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Aim and outline

Eukaryotic cells are subdivided into specialized membrane bound organelles that are 
characterized by their unique structure and functions. Among these, peroxisomes 
are single membrane bound, ubiquitous organelles which display a wide range of 
physiological functions depending on organism, environmental conditions and 
developmental stage. An important feature of peroxisomes is the presence of 
oxidases, which generate hydrogen peroxide that has been shown to be important 
in cellular ageing. Ageing is defined as a multifactorial process that is characterized 
by a progressive decline in cellular and organismal functions. Various model 
organisms, among which yeast, have been instrumental in the advancement of our 
understanding of the molecular principles of the ageing process.

Using yeast as model organism, the aim of the research described in this thesis 
was to understand the significance of peroxisomes in cellular ageing processes. 

In Chapter 1 an overview of our current understanding of peroxisome biology has 
been presented. Special emphasis has been given to our knowledge of peroxisomal 
quality control mechanisms and the roles of peroxisomes in ageing.

Chapter 2 describes the heterogeneity of peroxisomes in wild type cells of 
the yeast Saccharomyces cerevisiae that exists with respect to their matrix protein 
composition. By using specific fluorescent proteins that display different maturation 
times, we show that peroxisomes containing relatively old or new matrix protein 
content are present in one and the same cell. We showed that peroxisomes 
harboring a relatively old matrix protein content have a reduced capacity to import 
newly synthesized matrix proteins. This was related to reduced levels of Pex14, 
a peroxisomal membrane protein involved in matrix protein import, on mature 
peroxisomes. Further analysis revealed that mature peroxisomes are retained by 
the mother cells whereas peroxisomes with a younger peroxisomal matrix protein 
content are preferentially transported to the daughter cells. 

Chapter 3 describes studies on the sorting of two stress related proteins, Pnc1 
(nicotinamidase) and Gpd1 (glycerol-3-phosphate dehydrogenase) to peroxisomes 
in yeast. We show that Pnc1 is transported to peroxisomes by piggy-backing on the 
peroxisomal targeting signal-2 (PTS2) containing enzyme Gpd1. Our data indicate  
that Gpd1 and Pnc1 physically interact and most likely form a transient complex 
during import into peroxisomes.  Previous reports indicated that Gpd1 relocalises 
to the cytosol upon exposure of cells to osmotic stress. Quantitative analysis of 
the distribution of Gpd1 and Pnc1 over the cytosol and peroxisomes revealed 
that both proteins are predominantly localized to peroxisomes in unstressed cells. 
Upon exposure of cells to stress the levels of both peroxisomal and cytosolic Gpd1 
and Pnc1 increased. A similar behaviour was observed for the non-stress related 
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peroxisomal control protein thiolase produced under control of the GPD1 promoter. 
This observation suggests that presence of peroxisomal matrix proteins in the cytosol 
of cells exposed to stress is a result of reduced matrix protein import efficiency. 

Chapter 4 describes the effects of different carbon and nitrogen sources on 
the chronological lifespan of the methylotrophic yeast Hansenula polymorpha. We 
found that this lifespan is enhanced when cells are grown on methanol or ethanol 
as sole carbon sources, compounds that require peroxisomal enzymes for their 
metabolism, relative to cultivation on glucose, which is metabolized independent 
of peroxisomal enzymes. We also observed that the use of methylamine as sole 
nitrogen source has a positive effect on yeast chronological lifespan relative to 
ammonium sulphate. Methylamine is initially metabolized inside peroxisomes by the 
enzyme amine oxidase. The lifespan extension by the utilization of methylamine was 
shown to be due to the surplus energy generated by the oxidation of methylamine 
during the stationary phase.

Mitochondrial fragmentation mediated by the Dnm1/Fis1 fission machinery 
has been suggested to accelerate cellular ageing. However, this Dnm1/Fis1 fission 
machinery is also involved in  fission of peroxisomes. In Chapter 5 we describe studies 
on the importance of peroxisomal fission in yeast ageing. We show that lifespan 
extension in FIS1 deletion cells is mainly caused by the defects in peroxisome fission 
and not due to blockage of mitochondrial fragmentation. The deletion of FIS1 in 
peroxisome deficient pex3 cells did not result into lifespan extension, which further 
underlines the importance of peroxisome fission in yeast ageing.
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chapter ONE

Introduction

This chapter is an extended version of the review: 
Peroxisomal quality control mechanisms. Kumar S, Kawałek A, van der Klei IJ.   

Curr. Opin. Microbiol. 2014, 22:30–37.
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Abstract

Peroxisomes are ubiquitous organelles that harbour diverse metabolic pathways, 
which are essential for normal cell performance. Conserved functions of these 
organelles are hydrogen peroxide metabolism and fatty acid β-oxidation. 

During the last decades a lot of progress has been made in understanding 
peroxisome biogenesis, proliferation and function. A large number of genes involved 
in their formation, designated PEX genes, have been identified and characterized. 
Most of these turned out to function in the import of peroxisomal matrix proteins. 
Others are required for the formation of the peroxisomal membrane or organelle 
proliferation. However, these processes are still poorly understood. 

Studies on peroxisomal quality control are still in their infancy. Peroxisomal quality 
control mechanisms ensure proper peroxisome function and protect the organelles 
from damage. These involve the function of molecular chaperones, a peroxisomal 
Lon protease and autophagic removal of dysfunctional organelles. In addition, 
multiple mechanisms exist to combat peroxisomal oxidative stress. Peroxisomes also 
contribute to the formation of reactive oxygen species and therefore dysfunctional 
organelles can accelerate cellular ageing. 

Here, we give an overview of our current knowledge of peroxisome biology 
focussing on yeast and filamentous fungi. 
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Introduction

The compartmentalization of different cellular functions into various membrane 
bound organelles is a characteristic feature of eukaryotes. These specialized spatial 
compartments create microenvironments to perform different cellular functions with 
increased efficiency. 

Peroxisomes are cell organelles that are present in almost every eukaryotic cell. 
The first morphological description of peroxisomes dates back to 1954 (J. Rhodin) 
when an electron microscopy analysis of kidney tissue revealed the presence 
of small, single membrane-bound vesicles. The organelles were biochemically 
characterized by Christian de Duve and Pierre Baudhuin (1966), who coined the 
name “peroxisome” because of the presence of catalase and hydrogen peroxide 
producing oxidases. 

Peroxisomes show remarkable plasticity in their number, size and metabolic 
functions depending on the cell type, organism or environmental conditions. 
Peroxisomal enzymes are involved in numerous metabolic pathways, ranging from 
hydrogen peroxide metabolism and β-oxidation of fatty acids to the biosynthesis of 
ether lipids or antibiotics [1,2]. Only recently, peroxisomes have been implicated in 
non-metabolic processes such as antiviral innate immunity [3,4] and reactive oxygen 
species (ROS) signalling [5]. Using organelle proteomics and in silico predictions 
novel peroxisomal functions are still being discovered, indicating that the list of 
peroxisomal proteins is not yet complete. Hence, the significance of the organelle 
for the function of eukaryotic cells is likely still underestimated.

During the last 25 years our knowledge on the molecular mechanisms of 
peroxisome formation has strongly expanded. Yeast model systems have been 
instrumental to dissect various aspects of peroxisome biogenesis. By functional 
complementation of yeast peroxisome deficient mutants, almost all currently known 
proteins involved in import of peroxisomal matrix proteins have been identified. 
Their subsequent analysis has led to a detailed understanding of peroxisomal matrix 
protein sorting (for recent reviews see [6,7]; Fig. 1). So far only a few genes required 
for sorting of peroxisomal membrane proteins (PMPs) are known and their functions 
are still debated [8–10]. 

Yeast models have also been crucial to understand the mechanisms of selective 
degradation of peroxisomes by autophagy (pexophagy). This process involves 
proteins that are also involved in other autophagic processes (Atg proteins) 
together with proteins that are specifically involved in the selective engulfment of 
peroxisomes by the autophagosome (reviewed in [11]). In contrast to the formation 
and degradation of peroxisomes, our knowledge on peroxisomal quality control is 
still in its infancy. 
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In this contribution, we present an overview on our current knowledge of 
peroxisome biology in yeast and filamentous fungi.

Peroxisome proliferation

The molecular mechanisms involved in peroxisome multiplication (proliferation) 
are still debated. In 1985, Lazarow and Fujiki [12] proposed the growth and division 
model suggesting that peroxisomes always derive from pre-existing ones. However, 
several recent observations suggest that the organelles can also be formed de novo 
in cells lacking pre-existing peroxisomes.

Several proteins involved in peroxisome fission have been identified. An integral 
peroxisomal membrane protein, Pex11, which is highly conserved across species, 
mediates the first step of peroxisome division, namely organelle elongation. This 
step is followed by membrane constriction and ultimately fission [13,14]. Dynamin-
related proteins (DRPs) mediate the final step of the fission process. It is still unknown 
which proteins are involved in organelle constriction. In Saccharomyces cerevisiae 
the DRPs Vps1 and Dnm1 play a role in peroxisome fission. Interestingly, the Dnm1 
dependent peroxisome fission machinery is also required for mitochondrial fission. 
Vps1 is only required for peroxisome fission in S. cerevisiae, but also plays a role 
in vacuolar protein sorting, hence its name. In other yeast species (e.g. Hansenula 
polymorpha) as well as in higher eukaryotes such as mammals and plant, only the 
Dnm1 machinery is required for peroxiosme fission [15]. 

Nascent peroxisomes formed upon fission of a pre-existing one grow by 
incorporating new matrix and membrane proteins as well as membrane lipids. Bulk 
of the peroxisomal membrane lipids is synthesized in the ER. The mechanisms by 
which lipids are transported to peroxisome are still unclear. Both non-vesicular and 
vesicular transport processes have been proposed [16,17]. 

Data obtained in the past few years increasingly support the possibility that 
peroxisomes can be formed de novo, possibly from the ER. The two peroxins Pex3 
and Pex19 have been suggested to play a role in this process [18,19]. This is based 
on the observation that mutant cells lacking these peroxins for long have been 
thought to fully lack peroxisomal membrane structures. Upon reintroduction of the 
corresponding proteins peroxisomes reappear in these cells. Under these conditions 
Pex3 has been reported to first sort to the ER, where it concentrates into foci which 
ultimately leads to the formation of pre-peroxisomal structures [20,21]. Additionally, 
it has been proposed that two biochemically distinct vesicles are formed from the 
ER: one containing proteins of the receptor docking complex (Pex13 and Pex14) 
and the other the ring complex (Pex2, Pex10 and Pex12). Together the docking and 
ring complexes form a functional matrix protein import complex (the translocon). 
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Upon Pex1-Pex6 mediated fusion of both types of vesicles a matrix protein import 
competent peroxisome is formed [22]. These observations led to the view that Pex3, 
and possibly other PMPs as well, sort to peroxisome via the ER. On the contrary, in 
wild-type cells ER localized Pex3 has never been observed. This could be due to very 
fast sorting of Pex3 via the ER making it not detectable at the ER by conventional 
biochemical and microscopy approaches. Another explanation could be that in 
wild-type cells Pex3 and other PMPs are directly sorted to peroxisomes. 

It must be noted that recent observations by Knoops et al.,[23] revealed that 
the above model needs adaptation because pre-existing peroxisomal membrane 
structures do exist in yeast pex3 and pex19 cells. Hence, peroxisomes do most likely 
not form de novo upon reintroduction of the lacking proteins (see below). 

Peroxisomal matrix protein import

Peroxisomal matrix proteins are synthesized in the cytosol and post-translationally 
imported into peroxisomes. Proteins destined to the peroxisomal matrix 
predominantly harbor a peroxisomal targeting signal 1 (PTS1) at their C-terminus. 
The second, less prevalent PTS2 is present at the N-terminus of a few peroxisomal 
proteins. The PTS1 and PTS2 are recognized by the receptor proteins Pex5 and Pex7 
respectively. Proteins harbouring a PTS1 are recognized by Pex5, PTS2 proteins by 
Pex7, which functions together with co-receptors (the long form of Pex5 in mammals, 
Pex20 in plant and fungi, and Pex18/Pex21 in S. cerevisiae) [24]. Subsequently, the 
receptor-cargo complex binds 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 [25]. For PTS1 import, most likely multiple 
molecules of the receptor Pex5 form a large transient import pore in the peroxisomal 
membrane. The delivery of the cargo to the matrix is followed by recycling of the 
receptor to the cytosol by the exportomer [26]. Recycling of Pex5 is initiated by 
monoubiquitination of a conserved cysteine residue at the N-terminus of Pex5 by 
the ubiquitin-conjugating enzyme (E2) Pex4 together with three conserved RING-
domain containing peroxins Pex2, Pex10 and Pex12, which function as E3-ligases 
[27]. Export is mediated by two AAA ATPases Pex1 and Pex6, followed by removal 
of ubiquitin to enable another round of matrix protein import [28].  

PTS2-mediated peroxisomal import is less studied, but the existing data suggest 
that it may function similar to the PTS1 import process. 

Interestingly, several proteins that lack either of the two PTSs have also been 
found inside the peroxisomal matrix of several species. Studies in yeast, plants 
and mammals have shown that a protein that lacks a PTS can be imported into 
peroxisomes by piggybacking on a peroxisomal protein that does contain a PTS 
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PTS2-mediated peroxisomal import is less studied, but the existing data suggest that it may 

function similar to the PTS1 import process.  

Figure 1 Recycling and degradation of peroxisomal membrane proteins  

(a) Proteins with a peroxisomal targeting signal 1 (PTS1) are recognized by the receptor protein Pex5 in the 

cytosol and the receptor-cargo complex is subsequently directed towards the receptor docking complex 

(Pex13/Pex14) at the peroxisomal membrane. Pex5 molecules assemble with Pex14 to form a transient pore and 

the cargo is released in the peroxisomal matrix. (I) Monoubiquitination of Pex5 at a conserved cysteine residue 

by the E2-enzyme complex (Pex4/Pex22) and the E3 ligases Pex2, Pex10 and Pex12 prepare Pex5 for recycling 

to the cytosol, mediated by the AAA-ATPases Pex1 and Pex6. Finally, ubiquitin is removed and Pex5 becomes 

available for another round of import. (II) As a quality control mechanism, polyubiquitination of Pex5 at a 

conserved lysine residue by the E2-enzyme Ubc4 and the E3 ligases direct Pex5 for degradation by the 

proteasome. (b) (I) In H. polymorpha, Pex3 is ubiquitinated with the help of E3 ligases (Pex2/Pex10) and 

targeted to the proteasome for degradation. (II) Model showing how phosphorylation of Pex14 may initiate a 

ubiquitination cascade followed by its degradation via the UPS. 

Interestingly, several proteins that lack either of the two PTSs have also been found inside the 

peroxisomal matrix of several species. Studies in yeast, plants and mammals have shown that 

a protein that lacks a PTS can be imported into peroxisomes by piggybacking on a 

Figure 1. Recycling and degradation of peroxisomal membrane proteins 
(a) Proteins with a peroxisomal targeting signal 1 (PTS1) are recognized by the receptor protein 
Pex5 in the cytosol and the receptor-cargo complex is subsequently directed towards the 
receptor docking complex (Pex13/Pex14) at the peroxisomal membrane. Pex5 molecules 
assemble with Pex14 to form a transient pore and the cargo is released in the peroxisomal 
matrix. (I) Monoubiquitination of Pex5 at a conserved cysteine residue by the E2-enzyme 
complex (Pex4/Pex22) and the E3 ligases Pex2, Pex10 and Pex12 prepare Pex5 for recycling to 
the cytosol, mediated by the AAA-ATPases Pex1 and Pex6. Finally, ubiquitin is removed and 
Pex5 becomes available for another round of import. (II) As a quality control mechanism, poly-
ubiquitination of Pex5 at a conserved lysine residue by the E2-enzyme Ubc4 and the E3 ligases 
direct Pex5 for degradation by the proteasome. (b) (I) In H. polymorpha, Pex3 is ubiquitinated 
with the help of E3 ligases (Pex2/Pex10) and targeted to the proteasome for degradation. (II) 
Model showing how phosphorylation of Pex14 may initiate a ubiquitination cascade followed 
by its degradation via the UPS.

[29–32]. The first example of piggyback transport came from the discovery that a 
PTS lacking subunit of the dimeric peroxisomal protein thiolase can be targeted 
to peroxisomes by forming dimers with a PTS-containing subunit [30]. Since then 
multiple findings have confirmed piggyback import as a third mode of matrix protein 
targeting to peroxisomes. For example, when the PTS1 is removed from yeast 
Eci1, delta3-delta2-enoyl-CoA isomerase, it still can be targeted to peroxisomes 
as hetero-oligomer together with Dci1 (a paralog of Eci1) [33]. In mammals the Cu/
Zn superoxide dismutase 1 (SOD1) can enter peroxisomes by piggybacking with its 
interaction partner ‘copper chaperone of SOD1′ [34]. A recent study in Arabidopsis 
thaliana showed that the protein phosphatase holoenzyme 2A is targeted to 
peroxisomes by piggybacking on a subunit containing the putative PTS1 SSL at its 
C-terminus [31]. 
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Peroxisomal membrane protein sorting

The pathways of PMP sorting are still not clear. PMPs have been classified in two 
categories based on the involvement of Pex19 in their sorting to peroxisomes [35]. 
Class I PMPs harbor a peroxisomal sorting signal (mPTS) that is recognized by the 
soluble cytosolic protein Pex19. Pex19 was proposed to serve as chaperone/receptor, 
which upon binding a cargo PMP is recruited by Pex3 at the peroxisomal membrane 
followed by insertion by a yet unknown mechanism [35,36]. A small number of 
proteins, termed as Class II, are not recognized by Pex19 and therefore targeted 
to the peroxisomal membrane by an alternative mechanism. The most notable 
example of class II PMPs includes Pex3 [37,38], which is  supposed to be targeted 
to peroxisomes via  the ER. In the first step, Pex3 is inserted into the ER membrane 
using the Sec61 translocon [39,40] and concentrates at a specialized region the 
pre-peroxisomal ER, which is followed by the formation of  pre-peroxisomal vesicles 
[20,40]. The precise mechanisms of budding of pre-peroxisomal vesicles from the 
ER membrane are still unknown. 

Pex15, a tail-anchored peroxisomal membrane protein, was proposed to be 
targeted to peroxisomes via the ER as well. The insertion of Pex15 to the ER 
membrane is guided by the Get complex [41].  It was shown that Pex15 physically 
interacts with Get3 [41] and it is mislocalized to mitochondria when the Get complex 
is defective [41–43]

A recent work by Knoops et al. [23] showed that pex3 cells harbor pre-peroxisomal 
structures that contain Pex13 and Pex14. Similar pre-peroxisomal structures were also 
observed in pex19 cells. The origin of these pre-peroxisomal vesicles is not known 
yet, however, it is clear that Pex13 and Pex14 can reach these structures independent 
of Pex3 and /or Pex19. Possibly these proteins also first sort to the ER, followed by 
the formation of the vesicles from the ER. Alternatively, additional PMP sorting 
mechanisms may exist that are independent of the ER. The study of Knoops and 
colleagues also suggested that upon reintroduction of the PEX3 gene in pex3 cells 
newly synthesized Pex3 molecules were targeted directly to these pre-peroxisomal 
vesicles, but not to the ER, which contradicts earlier suggestions that Pex3 invariably 
travels via the ER to peroxisomes. 

Peroxisome inheritance

When a cell divides, essential cellular components and organelles are partitioned 
between the progenies. Proper segregation of organelles is important for the 
maintenance of the organellar population in the resulting cells. In yeast, during 
cell division a subset of the total peroxisomal population is transported to the 
developing bud and the mother cell keeps the rest. The major players involved in 
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peroxisome inheritance are Inp1 and Inp2, the class V motor protein Myo2 and the 
actin cytoskeleton [44,45]. 

Inp1 is a peripheral membrane protein associated with peroxisomes that are kept 
in the mother cell and considered as retention factor. The peroxisomal membrane 
protein Pex3 recruits Inp1 to the peroxisomal membrane [46]. Recently it was shown 
that Inp1 helps in peroxisome retention by forming a bridge between Pex3 molecules 
at the ER and the peroxisomal membrane [47]. In the absence of Inp1 all peroxisomes 
are transported to the daughter cell, therefore after each cell division the mother 
cell needs to form new organelles de novo.

Conversely, Inp2 is present on peroxisomes that are inherited to the developing 
bud. This PMP binds to the globular tail of Myo2, which moves along actin 
filaments to deliver peroxisomes into the daughter cell [44]. In the absence of Inp2 
peroxisome inheritance to the daughter cell is blocked and hence buds are formed 
without peroxisomes. In inp2 cells peroxisomes are formed afresh in the resulting 
daughter cell.

Peroxisomal functions

Peroxisomes show remarkable plasticity in their functions, which vary among 
species, environmental conditions or even between cell types in higher eukaryotes. 
These functions range from highly conserved processes such as lipid metabolism 
and degradation of H2O2 to very specialized ones such as bile acid synthesis in 
mammals. In filamentous fungi, peroxisomes play a role in carbon metabolism, 
but are also crucial for the synthesis of secondary metabolites such as β-lactam 
antibiotics [48]. The “Woronin body”, an organelle that prevents cytoplasmic 
bleeding in damaged filamentous fungi by sealing the septal pores, is a highly 
specialized peroxisome with a structural function. [48,49]. In human, peroxisomes 
carry out various complex functions and therefore abnormalities in these organelles 
can have severe consequences for health and sometimes are fatal. Some notable 
functions of peroxisomes in humans are the α- and β-oxidation of very long chain 
fatty acids and the synthesis of plasmalogens and bile acids [50]. Recently non-
metabolic functions of human peroxisomes have been discovered. For instance 
they play a role in ROS signalling pathways as well as in innate immune response 
upon viral infection [3,4,51].

In yeast, peroxisomes are primarily involved in the metabolism of uncommon 
carbon and organic nitrogen sources [52].  In S. cerevisiae the two most studied 
peroxisomal metabolic pathways are the degradation of fatty acids and the 
glyoxalate cycle [53,54]. Other than the enzymes involved in these two signature 
pathways, additional enzymes are also present in the peroxisomal matrix. However, 
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the physiological significance of the peroxisomal localization is still unclear for many 
of these proteins. 

Some examples of yeast peroxisomal proteins with unknown functions are 
described below. Pnc1, a nicotinamidase that hydrolyses nicotinamide to nicotinic 
acid, has been shown to be involved in the replicative lifespan of S. cerevisiae [55]. 
This protein is primarily localized into peroxisomes, however at stress conditions 
Pnc1 was reported to be also distributed among the cytosol and nucleus [55,56]. 
Despite the clear peroxisomal localization the physiological relevance of Pnc1 in this 
organelle is not known yet. It is noteworthy that Pnc1 does not have a recognizable 
PTS. Interestingly, Gpd1, glycerol-3-phosphate dehydrogenase, which is involved in 
glycerol biosynthesis, is targeted to peroxisomes by the PTS2 pathway and shows 
a dynamic localization pattern similar to Pnc1 [56]. Like Pnc1, the function of Gpd1 
inside peroxisomes is also unclear. Some other examples of peroxisomal enzymes 
with unknown functions include, Gto1, a PTS1 containing ω-class peroxisomal 
glutathione transferase [57],  Lpx1, a lipase whose deletion results into abnormal 
peroxisomal morphology [58] and two phosphatases: a PTS1 containing Npy1 
(NADH diphosphatase),  and a PTS2 dependent Pcd1 (8-oxo-dGTP diphosphatase).

Quality control of peroxisomes

Quality control of peroxisomal matrix enzymes
Peroxisomal matrix proteins are synthesized in the cytosol and post-translationally 
imported [2]. A remarkable feature of the peroxisome is its capacity to import fully 
folded, co-factor containing, oligomeric enzymes [59]. Import of PTS1 proteins is 
assumed to be facilitated by large transient pores. It has been proposed that these 
pores are formed by the receptor docking protein Pex14 [60], by the receptor protein 
Pex5 [61] or by both Pex5 and Pex14 [62], Figure 1). Folding of peroxisomal matrix 
proteins is supposed to mainly involve cytosolic chaperones. This assumption is 
supported by the absence of chaperones of the Hsp60- or Hsp70- protein families 
inside yeast and mammalian peroxisomes. Moreover, in mammals peroxisomal 
matrix protein import was demonstrated to be stimulated by cytosolic Hsp70 [63]. 
Similarly, in Saccharomyces cerevisiae the absence of cytosolic Djp1, a co-chaperone 
of Hsp70, resulted in partial mislocalization of peroxisomal matrix proteins to the 
cytosol [64]. 

It is likely that for authentic peroxisomal matrix enzymes cytosolic folding and 
assembly is a prerequisite for import. This is without doubt true for proteins that lack 
a PTS and enter the organelle as hetero-oligomers by piggy backing with another 
PTS containing protein [32]. The importance of cytosolic folding is furthermore 
supported by the observation that even minor folding defects in the mammalian 
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enzyme alanine-glyoxylate aminotransferase prevent its recognition by Pex5 and 
hence import into peroxisomes [65]. Therefore, Pex5 may not only serve as PTS1 
receptor, but likely also have a function in sensing proper folding of its cargo. Finally, 
cytosolic protein folding as well as co-factor binding is essential to allow import 
of the peroxisomal enzyme alcohol oxidase in the yeast Hansenula polymorpha. 
Interestingly, folding of this enzyme is dependent on a moonlighting function of 
cytosolic pyruvate carboxylase [66].

