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CHAPTER 1  

Abstract
Peroxisomes are multifunctional and highly dynamic organelles. Peroxisome number, size 
and enzyme content depend on cell type, developmental stage and environmental conditions. 
Proteins that are required for peroxisome formation are called peroxins and encoded by PEX 
genes. So far, 37 peroxins have been identified. Peroxins are involved in different peroxisome 
biogenesis processes, which include membrane protein sorting, matrix protein import 
and organelle multiplication. Recent data indicated that membrane contact sites between 
peroxisomes and other organelles are crucial for peroxisome biogenesis, membrane growth 
and peroxisome inheritance. Here, we summarize the current knowledge on the functions of 
peroxins and peroxisomal membrane contact sites in peroxisome biology in yeast.

Keywords: peroxisome, peroxin, PEX genes, membrane contact sites, yeast

Introduction
Eukaryotic cells contain a diversity of structurally and functionally unique organelles. 
These membrane-bound compartments perform various biological processes to sustain life 
(Chen and Silver, 2012). Peroxisomes are ubiquitous single membrane bound organelles. 
Their proteinaceous matrix contains various enzymes, which are involved in a variety of 
catabolic and biosynthetic pathways. Peroxisomes are highly dynamic organelles, which 
adjust their number, size and enzyme content depending on the cell type and growth 
conditions (Fransen, 2012).

Conserved functions of peroxisomes include β-oxidation of fatty acids and detoxification 
of the toxic compound H2O2. In mammals, important peroxisomal functions include the 
biosynthesis of bile acids and ether-phospholipids, degradation of purines and metabolism 
of reactive oxygen species (ROS) (Fransen et al., 2017). In plants, peroxisomes play 
a role in photorespiration, lipid and nitrogen metabolism, and biosynthesis of some 
plant hormones (Schneider et al., 2005; Wiszniewski et al., 2009). In fungi and yeasts, 
peroxisomes are necessary for metabolizing specific carbon and nitrogen sources like oleic 
acid, methanol, D-amino acids and purines (Van Der Klei and Veenhuis, 1997).

Peroxisomes do not contain DNA, so all peroxisomal proteins are synthesized by ribosomes 
in the cytosol. Matrix proteins are post-translationally imported into the peroxisome (Lazarow 
and Fujiki, 1985). The pathway(s) involved in membrane protein sorting and insertion are still 
debated. PEX genes encode peroxins that play crucial roles in peroxisome biology. So far, 
37 PEX genes have been identified. These are involved in: 1) peroxisome membrane protein 
(PMP) sorting and insertion, 2) peroxisome matrix protein import or 3) peroxisome proliferation 
(multiplication of the organelles). Mutations in human PEX genes cause Peroxisome Biogenesis 
Disorders (PBDs), like the Zellweger syndrome (Steinberg et al., 2006). Yeasts are ideal model 
organisms to study peroxisome biogenesis because the mechanisms of peroxisome biogenesis 
are conserved and mutations in yeast PEX genes are not lethal.

At present two main models exist that describe the molecular mechanisms of peroxisome 
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biogenesis. One is that new peroxisomes arise from pre-existing ones by organelle growth 
and division (Lazarow and Fujiki, 1985). The other model proposes that peroxisomes form 
de novo from the endoplasmic reticulum (ER) (or ER and mitochondria in mammals) 
from which PMP-containing preperoxisomal vesicles (PPVs) are formed (Agrawal and 
Subramani, 2016; Sugiura et al., 2017).

Physical contact sites between cell organelles are crucial for their function, biogenesis 
and degradation. In yeast peroxisomes can form contacts with almost all other cellular 
membranes, including the ER, lipid droplets (LDs), mitochondria, plasma membrane 
(PM), autophagosomes and vacuoles. So far only a few proteins involved in the formation 
and function of these contacts are identified.

In this chapter, we discuss our current knowledge on the biogenesis of yeast peroxisomes, 
with a focus on the function of yeast PEX genes/peroxins and peroxisomal contact sites.

PMP sorting
The mechanisms involved in PMP sorting/insertion into the peroxisome membrane 
are still controversial. It has been proposed that PMPs can insert into the peroxisomal 
membrane directly or first sort to the ER and then are transported via vesicular trafficking 
to peroxisomes (Jansen and van der Klei, 2019).

According to the first classical model, Pex19 and Pex3 are responsible for direct PMP 
sorting. Pex19 recognizes yet unknown PMP targeting signals (mPTSs) through its 
C-terminal α-helical domain and acts as PMP receptor protein. The Pex19-PMP complex 
subsequently docks on the peroxisome membrane via an interaction between peroxisomal 
Pex3 and the N-terminal domain of Pex19. Next, the PMP releases from Pex19 and inserts 
into the peroxisome membrane by a yet unknown mechanism (Figure 1(I)) (Jansen and 
van der Klei, 2019). Pex19 is not required for sorting of all PMPs. For instance, Pex22 
targets to the peroxisomal membrane independent of Pex19 (Halbach et al., 2009) (Figure 
1(II)). Also, Pex3 sorting is not dependent on Pex19.

Pex19 also is important in the trafficking pathway via the ER. In this pathway, PMPs 
first sort to the ER, where they accumulate at a special region of the ER (peroxisomal-
ER; pER), followed by Pex19 dependent pinching off of PMP-containing vesicles (Figure 
1(III)). These vesicles are designated pre-peroxisomal vesicles (PPVs). Recently, it was 
found that in Saccharomyces cerevisiae proteins of endosomal sorting complexes required 
for transport (ESCRT)-III are also required for scission of PPVs from the ER.

In S. cerevisiae, Pex30 and Pex32 were initially proposed to be targeted to the peroxisomal 
membrane in a Pex19-dependent way (Vizeacoumar et al., 2006). Later studies, using more 
advanced and detailed experimental approaches, revealed that these peroxins actually are 
ER-resident proteins (David et al., 2013; Mast et al., 2016). Remarkably, protein structure 
prediction showed that these two proteins both have a reticulon homology domain (RHD) 
(Joshi et al., 2016). RHD-containing proteins could be recognized by Pex19 and mediate 
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their post-translationally targeting to the ER in mammals (Yamamoto and Sakisaka, 2018). 
Therefore, Pex19 may be necessary for ScPex30 and ScPex32 sorting, while the final 
destination is the ER instead of peroxisomes. In conclusion, Pex19 is a crucial protein for 
sorting almost all PMPs and probably involved in a diversity of sorting mechanisms.
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Figure 1. Hypothetical pathways of PMP sorting in yeast. PMPs can sort to peroxisomes directly either by a Pex19-
dependent (I) or Pex19-independent (II) pathway. (III) In the indirect PMP sorting pathway, PMPs first sort to the ER, 
where they are included in ER-derived PPVs, whose formation requires Pex19 and proteins of the ESCRT-III complex.

Peroxisomal matrix protein import
Peroxisomal matrix proteins contain different peroxisomal targeting signals (PTSs), which 
are recognized by soluble receptors. Most peroxisomal matrix proteins contain a PTS1, which 
consists of 12 C-terminal residues ending with a tripeptide with the consensus sequence 
(S/A/C)-(K/R/H)-(L/A) (Hasan et al., 2013; Ma et al., 2011). Pex5 acts as PTS1 receptor 
protein and recognizes the PTS1 via its C-terminal domain that contains tetratricopeptide 
repeats (TPR) (Nuttley et al., 1995; Van der Leij et al., 1993). Moreover, a recent study in S. 
cerevisiae indicated that the N-terminus of Pex5 contains a region that recognizes a PTS3 
signal, which is responsible for sorting of acyl-CoA oxidase (Kempiński et al., 2020). Pex9 
is another PTS1 receptor in S. cerevisiae, which is a conditional receptor and contributes to 
the import of a subset of PTS1 proteins, including malate synthases (Mls1p and Mls2p) and 
glutathione transferase (Gto1p) in cells growing on oleate (Effelsberg et al., 2016; Rosenthal 
et al., 2020; Yifrach et al., 2016). Pex7 recognizes PTS2 sequences (Francisco et al., 2017).

Compared to PMPs, the machinery for import of peroxisomal matrix proteins is well 
understood. In yeast cells, there are in total 19 peroxins (Table 1) involved in peroxisomal 
matrix protein import (Yuan et al., 2016) (Figure 2).
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Table 1. Peroxins involved in peroxisomal matrix protein import in yeast

Peroxins Functions Note
Pex5 PTS1 receptor

PTS3 receptor
PTS3 signal is a patch instead of a 
linear amino acid sequence

Pex9 PTS1 receptor conditional receptor

Pex7 PTS2 receptor ---

Pex18, Pex21, 
Pex20

Pex7 co-receptors Pex18 and Pex21 in S. cerevisiae, 
Pex20 in H. polymorpha and P. 
pastoris

Pex13, Pex14, 
Pex17

Receptor docking complex components ---

Pex8 Cargo release, importmer assembly Bridges docking complex and RING 
complex

Pex2, Pex10, Pex12 RING complex, E3 ubiquitin ligases ---

Pex4 E2 ubiquitin-conjugating enzyme ---

Pex22 Membrane anchor and co-activator of Pex4 ---

Pex1, Pex6 AAA-ATPases, extract PTS (co)receptors from 
membrane for their recycling

---

Pex15, Pex26 Anchoring protein of the Pex1-Pex6 complex ---

Peroxisomal matrix protein import occurs in the following steps:

I. Cargo recognition: Receptor proteins Pex5 or Pex9 recognize the PTS1, Pex7 
recognizes the PTS2 and forms a complex together with the co-receptors Pex18, Pex21 
(in S. cerevisiae) or Pex20 (in H. polymorpha and P. pastoris).

II. Cargo-Receptor docking: The cargo-receptor complex docks on the peroxisomal 
membrane by binding to the docking complex, which is composed of Pex13, Pex14 
and Pex17.

III. Cargo-Receptor import and cargo releasing: The (co-)receptor proteins form a 
dynamic transient pore with the docking complex proteins to help the transport of cargo 
protein through the membrane bilayer. Pex8 is responsible for release of the cargo from 
the receptor.

IV. Receptor ubiquitination: The receptor or co-receptor is ubiquitinated, which involves 
the E2 ligase, Pex4, which is recruited to the peroxisomal membrane via Pex22, and 
proteins of the RING complex (Pex2, Pex10 and Pex12) that function as ubiquitin 
ligases.

V. Receptor recycling: The AAA-ATPase Pex1 and Pex6, which are anchored at the 
peroxisome via the PMP Pex15 or Pex26, are responsible for recycling of the receptor.
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Figure 2. Model of peroxisome matrix protein import in S. cerevisiae. (I) PTS Receptor proteins (Pex5, Pex7, and 
Pex9) recognize peroxisome targeting signals and form cargo-receptor complexes (together with co-receptors in case of 
Pex7). (II) The cargo-(co)receptor complex binds the peroxisome membrane docking complex. (III) Cargo protein import 
through the peroxisome membrane and Pex8-dependent release into the peroxisome lumen. (IV) Receptor recycling 
involving ubiquitination and extraction of the (co)receptor from the membrane by the Pex1/Pex6 complex.

Peroxisome proliferation
PEX genes that are not involved in matrix protein import or PMP sorting play a role in 
regulating peroxisome proliferation (Yuan et al., 2016). Mutants lacking one of these 
proteins normally harbour functional peroxisomes while peroxisome number and size 
are affected (Kiel et al., 2006). These include Pex11 family proteins and Pex23 family 
proteins.

Pex11 family proteins
Peroxisome division occurs in three steps: peroxisome elongation, constriction and scission 
(Motley and Hettema, 2007) (Figure 3). Pex11 contributes to the first step, peroxisome 
elongation, as well as to the final scission step. Proteins that are responsible for peroxisome 
constriction have not been identified yet. The last step, peroxisome scission requires the 
Dynamin-Related Protein (DRP) fission machinery (Farré et al., 2019).
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The peroxisomal membrane protein Pex11 is an abundant and functionally conserved 
peroxin. In general, the absence of Pex11 results in less peroxisomes of enlarged size, 
whereas overproduction of Pex11 leads to more and smaller peroxisomes (Erdmann and 
Blobel, 1995; Marshall et al., 1995). All species contain several Pex11 homologues. The 
names Pex11 family proteins vary among different yeast species (Kiel et al., 2006) (Table 2).

Table 2. Members of the Pex11 protein family in yeast

Organism Pex11 family members

Saccharomyces cerevisiae Pex11, Pex25, Pex27

Hansenula polymorha Pex11, Pex11C, Pex25

Yarrowia lipolytica Pex11, Pex11C, Pex25

Protein structure prediction and topology studies suggest that Pex11 is an integral membrane 
protein with two transmembrane domains and both N- and C- termini facing the cytosol 
(Koch, 2011; Lorenz et al., 2006). The oligomeric state of Pex11 has been proposed to 
act as a molecular switch in S. cerevisiae. This model was based on the observation that 
Pex11 monomers occur mainly at proliferating peroxisomes, while mature peroxisomes 
are enriched in Pex11 dimers. In addition, peroxisome proliferation was stimulated once 
Pex11 dimer formation was inhibited (Marshall et al., 1996).

Pex11 contains a conserved amphipathic α-helix (Pex11-Amph) at the N-terminus 
(Opaliński et al., 2011). Positively charged residues in this helix are responsible for 
membrane curvature, which could contribute to peroxisome membrane elongation at an 
early stage of peroxisome division (Opaliński et al., 2011). Moreover, in vitro protein 
interaction studies showed that Pex11-Amph physically interacts with the H. polymorpha 
DRP Dnm1. Pex11-Amph acts as GTPase activating protein (GAP) for Dnm1, which 
stimulates Dnm1 activity and hence peroxisome scission (Williams et al., 2015).

Studies in S. cerevisiae and P. pastoris indicated that phosphorylated Pex11 is necessary 
for peroxisome fission (Joshi et al., 2012; Knoblach and Rachubinski, 2010). Analysis of 
phosphomimicking mutants showed that constitutively phosphorylated ScPex11 promotes 
peroxisome proliferation (Knoblach and Rachubinski, 2010). However, phosphorylation 
of PpPex11 is important for the interaction with another peroxisome fission protein, 
Fis1 (Joshi et al., 2012). In H. polymorpha, phosphorylation of Pex11 has no effect on 
peroxisome fission, which suggests that alternative mechanisms may exist to regulate the 
function of Pex11 in this organism (Thomas et al., 2015).

Besides its function in peroxisome division, Pex11 is also involved in other peroxisomal 
processes. For instance, Pex11 plays a role in peroxisome inheritance during yeast budding 
(Erdmann and Blobel, 1995; Krikken et al., 2009). Interestingly, all peroxisomes migrate to 
the daughter cell in budding pex11 mutants of H. polymorpha (Krikken et al., 2009), whereas 
in S. cerevisiae pex11 cells all peroxisomes stay in the mother cell (Erdmann and Blobel, 
1995). Pex11 is known as a tethering protein at peroxisome-mitochondria contact sites in 
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S. cerevisiae (Mattiazzi Ušaj et al., 2015), as well as involved in Pex32-dependent ER-
peroxisome association in H. polymorpha (Wu et al., 2020). Possibly, multiple peroxisome 
anchoring protein complexes exist in which Pex11 displays different functions. Pex11 also 
contributes to the transport of medium-chain fatty acid into peroxisomes in S. cerevisiae 
(Van Roermund et al., 2000). This may be related to the observation that Pex11 can form 
a non-selective channel for molecules up to 300 - 400 Da (Mindthoff et al., 2016). These 
different roles of Pex11 in peroxisome-related events make the protein very attractive to 
identify its interaction partners and further understand the molecular functions.

Similar to PEX11, deletion or overexpression of either S. cerevisiae PEX25 or PEX27 has 
an effect on peroxisome abundance and size, suggesting that all S. cerevisiae Pex11 family 
members are involved in the regulation of peroxisome proliferation (Rottensteiner et al., 
2003; Tam et al., 2003). Yeast two-hybrid analysis showed an interaction between ScPex25 
and ScPex27, while ScPex11 does not interact with any of these two proteins (Tam et 
al., 2003). This suggests that ScPex25 and ScPex27 control peroxisome morphology 
independent of Pex11. In addition, peroxisomal matrix proteins mislocalize to the cytosol 
when all three Pex11 proteins (pex11 pex25 pex27) are missing in S. cerevisiae, which 
indicates that these proteins affect peroxisomes not only by regulating peroxisome division 
(Huber et al., 2012; Rottensteiner et al., 2003).

It is still unknown whether Pex25 and Pex11C from other yeast species also contribute to 
peroxisome proliferation.

Pex34 is a peroxisome membrane protein and shows sequence homology to Pex11 in both 
S. cerevisiae and H. polymorpha (Tower et al., 2011; This thesis, Chapter III). Similar to the 
peroxisome phenotype in cells lacking Pex11, pex34 mutant cells have fewer and enlarged 
peroxisomes, while overproduction of Pex34 results in more peroxisomes. Deletion of PEX34 
in pex11 or pex27 cells results in a stronger peroxisome deficiency (larger and less peroxisome) 
than single mutants, whereas pex34 pex25 cells contain more and smaller peroxisomes than 
pex34 or pex25 cells. In addition, Pex34 interacts with Pex11 proteins (Pex11, Pex25 and 
Pex27). All these data indicate that Pex34 could work independently or together with Pex11 
proteins in peroxisome abundance and size regulation (Tower et al., 2011).

After Pex11 mediated peroxisome elongation, the organelles constrict followed by fission 
which requires DRPs. In S. cerevisiae, the DRPs Dnm1 and Vps1 are responsible for 
peroxisome fission. Deletion of DNM1 or VPS1 results in a decrease of peroxisome 
numbers, whereas in cells lacking both genes (a dnm1 vps1 double deletion strain), 
peroxisome fission is completely blocked resulting in a single enlarged peroxisome 
(Kuravi et al., 2006). In H. polymorpha, only Dnm1 is involved in peroxisome fission. In 
budding H. polymorpha dnm1 cells, the single enlarged organelle forms long protrusions, 
which extends from mother cells into developing buds (Nagotu et al., 2008). Several PMPs 
accumulate at these peroxisome extensions. This phenotype is lost in cells lacking both 
DNM1 and PEX11, suggesting that Pex11 also plays a role in the organization of PMPs at 
the peroxisomal membrane (Cepińska et al., 2011).
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The tail anchor protein Fis1 and its adaptor protein Mdv1 (and Caf4 in S. cerevisiae) are 
necessary for Dnm1 to dock on the peroxisome membrane (Motley et al., 2008; Nagotu et 
al., 2008). These proteins could form a ring surrounding the peroxisome constriction site 
and trigger peroxisomal scission to accomplish the division (Farré et al., 2019) (Figure 3).

Remarkably, peroxisomes share the key fission proteins (Fis1 and Drp1/Dnm1) with 
mitochondria (Smith and Aitchison, 2013). The ER has been proposed to regulate 
mitochondrial fission by forming contact sites with mitochondria. This contact marks 
the site of mitochondrial constriction and induces mitochondrial division (Phillips and 
Voeltz, 2016). It could be that contacts between the ER and peroxisomes also regulate the 
constriction step during peroxisome fission.

Pex11

Pex11, Dnm1, 
Fis1, Mdv1/Caf4

           lipids, PMPs, 
         Matrix proteins

?
I II

IIIIV

Figure 3. Model of peroxisome growth and division in S. cerevisiae. (I) Pex11 induces peroxisome membrane 
elongation. (II) Peroxisome membrane constriction by an unknown mechanism. (III) The organelle fission protein Fis1 
and its adaptors Mdv1, Caf4 recruit Dnm1. Pex11 functions as GAP and triggers peroxisome scission. (IV) Newly formed 
peroxisome incorporates lipids, PMPs and matrix proteins.

Pex23 family proteins
The Pex23 family proteins belong to another group of peroxins that regulate peroxisome 
abundance and size in yeast (Kiel et al., 2006). All proteins of this family have a DysF domain 
at their C-terminus. The DysF domain was first identified in human dysferlin, a protein family 
that is required for Ca2+ dependent membrane fusion and repair in mammalian cells. Mutations 
in the DysF domain result in human dysferlinopathies, such as limb girdle muscular dystrophy 
type 2B (LGMD2B) and Miyoshi myopathy (Bulankina and Thoms, 2020).

Spo73 is a DysF domain-only protein in S. cerevisiae and involves in prospore membrane 
extension. So far, all known DysF motif-containing proteins are involved in membrane 
related process, although the precise mechanisms are still unclear. Proteins structure 
prediction revealed the presence of several transmembrane domains (TMDs) in Pex23 
family proteins (Yan et al., 2007). The number of Pex23 protein family members and the 
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effect of the absence of these proteins vary among different yeast species (Table 3).

There are still many questions on how Pex23 family proteins regulate peroxisome 
proliferation. The differences in protein localization and different effects of the absence 
of the various proteins on peroxisomes indicate that these proteins possibly regulate 
peroxisome abundance by multiple mechanisms.

Table 3. Pex23 family proteins in different yeast species

Organism Peroxin MW 
(kDa)

Localization Peroxisome morphology in deletion 
strain

Growth 
condition

Abundance Size Other

Sc

Pex28 ~66 Per ↑ ↓
More peroxisome 

clusters Oleate

Pex29 ~64 ER ↑ ↓
More peroxisome 

clusters Oleate

Pex30 ~59 ER ↑ --- --- Oleate

Pex31 ~53 ER --- ↑ --- Oleate

Pex32 ~49 Per --- ↑ --- Oleate

Hp

Pex23 ~58 ER ↓ ↑ --- Methanol

Pex24 ~64 ER ↓ ↑ --- Methanol

Pex29 ~61 ER → → --- Methanol

Pex32 ~44 ER ↓ ↑ --- Methanol

Yl

Pex23 ~48 Per --- ---

Small vesicles 
(harbour both 

peroxisome matrix 
and membrane 

proteins) instead 
of peroxisome Oleate

Pex24 ~61 Per --- ---

Membrane 
structures (contain 
both peroxisome 

matrix and 
membrane 

proteins) instead 
of peroxisome Oleate

Pex29 ~69 --- --- --- --- ---

Pp

Pex24 ~60 Per --- --- --- ---

Pex29 ~59 Per --- --- --- ---

Pex30 ~57 ER and Per ↓ ↑ --- Oleate

Pex31 ~41 ER and Per ↓ ↑ --- Oleate

(Sc: Saccharomyces cerevisiae, Hp: Hansenula polymorpha, Yl: Yarrowia lipolytica, Pp: Pichia pastoris; ↓: decrease, ↑: 
increase, →: no change; --- unknown; the same numbers do not mean homologues)
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In Y. lipolytica, cells fail to form functional peroxisomes when PEX23 or PEX24 are 
deleted. These cells are unable to grow on oleate medium (condition that requires for 
peroxisomal beta-oxidation) accompanied by the mislocalization of matrix proteins to 
the cytosol. Instead of normal sized peroxisomes, cells have small organelles, which 
contain both peroxisomal matrix and membrane proteins (Brown et al., 2000; Tam and 
Rachubinski, 2002; Vizeacoumar et al., 2003). These observations suggest that the 
absence of YlPex23 or YlPex24 may affect the process of protein import in peroxisomes. 
Peroxisomal membrane formation defects would further affect peroxisome numbers.

In P. pastoris, deletion of PEX30 or PEX31 results in fewer and enlarged peroxisomes, 
which is similar to the peroxisome phenotype in cells in which the DysF motif of these two 
proteins is removed (Yan et al., 2008). Therefore, the DysF motif is necessary for PpPex30 
and PpPex31 to regulate peroxisome proliferation. In mammalian dysferlin, the DysF 
domain is necessary for stabilizing the protein (Michel Espinoza-Fonseca, 2016; Sula et 
al., 2014). It is possible that this motif in P. Pastoris has a similar function. The absence 
of the DysF domain may lead to instability of Pex30 and Pex31, resulting in lower protein 
levels that are the cause of changes in peroxisome number and size. Results from co-
immunoprecipitation experiments revealed an interaction between PpPex11 and PpPex30 
or PpPex31 (Yan et al., 2008). This suggests that these three proteins form a complex. This 
is in line with the outcome of proteomics studies in S. cerevisiae (see below). Surprisingly, 
peroxisomal defects in P. pastoris pex30 or pex31 only happened when cells were grown 
on oleate but not on methanol (Yan et al., 2008), indicating that PpPex30 and PpPex31 
could act as switches or signaling reporters to activate or block peroxisome proliferation 
when cells are exposed to different growth environments. Deletion of PEX24 or PEX32 
in H. polymorpha results in severe defects in peroxisome biology that are related to the 
function of Pex24 and Pex32 in peroxisome-ER contact sites (Wu et al., 2020). In this 
organism clear peroxisome defects were observed in methanol-grown cells. 

In S. cerevisiae, Pex30 is present in a protein complex together with the ER reticulons (Rtn1 
and Rtn2) and the reticulon-like protein (Yop1), which occurs at ER-Peroxisome contact 
sites (EPCONs). This complex was proposed to regulate peroxisome de novo biogenesis 
from the ER, by affecting ER-derived PPV biogenesis (David et al., 2013; Mast et al., 2016).

Sequence analysis indicated that S. cerevisiae Pex23 family proteins contain a reticulon-
homologue domain (RHD) in the N-terminus (Joshi et al., 2016). Overexpression of Pex30 
or Pex31 suppresses ER morphology defects in strains lacking all reticulons. This suggests 
that these proteins play a role in ER shaping (Joshi et al., 2016). Pex30 is also involved in 
lipid droplets (LDs) biogenesis from the ER. Deletion of PEX30 results in a delay in LDs 
formation as well as the formation of more clustered and smaller LDs (Joshi et al., 2018; 
Wang et al., 2018). A recent study revealed that Pex30 might work together with Fld1 
(seipin), Nem1 and Yft2 (fat storage inducing transmembrane protein) in determining the 
ER subdomain for recruiting proteins and lipids to initiate LD biogenesis (Choudhary et 
al., 2020). All these data indicate that Pex30 is involved in organelles biogenesis from the 
ER by regulating ER shaping.
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Overproduction of ScPex30 in a pex11 mutant resulted in more peroxisomes. These data 
indicate that Pex30-dependent peroxisome proliferation is independent of Pex11 (David 
et al., 2013). Pex25 and Vps1 have also been proposed to play a role in peroxisome 
proliferation together with Pex28 (Vizeacoumar et al., 2003). Taken together these data 
suggest that Pex23 family proteins have multiple functions and control peroxisome 
proliferation by regulating ER shaping or Pex11-related peroxisome division.

In H. polymorpha, deletion of PEX29 has no effect on both peroxisome abundance and 
size, which suggests that either Pex29 has a redundant function with other Pex23 proteins 
or it is not a real peroxin. Apart from the general peroxisome defects (decreased number 
and increased size) in pex23, pex24 or pex32 mutants, some other phenotypes have also 
been observed. The peroxisome membrane surface decreased in pex24 and pex32 cells, 
which indicates that these two proteins could regulate peroxisome size by affecting 
peroxisomal membrane expansion. Cells lacking PEX24 have a peroxisome inheritance 
defect (most budding cells have peroxisome in the daughter cell) indicating that HpPex24 
may affect peroxisome abundance by keeping peroxisomes in the mother cell. Cells 
lacking Pex32 are unable to grow in methanol medium and show a defect in peroxisomal 
matrix protein import. This means that Pex32 is important for both matrix protein import 
and peroxisome membrane biogenesis. Alternatively, the import defect could be indirectly 
due to limited peroxisomal membrane growth. This is further supported by the observation 
that peroxisome defects in these mutants could be suppressed by introducing an artificial 
protein linker between the ER and peroxisome. These observations suggest that the 
close association between the ER and peroxisome is required for Pex24- and/or Pex32-
dependent peroxisome formation.

Regulation of peroxisome proliferation by other proteins
Recent studies in H. polymorpha resulted in the identification of Pex37, a protein that 
shows homology to the human peroxisome membrane protein Pxmp2. Deletion of PEX37 
causes in a decrease in peroxisome number, while overproduction of Pex37 results in 
more peroxisomes (Singh et al., 2019). However, these phenotypes only occurred in cells 
growing on glucose (peroxisome-repressing condition), but not in methanol-grown cells 
(peroxisome-inducing condition). This suggests that Pex37 is functionally redundant with 
other proteins involved in peroxisome multiplication in methanol-grown cells.

In addition to peroxins, some other non-peroxisome proteins have been shown to be 
involved in regulating peroxisome abundance. Examples include p24 family proteins, 
which are components of COPI and COPII-coated vesicles (Pastor-Cantizano et al., 2016). 
Emp24 and Erp3 are two p24 proteins in H. polymorpha. Cells lacking both EMP24 and 
ERP3 contain fewer and enlarged peroxisomal, which suggests that p24 proteins also 
contribute to the regulation of peroxisome proliferation (Kurbatova et al., 2009).

A previous study showed that, except for Mmm1, the absence of any of the ERMES (ER-
Mitochondrial Encounter Structure) components, Mdm10, Mdm12 or Mdm34, results 
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in increased numbers of small peroxisomes in S. cerevisiae (Cohen et al., 2014). These 
findings have been confirmed in a recent study from Esposito and colleagues, who observed 
enhanced peroxisomes numbers in cells lacking Mdm10 or Mdm12 when growing on 
glucose (Esposito et al., 2019). ERMES proteins are involved in lipid exchange between the 
ER and mitochondria. An SMP (Synaptotagmin-like Mitochondrial lipid-binding Protein) 
domain in these proteins is required for lipid transport (Kopec et al., 2010). Also, using an in 
vitro assay it was confirmed that the Mmm1-Mdm12 complex could transfer phospholipids 
between these two organelles (Kawano et al., 2018). Pex11 is a peroxisome-mitochondrial 
contact site protein and interacts with Mdm34 (Mattiazzi Ušaj et al., 2015). This suggests a 
close association among these three organelles. It is possible that both ER and mitochondrial 
lipid compositions changed in ERMES mutants, which would indirectly affect peroxisome 
multiplication.

Membrane contact sites
In the past decades, several studies pointed out the importance of membrane contact sites 
(MCSs) in maintaining organelle interaction and cooperation. An MCS is defined as a 
region of close proximity between organelles (two or more). These sites are normally 
tethered and stabilized by protein-protein or protein-lipid interactions on the opposing 
membranes (Scorrano et al., 2019). Recently, systematic mapping of MSCs by using 
multispectral image acquisition methods in mammalian cells or split-GFP assays in yeast 
cells revealed that (probably) all organelles can form contact sites with other compartments 
(Shai et al., 2018; Valm et al., 2017). The distance between organelles at MCSs is 
usually between 10 to 30 nm. However, exceptions exist. Num1, which is involved in 
mitochondria-plasma membrane contact sites, can span a distance up to 300 nm (Ping 
et al., 2016; Prinz, 2014). Remarkably, contact sites also occur between membrane-less 
organelles, for example the contact between the ER and processing bodies (PBs), which 
are known as ribonucleoprotein (RNP) granules and P-body-associated proteins involved 
in mRNA degradation (Lee et al., 2020; Luo et al., 2018).

MSCs can have the following functions: 1) non-vesicular lipid transport, 2) channeling of 
metabolites (lipids, Ca2+ and other small molecules), 3) cell signaling (Ca2+, ROS, etc.), 4) 
organelle dynamics (fission, fusion, trafficking, positioning, etc.), and 5) adjustment to cell 
stress (ER stress and apoptosis, lipid stress, mechanical stress and nutrient stress) (Prinz 
et al., 2020).

Here we give an overview on the current knowledge on peroxisome contact sites in yeast 
(Figure 4).
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Figure 4. Peroxisome membrane contact sites. Peroxisomal MCSs and the indicated proteins. Peroxisome-ER 
(endoplasmic reticulum) contact sites (Farré et al., 2019; Wu et al., 2020), peroxisome-PM (plasma membrane) contact 
sites (Hulmes et al., 2020; Krikken et al., 2020), peroxisome-Mito (mitochondrial) contact sites (Farré et al., 2019), 
peroxisome-vacuole contact sites (Wu et al., 2018), peroxisome-LDs (lipid droplets) contact sites (Pu et al., 2011; Shai et 
al., 2018). Question marks represent unknown components.

Peroxisome-ER contact sites
As indicated above Pex23 proteins play a role in peroxisome-ER contact sites. This contact 
was initially proposed to be involved in de novo peroxisome formation, but later studies 
indicated that these contacts might also be important for non-vesicular lipid transfer from 
the ER to peroxisomes. Non-vesicular lipid transport between these two organelles was 
previously suggested from in vitro studies on phospholipid transport (Raychaudhuri and 
Prinz, 2008).

Peroxisome-Lipid droplet contact sites
Lipid droplets (LDs) are organelles with a core consisting of neutral lipids, which is 
surrounded by a phospholipid monolayer. LDs act as lipid storage organelles (Tauchi-Sato 
et al., 2002). In yeast cells, the peroxisome is the only organelle responsible for fatty acid 
β-oxidation. Therefore, lipids have to be transferred between both organelles, which most 
likely involves membrane contact sites. Close proximity between peroxisomes and LDs 
has been observed in Y. lipolytica and S. cerevisiae (Bascom et al., 2003; Shai et al., 2018).

