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Abstract

Peroxisomes are unique single membrane-bound organelles, existing in 
almost all eukaryotic cells. Peroxisomes have been implicated in multiple 
functions including the detoxification of hydrogen peroxide and cellular lipid 
metabolism, especially the β-oxidation of fatty acids. In human defects in 
peroxisome biogenesis cause various symptoms including vision and hearing 
impairment and delayed brain development. 

During the last decades peroxisomes have been extensively studied in various 
fungi, especially in several yeast species such as Saccharomyces cerevisiae and 
Hansenula polymorpha. Yeasts are very suitable model organisms to study 
peroxisome biology, because defects in peroxisome formation or function are 
not lethal.

Here, I give an overview on the molecular mechanisms involved in peroxisome 
biogenesis in fungal model systems. In addition, the current knowledge on 
the function and composition of fungal peroxisomal membrane contact sites 
is presented. 

Keywords: peroxisome biogenesis, peroxisome inheritance, membrane 
contact sites, filamentous fungi, yeast 
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Introduction 

Eukaryotic cells compartmentalize diverse functions in various subcellular compartments 
named organelles. Peroxisomes are single membrane-enclosed organelles, which 
were initially named microbodies. They were first discovered by electron microscopy 
in mouse kidney cells (Rodin, 1954). Later biochemical studies resulted in the 
identification of enzymes that produce and degrade hydrogen peroxide within these 
organelles, which were renamed as “peroxisomes” (De Duve and Baudhuin, 1966). 
We now know that peroxisomes commonly play a role in lipid and hydrogen peroxide 
metabolism. Also, highly specialized peroxisomes exist in certain organisms, such as 
Woronin bodies in filamentous fungi (e.g. Neurospora crassa; Markham and Collinge, 
1987) and glycosomes in certain human parasites (e.g. trypanosomes; Michels, 1989). 
Additionally, peroxisomes can be involved in the degradation of various compounds, for 
instance methanol, oleic acid, primary amines, D-amino acids and polyamines in yeast, 
as well as in the biosynthesis of various compounds such as plasmalogens in mammals 
and β-lactam antibiotics in filamentous fungi.

Peroxins (Pex) are proteins, which are encoded by PEX genes and function in peroxisome 
biogenesis or maintenance (Distel et al., 1996). At present 37 PEX genes have been 
identified. Defects in human PEX genes cause peroxisome biogenesis disorders, such 
as the Zellweger spectrum disorders (ZSDs). ZSD patients typically suffer from brain 
developmental delays (Argyriou et al., 2016). These observations emphasize how 
important peroxisomes are. Hence, the outcome of peroxisome research can contribute 
to the identification of new leads for drugs and therapies. 

In contrast to higher eukaryotes, peroxisome deficiency is not lethal in yeast. Because 
many processes involved in peroxisome biology are conserved, yeasts are ideal models to 
study the molecular mechanisms of peroxisome formation. 

Peroxisomes do not contain DNA and therefore must import all proteins from the 
cytosol. Initially, it was suggested that peroxisomes derive from the endomembrane system 
(Novikoff and Novikoff, 1972), but this proposal was challenged by the hypothesis that 
peroxisomes derive by fission from existing ones (Lazarow and Fujiki, 1985). The latter 
has been the widely accepted model for many years. Later experimental data brought 
the de novo peroxisome formation model back (Tabak et al., 2003). Currently, it is still 
debated, which of the two models is prevailing.

In this contribution, an overview is provided of the current knowledge on peroxisomes 
in yeast and filamentous fungi, with a focus on (1) the main models of peroxisome 
formation, (2) the molecular mechanisms of peroxisome transport and retention 
(inheritance) and (3) peroxisomal membrane contact sites.
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Peroxisome biogenesis

