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Aim and outline

Peroxisomes belong to an important class of sub-cellular organelles present in essentially all
eukaryotes. These highly dynamic organelles are involved in a wide range of functions which
depend on the organism, cell type, developmental stage as well as internal and external cues.
PEX genes encode peroxins that are responsible for peroxisome formation. Mutations in those
genes in human lead to severe disorders, often lethal at very early developmental stages. Because
yeast pex mutants are viable, they provide an ideal system for studies of the molecular bases of
peroxisome biogenesis.
Numerous studies addressing peroxisome biogenesis suggest two ways of peroxisome formation.
The first one proposes growth and division of the pre-existing peroxisomes while the second one
indicates that peroxisomes form de novo with an engagement of the endoplasmic reticulum (ER).
Recent studies in yeast have led to the discovery of pre-peroxisomal vesicles (PPVs), which may
represent early stages of peroxisomes in the de novo formation pathway. The aim of this thesis is
to obtain further insights into this pathway.
Chapter 1 provides an overview of the current knowledge on peroxisome formation and
inheritance in yeast.
In Chapter 2 we show that peroxisomal membrane vesicles are present in an S. cerevisiae pex3
mutant, as was previously demonstrated for H. polymorpha pex3 cells. This finding counters
the generally accepted view that cells lacking Pex3 are devoid of any peroxisomal membrane
structures. At the vesicular structures a subset of peroxisomal membrane proteins (PMPs) (Pex14,
Pex13, Pex17 and Pex5) assemble into a complex similar to the PTS1 protein translocation pore of
WT yeast cells. Using a combination of microscopy and biochemical approaches, we show that
the identified membrane vesicles do not represent a specialized region of the ER. Our results
challenge the model proposing that all PMPs are first sorted to the ER and subsequently exit that
compartment in the Pex3-depenent manner.
In Chapter 3 we addressed the origin and protein composition of the peroxisomal membrane
vesicles in S. cerevisiae pex3 cells using two genetic screens that were based on automated
mating, sporulation and mutant selection approaches combined with automated fluorescence
microscopy. One of these screens, aiming to determine the protein composition of the peroxisomal
vesicles, resulted in a list of proteins that co-localized with the peroxisomal vesicle marker protein
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Pex14. We failed to identify proteins crucial for peroxisomal vesicle formation. Some of the risks
associated with high-throughput approaches are discussed.
Our co-localization screen identified Nvj2, a protein of nucleus-vacuole junctions (NVJs), as a
possible candidate protein associated with pre-peroxisomal vesicles in S. cerevisiae pex3 cells
(Chapter 3). Vac8, another NVJ protein, was identified in two independent organelle proteomics
studies. Chapter 4 describes studies aiming to elucidate whether Vac8 plays a role in peroxisome
biogenesis in H. polymorpha. First we showed that H. polymorpha Vac8 is required for the formation
of NVJs and vacuole inheritance, like in S. cerevisiae. However, HpVac8 is not required for vacuole
fusion. The composition of the H. polymorpha NVJ differs from the one in S. cerevisiae, because
of the absence of Nvj1, which is the second essential component for the formation of NVJs in
baker’s yeast. We were unable to detect any peroxisomal defect in H. polymorpha cells lacking
Vac8, indicating that this protein most likely is not important in peroxisome biology.
Some reports suggest that peroxisomes are formed de novo from the ER in WT yeast cells.
However, other studies indicate that peroxisomes predominantly multiply by fission and are
carefully segregated over mother and bud during yeast budding. In Chapter 5 we describe the
consequences of impaired peroxisome fission and inheritance on the peroxisome population in
H. polymorpha. Detailed fluorescence microscopy analysis revealed that peroxisome proliferation
and inheritance are completely blocked in a pex11 inp2 double deletion strain, because
peroxisomes could not be detected in newly formed buds of this double mutant. At later stages,
however, these structures could be identified, implying that the buds acquire them de novo. This
study suggests that in H. polymorpha de novo peroxisome formation can occur, but serves only as
a rescue mechanism for the formation of peroxisomes in mutant cells that lack these organelles.
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Peroxisome proliferation and dynamics
Justyna P. Wróblewska, Ida J. van der Klei

Chapter 1

Abstract
Peroxisomes are organelles occurring in almost all eukaryotic organisms. Their structure is
relatively simple - peroxisomes are composed of a single membrane enclosing a matrix containing
a variety of enzymes. This rich enzymatic content makes peroxisomes important players in various
cellular pathways. The hallmark of peroxisomes is their ability to dynamically adapt to changing
conditions by adjusting their size, number and enzyme components. In yeast peroxisomes are
formed either by fission of pre-existing ones or by a de novo pathway involving the endoplasmic
reticulum. An organelle inheritance system exists that allows delivery of peroxisomes to nascent
buds. In this chapter the current knowledge of the molecular mechanisms involved in peroxisome
formation and inheritance in yeast is summarized.
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Introduction
Eukaryotic cells contain morphologically and functionally diverse compartments called
organelles. These membrane-bound structures provide specific micro-environments for
distinct chemical reactions to take place, allowing co-existence of different processes within a
cell. Peroxisomes form a functionally important class of organelles and are present in almost all
eukaryotic cells. They consist of a single lipid bilayer enclosing the proteinaceous matrix filled
with various enzymes. As peroxisomes do not contain DNA, all their components are encoded
by nuclear DNA and synthesized in the cytosol. Peroxisomes are highly dynamic in their nature
- they are able to adjust their number, size and enzyme content in response to internal and
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environmental stimuli.
A general function of peroxisomes is providing a compartment for metabolic reactions that lead
to the formation of reactive oxygen species (ROS). Peroxisomes contain oxidases producing
hydrogen peroxide, which is subsequently decomposed by an enzyme called catalase, residing
in the peroxisomal matrix as well. Yeast peroxisomes are mainly specialized to metabolize
unusual carbon and nitrogen sources such as oleic acid, methanol, D-amino acids and purines
[1]. Proliferation of peroxisomes is strongly induced upon a shift of glucose-grown yeast cells to
media containing one of these components as sole carbon or nitrogen source. Other examples
of specialized functions of peroxisomes include the synthesis of plasmalogens and bile acids
in human [2]. In plants they are implicated in the glyoxylate cycle and photorespiration [3].
Interestingly, in mammals peroxisomes are also involved in some non-metabolic functions such
as providing antiviral innate immunity [4].
Biogenesis of peroxisomes is dependent on PEX genes. Over 35 PEX genes have been functionally
analyzed revealing that most of them are implicated in the import of matrix enzymes. Other PEX
genes are required for the insertion of peroxisomal proteins in the membrane or in the regulation
of size and number of these organelles. The importance of peroxisomes in humans is highlighted
by occurrence of severe disorders caused by their dysfunction, which may be an effect of either a
mutation in one of the PEX genes (Peroxisomal Biogenesis Disorders - PBDs) or caused by single
peroxisome enzyme deficiencies. Yeast offer an ideal model system for studies of peroxisome
biogenesis, as, in contrast to human, mutations in PEX genes are not lethal in these organisms.
The molecular mechanisms involved in the biogenesis of peroxisomes are currently under debate.
One of the models explaining peroxisome formation states that they are autonomous organelles
able to undergo self-replication (similarly to mitochondria and chloroplasts). However, emerging
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studies support an alternative model proposing that peroxisomes belong to the endomembrane
system and may form de novo from the endoplasmic reticulum (ER) membrane. In this chapter we
present an overview of our current knowledge on peroxisome formation and inheritance in yeast.
Peroxisome proliferation by growth and fission
According to the classical model of peroxisome proliferation, these organelles form by growth
and fission of pre-existing ones [5]. Peroxisomes may also form de novo from the ER [6], however,
it is still debated whether this process occurs at normal conditions in wild type (WT) cells or only
in mutant cells that temporarily lack peroxisomes (e.g. due to an inheritance defect).
The model of peroxisome growth and fission proposes that peroxisomes increase their size
by importing newly synthesized matrix proteins from the cytosol, which is accompanied by
incorporation of membrane lipids and peroxisomal membrane proteins (PMPs). When peroxisomes
reach a certain size, their division is initiated. This process requires an orchestrated action of a
set of proteins and takes place in three subsequent steps: organelle elongation, constriction and
scission (Figure 1, steps 2-5).

Figure 1. A hypothetical model of peroxisome proliferation and inheritance in yeast. In WT yeast cells peroxisomes
proliferate mainly by growth (step 2) and fission (steps 3 - 5) of pre-existing organelles. Pex11 is considered a key component of the peroxisome fission machinery as it is implicated in different stages of this process. Peroxisomes may also form
de novo from the ER, especially in cells temporarily devoid of these organelles (step 1). A newly formed peroxisome may
be either retained in the mother cell (step 6) or transferred to the nascent bud (step 7) during cell division. Inp1 and Inp2,
respectively, are involved in these events.
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Pex11 is a key player in peroxisome fission as it is involved in the elongation of peroxisomes as
well as in the final step of membrane scission [7,8]. Pex11 is the most abundant protein of the
peroxisomal membrane [9]. Its N-terminal amphipathic α-helix (Pex11-Ampf) has been shown
to have the ability to induce membrane curvature leading to membrane tubulation [10]. Recent
studies in fungi have suggested that Pex11-Ampf oligomerization constitutes a prerequisite
for membrane curvature [11]. This supports previous indications of a role of human Pex11β
oligomerization in membrane remodeling [12]. Pex11 has been shown to be phosphorylated
in different yeast species, however, the function of this post-translational modification is not
conserved, because phosphorylation of Pex11 leads to stimulation of peroxisomal fission in
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Saccharomyces cerevisiae [13] and Pichia pastoris [14], but not in Hansenula polymorpha [15].
Next to the involvement in proliferation of peroxisomes, Pex11 was suggested to play a role in
transport processes. Data obtained in S. cerevisiae indicates that Pex11 is important for transfer
of medium chain fatty acids across the peroxisomal membrane [16]. Recent studies have
revealed that Pex11 forms a non-selective pore that serves in exchanging metabolites across
the peroxisomal membrane. Interestingly, phosphorylation of Pex11 affects its pore-forming
activity and regulates the rates of β-oxidation [17]. Also, Pex11 levels are strongly linked to the
rate of peroxisomal β-oxidation. In the absence of Pex11 this process is nearly fully blocked while
overproduction of Pex11 leads to an increase of the β-oxidation rate [16].
Even though the yeast machinery responsible for the organelle constriction process is yet
unknown, several proteins implicated in the final step of membrane scission were identified. These
proteins include members of the dynamin related proteins (DRPs) family. DRPs are large GTPases
that contain three conserved domains: a GTPase domain, a middle domain and a GTPase - effector
domain [18]. The DRPs Vps1 and Dnm1 are important for peroxisome fission in S. cerevisiae [19],
whereas in H. polymorpha only Dnm1 is a crucial protein involved in peroxisome fission [20].
Interestingly, the N-terminal domain of Pex11 can function as GTPase activation protein (GAP)
for Dnm1 [8].
Incorporation of membrane lipids
Yeast peroxisomes lack phospholipid biosynthesis enzymes, therefore, peroxisomal membrane
lipids have to be delivered to these organelles from other sources. Most of the peroxisomal
membrane lipids are synthesized at the ER. Studies using S. cerevisiae revealed that other
organelles are involved as well, because phosphatidylethanolamine can be delivered to
the peroxisomal membrane additionally from mitochondria and the Golgi apparatus [21]. A
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mitochondrial origin of membrane lipids is also suggested by the observation that peroxisomal
membranes isolated from P. pastoris contain cardiolipin, which is synthesized exclusively in
mitochondria [22].

Figure 2. A hypothetical model of peroxisome membrane formation. Class I PMPs are inserted into the peroxisomal
membrane via the Pex3/Pex19 complex (1). The remaining PMPs comprising class II may be inserted by other protein/protein
complex (2) that has to be yet identified. The ER may serve as a lipid source for the growing peroxisomal membrane by
their delivery either in form of ER-derived vesicles (4) or via contact sites (5). PMPs of class II may also traffic through the
ER and exit that compartment in form of vesicles, which then could fuse with the pre-existing peroxisome, delivering both
proteins and lipids to the growing peroxisomal membrane (3).

Two mechanisms of lipid transport to peroxisomes have been proposed. One of them implies that
lipids reach the peroxisomal membrane in vesicles that pinch off from other cellular membranes
(Figure 2, step 4). Such vesicular transport was reported for Yarrowia lipolytica [23]. Another
possibility is that lipids are delivered to peroxisomal membranes via non-vesicular transport.
It was first shown by the Prinz’ group that lipids can be directly transferred from the ER to
peroxisomes [24]. Non-vesicular lipid transport possibly takes place at membrane contact sites
(MSCs) (Figure 2, step 5). MCSs are regions where two membranes come into close apposition,
enabling exchange of small molecules between the two compartments [25]. Peroxisomes form
contact sites with different membranes. Possibly, these regions may serve as sites facilitating
transport of lipids.
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So far, two contact sites between the ER and peroxisomes (EPCONS - ER-Peroxisome CONtact
Site) have been identified in yeast. One of them has been described as a tether involving Pex3
protein that is present both at the ER and at peroxisomal membrane. Pex3 localized to these two
compartments is bridged by a peripheral peroxisomal protein Inp1 [26]. This contact site has a
well-established role in peroxisome retention in the mother cell during cell division. However,
it cannot be excluded that it may also contribute to lipid transfer allowing expansion of the
peroxisomal membrane.
Pex30 is a component of the second known yeast EPCONS and forms a complex with three
reticulon-like proteins localized at the ER: Rtn1, Rtn2 and Yop1. This EPCONS has been proposed
to serve as site of de novo peroxisome biogenesis enabled by changes in the ER architecture,
triggered by the reticulon-like proteins [27,28]. Apart from this function, this contact site is a
good candidate to serve as site providing pre-existing peroxisomes with lipids. This is evident
for mammals, where interactions between peroxisomes and the ER are required for the synthesis
of several lipids. The peroxisomal membrane protein ACBD5 (acyl-coenzyme A–binding domain
protein 5) has been reported to act as a tether that interacts with the ER protein VAPB (vesicleassociated membrane protein-associated protein B) [29,30]. ACBD5 belongs to the ACBD family,
characterized by the presence of an acyl-CoA binding domain. The ACBD5/VAPB association leads
to the formation of MCSs between peroxisomes and the ER which facilitate transport of lipids,
required for the growth of the peroxisomal membrane and plasmalogen synthesis. Recently,
an additional ER-peroxisome tethering complex has been described, namely ACBD4/VAPB [31].
ACBD4 is a member of the same family as ACBD5 and displays sequence similarity restricted to
the acyl-CoA binding domain. The presence of distinct types of tethers may reflect different roles
fulfilled by their components. Considering a probable role of contact sites in mediating molecule
transfer, differences between protein content of those contact sites may serve to extend the range
of substrate specificity.
In S. cerevisiae two contact sites between the peroxisomes and mitochondria have been
described. First, peroxisomes were observed to localize in proximity to the ERMES complex (ERMitochondria Encounter Structure) and sites of mitochondrial acetyl-CoA synthesis [32]. In line
with this observation, a genome-wide high-content microscopy study resulted in the identification
of physical contacts between peroxisomes and mitochondria, which involve the interaction
between Pex11 and Mdm34, a mitochondrial component of ERMES [33]. Recent systematic studies
aiming at identifying novel organelle contacts have also revealed the occurrence of a peroxisomemitochondria contact site (PerMit), which is mediated by at least two tethers. One of these tethers
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contains a mitochondrial protein Fzo1, and the other, a peroxisomal membrane protein Pex34 [34].
Their interacting partners at the opposing membranes are not yet known. These contacts serve
as sites for metabolite exchange between the two compartments during β-oxidation. Although
there is no evidence pointing to a role of PerMit in membrane lipid transfer, such function cannot
be excluded and may be important to provide the peroxisomal membrane with cardiolipin.
Formation of peroxisomes de novo
Even though fission seems to be a prevailing mode of peroxisome formation, at least in WT
yeast cells, there is data suggesting that peroxisomes may be also formed de novo from the ER
(Figure 1, step 1). The first observation linking peroxisome biogenesis with the ER was made in
Y. lipolytica. In this yeast Pex2 and Pex16 are N-glycosylated suggesting their trafficking to the
peroxisomal membrane through the ER compartment [35]. Biogenesis of peroxisomes from the
ER was supported further by in vitro budding assays demonstrating that vesicles containing PMPs
can bud from the ER [36,37]. The formation of vesicles in vitro required ATP, cytosolic factors and
Pex19 [36], but was independent of Pex3 [37]. Although not yet experimentally proven in vivo,
such ER derived vesicular structures could subsequently fuse with each other, with pre-existing
peroxisomes or grow into mature organelles.
Most of the evidence for the ER involvement in peroxisome biogenesis comes from the studies
of Pex3- or Pex19-deficient yeast strains, which had been long considered to be devoid of any
peroxisomal membrane structures. It was shown that upon reintroduction of the missing genes
the peroxisome population could be restored in these mutants. Because newly produced Pex3
in S. cerevisiae was spotted at the ER before reaching peroxisomes, the ER was indicated to be
the most probable template for formation of peroxisomes de novo [6,38]. The ER involvement in
peroxisome formation in S. cerevisiae was further supported by the identification of a Pex3 domain
responsible for targeting of this PMP to the ER. There, Pex3 accumulates at specialized regions
where the formation of peroxisomes commences [39]. Another study revealed that a large set of
PMPs localizes to the ER in S. cerevisiae [40]. These authors propose that PMPs exit the ER in two
types of membrane vesicles which develop into metabolically active peroxisomes upon fusion and
subsequent import of matrix enzymes from the cytosol. However, these observations should be
interpreted carefully, keeping in mind that the studied proteins were expressed under control of
strong promoters. It is known that overproduction of proteins often leads to their mislocalization
to different cellular compartments [41]. In line with this, PMPs have not been so far reported to
reside at the ER in WT cells in normal conditions. It is under debate whether Pex3 and other PMPs
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always traffic to peroxisomes through the ER. Results obtained for mammalian cells indicate that
newly synthesized Pex3 targets pre-existing peroxisomes directly [42].
The de novo formation model has been also challenged by recent findings related to preperoxisomal vesicles (PPVs) - structures that are present in Pex3-deficient mutants of H.
polymorpha [43]. These vesicles contain a subset of PMPs and mature into functional peroxisomes
upon reintroduction of Pex3. The fact that PPVs are located in close proximity of the ER may
have led to previous incorrect conclusions about the ER localization of some of the tested PMPs.
Detailed electron microscopy analysis showed clearly that these structures are separate from
the ER compartment. However, it is still a plausible option that PPVs originate from the ER. PPVs
have also been observed in Pex3-deficient S. cerevisiae cells (this thesis, Chapter 2, [44]). Joshi
and colleagues proposed that PPVs originate from domains of the ER, to which Pex30 localizes
specifically [45]. Interestingly, these Pex30-enriched domains also represent sites of lipid droplet
biogenesis [46]. Recently, the (ESCRT)-III (endosomal sorting complexes required for transport)
machinery has been shown to perform the scission step necessary to release pre-peroxisomal
structures from the ER [47].
It is possible that in other species de novo formation plays a more prominent role in peroxisome
biogenesis, as was often reported for higher eukaryotes [48,49]. Recent results point out the
possibility of the involvement of mitochondria in the process of peroxisome biogenesis in human
cells. Sugiura and colleagues proposed that peroxisomes form as a result of fusion between two
types of vesicles - one derived from the ER and the second originating from mitochondria [50].
PMPs sorting and insertion
The mechanisms of peroxisomal proteins insertion into the membrane are unknown. It is still
under debate whether PMPs are directly inserted into the membrane upon their synthesis in the
cytosol or they traffic via the ER.
According to the classical model, Pex19 acts as a soluble receptor for a variety of proteins that
belong to the class I of PMPs. The C-terminal α-helical domain of Pex19 binds class I PMPs at
their membrane targeting signal (mPTS) [51]. This receptor-cargo complex is then recruited
to the peroxisomal membrane by Pex3, which is a docking site for Pex19, interacting with its
N-terminal region [52,53]. Next, class I PMPs are inserted into the membrane via a yet unresolved
mechanism (Figure 2, step 1). Class II PMPs are not recognized by Pex19. Yeast peroxins that
are found within the second class of PMPs include Pex3 and Pex22. Pex3 contains peroxisomal
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targeting information within its N-terminal domain. This region of Pex3 does not interact with
Pex19 [52] and shares similarity with the N-terminal part of Pex22. When the N-terminal domain
of Pex3 was replaced by the one of Pex22, no functional implications were observed in terms
of Pex3 targeting and its role in peroxisome formation [54]. These findings confirm that Pex3
and Pex22 share an mPTS of the same nature that enables Pex19-independent targeting to the
peroxisomal membrane. The machinery involved in recognition and recruitment of class II PMPs
to the peroxisomal membrane may require proteins which have to be yet identified (Figure 2,
step 2). An alternative possibility for Pex19-independent PMPs sorting is their trafficking to the
peroxisomal membrane via the ER, mediated by ER-derived vesicles. Class II PMPs could enter
the ER and then pinch off from the ER membrane as vesicles that could subsequently fuse with
the growing peroxisomal membrane (Figure 2, step 3).
ER-derived vesicles have been described as precursors of mature peroxisomes in a model
proposed by van der Zand and colleagues. The model implies that all PMPs first sort to the ER and
next exit this compartment in form of two types of vesicles. The vesicles contain the components
of either the docking complex or the RING finger complex of the peroxisomal importomer. In
this scenario, Pex3 and Pex19 were suggested to function in the release of the vesicles from the
ER. Subsequently, the distinct vesicles fuse with each other - a process dependent on Pex1 and
Pex6. This leads to the assembly of the complete and functional importomer followed by import
of matrix proteins [55].
A possible origin of peroxisomes from the ER is suggested by the fact that the PMPs Pex2 and Pex16
of Y. lipolytica undergo N-glycosylation [35] - a posttranslational modification that is restricted to
the ER lumen. Therefore, it was proposed that YlPex2 and YlPex16 most probably traffic via the ER
on their way to peroxisomal membrane. The mechanism of PMPs insertion into the ER membrane
still needs to be evaluated since there is conflicting data regarding dependence of this process
on the key component of protein translocation machinery from the ER, namely Sec61 [40,56].
Even though evidence exists for the majority of the PMPs to be inserted into the peroxisomal
membrane directly from the cytosol, we cannot ignore the fact that some PMPs may traffic via
the ER. The details of peroxisomal membrane protein assembly mechanisms need to be further
investigated. Figure 2 represents a hypothetical model illustrating possible sorting pathways for
PMPs and lipids.

