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Abstract

Here we show that Hansenula polymorpha Inp1 is crucial for the formation 
of peroxisome-plasma membrane contact sites. At these sites Inp1 and 
Pex3 accumulate in patches. These patches, and herewith the contact 
sites, disappear upon deletion of INP1. In contrast, they increase in size 
and recruit more Pex3 protein upon INP1 overexpression. Importantly, 
peroxisome-endoplasmic reticulum contact sites still remain intact in 
inp1 deletion cells. 

In the absence of Pex3, Inp1 localizes to the plasma membrane. Analysis 
of truncated Inp1 variants indicated that the extreme N-terminus of 
Inp1 associates to the plasma membrane, whereas the C-terminus of the 
protein binds to peroxisomes. 

Our findings are consistent with the view that the plasma membrane 
and not the endoplasmic reticulum acts as the platform for peroxisome 
retention.

Keywords: Peroxisome, Inp1, Pex3, plasma membrane, endoplasmic 
reticulum, contact site, yeast
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Introduction

All eukaryotic cells contain specific compartments that perform specialized functions. 
To maintain proper organelle homeostasis, their volume fractions continuously adapt to 
the cellular needs. Also, during cell fission, the organelles must properly multiply and 
segregate over the daughter cells. In asymmetrically dividing yeast cells, this includes 
the transport of a subset of organelles to the newly developing cells (buds) together 
with retention of the remaining ones in the mother cell. This distribution process is 
tightly regulated and ensures that both mother cell and bud maintain a complete set of 
organelles (Knoblach et al., 2015).

The organelle inheritance machinery comprises several components, i.e. a cytoskeleton 
track, a molecular motor, an anchoring system in the mother cell and a capturing device 
in the bud (Knoblach et al., 2015). For yeast peroxisomes, detailed information on 
various aspects of these processes has been generated. Transport of peroxisomes to the bud 
involves the actin cytoskeleton and the class V myosin motor protein Myo2 (Hoepfner 
et al., 2001). Association of Myo2 to peroxisomes occurs via Inp2 (INheritance of 
Peroxisomes 2), a cell cycle regulated peroxisomal membrane protein (PMP) (Fagarasanu 
et al., 2006). The soluble peroxin Pex19 stabilizes the Inp2-Myo2 interaction (Otzen et 
al., 2012). Inp1 tethers peroxisomes to the cortex of mother cells and buds (Fagarasanu 
et al., 2005). It is a soluble protein that is recruited to the peroxisomal membrane by Pex3 
(Munck et al., 2009; Knoblach et al., 2013; Knoblach et al., 2019). Inp1 preferentially 
associates to mature peroxisomes, which are retained in the mother cell, whereas Inp2 
is present at newly formed peroxisomes that are transported to the bud (Kumar et al., 
2018).

Saccharomyces cerevisiae Inp1 has been proposed to attach peroxisomes to the 
endoplasmic reticulum (ER), by simultaneously binding to ER- and peroxisome-bound 
Pex3 (Knoblach et al., 2013). This model is based on the view that Pex3 traffics to 
peroxisomes via the ER (Jansen et al., 2019; Kim et al., 2015; Mayerhofer, 2016). In 
this view, a portion of the total cellular Pex3 protein localizes to the ER, where it was 
proposed to function in peroxisome retention, in conjunction with bulk of the Pex3 
protein being peroxisome bound (Knoblach et al., 2013). 

Pex3 is a PMP that contains a large soluble, C-terminal domain exposed to the cytosol. 
This domain can bind several other proteins in a diversity of peroxisome-related processes 
(for a recent review see (Jansen et al., 2019)). First, it can recruit the soluble PMP 
receptor protein Pex19, which is required for PMP sorting. Second, during pexophagy 
Pex3 binds Atg proteins that are essential for the recognition of peroxisomes by the 
autophagy machinery (S. cerevisiae Atg36 (Hettema et al., 2012) or Pichia pastoris Atg30 
(Farré et al., 2008)). Finally, we recently showed that in the yeast Hansenula polymorpha 
Pex3 is responsible for associating peroxisomes to the vacuolar membrane at peroxisome-
vacuole contact sites (Wu et al., 2019). 
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Recent studies on peroxisome-vacuole contact sites (designated VAPCONS) 
demonstrated that H. polymorpha is a very attractive model organism for studying 
peroxisomal contact sites. At peroxisome repressing conditions (glucose medium) 
H. polymorpha cells contain only a single, relatively small peroxisome. This organelle 
rapidly grows in size (up to 1 micrometer in diameter) during the first hours of growth 
after shifting cells to peroxisome inducing conditions (methanol medium), followed 
by organelle multiplication by fission. Before the first fission event, the cells contain a 
single peroxisome that is much larger compared to e.g. peroxisomes in S. cerevisiae or 
mammalian cells, which has the advantage that patches of PMPs can readily be detected 
by fluorescence microscopy (FM) (Cepińska et al., 2011; Wu et al., 2019).

Our recent microscopy analysis of peroxisome contact sites in H. polymorpha revealed 
that in glucose-grown cells the single peroxisome is invariably localized at the cell 
periphery in close vicinity to both the ER and the plasma membrane (PM). In S. 
cerevisiae, peroxisome-ER contact sites have been described (so called EPCONS). The 
formation of these contacts involves the function of the ER-localized peroxins Pex30 
and Pex31 (David et al., 2013; Mast et al., 2016). So far, peroxisome-PM contact sites 
have not been characterized yet.