Growth and division pathway 
According to one model of peroxisome biogenesis, peroxisomes are semi-autonomous 
organelles, which originate from pre-existing ones by growth and division (Motley 
and Hettema, 2007). Peroxisomal growth requires the import of matrix proteins and 
insertion of membrane proteins and lipids in the membrane. Generally, matrix proteins 
contain one of the conserved peroxisomal targeting signals (PTSs): either the C-terminal 
PTS1 or the PTS2 which is present in the N-terminal part of the proteins. These PTSs 
are recognized by the peroxisomal receptor Pex5 for PTS1 proteins or Pex7 for PTS2 
proteins, respectively (Francisco et al., 2017). Recently, Saccharomyces cerevisiae Pex9 was 
also shown to function as a PTS1 receptor for import a few specific PTS1-containing 
proteins such as malate synthase 1 and 2 (Effelsberg et al., 2016; Yifrach et al., 2016). 
Import of PTS2 proteins requires co-receptors, such as Pex18 and Pex21 in S. cerevisiae 
and Pex20 in other yeast species and filamentous fungi (Farré et al., 2019). Import of 
matrix proteins requires multiple steps: (1) recognition of the newly synthesized matrix 
proteins by Pex5, Pex9 or Pex7 together with the corresponding co-receptors to form 
a PTS receptor/cargo complex; (2) docking of the PTS receptor/cargo complex at the 
peroxisomal membrane via binding to a docking complex composing of Pex13, Pex14 
and Pex17; (3) release of the cargo inside the peroxisomal lumen and (4) recycling of 
the PTS receptors. The latter includes ubiquitination of Pex5 or the Pex7 co-receptors 
with the help of the ubiquitin conjugating E2 enzyme Pex4, which is recruited to the 
peroxisomal membrane by Pex22, and the RING complex consisting of Pex2, Pex10 
and Pex12, which function as E3 ligases. Finally, the ubiquitinated (co)receptors are 
recycled to the cytosol by a peroxisomal ATPase complex that consists of Pex1 and Pex6 
(Farré et al., 2019).

Much less is known on sorting and insertion of peroxisomal membrane proteins 
(PMPs). PMPs can be classified into two groups, Class I and Class II, according to their 
requirement of Pex19 for sorting. Pex19 is a soluble cytosolic protein that has been 
reported to fulfil an essential role in peroxisome biogenesis (Jansen and Klei, 2019). 
Class I PMPs contains one or more non-overlapping peroxisomal sorting motifs termed 
Membrane Peroxisome Targeting Signal (mPTS), which are recognized by Pex19. Pex19 
might also function as a chaperone for Class I PMPs.

According to the growth and fission model of peroxisome biogenesis, Class I PMPs are 
directly sorted to the peroxisome. Upon binding to Pex19, the Pex19-PMP complex 
associates with Pex3 at the peroxisomal membrane, followed by insertion of the PMPs 
in the membrane by a yet unknown mechanism (Jansen and Klei, 2019). Class II PMPs 
are not recognized by Pex19. Whether these PMPs insert directly into the peroxisomal 
membrane or are sorted via the ER is still not fully established. According to the 
alternative de novo peroxisome formation model both Class I and II PMPs sort to 
peroxisomes via the ER (see below).
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The ER functions as the major donor organelle of lipids for peroxisomal membranes. 
These lipids may reach the organelle via a vesicular (Hoepfner et al., 2005) or non-
vesicular pathway, at membrane contact sites (MCSs, Raychaudhuri and Prinz, 2008) 
(detailed below). Which of these two pathways is prevailing is not yet known.

Peroxisome fission involves a three-step process, namely peroxisome membrane 
elongation, constriction and scission (Motley and Hettema, 2007). Several steps and 
proteins involved in these processes have been identified.

Pex11, a conserved and abundant PMP, functions in peroxisome elongation (Opaliński 
et al., 2011) as well as in the final scission step (Williams et al., 2015). Its role in fission 
is based on the observation that overproduction of Pex11 results in increased numbers 
of small peroxisomes, whereas a few enlarged peroxisomes are present in cells lacking 
Pex11 (Erdmann and Blobel, 1995). Various Pex11 isoforms have been identified such 
as Pex25 and Pex27 in S. cerevisiae, Pex25 and Pex11C in H. polymorpha, Pex11a~e 
in Arabidopsis thaliana and Pex11α~γ in human (Kiel et al., 2006). However, several 
proteins of the Pex11 family most likely are not involved in peroxisome fission.