Exchanging the non-canonical, weak PTS1 (-SKI) of H. polymorpha catalase to a 
stronger one (-SKL) resulted in the accumulation of catalase protein aggregates inside 
the organelle [67]. From this it was concluded that newly synthesized peroxisomal 
matrix proteins may require a minimum residence time in the cytosol to allow proper 
folding prior to import. If true, it is to be expected that proteins which fold relatively 
fast or independent of chaperones may have PTS’s with a stronger affinity for their 
PTS receptor relative to those that fold slow.

Once imported into the organellar lumen, native peroxisomal proteins may 
become damaged or unfold. Cell organelles use different strategies to remove 
unfolded or damaged proteins, such as chaperone mediated refolding and proteolytic 
degradation inside [68] or outside the organelle upon export [69] (Figure 2). For 
peroxisomes most likely similar processes exist. 

Although in mammals chaperones of the Hsp protein families have not 
been observed in peroxisomes, firefly luciferase is able to refold in mammalian 
peroxisomes upon heat denaturation in vivo. This process required the function of 
the transcription factor heat shock factor 1 (HSF1) [70], but it remains to be elucidated 
which of the proteins that are controlled by HSF1 are involved in this process.

In vitro data suggested that certain peroxisomal antioxidant enzymes have 
chaperone activity, suggesting that protein folding in peroxisomes may be mediated 
by proteins that also fulfil other functions [71].

Like mitochondria and chloroplasts, peroxisomes harbour a Lon type AAA-
protease. In the filamentous fungus Penicilium chrysogenum peroxisomal Lon (Pln) 
is crucial for proper peroxisome function, because its absence results in a growth 
defect of the cells on oleic acid, conditions which require peroxisomal enzymes of the 
β-oxidation pathway [72]. Deletion of PLN in H. polymorpha did not result in retarded 
growth at conditions that require peroxisome function (i.e. growth on methanol), but 
resulted in a reduction of the chronological lifespan [73]. Remarkably, Pln is absent 
in peroxisomes of S. cerevisiae and related species, suggesting a stronger need for 
this protein in organisms with more complex peroxisomal metabolism.

P. chrysogenum Pln preferentially degrades heat- or H2O2- inactivated catalase-
peroxidase relative to the native enzyme, suggesting specific recognition of unfolded 
proteins [72]. In vitro studies indicated that P. chrysogenum Pln also possesses 

22



Introduction ONE

chaperone activity, but the significance of this function in vivo remains to be analysed 
[72]. Electron microscopy analysis of H. polymorpha and P. chrysogenum Pln deficient 
strains revealed the presence of protein aggregates inside peroxisomes [72,73]. It 
remains to be established whether these aggregates are the result of the absence 
of the protease, the chaperone or a combination of both activities.

In plants peroxisomal Lon (termed LON2) supressed peroxisome degradation by 
autophagy [74]. Notably, this inhibition required the function of the AAA+ ATPase 
domain of LON2, but not its peptidase function, which supports a dual function of 
this protein as chaperone and protease. Data in H. polymorpha also suggest that 
Pln and autophagy function together in peroxisomal quality control, because the 
observed decrease in chronological lifespan of a PLN deletion strain was more 
pronounced when autophagy was blocked as well (i.e. in an ATG1 PLN1 double 
deletion strain) [73]. 

Remarkably, in H. polymorpha artificially introduced peroxisomal protein 
aggregates are removed by asymmetric fission of the organelle and subsequent 
degradation of the aggregate containing daughter organelle via autophagy 
[75]. Recent findings in S. cerevisiae supported the importance of peroxisome 
fission in pexophagy [76]. Altogether, peroxisomal matrix proteostasis involves 
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Figure 2. Hypothetical model of the removal of damaged peroxisomal matrix proteins. 
(1) Obsolete peroxisomal matrix proteins can be exported from the peroxisome and 
targeted for degradation via UPS. (2) The peroxisomal Lon protease Pln has a dual 
function: it prevents protein aggregation and degrades damaged proteins. (3) Denatured 
and damaged proteins can also form aggregates, which are sequestered and removed via 
concerted fission and degradation by autophagy.
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distinct mechanisms, which most likely depend on the extent of protein unfolding/
aggregation within the peroxisomal matrix.

Like observed for the ER (ERAD [69]) and mitochondria [77], peroxisomes also 
can export matrix proteins to the cytosol for their subsequent degradation by 
ubiquitin-proteasome system (UPS) (reviewed in [78]), as recently demonstrated for 
obsolete peroxisomal isocitrate lyase in plants [79]. Export of peroxisomal matrix 
proteins has been proposed to involve components of the PTS receptor recycling 
process (the exportomer, see below [78]).

Quality control of PTS receptors
Monoubiquitination of Pex5 is responsible for the recycling of this receptor for 
the next round of import. However, Pex5 also can become polyubiquitinated at 
lysine residues in the N-terminus with the help of the E2 enzyme Ubc4 and the 
E3-ligases Pex2 and Pex10. This process invariably is followed by degradation of 
the receptor via UPS [28] and only occurs when recycling of Pex5 is hampered. 
Hence, this can be considered as a quality control process for damaged receptor 
molecules [26].

Protein ubiquitination generally occurs at lysine residues, followed by 
proteasomal proteolysis. Although, the N-terminus of Pex5 contains both lysine 
and cysteine residues, a conserved cysteine residue is the preferred choice for 
ubiquitin attachment. How this is regulated remains so far elusive. Recently, it was 
shown that the conserved cysteine in Pex5 in Pichia pastoris [80] and man [81] is 
redox sensitive and in this way can modulate protein function. When the cysteine 
residue is oxidized monoubiquitination is blocked, which may serve as a molecular 
switch for lysine polyubiquitination and degradation by the proteasome.

Quality control of PMPs
Once located at the peroxisomal membrane, PMPs can also be removed [82]. In 
H. polymorpha degradation of the PMP Pex3 is an early stage in pexophgay [83], a 
process that relies on UPS [84]. Pex3 ubiquitination was hampered in cells lacking 
the E3 ligases of the exportomer, Pex2 and Pex10 [84] (Fig. 1b).

PMP degradation most likely is also involved in other peroxisome related 
processes. For instance, in H. polymorpha, the levels of Pex14, a protein of the 
receptor docking complex, are significantly lower on the bigger, mature peroxisomes 
relative to the smaller, nascent ones [85]. Possibly Pex14 is selectively removed from 
these organelles, thereby blocking further import of matrix proteins. It is tempting 
to speculate that this also occurs via UPS, because in large-scale proteomics studies 
of S. cerevisiae cells ubiquitinated Pex14 peptides were identified [86,87]. Moreover 
in H. polymorpha Pex14 can become phosphorylated [88], which could serve as a 
signal for ubiquitination (Fig. 1b).
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Interestingly recently a novel protease of the AAA-protein family was identified, 
which is located at both the peroxisomal membrane and the mitochondrial outer 
membrane (Msp1 [42,43]). At mitochondria this protease specifically degrades 
the PMP Pex15, when it mislocalizes to these organelles. Interestingly, Msp1 
is also localized to the peroxisomal membrane, where it does not degrade 
Pex15. The identification of Msp1 substrates at the peroxisomal membrane will 
be an important next step in understanding quality control processes at the 
peroxisomal membrane.

Maintenance of the peroxisomal redox balance
Peroxisomes almost invariably harbour enzymes that produce ROS, predominantly 
hydrogen peroxide (H2O2), and therefore can significantly contribute to oxidative 
stress [89]. Interestingly, peroxisomal matrix protein import [80] and peroxisome 
proliferation [90] were recently suggested to be regulated by the peroxisomal 
redox balance. Moreover, an imbalance in peroxisomal ROS can also affect cellular 
processes outside the organelle.

The hallmark antioxidant enzyme of peroxisomes – catalase – catalyses the 
decomposition of H2O2 [91]. In yeast peroxisomal catalase also protects cells from 
externally added H2O2 [92]. The permeability of the peroxisomal membrane to H2O2 
suggests that peroxisomes can act as a cellular sink for this reactive molecule.

Except for catalase, scavenging of peroxisomal ROS also involves peroxiredoxins 
and glutathione peroxidases (Table 1). The 1-Cys peroxiredoxin Pmp20 is confined 
to peroxisomes in methylotrophic yeast species, whereas S. cerevisiae peroxisomes 
contain a glutathione peroxidase (Gpx1) [90] (Table 1). These antioxidant enzymes 
reduce H2O2, lipid hydroperoxides and peroxynitrite (Table 1), compounds which 
could potentially also serve as signalling molecules. However, the existence of 
a feedback loop linking peroxisomal ROS with the expression of peroxisomal 
antioxidant enzymes still remains elusive (Figure 3).

The role of peroxisome in yeast ageing

Ageing is defined as progressive decline in functions at cellular and organismal level 
that ultimately leads to mortality. The budding yeast, especially S. cerevisiae, has 
been extensively used as model organism to unravel the molecular mechanisms of 
the ageing process. Major advances of ageing research such as the TOR signaling 
[93] and the sirtuin pathway were first discovered in this simple organism. Two 
models have been established to study ageing in yeast- replicative and chronological 
ageing. Replicative ageing is defined as number of buds produced by a mother 
cell before senescence and is considered model system for ageing in mitotically 
active cells [94]. Chronological ageing is measured by the survival time of yeast 
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cells in their non-dividing state and this has been proposed as model of ageing in 
post-mitotic cells [95].

Reactive oxygen species play a crucial role in the ageing process. Because 
mitochondria are the major producer of reactive oxygen species (ROS), their 
homeostasis is an important determinant for the cellular ageing [96,97]. Like 
mitochondria, peroxisomes also generate intracellular ROS and therefore can 
contribute to the ageing process. To cope with deleterious effects of ROS 
a number of antioxidant enzymes are present inside the peroxisomal lumen 
(described previously). 
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The role of peroxisome in yeast ageing 

Ageing is defined as progressive decline in functions at cellular and organismal level that 
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used as model organism to unravel the molecular mechanisms of the ageing process. Major 

advances of ageing research such as the TOR signaling [93] and the sirtuin pathway were first 

discovered in this simple organism. Two models have been established to study ageing in 

yeast- replicative and chronological ageing. Replicative ageing is defined as number of buds 

Figure 3. Quality control mechanisms within peroxisomes and their potential links with 
cellular signalling. Peroxisomes contain H2O2 producing oxidases and catalase scaveng-
ing this compound. H2O2 can cause damage to the enzymes, inhibiting the efficiency of 
enzymatic reactions. Moreover, direct damage to proteins can cause their aggregation. 
Such non-functional proteins are cleaved by the peroxisomal Lon protease, Pln, to form 
short peptides. These peptides may potentially be exported to signal protein unfolding 
in peroxisomes. ROS can also cause damage to PMPs (removed by UPS) and lipids. Per-
oxiredoxins (including Pmp20) detoxify lipid hydroperoxides in a glutathione dependent 
manner. The damage to proteins and lipids, excessive production of H2O2 and altered 
redox balance may initiate cellular signalling enhancing processes involved in peroxi-
some homeostasis.
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Alteration in peroxisomal antioxidant enzymes affects the ageing process. In 
S. cerevisiae, inactivation of catalases, cytosolic Ctt1 and peroxisomal Cta1, extends 
the CLS [98]. This increase in CLS was attributed to the elevated levels of hydrogen 
peroxide, which activates superoxide dismutase that effectively scavenge superoxide 
anions. However, an earlier study showed that deletion of peroxisomal catalase, Cta1, 
resulted into a shorter CLS [99]. In H. polymorpha, effects of peroxisomal catalase 
(CTA) deletion on chronological ageing vary depending upon the growth conditions 
[92]. The CLS of cells deficient in peroxisomal catalase remained unaffected when 
grown on medium containing glucose (or glycerol) and ammonium sulphate. 
However, when ammonium sulphate was replaced by methylamine, which is oxidized 
by peroxisomal amine oxidase, a decrease in the CLS was observed compared to the 
wild type cells. Conversely, when Δcat cells were grown in medium supplemented 
with methanol, the CLS was significantly increased compared to the wild type cells. 
It was observed that under these conditions ROS levels were highly elevated during 
the exponential growth phase. Furthermore, it was shown that exposure of Δcat cells 
to methanol led to rapid activation of the transcription factor Yap1 with simultaneous 
increase in antioxidant enzymes cytochrome-c peroxidase and superoxide dismutase 
[92]. In this respect, the enhanced anti-oxidant defense systems might positively 
affect the CLS of Δcat cells. Another peroxisomal peroxiredoxin Pmp20 is also 
involved in scavenging of H2O2 as well as organic hydroperoxide (ROOH). Studies in 
the methylotropic yeast H. polymorpha and Candida boidinii revealed that Pmp20 
is important for survival during growth on methanol [73,100].

Apart from antioxidant enzymes, other peroxisomal proteins are also important in 
yeast ageing. An extensive work by Lefevre et al. [101] analyzed the CLS of various S. 
cerevisiae strains where cells were either devoid of peroxisomal membrane structures 
or matrix proteins were partly or fully mislocalized to the cytosol. In Δpex3, Δpex5, 
Δpex6 and Δpex7 cells the CLS was decreased when cells were grown on media 
containing low glucose (0.5 %) concentrations. Among these pex mutants Δpex5 
cells had the shortest CLS because in this strain the β -oxidation is fully blocked 
due to separation of the PTS2 protein Pot1 (3-ketoacyl-CoA thiolase) from all other 
enzymes (which have a PTS2) involved in this process. In Δpex3 and Δpex6 cells the 
β –oxidation pathway was still functional because all enzymes are localized in the 
same compartment, namely the cytosol. Surprisingly, in Δpex7 cells some residual 
β –oxidation was observed which might explain its better survival than Δpex5 cells. 

Most studies related to peroxisomes in yeast ageing have been focused on the 
CLS. However the role of peroxisomes in the replicative ageing is largely unknown. 
Upon overproduction of the peroxisomal enzyme nicotinamidase, Pnc1, the RLS of S. 
cerevisiae is significantly increased compared to wild type controls [55]. The positive 
effect on RLS was attributed to its role in activation of Sir2 (histone deacetylase) 

27



IntroductionONE

in the nucleus. However, Pnc1 is mainly localized to peroxisomes thus the positive 
effects on RLS can also come (at least partly) from enzyme inside peroxisomes. 

Studies in Podospora anserina and S. cerevisiae showed that the down-regulation 
of mitochondrial fission by deletion of DNM1 has positive effects of the RLS [102]. 
Furthermore, deletion of DNM1 also positively affects the CLS of S. cerevisiae [103]. 
However, mitochondria and peroxisomes share components of the organelle fission 
machinery and hence the alterations in this machinery will affect both organelles. 
Therefore, the increase in lifespan cannot be solely assigned to mitochondria or in 
other words the change in lifespan due to a defect in peroxisomal fission cannot 
be ruled out. 

Perspectives

Our understanding of the principles of peroxisome biology has come a long way 
and much of this can be attributed to model organisms such as yeast. Despite 
considerable progress in our knowledge some of the issues remain contentious. 
One such issue is the mode of peroxisome proliferation. It is still unclear to which 
extent fission or de novo pathways contribute to peroxisome formation. Moreover, 
how these mechanisms complement each other under various conditions remains 
elusive. A second contentious topic is the mechanisms by which PMPs are targeted 
to peroxisomes. Data have been presented which support the view that all PMPs 
traffic via the ER to peroxisomes. Alternatively, there is a lot of data available that 
suggests that PMPs are directly sorted to peroxisomes. Despite the two extreme 
views it is possible that both pathways exist. Use of advanced microscopy techniques 
coupled with pulse-chase experiments could be a possible way to understand the 
sorting route of different PMPs.

The peroxisomal matrix harbours a number of proteins with diverse functions. 
Many of these proteins are known for a long time and have been well characterized. 
However, the list of peroxisomal proteins is not complete yet. Detailed proteome 
analysis of the organelle using more sensitive approaches can be helpful in finding 
novel peroxisomal proteins. Also, the function of several peroxisomal proteins 
is still unclear. Moreover, for some of these proteins the mechanisms by which 
they are targeted to peroxisomes remains elusive. Interestingly, some of the 
peroxisomal proteins share their localization with other subcellular compartments. 
The mechanisms by which these proteins regulate their distribution over various 
organelles are poorly understood and needs further investigation.

Recently, considerable progress has been made in our understanding of 
peroxisomal quality control. As protein and organellar quality control is crucial for 
human health and disease, further research is urgently needed. The role of cytosolic 
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and peroxisomal chaperones in protein folding/assembly and refolding after 
denaturation is still poorly understood. Instead of the typical Hsp family proteins 
these processes may be mediated by alternative proteins, as exemplified by the 
moonlighting function of cytosolic pyruvate carboxylase in alcohol oxidase folding 
and the chaperone function of peroxisomal Lon and certain antioxidant enzymes.

It is also important to understand how dysfunctional peroxisomal matrix and 
membrane proteins are recognized to be degraded. Similarly, it is crucial to know 
how aberrant organelles are discriminated from functional ones by the autophagy 
machinery. An interesting option would be the involvement of a peroxisomal 
unfolded protein response (UPR), as described for the ER and mitochondria. 

In the recent years, basic players involved in peroxisome inheritance have been 
identified and characterized. However, there are many questions that are still 
unanswered. For instance, the exact mechanisms by which peroxisome inheritance 
proteins (Inp1, Inp2) associate with organelles remain elusive.  Answering this will 
help us understand that why Inp2 associates with only a subset of peroxisomes. 
Understanding the difference between peroxisomes that are inherited to the daughter 
cells and the ones retained in the mother cells is of physiological significance. 
Asymmetric peroxisome fission may contribute to ageing of yeast mother cells, 
which may retain the older and potentially damaged organelles, whereas the newly 
formed new organelle is transported to the bud [104]. Although proteins involved in 
peroxisome inheritance and retention have been identified before, it is still unknown 
how old and new peroxisomes segregate [105].

Cellular ageing is a multifactorial process and during ageing all organelles 
get affected. It is imperative to understand that to what extent peroxisomes are 
damaged during the ageing process and what is nature is of this damage. This 
will be also necessary for our understanding of the role of organellar fitness on 
cellular ageing. The availability  of state of the art techniques such as microfluidics 
technology makes it possible to follow single mother cells for a long term and 
observe changes at the organelle level [106]. 
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Abstract

We investigated whether yeast cells contain a heterogeneous population of 
peroxisomes using fluorescence microscopy and fluorescent proteins with different 
maturation times. Our analysis revealed that peroxisomes containing matrix proteins 
of different age exist within one cell. Induction experiments showed that the 
organelles with a relatively old matrix protein content had a lower capacity of 
matrix protein import as compared to the organelles with the relatively new matrix 
protein content.

We show that the organelles with a high capacity of matrix protein import 
have relatively enhanced levels of Pex14, a peroxisomal membrane protein that is 
involved in matrix protein import. Induction experiments revealed that Pex14 is also 
preferentially targeted to these organelles. Pex3, a peroxisomal membrane protein 
that is not involved in matrix protein import, is equally sorted to all peroxisomes 
in the cell. 

Finally, we demonstrate that during yeast budding the peroxisomes with a 
relatively old matrix protein content are retained in the mother cells, while daughter 
cells inherited preferentially organelles with a relatively new matrix protein content. 
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Introduction

Eukaryotic cells contain membrane bound compartments called organelles that 
carry out specific functions. Among them peroxisomes are single membrane bound 
organelles that are present in almost all eukaryotic cells. These physiologically 
important organelles harbor a large variety of metabolic functions, depending 
on organism, developmental stage and tissue. Common peroxisome functions 
are the β-oxidation of fatty acids and hydrogen peroxide metabolism [1,2]. Along 
with mitochondria, peroxisomes also contribute to reactive oxygen species 
(ROS) homeostasis and have been suggested to play an important role in cellular 
ageing [3–5].

Two modes of peroxisome proliferation have been proposed, namely 
multiplication by fission of pre-existing organelles or de novo formation from the 
endoplasmic reticulum. Although controversy remains that to what extent each 
of these two mechanisms contributes to the total cellular peroxisome population 
in different organisms, data obtained in the yeast species Hansenula polymorpha 
(Nagotu et al., 2008) and Saccharomyces cerevisiae (Motley and Hettema, 2007), 
indicated that in these organisms peroxisome fission is the major pathway. 

According to the so called growth and fission model of peroxisome proliferation 
[6] a pre-existing peroxisome grows in size by incorporation of newly synthesized 
membrane and matrix constituents until they reach their mature size. Subsequently, 
this organelle divides, a process that involves three consecutive steps, namely 
elongation, constriction and the actual membrane scission step [6,7]. 

It has been suggested that peroxisomes divide asymmetrically [8], resulting in 
larger, mature mother organelles in conjunction with smaller daughter peroxisomes. 
The smaller organelles would subsequently be the major targets for incorporation of 
newly synthesized peroxisomal components and hence represent nascent organelles 
[9]. The implication of the above growth and fission model is that it leads to a 
heterogeneous population of peroxisomes within one cell with respect to the ‘age’ 
of their constituents. 

Here we studied the heterogeneity of peroxisomes in S. cerevisiae using 
fluorescence microscopy approaches. Our data indicate that within one cell 
peroxisomes differ with respect to the age of their matrix protein content. In addition, 
we show that Pex14, a protein of the peroxisomal importomer, is predominantly 
sorted and localized to nascent organelles, whereas Pex3, a protein involved in 
membrane biogenesis, is present on all peroxisomes. 
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Results and discussion

Yeast cells contain a heterogeneous population of peroxisomes
To determine the relative age of the peroxisomal matrix content, we used a fusion 
protein consisting of DsRed1 and superfolder GFP (sfGFP) with a peroxisomal 
targeting signal (-SKL) at its C-terminus (Fig. 1A) (Khmelinskii et al., 2012). The 
gene encoding this fusion protein was placed under control of the constitutive 
THD3 promoter. DsRed1 has a very long maturation time (half-life of approximately 
11 hours (Campbell et al., 2002)), whereas sfGFP maturation takes only a few minutes 
[10]. Upon import of this fusion protein into peroxisomes all organelles will show 
green fluorescence, whereas only the ones with a relatively old matrix protein 
content will be red fluorescent as well. 

The fluorescence intensity ratio of DsRed1/sfGFP can serve as a measure of the 
age of the peroxisomal matrix protein content. If peroxisomes divide symmetrically 
resulting in daughter organelles that have a similar capacity to import matrix proteins, 
all organelles within one cell are expected to show a similar ratio of green and red 
fluorescence (Fig. 1B). However, if the organelles divide asymmetrically and the 
resulting smaller daughter organelle has a higher capacity of matrix protein import, 
a heterogeneous population will be formed, with a large variety in DsRed1/sfGFP 
intensity ratio’s (Fig. 1B).

As shown in Fig. 1 C fluorescence microscopy analysis revealed multiple green 
fluorescent spots per cell in conjunction with only a subset of organelles that showed 
bright red fluorescence as well (Fig. 1C). Quantification of the fluorescence intensity 
ratios of individual peroxisomes revealed a large heterogeneity ranging from 0.07 to 
almost 2 (Fig. 1D). As expected an increase in DsRed1/sfGFP fluorescence intensity 
ratio on individual peroxisomes correlates with a higher DsRed1 fluorescence 
intensity (Fig. 1E). Herewith we establish that the peroxisomal population in yeast 
is heterogeneous in with respect to the age of the matrix content. 

Peroxisomes vary in their capacity to import newly synthesized 
matrix proteins
To test whether the population of peroxisomes is also heterogeneous with respect 
to their capacity to import newly synthesized matrix proteins, we introduced a 
plasmid encoding GFP-SKL under control of a doxycycline regulatable promoter 
in cells constitutively synthesizing DsRed1-SKL, to mark organelles that contain a 
relatively old matrix content. 

At different time points after induction of GFP-SKL expression cells were analyzed 
by fluorescence microscopy. A few hours after the start of the induction, total GFP 
fluorescence intensities in the cells were very variable (no fluorescence to very high 
levels) (Fig. S1). In cells with the highest GFP levels, GFP fluorescence was present 
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Figure 1. Heterogeneity of peroxisomes. (A) Schematic representation of the peroxisomal tandem fluorescent 

protein containing slow maturing DsRed1 and fast maturing sfGFP. (B) Hypothetical models of three possible 

modes of peroxisome proliferation and the corresponding distribution of new and old matrix proteins. Dark 

green represents new matrix protein, yellow is old matrix protein. The thickness of the green arrows represents 

the extent of matrix protein import into peroxisomes. (C) Image of yeast cells producing the DsRed1-sfGFP-

SKL fusion protein grown for 16 h on mineral medium. All organelles show green fluorescence, whereas only a 

subset contains red fluorescence as well (Scale bar – 5 μm). (D) Fluorescence intensity ratio’s of DsRed1 and 

sfGFP on individual peroxisomes. Fluorescence intensity of sfGFP (or DsRed1) on each peroxisome was 

normalized to the total intensity of sfGFP (or DsRed1) in that cell. (E) DsRed1/sfGFP ratio vs. total intensity of 

DsRed1.  

