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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).  
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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 
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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 
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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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