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Abstract 

We demonstrate that H. polymorpha pex19 cells contain clusters of vesicles that contain the 

peroxisomal membrane proteins (PMPs) Pex3, Pex13, Pex14 and Pex8 and thus are peroxisomal 

in nature. In pex19 cells, these structures are unstable and subject to rapid degradation by 

autophagy. The vesicles were stabilized in pex19 atg1 cells, in which autophagy is blocked 

through deletion of the ATG1 gene. Their instability most likely is the major reason why these 

structures have been overlooked so far. The vesicular structures lacked however other PMPs (i.e. 

Pex10, Pex11, Pex26 and PMP47), which were unstable in pex19 atg1 cells and below the limit 

of detection of fluorescence microscopy. The absence of Pex26 most likely explains the 

instability of the organelles as Pex26 is essential to bind Pex1 and Pex6, proteins that recently 

were shown to stimulate autophagy of peroxisome remnants. The vesicular structures, and not 

the endoplasmic reticulum, served as the template for the formation of new peroxisomes upon 

reintroduction of the PEX19 gene. This data challenge the current views on de novo peroxisome 

formation and PMP sorting pathways. 
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Introduction 

Peroxisomes are essential eukaryotic organelles that perform a wide range of metabolic 

functions dependent on species and environmental conditions. Generalized functions include β-

oxidation of fatty acids and the detoxification of hydrogen peroxide (reviewed by Van den Bosch 

et al., 1992; Purdue and Lazarow, 2001).  

Peroxisome formation and maintenance are controlled by PEX genes that encode 

peroxins (Distel et al., 1996). Most peroxins identified so far are involved in organelle 

development, i.e. membrane protein insertion and matrix protein import. Peroxisomal matrix 

proteins are synthesized by free ribosomes in the cytosol and post-translationally imported into 

peroxisomes (Fujiki et al., 1984). Correct sorting of matrix proteins requires the function of two 

soluble receptors, namely Pex5 and Pex7, which recognize specific peroxisomal targeting signals 

(PTS) located at the extreme C- (PTS1) or N-terminus (PTS2) (Gould et al., 1987; Brocard  and 

Hartg, 2006; Lazarow, 2006). 

However, the sorting and insertion of peroxisomal membrane proteins (PMPs) is still 

strongly debated (reviewed by  Hettema and Motley, 2009; Ma et al., 2011; Nuttall et al., 2011; 

Rucktäschel et al., 2011; Theodoulou et al., 2013; Dimitrov et al., 2013). Two pathways are 

proposed namely i) PMPs are directly inserted in their target organelle mediated by the cytosolic 

chaperone/receptor Pex19 together with Pex3, the peroxisomal docking protein for the Pex19-

cargo complex (Fang et al., 2004) or ii) they first insert into the ER from which vesicles derive in 

a Pex3/Pex19-dependent way, which upon fusion form nascent peroxisomes. According to the 

latter model peroxisomes can be defined as a branch of the endomembrane system. In both 

scenarios Pex3 and Pex19 play a vital role in PMP insertion. The PMP sorting pathway via the 

http://www.sciencedirect.com/science/article/pii/S0955067411000743
http://www.sciencedirect.com/science/article/pii/S0005273610002543
http://www.ncbi.nlm.nih.gov/pubmed?term=Theodoulou%20FL%5BAuthor%5D&cauthor=true&cauthor_uid=23581405
http://www.ncbi.nlm.nih.gov/pubmed?term=Dimitrov%20L%5BAuthor%5D&cauthor=true&cauthor_uid=23637287
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endoplasmic reticulum (ER) is predominantly studied in pex3 or pex19 mutants that were 

suggested to lack peroxisomal membrane remnants upon reintroduction of the corresponding 

genes (Baerends et al., 1996; Hettema et al., 2000; Tam et al., 2005; Hoepfner et al., 2005). 

Recently, Knoops et al. (2014) however demonstrated that pex3 cells do contain peroxisomal 

membrane remnants that are the template for peroxisome re-introduction and not the ER upon 

reintroduction of Pex3. These vesicles contained few PMPs, namely Pex13, Pex14 and Pex8, 

which therefore did not require Pex3/Pex19 machinery for insertion in their membranes. Other 

PMPs (i.e. Pex10, Pex11 and PMP47) did not insert in peroxisomal membranes in pex3 cells, but 

did sort to nascent peroxisomes upon re-introduction of the PEX3 gene. This poses the question, 

whether also in pex19 comparable structures are present which perform a similar function in 

peroxisome re-introduction.  

