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Aim and outline 

During the last century the average human life expectation significantly increased. 

Consequently, the impact of ageing and age-related diseases on our society is superior then ever 

before. In cell biology ageing can be defined as a progressing increase in damage of cellular 

constitutes hampering their normal functions, ultimately leading to cell death. The molecular 

mechanisms underlying ageing are studied using various model organisms including unicellular 

yeast. This is highly feasible because many of the molecular mechanisms involved in ageing are 

conserved. The amenability for genetic manipulations and the unique opportunity to study 

ageing at the single cell level make yeast very attractive for ageing research. 

Mitochondria are well known for their function in ageing. However, recent data indicate that 

another cell organelle, the peroxisome, also contributes to this process. 

The research described in this thesis aims at understanding ageing using yeast as a model 

organism with emphasis on the role of peroxisomes. 

Chapter 1 highlights the significance of yeast as a model in ageing research. An overview is 

presented on the role of extracellular and genetic factors in yeast ageing. Moreover, this chapter 

summarizes the current knowledge on the role of peroxisome associated processes on cell 

viability. 

Accumulation of cellular damage is a hallmark of ageing. Various quality control mechanisms 

exist that recognize and subsequently repair or remove damaged components, including whole 

cell organelles. Chapter 2 presents an overview of our current knowledge of peroxisomal 

quality control processes.  

Calorie restriction is generally assumed to enhance lifespan in a variety of organisms including 

yeast. Chapter 3 describes the relationship between nutritional cues (i.e.carbon source 

concentrations) of the growth media and the chronological lifespan of the yeast Hansenula 

polymorpha. We observed that a reduction in the carbon source concentration indeed extended 

the chronological lifespan when glycerol was used as the sole carbon source. However, when 
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the concentration of glucose was reduced, this decreased the lifespan. We show that the 

observed differences in the effects of calorie restriction were due to extracellular factors, 

including acidification of the medium. When the medium was buffered at neutral pH the 

lifespan of H. polymorpha cells invariably extended with increasing carbon source 

concentrations, both when glucose or glycerol was used. 

Chapter 4 describes the impact of peroxisomal catalase deficiency on yeast chronological 

ageing. We show that the absence of peroxisomal catalase has a negative effect on the 

chronological lifespan when cells are grown on media containing methylamine as sole nitrogen 

source. We show that the oxidation of methylamine by peroxisomal amine oxidase, during the 

stationary phase, led to reduced amine oxidase activity, which caused shortening of the lifespan. 

When the media contained methanol, a carbon source that is metabolized by peroxisomal 

alcohol oxidase, the lifespan of catalase deficient cells increased relative to the wild-type 

control. This was due to the compensatory activation of other antioxidant enzymes, including 

cytochrome c peroxidase. Overall, these data suggest a dual role of peroxisomal hydrogen 

peroxide, as it can serve as toxic compound in inactivating peroxisomal enzymes, but also may 

function as signalling molecule to induce other anti-oxidant enzymes. 

Chapter 5 describes the effect of the deficiency of another peroxisomal antioxidant enzyme, 

the peroxiredoxin Pmp20, on yeast chronological lifespan. We demonstrated that, similar as 

observed for the catalase deficient mutant, deletion of PMP20 also increased the chronological 

lifespan of H. polymorpha when cells were grown in the presence of methanol. However, 

different to what we observed in catalase deficient cells, no compensatory increase in activities 

of other antioxidant enzymes was observed. The molecular mechanisms of lifespan extension 

by PMP20 deletion remained unknown. Our data suggest that the observed effect was not due 

to a H2O2 related stress response.  

So far our understanding of the role of peroxisomal membrane lipids in organelle function is 

still at its infancy. For other cell organelles the correct lipid composition was shown to be 

crucial for optimal organelle function. Chapter 6 describes studies of the role of the non-
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bilayer lipids phosphatidylethanolamine (PE) and cardiolipin (CL) in peroxisome biogenesis 

and proliferation. Fluorescence microscopy analysis revealed that in yeast mutants deficient in 

PE biosynthesis the abundance of peroxisomes was reduced. This effect was suppressed upon 

addition of choline to the growth medium, which restores phosphatidylcholine (PC) 

biosynthesis in PE depleted cells. This result indicates that the reduction in peroxisome numbers 

was caused by decreased PC biosynthesis, but not by PE depletion. Similarly, the deficiency in 

CL biosynthesis had no negative effect on the abundance of peroxisomes. These data indicate 

that non-bilayer phospholipids do not play a major role in peroxisome biogenesis. 
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Abstract 

Ageing is characterized by progressive deterioration of cellular components resulting in 

disturbance of metabolic networks and ultimately cell death. The complex nature of these 

phenomena in higher eukaryotes led to the utilization of simpler model organisms in ageing 

research, including yeast. Two types of yeast lifespan can be defined: the chronological 

lifespan, which is the time a cell remains viable in a non-dividing state upon exit from the 

growth phase as well as the replicative lifespan, which is the number of daughter cells a mother 

cell can produce. 

Reactive oxygen species can damage various important cellular macromolecules and thereby 

contribute to ageing. Mitochondria are major producers of these toxic compounds and play a 

central role in ageing. However, recent studies point to an important role of another class of 

organelles – the peroxisomes – that harbour oxidoreductases producing reactive oxygen species 

(mainly hydrogen peroxide) as a by-product. In this contribution an overview is presented on 

the current knowledge of yeast ageing, with emphasis on the role of peroxisomes. 
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Introduction 

The medical and technological developments in the last century led to demographic changes 

characterized by an increasing percentage of elderly. Ageing in man is manifested by physical, 

psychological and social changes resulting in altered behaviour, steady decline in many 

cognitive processes and an increased risk of chronic age-related diseases [1]. It has been 

estimated that up to 90% of deaths in industrialised nations has age-related origins [2]. 

Understanding ageing and reducing its rate would decrease the incidence or progression of 

ageing-related diseases and thus improve the quality of life of the elderly and reduce the 

healthcare costs. 

Human ageing is determined by a complex network of environmental and genetic factors. 

Environmental pollution and the quality of healthcare as well as behavioural aspects of an 

individual, such us lifestyle, diet and physical activity, have enormous impact on lifespan [1,3–

5]. The rate of ageing also depends on inherited genetic and epigenetic factors [6,7]. Genetic 

aspects of ageing are extensively analysed in simple model organisms where single-gene 

mutations have been shown to alter the lifespan [8–10]. At least in some cases, the homologues 

of these genes have been associated with human longevity (for instance in studies of 

centenarians) [11]. 

A detailed understanding of the molecular mechanisms involved in lifespan alteration is crucial 

for the identification of potential targets for treatments which delay ageing. Such studies are 

greatly facilitated by the possibility to use unicellular yeast species as model organisms [12]. 

However, even in a unicellular organism ageing is associated with global changes in 

metabolism and signalling, continuously balancing the changes. Dissecting the causes and the 

consequences of ageing requires detailed studies of individual cellular components like proteins 

or metabolic pathways, the mechanisms involved in their maintenance as well as analysing the 

consequences of their absence. 

In this chapter, an overview is presented on the contribution of yeast research to our 

understanding of the molecular mechanisms associated with cellular ageing, thereby 



Chapter 1 

14 

highlighting the main factors and hallmarks of this process known so far, with a focus on the 

significance of the homeostasis of a specific class of organelles – the peroxisomes - in cellular 

ageing. 

 

 

Figure 1 Yeast ageing. (A) Replicative ageing in yeast is determined by growing yeast cells on agar plates and 

removing all daughter cells from the mothers by means of micromanipulation. Alternatively, mother cells can be 

trapped in a microfluidic chip where the daughter cells are constantly flushed away [22]. The number of 

daughter cells produced before the mother cell dies represents the replicative lifespan. (B) The chronological 

ageing is measured by keeping the cells in a non-dividing state in a batch culture upon reaching the stationary 

phase. The time that cells remain viable and can re-enter the cell cycle represents the chronological lifespan. 

Technically, these measurements are performed by plating a known number of cells on agar plates containing 

regrowth medium at different time points and counting the number of colonies that are formed after a few days 

of incubation. 
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Yeast as model organism to study ageing 

Yeast models have contributed to the understanding of the molecular mechanisms involved in 

various diseases, for instance Parkinson’s disease [13] or Alzheimer’s disease [14]. These 

unicellular organisms also continue to be at the forefront of ageing research (reviewed in 

[12,15,16]). In yeast, two types of ageing are described, namely replicative and chronological 

ageing (Fig 1). The replicative lifespan (RLS) describes how many daughter cells a mother cell 

can produce before it dies. The chronological lifespan (CLS) defines the time that cells can 

survive in a non-dividing state after exit from the growth phase. Research on yeast 

chronological and replicative ageing has contributed to the identification of more mammalian 

genes involved in ageing than research with any other model organism. The inhibition of the 

TOR (target of rapamycin) complex by rapamycin was for the first time shown to delay ageing 

in the yeast Saccharomyces cerevisiae [17] and recently confirmed in mice [18]. Similarly, 

deletion of the gene encoding the ribosomal S6 kinase homologue (SCH9) extends yeast CLS 

[19] followed by similar findings in nematodes, flies and mice [20]. Also the prominent 

discovery that a small compound – the polyamine spermidine - is capable of extending the 

lifespan in a variety of model organisms originated from observations initially made in  

S. cerevisiae [21]. These hallmark findings certainly highlight the versatility of this simple 

organism as a model to study the molecular pathways controlling ageing. 

Replicative ageing - ageing of a budding mother cell 

Replicative ageing in yeast is used as a model to investigate factors involved in ageing of 

dividing human cells, like stem cells. The morphological differences between mother and 

daughter cells of the budding yeast S. cerevisiae allow precise removal of the buds with a 

micromanipulator, which makes this yeast a favorable species in RLS studies [23]. Mother cells 

of commonly used S. cerevisiae laboratory strains can produce approximately 25 to 35 daughter 

cells.  

Interestingly, in S. cerevisiae deletion of nearly 100 different genes resulted in an increase in 

RLS, which is approx. 2% of the non-essential yeast genes [15,24]. Concomitantly, deletions of 



Chapter 1 

16 

around 20% of the yeast genes may shorten the RLS [24]. Notably, many genetic interventions, 

which reduce the RLS, may be due to indirect effects. Therefore, the majority of research 

focusses on genes that extend the RLS upon deletion or overexpression. 

The replicative lifespan of S. cerevisiae is extended by dietary restriction (DR) achieved upon 

reducing the glucose concentration in the growth medium from 2% to 0.5% or 0.05% [25]. 

However, the effect of DR strongly depends on the method used for measuring yeast RLS. 

Recently, a novel microfluidics based method was described, in which the mother cells are 

trapped in a microfluidic chip, where the newly formed buds are constantly washed away by a 

stream of medium [22].Time-lapse observation of the chip-trapped mother cells by light 

microscopy allows counting of the number of daughter cells that are formed and hence the 

measurement of the RLS. Using this method a reduction of glucose concentration from 2% to 

0.5% in the growth medium did not extend the lifespan, suggesting that subtle method specific 

factors are essential to trigger lifespan extension in response to DR [26].  

The extension of S. cerevisiae RLS by DR is has been suggested to be linked to reduced 

signalling through the nutrient-responsive TOR/Sch9 and Ras/PKA pathways (Fig 2A) [15] and 

is associated with changes in mRNA translation [27], altered stress resistance and mitochondrial 

function as well as activation of the retrograde response pathway [28]. Mutations inactivating 

these pathways are sufficient to extend replicative lifespan and, consequently, DR does not 

further extend the RLS when these pathways are blocked [24]. 

The genetic control of replicative lifespan also involves SIR2 and related genes (sirtuins) 

encoding proteins acting as mono-ADP-ribosyltransferases or deacylases. In S. cerevisiae the 

product of the SIR2 gene was shown to be an NAD-dependent protein deacetylase [29]. 

Overexpression of SIR2 in this yeast led to extended replicative lifespan [30]. This observation 

triggered research to elucidate the role of sirtuins in stress resistance, genome stability, 

tumorigenesis and ageing (reviewed in [31]). In yeast Sir2 is thought to extend the RLS by 

suppressing homologous recombination in ribosomal DNA, which results in the formation of 

extrachromosomal rDNA circles (ERC) (Fig 2A) [30]. Moreover, Sir2 was shown to affect the 
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asymmetric retention of oxidatively damaged proteins in mother cells [32] and histone 

acetylation at the telomeric sites [33]. Additionally, Sir2 may also be involved in carbon source 

(C-source) reduction triggered RLS extension [15,34]. The general view is that sirtuins are 

interacting with other anti-ageing pathways rather than directly modulating the ageing process. 

Asymmetric distribution of cellular components and replicative lifespan 

The number of buds that mother yeast cells produce before demise is thought to depend on the 

accumulation of damaged cellular material in the mother cell [35]. Asymmetric segregation of 

cellular constituents during the budding process results in the retention of old and damaged 

material in mother cells thus reducing its replicative potential, accompanied by the formation of 

vital daughter cells. The genetic pathways controlling RLS can affect the formation of damaged 

cellular components. Carbonylated proteins and protein aggregates are among the components 

that are retained in mother cells [32,36]. Remarkably, replicative ageing is characterized by a 

progressive decline in the function of the proteasome, which is responsible for degradation of 

carbonylated and otherwise damaged proteins [37]. Indeed, enhancing the proteasome activity 

results in an extension of the RLS [38]. Moreover, also overproduction of Hsp104, which 

promotes protein disaggregation, led to a slight increase of the replicative potential [37]. 

Interestingly, modulation of replicative ageing through proteasome activities seems to be 

independent of the nutrient signalling pathways and Sir2. 

Yeast replicative ageing is associated with global changes in cell and organelle morphology 

(reviewed in [39]). Except for damaged proteins and ERCs also organelles undergo a quality 

check during cell division, resulting in inheritance of the fittest and retention of less functional 

organelles in the mother cell. Notably, asymmetric segregation of mitochondria is thought to be 

one of the key driving forces of replicative ageing ([40] and reviewed in [41]). 

Chronological ageing – survival in a non-dividing state 

Replicative ageing has several mechanistic links with chronological ageing [16,42,43]. Yeast 

chronological ageing is commonly used to study factors that affect ageing in post-mitotic 
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mammalian cell types and tissues such as neurons or muscles. Over the years S. cerevisiae has 

been the main yeast species used in chronological ageing research, but others (like Candida 

albicans or Schizosaccharomyces pombe) were recently recognized as suitable models as well 

[44,45]. 

The CLS of S. cerevisiae depends on the carbon source used for growth [46] as well as the 

concentration of amino acids complementing auxotrophies of the laboratory strains [47,48]. In 

the majority of the ageing studies with S. cerevisiae glucose is used as carbon source. S. 

cerevisiae cells grown on non-fermentable carbon sources, like glycerol, display an extended 

CLS relative to the fermentable carbon source (glucose) [46,49]. Interestingly, calorie 

restriction, defined as a reduction of glucose concentration in the growth medium from 2% to 

0.5%, extends the CLS [50]. 

The mechanism by which calorie restriction extends the CLS of S. cerevisiae is highly debated. 

Growth of cells in medium containing 2% and to a lesser extent 0.5% glucose leads to the 

secretion of acetic acid, which - as a weak organic acid - is toxic at low external pH [51]. 

Additionally, acetic acid along with ethanol, which is secreted into the growth medium, 

accelerates chronological ageing by the action of metabolic pathways required for their 

utilization [52]. The oxidative metabolism of ethanol and acetate via the tricarboxylic acid 

(TCA) cycle and mitochondrial respiration accelerate ageing in contrast to gluconeogenesis 

which favours the quiescent program [52]. Furthermore, the conversion of acetate by the 

nucleocytosolic enzyme acetyl coenzyme A synthetase Acs2 results in epigenetic repression of 

autophagy genes, the function of which is essential for chronological longevity [53]. 

Independent of the underlying mechanisms these observations point to a major influence of 

compounds in the spent medium on yeast chronological lifespan. The impact of altered spent 

medium composition should therefore be taken into account when interpreting the effect of a 

gene mutation on CLS. Recent studies by Wu et al. showed that yeast CLS does not primarily 

depend on the concentration of glucose but rather on the nutrient and amino acid balance [54]. 

Recently, high glutamic acid, low methionine and glucose restriction were shown to 

independently extend the yeast lifespan pointing to distinct mechanisms of lifespan extension 
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by these interventions [55]. These data indicate a complex relation between nutrient balance and 

chronological lifespan. In order to elucidate the direct relation between carbon source 

concentration and chronological lifespan it is therefore preferred to use mineral media and 

prototrophic yeast strains. 

 

 

Figure 2 Pathways regulating replicative and chronological ageing in S. cerevisiae (A) Three pathways are 

known to affect replicative lifespan. Reduced signalling through Tor/Sch9 PKA triggers reduced mRNA 

translation, elevated stress resistance and alters mitochondrial function promoting lifespan extension. Rpn4 

affects the replicative lifespan through modulation of proteasome activity. Sir2 mainly affects the replicative 

longevity by inhibiting the formation of extrachromosomal rDNA circles. (B) The chronological lifespan 

depends on the composition of the growth medium and thus growth signalling via the Tor/Sch9 and 

Ras/adenylate cyclase/PKA pathways. These pathways converge on inhibition of Rim15 regulating the 

expression of stress related genes thus promoting longevity. Furthermore, the production of ROS during the 

growth phase can trigger an adaptive response, beneficial in counteracting ROS production during the stationary 

phase, thereby promoting chronological lifespan extension. 
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Remarkably, in S. cerevisiae, being a Crabtree positive organism, mitochondrial respiration is 

largely inhibited in the presence of glucose. Induction of respiration by pre-growth on 

non-fermentable carbon sources or overproduction of Hap4, a component of Hap2/3/4/5 

transcriptional complex regulating the expression of several genes for respiratory chain 

components, increases the CLS [49,56]. The relation between calorie restriction and respiration 

efficiency calls for complementing studies of theses phenomena in a Crabtree-negative yeast. 

Chronological lifespan – the central role of nutrient sensing pathways 

In S. cerevisiae two major pro-chronological ageing pathways related to nutrient balance have 

been proposed (Fig 2B). These are the already mentioned TOR/Sch9 pathway, which is 

activated by amino acids and other nutrients [19], and the Ras/adenylate cyclase/PKA pathway, 

which is affected by glucose [57,58]. Mutations in components of both pathways extend the 

CLS, akin to dietary restriction. Interestingly, these pathways have partially overlapping pro-

ageing roles, with a primary mode of action focused on the inhibition of the stress-resistance 

regulon including the kinase Rim15 and transcription factors Msn2/4 and Gis1 [15,59,60]. 

Inhibition of these pathways is thought to involve large scale changes in gene expression and 

even epigenetic modifications, which highlights the multifactorial nature of chronological 

ageing [61]. Detailed understanding of the mechanisms of CLS regulation downstream of these 

major transcription factors using for instance systems biology approaches will be an important 

challenge for the coming years. 

Various studies point to several sources of damage and cellular stress during the course of yeast 

chronological ageing (reviewed in [15,42]). These include imbalance in formation and 

scavenging of reactive oxygen species (ROS) [50,62], mitochondrial dysfunction [63], nuclear 

DNA damage [64,65], inhibition of autophagy [21] and induction of replication stress [66] as 

well as metabolic alternations [67] and lipid changes [68]. Chronological ageing in yeast also 

culminates in a form of cell death with features of mammalian apoptosis [69]. Such complexity 

prevented consensus regarding the sequence of events in yeast chronological ageing. 
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Ageing at subcellular level – the role of cell organelles 

The accumulation of damaged cellular components (proteins, organelles, DNA) is delayed by 

removal of exhausted components and synthesis of new ones. Ageing may affect both processes 

[70–73]. Of central importance is also the removal of whole dysfunctional organelles by 

autophagy. However, several lines of evidence suggest that the efficiency of autophagosome 

formation and fusion with lysosomes (vacuoles in plants and yeast) declines with age [21,74]. 

Consequently, organelle morphology and functions may be affected by age. For instance, 

replicatively ageing yeast cells display accumulation of ERCs and an increase in the volume 

fraction of the nucleolus [75,76]. Studies in worms revealed that ageing is associated with the 

deterioration of nuclear pore complexes, resulting in an increase in nuclear permeability and 

leakage of cytoplasmic proteins into the nucleus [77]. An age associated decline in synthesis or 

activities of endoplasmic reticulum chaperones, compromises proper protein folding as well as 

the adaptive unfolded protein response [78,79]. Notably, numerous studies indicate that defects 

in internal organellar quality control mechanisms accelerate ageing (see also Chapter 2). 

Mitochondrial homeostasis in chronological ageing – the central role of reactive oxygen 

species 

A search for a universal feature associated with cellular ageing revealed characteristic changes 

in mitochondrial morphology, which occur both during chronological and replicative ageing in 

yeast and also are observed in other ageing models [80–82]. Ageing is associated with 

fragmentation of the mitochondrial network [41]. Interestingly, mitochondrial fragmentation is 

also an important step in apoptotic cell death [83] and fragmented mitochondria are intensively 

stained with ROS reacting probes. 

The central role of mitochondrial ROS in ageing was first proposed by Harman in 1972 in the 

mitochondrial ROS theory of ageing [84]. The damage to macromolecules caused by ROS 

produced in these organelles was proposed to be the major force driving ageing, in accordance 

with the free radical theory of ageing postulated 20 years earlier [85]. Mitochondria produce 

different ROS species with distinct preferred targets (reviewed in [86]). Of these, negatively 
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charged superoxide (02
−) molecules preferentially target iron-sulfur clusters, whereas hydrogen 

peroxide (H2O2) reacts preferably with cysteine thiols. In the presence of metals H2O2 can non-

specifically be converted into hydroxyl radicals (•HO) (for instance with Fe
2+

 in the Fenton 

reaction). Complex chain reactions subsequently result in carbonylation of proteins and the 

formation of high-molecular weight protein aggregates [87]. To prevent accumulation of ROS 

related damage, mitochondria are equipped with a variety of antioxidant systems detoxifying 

these harmful compounds [88]. 

The efficient scavenging of superoxide anions produced by the mitochondrial electron transport 

chain is crucial for chronological longevity of yeast cells [89]. Elevated superoxide dismutase 

(SOD) activity is observed in long-lived ras2 cells [90]. Also an increase in mitochondrial 

superoxide dismutase (Sod2) activity was correlated with lifespan extension by calorie 

restriction [91], whereas overexpression of SOD2 led to a 30% increase in the chronological 

lifespan [92]. Conversely, Sod2 deficiency in S. cerevisiae drastically reduced the lifespan of 

cells [93] and abolished the lifespan extension in long-lived ras2 and sch9 mutants [92]. A 

mechanistic link between SOD activity and lifespan has recently been established. Superoxide 

anions were shown to promote chronological ageing by induction of growth signalling and 

replication stress [94,95]. Interestingly, mitochondrially produced ROS have distinct roles 

depending on the growth conditions and their ultimate levels. In stationary cells ROS mainly 

cause damage to cellular constituents. At low levels these compounds also can play a role as 

signalling molecules thereby fine tuning stress resistance mechanisms [96]. This concept, called 

hormesis, has been the subject of intensive studies in man, mainly related to the beneficial 

impact of physical exercise on health and ageing (reviewed in [97]). In yeast reduced TOR 

signalling has been accompanied by increased mitochondrial translation and enhanced oxidative 

phosphorylation leading to increased mitochondrial ROS production in the growth phase, but 

reduced ROS levels in stationary cells [98,99]. It remains to be determined how mitochondrial 

ROS are sensed, how this signal is transduced to the nucleus and which genes are affected. 

Removal of damaged mitochondrial constituents involves mechanisms acting at the molecular 

and organellar level (i.e. autophagic degradation of whole, dysfunctional organelles by 
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mitophagy) [100]. Degradation of dysfunctional proteins in mitochondria involves distinct 

proteases depending on suborganellar localization of the substrate [101]. Inhibition of these 

proteases may accelerate ageing. For instance, deletion of the gene encoding the mitochondrial 

Lon protease, PIM1, in S. cerevisiae results in proteasomal overload and decreased 

chronological and replicative lifespan [102,103]. Furthermore, damaged mitochondria are 

degraded by autophagy in a process termed mitophagy (reviewed in [104]), which is essential 

for chronological longevity of yeast cells [105]. 

Alternations in mitochondrial morphology, excessive ROS formation or impaired proteostasis 

may disturb the metabolic functions of mitochondria (reviewed in [106]). For instance, the 

biosynthesis of iron-sulphur clusters, which is confined to mitochondria, normally prevents the 

presence of soluble Fe
2+

 in the cytosol (reviewed in [107]). Deletion of the iron chaperone 

frataxin (Yfh1), which binds Fe
2+

 within the mitochondrial matrix, results in a drastic reduction 

of chronological lifespan [108]. Since iron uptake is strictly dependent on the proton gradient 

across the inner mitochondrial membrane [109], this process is also hampered in older cells 

displaying a decline in the mitochondrial membrane potential. This in turn will have an effect 

on the nuclear genome due to the depletion of iron cluster proteins including subunits of DNA 

polymerase and several repair enzymes such as DNA N-glycosylase (Ntg2) involved in base 

excision repair (reviewed in [106]). Impaired Fe
2+

 uptake by mitochondria or excessive release 

of these ions from iron-sulphur (Fe/S) clusters enhances the formation of hydroxyl radicals via 

the Fenton reaction.  

Mitochondrial metabolism and ROS homeostasis can be affected by events occurring in other 

cellular compartments. For instance, in replicatively ageing cells, an increase in the vacuolar pH 

in the first few cell divisions results in a subsequent decrease in mitochondrial membrane 

potential [80]. These observations are only the tip of the iceberg highlighting the significance of 

mitochondrial metabolism in ageing. Notably, ROS production is not confined to mitochondria. 

Other organelles, especially peroxisomes contribute to the overall cellular ROS balance. 

Remarkable physical and functional (biosynthetic and metabolic) connections exist between 
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mitochondria and peroxisomes (Fig 3). The significance of peroxisomes in ageing is emerging 

[110–114]. 

 

Figure 3 Functional connections between peroxisomes and mitochondria that are relevant for yeast 

ageing. Mitochondria and peroxisomes have several functional relationships. In yeast β-oxidation of fatty acids 

is confined to peroxisomes and results in the formation of acetyl-CoA. Acetyl-CoA is subsequently transported 

to mitochondria for further oxidation by the citric acid cycle. Transport to mitochondria can occur via two 

different pathways, namely carnitine-dependent acetyl-CoA transport or the glyoxylate cycle. Removal of free 

fatty (FA) acids by β-oxidation protects the cells from mitochondria dependent necrosis [115]. Additionally, in 

response to mitochondrial dysfunction cells activate the retrograde signalling pathway, which involves genes 

involved in the peroxisome proliferation to promote peroxisomal β-oxidation and anaplerotic reactions 

replenishing tricarboxylic acid cycle (TCA) metabolites. Both organelles can produce ROS and contain enzymes 

involved in the detoxification of these compounds. Thus, they both are involved in maintaining cellular ROS 

levels. In addition, proteins of the organelle fission machinery have a dual localization at mitochondria and 

peroxisomes. Additionally, Pex6, a protein involved in peroxisomal matrix protein import, was shown to play a 

role in the maintenance of mitochondrial proteostasis as well since the overexpression of PEX6 corrected the 

import defect of an atp2 mutant and restored the inheritance of mitochondria by daughter cells [116]. Ac-

carnitine – acetyl carnitine, Ac-CoA – acetyl coenzyme A. 

 

The functions of peroxisomes 

Peroxisomes occur in almost all eukaryotic cells. They consist of a single membrane which 

encloses a proteinaceous matrix. The abundance and metabolic functions of peroxisomes may 

strongly vary, depending on species, tissue, developmental stage and environmental conditions 

[117]. General peroxisome functions are the β-oxidation of fatty acids and hydrogen peroxide 

metabolism. Mammalian peroxisomes contain enzymes involved in the synthesis of 

plasmalogens, phospholipids enriched in the nervous and cardiovascular system, which are 

thought to play a role in the intercellular signalling and ROS protection [118]. Moreover, in 

mammalian cells these organelles participate in the degradation of many compounds such as 
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prostaglandins, D-amino acids, polyamines, pyrimidines and purines (reviewed in 

[117,119,120]). In fungi peroxisomes are involved in the metabolism of unusual carbon or 

nitrogen sources like fatty acids, methanol, primary amines and D-amino acids, but they can 

also harbour biosynthetic pathways e.g. for the formation of biotin or antibiotics [117,121]. 

