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Introduction
This chapter is an extended version of the review:
Peroxisomal quality control mechanisms. Kumar S, Kawałek A, van der Klei IJ.
Curr. Opin. Microbiol. 2014, 22:30–37.
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Abstract
Peroxisomes are ubiquitous organelles that harbour diverse metabolic pathways,
which are essential for normal cell performance. Conserved functions of these
organelles are hydrogen peroxide metabolism and fatty acid β-oxidation.
During the last decades a lot of progress has been made in understanding
peroxisome biogenesis, proliferation and function. A large number of genes involved
in their formation, designated PEX genes, have been identified and characterized.
Most of these turned out to function in the import of peroxisomal matrix proteins.
Others are required for the formation of the peroxisomal membrane or organelle
proliferation. However, these processes are still poorly understood.
Studies on peroxisomal quality control are still in their infancy. Peroxisomal quality
control mechanisms ensure proper peroxisome function and protect the organelles
from damage. These involve the function of molecular chaperones, a peroxisomal
Lon protease and autophagic removal of dysfunctional organelles. In addition,
multiple mechanisms exist to combat peroxisomal oxidative stress. Peroxisomes also
contribute to the formation of reactive oxygen species and therefore dysfunctional
organelles can accelerate cellular ageing.
Here, we give an overview of our current knowledge of peroxisome biology
focussing on yeast and filamentous fungi.
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Introduction
The compartmentalization of different cellular functions into various membrane
bound organelles is a characteristic feature of eukaryotes. These specialized spatial
compartments create microenvironments to perform different cellular functions with
increased efficiency.
Peroxisomes are cell organelles that are present in almost every eukaryotic cell.
The first morphological description of peroxisomes dates back to 1954 (J. Rhodin)
when an electron microscopy analysis of kidney tissue revealed the presence
of small, single membrane-bound vesicles. The organelles were biochemically
characterized by Christian de Duve and Pierre Baudhuin (1966), who coined the
name “peroxisome” because of the presence of catalase and hydrogen peroxide
producing oxidases.
Peroxisomes show remarkable plasticity in their number, size and metabolic
functions depending on the cell type, organism or environmental conditions.
Peroxisomal enzymes are involved in numerous metabolic pathways, ranging from
hydrogen peroxide metabolism and β-oxidation of fatty acids to the biosynthesis of
ether lipids or antibiotics [1,2]. Only recently, peroxisomes have been implicated in
non-metabolic processes such as antiviral innate immunity [3,4] and reactive oxygen
species (ROS) signalling [5]. Using organelle proteomics and in silico predictions
novel peroxisomal functions are still being discovered, indicating that the list of
peroxisomal proteins is not yet complete. Hence, the significance of the organelle
for the function of eukaryotic cells is likely still underestimated.
During the last 25 years our knowledge on the molecular mechanisms of
peroxisome formation has strongly expanded. Yeast model systems have been
instrumental to dissect various aspects of peroxisome biogenesis. By functional
complementation of yeast peroxisome deficient mutants, almost all currently known
proteins involved in import of peroxisomal matrix proteins have been identified.
Their subsequent analysis has led to a detailed understanding of peroxisomal matrix
protein sorting (for recent reviews see [6,7]; Fig. 1). So far only a few genes required
for sorting of peroxisomal membrane proteins (PMPs) are known and their functions
are still debated [8–10].
Yeast models have also been crucial to understand the mechanisms of selective
degradation of peroxisomes by autophagy (pexophagy). This process involves
proteins that are also involved in other autophagic processes (Atg proteins)
together with proteins that are specifically involved in the selective engulfment of
peroxisomes by the autophagosome (reviewed in [11]). In contrast to the formation
and degradation of peroxisomes, our knowledge on peroxisomal quality control is
still in its infancy.
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In this contribution, we present an overview on our current knowledge of
peroxisome biology in yeast and filamentous fungi.

