
 

 

 University of Groningen

Identification of novel peroxisome functions in yeast
Singh, Ritika

DOI:
10.33612/diss.99106402

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2019

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Singh, R. (2019). Identification of novel peroxisome functions in yeast. [Thesis fully internal (DIV),
University of Groningen]. University of Groningen. https://doi.org/10.33612/diss.99106402

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://doi.org/10.33612/diss.99106402
https://research.rug.nl/en/publications/730a74c5-befa-4e37-b651-47abd7c058f1
https://doi.org/10.33612/diss.99106402


Identification  
of novel peroxisome  

functions in yeast

Ritika Singh



The studies presented in this thesis were performed in the research unit Molecular Cell Biology of 
the Groningen Biomolecular Sciences and Biotechnology Institute (GBB) of the University of Groningen, 
The Netherlands. 

This project was supported financially by the EU Marie Skłodowska-Curie Innovative Training Network 
(ITN) program, PerFuMe.

© 2019 Ritika Singh, Groningen, The Netherlands 
All rights reserved. 

ISBN printed version: 978-94-034-2050-9
ISBN digital version: 978-94-034-2049-3

Layout and Printing by: Off Page, Amsterdam

 

 

 

 

 

 

 

 
 
 
 
The studies presented in this thesis were performed in the research unit Molecular Cell 
Biology of the Groningen Biomolecular Sciences and Biotechnology Institute (GBB) of the 
University of Groningen, The Netherlands.  
 
This project was supported financially by the EU Marie Skłodowska-Curie Innovative 
Training Network (ITN) program, PerFuMe. 
 
 
 
 
 
 
 
 

© 2019 Ritika Singh, Groningen, The Netherlands  
All rights reserved.  
 

ISBN printed version : 978-94-034-2050-9 

ISBN digital version : 978-94-034-2049-3 

 
Layout and Printing by: Offpage, www.offpage.nl  
 
 
 
 

  

 

 

 

 

 

 

 

 

 
 
 
 
The studies presented in this thesis were performed in the research unit Molecular Cell 
Biology of the Groningen Biomolecular Sciences and Biotechnology Institute (GBB) of the 
University of Groningen, The Netherlands.  
 
This project was supported financially by the EU Marie Skłodowska-Curie Innovative 
Training Network (ITN) program, PerFuMe. 
 
 
 
 
 
 
 
 

© 2019 Ritika Singh, Groningen, The Netherlands  
All rights reserved.  
 

ISBN printed version : 978-94-034-2050-9 

ISBN digital version : 978-94-034-2049-3 

 
Layout and Printing by: Offpage, www.offpage.nl  
 
 
 
 

  

 



Identification  
of novel peroxisome  

functions in yeast

PhD thesis

to obtain the degree of PhD at the
University of Groningen
on the authority of the

Rector Magnificus, Prof. Dr. C. Wijmenga
and in accordance with

a decision by the Doctorate Board.

This thesis will be defended in public on
Friday   01 November 2019 at 09:00 hours

by

Ritika Singh
born on 11 April 1988
in Gorakhpur, India



Supervisor

Prof. I. J van der Klei 

Second supervisor

Prof. Sigrun Reumann

Assessment committee

Prof. A.J.M. Driessen
Prof. B.M. Bakker
Prof. H.A.B. Wösten



To Ma and Papa
for their love, support and prayers



Acknowledgements

I would like to take this opportunity to express my gratitude for the wisdom, support, and 
lessons taught by the people who crossed my Ph.D. path which contributed to the preparation 
of this thesis.

I would like to begin by expressing my sincere gratitude to Professor Ida van der Klei for 
selecting me and giving me the opportunity to conduct my doctoral research at the Molecular 
Cell Biology group back in 2013. Thank you Ida, for believing in me, for your constructive 
feedback that helped me to refine my work, for making the time to meet with me every Friday, 
for being so closely involved in helping me with the research progress and for ceaselessly 
supporting me along the way. Thank you for everything.

I take this opportunity to thank my second supervisor Professor Sigrun Reumann for joining 
Ida in guiding my Ph.D. course, for your support and invaluable feedback to all my writings, be 
it project reports, posters or presentation slides. 

I extend my special thanks to the members of the reading committee Prof. A.J.M. Driessen, 
Prof. B.M. Bakker and Prof. H.A.B. Wosten for taking time to evaluate this thesis and giving 
valuable suggestions.

I would like to thank Marie Curie Initial Training Network, PerFuMe (PERoxisome Formation, 
Function, Metabolism) for funding my Ph.D. position and giving the opportunity to work with 
leading academic institutions and learn.

I take this opportunity to thank Srishti and Renate for accepting to be my paranymphs and for 
their help in the preparation of my defense day. Thank you, Renate, for helping with the Dutch 
translation of my thesis summary.

A giant “thank you” to our lab secretary Jannet for her help with all official procedures, for 
the kind support and for all the good times. Jannet, thank you for your friendship and for being 
there along the way. It means a lot.

I would like to thank Arjen and Rinse for all the help with the experiments whenever it was 
needed. Thank you very much for your time and kind help. 

My special thanks to Runa and Sanjeev for going out of the way to help me in moving and 
settling down in Groningen, and for always being there. I will be forever grateful for this and 
for your friendship.

My sincere thanks to Adam for his support and supervision during the early days of my Ph.D. 
Thank you for all the technical training, and hours spent at the office explaining everything.



I had the pleasure to supervise and teach some great students during my Ph.D. Harshitha, 
Bohdan, Gwen, and Maartje thank you for all your amazing work and dedication.

I would like to also extend my appreciation to my colleagues who have been there along the way. 
I would like to thank Sanjeev, Selva, Malgosia, Chris, Kevin, Terry and Anita for their help and 
support in different phases of my Ph.D. 

Most importantly, thank you to the lovely lab-mates and my dearest friends Arman, Ann, 
Srishti, Justyna, and Natasha. Thank you for the great time spent over coffees, trying to diffuse 
Ph.D. related frustrations, sharing our little victories along the way and giving reasons to smile 
and carry on. I thank you guys for making our lab a delightful place to come to and work in. I 
would also like to thank Fei (My peng you), Huala (Lady gaga), Chen and Renate (Banana) for 
being the sweetest people around. Thank you for the fun times and get-togethers (especially 
the hotpot dinners lady gaga). For the new lab members, best wishes!

Ann and Srishti, words will fall short if I start writing for you both. So, I would just say thank 
you from the bottom of my heart. Thank you for sticking with me through thick and thin, for 
helping me to overcome everything life threw at me, for being there, and for lifting me up. I 
cannot imagine this journey without you both. I am deeply beholden. 

Special thanks to my very first neighbour, my lab bench-mate, my fashion guru, and my 
travel companion, Justynka. I will always cherish our work trips to different places (thanks to 
PerFuMe), dinner dates (Thai Jasmine), bike rides to home from work, and endless nonsense 
conversations. Thank you for being that particular person who makes me laugh like crazy and 
live just a little better. You made me meet my second mamus (cutest mama). I will be forever 
grateful for this and for your backing and friendship while our paths crossed. You are the best. 
Thank you pani for brightening up my life. 

To my dearest friends Ritu (and Archit), Neha, Ritika, Shonali, Mansi, Samvartika Di, and 
Jaishree….Thank you for your constant support, encouragement, and love over the years. You 
are all wonderful.

A warm “thank you” to my sweetest Bue who cares too much. Thank you for being you bue.

My heartfelt regards to Mom and Papa for the love and moral support during my thesis writing 
days. I feel blessed to be part of the family.

I am fortunate to have awesome parents and the best siblings. Although we are apart, a family is 
close at heart. Bhai, thank you for your unbelievable support and belief in me. Happy, thank you 
for doing nothing. Lol. Thank you champ for being my constant and for always encouraging me 
to push my limits. I am blessed to have you both. 



Maa..my love for you is ineffable. The best in me I owe to you. Thank you, papa, for always 
motivating us to do our best. I would not have made it here had it not been for you. This book is 
a culmination of your support and love. I don’t know how I will ever thank you for everything 
you have done for me. This thesis is for you, Ma and Papa. I hope this book makes you proud.

Finally, I would like to thank my husband, my sidekick, Vikalp, for his constant encouragement 
and backing. You empower me, you help me grow as a person and bring meaning to my life day 
in, day out. Thank you for all the love, joy and laughter you bring into my life every single day. 
Thank you for making me more than I am.

Ritika







Table of Contents
Aim and Outline 13

Chapter 1 Introduction 17

Chapter 2 Identification of a novel peroxisomal peroxiredoxin in  43 
 the yeast Hansenula polymorpha 

Chapter 3 Stress exposure results in increased peroxisomal levels of  71 
 yeast Pnc1 and Gpd1, which are imported via  
 a piggy-backing mechanism

Chapter 4 Hansenula polymorpha Pex37 is a peroxisomal membrane  91 
 protein required for organelle fission and segregation

Chapter 5 Hansenula polymorpha Vac8:  117 
 a vacuolar-membrane protein required for vacuole  
 inheritance and nucleus-vacuole-junction formation

Summary 135

Samenvatting 141





Aim and Outline





Aim and Outline

15

Peroxisomes are organelles occurring in most eukaryotic cells. They are involved in wide range 
of metabolic and non-metabolic functions. Despite the extensive research since their discovery 
in the fifties of the previous century, our knowledge on peroxisomal functions is incomplete. 
The research  described in this thesis aimed to identify and characterize novel peroxisome 
proteins and functions in yeast. 

Chapter 1 gives an overview on our current knowledge on peroxisomes focussing on  
peroxisome function, redox-regulation, and proliferation in yeast.

Using an organelle proteomic approach using peroxisomal fractions isolated from 
Hansenula polymorpha cells exposed to ethanol stress, we identified 6 putative peroxisomal 
peroxiredoxins (Chapter 2). Two of them, named C8BNF3 and C8BNF4, contain a putative 
peroxisomal targeting signal 1 (PTS1). Although C8BNF3 contains a PTS1, it is localized to 
the mitochondria, whereas C8BNF4 partially localizes to the peroxisomes in glucose-grown 
cells, but not when cells were grown on methanol. That absence of C8BNF4 did not result in 
a growth defect or enhanced sensitivity to any of the stress conditions tested. 

Both Pnc1 (nicotinamidase) and Gpd1 (glycerol-3-phosphate dehydrogenase) are stress-
related peroxisomal proteins. Gpd1 was previously reported to relocalize to the cytosol 
upon exposure of cells to osmotic stress. In Chapter 3 we show that Pnc1 is transported to 
peroxisomes by piggy-backing on Gpd1 We show that the levels of both peroxisomal and 
cytosolic Gpd1 and Pnc1 increased when the cells were exposed to stress. Our quantitative 
analysis of the distribution of Gpd1 and Pnc1 over the cytosol and peroxisomes revealed that 
both proteins are predominantly localized to peroxisomes. The non-stress related peroxisomal 
protein thiolase, when produced under the control of GPD1 promoter, displayed a similar 
behaviour indicating that the presence of peroxisomal matrix proteins in the cytosol of cells 
exposed to stress is a result of reduced matrix protein import efficiency and not relocalization.

Mammalian PXMP2 has been indicated to function as a non-selective pore  in 
the peroxisomal membrane. A homologous protein in Neurospora crassa, Wsc, is involved in 
the formation of Woronin bodies from peroxisomes. In Chapter 4 we analysed all four Pxmp2 
proteins of H. polymorpha. One of these proteins, designated Pex37, localizes to  peroxisomes. 
Deletion  of PEX37 resulted in  a reduction in peroxisome numbers and a defect in peroxisome 
segregation in cells grown at peroxisome repressing conditions (glucose). This phenotype 
could be partially complemented by human PXMP2, suggesting that PXMP2 is a functional 
homologue of Pex37.  

Saccharomyces cerevisiae  Vac8 plays among others a role in vacuole inheritance and fusion. 
In addition it is a component of nucleus-vacuole junctions (NVJ). Organelle proteomics 
revealed that Vac8 also occurs in peroxisomal fractions isolated from S. cerevisiae or H. 
polymorpha (Chapter 2). In Chapter 5 we show that HpVac8 is also required for NVJ formation 
and vacuole inheritance, but not for vacuole fusion. The absence of HpVac8 had no effect on 
peroxisome function, number and distribution indicating that a  role of Vac8 in peroxisome 
biology is very unlikely.
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1 Abstract

Peroxisomes are ubiquitous multifunctional organelles, which are found in most eukaryotic 
cells. A conserved function of peroxisomes is β-oxidation of fatty acids and scavenging of 
reactive oxygen species generated from diverse metabolic pathways. In yeast, peroxisomes are 
mainly formed by fission of pre-existing ones but can also form de novo from the endoplasmic 
reticulum. Their number, size, and function vary between organisms and environmental 
conditions. Peroxisome biogenesis and degradation must be orchestrated to achieve peroxisome 
homeostasis. Multiple quality control mechanisms are employed in the cell to ensure proper 
peroxisome functions and its protection from oxidative damage. These include the function of  
antioxidant enzymes and molecular chaperones. Dysfunctional organelles can be removed by 
selective autophagy. 

Here,  the current knowledge on peroxisome functions, redox regulation and peroxisome 
proliferation is presented, with a focus on studies performed on yeasts as model systems.
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1Introduction

Peroxisomes are very dynamic, single membrane bound, multifunctional organelles, which 
play an important role in several cellular processes. They are found in almost all eukaryotic 
cells. The name “peroxisomes” was proposed by De Duve and Baudhuin (1966) based on 
the presence of several enzymes. which produce and degrade hydrogen peroxide (H2O2). 

Apart from H2O2 detoxification, β-oxidation of fatty acids is a highly conserved function 
of these organelles. In yeast and filamentous fungi, peroxisomes also play a role in the primary 
metabolism of unusual carbon and nitrogen sources like fatty acids, methanol, and primary 
amines and in the biosynthesis of secondary metabolites, such as biotin and antibiotics 1,2. In 
certain filamentous fungi, specialized peroxisomes known as Woronin bodies are found, which 
plug septal pores in hyphae during injury 3. These organelles originate by budding from normal 
peroxisomes. Plant peroxisomes perform multiple functions including lipid metabolism, 
photorespiration, nitrogen metabolism, reactive oxygen species (ROS) detoxification and 
synthesis of some plant hormones 4,5. In animal cells, peroxisomes are among others involved in 
α- and β-oxidation of long-chain fatty acids, the degradation of purines and in the biosynthesis 
of bile acids and ether lipids such as plamalogens. Plasmogens are the most abundant 
phospholipid present in the myelin sheath that covers nerve cells in the brain 6. 

Interestingly, recently in mammals, non-metabolic peroxisome functions like anti-
viral innate immunity and anti-viral signaling, have also been identified 7. Using organelle 
proteomics and high throughput mutant screens, novel peroxisome proteins and functions are 
still being discovered.

Peroxisome morphology, abundance and function depends on the environment and 
the cell type. Proteins  involved in the biogenesis and maintenance of peroxisomes are called 
peroxins and are encoded by PEX genes. So far,  36 PEX genes have been discovered. Most 
peroxins are involved in matrix protein import, membrane protein insertion and regulation of  
peroxisome numbers 8. 

In yeast, functional peroxisomes are essential for growth of cells on oleic acid or methanol. 
In humans, mutation in several PEX genes are linked with Peroxisome Biogenesis Disorders 
(PBDs), which affect brain development and can result in death at an early age 9. Most 
peroxisome enzyme deficiencies are linked with the development and progression of severe 
clinical disorders 10. In plants, the absence of peroxisomes can cause lethal phenotypes as they 
are required for embryogenesis and subsequent seedling germination 11.

This contribution, summarizes the current knowledge in the areas of peroxisome function, 
redox regulation and proliferation in yeast.

Peroxisomes and oxidative stress

In eukaryotic cells, mitochondria and peroxisomes are the main intracellular sources of ROS. 
Peroxisomes are considered as an important source of ROS due to their oxidative metabolism. In 
addition to ROS producing processes, peroxisomes accommodate several defense mechanisms 
and antioxidant enzymes to maintain the redox balance. 
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1 ROS can cause damage to vital cellular macromolecules such as nucleic acids, proteins and 
lipids. The damage caused by ROS in living cells is named  oxidative stress. Accumulation of 
damaged components leads to ageing and age-related diseases. In humans, an imbalance in 
the cellular redox state causes a considerable risk for development of various diseases such as 
neurodegeneration, diabetes, aging, and cancer 12,13

Peroxisomes and mitochondria are crucial for the maintenance of the redox balance in 
the cell. Recent studies impart strong support to the idea that peroxisomes and mitochondria 
share a redox-sensitive relationship involving complex signalling pathways. Peroxisome-
derived oxidative stress may activate signalling pathways that result in increased mitochondrial 
stress-causing mitochondria-mediated cell death 14,15. 

The peroxisome as a cellular source of ROS species
An important feature of peroxisomal metabolic pathways in the production of ROS, which 
includes superoxide anion (O2¯) and H2O2

 16. H2O2 is produced by peroxisomal oxidases, but 
in mammalian and plant peroxisomes, H2O2 can also be formed by a dismutation reaction 
of O2¯ catalyzed by superoxide dismutases via the hydroperoxyl radical ( O2¯ + H+ -> HO2¯; 
2HO2¯ -> H2O2 + O2). Yet, superoxide dismutases have not been reported to be present in yeast 
peroxisomes. Also, the hydroxyl radical (·OH), which is the most highly reactive and toxic form 
of ROS, can be formed in peroxisomes. This occurs by the Fenton reaction involving metal 
ion (e.g. iron/copper) – catalysed decomposition of H2O2 (H2O2 + O2¯ -> O2 + OH¯ + ·OH) 17. 
Transition metals, such as iron and copper, are usually present in a complex with peroxisomal 
enzymes as a cofactor. These metal ions can be freed and activate the formation of hydroxyl 
radicals under certain conditions.

The number of ROS producing peroxisomal proteins is vast and well-characterized in  
man 12,18,19. Contrastingly, the yeast Saccharomyces cerevisiae contains only one peroxisomal 
enzyme (acyl-CoAoxidase, Pox1), which produces H2O2. Yeast species, which have more 
oxidases can be advantageous as model organisms to study peroxisomal ROS homeostasis. 
Methylotrophic yeasts such as Hansenula polymorpha and P. pastoris contain several 
peroxisomal oxidases such as alcohol oxidase, acyl-CoA oxidase, amine oxidase, urate oxidase 
and D-amino acid oxidase 20. Notably, during the growth of methylotrophic yeast on methanol 
for each oxidized methanol molecule, one molecule of H2O2 is produced, which makes these 
organisms perfect models to study the impact of peroxisomal ROS and the role of peroxisomal 
antioxidant enzymes in aging.

Peroxisomal antioxidant defense systems
Peroxisomes employ a number of ROS detoxification systems to protect the cells from oxidative 
stress. Antioxidant enzymes such as peroxisomal catalase (CAT), glutathione peroxidase, 
peroxiredoxin I and Pmp20 degrade H2O2 and copper-zinc-dismutase (CuZnSOD) and 
manganese superoxide dismutase (MnSOD) detoxify superoxide anions 19. An imbalance in 
the production and scavenging of ROS can cause damage to peroxisomes or leakage of ROS 
from the organelles to the cytosol causing oxidative damage to other cellular components. 
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1The role of catalase
Catalase (CAT) is the main antioxidant enzyme of peroxisomes and decomposes H2O2 into 
O2 and H2O. In yeast, the absence of peroxisomal CAT inhibits growth on specific carbon 
sources (e.g. methanol and oleate) that are metabolized by peroxisomal enzymes 21,22. Also, 
the peroxisomal localization of CAT is indispensable for methylotrophic growth, because of 
a block in the import of CAT into peroxisomes obstructs the growth of H. polymorpha cells on 
methanol 23. In fungi, peroxisomal CAT also protects cells from externally added H2O2

 24.
In S. cerevisiae, the absence of peroxisomal CAT extends the lifespan of this organism by 

elevating intracellular H2O2 levels, which results in an increase of superoxide dismutase (Sod2) 
activity and a decrease of the superoxide levels 25. In H. polymorpha, the effect of peroxisomal 
CAT deletion on chronological aging differs depending on the growth conditions. The absence 
of peroxisomal CAT results in a reduced chronological lifespan when cells are grown on media 
containing methylamine as a sole nitrogen source. Contrarily, the lifespan of CAT deficient 
cells increased relative to wild type cells when cells were grown in medium supplemented with 
methanol. The positive effect on lifespan was due to the compensatory activation of other 
antioxidant enzymes, including cytochrome c peroxidase and superoxide dismutase 26. Future 
studies using a yeast model with a broader range of H2O2 producing enzymes would explain 
the relation between peroxisomal H2O2 production and redox balance in a better way.

Reduced CAT enzyme activity in human tissue leads to hypocatalasemia which causesthe 
premature onset of several age-related diseases 27. 

All peroxisomal CAT proteins most likely possess a relatively weak peroxisomal targeting 
signal 1 (PTS1). The weak targeting signal allows the protein to properly fold before its import 
into peroxisomes 23. The PTS1 is recognized by the cycling PTS1 receptor, Pex5 which is 
recycled back into the cytosol by a process requiring monoubiquitination of the N-terminal 
cysteine residue. Pex5 has a redox-sensitive conserved cysteine residue, which regulates protein 
function in Pichia pastoris 28 and man 29. Oxidation of this cysteine residue causes blockage of 
monoubiquitination, which serves as a signal for lysine polyubiquitination and proteasomal 
degradation of Pex5 29. CAT appears to be increasingly mislocalized to cytosol with the increase 
in cellular oxidative stress. Defects in the import of CAT  causes decreased peroxisomal 
CAT enzyme activity in aging human fibroblasts 30. In fact, restoration of CAT import by 
the expression of an alternative CAT with a stronger PTS1 caused reduced H2O2 production in 
ageing fibroblasts 31. It was recently demonstrated that inefficient CAT import, when coupled 
with the role of redox-regulated import receptor Pex5, may constitute a cellular defense 
mechanism of retaining CAT in the cytosol under oxidative stress conditions 31. These data 
indicate the importance of efficient import of CAT to peroxisomes for its biological function. 

Peroxisomal Peroxiredoxins
The process of ROS detoxification also involves peroxiredoxins and thioredoxin-dependent 
peroxidases, which are conserved from yeast to humans 32. 

Based on the number of cysteine residues involved in the catalytic cycle, two types of 
peroxiredoxins are known named as 1-Cys and 2-Cys peroxiredoxins. It is well established 
that mammalian Prdx5 is a 2-Cys enzyme and is targeted to peroxisomes by virtue of a PTS1 
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1 targeting signal. In addition, this enzyme has been found in other cellular compartments 
including the cytosol, mitochondria, and nucleus 33. The peroxisomal Prdx5 was shown to 
provide antioxidant protection against oxidative stress induced by exogenous H2O2

 34. Also, 
S. cerevisae contains a peroxisomal 2-Cys peroxiredoxin, Gpx1, which is also present at other 
cellular locations 35. On the contrary, methylotrophic yeasts contain a 1-Cys type peroxiredoxin 
(Peroxisomal membrane protein 20, Pmp20), which is localized to peroxisomes 36,37. In 
Candida boidini and H. polymorpha, the absence of Pmp20 results in a growth defect on media 
containing methanol as a carbon source. CbPmp20 displays glutathione peroxidase activity 
with various peroxides such as alkyl hydroperoxide and H2O2 as substrates. Therefore, it has 
been hypothesized that the main function of this enzyme is to remove lipid hydroperoxides 37.  
In H. polymorpha apart from the severe growth defect in methanol medium, the absence of 
HpPmp20 resulted in mislocalization of peroxisomal matrix proteins to the cytosol, ROS 
accumulation, lipid peroxidation and necrotic cell death 36. Together, these observations signify 
the importance of this peroxisomal antioxidant-enzyme for cellular viability.

Pexophagy
In order to maintain peroxisome homeostasis, the formation of new peroxisomes, as well as 
the removal of damaged peroxisomes, is critical. The pathway for the removal of superfluous or 
damaged peroxisomes by autophagy is referred to as pexophagy 38. 

In yeast, pexophagy can be induced upon shifting cells from oleic acid or methanol 
containing medium, which leads to massive peroxisome proliferation, to a carbon source that 
is not metabolized by peroxisomal enzymes (such as glucose). Pexophagy is also induced when 
nutrients are generally lacking 39. Pexophagy is induced in animal cells by amino acid starvation, 
treatment of cultured cells with hypolipidemic drugs or non-classical peroxisome proliferators, 
such as 4-phenylbutyrate 40,41. 

Pexophagy can occur via macro- or microautophagy-related pathways. Macropexophagy 
involves the formation of a pexophagosome, which subsequently fuses with the vacuole, 
resulting in degradation of entire the organelle 42. Micropexophagy is initiated by the formation 
of protrusions from the vacuole followed by direct engulfment by the vacuoles 43. Several Atg 
proteins are have been identified that are required for micro- and macropexophagy 44. Similar 
to other types of selective autophagy pathways, pexophagy requires specific cargo receptor 
and adaptor proteins. Atg30 was the first pexophagic adaptor protein to be identified in Pichia 
pastoris 45. Atg36 was found as an adaptor protein for pexophagy in S. cerevisiae 46. Both Atg30 
and Atg36 are recruited to the peroxisomal membrane via Pex3 47. Both Atg30 and Atg36 
undergo Hrr25-mediated phosphorylation, which allows them to interact with the common 
adaptor protein Atg11 and, thus, assisting in the formation of the autophagosomal membrane 
structure targeting the peroxisomes 47. 

Contrary to yeast, mammals do not have a pexophagy-specific cargo receptor such as 
Atg30 or Atg36, but instead, use NBR1 and p62 (also referred to as SQSTM1) as pexophagy 
adaptors 48. The proteins p62 and NBR1 are selectively degraded by autophagy. They act as 
cargo receptors for the autophagic degradation of ubiquitinated substrates 49. Overexpression of 
Pex3 was reported to facilitate ubiquitination of peroxisomes and pexophagy induction 50. More 
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1recent studies have implicated the ubiquitination of mammalian Pex5 51,52 as well as Pmp70 40  
in pexophagy. 

Removal of non-functional organelles is essential for cellular-lifespan because shorter 
chronological lifespan and elevated levels of ROS have been observed in cells defective 
in autophagy 53,54. Pexophagy inhibition results in the accumulation of peroxisomes with 
an impaired redox equilibrium in mammalian cells. This is because the accumulation of 
functionally compromised peroxisomes causes an imbalance between preserved H2O2 
generating peroxisomal acyl-CoA oxidase and dysfunctional CAT, which leads to enhanced 
intra-peroxisomal oxidave stress 55. Recent findings in H. polymorpha and S. cerevisae 
indicated that peroxisome fission is important for pexophagy 56,57. It has been speculated 
that the fragmentation of damaged organelles promotes the engulfment of the organelles by 
autophagosomes 57. These studies indicate the importance of pexophagy for the regulation of 
cellular homeostasis in the organism from yeast to humans.

Peroxisome proliferation

Peroxisomes are maintained in the cell through tight regulation of peroxisome biogenesis and 
peroxisome turnover by autophagy. Being a dynamic organelle, peroxisome shape, size and 
number depend on the metabolic needs of the cell. When yeast cells are grown at peroxisome 
repressing conditions (glucose containing medium), peroxisomes are smaller and lesser in 
number. On the contrary, when glucose-grown cells are shifted to the medium containing oleic 
acid or methanol which are metabolized by peroxisomal enzymes, peroxisome proliferation  
is stimulated 58.

Signalling pathways
Signalling pathways responsible to induce the expression of peroxisomal genes, regulate 
peroxisome proliferation. External stimuli such as fatty acids activate these signalling pathways 
leading to an increase in peroxisome number. In S. cerevisiae, transcription factors ScPip2 and 
ScOaf1p heterodimerize and bind to oleate response elements (OREs) present in peroxisomal 
gene promoters to activate their transcription. ScOaf1p contains a functional fatty acid binding 
domain 59. S. cerevisiae also contains Adr1, an additional Zn-finger transcription factor, which 
senses the carbon status and controls expression of peroxisomal genes. It binds to upstream 
activating sequence 1 (UAS1) promoter sites under glucose derepression and oleate induction 
conditions 60. In H. polymorpha the transcription factor Mpp1, which belongs to the Zn-cluster 
protein family, effects peroxisome proliferation. Mpp1 is a necessary for growth on methanol 
containing media 61.