Novel peroxisomal proteins are still being discovered, mainly as a result of organelle 

proteomics and the use of peroxisomal targeting signal (PTS) prediction algorithms. 

Interestingly, the newly identified peroxisomal proteins are often involved in non-metabolic 

functions, for instance in antiviral innate immunity [122] or in pathogen defence [123]. 

Impact of peroxisome integrity and peroxisome proliferation on ageing 

Peroxisome biogenesis involves the translocation of newly synthesized peroxisomal matrix 

proteins from the cytosol to the organelle matrix (Fig 4). This process requires peroxisome 

targeting sequences (PTS1 or PTS2), which are recognized by the receptor proteins Pex5 or 

Pex7, respectively. During ageing, the efficiency of peroxisomal protein sorting may decrease, 

resulting in mislocalisation of these proteins to the cytosol [113]. Studies in human fibroblasts 

indicated that ageing compromises peroxisomal protein import due to a reduction in Pex5 levels 

[124]. Recent data indicate that yeast Pex5 is a redox sensitive protein [125]. It has been 

proposed that the formation of a disulphide bridge between cysteins (Cys-10) in Pex5 

monomers enhances the affinity of the receptor for its PTS1 containing cargo. In the 

peroxisomal membrane, the reduction of disulphide bond subsequently lowers the affinity and 

thus facilitates the release of cargo [125]. This step is however dependent on the redox potential 

inside the peroxisomal matrix, which may be affected by ageing. Failure in freeing up Cys-10 

also prevents Pex4 mediated monoubiquitynation, essential for recycling of the receptor to the 

cytosol. This may trigger the degradation of Pex5 by the RADAR (receptor degradation in 

absence of recycling) pathway [126,127]. Importantly, other mechanisms may also contribute to 

a reduced efficiency of peroxisomal matrix protein import. Proper targeting and assembly of 

peroxisomal importomer components could be hampered when the cell age. Moreover, the 

binding of PTS receptors to cargo molecules, which at least in man requires cytosolic Hsp70, 
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could also be compromised during ageing [128]. Elucidating the mechanisms involved in 

regulation of peroxisomal matrix protein import and identifying the proteins which are 

specifically affected by age associated decline in peroxisomal matrix protein import is an 

important challenge for the coming years.  

In man, impaired peroxisomal import results in peroxisome biogenesis disorders (PBDs), the 

most severe being Zellweger syndrome, which is lethal [129]. Recent studies with yeast 

peroxisome deficient (pex) mutants revealed that mislocalization of peroxisomal proteins to the 

cytosol due to deletion of PEX6, PEX3, PEX5 or PEX7 in S. cerevisiae results in a severe 

decrease in chronological lifespan [130,131]. This observation confirms that peroxisome 

integrity is essential for longevity. However, unlike in pex mutants, in normal cells the 

efficiency of peroxisomal protein import is thought to gradually decrease during ageing. Thus, 

the relation between impaired import and the efficiency of metabolic reactions inside 

peroxisomes requires further analysis [132]. 

Not only peroxisome integrity, but also the size and abundance of these organelles are 

important for the proper function of peroxisomes. In yeast peroxisomes mainly multiply by 

growth and division [133]. Peroxisome fission leads to the formation of a nascent organelle, 

which can grow into a mature one by the uptake of newly synthesized matrix and membrane 

proteins as well as lipids (Fig 4). It is noteworthy that the same dynamin-like protein based 

fission machinery, containing Dnm1 and Fis1 as key components, is involved in peroxisomal 

and mitochondrial fission. Importantly, inhibition of organelle fission by deletion of DNM1 or 

FIS1 in S. cerevisiae extends the chronological and replicative lifespan of cells [134–136]. 

Deletion of these genes is thought to inhibit the fragmentation of mitochondria occurring during 

programmed cell death and therefore block this process (reviewed in [137]). Notably, the 

absence of Dnm1 and Fis1 also inhibits fission of peroxisomes. Hence, effects of mutations in 

DNM1 or FIS1 should be interpreted with care.  
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Figure 4 Peroxisome biogenesis and proliferation in a nutshell. Schematic representation of peroxisomal 

matrix protein import and peroxisome fission in yeast. (A) Import of peroxisomal matrix proteins containing a 

PTS1. The cytosolic receptor Pex5 binds a newly synthesized PTS1 containing cargo protein. This complex is 

recruited to the receptor docking complex at the peroxisomal membrane and the PTS1 cargo is translocated 

across the peroxisosomal membrane. The membrane-bound receptor is recycled by a multistep process involving 

mono-ubiquitination, ATP dependent relocation to the cytosol and subsequent removal of the ubiquitin moiety. 

The numbers represent the corresponding Pex proteins. (B) Peroxisome fission involves elongation of the 

organelle, constriction and finally division.  
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The significance of peroxisomes in lipid homeostasis 

One of the conserved metabolic functions of peroxisomes is the β-oxidation of fatty acids 

resulting in the formation of acetyl-CoA, which is further metabolized in mitochondria [138] 

(Fig 3). In S. cerevisiae, peroxisomes harbour three enzymes of the β-oxidation pathway, 

namely acyl-CoA oxidase (Pox1), multifunctional enzyme (Fox2) and 3-ketoacyl-CoA-thiolase 

(Pot1). This pathway is essential for longevity as the deletion of POX1 or POT1 drastically 

shortens yeast chronological lifespan [130]. A functional β-oxidation pathway is thought to 

provide acetyl-CoA for the TCA cycle, thereby contributing to cellular energy metabolism 

[112,130]. Moreover, β-oxidation prevents lipotoxicity by controlling the abundance of free 

fatty acids and diacylglycerol in the cells [68,112], thus protecting cells from lipoapoptosis and 

the mitochondria-dependent necrosis [115,139] (Fig 3). 

ROS formation in peroxisomes 

ROS can cause oxidative damage to macromolecules. A prominent feature of the metabolic 

pathways parcelled to peroxisomes is the presence of enzymes generating hydrogen peroxide 

(H2O2). However the role of peroxisome-derived ROS in cellular ageing is still poorly 

understood. The repertoire of ROS generating peroxisomal proteins is broad and well 

characterized in man (reviewed in [140–142]). Interestingly, the genome of S. cerevisiae 

contains only one gene encoding a peroxisomal enzyme producing H2O2: acyl-CoA oxidase 

(Pox1). Thus, other yeast species that contain more oxidases may be favourable as unicellular 

models in studies on peroxisomal ROS homeostasis. Methylotrophic yeast species are feasible 

alternatives. For instance, Hansenula polymorpha contains a large number of peroxisomal 

oxidases (e.g. alcohol oxidase, acyl-CoA oxidase, amine oxidase, urate oxidase, D-amino acid 

oxidase) [143,144].  

In methylotrophic yeasts functional peroxisomes are essential for growth of cells on methanol 

as sole carbon source [145]. This compound is first oxidized by alcohol oxidase (AOX) to 

formaldehyde and H2O2 (Fig 5). In the next step formaldehyde is used along with xylulose-5-

phosphate by dihydroxyactetone synthase (DHAS) to form dihydroxyacetone. The subsequent 
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rearrangement reactions in the cytosol provide the cell with building blocks. Remarkably, one 

molecule of H2O2 is produced for each oxidized methanol molecule. Hence, this yeast is a 

perfect model to test the impact of ROS derived from peroxisomal metabolism and the role of 

antioxidant enzymes in ageing.  

 

Figure 5 Outline of methanol metabolism in methylotrophic yeast. Abbreviations: AOX: alcohol oxidase; CAT: 

catalase; DAK: dihydroxyacetone kinase; DHAS: dihydroxyacetone synthase; FDH: formate dehydrogenase; FGH: S-

formylglutathione hydrolase; FLD: formaldehyde dehydrogenase: DHA: dihydroxyacetone; DHAP: dihydroxyacetone 
phosphate; F6P: fructose 6-phosphate; FBP: fructose 1,6-bisphosphate; GAP: glyceraldehyde 3-phosphate; GS-CH2OH: 

S-hydroxymethyl glutathione;GS-CHO: S-formylglutathione; GSH: glutathione; Xu5P: xylulose 5-phosphate. 

The role of catalase 

ROS produced inside peroxisomes are scavenged and detoxified by peroxisomal antioxidant 

enzymes. The hallmark antioxidant enzyme of peroxisomes – catalase – decomposes H2O2 into 

O2 and H2O [146]. In fungi peroxisomal catalase also protects cells from externally added H2O2 

[147,148]. The permeability of the peroxisomal membrane to H2O2 suggests that peroxisomes 

can act as a sink for this compound generated elsewhere in the cell.  

Peroxisomal catalase is essential for growth of yeast cells on carbon sources that are 

metabolized by peroxisomal enzymes (e.g. methanol and oleate) [149–151]. Also the 
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localization of catalase inside the organelle, at the site of H2O2 generation, is essential for 

methylotrophic growth. A mutation in the PTS1 of H. polymorpha catalase, that blocked import 

of the protein into peroxisomes inhibited growth of the cells on methanol despite the fact that a 

similar level of catalase activity was present in these cells [152,153].  

Peroxisomal catalases possess relatively weak PTS signals. It has been proposed that this results 

in an extended residence time in the cytosol, which allows the protein to properly fold and 

incorporate the co-factor heme before transport into the organelle [153]. However, a weak PTS 

signal may also prevent efficient import into the organelle when peroxisomal import in general 

is hampered. Indeed, in ageing human fibroblasts peroxisomal catalase activity in peroxisomes 

decreases due to impaired import of this enzyme [124]. Restoration of catalase import by the 

expression of a catalase variant containing a stronger PTS1 variant resulted in reduced 

hydrogen peroxide production and reverted the depolarization of mitochondria normally 

occurring in ageing fibroblasts [154]. These data highlight the significance of efficient import of 

catalase to peroxisomes for its biological function.  

Interestingly, catalase may directly interact with proteins and possibly protect them from H2O2 

induced damage. Human catalase interacts with L-bifunctional enzyme (L-BFE), an enzyme of 

the peroxisomal β-oxidation pathway [155]. A similar protective role of the catalase interaction 

with isocitrate lyase was suggested for plant glyoxysomes [156,157]. In an elegant in vitro 

study catalase was shown to protect the cooper containing amine oxidase from inactivation by 

H2O2 generated by this enzyme [158]. Additionally, inhibition of catalase activity with 3-

aminotriazole in human skin fibroblasts led to a dramatic drop in the activities of peroxisomal 

enzymes involved in lignoceric and phytanic acid oxidation as well as in plasmalogen 

biosynthesis [159]. These data suggest that a decrease in catalase activity within peroxisomes 

can compromise the activities of peroxisomal proteins. Additionally, peroxisomal H2O2 which 

is not decomposed efficiently within the organelle may also leak out and damage the 

macromolecules outside the organelle.  
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Lack of peroxisomal catalase negatively affects the lifespan of fruit flies [160] and worms 

[161]. In S. cerevisiae deletion of the gene encoding peroxisomal catalase was initially also 

reported to decrease its chronological lifespan [161]. In contrast, recent data showed that the 

absence of peroxisomal catalase can also extend the lifespan of this organism by elevation of 

H2O2 levels, which triggers the increase of superoxide dismutase (Sod2) activity and decrease 

of the superoxide levels [91]. As mentioned above, this yeast contains only one hydrogen 

peroxide producing enzyme within peroxisomes, acyl-CoA oxidase. Further studies using a 

yeast species with a wider range of H2O2 generating enzymes could help in understanding the 

events associated with peroxisomal catalase deficiency mediated lifespan extension. Moreover, 

such studies would shed light on the relation between peroxisomal H2O2 production and redox 

balance in other cellular compartments and may support the assumption that even in simple 

organisms, like yeast, peroxisomes act as a platform that generates signalling molecules. 

Peroxisomal peroxiredoxins 

Except for catalase, peroxisomes contain peroxiredoxins which represent a family of thiol-

dependent peroxidases able to reduce H2O2, alkyl hydroperoxides and peroxynitrite (reviewed 

in [162,163]). Two types of peroxiredoxins can be discriminated, namely 1-Cys and 2-Cys 

enzymes, based on the number of cysteine residues involved in their catalytic cycle. Human 

Prdx5 is a 2-Cys enzyme, which possesses a PTS1 and can localize to peroxisomes [164]. 

However, this protein may also be localized to the cytosol, mitochondria and nucleus [165]. 

Similarly, in S. cerevisiae the 2-Cys peroxiredoxin Gpx1 was shown to be peroxisomal, but also 

present at other cellular locations [166]. In contrast to man and S. cerevisiae, methylotrophic 

yeasts contain a peroxisomal 1-Cys type peroxiredoxin (Peroxisomal membrane protein of 

20kDa, Pmp20), which is confined to peroxisomes [167,168]. Deletion of Candida boidini 

PMP20 has been shown to inhibit growth on methanol as a sole carbon source [168]. Moreover, 

removal of the C-terminal PTS1 led to a similar phenotype, confirming the significance of the 

peroxisomal localization of CbPmp20 for its function [168]. 
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Detailed characterization of purified CbPmp20 revealed that this protein displays peroxidase 

activity with various peroxides as substrates and with glutathione or a thioredoxin system as 

reductant [168]. However, the preferred substrates in vivo are unknown. Also the nature of the 

reductant facilitating reduction of the sulfenic acid back to cysteine in peroxisomes remains 

unknown. Peroxisomes of P. pastoris have been shown to contain reduced glutathione [151]. As 

this compound is also essential for methanol dissimilation by binding to formaldehyde (Fig. 5), 

it is likely that peroxisomal peroxiredoxins rely on glutathione as a reducing agent. 

The strict peroxisomal localization of Pmp20 in methylotrophic yeasts renders these organisms 

ideal candidates to study the physiological role of peroxisomal peroxiredoxins. Deletion of 

PMP20 in H. polymorpha drastically decreased the chronological lifespan of cells upon 

incubation in methanol containing media [167]. This effect was accompanied by mislocalization 

of peroxisomal matrix proteins to cytosol, extensive lipid peroxidation and necrotic cell death 

[167]. These observations stress the importance of this peroxisomal anti-oxidant enzyme for 

cellular viability.  

Degradation of non-functional peroxisomes 

Upon excessive ROS production, which causes the accumulation of damage and collapse of 

internal quality control mechanisms, peroxisomes may become exhausted and must be removed 

from the cell. Indeed in H. polymorpha it has been shown that peroxisome degradation occurs 

constitutively at a low level during growth at peroxisome-inducing conditons (methanol) to 

maintain a healthy population of the organelles [169]. Selective removal of peroxisomes by 

autophagy (pexophagy) involves processes resembling micro- and macroautophagy. 

Micropexophagy is initiated by the formation of protrusions from the vacuole, which wrap 

around clusters of peroxisomes, and the simultaneous assembly of a double membrane structure 

termed the microautophagy-specific membrane apparatus (MIPA), which contributes to the 

sequestration of peroxisomes. The organelles are subsequently engulfed by the vacuole and 

degraded inside this organelle [170]. Macroautophagy involves the incorporation of individual 

organelles into autophagosomes, which subsequently fuse with the vacuole [171]. 
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The proteins required for pexophagy are intensively studied [172]. It remains to be elucidated 

how individual organelles are selected for degradation and how damaged organelles are sensed 

by the autophagy machinery.  

Undoubtedly, removal of non-functional organelles is essential for cellular lifespan, as 

demonstrated by the shorter chronological lifespan and elevated levels of ROS in cells which 

are defective in autophagy [173,174]. Inhibition of pexophagy in mammalian cells caused an 

imbalance between peroxisomal acyl-CoA oxidase and catalase, resulting in the accumulation 

of organelles with impaired redox equilibrium [175,176]. Interestingly, recent findings in S. 

cerevisiae and H. polymorpha indicated the importance of peroxisome fission for pexophagy 

[177,178]. It has been speculated that the fragmentation of damaged organelle facilitates the 

engulfement of the organelles to form autophagosomes [177]. Further studies should reveal the 

molecular basis of the recognition of damaged organelle by the autophagic machinery.  

Perspectives 

Yeasts have been proven to represent attractive model organisms in ageing research. Studies 

with these unicellular organisms elucidated for the first time crucial roles ofgrowth signalling 

pathways and mitochondrial homeostasis in ageing.  

Despite the elaborate investigations of the intracellular events associated with ageing, still 

relatively little is known on the causes of ageing in yeast. A detailed characterization of the 

environmental triggers that affect yeast lifespan is still lacking, but is essential to reveal the key 

external factors that affect ageing. Related to this, studies on yeast species other than S. 

cerevisiae (including Crabtree negative yeast species) most likely will result in the 

identification of additional factors. Understanding the external factors limiting yeast lifespan is 

an important prerequisite in analysis of an effect of gene deletion on lifespan. 

Innovative developments in approaches to study yeast ageing have been made during the last 

years. Regrowth based CLS assays, in which an aliquot of the ageing culture is shifted to fresh 

medium and the viability of the culture is calculated based on the outgrowth speed allows high-
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throughput measurements of yeast CLS [179]. Moreover, utilization of retentostats, a 

chemostats in which culture medium is removed but the cells are retained,  allows maintenance 

of the conditions and constant addition of low concentrations of carbon source, sufficient for 

cell maintenance but not for growth. This setup resembles the situation in mammalian tissues 

where non-dividing cells are constantly supplied with nutriens from the bloodstream [180]. 

Also significant progress was made recently in the methodology of replicative ageing studies. 

Utilization of microfluidic chip facilitates determination of the lifespan and at the same time 

allows to study in detail morphological aspects related to RLS by fluorescence microscopy [22]. 

Such advance in techniques greatly abolishes earlier limitations in yeast ageing research. 

In order to find general interventions that delay ageing, an attractive approach is to combine 

high-content screening methods in yeast with subsequent validation in higher model organisms. 

Understanding of the molecular mechanisms and pathways that contribute to cellular ageing 

will add to the development of novel therapies to combat ageing and age-related diseases. At 

the subcellular level, different organelles, including peroxisomes, have been shown to affect 

and be affected during ageing. The integration of peroxisomal pathways in the cellular ageing 

network requires basic studies focused on the peroxisomal proteome and its maintenance. 

Cataloguing the peroxisomal proteome and understanding of mechanisms controlling the 

abundance of particular proteins inside peroxisomes is crucial for the development of a model 

linking peroxisomal functions and ageing and could reveal novel targets for anti-ageing 

interventions. In this respect an important peroxisome function is the metabolism of polyamines 

including spermidine. Future studies should validate the versatility of this function in yeast and 

man. 

Peroxisomal homeostasis requires stringent scavenging of the ROS and the removal of damaged 

constituents. The urgent questions in peroxisomal homeostasis include the existence of crosstalk 

between peroxisomal quality control mechanisms and analogouss mechanisms in other cellular 

compartments. Is there a specific response to extensive production of peroxisomal ROS or 

accumulation of unfolded proteins inside peroxisomes? Transcriptomic analysis of yeast strains 

deficient in various proteins involved in peroxisomal quality control could reveal common and 
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specific pathways responding to stress in peroxisomes. Furthermore, how does such an 

imbalance affect peroxisomal protein import? Does it affect proliferation? Finally, how does a 

collapse of quality control mechanisms tag the dysfunctional organelle for autophagic 

degradation? More studies are needed to understand the principles of these processes in order to 

decipher their regulation and influence on ageing. 
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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 β-oxidation. Cells employ multiple quality control mechanisms to 

ensure proper peroxisome function and to protect peroxisomes 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. Here, we outline recent advances in our understanding of peroxisomal quality 

control, focussing on yeast and filamentous fungi. 
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Introduction 

Peroxisomes are cell organelles that are present in almost every eukaryotic cell. 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 past 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. Using peroxisome deficient yeast 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 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. In this contribution we present the current knowledge and 

discuss recent advances in this relatively unexplored field. 

Quality control of peroxisomal matrix enzymes 

Peroxisomal matrix proteins are synthesized in the cytosol and post-translationally imported, in 

a process mediated by peroxisomal targeting signals (PTS1 or PTS2) [2]. A remarkable feature 
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of the peroxisome is its capacity to import fully folded, co-factor containing, oligomeric 

enzymes [12]. 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 dockin protein Pex14 [13], by the 

receptor protein Pex5 [14] or by both Pex5 and Pex14([15], Fig. 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-protein or Hsp70- protein families inside 

yeast and mammalian peroxisomes. Moreover, in mammals peroxisomal matrix protein import 

was demonstrated to be stimulated by cytosolic Hsp70 [16]. 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 [17].  

 

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. 
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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 [18]. The 

importance of cytosolic folding is furthermore supported by the observation that even minor 

folding defects in the mammalian enzyme alanine-glyoxylate aminotransferase prevent its 

recognition by Pex5 and hence import into peroxisomes [19]. 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 Hansenula polymorpha. Interestingly, folding of this 

enzyme is dependent on a moonlighting function of cytosolic pyruvate carboxylase [20]. 

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 [21]. 

From this it was concluded that newly synthesized peroxisomal matrix proteins may require a 

minimum residence time in the cytosol to allow proper folding before 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 [22] or outside the organelle 

upon export [23] (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) [24], but it remains to be elucidated which of the proteins that are controlled by 

HSF1 are involved in this process. 
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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 [25]. 

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 [26]. 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 

[27]. 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 [26]. In vitro 

studies indicated that P. chrysogenum Pln also possesses chaperone activity, but the 

significance of this function in vivo remains to be analysed [26]. Electron microscopy analysis 

of H. polymorpha and P. chrysogenum Pln deficient strains revealed the presence of protein 

aggregates inside peroxisomes [26,27]. 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 

[28]. 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) [27].  

Remarkably, in H. polymorpha artificially introduced peroxisomal protein aggregates are 

removed by asymmetric fission of the organelle and subsequent degradation of the aggregate 
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containing daughter organelle via autophagy [29]. Recent findings in S. cerevisiae supported the 

importance of peroxisome fission in pexophagy [30]. Altogether, peroxisomal matrix 

proteostasis involves distinct mechanisms, which most likely depend on the extent of protein 

unfolding/aggregation within the peroxisomal matrix. 

 

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. 

Like observed for the ER (ERAD [23]) and mitochondria [31], peroxisomes also can export 

matrix proteins to the cytosol for their subsequent degradation by ubiquitin-proteasome system 

(UPS) (reviewed in [32]), as recently demonstrated for obsolete peroxisomal isocitrate lyase in 

plants [33]. Export of peroxisomal matrix proteins has been proposed to involve components of 

the PTS receptor recycling process (the exportomer, see below [32]). 

Quality control of PTS receptors 

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) [34]. Receptor-cargo complexes are recruited to a docking 

complex at the peroxisomal membrane, followed by delivery of the cargo to the matrix and 
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recycling of the receptor to the cytosol by the exportomer [35]. Recycling of Pex5 is initiated by 

monoubiquitination of a conserved cysteine residue at the N-terminus of the protein by the 

ubiquitin-conjugating enzyme (E2) Pex4 together with three conserved RING-domain 

containing peroxins Pex2, Pex10 and Pex12, which function as E3-ligases [36]. Export is 

mediated by two AAA ATPases Pex1 and Pex6, followed by removal of ubiquitin to enable 

another round of matrix protein import [37].  

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 [37] and only occurs when recycling of Pex5 is hampered. 

Hence, this can be considered as a quality control process for damaged receptor molecules [35]. 

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 

[38] and man [39] 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 

For the sorting of most PMPs the cytosolic protein 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 [40,41]. However, also data 

have been presented indicating that PMPs sort to peroxisomes via the endoplasmic reticulum 

(ER) [42]. In this process Pex19 has been shown to play a role in vesicle budding from the ER 

[42–44]. These findings have recently been challenged by the observations that PMPs do not 

accumulate at the ER in H. polymorpha cells lacking Pex19 [45]. 
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Once located at the peroxisomal membrane, PMPs can also be removed [46]. In H. polymorpha 

degradation of the PMP Pex3 is an early stage in pexophgay [47], a process that relies on UPS 

[48]. Pex3 ubiquitination was hampered in cells lacking the E3 ligases of the exportomer, Pex2 

and Pex10 [48] (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 [49]. 

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 [50,51]. 

Moreover in H. polymorpha Pex14 can become phosphorylated [52], which could serve as a 

signal for ubiquitination (Fig. 1b). 

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 

[53,54]). 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 [55]. 

Interestingly, peroxisomal matrix protein import [38] and peroxisome proliferation [56] 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. 
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The hallmark antioxidant enzyme of peroxisomes – catalase – catalyses the decomposition of 

H2O2 [57]. In yeast peroxisomal catalase also protects cells from externally added H2O2 [58]. 

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) [56] (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). 

 

Figure 3 Quality control mechanisms within peroxisomes and their potential links with cellular signalling. 

Peroxisomes contain H2O2 producing oxidases and catalase scavenging 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. Peroxiredoxins (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 peroxisome 

homeostasis. 
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Concluding remarks 

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 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, as described for the ER and 

mitochondria.  

Finally, 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 [59]. Although proteins involved in peroxisome inheritance 

and retention have been identified before, it is still unknown how old and new peroxisomes 

segregate [60].  
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Abstract 

Dietary restriction is generally assumed to increase the lifespan in most eukaryotes, 

including the simple model organism Saccharomyces cerevisiae. However, recent data 

questioned whether this phenomenon is indeed true for yeast.  

We studied the effect of reduction of the carbon source concentration on the 

chronological lifespan of the yeast Hansenula polymorpha using four different carbon sources. 

Our data indicate that reduction of the carbon source concentration has a negative (glucose, 

ethanol, methanol) or positive (glycerol) effect on the chronological lifespan. We show that the 

actual effect of carbon source concentrations largely depends on extracellular factor(s). We 

provide evidence that H. polymorpha acidifies the medium and that a low pH of the medium 

alone is sufficient to significantly decrease the chronological lifespan. However, glucose-grown 

cells are less sensitive to low pH compared to glycerol-grown cells, explaining why only the 

reduction of the glycerol-concentration (which leads to less medium acidification) has a positive 

effect on the chronological lifespan. Instead, the positive effect of enhancing the glucose 

concentrations is much larger than the negative effect of the medium acidification at these 

conditions, explaining the increased lifespan with increasing glucose concentrations. 

Importantly, at neutral pH, the chronological lifespan also decreases with a reduction in 

glycerol concentrations. We show that for glycerol cultures this effect is related to acidification 

independent changes in the composition of the spent medium. Altogether, our data indicate that 

in H. polymorpha at neutral pH the chronological lifespan invariably extends upon increasing 

the carbon source concentration  
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Introduction 

Dietary restriction (DR) is defined as reduction in nutrient availability without malnutrition 

[1,2]. DR has been proposed to be a general intervention to prevent ageing in a large variety of 

organisms, ranging from simple model organisms like yeast to higher eukaryotes, such as 

rodents [3–5]. 

The reason as to why DR enhances yeast lifespan is currently debated. The chronological 

lifespan (CLS) of yeast is defined as the time non-dividing cells remain viable after exit from 

the growth phase [6,7]. In Saccharomyces cerevisiae DR is typically defined as the reduction of 

the glucose concentration in the batch medium from 2% to 0.5%. S. cerevisiae is a Crabtree-

positive yeast, meaning that mitochondrial oxidative metabolism is repressed in media with 

high concentrations of glucose. In 2 % glucose containing media, the carbon source is initially 

fermented to ethanol, which is subsequently utilized when glucose is depleted. This results in 

the so called diauxic shift [8]. During glucose fermentation S. cerevisiae also secretes acetate. Is 

has been argued that acetate secretion together with the acidification of the medium to values 

below pH 4.5 is the major cause of the reduced lifespan of S. cerevisiae cells grown on 2 % 

glucose [8–10]. Indeed the pH of S. cerevisiae cultures containing synthetic complete medium 

supplemented with 2% glucose can drop to values of 2.5- 2.8 [9,11], whereas cultures 

containing 0.5% glucose do not acidify [12]. Also, buffering the medium to pH 6.0 or 

resuspension of stationary cells in water has been shown to extend the CLS of yeast cells grown 

on media containing 2 % glucose [9]. 

