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Abstract 

We have analyzed the Hansenula polymorpha homologue of Neurospora crassa Wsc, which is 

involved in Woronin body biogenesis and partitioning. We show that Wsc locates to 

peroxisomes in H. polymorpha. Deletion of the WSC gene does not appear to have a significant 

effect on peroxisome biogenesis, proliferation and function, when cells are grown on methanol. 

However, it affects peroxisome inheritance in conjunction with a major influence on the overall 

morphology of the peroxisomes, which are highly irregular of shape in glucose-grown H. 

polymorpha wsc cells and contain different long tubular extensions. Together, our data are 

consistent with the view that Wsc is important for shaping the peroxisomal membrane and for 

segregation of the organelles. We have not observed any indications for pore forming properties 

of Wsc, as proposed for its human counterpart, Pxmp2. 

 

Keywords: Peroxisome, WSC, Pxmp2, yeast, organelle morphology 
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Introduction 

Peroxisomes are eukaryotic organelles, which consist of a protein-rich matrix surrounded 

by a single membrane. Peroxisomes are well known for their role in a large variety of metabolic 

pathways. Common functions include decomposition of hydrogen peroxide and β-oxidation of 

fatty acids. Species specific functions include the biosynthesis of plasmalogens and bile acids in 

mammals (Wanders and Waterham, 2006), the metabolism of methanol in methylotrophic yeasts 

(van der Klei et al., 2006) and the biosynthesis of penicillin in filamentous fungi (Bartoszewska 

et al., 2011). A highly specialized peroxisome, called Woronin body, only occurs in filamentous 

ascomycetes (Jedd and Chua, 2000). This unique organelle has no metabolic function, but plays 

a role in closing septal pores to prevent cytoplasmic leakage upon hyphal damage (Jedd and 

Chua, 2000). 

The wide range of peroxisomal metabolic pathways requires continuous metabolite transport 

between the peroxisomal matrix and cytosol and vice-versa. So far only a few peroxisomal 

transporters have been identified. For instance, peroxisomes harbor ATP binding cassette (ABC) 

transporters, which use ATP to actively transport CoA esters of fatty acids across the membrane 

(Higgins, 1992; Palmieri et al., 2001; Hettema et al., 1996). This provides support for the notion 

that the peroxisomal membrane is not permeable to all solutes. 

The permeability properties of the peroxisomal membrane are still a matter of debate. Until 

recently, two major models have been proposed. One of these prescribes that the peroxisomal 

membrane contains pore forming proteins and hence is permeable to almost all solutes. 

According to the second model, the peroxisomal membrane contains specific transporter proteins 
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for all metabolites and co-factors that have to be transported across the peroxisomal membrane 

(Antonenkov et al., 2007; Visser et al., 2007).  

Pmp22 is an abundant integral peroxisomal membrane protein, which was first identified in rat 

liver (Koster et al., 1986; Hartl and Just, 1987). Later, the gene encoding this protein was 

designated PXMP2 and its translation product Pxmp2 (Luers et al., 2001). Based on in vitro 

assays and biochemical studies with purified Pxmp2, it was proposed that this protein is a 

channel forming protein that enables free diffusion across the membrane for molecules with 

molecular masses up to 300 Da (Rokka et al., 2009). This observation indicates that probably the 

peroxisomal membrane is permeable for small molecules, but requires specific transporters for 

larger ones. 

Pxmp2 is member of a small gene family, which includes the S. cerevisiae mitochondrial inner 

membrane protein Sym1/Ylr251w (Trott and Morano, 2004) and its mammalian homologue 

MPV17 (Spinazzola et al., 2006) as well as YOR292C, a protein of unknown function. In a high 

throughput screen Scer-YOR292C was localized to the vacuolar membrane (Huh et al., 2003). 

However, there are serious doubts concerning this localization (Visser et al., 2007). A Pxmp2 

family member designated Woronin Sorting Complex (Wsc) was shown to be an integral 

component of the peroxisomal and Woronin body membrane in the filamentous fungus 

Neurospora crassa (Liu et al., 2008). Interestingly, this protein is implicated in Woronin body 

biogenesis and the positioning and segregation of these specialized organelles (Liu et al., 2008). 

