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Abstract 

We demonstrate that Pex3 is not required for the formation of preperoxisomal vesicles, as yeast 

pex3 cells already contain reticular and vesicular structures, which harbour key proteins of the 

peroxisomal receptor docking complex, Pex13 and Pex14, as well as the matrix proteins Pex8 

and alcohol oxidase. Other peroxisomal membrane proteins in these cells are unstable and 

transiently localized to the cytosol (Pex10, Pmp47) or endoplasmic reticulum (Pex11). The 

structures are more abundant in cells of a pex3 atg1 double deletion strain, as the absence of 

Pex3 may render them susceptible for autophagic degradation, which is blocked in this double 

mutant. Our data indicate, contrary to earlier suggestions, that peroxisomes are not formed de 

novo from the ER when the PEX3 gene is re-introduced in pex3 cells. Instead, we find that re-

introduced Pex3 sorts to the preperoxisomal structures in pex3 cells, after which they mature into 

normal peroxisomes. 
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Introduction 

Peroxisomes are ubiquitous cell organelles that are involved in a large variety of metabolic 

functions (Wanders and Waterham, 2006; Hu et al., 2012; Kohlwein et al., 2013). It is generally 

accepted that peroxisomes proliferate by fission or form de novo from the endoplasmic reticulum 

(ER). Although it is still debated which mechanism of organelle multiplication prevails in wild-

type (WT) cells, data obtained in yeast indicate that peroxisome fission is the most likely 

mechanism of peroxisome proliferation in normal WT cells (Motley and Hettema, 2007; Nagotu 

et al., 2008; Saraya et al., 2011). 

In pex3 mutant cells, which are reported to lack peroxisomal membrane structures, new 

organelles appear upon reintroduction of the PEX3 gene. A generally accepted view is that in 

these cells the reintroduced Pex3 sorts to the endoplasmic reticulum (ER), followed by the 

formation of pre-peroxisomal structures, which pinch off from the ER and develop into mature 

peroxisomes. It has been suggested that all peroxisomal membrane proteins (PMPs) accumulate 

at the ER in pex3 cells (van der Zand et al., 2010) and that upon reintroduction of Pex3, these 

PMPs are incorporated in two types of pre-peroxisomal vesicles that fuse to form peroxisomes 

(van der Zand et al., 2012). According to this model, Pex3 is important for the exit of PMPs from 

the ER into pre-peroxisomal vesicles. 

To date, relatively little is known about the molecular mechanisms involved in the reintroduction 

of peroxisomes in pex3 cells. Here, we re-investigated this process focusing on the ultrastructure 

of these cells and the subcellular localization of different PMPs prior to and after reintroduction 

of Pex3 using a Hansenula polymorpha pex3 atg1 double deletion strain. The rationale for this 

approach is that we have previously shown that removal of Pex3 from the peroxisomal 

membrane is an essential early step in selective autophagic degradation of peroxisomes (Bellu et 
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al., 2002; Williams and van der Klei, 2013). This implies that the presence of Pex3 at the 

peroxisomal membrane protects the organelles against autophagy. Hence, if peroxisomal 

membrane structures develop in pex3 cells, they are likely to be rapidly degraded after their 

formation. To prevent autophagy, we deleted ATG1, a gene essential for this process, in a H. 

polymorpha pex3 strain. Our results show that pex3 atg1 cells contain preperoxisomal membrane 

structures, which are the target for reintroduced Pex3 after which they mature into normal 

peroxisomes. 

 

Results and discussion 

H. polymorpha pex3 atg1 cells contain vesicular structures that harbour PMPs 

Careful electron microscopy (EM) analysis of H. polymorpha pex3 atg1 cells, grown at 

peroxisome inducing conditions (mineral medium containing methanol and glycerol; MM-M/G), 

revealed that these cells contain clusters of vesicular structures, which measure up to 70 nm in 

diameter and have an electron dense content. These structures were not detected in WT control 

cells (Fig. 1A).  Immuno-EM (iEM) indicated that these structures contain Pex14, a PMP 

involved in peroxisomal matrix protein import. The structures were generally observed in the 

vicinity of the nuclear envelope, lateral ER and mitochondria (Fig. 1B). In support of our EM 

results, mGFP- or mCherry-tagged Pex14 was observed as fluorescent spots adjacent to the 

nuclear envelope, ER (Fig. 1C) or mitochondria (Fig. 1D). Electron tomography analysis 

indicated that the clusters consist of reticular and vesicular structures (Fig. 1E). Distinct 

connections with other cell organelles were not detected. 
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Figure 1. pex3 atg1 cells harbour Pex14-containing structures. (A) EM analysis of KMnO4-fixed pex3 atg1 and 

WT cells grown for 16 h on MM-M/G. The inset shows a cluster of vesicles. (B) iEM analysis of pex3 atg1 cells 

using α-Pex14 antibodies. (C,D) FM images of pex3 atg1 cells producing (C) Pex14-mCherry and the ER marker 

BiPN30-eGFP-HDEL, or (D) Pex14-mGFP complemented with Mitotracker orange staining. (E) Electron 

tomography analysis of (a) a serial-sectioned pex3 atg1 cell containing (b) a perinuclear membrane cluster (arrows). 

(d-f) 10 nm thin digital slices through the tomogram reconstruction revealed vesicles (black arrows) and reticular 

structures (red arrows). The surface-rendered reconstructions in (c) and (g) respectively show the viewing direction 

of (d-g) and reticulo-vesicular structures in 3-D. Bars: (A) 500 nm, (Ainset,B) 100 nm, (C,D) 2.5 µm or (E) 250 nm. 

