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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.



Chapter I

18

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 
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(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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Abstract

Using electron and fluorescence microscopy techniques, we identified 
various physical contacts between peroxisomes and other cell organelles 
in the yeast Hansenula polymorpha. 

In exponential glucose-grown cells, which typically contain a single small 
peroxisome, contacts were only observed with the endoplasmic reticulum 
and the plasma membrane. Here we focus on a novel peroxisome-vacuole 
contact site that is formed when glucose-grown cells are shifted to 
methanol containing media, conditions that induce strong peroxisome 
development. At these conditions, the small peroxisomes rapidly increase 
in size, a phenomenon that is paralleled by the formation of distinct 
intimate contacts with the vacuole.

Localization studies showed that the peroxin Pex3 accumulated in patches 
at the peroxisome-vacuole contact sites. In wild-type cells growing 
exponentially on medium containing glucose, peroxisome-vacuole 
contact sites were never observed. However, upon overproduction of 
Pex3 peroxisomes also associated to vacuoles at these growth conditions. 

Our observations strongly suggest a role for Pex3 in the formation of 
a novel peroxisome-vacuole contact site. This contact likely plays a 
role in membrane growth as it is formed solely at conditions of strong 
peroxisome expansion.

Keywords: yeast, peroxisome, vacuole, contact sites, Pex3
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Introduction

For long, cell organelles were assumed to represent compartments that function in relative 
isolation, but now we know that they intimately collaborate in several important cellular 
processes. These collaborations not only involve functional interactions but also include 
tight physical associations between organelles. Well-established roles of organellar 
contacts are lipid (Lahiri et al., 2015) and calcium transport (Burgoyne et al., 2015). 
Tight physical contacts between organelles are not only important for the transport of 
small molecules but also play a role in various other processes such as organelle fission, 
movement and autophagy. Recent studies showed that virtually all organelles form 
contacts with other cell compartments. A striking example is the endoplasmic reticulum 
(ER), which associates with mitochondria, peroxisomes, vacuoles, lipid bodies, the 
Golgi apparatus, (auto)phagosomes and the plasma membrane (for a review see (Prinz, 
2014)).

Our knowledge on the occurrence, composition and function of peroxisomal contacts 
is still in its infancy (Shai et al., 2016). Peroxisomes are ubiquitous organelles that 
play important roles in a range of metabolic and non-metabolic functions (Smith and 
Aitchison, 2013). At the morphological level, associations between peroxisomes and 
other cellular membranes are already known for several decades (reviewed in (Schrader 
et al., 2015)). Recently, the first functions of peroxisomal contact sites as well as proteins 
that are localized to these sites were identified. For instance, in mammals, peroxisome-
ER contacts have been described that play a role in lipid transport (Costello et al., 2017; 
Hua et al., 2017). In yeast, ER-peroxisome contacts play a role in peroxisome retention. 
This contact requires Inp1, which simultaneously binds ER- and peroxisome-bound 
Pex3 (Fagarasanu et al., 2005; Knoblach et al., 2013). Another yeast peroxisome-ER 
contact involves the ER resident proteins Pex29 and Pex30, which form a complex 
with the ER-localized reticulon homology proteins Rtn1, Rtn2, and Yop1 (David et al., 
2013; Joshi et al., 2016; Mast et al., 2016). This so-called EPCONS has been implicated 
to function in de novo peroxisome formation. Whether specific peroxisomal (tethering) 
proteins are involved in the formation of EPCONS is not yet known. Peroxisome-
mitochondrial associations enhance metabolism by creating a short distance allowing 
efficient transport of metabolites between both organelles. Tethering proteins that have 
been identified to occur at these sites are the peroxisomal membrane proteins (PMPs) 
Pex11 and Pex34 as well as the mitochondrial proteins Mdm34 and Fzo1 (Cohen et 
al., 2014; Mattiazzi Ušaj et al., 2015; Shai et al., 2018). Moreover, contacts between 
peroxisomes and the autophagosomal membrane or vacuolar membrane are formed 
during peroxisome degradation by macro- or micropexophagy, respectively (Dunn et 
al., 2005). During macropexophagy peroxisome bound Atg30 (in Pichia pastoris) or 
Atg36 (in Saccharomyces cerevisiae) associate with the autophagy cargo receptor Atg11 
that is localized to the sequestering phagophore. PpAtg30 and ScAtg36 are recruited to 
peroxisomes by Pex3 (for a review see (Anding and Baehrecke, 2017)).

Here we describe a detailed microscopy analysis of vacuole-peroxisome contact sites 
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(VAPCONS) in the yeast Hansenula polymorpha. At peroxisome repressing growth 
conditions (glucose) H. polymorpha cells generally contain a single, small peroxisome. 
This organelle rapidly expands upon a shift of the cells to methanol containing media 
(peroxisome inducing conditions) (Veenhuis et al., 1978). We show that in exponential, 
glucose-grown inoculum cells the relatively small peroxisome only forms contacts with 
the plasma membrane and endoplasmic reticulum (ER), whereas shortly after the shift 
of cells to methanol media extensive physical contacts with vacuoles are formed as well. 
These contacts are developed in cells in which peroxisomes rapidly expand and are not 
subject to pexophagy. Hence, these novel contacts may function in the growth of the 
peroxisomal membrane.

Further analysis revealed that at peroxisome inducing conditions the PMP Pex3 is 
enriched in patches at the peroxisome-vacuole contact sites. Moreover, the formation of 
these structures is promoted at conditions of Pex3 overproduction. 

Taken together our data suggest that H. polymorpha Pex3 plays a role in the formation 
of a novel peroxisome-vacuole contact site.

Results

Peroxisomes form physical contacts with different cell organelles
Yeast peroxisomes lack enzymes that synthesize membrane lipids. Therefore peroxisomal 
membrane lipids are derived from other cellular locations. Previous data indicated that 
in S. cerevisiae peroxisomes can receive lipids from the ER via non-vesicular transport, 
a process that is likely to occur at membrane contact sites (Raychaudhuri and Prinz, 
2008). Also, data have been presented showing that yeast peroxisomes may derive 
their membrane lipids from the ER, the Golgi apparatus, vacuoles and mitochondria 
(Rosenberger et al., 2009; Flis et al., 2015a). We reasoned that potential contacts 
involved in lipid transfer to the peroxisomal membrane could best be identified in 
cells containing rapidly expanding peroxisomes. In H. polymorpha, these conditions are 
ideally met in cells, which are pre-cultivated on glucose and shifted for a few hours to 
medium containing methanol. H. polymorpha cells growing exponentially on glucose 
generally contain a single small peroxisome (approximately 0.1 μm in diameter) that 
rapidly develops into a larger organelle (almost 1 μm in diameter) before fission occurs 
in the first 8 h of adaptation of cells to growth on methanol (Veenhuis et al., 1979). 
Hence, the membrane surface of this peroxisome increases almost 100-fold in the same 
time interval.

At membrane contact sites the distance between two membranes is typically less than 30 
nm (Prinz, 2014), which is far below the resolution limit of Fluorescence Microscopy 
(FM; 200 nm). We therefore initiated our studies with a detailed Electron Microscopy 
(EM) analysis. Analysis of KMnO4-fixed cells shifted for 4 – 6 h from glucose to 
methanol medium confirmed that most cells contained a single enlarged peroxisome, 
which is the result of growth of the original small peroxisome present in the glucose-
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grown inoculum cells. These growing peroxisomes displayed intimate contacts with 
the ER, vacuoles, mitochondria and the plasma membrane (Fig. 1A). These contacts 
were also observed upon cryofixation of the cells (Fig. 1B), indicating that they did not 
represent artifacts due to the chemical fixation procedures.

Similar studies using glucose-grown control wild-type cells revealed that the single small 
peroxisomes present in these cells lacked vacuole contacts and were only associated with 
the ER and plasma membrane (Fig. 1C).

In KMnO4-fixed cells, regions where the distance between the peroxisomal membrane 
and another membrane was less than 5 nm were regularly observed. This distance was 
therefore used as a criterion to quantify the contacts. Analysis of series of serial sections of 
10 randomly taken glucose-grown cells showed that all 10 peroxisomes in these cells were 
associated with the ER and frequently also with the plasma membrane, whereas none of 
them formed a contact with mitochondria or vacuoles. However, in methanol-induced 
cells, most peroxisomes formed contacts with the vacuole, ER and plasma membrane, 
whereas infrequently a close association of a peroxisome with a mitochondrion was 
observed (Fig. 1D). Measurements of the average maximum length of the different 
contacts revealed that in methanol-grown cells the contacts with the vacuoles were most 
extensive (approximately 250 nm, Fig. 1BII, Fig. 1D). Vacuoles were never observed 
to completely surround the peroxisomes, indicating that at these conditions of rapid 
organelle expansion micropexophagy did not occur. Also, peroxisomes sequestered by 
autophagosomes were never observed. This was the expected result as in H. polymorpha 
micropexophagy strictly depends on N-starvation, whereas macropexophagy is induced 
by the addition of excess glucose to methanol cultures, conditions which are not met in 
our experimental set up (Bellu et al., 2001). 
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Figure 1. Peroxisome contacts in WT H. polymorpha cells. 
(A) EM analysis of thin sections of chemically fixed (KMnO4) WT cells induced for several hours on 
methanol medium. White arrows indicate regions where the distance between the two membranes is less 
than 5 nm. Overview (I) and details of contacts between the peroxisome and vacuole (II), ER (III) and 
mitochondrion (A-IV). (B) Electron micrographs of cryofixed cells, showing overview (I) and details of 
contacts with the vacuole (II), ER (III) and a mitochondrion (IV). (C) Electron micrograph of KMnO4 
fixed (I) and cryofixed (II) glucose-grown WT cell showing close associations between peroxisomes with 
the ER and plasma membrane. (D) Quantification of contact sites in chemically fixed WT cells grown on 
glucose or methanol medium. The average maximum contact lengths were calculated for 10 individual 
peroxisomes (either of glucose- or methanol-grown cells) using a series of serial sections that comprise the 
entire peroxisome. For the same 10 peroxisomes, the percentage of peroxisomes containing vacuole, ER 
and mitochondrial contacts were quantified (n = 10). CW – cell wall, ER – endoplasmic reticulum, M – 
mitochondrion, N – nucleus, P – peroxisome, V – vacuole.
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Peroxisome-vacuole contacts are formed under conditions of  peroxisome 
growth
FM analysis of living cells confirmed that upon shifting WT cells from glucose to 
methanol the percentage of peroxisomes (marked with the green peroxisomal matrix 
marker GFP-SKL) that was associated to vacuoles (i.e. partial overlap with the red 
fluorescent vacuole marker FM4-64) rapidly increased to almost 100% in a time interval 
of 8 h (Fig. 2). At 8 h after the shift, the first peroxisome fission events were observed. 
At this stage vacuole-peroxisome contacts still were evident (Fig. 2A, 8 h). Also, at 16 h, 
when peroxisome multiplication had occurred and clusters of peroxisomes were formed, 
most peroxisomes were still in contact with the vacuole (Fig. 2). However, among the 
clustered peroxisomes not all of them formed a contact with vacuoles, resulting in a 
slightly decreased percentage of peroxisome-vacuole contacts at 16 h (Fig. 2B).

FM suggested that approximately 15% of the peroxisomes associated to vacuoles in 
glucose-grown control cells, which seems at odds with the results of the EM analysis 
(compare Fig. 1D). However, this can be explained by the resolution limit of FM (200 
nm), which will reveal overlap of both organelle markers also when they are separated 
by a distance larger than 5 nm, but less than 200 nm.

Our FM observations were confirmed in cryo-fixed cells (Fig. 2C), which showed that at 
T = 0 h peroxisomes were not associated with vacuoles, whereas close associations were 
observed in samples taken at 4, 8 or 16 h after the shift. At later time-points (8 h and 
16 h) vacuoles often appeared fragmented, but remained associated with the peroxisome 
(Fig. 2C; 8 h). Long vacuolar protrusions that fully sequestered the peroxisome, as is 
typical for micropexophagy, or autophagosomes were never observed. 
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Figure 2. Close associations of  peroxisomes and vacuoles are formed upon induction of  peroxisome 
development. 
(A) Fluorescence microscopy images of WT cells shifted from glucose (T – 0 h) to methanol medium for 
4, 8 h or 16 h. Cells produce the peroxisomal matrix marker GFP-SKL. Vacuoles are stained with FM4-64. 
Scale bar 1 µm. Graphs show normalized fluorescence intensity along the lines indicated in the merged 
images. (B) Percentage of peroxisomes that form peroxisome-vacuole contacts at the indicated time points 
(see A). Peroxisome-vacuole contacts were defined as regions where green fluorescence signals (from GFP-
SKL) overlapped with red fluorescence from FM4-64. Error bars represent standard deviation (SD). 200 
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peroxisomes of two independent cultures were used for the quantification. * p < 0.05, t-test. (C) Electron 
micrographs of cryofixed cells at the indicated time points after the shift of glucose-grown cells to methanol 
containing medium. M – mitochondrion, N – nucleus, P – peroxisome, V – vacuole.

Pex3 accumulates in patches at peroxisome-vacuole contacts
In order to identify proteins involved in the formation of peroxisome-vacuole contacts, 
we tested whether specific PMPs are enrich at these sites in cells induced for a few 
hours on methanol. In line with earlier observations, Pmp47-GFP fluorescence showed 
an even distribution over the entire peroxisomal periphery (Fig. 3A) (Cepińska et al., 
2011). Pmp47 is homologous to the S. cerevisiae ATP transporter Ant1 (Visser et al., 
2007). A similar pattern was observed for Pex11-GFP, an abundant PMP implicated 
in peroxisome fission (Schrader et al., 2016), but also in the formation of peroxisome-
mitochondrion contacts (Mattiazzi Ušaj et al., 2015). Next, we analyzed Pex14-GFP, 
a component of the receptor docking complex. Pex14-GFP was observed at the entire 
organelle surface, but also partially enriched in patches. These patches were absent at 
regions where peroxisomes formed contacts with vacuoles (Fig. 3B, D). On the other 
hand, Pex3, a peroxin implicated in PMP sorting, also formed patches, generally one 
or two per organelle (Fig. 3A, B, C, E), one of which invariably was localized at the 
peroxisome-vacuole contacts. To further substantiate that Pex3 was localized at the 
contacts between peroxisomes and vacuoles, we performed correlative light and electron 
microscopy (CLEM). This method allows performing a detailed morphological analysis 
by EM of fluorescent structures identified by FM. EM analysis confirmed that invariably 
close contacts between the peroxisomal and vacuolar membrane were present at Pex3-
GFP patches observed by FM (Fig. 3F). 
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Figure 3. Pex3 is enriched at peroxisome-vacuole contacts in methanol-induced cells. 
(A) FM images of WT cells producing the indicated PMPs containing GFP at the C-terminus and produced 
under control of their endogenous promoters. Cells were induced for a few hours on methanol medium. 
(B) overview and (C, D) details of FM images of cells producing Pex14-GFP or Pex3-GFP stained with the 
vacuolar marker FM4-64 (purple) together with schematic representations of the regions where generally 
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the GFP patches are observed for Pex3-GFP and Pex14-GFP. In the merged images, cell contours are 
indicated in blue. Scale bar 1 µm in C, D; 5 µm in A, B. (E) Quantification of the percentage of peroxisomes 
containing one or two Pex3-GFP patches. For quantifying Pex3-GFP patches, the signal intensity variation 
on the peroxisomal membrane was measured. A patch is defined as region where the signal was 50% higher 
compared to the lowest signal measured on the same peroxisome. 2 × 40 peroxisomes from two independent 
cultures were counted. Error bar represents SD. (F) Correlative light and electron microscopy of cells 
producing Pex3-GFP and the matrix marker DsRed-SKL. I, A 200 nm thick cryosection was first imaged 
by FM. Scale bar 1 µm. II, Merged EM and FM images of the region indicated in the merged images of I. 
Scale bar 500 nm. DsRed-SKL fluorescence is not observed in the center of the larger peroxisomes because 
of the presence of an alcohol oxidase crystalloid inside these organelles. III Tomographic slice of the region 
indicated in II showing the close association of the peroxisome and the vacuole membrane at the site where 
the Pex3-GFP patch was observed by FM. Scale bar 100 nm. IV 3D rendered volume of the tomogram 
shown in III. Blue: peroxisome; Orange: vacuole; Yellow: nucleus, Green: mitochondrion.

Subsequently, we tested whether peroxisome-vacuole and Pex3-GFP patches still 
remained at peroxisome-vacuole contacts upon shifting cells from methanol-containing 
medium back to medium with glucose or medium without any carbon source (Fig. 4). 
WT cells producing GFP-SKL or Pex3-GFP were cultivated on methanol for 6 h and 
subsequently shifted to the indicated growth media and analyzed after 2 h. 

Upon a shift to glucose medium small peroxisomes appeared, which were not attached 
to the vacuole, whereas the larger peroxisomes that were still observed in some of the 
cells remained associated with vacuoles (Fig. 4A). Pex3-GFP patches remained present at 
these peroxisome-vacuole contacts after the addition of glucose (Fig. 4B). Quantitative 
analysis revealed that indeed the percentage of peroxisomes associated with vacuoles 
strongly decreased (Fig. 4C). Upon a shift to media without methanol, no obvious 
changes in peroxisome-vacuole contacts or Pex3-GFP patches were observed.
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Figure 4. The fate of  peroxisome-vacuole contacts upon addition of  glucose or removal of  methanol. 
(A, B) FM images of cells producing GFP-SKL (A) or Pex3-GFP (B). Cells were precultivated for 6 h on 
methanol and subsequently shifted to glucose containing medium (Glucose) or to medium without carbon 
source (-C). Cells were incubated for another 2 h and analyzed by fluorescence microscopy. Scale bar 2 μm. 
(C) Percentage of peroxisomes that form peroxisome-vacuole contacts at the indicated growth conditions. 
GFP-SKL was used as a marker for peroxisomes and FM4-64 was used to stain the vacuolar membrane. 
Error bars represent standard deviation (SD). 2 × 140 peroxisomes of two independent cultures were used 
for the quantification. The p-value was calculated by a t-test.

Overproduction of  Pex3 stimulates the formation of  peroxisome-vacuole 
contact sites in glucose-grown cells
Next, we analyzed whether Pex3 may play a direct role in the formation of peroxisome-
vacuole contacts. Because these contacts are absent in cells grown on glucose (Fig. 1D), 
we tested whether overproduction of Pex3-GFP in glucose-grown cells would lead to 
the formation of peroxisome-vacuole contacts. A strain overproducing Pex14-GFP was 
used as a control. In order to obtain overproduction, PEX3-GFP or PEX14-GFP were 
placed under control of the relatively strong amine oxidase promoter (PAMO). These 
strains, (called Pex3++ or Pex14++), together with control strains producing Pex3-GFP 
or Pex14-GFP under control of the endogenous promoters, were grown on media 
containing glucose/methylamine to induce PAMO. As shown in Fig. 5A, B in Pex3++ cells, 
an increased number of peroxisome-vacuole contacts was observed, relative to the WT 
control. In the control experiment using Pex14++ an increase in peroxisome-vacuole 
contact sites was not observed (Fig. 5A-E). In these cells often multiple peroxisomes were 
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observed because Pex14 overproduction stimulates peroxisome proliferation (Komori et 
al., 1997). Western blot analysis confirmed that Pex3-GFP and Pex14-GFP levels were 
enhanced in glucose/methylamine grown Pex3++ and Pex14++ cells (Fig. 5C). 

In FM images, 30% of the peroxisomes showed overlap with the FM4-64 marker in the 
glucose/methylamine grown WT control. This slightly enhanced percentage (compare 
Fig. 2) is most likely related to moderate peroxisome growth due to the import of the 
peroxisomal enzyme amine oxidase and the increased size of vacuoles at these growth 
conditions (Zwart et al., 1980). 