This observation suggests that Pxmp2 proteins not only fulfill a function in solute transport. 

Yeast are favorable organisms to study peroxisome function and biogenesis. As indicated above, 

proteins of the Pxmp2 family may play an important role in peroxisome biology. In order to 



138 

 

obtain further insights into this protein family, we first identified all Pxmp2 family members in 

yeast and filamentous fungi. Interestingly, a homologue of the Wsc protein was identified in 

several yeast species including Hansenula polymorpha, despite the fact that these organisms do 

not contain Woronin bodies.  

Here we show that Wsc is localized to peroxisomes in H. polymorpha. Wsc however, is not 

involved in peroxisome biogenesis, proliferation or function. As Wsc shows homology to 

mammalian Pxmp2, we also analyzed the effect of deletion of WSC on the growth of cells on 

various carbon and nitrogen sources. However, we have not observed any defect in peroxisome 

function, independent of the growth conditions. In fact, we show that in glucose-grown cells Wsc 

in involved in maintaining normal peroxisome morphology and normal partition of peroxisomes 

over mother cell and bud during vegetative cell reproduction. The details of this work are 

contained in this contribution. 
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Results 

Identification of Pxmp2 homologues in Hansenula polymorpha 

First, we set out to identify Pxmp2 family members in yeast species and filamentous 

fungi by searching the NCBI databases. The methodology used was similar to that described 

previously (Kiel et al., 2006). The results of this in silico analysis are listed in Table 4. The 

results clearly indicate that there are significant differences in the number (2 to 7 members) of 

Pxmp2 related proteins in various ascomycete and basidiomycete fungi. All organisms studied 

contain Sym1 and YOR292C orthologs. Remarkably, these two proteins are the sole members of 

the Pxmp2 family in the related yeast species S. cerevisiae and Candida glabrata, while other 

species of budding yeast contain up to 5 family members. It is well established that both S. 

cerevisiae and C. glabrata have evolved from an ancestor yeast species that underwent whole 

genome duplication followed by massive gene loss (Ochman et al., 2005).  

With the exception of S. cerevisiae and C. glabrata, the Wsc-ortholog is conserved in all yeast 

and filamentous fungi analyzed (Table 4). Wsc has a highly specialized role in the formation of 

Woronin bodies from peroxisomes (Liu et al., 2008). Woronin bodies are only present in 

filamentous ascomycetous fungi. It is therefore rather surprising that orthologous proteins can be 

readily identified in yeast as diverse as K. lactis (a rather close relative of S. cerevisiae), 

methylotrophic yeast species and even basidiomycetes. This suggests that the WSC protein may 

have additional functions beyond those described for N. crassa. 

An alignment of all 12 fungal WSC proteins shows that WSC proteins contain 4 regions 

of high similarity (Fig. 1) Hydropathy analysis of the alignment using the MEMGEN program  
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Figure 1. Sequence alignment of fungal WSC orthologs. Sequences were aligned using the Clustal_X 

programme. Gaps were introduced to maximize the similarity. Residues that are similar in all 12 proteins are 

represented by white letters that are shaded black. Similar residues in at least 10 of the proteins are shown as white 

letters that are shaded dark grey, while those that are similar in at least 7 of the proteins are shown as black letters 

that are shaded light grey. The lines above the sequences represent potential hydrophobic regions identified with the 

MEMGEN program. (Filamentous ascomycetes: Anid, Aspergillus nidulans; Pchr, Penicillium chrysogenum; Ncra, 

Neurospora crassa. Yeast species: Klac, Kluyveromyces lactis; Calb, Candida albicans; Ssti, Scheffersomyces 
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stipitis; Hpol, Hansenula polymorpha; Ppas, Pichia pastoris; Ylip, Yarrowia lipolytica; Pans, Podospora anserina. 

Basidiomycetes: Umay, Ustilago maydis; Scom; Schizophyllum commune). 

suggests that each of these conserved regions contains a hydrophobic motif that might constitute 

a membrane spanning domain. A phylogenetic tree of these proteins including also Scer-Sym1 

and S. cer-Yor292c is shown in Figure 2. Remarkably, the Wsc proteins have highly diverged 

from S. cerevisiae-Sym1 and YOR292C and their orthologous. 