Figure 1. Heterogeneity of peroxisomes. (A) Schematic representation of the peroxisomal 
tandem fluorescent protein containing slow maturing DsRed1 and fast maturing sfGFP. 
(B) Hypothetical models of three possible modes of peroxisome proliferation and the cor-
responding distribution of new and old matrix proteins. Dark green represents new matrix 
protein, yellow is old matrix protein. The thickness of the green arrows represents the extent 
of matrix protein import into peroxisomes. (C) Image of yeast cells producing the DsRed1-
sfGFP-SKL fusion protein grown for 16 h on mineral medium. All organelles show green fluo-
rescence, whereas only a subset contains red fluorescence as well (Scale bar – 5 μm). (D) Flu-
orescence intensity ratio’s of DsRed1 and sfGFP on individual peroxisomes. Fluorescence 
intensity of sfGFP (or DsRed1) on each peroxisome was normalized to the total intensity of 
sfGFP (or DsRed1) in that cell. (E) DsRed1/sfGFP ratio vs. total intensity of DsRed1. 
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Figure 2. Distribution and sorting of Pex14 and Pex3. (A) Fluorescence microscopy image of cell producing  

GFP-SKL under control of a doxycycline-inducible promoter and DsRed1-SKL under control of the constitutive 

promoterTDH3, 4 h after the start of GFP-SKL induction. (B) Yeast cells producing Pex14-GFP under control of 

its own promoter and DsRed1-SKL under control of the TDH3 promoter. (C) Fluorescence microscopy image of 

cells containing PEX14-sfGFP under control of a doxycycline-inducible promoter and DsRed1-SKL under 

control of the constitutive promoter TDH3. The image was taken 3 h after the start of Pex14-sfGFP induction. 

(D) Cells containing PEX3-sfGFP under control of a doxycycline-inducible promoter and DsRed1-SKL under 

control of the constitutive promoter TDH3. The image was prepared  3 h after the start of Pex3-sfGFP induction.  

(E) Yeast cells producing Pex3-GFP under control of its own promoter and DsRed1-SKL under control of the

TDH3 promoter. (Scale bar= 5 μm).  

Figure 2. Distribution and sorting of Pex14 and Pex3. (A) Fluorescence microscopy image of 
cell producing  GFP-SKL under control of a doxycycline-inducible promoter and DsRed1-SKL 
under control of the constitutive promoterTDH3, 4 h after the start of GFP-SKL induction. (B) 
Yeast cells producing Pex14-GFP under control of its own promoter and DsRed1-SKL under 
control of the TDH3 promoter. (C) Fluorescence microscopy image of cells containing PEX14-
sfGFP under control of a doxycycline-inducible promoter and DsRed1-SKL under control of 
the constitutive promoter TDH3. The image was taken 3 h after the start of Pex14-sfGFP 
induction. (D) Cells containing PEX3-sfGFP under control of a doxycycline-inducible promoter 
and DsRed1-SKL under control of the constitutive promoter TDH3. The image was prepared  
3 h after the start of Pex3-sfGFP induction.  (E) Yeast cells producing Pex3-GFP under control 
of its own promoter and DsRed1-SKL under control of the TDH3 promoter. (Scale bar= 5 μm). 
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in all peroxisomes indicating that all peroxisomes are capable to import GFP-SKL. 
However, in cells that showed relatively low total GFP fluorescence (Fig. 2A), we 
observed that the peroxisomes with the highest DsRed1 intensity showed low 
GFP fluorescence, whereas the brightest green spots usually contained relatively 
low red fluorescence (Fig 2A). These data suggests that the organelles with higher 
DsRed1 fluorescence are capable to import matrix proteins, but are less efficient 
in importing newly synthesized matrix proteins, relative to those that have low or 
no DsRed1 fluorescence. This result is in line with the hypothesis that cells contain 
younger, nascent organelles in conjunction with older, mature ones (in line with the 
model of asymmetric fission in Fig. 1B). Moreover, it confirms earlier observations 
in the yeast Hansenula polymorpha [9].

Pex14 protein levels are reduced on mature peroxisomes
Next we asked whether Pex14, a PMP of the importomer, was equally distributed 
over the heterogeneous population of organelles. To that end, we introduced a 
fusion gene encoding Pex14-GFP under control of its endogenous promoter in cells 
that produced DsRed1-SKL. Fluorescence microscopy indicated that Pex14 was 
enriched on peroxisomes with relatively low DsRed1 intensities, whereas organelles 
displaying a relatively high DsRed1 signals showed very low Pex14-GFP fluorescence 
(Fig 2B). A similar finding was previously reported in aged mammalian cells [11], 
which suggests selective localization of Pex14 may be conserved across species.

Next we examined why Pex14 is enriched on organelles with relatively low 
DsRed1 fluorescence signal. To study this we placed a Pex14-sfGFP fusion protein 
under control of a doxycycline regulatable promoter in a strain constitutively 
producing DsRed1-SKL. Fluorescence microscopy revealed that the first Pex14-sfGFP 
fluorescence appeared at only a subset of peroxisomes (Fig. 2C), which showed 
relatively low or no DsRed1 fluorescence, whereas peroxisomes with relatively high 
DsRed1 fluorescence did not incorporate newly synthesized Pex14. 

To test whether this behavior is a common feature of PMP’s, we also analyzed 
the localization (Fig. 2D) and sorting (Fig. 2E) of Pex3 to peroxisomes in DsRed1-SKL 
producing cells. These experiments revealed that Pex3, produced under control 
of its own promoter was equally localized to all peroxisomes. Also shortly upon 
induction of Pex3 produced under control of a doxycycline inducible protein, Pex3-
sfGFP localized to all peroxisomes in the cell irrespective of the intensity of DsRed1 
fluorescence (Fig 2E). This finding is in line with previous reports which revealed 
that newly synthesized Pex3 sorts to all pre-existing organelles in S. cerevisiae [7,12].

Summarizing, our results suggest that newly synthesized Pex14 is preferentially 
targeted towards organelles enriched in newly synthesized matrix marker protein, 
i.e. the nascent peroxisomes, explaining their higher capacity of importing 
matrix proteins. Notably, Pex3 behaves differently and sorts to all pre-existing 
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organelles, including the organelles with relatively old matrix content, the presumed 
mature organelles. 

Mature peroxisomes are retained by the mother cell, whereas 
nascent ones segregate to the bud
Next we investigated the fate of nascent and mature organelles during yeast budding. 
For this purpose, we used a strain constitutively producing DsRed1-sfGFP-SKL 
(see Fig. 1A).  Fluorescence microscopy revealed that peroxisomes with high red 
fluorescence were generally localized in the mother cells, whereas organelles that 
showed only green fluorescence were more abundant in the buds (Fig. 3A). This was 
confirmed by quantitative analysis of fluorescence intensities of individual peroxisomes 
in budding cells, which revealed that peroxisomes in mother cells showed a significantly 
higher DsRed1 to sfGFP ratio relatively to those present in developing buds (Fig. 3B). 
Furthermore, the fluorescence intensity ratio of total cellular DsRed1 to sfGFP was also 
higher in the mother cells relative to the buds confirming that organelles with older 
peroxisomal matrix proteins are preferentially retained in the mother cells (Fig. 3C). 

S. cerevisiae mother cells typically produce approximately 25 buds before they 
die. Using a recently developed microfluidics device [13], we checked whether the 
observed asymmetry in peroxisome inheritance was maintained during multiple 
consecutive budding events of an individual mother cell. As shown in Fig. 3D, during 
21 consecutive budding events peroxisomes with relatively high DsRed1 fluorescence 
were always retained by the mother cell, whereas the daughter cells inherited 
peroxisomes with relatively low DsRed1 fluorescence (Fig. 3D). This suggests that 
inheritance of nascent peroxisomes to yeast buds is carefully controlled during the 
entire replicative lifespan of yeast mother cells. 

Inp1 is a PMP that plays a role in peroxisome retention, whereas Inp2 is required 
to transport peroxisomes to the yeast bud via actin filaments. Localisation of both 
proteins in cells of DsRed1-SKL producing strains revealed that Inp1 was mainly 
present on peroxisomes with relatively high DsRed1 intensities in mother cells 
(Fig. 3E), whereas Inp2 was enriched in daughter cells on peroxisomes with low 
DsRed1 fluorescence (Fig. 3F). Inp1 was generally present on organelles in the 
mother cell, whereas Inp2 was mainly  observed on the organelles present in the 
bud. These results suggest that during yeast budding Inp1 and Inp2 selectively 
associate with mature and nascent organelles, respectively. 

Interfering in normal peroxisome partitioning during yeast budding 
affects the replicative lifespan
In order to test the physiological relevance of the careful partitioning of mature and 
nascent organelles over mother and daughter cells, we finally analyzed whether 
interfering in this process would affect the replicative lifespan of the mother cells.
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Figure 3. Peroxisome inheritance. (A) Peroxisomes marked with the fusion protein 
DsRed1-sfGFP-SKL in budding S. cerevisiae cells (Scale bar = 5 μm). (B) The box plot 
shows the DsRed1/sfGFP ratio for individual peroxisomes in mother cells and buds 
(Number of cells at anaphase analyzed = 47). (C) Box plot showing ratio of total cellular 
DsRed1/sfGFP in mother cells and buds. The fluorescence intensity of sfGFP or DsRed1 
on each peroxisome was normalized to the total intensity of sfGFP or DsRed1 in that cell. 
Statistical analysis was performed by student’s t-test *= p < 0.0001. (D) Single cell analysis 
of peroxisome inheritance for 21 consecutive cell divisions using a microfluidics chip. 
Each image shows peroxisome distribution during one budding event. Numbers above 
images indicate the cell division number. Time-lapse movie was acquired using CLSM. (E) 
Fluorescence microscopy image showing the distribution of Inp1-GFP on peroxisomes 
marked with DsRed1-SKL (Scale bar = 5 μm). (F) Fluorescence microscopy images showing 
the distribution of Inp2-GFP on peroxisomes marked with DsRed1-SKL (Scale bar = 5 μm).
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First, our studies revealed that intact peroxisomes are important for yeast 
replicative lifespan, because pex3 cells, which lack functional peroxisomes, show a 
reduced replicative lifespan relative to wild-type controls (Fig. 4A; mean replicative 
lifespan of pex3 cells is 20.4 relative to 25.7 for the wild-type control).

Next we analysed inp1 and inp2 mutant strains. In cells lacking INP1, all 
peroxisomes are transported to the developing buds leaving mother cells devoid 
of peroxisomes (Fig. S2). Deletion of INP2 results in the retention of all organelles 
in the mother cell and the formation of buds without peroxisomes (Fig. S2). As 
shown in Fig. 4B, the replicative lifespan of inp1 cells is reduced relative to the 
wild-type control, whereas that of inp2 cells is enhanced. Obviously the loss of all 
peroxisomes in inp1 mother cells decreases the lifespan of these cells, however, 
our data suggest that the retention of all organelles in the mother cells positively 
affects its replicative lifespan. 

Figure 4. PEX3 and INP1 deletion reduces yeast replicative lifespan. Replicative lifespan 
of wild-type (A), pex3 (A), inp1 (B) and inp2  (B) cells. Replicative lifespan was measured 
using a microfluidics device. Mean RLS for wild-type 25.7, for pex3 20.4, for inp1 22.1 and 
for inp2 28.9. Number of cells counted (n) = 144 for wild-type, 166 for pex3, 192 for inp1 
and 145 for inp2.
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Conclusions 

Here we show that S. cerevisiae cells contain a heterogeneous population of peroxisomes with 

respect to matrix and membrane protein sorting as well as organelle inheritance.  

The observed heterogeneity is in line with a model that peroxisomes divide asymmetrically in 

conjunction with selective matrix protein import in the smaller organelle.  

Previously, it was shown that H. polymorpha [9] and mammalian cells [11] contain a 

heterogeneous population of peroxisomes with respect to matrix protein content and capacity 

to import matrix protein. We here show that in S. cerevisiae the reduced import capacity of 

mature organelles is most likely caused by the reduced presence of the peroxisomal 

translocon. This is achieved by the preferential sorting of Pex14 to nascent organelles. In 

addition, Pex14 may be removed from mature organelles, e.g. by the ubiquitin proteasome 
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Conclusions

Here we show that S. cerevisiae cells contain a heterogeneous population of 
peroxisomes with respect to matrix and membrane protein sorting as well as 
organelle inheritance. 

The observed heterogeneity is in line with a model that peroxisomes divide 
asymmetrically in conjunction with selective matrix protein import in the smaller 
organelle. 

Previously, it was shown that H. polymorpha [9] and mammalian cells [11] contain 
a heterogeneous population of peroxisomes with respect to matrix protein content 
and capacity to import matrix protein. We here show that in S. cerevisiae the reduced 
import capacity of mature organelles is most likely caused by the reduced presence 
of the peroxisomal translocon. This is achieved by the preferential sorting of Pex14 
to nascent organelles. In addition, Pex14 may be removed from mature organelles, 
e.g. by the ubiquitin proteasome system. Indeed ubiquitinated peptides of Pex14 
have been detected in large-scale proteomics analyses [14–16]. This process may 
serve as a control mechanism to regulate peroxisomal matrix protein import. Hence 
by reducing import in mature peroxisomes and enhancing the efficiency of protein 
import of nascent organelles, mixing of newly synthesized proteins with the older, 
possibly damaged content of mature organelles is prevented. 

Interestingly, we found that Pex14 is preferentially sorted to the newer organelles. 
This observation is of physiological significance because higher levels of Pex14 will 
stimulate import of matrix proteins in nascent organelles. However, this selective 
sorting does not apply for Pex3, which was sorted to both mature and nascent 
peroxisomes. The differences in sorting patterns of PMPs suggest that multiple 
PMP targeting pathways exist.

Our data show that there is a clear difference in distribution of nascent and 
mature peroxisomes over mother and daughter cells. This heterogeneity is achieved 
by the selective distribution of the peroxisome inheritance proteins, Inp1 and Inp2 
[17,18], on these peroxisomes. We observed that Inp1 levels are higher on older 
peroxisomes and these are mainly present in the mother cells. An enhanced level 
of Inp1 on older peroxisomes will enable effective retention of these organelles 
in the mother cells by not allowing their transfer to the daughter cell. In contrast, 
the presence of Inp2 on the nascent organelles will preferentially transfer these 
peroxisomes to the bud. This asymmetry may prevent transfer of damaged, mature 
organelle to newly formed buds. The mechanisms which Inp1 and Inp2 associate to 
the nascent and mature organelles remains elusive. 

It has been suggested that in S. cerevisiae peroxisomes are not important when 
cells are grown on glucose. Although these organelles seem dispensable on glucose 
(as pex mutants still are capable to grown on glucose), our data shows that pex3 
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cells, which do not contain functional peroxisomes, have a shorter replicative life 
span relative to wild type controls. Similarly, the cells of an INP1 deficient strain, 
which are unable to retain peroxisomes in the mother cells, also showed a reduced 
replicative lifespan. This finding underscores there is a physiological function of 
peroxisomes during growth of cells on glucose. The finding that retention of all 
peroxisomes in mother cells of the inp2 strain has a positive effect on yeast RLS 
further supports this conclusion. The positive effects of INP2 deletion on the RLS 
may be due to the presence of more nascent organelles in the mother or just a 
higher cellular abundance of peroxisomes. 

Material and methods

Strains and growth conditions
The S. cerevisiae strains used in this study are listed in Table 1. Cells were grown at 
30°C on mineral medium (MM; van Dijken et al., 1976) containing 0.25% ammonium 
sulfate and 2% glucose. MM was supplemented with the required amino acids or 
uracil to a final concentration of 20 μg/ml (histidine and methionine) or 30 μg/ml 
(leucine, lysine and uracil). For growth on agar plates, YPD medium (1% yeast 
extract, 1% peptone, 1% glucose) was supplemented with 2% agar. For selection of 
zeocin or nourseothricin resistant transformant, YPD plates containing 200 µg/ml 
zeocin (Invitrogen) or 100 µg/ml nourseothricin (WERNER BioAgents) were used. 
To select transformants based on amino acid prototrophy yeast nitrogen base 
without amino acids (YNB; Difco; BD) plates containing 1% glucose and 2 % agar 
were used with the appropriate amino acids. For cloning purposes Escherichia coli 
DH5α was used, which was cultured at 30°C on LB medium supplemented with the 
appropriate antibiotics. 

Construction of S. cerevisiae strains
Yeast strains, plasmids and primers used in this study are listed in Tables 1, 2 and 
3 respectively.  

To construct pSAN02, DsRED1 was amplified from pYM35 [21] using primers 
DsRED1-Fw and DsRed1-Rev, and after BamHI/HindIII digestion cloned into pSL34 
[20], resulting in plasmid pPMET25-DsRed1-SKL. Subsequently, DsRed1-SKL was 
amplified from pPMET25-DsRed1-SKL using primers DsRED1-1 and DsRED1-2 and 
after HindIII/SalI digestion cloned into pHIPN4 [22] resulting in plasmid pHIPN4-
DsRed1-SKL. The TDH3 promoter was amplified from S. cerevisiae genomic DNA 
using primers TDH3-4 and TDH3-5, and after NotI/HindIII digestion cloned into 
pHIPN4-DsRed1-SKL, which resulted in plasmid pPTDH3-DsRed1-SKL (pSAN02). 
pSAN02 was linearized using MfeI and integrated in the THD3 promoter region of 
the S. cerevisiae genome. 
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For the construction of a plasmid encoding a fusion protein of DsRed1 and sfGFP 
containing the PTS1 sequence –SKL at the extreme C-terminus first an mCherry-
sfGFP fragment was amplified from pMaM17 [23] using primer pair MC.sfGFP-Fw/
MC.sfGFP-Rev. This PCR fragment was digested with AatII/XhoI and cloned in pSL33 
resulting in plasmid pPMET25-mCherry-sfGFP-SKL. From this plasmid an mCherry-
sfGFP-SKL fragment was amplified using primers pair MC.sfGFP-1/ MC.sfGFP-2 
and a HindIII/SalI fragment was cloned into pHIPZ4 [24] resulting in pHIPZ-mCherry-
sfGFP-SKL. The DsRed1 was amplified from pYM35 using DsRed1.HindIII_F and 
DsRED2.OL, and sfGFP-SKL was amplified from pHIPZ-mCherry-sfGFP-SKL using 
primers sfGFP.DsRED1.OL and sfGFP_R. Both fragments were joined together by 
overlap PCR and HindIII/SalI fragment was cloned in pSAN02 resulting in plasmid 
pPTDH3-DsRed1-sfGFP-SKL (pSAN03). Plasmid pSAN03 was linearized by restriction 
enzyme MfeI and integrated into S. cerevisaie genome. 

To construct pSL33, the PMET25-DsRed-SKL-tcyc1 fragment was amplified from 
pUG34-DsRed-SKL [25] using 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 [26] using primer 

Table 1. Yeast strains used in this study 

Strains Description Reference

WT BY4742 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 Euroscarf

WT. DsRed1-SKL BY4742::PTDH3.DsRed1-SKL/NatR This study

WT. DsRed1-sfGFP-SKL BY4742::PTDH3.DsRed1-sfGFP-SKL/NatR This study

Pex14-GFP.DsRed1-SKL BY4741::PTDH3.DsRed1-SKL/NatR This study

Pex3-GFP. DsRed1-SKL BY4741:: PTDH3.DsRed1-SKL/NatR This study

DsRed1-SKL. GFP-SKL BY4742::PTDH3.DsRed1-SKL/NatR pCM189-GFP-SKL URA3 This study

DsRed1-SKL. 
Pex14-sfGFP

BY4742::PTDH3.DsRed1-SKL/NatR pCM189-Pex14-sfGFP 
URA3

This study

DsRed1-SKL. 
Pex3-sfGFP

BY4742::PTDH3.DsRed1-SKL/NatR pCM189-Pex3-sfGFP 
URA3

This study

Inp1-GFP. DsRed1-SKL BY4741 PTDH3.DsRed1-SKL/NatR This study

Inp2-GFP. DsRed1-SKL BY4741 PTDH3.DsRed1-SKL/NatR This study

WT. GFP.SKL BY4742 pMET25-GFP.SKL/ZeoR [20]

inp1.GFP-SKL BY4742, inp1::KanMX4. pSL34/ZeoR This study

inp2.GFP-SKL BY4742, inp2::KanMX4. pSL34/ZeoR This study

pex3 BY4742 pex3::KanMX4 Euroscarf 

inp1 BY4742 pex5::KanMX4 Euroscarf 

inp2 BY4742 pex6::KanMX4 Euroscarf 
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pair Nat1.1/Nat1.2 and after digestion with SacII/KpnI the fragment was cloned into 
pSL32 that resulted in pSL33.

Construction of doxycycline inducible plasmids
All doxycycline inducible plasmids are derivatives of pCM189 [27]. To construct 
pCM198-GFP-SKL, a fragment of 1133 bp encoding GFP-SKL and containing the 
CYC1 terminator was obtained from pSL34 after digestion with NotI/BamHI, and 
this fragment was cloned into pCM189.

To obtain plasmid pCM189-PEX3-sfGFP, the gene encoding sfGFP was amplified 
from pMaM17 with primer pair PEX3.OL-1/sfGFP.R_NotI, and PEX3 was amplified 
from genomic DNA using primers PEX3.BamHI-F and PEX3.OL-2. Both fragments 
were combined together by overlap PCR and after restriction digestion with NotI/
BamHI this fragment was cloned into pCM189. This plasmid was sequenced to 
exclude the presence of errors.

Table 2. Plasmids used in this study

Plasmids Description Reference

pSAN02 DsRed1-SKL under control of THD3 promoter, natR This study

pSAN03 DsRed1-sfGFP-SKL under THD3 promoter, natR This study

pCM189 Doxycycline inducible plasmid, CEN, URA3 [27]

pCM189-GFP-SKL GFP-SKL under doxycycline control, CEN, URA3 This study

pCM189-PEX3-sfGFP Pex3-sfGFP under doxycycline control, CEN, URA3 This study

pCM189-PEX14-sfGFP Pex14-sfGFP under doxycycline control, CEN, URA3 This study

pYM35 DsRed1, kanMX4 [21]

pPMET25-DsRed1-SKL DsRed1-SKL under control of MET25 promoter This study

pHIPN4 Plasmid containing Nourseothricin resistance gene [22]

pHIPN4-DsRed1-SKL pHIPN4 containing DsRed1-SKL This study

pMaM17 Plasmid containing mCherry-sfGFP [23]

pSL33 DsRed-SKL under control of MET25 promoter, natR This study

pSL34 GFP-SKL under control of MET25 promoter zeoR [20]

pPMET25-mCherry-sfGFP-SKL mCherry-sfGFP-SKL under control of MET25 
promoter

This study

pHIPZ4 Plasmid containing Zeocin resistance gene [24]

pHIPZ-mCherry-sfGFP-SKL pHIPZ4 containing mCherry-sfGFP-SKL This study

pUG34-DsRed-SKL DsRed-SKL under control of MET25 promoter, CEN, 
HIS3

[25]

pBSII KS+ ampR, pUG6 origin of replication Stratagene

pSL32 pBSII KS+  containing DsRed-SKL This study

pAG25 natR , ampR, integrative plasmid [26]
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To construct pCM189-PEX14-sfGFP, sfGFP was amplified from pMaM17 with 
primer pair PEX14.OL-1/sfGFP.R_NotI, and PEX14 was amplified from genomic DNA 
using primers PEX14.BamHI-F and PEX14.OL-2. Both fragments were combined 
together by overlap PCR and after restriction digestion with NotI/BamHI this 
fragment was cloned into pCM189. This plasmid was sequenced to exclude the 
presence of errors.

Fluorescence microscopy
All fluorescence images were acquired using a 100x 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 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 fluorescence was visualized with a 546⁄12-nm bandpass excitation filter, 
a 560-nm dichromatic mirror, and a 575–640-nm bandpass emission filter.

Confocal images were acquired with a confocal microscope (LSM510; Carl Zeiss) 
equipped with photomultiplier tubes (Hamamatsu Photonics) and Zen 2009 software 
(Carl Zeiss).GFP fluorescence was visualized by excitation with 488-nm argon ion 
laser (Lasos), and emission was detected using a 500-550-nm band-pass 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 performed using ImageJ software. For quantification, 
fluorescence intensity of sfGFP or DsRed1 on each peroxisome was measured by 
ImageJ and corrected for the background intensity. Fluorescence intensity of sfGFP 
and DsRed1 on individual peroxisome was normalized to the total intensity of sfGFP 
and DsRed1 in the cell before calculating DsRed1/sfGFP ratio. 

To study peroxisome inheritance a single cell microfluidic dissection device was 
used with a constant supply of mineral medium. Time-lapse images were acquired 
using the confocal microscope LSM510. The objective and microfluidic dissection 
device was placed at 30oC.