Peroxisome proliferation
The molecular mechanisms involved in peroxisome multiplication (proliferation)
are still debated. In 1985, Lazarow and Fujiki [12] proposed the growth and division
model suggesting that peroxisomes always derive from pre-existing ones. However,
several recent observations suggest that the organelles can also be formed de novo
in cells lacking pre-existing peroxisomes.
Several proteins involved in peroxisome fission have been identified. An integral
peroxisomal membrane protein, Pex11, which is highly conserved across species,
mediates the first step of peroxisome division, namely organelle elongation. This
step is followed by membrane constriction and ultimately fission [13,14]. Dynaminrelated proteins (DRPs) mediate the final step of the fission process. It is still unknown
which proteins are involved in organelle constriction. In Saccharomyces cerevisiae
the DRPs Vps1 and Dnm1 play a role in peroxisome fission. Interestingly, the Dnm1
dependent peroxisome fission machinery is also required for mitochondrial fission.
Vps1 is only required for peroxisome fission in S. cerevisiae, but also plays a role
in vacuolar protein sorting, hence its name. In other yeast species (e.g. Hansenula
polymorpha) as well as in higher eukaryotes such as mammals and plant, only the
Dnm1 machinery is required for peroxiosme fission [15].
Nascent peroxisomes formed upon fission of a pre-existing one grow by
incorporating new matrix and membrane proteins as well as membrane lipids. Bulk
of the peroxisomal membrane lipids is synthesized in the ER. The mechanisms by
which lipids are transported to peroxisome are still unclear. Both non-vesicular and
vesicular transport processes have been proposed [16,17].
Data obtained in the past few years increasingly support the possibility that
peroxisomes can be formed de novo, possibly from the ER. The two peroxins Pex3
and Pex19 have been suggested to play a role in this process [18,19]. This is based
on the observation that mutant cells lacking these peroxins for long have been
thought to fully lack peroxisomal membrane structures. Upon reintroduction of the
corresponding proteins peroxisomes reappear in these cells. Under these conditions
Pex3 has been reported to first sort to the ER, where it concentrates into foci which
ultimately leads to the formation of pre-peroxisomal structures [20,21]. Additionally,
it has been proposed that two biochemically distinct vesicles are formed from the
ER: one containing proteins of the receptor docking complex (Pex13 and Pex14)
and the other the ring complex (Pex2, Pex10 and Pex12). Together the docking and
ring complexes form a functional matrix protein import complex (the translocon).
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Upon Pex1-Pex6 mediated fusion of both types of vesicles a matrix protein import
competent peroxisome is formed [22]. These observations led to the view that Pex3,
and possibly other PMPs as well, sort to peroxisome via the ER. On the contrary, in
wild-type cells ER localized Pex3 has never been observed. This could be due to very
fast sorting of Pex3 via the ER making it not detectable at the ER by conventional
biochemical and microscopy approaches. Another explanation could be that in
wild-type cells Pex3 and other PMPs are directly sorted to peroxisomes.
It must be noted that recent observations by Knoops et al.,[23] revealed that
the above model needs adaptation because pre-existing peroxisomal membrane
structures do exist in yeast pex3 and pex19 cells. Hence, peroxisomes do most likely
not form de novo upon reintroduction of the lacking proteins (see below).

Peroxisomal matrix protein import
Peroxisomal matrix proteins are synthesized in the cytosol and post-translationally
imported into peroxisomes. Proteins destined to the peroxisomal matrix
predominantly harbor a peroxisomal targeting signal 1 (PTS1) at their C-terminus.
The second, less prevalent PTS2 is present at the N-terminus of a few peroxisomal
proteins. The PTS1 and PTS2 are recognized by the receptor proteins Pex5 and Pex7
respectively. Proteins harbouring a PTS1 are recognized by Pex5, PTS2 proteins by
Pex7, which functions together with co-receptors (the long form of Pex5 in mammals,
Pex20 in plant and fungi, and Pex18/Pex21 in S. cerevisiae) [24]. Subsequently, the
receptor-cargo complex binds to the receptor docking complex (Pex13, Pex14
and Pex17) present at the peroxisomal membrane, followed by import of the
cargo via a still speculative mechanism [25]. For PTS1 import, most likely multiple
molecules of the receptor Pex5 form a large transient import pore in the peroxisomal
membrane. The delivery of the cargo to the matrix is followed by recycling of the
receptor to the cytosol by the exportomer [26]. Recycling of Pex5 is initiated by
monoubiquitination of a conserved cysteine residue at the N-terminus of Pex5 by
the ubiquitin-conjugating enzyme (E2) Pex4 together with three conserved RINGdomain containing peroxins Pex2, Pex10 and Pex12, which function as E3-ligases
[27]. Export is mediated by two AAA ATPases Pex1 and Pex6, followed by removal
of ubiquitin to enable another round of matrix protein import [28].
PTS2-mediated peroxisomal import is less studied, but the existing data suggest
that it may function similar to the PTS1 import process.
Interestingly, several proteins that lack either of the two PTSs have also been
found inside the peroxisomal matrix of several species. Studies in yeast, plants
and mammals have shown that a protein that lacks a PTS can be imported into
peroxisomes by piggybacking on a peroxisomal protein that does contain a PTS
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[29–32]. The first example of piggyback transport came from the discovery that a
PTS lacking subunit of the dimeric peroxisomal protein thiolase can be targeted
to peroxisomes by forming dimers with a PTS-containing subunit [30]. Since then
multiple findings have confirmed piggyback import as a third mode of matrix protein
targeting to peroxisomes. For example, when the PTS1 is removed from yeast
Eci1, delta3-delta2-enoyl-CoA isomerase, it still can be targeted to peroxisomes
as hetero-oligomer together with Dci1 (a paralog of Eci1) [33]. In mammals the Cu/
Zn superoxide dismutase 1 (SOD1) can enter peroxisomes by piggybacking with its
interaction partner ‘copper chaperone of SOD1′ [34]. A recent study in Arabidopsis
thaliana
showed
that theimport
protein
phosphatase
holoenzyme
is targeted
to
PTS2-mediated
peroxisomal
is less
studied, but the
existing data2A
suggest
that it may
peroxisomes by piggybacking on a subunit containing the putative PTS1 SSL at its
function similar to the PTS1 import process.
C-terminus [31].