So far, the effects of DR, acidification and acetate on yeast CLS were mainly studied using S. 

cerevisiae and glucose as a carbon source. Here we study the effects of these parameters using 

the Crabtree negative yeast Hansenula polymorpha. This yeast is unable to inhibit respiration in 

the presence of high levels of glucose in favour of fermentation and is generally assumed not to 

secrete acetate during growth on glucose. In addition to the effect of different glucose 

concentrations on the CLS, we studied the effects of different carbon source concentrations and 

acidification when cells were grown on alternative carbon sources, namely glycerol, ethanol and 
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methanol. Our data indicate that reduction of the carbon source concentration can have a 

negative (glucose, ethanol, methanol) or positive (glycerol) effect on the CLS of H. 

polymorpha. However, at neutral pH the CLS invariably increases upon enhancing the carbon 

source concentration. This indicates that reducing the carbon source concentration is not a 

common intervention to enhance yeast lifespan. Also, we show that a low pH especially reduces 

the CLS of H. polymorpha after exit from the growth phase and acts independent of the 

presence of compounds (like acetate) secreted in the medium during the growth phase. 

Results 

The effect of carbon source concentration on the chronological lifespan is carbon source 

dependent 

Recent reports indicated that medium composition strongly influences yeast CLS [2,11,13]. The 

type of nutrient limitation as well as the concentration of amino acids required for auxotrophic 

laboratory strains strongly affect the survival of the cells in the stationary phase [14–16]. To 

avoid these issues we performed our studies using a prototrophic H. polymorpha strain and 

mineral media (MM) in which the carbon source is the only limiting factor for growth (meaning 

that the cells exit the growth phase solely due to depletion of the carbon source). We therefore 

defined DR in our current study as a reduction in carbon source concentration under conditions 

that all other medium components are present in excess. At these conditions a reduction in 

carbon source concentration results in a proportional reduction in the growth yield (final optical 

density). We used methylamine as N-source in all our studies, as we recently showed that this 

results in a longer CLS of H. polymorpha relative to the use of ammonium sulphate [17,18]. 

To determine suitable low and high carbon source concentrations for the four different carbon 

sources used in this study (glycerol, glucose, methanol, ethanol), we grew wild-type (WT) H. 

polymorpha strain at various concentrations of these compounds and determined the optical 

densities (OD) of the stationary cultures. A linear increase in final OD with increasing carbon 

source concentrations was observed up to 0.5% glycerol, 0.8% glucose, 0.8% methanol and 

0.7% ethanol (Fig. 1A). Based on these data we selected the low concentrations as those that  
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Figure 1 The effect of carbon source concentration on yeast chronological lifespan. H. polymorpha cells 

were grown on various concentrations of the indicated carbon sources and 0.25% methylamine as nitrogen 

source. The OD 600 nm was measured when cultures did exit the growth phase (A). Lines indicate ranges in which 

a linear correlation (R>0.98) between final OD and carbon source concentration was observed. Data represent 

mean ± SD (n=3). Chronological lifespan of cells grown at a low and a high concentration of glycerol (B), 

glucose (C), methanol (D), ethanol (E). Mean lifespan (mean) and maximum lifespan (max) were calculated as 

the time when cultures reach 50% and 10% viability, respectively, for cultures grown on different concentrations 

of glycerol (F) or glucose (G). Data represent mean ± SD from 4 to 12 independent cultures. 
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resulted in final ODs between 1 and 2, whereas for the high concentrations we chose those that 

resulted in ODs of 1 – 2 OD units below the maximal OD obtained with the highest 

concentrations of the linear range (Fig. 1A). 

The lifespan of cells grown on the high glycerol concentration was shorter compared to cells 

grown on a low concentration of glycerol (Fig. 1B). However, when glucose, methanol or 

ethanol was used, the opposite was observed, namely an increase in CLS with increasing carbon 

source concentration (Fig. 1C-E).  

To further analyse the observed opposite effects of reducing the carbon source concentrations 

on CLS for different carbon sources, we confined our further studies using glycerol, as an 

example of a carbon source for which reduction in the concentration enhanced the lifespan, and 

glucose, as representative of a carbon source for which the opposite was observed.  

Analysis of the residual glucose and glycerol concentrations confirmed that indeed at the 

chosen concentrations for these two carbon sources, the cultures did exit the growth phase due 

to carbon source depletion (Fig. 2AB). At maximum concentration analysed for glucose, 

readdition of glucose to the spent medium allowed growth of the cells, however, the doubling 

time and final OD however were not as high as for fresh mineral medium (Fig. S1). Moreover 

when higher concentrations, namely 1 or 2% of glycerol or glucose, were used, these carbon 

sources were not depleted when growth ceased (Fig. S2AB) and hence cells did exit the growth 

phase because of other, yet unknown, reasons.  

Systematic analysis of the CLS of glycerol and glucose cultures using the previously defined 

ranges of carbon source concentrations revealed that the CLS gradually decreased when the 

glycerol concentrations increased from 0.1% to 0.5% (Fig. 1F, Table 1). Using higher 

concentration of glycerol (1 or 2%) prolonged the lifespan in comparison to 0.5% glycerol (Fig. 

S2C). The CLS of glucose grown cells gradually increased with increase of glucose 

concentrations in the range of 0.2 – 0.8 % (Fig. 1G, Table 1). The lifespan of the cells grown on 

1% or 2% glucose was comparable to the lifespan of cells grown on 0.5% glucose (Fig. S2D). 
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To measure the viability in CLS experiments, we routinely determine the colony forming units 

(CFU) using YPD plates. To exclude that the use of glucose plates for both glucose and 

glycerol cultures affected the results, we also determined the viability using YP-glycerol plates. 

Plating on YPD and YP-glycerol plates resulted in similar amount of colonies. (Fig. S3A). Also 

very similar CLS curves were obtained when YPD or YP-glycerol plates were used (Fig. S3BC. 

Based on this observation we continued our studies using YPD plates. 

Table 1. Mean and maximum lifespan of H. polymorpha WT cells upon growth on different concentrations 

of glycerol and glucose. 

 Glycerol Glucose 

Concentration 

(%) 

Mean lifespan 

(days) 

Max. lifespan 

(days) 

Mean lifespan 

(days) 

Max. lifespan 

(days) 

0.1 5.72 ± 0.69 7.64 ± 0.46 1.08 ± 0.20 2.02 ± 0.29 

0.15 4.73 ± 0.51 6.42 ± 0.25 1.40 ± 0.03 3.19 ± 0.03 

0.2 4.61 ± 0.39 6.43 ± 0.20 2.02 ± 0.28 3.60 ± 0.60 

0.25 4.19 ± 0.44 6.31 ± 0.03 3.44 ± 0.15 5.04 ± 0.18 

0.3 3.78 ± 0.17 5.31 ± 0.17 3.77 ± 0.03 5.06 ± 0.03 

0.35 3.69 ± 0.09 5.29 ± 0.06 4.17 ± 0.18 5.85 ± 0.27 

0.4 3.67 ± 0.36 5.35 ± 0.43 4.38 ± 0.06 5.94 ± 0.62 

0.45 3.26 ± 0.13 4.44 ± 0.25 4.31 ± 0.15 6.81 ± 0.15 

0.5 2.94 ± 0.18 4.08 ± 0.44 4.29 ± 0.29 6.10 ± 0.27 

0.6 ND ND 5.15 ± 0.51 7.9 ± 0.47 

0.7 ND ND 5.75 ± 0.12 7.75 ± 0.18 

0.8 ND ND 5.67 ± 0.24 8.02 ± 0.15 

The mean lifespan was calculated as time point when cultures reached 50% viability; the maximum lifespan was 

calculated as time point when cultures reached 10% viability. The data represents mean ± SD from at least 4 

independent cultures. ND – not determined. 

Extracellular factor(s) are involved in carbon source concentration dependent lifespan 

changes. 

To test whether the composition of the spent medium differentially affects the CLS in glycerol 

and glucose media, we performed spent medium swap experiments. Because glycerol and 
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glucose were completely depleted after 20h of growth (Fig. 2AB), this time point was used to 

swap the media. 

Incubating cells grown on 0.1% glycerol in spent medium of cultures grown on 0.4% glycerol 

strongly reduced their lifespan to values observed for cultures grown on 0.4 % glycerol and kept 

in this medium (Fig. 2C, Table 2). However, upon incubation of cells grown on 0.2 % glucose 

in spent medium of cultures containing 0.6 % glucose, there was no major reduction in lifespan 

relative to cells grown on 0.2 % glucose and kept in their spent medium (Fig. 2D).  

Placing cells grown on 0.4% glycerol into spent medium of cells grown on 0.1% glycerol 

strongly extended their CLS (Fig. 2C). The mean and maximum lifespan of these cells 

increased almost three times compared to cells grown on 0.4% glycerol and kept in their spent 

medium (Table 2 and Table 1). Incubating cells grown in 0.6% glucose in spent medium from 

cultures grown on 0.2% glucose also extended their lifespan, but the difference was smaller 

(less than 1.5 fold increase) (Fig. 2D, Table 2 and Table 1).  

This data indicates that composition of the spent medium strongly affect the chronological 

lifespan both for glycerol and glucose containing cultures. Furthermore, the CLS of glycerol-

grown cells changed much more (either positively or negatively) upon the medium swap 

relative to the glucose-grown cells. 

Table 2. Mean and maximum lifespan of H. polymorpha cells grown on low and high concentrations of 

glycerol and glucose and placed in the spent medium from cultures containing other concentration of 

same carbon source. 

 Concentration used 

for growth of cells 

(%) 

Concentration used 

to obtain spent 

medium (%) 

Mean lifespan 

(days) 

Max lifespan 

(days) 

Glycerol 
0.1 0.4 3.46 ± 0.06 4.58 ± 0.59 

0.4 0.1 10.15 ± 0.23 14.76 ± 0.52 

Glucose 
0.2 0.6 2.02 ± 0.09 3.08 ± 0.12 

0.6 0.2 7.08 ± 0.59 10.21 ± 0.29 
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Figure 2 The impact of extracellular factors on DR mediated lifespan changes. Cells were grown on 0.1% 

and 0.4% glycerol (A) as well as 0.2% and 0.6% glucose (B). Growth and carbon source depletion were 

monitored in time. Data represent mean glycerol or glucose concentration ± SD (n=3) and mean OD 600nm ± SD. 

Cells were grown on 0.1% and 0.4% glycerol (C) or 0.2% and 0.6% glucose (D). Spent medium of cultures 

grown on one concentration of carbon source was replaced by the spent medium originating from cultures grown 

on the second concentration of the same carbon source and viability of the cultures was measured in time. Data 

represent mean viability ± SD from 3 independent cultures. Lines indicating viability of cultures left in its own 

medium were redrawn from Figure 1B and 1C. (E) The concentration of acetate was measured in clarified 

medium at different time points upon shifting the cells to medium containing 0.4% glycerol or 0.6% glucose and 

0.25% methylamine. Data represent mean ± SD (n=3). (F) Cells were grown on different concentrations of 

glycerol or glucose. The pH of the cultures was measured at the beginning of the stationary phase. Data represent 

mean ± SD (n=3). 
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Acetic acid is not a major factor reducing H. polymorpha CLS 

Despite the fact that H. polymorpha is a Crabtree negative yeast, it has been reported that this 

yeast may secrete acetic acid as a consequence of the overflow metabolism [19]. Being a weak 

organic acid, acetic acid was shown to directly reduce viability of chronologically ageing S. 

cerevisiae cells [9]. As shown in Fig. 2E, external acetic acid concentrations up to 2mM were 

detected during the growth phase of 0.6% glucose containing cultures, but this compound was 

subsequently depleted from the medium within 24h (i.e. the beginning of the CLS 

measurements). When cells were grown on 0.4% glycerol, no significant amounts of external 

acetic acid were detected. These data indicate that the acetic acid, which is secreted during 

growth, is not a toxic compound in the spent medium of high glucose or glycerol cultures, that 

affects the CLS as it is either not present (glycerol) or quickly depleted from the spent medium 

(glucose).  

Medium acidification was previously shown to affect the lifespan of S. cerevisiae at a variety of 

growth conditions [9,11,20]. As shown in Fig. 2F, the pH of the cultures grown on 0.4 % 

glycerol or 0.6 % glucose significantly decreased to 3.1 and 3.4, respectively, whereas the pH of 

cultures grown at low carbon source concentrations remained above 5.0. Hence, the reduced 

CLS of cells grown on low glycerol or glucose media upon incubation in spent medium of high 

glycerol or glucose cultures could (partially) be explained by the low pH of these solutions. 

However, it does not explain why the reduction of the CLS of the glycerol-grown cells is much 

stronger compared to the glucose-grown cells. Possibly, other compounds than acetic acid are 

present in the medium and toxic at low pH in glycerol-grown cultures, but not or less in glucose 

cultures. We therefore set out to experiments to further dissect the role of low pH and putative 

secreted toxic compounds on H. polymorpha CLS. 

Low pH of the milieu shortens the chronological lifespan 

For a further detailed analysis of the effect of pH on CLS, we first confined our studies to 

glycerol containing cultures and one (intermediate) carbon source concentration (0.2%). Cells 

were grown at different, constant pH values using pH controlled batch fermenters. 
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Figure 3 The effect of medium pH on yeast chronological lifespan. (A) Cells were grown on 0.2% glycerol 

and 0.25% methylamine in batch fermenters at different pH values. After 20h cells were shifted to flasks and the 

viability of the cultures was measured over time. Data represent time when viability of the cells reached 50% 

(mean) and 10% (max) for all individual fermenters. (B) Cells were grown on 0.2% glycerol / 0.25% 

methylamine at pH 6.5 or 3.5. After 20h of cultivation in batch fermenters, the pH of the cultures was changed 

by the addition of 1M H3PO4 (6.5  3.5) or 1M NaOH (3.5  6.5). Cells before the pH change were kept as the 

controls. Data represent mean ± SD (n=3). (C) Cells were grown on 0.2% glycerol / 0.25% methylamine at pH 

6.5 or 3.5. After 20h, spent medium of the cultures was replaced by fresh medium (without carbon source) with a 

pH of 6.5 (MM6.5) or 3.5 (MM3.5). Data represent mean ± SD (n=3). (D) Cells were grown on 0.2% glycerol / 

0.25% methylamine at pH 6.5 or 3.5. After 20h, spent medium of the cultures was replaced by potassium 
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phosphate buffer pH 6.5 (phosphate 6.5), pH 3.5 (phosphate 3.5) or MES buffer pH 6.5 (MES 6.5) or pH 3.5 

(MES 3.5). Data represent mean ± SD (n=3). (E) Cells were grown on 0.2% glycerol and 0.25% ammonium 

sulphate (AS) or 0.2% urea at pH =6.5. After 20h of cultivation in batch fermenters, the pH of the cultures was 

changed by addition of concentrated H3PO4 (6.5  3.5). Cells before the pH change were kept as the controls. 

Data represent mean ± SD (n=2). (F) Cells were grown on 0.4% glucose / 0.25% methylamine at pH 6.5 

(glucose pH 6.5) or 3.5 (glucose pH=3.5) in batch fermenters. After 20h the pH of the cultures was changed by 

addition of H3PO4 (glucose 6.5  3.5) or NaOH (glucose 3.5  6.5). Cells before the pH change were kept as 

the controls. Data represent mean viability ± SD (n=2). 

CLS measurements revealed a sudden increase in mean and maximum lifespan when cells were 

grown at pH values equal or higher than 6.0, relative to lower pH values (Fig. 3A). These 

differences are not related to differences in growth rates, because in media with pH values in 

the range of pH 3.5 to 6.5 the growth curves (doubling time, final OD) were similar (data not 

shown). Hence, these data confirm that a low pH reduces the CLS of glycerol-grown H. 

polymorpha. 

To investigate whether a low pH affects the CLS during the growth, after the growth phase or 

both, we performed pH swap experiments. Cells were grown on 0.2 % glycerol at a constant pH 

of 6.5 or 3.5 and upon exit from the growth phase, the pH was reduced or increased by the 

addition of H3PO4 or NaOH, respectively. Neutralizing the medium of cells grown at pH 3.5 to 

6.5 resulted in a similar CLS compared to cells grown and kept at pH 6.5 during the stationary 

phase (Fig. 3B). Lowering the pH of cultures grown at pH 6.5 to 3.5 resulted in a strong 

decrease in CLS (Fig. 3B), but the CLS was not shortened to the values observed for cells that 

were grown and subsequently kept at pH 3.5. These data indicate that a low pH after exit from 

the growth phase strongly reduces the CLS of glycerol containing cultures.  

Next, we asked whether only the low pH is responsible for lifespan shortening or whether it 

reduced the CLS in combination with other factors in the spent media. For instance, the toxicity 

of weak organic acids depends on the concentration of the acid and increases with decreasing 

pH [9,21]. Cells were grown in a batch fermenter at a constant pH of 6.5 or 3.5 on 0.2 % 

glycerol. After exit from the growth phase cells were collected by centrifugation and 

resuspended in fresh mineral medium without carbon source (MM) at a pH of 3.5 or 6.5. 

Shifting the cells grown at pH 3.5 and pH 6.5 to fresh MM with the same pH did not alter the 

lifespan in comparison to cells left in spent medium (Fig. 3C, compare with Fig. 3B). 
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Resuspension of the cells grown at pH 3.5 in fresh MM with a pH of 6.5 prolonged the CLS to 

the same extent as cells grown at pH 6.5 and shifted to mineral medium pH 6.5. Conversely, 

resuspension of cells grown at pH 6.5 in MM with a pH value of 3.5 shortened the CLS to a 

similar extent as the pH swap from pH 6.5 to 3.5 in spent medium (Fig. 3C, compare with Fig. 

3B). 

These data indicate that for cells grown on 0.2 % glycerol, a low pH after the growth phase is 

the major factor reducing the CLS and not toxic components present in the spent medium. This 

conclusion is furthermore supported by the outcome of experiments in which  non-growing 

cells were transferred to 25mM phosphate buffer or 50mM MES buffer with a pH of 3.5 or 6.5 

instead of MM (Fig. 3D). Also, the same effect was observed when methylamine was replaced 

by other nitrogen sources (ammonium sulphate (AS) or urea) (Fig. 3E), indicating that the effect 

was not specific for cells utilizing methylamine. Importantly, the observed negative effect of a 

low pH after the growth phase was also observed when cells were grown on 0.4% glucose (Fig. 

3F). Hence, the CLS of both glycerol and glucose-grown cells decreases when cells are 

incubated at a low pH after exit from the growth phase. 

Acidification independent effect of carbon source concentration on lifespan 

Although a low pH affects the CLS of both glucose and glycerol-grown cells and a similar 

acidification is observed for both carbon sources (Fig. 2F), it remained unclear why DR has a 

positive effect when glycerol is the carbon source and a negative effect when glucose is present 

in the medium. One explanation may be that the glycerol-grown cells are more sensitive to a 

low pH. To investigate this, we analysed the effect of neutralizing the pH after exit from the 

growth phase. Cells were grown in media containing 0.1% to 0.5% glycerol or 0.1% to 0.8% 

glucose and the pH of the cultures was adjusted to 6.5 when cells stopped to grow. Neutralizing 

the pH significantly increased the CLS of cells grown on 0.15 to 0.5% glycerol (Fig. 4A, 

compare Fig. 1F, Table 1 and 3). Notably, under these conditions, the CLS increased with 

increasing glycerol concentrations. Neutralizing the medium of glucose-grown cultures also 

extended the CLS, which increased with increasing carbon source concentrations, like in the  
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Figure 4 The effect of carbon source concentration on yeast lifespan upon buffering of spent medium. 

Cells were grown on different concentrations of glycerol (A) or glucose (B) and 0.25% methylamine as the 

nitrogen source. The pH of the cultures was adjusted to pH 6.5. Data represent mean ± SD from 4 to 8 

independent cultures. Trend lines indicating changes in mean and maximum lifespan of cells in non-buffered 

media were redrawn from Figure 1F and 1G (C) Fold increase of mean and maximum lifespan upon buffering 

the cultures grown on different concentrations of glycerol and glucose calculated as lifespan after buffering 

divided by lifespan before buffering. (D) The resistance of cells to acetic acid treatment. Upon exit of the growth 

phase, cells were treated with increasing concentration of acetic acid followed by PI staining and FACS analysis. 

Data represent mean number of PI positive cells ± SD from 4 cultures. (E) The number of budding cells upon 

exit from the growth phase in unbuffered medium. Data represent mean percentage of cells containing a bud 

from 6 cultures ± SD.  
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non-neutralized cultures (Fig. 4B, compare Fig. 1G, Table 1 and 3). The CLS extending effect 

of neutralizing the pH was much less pronounced in glucose-grown cultures in comparison to 

glycerol-grown cultures (Fig. 4C). 

Table 3. Mean and maximum lifespan of H. polymorpha cells upon growth on different concentrations of 

glycerol and glucose in medium buffered to pH=6.5. 

 Glycerol Glucose 

Concentration 

(%) 

Mean lifespan 

(days) 

Max. lifespan 

(days) 

Mean lifespan 

(days) 

Max. lifespan 

(days) 

0.1 5.92 ± 0.48 8.57 ± 0.40 1.04 ± 0.06 1.79 ± 0.06 

0.15 6.68 ± 0.29 10.06 ± 0.59 1.88 ± 0.18 3.73 ± 0.56 

0.2 8.19 ± 1.15 12.82 ± 1.83 2.99 ± 0.17 5.50 ± 0.90 

0.25 10.75 ± 0.15 15.71 ± 0.98 6.38 ± 0.47 9.50 ± 0.71 

0.3 12.06 ± 0.47 17.01 ± 1.19 7.23 ± 0.56 11.42 ± 0.35 

0.35 12.08 ± 1.30 16.15 ± 1.92 7.46 ± 0.12 11.49 ± 0.69 

0.4 10.64 ± 0.94 14.35 ± 1.92 7.99 ± 0.23 11.81 ± 0.23 

0.45 12.06 ± 0.82 16.03 ± 1.18 8.00 ± 0.47 12.83 ± 1.41 

0.5 10.14 ± 0.67 16.25 ± 1.50 8.50 ± 0.40 13.25 ± 0.25 

0.6 ND ND 9.77 ± 0.49 14.85 ± 0.63 

0.7 ND ND 9.75 ± 1.06 15.31 ± 0.56 

0.8 ND ND 11.63 ± 0.40 16.36 ± 0.61 

The mean lifespan was calculated as time point when cultures reached 50% viability; the maximum lifespan was 

calculated as time point when cultures reached 10% viability. The data represents mean ± SD from at least 4 

independent cultures. ND – not determined.  

We next asked whether the glucose-grown cells are only more resistant to low pH or also 

against acetic acid. As shown in Fig. 4D, cells grown on 0.6% glucose are also more resistant to 

short exposure to acetic acid than cells grown in 0.4% glycerol (Fig. 4D) suggesting that an 

adaptation may have occurred during the growth phase in cultures containing 0.6% glucose. 

Exposure to weak organic acids at sublethal concentrations triggers cell cycle exit and 

prolonged cell stasis rather than cell death. Notably, an efficient cell cycle arrest at G0/G1 is 

crucial for longevity of chronologically ageing S. cerevisiae [20,22–24]. To assess the 

efficiency of cell cycle arrest we counted the percentage of cells in cultures grown on a low and 
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a high concentration of glycerol and glucose after exit from the growth phase. Cultures grown 

on 0.6% glucose showed almost complete lack of budding cells, whereas more than 8% of the 

cells grown on 0.2% glucose and 0.1% or 0.4% glycerol contained buds (Fig. 4E).  

The above data indicate that buffering has a weaker lifespan extending effect on cells grown on 

a high concentration of glucose. This effect is accompanied by elevated resistance to acetic acid 

and a more efficient cell cycle arrest. 

Acidification is not the only extracellular factor in spent medium that affects the 

chronological lifespan.  

High carbon source concentrations (glucose or glycerol) are positive for the CLS of H. 

polymorpha cultures when the pH is neutral in the stationary phase. This could be either related 

to a direct positive effect of the high carbon source levels on the viability of the cells or due to 

an altered composition of the spent medium (the secretion of higher amounts of compounds that 

stimulate longevity or depletion of medium component negatively affecting the viability of the 

cells). 

To investigate the acidification independent effect of spent medium composition we performed 

buffered spent medium swap experiments. Cells were grown in media containing low or high 

carbon source concentrations (glycerol or glucose), collected by centrifugation and resuspended 

in spent medium from cultures containing either the low or the high concentration of carbon 

source. The pH was adjusted to 6.5 at the onset of the CLS experiment. Replacing the medium 

of cells grown on 0.1% glycerol with buffered spent medium from cultures containing 0.4% 

glycerol strongly extended the CLS to values obtained for cells grown in 0.4% glycerol and 

buffered upon exit from the growth phase (Fig. 5A, Table 4). Conversely, replacing the medium 

of cells grown in 0.4% glycerol with buffered medium originating from cultures containing 

0.1% glycerol only had a slight reducing effect on the CLS (Fig. 5A). This observation suggests 

that the spent medium from cultures grown on a low concentration of glycerol possibly contains 

a factor negatively affecting the lifespan and/or that the spent medium of cells grown on high 

glycerol contains a factor positively affecting the CLS. 
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Figure 5 Acidification independent impact of spent medium composition on lifespan. Cells were grown on 

0.1% and 0.4% glycerol (A) as well as 0.2% and 0.6% glucose (B) for 20 hours. The spent medium from cultures 

grown on one concentration of carbon source was replaced by the spent medium originating from cultures 

containing other concentration of that carbon source with pH adjusted to 6.5. Data represent mean viability ± SD 

from 3 independent cultures. Representative data of two experiments with similar results are presented. 

Essentially, similar experiments performed with cultures containing glucose as a carbon source, 

indicate that in this case extracellular factors only slightly affect the CLS. Replacing the 

medium with buffered spent medium of cells grown at higher or lower glucose concentrations 

did not strongly affect the mean and maximum lifespan values (Fig. 5B. Table 4). Based on 

these observations we conclude that the increased CLS with enhancing carbon source 

concentration is in part related to the composition of the medium in case of glycerol, but not for 

glucose. 

Table 4. Mean and maximum lifespan of H. polymorpha WT cells grown on low and high concentrations 

of glycerol and glucose and placed in the buffered spent medium from cultures containing other 

concentration of same carbon source. 

 Concentration used 

for growth of cells 

(%) 

Concentration used 

to obtain spent 

medium (%) 

Mean lifespan 

(days) 

Max lifespan 

(days) 

Glycerol 
0.1 0.4 11.40 ± 0.35 16.04 ± 0.56 

0.4 0.1 10.00 ± 0.42 13.28 ± 0.46 

Glucose 
0.2 0.6 3.15 ± 0.15 6.67 ± 0.59 

0.6 0.2 7.25 ± 0.94 12.56 ± 0.50 
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Discussion 

Dietary restriction is the gold standard intervention that increases the lifespan of many 

organisms. Reduction of nutrient availability also affects the lifespan of S. cerevisiae. The 

relatively short lifespan and the possibility to use media with various nutrient compositions 

favour this organism as a model to unravel the mechanism of DR. A disadvantage however is 

that S. cerevisiae can ferment part of the glucose to acetic acid, which, together with the low pH 

of the spent medium is thought to be the primary cause of life span reduction in 2% glucose 

containing cultures. The exact mechanisms remain however controversial [9–12].  

Here we analysed the effect of carbon source concentration on the chronological lifespan of the 

Crabtree negative yeast H. polymorpha. Because the effect of glucose concentration on CLS of 

S. cerevisiae was shown to largely depend on nutrient balance and amino acid concentrations in 

the medium [2], we used in our study mineral media in which the carbon source is the only 

growth limiting medium compound as well as a prototrophic strain.  

Our data indicate that the reduction of carbon source concentration has a negative effect on the 

CLS when glucose is used, whereas a positive effect was observed for glycerol. Reduction of 

glucose concentration was previously also shown to drastically reduce the lifespan of another 

Crabtree negative yeast, namely Kluyveromyces lactis [25]. Spent medium swap experiments 

revealed that for glycerol, and to the lesser extent for glucose, the effect of changing the carbon 

source concentrations is dependent on extracellular factors.  