 

Figure 2. Phylogenetic tree of Pxmp2 family proteins in S. cerevisiae, H. polymorpha and N. crassa. The tree 

was constructed with TREECON for Windows using protein sequences aligned with Clustal-X. The distance scale 

represents the number of differences between the sequences with 0.1 indicating a 10 % difference. (Scer, 

Saccharomyces cerevisiea; Hpol, Hansenula polymorpha; Ncra, Neurospora crassa). 

In order to further study these proteins, we analyzed the localization and function of the 

putative mitochondrial protein Sym1, the putative vacuolar protein Yor292c as well as the WSC 

homolog. 
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H. polymorpha Wsc is a peroxisomal protein 

In order to localize three Pxmp2 family members in H. polymorpha, we constructed 

hybrid genes encoding C-terminal mGFP fusions of Wsc, Sym1 and Yor292c. The fusion 

proteins were produced under control of their endogenous promoter in strains producing the red 

fluorescent peroxisomal matrix marker DsRed-SKL. Fluorescence microscopy of cells grown on 

glucose medium for 4 hours revealed that Wsc-mGFP appeared as a spot, which co-localized 

with DsRed-SKL (Fig 3A). Also, after 16 hours of cultivation in methanol-containing media 

Wsc-mGFP co-localized with DsRed-SKL on peroxisomes (Fig 3B).  

 

Figure 3. Localization of Wsc-mGFP in H. polymorpha. Fluorescence microscopy images of H. polymorpha cells 

expressing Wsc-mGFP together with PTEF-driven DsRed-SKL (A) or PAOX-driven DsRed-SKL (B), grown for 4 

hours on glucose (A) or 16 hours on methanol (B). The bar represents 1µm. 
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Analyses of glucose- or methanol-grown cells producing Sym1-mGFP or Yor292c-mGFP 

revealed that the levels of both proteins were too low to determine their localization by 

fluorescence microscopy (data not shown). The low levels of these proteins were confirmed by 

western blot analysis using anti-GP antibodies (data not shown).  

The levels of the fusion protein Wsc-mGFP were constant during exponential growth on glucose 

(tested 2 and 4 hours after shifting glucose-grown cells to fresh glucose containing media; Fig 

4A). When the glucose-grown cells were shifted to media containing methanol, the Wsc-mGFP 

fusion protein levels remained similar during adaptation to methanol conditions until 16 hours; 

Fig 4B), indicating that the WSC gene is constitutively expressed at peroxisome repressing and 

inducing growth conditions.  

 

Figure 4. Wsc is constitutively produced on glucose and methanol. Cells producing Wsc-mGFP were extensively 

precultivated on glucose and subsequently shifted to glucose (A) or methanol (B) containing media. Samples were 

taken at regular intervals after the shift. Blots were prepared from crude cell extracts and decorated using anti-GFP 

antibodies. Equal amounts of protein were loaded per lane. Pyruvate carboxylase (Pyc1) was used as a loading 

control.  

 

Properties of the H. polymorpha WSC deletion strain. 

We next addressed whether H. polymorpha Wsc plays a role in peroxisome biogenesis 

and function using a WSC deletion strain (wsc). Defects in peroxisome biogenesis invariably 
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result in a deficiency of cells to grow on methanol (van der Klei et al., 2006). Growth 

experiments (Fig. 5A) revealed that wsc cells grew normal on methanol as the wild-type control. 

Also, similar final densities (OD660) were obtained.  

 
 

 

 

Figure 5. (A) wsc cells show normal growth and peroxisome proliferation on methanol containing medium. A. 

Growth curve of wsc and WT control cells in methanol medium. Cells were extensively pre-cultivated in media 

containing 0.5% glucose and shifted to medium containing 0.5% methanol. The optical densities (OD) are expressed 

as adsorption at 660 nm. (B) Fluorescence microscopy analysis of wsc cells producing the peroxisomal membrane 

marker Pmp47-mGFP. Cells were grown for at 16 hours in methanol medium. The bar represents 1µm. 
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For growth on methanol, several metabolites have to be transported across the 

peroxisomal membrane. These include formaldehyde, dihydroxyacetone, glyceraldehyde-3-

phosphate and xylulose-5-phosphate. Apparently, Wsc is not required for the transport/diffusion 

of these molecules across the peroxisomal membrane. We also tested several other carbon 

(ethanol) and nitrogen sources (methylamine, D-choline, D-alanine) that are (partially) 

metabolized by peroxisome borne enzymes. However, invariably no significant differences in 

growth properties were observed compared to the wild-type control (data not shown). Together, 

this makes a role of Wsc in metabolite transport unlikely. 