Extensive analysis of H. polymorpha pex19 cells indeed uncovered peroxisomal remnants 

in these cells, which served as template for peroxisome re-introduction in these cells. The results 

of the work are detailed in this paper. 
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Results 

Presence of peroxisomal vesicles in H. polymorpha pex19 cells  

Fluorescence microscopy analyses of H. polymorpha pex19 cells producing Pex3-GFP, grown 

for 16 h on glycerol/methanol, showed that in approximately 40% of the cells GFP fluorescence 

was present in small spots, but GFP-fluorescence was predominantly observed in the vacuole 

(Fig. 1B). Similar results were obtained for Pex14-mCherry (Fig. 1A).  

 

Figure 1. Pex3 and Pex14 localization and protein levels in pex19 and pex19 atg1 cells. Glucose-grown cells of 

the indicated strains producing Pex14-mCherry and Pex3-GFP, under control of their endogenous promoters, were 

shifted to media containing glycerol/methanol and grown for 16 hours. Fluorescence microscopy analysis revealed 

that pex19 cells infrequently contained small mCherry (A, arrows) or GFP (B, arrow) spots in conjunction with bulk 
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of the fluorescence in the vacuole. In pex19 atg1 double mutant cells no vacuolar staining was observed, these cells 

all contained distinct fluorescent spots (A, B). Pex3 and Pex14 co-localize in the same spots (Fig. 1C) in pex19 atg1 

cells. The scale bar indicates 1µm (D). Western blots prepared from crude extracts of glycerol/methanol-grown cells 

(16 h) decorated with α-Pex3 or α-Pex14 antibodies showing the Pex3 or Pex14 protein levels in pex19 (1), pex19 

atg1(2) and WT (3) cells. Pyruvate carboxylase (Pyc1) was used as loading control. 

 

Careful immunocytochemical analysis, using α-Pex14 antibodies, revealed specific labeling on 

small clusters of vesicles, often located in the vicinity of the cell membrane or other cell 

organelles (Fig. 2C). Since Pex3 appeared to be unstable in pex19 cells, these putative 

peroxisomal structures likely are susceptible to degradation by autophagy as in pex3 cells (Bellu 

et al, 2002; Knoops et al., 2014). To inhibit degradation, we constructed a pex19 atg1 double 

mutant. Western blot analysis using crude extracts of glycerol/methanol-grown cells, 

demonstrated that in these cells Pex3 and Pex14, produced under control of their endogenous 

promoters, were stabilized to wild-type (WT) levels (Fig. 1D) and present in distinct spots (Fig. 

1A, B, right row). Fluorescence microscopy analysis of pex19 atg1 cells producing both Pex14-

mCherry and Pex3-mGFP under control of their endogenous promoters demonstrated that these 

proteins co-localized in the spots (Fig. 1C). 

Subsequent electron microscopy analysis of KMnO4-fixed cells revealed the presence of 

vesicular structures (Fig. 2A, B) that were enhanced in volume fraction relative to those in single 

PEX19 deletion cells. These structures were not observed in WT cells that contained normal 

peroxisomes (not shown). Immunocytochemistry revealed that these structures besides Pex14 

(Fig. 2C) also contained the matrix protein alcohol oxidase (Fig. 2D). Moreover, also the PTS1 

receptor Pex5 was associated to these structures (Fig. 2D, inset). Tomography, applied to resolve 

the 3D structure of the vesicle complex, revealed that these structures consisted of separate 

vesicles that were not connected with other cell components (Fig. 2E, F). 
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Figure 2. pex19 atg1 cells harbor Pex14-containing vesicles. (A) Ultrathin section of KMnO4-fixed pex19 atg1 

cell grown for 16 h on glycerol/ methanol showing the overall cell morphology and the presence of small vesicles 

adjacent to the mitochondrion and nucleus (dotted box). (B) High magnification of the part indicated in A showing 

the vesicular nature of the structure. (C) Immuno-electron microscopy of these pex19 atg1 cells, using antibodies 