Filamentous fungi contain two transcription factors, FarA and FarB, which activate 
the transcription of genes involved in peroxisome biogenesis and fatty acid degradation 62. In 
plant, peroxisome proliferation can be induced by ROS, UV radiation, light and salt stress. 
The transcriptional activation of peroxisomal genes, e.g. PEX11, involves the induction of 
the far-red light receptor phyA as well as the binding of bZip transcription factor, HYH to 



Chapter 1

24

1

the gene promoter 63. In mammals, apart from the major pathway which is the  peroxisome 
proliferator-activated receptor α (PPARα) – dependent pathway, extracellular signals such as 
ROS and growth factors have also been reported to activate peroxisome proliferation 12,64. 
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Figure 1. Hypothetical model of peroxisome biogenesis and proliferation. Peroxisome fission involves 
peroxisome membrane remodelling in the presence of Pex11 which results in elongation of the organelle 
followed by membrane constriction. Afterwards, proteins of fission machinery (Pex11, Dnm1, Mdv1, Fis1) 
work together for the division of peroxisomes which results in a new nascent organelle and a mature organelle 
(mother cell). De novo biogenesis requires fusion of two pre-peroxisomal vesicles (ppV) which are derived 
from the ER. PMPs are indirectly imported to the ER and are targeted to pER sub-domains of ER. The ppVs 
bud from the pER and fuse heterotypically. The nascent peroxisomes then import matrix proteins, eventually 
forming a mature peroxisome. Matrix protein import includes 4 main steps - 1. Cargo recognition in the 
cytosol: PTS1 and PTS2 containing peroxisomal matrix proteins are recognized in the cytosol by the 
cytosolic receptor proteins, Pex5 and Pex7 and coreceptor Pex20, respectively. 2. Receptor-cargo complex 
recognition: The PTS/receptor complex docks at the peroxisome membrane via the docking complex (Pex13, 
Pex14, Pex17). 3. Cargo translocation: The docking and the RING-finger complex (Pex2, Pex10, and Pex12), 
together form the importomer complex which functions in cargo release into the peroxisome lumen. 4. 
Receptor recycling: Following cargo release, the PTS receptor proteins are recycled back into the cytosol for 
another round of import by using components of export complex. PMPs are also imported directly via 
cytoplasm-to-peroxisome pathway. These PMPs have mPTSs (PMP targeting signals) and their import is 
dependent upon Pex19. Pex3 acts as a docking factor and once the PMP is inserted into the peroxisome 
membrane, Pex19 recycles back to the cytosol for next round of PMP import. 
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1The peroxisome fission machinery
Peroxisomes fission is mediated by Pex11 along with other factors including dynamin-related 
proteins (DRPs or dynamin-like proteins (DLPs) in mammals) 65–67. 

The role of Pex11 family proteins
Pex11 represents a highly conserved protein with a well accepted role in the regulation of 
peroxisome size and number 64,68,69. Pex11 was the first identified protein involved in peroxisome 
fission. The absence of Pex11 results in enlarged and a lower number of peroxisomes, whereas 
its overproduction leads to an increased number of peroxisomes 70,71. More than one Pex11 
paralog have been identified in most organisms. For instance, five Pex11-related proteins occur 
in A. thaliana whereas three Pex11-like proteins (Pex11α, Pex11β and Pex11γ) are present  
in mammals 72. 

The induction of PEX11 expression is  a prevalent, initial event in peroxisome fission 
in  yeasts, plants and mammals during peroxisome proliferation 64. It is the most abundant 
peroxisomal membrane protein in oleate acid grown S. cerevisiae. In addition to peroxisome 
fission, Pex11 participates in several other functions, which include peroxisome inheritance 73,  
re-distribution of peroxisomal membrane proteins (PMPs) on the peroxisome membrane 
during organelle fission 74, fatty acid oxidation and transport of small molecules 75,76.

In S. cerevisae, three members of the Pex11 family have been identified, namelyPex11, 
Pex25 and Pex27. Like for PEX11, Deletion and overexpression  of PEX25 or PEX27 affects  
peroxisomes size and number 77–79. It was demonstrated that Pex34 plays a role in proliferation 
of peroxisomes in cooperation with Pex11 family members in S. cerevisiae 80. Pex11C and Pex25 
are the two Pex11 paralogs present in H. polymorpha. The functions of these proteins  are 
still obscure. A recent study in P. pastoris has identified a new PMP, Pex36, which is required 
for growth on methanol but not an essential protein for peroxisome proliferation. However, 
a pex36 pex25 mutant is showed a severe peroxisome biogenesis defect 81.

Organelle fission by the DRP machinery
Upon Pex11 mediated tubulation of peroxisomes, peroxisomes constrict by a yet unknown 
mechanisms. Finally, the organelle divides, mediated by DRPs 82–84. Remarkably, peroxisomes 
and mitochondria share key fission proteins such as Drp1 and Fis1, adding to the “peroxisome-
mitochondria connection” 85. Similar to Pex11 deficient cells, mutants lacking DRPs display 
abnormal peroxisome morphologies and a severe reduction in peroxisome numbers 86,87. 

In S. cerevisae, the DRPs Dnm1 and Vps1 participate in peroxisome fission. Dnm1 is 
important at peroxisome inducing growth conditions, whereas Vps1 is required at glucose 
repressing conditions[84]. The absence of Dnm1 or Vps1 results in decrease in peroxisome 
numbers whereas absence of both causes a full blockage in peroxisome fission resulting in 
the presence of one big peroxisome per cell. On contrary, in H. polymorpha only Dnm1 but 
not Vps1 is required for peroxisome fission and a mutant lacking Dnm1 displays a single large 
peroxisome with long protrusions extending from mother cell to the daughter cell and partition 
via cytokinesis 67. The observation that  only a single peroxisome was present in S. cerevisae 
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1 dnm1 vps1 or H. polymorpha dnm1 cells supports the idea of growth and fission being the main 
mechanism for peroxisome proliferation. 

Posttranslational modifications
A number of recent studies highlighted the role of protein phosphorylation in the regulation 
of peroxisome dynamics 88,89. Protein phosphorylation regulates peroxisomal matrix and 
membrane protein import, proliferation, inheritance and degradation. It has been shown 
that phosphorylation of Pex11 is important for peroxisome fissionin S. cerevisiae and  
P. pastoris 90,91. However Pex11 phosphorylation has no influence on peroxisome fission in  
H. polymorpha 90–92. Phophorylation of Pex14, which belongs to the docking complex for 
the matrix import receptors Pex5 and Pex7, have been reported to counteract peroxisome 
proliferation by playing a role in pexophagy 93,94.

In addition to phosphorylation, other post translational modifications can also regulate 
peroxisome dynamics. Protein ubiquitination has been demonstrated to affect peroxisome 
protein import and autophagy by targeting Pex5 95. Furthermore, ubiquitination of other 
peroxins has been described to influence protein import and peroxisome degradation. For 
example, H. polymorpha PMP Pex3 is ubiquitinated and degraded by the proteasome system 
when methanol grown cells are shifted to glucose containing media. Pex3 degradation triggers 
autophagic degradation of peroxisomes via pexophagy 96,97. It was recently demonstrated that H. 
polymorpha Pex13 is ubiquitinated and undergoes degradation in wild type cells 98. 

Alterations in peroxisome proliferation are often associated with liver diseases, neurological 
dysfunction, as well as cellular ageing 69,99. Understanding the mechanism of peroxisome 
division and proliferation will contribute towards the therapeutic approaches to improve 
cellular function in health and diseases.

De novo formation of peroxisomes

As yet, the existence of two pathways for peroxisome biogenesis has been proposed. Initial 
studies suggested that peroxisomes divide by growth and division of pre-existing organelles 
similar to the semi-autonomous organelles of endosymbiont origin like mitochondria and 
chloroplasts 100. The second pathway of peroxisome biogenesis suggests that peroxisomes are 
formed de novo from the endoplasmic reticulum (ER) 101,102. The De novo pathway has slower 
kinetics but it results in peroxisomes with all “new” material whereas growth and fission is 
a faster process, which requires the pre-existing peroxisomes 103. However, there is still a lot of 
debate in regard to the existence of these models. The initial idea of peroxisomes forming from 
the ER was based on the observation that connections are present between ER and peroxisomes 
in mouse dendritic cells 104. 

This concept was also proposed for pex3 and pex19 yeast mutants, which for long were 
thought to completely lack peroxisome structures. Because functional complementation of 
these mutants with the corresponding genes resulted in formation of peroxisomes, these 
organelles were assumed to be formed de novo 105–108. In addition, fluorescence microscopy 
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1studies revealed that the newly introduced Pex3 protein was first detected at the ER before 
appearing at the peroxisomes, suggesting the involvement of ER in de novo formation of 
peroxisomes. This conclusions was  further supported by the fact that the N-terminus of 
Pex3 contains a signal sequence typical for ER membrane proteins 109. However, the fact that 
the peroxisomes are formed upon re-introduction of Pex3-GFP under control of a strong  
inducible promoter in pex3 cells cannot be ignored as such conditons can cause mistargeting 
of the protein. Trafficking of Pex3 and other PMPs invariably via the ER to peroxisomes in WT 
cells is still  debated.

It was recently demonstrated that H. polymorpha and S. cerevisae pex3 cells harbor pre-
peroxisomal vesicles (PPVs), which mature into functional peroxisomes upon reintroduction 
of the PEX3 gene suggesting that peroxisomes do not form de novo from the ER 110,111 . 
Electron microscopy analysis revealed that PPVs are located in close proximity to ER, which 
may have led to the conclusion that Pex3 travels via ER.  So far, PMPs are never observed 
on the ER in WT cells under normal conditions, which suggests an ER independent route. 
The mechanism of PPVs formation and maturation  into functional peroxisomes is still  
not clear. 

The role of the ER in peroxisome biogenesis was demonstrated through the use of a photo-
activatable Pex16-GFP fusion construct in the mammalian cells 101. These authors showed 
that a PMP travels via the ER to the peroxisomes and that de novo peroxisome formation 
contributed significantly to the total peroxisome population. However, recent studies in human 
fibroblasts lacking peroxisomes showed that Pex3 and Pex14 targeted to mitochondria, where 
they exited in vesicles 112. On the contrary, Pex16 trafficked to the ER and was released in 
vesicles, which appeared to fuse with the mitochondria derived ones, thereby generating fully 
import competent, peroxisomes. These findings suggest roles of both the ER and mitochondria 
in de novo formation of peroxisomes  in mammalian cells 112. Also, in S. cerevisiae a Pex3 
variant that artificially contained a mitochondrial targeting signal was shown  to sort to 
mitochondria in Pex3-defecient cells followed by the de novo formation of import competent  
peroxisomes 113. Taken together, these findings suggest that natural or artificial targeting of Pex3 
to any intracellular membrane membrane may initiate peroxisome formation. 

In summary, de novo formation of peroxisomes has only been observed in yeast mutants 
lacking peroxisomes and not in the WT cells. The prevalent mode of peroxisome proliferation 
is fission in WT yeast, however the fact that some peroxisomes may be formed via a de novo 
mechanism from other membranes cannot be ignored. A detailed study of PMP targeting, how 
PMPs  are targeted to multiple membranes  and how this is regulated would immensely improve 
our understanding regarding the role of ER and mitochondria in peroxisome formation.

Peroxisome growth

Peroxisomal growth requires the import of matrix and membrane proteins and, incorporation 
of lipids for their membrane expansion. One of the extraordinary features of peroxisomes, 
which differentiates it from mitochondria or chloroplast is the capacity to import fully folded, 
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1 oligomeric proteins 114. However, this process is not fully understood, yet. Once the peroxisomes 
reach a certain size, peroxisome fission is initiated.

Peroxisomal matrix protein import
Peroxisomes do not contain their own DNA. Hence, all peroxisomal proteins are nuclear 
encoded and  post-translationally imported into the peroxisomes. This process involves matrix 
protein targeting  and an import machinery comprising of several protein complexes. These 
function to dock cargo-bound import receptors at the peroxisomal membrane, transfer cargo 
into peroxisomes and export receptors back to the cytosol. For cargo recognition and transport 
to peroxisomes, peroxisomal matrix proteins possess specific peroxisome targeting signals 
(PTSs). Most of the peroxisomal matrix proteins contain a C-terminal PTS1 signal, which 
formerly was specified as the tripeptide serine-lysine-leucine (SKL) or variants such as (S/A/C)- 
(K/R/H) – (L/A), at the end 115,116. The latest prediction programmes that have been developed 
to identify PTS1 sequences in proteins make predictions based on C-terminal dodecamers as 
it turned out that additional adjacent amino acids are crucial for receptor-cargo interactions as 
well 117. The PTS1 targeting signal is recognized by a receptor protein, Pex5, via its C-terminal 
tetratricopeptide repeat domain 117–119. Recently two independent studies have identified a new 
PTS1 receptor in S. cerevisiae named as Pex9, which participates in the import of the PTS1 
containing enzyme malate synthases (Mls1 and Mls2) and glutathione transferase (Gto1) when 
yeast cells are gown on oleate containing medium 120,121. Pex9 follows the same import-cycle as 
Pex5 and interacts with the docking protein Pex14. It is not produced in glucose or ethanol 
grown cells. Existence of an another PTS1 receptor increases the efficiency of protein import 
into peroxisomes.

The second evolutionarily conserved peroxisomal targeting signal (PTS2) is present at 
the N-terminal of peroxisomal proteins. The consensus sequence consists of the nonapeptide  
(RK) - (LVIQ) – XX – (LVIHQ) – (LSGAK) -X – (HQ) – (LAF) 122. Import of PTS2 containing 
proteins  is mediated by the PTS2 receptor protein Pex7 and its co-receptors, which are Pex18 
and Pex21 in S. cerevisae and Pex20 in other yeast and filamentous fungi 123–126. In higher 
eukaryotes, the long isoform of Pex5 (Pex5L) assists Pex7 in the recognition and targeting 
of PTS2 proteins to the peroxisome 127. The PTS2 mediated import pathways is absent in 
Caenorhabditis elegans 128, Drosophila melanogaster 129 and diatoms 130.

The import of matrix proteins involves several steps. After the binding of PTS1 or PTS2 
proteins with their respective co-receptors to the cargo, the receptor-cargo complex docks 
on the peroxisome membrane by binding to the receptor docking complex (Pex13, Pex14 
and Pex17) present at the peroxisomal membrane, followed by import of the cargo via 
a still speculative mechanism 131. The current  model suggests that cargo-loaded  Pex5 forms 
a large transient import pore in the peroxisomal membrane for PTS1 protein import 132. In 
H. polymorpha the release of cargo inside the peroxisome matrix depends on Pex8 133. In S. 
cerevisiae Pex8 was reported to link the docking and RING complexes 134, whereas in P. pastoris 
Pex3 was proposed to have this function 135. The delivery of the cargo to the peroxisome lumen 
is followed by recycling of the receptor to the cytosol by the exportomer 136. The Pex5 receptor 
is recycled into the cytosol by the recycling machinery, which comprises of RING complex 
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1proteins Pex2, Pex10 and Pex12, the E2 ubiquitin-conjugating enzyme Pex4 along with Pex22 
(anchoring protein) and the AAA-ATPases Pex1 and Pex6 with their anchoring protein Pex15. 
Mono-ubiquitination of Pex5 by Pex4 along with the RING complex proteins that function as 
E3-ligases, leads to its recycling into the cytosol for next round of import 137. Ubiquitinated 
Pex5 is extracted from the membrane through the action of Pex1 and Pex6. On the contrary, 
polyubiquitination of Pex5 leads to its proteasomal degradation 138,139. Pex1 and Pex6 form 
a heterohexameric complex with alternating subunits on the cytosolic side of peroxisomal 
membrane 140,141. In S. cerevisae, Pex1 and Pex6 are recruited to the peroxisomal membrane by 
Pex15 142 whereas Pex26 recruits Pex1 and Pex6 to the peroxisomes in mammals 143. 

Interestingly, some matrix proteins do not contain PTS1 or PTS2 targeting signal. Studies 
in yeast, plants and mammals have reported that proteins lacking a PTS can be imported into 
peroxisomes by piggybacking together with a protein that does contain a PTS. For example, 
thiolase with truncated N-terminal PTS2 was shown to be imported to peroxisomes when 
the full length form was co-produced, suggesting that the two subunits interact before import 
into the peroxisomes 144. Later, various findings have confirmed piggyback import pathway 
as a third mechanism of matrix protein targeting to peroxisomes. Like, the removal of 
the PTS1 from yeast Eci1, delta3-delta2-enoyl-CoA isomerase, does not affect its targeting to 
peroxisomes. It can be imported into peroxisomes as hetero-oligomer together with its paralog 
Dci1 145. In mammals, the Cu/Zn superoxide dismutase 1 (SOD1) can import into peroxisomes 
by piggybacking with its interaction partner ‘copper chaperone of SOD1’ 146. A recent study 
using A. thaliana showed that the protein phosphatase holoenzyme 2A is imported to 
peroxisomes via piggybacking on a subunit containing putative PTS1 147.

Sorting of PMPs
The PMP sorting pathway to peroxisomes differs from the matrix protein import pathway. Based 
on the involvement of Pex19, PMPs are divided into 2 classes. Class I PMPs are recognized by 
the soluble cytosolic protein Pex19, which serves as a receptor and recognizes PMPs via their 
mPTS sequence. Pex19-bound PMPs are then recruited to the peroxisomal membrane by Pex3 
followed by cargo insertion into the peroxisome membrane by a yet unknown mechanism 148. 
Pex19 was proposed to also behave as a chaperone in this event 149,150. Recently, it was shown 
that farnesylation of Pex19 at its C-terminal domain triggers conformational changes, which 
facilitates the recognition of conserved aromatic or aliphatic side chains in PMPs 151. This 
model is supported by the fact that Pex19 shows interaction with several PMPs and that certain 
PMPs are mistargeted in the absence of Pex19 or Pex3. Furthermore, it has been shown that 
the levels of PMPs such as the RING  complex proteins were reduced in pex19 deletion strains 
in comparison to the wild-type strain in yeast 152,153.

Conversely, class II PMPs are targeted  to peroxisomes via an alternative Pex19-independent 
mechanism involving the ER. Some of the PMPs in yeast, plant and vertebrate cells, concentrate 
in specialized regions called the peroxisomal-ER (pER) 154. These PMPs depend on Sec61 and 
GET complexes for their ER insertion 154,155. Studies in Yarrowia lipolytica 156, mammals 101 and 
plants 157 have shown that Pex2 and Pex16 travel through the ER before being delivered to 
peroxisomes. Interestingly, studies in H. polymorpha and S. cerevisae 110,111, indicate the presence 
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1 of pre-peroxisomal vesicles in cells of a pex3 mutant strain. These vesicles  contain Pex13 and 
Pex14 110. It is evident that Pex13 and Pex14 can reach these structures independent of Pex3 and 
/or Pex19. A possible explanation could be that these proteins first sort to the ER, followed by 
the formation of the vesicles from the ER. 

Most PMPs are shown to localise only to peroxisomes in WT cells except mammalian 
and plant Pex16 and Pichia pastoris Pex30 and Pex31 which localise to peroxisomes as well 
as the ER in WT cells 157,158. Perhaps, it is possible that both routes, direct sorting of PMPs 
to peroxisomes or transit through ER, exist at the same time, with different PMPs employing 
different pathways to reach peroxisomes. The mechanism of when, where and how a PMP will 
be sorted and the factors that regulate the process are unknown and requires further research.

Uptake of membrane lipids
Incorporation of membrane lipids is important for growth of peroxisomes. Enzymes required 
for phospholipid biosynthesis are absent in yeast peroxisomes because of which peroxisomes 
rely on different sources for their membrane lipids. Most of the peroxisomal membrane 
lipids are known to be synthesized at the ER. So far, two pathways have been proposed for 
the transport of lipids to the peroxisomes. Several studies indicate vesicular trafficking 
of proteins to peroxisomes from other cellular compartments 102,159. Another mechanism 
implies that lipids are supplied to peroxisomes via non-vesicular transport from the ER 160. 
The peroxisome membrane also contain cardiolipin which is synthesized in the mitochondria 
suggesting another transport pathway existing between mitochondria and peroxisomes 161. 

Non-vesicular lipid transfer takes place at Membrane Contact Sites (MCS), the regions 
where the membranes of two organelles are closely opposed 162. The membranes from two 
intracellular compartments do not fuse at the MCS. Several specific proteins or lipids are 
enriched at these junctions and MCS affects the function of at least one of the organelles in 
the MCS 163. Initial reports suggested their role in intracellular exchange of calcium and 
lipids. However, their function in intracellular signalling, metabolites trafficking, organelle 
transport, division and autophagy; has been reported recently 164. Most of the identified MCS 
occur between the ER and a second organelle and  may facilitate direct lipid transfer like 
for example, the ERMES (ER-mitochondria encounter structure) complex between ER and  
mitochondria 165. Another MCS identified in yeast is the nucleus-vacuole junction (NVJ), 
which is formed between the vacuolar membrane and the outer nuclear membrane. These sites 
promote piecemeal autophagy of the nucleus (PMN), which involves degradation and recycling 
of non-essential parts of the nuclear envelope 166. A contact site between mitochondria and 
vacuole was referred as vCLAMP (vacuole and mitochondria patch). These are important for 
lipid transport between the ER and mitochondria 167,168. 

Recent data indicate the presence of contact sites between peroxisomes and different 
membranes to facilitate lipid transport between organelles. Contact sites between the ER and 
peroxisomes were identified as EPCONS, which includes a complex containing Pex30 together 
with reticulon family (Rtn1, Rtn2, Yop1) proteins 169,170. A second one is a tether formed by 
the interaction between Pex3 and the inheritance protein Inp1, which brings ER membranes and 
peroxisome together. Although this contact site has been implicated in peroxisome retention, it 
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1cannot be ruled out that it also contributes to lipid exchange between the ER and peroxisomes. 
The absence of this ER-peroxisome tether causes accumulation of peroxisomes in the daughter 
cells due to disturbance in peroxisome retention 171. Recently, two independent studies have 
identified the first peroxisome-ER tethering complex, formed by the peroxisomal membrane 
protein ACBD5 (acyl-CoA binding domain containing 5  and the ER proteins VAPA and VAPB 
(vesicle-associated membrane protein-associated proteins A and B/C, in mammalian cells 172,173. 
The knockdown of ACBD5 and VAPB resulted in reduced peroxisome-ER interaction and loss 
of ACBD5 or VAPB perturbs peroxisomes membrane expansion 172. Hua et al., showed that 
the VAP-ACBD5 tether is necessary for the exchange of lipids between them as the cellular 
levels of two peroxisomal lipids, plasmalogens and cholesterol, was reduced in the absence of 
VAPs and ACBD5. Furthermore, another ACBD family protein, ACBD4, has also been shown 
to interact with the ER-protein VAPB to facilitate interaction between the peroxisomes and 
the ER 174.

In S. cerevisae, it was shown that peroxisomes are juxtaposed to sites in mitochondria where 
pyruvate dehydrogenase is localized, which might enhance acetyl-CoA transfer to mitochondria 
for energy production or the synthesis of certain lipids 175. Both organelles are tethered via 
the interaction between Pex11 and Mdm34 which is a ERMES component suggesting a possible 
role of ER in peroxisome-mitochondria contacts 176.  It is likely that these contact regions may 
facilitate transport of acetyl-CoA between both organelles. 

In addition,  Pex34 and fuzzy onions homolg 1 (Fzo1), are responsible for the interaction 
between peroxisomes and mitochondria in yeast. Expansion of peroxisome-mitochondria 
contact facilitates the transport of β-oxidation product acetyle-CoA to mitochondria 177. 
Peroxisomes may form several other MCSs with different cellular membranes. The molecular 
mechanisms of contact site formation and their function is an interesting and relatively 
unexplored aspect. 
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Abstract

Peroxisomes are ubiquitous cell organelles that play a central role in cellular lipid metabolism. 
Peroxisomes also possess enzymes to maintain redox balance and counteract oxidative 
stress. Recent studies resulted in the identification of several novel and often unexpected 
peroxisome functions, including non-metabolic roles. These novel functions are often related 
to stress and stress adaptations. The present study aims to extend the atlas of peroxisome 
functions by the identification of novel stress-related, yeast peroxisomal proteins. Through 
mass spectrometry analysis of peroxisomal fractions isolated from Hansenula polymorpha 
cells exposed to ethanol stress, we identified six putative peroxisomal peroxiredoxins. Two 
of them, named C8BNF3 and C8BNF4, contain a putative peroxisomal targeting signal 1. 
Peroxiredoxins are ubiquitous thiol-specific proteins that have multiple functions in stress 
protection, including defense against oxidative stress. The localization analysis using fusion 
proteins with green fluorescent protein and fluorescence microscopy indicated that C8BNF3 
is a mitochondrial potein, whereas C8BNF4 partially localizes to peroxisomes in glucose-
grown cells. The c8bnf4 mutant displays no growth defect and shows no enhanced sensitivity 
to any of the stress conditions tested. Taken together, we have identified a novel peroxisomal 
peroxiredoxin in H. polymorpha, whose function remains to be established.



Identification of a novel  peroxisomal peroxiredoxin in the yeast Hansenula polymorpha 

45

2

Introduction

Peroxisomes occur almost in all eukaryotic cells. These morphologically simple organelles 
consist of a single membrane which encloses a proteinaceous matrix. The number and metabolic 
functions of peroxisomes can strongly vary, depending on species, tissue, developmental 
stage and environmental conditions 1. A characteristic feature of peroxisomes is the presence 
of enzymes of the β-oxidation pathway for the degradation of fatty acids. In addition, these 
organelles invariably contain H2O2 generating oxidases together with catalase. Examples of 
highly specialized functions include the metabolism of unusual carbon and nitrogen sources 
like methanol and D-amino acids in yeast or the biosynthesis of biotin or antibiotics in  
filamentous fungi 2. 

In addition to the catabolic and biosynthetic processes peroxisomes are important in several 
non-metabolic functions, such as signaling, aging, antiviral innate immunity and defense 
against pathogens 3,4.

Peroxisomes greatly contribute to oxidative stress because of the presence of reactive 
oxygen species (ROS) producing enzymes5. The peroxisomal redox balance does not 
only affect peroxisome related processes such as matrix protein import 6 and organelle 
proliferation 7, but also can affect molecules and processes at other subcellular locations. For 
instance reactive oxygen species (ROS) released from peroxisomes can have a toxic effect on 
DNA, proteins or lipids, but can also cause dysregulation of ROS signaling pathways 8. Here 
we aimed to identify novel (oxidative) stress related proteins in peroxisomes of the yeast  
Hansenula polymorpha. 

To this purpose we performed organelle proteomics using peroxisomes isolated form cells 
that were exposed to stress. This approach resulted in the identification of a novel peroxiredoxin 
that is partially localized to peroxisomes. 

Results

Exploration of suitable stress conditions
In order to identify novel, stress-related peroxisomal proteins by organelle proteomics, we first 
needed to find suitable stress conditions. To this purpose, we used three reporter strains in 
which the gene encoding super folder Green Fluorescent Protein (sfGFP) is expressed under 
control of a promoter of a gene encoding a peroxisomal protein that is likely induced by various 
stress conditions (i.e. catalase, CAT9 , the peroxisomal Lon protease, PLN10 and the peroxisomal 
peroxiredoxin PMP20 11). Cells were grown in batch cultures on media containing glycerol, 
conditions that do not repress established H. polymorpha peroxisomal proteins. Upon exposure 
of the cells to various chemical or temperature stress conditions, the sfGFP levels were monitored 
by flow cytometry. As shown in Fig. 1A, the highest induction of the catalase promoter (PCAT) 
was obtained upon exposure of cells to 5 mM H2O2, or 6 % ethanol. The promoters PPLN or 
PPMP20 were not induced by any of the stress conditions tested. Further analysis using different 
hydrogen peroxide and ethanol concentrations indicated that induction of PCAT was also 
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obtained using lower concentrations of hydrogen peroxide or ethanol (Fig 1B,1C). Based 
on the outcome of this experiment we decided to use 1.5 mM H2O2 and 3 % ethanol for all  
further experiments.