 

wsc cells show reduced peroxisome abundance and a partial segregation defect, when 

grown on glucose, but not upon growth on methanol. 

As in N. crassa WSC is involved in formation of a Woronin body from a peroxisome, H. 

polymorpha Wsc may play a role in peroxisome proliferation. To investigate this, we constructed 

a H. polymorpha wsc strain, which also produced the fluorescent peroxisomal membrane marker 

PMP47-GFP. Cells were grown for 16 h on methanol and analyzed by FM (Fig. 5B). The data 

revealed that the number of peroxisomes in wsc cells (average number of 3.2 peroxisomes per 

cell) was comparable to those of the wild-type control (average 3.3 peroxisomes per cell). Hence, 

Wsc does not appear to have a role in peroxisome abundance during growth on methanol. On 

glucose, however, a significant difference in organelle numbers was observed, with an average 

number of 0.9 in wsc cells relative to 1.3 in WT controls (Fig. 6). Subsequently, electron 

microscopy analysis revealed that the peroxisomes in glucose-grown H .polymorpha wsc cells 

were strongly irregular of shape relative to WT organelles and contained distinct extensions as 

confirmed by the inspection of serial sections (Fig. 6C). 
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Figure 6. Peroxisome distribution over mother cells and buds. Survey of wsc (A) and WT (B) cells grown on 

glucose showing the differences of distribution of peroxisomes over mother cells and bud. Peroxisomes are marked 

by GFP-SKL. (C) Serial sections of a KMnO4-fixed glucose-grown wsc cell showing tubular extensions 

(arrowheads) at the peroxisome and an irregular organelle shape. Sclae bars: A and B - 5 µm; C – 500 nm. P – 

peroxisome, M – mitochondrion, ER – endoplasmic reticulum.  
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Budding WT cells generally contain two peroxisomes of which one is retained in the mother and 

one transported to the bud, whereas budding glucose-grown wsc cells often contained a single 

peroxisome. This organelle irregularly distributed over mother cell and bud in glucose-grown 

cells (Fig. 7A-C: compare also surveys of Fig. 6A, B). This phenotype is different from that 

observed in inp1 cells, which show a peroxisome retention defect, resulting in transport of bulk 

of the organelles to the bud. 

 

Discussion 

We identified a homolog of N. crassa WSC in the yeast H. polymorpha that is localized to 

peroxisomes. Before, WSC has been implicated in the formation and partitioning of Woronin 

bodies that derive from peroxisomes. We could not find evidence in support of a role of H. 

polymorpha WSC in peroxisome proliferation. In N. crassa WSC also is involved in Woronin 

body inheritance via cortical association. During yeast fission, one or a few organelles segregate 

to the developing bud, whereas most organelles are retained in the mother cell, via cortical 

association. So far, Inp1 and Pex3 (Fagarasanu et al., 2005; Munck et al., 2009) have been 

implicated in peroxisome retention in yeast mother cells, whereas Inp2 and Myo2 are required 

for transport of the organelle to the bud (Motley and Hettema, 2007; Saraya et al., 2010). We 

here show that Wsc does not play a role in this process. Mammalian Pxmp2 shows homology to 

Wsc and has been implicated in solute transport. We showed that deletion of the WSC gene does 

not influence growth on methanol or ethanol containing media. Also, the metabolism of D-amino 

acids, D-choline or methylamine by peroxisomal oxidases was not defective in a WSC deletion 

strain indicating that a role of Wsc in solute transport is very unlikely. Studies in mice also  



148 

 

 

