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Abstract 

Vac8 is a vacuole membrane protein in Saccharomyces cerevisiae, which functions in vacuole 
inheritance, the formation of nucleus-vacuole-junctions (NVJs), the cytoplasm to vacuole 
targeting pathway and homotypic vacuole fusion. Here, we study Vac8 protein of the yeast 
Hansenula polymorpha.

Using fluorescence microscopy, we show that HpVac8 localizes to the vacuolar membrane. 
Analysis of a constructed deletion strain indicated that HpVac8 is required for vacuole 
inheritance, but not for vacuole-vacuole fusion. Like its S. cerevisiae homologue, HpVac8 
is required for NVJ formation. Analysis of the H. polymorpha genome suggested that this 
organism lacks a gene encoding Nvj1, a protein essential for NVJ formation in S. cerevisiae. 
This indicates that the protein composition of yeast NVJs is not conserved. 

Using organelle proteomics, we and others previously identified Vac8 in peroxisomal 
fractions isolated from H. polymorpha and S. cerevisiae. Here we show that deletion of H. 
polymorpha VAC8 does not affect on peroxisome biogenesis, abundance, and distribution 
suggesting that it is unlikely that Vac8 is involved in peroxisome biology.
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Introduction

Vac8 is a yeast vacuolar membrane protein implicated in various functions. Vac8 has been 
broadly studied in the yeast Saccharomyces cerevisiae. One of the functions is in the inheritance 
of vacuoles. During yeast budding, Vac8 binds Vac17, the vacuole-specific Myo2 receptor. 
The Myo2-Vac17-Vac8 transport complex enables vacuole movement along actin filaments to 
the nascent bud 1. Vac8 also has been implicated in vacuolar fusion, because in the absence 
of Vac8 vacuoles display a fragmented morphology 2. Moreover, Vac8 is an important 
component of pathways that deliver various components to the vacuole 3. First, Vac8 plays 
a role in the cytoplasm-to-vacuole (CVT) pathway, where, together with Atg13, it is essential 
for the vesicle closure step 4. In the methylotrophic yeast, Pichia pastoris Vac8 is involved in 
pexophagy, specific autophagic degradation of peroxisomes. In this process, Vac8 is essential 
for both early and late stages of the process. Initially, Vac8 is important for the formation of 
vacuolar sequestrating membranes, whereas at the final stage of pexophagy, it is required 
for membrane fusion 5. The multiple cellular functions of P. pastoris Vac8 require different 
subdomains of this protein 6. 

Another important role of Vac8 is formation of a membrane contact site (MCS) between 
the vacuole and nuclear envelope called nucleus-vacuole junction (NVJ). In S. cerevisiae 
Vac8 physically interacts with Nvj1 on the nuclear envelope bringing the membranes of these 
two cellular compartments together 7. In S. cerevisiae NVJs serve as sites where piecemeal 
microautophagy of the nucleus (PMN) takes place 8. Besides PMN, the function of NVJs is 
linked to lipid transfer between organellar membranes. Suggestions that NVJs may be the sites 
facilitating lipid transport comes from the various proteins able to bind lipids that are enriched 
at NVJs. These proteins include Osh1, which belongs to the oxysterol-binding protein family. It 
accumulates at the NVJs under starvation conditions and contains FFAT [two phenylalanines 
(FF) in an acidic tract (AT)] motif involved in lipid transfer 9. Another example of a lipid-
binding protein present at NVJs is Mdm1, a protein that contains a PX domain, which binds 
phosphatidylinositol-3-phosphate. Tsc13 and Nvj2, which also localize to NVJs, have been 
shown to bind lipids as well.

Detailed proteomic analyses have revealed the presence of Vac8 in S. cerevisiae 10 and H. 
polymorpha peroxisomal fractions (Chapter 2). This data suggests the interaction of Vac8 with 
peroxisomal components. Also, in H. polymorpha massive peroxisome-vacuole contacts are 
formed at peroxisome inducing conditions 11.