Next, we tested the activity of PCAT in cells grown in batch cultures containing methanol, 
a growth condition that induces peroxisome proliferation. At these conditions sfGFP expression 

Figure 1. Ethanol stress induces the catalase promoter. (A) Fluorescence measured by FACS in WT cells 
(background) and cells of WT strains containing PCAT sfGFP, PPMP20 sfGFP or PPLN sfGFP, grown for 16 h in 
medium containing 0.2 % glycerol exposed to the indicated stressors for 1 hour. The concentrations used 
were 5 mM H₂O₂, 6% (v/v) ethanol, 4.3 % (v/v) methanol, 0.7 M NaCl, 0.1 mM acrolein, 30 mM DTT or 2 
mM CuSO₄: Data represents mean fluorescence. NT – Not treated. (B) Analysis of effect of different H₂O₂ 
and (C) ethanol concentrations to induce PCAT in glycerol-grown cells. PCAT activity was significantly higher 
than the NT when 1 mM, 1.25 mM, 1.5 mM and 2 mM H₂O₂ was used. (D) Effect of H₂O₂ (1.5 mM) and 
ethanol (3%) on cells grown in methanol containing batch cultures. (E) Effect of 3% ethanol on methanol-
limited chemostat grown cells. Data represents mean ± SD, n=2.
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from PCAT also increased after treatment of cells with ethanol, but no effect was observed upon 
exposure to H2O2 (Fig 1 D). 

Peroxisome proteomics of stressed and unstressed cells
Based on the above results we decided to perform organelle proteomics using cells exposed 
to 3% ethanol. Peroxisomes were isolated from methanol-limited chemostat cultures, 
growth conditions that lead to massive peroxisome proliferation facilitating the isolation 
of the organelles for proteomic analysis. As shown in Fig. 1E, PCAT activity also increased 
upon exposure of chemostat grown cells to ethanol stress. Organellar pellets derived from 
ethanol stressed cells as well as untreated controls were subjected to sucrose density gradient 
centrifugation. Peroxisomal marker proteins were enriched in fractions of high density, as 
expected. Based on enzyme measurements of the mitochondrial marker enzyme cytochrome 
c-oxidase, we concluded that relatively pure peroxisome fractions were obtained from both 
unstressed (Fig. 2A) and stressed cells (Fig. 2B). 

Mass Spectrometry (MS) resulted in the identification of 100 different proteins in 
the control sample and 59 proteins in the peroxisomal fraction isolated from the ethanol-
stressed cells (Table S1). As expected, all known major H. polymorpha peroxisomal proteins 
were identified by MS in both fractions. Comparison of the data revealed large overlap 
between both lists. Analysis of the Saccharomyces cerevisiae genome database (SGD; https://
www.yeastgenome.org/) revealed that from the putative S. cerevisiae homologues of the 100 
identified H. polymorpha proteins 23 are annotated as being peroxisomal (Fig. 2C). 

The identification of novel putative peroxisomal peroxiredoxins
In organellar fractions isolated from both stressed and unstressed cells the well established 
peroxisomal peroxiredoxin Pmp20 was identified, together with 6 novel, putative  
peroxiredoxins. Multiple alignments of the amino acid sequences of these peroxiredoxins 
showed that they shared >25% sequence identity (Fig. 3). Furthermore, HHpred 12 and 
InterProScan 13 suggests that all 7 proteins have a thioredoxin domain and belong to  
the AhpC/TSA family, which contains proteins related to alkyl hydroperoxide reductase 
(AhpC) and thiol specific antioxidant enzyme (TSA). Also, sequence analysis revealed that 
three of the proteins, including Pmp20, contain a putative Peroxisomal Targeting Signal 1 
(PTS1) at their extreme C-terminus. Because Pmp20 is already studied in detail, the other 
two peroxiredoxins with a predicted PTS1 were further analyzed. These peroxiredoxins are 
designated C8BNF3 and C8BNF4 (based on the UniProt database), respectively. 

C8BNF3 is localized to mitochondria
We first performed fluorescence microscopy (FM) using strains producing C8BNF3 
containing green fluorescent protein (GFP) either at the N- or C-terminus, in order to 
validate its subcellular localization (Fig. 4A). GFP-C8BNF3 was produced under control 
of amine oxidase promoter (PAMO), whereas C8BNF3-GFP was produced under control of  
the endogenous promoter. 
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In glucose/methylamine-grown cells GFP-C8BNF3 fluorescence was present in spots, as 
well as in structures, which may represent the ER and nuclear envelope. Green fluorescence 
in the cytosol was very low. The spots represent peroxisomes, as they co-localized with 
the peroxisomal matrix marker DsRed-SKL (Fig. 4Ba). In methanol/methylamine grown cells, 
GFP-C8BNF3 fluorescence was less evident at the cell periphery. Again, the protein localized to 
peroxisomes, displaying clusters of ring structures, typical for peroxisomal membrane proteins, 
together with low cytosolic fluorescence (Fig. 4Bb). 

The fluorescence pattern of the cells producing the C-terminally GFP tagged protein 
was very different and suggest a mitochondrial localization both in cells grown on glucose/
ammonium or methanol/ammonium containing medium (Fig. 4C). Because a C-terminal GFP 

Figure 2. Mass spectrometry analysis of peroxisomal fractions. Peroxisome fractions isolated from 
control (without stress) (A) and ethanol stressed cells (B) using sucrose density gradient fractionation 
of organellar pellets. Cells were grown in a carbon limited chemostat on a mixture of 0.25% Glucose + 
0.25 % methanol at a dilution rate of 0.1 h-1. For the stressed sample, cells were exposed to 3% ethanol for 
one hour. The fractions of the sucrose gradient were analyzed for the presence of cytochrome c-oxidase 
activity and protein concentrations. Graph representing protein concentration and cytochrome c-oxidase 
activities. Activity expressed as units per mg of protein. Protein concentrations were measured using 
Bradford assay. A pie chart summarizing subcellular distribution of the putative S. cerevisiae homologues 
of the 100 H. polymorpha proteins identified by MS analysis that were detected in the peroxisomal peak 
fraction of the control sample (C). 
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Figure 3. Sequence alignment of 7 identified H. polymorpha peroxiredoxins. All the identified 
peroxiredoxins sequences were aligned using ClustalW and visualized with Genedoc. Black shading 
indicates identity. Similarity is indicated as white letters that are shaded dark grey and light grey. Putative 
PTS1 sequences shaded in yellow.
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Figure 4. C8BNF3 localises to mitochondria in H. polymorpha. (A) FM images of WT cells expressing 
GFP-C8BNF3 under control of PAMO grown on glucose/methylamine and methanol/methylamine. Scale 
bars represent 2μm. (B) FM images of WT cells expressing C8BNF3 tagged with GFP at the N-terminus 
and producing DsRed-SKL grown on glucose (a) or methanol (b). Scale bars represent 2μm (C). FM 
analysis of cells producing C8BNF3 containing GFP at the C-terminus grown on glucose/ammonium 
sulphate and methanol/ammonium sulphate. (D) Western blot prepared from crude extracts of glucose 
grown WT, ∆c8bnf3, WT expressing PAOX-C8BNF3-GFP, and purified His6-tagged C8BNF3 protein, 
showing the specificity of the polyclonal anti-C8BNF3 antiserum. (E ) Immuno-Electron microscopy 
image showing WT cells grown on glucose. C8BNF3 was labelled with antibodies against C8BNF3 and 
detected with goat anti-rabbit antibodies conjugated to 6-nm gold particles. M-Mitochondria, N-Nucleus, 
V-Vacuole. Scale bar represents 200nm. 

obstructs the PTS1 and an N-terminal GFP the N-terminal mitochondrial pre-sequence, we 
generated antibodies against C8BNF3 in order to localize the untagged protein by immuno-
electron microscopy. In cells extracts of WT cells, the antiserum specifically recognized 
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a protein band of 27 kD, which is the expected molecular mass based on its amino acid 
composition. This band is absent in extracts prepared from cells of a C8BNF3 deletion strain 
(∆c8bnf3; Fig. 4D). As expected a second and larger band (approx. 55 kDa) was observed upon 
introduction of a C8BNF3-GFP fusion protein in WT cells. In the Western blot of the purified 
protein, a band of approx. 34 kDa was observed. The increased size is due to the presence of 
the His6 tag in the purified protein.

Immuno-labelling experiments of WT cells grown on glucose containing medium 
using anti-C8BNF3 antibodies resulted in labelling of mitochondrial profiles, supporting 
the conclusion that the untagged protein is most likely mitochondrial (Fig. 4E).

C8BNF4 is partially localized to peroxisomes
To investigate the localization of C8BNF4 a strain was constructed that contains a gene encoding 
C8BNF4 containing GFP at the N-terminus (GFP-C8BNF4) under control of the PAMO. In 
glucose/methylamine-grown cells, the N-terminal fusion protein appeared mostly cytosolic, 
but in many cells a spot was present as well (Fig. 5A). These spots represent peroxisomes 
because they co-localize with DsRed-SKL (Fig. 5B). The GFP signal appeared predominantly in 
the cytosol in methanol/methylamine grown cells, but occasionally small spots were detected 
(Fig. 5A,B). Based on these observations we conclude that at these growth conditions C8BNF4 
does not accumulate in the relatively large peroxisomes that are predominantly present in 
methanol-grown cells. The C-terminally tagged C8BNF4 (C8BNF4-GFP) produced under 
control of its own promoter was mainly cytosolic when cells were either grown on glucose or 
methanol (Fig 5C). This result suggests that the PTS1 of C8BNF4 is a genuine PTS.

C8BNF4 is not required for growth on glucose or methanol
To analyse the function of C8BNF4 a deletion strain was constructed (∆c8bnf4). Growth 
experiments revealed that ∆c8bnf4 cells grow normal on glucose and methanol containing 
media ( Fig 6A). The presence of a thioredoxin-like domain in C8BNF4 suggests that this 
protein might function as antioxidant enzyme. In order to test the sensitivity of the deletion 
mutant to oxidative stress, cells of the deletion strain were grown to the stationary phase on 
glucose and spotted onto plates containing- H2O2, the free radicals producing compounds 
tertiary butyl hydroperoxide (BHP), the catalase inhibitor amino triazole- AT, the reducing 
agent dithiothreitol (DTT), NaCl or ethanol as stressors. Growth was compared to WT controls, 
as well as pmp20 cells and cells of a ∆c8bnf4 ∆pmp20 double deletion strain. The results revealed 
that these stress conditions did not affect growth of any of the strains used (data not shown). 
We finally examined C8BNF4 protein levels upon exposure to the stress condition used for 
peroxisome proteomics experiment. Glucose grown cells were exposed to ethanol stress for 2 
hours. Western blot analysis revealed that the levels of C8BNF4 do not significantly change 
when the cells were exposed to ethanol stress (Fig. 6B). 
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Figure 5. C8BNF4 localises to peroxisomes in cells grown on glucose, but not in methanol-
grown cells. FM images of WT cells expressing GFP-C8BNF4 under control of the PAMO. (A) without 
peroxisomal marker and (B) with the peroxisomal marker DsRed-SKL grown on glucose/methylamine 
(Ba) or methanol/methylaine (Bb). Scale bars represent 2μm. (C) Fluorescence microscopy analysis of 
cells producing C8BNF3 containing GFP at the C-terminus grown on glucose/ammonium sulphate and 
methanol/ammonium sulphate. 

Discussion

Using organelle proteomics of H. polymorpha peroxisomes, we identified a novel PTS1 
containing peroxiredoxin, C8BNF4, which localizes to peroxisomes in glucose-grown cells, but 
does not accumulate in peroxisomes in methanol-grown cells. The level of this protein was not 
significantly enhanced in cells exposed to compounds that are known to cause oxidative stress 
such as TBA, AT and hydrogen peroxide. 

Analysis of the activity of promotors encoding stress related peroxisomal proteins, indicated 
that the CAT promotor showed increased activity upon exposure of the cells to ethanol at all 
growth conditions tested. Therefore we decided to use ethanol exposure a stress condition for 
the identification of novel stress inducible peroxisomal proteins by organelle proteomics. 

While ethanol is can be produced by several yeast species, , it also can be harmfull causing 
alterations in mitochondrial membrane integrity, reduction in respiratory rates and ATP levels 
and production of ROS and acetaldehyde, which ultimately results into DNA damage, lipid 
peroxidation and oxidative stress 14. H. polymorpha has also been reported to ferment sugars to 
ethanol but the effect of high concentrations of ethanol is not yet explored 15.

Exposure of glycerol- or methanol-grown H. polymorpha cells to externally added ethanol 
is most likely also toxic because the alcohol oxidase enzyme present in these cells will oxidize 
ethanol into H2O2 and acetaldehyde 90. 

We were able to obtain peroxisomal fractions from both unstressed and stressed cells, which 
is supported by the fact that all known H. polymorpha peroxisomal proteins such as alcohol 
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oxidase, dihydroxyacetone synthase, catalase, Pmp20 and several peroxins were identified. 
Proteomic analysis resulted in the identification of similar proteins in organelles isolated from 
stressed and unstressed cells. Furthermore, the list of proteins present in the organellar fraction 
of the organelles obtained from the stressed cells was shorter when compared to the list of 
the unstressed cells. As we did not perform quantitative proteomics, it is difficult to draw any 
conclusions from this observations. 

Several putative peroxiredoxins were identified in both fractions. The presence of multiple 
peroxiredoxins in one species is common. S. cerevisae contains 5 peroxiredoxins and at 
least 6 peroxiredoxins occur in mammals. Peroxiredoxins are important for antioxidant 
defense and their absence can lead to ROS/reactive nitrogen species (RNS) accumulation. 
Surprisingly, we have identified 7 H. polymorpha peroxiredoxins in both peroxisome fractions 
including the previously studied peroxisomal protein Pmp20. In addition to Pmp20, two 
yet uncharacterized peroxiredoxins (C8BNF3 and C8BNF4) appeared to have a PTS1  
targeting signal. 

Sequence analysis revealed that C8BNF3 exhibited significant sequence similarities with 
the S. cerevisiae thiol peroxidase Prx1 16 and human Prx6. Using immunoblot analysis of 
subcellular fractions ScPrx1 has been reported to be localized to mitochondria 17, whereas 
the human Prx6 was localized to the cytosol 18–20. Like ScPrx1, H. polymorpha C8BNF3 has 

Figure 6. c8bnf4 cells show normal growth on methanol as well as glucose containing medium. Growth 
curve of c8bnf4 and WT control cells in glucose medium and methanol containing medium (A). C8BNF4 
protein levels upon exposure of WT cells to 3% ethanol. Cells were grown on glucose containing media. 
Representative western blots showing the protein levels of C8BNF4 upon exposure to ethanol for 2 hours. 
Blots were probed with antibodies against C8BNF4. Elongation factor 1 α (EF1α) was used as loading 
control (B).
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a mitochondrial targeting sequence predicted by Mitoprot 21. Indeed, we observed that upon 
tagging C8BNF3 with GFP at the C-terminus, the protein localizes to mitochondria. Unlike 
the putative S. cerevisiae and H. sapiens homologues, C8BNF3 also has a putative PTS1 
targeting signal (TKL). This led us to speculate that C8BNF3 might show a dual localization to 
mitochondria and peroxisomes. Our immunolabelling studies suggests that untagged C8BNF3 
predominantly localizes to mitochondria (Fig 4), but these experiments do not exclude that 
a minor portion could be peroxisomal or cytosolic. 

C8BNF4 exhibits significant sequence similarities with S. cerevisiae Ahp1 16 and human 
Prx5. C8BNF4 has a PTS1 (EHL), like ScAhp1 and HsPrx5 (AHL and SQL respectively). 
HsPrx5 also possess a mitochondrial targeting sequence and has been reported to be localized 
to mitochondria, peroxisomes, and the cytosol 22,23. It is proposed that HsPrx5 preferentially 
localizes to mitochondria. The mechanism responsible for the subcellular localization of 
Prx5 to several cellular compartments is still not clear. On the other hand, even though 
ScAhp1 has a PTS1 signal, the functionality of this signal has not yet been proven. Ahp1 
localization to the cytosol has been shown using fluorescence microscopy and immunoblot 
analysis of cytosolic and peroxisomal fractions 16. Unlike S. cerevisae Ahp1, our localization 
studies of C8BNF4 indicate that it exists in peroxisomes when cells are grown on glucose 
and predominantly in the cytosol when grown on methanol. However, we cannot rule out 
the possibility that overproduction of the N-terminal GFP fusion of C8BNF4, may affect 
the localization. S. cerevisae has been reported to contain 5 peroxiredoxins. Several paralogs 
exist and so far, none of the S. cerevisiae peroxiredoxins have been reported to be localized to 
peroxisomes. The cytosolic localization of C8BNF4 in methanol grown H. polymorpha cells 
could be due to inefficient import into peroxisomes or functional redundancy. 

Apart from catalase, detoxification of peroxisomal ROS also involves peroxiredoxins 
and glutathione peroxidases. Mammalian peroxisomes contain two antioxidant enzymes, 
superoxide dismutase 91 and glutathione peroxidase Gpx 24. Methylotrophic yeast species contain 
the peroxiosmal peroxiredoxin Pmp20 11 whereas S. cerevisae contains glutathione peroxidases 
Gpx1 7. HpPmp20 is induced on methanol. Cells lacking Pmp20 show a severe growth defect on 
methanol together with ROS accumulation. No growth defect was observed for the C8BNF4 
deletion mutant. Also, the deletion mutant was not sensitive to any of the stressors tested. 
Our findings corroborate with the previous reports indicating that yeast mutants lacking 
multiple peroxiredoxins were more susceptible to ROS/RNS stress when compared to a single  
deletion mutant 25. 

In summary, we have characterized two novel H. polymorpha peroxiredoxins, which have 
functional PTS1 targeting signals. The identified peroxisomal peroxiredoxin is not essential 
for growth of cells at peroxisome reducing (glucose) or inducing (methanol) conditions. Also, 
it is not essential for the tolerance of cells to oxidative stress. A possible explanation could be 
that the presence of many other peroxiredoxins might be compensating, enabling the mutant to 
survive under stress conditions.
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Materials and methods

Strains and growth conditions. All H. polymorpha strains used in this study are derivatives 
of the NCYC495 WT strain (Table 1). Cells were grown in batch cultures at 37°C on mineral  
media 26 supplemented with 0.25% glucose, 0.2% glycerol or 0.5% methanol, as carbon source 
and 0.25 % ammonium sulphate or 0.25% methylamine as nitrogen source. 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 DH5a 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. Optical densities of cultures were measured  
at 600nm.

For peroxisome isolation, cells were grown in a chemostat using mineral medium containing 
0.25% glucose and 0.25% methanol at a dilution rate of 0.1 h-1.

In the stress experiments, cells were exposed to tertiary butyl hydroperoxide (BHP), 
amino triazole (AT), dithiothreitol (DTT), NaCl, ethanol, H₂O₂, methanol, acrolein, or  
CuSO₄ 27–30. For temperature stress, cells were incubated at 18°C or 48 °C for 1 hour

Cloning and strain construction
The plasmids and primers used in this study are listed in Table 2 and Table 3. H. polymorpha 
was transformed as describes before 31. All integrations were checked by colony PCR. Gene 
deletions were also confirmed by southern blotting.

Table 1. Hansenula polymorpha strains used in this study.

Strain Description Reference

WT NCYC 495 leu1.1 24
WT DsRedSKL NCYC 495 leu1.1 23
PMP47_GFP NCYC 495 YKU80 le1.1 Nat+ 25
GFP_C8BNF3 DsRed SKL NCYC 495 Nat+ leu- This study
GFP_C8BNF4 DsRed SKL NCYC 495 Nat+ leu- This study
GFP_C8BNF3 NCYC 495 leu- Nat+ This study
GFP_C8BNF4 NCYC 495 leu- Nat+ This study
C8BNF3_GFP NCYC 495 leu- Nat+ This study
C8BNF4_GFP NCYC 495 leu- Nat+ This study
Δc8bnf3 PMP47_GFP NCYC 495 KU80 leu- Nat+ Zeo+ This study
Δc8bnf4 PMP47_GFP NCYC 495 KU80 leu- Nat+ Hyg+ This study
Δpmp20 PMP20::URA3, leu1.1 11
Δc8bnf4 Δpmp20 NCYC 495 KU80 leu- Nat+ Zeo+ Hyg+ This study
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Table 2. List of plasmids used in this study.

Plasmids Description Reference

pHIPZ_PPMP20_sfGFP pHIPZ plasmid containing sfGFP under control of PMP20 
promoter, zeocine resitance cassette, ampR

This study

pHIPZ_PCAT_sfGFP pHIPZ plasmid containing sfGFP under control of CAT 
promoter, zeocine resistance cassette, ampR

This study

pDONR 221 Standard Gateway vector 19
pDEST R4R3 Standard Gateway vector 19
pENTR PAMO GFP pDONR-P4-P1R containing PAOX/ kanR 23
pENTR23_TAMO pDONR-23 containing AMO terminator/kanR 23
pENTR C8BNF3 pENTR-221 containing C8BNF3/ kanR This study
pENTR C8BNF4 pENTR-221 containing C8BNF4/ kanR This study
pDEST-R4-R3 Standard Gateway vector 19
pDEST PAMO  GFP C8BNF3 TAMO pDEST-R4-R3-NAT containing GFP_C8BNF3 under 

control of amine oxidase promoter/ampR
This study

pDEST PAMO  GFP C8BNF4 TAMO pDEST-R4-R3-NAT containing GFP_C8BNF4 under 
control of amine oxidase promoter/ampR

This study

pHIPZ mGFP Fusinator pHIPZ containing mGFP and AMO terminator/ampR 27
pMaM17 Plasmid containing mcherry-sfGFP 12
pSEM04 pHIPH5 containing PEX3 under control of 

PAMO,hygromycin resistance cassette, ampR
26

pHipZ7 eGFP Contains gene encoding eGF-SKL under control of 
the PTEF1, zeocine resitance cassette, ampR

26

Table 3. List of primers used in this study.

Primers Sequence

Cat_P_F TTGGAAGCTTTATTGGTCTCGAGCCTTTGG
OL_CGF_F TGGCTAATCACTGTTGAACAAAATGTCCAAGGGTGAAGAGC
OL_CGF_R GCTCTTCACCCTTGGACATTTTGTTCAACAGTGATTAGCCA
sfGFP_O_R TTTTACGCGTTTAGGATCCCTTATAAAGCTCG
Pmp20Pr_F TTTTGCGGCCGCGATGCACACAAAAGGCCGAT
PP20_OL_F CGGAGCTCTCAGGTTGAATATGTCCAAGGGTGAAGAGC
PP20_OL_R GCTCTTCACCCTTGGACATATTCAACCTGAGAGCTCCG
Lon_P_F TTTTGCGGCCGCAGGCCACGTTGGCTCTCA
Lon_OL_F CCTTCAGTCAGATATATTCCACTAGCATGTCCAAGGGTGAAGAGC
Lon_OL_R GCTCTTCACCCTTGGACATGCTAGTGGAATATATCTGACTGAAGG
sfGFP_SalI_R TTCAGTCGACTTAGGATCCCTTATAAAGCTCG
Pcat_sel_F CATGACCGAGTTTTTGTCCA
sfGFP_R GTTGGCCAAGGAACAGGTAA
Ppmp20_sel_F ACTCTGATCCCTGCTCCTGA
sfGFP_R GTTGGCCAAGGAACAGGTAA
sfGFP_XhoI_R TTCACTCGAGTTAGGATCCCTTATAAAGCTCG
C8BNF3_FP GGGGACAAGTTTGTACAAAAAAGCAGGCTTTT

TTTCCAGACAATTGCTGAGATTC
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Table 3. (continued)

Primers Sequence

C8BNF3_RP GGGGACCACTTTGTACAAGAAAGCTGGGTGTT
AGAGCTTGGTGAATCTAAGGTATG

C8BNF4_FP GGGGACAAGTTTGTACAAAAAAGCAGGCTTT
ATAAAAATCCACGGTTCAAAAA

C8BNF4_RP GGGGACCACTTTGTACAAGAAAGCTGGGTGC
TACAGATGCTCCAAAACAGC

PAMO_FP CTCTGACTTGAGCGTCGATT
GFP_RP AAGTCGTGCTGCTTCATGTG
F3_HindIII_FP CCCAAGCTTGGACAACAAGCCATTCTCCT
F3_BglII_RP GGAAGATCTGAGCTTGGTGAATCTAAGGT
F3_cPCR_FP GAAATTGCCAACTACTGAGC
mGFP_RP ACTTGTACAGCTCGTCCATG
F4_NruI_FP GGGTCGCGAAAAGACATATTCCAGCGTTT
F4_BglII_RP GGAAGATCTCAGATGCTCCAAAACAGCTT
F4_cPCR_FP TCAGACATATGGGGGTGATG
HpC8BNF3_Del_F TGACTTCACCCCTGTGTGCACTACCGAGTTGGGTGC

ATTTGCCAAATTGACCCACACACCATAGCTTCAAAA
HpC8BNF3_Del_R AAGCAGGATAAGTCATGATCAGTCTAACTTTCTTAG

CAGGATCGATGATGAATCGACAAAGGAAAAGGGG
HpC8BNF4_Del_F GACATTGGTGATTGTGGCTGCTCCGGGCGCATTCAC

TCCAACCTGTACCGCCCACACACCATAGCTTCAAAA
HpC8BNF4_Del_R TTGGAGTTGCCCAAGGCCTTACCCCAAGCCGACTG

GACGAATGGATCATTGCGTTTTCGACACTGGATGG
HpF3cPCR_F AACAGATCTACAGGTCCGCTATAAT
Zeo_R GAAGTGCACGCAGTTGCC
HpF4cPCR_F TTGGCGTGAACCAGAAACT
Hyg_R CAATGACCGCTGTTATGCG

Construction of reporter strains
The CAT, PMP20 and PLN promoter regions were amplified using primers Cat_P_F and 
OL_CGF_R , Pmp20Pr_F and PP20_OL_R and Lon_P_F and Lon_OL_R. The sfGFP ORF was 
amplified using OL_CGF_F and sfGFP_O_R, PP20_OL_F and sfGFP_XhoI_R and Lon_OL_F 
and sfGFP_SalI_R primer combinations and the pMaM17 plasmid as a template. Overlap PCR 
was performed using amplicons obtained from the above mentioned three PCR reactions for 
construction of the PCAT_sfGFP (1569 bp), PPMP20_sfGFP (1437 bp) and PPLN_sfGFP 
(1743 bp) fusion products. Subsequently, the pHIPZ_mGFP fusinator plasmid was used for 
inserting PCAT_sfGFP and pHIPZ7_eGFP fusinator for PPMP20_sfGFP and PPLN_sfGFP. 
The amplicons and vector were digested using HindIII, MluI and NotI, XhoI and NotI, SalI 
enzyme combinations and ligated to obtain pHIPZ9_sfGFP, pHIPZ_PPMP20_sfGFP and 
pHIPZ_PPLN_sfGFP plasmid. These plasmids were linearized with PsyI and Bpu1102l 
respectively, prior to transformation into H. polymorpha WT cells. The transformants were 
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checked by colony PCR using primers Pcat_sel_F, sfGFP_R and PPmp20_sel_F, sfGFP_R and 
Plon_sel_F, sfGFP_R.

Construction of strains producing GFP_C8BNF3 and GFP_C8BNF4
Constructs encoding fusion proteins containing GFP at the N-terminus of C8BNF3 and 
C8BNF4, under the control of the amine oxidase promoter (PAMO) were obtained using Gateway 
Technology (Invitrogen) as described in Gateway manual (Magnani et al., 2006). Entry 
plasmids pENTR PAMOGFP and pENTR TAMO (Bener Aksam et al., 2008)as well as pENTR 
C8BNF3 and pENTR C8BNF4, which were constructed by PCR based methods, were used. 
Primers C8BNF3_F/ C8BNF3_RP and C8BNF4_FP/C8BNF4_RP were used to amplify C8BNF3 
and C8BNF4, respectively, after the start codon (ATG) using genomic DNA as a template. 
The constructs were cloned into pDONR221 plasmids by the Gateway BP reaction. Positive 
clones were selected and checked by restriction digestion using enzymes SspI and MunI for 
C8BNF3 and EcoRV for C8BNF4. The pENTR PAMOGFP, pENTR TAMO, pENTR C8BNF3 and 
pENTR C8BNF4 plasmids were recombined with pDEST R4R3 plasmid by the Gateway LR 
reaction to form pDEST PAMO-GFP-C8BNF3-TAMO and pDEST PAMO-GFP-C8BNF4-TAMO 
respectively. Positive clones were selected and checked by restriction enzymes SspI and MunIS. 
The final destination plasmids were linearized using AdeI and transformed into the genome of 
the H. polymorpha DsRed-SKL strain. The transformants were checked by colony PCR using 
primers Pamo_FP and GFP_RP.