Replicative lifespan analysis
The replicative lifespan of yeast strains were measured using a microfluidics 
dissection device [13] at 30°C . Mineral medium supplemented with 2% glucose 
and appropriate amino acids (without yeast extract) was supplied with a flow rate of 
5-7 µl/min throughout the experiment. Time-lapse bright field images were acquired 
every 30 min using a wide field inverted microscope (Observer Z1; Carl Zeiss). The 
number of buds produced by each cell was counted and RLS curve was obtained 
using Kaplan-Meier analysis.
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Table 3. primers used in this study

Primers Sequence

DsRED1-Fw CAATGGATCCCTGGTGCTGGTGCTGGAGCA

DsRED1-Rev GTTAAGCTTCTAGAGTTTTGACAGGAACAGGTGGTGGCGGC

DsRED1-1 CTAAAGCTTATGGTGCGCTCCTCCAAGAAC

DsRED1-2 CATGTCGACCTAGAGTTTTGACAGGAACA

TDH3-4 GATGCGGCCGCCACGCTTTTTCAGTTCGAGT

TDH3-5 CATAAGCTTTTTGTTTGTTTATGTGTGTTTAT

MC.sfGFP-Fw CAAGACGTCTTCGTACGCTGCAGGTCGAC

MC.sfGFP-Rev GTTCTCGAGCTAGAGTTTTGAGGATCCCTTATAAAGCTCGT

MC.sfGFP-1 CATGTCGACCGAGCTAGAGTTTTGAGGAT

MC.sfGFP-2 GATAAGCTTATGGTGAGCAAGGGCGAGGA

DsRed1.HindIII_F CGCGCGAAGCTTATGGTGCGCTCCTCCAAG

DsRED2.OL GCACCTGCTCCGTCGAGCAGGAACAGGTGGTGGCG

sfGFP.DsRED1.OL CGCCACCACCTGTTCCTGCTCGACGGAGCAGGTGC

sfGFP_R ATCGATCCTCTAGAGTCGAC

PEX3.OL-1 GCTCGTTTTCCTTCAAGCCTATGTCCAAGGGTGAAGAG

sfGFP.R_NotI CCGATGCGGCCGCCTCAACTTCCCTTATAAAGCTCGTCCA

PEX3.BamHI-F GCCTCGGATCCATGGCCCCAAATCAAAGATC

PEX3.OL-2 CTCTTCACCCTTGGACATAGGCTTGAAGGAAAACGAGC

PEX14.OL-1 GTCGAAGACTCCATCCCA ATGTCCAAGGGTGAAGAG

PEX14.BamHI-F GCGCTAGGATCCATGAGTGACGTGGTCAGTAA

PEX14.OL-2 CTCTTCACCCTTGGACATTGGGATGGAGTCTTCGAC

DsRed-1 CACGGTACCTAACGCCAGGGTTTTC

DsRed-2 CGCTCTAGACGCGCAATTAACCCTC

Nat1.1 GGCTCTAGACGTTAGAACGCGGCTACAAT

Nat1.2 TCTCCGCGGGCTCGTTTTCGACACTGGAT
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Supplemental figures

Figure S1. Targeting of newly synthesized matrix and membrane proteins. (A) Cells 

containing GFP-SKL under control of a doxycycline-inducible promoter and DsRed1-SKL under control of a 

constitutive promoter. (B) Cell containing PEX14-sfGFP under control of a doxycycline-inducible promoter and 

DsRed1-SKL under control of a constitutive promoter. (C) Cell containing PEX3-sfGFP under control of a 

doxycycline-inducible promoter and DsRed1-SKL under control of a constitutive promoter. (Scale bar= 5 μm).  

Figure S1. Targeting of newly synthesized matrix and membrane proteins. (A) Cells 
containing GFP-SKL under control of a doxycycline-inducible promoter and DsRed1-
SKL under control of a constitutive promoter. (B) Cell containing PEX14-sfGFP under 
control of a doxycycline-inducible promoter and DsRed1-SKL under control of a constitu-
tive promoter. (C) Cell containing PEX3-sfGFP under control of a doxycycline-inducible 
promoter and DsRed1-SKL under control of a constitutive promoter. (Scale bar= 5 μm). 
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Figure S2. Representative fluorescence microscopy images showing peroxisome inheritance 

in inp1 and inp2 cells. Peroxisomes are marked with GFP-SKL. Scale bar represents 5 μm. 

  

Figure S2. Representative fluorescence microscopy images showing peroxisome inherit-
ance in inp1 and inp2 cells. Peroxisomes are marked with GFP-SKL. Scale bar represents 
5 μm.
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Peroxisomal Gpd1 and Pnc1THREE

Abstract

Saccharomyces cerevisiae glycerol phosphate dehydrogenase 1 (Gpd1) and 
nicotinamidase (Pnc1) are two stress related enzymes that are assumed to function 
in the cytosol or nucleus, respectively. Both enzymes are however predominantly 
localized to peroxisomes at normal growth conditions but were reported to relocalize 
to the cytosol and nucleus upon exposure of cells to stress. Peroxisomal import of 
both proteins depends on the peroxisomal targeting signal 2 (PTS2) receptor Pex7. 
However, only Gpd1 contains a PTS2, whereas Pnc1 lacks a PTS consensus sequence. 

Here we show that Pnc1 physically interacts with Gpd1, which is responsible 
for piggy-back import of Pnc1 into peroxisomes. Quantitative fluorescence 
microscopy analyses revealed that the levels of both proteins strongly increased 
in both peroxisomes and in the cytosol upon exposure of cells to various stress 
conditions. We also observed enhanced cytosolic levels of the PTS2 protein 
thiolase, when produced under control of the GPD1 promoter. This suggests that 
the stress conditions may cause a reduction in the efficiency of peroxisomal matrix 
protein import.

Finally, we showed that in a constructed strain in which Pnc1 is confined to 
peroxisomes (by the artificial addition of a PTS1) the replicative lifespan of yeast is 
not affected. This suggests that Pnc1 can perform its function in replicative ageing 
inside peroxisomes.
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Introduction

Saccharomyces cerevisiae Gpd1 (Glycerol-3-phosphate dehydrogenase 1) and Pnc1 
(nicotinamidase) are stress-related proteins that are induced upon exposure of cells 
to various stress conditions [1–4].

Gpd1 is an 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 non-stressed 
conditions, Gpd1 contributes to reducing cellular DHAP levels, which prevents the 
spontaneous conversion of DHAP into methylglyoxal, a highly toxic compound that 
damages proteins and contributes to ageing [7,8]. Finally, Gpd1 can play a role in 
controlling 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]. 

Although the above functions of Gpd1 and Pnc1 are expected to take place in 
the cytosol or nucleus, respectively, both enzymes are predominantly localized to 
peroxisomes at normal growth conditions in conjunction with a minor portion to the 
cytosol and nucleus [1,11]. When Gpd1 levels are enhanced under osmotic stress 
conditions, a much higher portion of this enzyme is cytosolic and in the nucleus 
[11]. A similar response has been observed for Pnc1 [11], although another report 
indicated that Pnc1 remains mainly peroxisomal at stress conditions [1].

The peroxisomal localization 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 
levels at stress conditions were proposed to be due to decreased phosphorylation 
of these residues [11,12]. Perturbation of the subcellular localization of Gpd1 by 
interfering with organellar sorting signals did not affect the sensitivity of the cells 
to osmotic stress or their capacity to grow on oleic acid. This suggests that a 
dynamic distribution of Gpd1 over different cell compartments is not important for 
its function. However, the perturbations in localization caused reduced growth of 
cells under conditions of combined stress (oleic acid growth in the presence of high 
salt) [11]. The reasons for this growth defect remains to be elucidated.

Sequence analysis did not reveal any predicted peroxisomal targeting signals 
in Pnc1. However, sorting of Pnc1 requires the PTS2 import machinery, because 
the protein mislocalizes to the cytosol in Δpex7 cells [1]. Expression of GPD1 and 
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PNC1 is induced to the same extent at various stress conditions (Pearson correlation 
coefficient of 0.85) [11]. Moreover, computational analysis revealed that both proteins 
may form a complex [13]. If so, Pnc1 may import into peroxisomes in complex with 
Gpd1 (so called piggy-back import). 

Here we show that Pnc1 and Gpd1 indeed physically interact in vivo and that 
this allows piggy-back import of Pnc1 with Gpd1. We furthermore quantitatively 
analyzed the levels of cytosolic and peroxisomal Gpd1-GFP and Pnc1-GFP fusion 
proteins at different stress conditions using fluorescence microscopy. These studies 
revealed that upon exposure of the cells to osmotic stress both the peroxisomal 
and cytosolic levels of these proteins increased. Although we cannot exclude that 
Gpd1 import is regulated by protein phosphorylation, our data indicate that the 
appearance of cytosolic Gpd1 could also be related to inefficient peroxisomal matrix 
protein import in stressed cells.

Materials and methods

2.1. Strains and growth conditions
The S. cerevisiae strains used in this study are listed in Table 1. Yeast cells were 
grown at 30°C on mineral medium (MM; van Dijken et al., 1976) containing 0.25% 
ammonium sulfate and 2% glucose. MM was supplemented with the required amino 
acids or uracil to a final concentration of 20 μg/ml (histidine and methionine) or 
30 μg/ml (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. 

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

2.2.1. Construction of Δpnc1 and Δgpd1 strains
GPD1 was deleted in a strain producing Pnc1-GFP obtained from GFP fusion 
collection [15], by replacing the ORF with the KanMX4 gene from pUG6 [16] 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 [15],  was 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.
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Table 1. Yeast strains used in this study

Strains Description Reference

WT BY4742 MATα his3A1 leu2A0 lys2A0 ura3A0 Euroscarf

Gpd1-GFP BY4741 MATa leu2∆0 met15∆0 ura3∆0 producing Gpd1-
GFP under control of endogenous promoter

[15]

Pnc1-GFP BY4741 MATa leu2∆0 met15∆0 ura3∆0 producing Pnc1-GFP 
under control of endogenous promoter

[15]

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 leu2∆0 ura3Δ0. GPD1::KanMX4 producing 
Pnc1-GFP under control of endogenous promoter 

This study

Δpnc1.Gpd1-GFP BY4741 MATa leu2∆0 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

Δpnc1 PNC1::KanMX4 BY4742, MATα  his3A1 leu2A0 lys2A0 
ura3A0

Euroscarf 

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

Euroscarf

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

Pnc1-SKL BY4742, PNC1::KanMX4 pPNC1-SKL natR This study

NΔGpd1-mCherry.
Pnc1-SKL. GFP-SKL

BY4742, pAG25-N_del_Gpd1/natR zeoR HghMX4 
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

2.2.2 Strains producing NΔGpd1 and NΔGpd1-mCherry 
To construct a strain coding for an N-terminal truncated form of Gpd1, plasmid 
pAG25-N_del_Gpd1 was cloned and transformed into Δgpd1 strain obtained from 
Euroscarf. To this end, the GPD1 coding region +52 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/
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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 [17] resulting in plasmid pAG25-N_del_Gpd1. 
This plasmid was sequenced to exclude the presence of errors. The plasmid was 
linearized 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.

To introduce mCherry at the C-terminus of NΔGPD1, the mCherry-zeocin 
fragment was amplified from pHIPZ4-mCherry fusinator plasmid using primer pair 
GPD1.MC_F/GPD1.MC_R2. The PCR product was used to transform S. cerevisise 
competent cells and plated on YPD plates containing 200 μg ml−1 zeocin (Invitrogen). 
Positive clones were checked by colony PCR.

2.2.3. Construction of a strain producing Pnc1-SKL
To construct pPNC1-SKL, PNC1 genomic DNA starting from -418 of the start codon 
was amplified using primers PNC1.SKL_F and PNC1.SKL_R. The PCR product was 
digested with NotI/XhoI and cloned in pSL33 resulting in pPNC1-SKL, which was 
sequenced to check for errors. An EcoRV linearized fragment of pPNC1-SKL was 
used to transform S. cerevisae Δpnc1 strain obtained from Euroscarf and clones were 
selected on YPD plates containing nourseothricin. Positive clones were checked by 
colony PCR and southern blotting.

2.2.4. 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 amplified using primers 
P.SKL.F_BamHI and P.SKL.R_HindIII. The PCR product was digested with BamHI/
HindIII and cloned into pSL34 resulting into pPNC1-SKL-1. To introduce the PTS1 
sequence, the region encoding the C-terminus of 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 N∆GPD1.PNC1-SKL competent cells and transformants were selected 
on YPD plates with 200 µg ml−1 hygromycin B. Positive clones were checked by 
colony PCR.
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Table 2. Plasmids used in this study

Plasmids Description Reference

pUG6 loxP-KanMX4-loxP [16]

pSL33 Gene encoding DsRed-SKL under control of MET25 
promoter, natR

This study

pAG25 natR , ampR, integrative [17]

pAG25-N_del_
Gpd1

pAG25 containing N∆GPD1 under control of GPD1 
promoter, natR ampR

This study

pHIPZ4-mcherry pRSA01, pHIPZ4-mCherry fusionator, zeoR ampR This study

pPNC1-SKL Gene encoding Pnc1-SKL under control of PNC1 promoter, 
natR 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 [18]

pVP16-PEX3 pVP16-C containing H. polymorpha PEX3 coding region [18]

pBTM116-PEX19 pBTM116-C containing H. polymorpha PEX19 coding region [18]

pVP16-PEX19 pVP16-C containing H. polymorpha PEX19 coding region [18]

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 [19]

pHIPN-PEX14- 
mCherry

Plasmid containing C-terminal part of H. polymorpha PEX14 
fused to mCherry; natR ; ampR

[20]

pHIPZ-mGFP 
fusinator

pHIPZ plasmid containing mGFP and AMO terminator; zeoR ; 
ampR

[18]

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 [21]

pHIPN-PEX14- 
mCherry

Plasmid containing C-terminal part of H. polymorpha PEX14 
fused to mCherry; natR ; ampR

[20]

pHIPH4 Plasmid containing Klebsiella pneumoniae Hygromycin BR AmpR [22]

pCDNA3.1mCherry Plasmid containing mCherry, ampR [23]

pANL31 pHIPZ-eGFP fusionator, ampR [24]

pUG34-DsRed-SKL DsRed-SKL under control of MET25 promoter, CEN, HIS3 [25]
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2.2.5. 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 plasmid [18], which resulted in pPGPD1-Pot1-GFP. The plasmid was 
linearized by SbfI and transformed into S. cerevisiae strain producing DsRed1-SKL. 
Transformants were selected on YPD/zeocin plates and checked by colony PCR.

Table 3. Primers used in this study

Primers Sequence

GPD1F TATATTGTACACCCCCCCCCTCCACAAACACAAATATTGATAATATAAAGC 
AGCTGAAGCTTCGTACGC

GPD1R CCTCGAAAAAAGTGGGGGAAAGTATGATATGTTATCTTTCTCCAATAAAT 
GCATAGGCCACTAGTGGATCTG

PNC1F TTTTACGATTATCTATATCTTTGTTAGAAAGAATAAAATACAGTACAAAAC 
AGCTGAAGCTTCGTACGC

PNC1R CATTTGCAAGCCACCCTAGTTCATCAGGTTGAAGAAGTATTATTCAGCTC 
GCATAGGCCACTAGTGGATCTG

GPD1.OL-1 CACAAATATTGATAATATAAAGATGGGTAGAAAGAGAAGTTCCTC

GPD1.OL-1.1 CATGGATCCGACAGCCTCTGAATGAGT

GPD1.OL-2 GAGGAACTTCTCTTTCTACCCATCTTTATATTATCAATATTTGTG

GPD1.OL-2.1 CACAAGCTTCTCGGTAGATCAGGTCAGTA

GPD1.MC_F CAATGAAGAACCTGCCGGACATGATTGAAGAATTAGATCTACATGAAGA 
TGTGAGCAAGGGCGAGGAGG

GPD1.MC_R2 CCTCGAAAAAAGTGGGGGAAAGTATGATATGTTATCTTTCTCCAATAAAT 
AACGACGGCCAGTGAATTGT

PNC1.SKL_F GCATGCGGCCGCCCTACGATCCTCCTTATATGAA

PNC1.SKL_R GGATCTCGAGCTAGAGTTTTGAGTGCAGTGGTTTGTATAGTTTATCCACG 
ACATTGATGT

P.SKL.F_BamHI TTATATGGATCCGCGAGGCTGCAGTCACC

P.SKL.R_HindIII CGGCGCAAGCTTCTAGAGTTTTGAGTGCAGTGGTTTGTATAGTTTATCCA 
CGACATTGATGT

PNC1.7 CCTTCCACGACATCTGGAAC

PNC1.GFP.
SKL-2.2

CATTTGCAAGCCACCCTAGTTCATCAGGTTGAAGAAGTATTATTCAGCTC 
GTTGGCCGATTCATTAAT
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Table 3. Primers used in this study

Primers Sequence

GPD1.MC_Rev CCTCGAAAAAAGTGGGGGAAAGTATGATATGTTATCTTTCTCCAATAAAT 
CCATGATTACGCCAAGCTC

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

2.2.6. 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 [25] 
using 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. 

Construction of pPTDH3-GFP-SKL
The promoter of the TDH3 gene was amplified from S. cerevsiae 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 [21] resulting in 
pPTDH3-GFP-SKL. To mark peroxisomes with GFP-SKL, the plasmid was linearized with 
BseYI and used to transform S. cerevsiae strains, and transformants were selected 
on YND plates without leucine. Correct integration was checked by colony PCR.
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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 [22] that resulted into pARM001.

Construction of pHIPZ4-mCherry fusinator
For the construction of plasmid pHIPZ4-mCherry fusinator, a PCR fragment of 700 bp 
was obtained by primer pair RSA10fw/RSA11rev on pCDNA3.1mCherry [23]. The 
resulting BglII–SalI fragment was inserted between the BglII and SalI of pANL31 [24].

2.3. Yeast two-hybrid assay
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 was used as a positive control.

2.4. 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).

2.5. Fluorescence microscopy
All fluorescence images were acquired using a 100x 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 visualized with a 470/40-nm band 
pass excitation filter, a 495-nm dichromatic mirror, and a 525/50-nm band pass 
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emission filter. To visualize DsRed fluorescence, a 546⁄12-nm bandpass excitation 
filter, a 560-nm dichromatic mirror, and a 575–640-nm bandpass emission filter was 
used. mCherry fluorescence was visualized with a 587/25-nm band pass excitation 
filter, a 605-nm dichromatic mirror, and a 647/70-nm band-pass emission filter.

To analyze acquired fluorescence images ImageJ software (US National Institutes 
of Health, Bethesda, MD, USA) was used. For quantification, the mean fluorescence 
intensity of GFP on peroxisomes and in the cytosol was measured using ImageJ and 
corrected for the background intensity. 

2.6. Replicative lifespan analysis
The replicative lifespan of yeast strains were measured using microfluidics dissection 
device [27] at 300C. MM with 2% glucose and appropriate amino acids was supplied 
with a flow rate of 5-7 µl/min throughout the experiment. Time-lapse bright field 
images were acquired at 30 min intervals using a wild-field inverted microscope 
(Observer Z1; Carl Zeiss). The total number of buds produced by each cell was counted 
and a replicative life span (RLS) curve was prepared using Kaplan-Meier analysis.

Results

3.1. Pnc1 is targeted to peroxisomes by piggy-back import with Gpd1
Yeast two-hybrid analysis revealed that Gpd1 and Pnc1 physically interact (Fig. 1). 
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3. Results 

3.1. Pnc1 is targeted to peroxisomes by piggy-back import with Gpd1 

Yeast two-hybrid analysis revealed that Gpd1 and Pnc1 physically interact (Fig. 1).  

In order to study whether Pnc1 is sorted to peroxisomes via piggy-back import with Gpd1, we 

first tested whether the peroxisomal localization of Pnc1 depends on Gpd1. As shown in Fig. 

2AB, in wild-type cells Gpd1-GFP and Pnc1-GFP are predominantly co-localizing with the 

peroxisomal marker protein DsRed-SKL, in conjunction with low fluorescence in the cytosol. 

However, the peroxisomal localization of Pnc1-GFP is fully abolished in Δgpd1 cells (Fig. 

2C). Conversely, in Δpnc1 cells the peroxisomal localization of Gpd1-GFP was unaffected 

(Fig. 2D).  

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 (LexA-BD) in vector pBTM116-C and a 

VP16 activation domain (Vp16-AD) in vector pVP16-C. The resulting plasmids were cotransformed into S. 

cerevisiae L-40. The interaction between H. polymorpha Pex3 and Pex19 was added 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 (LexA-BD) in vector pBTM116-C and a VP16 activation domain (Vp16-AD) in 
vector pVP16-C. The resulting plasmids were cotransformed into S. cerevisiae L-40. The 
interaction between H. polymorpha Pex3 and Pex19 was added as positive control [18]. 
As negative controls, empty pVP16-C or pBTM116-C was used. HIS3 reporter gene acti-
vation was detected by analysis of growth on plates lacking histidine.
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Figure 2. The peroxisomal localization of Pnc1 depends on Gpd1. Fluorescence microscopy images showing 

the localization of Gpd1-GFP (A) and Pnc1-GFP (B) in S. cerevisiae wild-type cells producing DsRed-SKL as 

red peroxisomal matrix marker. Localization 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 localization of Pnc1 depends on Gpd1. Fluorescence microscopy 
images showing the localization of Gpd1-GFP (A) and Pnc1-GFP (B) in S. cerevisiae wild-type 
cells producing DsRed-SKL as red peroxisomal matrix marker. Localization 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.
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In order to study whether Pnc1 is sorted to peroxisomes via piggy-back import 
with Gpd1, we first tested whether the peroxisomal localization of Pnc1 depends 
on Gpd1. As shown in Fig. 2AB, in wild-type cells Gpd1-GFP and Pnc1-GFP are 
predominantly co-localizing with the peroxisomal marker protein DsRed-SKL, 
in conjunction with low fluorescence in the cytosol. However, the peroxisomal 
localization of Pnc1-GFP is fully abolished in Δgpd1 cells (Fig. 2C). Conversely, in 
Δpnc1 cells the peroxisomal localization of Gpd1-GFP was unaffected (Fig. 2D). 

Next, we tested the effect of the removal of the PTS2 from the N-terminus 
of Gpd1 (NΔGpd1-mCherry) on Gpd1-GFP and Pnc1-GFP localization. As shown 
in Fig. 2E this N-terminal truncation abolished the peroxisomal localization of 
both proteins. 

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 control 
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 became 
peroxisomal (Fig. 3B). The import of only a minor portion of NΔGpd1-mCherry is 
most likely related to the fact that Gpd1 is present in large excess relative to Pnc1 
(see below).

Figure 3. Import of Gpd1 lacking a PTS2 can be restored by co-production with Pnc1 
containing a PTS1 signal. Localization of NΔGpd1-mCherry in wild-type cells (A) or in cells 
producing Pnc1-SKL (B). Peroxisomes are marked with GFP-SKL. The scale bar represents 
5 μm.

 
 

82

Figure 3. Import of Gpd1 lacking a PTS2 can be restored by co-production with Pnc1 containing a PTS1 

signal. Localization of NΔGpd1-mCherry in wild-type cells (A) or in cells producing Pnc1-SKL (B). 

Peroxisomes are marked with GFP-SKL. The scale bar represents 5 μm. 

Next, we tested the effect of the removal of the PTS2 from the N-terminus of Gpd1 

(NΔGpd1-mCherry) on Gpd1-GFP and Pnc1-GFP localization. As shown in Fig. 2E this N-

terminal truncation abolished the peroxisomal localization of both proteins. 

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 control 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 became peroxisomal (Fig. 3B). The import of 

only a minor portion of NΔGpd1-mCherry is most likely related to the fact that Gpd1 is 

present in large excess relative to Pnc1 (see below). 

Taken together, these results strongly suggest a role for Gpd1 in the sorting of Pnc1 to 

peroxisomes.  
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Taken together, these results strongly suggest a role for Gpd1 in the sorting of 
Pnc1 to peroxisomes. 

3.2. 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 protein. To test this we analysed the 
levels of Pnc1-GFP in Δgpd1 cells and of Gpd1-GFP in Δpnc1 cells in the stationary 
(T = 0), early exponential (T = 4) and mid-exponential (T = 8h) growth phase. The 
levels of Pnc1-GFP are similar in Δgpd1 cells compared to the wild-type control 
strain (Fig. 4A). Similarly, the levels of Gpd1-GFP are not reduced in Δpnc1 cells 
(Fig. 4B). These results show that Pnc1 and Gpd1 are not required for the stability 
of each other.

3.3. Gpd1 and Pnc1 are not present at a fixed stoichiometry
Transcriptional analysis indicated that GPD1 and PNC1 expression 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 GFP fusion proteins and 
anti-GFP antibodies. Upon exposure of cells for four hours to 1 M sorbitol, 1 M NaCl 
or elevated temperature (370C), the levels of both proteins increased (Fig 5A). Next, 
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Figure 4. Gpd1 and Pnc1 do not stabilize each other. Overnight glucose cultures (0 hr) were diluted into fresh 

glucose medium and grown for 4 or 8 h. 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. 