Figure 1. Recycling and degradation of peroxisomal membrane proteins
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Peroxisomal membrane protein sorting
The pathways of PMP sorting are still not clear. PMPs have been classified in two
categories based on the involvement of Pex19 in their sorting to peroxisomes [35].
Class I PMPs harbor a peroxisomal sorting signal (mPTS) that is recognized by the
soluble cytosolic protein Pex19. Pex19 was proposed to serve as chaperone/receptor,
which upon binding a cargo PMP is recruited by Pex3 at the peroxisomal membrane
followed by insertion by a yet unknown mechanism [35,36]. A small number of
proteins, termed as Class II, are not recognized by Pex19 and therefore targeted
to the peroxisomal membrane by an alternative mechanism. The most notable
example of class II PMPs includes Pex3 [37,38], which is supposed to be targeted
to peroxisomes via the ER. In the first step, Pex3 is inserted into the ER membrane
using the Sec61 translocon [39,40] and concentrates at a specialized region the
pre-peroxisomal ER, which is followed by the formation of pre-peroxisomal vesicles
[20,40]. The precise mechanisms of budding of pre-peroxisomal vesicles from the
ER membrane are still unknown.
Pex15, a tail-anchored peroxisomal membrane protein, was proposed to be
targeted to peroxisomes via the ER as well. The insertion of Pex15 to the ER
membrane is guided by the Get complex [41]. It was shown that Pex15 physically
interacts with Get3 [41] and it is mislocalized to mitochondria when the Get complex
is defective [41–43]
A recent work by Knoops et al. [23] showed that pex3 cells harbor pre-peroxisomal
structures that contain Pex13 and Pex14. Similar pre-peroxisomal structures were also
observed in pex19 cells. The origin of these pre-peroxisomal vesicles is not known
yet, however, it is clear that Pex13 and Pex14 can reach these structures independent
of Pex3 and /or Pex19. Possibly these proteins also first sort to the ER, followed by
the formation of the vesicles from the ER. Alternatively, additional PMP sorting
mechanisms may exist that are independent of the ER. The study of Knoops and
colleagues also suggested that upon reintroduction of the PEX3 gene in pex3 cells
newly synthesized Pex3 molecules were targeted directly to these pre-peroxisomal
vesicles, but not to the ER, which contradicts earlier suggestions that Pex3 invariably
travels via the ER to peroxisomes.

Peroxisome inheritance
When a cell divides, essential cellular components and organelles are partitioned
between the progenies. Proper segregation of organelles is important for the
maintenance of the organellar population in the resulting cells. In yeast, during
cell division a subset of the total peroxisomal population is transported to the
developing bud and the mother cell keeps the rest. The major players involved in
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peroxisome inheritance are Inp1 and Inp2, the class V motor protein Myo2 and the
actin cytoskeleton [44,45].
Inp1 is a peripheral membrane protein associated with peroxisomes that are kept
in the mother cell and considered as retention factor. The peroxisomal membrane
protein Pex3 recruits Inp1 to the peroxisomal membrane [46]. Recently it was shown
that Inp1 helps in peroxisome retention by forming a bridge between Pex3 molecules
at the ER and the peroxisomal membrane [47]. In the absence of Inp1 all peroxisomes
are transported to the daughter cell, therefore after each cell division the mother
cell needs to form new organelles de novo.
Conversely, Inp2 is present on peroxisomes that are inherited to the developing
bud. This PMP binds to the globular tail of Myo2, which moves along actin
filaments to deliver peroxisomes into the daughter cell [44]. In the absence of Inp2
peroxisome inheritance to the daughter cell is blocked and hence buds are formed
without peroxisomes. In inp2 cells peroxisomes are formed afresh in the resulting
daughter cell.