The second step in peroxisome fission, organelle constriction, is poorly understood and 
potential proteins involved in this step still have to be identified.

Dynamin-related proteins (DRPs) are GTPases that play a key role in membrane 
scission. In S. cerevisiae, the DRPs Vps1 and Dnm1 are involved in peroxisome fission, 
whereas in H. polymorpha only Dnm1 plays a role in this process (Kuravi et al., 2006; 
Nagotu et al., 2008). In S. cerevisiae Vps1-dependent peroxisome fission is important 
at peroxisome-repressing conditions, while Dnm1 functions at peroxisome-inducing 
conditions (Kuravi et al., 2006). Intriguingly, the yeast Dnm1 dependent fission 
machinery is also required for mitochondrial fission (Bleazard et al., 1999).

In H. polymorpha Dnm1 deficiency causes an abnormal peroxisome morphology, 
namely the presence of a single enlarged organelle in mother cells together with long 
protrusions from the mother cell to the bud (Nagotu, et al., 2008). In S. cerevisiae it 
was shown that the association of Dnm1 to the peroxisome membrane requires the tail 
anchored (TA) membrane protein Fis1, which associates with Mdv1 and Caf4 to recruit 
Dnm1 (Motley et al., 2008). In H. polymorpha, which lacks Caf4, Fis1 is required to 
recruit Mdv1 and Dnm1 to peroxisomes (Nagotu et al., 2008). Pex11 was also shown to 
function as an activator of the GTPase activity of Dnm1 (Williams et al., 2015). 

The peroxisome fission machinery is still poorly understood. For instance, proteins 
involved in the constriction step are not known yet. Also, the functions of most Pex11-
family proteins are still unclear. 
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De novo formation 

Peroxisome formation from the ER
Apart from the growth and division model, a de novo peroxisome formation pathway 
has been implicated in peroxisome biogenesis, especially in cells lacking pre-existing 
peroxisomes (Hoepfner et al., 2005). For long it was assumed that cells lacking Pex3 or 
Pex19 fully lacked peroxisomal membrane structures (Hettema et al., 2000). Because 
peroxisomes reappear in such mutants upon reintroduction of Pex3 or Pex19, it was 
concluded that these peroxisomes are formed from an alternative template, which is 
most likely the ER (Hoepfner et al., 2005: van der Zand et al., 2010; van der Zand et 
al., 2012). 

During de novo peroxisome formation PMPs are proposed to first sort to the ER and 
exit from the ER in pre-peroxisomal vesicles (PPVs), which ultimately fuse to form 
peroxisomes (reviewed by Farré et al., 2019). Indeed, data obtained in yeast, plants, 
and mammals indicated that several PMPs are sorted via the ER before they reach the 
peroxisomal membrane (Farré et al., 2019). Most PMPs insert into the ER via the Sec61 
complex, but TA PMPs use the Get complex (Schuldiner et al., 2008; Thoms et al., 
2012). It has been proposed that in the ER PMPs are sorted to specialized regions, 
from where they exit in two types of vesicles, one containing the receptor docking 
proteins Pex13, Pex14 and Pex17 (also called ppvDs), whereas the other type harbors 
the RING proteins Pex2, Pex10 and Pex12 (also designated ppvRs). For S. cerevisiae it 
was proposed that the formation of both types of vesicles requires both Pex3 and Pex19, 
based on the observation that PMPs accumulate in the ER in S. cerevisiae Pex3 and 
Pex19 deficient strains (van der Zand et al., 2012). However, later data indicated that 
only Pex19 is required for this process (see the review (Jansen and Klei, 2019)). Besides, 
other proteins have been implicated in PPV formation. These include the ER-shaping 
proteins Pex30/Pex31 (reticulon-like proteins), Rtn1/2 (Reticulons) and Yop1 as well 
as Pex29 (reticulon-interacting protein) (David et al., 2013; Joshi et al., 2016; Mast et 
al., 2016). Further studies  indicated that Pex30 cooperates with seipin, an ER protein 
involved in lipid body formation, at PPV budding sites in the ER (Wang et al., 2018). 
Additionally, components of the endosomal sorting complex required for transport 
(ESCRT)-III, Vps20 and Snf7, are involved in the regulation of PPV release from the 
ER, acting as a membrane scission effector (Mast et al., 2018). 