Construction of strains producing C-terminal GFP fusions of C8BNF3 and C8BNF4
The C terminal part of C8BNF3 and C8BNF4 were amplified using primers F3_HindIII_F, 
F3_BglII_R with overhangs of HindIII and BglII restriction sites and F4_NruI_F and F4_
BglII_R with overhangs of NruI and BglII restriction sites respectively. The PCR products were 
digested using the corresponding enzymes and cloned into plasmid pHIPZ-mGFP fusinator. 
The plasmid was linearized using Van91l and Eco91I and transformed into H. polymorpha WT 
strain. Transformants were checked by cPCR using primers F3_cPCR_FP and mGFP_RP for 
C8BNF3 and F4_cPCR_FP and mGFP_RP for C8BNF4.

Construction of deletion strains Δc8bnf3 and Δc8bnf4
C8BNF3 gene was deleted in the WT H. polymorpha Pmp47-GFP containing strain (25) 
by replacing the ORF with a zeocin resistance cassette from the pHIPZ_mGFP fusinator 
plasmid using primers HpC8BNF3_Del_F and HpC8BNF3_Del_R. C8BNF4 gene was deleted 
in the same strain as well as in ∆pmp20 11 strain by replacing the ORF with a hygromycin B 
resistance cassette (HPH) from plasmid pSEM04 using primers HpC8BNF4_Del_F and 
HpC8BNF4_Del_R. The PCR products were transformed into WT H. polymorpha Pmp47-GFP 
strain. Transformants were selected on zeocin and hygromycin plates and checked by colony 
PCR using primers HpF3cPCR_F/ Zeo_R for Δc8bnf3 and HpF4cPCR_F/ Hyg_R for Δc8bnf4 
and Δc8bnf4∆pmp20. Correct integration was confirmed by Southern blotting.
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Construction of plasmids encoding His6GST-C8BNF3 and His6GST-C8BNF4
For the production of antibodies, C8BNF3 and C8BNF4 genes along with NcoI/HindIII and 
NcoI/SalI restriction enzyme sites, were amplified using genomic DNA as a template and primer 
combinations HisF3 NcoI_F/HisF3 HindIII_R and HisF4 NcoI_F/HisF4 SalI_R, respectively. 
NcoI-HindIII and NcoI-SalI digested PCR fragment were used for ligation with NcoI-HindIII 
and NcoI-SalI digested pETM30 harbouring the GST-His 6 tag. 

Cell fractionation and purification of peroxisomes
Cells were homogenized and an organellar pellet fraction was prepared as described  
previously 32,33. For the separation of peroxisomes, a discontinuous gradient was used with 
sucrose concentrations (w/w) varying from 65% - 44%. After the addition of the organellar 
pellet and an overlay containing 35% sucrose, the gradient was centrifuged using a Sorvall SV 
288 rotor at 18,000 rpm for 2.5 hours, 4 oC. Gradients were collected in 2 ml fractions. 

For cytochrome c oxidase enzyme acitivity, the initial decrease in the absorbance at 550 
nm was measured in duplo using 2 different sample volumes essentially as described before 34. 
Protein concentrations were measured using Bradford assay 35. 

Mass spectrometric analysis
Peroxisomal peak fractions from gradients of organelle pellets obtained from control and 
cells exposed to stress were loaded onto an SDS PAGE gel followed by coomassie brilliant 
blue staining. Protein bands were excised from the gel, washed with a solution containing 
100 mM ammonium bicarbonate in 100% acetonitrile and suspended in a solution 
containing 100 mM ammonium bicarbonate. Proteolytic treatment was performed using 
10 ng/µl Trypsin (Promega) in 100 mM ammonium bicarbonate at 37°C, overnight. 
The peptides were extracted with 75% acetonitrile and 25% formic acid in water and 
analyzed by nano liquid chromatography-tandem mass spectrometry (nLC-MS/MS) 36.  
Mass spectrometry (MS) data were analyzed with PEAKS 7.0 software (Bioinformatics  
Solutions Inc).

The pie-chart summarizing subcellular distribution of the putative S. cerevisiae homologues 
of the identified H. polymorpha proteins was prepared based on the SGD-yeast GFP fusion 
localization database.

Multiple sequence alignments of protein sequences were generated using ClustalW2  
(http://www.ebi.ac.uk/Tools/msa/clustalw2/) and visualized with GeneDoc (http://www.nrbsc.
org/old/gfx/genedoc/).

Protein purification and preparation of antibodies
H. polymorpha C8BNF3 and C8BNF4 with a cleavable His6-GST tag were produced in E. coli 
BL21 (DE3) RIL. Cells were grown at 37°C to an OD600 of 0.6 in Terrific Broth (TB) medium, 
transferred to 21°C and grown until an OD600 of 1.5. Gene expression was induced with 
0.05mM IPTG (Invitrogen) for 16 h and cells were harvested by centrifugation. Cell pellets 
were resuspended in lysis buffer (50mM Tris-HCl pH 7.5, 150mM NaCl, 1% glycerol, 1mM 
DTT, 1mg/ml lysozyme, 10μg/ml DNase) and passed two times through a French press. Cell 
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debris was removed by centrifugation and lysates were loaded onto glutathione sepharose-
4B resin (GE Healthcare) pre-equilibrated with lysis buffer. The resin was extensively washed 
with lysis buffer and His6-GST tagged proteins were eluted using lysis buffer containing 
20mM reduced glutathione. The GST tag was cleaved from the protein using TEV protease 
and samples were passed through a Ni-NTA column. The peak fractions were subjected to 
gel filtration using a Superdex 200 (16/60) column (GE Healthcare) equilibrated with 25mM 
Tris, 150mM NaCl, 1mM 2-mercaptoethanol, pH 7.5. The presence of purified C8BNF3 and 
C8BNF4 was confirmed using SDS-PAGE and coomassie brilliant blue staining. The purified 
proteins were used for antibody generation in rabbit (Eurogentec). 

Biochemical techniques
Extracts made from yeast cells treated with 12.5% trichloroacetic acid (TCA) were prepared for 
SDS-PAGE and Western blotting (WB) as detailed previously 37. Equal amounts of proteins were 
loaded per lane. Blots were probed with rabbit polyclonal antisera against C8BNF3, C8BNF4 or 
elongation factor-1α (Ef1α).

Flow cytometry
Fluorescence-activated cell sorter (FACS) analysis was performed with a FACS Aria II Cell 
sorter (BD Biosciences). Cells were diluted using water after one hour of stress treatment and 
the fluorescence signal of individual cells was captured for 10,000 events at a speed of 500-1000 
events per second. GFP fluorescence was measured using a 488 nm laser, 505 nm long pass 
mirror and 520/50nm band-pass filter. FACSDiva software version 6.1.2 was used for data 
acquisition and analysis. The presented data represents mean fluorescence intensity of the cells 
in different stress conditions treated in the same way.

Fluorescence microscopy
All images were made at room temperature using a 100x 1.30 NA Plan Neofluar objective. 
Wide-field images were made using a Zeiss Axioscope A1 fluorescence microscope (Carl 
Zeiss, Sliedrecht, The Netherlands). Images were taken using a Coolsnap HQ2 digital camera 
and Micro Manager software. A 470/40 nm bandpass excitation filter, a 495 nm dichromatic 
mirror and a 525/50 nm bandpass emission filter was used to visualize the GFP signal. DsRed 
fluorescence was visualized with a 546/12 nm bandpass excitation filter, a 560 nm dichromatic 
mirror and a 575/640 nm bandpass emission filter. 

Electron microscopy
Cells were fixed in a mixture of 0.2% glutaraldehyde and 3% formaldehyde in 0.1M cacodylate 
buffer pH 7.2 for 4h on ice. Cells were embedded in Unicryl (Aurion, 14660). Unicryl was 
polymerized for 4 days under UV light at 10 °C. Immuno-gold labeling was performed on 70 
nm ultrathin sections using antisera against C8BNF3 followed by gold conjugated goat anti-
rabbit antiserum (Aurion, 806.011). Sections were post-stained with a mixture of 0.5% uranyl 
acetate and 0.2% methylcellulose before viewing them in a Philips CM12 electron microscope.
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Supplementary data
Table S1. Proteins identified by mass spectrometry in peroxisomal fractions from controls and cells  
exposed to ethanol stress. 

S. No. Name of the protein Control 
Ethanol 
stress Reference Localization

1 Alcohol oxidase + + [38] Peroxisome
2 Dihydroxyacetone synthase + + [34] Peroxisome
3 Catalase + + [39] Peroxisome
4 Aldehyde dehydrogenase + + Cytosol
5 Formate dehydrogenase + + Cytosol
6 Formaldehyde dehydrogenase + + (Baerends  

et al., 2002)
Cytosol

7 Elongation factor 1 alpha + + [40] Cytosol
8 Peroxisome membrane protein 20 (Pmp20) + + [11] Peroxisome
9 Pex11 + + [41] Peroxisome
10 Alcohol dehydrogenase 1 + + [42] Cytosol
11 Pyruvate carboxylase + + [43] Cytosol
12 Glucokinase + + [44] Cytosol
13 Mannose 1 phosphate guanyltransferase + + [45] Cytosol
14 Heat shock protein 70 2 + - [46] Cytosol
15 Putative peroxiredoxin (C8BNF3) + +
16 Dihydroxyacetone kinase + + [47] Peroxisome, Cytosol
17 Lon protease homolog 2 + + [10] Peroxisome
18 DNA directed RNA polymerase + +
19 Plasma membrane H+ATPase + + [48] Plasma membrane
20 Putative peroxiredoxin (C8BNF4) + +
21 Proteinase A + + [49] Vacuole
22 Carboxypeptidase + + [50] Vacuole
23 Lon protease homolog + +
24 Xylitol dehydrogenase + + [51]
25 Putative peroxiredoxin (C8BNF0) + +
26 Heat Shock protein 70 1 + + [46] Cytosol
27 Dynamin like GTP binding protein (Vps1) + - [52] Cytosol, Endosomes
28 DNA directed RNA polymerase + +
29 Fatty acid synthetase beta subunit + +
30 Hexose transporter-like GCR1 + + [53] Cytosol, Nucleus
31 Fatty acid synthase alpha subunit + +
32 Emp24 + + [54] ER
33 Putative DIC1 protein + - [55] Mitochondria
34 Calnexin homologue + + [56] ER
35 Putative peroxiredoxin (C8BNF2) + +
36 Putative cystathionine beta lyase, Met6 + + [57] Cytosol
37 Alpha-COP-like protein,Opu27 + + [58] Golgi
38 Alpha trehalose phosphate synthase, Tps1 + - [59]
39 Vac8 + + [60] Vacuole
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Table S1. (continued)

S. No. Name of the protein Control
Ethanol 
stress Reference Localization

40 Pex10 + + [61] Peroxisome
41 Putative peroxiredoxin (C8BNE0) + +
42 Aminopeptidase + +
43 Pex3 + + [61] Peroxisome
44 Erp3 + + [54] ER
45 Pex1 + - [62] Peroxisome
46 GTP binding protein, Ypt1 + + [63] ER, Golgi
47 Nii2 + + [64] ER
48 Centromere H3 protein + + [65] Nucleus
49 Protein kinase TOR + - [66] Cytosol, Nucleus
50 Pex2 + + [67] Peroxisome
51 Dynamin related protein + - [52] Mitochondria
52 Myo2 + + [68] Cytosol, bud-neck
53 Glycerol dehydrogenase, Gdh1 + + [69] Cytosol
54 Pex6 + - [62] Peroxisome
55 Pex12 + + [67] Peroxisome
56 Glycerol 3 phosphate dehydrogenase, Gpd1 + +
57 Peroxisomal primary amine oxidase, Amo + + [70] Peroxisome
58 Trehalose phosphate synthase subunit, Tps3 + -
59 Multifunctional tryptophan  

biosynthesis protein
+ - [38] Cytosol

60 Autophagy related protein 8, Atg8 + - [71] Cytosol, vacuole
61 DNA-directed RNA polymerase + -
62 78kDa glucose-regulated protein + - [72] ER
63 Putative peroxiredoxin (C8BNF1) + +
64 Pex26 + + [61] Peroxisome
65 Delta 12-fatty acid desaturase, FAD2 + - [73] ER
66 Calcium transporting ATPase + - [74] Golgi
67 Mnn9 + - [75] Golgi 
68 Global transcription activator,Snf2 + - [76] Nucleus
69 Elongation of fatty acid protein + - [77] ER
70 Pex8 + - [78] Peroxisome
71 Dolichyl phosphate mannose protein + - [79] ER
72 Isopropylmalate dehydrogenase + - [80] Cytosol
73 Sugar transporter like protein + -
74 Putative uncharacterized protein + -
75 Orotate-phophoribosyltransferase + +
76 Ocr1 + - [81] Golgi
77 Autophagy related protein 27 + - [66]
78 Putative uncharacterized protein + -
79 Alpha 1 2-mannosyltransferase + - [82] ER
80 Frataxin + -
81 Inositol 1 phosphate synthase + +
82 Chorismate mutase + - [83] Cytosol, Nucleus
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Table S1. (continued)

S. No. Name of the protein Control
Ethanol 
stress Reference Localization

83 Pur 2 5 + - [84] Cytosol
84 Pex11 + + [61] Peroxisome
85 Pex17 + - [61] Peroxisome
86 Pex14 + + [61] Peroxisome
87 Orotidine 5’phosphate decarboxylase, Ura3 + + [85] Cytosol
88 Glucan 1 3-beta glucosidase + - [86]
89 Pex25 + + [61] Peroxisome
90 Amm1 + -
91 Ure2 + - [87] Cytosol
92 Repressible acid phosphatase + - [88]
93 Putative kinase Pak1 + - [47]
94 Caspase + - [11] Cytosol, Nucleus
95 Pex22 + + [61] Peroxisome
96 Phosphoribosylaminoimidazole – 

succinocarboxamide synthase, 
+ - [89] Cytosol, Nucleus

97 Putative mannosyl transferase, Ocr5 + - [81] ER, Golgi
98 Putative Sla 2 protein (actin associated 

protein-endocytosis)
+ - [55]

99 Cell wall protein Gas1 + -
100 Ubiquitin conjugating enzyme - + [61]
101 RNA Pol II second largest subunit - +

* The order of the proteins is based on the % protein sequence coverage. Highlighted rows include the identified 
putative peroxiredoxins along with Pmp20. The mentioned localization is based on experimental data obtained for 
the H. polymorpha proteins..
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Abstract

Saccharomyces cerevisiae glycerol phosphate dehydrogenase 1 (Gpd1) and nicotinamidase 
(Pnc1) are two stress- induced enzymes. Both enzymes are predominantly localised to 
peroxisomes at normal growth conditions, but were reported to localise to the cytosol and 
nucleus upon exposure of cells to stress. Import of both proteins into peroxisomes depends on 
the peroxisomal targeting signal 2 (PTS2) receptor Pex7. Gpd1 contains a PTS2, however, Pnc1 
lacks this sequence.

Here we show that Pnc1 physically interacts with Gpd1, which is required for piggy-back 
import of Pnc1 into per- oxisomes. Quantitative fluorescence microscopy analyses revealed that 
the levels of both proteins increased in peroxisomes and in the cytosol upon exposure of cells 
to stress. However, upon exposure of cells to stress we also observed enhanced cytosolic levels 
of the control PTS2 protein thiolase, when produced under control of the GPD1 promoter. This 
suggests that these conditions cause a partial defect in PTS2 protein import, probably because 
the PTS2 import pathway is easily saturated.
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Introduction

Saccharomyces cerevisiae Gpd1 (Glycerol-3-phosphate dehydroge- nase 1) and Pnc1 
(nicotinamidase) are peroxisomal enzymes that are induced upon exposure of cells to various 
stress conditions 1–4 . Gpd1 is a nicotinamide adenine dinucleotide-hydrogen (NADH)- 
dependent enzyme that converts dihydroxyacetone phosphate (DHAP) into glycerol-3-
phosphate, which subsequently can be converted into glycerol 5. At osmotic stress conditions 
Gpd1 activity increases, which leads to enhanced cellular glycerol levels and osmotic stress 
resistance 6 . At normal conditions, Gpd1 contributes to reducing cellu- lar DHAP levels, which 
prevents the spontaneous conversion of DHAP into methylglyoxal, a highly toxic compound 
that damages proteins and contributes to ageing 7,8 . In addition, Gpd1 may play a role in con- 
trolling the redox balance by reoxidation of NADH to NAD+. Pnc1 functions in the NAD+ 
salvage pathway and catalyses deamination of nicotinamide to nicotinic acid 9 . Overexpression 
of Pnc1 has been reported to positively affect the replicative lifespan of yeast 1 . It has been 
suggested that this is the result of Pnc1-mediated nicotinamide depletion in the nucleus, which 
activates the histone deacetylase Sir2, resulting in silencing of pro-ageing genes 1,10. Pnc1 levels 
are elevated under conditions known to extend replicative lifespan, including osmotic and heat 
stress, conditions that also enhance Gpd1 levels 1. Interestingly, examination of transcriptional 
profiles revealed that PNC1 expression is strongly correlated with that of GPD1 11.

Although the above functions of Gpd1 and Pnc1 are expected to take place in the cytosol 
and nucleus respectively, at normal growth conditions both enzymes are predominantly 
localised to peroxisomes in con- junction with a minor portion to the cytosol 1,11 . When Gpd1 
and Pnc1 levels were enhanced upon exposure of cells to osmotic stress, a much higher portion 
of these enzymes became cytosolic concomitant with a relative decrease in the peroxisomal 
protein levels 11. How- ever, it has also been reported that Pnc1 mainly remains peroxisomal in 
cells exposed to stress 1.

The peroxisomal localisation of Gpd1 depends on its N-terminal peroxisomal targeting 
signal 2 (PTS2) and the PTS2-receptor Pex7 11. It has been suggested that import of Gpd1 into 
peroxisomes is stimulated by the phosphorylation of two serine residues adjacent to the PTS2 
sequence. The enhanced cytosolic Gpd1 level in cells exposed to stress was proposed to be due 
to decreased phosphorylation of these residues 11,12.

Sequence analysis did not reveal any predicted peroxisomal targeting signals in Pnc1. 
However, sorting of Pnc1 requires the PTS2 import machinery, because the protein mislocalises 
to the cytosol in Δpex7 cells 1. Computational analysis revealed that Pnc1 may form a complex 
with 13. If so, Pnc1 may import into peroxisomes in complex with Gpd1 by so called  
piggy-back import.

Here we show that Pnc1 and Gpd1 proteins indeed physically inter- act in vivo and that 
this allows piggy-back import of Pnc1 with Gpd1. Furthermore, quantitative fluorescence 
microscopy analysis revealed that upon exposure of the cells to osmotic stress the peroxisomal 
as well as the cytosolic levels of both proteins increased. Our data indicate that the appearance 
of cytosolic Gpd1 and Pnc1 most likely is caused by a general decrease in the rate of PTS2–



Chapter 3

74

3

matrix protein import in yeast cells exposed to stress, probably because this pathway is  
easily saturated.

Results

Pnc1 is targeted to peroxisomes via piggy-back import with Gpd1
Piggy-back import requires that Pnc1 and Gpd1 physically inter- act in vivo. To test this 
we performed yeast two-hybrid analysis. As shown in Fig. 1, activation of the reporter gene 
HIS3, indicated by the capacity of yeast transformants to grow in the absence of histidine, was 
observed when PNC1 was co-expressed with GPD1. Similarly, growth was observed in strains 
co-expressing H. polymorpha PEX3 and PEX19, which were used as positive controls. Growth 
was not observed in control experiments using empty plasmids or in strains expressing either 
GPD1 or PNC1.

Next, we tested whether the peroxisomal localisation of Pnc1 depends on Gpd1. As shown 
in Fig. 2A, B, in cells producing chromo- somally tagged GFP-fusion proteins, Gpd1–GFP 
and Pnc1–GFP are predominantly co-localising with the peroxisomal marker protein DsRed–
SKL, in conjunction with low fluorescence in the cytosol. Accumulation of the proteins in 
the nucleus was not observed. The peroxisomal localisation of Pnc1–GFP was fully abolished 
in Δgpd1 cells (Fig. 2C). Conversely, in Δpnc1 cells the peroxisomal localisation of Gpd1–GFP 
was unaffected (Fig. 2D). This result indicates that import of Pnc1 depends on the presence of 
Gpd1, consistent with piggy-back import.

 
 

 

Figure 1. In vivo interaction of Gpd1 and Pnc1. Full length Gpd1 and Pnc1 were tested for interaction 
using a yeast two-hybrid assay. Genes were fused to the LEXA binding domain (BD) in vector 
pBTM116-C and a VP16 activation domain (AD) in vector pVP16-C. The resulting plasmids were co-
transformed into S. cerevisiae L-40. The interaction between H. polymorpha Pex3 and Pex19 is used as 
positive control [18]. As negative controls, empty pVP16-C or pBTM116-C was used. HIS3 reporter 
gene activation was detected by analysis of growth on plates lacking histidine. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. In vivo interaction of Gpd1 and Pnc1. Full length Gpd1 and Pnc1 were tested for interaction 
using a yeast two-hybrid assay. Genes were fused to the LEXA binding domain (BD) in vector pBTM116-C 
and a VP16 activation domain (AD) in vector pVP16-C. The resulting plasmids were co-transformed into 
S. cerevisiae L-40. The interaction between H. polymorpha Pex3 and Pex19 is used as positive control 
[18]. As negative controls, empty pVP16-C or pBTM116-C was used. HIS3 reporter gene activation was 
detected by analysis of growth on plates lacking histidine.
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Figure 2. The peroxisomal localisation of Pnc1 depends on Gpd1. Fluorescence microscopy images 
showing the localisation of chromosomally tagged Gpd1–GFP (A) and Pnc1–GFP (B) in S. cerevisiae 
cells producing DsRed–SKL as red peroxisomal matrix marker. Localisation of Pnc1–GFP in Δgpd1 
cells (C) or Gpd1–GFP in Δpnc1 cells (D) both producing DsRed–SKL as peroxisomal marker. (E) 
Δgpd1 cells producing Pnc1–GFP and NΔGpd1–mCherry. The bar represents 5 μm. 

 

Figure 2. The peroxisomal localisation of Pnc1 depends on Gpd1. Fluorescence microscopy images 
showing the localisation of chromosomally tagged Gpd1–GFP (A) and Pnc1–GFP (B) in S. cerevisiae cells 
producing DsRed–SKL as red peroxisomal matrix marker. Localisation of Pnc1–GFP in Δgpd1 cells (C) 
or Gpd1–GFP in Δpnc1 cells (D) both producing DsRed–SKL as peroxisomal marker. (E) Δgpd1 cells 
producing Pnc1–GFP and NΔGpd1–mCherry. The bar represents 5 μm.

Next, we tested the effect of the removal of the PTS2 from the N-terminus of Gpd1 on 
the localisation of NΔGpd1–mCherry and Pnc1–GFP fusion proteins. As shown in Fig. 2E in 
cells producing the N-terminal truncated Gpd1 the peroxisomal localisation of both pro- teins 
was abolished.
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We also investigated whether we could restore import of NΔGpd1–mCherry into 
peroxisomes by the addition of a C-terminal PTS1 to Pnc1 (Pnc1–SKL). In Δgpd1 cells all 
NΔGpd1–mCherry was cytosolic (Fig. 3A; compare Fig. 2E). However, upon co-production 
of Pnc1–SKL a portion of the NΔGpd1–mCherry protein localised to peroxisomes (Fig. 3B). 
The import of only a minor portion of the total NΔGpd1–mCherry is most likely related to 
the fact that Gpd1 is present in large excess rela- tive to Pnc1 (see below).

Taken together, these results strongly suggest that Pnc1 is imported into peroxisomes via 
piggy-backing with Gpd1.

Pnc1 and Gpd1 stability
If both proteins form a stable complex in vivo, the absence of one component of the complex 
might cause instability of the other proteins and vice versa. To test this we analysed the levels of 
Pnc1–GFP in Δgpd1 cells and vice versa in cells in the stationary (T = 0), early exponential (T = 
4), mid-exponential (T = 8 h) and late-exponential (T = 12 h) growth phase. The levels of Pnc1–
GFP are comparable in Δgpd1 cells relative to the wild-type (PNC1–GFP) control strain (Fig. 
4A). Similarly, the levels of Gpd1–GFP are not reduced in Δpnc1 cells (Fig. 4B). These results 
imply that Pnc1 and Gpd1 are not required for the stability of each other. In the absence of 
Gpd1, Pnc1 localises to the cytosol. As no major difference in Pnc1 levels is observed between 
wild-type and Δgpd1 cells the peroxisomal versus cytosolic localisation apparently also does 
not affect Pnc1 stability.

 
 

 

 

Figure 3. Import of Gpd1 lacking a PTS2 is restored by co-production with Pnc1 containing a 
PTS1 signal. Localisation of NΔGpd1–mCherry in Δgpd1 cells (A) or in Δgpd1 cells producing Pnc1–
SKL. The PTS1 (−SKL) is chromosomally added to endogenous PNC1. (B). Peroxisomes are marked 
with GFP–SKL. The scale bar represents 5 μm. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Import of Gpd1 lacking a PTS2 is restored by co-production with Pnc1 containing a PTS1 signal. 
Localisation of NΔGpd1–mCherry in Δgpd1 cells (A) or in Δgpd1 cells producing Pnc1–SKL. The PTS1 
(−SKL) is chromosomally added to endogenous PNC1. (B). Peroxisomes are marked with GFP–SKL. 
The scale bar represents 5 μm.
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Gpd1 and Pnc1 are not present at a fixed stoichiometry
Previous transcriptional analysis indicated that GPD1 and PNC1 ex- pression is strongly 
correlated 11. In order to analyse whether the protein levels of Gpd1 and Pnc1 are correlated 
as well, we performed Western blot analysis using strains producing GFP fusion proteins and 
anti-GFP antibodies. Upon exposure of cells for 4 h to 1 M sorbitol, 1 M NaCl or elevated 
temperature (37 °C), the levels of both proteins were enhanced (Fig. 5A). Quantification of 
the protein levels revealed that the ratio between Gpd1 and Pnc1 was approximately 7:1 in un- 
stressed control cells, but increased considerably in cells exposed to stress (up to ~ 11:1 upon 
exposure to 1 M NaCl) (Fig. 5B). This result indicates that both proteins most likely do not 
form a hetero-oligomeric complex of fixed stoichiometry. Notably, at all conditions analysed, 
Gpd1 was present in large excess relative to Pnc1.

Gpd1 and Pnc1 are localised to peroxisomes and the cytosol in cells exposed to 
stress
Jung and colleagues reported that exposure of cells to stress results in a decrease in peroxisomal 
Gpd1 and Pnc1 levels concomitant with a relative increase in cytosolic protein levels 11. In 
contrast, Anderson and colleagues showed that Pnc1 mainly remains peroxisomal in cells 
exposed to stress 1.

We performed quantitative fluorescence microscopy to analyse the mean cytosolic and 
peroxisomal fluorescence intensities of Gpd1–GFP (Fig. 5D) and Pnc1–GFP (Fig. 5C) before 

 
 

 

 

Figure 4. Fig. 4. Gpd1 and Pnc1 do not stabilise each other. Stationary glucose cultures (0 h) were 
diluted into fresh glucose medium and grown for 4, 8 or 12 h. Cellular protein levels of Pnc1–GFP (A) 
and Gpd1–GFP (B) were analysed in Δgpd1 (A) and Δpnc1 cells (B) using WT cells as controls. Blots 
were probed with antibodies against GFP. Glucose-6-phosphate dehydrogenase (G6PDH) was used as 
loading control. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Fig. 4. Gpd1 and Pnc1 do not stabilise each other. Stationary glucose cultures (0 h) were diluted 
into fresh glucose medium and grown for 4, 8 or 12 h. Cellular protein levels of Pnc1–GFP (A) and Gpd1–
GFP (B) were analysed in Δgpd1 (A) and Δpnc1 cells (B) using WT cells as controls. Blots were probed with 
antibodies against GFP. Glucose-6-phosphate dehydrogenase (G6PDH) was used as loading control.
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Figure 5. Modulations in Gpd1 and Pnc1 protein levels and localisation upon exposure of cells to 
stress. (A) Western blots showing the protein levels of Pnc1–GFP and Gpd1–GFP after exposure to 
various stress conditions for 4 h. Cells producing chromosomally tagged GFP-fusion proteins under 
control of their endogenous promoter were used for the experiments. Blots were probed with antibodies 
against GFP. G6PDH was used as loading control. (B) Quantication of Gpd1–GFP and Pnc1–GFP 
protein levels from 2 separate blots of 2 independent experiments. Error bar = +/− STDV. Fluorescence 
microscopy images of Pnc1–GFP (C) and Gpd1–GFP (D) cells at control conditions (unstressed) or 
upon exposure to stress for 4 h. The scale bar represents 5 μm. The box plot shows mean uorescence 
intensities of Pnc1–GFP (E) and Gpd1–GFP (F) at peroxisomes or in the cytosol after 4 h of stress. 
Fluorescence intensities were measured using ImageJ. The box represents values from the 25 percentile 
to the 75 percentile; the horizontal line through the box represents the median value. The bar represents 
maximum and minimum values. For each experiment the uorescence intensity of at least 100 
peroxisomes and the cytosol of at least 44 cells were measured. 