EM analysis confirmed that vacuole-peroxisome contacts did not occur in WT and 
Pex14++ cells grown on glucose/methylamine, whereas approximately 40% of the 
peroxisomes in the Pex3++ strain were closely associated with vacuoles (distance < 5 nm) 
(Fig. 5D, E). 
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Figure 5. Modulation of  the Pex3 levels affects peroxisome-vacuole contact sites. 
(A) FM images of glucose/methylamine-grown cells producing Pex3-GFP under control of the PAMO 
(Pex3++) or PPEX3 (WT) or Pex14-GFP under control of the PAMO (Pex14++) or PPEX14 (WT). Scale bar 2.5 
μm. (B) Quantification of the percentage of Pex3-GFP or Pex14-GFP spots co-localizing with the vacuolar 
marker FM4-64. The percentage of Pex3-GFP or Pex14-GFP patches that overlapped with red fluorescence 
from the vacuolar marker FM4-64 was calculated from two independent cultures (200 cells per culture). 
Error bars represent SD. Asterisks indicate significant difference (**p < 0.01), t-test. (C) Immunoblots 
demonstrating enhanced levels of Pex3-GFP in the Pex3++ strain or Pex14-GFP in the Pex14++ strain. Equal 
amounts of cell extracts were loaded per lane. Blots were decorated with α-GFP or α-pyruvate carboxylase 
(Pyc1) antibodies. Pyc1 was used as a loading control. Exposure times of GFP blot: 20 sec (upper panel) and 
200 sec (lower panel). (D) EM analysis of the identical cells as shown in A. CW: cell wall, M: mitochondrion, 
P: peroxisome, N: nucleus, V: vacuole. Scale bar: 200 nm. (E) Quantitative analysis of the percentage of 
peroxisomes that have a contact site with the vacuole (distance between membranes < 5 nm) in WT, Pex3++ 
or Pex14++ cells. The percentages were calculated from the analysis of 29 individual peroxisomes per strain. 
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Discussion

Here we describe a novel peroxisome-vacuole contact in yeast that develops under 
conditions of rapid peroxisome development. Our data indicate that the PMP Pex3 is 
involved in the formation of this contact.

Peroxisome-vacuole contacts have been described before and occur in H. polymorpha at 
conditions of nitrogen starvation, which induces micropexophagy, where extensions of 
the vacuole enclose the organelle to be degraded (Bellu et al., 2001). At the experimental 
conditions used in our current studies, all nutrients are present in excess. Indeed, our 
EM analysis revealed that peroxisomes were never engulfed by vacuolar extensions or 
taken up in vacuoles, as is typical for micropexophagy, in the early exponential methanol 
cultures.

The peroxisome-vacuole contacts we identified are also not related to macropexophagy. 
During macro-pexophagy peroxisomes are first enclosed by the autophagosomal 
membrane, which subsequently fuses with the vacuole. Hence, in macropexophagy, 
direct contacts between the peroxisomal and vacuolar membrane do not occur. Also, in 
H. polymorpha macropexophagy is characteristically induced upon a shift of methanol-
grown cells to glucose-excess conditions (Veenhuis et al., 1983), but never observed in 
cells in the exponential growth phase on methanol. 

We analyzed H. polymorpha cells in which peroxisome growth and proliferation are 
massively induced. Possibly, the peroxisome-vacuole contact formed at these conditions 
may play a role in non-vesicular lipid transport from the vacuolar to the peroxisomal 
membrane. Notably, in S. cerevisiae phosphatidyl-ethanolamine (PE) synthesized by 
phosphatidylserine decarboxylase 2 (Psd2) is transferred to the peroxisomal membrane 
(Rosenberger et al., 2009). Because Psd2 is localized to Golgi and vacuole membranes 
it is tempting to speculate that PE produced at the vacuole membrane is directly 
transported to peroxisomal membranes at vacuole-peroxisome contact sites. Lipid 
transport from the vacuolar membrane to other organelles indeed can occur in yeast, for 
instance to mitochondria at a contact site called vCLAMP (vacuole and mitochondria 
patch) (Elbaz-Alon et al., 2014; Hönscher et al., 2014; Ungermann, 2015). 

We showed that Pex3 accumulates in patches at peroxisome-vacuole contact sites (Fig.3). 
Moreover, overproduction of this peroxin resulted in the formation of peroxisome-
vacuole contact sites at conditions, where these sites normally do not occur (glucose 
medium, peroxisome-repressing growth conditions) (Fig. 5). These results indicate that 
Pex3 is a crucial protein for the formation of the peroxisome-vacuole contact sites. In 
addition, these data imply that methanol is not an essential signaling molecule for the 
formation of the contact sites. This is underscored by the observation that the contact 
sites are preserved upon a shift of methanol grown cells to medium without any carbon 
source (Fig. 4).

Upon transfer of methanol-grown cells to glucose medium, new small peroxisomes 
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appeared that were not in contact with the vacuole (Fig. 4). Because glucose fully 
represses peroxisome proliferation and the synthesis of abundant peroxisomal enzymes, 
further organellar growth is not required at these conditions. The larger peroxisomes 
became much less abundant, possibly because they diluted out over the newly formed 
cells. However, the relatively large peroxisomes that still were present 2 hours after the 
shift to glucose medium remained in contact with vacuoles (Fig. 4). 

We previously reported that removal of Pex3 via the ubiquitin-proteasome pathway is 
an early stage in macropexophagy in H. polymorpha (Bellu et al., 2002; Williams and 
van der Klei, 2013). It is tempting to speculate that the Pex3 protein that localizes 
to peroxisome-vacuole contact sites cannot be ubiquitinated thereby preventing the 
autophagosome to engulf the organelle that associates to the vacuole.

Pex3 is a highly conserved peroxin that was initially described to play a role in PMP 
sorting. In this process, Pex3 binds Pex19, the receptor/chaperone for newly synthesized 
PMPs (Fujiki et al., 2006) (Fig. 6). Later studies revealed additional, unrelated functions 
for Pex3 at conditions that induce pexophagy (by binding P. pastoris Atg30 or S. 
cerevisiae Atg36 (Motley et al., 2012; Burnett et al., 2015) and in peroxisome retention 
in budding yeast cells (via the association of Inp1, (Knoblach and Rachubinski, 2013)) 
(Fig. 6). Our current data add to the model that Pex3 represents an anchor protein at 
the peroxisomal membrane, which can recruit different components that play a role in 
a range of processes important in peroxisome biology. For the formation of peroxisome-
vacuole contacts, Pex3 may bind a yet unknown protein. Alternatively, Pex3 may directly 
associate to the vacuolar membrane, which finds support in the observation that the 
cytosolic soluble domain of Pex3 has affinity for lipids (Pinto et al., 2009).
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Figure 6. Pex3 plays a role in various processes important in peroxisome biology. 
Schematic representation of different proposed functions of Pex3 in peroxisome biology. These include 
PMP sorting, pexophagy, peroxisome retention and vacuole contact site formation.

Very recently peroxisome vacuole-contacts were detected in S. cerevisiae using split-GFP 
technology (Kakimoto et al., 2018; Shai et al., 2018). In these studies, different split-
GFP fragments were constructed that sort to a range of organelle pairs, which allow 
visualizing organellar contact sites by FM. This approach offers a very attractive method 
to develop high-throughput screens for the identification of peroxisome-vacuole contact 
site proteins in S. cerevisiae. 
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Materials and methods

Strains and growth conditions
The H. polymorpha strains used in this study are listed in Table S1. Yeast cells were 
grown in batch cultures at 37 °C on mineral medium (MM) (van Dijken et al., 1976) 
supplemented with 0.5% glucose or 0.5% methanol as carbon sources and 0.25% 
ammonium sulfate or 0.25% methylamine as nitrogen sources. When required, amino 
acids were added to the media to a final concentration of 30 µg/mL. For selection of 
transformants, plates were prepared containing 2% granulated agar and 0.67% yeast 
nitrogen base without amino acids (YNB; Difco; BD) containing 0.5% glucose or YPD 
(1% yeast extract, 1% peptone, and 1% glucose) supplemented with 100 µg/mL zeocin 
(Invitrogen).

Construction of  H. polymorpha strains
All plasmids and oligonucleotide primers used in this study are listed in Tables S2. 
Transformation and site-specific integration were performed as described previously 
(Faber et al., 1994).

To construct an H. polymorpha WT strain overproducing Pex14-eGFP (under control of 
the amine oxidase promoter, PAMO), plasmid pHIPX5 Pex14-eGFP was linearized with 
Bsu36I and integrated into the genome of H. polymorpha yku80.

In order to obtain plasmid pHIPX5 Pex14-eGFP, the Pex14-eGFP fragment was 
digested from the plasmid pHIPX4 Pex14-eGFP (gift from Masayuki Komori) using 
BamHI and SacI. Then the fragment was inserted between BamHI and SacI sites of the 
plasmid pHIPX5 (Kiel et al., 1995).

Plasmid pHIPZ Pex14-mGFP (pSNA12; Cepińska et al., 2011) was linearized with 
PstI and integrated into the genome of H. polymorpha NCYC495, resulting in a strain 
producing Pex14-mGFP under control of its own promoter.

Plasmid pHIPZ Pex3-mGFP (designated pSEM61) was obtained as follows: PCR was 
performed on H. polymorpha WT genomic DNA using primers Pex3-F and Pex3-R. 
The PCR product was digested with HindIII and BglII. Then the resulting fragment 
was inserted between the HindIII and BglII sites of the pHIPZ mGFP fusinator plasmid 
(Saraya et al., 2010). EcoRI-linearized pSEM61 was integrated into the PEX3 gene of 
H. polymorpha yku80 producing DsRed-SKL, resulting in a strain producing Pex3-GFP 
under control of its own promoter. Moreover, H. polymorpha yku80 producing DsRed-
SKL was constructed upon the integration of NsiI-linearized pHIPN4 DsRed-SKL 
(Cepinska et al., 2011) into the genomic DNA.

Biochemical techniques 
Total cell extracts were prepared for western blot analysis upon TCA precipitation of 
whole cells as described before (Baerends et al., 2000). Equal amounts of protein were 
loaded per lane. Western blots were probed with mouse monoclonal antiserum against 
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GFP (sc-9996; Santa Cruz Biotechnology, Inc.), rabbit polyclonal antisera against 
pyruvate carboxylase-1 (Pyc1 ; Ozimek et al., 2003), Pex11 (Krikken et al., 2009), Pex14 
(Komori et al., 1997) or Pex3 (Baerends et al., 1996). Secondary goat anti-rabbit or goat 
anti-mouse antibodies conjugated to horseradish peroxidase (Thermo Fisher Scientific) 
were used for detection. Pyc1 was used as a loading control.

Fluorescence Microscopy 
Wide field images were captured at room temperature using a 100 × 1.30 NA objective 
(Carl Zeiss, Oberkochen, Germany). Images were obtained from the cells in growth 
media using a Zeiss Axioscope A1 fluorescence microscope (Carl Zeiss, Oberkochen, 
Germany), Micro-Manager 1.4 software and a CoolSNAP HQ2 camera. The GFP 
fluorescence was visualized with a 470/40 nm band pass excitation filter, a 495 nm 
dichromatic mirror, and a 525/50 nm band-pass emission filter. FM4-64 fluorescence 
was visualized with a 546/12 nm band pass excitation filter, a 560 nm dichromatic 
mirror, and a 575-640 nm band pass emission filter. The vacuolar membranes were 
stained with FM4-64 (Invitrogen) by incubating cells at 37 °C with 2 µM FM4-64. 
Image analysis was performed using ImageJ and Adobe Photoshop CC software.

For quantifying Pex3-GFP patches, the signal intensity variation on the peroxisomal 
membrane was measured. When the signal was 50% higher compared to the lowest signal 
measured on the same peroxisome, it was considered to be a patch. The percentage of 
peroxisomes containing a patch was calculated from two biological replicates containing 
each 40 peroxisomes. The signal variation of Pex11-GFP and Pmp47-GFP on a single 
peroxisome was on average less than 25%. The error bars indicate the standard deviation.

Peroxisome-vacuole contacts were defined as regions where green fluorescence signals 
(from GFP-SKL or Pex3-GFP) overlapped with red fluorescence from FM4-64. The 
percentage of peroxisomes forming a contact with vacuoles was calculated from two 
biological replicates. The error bars indicate the standard deviation. 

Electron microscopy (EM)
For morphological analysis cells were fixed in 1.5% potassium permanganate, post-
stained with 0.5% uranyl acetate, and embedded in Epon. For cryofixation cells were 
fixed using self-pressurized rapid freezing (Leunissen and Yi, 2009). The copper capillaries 
were sliced open longitudinally and placed on frozen freeze-substitution medium 
containing 1% osmium tetroxide, 0.5% uranyl acetate and 5% water in acetone. The 
tube fragments containing cell material were dehydrated and fixed using the rapid freeze 
substitution method (McDonald and Webb, 2011). Samples were embedded in Epon 
and ultra-thin sections were collected on formvar-coated and carbon evaporated copper 
grids and inspected using a CM12 (Philips) transmission electron microscope (TEM).

For quantification of membrane contacts, ribbons of 60 nm thick sections from 
chemically fixed cells were collected on Formvar-coated and carbon evaporated single-
hole grids. Entire peroxisomes were imaged in serial sections. The maximum length of a 
contact size and the number of contacts were measured using ImageJ.
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Correlative light and electron microscopy (CLEM) was performed using cryosections 
as described previously (Knoops et al., 2015). Sections were imaged on an Observer 
Z1 (Carl Zeiss) fluorescence microscope with a 63 × 1.25 NA Plan-Neofluar objective 
(Carl Zeiss) equipped with an AxioCAM MRm camera (Carl Zeiss) using Zen 2.3 
software. GFP fluorescence was visualized with a 470⁄40 nm band pass excitation filter, 
a 495 nm dichromatic mirror, and a 525⁄50 nm band-pass emission filter. DsRed 
fluorescence was visualized with a 546/12-nm band pass excitation filter, a 560-nm 
dichromatic mirror, and a 575–640-nm band pass emission filter. After fluorescence 
imaging, the grid was post-stained and embedded in a mixture of 0.5% uranyl acetate 
and 0.5% methylcellulose. Acquisition of the double-tilt tomography series for CLEM 
was performed manually in a CM12 TEM running at 90 kV and included a tilt range 
of 40 ° to 40 with 2.5 ° increments. To construct the CLEM images, pictures taken with 
FM and EM were aligned using the eC-CLEM plugin (Paul-Gilloteaux et al., 2017) in 
Icy (http://icy.bioimageanalysis.org). Reconstruction of the tomograms was performed 
using the IMOD software package.
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Supplementary Data

Table S1 Hansenula polymorpha strains used in this study

Strain Description Reference

Wild type NCYC495; leu1.1 (Sudbery et al., 1988)

yku80 NCYC495 YKU80::URA3; leu1.1 (Saraya et al., 2012)

WT::PTEF1 GFP-SKL NCYC495 with integration of plasmid pHIPX7 
GFP-SKL; LEU2 (Krikken et al., 2009)

WT:: PPEX3 Pex3-GFP NCYC495 with integration of plasmid pHOR46; 
LEU2 (Haan et al., 2002)

WT:: PPEX11 Pex11-GFP Hp. WT with integration with plasmid pHIPZ 
Pex11-GFP; leu1.1, ZeoR (Thomas et al., 2015)

WT:: PPEX14 Pex14-GFP NCYC495 with integration of plasmid pHIPZ 
Pex14-mGFP; leu1.1, ZeoR This study

WT:: PPMP47 Pmp47-GFP Hp. WT with integration of plasmid pHIPZ 
Pmp47-mGFP; leu1.1, ZeoR (Thomas et al., 2015)

WT:: PPEX3 Pex3-GFP:: 
PAOX DsRed-SKL 

Hp. yku80 producing DsRed-SKL with integration 
with pSEM61; ZeoR, NatR, URA3 and leu1.1 This study

WT:: PAOX DsRed-SKL Hp. yku80 with integration of plasmid pHIPN4 
DsRed-SKL; leu1.1 and NatR This study

pex3::PAMO Pex3-GFP Hp. PEX3 deletion with integration of the plasmid 
pHIPZ5 Pex3-GFP; leu1.1, ZeoR (Nagotu, et al., 2008)

WT:: PAMO Pex14-GFP Hp. yku80 with integration of plasmid pHIPX5 
Pex14-eGFP; LEU2 This study
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Table S2 Plasmids and Oligonucleotides used in this study

Plasmids Description Reference

pHIPZ Pex14-
mGFP

pHIPZ containing C-terminal part of PEX14 fused to GFP; 
ZeoR, AmpR

(Cepińska et al., 
2011)

pSEM61 Plasmid containing gene encoding C-terminal part of PEX3 
fused to mGFP; ZeoR, AmpR This study

pHIPZ mGFP-
fusinator pHIPZ containing mGFP; ZeoR, AmpR (Saraya et al., 

2010)
pHIPN4 DsRed-
SKL

pHIPN containing DsRed-SKL under the control of AOX 
(alcohol oxidase) promoter ; NatR, AmpR

(Cepińska et al., 
2011)

pHIPX5 Pex14-
eGFP

pHIPX containing PEX14 fused to GFP under the control of 
AMO promoter; LEU2, KanR This study

pHIPX4 Pex14-
eGFP

pHIPX containing PEX14 fused to GFP under the control of 
AOX promoter; LEU2, KanR

(Gift from 
Masayuki 
Komori)

pHIPX7 GFP-
SKL

pHIPX containing GFP-SKL controlled by the promoter of 
Translational elongation factor EF-1 alpha (TEF1) ; LEU2, 
KanR

(Krikken et al., 
2009)

Oligonucleotides Sequence (5’-3’)

Pex3-F AAGAAAAAGCTTCTTTTTGGCACGGGAGTGAT

Pex3-R AAAAGATCTAGCATCGAAATTAGAGTAGACAC
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Abstract

Peroxisomes are important organelles and present in almost all 
eukaryotic cells. Close associations between peroxisomes and other cell 
compartments are known for several decades. The first molecular details 
of physical contacts between peroxisomes and various other organelles 
are now beginning to emerge. We recently described a novel contact 
between peroxisomes and vacuoles in the yeast Hansenula polymorpha, 
which develops during conditions of strong peroxisome proliferation. 
At such conditions, Pex3-GFP forms focal patches at the peroxisome-
vacuole contacts, while overproduction of Pex3 promotes their formation. 
These results reveal a novel function for Pex3 in the formation of these 
contacts, where it might act as a tethering protein. We speculate that the 
peroxisome-vacuole contact is important for membrane lipid transfer at 
conditions of strong organellar expansion. 

Keywords: peroxisome, vacuole, membrane contact site, Pex3, yeast
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Commentary to: Wu, H., De Boer, R., Krikken, A. M., Akşit, A., Yuan, W., & Van der 
Klei, I. J. (2019). Peroxisome development in yeast is associated with the formation 
of Pex3-dependent peroxisome–vacuole contact sites. Biochimica et Biophysica Acta 
(BBA) — Molecular Cell Research. 1866(3), 349–359. doi:10.1016/j.bbamcr.2018. 
08.021. 

