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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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