In S. cerevisiae, peroxisomes frequently associate with LDs in cells grown on oleic acid. 
In addition, peroxisomes extend into LDs by peroxisome protrusions, which results 
in hemifusion of the LD core and the peroxisomal membrane inner leaflet. This could 
contribute to the transfer of fatty acids from LDs to peroxisomes (Binns et al., 2006).

Based on an earlier study on the interactome of LDs with mitochondria and peroxisome, 
the LD proteins Erg6 and Pet10 were proposed to interact with proteins on both organelles 
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(Pu et al., 2011). This suggests that these two proteins could act as tethering proteins at 
peroxisome-LDs contacts. Erg6 also co-localizes with Pex30 at the ER subdomain where 
PPV and LD biogenesis occur (Joshi et al., 2018).

Peroxisome-Mitochondrial contact sites
Peroxisomes and mitochondrial are functionally related as they share proteins responsible 
for their fission and enzymes involved in ROS signaling (Chevtzoff et al., 2010; Delille et 
al., 2009). Peroxisomes and the mitochondrial pyruvate dehydrogenase (PDH) complex 
have been shown to be in close vicinity (Cohen et al., 2014).

So far two studies were published on yeast peroxisome-mitochondria MCS complexes. 
First, yeast two-hybrid analysis and bimolecular fluorescence complementation (BiFC) 
assays showed that Pex11 physically interacts with Mdm34, a mitochondrial ERMES 
component. The role of Pex11 in the formation of this contact site was underlined by the 
observation that co-localization between peroxisome and ERMES components decreased 
in a pex11 mutant (Mattiazzi Ušaj et al., 2015).

Pex34 and Fzo1 have also been proposed to act as tethering proteins between peroxisomes 
and mitochondria (Shai et al., 2018). Overexpression of Pex34 or Fzo1 leads to expansion 
of the contact. Meanwhile, there is higher CO2 production in cells overproducing Pex34, 
but not Fzo1. This increased CO2 production comes from the degradation of acetyl-CoA 
produced by beta oxidation in peroxisomes (Shai et al., 2018). This indicates that Pex34 is 
involved in peroxisome-mitochondria contact sites that stimulate transport of acetyl-CoA 
from peroxisomes to mitochondria. The function of Fzo1 is independent of Pex34. More 
work needs to be done to understand the function of this protein.

Peroxisome-Vacuole contact sites
In S. cerevisiae, split-GFP assays showed the existence of peroxisome-vacuole contact 
sites (Kakimoto et al., 2018; Shai et al., 2018). In H. polymorpha, peroxisome-vacuole 
contact sites are observed at conditions of rapid peroxisome growth. Pex3 is involved 
in the formation of this contact site and accumulates at the peroxisome-vacuole contact. 
Moreover, overexpression of Pex3 at conditions that do not result in peroxisome growth 
leads to the association between peroxisomes and vacuoles (Wu et al., 2018). It is still 
unclear which vacuolar components are involved in this MCS. In addition, the function of 
Pex3 at this contact site is still unknown.

Peroxisome-Plasma membrane contact sites
Recent studies in yeast cells have identified Inp1 is a tethering protein at peroxisome-
plasma membrane (PM) contact sites, which is required for peroxisome retention in yeast 
mother cells (Hulmes et al., 2020; Krikken et al., 2020). Deletion of H. polymorpha INP1 
results in an increase in distance between the peroxisomal membrane and the PM. On the 
other hand, an enlarged contact site is formed upon overproducing Inp1 (Krikken et al., 
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2020). In S. cerevisiae, it was shown that the peroxisome retention defect in inp1 cells 
could be rescued by reintroducing an artificial peroxisome-PM tether (Hulmes et al., 2020). 
Both studies uncovered that the C-terminus of Inp1 interacts with Pex3 at peroxisome and 
the N-terminus is important for binding to the PM (Hulmes et al., 2020; Krikken et al., 
2020). In vitro lipid-binding assay revealed that the N-terminus of ScInp1 directly binds 
to PI(4,5)P2 on the PM (Hulmes et al., 2020). It is unknown which proteins and/or lipids 
are important for the association of Inp1 with the PM in H. polymorpha. However, HpInp1 
contains a pleckstrin homology like domain that is essential for its function and probably 
is important for protein-protein interactions.

Outlook
All Pex23 family proteins contain a DysF motif at the C-terminus. This domain is important 
for the function of PpPex30 and PpPex31 in the regulation of peroxisome number and size, 
but not in HpPex32 (This thesis, Chapter III; Yan et al., 2008). Further studies are required 
to understand these seemingly contradicting results.

While the most studied Pex23 family members (ScPex30, ScPex31, HpPex24, HpPex32) 
are peroxisome-ER contact site proteins, HpPex23 and HpPex29 probably function in 
other contacts as well. Moreover, HpPex23 accumulates at NVJs (Wu et al., 2020). It 
is tempting to speculate that all Pex23 family proteins are ER-localized MSC proteins 
that play a role in multiple ER contact sites and involved in the biogenesis of not only 
peroxisomes.

The PMP Pex11 is known as a key protein in peroxisome fission, but recent studies indicated 
that it is also a peroxisome contact site protein that interacts with ERMES components in 
S. cerevisiae to form contacts with mitochondria (Mattiazzi Ušaj et al., 2015; Shai et al., 
2018). Moreover, Pex11 is involved in Pex32-dependent peroxisome-ER contact sites in 
H. polymorpha (Wu et al., 2020). Interestingly, the absence of any of these contact site 
proteins affects peroxisome numbers (Cohen et al., 2014; Esposito et al., 2019; Wu et al., 
2020). Important remaining questions that remain are i) Do ER-peroxisome contact sites 
contribute to organelle fission and ii) does the ER-mitochondrion contact site affects the 
peroxisomal lipid composition, which indirectly affect peroxisome proliferation?

Aim of this thesis
This thesis aims to understand the function of Pex23 family proteins in the yeast Hansenula 
polymorpha.

Outline of this thesis
In Chapter I, I present an overview of proteins involved in yeast peroxisome formation 
and peroxisome membrane contact sites.
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In Chapter II, we systematically analyzed all four Pex23 family proteins in H. polymorpha. 
We show that all Pex23 family members are ER proteins. Deletion of PEX29 has no effect 
on peroxisome formation, but the deletion of PEX23, PEX24 or PEX32 results in less 
and enlarged peroxisomes, accompanied by defects in ER-peroxisome contact sites and a 
decrease in peroxisome membrane surface. These data suggest that peroxisome membrane 
growth is affected. These defects could be suppressed by introducing an artificial ER-
peroxisome tether protein, indicating that the observed defects indeed were related to the 
absence of contact sites. In addition, we show that the peroxisomal membrane proteins 
Pex11 and Pex34 (Chapter III) are required for concentrating Pex32 at ER-peroxisome 
contact sites. Our results suggest that the ER proteins Pex24 and Pex32 together with 
the peroxisomal membrane proteins Pex11 and Pex34 are components of ER-peroxisome 
contact sites. Overexpression of Pex32 in pex11 or pex34 cells did not result in suppression 
of the mutant phenotypes, indicating that these proteins play different functions in the 
contact site.

In Chapter III, we also show that the N-terminal domain of Pex32, which contains four 
transmembrane helixes (TMs), is responsible for ER sorting and the function of Pex32. 
The DysF motif is important to concentrate the protein at the ER-peroxisome contact sites. 
Pex11 protein levels decreased significantly in the absence of Pex32. Therefore part of the 
phenotype of pex32 cells could be due to the very low Pex11 levels.

In Chapter IV, we show that deletion of PEX23 or PEX29 affects mitochondrial 
morphology and lipid droplet formation. Detailed microscopy studies showed that pex23 
and pex29 cells contain more mitochondrial structures that are clustered at one region of 
the cell, suggesting that in these mutants mitochondrial fusion is defective.

In Chapter V, we provide an overview of our main findings and an outlook.
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Abstract
The yeast Hansenula polymorpha contains four members of the Pex23 family of 
peroxins, which characteristically contain a DysF domain. Here we show that all four H. 
polymorpha Pex23 family proteins localize to the endoplasmic reticulum (ER). Pex24 and 
Pex32, but not Pex23 and Pex29, predominantly accumulate at peroxisome-ER contacts. 
Upon deletion of PEX24 or PEX32 - and to a much lesser extent, of PEX23 or PEX29 - 
peroxisome-ER contacts are lost, concomitant with defects in peroxisomal matrix protein 
import, membrane growth, and organelle proliferation, positioning and segregation. These 
defects are suppressed by the introduction of an artificial peroxisome-ER tether, indicating 
that Pex24 and Pex32 contribute to tethering peroxisomes to the ER. Accumulation of 
Pex32 at these contact sites is lost in cells lacking the peroxisomal membrane protein 
Pex11, in conjunction with disruption of the contacts. This indicates that Pex11 contributes 
to Pex32-dependent peroxisome-ER contact formation. The absence of Pex32 has no 
major effect on pre-peroxisomal vesicles that occur in pex3 atg1 deletion cells.

Keywords: Peroxisome, Pex24, Pex32, Endoplasmic reticulum, Membrane contact, Yeast

Introduction
Peroxins are defined as proteins that play a role in peroxisome biogenesis, including 
peroxisomal matrix protein import, membrane biogenesis and organelle proliferation 
(Distel et al., 1996). Most peroxins are peroxisomal or cytosolic proteins that are 
transiently recruited to the organelle. Recent studies in Saccharomyces cerevisiae showed 
that a family of peroxins, called the Pex23 protein family (Kiel et al., 2006), localize to 
the endoplasmic reticulum (ER) (David et al., 2013; Joshi et al., 2016; Mast et al., 2016). 
The function of these peroxins is still poorly understood and is the subject of this study.

Proteins of the Pex23 family are characterized by a DysF domain. The DysF domain was 
first identified in human dysferlin. Dysferlin is important for fusion of vesicles with the 
sarcolemma at the site of muscle injury (Bansal and Campbell, 2004; Lek et al., 2011; 
Bansal et al., 2003). Human dysferlin contains multiple C2 domains, which play a direct 
role in the above membrane repair process, however, the function of the DysF domain in 
dysferlin is still obscure.

Yarrowia lipolytica Pex23 was the first DysF-domain-containing peroxin that was identified 
(Brown et al., 2000). The number of Pex23 family members varies in different yeast 
species and their nomenclature is confusing (Fig. 1A). Hansenula polymorpha and Pichia 
pastoris contain four Pex23 family proteins, but S. cerevisiae has five and Y. lipolytica has 
only three. Mutants lacking one of these peroxins show diverse peroxisomal phenotypes 
ranging from a partial peroxisomal matrix protein import defect to enhanced or decreased 
peroxisome numbers (Brown et al., 2000; Tam and Rachubinski, 2002; Vizeacoumar et al., 
2003, 2004; Yan et al., 2008).

Initially, Pex23 family proteins were thought to localize to peroxisomes (Brown et al., 
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2000; Tam and Rachubinski, 2002; Vizeacoumar et al., 2003, 2004; Yan et al., 2008). 
However, later studies indicated that S. cerevisiae Pex23 family proteins are ER proteins 
that form complexes with the ER resident reticulons Rtn1, Rtn2 and Yop1 (David et al., 
2013; Mast et al., 2016). S. cerevisiae Pex30 and its paralog Pex31 have been implicated 
in the formation of peroxisome-ER contact sites, where they regulate de novo peroxisome 
formation from the ER (David et al., 2013; Joshi et al., 2016; Mast et al., 2016; Wang et 
al., 2018). S. cerevisiae Inp1 also has been implicated in the formation of peroxisome-
ER contacts, but serves a different function, namely in peroxisome retention during yeast 
budding (Knoblach et al., 2013).

S. cerevisiae Pex30 and Pex31 (ScPex30 and ScPex31) contain a reticulon-like domain and 
have membrane-shaping properties (Joshi et al., 2016). ER-regions where Pex30 accumulates 
are important for the regulation of pre-peroxisomal vesicle (PPV) formation, but also play a 
role in lipid droplet biogenesis (Joshi et al., 2018; Wang et al., 2018; Lv et al., 2019).

So far, S. cerevisiae Pex29, Pex30 and Pex31 have been extensively studied. However, our 
knowledge on other members of the S. cerevisiae Pex23 protein family, as well as on these 
proteins from other yeast species, is still relatively scarce.

Here, we studied all four Pex23 family members of the yeast H. polymorpha. Our results 
indicate that these proteins localize to the ER and accumulate at membrane contact sites, 
including peroxisome-ER contacts and nucleus-vacuole junctions (NVJs). Pex24 and Pex32, 
but not Pex23 and Pex29, predominantly localize to peroxisome-ER contact sites. Moreover, 
deletion of PEX24 or PEX32, but not of PEX23 or PEX29, results in major aberrations in 
peroxisome biology, including defects in peroxisomal matrix protein import and membrane 
growth, organelle proliferation, positioning and segregation. These defects are accompanied 
by the disruption of close associations between the peroxisomal and ER membranes, 
indicating that these proteins are crucial for peroxisome-ER contact site formation. 
Introduction of an artificial peroxisome-ER tether suppresses the peroxisomal phenotypes, 
indicating that Pex24 and Pex32 contribute to the tethering of peroxisomes to the ER.

Further studies on the function of Pex32 indicate that the accumulation of this protein 
at peroxisome-ER contacts is lost in cells lacking the peroxisomal membrane protein 
Pex11. Moreover, in pex11 cells peroxisome-ER contacts are defective like in pex32 cells. 
These results are consistent with the view that Pex11 is also important for peroxisome-
ER associations. Deletion of PEX32 in pex3 atg1 cells did not result in a change in the 
abundance or morphology of PPVs, suggesting that Pex32 is not involved in the regulation 
of PPV formation.

Results

Protein sequence and structure prediction
Construction of a phylogenetic tree of Pex23 family members from four different 
yeast species indicated that two subfamilies (the Pex23 and Pex24 subfamilies) can be 
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distinguished (Fig. 1A). All H. polymorpha members contain a DysF domain at the C 
terminus. H. polymorpha Pex32 (HpPex32) is much shorter than the other family members, 
which is mostly due to the lack of an unstructured fragment at the amino terminus of this 
protein (Fig 1B).

HpPex23 ends with a Lys-Lys-Lys-Glu stretch of residues, similar to the Lys-Lys-Xaa-
Xaa (where Xaa indicates any amino acid) found in S. cerevisiae Pex30 (David et al., 
2013), whereas HpPex24 ends with Lys-Lys-Arg. These C termini might represent di-
lysine motifs, which are recognized by coatomer subunits and important for retrograde 
transport to the ER (Ma and Goldberg, 2013). The C termini of HpPex29 and HpPex32 do 
not contain di-lysine motifs.

Secondary structure prediction indicated that all four sequences contain between two to 
four transmembrane helices and a C-terminal domain dominated by β-sheets (Fig. 1B). 
It has been previously argued that a reticulon-like domain was observed in this family 
of proteins, particularly in ScPex30 and ScPex31 (Joshi et al., 2016). Indeed, a similar 
domain prediction can be found for HpPex23 using HHpred on the Pfam-A database. This 
detection extends from residue 100 to 233 of HpPex23. However, this detection has an 
Expect value (E-value) of 2 and a probability of 92.38, making it a borderline detection. 
Similar borderline domain predictions are detected in HpPex24, HpPex29 and HpPex32. 
A Trp residue is also present at the N terminus of this potential domain and aligns with the 
classically conserved Trp residue of other Pex reticulon-like domains.
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Fig. 1. Yeast Pex23 family proteins. (A) Protein phylogeny. Protein sequences from S. cerevisiae, H. polymorpha, P. 
pastoris and Y. lipolytica were retrieved from NCBI-protein database. Phylogenetic tree: numbers represent the bootstraps 
values, and branch length represents amino acidic substitution rates. (B) Secondary structure features of H. polymorpha 
Pex23 proteins obtained with Foundation visualization tool (Bordin et al., 2018). The black horizontal lines represent the 
protein sequence. The predicted β-strands and ɑ-helices are depicted by bars above each line in cyan and magenta, 
respectively, with the height of the bars representing the confidence of the prediction. Transmembrane helices (TMH) 
predictions are depicted as green boxes underneath the secondary structure prediction. The Protein Data Bank (PDB) 
domain represents the DysF domain.

All H. polymorpha Pex23 family members localize to the ER
The localization of the four H. polymorpha Pex23 family proteins was determined using 
fluorescence microscopy (FM) using strains producing C-terminally GFP-tagged proteins 
under control of their endogenous promoters (Fig. 2A,B). Functional peroxisomes are 
essential for growth of H. polymorpha on methanol. All four strains grew similarly to 
the wild-type (WT) control on medium containing methanol, indicating that tagging with 
GFP at the extreme C terminus does not affect the function of Pex23 family proteins in 
peroxisome biology (Table S1).

Protein localization was assessed using cells that were grown in medium containing 
glucose (peroxisome-repressing conditions). In these conditions the cells generally 
contain a single small peroxisome that is associated to the ER (Wu et al., 2018). As 
shown in Fig. 2B, all four proteins co-localized with the ER marker BiP-mCherry-HDEL, 
predominantly at the cortical ER. Frequently, a patch of Pex23-GFP was observed at the 
nuclear envelope as well (Fig. 2A,B). In Pex24-GFP- or Pex32-GFP-producing strains 
generally one fluorescent spot was detected per cell, which invariably localized close to 
the single peroxisome marked with Pex14-mKate2. More fluorescent spots were present 
in cells of Pex23-GFP- and Pex29-GFP-producing strains, and one of them invariably was 
present in the vicinity of the Pex14-mKate2 spot (Fig. 2A).



40

CHAPTER 2

Upon overproduction, all four H. polymorpha Pex23 family proteins showed a typical 
cortical ER and nuclear envelope pattern of localization, supporting that they represent 
genuine ER proteins. FM analysis revealed that the overproduced proteins were not evenly 
distributed over the ER, but were present in spots and patches. In all strains, one cortical 
patch localized in the vicinity of the peroxisome (here marked with DsRed-SKL) (Fig. 
2C). Relatively large patches of GFP fluorescence were frequently observed at the nuclear 
envelope in cells overproducing Pex24-GFP. Colocalization studies with the nucleus-
vacuole junction (NVJ) protein Vac8 indicated that these patches represent NVJs (Fig. 2D). 
Pex23-GFP also accumulated at NVJs when produced under control of its own promoter.

Western blot analysis showed that the levels of all four GFP fusion proteins were very 
low when produced under control of their endogenous promoters. In fact, Pex24-GFP and 
Pex32-GFP were below the limit of detection, whereas faint bands were detected on blots 
of lysates from Pex23-GFP- and Pex29-GFP-producing cells. Upon overproduction, all 
four GFP-fusion proteins were readily detected (Fig. 2E).

Our data support observations in S. cerevisiae, where Pex23 family proteins localize to 
the ER, including at regions where peroxisomes and ER are in close vicinity (David et 
al., 2013; Mast et al., 2016). The presence of a proportion of HpPex23 and overproduced 
HpPex24 at NVJs suggests that Pex23 family proteins are also components of other 
membrane contacts.
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Fig. 2. H. polymorpha Pex23 family proteins localize to the ER. (A, B) FM images of glucose-grown H. polymorpha cells 
producing the indicated GFP fusion proteins under control of their endogenous promoters together with the peroxisomal 
marker Pex14-mKate2 (A) or the ER marker BiP-mCherry-HDEL (B). The merged images show the cell contours in 
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fusion proteins under control of the amine oxidase promoter (PAMO). Representative images of two experiments are shown. 
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The absence of Pex24 and Pex32 affect peroxisome biogenesis and abundance
To study the role of the Pex23 family proteins we constructed four H. polymorpha deletion 
strains, pex23, pex24, pex29 and pex32. First, we analyzed whether Pex23 family proteins 
are important for peroxisomal matrix protein import in glucose-grown cells producing 
the matrix marker GFP-SKL using wide-field fluorescence microscopy (FM). GFP-SKL 
mislocalized to the cytosol in a proportion of the pex32 cells (Fig. 3A), whereas cytosolic 
fluorescence was occasionally observed in pex23 and pex24 cells, but never in pex29 cells. 
In pex32 cultures, typically three types of cells could be discriminated, namely: (1) cells 
with a GFP spot without cytosolic fluorescence, (2) cells with a GFP spot in conjunction 
with cytosolic GFP and (3) cells with only cytosolic GFP. This indicates that although 
matrix protein import is strongly compromised in some of the cells, Pex32 is not essential 
for the assembly of a functional importomer.

Next, we quantified the number of GFP containing spots using confocal laser scanning 
microscopy (CLSM) and a custom-made plugin for ImageJ (Thomas et al., 2015). In these 
images, cytosolic fluorescence was not detected in any of the strains due to the lower 
sensitivity of CLSM relative to wide-field FM. The average number of GFP spots per 
cell was similar in WT and pex29 cells but reduced in the other three deletion strains. 
The strongest reduction was observed in pex24 and pex32 cells (Fig. 3B). Frequency 
distributions show that these reductions are accompanied by an increase in the percentage 
of cells lacking a GFP spot (Fig. 3B). These results indicate that Pex24 and Pex32 are 
important for normal peroxisome abundance.

Finally, we analyzed the strains in peroxisome-inducing growth conditions (methanol). 
Mislocalization of peroxisomal matrix enzymes affects methylotrophic growth (van der 
Klei et al., 2006). We therefore routinely grow peroxisome-deficient mutants on a mixture 
of glycerol and methanol (Knoops et al., 2014). At these conditions, cells grow on glycerol 
(which does not require peroxisome function), while methanol is used as additional carbon 
and energy source, depending on the severity of the peroxisome function defect. Growth 
experiments using glycerol-methanol media revealed the strongest growth defects were in 
the pex32 and pex24 strains. Cells of the pex23 strain showed only a minor reduction in 
growth, whereas pex29 cells grew similar to WT controls (Fig. 3D). These data indicate 
that the function of peroxisomes is strongly compromised in the absence of Pex24 and 
Pex32, but not in cells lacking Pex29.

Quantification of structures marked with the H. polymorpha peroxisomal membrane 
marker Pmp47-GFP (Cepińska et al., 2011) indicated that in these growth conditions, 
relative to WT controls, peroxisome abundance was reduced, especially in pex24 and 
pex32 cells (Fig. 3C). Moreover, CLSM revealed that pex23, pex24 and pex32 cells 
frequently contained a peroxisome of enhanced size (Fig. 3C).

In conclusion, pex24 and pex32 cells showed the most severe peroxisomal phenotypes, 
whereas pex29 cells were similar to WT and pex23 cells had minor peroxisomal defects.
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The absence of Pex23 family proteins disrupts peroxisome-ER contacts
In S. cerevisiae, Pex23 family proteins and Inp1 play a role in the formation of peroxisome-
ER contacts (David et al., 2013; Knoblach et al., 2013; Mast et al., 2016). By measuring the 
distance between peroxisomal and ER membranes in electron micrographs, we analyzed 
the role of H. polymorpha Pex23 proteins in the formation of peroxisome-ER contacts 
(Fig. 4). At membrane contact sites, two membranes are usually separated by a distance 
smaller than 30 nm. As shown in Fig. 4A, in WT controls the distance between both 
membranes was generally less than 10 nm for ~80% of the peroxisomal profiles analyzed, 
whereas the distance was larger than 30 nm in less than 10% of the profiles analyzed (Fig. 
4A). In cells of the pex23 and pex29 strains, only 40% of the organellar profiles had a 
measured distance of less than 10 nm, and this percentage further dropped for pex24 and 
pex32 cells to 10-20% (Fig. 4A,B). These changes were not related to a decrease in total 
cortical ER, which instead slightly increased (Fig. 4D). Deletion of INP1 had no effect on 
the distance at peroxisome-ER contact sites (Fig. 4C), in line with our recent observation 
that H. polymorpha Inp1 associates peroxisomes to the plasma membrane (Wu, 2020). 
Based on these observations, we conclude that Pex24 and Pex32- and to a lesser extent 
Pex29 and Pex23, but not Inp1- play crucial roles in the formation of tight membrane 
contacts between peroxisome and ER membranes.

In glucose-grown WT cells, the single peroxisome is invariably localized at the cell cortex. 
FM analysis of the position of peroxisomes demonstrated that peroxisomes remained 
close to the cell cortex upon deletion of either PEX32 or INP1. However, in a pex32 
inp1 double mutant, peroxisomes were more frequently observed in the central part of 
the cells, indicating that Pex32 and Inp1 together contribute to the cortical association of 
peroxisomes (Fig. 4E).

In budding WT cells, at least one peroxisome is retained in the mother cells, whereas 
another one is transported to the nascent bud. Quantification of peroxisomes in mother 
cells and buds indicated that the organelles normally segregated between mother cells 
and buds of the pex29 strain, similar to segregation observed in WT controls. Cultures of 
pex23, pex24 and pex32 cells, however, showed aberrant peroxisome segregation patterns. 
In pex24 cultures, a large fraction of the budding cells contained peroxisomes solely in the 
buds, indicative of a defect in retention of peroxisomes in mother cells (Fig. 4F). A similar, 
but stronger retention defect was observed in inp1 control cells, known to be defective in 
peroxisome retention (Fig. 4F).

Our data show that close associations between peroxisomes and the ER require Pex23 
family proteins, of which Pex24 and Pex32 are paramount. Inp1 is not crucial for the 
formation of these associations. Our data furthermore show that the associations contribute 
to peroxisome positioning at the cell cortex and proper peroxisome segregation in budding 
cells.
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Fig. 4. Deletion of PEX23, PEX24 or PEX32 results in an increase in distance between peroxisomal and ER 
membranes. (A-C) Illustrative diagrams and EM images of thin sections of KMnO4-fi xed glucose-grown cells of the 
indicated strains, and quantifi cation of the distance between the ER and peroxisomal membranes. Data are mean±s.d. of 
two independent experiments (n=2 based on 21 peroxisomes in random sections from each experiment). CW, cell wall; 
ER, endoplasmic reticulum; P, peroxisome; M, mitochondrion; N, nucleus. Scale bars: 200 nm. (D) Quantifi cation of 
ER abundance at the cell cortex. The percentage of the cell cortex covered by the ER was measured in 20 random cell 
sections using EM. For each strain, the ER coverage is depicted as an interquartile box together with the percentages of 
the individual cells. (E) FM images and a SuperPlot showing the distance between the GFP spot and the cell cortex in the 
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bars indicate the s.d. (F) Quantifi cation of the presence of peroxisomes in both the mother cell and bud in the indicated 
mutants. Data are mean±s.d. from two independent experiments (n=2 using 20 peroxisome-containing budding yeast cells 
from each experiment).

An artifi cial peroxisome-ER tether suppresses the peroxisomal phenotypes
To study whether the effect of the absence of Pex24 and Pex32 on peroxisome biology 
is due to the loss of peroxisome-ER contacts, we introduced an artifi cial tether in an 
attempt to reassociate both organelles. This approach is based on studies in S. cerevisiae, 
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in which the absence of proteins of the ER-Mitochondria encounter structure (ERMES) 
is partially complemented by artificially anchoring mitochondria to the ER (Kornmann et 
al., 2009). To this end we constructed an artificial tether protein consisting of full-length 
Pex14 and the tail anchor of the ER protein Ubc6, separated by two heme-agglutinin 
tags (HA). This construct (PADH1Pex14-HA-HA-Ubc6TA), termed ERPER, was introduced 
in WT and the four deletion strains (Fig. 5A). Electron microscopy (EM) showed that 
introduction of ERPER resulted in regions of close opposition (<10 nm) between the 
ER/nuclear envelope and the peroxisomal membranes (Fig. 5B,C). Immuno-EM using 
anti-HA antibodies confirmed the presence of ERPER tether protein at these regions (Fig. 
5B). EM also showed that, upon growth on a mixture of methanol and glycerol, multiple 
peroxisomes were present in all mutant strains producing ERPER, as was also the case 
in WT controls producing ERPER (Fig. 5C), an observation that was confirmed by FM 
(Fig. 5D). Furthermore, in pex32 cells producing both ERPER and GFP-SKL, cytosolic 
fluorescence was not detectable (Fig. 5D), indicating that the matrix protein import defect 
was suppressed by the ERPER. Peroxisome quantification showed that peroxisome 
numbers in pex24 and pex32 cells containing ERPER were similar to those in WT control 
cells producing ERPER (Fig. 5E; compare with Fig. 3C).

Introduction of ERPER did not affect growth of WT, whereas it partially suppressed the 
growth defects that were observed for the pex24 and pex32 deletion strains on glycerol-
methanol medium (Fig. 5F), confirming that the tether restored peroxisome matrix protein 
import and function. As expected, the tether did not affect growth of pex29 cells on 
methanol (Fig. S1B). Furthermore, the minor growth defect of pex23 was not suppressed 
by ERPER, suggesting that this defect is not caused by altered peroxisome-ER contacts 
(Fig. S1C).

Introduction of a control construct containing PADH1Pex14, which does not cause tethering 
of peroxisomes to the ER, did not alter peroxisome biogenesis or function in WT cells (Fig. 
S1A). Only introduction of ERPER (PADH1Pex14-HA-HA-Ubc6TA), and not overexpression 
of Pex14 under that same promoter (PADH1Pex14; Pex14++), suppressed the growth defect 
of pex32 cells on glycerol-methanol, confirming that artificial tethering and not solely the 
enhanced Pex14 levels are responsible for suppression of the phenotype (Fig. S1D).

From this we conclude that the severe peroxisome defects in pex24 and pex32 cells are 
related to a loss in tight peroxisome-ER contacts.
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Fig. 5. Suppression of peroxisome defects by an artifi cial peroxisome-ER tether. (A) Schematic representation of the 
ERPER tethering. (B) Immunolabelling using HA antibodies of a WT PADH1PEX14-HAHA-UBC6 cell. M, mitochondrion; 
P, peroxisome; ER, endoplasmic reticulum. Cells were embedded for EM once and the labeling was performed twice. 
Scale bar: 200 nm. (C) EM images of KMnO4-fi xed cells of the indicated mutant strains expressing ERPER. Scale bars: 
500 nm (top), 200 nm (bottom). Cells were embedded for EM once. Dashed boxes in top images indicated regions shown 
magnifi ed below. (D) FM analysis of the indicated strains grown on glycerol-methanol medium and producing GFP-SKL. 
Because peroxisomes harbor an alcohol oxidase crystalloid, GFP is not evenly distributed over the peroxisomal matrix. 
Representative images from two experiments are shown. Scale bar: 2 μm. (E) Quantifi cation of peroxisome numbers based 
on CLSM analysis of methanol-glycerol grown PMP47-GFP-producing cells of the indicated mutant strains containing 
ERPER. Data are mean±s.d. n=2 using 300 cells from two independent cultures. (F) Growth curves of the indicated 
strains on glycerol-methanol medium. The optical density (y-axis) is expressed as absorbance at 660 nm (OD660). Data 
are mean±s.d. from two independent cultures. (G) Average cellular peroxisome surface area calculation based on CLSM 
images of methanol-glycerol-grown cells of the indicated strains. Data are mean±s.d. from two independent experiments 
(n=2 using 300 cells from each experiment). (H) Quantifi cation of the average abundance of peroxisomal membranes in 50 
EM cell sections of the indicated strains from a single experiment.

Pex24 and Pex32 are important for peroxisomal membrane growth
Membrane contacts of cell organelles with the ER have been implicated in lipid transfer. To 
test whether the Pex24- and Pex32- dependent peroxisome-ER contacts are important for 
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expansion of peroxisomal membranes, we compared the average peroxisomal membrane 
surface per cell in the four deletion strains relative to the WT control. The plug-in for the 
analysis of CLSM images allows quantification of the average diameter of peroxisomes by 
fitting spheres in data obtained from the green channel of combined z-slices of glycerol-
methanol grown, PMP47-GFP-producing cells (Thomas et al., 2015). From these data 
we estimated the average peroxisomal membrane surface per cell. As shown in Fig. 5G, 
these values were reduced in pex24 and pex32 cells relative to values for pex23, pex29 
and WT cells. Because we are aware of the drawbacks of analyzing organelle sizes by FM 
(the limited resolution of FM may cause an overestimation of the diameter of very small 
organelles that are more abundant in WT cells), we also quantified the average length of 
peroxisomal membranes in cell sections using EM (Fig. 5H). This analysis confirmed that 
in pex32 cells, but also in pex24 cells, the peroxisomal membrane surface is reduced.

Similar analyses of the pex24 and pex32 strains containing ERPER showed that the 
average peroxisome membrane surface area per cell was increased (Fig. 5G,H), suggesting 
that Pex24- and Pex32-dependent contacts might contribute to lipid supply and hence 
peroxisomal membrane expansion.