3.2. 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 protein. To test this we analysed the levels of Pnc1-GFP in 

Δgpd1 cells and of Gpd1-GFP in Δpnc1 cells in the stationary (T = 0), early exponential (T = 

4) and mid-exponential (T = 8h) growth phase. The levels of Pnc1-GFP are similar in Δgpd1

cells compared to the wild-type control strain (Fig. 4A). Similarly, the levels of Gpd1-GFP 

are not reduced in Δpnc1 cells (Fig. 4B). These results show that Pnc1 and Gpd1 are not 

required for the stability of each other. 

Figure 4. Gpd1 and Pnc1 do not stabilize each other. Overnight glucose cultures (0 hr) 
were diluted into fresh glucose medium and grown for 4 or 8 h. 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 dehydro-
genase (G6PDH) was used as loading control.
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Figure 5. Changes in Gpd1 and Pnc1 protein levels and localization 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 hours. Cells were used that produce GFP-
fusion proteins under control of the endogenous promoter. Blots were probed with anti-
bodies against GFP. G6PDH was used as loading control. (B) Quantification of Gpd1-GFP 
and Pnc1-GFP protein levels from 3 separate blots of 2 independent experiments. Error 
bar represents standard deviation. Fluorescence microscopy images of Pnc1-GFP (C) and 
Gpd1-GFP (D) cells at control conditions (unstressed) or upon exposure to stress for 4 hours. 
Scale bar represents 5 μm. Box plot showing mean fluorescence intensity of Pnc1-GFP (E) 
and Gpd1-GFP (F) at peroxisomes or in the cytosol after 4 hours of stress. Fluorescence 
intensities were measured using ImageJ. Box represents values from 25 percentile to 75 per-
centile and the horizontal line through the box represents median. Bar represents maximum 
and minimum values. Number of peroxisomes or cytosol measured for Pnc1-GFP: Control- 
peroxisomes (per) -141, cytosol (cyto)-59; Sorbitol- per-205, cyto-76; NaCl- per- 177, cyto-57; 
Heat- per-211, cyto- 67. Number of peroxisomes or cytosol measured for Gpd1-GFP- Control- 
per-199, cyto-55; Sorbitol- per-175, cyto-49; NaCl- per- 118, cyto-44; Heat- per-184, cyto- 56. 
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Figure 5. Changes in Gpd1 and Pnc1 protein levels and localization 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 hours. Cells were used that produce GFP-fusion proteins under control of the endogenous promoter. Blots 

were probed with antibodies against GFP. G6PDH was used as loading control. (B) Quantification of Gpd1-GFP 

and Pnc1-GFP protein levels from 3 separate blots of 2 independent experiments. Error bar represents standard 

deviation. Fluorescence microscopy images of Pnc1-GFP (C) and Gpd1-GFP (D) cells at control conditions 

(unstressed) or upon exposure to stress for 4 hours. Scale bar represents 5 µm. Box plot showing mean 

fluorescence intensity of Pnc1-GFP (E) and Gpd1-GFP (F) at peroxisomes or in the cytosol after 4 hours of 

stress. Fluorescence intensities were measured using ImageJ. Box represents values from 25 percentile to 75 

percentile and the horizontal line through the box represents median. Bar represents maximum and minimum 

values. Number of peroxisomes or cytosol measured for Pnc1-GFP: Control- peroxisomes (per) -141, cytosol 

(cyto)-59; Sorbitol- per-205, cyto-76; NaCl- per- 177, cyto-57; Heat- per-211, cyto- 67. Number of peroxisomes 

or cytosol measured for Gpd1-GFP- Control- per-199, cyto-55; Sorbitol- per-175, cyto-49; NaCl- per- 118, cyto-

44; Heat- per-184, cyto- 56.  
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we quantified the levels of both proteins by densitometric scanning of the blots and 
calculated the ratios between both proteins. This revealed that the ratio between 
Gpd1 and Pnc1 was approximately 7: 1 in unstressed control cells, but increased 
considerably in stressed cells (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 with fixed ratios of both subunits. Notably, at all conditions analysed, Gpd1 
was present in large excess relative to Pnc1.

3.4. Gpd1 and Pnc1 are localized to peroxisomes and the cytosol in 
cells exposed to stress. 
We performed quantitative fluorescence microscopy to analyse the mean cytosolic 
and peroxisomal fluorescence intensities of Gpd1-GFP and Pnc1-GFP before and 
after exposure of cells to various stress conditions. Because under our experimental 
conditions we rarely observed significant accumulation of Gpd1 or Pnc1 in the 
nucleus, we did not include this in the analysis.

Our data indicate that at all three stress conditions tested (1M sorbitol, 1M NaCl, 
heat) the fluorescence intensities of peroxisomal Pnc1-GFP and Gpd1-GFP increased 
relative to the unstressed control (Fig. 5 EF). 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 1M NaCl.

The study by Jung et al [11], suggested that the localization of Gpd1 in peroxisomes is 
regulated by the phosphorylation of two serine residues adjacent to the PTS2 sequence. 
Dephosphorylated Gpd1 was proposed not to be imported, explaining the enhanced 
cytosolic Gpd1 upon exposure to stress. To test whether this increased cytosolic protein 
levels upon exposure to stress is specific for Gpd1, we performed 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 the cells to osmotic stress (Fig. 6A).

Using quantitative fluorescence microscopy, we analysed the average cytosolic 
and peroxisomal fluorescence intensities of Pot1-GFP and Gpd1-GFP before and 
after exposure of cells to different stress conditions. Our data indicate that similar 
to Gpd1-GFP the fluorescence intensity of Pot1-GFP also increased in the cytosol 
after treatment of cells with 1 M sorbitol or 1 M NaCl (Fig. 6 EF). 

3.5. Exclusively peroxisomal localization of Pnc1 does not alter 
replicative lifespan
It has been reported that the absence of PNC1 shortens the replicative lifespan (RLS) 
of yeast [1,28]. Using a microfluidics device [27] we confirmed that Δpnc1 cells have 
a shorter RLS (20.9) relative to wild-type control cells (25.9; Fig 7A). 
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Figure 6. Localization of Pot1-GFP. (A) Western blot analysis showing the levels of 
Gpd1-GFP and Pot1-GFP before and after exposure of cells to stress. G6PDH was used 
as a loading control. (B-D) Fluorescence microscopy images of cells producing Pot1-GFP 
(under control of the GPD1 promoter) and Gpd1-GFP (also under control of the GPD1 
promoter) after exposure to stress for 4 hours. (B) Unstressed cells (C) 1M sorbitol and 
(D) 1M NaCl stress. Scale bar represents 5 μm. (E) Box plot showing mean fluores-
cence intensity of Pot1-GFP and Gpd1-GFP in the cytosol. (F) Box plot showing mean 
fluorescence intensity of Pot1-GFP and Gpd1-GFP in peroxisomes. Box represents values 
from 25 percentile to 75 percentile and the horizontal line through the box represents 
median. Fluorescence intensity was measured using ImageJ. Bar represents maximum 
and minimum values.  Total count- Cytosol, Pot1-GFP - control- 29, sorbitol-42; NaCl-28; 
Cytosol, Gpd1-GFP- control- 56, sorbitol-35; NaCl-35; Peroxisomes, Pot1-GFP- control- 
123, sorbitol-142; NaCl-95; Peroxisomes, Gpd1-GFP- control- 150, sorbitol-89; NaCl-107.
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Figure 7. Sorting of Pnc1 to peroxisomes does not affect the replicative lifespan. The replicative lifespan of 

different yeast strains was measured using a microfluidics device. A constant flow of mineral medium with 2 % 

glucose was maintained throughout the experiment. (A) The RLS of wild-type (25.9, n=80) and Δpnc1 (20.9, 

n=66) cells. (B) The RLS of wild-type and Pnc1-SKL (24.8, n= 47) producing cells. n= number of cells counted. 

(C) Localization of Pnc1-GFP during replicative aging of S. cerevsiae. Fluorescence images of a Pnc1-GFP 

producing mother cell (arrow) was captured in a microfluidics device. Division number represents number of 

buds produced by the mother cell. 

Figure 7. Sorting of Pnc1 to peroxisomes does not affect the replicative lifespan. The 
replicative lifespan of different yeast strains was measured using a microfluidics device. 
A constant flow of mineral medium with 2 % glucose was maintained throughout the ex-
periment. (A) The RLS of wild-type (25.9, n=80) and Δpnc1 (20.9, n=66) cells. (B) The RLS 
of wild-type and Pnc1-SKL (24.8, n= 47) producing cells. n= number of cells counted. (C) 
Localization of Pnc1-GFP during replicative aging of S. cerevsiae. Fluorescence images of 
a Pnc1-GFP producing mother cell (arrow) was captured in a microfluidics device. Division 
number represents number of buds produced by the mother cell.

Because, Pnc1 is suggested to function in the nucleus as longevity factor [1], we 
tested whether forcing sorting of the protein to peroxisomes affects this function. 
To this end, we added a PTS1 to the C-terminus of Pnc1. As shown in Fig. 7B, the 
RLS of cells producing Pnc1-SKL was similar to that of WT control cells (24.8). 
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Finally, we checked the localization of Pnc1-GFP at different stages during 
replicative ageing. We monitored fluorescence of the Pnc1-GFP producing strain 
using the microfluidics device at different stages of the RLS. At these conditions, 
we did not observe any alteration in localization of Pnc1-GFP during replicative 
ageing (Fig. 7C). 

Discussion

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 examples of 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 subunits that still contain a PTS 
[29–31]. However, a few examples of natural piggy-back import have been reported. 
These include in mammalian cells the import of the PTS lacking Cu/Zn superoxide 
dismutase 1 (SOD1), which depends on the interaction with its PTS-containing 
chaperone [32]. In plant import of two PTS lacking subunits of heterotrimeric protein 
phosphatase depends on the PTS containing third subunit of this enzyme [33]. Here, 
we report piggy-back import of two functionally unrelated proteins, Pnc1 and Gpd1, 
to peroxisomes.

Although we observed that Pnc1 and Gpd1 interact in a two-hybrid assay, Pnc1 
and Gpd1 most likely do not form a stable complex. First, the absence of one 
protein did not affect the stability of the other. Moreover, the cellular ratio of both 
proteins is not constant. Also, we were unable to show a physical interaction between 
both proteins using pull-down or gel filtration experiments and we were unable 
to demonstrate an interaction between both proteins purified from Escherichia 
coli (data not shown). These observations imply that complex formation between 
Gpd1 and Pnc1 is very transient and possibly only required for sorting of Pnc1 
to peroxisomes. 

Our data indicate that upon exposure of cells to stress the protein levels of 
both Gpd1 and Pnc1 increase. Fluorescence microscopy analyses indicated that the 
fluorescence intensities of both Gpd1-GFP and Pnc1-GFP in peroxisomes increased. 
The increased peroxisomal Gpd1-GFP signal is in contrast to the observation of 
Jung et al, who reported that upon treatment of cells with 1 M NaCl the cytosolic 
Gpd1-GFP signal increases, concomitant with a decrease in peroxisomal signal [11]. 

At all stress conditions tested we observed an increase in the cytosolic 
fluorescence intensities of Gpd1-GFP, but not for Pnc1-GFP. This could be due to 
the higher Gpd1 protein levels obtained upon exposure of cells to stress relative to 
Pnc1 (see Western blots in Fig. 5A). Also the ratio Gpd1-Pnc1 increased upon stress, 
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making more molecules of Gpd1 available to Pnc1 for piggy-back import. Our data 
suggest that the increase in cytosolic Gpd1-GFP may be due to relatively inefficient 
peroxisomal matrix protein import in stressed cells, because also a significant 
portion of Pot1-GFP was mislocalized to the cytosol of stressed cells, when produced 
under control of the GPD1 promoter.

Finally, we show that an exclusive peroxisomal localization of Pnc1 did not 
affect the RLS of yeast cells. It was previously suggested that Pnc1 affects the 
RLS by lowering the levels of nicotinamide in the nucleus [1], which activates the 
histone deacetylase Sir2 that in turn increases lifespan. Because Sir2 functions in the 
nucleus, it was suggested that nuclear localized Pnc1 activates histone deacetylation. 
However, our results show that Pnc1 does not relocalize to the nucleus during ageing, 
but predominantly remains localized to peroxisomes. Moreover, if a small fraction 
of the protein would be localized to the nucleus (but below the limit of detection), 
forcing Pnc1 to peroxisomes should have led to a shortening of the RLS. Because 
we did not observe a change in the RLS upon the addition of a PTS1 to Pnc1, the 
nuclear localization of Pnc1 is most likely not important for its function in ageing.
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Abstract 

Background 
Chronological aging of yeast cells is commonly used as a model for aging of 
human post-mitotic cells. The yeast Saccharomyces cerevisiae grown on glucose 
in the presence of ammonium sulphate is mainly used in yeast aging research. We 
have analyzed chronological aging of the yeast Hansenula polymorpha grown at 
conditions that require primary peroxisome metabolism for growth.

Methodology/Principle Findings
The chronological lifespan of H. polymorpha is strongly enhanced when cells are 
grown on methanol or ethanol, metabolized by peroxisome enzymes, relative 
to growth on glucose that does not require peroxisomes. The short lifespan of 
H. polymorpha on glucose is mainly due to medium acidification, whereas most 
likely ROS do not play an important role. 

Growth of cells on methanol/methylamine instead of methanol/ammonium 
sulphate resulted in further lifespan enhancement. This was unrelated to medium 
acidification. We show that oxidation of methylamine by peroxisomal amine 
oxidase at carbon starvation conditions is responsible for lifespan extension. The 
methylamine oxidation product formaldehyde is further oxidized resulting in NADH 
generation, which contributes to increased ATP generation and reduction of ROS 
levels in the stationary phase. 

Conclusion/Significance
We conclude that primary peroxisome metabolism enhanced chronological lifespan 
of H. polymorpha. Moreover, the possibility to generate NADH at carbon starvation 
conditions by an organic nitrogen source supports further extension of the lifespan 
of the cell. Consequently, the interpretation of CLS analyses in yeast should include 
possible effects on the energy status of the cell.
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Introduction

Aging is a degenerative process characterized by a progressive deterioration 
of cellular components resulting in enhanced mortality. Short lived model 
organisms, such as yeast, have strongly contributed to our current understanding 
of the molecular determinants of aging [1]. In yeast, two types of lifespan can be 
discriminated, referred to as replicative lifespan (RLS) and chronological lifespan 
(CLS). RLS is defined by the number of daughter cells a mother cell can produce 
before cell division ceases [2], whereas CLS is the time cells survive in the stationary 
phase [3]. These two types of lifespan can serve as models for proliferating (mitotic) 
and non-proliferating (post-mitotic) tissues in higher eukaryotes, respectively [4]. 
Research on CLS of glucose-grown Saccharomyces cerevisiae cells have strongly 
contributed to the identification of factors that contribute to aging. Using deletion or 
overexpression strains, several proteins have been identified that either negatively or 
positively influence CLS. For instance, deletion of certain genes involved in nutrient 
adaptation response, like TOR1, lengthens the lifespan of S. cerevisiae [5,6], whereas 
the deletion of genes required for autophagy results in a reduced lifespan. In addition 
to genetic factors, also growth conditions have been shown to have major impact 
on the CLS of S. cerevisiae [7,8]. Important parameters include the composition of 
the growth medium as well as the pH [9]. Finally, the addition of various compounds 
such as spermidine, resveratrol and rapamycin were demonstrated to have a positive 
effect on the CLS of S. cerevisiae [10,11]. Both spermidine and rapamycin stimulate 
autophagy, underlining the importance of this process for longevity.

For several factors that affect aging in S. cerevisiae the molecular mechanisms 
have been elucidated in detail and shown to be conserved in higher eukaryotes. 
However, for many others the mechanisms are unclear or even highly debated.

Although S. cerevisiae is a highly attractive model organism for aging research, 
because of the unprecedented availability of tools and knowledge, this organism and 
the generally used growth substrate glucose, have also distinct disadvantages. First, 
S. cerevisiae is a Crabtree positive yeast, implying that mitochondrial respiration 
is turned down at high glucose conditions. As a result the organism shows diauxic 
growth on glucose: first glucose is consumed and converted into ethanol, followed 
by growth on ethanol. However, the metabolic intermediate ethanol (but also acetate 
that is formed as well) is an important determinant in CLS. Hence, a substrate that 
does not result in ethanol and acetate formation can have advantages in certain 
aging studies. Second, S. cerevisiae has lost several properties/genes during 
evolution that are still conserved from their common ancestor in other yeast species 
and animals. Finally, different from most yeast species, extensive gene duplication 
has occurred in S. cerevisiae, which requires the construction of double mutants in 
order to detect specific phenotypes. Indeed, the analysis of CLS in alternative yeast 

87



Extension of yeast chronological lifespan by methylamineFOUR

species, such as Candida albicans, Kluyveromyces lactis and Schizosaccharomyces 
pombe, has already been shown to contribute to the identification of universal 
molecular factors acting on aging [12]. 

In the present work, we have used the methylotrophic yeast species Hansenula 
polymorpha to study chronological aging. In contrast to S. cerevisiae, this yeast 
is Crabtree negative. This yeast also is capable to metabolize a range of carbon 
(e.g. methanol and ethanol) and organic nitrogen sources (primary amines, D-amino 
acids) that all require peroxisome function for growth which have not been analyzed 
in CLS studies before. Our data indicate that utilization of these compounds (ethanol, 
methanol, D-alanine, methylamine) results in enhanced CLS relative to glucose/
ammonium sulphate.

Material and Methods

Strain and growth conditions 
H. polymorpha NCYC495 leu1.1, an amine oxidase deletion strain derived from this 
wild-type strain and atg1 [13] were used throughout this study. Yeast cells were grown 
at 37°C on mineral medium (MM) [14] supplemented with different carbon sources 
(0.5% glucose, 0.5% methanol and 0.35% ethanol) and nitrogen sources (0.0025%, 
0.25% MA and 0.33% D-alanine), unless stated otherwise. Leucine was added to a 
final concentration of 30 μg/ml. For viability determination cells were plated on YPD 
agar plates containing 1% yeast extract, 1% peptone, 1% glucose and 2% agar. For 
cloning purposes, E. coli DH5α was used; cells were grown at 37°C on LB media 
supplemented with 100 μg/ml ampicillin or 50 μg/ml kanamycin when required. 

Chronological lifespan measurements
Yeast cells from fresh YPD plates were inoculated into MM supplemented with 0.5% 
glucose and 0.25% ammonium sulfate and grown overnight. Overnight cultures 
were diluted to an OD600 nm of 0.1 in the same medium and grown till OD600 nm of 1.0 
and again diluted 1/10 to the same medium. When the cultures reached an OD600 

nm of 1.5, cells were transferred to MM supplemented with different carbon and 
nitrogen sources at a start OD of 0.1. CLS measurements were started when the 
culture reached the stationary phase (16 h on glucose and 40 h on methanol and 
ethanol containing media) and was referred as day 1. Cells were kept in the spent 
medium except for the experiments shown in Fig. 1B, where stationary phase cells 
were collected by centrifugation and resuspended in 25 mM phosphate buffer pH 
6.0. For viability assays, the number of cells per ml was determined using CASY® 

Model TT (Roche Applied Science). 500 cells were plated on YPD agar plates and 
incubated at 37°C until colonies appeared. The lifespan curves shown represent the 
average of 4–6 experiments.
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ROS measurements
ROS accumulation, mainly peroxides and peroxinitrites, was measured with 
dihydrorhodamine 123 (DHR, Invitrogen). 107 cells were stained with 20 µg/ml DHR 
for 30 minutes. Mean of fluorescence was measured using a FACS Aria II Cell sorter 
(BD Biosciences) equipped with a 488 nm laser and 530/30 nm band-pass filter. 
FACSDiva software version 6.1.2 was used for data acquisition and analysis. 

Construction of Hansenula polymorpha Δamo mutant
The Δamo strain was constructed by replacing the genomic region of AMO comprising 
nucleotides + 103 to +1925 by the hygromycin B resistance gene, HphMX4 in the 
wild-type cells. Two DNA fragments from -515 to +102 and +1926 to +2412 of 
the AMO genomic region were amplified by PCR using primers 5’Amo-FP (5’-GG
GGACAACTTTGTATAGAAAAGTTGCTCAGCTTGGTGAGCACCTTCT-3’)/5’Amo-
RP (5’-GGGGACTGCTTTTTTGTACAAACTTGCTTGATCTCGGCGGTGGACAG-3’) 
and 3’Amo-FP (5’-GGGGACAGCTTTCTTGTACAAAGTGGCTCTTAGACCTCGG 
CACTTCTT-3’)/ 3’Amo-RP (5’-GGGGACAACTTTGTATAATAAAGTTGCCAACA 
GACGACCTGATGAAC-3’) respectively, and H. polymorpha genomic DNA as a 
template. The PCR fragments were cloned into the vectors pDONR-P4-1R and 
pDONR-P2R-P3[15] , respectively, resulting in the entry vectors pENTR-AMO 5’ 
and pENTR-AMO 3’. Recombination of entry vectors pENTR-AMO 5’, pENTR-AMO 
3’and pENTR-221-HPH [15] , and the destination vector pDEST-R4-R3 resulted 
in pSAN01. Subsequently, H. polymorpha WT leu1.1 cells were transformed 
with the 2915 bp amo::HphMX4 deletion fragment, which was obtained by 
PCR using primers Amo.cas.FP (5’-CAGCTTGGTGAGCACCTTCT-3’)/ Amo.
cas.RP (5’-CAACAGACGACCTGATGAAC-3’) and pSAN01 as a template. The 
resulting strain was designated as Δamo. Correct integration was confirmed 
by PCR using primers EMK15 (5’- GAACTTCATTGACGCAGACGTC-3’)/
Pex25 -8PtefSc-Rv (5’GGGTGT T T TGA AGTGGTACG-3’ )  and AMO_
del_RP (5’- CGAGTGGCGATGCA A ACGAC-3’ ) /Pex25 -10 TtefAg-Fw 
(5’-TCATCTGCCCAGATGCGAAG -3’).

Biochemical methods
Yeast cells from aging cultures were harvested by centrifugation. Cell pellets were 
washed once with cold water and quickly frozen in liquid nitrogen; samples were 
stored at -80°C until further use. Cell extracts for enzyme activity measurements 
were prepared as described earlier [16]. AMO activity was measured as described 
previously [17]. Protein samples for SDS-PAGE gels were prepared and separated 
on 10% SDS-PAGE gel (BioRad). Proteins were transferred to nitrocellulose 
membranes using the semi-dry blotting method and probed with specific polyclonal 
anti-AMO antisera. 
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Measurement of free amines in the culture medium
Supernatant from yeast cultures were collected upon spinning down the cells. Various 
dilutions were prepared in borate buffer (pH 9.0). One volume of fluorescamine 
solution (Sigma F9015., Saint Louis, Missouri, USA) was added to 1 ml of 100 to 
1000 time diluted supernatant and mixed. Using a Fluoromax 3 spectrophotometer 
(Horiba, Kyoto, Japan) fluorescence intensity was measured (excitation at 390 nm; 
emission was collected from 400 nm to 600 nm). Fluorescence intensity, represented 
in count per second (cps) at 475 nm, was used for the calculations. 

Results

Growth on ethanol or methanol extend the CLS relative to glucose
To investigate the effect of different carbon sources which are metabolized by 
peroxisome-borne enzymes on the CLS of H. polymorpha, we cultivated wild-type 
cells on mineral media containing ethanol or methanol as sole carbon source in the 
presence of ammonium sulphate (AS) as sole nitrogen source, using glucose/AS as 
control. The survival measurements started when the cells reached the stationary 
phase (day 1) and the cells were kept in their original medium. The data presented 
in Fig. 1A show that the CLS (both medium and maximum lifespan; Table 1) of 
the ethanol and methanol cultures was strongly extended relative to that of the 
glucose culture.

In S. cerevisiae acidification of the medium is an important factor in the CLS 
of glucose-grown cells. We therefore monitored whether differences occurred in 
the pH of the cultures during the CLS experiments. The pH of the glucose culture 
rapidly dropped from 6.2 to 3.8 during the first day of the experiment, whereas in 
the ethanol and methanol cultures the pH never dropped below 4.5.

To analyse whether medium acidification explained the reduced lifespan of 
the glucose cultures, CLS experiments were repeated using cells which were 
precultivated on the three different carbon sources and, upon reaching the stationary 
phase, collected by centrifugation and resuspended into phosphate buffer (pH 6). 
As shown in Fig. 1B and Table 1, the mean and maximum lifespan of the glucose-
grown cells was strongly enhanced in phosphate buffer relative to the cultures that 
remained in the original medium. For the methanol and ethanol cultures the median 
and maximum lifespan only slightly increased. Hence, medium acidification is an 
important factor in the relatively short CLS of glucose-grown H. polymorpha cells, 
but plays a minor role in survival of methanol or ethanol cultures. 

In addition to medium acidification, intracellular ROS levels are important in 
determining yeast CLS. We therefore analysed the levels of these reactive compounds 
in the three cultures using the dye DHR and FACS. As shown in Fig. 1C, glucose-
grown cells accumulate similar, relatively low ROS levels like ethanol or methanol 
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1A). These findings suggest that growth of cells on media that require peroxisome function 

has a positive effect on their CLS despite the enhanced ROS levels.  