Here we studied Vac8 protein of the yeast H. polymorpha. We show that like ScVac8, 
this protein is localized to the vacuolar membrane. Also, it functions in NVJ formation and 
vacuole inheritance, but it is not required for vacuole fusion. We were unable to establish 
a role of HpVac8 in peroxisome biology, suggesting that the presence of Vac8 in peroxisomal 
fractions is due to vacuolar contamination. Alternatively, Vac8 may play a redundant role in  
peroxisome biology.
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Results

H. polymorpha Vac8 localizes to NVJs
In order to determine the localization of Vac8 in H. polymorpha, we created a strain producing 
Vac8 tagged with a green fluorescent protein (Vac8-GFP). Vacuoles were stained with CMAC 
(7-amino-4-chloromethylcoumarin), a fluorescent marker of the vacuole lumen. Fluorescence 
microscopy (FM) revealed that Vac8-GFP localized to the vacuolar membrane, where it 
concentrated in patches (Fig. 1A). 

Analysis of cells producing the ER marker BiP-GFP-HDEL and stained with FM4-64 to 
mark the vacuolar membrane, revealed the presence of nuclear-vacuolar contact sites in H. 
polymorpha, both in glucose- and methanol-grown cells (Fig. 1B). This was confirmed by 
electron microscopy (EM) analysis, which revealed that the distance between the nuclear 
envelope and vacuolar membrane is less than 30 nm at these sites (Fig. 1C). 

FM analysis showed that the Vac8-GFP patches localized at the NVJs, as they colocalized 
with the ER marker BiP-mcherry-HDEL (Fig. 1D). Based on these observations we conclude 
that Vac8 localizes to NVJs in H. polymorpha.

Identification of other NVJ components 
Next, we analysed the H. polymorpha genome to identify homologs of S. cerevisiae NVJ 
proteins. As shown in (Fig.2A), in silico analysis using BLASTP and PSI-BLAST identified all 
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Figure 1. Vac8 is localized to NVJs in H. polymorpha. A) FM images of cells producing Vac8-GFP. Cells 
were grown on glucose medium. Vacuoles were stained with CMAC. Scale bar 2 µm. B) FM images of 
cells producing BIP-GFP-HDEL grown either on glucose or methanol containing medium. Vacuoles were 
stained with FM4-64. Scale bar 2 µm. C) Electron micrograph of same cells as in B. D) Cells producing 
Vac8-GFP and BIP-mCherry-HDEL, grown on glucose medium. White arrows indicate NVJs. Scale  
bar 2 µm.
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S. cerevisiae H. polymorpha 

Protein name +/- Protein ID +/- 

Vac8 + 51836 + 

Nvj1 + - - 

Nvj2 + 16517 + 

Nvj3 + 81155 + 

Osh1 + 51589 + 

Tsc13 + 50203 + 

Lam6 + 49821 + 

Scs2 + 13689 + 

Sac1 + 32435 + 

Mdm1 + 50557 + 

Vps13 + 54624 + 

 

Figure 2. Presence of NVJ components in H. polymorpha. A) Table showing the presence of NVJ proteins 
in S. cerevisiae and H. polymorpha. B) FM images of WT H. polymorpha cells producing Nvj2-GFP and 
the ER marker BIP-mCherry-HDEL. The vacuole lumen is stained with CMAC. Scale bar: 2 µm.

homologs of the S. cerevisiae NVJ proteins except Nvj1, a protein essential for NVJ formation 
in S. cerevisiae 7.  

To test whether the identified proteins indeed represent genuine NVJ proteins, we localized 
two of the identified proteins, Nvj2 and Osh1. This revealed that Nvj2-GFP co-localized with 
the ER marker BiP-mCherry-HDEL and was occasionally observed at the NVJs (Fig.2B), as 
expected. Unfortunately, the fluorescence levels of GFP-Osh1 were too low to be detected by 
FM, even upon overproduction of this fusion protein (data not shown). 