against Pex14, alcohol oxidase (D) and Pex5 (inset in D) demonstrating the association of these proteins with the 

vesicular structures. (E) Electron tomography analysis of a serial-sectioned pex19 atg1 cell containing a membrane 

cluster (arrow). (F) The surface-rendered model of the tomogram reconstructions in (E) revealed the vesicular 

structures in 3D (arrow). Bars: (A) 500 nm, 50 nm, (B, C, D, E and F). M – mitochondrion; N – nucleus; V – 

vacuole. 
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Localization of peroxisomal membrane proteins in pex19 atg1 

To obtain further insight in the peroxisomal nature of the vesicular structures in pex19 atg1 cells, 

we analyzed the location of other PMPs. To this end, we constructed mGFP fusions with the 

PMPs Pex8, Pex10, Pex11, Pex13, Pex26 and Pmp47, all produced under control of their 

endogenous promoter in pex19 atg1 cells, also producing Pex14-mCherry. After 16 hours of 

cultivation on glycerol/methanol medium, Pex8-GFP- and Pex13-GFP were observed in distinct 

spots that co-localized with Pex14-mCherry suggesting that these proteins are localized to the 

vesicular structures (Fig. 3A, B). However, Pex10-, Pex11-, Pex26- and Pmp47-GFP fusion 

proteins were below the limit of detection in fluorescence microscopy (Fig. 3C-F). The low 

levels of Pex10, Pex11, Pex26 and PMP47 after 16 h of cultivation on glycerol/methanol were 

confirmed by Western blot analysis (Fig. 4A). Kinetic analyses performed on pex19 atg1 cells 

shifted from glucose to glycerol/methanol revealed that the levels of these proteins increased 

during the initial stage of adaptation to the new growth environment (until 3 - 6 h of cultivation), 

but rapidly declined upon prolonged cultivation. This reduction was not observed in the WT 

control (Fig. 4A, B). By contrast, the kinetics of Pex3, Pex8, Pex13 and Pex14 induction largely 

followed the pattern observed in WT cells (Fig. 4B). Together, these data indicated that Pex8, 

Pex13 and Pex14, but not Pex10, Pex11, Pex26 and PMP47, are stable in pex19 atg1 cells. 

Moreover, Pex8, Pex13 and Pex14 apparently do not require Pex19 for routing/insertion in the 

vesicular structures.  
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Figure 3. Localization of various PMPs in pex19 atg1 cells. Fluorescence microscopy images of methanol-grown 

pex19 atg1 cells producing Pex14-mCherry together with C-terminal mGFP fusions of the indicated proteins. GFP 

was fused to the N-terminus of Pex16. Of these, Pex8 (A) and Pex13 (B) co-localize with Pex14, whereas Pex10 

(C), Pex11 (D), Pmp47 (E) and Pex26 (F) are all below the limit of detection. The scale bar indicates 1µm. 
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Figure 4. Induction patterns of various PMPs in WT and pex19 atg1 cells. (A, B) Glucose-grown inoculum cells 

(0 h) producing mGFP fusions of the indicated proteins, were shifted to glycerol/methanol. Samples were taken at 

the indicated time points and prepared for western blotting using antibodies against GFP. The data indicate that the 

Pex8, Pex13 and Pex14 induction patterns were comparable to WT (B), whereas Pex10, Pex11, Pex26 and 

PMP47were induced in the initial hours of growth but reduced again upon prolonged cultivation.  Equal amounts of 

protein were loaded per lane. Pyruvate carboxylase (Pyc1) was used as loading control. 
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Pex14 containing vesicles in pex19 atg1 cells develop in peroxisomes upon re-introduction 

of PEX19 

Next, we investigated whether the Pex14 containing vesicles in pex19 atg1 cells are the target for 

the formation of new peroxisomes upon re-introduction of the PEX19 gene under control of the 

inducible alcohol oxidase promoter (PAOX). Glucose-grown pex19 atg1 PAOXPEX19 cells that 

produce Pex14-mCherry and PADH1-GFP-SKL as a peroxisomal matrix marker were shifted to 

agar slides containing glycerol/methanol medium and subjected to live cell imaging by confocal 

laser scanning microscopy. As shown in selected still from the video (Fig. 5), GFP-SKL was 

cytosolic before induction of PEX19 expression (T = 0 min). However, shortly after induction 

the first GFP-SKL was observed co-localizing with the Pex14-mCherry spot (30 and 45 min). 