Figure 5. Modulations in Gpd1 and Pnc1 protein levels and localisation upon exposure of cells to stress. 
(A) Western blots showing the protein levels of Pnc1–GFP and Gpd1–GFP after exposure to various stress 
conditions for 4 h. Cells producing chromosomally tagged GFP-fusion proteins under control of their 
endogenous promoter were used for the experiments. Blots were probed with antibodies against GFP. 
G6PDH was used as loading control. (B) Quantification of Gpd1–GFP and Pnc1–GFP protein levels from 
2 separate blots of 2 independent experiments. Error bar = +/− STDV. Fluorescence microscopy images of 
Pnc1–GFP (C) and Gpd1–GFP (D) cells at control conditions (unstressed) or upon exposure to stress for 
4 h. The scale bar represents 5 μm. The box plot shows mean fluorescence intensities of Pnc1–GFP (E) and 
Gpd1–GFP (F) at peroxisomes or in the cytosol after 4 h of stress. Fluorescence intensities were measured 
using ImageJ. The box represents values from the 25 percentile to the 75 percentile; the horizontal line 
through the box represents the median value. The bar represents maximum and minimum values. For 
each experiment the fluorescence intensity of at least 100 peroxisomes and the cytosol of at least 44 cells 
were measured.
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and after exposure of cells to various stress conditions. Because we rarely observed significant 
accu- mulation of Gpd1 or Pnc1 in the nucleus at our experimental set up, we excluded nuclear 
GFP signal in our analysis.

Our data indicate that at all three stress conditions tested (1 M sorbitol, 1 M NaCl, heat 
stress) the fluorescence intensities of peroxisomal Pnc1–GFP and Gpd1–GFP increased relative 
to the controls (Fig. 5E, F; Table 1). All three stress conditions also resulted in an increase in 
cytosolic Gpd1–GFP, whereas enhanced cytosolic Pnc1–GFP was only detected upon exposure 
of cells to 1 M NaCl.

To test whether this behaviour is specific for Gpd1 and Pnc1, we per- formed a control 
experiment in which we produced the PTS2 protein Pot1 (thiolase) containing a C-terminal 
GFP under control of the GPD1 promoter. Western blot analysis of GFP fusion proteins using 
anti-GFP antibodies revealed that similar protein levels were obtained for Pot1– GFP and 
Gpd1–GFP upon exposure of cells to osmotic stress (Fig. 6A).

Quantitative fluorescence microscopy (images shown in Fig. 6B, C & D) indicated that 
similar to Gpd1–GFP the fluorescence intensity of Pot1–GFP also increased in both the cytosol 
and peroxisomes after treatment of cells with 1 M sorbitol or 1 M NaCl (Fig. 6E, F).

These results indicate that import of Gpd1 and Pnc1 is not blocked upon exposure of cells to 
stress. However, our data suggest that the capacity of the PTS2 import machinery is inefficient 
to fully import the enhanced levels of Gpd1 and Pnc1 at these conditions.

Conclusions

In this paper we show that yeast Pnc1 piggy-back imports with Gpd1 into peroxisomes. Almost 
all peroxisomal matrix proteins contain either a PTS1 or PTS2 sorting sequence. However, 
proteins lacking a PTS can be imported in complex with a PTS containing protein by so 
called piggy-back import. Many reported examples of peroxisomal piggy- back import are 
artificial as these involve import of a subunit of an oligomeric protein from which the PTS is 
removed in complex with sub- units that still contain a PTS 14–16. So far only a few examples 
of natural piggy-back import have been described. These include import of the PTS lacking 
Cu/Zn superoxide dismutase 1 (SOD1) with its PTS- containing chaperone in mammalian 
cells 17. In plant, import of two PTS lacking subunits of heterotrimeric protein phosphatase 

Table 1. Fold increase in median fluorescence intensities of Gpd1–GFP and Pnc1–GFP in cells exposed to 
stress relative to control cells.

Gpd1–GFP Pnc1–GFP

Peroxisomes Cytosol Peroxisomes Cytosol

Control 1.0 1.0 1.0 1.0
Sorbitol 2.6 3.0 1.9 1.2
NaCl 3.5 5.8 2.1 3.3
Heat 2.3 2.2 2.1 1.3
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depends on the PTS containing third subunit of this enzyme 18. Here, we report natural piggy-
back import of Pnc1 with the PTS2 protein Gpd1 into yeast peroxisomes. Effelsberg et al. 19 
recently reported the same observation. In addition, these authors showed that import of Gpd1 
requires the general Pex7 co-receptor Pex21, a protein that is constitutively produced. Instead 
the second Pex7 co-receptor Pex18 is induced by oleate and selectively required for import of 
the β-oxidation enzyme thiolase.

Why Pnc1 piggy-back imports with Gpd1 and not with another PTS2 or PTS1 protein 
is highly speculative. Possibly this is related to the fact that Gpd1 and Pnc1 are both 
involved in stress response and nucleotide metabolism. Also their expression is regulated in  
a similar manner.

Although we observed that Pnc1 and Gpd1 interact in a two-hybrid assay, Pnc1 and Gpd1 
most likely do not form a stable complex. This view is based on the finding that i) the absence 
of one protein did not affect the stability of the other and ii) the cellular ratio of both proteins is 
not constant. Also, we were unable to show a stable physical interaction between both proteins 
using a variety of in vitro approaches (data not shown). These observations imply that complex 
formation between Gpd1 and Pnc1 likely is transient and possibly only required for sorting of 
Pnc1 to peroxisomes.

Our data confirm earlier reports which indicated that upon exposure of yeast cells to 
stress conditions the protein levels of Gpd1 and Pnc1 increase. Our quantitative fluorescence 
microscopy analyses showed that under these conditions the intensities of Gpd1–GFP and 
Pnc1– GFP inside peroxisomes increased. This increased peroxisomal signal is in contract with 
previous observations of Jung and colleagues, who reported a decrease in peroxisomal signal 
for both proteins 11. How- ever, our data are in line with the report of Anderson and colleagues, 
who showed that Pnc1–GFP remains predominantly peroxisomal upon exposure of cells to 
stress.

At all stress conditions tested we observed an increase in cytosolic fluorescence intensities 
of Gpd1–GFP, but not of Pnc1–GFP, for which an increase in cytosolic fluorescence was only 
detected upon exposure of cells to NaCl. This could be due to the higher total Gpd1 protein 
levels upon exposure of cells to stress (see Western blots in Fig. 5A). Also the ratio of Gpd1–
Pnc1 increased at stress conditions, thus rendering more Gpd1 molecules available to Pnc1 for 
piggy-back import.

When a control PTS2 protein (thiolase, Pot1–GFP) was produced under control of 
the GPD1 promoter, we also observed the appearance of cytosolic fluorescence when cells were 
exposed to stress. This result suggests that PTS2 protein import is inefficient in cells exposed to 
stress, probably because the PTS2 import pathway is easily saturated.

Consequently, both proteins most likely play their cellular function inside peroxisomes and 
not in the cytosol or nucleus as previously pro- posed. What their function is in peroxisomes 
is still very speculative. Peroxisomes are highly oxidative organelle  and therefore  maintenance 
of a proper redox environment is crucial for functioning of peroxisomal enzymes. Because 
both proteins are involved in nucleotide metabolism, possibly they play a role in maintaining 
the redox balance in the peroxisomal matrix.
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Materials and methods

Strains and growth conditions
The S. cerevisiae strains used in this study are listed in Supplementary Table 1. Yeast cells were 
grown at 30 °C on mineral medium (MM) 20 containing 0.25% ammonium sulphate and 2% 
glucose. MM was supplemented with the required amino acids or uracil to a final concentration 
of 20 μg ml−1 (histidine and methionine) or 30 μg ml−1 (leucine, lysine, and uracil). YPD 
medium (1% yeast extract, 1% peptone, 1% glucose) supplemented with 2% agar was used for 
growth on plates. Escherichia coli DH5α was used for cloning purposes and was cultured at 37 
°C on LB medium supplemented with the appropriate antibiotics.

Construction of yeast strains
Plasmids and primers used in this study are listed in Supplementary Tables 2 and 3 respectively.

Construction of Δpnc1 and Δgpd1 strains 
GPD1 was deleted in a strain producing Pnc1–GFP obtained from GFP fusion collection 21, by 
replacing the ORF with the KanMX4 gene from pUG6 22 using primers GPD1F and GPD1R. 
Pnc1–GFP producing cells were transformed with the PCR product, colonies were selected 
on YPD plates containing 200 μg ml−1 G418, and positive clones were checked by colony 
PCR. Correct integration was confirmed by Southern blotting. PNC1 deletion in Gpd1–GFP 
producing cells obtained from GFP fusion collection 21was obtained by replacement of the ORF 
with the KanMX4 gene from pUG6 using primers PNC1F and PNC1R. Cells were transformed 
with the PCR product and transformants  were selected  on YPD plates containing 200 μg ml−1 
G418, positive clones were checked by colony PCR and Southern blot.

Strains producing NΔGpd1 and NΔGpd1–mCherry
To construct a strain lacking 17 N-terminal amino acid residues (+ 4 to + 54 bps) of Gpd1 after 
the start codon, a plasmid pAG25- N_del_Gpd1 was cloned and transformed into Δgpd1 strain 
obtained from Euroscarf. To this end, the GPD1 coding region + 55 (+ 1 is A of the start codon) 
from the start codon (without PTS2  sequence) and  the GPD1 promoter region − 540 from 
the start codon were amplified from S. cerevisiae genomic DNA using the primer pairs GPD1.
OL-1/GPD1.OL-1.1 and GPD1.OL-2/GPD1.OL-2.1 respectively.

The two PCR products of 1457 bps and 472 bps were joined together by overlap PCR 
and the combined fragment was further amplified using primer pair GPD1.OL-1.1/GPD1.
OL-2.1, which resulted into a fragment of 1984 bps. This fragment was digested with HindIII/ 
BamHI and cloned in plasmid pAG25 23resulting in plasmid pAG25-N_del_Gpd1. The insert 
was sequenced to exclude the presence of errors. The plasmid was linearised with SbfI and 
transformed to S. cerevisiae Δgpd1 cells. Transformants were selected on YPD plates containing 
100 μg ml−1 nourseothricin (WERNER BioAgents). Correct integration in the genomic DNA 
was checked by colony PCR and Southern blotting. The resulting strain that produces NΔGpd1 
but not the endogenous Gpd1 was designated as nΔgpd1.
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 To introduce mCherry at the C-terminus of NΔGPD1, the mCherry– zeocin fragment was 
amplified from pHIPZ4–mCherry usinator plasmid using primer pair GPD1.MC_F/GPD1.
MC_R2. The PCR product was used to transform S. cerevisiae competent cells and plated 
on YPD plates containing 200 μg ml−1 zeocin (Invitrogen). Positive clones were checked by  
colony PCR.

Construction of a strain producing NΔGpd1–mCherry and Pnc1–SKL 
To obtain a plasmid containing the zeocin resistance gene and a gene encoding Pnc1–SKL, 
PNC1 genomic DNA starting from −700 was ampli- fied using primers P.SKL.F_BamHI 
and P.SKL.R_HindIII. The PCR product was digested with BamHI/HindIII and cloned into 
pSL34 resulting in pPNC1–SKL-1. To add the PTS1 tripeptide -SKL to endogenous Pnc1, 
the region encoding the 3′-end of the PNC1 gene along with the -SKL (PTS1) coding region 
and the zeocin resistance gene were amplified from pPNC1–SKL-1 using primers PNC1.7 and 
PNC1.GFP.SKL-2.2. The PCR product was used to transform nΔgpd1 cells and clones were 
selected on YPD/zeocin plates. mCherry was introduced at the C-terminus of NΔGpd1 in 
the resulting strain as follows: the mCherry– hph (Hygromycin R) fragment was amplified 
from pARM001 (see below) using primer pair GPD.MC_F/GPD1.MC_Rev. The PCR product 
was used to transform nΔgpd1.PNC1–SKL competent cells and trans- formants were selected 
on YPD plates with 200 μg ml−1 hygromycin. Positive clones were checked by colony PCR. 
The resulting strain produces Pnc1–SKL and NΔGpd1–mCherry but not endogenous Gpd1.

Construction of a strain producing Pot1–GFP under control of the GPD1 
promoter
The GPD1 promoter starting from − 700 bps of the start codon and the POT1 open reading 
frame were amplified from S. cerevisiae genomic DNA using primer pairs P-GPD1.PciI/GPD1.
OL-Rev. and POT1.OL-Fw/POT1-BglII that resulted in PCR products of 731 bps and 1284 bps, 
respectively. Both DNA fragments were joined together by overlap PCR and combined fragment 
was further amplified using primer pair P-GPD1.PciI/POT1-BglII, which resulted in a DNA 
fragment of 1973 bps. The combined fragment was digested by restriction enzymes NciI/BglII 
and cloned into the pHIPZ–mGFP fusinator plas- mid 24which resulted in pPGPD1–POT1–
GFP. The plasmid was linearised by SbfI and transformed into S. cerevisiae strain producing 
DsRed1–SKL. Transformants were selected on YPD/zeocin plates and checked by colony PCR.

Construction of other plasmids
Construction of pSL33. To construct a plasmid producing DsRed– SKL under control of 
the MET25 promoter, the PMET25–DsRed–SKL–tcyc1 fragment was amplified from pUG34–
DsRed–SKL 25using primer pair DsRed-1/DsRed-2. The obtained PCR product was digested 
with KpnI/XbaI and cloned into pBSII KS + resulting in pSL32. The nourseothricin resistance 
gene was amplified from pAG25 using primer pair Nat1.1/Nat1.2 and after digestion with SacII/
KpnI the fragment was cloned into pSL32 that resulted in pSL33.
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Construction of pPTDH3–GFP–SKL
The promoter of the TDH3 gene was amplified from S. cerevisiae genomic DNA by using 
primer pair TDH3_Not.F/TDH3_BamHI.R. A fragment of 716 bps was obtained that was 
digested with NotI/BamHI and cloned into pHIPX7–GFP–SKL 26resulting in pPTDH3–GFP–
SKL. To mark peroxisomes with GFP–SKL, the plasmid was linearised with BseYI and used to 
transform S. cerevisiae strains, and transformants were selected on YND plates without leucine. 
Correct integration was checked by colony PCR.

Construction of pARM001
The PEX14–mCherry region of pHIPN– PEX14–mCherry 20 was amplified using primer pair 
PRARM001 FWD/PRARM002 REV. The PCR product was digested with NotI/HindIII and 
clone into pHIPH4 27that resulted into pARM001.

Construction of pHIPZ4–mCherry fusinator
For the construction of plasmid pHIPZ4–mCherry fusinator, a PCR fragment of 700 bp was 
ob- tained by primer pair RSA10fw/RSA11rev on pCDNA3.1mCherry 28. The resulting BglII–
SalI fragment was inserted between the BglII and SalI of pANL31 29.

Yeast two-hybrid assays
The LexA system was used for screening interactions between S. cerevisiae proteins using 
derivatives of the reporter strain S. cerevisiae L-40 (Takara Bio Inc.). Using S. cerevisiae 
genomic DNA as template, the entire coding sequences of PNC1 and GPD1 were amplified 
with primer combinations PNC1.BamHI.F/PNC1.EcoRI.R and GPD1.BamHI.F/ GPD1.
EcoRI.R, respectively. The PCR fragments were digested with BamHI/EcoRI and separately 
cloned into the  vectors  pBTM116-C and pVP16-C, which yielded plasmids pBTM116–PNC1, 
pVP16– PNC1, pBTM116–GPD1 and pVP16–GPD1. S. cerevisiae L-40 was co- transformed 
with the indicated pVP16- and pBTM116-derived fusion constructs and transformants were 
selected on synthetic medium lacking leucine and tryptophan. HIS3 reporter gene activation 
was detected by analysing growth on medium lacking histidine, leucine and 3-aminotriazole. 
From each co-transformation four independent transformants were tested. Empty vectors were 
used to check for reporter self-activation.  The  well-established  Hansenula  polymorpha   Pex3 
H. polymorpha Pex19 interaction 24was used as a positive control.

Western blotting
Proteins of total cell extracts of 26 trichloroacetic acid treated cells were separated by SDS-PAGE 
followed by Western blotting. Equal amounts of protein were loaded per lane. Blots were 
probed with mouse monoclonal antiserum against GFP (Santa Cruz Biotechnology, sc-9996) 
and rabbit polyclonal antiserum against glucose-6-phosphate dehydrogenase (G6PD), which 
was used as a loading control. Secondary antibodies conjugated to horseradish peroxidase were 
used for detection. Blots were scanned using a densitometer (Biorad).
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Fluorescence microscopy
All fluorescence images were acquired using a 100 × 1.30 NA Plan-Neofluar objective (Carl 
Zeiss). Wide-field microscopy images were captured by an inverted microscope (Observer 
Z1; Carl Zeiss) using AxioVision software (Carl Zeiss) and a digital camera (CoolSNAP 
HQ2; Photometrics). GFP signal was visualised with a 470/40-nm band pass excitation 
filter, a 495-nm dichromatic mirror, and a 525/50-nm band pass emission filter. To visualise 
DsRed fluorescence, a 546⁄12-nm bandpass excitation filter, a 560-nm dichromatic mirror, 
and a 575–640-nm bandpass emission filter were used. mCherry fluo- rescence was visualised 
with a 587/25-nm band pass excitation filter, a 605-nm dichromatic mirror, and a 647/70-nm 
band-pass emission filter.

To analyse the acquired fluorescence images ImageJ software (US National Institutes of 
Health, Bethesda, MD, USA) was used. For quanti- fication, a straight line was drawn using 
ImageJ’s “line tool” through the region of interest and pixel intensity along the line was 
measured. The measured mean fluorescence intensity of GFP on peroxisomes and in the cytosol 
was corrected for the background intensity and a box plot was made using Microsoft Excel.
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Supplementary data
Table S1. Yeast strains used in this study:-

Strains Description Reference

GPD1-GFP WT, BY4741 MATa leu2∆0 met15∆0 ura3∆0 GFP 
is fused to endogenous Gpd1. GPD1-GFP is under 
control of the endogenous promoter

[21]

PNC1-GFP WT, BY4741 MATa leu2∆0 met15∆0 ura3∆0 GFP is 
fused to endogenous Pnc1, resulting in PNC1-GFP 
under control of endogenous promoter

[21]

GPD1-GFP. DsRed-SKL Gpd1-GFP containing plasmid encoding DsRed-SKL 
(pSL33/natR)

This Study

PNC1-GFP. DsRed-SKL Pnc1-GFP containing plasmid encoding DsRed-SKL 
(pSL33/natR)

This study

Δgpd1.PNC1-GFP BY4741 MATa leu2Δ0 ura3Δ0. GPD1::KanMX4. GFP 
is fused to endogenous Pnc1 resulting in PNC1-GFP 
under control of endogenous promoter 

This study

Δpnc1.GPD1-GFP BY4741 MATa leu2Δ0 ura3Δ0. PNC1::KanMX4  
producing GPD1-GFP under control of endogenous 
promoter

This study

Δgpd1.PNC1-GFP.DsRed-SKL Δgpd1.Pnc1-GFP containing plasmid encoding 
DsRed-SKL (pSL33/natR)

This study

Δpnc1.GPD1-GFP.DsRed-SKL Δpnc1.Gpd1-GFP containing plasmid encoding 
DsRed-SKL (pSL33/natR)

This study

Δgpd1 GPD1::KanMX4 BY4742, MATα  his3A1 leu2A0 
lys2A0 ura3A0

Euroscarf

nΔgpd1 BY4742, GPD1::KanMX4 pAG25-N_del_Gpd1 This study
nΔgpd1.PNC1-SKL BY4742, GPD1::KanMX4 pAG25-N_del_Gpd1, PTS1 

(-SKL) is fused to endogenous Pnc1
This study

NΔGPD1-mCherry. GFP-SKL BY4742, GPD1::KanMX4 pAG25-N_del_Gpd1, 
mCherry introduced at the C-terminus of NΔGpd1  
natR  zeoR  pPTDH3-GFP-SKL

This study

PNC1-GFP.NΔGPD1-mCherry Δgpd1.Pnc1-GFP containing pAG25-N_del_Gpd1 
mCherry introduced at the C-terminus of NΔGpd1 
natR  zeoR

This study

NΔGPD1-mCherry.Pnc1-SKL. 
GFP-SKL

BY4742, pAG25-N_del_Gpd1/natR zeoR HghMX4 
PTS1 (-SKL) is fused to endogenous Pnc1, pPTDH3-
GFP-SKL

This study

L-40 MATa leu2 his3 trp1ade2 GAL4 gal80 
LYS2::(lexAop)4-HIS3 URA3::(lexAop)s-lacZ

Takara Bio Inc.

POT1-GFP. DsRed-SKL Pot1-GFP under GPD1 promoter, PGPD1-Pot1-GFP, 
pSL33 natR  zeoR

This study
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Table S2. Plasmids used in this study:-

Plasmids Description Reference

pUG6 loxP-KanMX4-loxP [22]
pSL33 Gene encoding DsRed-SKL under control of MET25  

promoter, natR
This study

pAG25 natR , ampR, integrative [23]
pAG25-N_del_Gpd1 pAG25 containing NΔGPD1 under control of GPD1 promoter, 

natR ampR
This study

pHIPZ4-mcherry pRSA01, pHIPZ4-mCherry fusionator, zeoR ampR This study
pPNC1-SKL-1 PNC1-SKL under control of PNC1 promoter, zeoR ampR This study
pBTM116-C Yeast two-hybrid vector containing LexA binding domain,  

ampR, TRP1
Takara Bio 
Inc.

pVP16-C Yeast two-hybrid vector containing LexA activation domain, 
ampR, LEU2

Takara Bio 
Inc.

pBTM116-PNC1 pBTM116-C containing PNC1 coding region This study
pVP16-PNC1 pVP16 containing PNC1 coding region This study
pBTM116- GPD1 pBTM116-C containing GPD1 coding region This study
pVP16-GPD1 pVP16 containing GPD1 coding region This study
pBTM116-PEX3 pBTM116-C containing H. polymorpha PEX3 coding region [24]
pVP16-PEX3 pVP16-C containing H. polymorpha PEX3 coding region [24]
pBTM116-PEX19 pBTM116-C containing H. polymorpha PEX19 coding region [24]
pVP16-PEX19 pVP16-C containing H. polymorpha PEX19 coding region [24]
pPTDH3-GFP-SKL GFP-SKL under control of TDH3 promoter, LEU2 ampR This study
pPGPD1-Pot1-GFP. POT1-GFP under control of GPD1 promoter, zeoR ampR This study
pARM001 pHIPH4 containing H. polymopha PEX14 fused with mCherry 

hygromycine BR, ampR
This study

pSL34 GFP-SKL under control of MET25 promoter zeoR ampR [30]
pHIPN-PEX14- mCherry Plasmid containing H. polymorpha PEX14 fused to  

mCherry; natR ; ampR
[31]

pHIPZ-mGFP fusinator pHIPZ plasmid containing mGFP and AMO terminator; zeoR ; ampR [24]
pBSII KS+ ampR, pUG6 origin of replication Stratagene
pSL32 pBSII KS+  containing DsRed-SKL This study
pHIPX7-GFP-SKL Plasmid containing GFP–SKL; kanR, Sc-Leu2 [26]
pHIPN-PEX14- mCherry Plasmid containing H. polymorpha PEX14 fused to mCherry; 

natR ; ampR
[31]

pHIPH4 Plasmid containing Klebsiella pneumoniae Hygromycin BR AmpR [27]
pCDNA3.1mCherry Plasmid containing mCherry, ampR [28]
pANL31 pHIPZ-eGFP fusionator, ampR [20]
pUG34-DsRed-SKL DsRed-SKL under control of MET25 promoter, CEN, HIS3 [27]
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Table S3. Primers used in this study

Primers Sequence

GPD1F TATATTGTACACCCCCCCCCTCCACAAACACAAATATTGATAATATAAA
GCAGCTGAAGCTTCGTACGC

GPD1R CCTCGAAAAAAGTGGGGGAAAGTATGATATGTTATCTTTCTCCAATAA
ATGCATAGGCCACTAGTGGATCTG

PNC1F TTTTACGATTATCTATATCTTTGTTAGAAAGAATAAAATACAGTACAAA
ACAGCTGAAGCTTCGTACGC

PNC1R CATTTGCAAGCCACCCTAGTTCATCAGGTTGAAGAAGTATTATTCAGC
TCGCATAGGCCACTAGTGGATCTG

GPD1.OL-1 CACAAATATTGATAATATAAAGATGGGTAGAAAGAGAAGTTCCTC
GPD1.OL-1.1 CATGGATCCGACAGCCTCTGAATGAGT
GPD1.OL-2 GAGGAACTTCTCTTTCTACCCATCTTTATATTATCAATATTTGTG
GPD1.OL-2.1 CACAAGCTTCTCGGTAGATCAGGTCAGTA
GPD1.MC_F CAATGAAGAACCTGCCGGACATGATTGAAGAATTAGATCTACATGAAG

ATGTGAGCAAGGGCGAGGAGG
GPD1.MC_R2 CCTCGAAAAAAGTGGGGGAAAGTATGATATGTTATCTTTCTCCAATAA

ATAACGACGGCCAGTGAATTGT
P.SKL.F_BamHI TTATATGGATCCGCGAGGCTGCAGTCACC
P.SKL.R_HindIII CGGCGCAAGCTTCTAGAGTTTTGAGTGCAGTGGTTTGTATAGTTTATC

CACGACATTGATGT
PNC1.7 CCTTCCACGACATCTGGAAC
PNC1.GFP.SKL-2.2 CATTTGCAAGCCACCCTAGTTCATCAGGTTGAAGAAGTATTATTCAGC

TCGTTGGCCGATTCATTAAT
GPD1.MC_Rev CCTCGAAAAAAGTGGGGGAAAGTATGATATGTTATCTTTCTCCAATAA

ATCCATGATTACGCCAAGCTC
PNC1.BamHI.F  CGCGGATCCATGAAGACTTTAATTGTTGTTGATAT
PNC1.EcoRI.R  CCGGAATTCTTATTTATCCACGACATTGATGT
GPD1.BamHI.F CGCGGATCCATGTCTGCTGCTGCTGATAGA
GPD1.EcoRI.F   CCGGAATTCCTAATCTTCATGTAGATCTAATTCTTC
TDH3_NotI.F GCATCAGCGGCCGCCACGCTTTTTCAGTTCGAGT
TDH3_BamHI.R GCGCGCGGATCCTTTGTTTGTTTATGTGTGTTTAT
PRARM001 FWD ATAGCGGCCGCTTGCAGGAAGTCGACGAAAT
PRARM002 REV CGGAAGCTTTTACTTGTACAGCTCGTCCA
NAT1.1 GGCTCTAGACGTTAGAACGCGGCTACAAT
NAT1.2 TCTCCGCGGGCTCGTTTTCGACACTGGAT
DsRed-1 CACGGTACCTAACGCCAGGGTTTTC
DsRed-2 CGCTCTAGACGCGCAATTAACCCTC
P-GPD1.PciI GCACTACATGTTCCTCCACAAAGGCCTCTC
GPD1.OL-Rev CTTTGTAGTCTTTGAGACATCTTTATATTATCAATATTTGTG
POT1.OL-Fw CACAAATATTGATAATATAAAG ATGTCTCAAAGACTACAAAG
POT1-BglII GAGCGAGATCTTTCTTTAATAAAGATGGCGG
RSA10fw GAAGATCTATGGTGAGCAAGGGCGAGGAG
RSA11rev GCGTGTCGACTTACTTGTACAGCTCGTCCATGCC
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Abstract

Here we describe a novel peroxin, Pex37, in the yeast Hansenula polymorpha. H. polymorpha 
Pex37 is a peroxisomal membrane protein, which belongs to a protein family that includes 
among others the Neurospora crassa Woronin body protein Wsc, the human peroxisomal 
membrane protein PXMP2, the Saccharomyces cerevisiae mitochondrial inner membrane 
protein Sym1 and its mammalian homologue MPV17.