Peroxisomal functions
Peroxisomes show remarkable plasticity in their functions, which vary among
species, environmental conditions or even between cell types in higher eukaryotes.
These functions range from highly conserved processes such as lipid metabolism
and degradation of H2O2 to very specialized ones such as bile acid synthesis in
mammals. In filamentous fungi, peroxisomes play a role in carbon metabolism,
but are also crucial for the synthesis of secondary metabolites such as β-lactam
antibiotics [48]. The “Woronin body”, an organelle that prevents cytoplasmic
bleeding in damaged filamentous fungi by sealing the septal pores, is a highly
specialized peroxisome with a structural function. [48,49]. In human, peroxisomes
carry out various complex functions and therefore abnormalities in these organelles
can have severe consequences for health and sometimes are fatal. Some notable
functions of peroxisomes in humans are the α- and β-oxidation of very long chain
fatty acids and the synthesis of plasmalogens and bile acids [50]. Recently nonmetabolic functions of human peroxisomes have been discovered. For instance
they play a role in ROS signalling pathways as well as in innate immune response
upon viral infection [3,4,51].
In yeast, peroxisomes are primarily involved in the metabolism of uncommon
carbon and organic nitrogen sources [52]. In S. cerevisiae the two most studied
peroxisomal metabolic pathways are the degradation of fatty acids and the
glyoxalate cycle [53,54]. Other than the enzymes involved in these two signature
pathways, additional enzymes are also present in the peroxisomal matrix. However,