Taken together, our genome analysis suggests that most S. cerevisiae NVJ components are 
present in H. polymorpha.
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Vac8 is required for NVJ formation and vacuole inheritance
Next, we analysed whether HpVac8 is a functional homologue of ScVac8. First, we checked 
whether HpVac8 is required for NVJ formation. To that purpose we constructed a VAC8 
deletion strain, producing the ER marker BiP-GFP-HDEL. Although FM suggested that contacts 
between the nucleus and vacuole still occur (Fig 3A), no close membrane contact between 
nucleus and vacuole could be detected by EM  (Fig 3B). This indicates that in the absence of 
Vac8 NVJs are not maintained in H. polymorpha.

To analyze the requirement of HpVac8 in vacuole inheritance, wild-type and vac8 cells were 
labelled with FM4-64 for 1 hour and analysed during the following 3 hours in fresh medium 
without FM4-64 dye. At these conditions, newly formed buds will contain fluorescently 
labelled vacuoles only if they inherit them from the mother cell. FM analysis revealed that, in 
contrast to the wild-type control cells, buds of vac8 cells were devoid of fluorescently stained 
vacuoles (Fig 3C). Also, the vacuoles appeared larger when compared to the wild-type control 
cells. We also quantified the number of vacuoles present in the mother and daughter cells 
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Figure 3. Deletion of VAC8 does affect NVJ formation and disturbs vacuole inheritance. A) FM images of 
vac8 cells stained with the vacuole marker FM4-64 and expressing the ER marker BIP-GFP-HDEL. B) EM 
images of vac8 cells. C) FM images of WT and vac8 cells stained with FM4-64 and grown for additional 
3h without FM4-64. D) Quantification of vacuoles present in mother and daughter cells in WT and vac8 
cells.  2×35 dividing cells were counted from two independent cultures for the presence of vacuoles. 
Error bar represents standard deviation(SD). E) FM images of WT and vac8 cells stained with FM4-64 
before osmotic shock (T=0), in the presence of 0.5M NaCl and after 30 min recovery in fresh medium. F) 
Quantification of percentage of cells containing vacuole larger than 1 µm in diameter. 200 cells from two 
independent cultures were used for the quantification.
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in wild-type and vac8 cells. This implies that Vac8 supports the inheritance of vacuoles in  
H. polymorpha (Fig 3D). 

Next, we checked the role of Vac8 in vacuole fusion. Cells were grown to the log phase 
and then resuspended in the same medium containing 0.5 mM NaCl. FM4-64 dye was used 
to label vacuoles. Immediately after 2-minute exposure to NaCl, we observed fragmented 
vacuoles in response to high salt in both wild-type and vac8 cells. Next, cells were resuspended 
in a fresh medium without NaCl and the vacuole morphology was checked again after 30 min. 
Surprisingly, single round vacuoles were observed in both wild-type as well as the vac8 strain 
(Fig 3E). This was confirmed by  quantification of the percentage of cells containing vacuoles 
larger than 1 µm in diameter. (Fig 3F). 

Taken together our observations demonstrate that in H. polymorpha Vac8 is required for 
NVJ formation and vacuole inheritance but not for  vacuolar fusion.

Absence of Vac8 does not affect peroxisome biogenesis
Recent studies have shown that peroxisomes form contact with vacuoles when they expand 
rapidly under peroxisome inducing conditions (methanol), but not when peroxisome formation 
is repressed (glucose). In methanol grown cells the peroxisomal membrane protein Pex3 is 
enriched in patches at the peroxisome-vacuole contacts 11. To check if the deletion of VAC8 
affects peroxisome-vacuole contact sites, we performed EM and membrane contact between 
peroxisome and vacuole was observed (Fig 4A). 

To test whether a portion of Vac8 localizes to peroxisomes, we performed FM using 
a strain producing Vac8-GFP under the control of its endogenous promoter together with 
the peroxisomal marker DsRed-SKL (Fig 4B). Based on  FM analysis, Vac8-GFP did not 
appear to co-localize with DsRed-SKL in methanol-grown cells. Instead, vacuolar Vac8-GFP 
patches were close to the vacuole-peroxisome contact sites, but not present at these contacts. 
In line with earlier observations, vacuolar Vac8-GFP patches were also not observed close to 
peroxisomes in glucose-grown cells. 