Within a few hours after shifting glucose-grown H. polymorpha cells to methanol 
medium the single enlarged peroxisome forms relatively large contact sites with the 
vacuole (VAPCONS) while the organelle stays associated to the ER and PM. At these 
VAPCONS large patches of Pex3-GFP were observed. Interestingly, in budding cells 
often a second Pex3-GFP spot of enhanced fluorescence was observed, which generally 
localized to the cell periphery. 

Here we analyzed these latter Pex3 patches in more detail. We show that they localize 
to peroxisome-PM contact sites that also contain Inp1. In the absence of Inp1, these 
contacts are lost whereas EPCONS are still observed. Inp1 overproduction leads to 
expansion of the peripheral Pex3 and Inp1 patches. Based on localization studies of 
truncated Inp1 variants, we conclude that the N-terminal domain of Inp1 is important 
for association of the protein to the PM, whereas the C-terminus is required to bind 
Inp1 to Pex3 at the peroxisomal membrane.

Results and Discussion

Inp1 co-localizes with Pex3 at the PM
We previously showed that Pex3 accumulates in patches at VAPCONS. However, in 
budding cells generally peroxisomes contain a second, relatively small spot of Pex3-GFP 
fluorescence, close to the cell periphery (Fig. 1A) (Wu et al., 2019). Co-localization 
studies showed that Inp1-GFP and Pex3-mKate2 co-localize in this peripheral spot (Fig. 
1A). In budding cells these spots generally are present close to the bud neck, in line with 
earlier observations in S. cerevisiae (Fig. 1B) (Hoepfner et al., 2001). These findings are 
consistent with the view that the peripheral Pex3 spot is involved in Inp1-dependent 
peroxisome retention in mother cells.
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Figure 1. Inp1 co-localizes with the peripheral Pex3 patch. 
(A) CLSM (Airy-scan) images of cells producing the indicated proteins under control of their endogenous 
promoters. Cells were grown for 8 h on methanol medium. Vacuoles are stained with FM4-64. The cell 
contours are indicated in blue. (B) Quantitative analysis of the localization of the Inp1-Pex3 spot in 
budding yeast cells. The bud is indicated as region I, whereas the mother cell was segmented in three 
regions (designated II, III and IV) as indicated in the schematic representation. The position of 2 × 50 spots 
in which Inp1-GFP and Pex3-mKate2 co-localized was counted from two independent experiments. Error 
bars indicate standard deviation (SD).

Inp1 and Pex3 enrich at peroxisome-PM contact sites 
Correlative light and electron microscopy (CLEM) was performed to elucidate whether 
the peripheral Inp1-Pex3 patches represent peroxisome-ER contact sites. This revealed 
that the peripheral Pex3-GFP patch localized to the region where peroxisomes tightly 
associate with the PM (< 30 nm), rather than the ER (Fig. 2A, 2B). Electron tomography 
(ET) indicated that in each cell at least one peroxisome is attached to the PM, but also 
associates with the ER (Fig. 2C). The latter contacts may represent EPCONS previously 
described in S. cerevisiae (David et al., 2013; Mast et al., 2016).

The Pex3-GFP patch invariably localized to the PM-peroxisome contact sites. To obtain 
sufficient fluorescence signal for CLEM analysis, the Inp1-GFP was overproduced. As 
shown in Fig. 2B, like Pex3 also Inp1 localized to the peroxisome-PM contact site. 
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ET of glucose and methanol-grown cells confirmed the presence of peroxisome-PM 
contact sites at both conditions. Taken together these data suggest that peroxisomes 
form contacts with the PM, to which Inp1 and Pex3 localize.

Figure 2. Co-localization of  Inp1 and Pex3 at peroxisome-PM contacts. 
(A) The upper panel shows an FM image and merged phase contrast/FM image of a 150 nm cryo-section 
from cells producing Pex3-GFP, grown for 8 h on methanol. The arrowhead indicates the Pex3-GFP 
patch at the cell periphery. The lower panel shows the CLEM image with the Pex3-GFP patch at the PM-
peroxisome contact. The dashed square indicates the region shown in the tomographic slice. P: peroxisome. 
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(B) CLEM analysis as described at A of cells producing Inp1-GFP under control of the translation 
elongation factor (TEF1) promoter (PTEF1) together with the peroxisomal membrane marker Pmp47-
mKate2. CW: cell wall, N: nucleus, V: vacuole, PM: plasma membrane, ER: endoplasmic reticulum. (C) 
Tomographic reconstruction of peroxisomes in glucose (left) or methanol (right) grown WT cells. Colors in 
the tomograms indicate: Cyan - PM, light blue - peroxisome, Orange - ER.