Figure 7. (A) Organelle quantification. Quantification (from Z-stack images) was carried out in budding cells for the 

presence or absence of peroxisomes in the mother and daughter cell. Peroxisomes from 2 X 100 cells were counted 

from two independent experiments. The bar represents standard error of mean (SEM). *, P < 0.05. (B, C) Selected 

images were taken from time-lapse series of wsc budding cells revealed that peroxisomes either migrate into the 

daughter cell at an early stage of bud formation, leaving the mother cell devoid of these structures (B) or stay in the 

mother cell (C). Also, cells showing normal segregation like in WT cells can be observed (C). Peroxisomes are 

marked by GFP–SKL. The bar represents 2 µm.  
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showed no clear phenotype upon the deletion of PXMP2 and only a partial restriction of 

membrane permeability to uric acid (Rokka et al., 2009).  

Taken together, our data support a function of Wsc in maintaining the morphology of the 

peroxisomal membrane. A similar function has been proposed for mitochondrial Sym1, i.e. in 

maintaining the shape of the mitochondrial inner membrane in baker’s yeast (Dallabona et al., 

2010). We speculate that the aberrations in peroxisome partitioning are related to their unusual 

morphology. However, the principles of this are unknown and require further investigations. 

Clearly, the functions of Wsc and their homologues may largely differ, dependent on species and 

subcellular location. 
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Materials and Methods 

Organisms and growth 

H. polymorpha strains used in this study are listed in Table I. Cells were grown at 37
°
C using  

YPD (1% yeast extract, 1% peptone, 1% glucose) or mineral medium (van Dijken et al., 1976). 

For microscopic and growth rate analysis, cells were extensively precultivated on mineral 

medium containing 0.25% ammonium sulphate, methylamine, D-alanine or D-choline as sole 

nitrogen sources and 0.5% glucose as carbon source. Exponential cultures were subsequently 

shifted to media containing 0.5% methanol as carbon source and the nitrogen source that was 

used in the preculture. When required, media were supplemented with 30 µg/ml leucine. For the 

selection of transformants YPD plates contained 100 µg/ml nourseothricin or zeocin. For cloning 

purposes, Escherichia coli DH5α was used as host for propagation of plasmids using Luria Broth 

supplemented with appropriate antibiotics (100 µg/ml) and grown at 37
°
C. 

 

Molecular and biochemical techniques 

Plasmids used in this study are listed in Table II. Standard recombinant DNA techniques and 

transformation of H. polymorpha was performed as described previously (Faber et al., 1994). 

Cell extracts of trichloroacetic acid treated cells were prepared for sodium dodecyl sulfate 

polyacrylamide gel electrophoresis as detailed previously (Baerends et al., 2000). Equal amounts 

of protein were loaded per lane, followed by western blot analysis (Laemmli, 1970). Blots were 

probed with rabbit polyclonal antiserum against pyruvate carboxylase (Pyc1) or mouse 

monoclonal antiserum against GFP (Santa Cruz Biotechnology, sc-9996).  
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Plasmid constructions  

For the construction of plasmid pSEM060, we performed PCR on the H. polymorpha WSC 

(Hp32g403) genomic region using the primers P1 and P2. The obtained PCR fragment of 666 bp 

encompassing the WSC ORF lacking a stop codon 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 WSC-mGFP fusion gene, designated as pSEM060, was linearized with 

PflMI and integrated in the H. polymorpha genome resulting in expression of the fusion gene 

under control of its endogenous promoter. H. polymorpha DsRed-SKL cells were used which 

produce DsRed-SKL as a red-fluorescent peroxisomal matrix marker. The correct integration 

was confirmed by PCR.  

Construction of Gateway plasmids 

A H. polymorpha WSC (Hp32g403) deletion strain was constructed by replacing the middle 

portion of Hp32g403 genomic region comprising nucleotides +1659 to +2008 by the antibiotic 

marker Hygromycine (Hph). To this end, pSEM027 [pDest-WSC (Hp32g403) deletion cassette] 

was constructed using Gateway Technology (Invitrogen). 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 WSC 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-P4-1R and pDONR-P2R-P3, respectively, resulting in the entry vectors pENTR-WSC 

5′ and pENTR-WSC 3′. Recombination of the entry vectors pENTR-WSC 5′, pENTR-221-HPH, 

and pENTR-WSC 3′, and the destination vector pDEST-R4-R3, resulted in pSEM027. A 2.6 kb 

fragment of pSEM027 comprising the WSC deletion cassette was amplified by PCR with the 
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primers WSC del. fwd and WSC del. Rev. The amplified fragment was transformed into H. 

polymorpha cells producing PMP47-GFP as a peroxisomal membrane marker. The integrations 

and deletions were confirmed by PCR and Southern blot analysis. 