Given that vacuoles and peroxisomes are found in close proximity in methanol-grown 
cells, we analyzed whether over-production of VAC8 has an effect on the contacts between 
peroxisomes and vacuoles in methanol-grown cells. FM analysis showed that over-expression 
of Vac8 did not affect on peroxisome-vacuole contacts neither on peroxisome morphology 
(Fig.4B). 

Next, to investigate whether Vac8 is important for peroxisome biogenesis, we performed 
confocal microscopy using vac8 mutant strain producing a peroxisome membrane marker 
(Pmp47-GFP). Quantitative analysis of the images showed no difference in peroxisome 
numbers relative to the wild-type strain (Fig. 4C). We obtained similar results for nvj2 mutant. 
In summary, the absence of Vac8 and Nvj2 do not affect peroxisome number in H. polymorpha.
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Figure 4. Deletion of VAC8 does not affect peroxisome biogenesis. A) EM images from vac8 cells grown 
for 4h on methanol containing medium. B) FM images of cells containing vac8-GFP or vac8-GFP 
overexpression and the peroxisomal matrix marker DsRed-SKL.  B) Z-projected CLSM images of WT vac8 
and nvj2 cells grown on methanol and quantification and peroxisome distribution (n= 2x 200 cells).
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Discussion

In this study, we define the role of H. polymorpha Vac8 in vacuole inheritance and in 
the formation of NV junctions. Interestingly, the vacuole fusion process is independent of Vac8 
in H. polymorpha.

In S. cerevisiae, NVJ formation requires direct interaction between Vac8 and a nuclear 
membrane protein, Nvj1. In the absence of either of these two proteins, NVJ fails to form 7.  
However, we could not identify homologue of Nvj1 in H. polymorpha. Nvj1, an integral 
membrane protein of the nuclear envelope, concentrates in small patches at the contact sites 
between nucleus and vacuole 7. Nvj1 orthologs have been reported to show rapid sequence 
divergence. Aspergillus gossypii ortholog sequence is an example as it is almost dissimilar to S. 
cerevisiae Nvj1 12. Weak sequence similarity could be an explanation of not identifying Nvj1 in 
H. polymorpha in our analysis.

Here we show that Vac8 is present at NVJs and is essential for the formation of this contact. 
S. cerevisiae Nvj2 has been previously shown to localize to the ER as well as the NVJ 13. In 
line with this, H. polymorpha Nvj2 was also observed at the ER and NVJs. Absence of Nvj1 
in our analysis implies that another protein at nuclear envelope serves as a binding partner of 
Vac8 in H. polymorpha. Therefore, future work should be focused on finding the structure and 
composition of these contact sites in order to better understand their function.

Vac8 was initially found to play an important role in vacuole inheritance and vacuole-
vacuole fusion in S. cerevisiae  3,14. In line with the previous results, we show that H. polymorpha 
vac8 cells lack vacuoles in the bud displaying a defect in vacuole inheritance. Studies of 
homotypic vacuole fusion have suggested the involvement of 3 distinct steps - priming, 
docking,and fusion, and have revealed several factors and molecular components required in 
those steps. Vac8 is required at the fusion step in S. cerevisae 15. VAC8 deletion, however, had no 
effect on the vacuole-vacuole fusion in H. polymorpha. HpVac8 functions in the maintenance 
of NV junction and in vacuole inheritance pathway; nonetheless, vacuole-vacuole fusion events 
do not appear to require Vac8. This suggests that, though Vac8 homologues may exist, it might 
not function in vacuole membrane fusion pathways in all yeasts. To develop a factual model of 
how fusion takes place in H. polymorpha, the main components involved in this event need to 
be identified and characterized.