24

Introduction: peroxisome proliferation and dynamics

Inheritance
Yeast have to replicate their organelles and partition them between mother and daughter
cells during cell budding. This process ensures that the mother cell keeps a necessary copy
of organelles while the nascent cell obtains its fair share as well. The process of peroxisome
inheritance can be, therefore, divided into two different actions, which are organelle retention
and transport, involving different factors, such as motor, anchor and adaptor proteins.
Retention of peroxisomes in yeast mother cells is facilitated by a peripheral peroxisomal protein
- Inp1 (Figure 1, step 6). Inp1 serves as an anchor connecting peroxisomes to the cell periphery,
facilitating their retention in the mother cell during cell division. This role is accomplished by
tethering peroxisomes to the ER, that occurs via the Inp1- Pex3 interaction [26]. Overexpression of
INP1 resulted in the absence of peroxisomes in most of the newly formed buds. On the other hand,
deletion of INP1 led to the presence of mother cells devoid of peroxisomes [57]. This disturbed
distribution of peroxisomes, in cells overproducing or lacking Inp1, points to the importance
of Inp1 in the process of peroxisome segregation between mother and daughter cells during
budding. Interestingly, studies in H. polymorpha revealed that deletion of PEX11 resulted in a
similar retention defect as the one observed in the inp1 mutant cells. During growth on glucose,
all the peroxisomes were transferred to the buds of pex11 mutant cells, rendering mother cells
devoid of these organelles. This suggests a function of Pex11 in the retention of peroxisomes in
the mother cell during cell division, as Inp1 is still properly targeted to peroxisomes in the absence
of Pex11 [58].
The retention event is balanced by transport of peroxisomes to the forming bud (Figure 1,
step 7). This process takes place via peroxisome movement along actin filaments. It involves
several proteins performing different functions. The motor protein implicated in transport of
peroxisomes to yeast daughter cells is the class V myosin - Myo2 [59]. It facilitates actin-based
motion of peroxisomes by binding actin through its N-terminal domain. The C-terminal part of
Myo2 has the ability to bind to cargo organelle containing the specific adaptor protein. During
peroxisome transport Myo2 is recruited to the peroxisomal membrane by the adaptor Inp2 - an
integral protein of peroxisomal membrane [60]. It has been reported that S. cerevisiae cells lacking
Inp2 are not able to segregate peroxisomes to the buds [61]. As peroxisomes do not move from
the mother cells, the newly formed daughter cells are initially devoid of peroxisomes and have
to form them de novo.
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S. cerevisiae Pex19 is also implicated in the inheritance process via its role in the formation of
Myo2 - Inp2 complexes. Pex19 displays binding affinity to the C-terminal cargo binding domain of
Myo2. Moreover, a Myo2 mutant with reduced capability to bind Pex19, but not Inp2, displayed an
impaired peroxisome inheritance pattern. This observation provides yet another evidence for the
multifunctional character of Pex19, besides its crucial role in peroxisome formation.
Studies in filaments fungi unraveled a very unique system of peroxisome inheritance involving
formation of a contact site between peroxisomes and early endosomes. It has been shown that in
Aspergillus nidulans a small portion of the peroxisomal population is transported by “hitchhiking”
on early endosomes. The contact between these two organelles is mediated by the endosomal
linker protein - PxdA. It cannot be excluded that other organisms may use similar systems, at least
for transport of a fraction of peroxisomes to the nascent cells.
The peroxisome population of a cell is heterogeneous in terms of the organelle’s relative age
[64,65]. Mammalian peroxisomes within one cell display different capacities to import newly
synthesized matrix proteins, with Pex14 being more abundant in younger organelles [64]. Yeast
cells also contain both young and old organelles. Interestingly, it has been recently shown that
the inheritance pattern is strictly related to the age of peroxisomes. During yeast cell division, the
older organelles are preferentially retained in the mother cells, supporting selective transport of
younger peroxisomes to the buds [65].
Peroxisome inheritance has to be precisely regulated in order to reach synchronization with the
cell cycle. There is evidence suggesting that such regulation may be achieved via reversible posttranslational modifications, such as phosphorylation of the inheritance machinery components.
As an example, Inp2 undergoes phosphorylation, reaching the highest levels of this modification
at the beginning and at the end of cell cycle [60]. This suggests that phosphorylation of Inp2 serves
as a signal for its degradation once the protein is no longer required.
Outlook
The strongly debated topic of peroxisome biogenesis still raises many controversies. There is a lot
of data available on the molecular mechanisms of import of matrix proteins from the cytosol into
peroxisomes [66], however, the processes involved in the formation of peroxisomal membranes
are still largely unclear.
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According to the current model, fission is the main mode of peroxisome proliferation, at least
in WT yeast cells [61]. Convincing support for this model exists. The machinery involved in
peroxisome division has been extensively described [19,67-69]. Additionally, there are several
yeast mutants defective in fission that display very obvious phenotypes (e.g. pex11, dnm1, vps1).
Yet, the contribution of peroxisome fission to peroxisome multiplication is not fully clear. While
fission could be a sole form of peroxisome formation, we cannot ignore the data supporting
formation of peroxisomes de novo from the ER.
There has been a lot of controversy on the sorting pathways of PMPs. Some results point to the ER
as an intermediate compartment during PMPs trafficking to the peroxisomal membrane [6]. On the
other hand, the Pex3/Pex19 machinery has a well-established function in targeting PMPs to their
destination membrane [51-53]. It is tempting to speculate that these two processes may coexist
in WT cells. They may be also dependent on the studied organism and genetic background. Most
of the data that suggest trafficking of PMPs through the ER come from studies with peroxisomedeficient mutants - pex3 and pex19 [38,40,70]. In these cells PMPs may be targeted to alternative
compartments as a result of peroxisome absence, which makes the native destination membrane
unavailable for insertion. Even if peroxisomal membrane vesicles are present in mutant strains,
not all PMPs may sort to these structures because of their relatively small dimension, limiting
the surface available for PMPs incorporation. Peroxisomal vesicles membranes may get
saturated quickly, causing the remaining PMPs, produced in excess, to be mistargeted to other
compartments. In contrast, the peroxisomal membrane in WT cells expands by incorporation of
lipids, constantly providing a new template for direct insertion of PMPs from the cytosol.
Further studies need to be conducted in order to decide whether peroxisomes belong to the
endomembrane system or represent semi-autonomous organelles that only self-replicate.
It would be of great value to isolate mutants that are completely devoid of any peroxisomal
membranes. Such mutants would serve as a perfect tool for investigation of the mechanisms of
peroxisomes/membrane vesicles biogenesis.
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Chapter 2

Abstract
Pex3 has been proposed to be important for the exit of peroxisomal membrane proteins (PMPs)
from the ER, based on the observation that PMPs accumulate at the ER in Saccharomyces cerevisiae
pex3 mutant cells. Using a combination of microscopy and biochemical approaches, we show
that a subset of the PMPs, including the receptor docking protein Pex14, localizes to membrane
vesicles in S. cerevisiae pex3 cells. These vesicles are morphologically distinct from the ER and
do not co-sediment with ER markers in cell fractionation experiments. At the vesicles, Pex14
assembles with other peroxins (Pex13, Pex17, and Pex5) to form a complex with a composition
similar to the PTS1 import pore in wild type cells.
Fluorescence microscopy studies revealed that also the PTS2 receptor Pex7, the importomer
organizing peroxin Pex8, the ubiquitin conjugating enzyme Pex4 with its recruiting PMP Pex22, as
well as Pex15 and Pex25 co-localize with Pex14. Other peroxins (including the RING finger complex
and Pex27) did not accumulate at these structures, of which Pex11 localized to mitochondria. In
line with these observations, proteomic analysis showed that in addition to the docking proteins
and Pex5, also Pex7, Pex4/Pex22 and Pex25 were present in Pex14 complexes isolated from pex3
cells. However, formation of the entire importomer was not observed, most likely because Pex8
and the RING proteins were absent in the Pex14 protein complexes.
Our data suggest that peroxisomal membrane vesicles can form in the absence of Pex3 and that
several PMPs can insert in these vesicles in a Pex3-independent manner.
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Introduction
Peroxisomes are highly dynamic, multifunctional organelles that occur in most eukaryotic cells
[1,2]. It is well established that peroxisomes can multiply by fission and several proteins involved
in this process have been identified and characterized in detail [3]. Peroxisomes can also form de
novo from the endoplasmic reticulum (ER) [4,5]. However, it is still debated whether this process
only occurs in mutant cells lacking pre-existing organelles or also takes place at normal conditions
in wild type (WT) cells [6]. Our current knowledge on the molecular mechanisms involved in de
novo peroxisome formation from the ER is mainly based on the analysis of organelle formation in
cells of yeast pex3 or pex19 deletion strains upon reintroduction of the corresponding genes [4].
This model is supported by the outcome of in vitro studies, which revealed that vesicles containing
peroxisomal membrane proteins (PMPs) bud off from the ER [7,8].
It has generally been accepted that yeast pex3 cells fully lack peroxisomal membrane remnants
[9,10]. Because peroxisomes reappear in these cells upon reintroduction of Pex3, they cannot
be formed from pre-existing ones and hence should originate de novo from another membrane
template. Many observations pointed to a role of the ER in this process. It has been proposed that
during de novo peroxisome formation in Saccharomyces cerevisiae, all peroxisomal membrane
proteins (PMPs) first sort to the ER and subsequently exit this compartment in two types of vesicles
in a Pex3/Pex19-dependent manner [10,11]. These vesicles subsequently fuse in a Pex1/Pex6dependent manner to form nascent peroxisomes [11]. This model is in line with the observation
that PMPs accumulate at the ER in S. cerevisiae pex3 cells [10]. However, this result may be related
to the fact that in this study PMPs were overproduced, because overproduction of PMPs can
result in mistargeting to the ER [12]. Indeed, earlier observations by Hettema and colleagues
suggested that in S. cerevisiae pex3 and pex19 cells PMP that were not overproduced mislocalized
to the cytosol. However, in this study only three PMPs (Pex11, Pat1, Pex15) were analyzed [9].
Unexpectedly, recent studies have shown that in S. cerevisiae pex3 cells Pex11 mislocalizes to
mitochondria [13,14]. Moreover, analysis of Hansenula polymorpha pex3 mutant cells revealed the
presence of peroxisomal membrane structures that contain a subset of the PMPs [15].
These results prompted us to reinvestigate the localization of PMPs in S. cerevisiae pex3 cells.
Electron microscopy and sub-cellular fractionation experiments showed that pex3 cells contain
small vesicular structures that harbor Pex14 and are independent from ER and mitochondria.
Fluorescence microscopy analysis of the localization of nineteen additional peroxins showed
that nine of them (partially) colocalized with Pex14 (Pex5, Pex7, Pex13, Pex17, Pex8, Pex4, Pex22,
Pex15 and Pex25). Proteomic studies indicated that S. cerevisiae pex3 cells contain the Pex14/
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Pex13/Pex17 - docking complex of the peroxisomal protein import machinery of a composition
that is similar to the WT import pore, but that lacks the RING finger complex proteins (Pex2, Pex10,
Pex12) and the AAA-peroxins (Pex1, Pex6) of the exportomer. Summarizing, our data indicate
that in S. cerevisiae pex3 cells PMPs do not accumulate at the ER, but rather in small peroxisomal
membrane vesicles.