Pex23, Pex24 and Pex29 are not functionally redundant with Pex32
Because pex32 cells showed the strongest peroxisome phenotype, we confined our further 
studies to Pex32. First, we analyzed whether the phenotype of pex32 cells could be 
suppressed by overproduction of any of the other members of the Pex23 protein family. 
To this purpose, the corresponding genes were placed under control of the strong amine-
inducible amine oxidase promoter (PAMO). Quantitative analysis of FM images of glucose-
methylamine-grown cells indicated that upon overexpression of PEX32 in pex32 cells 
peroxisome numbers increased. This was not the case upon overexpression of PEX23, 
PEX24 or PEX29 (Fig. 6A). Similarly, overexpression of PEX32, but not of PEX23, PEX24 
or PEX29, almost completely restored the growth defect of pex32 cells on methanol (Fig. 
6B). These data show that PEX23, PEX24 and PEX29 are not functionally redundant with 
PEX32.
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Pex32-GFP concentrates at peroxisome-ER membrane contact sites
Next, we performed correlative light and electron microscopy (CLEM) to analyze Pex32-
GFP localization at high resolution. In order to obtain sufficient fluorescence signal, Pex32-
GFP was slightly overexpressed by placing the gene under control of the PAMO promoter 
and inducing expression for a short period. Under these conditions, generally only a single 
fluorescent spot was detected per cell. EM analysis revealed that the fluorescent spot 
characteristically localized at the region where the ER and peroxisomal membrane were 
closely associated (Fig. 6C). In total, four tomograms were analysed, and in all of them 
the Pex32-GFP-dependent fluorescent spot was present at the peroxisome-ER contact site.

Pex11 is required for the formation of peroxisome-ER contact sites and the 
concentration of Pex32-GFP at these sites
Next, we examined whether the peroxisome-ER association is required for concentrating 
Pex32. To address this, we localized Pex32-GFP in a pex3 atg1 double deletion strain, 
which lacks normal peroxisomes but contains PPVs (Knoops et al., 2014). In these cells 
Pex32-GFP accumulation in a spot was lost. Instead, multiple fainter Pex32-GFP spots were 
observed (Fig. 6D). In a pex5 atg1 control strain generally one or a few Pex32-GFP spots 
were present, as observed in WT cells. In pex5 atg1 cells, small peroxisomes occur that are 
defective in PTS1 protein import but that harbor the complete set of peroxisome membrane 
proteins (PMPs). Because PPVs in pex3 atg1 cells and peroxisomes in pex5 atg1 cells differ 
in PMP composition, we argued that those PMPs that are absent in PPVs might contribute to 
the accumulation of Pex32-GFP in spots. One of these PMPs is Pex11 (Knoops et al., 2014). 
We therefore also investigated the formation of Pex32-GFP spots in cells lacking Pex11. FM 
indicated that in pex11 cells, but not in pex25 controls, the bright Pex32-GFP spots were lost 
(Fig. 6D). Pex25 is also a PMP and belongs to the same protein family as Pex11. Western 
blot analysis showed that Pex32-GFP levels in these mutants are similar to those in WT 
controls, indicating that the absence of the clear Pex32-GFP spots was not due to reduced 
protein levels (Fig. S2). These data suggest that Pex11, but not Pex25, is specifically required 
for the accumulation of Pex32-GFP at peroxisome-ER contact sites.

H. polymorpha pex11 cells have several features in common with pex32 cells. These cells 
show reduced growth on methanol, contain fewer, but larger, peroxisomes and show a 
peroxisome segregation defect (Krikken et al., 2009). This led us to examine whether 
pex11 cells are also defective in peroxisome-ER contacts. Indeed, EM analysis showed 
that the distance between ER and peroxisomal membranes increased in pex11 cells, as was 
observed for pex32 cells (Fig. 6E). These data indicate that ER-localized Pex32 together 
with peroxisomal Pex11 contribute to the formation of peroxisome-ER contacts.

The absence of Pex32 does not affect PPV formation in H. polymorpha pex3 atg1 
cells
S. cerevisiae Pex30 and Pex31 are involved in the regulation of PPV formation. The 
absence of these proteins was reported to either stimulate (David et al., 2013; Mast et 
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al., 2016) or delay (Joshi et al., 2016; Wang et al., 2018) PPV formation. Possibly, this 
relates to differences between the assays that were used to monitor PPV formation. Using 
Pex14-GFP as a marker for PPVs, Joshi and colleagues showed that deletion of PEX30 or 
PEX31 resulted in a signifi cant decrease in the number of Pex14-GFP spots in S. cerevisiae
pex3 atg1 cells (Joshi et al., 2016). A similar analysis in H. polymorpha revealed that 
deletion of PEX32 in pex3 atg1 cells did not alter the abundance of Pex14-GFP spots 
(Fig. 7A,B). CLEM analysis revealed that the Pex14-GFP spots in pex3 atg1 pex32 cells 
represent clusters of small vesicles (Fig. 7C). As shown in Fig. 7D, pex32 pex3 atg1 and 
pex3 atg1 control cells contain morphologically very similar clusters of vesicles. These 
data indicate that H. polymorpha Pex32 does not play an important role in the regulation 
of PPV formation.
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region shown in panel II. (II) CLEM of the region indicated in panel I, showing an overlay image of Pex14-GFP (FM) 
and a transmission electron micrograph of the same region. White dashed box indicates the region shown in panel III. 
(III) Electron tomographic slice from a tomogram recorded at the region indicated in II. (IV) 3D rendered volume of 
the reconstructed tomogram. PPVs (blue), vacuole (yellow), plasma membrane (magenta) are shown. Scale bars: 2 μm, 
panel I; 500 nm, panel II; 200 nm, panel III. (D) EM analysis of KMnO4-fixed atg1 pex3 (upper row) and atg1 pex3 pex32 
(bottom row) cells. While dashed boxes in I indicate regions shown a higher magnification in II. Scale bars: 500 nm, panel 
I; 200 nm, panel II. CW, cell wall; M, mitochondrion; N, nucleus; V, vacuole.

Discussion
Here, we show that all four members of the H. polymorpha Pex23 protein family (Pex23, 
Pex24, Pex29 and Pex32) localize to the ER. Of these, Pex32 and Pex24 predominantly 
accumulated at peroxisome-ER contacts and appeared to be very important for multiple 
peroxisome features. Pex23 is less important for peroxisomes, and we could not detect a 
peroxisomal phenotype in cells lacking Pex29. Possibly, Pex23 and Pex29 play redundant 
roles in peroxisome biology or are involved in other functions and hence do not represent 
true peroxins. Pex23 also accumulated at NVJs, suggesting that Pex23 family proteins 
might be intrinsic contact site proteins. Initial studies revealed that in H. polymorpha 
pex23 and pex29 cells, but not in pex24 and pex32 cells, mitochondrial morphology and 
lipid body abundance is altered, suggesting that these proteins might contribute to the 
formation of other organelles (F. W., unpublished). Indeed, in S. cerevisiae, ER domains 
enriched in Pex30 are the sites where most nascent lipid droplets form (Joshi et al., 2018).

Analysis of an evolutionary tree revealed that HpPex23 proteins can be partitioned in 
two major subgroups, one containing HpPex23 and HpPex32 and the other HpPex24 and 
HpPex29. There is no clear correlation between subgroup and molecular function, because 
the strongest peroxisomal phenotypes occurred in the absence of HpPex24 and HpPex32.

The absence of H. polymorpha Pex24 and Pex32 resulted in the loss of peroxisome-
ER contacts, accompanied by several peroxisome defects. These phenotypes could 
be suppressed by an artificial peroxisome ER tether protein, indicating that Pex24 and 
Pex32 function as contact site tethers. The peroxisomal membrane protein Pex11 also 
contributes to the formation of these contacts, however, we do not know whether Pex11 
contributes directly or indirectly to peroxisome-ER contact formation. Interestingly, 
previous P. pastoris Pex11 pulldown experiments resulted in the identification of Pex31, 
a member of the P. pastoris Pex23 protein family (Yan et al., 2008). Moreover, David and 
colleagues (David et al., 2013) identified ScPex11 as a specific binding partner in ScPex29 
complexes, supporting the presence of Pex11 in protein complexes at peroxisome-ER 
contacts. S. cerevisiae Pex11 is also a component of peroxisome-mitochondrion contact 
site, indicating that Pex11 contributes to the formation of different membrane contacts 
(Mattiazzi Ušaj et al., 2015).

Our data suggest that Pex24 and Pex32 are components of tether complexes that bridge 
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peroxisomes to the ER. However, they do not meet all three criteria suggested for bona fide 
tethers by Eisenberg-Bord and colleagues (Eisenberg-Bord et al., 2016). These authors 
proposed that tethers (1) localize or accumulate at the contact site, (2) have the structural 
capacity to mediate binding to two opposing membranes and (3) exert a tethering force, 
the existence of which may be established by demonstrating rescue using artificial tethers, 
among other means. Here we show that H. polymorpha Pex24 and Pex32 accumulate at 
peroxisome-ER contact sites (criterion 1) and that an artificial tether can rescue phenotypes 
caused by the absence of these proteins (criterion 3). Further studies are required to 
determine whether Pex24 and Pex32 also meet criterion 2.

The loss of peroxisome-ER contacts causes multiple phenotypes. It is not unprecedented that 
a contact-site-resident protein is involved in various processes. For instance the vacuolar 
membrane protein Vac8 functions in NVJs, vacuole fusion and inheritance in S. cerevisiae 
(Pan and Goldfarb, 1998). Moreover, the mitochondrial outer membrane protein Mdm10 is a 
component of ERMES and required for membrane protein insertion (Kornmann et al., 2009; 
Meisinger et al., 2004; Wiedemann and Pfanner, 2017).

A possible function of the Pex24-, Pex32- and Pex11-dependent peroxisome-ER contacts 
includes transfer of lipids from the ER to peroxisomes. Indeed, we observed reduced 
peroxisomal membrane surfaces in cells lacking Pex24 or Pex32. Yeast peroxisomes lack 
lipid biosynthetic enzymes; hence, expansion of the peroxisomal membrane relies on the 
supply of lipids from other sources. In S. cerevisiae, peroxisomal membrane lipids may 
originate from multiple sources, including the mitochondrion, the Golgi apparatus, the 
vacuole and the ER (Flis et al., 2015; Rosenberger et al., 2009). Indeed, evidence for 
non-vesicular lipid transport between the ER and peroxisomes in yeast has been reported 
previously (Raychaudhuri and Prinz, 2008). 

In glucose-grown H. polymorpha cells the single peroxisome invariably associates with the 
edge of cortical ER sheets, where the ER is highly curved (Wu et al., 2018). Using CLEM, 
we showed that Pex32 specifically localizes to these regions. This is consistent with studies 
in S. cerevisiae that revealed that members of the Pex23 family occur in complexes with the 
ER-shaping reticulons, Rtn1, Rtn2, and Yop1 (David et al., 2013; Joshi et al., 2016; Mast et 
al., 2016). ER-shaping proteins have been implicated in lipid exchange between the ER and 
mitochondria in S. cerevisiae (Voss et al., 2012). Therefore, it is tempting to speculate that 
highly curved ER regions where H. polymorpha Pex24 and Pex32 localize function in lipid 
transport. Also, like S. cerevisiae Pex30 and Pex31, HpPex23 family proteins have a reticulon-
like domain and thus might have membrane shaping properties (Joshi et al., 2016). Peroxisome-
ER contact sites that contribute to phospholipid transport have also recently been identified 
in mammals. At these sites, the ER proteins VAPA and VAPB interact with the peroxisome 
membrane proteins ACBD4 and ACBD5 (Costello et al., 2017a,b; Hua et al., 2017).

Another role of peroxisome-ER contacts may be in peroxisome fission. Mitochondrion-ER 
contacts are important in the selection of fission sites (Friedman et al., 2011). A comparable 
mechanism might occur for peroxisomes. This is suggested by the presence of enlarged 
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peroxisomes in pex24 and pex32 cells, similar to those observed in pex11 cells, which are 
known to be defective in peroxisome fission (Williams et al., 2015). A possible alternative 
explanation for the enlarged peroxisomes in H. polymorpha pex23, pex24 and pex32 cells 
is a change in membrane lipid composition, which might interfere with peroxisome fission. 
Although the absence of S. cerevisiae Pex30 changes the ER phospholipid composition 
(Wang et al., 2018), it is unknown whether this peroxin influences the phospholipid content 
of the peroxisomal membrane.

The peroxisome-ER contacts described in this study also contribute to peroxisome 
positioning at the cell cortex and proper segregation of the organelles between mother 
cells and buds. So far, only yeast Inp1 was implicated in peroxisome retention (Fagarasanu 
et al., 2005; Krikken et al., 2009). Here we show that HpPex24 contributes to peroxisome 
retention in mother cells as well. We previously reported that H. polymorpha pex11 cells 
show a peroxisome retention defect, underscoring a role of Pex11 in the formation of 
peroxisome-ER contacts (Krikken et al., 2009).

Proteins of the Pex23 family are implicated in the regulation of PPV formation, but are 
not required for their formation. Using different experimental approaches, the absence 
of S. cerevisiae Pex30 or Pex31 was shown to stimulate (David et al., 2013; Mast et al., 
2016) or delay (Joshi et al., 2016; Wang et al., 2018) PPV formation. We show that in H. 
polymorpha, deletion of PEX32 in pex3 atg1 cells has no major effect on the abundance 
or morphology of PPVs, suggesting that H. polymorpha Pex32 does not play an important 
role in the regulation of PPV formation.

In conclusion, our data indicate that Pex24 and Pex32 contribute to the tethering 
peroxisomes to the ER at membrane contact sites. These contacts play multiple functions, 
including in peroxisome biogenesis, membrane growth, organelle proliferation and 
segregation.

Materials and methods

Strains and growth conditions
The H. polymorpha strains used in this study are listed in Table S2. Yeast cells were grown 
in batch cultures at 37°C on mineral media (MM) (Van Dijken et al., 1976) supplemented 
with 0.5% glucose, 0.5% methanol or a mixture of 0.5% methanol and 0.05% glycerol 
as carbon sources, and 0.25% ammonium sulfate or 0.25% methylamine as nitrogen 
sources. When required, amino acids were added to the medium to a final concentration 
of 30 µg/ml. Transformants were selected on YND plates [0.67% yeast nitrogen base 
without amino acids (YNB; Difco, BD) and 0.5% glucose] or on YPD plates (1% yeast 
extract, 1% peptone and 1% glucose) containing 2% agar supplemented with 100 µg/ml 
zeocin (Invitrogen), 300 µg/ml hygromycin B (Invitrogen) or 100 µg/ml nourseothricin 
(WERNER BioAgents). 
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Construction of H. polymorpha strains
The plasmids and primers used in this study are listed in Tables S3 and S4. All plasmid 
integrations were performed as described previously (Faber et al., 1994). All integrations 
were confirmed by PCR and all deletions were confirmed by PCR and Southern blotting.

Construction of strains expressing Pex23-mGFP, Pex24-mGFP, Pex29-mGFP 
and Pex32-mGFP under control of the endogenous promoters
A plasmid encoding Pex23-mGFP was constructed as follows: a PCR fragment encoding 
the C-terminus of PEX23 was obtained using primers Pex23 GFP-fw and Pex23 GFP-rev 
with H. polymorpha NCYC495 genomic DNA as a template. The obtained PCR fragment 
was digested with BglII and HindIII, and inserted between the BglII and HindIII sites of 
plasmid pHIPZ-mGFP fusinator. BsmBI-linearized pHIPZ PEX23-mGFP was transformed 
into yku80 cells, producing the strain Pex23-mGFP.

The same methods were used to construct Pex24-mGFP, Pex29-mGFP and Pex32-mGFP 
strains. PCR was performed on WT genomic DNA with primers Pex24 fw and Pex24 
rev to amplify the C terminus of PEX24, primers Pex29 fw and Pex29 rev to amplify the 
C terminus of PEX29, and primers Pex32 fw and Pex32 rev to amplify the C terminus 
of PEX32. The obtained PCR fragment of PEX24 was digested with BglII and HindIII, 
the PCR fragment of PEX29 and the PCR fragment of PEX32 were restricted by BamHI 
and HindIII. These three digested fragments were inserted between the BglII and HindIII 
sites of the pHIPZ-mGFP fusinator plasmid. BclI-linearized pHIPZ PEX24-mGFP, 
NruI-linearized pHIPZ PEX29-mGFP and MfeI-linearized pHIPZ PEX32-mGFP were 
transformed into yku80 cells separately, producing strains Pex24-mGFP, Pex29-mGFP 
and Pex32-mGFP. MunI-linearized pHIPH PEX14-mKate2 was transformed into Pex23-
mGFP, Pex24-mGFP, Pex29-mGFP and Pex32-mGFP cells for colocalization studies.

For the colocalization of Pex23 family proteins with the ER, DraI-linearized pHIPX7 
BiPN30-mCherry-HDEL was integrated into Pex24-mGFP and Pex29-mGFP cells, and 
StuI-linearized pHIPX7 BiPN30-mCherry-HDEL was transformed into Pex23-mGFP 
cells and Pex32-mGFP cells. Plasmid pHIPX7 BiPN30-mCherry-HDEL was constructed 
as follows: first, a PCR fragment containing BiP was obtained with primers KN18 and 
KN19 using WT genomic DNA as templates. The obtained fragment was digested with 
BamHI and HindIII, inserted between the BamHI and HindIII sites of pBlueScript II, 
resulting in plasmid pBS-BiP. Then a PCR fragment containing GFP-HDEL was obtained 
with primers KN14 and KN17 using pANL29 as templates, the resulting fragment was 
digested with SalI and BglII, and then inserted between the SalI and BglII sites of pBS-BiP, 
resulting in pBS-BiPN30-GFP-HDEL. Subsequently, pBS-BiPN30-GFP-HDEL was digested 
with BamHI/SalI and inserted between the BamHI/SalI sites of pHIPX7 to obtain pHIPX7 
BiPN30-GFP-HDEL. Plasmid pHIPX7 BiPN30-GFP-HDEL was digested with BamHI/EcoRI 
and inserted between the BamHI/EcoRI sites of pHIPX4, resulting in pHIPX4 BiPN30-
GFP-HDEL. NotI and SalI were used to digest pHIPX4 BiPN30-GFP-HDEL and inserted 
between the NotI and SalI sites of pHIPZ4 DsRed-SKL to obtain plasmid pRSA017. Later, 
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a PCR fragment was obtained using primers BIPmCh1_fw and BIPmCh1_rev on plasmid 
pMCE02, the resulting fragment was inserted between BglII and SalI sites of pRSA017 to 
obtain pHIPZ4 BiPN30-mCherry-HDEL. Finally, a PCR fragment was obtained by primers 
BIPmCh2_fw and BIPmCh1_rev using plasmid pHIPZ4 BiPN30-mCherry-HDEL as a 
template, the resulting fragment was inserted between BglII and SalI sites of pHIPX7 
BiPN30-GFP-HDEL, resulting in pHIPX7 BiPN30-mCherry-HDEL.

Construction of strains producing Pex23-mGFP, Pex24-mGFP, Pex29-mGFP 
and Pex32-mGFP under control of the PAMO promoter
A plasmid encoding Pex24-mGFP behind the inducible promoter amine oxidase (PAMO) 
was constructed as follows: a PCR fragment containing PEX24-mGFP was obtained 
using primers Pex24GFP fw and Pex24GFP rev with Pex24-mGFP genomic DNA as 
template. This PCR product and pHIPH5 were restricted by SbfI and BamHI and ligated, 
which resulted in pHIPH5 PEX24-mGFP. PmlI-linearized pHIPH5 PEX24-mGFP was 
transformed into yku80 or pex32::DsRed-SKL cells resulting in strain PAMOPex24-mGFP 
or strain pex32::DsRed-SKL::PAMOPex24-mGFP. Plasmid pHIPH5 was constructed using 
NotI- and SphI-digested pHIPZ5, inserted into the NotI and SphI sites of pHIPH4.

The plasmid pHIPH5 PEX29-mGFP and plasmid pHIPH5 PEX32-mGFP were constructed 
in the same way. Primers Pex29ov-fw and Pex29ov-rev were used to amplify a PCR 
fragment containing PEX29-mGFP using Pex29-mGFP genomic DNA as the template. 
Primers Pex32ov-fw and Pex32ov-rev were used to obtain a PCR fragment containing 
PEX32-mGFP with Pex32-mGFP genomic DNA as the template. PCR products of PEX29-
mGFP and PEX32-mGFP were restricted using SbfI and BclI, and inserted between the 
SbfI and BclI sites of pHIPH5 PEX24-mGFP, respectively, to make plasmid pHIPH5 
PEX29-mGFP and pHIPH5 PEX32-mGFP. NarI-linearized pHIPH5 PEX29-mGFP and 
pHIPH5 PEX32-mGFP were integrated into yku80 or pex32::DsRed-SKL cells separately 
to overproduce Pex29-mGFP and Pex32-mGFP.

The plasmid of pHIPH5 PEX23-mGFP was constructed in two steps. First, a PCR fragment 
containing partial (no start codon) PEX23-mGFP was obtained using primers Pex23ov-
fw and Pex23ov-rev with Pex23-mGFP genomic DNA as a template. The PCR product 
and pHIPH5 PEX24-mGFP were restricted by SbfI and BamHI and ligated to produce 
pHIPH5 PEX23p-mGFP. Next, a PCR using primers Pex23ov2-fw and Pex23ov2-rev was 
performed to obtain the left partial (with start codon) PEX23-mGFP fragment using plasmid 
pHIPH5 PEX24-mGFP as template. The PCR product and pHIPH5 PEX23p-mGFP were 
restricted using NotI and BamHI, then ligated to produce pHIPH5 PEX23-mGFP. NarI-
linearized pHIPH5 PEX23-mGFP was transformed into yku80 or pex32::DsRed-SKL cells 
to overproduce Pex23-mGFP.

EcoRI-linearized pHIPN18 DsRed-SKL was integrated into yku80, PAMOPex23-mGFP, 
PAMOPex24-mGFP, PAMOPex29-mGFP and PAMOPex32-mGFP cells. A plasmid encoding 
pHIPN18 DsRed-SKL was constructed as follows: a vector fragment was obtained by 



57

2

HindIII and SalI digestion of pHIPN18 GFP-SKL, whereas the DsRed-SKL insertion 
fragment was obtained by HindIII and SalI digestion of pHIPZ4 DsRed-SKL, ligation 
resulted in the plasmid pHIPN18 DsRed-SKL. Plasmid pHIPN18 GFP-SKL was 
constructed by inserting NotI- and XbaI-digested pAMK94 inserted into the NotI and 
XbaI sites of pHIPN4. Plasmid pAMK94 was constructed as follows: a PCR fragment 
containing ADH1 was amplified with primers ADH1 fw and ADH1 rev with WT genomic 
DNA as template. NotI- and HindIII-digested PCR product was then inserted into NotI and 
HindIII sites of pHIPZ4 eGFP-SKL.

MunI-linearized pHIPN VAC8-mKate2 was integrated into Pex23-mGFP and PAMOPex24-
GFP cells to produce Vac8-mKate2. Plasmid pHIPN VAC8-mKate2 was constructed by 
fragment ligation from HindIII/SalI digested plasmid pHIPZ VAC8-mKate2 and HindIII/
SalI digested plasmid pHIPN PEX14-mCherry. Plasmid pHIPZ VAC8-GFP and plasmid 
pHIPZ PEX14-mKate2 were digested with HindIII and BglII and ligated to obtain plasmid 
pHIPZ VAC8-mKate2. Plasmid pHIPZ VAC8-GFP was constructed by amplification of the 
VAC8 gene, lacking the stop codon, using primers Vac8_BglII R and Vac8_F and genomic 
DNA as template. The resulting PCR product was digested with HindIII and BglII, and 
ligated between the HindIII and BglII sites of the pHIPZ-mGFP fusinator plasmid.

Construction of pex23, pex24, pex29 and pex32 deletion strains
The pex23 deletion strain was constructed by replacing the PEX23 region with the zeocin 
resistance gene as follows: first, a PCR fragment containing the zeocin resistance gene 
and 50 bp of the PEX23 flanking regions was amplified with primers PEX23-Fw and 
PEX23-Rev using plasmid pENTR221-zeocin as template. The resulting PEX23 deletion 
cassette was transformed into yku80 cells to obtain strain pex23. PEX24, PEX29 and 
PEX32 were also replaced by the zeocin resistance gene in the same way. Primers for 
PEX24 deletion cassette were PEX24-Fw and PEX24-Rev, primers for PEX29 deletion 
cassette were dPEX29-F and dPEX29-R, and primers for the PEX32 deletion cassette were 
dPEX32-F and dPEX32-R. These three deletion cassettes were transformed into yku80 
cells, producing pex24, pex29 and pex32, respectively.

For expression of GFP-SKL in WT (yku80) and deletion mutant strains, StuI-linearized 
pHIPN7 GFP-SKL was transformed into pex23 and pex24 mutant cells, and AhdI-
linearized pFEM35 was transformed into yku80, pex29 and pex32 mutant cells. 

The MunI-linearized pHIPN PMP47-mGFP plasmid was transformed into pex23, pex24, 
pex29 and pex32 cells. Plasmid pHIPN PMP47-mGFP was constructed as follows: a PCR 
fragment encoding the nourseothricin resistance gene was obtained with primers Nat-
fwd and Nat-rev using plasmid pHIPN4 as a template. The obtained PCR fragment was 
digested with NotI and XhoI and inserted between the NotI and XhoI sites of pMCE7, 
resulting in plasmid pHIPN PMP47-mGFP.

The DraI-linearized pAMK15 was transformed into pex32 cells to obtain a strain producing 
DsRed-SKL.
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Construction of pex23 family mutants with or without an artificial ERPER tether
To introduce an artificial peroxisome-ER tether, two plasmids, pARM115 (pHIPH18 
PEX14) and pARM118 (pHIPH18 PEX14-2HA-UBC6), were constructed as follows. A 
PCR fragment containing PEX14 was amplified with primers Pex14-HindIII-fw and Pex14-
PspXI-rev using WT genomic DNA as a template. The PCR fragment was digested with 
HindIII and PspXI, then inserted between the HindIII and SalI sites of pAMK94 to get 
plasmid pHIPZ18 PEX14. A NotI/BpiI digested fragment from plasmid pHIPZ18 PEX14 
and a NotI/BpiI digested fragment from plasmid pHIPH4 were ligated, resulting in plasmid 
pARM115. The AgeI-linearized pARM115 was transformed into yku80::GFP-SKL and 
pex32::GFP-SKL cells to produce PADH1Pex14 (Pex14++). A PCR fragment containing 
PEX14-2xHA was amplified by primers HindIII-Pex14 and Pex14-HA-HA. A fragment 
containing 2xHA-UBC6 was amplified with primers HAHA-Ubc6 and Ubc6-PspXI using 
WT genomic DNA as template. The obtained PCR fragments were purified and used as 
templates together with primers HindIII-Pex14 and Ubc6-PspXI in a second PCR reaction. 
The obtained overlap PCR fragment was digested with HindIII and PspXI, and inserted 
between the HindIII and SalI sites of pAMK94, resulting in plasmid pARM053 (pHIPZ18 
PEX14-2HA-UBC6). A NotI/BpiI digested fragment from plasmid pAMK053 and a NotI/BpiI 
digested fragment from plasmid pHIPH4 were ligated, resulting in plasmid pARM118. Then 
the AgeI-linearized pARM118 was transformed into yku80::GFP-SKL, yku80::Pmp47-GFP, 
pex23::GFP-SKL, pex24::GFP-SKL, pex24::Pmp47-GFP, pex29::GFP-SKL, pex32::GFP-
SKL and pex32::Pmp47-GFP cells, to produce PADH1Pex14-2HA-Ubc6 (ERPER)-expressing 
strains.

Expression of Pex32-mGFP in different pex mutant cells
The BglII-linearized pHIPZ PEX32-mGFP was transformed into pex3 atg1::Pex14-
mCherry, pex5 atg1::Pex14-mCherry, pex11 and pex25 cells, to produce Pex32-mGFP-
expressing strains. BlpI-linearized pARM014 (pHIPX7 PEX14-mCherry) was transformed 
into pex5 atg1 cells, which resulted in pex5 atg1::Pex14-mCherry. Plasmid pARM014 was 
constructed through the following steps: first, a PCR fragment containing Pex14-mCherry 
was amplified with primers PRARM001 and PRARM002 using pSEM01 as a template. 
The obtained PCR fragment was digested with NotI and HindIII, and inserted between 
the NotI and HindIII sites of plasmid pHIPX7, resulting in plasmid pARM014. An ATG1 
deletion cassette was amplified by PCR with primers pDEL-ATG1-fwd and pDEL-ATG1-
rev using plasmid pARM011 as template. Then the PCR product was integrated into pex5 
cells to make the pex5 atg1 mutant.

Two plasmids allowing disruption of H. polymorpha PEX25 were constructed using 
Multisite Gateway technology, as follows: First, the 5’ and 3’ flanking regions of the 
PEX25 gene were amplified by PCR with primers RSAPex25-1 and RSAPex25-2, and 
RSAPex25-3 and RSAPex25-4, respectively, using H. polymorpha NCYC495 genomic 
DNA as a template. The resulting fragments were then recombined in donor vectors 
pDONR P4-P1R and pDONR P2R-P3, resulting in plasmids pENTR-PEX25 5’ and 
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pENTR-PEX25 3’, respectively. Then, PCR amplification was performed using primers 
attB1-Ptef1-forward and attB2-Ttef1-reverse using pHIPN4 as the template. The resulting 
PCR fragment was recombined into vector pDONR-221 yielding entry vector pENTR-
221-NAT. Recombination of the entry vectors pENTR-PEX25 5’, pENTR-221-NAT, and 
pENTR-PEX25 3’, and the destination vector pDEST-R4-R3, resulted in pRSA018. Then, 
a PEX25 disruption cassette containing neurseothricin resistance gene was amplified with 
primers RSAPex25-5 and RSAPex25-6 using pRSA018 as a template. To create the pex25 
mutant, the PEX25 disruption cassette was transformed into yku80 cells. BlpI-linearized 
pHIPH PEX14-mCherry was integrated into pex11::Pex32-mGFP or pex25::Pex32-mGFP 
to produce Pex14-mCherry.

Construction of pex32 inp1 double and pex3 atg1 pex32 triple deletion strains
To construct the pex32 inp1 mutant, a PCR fragment containing an INP1 deletion cassette 
was amplified with primers dInp1FW-F and dInp1-REV using plasmid pHIPH5 as a 
template. The resulting INP1 deletion cassette was transformed into pex32 cells for double 
deletion of pex32 inp1. The AhdI-linearized pFEM35 was transformed into pex32 inp1 to 
produce GFP-SKL expressing cells.

To construct pex3 atg1 pex32 strain, a PCR fragment containing the PEX32 deletion 
cassette was amplified with primers dPex32-F and dPex32-R using pex32 genomic DNA 
as a template. The resulting PEX32 deletion cassette was transformed into pex3 atg1 cells 
to get a triple mutant of pex3 atg1 pex32. XhoI-linearized pHIPN PEX14-mGFP plasmid 
was integrated into pex3 atg1 pex32 cells.

The plasmid encoding pHIPN PEX14-mGFP was constructed as follows: a PCR fragment 
containing the nourseothricin resistance gene was obtained using primers Nat fw and Nat 
rev with plasmid pHIPN4 as a template. The PCR product and pSNA12 were digested 
with NsiI and NotI, then ligated to produce pHIPN PEX14-mGFP.

Molecular and biochemical techniques
DNA restriction enzymes were used as recommended by the suppliers (Thermo Fisher 
Scientific or New England Biolabs). PCR for cloning was carried out using Phusion High-
Fidelity DNA Polymerase (Thermo Fisher Scientific). An initial selection of positive 
transformants by colony PCR was carried out using Phire polymerase (Thermo Fisher 
Scientific). For DNA and amino acid sequence analysis, the Clone Manager 5 program 
(Scientific and Educational Software, Durham, NC) was used.

For western blot analysis, total cell extracts were prepared as described previously 
(Baerends et al., 2000). Samples in Fig. 2E were denatured in urea loading buffer (25mM 
Tris-HCl pH 6.8, 0.8% SDS, 3.5% glycerol, 4 M urea, 2% β-mercaptoethanol and 0.008% 
Bromophenol Blue). Blots were decorated using anti-GFP antibodies (sc-996, Santa Cruz 
Biotech; 1:2000 dilution), anti-pyruvate carboxylase-1 (Pyc1) antibodies (Ozimek et al., 
2007, 1:10,000 dilution), anti-Pex14 antibodies (Komori et al., 1997, 1:10,000 dilution). 
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Secondary goat anti-rabbit (31460) or goat anti-mouse (31430) antibodies conjugated 
to horseradish peroxidase (HRP) (Thermo Scientific, 1:5000 dilution) were used for 
detection. Blots were scanned by using a densitometer (GS-710; Bio-Rad Laboratories).