Figure 1. Chronological aging of H. polymorpha cells grown on different carbon sources. (A) CLS of wild-

type cells following cultivation on various carbon sources (0.5% glucose, 0.35% ethanol or 0.5% methanol) in 

the presence of ammonium sulfate (AS) as nitrogen source. (B) CLS cultures grown like for panel A, but shifted 

to phosphate buffer pH 6 after reaching the stationary phase (16h for glucose and 40h for ethanol and methanol). 

(C) Measurement of DHR fluorescence in wild-type cells grown on different carbon sources as indicated in 

Figure 1A. Bars indicate the standard error of mean. The lifespan curves shown represent the average of 4–6 

experiments. 

Figure 1. Chronological aging of H. polymorpha cells grown on different carbon sources. 
(A) CLS of wild-type cells following cultivation on various carbon sources (0.5% glucose, 
0.35% ethanol or 0.5% methanol) in the presence of ammonium sulfate (AS) as nitrogen 
source. (B) CLS cultures grown like for panel A, but shifted to phosphate buffer pH 6 after 
reaching the stationary phase (16h for glucose and 40h for ethanol and methanol). (C) 
Measurement of DHR fluorescence in wild-type cells grown on different carbon sources 
as indicated in Figure 1A. Bars indicate the standard error of mean. The lifespan curves 
shown represent the average of 4–6 experiments.

grown cells during the first 3days after reaching the stationary phase, when large 
differences in survival were already apparent (compare Fig. 1A). At later time points 
(day 4 and 5) we only measured ROS in methanol and ethanol cultures as most cells 
of the glucose culture already had died after day 3. On days 4 and 5 ROS levels 
increased in both cultures. The highest levels were observed in methanol-grown cells 
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even though the survival of these cells was similar to ethanol-grown cells (Fig. 1A). 
These findings suggest that growth of cells on media that require peroxisome 
function has a positive effect on their CLS despite the enhanced ROS levels. 

Methylamine extends the lifespan 
Different from S. cerevisiae, H. polymorpha is capable to utilize a large range 
of organic nitrogen sources. To test the effect of an organic nitrogen source on 
chronological aging, cells were grown on methanol in the presence of AS or 
methylamine (MA). As shown in Figure 2A, MA significantly extends the median 
and maximum lifespan relative to AS. In both the methanol/AS and methanol/MA 
cultures the pH had decreased only slightly (to 5.2) at day 1. After this time point the 
pH of both cultures remained constant suggesting that differences in acidification 
do not explain the observed CLS extension by MA.

We also measured ROS levels in both cultures. The data (Fig. 2B) revealed that 
during the first 3 days, when differences in survival were evident, ROS levels were 
at a similar, low level in both cultures. At days 4 and 5 the ROS levels remained low 
in the MA cultures whereas they increased in the AS cultures.

These data indicate that during the first days of the CLS experiment neither 
reduced acidification nor altered ROS levels can explain the positive effect of the 
utilization of MA as nitrogen source on the chronological lifespan. Hence, it is likely 
that additional processes play an important factor in the lifespan extension by MA.

The CLS extension by MA is not dependent on autophagy
Autophagy has been shown to be important for yeast chronological aging. The 
polyamine spermidine prolongs the CLS in S. cerevisiae by inducing autophagy 
[11]. We therefore asked whether the lifespan extension caused by MA is related 

Table 1. The effect of buffer on median and maximum lifespan of H. polymorpha

Carbon source* Condition** Median lifespan (days) Maximum lifespan (days)

Glucose Medium 2,2 3,8

Glucose Buffer 4,2 5,9

Ethanol Medium 4,6 7,3

Ethanol Buffer 6,8 7.1

Methanol Medium 5,1 7,9

Methanol Buffer 6,2 10,0

*Cells were grown in the presence of ammonium sulphate as nitrogen source
** Upon reaching the stationary phase the cells were kept in the same medium or collected by 
centrifugation and resuspended in buffer. 
The median lifespan is defined as time point when 50 % of the cells survive, the maximum lifespan when 
10 % of the cells survive (Fig. 1A).
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to changes in autophagy. If alterations in autophagy would explain the lifespan 
extension by MA, this extension should not occur in cells defective in autophagy. We 
therefore performed a CLS experiment using H. polymorpha Δatg1 cells, which are 
deficient in autophagy. These experiments indicated that the CLS of H. polymorpha 
Δatg1 cells is strongly reduced relative to that of the wild-type control (Fig. 3, 
compare also Fig. 1A). However, also in Δatg1 cultures a positive effect of MA 
on survival was evident during the first three days. In addition a slight increase in 
median and maximum lifespan was observed (Fig. 3). This result suggests that the 
use of MA has a positive effect on cell survival in an autophagy-independent way.
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Methylamine extends the lifespan  

Different from S. cerevisiae, H. polymorpha is capable to utilize a large range of organic 

nitrogen sources. To test the effect of an organic nitrogen source on chronological aging, cells 

were grown on methanol in the presence of AS or methylamine (MA). As shown in Figure 

2A, MA significantly extends the median and maximum lifespan relative to AS. In both the 

methanol/AS and methanol/MA cultures the pH had decreased only slightly (to 5.2) at day 1. 

After this time point the pH of both cultures remained constant suggesting that differences in 

acidification do not explain the observed CLS extension by MA. 

We also measured ROS levels in both cultures. The data (Fig. 2B) revealed that during the 

first 3 days, when differences in survival were evident, ROS levels were at a similar, low 

level in both cultures. At days 4 and 5 the ROS levels remained low in the MA cultures 

whereas they increased in the AS cultures. 

Figure 2. Chronological aging of H. polymorpha cells grown on different nitrogen sources. (A) CLS of wild-

type cells following cultivation on 0.5% methanol in the presence of 0.25% AS or 0.25% MA s sole nitrogen 

sources. The lifespan curves shown represent the average of 4–6 experiments. (B) DHR fluorescence in cells 

grown on methanol in the presence of AS or MA at different time points during chronological aging. The bars 

indicate the standard error of mean of two independent experiments.  

These data indicate that during the first days of the CLS experiment neither reduced 

acidification nor altered ROS levels can explain the positive effect of the utilization of MA as 

Figure 2. Chronological aging of H. polymorpha cells grown on different nitrogen 
sources. (A) CLS of wild-type cells following cultivation on 0.5% methanol in the presence 
of 0.25% AS or 0.25% MA s sole nitrogen sources. The lifespan curves shown represent 
the average of 4–6 experiments. (B) DHR fluorescence in cells grown on methanol in 
the presence of AS or MA at different time points during chronological aging. The bars 
indicate the standard error of mean of two independent experiments. 
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compare also Fig. 1A). However, also in Δatg1 cultures a positive effect of MA on survival 

was evident during the first three days. In addition a slight increase in median and maximum 

lifespan was observed (Fig. 3). This result suggests that the use of MA has a positive effect on 

cell survival in an autophagy-independent way. 

Figure 3. Chronological aging of H. polymorpha Δatg1 cells. CLS of Δatg1 cells grown on methanol in the 

presence of AS or MA. Bars indicate the standard error of mean of four experiments.  

The extended CLS is dependent on the MA concentration in the growth medium 

Like spermidine, MA may directly trigger specific cellular processes that contribute to cell 

survival. Alternatively, MA metabolism may be responsible for the observed lifespan 

extension. In the latter case it is likely that the positive effect of MA is only observed at 

relatively high concentrations. To test this, we analysed the effect of reducing the 

concentration of MA. No change in the CLS curve was observed (relative to the 

methanol/AS) when the MA concentration was 100 fold reduced (Fig. 4A). This was not due 

to negative effects of the low MA concentration on the initial growth phase as both the 

doubling time (Fig. 4B) and the final yield of the culture  (Fig. 4C) was unaltered at reduced 

MA concentrations. This suggests that the metabolism of MA during the stationary phase is 

important for lifespan extension.

Figure 3. Chronological aging of H. polymorpha Δatg1 cells. CLS of Δatg1 cells grown on 
methanol in the presence of AS or MA. Bars indicate the standard error of mean of four 
experiments. 
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The extended CLS is dependent on the MA concentration in the 
growth medium
Like spermidine, MA may directly trigger specific cellular processes that contribute 
to cell survival. Alternatively, MA metabolism may be responsible for the observed 
lifespan extension. In the latter case it is likely that the positive effect of MA is only 
observed at relatively high concentrations. To test this, we analysed the effect 
of reducing the concentration of MA. No change in the CLS curve was observed 
(relative to the methanol/AS) when the MA concentration was 100 fold reduced 
(Fig. 4A). This was not due to negative effects of the low MA concentration on the 
initial growth phase as both the doubling time (Fig. 4B) and the final yield of the 
culture  (Fig. 4C) was unaltered at reduced MA concentrations. This suggests that the 
metabolism of MA during the stationary phase is important for lifespan extension.

If so, the presence of MA in the medium should be essential to extend the CLS. 
To analyse this, we removed MA from the stationary phase cultures. To this end 
cells were precultivated on methanol/AS or methanol/MA until the stationary phase. 
Subsequently both cultures were harvested by centrifugation and resuspended in 
phosphate buffer (pH 6.0). As shown in Figure 5A, methanol/AS and methanol/MA 
grown cells showed a very similar CLS curve in buffer. 

When MA metabolism is responsible for the CLS extension, this effect should 
be abolished in a strain lacking amine oxidase (AMO) activity. Indeed, MA did not 
result in a CLS extension in an AMO deficient strain (Δamo Fig. 5B).

Finally, if MA consumption is important the levels of free amines in the media 
should drop during chronological aging and the cells should display AMO activity in 
the stationary phase. Measurement of free amine levels (Fig. 5C) revealed a gradual 
decreased, indicating that MA is consumed during the initial growth but also during 
the stationary phase. As expected, no significant decline was observed in cultures 
of the Δamo control strain. 

Enzyme assays revealed that AMO activity was present during the CLS experiment, 
but somewhat reduced after 7 days relative to the values observed at day 1 and 3 
(Fig. 6A). The reduction in AMO activity at day 7 was paralleled by a reduction in 
AMO protein as was observed by Western blot experiments (Fig. 6B, C).

Formaldehyde can cause an increase in CLS similar as MA
MA is oxidized by AMO into ammonium and formaldehyde [17]. In H. polymorpha 
formaldehyde is further oxidized by formaldehyde dehydrogenase and formate 
dehydrogenase into CO2. This process results in the generation of 2 NADH 
molecules (Fig. 7). To test whether the formaldehyde oxidation product of MA was 
responsible for the extension of the CLS by MA, we supplemented a methanol/AS 
grown stationary phase culture with 37.8 mM formaldehyde, using cultures with 
37.8 mM MA (corresponding to 0.25 % w/v) as a control. The data revealed that the 
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Figure 4. CLS extension relates to MA concentrations in the cultivation media. (A) CLS of wild-type cells 

grown on methanol in the presence of 0.25% ammonium sulphate (AS) or 0.25% or 0.0025% MA. Bars indicate 

the standard error of mean of four experiments (B) Growth curves of wild-type H. polymorpha grown on 

methanol in the presence of different concentrations of MA (0.25%, 0.025% or 0.0025%). Optical densities are 

expressed as absorption at 600 nm. (C) Cell concentrations expressed as number of cells per ml in stationary 

cultures grown on media containing 0.25% or 0.0025% MA. 

Figure 4. CLS extension relates to MA concentrations in the cultivation media. (A) CLS of 
wild-type cells grown on methanol in the presence of 0.25% ammonium sulphate (AS) or 
0.25% or 0.0025% MA. Bars indicate the standard error of mean of four experiments (B) 
Growth curves of wild-type H. polymorpha grown on methanol in the presence of different 
concentrations of MA (0.25%, 0.025% or 0.0025%). Optical densities are expressed as 
absorption at 600 nm. (C) Cell concentrations expressed as number of cells per ml in 
stationary cultures grown on media containing 0.25% or 0.0025% MA.
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Figure 5. MA metabolism is required for CLS extension. (A) CLS of cells which were pregrown on 

methanol/AS or methanol/MA until the stationary phase and subsequently harvested and resuspended in 

phosphate buffer. (B) CLS of wild-type and Δamo cultures grown on methanol in the presence of 0.25% MA or 

0.25% AS. Bars indicate the standard error of mean of two independent experiments. (C) Levels of free amines 

(-NH2) in the cultivation media of cultures of wild-type and Δamo cells grown on methanol in the presence of 

0.25% MA. The level of free amines in medium containing 0.25% MA before inoculation was set to 100%. Bars 

indicate the standard error of mean of two independent experiments. Statistical analysis was performed by 

student t-test, * = p<0.05; ** = p<0.01.

Figure 5. MA metabolism is required for CLS extension. (A) CLS of cells which were 
pregrown on methanol/AS or methanol/MA until the stationary phase and subsequently 
harvested and resuspended in phosphate buffer. (B) CLS of wild-type and Δamo cultures 
grown on methanol in the presence of 0.25% MA or 0.25% AS. Bars indicate the standard 
error of mean of two independent experiments. (C) Levels of free amines (-NH2) in the cul-
tivation media of cultures of wild-type and Δamo cells grown on methanol in the presence 
of 0.25% MA. The level of free amines in medium containing 0.25% MA before inoculation 
was set to 100%. Bars indicate the standard error of mean of two independent experi-
ments. Statistical analysis was performed by student t-test, * = p<0.05; ** = p<0.01.
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Figure 6. Specific AMO activities and AMO 

protein levels decrease during chronological 

aging. (A) Detection of AMO activities in wild-

type cells in cultures grown on methanol in the 

presence of 0.25% methylamine during 

chronological aging. Bars indicate the standard 

error of mean of two independent experiments. (B) 

Western blot analysis of AMO protein levels in 

wild-type cells grown in the presence of 0.25% MA 

or on 0.25% ammonium sulphate (AS). Blots were 

decorated with specific antibodies against AMO. 

Formate dehydrogenase (FD) was used as loading 

control. (C) Quantification of the AMO levels using 

densitometric scanning of the blots. Two 

independent blots were quantified. The error bars 

indicate the standard error. The loading control was 

set to 100 %. 

Figure 7. Schematic overview of MA metabolism 

in H. polymorpha. MA is oxidized by peroxisomal 

amine oxidase (AMO) to generate formaldehyde, 

ammonium and hydrogen peroxide. After binding 

of glutathione (GSH) to formaldehyde, the 

produced S-hydroxymethylglutathione is converted 

to S-formylglutathione by formaldehyde 

dehydrogenase (FLD). GSH is removed by S-

formyl glutathione hydrolase (FGH) and formate is 

converted to CO2 by formate dehydrogenase 

(FDH). Oxidation of formaldehyde generates 2 

molecules of NADH that are used for ATP 

generation in mitochondria [30].

Figure 6. Specific AMO activities and AMO protein levels decrease during chronological 
aging. (A) Detection of AMO activities in wild-type cells in cultures grown on methanol 
in the presence of 0.25% methylamine during chronological aging. Bars indicate the 
standard error of mean of two independent experiments. (B) Western blot analysis of 
AMO protein levels in wild-type cells grown in the presence of 0.25% MA or on 0.25% 
ammonium sulphate (AS). Blots were decorated with specific antibodies against AMO. 
Formate dehydrogenase (FD) was used as loading control. (C) Quantification of the AMO 
levels using densitometric scanning of the blots. Two independent blots were quantified. 
The error bars indicate the standard error. The loading control was set to 100 %.
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Figure 6. Specific AMO activities and AMO 

protein levels decrease during chronological 

aging. (A) Detection of AMO activities in wild-

type cells in cultures grown on methanol in the 

presence of 0.25% methylamine during 

chronological aging. Bars indicate the standard 

error of mean of two independent experiments. (B) 

Western blot analysis of AMO protein levels in 

wild-type cells grown in the presence of 0.25% MA 

or on 0.25% ammonium sulphate (AS). Blots were 

decorated with specific antibodies against AMO. 

Formate dehydrogenase (FD) was used as loading 

control. (C) Quantification of the AMO levels using 

densitometric scanning of the blots. Two 

independent blots were quantified. The error bars 

indicate the standard error. The loading control was 

set to 100 %. 

Figure 7. Schematic overview of MA metabolism 

in H. polymorpha. MA is oxidized by peroxisomal 

amine oxidase (AMO) to generate formaldehyde, 

ammonium and hydrogen peroxide. After binding 

of glutathione (GSH) to formaldehyde, the 

produced S-hydroxymethylglutathione is converted 

to S-formylglutathione by formaldehyde 

dehydrogenase (FLD). GSH is removed by S-

formyl glutathione hydrolase (FGH) and formate is 

converted to CO2 by formate dehydrogenase 

(FDH). Oxidation of formaldehyde generates 2 

molecules of NADH that are used for ATP 

generation in mitochondria [30].

Figure 7. Schematic overview of MA metabolism in H. polymorpha. MA is oxidized by 
peroxisomal amine oxidase (AMO) to generate formaldehyde, ammonium and hydrogen 
peroxide. After binding of glutathione (GSH) to formaldehyde, the produced S-hydroxy-
methylglutathione is converted to S-formylglutathione by formaldehyde dehydrogenase 
(FLD). GSH is removed by S-formyl glutathione hydrolase (FGH) and formate is converted to 
CO2 by formate dehydrogenase (FDH). Oxidation of formaldehyde generates 2 molecules 
of NADH that are used for ATP generation in mitochondria [30].

chronological lifespan of cultures supplemented with formaldehyde is extended 
to the same extent as MA cultures (Fig. 8). These data suggest that oxidation of 
formaldehyde, generated by MA oxidation during the stationary phase, is likely 
responsible for extra NADH supply which leads to an enhanced lifespan. 

D-alanine results in lifespan extension
H. polymorpha can also use D-alanine as nitrogen source. If energy generation 
during the stationary phase can extend the lifespan of cells, D-alanine is expected 
to cause a similar effect as MA. D-alanine is oxidized by D-amino acid oxidase into 
ammonium and pyruvate [18]. As shown in Fig. 9, indeed D-alanine prolongs the 
chronological lifespan of H. polymorpha. 
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Formaldehyde can cause an increase in CLS similar as MA.

MA is oxidized by AMO into ammonium and formaldehyde [17]. In H. polymorpha

formaldehyde is further oxidized by formaldehyde dehydrogenase and formate dehydrogenase 

into CO2. This process results in the generation of 2 NADH molecules (Fig. 7). To test 

whether the formaldehyde oxidation product of MA was responsible for the extension of the 

CLS by MA, we supplemented a methanol/AS grown stationary phase culture with 37.8 mM 

formaldehyde, using cultures with 37.8 mM MA (corresponding to 0.25 % w/v) as a control. 

The data revealed that the chronological lifespan of cultures supplemented with formaldehyde 

is extended to the same extent as MA cultures (Fig. 8). These data suggest that oxidation of 

formaldehyde, generated by MA oxidation during the stationary phase, is likely responsible 

for extra NADH supply which leads to an enhanced lifespan.  

Figure 8. Formaldehyde extends the CLS. Wild-type cells were grown on methanol media containing 0.25% 

ammonium sulphate or 0.25% MA. Upon reaching the stationary phase, the ammonium sulphate containing 

culture was supplemented with 37.8 mM formaldehyde. The MA cultures were kept in the same medium as a 

control. Bars indicate the standard error of mean of 2 experiments.  

D-alanine results in lifespan extension. 

H. polymorpha can also use D-alanine as nitrogen source. If energy generation during the 

stationary phase can extend the lifespan of cells, D-alanine is expected to cause a similar 

effect as MA. D-alanine is oxidized by D-amino acid oxidase into ammonium and pyruvate 

Figure 8. Formaldehyde extends the CLS. Wild-type cells were grown on methanol 
media containing 0.25% ammonium sulphate or 0.25% MA. Upon reaching the station-
ary phase, the ammonium sulphate containing culture was supplemented with 37.8 mM 
formaldehyde. The MA cultures were kept in the same medium as a control. Bars indicate 
the standard error of mean of 2 experiments. 
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[18]. As shown in Fig. 9, indeed D-alanine prolongs the chronological lifespan of H. 

polymorpha.  

Figure 9. Chronological aging of H. polymorpha cells grown on D-alanine. CLS of wild-type cells following 

cultivation on 0.5% methanol in the presence of 0.25% AS or 0.33% D-alanine (DA) as sole nitrogen sources. 

The lifespan curves shown represent the average of 4–6 experiments. 

Discussion

Yeast chronological aging has a multifactorial nature. Many cellular processes and extrinsic 

factors negatively influence the CLS. Examples include oxidative stress, reduced autophagy 

or medium acidification. Processes which induce stress responsive genes extend yeast lifespan  

[19] . Hence yeast CLS is determined by the resultant of multiple positive and negative 

processes. Because of this complexity several factors implicated in yeast aging are still highly 

debated. 

So far most research on yeast CLS is performed with S. cerevisiae using glucose/ammonium 

sulphate containing media. In this paper we analysed the chronological lifespan of the yeast 

H. polymorpha in relation to growth on different carbon and nitrogen sources.  

Our data revealed that of the three carbon sources tested (glucose relative to two compounds 

that require peroxisome function for growth namely ethanol and methanol) H. polymorpha

Figure 9. Chronological aging of H. polymorpha cells grown on D-alanine. CLS of 
wild-type cells following cultivation on 0.5% methanol in the presence of 0.25% AS or 
0.33% D-alanine (DA) as sole nitrogen sources. The lifespan curves shown represent the 
average of 4–6 experiments.
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Discussion

Yeast chronological aging has a multifactorial nature. Many cellular processes 
and extrinsic factors negatively influence the CLS. Examples include oxidative 
stress, reduced autophagy or medium acidification. Processes which induce stress 
responsive genes extend yeast lifespan  [19] . Hence yeast CLS is determined by the 
resultant of multiple positive and negative processes. Because of this complexity 
several factors implicated in yeast aging are still highly debated.

So far most research on yeast CLS is performed with S. cerevisiae using glucose/
ammonium sulphate containing media. In this paper we analysed the chronological 
lifespan of the yeast H. polymorpha in relation to growth on different carbon and 
nitrogen sources. 

Our data revealed that of the three carbon sources tested (glucose relative to 
two compounds that require peroxisome function for growth namely ethanol and 
methanol) H. polymorpha shows the shortest chronological lifespan on glucose. 
Compared to S. cerevisiae, H. polymorpha dies relatively fast with a short maximum 
lifespan of less than 4 days when grown on 0.5 % glucose. At these conditions the 
maximum lifespan of S. cerevisiae is generally above 10 days [20].

Glucose metabolism involves glycolysis, which in S. cerevisiae leads to acetic 
acid formation that is associated with induction of the mitochondrial apoptosis 
pathway [21]. In S. cerevisiae acetic acid production is strongly reduced upon growth 
on glycerol instead of glucose [22] (. Similar mechanisms most likely operate in 
H. polymorpha, because the medium of glucose cultures acidified more strongly 
relative to those containing ethanol- or methanol. Although placing the glucose-
grown cells in fresh buffer significantly extended the lifespan, neither the median 
nor maximum lifespan reached values obtained for methanol or ethanol cultures 
(Table 1). One explanation may be that prior to placing the glucose-grown cells 
in buffer, they already experienced the toxic effects related to the low pH when 
reaching the stationary phase. 

In addition to medium acidification, ROS are important factors in determining 
yeast CLS. ROS initially were assumed to be harmful as they caused oxidative 
damage. However, data have been presented indicating that ROS also can have a 
positive effect as signaling molecules that induce stress responsive genes (hormesis). 
Moreover, recent findings suggest that in S. cerevisiae also the type of ROS (e.g. 
superoxide versus hydrogen peroxide) and the growth stage at which they occur 
are important for lifespan extension [23,24], which illustrates a complex role of ROS 
in yeast aging.

We observed that in H. polymorpha ROS levels were equally low during the first 
days of the CLS experiments in glucose, ethanol and methanol cultures. Because 
in this period differences in survival were already evident, ROS levels alone most 
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likely are not the major determinants in the observed differences in lifespan. At 
later stages ROS levels increased in the methanol and ethanol cultures. Given the 
multifactorial nature of CLS, it is yet unclear whether this may have caused negative 
and/or positive effects. Also, ROS measurements performed with fluorescent dyes 
have to be interpreted with care when cells are grown on different carbon sources. 
We used DHR, which forms fluorescent rhodamine efficiently upon reaction with 
free ●OH or NO2

● radicals, but requires a catalyst for oxidation by O2
● or H2O2 [25] . 

Important catalysts are iron, heme and cytochrome c oxidase. These catalysts as well 
as the composition of the ROS may vary significantly upon growth of H. polymorpha 
cells on the different carbon sources. For instance, the peroxisomal heme containing 
enzyme catalase is strongly induced on methanol, to moderate levels on ethanol but 
repressed on glucose [26]. Hence, relative to glucose heme levels and most likely 
also iron (e.g. released from catalase in aged cells) are may be significantly higher in 
methanol and ethanol cells which may add to the observed increase in ROS levels. 
Together, our data lend support to the view that cultivation of cells at conditions 
that require peroxisomes for growth is beneficial for the lifespan of the cells.

It cannot be excluded that other factors also contribute to the short CLS of 
glucose-grown H. polymorpha. For instance, by-products of glycolysis like 
methylglyoxal were described to have a negative impact on cell survival [27]. Further 
studies are required to fully dissect all factors involved. 