Materials and Methods
Strains and growth conditions
The S. cerevisiae strains used in this study are derivatives of BY4742 or CB199 and are listed in
Table S1. S. cerevisiae cells were grown at 30 °C on either YPD (1% yeast extract, 1% peptone and
1% glucose), selective minimal medium containing 0.67% yeast nitrogen base without amino
acids (YNB; Difco BD) or minimal medium supplemented with 1% glucose or a mixture of 0.1%
glucose, 0.1% oleic acid, 0.05% Tween-80 (MM-O) [16]. For cell fractionation and complex isolation
studies, cells were grown for 8 h in selective medium supplemented with 0.3% glucose, and then
oleic acid was added to a final concentration of 0.1% in the presence of 0.05% Tween-40 and
incubated for 16 h. For selection of auxotrophic transformants, selective minimal medium was
supplemented with 2% glucose and the required amino acids mixture. For growth on agar plates,
the medium was supplemented with 2% agar. For selection of antibiotic resistant transformants,
YPD plates containing 200 μg/ml Zeocin (Invitrogen), 200 μg/ml Hygromycin B (Invitrogen), 100
μg/ml Nourseothricin (Werner Bioagents) or 300 μg/ml Geneticin-418 (AppliChem) were used. For
selection of auxotrophic transformants, minimal medium was supplemented with the required
amino acids.
Molecular techniques
Oligonucleotides used in this study are listed in Table S2. Preparative polymerase chain reactions
(PCR) were carried out with Phusion polymerase (Thermo Scientific). Initial selection of positive
transformants by colony PCR was carried out using Phire polymerase (Thermo Scientific).
Western blotting
Total cell extracts were prepared from cells treated with 12.5% trichloroacetic acid (TCA) and used
for SDS-polyacrylamide gel electrophoresis and Western blotting as detailed previously [17]. Equal
amounts of protein were loaded per lane. Nitrocellulose membranes were probed with polyclonal
rabbit antibodies raised against Pex3 [18], Pex5 [19], Pex11 [20], Pex13 [21], Pex14 [19], Pex17
[22], Fox3 [23], Por1 [24], Kar2 [25], Pgk1 (Invitrogen, Karlsruhe, Germany), Tim23 [26], pyruvate
carboxylase-1 (Pyc1) [27], or glucose-6-phosphate dehydrogenase (G6PD; Sigma-Aldrich). mGFP-
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fusion proteins of Pex10, Pex11, Pex13, Ant1 were probed with mouse monoclonal antiserum
against green fluorescence protein (GFP; Santa Cruz Biotechnology, sc-9996). Anti-rabbit IgG
IRDye800CW-conjugated secondary antibody was used and the membranes were visualized
with Odyssey® infrared imaging system (LI-COR Bioscience, Bad Homburg, Germany). Antimouse
secondary antibodies conjugated to horseradish peroxidase were also used for detection.
Construction of strains
Construction of BY4742 pex3
Deletion of the PEX3 gene in S. cerevisiae BY4742 pex3 strain was confirmed by colony PCR using
primers TER202 and TER203. Next, ATG1 was disrupted by replacing the ATG1 region with the
nourseothricin resistance gene using a PCR fragment containing the selective marker and 50 bp
of ATG1 flanking regions. The PCR fragment was amplified with the primers TER208 and TER209
using plasmid pAG25 [28] as a template, and then transformed into pex3 cells. Nourseothricin
resistant transformants were selected and the correct integration was checked by colony PCR
using the primers TER210 and TER211, and confirmed by Southern blotting.
To obtain pex3 Pex14-mGFP and pex3 atg1 Pex14-mGFP, a fragment containing PEX14-mGFP was
amplified using primers TER216 and TER217 from the yeast Euroscarf GFP fusion collection and
transformed into pex3 and pex3 atg1 cells, respectively. Subsequently, correct integration of
PEX14-mGFP was confirmed by colony PCR using TER198 and TER199.
A fragment encoding 50 bp flanking regions of Pex14 and mCherry was cloned from plasmid
pARM001 [29] using primers TER214 and TER215, and then transformed into BY4742 WT and
pex3 atg1 cells, respectively. Hygromycin resistant transformants were selected and correct
integration was confirmed by colony PCR with primers TER216 and TER217. The PEX8-mGFP
fragment was amplified with primers TER234 and TER235 using plasmid pMCE7 [30] as a template.
A fragment encoding mGFP-PEX8 under the control of the NOP1 promoter (PNOP1) was amplified
with TER306 and TER307 using genomic DNA of strain AK259 as a template. PEX10-mGFP, PEX11mGFP, PEX13-mGFP, Ant1-mGFP fragments were amplified from the yeast GFP fusion library with
primers TER218 and TER219, TER222 and TER223, TER226 and TER227, TER299 and TER300,
respectively. The above PEX8-mGFP, PEX10-mGFP, PEX11-mGFP, PEX13-mGFP, Ant1-mGFP fragments
were transformed into BY4742 WT and pex3 atg1 Pex14-mCherry cells. Correct integration was
confirmed by colony PCR using the primers TER236/TER237, TER220/TER221, TER224/TER225,
TER228/TER229, and TER301/TER302, respectively.
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Construction of the pex3 atg1 Pex14-mCherry query strain for synthetic genetic array (SGA)
The S. cerevisiae atg1 pex3 Pex14-mCherry query strain was constructed using an SGA compatible
strain (yMS140). First ATG1 was disrupted as described above. The PCR fragment was transformed
into the SGA compatible strain and nourseothricin resistant transformants were checked by
colony PCR using the primers JWR005 and JWR006, and confirmed by Southern blotting. A
fragment encoding Pex14-mCherry was introduced in this strain as described before. PEX3 was
deleted by replacing the PEX3 region with a cassette containing the zeocin resistance gene and
50 bp flanking regions of PEX3. The PCR fragment was amplified with the primers JWR051 and
JWR052 using plasmid pSL34 as a template, and transformed into atg1 Pex14-mCherry. Zeocin
resistant transformants were selected and the correct integration was checked by colony PCR
using the primers TER202 and TER203 and confirmed by Southern blotting.
Construction of the CB199 pex3 atg1 Pex14-TPA strain for biochemical studies
For the generation of deletion mutant and genomically tagged protein strains, the corresponding
cassettes were amplified from pUG27, pUG72 or pYM8 as previously described [31,32]. Briefly, for
tagging of the PEX14 gene, the cassette TEV-ProteinA-KanMX6 was amplified from plasmid pYM8
with the primers RE4354 and RE4355. For the deletion of the PEX3 gene, the HIS5 cassette was
amplified from plasmid pUG27 with the primers RE4351 and RE4362. The clones were checked
and selected by immunoblot analysis of Pex14 and Pex3. Finally, the ATG1 gene was deleted using
the URA3 cassette amplified from plasmid pUG72 with primers RE4347 and RE4348. Mutant clones
were selected and correct integration was checked by colony PCR using primers RE4349/RE4350
(Table S2).
Strain construction using the SGA method
The yMS140 atg1 pex3 Pex14-mCherry query strain was crossed with strains containing N-terminal
GFP-tagged peroxins of the SWAT-GFP library [33] using the SGA method [34,35]. Mating was
performed on rich medium plates, and selection for diploid cells was performed on SD-URA plates
containing Nourseothricin (200 μg/ml). Sporulation was induced by transferring cells to nitrogen
starvation medium plates for six days. Haploid cells containing the PEX3 and ATG1 deletions,
as well as Pex14-mCherry and one of the N-terminal GFP-tagged peroxins under control of the
NOP1 promoter were selected by transferring cells to SD-URA plates containing Nourseothricin
(200 μg/ml), Hygromycin B (200 μg/ml) and Zeocin (200 μg/ml) alongside the toxic amino acid
derivatives Canavanine and Thialysine (Sigma-Aldrich) to select against remaining diploids, and
lacking leucine to select for spores with an “alpha” mating type. The presence of the correct GFP
fusion protein in the resulting S. cerevisiae strains was checked by colony PCR.
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Generation of the pex3 atg1 Pex14-mCherry Sur4-GFP strain
A pex3 atg1 strain producing Pex14-mCherry and Sur4-GFP as an ER marker [36] was constructed
by crossing pex3 atg1 Pex14mCherry with a WT strain producing Sur4-GFP [37]. The correct strain
was selected after sporulation.
Fluorescence and electron microscopy
To quantify Pex14-mGFP spots in pex3 and pex3 atg1 strains, cells were grown for 16 h on MM-O.
Random images were taken as a stack using a confocal microscope (LSM800, Carl Zeiss) and
photomultiplier tubes (Hamamatsu Photonics) and Zen 2009 software (Carl Zeiss). Z-Stack images
were made containing fourteen optical slices and the GFP signal was visualized by excitation with
a 488 nm argon ion laser (Lasos), and a 500-550 nm bandpass emission filter. Live cell imaging
was performed using a Zeiss LSM800 confocal microscope. The temperature of the objective and
object slide was kept at 30 °C and the cells were grown on 1% agar in medium. GFP fluorescence
was analyzed by excitation of the cell with a 488 nm laser, and emission was detected using a
490-535 nm bandpass emission filter. DsRed fluorescence was analyzed by excitation with a 561
nm laser, and emission was detected using a 535–700 nm bandpass filter. Eight z-axis planes were
acquired every 20 min.
Fluorescence microscopy was performed by making single plain images for brightfield, mGFP and/
or mCherry. All images were captured at room temperature using the AxioScope A1 microscope
(Carl Zeiss), equipped with a 100 ×1.30 NA Plan-Neofluar objective (Carl Zeiss), a digital camera
(Coolsnap HQ2; Photometrics) and the Micro-Manager 1.4 software. Oleic acid grown cells were
washed with water twice before image acquisition to remove oleic acid.
GFP fluorescence was visualized with a 470/40 nm bandpass excitation filter, a 495 nm dichromatic
mirror, and a 525/50 nm bandpass emission filter. mCherry fluorescence was visualized with a
587/25 nm bandpass excitation filter, a 605 nm dichromatic mirror, and a 647/70 nm bandpass
emission filter. Image analysis was carried out using ImageJ and Adobe Photoshop CS6 software.
Immuno-electron microscopy (immune-EM) and correlative light and electron microscopy (CLEM)
was performed using cryosections as described previously [38]. The 6-nm gold particles that
were used for immuno-EM were also used for alignment of the tomograms. For CLEM, sections
were imaged on an Observer Z1 (Carl Zeiss) using Zen 2.3 software equipped with an AxioCAM
MRm camera (Carl Zeiss) and a 63× 1.25 NA Plan-Neofluar objective (Carl Zeiss). GFP fluorescence
was visualized with a 470⁄40 nm bandpass excitation filter, a 495 nm dichromatic mirror, and a
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525⁄50 nm bandpass emission filter. After fluorescence imaging, the grid was post-stained and
embedded in a mixture of 0.5% uranyl acetate and 0.5% methylcellulose. Acquisition of the
double-tilt tomography series for immuno-EM and CLEM was performed manually in a CM12 TEM
running at 90 kV and included a tilt range of 40° to −40° with 2.5° increments. Reconstruction of
the tomograms was performed using the IMOD software package. 3D surface-rendered models
are generated using the AMIRA visualization package (TGS Europe).
Cell fractionation experiments
Sub-cellular fractionation and isopycnic density gradient cell fractionation
Cells were inoculated at an initial OD of 0.1 in 0.3% glucose medium. After 8 h of cultivation,
peroxisome proliferation was induced by adding oleic acid (0.1%). Postnuclear supernatants (PNS)
were prepared as described previously [39]. Postnuclear supernatants derived from CB199 Pex14TPA (considered from now on as WT), pex3, atg1, and pex3 atg1 strains were loaded on a linear
OptiprepTM (Axis-Shield)/sucrose gradient (2.24 to 36% (w/v) iodixanol gradient, containing 18%
(w/v) sucrose). Centrifugation was performed with a TV-860 rotor [39].
Differential sedimentation
Postnuclear supernatants derived from WT, pex3, atg1, and pex3 atg1 strains (1 ml) were applied
onto a cushion of 200 μl 60% sucrose in lysis buffer [39]. The samples were centrifuged at 20,000 ×g
for 40 min in an MLA-130 rotor. The supernatants were loaded onto a new cushion and centrifuged
at 200.000 ×g for 1 h 40 min. Samples were taken and proteins precipitated with TCA.
Flotation analysis
Postnuclear supernatants derived from WT, and pex3 atg1 strains (15 ml) were applied onto a
cushion of 5 ml 60% sucrose in lysis buffer (see above). The samples were centrifuged at 21500 ×g
for 1 h 5 min in a Type Ti70 rotor. The supernatants were mixed with 50% OptiPrep™/lysis buffer
for a final concentration of 30% OptiPrep™ and 3 ml were applied to the bottom of the tube.
Subsequently, 3 ml of 25% OptiPrep™/lysis buffer, 2 ml of 10% OptiPrep™/lysis buffer, and 1.5 ml
of lysis buffer were overlaid sequentially. The tubes were centrifuged at 90,000 ×g for 14 h in an
SW41 rotor. Fractions of 1 ml were taken for TCA precipitation.
Pex14-complex affinity purification
WT CB199 and pex3 atg1 strains containing Pex14 genomically tagged with TEV (tobacco etch
protease cleavage site)-ProteinA (TPA) were grown first in 0.3% glucose medium and then oleic acid
was added as described before. The cells were resuspended in lysis buffer (20 mM HEPES, 100 mM
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KOAc, and 5 mM MgOAc, pH 7.5) in the presence of protease inhibitors, disrupted with glass beads, and
cell debris was sedimented at 1500 ×g for 10 min in an Eppendorf 5810R centrifuge. The membranes
were sedimented for 1 h at 100,000 ×g in a Sorvall T-647.5 rotor for 1 h. Sedimented membranes
were resuspended and solubilized for 1 h 30 min in lysis buffer containing 1% digitonin (Calbiochem)
at 3.3 mg/ml protein concentration. The solubilization of membrane proteins was followed by
centrifugation for 1 h at 100,000 ×g in a Sorvall T-647.5 rotor to remove not solubilized membrane
proteins. The supernatants were incubated overnight in the presence of human IgG-Sepharose
resin [40]. The complexes were eluted by digestion with TEV protease (Invitrogen) for 2 h at 16 °C.
For size-exclusion chromatography, eluted complexes from WT and pex3 atg1 cells were applied to
a Superose 6 PC3.2/30 column (GE Healthcare) pre-equilibrated with lysis buffer and 0.1% digitonin.
Quantitative LC-MS analysis of Pex14 complexes from the pex3 atg1 strain
Pex14 complexes were affinity-purified from digitonin-solublized membranes of pex3 atg1 cells
expressing TPA-tagged or untagged (control) Pex14 in the CB199 background as described above
in three independent replicates. Eluted proteins were precipitated with acetone, separated by
SDS-PAGE using a 4-12% NuPAGE BisTris gradient gel (Life Technologies) and visualized by colloidal
Coomassie Brilliant Blue. Gel lanes were cut into twenty two equal slices each and processed for
LC-MS analysis including reduction of disulfide bonds, subsequent alkylation of free thiol groups,
and tryptic digestion essentially as described before [41]. LC-MS analyses were performed on an
Orbitrap Elite mass spectrometer (Thermo Scientific, Bremen, Germany) coupled to an UltiMate
3000 RSLCnano HPLC system (Thermo-Scientific, Dreieich, Germany) as described previously [42].
Mass spectrometric raw data were processed using MaxQuant/Andromeda (version 1.5.2.8;
[43] [44]). For protein identification, MS/MS data were searched against the S. cerevisiae
Genome Database and a set of common contaminants provided by MaxQuant considering
carbamidomethylation of cysteine residues as fixed and acetylation of protein N-termini and
methionine oxidation as variable modifications. Proteins were identified with at least one unique
peptide comprising a minimum of six amino acids and a false discovery rate of < 0.01 on peptide
and protein level. Relative protein quantification was based on MS intensities determined by
MaxQuant. Protein abundance ratios (Pex14-TPA/control) were calculated and mean log2 ratios
across all three replicates as well as the p-value of each protein were determined using Perseus
[45]. To be considered significantly enriched in Pex14 complexes, proteins were required to meet
the following criteria: (i) identified in 3/3 Pex14-TPA purifications with at least 2 MS/MS counts in
2/3 replicates and (ii) identified in Pex14-TPA purifications only with a sequence coverage ≥20%
or exhibiting a mean abundance ratio > 5 (sequence coverage: ≥5%) and a p-value < 0.05. For
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details about proteins identified (sequence coverage ≥ 5%) and quantified, see Table S3 (see the
attached CD).

Results
Peroxisomal membrane remnants are present in S. cerevisiae pex3 and pex3 atg1 cells
The peroxisomal membrane structures observed in H. polymorpha pex3 cells are sensitive to
autophagic degradation, which could be blocked by deletion of ATG1 [15]. Because this facilitated
the detection of these structures in H. polymorpha, we also used an atg1 background strain in
order to address whether comparable structures are present in S. cerevisiae pex3. Fluorescence
microscopy (FM) analysis of oleic acid induced pex3 and pex3 atg1 cells producing Pex14-mGFP
revealed the presence of distinct fluorescent spots (Figure 1A). The average number of these
spots was similar in S. cerevisiae pex3 and pex3 atg1 cells, as was evident from quantitative
analysis of confocal laser scanning microscopy (CLSM) images (Figure 1B). This result indicates
that in S. cerevisiae pex3 cells these structures are not, or at least not to the same extent as in H.
polymorpha, subject to degradation by autophagy. This conclusion was supported by immunoblot
analysis, which showed that the levels of Pex14 in pex3 cells were the same as in WT and pex3
atg1 cells (Figure 1C). Further control experiments revealed that deletion of ATG1 does not have a
negative effect on peroxisome biogenesis or function, because S. cerevisiae atg1 cells contain fully
functional peroxisomes (normal growth on oleic acid), which show a similar sedimentation pattern
as observed for WT controls (Figure S1, compare Figure 2B). Because analysis of S. cerevisiae pex3
atg1 cells allows precise comparison with data previously reported for H. polymorpha pex3 atg1,
we continued our further studies with the double deletion strain.
Fluorescence microscopy revealed that the Pex14-mCherry spots were often closely associated to
the ER in S. cerevisiae pex3 atg1, however, several spots can be observed that do not co-localize
to the ER (Figure 1D).
In order to further address the sub-cellular localization of Pex14-mGFP in S. cerevisiae pex3
atg1 cells, we performed correlative light and electron microscopy (CLEM) in combination
with tomography. As shown in Figure 1E, electron tomography revealed that Pex14-GFP spots
invariably represent clusters of vesicular structures. Although strands of ER were often present in
the vicinity of these clusters, the CLEM studies never revealed the presence of GFP fluorescence at
regions that only contained ER. Similarly, immunolabelling experiments using α-Pex14 antibodies
invariably showed labelling at vesicular structures (Figure 1F), whereas labelling of the ER was
never observed.

42

S. cerevisiae pex3 cells contain vesicles that harbor a subset of PMPs

2

Figure 1. Peroxisomal membrane structures are present in S. cerevisiae pex3 and pex3 atg1 cells. Cells were grown
on MM-O for 16 h. (A) FM images of pex3 and pex3 atg1 cells producing Pex14-mGFP. Scale bar: 2.5 μm. (B) Quantification of
Pex14-mGFP spots in pex3 and pex3 atg1 cells. The average number of spots was calculated from 250 cells in each strain.
Error bars represent standard deviation (SD) of two independent experiments. (C) Western blot analysis of Pex14 levels in
WT, pex3 and pex3 atg1 cells. Glucose 6 phosphate dehydrogenase (G6PD) was used as loading control. (D) FM images of
pex3 atg1 cells producing Pex14-mCherry and Sur4-GFP as the ER marker. Graphs show normalized fluorescence intensities
along the lines indicated in the merged image. The peak of highest intensity was set to 1. (E) CLEM of pex3 atg1 cells producing Pex14-GFP. I) The localization of Pex14-GFP in a 160 nm thick cryosection using FM. II) Overlay of the same FM image
together with the EM image. III) A tomographic slice of the region boxed in (II), where the fluorescent spot is localized. IV) 3D
rendered volume showing peroxisomal vesicles (red), ER (green), vacuolar membrane (blue) and plasma membrane (yellow).
(F) I) Immuno-EM of pex3 atg1 cell using a 90 nm thick cryosection and anti-Pex14 antibodies. II) Higher magnification of
the region indicated in (I). III) 3D view of the tomogram of the image shown in (II), indicating the peroxisomal vesicles (red),
ER (green), plasma membrane (yellow) and 6 nm gold particles (black). Scale bars (E I, II) 500 nm; (E III) 100 nm; (F I) 200 nm;
(F II) 100 nm. CW – cell wall, LD – lipid droplet, M –mitochondrion.
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Summarizing, these data indicate that Pex14 is only present at clusters of vesicles in S. cerevisiae
pex3 atg1. Although these vesicles sometimes appear in the vicinity of the ER, our detailed CLEM
and immunolabelling experiments revealed that Pex14 is not localized at the ER in these cells.
Isopycnic density gradient cell fractionation showed that in S. cerevisiae pex3 atg1 cells, most
Pex14 protein co-migrated with the mitochondrial marker (Por1), together with a minor fraction
that co-migrated with the ER marker (Kar2) (Figure 2A). A similar distribution was observed in
gradients of pex3 control cells (Figure S2). In contrast, in gradients of WT (Figure 2A) or atg1 (Figure
S2) control cells, virtually all Pex14 migrates to typical high density fractions reflecting mature
peroxisomes (Figure 2A). In order to biochemically analyze the localization of Pex14 further,
we performed sequential differential centrifugation. First, the postnuclear supernatants (PNS)
prepared from the oleic acid induced WT and pex3 atg1 cells were subjected to centrifugation
for 40 min at 20, 000×g (20K ×g). This resulted in an almost complete sedimentation of the ER and
mitochondria as indicated by the distribution of Por1 and Kar2 (Figure 2B). In WT, the majority
of Pex14 was in the 20K ×g pellet fraction (P-20K ×g). However, in pex3 atg1, only a very small
portion of Pex14 was found in the sediment, while the majority was observed in the corresponding
supernatant (S-20K ×g). Subsequently, the S-20K ×g fraction was subjected to centrifugation at
high speed (200K ×g) in order to sediment small vesicles. After centrifugation, Pex14 was mostly
present in the pellet (Figure 2B). As expected, the peroxisomal matrix enzyme thiolase (Fox3) was
mainly present in P-20K×g of WT cells. However, this peroxisomal marker enzyme was observed
in the P-20K×g and P-200K ×g fractions of the pex3 atg1 cells.
To analyze whether Pex14 is associated with membranes, we performed a flotation analysis
of the supernatant of the 20K ×g sedimentation (Figure 2C). Detection of Pex14 in fractions of
lighter density in the pex3 atg1 gradient indicated that it is associated with membranes. The
Pex14 present in the WT S-20K ×g fraction did not float, indicating that Pex14-containing vesicles
are not present in significant amounts in WT cells. The postnuclear supernatants (PNS) of both
strains were also subjected to flotation analysis (Figure 2D). As expected, the mitochondrial Por1
totally floated, as well as the ER protein Kar2, whereas the cytosolic enzyme Pgk1 remained at
the loading point. The peroxisomal matrix protein Fox3 showed in gradient of the WT PNS a dual
localization to peroxisomes and the cytosol as expected. Interestingly, in the absence of Pex3 a
portion of Fox3 still floated.
These data suggest that pex3 atg1 cells may harbor two populations of Pex14-containing vesicles:
very small and empty ones in conjunction with larger ones that contain a minor portion of the
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cellular Fox3 protein. The larger ones sediment at 20K ×g and also contain Fox3 (Figure 2B). These
vesicles are absent in the gradients of the S-20K ×g fraction (Figure 2C), but float in the PNS
gradients (Figure 2D). The smaller ones sediment in the 200K ×g fraction (Figure 2B), but lack
thiolase as is evident from the flotation gradient of the S-20K ×g fraction. The Fox3 protein which
does not float in the PNS gradients may represent aggregates (Figure 2D).

2

Figure 2. Pex14 is localized to membrane structures in the absence of Pex3. (A) Cells were grown in the presence of
oleic acid. Postnuclear supernatants (PNS) from WT and pex3 atg1 double mutant cells were fractionated by isopycnic
density gradient centrifugation. Fractions were analyzed by immunoblotting with antibodies against Pex14, Pex5 and
Pex13 (peroxisomes), Kar2 (ER) and Por1 (mitochondria). Pex14-containing fractions are indicated by a box. (B) Separation
of organelles by differential centrifugation. PNS were generated and sequentially centrifuged at 20,000 ×g for 40 min (20K
×g) and then at 200,000 ×g for 1 h 40 min (200K ×g). Fractions were analyzed by immunoblotting using antibodies against
Por1 and Tim23 (mitochondria); Kar2 (ER); 3-phosphoglycerate kinase (Pgk1, cytosol); Pex14, Pex13 and thiolase (Fox3)
(peroxisomes). Flotation analysis of the 20K×g supernatant (C) or PNS (D) of WT and pex3 atg1 cells.