Fluorescence microscopy
Widefield FM images of living cells and of cryosections for CLEM were captured at 
room temperature using a 100×1.30 NA objective (Carl Zeiss, Oberkochen, Germany). 
Images were obtained from the cells in growth medium using a fluorescence microscope 
(Axioscope A1; Carl Zeiss), Micro-Manager 1.4 software and a digital camera (Coolsnap 
HQ2; Photometrics). GFP fluorescence was visualized using 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. mCherry and mKate2 
fluorescence were visualized using a 587/25 nm band-pass excitation filter, a 605 nm 
dichromatic mirror, and a 670/70 nm band-pass emission filter.

Confocal images were captured with an LSM800 Airyscan confocal microscope (Carl 
Zeiss) using Zen 2.3 software (Carl Zeiss) and a 100x/1.40 plan apochromat objective and 
GaAsP detectors. For quantitative analysis of peroxisomes or Pex14-mGFP fluorescent 
spots, z-stacks were made of randomly chosen fields.

Image analysis was performed using ImageJ, all brightfield images have been adjusted to 
only show cell outlines. Figures were prepared using Adobe Illustrator software.

Electron microscopy
For morphological analysis, cells were fixed in 1.5% potassium permanganate, post-
stained with 0.5% uranyl acetate and embedded in Epon [a mixture of Glycid ether 
(51.5% w/v; Serva, 151414), Methylnadic anhydride (47.3% w/v; Serva, 140573) and 
2,4,6-Tris(dimethylaminomethyl)phenol (1.2% w/v; Santa Cruz, F0112)]. Image analysis 
and distance measurements are performed using ImageJ. For the quantification of the ER, 
the total length of the plasma membrane and the peripheral ER was measured from cell 
sections, and from this the percentage of the cortex covered by the ER was calculated. 
Correlative light and electron microscopy (CLEM) was performed using cryo-sections, 
as described previously (Knoops et al., 2015). 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 was performed manually in a CM12 TEM 
(Philips) running at 100 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 in Icy (Paul-Gilloteaux et al., 2017) (http://icy.bioimageanalysis.org). 
Reconstruction of the tomograms was performed using the IMOD software package 
(https://bio3d.colorado.edu/imod/).

Immuno-EM was performed as described previously (Thomas et al., 2018). Labeling of HA was 
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performed using monoclonal antibodies (Sigma-Aldrich H9658; 1:100 dilution) followed by 
goat anti-mouse antibodies conjugated to 6 nm gold (Aurion, The Netherlands; 1:20 dilution).

In silico analyses
Homologous sequences were detected using BLASTP with an E-value threshold of 1e-5 
(Altschul et al., 1990). Linear and secondary structure predictions were realized using 
Foundation (Bordin et al., 2018).

Phylogenetic tree
The multiple sequence alignment used as input was created using ClustalOmega (Sievers 
et al., 2011), using default parameters, and manually curated in Jalview (Waterhouse et al., 
2009). The tree was generated using PhyML 3.1 (Guindon et al., 2010) using the LG matrix, 
100 bootstraps, tree and leaves refinement, SPR moves, and amino acids substitution rates 
determined empirically.

Peroxisome membrane surface area calculation
For peroxisome membrane surface area calculation: the average peroxisome volume (V) 
and average peroxisome number per cell (N) were determined using a plugin for ImageJ 
(Thomas et al., 2015) from two independent experiments (2x300 cells were counted). 
The formula  was used to calculate peroxisome radius (r) and formula 

 was used to calculate the average peroxisome surface area (S). The average 
peroxisome number per cell N multiplied with S is the peroxisome membrane surface area 
per cell.

Quantification of the distance between GFP spots and cell cortex
For the calculation of the distance between the GFP-SKL spots and the cell cortex, cells 
containing GFP spots were selected and processed using ImageJ. Subsequently, the distance 
between the middle of the GFP spot and the cell outline was measured. For cells containing 
two or more GFP spots, only the spot closest to the cell outline was used.

Peroxisome inheritance quantification
Peroxisome inheritance quantification was performed using a method published previously 
(Krikken et al., 2009).
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Figure S1. Growth curves and Western blot of the indicated strains upon growth on glycerol/methanol media. (A) 
Growth curve of WT or pex32 cells overproducing full length Pex14. (B) Growth curves of pex29 cells with and without 
ERPER. (C) Growth curves of pex23 cells with and without ERPER. Error bars indicate s.d. (n=2) from two independent 
cultures. (D) Western blot analysis of WT and pex32 mutant cells producing PADH1PEX14 (Pex14++) or ERPER using 
α-Pex14 and α-Pyc1 antibodies. Cells were grown for 16 h on glycerol/methanol media. The blots show that similar levels 
of full length Pex14 or ERPER were obtained. Pyc1 was used as loading control. A representative blot of three experiments 
is shown.
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Figure S2. Western blot showing Pex32-GFP levels in glucose grown cells of the indicated strains. The blot was decorated 
with α-GFP and α-Pyc1 antibodies. Pyc1 was used as loading control. A representative blot of two experiments is shown.
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Supplementary Tables
Table S1. Optical densities of the indicated strains upon growth for 16 h on medium containing a mixture of 
methanol and glycerol. Average values (± s.d.) are shown from two independent cultures.

Strains OD660

yku80 3.5 ± 0.12

pex23 2.6 ± 0.015

Pex23-mGFP 3.4 ± 0.005

pex24 2.3 ± 0.025

Pex24-mGFP 3.2 ± 0.01

pex29 3.7 ± 0.015

Pex29-mGFP 3.5 ± 0.08

pex32 1.3 ± 0.04

Pex32-mGFP 3.4 ± 0.08



70

CHAPTER 2

Table S2. List of yeast strains used in this study.

Strain Characteristics Reference

WT NCYC495; leu 1.1 (Sudbery et al., 1988)

WT::yku80 NCYC495 yku80 deletion strain; leu 1.1, URA3 (Saraya et al., 2012)

Pex23-mGFP yku80 with pHIPZ_PEX23-mGFP; leu 1.1,URA3, ZeoR This study

Pex24-mGFP yku80 with pHIPZ_PEX24-mGFP; leu1.1, URA3, ZeoR This study

Pex29-mGFP yku80 with pHIPZ_PEX29-mGFP; leu1.1, URA3, ZeoR This study

Pex32-mGFP yku80 with pHIPZ_PEX32-mGFP; leu1.1, URA3, ZeoR This study

Pex23-mGFP::Pex14-mKate2 Pex23-mGFP with pHIPH_PEX14-mKate2; leu 1.1, URA3, 
ZeoR, HphR

This study

Pex24-mGFP::Pex14-mKate2 Pex24-mGFP with pHIPH_PEX14-mKate2; leu 1.1, URA3, 
ZeoR, HphR

This study

Pex29-mGFP::Pex14-mKate2 Pex29-mGFP with pHIPH_PEX14-mKate2; leu 1.1, URA3, 
ZeoR, HphR

This study

Pex32-mGFP::Pex14-mKate2 Pex32-mGFP with pHIPH_PEX14-mKate2; leu 1.1, URA3, 
ZeoR, HphR

This study

Pex24-mGFP::BiP-mCherry-
HDEL

Pex24-mGFP with pHIPX7 BiPN30-mCherry-HDEL; URA3, 
ZeoR, LEU2

This study

Pex29-mGFP::BiP-mCherry-
HDEL

Pex29-mGFP with pHIPX7 BiPN30-mCherry-HDEL; URA3, 
ZeoR, LEU2

This study

Pex23-mGFP::BiP-mCherry-
HDEL

Pex23-mGFP with pHIPX7 BiPN30-mCherry-HDEL; URA3, 
ZeoR, LEU2

This study

Pex32-mGFP::BiP-mCherry-
HDEL

Pex32-mGFP with pHIPX7 BiPN30-mCherry-HDEL; URA3, 
ZeoR, LEU2

This study

PAMOPex24-mGFP yku80 with pHIPH5 PEX24-mGFP; leu 1.1, URA3, HphR This study

PAMOPex29-mGFP yku80 with pHIPH5 PEX29-mGFP; leu 1.1, URA3, HphR This study

PAMOPex32-mGFP yku80 with pHIPH5 PEX32-mGFP; leu 1.1, URA3, HphR This study

PAMOPex23-mGFP yku80 with pHIPH5 PEX23-mGFP; leu 1.1, URA3, HphR This study

WT::PADH1DsRed-SKL yku80 with pHIPN18 DsRed-SKL; leu 1.1, URA3, NatR This study

PAMOPex23-mGFP::DsRed-SKL PAMOPex23-mGFP with pHIPN18 DsRed-SKL; leu 1.1, 
URA3, HphR, NatR

This study

PAMOPex24-mGFP::DsRed-SKL PAMOPex24-mGFP with pHIPN18 DsRed-SKL; leu 1.1, 
URA3, HphR, NatR

This study

PAMOPex29-mGFP::DsRed-SKL PAMOPex29-mGFP with pHIPN18 DsRed-SKL; leu 1.1, 
URA3, HphR, NatR

This study

PAMOPex32-mGFP::DsRed-SKL PAMOPex32-mGFP with pHIPN18 DsRed-SKL; leu 1.1, 
URA3, HphR, NatR

This study

Pex23-mGFP::Vac8-mKate2 Pex23-mGFP with pHIPN_VAC8-mKate2; URA3, ZeoR, 
NatR

This study

PAMOPex24-mGFP::Vac8-
mKate2

PAMOPex24-mGFP with pHIPN_VAC8-mKate2; leu 1.1, 
URA3, HphR, NatR

This study

pex23 yku80 with PEX23 deletion strain; leu 1.1,URA3, ZeoR This study

pex24 yku80 with PEX24 deletion strain; leu 1.1,URA3, ZeoR This study
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Strain Characteristics Reference

pex29 yku80 with PEX29 deletion strain; leu 1.1,URA3, ZeoR This study

pex32 yku80 with PEX32 deletion strain; leu 1.1,URA3, ZeoR This study

WT::PTEF1eGFP-SKL yku80 with pFEM35; URA3, LEU2 (Krikken et al., 2009)

pex23::PTEF1eGFP-SKL pex23 with pHIPN7 eGFP-SKL; leu 1.1, URA3, ZeoR, NatR, This study

pex24::PTEF1eGFP-SKL pex24 with pHIPN7 eGFP-SKL; leu 1.1, URA3, ZeoR, NatR, This study

pex29::PTEF1eGFP-SKL pex29 with pFEM35; URA3, ZeoR, LEU2 This study

pex32::PTEF1eGFP-SKL pex32 with pFEM35; URA3, ZeoR, LEU2 This study

WT::Pmp47-mGFP yku80 with pMCE7; leu 1.1, URA3, ZeoR (Manivannan et al., 
2013)

pex23::Pmp47-mGFP pex23 with pHIPN_PMP47-mGFP; leu 1.1, URA3, ZeoR, 
NatR

This study

pex24::Pmp47-mGFP pex24 with pHIPN_PMP47-mGFP; leu 1.1, URA3, ZeoR, 
NatR

This study

pex29::Pmp47-mGFP pex29 with pHIPN_PMP47-mGFP; leu 1.1, URA3, ZeoR, 
NatR

This study

pex32::Pmp47-mGFP pex32 with pHIPN_PMP47-mGFP; leu 1.1, URA3, ZeoR, 
NatR

This study

WT::PTEFGFP-SKL::ERPER WT::PTEF1eGFP-SKL with pHIPH18 PEX14-2HA-UBC6; 
URA3, LEU2, HphR

This study

pex23::PTEFGFP-SKL::ERPER pex23::PTEF1eGFP-SKL with pHIPH18 PEX14-2HA-UBC6; 
leu 1.1, URA3, ZeoR, NatR, HphR

This study

pex24::PTEFGFP-SKL::ERPER pex24::PTEF1eGFP-SKL with pHIPH18 PEX14-2HA-UBC6; 
leu 1.1, URA3, ZeoR, NatR, HphR

This study

pex29::PTEFGFP-SKL::ERPER pex29::PTEF1eGFP-SKL with pHIPH18 PEX14-2HA-UBC6; 
URA3, ZeoR, LEU2, HphR

This study

pex32::PTEFGFP-SKL::ERPER pex32::PTEF1eGFP-SKL with pHIPH18 PEX14-2HA-UBC6; 
URA3, ZeoR, LEU2, HphR

This study

WT::PTEFGFP-SKL::PADH1Pex14 WT::PTEF1eGFP-SKL with pHIPH18 PEX14; URA3, LEU2, 
HphR

This study

pex32::PTEFGFP-
SKL::PADH1Pex14

pex32::PTEF1eGFP-SKL with pHIPH18 PEX14; URA3, ZeoR, 
LEU2, HphR

This study

WT::Pmp47-mGFP::ERPER WT::Pmp47-mGFP with pHIPH18 PEX14-2HA-UBC6; leu 
1.1, URA3, ZeoR, HphR

This study

pex24::Pmp47-mGFP::ERPER pex24::Pmp47-mGFP with pHIPH18 PEX14-2HA-UBC6; 
leu 1.1, URA3, ZeoR, NatR, HphR

This study

pex32::Pmp47-mGFP::ERPER pex32::Pmp47-mGFP with pHIPH18 PEX14-2HA-UBC6; 
leu 1.1, URA3, ZeoR, NatR, HphR

This study

pex3 atg1::Pex14-
mCherry::Pex32-mGFP

pex3 atg1::Pex14-mCherry with pHIPZ_PEX32-mGFP; 
URA3, LEU2, NatR, ZeoR

This study

pex5 PEX5 deletion strain; leu 1.1, URA3 (van der Klei et al., 
1995)

pex5 atg1 pex5 with ATG1 deletion cassette; leu 1.1, URA3, HphR This study

pex5 atg1::Pex14-mCherry pex5 atg1 with pHIPX_PEX14-mCherry; URA3, HphR, 
LEU2

This study
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Strain Characteristics Reference

pex5 atg1::Pex14-
mCherry::Pex32-mGFP

pex5 atg1::Pex14-mCherry with pHIPZ_PEX32-mGFP; 
URA3, LEU2, HphR, ZeoR

This study

pex11 PEX11 deletion strain; leu 1.1, URA3 (Krikken et al., 2009)

pex11::Pex32-mGFP pex11 with pHIPZ_PEX32-mGFP; leu 1.1, URA3, ZeoR This study

pex11::Pex32-mGFP::Pex14-
mCherry

pex11::Pex32-mGFP with pSEM01; leu 1.1, URA3, ZeoR, 
HphR

This study

pex25 yku80 with PEX25 deletion strain; leu 1.1, NatR This study

pex25::Pex32-mGFP pex25 with pHIPZ_PEX32-mGFP; leu 1.1,ZeoR,NatR This study

pex25::Pex32-mGFP::Pex14-
mCherry

pex25::Pex32-mGFP with pARM001; leu 1.1,ZeoR,NatR, 
HphR

This study

inp1 INP1 deletion strain; leu 1.1, URA3 (Krikken et al., 2009)

inp1::GFP-SKL inp1 with pHIPX7 GFP-SKL; URA3, LEU2 (Krikken et al., 2009)

inp1 pex32 pex32 with INP1 deletion cassette; leu 1.1, URA3, ZeoR, 
HphR

This study

inp1 pex32::GFP-SKL inp1pex32 with pHIPX7 GFP-SKL; URA3, ZeoR, LEU2 This study

pex32::DsRed-SKL pex32 with pAMK15; URA3, ZeoR, LEU2 This study

pex32::DsRed-
SKL::PAMOPex23-mGFP

pex32::DsRed-SKL with pHIPH5 PEX23-mGFP; URA3, 
ZeoR, LEU2, HphR

This study

pex32::DsRed-
SKL::PAMOPex24-mGFP

pex32::DsRed-SKL with pHIPH5 PEX24-mGFP; URA3, 
ZeoR, LEU2, HphR

This study

pex32::DsRed-
SKL::PAMOPex29-mGFP

pex32::DsRed-SKL with pHIPH5 PEX29-mGFP; URA3, 
ZeoR, LEU2, HphR

This study

pex32::DsRed-
SKL::PAMOPex32-mGFP

pex32::DsRed-SKL with pHIPH5 PEX32-mGFP; URA3, 
ZeoR, LEU2, HphR

This study

pex3 atg1 pex32 yku80 with PEX3 ATG1 PEX32 triple deletion strain, URA3, 
LEU2, HphR, ZeoR

This study

pex3 atg1 yku80 with PEX3 ATG1 double deletion strain; URA3, 
LEU2, HphR

(Knoops et al., 2014)

pex3 atg1::Pex14-mGFP pex3 atg1 with pSNA12; URA3, LEU2, NatR (Knoops et al., 2014)

pex3 atg1 pex32::Pex14-mGFP pex32 pex3 atg1 with pHIPN_PEX14-mGFP; URA3, LEU2, 
ZeoR, HphR, NatR

This study

pex3 atg1::Pex14-mCherry pex3 atg1 with pSEM01; URA3, LEU2, NatR (Knoops et al., 2014)
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Table S3. List of plasmids used in this study

Plasmid Characteristics Reference

pHIPZ-mGFP 
fusinator

pHIPZ plasmid containing mGFP and AMO terminator;  AmpR, ZeoR (Saraya et al., 2010)

pHIPZ_PEX23-
mGFP

pHIPZ plasmid containing the C-terminal of PEX23 fused to mGFP;  AmpR, 
ZeoR

This study

pHIPZ_PEX24-
mGFP

pHIPZ plasmid containing the C-terminal of PEX24 fused to mGFP; AmpR, 
ZeoR

This study

pHIPZ_PEX29-
mGFP

pHIPZ plasmid containing the C-terminal of PEX29 fused to mGFP; AmpR, 
ZeoR

This study

pHIPZ_PEX32-
mGFP

pHIPZ plasmid containing the C-terminal of PEX32 fused to mGFP; AmpR, 
ZeoR

This study

pHIPH_PEX14-
mKate2

pHIPH Plasmid containing the C-terminal region of PEX14 fused to mKate2; 
AmpR, HphR

(Chen et al., 2018)

pHIPX7 BiPN30-
mCherry-HDEL

pHIPX plasmid containing BiPN30 fused tomCherry-HDEL under control of 
TEF promoter; KanR, LEU2

This study

pBlueScript II Standard vector; AmpR Fermentas

pBS-BiP p-Bluescript II containing BIP; AmpR This study

pANL29 pHIPZ plasmid containing GFP-SKL under the control of AOX promoter; 
AmpR, ZeoR

(Leão-Helder et al., 
2003)

pBS-BiPN30-
GFP-HDEL

p-Bluescript II containing BIPN30- GFP-HDEL; AmpR This study

pHIPX7 pHIPX plasmid containing TEF promoter; KanR, LEU2 (Baerends et al., 
1997)

pHIPX7 BiPN30-
mGFP-HDEL

pHIPX plasmid containing BIPN30 fused to GFP-HDEL under the control of 
TEF promoter; KanR, LEU2

This study

pHIPX4 pHIPX plasmid containing AOX promoter; KanR, LEU2 (Gietl et al., 1994)

pHIPX4 BiPN30-
GFP-HDEL

pHIPX containing BIPN30 fused to GFP-HDEL under the control of AOX 
promoter; KanR, LEU2

This study

pHIPZ4 
DsRed-SKL

pHIPZ plasmid containing DsRed-SKL under control of AOX promoter; 
AmpR, ZeoR

(Monastyrska et al., 
2005)

pRSA017 pHIPZ containing BIPN30 fused to GFP-HDEL under control of AOX 
promoter; AmpR, ZeoR

This study

pMCE02 pHIPN plasmid containing mCherry; AmpR, NatR (Cepińska et al., 
2011)

pHIPZ4 BiPN30-
mCherry-HDEL

pHIPZ containing BIPN30 fused to GFP-HDEL under control of AOX 
promoter; AmpR, ZeoR

This study

pHIPH5 pHIPH plasmid containing AMO promoter; AmpR, HphR This study

pHIPH5 
PEX24-mGFP

pHIPH plasmid containing PEX24 fused with mGFP under the control of 
AMO promotor; AmpR, HphR

This study

pHIPZ5 pHIPZ plasmid containing AMO promoter; AmpR, ZeoR (Faber et al., 1994)

pHIPH4 Plasmid containing HPH marker under the control of AOX promoter; 
AmpR,HphR

(Saraya et al., 2012)

pHIPH5 
PEX29-mGFP

pHIPH plasmid containing PEX29-mGFP under the control of AMO 
promotor; AmpR, HphR

This study

pHIPH5 
PEX32-mGFP

pHIPH plasmid containing PEX32-mGFP under the control of AMO 
promotor; AmpR, HphR

This study
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Plasmid Characteristics Reference

pHIPH5 
PEX23p-mGFP

pHIPH plasmid containing partial (without start code) PEX23-mGFP under 
the control of AMO promotor; AmpR, HphR

This study

pHIPH5 
PEX23-mGFP

pHIPH plasmid containing PEX23-mGFP under the control of AMO 
promotor; AmpR, HphR

This study

pHIPN18 
DsRed-SKL

pHIPN plasmid containing DsRed-SKL under control of ADH1 promoter; 
AmpR, NatR

This study

pHIPN18 GFP-
SKL

pHIPN plasmid containing GFP-SKL under control of ADH1 promoter; 
AmpR, NatR

This study

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

This study

pHIPN4 pHIPN plasmid containing AOX promoter; AmpR, NatR (Cepińska et al., 
2011)

pHIPZ4 eGFP-
SKL

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

(Leão-Helder et al., 
2003)

pHIPN_VAC8-
mKate2

pHIPN plasmid containing VAC8 fused with mKate2; AmpR, NatR This study

pHIPZ_VAC8-
mKate2

pHIPZ plasmid containing VAC8 fused with mKate2; AmpR, ZeoR This study

pSEM01 pHIPN plasmid containing C terminal part of PEX14 fused to mCherry; 
AmpR, NatR

(Knoops et al., 2014)

pHIPZ_VAC8-
mGFP

pHIPZ plasmid containing VAC8 fused with GFP; AmpR, ZeoR This study

pHIPZ_PEX14-
mKate2

pHIPZ plasmid containing the C-terminal part of PEX14 fused to mKate2; 
AmpR, ZeoR

(Chen et al., 2018)

pENTR221-
zeocin

pDONR221 with shble cassette; KanR, ZeoR (Saraya et al., 2012)

pHIPN7 GFP-
SKL

pHIPN plasmid containing GFP-SKL under the control of TEF promoter; 
AmpR, NatR

(Thomas et al., 
2015)

pFEM35 pHIPX plasmid containing GFP-SKL under control of TEF promoter; KanR, 
LEU2

(Krikken et al., 
2009)

pHIPN_
PMP47-mGFP

pHIPN plasmid containing C-terminal part of PMP47 fused to mGFP; AmpR, 
NatR

This study

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

(Cepińska et al., 
2011)

pARM115 pHIPH plasmid containing PEX14 under the contol of ADH1 promoter; AmpR, 
HphR

This study

pARM118 pHIPH plasmid containing PEX14-2HA-UBC6 under the control of ADH1 
promoter; AmpR,HphR

This study

pHIPZ18 
PEX14

pHIPZ plasmid containing PEX14 under the control of ADH1 promoter; 
AmpR, ZeoR

This study

pARM053 pHIPZ plasmid containing PEX14-2xHA-UBC6 under the control of ADH1 
promoter; AmpR, ZeoR

This study

pARM014 pHIPX plasmid containing C terminal part of PEX14 fused to mCherry under 
the control of TEF1 promoter; KanR, LEU2 

This study

pAMK15 pHIPX plasmid containing DsRed-SKL under the control of TEF1 promoter; 
KanR, LEU2

(Krikken et al., 
2009)
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Plasmid Characteristics Reference

pARM011 Plasmid containing the ATG1 deletion cassette, AmpR ,HphR (Thomas, Krikken, 
de Boer, & Williams, 
2018)

pDONR P4-
P1R

Multisite Gateway vector; KanR, CmR Invitrogen

pDONR 
P2R-P3

Multisite Gateway vector; KanR, CmR Invitrogen

pENTR-PEX25 
5’

pDONR P4-P1R with 5’ flanking region of PEX25; KanR This study

pENTR-PEX25 
3’

pDONR P2R-P3 with 3’ flanking region of PEX25; KanR This study

pDONR-221 Multisite gateway donor vector; KanR, CmR Invitrogen

pENTR-221-
NAT

pDONR 221 with NAT cassette; NatR, KanR This study

pDEST-R4-R3 Multisite Gateway donor vector; AmpR, CmR Invitrogen

pRSA018 Plasmid containing PEX25 deletion cassette; ZeoR, AmpR This study

pHIPH_PEX14-
mCherry

pHIPH plasmid containing C terminal part of PEX14 fused to mCherry; 
AmpR, HphR

(Thomas et al., 
2018)

pHIPN_PEX14-
mGFP

pHIPN plasmid containing C-terminal part of PEX14 fused to mGFP; AmpR, 
NatR

This study

pSNA12 pHIPZ plasmid containing C-terminal part of PEX14 fused to mGFP; AmpR, 
ZeoR

(Cepińska et al., 
2011)
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Table S4. List of oligonucleotides used in this study

Primer Sequence
Pex23 GFP-fw CCCAAGCTTGGTGACACGAAAGTTGCTTT

Pex23 GFP-rev AGATCTTCCTTCTTTCTTTTTGTCTGTGACACCACC

Pex24 fw CCCAAGCTTGGATGTCTAATGCCCTACC

Pex24 rev GGAAGATCTTCGCTTTTTTGGTGGCCTG

Pex29 fw CCCAAGCTTCCGACAAGCACACCATTCTC

Pex29 rev CGCGGATCCTCCGTCCACAGAATCGATCG

Pex32 fw CCCAAGCTTTAGTGGCGTGCACTGTCCTA

Pex32 rev CGCGGATCCGGTGGTTGCGTCGTCCTCGA

KN18 CCCAAGCTTGGATCCATGTTAACTTTCAATAAGTC

KN19 GGGAAGCTTAGATCTAAACTGCTGTGTTGTTAGTGGG

KN14 CCCCTCGAGAACCTGTACTTCCAGTCGAGATCTGTGAGCAAGGGCGAGGAGC

KN17 GGGGTCGACTTACAGCTCGTCGTGAAGCTTGTACAGCTCG

BIPmCh1_fw GGAAGATCTGTGAGCAAGGGCGAGGAGGA

BIPmCh1_rev GACGTCGACTTAGAGTTCATCATGCTTGTACAGCTCGTCCATGCCGCCGG

BIPmCh2_fw CGCGGATCCATGTTAACTTTCAATAAGTCGG

Pex24GFP fw CGGGATCCATGAGCAATTCTCCTCCTTC

Pex24GFP rev GAGCGACCTGCAGGTTACTTGTACAGCTCGTCCA

Pex29ov-fw GGCGTGATCAATGGAGTCTATGGTAAATAAC

Pex29ov-rev CGACCTGCAGGAGTCGACGCGTGCATGCATG

Pex32ov-fw CGCGGATCCATGTCTGAGCCCAATGTTCG

Pex32ov-rev CGACCTGCAGGTTACTTGTACAGCTCGTCCA

Pex23ov-fw CGGGCCTCATAACATATCTCCG

Pex23ov-rev CGACCTGCAGGTTACTTGTACAGCTCGTCCA

Pex23ov2-fw GGGATGTGCTGCAAGGCGATTAAG

Pex23ov2-rev CGCGGATCCGTAGGCATCTGTACGATATGAAGGACAA

ADH1 fw AAGGAAAAAAGCGGCCGCCCCCTGCATTATTAATCACC

ADH1 rev CCCAAGCTTTTTAAATTGATTGATTGATT

Vac8_F TTGCTGTGGACGAGTCCA

Vac8_BglII_R GAAGATCTCTTGATGAGGTCCAAAATTTG

PEX23-Fw CACCTTCTAGCATTAACAGCAACATTTCAGAAGTACAGCCAACAACAGGCTAATTC-
CGATCCCCCACACACCATAGCTTC

PEX23-Rev ATCCATCTTCTGCGTCGCGTATACTTGCTGAACGAATCTTCGGTGGACGGGCAAATTA-
AAGCCTTCGAGCGTCCC

PEX24-Fw GTGCACCAGGAGTCCCCAGAAATCATTTGTAGAAATAACTTATCAGACAATTCCGATC-
CCCCACACACCATAGCTTC

PEX24-Rev TGTTTCAGACGGCTTTTCGATGGCCTGGTTCAGGAATCATAGTTGAGCCCGCAAATTA-
AAGCCTTCGAGCGTCCC

dPEX29-F GATTGCGTCTGCAGCAAGTTTACAGAAAATAATTTGTCAACTCTTCCCATGGAGTCTA-
ATTCCGATCCCCCACACACCATAGCTTC
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Primer Sequence
dPEX29-R GTCCTGCCTGGTACGAGAACTTGGTCACAAGATCGTAGCACCATTTCTCGTCCTCGG-

CAAATTAAAGCCTTCGAGCGTCCC

dPEX32-F TCGAGCCATTCAGCTATTTTGGGTCCTTATCCAGTTCTGACTATTTCATCTAATTCCGATC-
CCCCACACACCATAGCTTC

dPEX32-R TTAGCGTCCAGCCATCTCCACCGGCACGTTGCTTGTGTAATCTCTGGGAAGCAAATTA-
AAGCCTTCGAGCGTCCC

Pex14-HindIII-
fw

CCCAAGCTTGGGATGTCTCAACAGCCAGCAAC

Pex14-PspXI-rev GACCTCGAGCTTAGGCATTCAGCTGCCACG

HindIII-Pex14 CCCAAGCTTATGTCTCAACAGCCAGCAAC

Pex14-HA-HA TCCTGCATAGTCCGGGACGTCATAGGGATAGCCCGCATAGTCAGGAACATCGTATGGG-
TAGGCATTCAGCTGCCACGCCG

HAHA-Ubc6 TACCCATACGATGTTCCTGACTATGCGGGCTATCCCTATGACGTCCCGGACTATGCAG-
GAGAAAACGGATGGGGCATATA

Ubc6-PspXI CGCCTCGAGCCTATCATCTTGATGTACCTCCGG

PRARM001 ATAGCGGCCGCTTGCAGGAAGTCGACGAAAT

PRARM002 CGGAAGCTTTTACTTGTACAGCTCGTCCA

pDEL_ATG1_
fwd

ACAGGTCGTTGGTGACTTTAC

pDEL_ATG1_
rev

CTTCTCGTTGCCCGTGACC

RSAPex25-1 GGGGACAACTTTGTATAGAAAAGTTGCAAAGTCTGGATGGAGGCTTCATCTC

RSAPex25-2 GGGGACTGCTTTTTTGTACAAACTTGAGCGTGGCATGCGGTTCATAGAAAC

RSAPex25-3 GGGGACAGCTTTCTTGTACAAAGTGGGAGTCTCTGCTCGCGTACAAGATC

RSAPex25-4 GGGGACAACTTTGTATAATAAAGTTGACTTGGAGCTGCTGTGCTTGTATG

attB1-Ptef1 GGGGACAAGTTTGTACAAAAAAGCAGGCTGATCCCCCACACACCATAGCTTC

attB2-Ttef1 GGGGACCACTTTGTACAAGAAAGCTGGGTGCTCGTTTTCGACACTGGATGG

RSAPex25-5 CTGGATGGAGGCTTCATCTC

RSAPex25-6 GGAGCTGCTGTGCTTGTATG

dInp1FW-F CTGAAATTCCAACACGAGCTCAACAAAAGCGATGCACACAGCCAGGACGACGCTGG-
CCAGTCTACCAAGCGGCGCGTGCGGGACATAGTGCGACGGTCGTAAGATCCCCCACA-
CACCATAGC

dInp1-REV CTGCCGTCGCCTTCAAAAGACATCATGGTACTGGAATTGATTGTAGACTCGTTTTC-
GTCTGTCGCTGCCTTCTCCAGCTTGTCGTCTTTGTCCTCCTCGTCATCATCGATGAATTC-
GAG

dPex32-F CTTACAACCTAACCGGATGC

dPex32-R GCCAGTTTGCGTTTCCTGTC

Nat-fwd CAAAACCTCGAGACTTGCCTTTGAAGGCTCTT

Nat-rev ATAGTTTAGCGGCCGCATCATCGATGAATTCGAGCT
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Abstract
Pex32 is an ER protein in the yeast Hansenula polymorpha, which is required for 
associating peroxisomes to the ER for controlling peroxisome abundance and size. Here, 
we report on a structure-function analysis of Pex32. By co-localization analysis of various 
Pex32 truncations, we demonstrated that the N-terminal transmembrane domain of Pex32 
is responsible for sorting and function of the protein. The C-terminal DysF domain is 
required for concentrating Pex32 at ER-peroxisome contact sites and has the ability to bind 
to peroxisomes. Peroxisome defects in pex32 cells might be caused by strongly decreased 
levels of Pex11. This is probably due to Pex11 degradation, because we were unable to 
obtain enhanced Pex11 levels in pex32 cells upon PEX11 overexpression. We previously 
showed that the peroxisomal membrane protein Pex11 is required for peroxisome-ER 
contact site formation as well as concentrating Pex32 at these sites. We now show that 
another peroxisomal membrane protein, Pex34, also affects Pex32 accumulation and ER-
peroxisome associations. These data suggest that Pex32, Pex34 and Pex11 are involved in 
the same protein complex at ER-peroxisome contact sites. Overexpression of PEX32 in 
pex11 or pex34 cells did not result in suppression of the peroxisome phenotypes indicating 
that Pex32, Pex11 and/or Pex34 are performing different roles in controlling peroxisome 
proliferation.