We show that deletion of H. polymorpha PEX37 does not appear to have a significant 
effect on peroxisome biogenesis or proliferation in cells grown at peroxisome inducing growth 
conditions (methanol). However, the absence of Pex37 results in a reduction in peroxisome 
numbers and a defect in peroxisome segregation in cells grown at peroxisome repressing 
conditions (glucose). Conversely, overproduction of Pex37 in glucose-grown cells results in 
an increase in peroxisome numbers in conjunction with a decrease in their size. The increase 
in numbers in PEX37 overexpressing cells depends on the peroxisome fission protein Dnm1. 
Together our data suggest that Pex37 is involved in peroxisome fission in glucose-grown cells.

Introduction of human PXMP2 in H. polymorpha pex37 cells partially restored 
the peroxisomal phenotype, indicating that PXMP2 represents a functional homologue  
of Pex37.

H. polymorpha pex37 cells did not show aberrant growth on any of the tested carbon and 
nitrogen sources that are metabolized by peroxisomal enzymes, suggesting that Pex37 may not 
fulfill an essential function in transport of these substrates or compounds required for their 
metabolism across the peroxisomal membrane.
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Introduction

Peroxisomes are cell organelles that are well-known for their role in a large variety of metabolic 
pathways. Common functions are detoxification of hydrogen peroxide and β-oxidation of fatty 
acids. Examples of species specific functions include the biosynthesis of plasmalogens and bile 
acids in mammals 1, the metabolism of methanol in methylotrophic yeasts 2 and the biosynthesis 
of penicillin in filamentous fungi 3. Peroxisomes also can fulfill non-metabolic functions. For 
instance in filamentous Ascomycetes a highly specialized peroxisome called Woronin body 
(WB) plugs septal pores upon hyphal wounding to prevent cytoplasmic leakage 4.

The broad range of peroxisomal metabolic pathways requires continuous metabolite 
exchange between the peroxisomal matrix and cytosol. So far two pore-forming proteins have 
been identified in peroxisomal membranes, namely mammalian PXMP2 5 and Saccharomyces 
cerevisiae Pex11 6. Based on in vitro assays and biochemical studies, both proteins were proposed 
to enable free diffusion of molecules with molecular masses up to 300 Da. These observations 
support the view that the peroxisomal membrane is permeable for small molecules, but requires 
specific transporters for larger ones (reviewed by 7,8. This is further underlined by the outcome 
of in vivo polymer exclusion measurements in yeast, which pointed to a non-specific pore in 
the peroxisomal membrane with a radius between 0.57 and 0.65 nm 9. 

Human PXMP2 is member of a protein family, which also includes N. crassa WSC (Woronin 
Sorting Complex), a protein of the peroxisomal and WB membrane in ascomycete fungi 10. 
Other members of this family include the S. cerevisiae mitochondrial inner membrane protein 
Sym1 11, its mammalian homologue MPV17 12 and S. cerevisiae YOR292c, a putative vacuolar 
protein of unknown function 13. Although members of the PXMP2 family ubiquitously occur in 
eukaryotes, in which they localize to various intracellular membranes, a common function for 
these proteins has not been established yet.

Mutations in human MPV17 result in hepatocerebral mitochondrial DNA (mtDNA) 
depletion syndrome (MDDS), which is an inherited autosomal recessive disease characterized 
by a strongly reduced copy number of mtDNA 12. Like PXMP2, MPV17 has been suggested 
to function as a non-selective channel 14. Depletion of mtDNA in MDDS patients has been 
proposed to be caused by mitochondrial nucleotide insufficiency 15. How this relates to 
mutations in MPV17 is still speculative. Also, although MPV17 is an established mitochondrial 
inner membrane protein, a recent report indicated that it is also localized to other organelles, 
including peroxisomes, endosomes and lysosomes 10. The yeast MPV17 homologue Sym1 
forms a channel in the mitochondrial inner membrane and is proposed to allow passage of 
intermediates of the tricarboxylic acid cycle (reviewed by 16). Interestingly, deletion of SYM1 
also results in the flattening of mitochondrial cristae, suggesting a role in the maintenance of 
the mitochondrial ultrastructure 17.

N. crassa WSC has a dual function as it plays a role in WB biogenesis and segregation. WBs 
formation depends on the peroxisomal matrix protein HEX1, which self-assembles to produce 
a solid micrometer-scale protein assembly 4,18. This assembly associates to the matrix face of 
the peroxisomal membrane and subsequently buds off to form a WB. In the absence of WSC, 
HEX assemblies no longer associate with the peroxisomal membrane, suggesting that WSC is 
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required to engulf HEX assemblies. WSC is also involved in cortical association of WBs as well 
as in proper organelle distribution 10. In addition, cortical association of WBs requires LAH, 
a protein that physically interacts with WSC 19. The Aspergillus fumigatus WSC homologue, 
WscA, also plays an important role in WB biogenesis, but is not required for WB segregation 20.

The above observations indicate that proteins of the PXMP2 family not only fulfill 
a function in solute transport, but in addition play roles in processes related to membrane 
shaping or organelle positioning. 

In order to obtain further insights into this protein family, we studied the PXMP2 
protein family in Hansenula polymorpha, a methylotrophic yeast that has been extensively 
used as a model organism for studies on peroxisome biogenesis and function. We show that 
one of the four PXMP2 family proteins identified in this organism localizes to peroxisomes. 
The absence of this protein, which we designated Pex37, resulted in a reduction in peroxisome 
numbers and a defect in peroxisome segregation between mother cells and buds at peroxisome 
repressing growth conditions (glucose). Upon introduction of human PXMP2 in H. polymorpha 
pex37 peroxisome numbers became normal again, indicating that this protein represents 
a functional homologue of Pex37.

Results

Identification of PXMP2 homologues in Hansenula polymorpha
S. cerevisiae has two members of the PXMP2 family, whereas N. crassa and Homo sapiens have 
5 and 3, respectively (Table 1). A search for PXMP2 family candidates in the genome of H. 
polymorpha revealed that this species has four proteins that show sequence homology with 
human PXMP2 and N. crassa WSC.

In a phylogenetic tree (Fig. 1 A) these proteins cluster in two major groups, one containing 
N. crassa WSC and H. polymorpha Hp32g403 and the other containing the rest of the proteins, 
including human PXMP2. An alignment of the H. polymorpha, S. cerevisiae, N. crassa and 
human orthologs revealed 4 conserved regions. Hydropathy analysis of the alignment suggests 
that each of these conserved regions contains a hydrophobic motif that might constitute 
a membrane spanning domain, in agreement with trans-membrane helix predictions. A short 
consensus sequence of 112 amino acids could be identified between the proteins (Fig. 1 B). 

Table 1. Proteins of the PXMP2 family in various species 

S. cerevisae H. polymorpha N. crassa Homo sapiens

Sym1
YOR292c

Hp32g403 (MN379451 )
Hp27g68 (MN379453 )
Hp24g381 (MN379452 )
Hp32g332 (MN379454)

WSC(EAA33867)
EAA34618
EAA32569
EAA36527
EAA33195

PXMP2
MPV17
MPV17 L1
MPV17 L2
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A

B

Figure 1. Proteins of the PXMP2 family. (A) Protein phylogeny and secondary structure features of 
PXMP2-related proteins obtained with Foundation [46]. Nc- N. crassa; Sc- S. cerevisiae, Hs– Homo sapiens, 
Hp- H. polymorpha. Phylogenetic tree (Left): numbers represents the bootstraps values, while branch 
length represents the amino acidic substitution rates. Sequence feature representation (Right): The black 
horizontal lines represent the protein’s sequence. The predicted β-strands and α-helices are depicted by 
bars above each line in cyan and magenta, with the height of the bars representing the confidence of 
the prediction. Transmembrane helices predictions are depicted as green boxes underneath the secondary 
structure prediction.(B) Representation of a conserved portion in the sequence alignment of PXMP2 
family proteins. Manually curated alignment obtained by ClustalOmega [40] . Residues are colored 
according to their biochemical character. 

Hp32g403 localizes to peroxisomes
To determine the localization of the four H. polymorpha PXMP2 family members, we 
constructed strains producing C-terminal GFP fusions, all under control of their endogenous 
promoter, together with the peroxisomal matrix marker DsRed-SKL. 

Fluorescence microscopy (FM) analysis of glucose-grown cells revealed that Hp32g403-
GFP accumulated in spots, which represent small peroxisomes based on the co-localization 
with DsRed-SKL (Fig. 2). In methanol-grown cells multiple larger green fluorescent rings were 
observed, which surround the peroxisomal matrix marked by DsRed-SKL. This pattern is 
typical for peroxisomal membrane proteins in methanol-grown H. polymorpha cells. As shown 
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in Figure 2B, Hp32g403-GFP is not extracted upon carbonate treatment, like the peroxisomal 
membrane protein Pex14. As expected, the soluble peroxisomal matrix protein catalase is 
predominantly observed in the soluble fraction. Western blot analysis of total cell extracts 
indicated that the levels of Hp32g403-GFP are similar in glucose and methanol-grown cells 
(Fig. 2C).

Cells producing Hp32g332-GFP, Hp24g381-GFP or Hp27g68-GFP under control of their 
own promoters displayed very low GFP signals, both in glucose and methanol containing 

Figure 2. Hp32g403-GFP localizes to peroxisomes. (A) Fluorescence microscopy images of H. polymorpha 
cells producing Hp32g403-GFP together with DsRed-SKL. Cells were grown to the mid-exponential 
growth phase on glucose or grown for 8 h on methanol medium. In the merged image the cell contours 
are indicated in white. The scale bar represents 2 μm. (B) Western blot analysis of a carbonate extraction 
experiment using an organellar pellet (P3) of methanol-grown wild type cells producing Hp32g403-GFP. 
Equal portions of the P3, pellet (P) and supernatant (S) were loaded per lane. Blots were decorated with 
anti-GFP antibodies. The peroxisomal membrane protein Pex14 and matrix protein catalase were used as 
controls. (C) Western blot of total cell extracts of glucose and methanol-grown cells producing Hp32g403-
GFP. Pyruvate carboxylase (Pyc) was used as loading control.
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Figure 3. Localization of Hp32g332, Hp24g381 and Hp27g68. FM images of glucose/methylamine 
grown wild type (WT) cells producing PAMO driven (A) Hp32g332-GFP stained with the vacuole marker 
FM4-64, (B) Hp24g381-GFP stained with the vacuole marker FM4-64 or, (C) Hp27g68-GFP stained with 
MitoTracker. Cells were grown to the mid-exponential growth phase on glucose/methylamine media. In 
the merged image the cell contours are indicated in white. Scale bar represent 1 μm.

media, which severely hampered their localization. We therefore analyzed strains producing 
these GFP fusion proteins under control of the relatively strong amine oxidase promoter (PAMO), 
which is induced by methylamine. In the strain producing Hp32g332-GFP, GFP fluorescence 
was predominantly observed in the lumen of the vacuoles (Fig. 3 A). Overproduced Hp24g381-
GFP was observed in patch-like structures at or close to the vacuolar membrane (Fig 3 B). 
Hp27g68-GFP localized to discrete network like structures that were identified as mitochondria 
by concurrent staining with the mitochondrion-specific probe MitoTracker (Fig. 3 C), similar 
as observed for S. cerevisae Sym1 11. 
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Hp32g403 is not required for growth on substrates that are metabolized by 
peroxisomal pathways
Of all four H. polymorpha PXMP2 family proteins tested, only Hp32g403 showed a clear 
localization to peroxisomes. To analyse a possible pore function of Hp32g403, growth tests 
were performed using several carbon (methanol, ethanol) and nitrogen sources (methylamine, 
D-choline, D-alanine, uric acid), which are (partially) metabolized by peroxisome borne 
pathways. Spot tests revealed no significant differences in growth compared to the WT control 
for any of the substrates tested (Fig. 4), indicating that Hp32g403 is not an essential, non-
specific pore for transport of metabolites across the peroxisomal membrane at these conditions.

Figure 4. Growth analysis of Hp32g403 deficient cells. Spot assays performed using WT and Hp32g403-
deficient cells. Cultures were serially diluted and spotted on agar plates containing the indicated carbon 
and nitrogen sources.
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The absence or overproduction of Hp32g403 affects peroxisome abundance in 
glucose grown cells
To investigate whether H. polymorpha Hp32g403 plays a role in peroxisome proliferation, we 
quantified peroxisome numbers in Hp32g403-deficient cells using Confocal Laser Scanning 
Microscopy (CLSM). This revealed that in methanol-grown Hp32g403 cells peroxisome 
abundance is comparable to that in WT controls (average number of 3.9 ± 0.1 and 3.8 ± 0.2 
peroxisomes per cell, respectively) (Fig. 5 A).

However, the loss of Hp32g403 caused a significant reduction in peroxisome numbers, when 
cells were grown on glucose (average number of 0.5 ± 0.1 in Hp32g403 deficient cells relative to 
1.0 ± 0.2 in WT controls) (Fig. 5 B). In glucose cultures of H. polymorpha WT, generally a single 
peroxisome is present in non-budding cells. This peroxisome divides prior to cell budding and 
one of the resulting organelles is retained in the mother cell, whereas the other is transported 
to the bud. Peroxisome quantification confirmed that in budding WT cells, peroxisomes are 
generally detected in both the mother cell and bud. However, in Hp32g403 deficient cells, this 
is only the case in a minor fraction of the cells, whereas substantial percentages of budding cells 
occur in which peroxisomes are only present in either the mother cell or the bud (Fig. 5 C). 

In N. crassa WSC plays a role in cortical association of WBs (Liu et al., 2008). We recently 
showed that in glucose-grown H. polymorpha WT cells, peroxisomes associate to the plasma 
membrane and cortical ER 23. Electron microscopy (EM) analysis revealed that in Hp32g403-
deficient cells peroxisomes remain localized in close vicinity to the plasma membrane and 
cortical ER (Fig. 5D), suggesting that cortical association is unaltered.

Finally, we analysed the effect of Hp32g403 overproduction by placing the encoding gene 
under control of the strong ADH1 promoter (PADH). FM analysis revealed that overproduction 
of Hp32g403 leads to an increase in GFP-SKL positive fluorescent puncta in glucose-grown 
cells (Fig. 6 A, B) from 1,17 ± 0,01 peroxisomes per cell in WT controls to 3,06 ±0,01 in 
the PEX37 overexpression strain. In cells of the Pex37 overproduction strain peroxisome size 
decreased as evident from EM analysis (Fig. 6 C, D; Fig. 7). The peroxisomes invariably were 
present close to the cell cortex and plasma membrane as evident from FM (Fig. 6 A, B) and EM  
analysis (Fig. 6 C, D). 

No increase in peroxisome numbers was observed upon overproduction of Hp32g403 in 
cells lacking Dnm1, indicating that enhanced levels of Hp32g403 stimulate Dnm1 dependent 
peroxisome fission (Fig. 6 E, F). Interestingly, peroxisomes are more elongated in dnm1 cells 
overproducing Hp32g403 (Fig. 6F) relative to the organelles in dnm1 control cells (Fig. 6E). 
Overproduction of Hp32g403 did not affect growth. The optical densities of glucose cultures at 
the stationary phase (8 h after inoculation) were 3,2 ± 0.0 (WT) and 3,3 ± 0,0 (PADH-Hp32g403) 
and for cultures grown on methanol (24 h after inoculation) 3,2 ± 0,1 and 3.1 ± 0,2, respectively. 

Human PXMP2 partially rescues the phenotype of Hp32g403 deficient 
cells
The human peroxisomal membrane protein PXMP2 shows 25% amino acid sequence identity 
with Hp32g403. To investigate whether human PXMP2 is a functional ortholog of Hp32g403, 
the PXMP2 coding region was expressed in Hp32g403 deficient cells under control of  
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Figure 5. Peroxisome abundance and distribution is altered in Hp32g403-deficient cells. (A) CLSM 
images of methanol-grown WT and Hp32g403 deficient cells producing the peroxisomal membrane 
marker Pmp47-GFP. (B) CLSM images of WT, Hp32g403 deficient cells and Hp32g403 deficient cells 
expressing PTEF driven human PXMP2. The peroxisomal matrix is marked by GFP-SKL. Cells were 
grown to the mid-exponential growth phase on glucose. The scale bar in A and B represents 1 μm. (C) 
Organelle quantification (from Z-stack images) in budding cells of the Hp32g403 deficient strain with 
and without PTEF driven human PXMP2, together with the WT control strain, for the presence or absence 
of peroxisomes in the mother and daughter cells. All strains produced GFP-SKL as peroxisomal marker. 
Peroxisomes from 2 x 70 budding cells were counted from two independent experiments. Error bar 
represents standard deviation. The statistics represents a student t-test, * = p < 0.05. ns – p > 0.05. (D) 
Electron microscopy analysis of glucose-grown WT cells and Hp32g403 deficient cells. (P-peroxisome, 
CW- cell wall, ER- endoplasmic reticulum, M-mitochondria, V-vacuole).
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Figure 6. Hp32g403 overproduction results in enhanced numbers of peroxisomes in glucose-grown 
cells. FM images of glucose-grown WT (A) and Hp32g403 overproducing cells (PADH-Hp32g403) (B). 
EM analysis of WT (C) and the Hp32g403 overproducing strain (D) (P-peroxisome, CW- cell wall, 
ER- endoplasmic reticulum). FM images of glucose-grown dnm1 (E) and dnm1 cells overproducing 
Hp32g403 (F). In A, B, E and F peroxisomes are marked by the matrix protein GFP-SKL. Scale bars 
represents 1 μm in A, B, E and F and 200 nm in C and D.

the PTEF promoter. A significant increase in number of cells in which peroxisomes were present 
in both the mother cell and bud was observed, together with a strong decrease in the number of 
cells with a peroxisome present only in the bud (Fig. 5 C). In addition, the average number of 
peroxisomes per cell in glucose grown cells increased two-fold and reached the same value as 
observed in the WT control (1.0 ± 0.29 and 1.0 ± 0.01, respectively).

FM analysis of a strain producing a C-terminal GFP fusion of PXMP2 under control of 
the constitutive TEF promoter (PTEF) showed that a portion of protein co-localized with 
DsRed-SKL, but most GFP fluorescence was detected at another structure, which based on its 
morphology most likely represent the nuclear envelope (Fig. 8).
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Figure 7. Hp32g403 overproduction results in smaller peroxisomes. Quantification of the peroxisome 
diameter of glucose-grown WT and Hp32g403 overproducing cells using EM. For both strains 
22 peroxisomes are measured and depicted in an interquartile box together with the diameter of  
the individual peroxisomes.

Figure 8. Human PXMP2 partially localizes to peroxisomes in H. polymorpha. FM images of Hp32g403 
deficient cells producing PXMP2-GFP under control of the TEF promoter together with PADH1-driven 
DsRed-SKL as a peroxisome matrix marker. Cells were grown on glucose medium. Scale bar represents 
1 μm.

Discussion 

Here we identified H. polymorpha Hp32g403, a PXMP2 family protein, which localizes to 
peroxisomes. Based on sequence analysis, homology to several known membrane proteins 
and the outcome of our carbonate extraction experiment (Fig. 2B), Hp32g403 most likely is an 
integral peroxisomal membrane protein (PMP). Our data indicate that this novel yeast protein 
is required for proper peroxisome multiplication and segregation in cells grown at peroxisome 
repressing growth conditions (glucose), but not at peroxisome inducing growth conditions 
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(methanol). Because of its role in regulating peroxisome abundance, we consider this PMP 
being a peroxin and designated it Pex37.

H. polymorpha Pex37 is the third peroxisomal PXMP2 family member that has been 
identified, in addition to N. crassa WSC and mammalian PXMP2. N. crassa WSC has been 
implicated in the formation of WB from peroxisomes and in the inheritance of WBs via cortical 
association 10. PXMP2 has been proposed to function as non-selective pore in the peroxisomal 
membrane of mammalian cells. Our data indicate that H. polymorpha Pex37 is important 
for peroxisome multiplication and segregation at peroxisome repressing conditions, which is 
reminiscent of the functions proposed for N. crassa WSC.

In glucose-grown H. polymorpha pex37 cells peroxisome multiplication and segregation is 
abnormal. In glucose-grown WT cells, the single peroxisome that is present in mother cells 
divides prior to cell budding. One of the resulting organelles remains in the mother, anchored 
to the cell cortex by the retention factor Inp1 24,25. The other organelle is transported to the bud, 
a process that requires the actin cytoskeleton, the motor protein Myo2 and the inheritance 
protein Inp2 26,27. Our data revealed that in glucose-grown pex37 cells, peroxisomes do not 
multiply prior to yeast budding. The single peroxisome either remains in the mother or is 
transported to the bud.

Peroxisome fission can be divided in three steps. First the organelle elongates, followed by 
constriction and ultimately the actual scission process. In H. polymorpha Pex11 and the Dnm1 
dependent organelle fission machinery are key players in peroxisome fission, both in glucose 
and methanol-grown cells 28. In glucose-grown H. polymorpha dnm1 cells the single peroxisome 
present in the mother cell forms a protrusion into the developing bud and ultimately divides 
in two organelles during cytokinesis 28. In glucose-grown pex11 cells, the organelle does not 
elongate. In glucose-grown pex11 cells, the single peroxisome is invariably transported 
to the bud, leaving the mother cell without a peroxisome 29. Apparently, at these conditions 
the pulling force of Myo2 towards the bud is stronger than the capacity of Inp1 to retain 
the single organelle in the mother cell. In pex37 cells the peroxisome does not elongate nor 
divide. In this mutant the single peroxisome either remains in the mother or moves to the bud, 
suggesting that the retention force and the pulling force might be similar.

The observation that, like in WT cells, peroxisomes are still localized to the cell periphery 
in pex37 cells indicates that Pex37 is not essential for associating peroxisomes to the cell cortex. 
Instead our results suggest that in addition to Pex11 and the Dnm1 fission machinery, Pex37 
is essential for peroxisome fission in H. polymorpha cells grown at peroxisome repressing 
conditions. Indeed, like overproduction of H. polymorpha Pex11 and Dnm1 28,29, also Pex37 
overproduction results in enhanced peroxisome numbers. Overexpression of PEX37 in dnm1 
cells does not cause an increase in peroxisome abundance, indicating that the increase in 
organelle numbers in Pex37 overproducing cells is due to Dnm1 dependent peroxisome fission. 
However, different from Pex11 and Dnm1, Pex37 is not essential for peroxisome multiplication 
when cells are grown on methanol.

Using N.crassa WSC as a query, only PXMP2 is found in H. sapiens. But using Hp32g403 no 
human homologs are found using a variety of tools (HMMER3, HHpred, HHblits, Genome3D, 
BLASTP). However, we could establish a conservation of function between H. polymorpha 
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Pex37 and human PXMP2 through the partial complementation of the pex37 phenotype by 
human PXMP2. When H. polymorpha pex37 cells producing human PXMP2 were grown on 
glucose, the average number of peroxisomes per cell increased again to similar numbers as 
observed in WT controls. The peroxisome segregation defect was only partially restored upon 
introduction of Pxmp1. Possibly this is related to the fact that the molecular mechanisms of 
peroxisome segregation are different in human cells.

Mammalian PXMP2 functions as a non-selective pore for solute transports in 
the peroxisome membrane. This pore allows diffusion of molecules with molecular masses 
of up to 300 Da 5. We showed that deletion of the PEX37 gene does not affect growth of H. 
polymorpha on methanol or ethanol containing media. Also, the metabolism of D-amino acids, 
D-choline or methylamine by peroxisomal oxidases was not defective in the PEX37 deletion 
strain, indicating that Pex37 is not essential for diffusion of these metabolites into peroxisomes. 
Methanol metabolism requires import of xylulose 5-phosphate (230 Da) into peroxisomes, 
which apparently also does not require Pex37. Interestingly, a recent study in S. cerevisiae 
demonstrated that Pex11 forms a non-selective channel for the transfer of metabolites with 
size exclusion limit of 300-400 Da across the peroxisomal membrane 6. Hence, it is possible 
that Pex11 and Pex37 play redundant roles in metabolite transport, explaining why we did not 
observed growth defects for the pex37 mutant strain. 

In silico analysis indicated differences in the number of PXMP2 related proteins in various 
species. Sym1 and YOR292c are the sole S. cerevisiae PXMP2 proteins, while all other organisms 
analysed contained more than two PXMP2 proteins (Table 1). A possible explanation is that S. 
cerevisiae has evolved from an ancestor yeast species that underwent whole genome duplication 
followed by massive gene loss 30. 

H. polymorpha Hp27g68 showed a mitochondrial localization, like S. cerevisae Sym1 11  
and mammalian MPV17 12,31,32. H. polymorpha Hp24g381 accumulated in patches close to 
the vacuolar membrane. It is unclear what these patches represent. Because this GFP fusion 
protein could only be detected upon overproduction, this result should be interpreted with 
caution. Using the endogenous promoter, the levels of the Hp32g332-GFP fusion protein were 
below the limit of detection as well. Upon overproduction weak fluorescence was predominantly 
detected in the vacuole lumen. Because Hp32g332 is most likely a membrane protein, 
Hp32g332-GFP is most likely degraded by autophagy, which could have been stimulated by  
its overproduction.

Summarizing, PXMP2 proteins are ubiquitously present in eukaryotes. These proteins 
localize to different intracellular compartments including mitochondria and peroxisomes. In 
addition to the well characterized peroxisome localized proteins in fungi (WSC) and mammals 
(PXMP2), we here show that yeast peroxisomes also harbour a PXMP2 protein, which we call 
Pex37. Our data indicate that this novel peroxin most likely is involved in peroxisome fission at 
peroxisome repressing growth conditions.



Hansenula polymorpha Pex37 is a peroxisomal membrane protein

105

4

Materials and Methods

Strains and growth conditions
The H. polymorpha strains used in this study are listed in Table 2. Yeast cells were grown at 37 
°C in batch cultures on mineral medium (MM) [33] supplemented with 0.5% glucose or 0.5% 
methanol as carbon sources and 0.25% ammonium sulphate or 0.25% methylamine as nitrogen 
sources. When required, media were supplemented with amino acids to a final concentration 
of 30 µg/ml. For the selection of transformants YPD plates contained 100 µg/ml nourseothricin 
(Werner Bioagents, Jena, Germany), 100 µg/ml zeocin (Invitrogen) or 300 µg/ml hygromycin 
(Invitrogen). For cloning purposes, Escherichia coli DH5α was used as host for propagation of 
plasmids using Luria Broth supplemented with the appropriate antibiotics (100 µg/ml). 

For spot assays, exponential glucose growing H. polymorpha cells were harvested by 
centrifugation and diluted to an OD660 of 1.0 in H2O. Cells were serial diluted (10-1, 10-2, 
10-3, 10-4, 10-5) and spotted on MM plates containing different carbon sources (0.5% glucose, 
0.5% methanol or 0.5% ethanol) and nitrogen sources (0.25% ammonium sulphate, 0.25% 
methylamine, 0.25% choline, 0.25% D-alanine or 0.25% uric acid). Growth differences were 
followed during 48 h of incubation at 37 °C.

Construction of yeast strains
Plasmids and primers used in this study are listed in Table 3 and 4. Transformation was 
performed as described  previously 34.

Plasmid constructions 
Plasmid pSEM060 was constructed by, PCR amplification of Hp32g403 gene lacking 
the stop codon using the primers P1 and P2 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 the pHIPZ_mGFP fusinator plasmid. The resulting plasmid 
containing a PEX37-mGFP fusion gene, designated as pSEM060, was linearized with PflMI and 
integrated into the PEX37 gene of H. polymorpha WT strain producing  DsRed-SKL. 