In order to address whether the Pex14-containing membrane structures in S. cerevisiae pex3
atg1 cells have a similar protein composition as those observed in H. polymorpha pex3 atg1 cells,
we performed co-localization studies using Pex14-mCherry as peroxisome membrane-marker
together with the same five PMPs that were tested in H. polymorpha, all C-terminally tagged with
mGFP and under control of their endogenous promoters. As expected, the PMPs Pex10-mGFP,
Pex11-mGFP, Pex13-mGFP and Ant1-mGFP were present in spots in WT control cells (Figure 3A).
However, part of Pex8-mGFP mislocalized to the cytosol in WT controls (Figure 3A), which was
not observed for a Pex8 variant, which was N-terminally tagged with mGFP, indicating that the
C-terminal GFP tag influenced the localization of Pex8 to peroxisomes in WT cells.
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In S. cerevisiae pex3 atg1 cells, the bulk of the mGFP-Pex8 fluorescence also co-localized with
Pex14-mCherry in spots (Figure 3B), like in H. polymorpha pex3 atg1. However, Pex11-mGFP
fluorescence was present at mitochondria (Figure 3D), whereas Pex10-mGFP, Pex13-mGFP and
Ant1-mGFP fluorescence was below the limit of detection (data not shown). The low levels of most
PMPs was confirmed by Western blot analysis of samples taken at different time points after a shift
of pex3 atg1 cells from glucose- to oleic acid-containing medium (Figure 3C). Taken together, we
conclude that Pex14 and Pex8 accumulate at membrane structures in S. cerevisiae pex3 atg1 cells.

Figure 3. PMPs levels and localization in WT and pex3 atg1 cells. FM analysis of glucose-grown WT (A) or pex3 atg1 cells
(B) producing various C-terminal GFP-tagged PMPs under control of their endogenous promoters. mGFP-Pex8 was produced
under control of PNOP1 . The pex3 atg1 cells (B) also produce Pex14-mCherry to mark the peroxisomal vesicles. (C) Western
blot analysis of the indicated GFP fusion proteins (produced under control of their endogenous promoters) in whole cell
lysates of WT and pex3 atg1 cells. Cells were pre-cultivated in minimal medium containing glucose, subsequently shifted
to medium containing a mixture of glucose and oleic acid. Samples were taken at the indicated time points after the shift.
Pyc1 or G6PD were used as loading controls. (D) Confocal laser scanning microscopy analysis of pex3 atg1 cells producing
Pex11-mGFP under control of the PPEX11 . Mitochondria were stained with Mitotracker (Red). Living cells growing on glucose
medium containing 1% agar were imaged. Scale bars: 2.5 μm (A), 5 μm (B, D).
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Several peroxins co-localize with Pex14 in S. cerevisiae pex3 atg1 cells
In order to define a larger set of peroxins that co-localize with Pex14 in the absence of Pex3,
additional localization studies were performed. Because in pex3 atg1 cells the levels of several
peroxins are extremely low (Figure 3) when produced under control of the endogenous promoters
(Figure 3), we took advantage of the recently constructed SWAT-GFP library, which is a collection of
~2000 S. cerevisiae strains containing proteins tagged with GFP at the N-terminus and expressed
using the constitutive NOP1 promoter [33]. Using only the strains producing tagged peroxins
from this library and synthetic genetic array (SGA), we obtained a collection of pex3 atg1 double
mutants producing Pex14- mCherry together with nineteen different peroxins N-terminally tagged
with mGFP. These proteins all localized (partially) to peroxisomes in WT cells, based on their colocalization with Pex3 [46].
As shown in Figure 4 and Table 1, nine out of nineteen peroxins tested co-localized (partially)
with Pex14-mCherry. The PTS1 receptor Pex5 and Pex7, but not the Pex7 co-receptors (Pex18
and Pex21) accumulate at the Pex14-mCherry spots (Figure 4). Western blotting using anti-GFP
antibodies revealed a band of approximately 34 kDa in cell extracts of GFP-Pex18 and GFP-Pex21
producing strains. Because both full length fusion proteins have a calculated molecular weight of
approximately 60 kDa, this result indicates that these fusion proteins are most likely proteolytically
cleaved (Figure 5; see Table 1 for calculated MW of the fusion proteins). The docking proteins
(Pex13, Pex17) and Pex8 co-localized with Pex14-mCherry. Of these peroxins, Pex17 showed
relatively high levels of a 34 kDa band that is recognized by the anti-GFP antibodies and may
explain the partial cytosolic fluorescence in the double mutant cells (Figure 4). Pex4 and its
recruiting protein Pex22 were also present at the Pex14 spots. None of the three RING proteins
colocalized with Pex14. Western blotting indicated that a significant portion of GFP-Pex2 and most
of the GFP-Pex10 and GFP-Pex12 was cleaved. GFP-Pex15, which was only partially cleaved, also
partially colocalized with Pex14-mCherry. Both AAA peroxins Pex1 and Pex6 as well as Pex19 were
observed in the cytosol. Finally, of the three proteins of the Pex11 family (Pex11, Pex25, Pex27),
Pex11 localized to mitochondria, Pex25 localized both to Pex14 spots and the cytosol, whereas
Pex27 was exclusively localized to the cytosol. However, for Pex27 only the cleaved protein was
detected in the Western blot (Figure 5). Western blot analysis of WT control strains overproducing
the same N-terminally tagged fusion proteins revealed that for all peroxins the full length protein
was detectable, although some of the peroxins showed significant levels of cleaved protein as
well. Major differences were observed for Pex10, Pex25 and Pex27, which were present almost
exclusively at full length in WT, in contrast to pex3 atg1 cells in which these proteins were almost
completely cleaved.
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Figure 4. Localization of peroxins in S. cerevisiae pex3 atg1 double mutant cells. FM images of pex3 atg1 cells producing
Pex14-mCherry and 19 different peroxins N-terminally tagged with mGFP. The strains are grouped in functional groups.
Cells were grown for 16 h on MM-O. Scale bar: 5 μm.
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2
Figure 5. Western blot analysis of GFP-peroxin fusion proteins in S. cerevisiae pex3 atg1 and WT cells. (A) pex3 atg1
and (B) WT controls producing N-terminal GFP fusion proteins under control of the NOP1 promoter. Cells were grown for
16 h on MM-O. Western blots were decorated with anti-GFP antibodies. Different exposure times were used to optimally
visualize the bands. Pyc1 (130 kDa) or G6PD (55 kDa) were used as loading controls.

Pex14 forms a complex with other peroxins in pex3 atg1 cells
In a complementary approach, Pex14 was genomically tagged with protein A (TPA-tag) and Pex14containing complexes were isolated from WT and pex3 atg1 mutant cells and compared regarding
their size and composition (Figure 6A). Like the Pex14-mGFP fusion protein, Protein A-tagged Pex14
is fully functional (Figure S1). In WT, two main complexes were detected. One of about 700 kDa that
corresponds well to the known complex with Pex14-Pex13-Pex17-Pex5 as major constituents, which
was described earlier as the PTS1 import pore [47]. The second complex also contains the components
of the PTS1 import pore but migrates to fractions representing structures of higher molecular weight.
Interestingly, the higher molecular weight complex is not observed in the pex3 atg1 double mutant. The
composition of the isolated Pex14 complexes from pex3 atg1 cells was also analyzed by quantitative
mass spectrometry. In addition to Pex14, Pex13, Pex17, and Pex5 as detected by immunoblot analysis,
the PTS2-receptor Pex7 and its coreceptor Pex18, Pex4, Pex22, and Pex25 were also part of the complex
(Figure 6B). Moreover, non-peroxisomal proteins were also found to be enriched with Pex14-TPA, mainly
from the cytosol, ER, and Golgi (Figure 6C). The results are in good agreement with the fluorescence
microscopy data, with the exception that Pex8 and Pex15 were not detected in the complex by
biochemical means. This indicates that although Pex8 and Pex15 co-localized with Pex14 in membrane
vesicles, they apparently did not associated to the large Pex14-containing protein complex.
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Figure 6. Pex14 is associated with other peroxisomal proteins in pex3 atg1 cells. (A) Pex14 protein complexes were
isolated from solubilized total cell membranes prepared from WT and pex3 atg1 cells and subjected to size-exclusion
chromatography. In WT (top), two complexes are detected: a complex of about 700 kDa, which previously has been shown
to exhibit the PTS1-pore activity, and a high-molecular weight complex, which also contained Pex13. In the absence of
Pex3 (bottom), the 700 kDa complex is still formed while the higher molecular weight complex is absent. (B) Pex14 complexes were purified from pex3 atg1 cells expressing either TPA-tagged or native, untagged Pex14 (control) and analyzed
by LC-MS. Mean log2 abundance ratios (Pex14-TPA/control; n =3) were calculated and plotted against the p-value (−log10)
determined for each protein (the full list of interactors is presented in Table S3; see the attached CD). Proteins depicted in
blue are specifically enriched in Pex14 complexes. Peroxisome-associated proteins found to be enriched are labelled. For
Pex4, Pex13, and Pex22 (listed in the top right corner), mean ratios and p-values could not be calculated since they were
only identified in complexes from Pex14-TPA-expressing cells. (C) Sub-cellular localization of proteins enriched in Pex14
complexes from pex3 atg1 cells. Information is derived from Gene Ontology annotations for cellular compartment and
entries in the S. cerevisiae Genome Database.
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Discussion
Here we show that in S. cerevisiae pex3 atg1 cells PMPs do not accumulate at the ER. Our
fluorescence microscopy data, supported by electron microscopy and biochemical analyses,
revealed that Pex14 localizes to membrane vesicles, which are morphologically distinct from the
ER and do not co-sediment with ER markers in cell fractionation experiments. At these vesicles,
Pex14 assembles with other peroxins to form a complex with a composition similar to the PTS1
pore in WT cells [47].
The peroxisomal membrane structures observed in S. cerevisiae pex3 atg1 cells are similar to those
described in H. polymorpha pex3 atg1, because they also contain Pex8, Pex13 and Pex14, but not
Pex10, Pex11 or Ant1 (Figure 2, 4). However, in S. cerevisiae pex3 these structures are relatively
stable, whereas in H. polymorpha pex3 they are subject to constitutive autophagic degradation
[15]. This can readily be explained by the difference in function of Pex3 in pexophagy in these
two yeast species. In S. cerevisiae Pex3 is required for pexophagy, because it recruits Atg36 [48].
Hence, in the absence of Pex3 peroxisomal structures will not be recognized by the autophagy
machinery. In contrast, in H. polymorpha Pex3 should be first removed from peroxisomes to allow
pexophagy [49,50]. Cells of ATG1 single deletion strains have increased peroxisome numbers both
in H. polymorpha [51] and S. cerevisiae [52], which can be explained by low levels of constitutive
autophagy.
Of the nineteen peroxins tested, nine co-localized (partially) with Pex14 (Table 1). Based on
these co-localization experiments together with the proteomic analysis of Pex14 complexes, we
conclude that S. cerevisiae pex3 cells contain peroxisomal membrane vesicles, which harbor a
receptor docking complex, PTS receptors and a large protein complex with the same composition
as the matrix protein import pore in WT cells. This import pore is most likely also functional,
because the structures contain small amounts of the matrix enzyme thiolase (Figure 2D). In this
respect, the vesicles also resemble those present in H. polymorpha pex3 atg1 cells, which harbor
small amounts of the peroxisomal matrix protein alcohol oxidase.
Recycling of the PTS receptors involves ubiquitination processes by the E2 enzyme Pex4, which is
recruited to peroxisomes by the PMP Pex22, together with the three RING peroxins, which serve as
E3 enzymes. Pex4-GFP and Pex22-GFP co-localize with Pex14-mCherry to the vesicles and were
detected in the Pex14 complexes, but not the RING proteins, most likely explaining why Pex5 and
Pex7 accumulate at the structures.
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Table 1. Summary analysis of co-localization of various peroxins with Pex14.
Co-localization with Pex14
Yes
No

Partial

Calculated MW
GFP fusion

Peroxin

Function

Pex5

PTS1 receptor

Pex7

PTS2 receptor

Pex18

PTS2 co-receptor

x

Pex21

PTS2 co-receptor

x

Pex13

Component of the docking complex

✓

70

Pex17

Component of the docking complex

✓

50

Pex8

Matrix protein of the importomer complex

✓

95

Pex4

Ubiquitin conjugating enzyme (E2)

✓

48

Pex22

Recruits Pex4 to peroxisomes

✓

47

Pex2

Peroxisomal ubiquitin ligase (E3)

x

58

Pex10

Peroxisomal ubiquitin ligase (E3)

x

66

Pex12

Peroxisomal ubiquitin ligase (E3)

x

73

Pex15

Membrane anchor for the AAA peroxins

Pex1

AAA peroxin, recycling of peroxisomal signal receptors

x

144

Pex6

AAA peroxin, recycling of peroxisomal signal receptors

x

143

Pex19

Receptor for newly synthesized PMPs

x

65.5

Pex11

Peroxisome proliferation

x

54

Pex25

Regulation of peroxisome size and number

Pex27

Regulation of peroxisome size and number

✓

protein [kDa]

✓

96.5
69
59
60

✓

✓
x

Full

70.5

72
71

Because of the absence of a functional exportomer matrix protein import cannot proceed when
all receptor molecules have accumulated at the docking/import site. This may explain why there
is only little import of thiolase. The absence of the RING proteins in the structures most likely also
prevents the formation of the entire importomer, which is indicated by the lack of a high molecular
weight Pex14 complex in pex3 cells.
The final steps in receptor recycling require the AAA ATPases Pex1 and Pex6. GFP-Pex1 and GFPPex6 fluorescence was relatively strong and present in the cytosol. However, the Pex1/Pex6
recruiting protein Pex15 did co-localize to the Pex14-containing vesicles. The cytosolic localization
of Pex1/Pex6 may be due to the fact that upon overproduction these proteins cannot fully assemble
in Pex1/Pex6/Pex15 complexes [53]. The lack of Pex15 in the isolated Pex14-complex might be
caused by the absence of Pex3 or the RING-complex bridging the pore and the AAA-complex.
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Several PMPs did not accumulate at the membrane vesicles, e.g. Pex11 accumulated at
mitochondria in line with earlier reports [14,54]. In H. polymorpha pex3, Pex11 was observed at the
ER in the transient stage of adapting cells to methanol growth conditions. This difference in Pex11
location in the two yeast species supports the view that Pex11 mislocalizes in the absence of Pex3.
We also observed a significantly reduced Pex11 level in the S. cerevisiae cells lacking Pex3, relative
to the WT control, suggesting that the protein is not very stable at mitochondria (Figure 2C). Of
the two other proteins of the Pex11 family, Pex25 and Pex27, only Pex25 co-localized with Pex14
and was detected in the Pex14 complex by MS, whereas Pex27 appeared to be relatively unstable.
The sorting mechanisms of PMPs are still debated. According to the classical model, most PMPs
(class 1) are recognized by the mPTS receptor Pex19, which is recruited to the peroxisome by
Pex3, followed by insertion of the cargo PMP via a yet unknown mechanism. Pex3 itself is a class
2 protein and inserts into peroxisomal membranes independent of this machinery. For Pex3,
the targeting signal resides in the extreme N-terminus. Pex3 shares a similar N-terminal domain
responsible for intracellular trafficking with Pex22 [55,56]. When the N-terminal fragment of Pex3
was replaced by the corresponding fragment of Pex22, the protein was targeted to functional
peroxisomes [55]. As Pex22 and Pex3 follow the same import route, the presence of Pex22 in the
membrane vesicles in pex3 cells supports the view that also this protein sorts to the peroxisomal
membrane independent of Pex3. Pex8 is a peroxisomal matrix protein that only requires PTS
receptors and Pex14 for import [57,58]. This peroxin also associates to the peroxisomal vesicles
stressing the presence of a functional matrix protein import pore. However, it remains unclear
how the other PMPs sort to the vesicles in pex3 cells because they are assumed to be class 1
proteins and hence require Pex3 and Pex19 for sorting to peroxisomes (Pex13, Pex14, Pex15,
Pex17, Pex15, Pex22 and Pex25).
According to an alternative PMP sorting pathway, proposed by van der Zand and colleagues
[4,10], all PMPs first insert in the ER and exit this compartment in Pex3/Pex19 dependent way. Our
observations are not consistent with this model, because it predicts that all PMPs accumulate at
the ER in the absence of Pex3. One option could be that PMPs indeed first sort to the ER, but that
vesicle formation is not strictly dependent on Pex3. However, in that case all PMPs, and not only
a subset, should be localized to the membrane vesicles. Interestingly, recent studies in the yeast
Pichia pastoris have suggested that the RING proteins Pex2, Pex10 and Pex12, but not proteins
of the docking complex (Pex13, Pex14, Pex17) require Pex3 for intra-ER sorting and packaging in
ER-derived vesicles [59]. Consequently, the RING proteins accumulate at the ER in P. pastoris pex3
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cells. Based on our fluorescence microscopy, cell fractionation and proteomics studies the RING
proteins do not accumulate at the ER in S. cerevisiae pex3 cells.
A major open question remains how the peroxisomal membrane vesicles are formed in pex3
cells. We envisage two possible options. One includes that a subset of the PMPs travel via the ER
followed by Pex3-independent enclosure in ER-derived vesicles. In this scenario, the PMPs that
do not follow this pathway (e.g. the RING proteins, Pex11 and Pex27) are mistargeted. A second
option is that the membrane structures are semi-autonomous and proliferate via growth and
fission. In this view a subset of the PMPs directly sort to the membranes via a yet unknown, Pex3
independent mechanism, while others do require Pex3 for correct sorting. Additional research is
required in order to solve this important question.
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Supplementary data
Table S1. Strains used in this study
Strain

Description

Reference

WT

BY4742, MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0

Euroscarf

pex3

BY4742, PEX3::KanMX

Euroscarf

pex3 atg1

BY4742, PEX3::KanMX, ATG1::NAT

This study

pex3 Pex14-mGFP

BY4742, PEX3::KanMX, Pex14-mGFP::HIS3

This study

pex3 atg1 Pex14-mGFP

BY4742, PEX3::KanMX, ATG1::NAT, Pex14-mGFP::HIS3

This study

WT Pex8-mGFP

BY4742, Pex8-mGFP::HIS3

This study

WT Pex10-mGFP

BY4742, Pex10-mGFP::HIS3

This study

WT Pex11-mGFP

BY4742, Pex11-mGFP::HIS3

This study

WT Pex13-mGFP

BY4742, Pex13-mGFP::HIS3

This study

WT Ant1-mGFP

BY4742, Ant1-mGFP::HIS3

This study

WT Pex14-mCherry

BY4742, Pex14-mCherry::HPH, P NOP1GFP-Pex8::URA3

This study

AK259

BY4742, PEX3::KanMX, ATG1::NAT, Pex14-mCherry::HPH, PNOP1mGFP-Pex8::URA3

[33]

WT Sur4-GFP

BY4742 Mata leu2∆0; met15∆0; ura3∆0; Sur4-mGFP::HIS3

[55]

pex3 atg1 Pex14-

BY4742, Matα; LYS2+; leu2∆0; met15∆0; ura3∆0; can1∆::MFA1pr-LEU2; lyp1∆;