On their discovery in 1954, peroxisomes were initially assumed to be unimportant 
because of their small size and low abundance and thus largely ignored. However, now 
we know that they are crucial for proper cell function and involved in many metabolic 
pathways. In addition to their common functions in lipid metabolism and degradation 
of hydrogen peroxide, highly specialized metabolic roles have been described, such as 
bile acid and penicillin biosynthesis. Also, the list of nonmetabolic peroxisome functions 
is rapidly expanding and includes among others antiviral signaling and innate immune 
response. This has placed the analysis of peroxisome biology again at the heart of modern 
cell biology research (reviewed by Islinger et al., 2018). Yeast peroxisomes lack lipid 
biosynthesis enzymes and thus acquire all membrane lipids from other membranes. 
This property makes these organisms ideal models to study membrane lipid transport. 
Several reports support the occurrence of vesicular lipid transport from the endoplasmic 
reticulum (ER) to peroxisomes. However, other data indicate that nonvesicular lipid 
transport can occur as well (for a recent review, see (Akşit and van der Klei, 2018)). 
Nonvesicular lipid transport typically occurs at regions where two membranes come 
into close proximity. Recently, the first peroxisome-ER contact site involved in lipid 
transport and peroxisomal expansion has been identified in mammals (Hua et al., 
2017; Costello et al., 2017). This contact requires the peroxisomal membrane protein 
acyl-coenzyme A-binding domain protein 5 (ACBD5) as a binding partner for the ER 
protein vesicle-associated membrane protein-associated protein B (VAPB) and functions 
not only in peroxisomal membrane growth but also in the synthesis of plasmalogens and 
the maintenance of cellular cholesterol levels (Hua et al., 2017; Costello et al., 2017).

In our recent paper (Wu et al., 2019), we analyzed the presence of peroxisomal contact 
sites in the yeast Hansenula polymorpha. Detailed electron microscopy studies revealed 
that at peroxisome-inducing growth conditions (methanol medium) peroxisomes 
form close contacts with many different membranes including the ER, mitochondria, 
vacuoles, and plasma membrane. Remarkably, the vacuole-peroxisome contact sites 
were fully absent in cells grown at peroxisome-repressing growth conditions (glucose 
medium) but were formed on shifting these cells to methanol medium conditions 
that lead to a rapid increase in the total peroxisome membrane surface (i.e., a 100-
fold increase within the first 6 to 8 hours after the shift; Fig. 1). These data suggest 
that the vacuole may serve as an additional membrane lipid donor at conditions of 
strong, substrate-induced expansion of the peroxisomal membrane, whereas at 
peroxisome-repressing conditions, the lipids may derive only from the ER. Our data 
indicate that Pex3 plays a direct role in this process, as this peroxisomal membrane 
protein is observed to accumulate in patches at the sites of vacuole-peroxisome contacts. 
Moreover, these contacts also appeared on artificial overproduction of Pex3 in glucose-
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grown cells, growth conditions where such contacts are invariably completely absent in 
wild-type cells. Pex3 is a peroxisomal membrane protein that consists of a membrane 
spanning region and a large cytosolic domain. Pex3 was initially described as peroxin 
involved in peroxisome biogenesis, which functions together with the soluble protein 
Pex19 in sorting of peroxisomal membrane proteins. Later studies revealed that Pex3 
also functions in organelle inheritance and pexophagy for which it associates with Inp1 
and Atg30 or Atg36, respectively (Motley et al., 2012; Burnett et al., 2015). Together 
with our current observation, we propose that a general function of Pex3 may be 
recruiting other proteins or structures to the peroxisomal membrane. If correct, Pex3 
may function in tethering peroxisomes to vacuoles by binding to a yet unknown protein 
in the vacuolar membrane. Alternatively, Pex3 may bind directly to vacuolar membrane 
lipids. For now, we speculate that peroxisome-vacuole contacts are involved in lipid 
transfer similar as described for yeast vCLAMP (vacuole and mitochondria patch) that 
is involved in lipid transfer from vacuoles to mitochondria and redundant with the ER-
mitochondrion contact site ER-mitochondria encounter structure (ERMES) (Elbaz-
Alon et al., 2014; Hönscher et al., 2014). Indeed, also in yeast, ER-peroxisome contacts 
have been described. ER proteins that localize to these contact sites (for instance, Pex29 
and Pex30) are proposed to play a role vesicle budding from the ER as part of the de 
novo peroxisome formation pathway (David et al., 2013; Joshi et al., 2016; Mast et al., 
2016; Wang et al., 2018). However, it cannot be excluded that these peroxisome-ER 
contact sites also play a role in nonvesicular lipid transport. Importantly, our electron 
microscopy studies revealed that in glucose- and in methanol-grown H. polymorpha cells 
peroxisomes tightly associate with the ER as well (Wu et al., 2019). Possibly, multiple 
pathways exist that can mediate membrane lipid transfer to cell organelles and become 
operative dependent on specific cellular demands.

Figure 1. Pex3-dependent formation of  peroxisome-vacuole contact sites. 
Schematic representation of Pex3-dependent formation of peroxisome-vacuole contact sites in yeast. At 
peroxisome-repressing conditions (glucose), the relatively small, single peroxisome associates with the plasma 
membrane and ER. Pex3 is present at the membrane of these organelles. On a shift to methanol medium, 
the single small organelle rapidly expands during the first hours after the shift. At these conditions, the level 
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of Pex3 is rapidly increasing, which is paralleled by the formation of patches, where Pex3 is enriched, at 
peroxisome-vacuole contact sites. The molecules at the vacuolar membrane to which Pex3 associates at these 
contact sites (indicated by a question mark) are still unknown. ER- endoplasmic reticulum.
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Abstract

Here we show that Hansenula polymorpha Inp1 is crucial for the formation 
of peroxisome-plasma membrane contact sites. At these sites Inp1 and 
Pex3 accumulate in patches. These patches, and herewith the contact 
sites, disappear upon deletion of INP1. In contrast, they increase in size 
and recruit more Pex3 protein upon INP1 overexpression. Importantly, 
peroxisome-endoplasmic reticulum contact sites still remain intact in 
inp1 deletion cells. 

In the absence of Pex3, Inp1 localizes to the plasma membrane. Analysis 
of truncated Inp1 variants indicated that the extreme N-terminus of 
Inp1 associates to the plasma membrane, whereas the C-terminus of the 
protein binds to peroxisomes. 

Our findings are consistent with the view that the plasma membrane 
and not the endoplasmic reticulum acts as the platform for peroxisome 
retention.

Keywords: Peroxisome, Inp1, Pex3, plasma membrane, endoplasmic 
reticulum, contact site, yeast
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Introduction

All eukaryotic cells contain specific compartments that perform specialized functions. 
To maintain proper organelle homeostasis, their volume fractions continuously adapt to 
the cellular needs. Also, during cell fission, the organelles must properly multiply and 
segregate over the daughter cells. In asymmetrically dividing yeast cells, this includes 
the transport of a subset of organelles to the newly developing cells (buds) together 
with retention of the remaining ones in the mother cell. This distribution process is 
tightly regulated and ensures that both mother cell and bud maintain a complete set of 
organelles (Knoblach et al., 2015).

The organelle inheritance machinery comprises several components, i.e. a cytoskeleton 
track, a molecular motor, an anchoring system in the mother cell and a capturing device 
in the bud (Knoblach et al., 2015). For yeast peroxisomes, detailed information on 
various aspects of these processes has been generated. Transport of peroxisomes to the bud 
involves the actin cytoskeleton and the class V myosin motor protein Myo2 (Hoepfner 
et al., 2001). Association of Myo2 to peroxisomes occurs via Inp2 (INheritance of 
Peroxisomes 2), a cell cycle regulated peroxisomal membrane protein (PMP) (Fagarasanu 
et al., 2006). The soluble peroxin Pex19 stabilizes the Inp2-Myo2 interaction (Otzen et 
al., 2012). Inp1 tethers peroxisomes to the cortex of mother cells and buds (Fagarasanu 
et al., 2005). It is a soluble protein that is recruited to the peroxisomal membrane by Pex3 
(Munck et al., 2009; Knoblach et al., 2013; Knoblach et al., 2019). Inp1 preferentially 
associates to mature peroxisomes, which are retained in the mother cell, whereas Inp2 
is present at newly formed peroxisomes that are transported to the bud (Kumar et al., 
2018).

Saccharomyces cerevisiae Inp1 has been proposed to attach peroxisomes to the 
endoplasmic reticulum (ER), by simultaneously binding to ER- and peroxisome-bound 
Pex3 (Knoblach et al., 2013). This model is based on the view that Pex3 traffics to 
peroxisomes via the ER (Jansen et al., 2019; Kim et al., 2015; Mayerhofer, 2016). In 
this view, a portion of the total cellular Pex3 protein localizes to the ER, where it was 
proposed to function in peroxisome retention, in conjunction with bulk of the Pex3 
protein being peroxisome bound (Knoblach et al., 2013). 

Pex3 is a PMP that contains a large soluble, C-terminal domain exposed to the cytosol. 
This domain can bind several other proteins in a diversity of peroxisome-related processes 
(for a recent review see (Jansen et al., 2019)). First, it can recruit the soluble PMP 
receptor protein Pex19, which is required for PMP sorting. Second, during pexophagy 
Pex3 binds Atg proteins that are essential for the recognition of peroxisomes by the 
autophagy machinery (S. cerevisiae Atg36 (Hettema et al., 2012) or Pichia pastoris Atg30 
(Farré et al., 2008)). Finally, we recently showed that in the yeast Hansenula polymorpha 
Pex3 is responsible for associating peroxisomes to the vacuolar membrane at peroxisome-
vacuole contact sites (Wu et al., 2019). 
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Recent studies on peroxisome-vacuole contact sites (designated VAPCONS) 
demonstrated that H. polymorpha is a very attractive model organism for studying 
peroxisomal contact sites. At peroxisome repressing conditions (glucose medium) 
H. polymorpha cells contain only a single, relatively small peroxisome. This organelle 
rapidly grows in size (up to 1 micrometer in diameter) during the first hours of growth 
after shifting cells to peroxisome inducing conditions (methanol medium), followed 
by organelle multiplication by fission. Before the first fission event, the cells contain a 
single peroxisome that is much larger compared to e.g. peroxisomes in S. cerevisiae or 
mammalian cells, which has the advantage that patches of PMPs can readily be detected 
by fluorescence microscopy (FM) (Cepińska et al., 2011; Wu et al., 2019).

Our recent microscopy analysis of peroxisome contact sites in H. polymorpha revealed 
that in glucose-grown cells the single peroxisome is invariably localized at the cell 
periphery in close vicinity to both the ER and the plasma membrane (PM). In S. 
cerevisiae, peroxisome-ER contact sites have been described (so called EPCONS). The 
formation of these contacts involves the function of the ER-localized peroxins Pex30 
and Pex31 (David et al., 2013; Mast et al., 2016). So far, peroxisome-PM contact sites 
have not been characterized yet.

Within a few hours after shifting glucose-grown H. polymorpha cells to methanol 
medium the single enlarged peroxisome forms relatively large contact sites with the 
vacuole (VAPCONS) while the organelle stays associated to the ER and PM. At these 
VAPCONS large patches of Pex3-GFP were observed. Interestingly, in budding cells 
often a second Pex3-GFP spot of enhanced fluorescence was observed, which generally 
localized to the cell periphery. 

Here we analyzed these latter Pex3 patches in more detail. We show that they localize 
to peroxisome-PM contact sites that also contain Inp1. In the absence of Inp1, these 
contacts are lost whereas EPCONS are still observed. Inp1 overproduction leads to 
expansion of the peripheral Pex3 and Inp1 patches. Based on localization studies of 
truncated Inp1 variants, we conclude that the N-terminal domain of Inp1 is important 
for association of the protein to the PM, whereas the C-terminus is required to bind 
Inp1 to Pex3 at the peroxisomal membrane.

Results and Discussion

Inp1 co-localizes with Pex3 at the PM
We previously showed that Pex3 accumulates in patches at VAPCONS. However, in 
budding cells generally peroxisomes contain a second, relatively small spot of Pex3-GFP 
fluorescence, close to the cell periphery (Fig. 1A) (Wu et al., 2019). Co-localization 
studies showed that Inp1-GFP and Pex3-mKate2 co-localize in this peripheral spot (Fig. 
1A). In budding cells these spots generally are present close to the bud neck, in line with 
earlier observations in S. cerevisiae (Fig. 1B) (Hoepfner et al., 2001). These findings are 
consistent with the view that the peripheral Pex3 spot is involved in Inp1-dependent 
peroxisome retention in mother cells.
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Figure 1. Inp1 co-localizes with the peripheral Pex3 patch. 
(A) CLSM (Airy-scan) images of cells producing the indicated proteins under control of their endogenous 
promoters. Cells were grown for 8 h on methanol medium. Vacuoles are stained with FM4-64. The cell 
contours are indicated in blue. (B) Quantitative analysis of the localization of the Inp1-Pex3 spot in 
budding yeast cells. The bud is indicated as region I, whereas the mother cell was segmented in three 
regions (designated II, III and IV) as indicated in the schematic representation. The position of 2 × 50 spots 
in which Inp1-GFP and Pex3-mKate2 co-localized was counted from two independent experiments. Error 
bars indicate standard deviation (SD).

Inp1 and Pex3 enrich at peroxisome-PM contact sites 
Correlative light and electron microscopy (CLEM) was performed to elucidate whether 
the peripheral Inp1-Pex3 patches represent peroxisome-ER contact sites. This revealed 
that the peripheral Pex3-GFP patch localized to the region where peroxisomes tightly 
associate with the PM (< 30 nm), rather than the ER (Fig. 2A, 2B). Electron tomography 
(ET) indicated that in each cell at least one peroxisome is attached to the PM, but also 
associates with the ER (Fig. 2C). The latter contacts may represent EPCONS previously 
described in S. cerevisiae (David et al., 2013; Mast et al., 2016).

The Pex3-GFP patch invariably localized to the PM-peroxisome contact sites. To obtain 
sufficient fluorescence signal for CLEM analysis, the Inp1-GFP was overproduced. As 
shown in Fig. 2B, like Pex3 also Inp1 localized to the peroxisome-PM contact site. 
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ET of glucose and methanol-grown cells confirmed the presence of peroxisome-PM 
contact sites at both conditions. Taken together these data suggest that peroxisomes 
form contacts with the PM, to which Inp1 and Pex3 localize.

Figure 2. Co-localization of  Inp1 and Pex3 at peroxisome-PM contacts. 
(A) The upper panel shows an FM image and merged phase contrast/FM image of a 150 nm cryo-section 
from cells producing Pex3-GFP, grown for 8 h on methanol. The arrowhead indicates the Pex3-GFP 
patch at the cell periphery. The lower panel shows the CLEM image with the Pex3-GFP patch at the PM-
peroxisome contact. The dashed square indicates the region shown in the tomographic slice. P: peroxisome. 
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(B) CLEM analysis as described at A of cells producing Inp1-GFP under control of the translation 
elongation factor (TEF1) promoter (PTEF1) together with the peroxisomal membrane marker Pmp47-
mKate2. CW: cell wall, N: nucleus, V: vacuole, PM: plasma membrane, ER: endoplasmic reticulum. (C) 
Tomographic reconstruction of peroxisomes in glucose (left) or methanol (right) grown WT cells. Colors in 
the tomograms indicate: Cyan - PM, light blue - peroxisome, Orange - ER.

Inp1 is required for the formation of  peroxisome-PM contacts, whereas 
Inp1 overproduction enhances these contacts 
In cells of an INP1 deletion strain (inp1) a peripheral Pex3-GFP patch was only rarely 
detected (Fig. 3A). Quantification revealed that the percentage of cells containing a 
peripheral Pex3-GFP patch dropped to 15% compared to 80% observed in WT control 
cells (Fig. 3B). Moreover, EM analysis indicated that deletion of INP1 affected the tight 
connections between peroxisomes and the PM, but not with the ER (Fig. 3C). This was 
underscored by the observation that in inp1 cells, the distance between peroxisomes and 
PM, but not between peroxisomes and ER, significantly increased (Fig. 3D). 
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Figure 3. Deletion of  INP1 affects peroxisome-PM contact formation, whereas INP1 overexpression 
increases these contacts. 
(A) CLSM (Airy-scan) images of inp1 cells grown for 8 h on methanol. Cells produced Pex3-GFP under 
control of the endogenous promoter. Vacuoles are marked with FM4-64. (B) Quantification of peripheral 
Pex3 patches in WT and inp1 cells. 2 × 45 cells were quantified from two independent experiments. Two-
tailed student’s test was performed. *p < 0.05. (C) Tomographic reconstruction of a peroxisome in glucose-
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grown inp1 cell. Blue – peroxisomal membrane, Orange – ER, Cyan – PM. (D) Quantification of the 
distance between the peroxisomal membrane and the PM or ER. 2 × 20 cell sections were quantified 
from two independent experiments. Two-tailed student’s test was performed. * p < 0.05. (E) CLSM Airy-
scan images from cells grown for 16 h on methanol/glycerol and producing Inp1-GFP controlled by the 
endogenous promoter (WT) or PADH1 (Inp1++) together with Pex3-mKate2 or DsRed-SKL (peroxisomal 
matrix marker). The vacuole lumen is marked with CMAC. Note that under these conditions the cells 
contain multiple peroxisomes, therefore in WT control cells more Pex3-GFP signal and spots are present. 
(F) Electron micrographs of cryofixed WT or Inp1++ cells, grown for 16 h on methanol/glycerol containing 
medium showing that the peroxisomes associates with the PM. The black arrows indicate peroxisome-PM 
contact sites. P: Peroxisome; V: vacuole; M: mitochondrion. (G) Quantification for the distance between 
peroxisome and the PM in the indicated strains grown in medium containing methanol/glycerol. Error bars 
indicate SD. 2 × 34 cell sections from two independent cultures were counted. (H) Western blot analysis 
of Inp1-GFP levels in the indicated strains grown for 16 h on methanol/glycerol. Blots were decorated with 
α-GFP or α-Pyc1 antibodies. Pyc1 serves as a loading control.

Overproduction of membrane contact site proteins frequently results in an increase in 
the size of these structures (Eisenberg-Bord et al., 2016). To investigate whether this is 
also true for Inp1, we constructed a strain that overproduced Inp1-GFP (termed Inp1++) 
together with Pex3-mKate2 produced under control of its own promoter. In Inp1++ cells 
Inp1-GFP and Pex3-mKate2 co-localized to an elongated patch at the cell periphery 
(Fig. 3E). At the same time, the intensity of the Pex3-GFP patch at VAPCONS 
decreased, suggesting that bulk of the peroxisomal Pex3 protein was recruited to the 
peroxisome-PM contacts. The cluster of peroxisomes that is generally observed in the 
center of glycerol/methanol-grown H. polymorpha WT cells did not occur in Inp1++ 
cells. Instead, all peroxisomes associated to the PM (Fig. 3E, F). This is underscored 
by the decreased average distance between the peroxisomal membrane and the PM in 
Inp1++ cells (Fig. 3G). Western blot analysis confirmed that Inp1 levels, which were 
below the limit of detection in the WT control, were detectable in the overexpression 
strain and thus enhanced in Inp1++ cells (Fig. 3H).

Taken together these data show that overproduction of Inp1 results in increased 
peroxisome-PM contacts, indicating that this protein plays a direct role in the formation 
of these contacts. 

Inp1 associates to the PM in the absence of  Pex3 
Our data are consistent with the view that Pex3-bound Inp1 connects peroxisomes to 
the PM. Thus, we asked whether Inp1 binds to the PM in PEX3 deletion cells. FM of 
such cells producing Inp1-GFP revealed that the fluorescence levels were below the limit 
of detection. We therefore slightly overproduced Inp1-GFP by producing this protein 
under control of the PTEF1 (named Inp1++). Analysis of this strain indicated that in newly 
formed buds (Fig. 4A, VI) and budding cells (Fig. 4A, II-V) Inp1-GFP fluorescence 
localized to the cell periphery together with fluorescence in the cytosol and occasionally 
in large faint spots that most likely represent nuclei. Interestingly, at the start of bud 
formation Inp1-GFP enriched at the place where the new bud emerged (I, II, III). The 
presence of cytosolic Inp1-GFP may be related to Inp1-GFP overproduction. The Inp1-
GFP fluorescence present at the cell periphery in developing buds can be explained by 
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the fact that Inp1 also plays a role in retaining peroxisomes within the newly forming 
bud upon Myo2 dependent transport (Fagarasanu et al., 2005).