Fluorescence microscopy. 

Wide-field images were made using a Zeiss Axioscok50 fluorescence microscope (Carl Zeiss, 

Sliedrecht, The Netherlands). Images were taken using a Princeton Instruments 1300Y digital 

camera. 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 fluorescence was 

visualized with a 546/12 nm bandpass excitation filter, a 560 nm dichromatic mirror and a 

575/640 nm bandpass emission filter.  

Confocal imaging was performed on a Zeiss LSM510 confocal microscope, using Hamamatsu 

photomultiplier tubes. 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 and emission was detected 

using a 565–615 nm bandpass emission filter. For live cell imaging, the temperature of the 

objective and the object slide was kept at 37 °C. Five Z-axis planes were acquired for each time 

interval to ensure that no fluorescent structures were missed. Image analysis was carried out 

using ImageJ and Adobe Photoshop. 

Quantification of peroxisomes 

To quantify peroxisome inheritance, random pictures were taken as a stack in both bright field 

and fluorescence mode. Z-stacks were made containing 12 optical slices of 0.9 μm thickness to 
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cover the entire cell. The Z-axis spacing was 0.5 μm, to ensure that no fluorescent signals were 

missed. Using the Zeiss LSM Image Browser software, the cross-sectional area of the mother 

and bud cell was determined. Assuming yeast cells to be spherical, the bud volume was 

determined as percentage of that of the mother cell, tentatively set to 100%. Only cells for which 

the bud volume was < 25% of the mother cell volume were counted. Quantification experiments 

were performed using two independent cell cultures (100 cells per culture). To quantify the 

average peroxisome number per cell, the same random pictures were used. The peroxisome 

number per cell was quantified by counting the amount of fluorescent spot per cell only in single 

non-budding cells. Statistical differences were determined by using student T-test.         

Electron microscopy 

H. polymorpha cells were fixed in 1.5% potassium permanganate, post stained with 0.5% 

uranylacetate and embedded in Epon 812 (Serva, 21045). For morphological studies, ultrathin 

sections were viewed in a Philips CM12 TEM. 

In silico analysis 

For the identification of homologs of the mammalian PMP22/MPV17 proteins in yeast 

species and other fungi, we initially used the primary sequence of the Neurospora crassa WSC 

protein (Genbank accession number EAA33867) as query in BlastP analyses (Altschul et al., 

1997) on the fungal dataset of the non-redundant (nr) protein database (Taxid: 4751) at the 

National Center for Biotechnology Information (NCBI). During these screenings only proteins 

from representative yeast and fungal species (listed in Table 4) were set apart for further 
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analyses. As expected, since WSC is a member of the Pxmp2 protein family, in addition to true 

WSC orthologs many other homologous proteins were identified.  

In the next step, reciprocal BlastP analyses were carried out using all the identified sequences as 

queries. When these analyses resulted in highest similarity to the set of top scoring protein 

sequences initially identified with the N. crassa WSC sequence, a protein sequence was judged 

to be its ortholog. In a similar way orthologs to other Pxmp2 family proteins were identified. 

These analyses also identified additional protein sequences that were absent in the initial screen 

because of weak similarity to the N. crassa WSC sequence. These newly identified protein 

sequences were also used as queries in reciprocal Blast analyses. 

The BlastP screenings might not have resulted in identification of all putative homologues from a 

specific fungal species present in the nr protein database, because the sequences were too 

divergent to be identified. In such instances, the already identified WSC-related sequences were 

used as queries in Position Specific Iterated (PSI)-Blast analyses (Altschul et al., 1997) on the 

fungal dataset of the nr protein database. A statistical significance value of 0.001 was used as a 

threshold for the inclusion of homologous sequences identified by the PSI-BLAST analysis on 

iteration. 