Inp1 is required for the formation of  peroxisome-PM contacts, whereas 
Inp1 overproduction enhances these contacts 
In cells of an INP1 deletion strain (inp1) a peripheral Pex3-GFP patch was only rarely 
detected (Fig. 3A). Quantification revealed that the percentage of cells containing a 
peripheral Pex3-GFP patch dropped to 15% compared to 80% observed in WT control 
cells (Fig. 3B). Moreover, EM analysis indicated that deletion of INP1 affected the tight 
connections between peroxisomes and the PM, but not with the ER (Fig. 3C). This was 
underscored by the observation that in inp1 cells, the distance between peroxisomes and 
PM, but not between peroxisomes and ER, significantly increased (Fig. 3D). 
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Figure 3. Deletion of  INP1 affects peroxisome-PM contact formation, whereas INP1 overexpression 
increases these contacts. 
(A) CLSM (Airy-scan) images of inp1 cells grown for 8 h on methanol. Cells produced Pex3-GFP under 
control of the endogenous promoter. Vacuoles are marked with FM4-64. (B) Quantification of peripheral 
Pex3 patches in WT and inp1 cells. 2 × 45 cells were quantified from two independent experiments. Two-
tailed student’s test was performed. *p < 0.05. (C) Tomographic reconstruction of a peroxisome in glucose-
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grown inp1 cell. Blue – peroxisomal membrane, Orange – ER, Cyan – PM. (D) Quantification of the 
distance between the peroxisomal membrane and the PM or ER. 2 × 20 cell sections were quantified 
from two independent experiments. Two-tailed student’s test was performed. * p < 0.05. (E) CLSM Airy-
scan images from cells grown for 16 h on methanol/glycerol and producing Inp1-GFP controlled by the 
endogenous promoter (WT) or PADH1 (Inp1++) together with Pex3-mKate2 or DsRed-SKL (peroxisomal 
matrix marker). The vacuole lumen is marked with CMAC. Note that under these conditions the cells 
contain multiple peroxisomes, therefore in WT control cells more Pex3-GFP signal and spots are present. 
(F) Electron micrographs of cryofixed WT or Inp1++ cells, grown for 16 h on methanol/glycerol containing 
medium showing that the peroxisomes associates with the PM. The black arrows indicate peroxisome-PM 
contact sites. P: Peroxisome; V: vacuole; M: mitochondrion. (G) Quantification for the distance between 
peroxisome and the PM in the indicated strains grown in medium containing methanol/glycerol. Error bars 
indicate SD. 2 × 34 cell sections from two independent cultures were counted. (H) Western blot analysis 
of Inp1-GFP levels in the indicated strains grown for 16 h on methanol/glycerol. Blots were decorated with 
α-GFP or α-Pyc1 antibodies. Pyc1 serves as a loading control.

Overproduction of membrane contact site proteins frequently results in an increase in 
the size of these structures (Eisenberg-Bord et al., 2016). To investigate whether this is 
also true for Inp1, we constructed a strain that overproduced Inp1-GFP (termed Inp1++) 
together with Pex3-mKate2 produced under control of its own promoter. In Inp1++ cells 
Inp1-GFP and Pex3-mKate2 co-localized to an elongated patch at the cell periphery 
(Fig. 3E). At the same time, the intensity of the Pex3-GFP patch at VAPCONS 
decreased, suggesting that bulk of the peroxisomal Pex3 protein was recruited to the 
peroxisome-PM contacts. The cluster of peroxisomes that is generally observed in the 
center of glycerol/methanol-grown H. polymorpha WT cells did not occur in Inp1++ 
cells. Instead, all peroxisomes associated to the PM (Fig. 3E, F). This is underscored 
by the decreased average distance between the peroxisomal membrane and the PM in 
Inp1++ cells (Fig. 3G). Western blot analysis confirmed that Inp1 levels, which were 
below the limit of detection in the WT control, were detectable in the overexpression 
strain and thus enhanced in Inp1++ cells (Fig. 3H).

Taken together these data show that overproduction of Inp1 results in increased 
peroxisome-PM contacts, indicating that this protein plays a direct role in the formation 
of these contacts. 

Inp1 associates to the PM in the absence of  Pex3 
Our data are consistent with the view that Pex3-bound Inp1 connects peroxisomes to 
the PM. Thus, we asked whether Inp1 binds to the PM in PEX3 deletion cells. FM of 
such cells producing Inp1-GFP revealed that the fluorescence levels were below the limit 
of detection. We therefore slightly overproduced Inp1-GFP by producing this protein 
under control of the PTEF1 (named Inp1++). Analysis of this strain indicated that in newly 
formed buds (Fig. 4A, VI) and budding cells (Fig. 4A, II-V) Inp1-GFP fluorescence 
localized to the cell periphery together with fluorescence in the cytosol and occasionally 
in large faint spots that most likely represent nuclei. Interestingly, at the start of bud 
formation Inp1-GFP enriched at the place where the new bud emerged (I, II, III). The 
presence of cytosolic Inp1-GFP may be related to Inp1-GFP overproduction. The Inp1-
GFP fluorescence present at the cell periphery in developing buds can be explained by 



Chapter IV

80

the fact that Inp1 also plays a role in retaining peroxisomes within the newly forming 
bud upon Myo2 dependent transport (Fagarasanu et al., 2005).

These data underscore the model that Inp1 has the capacity to associate to the PM. Our 
data do not support the view that Inp1 functions as a molecular hinge by binding to ER- 
and peroxisome-localized Pex3, because according to this model Inp1 would become 
fully cytosolic in the absence of Pex3. 

Figure 4. Inp1 localizes to the cell periphery in the absence of  Pex3. 
(A) FM images of glucose-grown pex3 cells producing Inp1-GFP under the control of the PTEF1 (pex3 
Inp1++). (B) Western blot analysis of Inp1-GFP levels in the indicated strains using α-GFP or α-Pyc1 
antibodies. Pyc1 was used as a loading control. 