We also explored the role of Vac8 on peroxisome biogenesis. Support of involvement 
of Vac8 in peroxisome function or biogenesis comes from the identification of Vac8 in 
the peroxisomal fractions in S. cerevisiae 10 as well as in H. polymorpha (data not shown). Vac8 
has various functions, which appear to be explained by its vacuole membrane localization and 
the functioning of its C-terminal armadillo repeats 3. Vac8-binding partners such as Vac17 1,  
Nvj1 7 or Atg13 (autophagy-13) 4 bind to one of these armadillo repeats to access Vac8. Also, 
recent work has shown  peroxisome-vacuole contacts which are formed in peroxisome 
inducing conditions 11. Therefore, it might be possible that Vac8 associates or functions in 
the diverse aspect of peroxisome biology and hence identified in the peroxisomal fractions 
in two independent studies.  Our data shows that C-terminally tagged Vac8 localizes close 
to the peroxisome-vacuole contacts but not to the peroxisomes in methanol-grown cells. We 
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demonstrated that deletion or over-expression of Vac8 had no effect on peroxisome biogenesis 
or abundance which suggests that the role of Vac8 in peroxisome biology is very unlikely. 
Nonetheless, identification of binding partners of Vac8 remains an important question for 
the future to address its possible function in H. polymorpha.

Materials and methods

Strains and growth conditions
All H. polymorpha strains used in this study are derivatives of the NCYC495 leu1.1 (Table 2). 
Cells were grown in batch cultures on mineral media 16 supplemented with 0.5% glucose or 
0.5% methanol, as carbon source and 0.25% ammonium sulphate or 0.25% methylamine as 
nitrogen source at 37°C. When required leucine was added to a final concentration of 30 µg/
ml. For growth on plates, YPD (1% yeast extract, 1% peptone and 1% glucose) medium was 
supplemented with 2% agar. Transformants were selected using 100 µg/ml zeocin (Invitrogen), 
100 µg/ml nourseothricin (Werner Bioagents) or 200 µg/ml hygromycin (Invitrogen). 
Escherichia coli DH5α was used for cloning. Cells were grown at 37oC in Luria Bertani (LB) 
medium (1% bacto tryptone, 0.5% yeast extract and 0.5% NaCl) supplemented with ampicillin 
(100 µg/ml) or kanamycin (50 µg/ml). For growth on agar plates, 2% agar was added to  
LB medium

Table 1. Hansenula polymorpha strains used in this study 

Strains Characteristics Reference

Wild-type (WT) NCYC 495 leu1.1 [21] 
yku80 NCYC495 leu1.1, YKU80::URA3 [22] 
WT. Pmp47-GFP WT strain producing pHIPN-Pmp47-GFP This study
WT. BiP-mCherry-HDEL WT.strain producing BiP-mCherry-HDEL This study
WT. Vac8-GFP WT strain producing pHIPZ-Vac8-GFP This study
WT. Vac8-GFP. BiP-mCherry-HDEL WT  strain producing Vac8-GFP and BiP-mCherry-HDEL This study
vac8 Deletion of VAC8, (VAC8::ZEO) This Study
vac8. BiP-mCherry-HDEL vac8 strain producing BiP-mCherry-HDEL This Study
vac8. Pmp47-GFP vac8 strain producing Pmp47-GFP This Study
WT. Vac8-GFP. DsRed-SKL WT strain producing vac8-GFP and DsRed-SKL This study
WT. PAOX-Vac8-GFP. DsRed-SKL WT strain producing Vac8-GFP under AOX promoter 

and DsRedSKL
This study

WT Nvj2-mGFP WT strain producing Nvj2-mGFP This study
nvj2 Deletion of NVJ2 (NVJ2::HPH) The study
nvj2 Pmp47-mGFP nvj2 strain producing pHIPZ-Pmp47-mGFP This study
nvj2 Pmp47-mGFP BiP-mCherry-
HDEL

nvj2 strain producing pHIPZ-Pmp47-mGFP and BiP-
mCherry-HDEL

This study

WT mGFP-Osh1 WT strain producing pHIPZ-mGFP-Osh1 This study
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Vacuole inheritance and fusion assay
In vacuole inheritance assay, H. polymorpha cells were first stained with FM4-64 dye for 2 hours 
and then washed and resuspended into fresh medium without FM4-64 to prevent the staining 
of new vacuoles. Cells were then and incubated for 2.5 hours at 37°C before analysis of 
the inheritance of vacuoles. 