These data underscore the model that Inp1 has the capacity to associate to the PM. Our 
data do not support the view that Inp1 functions as a molecular hinge by binding to ER- 
and peroxisome-localized Pex3, because according to this model Inp1 would become 
fully cytosolic in the absence of Pex3. 

Figure 4. Inp1 localizes to the cell periphery in the absence of  Pex3. 
(A) FM images of glucose-grown pex3 cells producing Inp1-GFP under the control of the PTEF1 (pex3 
Inp1++). (B) Western blot analysis of Inp1-GFP levels in the indicated strains using α-GFP or α-Pyc1 
antibodies. Pyc1 was used as a loading control. 

The N-terminus of  Inp1 is required to associate the protein to the PM, 
whereas its C-terminal portion binds to peroxisomes
Based on previous analysis of the sequences of Inp1 proteins of budding yeasts (Saraya et 
al., 2010), Inp1 can be divided in three domains, the N-terminus, a middle Homology 
Domain (MHD) and a C-terminal domain. Based on this analysis we constructed 
different truncated species and tested their localization. The truncated proteins as well as 
the full-length (FL) control were produced under control of the PTEF1 in order to be able to 
determine their localization. As expected, Inp1-GFP (FL) co-localized with peroxisomes 



Inp1 dependent peroxisome-plasma membrane contact sites

4

81

marked with the matrix protein mKate2-SKL (Fig. 5B). A fragment consisting of the 
first 99 N-terminal residues localized to the cell periphery and inside a structure that 
most likely represents the nucleus. The amino acid sequence of the extreme N-terminus 
of Inp1 proteins is not conserved, however this region is characterized by the presence of 
several positively charged residues. In order to check whether this region is sufficient to 
associating a reporter protein to the PM, we also tested a smaller part of the N-terminus, 
consisting of residue 50-99. FM analysis of this strain revealed a similar localization 
pattern as obtained for fragment 1-99. The nuclear localization of these two N-terminal 
fragments most likely relates to the presence of the positive charges in this region, which 
are predicted as a nuclear localization signal. The MHD (residues 100-216) localized to 
the cytosol, whereas a construct containing the C-terminal half of the protein (217-405) 
associated to peroxisomes in conjunction with a cytosolic localization, which is most 
likely related to the overproduction. Some, but not all of the analyzed strains, showed 
partial mislocalization of the matrix marker mKate2-SKL in the cytosol. Possibly, this 
is due to association of the truncated Inp1 variants to Pex3, thereby competing with 
Pex19, a peroxin essential for peroxisome biogenesis. As shown in Figure 5D, indeed in 
the strains overproducing the two N-terminal fragments (1-99 and 50-99) or the MHD 
(100-216) mislocalization of mKate2-SKL was observed in only a minor portion of the 
cells, whereas mislocalization of mKate2-SKL occurred in almost all cells producing the 
C-terminal domain of Inp1 (100-405 and 217-405). The mislocalization of mKate2-
SKL in approximately one third of the cells producing full length Inp1 most likely also 
can be explained by Inp1 overproduction, because of its known interaction with Pex3. 
These observations support the outcome of the Inp1 localization studies in that those 
constructs that localize to peroxisomes result in a partial defect in matrix protein import, 
whereas the others, which localize to the PM or cytosol, do not.

Western blot analysis confirmed that all truncated Inp1 fusion proteins were produced. 
Interestingly, the levels of all truncated species were enhanced relative to those of the FL 
control (Fig. 5C). Because all proteins are produced under control of the same promoter 
(PTEF1), these differences must be due to post-translational processes. Importantly, in all 
yeast Inp1 proteins PEST sequences have been detected (Saraya et al., 2010). Hence, it is 
likely that Inp1 has a relatively short life time and is subject to proteasomal degradation. 
Possibly, recognition of the PEST sequences requires the full length protein.

Taken together, our data indicate that the extreme N-terminus of Inp1 has affinity for 
the PM. Interestingly, like Inp1 two proteins involved in the formation of yeast ER-
PM contacts, Scs2 and Ist2, contain positively charged domains, which are responsible 
for association to the PM. Scs2 has a Major Sperm Protein (MSP) domain, which is 
responsible for PM binding. Interestingly, FM analysis of a strain producing a GFP 
fusion of this soluble domain results in a similar localization pattern as we observed for 
the N-terminal domain of Inp1 in H. polymorpha WT cells or full length Inp1 in pex3 
cells: association to the PM, together with nuclear staining. Also, the MSP domain of 
Scs2 is enriched at sites of polarized growth, as we observed for Inp1 (compare Fig. 4A, 
I) (Manford et al., 2012). Hence, the molecular mechanisms involved in associating 
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Scs2, Ist2 and Inp1 to the PM may be comparable.

Figure 5. The N-terminus of  Inp1 is required to associate Inp1 to the PM. 
(A) Schematic representation of truncated forms of Inp1. Blue: middle homology domain (MHD), pink: 
C-terminal domain. The region with positive charges in the N-terminus is indicated in green. The dash line 
exhibits the 50th amino acid. (B) FM images were obtained from glucose-grown cells producing mKate2-SKL 
and the indicated Inp1 truncations tagged with GFP and produced under control of the PTEF1. The GFP and 
mKate2 fluorescent images were processed differently, in order to visualize the fluorescence optimally. (C) 
Western blot analysis of cells producing the indicated Inp1 truncations. Blots were decorated with anti-GFP 
or anti-Pyc1 antibodies. Pyc1 was used as a loading control. (D) Percentage of cells containing cytosolic 
mKate2-SKL. 2 × 100 cells were quantified and the average is given of two independent experiments. Error 
bars represent SD. 
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Concluding Remarks

Here, we for the first time describe the composition of yeast peroxisome-PM contact sites. 
We show that Inp1 is important for the formation of peroxisome-PM contacts, rather 
than for peroxisome-ER contacts. Importantly, in the absence of Inp1, peroxisomes 
still associate to the ER (at contacts called EPCONS). The EPCONS is apparently not 
sufficiently strong to retain peroxisomes in the mother cell of INP1 deletion mutants, 
because in such mutants all peroxisomes are transported to the newly formed buds. 

Summarizing, we propose that at peroxisome repressing conditions, the single 
peroxisome present in H. polymorpha cells associates to the PM and the ER at a position 
near the bud neck (Fig. 1). Upon Dnm1 dependent asymmetric fission, the original 
peroxisome remains associated to the PM (and possibly the ER), whereas the newly 
formed organelle is transported to the newly formed bud, a process that requires Inp2, 
Myo2 and the actin cytoskeleton. Finally, upon reaching the new bud, the peroxisome 
detaches from Myo2 and becomes anchored to the PM of the bud via Inp1.

Materials and methods

Strains and growth conditions
All H. polymorpha strains used in this study are listed in Table S1. Yeast cells were 
cultivated at 37 °C under the following conditions: (i) YPD media containing 1% yeast 
extract, 1% peptone and 1% glucose, (ii) mineral medium (MM) (Van Dijken et al., 
1976) supplemented with 0.5% glucose or 0.5% methanol or 0.5% methanol and 
0.05% glycerol as carbon sources. Leucine was added to a final concentration of 60 
μg/mL if necessary. Selection of positive transformants required YPD plates containing 
100 μg/mL zeocin (Invitrogen), nourseothricin (Werner Bioagents) or 300 μg/mL 
hygromycin (Invitrogen). In order to clone genes of interest, E. coli DH5α was used. 
E.coli cells were grown at 37 °C in LB media containing 50 μg/mL kanamycin, or 100 
μg/mL ampicillin.

Molecular and biochemical techniques
Plasmids and primers are listed in Table S2 and S3, respectively. The HHpred software 
(https://toolkit.tuebingen.mpg.de/#/tools/hhpred, Söding et al., 2005.) was used to 
analyze Inp1 protein sequences.

Total cell extracts were collected for western blot analysis using TCA precipitation 
strategy as described previously (Baerends et al., 2000). Equal amounts of proteins were 
loaded per lane on SDS-PAGE. Blots were probed with mouse monoclonal antiserum 
against GFP (sc-9996; Santa Cruz Biotechnology, Inc.) or pyruvate carboxylase-1 (Pyc1, 
Ozimek et al., 2003). Detection of the specific target protein requires a secondary goat 
anti-rabbit or goat anti-mouse antibodies conjugated to horseradish peroxidase (Thermo 
Fisher Scientific). Pyc1 was used as a loading control. 
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Construction of  H. polymorpha strains 
The plasmid pHIPN Pex3-mKate2 was constructed as follows: a fragment encoding 
the C-terminal PEX3 gene was obtained from pHIPZ Pex3-GFP (pSEM61, Wu et al., 
2019) upon digestion with HindIII and BglII, then inserted between the HindIII and 
BglII sites of plasmid pHIPN Inp1-mKate2, resulting in plasmid pHIPN Pex3-mKate2. 
Subsequently, StuI-linearized pHIPN Pex3-mKate2 was integrated into the genome of 
WT::PINP1 Inp1-GFP strain (Krikken et al., 2009). In parallel, pSEM61 was digested 
with EcoRI and transformed into the inp1 mutant.

To obtain the plasmid pHIPN Inp1-mKate2, a PCR fragment was amplified with 
primers Nat_F and Nat_R using pHIPN4 (Cepińska et al., 2011) as a template. The 
PCR fragment was digested with Bpu10I and NotI, and ligated in Bpu10I and NotI 
digested plasmid pHIPZ Inp1-mKate2, resulting in plasmid pHIPN Inp1-mKate2. 
Plasmid pHIPZ Inp1-mKate2 was obtained as follows: the fragment encoding the 
C-terminus of the INP1 gene was digested with BglII and HindIII from plasmid pHIPZ 
Inp1-GFP (pAMK6, Krikken et al., 2009), then inserted between BglII and HindIII 
sites of pHIPZ Pex14-mKate2 (Chen et al., 2018), producing pHIPZ Inp1-mKate2.

For the construction of plasmid pHIPZ18 Inp1-GFP, a HindIII/NotI ADH1 promoter 
fragment was cut from pHIPN18 eGFP-SKL (pAMK106) and inserted between 
HindIII and NotI of pHIPZ7 Inp1-GFP, resulting in plasmid pHIPZ18 Inp1-GFP. 
EcoRI-linearized pHIPZ18 Inp1-GFP was integrated into genome DNA of WT strain 
yku80. In this strain, StuI-linearized pHIPN Pex3-mKate2 or DraI-linearized pHIPX7 
DsRed-SKL (pAMK15, Krikken et al., 2009) was integrated. To construct plasmid 
pHIPZ18 eGFP-SKL (pAMK94), PCR was performed on H. polymorpha NCYC495 
genomic DNA using primers Adh1-F and Adh1-R. The PCR product was digested with 
HindIII and NotI and the resulting fragment inserted between the HindIII and NotI 
sites of pHIPZ4 GFP-SKL (Leão-Helder et al., 2003), resulting in plasmid pHIPZ18 
eGFP-SKL. Subsequently, pAMK94 was digested with NotI and XbaI and inserted in 
pHIPN4 (Cepińska et al., 2011) which was digested with the same enzymes, resulting 
in pHIPN18 eGFP-SK (pAMK106).

To construct the plasmid pHIPZ7 Inp1-GFP, PCR was performed with primers 
HLW045 and HLW046 using genomic DNA of strain WT:: PINP1 Inp1GFP:: PTEF1 
DsRed-SKL (Krikken et al., 2009) as a template. The produced PCR fragment encoding 
the full length of INP1 gene fused with GFP was digested with HindIII and SalI, then 
inserted between HindIII and SalI sites in plasmid pHIPZ7 (Baerends et al., 1997), 
resulting in pHIPZ7 Inp1-GFP. The constructed plasmid was linearized with MunI, 
and integrated into yku80 or pex3 mutant. Subsequently, the SpeI-linearized pHIPX 
Pmp47-mKate2 was transformed into WT:: PTEF1 Inp1-GFP. For the construction of 
pex3:: pHIPZ Inp1-GFP, pAMK6 was linearized with Bpu1102I and integrated into 
pex3 cells. 

To obtain plasmid pHIPX Pmp47-mKate2, pHIPX Pmp47-mGFP was digested with 
BglII and MluI, and ligated with the fragment between BglII and MluI in pHIPZ 
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Pmp47-mKate2 (pAMK142). A plasmid encoding PMP47 gene with mGFP was 
constructed as follows: first, a PCR fragment containing Candida albicans LEU2 was 
amplified with primers Leucine-F and Leucine-R using pENTR221-LEU2Ca as a 
template. The obtained PCR fragment was digested with XhoI and NotI, and inserted 
between the XhoI and NotI sites of pHIPZ Pmp47-mGFP (pMCE7), resulting in 
plasmid pHIPX Pmp47-mGFP. Plasmid pAMK142 was constructed as follows: a PCR 
fragment containing PMP47 was amplified with primers PMP47_fw and PMP47_rev 
using WT genomic DNA as a template. The obtained PCR fragment was digested with 
BamHI and HindIII, and inserted between the BglII and HindIII sites of pHIPZ Pex14-
mKate2 (Chen et al., 2018), resulting in plasmid pAMK142.

To construct plasmids containing truncated Inp1 variant fused with GFP: pHIPZ7 
Inp11-99GFP, pHIPZ7 Inp1100-216GFP, pHIPZ7 Inp1217-405GFP, pHIPZ7 Inp150-99GFP 
and pHIPZ7 Inp1100-405GFP, PCR was performed with the corresponding primers: con1 
fw and con1 rev, con2 fw and con2 rev, con3 fw and con3 rev, con6 fw and con1 rev, as 
well as con2 fw and con3 rev, respectively. WT genomic DNA was used as a template. 
All the obtained PCR products were digested with HindIII and BglII and inserted in 
pHIPZ7 Inp1-GFP which was also restricted with the same enzymes, respectively. All 
plasmids were linearized with MunI and integrated in the yku80 strain.

To obtain plasmid pHIPN18 mKate2-SKL, pHIPZ4 mKate2-SKL was digested with 
HindIII and XbaI and ligated in vector pAMK106 restricted with the same enzymes. 
This plasmid was linearized with PstI and integrated in all strains producing Inp1-GFP 
truncations and in WT:: PTEF1 Inp1-GFP.

pHIPZ4 mKate2-SKL was constructed as follow: A PCR fragment was obtained with 
primer Kate2-SKL fw and Kate2-SKL rev using plasmid pFA6a-yomKate2-CaURA3 as 
a template. This PCR fragment and plasmid pHIPZ4-Nia were digested with HindIII 
and XbaI and ligated to obtain pHIPZ4 mKate2-SKL.

Fluorescence microscopy
A Zeiss Axioscope A1 fluorescence microscope (Carl Zeiss, Oberkochen, Germany), 
Micro - Manager 1.4 software, and a digital camera (CoolSNAP HQ2) were used for 
capturing images of living cells. A 100 × 1.30 NA objective (Carl Zeiss, Oberkochen, 
Germany) was applied for acquiring wide field fluorescence images. In order to obtain 
images without any localization shifts, cells were mildly fixed in 1% formaldehyde. 
The GFP signal was visualized with a 470/40 nm band pass excitation filter, a 495 nm 
dichromatic mirror and a 525/50 nm band pass emission filter. The DsRed fluorescence 
and the signal of FM4-64, a vacuolar staining dye (Invitrogen) were visualized with a 
546⁄12 nm band pass excitation filter, a 560 nm dichromatic mirror and a 575-640 
nm band pass emission filter. The mKate2 fluorescence were visualized with a 587/25 
nm band pass excitation filter, a 605 nm dichromatic mirror and a 647/70 nm band 
pass emission filter. 2 μM FM4-64 was incubated with cells grown in corresponding 
conditions at 37 °C. ImageJ, Adobe illustrator and Adobe Photoshop CC were applied 
for image analysis.
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For Airy-scan imaging cells were fixed using 1% formaldehyde for 10 min on ice. Airy-
scan images were captured with a confocal microscope (LSM800; Carl Zeiss) equipped 
with a 32-channel gallium arsenide phosphide photomultiplier tube (GaAsP-PMT), 
Zen 2009 software (Carl Zeiss) and a 63×1.40 NA objective (Carl Zeiss, Oberkochen, 
Germany). The CMAC, GFP, DsRed and mKate2 fluorescence are visualized with a 
405, 488 and 561 nm diode laser respectively. For staining the vacuolar lumen cells 
were incubated with 100 μM CMAC (Thermo Fisher Scientific, the Netherlands) prior 
to fixation.

Quantification of Pex3-GFP patches was performed as described previously (Wu et al., 
2019). For analyzing the distribution of patches in which Inp1 and Pex3 co-localize, 
budding cells were categorized into four regions.

Electron Microscopy
Cells were cryo fixed and freeze substituted as described before (Wu et al., 2019). Epon 
embedded cells were sectioned and collected on formvar-coated and carbon evaporated 
copper grids. A CM12 (Philips) transmission electron microscope (TEM) was used to 
inspect the grids. ImageJ was used for measuring the distance between peroxisomes and 
the plasma membrane. 