The N-terminus of  Inp1 is required to associate the protein to the PM, 
whereas its C-terminal portion binds to peroxisomes
Based on previous analysis of the sequences of Inp1 proteins of budding yeasts (Saraya et 
al., 2010), Inp1 can be divided in three domains, the N-terminus, a middle Homology 
Domain (MHD) and a C-terminal domain. Based on this analysis we constructed 
different truncated species and tested their localization. The truncated proteins as well as 
the full-length (FL) control were produced under control of the PTEF1 in order to be able to 
determine their localization. As expected, Inp1-GFP (FL) co-localized with peroxisomes 



Inp1 dependent peroxisome-plasma membrane contact sites

4

81

marked with the matrix protein mKate2-SKL (Fig. 5B). A fragment consisting of the 
first 99 N-terminal residues localized to the cell periphery and inside a structure that 
most likely represents the nucleus. The amino acid sequence of the extreme N-terminus 
of Inp1 proteins is not conserved, however this region is characterized by the presence of 
several positively charged residues. In order to check whether this region is sufficient to 
associating a reporter protein to the PM, we also tested a smaller part of the N-terminus, 
consisting of residue 50-99. FM analysis of this strain revealed a similar localization 
pattern as obtained for fragment 1-99. The nuclear localization of these two N-terminal 
fragments most likely relates to the presence of the positive charges in this region, which 
are predicted as a nuclear localization signal. The MHD (residues 100-216) localized to 
the cytosol, whereas a construct containing the C-terminal half of the protein (217-405) 
associated to peroxisomes in conjunction with a cytosolic localization, which is most 
likely related to the overproduction. Some, but not all of the analyzed strains, showed 
partial mislocalization of the matrix marker mKate2-SKL in the cytosol. Possibly, this 
is due to association of the truncated Inp1 variants to Pex3, thereby competing with 
Pex19, a peroxin essential for peroxisome biogenesis. As shown in Figure 5D, indeed in 
the strains overproducing the two N-terminal fragments (1-99 and 50-99) or the MHD 
(100-216) mislocalization of mKate2-SKL was observed in only a minor portion of the 
cells, whereas mislocalization of mKate2-SKL occurred in almost all cells producing the 
C-terminal domain of Inp1 (100-405 and 217-405). The mislocalization of mKate2-
SKL in approximately one third of the cells producing full length Inp1 most likely also 
can be explained by Inp1 overproduction, because of its known interaction with Pex3. 
These observations support the outcome of the Inp1 localization studies in that those 
constructs that localize to peroxisomes result in a partial defect in matrix protein import, 
whereas the others, which localize to the PM or cytosol, do not.

Western blot analysis confirmed that all truncated Inp1 fusion proteins were produced. 
Interestingly, the levels of all truncated species were enhanced relative to those of the FL 
control (Fig. 5C). Because all proteins are produced under control of the same promoter 
(PTEF1), these differences must be due to post-translational processes. Importantly, in all 
yeast Inp1 proteins PEST sequences have been detected (Saraya et al., 2010). Hence, it is 
likely that Inp1 has a relatively short life time and is subject to proteasomal degradation. 
Possibly, recognition of the PEST sequences requires the full length protein.

Taken together, our data indicate that the extreme N-terminus of Inp1 has affinity for 
the PM. Interestingly, like Inp1 two proteins involved in the formation of yeast ER-
PM contacts, Scs2 and Ist2, contain positively charged domains, which are responsible 
for association to the PM. Scs2 has a Major Sperm Protein (MSP) domain, which is 
responsible for PM binding. Interestingly, FM analysis of a strain producing a GFP 
fusion of this soluble domain results in a similar localization pattern as we observed for 
the N-terminal domain of Inp1 in H. polymorpha WT cells or full length Inp1 in pex3 
cells: association to the PM, together with nuclear staining. Also, the MSP domain of 
Scs2 is enriched at sites of polarized growth, as we observed for Inp1 (compare Fig. 4A, 
I) (Manford et al., 2012). Hence, the molecular mechanisms involved in associating 
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Scs2, Ist2 and Inp1 to the PM may be comparable.

Figure 5. The N-terminus of  Inp1 is required to associate Inp1 to the PM. 
(A) Schematic representation of truncated forms of Inp1. Blue: middle homology domain (MHD), pink: 
C-terminal domain. The region with positive charges in the N-terminus is indicated in green. The dash line 
exhibits the 50th amino acid. (B) FM images were obtained from glucose-grown cells producing mKate2-SKL 
and the indicated Inp1 truncations tagged with GFP and produced under control of the PTEF1. The GFP and 
mKate2 fluorescent images were processed differently, in order to visualize the fluorescence optimally. (C) 
Western blot analysis of cells producing the indicated Inp1 truncations. Blots were decorated with anti-GFP 
or anti-Pyc1 antibodies. Pyc1 was used as a loading control. (D) Percentage of cells containing cytosolic 
mKate2-SKL. 2 × 100 cells were quantified and the average is given of two independent experiments. Error 
bars represent SD. 
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Concluding Remarks

Here, we for the first time describe the composition of yeast peroxisome-PM contact sites. 
We show that Inp1 is important for the formation of peroxisome-PM contacts, rather 
than for peroxisome-ER contacts. Importantly, in the absence of Inp1, peroxisomes 
still associate to the ER (at contacts called EPCONS). The EPCONS is apparently not 
sufficiently strong to retain peroxisomes in the mother cell of INP1 deletion mutants, 
because in such mutants all peroxisomes are transported to the newly formed buds. 

Summarizing, we propose that at peroxisome repressing conditions, the single 
peroxisome present in H. polymorpha cells associates to the PM and the ER at a position 
near the bud neck (Fig. 1). Upon Dnm1 dependent asymmetric fission, the original 
peroxisome remains associated to the PM (and possibly the ER), whereas the newly 
formed organelle is transported to the newly formed bud, a process that requires Inp2, 
Myo2 and the actin cytoskeleton. Finally, upon reaching the new bud, the peroxisome 
detaches from Myo2 and becomes anchored to the PM of the bud via Inp1.