CW – cell wall; M – mitochondrion; N – nucleus; P – peroxisome; V – vacuole. 
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The PMP containing structures in pex3 cells are susceptible to autophagic degradation 

Although previous fluorescence microscopy (FM) studies suggested that, in H. polymorpha pex3 

cells, Pex14-GFP is present in spots associated with mitochondria (Haan et al., 2006), iEM 

revealed that these spots also represent clusters of vesicles, located adjacent to the nuclear 

envelope, ER (not shown) or mitochondria at distances that cannot be resolved by FM (Fig. 2A). 

The number of Pex14-mGFP spots is strongly reduced in pex3 cells, as was evident from 

quantitative analysis of FM images (1.3 +/- 0.04 spots per cell in atg1 pex3 cells, relative to 0.6 

+/- 0.04 in pex3 cells;  Fig. 2B). In pex3 cells, but not in pex3 atg1 cells, mGFP fluorescence was 

also observed in vacuoles (Fig. 2C), indicating autophagic degradation of the structures. This 

was supported by western blot (WB) analysis, which revealed that the level of Pex14 was 

strongly reduced in pex3 cells, compared to WT and pex3 atg1 cells (Fig. 2D). 

 

Figure 2. pex3 atg1 cells contain enhanced numbers of Pex14-containing structures. (A) iEM analysis of pex3 

cells using α-Pex14 antibodies, identifying structures (arrows) in the vicinity of mitochondria. CW – cell wall; M –

mitochondrion. (B) Quantification of Pex14-mGFP spots in pex3 and pex3 atg1 cells. (C) FM images of pex3 atg1 

or pex3 cells, producing Pex14-mGFP complemented with FM4-64 vacuolar staining. The inset shows optimized 

intensities for pex3 cells, highlighting the Pex14-mGFP spot and vacuolar mGFP. (D) WB analysis of cells grown 

for 16 h on MM-M/G using α-Pex11 or α-Pex14 antibodies. Pyruvate carboxylase (Pyc1) was used as loading 

control. Error bars: SEM. Scale bars: (A) 100 nm or (C) 1 µm. 
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Several peroxisomal proteins co-localize with Pex14 in pex3 atg1 cells 

To examine whether other PMPs are also associated with the structures, we performed co-

localization studies using pex3 atg1 strains producing Pex14-mCherry together with different 

PMP-mGFP fusion proteins, all under control of their endogenous promoter. We analysed Pex8, 

Pex10 and Pex13, proteins of the importomer (Rucktaschel et al., 2011), as well as Pex11, a 

PMP involved in peroxisome fission (Thoms and Erdmann, 2005), and Pmp47, a peroxisomal 

carrier protein (Sakai et al., 1996). In WT cells grown for 16 h on MM-M/G, all mGFP fusion 

proteins were readily detected at peroxisomes (“unpublished data”). In pex3 atg1 cells, Pex8-

mGFP and Pex13-mGFP co-localized with Pex14-mCherry, whereas the levels of Pex10-mGFP, 

Pex11-mGFP and Pmp47-mGFP were below the limit of detection (Fig. 3A). To precisely 

compare the levels of the above proteins, we monitored their induction after shifting cells from 

peroxisome repressing (glucose; MM-Glu) to peroxisome inducing conditions (MM-M/G). In 

pex3 atg1 cells, Pex8, Pex13 and Pex14 showed similar induction patterns (Fig. S1A-C) and 

protein levels (Fig. 3B) as WT controls. Conversely, Pex10, Pex11 and Pmp47 were only 

detected in pex3 atg1 cells at the initial stages after the shift, with the highest levels after 6 h of 

induction (Fig. S1D-E) followed by a very strong reduction after prolonged cultivation. 

However, at 6 h their levels were still strongly reduced compared to the WT controls (Fig. 3B). 

FM revealed that in these cells Pex11-mGFP is predominantly localized to the nuclear envelope 

and lateral ER, while Pmp47-mGFP was dispersed over the cytosol and Pex10-mGFP below the 

limit of detection (Fig. 3C). 

The strong reduction in Pex10, Pex11 and Pmp47 levels cannot be (fully) explained by a sudden 

arrest in the synthesis of these PMPs, since growth was minimal between 6 and 8 h (Fig. S1G), 

and hence must be caused by proteolytic degradation. 
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Figure 3. Pex10, Pex11 and Pmp47 do not localize with Pex14. 
(A) FM images of pex3 atg1 cells grown for 16 h on MM-M/G. Besides Pex14-mCherry, cells produced C-terminal 

mGFP fusions of the indicated proteins. (B) WB analysis of (1) WT and (2) pex3 atg1 cells, grown for 6 or 16 h on 

MM-M/G. (C) FM images showing mGFP-fluorescence in pex3 atg1 cells producing Pex14-mCherry (control) or 

Pex14-mCherry together with the indicated mGFP fusion protein. Cells were grown for 6h on MM-M/G. (D,E) iEM 

analysis of pex3 atg1 cells using (D) α-Pex5 or (E) α-alcohol oxidase antibodies. (F) Cell fractionation analysis of 

the indicated strains. Post nuclear supernatants (PNS) were subjected to differential centrifugation resulting in a 

30,000 x g organelle pellet (P) and supernatant fraction (S). (G) Flotation analysis of the organelle pellet showing 

the distribution of the indicated proteins in the top (1) to bottom (10) fractions. (H) Co-localisation of Pex8-GFP and 

Pex14-mCherry in pex10 cells. Bars: (A) 2.5 μm, (C) 5 μm, or (D, E) 100 nm. AOX – cytosolic alcohol oxidase 

crystalloid; N – nucleus; V – vacuole.  
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Therefore, we conclude that in H. polymorpha pex3 atg1 cells two classes of PMPs can be 

discriminated: i.e. those that sort independently of Pex3 to vesicular structures, where they are 

relatively stable; and PMPs that require Pex3 for sorting and stability. 