Similarly, plasmid pHIPZ-Hp32g332-mGFP (C-terminal fusion)  was constructed by PCR 
amplification of the Hp32g332 gene without a stop codon, using primers Hp32g332 Fwd and 
Hp32g332 Rev and H. polymorpha genomic DNA as a template. The obtained DNA fragment 
was digested with HindIII and BamHI and cloned into the HindIII-BglII digested pHIPZ-
mGFP fusionator plasmid. The resulting plasmid was linearized with PflMI and integrated 
into the Hp32g332 gene of H. polymorpha WT  producing  DsRed-SKL as a peroxisomal  
matrix marker. 

Plasmid pHIPZ-Hp27g68-mGFP was constructed by PCR amplification of the Hp27g68 
gene lacking a stop codon using the primers P3 and P4 and H.  polymorpha genomic DNA 
as a template. The obtained PCR product was digested with HindIII and BglII and inserted 
between the HindIII and BglII sites of the pHIPZ-mGFP fusinator plasmid. The resulting 
plasmid encoding  a Hp27g68-mGFP fusion protein was linearized with BsmI and integrated 
into Hp27g68 gene of H. polymorpha WT strain producing  DsRed-SKL. 
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Table 2. Yeast strains used this study

Strains Characteristics Reference

Wild-type (WT) NCYC495 leu1.1  [50]
WT. DsRed-SKL WT cells with integration of plasmid pHIPX7-DsRed-SKL This study
WT. DsRed-SKL.PEX37-mGFP WT.DsRed-SKL with integration of  plasmid pSEM060 This study
WT. DsRed-SKL pHIPZ-
Hp32g332-mGFP

WT.DsRed-SKL integrated with  plasmid  pHIPZ-
Hp32g332-mGFP

This study

WT. DsRed-SKL pHIPZ-
Hp27g68-mGFP

WT.DsRed-SKL integrated with plasmid  pHIPZ-Hp27g68-
mGFP 

This study

WT. DsRed-SKL pHIPZ-
Hp24g381-mGFP

WT.DsRed-SKL integrated with plasmid  pHIPZ-Hp27g68-
mGFP 

This study

WT.Pex14mKATE2 pHIPZ5-
Hp27g68-mGFP

WT.Pex14mKATE2 with integrated pHIPZ5-Hp27g68-
mGFP

This study

WT.Pex14mKATE2pHIPZ5-
Hp24g381-mGFP

WT.Pex14mKATE2 integrated with pHIPZ5-Hp24g381-
mGFP

This study

WT.Pex14mKATE2pHIPZ5-
Hp32g332-mGFP

WT.Pex14mKATE2 integrated with pHIPZ5-Hp32g332-
mGFP

This study

WT.PMP47-GFP WT cells integrated with plasmid containing PPMP47PMP47-
GFP

[35]

pex37. PMP47-GFP PEX37 deletion strain integrated with plasmid containing 
PPMP47PMP47-GFP

This study

WT.GFP-SKL WT cells integrated with plasmid containing pHIPX7-GFP-
SKL

[29]

pex37.GFP-SKL PEX37 deletion integrated with plasmid  pHIPX7-GFP-
SKL and PPMP47PMP47-GFP

This study

pex37.GFP-SKL. PADH1Pex37 PEX37 deletion integrated with plasmid  pHIPX7-GFP-
SKL and PADH1Pex37 plasmid

This study

WT.Pex14mKATE2 WT cells integrated with plasmid containing pHIPH-
Pex14-mKATE2

This study

pex37. PADH1GFP-SKL PEX37 deletion strain integrated with  plasmid pHIPN18-
GFP-SKL

This study

pex37. PADH1DsRed-SKL PEX37 deletion strain integrated with  plasmid pHIPN18-
DsRed-SKL

This study

pex37. pHIPZ7-PXMP2-2HA. 
pHIPN18-eGFP-SKL

PEX37 deletion strain integrated with human PXMP2 under 
PTEF and the plasmid pHIPN18-eGFP-SKL

This study

pex37. pHIPZ7-PXMP2-mGFP. 
pHIPN18-DsRed-SKL

PEX37 deletion strain integrated with human PXMP2-
mGFP under PTEF and the plasmid pHIPN18-DsRed-SKL

This study

dnm1 DNM1 deletion strain [35]
dnm1.GFP-SKL DNM1 deletion strain integrated with plasmid pHIPZ7-

GFP-SKL
This study

dnm1.GFP-SKL PADH1PEX37 DNM1 deletion strain integrated with plasmid pHIPZ7-
GFP-SKL and PADH1Pex37 plasmid

This study

Plasmid pHIPZ-Hp24g381-mGFP was constructed by PCR amplification of the Hp24g381 
gene lacking a stop codon  using the primers P5 and P6. pHIPZ-mGFP fusionator was linearized 
with HindIII, treated with Klenow fragment followed by digestion with BglII. The linearized 
plasmid was ligated the BamHI digested PCR fragment. The resulting plasmid was linearized 
with BglII and integrated in  H. polymorpha WT  producing  DsRed-SKL. 
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Table 3. Plasmids used in this study.

Plasmid Description Reference

pHIPX7-DsRed-SKL Plasmid containing PTEF-DsRed-SKL, ampR, LeuR     [29]
pHIPZ_mGFP fusinator pHIPZ plasmid containing mGFP and AMO terminator;  

ampR, zeoR
[27]

pSEM060 Plasmid containing C-terminal part of PEX37 fused to GFP, 
ampR, zeoR

This study

pHIPZ-Hp32g332-mGFP Plasmid containing Hp32g332 fused with GFP, ampR, zeoR This study
pHIPZ-Hp27g68-mGFP Plasmid containing Hp27g68 fused with GFP, ampR, zeoR This study
pHIPZ-Hp24g381-mGFP Plasmid containing Hp27g68 fused with GFP, ampR, zeoR This study
pDONR-P4-P1R Standard Gateway vector Invitrogen
pDONR-P2R-P3 Standard Gateway vector Invitrogen
pENTR-221-HPH pENTR-221 containing hygromycin marker, hphR, kanR [51]
pDEST-R4-R3 Standard destination vector Invitrogen
pENTR-41-PEX37 5’ pDONOR-P4-P1 containing 5’region of Hp32g403, kanR This study
pENTR-23- PEX37 3’ pDONOR-P2R-P3 containing 3’region of Hp32g403, kanR This study
pSEM027 pDEST-R4-R3 containing PEX37 deletion cassette,  

HphR, ampR
This study

pHIPZ5 Nia Plasmid containing multiple cloning site and AMO promoter, 
zeoR  , ampR

[52]

pHIPX7 GFP-SKL Plasmid containing GFP-SKL under the control of TEF 
promoter, LeuR , kanR

[29]

pHIPZ7 GFP-SKL Plasmid containing GFP-SKL under the control of TEF 
promoter, zeoR , ampR

[53]

pHIPZ5-Hp27g68-mGFP Plasmid containing Hp27g68 fused to GFP under control of 
PAMO, zeoR , ampR

This study

pHIPZ5-Hp24g381-mGFP Plasmid containing Hp24g381 fused to GFP under control of 
PAMO, zeoR  , ampR

This study

pHIPZ5-Hp32g332-mGFP Plasmid containing Hp32g332 fused to GFP under control of 
PAMO, zeoR , ampR

This study

pHIPZ-PMP47-mGFP Plasmid containing PMP47-mGFP under the control of PPMP47, 
zeoR, ampR

[54]

pHIPZ18-eGFP-SKL pHIPZ containing eGFP.SKL under control of PADH1,  
zeoR , ampR

This study

pHIPZ4-GFP-SKL pHIPZ4 containing eGFP.SKL, zeoR, ampR [55]
pHIPN18-eGFP-SKL pHIPN containing eGFP.SKL under control of PADH1,  

natR , ampR
This study

pHIPN4 Plasmid containing ampR, natR [54]
pHIPN18-Pex37 pHIPN containing PEX37 under control of PADH1, natR , ampR This study
pHIPN18-DsRed-SKL pHIPN containing DsRed.SKL under control of PADH1,  

natR , ampR
This study

pHIPZ4-DsRed-SKL Plasmid containing DsRed.SKL, zeoR [56]
pHIPZ7-PXMP2-2HA pHIPZ containing human PXMP2 fused with 2HA tag under 

control of PTEF, zeoR, ampR
This study

pUC57-PXMP2 plasmid pUC57 containing human PXMP2 fused with 2HA tag This study
pHIPZ7 pHIPZ plasmid containing TEF1 promoter, zeoR, ampR [57]
pHIPZ7-PXMP2-mGFP pHIPZ  containing human PXMP2 fused with GFP under 

control of PTEF, zeoR , ampR
This study
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The plasmids pHIPZ5-Hp27g68-mGFP, pHIPZ5-Hp24g381-mGFP and pHIPZ5-
Hp32g332-mGFP were constructed by PCR amplification of the respective genes with the GFP 
tag lacking the stop codon by using genomic DNA of  H. polymorpha, containing endogenous 
Hp27g68-GFP, Hp24g381-GFP and Hp32g332-GFP fusion constructs, as a template and primer 
combinations P7+P8, P9+P10 and P11+P12, respectively. The amplified DNA Hp27g68-
GFP and Hp24g38-GFP was digested using BamHI and NdeI, whereas Hp32g332-GFP was 
digested using BamHI and SpeI. The plasmid pHIPZ5-Nia was also digested with the same 
restriction enzyme combinations for the particular gene. The amplified and digested gene 
fragments were ligated to the respective plasmid fragment. The resulting plasmids expressing  
a fusion gene were linearized using Bsu36I and transformed into H. polymorpha WT strain 
containing Pex14-mKATE2.

Plasmid pHIPZ18-eGFP-SKL was constructed by performing PCR using primers Adh1-F 
and Adh1-R on H. polymorpha genomic DNA, followed by digestion of the PCR product with 

Table 4. Primers used in this study

P1 5’ AAAAAGCTTATGCTCGCCGATCTGAAC 3’
P2 5’ TTTAGATCTTTCATTCTTGTTCTGTTC 3’
Hp32g332 Fwd 5’ AAAAAGCTTACTGGCAGCTTCTGA 3’
Hp32g332 Rev 5’ AAGGATCCCGTGATCAGAGTCAGTAG 3’
P3 5’AAAAAGCTTATGATCACTGGATACAAAACGCTC3’
P4 5’ AAAAGATCTCTGTCCACTGTGCTCAACC 3’
P5 5’ GCTCTCATGCCTATCAG  3’  
P6 5’AAAGGATCCGCTGGTAGCATTCCTCAAG 3’
Fwd attB4 5’GGGGACAACTTTGTATAGAAAAGTTGCCGCTCCGCCTCTTGGT

GCTCCTCTAA3’
Rev attb1 5’GGGGACTGCTTTTTTGTACAAACTTGGCAAAGGGACGCGTTTT

GTGACAGAG3’
Fwd attB2 5’GGGGACAGCTTTCTTGTACAAAGTGGCCACCAGTGGGCCGTGT

TCTTC3’
Rev attB3 5’GGGGACAACTTTGTATAATAAAGTTGCGTGGACAAGGGCCGTC

ATAAACTGT3’
PEX37 del. Fwd 5’GCTCCGCCTCTTGGTGCTCCTCTAA3’
PEX37 del. Rev 5’GTGGACAAGGGCCGTCATAAACTGT3’
P7 (Hp27gBamHI-F) 5’CGGGATCCATGAGAGCAGTTATCTACGGAGG3’
P8 (Hp27gNdeI-R) 5’CCCATATGGGATCTGAACCTCGACTTTCTG3’
P9 (Hp24gBamHI-F) 5’CGGGATCCATGTCACGTGTTATTTCTTTTTCTAG3’
P10 (Hp24gNdeI-R) 5’CCCATATGGGATCTGAACCTCGACTTTCTG3’
P11 (Hp32gBamHI-F) 5’CGGGATCCATGCCCGAAGAAGTGCTG3’
P12 (Hp32gSpeI-R) 5’CCACTAGTGGATCTGAACCTCGACTTTCTG3’
Adh1-F 5’AAGGAAAAAAGCGGCCGCCCCCTGCATTATTAATCACC3’
Adh1-R 5’AATCAATCAATCAATTTAAAAAGCTTGGG3’
PEX37 fw 5’CCCAAGCTTATGCTCGCCGATCTGAACAG3’
PEX37 rev 5’TCTAGAGGAGGCATTGTGGACA3’
PTEFNruI_F 5’CCCTCGCGACATGGAACCAAGACCCATGAC3’
TEFPxmp2BglII_R 5’GAAGATCTTTTACCCAAAGAAGCCAAATAAG3’
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HindIII and NotI. The resulting fragment was inserted between the HindIII and NotI sites  
of pHIPZ4-GFP-SKL.

For the construction of  pHIPN18-eGFP-SKL, digestion of  plasmids pHIPZ18-eGFP-SKL 
and pHIPN4 was performed with NotI and XhoI, followed by ligation and transformation 
into E. coli. Plasmid pHIPN18-PEX37 was constructed by amplification of the PEX37 ORF 
plus terminator region (975bp) with additional HindIII, XbaI sites in a PCR reaction using 
primers PEX37 fw and PEX37 rev and H. polymorpha genomic DNA as a template, followed by 
digestion of the PCR product with HindIII and XbaI. The PCR fragment was inserted between 
the HindIII and XbaI sites of pHIPN18-eGFP-SKL. The resulting plasmid was linearized with 
PstI and integrated in the H. polymorpha pex37 strain containing pHIPX7-GFP-SKL plasmid.

pHIPN18-DsRedSKL was created using plasmids pHIPZ4-DsRed-SKL and pHIPN18-
eGFP-SKL. Both  plasmids were digested using HindIII and SalI, followed by ligation. 

Plasmid pHIPZ7 GFP-SKL was linearized with MunI and integrated in dnm1 35  cells. 
Subsequently plasmid pHIPN18-Pex37 was linearized with PstI and integrated in this strain.

Contruction of a plasmid containing human PXMP2
The  human PXMP2 cDNA was codon-optimized for expression in Pichia pastoris by 
OptimumGeneTM algorithm (GenScript HK Limited, Hongkong,China). Codon-optimized 
PXMP2 containing two Human influenza hemagglutinin (HA) tags was subcloned in pUC57 
vector (GeneScript HK Limited, Hongkong, China). Plasmid pHIPZ7-PXMP2-2HA was 
constructed by digesting  pUC57 containing PXMP2 and pHIPZ7 using restriction enzymes 
HindIII and XbaI followed by  ligation. The resulting plasmid was linearized using MunI and 
transformed into H. polymorpha pex37 containing pHIPN18-eGFP-SKL. 

To construct human PXMP2-GFP, pHIPZ7-PXMP2-2HA was used as a template to amplify 
PTEF-PXMP2 using primers PTEFNruI_F and TEFPxmp2BglII_R. The pHIPZ-mGFP fusinator 
plasmid as well as the amplified PXMP2 fragment were digested using NruI and BglII followed 
by  ligation. The resulted plasmid, designated PTEF-PXMP2-mGFP, was linearized using MunI 
and transformed into H. polymorpha pex37 containing pHIPN18-DsRedSKL

Construction of Gateway plasmids
A H. polymorpha PEX37 (Hp32g403) deletion strain was constructed by replacing the  portion 
of the genomic region of Hp32g403  comprising nucleotides +1659 to +2008 by the antibiotic 
marker Hygromycin (Hph). To this end, pSEM027 [pDest-PEX37 (Hp32g403) deletion 
cassette)] was constructed using Gateway Technology. By using H. polymorpha genomic 
DNA as a template, two DNA fragments comprising the regions −1231 to +1658 and +2008 
bp to +2408 of the PEX37 genomic region were obtained by PCR using primers Fwd attB4/ 
Rev attb1 and Fwd attB2/ Rev attB3, respectively. The PCR fragments were recombined into 
the vectors pDONR-P4-P1R and pDONR-P2R-P3, respectively, resulting in the entry vectors 
pENTR- PEX37 5′ and pENTR- PEX37 3′. Recombination of the entry vectors pENTR- PEX37 
5′, pENTR-221-HPH, and pENTR- PEX37 3′, and the destination vector pDEST-R4-R3, 
resulted in pSEM027. A 2.6 kb fragment of pSEM027 comprising the PEX37 deletion cassette 
was amplified by PCR with the primers PEX37 del. fwd and PEX37 del. Rev. The amplified 
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fragment was transformed into H. polymorpha wild-type cells producing PMP47-GFP as 
a peroxisomal membrane marker. The deletion was confirmed by PCR and Southern blot 
analysis. The plasmid pHIPX7 GFP-SKL was linearized with  StuI in the  TEF1  region and 
transformed into pex37 cells. 

Fluorescence Microscopy.
Wide-field images were made using a Zeiss Axioscope fluorescence microscope (Carl Zeiss, 
Sliedrecht, The Netherlands). Images were taken using a Coolsnap HQ2 digital camera and 
Micro-Manager 1.4 software. The GFP signal was visualized by using a 470/40 nm bandpass 
excitation filter, a 495 nm dichromatic mirror and a 525/50 nm bandpass emission filter. DsRed, 
FM4-64 and MitoTracker fluorescence was visualized with a 546/12 nm bandpass excitation 
filter, a 560 nm dichromatic mirror and a 575/640 nm bandpass emission filter. The vacuolar 
membranes were stained with FM4-64 (Invitrogen) by incubating cells at 37°C with 2 µM 
FM4-64. Mitochondria were stained with 0.5 µg/ml MitoTracker orange (Invitrogen) by 
incubating cells at 37°C followed by extensive washing.

Confocal imaging was performed on a Carl Zeiss  LSM800 confocal microscope. For 
quantification of peroxisomes, Z-stack images of cells were taken using a 100x1.40 NA objective 
and Zen 2009 software (Carl Zeiss). GFP signal was visualized by excitation with a 488  nm 
argon laser (Lasos), and emission was detected using a 500–550 nm bandpass emission filter. 
The DsRed signal was visualized by excitation with a 543 nm helium neon laser (Lasos), and 
emission was detected using a 565–615 nm bandpass emission filter. Image analysis was carried 
out using imageJ and Adobe Photoshop CS6 software.

To quantify peroxisome inheritance in WT and pex37 cells, the cells were grown on glucose 
containing media to the mid-exponential growth stage. Only cells for which the bud volume 
was < 25% of the mother cell volume were counted. Quantification was performed manually 
using two independent cell cultures (70 cells per culture). The images were also used for 
the quantification of average peroxisome numbers (two independent cultures, 100 cells per 
culture). The peroxisome number per cell was quantified by counting the number of fluorescent 
spots per cell for both glucose and methanol grown cells. For the quantification of peroxisome 
numbers in the PEX37 overexpression strain cells were grown on glucose and Z-stacks were 
prepared by CLSM. Fluorescent spots were counted in cells from two independent cultures. 100 
cells were quantified per culture.

Statistical differences were determined by using a student t-test. Error bars represent 
standard deviations.

Electron microscopy
H. polymorpha cells were cryo-fixed using self-pressurized rapid freezing 36. 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 37. Samples 
were embedded in Epon and ultra-thin sections were collected on formvar coated and carbon 
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evaporated copper grids. For morphological studies, ultrathin sections were inspected using 
a CM12 (Philips) transmission electron microscope (TEM).

Phylogenetic analysis
Homology-based searches in the H. polymorpha genome sequence 38 were performed as 
described previously 39. Phylogenetic profiling of the PXMP2-related proteins was based on 
a multiple sequence alignment created with ClustalOmega 40 with default parameters and 
manually curated in Jalview 45. The resulting curated MSA was used to create a phylogenetic 
tree with PhyML 3.1 42 using the LG matrix, 100 bootstraps, tree and leaves refinement, SPR 
moves and amino acids substitution rates determined empirically. Secondary structure, trans-
membrane helices and disorder predictions were realized with Psi-Pred 43, TMHMM 44 and IUP 
softwares 45, respectively and drawn with Foundation (http://pvcbacteria.org/foundation; 46.

Biochemical techniques
An organellar fraction (P3) was obtained as described previously 47  and subjected to carbonate 
extraction for 30 min on ice, followed by centrifugation for 30 min at 100,000 g at 4°C 48. Total 
cell extracts were prepared from cells treated with 12.5% trichloroacetic acid (TCA) and used 
for SDS/PAGE as described previously 49. Equal amounts of protein were loaded per lane. Blots 
were decorated with mouse monoclonal antisera against GFP (sc‐9996, Santa Cruz Biotech, 
Heidelberg, Germany) or specific polyclonal antisera against Pex14, or Catalase. Pyruvate 
carboxylase -1 (Pyc1) was used as loading control.
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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 

WT vac8

MergeBIP-GFP-HDEL FM4-64

vac8

vac8

Recovery

NaCl

V V

N N

M
M

p=0.01

WT vac8
0

10
20
30
40
50
60
70
80
90

100

Pe
rc

en
ta

ge

Mother
Daughter

M

A

B

C

D

E

F

0

10

20

30

40

5

15

25

35

WT
vac8

T=0 NaCl Recovery

Va
cu

ol
e 

di
am

et
er

 >
 1

 µ
m

 (%
)

T=0

WT vac8

500 nm 200 nm

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.



Hansenula polymorpha Vac8: a vacuolar-membrane protein required for vacuole inheritance 

131

5

References
1. Tang F, Kauffman EJ, Novak JL, Nau JJ, Catlett NL & Weisman LS (2003) Regulated degradation of 

a class V myosin receptor directs movement of the yeast vacuole. Nature 422, 87–92.
2. Pan X & Goldfarb DS (1998) YEB3/VAC8 encodes a myristylated armadillo protein of 

the Saccharomyces cerevisiae vacuolar membrane that functions in vacuole fusion and inheritance. 
J. Cell Sci. 111, 2137–2147.

3. Wang Y-X, Catlett NL & Weisman LS (1998) Vac8p, a Vacuolar Protein with Armadillo Repeats, 
Functions in both Vacuole Inheritance and Protein Targeting from the Cytoplasm to Vacuole. J. Cell 
Biol. 140, 1063–1074.

4. Scott SV, Nice DC, Nau JJ, Weisman LS, Kamada Y, Keizer-Gunnink I, Funakoshi T, Veenhuis M, 
Ohsumi Y & Klionsky DJ (2000) Apg13p and Vac8p Are Part of a Complex of Phosphoproteins That 
Are Required for Cytoplasm to Vacuole Targeting. J. Biol. Chem. 275, 25840–25849.

5. Fry MR, Thomson JM, Tomasini AJ & Jr WAD (2006) Role of Vac8 in Cellular Degradation Pathways 
in Pichia pastoris. Autophagy 2, 280–288.

6. Sakai Y, Oku M, van der Klei IJ & Kiel JAKW (2006) Pexophagy: Autophagic degradation of 
peroxisomes. Biochim. Biophys. Acta BBA - Mol. Cell Res. 1763, 1767–1775.

7. Pan X, Roberts P, Chen Y, Kvam E, Shulga N, Huang K, Lemmon S & Goldfarb DS (2000) Nucleus–
Vacuole Junctions in Saccharomyces cerevisiae Are Formed Through the Direct Interaction of Vac8p 
with Nvj1p. Mol. Biol. Cell 11, 2445–2457.

8. Roberts P, Moshitch-Moshkovitz S, Kvam E, O’Toole E, Winey M & Goldfarb DS (2003) Piecemeal 
Microautophagy of Nucleus in Saccharomyces cerevisiae. Mol. Biol. Cell 14, 129–141.

9. Loewen CJR, Roy A & Levine TP (2003) A conserved ER targeting motif in three families of lipid 
binding proteins and in Opi1p binds VAP. EMBO J. 22, 2025–2035.

10. Marelli M, Smith JJ, Jung S, Yi E, Nesvizhskii AI, Christmas RH, Saleem RA, Tam YYC, Fagarasanu A, 
Goodlett DR, Aebersold R, Rachubinski RA & Aitchison JD (2004) Quantitative mass spectrometry 
reveals a role for the GTPase Rho1p in actin organization on the peroxisome membrane. J. Cell  
Biol. 167, 1099–1112.

11. Wu H, de Boer R, Krikken AM, Akşit A, Yuan W & van der Klei IJ (2018) Peroxisome development 
in yeast is associated with the formation of Pex3-dependent peroxisome-vacuole contact sites. 
Biochim. Biophys. Acta BBA - Mol. Cell Res.

12. Millen JI, Pierson J, Kvam E, Olsen LJ & Goldfarb DS (2008) The luminal N-terminus of yeast Nvj1 is 
an inner nuclear membrane anchor. Traffic Cph. Den. 9, 1653–1664.

13. Toulmay A & Prinz WA (2012) A conserved membrane-binding domain targets proteins to organelle 
contact sites. J. Cell Sci. 125, 49–58.

14. Veit M, Laage R, Dietrich L, Wang L & Ungermann C (2001) Vac8p release from the SNARE complex 
and its palmitoylation are coupled and essential for vacuole fusion. EMBO J. 20, 3145–3155.

15. Wang Y-X, Kauffman EJ, Duex JE & Weisman LS (2001) Fusion of Docked Membranes Requires 
the Armadillo Repeat Protein Vac8p. J. Biol. Chem. 276, 35133–35140.

16. van Dijken JP, Otto R & Harder W (1976) Growth of Hansenula polymorpha in a methanol-limited 
chemostat. Physiological responses due to the involvement of methanol oxidase as a key enzyme in 
methanol metabolism. Arch. Microbiol. 111, 137–144.

17. Faber KN, Haima P, Harder W, Veenhuis M & Ab G (1994) Highly-efficient electrotransformation of 
the yeast Hansenula polymorpha. Curr. Genet. 25, 305–310.

18. Thomas AS, Krikken AM, van der Klei IJ & Williams CP (2015) Phosphorylation of Pex11p does not 
regulate peroxisomal fission in the yeast Hansenula polymorpha. Sci. Rep. 5.

19. Leunissen JLM & Yi H (2009) Self-pressurized rapid freezing (SPRF): a novel cryofixation method 
for specimen preparation in electron microscopy. J. Microsc. 235, 25–35.



Chapter 5

132

5

20. McDonald KL & Webb RI (2011) Freeze substitution in 3 hours or less. J. Microsc. 243, 227–233.
21. Gleeson MA & Sudbery PE (1988) The methylotrophic yeasts. Yeast 4, 1–15.
22. Saraya R, Krikken AM, Kiel JAKW, Baerends RJS, Veenhuis M & van der Klei IJ (2012) Novel genetic 

tools for Hansenula polymorpha. FEMS Yeast Res. 12, 271–278.
23. Saraya R, Cepińska MN, Kiel JAKW, Veenhuis M & der Klei IJ van (2010) A conserved function for 

Inp2 in peroxisome inheritance. Biochim. Biophys. Acta BBA - Mol. Cell Res. 1803, 617–622.
24. Faber KN, Kram AM, Ehrmann M & Veenhuis M (2001) A novel method to determine 

the topology of peroxisomal membrane proteins in vivo using the tobacco etch virus protease. J. Biol.  
Chem. 276, 36501–36507.

25. Cepińska MN, Veenhuis M, van der Klei IJ & Nagotu S (2011) Peroxisome fission is associated with 
reorganization of specific membrane proteins. Traffic Cph. Den. 12, 925–937.







S U M M A RY





Summary

137

Eukaryotic cells are characterized by the presence of distinct membrane-bound compartments, 
called organelles. Each organelle has its own  characteristics. The peroxisome is one of 
the cellular organelles and displays a wide variety of metabolic and non-metabolic functions, 
which depend on cellular requirements. Two of the conserved functions of peroxisomes 
include fatty acid β-oxidation and the metabolism of reactive oxygen species (ROS) such as 
hydrogen peroxide. Along with mitochondria peroxisomes also contribute to the generation 
of intracellular ROS. As yet two mechanisms of peroxisome biogenesis were described: growth 
and division of pre-existing peroxisomes or de novo formation from the endoplasmic reticulum 
(ER). For their growth peroxisomes require proper insertion of membrane lipids and proteins 
and translocation of matrix proteins. In human defects in peroxisome function or assembly 
lead to diseases that are associated with multiple severe clinical symptoms and are often lethal. 
Improper peroxisome functioning also contributes to aging and age-related diseases. Therefore, 
the interest in peroxisome biology has significantly expanded in recent years. Peroxisomes are 
not essential in yeast, which makes them good model systems for studying peroxisomes. 