This study

mCherry Sur4-GFP

cyh2; ∆atg1::NatR; ∆pex3::ZeoR, Pex14-mCherry::HygR; Sur4-mGFP::HIS3

pex3 atg1 Pex14-

BY4742, PEX3::KanMX, ATG1::NAT, Pex14-mCherry::HPH, Pex10-mGFP::HIS3

This study

BY4742, PEX3::KanMX, ATG1::NAT, Pex14-mCherry::HPH, Pex11-mGFP::HIS3

This study

BY4742, PEX3::KanMX, ATG1::NAT, Pex14-mCherry::HPH, Pex13-mGFP::HIS3

This study

BY4742, PEX3::KanMX, ATG1::NAT, Pex14-mCherry::HPH, Ant1-mGFP::HIS3

This study

pex3 atg1 Pex11-mGFP

BY4742, PEX3::KanMX, ATG1::NAT, Pex11-mGFP::HIS3

This study

yMS140

BY4742, Matα; LYS2+; his3Δ1; leu2∆0; met15∆0; ura3∆0; can1∆::MFA1pr-LEU2;

[35]

PNOP1GFP-Pex8

mCherry Pex10-mGFP
pex3 atg1 Pex14mCherry Pex11-mGFP
pex3 atg1 Pex14
-mCherry Pex13-mGFP
pex3 atg1 Pex14
-mCherry Ant1-mGFP

lyp1∆; cyh2
∆atg1

BY4742, Matα; LYS2+; his3∆1; leu2∆0; met15∆0; ura3∆0; can1∆::MFA1pr-LEU2;

This study

lyp1∆; cyh2; ∆atg1::NatR
atg1 Pex14-mCherry

BY4742, Matα; LYS2+; his3∆1; leu2∆0; met15∆0; ura3∆0; can1∆::MFA1pr-LEU2;

This study

lyp1∆; cyh2; ∆atg1::NatR; Pex14-mCherry::HygR
pex3 atg1 Pex14-

BY4742, Matα; LYS2+; his3∆1; leu2∆0; met15∆0; ura3∆0; can1∆::MFA1pr-LEU2;

mCherry

lyp1∆; cyh2; ∆atg1::NatR; ∆pex3::ZeoR, Pex14-mCherry::HygR

pex3 atg1 Pex14-

BY4742, Matα; LYS2+, his3∆1; leu2∆0; met15∆0; can1∆::MFA1pr-LEU2; lyp1∆;

mCherry mGFP-Pex1

cyh2; ∆atg1::NatR; ∆pex3::ZeoR; Pex14-mCherry::HygR; mGFP-Pex1::URA3

∆pex3.atg1 Pex14-

BY4742, Matα; LYS2+, his3∆1; leu2∆0; met15∆0; can1∆::MFA1pr-LEU2; lyp1∆;

mCherry mGFP-Pex2

cyh2; ∆atg1::NatR; ∆pex3::ZeoR; Pex14-mCherry::HygR; mGFP-Pex2::URA3

This study
This study
This study
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Strain

Description

Reference

pex3 atg1 Pex14-

BY4742, Matα; LYS2+, his3∆1; leu2∆0; met15∆0; can1∆::MFA1pr-LEU2; lyp1∆;

This study

mCherry mGFP-Pex4

cyh2; ∆atg1::NatR; ∆pex3::ZeoR; Pex14-mCherry::HygR; mGFP-Pex4::URA3

pex3 atg1 Pex14-

BY4742, Matα; LYS2+, his3∆1; leu2∆0; met15∆0; can1∆::MFA1pr-LEU2; lyp1∆;

mCherry mGFP-Pex5

cyh2; ∆atg1::NatR; ∆pex3::ZeoR; Pex14-mCherry::HygR; mGFP-Pex5::URA3

∆pex3.atg1 Pex14-

BY4742, Matα; LYS2+, his3∆1; leu2∆0; met15∆0; can1∆::MFA1pr-LEU2; lyp1∆;

mCherry mGFP-Pex6

cyh2; ∆atg1::NatR; ∆pex3::ZeoR; Pex14-mCherry::HygR; mGFP-Pex6::URA3

pex3 atg1 Pex14-

BY4742, Matα; LYS2+, his3∆1; leu2∆0; met15∆0; can1∆::MFA1pr-LEU2; lyp1∆;

mCherry mGFP-Pex7

cyh2; ∆atg1::NatR; ∆pex3::ZeoR; Pex14-mCherry::HygR; mGFP-Pex7::URA3

pex3 atg1 Pex14-

BY4742, Matα; LYS2+, his3∆1; leu2∆0; met15∆0; can1∆::MFA1pr-LEU2; lyp1∆;

mCherry mGFP-Pex8

cyh2; ∆atg1::NatR; ∆pex3::ZeoR; Pex14-mCherry::HygR; mGFP-Pex8::URA3

pex3 atg1 Pex14-

BY4742, Matα; LYS2+, his3∆1; leu2∆0; met15∆0; can1∆::MFA1pr-LEU2; lyp1∆;

mCherry mGFP-Pex10

cyh2; ∆atg1::NatR; ∆pex3::ZeoR; Pex14-mCherry::HygR; mGFP-Pex10::URA3

pex3 atg1 Pex14-

BY4742, Matα; LYS2+, his3∆1; leu2∆0; met15∆0; can1∆::MFA1pr-LEU2; lyp1∆;

mCherry mGFP-Pex11

cyh2; ∆atg1::NatR; ∆pex3::ZeoR; Pex14-mCherry::HygR; mGFP-Pex11::URA3

pex3 atg1 Pex14-

BY4742, Matα; LYS2+, his3∆1; leu2∆0; met15∆0; can1∆::MFA1pr-LEU2; lyp1∆;

mCherry mGFP-Pex12

cyh2; ∆atg1::NatR; ∆pex3::ZeoR; Pex14-mCherry::HygR; mGFP-Pex12::URA3

pex3 atg1 Pex14-

BY4742, Matα; LYS2+, his3∆1; leu2∆0; met15∆0; can1∆::MFA1pr-LEU2; lyp1∆;

mCherry mGFP-Pex13

cyh2; ∆atg1::NatR; ∆pex3::ZeoR; Pex14-mCherry::HygR; mGFP-Pex13::URA3

pex3 atg1 Pex14-

BY4742, Matα; LYS2+, his3∆1; leu2∆0; met15∆0; can1∆::MFA1pr-LEU2; lyp1∆;

mCherry mGFP-Pex15

cyh2; ∆atg1::NatR; ∆pex3::ZeoR; Pex14-mCherry::HygR; mGFP-Pex15::URA3

pex3 atg1 Pex14-

BY4742, Matα; LYS2+, his3∆1; leu2∆0; met15∆0; can1∆::MFA1pr-LEU2; lyp1∆;

mCherry mGFP-Pex17

cyh2; ∆atg1::NatR; ∆pex3::ZeoR; Pex14-mCherry::HygR; mGFP-Pex17::URA3

pex3 atg1 Pex14-

BY4742, Matα; LYS2+, his3∆1; leu2∆0; met15∆0; can1∆::MFA1pr-LEU2; lyp1∆;

mCherry mGFP-Pex18

cyh2; ∆atg1::NatR; ∆pex3::ZeoR; Pex14-mCherry::HygR; mGFP-Pex18::URA3

pex3 atg1 Pex14-

BY4742, Matα; LYS2+, his3∆1; leu2∆0; met15∆0; can1∆::MFA1pr-LEU2; lyp1∆;

mCherry mGFP-Pex19

cyh2; ∆atg1::NatR; ∆pex3::ZeoR; Pex14-mCherry::HygR; mGFP-Pex19::URA3

pex3 atg1 Pex14-

BY4742, Matα; LYS2+, his3∆1; leu2∆0; met15∆0; can1∆::MFA1pr-LEU2; lyp1∆;

mCherry mGFP-Pex21

cyh2; ∆atg1::NatR; ∆pex3::ZeoR; Pex14-mCherry::HygR; mGFP-Pex21::URA3

pex3 atg1 Pex14-

BY4742, Matα; LYS2+, his3∆1; leu2∆0; met15∆0; can1∆::MFA1pr-LEU2; lyp1∆;

mCherry mGFP-Pex22

cyh2; ∆atg1::NatR; ∆pex3::ZeoR; Pex14-mCherry::HygR; mGFP-Pex22::URA3

pex3 atg1 Pex14-

BY4742, Matα; LYS2+, his3∆1; leu2∆0; met15∆0; can1∆::MFA1pr-LEU2; lyp1∆;

mCherry mGFP-Pex25

cyh2; ∆atg1::NatR; ∆pex3::ZeoR; Pex14-mCherry::HygR; mGFP-Pex25::URA3

pex3 atg1 Pex14-

BY4742, Matα; LYS2+, his3∆1; leu2∆0; met15∆0; can1∆::MFA1pr-LEU2; lyp1∆;

mCherry mGFP-Pex27

cyh2; ∆atg1::NatR; ∆pex3::ZeoR; Pex14-mCherry::HygR; mGFP-Pex27::URA3

CB199

MATa, ura3-52, leu2-1, trp1-63, his3-200; arg4::natMX4, lys1::natMX3
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CB199 Pex14-TPA

CB199, PEX14:TEVcs-ProteinA-KanMX6

This study

CB199 Pex14-TPA pex3

CB199, PEX14:TEVcs-ProteinA-KanMX6, pex3::HIS5-Crelox

This study

CB199 Pex14-TPA atg1

CB199, PEX14:TEVcs-ProteinA-KanMX6, atg1::URA3-Crelox

This study

CB199 Pex14-TPA pex3

CB199, PEX14:TEVcs-ProteinA-KanMX6, pex3::HIS5-Crelox, atg1::URA3-Crelox

This study

CB199, pex3::HIS5-Crelox, atg1::URA3-Crelox

This study

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

atg1
CB199 pex3 atg1
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Table S2. Oligonucleotides used in this study
Name

Sequence (5’-3’)

TER198

TGCATGGATCAGACGCTTTC

TER199

AATGGGCCAATAGCAAGGAG

TER202

CAAGTAGTAGAGTTTGCGTG

TER203

ATCGCTGCAGGGTAATGTCA

TER208

ACCCCATATTTTCAAATCTCTTTTACAACACCAGACGAGAAATTAAGAAACCAGATCTGTTTAGCTTGCCTT

TER209

ATAGCAGGTCATTTGTACTTAATAAGAAAACCATATTATGCATCACTTAAATTCGAGCTCGTTTTCGACA

TER210

GCGTCATTTAGTTGGCAACA

TER211

AACACACCGAAACCGAAGGA

TER295

AGATCAGTGTCCCTGACTGGCAAAATGGACAGGTCGAAGACTCCATCCCAGTATCACCCGGGAAATACCCA

TER296

GTTACAATTACAATTTCCGTTAAAAAACTAATTACTTACATAGAATTGCGTGCGTACACGCGTCTGTACA

TER214

AGATCAGTGTCCCTGACTGGCAAAATGGACAGGTCGAAGACTCCATCCCAATGGTGAGCAAGGGCGAGGAGGAT

TER215

GTTACAATTACAATTTCCGTTAAAAAACTAATTACTTACATAGAATTGCGCGTTTTCGACACTGGATGGCGGCGTT

TER216

TAACCGTATGGAATCCGGTA

TER217

TCCATGGCAATTCAAGGTCAT

TER234

CCATCGACTGGTGGTACACAACGGTCTTATCAAGTCAATCTTCTAAATTAGTGAGCAAGGGCGAGGAGCTGTT

TER235

TTGAGAAAAAAGGAATATAAAAAGGCGCTACTATAAAGTACTTAATGATAGAACTAGTGGATCCCCCGTA

TER236

AGCATTTGCTTAGGGACTCT

TER237

TGAAGGGGGGTATCTTTGGA

TER306

GACTAGAATCCCGGACTTGG

TER307

GATTGAACTGGTCAAGCAACT

TER218

TACTAGGTCGTCTGTTGGTC

TER219

ACTACCTCCACCAAAGCCAA

TER220

TAGACGTACACATGACCCTC

TER221

ACACTCTGAGACCCGTGCAA

TER222

AGTGGTCTGGCTATGGATCT

TER223

TATCACGAGCGGGTAACAGA

TER224

ACTTGCAGGCAGCTGCTAAA

TER225

CCCTGAAATATATAGGCGCA

TER226

AGACCTCTGGAACCATACGA

TER227

TGCCATATCACAATTGTCCTGA

TER228

TGATAGGCGCTGTTACTGGA

TER229

GGTGCTGGTAAGAAGAAAGT

TER299

GGGTGTCCTTTCCAAGATGA

TER300

TCCCAATTCCAAGTGGCTCT

TER301

GTGGTAGCTACAAGACAACA

TER302

GACCTGCGTTGAAGTGGAAC

2
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Name

Sequence (5’-3’)

TER304

ATACGCATGTATGCGCGCAAAACCGCACTTACAGAGGGCATTAGGACATT CCCCACACACCATAGCTTCA

TER305

CTCGTTTCGGAAGAGAGTGCAGTGATCAGATATTCGACGTCATGATCAAA CTTGTACAGCTCGTCCATGC

Pex3-F

CCCAAGCTTTTGACGGCATACACCCAAGA

Pex3-R

AGAGTCGACAGGCTTGAAGGAAAACGAGC

JWR005

CACTTAGCGCAAAAGTCACC

JWR006

GTCATGTCGGATCCTAATACC

JWR051

TCGTAAAAGCAGAAGCACGAAACAAGGAGGCAAACCACTAAAAGGACACACCATAGCTTCAAAATG

JWR052

ATATATATATATATTCTGGTGTGAGTGTCAGTACTTATTCAGAGAAGCTGGGTACCGCGTCTGTAC

RE4347

ATATTTTCAAATCTCTTTTACAACACCAGACGAGAAATTAAGAAACAGCTGAAGCTTCGTACGC

RE4348

TAGCAGGTCATTTGTACTTAATAAGAAAACCATATTATGCATCACGCATAGGCCACTAGTGGATCT

RE4349

ACATAAGGCAAAGGAGATAGGAG

RE4350

CTTTAATGACGAACTCGTAAAGCA

RE4351

ATATATATATATATTCTGGTGTGAGTGTCAGTACTTATTCAGAGAGCATAGGCCACTAGTGGATCT

RE4354

AGTGTCCCTGACTGGCAAAATGGACAGGTCGAAGACTCCATCCCACGTACGCTGCAGGTCGAC

RE4355

AATTACAATTTCCGTTAAAAAACTAATTACTTACATAGAATTGCGATCGATGAATTCGAGCTCG

RE4362

TCGTAAAAGCAGAAGCACGAAACAAGGAGGCAAACCACTAAAAGGCAGCTGAAGCTTCGTACGC

Figure S1. Deletion of ATG1 gene has no effect in peroxisomal function. (A) Growth test of mutants derived from the
CB199 parental strain. The spot assay was performed in agar plates containing 2% glucose or 0.1% oleic acid as carbon
source. The cells were resuspended at an OD600nm of 1 and subjected to serial dilution (1:10, 1:100, 1:1000) before applying 2μL of each. The deletion of PEX3 gene triggers a growth defect in the strains. When Pex14 is genomically tagged
with ProteinA or when the ATG1 gene is deleted, the cells grow normally in oleic acid-containing medium. (B) Separation
of organelles from atg1 strain by differential centrifugation. Postnuclear supernatants (PNS) were generated and sequentially centrifuged at 20,000 x g for 40 min (20Kxg) and then at 200,000 x g for 1 h 40 min (200Kxg). Fractions were analyzed
by immunoblotting using antibodies against Por1 and Tim23 (mitochondria), Kar2 (ER), 3-phosphoglycerate kinase (Pgk1,
cytosol), Pex14 and Pex13 (peroxisomes).
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Figure S2. Pex14 is localized to membrane structures in the absence of Pex3. (A) Cells were grown in the presence of
oleic acid. Postnuclear supernatants (PNS) from pex3 and atg1 mutant cells were fractionated by isopycnic density gradient
centrifugation. Fractions were analyzed by immunoblotting with antibodies against Pex14, Pex5 and Pex13 (peroxisomes),
Kar2 (ER) and Por1 (mitochondria). Pex14-containing fractions are indicated by a box. (B) Density profile of WT, pex3 atg1
(Figure 2A), pex3 and atg1 gradients’ fractions.
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Chapter 3