The AAA-ATPase, Pex1 and Pex6 have been suggested to play a key role in PPV fusion 
(van der Zand et al., 2012), which leads to the formation of nascent peroxisomes. Later 
studies however questioned this function of Pex1 and Pex6 (Knoops et al., 2015; Motley 
et al., 2015). 

Existence of  pre-peroxisomal membrane structures
For long it was commonly accepted that de novo peroxisome formation from the ER 
requires Pex3 and Pex19. However, recent data indicated that membrane structures 
containing specific PMPs exist in pex3 mutants of H. polymorpha (Knoops et al., 2014) 
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and S. cerevisiae (Wróblewska et al., 2017). These studies showed that in the absence 
of Pex3, Pex14 does not localize to the ER, but is present in small membrane vesicles, 
which do not represent (specialized) ER. These membrane vesicles resemble ppvDs, 
because they also contained other PMPs such as Pex8 and Pex13, but not the RING 
proteins (Knoops et al., 2014; Wróblewska et al., 2017). Furthermore, the Pex14-
containing vesicles matured into normal peroxisomes upon re-introduction of Pex3 in 
H. polymorpha (Knoops et al., 2014). These data support the view that Pex3 is not 
required for PPV formation (see the review (Jansen and Klei, 2019)) and sheds novel 
light on the process of de novo peroxisome formation in yeast pex3 mutant cells. 

Peroxisome inheritance 

Peroxisome segregation in budding yeast
For proper cell function, each cell should contain a complete set of organelles. Yeast 
species like S. cerevisiae and H. polymorpha multiply by asymmetrical fission, also called 
budding. During yeast budding, some organelles are transported to the daughter cells 
(buds), whereas others are retained in the mother cells. The distribution of organelles 
over mother cells and buds is tightly regulated. Proper organelle segregation is especially 
important for organelles that are not able to form de novo, such as mitochondria, the 
vacuole, the endoplasmic reticulum (ER) and late-Golgi elements. Organelle inheritance 
requires a cytoskeleton track, a molecular motor protein, an initiating and terminating 
machinery, a capturing device in buds and an anchoring system in mother cells, which 
cooperates with each other to maintain the correct positioning of organelles (Fagarasanu 
et al., 2007).

In yeast, peroxisome retention in mother cells and bud-directed movement are important 
to guarantee proper segregation of the organelles over mother cells and buds. S. cerevisiae 
Inp1 (inheritance of peroxisomes 1) functions in peroxisome retention (Fagarasanu et 
al., 2005), while Inp2 (inheritance of peroxisomes 2) and the motor protein Myo2 play 
a role in peroxisomal bud-directed movement along actin filaments (Hoepfner et al., 
2001). Intriguingly, S. cerevisiae Pex19 also contributes to Inp2 dependent peroxisome 
transport (Otzen et al., 2012) 

Inp1 and Inp2 have also been demonstrated to play a role in peroxisome inheritance 
in H. polymorpha (Krikken et al., 2009; Saraya et al., 2010). Interestingly, in this yeast 
Pex11 contributes to peroxisome retention as well (Krikken et al., 2009). 