20

Introduction ONE

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

Quality control of peroxisomes
Quality control of peroxisomal matrix enzymes
Peroxisomal matrix proteins are synthesized in the cytosol and post-translationally
imported [2]. A remarkable feature of the peroxisome is its capacity to import fully
folded, co-factor containing, oligomeric enzymes [59]. Import of PTS1 proteins is
assumed to be facilitated by large transient pores. It has been proposed that these
pores are formed by the receptor docking protein Pex14 [60], by the receptor protein
Pex5 [61] or by both Pex5 and Pex14 [62], Figure 1). Folding of peroxisomal matrix
proteins is supposed to mainly involve cytosolic chaperones. This assumption is
supported by the absence of chaperones of the Hsp60- or Hsp70- protein families
inside yeast and mammalian peroxisomes. Moreover, in mammals peroxisomal
matrix protein import was demonstrated to be stimulated by cytosolic Hsp70 [63].
Similarly, in Saccharomyces cerevisiae the absence of cytosolic Djp1, a co-chaperone
of Hsp70, resulted in partial mislocalization of peroxisomal matrix proteins to the
cytosol [64].
It is likely that for authentic peroxisomal matrix enzymes cytosolic folding and
assembly is a prerequisite for import. This is without doubt true for proteins that lack
a PTS and enter the organelle as hetero-oligomers by piggy backing with another
PTS containing protein [32]. The importance of cytosolic folding is furthermore
supported by the observation that even minor folding defects in the mammalian
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enzyme alanine-glyoxylate aminotransferase prevent its recognition by Pex5 and
hence import into peroxisomes [65]. Therefore, Pex5 may not only serve as PTS1
receptor, but likely also have a function in sensing proper folding of its cargo. Finally,
cytosolic protein folding as well as co-factor binding is essential to allow import
of the peroxisomal enzyme alcohol oxidase in the yeast Hansenula polymorpha.
Interestingly, folding of this enzyme is dependent on a moonlighting function of
cytosolic pyruvate carboxylase [66].
Exchanging the non-canonical, weak PTS1 (-SKI) of H. polymorpha catalase to a
stronger one (-SKL) resulted in the accumulation of catalase protein aggregates inside
the organelle [67]. From this it was concluded that newly synthesized peroxisomal
matrix proteins may require a minimum residence time in the cytosol to allow proper
folding prior to import. If true, it is to be expected that proteins which fold relatively
fast or independent of chaperones may have PTS’s with a stronger affinity for their
PTS receptor relative to those that fold slow.
Once imported into the organellar lumen, native peroxisomal proteins may
become damaged or unfold. Cell organelles use different strategies to remove
unfolded or damaged proteins, such as chaperone mediated refolding and proteolytic
degradation inside [68] or outside the organelle upon export [69] (Figure 2). For
peroxisomes most likely similar processes exist.
Although in mammals chaperones of the Hsp protein families have not
been observed in peroxisomes, firefly luciferase is able to refold in mammalian
peroxisomes upon heat denaturation in vivo. This process required the function of
the transcription factor heat shock factor 1 (HSF1) [70], but it remains to be elucidated
which of the proteins that are controlled by HSF1 are involved in this process.
In vitro data suggested that certain peroxisomal antioxidant enzymes have
chaperone activity, suggesting that protein folding in peroxisomes may be mediated
by proteins that also fulfil other functions [71].
Like mitochondria and chloroplasts, peroxisomes harbour a Lon type AAAprotease. In the filamentous fungus Penicilium chrysogenum peroxisomal Lon (Pln)
is crucial for proper peroxisome function, because its absence results in a growth
defect of the cells on oleic acid, conditions which require peroxisomal enzymes of the
β-oxidation pathway [72]. Deletion of PLN in H. polymorpha did not result in retarded
growth at conditions that require peroxisome function (i.e. growth on methanol), but
resulted in a reduction of the chronological lifespan [73]. Remarkably, Pln is absent
in peroxisomes of S. cerevisiae and related species, suggesting a stronger need for
this protein in organisms with more complex peroxisomal metabolism.
P. chrysogenum Pln preferentially degrades heat- or H2O2- inactivated catalaseperoxidase relative to the native enzyme, suggesting specific recognition of unfolded
proteins [72]. In vitro studies indicated that P. chrysogenum Pln also possesses
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Figure 2. Hypothetical model of the removal of damaged peroxisomal matrix proteins.
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autophagy [74]. Notably, this inhibition required the function of the AAA+ ATPase
domain of LON2, but not its peptidase function, which supports a dual function of
this protein as chaperone and protease. Data in H. polymorpha also suggest that
Pln and autophagy function together in peroxisomal quality control, because the
observed decrease in chronological lifespan of a PLN deletion strain was more
pronounced when autophagy was blocked as well (i.e. in an ATG1 PLN1 double
deletion strain) [73].
Remarkably, in H. polymorpha artificially introduced peroxisomal protein
aggregates are removed by asymmetric fission of the organelle and subsequent
degradation of the aggregate containing daughter organelle via autophagy
[75]. Recent findings in S. cerevisiae supported the importance of peroxisome
fission in pexophagy [76]. Altogether, peroxisomal matrix proteostasis involves
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distinct mechanisms, which most likely depend on the extent of protein unfolding/
aggregation within the peroxisomal matrix.
Like observed for the ER (ERAD [69]) and mitochondria [77], peroxisomes also
can export matrix proteins to the cytosol for their subsequent degradation by
ubiquitin-proteasome system (UPS) (reviewed in [78]), as recently demonstrated for
obsolete peroxisomal isocitrate lyase in plants [79]. Export of peroxisomal matrix
proteins has been proposed to involve components of the PTS receptor recycling
process (the exportomer, see below [78]).

Quality control of PTS receptors
Monoubiquitination of Pex5 is responsible for the recycling of this receptor for
the next round of import. However, Pex5 also can become polyubiquitinated at
lysine residues in the N-terminus with the help of the E2 enzyme Ubc4 and the
E3-ligases Pex2 and Pex10. This process invariably is followed by degradation of
the receptor via UPS [28] and only occurs when recycling of Pex5 is hampered.
Hence, this can be considered as a quality control process for damaged receptor
molecules [26].
Protein ubiquitination generally occurs at lysine residues, followed by
proteasomal proteolysis. Although, the N-terminus of Pex5 contains both lysine
and cysteine residues, a conserved cysteine residue is the preferred choice for
ubiquitin attachment. How this is regulated remains so far elusive. Recently, it was
shown that the conserved cysteine in Pex5 in Pichia pastoris [80] and man [81] is
redox sensitive and in this way can modulate protein function. When the cysteine
residue is oxidized monoubiquitination is blocked, which may serve as a molecular
switch for lysine polyubiquitination and degradation by the proteasome.