Our data indicate that unlike for glucose-grown S. cerevisiae [9], acetic acid secretion is not a 

major factor in CLS reduction for glucose-grown H. polymorpha. Instead we provide evidence 

that a low pH alone (below pH 5.5) is sufficient to reduce the lifespan. In S. cerevisiae the 

cytosolic pH is kept around 7.0 when cells are grown on glucose even when the external pH is 

as low as 3.0 [26]. However, when glucose is depleted a low extracellular pH promotes 

intracellular acidification to the minimum values of 5.0 - 5.5 [27–30]. This process can be 

stimulated by the presence of low molecular weak organic acids like acetic acid [21,28]. As 

lowering the pH of the medium from 6.5 to 3.5 upon exit from the growth phase decreased the 



Chapter 3 

81 

lifespan of cells grown on 0.2% glycerol in a similar way as transfer to new medium / buffer 

with 2 distinct pH values (Fig. 3B-D), compounds secreted during growth are unlikely to 

influence the CLS. Instead, we cannot rule out that compounds acting like weak organic acids 

would be released from dead / lysed cells after the growth phase to accelerate cytosol 

acidification in the remaining cells.  

A weaker impact of buffering on cells grown on 0.6% glucose in comparison to cells grown on 

glycerol correlates with their elevated resistance to acetic acid (Fig. 4D). It is possible that in 

cultures containing 0.6% glucose low concentrations of acetic acid, produced as a consequence 

of the overflow metabolism [19], trigger acid adaptation and cross protection against the effect 

of low pH later on in the stationary phase. Remarkably, low pH pre-treatment of S. cerevisiae 

cells elevates their resistance to subsequent treatment with acetic acid [31]. Such hormetic 

adaptation and higher initial resistance of 0.6% glucose grown cells to the impact of low pH 

would explain the limited lifespan extension upon placing these cells into spent medium from 

cultures containing initially 0.2% glucose (Fig. 2D) and the lower impact of medium buffering 

on the lifespan of glucose containing cultures (Fig. 4C). We speculate that the adaptation 

process requires the presence of a weak organic acid (likely acetic acid) in the growth phase and 

a low pH of the medium. Such adaptation effect could also explain the differences in lifespan 

observed initially in cultures containing a low and a high concentration of ethanol (which can 

be converted into acetic acid) and methanol (where formic acid is produced) [32]. 

Consequently, such an adaptation may be weak or not occurring in cells grown on 0.4% 

glycerol rendering these cells more fragile to subsequent exposure to low pH. 

The intracellular pH is a parameter that affects a whole range of cellular functions [33,34]. The 

process of cytosolic pH maintenance and weak acid extrusion is energy demanding. In yeast 

intracellular acidification activates the accumulation of cAMP [35–37] followed by activation 

of protein kinase A (PKA) targets. Through mobilization of trehalose and glycogen this process 

can help the cells to overcome ATP shortage [38–40]. However, low intracellular pH mediated 

increase in Ras signalling could also promote chronological ageing via induction of replication 

stress [22,23]. Remarkably, cultures grown on 0.6% glucose also display less budded cells than 
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cultures grown on 0.4% glycerol which is accompanied by less impact of low medium pH on 

the lifespan of these cells. A stronger arrest in G0/G1 phase after exit from the growth phase 

observed in cultures containing 0.6% glucose, possibly resulting from the presence of acetic 

acid in the cultures during the growth phase, could be beneficial in counteracting the induction 

of growth signalling by the low pH. Consequently, such adaptation is not occurring in the cells 

grown on high concentration of glycerol, thus these cells are more fragile to the impact of low 

pH. The fact that a high budding index of the 0.4% glycerol grown cultures is not a problem in 

buffered medium suggests that the arrest in G0/G1 phase is important for survival only in 

medium with a low pH. Consequently, when a low concentration of glucose (0.2%) or glycerol 

(0.1%) is used the acidification is minor (Fig. 2F) and cells are simply not exposed to low pH.  

Altogether our data indicate that the pH of the medium is an important factor determining H. 

polymorpha chronological lifespan. Similarly, the pH was recently shown to affect the 

chronological senescence in cultured mammalian cells [41,42] suggesting that indeed the 

mechanism of cellular response to the acidification could be conserved.  

The actual effect of dietary restriction strongly depends on the organism and environmental 

conditions [3]. We have shown that acidification impacts the effect of carbon source 

concentration on lifespan in a carbon source dependent manner. Upon buffering, the 

chronological lifespan invariably increases with increasing glycerol and glucose concentrations. 

The differences in lifespan between high and low concentrations of carbon source are mediated 

by a combination of extracellular and intracellular factors. The actual effect of DR in S. 

cerevisiae depends not only on carbon source concentration, but also on the nutrient 

composition of the initial medium [2]. This yeast also secretes a variety of compounds to the 

medium [8,9], with further impact on chronological lifespan. Shifting the cells to buffer or 

water should rule out the impact of extracellular factors on the lifespan of H. polymorpha, like 

previously demonstrated in S. cerevisiae [7,43].  

In S. cerevisiae and other yeast species DR is routinely obtained by reduction of carbon source 

concentrations from 1%, 2% or higher to 0.5% or less [2,25,44]. When H. polymorpha cells are 
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grown on 1 or 2% glycerol the CLS is enhanced in comparison to cultures grown on 0.5% 

glycerol (Fig. S2C). Growth of cells in 1 or 2% glucose resulted in a similar CLS as obtained 

with 0.5% glucose (Fig. S2D). This data indicate that also at the carbon source concentrations 

generally used for S. cerevisiae, we also see no positive effect of reducing the carbon source 

concentration on CLS. 

Summarizing, our data demonstrate that decreasing the carbon source concentrations in yeast 

cultures is not a general intervention that leads to an increase in lifespan. 

Materials and methods 

Strains and growth conditions 

A wild-type prototrophic strain was obtained by complementation of H. polymorpha NCYC495 

leu1.1 [45] by multicopy integration of pHIPX7 [46], containing S. cerevisiae LEU2 gene under 

its own promoter in the H. polymorpha TEF1 promoter region. Cells were grown in mineral 

medium [47] containing the indicated carbon sources and 0.25% methylamine as nitrogen 

source unless stated otherwise. Where indicated, the cells were grown on media containing 

0.25% ammonium sulphate or 0.2% urea as nitrogen source. 6mM K2SO4 was added when 

methylamine or urea were used as nitrogen sources. In all experiments the cells were 

intensively precultivated in MM containing 0.25% glucose and 0.25% ammonium sulphate. 

When the OD 600nm of the precultures reached 1.5-2.0, cells were diluted to OD 600nm = 0.1 in the 

final medium. Culturing was performed in flasks closed with a cotton plug at a medium to flask 

volume ratio of 1:5, at 37
o 

C and with shaking at 200rpm. When pH control was needed, cells 

were grown in batch fermenters (culture volume 1l) in a 2l fermenter (Applikon, The 

Netherlands) at 37
o
C, 300 rpm stirring and aeration rate of 0.4 L/min. pH was controlled by the 

addition of 1M NaOH. 
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Medium swap and buffering experiments. 

In the spent medium swap experiments cells were spun down for 5min at 3000g at 37
o
C, spent 

medium was collected and clarified by another centrifugation step for 5min at 3000g, 37
o
C. The 

cells were washed once with warm (37
o
C) sterile water and resuspended in the desired spent 

medium. Cells were similarly transferred to 25mM phosphate buffer pH 3.5 or 6.5, 50mMES 

buffer pH 3.5 or 6.5 or fresh MM supplemented with 0.25% methylamine. 

In buffering experiments spent medium from part of the culture was clarified by centrifugation 

and the pH was adjusted by addition of 1M NaOH. Cells from equal volumes of the cultures 

were recovered by centrifugation and resuspended in filtered and pre-warmed medium with 

adjusted pH. The same approach was used for buffered spent medium swap experiments. 

Chronological lifespan measurements 

The viability of the cultures was assessed essentially as described before [18]. Briefly, the 

number of cells per ml was measured using a CASY Model TT (Roche) and 500 cells were 

plated on YPD agar plates (1% yeast extract, 1% peptone, 1% glucose, 2% agar) or where 

indicated YP-glycerol plates (1% yeast extract, 1% peptone, 1% glycerol, 2% agar). After 36-48 

hours of incubation at 37
o
C the plates were photographed and colonies were counted using an 

ImageJ plugin. The number of colonies obtained at the first time point was set as 100%. 

Glycerol, glucose and acetate measurements 

Glycerol, glucose and acetate were assayed in clarified medium collected at different time 

points. For acetate determination the pH of clarified media was adjusted to 7.0 by the addition 

of NaOH before analysis. Glycerol concentrations were assayed with a Glycerol GK Assay Kit 

(Megazyme, Ireland), glucose with a D-Glucose HK assay kit (Megazyme, Ireland). Acetate 

was measured with an Acetic acid assay kit (Acetate kinase analyser format, Megazyme, 

Ireland). All measurements were performed according to the manufacturer’s protocols.  

Acetic acid resistance and flow cytometry 
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Cells grown for 20hours were harvested and resuspended in 50mM potassium phosphate buffer 

pH 3.0 and treated with different concentrations of acetic acid (at OD 600 nm = 0.7) in a 96 well 

microtiter plate for 1h at 37
o
C with shaking (900rpm). The cells were washed once with 50mM 

potassium phosphate buffer pH 7.0 and stained for 10min with 10µg/ml propidium iodide in the 

same buffer. After subsequent washing, the fluorescence of 10000 cells was analysed using a 

FACS Aria II Cell sorter (BD Biosciences) using a 488nm laser, a 550nm long pass mirror and 

a 575/25nm band-pass filter. Data were recorded and analysed using FACSDiva software (ver. 

6.1.2). Stained non-treated and boiled cells were used to set the gates.  

Analysis of budding index 

The number of budding cells was determined in cultures grown for 20 hours. Bright field 

mosaic images were made using a Zeiss Observer Z1 microscope. The number of cells 

containing a not separated bud was counted manually in at least 500 cells per culture.  
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Supplementary figures 

Figure S1 Growth of H. polymorpha in fresh and spent 

medium. H. polymorpha cells were grown in mineral 

medium containing 0.8% glucose and 0.25% methylamine. 

After 24 hours of growth, the spent medium was recovered 

by spinning down the cells and subsequent filtration of the 

medium. Exponentially growing cells (washed in water) 

were added to the spent medium (no glucose), spent 

medium with 0.5% glucose ( + 0.5% glucose) or to 

medium with pH adjusted to 6.0 using concentrated sodium 

hydroxide (+0.5% glucose pH=6.0). The same cells were 

shifted to fresh mineral medium (new medium +0.5% 

glucose). Data represent mean OD 600nm ± SD (n=3).  

 

 

Figure S2 Chronological lifespan of H. polymorpha cells in medium containing 0.5%, 1% and 2% of 

glycerol or glucose. Growth and carbon source concentration in the medium in cultures containing 1% and 2% 

glycerol (A) or 1% and 2% glucose (B) and 0.25% methylamine. Chronological lifespan of cells grown 0.5%, 

1% and 2% glycerol (C) or 0.5%, 1% and 2% glucose (D) Data represent mean concentration ± SD and mean 

OD 600nm ± SD. Chronological ageing experiments represent mean viability  ± SD (n=3). 
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Figure S3 Chronological lifespan experiments using YPD or YP-glycerol (YPG) plates to determine the 

colony forming units. Cells were grown in mineral medium containing 0.1% or 0.4% glycerol and 0.2% or 

0.6% glucose. The ratios of colonies obtained after plating on YPD and YPG for individual cultures (1-8) were 

plotted in time (A). The YPD/YPG ratios were always close to 1, independent of the time point indicating that 

the carbon source in the plates does not affect the obtained results. Chronological lifespan of the cells grown on 

0.1% or 0.4% glycerol (B) and 0.2% or 0.6% glucose (C) using either YPD or YPG plates for assessing the 

viability. Data represent mean viability ± SD (n=2). 
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Abstract 

We studied the role of peroxisomal catalase in chronological aging of the yeast Hansenula 

polymorpha in relation to various growth substrates. Catalase-deficient (cat) cells showed a 

similar chronological life span (CLS) relative to the wild-type control upon growth on carbon 

and nitrogen sources that are not oxidized by peroxisomal enzymes. However, when media 

contained methylamine, which is oxidized by peroxisomal amine oxidase, the CLS of cat cells 

was significantly reduced. Conversely, the CLS of cat cells was enhanced relative to the wild-

type control, when cells were grown on methanol, which is oxidized by peroxisomal alcohol 

oxidase. At these conditions strongly enhanced ROS levels were observed during the 

exponential growth phase of cat cells. This was paralleled by activation of the transcription 

factor Yap1, as well as an increase in the levels of the antioxidant enzymes cytochrome c 

peroxidase and superoxide dismutase. Upon deletion of the genes encoding Yap1 or 

cytochrome c peroxidase, the CLS extension of cat cells on methanol was abolished. These 

findings reveal for the first time an important role of enhanced cytochrome c peroxidase levels 

in yeast CLS extension. 
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Introduction 

Aging is defined as progressive deterioration of cellular components resulting in loss of 

function and cell death. Reactive oxygen species (ROS) are considered to play a pivotal role in 

this process. Until recently ROS were assumed to represent toxic by-products of cellular 

metabolism, which inflict damage to important macromolecules such as DNA, lipids and 

proteins [1, 2]. Indeed, when cells age oxidative stress increases paralleled by the accumulation 

of oxidatively damaged macromolecules. However, recent findings indicate that this cannot 

fully explain age associated functional losses. Instead, ROS were shown to be crucial in several 

important cellular processes such as signal transduction, gene regulation, and redox regulation 

[3-5]. As a consequence, their complete elimination would be harmful to cells. These 

observations resulted in an alternative hypothesis, designated “the redox stress hypothesis”, 

which proposes that age-associated functional losses are caused by progressive oxidation of 

redox-sensitive protein thiols and consequent disruption of the redox-regulated signaling 

mechanisms [6]. 

Since depolarized mitochondria are a main source of ROS, homeostasis of this organelle is 

considered as a major determinant of lifespan [7-9]. A second important class of oxidative 

organelles includes peroxisomes, which contain hydrogen peroxide producing oxidoreductases 

in conjunction with antioxidant enzymes [10, 11]. Their role in aging has only recently been 

established [12-14]. 

Catalase is an important conserved peroxisomal H2O2 scavenging enzyme. Studies in human 

fibroblasts indicated that during aging import of peroxisomal catalase is compromised, 

associated with enhanced intracellular H2O2 levels, indicative for a function in cellular ROS 

homeostasis [15, 16]. Chemical inactivation of peroxisomal catalase accelerated aging in 

mammalian cells [17]. Moreover, peroxisomal catalase deficiency was shown to influence the 

mitochondrial redox balance [18], which furthermore implicates a role of peroxisomal catalase 

in aging.  
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Saccharomyces cerevisiae is widely used as a model organism to study the molecular 

mechanisms of aging [19]. In contrast to mammals, this yeast species contains two catalase 

genes encoding peroxisomal catalase A (Cta1) and cytosolic catalase T (Ctt1), respectively [20, 

21]. Deletion of CTA1 was shown to cause a decrease in the chronological lifespan (CLS) [22]. 

However, in another study deletion of CTA1 caused an increase in CLS. This was explained by 

the elevation of H2O2 levels, which triggered expression of superoxide dismutase (SOD2) 

thereby decreasing the level of superoxide anions [23]. Moreover, overexpression of CTA1 was 

shown to decrease the CLS of S. cerevisiae. Both observations would be in line with the redox 

stress hypothesis. 

To better understand the role of peroxisomal catalase in aging, we used the yeast Hansenula 

polymorpha as a model organism. Akin to mammalian cells, this organism has only one 

catalase, which is peroxisomal [24, 25]. In contrast to S. cerevisiae which contains only one 

peroxisomal oxidase, acyl CoA oxidase, H. polymorpha peroxisomes contain in addition 

multiple other oxidases, like in mammals.  

In this study we analyzed the CLS of wild-type (WT) and catalase-deficient (cat) H. 

polymorpha cells upon cultivation on media containing different carbon and nitrogen sources 

that do or do not involve peroxisome function. During growth on glucose or glycerol as carbon 

source in the presence of ammonium sulfate as nitrogen source peroxisomal enzymes are not 

required for the metabolism of the primary carbon and nitrogen sources. However, when media 

contain methylamine as sole nitrogen source or methanol as carbon source, the peroxisomal 

oxidases amine oxidase (AMO) and alcohol oxidase (AO) are required for growth. Our data 

indicate that the effects of the absence of peroxisomal catalase on the CLS is highly variable 

(ranging from a negative to a positive effect) and depends on the growth substrates. 
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Figure 1. Chronological lifespan of H. polymorpha WT and cat cells grown on different carbon and 

nitrogen sources. Cells were grown on media containing Glc/AS (A), Gly/AS (B), Glc/MA (C) or 

Gly/MeOH/AS (D). Data represent mean ± SD, n = 3. 

Results 

Peroxisomal metabolism triggers lifespan changes in catalase deficient H. polymorpha 

To analyze the role of peroxisomal catalase in the CLS of H. polymorpha, CLS measurements 

were performed using WT and cat strain grown on different carbon and nitrogen sources. 

Survival measurements started (T = 0 h) when the cultures had entered the stationary phase 

(Fig. S1ABCD). Very similar CLS curves and mean and maximal lifespans were observed for 

WT and cat culture grown on glucose/ammonium sulfate (Glc/AS) or glycerol/ammonium 

sulfate (Gly/AS) (Fig. 1AB, Table 1). 
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When we used glucose/methylamine media (Glc/MA), cat cultures showed a significant 

reduction in both median and maximum lifespan compared to the WT control (Fig. 1C, Table 

1). This reduction was not related to growth differences, as the doubling times and growth 

yields of both cultures were identical (Fig. S1B). 

Upon growth on glycerol/methanol/ammonium sulfate (Gly/MeOH/AS) the median lifespans 

were similar, but the maximum lifespan of cat cultures was significantly enhanced relative to 

the WT control (Fig. 1D, Table 1). This effect was not related to differences in methanol 

consumption in both cultures (Fig. S1E). The final optical density of the cat cultures on 

Gly/MeOH/AS was however lower relative to that of WT cultures, as reported previously [26] 

(Fig. S1D). 

Catalase deletion affects intracellular ROS levels 

To check the impact of CAT deletion on ROS levels, we determined the levels of these 

compounds using the fluorescent dye dihydrorodhamine 123 (DHR) and FACS (Fig. 2). 

As shown in Figure 2A cells in the exponential growth phase on Glc/AS, Gly/AS and Glc/MA 

showed very similar, low ROS levels. Upon growth of WT cells on Gly/MeOH/AS ROS levels 

were slightly increased. However, in cat cells grown on Gly/MeOH/AS ROS levels were 

strongly enhanced relatively to that in cat cells grown on the other substrates as well as 

compared to the WT control grown on Gly/MeOH/AS (>13 x). 

During chronological aging ROS levels increased in all cultures with time. No differences in 

ROS levels were observed during chronological aging of Glc/AS or Gly/AS grown WT and cat 

cultures (Fig. 2BC). However, in cat cultures grown on Glc/MA and Gly/MeOH/AS ROS levels 

increased to higher levels compared to the WT controls (Fig 2DE).  

In the Gly/MeOH/AS culture the ROS levels were lower at day 1 (40 h after inoculation; Fig. 

2E) relative to the levels observed in the exponential cultures (16 h after inoculation; Fig. 2A) 

most likely related to the fact that in the stationary phase methanol oxidation had ceased (Fig. 

S1E).  
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Figure 2. Changes in ROS levels in WT and cat cells during exponential growth and chronological aging. 

DHR staining and FACS analysis was performed with exponentially growing cells (4 h after inoculation for 

Glc/AS, Glc/MA, Gly/AS and 16 h for Gly/MeOH/AS) (A) and chronologically aging cells grown on media 

containing Glc/AS (B), Gly/AS (C), Glc/MA (D) or Gly/MeOH/AS (E). Data represents mean ± SD, n = 3. * - 

P<0.05, ** - P<0.01 in student T test. 
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Table 1. Mean and maximum lifespan of H. polymorpha WT and cat cells upon growth on different carbon 

and nitrogen sources 

Growth conditions  Strain Mean lifespan (days) Max. lifespan (days) 

Glc/AS WT 2.33 ± 0.06* 3.92 ± 0.35 

 cat 2.83 ± 0.18* 4.04 ± 0.18 

Gly/AS WT 3.71 ± 0.40 5.58 ± 0.36 

  cat 3.40 ± 0.50 5.00 ± 0.12 

Glc/MA WT 3.97 ± 0.29* 5.46 ± 0.34* 

  cat 3.04 ± 0.51* 4.03 ± 0.30* 

Gly/MeOH/AS WT 3.81 ± 0.32 5.10 ± 0.09* 

 cat 3.38 ± 0.41 6.77 ± 0.56* 

The mean lifespan was calculated as time point when cultures reached 50% survival; the maximum lifespan was 

calculated as time point when cultures reached 10% survival. The data represents mean ± SD from at least 6 

independent cultures. * - P<0.05 in student T test. Comparison between WT and cat cells in same conditions. 

Activation of stress adaptation pathways 

The high ROS levels observed during the exponential growth phase of Gly/MeOH/AS cat 

cultures may have induced stress response genes, which are often linked to lifespan extension 

[27-29]. To test this we analyzed the resistance of WT and cat cells to externally added H2O2 or 

acrolein. Acrolein is a toxic byproduct of lipid peroxidation, which occurs in living cells under 

conditions of oxidative stress. 

Independent of the cultivation conditions used, cat cells displayed decreased resistance to 

externally added H2O2 in comparison to the WT (Fig. 3A), which most likely can be fully 

explained by the absence of catalase activity in these cells. However, cat cells grown on 

Gly/MeOH/AS were more resistant to H2O2 than Glc/AS, Glc/MA or Gly/AS grown cat cells, 

suggesting that a catalase independent H2O2 defense pathway is induced in these cells. Both 

WT and cat cultures showed lowest acrolein resistance upon growth on Glc/AS, whereas the 

resistance slightly increased for both strains upon growth on Glc/MA or Gly/AS, and further 
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increased upon growth on Gly/MeOH/AS. Interestingly, cat cells grown on Gly/MeOH/AS 

showed higher acrolein resistance than WT cells (Fig. 3B). 

Identification of H. polymorpha Yap1 

In S. cerevisiae adaptation to H2O2 and thiol reacting compounds, such as acrolein, is mediated 

by the basic leucine-zipper transcription factor Yap1 [30, 31]. We therefore analyzed the role of 

H. polymorpha Yap1. The H. polymorpha YAP1 gene was identified using BLAST searches in 

the H. polymorpha genome database using Yap1 sequences from P. pastoris [32], S. pombe [33] 

and S. cerevisiae [34]. The putative H. polymorpha Yap1 homologue showed 35% sequence 

identity to P. pastoris Yap1, 25% to S. pombe Yap1 and 24% to S. cerevisiae Yap1. YAP1 

(accession number EFW96135) encodes a protein of 420 amino acids containing a predicted 

nuclear localization signal (NLS) [35] at the N-terminus (amino acids 30-50) and a leucine rich 

nuclear export signal (NES) [36] at the C terminus (amino acids 386-392). Moreover, it 

contains 6 cysteines, two of which are present within the NES. Sequence alignments indicated 

that those features are conserved (Fig. S2). 

 

Figure 3. H2O2 and acrolein resistance of stationary phase WT and cat cells grown on different media. 
Cells were grown to the stationary phase (16 h on Glc/AS, Glc/MA or Gly/AS and for 40 h on Gly/MeOH/AS). 

Equal amounts of cells were treated with increasing concentrations of H2O2 (A) or acrolein (B). Experiments 

were repeated at least 3 times. Representative plates are shown. 
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Yap1 is involved in H2O2 and acrolein resistance of H. polymorpha cat cells  

We first analyzed the role of Yap1 in stress resistance using yap1 and cat yap1 deletion strains. 

These strains showed similar growth profiles as cat and WT cultures (compare Fig. S1) in 

media containing Glc/AS, Glc/MA or Gly/AS (Fig. S3ABC). In Gly/MeOH/AS medium, cat 

yap1 cells showed a slightly enhanced doubling time and a reduced yield relative to cat cultures 

(Fig. S3D; compare Fig. S1D). Analysis of the resistance to H2O2 and acrolein, revealed that 

this was reduced in cat yap1 cells relative to the cat controls (Fig. 4AB). 

Yap1 is required for lifespan extension of Gly/MeOH/AS grown cat cells. 

Next, we tested whether Yap1 plays a role in CLS determination. No strong differences in CLS 

between yap1 and cat yap1 cultures were observed upon growth on Glc/AS or Gly/AS (Fig. 

4CD). Moreover, the curves were similar to those observed for WT and cat (Fig. 1). On 

Glc/MA, the yap1 curve resembled that of WT, whereas the cat1 yap1 survival curve was 

similar to that of cat cells (Fig. 4E, compare Fig. 1C), indicating that Yap1 is not an important 

player in determining the CLS at these conditions. The CLS of yap1 cultures on Gly/MeOH/AS 

was comparable to that of the WT control (Fig. 4F, compare Fig. 1D). In contrast a very rapid 

decrease in survival was observed for Gly/MeOH/AS grown cat yap1 cells resulting in less than 

10% survival within 12 h after shifting the cells to this medium (Fig. 4F, inset). These data 

indicate that Yap1 is of major importance for survival of Gly/MeOH/AS grown cat cultures. 

To seek further evidence for the function of Yap1, we performed localization experiments using 

a gene encoding an N-terminal fusion of mGFP with Yap1 under control of the YAP1 promoter. 

Growth and CLS experiments revealed that the fusion protein fully complemented the yap1 

deletion strain (data not shown). Upon growth on Glc/AS, Glc/MA or Gly/AS, mGFP-Yap1 

was predominantly localized to the cytosol in WT and cat cells (data not shown). However, 

after the shift of Glc/AS-grown cells to Gly/MeOH/AS, mGFP-Yap1 rapidly migrated (within 

two hours) to the nucleus of cat cells, but not of WT cells (Fig. 4GH). These data reveal rapid 

Yap1 activation upon exposure of cat cells to methanol. 
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Figure 4. Role of Yap1 in H2O2 and acrolein resistance and CLS extension. Expotentially Glc/AS growing 

cat and cat yap1 cells were challenged with increasing concentrations of H2O2 (A) or acrolein (B). Experiments 

were repeated twice and a representative experiment is shown. CLS curves of yap1 and cat yap1 strains grown 

on Glc/AS (C), Gly/AS (D), Glc/MA (E) or Gly/MeOH/MA (F). Number of colonies obtained after 16 h was set 

to 100% viability except for cat yap1 cells for which the initial viability was measured immediately after shifting 

to Gly/MeOH medium (inset). Data represents mean viability ± SD, n = 3. (G) Fluorescence microscopy of 

mGFP-Yap1 complemented yap1 and cat yap1 strains before (0 h) and two hours after the shift to 

Gly/MeOH/AS media. Brightfield images were false-colored into blue to mark cell borders. Bar - 3µm. (H) 

Percentage of cells showing mGFP-Yap1 concentrated in a spot after shifting mGFP-Yap1 producing yap1 and 

cat yap1 strains to Gly/MeOH/AS. 
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Cytochrome c peroxidase and superoxide dismutase, but not glutathione reductase, are 

induced in Gly/MeOH/AS grown cat cells. 

Induction of antioxidant enzymes has been implicated in yeast lifespan extension. We 

determined the activities of cytochrome c peroxidase (CCP), superoxide dismutase (SOD) and 

glutathione reductase (GLR) in crude extracts of WT and cat cells grown for 16 h on Glc/MA 

or Gly/MeOH/AS. As shown in Figure 5A, CCP is induced 3-fold in Gly/MeOH/AS-grown cat 

cells relative to the WT control. During growth on Glc/MA CCP activities were similar in both 

strains (Fig. 5A). 

To check whether induction of CCP depends on Yap1, we also measured CCP activities in 

Gly/MeOH/AS grown yap1 and cat yap1 cells, using WT and cat cells as controls. Deletion of 

YAP1 alone did not affect activity of this enzyme relative to WT. CCP activity was enhanced in 

cat cells but not in cat yap1 cells relative to the WT control (Fig. 5B).  

SOD isozyme profiling of stationary WT cells grown on Glc/AS medium revealed the presence 

of 3 bands (Fig. 5C). The bands of lowest (designated SOD1) and highest (designated SOD3) 

relative mobility were inactivated by H2O2 and KCN and therefore represent Cu/Zn containing 

SOD enzymes. The middle band (designated SOD2) is most likely a Mn containing SOD, as it 

appeared to be resistant to both compounds. 