Materials and methods

Strains and growth conditions
All H. polymorpha strains used in this study are listed in Table S1. Yeast cells were 
cultivated at 37 °C under the following conditions: (i) YPD media containing 1% yeast 
extract, 1% peptone and 1% glucose, (ii) mineral medium (MM) (Van Dijken et al., 
1976) supplemented with 0.5% glucose or 0.5% methanol or 0.5% methanol and 
0.05% glycerol as carbon sources. Leucine was added to a final concentration of 60 
μg/mL if necessary. Selection of positive transformants required YPD plates containing 
100 μg/mL zeocin (Invitrogen), nourseothricin (Werner Bioagents) or 300 μg/mL 
hygromycin (Invitrogen). In order to clone genes of interest, E. coli DH5α was used. 
E.coli cells were grown at 37 °C in LB media containing 50 μg/mL kanamycin, or 100 
μg/mL ampicillin.

Molecular and biochemical techniques
Plasmids and primers are listed in Table S2 and S3, respectively. The HHpred software 
(https://toolkit.tuebingen.mpg.de/#/tools/hhpred, Söding et al., 2005.) was used to 
analyze Inp1 protein sequences.

Total cell extracts were collected for western blot analysis using TCA precipitation 
strategy as described previously (Baerends et al., 2000). Equal amounts of proteins were 
loaded per lane on SDS-PAGE. Blots were probed with mouse monoclonal antiserum 
against GFP (sc-9996; Santa Cruz Biotechnology, Inc.) or pyruvate carboxylase-1 (Pyc1, 
Ozimek et al., 2003). Detection of the specific target protein requires a secondary goat 
anti-rabbit or goat anti-mouse antibodies conjugated to horseradish peroxidase (Thermo 
Fisher Scientific). Pyc1 was used as a loading control. 
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Construction of  H. polymorpha strains 
The plasmid pHIPN Pex3-mKate2 was constructed as follows: a fragment encoding 
the C-terminal PEX3 gene was obtained from pHIPZ Pex3-GFP (pSEM61, Wu et al., 
2019) upon digestion with HindIII and BglII, then inserted between the HindIII and 
BglII sites of plasmid pHIPN Inp1-mKate2, resulting in plasmid pHIPN Pex3-mKate2. 
Subsequently, StuI-linearized pHIPN Pex3-mKate2 was integrated into the genome of 
WT::PINP1 Inp1-GFP strain (Krikken et al., 2009). In parallel, pSEM61 was digested 
with EcoRI and transformed into the inp1 mutant.

To obtain the plasmid pHIPN Inp1-mKate2, a PCR fragment was amplified with 
primers Nat_F and Nat_R using pHIPN4 (Cepińska et al., 2011) as a template. The 
PCR fragment was digested with Bpu10I and NotI, and ligated in Bpu10I and NotI 
digested plasmid pHIPZ Inp1-mKate2, resulting in plasmid pHIPN Inp1-mKate2. 
Plasmid pHIPZ Inp1-mKate2 was obtained as follows: the fragment encoding the 
C-terminus of the INP1 gene was digested with BglII and HindIII from plasmid pHIPZ 
Inp1-GFP (pAMK6, Krikken et al., 2009), then inserted between BglII and HindIII 
sites of pHIPZ Pex14-mKate2 (Chen et al., 2018), producing pHIPZ Inp1-mKate2.

For the construction of plasmid pHIPZ18 Inp1-GFP, a HindIII/NotI ADH1 promoter 
fragment was cut from pHIPN18 eGFP-SKL (pAMK106) and inserted between 
HindIII and NotI of pHIPZ7 Inp1-GFP, resulting in plasmid pHIPZ18 Inp1-GFP. 
EcoRI-linearized pHIPZ18 Inp1-GFP was integrated into genome DNA of WT strain 
yku80. In this strain, StuI-linearized pHIPN Pex3-mKate2 or DraI-linearized pHIPX7 
DsRed-SKL (pAMK15, Krikken et al., 2009) was integrated. To construct plasmid 
pHIPZ18 eGFP-SKL (pAMK94), PCR was performed on H. polymorpha NCYC495 
genomic DNA using primers Adh1-F and Adh1-R. The PCR product was digested with 
HindIII and NotI and the resulting fragment inserted between the HindIII and NotI 
sites of pHIPZ4 GFP-SKL (Leão-Helder et al., 2003), resulting in plasmid pHIPZ18 
eGFP-SKL. Subsequently, pAMK94 was digested with NotI and XbaI and inserted in 
pHIPN4 (Cepińska et al., 2011) which was digested with the same enzymes, resulting 
in pHIPN18 eGFP-SK (pAMK106).

To construct the plasmid pHIPZ7 Inp1-GFP, PCR was performed with primers 
HLW045 and HLW046 using genomic DNA of strain WT:: PINP1 Inp1GFP:: PTEF1 
DsRed-SKL (Krikken et al., 2009) as a template. The produced PCR fragment encoding 
the full length of INP1 gene fused with GFP was digested with HindIII and SalI, then 
inserted between HindIII and SalI sites in plasmid pHIPZ7 (Baerends et al., 1997), 
resulting in pHIPZ7 Inp1-GFP. The constructed plasmid was linearized with MunI, 
and integrated into yku80 or pex3 mutant. Subsequently, the SpeI-linearized pHIPX 
Pmp47-mKate2 was transformed into WT:: PTEF1 Inp1-GFP. For the construction of 
pex3:: pHIPZ Inp1-GFP, pAMK6 was linearized with Bpu1102I and integrated into 
pex3 cells. 