Quality control of PMPs
Once located at the peroxisomal membrane, PMPs can also be removed [82]. In
H. polymorpha degradation of the PMP Pex3 is an early stage in pexophgay [83], a
process that relies on UPS [84]. Pex3 ubiquitination was hampered in cells lacking
the E3 ligases of the exportomer, Pex2 and Pex10 [84] (Fig. 1b).
PMP degradation most likely is also involved in other peroxisome related
processes. For instance, in H. polymorpha, the levels of Pex14, a protein of the
receptor docking complex, are significantly lower on the bigger, mature peroxisomes
relative to the smaller, nascent ones [85]. Possibly Pex14 is selectively removed from
these organelles, thereby blocking further import of matrix proteins. It is tempting
to speculate that this also occurs via UPS, because in large-scale proteomics studies
of S. cerevisiae cells ubiquitinated Pex14 peptides were identified [86,87]. Moreover
in H. polymorpha Pex14 can become phosphorylated [88], which could serve as a
signal for ubiquitination (Fig. 1b).
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Interestingly recently a novel protease of the AAA-protein family was identified,
which is located at both the peroxisomal membrane and the mitochondrial outer
membrane (Msp1 [42,43]). At mitochondria this protease specifically degrades
the PMP Pex15, when it mislocalizes to these organelles. Interestingly, Msp1
is also localized to the peroxisomal membrane, where it does not degrade
Pex15. The identification of Msp1 substrates at the peroxisomal membrane will
be an important next step in understanding quality control processes at the
peroxisomal membrane.

Maintenance of the peroxisomal redox balance
Peroxisomes almost invariably harbour enzymes that produce ROS, predominantly
hydrogen peroxide (H2O2), and therefore can significantly contribute to oxidative
stress [89]. Interestingly, peroxisomal matrix protein import [80] and peroxisome
proliferation [90] were recently suggested to be regulated by the peroxisomal
redox balance. Moreover, an imbalance in peroxisomal ROS can also affect cellular
processes outside the organelle.
The hallmark antioxidant enzyme of peroxisomes – catalase – catalyses the
decomposition of H2O2 [91]. In yeast peroxisomal catalase also protects cells from
externally added H2O2 [92]. The permeability of the peroxisomal membrane to H2O2
suggests that peroxisomes can act as a cellular sink for this reactive molecule.
Except for catalase, scavenging of peroxisomal ROS also involves peroxiredoxins
and glutathione peroxidases (Table 1). The 1-Cys peroxiredoxin Pmp20 is confined
to peroxisomes in methylotrophic yeast species, whereas S. cerevisiae peroxisomes
contain a glutathione peroxidase (Gpx1) [90] (Table 1). These antioxidant enzymes
reduce H2O2, lipid hydroperoxides and peroxynitrite (Table 1), compounds which
could potentially also serve as signalling molecules. However, the existence of
a feedback loop linking peroxisomal ROS with the expression of peroxisomal
antioxidant enzymes still remains elusive (Figure 3).

The role of peroxisome in yeast ageing
Ageing is defined as progressive decline in functions at cellular and organismal level
that ultimately leads to mortality. The budding yeast, especially S. cerevisiae, has
been extensively used as model organism to unravel the molecular mechanisms of
the ageing process. Major advances of ageing research such as the TOR signaling
[93] and the sirtuin pathway were first discovered in this simple organism. Two
models have been established to study ageing in yeast- replicative and chronological
ageing. Replicative ageing is defined as number of buds produced by a mother
cell before senescence and is considered model system for ageing in mitotically
active cells [94]. Chronological ageing is measured by the survival time of yeast
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cells in their non-dividing state and this has been proposed as model of ageing in
post-mitotic cells [95].
Reactive oxygen species play a crucial role in the ageing process. Because
mitochondria are the major producer of reactive oxygen species (ROS), their
homeostasis is an important determinant for the cellular ageing [96,97]. Like
mitochondria, peroxisomes also generate intracellular ROS and therefore can
contribute to the ageing process. To cope with deleterious effects of ROS
a number of antioxidant enzymes are present inside the peroxisomal lumen
(described previously).