Comparison of isozyme profiles of WT and cat cells grown on Glc/MA or Gly/MeOH/AS, 

revealed that cat cells grown on Gly/MeOH/AS showed the highest SOD1 activity (Fig. 5D), 

which was inhibited by H2O2 and KCN (Fig. 5E).  

Because cat yap1 cells very rapidly die on Gly/MeOH/AS media (Fig. 4F), SOD activities were 

determined in these cultures obtained 4 hours after the shift from Glc/AS to Gly/MeOH/AS. At 

this time point the activity of SOD1 had not yet increased in cat cells. In cat yap1 cells however 

SOD levels were increased (Fig. 5F), suggesting that SOD1 expression is not controlled by 

Yap1.  
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Figure 5. Cytochrome c peroxidase, superoxide dismutase and glutathione reductase activities in H. 

polymorpha WT and cat cells grown on different media. (A) Measurements of CCP activities in crude extracts 

of WT and cat grown on Glc/MA and Gly/MeOH/AS for 16 h. (B) Measurements of CCP activities in crude 

extracts of WT, cat, yap1 and cat yap1 cells grown on Gly/MeOH/AS for 4 h. (C) Superoxide dismutase 

isozyme profiling in WT cells. SOD activity was detected in crude extracts prepared from cells grown for 16 h 

on Glc/AS without pre-treatment (NT) or upon 30 min pre-incubation with 5 mM H2O2 or 5 mM KCN. (D) SOD 

activity in WT and cat cells grown for 16 h on Glc/MA or Gly/MeOH/AS. (E) SOD activity of in cat cells 

grown for 16 h in Gly/MeOH/AS detected without pre-treatment (NT) or after 30 min pre-incubation with 5 mM 

H2O2 or 5 mM KCN. (F) SOD activities in WT, cat, yap1, cat yap1 cells grown for 4 h on Gly/MeOH/AS. (G) 

Glutathione reductase activities in WT and cat cells grown in Glc/MA or Gly/MeOH/AS for 16 h. (H) CLS of 

ccp and cat ccp cells in Gly/MeOH/AS medium. Viability experiments were started 12 h after inoculation of the 

media. Experiments were repeated at least twice. Data represent mean activities ± SD, n = 3, ** - p<0.01. For 

native gels, representative gels are shown. 
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Enzyme activities of GLR were similar in WT and cat cells grown on Glc/MA or 

Gly/MeOH/AS (Fig 5E). 

Together our data indicate that in cat cells grown on Gly/MeOH/AS, but not on Glc/MA, genes 

are expressed that enhance stress resistance and extend the CLS. One of these genes encodes 

CCP and is induced in a Yap1 dependent way, another one is SOD1, which is not under control 

of Yap1.  

CCP plays a role in lifespan extension of cat cells grown on Gly/MeOH/AS 

The increase in lifespan of cat cells on Gly/MeOH/AS depends on Yap1 and is paralleled by an 

increase in CCP activity, which also depends on Yap1. To test whether indeed enhanced CCP 

levels are essential for lifespan extension, CLS experiments were performed with a ccp deletion 

strain and a cat ccp double deletion strain. As shown in Figure 5H, CCP is essential for survival 

of cat cells in Gly/MeOH/AS medium. Deletion of CCP alone did not have a significant effect 

on CLS (Fig. 5H). These data suggest that in cat cells in Gly/MeOH/AS medium Yap1 

mediated induction of CCP, is essential for lifespan extension.  

AMO activity is partially reduced in Glc/MA grown cat cells 

We recently showed that the presence of MA instead of AS as sole nitrogen source in H. 

polymorpha cultures extends the CLS, because MA serves as extra energy source in stationary 

phase cultures [37]. Since the lifespan of cat cells in Glc/MA is reduced relative to the WT 

control, but similar to that of Glc/AS cultures (Fig. 1AC) we investigated whether this is related 

to the absence of amine oxidase (AMO) activities, which would prevent the generation of 

energy from MA during chronological aging. As shown in Figure 6, AMO activity was still 

present albeit reduced by 53% in cat cells in comparison to WT in stationary cultures (Fig. 6A). 

However, the residual AMO activity most likely still allows metabolizing MA during the 

stationary phase. Western blot analysis revealed that AMO protein levels were only slightly 

reduced, indicating that part of the AMO enzyme is inactivated in cat cells (Fig. 6BC).  
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Figure 6. AMO activities are reduced in Glc/MA 

cat cells relative to the WT control. (A) 

Measurements of AMO activities in crude extracts of 

WT and cat cells grown on Glc/MA. Activity is 

expressed as mU/mg protein. (B) Western blot 

analysis of AMO protein levels in cells grown for 16 

h on Glc/MA. Cytosolic pyruvate decarboxylase 

Pyc1 was used as a loading control. (C) 

Quantification of AMO protein relative to Pyc1 of 

the blot shown in B. Data represent mean ± SD, n = 

3. (D) CLS of WT and cat cells grown on 

Gly/MeOH/MA. Time point 0 h indicates time when 

cells were shifted to final medium. The number of 

colonies obtained after 16 h of growth was set to 

100% viability. Experiments were repeated twice. 

Data represents mean ± SD, n = 3 

 

 

 

The activation of stress responsive genes does not alleviate the negative effect of MA on 

the CLS of cat cells 

Our data suggested that upon growth on Gly/MeOH/AS, but not on Glc/MA, resistance genes 

are induced in cat cells. To test whether the induction of these genes can overcome the negative 

effect of MA on cell survival, we compared the CLS of WT and cat cells grown on Gly/MeOH 

supplemented with MA as sole nitrogen source. In agreement with our previous data addition of 

MA extended the lifespan of WT cells, however cat cultures showed a strongly reduced mean 

and maximum lifespan relative to the WT control (Fig. 6D) 
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Discussion 

In yeast two types of aging have been defined, namely chronological and replicative aging. The 

chronological lifespan is the time cells can survive in a non-dividing state, whereas the 

replicative lifespan represent the number of buds a mother cell produces before it dies. These 

two types of aging are regulated by partially overlapping regulatory mechanisms. Several recent 

studies focused on the role of acidification, which accelerates both modes of aging in yeast as 

well as in mammalian cells [38, 39]. Here we studied the role of another important factor in 

aging, namely reactive oxygen species.We have analyzed the role of catalase, a major 

peroxisomal antioxidant enzyme, on the chronological lifespan of H. polymorpha. Previously, 

several reports appeared on the function of this enzyme in chronological aging of S. cerevisiae. 

In one of them, deletion of CTA1, the gene encoding peroxisomal catalase, was shown to lead to 

shorter lifespan of S. cerevisiae upon growth on 2% glucose. [22], whereas in another study this 

increased the CLS [23]. A complicating factor in the analysis of the role of peroxisomal catalase 

in chronological aging of S. cerevisiae is that baker’s yeast also contains a cytosolic isoenzyme, 

Ctt1. By contrast, the H. polymorpha has only one catalase gene, which encodes a peroxisomal 

protein, like in man.  

Our data indicate that in H. polymorpha the effect of catalase deficiency on CLS varies with the 

cultivation conditions and ranges from a negative effect (Glc/MA) via no effect (Glc/AS and 

Gly/AS) to a positive effect (Gly/MeOH/AS). An important difference between MA and MeOH 

utilization is the amount of H2O2 that is generated during the growth phase. This is higher for 

MeOH, which is used as carbon source, relative to MA, which serves as nitrogen source (C/N 

ratio of H. polymorpha cells = 7).  

During growth on Glc/AS and Gly/AS no peroxisomal enzymes are involved in the metabolism 

of the carbon and nitrogen source. Hence, no peroxisomal hydrogen peroxide is produced. This 

may explain why deletion of CAT has no effect on the CLS upon growth on these substrates 

(Fig. 1AB). Also in these media the ROS levels were similar in WT and cat cells, both in the 

exponential growth phase (Fig. 2A) and during chronological aging (Fig. 2BC). 
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We recently showed that growth of WT H. polymorpha cells on Glc/MA extends the CLS 

relative to Glc/AS because of the generation of NADH from formaldehyde, the MA oxidation 

product, during the stationary phase [37]. However, we now observed that the CLS of the cat 

cells grown on Glc/MA is reduced relative to the WT control. MA metabolism during the 

stationary phase results in H2O2 production. In the absence of catalase H2O2 will be 

decomposed by processes that require reducing equivalents, e.g. via CCP. Hence, it is likely 

that the net NADH gained by MA metabolism is lost due to NADH requiring H2O2 degradation 

in cat cells resulting in median and maximal lifespans similar to that observed for Glc/AS 

grown cat cells.  

The extended CLS of the Gly/MeOH/AS-grown cat strain was related to the presence of MeOH 

in the media during the growth phase, because the CLS of cat and WT cells grown on Gly/AS 

was identical. A positive effect of NADH generation from formaldehyde generated from 

methanol oxidation during chronological aging can be ruled out as methanol was consumed at 

the initiation of the CLS experiment (Fig. S1E).  

Our data suggest that enhanced ROS levels during the exponential growth phase on 

Gly/MeOH/AS (Fig. 2A) are beneficial and trigger the induction of stress response genes [23]. 

In line with this, Gly/MeOH/AS grown cat cells showed enhanced resistance towards H2O2 and 

acrolein relative to Gly/AS grown cat cells. Indeed enzyme activity measurements revealed the 

induction of CCP and SOD. The enhanced resistance against acrolein may be explained by 

inducting of old yellow enzyme (OYE) [40]. 

Yap1 has been described as important transcription factor in regulating stress responsive genes 

in different yeast species and Yap1 binding sites have been identified in promoter regions of 

genes involved in ROS scavenging. Using the Yeastract tool [41] we analyzed promoter regions 

of candidate H. polymorpha genes for putative Yap1 binding sites [34, 42, 43] (Table 2). These 

motifs were indeed identified in H. polymorpha genes encoding CCP, SOD and OYE (HYE1, 

HYE3), but not in Cu/Zn SOD (Table 2). In line with this is the observation that CCP is not up-

regulated in a cat yap1 double deletion strain (Fig. 5B), confirming the role of Yap1 in CCP 
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induction. Also, acrolein resistance was impaired in the double deletion strain (Fig. 4B), 

pointing to a role for Yap1 in OYE induction. As expected SOD induction was not affected by 

YAP1 deletion (Fig. 5F). 

The important role of CCP in CLS extension of cat cells was demonstrated by the observation 

that cat ccp cells, but not ccp cells, have a very short CLS on Gly/MeOH/AS (Fig. 5G). 

Table 2. Putative Yap1 binding sites in selected H. polymorpha genes encoding homologues of S. cerevisiae 

proteins related to ROS scavenging and acrolein resistance 

Enzyme S. cerevisiae1 H. polymorpha2 Yap1 binding site3 

Cu/Zn superoxide dismutase SOD1 (YJR104C) 50222 - 

cytochrome c peroxidase CCP1 (YKR066C) 51133 -56 

FMN oxidoreductase Hye1 OYE3 (YPL171C) 49662 -52 

FMN oxidreductase Hye3 - 59065 -44 -55 

1
 Names of S. cerevisiae enzymes implicated in oxidative stress response including their accession numbers. 

2
 Protein ID of identified H. polymorpha homologue in genome sequence of strain NCYC495 leu1.1 v2.0 

(http://genome.jgi.doe.gov/Hanpo2/Hanpo2.home.html) 

3 
Position of putative Yap1 binding site upstream of the start codon. 

Summarizing, our findings indicate that upon growth of cat cells on Gly/MeOH/AS, but not on 

Glu/MA, several stress responsive genes are induced, among others CCP, SOD and OYE, of 

which CCP and OYE induction is Yap1 dependent. Yap1 activation is most likely caused by the 

high ROS levels during the exponential growth on Gly/MeOH/AS, which is not observed in 

Glu/MA cells. Consistent with this is the observed migration of Yap1 to the nucleus upon 

transfer of glucose-grown cat cells to these media.  

Finally, we show for the first time the important role of CCP in CLS extension as no CLS 

extension was observed in cat ccp1 cells grown on Gly/MeOH/AS. This makes CCP another 

important player in yeast CLS next to SOD. 
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Taken together, we have shown that peroxisomal catalase is important in regulating lifespan. 

However, the actual effect strongly depends on the carbon and nitrogen sources used for 

growth. 

Methods 

Strains and growth conditions  

The H. polymorpha strains used in this study are listed in Table 3. Cells were grown on mineral 

medium (MM) [44] supplemented with different carbon sources: 0.25% glucose (Glc), 0.05% 

glycerol (Gly) or a mixture of 0.05% glycerol and 0.5% methanol (Gly/MeOH),  and nitrogen 

sources: 0.25% ammonium sulfate (AS) or 0.25% methylamine(MA). 6 mM K2SO4 was added 

when methylamine was used as nitrogen source. When required, leucine was added to a final 

concentration of 60 μg/ml. Selection of yeast transformants was performed on YND plates 

(0.17% Yeast Nitrogen Base w/o AA, w/o N, 0.25% NH4SO4, 1% glucose and 2% agar) or on 

YPD (1% yeast extract, 1% glucose, 1% peptone, 2% agar) supplemented with 300 µg/ml 

hygromycin B (Sigma) or 100 µg/ml nourseothricin. For viability determination cells were 

plated on YPD agar plates. For cloning purposes, E. coli DH5α or GM48 were used. Bacteria 

were grown at 37°C in LB media supplemented with 100 μg/ml ampicillin or 50 μg/ml 

kanamycin when required. 

Cloning and construction of yeast strains 

The plasmids and primers used in this study are listed in Tables 4 and 5. All cloning was 

performed using Gateway technology (Invitrogen). Standard recombinant DNA techniques and 

transformation of H. polymorpha was performed as described previously [45]. All deletions and 

integrations were confirmed by PCR and southern blotting. 

Construction of a H. polymorpha cat deletion strain 

A catalase deletion strain (cat) was constructed by replacing the genomic region of CAT 

(P30263) comprising nucleotides +1 to +1256 by the auxotrophic marker for uracil (URA3). To 
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this end the first region -399 to 0 of the CAT gene was amplified using primers 41_5CAT_F and 

41_5CAT_R with attB sites and recombined into pDONR41 yielding pENTR_41_5’CAT. At 

the same time region +1256 to +1665 was amplified using primers 23_3CAT_F and 

23_3CAT_R and recombined with pDONR23 yielding pENTR_23_3’CAT. A deletion cassette 

containing 5’ and 3’ fragments of the CAT gene and the URA3 marker was assembled in 

pDEST43 with Gateway LR reaction using plasmids pENTR_41_5’CAT, pENTR_221_URA3 

and pENTR_23_3’CAT. The resulting plasmid pDEL_CAT_URA3 was used as a template to 

amplify a deletion cassette of 2595 bp in PCR reaction using primers Catdelcas_F and 

Catdelcas_R. The purified PCR product was transformed into H. polymorpha NCYC 495 ura3 

leu1.1 and colonies were selected on YND with leucine.  

Construction of H. polymorpha yap1 and cat yap1 strains. 

YAP1 (EFW96135) was deleted by replacing nucleotides -2 to +1262 by a hygromycin B 

resistance cassette (HPH). To this end a fragment containing region -280 to -3 from the start 

codon was first amplified from H. polymorpha genomic DNA using primers 41_YAP1_F and 

41_Yap1_R and recombined in Gateway BP reaction into pDONR_41 yielding plasmid 

pENTR_41_5’YAP1. Similarly region +1263 to +1639 was amplified using primers 

23_YAP1_F and 23_YAP1_R and recombined into pDONR_23 yielding pENTR_23_3’YAP1. 

Plasmids pENTR_41_5’YAP1, pENTR_221_HPH and pENTR_23_3’YAP1 were recombined 

in Gateway LR reaction with pDEST_43_NAT yielding plasmid pDEL_YAP1_HPH. A deletion 

cassette of 2417bp was amplified from this plasmid using primers Yapdelcas_F and 

Yapdelcas_R and used for transformation of H. polymorpha WT and cat cells. Transformants 

were selected on YPD with hygromycin.  

Complementation of yap1 with mGFP-YAP1. 

The YAP1 deletion strain was complemented by insertion of an expression cassette containing 

the YAP1 promoter, followed by a gene encoding the N terminally mGFP tagged Yap1 and the 

AMO terminator into the YAP1 promoter region. To this end first the YAP1 promoter (region -

400 to 0) was amplified from genomic DNA using primers 41_Prom_Yap1F and 2PGFP_O_R. 
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The mGFP ORF without a stop codon was amplified from the pHIPZ_mGFP fusinator plasmid 

using primers 2PGFP_O_F and 41_mGFP_R. PCR fragments were combined and used as a 

template in second overlay PCR using primers 41_Prom_Yap1F and 41_mGFP_R. The 

obtained DNA fragment was used in a Gateway BP reaction with pDONR_41 yielding 

pENTR_41_PYAP1_mGFP. Next YAP1 ORF was amplified from genomic DNA using primers 

221_YAP1_F and 221_YAP1_R and recombined in Gateway BP reaction with pDONR_221 

resulting in plasmid pENTR_221_YAP1. Plasmids pENTR_41_PYAP1_mGFP, 

pENTR_221_YAP1, pENTR_23_TAMO were recombined in a Gateway LR reaction with 

pDEST_43_NAT yielding plasmid pEXP_PYAP1_mGFP-YAP1_TAMO. This plasmid was 

transformed to E.coli GM48 to obtain unmethylated DNA. After linearization with XbaI 

plasmid DNA was transformed into yap1 and cat yap1 cells. Colonies were selected on YPD 

supplemented with nourseothricin.  

Table 3. Strains used in this study 

Strain Description Origin 

WT ura3 NCYC495 ura3 leu1.1 [53] 

WT NCYC495 leu1.1 
{Gleeson, 

1988 #125} 

cat NCYC495 CAT::URA3 leu1.1 this study 

yap1 NCYC495 YAP1::HPH leu1.1 this study 

cat yap1 NCYC495 CAT::URA3 YAP1::HPH leu1.1 this study 

yap1 + mGFPYAP1 yap1 pEXP_PYAP1_mGFP-YAP1_TAMO this study 

cat yap1 + mGFP_YAP1 cat yap1 pEXP_PYAP1_mGFP-YAP1_TAMO this study 

ccp NCYC495 CCP::HPH leu1.1 this study 

cat ccp NCYC495 CAT::URA3 CCP::HPH leu1.1 this study 
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Table 4. Plasmids used in this study 

Plasmid Description Origin 

pDONR_41 Standard Gateway vector Invitrogen 

pDONR_221 Standard Gateway vector Invitrogen 

pDONR_23 Standard Gateway vector Invitrogen 

pDEST_43 Standard Gateway vector Invitrogen 

pENTR41-5'CAT 
pDONR-41 containing upstream region of CAT 

gene/kanR 
this study 

pENTR221-URA3 
pDONR_221 containing HpURA3 gene complementing 

uracil auxotrophy/kanR 
[54] 

pENTR23-3'CAT pDONR-41 containing 3' region of CAT/kanR this study 

pDEL_CAT_URA3 
pDEST43 containing deletion cassette 5'CAT - URA3 - 

3'CAT/ampR 
this study 

pENTR23_TAMO pDONR-23 containing AMO terminator/kanR [55] 

pDEST_43_NAT 
Gateway destination vector with the Streptomyces 

noursei nat1 gene/ampR 
[56] 

pENTR41_5'YAP1 pDONR-41 containing 5' region of YAP1 gene/kanR this study 

pENTR221_HPH pDONR_221 containing HPH resistance marker/ kanR [56] 

pENTR23_3'YAP1 pDONR-23 containing 3' region of YAP1 gene/kanR this study 

pDEL_YAP1_HPH 
pDEST43 containing deletion casette 5'YAP1 - HPH - 

3'YAP1/ampR 
this study 

pHIPZ_mGFP fusinator pHIPZ containing mGFP and AMO terminator/ampR [56] 

pENTR41_PYAP1_mGFP 
pENTR-41 containing YAP1 promoter fused with 

mGFP/kanR 
this study 

pENTR221_HpYAP1 pENTR-221 containing YAP1 gene/kanR this study 

pEXP_PYAP1_mGFP-

HpYAP1_TAMO 

pDEST-43_NAT containing expression cassette 

PYAP1_mGFP-YAP1_TAMO/ampR 
this study 

pENTR41_5'CCP pDONR-41 containing 5' region of CCP gene/ kanR this study 

pENTR23_3'CCP pDONR-23 containing 3' region of CCP gene/ kanR this study 

pDEL_CCP_HPH 
pDEST43 containing deletion casette 5' CCP - HPH - 3' 

CCP/ampR 
this study 
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Table 5. Oligonucleotides used in this study 

Primer name Sequence 

41_5CAT_F GGGGACAACTTTGTATAGAAAAGTTGGTTTGTGGATTTTGCTGTACCGCG 

41_5CAT_R GGGGACTGCTTTTTTGTACAAACTTGATACTTGTAGCCCGTGGAATCCAG 

23_3CAT_F GGGGACAGCTTTCTTGTACAAAGTGGAACAGGAGTCCCTTGTCAAGAACG 

23_3CAT_R GGGGACAACTTTGTATAATAAAGTT-

GTGACGGTCTGCGTCCTCTTGTTAC 

Catdelcas_F GCTGATACCAGCGGATAACA 

Catdelcas_R TGTGCTGCAAGGCGATTAAG 

41_5YAP1_F GGGGACAACTTTGTATAGAAAAGTTGTTCGGAATGCGCTAATCAGTGT 

41_5YAP1_R GGGGACTGCTTTTTTGTACAAACTTGTTTAGGTAGCGTATTTAAGGGTAAGG 

23_3YAP1_F GGGGACAGCTTTCTTGTACAAAGTGGTAATCACGGGTCTTGTTGATATTG 

23_3YAP1_R GGGGACAACTTTGTATAATAAAGTTGTCGCTGCGATTATCATTTGAC 

Yapdelcas_F CGGAATGCGCTAATCAGTGT 

Yapdelcas_R CGCTGCGATTATCATTTGAC 

41_Prom_Yap1F GGGGACAACTTTGTATAGAAAAGTTGTTGACGCCGATTTGGACCAG 

41_mGFP_R GGGGACTGCTTTTTTGTACAAACTTGTTCCCTTGTACAGCTCGTCCATG 

2PGFP_O_F CCTTACCCTTAAATACGCTACCTAATAATGAGCAAGGGCGAGGAG 

2PGFP_O_R CTCCTCGCCCTTGCTCATTATTAGGTAGCGTATTTAAGGGTAAGG 

221_YAP1_F GGGGACAAGTTTGTACAAAAAAGCAGGCTTTATGTCCACAGCAACCCCAGGTG 

221_YAP1_R GGGGACCACTTTGTACAAGAAAGCTGGGTGTCAGCGATTCATCGCACGTGTG 

41_5CCP_F GGGGACAACTTTGTATAGAAAAGTTGTTTATCAGAAAGTTCCTGGACGGTA 

41_5CCP_R GGGGACTGCTTTTTTGTACAAACTTGTGATGTTCACCCCGCACAG 

 

23_3CCP_F GGGGACAGCTTTCTTGTACAAAGTGGTAGGTTCCAGCAAGAGCAAAAC 

23_3CCP_R GGGGACAACTTTGTATAATAAAGTTGTCGTCCAAAAGCAGCTTGAA 

Ccpdelcas_F TATCAGAAAGTTCCTGGACGGTA 

Ccpdelcas_R CGTCCAAAAGCAGCTTGAA 
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Construction of H. polymorpha ccp and cat ccp strains 

CCP (EFW94326) was deleted by replacing nucleotides -7 to +376 by a HPH cassette. Region -

280 to -3 from the start codon was first amplified from H. polymorpha genomic DNA using 

primers 41_CCP_F and 41_CCP_R and recombined in Gateway BP reaction into pDONR_41 

yielding plasmid pENTR_41_5’CCP. Similarly, region +376 to +795 was amplified using 

primers 23_CCP_F and 23_CCP_R and recombined into pDONR_23 yielding 

pENTR_23_3’CCP. Plasmids pENTR_41_5’CCP, pENTR_221_HPH and pENTR_23_3’CCP 

were recombined in a Gateway LR reaction with pDEST_43_NAT yielding plasmid 

pDEL_CCP_HPH. A deletion cassette of 2633 bp was amplified from this plasmid using 

primers Ccpdelcas_F and Ccpdelcas_R and used for transformation of H. polymorpha WT and 

cat cells. Transformants were selected on YPD with hygromycin. 

Chronological lifespan measurements 

Cells were extensively precultivated on media containing 0.25% glucose and 0.25% ammonium 

sulfate. Mid-exponential cultures (OD600 nm = 1.8) cultures were diluted to an OD600 nm of 0.1 in 

the final medium. Survival measurements were started after the cultures reached the stationary 

phase. This was 16 h for cultures on Glc/AS,Glc/MA and Gly/AS and 40 h for cultures grown 

on Gly/MeOH/AS unless stated otherwise. The number of cells per ml of culture was 

determined using CASY
® 

Model TT (Roche Applied Science). 500 cells were plated on YPD 

agar plates in triplicate. Plates were incubated at 37°C for 36 to 48 hours and photographed. 

Colony numbers were counted using an ImageJ plugin. The number of colony forming units at 

the first time point (invariably approximately 500) was set to 100%. 

Stress resistance experiments 

WT and cat cells grown on for 16 h on 0.25% glucose / ammonium sulfate, 0.25% glucose / 

0.25% methylamine, 0.05% glycerol / ammonium sulfate or 40h for 0.05% glycerol / 0.5% 

methanol / ammonium sulfate were collected by centrifugation and resuspended in 50mM 

potassium phosphate buffer pH=6.0 to an OD600 nm of 0.3. 1 ml of the suspension was 
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challenged with increasing concentrations of H2O2 or acrolein for 1 hour at 37
o
C. Cells were 

washed once and resuspended in 1 ml 50 mM potassium phosphate buffer pH=6.0. 5µl of the 

suspension was spotted on YPD agar plates and plates were incubated 24 h at 37
o
C.  

Biochemical methods 

Preparation of cell extracts [46], determination of methanol concentrations [47], enzyme assays 

for AMO [48], superoxide dismutase [49, 50] and cytochrome c peroxidase [51] were 

performed as described earlier. Glutathione reductase activity was determined using the 

glutathione reductase assay kit (Sigma-Aldrich). Protein samples for SDS-PAGE gels were 

prepared as described before [52] and separated on 10% polyacrylamide gels. Proteins were 

transferred to nitrocellulose membranes using the semi-dry blotting method and probed with 

specific polyclonal rabbit anti-AMO or anti-pyruvate carboxylase (Pyc1; loading control) 

antibodies. Blots were quantified using ImageJ.  

ROS measurements 

ROS accumulation was measured using dihydrorhodamine 123 (DHR, Invitrogen). 10
7
 cells 

were harvested and stained in 50 mM potassium phosphate buffer pH=7.0 containing 20 µg/ml 

DHR for 30 minutes at room temperature in the dark. Cells were washed once and resuspended 

in the same buffer. Cells treated in same way without dye were used as controls for 

fluorescence background. Fluorescence signal of individual cells was captured in a FACS Aria 

II Cell sorter (BD Biosciences) for 10.000 events at the speed of 500-1000 events per second 

using a 488nm laser, 505nm long pass mirror and 525/50nm band-pass filter. FACSDiva 

software version 6.1.2 was used for data acquisition and analysis. The presented data represent 

differences in mean fluorescence between stained cells and the background. 

Fluorescence microscopy 

Fluorescence microscopy images were captured using a Zeiss Axioskop 50 with a 100x 1.30 

NA Plan Neofluar objective using MetaVue software and a digital camera (model 1300Y; 

Princeton Instruments). GFP signal was visualized with a 470⁄40 nm bandpass excitation filter, 
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a 495 nm dichromatic mirror, and a 525⁄50-nm bandpass emission filter. ImageJ and Adobe 

Photoshop CS2 were used for image analysis and figure preparation. In overlay figures bright 

field images were false colored in blue to mark cell edges. 
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Supplementary figures 

 

Figure S1. Growth curves of WT and cat cells. Cells were grown on (A) Glc/AS, (B) Glc/MA, (C) Gly/AS or 

(D) Gly/MeOH/AS. Optical densities are expressed as OD600 nm. (E). Residual methanol concentrations in WT 

and cat cultures at different time points after shifting the cells to Gly/MeOH/AS. Bars indicate SD of 3 

independent cultures. 