 

Pex13 and Pex14 are associated with membranes in pex3 atg1 cells 

To study whether PMPs are membrane-bound in atg1 pex3 cells a flotation analysis of an 

organelle pellet was performed. Pex8, Pex13 and Pex14, were detected in the organelle pellet 

and migrated to fractions of low density upon flotation centrifugation (Fig. 3F, G). Pex10 and 

Pmp47 could not be analysed because of strong degradation during the fractionation procedure 

(“unpublished data”). Interestingly, the PTS1-receptor Pex5, as well as a minor portion of the 

peroxisomal matrix protein alcohol oxidase, co-fractionated with Pex14 (Fig. 3F, G). Bulk of the 

pelleted AO represents cytosolic crystalloids, which do not float. Localisation of Pex5 and AO at 

the vesicles was confirmed by iEM (Fig. 3D, E). The accumulation of Pex5 at these structures 

can be explained by the presence of a functional receptor docking complex, and the absence of 

Pex10, which is essential for receptor recycling. Our observation that the structures contain 

matrix protein is supported by the electron density of their lumen (Fig. 1A, B). Association of 

Pex8 with the Pex14-containing structures is in line with observations obtained in Pichia 

pastoris, which revealed that Pex8 import into peroxisomes only depends on PTS receptors and 

Pex14 (Zhang et al., 2006; Ma et al., 2009). Also in H. polymorpha pex10 cells, Pex8 co-

localizes with Pex14 (Fig. 3H). 
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Pex14-containing structures in pex3 atg1 cells develop into peroxisomes upon 

reintroduction of Pex3 

To analyse whether the membrane structures can develop into peroxisomes upon re-introduction 

of Pex3, we constructed a pex3 atg1 strain that contained PEX3-eGFP under control of the 

inducible amine oxidase promoter (PAMO). Cells were extensively pre-cultivated on MM-Glu in 

the presence of ammonium sulphate to fully repress PAMO. Subsequently, cells were shifted to 

MM-M/G/methylamine to induce PAMO and peroxisome proliferation. Live cell imaging revealed 

that the first eGFP fluorescence invariably co-localized with the Pex14-mCherry spots (Fig. 4B). 

The Pex14-mCherry spots present in pex3 single deletion cells also appeared to be the sole 

targets for reintroduced Pex3-eGFP (Fig. 4A). We then examined Pex10-mGFP and Pmp47-

mGFP upon reintroduction of Pex3 using strains that also produced Pex14-mCherry and PAMO-

driven PEX3. In cells pre-cultivated on MM-Glu with ammonium sulphate, these PMPs (with the 

exception of Pex14-mCherry) were below the limit of detection (“unpublished data”). Upon 

induction of PEX3 expression, the first Pex10-mGFP fluorescence signal appeared after 5 h, and 

invariably co-localized with Pex14-mCherry (Fig. 4C). A similar result was observed for 

Pmp47-mGFP, except that the first fluorescence was detected after 8 h (Fig. 4D).  

Finally, we tested whether the Pex14-containing vesicles are capable of importing the matrix 

marker GFP-SKL upon PEX3 induction. As shown in Figure 4E, GFP-SKL was cytosolic prior 

to Pex3 reintroduction, but found to be concentrated at the Pex14-mCherry spots when Pex3 

synthesis was induced. 

These results indicate that in pex3 atg1 cells the Pex14-containing structures, rather than the ER, 

are the target for re-introduced Pex3. Subsequently, Pex10 and Pmp47 also sort to these 

structures, which mature into normal peroxisomes that import GFP-SKL. 
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Figure 4. The Pex14-containing vesicular structures mature into peroxisomes upon reintroduction of PEX3. 

(A) FM images of pex3 cells with Pex14-mCherry upon Pex3-eGFP reintroduction after shifting cells from MM-Glu 

with ammonium sulphate to MM-M/G with methylamine. (B-E) Live cell FM images of pex3 atg1 cells upon Pex3 

reintroduction. pex3 atg1 cells producing Pex14-mCherry and (B) PAMOPEX3-eGFP, (C) PAMOPEX3.PEX10-GFP, 

(D) PAMOPEX3.PMP47-GFP or (E) PAMOPEX3.PTEFGFP-SKL. Cells were grown similar as in (A). Bars: 2.5 µm. The 

arrows in B-D indicate the first GFP signal that was detected. 
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Pex10, Pex11 and Pmp47 are stabilized upon Pex19 overproduction 

One of the models of Pex19 function proposes that cytosolic Pex19 binds newly synthesized 

PMPs, followed by recruitment of the complex by Pex3, and subsequent insertion of the PMPs 

into the peroxisomal membrane (Schliebs and Kunau, 2004). This led us to speculate that in the 

absence of Pex3, Pex19 may become saturated with PMPs that are dependent on the Pex3/Pex19 

machinery, since cargo release is abolished. As a consequence, additionally synthesized PMPs 

cannot bind to Pex19 and may become susceptible to degradation. To test this, we analysed the 

effect of Pex19 overproduction, finding indeed an increase of the levels of Pex10, Pex11 and 

Pmp47, but not of Pex14 (Fig. 5A, B). The enhanced protein levels allowed visualization of 

Pex10 and Pmp47 by FM, which revealed that they both are cytosolic (Fig. 5C, D). These 

findings are consistent with a model that newly synthesized Pex10, Pex11 and Pmp47 directly 

insert into the peroxisomal membrane by a process that requires Pex3 and Pex19. 