Vacuole fragmentation was induced by exposing cells to 0.5M NaCl in glucose media for 2 
min followed by recovering cells in the media without NaCl. Cells were stained using FM4-64. 

Cloning and strain construction
The plasmids and primers used in this study are listed in Table 3 and Table 4. H. polymorpha 
was transformed as describes before 17. All integrations were checked by colony PCR. Gene 
deletions were also confirmed by southern blotting.

Plasmid pHIPZ-Vac8-GFP was constructed by amplification of the VAC8 gene, lacking 
the stop codon, using primers Vac8BglII R and Vac8 F and H. polymorpha genomic DNA 
as template. The resulting PCR product was digested with HindIII and BglII, and ligated 
between the HindIII and BglII sites of pHIPZ-mGFP fusinator plasmid. The resulting plasmid 
was linearized with BclI to enable integration into the H. polymorpha genome. Later, StuI 
linearized pHIPX7-mCherry-HDEL plasmid was transformed into the H. polymorpha strain  
producing Vac8-GFP. 

For the construction of PAOX-Vac8-GFP plasmid, first, we amplified GFP-2HA tag along 
with a STOP codon using primers GFP_NdeIF and GFP_2HA_SalIR and the plasmid pHIPX4-

Table 2. Plasmids used in this study

Plasmid Description Reference

pHIPZ-Vac8-GFP Plasmid containing C-terminal part of Vac8 gene fused 
to mGFP, ZeoR, AmpR

This study

pHIPZ-mGFP fusinator Plasmid containing mGFP without start codon and 
with AMO terminator, ZeoR, AmpR

[23]

pHIPX7-BiP-mcherry-HDEL Plasmid containing BIPN30 fused to mCherry-HDEL 
under the control of PTEF, LEU2, KanR

(Yuan, PhD 
thesis, 2016)

pHIPX4-Vps39-GFPHA Plasmid containing Vps39-GFPHA under the control of 
PAOX, LEU2, KanR

(Aksit, PhD 
thesis, 2018)

PAOX-Vac8-mGFP Plasmid containing VAC8 gene fused to mGFP under 
the control of PAOX, ZeoR, AmpR

This study

pHIPN-Pmp47-GFP Plasmid containing C-terminal part of Pmp47 fused to 
mGFP, NatR, AmpR

(Cepińska,PhD 
thesis, 2014)

pHIPH4 Plasmid containing AOX promoter, HphR, AmpR [22]
pHIPZ4-Nia Plasmid containing PAOX Nia, AmpR, ZeoR [24]
pJWR16 pHIPZ plasmid encoding C-terminal part of Nvj2 gene 

fused to mGFP, ZeoR, AmpR
This study

pJWR19 pHIPZ plasmid encoding N-terminal part of Osh1 
fused to mGFP, ZeoR, AmpR

This study

pMCE7 Plasmid containing C-terminal region of PMP47 fused 
to GFP, ZeoR

[25]
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Table 3. Oligonucleotides used in this study

Oligonucleotide Sequence(5’ -3’)

Vac8 F TTGCTGTGGACGAGTCCA
Vac8 BglII R GAAGATCTCTTGATGAGGTCCAAAATTTG
GFP_NdeIF ACGGAATTCCATATGGTGAGCAAGGGCGAGGAG
GFP_2HA_SalIR GCGTCGACTTACGCATAGTCAGGAACATCGTATGGGTACGCATAGTCAGG 

AACATCG
Vac8F_BamHI CGGGATCCATGGGCTGTTGTTGTAGC
Vac8R_NdeI GGAATTCCATATGCTTGATGAGGTCCAAAATTTG
Vac8-Forward CATACCCAACAAATAAGAAGAGCGTCTTCAATTGGAAATAACACATAAAA 

CCCACACACCATAGCTTCAA
Vac8-Reverse AACACTCTAGAACAAGCAATGATACCACCCGAAGCACTGGCTCACTTGAT 

ACTAGTGGATCCCCCGTACC
Vac8_cPCRF GGCAAACCTATAACCGAACA
Vac8_cPCRR GAAGGCTACTTTTGGCGAGA
JWR_63 CCCAAGCTTATGACAACTCCTCTCTCGGC
JWR_64 GGAAGATCTTCGCCGTTCTGGAAGTGGTG
JWR_74 GGTTTAACTTTATGGCCATTGATTCTGTTTGTGAATAGCGTGGTGTCTGT 