  



Chapter 4 

121 

 

Figure S2. Sequence alignment of Yap1 homologues from different yeast species. The gene bank accession 

numbers are: H. polymorpha (EFW96135), P. pastoris (XP_002494040), S. pombe (CAB66170), S. cerevisiae 

(NP._013707). 
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Figure S3. Growth curves of yap1 and cat yap1 cells. Cells were grown on (A) Glc/AS, (B) Glc/MA, (C) 

Gly/AS, (D) (Gly/MeOH/AS). Bars indicate SD of 2 independent cultures.  
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Abstract 

Reactive oxygen species can accelerate ageing by damaging macromolecules like proteins, 

DNA or lipids. However, recent data indicate that at low levels these compounds can function 

as signalling molecules and promote lifespan extension by inducing stress response genes. 

Previously, we described that in the yeast Hansenula polymorpha the absence of the 

peroxisomal anti-oxidant enzyme catalase enhances the chronological lifespan due to increased 

cellular reactive oxygen species (H2O2) levels, which induced stress response pathways. Here 

we analyse the effect of the deficiency of another peroxisomal anti-oxidant enzyme, the 

peroxiredoxin Pmp20. 

As for the catalase deficient strain, the chronological lifespan of pmp20 cells increased when 

cells were grown on a mixture of 0.05% glycerol and 0.5% methanol. However, in contrast to 

what we observed for cat cells, the levels of reactive oxygen species were not enhanced during 

the growth phase in pmp20 cells. Moreover, no up-regulation of antioxidant enzymes or 

increased resistance to H2O2 and acrolein was observed. Also, deletion of the PMP20 gene  

extended the lifespan independent of the transcription factors Yap1 and Skn7. Overall our data 

indicate that unlike for catalase deficient cells, the lifespan extension triggered by the absence 

of the peroxisomal peroxiredoxin Pmp20 is not due to an H2O2 related stress response. 
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Introduction 

The pro-ageing role of reactive oxygen species (ROS) postulated by the free radical theory of 

ageing was recently challenged by the view that at low, non-toxic levels, ROS may have a 

positive function as signalling molecules [1–3]. Exposure to low doses of ROS may trigger 

stress adaptation and actually be beneficial for the cell by increasing the resistance to a 

subsequent exposure to oxidative stress [4,5]. This concept is called hormesis [6–9].  

Low concentrations of ROS have also been shown to have a positive effect on the lifespan of 

yeast [10–12]. The chronological lifespan (CLS) of yeast cells is defined as the time that cells 

can remain viable in a non-dividing state. Various interventions affecting the CLS are 

accompanied by changes in superoxide anion (O2̄  ) and hydrogen peroxide levels [12]. A mild 

increase of superoxide anion levels during the growth phase (triggered by TOR1 deletion or 

menadione treatment) was reported to be accompanied by reduced levels of ROS in the 

stationary phase and extended the CLS of Saccharomyces cerevisiae [11]. Similarly, treatment 

of yeast cells with H2O2 extends their CLS due to increased activity of the mitochondrial 

superoxide dismutase Sod2p [10]. These observations point to a central role of H2O2 in the ROS 

adaptation network, which is thought to prevent cellular ageing [13,14]. 

Notably, studies focusing on ROS related hormesis and its impact on health-span and lifespan 

have mainly focussed on the role of mitochondria-derived ROS species as well as ROS 

mediated communication between mitochondria and the nucleus [15–18]. Another organelle – 

the peroxisome - also harbours ROS generating enzymes [19,20]. These organelles can be a 

major source of ROS as illustrated by the fact that in rat liver up to 35% of all cellular H2O2 has 

been estimated to be produced by peroxisomes [21].  

Interestingly, both in S. cerevisiae and the methylotrophic yeast Hansenula polymorpha, 

peroxisomal ROS have been shown to be capable of extending the chronological lifespan 

[10,22]. We previously showed that in H. polymorpha massive production of H2O2 in 

peroxisomal catalase deficient cells (cat) triggered Yap1-mediated induction of cytochrome c 

peroxidase and resulted in CLS extension [22]. This data suggest that peroxisomal H2O2 

production is directly integrated in the cellular ROS signalling network. 
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Peroxisomes of methylotrophic yeast species also contain the peroxiredoxin Pmp20, which is an 

1-Cysteine containing glutathione-dependent peroxidase [23,24]. The absence of this 

peroxiredoxin was shown to drastically decrease viability when cells were grown on methanol 

as the sole carbon source. This process was accompanied by changes in lipid composition, 

mislocalisation of peroxisomal matrix proteins to the cytosol and necrotic cell death [23]. 

Here we tested whether the deletion of H. polymorpha PMP20 may also cause an increase in 

chronological lifespan. 

Results 

The effect of PMP20 deletion on chronological lifespan depends on the growth conditions 

We first analysed the effect of PMP20 deletion on the CLS of cells grown in media containing 

different carbon sources. We previously showed that H. polymorpha pmp20 cells are unable to 

grow on methanol as sole carbon source [23]. We therefore used glycerol as additional carbon 

source. 

Deletion of PMP20 had no effect on the CLS when cells were grown on 0.05% glycerol alone 

or on a mixture of 0.05% glycerol and 0.05% methanol (Fig 1A, Table 1). Growing pmp20 cells 

on a mixture of 0.05% glycerol and 0.5% methanol increased their mean and maximum lifespan 

relative to the wild-type (WT) control (Fig 1B, Table 1). In line with earlier observations, 

growth of pmp20 cells on 0.5% methanol alone led to a strong decrease in mean and maximum 

lifespan (Fig 1C, Table 1) [23]. The extended lifespan of pmp20 cells grown  

on 0.05% glycerol and 0.5% methanol was not accompanied by severe growth retardation (Fig 

1D) or alterations in methanol consumption rate compared to the WT control (Fig 1E).  

Because we previously showed that H. polymorpha cat cells have an increased CLS upon 

growth in the same medium, we continued our studies using these conditions, with the aim to 

elucidate whether similar mechanisms are responsible for CLS extension of H. polymorpha 

pmp20 and cat cells. 
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Figure 1 The chronological lifespan of WT and pmp20 cells upon growth on glycerol and/or methanol. 

Chronological lifespan of cells grown on 0.05% glycerol / 0.05% methanol (A), 0.05% glycerol / 0.5% methanol 

(B) or 0.5% methanol (C). Data represent mean viability ± SD from 3 independent cultures. Growth curves of 

WT and pmp20 cells grown on 0.05% glycerol / 0.5% methanol (D). Data represent mean optical density at 

600nm ± SD. (E) Depletion of methanol in WT and pmp20 cultures at different time points after shifting the 

cells from glucose-containing media to mineral medium with 0.05% glycerol / 0.5% methanol. Data represent 

mean ± SD (n=3). 
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Table 1 Mean and maximum lifespan of WT and pmp20 cells grown at different conditions.  

Glycerol (%) Methanol (%) Strain Mean lifespan Maximum lifespan 

0.05 - WT 3.36 ± 0.40 4.98 ± 0.29 

  pmp20 3.33 ± 0.44 4.95 ± 0.26 

0.05 

 

0.05 WT 3.60 ± 0.22 5.45 ± 0.18 

 pmp20 3.77 ± 0.12 5.50 ± 0.26 

0.05 

 

0.5 WT 4.79 ± 0.27 6.56 ± 0.50 

 pmp20 6.46 ± 0.40 9.34 ± 0.35 

- 0.5 WT 3.77 ± 0.17 6.04 ± 0.35 

 pmp20 1.49 ± 0.21 3.21 ± 0.48 

The mean lifespan was calculated as time point when cultures reached 50% viability; the maximum lifespan was 

calculated as time point when cultures reached 10% viability. The data represents mean ± SD from 4 to 12 

independent cultures. 

pmp20 cells do not display altered activities of other antioxidant enzymes 

Previously, we showed that the extended CLS of H. polymorpha cat cells was paralleled by 

elevated dihydrorodhamine 123 (DHR) staining of cells in the growth phase [22]. DHR is a 

fluorescent probe that can be used for the detection of intracellular peroxides by flow cytometry 

[25]. As shown in Fig. 2A, pmp20 and WT cells grown on a mixture of 0.05% glycerol and 

0.5% methanol show similar DHR fluorescence during the growth phase. During chronological 

ageing both in pmp20 and WT cells the DHR staining intensity gradually increased in time. 

This increase was somewhat delayed in chronologically ageing pmp20 cells relative to the WT 

controls (Fig 2B). 

Unlike our previous observation for cat cells, the extended lifespan of pmp20 cells was not 

accompanied by elevated resistance of stationary cells to externally added H2O2 (Fig 2C) or 

acrolein, which is indicative for extensive lipid peroxidation during growth (Fig 2D). 

Consistently, the activities of catalase, cytochrome c peroxidase, glutathione reductase and 

superoxide dismutase isozymes were not increased in pmp20 cells relative to WT controls (Fig 
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2EFGH). These data indicate that H2O2 induced stress adaptation did not occur in pmp20 cells, 

as opposed to what was previously observed for cat cells. 

 

 

 

Figure 2 Effect of PMP20 deletion on ROS accumulation, stress resistance and activities of antioxidant 

enzymes. Measurements of ROS levels by DHR staining and flow cytometry in WT and pmp20 cells grown for 

8h on 0.05% glycerol / 0.5% methanol (A) or during chronologically ageing (B). The data represent the 

difference in mean fluorescence of stained and non-stained cells from 3 cultures ±SD. Asterisks indicate p < 0.05 

in student T-test. Resistance of WT and pmp20 cells grown for 24h on 0.05% glycerol / 0.5% methanol to 

external H2O2 (C) or acrolein (D). Activities of catalase (E), cytochrome c peroxidase (F) and glutathione 

reductase (G). (H) In gel detection of superoxide dismutase activity. Data represent mean ±SD (n=3). 
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Yap1 and Skn7 are not required for the CLS extension of pmp20 cells 

The CLS extension of H. polymorpha cat cells requires the Yap1 transcription factor [22]. In 

contrast, Yap1 is not required for Pmp20 deficiency mediated lifespan extension as PMP20 

deletion still extends the chronological lifespan in a yap1 deletion background (Fig 3A). Also 

the homologue of the S. cerevisiae Skn7 transcriptional activator [26,27], which is also required 

for lifespan extension of H. polymorpha cat cells (data not shown), is not essential to increase 

the CLS of Pmp20-deficient cells (Fig 3B). These data are in line with the assumption that the 

observed CLS extension of pmp20 cells does not involve a response to enhanced levels of H2O2. 

 

Figure 3 Lifespan extension triggered by Pmp20 deficiency does not require Yap1 and Skn7. Chronological 

lifespan of 0.05 % glycerol / 0.5 % methanol-grown yap1 and yap1 pmp20 cells (A) as well as skn7 and skn7 

pmp20 cells (B). Data represent mean viability from 3 cultures ±SD. 

 

The extended lifespan of pmp20 cells is due to the absence of the peroxidase activity of 

Pmp20 

Certain 1-Cys peroxiredoxins have been reported to display both chaperone and antioxidant 

enzyme activities [28]. Substitution of cysteine 53 by serine in the highly homologous 

peroxisomal peroxiredoxin from the methylotrophic yeast Candida boidinii fully abolished its 

thiol dependent peroxidase activity [24]. To analyse whether the extended lifespan of pmp20 

cells is caused by the absence of the peroxidase activity of Pmp20, we transformed the pmp20 

cells with constructs encoding N-terminally His6-tagged Pmp20 with or without the 

corresponding (C58S) mutation. The constructs were placed under control of the PMP20 
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promoter. As shown in Fig. 2A, introduction of His6Pmp20, but not of His6Pmp20-C58S, 

shortened the CLS of the pmp20 cells to the lifespan of the WT control culture (compare Fig 

1B). This data indicates that the observed lifespan extension of pmp20 cells is associated with 

the peroxiredoxin activity of Pmp20. 

 

Figure 4 Lack of Pmp20 peroxidase activity 

triggers lifespan extension. Chronological lifespan 

of pmp20 cells producing His6_Pmp20 or 

His6_Pmp20-C58S (a mutant with no glutathione-

peroxidase activity) under control of the PPMP20 

promoter upon growth on 0.05 % glycerol and 0.5 % 

methanol. The data represent mean viability ±SD 

(n=3). 

 

 

Discussion 

Peroxisomes contain H2O2 producing oxidases. Moreover, peroxisomes also produce other ROS 

species because H2O2 is easily converted into other, often more toxic compounds [13]. 

However, the organelles harbour enzymes scavenging these toxic by-products of peroxisomal 

metabolism [19,20]. Of these, catalase is the best characterized enzyme. Despite its important 

role in detoxification of peroxisomally produced H2O2, catalase deficiency can also extend yeast 

lifespan [10,22]. We recently showed that in a H. polymorpha CAT deletion strain the CLS was 

significantly enhanced upon growth on a mixture of 0.05% glycerol and 0.5% methanol, 

conditions that result in relatively high, but temporary production of H2O2 [22]. 

Here we show that the lifespan of H. polymorpha cells deficient in another peroxisomal 

antioxidant enzyme, the peroxiredoxin Pmp20, also increases upon growth on the same 

substrates. The extended lifespan of pmp20 cells was however not accompanied by elevated 

resistance towards H2O2 and acrolein. This is in line with the observation that – different from 

what we observed in cat cells – DHR staining was not enhanced in pmp20 cells during the 

growth phase. Also, in contrast to H. polymorpha cat cells the activities of other antioxidant 
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enzymes such as cytochrome c peroxidase and superoxide dismutases were not enhanced [22]. 

Additionally, the activity of catalase, aperoxisomal enzyme involved in removal of bulk 

quantities of H2O2, is not altered in pmp20 cells relative to the WT control. In line with these 

observations, Yap1 and Skn7 were not required for lifespan extension of Pmp20 deficient cells.  

These data suggest that the lifespan extension of pmp20 cells could be due to the up-regulation 

of other oxidative-stress related enzymes. 

Purified C. boidini Pmp20 has been shown to have glutathione peroxidase activity toward H2O2 

and alkyl hydroperoxides [24]. Remarkably, the Michaelis constant (Km) of Pmp20 for H2O2 is 

several fold lower than that of catalase, suggesting that Pmp20 may more efficiently detoxify 

H2O2. However, we did not observe elevated fluorescence of pmp20 cells upon staining with the 

H2O2 probe DHR. Furthermore, external addition of H2O2 did not induce the PMP20 promoter 

whereas it activated the catalase promoter (our unpublished data). Hence, other compounds like 

lipid hydroperoxides may represent the major substrates of this protein in vivo [24,29]. It 

remains to be elucidated, whether a specific response towards the accumulation of Pmp20 

substrates is initiated in pmp20 cells and whether other enzymes can compensate for the 

function of Pmp20 and extend yeast lifespan. 

Overall our data suggest a distinct response to peroxisomal ROS in cells deficient in 

peroxisomal catalase and the peroxiredoxin Pmp20. 

Materials and methods 

Strains and genetic techniques  

All H. polymorpha strains used in this study are derivatives of the NCYC495 strain (Table 2). 

The plasmids and primers used in this study are listed in Table 3 and Table 4. Cloning was 

performed using the Gateway system (Invitrogen). H. polymorpha was transformed as 

described earlier [30]. 
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Complementation of pmp20 

The pmp20 deletion strain was complemented by the introduction of an expression cassette 

containing a gene encoding His6-Pmp20 under control of the PPMP20 promoter. Cysteine 58 was 

mutated to serine to obtain His6Pmp20 without peroxidase activity. To this end, the PMP20 

promoter of 691bp was first amplified from genomic DNA with primers Pmp20Pr_F / 

Pmp20_Nhis6OL_R and the His6_PMP20 gene was amplified with primers 

Pmp20_Nhis6OL_F / Pmp20_Com_R. The C58S mutation was introduced into His6_PMP20 in 

two steps, first 5’ part (206bp) of His6_PMP20 was amplified with primers Pmp20_Nhis6OL_F 

/ Pmp20_CS_R and 3’ (367bp) was amplified with primers Pmp20_CS_F/ Pmp20_Com_R. 

The PCR products were combined and used as a template in overlap PCR with primers 

Pmp20_Nhis6OL_F / Pmp20_Com_R to obtain His6_PMP20 C58S. The PMP20 promoter 

(product size 746bp) and WT or C58S His6_PMP20 were combined in an overlap PCR using 

primers Pmp20Pr_F / Pmp20_Com_R (1230bp). The obtained inserts were digested with NotI 

and XbaI and ligated with NotI/XbaI digested pHIPZ7_eGFPSKL (4287bp) to obtain 

pHIPZ_PPMP20_His6Pmp20 and pHIPZ_PPMP20_His6Pmp20-C58S, respectively. Plasmids were 

linearized using MluI and transformed into pmp20 cells. Colonies were selected on YPD + 

200µg/ml zeocin. 

Table 2. Strains used in this study 

Strain Description Origin 

WT leu1.1 [39] 

pmp20 PMP20::URA3, leu1.1 [23] 

pmp20::His6Pmp20 pmp20, pHIPZ_PPMP20_His6Pmp20, leu1.1 this study 

pmp20::His6Pmp20-C58S pmp20, pHIPZ_PPMP20_His6Pmp20-C58S, leu1.1 this study 

yap1 YAP1::HPH, leu1.1 [22] 

pmp20 yap1  PMP20::URA3, YAP1::HPH,  leu1.1 this study 

skn7 SKN7::HPH, leu1.1 this study 

pmp20 skn7 PMP20::URA3, SKN7::HPH, leu1.1 this study 
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Construction of pmp20 yap1, skn7 and pmp20 skn7 strains 

The Yap1 deletion cassette was amplified from plasmid pDEL_YAP1_HPH using primers 

Yapdelcas_F and Yapdelcas_R. The resulting PCR product of 2417bp was transformed into 

pmp20 cells. Transformants were selected on YPD containing 300µg/ml hygromycin B. The 

correct integration was confirmed by southern blotting. 

The homologue of S. cerevisiae Skn7 (YHR206W) was identified by BLAST (protein ID 

15292, JGI H. polymorpha NCYC495 leu1.1 database, http://genome.jgi-psf.org/cgi-

bin/dispGeneModel?db=Hanpo2&id=15292). H. polymorpha SKN7 was deleted by replacing 

nucleotides -3 to + 781 by a hygromycin B resistance cassette (HPH). To this end the first 

region -505 to -4 from the start codon was amplified from H. polymorpha genomic DNA using 

primers SKN7_del5F and SKN7_del5R and recombined in a Gateway BP reaction into 

pDONR_41 yielding plasmid pENTR_41_5’SKN7. Similarly region +782 to +1245 was 

amplified using primers SKN7_del3F and SKN7_del3R and recombined into pDONR_23 

yielding pENTR_23_3’SKN7. Plasmid pENTR_41_5’SKN7, pENTR_221_HPH and 

pENTR_23_3’SKN7 were recombined in a Gateway LR reaction with pDEST_43_NAT 

yielding plasmid pDEL_SKN7_HPH. A deletion cassette of 2779bp was amplified from this 

plasmid using primers SKN7_delF and SKN7_delR and used for transformation of H. 

polymorpha WT and pmp20 cells. Transformants were selected on YPD with hygromycin. 

Correct integration was confirmed with a southern blot analysis. 

Growth conditions 

Cells were grown on mineral medium [31] supplemented with glycerol and / or methanol as 

carbon source and 0.25% ammonium sulphate as nitrogen source. Cultures were supplemented 

with 60 μg/ml leucine. Cells were grown in flasks closed with a cotton plug at 1:5 medium to 

volume ratio, at 37 
o
C with 200 rpm shaking. For viability determination cells were plated on 

YPD (1% yeast extract, 1% glucose, 1% peptone, 2% agar) plates. For cloning purposes, 

Escherichia coli DH5α was grown at 37 °C in Lysogeny Broth [32] supplemented with the 

appropriate antibiotics (100 μg/ml ampicillin or 50 μg/ml kanamycin).  



Chapter 5 

135 

Table 3. Plasmids used in this study 

Plasmid Description Origin 

pHIPZ7_eGFPSKL Contains gene encoding eGFP-SKL under control of 

the PTEF1, zeocine resistance cassette, ampR 

[40] 

pHIPZ_PPMP20_His6Pmp20 Expression plasmid containing gene encoding 

His6Pmp20 under control of PPMP20 promoter, ampR 

this study 

pHIPZ_PPMP20_His6Pmp20-

C58S 

Expression plasmid encoding His6Pmp20 with C58S 

mutation under control of PPMP20, ampR 

this study 

pDEL_YAP1_HPH Gateway pDEST43 containing deletion cassette 

5'YAP1 - HPH - 3'YAP1/ampR 

[22] 

pDONR_41 Standard Gateway vector Invitrogen 

pDONR_23 Standard Gateway vector Invitrogen 

pENTR_41_5’SKN7 pDONR_41 containing 5’ region of SKN7 gene region / 

kanR 

this study 

pENTR_23_3’SKN7 pDONR_23 containing 3’ region of SKN7 gene / kanR this study 

pENTR221_HPH pDONR_221 containing hygromycin resistance cassette 

/ kanR 

[41] 

pDEST_43_NAT Gateway destination vector with the Streptomyces 

noursei NAT1 gene / ampR 

[41] 

pDEL_SKN7_HPH pDEST 43 containing deletion cassette  

5’SKN7 – HPH – 3’SKN7 / ampR 

this study 

ROS staining and flow cytometry  

ROS accumulation was measured using dihydrorhodhamine 123 (DHR) purchased from 

Invitrogen. 5*10
6
 cells were harvested and stained in 50 mM potassium phosphate buffer pH = 

7.0 containing 20µM DHR at room temperature in darkness. Cells were washed once and the 

fluorescence signal of individual cells was captured in a FACS Aria II Cell sorter (BD 

Biosciences) for 10000 events at the speed of 500 - 1000 events per second. DHR fluorescence 

was captured using a 488nm laser, 505nm long pass mirror and 525/50nm band-pass filter. 

FACSDiva software version 6.1.2 was used for data acquisition and analysis. The presented 



Chapter 5 

136 

data represent differences in mean fluorescence between stained cells and non-stained cells 

treated in the same way. 

Table 4. Oligonucleotides used in this study 

Primer name Sequence 

Pmp20Pr_F TTTTGCGGCCGCGATGCACACAAAAGGCCGAT 

Pmp20_Com_R TTCATCTAGATTACAGTTTTGCTAGAAGTTTGGA 

Pmp20_Nhis6OL_

F 

CGGAGCTCTCAGGTTGAATATGCATCATCACCATCACCACGTTGTTAAGAGAG

GCGACAAA 

Pmp20_Nhis6OL_

R 

TTTGTCGCCTCTCTTAACAACGTGGTGATGGTGATGATGCATATTCAACCTGAG

AGCTCCG 

Pmp20_CS_F TTCACTCCGCCTAGCACCAACCAGCACC 

Pmp20_CS_R GGTGCTGGTTGGTGCTAGGCGGAGTGAA 

Yapdelcas_F CGGAATGCGCTAATCAGTGT 

Yapdelcas_R CGCTGCGATTATCATTTGAC 

SKN7_del5F GGGGACAACTTTGTATAGAAAAGTTGTTAAAGCGCCAGCATACTCGT 

SKN7_del5R  GGGGACTGCTTTTTTGTACAAACTTGTTGTTGTTCAATTGTATGGATCG 

SKN7_del3F GGGGACAGCTTTCTTGTACAAAGTGGTAGGAACATCCGCAATTTATCC 

SKN7_del3R GGGGACAACTTTGTATAATAAAGTTGTTGTCTATGTGGTGCTTCTCCA 

SKN7_delF AAAGCGCCAGCATACTCGT 

SKN7_delR TGTCTATGTGGTGCTTCTCCA 

Other techniques 

Chronological lifespan experiments were performed essentially as described earlier [22]. 

Methanol concentrations were determined as described before [33]. Stress resistance 

experiments were performed as previously described [22] with the following modification: cell 

suspensions were diluted 200x before spotting on YPD agar plates. For enzyme activity 

measurements cell extracts were prepared essentially as described earlier [34]. The activities of 

catalase [35], superoxide dismutase [36,37] and cytochrome c peroxidase [38] were measured 

as detailed before. Glutathione reductase activity was assayed with a Glutathione reductase 



Chapter 5 

137 

assay kit (Sigma) according to the manufacturer’s protocol. Activities are displayed as U / mg 

of protein. Equal amounts of total cell extract (15µg protein) per lane were used for separation 

on a 10% native polyacrylamide gel and detection of SOD activity. 
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Abstract 

The non-bilayer forming lipids cardiolipin (CL) and phosphatidylethanolamine (PE) modulate 

membrane curvature, facilitate membrane fusion and affect the stability and function of 

membrane proteins. Analyses of yeast peroxisomal membranes revealed the presence of 

significant amounts of CL and PE. 

Here we analysed the effect of CL deficiency and the reduction of PE biosynthesis on 

peroxisome biogenesis and proliferation in the yeast Saccharomyces cerevisiae. Our data 

indicate that deletion of CRD1, the gene encoding cardiolipin synthase, does not affect 

peroxisome biogenesis and abundance, both when cells were grown at peroxisome repressing 

(glucose) or inducing (oleate) growth conditions.  

Analysis of S. cerevisiae mutant strains deficient in one of the three PE biosynthesis pathways 

(the single deletion strains psd1 and psd2 and the triple deletion strain eki1 cki1 dpl1) revealed 

that in all three mutants peroxisome numbers were reduced upon growth of cells on oleic acid. 

Deletion of the gene encoding the mitochondrial phosphatidylserine decarboxylase, PSD1, 

resulted in the most drastic reduction in peroxisome abundance and was accompanied by a 

partial growth defect in media containing oleic acid. Moreover, in psd1 cells, but not in psd2 or 

eki1 cki1 dpl1 cells, a decrease in peroxisome numbers was observed when cells were grown on 

glucose. Because PE is an intermediate of the phosphatidylcholine (PC) biosynthesis pathway, 

PE depletion indirectly affects PC formation. PC however can be synthesized by an alternative 

pathway when choline is supplemented to the growth medium. Addition of choline to the 

medium resulted in suppression of the all observed phenotypes. This suggests that the effects of 

PE depletion on peroxisome biogenesis and proliferation were indirectly caused by impaired 

biosynthesis of PC. Overall, our data indicate that peroxisome biogenesis and proliferation are 

not crucially dependent on the presence of CL or PE. 
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Introduction 

Peroxisomes are cell organelles present in almost all eukaryotic cells. Enzymes localized in 

peroxisomes are involved in a variety of metabolic processes including β-oxidation of fatty 

acids and hydrogen peroxide detoxification [1,2]. Peroxisomes display a very simple 

morphology: a single membrane encloses a proteinaceous matrix.  

Biogenesis of peroxisomes involves import of peroxisomal matrix proteins and sorting and 

incorporation of peroxisomal membrane proteins (PMP) and lipids. The molecular mechanisms 

of matrix protein import have been intensively studied [3,4]. Recent studies also have shed light 

on the synthesis and trafficking of PMPs [5,6]. In contrast, the origin of the lipids in 

peroxisomal membranes, lipid transport to the organelle and the significance of the lipid 

composition in peroxisomal processes are largely unexplored. 

The main phospholipid constituents of Saccharomyces cerevisiae peroxisomal membranes are 

phospatidylcholine (PC) (48%), phosphatidylethanolamine (PE) (23%) and phosphatidylinositol 

(16%) [7]. In addition, these membranes contain substantial levels (up to 7%) of cardiolipin 

(CL) [7]. A similar observation was made for peroxisomal membranes of the yeast Pichia 

pastoris [8]. 

CL and PE are non-bilayer forming lipids, which have an inverted cone shape. These lipids 

have been reported to modulate membrane curvature, facilitate membrane fusion [9,10] and 

affect binding of peripheral membrane proteins and formation of membrane protein complexes 

[11]. In mitochondria CL and PE were shown to play crucial roles in various aspects of 

organelle function and dynamics [10,12–14]. So far, the functions of CL and PE in the 

peroxisomal membrane are unknown.  

In S. cerevisiae CL biosynthesis occurs solely in mitochondria (Fig 1A) [15]. The biosynthesis 

of PE is more complex and involves 3 pathways with distinct cellular locations (Fig 1B) [16]. 