Abstract
Saccharomyces cerevisiae pex3 mutants had been long considered to be devoid of any peroxisomal
membrane structures. However, recent research has revealed the existence of peroxisomal
membrane vesicles in Pex3-deficient yeast cells. Here, we aim to better understand the origin
of these structures. By employment of automated mating, sporulation and mutant selection
approaches, combined with automated fluorescence microscopy, we created and analyzed two
libraries of Saccharomyces cerevisiae pex3 mutants. The first library consisted of S. cerevisiae
pex3 atg1 strains producing GFP fusion proteins and Pex14-mCherry as a marker of peroxisomal
membrane structures. This yeast collection provided us with a tool for studies of the protein
composition of peroxisomal vesicles membranes via co-localization analysis. The second library
contained Pex14-mGFP-producing pex3 atg1 strains with an additional gene deletion. Triple
mutants in this collection were analyzed with the aim to identify genes involved in the formation
of the peroxisomal membrane structures.
We identified a set of proteins that co-localize with Pex14-mCherry at peroxisomal vesicles
membrane, however, we did not find genes that are required for the formation of these structures.
Some drawbacks of the high-throughput approaches used are discussed.
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Introduction
Peroxisomes are small ubiquitous organelles present in almost all eukaryotic cells and involved
in a variety of processes. Beta-oxidation of fatty acids and degradation of reactive oxygen
species are common metabolic pathways that are catalyzed by enzymes in the peroxisomal
matrix. There is an ongoing debate on the molecular mechanisms of peroxisome proliferation.
The major models propose de novo formation of peroxisomes, implicating their endomembrane
origin, or proliferation by fission (for a review see [1]). It is generally accepted that in wild type
(WT) yeast cells peroxisomes multiply mainly by fission of the pre-existing ones [2,3]. However,
the mechanisms of peroxisome biogenesis are not well understood in mutant cells that are
temporarily devoid of peroxisomes.
According to the growth and fission model, the majority of the peroxisomal membrane proteins
(PMPs) are directly inserted into the peroxisomal membranes, an event mediated by the Pex3/
Pex19 machinery [4]. Pex19 is a soluble protein that binds newly synthesized PMPs in the cytosol
and delivers them to its docking protein at the peroxisomal membrane - Pex3 - after which the
insertion takes place by a yet unknown mechanism. Targeting of PMPs is the most studied function
of Pex3 and Pex19, however, these proteins also have been proposed to play an important role in
de novo peroxisome formation from the endoplasmic reticulum (ER). According to this alternative
model, PMPs first sort to the ER [5,6], where they accumulate at specific regions, designated
peroxisomal ER (pER) [5-8], and subsequently exit the pER compartment in vesicles containing (a
subset of) PMPs. There is data suggesting that Pex3 and Pex19 are involved in the vesicle budding
process. In vitro budding assays using permeabilized cells of Saccharomyces cerevisiae [9] or Pichia
pastoris [10] demonstrated that pre-peroxisomal vesicles (PPVs) can bud from the ER in a process
that requires ATP, cytosolic factors and Pex19. In S. cerevisiae, Pex3 and Pex19 were described
to be essential for the budding process in vivo as well [8]. Both biogenesis models consider Pex3
and Pex19 to be key players in the formation of peroxisomes. Indeed, yeast pex3 mutants have
been long considered to lack any peroxisomal membranes. However, studies in Hansenula
polymorpha revealed the presence of vesicular peroxisomal structures in cells devoid of Pex3 [11].
These vesicles are prone to degradation by autophagy, which is blocked by the deletion of ATG1,
facilitating the detection of these structures. Localization studies indicated that membranes of
these vesicles contain a subset of PMPs, including Pex8, Pex13, Pex14. Recent studies have shown
that S. cerevisiae cells lacking Pex3 contain similar vesicles (this thesis, Chapter 2; [12]). Numerous
peroxins have been found to reside at these structures, namely: Pex5, Pex7, Pex13, Pex14, Pex17,
Pex8, Pex4, Pex22, Pex15 and Pex25. Other peroxins were absent at the vesicles, e.g. the RING finger
complex components Pex2, Pex10 and Pex12, indicating that their insertion into the peroxisomal
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membrane is Pex3-dependent. As opposed to H. polymorpha, peroxisomal membrane vesicles
in S. cerevisiae pex3 mutant cells are relatively stable. This may be explained by the fact that the
function of Pex3 in pexophagy differs between these two species. In H. polymorpha removal of
Pex3 from the peroxisomal membrane is a prerequisite for pexophagy to take place [13], while in
S. cerevisiae Pex3 recruits Atg36, a protein that is essential for pexophagy [14].
Possibly, the peroxisomal membrane vesicles in yeast pex3 cells represent intermediates of the de
novo peroxisome biogenesis pathway, and therefore are also referred to as PPVs. Several earlier
studies revealed the presence of different types of PMP-containing vesicles in yeast. Biochemically
distinct peroxisomal vesicles (containing Pex2 or Pex16) could be isolated from WT Yarrowia
lipolytica cells. These structures were proposed to represent various developmental stages of
peroxisome formation [15].
In a later study, using S. cerevisiae cells, two types of ER-derived PPVs were described [16]. The
formation of these vesicles was proposed to depend on Pex3 and Pex19. One type of vesicles
contained components of the docking complex (Pex13, Pex14, Pex17), whereas the RING-finger
proteins (Pex2, Pex10, Pex12) localized to the other type. The presence of two types of ERderived peroxisomal vesicles was also reported for P. pastoris [17,18]. In this species, however,
the composition of the vesicles differs, because one type harbors the docking complex
subcomponents (Pex13, Pex14, Pex17) together with Pex3, Pex10 and Pex12, whereas the other
vesicles contain Pex2, Pex3 and Pex11. Moreover, in P. pastoris the formation of peroxisomal
vesicles from the ER only depends on Pex19 and does not require Pex3 [19].
The role of Pex3 and Pex19 (only for S. cerevisiae) in the formation of peroxisomal vesicles was
based on the observation that in the absence of these peroxins certain PMPs accumulate at
the ER [8,16]. However, as indicated above, we were unable to detect PMPs at the ER in either H.
polymorpha [11] or S. cerevisiae pex3 cells (this thesis, Chapter 2; [12]). Also, according to the same
authors, the formation of a peroxisome containing a functional matrix protein import machinery
requires Pex1/Pex6-mediated fusion of the two types of vesicles, followed by membrane
expansion and import of matrix proteins [16]. However, this theory was also undermined.
A detailed microscopy study by Knoops and colleagues proved that in baker’s yeast, in the
absence of Pex1 or Pex6, proteins of the docking and the RING complexes co-localize in the same
membrane structure [20]. These observations were confirmed by Hettema and colleagues in an
independent study [21].
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The peroxisomal membrane vesicles present in H. polymorpha pex3 atg1 cells [11] were not
detected in WT cells. These vesicular structures mature into functional organelles upon
reintroduction of PEX3, however, the mechanism of their formation is still elusive. There are
at least two plausible possibilities regarding the origin of peroxisomal membrane vesicles in
pex3 atg1 yeast cells. Vesicles containing a subset of PMPs may pinch off from the ER in a Pex3independent way, as was proposed for P. pastoris, although, with a different protein composition.
Alternatively, they may represent semiautonomous peroxisomal membranes that grow and divide
like normal peroxisomes, but miss a subset of PMPs. According to the first model, it is expected
that PMPs first sort to the ER and egress in vesicles from this membrane. At the ER, PMPs may
first concentrate at specialized regions called pER [22]. These regions have been proposed to be
rich in Pex30 - a peroxin which, together with reticulons, defines the morphology of the ER, and
creates regions where the biogenesis of PPVs may take place [22]. If this model is correct, PMPs
transiently localize to the ER, followed by Pex3-independent exit in vesicles. Specific ER proteins
involved in this process might end up in these vesicles. Because of the absence of Pex3, these
vesicles do not mature into normal peroxisomes, explaining their accumulation in pex3 cells. If the
second model is correct, the peroxisomal vesicles are formed by growth and fission and hence are
not expected to contain ER proteins. Also, according to this model, PMPs should never localize to
the ER. This model additionally implies that the PPVs in Pex3-deficient cells contain a functional
fission apparatus and segregate over newly formed cells during cell division.
The research described in this chapter aims to further understand the formation and composition
of peroxisomal membrane vesicles in S. cerevisiae pex3 atg1 cells. We created tailor made libraries
by using automated mating, sporulation and mutant selection approaches [23], in collaboration
with the Schuldiner lab. We used these libraries for large scale fluorescence microscopy analyses
of pex3 atg1 cells. In the first yeast collection we introduced about 2000 GFP fusion proteins of
S. cerevisiae in a pex3 atg1 strain producing Pex14-mCherry as marker protein. This library was
constructed in order to identify novel proteins that localize to the peroxisomal vesicles. Also,
this collection may enable us to detect specific PMPs that (transiently) localize to the ER. In the
second library gene deletions were introduced in order to find genes involved in the formation
of the peroxisomal membrane structures.
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Materials and methods
Construction of the pex3 atg1 Pex14-mCherry and pex3 atg1 Pex14-mGFP
query strains for automated library production
Strains, plasmids and oligonucleotides used in this study are enlisted in Table 1, 2 and 3
respectively. The S. cerevisiae atg1 pex3 Pex14-mCherry query strain was constructed as described
before [12].
The S. cerevisiae atg1 pex3 Pex14-mGFP query strain was constructed using a special strain for
automated approaches (yMS140). First, ATG1 was disrupted by replacing the ATG1 region with the
nourseothricin (NAT) resistance gene using a PCR fragment containing the selective marker and
50 bp of ATG1 flanking regions. The PCR fragment was amplified with the primers TER208 and
TER209 using plasmid pAG25 as a template, and then transformed into yMS140 cells. NAT resistant
transformants were selected and the correct integration was checked by colony PCR using the
primers JWR005 and JWR006, and confirmed by Southern blotting.
PEX3 was deleted by replacing the PEX3 region with a cassette containing the zeocin (ZEO)
resistance gene and 50 bp flanking regions of PEX3. The PCR fragment was amplified with the
primers JWR051 and JWR052 using plasmid pSL34 as a template, and transformed into the atg1
strain. Zeocin resistant transformants were selected and the correct integration was checked by
colony PCR using the primers TER202 and TER203 and confirmed by Southern blotting.
A fragment encoding PEX14-mGFP and HIS region was cloned from a WT Pex14-mGFP strain
(Invitrogen) using primers JWR057 and JWR058, and then transformed into pex3 atg1 cells.
Histidine prototrophic transformants were selected and correct integration was confirmed by
colony PCR with primers KEK168 and KEK208.
Yeast libraries construction
To create a collection of haploid strains used for screening of the GFP-tagged proteins that are
localized to peroxisomal membrane vesicles, a query strain pex3 atg1 Pex14-mCherry was crossed
into the SWAT-GFP library [24] or the C-terminal GFP library [25], by employment of automated
mating, sporulation and mutant selection approaches [23,26]. From the SWAT-GFP library, we used
a selection of ~2000 strains, enriched for secretory pathway proteins, tagged with GFP at their
N-terminal part and expressed under a generic, constitutive promoter (SpNOP1pr) (each tagged
with the URA3 selection cassette). The C-terminal GFP library contains all yeast proteins expressed
under their native promoter (HIS3 selection cassette). To create the library in high-density format
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(1536 growth positions per plate) we used a RoToR bench top colony arrayer (Singer Instruments).
Mating was performed on YPD plates (1% yeast extract, 1% peptone and 1% glucose). Selection
for diploid cells was performed on SD plates (6.7 g/l yeast nitrogen base and 2% glucose) (SD
without uracil: SD-URA for SWAT library or SD without histidine: SD-HIS for C-terminal GFP library)
containing NAT (200 µg/ml). Sporulation was induced by transferring cells to nitrogen starvation
medium (SD-N: 0.17% yeast nitrogen base without amino acids and ammonium sulfate and with
2% glucose) plates for 6 days. Haploid cells containing the desired mutations, Pex14-mCherry and
a GFP-tagged protein, were selected by transferring cells to SD-URA (or SD-HIS) plates containing
nourseothricin (200 µg/ml), hygromycin B (200 µg/ml) and zeocin (200 µg/ml) alongside the toxic
amino acid derivatives canavanine and thialysine (Sigma-Aldrich) to select against remaining
diploids, and lacking leucine to select for spores with an “alpha” mating type.
To create a collection of haploid triple mutants, a query strain pex3 atg1 Pex14-mGFP was crossed
into the knockout (KO) library [27] and the Decreased Abundance by mRNA Perturbation (DAmP)
library, which consists of hypomorphic alleles of most of the yeast essential genes [28], employing
the same method as above. Strains from both libraries express G418 resistance cassette linked to
the mutated genes. To create the library in high-density format (1536 growth positions per plate)
we used a RoToR bench top colony arrayer (Singer Instruments). Mating was performed on YPD
plates, and selection for diploid cells was performed on SD-HIS plates containing nourseothricin
(200 µg/ml) and G418 (200 µg/ml). Sporulation was induced by transferring cells to nitrogen
starvation medium plates for 6 days. Haploid cells containing the query strain gene deletions,
Pex14-mGFP and an additional gene deletion, derived from the library strains, were selected by
transferring cells to SD-HIS plates containing nourseothricin (200 µg/ml), zeocin (200 µg/ml) and
G418 (200 µg/ml) alongside the toxic amino acid derivatives canavanine and thialysine (SigmaAldrich) to select against remaining diploids, and lacking leucine to select for spores with an
“alpha” mating type.
Automated high-throughput fluorescence microscopy
The screening collections were visualized using an automated microscopy setup as described
previously [29]. Cells were transferred from agar plates into 384-well polystyrene plates for growth
in liquid media using the RoToR arrayer robot. Liquid cultures were grown overnight at 30 °C
in a shaking incubator (LiCONiC Instruments) in SD-URA medium (the SWAT-GFP collection) or
SD-HIS medium (the C-terminal GFP and the triple mutants collections). A JANUS liquid handler
(PerkinElmer) connected to the incubator was used to dilute the strains to an OD600 of ~0.2 into
plates containing SD medium, in case of the SWAT-GFP and the C-terminal GFP libraries, or
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S-Oleic (6.7 g/l yeast nitrogen base, 0.2% oleic acid and 0.1% Tween-40) for the triple mutant
library, supplemented with complete amino acids. Plates were incubated at 30 °C for 5 hours
in SD medium or for 20 hours in S-Oleic to reach logarithmic growth phase. The cultures in the
plates were then transferred by the liquid handler into glass-bottom 384-well microscope plates
(Matrical Bioscience) coated with concanavalin A (Sigma-Aldrich).
After 20 min, wells were washed twice with SD-Riboflavin-URA (or SD-Riboflavin-HIS) medium
(for screens in glucose) or with double-distilled water (for screens in oleate) to remove nonadherent cells and to obtain a cell monolayer. The microscopy plates were then transferred to
the ScanR automated inverted fluorescent microscope system (Olympus) using a robotic swap
arm (Hamilton). Images of cells in the 384-well plates were recorded in the same liquid as the
washing step at 24 °C using a 60× air lens (NA 0.9) and with an ORCA-ER charge-coupled device
camera (Hamamatsu). Images were acquired in two channels: GFP (excitation filter 490/20 nm,
emission filter 535/50 nm) and mCherry (excitation filter 572/35 nm, emission filter 632/60 nm).
All images were taken at a single focal plane.
Confocal laser scanning microscopy
For Airyscan imaging cells were grown on mineral medium (0.25% (NH4)2SO4, 0.02% MgSO4, 0.07%
K 2HPO 4, 0.3% NaH2PO 4, 0.05% yeast extract, 10% Vishniac solution) supplemented with 0.5%
glucose, 0.1% vitamin solution, required amino acids and uracil (20 mg/l histidine, 30 mg/l leucine,
30 mg/l lysine, 30 mg/l uracil and 20 mg/l methionine).
Cells were fixed using 1% formaldehyde for 10 min on ice. Airyscan images were captured with a
confocal microscope (LSM800; Carl Zeiss) equipped with a 32-channel gallium arsenide phosphide
photomultiplier tube (GaAsP-PMT), Zen 2009 software (Carl Zeiss) and a 63×1.40 NA objective
(Carl Zeiss). The GFP and mCherry fluorescence were visualized with a 488 and 561nm diode
laser respectively.
Electron microscopy
Correlative light and electron microscopy (CLEM) was performed using cryosections as described
previously [20]. Sections were imaged on an Observer Z1 (Carl Zeiss) using Zen 2.3 software
equipped with an AxioCAM MRm camera (Carl Zeiss) and a 63× 1.25 NA Plan-Neofluar objective
(Carl Zeiss). GFP fluorescence was visualized with a 470⁄40 nm bandpass excitation filter, a 495 nm
dichromatic mirror, and a 525⁄50 nm bandpass emission filter. After fluorescence imaging, the grid
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was post-stained and embedded in a mixture of 0.5% uranyl acetate and 0.5% methylcellulose.
Acquisition of the tomographic images was performed in a CM12 TEM running at 90 kV.
Table 1. Strains used in this study
Strain

Description

References

yMS140

BY4742, Matα; LYS2+; his3Δ1; leu2∆0; met15∆0; ura3∆0; can1∆::MFA1pr-

[23]

LEU2; lyp1∆; cyh2
atg1 pex3 Pex14-mCherry

BY4742, Matα; LYS2+; his3∆1; leu2∆0; met15∆0; ura3∆0; can1∆::MFA1pr-

[12]

LEU2; lyp1∆; cyh2; ∆atg1::NatR; ∆pex3::ZeoR, Pex14-mCherry::HygR
atg1

BY4742, Matα; LYS2+; his3∆1; leu2∆0; met15∆0; ura3∆0; can1∆::MFA1pr-

This study

LEU2; lyp1∆; cyh2; ∆atg1::NatR
pex3 atg1

BY4742, Matα; LYS2+; his3∆1; leu2∆0; met15∆0; ura3∆0; can1∆::MFA1pr-

This study

LEU2; lyp1∆; cyh2; ∆atg1::NatR; ∆pex3::ZeoR
pex3 atg1 Pex14-mGFP

BY4742, Matα; LYS2+; his3∆1; leu2∆0; met15∆0; ura3∆0; can1∆::MFA1pr-

This study

LEU2; lyp1∆; cyh2; ∆atg1::NatR; ∆pex3::ZeoR, Pex14-mGFP::HIS3
WT Pex14-mGFP

BY4741, Mata, Pex14-mGFP::HIS3

Invitrogen

Knockout (KO) library

gene∆::G418

[27]

DAmP library

gene∆::G418

[28]

SWAT GFP library

GFP::URA3

[24]

C-terminal GFP fusion library

GFP::HIS3

[25]
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Table 2. Plasmids used in this study
Plasmid

Description

References

pAG25

Plasmid containing nourseothricin marker (NatR)

[30]

pSL34

Plasmid containing gene encoding GFP-SKL under control of MET25

[31]

promoter; ZeoR
Table 3. Oligonucleotides used in this study
Name

Sequence (5’ - 3’)