After 120 min all GFP-SKL had accumulated in the Pex14 spot, representing a developing 

peroxisome. These data are consistent with the view that the Pex14–containing vesicles are the 

target for peroxisome re-introduction in these cells. 

 

Discussion 

We have re-investigated the phenotype of yeast PEX19 deletion (pex19) cells and demonstrated 

that, in contrast to what is generally assumed, these cells contained peroxisome membrane 

remnants. A similar phenomenon was recently described for pex3 cells (Knoops et al., 2014). 

Remarkably, in both pex19 and pex3 cells these remnants were unstable and subject to 

degradation by autophagy. In pex3 this instability was most likely related to the absence of Pex3, 

a protein known to be essential to initiate degradation of intact peroxisomes (Bellu et al., 2002). 

In pex19 cells, Pex3 was present on the peroxisomal vesicles and their instability possibly 

relatesto the absence of Pex26 on these structures and hence also Pex1 and Pex6. Very recently, 
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Figure 5. Kinetics of GFP-SKL import in newly formed peroxisomes in pex19 atg1 cells. Stills from a video, 

taken of pex19 atg1 cells producing Pex14-mCherry and GFP-SKL cells showing the kinetics of GFP-SKL import 

in Pex14 containing structures upon reintroduction of Pex19. Cells pregrown on glucose (0 min) were shifted to an 

agar slide supplemented with glycerol/methanol (0.25 %) and followed in time by CLSM. The data indicated that 

after 30 min of induction the first GFP-SKL fluorescence co-localized with the Pex14-mCherry spot. After 120 min 

all GFP-SKL was incorporated in this spot. Scale bar indicates 2 µm.  

 

Hettema and colleagues (personal communication) demonstrated that peroxisomal membrane 

ghosts present in pex26, pex1 or pex6 cells are constitutively degraded by pexophagy. Obviously, 

this instability is the major reason why these structures, except for one report, have been largely 
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overlooked so far. Indeed, Snyder et al (1999) reported the presence of Pex3 containing 

elongated membrane structures in P. pastoris pex19 cells, which most likely are the equivalent of 

the vesicular structures observed in H. polymorpha. Surprisingly, the structures in H. 

polymorpha pex19 cells contained, as in pex3 cells, only a subset of peroxisomal membrane 

proteins namely Pex3, the components of the matrix protein receptor docking site Pex13 and 

Pex14 as well as Pex8. All other PMPs tested were unstable and most likely mislocalized to the 

cytosol and degraded by the proteasome. However, upon re-introduction of the PEX19 gene new 

peroxisomes were formed to which these PMPs were sorted. This data challenge the current 

views on de novo peroxisome formation and PMP sorting pathways. 

At present, two models have emerged that explain the function of Pex3 and Pex19 in PMP 

sorting. The first one prescribes that peroxisomes are autonomous organelles that are maintained 

by growth and fission. In this model direct insertion of PMPs into peroxisomes depends on Pex3 

and Pex19, in which Pex19 acts as chaperone/receptor for PMPs and Pex3 as the peroxisomal 

docking protein for the Pex19-cargo complex at the peroxisomal membrane (Schliebs and 

Kunau, 2004). After docking at the peroxisomal membrane the PMP inserts into the membrane 

by a yet unknown mechanism, whereas Pex19 is recycled to the cytosol, where it can bind 

another newly synthesized PMP. According to the second model PMPs are first inserted into the 

ER from which vesicles derive in a Pex3/Pex19-dependent way (van der Zand et al., 2010). Data 

obtained in S. cerevisiae (Van der Zand et al. 2012), suggest that two types of vesicles are 

formed from the ER, each containing a different subset of PMPs. These vesicles subsequently 

fuse to form a nascent peroxisome. Although both models differ fundamentally, they are both in 

line with the generally accepted view that pex3 and pex19 cells lack peroxisomal membrane 

structures. Our current data together with recent data on pex3 cells (Knoops et al., 2014) however 
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demonstrated that both models require adaptation. The observation that pre-peroxisomal vesicles 

exist in yeast pex19 and pex3 cells and contain Pex3, the PMPs of the matrix protein docking 

site, Pex13 and Pex14, as well as Pex8 imply that these proteins insert into peroxisomal 

membranes without the assistance of Pex3 and Pex19.  