Correlative light and electron microscopy (CLEM) was utilized for localization analysis 
as described previously (Knoops et al., 2015). 150 nm thick cryo-sections were imaged 
with a wide-field microscope as described above. The corresponding fluorescence signals 
were visualized using the same filters as mentioned before. The grid was post-stained and 
embedded in a mixture containing 0.5% uranyl acetate and 0.5% methylcellulose upon 
fluorescence imaging. A CM12 TEM under 100 kV was applied for generation of double-
tilt tomography series including a tilt range of 40 ° to -40 with 2.5 ° increments. In order 
to create the CLEM images, FM and EM images were aligned using the eC-CLEM 
plugin (P. Paul-Gilloteaux, X. Heiligenstein 2017) in Icy (http://icy. bioimageanalysis.
org) IMOD software package was used for reconstructing the tomograms.
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Supplementary Tables
Table S1. Hansenula polymorpha strains used in this study

Strain Description Reference

Wild type NCYC495; leu1.1 (Sudbery et al., 
1988)

yku80 NCYC495, YKU80::URA3; leu1.1 (Saraya et al., 
2012) 

WT:: PPEX3 Pex3-GFP NCYC495 with integration of plasmid pHOR46; 
LEU2

(Haan et al., 
2001) 

WT:: PPEX3 Pex3-mKate2:: 
PINP1 Inp1-GFP

Hp. yku80 producing Inp1-GFP with integration of 
plasmid pHIPN Pex3-mKate2; ZeoR, NatR, leu1.1 This study

WT:: PINP1 Inp1-GFP Hp. yku80 with integration of plasmid pAMK6; 
ZeoR, leu1.1

(Krikken et al., 
2009) 

WT:: PTEF1 Inp1-GFP:: 
PPMP47 Pmp47-mKate2

Hp. yku80 producing Inp1-GFP controlled by 
TEF1 promoter with integration of plasmid pHIPX 
Pmp47-mKate2; ZeoR, LEU2

This study

WT:: PTEF1 Inp1-GFP Hp. yku80 with integration of plasmid pHIPZ7 
Inp1-GFP; ZeoR, leu1.1 This study

WT:: PINP1 Inp1GFP:: PTEF1 
DsRed-SKL 

Hp. yku80 producing Inp1-GFP controlled by TEF1 
promoter with integration of plasmid pAMK15; 
ZeoR, LEU2

(Krikken et al., 
2009)

inp1 INP1::URA3; leu1.1 (Krikken et al., 
2009)

inp1:: PPEX3 Pex3-GFP INP1::URA3 with integration of plasmid pSEM61; 
ZeoR, leu1.1 This study

pex3 PEX3::URA3; leu1.1 (Baerends et al., 
1996)

pex3:: PTEF1 Inp1-GFP PEX3::URA3 with integration of plasmid pHIPZ7 
Inp1-GFP; ZeoR, LEU2 This study

pex3:: PINP1 Inp1-GFP PEX3::URA3 with integration of plasmid pAMK6; 
ZeoR, LEU2 This study

WT:: PADH1 Inp1-GFP:: 
PPEX3 Pex3-mKate2

Hp. yku80 expressing Inp1-GFP controlled by 
ADH1 promoter with integration of plasmid pHIPN 
Pex3-mKate2; ZeoR, leu1.1

This study

WT:: PADH1 Inp1-GFP Hp. yku80 with integration of plasmid pHIPZ18 
Inp1-GFP; ZeoR, leu1.1 This study

WT:: PADH1 Inp1-GFP:: 
PTEF1 DsRed-SKL

Hp. yku80 expressing Inp1-GFP controlled by ADH1 
promoter with integration of plasmid pAMK15; 
ZeoR, LEU2

This study

WT:: PTEF1 Inp11-99GFP 

Hp. yku80 with integration of plasmid pHIPZ7 
Inp11-99GFP; ZeoR, leu1.1 This study

WT:: PTEF1 Inp150-99GFP Hp. yku80 with integration of plasmid pHIPZ7 
Inp150-99GFP; ZeoR, leu1.1 This study
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WT:: PTEF1 Inp1100-216GFP Hp. yku80 with integration of plasmid pHIPZ7 
Inp1100-216GFP; ZeoR, leu1.1 This study

WT:: PTEF1 Inp1217-405GFP Hp. yku80 with integration of plasmid pHIPZ7 
Inp1217-405GFP; ZeoR, leu1.1 This study

WT:: PTEF1 Inp1100-405GFP Hp. yku80 with integration of plasmid pHIPZ7 
Inp1100-405GFP; ZeoR, leu1.1 This study

WT:: PTEF1 Inp1-GFP:: 
PADH1 mKate2-SKL

Hp. yku80 with integration of plasmid pHIPZ7 
Inp1-GFP with integration of pHIPN18 mKate2-
SKL; ZeoR, NatR, leu1.1

This study

WT:: PTEF1 Inp11-99GFP:: 
PADH1 mKate2-SKL 

Hp. yku80 with integration of plasmid pHIPZ7 
Inp11-99GFP with integration of pHIPN18 mKate2-
SKL; ZeoR, NatR, leu1.1

This study

WT:: PTEF1 Inp150-99GFP:: 
PADH1 mKate2-SKL

Hp. yku80 with integration of plasmid pHIPZ7 
Inp150-99GFP with integration of pHIPN18 mKate2-
SKL; ZeoR, NatR, leu1.1

This study

WT:: PTEF1 Inp1100-216GFP:: 
PADH1 mKate2-SKL

Hp. yku80 with integration of plasmid pHIPZ7 
Inp1100-216GFP with integration of pHIPN18 
mKate2-SKL; ZeoR, NatR, leu1.1

This study

WT:: PTEF1 Inp1217-405GFP:: 
PADH1 mKate2-SKL

Hp. yku80 with integration of plasmid pHIPZ7 
Inp1217-405GFP with integration of pHIPN18 
mKate2-SKL; ZeoR, NatR, leu1.1

This study

WT:: PTEF1 Inp1100-405GFP:: 
PADH1 mKate2-SKL

Hp. yku80 with integration of plasmid pHIPZ7 
Inp1100-405GFP with integration of pHIPN18 
mKate2-SKL; ZeoR, NatR, leu1.1

This study
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Table S2. Plasmids used in this study

Plasmids Description Reference

pHIPN Pex3-mKate2 pHIPN plasmid containing the C-terminal region of 
PEX3 fused to mKate2; NatR, AmpR This study

pSEM61 pHIPZ containing the C-terminal part of PEX3 fused 
to mGFP; ZeoR, AmpR (Wu et al., 2019)

pHIPN Inp1-mKate2 pHIPN plasmid containing the C-terminal region of 
INP1 fused to mKate2; NatR, AmpR This study

pHIPN4 pHIPN plasmid containing the AOX promoter; NatR, 
AmpR

(Cepińska et al., 
2011)

pHIPZ Inp1-mKate2 pHIPZ containing the C-terminal part of INP1 fused 
to mKate2; ZeoR, AmpR This study

pAMK6 pANL31 containing C-terminal part of the INP1 
gene fused in-frame to GFP; ZeoR, AmpR

(Krikken et al., 
2009)

pHIPZ Pex14-mKate2 pHIPZ containing the C-terminal region of PEX14 
fused to mKate2; ZeoR, AmpR (Chen et al., 2018)

pHIPZ7 Inp1-GFP
pHIPZ containing the full length of INP1 fused to 
mGFP under the control of TEF1 promoter; ZeoR, 
AmpR

This study

pHIPZ18 Inp1-GFP
pHIPZ containing the full length of INP1 fused to 
mGFP under the control of ADH1 promoter; ZeoR, 
AmpR

This study

pAMK106 pHIPN containing eGFP-SKL under the control of 
ADH1 promoter; NatR, AmpR This study 

 pAMK15 pHIPX containing DsRed-SKL controlled by TEF1 
promoter; LEU2, KanR

(Krikken et al., 
2009)

pAMK94 pHIPZ plasmid containing GFP-SKL under control 
of ADH1 promoter; AmpR, ZeoR This study

pHIPZ4 GFP-SKL pHIPZ plasmid containing GFP-SKL under the 
control of AOX promoter; ZeoR, AmpR

(Leão-Helder et al., 
2003)

pHIPZ7 pHIPZ plasmid containing TEF1 promoter; ZeoR; 
AmpR 

(Baerends et al., 
1997)

pHIPX Pmp47-mKate2 pHIPX containing the C-terminal region of PMP47 
fused to mKate2; LEU2, AmpR This study

pHIPX Pmp47-mGFP pHIPX containing the C-terminal region of PMP47 
fused to mGFP; LEU2, AmpR This study

pAMK142 pHIPZ containing the C-terminal region of PMP47 
fused to mKate2; ZeoR, AmpR This study

pENTR221-LEU2Ca pDONR221 with LEU2; KanR (Nagotu et al., 
2008)

pMCE7 pHIPZ plasmid containing gene encoding C-terminal 
of PMP47 fused to mGFP; ZeoR, AmpR

(Cepińska et al., 
2011) 

pHIPZ7 Inp11-99GFP pHIPZ containing INP11-99 fused to mGFP under the 
control of TEF1 promoter; ZeoR, AmpR This study
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pHIPZ7 Inp150-99GFP pHIPZ containing INP150-99 fused to mGFP under 
the control of TEF1 promoter; ZeoR, AmpR This study

pHIPZ7 Inp1100-216GFP  pHIPZ containing INP1100-216 fused to mGFP under 
the control of TEF1 promoter; ZeoR, AmpR This study

pHIPZ7 Inp1217-405GFP pHIPZ containing INP1217-405 fused to mGFP under 
the control of TEF1 promoter; ZeoR, AmpR This study

pHIPZ7 Inp1100-405GFP pHIPZ containing INP1100-405 fused to mGFP under 
the control of TEF1 promoter; ZeoR, AmpR This study

pHIPN18 mKate2-SKL pHIPN containing mKate2-SKL under the control of 
ADH1 promoter; NatR, AmpR This study

pHIPZ4 mKate2-SKL pHIPZ containing mKate2-SKL under the control of 
AOX promoter; ZeoR, AmpR This study

pFA6a-yomKate2-
CaURA3 Vector used to obtain yeast codon optimized mKate2 Addgene

pHIPZ4-Nia pHIPZ plasmid containing TEV protease under the 
control of AOX promoter; ZeoR, AmpR (Faber et al., 2002)

Table S3. Primers used in this study

Primers Sequence (5’~3’) 

Nat_F CCCGGCGTCATCCTCCTGCG

Nat_R ATAGTTTAGCGGCCGCGCTGGGTACATCATCGATG

HLW045 GCGAAGCTTATGAACCCGCCACCACACTC

HLW046 GCGGTCGACTTACTTGTACAGCTCGTCCA

Adh1-F AAGGAAAAAAGCGGCCGCCCCCTGCATTATTAATCACC

Adh1-R AATCAATCAATCAATTTAAAAAGCTTGGG

Leucine-F CTAGCTCGAGGGTGAATCGTTGTTAATGG

Leucine-R GCATGCGGCCGCTGGAAACAAGCCCGT

PMP47_fw GGCTTGGAGAGTGCACTGGT

PMP47_rev CGCGGATCCGATAACGAGATCTTTTGCAG

con1 fw CCCAAGCTTATGAACCCGCCACCACACTC

con1 rev GGAAGATCTCAATACCTCACATAGTTCCT

con2 fw CCCAAGCTTATGGGCGAGGAGGAGCGCAGCAC

con2 rev GGAAGATCTATGGCAAATCCCCTTGAAAAC

con3 fw CCCAAGCTTATGTTTTGTGCCATTTGTGATCC

con3 rev GGAAGATCTCCACCCAAACACTCGCGTGC

con6 fw CCCAAGCTTATGGACGCTGGCCAGTCTACCAAG

Kate2-SKL fw CGCAAGCTTATGGTTTCTGAACTCATCAAG      

Kate2-SKL rev GCGTCTAGATTACAGCTTCGATCTGTGTCCCAACTTAG
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Abstract

In the yeast Hansenula polymorpha peroxisomes form contact sites with 
vacuoles (termed VAPCONS) under conditions of rapid peroxisome 
growth. The peroxisomal membrane protein Pex3 is required for 
VAPCONS formation. So far, Pex3 is the only known VAPCONS protein.

Here, we performed in vivo pull-down experiments using protein 
A-tagged Pex3 as a bait to identify other VAPCONS proteins. Pex3-
complexes were analyzed by mass spectrometry. Two potential candidates 
were further studied, namely Atg30 (autophagy related gene 30) and 
Emc1 (ER membrane complex 1). 

Fluorescence microscopy data indicated that Atg30 co-localizes with 
Pex3 at peroxisomes, but is not enriched at VAPCONS. Emc1 did not 
localize to peroxisomes, but displayed an ER localization pattern. 

Deficiency of Atg30 or Emc1 did not block VAPCONS formation. 
However, in emc1 but not in atg30 cells, VAPCONS formation and 
accumulation of Pex3 at these sites were delayed. In cells grown to the 
mid-exponential growth phase on methanol, peroxisome abundance was 
normal in both deletion strains. However, relative to wild-type control 
cells, the average peroxisome size increased in atg30 cells, but not in emc1 
cells.

These initial observations suggest that Atg30 and Emc1 may play a role 
in normal peroxisome biogenesis, but are not essential for VAPCONS 
formation.

Keywords: peroxisome, vacuole, membrane contact sites, Pex3, mass 
spectrometry, Atg30, Emc1
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Introduction

Peroxisomes are ubiquitous, single membrane-enclosed organelles existing in almost all 
eukaryotes. Proteins and lipids necessary for peroxisome biogenesis are not synthesized 
in peroxisomes, but must be imported. In the yeast Saccharomyces cerevisiae lipids in the 
peroxisomal membrane can be provided by the mitochondrion, the Golgi apparatus, 
the vacuole and the endoplasmic reticulum (ER) (Rosenberger et al., 2009; Flis et al., 
2015). Vesicular and non-vesicular pathways have been implicated in lipid trafficking 
to yeast peroxisomes (Hettema et al., 2014; Raychaudhuri and Prinz, 2008). Non-
vesicular transport of lipids generally occurs at membrane contact sites (MCSs). These 
sites have also been implicated in other functions such as calcium transport, autophagy 
and organelle inheritance (Scorrano et al., 2019).

MCSs are defined as regions of close association between two membranes, where 
membranes do not fuse. The distance between the membranes ranges from a few 
nanometers up to over 300 nm (reviewed by Scorrano et al., 2019). Central components 
of MCSs are tethering complexes, which may be composed of proteins (most cases) 
and lipids (Eisenberg-Bord et al., 2016). Other potential components include structural 
factors, functional components, regulators and sorters (Scorrano et al., 2019).

The identification of components of peroxisomal MCSs is far from complete. Multiple 
peroxisomal MCSs have been discovered in different species, such as peroxisome-ER 
contacts in yeast, plants and mammals (Mullen and Trelease, 2006; David et al., 2013; 
Knoblach et al., 2013; Costello et al., 2017; Hua et al., 2017), peroxisome-mitochondrion 
contacts in yeast and mammals (Fan et al., 2016; Shai et al., 2018) as well as peroxisome-
lipid droplet contacts in yeast and man (Binns et al., 2006; Chang et al., 2019).

We recently showed that in the yeast Hansenula polymorpha rapid development of 
peroxisomes is accompanied by the formation of vacuole-peroxisome membrane contact 
sites (VAPCONS). These are massively formed upon a shift of cells from peroxisome-
repressing (glucose) to peroxisome-inducing (methanol) growth conditions (Wu and 
van der Klei, 2019; Wu et al., 2019). Commonly, only one relatively small peroxisome 
is present in H. polymorpha cells grown on glucose. Upon shifting glucose grown cells to 
peroxisome inducing medium, the size of this single organelle rapidly increases during 
the first few hours after the shift. This is an ideal model to study peroxisomal membrane 
contact sites that are possibly involved in membrane lipid transfer and hence membrane 
expansion. Remarkably, Pex3, a vital integral peroxisomal membrane protein (PMP) 
with multiple functions (Jansen and Klei, 2019),  plays a role in the formation of  
VAPCONS (Wu et al., 2019). VAPCONS is absent when cells are grown at peroxisome-
repressing conditions (glucose). However, upon overproduction of Pex3 in glucose-
grown cells VAPCONS formation is promoted. So far, other VAPCONS components 
have not been identified. 

This study aimed to identify candidate proteins required for the formation of  
VAPCONS. To this purpose, we analyzed Pex3 protein complexes using quantitative 
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liquid chromatography–mass spectrometry (LC-MS). Two candidate proteins were 
further studied, namely Atg30, an autophagy-related protein, and Emc1, the ER 
membrane complex subunit 1. These studies suggested that Atg30 and Emc1 are 
required for normal peroxisome biogenesis, but not for the formation of VAPCONS.

Results and Discussion

Affinity purification of  Pex3-complexes
To identify proteins involved in Pex3-dependent VAPCONS formation, Pex3 was 
genomically tagged with protein A in wild-type (WT) H. polymorpha cells. A Tobacco 
Etch Virus (TEV) protease cleavage site was introduced in between Pex3 and the protein 
A tag (Pex3-TPA) to facilitate purification (see Fig. 1 for an overview of the purification 
procedure). 

Cells were pre-cultivated on glucose containing media and subsequently grown for 6 
h on methanol medium, conditions that massively induce VAPCONS. Total cellular 
membrane fractions (P1) were isolated from crude cell extracts (Ho). Western blot 
analysis confirmed the presence of Pex3-TPA in the Ho and P1 fractions (Fig. 2A). The 
high concentration of lipids in the P1 sample most likely caused the observed smear of 
Pex3-TPA in the Western blot (Fig. 2A).

In order to solubilize Pex3-TPA, two different detergents, digitonin and n-Dodecyl β-D-
maltoside (DDM) were tested. Upon treatment of the membrane fraction with either 
one of the detergents, Pex3-TPA could be detected in the solubilized fraction (S2). As 
expected, all Pex3-TPA remained in the pellet (P2) when the membrane fraction was 
incubated with a buffer without detergent (W/O; Fig. 2A). Less Pex3-TPA was present 
in P2 upon incubating P1 with 1% DDM relative to that of the digitonin treatment. 
Based on these observations, we decided to use 1% DDM as detergent in this study. 

Subsequently, a small-scale experiment was performed using P1 samples containing 
approximately 2 mg protein in total to test the experimental procedures for affinity 
purification of Pex3 complexes (Fig. 1, Fig. 2B). The S2 was loaded onto a column 
containing IgG-sepharose beads (Fig. 1). After incubation, the flow-through (FT) 
and wash (W) fractions were collected. Pex3-complexes were eluted by incubation 
of the beads with TEV protease. As shown in Fig. 2B, western blot analysis revealed 
that a significant portion of Pex3-TPA was present in the FT. However, full-length 
Pex3 without TPA tag (called free Pex3) was present in the elution fractions (E), while 
some uncut Pex3-TPA remained bound to the beads (B). This small-scale experiment 
indicated that the procedure used is suitable to purify Pex3 protein complexes.

For preparing samples for MS analysis, three independent large-scale experiments were 
performed using 200 mg P1 each, obtained from cells expressing TPA-tagged Pex3. 
Three P1 fractions obtained from WT cells that produced untagged Pex3 were used as 
controls. 
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As indicated in Fig. 2C, an intense band of free Pex3 was detectable in fraction E 
obtained from the Pex3-TPA strain (Fig. 2C). Some unbound Pex3-TPA was detectable 
in the FT and W fractions. Also, some Pex3 appeared in the FT fractions of the WT 
control cells (Fig. 2C), but Pex3 was not observed in the elution fraction (E) of the 
control cells, as expected. 

Finally, all three E fractions obtained from Pex3-TPA and WT control cells were 
separated on a gradient SDS-PAGE gel, which was stained with Coomassie-Brilliant 
Blue. Consistent with the western blotting results (Fig. 2C), free Pex3 was detected in 
the sample obtained from the Pex3-TPA cells, whereas this was absent in the control 
sample (Fig. 2D). The band present at 31 kDa represents TEV protease.

Figure 1. Overview of  the procedure for affinity purification of  Pex3-complexes.
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Figure 2. Optimization of  the experimental conditions for LC-MS sample preparation. 
(A) Western blot analysis of the fractions obtained after cell lysis and solubilisation of the membrane fraction 
P1. Pex3-TPA cells were grown on methanol for 6 h, followed by the isolation of the total membrane 
fraction (P1) from the cell homogenate (Ho). 1% digitonin and 1% DDM were tested to solubilize the P1. 
Equal portions were loaded per lane. Western blots were decorated with anti-Pex3 antibodies (Pex3-TPA: 
72 kDa, Pex3: 59 kDa). Ho: homogenate (broken cells), P1: total membrane fraction, S2: supernatant 
after solubilization, P2: pellet fraction after solubilization, W/O: control without detergent. (B) Western 
blot analysis of a small-scale test for affinity purification using P1 solubilized with 1% DDM. All samples 
were collected from 2 mg P1 of methanol-grown WT cells producing Pex3-TPA. Equal portions were 
loaded per lane. Pex3 antibodies were used to decorate the blot. FT: flow-through, W: wash, E: elution, B: 
IgG Sepharose beads. (C) Western blot analysis of a large-scale purification. 200 mg P1 of Pex3-TPA and 
WT control cells were used for purifying Pex3-complexes. Fractions were analyzed by immuno-blotting 
using antibodies against Pex3. A representative western blot of one of the three independent large-scale 
experiments is shown. 5% of each sample was loaded per lane. (D) Coomassie Brilliant Blue stained SDS-
PAGE gel of the elution fractions obtained from Pex3-TPA and control cells. 

Atg30 and Emc1 are potential VAPCONS candidates 
LC-MS analysis resulted in the identification of 34 potential Pex3-interacting proteins 
from three independent replicates. These 34 proteins match the criteria set in this study, 
which were as follows: putative Pex3 interaction partners needed to be identified in all 
three Pex3-TPA purifications with an overall sequence coverage higher than 5% and 
at least 2 MS/MS counts across the replicates. For those proteins that were detected in 
both Pex3-TPA and control samples (i.e. for which an MS intensity ratio Pex3-TPA/
control could be calculated) in ≥ 2 replicates), we used a p-value of at least 0.05 and the 
mean ratios (Pex3-TPA/control) higher or equal to 25 (Table 1).