Retention in mother cells
Studies in S. cerevisiae showed that peroxisomes are retained in the mother cell by an 
anchoring complex that contains Inp1 and Pex3 at the cell cortex (Fagarasanu et al., 
2005). Inp1 is a cell-cycle regulated protein, which is recruited by the PMP Pex3 to 
peroxisomes (Fagarasanu et al., 2005; Munck et al., 2009). Deletion of INP1 causes a 
severe retention defect resulting in the transport of all peroxisomes to buds. In contrast, 
in cells overproducing Inp1 all peroxisomes remain in mother cells (Fagarasanu et 
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al., 2005). Furthermore, mutations in Pex3 that affect recruitment of Inp1 resulted 
in peroxisome retention defects, highlighting that Inp1 and Pex3 are key players in 
peroxisome retention during yeast budding (Munck et al., 2009). The anchoring 
complex was proposed to be composed of ER- and peroxisome-bound Pex3 molecules 
that bind Inp1 (Knoblach et al., 2013). As Pex3 is a Class II PMP that is proposed to 
sort to peroxisomes via the ER (Hoepfner et al., 2005), a portion of the cellular Pex3 
pool may remain localized at the ER, where it functions in organelle retention. In vitro 
binding assays suggested that both the N-terminal and C-terminal domains of Inp1 
interact with Pex3, offering the possibility that Inp1 links two Pex3 molecules that are 
localized to the peroxisome and ER (Knoblach et al., 2013). Formation of the Pex3-
Inp1 retention complex appeared to include the assembly of Pex3-Inp1 complexes at 
the ER, which subsequently associate with peroxisomal Pex3 (Knoblach et al., 2013). 
Comparison of several Inp1 sequences indicated the presence of a  conserved domain in 
the central region of the protein (Knoblach and Rachubinski, 2019). Analysis of point 
mutants of Inp1 revealed that the N-terminal and central domains of Inp1 are essential 
for peroxisome retention in mother cells and the C-terminal fragments are necessary to 
anchor at peroxisomal membrane (Knoblach and Rachubinski, 2019). 

Bud-directed movement
Yeast Myo2, a class V myosin, functions in transporting most organelles along actin 
filaments to the bud, including the vacuole (Ishikawa et al., 2003), mitochondria 
(Altmann et al., 2008)), Golgi elements (Rossanese et al., 2001) and peroxisomes 
(Hoepfner et al., 2001). To this purpose, these organelles contain Myo2-specific receptor 
proteins, such as Vac17 for the vacuole (Tang et al., 2003) and Inp2 for peroxisomes 
(Fagarasanu et al., 2006; Saraya et al., 2010). Inp2 (inheritance of peroxisomes 2) is a 
cell cycle controlled peroxisomal membrane protein (Fagarasanu et al., 2006). Bud-
directed movement of peroxisomes requires Inp2 to associate with the Myo2 globular 
tail (Fagarasanu et al., 2006), which is stabilized by Pex19 (Otzen et al., 2012). Inp2 
most likely predominantly associates with the younger peroxisomes, whereas Inp1 
binds to older ones (Kumar et al., 2018). In this way young buds receive relatively new 
peroxisomes, whereas the older ones remain in the mother cells. 

Transport of  peroxisomes in filamentous fungi
In filamentous fungi peroxisomes move along microtubules, in a kinesin 3 and dynein 
dependent way (Egan et al., 2012). Microtubule-dependent mobility of peroxisomes 
required the association of these organelles with early endosomes (EE) (Guimaraes et al., 
2015). The contacts between EE and peroxisomes is bridged by an endosome-associated 
linker protein PxdA, which is required for the long-range movement of peroxisomes 
(Salogiannis et al., 2016). How PxdA associates to peroxisomes is not yet known.

In this specific example, a membrane contact site is important to transport peroxisomes 
by hitchhiking with another cellular organelle. 
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Peroxisomal membrane contact sites 

In eukaryotes, the various subcellular compartments need to communicate with each 
other. Physical contacts between organelles (also called membrane contact sites, MCSs) 
are important for this process (Levine 2004). MCSs are defined as regions of close 
apposition between two membranes (Scorrano et al., 2019). Many MCSs have been 
identified already. A striking example is the ER, which forms multiple MCSs with 
almost all intracellular compartments including mitochondria, vacuole, peroxisomes 
and the plasma membrane (Wu et al., 2018).

Numerous proteins have been identified to function in MCSs including structural 
tethering proteins, regulators, functional proteins or sorting proteins (Scorrano et al., 
2019). For instance, the vacuole-mitochondria patch (vCLAMP) contains the structural 
tethering complex composing of Vps39, Ypt7 and Tom40 and functional proteins Vps13 
and Mcp1 that are important for transfer of lipids (Elbaz-Alon et al., 2014; Hönscher 
et al., 2014; González Montoro et al., 2018). Importantly, MCS resident proteins often 
display other functions. For instance Vps39 also plays a role in in homotypic vacuole 
fusion and Tom40 in mitochondrial protein import.