Figure 3. Quality control mechanisms within peroxisomes and their potential links with
Figure 3 Quality control mechanisms within peroxisomes and their potential links with cellular signalling.
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Alteration in peroxisomal antioxidant enzymes affects the ageing process. In
S. cerevisiae, inactivation of catalases, cytosolic Ctt1 and peroxisomal Cta1, extends
the CLS [98]. This increase in CLS was attributed to the elevated levels of hydrogen
peroxide, which activates superoxide dismutase that effectively scavenge superoxide
anions. However, an earlier study showed that deletion of peroxisomal catalase, Cta1,
resulted into a shorter CLS [99]. In H. polymorpha, effects of peroxisomal catalase
(CTA) deletion on chronological ageing vary depending upon the growth conditions
[92]. The CLS of cells deficient in peroxisomal catalase remained unaffected when
grown on medium containing glucose (or glycerol) and ammonium sulphate.
However, when ammonium sulphate was replaced by methylamine, which is oxidized
by peroxisomal amine oxidase, a decrease in the CLS was observed compared to the
wild type cells. Conversely, when Δcat cells were grown in medium supplemented
with methanol, the CLS was significantly increased compared to the wild type cells.
It was observed that under these conditions ROS levels were highly elevated during
the exponential growth phase. Furthermore, it was shown that exposure of Δcat cells
to methanol led to rapid activation of the transcription factor Yap1 with simultaneous
increase in antioxidant enzymes cytochrome-c peroxidase and superoxide dismutase
[92]. In this respect, the enhanced anti-oxidant defense systems might positively
affect the CLS of Δcat cells. Another peroxisomal peroxiredoxin Pmp20 is also
involved in scavenging of H2O2 as well as organic hydroperoxide (ROOH). Studies in
the methylotropic yeast H. polymorpha and Candida boidinii revealed that Pmp20
is important for survival during growth on methanol [73,100].
Apart from antioxidant enzymes, other peroxisomal proteins are also important in
yeast ageing. An extensive work by Lefevre et al. [101] analyzed the CLS of various S.
cerevisiae strains where cells were either devoid of peroxisomal membrane structures
or matrix proteins were partly or fully mislocalized to the cytosol. In Δpex3, Δpex5,
Δpex6 and Δpex7 cells the CLS was decreased when cells were grown on media
containing low glucose (0.5 %) concentrations. Among these pex mutants Δpex5
cells had the shortest CLS because in this strain the β -oxidation is fully blocked
due to separation of the PTS2 protein Pot1 (3-ketoacyl-CoA thiolase) from all other
enzymes (which have a PTS2) involved in this process. In Δpex3 and Δpex6 cells the
β –oxidation pathway was still functional because all enzymes are localized in the
same compartment, namely the cytosol. Surprisingly, in Δpex7 cells some residual
β –oxidation was observed which might explain its better survival than Δpex5 cells.
Most studies related to peroxisomes in yeast ageing have been focused on the
CLS. However the role of peroxisomes in the replicative ageing is largely unknown.
Upon overproduction of the peroxisomal enzyme nicotinamidase, Pnc1, the RLS of S.
cerevisiae is significantly increased compared to wild type controls [55]. The positive
effect on RLS was attributed to its role in activation of Sir2 (histone deacetylase)
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in the nucleus. However, Pnc1 is mainly localized to peroxisomes thus the positive
effects on RLS can also come (at least partly) from enzyme inside peroxisomes.
Studies in Podospora anserina and S. cerevisiae showed that the down-regulation
of mitochondrial fission by deletion of DNM1 has positive effects of the RLS [102].
Furthermore, deletion of DNM1 also positively affects the CLS of S. cerevisiae [103].
However, mitochondria and peroxisomes share components of the organelle fission
machinery and hence the alterations in this machinery will affect both organelles.
Therefore, the increase in lifespan cannot be solely assigned to mitochondria or in
other words the change in lifespan due to a defect in peroxisomal fission cannot
be ruled out.