The 34 proteins were classified into four groups based on the frequencies of their 
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identification in complexes isolated from Pex3-TPA and control cells (Table 1, 2, Fig. 
3). Group I contains proteins that were exclusively detected in complexes isolated 
from Pex3-TPA cells and not in any of the control samples. Group II is composed of 
proteins that were exclusively identified in Pex3-TPA purifications in two replicates; 
in the remaining replicate, the protein had a Pex3-TPA/control ratio > 25. Group III 
contains proteins exclusively present in one Pex3-TPA purification and a mean Pex3-
TPA/control ratio > 25 in the other two replicates. Lastly, Group IV contains proteins 
identified in all three replicates of the Pex3-TPA and control cells with a mean Pex3-
TPA/control ratios > 25.

The bait protein Pex3 is present in group I. Pex3 facilitates multiple functions by 
recruiting different interacting partners, such as Pex19 in sorting of PMPs (see the review 
(Jansen and Klei, 2019), Atg30 (in Pichia pastoris; Farré et al., 2008) in pexophagy 
and Inp1 in peroxisome inheritance (Fagarasanu et al., 2005; Krikken et al., 2009; 
Munck et al., 2009). Of these proteins, Pex19 and Atg30 are present in group I and II, 
respectively. This emphasizes that the MS dataset is reliable to identify potential proteins 
interacting with Pex3. Inp1 was not detected in the Pex3-TPA complexes (Table 1, 2 
and Fig.3), possibly because of the relatively low levels or high turnover of this protein 
in H. polymorpha (Krikken et al., 2009; Chapter IV this thesis). 

In addition to Pex19, we identified one other peroxin, Pex12. Pex12 is a PMP that is 
involved in matrix protein import. Sorting of Pex12 involves the Pex3-Pex19 complex, 
which may explain why this peroxin was identified in this study. However, we did 
not detect other PMPs, so it is unclear why only this PMP was detected in the MS 
analysis. Pex12 forms a complex with two other PMPs, Pex2 and Pex10. Interestingly, 
in Arabidopsis thaliana Pex10 is important for the formation of peroxisome-chloroplast 
contact sites (Schumann et al., 2007).

Apart from these known Pex3-interacting proteins, two proteins functioning in MCSs 
were identified, namely ER membrane complex subunit 1 (Emc1) and very-long-chain 
enoyl-CoA reductase (Tsc13; Table 1, 2 and Fig.3). Both Emc1 and Tsc13 are ER 
proteins. Emc1 has been implicated in ER-mitochondrion contact sites (Lahiri et al., 
2014) and Tsc13 in in nuclear-vacuole junctions (NVJs; Kohlwein et al., 2001; Kvam 
et al., 2005). Because some MCS proteins play a role in multiple contacts, it is possible 
that Emc1 and Tsc13 are also involved in peroxisomal MCSs (Scorrano et al., 2019). 
If true, it is however more likely that they are components of peroxisome-ER contacts 
than of VAPCONS.

Only one vacuolar protein was identified, namely vacuolar protein sorting 26 (Vps26), 
which not only localizes to the vacuolar membrane, but also to endosomes and the 
cytosol (Table 1, 2 and Fig.3). Vps26 is the vacuolar protein component of the retromer, 
which plays a role in diverse retrograde trafficking pathways of transmembrane proteins 
from the late endosome to the trans-Golgi network (Seaman et al., 1998). Within the 
retromer complex, Vps26 functions as a bridge between the cargo-selective component 
Vps35 and structural constituents Vps5/Vps17 (Reddy and Seaman, 2001). Whether 
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this candidate also plays a role in VAPCONS needs to be analyzed.

We previously showed that H. polymorpha Pex3 not only accumulates at VAPCONS, 
but also at peroxisome-plasma membrane contact sites (Wu et al., 2019; Chapter IV this 
thesis). This may explain the presence of the PM-resident proteins respiratory growth 
induced protein 1 (Rgi1) and casein kinase I homolog 1 (Yck1). 

Figure 3. Identification of  putative Pex3-associated proteins by LC-MS. 
Cells producing either TPA-tagged Pex3 (Pex3-TPA) or untagged, endogenous Pex3 (control) were grown 
on methanol for 6 h. Pex3 complexes were affinity-purified followed by LC-MS analysis. Proteins were 
plotted according to their p-value (-log10) against the mean log10 abundance ratio (Pex3-TPA/control) 
determined in three independent experiments. Putative Pex3 binding partners are indicated in blue, which 
exhibit p-values of < 0.05 and mean Pex3-TPA/control ratio of ≥ 25 across three replicates. Since the mean 
log10 abundance ratio (Pex3-TPA/control) or p-value could not be calculated for proteins in Group I and 
Group II, these proteins are shown in the red dashed boxes I and II, respectively. 
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Table 1 Potential candidate proteins identified from Pex3-complexes*

* All proteins listed in this table match the criteria for potential Pex3-interacting proteins set in this study: 
identified in all 3 replicates of Pex3-TPA purifications with a sequence coverage of > 5% and ≥ 2 MS/MS 
counts; a mean ratio Pex3-TPA/control of ≥ 25 and a p-value of < 0.05 for proteins with abundance ratios 
in ≥ 2 replicates. The bait protein Pex3 is depicted in red. 
** Sum MS/MS counts: number of MS/MS spectra acquired for a given protein. 
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Table 1 Potential candidate proteins identified from Pex3- complexes* 

 
* All proteins listed in this table match the criteria for potential Pex3-interacting proteins set in this study: identified in all 3 

replicates of Pex3-TPA purifications with a sequence coverage of > 5% and ≥ 2 MS/MS counts; a mean ratio Pex3-TPA/control 

of ≥ 25 and a p-value of < 0.05 for proteins with abundance ratios in ≥ 2 replicates. The bait protein Pex3 is depicted in red.  

** Sum MS/MS counts: number of MS/MS spectra acquired for a given protein.  

Group
Majority 
protein IDs 1st 
entry

Sequence 
coverage [% ]

Sum MS/MS 
counts**

Mean log10 

Ratio
p-value

Mean Ratio MS 
Intensity Pex3-
TPA/control

Ratio MS Intensity 
Pex3-TPA/control 
Rep01

Ratio MS Intensity 
Pex3-TPA/control 
Rep02

Ratio MS Intensity 
Pex3-TPA/control 
Rep03

A0A1B7SN21 90 73 Pex3-TPA only Pex3-TPA only Pex3-TPA only Pex3-TPA only
W1QFG9 34,8 13 Pex3-TPA only Pex3-TPA only Pex3-TPA only Pex3-TPA only
A0A1B7SQQ2 16,1 4 Pex3-TPA only Pex3-TPA only Pex3-TPA only Pex3-TPA only
A0A1B7SIY8 9,2 3 Pex3-TPA only Pex3-TPA only Pex3-TPA only Pex3-TPA only
A0A1B7SN02 6,4 2 Pex3-TPA only Pex3-TPA only Pex3-TPA only Pex3-TPA only

A0A1B7SAP8 65,1 88 2,780533 603,3 Pex3-TPA only Pex3-TPA only 603,3
A0A1B7SM62 38,3 19 3,057288 1141,0 Pex3-TPA only Pex3-TPA only 1141,0
A0A1B7SK49 27,4 5 1,819009 65,9 Pex3-TPA only Pex3-TPA only 65,9
Q8NK59 14,6 9 1,945913 88,3 Pex3-TPA only Pex3-TPA only 88,3
A0A1B7SQU8 10,3 6 2,222751 167,0 Pex3-TPA only Pex3-TPA only 167,0
W1Q6X5 9,5 5 1,635619 43,2 Pex3-TPA only Pex3-TPA only 43,2
A0A1B7SL54 8,4 4 2,147240 140,4 Pex3-TPA only Pex3-TPA only 140,4
A0A1B7SCN3 8,1 4 1,547806 35,3 Pex3-TPA only Pex3-TPA only 35,3
W1QC83 5,4 2 1,701359 50,3 Pex3-TPA only Pex3-TPA only 50,3

W1QJ40 66,3 14 1,610485 0,016417 41,5 33,7 Pex3-TPA only 49,4
A0A1B7SQN8 38,9 41 1,806893 0,047680 77,2 34,2 Pex3-TPA only 120,1
A0A1B7SLK7 11,4 7 1,632572 0,027599 45,2 59,5 31,0 Pex3-TPA only
A0A1B7SCV9 18,2 29 1,508188 0,048362 36,9 18,9 Pex3-TPA only 54,8

E7R3W5 54,4 48 1,549081 0,046899 125,5 7,2 351,6 17,6
Q9P8N0 50,8 31 1,575977 0,008645 47,5 33,7 17,3 91,5
A0A1B7SER6 47,5 12 1,465733 0,009755 35,3 53,4 41,1 11,4
A0A1B7SP74 45,3 20 1,506443 0,023971 49,3 65,6 75,8 6,7
W1QKZ6 35,8 23 1,499126 0,010070 41,1 21,4 84,7 17,3
A0A1B7SKQ6 34,9 13 1,434019 0,008124 33,0 19,5 63,3 16,2
A0A1B7SH60 28,9 59 1,437786 0,026574 51,2 8,7 126,3 18,7
A0A1B7SBC2 28,8 32 1,493111 0,035055 71,8 6,8 184,6 24,0
W1QF46 27,3 146 1,531995 0,015740 46,9 9,7 49,9 81,2
W1QA16 24,6 21 1,709437 0,004868 60,3 110,6 30,9 39,4
W1Q7Z5 23,5 12 1,421902 0,019047 40,1 22,5 88,7 9,2
A0A1B7SMH4 22,4 28 1,591794 0,027216 74,2 7,8 169,9 44,9
W1QKE3 17 10 1,482439 0,044353 93,6 7,3 258,7 14,9
W1QCF0 15 9 1,822908 0,004574 78,8 55,0 37,0 144,4
A0A1B7SM72 14,8 34 1,626690 0,045989 128,1 332,5 47,1 4,8
A0A1B7SR24 12 12 1,944158 0,037747 218,4 322,7 325,9 6,5
A0A1B7SMG9 10,4 13 1,502323 0,025826 58,7 8,3 140,4 27,4

IV

II

Exclusively identified in all Pex3-TPA purifications

Mean ratio Pex3-TPA/control > 25 (p-value < 0,05) across three replicates

I

III
Exclusively identified in one Pex3-TPA purification & mean ratio Pex3-TPA/control > 25 (p-value < 0,05) in other two replicates

Exclusively identified in two Pex3-TPA purifications & ratio Pex3-TPA/control  > 25 in another replicate
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Pex3 co-localizes to Atg30, but not to Emc1
Among all putative Pex3 interacting proteins, four candidates, Atg30, Emc1, Tsc13 
and Vps26 were selected as the most promising candidates. Considering that P. pastoris 
Atg30 is a well-known protein binding to Pex3 and that S. cerevisiae Emc1 has been 
implicated to function in an ER-mitochondrion contact site (Lahiri et al., 2014), we 
started our studies with Atg30 and Emc1. 

To examine whether Atg30 or Emc1 co-localize with Pex3 at VAPCONS, we performed 
fluorescence microscopy (FM) in WT cells producing Pex3-mKate2 together with Atg30-GFP 
or Emc1-GFP, respectively. In addition, the vacuolar lumen was stained with the fluorescent dye 
7-amino-4-chloromethylcoumarin (CMAC). Consistent with our earlier observations, Pex3-
mKate2 accumulated in patches at VAPCONS (Fig. 4) ( Wu et al., 2019). All Atg30-GFP 
fluorescence localized to peroxisomes. Fluorescence was observed at the entire peroxisomal surface, 
but also enriched in dots (Fig. 4A-I) or patches (Fig. 4A-II), which were invariably close to but 
not co-localize with Pex3 patches at VAPCONS (Fig. 4A). Besides, Atg30-GFP fluorescence was 
observed inside the vacuole in some of the cells. 

H. polymorpha Atg30 most likely plays a similar role as P. pastoris Atg30 in pexophagy (Farré et 
al., 2008; Nazarko et al., 2014; Zientara-Rytter et al., 2018). PpAtg30 not only interacts with 
Pex3 on the peroxisomal membrane, but also with PpAtg37, a PMP regulating the assembly of 
the pexophagic receptor protein complex and PpPex14, a PMP that is a component of the PTS 
receptor docking complex (Burnett et al., 2015). We previously showed that HpPex14 localizes 
in dots or patches in proximity to VAPCONS (Wu et al., 2019). Therefore, it is possible that 
HpAtg30 together with HpAtg37 localizes to these Pex14 dots or patches (Fig. 4A-I and II). 

HpEmc1-GFP exhibited a typical ER pattern, consistent with the localization of S. cerevisiae 
Emc1 (Lahiri et al., 2014). Enrichment of HpEmc1-GFP at ER-peroxisome contact sites or co-
localization with Pex3-mKate2 was occasionally observed (Fig. 4B and Fig. 4B-III). However, given 
the limited resolution of FM it is not possible to conclude that HpEmc1 is a component of an 
ER-peroxisome contact site. 
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Figure 4. Co-localization analysis of Pex3 with Atg30 or Emc1. 
FM analysis of WT cells producing Pex3-mKate2 and Atg30-GFP (A) or Emc1-GFP (B), respectively. The vacuolar lumen 
was stained with 7-amino-4-chloromethylcoumarin (CMAC). Cells were grown for 8 h on methanol medium. Images I, 
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II and III show magnifications of the boxed regions in the merged images. Yellow triangle indicates VAPCONS, white ones 
represent Atg30-GFP dots (open triangles) or patches (close triangle) and orange one indicates the occasional co-localization 
of Emc1-GFP with Pex3-mKate2.

Emc1, but not Atg30, affects the formation of  Pex3 patches at VAPCONS 
Next, we analyzed whether the absence of Atg30 or Emc1 has any effect on VAPCONS formation 
and the presence of patches of Pex3-GFP fluorescence at VAPCONS. 

In atg30 cells, pre-cultivated on glucose medium and subsequently shifted for 6 h to methanol 
medium, VAPCONS as well as Pex3 patches at these contact sites still occurred, similar as in WT 
control cells. This indicates that Atg30 might not play an essential role in VAPCONS formation. 
However, in cells of the emc1 strain peroxisomes were very small after 6 h of growth on methanol 
medium. We therefore analyzed these cells also at a later time point (7.5 h after the shift). At these 
conditions, peroxisomes were still relatively small. Pex3 patches were much less evident compared 
to the WT control. This may however be related to the small size of the organelles (Fig. 5A). Close 
associations between peroxisomes and vacuoles were still observed in emc1 cells, suggesting that 
Emc1 is not essential for VAPCONS formation (Fig. 5). Interestingly, those peroxisomes that 
formed VAPCONS were invariably larger than the organelles that did not associate with vacuoles, 
suggesting that peroxisome growth indeed requires the formation of  VAPCONS, consistent with 
our earlier observations (Wu et al., 2019; Chapter II). Additionally, vacuoles could not be detected 
in the emc1 cells using the vacuolar dye FM4-64. Hence, the absence of vacuoles in a fraction of 
the emc1 cells could explain the defect in VAPCONS formation. Growth experiments showed 
that both deletion mutants were capable to grow on media containing methanol. Cultures of both 
deletion strains grew until the same final optical densities, indicating that the absence of Atg30 or 
Emc1 did not cause major defects in peroxisome function (Fig. 5B). However, the optical densities 
of the emc1 cultures were slightly, but significantly lower compared to the WT control cells during 
the mid-exponential growth phase. 

Emc1 is a component of the ER membrane complex (EMC), which has been proposed 
to function as an insertase for transmembrane domains of membrane proteins (for a 
review see (Chitwood and Hegde, 2019)). In addition, it has been proposed that several 
PMPs, including Pex3, first traffic to the ER before being sorted to peroxisomes (see 
review (Farré et al., 2019)). Therefore, possibly, sorting of Pex3 to peroxisomes may be 
retarded in emc1 mutants, which subsequently delays peroxisome biogenesis and hence 
VAPCONS formation. Alternatively, a defect in insertion of proteins into the ER could 
indirectly affect vacuole formation in emc1 cells. 
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Figure 5. VAPCONS are formed in atg30 or emc1 mutants. 
(A) FM images of WT, atg30 or emc1 cells producing Pex3-GFP and grown in methanol-containing medium for 6 h (atg30) 
or 7.5 (emc1). The vacuolar membrane was stained with FM4-64. (B) Growth curve of the indicated strains in medium 
containing 0.5 % methanol. The cell density is indicated as optical density at 660 nm (OD660). Error bars represent SD (n = 
2). For the emc1 cells, the OD660 were significantly lower relative to the WT control at T = 12, 16 and 20 h (p-value = 0,021, 
0,001, 0,028, respectively). The p-value was calculated by a student’s t-test.

Enlarged peroxisomes occur in cells lacking Atg30
Since relatively small peroxisomes were observed in emc1 mutant cells grown for 7.5 hours on 
methanol (the early exponential growth phase), we also analyzed peroxisome size and abundance in 
cells in the mid- exponential growth phase (growth for 16 h on methanol medium) in cells lacking 
Atg30 or Emc1. To this end, we introduced Pmp47-GFP as the peroxisomal membrane marker in 
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WT, atg30 and emc1 cells. Confocal laser scanning microscopy (CLSM) revealed that the average 
peroxisome numbers in atg30 and emc1 mutants were similar to that in WT (Fig. 6A, B). However, 
the average size of the peroxisomes was enhanced in Atg30 deficient cells relative to WT and emc1 
cells (Fig. 6A, C). Although this phenomenon was not observed in cells grown on methanol for 8 
h, this still suggests that Atg30 might play a role in peroxisome biogenesis apart from pexophagy, 
which should be studied further. 

Differently, deletion of EMC1 did not have an effect on peroxisome abundance and size, indicating 
that Emc1 does not play a crucial function in peroxisome biogenesis. 

Figure 6. Peroxisome size and abundance in atg30 and emc1 mutants. 
(A) Confocal laser scanning microscopy images of  WT, atg30 and emc1 strains producing Pmp47-GFP grown on methanol 
for 16 h. (B) Quantitative analysis of average peroxisome number per cell in the indicated strains. Data was calculated from 
two independent experiments (n = 2; 2× 500 cells). Error indicates the SD. Student t-test revealed no significant differences 
between the three strains. (C) Quantification of average peroxisome volume in the indicated strains. Average values were 
calculated from two independent experiments (n = 2; 2× 500 cells). Error bars indicate SD. Student’s t-test was used for the 
calculation of the p-values. 
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Concluding remarks

Here we analyze the role of VAPCONS candidate proteins, Atg30 and Emc1, in peroxisome 
formation. Although Atg30 does not accumulate at VAPCONS, our data strongly indicate that 
Atg30 is important for normal peroxisome biogenesis, because larger peroxisomes are observed 
in cells lacking Atg30. Moreover, Emc1 may indirectly function in VAPCONS, possibly via 
regulating Pex3 sorting to these contacts, because peroxisome formation is delayed upon shifting 
cells from peroxisome repressing (glucose) to peroxisome inducing (methanol) growth conditions. 
Alternatively, Emc1 may be important for vacuole formation, because vacuoles are absent in those 
emc1 cells in which peroxisome growth is delayed. 

PpAtg30 has been extensively studied for its role in peroxisome degradation by pexophagy (Farré et 
al., 2008). We here identified H. polymorpha Atg30. Our data indicate that deletion of HpATG30 
promotes the expansion of peroxisomes (Fig. 6A, C) and/or negatively regulates peroxisome 
growth. HpAtg30 likely plays a role in pexophagy as well, however, this still needs to be confirmed.
Our data strongly suggest that the ER protein Emc1 influences peroxisome growth at the early 
stages upon transfer of glucose-grown cells to methanol medium (7.5 h). However, we did not 
detect any differences in peroxisome size or number at later stages of growth on methanol medium 
in emc1 mutants. Further studies are therefore required to understand how Emc1 may regulate 
VAPCONS formation. 