Previously, it has been suggested that all PMPs (including Pex3) first sort to the ER and exit 

from the ER in vesicles, a process that depends on Pex3 and Pex19 (Hoepfner et al., 2005; Tabak 

et al., 2008; van der Zand et al., 2012). However, our data showed that in H. polymorpha Pex19 

is not required for vesicle formation and sorting of Pex3. Moreover, we did not observe ER 

accumulation of PMPs at the ER of pex19 atg1 cells.  

The origin of the peroxisomal vesicles is still unknown. A possible model is that Pex13 and 

Pex14 first insert in the ER and is incorporated in the peroxisomal membrane vesicles after 

budding from this membrane. A similar pathway can be envisaged for Pex3. However, fusion of 

Pex13/Pex14 and Pex3-containing vesicles is less likely as the structures may lack Pex1 and 

Pex6 due to the absence of Pex26. Pex1 and Pex6 were proposed to be essential for pre-

peroxisome vesicle fusion (van der Zand et al., 2012). Hence, Pex13/Pex14 and Pex3 could also 

be included in the same vesicular structure via one vesicle formation event from the ER.  

On the other hand, the presence of Pex13 in the initial stages of their formation may facilitate 

association of Pex14 and subsequent import of Pex8. This model is in line with previous studies 

in human cells which showed that Pex13 is capable to insert into peroxisomal membranes 

independent of Pex19 (Fransen et al., 2004). Also, the presence of Pex13 is essential for the 

association of Pex14 with the peroxisomal membrane (Girzalsky et al., 1999). Possibly, 

membrane bound Pex13 is sufficient for Pex14 sorting. Because it has been demonstrated that P. 

pastoris Pex8 only requires PTS receptors and Pex14 for import, a vesicle containing Pex14 may 
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be capable of inserting this peroxin (Ma et al., 2009). Clearly, additional work has to be done to 

unravel the mechanisms of this novel organelle assembly pathway. 
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Materials and methods  

 

Strains and growth conditions 

H. polymorpha strains used in this study are listed in Table 1. Cells were grown at 37°C, either 

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

(MM) (van Dijken et al., 1976) supplemented with 0.5% glucose or a mixture of  0.5 % methanol 

and 0.05 % glycerol as carbon sources and 0.25% ammonium sulphate as nitrogen source, unless 

indicated otherwise. If required, amino acids or uracil were added to a final concentration of 30 

μg/ml. For growth on agar plates, the media were supplemented with 2% agar. For the selection 

of resistant transformants, YPD plates containing 100 μg/ml zeocin (Invitrogen), 300 μg/ml 

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

cloning purposes, Escherichia coli DH5α was used. Cells were grown at 37
°
C in LB media 

supplemented with 100 μg/ml ampicillin or 50 μg/ml kanamycin, when required.  

 

Molecular and biochemical techniques  

Standard recombinant DNA techniques and transformation of H. polymorpha was performed by 

electroporation as described previously (Faber et al., 1994). Cell extracts of TCA treated cells 

were prepared for SDS-PAGE as detailed previously (Baerends et al., 2000). SDS-PAGE and 

western blotting were performed by established methods. Equal amounts of protein were loaded 

per lane and blots were probed with rabbit polyclonal antisera against Pex3, Pex11, Pex14 or 

pyruvate carboxylase-1 (Pyc1). The mouse monoclonal antiserum against green fluorescent 

protein (GFP; Santa Cruz Biotechnology, sc-9996) was used to detect mGFP-fusion proteins of 



124 

 

Pex8, Pex10, Pex13, Pex26 and Pmp47. Secondary antibodies conjugated to horseradish 

peroxidase were used for detection. Pyc1 was used as a loading control.  

 

Construction of H. polymorpha strains 

The plasmids and primers used in this study are listed in Tables 2 and 3.  