When these analyses had still not resulted in identification of all expected orthologous/ 

paralogous sequences in a specific organism, the identified protein sequences from a closely 

related species were used as queries to search the fungal genome database using TBlastN 

analyses (Altschul et al., 1997). In two cases we were able to identify a DNA sequence encoding 

a MPV17/PMP22-family member in the fungal genome database, whilst its translation product 
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was absent in the protein database. This was caused by the presence of introns that had interfered 

with the proper identification of coding sequences in the fungal genome. 

Identification of MPV17/PMP22 members in the Hansenula polymorpha database 

In addition to identifying fungal WSC-related sequences in the nr protein database at the NCBI, 

we also searched the H. polymorpha genome sequence (Ramezani-Rad et al., 2003). TBlastN 

searches were performed as described above using the N. crassa WSC sequence as well as all 

identified MPV17/PMP22-related sequences from more closely related organisms (Pichia 

pastoris, Yarrowia lipolytica, Candida albicans and Aspergillus nidulans) as queries. This 

method enabled the identification of a putative H. polymorpha WSC ortholog as well as 3 

paralogous proteins, which was again confirmed by reciprocal BlastP analyses. 

Other methods 

For DNA sequence analysis, the Clone Manager 5 program (Scientific and Educational Software, 

Durham, USA) was used. The Clustal_X program (Thompson et al., 1997) was used to align 

protein sequences. The GeneDoc program (available at http://www.psc.edu/biomed/genedoc) 

was used to display the aligned sequences. TREECON for Windows (Van de Peer and De 

Wachter, 1994) was used for the construction of phylogenetic trees. MEMGEN version 4.08 was 

used to localize conserved hydrophobic regions in protein alignments (Lolkema and Slotboom, 

1998). 
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Table I. Yeast strains used this study 

Strains Characteristics Reference 

Wild-type (WT)  NCYC 495 leu1.1 (Sudbery et al., 1988)  

WT. DsRed-SKL WT cells with integration of pSNA13 This study 

WT. DsRed-SKL.WSC-GFP WT.DsRed-SKL with pSEM060 This Study 

WT. PTEF. DsRed-SKL WT cells with plasmid containing PTEF DsRed-

SKL 

This study 

WT. PTEF. DsRed-SKL.WSC-

mGFP 

WT. PTEF. DsRed-SKL with pSEM060 This Study 

PMP47-GFP WT Ppmp47 PMP47-GFP (Manivannan et al., 2013)  

wsc. PMP47-GFP WSC deletion with Ppmp47 PMP47-GFP This study 

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

PTEF.GFP-SKL 

(Krikken et al., 2009) 

inp1.GFP-SKL INP1 deletion with PTEF.GFP-SKL (Krikken et al., 2009) 

wsc.GFP-SKL WSC deletion with PTEF.GFP-SKL  This study 
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Table II. Plasmids used in this study. 

Plasmid Description Reference 

pSNA13 Plasmid containing PAOX DsRed-SKL, amp
R
; nat

R
     (Cepinska et al., 2011) 

pHIPZ-mGFP fusinator pHIPZ containing mGFP and AMO terminator; Zeo
R
; 

amp
R
 

(Saraya et al., 2011a) 

pSEM060 Plasmid containing C-terminal part of WSC fused to 

GFP; zeo
R
;  amp

R
 

This study 

pHIPX7. DsRed-SKL Plasmid containing PTEF DsRed-SKL, amp
R
; Leu

R
 (Krikken et al., 2009) 

pDONOR-221 Standard gateway vector Invitrogen 

pDONR-P4-P1R Standard Gateway vector Invitrogen 

pDONR-P2-R3 
Standard Gateway vector Invitrogen 

pENTR-221-HPH pENTR-221 containing hygromycin marker, kan
R
 (Saraya et al., 2011b) 

pDEST-R4-R3-NAT pDEST-R4-R3-containing nourseothricin marker, 

amp
R
; nat

R
   

(Nagotu et al., 2008) 

pENTR-23-TAMO pENTR-23 containing terminator of amine oxidase, 

kan
R
 

(Nagotu et al., 2008) 

pENTR-41-WSC 5’ pDONOR-P4-P1 containing 5’region of WSC, kan
R
 This study 

pENTR-23- WSC 3’ pDONOR-P2R-P3 containing 3’region of WSC, kan
R
 This study 

pSEM027 pDEST-R4-R3 containing WSC deletion cassette, 

Hygromycine B marker, amp
R
 

This study 

PTEF. GFP-SKL Plasmid containing GFP-SKL under the control of 

TEF promoter, kan
R
; Leu

R
 

(Krikken et al., 2009) 
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Table III. Primers used in this study 

