 34, 1–11.

48. Fujiki Y, Hubbard AL, Fowler S & Lazarow PB (1982) Isolation of intracellular membranes by means 
of sodium carbonate treatment: application to endoplasmic reticulum. J. Cell Biol. 93, 97–102.

49. Baerends RJ, Faber KN, Kram AM, Kiel JA, van der Klei IJ & Veenhuis M (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.

50. Gleeson MA & Sudbery PE (1988) The methylotrophic yeasts. Yeast 4, 1–15.
51. Saraya R, Krikken AM, Veenhuis M & van der Klei IJ (2011) Peroxisome reintroduction in Hansenula 

polymorpha requires Pex25 and Rho1. J. Cell Biol. 193, 885–900.
52. Faber KN, Kram AM, Ehrmann M & Veenhuis M (2001) A novel method to determine the topology of 

peroxisomal membrane proteins in vivo using the tobacco etch virus protease. J. Biol. Chem. 276, 36501–36507.
53. Knoops K, Manivannan S, Cepinska MN, Krikken AM, Kram AM, Veenhuis M & van der Klei IJ 

(2014) Preperoxisomal vesicles can form in the absence of Pex3. J. Cell Biol. 204, 659–668.
54. Cepińska MN, Veenhuis M, van der Klei IJ & Nagotu S (2011) Peroxisome fission is associated with 

reorganization of specific membrane proteins. Traffic Cph. Den. 12, 925–937.
55. Leao-Helder AN, Krikken AM, van der Klei IJ, Kiel JAKW & Veenhuis M (2003) Transcriptional 

down-regulation of peroxisome numbers affects selective peroxisome degradation in Hansenula 
polymorpha. J. Biol. Chem. 278, 40749–40756.

56. Monastyrska I, Van Der Heide M, Krikken AM, Kiel JAKW, Van Der Klei IJ & Veenhuis M (2005) 
Atg8 is Essential for Macropexophagy in Hansenula polymorpha. Traffic 6, 66–74.

57. Baerends RJ, Salomons FA, Faber KN, Kiel JA, Van der Klei IJ & Veenhuis M (1997) Deviant Pex3p 
levels affect normal peroxisome formation in Hansenula polymorpha: high steady-state levels of 
the protein fully abolish matrix protein import. Yeast Chichester Engl. 13, 1437–1448.






	Chapter 4