JWR005

CACTTAGCGCAAAAGTCACC

JWR006

GTCATGTCGGATCCTAATACC

JWR051

TCGTAAAAGCAGAAGCACGAAACAAGGAGGCAAACCACTAAAAGGACACAC CATAGCTTCAAAATG

JWR052

ATATATATATATATTCTGGTGTGAGTGTCAGTACTTATTCAGAGAAGCTGGGTACCGCGTCTGTAC

JWR057

AAAGATGACAATGCTGTTCC

JWR058

GATTACTGTTTCAATTAGCTGC

KEK168

GATTACTGTTTCAATTAGCTGC

KEK208

GATTACTGTTTCAATTAGCTGC

TER202

CAAGTAGTAGAGTTTGCGTG

TER203

ATCGCTGCAGGGTAATGTCA

TER208

ACCCCATATTTTCAAATCTCTTTTACAACACCAGACGAGAAATTAAGAAACCAGATCTGTTTAGCTTGCCTT

TER209

ATAGCAGGTCATTTGTACTTAATAAGAAAACCATATTATGCATCACTTAAATTCGAGCTCGTTTTCGACA
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Results and Discussion
A high throughput fluorescence microscopy screen reveals co-localization of
several proteins with peroxisomal membrane vesicles in pex3 atg1 cells
High throughput fluorescence microscopy (HT-FM) screening provides a great tool to identify
novel peroxisomal proteins or proteins that play a role in peroxisome biogenesis [32-34]. We
aimed to select proteins that co-localize with Pex14-mCherry in S. cerevisiae pex3 atg1 cells. To
this end we created tailor made libraries [26] and screened them by HT-FM. For the generation
of the strain collection, we crossed a query strain with strains of the SWAT library (Figure 1A),
containing approximately 2000 strains (enriched for secretory pathway proteins) with N-terminal
GFP-fusion proteins expressed under control of constitutive NOP1 promoter [24]. As a query strain,
we constructed an S. cerevisiae pex3 atg1 double deletion mutant, producing Pex14-mCherry to
label the PPVs. In a parallel approach, we crossed the same query strain with the C-terminal GFPfusion library, in which proteins tagged with GFP at the C-terminus are expressed under control of
the endogenous promoters. Unfortunately, for most strains of the latter library the GFP signal was
too low to obtain reliable images by HT-FM. Figure 1B represents an example of a strain producing
Pex17-GFP, which co-localizes with Pex14 (this thesis, Chapter 2; [12]), showing an ambiguous GFP
signal pattern. On the other hand, HT-FM analysis of the strains overproducing the N-terminal
GFP fusion proteins allowed us to detect proteins exhibiting (partial) co-localization with Pex14mCherry spots in the pex3 atg1 mutant (Figure 1C). We divided the strains based on the level of
co-localization in two categories, namely “high”, where in the majority of cells, that contained
GFP spots, the GFP signal overlapped with the Pex14-Cherry spots (Figure 1D) and “partial”, where
Pex14-mCherry spots co-localized with GFP only in a portion of the cells (Figure 1E).
We detected three proteins in the first category (Figure 1C, D). These include Alg14 - a component
of the protein glycosylation machinery at the ER, Mdh2 – a malate dehydrogenase, and Pex8 - a
peroxisomal protein important for the assembly of the importomer complex. Pex8 was expected
to co-localize with Pex14-mCherry, as we showed earlier that several peroxins, including Pex8,
localize at PPVs in S. cerevisiae (this thesis, Chapter 2; [12]) and H. polymorpha pex3 cells [11].
In S. cerevisiae, the malate dehydrogenase Mdh2 localizes mainly to the cytosol, but also to
peroxisomes [25,32,35]. Recent studies have indicated that in WT yeast cells Mdh2 associates
to peroxisomal malate dehydrogenase, Mdh3, leading to its targeting to peroxisomes (Zalckvar,
unpublished data). On the other hand, in the absence of Pex3 peroxisomal matrix proteins,
including Mdh3, mislocalize to the cytosol (shown for the peroxisomal matrix proteins Cta1, Fox1,
Fox2; Figure 1F). Therefore, sorting of Mdh2 to the PPVs in pex3 cells apparently occurs via a
different mechanism than Mdh2 sorting to peroxisomes in WT cells. Although Alg14 has not been
localized to peroxisomes in WT cells, its presence at PPVs points to their potential ER-origin.
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Figure 1. A genetic screen to search for proteins residing at PPVs of S. cerevisiae pex3 atg1 cells. (A) Schematic representation of the query strain and commercially available yeast collections used in the libraries generation. S. cerevisiae
pex3 atg1 containing the peroxisomal marker Pex14-mCherry was crossed with the SWAT collection containing strains
with proteins harbouring N-terminal GFP tag, under expression control of PNOP1 and with GFP collection containing strains
with proteins harbouring C-terminal GFP tag, under expression control of their endogenous promoters. (B) FM images of
S. cerevisiae pex3 atg1 producing Pex17-GFP and Pex14-mCherry. (C) Table enlisting GFP-tagged proteins that (partially)
co-localize with Pex14-mCherry in the pex3 atg1 strain. High level of co-localization describes strains in which the majority of
cells, that contain GFP spots, display an overlap with the Pex14-mCherry signal. Partial co-localization refers to strains where
Pex14-mCherry spots co-localize with GFP only in a few cells. (D-G) FM images presenting examples of strains with different
levels of co-localization. pex3 atg1 double mutants producing Pex14-mCherry and GFP-Alg14/Mdh2/Pex8 (D) represent the
group of high co-localization level, while pex3 atg1 Pex14-mCherry GFP-Nvj2 (E) shows partial co-localization. (F) Cytosolic
localization of GFP-Mdh3 and other peroxisomal enzymes (Cta1, Fox1 and Fox2) in pex3 atg1 Pex14-mCherry. (G) pex3 atg1
Pex14-mCherry GFP-Alg1/5/11 strains showing different patterns of Pex14-mCherry signal. Scale bars represent 5 μm.
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In the category of proteins partially co-localizing with Pex14 we found several other ER proteins,
namely Alg1, Alg5, Alg11, Cue1, Dpl1, Nus1, Nvj2, Rer2, Rcr1, Sec16, Yip1 and Ypt1. Like Alg14,
also Alg1, Alg5 and Alg11 are involved in protein glycosylation in the ER. Moreover, Alg1 interacts
physically with Alg11, indicating that these proteins occur together at the same region of the ER.
Other ER proteins co-localizing with Pex14 and involved in glycosylation, namely Nus1 and Rer2,
form the dehydrodolichyl diphosphate synthase (DDS) complex which produces a precursor of
dolichol utilized as a sugar carrier. These proteins are also present at lipid droplets, similarly to
Faa4, that is involved in fatty acid metabolism. Their co-localization with Pex14-mCherry creates
a potential link between peroxisomal membrane vesicles and lipid droplets, which may originate
from the same ER regions, as suggested before [36,37]. The co-localization of proteins of the
ER-glycosylation machinery with Pex14-mCherry is in line with the model that Pex14-mCherry
accumulates at the ER in the absence of Pex3.
We also observed components of the ER-to-Golgi pathway co-localizing with Pex14. For instance,
Yip1, which is required for the biogenesis of COPII transport vesicles, Sec16, which constitutes a
COPII coat protein and Ypt1, which is a Rab GTPase important for the initial steps of the secretory
pathway, together with its GTPase-activating protein - Gyp1. The presence of these proteins
at peroxisomal membrane vesicles creates a link between PPVs and the secretory pathway,
suggesting that the peroxisomal vesicles and COPII vesicles are released from the same regions
at the ER and may share (some components of) the vesicle formation machinery.
Another interesting ER protein partially co-localizing with Pex14-mCherry is Nvj2, a protein of
nucleus-vacuole junctions (NVJs). Nvj2 contains a synaptotagmin-like-mitochondrial-lipid binding
protein (SMP) domain that is essential for protein targeting to membrane contact sites (MCS)
[38]. Another important structural feature of Nvj2 is the presence of a pleckstrin homology (PH)
domain, which has a potential to bind lipids. It is tempting to speculate that Nvj2 may enable
formation of contacts between the ER and PPVs, where the ER may play a role in supplying these
vesicles with lipids.
Summarizing, our initial HT-FM analysis suggests that multiple ER proteins and proteins of the
secretory pathway co-localize with Pex14-mCherry at peroxisomal vesicles in yeast pex3 cells,
in line with a model according to which these structures pinch off from pER. This model is also
supported by a recent study in P. pastors, which showed that accumulation of PMPs at the ER
precedes formation of peroxisomal vesicles from this compartment [17]. Peroxisomal vesicles
could incorporate other ER proteins that reside at pER or regions adjacent to it, while pinching
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off. Based on the co-localization results it is unlikely that the Pex14-containing membrane
structures represent pER. The latter is supported by our previous careful electron microscopy
(EM) and biochemical analyses, which revealed that the vesicles are not continuous with the ER
and that PMPs do not co-fractionate with the typical ER marker, Kar2, in the pex3 atg1 mutant.
Also, none of the overproduced PMPs showed a typical ER localization pattern in pex3 atg1 cells
(this thesis, Chapter 2; [12]). Therefore, a plausible explanation is that the PMPs first insert in
the ER, accumulate at pER where PPVs pinch off in a rapid event that does not allow detectible
accumulation of PMPs at the ER membrane.
Other proteins that showed partial co-localization with Pex14 included peroxins. Interestingly, in
the HT-FM screen only Pex8 showed full co-localization with Pex14-mCherry, while this was much
less clear for Pex4, Pex5, Pex13, Pex17 and Pex22. As detailed in Chapter 2, this can be explained
by the stability of these proteins, because we demonstrated that overproduced GFP-Pex8 is not
degraded in pex3 atg1 cells as opposed to the other peroxins tested.
S. cerevisiae Pex28, Pex29, Pex30, Pex31 and Pex32 belong to a family of ER-localized peroxins
that are responsible for regulating peroxisome proliferation and size [39], but dispensable for
peroxisome biogenesis. In addition, ScPex30 and ScPex31 were reported to localize to ER regions
where PPVs biogenesis occurs [22]. Unfortunately, the quality of the HT-FM images was insufficient
to assess Pex28 localization. Pex32, but not Pex29, Pex30 or Pex31, co-localized with the mCherry
signal. This suggests that Pex32 localizes to a different region at the ER than the other members
of this protein family. Whether Pex32 is localized to the PPVs or present at the ER in the vicinity
of the PPVs has to be established.
Other proteins that co-localize with Pex14-mCherry represent proteins involved in intracellular
trafficking, metabolism and signaling as well as proteins of unknown functions (Figure 1C). Among
others, we found Tvp18, Tvp23 - proteins localizing to late Golgi vesicles, Ypt31- a late Golgi Rab
GTPase, Gos1 encoding a Golgi SNARE protein that shows genetic interactions with Coy1. We
also found two enzymes that belong to the Golgi compartment, namely: Mnn10, Ste13 as well as
proteins linked to vacuoles: Env9, in the absence of which vacuoles display abnormal morphology
[40], and Opy2 - a component of the high-osmolarity glycerol (HOG) pathway [41]. Additionally,
we found Csf1 that localizes to highly-purified mitochondria fraction [42]. Localization of proteins
characteristic for specific organelles to peroxisomal membrane vesicles implies a possibility of a
function- or origin-related link among vesicles and those cellular compartments. However, these
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data should be interpreted with caution considering that overproduction of proteins may lead
to their mistargeting [43].
In general, data obtained from HT-FM approaches should be handled with caution, because
of the risk of misinterpretation. It is mainly related to difficulty in implementing proper control
experiments for each individual strain. For instance, we cannot exclude that some of the spots
observed in the mCherry channel are the result of bleed-through of the signal coming from the GFP
channel and vice versa. This scenario seems feasible because the patterns of the Pex14-mCherry
spots differ considerably among the strains (Figure 1D, G). For instance, in the images representing
GFP-Alg1, GFP-Alg11 and GFP-Alg14 the spots are more abundant than the spots of GFP-Alg5. This
pattern corresponds to the increased number of spots in the mCherry channel. These Pex14mCherry spots co-localize with the GFP signal, especially in case of GFP-Alg14. Since all the images
represent strains originating from the same pex3 atg1 query strain, the Pex14-mCherry distribution
is expected to be comparable between analyzed strains, provided that overproduction of these
proteins does not influence the abundance of membrane vesicles.
Comparison of HT-FM and manually acquired confocal laser scanning
microscopy images
Obviously, HT microscopy screens using yeast strains grown in microtiter plates and automated
fluorescence microscopy imaging are very useful in the initial selection of candidate strains for
further analysis. However, these approaches provide data of much lower quality than manual
confocal laser scanning microscopy (CLSM) analysis of cells grown in batch cultures. Therefore,
initial findings resulting from the HT screens should be confirmed with more precise analyses.
Following that thought, we compared HT-FM images of a selection of strains that showed partial
co-localization of mCherry and GFP signals with images of these strains upon growth of cells in
batch cultures, followed by detailed CLSM analysis. Three pex3 atg1 strains were tested, namely:
pex3 atg1 Pex14-mCherry producing N-terminally tagged Gyp1, Ypt1 or Faa4 under control of the
PNOP1.
These proteins all showed a partial co-localization in the HT-FM screen (Figure 1C, 2). Images
resulting from HT-FM show cytosolic GFP signal with additional spots in all three strains (Figure
2A). Pex14-mCherry signal forms punctate pattern, with a few large spots of high intensity in
conjunction with many smaller spots of lower intensity. Generally, co-localization between the
GFP and mCherry channels is only observed in case of the bigger and brighter Pex14-mCherry
spots.
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Upon CLSM analysis (Figure 2B), GFP-Gyp1 is still observed to be mainly cytosolic with only a few
weak spots, out of which some overlap with Pex14-mCherry spots, in line with the HT-FM results.
On the other hand, GFP-Ypt1 and GFP-Faa4 are localized solely in spots, upon CLSM imaging, and
not in the cytosol. This corresponds to localization of these proteins reported previously for WT
yeast cells [44,45]. There is a GFP spot that co-localizes with the Pex14-mCherry puncta in images
representing both strains, consistent with the HT-FM results. In some cases, spots of the GFP and
mCherry channels are localized close to each other, however, the signals do not overlap. These
instances could be misinterpreted as co-localization if visualized by HT-FM.

3

Figure 2. Comparison of HT-FM and manually obtained CLSM images. Images of selected pex3 atg1 strains producing
Pex14-mCherry and GFP-tagged proteins (GFP-Gyp1/Ypt1/Faa4) (A) grown in microtiter plates and imaged by means of
automated HT-FM or (B) grown in shake flasks and imaged manually using Airyscan microscopy (CLSM). Arrows indicate
regions of GFP and mCherry co-localization. Scale bars represent 5 μm.
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Summarizing, some of the co-localization events are still visible in CLSM-acquired images.
Because of the detection limit of FM, both HT-FM and CLSM-resulting data are insufficient to
state that co-localization indeed occurred. If two structures are less than 100 nm (Aircsan CLSM)
or 200 nm (HT-FM) apart, they still appear to co-localize, using these techniques. Therefore, the
best approach would be to start off with HT-FM analysis, followed by CLSM analysis of positive
candidates. Then, the narrowed down list of candidates could be analyzed further by EM/CLEM.
We aimed to detect co-localization of small fluorescence spots. For our approach, HT-FM proved to
be less convenient compared to analyses of major phenotypes, like mislocalization of peroxisomal
matrix protein marker (DsRed-SKL), which can be easily detected, imposing lower risk of technical
issues, such as bleed through.
Peroxisomal membrane vesicles are not exclusively associated with the ER
Several PMPs were proposed to accumulate at the ER in Pex3-deficient yeast cells based on
fluorescence microscopy analysis [8]. However, later studies indicated that these PMPs were
present in spots that represented membrane structures close to the ER and were not localized
at the ER [11]. To test whether Pex14-mCherry spots were only observed close to the ER or also
to other cell compartments, we localized Pex14-mCherry spots in several strains containing GFPtagged proteins known to reside at specific cellular compartments. We acquired CLSM images of
the following strains: pex3 atg1 Pex14-mCherry GFP-Sec63 (N-terminal GFP tag, PNOP1), pex3 atg1
Pex14-mCherry Tvp23-GFP/Vph1-GFP/Tom70-GFP (C-terminal GFP tag, endogenous promoter),
(Figure 3).
Analysis of the pex3 atg1 strain producing the ER protein GFP-Sec63 revealed that the GFP signal
only partially co-localized with Pex14-mCherry spots, whereas the majority of the Pex14-mCherry
spots did not co-localize with the ER marker, in line with earlier observations. The GFP fusion of
the late Golgi vesicles protein - Tvp23 - displayed a spotted pattern distributed all over pex3 atg1
mutant cells. Like for the ER marker, also Tvp23-GFP spots were often observed in the proximity
to Pex14-mCherry spots or overlapping with the Pex14 spots. However, there is a high probability
that the co-localization events were random, considering a highly scattered pattern of Tvp23GFP signal. Similarly, Pex14-mCherry spots often localized close to vacuoles (Vph1-GFP) and
mitochondria (Tom70-GFP). These data indicate that, based on their sub-cellular localization,
PPVs are not specifically enriched close to the ER.
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3
Figure 3. Peroxisomal membrane vesicles do not associate with organellar membranes in pex3 atg1. Images of pex3
atg1 mutants producing Pex14-mCherry and GFP-tagged proteins (N-terminal GFP-Sec63; C-terminal Tvp23/Vph1/Tom70GFP). Cells were grown in shake flasks and imaged manually using Airyscan microscopy (CLSM). Scale bar represents 5 μm.

Figure 4. Phenotypes distinguished within the triple mutants collection. HT-FM images representing examples of pex3
atg1 gene-x cells that contain different number of Pex14-mGFP spots. (A) Control cells containing approx. 1 spot. (B) Cells
containing multiple spots. Cells were cultivated on oleate-containing medium for 20 h. Bar represents 5 μm.
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A HT-FM screen of triple mutants pex3 atg1 gene-x producing Pex14-mGFP
reveals mutants with aberrant numbers of GFP spots
In order to identify genes that are required for the formation of peroxisome membrane vesicles,
we constructed a library of yeast triple mutants devoid of PEX3 ATG1 and an additional third
gene, including all non-essential genes of S. cerevisiae, using automated approaches as above.
This library was expected to contain triple mutants devoid of peroxisomal membrane vesicles,
and hence, lacking Pex14-mGFP spots. To study the importance of essential genes in membrane
vesicle biogenesis, we also crossed the query strain with the Decreased Abundance by mRNA
Perturbation (DAmP) library - a collection of S. cerevisiae strains containing hypomorphic alleles,
causing reduced expression of essential genes that display modest growth defects. The resulting
libraries were imaged using HT-FM. Analysis of the images indicated that none of the strains
obtained was completely devoid of Pex14-mGFP spots. Instead, we distinguished two categories
based on the observed phenotypes (Figure 4). Because the pex3 atg1 control was not included
in the HT-FM screen, we used pex3 atg1 hxk1 Pex14-mGFP, which resembles the pex3 atg1 Pex14mGFP (query strain; this thesis, Chapter 2; [12]) as a control. HXK1 encodes hexokinase - an enzyme
important for breaking down of glucose. However, because of the presence of the paralog HXK2,
the HXK1 gene is not essential for viability or growth on glucose. Also, the absence of Hxk1 does not
have any effect on the phenotype of pex3 atg1 cells. The first group represents strains containing
approximately one Pex14-mGFP spot per cell (Figure 4A). The second category contains triple
mutants with enhanced numbers of Pex14-mGFP spots relative to the control cells (Figure 4B,
Table S1).
Strains with multiple Pex14-mGFP spots still contain PEX3
Given the very large group of strains with multiple spots, we decided to start off with the analysis of
one of them in more detail. We chose pex3 atg1 gos1 Pex14-mGFP because GOS1 encodes a vesicle
SNARE protein that is localized to the Golgi compartment [46]. This fact could link peroxisomal
membrane vesicles in pex3 atg1 cells to the vesicular transport machinery. First, we performed
EM analysis of the pex3 atg1 gos1 mutant. This revealed that the strain contains peroxisomes, like
WT cells, instead of membrane vesicles (Figure 5A). Additionally, pex3 atg1 gos1 cells appeared to
be larger than pex3 atg1, suggesting that they may represent diploid cells [47] (Figure 5B).
This unexpected observation made us analyze whether the strain is correct. In addition to pex3 atg1
gos1 Pex14-mGFP, we checked the genotype of a few additional strains (pex3 atg1 vps41, pex3 atg1
yop1, pex3 atg1 dyn2) with a similar phenotype. Vps41 is a subunit of the HOPS complex [44,48]. Yop1
functions as an initiator of the ER membrane curvature and facilitates formation of tubular ER [49].
Yop1 has been also shown to form a complex with Pex30 at ER regions where de novo biogenesis of
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peroxisomes takes place [50]. Dyn2, a protein involved in intracellular transport and cell division,
is an interesting hit because studies in Y. lipolytica showed that Dyn2 interacts with Pex14 and is
important for peroxisomal function and biogenesis [51].
PCR analysis of the strains, together with a negative (WT) as well as a positive (pex3 atg1) control,
indicated that these mutants still contain PEX3 (Figure 5C). Based on this outcome we assume
that PEX3 is still present in all the strains that contain enhanced numbers of GFP spots. Therefore,
we did not analyze these mutants further.

3

Figure 5. PEX3 is present in the strain containing the GOS1 deletion. (A) CLEM of a double mutant atg1 gos1 producing
Pex14-mGFP (until the point of analysis where PEX3 expression was confirmed, the strain was considered to be a triple
mutant: pex3 atg1 gos1); upper panel: localization of Pex14-mGFP in a cryosection using FM; lower panel: tomographic
slices of FM-localized Pex14-mGFP spot (indicated by arrows) in atg1 gos1. (B) Size of cells based on quantification of 150
cells of pex3 atg1 and atg1 gos1 mutants in two independent experiments (n = 2). (C) Agarose gel image representing results
of PCR analysis of selected strains in terms of the PEX3 presence.

83

Chapter 3

Most of the mutants with PEX-x deletion do not express PEX3 and contain
approximately one Pex14-mGFP spot per cell
Finally, we focused on twenty three triple mutants that should lack, in addition to PEX3, another
PEX gene. We analyzed the number of spots per cell in these mutants employing HT-FM imaging
(Figure 6A).
Except for the triple mutants harboring deletions of PEX8, PEX10 or PEX35, all strains displayed a
phenotype that resembled the control strain - pex3 atg1 hxk1 Pex14-mGFP, suggesting that these
deletions did not affect PPVs formation. pex3 atg1 pex8 and pex3 atg1 pex10 contained irregularly
shaped Pex14-mGFP spots in amounts similar to the control strain. We additionally checked pex3
atg1 pex35 - the only strain within this group that contained multiple spots per cell.
PCR analysis revealed that pex3 atg1 pex35 strain still contained the PEX3 gene, as expected (Figure
6B). The PCR analysis showed also that in both pex3 atg1 pex8 and pex3 atg1 pex10, PEX3 is absent.
Additionally, however, PEX8 and PEX10 were not deleted in the selected strains. Therefore, these
represent triple mutants with an unknown gene deletion in addition to PEX3 and ATG1. Due to
the aberrant phenotypes of these triple mutants (different than control) they seem like promising
candidates in the studies of peroxisomal membrane vesicles biogenesis. It would be worthwhile
to find out which genes deletion caused this phenotype that differs from the control.