Our data indicate that the presence of methylamine (MA) as sole nitrogen 
source instead of ammonium sulphate resulted in a significant extension of the 
chronological lifespan of methanol-grown cells. Because no differences in pH 
values were observed, medium acidification is not a major factor in the observed 
lifespan differences.

Amines have been described to universally enhance the lifespan of various 
models. For instance, spermidine acts as an anti-aging compound by inducing 
autophagy [11]. Because we also observed the positive effect of MA on viability in 
H. polymorpha Δatg1 cells that are defective in autophagy (Fig. 3), MA is unlikely 
to alter autophagy processes in this yeast species. Moreover, based on electron 
microscopy studies we did not obtain any morphological indications that MA induces 
or reduces autophagy in wild-type cells (data not shown). 

Our studies indicate that MA oxidation by AMO and the subsequent generation 
of extra NADH, is an important reason for the lifespan extension by MA. We show 
that the positive effects of MA do not occur in an AMO deficient strain or when MA 
is removed from the medium, but occur again when formaldehyde, the oxidation 
product of MA, was added to the stationary phase cultures. This led us to conclude 
that the generation of additional NADH in carbon starved cells can postpone cell 
death by providing energy and reducing the intracellular environment. Indeed, 
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our data (Fig. 2B) suggest that NADH generation due to methylamine metabolism 
changes the intracellular redox balance in the cell leading to lower ROS levels. 
Hence, the relatively high ROS levels observed in methanol/AS cultures (see also 
Fig. 1C) might present a detrimental effect.

Similar to MA, D-alanine can also be used as a nitrogen source by H. polymorpha. 
Oxidative deamination of D-alanine generates pyruvate and ammonia. We anticipate 
that production of pyruvate during chronological aging generates energy and 
extends the CLS in similar fashion as MA [18,28]. 

Summarizing, our data are consistent with the view that multiple factors may be 
involved in lifespan extension caused by MA. Our data indicate that production of 
NADH generated from MA metabolism is the major factor. NADH contributes to 
ATP generation but also to reducing ROS. Additional factors may be involved as 
well, such as toxicity of ammonium in methanol/AS cultures, like recently reported 
for S. cerevisiae [29].).

Chronological aging of yeast cells has been proposed as a model for the post-
mitotic cells in higher eukaryotes [19], a situation which is obviously dissimilar to 
starving cells in yeast stationary phase cultures. However, the use of an additional 
NADH generation system, which does not support growth, can make findings of 
yeast systems more applicable as model for higher eukaryotic cells.
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Abstract

Mitochondria are key players in ageing and cell death. It has been suggested 
that mitochondrial fragmentation, mediated by the Dnm1/Fis1 organelle fission 
machinery, stimulates ageing and cell death. This was based on the observation 
that Saccharomyces cerevisiae Δdnm1 and Δfis1 mutants show an enhanced lifespan 
and increased resistance to cell death inducers. However, the Dnm1/Fis1 fission 
machinery is also required for peroxisome division. Here we analyzed the significance 
of peroxisome fission in yeast chronological lifespan, using yeast strains in which 
fission of mitochondria was selectively blocked. Our data indicate that the lifespan 
extension caused by deletion of FIS1 is mainly due to a defect in peroxisome fission 
and not caused by a block in mitochondrial fragmentation. These observations 
are underlined by our observation that deletion of FIS1 does not lead to lifespan 
extension in yeast peroxisome deficient mutant cells.
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Introduction

Cells continuously have to cope with factors that affect their viability. Important 
threats are reactive oxygen species (ROS), which can damage important 
macromolecules such as proteins, lipids and DNA. Intracellular accumulation of 
damaged components contributes to ageing, a process that can be defined as the 
deterioration of cells in time, accompanied by a loss of viability. However, ROS can 
also have positive effects by acting as second messengers that activate pathways 
aimed at saving the cell from demise.1

Eukaryotic cells contain two types of organelles that produce ROS as byproduct 
of oxidative metabolism, namely mitochondria and peroxisomes. It is generally 
accepted that the mitochondrion is a key player in ageing.2, 3 Recent data however 
indicate that peroxisomes play a role in this process as well.4-7

In respiratory active yeast cells mitochondria form a large network of tubular 
organelles. However, during ageing this network fragments resulting in the formation 
of multiple spherical organelles.8 In Saccharomyces cerevisiae this process depends 
on the organelle fission machinery consisting of the GTPase Dnm1, the tail-anchored 
mitochondrial outer membrane protein Fis1 and the accessory proteins Mdv1 and 
Caf4. It has been suggested that mitochondrial fragmentation contributes to ageing, 
because deletion of genes encoding proteins of the mitochondrial fission machinery 
(DNM1, FIS1 or MDV1) enhanced the cellular lifespan.8, 9 

However, the Dnm1/Fis1 machinery is not only responsible for mitochondrial 
fragmentation, but also involved in peroxisome fission.10, 11 So far, the effect of DNM1, 
FIS1 or MDV1 deletion on yeast ageing were supposed to be the consequence of a 
defect in mitochondrial fission, but a possible role for peroxisomal fission in ageing 
has not been investigated to date.

Here we reanalyzed the role of the Fis1/Dnm1 organelle fission machinery in 
S. cerevisiae chronological ageing focusing on a possible contribution of peroxisome 
fission to the reported effects. Our data indicate that a defect in peroxisome fission 
is the major cause of yeast lifespan extension caused by the absence of the Fis1/
Dnm1 machinery.

Results

Construction of strains specifically affected in mitochondrial fission
Because in S. cerevisiae two dynamin-like proteins, Vps1 and Dnm1, are involved in 
peroxisome fission11, this process is more severely blocked in a Δvps1Δdnm1 double 
deletion strain relative to Δvps1 and Δdnm1 single deletion strains.10 Dnm1 is only 
involved in mitochondrial fission, therefore deletion of VPS1 does not affect this 
process (Fig. 3A, compare Fig. S1B). In order to be able to selectively assess the 
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role of the Fis1/Dnm1-containing fission machinery in yeast chronological ageing, we 
performed all experiments in a Δvps1 background. Because Hughes and Gottschling 
recently showed that vacuolar defects may affect yeast mitochondrial function and 
lifespan,12 we first examined the effect of deletion of VPS1 on the chronological 
lifespan yeast. As shown in Fig. S1A, the chronological lifespan (CLS) of Δvps1 cells 
did not significantly differ from that of wild-type (WT) cells. Also, Δvps1 cells were 
capable to grow on the non-fermentable carbon source glycerol, indicating that 
mitochondrial function is not strongly compromised (data not shown).

Previous reports indicated that deletion of FIS1 in S. cerevisiae can result in the 
acquisition of a secondary mutation in the stress-response gene WHI2.13 To exclude 
the occurrence of such secondary mutations, all Δfis1 strains used in this study were 
checked for the absence of mutations in WHI2.

In line with our previous observations10, fluorescence microscopy analysis of 
Δvps1Δfis1 cells revealed the presence of very low peroxisome numbers relative 
to Δvps1 control cells (Fig. 1A, Table 1). In addition, these cells harbor a collapsed 
mitochondrial network, which is characteristic for mutants defective in mitochondrial 
fission (Fig. 1A). As expected, upon reintroduction of FIS1 in Δvps1Δfis1 cells (strain 
Δvps1Δfis1::FIS1), the WT mitochondrial morphology was restored and the number 
of peroxisomes increased to those observed in Δvps1 cells (Table 1, Fig. 1B).

In order to assess the role of peroxisome fission in yeast chronological ageing, 
we constructed a yeast strain that is selectively blocked in mitochondrial fission. 
Previously, Halbach et al. showed that a fusion protein consisting of the N-terminal, 
soluble domain of S. cerevisiae Fis1 and the C-terminal peroxisomal membrane 
anchor of Pex15 exclusively sorts to peroxisomes.14 Moreover, Motley et al. showed 
that this Fis1-Pex15 fusion protein is able to recruit the Dmn1 fission machinery 
to yeast peroxisomes. 11 Using the identical construct we confirmed that upon 
introduction of this Fis1-Pex15 fusion protein in Δvps1Δfis1 cells (produced under 
control of the FIS1 promoter), the cells still showed collapsed mitochondria, indicative 
for a mitochondrial fission defect (Fig. 1C). However, the number of peroxisomes 
increased to an average of 3.3 per cell, indicating that peroxisome fission is not 
blocked anymore (Fig. 1C; Table 1). The enhanced peroxisome number in this strain 
relative to the Δvps1 control is in line with previous observations11 and most likely is 
due to the fact that the entire cellular Fis1 pool is localized to peroxisomes instead 
of being distributed over both peroxisomes and mitochondria.

The lifespan extension observed in Δfis1 cells is restored upon 
sorting of Fis1 to peroxisomes
Next, we compared the CLS of strains in which fission of mitochondria and 
peroxisomes was blocked (Δvps1Δfis1), unaffected (Δvps1 and Δvps1Δfis1::FIS1) 
or in which only mitochondrial fission was defective (Δvps1Δfis1::FIS1-PEX15). CLS 
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blocked (Δvps1Δfis1), unaffected (Δvps1 and Δvps1Δfis1::FIS1) or in which only 

mitochondrial fission was defective (Δvps1Δfis1::FIS1-PEX15). CLS experiments revealed 

no significant differences between the mean lifespans of these 4 strains (Fig. 2B). However, 

deletion of FIS1 in Δvps1 cells (Δvps1Δfis1) significantly increased the maximum lifespan 

relative to the Δvps1 control (p = 3.10-4; Fig. 2B; Table 2). Upon FIS1 reintroduction 

(Δvps1Δfis1::FIS1) this effect was abolished (Fig. 2A; Table 2). 

Figure 1: Peroxisome and mitochondrial fission defects in various yeast mutant strains. Fluorescence 

microscopy images showing mitochondrial and peroxisome morphology in Δvps1Δfis1 (A), Δvps1Δfis1::FIS1 

(B) and Δvps1Δfis1::FIS1-PEX15 (C) cells. Cells were grown until the mid-exponential growth phase on MM 

containing 2% glucose. Peroxisomes are marked by DsRED-SKL and mitochondria by mitoGFP. 

Figure 1. Peroxisome and mitochondrial fission defects in various yeast mutant strains. 
Fluorescence microscopy images showing mitochondrial and peroxisome morphology in 
Δvps1Δfis1 (A), Δvps1Δfis1::FIS1 (B) and Δvps1∆fis1::FIS1-PEX15 (C) cells. Cells were grown 
until the mid-exponential growth phase on MM containing 2% glucose. Peroxisomes are 
marked by DsRED-SKL and mitochondria by mitoGFP.

Table 1. Summary of the results of the fluorescence microscopy analyses.

Strain mitochondria morphology peroxisomes number per cell*

Δvps1 normal 1.30 ± 0.02

Δvps1Δfis1 collapsed 0.85 ± 0.05

Δvps1Δfis1::FIS1 normal 1.27 ± 0.01

Δvps1Δfis1::FIS1-PEX15 collapsed 3.32 ± 0.18

Δvps1 FIS1-PEX15 normal 2.90 ± 0.08

Δpex3 normal ND

Δpex3Δfis1 collapsed ND

*Mean peroxisome numbers (± standard error of mean).
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experiments revealed no significant differences between the mean lifespans of these 
4 strains (Fig. 2B). However, deletion of FIS1 in Δvps1 cells (Δvps1Δfis1) significantly 
increased the maximum lifespan relative to the Δvps1 control (p = 3.10-4; Fig. 2B; 
Table 2). Upon FIS1 reintroduction (Δvps1Δfis1::FIS1) this effect was abolished 
(Fig. 2A; Table 2).

Interestingly, no statistically different changes in mean or maximum lifespans 
were observed when mitochondrial fission was selectively blocked (Δvps1 versus 
Δvps1Δfis1::FIS1-PEX15 cells) (mean CLS, p = 0.829; maximum CSL, p = 0.064), 
whereas the maximum CLS of Δvps1Δfis1 was significantly higher than that of 
Δvps1Δfis1::FIS1-PEX15 cells (mean CLS, p = 0.208; maximum CLS, p = 0.001) (Fig. 2; 
Table 2). These data suggest that the extension of the maximum lifespan caused 
by FIS1 deletion is mainly caused by a block in peroxisome fission (Fig. 2B; Table 2).
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Table 1: Summary of the results of the fluorescence microscopy analyses. 

Strain mitochondria morphology peroxisomes number 
per cell*

Δvps1 normal 1.30 ± 0.02
Δvps1Δfis1 collapsed 0.85 ± 0.05 
Δvps1Δfis1::FIS1 normal 1.27 ± 0.01 
Δvps1Δfis1::FIS1-PEX15 collapsed 3.32 ± 0.18 
Δvps1 FIS1-PEX15 normal 2.90 ± 0.08 
Δpex3 normal ND 
Δpex3Δfis1 collapsed ND 
*Mean peroxisome numbers (± standard error of mean). 

Interestingly, no statistically different changes in mean or maximum lifespans were observed 

when mitochondrial fission was selectively blocked (Δvps1 versus Δvps1Δfis1::FIS1-PEX15

cells) (mean CLS, p = 0.829; maximum CSL, p = 0.064), whereas the maximum CLS of 

Δvps1Δfis1 was significantly higher than that of Δvps1Δfis1::FIS1-PEX15 cells (mean CLS, p 

= 0.208; maximum CLS, p = 0.001) (Fig. 2; Table 2). These data suggest that the extension of 

the maximum lifespan caused by FIS1 deletion is mainly caused by a block in peroxisome 

fission (Fig. 2B; Table 2). 

Figure 2. Exclusive sorting of Fis1 to peroxisomes does not result in lifespan extension. (A) Chronological 

lifespans of Δvps1, Δvps1Δfis1, Δvps1Δfis1::FIS1 and Δvps1Δfis1::FIS1-PEX15 cells. Data represent mean  ± 

SEM from at least 2 experiments. (B) Statistical analysis for mean and maximum lifespans of strains presented 

in panel A. *, p < 0.001.

Figure 2. Exclusive sorting of Fis1 to peroxisomes does not result in lifespan extension. 
(A) Chronological lifespans of Δvps1, Δvps1Δfis1, Δvps1Δfis1::FIS1 and Δvps1Δfis1::FIS1-
PEX15 cells. Data represent mean  ± SEM from at least 2 experiments. (B) Statistical 
analysis for mean and maximum lifespans of strains presented in panel A. *, p < 0.001.

Table 2. Mean and maximal lifespans.

Strain Mean CLS (days) Maximum CLS (days)

Δvps1 14.2 ± 1.45 24.4 ± 1.06

Δvps1Δfis1 16.0 ± 1.22 31.1 ± 0.36

Δvps1Δfis1::FIS1 13.6 ± 1.34 22.1 ± 1.52

Δvps1Δfis1::FIS1-PEX15 13.9 ± 1.35 20.3 ± 1.91

Δvps1 FIS1-PEX15 12.3 ± 0.35 23.0 ± 2.83

Δpex3 9.9 ± 0.18 16.0 ± 0.00

Δpex3Δfis1 9.6 ± 0.88 16.0 ± 0.00
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Enhanced levels of Fis1 on the peroxisomal membrane do not affect 
the CLS
The number of peroxisomes is enhanced in Δvps1Δfis1::FIS1-PEX15 relative to 
Δvps1Δfis1::FIS1 (Fig. 1B, Table 1)11, most likely due to increased levels of Fis1 protein 
at the peroxisomal membrane. In order to test whether this influences the CLS, we 
expressed FIS1-PEX15 in Δvps1 cells and compared the CLS with Δvps1 control cells. 
Indeed, peroxisome numbers increased (2.9 per cell in Δvps FIS1-PEX15 relative to 
1.3 in ∆vps1 cells; Fig. 3A; Table 1) to a value similar as observed in Δvps1Δfis1::FIS1-
PEX15 cells (3.3; Table 1). CLS analysis revealed no significant changes in mean or 
maximum lifespan (mean CLS, p = 0.129; maximum CLS, p = 0.215) (Fig. 3B; Table 2), 
indicating that enhanced peroxisomal Fis1 levels or fission do not affect yeast CLS.
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Figure 3. Increased peroxisome fission does not affect the CLS. (A) Mitochondrial and peroxisomal 

morphology in Δvps1 and Δvps1 FIS1-PEX15 cells. Peroxisomes were labeled with DsRED-SKL and 

mitochondria by mitoGFP. (B) Chronological lifespan analysis of Δvps1 and Δvps1 FIS1-PEX15 cells. Data 

represent mean ± SEM from at least 2 experiments. 

Fluorescence microscopy analysis revealed that Δpex3 cells show normal branched 

mitochondria, which collapse upon deletion of FIS1 (Fig. 4A; Table 1). As expected, the 

peroxisomal matrix marker DsRed-SKL is mislocalized to the cytosol in both Δpex3 and 

Δpex3Δfis1 cells (Fig. 4A). Chronological ageing experiments revealed that both strains show 

Figure 3. Increased peroxisome fission does not affect the CLS. (A) Mitochondrial and per-
oxisomal morphology in ∆vps1 and ∆vps1 FIS1-PEX15 cells. Peroxisomes were labeled with 
DsRED-SKL and mitochondria by mitoGFP. (B) Chronological lifespan analysis of ∆vps1 and 
∆vps1 FIS1-PEX15 cells. Data represent mean ± SEM from at least 2 experiments.
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The mean chronological lifespan is defined as the time point where 50% of the 
cells are viable. The maximum lifespan is the time point where 10% of the cells 
are viable. Mean values (± standard error of mean) are presented of at least two 
independent cultures. 

Deletion of FIS1 has no impact on lifespan in Δpex3 cells
To further substantiate that a block in mitochondrial fission does not result in an 
increased CLS, we deleted FIS1 in Δpex3 cells. Pex3 is a peroxisomal membrane 
protein that is essential for peroxisome biogenesis. Δpex3 cells fully lack normal 
peroxisomal structures and all peroxisomal matrix proteins are mislocalized to 
the cytosol.15
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similar mean and maximum lifespans (Fig 4B; Table 2). This observation indicates that FIS1

deletion only results in a decreased CLS when peroxisome are present, demonstrating that 

blocking mitochondrial fission does not increase the CLS in S. cerevisiae. 

Figure 4: FIS1 deletion in Δpex3 cells has no effect on the CLS. 

(A) Fluorescence microscopy of Δpex3 and Δpex3Δfis1 cells producing DsRED-SKL or mitoGFP. (B). 

Chronological lifespan experiment of Δpex3 and Δpex3Δfis1 cells. Data represent mean ± SEM from at least two 

experiments.  

Figure 4. FIS1 deletion in ∆pex3 cells has no effect on the CLS.
(A) Fluorescence microscopy of Δpex3 and Δpex3Δfis1 cells producing DsRED-SKL or mitoGFP. 
(B). Chronological lifespan experiment of Δpex3 and Δpex3Δfis1 cells. Data represent mean  
± SEM from at least two experiments.
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Fluorescence microscopy analysis revealed that Δpex3 cells show normal 
branched mitochondria, which collapse upon deletion of FIS1 (Fig. 4A; Table 1). As 
expected, the peroxisomal matrix marker DsRed-SKL is mislocalized to the cytosol 
in both Δpex3 and Δpex3Δfis1 cells (Fig. 4A). Chronological ageing experiments 
revealed that both strains show similar mean and maximum lifespans (Fig 4B; 
Table 2). This observation indicates that FIS1 deletion only results in a decreased 
CLS when peroxisome are present, demonstrating that blocking mitochondrial 
fission does not increase the CLS in S. cerevisiae.

Discussion

Here we show that a block in peroxisome fission, but not a block in mitochondrial 
fission, results in an increased chronological lifespan of S. cerevisiae.

First, we showed that, like reported before for WT cells, deletion of FIS1 in a 
Δvps1 background results in an increase in chronological lifespan.9 This allowed us 
to specifically study the role of Fis1/Dnm1 mediated peroxisome and mitochondrial 
fission in yeast ageing. In Δfis1Δvps1 cells both peroxisome and mitochondrial 
fission are blocked. By re-introducing a Fis1 variant that is selectively targeted 
to peroxisomes, we were able to create a strain that was selectively blocked in 
mitochondrial fragmentation, whereas peroxisomes still divided. Because in these 
cells the CLS was not extended anymore, we conclude that blocking peroxisomes 
fission, but not mitochondrial fission increases yeast CLS. Our observation that 
deletion of FIS1 does not increase the lifespan of cells lacking peroxisomes (Δpex3) 
supports the conclusion that the positive effect of FIS1 deletion on yeast CLS is 
mainly related to peroxisomes and not to mitochondria.

Our data reveal that only the maximum CLS and not the mean CLS is enhanced by 
blocking peroxisome fission. This suggests that peroxisome fission has a pro-ageing 
effect mainly at later stages of chronological ageing. We speculate that this may be 
related to the block in pexophagy which accompanies peroxisome fission defects.16-18 
We previously showed that peroxisomal β- oxidation is important for energy supply 
during yeast chronological ageing,15 because a reduction in β-oxidation caused 
by either the absence of an enzyme of this pathway or a defect in peroxisome 
biogenesis resulted in a decrease in chronological lifespan. Conversely a defect in 
pexophagy is likely to result in enhanced peroxisomal β-oxidation and thus a higher 
capacity of the cells to generate energy during chronological ageing especially at 
the later stages.

An alternative explanation may be related to the effect of peroxisome fission 
on ROS homeostasis. Peroxisomes play an important role in ROS homeostasis and 
oxidative stress. This is illustrated by the observation that deletion of S. cerevisiae 
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PEX6, a crucial gene for peroxisome biogenesis, resulted in enhanced ROS levels 
during chronological ageing ultimately leading to necrotic cell death.19 Also, 
the absence of the peroxisomal peroxiredoxin PMP20 in the yeast Hansenula 
polymorpha caused increased oxidative stress and necrotic cell death.20 These 
results suggest that intact peroxisomes containing sufficient levels of peroxisomal 
antioxidant enzymes may prevent necrosis. The block in pexophagy and/or the 
presence of enlarged peroxisomes in Δvps1Δfis1 cells may result in altered ROS 
homeostasis, thereby reducing the induction of necrosis and an extension of the 
CLS in Δvps1Δfis1 cells.

Mitochondrial fragmentation has been suggested to be important for 
selective mitochondrial autophagy (mitophagy). Studies in mammals suggested 
that fission, fusion and autophagic degradation of mitochondria are important 
processes to prevent accumulation of dysfunctional mitochondria.21-24 According 
to this model mitochondrial fission results in uneven daughter mitochondria 
thereby separating dysfunctional and functional parts. Subsequently, the 
dysfunctional organelles are degraded by autophagy whereas the functional 
ones fuse to form healthy mitochondrial networks. If this model is correct, 
one would assume that in mammalian cells a block in mitochondrial fission (by 
DNM1 or FIS1 deletion) results in the accumulation of dysfunctional organelles 
leading to a decreased instead of an enhanced lifespan. In yeast this issue is still 
controversial, because data have been presented indicating that mitochondrial 
fission is important for autophagy,25 whereas other studies suggest that fission 
is not required for mitophagy.26 

Summarizing our data indicate that a block in peroxisome fission, but not in 
mitochondrial fission, enhances yeast chronological lifespan.

Materials and methods

Strains and growth conditions
The S. cerevisiae strains, all derived from wild-type BY4742, are listed in Table 3. 
We sequenced the WHI2 gene in all strains and found no mutations (data not 
shown). Cells were grown in batch cultures at 30°C, 200 rpm, on mineral media 
(MM)27 containing 0.25% ammonium sulfate, 0.05% yeast extract and 2% or 0.5% 
glucose. MM was supplemented with the required amino acids and uracil to a final 
concentration of 20 μg/ml (histidine) or 30 μg/ml (leucine, lysine, and uracil). For 
growth on agar plates YPD medium (1% yeast extract, 1% peptone, 1% glucose) 
was supplemented with 2% agar. Escherichia coli DH5α was used for plasmid 
constructions and cultured at 37°C on LB medium (1% trypton, 0.5% yeast extract, 
0.5% NaCl) supplemented with 100 μg/ml ampicillin, when required.
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Table 3. Yeast strains used in this study.

Strains Genotype Reference

BY4742 WT MATα his3A1 leu2A0 lys2A0 ura3A0 Euroscarf

Δvps1 vps1::KanB 10

Δvps1Δfis1 vps1::loxP fis1::loxP 10

Δvps1Δfis1::FIS1 vps1::loxP fis1::FIS1 this study

Δvps1Δfis1::FIS1-PEX15 vps1::loxP fis1::FIS1-PEX15 this study

Δvps1 FIS1-PEX15 vps1::KanB FIS1/FIS1-PEX15 this study

Δpex3 pex3::KanMX4 Euroscarf

Δpex3Δfis1 pex3::KanMX4 fis1::NatMX4 this study

Construction of strains
Plasmids and primers used in this study are listed in Tables 4 and 5. Yeast were 
transformed according to the lithium acetate transformation protocol described by 
Ito et al. 198327 and modified by Hill et al. 1991 and Gietz et al. 1992.28,29

pEH107 (FIS1 ORF) and pEH111.2 (FIS1-PEX15 hybrid gene) are a gift from 
A. Motley.11 Both are 2μ plasmids allowing expression of either full-length FIS1 or the 
gene encoding the fusion protein Fis1-Pex15361-383 in which the C-terminal anchor 
domain of Fis1 is replaced by the one of Pex15.14 Both genes are under control of the 
FIS1 promoter. Because integrative plasmids are more accurate while investigating 
chronological aging, we subsequently cloned both constructs into an integrative 
plasmid containing an antibiotic resistance marker. pFIS1 (pSL35) and pFIS1-PEX15 
(pSL36) were constructed by digestion of pEH107 and pEH111.2 with EcoRI/HindIII 
and cloned into pBluescript SK+. The hygromycin resistance gene from pAG3230 

Table 4. Plasmids used in this study.