 

Pex19 and Pex25 are not required for vesicle formation in pex3 atg1 cells 

Because in vitro assays suggested that Pex19, rather than Pex3, is essential to form peroxisomal 

vesicles from the ER (Agrawal et al., 2011; Lam et al., 2010), we analyzed whether Pex14-

containing structures occur in H. polymorpha pex19 and pex19 atg1 cells. As shown in Fig. 5 E-

F, structures, similar to those observed in pex3 cells, are also present in these cells. 

It is known that Pex25 is required for the reintroduction of peroxisomes in H. polymorpha pex3 

cells (Saraya et al., 2011). However, as clusters of vesicular structures and Pex14-mGFP spots, 

similar as those observed in pex3 atg1 cells, were also observed in cells of a pex3 atg1 pex25 

triple deletion strain (Fig. 5G, H), this suggests that Pex25 is not required for the formation of 

these vesicles. 
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Figure 5. Pex19 overproduction and PEX19 or PEX25 deletion. (A) WB analysis and (B) quantification of the 

indicated proteins in WT (lane 1;  blue), pex3 atg1 (lane 2;  red), and pex3 atg1-PAOXPEX19 (lane 3;  green) cells 

grown for 6 h on MM-M/G. In B, the protein levels of WT cells were set to 100 %. (C) FM images and (D) 

quantification of Pmp47-mGFP and Pex10-mGFP in pex3 atg1 (1;  red) and pex3 atg1-PAOXPex19 (2;  green) cells 

grown for 6 h on MM-M/G. Control cells in D did not produce mGFP. Significance indications: NS=p<0.10, 

*=0.10>p>0.05, **=0.05>p>0.01, ***=p<0.01. Error bars: SD. (E-F) iEM analysis of (E) pex19 and (F) pex19 

atg1 cells using α-Pex14 antibodies. (G) EM analysis of KMnO4-fixed pex3 atg1 pex25 cells grown for 16 h on 

MM-M/G showing clusters of membrane structures (arrows). (H) FM image of pex3 atg1 pex25 cells producing 

Pex14-mGFP. Scale bars: (C) 2 µm, (E-F) 100 nm, (G) 250 nm, or (H) 2.5 µm. CW – cell wall; ER – endoplasmic 

reticulum; M – mitochondrion; N – nucleus; V – vacuole. 
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Conclusions 

Because peroxisomal membranes to which common marker PMPs co-localize were not detected 

in yeast (Baerends et al., 1996; Hettema et al., 2000; Wiemer et al., 1996) or mammalian 

(Shimozawa et al., 2000) cells lacking a functional PEX3 gene, it is generally accepted that cells 

lacking Pex3 are unable to form peroxisomal membranes. Instead, FM analysis suggested that 

PMPs were localized to the ER, mitochondria or were below the limit of detection, depending on 

the marker PMP examined (South, 2000; Haan et al., 2006; Hettema et al., 2000; van der Zand et 

al., 2010). Here, we show that in the absence of Pex3, the PMPs Pex13 and Pex14 co-localize at 

membrane structures that are often located adjacent to other cell organelles at distances that 

cannot be resolved by FM. Apparently, these PMPs can insert in membranes independent of 

Pex3 (Fig. S2). 

Based on FM, van der Zand et al. (2010) concluded that, in S. cerevisiae pex3 cells Pex13 and 

Pex14 are present in foci at the ER. We consider it likely that these foci represented similar 

structures. Indeed, our iEM analyses on S. cerevisiae pex3 atg1 cells revealed that these cells 

also harbour Pex14-containing vesicles (“unpublished data”). Our observations are furthermore 

supported by the presence of PMP containing membrane structures in P. pastoris pex3 cells 

(Hazra et al., 2002). 

In contrast to Pex13 and Pex14, the Pex10, Pex11 and Pmp47 apparently do require the 

Pex3/Pex19 machinery for insertion into these membrane structures, given that in cells lacking 

Pex3 they do not co-localize with Pex14 and are very instable. Instead, they are stabilized and 

sorted to the structures upon Pex3 reintroduction. In addition, their levels increase in pex3 atg1 

cells upon PEX19 overexpression, suggesting that Pex19 serves as cytosolic receptor for these 

PMPs (Fig. S2). Pex10 and Pmp47 were invariably cytosolic in pex3 atg1 cells, which is 



90 

 

consistent with the cytosolic localization of the mammalian Ant1 (a homologue of Pmp47) in 

PEX3 mutant cells (Fang et al., 2004). 