AACTGATCCAGAAAGTCGAGGTTC
JWR_75 CTTGTTTTCTCCGTTTTGGCAAACATGTCGGCAGATGATTTTCGGTTATC 

AAACAGCTATGACCATGATTACG
JWR_80 AGGAGAACCGCCGTATGTAA
JWR_81 CTTGATCACCAGCTCTCAGT
JWR_168 CCTCGCCCTTGCTCACCATCTCGGGTAAACTGGAAATG
JWR_169 CATGGACGAGCTGTACAAGGTACTGATAGCAGTAAACATCGCATCCAATG 

CTAG
JWR_170 GCATGTCTTATTGTCGACC
JWR_171 CATTTCCAGTTTACCCGAGATGGTGAGCAAGGGCGAGG
JWR_172 CTAGCATTGGATGCGATGTTTACTGCTATCAGTACCTTGTACAGCTCGTCC 

ATG

VPS39GFPHA as a template. The resulting fragment was digested with NdeI and SalI and 
cloned into the NdeI-SalI digested pHIPZ4-Nia plasmid. The resulting plasmid was digested 
with BamHi-NdeI enzyme combination. Next, we amplified VAC8 gene, lacking the STOP 
codon using primers Vac8F_BamHI and Vac8R_NdeI and H. polymorpha genomic DNA as 
template. The resulting PCR fragment was digested with BamHI and NdeI and ligated with 
the previously digested plasmid containing the GFP_2HA tag. The final plasmid was linearized 
with StuI to enable integration into the H. polymorpha genome producing the peroxisomal 
marker, DsRed-SKL. 

The vac8 deletion strain was constructed by replacing the VAC8 region with the zeocin 
resistance gene. First, a PCR fragment containing the zeocin resistance gene and 50 bp of 
the VAC8 flanking regions was amplified using primers Vac8-Forward and Vac8-Reverse and 
the pMCE7 plasmid as a template. The resulting deletion cassette was transformed into yku80 
cells. Zeocin resistant transformants were selected and checked by colony PCR with primers 
Vac8-cPCRF and Vac8-cPCR. Correct deletion of VAC8 was confirmed by southern blotting. 
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To create vac8 containing Pmp47-mGFP, the MunI-linearized pHIPN-Pmp47-mGFP plasmid 
was transformed into vac8 cells.

A plasmid encoding Nvj2-GFP was constructed by PCR amplification of a fragment 
encoding the C-terminus of Nvj2 using primers JWR_63 and JWR_64 and H. polymorpha 
genomic DNA as a template. The obtained PCR fragment was digested with HindIII and 
BglII, and inserted between the HindIII and BglII sites of pHIPZ-mGFP fusinator plasmid, 
resulting in a plasmid pHIPZ—Nvj2-mGFP (eJWR0016). MunI-linearized plasmid pJWR16 
was transformed into ku80 WT cells. 

The nvj2 deletion strain was constructed by replacing the NVJ2 region with the hygromycin 
resistance gene. First, a PCR fragment containing the hygromycin resistance gene and 50bp of 
the NVJ2 flanking regions was amplified using primers JWR_71 and JWR_72 and the pHIPH4 
plasmid as a template. The resulting deletion cassette was transformed into yku80 cells. 
Hygromycin resistant transformants were selected and checked by colony PCR with primers 
JWR_80 and JWR_81. To create nvj2 containing Pmp47-mGFP, the MunI-linearized pHIPZ-
Pmp47-mGFP plasmid was transformed into nvj2 cells. To create nvj2 Pmp47-mGFP BiP-
mCherry-HDEL, the StuI-linearized pHIPX-mCherry-HDEL plasmid was transformed into 
nvj2 Pmp47-GFP cells.