Introduction
Yeast peroxisomes are single membrane surrounded organelles, which adjust their 
abundance in response to the growth conditions (Smith and Aitchison, 2013). PEX genes 
encode peroxins that are involved in peroxisomal matrix protein import, membrane protein 
sorting and organelle proliferation. In yeast cells, both Pex11 family proteins and Pex23 
family proteins are involved in controlling peroxisome proliferation (Yuan et al., 2016).

Most organisms contain multiple Pex11 family members, which almost all localize to the 
peroxisomal membrane. These include for instance Pex11, Pex25, Pex27 and Pex34 in 
Saccharomyces cerevisiae and Pex11, Pex25 and Pex11C in Hansenula polymorpha. Yeast 
Pex11 has been most extensively studied. It has an important role in peroxisome fission and 
functions in the initial peroxisome elongation step as well as in the final scission step (Farré 
et al., 2019). ScPex11 and ScPex34 also function at Peroxisome-Mitochondria (PerMit) 
contact sites (Mattiazzi Ušaj et al., 2015; Shai et al., 2018). These sites are important for 
efficient transport of β-oxidation products between both organelles (Shai et al., 2018). 
Deletion of ScPEX34 results in less peroxisomes per cell, but an increase in their size, like 
observed for S. cerevisiae pex11 cells (Tower et al., 2011). The molecular mechanism of 
how ScPex34 controls peroxisome multiplication is still unknown. We recently showed 
that H. polymorpha Pex11 plays a role in peroxisome-ER contact sites. Whether Pex34 
plays a role in contact sites other than PerMit is also not yet known.

Pex23 family proteins localize to the ER and only occur in fungi (Yuan et al., 2016). The 
number of Pex23 family members varies in different yeast species. The absence of Pex23 
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family members often results in abnormal peroxisome numbers and/or size (Yuan et al., 
2016). So far, most studies focused on S. cerevisiae Pex30 to elucidate the role of Pex23 
proteins in regulating peroxisome biogenesis. These studies suggested that ScPex30, 
together with its homologue ScPex29, and ER reticulons (Rtn1, Rtn2 and Yop1) form 
a protein complex at ER-peroxisome contact sites. This protein complex plays a role in 
regulating the formation of preperoxisomal vesicles (PPVs) from the ER by affecting ER 
curvature (Farré et al., 2019). We recently showed that in H. polymorpha, three Pex23 
protein family members (Pex23, Pex24 and Pex32) play a role in the formation of ER-
Peroxisome contact sites. Our data indicate that these sites are important for growth 
of the organellar membrane. In the absence of these peroxins, peroxisome biogenesis 
defects were observed that are accompanied by increased distances between the ER and 
peroxisome membranes. All these defects could be suppressed by the introduction of an 
artificial tethering protein that associates peroxisomes to the ER. Among these mutants, 
H. polymorpha pex32 cells show the strongest peroxisome phenotypes. Protein sequence 
analysis resulted in the prediction of four transmembrane helices (TMs) in the N-terminus 
of Pex32 (Fig. 1A). This domain shows similarities with reticulon homology domain 
(RHD)-containing proteins. The C-terminus of Pex32 contains a DysF motif (Fig. 1A) 
(Wu et al., 2020). The function of DysF motif is not yet known.

In this study, we investigated structure-function relationships of Pex32. We show that the 
four predicted TMs in the N-terminal domain are sufficient for Pex32 function and sorting 
to the ER. The DysF domain is important for association of the protein with peroxisomes. 
Furthermore, we show that Pex34 has a similar function as Pex11 and is important for the 
formation of Pex32 containing peroxisome-ER contact sites. Pex11, Pex32 and Pex34 fulfil 
different functions, because overexpression of Pex32 does not suppress the phenotypes of 
pex11 or pex34 mutants. Intriguingly, in pex32 cells Pex11 levels are strongly reduced, 
which cannot be restored by PEX11 overexpression. This suggests that Pex32 is important 
for Pex11 sorting or stability.
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Results

The Pex32 N-terminus localizes to the ER and the C-terminal DysF domain is 
cytosolic
Sequence analysis of H. polymorpha Pex32 resulted in the prediction of four transmembrane 
helices (TMs) in the N-terminus and a DysF motif at the C-terminus (Wu et al., 2020). 
Therefore most likely the extreme N- and C-terminus are oriented to the same side of the 
ER-membrane (Fig. 1A). To analyze which domains contain ER sorting information, we 
constructed several truncations containing GFP at the C-terminus. All truncations were 
introduced into the pex32 strain. Considering the very low endogenous Pex32 levels, all 
truncated proteins were produced under the control of the strong PADH1 promoter.

Using Confocal Laser Scanning Microscopy (CLSM Airy-scan), we observed that deletion 
of the DysF domain did not affect sorting to the ER (strain pex32::Pex32TM(I-IV), Fig. 1B). 
Similarly, removal of the extreme 31 N-terminal residues (pex32::Pex32∆31) resulted in a 
truncated protein that co-localized with the ER marker Bip-mCherry-HDEL. Hence, both 
the DysF domain and the extreme N-terminus are not essential for ER sorting of Pex32.

Next, we analyzed truncated species that lacked the DysF domain together with one or more 
TM domains. All constructs fully co-localized with the ER marker, except for the construct 
containing only TM(I), which partially localized to the cytosol as well (Fig. 1B). These 
data indicate that not all four TMs are necessary to sort a reporter to the ER. Moreover, our 
observation that constructs TM(III+IV) and TM(II) show an ER localization pattern, suggests 
that Pex32 contains redundant ER sorting information. Further analysis is required to reveal 
whether all four TMs contain sorting information for the ER.

A construct that consisted of only the DysF domain (without any predicted TM 
domain) localized predominantly to the cytosol. However, in addition some spots of 
higher fluorescence intensity could be detected (Fig. 1C). Because Pex32 accumulates 
at peroxisome-ER contacts, we subsequently asked whether these spots represent 
peroxisomes. Co-localization experiments using the peroxisomal membrane marker 
protein Pex14-mKate2 showed that, in glucose-grown cells, approximately half of the 
Pex32DysF-GFP spots (partially) overlapped with Pex14-mKate2 spots (Fig. 1C), indicating 
that the DysF domain not only associates with peroxisomes but also with other, yet 
unknown structures.

We next performed a similar analysis of pex32::PADH1Pex32DsyF-GFP cells grown at 
peroxisome inducing conditions (growth for 7 h on media containing methanol/glycerol), 
which results in an increase in peroxisome size and number. In these cells a ring of GFP 
fluorescence could be observed, that co-localized with the peroxisome marker Pex14-
mKate2 (Fig. 1C). Together these data indicate that the DysF domain is capable to associate 
with peroxisomes.

Western blot analysis confirmed that all Pex32 variants were present at the expected 
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molecular weight. In cells of the pex32::Pex32TM(I-III), pex32::Pex32∆31, pex32::Pex32TM(II-

IV) and pex32::Pex32TM(III-IV) strains, the protein levels were lower compared to that in 
the strain producing full length Pex32-GFP (Fig. 1D). Especially the level of construct 
TM(III-IV) was extremely low.
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Figure 1. Pex32 TMs contain ER sorting information and the DysF domain can localizes to peroxisomes. (A) Predicted 
Pex32 structure. Transmembrane helixes (TMs) are numbered I, II, III and IV. (B) Confocal Laser Scanning Microscopy 
(CLSM) Airy-scan analysis of glucose-grown pex32 cells producing Bip-mCherry-HDEL and the indicated Pex32 
truncations fused to GFP and produced under control of the PADH1. Scale bars: 2 μm. (C) Top: CLSM Airy-scan images of 
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glucose-grown cells and fluorescence microscopy (FM) images of methanol/glycerol-grown pex32 cells producing Pex14-
mKate2 and PADH1Pex32DysF-mGFP. Bottom: quantification of percentage of GFP spots partially overlapping with mKate2 
spots in glucose-grown cells. The error bars represent s.d. from two independent experiments (n=2 using 30 cells for the 
quantification of colocalization). Scale bars: 2 μm (D) Western blot analysis of the indicated strains grown on glucose for 
4 h. Blots were decorated with anti-GFP or anti-Pyc1 antibodies. Pyc1 was used as a loading control.

The DysF domain is not essential for Pex32 function in peroxisome biogenesis
To analyze the importance of the different domains of Pex32 for its function in peroxisome 
biogenesis, we checked peroxisome abundance and function in pex32 strains producing 
various Pex32 truncations containing GFP at the C-terminus. To rule out effects of protein 
overproduction, all truncations were produced under control of the endogenous promoter 
(PPEX32). A WT strain producing full length Pex32 (Pex32FL-GFP) under control of its own 
promoter was used as control. FM analysis revealed that relative to pex32 cells peroxisome 
numbers only increased to WT levels upon introduction of a construct that contains the 
intact N-terminus (pex32::Pex32TM(I-IV)) (Fig. 2A). In all other strains only a slight increase 
in peroxisome number could be observed (Fig. 2B). In line with these observations, the 
growth defect of pex32 cells on medium containing a mixture of glycerol and methanol 
was fully rescued upon production of the entire Pex32 N-terminus (pex32::Pex32TM(I-IV)), 
while growth of all other strains only slightly improved (Fig. 2C). These findings indicate 
that the complete N-terminus, but not the DysF domain, is essential for Pex32 function.

Western blotting was performed to check whether all constructions were produced and of 
the expected size. As shown in Fig. 2D, except for the protein levels of Pex32TM(II-IV) and 
Pex32∆31 which were below the limit of detection, all other truncations were detectable and 
present at the expected size (Fig. 2D). However, for full length Pex32, as well as for some 
of the truncations also a band of approx. 27 kDa was present, which most likely represents 
free GFP. The observation that Pex32TM(II-IV) or Pex32∆31 could not suppress the phenotype 
of pex32 cells, could be related to the very low protein amounts (Fig. 2D). All these data 
imply that a minimum amount of Pex32 TMs is important to ensure the function of Pex32 
in controlling peroxisome abundance.

We previously showed that in glucose-grown cells Pex32-GFP, produced under control of the 
endogenous promoter (PPEX32), accumulates in a single spot, which represents the peroxisome-
ER contact site. However, upon removal of the DysF domain, instead multiple fainter GFP 
spots were observed (in pex32::Pex32TM(I-IV) cells) (Fig. 2E). This means that the DysF domain 
of Pex32 is required for keeping the protein at peroxisome-ER contacts.

Taken together, we conclude that in H. polymorpha Pex32, the DysF motif is involved in 
Pex32 accumulation at peroxisome-ER contacts, while the N-terminus containing the four 
transmembrane regions is crucial for its function in peroxisome biogenesis.
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Figure 2. The N-terminal domain of Pex32 is important for its function, while the DysF domain is required to 
accumulate Pex32 at peroxisome-ER contact sites. (A) FM analysis of methanol/glycerol grown pex32 cells producing 
Pmp47-mKate2 and the indicated Pex32 truncations containing GFP at the C-terminus and produced under control of the 
PPEX32. Scale bar: 2 μm. (B) Quantifi cation of the average number of peroxisomes per cell in the indicated strains. The error 
bars represent s.d. from three independent experiments (n=3 using 200 cells from each experiment). Signifi cance 
indications: n.s = p > 0.05, ** = p < 0.01. (C) Optical densities of the indicated strains upon growth for 16 h on methanol/
glycerol medium. Average values (± SD) are shown from three independent cultures. (D) Western blot analysis of the 
indicated strains. Cells were grown on methanol/glycerol medium for 16 h. Blots were decorated with anti-GFP or anti-
Pyc1 antibodies. Pyc1 was used as a loading control. (E) FM analysis of glucose-grown WT cells producing Pex32-GFP 
or pex32 cells producing Pex32TM(I-IV) and Pex32DysF. Scale bar: 2 μm.

The reduction of peroxisome abundance in pex32 cells is not caused by enhanced 
autophagy
Deletion of PEX32 results in a strong reduction of peroxisome numbers (Wu et al., 2020). 
In order to test whether this is due to enhanced organelle degradation by autophagy, ATG1, 
which is known to be essential for autophagy, was deleted in pex32 cells (Komduur et al., 
2003). FM analysis of cells producing the matrix marker DsRed-SKL revealed that the 
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decrease in peroxisome numbers relative to WT controls was similar in pex32 and pex32
atg1 cells (Fig. 3A,B). Hence, autophagy is not responsible for the decreased peroxisome 
numbers.
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Figure 3. Pexophagy is not enhanced in pex32 cells. (A) FM images of DsRed-SKL produced in WT, pex32 and pex32
atg1 cells grown on glucose for 4 h. Scale bar: 2 μm. (B) Quantifi cation of the average number of peroxisome per cell 
in the indicated strains. The error bars represent s.d. from three independent experiments (n=3 using 200 cells from each 

experiment). Signifi cance indications: n.s = p > 0.05, *** = p < 0.001.

Deletion of PEX32 results in reduced Pex11 levels
Next, we compared the levels of several peroxisomal proteins in pex32 and WT control 
cells to fi nd out whether the peroxisome biogenesis defects in pex32 cells are accompanied 
by changes in the levels of other peroxins. Because pex32 cells are unable to grow in 
methanol medium, we used medium containing a mixture of methanol and glycerol to 
induce peroxisomal proteins (Wu et al., 2020). As shown in Fig. 4A, the levels of the 
peroxisomal membrane proteins (PMPs) Pex3 and Pex14, and the peroxisomal matrix 
protein alcohol oxidase (AOX) were similar in pex32 and WT cells. However, the level of 
Pex11 was strongly reduced in pex32 cells (Fig. 4A,B).

This prompted us to investigate whether the phenotype of pex32 cells could be restored 
by PEX11 overexpression using the strong AOX promoter (PAOX). The peroxisomal matrix 
protein GFP-SKL was used to mark peroxisomes. FM images of cells grown for 6 hours on 
methanol/glycerol revealed that PEX11 overexpression resulted in enhanced peroxisome 
proliferation in WT and pex11 controls, as expected (Fig. 4C). In contrast, both pex32
and pex32::PAOXPex11 cells showed mislocalization of GFP-SKL to the cytosol, indicating 
that peroxisome biogenesis was still severely affected upon Pex11 overproduction (Fig. 
4C). Western blot analysis confi rmed the strong increase in Pex11 protein levels in WT 
and pex11 cells upon Pex11 overproduction. However, unexpectedly, we found that 
Pex11 levels were not enhanced in cells of the pex32 deletion strain upon introduction of 
PAOXPex11.
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Figure 4. Protein levels of Pex11 decrease in pex32 mutants. (A) Western blot analysis and (B) quantifi cation of the 
indicated proteins in WT, pex32 and indicated negative control cells grown for 16 h on methanol/glycerol. Blots were 
decorated with anti-Pex11p, anti-Pex3p, anti-Pex14p, anti-AOX or anti-Pyc1 antibodies. Pyc1 was used as a loading control. 
In B, the protein levels of WT cells were set to 1. Signifi cance indications: n.s = p > 0.05, *** p = 0.0007 < 0.001. The error 
bars represent s.d. from three independent experiments. (C) FM images of WT, pex11 and pex32 cells producing GFP-SKL 
grown on methanol/glycerol for 6 h. Scale bar: 2 μm. (D) Western blot analysis of the indicated strains grown on methanol/
glycerol for 6 h. Blots were decorated with anti-Pex11p or anti-Pyc1 antibodies. Pyc1 was used as a loading control.

Pex34 is required for the formation of ER-peroxisome contact sites
S. cerevisiae Pex34 functions together with Pex11 family proteins in regulating 
peroxisome abundance (Tower et al., 2011). The same proteins were shown to be involved 
in peroxisome-mitochondria contact sites (Shai et al., 2018). In H. polymorpha Pex11 
plays a role in peroxisome-ER contacts. Hence, these proteins function in multiple 
peroxisomal membrane contacts. In order to study whether H. polymorpha Pex34 is also 
involved in peroxisome-ER contacts, we fi rst identifi ed the putative H. polymorpha Pex34 
homologue of S. cerevisiae Pex34. Multiple Sequence Alignment (MSA) of the putative 
H. polymorpha Pex34 with various yeast Pex34 proteins revealed regions that are highly 
conserved. However, very little sequence homology is observed at the N-terminus (Fig. 5).
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                   *        20         *        40         *        60         *        80         *       100       
HpPex34 : --------------------------------------------------MSNLHYGPKLRQLLLKLESDRDRGPSAGNERLSKLLFLGLLVVKNAKQRR :  50 
ScPex34 : ---------------------------------------------------------------------------------------------------- :   - 
CaPex34 : ------------------------MVTTTIQENIDLIQKVNLKHTSIDPNPDSRQQEIINNLLLLAQKEQQKGNTSITSDKLDKLTSLLAQQQQQQQKLQ :  76 
AgPex34 : ----------------------------------------------------------------------------MDSQHLAISLLRSSNVIRT----- :  19 
DhPex34 : ------------------------MVENTTTSTVK-----------------SDKKEIIDNILKLAHQEQKRGNKSITQEKLNNLSNFVSTYQSKQEDQS :  59 
KlPex34 : ----------------------------------------------------------------------------MCGDKEDDTEKLLDATKT------ :  18 
ZrPex34 : ----------------------------------------------------------------------------MDSQQLQDTRRVAADITTTSANTT :  24 
KpPex36 : MSNLEKQIRLKNLLESLNGSKSQADLKKESQTLIDIFKQTRQKMIHDQQSNLHPVTSIQGKKLLNLRKALQNHQKHRDNIKVVKTNAEPVSTHDQTVDSN : 100 
                                                                                                                     
                                                                                                                     
                   *       120         *       140         *       160         *       180         *       200       
HpPex34 : RSSTSSLSSSPTLYSPTQRSRANSG------------------TLAGSRFALRTRPQRS----------------WQEKYNSFETGLLANLESMVSLFDN : 116 
ScPex34 : --------------------------------------------MVSKKNTAEISAK---------------------------DIWENIWSGVSSLLDF :  29 
CaPex34 : SRSQPLSTPTKAKLPPKPKYPSVFNKFDINKSSHNNRQERGQSPVKKPKSGSKPNNNNKPIKY---------YRPNTFSLKKIEFMFVNILENLANLLDN : 167 
AgPex34 : --------------------------------------------VEEMNREGEESGGQN--------------------PASLEEHLIAGLQSITAIFDG :  55 
DhPex34 : KGNYDKYKKEYPAPIVKPPYSPLFSKFS----------------VKSPKAVIKTNPNRK--------------LPFQYTFKNIEKVLIEILETLANILDN : 129 
KlPex34 : --------------------------------------------IKSLIANEDAPSN------------------------SLEDLLIDSLTSVSSFFDD :  50 
ZrPex34 : STNVANEYPDK---------------------------------IDSPAPGSEVPSPDP-----------------NGHIPTFEDTLIAGLESICGLFDN :  74 
KpPex36 : SDSSSSETLIDTSTSSSFDNIKRWLHETNSNESQSKGRPSEYTHVNSPDSGVSSKSGQLSMLTQDSNQILLLIKQLTAKYNMLESFFINSFEQLIALFDN : 200 
                                                      6                                      e      l  6    D        
                                                                                                                     
                   *       220         *       240         *       260         *       280         *       300       
HpPex34 : FTMFQNIL---SKSRFASKFRGVETLLKNLSKVYFVIILINLKNLIVKLIKLNKLTRIVELEAEMLSRNGKNVLLPEAAS---------QEREKLVFLYT : 204 
ScPex34 : FAVLENLG---VVN------DKLYVSGL-LRKVWLCYSCISVIKCVWKLIKLCKVKFKIDQRLDGEGNGLVK----------------DKLINFKKKYNE : 103 
CaPex34 : LHLLSNLP---MFP--QFLNRFLKQT----NKIWVLILVFLIRKTISQLLNVIRKIRKVNIEVDLLNSTTTTKNKTGINFINEDLN--KKYKKVLKDLRF : 256 
AgPex34 : LYLLRMVG---LIGDNNFIYRRVMRNKL-DSKIRLASLLLLARKSLRDLLKLIQVRHALSVESEAAVIPMHSERFTKTIR--------TKFEESMAKLND : 143 
DhPex34 : LHLFSRFP---MFP--ARLVDLLKQT----NKLWVVILIFLIRKSISQLLNVIRKERKVNIELSILNSNKNSKLLINKDDNNGDNNIFRRYEKVLKDLQF : 220 
KlPex34 : LYLLRSFG---IISDTNFLYQKLNKGDI-GSKVWLVSLLLSIRRSLTRLYTLIRLKLKLRKECMNIASTYSP-GFKKLVK--------EKILAESNQLSL : 137 
ZrPex34 : VYLLKTLG---IISEDNLLYRRLNKGEW-GSKLWFVTLLLSARKSFSRLLKIMKAKSKLKEEMKELRTEGDEDLVKQVLR--------NKFTDALKKCSI : 162 
KpPex36 : FYFLSSLIGFNTSNSNSKITRLLRNFIKQASKIWLVIIFLTVKNLFIRMIKLNRTEKKVKLERDILMSRSPNSSIQY------------EYDAMLLTIRT : 288 
             l                  6        K6               6  6     k6  e                                             
                                                                                             
                   *       320         *       340         *       360         *             
HpPex34 : EKFRTYLELIGYANELVLDLTLVYSKIRLPKLVERLVSLVSWIIGVYRLSKDEAEEARTEKQIAAMQKQYL----- : 275 
ScPex34 : HIRHITAALLQDLSYLMVLIYPG----------TRLFKRLSNIITLCRIIV------------------------- : 144 
CaPex34 : DKMMLIIELIGNFLDLTFNLIELY-GIALPDWIMSLLNFASMAMTIYRMNKDDEYVDDDITDDLI----------- : 320 
AgPex34 : RIRGVIVDLVDNVLYMVLIIIELR-KLDMSRKYRVLLQTLSSIFAAMNLSRYSSSIVH------------------ : 200 
DhPex34 : DKMMLVLELIGNFLDMGFNLIELY-GIPVPEWFMSLLNAASMGMTIYRMNKDDEYIDDDITEDLI----------- : 284 
KlPex34 : KIRSLCMDLLQDLLYMIIVSIDIF-KINLSLKFKRALELISSAATVLKFVSSSYQISL------------------ : 194 
ZrPex34 : IIKDVVLELLQTLAYLAIVVIEVF-KINVSQKVIKILEPLSHFIAVIRIFTTGYTTLTV----------------- : 220 
KpPex36 : SKISTFLEMLGNVNEFAFYLIQVM-NWKVSKKVKNILAGISWIMSIYRMSKDEIQETNPSINNGLKSSDDIIDEYA : 363 
                  66          i                   S                                          
 

Figure 5. Sequence alignment of yeast Pex34 proteins. The sequences were first aligned using the CLUSTAL-X 
program and visualized by the GeneDoc program. Gaps were introduced to maximize the similarity. Colors were assigned 
to indicate strongly conserved positions in a decreasing order of conservation: “black”, “dark gray” and “light gray”. “6” 
below black residues indicates the presence of a non-polar amino acid. Capital letters indicate the conserved residues. 
Small letters below the gray residues indicate the most conserved amino acid among the sequences. Ca - Candida albicans 
KGU18165; Dh - Debaryomyces hansenii CAG88545; Zr - Zygosaccharomyces rouxii CAR29068; Kl - Kluyveromyces 
lactis CAH01071; Ag - Ashbya gossypii AAS54114; Kp - Pichia pastoris (Komagataella phaffii) CAY67701; Hp - H. 
polymorpha OBA14840; Sc - Saccharomyces cerevisiae CAA99168. Asterisks and numbers mark amino acids positions 
in the alignment. The ScPex34 homolog of P. pastoris is named Pex36 (Farré et al., 2017).

Co-localization analysis of a strain producing both Pex34-GFP and DsRed-SKL, confirmed 
that the identified protein is peroxisomal (Fig. 6A). Analysis of a constructed PEX34 deletion 
strain showed that peroxisome numbers were reduced, concomitant with a growth defect on 
methanol medium (Fig. 6B,C,D). Importantly, this phenotype resembles that of H. polymorpha 
pex11 or pex32 cells (Krikken et al., 2009; Wu et al., 2020).
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Figure 6. Pex34 localizes to peroxisomes and is important for normal peroxisome abundance and methanol growth. 
(A) FM analysis of H. polymorpha WT cells producing both GFP fused Pex34 C-terminally and the peroxisome matrix 
protein DsRed-SKL. Cells were grown on mineral medium containing methanol for 6 hours. Scale bar: 2 µm. (B) FM 
analysis of WT and the pex34 deletion strain producing the peroxisomal membrane marker PMP47-GFP. Cells were grown 
for 16 hours on mineral medium containing methanol. Scale bar: 1 µm. (C) Optical densities of the indicated cultures upon 
growth for 16 h on methanol. Average values (± SD) are shown from two independent cultures. (D) Quantifi cation of the 
average peroxisome numbers in methanol grown cells. Average values (± SD) are shown from two independent cultures. 
2 x 500 peroxisomes from two independent cultures were quantifi ed.

We previously showed that Pex32 is an ER protein that accumulates in spots at peroxisome-
ER contacts, a pattern that disappeared in pex11 cells (Wu et al., 2020; Fig. 7A). FM analysis 
showed that also in pex34 cells producing Pex32-GFP, GFP fl uorescence are present in 
multiple faint spots, which are spread over the cell and not always close to the peroxisomal 
marker Pex14-mKate2 (Fig. 7A). This is not due to lower protein levels, as Pex32-GFP 
protein levels are similar in WT and pex34 cells (Fig. 7B).

In H. polymorpha WT cells, close associations (< 10 nm) between the ER and peroxisome 
are observed (Wu et al., 2018), which are lost in the absence of Pex32 or Pex11 (Wu et al., 
2020). Similar as in pex11 cells (Wu et al., 2020) only 30% of the peroxisomes occur at 
a distance of < 10 nm from the ER in pex34 cells, while this is over 80% in WT controls 
(Fig. 7C) (Wu et al., 2020). These data show that deletion of PEX34 or PEX11 results in 
defects in peroxisome-ER contact sites and an altered Pex32 localization pattern.
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Figure 7. Deletion of PEX34 has an effect on Pex32 localization and results in a distance increase between peroxisome 
and the ER membrane. (A) FM images of glucose-grown pex34 mutant cells producing Pex32-GFP under control of its 
endogenous promoter together with the peroxisomal marker Pex14-mKate2. Scale bar: 2 μm. (B) Western blot analysis 
of the indicated strains. Blots were decorated with anti-GFP or anti-Pyc1 antibodies. Pyc1 was used as a loading control. 
A representative blot of two experiments is shown (C) EM image of KMnO4-fi xed glucose-grown pex34 mutant cell. CW 
- cell wall; ER - endoplasmic reticulum; P - peroxisome; M - mitochondrion. Scale bar: 200 nm. (D) Quantifi cation of the 
distance between peroxisome and ER membranes in pex34 cells grown on glucose. The error bars represent s.d. from two 
independent experiments (n=2 using 20 cell sections from each experiment).

Overexpression of Pex32 does not suppress peroxisome defects in pex34 or pex11
cells
To investigate whether Pex32 is functionally redundant with Pex11 or Pex34, we 
overproduced Pex32-GFP in pex11 and pex34 strains by placing the gene under control 
of the strong PADH1 promoter. Western blot analysis confi rmed that the protein was 
overproduced in all strains (Fig. 8B). Notably, upon overproduction a clear second band 
around 27 kDa was evident, which probably represent the free GFP. FM analysis revealed 
that overproduced Pex32-GFP shows the typical cortical/nuclear ER pattern in all strains 
(WT, pex11, pex34 and pex32) (Fig. 8A).

Next, we quantifi ed peroxisome numbers in all above mentioned strains. As shown in Fig. 
8C, overexpression of PEX32 restored peroxisome numbers in pex32 cells to numbers 
similar as in WT controls. No signifi cant increase in peroxisome number could be 
observed in any of the other strains upon overexpression of PEX32 (Fig. 8C). In line with 
this observation, only the growth defect of pex32 cells on methanol medium was restored 
by overproducing PEX32, but not that of the pex11 or pex34 deletion strains (Fig. 8D).
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Based on these data we conclude that overexpression of PEX32 does not suppress the 
phenotypes of pex11 or pex34 deletion strains, which means that there is no functional 
redundancy.
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Figure 8. Overexpression of PEX32 does not result in suppression of the peroxisomal phenotypes of pex11 and pex34
cells. (A) FM images of the indicated strains producing PADH1Pex32-mGFP, grown on methanol/glycerol for 16 h. Scale 
bar: 2 μm. (B) Western blot analysis of the indicated strains grown on methanol/glycerol for 16 h. Blots were decorated 
with anti-GFP or anti-Pyc1 antibodies. Pyc1 was used as a loading control. A representative blot of two blots (biological 
replicate) is shown. (C) Quantifi cation of the average peroxisome number per cell in the indicated strains. The error bars 
represent s.d. from two independent experiments (n=2 using 200 cells from each experiment). (D) Growth curve of the 
indicated strains in medium containing a mixture of methanol and glycerol. The cell density is indicated as optical density 
at 660 nm (OD660). The error bars represent s.d. from two independent cell cultures.

Discussion
In this study, we show that both the sorting and the function of Pex32 depend on its TMs, 
while the DysF domain plays a role in concentrating Pex32 at peroxisome-ER contact 
sites. In addition, our data reveal that not only Pex11 but also Pex34 is important for 
the formation of Pex32-dependent peroxisome-ER contact sites. The roles of these three 
proteins in regulating peroxisome abundance and size differ.

Using various truncated Pex32 variants, we studied which region in the N-terminal, 
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membrane bound part of Pex32 contains ER sorting information. For the S. cerevisiae 
Pex23 family proteins Pex30 and Pex31, it was shown that this region contains a reticulon-
homology domain (RHD), which is required for localizing proteins at curved regions of 
the ER such as tubular ER and the edge of ER sheets (Joshi et al., 2016). We previous 
reported that a RHD also exists in H. polymorpha Pex32 although the prediction was 
borderline (Wu et al., 2020).

Possibly, Pex32 uses a similar protein insertion mechanism as other ER localized RHD-
containing proteins. In vitro transcription and immunoprecipitation assays revealed 
that human reticulons could be either co-translationally inserted into the ER membrane 
or guided by Pex19 through a post-translational route (He et al., 2007; Yamamoto and 
Sakisaka 2018). It has also been proposed that the structural features of TMs, rather 
than a specific amino acid sequence, might be responsible for reticulon targeting, as 
no recognizable signal peptide could be found in known reticulons (Yan et al., 2006). 
Similarly, we were unable to find a signal peptide in H. polymorpha Pex32. We found that 
all truncations that contain TM(II) show a clear ER localization pattern. In comparison, 
in cells producing only TM(I) or TM(III-IV), in which the second TM is missing, some 
cytosolic GFP signal could be observed as well. This indicates that TM(II) of Pex32 is 
important for sorting a reporter to the proper position of the ER.

In addition to Pex32, H. polymorpha has three additional Pex23 family proteins, Pex23, 
Pex24 and Pex29. These proteins all localize to the ER (Wu et al., 2020). Possibly these 
Pex32 homologues may interact with TM(II) of Pex32 and help to insert it into the ER 
membrane.

Western blot analysis reveals that deletion of the first 31 N-terminal residues before TM(I) 
causes a very strong decrease in protein levels. Possibly, the absence of this part makes this 
protein more susceptible to proteolytic degradation.

Based on our data it is clear that the entire N-terminus, but not the DysF motif, is essential 
for the role of Pex32 in controlling peroxisome abundance and size, based on the finding 
that peroxisome deficiencies are completely restored in pex32::Pex32TM(I-IV) cells. This 
is different from previous findings in other yeast species, which showed that the DysF 
domain of P. pastoris Pex30 and Pex31 are essential for peroxisome number and size 
regulation (Yan et al., 2008). Instead, we found that the accumulation of HpPex32-GFP 
at peroxisome-ER contact sites requires the DysF motif, because the GFP signal was no 
longer present in one or a few spots when the DysF motif was missing. Moreover, our 
data also indicate that the Pex32 DysF domain has the ability to associate to peroxisomes. 
Interestingly, we previously showed that most pex32 cells have no peroxisomes (Wu et al., 
2020). However, multiple GFP spots could be observed per cell in pex32::PADH1Pex32DysF-
GFP cells, which suggests that the DysF motif could associate not only to peroxisomes but 
also to other structures.

Pex32 has two RWL tripeptides in its DysF domain. An R-W-L motif also exists in the 
transmembrane domain of ScSey1 (Synthetic enhancer of Yop1 protein) and has the ability 
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to bind sterols (Lee et al., 2019). Possibly, the DysF-GFP spots that do not co-localize with 
Pex14-mKate2, represent sterol-containing structures. This could also explain the slight 
increase in peroxisome numbers in pex32::Pex32DysF cells, in which the DysF domain may 
help to bring sterols to the peroxisomal membrane for organellar growth.