Pex11 was the only PMP which we (transiently) observed at the ER, but only in minor amounts, 

with the protein being very instable. The latter finding is consistent with pulse-chase experiments 

using S. cerevisiae pex3 cells, which showed that Pex11 is normally synthesized, but – unlike in 

the WT control – rapidly degraded (Hettema et al., 2000). This instability suggests that 

localization at the ER may not be an intermediate stage of its normal sorting pathway. However, 

at this stage it cannot be excluded that Pex11 traffics via the ER to peroxisomes and is degraded 

in pex3 cells because of its inability to exit the ER. We note, however, that this pathway is not 

consistent with our observation that Pex11 levels increase upon Pex19 overproduction in pex3 

cells. 

The most pressing question is the nature of the vesicles in pex3 cells. Our data indicate that they 

have several properties in common with normal peroxisomal membranes as they appear to 

contain a functional receptor docking site to which Pex5 associates, and are capable of importing 

matrix proteins (Pex8, alcohol oxidase). This property is shared with peroxisomal membrane 

ghosts that are present in H. polymorpha PEX deletion strains, which are defective in receptor 

recycling, e.g. pex4 or pex10 (Koek et al., 2007). Thus, they may represent peroxisomal ghosts, 

an assumption that is reinforced by the finding that they mature into normal peroxisomes upon 

Pex3 reintroduction.  

According to our model (Fig. S2), the vesicles may proliferate from a pre-existing peroxisomal 

membrane structure. Alternatively, they may form from other membranes. If so, they are most 

likely formed from the ER (Tabak et al., 2013; Fakieh et al., 2013), possibly by a similar 

mechanism as the in vitro generated vesicles reported by Lam et al. (2010) and Agrawal et al. 
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(2011). Importantly, our current data demonstrate that, if these structures indeed derive from the 

ER, their formation does not require Pex3. 
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MATERIALS AND METHODS 

Strains and growth conditions 

The H. polymorpha strains used in this study are listed in Table S1. Yeast cultures were grown at 

37°C, either on (1) YPD media containing 1% yeast extract, 1% peptone and 1% glucose, (2) 

selective media containing 0.67% yeast nitrogen base without amino acids (YNB;  Difco), or (3) 

mineral media (MM) (van Dijken et al., 1976) supplemented with 0.5% glucose (MM-Glu), 

0.5% methanol or a mixture of 0.5 % methanol and 0.05 % glycerol (MM-M/G) as carbon 

sources and 0.25% ammonium sulphate or 0.25% methylamine as nitrogen sources. If required, 

amino acids, uracil or leucine were added to a final concentration of 30 μg/ml. For growth on 

agar plates, the medium was supplemented with 2% agar. For the selection of resistant 

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

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

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 (WB) were performed by established methods. Equal amounts of protein were 

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

pyruvate carboxylase-1 (Pyc1). mGFP-fusion proteins of Pex8, Pex10, Pex13 and Pmp47 were 

detected using mouse monoclonal antiserum against green fluorescent protein (GFP; Santa Cruz 
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Biotechnology, sc-9996). Secondary antibodies conjugated to horseradish peroxidase were used 

for detection. Pyc1 was used as a loading control. Blots were scanned by using a densitometer 

(Biorad GS-710) and quantified using Image J (http://rsbweb.nih.gov/ij/). From two individual 

blots per sample, the total intensity of the band of interest was measured and corrected for 

background intensity and Pyc1 loading amount. 

 

Construction of H. polymorpha strains 

The plasmids and primers used in this study are listed in Table S2 and S3. All integrations were 

confirmed by PCR. All deletions were confirmed by PCR and Southern blotting. 

 

Construction of the pex3 atg1 and pex19 atg1 double deletion strain, and the pex3 atg1 

pex25 triple deletion strain 

The pex3 atg1 double deletion strain was obtained by crossing a H. polymorpha pex3 strain 

(Baerends et al., 1996) with an atg1 strain (Komduur et al., 2003). Diploids were subjected to 

random spore analysis and prototrophic segregants were subjected to complementation analysis 

to determine their genotypes (Sudbery et al., 1988). The pex3 atg1 pex25 triple deletion strain 

was made as follows. A PCR fragment of 2912 bp was obtained by PCR using primers Pex25-F 

and Pex25-R and plasmid pRSA018 as a template (Saraya et al., 2011). This PCR fragment was 

transformed to the pex3 atg1 double deletion strain. For the pex19 atg1 double deletion strain, a 

PEX19-deletion cassette plasmid (pHOR30b) was digested with BglII and EcoRI to replace the 

URA3 gene with the LEU2 gene, which was obtained after digestion of pBS-CaLeu2 with 

BamHI and EcoRI. The final deletion PEX19-deletion plasmid (pSEM188) was digested with 
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BamHI and the resulting 4434 bp fragment was integrated in the genome of atg1 cells (Komduur 

et al., 2003).  

 

Construction of other strains 

Plasmids pHIPZ-PEX8-mGFP (pMCE4), pHIPZ-PEX10-mGFP (pMCE5), pHIPZ-PEX25-

mGFP (pMCE1), pHIPZ-PMP47-mGFP (pMCE7) (Cepinska et al., 2011), pHIPZ5-PEX3-eGFP 

and pHIPZ4-BiPN30-eGFP-HDEL (pRSA017) (Saraya et al., 2010) were linearized and integrated 

in the endogenous promoter regions in the pex3 atg1 strain producing Pex14-mCherry essentially 

as described previously (Cepinska et al., 2011; Saraya et al., 2010). 