Primer Name Sequence  

P1 5’ AAAAAGCTTATGCTCGCCGATCTGAAC 3’ 

P2 5’ TTTAGATCTTTCATTCTTGTTCTGTTC 3’ 

Fwd attB4 5’GGGGACAACTTTGTATAGAAAAGTTGCCGCTCCGCCTCTTGGTGCTCCTCTAA3’ 

Rev attb1 5’GGGGACTGCTTTTTTGTACAAACTTGGCAAAGGGACGCGTTTTGTGACAGAG3’ 

Fwd attB2 5’GGGGACAGCTTTCTTGTACAAAGTGGCCACCAGTGGGCCGTGTTCTTC3’ 

Rev attB3 5’GGGGACAACTTTGTATAATAAAGTTGCGTGGACAAGGGCCGTCATAAACTGT3’ 

WSC del. Fwd 5’GCTCCGCCTCTTGGTGCTCCTCTAA3’ 

WSC del. Rev 5’GTGGACAAGGGCCGTCATAAACTGT3’ 
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Table 4. Proteins of the MPV17/PMP22 family in ascomycete and basidiomycete fungi 

 

  Ascomycetes Basidiomycetes 

  Scer Cgla Klac Calb Ssti Hpol Ppas Ylip Anid Pchr Ncra Pans Umay Scom 

WSC -- -- CAH00328 EAK98770 ABN64847 Hp32g403 CAY72077 CAG78284 CBF78752 CAP96827 EAA33867 CAP69185 EAK81496 EFJ02339 

(WSC) 

                              

SYM1 NP_013352 CAG58022 CAG98810 EAK92584 ABN66872 Hp27g68 CAY69640 CAG82519 CBF82760 CAP96258 EAA34618 DNA1 EAK84312 EFJ03404 

(SYM1) 

Paralog1 -- -- -- EAK92585 ABN66871 -- -- -- -- -- -- -- -- -- 

Paralog2 -- -- -- -- -- -- -- -- -- -- -- -- -- EFJ00581 

                              

Unknown 1 -- -- -- -- -- -- -- -- CBF88890 CAP93899 EAA32569 CAP71852 -- -- 

                              

Unknown 2 -- -- -- -- -- -- -- -- CBF71125 -- EAA36527 CAP67591 -- -- 

Paralog -- -- -- -- -- -- -- -- DNA2 CAP99639 -- -- -- -- 

                              

Unknown 3 -- -- -- -- -- -- -- -- CBF87341 -- -- -- -- -- 

                              

YOR292c NP_014935 CAG62813 CAH02288 EAK92072 EAZ64003 Hp24g381 CAY72196 CAG82751 CBF87860 CAP93144 EAA33195 CAP65570 EAK84020 EFJ02210 

(YOR292c) 

                              

Unknown 4 -- -- -- EAK97649 ABN67061 Hp32g332 CAY70136 CAG79472 -- -- -- -- -- -- 
 

Key: The following organisms were used: Yeast species: Scer, Saccharomyces cerevisiea; Cgla, Candida glabrata; Klac, Kluyveromyces lactis; Calb, Candida 

albicans; Ssti, Scheffersomyces stipitis; Hpol, Hansenula polymorpha; Ppas, Pichia pastoris; Ylip, Yarrowia lipolytica; Filamentous ascomycetes: Anid, 

Aspergillus nidulans; Pchr, Penicillium chrysogenum; Ncra, Neurospora crassa; Pans, Podospora anserina; Basidiomycetes: Umay, Ustilago maydis; Scom; 

Schizophyllum commune. DNA1, P. anserina accession number NW_001914859, nt 805177-804555 (with 1 intron); DNA2, A. nidulans accession number 

NT_107003, nt 348404-349322 (with 3 introns).  
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