To obtain plasmid pHIPX Pmp47-mKate2, pHIPX Pmp47-mGFP was digested with 
BglII and MluI, and ligated with the fragment between BglII and MluI in pHIPZ 
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Pmp47-mKate2 (pAMK142). A plasmid encoding PMP47 gene with mGFP was 
constructed as follows: first, a PCR fragment containing Candida albicans LEU2 was 
amplified with primers Leucine-F and Leucine-R using pENTR221-LEU2Ca as a 
template. The obtained PCR fragment was digested with XhoI and NotI, and inserted 
between the XhoI and NotI sites of pHIPZ Pmp47-mGFP (pMCE7), resulting in 
plasmid pHIPX Pmp47-mGFP. Plasmid pAMK142 was constructed as follows: a PCR 
fragment containing PMP47 was amplified with primers PMP47_fw and PMP47_rev 
using WT genomic DNA as a template. The obtained PCR fragment was digested with 
BamHI and HindIII, and inserted between the BglII and HindIII sites of pHIPZ Pex14-
mKate2 (Chen et al., 2018), resulting in plasmid pAMK142.

To construct plasmids containing truncated Inp1 variant fused with GFP: pHIPZ7 
Inp11-99GFP, pHIPZ7 Inp1100-216GFP, pHIPZ7 Inp1217-405GFP, pHIPZ7 Inp150-99GFP 
and pHIPZ7 Inp1100-405GFP, PCR was performed with the corresponding primers: con1 
fw and con1 rev, con2 fw and con2 rev, con3 fw and con3 rev, con6 fw and con1 rev, as 
well as con2 fw and con3 rev, respectively. WT genomic DNA was used as a template. 
All the obtained PCR products were digested with HindIII and BglII and inserted in 
pHIPZ7 Inp1-GFP which was also restricted with the same enzymes, respectively. All 
plasmids were linearized with MunI and integrated in the yku80 strain.

To obtain plasmid pHIPN18 mKate2-SKL, pHIPZ4 mKate2-SKL was digested with 
HindIII and XbaI and ligated in vector pAMK106 restricted with the same enzymes. 
This plasmid was linearized with PstI and integrated in all strains producing Inp1-GFP 
truncations and in WT:: PTEF1 Inp1-GFP.

pHIPZ4 mKate2-SKL was constructed as follow: A PCR fragment was obtained with 
primer Kate2-SKL fw and Kate2-SKL rev using plasmid pFA6a-yomKate2-CaURA3 as 
a template. This PCR fragment and plasmid pHIPZ4-Nia were digested with HindIII 
and XbaI and ligated to obtain pHIPZ4 mKate2-SKL.

Fluorescence microscopy
A Zeiss Axioscope A1 fluorescence microscope (Carl Zeiss, Oberkochen, Germany), 
Micro - Manager 1.4 software, and a digital camera (CoolSNAP HQ2) were used for 
capturing images of living cells. A 100 × 1.30 NA objective (Carl Zeiss, Oberkochen, 
Germany) was applied for acquiring wide field fluorescence images. In order to obtain 
images without any localization shifts, cells were mildly fixed in 1% formaldehyde. 
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. The DsRed fluorescence 
and the signal of FM4-64, a vacuolar staining dye (Invitrogen) were visualized with a 
546⁄12 nm band pass excitation filter, a 560 nm dichromatic mirror and a 575-640 
nm band pass emission filter. The mKate2 fluorescence were visualized with a 587/25 
nm band pass excitation filter, a 605 nm dichromatic mirror and a 647/70 nm band 
pass emission filter. 2 μM FM4-64 was incubated with cells grown in corresponding 
conditions at 37 °C. ImageJ, Adobe illustrator and Adobe Photoshop CC were applied 
for image analysis.
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For Airy-scan imaging cells were fixed using 1% formaldehyde for 10 min on ice. Airy-
scan images were captured with a confocal microscope (LSM800; Carl Zeiss) equipped 
with a 32-channel gallium arsenide phosphide photomultiplier tube (GaAsP-PMT), 
Zen 2009 software (Carl Zeiss) and a 63×1.40 NA objective (Carl Zeiss, Oberkochen, 
Germany). The CMAC, GFP, DsRed and mKate2 fluorescence are visualized with a 
405, 488 and 561 nm diode laser respectively. For staining the vacuolar lumen cells 
were incubated with 100 μM CMAC (Thermo Fisher Scientific, the Netherlands) prior 
to fixation.

Quantification of Pex3-GFP patches was performed as described previously (Wu et al., 
2019). For analyzing the distribution of patches in which Inp1 and Pex3 co-localize, 
budding cells were categorized into four regions.

Electron Microscopy
Cells were cryo fixed and freeze substituted as described before (Wu et al., 2019). Epon 
embedded cells were sectioned and collected on formvar-coated and carbon evaporated 
copper grids. A CM12 (Philips) transmission electron microscope (TEM) was used to 
inspect the grids. ImageJ was used for measuring the distance between peroxisomes and 
the plasma membrane. 

Correlative light and electron microscopy (CLEM) was utilized for localization analysis 
as described previously (Knoops et al., 2015). 150 nm thick cryo-sections were imaged 
with a wide-field microscope as described above. The corresponding fluorescence signals 
were visualized using the same filters as mentioned before. The grid was post-stained and 
embedded in a mixture containing 0.5% uranyl acetate and 0.5% methylcellulose upon 
fluorescence imaging. A CM12 TEM under 100 kV was applied for generation of double-
tilt tomography series including a tilt range of 40 ° to -40 with 2.5 ° increments. In order 
to create the CLEM images, FM and EM images were aligned using the eC-CLEM 
plugin (P. Paul-Gilloteaux, X. Heiligenstein 2017) in Icy (http://icy. bioimageanalysis.
org) IMOD software package was used for reconstructing the tomograms.
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Supplementary Tables
Table S1. Hansenula polymorpha strains used in this study