For the construction of plasmid pSEM01, a PCR fragment of 563 bp was obtained by using 

primers Pex14-F and Pex14-R on genomic DNA. After digestion with HindIII and BglII, the 

resulting fragment was inserted between the HindIII and BglII sites of pMCE02, resulting in 

pSEM01 (5488 bp) containing pHIPN-PEX14-mCherry. For stable integration in the PEX14 

promoter region, XhoI linearized plasmid was transformed to the pex3 atg1 double mutant, 

resulting in a strain producing Pex14-mCherry under control of the endogenous promoter. 

Plasmid pSEM02 (pHIPZ-PEX11-mGFP) was obtained as follows: Digestion of the pHIPZ-

mGFP fusinator plasmid with HindIII and BglII yields a fragment of 5077 bp. Similarly, the 

pHIPN-PEX11-mCherry plasmid (pMCE3) was digested with HindIII and BglII to obtain a 

fragment of 772 bp. Ligation of the 772 bp and 5077 bp fragments resulted in pSEM02 of 

5849bp. The plasmid was linearized using Pst1 and integrated in the genome of pex3 atg1 

producing Pex14-mCherry. 

To construct plasmid pSEM03 (pHIPZ-PEX13-mGFP), PCR was performed on genomic DNA 

using the primers Pex13-F and Pex13-R. The PCR product of 1146 bp was digested with HindIII 
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and BglII and the resulting fragment was inserted between the HindIII and BglII sites of pHIPZ-

mGFP fusinator plasmid. The resulting plasmid of 6223 bp, designed pSEM03, was linearized 

with ApaI and transformed to H. polymorpha pex3 atg1 producing Pex14-mCherry. 

For the construction of plasmid pSEM04, a PCR fragment of 2547 bp was obtained using 

plasmid pHIPZ5-PEX3-eGFP plasmid (Table S2) as a template and primers H5-F and H5-R. The 

PCR fragment was digested with NotI and PspXI and the resulting fragment was ligated in NotI 

and SalI digested pHIPH4, resulting in plasmid pSEM04, which contains pHIPH5-PAMO-PEX3. 

The plasmid was linearized with BsiWI and integrated in strain pex3 atg1.Pex14-mCherry 

producing Pex10-mGFP or Pmp47-mGFP. 

Similarly, plasmid pSEM05 was made by PCR amplification of an 885 bp fragment using 

genomic DNA and primers Pex19-F and Pex19-R (Table S3). After digestion with HindIII and 

XbaI, the resulting fragment was ligated in HindIII and XbaI digested pHIPH4, resulting in 

plasmid pSEM05 containing pHIPH4-PAOX-PEX19. For stable integration, StuI linearized 

plasmid was transformed to H. polymorpha pex3 atg1.Pex14-mCherry producing Pex10-mGFP 

or Pmp47-mGFP. 

For the construction of plasmid pAKW27, a vector of 5831 bp was obtained by BamHI and SalI 

digestion of pHIPZ7, whereas the 736 bp eGFP-SKL insert was obtained by BamHI and SalI 

digestion of pFEM35 followed by gel extraction. Ligation resulted in the plasmid pAKW27 

containing pHIPZ7-PTEF1-GFPSKL. For stable integration, stuI linearized plasmid was 

transformed to H. polymorpha pex3 atg1.Pex14-mCherry producing Pex3 under control of the 

inducible PAMO. 
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Cell fractionation and membrane flotation 

Crude extracts were prepared as described before (Baerends et al., 1997). Briefly, protoplasts 

were prepared with Zymolyase (Brunschwig Chemie, Amsterdam, The Netherlands) and 

homogenized using a Potter homogenizer. To remove cell debris, the homogenate was 

centrifuged 2x at 3,000 x g (10 min, 4
°
C). The supernatant (PNS) was then subjected to 

centrifugation at 30,000 x g (30 min, 4
°
C) to separate the soluble fraction (supernatant: S) from 

the membrane pellet (P).  

The 30,000 x g organelle pellet was used for flotation centrifugation as described before 

(Baerends et al., 1997). Briefly the pellet was dissolved in 50% sucrose and over layered with 

40%, 30% and 20% sucrose. Centrifugation was performed at 140,000 x g for 16 h at 4 °C. 10 

fractions of 200 µl were collected from the top and analysed by SDS-PAGE and WB. 

 

Fluorescence microscopy 

All images were made using a 100x 1.30 NA Plan-Neofluar objective (Carl Zeiss). For wide-

field microscopy, the GFP signal was visualized with a 470⁄40 nm band pass excitation filter, a 

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

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

647/70 nm band-pass emission filter. DsRed, FM4-64 and Mitotracker Orange fluorescence were 

visualized with a 546/12 band-pass excitation filter, a 560 nm dichromatic mirror, and a 575–640 

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

microscope (Carl Zeiss, Sliedrecht, The Netherlands) using MetaVue software and a Princeton 

Instruments 1300Y digital camera. The images were captured in the media in which the cells 

were grown.  
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Mitochondria were stained by incubation of intact cells for 30 min at 37
°
C with 0.5 μg/ml 

MitoTracker Orange (Invitrogen) followed by extensive washing with medium. For vacuolar 

staining, 1 ml of cell culture was supplemented with 1 µl FM4-64 (Invitrogen), incubated for 60 

min at 37
°
C and analysed.  

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.  