Calcium signalling and lipid transport are well-characterized MCS functions (see review 
(Scorrano et al., 2019)). However, MCSs also play roles in multiple other organelle-
related processes, such as organelle biogenesis, division, remodeling, inheritance, and 
degradation by autophagy (Prinz, 2014).

So far, peroxisomal MCSs obtained relatively little attention. Recently, in S. cerevisiae 
a large number of peroxisomal MCSs have been identified using split-Venus or Split-
GFP methods (Kakimoto et al., 2018; Shai et al., 2018). These studies indicated that 
yeast peroxisomes interact with most, if not all organelles, including ER, mitochondria, 
vacuoles, lipid droplets and the plasma membrane (PM). However, so far the protein 
composition of only a few peroxisomal MCSs has been determined. Also, the functions 
of most peroxisomal MCSs need to be explored further. In this section, we will mainly 
concentrate on the recent progress of peroxisomal MCSs in yeast, but also will refer to 
discoveries in mammalian/human cells or other organisms when appropriate. 
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Figure 1. Peroxisomal membrane contact sites in yeast. 
MCS resident proteins are shown at the corresponding contact sites. Question marks represent unknown 
molecules. Peroxisomes form contacts with the ER (David et al., 2013; Knoblach et al., 2013; Mast et al., 
2016), the plasma membrane (Wu et al., 2019), the mitochondrion (Mattiazzi Ušaj et al., 2015; Shai et al., 
2018), the vacuole (Wu et al., 2019), the autophagosome (Motley et al., 2012; Burnett et al., 2015) and 
lipid droplets (Binns et al., 2006). 

Peroxisome-ER contact sites
ER-to-peroxisome contact sites (EPCONS) were first demonstrated in S. cerevisiae (Fig. 
1). These studies suggested that EPCONS play a central role in the de novo peroxisome 
formation (David et al., 2013). EPCONS were shown to be composed of two groups 
of proteins: the ER-localized peroxins Pex30 and Pex29 together with the reticulon-like 
proteins Rtn1, Rtn2 and Yop1 (David et al., 2013; Mast et al., 2016). As indicated 
above, peroxisome-ER associations have also been suggested to form an organellar 
retention platform in mother cells during yeast cell budding (Knoblach et al., 2013).

In mammalian cells, peroxisome-ER contacts are supposed to function in peroxisome 
growth through transport of membrane lipids (Hua et al., 2017; Costello et al., 2017a; 
Costello et al., 2017b). Several proteins that are localized to these contacts have been 
identified. These include the ER-resident proteins VAMP-associated proteins A and B 



Introduction

1

25

(termed VAPs) and the PMP acyl-CoA binding domain containing 5 (ACBD5) (Hua 
et al., 2017; Costello et al., 2017a). ACBD4 also plays a role in these contacts (Costello 
et al., 2017b). Disruption of the interaction between these proteins resulted in failure 
of peroxisomal membrane expansion and rapid mobility of peroxisomes (Costello et 
al., 2017a; Costello et al., 2017b). Also, peroxisome-ER MCSs have been proposed 
to be involved in transport of cholesterol in plant (Xiao et al., 2019). The absence of 
components of the tethering complex, including PI(4,5)P2 and the ER-resident protein 
extended synaptotagmin (E-Syts), impaired the formation of ER-peroxisome contacts. 

Peroxisome-mitochondrion contact sites
Several studies resulted in the identification of contact sites between mitochondria and 
peroxisomes in yeast and mammalian cells (Fig. 1; Mattiazzi Ušaj et al., 2015; Fan et al., 
2016; Shai et al., 2018). Pex11, a key protein in peroxisomal fission, was suggested to 
physically interact with Mdm34 at peroxisome-mitochondrion contact sites (Mattiazzi 
Ušaj et al., 2015). Mdm34, a mitochondrial protein, is a component of the ERMES 
complex (ER Mitochondria Encounter Structure). A later systematic screening identified 
two novel proteins, Fzo1 and Pex34, being involved in peroxisome-mitochondrion 
contacts (Shai et al., 2018). These contacts play a role in metabolite transport, namely 
of acetyl-CoA produced in peroxisomes by the beta-oxidation pathway to mitochondria 
for further oxidation. 