Plasmid pHIPN-PEX14-mCherry was linearized and integrated in the PEX14 promoter of pex19 

atg1 cells as described previously (Knoops et al., 2014). Plasmids pHIPZ-PEX8-mGFP 

(pMCE4), pHIPZ-PEX10-mGFP (pMCE5), pHIPZ–PEX11-mGFP (pSEM02), pHIPZ–PEX13-

mGFP (pSEM03) and pHIPZ-PMP47-mGFP (pMCE7) were linearized and integrated in the 

endogenous promoter regions of the pex19 atg1 strain producing Pex14-mCherry essentially as 

described previously (Cepinska et al., 2011; Saraya et al., 2010). All integrations were confirmed 

by PCR.  

 

Construction of plasmids 

Plasmid pSEM61 (pHIPZ-PEX3-mGFP) was obtained as follows: PCR was performed on 

the plasmid containing PAMO-PEX3 (pSEM04) using the primers Pex3-F and Pex3-R. The PCR 

product of 1329 bp was digested with HindIII and BglII and the resulting fragment was inserted 

between the HindIII and BglII sites of pHIPZ-mGFP fusinator plasmid. The resulting plasmid of 

6406 bp, designed as pSEM61, was linearized with BstBI and transformed in H. polymorpha 

pex19 atg1 cells producing Pex14-mCherry. 

To construct the plasmid pHIPZ18-PADH1-GFP-SKL, PCR was performed on genomic 

DNA using the primers Adh1-F and Adh1-R. The PCR product was further digested with 

HindIII and NotI and the resulting fragment was inserted between the HindIII and NotI sites of 
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pHIPZ4-GFP.SKL plasmid. The resulting plasmid of 5878 bp, was linearized with EcoRI and 

transformed in H. polymorpha pex19 atg1 producing Pex14-mCherry and PAOX PEX19. 

For the production of an N-terminal mGFP fusion to Pex26, overlap PCR fragments of 

the PEX26-promoter, mGFP- and PEX26 gene were made as follows. The promoter of PEX26 

was amplified from wild-type H. polymorpha cells using the 131007GFPpex26F1 and 

131007GFPpex26R1 primers. The amplified PEX26 promoter product containing a 24 bp GFP at 

the 3’-end; whose 5’-end was further digested with HindIII. The mGFP gene was amplified from 

pHIPZ-Pex25-mGFP using the 131007GFPpex26F2 and 131007GFPpex26R2 primers giving a 

761 bp fragment that overlapped 25 bp with the PEX26 promoter at the 5’-end and overlapped 25 

bp with the N-terminus of PEX26 at the 3’-end. The PEX26 gene was amplified from wild type 

H. polymorpha cells using the 131007GFPpex26F3 and 131007GFPpex26R3 primers giving a 

1081 bp fragment that overlapped 25 bp with the C-terminus of mGFP at the 5’-end and 

contained a SalI digestion site at the 3’-end. The three PCR fragments were mixed in a molar 

ratio of 1:1:1 and used for an overlap PCR-reaction with the 131007GFPpex26F1 and 

131007GFPpex26R3 primers. A 3112 bp fragment was isolated by gel-extraction and digested 

with HindIII and SalI. This fragment was inserted into the pHIPZ4-DsRed-SKL vector that was 

linearized by HindIII and SalI digestion and of which the 5824 bp backbone was isolated by gel 

extraction. The final resultant plasmid was named pHIPZ4-PPEX26.GFP-PEX26, checked by 

sequencing and linearized by SphI for integration into H. polymorpha WT, DsRed-SKL and 

pex19 atg1 cells producing Pex14-mCherry. 

Fluorescence microscopy 

Images were captured using a Zeiss Axioskop50 fluorescence microscope (Carl Zeiss, 

Sliedrecht, The Netherlands) using MetaVue software and a Princeton Instruments 1300Y digital 
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camera. The GFP signal was visualized with a 470⁄40 nm band pass excitation filter, a 495 nm 

dichromatic mirror, and a 525⁄50 nm band-pass emission filter; mCherry fluorescence was 

visualized with a 587/25 nm band pass excitation filter, a 605 nm dichromatic mirror, and a 

647/70 nm band-pass emission filter. Live cell imaging was performed on a Zeiss Observer Z1 

using Axiovision software and a Photometrics Coolsnap HQ2 digital camera. Cells were grown 

on 1% agar containing growth medium and the temperature of the heating chamber XL was set at 

37C. Three z –axis planes were acquired for each time interval using 0.5 sec exposure times for 

both GFP and mCherry. Image analysis was carried out using ImageJ and figures were prepared 

using Adobe Photoshop CS4.  