As expected, pex32::Pex32TM(I-IV) cells can grow on methanol/glycerol like WT cells 
because of the defects in peroxisome formation are suppressed. In addition, all other 
truncations that show a slight growth improvement relative to the pex32 deletion strain 
also have a minor increase in average peroxisome numbers. Because all Pex32 N-terminal 
truncations are sorted on the ER, it is possible that the reintroduced Pex32 N-terminal 
truncations have an effect on the ER, which stimulates peroxisome formation. The low 
protein levels of these truncations may explain why the peroxisome deficiency is not 
rescued completely.

Similar to the described characteristics of S. cerevisiae Pex34 (Tower et al., 2011), our data 
demonstrate that H. polymorpha Pex34 is a peroxisome membrane protein involved in 
the regulation of peroxisome number and size. Interestingly, in pex34 cells we observed a 
change in Pex32 localization pattern and an increased ER-peroxisome distance, indicating 
that Pex34 is required for the formation of Pex32-dependent ER-peroxisome contacts. In 
fact, these results are similar to our previous findings in pex11 cells (Wu et al., 2020), which 
highly suggests that Pex11 and Pex34 might be Pex32 interaction proteins in maintaining 
the association between the ER and peroxisome. Actually, both ScPex34 and ScPex11 
are peroxisome-mitochondria (PerMit) contact sites tethers (Shai et al., 2018). Because 
we only analyzed the interaction between ER and peroxisome membrane proteins, it is 
possible that HpPex34 and HpPex11 are also involved in multiple peroxisome contact sites 
by interacting with different organellar membrane proteins. 

Apart from the defects in ER-peroxisome contacts, we found that cells lacking Pex32 have 
strongly reduced Pex11 levels, while the levels of other PMPs were normal. Moreover, 
upon placing PEX11 under control of a strong promoter, Pex11 protein levels were not 
enhanced. Pex11 is an important peroxisome membrane protein and plays a crucial role 
in regulating peroxisome membrane elongation as well as peroxisome scission during 
peroxisome fission (Farré et al., 2019). In the absence of PEX32, Pex11 levels are 
insufficient to facilitate normal peroxisome proliferation by fission, indirectly leading to 
enlarged organelles in the pex32 deletion strain.

Besides the role in organelle fission, Pex11 could also affect Pex32-dependent peroxisome 
biogenesis by affecting the lipid composition of peroxisomal membranes. Pex11 has been 
identified as a peroxisome-mitochondrion contact site protein and interacts with ER-
Mitochondria Encounter Structure (ERMES) components in S. cerevisiae (Farré et al., 
2019; Shai et al., 2018; Mattiazzi Ušaj et al., 2015). ERMES proteins, except for Mdm10, 
all contain an SMP (Synaptotagmin-like Mitochondrial lipid-binding Proteins) domain 
that has the ability to bind lipids and could contribute to lipid transfer between the ER 
and mitochondria (Kopec et al., 2010). If a similar functional protein complex exists in H. 
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polymorpha, it is possible that Pex11 is responsible for transferring lipids from the ER and/or 
mitochondria to peroxisomes by interacting with ERMES components. The reduced Pex11 
levels would affect the process of lipids uptake and further result in peroxisome biogenesis 
defects. Moreover, Pex11 has also been found to be involved in lipid homeostasis in Y. 
lipolytica (Dulermo et al., 2015), which suggests there is a relationship between Pex11 and 
organellar lipid composition.

Finally, as expected, overexpression of PEX32 suppressed the peroxisomal phenotypes in 
pex32 cells. In fact, the average peroxisomes numbers were even somewhat higher than in 
WT controls. Moreover, all cells (WT control, pex11 and pex34 mutations) show a minor 
peroxisome number increase when Pex32 is overproduced. As Pex32 is an ER protein and 
has four TMDs, we cannot rule out that the shape of the ER is changed upon overexpression 
of PEX32, which could indirectly benefit organelle proliferation. However, the peroxisome 
numbers were still lower in pex11::PADH1Pex32 and pex34::PADH1Pex32 cells compared to WT 
controls and showed no significant difference with the single deletion strains. Hence, the 
peroxisome membrane proteins Pex11 and Pex34 are still mainly responsible for controlling 
organelle growth and division.

Summarizing, our data indicates that the membrane bound domain of Pex32 is important 
for its function at the ER, while the DysF domain is important to concentrate Pex32 at the 
ER region where peroxisomes closely associate with the ER. The peroxisomal membrane 
proteins Pex11 and Pex34 are also important for the formation of peroxisome-ER contact 
sites and to keep Pex32 concentrated at these spots. Therefore, they are likely candidates 
to interact with Pex32 at EPCONs.

Materials and methods

Strains and growth conditions 
H. polymorpha cells were grown in batch cultures at 37 ℃ on mineral media (Van Dijken et 
al., 1976) supplemented with 0.5% glucose, 0.5% methanol, 0.25 % glycerol or a mixture 
of 0.5% methanol and 0.05% glycerol as carbon source. Leucine, when required, was added 
to a final concentration of 60 μg/ml. For growth on plates, YPD media (1% yeast extract, 
1% peptone and 1% glucose) or YND media (0.67% yeast nitrogen base without amino 
acids (YNB; Difco; BD) and 0.5% glucose) were supplemented with 2% agar. Resistant 
transformants were selected using 100 μg/ml zeocin (Invitrogen), or 100 μg/ml nourseothricin 
(WERNER BioAgents) or 300 μg/ml hygromycin (Invitrogen).

The Escherichia coli strain DH5α was used for cloning. E. coli cells were grown at  
37 ℃ in Luria broth (LB) media (1% Bactotryptone, 0.5% Yeast Extract and 0.5% NaCl) 
supplemented with 100 μg/ml Ampicillin or 50 µg/ml kanamycin. 2% agar was added in 
LB medium when growing on plates.

Construction of H. polymorpha strains
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The strains, plasmids and primers used in this study are listed in Table 1, 2 and 3, 
respectively. Plasmid integration was performed as described previously (Faber et al., 
1994). All integrations were confirmed by PCR. Gene deletions were confirmed by PCR 
and southern blotting.

Construction of strains expressing GFP tagged Pex32 truncations
Plasmids encoding PADH1Pex32TM(I-IV)-mGFP and PADH1Pex32DysF-mGFP were constructed 
as follows: a PCR fragment encoding the N-terminus (all four transmembrane helices) of 
PEX32 was obtained using primers Fw Pex321-696 and Rv Pex321-696 with H. polymorpha 
yku80 genomic DNA as a template. Similarly, a PCR fragment encoding the DysF domain 
of PEX32 was obtained with primers Fw Pex32697-1062 and Rv Pex32697-1062. The obtained 
PCR fragments were digested with HindIII and BglII, and separately inserted between the 
HindIII and BglII sites of plasmid pHIPZ18-INP1-GFP, resulting in pHIPZ18-PEX32TM(I-

IV)-mGFP and pHIPZ18-PEX32DysF-mGFP. Both plasmids and pAMK106 were restricted 
by HindIII and SalI, fragments ligation to get plasmids pHIPN18-PEX32TM(I-IV)-mGFP and 
pHIPN18-PEX32DysF-mGFP.

By using pHIPN18-PEX32TM(I-IV)-mGFP as the template, primer pairs: i) Fw Pex321-696/ 
Rev Pex321-501, ii) Fw Pex321-696/Rev Pex321-312, and iii) Fw Pex321-696/Rev Pex321-177 were 
used to amplify constructs containing: i) PEX32TM(I-III), ii) PEX32TM(I-II), and iii) PEX32TM(I) 
respectively. PCR products were digested with HindIII and BglII, and inserted between the 
HindIII and BglII sites of pHIPN18-PEX32TM(I-IV)-mGFP separately to obtain pHIPN18-
PEX32TM(I-III)-mGFP, pHIPN18-PEX32TM(I-II)-mGFP and pHIPN18-PEX32TM(I)-mGFP.

Plasmids pHIPN18-PEX32TM(II-IV)-mGFP and pHIPN18-PEX32∆31-mGFP were 
constructed by using the same method: H. polymorpha Pex32-mGFP cells were used as 
the template, using primer pairs Fw Pex32(169-1062)/Rv DysFPEX32-mGFP and Fw Pex32(94-1062)/
Rv DysFPEX32-mGFP to amplify fragments containing PEX32TM(II-IV)-mGFP and PEX32∆31-
mGFP respectively. Both PCR products and pHIPN18-PEX32TM(I-IV)-GFP were restricted 
by HindIII and XhoI separately, resulting in pHIPN18-PEX32TM(II-IV)-mGFP and pHIPN18-
PEX32∆31-mGFP.

The plasmid for PEX32 overexpression was constructed as follows: a PCR fragment 
containing full-length PEX32 was obtained using primers Fw Pex321-696 and Rv DysFPEX32-

mGFP with Pex32-mGFP strain as a template. The PCR product and pHIPN18-Pex32TM(I-IV)-
mGFP were digested by HindIII and XhoI, ligated resulting in pHIPN18-PEX32-mGFP.

All above plasmids were linearized with AatII and integrated into pex32 strains separately 
to produce PADH1Pex32-mGFP, PADH1Pex32TM(I-IV)-mGFP, PADH1Pex32TM(I-III)-mGFP, 
PADH1Pex32TM(I-II)-mGFP, PADH1Pex32TM(I)-mGFP, PADH1Pex32TM(II-IV)-mGFP, PADH1Pex32∆31-
mGFP or PADH1Pex32DysF-mGFP. DraI-linearized pHIPX7-BiPN30-mCherry-HDEL was 
integrated into various truncations independently to express BiP-mCherry-HDEL.

To obtain pHIPN18-PEX32TM(II)-mGFP and pHIPN18-PEX32TM(III-IV)-mGFP, plasmid 
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pHIPN18-PEX32TM(I-IV)-mGFP was used as a template, and primer pairs Fw Pex32o2TM/
Rev Pex321-312, Fw Pex32TM3+4/Rv Pex321-696 were used to amplify fragments containing 
PEX32TM(II) and PEX32TM(II-IV) respectively. These PCR products and pHIPN18-PEX32TM(I-

IV)-mGFP were digested with HindIII and BglII and ligated to ontain pHIPN18-PEX32TM(II)-
mGFP and pHIPN18-PEX32TM(III-IV)-mGFP. AatII-linearized plasmids were integrated 
into pex32::BiP-mCherry-HDEL separately to produce PADH1Pex32TM(II)-mGFP and 
PADH1Pex32TM(III-IV)-mGFP.

Plasmids for producing various Pex32 truncations under control of the PEX32 promoter 
were constructed as follows: PCR was performed on yku80 genomic DNA to amplify the 
PEX32 promoter using primers PPEX32 fw and PPEX32 rev. The obtained PCR fragment was 
digested with NotI and HindIII, and then replaced the ADH1 promoter (PADH1) in NotI/
HindIII digested variants of Pex32 truncations. All constructions under control of PPEX32 
were linearized with EcoRV and integrated into pex32::Pmp47-mKate2 cells separately 
to produce Pex32TM(I-IV)-mGFP, Pex32TM(I-III)-mGFP, Pex32TM(I-II)-mGFP, Pex32TM(I)-mGFP, 
Pex32TM(II-IV)-mGFP, Pex32∆31-mGFP and Pex32DysF-mGFP.

Construction of the pex32 atg1 double deletion strain and the pex34 deletion 
strain
To construct pex32 atg1, a PCR fragment containing the ATG1 deletion cassette was 
amplified with primers pDEL-ATG1-fwd and pDEL-ATG1-rev using plasmid pARM011 
as a template. The resulting ATG1 deletion cassette was transformed into pex32 cells to 
get double mutant of pex32 atg1. DraI-linearized pAMK15 plasmid was transformed into 
pex32 atg1 cells to produce DsRed-SKL.

The pex34 deletion strain was constructed by replacing the PEX34 region with the hygromycin 
resistance gene as follows: first, two PCR fragments comprising the PEX34 flanking regions 
were amplified with primer pairs pex34-1/pex34-2 and pex34-3/pex34-4 using WT genomic 
DNA as the template. The PCR fragments were cloned into the vectors pDONR P4-P1R and 
pDONR P2R-P3, respectively, resulting in the entry vectors pENTR-PEX34 5’ and pENTR-
PEX34 3’. Recombination of these two entry vectors together with pENTR221-hph and the 
destination vector pDEST-R4-R3, resulting in pAMK57. Using pAMK57 as template, and 
primers pex34-5 and pex34-6 to amplify PEX34 deletion cassette, then transformed into yku80 
cells to produce pex34 deletion strain.

To create pex34::Pex32-mGFP, BglII-linearized pHIPZ-PEX32-mGFP was transformed 
into pex34 cells. XhoI-linearized pSEM01 was integrated into pex34::Pex32-mGFP to 
produce Pex14-mCherry.

Construction of strains expressing PEX11 under control of the alcohol oxidase 
promoter (PAOX)
Plasmid pHIPH4-PEX11 was produced by ligation of NotI and SmaI digested pHIPX4-
PEX11 and pHIPH7-PEX11. The plasmid pHIPX4-PEX11 was constructed as follows: a 
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PCR fragment containing PEX11 was obtained using primers Pex11-3 and Pex11-4 with 
WT genomic DNA as a template. PCR product and pHIPX4 were restricted by HindIII and 
SalI, ligated which result in pHIPX4-PEX11. pHIPH7-PEX11 was constructed from the 
ligation of BamHI and XmaI digested pHIPH5-PEX11 and pHIPH7-DsRed-SKL. To get 
pHIPH5-PEX11, the PEX11 gene was amplified with primers PEX11-01 and PEX11-02 by 
using the WT genomic DNA as templates, BamHI and XmaI digested PCR fragment was 
inserted between the BamHI and XmaI sites of pSEM04. NsiI-linearized pHIPH4-PEX11 
were integrated into WT::GFP-SKL, pex11::GFP-SKL and pex32::GFP-SKL strains 
respectively to produce PAOXPex11.

Construction of strain expressing Pex34-mGFP under control of the endogenous 
promoter
A plasmid encoding Pex34-mGFP was constructed as follows: a PCR fragment encoding 
the C-terminus of Pex34 was obtained using primers pex34 fw and pex34 rev with WT 
genomic DNA as a template. The obtained PCR fragment was digested with BglII and 
NruI, and inserted between the BglII and NruI sites of plasmid pHIPZ-mGFP fusinator. 
BsmBI-linearized pHIPZ-PEX34-mGFP was transformed into ykuo80 cells, producing 
Pex34-mGFP. DraI-linearized pHIPH7-DsRed-SKL was integrated into Pex34-mGFP to 
produce DsRed-SKL.

Overproduction of Pex32-mGFP in WT, pex32, pex11 and pex34 cells
To overproduce Pex32-mGFP, AatII-linearized pHIPN18-PEX32-mGFP was integrated 
into yku80::Pmp47-mKate2, pex11::Pmp47-mKate2, pex32::Pmp47-mKate2 and pex34 
strains separately to produce PADH1Pex32-mGFP. SpeI-linearized pHIPX-PMP47-
mKate2 was integrated into yku80, pex34::PADH1Pex32-mGFP, pex11::Pex32-mGFP and 
pex34::Pex32-mGFP separately to produce Pmp47-mKate2.

Preparation of yeast TCA lysates, SDS-PAGE and Western blotting
Cell extracts of TCA-treated cells were prepared for SDS-PAGE as described previously 
(Baerends et al., 2000). Equal amounts of protein were loaded per lane and blots were 
probed with anti-mGFP antibodies (sc-9996, Santa Cruz Biotech; 1:2000 dilution), anti-
Pex11 antibodies (Knoops et al., 2014; 1:2000 dilution), anti-Pex14 antibodies (Komori et 
al., 1997; 1:10,000 dilution), anti-Pex3 antibodies (Baerends et al., 1997; 1:5000 dilution), 
anti-AOX antibodies (van der Klei et al., 1995; 1:10,000 dilution), or anti-pyruvate 
carboxylase 1 (Pyc1) antibodies (Ozimek et al., 2007; 1:10,000 dilution). Secondary 
goat anti-rabbit (31460) or goat anti-mouse (31430) antibodies conjugated to horseradish 
peroxidase (HRP) (Thermo Scientific; 1:5000 dilution) were used for detection. Pyc1 was 
used as a loading control.

Quantification of Western blots
Blots were scanned using a densitometer (Bio-Rad, GS-710) and protein levels were 
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quantified using ImageJ software. The intensity of each band measured was normalized 
by dividing the intensity of the corresponding Pyc1 band (loading control). Normalized 
values obtained for Pex11, Pex3, Pex14 and AOX levels in WT cells were set to 1 and the 
levels in pex32 cells were displayed relative to WT. Standard deviations were calculated 
using Excel. Significance was determined using two-tailed student’s t-test. n.s. represents 
p-values > 0.05 and *** represents p-values < 0.001. The data presented are derived from 
three independent experiments.

Fluorescence microscopy
Wide-field FM images were captured at room temperature using a 100×1.30 NA objective 
(Carl Zeiss, Oberkochen, Germany). Images were acquired using a Zeiss Axioscope A1 
fluorescence microscope (Carl Zeiss), Micro-Manager 1.4 software and a CoolSNAP 
HQ2 digital camera. The GFP fluorescence were 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 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. mCherry and mKate2 
fluorescence were visualized with a 587/25 nm band-pass excitation filter, a 605 nm 
dichromatic mirror, and a 670/70 nm band-pass emission filter.

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 63x1.40 NA objective (Carl Zeiss, Oberkochen, 
Germany). The GFP, mKate2 and mCherry fluorescence were visualized with a 488, 561 
and 587 nm laser respectively.

Image analysis was performed using ImageJ. Bright field images have been adjusted to 
only show cell outlines. Figures were prepared using Adobe Illustrator software.

Quantification of peroxisomes numbers
Peroxisomes number quantification for Fig. 2B and Fig. 3B were performed manually based 
on 200 randomly selected cells from three independent cultures. Similarly, 200 randomly 
selected cells in two independent experiments were used to manually quantify peroxisomes 
number for Fig. 8C. Numbers correspond to the average number of peroxisomes per cell 
or to the average number of cells that do not contain any peroxisomal structures. Standard 
deviations were calculated using Excel. Significance was determined using two tailed 
student’s t-test. n.s. represents p-values > 0.05 and *** represents p-values < 0.001. For 
Fig. 6D, peroxisomes were detected and quantified automatically using a custom made 
plugin (Thomas et al., 2015) from 500 cells of two independent cultures.

Electron microscopy
For morphology analysis, pex34 cells were fixed in 1.5% potassium permanganate, 
post-stained with 0.5% uranyl acetate and embedded in Epon (a mixture of Glycid ether 
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(51.5% w/v; Serva, 151414), Methylnadic anhydride (47.3% w/v; Serva, 140573) and 
2,4,6-Tris(dimethylaminomethyl)phenol (1.2% w/v; Santa Cruz, F0112)). Image analysis 
and distance measurements are performed using ImageJ as described before (Wu et al., 
2020).

In Silico Analysis
Pex34-related proteins in various yeast species were identified using the primary sequence 
of S. cerevisiae Pex34 in Gapped Blast and Position Specific Iterated (PSI) Blast analyses 
(Altschul et al., 1997) on the budding yeasts dataset (taxid: 4892) of the non-redundant 
(nr) protein database at the National Center for Biotechnological Information (NCBI). In 
the PSI-Blast analyses a statistical significance value of 0.001 was used as a threshold 
for the inclusion of homologous sequences in each next iteration. Alignments of amino 
acid sequences were constructed using the Clustal_X2 program (http://www.clustal.org/
clustal2/) and displayed using GeneDoc software (Nicholas et al., 1997).
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Table 1. Strains used in this study

Strain Description Reference

WT NCYC495; leu 1.1 (Sudbery et al., 1988)

WT:: yku80 NCYC495 yku80 deletion strain; leu 1.1, URA3 (Saraya et al., 2012)

pex32 yku80 with PEX32 deletion strain; leu 1.1, URA3, ZeoR (Wu et al., 2020)

Pex32-mGFP yku80 with pHIPZ-PEX32-mGFP; leu 1.1, URA3, ZeoR (Wu et al., 2020)

pex32::PADH1Pex32-mGFP pex32 with pHIPN18-PEX32-mGFP; leu 1.1, URA3, ZeoR, 
NatR

This study

pex32::PADH1Pex32TM(I-IV)-mGFP pex32 with pHIPN18-PEX32TM(I-IV)-mGFP; leu 1.1, URA3, 
ZeoR, NatR

This study

pex32::PADH1Pex32TM(I-III)-mGFP pex32 with pHIPN18-PEX32TM(I-III)-mGFP; leu 1.1, URA3, 
ZeoR, NatR

This study

pex32::PADH1Pex32TM(I-II)-mGFP pex32 with pHIPN18-PEX32TM(I-II)-mGFP; leu 1.1, URA3, 
ZeoR, NatR

This study

pex32::PADH1Pex32TM(I)-mGFP pex32 with pHIPN18-PEX32TM(I)-mGFP; leu 1.1, URA3, 
ZeoR, NatR

This study

pex32::PADH1Pex32TM(II-IV)-
mGFP

pex32 with pHIPN18-PEX32TM(II-IV)-mGFP; leu 1.1, URA3, 
ZeoR, NatR

This study

pex32::PADH1Pex32∆31-mGFP pex32 with PHIPN18-PEX32∆31-mGFP; leu 1.1, URA3, 
ZeoR, NatR

This study

pex32::PADH1Pex32DysF-mGFP pex32 with PHIPN18-PEX32DysF-mGFP; leu 1.1, URA3, 
ZeoR, NatR

This study

pex32::BiP-mCherry-HDEL pex32 with pHIPX7-BiPN30-mCherry-HDEL; URA3, ZeoR, 
LEU2

This study

pex32::PADH1Pex32-mGFP::BiP-
mCherry-HDEL

pex32::PADH1Pex32-mGFP with pHIPX7-BiPN30-mCherry-
HDEL; URA3, ZeoR, NatR, LEU2

This study

pex32::PADH1Pex32TM(I-IV)-
mGFP::BiP-mCherry-HDEL

pex32::PADH1Pex32TM(I-IV)-mGFP with pHIPX7-BiPN30-
mCherry-HDEL; URA3, ZeoR, NatR, LEU2

This study

pex32::PADH1Pex32TM(I-III)-
mGFP::Bip-mCherry-HDEL

pex32::PADH1Pex32TM(I-III)-mGFP with pHIPX7-BiPN30-
mCherry-HDEL; URA3, ZeoR, NatR, LEU2

This study

pex32::PADH1Pex32TM(I-II)-
mGFP::BiP-mCherry-HDEL

pex32::PADH1Pex32TM(I-II)-mGFP with pHIPX7-BiPN30-
mCherry-HDEL; URA3, ZeoR, NatR, LEU2

This study

pex32::PADH1Pex32TM(I)-
mGFP::BiP-mCherry-HDEL

pex32::PADH1Pex32TM(I)-mGFP with pHIPX7-BiPN30-
mCherry-HDEL; URA3, ZeoR, NatR, LEU2

This study

pex32::PADH1Pex32TM(II-IV)-
mGFP::BiP-mCherry-HDEL

pex32::PADH1Pex32TM(II-IV)-mGFP with pHIPX7-BiPN30-
mCherry-HDEL; URA3, ZeoR, NatR, LEU2

This study

pex32::PADH1Pex32∆31-
mGFP::BiP-mCherry-HDEL

pex32::PADH1Pex32∆31-mGFP with pHIPX7-BiPN30-mCherry-
HDEL; URA3, ZeoR, NatR, LEU2

This study

pex32::PADH1Pex32DysF-
mGFP::BiP-mCherry-HDEL

pex32::PADH1Pex32DysF-mGFP with pHIPX7-BiPN30-
mCherry-HDEL; URA3, ZeoR, NatR, LEU2

This study

pex32::PADH1Pex32TM(II)-
mGFP::BiP-mCherry-HDEL

pex32::BiP-mCherry-HDEL with pHIPN18-PEX32TM(II)-
mGFP; URA3, ZeoR, LEU2, NatR

This study

pex32::PADH1Pex32TM(III-IV)-
mGFP::BiP-mCherry-HDEL

pex32::BiP-mCherry-HDEL with pHIPN18-PEX32TM(III-IV)-
mGFP; URA3, ZeoR, LEU2, NatR

This study

pex32::Pmp47-mKate2 pex32 with pHIPX-PMP47-mKate2; URA3, ZeoR, LEU2 This study

Pex32FL-mGFP::Pmp47-
mKate2

Pex32-mGFP with pHIPX-PMP47-mKate2; URA3, ZeoR, 
LEU2

This study
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pex32::Pex32TM(I-IV)-
mGFP::Pmp47-mKate2

pex32::Pmp47-mKate2 with pHIPN22-PEX32TM(I-IV)-mGFP; 
URA3, ZeoR, LEU2, NatR

This study

pex32::Pex32TM(I-III)-
mGFP::Pmp47-mKate2

pex32::Pmp47-mKate2 with pHIPN22-PEX32TM(I-III)-mGFP; 
URA3, ZeoR, LEU2, NatR

This study

pex32::Pex32TM(I-II)-
mGFP::Pmp47-mKate2

pex32::Pmp47-mKate2 with pHIPN22-PEX32TM(I-II)-mGFP; 
URA3, ZeoR, LEU2, NatR

This study

pex32::Pex32TM(I)-
mGFP::Pmp47-mKate2

pex32::Pmp47-mKate2 with pHIPN22-PEX32TM(I)-mGFP; 
URA3, ZeoR, LEU2, NatR

This study

pex32::Pex32TM(II-IV)-
mGFP::Pmp47-mKate2

pex32::Pmp47-mKate2 with pHIPN22-PEX32TM(II-IV)-
mGFP; URA3, ZeoR, LEU2, NatR

This study

pex32::Pex32∆31-
mGFP::Pmp47-mKate2

pex32::Pmp47-mKate2 with pHIPN22-PEX32∆31-mGFP; 
URA3, ZeoR, LEU2, NatR

This study

pex32::Pex32DysF-
mGFP::Pmp47-mKate2

pex32::Pmp47-mKate2 with pHIPN22-PEX32DysF-mGFP; 
URA3, ZeoR, LEU2, NatR

This study

pex32 atg1 pex32 with ATG1 deletion cassette; leu 1.1, URA3, ZeoR, 
HphR

This study

pex32 atg1::DsRed-SKL pex32 atg1 with pAMK15; URA3, ZeoR, HphR, LEU2 This study

WT::DsRed-SKL yku80 with pHIPN18-DsRed-SKL; leu 1.1, URA3, NatR (Wu et al., 2020)

pex32::DsRed-SKL pex32 with pAMK15; URA3, ZeoR, LEU2 (Wu et al., 2020)

pex11 PEX11 deletion strain; leu 1.1, URA3 (Krikken et al., 2009)

pex3 PEX3 deletion strain; leu 1.1, URA3 (Baerends et al., 1997)

pex14 PEX14 deletion strain; leu 1.1, URA3 (Komori et al., 1997)

WT::GFP-SKL yku80 with pFEM35; URA3, LEU2 (Krikken et al., 2009)

WT::GFP-SKL::PAOXPex11 WT::GFP-SKL with pHIPH4-PEX11; URA3, LEU2, HphR This study

pex11::GFP-SKL pex11 with pFEM35; URA3, LEU2 (Krikken et al., 2009)

pex11::GFP-SKL::PAOXPex11 pex11::GFP-SKL with pHIPH4-PEX11; URA3, LEU2, HphR This study

pex32::GFP-SKL pex32 with pFEM35; URA3, ZeoR, LEU2 (Wu et al., 2020)

pex32::GFP-SKL::PAOXPex11 pex32::GFP-SKL with pHIPH4-PEX11; URA3, LEU2, HphR This study

pex34 yku80 with PEX34 deletion strain; leu 1.1, URA3, HphR This study

pex34::Pex32-mGFP pex34 with pHIPZ-PEX32-mGFP; leu 1.1, URA3, HphR, 
ZeoR

This study

pex34::Pex32-mGFP::Pex14-
mCherry

pex34::Pex32-mGFP with pSEM01; leu 1.1, URA3, HphR, 
ZeoR, NatR

This study

Pex34-mGFP yku80 with pHIPZ-PEX34-mGFP; leu 1.1, URA3, ZeoR This study

Pex34-mGFP::DsRed-SKL Pex34-mGFP with pHIPH7-DsRed-SKL; leu 1.1, URA3, 
ZeoR, HphR

This study

Pmp47-mKate2 yku80 with pHIPX-PMP47-mKate2; URA3, LEU2 This study

WT::Pmp47-
mKate2::PADH1Pex32-GFP

Pmp47-mKate2 with pHIPN18-PEX32-GFP; URA3, LEU2, 
NatR

This study

pex11::Pmp47-mKate2 pex11 with pHIPX-PMP47-mKate2; URA3, LEU2 This study

pex11::Pmp47-
mKate2::PADH1Pex32-GFP

pex11::Pmp47-mKate2 with pHIPN18-PEX32-GFP; URA3, 
LEU2, NatR

This study
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pex34::PADH1Pex32-GFP pex34 with pHIPN18-PEX32-GFP; leu1.1, URA3, HphR, 
NatR

This study

pex34::Pmp47-
mKate2::PADH1Pex32-GFP

pex34::PADH1Pex32-GFP with pHIPX-PMP47-mKate2; 
URA3, HphR, NatR, LEU2

This study

pex32::Pmp47-
mKate2::PADH1Pex32-GFP

pex32::Pmp47-mKate2 with pHIPN18-PEX32-GFP; URA3, 
ZeoR, LEU2, NatR

This study

pex11::Pex32-mGFP pex11 with pHIPZ-PEX32-mGFP; leu 1.1, URA3, ZeoR (Wu et al. 2020)

pex11::Pex32-mGFP::Pmp47-
mKate2

pex11::Pex32-GFP with pHIPX-PMP47-mKate2; URA3, 
ZeoR, LEU2

This study

pex34::Pex32-mGFP::Pmp47-
mKate2

pex34::Pex32-GFP with pHIPX-PMP47-mKate2; URA3, 
HphR, ZeoR, LEU2

This study
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Table 2. Plasmids used in this study

Plasmid Description Reference
pHIPZ18-INP1-GFP pHIPZ plasmid containing the full length of INP1 fused with 

mGFP under the control of ADH1 promoter; ZeoR, AmpR
(Krikken et al., 
2020)

pHIPZ18-PEX32TM(I-IV)-
mGFP

pHIPZ plasmid containing PEX32TM(I-IV) fused with mGFP 
under the control of ADH1 promoter; ZeoR, AmpR

This study

pHIPZ18-PEX32DysF-mGFP pHIPZ plasmid containing PEX32DysF fused with mGFP 
under the control of ADH1 promoter; ZeoR, AmpR

This study

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

(Krikken et al., 
2020)

pHIPN18-Pex32TM(I-IV)-
mGFP

pHIPN plasmid containing PEX32TM(I-IV) fused with mGFP 
under the control of ADH1 promoter; NatR, AmpR

This study

pHIPN18-Pex32DysF-mGFP pHIPN plasmid containing PEX32DysF fused with mGFP 
under the control of ADH1 promoter; NatR, AmpR

This study

pHIPN18-PEX32TM(I-III)-
mGFP

pHIPN plasmid containing PEX32TM(I-III) fused with mGFP 
under the control of ADH1 promoter; NatR, AmpR

This study

pHIPN18-PEX32TM(I-II)-
mGFP

pHIPN plasmid containing PEX32TM(I-II) fused with mGFP 
under the control of ADH1 promoter; NatR, AmpR

This study

pHIPN18-PEX32TM(I)-
mGFP

pHIPN plasmid containing PEX32TM(I) fused with mGFP 
under the control of ADH1 promoter; NatR, AmpR

This study

pHIPN18-PEX32TM(II-IV)-
mGFP

pHIPN plasmid containing PEX32TM(II-IV) fused with 
mGFP under the control of ADH1 promoter; NatR, AmpR

This study

pHIPN18-PEX32∆31-mGFP pHIPN plasmid containing PEX32∆31 fused with mGFP 
under the control of ADH1 promoter; NatR, AmpR

This study

pHIPN18-PEX32-mGFP pHIPN plasmid containing the full length of PEX32 fused 
with GFP under the control of ADH1 promoter; NatR, AmpR

This study

pHIPX7-BiPN30-mCherry-
HDEL

pHIPX plasmid containing BiPN30 fused to mCherry-
HDEL under control of TEF promoter; LEU2, KanR

(Wu et al., 2020)

pHIPX-PMP47-mKate2 pHIPX plasmid containing the C-terminal region of 
PMP47 fused with mKate2; LEU2, AmpR