Materials and methods

Strains and growth conditions
All H. polymorpha strains used in this study are listed in Table S1. Yeast cells were 
grown in batch cultures at 37°C on mineral medium (MM) (Van Dijken et al., 1976) 
supplemented with 0.5% glucose or 0.5% methanol as carbon sources. When required, 
leucine was added to the media to a final concentration of 60 µg/mL. For selection of 
transformants, plates were prepared containing 2% granulated agar and 0.67% yeast 
nitrogen base without amino acids (YNB; Difco; BD) containing 0.5% glucose or 
YPD (1% yeast extract, 1% peptone, and 1% glucose) supplemented with 100 µg/
mL zeocin (Invitrogen), nourseothricin (Werner Bioagents) or 300 μg/mL hygromycin 
(Invitrogen). Cell growth was monitored by measuring the optical density at 660 nm.

Construction of  H. polymorpha strains
All plasmids and primers used in this study are listed in Table S2 and S3, respectively. 
In order to construct pHIPZ Pex3-TPA, a PCR fragment of 575 bp was obtained using 
primers BamHI_TEV_ProA_FW and TEV_ProA_ SalI _RV and pHIPZ Pex13-TAP 
as a template. Subsequently, after digestion of the PCR product with BamHI and SalI, 
the resulting fragment was ligated into the region cut with BglII and SalI from pHIPZ 
Pex3-mGFP (pSEM61, Wu et al., 2019), resulting in plasmid pHIPZ Pex3-TPA. The 
Bpu1102I_linearized pHIPZ Pex3-TPA was integrated into the genomic DNA of H. 
polymorpha yku80.
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Plasmid pHIPZ Pex13-TPA was made as follows: primers BamHI_TPA_F and TPA_
NsiI_R were used for amplifying a DNA fragment encoding the TEV and protein A 
from plasmid pBS1539 (provided by Cellzome). The PCR product was digested with 
BamHI and NsiI and inserted into the sites between BglII and NsiI of pHIPZ Pex13-
GFP (pSEM03, Knoops et al., 2014), resulting in plasmid pHIPZ Pex13-TAP.

For constructing plasmid pHIPZ Atg30-GFP (pAMK182) or pHIPZ Emc1-GFP 
(pAMK180), the C-terminal fragment of ATG30 or EMC1 was amplified with primers 
ATG30_fw and ATG30_rev or EMC1_fw and EMC1_rev using the genomic DNA 
of H. polymorpha yku80 as a template, respectively. The cloned PCR fragments and 
plasmid pHIPZ mGFP-fusinator (pSNA10) were digested with HindIII and BglII, 
respectively. The digested PCR fragments were inserted in the sites between HindIII and 
BglII of pSNA10, resulting in pAMK182 and pAMK180. The BsmBI linearized pHIPZ 
Atg30-GFP or BstAPI linearized pHIPZ Emc1-GFP were integrated into the genome 
of H. polymorpha yku80, respectively. Subsequently, StuI cut pHIPN Pex3-mKate2 was 
integrated into the genome of H. polymorpha yku80 producing Atg30-GFP or Emc1-
GFP, respectively.

The BcuI linearized pHIPX Pmp47-mKate2 was integrated into H. polymorpha yku80 
cells, which was followed with the integration of AatII restricted pHIPN18 eGFP-SKL 
(pAMK106), resulting in strain WT::PADH1 GFP-SKL:: PPMP47 Pmp47-mKate2. To 
obtain strain atg30::PADH1 GFP-SKL:: PPMP47 Pmp47-mKate2, the ATG30 region in the 
genome DNA of WT::PADH1 GFP-SKL:: PPMP47 Pmp47-mKate2 was replaced with a PCR 
deletion fragment composing of the selective marker Hygromycin and 50 bp of ATG30 
flanking regions. Primers dATG30_fw and dATG30_rev were used for amplifying the 
deletion cassette using pHIPH4 as a template, following with transformation into WT 
yku80 strain producing GFP-SKL and Pmp47-mKate2. A fragment containing an 
ATG30 deletion cassette was obtained using primers atg30_Hyg_F and atg30_Hyg_R 
and genomic DNA of atg30::PADH1 GFP-SKL:: PPMP47 Pmp47-mKate2 as a template. 
Then, the deletion cassette containing the antibiotic marker Hygromycin (Hyg) was 
transformed into H. polymorpha yku80 cells. Correct transformants were confirmed with 
colony PCR using primers cATG30_fw and cATG30_rev as well as southern blotting. 

To obtain the EMC1 deletion strain, a deletion cassette was amplified with primers 
dEMC1_fw and dEMC1_rev using pHIPH4 as a template. The genomic EMC1 gene 
in the yku80 strain was replaced by the deletion cassette. Correct deletion strains were 
detected using colony PCR and primers cEMC1_fw and cEMC1_rev and southern 
blotting. 

Furthermore, EcoRI-cut pSEM61 and BcuI-linearized pHIPX Pmp47-mGFP were 
integrated into the genome of atg30 or emc1 deletion strain, respectively. 

Biochemical techniques
Protein fractions obtained from pull-down experiments were treated with trichloroacetic 
acid (TCA) and prepared for SDS-PAGE as described before (Baerends et al., 2000). 
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Equal portion of protein fractions were loaded per lane. Western blots were decorated 
using rabbit polyclonal antisera against Pex3 used as described previously (Baerends et 
al., 1996). Secondary goat anti-rabbit antibodies conjugated to horseradish peroxidase 
(Thermo Fisher Scientific) were used for detection. 

Pex3-complex affinity purification
A WT control strain and a strain expressing Pex3 tagged with a TEV protease cleavage 
site-Protein A (TPA) were grown in the methanol-containing medium for 6 h at 37 °C. 
The cells were re-suspended in lysis buffer (20 mM Tris HCl, 80 mM NaCl, pH 7.5) with 
protein inhibitors containing 10 µg/mL antipain, 4 µg/mL aprotinin, 2 µg/mL bestatin, 
5 µg/mL leupeptin, 6.85 µg/mL pepstatin A, 174 µg/mL PMSF (phenylmethylsulfonyl 
fluoride), 15.2 mg /mL chymostatin, 420 µg /mL NaF and 0.16 mg/mL benzamidin 
(termed as Lysate, Figure 1). Next, cells were broken using a cell disruptor (Constant 
Systems Ltd., Daventry, UK) and cell debris was sedimented by centrifugation at 4 °C, 
2000 g for 10 min in an Eppendorf 5810R centrifuge. Subsequently, the supernatant 
(Homogenate, Ho) was centrifuged in a Sorvall RC M120GX ultracentrifuge at 100,000 
g, 4 °C for 1 h, resulting in a membrane pellet (P1) and supernatant (S1). 

The P1 was solubilized at 4 °C for 3 h using lysis buffer supplemented with protein 
inhibitors and 1% N-Dodecyl-beta-Maltoside (DDM) to a final concentration of 3.3 
mg/mL protein. The solubilized membrane fractions (S2) were collected after ultra-
centrifugation at 100,000 g, 4 °C for 1 h and then incubated with human IgG-Sepharose 
resin (prewashed with the lysis buffer) overnight at 4 °C. The flow-through fraction was 
collected and the IgG-Sepharose beads were washed with the elution buffer (20 mM Tris 
HCl, pH 7.5, 150 mM NaCl, 10% glycerol, 0.1% DDM). Next, the Sepharose-beads 
were treated with TEV protease to a final concentration of 1.5 units per mg protein 
(Invitrogen) overnight at 4 °C and the elution fraction was collected. Sepharose beads 
were resuspended in elution buffer (B).

Liquid chromatography–mass spectrometry (LC-MS) analysis of  Pex3-
complexes
Pex3 complexes were purified from yeast cells expressing Pex3-TPA or endogenous, 
non-tagged Pex3 (control) in three independent experiments. Eluted Pex3 complexes 
were precipitated with TCA, separated using SDS-PAGE (4-12% NuPAGE BisTris 
gradient gel, Thermo Fisher Scientific) and visualized by colloidal Coomassie Brilliant 
Blue G-250 (BIO-RAD). The gel lanes were cut into ten slices for the first replicate and 
eight slices for other two replicates respectively following with processing for LC-MS 
analysis, respectively. Cysteine residues were reduced, free thiol groups were alkylated, 
and proteins were digested with trypsin as described before (Peikert et al., 2017). LC-
MS analyses were performed on an Orbitrap XL mass spectrometer (Thermo Scientific, 
Bremen, Germany) coupled to an UltiMate 3000 RSLCnano HPLC system (Thermo- 
Scientific, Dreieich, Germany) as described previously (Hünten et al., 2015). MaxQuant/
Andromeda (version 1.5.5.1) was utilized for processing the raw MS data (Cox and 
Mann 2008; Cox et al., 2011) and a UniProt Proteome Reference Set for H. polymorpha 
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(proteome ID UP000008673, downloaded July 2017) was used for peptide and protein 
identification. Proteins were identified with at least one unique peptide comprising a 
minimum of six amino acids and a false discovery rate of < 0.01 on peptide and protein 
level. Carbamidomethylation of cysteine residues was selected as fixed modification, 
acetylation of protein N-termini and methionine oxidation were considered as variable 
modifications. Protein abundance ratios (Pex3-TPA/control) were calculated based on 
MS intensities. Mean log10 ratios across all three replicates as well as the p-value of each 
protein were determined using Perseus (Tyanova et al., 2016). Putative Pex3-interacting 
proteins were required to match the following criteria: (1) identified in 3/3 Pex3-TPA 
purifications with at least 2 MS/MS counts in all three replicates and (2) identified in 
Pex3-TPA purifications only with a sequence coverage ≥ 5% across three replicates or 
(3) Pex3-TPA purifications exhibiting a mean abundance ratio > 25 (sequence coverage: 
≥5%) and a p-value < 0.05. 

Fluorescence microscopy 
Images of living cells were captured with a Zeiss Axioscope A1 fluorescence microscope 
(Carl Zeiss, Oberkochen, Germany), Micro-Manager 1.4 software, and a digital camera 
(CoolSNAP HQ2). Wide-filed fluorescence images were acquired using a 100 × 1.30 
NA objective (Carl Zeiss, Oberkochen, Germany). The GFP signal was visualized with 
a 470/40 nm band pass excitation filter, a 495 nm dichromatic mirror and a 525/50 nm 
band pass emission filter. FM4-64 was visualized with a 546⁄12 nm band pass excitation 
filter, a 560 nm dichromatic mirror and a 575-640 nm band pass emission filter. The 
mKate2 fluorescence was visualized with a 587/25 nm band pass excitation filter, a 605 
nm dichromatic mirror and a 647/70 nm band pass emission filter. The CMAC signal 
was visualized with a 380/30 nm band pass excitation filter, a 420 nm dichromatic 
mirror, and a 460/50 nm band pass emission filter. 2 μM FM4-64 and 100 μM CMAC 
were used for straining vacuolar membrane and vacuolar lumen, respectively. 

Confocal Laser Scanning Microscopy (LSM800, Carl Zeiss) using a 100×1.40 NA 
objective was applied to obtain cell images, which were randomly used for quantification 
of peroxisome numbers. Z-stacks were acquired containing 11 optical slices and the 
GFP signal was visualized with a GaAsp detector using the excitation with a 488 nm 
laser and emission with a range of 490-650 nm. Peroxisome numbers and volumes were 
quantified automatically with a custom made plugin using cells of two independent 
cultures (Thomas et al., 2015).
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Table S1 Hansenula polymorpha strains used in this study

Strain Description Reference

Wild type NCYC495; leu1.1 (Sudbery et 
al., 1988)

yku80 NCYC495, leu1.1 YKU80::URA3 (Saraya et 
al., 2012)

WT:: PPEX3 Pex3-TPA Hp. NCYC495 with integration of plasmid pHIPZ Pex3-
TPA; leu1.1, ZeoR This study

WT::PADH1 GFP-SKL Hp. yku80 with integration of plasmid pHIPN18 eGFP-
SKL; leu1.1, NatR This study

WT:: PATG30 Atg30-GFP Hp. yku80 with integration of plasmid pHIPZ Atg30-
GFP; leu1.1, ZeoR This study

WT:: PEMC1 Emc1-GFP Hp. yku80 with integration of plasmid pHIPZ Emc1-
GFP; leu1.1, ZeoR This study

WT:: PPEX3 Pex3-mKate2 :: 
PATG30 Atg30-GFP

Hp. yku80 producing Atg30-GFP with integration of 
plasmid pHIPN Pex3-mKate2; leu1.1, ZeoR , NatR This study

WT:: PPEX3 Pex3-mKate2 :: 
PEMC1 Emc1-GFP

Hp. yku80 producing Emc1-GFP with integration of 
plasmid pHIPN Pex3-mKate2; leu1.1, ZeoR , NatR This study

WT:: PPEX3 Pex3-GFP NCYC495 with integration of plasmid pHOR46; LEU2, 
KanR

(Haan et al., 
2002)

atg30 The genomic ATG30 in yku80 was replaced with a 
deletion cassette containing Hygromycin; leu1.1, HygR This study

atg30:: PPEX3 Pex3-GFP atg30:: Hygromycin with integration of plasmid pSEM61; 
leu1.1, HygR, ZeoR This study

emc1:: PPEX3 Pex3-GFP emc1:: Hygromycin with integration of plasmid pSEM61; 
leu1.1, HygR, ZeoR This study

WT:: PPMP47 Pmp47-GFP Hp. WT with integration of plasmid pHIPZ Pmp47-
mGFP; leu1.1, ZeoR

(Cepińska et 
al., 2011)

atg30:: PPMP47 Pmp47-GFP atg30:: Hygromycin with integration of plasmid pHIPX 
Pmp47-mGFP; LEU2, HygR This study

emc1:: PPMP47 Pmp47-GFP emc1:: Hygromycin with integration of plasmid pHIPX 
Pmp47-mGFP; LEU2, HygR This study

atg30:: PPMP47 Pmp47-
mKate2:: PADH1 eGFP-SKL

The genomic ATG30 of WT:: PPMP47 Pmp47-mKate2:: 
PADH1 eGFP-SKL replaced with a deletion cassette 
containing Hygromycin; HygR; NatR; LEU2

This study

WT:: PPMP47 Pmp47-
mKate2

Hp. yku80 with integration of plasmid pHIPX Pmp47-
mKate2; LEU2 This study

WT:: PPMP47 Pmp47-
mKate2:: PADH1 eGFP-SKL

Hp. yku80 producing Pmp47-mKate2 with integration of 
plasmid pHIPN18 eGFP-SKL; LEU2, NatR This study



Potential proteins of peroxisome-vacuole contact sites in Hansenula polymorpha

5

121

Table S2 Plasmids used in this study

Plasmids Description Reference
pHIPZ Pex3-
mGFP (pSEM61)

pHIPZ plasmid containing gene encoding C-terminal part of 
PEX3 fused to mGFP; ZeoR, AmpR

(Wu et al., 
2019)

pHIPZ Pex3-TPA  
pHIPZ plasmid containing gene encoding C-terminal part 
of PEX3 fused to the cleavage site of the tobacco etch virus 
protease and Protein A; ZeoR, AmpR

This study

pHIPZ Pex13-TAP pHIPZ plasmid containing gene encoding C-terminal part of 
PEX13 fused to TEV and Protein A; ZeoR, AmpR This study

PBS1539
the yeast C-terminal TAP tagging vector containing a cassette 
consisting of BSDR flanked by tubulin intergenic sequences 
replaced with the URA3 selectable marker; URA3, AmpR 

Provided by 
Cellzome

pHIPZ Pex13-GFP 
(pSEM03) 

pHIPZ plasmid containing gene encoding C-terminal part of 
PEX13 fused to mGFP; ZeoR, AmpR

(Knoops et 
al., 2014)

pHIPZ mGFP-
fusinator(pSNA10)

pHIPZ plasmid containing mGFP without start codon and 
AMO terminator; ZeoR , AmpR

(Saraya et al., 
2010)

pHIPZ Atg30-GFP 
(pAMK182)

pHIPZ plasmid containing gene encoding C-terminal part of 
ATG30 fused to mGFP; ZeoR, AmpR This study

pHIPZ Emc1-GFP 
(pAMK180)

pHIPZ plasmid containing gene encoding C-terminal part of 
EMC1 fused to mGFP; ZeoR, AmpR This study

pHIPN Pex3-
mKate2

pHIPN plasmid containing the C-terminal region of PEX3 
fused to mKate2; NatR, AmpR Chapter IV

pHIPN18 eGFP-
SKL (pAMK106)

pHIPN containing eGFP-SKL under the control of ADH1 
promoter; NatR, AmpR Chapter IV

pHIPX Pmp47-
mKate2

pHIPX containing the C-terminal region of PMP47 fused to 
mKate2; LEU2, AmpR Chapter IV

pHIPH4 pHIP containing hygromycine B marker; HygR,AmpR (Saraya et al., 
2011)

pHIPX Pmp47-
mGFP

pHIPX containing the C-terminal region of PMP47 fused to 
mGFP; LEU2, AmpR Chapter IV
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Summary

Peroxisomes are cell organelles that exist in almost all eukaryotic cells. They are involved 
in several important cellular processes. As a consequence, defects in peroxisome function 
or assembly cause severe diseases in human. 

Peroxisomes consist of a proteinaceous matrix surrounded by a membrane that is 
composed of proteins and lipids. Peroxisomal components (proteins, lipids) are derived 
from other subcellular compartments since peroxisomes are unable to synthesize these 
molecules. Much is known on transport of proteins to the peroxisomal matrix. Much less 
is known on how lipids and proteins reach the organelle and insert into the peroxisomal 
membrane. 

Lipids can be transported from one membrane to another one via vesicles that are 
formed from the donor membrane and subsequently fuse with the acceptor membrane. 
An alternative process is direct transfer of lipids from one membrane to the other at 
regions where two membranes are tightly associated. These regions are called membrane 
contact sites (MCSs) (reviewed by Scorrano et al., 2019). MCSs are not only important 
in lipid transfer between membranes, but also play functions in other processes such as 
organelle movement, retention, fission and degradation (Scorrano et al., 2019). 

So far, relatively little is known on peroxisomal MCSs. The research described in this 
thesis aimed to identify novel peroxisomal MCSs and to elucidate their composition and 
function in peroxisome biology. These studies were performed with yeast cells. Yeasts 
are very simple, unicellular organisms, which are often used as models in research on 
cell organelles. For our studies we used the yeast Hansenula polymorpha. This yeast is 
capable to grow on methanol (van der Klei et al., 2006). Because peroxisomal enzymes 
are essential for the metabolism of methanol, peroxisomes are massively formed when 
H. polymorpha cells grow on this carbon source. This makes this organism very attractive 
to study peroxisomes.

Importantly, H. polymorpha contains a single, relatively large peroxisome a few hours 
after shifting cells from peroxisome-repressing conditions (glucose-containing medium) 
to peroxisome-proliferation inducing conditions (methanol-containing medium). This 
property provides an important advantage to study MCSs. 

Chapter I gives an overview of our current knowledge on peroxisomes in yeast, with 
emphasis on peroxisome biogenesis, inheritance and MCSs. 

Two models of peroxisome biogenesis exist: the growth and division pathway and the 
de novo formation process, in which peroxisomes are formed from the endoplasmic 
reticulum (ER). So far, it is still debated which process is the most important one. 

Budding yeast cells divide asymmetrically. In such cells, organelles including peroxisomes 
must be segregated properly over mother and daughter cells to ensure that both cells 
contain a complete set of organelles. 
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During budding of yeast cells, at least one peroxisome is retained in the mother cell, 
whereas at least one is transported to the bud. So far two proteins, called Inp1 and 
Inp2, are known to be involved in these processes. The peroxisomal membrane protein 
(PMP) Pex3 functions as an anchor for Inp1 on the peroxisomal membrane. Inp1 
plays an essential function to retain peroxisomes in mother cells. Inp2 also associates to 
peroxisomes, where it binds to a myosin motor protein (Myo2), which drives transport 
of peroxisomes to the buds along actin filaments (Knoblach and Rachubinski, 2016). 