 

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. For electron tomography, serial sections of 150 

nm thick were cut. The serial images of whole cells were stacked and aligned using MIDAS 

(Kremer et al., 1996), after which individual cells could be scrutinized for peroxisomal remnants. 

10 nm gold beads were layered on top of the serial sections and acted as fiducial markers for 

electron tomography. Two single-axis tilt series, each containing 141 images with 1° tilt 

increments, were acquired with a pixel size of 0.7 nm on a FEI Tecnai12 at 120 kV using the 

SerialEM acquisition software (Mastronarde, 2005) and a cooled slow-scan charge-coupled 

device camera (4k Eagle; FEI Company) in 2x2 binned mode. The tilt series were aligned and 

reconstructed using the IMOD software package and analyzed using the AMIRA visualization 

package (TGS Europe). To generate 3-dimensional surface rendered models in AMIRA, first, 
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masks of organelles were drawn manually and afterwards improved by nonlinear anisotropic 

diffusion filtering followed by thresholding. 

 

Cryosectioning and immuno-gold labelling 

For immuno-gold labelling, cells were fixed in 3% glutaraldehyde in 0.1 M Na-cacodylate buffer 

pH 7.2 for 1 h on ice, incubated subsequently in 0.4% Na-periodate (15 min) and 1% NH4Cl (15 

min). Upon embedding in 2% gelatine in phosphate buffer pH 7.4, ~0.5 mm
3
 cubes were 

infiltrated overnight in 2.3 M sucrose in the same buffer. Cryosections of 60 nm were cut using a 

cryo diamond knife (Diatome) at -120 °C in a Reichert Ultracut. Sections were mounted on 

carbon-coated formvar nickel grids. Gelatine was removed by incubating the grids for 30 

minutes on 2% gelatine in phosphate buffer (pH 7.4) at 30
°
C. Pex14, Pex5 and alcohol oxidase 

(AOX) were localized using polyclonal antibodies raised against these proteins and goat-anti-

rabbit antibodies conjugated to 10 nm gold (Aurion). Sections were stained with 2% 

uranyloxalate (pH 7.0) for 10 minutes, briefly washed with distilled water and embedded in 0.5% 

methylcellulose on ice for 10 min before viewing in the CM12 electron microscope (Slot and 

Geuze, 2007). 
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Table 1. The H. polymorpha strains used in this study.  

Strains Characteristics Reference 

wild-type (WT)  NCYC 495 leu1.1 (Saraya et al., 2011) 

atg1 ATG1 deletion strain, leu 1.1 (Komduur et al., 2003) 

pex19 PEX19 deletion strain, ura3 (Otzen et al., 2004) 

pex19 PEX14-mCherry pex19 with pSEM01 This study 

pex19 PEX3-mGFP   pex19  with pSEM61 This study 

pex19 atg1 PEX19 ATG1 double deletion strain Knoops et al., 2014 

pex19 atg1 PEX14-mCherry pex19 atg1 with pSEM01 This study 

pex19 atg1 PEX14-mCherry. 

PEX3-mGFP 

pex19 atg1 with pSEM01 and pSEM61 This study 

pex19 atg1 PEX14-mCherry PEX8-

mGFP 

pex19 atg1 with pSEM01 and pMCE4 This study 

pex19 atg1 PEX14-mCherry 

PEX10-mGFP 

pex19 atg1 with pSEM01and pMCE5 This study 

pex19 atg1 PEX14-mCherry  

PEX11-mGFP 

pex19 atg1 with pSEM01 and pSEM02 This study 

pex19 atg1 PEX14-mCherry. 

PEX13-mGFP 

pex19 atg1 with pSEM01 and pSEM03 This study  

pex19 atg1 PEX14-mCherry GFP-

PEX26 

pex19 atg1 with pSEM01 and pHIPZ4-GFP-

PEX26 

This Study 

pex19 atg1 PEX14-mCherry. 