(Krikken et al., 
2020)

pHIPN18-PEX32TM(II)-
mGFP

pHIPN plasmid containing PEX32TM(II) fused with mGFP 
under the control of ADH1 promoter; NatR, AmpR

This study

pHIPN18-PEX32TM(III-IV)-
mGFP

pHIPN plasmid containing PEX32TM(III-IV) fused with 
mGFP under the control of ADH1 promoter; NatR, AmpR

This study

pHIPN22-PEX32TM(I-IV)-
mGFP

pHIPN plasmid containing PEX32TM(I-IV) fused with mGFP 
under the control of PEX32 promoter; NatR, AmpR

This study

pHIPN22-PEX32TM(I-III)-
mGFP

pHIPN plasmid containing PEX32TM(I-III) fused with mGFP 
under the control of PEX32 promoter; NatR, AmpR

This study

pHIPN22-PEX32TM(I-II)-
mGFP

pHIPN plasmid containing PEX32TM(I-II) fused with mGFP 
under the control of PEX32 promoter; NatR, AmpR

This study

pHIPN22-PEX32TM(I)-
mGFP

pHIPN plasmid containing PEX32TM(I) fused with mGFP 
under the control of PEX32 promoter; NatR, AmpR

This study

pHIPN22-PEX32TM(II-IV)-
mGFP

pHIPN plasmid containing PEX32TM(II-IV) fused with 
mGFP under the control of PEX32 promoter; NatR, AmpR

This study

pHIPN22-PEX32∆31-mGFP pHIPN plasmid containing PEX32∆31 fused with mGFP 
under the control of PEX32 promoter; NatR, AmpR

This study
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pHIPN22-PEX32DysF-mGFP pHIPN plasmid containing PEX32DysF fused with mGFP 

under the control of PEX32 promoter; NatR, AmpR
This study

pARM011 Plasmid containing the ATG1 deletion cassette; HphR, 
AmpR

(Thomas et al., 
2018)

pAMK15 pHIPX plasmid containing DsRed-SKL under the control 
of TEF promoter; LEU2, KanR

(Krikken et al., 
2009)

pHIPH4 PEX11 pHIPH plasmid containing the full length of PEX11 under 
the control of AOX promoter; HphR, AmpR

This study

pHIPX4 PEX11 pHIPX plasmid containing the full length of PEX11 under 
the control of AOX promoter; LEU2, KanR

This study

pHIPX4 pHIPX plasmid with AOX promoter; LEU2, KanR (Gietl et al., 1994)

pHIPH7 PEX11 pHIPH plasmid containing the full length of PEX11 under 
the control of TEF promoter; HphR, AmpR

This study

pHIPH5-PEX11 pHIPH plasmid containing the full length of PEX11 under 
the control of AMO promoter; HphR, AmpR

This study

pHIPH7-DsRed-SKL pHIPH plasmid containing DsRed-SKL under the control 
of TEF promoter; HphR, AmpR

(Devarajan et al., 
2020)

pSEM04 pHIPH plasmid containing PEX3 under the control of 
AMO promoter; HphR, AmpR

(Knoops et al., 
2014)

pDONR P4-P1R Multisite Gateway vector; KanR, CmR Invitrogen

pDONR P2R-P3 Multisite Gateway vector; KanR, CmR Invitrogen

pENTR PEX34 5’ pDONR P4-P1R with 5’ flanking region of PEX34; KanR This study

pENTR PEX34 3’ pDONR P2R-P3 with 3’ flanking region of PEX34; KanR This study

pENTR221-hph pDONR221 with HPH marker; HphR, KanR (Saraya et al., 2012)

pDEST-R4-R3 Multisite Gateway donor vector; AmpR, CmR Invitrogen

pAMK57 Plasmid containing PEX34 deletion cassette; HphR, AmpR This study

pHIPZ-PEX32-mGFP pHIPZ plasmid containing the C-terminal region of 
PEX32 fused with mGFP; ZeoR, AmpR

(Wu et al., 2020)

pSEM01 pHIPN plasmid containing C-terminalregion of PEX14 
fused with mCherry; NatR, AmpR

(Knoops et al., 
2014)

pAMK58 pHIPZ plasmid containing gene encoding C-terminal of 
Pex34 fused to mGFP; ZeoR, AmpR

This study

pHIPZ-mGFP pHIPZ plasmid containing mGFP; ZeoR, AmpR (Saraya et al., 
2010)
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Table 3. Primers used in this study

Primer Sequences (5’ to 3’)
Fw Pex321-696 GCGAAGCTTATGTCTGAGCCCAATGTTCG

Rv Pex321-696 GGAAGATCTGATCTGGAAATCATTGAGCAC

Fw Pex32697-1062 GCGAAGCTTATGTCAAATATTGGAACAGG

Rv Pex32697-1062 GGAAGATCTGGTGGTTGCGTCGTCCTCG

Rev Pex321-501 GGAAGATCTTCGCGTCATGAGCCAAATG

Rev Pex321-312 GGAAGATCTGTCAATGGTGGTCTTCAAG

Rev Pex321-177 GGAAGATCTAGGATCATCGTTTGTCCAGG

Fw Pex32(169-1062) GCGAAGCTTATGGATGATCCTTATACC

Fw Pex32(94-1062) GCGAAGCTTATGACATCTGCACTGTATGCG

Rv DysFPEX32-mGFP CCGCTCGAGTTACTTGTACAGCTCGTCCATGCC

Fw Pex32o2TM GCGAAGCTTATGGATGATCCTTATACCA

Fw Pex32TM3+4 GCGAAGCTTATGGACTTGCGGTCGGAGAC

PPEX32 fw GAATGCGGCCGCCTCGTGGATGTCTTGATAAC

PPEX32 rev CCCAAGCTTAAGAAGAGGTCATAAATGGAG

pDEL_ATG1_fwd ACAGGTCGTTGGTGACTTTAC

pDEL_ATG1_rev CTTCTCGTTGCCCGTGACC

Pex11-3 CCCAAGCTTATGGTTTGCGACACGATAAC

Pex11-4 AGAGTCGACTCATAGCACAGAAGACTCGG

PEX11-01 TCGAGGATCCATGGTTTGCGACACGATAAC

PEX11-02 CGATCCCGGGTCATAGCACAGAAGACTCGG

pex34-1 GGGGACAACTTTGTATAGAAAAGTTGCGGCAGAGTTGGCTGTTCCTTC

pex34-2 GGGGACTGCTTTTTTGTACAAACTTGGTAGAGCTTCTGCGTCGTTGT

pex34-3 GGGGACAGCTTTCTTGTACAAAGTGGAACGAGCTGGTTCTGGATCTGA

pex34-4 GGGGACAACTTTGTATAATAAAGTTGGAGAAGACTACCGACGAGGTT

pex34-5 GCAGAGTTGGCTGTTCCTTC

pex34-6 CTACCGACGAGGTTTTCGGT

pex34 fw CAGCAGTCCTACGCTCTATT

pex34 rev AGAAGATCTTAAATACTGTTTCTGCATAG
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Abstract
In the yeast Hansenula polymorpha all four Pex23 family proteins, Pex23, Pex24, Pex29 
and Pex32 localize to the ER. Deletion of PEX24 or PEX32 results in major defects in 
peroxisome biogenesis and function. Deletion of PEX23 results in weaker peroxisome 
defects, while in cells lacking PEX29 peroxisomes are normal. Here, we studied whether 
the absence of Pex23 family proteins affects other cell organelles in H. polymorpha.

Using fluorescence microscopy, less BODIPY 493/503-stained lipid droplets were detected 
in pex23 and pex29 cells compared to the other two deletion mutants and the wild-type 
control. Upon staining with Mitotracker, we observed altered mitochondrial morphology 
in the same two mutants. Using FM4-64 no alterations in vacuole morphology could be 
detected in any of the mutant strains.

Electron microscopy showed that pex23 and pex29 cells contain more mitochondria, which 
are strongly clustered, suggesting that mitochondrial fusion is defective. Localization studies 
revealed that Pex23 localizes to the peripheral ER and nuclear envelope. At the nuclear 
envelope Pex23 accumulates at nucleus vacuole junctions, while at the peripheral ER Pex23 
is evenly distributed. ER-mitochondria contact sites were still observed in pex23 cells.

Summarizing, our data indicate that the absence of proteins of the Pex23 family can not 
only affect peroxisomes and LDs, but also mitochondria.

Keywords: Pex23, Pex29, lipid droplets, mitochondria, yeast

Introduction
Peroxisomes are organelles that contain a proteinaceous matrix and are enclosed by a 
single membrane. These organelles are dynamic and continuously adjust their number, 
size and enzyme composition in response to internal and environmental stimuli (Smith and 
Aitchison, 2013). So far, 37 peroxins have been identified. Peroxins are proteins involved 
in peroxisome biology and are encoded by PEX genes.

Most peroxins localize to the peroxisomal membrane, but receptors for newly synthesized 
peroxisomal membrane and matrix proteins are cytosolic. Peroxins of the Pex23 protein 
family localize to the endoplasmic reticulum (ER). This protein family only exist in fungi. 
Proteins of this family are involved in regulating peroxisome proliferation (Yuan et al., 2016). 
The number of Pex23 family members and their role in regulating peroxisome abundance and 
size differ among yeast species. All Pex23 proteins contain a DysF motif at the C-terminus 
(Kiel et al., 2006). The DysF domain is responsible for adjusting peroxisome number and 
size in Pichia pastoris Pex30 and Pex31 (Yan et al., 2008). In Hansenula polymorpha, 
the DysF domain is not essential for Pex32 function, but needed for accumulation of the 
protein at peroxisome-ER contact sites (This thesis, Chapter III). The function of the DysF 
domain in other Pex23 family proteins is still unknown. In the N-terminal domain of Pex23 
family proteins one or multiple transmembrane (TM) helixes are predicted (Joshi et al., 
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2016; Wu et al., 2020; Yan et al., 2008). The TMs of H. polymorpha Pex32 are responsible 
for sorting to the ER and controlling peroxisome abundance (This thesis, Chapter III). In 
Saccharomyces cerevisiae Pex30 and Pex31 a reticulon-like domain (RHD) is predicted. 
Importantly, overproduction of this domain of ScPex30 could restore ER structure in cells 
lacking reticulons, suggesting this domain functions in ER-shaping (Joshi et al., 2016).

The most prevailing model in describing how Pex23 family proteins regulate peroxisome 
biogenesis is based on studies in S. cerevisiae, in which Pex29, Pex30 and Pex31 are 
in a complex together with the ER reticulon-like proteins Rtn1, Rtn2 and Yop1 at ER-
peroxisome contact sites. This protein complex defines the region where pre-peroxisomal 
vesicles (PPVs) bud off (David et al., 2013; Farré et al., 2019). Deletion of S. cerevisiae 
PEX30 and PEX31 results in a change in both the speed of PPV formation and PPV 
morphology, which influences peroxisome biogenesis (David et al., 2013; Joshi et al., 
2016; Mast et al., 2016).

Recently it was reported that S. cerevisiae Pex30 is also involved in regulating lipid 
droplets (LDs) biogenesis from the ER. Upon deletion of PEX30, cells produced more and 
smaller, clustered LDs (Choudhary et al., 2020; Joshi et al., 2018; Wang et al., 2018). Also, 
it has been proposed that Pex30, together with other LD biogenesis factors (Yft2, Erg6 and 
Pet10) are recruited to a seipin defined ER subdomain to initiate nascent LD formation 
(Choudhary et al., 2020).

Our studies in H. polymorpha showed that deletion of PEX24 or PEX32 results in severe 
peroxisome defects. These defects could be suppressed by introducing an artificial ER-
peroxisome linker protein, suggesting that Pex24 and Pex32 are important for the formation 
of peroxisome-ER contacts. In contrast, cells lacking Pex29 showed no peroxisome 
phenotype, while a slight peroxisome biogenesis defect happened in pex23 cells. However, 
the ER-peroxisome artificial linker was unable to rescue this defect.

While HpPex24 and HpPex32 accumulate at peroxisome-ER contact sites, HpPex23 
and HpPex29 localize to multiple regions of the ER. In addition, we observed that 
Pex23 accumulates at nuclear envelope-vacuole junctions (NVJs) (Wu et al., 2020), 
indicating these proteins are not limited to the ER-peroxisome contact sites. Based on 
these observations, we want to know whether Pex23 family proteins are also involved in 
associating ER to other organelles and play a role in regulating the biogenesis of other 
organelles than peroxisomes.

Here we studied the morphology of other cell organelles in H. polymorpha mutant strains 
lacking one of the Pex23 family members. We show that less BODIPY 493/503-stained 
LDs could be detected in H. polymorpha pex23 and pex29 mutants. In addition, more 
and clustered mitochondria occur in these two deletion strains compared to pex24, pex32 
and wild-type control cells. Vacuole morphology was normal in all four single deletion 
strains. Detailed localization studies confirmed that Pex23 accumulates at NVJs, but not 
at ER-mitochondria contact sites. Our data imply that Pex23 family proteins are not only 
important for peroxisomes and may not all be true peroxins.
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Results

Mitochondria and LDs are altered in pex23 and pex29 cells
To study whether the absence of Pex23 family proteins from H. polymorpha also affects 
other organelles, we analyzed the vacuoles, LDs and mitochondria in pex23, pex24, pex29 
and pex32 cells. Fluorescence microscopy (FM) revealed that in all four mutants FM4-64 
marked vacuoles are similar as in WT control cells (Fig. 1). In contrast, upon staining the 
cells with BODIPY 493/503 much less bright fluorescent spots were observed in pex23 
and pex29 cells compared to pex24, pex32 and WT controls, indicating that either the 
number of LDs decreased or their lipid composition changed (Fig. 1). Interestingly, pex23 
and pex29 deletion strains also displayed aberrant mitochondrial profiles, based on FM 
analysis of Mitotracker-stained cells. In contrast, in pex24 and pex32 cells mitochondrial 
morphology was similar to what was observed in the WT (Fig. 1). Summarizing, these data 
show that deletion of PEX23 or PEX29 affects LDs and mitochondria, but not vacuoles.

WT pex23 pex24 pex29 pex32

M
ito

tra
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FM
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64
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Figure 1. Deletion of PEX23 or PEX29 alters mitochondria and LDs. FM images (vacuoles and LDs) and Confocal 
Laser Scanning Microscopy (CLSM) images (mitochondria) of glucose-grown cells of the indicated deletion strains. Cells 
were stained with FM4-64 to visualize vacuoles, BODIPY 493/503 for LDs or Mitotracker Orange for mitochondria. Scale 
bars: 2 μm in FM images, 1 μm in CLSM images.

Mitochondria cluster in pex23 and pex29 cells
Next, we performed electron microscopy (EM) to better understand the alterations in 
mitochondrial morphology. As shown in Fig. 2A, mitochondrial profiles were present 
throughout the cells in WT, pex24 and pex32 cells, in line with the FM observations. 
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However, in cells lacking Pex23 or Pex29 mitochondrial profi les were highly clustered 
(Fig. 2A). The number of mitochondrial profi les was quantifi ed in thin sections using EM. 
This showed that sections of WT cells contained up to 4 mitochondrial profi les, but most 
sections contained 1 to 3 mitochondrial profi les. A very similar distribution was observed 
in sections of pex24 cells. However, in sections of pex23 and pex29 cells, and to a lesser 
extend of pex32 cells, often 6 or more profi les were observed (Fig. 2A). The absence of 
Pex23 family members did not lead to an increase in mitochondrial surface area (Fig. 2B). 
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Figure 2. Mitochondria in pex23 and pex29 cells are close associated. (A) Electron microscopy (EM) images of thin 
sections of KMnO4-fi xed glucose-grown cells of the indicated strains, and the number of mitochondria per profi le have 
been quantifi ed. Data are mean±s.d. of two independent experiments (n=2 using 40 random sections from each experiment). 
ER - endoplasmic reticulum; M - mitochondrion; N - nucleus; V - vacuole. Scale bar: 500 nm. (B) Quantifi cation of 
average mitochondrial area based on EM images of indicated strains. (C) Quantifi cation of the distance between 
mitochondria in indicated cells. (D) Quantifi cation of the distance between the ER and mitochondrial membranes in the 
indicated strains. Data are mean±s.d. of two independent experiments. (n=2 using 40 random sections from each 
experiment).

In thin sections, the percentage of mitochondria that are closely associated with the ER 
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(distance between both membranes < 30 nm) is similar in all four mutant strains and the 
WT control. This indicates that in the absence of Pex23 family proteins ER-mitochondria 
contact sites still occur, like in WT cells (Fig. 2D). Quantifi cation of the distance between 
mitochondrial profi les confi rmed that mitochondria are more clustered in pex23 and pex29
mutants, relative to pex24, pex32 and WT controls (Fig. 2C). Further EM analysis of pex23
cells using serial sections confi rmed that these cells contain multiple mitochondria that are 
clustered (Fig. 3). This analysis also showed that NVJs still occur in pex23 cells. 

We next analyzed cells of a dnm1 mutant to test whether the alterations in mitochondrial 
profi les and their clustering were caused by a defect in mitochondrial fi ssion (Bleazard 
et al., 1999). As shown in Fig. 2A, mitochondrial morphology in dnm1 cells was very 
different in comparison to the WT and mutants lacking a Pex23 family protein, because 
dnm1 cells contained a single mitochondrial profi le. Also, the mitochondrial surface area 
increased in dnm1 cells relative to all other strains under study (Fig. 2B).

NM

ER

500 nm

V

Figure 3. H. polymorpha pex23 cells contain a cluster of multiple mitochondria. Top: 3D reconstructions of serial 
sections shown below. Bottom: 20 consecutive sections from a series of serial sections through a glucose-grown pex23 cell. 
M - mitochondria (green and numbered), ER- endoplasmic reticulum, N - nucleus (red), V - vacuole.
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In S. cerevisiae proteins of the Pex23 family have membrane shaping properties and occur in 
the same complex as reticulons, Rtn1 and Rtn2. S. cerevisiae Yop1 is also a reticulon interaction 
protein that localizes to the ER and plays a role in membrane shaping (Voeltz et al., 2006). 
Therefore, we asked whether the absence of the H. polymorpha homolog of S. cerevisiae
Yop1 also affects mitochondrial morphology. This was not the case because the number of 
mitochondrial profi les and the clustering was similar in H. polymorpha yop1 and WT cells.

Pex23 is present at the peripheral ER and concentrates in NVJs at the nuclear 
envelope
We previous showed that GFP-tagged Pex23 localizes in multiple spots at the ER also including 
peroxisome-ER contact sites and NVJs, suggesting that Pex23 is a general contact site protein 
(Wu et al., 2020). Contact sites between the ER and mitochondria regulate mitochondrial 
fi ssion and fusion in S. cerevisiae (Abrisch et al., 2020; Prinz et al., 2020). If Pex23 plays 
a role in ER-mitochondrial contacts, this may explain the altered mitochondrial phenotype. 
Correlative light and electron microscopy (CLEM) was performed to analyze whether Pex23-
GFP accumulates at ER-mitochondria contact sites as well. To obtain suffi cient fl uorescence for 
CLEM, Pex23-GFP was overproduced using the strong and inducible PAOX promoter (Fig. 4B) 
In glycerol-grown cells, Pex23-GFP was evenly distributed over the peripheral ER (Fig. 4A). 
At the nuclear envelope Pex23-GFP accumulated at NVJs. The most intense fl uorescent spots 
were selected for tomography. In most cases these spots occurred at regions were peripheral ER 
is present (see arrowhead in Fig. 4A). Pex23-GFP did not accumulate in specifi c patches on the 
peripheral ER. Therefore, enrichment at ER-mitochondria contact sites likely does not occur.
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Figure 4. Pex23 localizes at the peripheral and nuclear ER, including NVJs. (A) Correlative Light and Electron 
Microscopy (CLEM) of cells producing Pex23-GFP under control of the PAOX. Nucleus is stained with 4′,6-diamidino-2-
phenylindole (DAPI). The arrowhead indicates the most intense GFP spot in the GFP image and the corresponding position 
in the rendered volume. Cells were induced for 1.5 h on glycerol. V - vacuole, N - nucleus, M - mitochondrion. (B) Western 
blot analysis of Pex23-GFP levels in the indicated strains grown for 1.5 h on glycerol. Blots were decorated with α-GFP 
or α-Pyc1 antibodies (loading control).
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pex23 cells grow like WT controls on various carbons sources.
H. polymorpha mutants lacking Pex23 family proteins are capable to grow on glucose. 
H. polymorpha pex24 and pex32 cells show a severe growth defect on methanol, in line 
with the peroxisome biogenesis defect of these cells. Cells lacking Pex29 grow normal on 
methanol, while growth of pex23 cells on methanol is reduced (Wu et al., 2020). To test 
whether pex23 cells showed any other growth defect, we analyzed the capacity of the cells 
to grow on carbon sources that are not metabolized by peroxisomal enzymes. As shown in 
Fig. 5, pex23 cells grew like WT controls on glycerol and ethanol (Fig. 5).

WT

pex23

Glucose

WT

pex23

Ethanol

WT

Glycerol

pex23

Figure 5. Growth analysis of pex23 cells. Spot assay analysis of growth of WT and pex23 cells on mineral medium 
containing glucose, ethanol or glycerol.

Discussion
In this study, we show for the first time that the absence of a Pex23 family protein can 
lead to alterations in mitochondrial morphology. Our data indicate that in the yeast H. 
polymorpha deletion of PEX23 or PEX29 leads to aberrant mitochondrial morphology 
together with changes in LDs. The latter is in line with previous findings in S. cerevisiae 
pex30 cells, which contain less and smaller LDs (Joshi et al., 2018; Wang et al., 2018). 
ScPex30 was demonstrated to define the ER subdomain that is involved in LD and PPV 
formation (Choudhary et al., 2020; Joshi et al., 2018; Wang et al., 2018).

The altered mitochondrial morphology in H. polymorpha pex23 and pex29 cells is not 
indirectly due to peroxisome biogenesis defects, because pex24 and pex32 cells are more 
severely affected in peroxisome formation, but have normal mitochondria (Wu et al., 2020). 
Conversely, while peroxisomes are normal in pex29 cells, these cells show clear mitochondrial 
morphology alterations. The mitochondrial abnormalities of pex23 and pex29 cells differ from 
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that observed in dnm1 cells, in which mitochondrial fission is blocked. Thus, pex23 and pex29 
are not defective in mitochondrial fission. The absence of H. polymorpha Yop1, an ER protein 
with membrane shaping properties, had no effect on mitochondria. Detailed comparison of 
ER morphology in pex23, pex29, yop1 and other mutants lacking RHD proteins is required to 
determine whether ER shape is important for mitochondrial morphology.

We speculate that deletion of PEX23 or PEX29 affects mitochondrial fusion. EM analysis 
of pex23 cells revealed enhanced numbers of mitochondria that are highly clustered. 
Hence, these organelles apparently still can divide, but may not be capable to fuse. Indeed, 
in S. cerevisiae a block in mitochondria fusion, caused by the absence of Fzo1, results in 
fragmented mitochondrial structures that form a cluster in one area of the cell (Hermann 
et al., 1998). This phenotype is similar to what we observed in H. polymorpha pex23 and 
pex29 cells. However, because Pex23 and Pex29 are ER-resident proteins their role in 
regulating mitochondrial fusion most likely is indirect and different from Fzo1.

Interestingly, the mitochondrial fusion protein Fzo1 has been identified as tethering protein 
at mitochondria-peroxisome contact sites in S. cerevisiae (Shai et al., 2018). Moreover, 
upon overproduction Fzo1 also localizes to peroxisomes. Possibly, Fzo1 is involved in 
multiple contact sites by interacting with different organellar proteins, including Pex23 
and Pex29. If so, deletion of PEX23 or PEX29 may eliminate this interaction and further 
affects Fzo1-dependent mitochondrial fusion.

Mitochondrial fusion highly depends on a proper membrane lipid composition (Moon and 
Jun, 2020). Therefore, the mitochondrial defects in pex23 and pex29 cells might be caused 
by an altered membrane lipid composition. The LD defects in pex23 and pex29 mutants 
support this possibility. Lipid exchange occurs between the ER and mitochondria (Vid and 
Günther, 2013). Deletion of PEX23 or PEX29 may alter this process and affect both ER 
and mitochondrial membrane lipid composition.

The mitochondrial phenotype of pex23 and pex29 cells could also be the result of alterations 
in ER-mitochondrial contact sites as mitochondrial fission and fusion can occur at these sites 
(Abrisch et al., 2020). Our EM analysis revealed that ER-mitochondria contacts still occur in 
pex23 and pex29 cells. Although Pex23 does not accumulate at ER-mitochondria contacts, it 
is present all over the peripheral ER and hence likely also at regions where the ER associates 
with mitochondria. Importantly, Pex23 does accumulate at NVJs. However, also NVJs are 
still formed in cells lacking Pex23.

In S. cerevisiae, Mmm1, Mdm10, Mdm12 and Mdm34 are the main protein components 
at ER-mitochondria contact sites (ERMES). This ER-mitochondria contact site is involved 
in phospholipid transport between both organelles (Kawano et al., 2018). We observed 
no significant increase in distance between the ER and mitochondrial membrane in cells 
lacking Pex23. However, this does not exclude the possibility that Pex23 is involved in 
forming an ER-mitochondria contact site, which plays a role in regulating mitochondrial 
fission and fusion. If so, deletion of PEX23 may affect the function of this contact site, 
explaining why mitochondrial dynamics is disturbed.
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Summarizing, our data show for the first time that in H. polymorpha deletion of PEX23 or 
PEX29 results in mitochondrial defects, namely in clustering of multiple organelles. These 
data indicate that proteins of the Pex23 family are not only playing a role in peroxisome 
biogenesis.

Materials and methods

Strains and growth conditions 
H. polymorpha cells were grown in batch culture at 37 ℃ on mineral media (Van Dijken 
et al., 1976) supplemented with 0.5% glucose, or 0.25% glycerol for overproducing Pex23 
as carbon source. Leucine, when required, was added to a final concentration of 60 μg/
ml. For growth on plates, YPD media (1% yeast extract, 1% peptone and 1% glucose) 
were supplemented with 2% agar. Resistant transformants were selected using 100 μg/ml 
nourseothricin (WERNER BioAgents) or 300 μg/ml hygromycin (Invitrogen).

The Escherichia coli strain DH5α used for cloning. E. coli cells were grown at 37 ℃ 
in Luria broth (LB) media (1% Bactotryptone, 0.5% Yeast Extract and 0.5% NaCl) 
supplemented with 100 μg/ml Ampicillin or 50 µg/ml kanamycin. 2% agar was added in 
LB medium when growing on plates.

Construction of H. polymorpha strains
The strains, plasmids and primers used in this study are listed in Table 1, 2 and 3 
respectively. Plasmid integration was performed as described previously (Faber et al., 
1994). All integrations were confirmed by PCR. Deletion constructions were confirmed 
by PCR and Southern blotting.

Construction of yop1 and dnm1 single deletion strains
The yop1 deletion strain was constructed by replacing the YOP1 region with the 
nourseothricin resistance gene as follows: First, a PCR fragments comprising the 
nourseothricin resistance gene and 50 bp of the YOP1 flanking regions were amplified 
with primers dyop1-F and dyop1-R using plasmid pHIPN4 as a template. The resulting 
YOP1 deletion cassette was transformed into yku80 cells to obtain yop1 deletion mutant.

To construct dnm1 strain, a PCR fragment containing DNM1 deletion cassette was 
amplified with primers Hyg-Fw01 and Hyg-Rev02 using plasmid pARM001 as a template 
and then transformed into yku80 cells resulting in dnm1 mutant.

Construction of PAOXPex23-GFP::DsRed-SKL
To construct PAOXPex23-GFP::DsRed-SKL, first PAOXPex23-GFP has been constructed. For 
this strain, a PCR fragment containing PEX23-GFP sequence was amplified with primers 
Pex23-F and Pex23-R using strain Pex23-GFP as a template. The obtained PCR product was 
digested with HindIII and SalI, and inserted between the HindIII and SalI sites of pHIPH4 
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plasmid, resulting in plasmid pHIPH4-PEX23-GFP. PflmI-linearized pHIPH4-PEX23-GFP 
was transformed into yku80 to express PAOXPex23-GFP.

NsiI-linearized pHIPN4-DsRed-SKL was integrated into PAOXPex23-GFP to produce 
DsRed-SKL.

Preparation of yeast TCA lysates
Cell extracts of TCA-treated cells were prepared for SDS-PAGE as described previously 
(Baerends et al., 2000). Equal amounts of protein were loaded per lane and blots were 
probed with anti-mGFP antibodies (sc-9996, Santa Cruz Biotech; 1:2000 dilution), or 
anti-pyruvate carboxylase 1 (Pyc1) antibodies (Ozimek et al., 2007; 1:10,000 dilution). 
Secondary goat anti-rabbit (31460) or goat anti-mouse (31430) antibodies conjugated 
to horseradish peroxidase (HRP) (Thermo Scientific; 1:5000 dilution) were used for 
detection. Pyc1 was used as a loading control. Blots were scanned using a densitometer 
(Bio-Rad, GS-710).

Spot assay
Exponential glucose growing cells were harvested by centrifugation and diluted to an 
OD600 of 1.0 in water. Serial dilutions of were made (10-1, 10-2, 10-3, 10-4, 10-5) and spotted 
on mineral medium plates containing glucose (0.5%), glycerol (0.25%) or ethanol (0.25%). 
These plates were incubated for 48 h at 37 °C.

Fluorescence microscopy
Images were obtained from the cells in growth media or on 200 nm thick cryosections 
for CLEM using a fluorescence microscope (Axioscope A1; Carl Zeiss) using Micro-
Manager software and a digital camera (Coolsnap HQ2; Photometrics). The GFP and 
BODIPY fluorescence were visualized with a 470/40 nm band-pass excitation filter, a 495 
nm dichromatic mirror, and a 525/50 nm band-pass emission filter. Mitotracker and FM4-
64 fluorescence 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. DAPI fluorescence was 
visualized with a 380/30 nm band-pass excitation filter, a 420 nm dichromatic mirror, and 
a 460/50 nm band-pass emission.

For vacuolar staining, 1 ml of cell culture was supplemented with 1 μl FM4-64 
(Invitrogen), incubated for 60 min at 37°C, and analyzed. The lipid droplet dye BODIPY 
493/503 (Invitrogen) was used at a concentration of 1 µg/ml, incubated for 10 min at 37°C. 
Mitochondria were stained by adding 0.1 µl Mitotracker Orange (1 mM) to 1 ml of cells. 
These cells were incubated for 5 min at 37 °C and subsequently spotted on agar containing 
glucose.

Image analysis was performed using ImageJ, and figures were prepared using Adobe 
Illustrator software.
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Electron microscopy
For morphological analysis, cells were fixed in 1.5% potassium permanganate, post-
stained with 0.5% uranyl acetate and embedded in Epon. Mitochondrial area, distances 
between mitochondria, and distance between the ER and mitochondria are measured in 
ImageJ.

Serial sectioning was performed on cryo-fixed cells. For this cells are cryo-fixed and freeze 
substituted as described previously (Wu et al., 2018). 60 nm serial sections are collected on 
formfar coated single slot copper grids and inspected with a CM12 TEM (Philips). 