Confocal images were captured with a confocal microscope (LSM510; Carl Zeiss), equipped 

with photomultiplier tubes (Hamamatsu Photonics) and Zen 2009 software. For live cell 

imaging, the temperature of the objective and object slide was kept at 37C and the cells were 

grown on 1% agar in medium. GFP fluorescence was analysed by excitation of the cell with a 

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

emission filter. During simultaneous GFP and FM4-64 detection, both probes were excited with 

a 488-nm argon ion laser and GFP was detected using 500–530 nm band-pass emission filter and 

FM4-64 was detected using a 560 nm long-pass emission filter. Six z-axis planes were acquired 

for each time interval. 

Image analysis was carried out using ImageJ and figures were prepared using Adobe Photoshop 

CS4. Unless indicated otherwise, the intensity minimum and maximum of the image were set 

equal for all images represented within a single figure panel, thus facilitate direct fluorescence 

intensity comparison between different strains. 

For quantitative analysis of Pex14-mGFP fluorescent spots, Z-stacks were made of randomly 

chosen fields. Quantification was done on 4 images per culture, containing at least 65 cells per 
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image. Cells were stained with FM4-64 to allow discrimination between vacuolar mGFP and 

cytosolic mGFP spots. The average number of spots was calculated from 350 cells per culture. 

The error bars indicate the standard error of the mean. 

For the quantification of cytosolic mGFP intensity, single plane images were acquired on a Zeiss 

Axioskop50, after which the total intensity of ~100 individual cells was measured and corrected 

for the background intensity. The error bars indicate the standard deviation between individual 

cells. 

 

Electron microscopy 

H. polymorpha pex3 atg1 were fixed in 1.5% potassium permanganate, stained en block 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 analysed using the AMIRA visualization 

package (TGS Europe). To generate 3-dimensional surface rendered models in AMIRA, first, 

masks of organelles were drawn manually and afterwards improved by nonlinear anisotropic 

diffusion filtering followed by thresholding. 
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Cryosectioning and immuno-gold labelling 

For immuno-gold labelling, cells were fixed in 3% glutaraldehyde in 0.1 M cacodylatebuffer pH 

7.2 for 1 h on ice and treated afterwards with 0.4% Na-periodate (15 min) and 1% NH4Cl (15 

min). Upon embedding in 12% 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 

were localized using polyclonal antibodies raised against Pex14, Pex5 and alcohol oxidase, 

respectively, 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 on three drops of distilled 

water and embedded in 0.5% methylcellulose and 0.5% uranylacetate on ice for 10 min before 

viewing them in the CM12 electron microscope (Slot and Geuze, 2007). 
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Supplemental Figures 

 

 

 

Figure S1. Induction of PMPs in WT and pex3 atg1 cells. (A-F) Cells, pre-cultivated on MM-Glu (0h), were 

shifted to MM-M/G. Samples were taken at the indicated time points. (G) Growth curves of the WT and pex3 atg1 

cultures. Error bars: SD of 5 experiments. 
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Figure S2. Model. In pex3 cells Pex13/Pex14-containing structures exist that import Pex8. These structures may 

arise by proliferation of a pre-existing structure or form from the ER. They are constitutively degraded by 

autophagy, unless ATG1 is deleted. Pex10, Pex11 and PMP47 are instable, because they are not inserted into these 

structures. Re-introduced Pex3 is sorted to the structures, followed by insertion of the other PMPs by the 

Pex3/Pex19 machinery and import of matrix proteins. 
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Table S1. H. polymorpha strains used in this study 

Strains Characteristics Reference 

wild-type (WT)  NCYC 495 leu1.1 (Saraya et al., 2012) 

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

pex3 PEX3 deletion strain, ura3  (Baerends et al., 1996) 

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

pex10 PEX10 deletion strain (Tan et al., 1995) 