Strain Description Reference

Wild type NCYC495; leu1.1 (Sudbery et al., 
1988)

yku80 NCYC495, YKU80::URA3; leu1.1 (Saraya et al., 
2012) 

WT:: PPEX3 Pex3-GFP NCYC495 with integration of plasmid pHOR46; 
LEU2

(Haan et al., 
2001) 

WT:: PPEX3 Pex3-mKate2:: 
PINP1 Inp1-GFP

Hp. yku80 producing Inp1-GFP with integration of 
plasmid pHIPN Pex3-mKate2; ZeoR, NatR, leu1.1 This study

WT:: PINP1 Inp1-GFP Hp. yku80 with integration of plasmid pAMK6; 
ZeoR, leu1.1

(Krikken et al., 
2009) 

WT:: PTEF1 Inp1-GFP:: 
PPMP47 Pmp47-mKate2

Hp. yku80 producing Inp1-GFP controlled by 
TEF1 promoter with integration of plasmid pHIPX 
Pmp47-mKate2; ZeoR, LEU2

This study

WT:: PTEF1 Inp1-GFP Hp. yku80 with integration of plasmid pHIPZ7 
Inp1-GFP; ZeoR, leu1.1 This study

WT:: PINP1 Inp1GFP:: PTEF1 
DsRed-SKL 

Hp. yku80 producing Inp1-GFP controlled by TEF1 
promoter with integration of plasmid pAMK15; 
ZeoR, LEU2

(Krikken et al., 
2009)

inp1 INP1::URA3; leu1.1 (Krikken et al., 
2009)

inp1:: PPEX3 Pex3-GFP INP1::URA3 with integration of plasmid pSEM61; 
ZeoR, leu1.1 This study

pex3 PEX3::URA3; leu1.1 (Baerends et al., 
1996)

pex3:: PTEF1 Inp1-GFP PEX3::URA3 with integration of plasmid pHIPZ7 
Inp1-GFP; ZeoR, LEU2 This study

pex3:: PINP1 Inp1-GFP PEX3::URA3 with integration of plasmid pAMK6; 
ZeoR, LEU2 This study

WT:: PADH1 Inp1-GFP:: 
PPEX3 Pex3-mKate2

Hp. yku80 expressing Inp1-GFP controlled by 
ADH1 promoter with integration of plasmid pHIPN 
Pex3-mKate2; ZeoR, leu1.1

This study

WT:: PADH1 Inp1-GFP Hp. yku80 with integration of plasmid pHIPZ18 
Inp1-GFP; ZeoR, leu1.1 This study

WT:: PADH1 Inp1-GFP:: 
PTEF1 DsRed-SKL

Hp. yku80 expressing Inp1-GFP controlled by ADH1 
promoter with integration of plasmid pAMK15; 
ZeoR, LEU2

This study

WT:: PTEF1 Inp11-99GFP 

Hp. yku80 with integration of plasmid pHIPZ7 
Inp11-99GFP; ZeoR, leu1.1 This study

WT:: PTEF1 Inp150-99GFP Hp. yku80 with integration of plasmid pHIPZ7 
Inp150-99GFP; ZeoR, leu1.1 This study
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WT:: PTEF1 Inp1100-216GFP Hp. yku80 with integration of plasmid pHIPZ7 
Inp1100-216GFP; ZeoR, leu1.1 This study

WT:: PTEF1 Inp1217-405GFP Hp. yku80 with integration of plasmid pHIPZ7 
Inp1217-405GFP; ZeoR, leu1.1 This study

WT:: PTEF1 Inp1100-405GFP Hp. yku80 with integration of plasmid pHIPZ7 
Inp1100-405GFP; ZeoR, leu1.1 This study

WT:: PTEF1 Inp1-GFP:: 
PADH1 mKate2-SKL

Hp. yku80 with integration of plasmid pHIPZ7 
Inp1-GFP with integration of pHIPN18 mKate2-
SKL; ZeoR, NatR, leu1.1

This study

WT:: PTEF1 Inp11-99GFP:: 
PADH1 mKate2-SKL 

Hp. yku80 with integration of plasmid pHIPZ7 
Inp11-99GFP with integration of pHIPN18 mKate2-
SKL; ZeoR, NatR, leu1.1

This study

WT:: PTEF1 Inp150-99GFP:: 
PADH1 mKate2-SKL

Hp. yku80 with integration of plasmid pHIPZ7 
Inp150-99GFP with integration of pHIPN18 mKate2-
SKL; ZeoR, NatR, leu1.1

This study

WT:: PTEF1 Inp1100-216GFP:: 
PADH1 mKate2-SKL

Hp. yku80 with integration of plasmid pHIPZ7 
Inp1100-216GFP with integration of pHIPN18 
mKate2-SKL; ZeoR, NatR, leu1.1

This study

WT:: PTEF1 Inp1217-405GFP:: 
PADH1 mKate2-SKL

Hp. yku80 with integration of plasmid pHIPZ7 
Inp1217-405GFP with integration of pHIPN18 
mKate2-SKL; ZeoR, NatR, leu1.1

This study

WT:: PTEF1 Inp1100-405GFP:: 
PADH1 mKate2-SKL

Hp. yku80 with integration of plasmid pHIPZ7 
Inp1100-405GFP with integration of pHIPN18 
mKate2-SKL; ZeoR, NatR, leu1.1

This study
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Table S2. Plasmids used in this study