Peroxisome-vacuole contact sites
Decades ago, electron microscopy studies have revealed peroxisome-vacuole contact 
sites in H. polymorpha. Recently, it was shown that the formation of these contacts is 
dependent on Pex3. Possibly, this contact is required for lipid transport from vacuoles 
to peroxisomes (Fig. 1; Wu et al., 2019), similar as described for vCLAMP, that may 
play a role in vacuole-mitochondrial lipid transport. Peroxisome-vacuole contact sites 
are formed under peroxisome-inducing conditions, whereas they are completely absent 
at peroxisome-repressing conditions. Overproduction of Pex3 promotes the associations 
between peroxisomes and vacuoles even in cells grown on peroxisome-repressing 
medium (Fig. 1; Wu et al., 2019). 

In mammals, lysosomes perform similar functions as vacuoles in yeast. Lysosome-
peroxisome contacts have been proposed to be important for transport of cholesterol 
from the late endosome/lysosome through these contact sites to peroxisomes (Chu 
et al., 2015; Jin et al., 2015). The peroxisome-lysosome contacts require lysosomal 
Synaptotagmin VII binding to the lipid PI (4,5)P2 at the peroxisomal membrane. 

Peroxisome-lipid droplet contact sites
Lipid droplets (LDs) are the cellular lipid storage pools and are composed of neutral 
lipids surrounded by a phospholipid monolayer. Associations between peroxisomes and 
LDs have been described in mammals, yeast, and plants (Fig. 1; Schrader 2001; Binns et 
al., 2006; Hayashi et al., 2001). In yeast it was observed that peroxisomes penetrate into 
the core of LDs by protrusions termed pexopodia (Binns et al., 2006). The pexopodia 
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contains enzymes of the β-oxidation pathway, which strongly indicates that the tight 
connection between peroxisomes and LDs plays a key role in lipid trafficking. 

A recent study using human cells indicated that the ATP binding cassette subfamily D 
member 1 (ACBD1), a peroxisomal membrane fatty acid transporter, forms a tethering 
complex by physically interacting with LD-localized M1 Spastin (an isoform of the 
Spastin protein). In addition, these authors identified several proteins that are involved 
in fatty acid transport from LDs to peroxisomes at these contact sites (Chang et al., 
2019). 

Peroxisome-autophagosome contact sites
MCSs have been demonstrated to function in selective autophagy, such as mitophagy or 
pexophagy (Dunn et al., 2005; Böckler and Westermann, 2014). In yeast, two pathways 
are involved in pexophagy (selective autophagy of peroxisomes), namely macro- and 
micro-pexophagy (Eberhart and Kovacs, 2018). Macropexophagy is induced upon 
transferring cells from peroxisome inducing growth conditions to peroxisome-repressing 
conditions. The formation of an autophagosome is an essential step in macropexophagy 
(see review by Eberhart and Kovacs, 2018). So far two peroxisomal pexophagy receptors 
have been identified, namely Atg36 (S. cerevisiae) and Atg30 (P. pastoris), respectively 
(Fig. 1; Farré et al., 2008; Hettema et al., 2012b). These two receptors both can bind 
Atg11 on the autophagosomal membrane (Motley et al., 2012; Burnett et al., 2015). 
Overproduction of Atg36 or Atg30 induced pexophagy even under the peroxisome-
inducing conditions. 

Peroxisome-plasma membrane contacts sites
The plasma membrane (PM) has been suggested to form the tight connections with 
many organelles, including ER, mitochondria as well as peroxisomes (Fig. 1; Shai et al., 
2018; Wu et al., 2019). However, very little is known about the function and molecular 
composition of peroxisome-PM MCSs. Our recent studies suggest that Inp1 plays a role 
in the formation of this contact in H. polymorpha (see Chapter IV in this thesis). 