pex3 atg1 PEX3 ATG1 double deletion strain This study 

pex19 atg1 PEX19 ATG1 double deletion strain This study 

pex3 atg1.PEX14-mCherry pex3 atg1 with pSEM01 This study 

pex3 atg1.PEX14-mCherry.PEX8-

mGFP 

pex3 atg1 with pSEM01 and pMCE4 This study 

pex3 atg1.PEX14-mCherry.PEX10-

mGFP 

pex3 atg1 with pSEM01and pMCE5 This study 

pex3 atg1.PEX14-mCherry.PEX11-

mGFP 

pex3 atg1 with pSEM01 and pSEM02 This study 

pex3 atg1.PEX14-mCherry.PEX13-

mGFP 

pex3 atg1 with pSEM01 and pSEM03 This study  

pex3 atg1.PEX14-mCherry.PMP47-

mGFP 

pex3 atg1 with pSEM01 and pMCE7 This study  

pex3 atg1.PEX13-mGFP pex3 atg1 with pSEM03 This study 

pex3 atg1.PEX14-mCherry-BiPN30-

eGFP-HDEL 

pex3 atg1 with pSEM01 and pRSA017 This study 

pex3 atg1.PEX14-mCherry.PEX10-

mGFP – PAOX PEX19 

pex3 atg1 with pSEM01, pMCE05 and 

pSEM05 

This study 

pex3 atg1.PEX14-mCherry.PMP47-

mGFP – PAOX PEX19 

pex3 atg1 with pSEM01, pMCE07 and 

pSEM05 

This study 

pex3 atg1.PEX14-mGFP pex3 atg1 with pSNA12 This study 

pex3 atg1 pex25 pex3 atg1 with pRSA018 This study 

pex3 atg1 pex25.PEX14-mGFP pex3 atg1 pex25 with pSNA12 This study 

pex3 atg1.PEX14-mCherry – PAMO 

PEX3-eGFP 

pex3 atg1 with pSEM01 and pHIPZ5-PAMO 

PEX3-eGFP 

This study 

pex3 atg1.PEX14-mCherry.PEX10-

mGFP–PAMO PEX3 

pex3 atg1 with pSEM01, pMCE5 and 

pSEM04 

This study 

pex3 atg1.PEX14-mCherry.PMP47-

mGFP–PAMO PEX3 

pex3 atg1 with pSEM01, pMCE7 and 

pSEM04 

This study 

pex3 atg1.PEX14-mCherry – PAMO 

PEX3-eGFP – PTEF1 eGFP-SKL 

pex3 atg1 with pSEM01, pSEM04 and 

pAKW27 

This study 

pex10. PEX8-mGFP.PEX14-mCherry pex10 with pSEM01 and pMCE4 This study 

WT. 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. DsRed-SKL.PMP47-mGFP WT. DsRed-SKL with pMCE7 (Cepinska et al., 2011) 

WT. PEX10-mGFP.PEX14-mCherry WT with pSEM01 and pMCE7 This study 

WT. PEX11-mGFP.PEX14-mCherry WT with pSEM01 and pMCE3 This study 

WT. DsRed-SKL.PEX13-mGFP. WT. DsRed-SKL with pSEM03  This study 
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Table S2. Plasmids used in this study 

Plasmid Characteristics Reference 

pSEM01 pHIPN Plasmid containing C-terminal part of PEX14 

fused to mCherry;  nat
R
;  amp

R
 

This study 

pSEM02 Plasmid containing C-terminal part of PEX11 fused to 

mGFP;  zeo
R
;  amp

R
 

This study 

pSEM03 Plasmid containing C-terminal part of PEX13 fused to 

mGFP;  zeo
R
;  amp

R
 

This study 

pSEM04 pHIPH5 containing PEX3 under control of PAMO, Hph
R, 

;  

amp
R
 

This study 

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

;  

amp
R
 

This study 

pSEM188 Plasmid containing PEX19 deletion cassette;  LEU2;  

amp
R
 

This study 

pHIPZ5-PEX3-eGFP pHIPZ5 containing PEX3-eGFP under control of PAMO, 

zeo
R
;  amp

R
 

(Nagotu et al., 2008) 

pRSA017 pHIPZ4 containing BiPN30-eGFP-HDEL under control of 

PAOX;  zeo
R
;  amp

R
 

(Saraya et al., 2011) 

pHIPH4 pHIP containing hygromycine B marker, amp
R
 (Saraya et al., 2011) 

pHIPZ7 pHIP containing TEF1 promoter, zeo
 R

;  amp
R
 (Baerends et al., 1997) 

pFEM35 pHIPX7 containing eGFP with C-terminal PTS1 under 

control of PAOX;  Leu2;  kan
R
 

(Krikken et al., 2009) 

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

amp
R
 

(Saraya et al., 2010) 

pMCE02 

 

pHIPN plasmid containing mCherry;  nat
R
;  amp

R
 (Cepinska et al., 2011) 

pSNA12 Plasmid containing C-terminal part of PEX14 fused to 

mGFP;  zeo
R
;  amp

R 
(Cepinska et al., 2011) 

pMCE1 C-terminus of PEX25 fused to mGFP;  zeo
R
;  amp

R
 (Cepinska et al., 2011) 

pMCE3 Plasmid containing C-terminal part of PEX11 fused to 

mCherry;  nat
R
;  amp

R
 

(Cepinska et al., 2011) 

pMCE4 Plasmid containing C-terminal part of PEX8 fused to 

mGFP;  zeo
R
;  amp

R
 

(Cepinska et al., 2011) 

pRSA018 pDEST-R4-R3 containing PEX25 deletion cassette, nat
R
;  

amp
R
 

(Saraya 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) 

pAKW27 Plasmid containing eGFP-SKL under control of PTEF1;  

zeo
R
;  amp

R
 

This study 

pHOR30b Plasmid containing PEX19 deletion cassette;  URA3;  

amp
R
 

(Otzen et al., 2006) 

pBS-CaLeu2 Plasmid containing C. albicans LEU2 gene;  amp
R
 (Otzen et al., 2006) 
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Table S3. Primers used in this study 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Primer Sequence Reference 

Pex25-F 5′-CTGGATGGAGGCTTCATCTC-3′ (Saraya et al., 2011) 

Pex25-R 5′-GGAGCTGCTGTGCTTGTATG-3′ (Saraya et al., 2011) 

H5-F 5′-GTGCTGCAAGGCGATTAAGT-3′ This study 

H5-R 5′-AGAGCTCGAGGTTAAGCATCGAAATTAGAGTAGAC-3′ This study 

Pex13-F 5′-AAAAGCTTATGACTACACCACGTCCAAAGCC-3′ This study 

Pex13-R 5′-AAAGATCTGATCAATAGCTTTTGATCTTTCTTGAAC-3′ This study 

Pex14-F 5′-CCCAAGCTTCGTTGCAGGAAGTCGACGAA-3′ This study 

Pex14-R 5′-AGATCTTCCGGCATTCAGCTGCCACGCCG-3′ This study 

Pex19-F 5′-AAAAGCTTATGAGCGAGAAAAAGTCC-3′ This study 

Pex19-R 5′-ATCTAGACTATGTTTGTTTGCAAGTGTCTTCC-3′ This study 
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