A plasmid encoding GFP-Osh1 was constructed as follows: a PCR product encoding 
the N-terminus of Osh1 was obtained in the overlap PCR reaction using 3 DNA fragments. 
The first fragment contained 5’ extension with restriction site for Not1 enzyme, promotor 
region of OSH1 gene and 3’ extension with GFP sequence. It was obtained using primers 
JWR_167 and JWR_168 with H. polymorpha genomic DNA as a template. The second fragment 
contained 5’ extension  with GFP sequence without STOP codon, linker, OSH1 and 3’extension 
with restriction site for SalI enzyme. It was amplified using primers JWR_169 and JWR_170 
with H. polymorpha genomic DNA as a template.

The third fragment contained 5’ extension with OSH1 promotor, GFP sequence without 
STOP codon and 3’extension with OSH1 sequence. It was obtained using primers JWR_171 and 
JWR_172 pMCE7 plasmid as a template.

The overlap PCR product was digested with NotI and SalI, and inserted between the NotI 
and SalI sites of pHIPZ-mGFP fusinator plasmid, resulting in a plasmid pHIPZ—GFP-Osh1 
(pJWR19). PmlI-linearized plasmid pHIPZ—GFP-Osh1 was transformed into ku80 WT cells. 

Microscopy
Fluoresence microscopy
Widefield images were captured using a 100x1.30 NA objective (Carl Zeiss, Oberkochen, 
Germany). Images were using a Zeiss Axioscope A1 fluorescence microscope (Carl Zeiss, 
Oberkochen, Germany), Micro-Manager 1.4 software and a CoolSNAP HQ2 camera. 
CellTrackerTM Blue CMAC dye was visualized with a 380/30 nm band pass excitation filter, 
a 420 nm dichromatic mirror, and a 460/50 nm band-pass emission filter. The GFP fluorescence 
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. DsRed and FM4-64 fluorescence was visualized 
with a 546/12 nm bandpass excitation filter, a 560 nm dichromatic mirror, and a 575-640 
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nm bandpass emission filter. A 587/25 nm bandpass excitation filter, a 605 nm dichromatic 
mirror and a 647/70 nm bandpass emission filter were used to visualize mCherry fluorescence. 
The vacuolar membranes were stained with FM4-64 (Invitrogen) by incubating cells at 37°C 
with 2 µM FM4-64. The vacuolar lumen was stained with CellTracker™ Blue CMAC Dye 
(molecular probes). Image analysis was performed using ImageJ.

Confocal laser scanning microscopy
For quantification of peroxisomes, Z-stack images of cells were taken using a 100x1.40 NA 
objective using a confocal microscope (LSM800, Carl Zeiss) and Zen software. GFP signal was 
visualized by excitation with a 488 nm laser and the emission was detected from 490 – 650 
nm using an GaAsp detector. Peroxisomes were detected and quantified automatically using 
a custom made plugin 18. 

Electron microscopy
Yeast cells are harvested by centrifugation and cryo-fixed using  self-pressurized rapid 
freezing 19. The copper capillaries were sliced open longitudinally and placed on frozen freeze-
substitution medium containing 1% osmium tetroxide, 0.5% uranyl acetate and 5% water in 
acetone. The cryo-fixed cells were dehydrated and fixed using the rapid freeze substitution 
method 20. Samples were embedded in Epon and ultra-thin sections were collected on formvar 
coated and carbon evaporated copper grids and inspected using a CM12 (Philips) transmission 
electron microscope (TEM).

In silico analysis
Homologues of S. cerevisiae NVJ-related proteins in H. polymorpha were identified using 
the BlastP search followed by the Position Specific Iterated (PSI) Blast analysis. The primary 
sequences of S. cerevisiae proteins enlisted in Table. 1. were used to search for homologues 
in the budding yeast data set of the non-redundant protein database at the National Centre 
for Biotechnological Information (NCBI). In the PSI-Blast analyses a statistical significance 
value of 0,001 was used as a threshold for the inclusion of homologous sequences in each   
next iteration. 

The H. polymorpha genome sequence was searched by TBlastN with identified protein 
sequences as queries for the presence of a particular NVJ-related protein.
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