Correlative light and electron microscopy (CLEM) was performed as described previously 
(Knoops et al., 2015). 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 was performed manually in a CM12 TEM (Philips) running at 100 
kV, and included a tilt range of 45° to −45° with 2.5° increments. To construct the CLEM 
images, pictures taken with FM and EM were aligned using the eC-CLEM plugin in Icy 
(Paul-Gilloteaux et al., 2017) (http://icy.bioimageanalysis.org). Reconstruction of the 
tomograms and alignment of the serial sections was performed using the IMOD software 
package (https://bio3d.colorado.edu/imod/).
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Table 1. Strains used in this study

Strain Characteristics Reference
yku80 NCYC495 yku80 deletion strain; leu 1.1, URA3 (Saraya et al., 2012)

pex23 yku80 with PEX23 deletion strain; leu 1.1,URA3, ZeoR (Wu et al., 2020)

pex24 yku80 with PEX24 deletion strain; leu 1.1,URA3, ZeoR (Wu et al., 2020)

pex29 yku80 with PEX29 deletion strain; leu 1.1,URA3, ZeoR (Wu et al., 2020)

pex32 yku80 with PEX32 deletion strain; leu 1.1,URA3, ZeoR (Wu et al., 2020)

yop1 yku80 with YOP1 deletion strain; leu 1.1,URA3, NatR This study

dnm1 yku80 with DNM1 deletion strain; leu 1.1,URA3, HphR This study

Pex23-GFP yku80 with pHIPZ-PEX23-mGFP; leu 1.1,URA3, ZeoR (Wu et al., 2020)

PAOXPex23-GFP::DsRed-SKL Pex23-mGFP with pHIPN4-DsRed-SKL; leu 1.1,URA3, 
ZeoR, NatR

This study

Table 2. Plasmids used in this study

Plasmid Description Reference
pHIPN4 pHIPN plasmid containing AOX promoter; AmpR, NatR (Cepińska et al., 2011)

pARM001 pHIPH plasmid containing the C-terminal of PEX14 fused to mCherry; 
AmpR, HphR

(Kumar et al., 2016)

pHIPZ-PEX23-GFP pHIPZ plasmid containing the C-terminal of PEX23 fused to mGFP; 
AmpR, ZeoR

(Wu et al., 2020)

pHIPH4 Plasmid containing HPH marker under the control of AOX promoter; 
AmpR,HphR

(Saraya et al., 2012)

pHIPH4-PEX23-
GFP

pHIPH plasmid containing PEX23-GFP under the control of AOX 
promoter; AmpR, HphR

This study

pHIPN4-DsRed-
SKL

pHIPN plasmid containing the DsRed-SKL under the control of AOX 
promoter; AmpR, NatR

(Cepińska et al., 2011)

Table 3. Primers used in this study

Primer Sequence (5’ to 3’)
dyop1-F CATCATGGATTTCAACAAGCTGCAAGCCCAAGTGCAAAACGCGTTTTCTGTAACCCACA-

CACCATAGCTTCAAAATG

dyop1-R CTTCTGCTCTTGCATACCCTTTGCAGTCTTACTGAGTCTTCTCCTGGACCATCATCGAT-
GAATTCGAGCTCGTTTTC

Hyg-Fw01 GAATACATTTCCAAGCCAAACTCGATTATTCTAGCTGTTTCTCCAGCCAATAACCCACACAC-
CATAGCTTCAA

Hyg-Rev02 ACCGAACCATTTGGCGACCTGGCATGGTCTTTACTCTTCTGTTTCTGTTT 
CGTTTTCGACACTGGATGGC

Pex23-F CCCAAGCTTATGCCTACGGATCCGAACTC

Pex23-R GCAGTCGACTTACTTGTACAGCTCGTCCA
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Summary
Peroxisomes are single membrane bound organelles with conserved functions in 
β-oxidation of fatty acids and detoxification of hydrogen peroxide. In human, peroxisome 
biogenesis defects result in severe clinical brain diseases and may lead to death. Biogenesis 
of peroxisomes depends on peroxins, which are encoded by PEX genes. Until now 37 
peroxins have been identified and most of them are peroxisomal membrane proteins 
(PMPs), involved in matrix protein import, membrane protein insertion and regulation of 
peroxisomes number and size.

Peroxins of the Pex23 family of proteins are localized to the endoplasmic reticulum (ER). 
These proteins only exist in fungi and control peroxisomes number and size (Yuan et al., 
2016). The number of Pex23 family members varies among yeast species. So far, different 
functions were proposed for proteins of this family. The Saccharomyces cerevisiae Pex23 
family members Pex29, Pex30 and Pex31, occur in a protein complex together with 
the ER reticulon proteins Rtn1, Rtn2 and the reticulon-like protein Yop1. This complex 
exists at ER-peroxisome contact sites, called EPCONs (David et al., 2013; Mast et al., 
2016). The EPCONs regulate de novo peroxisome formation from the ER by controlling 
preperoxisomal vesicle (PPV) biogenesis (David et al., 2013; Joshi et al., 2016). Lipid 
droplets (LDs) are produced at the same ER region where ScPex30 localizes. Deletion of 
PEX30 affects both peroxisome and LD formation, indicating that this gene is engaged in 
the biogenesis of more than one organelle.

Membrane contact sites (MCSs) are regions where two organellar membranes are closely 
associated. MCSs are involved in many processes, including lipid and Ca2+ transport, organelle 
fission and positioning (Prinz et al., 2020). MCSs contain proteins with four different roles, 
namely structural proteins, functional proteins, sorter/recruitment proteins and regulator 
proteins. Notably, MCS proteins often play more than one of these roles (Scorrano et al., 2019).

The yeast Hansenula polymorpha is an ideal model organism to study peroxisomes and 
peroxisomal contact sites. In H. polymorpha peroxisomes are not required for growth of 
cells on glucose. As a consequence glucose-grown H. polymorpha cells contain a single, 
small peroxisome. Functional peroxisomes are however essential to allow growth of cells 
on methanol. Hence, methanol-grown wild-type cells contain multiple, large peroxisomes. 
Also, mutant strains that lack functional peroxisomes are unable to grow on methanol as 
carbon source, but normally grow on glucose media.

During adaptation of glucose-grown cells to methanol medium, peroxisomes rapidly 
grow in size and increase in number. This is accompanied by the uptake of lipids from 
other membranes, because yeast peroxisomes are unable to synthesize membrane lipids. 
Peroxisomal MCSs most likely are involved in this process. If true, peroxisome biogenesis 
is expected to be affected by mutations in peroxisomal MCS proteins.

The aim of this thesis was to better understand the role of H. polymorpha Pex23 family 
proteins in organelle biogenesis.
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Chapter I summarizes the current knowledge on peroxisomes in yeast. It presents 
an overview of the current knowledge on peroxins involved in matrix protein import, 
peroxisome membrane protein sorting and peroxisome proliferation. Additionally, other 
proteins, which are not encoded by PEX genes, but play a role in regulating peroxisome 
abundance and size, are described. Moreover, an overview is presented of the known 
peroxisomal MCSs, the current knowledge on the protein composition of these MCSs and 
their functions in peroxisome biology.

In Chapter II, we systematically studied all four H. polymorpha Pex23 family proteins, 
namely Pex23, Pex24, Pex29 and Pex32. We show that all four Pex23 family proteins 
localize to the ER. Two of them (Pex24, Pex32) accumulates at peroxisome-ER contact 
sites, while the other two (Pex23 and Pex29) are also located at other regions of the ER.

Cells of a PEX29 deletion strain (pex29) showed no peroxisome phenotype, suggesting that 
either Pex29 has a redundant function with the other three Pex23 family proteins in regulating 
peroxisome biogenesis or Pex29 is not a bona fide peroxin. In pex23, pex24 or pex32 cells, 
peroxisome numbers decreased accompanied by an increase in peroxisome size, indicating 
these three proteins are required for peroxisome proliferation. Analysis of the distance between 
the ER membrane and the peroxisomal membrane in strains lacking proteins of the Pex23 
family revealed that this distance increased upon deletion of PEX23, PEX24 or PEX32, but not 
PEX29. This implies that Pex23, Pex24 and Pex32 are required for associating peroxisomes 
with the ER. To test whether the observed peroxisome phenotypes in strains lacking these genes 
were due to the increase in distance between both membranes, we introduced an artificial tether 
protein (ERPER), which consists of the peroxisomal membrane protein Pex14 and the ER tail-
anchor protein Ubc6. Peroxisomal defects and the inability of the cells to grow on methanol 
were largely rescued in pex24 and pex32 cells containing ERPER, but only slightly improved 
in pex23::ERPER cells. This means that a close association between the ER and peroxisome 
is essential for maintaining functional peroxisomes in cells lacking PEX24 or PEX32. Also, 
introduction of the ERPER resulted in an increase in peroxisome membrane surface in pex24 
and pex32 mutants, which suggests that EPCONs are important for peroxisome membrane 
expansion. In addition, we found that the peroxisomal membrane protein Pex11 is important 
for Pex32-dependent EPCONs formation. Upon deletion of PEX11 EPCONs are disrupted, 
accompanied by a change in distribution of Pex32 over the ER. In wild-type cells Pex32 
generally accumulates at one spot in the cell, while in the absence of Pex11 the protein is 
present at multiple regions of the ER. Essentially similar results were observed in a strain 
lacking the PMP Pex34, which is another member of the Pex11 protein family. Like in pex11 
cells, in pex34 cells EPCONs were disrupted and the single Pex32-GFP spot was lost (Chapter 
III). Our data suggest that Pex11, Pex34 (at the peroxisomal membrane) and Pex24 and Pex32 
(at the ER) are required for EPCONs formation. Most likely EPCONS are involved in non-
vesicular membrane lipid transport from the ER to peroxisomes.

ScPex30 plays a role in the regulation of PPV formation. We found no difference in 
the number and morphology of PPVs in pex32 and WT cells, which indicates that H. 
polymopha Pex32 is not important for regulating PPV formation.
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In Chapter III, we further investigated the structure and function of H. polymorpha 
Pex32. HpPex32 has four predicted transmembrane helices (TMs) at N-terminus and a 
DysF motif at the C-terminus (Wu et al., 2020). Co-localization analysis of various Pex32 
truncations revealed that the TMs are important for sorting of Pex32 to the ER, whereas 
the DysF domain is required for concentrating Pex32 at EPCONs. Moreover, the DysF 
domain alone is capable to associate with peroxisomes. Removal of the DysF domain 
from Pex32 did not affect peroxisome abundance and size, indicating that the N-terminal 
domain with the four TMs is sufficient for Pex32 function.

In pex32 cells Pex11 levels are dramatically reduced. Therefore, the peroxisomal defects 
in pex32 cells (defect in EPCONS, less and larger peroxisomes) might indirectly be caused 
by the low Pex11 levels. Probably this is due to degradation of Pex11, because we were 
unable to obtain enhanced Pex11 levels in pex32 cells by overexpression of PEX11.

Overexpression of PEX32 restored the peroxisomal defects in pex32 cells, but not in 
pex11 or pex34 cells, implying that Pex32 is not functionally redundant with Pex11 or 
Pex34. Based on these data we propose that Pex32, Pex11 and Pex34 are all required 
for regulating peroxisome biogenesis, while these three proteins are engaged in different 
molecular mechanisms.

In Chapter II, we showed that H. polymorpha Pex23 and Pex29 localize at multiple 
distinct ER regions, including nucleus vacuole junctions (NVJs). Possibly, these two 
proteins exist at different ER contact. To address this, we analyzed the morphology of 
other cell organelles in mutants lacking a protein of the Pex23 family (Chapter IV). In 
pex23, pex24, pex29 and pex32 cells, vacuoles, LDs and mitochondria were studied by 
fluorescence microscopy upon staining the cells with organelle specific dyes. In cells 
lacking Pex23 or Pex29 less LDs were observed and the morphology of the mitochondrial 
network was abnormal. By electron microscopy (EM) studies, we revealed that there 
are more mitochondrial structures in pex23 and pex29 cells. Also, in pex23 and pex29 
cells mitochondria are more clustered and present at one region of the cell. This indicates 
that deletion of PEX23 or PEX29 may cause a defect in mitochondrial fusion. Detailed 
correlative light and electron microscopy studies indicated that Pex23 did not specifically 
accumulate at ER-mitochondria contact site. Instead, it accumulated at NVJs. Moreover, 
in pex23 cells mitochondria-ER contact sites as well as NVJs were normally present. More 
studies are needed to understand the cellular function of HpPex23 and HpPex29.

Summarizing, in my thesis I describe studies on all four H. polymorpha Pex23 family 
proteins. Based on protein localization and morphological studies, I propose that all four 
proteins are functioning in membrane contact sites with the ER (Table 1). Pex32 and 
Pex24 function more specifically at ER-peroxisome MCSs (EPCONs) and are crucial 
for peroxisome biogenesis, most likely for membrane lipid transport from the ER to 
peroxisomes. Pex23 and (overproduced) Pex24 also accumulate at NVJs. The reason for 
this and the function of these proteins at NVJs is still unknown. Pex29 is not essential 
for peroxisome biogenesis, however, deletion of PEX29 leads to fewer LDs and altered 
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mitochondrial morphology. Possibly, Pex29 is not a genuine peroxin. Similarly, the absence 
of Pex23 affects LDs and mitochondria, but in addition results in abnormal peroxisome 
formation.

Table 1. Hansenula polymorpha Pex23 family proteins in the indicated membrane contact sites. 

Proteins EPCONs ER-Mito ER-LD NVJs
Pex23 √ √ √ √

Pex24 √ √

Pex29 √ √

Pex32 √

EPCONs: ER-peroxisome contact sites, ER-Mito: ER-mitochondria contact sites, ER-LD: ER-lipid droplets contact sites, 
NVJs: Nucleus-vacuole junctions.

Outlook
In Chapter II, we proposed that Pex24 and Pex32 are required for tethering peroxisomes 
to the ER. However, our data are insufficient to define Pex24 and Pex32 as tethers because 
the minimum criteria for a bona fide MCS tether include i) defined location at the MCS, 
ii) structural capacity to assocate two membranes and iii) a specific functional activity 
(Eisenberg-Bord et al., 2016). We showed that H. polymorpha Pex24 and Pex32 localize at 
the ER region where peroxisomes are closely associated (defined location) and peroxisome 
deficiencies in pex24 and pex32 cells could be rescued by reintroducing an artificial ER-
peroxisome tether (functional activity). Further structure-function analyses and protein-
protein interaction studies are necessary to answer the question whether Pex24 and Pex32 
are true components of tethers at ER-peroxisome contact sites in H. polymorpha.

Combining the data from Chapter II and III, we conclude that Pex11 and Pex34 are 
required for Pex32-dependent EPCONs formation. Possibly, these peroxisomal membrane 
proteins physically interact with Pex24 and Pex32 at the ER. Indeed, localization studies 
of the DysF domain of Pex32, fused to GFP, revealed that this domain has the capacity to 
associate to peroxisomes.

The absence of Pex11 could not be compensated by Pex32 overproduction and vice versa, 
indicating that both proteins have their unique function in the formation and function of 
EPCONS.
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Below I present a hypothetical model that describes possible functions of the different 
EPCONs components described in this thesis (Fig. 1).

ER

Peroxisome

Pe
x3

4
Pe

x1
1

Pex11
Pex11

Pex11 Pex11 ?
Pex24 Pex32

Figure 1. Hypothetical model of the role of Pex24 and Pex32 at ER-peroxisome contact sites (EPCONS). Pex32 and 
Pex24 define an ER region where other EPCONs proteins, including peroxisome membrane proteins Pex11 and Pex34 
and other proteins (marked with question mark), accumulate and form a contact site. Pex11 and Pex34 may (indirectly) 
interact with the DysF domains of Pex24 and Pex32. Pex11 and Pex34 may first sort to the ER and be transported to the 
peroxisomal membrane at EPCONs.

Pex11 and Pex34 are crucial PMPs that directly control peroxisome growth and fission. 
Pex32 and Pex24 define an ER region where other EPCONs components accumulate to 
initiate EPCONs formation. So far, it is not clear how Pex11 and Pex34 are sorted to 
peroxisomes: via the direct pathway or indirectly via the ER. Notably, in H. polymorpha 
pex3 cells, which lack peroxisomes, Pex11 transiently localizes to the ER and subsequently 
is degraded (Knoops et al., 2014). This suggests that Pex11 may traffic to peroxisomes via 
the ER. Possibly, EPCONS may be important for this process in wild-type cells. However, 
because in pex3 cells peroxisomes are absent, EPCONs cannot be formed, which may 
lead to degradation of Pex11 at the ER. In line with this hypothesis, we observed that in 
pex32 cells Pex11 levels are very low. Moreover, also upon PEX11 overexpression, normal 
Pex11 levels could not be obtained. It has been proposed that PMPs that first sort to the ER 
reach the peroxisomal membrane via vesicle transport. Compared to such a pathway, the 
proposed pathway at EPCONS may be more efficient and less energy-consuming. Further 
studies are needed to test this hypothesis.
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Samenvatting
Peroxisomen zijn organellen met een enkel membraan en geconserveerde functies in 
β-oxidatie van vetzuren en ontgifting van waterstofperoxide. In mensen veroorzaken 
peroxisome biogenese-defecten ernstige klinische hersenziekten en kunnen ze leiden tot 
de dood. Biogenese van peroxisomen is afhankelijk van peroxins, die gecodeerd worden 
door PEX genen. Tot nu toe zijn er 37 peroxins geïdentificeerd en de meeste daarvan 
zijn peroxisomale membraaneiwitten (PMPs) die betrokken zijn bij de import van matrix-
eiwitten, de insertie van membraaneiwitten en de regulering van het aantal en de grootte 
van peroxisomen.

Peroxins van de Pex23 eiwitfamilie zijn gelokaliseerd op het endoplasmatisch reticulum 
(ER). Deze eiwitten bestaan alleen in schimmels en controleren het aantal en de grootte 
van peroxisomen (Yuan et al., 2016). Het aantal eiwitten die behoren tot de Pex23-familie 
verschilt per gistsoort. Tot nu toe werden verschillende functies voorgesteld voor eiwitten 
van deze familie. De Saccharomyces cerevisiae Pex23 familie-eiwitten Pex29, Pex30 en 
Pex31 komen samen met de endoplasmatisch reticulum (ER) reticulon-eiwitten Rtn1, 
Rtn2 en het reticulon-achtige eiwit Yop1 voor in een eiwitcomplex. Dit complex zit op 
ER-peroxisome contactplaatsen, EPCONs genaamd (David et al., 2013; Mast et al., 2016). 
De EPCONs reguleren de novo peroxisoomvorming vanuit het ER via regulering van 
biogenese van preperoxisomale blaasjes (PPV) (David et al., 2013; Joshi et al., 2016). 
Lipide druppels (LDs) worden geproduceerd in hetzelfde ER gebied waar ScPex30 
lokaliseert. De afwezigheid van het PEX30 gen beïnvloedt zowel de peroxisoom- als de 
LD-vorming, wat aangeeft dat dit gen betrokken is bij de biogenese van meer dan één 
organel.

Membraan contact sites (MCSs) zijn regio’s waar twee organellaire membranen nauw met 
elkaar verbonden zijn. MCSs zijn betrokken bij vele processen, waaronder lipide- en Ca2+-
transport, organelle deling en positionering (Prinz et al., 2020). MCSs bevatten eiwitten 
met vier verschillende functies, namelijk structurele eiwitten, functionele eiwitten, sorteer/
rekruterings-eiwitten en regulator-eiwitten. MCS-eiwitten kunnen meer dan één van deze 
functies vervullen (Scorrano et al., 2019).

De gist Hansenula polymorpha is een ideaal modelorganisme om peroxisomen en peroxisomale 
contactplaatsen te bestuderen. In H. polymorpha zijn peroxisomen niet nodig voor de groei van 
cellen op glucose. Als gevolg daarvan bevatten H. polymorpha cellen die op glucose groeien 
één enkel, klein peroxisoom. Functionele peroxisomen zijn echter essentieel voor de groei van 
cellen op methanol. Daarom bevatten methanol-gekweekte wild-type cellen meerdere, grote 
peroxisomen. Daarnaast kunnen mutante stammen die geen functionele peroxisomen hebben 
niet groeien op methanol als koolstofbron, maar groeien deze cellen normaal gesproken wel op 
glucose bevattende media.

Wanneer glucose-gekweekte cellen worden overgebracht naar methanol medium groeien 
de peroxisomen snel in omvang en nemen ze in aantal toe. Dit gaat gepaard met de 
opname van lipiden uit andere membranen, omdat gistperoxisomen niet in staat zijn om 
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membraanlipiden te synthetiseren. Peroxisomale MCSs zijn waarschijnlijk betrokken bij 
dit proces. Als dit klopt, wordt peroxisomale biogenese naar verwachting beïnvloed door 
mutaties in peroxisomale MCS eiwitten.

Het doel van dit proefschrift was om de rol van de H. polymorpha Pex23 familie-eiwitten 
in organelbiogenese beter te begrijpen.

Hoofdstuk I vat de huidige kennis over peroxisomen in gist samen. Het geeft een overzicht 
van de huidige kennis over peroxins die betrokken zijn bij het transport van matrix-eiwitten 
van het cytosol naar de peroxisomale matrix, het sorteren van peroxisomale membraan-
eiwitten en de proliferatie van peroxisomen. Daarnaast worden andere eiwitten beschreven 
die niet gecodeerd zijn door PEX-genen, maar die een rol spelen bij het reguleren van 
de peroxisoomvorming en -grootte. Daarnaast wordt een overzicht gegeven van de al 
bekende peroxisomale MCS’s, de huidige kennis over de eiwitsamenstelling van deze 
MCSs en hun functies in de peroxisomale biologie.

In hoofdstuk II hebben we alle vier de H. polymorpha Pex23 familie-eiwitten, namelijk 
Pex23, Pex24, Pex29 en Pex32, systematisch bestudeerd. We laten zien dat alle vier de 
Pex23 familie-eiwitten gelokaliseerd zijn op het ER. Twee ervan (Pex24, Pex32) hopen op 
bij de peroxisoom-ER contactplaatsen (ook wel EPCONS genoemd), terwijl de andere twee 
(Pex23 en Pex29) zich ook op andere gebieden van het ER bevinden.

Cellen van een PEX29 deletiestam (pex29) vertoonden geen peroxisomaal fenotype, wat 
suggereert dat ofwel Pex29 een redundante functie heeft met de andere drie Pex23 familie-
eiwitten bij het reguleren van peroxisoombiogenese, ofwel dat Pex29 geen bonafide 
peroxin is. In pex23, pex24 of pex32 cellen, daalde het aantal peroxisomen in combinatie 
met een toename van de peroxisoomgrootte, wat aangeeft dat deze drie eiwitten nodig zijn 
voor de proliferatie van peroxisomen. Analyse van de afstand tussen de ER-membraan 
en de peroxisomale membraan bij stammen zonder eiwitten van de Pex23-familie toonde 
aan dat deze afstand toenam bij het verwijderen van PEX23, PEX24 of PEX32, maar 
niet PEX29. Dit betekent dat Pex23, Pex24 en Pex32 nodig zijn voor het associëren van 
peroxisomen met het ER. Om te testen of de waargenomen peroxisomale fenotypes in 
stammen zonder deze genen te wijten zijn aan de toename van de afstand tussen beide 
membranen, hebben we een kunstmatig tether-eiwit (ERPER) geïntroduceerd, dat 
bestaat uit het peroxisomaal membraaneiwit Pex14 en het ER tail anchored eiwit Ubc6. 
Peroxisomale defecten en het onvermogen van de cellen om te groeien op methanol werden 
grotendeels gecompenseerd in pex24 en pex32 cellen die ERPER bevatten, maar slechts 
licht verbeterd in pex23::ERPER cellen. Dit betekent dat een nauwe associatie tussen de 
ER en peroxisoom essentieel is voor het behoud van functionele peroxisomen in cellen 
die geen PEX24 of PEX32 bevatten. Ook resulteerde de introductie van het ERPER in 
een toename van het peroxisomale membraanoppervlak in pex24 en pex32 mutanten, wat 
suggereert dat EPCONs belangrijk zijn voor peroxisomale membraanexpansie. Bovendien 
zagen we dat het peroxisomale membraaneiwit Pex11 belangrijk is voor de vorming van 
Pex32-afhankelijke EPCONs. Bij het verwijderen van PEX11 worden EPCONs verstoord, 
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wat gepaard gaat met een verandering in de verdeling van Pex32 over het ER. In wild-
type cellen hoopt Pex32 zich meestal op één plek in de cel op, terwijl bij afwezigheid van 
Pex11 het eiwit op meerdere plaatsen in de ER aanwezig is. In wezen zijn vergelijkbare 
resultaten waargenomen bij een stam zonder PMP Pex34, een ander lid van de Pex11-
eiwitfamilie. Net als in pex11 cellen werden in pex34 cellen EPCONs verstoord en ging de 
enkele Pex32-GFP spot verloren (Hoofdstuk III). Onze gegevens suggereren dat Pex11, 
Pex34 (aan de peroxisomale membraan) en Pex24 en Pex32 (aan het ER) nodig zijn voor 
de vorming van EPCONs. Waarschijnlijk zijn EPCONS betrokken bij het lipidetransport 
van het niet-vesiculaire membraan van de ER naar de peroxisomen.

ScPex30 speelt een rol in de regulering van de vorming van preperoxisomale vesicles 
(PPVs) vanaf het ER. We vonden geen verschil in het aantal en de morfologie van PPVs 
in pex32- en WT-cellen, wat aangeeft dat H. polymopha Pex32 niet belangrijk is voor het 
reguleren van de PPV-vorming.

In hoofdstuk III hebben we de structuur en functie van H. polymorpha Pex32 verder 
onderzocht. HpPex32 heeft vier voorspelde transmembraandomeinen (TMs) aan de 
N-terminus en een DysF-motief aan de C-terminus (Wu et al., 2020). Co-localisatie 
analyse van verschillende Pex32-constructen toonde aan dat de TMs belangrijk zijn 
voor het sorteren van Pex32 naar het ER, terwijl het DysF-domein nodig is voor het 
concentreren van Pex32 op EPCONs. Bovendien is het DysF-domein op zichzelf in staat 
om te associëren met peroxisomen. Het verwijderen van het DysF-domein van Pex32 
had geen invloed op de hoeveelheid peroxisomen en de grootte, wat aangeeft dat het 
N-terminale domein met de vier TMs voldoende is voor de Pex32-functie.

In pex32-cellen zijn de Pex11-niveaus drastisch verlaagd. Daarom zouden de peroxisomale 
defecten in pex32 cellen (defect in EPCONS, minder en grotere peroxisomen) indirect 
kunnen worden veroorzaakt door de lage Pex11 niveaus. Waarschijnlijk is dit te wijten 
aan de afbraak van Pex11, omdat we niet in staat waren om verhoogde Pex11-niveaus in 
pex32-cellen te verkrijgen via overexpressie van PEX11.

Overexpressie van PEX32 herstelde de peroxisomale defecten in pex32-cellen, maar niet 
in pex11- of pex34-cellen, wat betekent dat Pex32 een andere functie heeft dan Pex11 of 
Pex34. Op basis van deze gegevens stellen we voor dat Pex32, Pex11 en Pex34 allemaal 
nodig zijn voor het reguleren van de peroxisomale biogenese, terwijl deze drie eiwitten 
een rol spelen in verschillende moleculaire mechanismen.

In hoofdstuk II hebben we aangetoond dat H. polymorpha Pex23 en Pex29 op meerdere 
verschillende ER-domeinen lokaliseren, waaronder de nucleus-vacuole junctions (NVJs). 
Mogelijk zitten deze twee eiwitten op verschillende ER MCSs. Om dit verder te onderzoeken, 
analyseerden we de morfologie van andere celorganellen in mutanten die een eiwit van de 
Pex23 familie missen (Hoofdstuk IV). In pex23, pex24, pex29 en pex32 cellen werden 
vacuoles, LDs en mitochondriën bestudeerd door middel van fluorescentiemicroscopie 
van cellen die waren gekleurd met organel specifieke kleurstoffen. In cellen zonder Pex23 
of Pex29 werden minder LDs waargenomen en de morfologie van het mitochondriaal 
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netwerk was afwijkend. Door middel van elektronenmicroscopie (EM) werd aangetoond 
dat er meer mitochondriële structuren in pex23 en pex29 cellen zijn. Ook in pex23 en pex29 
cellen zijn mitochondriën meer geclusterd. Dit geeft aan dat het verwijderen van PEX23 of 
PEX29 een defect in de mitochondriële fusie kan veroorzaken. Gedetailleerde correlatieve 
licht- en elektronenmicroscopie studies gaven aan dat Pex23 zich niet specifiek op de ER-
mitochondriën MCS ophoopte. In plaats daarvan accumuleerde het op NVJs. Bovendien 
waren in pex23-cellen mitochondria-ER-contactplaatsen en NVJs normaal aanwezig. Er 
is meer onderzoek nodig om de cellulaire functie van HpPex23 en HpPex29 te begrijpen.

Samenvattend beschrijf ik in mijn proefschrift onderzoek aan alle vier de H. polymorpha 
Pex23 familie-eiwitten. Op basis van eiwitlokalisatie en morfologische studies stel ik voor 
dat alle vier de eiwitten functioneren in MCSs met de ER (Tabel 1). Pex32 en Pex24 
functioneren meer specifiek op ER-peroxisome MCSs (EPCONs) en zijn cruciaal voor 
peroxisoombiogenese, waarschijnlijk voor membraanlipidetransport van de ER naar 
peroxisomen. Pex23 en (overgeproduceerd) Pex24 hopen zich op op NVJs. De reden 
hiervoor en de functie van deze eiwitten in NVJs is nog onbekend. Pex29 is niet essentieel 
voor de peroxisomale biogenese, maar het verwijderen van PEX29 leidt tot minder LDs 
en veranderde mitochondriële morfologie. Mogelijk is Pex29 geen echte peroxin. Ook de 
afwezigheid van Pex23 beïnvloedt LDs en mitochondriën, maar resulteert bovendien in 
abnormale peroxisoomvorming.

Tabel 1. Hansenula polymorpha Pex23 familie-eiwitten in de aangegeven MCSs.

Eiwitten EPCONs ER-Mito ER-LD NVJs
Pex23 √ √ √ √

Pex24 √ √

Pex29 √ √

Pex32 √

EPCONs: ER-peroxisoom contact sites, ER-Mito: ER-mitochondria contact site, ER-LD: ER-lipid droplets contact site, 
NVJs: Nucleus-vacuole MCSs.

Vooruitblik
In hoofdstuk II stelden we voor dat Pex24 en Pex32 nodig zijn om peroxisomen aan het 
ER te associëren. We hebben nog niet aangetoond dat Pex24 en Pex32 functioneren als 
tethers, omdat de minimum criteria voor een bonafide MCS-tether onder meer bestaan uit 
i) een gedefinieerde locatie op een MCS, ii) structurele capaciteit om twee membranen te 
associëren en iii) een specifieke functionele activiteit (Eisenberg-Bord, Shai, Schuldiner, 
& Bohnert, 2016). We toonden aan dat H. polymorpha Pex24 en Pex32 lokaliseren op het 
ER-gebied waar peroxisomen nauw mee verbonden zijn (gedefinieerde locatie) en dat 
het peroxisomale fenotype van pex24 en pex32 cellen kan worden opgeheven door het 
introduceren van een kunstmatige ER-peroxisoom tether (functionele activiteit). Verdere 
structuur-functie analyses en eiwit-eiwit interactie studies zijn nodig om de vraag te 
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beantwoorden of Pex24 en Pex32 echte tethers zijn op ER-peroxisome contact sites in H. 
polymorpha.

Op basis van de gegevens uit hoofdstuk II en III concluderen we dat Pex11 en Pex34 
nodig zijn voor de vorming van Pex32-afhankelijke EPCONs. Mogelijk is er een fysieke 
interactie tussen deze peroxisomale membraaneiwitten en Pex24 en Pex32 op het ER. 
Lokalisatiestudies van het DysF domein van Pex32, gefuseerd met GFP, toonden aan dat 
dit domein de capaciteit heeft om te associëren met peroxisomen.

De afwezigheid van Pex11 kon niet worden gecompenseerd door Pex32 overproductie en 
vice versa, wat erop wijst dat beide eiwitten een unieke functie hebben in de vorming en 
functie van EPCONS.

Hieronder presenteer ik een hypothetisch model dat de mogelijke functies van de 
verschillende EPCON-componenten die in dit proefschrift worden genoemd, beschrijft 
(Fig. 1).
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Figuur 1. Hypothetisch model van de rol van Pex24 en Pex32 op ER-peroxisoom MCSs (EPCONS). Pex32 en 
Pex24 definiëren een ER-regio waar andere EPCON-eiwitten, waaronder de PMPs Pex11 en Pex34 en andere eiwitten 
(gemarkeerd met een vraagteken), zich ophopen en een MCS vormen. Pex11 en Pex34 kunnen (indirect) interactie aangaan 
met de DysF-domeinen van Pex24 en Pex32. Pex11 en Pex34 kunnen eerst sorteren naar het ER en worden vervolgens 
getransporteerd naar de peroxisomale membraan op de EPCONs.

Pex11 en Pex34 zijn cruciale PMPs die de groei en deling van peroxisomen reguleren. 
Pex32 en Pex24 definiëren een ER-gebied waar andere EPCON-componenten zich 
ophopen om de vorming van EPCONs te initiëren. Tot nu toe is het niet duidelijk hoe 
Pex11 en Pex34 naar de peroxisomale membraan worden getransporteerd: via een directe 
route of indirect via het ER. In H. polymorpha pex3 cellen, die geen peroxisomen hebben, 
lokaliseert Pex11 tijdelijk op het ER en wordt het vervolgens afgebroken (Knoops et al., 
2014). Dit suggereert dat Pex11 via het ER naar peroxisomen kan worden getransporteerd. 
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Mogelijk zijn EPCONS belangrijk voor dit eiwit transport proces in wild-type cellen. 
Echter, omdat in pex3 cellen peroxisomen afwezig zijn, kunnen er geen EPCONs worden 
gevormd, wat kan leiden tot afbraak van Pex11 op het ER. In lijn met deze hypothese, is 
onze waarneming dat in pex32-cellen de Pex11-niveaus zeer laag zijn. Bovendien konden 
ook bij PEX11 overexpressie geen normale Pex11-niveaus worden verkregen. Volgens 
een van de huidige modellen, worden PMPs eerst naar de ER getransporteerd, waarna ze 
met behulp van transport-vesicles het peroxisomale membraan bereiken. De voorgestelde 
route, waarin geen vesicles zijn betrokken, maar eiwit transport plaatsvindt van de ER 
naar peroxisomen op EPCONS, zou efficiënter en minder energieverslindend kunnen zijn. 
Verdere studies zijn nodig om deze hypothese te testen.
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