Phosphatidylserine (PS) can be decarboxylated by phosphatidylserine decarboxylase 1 (Psd1) at 

the inner mitochondrial membrane [17,18] or by phosphatidylserine decarboxylase 2 (Psd2) in  
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Figure 1 Biosynthesis of cardiolipin, phosphatidylethanolamine and phosphatidylcholine in S. cerevisiae. 
(A) Schematic overview of cardiolipin synthesis. Phosphatidic acid (PA) is converted to cytidine diphosphate - 

diacylglycerol (CDP-DAG) and further to phosphatidylglycerolphosphate (PGP). PGP is dephosphorylated to 

phosphatidylglycerol (PG). PG is condensed with CDP-DAG to form unremodeled CL. Acyl-chains in CL can 

be remodelled by the deacylase Cld1p and the transacylase Taz1p with monolysocardiolipin (MLCL) as an 

intermediate. (B) Pathways involved in synthesis of phosphatidylethanolamine (PE) and phosphatidylcholine 

(PC). CDP-DAG is condensed with serine to form phosphatidylserine (PS). PS can be decarboxylated by 

mitochondrial PS decarboxylase (Psd1) or PS decarboxylase localized to the vacuole / Golgi apparatus (Psd2) to 

form PE. Alternatively, ethanolamine (Etn) can be incorporated into PE by the Kennedy pathway. An 

intermediate of this pathway – ethanolamine phosphate (Etn-P) can also derive from degradation of 

sphingolipids. PE can be methylated to form PC. Alternatively, PC can be formed by incorporation of choline 

via the Kennedy pathway. Cho – choline, Cho-P – choline phosphate, CDP-Cho - CDP - choline. 

vacuole / Golgi membranes [19]. Additionally, PE can be formed by incorporation of 

ethanolamine through the Kennedy pathway localized to microsomes [20]. Ethanolamine 

utilized in this route can be taken up from the growth medium or be released within the cell by 

phospholipases, which is followed by phosphorylation by ethanolamine kinase 1 (Eki1) [21]. 

Ethanolamine can also be phosphorylated by choline kinase 1 (Cki1) [22]. Additionally, 

ethanolamine phosphate can derive from degradation of sphingolipids by dihydrosphingosine-1-

phosphate lyase (Dpl1) [23].  

All 3 pathways were previously shown to contribute to PE abundance in peroxisomal fractions 



Chapter 6 

145 

of S. cerevisiae [24]. Moreover, PE depletion was reported to result in a slight decrease in 

peroxisome size and defects in growth on oleic acid, a substrate that is metabolized by 

peroxisomal β-oxidation [24].  

Here we analysed the role of the non-bilayer lipids CL and PE on peroxisome biogenesis and 

proliferation in S. cerevisiae. We demonstrate that both non-bilayer lipids are not crucial for 

peroxisome biogenesis or proliferation. 

 

Figure 2 Impact of impaired CL and PE synthesis on growth of S. cerevisiae cells. WT, crd1, psd1, psd2 and 

eki1 cki1 dpl1 cells were grown in medium containing 0.5% glucose (A) or a mixture of 0.1% oleate and 0.1% 

glucose (B). Data represent mean optical density at 600nm ±SD (n=3). 

Results 

Reduction in PE biosynthesis or CL depletion does not have a major effect on peroxisome 

biogenesis or proliferation in S. cerevisiae 

We started our studies with the analysis of the effect of CL deficiency and reduced PE 

biosynthesis on peroxisome biogenesis. To this purpose we used S. cerevisiae mutant cells 

lacking cardiolipin synthase (crd1) or genes involved in one of the three PE biosynthetic 

pathways (psd1, psd2 and eki1 cki1 dpl1) (Fig 1B). Deletion of CRD1 results in a complete 

block in CL biosynthesis [25], whereas deletion of PSD1, PSD2 or EKI1 CKI1 DPL1 

significantly reduces the cellular PE content [24]. 

As opposed to an earlier study [24], we used defined mineral medium lacking complex 

components like yeast extract to prevent the presence of lipid precursors (ethanolamine, 
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choline) or lyso-lipids, including lyso-phosphatidylethanolamine in the growth medium [26–

28]. 

Cells were grown in medium containing 0.5% glucose (peroxisome repressing conditions) or a 

mixture of 0.1% oleate and 0.1% glucose (peroxisome inducing growth conditions). No 

difference in growth between wild-type (WT) and mutant strains was observed in glucose 

medium (Fig 2A). However, when cells were grown on medium containing oleate, deletion of 

PSD1 resulted in an increase in the doubling time, but the final ODs of the cultures were similar 

for all strains (Fig 2B). 

 

Figure 3 Intracellular localization of GFP-SKL in S. cerevisiae cells impaired in biosynthesis of CL or PE. 
Fluorescence microscopy of WT, crd1, psd1, psd2, eki1 cki1 dpl1 cells producing GFP-SKL, growing 

exponentially in medium containing 0.5% glucose or a mixture of 0.1% oleate and 0.1% glucose. Scale bar 

represents 5µm 
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Figure 4 Quantification of peroxisomes in S. cerevisiae cells impaired in biosynthesis of CL or PE. 

Peroxisomes were visualized by the fluorescent peroxisomal matrix marker GFP-SKL. Cells were grown for 6h 

in medium containing 0.5% glucose (A) or for 12h in medium containing 0.1% oleate and 0.1% glucose (B). For 

each strain, the fluorescent spots were quantified in 2-4 independent cultures, thereby counting at least 150 non-

dividing cells per culture. Data represent the average frequency of cells with a distinct number of peroxisomes 

±SD and mean number of peroxisomes ±SD. The significance of differences in peroxisome numbers relative to 

WT was calculated with Student T-test. P<0.05 or P<0.01 represent significant differences. NS - not significant 

(P>0.05). 

Fluorescence microscopy analysis of WT and mutant cells exponentially growing on glucose or 

oleic acid containing media did not reveal mislocalisation of the peroxisomal matrix marker 

protein GFP-SKL, indicating that no major defect occurred in peroxisome biogenesis (Fig 3). 

Quantification of peroxisome numbers revealed that both upon growth on glucose or oleic acid, 
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the cells lacking cardiolipin synthase displayed similar numbers of peroxisomes as WT control 

cells (Fig 4AB). Interestingly, deletion of PSD1 resulted in a reduction of peroxisome numbers 

both when cells were grown on glucose or on oleic acid (Fig 4AB). Deletion of PSD2 or EKI1 

CKI1 DPL1 had no effect on peroxisome abundance when cells were grown on glucose, but the 

organelle numbers were slightly decreased when cells were grown on medium containing oleate 

(Fig 4B).  

Addition of choline to the growth medium supresses the impact of phosphatidylserine 

decarboxylase deficiency on peroxisome proliferation 

PE may also be methylated to form phosphatidylcholine (PC) (Fig 1B). Thus impaired PE 

biosynthesis indirectly affects the formation of PC. To allow PE independent formation of PC, 

media were supplemented with choline, which can be used in the Kennedy pathway for the 

formation of PC (Fig 1B). Addition of 2mM choline to the growth medium largely suppressed 

the growth defect of psd1 cells in oleate containing medium (Fig 5A, compare Fig 2B). 

Concomitantly, no significant reduction in peroxisome numbers in psd1 cells relative to WT 

was observed anymore both upon growth on glucose or oleic acid (Fig 5BC). This suggests that 

the observed effects of PE biosynthesis reduction in fact are indirectly caused by a reduction in 

PC biosynthesis. 

Previously, the simultaneous deletion of PSD1 and PSD2 was shown to enhance the depletion 

of cellular PE relative to that observed in PSD1 or PSD2 single deletion strains [24]. Growth of 

psd1 psd2 cells in medium containing glucose or oleate supplemented with choline was not 

altered relative to psd1 cells (data not shown). Furthermore, peroxisome abundance was not 

reduced in psd1 psd2 cells relative to psd1 or WT control cells (Fig 5BC).  

These data indicate that the effect of impaired PE synthesis on peroxisomes and oleic acid 

growth is likely to be associated with hampered synthesis of PC. 
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Figure 5 Impact of choline supplementation on growth and peroxisome numbers in phosphatidylserine 

decarboxylase deficient S. cerevisiae cells. (A) WT and psd1 cells were grown in medium containing 0.1% 

oleate and 0.1% glucose and 2mM choline. Data represent mean optical density at 600nm ±SD (n=3). WT, psd1 

and psd1 psd2 cells producing GFP-SKL were grown for 6h in medium containing 0.5% glucose (B) or for 12h 

in medium containing 0.1% oleate / 0.1% glucose (C) and supplemented with 2mM choline. For each strain, the 

fluorescent spots were quantified in 2 or 3 independent cultures, thereby counting at least 150 non-dividing cells 

per culture. Data represent the average frequency of cells with a distinct number of peroxisomes ±SD and mean 

number of peroxisomes ±SD. The significance of differences in peroxisome numbers relative to WT was 

calculated with Student T-test. P<0.05 or P<0.01 represent significant differences. NS - not significant (P>0.05). 
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Discussion 

Recent reports indicated the presence of CL in peroxisomal membranes isolated from S. 

cerevisiae, Pichia pastoris and castor bean [7,8,24,29]. Our data show that deletion of the 

cardiolipin synthase gene, CRD1, in S. cerevisiae, which results in a complete absence of CL in 

the cells, does not affect the capacity of peroxisomes to import the peroxisomal matrix marker 

protein GFP-SKL. Also, the abundance of peroxisomes was not affected upon CRD1 deletion 

(Fig 4). Moreover, the absence of CL did not affect growth of cells on oleic acid, indicating that 

CL is also not required for peroxisome function. A similar analysis with another yeast species, 

Hansenula polymorpha, also revealed that lack of cardiolipin synthase does not influence the 

abundance of peroxisomes (Fig S1).  

Our data are consistent with studies in plants which revealed no effect of CL deficiency on 

peroxisome morphology [30]. However, our observations raise the question as to why CL is 

present in peroxisomal membranes. Possibly, CL deficiency is compensated by other non-

bilayer forming lipids, such as PE. In mitochondria CL and PE are playing partially overlapping 

roles and only a simultaneous block in mitochondrial PE and CL synthesis (by deletion of PSD1 

and CRD1) is lethal [10,13]. Alternatively, the reported presence of CL in peroxisomal 

membrane fractions is due to contamination with other, CL containing membranes. Indeed, CL 

was not detected in peroxisomes isolated form Candida tropicalis [31] and rat liver [32,33]. 

Mitochondrial contamination could be due to artificial association of both organelles occurring 

during the peroxisome isolation procedure [34], but both organelles may also form physical 

contacts in vivo [35]. 

In contrast to CL, PE represents a major fraction of the peroxisomal phospholipids, which is 

unlikely due to contamination by other organelles [7,8,31]. Our data indicate that lack of PSD1 

resulted in a growth defect on media containing oleic acid, a substrate that requires functional 

peroxisomes. Importantly, PSD1 has also been shown to be essential for growth of cells on 

lactate or ethanol, indicating a more stringent requirement of mitochondrial PE synthesis for 

growth of the cells on non-fermentable carbon sources [16,36]. Similarly, retarded growth of 
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the psd1 mutant on oleic acid could be related to impaired biogenesis and function of 

mitochondria rather than peroxisomes. 

PE is an intermediate of PC biosynthesis which can be circumvented by the addition of choline 

to the growth medium. The retarded growth of psd1 cells in oleic acid containing medium could 

be largely supressed by the addition of choline to the medium. Similarly, addition of 

ethanolamine or choline to the medium was reported to allow growth of S. cerevisiae psd1 cells 

in lactate or ethanol containing medium [16]. Importantly, external choline also inhibits the 

expression of the PSD1 gene, thus reducing the involvement of this pathway in total PE 

synthesis in choline containing medium [17,37]. 

The analysis of organelle abundance revealed that in oleate containing medium blocking each 

of the three individual PE synthesis pathways resulted in reduced peroxisome numbers relative 

to the WT cells, whereas in glucose containing medium only psd1 cells displayed reduced 

numbers of these organelles. However, supplementation of psd1 cultures with external choline 

abolished the decrease in peroxisome numbers both when glucose or oleate where used for 

growth. Also the peroxisome abundance in psd1 psd2 cells in choline containing medium was 

not altered relative to the WT cells. Similarly, recent data also indicate that peroxisome 

numbers are not changed in S. cerevisiae psd1 and psd1 psd2 cells grown on rich YPO (yeast 

extract, peptone, oleate) medium, which contains trace amounts of ethanolamine and choline 

[24]. Hence, we speculate that the decrease in peroxisome numbers in S. cerevisiae PE 

biosynthesis mutants in the absence of choline is indirectly caused by impaired PC formation, 

which is considered as essential in yeast [16]. 

Overall, our data indicate that a reduced content of CL or PE, does not affect peroxisome 

biogenesis or proliferation. 

Materials and methods 

Strains and growth conditions 

The S. cerevisiae strains used in this study are listed in Table 1. S. cerevisiae cells were grown 

at 30˚C in mineral medium [38] containing 0.5% glucose or a mixture of 0.1% glucose, 0.1% 



Chapter 6 

152 

oleic acid and 0.05% Tween 80. Culture medium was supplemented with leucine (30µg/ml), 

histidine (20µg/ml), uracil (30µg/ml) and lysine (30µg/ml). 

Table 1 S. cerevisiae strains used in this study.  

S. cerevisiae Description Reference 

Wild-type (WT) BY4742 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 EUROSCARF 

crd1 BY4742 CRD1::kanMX4 EUROSCARF 

psd1 BY4742 PSD1::kanMX6 this study 

psd2 BY4742 PSD2::kanMX4 EUROSCARF 

eki1 cki1 dpl1 
BY4742 EKI1::kanMX6 CKI1::HPH 

DPL1::NAT 
this study 

psd1 psd2 BY4742 PSD1::kanMX6 PSD2::NAT this study 

WT GFP-SKL WT PTDH3-GFP-SKL this study 

crd1 GFP-SKL crd1 PTDH3-GFP-SKL this study 

psd1 GFP-SKL psd1 PTDH3-GFP-SKL this study 

psd2 GFP-SKL psd2 PTDH3-GFP-SKL this study 

eki1 cki1 dpl1 GFP-SKL cki1 eki1 dpl1 PTDH3-GFP-SKL this study 

psd1 psd2 GFP-SKL psd1 psd2 PTDH3-GFP-SKL this study 

All S. cerevisiae strains listed here require leucine, lysine, histidine and uracil for growth. 

Cloning and construction of yeast strains 

The plasmids and primers used in this study are listed in Table 2 and Table 3.  

Plasmid pTDH3_GFPSKL was constructed by amplification of the GFP_SKL open reading 

frame with additional HindIII, SalI sites in a PCR reaction using primers TDH3_GFPSKL_F 

and TDH3_GFPSKL_R and plasmid pHIPX7_eGFPSKL as a template, followed by HindIII / 

SalI digestion and ligation with HindIII / SalI digested pTDH3_mcherrysfGFP. Transformed E. 

coli DH5α were selected on LB agar plates supplemented with 100µg/ml ampicillin. 
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Transformation of S. cerevisiae cells was performed by the Li-Ac method [39]. Selection of 

yeast transformants was performed on YPD agar plates supplemented with 200 µg/ml 

hygromycin B, 100 µg/ml gentamycin, 200 µg/ml zeocine or 100 µg/ml nourseothricin. 

Table 2 Primers used in this study. 

Primer name Sequence 

ScPSD1_del_F 
GCCAGTTAAGAACGCCTTGGCGCAAGGGAGGACGCTCCTCATGGGGA

GGACAGCTGAAGCTTCGTACGC 

ScPSD1_del_R 
CAGGTATGTGGTTCCAAGTGTTTGTCGCTCTTTGAATTTGTCACAAATT

CGCATAGGCCACTAGTGGATCTG 

ScPSD2_del_F 
GTATCAATTGGTAAAGAATCCTCGATTTTCAGGAGCATCCAACGACGA

AGCCCACACACCATAGCTTCAA 

ScPSD2_del_R 
TACTCATCCCGACTTTGACTAACGTTTCAATGCGTTCTGAAGAGTTTTT

CACGTTTTCGACACTGGATGG 

ScEKI1_del_F 
TACGAAAGTAGTAGCAGAAATTAACAGATACAGATCTGCAATTTGGCA

TACAGCTGAAGCTTCGTACGC 

ScEKI1_del_R 
TAACTCCCAATGTAATTAAATCGCCCCAAAAGACAGACATTTTTTCTTT

ACGCATAGGCCACTAGTGGATCTG 

ScCKI1_del_F 
ACTGATGTCACAGATAGTTTGGGTTCGACTTCGTCGGAATATATTGAG

ATTCCCACACACCATAGCTTCAA 

ScCKI1_del_R 
GAACTTGAAAGAGCTGAAATTTTTGCATTCTTCTTCGGTGATTATGCCT

AACGTTTTCGACACTGGATGG 

ScDPL1_del_F 
TACCGAGCAAGTAGGCTAGCTTCTGTAAAGGGATTTTTCCATCTAATA

CACCCACACACCATAGCTTCAA 

ScDPL1_del_R 
ACATTGCACTCTCGTTCTTTAAATTATGTATGAGATTTGATTCTATATA

GCGTTTTCGACACTGGATGG 

TDH3_GFPSKL_

F 
TGACAAGCTTATGGTGAGCAAGGGCGA 

TDH3_GFPSKL_

R 
TGACGTCGACTTACAGCTTCGACTTGTACAGC 

Construction of S. cerevisiae deletion strains 

S. cerevisiae psd1 deletion strain was obtained by replacement of nucleotides +1 to +1185 from 

the start codon of the PSD1 gene (YNL1696) by the gentamycin resistance cassette. To this 

end, primers ScPSD1_del_F and ScPSD1_del_R were used to amplify the gentamicin resistance 

cassette using plasmid pUG6 as the template. The obtained PCR product was used for 

transformation of WT (BY4742) cells. 
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The psd1 psd2 double deletion strain was constructed by deletion of PSD2 (YGR170W) in psd1 

cells. Nucleotides +1 to +3180 from the start codon of PSD2 were replaced by a nourseothricin 

resistance cassette. To this end, primers ScPSD2_del_F and ScPSD2_del_R were used to 

amplify the nourseothricin resistance cassette using plasmid pENTR-221_NAT as the template. 

The obtained PCR product was used for transformation of psd1 cells. 

The eki1 cki1 dpl1 triple deletion strain was constructed by replacing nucleotides +1 to +1492 

of EKI1 (YDR147W) gene with a gentamicin resistance cassette, followed by replacing 

nucleotides +310 to +1677 of CKI1 (YLR133W) gene with a hygromycin resistance cassette 

and subsequent replacement of nucleotides +1 to +1770 (whole open reading frame) of the 

DPL1 (YDR2943) gene with a nourseothricin resistance cassette. The corresponding deletion 

cassettes were amplified by PCR using primers ScEKI1_del_F and ScEKI1_del_R and pUG6 

plasmid, primers ScCKI1_del_F and ScCKI1_del_R and pENTR-221_HPH plasmid, primers 

ScDPL1_del_F and ScDPL1_del_F and pENTR-221_NAT plasmid, respectively. 

Table 3 Plasmids used in this study. 

Plasmid Description Reference 

pUG6 pUG6 containing gentamicin resistance marker [41] 

pENTR-221-HPH pENTR-221 containing hygromycin marker, kanR [42] 

pENTR-221_NAT 
pENTR-221 containing nourseothricin marker, 

kanR 
[42] 

pHIPX7_eGFPSKL 

contains eGFP-SKL under the control of H. 

polymorpha PTEF1 promoter; contains S. cerevisiae 

LEU2 gene for complementation of leucine 

auxotrophy; kanR 

[43] 

pTDH3_mcherrysfGFP 

Contains tandem protein (mcherry + sfGFP) 

expressed from S. cerevisiae PTDH3 promoter, 

contains zeocine resistance cassette, ampR 

Sanjeev Kumar 

(unpublished) 

pTDH3_GFPSKL 

Contains eGFP-SKL under the control of S. 

cerevisiae PTDH3 promoter, contains zeocine 

resistance cassette, ampR 

this study 
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Fluorescence microscopy and image analysis 

Fluorescence microscopy images were captured using a Carl Zeiss confocal microscope 

LSM510 equipped with photomultiplier tubes (Hamamatsu Photonics). The GFP signal was 

visualized using a 488 nm argon ion laser (Lasos) and a 500-550 nm bandpass emission filter. 

Images we acquired using ZEN 2012 software (Carl Zeiss). Before analysis, S. cerevisiae cells 

were fixed for 1h with 4% formaldehyde in 0.1 M sodium phosphate buffer pH 7.2. The 

presented fluorescence microscopy images represent maximum intensity projections in the GFP 

channel. Additionally, bright field images were false coloured in blue to mark cell edges. 

Peroxisome quantification in S. cerevisiae was performed manually by counting GFP spots in 

individual cells throughout the Z-stacks. 
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Supplementary figure 

 

Figure S1 Quantification of peroxisome numbers in H. polymorpha cells impaired in CL biosynthesis. (A) 

Growth of H. polymorpha WT and crd1 cells in medium containing 0.5% methanol as carbon source. Data 

represent mean optical density at 600nm ±SD (n=3). Due to the minor growth defect of crd1 cells relative to the 

WT control, peroxisome quantifications were performed in cells grown at equal dilution rate in chemostats. (B) 

Frequency of cells with different peroxisome numbers in WT and crd1 cells grown in methanol limited 

chemostats at D=0.1 h
-1

. Peroxisomes were visualized using combined fluorescence of the matrix marker GFP-

SKL and the peroxisomal membrane marker Pmp47-mGFP. Fluorescent structures were counted in 800-1200 

cells from 2 independent chemostats per strain. Data represent the average frequency of cells with a distinct 

number of peroxisomes ±SD and mean number of peroxisomes ±SD. The significance of differences in 

peroxisome numbers relative to WT was calculated with Student T-test. NS-not significant (P>0.05). 

Supplementary materials and methods 

H. polymorpha strains and growth conditions 

H. polymorpha strains used in this study are listed in Table S1. Cells were grown in methanol 

limited chemostats in a culture volume of 1l in a 2l fermenter (Applikon, The Netherlands) at 

37˚C, 300rpm stirring, aeration rate of 0.4L/min and a dilution rate of 0.1 h
-1

. pH was kept at 

5.0 by the addition of 1M NaOH. Mineral medium [38] with 0.5% methanol was used as a feed 

medium. Live cells were used for fluorescence microscopy. Peroxisome quantification in H. 

polymorpha cells was performed using an ImageJ plugin.  
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Cloning and construction of H. polymorpha strains 

The H. polymorpha plasmids and primers used in this study are listed in Table S2 and Table S3. 

For cloning purposes, E. coli DH5α was used. Transformed bacteria were selected on LB agar 

plates supplemented with 100µg/ml ampicillin or 50µg/ml kanamycin.  

Construction of the deletion cassette for H. polymorpha was performed using Gateway system 

(Invitrogen). Transformation of H. polymorpha by electroporation was performed as described 

previously [40]. Selection of H. polymorpha transformants was performed on YPD agar plates 

supplemented with 200 µg/ml hygromycin B or 300 µg/ml zeocine. 

Construction of the H. polymorpha crd1 strain 

The cardiolipin synthase gene CRD1 (protein ID 97158 in the H. polymorpha JGI database, 

http://genome.jgi-psf.org/Hanpo2/Hanpo2.home.html) was disrupted by deletion of nucleotides 

+501 to +550 from the start codon. Additionally, the start codon was changed into a stop codon. 

To this end the region -678 to +500 of the CRD1 gene, containing the start codon mutation 

(ATG to TAG) was amplified in 2 steps. First primers CRD1_del5F and CRD1_OL_R as well 

as CRD1_OL_F and CRD1_del5R were used to amplify parts of the fragment and to mutate the 

start codon. Obtained PCR products were used in an overlap PCR using primers CRD1_del5F 

and CRD1_del5R, followed by recombination with pDONR-P4-P1R, yielding 

pENTR_41_5’CRD1. Similarly, the region +551 to +1255 was amplified using primers 

CRD1_del3F and CRD1_del3R and recombined with pDONR-P2R-P3 yielding 

pENTR_23_3’CRD1. The deletion cassette containing 5’ and 3’ fragments of CRD1 gene and 

hygromycin resistance cassette was assembled in a Gateway LR reaction using plasmids 

pENTR_41_5’CRD1, pENTR_221_HPH, pENTR_23_3’CRD1 and pDEST-R4-R3-NAT, 

yielding plasmid pDEST_CRD1_DEL_HPH. The deletion cassette was subsequently amplified 

using primers CRD1_del_F and CRD1_del_R and transformed into H. polymorpha ku80 strain. 

Correct integration and the mutation of the start codon were confirmed by colony PCR and 

southern blotting. 
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Table S1 H. polymorpha strains used in this study.  

H. polymorpha Description Reference 

Wild-type (WT) NCYC 495 KU80::URA3, leu- [44] 

crd1 NCYC 495 KU80::URA3 CRD1::HPH, leu- this study 

WT PMP47-mGFP/GFP-SKL WT PPMP47-PMP47-mGFP / PTEF1-GFP-SKL this study 

crd1 PMP47-mGFP/GFP-SKL crd1 PPMP47-PMP47-mGFP / PTEF1-GFP-SKL this study 

 

Table S2 Primers used in this study. 

Primer name Sequence 

CRD1_OL_F GAAATATTTTTTGTTGAGAATAGCTCATCAGGGCTGGTATTG 

CRD1_OL_R CAATACCAGCCCTGATGAGCTATTCTCAACAAAAAATATTTC 

CRD1_del5F GGGGACAACTTTGTATAGAAAAGTTGTTTCTCGAGGAGAGTAGGGTTG 

CRD1_del5R GGGGACTGCTTTTTTGTACAAACTTGCCCGGCCAGTAGCAGCATTA 

CRD1_del3F GGGGACAGCTTTCTTGTACAAAGTGGTAATTGGGACTTCTCGCTCATC 

CRD1_del3R GGGGACAACTTTGTATAATAAAGTTGTAGAATGTCACGCAGCCAACT 

CRD1_del_F TCTCGAGGAGAGTAGGGTTG 

CRD1_del_R AGAATGTCACGCAGCCAACT 
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Table S3 Plasmids used in this study. 

Plasmid Description Reference 

pDONR-P4-P1R Standard Gateway vector Invitrogen 

pDONR-P2R-P3 Standard Gateway vector Invitrogen 

pENTR_41_5’CRD1 
pDONR-P4-P1R containing 5’ region of H. 

polymorpha CRD1 gene, kanR 
this study 

pENTR_23_3’CRD1 
pDONR-P2R-P3 containing 3’ region of H. 

polymorpha CRD1 gene, kanR 
this study 

pENTR-221-HPH pENTR-221 containing hygromycin marker, kanR [42] 

pDEST-R4-R3-NAT 
Gateway destination vector, contains additional 

nourseothricin resistance cassette, ampR 

[45] 

 

pDEST_CRD1_DEL_HPH 
pDEST-R4R3_NAT containing CRD1 deletion 

cassette with hygromycin marker, ampR 
this study 

pMCE7 
for C terminal fusion of PMP47_mGFP, contains 

zeocine resistance cassette, ampR 
[46] 
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Summary 

All living organisms age, which ultimately leads to death. In man ageing is associated with 

various negative physical, psychological and social changes and elevated risk of age-related 

diseases. Combatting the negative effects of ageing is therefore one of the biggest challenges 

for the modern society. In order to counteract the negative consequences of ageing, detailed 

understanding of this process at the cellular level in needed. 

Studies focusing on the biological principles underlying ageing in primates are hampered by the 

relatively long lifespan of these organisms. Even small mammals, like mice can live up to 3 

years. Organisms with much shorter lifespans like yeast, flies and worms are therefore much 

more attractive and, thus, extensively used as model organisms to understand the molecular 

events associated with ageing. Remarkable is the widespread utilization of unicellular yeast in 

ageing studies, because of the unique opportunity to study this process at the single cell level. In 

yeast the complexity of ageing is reduced relative to multicellular systems; yet, many molecular 

mechanisms involved in ageing seem to be conserved in yeast and higher eukaryotes. 

Ageing of a yeast cell is associated with metabolic and non-metabolic changes and manifested 

by progressing deterioration of molecular components ultimately leading to cell death. In yeast, 

two types of ageing can be discriminated, namely replicative and chronological ageing. 