Recent findings demonstrated that MCSs are very important in peroxisome biology. 
Several peroxisomal MCSs have been identified so far, but for only a few (such as 
peroxisome-ER contacts and peroxisome-mitochondrion contacts) resident proteins are 
known. 

In Chapter II, we used several microscopy techniques to show that contacts between 
peroxisomes and other organelles occur in the yeast H. polymorpha. Rapid peroxisomal 
proliferation dramatically promotes the formation of large and tight associations 
between peroxisomes and vacuoles. This is especially evident upon shifting cells from 
peroxisome-repressing (glucose) to peroxisome-inducing (methanol) growth conditions. 
By screening the localization of different PMPs fused to green fluorescent protein (GFP), 
we observed that Pex3-GFP accumulates in big patches on the peroxisomal membrane, 
at regions where the organelle associates with vacuoles (named VAPCONS). In addition, 
we showed that artificial overproduction of Pex3 promotes the formation of VAPCONS 
under conditions where they normally are absent (glucose-containing medium). Taken 
together, our data strongly suggested that VAPCONS formation is dependent on Pex3. 

Chapter III highlights the main findings describes in chapter II. 

Peroxisomal patches of Pex3-GFP fluorescence were not only observed at VAPCONS, 
but also at other regions at the peroxisomal surface, often close to the cell cortex. Given 
the multiple roles of Pex3 including PMP sorting mediated by Pex19 (recently reviewed 
by (Jansen and van der Klei, 2019)), peroxisome retention mediated by Inp1 (Knoblach 
et al., 2013) and the selective autophagy depending on  Atg36 (in Saccharomyces 
cerevisiae; Motley et al., 2012) or Atg30 (in Pichia pastoris; Farré et al., 2008) (Fig. 1), we 
further analyzed these peripheral Pex3 patches (Chapter IV). Fluorescence microscopy 
studies revealed that Pex3 and Inp1 co-localize in the peripheral patches. Pex3 and Inp1 
were previously proposed to anchor peroxisomes to the cortical ER (cER) in the yeast 
S. cerevisiae (Knoblach et al., 2013; Knoblach and Rachubinski 2019). Correlative 
light and electron microscopy (CLEM) however showed that the Pex3 and Inp1 
containing patches localize to the region where peroxisomes tightly connect with the 
plasma membrane (PM), indicating that Inp1 and Pex3 likely play a role in peroxisome-
PM contact sties (PerPMCS). Deletion of INP1 resulted in the absence of peripheral 
Pex3 patches and had significant impact on the formation of PerPMCS, but not on 
peroxisome-ER contacts. Moreover, overproduction of Inp1 extended the contact sites 
between peroxisomes and the PM. Altogether, our data indicate that the peripheral Pex3 
patches, together with Inp1, are required for PerPMCS formation. 
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In order to identify additional proteins that play a role in the formation of Pex3-
dependent peroxisomal MCSs, we performed in vivo pull-down experiments to identify 
novel proteins that bind to Pex3 (Chapter V). Pex3-complexes were analyzed by liquid 
chromatography and mass spectrometry. 34 putative Pex3 interacting proteins were 
identified. Four proteins including Atg30, Emc1, Tsc13 and Vps26 were considered as 
the most promising candidates. The role of autophagy-related protein 30 (Atg30) and 
the ER membrane complex subunit 1 (Emc1) was further explored in chapter V. 

In the yeast P. pastoris the Pex3 binding protein Atg30 has been demonstrated to function 
in autophagic degradation of peroxisomes (pexophagy) (Farré et al., 2008). Emc1 has 
been implicated to function in ER-mitochondrion contact sites in S. cerevisiae (Lahiri 
et al., 2014). To gain insight into the role of Atg30 and Emc1 in peroxisome biology, 
fluorescence microsopy studies were performed to localize these proteins. This revealed 
that Atg30 co-localizes with Pex3 on the peroxisomal membrane. However, Atg30-GFP 
patches did not localize to VAPCONS. As expected, Emc1 localized to the ER and 
occasionally co-localizes with Pex3, possibly at peroxisome-ER contact sites. 

Atg30 is not required for VAPCONS formation, because these MCSs still were formed 
in cells of an ATG30-deletion strain. Interestingly, enlarged peroxisomes were present 
in atg30 mutant cells, which suggests that Atg30 may function in normal peroxisome 
biogenesis. However, its role in peroxisome formation needs to be further analyzed. 

In emc1 mutants the formation of VAPCONS was delayed after a transfer of cells from 
glucose to methanol medium. However, deletion of EMC1 did not affect peroxisome 
size or number, indicating that this protein is not essential for normal peroxisome 
formation. 

Outlook

The research described in this thesis has resulted in the identification of two novel MCSs 
in H. polymorpha, which both are dependent on Pex3. The first one is required for 
the formation of VAPCONS, whereas the other is involved in PerPMCS formation. 
However, many questions remain to be answered. 

Lipid trafficking to peroxisomes via VAPCONS?
In chapter II, we suggest that VAPCONS might contribute to membrane expansion 
during peroxisome biogenesis. Phosphatidylcholine (PC) is a major phospholipid of all 
membranes. It can originate from phosphatidylethanolamine (PE; Flis et al., 2015). In 
yeast, PE can be supplied from three different sites, namely the endoplasmic reticulum, 
mitochondria and Golgi/vacuole (Rosenberger et al., 2009). Therefore, possibly 
VAPCONS is involved in transport of PE from vacuoles to peroxisomes. However, 
technically this is difficult because so far suitable essays for in vivo lipid transport are 
not available. 
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Function of  Inp1-dependent PerPMCS
As mentioned above, Inp1 is essential for the formation of PerPMCS in H. polymorpha 
(Chapter IV), although it was previously reported to function in peroxisome retention 
via association of the organelle to the endoplasmic reticulum in S. cerevisiae (Fagarasanu 
et al., 2005; Knoblach et al., 2013). Importantly, retention of mitochondria involves 
MCSs with the PM (see the review (Lackner, 2019)). Therefore, PerPMCS might also 
be required for the retention of peroxisomes. Further studies are required to understand 
whether the previously indicated contacts with the ER also play a role in peroxisome 
retention. 

Our data (Chapter IV) suggests that the N terminal region of Inp1 binds to the PM. 
However, whether this binds to a specific PM protein or to lipids is still unknown. 
Previously, it has been shown that S. cerevisiae Inp1 can be phosphorylated (Oeljeklaus 
et al., 2016). Possible phosphorylation of Inp1 regulates the formation of PerPMCS. If 
true, it would be important to identify the kinase involved in Inp1 phosphorylation. 

Relationship between PerPMCS and EPCONS as well as VAPCONS
In chapter IV, we showed that Inp1 plays an essential role in PerPMCS rather than 
in contacts between the ER and peroxisomes. Importantly, in S. cerevisiae EPCONS 
formation was shown to require the ER proteins Pex30, Pex31, the reticulons Rtn1/2 
and Yop1. These ER peroxisome contacts were proposed to be involved in de novo 
peroxisome formation, instead of in peroxisome retention (David et al., 2013; Mast et 
al., 2016). Our data indicate that in H. polymorpha cells that contain a single peroxisome, 
both EPCONS and PerPMCS can be formed at the same time. Most likely PerPMCSs 
are important for peroxisome retention, whereas EPCONS have another function. 

We also discovered that VAPCONS, but not vacuolar Pex3 patches, remained upon 
overproduction of Inp1, indicating that Pex3 is likely essential for the initial step of 
VAPCONS formation. Hence, other proteins might be the tethering proteins at 
VAPCONS. Further studies are required to identify these proteins. 

What is the exact function of  Atg30 in H. polymorpha?
In Chapter V, we suggested that HpAtg30 might be involved in peroxisome formation 
as enlarged peroxisomes were observed in cells lacking Atg30. HpAtg30 is homologs 
to PpAtg30 which has  been implicated in pexophagy (Farré et al., 2008). However, 
pexophagy is not induced at the experimental conditions used in our studies. Therefore, 
it remains to be established what the function is of ATG30 at conditions that do not 
induce pexophagy.

Indirect function of  Emc1 at VAPCONS
Chapter V revealed that upon shifting emc1 cells from glucose to methanol medium, 
growth of the pre-existing peroxisomes as well as VAPCONS formation was delayed. 
However, at later stages peroxisome size and VAPCONS formation were similar in WT 
and emc1 cells. Possibly, this is related to defects in the sorting of PMPs via the ER, because 
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the ER membrane complex (EMC) has been reported be important for the biogenesis 
of membrane proteins (Chitwood et al., 2018). Therefore, localization analysis of PMPs 
in cells lacking EMC1 might contribute to the answer why small peroxisomes occur in 
these cells. Alternatively, Emc1 may be important for normal vacuole biogenesis. As a 
consequence emc1 cells may show defects in normal vacuole formation. This possibility 
is underlined by the observation that in emc1 cells that contain very small peroxisomes, 
vacuoles were generally not detected.

Concluding Remarks

Summarizing, in this thesis I show two novel functions of Pex3, namely in VAPCONS 
and PerPMCS formation (Fig. 1). Previously, Pex3 was demonstrated to be required 
for PMP sorting (together with Pex19) and autophagy (together with PpAtg30 or 
ScAtg36). These multiple roles of Pex3 raise the question how Pex3 can perform so 
many functions. Also, how these different functions are regulated and how the various 
interaction partners are recruited to Pex3. Finally, Pex3 may recruit additional not yet 
known proteins to the peroxisomal membrane. Hence, we cannot exclude that additional 
Pex3 functions will be discovered in the future.

Figure 1. Functions of  Pex3 in yeast. 
The boxes in dash line represent multiple known roles and the related interacting partners of Pex3.
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Samenvatting

Peroxisomen zijn celorganellen die in bijna alle eukaryotische cellen voorkomen. Ze zijn 
betrokken bij verschillende belangrijke cellulaire processen. Dit betekent dat defecten in 
de peroxisoomfunctie of assemblage ernstige ziekten veroorzaken bij de mens.

Peroxisomen bestaan uit een eiwitachtige matrix omgeven door een membraan dat 
bestaat uit eiwitten en lipiden. Peroxisomale componenten (eiwitten, lipiden) zijn 
afgeleid van andere subcellulaire compartimenten omdat peroxisomen deze moleculen 
niet kunnen synthetiseren. Er is veel bekend over het transport van eiwitten naar de 
peroxisomale matrix. Veel minder is bekend over hoe lipiden en eiwitten de organel 
bereiken en in het peroxisomale membraan worden ingebracht.

Lipiden kunnen van het ene membraan naar het andere worden getransporteerd via 
blaasjes die worden gevormd uit het donormembraan en vervolgens versmelten met 
het acceptormembraan. Een alternatief proces is directe overdracht van lipiden van het 
ene membraan naar het andere op gebieden waar twee membranen nauw met elkaar 
zijn verbonden. Deze regio’s worden membraancontactplaatsen (MCS’s) genoemd 
(beoordeeld door Scorrano et al., 2019). MCS’s zijn niet alleen belangrijk bij de 
overdracht van lipiden tussen membranen, maar spelen ook functies in andere processen 
zoals organelbeweging, retentie, splijting en degradatie (Scorrano et al., 2019).

Tot nu toe is er relatief weinig bekend over peroxisomale MCS’s. Het onderzoek 
beschreven in dit proefschrift was gericht op het identificeren van nieuwe peroxisomale 
MCS’s en opheldering van hun samenstelling en functie in de peroxisoombiologie. Deze 
onderzoeken werden uitgevoerd met gistcellen. Gist zijn zeer eenvoudige, eencellige 
organismen, die vaak worden gebruikt als modellen in onderzoek naar celorganellen. 
Voor onze studies hebben we de gist Hansenula polymorpha gebruikt. Deze gist is in staat 
om op methanol te groeien (van der Klei et al., 2006). Omdat peroxisomale enzymen 
essentieel zijn voor het metabolisme van methanol, worden peroxisomen massaal 
gevormd wanneer H. polymorpha-cellen op deze koolstofbron groeien. Dit maakt dit 
organisme zeer aantrekkelijk om peroxisomen te bestuderen.

Belangrijk is dat H. polymorpha een enkele, relatief grote peroxisoom bevat enkele uren 
na het verschuiven van cellen van peroxisoom-repressieve omstandigheden (glucose-
bevattend medium) naar peroxisoom-proliferatie-inducerende omstandigheden 
(methanol-bevattend medium). Deze eigenschap biedt een belangrijk voordeel om 
MCS’s te bestuderen.

Hoofdstuk I geeft een overzicht van onze huidige kennis over peroxisomen in gist, met 
de nadruk op peroxisoombiogenese, overerving en MCS’s.

Er bestaan twee modellen van peroxisoombiogenese: het groeien delingpad en het de 
novo-vormingsproces, waarin peroxisomen worden gevormd uit het endoplasmatisch 
reticulum (ER). Tot nu toe wordt nog steeds gedebatteerd welk proces het belangrijkste 
is.
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Ontluikende gistcellen delen asymmetrisch. In dergelijke cellen moeten organellen 
inclusief peroxisomen op de juiste wijze worden gescheiden over moeder- en dochtercellen 
om ervoor te zorgen dat beide cellen een volledige set organellen bevatten.

Tijdens het ontluiken van gistcellen wordt ten minste één peroxisoom in de moedercel 
vastgehouden, terwijl ten minste één naar de knop wordt getransporteerd. Tot nu toe 
is bekend dat twee eiwitten, Inp1 en Inp2 genoemd, bij deze processen betrokken zijn. 
Het peroxisomale membraaneiwit (PMP) Pex3 functioneert als een anker voor Inp1 
op het peroxisomale membraan. Inp1 speelt een essentiële functie om peroxisomen in 
moedercellen te behouden. Inp2 associeert ook met peroxisomen, waar het bindt aan 
een myosine-motoreiwit (Myo2), dat het transport van peroxisomen naar de knoppen 
langs actinefilamenten aanstuurt (Knoblach en Rachubinski, 2016).

Recente bevindingen toonden aan dat MCS’s erg belangrijk zijn in de peroxisoombiologie. 
Verschillende peroxisomale MCS’s zijn tot nu toe geïdentificeerd, maar voor slechts 
enkele (zoals peroxisome-ER contacten en peroxisome-mitochondrion contacten) zijn 
residente eiwitten bekend.

In Hoofdstuk II hebben we verschillende microscopietechnieken gebruikt om aan te 
tonen dat contacten tussen peroxisomen en andere organellen voorkomen in de gist 
H. polymorpha. Snelle peroxisomale proliferatie bevordert dramatisch de vorming van 
grote en nauwe associaties tussen peroxisomen en vacuolen. Dit is vooral duidelijk bij 
het verschuiven van cellen van peroxisoom-onderdrukkende (glucose) naar peroxisoom-
inducerende groeiomstandigheden (methanol). Door de lokalisatie van verschillende 
PMP’s gefuseerd aan groen fluorescerend eiwit (GFP) te screenen, zagen we dat Pex3-
GFP zich ophoopt in grote plekken op het peroxisomale membraan, in gebieden 
waar de organel associeert met vacuolen (genaamd VAPCONS). Bovendien hebben 
we aangetoond dat kunstmatige overproductie van Pex3 de vorming van VAPCONS 
bevordert onder omstandigheden waarin ze normaal niet aanwezig zijn (glucosehoudend 
medium). Samengevat suggereerden onze gegevens sterk dat de vorming van VAPCONS 
afhankelijk is van Pex3.

Hoofdstuk III belicht de belangrijkste bevindingen beschreven in hoofdstuk II.

Peroxisomale pleisters van Pex3-GFP-fluorescentie werden niet alleen waargenomen bij 
VAPCONS, maar ook in andere regio’s op het peroxisomale oppervlak, vaak dicht bij de 
celcortex. Gezien de meerdere rollen van Pex3 inclusief PMP-sortering gemedieerd door 
Pex19 (recent beoordeeld door (Jansen en van der Klei, 2019)), peroxisoomretentie 
gemedieerd door Inp1 (Knoblach et al., 2013) en de selectieve autofagie afhankelijk 
van Atg36 (in Saccharomyces cerevisiae); Motley et al., 2012) of Atg30 (in Pichia pastoris; 
Farré et al., 2008) (Fig. 1), hebben we deze perifere Pex3-patches verder geanalyseerd 
(Hoofdstuk IV). Fluorescentiemicroscopiestudies onthulden dat Pex3 en Inp1 co-
lokaliseren in de perifere pleisters. Pex3 en Inp1 werden eerder voorgesteld om 
peroxisomen te verankeren in de corticale ER (cER) in de gist S. cerevisiae (Knoblach et 
al., 2013; Knoblach en Rachubinski 2019). Correlatief licht en elektronenmicroscopie 
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(CLEM) toonden echter aan dat de Pex3- en Inp1-bevattende pleisters zich bevinden 
in het gebied waar peroxisomen nauw aansluiten op het plasmamembraan (PM), 
wat aangeeft dat Inp1 en Pex3 waarschijnlijk een rol spelen in peroxisoom-PM-
contactstypen (PerPMCS). Verwijdering van INP1 resulteerde in de afwezigheid van 
perifere Pex3-pleisters en had een significante invloed op de vorming van PerPMCS, 
maar niet op peroxisoom-ER-contacten. Bovendien breidde overproductie van Inp1 de 
contactplaatsen tussen peroxisomen en de PM uit. Al met al geven onze gegevens aan dat 
de perifere Pex3-patches, samen met Inp1, vereist zijn voor de vorming van PerPMCS.

Om extra eiwitten te identificeren die een rol spelen bij de vorming van Pex3-afhankelijke 
peroxisomale MCS’s, hebben we in vivo pull-down experimenten uitgevoerd om nieuwe 
eiwitten te identificeren die binden aan Pex3 (Hoofdstuk V). Pex3-complexen werden 
geanalyseerd met vloeistofchromatografie en massaspectrometrie. 34 vermeende Pex3 
interactie-eiwitten werden geïdentificeerd. Vier eiwitten, waaronder Atg30, Emcl, 
Tsc13 en Vps26, werden beschouwd als de meest veelbelovende kandidaten. De rol 
van autofagie-gerelateerd eiwit 30 (Atg30) en de ER-membraancomplexsubeenheid 1 
(Emc1) werd verder onderzocht in hoofdstuk V.

In de gist P. pastoris is aangetoond dat het Pex3-bindende eiwit Atg30 werkt bij autofagische 
afbraak van peroxisomen (pexophagy) Farré et al., 2008). Emc1 is geïmpliceerd om 
te functioneren in ER-mitochondrion-contactsites in S. cerevisiae (Lahiri et al., 2014). 
Om inzicht te krijgen in de rol van Atg30 en Emc1 in peroxisoombiologie, zijn 
fluorescentiemicroscopie-onderzoeken uitgevoerd om deze eiwitten te lokaliseren. Dit 
onthulde dat Atg30 co-lokaliseert met Pex3 op het peroxisomale membraan. Atg30-
GFP-patches zijn echter niet gelokaliseerd op VAPCONS. Zoals verwacht, lokaliseerde 
Emc1 naar de ER en co-lokaliseerde af en toe met Pex3, mogelijk op peroxisome-ER-
contactlocaties.

Atg30 is niet vereist voor VAPCONS-vorming, omdat deze MCS’s nog steeds werden 
gevormd in cellen van een ATG30-deletie-stam. Interessant is dat vergrote peroxisomen 
aanwezig waren in atg30-mutante cellen, hetgeen suggereert dat Atg30 kan functioneren 
in normale peroxisoombiogenese. De rol ervan bij de vorming van peroxisomen moet 
echter verder worden geanalyseerd.

In emcl-mutanten werd de vorming van VAPCONS vertraagd na een overdracht van 
cellen van glucose naar methanolmedium. Verwijdering van EMC1 had echter geen 
invloed op de grootte of het aantal peroxisomen, wat aangeeft dat dit eiwit niet essentieel 
is voor de normale vorming van peroxisomen.
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