Woronin body-cell cortex contact sites in filamentous fungi
Woronin bodies (WBs) are organelles that are derived from peroxisomes and occur 
in filamentous Ascomycetes. These organelles play a role in sealing the sepal pore in 
response to hyphal wounding (Steinberg et al., 2017). WBs contain the peroxisomal 
matrix protein Hex1, which self assembles into a hexagonal crystalline core (Liu et 
al., 2008). The Woronin sorting complex, WSC, promotes this structure to bud from 
the peroxisome and to associate with the cell cortex. However, which structures cell 
cortex represented here are not know yet. WBs localize to the sub-apical regions of the 
hyphae, indicating that WB-cell cortex contact sites exist (Liu et al., 2008). Leashin1 
(Lah1) is recruited to WBs via its N-terminal domain that interacts with WSC. The 
C-terminal part of Lah1 anchors WBs to the cell cortex (Ng et al., 2009). LAH encodes 
two-transcripts, one for Lah1 and the other for Lah2. Lah2 shares a repetitive sequence 
with the C-terminus of Lah1 and localizes to the growing hyphal apex and sepal pores. 
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However, the molecular mechanisms are not understood yet. The large non-conserved 
middle region of Lah regulates WB dynamics (Han et al., 2014). Deletion of this middle 
domain alters the distance of WBs to the septum and impairs their elastic movements. 

Concluding Remarks

It is clear that peroxisomes form different contact sites with many other organelles in 
yeast and filamentous fungi. Although the protein composition of a few peroxisomal 
MCSs have been revealed, their molecular mechanism and functions still need further 
exploration.

For example, no information is available on proteins involved in the formation of 
peroxisome-plasma membrane contact sites (Shai et al., 2018). Additionally, regulators 
have been discovered for some contact sites of other organelles, such as Gem1 for 
ERMES (Stroud et al., 2011) and coenzyme Q for ER-mitochondrion associations 
(Subramanian et al., 2019), while no regulators are reported for peroxisomal MCSs in 
yeast to date. 

S. cerevisiae is a commonly used model organism in cell biology. However, for 
peroxisome research H. polymorpha has several advantages. In H. polymorpha, a single, 
small peroxisome exists in glucose-grown cells, which grows rapidly upon a shift to 
peroxisome-inducing media (Veenhuis et al., 1978; Wu et al., 2019). This peroxisome 
is much larger than those present in S. cerevisiae, which strongly facilitates visualization 
of the MCSs.

Altogether, gaining more insight into the molecular basis and function of peroxisomal 
MCSs will strongly contribute to the understanding of peroxisome biology. 

Aim of  this thesis

This thesis aims to identify and analyze the function and compositions of novel 
peroxisome MCSs in the yeast Hansenula polymorpha. 

Outline of  this thesis

In Chapter I of this thesis, I give an overview on the current knowledge of peroxisome 
formation and membrane contact sites in yeast and filamentous fungi. 

In Chapter II, we show that peroxisomes form multiple contacts with different organelles 
in H. polymorpha. Strikingly, under conditions of rapid peroxisomal proliferation large 
peroxisome-vacuole contacts (VAPCONS) are formed. At these contacts, patches of 
Pex3 accumulate. We show that Pex3, which plays a key role in peroxisome biology, is 
also required for the formation of VAPCONS. 

Chapter III, we further discuss our novel findings related to VAPCONS described in 
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chapter II. 

In Chapter IV, we describe the function of peripheral Pex3 patches, which are present in 
H. polymorpha cells, in addition to those localized at VAPCONS (Chapter II). We show 
that these peripheral Pex3 patches also contain Inp1 and localize at contact sites between 
peroxisomes and the plasma membrane, which are important for peroxisome retention 
in mother cells during yeast budding. 

Using liquid chromatography-mass spectrometry analysis of Pex3 complexes, we 
identified potential novel components interacting with Pex3 at MCSs (Chapter V). 
Two of the identified proteins were analysed further, namely autophagy-related protein 
30 (Atg30) and the ER membrane complex subunit 1 (Emc1). Our data indicate that 
both proteins are not essential for VAPCONS formation. However, our data indicate 
that both proteins may play a role in peroxisome biogenesis.

In Chapter VI, the main findings of this thesis are summarized. In addition, an outlook 
for further research is presented. 
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