Replicative lifespan is the number of daughter cells that a yeast mother cell can form before 

demise, whereas chronological lifespan represents the time that a yeast cell can survive in a 

non-dividing state in the stationary phase. Mitochondria are thought to play a central role in 

both types of yeast ageing because of their involvement in the energy metabolism and ability to 

form reactive oxygen species (ROS). Other organelles, peroxisomes, also harbour enzymes 

producing these potentially harmful molecules. Interestingly, in recent years also the good side 

of ROS has been recognized. At low levels, these compounds are important signalling 

molecules, fine-tuning stress response mechanisms. Importantly, peroxisomes are well equipped 

with antioxidant enzymes scavenging ROS, hence, preventing damage to cell constituents and 

preserving the organelle integrity and function. The research described in this thesis focusses on 
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yeast ageing, with emphasis on the role of peroxisomes and the importance of peroxisome 

homeostasis.  

Chapter 1 highlights the use of yeast as model organisms in ageing research. The lifespan of 

yeast depends on environmental conditions, like the composition of the growth medium, but is 

also affected by single gene mutations. The genetic control of yeast ageing is best characterized 

for nutrient signalling pathways, which indicates the significance of growth conditions for yeast 

lifespan. At the subcellular level ageing is manifested by deterioration of cellular components, 

including a decline in organelle function. This is particularly evident for mitochondria as both 

chronological and replicative ageing are associated with the accumulation of dysfunctional 

mitochondria and extensive production of ROS by these organelles. The role of another ROS 

producing organelle, the peroxisome is much less understood. Peroxisomes are single 

membrane-bound organelles present in almost all eukaryotic cells. They harbour enzymes 

involved in a variety of metabolic pathways. Conserved functions are the β-oxidation of fatty 

acids and hydrogen peroxide (H2O2) metabolism.  

All peroxisomal enzymes are encoded by nuclear genes and synthesized in the cytosol. Several 

lines of evidence indicate that the efficiency of peroxisomal matrix protein import decreases 

with ageing. Import of catalase, an antioxidant enzyme detoxifying H2O2, may be particularly 

affected by this age associated decline in import. This in turn will lead to enhanced ROS levels 

in peroxisomes, which could reduce the efficiency of metabolic reactions within the organelle, 

because the ROS may damage peroxisomal constituents including peroxisomal enzymes. 

Maintenance of peroxisomal proteins involves removal of worn-out and incorporation of newly 

synthetized ones. The recent advantages in our understanding of peroxisomal quality control 

mechanisms are summarized in chapter 2. These processes involve machineries acting prior 

and after import of proteins to the organelle including molecular chaperones, a peroxisomal 

LON protease and the ubiquitin – proteasome system. Additionally, whole non-functional 

organelles can be removed by selective autophagy (pexophagy). Altogether, these mechanisms 

maintain efficiency of peroxisomal import and metabolic reactions in the organelle, thus, they 

combat age-associated loss of organelle functions and consequently delay ageing. 
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The lifespan of an organism depends on environmental factors including its diet. Dietary 

restriction (DR) has been proposed to be a general intervention to extend the lifespan of various 

organisms, including yeast. In microbes, the impact of DR can be tested by reducing the 

concentration of carbon source in the growth medium. Studies focusing on the beneficial effect 

of DR on yeast lifespan were predominantly performed using using the yeast Saccharomyces 

cerevisiae and glucose as a carbon source. To analyse whether DR also extends lifespan in other 

yeast species or when other carbon sources are used, we analysed (chapter 3) the relation 

between carbon source concentration and chronological lifespan using the yeast Hansenula 

polymorpha and four different carbon sources (glucose, glycerol, methanol, ethanol). We show 

that reduction of carbon source concentration has a positive effect on the lifespan of H. 

polymorpha when glycerol was used as sole carbon source; however, when glucose, ethanol or 

methanol were used, the reduction of carbon source concentration actually shortened the 

lifespan of H. polymorpha cells. Hence, reduction of carbon source concentration is not a 

general intervention to extend yeast lifespan. 

The mechanism by which DR extends the chronological lifespan of glucose-grown S. cerevisiae 

is thought to involve reduced secretion of acetic acid, a compound that is toxic to the cells at 

low pH. Also for H. polymorpha we observed that the differences in lifespan between cells 

grown on a low or a high concentration of carbon sources are mediated by external factors. 

However, acetic acid secretion did not explain our results for glycerol-grown cells, because this 

compound was not detectable in the media of glycerol-grown H. polymorpha cultures. 

Moreover, acetic acid was secreted in the medium when cells were grown on relatively high 

concentrations of glucose, however, these conditions extended the lifespan; hence, alterations in 

acetic acid secretion do not correlate with the effect of DR when glycerol or glucose were used 

as carbon sources. 

Growth of cells on relatively high concentrations of either glucose or glycerol was associated 

with strong acidification of the medium. We provided evidence that a low medium pH is 

actually sufficient to shorten the lifespan of the stationary cells, independent of specific 

compound (like acetic acid) secreted into the medium during the growth phase. Buffering of the 
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medium extended the lifespan of glycerol grown cells and to a lesser extent of the glucose-

grown cells. We propose that the decrease in medium pH during the growth phase and the 

resistance of the cells to low pH are important factors determining yeast lifespan. This 

conclusion was further supported by the observation that the cells grown on a relatively high 

concentration of glucose were more resistant to acid treatment and displayed a stronger cell 

cycle arrest in the non-dividing state than cells grown on a relatively low concentration of 

glucose or when cells were grown on glycerol. These data also suggest that in cells grown on 

high concentrations of glucose an adaptation occurs during the growth phase that allows the 

cells to better combat the impact of low pH during the stationary phase.  

Overall, our data indicate that the yeast chronological lifespan strongly depends on the 

composition of the (spent) medium. We propose that acidification of the medium as well as 

resistance to low pH are important factors determining yeast lifespan. These effects should be 

better considered when the effects of single gene mutations on yeast ageing are interpreted.  

In chapter 4 and chapter 5 we analysed the consequences of the deficiency of two peroxisomal 

antioxidant enzymes: catalase and the peroxiredoxin Pmp20.  

Growth of catalase-deficient (cat) H. polymorpha cells on media containing methylamine as 

sole nitrogen source, a compound that is initially oxidized by peroxisomal amine oxidase, 

resulted in shortening of the lifespan relative to the WT control. This was accompanied by a 

reduction in amine oxidase activity, but not in amine oxidase protein levels. This means that 

catalase protects peroxisomal enzymes from inactivation by H2O2. 

In contrast, growth of cat cells on a mixture of glycerol and methanol, a compound which is 

metabolized by peroxisomal alcohol oxidase, led to enhanced H2O2 production at early stages of 

growth and an extension of the chronological lifespan relative to the WT cells. We show that 

H2O2 derived from methanol metabolism in cat cells triggers Yap1-dependent induction of 

mitochondrial cytochrome c peroxidase and that both proteins are crucial for the detoxification 

of H2O2 in cat cells. Overall our data suggest that if not detoxified, the H2O2 derived from 
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peroxisomal enzyme reactions may also act outside the organelle. Moreover, H2O2 produced by 

peroxisomal oxidases may act as a signalling molecule to promote lifespan extension. 

Akin to cat deficient cells, deletion of peroxisomal peroxiredoxin PMP20 had an extending 

effect on the chronological lifespan, when cells were grown in methanol containing medium 

(Chapter 5). Previously, in vitro data indicated that H2O2 may be efficiently detoxified by 

Pmp20. However, in pmp20 cells enhanced levels of H2O2 were not detected during the growth 

phase and the lifespan extension in pmp20 cells was not accompanied by a compensatory up-

regulation of other antioxidant enzymes, such as catalase. Overall our data suggest that the 

lifespan extension triggered by the absence of the Pmp20 is not due to a H2O2 related stress 

response. Other compounds, for instance lipid hydroperoxides may represent major substrates 

of Pmp20 in vivo. Nevertheless, these data demonstrate that peroxisomal ROS may at low doses 

promote lifespan extension in yeast cells.  

In Chapter 6 we focus on the function of non-bilayer lipids in the peroxisomal membrane. The 

peroxisomal matrix is separated from other cellular compartments by a single lipid bilayer. 

Recent analyses of yeast peroxisomal membranes revealed the presence of significant amounts 

of cardiolipin (CL) and phosphatidylethanolamine (PE). These so called non-bilayer lipids have 

a unique inverted cone shape, which has been shown to be important for membrane fusion 

processes, the assembly of membrane protein complexes and the interaction of peripheral 

proteins with membranes. Additionally, in mitochondria cardiolipin represents a decisive target 

of ROS and excessive cardiolipin peroxidation promotes programmed cell death. In chapter 6 

the impact of impaired synthesis of CL or PE on peroxisome biogenesis and proliferation was 

analysed. Deletion of CRD1, the gene encoding cardiolipin synthase, in both Saccharomyces 

cerevisiae and Hansenula polymorpha neither hampered peroxisomal import nor affected 

peroxisome abundance. In contrast, peroxisome quantifications in S. cerevisiae strains deleted 

in one or two of the three PE biosynthetic pathways revealed that reduction of PE biosynthesis 

reduced peroxisome abundance. PE is a precursor for phosphatidylcholine (PC) biosynthesis. 

Hence, reduction in PE formation indirectly also affect PC formation. This indirect effect on PC 

formation can be suppressed by the addition of choline to the growth medium. When mutant 
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cells were grown in media supplemented with choline no effect on peroxisome biogenesis or 

abundance could be detected. This suggests that the observed effects were most likely due to 

impaired PC synthesis, but not PE biosynthesis. These data indicate that non-bilayer 

phospholipids do not play a major role in peroxisome biogenesis and proliferation in yeast. 

Concluding remarks & perspectives 

The research described in this thesis shows that the chronological lifespan of yeast cells 

depends on the carbon source used. Similarly the effects of gene deletions can vary a lot 

depending on the growth conditions used. Therefore standardization of the growth conditions 

and the genetic background of a model organism are essential to be able to draw proper 

conclusions. Concomitantly, it is important to understand the environmental factors limiting the 

lifespan of a model organism. 

Because of the development of robust tools for genetic manipulation of higher model organisms 

for ageing studies, like worms and flies, the interest in using yeast in ageing research is 

declining. However, yeast stay attractive to characterize the underling molecular mechanisms of 

mutations that affect ageing. Concomitantly, using multiple model systems is nowadays a good 

practice to validate ageing mechanisms.  

Accumulation of damaged cellular constituents is a hallmark of ageing. To prevent this, cellular 

compartments, including peroxisomes, are equipped with machineries removing the worn-out 

components. In contrast to sorting of newly synthesized peroxisomal matrix and membrane 

proteins, much less is known about the removal of these proteins from the organelle. Recent 

reports indicate that removal of peroxisomal membrane proteins involves the ubiquitin 

proteasome system. However, it is not yet clear how specific proteins are tagged for degradation 

and how are they extracted from the membrane. 

In this thesis, we have demonstrated that ROS produced by peroxisomal enzymes may also act 

outside the organelle. An important question is whether impaired scavenging of peroxisomal 

ROS is sensed to fine-tune the level of peroxisomal antioxidant enzymes. Also, it remains to be 
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established what the preferred targets of peroxisomal ROS are inside and outside the organelle. 

Finally, an intriguing question is how ROS metabolism is linked to the biogenesis, proliferation 

and degradation of the organelle. Recent data indicate that several proteins involved in 

peroxisome formation (like Pex5 and Pex11) are redox sensitive. The molecular details of such 

regulation would shed light on the dynamics of this fascinating organelle.  
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Samenvatting 

Peroxisoom homeostase en veroudering in gist 

Alle levende organismen verouderen en sterven. Bij de mens hangt veroudering samen met 

negatieve fysieke, psychologische en sociale veranderingen en een verhoogd risico op leeftijd-

gerelateerde ziektes. De strijd tegen de gevolgen van veroudering is daarom één van de grootste 

uitdagingen voor onze samenleving. Om de nadelige effecten van veroudering tegen te kunnen 

gaan is een goed begrip van dit proces op cellulair niveau noodzakelijk. 

Het onderzoek naar veroudering bij primaten wordt bemoeilijkt door hun relatief lange 

levensduur. Zelfs kleinere model organismen, zoals muizen, kunnen nog drie jaar worden. 

Gisten, vliegen of wormen, zijn met hun veel kortere levensduur aantrekkelijker 

modelorganismen en worden daarom veelvuldig gebruikt voor studies naar de moleculaire 

mechanismen die ten grondslag liggen aan veroudering. Gisten worden ook veelvuldig gebruikt 

in onderzoek naar veroudering. Door gebruik te maken van deze ééncellige organismen, kunnen 

we op het niveau van één cel kijken. In vergelijking met multicellulaire organismen maakt dit 

het onderzoek naar veroudering minder complex. Omdat veel processen geconserveerd zijn in 

gist en hogere eukaryoten, kan onderzoek aan gist bijdragen aan kennis over veroudering in 

hogere eukaryoten, inclusief de mens. 

In gist gaat veroudering samen met metabole en niet-metabole veranderingen die zich 

manifesteren door toenemende schade aan belangrijke macro-moleculen zoals eiwitten en 

DNA. Uiteindelijk gaat de cel hieraan dood. We onderscheiden twee soorten veroudering in 

gist: replicatieve en chronologische veroudering. De replicatieve levensduur wordt bepaald door 

het aantal dochtercellen die een moedercel kan produceren. De chronologische levensduur is de 

tijd die een niet delende gistcel kan overleven in stationaire batch cultures. Het is bekend dat 

mitochondriën een centrale rol spelen in beide vormen van veroudering door hun rol bij het 

energiemetabolisme en de vorming van zuurstofradicalen (ROS). Andere organellen, 

bijvoorbeeld peroxisomen, bevatten ook enzymen die deze potentieel gevaarlijke moleculen 

produceren. De laatste jaren zijn ook positieve effecten van ROS gevonden. In lage 
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concentraties vormen deze stoffen belangrijke signaalmoleculen in stress-response. 

Peroxisomen bevatten naast ROS producerende enzymen ook antioxidant enzymen die ROS 

onschadelijk maken. Hiermee wordt schade aan de cel en het peroxisoom voorkomen. Het 

onderzoek beschreven in dit proefschrift is gericht op veroudering in gist, met de nadruk op de 

rol van peroxisomen en het belang van peroxisoom homeostase. 

Hoofdstuk 1 geeft een literatuur overzicht over onderzoek waarbij gisten worden gebruikt als 

modelorganismen in onderzoek naar veroudering. De levensduur van gist hangt sterk af van 

omgevingsfactoren, zoals bijvoorbeeld de samenstelling van het kweek medium, maar wordt 

ook bepaald door genetische factoren. In gist is het meest bekend over genetische factoren die 

een rol spelen in het reguleren van het metabolisme. Dit geeft aan hoe belangrijk groeicondities 

zijn voor de levensduur. Op subcellulair niveau zien we veroudering aan het verval van 

celcomponenten en, daarmee samenhangend, functieverlies van organellen. We zien dit vooral 

bij mitochondriën omdat zowel chronologische als replicatieve veroudering leiden tot ophoping 

van beschadigde mitochondriën en een toenemende productie van ROS. Minder duidelijk is de 

rol van peroxisomen, een ander ROS producerend cel organel. Peroxisomen zijn organellen die 

een enzym rijke matrix bevatten die omgeven wordt door een enkele membraan. Ze zijn 

aanwezig in bijna alle eukaryote cellen en bevatten enzymen voor verschillende metabole 

routes, zoals β-oxidatie van vetzuren en het metabolisme van waterstofperoxide (H2O2). 

Alle peroxisomale enzymen worden gecodeerd door genen in de kern en gesynthetiseerd in het 

cytosol. Er zijn aanwijzingen dat de efficiëntie van matrixeiwit import afneemt tijdens 

celveroudering. Dit is met name aangetoond voor katalase, een antioxidant enzym dat H2O2 

neutraliseert. Dit leidt tot een toename van ROS in de peroxisomen en bijkomende schade aan 

de peroxisomale inhoud. Uiteindelijk wordt de efficiëntie van metabole reacties verminderd 

doordat ook enzymen beschadigd raken. Cellen bevatten verschillende mechanismen om allerlei 

vormen van schade in de cel te verwijderen of te herstellen (housekeeping). Housekeeping van 

peroxisomale eiwitten omvat het verwijderen van oude en de aanmaak van nieuwe eiwitten. 

Recente ontwikkelingen in de kennis over peroxisomen en housekeeping zijn samengevat in 

Hoofdstuk 2. Bij deze processen zijn eiwitcomplexen betrokken die zowel voor als na import 
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in het organel werken, zoals moleculaire chaperones, een peroxisomaal LON protease en het 

ubiquitine-proteasoom systeem. Ook kunnen beschadigde organellen in hun geheel worden 

afgebroken door autofagie (pexofagie). Samen zorgen deze mechanismen ervoor dat metabole 

reacties en eiwit import in het peroxisoom efficiënt blijven werken. Functievermindering van 

organellen door veroudering wordt zo voorkomen en het verouderingsproces vertraagd. 

De levensduur van een organisme hangt af van omgevingsfactoren zoals het dieet. Er wordt 

beweerd dat calorierestrictie (CR) de levensduur van verschillende organismen, ook gist, 

verlengt. In micro-organismen kan de impact van CR worden onderzocht door de concentratie 

van de koolstofbron in het medium te verlagen. Onderzoek naar de positieve effecten van CR 

op de levensduur van gist is voornamelijk gedaan in bakkersgist (S. cerevisiae), waarbij glucose 

werd gebruikt als koolstofbron. Om te analyseren of CR ook de levensduur van andere 

gistsoorten verlengt en of wijzigingen in concentraties van andere koolstofbronnen de 

levensduur ook beïnvloedt, onderzochten we de relatie tussen het type koolstofbron en 

chronologische levensduur in de gist H. polymorpha (glucose, glycerol, methanol, ethanol). 

Wanneer glycerol werd gebruikt, nam de levensduur van H. polymorpha toe wanneer lagere 

concentraties werden toegevoegd aan het medium. Bij het gebruik van glucose, ethanol of 

methanol, leidde concentratieverlaging juist tot verkorting van de levensduur. Dit betekent dat 

calori restrictie niet altijd leidt tot een langere levensduur in gist. 

De langere levensduur van S. cerevisiae bij lagere glucose concentraties kan worden verklaard 

door een verminderde uitscheiding van azijnzuur. Azijnzuur is toxisch voor cellen bij een lage 

pH. Een vergelijkbaar fenomeen treedt op bij H. polymorpha. Het onderzoek wees uit dat 

externe factoren ook een rol spelen bij het bepalen van verschil in levensduur bij groei op hoge 

en lage concentraties koolstofbronnen. Wanneer H. polymorpha werd gekweekt op glycerol was 

er geen azijnzuur meetbaar in het medium. De aanwezigheid van azijnzuur kan daarom geen 

verklaring zijn. Daarbij komt dat azijnzuur wel werd uitgescheiden in medium wanneer de gist 

werd gekweekt op media met hoge concentraties glucose; condities waarbij de levensduur juist 

werd verlengd. De secretie van azijnzuur correleert dus niet met het effect van calorierestrictie 

wanneer de gist werd gekweekt op glycerol of glucose. 
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Groei op hoge concentraties glycerol of glucose leidt tot sterke verzuring van het medium. Een 

lage medium pH bleek voldoende te zijn om de levensduur van stationaire gist cellen te 

verkorten, onafhankelijk van uitgescheiden producten zoals azijnzuur. Het bufferen van het 

kweek medium had een positief effect op de levensduur van cellen die op glycerol werden 

gekweekt. Dit gold in mindere mate voor glucose gekweekte cellen. Op grond hiervan 

concludeerden we dat afname van de pH van het medium tijdens groei en de resistentie van de 

cellen tegen lage pH belangrijke factoren zijn die de levensduur van gist mede bepalen. Deze 

conclusie werd versterkt door het feit dat de cellen die op relatief hoge concentraties glucose 

waren gekweekt beter bestand waren tegen lage pH. Ook vertoonden ze een verhoging in de 

zogenaamde cell cycle arrest in vergelijking met cellen die gekweekt waren op een relatief lage 

concentratie glucose of glycerol. Deze resultaten suggereren ook dat in cellen die gekweekt zijn 

op een hoge concentratie glucose een aanpassing plaatsvindt tijdens de groeifase waardoor ze 

beter bestand zijn tegen de impact van lage pH tijdens de stationaire fase. 

Samenvattend duiden onze resultaten erop dat de chronologische levensduur van gist afhangt 

van de samenstelling van medium, waarbij verzuring van het medium én resistentie tegen lage 

pH belangrijke factoren zijn. Deze effecten moeten in acht worden genomen wanneer de 

resultaten van de analyse van de levensduur in gistmutanten worden geïnterpreteerd. 

In Hoofdstuk 4 en Hoofdstuk 5 worden studies beschreven naar het effect van de deletie van 

twee genen die coderen voor peroxisomale antioxidant enzymen: katalase en het peroxiredoxine 

PMP20. 

H. polymorpha kan groeien op media met methylamine als stikstofbron. Methylamine wordt 

geoxideerd door het peroxisomale enzym amine oxidase. De levensduur van katalase-deficiënte 

(cat) H. polymorpha cellen op media met methylamine als stikstofbron bleek korter te zijn dan 

die van wild-type controle cellen. Tegelijkertijd werd waargenomen dat, hoewel wild-type en 

cat cellen evenveel amine oxidase eiwit bevatten, er minder amine oxidase activiteit aanwezig 

was in de mutante cellen. Dit suggereert dat katalase belangrijk is om peroxisomale eiwitten te 

beschermen tegen inactivatie door beschadigingen/oxidatie die veroorzaakt worden door H2O2.  
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Wanneer H. polymorpha wordt gekweekt op methanol, wordt deze koolstofbron initieel 

geoxideerd door het peroxisomale enzyme alcohol oxidase. Groei van cat-cellen op een 

mengsel van glycerol en methanol leidde initieel tot toename van H2O2-productie en een 

verlenging van de chronologische levensduur ten opzichte van wild-type cellen. Verder 

onderzoek wees uit dat in cat-cellen, H2O2 afkomstig van het methanol metabolisme, een Yap-1 

afhankelijke inductie van cytochroom c peroxidase veroorzaakte. Cytochroom c peroxidase is 

cruciaal voor de neutralisatie van H2O2 in cat cellen. Onze resultaten duiden erop dat H2O2 

gevormd in het peroxisoom buiten het organel effect kan hebben als het niet in het organel 

wordt geneutraliseerd. Sterker nog, H2O2 geproduceerd in het peroxisoom kan als 

signaalmolecuul fungeren en zo de levensduur van cellen verlengen. 

Evenals de cat-deficiënte cellen bleken cellen die het peroxisomale peroxiredoxin Pmp20 

missen een langere levensduur te hebben wanneer de cellen werden gekweekt op medium dat 

een mengsel bevat van methanol en glycerol (Hoofdstuk 5). Eerdere in vitro data lieten zien dat 

H2O2 efficiënt door Pmp20 kan worden geneutraliseerd. In tegenstelling tot wat werd gevonden 

in cat cellen werden er in pmp20 cellen geen verhoogde H2O2 niveaus gemeten tijdens de 

groeifase. Ook ging de langere levensduur van pmp20-cellen niet gepaard met een toename van 

andere antioxidant enzymen zoals katalase. Hieruit hebben we geconcludeerd dat de 

toegenomen levensduur van pmp20-cellen niet wordt veroorzaakt door de inductie van H2O2-

gerelateerde stress-eiwitten. 

In Hoofdstuk 6 is onderzoek beschreven naar de functie van non-bilayer lipiden in de 

peroxisomale membraan. De peroxisomale matrix is gescheiden van de rest van de cel door een 

lipide dubbellaag. Uit recent onderzoek is gebleken dat deze membraan significante 

hoeveelheiden cardiolipine (CL) en phosphatidylethanolamine (PE) bevat. Deze zogenaamde 

non-bilayer lipiden hebben de vorm van een omgekeerde kegel. Deze unieke vorm is belangrijk 

voor membraanfusie, de assemblage van membraaneiwitcomplexen en de interactie van perifere 

eiwitten met membranen. Om de functie van deze lipiden te bestuderen werden gistmutanten 

gemaakt die geen of verminderde hoeveelheden CL of PE konden synthetiseren. Zowel in 

Saccharomyces cerevisiae als in H. polymorpha werd geen effect op peroxisomale eiwit import 
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of deling van peroxisomen waargenomen wanneer CRD1, het gen dat codeert voor cardiolipine 

synthase, was gedeleteerd. Peroxisoom kwantificaties van S. cerevisiae stammen met een 

deletie in één of meerdere PE-biosyntheseroutes wezen uit dat bij verlaagde PE-biosynthese het 

aantal peroxisomen per cel afneemt. PE is een precursor voor phophatidylcholine (PC) 

synthese. Daarom heeft een afname in de synthese van PE indirect ook effect op de cellulaire 

PC niveaus. Dit indirecte effect op de synthese van PC kan teniet worden gedaan door choline 

aan het medium toe te voegen, omdat er dan een alternatieve route is om PC te maken, die 

onafhankelijk is van PE. Toen de mutanten werden gekweekt in media waaraan choline was 

toegevoegd, was er geen effect meer op peroxisoom biogenese of het aantal peroxisomen. Op 

grond van deze uitkomsten is het waarschijnlijk dat de waargenomen effecten het indirecte 

gevolg waren van de verminderde synthese van PC, maar niet van PE. Dit duidt erop dat non-

bilayer fosfolipiden geen grote rol spelen in de biogenese en proliferatie van peroxisomen. 

Conclusies en toekomstperspectief 

Het onderzoek dat is beschreven in dit proefschrift toont aan dat de chronologische levensduur 

van gistcellen sterkt afhangt van de gebruikte koolstofbron. Afhankelijk van groeicondities 

kunnen de effecten van mutaties sterk variëren. Standaardisering van groeicondities en de 

genetische achtergrond van een modelorganisme is daarom essentieel om goede conclusies te 

kunnen trekken. Daarbij is het van belang om inzicht te hebben in de omgevingsfactoren die de 

levensduur van een modelorganisme beperken. 

Door de ontwikkeling van betere middelen voor genetische manipulatie van hogere 

modelorganismen, zoals wormen en vliegen, neemt de interesse voor gist als model in het 

onderzoek naar veroudering af. Gist blijft echter aantrekkelijk voor de bestudering van de 

onderliggende moleculaire mechanismen van mutaties die veroudering beïnvloeden. Bovendien 

is het gebruik van verschillende modelsystemen tegenwoordig ‘good practice’ om mechanismen 

te valideren. 

De accumulatie van beschadigde celcomponenten is een belangrijk kenmerk van veroudering. 

Om dit te voorkomen zijn celcompartimenten, waaronder peroxisomen, uitgerust met systemen 
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die beschadigde componenten kunnen verwijderen (housekeeping). Tot nu toe is er relatief 

weinig bekend over het verwijderen van peroxisomale eiwitten en membraaneiwitten uit het 

organel dan over de synthese en transportroutes van nieuw gesynthetiseerde eiwitten. Recent 

onderzoek wijst uit dat het ubiquitine proteasoom systeem betrokken is bij het verwijderen van 

peroxisomale membraaneiwitten. Het is echter nog niet duidelijk hoe specifieke eiwitten 

worden gemerkt voor afbraak en hoe ze uit de membraan worden geëxtraheerd. Dit is een 

belangrijke richting voor toekomstig onderzoek. 

In dit proefschrift laten we zien dat ROS geproduceerd in het peroxisoom ook buiten het 

organel actief kan zijn. Een belangrijke vraag is of een te hoge concentratie peroxisomaal ROS 

door een tekort aan antioxidant enzymen wordt gedetecteert en of dit vervolgens leidt tot 

aanpassing van de hoeveelheid antioxidante enzymen. Ook moet nog worden vastgesteld wat 

het doel is van peroxisomaal ROS binnen en buiten het organel. Tot slot is een intrigerende 

vraag hoe het ROS metabolisme is gekoppeld aan organel biogenese, proliferatie en afbraak van 

het organel. Recente data duiden erop dat verschillende eiwitten betrokken bij de vorming van 

peroxisomen (zoals Pex5 en Pex11) redox gevoelig zijn. De moleculaire details van een 

dergelijke regulatie zou inzicht kunnen geven in de dynamiek van dit fascinerende organel. 
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