Plasmid Description Reference

mitoGFP* pVT100U-mtGFP*, PADH1-Su9(1-69)DsRed.T1/URA3, 2µ 30

mitoDsRED* pVT100U-mtDsRED, PADH1-Su9(1-69)DsRed.T1/URA3, 2µ 30

DsRED-SKL pUG34-DsREDskl, PMET25-DsRED-T1.SKL/HIS3, 2µ 10

pEH107** PFIS1-FIS1-TFIS1/URA3, 2µ** 11

pEH111.2** PFIS1-FIS1-PEX15-TPEX15/URA3, 2µ** 11

pFIS1 pSL35, PFIS1-FIS1-TFIS1/HghMX4, integrative this study

pFIS1.PEX15 pSL36, PFIS1-FIS1-PEX15-TPEX15/ HghMX4, integrative this study

* gift from Dr. Jodi Nunnari (University of California, Davis, USA).
**gift from Dr Alison M. Motley (University of Sheffield, Sheffield UK)
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was then introduced using SpeI/BamHI. pSL35 and pSL36 were then linearized 
using BstBI and transformed into yeast cells allowing genomic integration into the 
FIS1 promoter. Positive clones were selected on YPD plates containing 300 μg/ml 
hygromycin B (Invitrogen). Successful integration by homologous recombination was 
checked using FIS1.6 + FIS1.D and POT1.6 + FIS1.9 primers (Table 5). 

FIS1 deletion in Δpex3 cells was obtained by replacement of the FIS1 open 
reading frame by NatMX4 gene from pAG2531 using primers FIS1up and FIS1dw. 
For the selection of positive clones, YPD plates containing 100 μg/ml nourseothricin 
(Invitrogen, Carlsbad, CA, USA) was used. Correct integration was checked using 
Euroscarf primers FIS1.A and FIS1.D and the NATrev primer (Table 5).

Fluorescence microscopy
Cells from fresh plates were grown overnight on MM medium containing 2% glucose. 
Cultures were diluted at OD600 nm = 0.1 in fresh MM 2% glucose and grown for 4 hours 
before imaging. Fluorescence images were captured by an inverted microscope 
(Observer Z1; Carl Zeiss) using AxioVision software (Carl Zeiss) and a digital camera 
(CoolSNAP HQ2; Photometrics). All fluorescence images were acquired using a 
100x 1.30 NA Plan-Neofluar objective (Carl Zeiss). GFP signal was visualized with a 
470/40-nm band pass excitation filter, a 495-nm dichromatic mirror, and a 525/50-nm 
band pass emission filter. 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. Fluorescence image were analyzed using ImageJ software software 

Table 5. Primers used in this study.

Primer Sequence (5’-3’)

FIS1.A GCATACAGTTCATCCCAGTATTTTT

FIS1.D CATGCGTAGTTAAACCTTGACTGTA

FIS1up CACATAGAAGCACAGATCAGAGCACAGCCATACAACATAAGTATGCTTAACTATGC 
GGCATCAGAG

FIS1dw ATTCTTATGTATGTACGTATGTGCTGATTTTTTATGTGCTTGTTAGCGCCCAATACGCA 
AACC

FIS1.6 CCGGCTTCCAGTCACCACTA

FIS1.9 CGTCCGCGGTGGGTCTAAACCGTATGA

NAT rev GTAAGCCGTGTCGTCAAGAG

POT1.6 AATTCAACGCGTCTGTGAGG

WHI2.1 CGCAAGAAGACAACTCCTTCA

WHI2.2 ACCGTTTTGCCAGTTTCTTG

WHI2.3 AGGGGTCCAATTCTTCTTCAAAT

WHI2.4 TGTGTCTTTGGCCCGATCT
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(US National Institutes of Health, Bethesda, MD, USA). Pictures presented here are 
z-projection of stacks resulting in complete overview of organelles morphology/
number. The number of peroxisomes per cell was calculated from 2 different clones 
grown at the same conditions and the results presented are mean values and 
standard error of mean. 

Chronological lifespan measurements
Overnight cultures were grown in MM medium containing 0.5% glucose and 
diluted twice at OD600 nm = 0.1 in fresh MM and grown for 8 hours. After the last 
pre-cultivation step, cells were diluted in final fresh MM. Survival was assayed by 
determining the colony forming units (CFUs) after 2 days of incubation at 30°C on 
YPD agar plates. Twenty-four hours after the last dilution (D1) was considered as 
100% of survival. The results shown are mean values and standard error of mean. 
At the end of each aging experiments, the WHI2 gene was amplified using primers 
WHI2.1 and WHI2.4 and sequenced with primers WHI2.2 and WHI2.3 to check 
appearance of a random mutation.
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Supplementary figure 

Figure S1: Phenotypes of Δvps1 cells. 

(A) Chronological lifespans of Δvps1 and WT control cells. Data represent mean ± SEM from at least two 

experiments (mean CLS, p = 0.261; maximum CLS, p = 0.537). (B) Fluorescence microscopy images showing 

mitochondrial and peroxisome morphology in WT cells. (C) Quantification of peroxisome numbers in Δvps1 and 

WT cells. 

  

Figure S1. Phenotypes of ∆vps1 cells.
(A) Chronological lifespans of Δvps1 and WT control cells. Data represent mean ± SEM from 
at least two experiments (mean CLS, p = 0.261; maximum CLS, p = 0.537). (B) Fluorescence 
microscopy images showing mitochondrial and peroxisome morphology in WT cells. (C) Quan-
tification of peroxisome numbers in Δvps1 and WT cells.
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The evolution of eukaryotes from prokaryotes is marked by the development of distinct 
membrane bound compartments, called organelles. The compartmentalization of 
cytosolic functions allows eukaryotes to operate more effectively. Each organelle 
has a its own specific structural and functional characteristics. Although, originally 
thought to be independent evidence is now accumulating that suggest that these 
organelles function together in close association. Among these, peroxisomes are 
remarkable cellular organelles that display a wide variety of functions depending 
on cellular requirements. Important known functions of peroxisomes include fatty 
acid β-oxidation, the glyoxylate cycle, plasmalogen synthesis, photorespiration 
and purine biosynthesis and this list is not complete yet. Along with mitochondria 
peroxisomes are important contributors to the generation of intracellular reactive 
oxygen species. In recent years studies have implicated the importance of these 
organelles in cellular ageing.

In the recent times the average human life expectancy has increased and so 
did the age-related complications. In order to minimize these complications it is 
imperative to have a thorough understanding of the molecular mechanisms of 
ageing processes. Research performed in various simple short-lived organisms 
has contributed significantly to our current knowledge of this process. Yeast have 
been widely used as model organism to study ageing and most known longevity 
pathways were first discovered in this simple organism. In yeast, two types of ageing 
paradigms have been established, namely replicative and chronological ageing. The 
replicative lifespan is defined as the number of daughter cells produced by yeast 
mother cell before they die, and this is considered a model system for dividing 
cells in higher eukaryotes. The chronological lifespan represents the time that 
yeast cells can survive in their non-dividing state and this is regarded as model for 
non-dividing cells of higher eukaryotes. Conventional methods used to study yeast 
ageing have been informative, however with the recent introduction of new systems 
level approaches yeast is becoming an increasingly attractive model to elucidate 
the molecular mechanism of ageing. The research described in this thesis focuses 
on the two paradigms of yeast ageing with special emphasis on significance of 
peroxisomes in this process. 

Chapter 1 presents a summary of our current knowledge of peroxisomes. Special 
emphasis has been given to the processes that are required for peroxisomal quality 
control. In addition, we present an outline of the current our knowledge of the role 
of peroxisomes in the yeast ageing.

In Chapter 2 we studied the differences among peroxisomes in cells of the yeast 
Saccharomyces cerevisiae. For this purpose we used the concept of differences in 
maturation times of fluorescent proteins to define the age of proteins. A fusion 
construct of DsRed1, a red fluorescent protein with a maturation time of approximately 
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11 hrs, and sfGFP, with a very short maturation time (approximately 10 min), was 
targeted to peroxisomes. Analyses of fluorescence intensity ratios of DsRed1/sfGFP 
of peroxisomes revealed that organelles with proteins of different ages are present 
in a single cell. Peroxisomes with a relatively old matrix protein content showed 
a reduced capacity for further matrix protein import. This most likely was related 
to a reduction of Pex14, a component of the matrix protein importomer, on these 
organelles. Interestingly, peroxisomes with a relatively young matrix protein content 
imported matrix proteins more effectively concomitant with the preferential sorting 
of Pex14 to these organelles. However, this selective targeting of peroxisomal 
membrane proteins (PMPs) was not a general phenomenon because Pex3 was 
sorted to all peroxisomes irrespective of the age of their matrix content. The 
organelles with the relatively old content (the mature ones) are selectively retained 
by the mother cell, whereas the nascent ones with relatively young content are 
preferentially transported to the developing buds. The asymmetric inheritance 
of peroxisomes was facilitated by the localized distribution of the peroxisome 
inheritance proteins, Inp1 and Inp2. Inp1, implicated in anchoring the organelles in 
the mother cell, was concentrated on mature peroxisomes present in the mother 
cells. Inp2 that facilitates migration of the organelle to developing buds was enriched 
on the nascent peroxisomes that were destined for the daughter cells. Interestingly, 
the tight asymmetry in peroxisomes inheritance was maintained throughout the 
replicative lifespan of yeast cell. Finally, distinct from what is generally assumed, 
our studies established that yeast peroxisomes are important in  replicative ageing, 
also when cells are grown on glucose. 

Nicotinamidase, Pnc1, has been implicated in replicative ageing of S. cerevisiae. 
In Chapter 3 we analyzed the mechanism of Pnc1 targeting to peroxisomes and its 
relation to the replicative lifespan of yeast. We show that Pnc1 physically interacts 
with the peroxisomal targeting signal-2 (PTS2) containing protein Gpd1, which allows 
its piggyback import to peroxisomes. Western blotting revealed that both proteins 
are not present at constant ratios in the cell, suggesting that they do not form a 
stable complex with fixed stoichiometry. Although these proteins form a complex 
we found that the stability of one protein is unaffected in the absence of the other, 
suggesting that both proteins interact primarily for the targeting purpose. 

Previous studies indicated that Gpd1 relocalizes to the cytosol upon exposure 
of cells to various stress conditions. Using quantitative fluorescence microscopy, 
we analyzed the levels of peroxisomal and cytosolic Gpd1 and Pnc1 prior and after 
exposure of cells to different stress conditions. These studies revealed that both 
proteins were confined to peroxisomes in unstressed cells. Upon exposure of cells to 
stress the levels of both proteins strongly increased, together with the appearance 
of cytosolic Gpd1 and Pnc1. However, at the same time also the level of peroxisomal 

128



Summary 

protein increased. A similar distribution pattern was observed for a non-stress 
related peroxisomal protein (thiolase), when produced under control of the GPD1 
promoter. These analyses suggest that the appearance of cytosolic Gpd1 and Pnc1 
may be related to the inefficiency of the PTS2 import machinery.

Previously, it was suggested that Pnc1 functions in the nucleus by lowering 
nicotinamide levels and hence activates Sir2 activity that has a positive effect on 
replicative ageing of yeast. We analyzed single yeast cells during multiple cell 
divisions using a microfluidics device, which showed that during replicative ageing 
Pnc1 never concentrated in the nucleus. When we forced the localization of Pnc1 
exclusively to peroxisomes by adding a PTS1 (-SKL.COOH) to the C-terminus, we still 
did not observe shortening of yeast replicative lifespan relative to wild type control 
cells. Our findings do not support a role of nucleus-bound Pnc1 in determining 
yeast replicative lifespan.

In Chapter 4 we analyzed the significance of peroxisomal metabolism in yeast 
aging. We used the methylotrophic Hansenula polymorpha in this study because it 
can utilize a wide variety of carbon and nitrogen sources that are metabolized by 
peroxisomal enzymes. We found that these cells had an enhanced chronological 
lifespan when methanol or ethanol, which both require peroxisomal enzymes for 
growth, were used as carbon source relative to growth on glucose, which does 
not require peroxisomal metabolism. We also found that when using D-alanine 
or methylamine as sole nitrogen sources, which also need peroxisome functions, 
had positive effects and led to an increased  lifespan relative to the commonly 
used nitrogen source ammonium sulphate. Further analysis revealed that the 
lifespan extension on methylamine as nitrogen source was linked to its oxidation 
by the peroxisomal enzyme amine oxidase into formaldehyde. Further oxidation of 
formaldehyde into CO2 generates two molecules of NADH that can provide cells 
with surplus energy during the stationary phase. These data show that additional 
energy provided during stationary phase of the culture has positive effects on the 
chronological lifespan. Therefore, while analyzing non-dividing cultures, the energy 
status of these cells must be taken into account.

In Chapter 5 we investigated the role of the Fis1/Dnm1 organelle fission machinery 
that is involved in both mitochondrial and peroxisomal fission, especially in relation 
to the role of peroxisome fission in the chronological lifespan of S. cerevsiae. 
As reported earlier, first we confirmed that ∆fis1∆vps1 cells are fully blocked in 
peroxisome and mitochondrial fission and have an increased chronological lifespan. 
When we selectively blocked mitochondrial fission in this strain by a introducing a 
Fis1-Pex15 fusion protein that selectively sorts all Fis1 protein to peroxisomes, we did 
not observe an extension in the chronological lifespan. Based on this we concluded 
that inhibition in mitochondrial fission does not affect yeast chronological lifespan. 

129



Summary

Deletion of FIS1 in cells devoid of peroxisomes (Δpex3) did also not have a positive 
effect on yeast chronological lifespan. This further confirms our conclusion that the 
positive effects on yeast lifespan in Fis1/Dnm1 deficient cells is predominantly related 
to the block in peroxisome fission rather than in mitochondria.
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De ontwikkeling van membraangebonden compartimenten, organellen, kenmerkt 
de evolutie van eukaryoten uit prokaryoten. Eukaryoten functioneren efficiënter 
doordat verschillende cytosolische functies zijn ondergebracht in organellen met 
elk een eigen structuur en functie. In tegenstelling tot wat men eerder dacht blijkt 
uit recent onderzoek dat organellen in nauw contact met elkaar functioneren.

Peroxisomen zijn opmerkelijke organellen die hun functie kunnen aanpassen aan 
de behoefte van de cel. In peroxisomen vinden we bijvoorbeeld enzymen voor de 
β-oxidatie van vetzuren, de glyoxylaatcyclus, plasmalogensynthese, fotorespiratie en 
purine biosynthese. En deze lijst is nog niet compleet. Samen met  mitochondriën 
zijn peroxisomen de belangrijkste producenten van intracellulaire zuurstofradicalen 
(ROS). Tot slot is uit verschillende studies van de laatste jaren ook naar voren 
gekomen dat  peroxisomen belangrijk zijn bij celveroudering.

De gemiddelde leeftijd van de mens is de afgelopen jaren toegenomen en dit 
leidt ook tot meer ouderdom-gerelateerde ziektes. Om dit laatste zoveel mogelijk 
te voorkomen is een goed begrip nodig van de moleculaire mechanismen die 
ten grondslag liggen aan het verouderingsproces. Onderzoek aan eenvoudige 
kortlevende organismen heeft veel bijgedragen aan onze kennis over dit proces. Zo is 
gist is een veelgebruikt modelsysteem voor onderzoek naar veroudering. De meeste 
metabole routes die een rol spelen bij levensduur zijn ontdekt in dit organisme.

In gist onderscheiden we replicatieve en chronologische veroudering. 
De replicatieve levensduur wordt bepaald door het aantal dochtercellen die een 
moedercel kan produceren en dient daarom als modelsysteem voor delende 
cellen in hogere eukaryoten. De chronologische levensduur is de tijd die gistcellen 
kunnen overleven in een niet-delende staat, wat model  staat  voor niet-delende 
cellen in hogere eukaryoten. Conventionele methoden voor onderzoek aan gist 
waren beschrijvend maar met de recente introductie van onderzoek op systeem 
niveau wordt gist een steeds interessanter model voor studies naar veroudering. 
Het onderzoek beschreven in dit proefschrift spitst zich toe op de twee typen 
veroudering in gist en op de rol van peroxisomen in dit proces.

Hoofdstuk 1 vat onze huidige kennis over peroxisomen samen met nadruk op 
processen die een rol spelen bij kwaliteitscontrole van deze organellen. Daarnaast 
beschrijven we wat op dit moment bekend is over de rol van peroxisomen bij 
veroudering in gist. 

In Hoofdstuk 2 onderzochten we de verschillen tussen peroxisomen in cellen 
van de gist Saccharomyces cerevisiae. We bepaalden de leeftijd van eiwitten door 
gebruik te maken van de verschillende maturatietijden van twee fluorescente 
eiwitten. Een fusie-eiwit met DsRed1, een rood fluorescent eiwit met een maturatietijd 
van circa 11 uur, en sfGFP, een groen fluorescent eiwit met een maturatietijd van 
ongeveer 10 minuten, werd voorzien van een peroxisomaal sorteringssignaal, 
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waardoor dit eiwit naar peroxisomen werd getransporteerd. Uit de gemeten ratio’s 
van fluorescentie intensiteiten van DsRed1/sfGFP van individuele peroxisomen bleek 
dat, binnen één cel, peroxisomen met zowel jonge als oude eiwitten aanwezig zijn. 
Peroxisomen met relatief oude matrixeiwitten importeren nieuwe matrixeiwitten 
minder goed. Dit komt waarschijnlijk doordat oude organellen minder Pex14 
bevatten, een onderdeel van het importcomplex. Interessant is dat peroxisomen 
met relatief jonge matrixeiwitten nieuwe matrixeiwitten efficiënter importeren. Dit 
is consistent met de voorkeur voor nieuw gesynthetiseerd Pex14 juist naar deze 
organellen te getransporteerd te worden.  Selectief transport  van peroxisomale 
membraaneiwitten (PMPs) naar jonge organellen bleek  geen algemeen fenomeen 
omdat een ander PMP, Pex3, naar alle peroxisomen wordt getarget, ongeacht de 
leeftijd van de matrixeiwitten.

Peroxisomen met een relatief oude inhoud worden selectief behouden door 
de moedercel, terwijl jonge organellen bij voorkeur naar de nieuwe knop worden 
getransporteerd in delende gistcellen. Inp1 en Inp2 spelen een belangrijke rol 
bij deze asymmetrische overerving in gist. Inp1, dat organellen in de moedercel 
verankert, is geconcentreerd op de oudere peroxisomen in de moedercel. Inp2, 
dat de migratie van organellen naar de knop faciliteert, is juist verrijkt op jonge 
peroxisomen. Interessant is dat de strakke asymmetrie in de overerving van 
peroxisomen tijdens de volledige replicatieve levensduur van een moedercel in 
stand blijft. Tot slot heeft ons onderzoek uitgewezen dat peroxisomen belangrijk zijn 
tijdens replicatieve veroudering in gist, ook wanneer de gisten groeien op glucose. 
Dit in tegenstelling tot wat altijd werd aangenomen.

Nicotinamidase, Pnc1, zou een rol spelen bij replicatieve veroudering van 
S. cerevisiae. In Hoofdstuk 3 analyseerden we het sorteringsmechanisme van Pnc1 
naar peroxisomen en de rol hiervan bij de replicatieve levensduur van gist. We 
tonen aan dat Pnc1 een fysieke interactie aangaat met Gpd1 dat een peroxisomaal 
targetingsignaal-2 bevat (PTS2). Via deze interactie kan Pnc1 via Gpd1 meeliften het 
peroxisoom in (piggybacking). M.b.v. Western blotting toonden we aan dat beide 
eiwitten niet in een vaste ratio in de cel aanwezig zijn en daarom waarschijnlijk 
geen stabiel complex met een vaste stoichiometrie vormen. Hoewel deze eiwitten 
een complex vormen zagen we dat de stabiliteit van de afzonderlijke eiwitten niet 
verandert als het andere eiwit ontbreekt. Waarschijnlijk is de interactie puur gericht 
op targeting.

Resultaat uit eerder onderzoek suggereert dat nieuw gesynthetiseerd Gpd1 onder 
stresscondities in het  cytosol blijft. Met kwantitatieve fluorescentiemicroscopie 
analyseerden we de hoeveelheid peroxisomaal en cytosolisch Gpd1 en Pnc1 voor 
en na het blootstellen van de cel aan verschillende stresscondities. Hieruit bleek 
dat zónder stress beide eiwitten peroxisomaal zijn. Na blootstelling van de cellen 
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aan stress  ging de concentratie van beide eiwitten omhoog en werden Gpd1 en 
Pnc1 zichtbaar in het cytosol. Echter, ook de niveaus van peroxisomaal Gpd1 en 
Pnc1  namen toe. Een vergelijkbaar verdelingspatroon was zichtbaar voor een niet-
stressgerelateerd peroxisomaal eiwit (thiolase) wanneer het tot expressie kwam 
onder de GPD1 promotor. Het verschijnen van cytosolisch Gpd1 en Pnc1 zou het 
gevolg kunnen zijn van een inefficiënte PTS2 importmachinerie.

Eerder onderzoek wees ook uit dat Pnc1 de nicotinamide niveaus in de kern 
verlaagt en daardoor Sir2 activeert dat een positief effect heeft op replicatieve 
veroudering. We volgenden afzonderlijke gistcellen tijdens een aantal celdelingen 
in een microfluidic chip. Hieruit bleek dat tijdens replicatieve veroudering Pnc1 zich 
nooit in de kern concentreert. Toen we Pnc1 exclusief naar peroxisomen targetten 
door een PTS1 (-SKL.COOH) aan de C-terminus te koppelen zagen we, in vergelijking 
met wild-type controles, nog steeds geen verkorting van de replicatieve levensduur. 
Een functie voor Pnc1 in de kern in de replicatieve levensduur werd door ons 
onderzoek niet bevestigd. 

In Hoofdstuk 4 analyseerden we de rol van het metabolisme van peroxisomen bij 
veroudering in gist. Hiervoor gebruikten we Hansenula polymorpha, een gist die kan 
groeien op verschillende koolstof- en stikstofbronnen die worden gemetaboliseerd 
in peroxisomen. We ontdekten dat, vergeleken met groei op glucose, cellen langer 
leefden op media met methanol en ethanol als koolstofbron. In tegenstelling tot 
groei op glucose zijn voor het metabolisme van methanol of ethanol peroxisomale 
enzymen vereist. We zagen ook een positief effect bij het gebruik van D-alanine of 
methylamine als stikstofbron, in tegenstelling tot het veelgebruikte ammoniumsulfaat. 
Ook voor het metabolisme van deze stikstofbronnen zijn  peroxisomale enzymen  
nodig. Verder onderzoek toonde aan dat de langere levensduur op methylamine als 
stikstofbron verband hield met de oxidatie van deze verbinding tot formaldehyde 
door het peroxisomale enzym amine oxidase. Verdere oxidatie van formaldehyde 
naar CO2 genereert twee moleculen NADH die extra energie opleveren voor de 
cel tijden de stationaire fase. Dit geeft aan dat extra energie tijdens de stationaire 
fase een positief effect heeft op de chronologische levensduur. Bij onderzoek aan 
veroudering van cellen in niet-delende cultures is het daarom belangrijk dat de 
energiestatus van de cel wordt meegenomen in de analyse.

In Hoofdstuk 5 onderzochten we de rol van de Fis1/Dnm1 delingsmachinerie, 
betrokken bij deling van zowel mitochondriën als peroxisomen. We keken met name 
naar de rol van peroxisoomdeling tijdens de chronologische levensduur van gist. Eerst 
bevestigden we dat deling van mitochondriën en peroxisomen in Δfis1Δvps1 cellen 
volledig geblokkeerd is en dat deze cellen een langere chronologische levensduur 
hebben. Vervolgens blokkeerden we alleen de deling van mitochondriën door de 
introductie van een Fis1-Pex15 fusie-eiwit dat alle Fis1 selectief naar peroxisomen 
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sorteert. Hier zagen we geen verlenging van de chronologische levensduur en we 
concluderen daaruit dat het blokkeren van mitochondriële deling geen invloed heeft 
op de chronologische levensduur. Deletie van FIS1 in cellen zonder peroxisomen 
(Δpex3) leidde ook niet tot verlenging van de chronologische levensduur van gist. 
Dit bevestigt onze conclusie dat het positieve effect van een Fis1/Dnm1 deletie op 
de levensduur in gist gerelateerd is aan een defect in de deling van peroxisomen 
en niet van mitochondriën. 
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