PMP47-mGFP 

pex19 atg1 with pSEM01 and pMCE7 This study  

pex19 atg1.PEX14-mCherry 

PAOXPEX19 

pex19 atg1 with pSEM01 and pSEM05 This study 

pex19 atg1 PEX14-mCherry PADH1-

GFP.SKL–PAOX EX19 

pex19 atg1 with pSEM01, pSEM05 and 

pHIPZ18-GFP.SKL 

This study 

WT  DsRed-SKL PEX13-mGFP WT with pSEM03 This study 

WT  DsRed-SKL PEX8-mGFP WT.DsRed-SKL with pMCE4 (Cepinska et al., 2011) 

WT  DsRed-SKL PEX10-mGFP WT.DsRed-SKL with pMCE5 (Cepinska et al., 2011) 

WT PMP47-mGFP WT with pMCE7 (Manivannan et al., 2013) 

WT  DsRed –SKL GFP-PEX26 WT.DsRed-SKL and pHIPZ4-GFP-PEX26 This study 
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Table 2. Plasmids used in this study 

 
Plasmid 

 

Characteristics Reference 

pSEM01 pHIPN Plasmid containing C-terminal part of PEX14 fused to 

mCherry; nat
R
; amp

R
 

Knoops et al., 2014 

pSEM02 Plasmid containing C-terminal part of PEX11 fused to mGFP; 

zeo
R
; amp

R
 

Knoops et al., 2014 

pSEM03 Plasmid containing C-terminal part of PEX13 fused to mGFP; 

zeo
R
; amp

R
 

Knoops et al., 2014 

pSEM05 pHIPH4 containing PEX19 under control of PAOX, Hph
R
, ; 

amp
R
 

Knoops et al., 2014 

pSEM61 Plasmid containing C-terminal part of PEX3 fused to mGFP; 

zeo
R
; amp

R
 

This study 

pHIPZ18-GFP.SKL Plasmid containing GFP.SKL under the promoter of ADH1, 

zeo
R
; amp

R
 

This study 

pHIPZ4-PPEX26.GFP-

PEX26 

Plasmid containing N-terminal part of PEX26 fused to GFP 

under control of the  PEX26 promoter, Zeo
R
; amp

R
 

This study 

pHIPZ4-mGFP 

fusinator  
 

pHIPZ containing mGFP and AMO terminator; Zeo
R
; amp

R
 (Saraya et al., 2010) 

pMCE4 Plasmid containing C-terminal part of PEX8 fused to mGFP; 

Zeo
R
; amp

R
 

(Cepinska et al., 2011) 

pMCE5 Plasmid containing C-terminal part of PEX10 fused to GFP; 

Zeo
R
; amp

R
 

(Cepinska et al., 2011) 

pMCE7 Plasmid containing C-terminal part of PMP47 fused to GFP; 

Zeo
R
; amp

R
 

(Cepinska et al., 2011) 

 



130 

 

Table 3. Primers used in this study 

 

 

 

 

 

 

 

 

 

 

 

 

 

Primer Sequence (5’- 3’) 

Pex3-F AAGAAAAAGCTTCTTTTTGGCACGGGAGTGAT 

Pex3-R AAAAGATCTAGCATCGAAATTAGAGTAGACAC 

Adh1-F AAGGAAAAAAGCGGCCGCCCCCTGCATTATTAATCACC 

Adh1-R AATCAATCAATCAATTTAAAAAGCTTGGG 

131007GFPpex26F1 ATCTCCAAGCTTGTGGCTATACGAGAAGCTAGGATGTC 

131007GFPpex26F2 TTCCGGAAGCTGCTTGAGTCAAATGAGCAAGGGCGAGGAGCTGTTCACC 

131007GFPpex26F3 TCTCGGCATGGACGAGCTGTACAAGTCTCAGATTACAGTCAACGGTTCAA 

131007GFPpex26R1 GGTGAACAGCTCCTCGCCCTTGCTCATTTGACTCAAGCAGCTTCCGGAA 

131007GFPpex26R2 TTGAACCGTTGACTGTAATCTGAGACTTGTACAGCTCGTCCATGCCGAGA 

131007GFPpex26R3 TCTAGAGTCGACCTATATATAAGTGATTTTCAGTGCCA 
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