Plasmids Description Reference

pHIPN Pex3-mKate2 pHIPN plasmid containing the C-terminal region of 
PEX3 fused to mKate2; NatR, AmpR This study

pSEM61 pHIPZ containing the C-terminal part of PEX3 fused 
to mGFP; ZeoR, AmpR (Wu et al., 2019)

pHIPN Inp1-mKate2 pHIPN plasmid containing the C-terminal region of 
INP1 fused to mKate2; NatR, AmpR This study

pHIPN4 pHIPN plasmid containing the AOX promoter; NatR, 
AmpR

(Cepińska et al., 
2011)

pHIPZ Inp1-mKate2 pHIPZ containing the C-terminal part of INP1 fused 
to mKate2; ZeoR, AmpR This study

pAMK6 pANL31 containing C-terminal part of the INP1 
gene fused in-frame to GFP; ZeoR, AmpR

(Krikken et al., 
2009)

pHIPZ Pex14-mKate2 pHIPZ containing the C-terminal region of PEX14 
fused to mKate2; ZeoR, AmpR (Chen et al., 2018)

pHIPZ7 Inp1-GFP
pHIPZ containing the full length of INP1 fused to 
mGFP under the control of TEF1 promoter; ZeoR, 
AmpR

This study

pHIPZ18 Inp1-GFP
pHIPZ containing the full length of INP1 fused to 
mGFP under the control of ADH1 promoter; ZeoR, 
AmpR

This study

pAMK106 pHIPN containing eGFP-SKL under the control of 
ADH1 promoter; NatR, AmpR This study 

 pAMK15 pHIPX containing DsRed-SKL controlled by TEF1 
promoter; LEU2, KanR

(Krikken et al., 
2009)

pAMK94 pHIPZ plasmid containing GFP-SKL under control 
of ADH1 promoter; AmpR, ZeoR This study

pHIPZ4 GFP-SKL pHIPZ plasmid containing GFP-SKL under the 
control of AOX promoter; ZeoR, AmpR

(Leão-Helder et al., 
2003)

pHIPZ7 pHIPZ plasmid containing TEF1 promoter; ZeoR; 
AmpR 

(Baerends et al., 
1997)

pHIPX Pmp47-mKate2 pHIPX containing the C-terminal region of PMP47 
fused to mKate2; LEU2, AmpR This study

pHIPX Pmp47-mGFP pHIPX containing the C-terminal region of PMP47 
fused to mGFP; LEU2, AmpR This study

pAMK142 pHIPZ containing the C-terminal region of PMP47 
fused to mKate2; ZeoR, AmpR This study

pENTR221-LEU2Ca pDONR221 with LEU2; KanR (Nagotu et al., 
2008)

pMCE7 pHIPZ plasmid containing gene encoding C-terminal 
of PMP47 fused to mGFP; ZeoR, AmpR

(Cepińska et al., 
2011) 

pHIPZ7 Inp11-99GFP pHIPZ containing INP11-99 fused to mGFP under the 
control of TEF1 promoter; ZeoR, AmpR This study
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pHIPZ7 Inp150-99GFP pHIPZ containing INP150-99 fused to mGFP under 
the control of TEF1 promoter; ZeoR, AmpR This study

pHIPZ7 Inp1100-216GFP  pHIPZ containing INP1100-216 fused to mGFP under 
the control of TEF1 promoter; ZeoR, AmpR This study

pHIPZ7 Inp1217-405GFP pHIPZ containing INP1217-405 fused to mGFP under 
the control of TEF1 promoter; ZeoR, AmpR This study

pHIPZ7 Inp1100-405GFP pHIPZ containing INP1100-405 fused to mGFP under 
the control of TEF1 promoter; ZeoR, AmpR This study

pHIPN18 mKate2-SKL pHIPN containing mKate2-SKL under the control of 
ADH1 promoter; NatR, AmpR This study

pHIPZ4 mKate2-SKL pHIPZ containing mKate2-SKL under the control of 
AOX promoter; ZeoR, AmpR This study

pFA6a-yomKate2-
CaURA3 Vector used to obtain yeast codon optimized mKate2 Addgene

pHIPZ4-Nia pHIPZ plasmid containing TEV protease under the 
control of AOX promoter; ZeoR, AmpR (Faber et al., 2002)

Table S3. Primers used in this study

Primers Sequence (5’~3’) 

Nat_F CCCGGCGTCATCCTCCTGCG

Nat_R ATAGTTTAGCGGCCGCGCTGGGTACATCATCGATG

HLW045 GCGAAGCTTATGAACCCGCCACCACACTC

HLW046 GCGGTCGACTTACTTGTACAGCTCGTCCA

Adh1-F AAGGAAAAAAGCGGCCGCCCCCTGCATTATTAATCACC

Adh1-R AATCAATCAATCAATTTAAAAAGCTTGGG

Leucine-F CTAGCTCGAGGGTGAATCGTTGTTAATGG

Leucine-R GCATGCGGCCGCTGGAAACAAGCCCGT

PMP47_fw GGCTTGGAGAGTGCACTGGT

PMP47_rev CGCGGATCCGATAACGAGATCTTTTGCAG

con1 fw CCCAAGCTTATGAACCCGCCACCACACTC

con1 rev GGAAGATCTCAATACCTCACATAGTTCCT

con2 fw CCCAAGCTTATGGGCGAGGAGGAGCGCAGCAC

con2 rev GGAAGATCTATGGCAAATCCCCTTGAAAAC

con3 fw CCCAAGCTTATGTTTTGTGCCATTTGTGATCC

con3 rev GGAAGATCTCCACCCAAACACTCGCGTGC

con6 fw CCCAAGCTTATGGACGCTGGCCAGTCTACCAAG

Kate2-SKL fw CGCAAGCTTATGGTTTCTGAACTCATCAAG      

Kate2-SKL rev GCGTCTAGATTACAGCTTCGATCTGTGTCCCAACTTAG


	Chapter 4