The research  described in this thesis focuses on the identification and characterization of 
novel peroxisome proteins and functions in yeast.

Chapter 1 presents an overview of our current knowledge of peroxisomes. Special emphasis 
has been given to peroxisome function and the processes that are required for redox-regulation, 
and proliferation in yeast.

Chapter 2 discusses our research on the identification of novel stress-related proteins in 
Hansenula polymorpha peroxisomes. By using mass spectrometry analysis of peroxisomal 
fractions from cells exposed to ethanol stress, we identified 6 putative peroxisomal 
peroxiredoxins. Two out of the identified putative peroxiredoxins, named C8BNF3 and 
C8BNF4, contain a putative peroxisomal targeting signal (PTS1). Peroxiredoxins are 
thiol-specific proteins important for defense against oxidative stress. Their absence causes 
accumulation of ROS. Fluorescence microscopy analysis using fusion constructs with green 
fluorescent protein (GFP) showed that C8BNF3 is a mitochondrial protein despite the presence 
of a  PTS1, whereas C8BNF4 partially localizes to peroxisomes in glucose-grown cells. The latter 
protein, however, does not accumulate in these organelles when cells are grown on methanol. 
Using a H. polymorpha C8BNF4 deletion strain, called c8bnf4, we found that the absence of this 
protein does not affect sensitivity to any of the stress conditions tested. Possibly this is due to 
redundancy because studies in Saccharomyces cerevisae revealed that mutants lacking multiple 
peroxiredoxins were more sensitive to ROS stress when compared to a single deletion mutant 1. 

Peroxisomes are not only important during conditions of oxidative stress, because in 
yeast peroxisomes also enzymes occur that are induced upon exposure of cells to other stress 
conditions. Glycerol phosphate dehydrogenase 1 (Gpd1) and nicotinamidase (Pnc1) are two 
stress-related proteins in S. cerevisae, which were reported to be are targeted to peroxisomes 
at normal growth conditions, but mislocalize to the cytosol and nucleus upon exposure of 
cells to osmotic stress. Moreover, earlier studies in S. cerevisae demonstrated that import of 
Gpd1 and Pnc1 depend on the Peroxisomal Targeting Signal 2 (PTS2) receptor Pex7 2,3. Indeed, 
Gpd1 contains a PTS2, however, Pnc1 lacks a PTS. We show in Chapter 3 that Pnc1 physically 
interacts with Gpd1 allowing its piggyback import to peroxisomes. Western blotting revealed 
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that both proteins are not present at constant ratios in the cell, suggesting that they do not 
form a stable complex with fixed stoichiometry. Our attempts to demonstrate a stable physical 
interaction between both proteins using a variety of in vitro approaches proved unsuccessful. 
This may indicate that the interaction between these two proteins is transient or additional 
factors, such as post-translational modifications or other proteins, may be required for 
the interaction. Although Pnc1 and Gpd1 can form a transient complex, the stability of one 
protein is unaffected by the absence of the other, suggesting that both proteins interact mainly 
for targeting purposes.

Previous studies indicated that Gpd1 and Pnc1 levels were increased upon exposure of cells 
to osmotic stress, accompanied by Gpd1 mislocalization to the cytosol. The mislocalization 
was proposed to be regulated by  reduced phosphorylation of two serine residues adjacent to 
the PTS2 of Gpd1, which decreases its affinity for Pex7 3. We analyzed the peroxisomal and 
cytosolic Gpd1 and Pnc1 levels before and after exposure of cells to different stress conditions 
by using quantitative fluorescence microscopy. This revealed that both proteins were mainly 
localized to peroxisomes at normal growth conditions. However, upon exposure of the cells 
to  stress,  the levels of both proteins increased in the cytosol as well as inside peroxisomes. 
This observation is not in line with the model that Gpd1 relocalizes from peroxisomes to 
the cytosol upon stress exposure. Indeed, we observed a similar distribution pattern when 
a non-stress related peroxisomal PTS2 protein (thiolase) was produced under the control of 
the Gpd1 promoter and exposed to stress. This suggests that the presence of cytosolic Gpd1 and 
Pnc1, both at normal and stress conditions, is  related to the inefficiency of the PTS2 import 
machinery and not regulated by osmotic stress.

Damage caused by high temperatures (heat stress) can be counterbalanced by the so 
called  heat shock proteins, such as Hsp70 proteins. S. cerevisiae  Sym1 (for “stress-inducible 
yeast Mpv17”) is a heat shock protein required for ethanol metabolism 4. The human MPV17 
gene encodes for a small hydrophobic protein located in the inner mitochondrial membrane 
and a mutation in this gene causes hepatocerebral mtDNA depletion syndrome (MDS) 5. 
The MPV17 protein belongs to the PXMP2 family of integral membrane proteins. PXMP2 is 
a peroxisomal protein which serves as a non-selective channel for transfer of small solutes across 
peroxisomal membrane 6,7. The PXMP2 protein family comprises among others the Woronin 
body (WB) protein Wsc in Neurospora crassa, the human peroxisomal membrane protein 
Pxmp2, the mitochondrial inner membrane protein Sym1 in S. cerevisiae and its mammalian 
homologue MPV17. The WB is a highly specialized peroxisome, which plugs septal pores upon 
hyphal wounding to prevent cytoplasmic leakage in filamentous Ascomycetes 8. 

In order to obtain further insights into this protein family, we studied PXMP2 family 
proteins in H. polymorpha. In chapter 4, we show that one of the PXMP2 proteins designated 
as Pex37 localizes to the peroxisomes in H. polymorpha. Previous studies indicated that 
proteins of the PXMP2 family not only play a role in solute transport but also fulfil a function 
in processes related to membrane shaping and organelle positioning. We first checked growth 
of the H. polymorpha pex37 deletion mutant on several carbon and nitrogen sources that are 
metabolized by peroxisomal enzymes. We found that there was no clear growth defect in any of 
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the tested media, suggesting that Pex37 does not fulfil an essential function in the transport of 
compounds required for their metabolism across the peroxisomal membrane. 

Deletion of PEX37 did not affect peroxisome biogenesis or proliferation in cells grown at 
peroxisome inducing conditions (methanol), however, a peroxisomal phenotype was observed 
at peroxisome repressing conditions (glucose medium). Non-budding H. polymorpha WT cells 
contain a single peroxisome, whereas in  budding WT cells, one peroxisome is detected in both 
the mother cell and bud. For proper peroxisome segregation peroxisomes have to divide during 
yeast budding, a process which requires Dnm1 and Pex11 9,10. Retention of one of the organelles 
in the mother depends on Inp1, whereas the motor protein Myo2 attaches to peroxisomes via its 
interaction with the integral peroxisomal membrane protein, Inp2, and carries them to the bud 
via the actin cytoskeleton 11–13. Interestingly, in glucose-grown pex37 cells, the peroxisomes were 
often distributed to the bud thereby leaving the mother cells devoid of peroxisomes. In other 
cells the peroxisomes stayed in the mother cell during budding, resulting in a bud without 
a peroxisome. Our data indicate that Pex37 is required for proper peroxisome multiplication 
and segregation in glucose-grown cells, but not in methanol-grown cells. Further investigations 
such as the identification of binding partners of Pex37 may reveal the details of such regulatory 
process and will help to figure out the underlying molecular mechanism. 

We also established conservation of function between yeast Pex37 and human PXMP2 
through the complementation of the yeast pex37 phenotype by expression of human PXMP2. 
Mammalian PXMP2 is proposed to be a non-selective pore in the peroxisome membrane 
but we show that H. polymorpha Pex37 may not fulfill an essential function in transport of  
compounds across the peroxisomal membrane. 

Detailed organelle proteomic analysis reported the presence of Vac8 in the peroxisomal 
fractions isolated from S. cerevisiae 14 or H. polymorpha (Chapter 2). Therefore, we also explored 
the role of HpVac8 (Chapter 5). Like the function of Inp2 in peroxisome transport to yeast buds, 
Vac8 is required for vacuole inheritance in S. cerevisae. Vac8 interacts with Myo2 via Vac17 
(vacuole-related protein 17) and this complex is responsible for the bud-directed movement of 
vacuoles to the developing daughter cell 15. Vac8 also plays a role in vacuole-vacuole fusion and 
is an important component of nucleus-vacuole junctions (NVJ) in S. cerevisae.

Recently, a novel peroxisome-vacuole contact site has been identified, which is formed 
at conditions of rapid peroxisome expansion in H. polymorpha 16. We showed that HpVac8 
localizes close to the peroxisome-vacuole contacts, however, it is not present at these contacts. 
Our data indicate that HpVac8 most likely does not play a role in peroxisome biology as deletion 
and overproduction of Vac8 had no effect on peroxisome abundance. Therefore, the reason why 
HpVac8 and ScVac8 were identified in yeast peroxisomal fractions remains obscure.

In chapter 5 we also studied the role of HpVac8 in the formation of NVJs, vacuole 
inheritance and vacuole fusion. In-silico analysis of the H. polymorpha genome to find 
homologs of S. cerevisiae NVJ proteins identified all homologs of the NVJ-related proteins 
except Nvj1, a protein essential for NVJ formation in S. cerevisae. This implies that the NVJ 
composition is not conserved. In addition, we show that HpVac8 is required for NVJ formation 
as no close contact between nucleus and vacuole could be detected in the absence of Vac8. Also, 
the absence of HpVac8 resulted in a defect in vacuole inheritance. Interestingly, unlike ScVac8, 
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the absence of HpVac8 deletion had no effect on vacuole-vacuole fusion indicating that it does 
not play a role in this process in H. polymorpha. 

Outlook/perspectives

Regardless of the considerable advances in identifying genes/proteins and defining molecular 
mechanisms involved in peroxisome biogenesis and function, there is still a large gap in our 
understanding of how peroxisomes contribute to cellular redox metabolism and aging. Finding 
proximal targets of peroxisomal oxidative stress, as well as the molecular mechanisms of how 
cellular stress affects peroxisome function, would provide a more coherent understanding of 
the underlying mechanisms related to peroxisomes and oxidative stress. The identification of 
a novel peroxisomal peroxisome peroxiredoxin, as described in this thesis, supports the view 
that the atlas of peroxisome function is still not complete. Quantitative mass spectrometry 
analysis of peroxisomal fractions isolated from cells exposed to stress and untreated controls, 
may lead to further information on peroxisomal stress related proteins. Also, using  more 
sensitive proteomic approaches will  help to identify yet uncharacterized  peroxisomal proteins, 
and open doors understand novel stress related functions. This, in turn, may result in leads to  
new therapies to prevent  aging and age-related diseases. 

Despite our comprehensive knowledge on peroxisomal targeting signals, the sorting 
mechanism of several peroxisome proteins remain elusive. Still new examples of piggy back 
import (Chapter 3, 17) and novel PTS receptors 18,19 are identified. Also, a few peroxisome proteins 
are localized to other  subcellular compartments (e.g. the Dnm1 dependent peroxisome fission 
machinery). The mechanism by which  their distribution over various organelles is regulated 
is poorly understood and requires further elucidation. Such studies will open endless research 
prospects to explore and identify novel peroxisome functions.
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Samenvatting

Eukaryote cellen worden gekenmerkt door de aanwezigheid van verschillende 
membraangebonden compartimenten, genaamd organellen. Elk organel heeft zijn eigen 
karakteristieken. Het peroxisoom is één van deze cellulaire organellen en heeft een grote 
verscheidenheid aan metabole en niet-metabole functies, afhankelijk van de vereisten van 
de cel. Twee van de meest geconserveerde functies van peroxisomen zijn bèta-oxidatie van 
vetzuren en metabolisme van reactieve zuurstofcomponenten (reactive oxygen species, 
ROS) zoals waterstofperoxide. Samen met mitochondria dragen peroxisomen ook bij aan 
de productie van intracellulaire ROS. Tot nu toe zijn er twee mechanismen beschreven voor 
peroxisoombiogenese: groei en deling van al bestaande peroxisomen en de novo formatie vanaf 
het endoplasmatisch reticulum (ER). Voor groei van peroxisomen is correcte insertie van 
eiwitten en lipiden in membranen nodig en correcte translocatie van matrixeiwitten. In mensen 
leiden defecten in peroxisoomfunctie of -vorming tot ziekten die gepaard gaan met ernstige 
klinische symptomen, vaak met dodelijke gevolgen. Onjuist functioneren van peroxisomen 
draagt ook bij aan veroudering en ouderdomsgerelateerde ziekten. Vandaar dat de interesse in 
peroxisoombiologie de afgelopen jaren significant is toegenomen. In gist zijn peroxisomen niet 
essentieel, waardoor het een goed modelorganisme is om peroxisomen te bestuderen. 

Het onderzoek beschreven in dit proefschrift richt zich op de identificatie en karakterisering 
van nieuwe peroxisomale eiwitten en functies in gist. 

Hoofdstuk 1 geeft een overzicht van de huidige kennis over peroxisomen. De nadruk ligt 
vooral op peroxisoomfunctie en processen die nodig zijn voor redox-regulatie en proliferatie 
in gist. 

Hoofdstuk 2 beschrijft ons onderzoek naar de identificatie van nieuwe stress-gerelateerde 
eiwitten in peroxisomen van de gist Hansenula polymorpha. Door middel van massa 
spectrometrische analyse van peroxisomale fracties van cellen die zijn blootgesteld aan 
ethanol-stress, hebben we 6 nieuwe potentiële peroxisomale peroxiredoxins geïdentificeerd. 
Twee van deze mogelijke peroxiredoxins, genaamd C8BNF3 en C8BNF4, bevatten een mogelijk 
peroxisomaal targeting signaal (PTS1). Peroxiredoxins zijn thiol-specifieke eiwitten die 
belangrijk zijn voor bescherming tegen oxidatieve stress. Bij gebrek hieraan hoopt ROS zich 
op. Analyse door middel van fluorescentiemicroscopie van constructen gefuseerd aan groen 
fluorescent eiwit (green fluorescent protein, GFP) liet zien dat C8BNF3 een mitochondrieel 
eiwit is, ondanks de aanwezigheid van een peroxisoom sorterings signaal in het eiwit (PTS1), 
terwijl C8BNF4 gedeeltelijk gelokaliseerd is in peroxisomen in cellen gekweekt op een medium 
met  glucose. In cellen die gekweekt waren op medium met  methanol, daarentegen, is het 
laatste eiwit niet gelokaliseerd in deze organellen. Met behulp van een H. polymorpha C8BNF4 
deletiestam, genaamd c8bnf4, ontdekten we dat de afwezigheid van dit eiwit niet leidt tot een 
verandering in gevoeligheid voor de geteste stresscondities. Mogelijk heeft dit te maken met 
overtolligheid (“redundancy”), aangezien onderzoek met de gist  Saccharomyces cerevisiae 
uit heeft gewezen dat alleen mutanten die meerdere peroxiredoxins misten gevoeliger waren 
voor ROS stress, terwijl dit niet het geval was wanneer slechts een enkele peroxiredoxin  
afwezig was 1. 
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Naast hun rol in oxidatieve stress, zijn peroxisomen waarschijnlijk ook belangrijk voor 
andere stress condities. Gist peroxisomen  bevatten namelijk ook enzymen die worden 
geïnduceerd wanneer cellen aan andere stresscondities worden blootgesteld. Glycerol 
phosphate dehydrogenase (Gpd1) en nicotinamidase (Pnc1) zijn twee stress-gerelateerde 
eiwitten in S. cerevisiae, waarvan is beschreven dat ze onder normale groeicondities naar 
peroxisomen worden gesorteerd, maar mislokaliseren naar het cytosol en de celkern wanneer 
cellen  blootgesteld worden  aan osmotische stress. Daarnaast lieten eerdere onderzoeken in S. 
cerevisiae zien dat import van Gpd1 en Pnc1 afhankelijk is van de receptor van het peroxisomaal 
targeting signaal 2 ( PTS2),  Pex7 2,3. Gpd1 bevat inderdaad een PTS2, Pnc1 daarentegen mist 
een PTS. In Hoofdstuk 3 laten we zien dat Pnc1 een fysieke interactie aangaat met Gpd1, 
waardoor het kan meeliften naar de peroxisomale matrix (‘piggybacking’). Met behulp van 
Western blotting toonden we aan dat beide eiwitten niet in een vaste ratio voorkomen in de 
cel en daarom waarschijnlijk geen stabiel complex met een vaste stoichiometrie vormen. Onze 
pogingen om een stabiele fysieke interactie tussen beide eiwitten aan te tonen met behulp van 
meerdere verschillende in vitro benaderingen waren niet succesvol. Dit kan betekenen dat 
de interactie tussen deze twee eiwitten kortstondig is of dat aanvullende factoren, zoals post-
translationele modificaties of andere eiwitten, mogelijk nodig zijn voor deze interactie. Hoewel 
Pnc1 en Gpd1 een tijdelijk complex kunnen vormen, is de stabiliteit van het ene eiwit niet 
afhankelijk van de afwezigheid van de ander. Dit suggereert dat de fysieke interactie tussen 
beide eiwitten voornamelijk een rol speelt in eiwit  sortering.  

Resultaten uit eerdere onderzoeken lieten zien dat de hoeveelheid Gpd1 en Pnc1 groter 
wordt wanneer cellen worden blootgesteld aan osmotische stress, wat gepaard gaat met 
mislokalisatie van Gpd1 naar het cytosol. Er is gespeculeerd dat de mislokalisatie gereguleerd 
wordt door verminderde fosforylering van twee serine-residuen naast de PTS2 van Gpd1, 
wat de affiniteit voor de PTS2 receptor Pex7 zou verminderen 3. Met behulp van kwantitatieve 
fluorescentiemicroscopie hebben we de peroxisomale en cytosolische Gpd1 en Pnc1 niveaus 
vóór en na blootstelling van cellen aan verschillende stresscondities bestudeerd. Dit liet zien 
dat onder normale groeicondities beide eiwitten vooral gelokaliseerd waren in peroxisomen. 
Onder stresscondities daarentegen, gingen de niveaus van beide eiwitten omhoog in zowel het 
cytosol als in  peroxisomen. Deze observatie spreekt het model dat Gpd1 her-lokaliseert van 
peroxisomen naar het cytosol na  blootstelling aan stress tegen. Sterker nog, wanneer een niet-
stressgerelateerd peroxisomaal PTS2 eiwit (thiolase) onder controle van de Gpd1 promoter 
werd geproduceerd onder stresscondities, zagen wij een soortgelijk verdeling. Dit suggereert 
dat de aanwezigheid van cytosolisch Gpd1 en Pnc1, zowel onder normale als stresscondities, 
gerelateerd is aan de inefficiëntie van de PTS2 importmachinerie en niet gereguleerd wordt 
door osmotische stress.

Schade veroorzaakt door hoge temperaturen (‘heat stress’) kan worden gecompenseerd 
door zogeheten heat shock eiwitten, zoals Hsp70 eiwitten. S. cerevisiae Sym1 (staat voor 
“stress-inducible yeast Mpv17”, oftewel stress-induceerbare gist Mpv17) is een heat shock eiwit 
noodzakelijk voor ethanolmetabolisme 4. Het humane MPV17 gen codeert een klein hydrofoob 
eiwit dat zich in de  binnenste mitochondriale membraan bevindt. Een mutatie in dit gen 
veroorzaakt hepatocerebrale mtDNA depletie syndroom (MDS) 5. Het MPV17 eiwit maakt deel 
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uit van de PXMP2 familie van integrale membraaneiwitten. PXMP2 is een peroxisomaal eiwit 
wat functioneert als niet-selectief kanaal voor de passage van kleine opgeloste stoffen door het 
peroxisomale membraan 6,7. De PXMP2 eiwitfamilie bevat onder andere het Woronin body 
(WB) eiwit Wsc in Neurospora crassa, het humane peroxisomale membraaneiwit Pxmp2, het 
binnenste mitochondriale membraaneiwit Sym1 in S. cerevisiae en zijn zoogdierhomoloog 
MPV17. De WB is een zeer gespecialiseerd peroxisoom, wat de septale poren afsluit 
wanneer hyfen in ‘filamentous’ Ascomycetes beschadigd raken, om zo te voorkomen dat  
cytoplasma weglekt 8.

Om meer inzichten over deze eiwitfamilie te verkrijgen, bestudeerden we de PXMP2 
eiwitfamilie in H. polymorpha. In Hoofdstuk 4 laten we zien dat één van de PXMP2 eiwitten, die 
wij Pex37 hebben genoemd, peroxisomaal is  in H. polymorpha. Eerdere onderzoeken duiden 
erop dat eiwitten van de PXMP2 familie niet alleen een rol spelen in transport van opgeloste 
stoffen, maar ook een functie kunnen vervullen in processen gerelateerd aan het vormgeven 
van membranen en de positionering van organellen. We bekeken eerst de groei van de H. 
polymorpha pex37 deletiemutant op verschillende koolstof- en stikstofbronnen die worden 
afgebroken door peroxisomale enzymen. We ontdekten dat er geen duidelijk groeidefect was op 
enig getest medium, wat suggereert dat Pex37 geen essentiële rol vervult in transport over het 
peroxisomale membraan van stoffen die benodigd zijn voor hun afbraak. 

Deletie van PEX37 had geen effect op peroxisoombiogenese of -proliferatie in cellen 
gekweekt onder  peroxisoom-inducerende condities (methanol), echter, een peroxisomaal 
fenotype was zichtbaar bij groei onder peroxisoom-onderdrukkende condities (glucose 
medium). Niet-delende H. polymorpha wild-type (WT) cellen bevatten een enkel peroxisoom, 
terwijl in delende WT-cellen zowel in de moeder- als dochtercel één peroxisoom is te vinden. 
Voor juiste peroxisoomsegregatie moeten peroxisomen delen tijdens knopvorming van gist, 
een proces waarbij Dnm1 en Pex11 nodig zijn 9,10. Voor retentie van één van de organellen 
in de moedercel is Inp1 nodig, terwijl het motoreiwit Myo2 zicht hecht aan peroxisomen via  
interactie met het integrale peroxisomale membraaneiwit Inp2, en hen via het actinecytoskelet 
naar de knop voert 11-13. Interessant genoeg worden in pex37 cellen gekweekt op glucose de 
peroxisomen vaak gedistribueerd naar de knop, waarbij de moedercel geen peroxisomen meer 
bevat. In andere cellen bleven de peroxisomen in de moedercel tijdens knopvorming, wat 
resulteert in een knop zonder peroxisoom. Onze data wijzen erop dat Pex37 nodig is voor een 
juiste vermenigvuldiging en segregatie van peroxisomen in cellen gekweekt  op glucose, maar 
niet in cellen gekweekt  op methanol. Verder onderzoek, zoals identificatie van bindingspartners 
van Pex37 kan mogelijk de details van een dergelijk reguleringsmechanisme onthullen en zal 
helpen om het onderliggende moleculaire mechanisme te achterhalen. 

Tenslotte hebben we laten zien dat het humane PXMP2 een vergelijkbare rol kan spelen 
als gist Pex37 door middel van complementatie van het gist pex37 fenotype door expressie van 
humaan PXMP2. Van zoogdier PXMP2 wordt aangenomen dat het een niet-selectieve porie 
in het peroxisomale membraan vormt. Ons onderzoek heeft uitgewezen  dat H. polymorpha 
Pex37 waarschijnlijk niet een belangrijke  functie vervult in het transport van stoffen over het 
peroxisomale membraan. 
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Gedetailleerde  proteomische analyses van gezuiverde peroxisomal fracties leidden tot 
de identificatie van het eiwit Vac8 in zowel  S. cerevisiae 14 als  H. polymorpha (Hoofdstuk 2). 
Vanwege een mogelijke rol in peroxisoom biogenesis onderzochten we de rol van HpVac8 
(Hoofdstuk 5). Net als de functie van Inp2 in peroxisoomtransport naar gistknoppen, is Vac8 
nodig voor overerving van vauoles in S. cerevisiae. Vac8 interacteert met Myo2 via Vac17 
(vacuole-related protein 17) en dit complex is verantwoordelijk voor transport van vacuoles 
naar de knop in zich ontwikkelende dochtercellen 15. Vac8 speelt ook een rol in vacuole-
vacuole fusie en is een belangrijke component van celkern-vacuole contacten (nucleus-vacuole 
junctions, NVJs) in S. cerevisiae. 

Recentelijk is een nieuwe peroxisoom-vacuole contact site gevonden, die wordt gevormd 
onder omstandigheden van snelle peroxisoom-expansie in H. polymorpha 16. We toonden 
aan dat HpVac8 nabij deze peroxisoom-vacuole contacten lokaliseert, maar daarentegen niet 
aanwezig is in deze contacten. Onze data wijzen erop dat HpVac8 hoogstwaarschijnlijk geen rol 
speelt in peroxisoombiologie, aangezien deletie en overproductie van Vac8 geen effect hadden 
op de hoeveelheid peroxisomen. Het blijft daarom onduidelijk waarom HpVac8 en ScVac8 
gevonden zijn in gist peroxisomale fracties. 

In Hoofdstuk 5 bestudeerden we ook de rol van HpVac8 in vorming van NVJs, overerving 
van vacuoles en fusie van vacuoles in H. polymorpha. In silico analyse van het H. polymorpha 
genoom om homologen van S. cerevisiae NVJ-eiwitten te vinden, identificeerde alle homologen 
van NVJ-gerelateerde eiwitten behalve Nvj1, een eiwit essentieel voor NVJ-vorming in S. 
cerevisiae. Dit impliceert dat de samenstelling van NVJs niet geconserveerd is. Daarnaast laten 
we zien dat HpVac8 noodzakelijk is voor vorming van NVJs, aangezien er geen nauw contact 
tussen celkern en vacuole meer gedetecteerd kon worden in afwezigheid van Vac8. Bovendien 
leidde de afwezigheid van HpVac8 tot een defect in overerving van vacuoles. In tegenstelling 
tot ScVac8 had deletie van HpVac8 geen effect op vacuole-vacuole fusie, wat aanduidt dat het 
geen rol speelt in dit proces in H. polymorpha. 

Vooruitzichten/Perspectieven

Ondanks de enorme vooruitgang in de identificatie van genen/eiwitten en het definiëren van 
moleculaire mechanismen die een rol spelen in peroxisoombiogenese en -functie, bestaan 
er nog steeds een groot hiaten in onze kennis over hoe peroxisomen bijdragen aan cellulair 
redoxmetabolisme en veroudering. De ontdekking van proximale doelen van peroxisomale 
oxidatieve stress, en ook de moleculaire mechanismen die onderliggen hoe cellulaire stress 
peroxisoomfunctie beïnvloedt, zouden een meer samenhangend begrip van de onderliggende 
mechanismen gerelateerd aan peroxisomen en oxidatieve stress geven. De identificatie van 
een nieuw peroxisomaal peroxisoom peroxiredoxin, zoals beschreven in dit proefschrift, 
ondersteunt de opvatting dat de atlas van peroxisoomfuncties nog steeds niet compleet is. 
Kwantitatieve massaspectrometrische analyse van peroxisomale fracties geïsoleerd uit cellen 
blootgesteld aan stress en onbehandelde controles, zou kunnen leiden tot verdere informatie 
over eiwitten gerelateerd aan peroxisomale stress. Daarnaast zal het gebruik van meer gevoelige 
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proteomische benaderingen bijdragen aan de identificatie van nog niet gekarakteriseerde 
peroxisomale eiwitten, en dit zal deuren openen om nieuwe stress-gerelateerde functies te 
begrijpen. Dit zal, op zijn beurt, kunnen leiden tot nieuwe therapieën om veroudering en 
ouderdomsgerelateerde ziekten te voorkomen. 

Ondanks onze uitgebreide kennis over peroxisomale sorteringssignalen blijft het 
sorteringsmechanisme van bepaalde peroxisomale eiwitten onduidelijk. Nieuwe voorbeelden 
van ‘piggyback’ import (Hoofdstuk 3, 17) en nieuwe PTS-receptoren 18,19 worden nog steeds 
gevonden. Verder zijn sommige peroxisomale eiwitten tevens gelokaliseerd op andere 
subcellulaire compartimenten (bijv. de Dnm1-afhankelijke organel delingsmachinerie). 
Het mechanisme dat hun distributie over verschillende organellen reguleert, wordt nog 
niet goed begrepen en vereist nadere opheldering. Dergelijke studies zullen belangrijke  
onderzoeksperspectieven openen om nieuwe peroxisomale functies te onderzoeken  
en identificeren. 
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