Perspectives
Our understanding of the principles of peroxisome biology has come a long way
and much of this can be attributed to model organisms such as yeast. Despite
considerable progress in our knowledge some of the issues remain contentious.
One such issue is the mode of peroxisome proliferation. It is still unclear to which
extent fission or de novo pathways contribute to peroxisome formation. Moreover,
how these mechanisms complement each other under various conditions remains
elusive. A second contentious topic is the mechanisms by which PMPs are targeted
to peroxisomes. Data have been presented which support the view that all PMPs
traffic via the ER to peroxisomes. Alternatively, there is a lot of data available that
suggests that PMPs are directly sorted to peroxisomes. Despite the two extreme
views it is possible that both pathways exist. Use of advanced microscopy techniques
coupled with pulse-chase experiments could be a possible way to understand the
sorting route of different PMPs.
The peroxisomal matrix harbours a number of proteins with diverse functions.
Many of these proteins are known for a long time and have been well characterized.
However, the list of peroxisomal proteins is not complete yet. Detailed proteome
analysis of the organelle using more sensitive approaches can be helpful in finding
novel peroxisomal proteins. Also, the function of several peroxisomal proteins
is still unclear. Moreover, for some of these proteins the mechanisms by which
they are targeted to peroxisomes remains elusive. Interestingly, some of the
peroxisomal proteins share their localization with other subcellular compartments.
The mechanisms by which these proteins regulate their distribution over various
organelles are poorly understood and needs further investigation.
Recently, considerable progress has been made in our understanding of
peroxisomal quality control. As protein and organellar quality control is crucial for
human health and disease, further research is urgently needed. The role of cytosolic
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and peroxisomal chaperones in protein folding/assembly and refolding after
denaturation is still poorly understood. Instead of the typical Hsp family proteins
these processes may be mediated by alternative proteins, as exemplified by the
moonlighting function of cytosolic pyruvate carboxylase in alcohol oxidase folding
and the chaperone function of peroxisomal Lon and certain antioxidant enzymes.
It is also important to understand how dysfunctional peroxisomal matrix and
membrane proteins are recognized to be degraded. Similarly, it is crucial to know
how aberrant organelles are discriminated from functional ones by the autophagy
machinery. An interesting option would be the involvement of a peroxisomal
unfolded protein response (UPR), as described for the ER and mitochondria.
In the recent years, basic players involved in peroxisome inheritance have been
identified and characterized. However, there are many questions that are still
unanswered. For instance, the exact mechanisms by which peroxisome inheritance
proteins (Inp1, Inp2) associate with organelles remain elusive. Answering this will
help us understand that why Inp2 associates with only a subset of peroxisomes.
Understanding the difference between peroxisomes that are inherited to the daughter
cells and the ones retained in the mother cells is of physiological significance.
Asymmetric peroxisome fission may contribute to ageing of yeast mother cells,
which may retain the older and potentially damaged organelles, whereas the newly
formed new organelle is transported to the bud [104]. Although proteins involved in
peroxisome inheritance and retention have been identified before, it is still unknown
how old and new peroxisomes segregate [105].
Cellular ageing is a multifactorial process and during ageing all organelles
get affected. It is imperative to understand that to what extent peroxisomes are
damaged during the ageing process and what is nature is of this damage. This
will be also necessary for our understanding of the role of organellar fitness on
cellular ageing. The availability of state of the art techniques such as microfluidics
technology makes it possible to follow single mother cells for a long term and
observe changes at the organelle level [106].

29

30

H. polymorpha

Candida boidini

Schizosaccharomyces NP_587706
pombe

Pichia pastoris

S. cerevisiae

Pmp20

Pmp20

Pmp20

Pmp20

Gpx1

NP_012899

AB472086

BAB43979

EU200440

Organism

Original
name

GeneBank
Accession
number

Atypical
2-Cys

1-Cys

1-Cys

1-Cys

1-Cys

1-Cys or
2-Cys

Peroxisomal matrix and
mitochondrial outer
membrane [90]

Putative PTS1 - AKL

Putative PTS1 –SSL

Peroxisome. PTS1
essential for function in
vivo [100]

Peroxisome [107]

Localization

Growth defect and
cell death in methanol
containing medium.
[100]. Normal peroxisome
morphology.

Growth defect and
necrotic cell death in
methanol containing
media; peroxisomal matrix
protein mislocalization
[107]

Phenotype of deletion strain

Peroxidase activity using
thioredoxin or glutathione as
reducing power and H2O2 as
substrate [90].

Retarded growth and
peroxisome formation in
oleate containing medium
[90].

Growth defect and
cell death in methanol
containing medium [109].

Inhibits thermal aggregation
No change in resistance to
of citrate synthase. Does not
H2O2 [108]
protect glutamine synthase in
thiol metal catalyzed oxidation
system (MCO). Does not display
Trx-dependent peroxidase activity
[71].

Glutathione peroxidase activity
with cumene hydroperoxide,
tert-butyl peroxide and H2O2.
Activity drastically reduced with
thioredoxin system as a reductant
[100].

Molecular function (in vitro)

Table 1. Glutathione peroxidases and peroxiredoxins in yeast peroxisomes.
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