Concluding remarks
Here we have identified a number of GFP-tagged proteins, including ER proteins, which co-localized
with the Pex14-mCherry in pex3 atg1 cells, suggesting that (a portion of) these proteins may localize
at peroxisomal membrane vesicles. At times, vesicles were observed to localize in the proximity to
the ER suggesting that they may derive from that compartment. However, PPVs were also observed
in close vicinity of the vacuole, mitochondria and the Golgi apparatus, indicating that their presence
close to the ER is not a typical feature of PPVs. Moreover, because of the resolution limit of FM, those
GFP-tagged proteins that co-localized with Pex14-mCherry may still be localized elsewhere and
separated by a distance up to 200 nm, the theoretical resolution limit of FM. Additionally, the quality
of HT-FM-acquired images is not optimal, as a result of employment of a microscope equipped with
an air objective and implementation of autofocus function. Still, these HT approaches provide a very
powerful tool facilitating initial screening of large strain collections, as those used in this study (over
10000 strains in total). In our study we analyzed the localization of proteins at very small structures,
which poses a major challenge for light microscopy approaches. In fact, only EM analysis (double
immunolabelling) can prove the presence of a protein at the same structure as Pex14, since it offers
a much higher resolution than FM/CLSM.
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Figure 6. Strains containing approximately one spot per cell represent triple mutants. (A) FM images depicting pex3
atg1 pex-x strains resulting from the crossing of the query strain pex3 atg1 Pex14-mGFP with the yeast KO library. (B) Image
of agarose gel representing PCR results of analysis of selected strains in terms of PEX3 presence. Scale bar represents 5 μm.

There are many additional factors that can affect the outcome of HT-FM screens. Because very
large numbers of strains are produced, it is not feasible to check all of them by colony PCR to
confirm their genotypes. Similarly, it is impossible to analyze all strains by western blotting to
show that the fluorescence signal is derived from full length proteins. This posed a substantial
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problem in our analysis as many of the putative triple mutants, most likely, still contained the
PEX3 gene. Since PEX3 deletion in the query strain was confirmed by Southern blotting, probably
diploids still occurred, as well as haploids with the wrong genotypes, due to incomplete selection
(e.g. incorrect amount of the antibiotic added). Indeed, analysis of the size of the presumed pex3
atg1 gos1 mutant cells suggested that these, in fact, represent diploids.
Most likely, strains with approximately one Pex14-mGFP spot per cell are indeed the desired
triple mutants. As we did not observe any mutant without Pex14-mGFP spots or Pex14-mGFP
mislocalized to another structure (e.g. the ER), we speculate that in none of the analyzed triple
mutants PPVs formation was blocked. In this work we decided to focus on the strains with multiple
Pex14-mGFP spots, however, it would be worthwhile to analyze the group of strains containing
approximately one spot per cell in the future as well. Focus should be directed especially to
the strains within that group displaying aberrant phenotypes, e.g. strains with lower number of
Pex14-mGFP spots than the double mutant pex3 atg1. This would indicate a direction for further
studies aiming at identification of key players in the process of peroxisomal vesicle formation.

Supplementary data
Table S1. List of gene deletions causing a multiple fluorescent spots phenotype in the query strain (pex3) atg1
Pex14-mGFP.
Gene name
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AAR2

COQ9

GTS1

MEX67

PIH1

SCS22

TYW1

AAT1

COX18

GUP2

MIC60

PIN4

SDD3

TYW3

YJR120W
YKL169C

ACK1

COX9

GZF3

MIX23

POP5

SDH1

UBA2

YKR078W

ACO2

CPD1

HHT1

MLP2

PPH21

SDH2

UBA3

YLR031W

ACS1

CSI2

HIS4

MMF1

PRM5

SEC28

UBC8

YLR118C
YLR149C

ADA2

DAL3

HIS7

MNE1

PRM7

SEC59

UBP7

ADE17

DAL4

HMG2

MPD2

PRM7

SEM1

UFD2

YLR311C

ADH6

DAL81

HOF1

MPP6

PRP42

SET6

USO1

YLR434C

ADH7

DAN1

HOR2

MRF1

PRR2

SFH1

UTR5

YMD8

ADK1

DAT1

HPM1

MRP10

PTC4

SFH5

VAM7

YML082W

ADY3

DBP6

HRQ1

MRP17

PTP2

SHC1

VBA2

YML117W-A

AFG3

DFG5

HSM3

MRPL10

PUB1

SIC1

VPS41

YMR085W

AGE2

DID2

HTA2

MRPL3

PWP1

SIN3

VTC3

YMR099C

AIF1

DLS1

HTS1

MRPL40

QCR6

SIW14

YAE1

YMR1

AIM25

DNA2

HUB1

MRPL6

QCR8

SKI8

YAL037W

YMR160W

AIM45

DPB11

HXT12

MRPL7

QRI2

SKM1

YAP5

YMR210W

AIM6

DRE2

HXT3

MRPS35

QRI5

SLM3

YBL010C

YMR31

ALY2

DYN1

HXT5

MRS2

RAD18

SLP1

YBR051W

YMR326C

APJ1

DYN2

IBD2

MSA2

RAD28

SLT2

YBR134W

YNL140C
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Gene name
APL1

EAF3

ICP55

MSD1

RAD61

SMC5

YBR238C

YNL144C

ARI1

EAF6

ICY2

MSE1

RAP1

SNA3

YCG1

YNL165W

ARO2

ECM17

IES6

MSR1

RCK1

SNZ1

YCL006C

YNL203C

ARP5

ECM39

IFA38

MSS2

RCR1

SOA1

YCL074W

YNR042W

ARR3

EFB1

IKI3

MSS51

RCY1

SPC1

YCR025C

YNR062C

ASR1

EFM1

ILV1

MTF1

RDL1

SPO21

YDL009C

YNR065C

ATO3

EHD3

IML3

MTF2

RDS1

SSK2

YDL032W

YOL106W
YOL150C

ATP14

ENV10

IMP1

MTL1

REC107

SSN2

YDL118W

ATP20

ERG1

INO2

MUS81

RIF2

SSU1

YDR015C

YOP1

AVT6

ERG12

INO4

NCB2

RIM8

STF2

YDR187C

YOR199W

AYR1

ERG2

IPI1

NDJ1

RIO2

STR2

YDR199W

YOR263C

BAP2

ERJ5

IRC18

NGG1

RIX7

SUA5

YDR250C

YOR300W

BCS1

ERP6

IRC19

NOG2

RLP7

SUI1

YDR341C

YOR345C

BDH2

FCY22

IRC5

NOP16

ROY1

SWM2

YDR535C

YPD1

BFR2

FMO1

JHD2

NOP2

RPB4

TAD3

YER091C-A

YPL062W

BMH1

FMP33

JJJ2

NSA1

RPC37

TAF3

YER097W

YPP1

BNA7

FMP40

JSN1

NUP42

RPC53

TAH11

YER188W

YPQ2

BNR1

FMP49

KAR2

ODC2

RPL13A

TAO3

YGL069C

YPR014C
YPR092W

BOP1

FRE7

KEI1

OPY2

RPL16B

TCM10

YGL109W

BRE1

FRQ1

KIN28

ORC5

RPL37B

TDH2

YGL159W

YPS7

BSC5

FSH1

KRE11

PAC11

RPL40B

TFB1

YGL199C

YRA1

BUD19

FUN26

LAG1

PAI3

RPL42A

TIF3

YGL199C

YSP2

CAR1

FUS3

LAM4

PAL1

RPL8B

TIF4631

YGR021W

YUR1

CAT2

GAP1

LAT1

PBS2

RPN13

TIM44

YGR151C

YVC1

CCW14

GAS4

LIT2

PCP1

RPO21

TLG1

YGR190C

ZDS1

CCZ1

GCN1

LRE1

PDH1

RPS17B

TOR1

YGR201C

ZPR1

CDC1

GEP3

LSC2

PDX1

RRG1

TOR2

YGR237C

CDC11

GID8

LTP1

PET100

RRN3

TOS1

YHR022C

CDC13

GIR1

LUC7

PET112

RRP9

TOS2

YHR045W

CDC16

GIS2

MAG2

PET191

RSC3

TOS3

YHR130C

CDC28

GLC3

MAK16

PEX35

RSM18

TPC1

YHR180W

CDC45

GLC7

MAK3

PFA5

RSM24

TPO4

YIM2

CDC48

GLG2

MCM22

PFF1

RTC2

TRK1

YIR042C

CDC5

GLO2

MCT1

PFF1

RTC6

TRM3

YJL007C

CEP3

GON5

MDE1

PFK26

RTG3

TRM5

YJL064W

CEX1

GOS1

MDH2

PFS1

RTT10

TRS23

YJL163C

CKB2

GPD1

MDL1

PFY1

SAP155

TUB3

YJL206C

CKI1

GPH1

MEI1

PGA3

SBH2

TUF1

YJL213W

CLU1

GPI18

MEP1

PHO89

SCD5

TVP18

YJR087W

CNA1

GPI8

MET7

PHO92

SCS2

TYR1

YJR096W
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Abstract
Vac8 is a vacuole membrane protein in Saccharomyces cerevisiae, which functions in vacuole
inheritance, the formation of nucleus-vacuole-junctions (NVJs), the cytoplasm to vacuole
targeting (Cvt) pathway and homotypic vacuole fusion. Here, we study Vac8 protein of the yeast
Hansenula polymorpha. Using fluorescence microscopy, we show that HpVac8 localizes to the
vacuolar membrane. Analysis of a vac8 deletion strain indicated that HpVac8 is required for
vacuole inheritance, but not for vacuole-vacuole fusion. Like its S. cerevisiae homologue, HpVac8
is required for NVJ formation. Analysis of the H. polymorpha genome suggested that this organism
lacks a gene encoding Nvj1, a protein essential for NVJ formation in S. cerevisiae. This indicates
that the protein composition of yeast NVJs is not conserved. Using organelle proteomics, we
and others previously identified Vac8 in peroxisomal fractions isolated from H. polymorpha and
S. cerevisiae. Here we show that deletion of H. polymorpha VAC8 has no effect on peroxisome
biogenesis, abundance and distribution suggesting that it is unlikely that Vac8 is involved in
peroxisome biology.
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Introduction
Vac8 is a yeast vacuolar membrane protein implicated in various functions. Vac8 has been
broadly studied in the yeast Saccharomyces cerevisiae. One of the functions is in the inheritance of
vacuoles. During yeast budding, Vac8 binds Vac17, the vacuole-specific Myo2 receptor. The Myo2Vac17-Vac8 transport complex enables vacuole movement along actin filaments to the nascent
bud [1]. Vac8 is also implicated in vacuolar fusion, because in the absence of Vac8 vacuoles
display a fragmented morphology [2]. Moreover, Vac8 is an important component of pathways
that deliver various components to the vacuole [3]. First, Vac8 plays a role in the cytoplasm-tovacuole (CVT) pathway, where, together with Atg13, it is essential for the vesicle closure step [4].
In the methylotrophic yeast Pichia pastoris Vac8 is involved in pexophagy, specific autophagic
degradation of peroxisomes. Vac8 is essential for both early and late stages of this process.
Initially, Vac8 is important for the formation of vacuolar sequestrating membranes, whereas at
the final stage of pexophagy, it is required for membrane fusion [5]. The multiple cellular functions
of P. pastoris Vac8 require different subdomains of this protein [6].
Another important role of Vac8 is formation of a membrane contact site (MCS) between the
vacuole and nuclear envelope called nucleus-vacuole junction (NVJ). In S. cerevisiae Vac8 physically
interacts with Nvj1 on the nuclear envelope bringing the membranes of these two cellular
compartments together [7]. In S. cerevisiae NVJs serve as sites where piecemeal microautophagy
of the nucleus (PMN) takes place [8]. Besides PMN, the function of NVJs is linked to lipid transfer
between organellar membranes. Suggestions that NVJs may be the sites facilitating lipid transport
come from the various proteins able to bind lipids that are enriched at NVJs. These proteins
include Osh1, which belongs to the oxysterol-binding protein family. It accumulates at the NVJs
under starvation conditions and contains FFAT [two phenylalanines (FF) in an acidic tract (AT)]
motif involved in lipid transfer [9]. Another example of a lipid binding protein present at NVJs is
Mdm1, a protein that contains a PX domain, which binds phosphatidylinositol-3-phosphate. Tsc13
and Nvj2, which also localize to NVJs, have been shown to bind lipids as well.
Detailed proteomic analyses have revealed the presence of Vac8 in S. cerevisiae [10] and
H. polymorpha peroxisomal fractions [11]. These data suggest an interaction of Vac8 with
peroxisomal components. Also, in H. polymorpha, massive peroxisome-vacuole contacts are
formed at peroxisome inducing conditions [12].
Here we studied Vac8 protein of the yeast H. polymorpha. We show that, like ScVac8, this
protein is localized to the vacuolar membrane. Also, it functions in NVJ formation and vacuole

95

4

Chapter 4

inheritance, but it is not required for vacuole fusion. We were unable to establish a role of HpVac8
in peroxisome biology, suggesting that the presence of Vac8 in peroxisomal fractions is due to
vacuolar contamination. Alternatively, Vac8 may play a redundant role in peroxisome biology.

Materials and methods
Strains and growth conditions
All H. polymorpha strains used in this study are enlisted in Table 1. Cells were grown in batch
cultures on mineral medium [13] supplemented with 0.5% glucose or 0.5% methanol, as carbon
source and 0.25% ammonium sulphate or 0.25% methylamine as nitrogen source at 37 °C.
When required leucine was added to a final concentration of 30 µg/ml. For growth on plates,
YPD (1% yeast extract, 1% peptone and 1% glucose) medium was supplemented with 2% agar.
Transformants were selected using 100 µg/ml zeocin (Invitrogen), 100 µg/ml nourseothricin
(Werner Bioagents) or 200 µg/ml hygromycin (Invitrogen). Escherichia coli DH5α was used for
cloning. Cells were grown at 37 °C in Luria Bertani (LB) medium (1% bacto tryptone, 0.5% yeast
extract and 0.5% NaCl) supplemented with ampicillin (100 µg/ml) or kanamycin (50 µg/ml). For
growth on agar plates, 2% agar was added to LB medium.
Table 1. Hansenula polymorpha strains used in this study.
Strains

Characteristics

Reference

yku80 (WT)

NCYC495 leu1.1, YKU80::URA3

[18]

WT DsRed-SKL

pHIPN4-DsRed-SKL::NAT, YKU80::URA3

[19]

WT Pmp47-mGFP

pHIPN-Pmp47-mGFP::NAT, YKU80::URA3

This study

WT Vac8-mGFP

pHIPZ-Vac8-mGFP::ZEO, YKU80::URA3

This study

WT Vac8-mGFP BiP-mCherry-HDEL

pHIPZ-Vac8-mGFP::ZEO, pHIPX7-mCherry-HDEL::LEU2,

This study

YKU80::URA3
vac8

VAC8::ZEO, YKU80::URA3

This study

vac8 BiP-GFP-HDEL

VAC8::ZEO, pHIPX7-GFP-HDEL::LEU2, YKU80::URA3

This study

vac8 Pmp47-mGFP

VAC8::ZEO, pHIPN-Pmp47-mGFP::NAT, YKU80::URA3

This study

WT Vac8-mGFP DsRed-SKL

pHIPZ-Vac8-mGFP::ZEO, pHIPN4-DsRed-SKL::NAT, YKU80::URA3

This study

WT PAOX Vac8-mGFP DsRed-SKL

pHIPZ4-Vac8-mGFP::ZEO, pHIPN4-DsRed-SKL::NAT, YKU80::URA3

This study

WT Nvj2-mGFP

pHIPZ-Nvj2-mGFP::ZEO, YKU80::URA3

This study

WT Nvj2-mGFP

pHIPZ-Nvj2-mGFP::ZEO, pHIPX7-mCherry-HDEL::LEU2, YKU80::URA3

This study

nvj2

NVJ2::HPH, YKU80::URA3

This study

nvj2 Pmp47-mGFP

NVJ2::HPH, pHIPZ-Pmp47-mGFP::ZEO, YKU80::URA3

This study

WT mGFP-Osh1

pHIPZ-mGFP-Osh::ZEO, YKU80::URA3

This study

BiP-mCherry-HDEL
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Vacuole inheritance and fusion assay
In vacuole inheritance assay, H. polymorpha cells were first stained with FM4-64 dye for 2 hours
and then washed and resuspended into fresh medium without FM4-64 to prevent the staining of
new vacuoles. Cells were then incubated for 2.5 hours at 37 °C before analysis of the inheritance of
vacuoles. Vacuole fragmentation was induced by exposing cells to 0.5M NaCl in glucose medium
for 2 min followed by a recovery in the medium without NaCl. Cells were stained using FM4-64.
Cloning and strain construction
The plasmids and primers used in this study are listed in Table 2 and Table 3 respectively. H.
polymorpha was transformed as described before [14]. All integrations were checked by colony
PCR. Gene deletions were also confirmed by southern blotting.
Plasmid pHIPZ-Vac8-mGFP was constructed by amplification of the VAC8 gene lacking the stop
codon using primers Vac8_F and Vac8_BglII_R and H. polymorpha genomic DNA as template.
The resulting PCR product was digested with HindIII and BglII, and ligated between the HindIII
and BglII sites of pHIPZ-mGFP fusinator plasmid. The resulting plasmid was linearized with BclI to
enable integration into the H. polymorpha genome of wild type (WT) and WT producing DsRed-SKL
peroxisomal marker. Next, StuI-linearized pHIPX7-BiP-mCherry-HDEL plasmid was transformed
into the H. polymorpha WT strain producing Vac8-mGFP.
For the construction of pHIPZ4-Vac8-mGFP plasmid, first, we amplified GFP-2HA tag along with a
STOP codon using primers GFP_NdeIF and GFP_2HA_SalIR and the plasmid pHIPX4-VPS39GFPHA
as a template. The resulting fragment was digested with NdeI and SalI and cloned into the NdeIand SalI-digested pHIPZ4-Nia plasmid. The resulting plasmid was digested with BamHi-NdeI
enzyme combination. Next, we amplified VAC8 gene, lacking the STOP codon using primers
Vac8F_BamHI and Vac8R_NdeI and H. polymorpha genomic DNA as template. The resulting PCR
fragment was digested with BamHI and NdeI and ligated with the previously digested plasmid
containing the GFP_2HA tag. The final plasmid was linearized with StuI to enable integration into
the WT H. polymorpha genome producing the peroxisomal marker DsRed-SKL.
The vac8 deletion strain was constructed by replacing the VAC8 region with the zeocin resistance
gene. First, a PCR fragment containing the zeocin resistance gene and 50 bp of the VAC8 flanking
regions was amplified using primers Vac8-Forward and Vac8-Reverse and the pMCE7 plasmid
as a template. The resulting deletion cassette was transformed into WT cells. Zeocin resistant
transformants were selected and checked by colony PCR with primers Vac8-cPCR_F and Vac8cPCR_R. Correct deletion of VAC8 was confirmed by southern blotting.
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Table 2. Plasmids used in this study
Plasmid

Description

Reference

pHIPZ-Vac8-mGFP

Plasmid containing gene encoding C-terminal part of Vac8 fused

This study

to mGFP, ZeoR, AmpR
pHIPZ-mGFP fusinator

Plasmid containing gene encoding mGFP without start codon and

[20]

with AMO terminator, ZeoR, AmpR
pHIPX7-BiP-mGFP-HDEL

Plasmid containing BIPN30 fused to mGFP-HDEL under the control

[21]

of PTEF, LEU2, KanR
pHIPX7-BiP-mCherry-HDEL

Plasmid containing BIPN30 fused to mCherry-HDEL under the control

[21]

of PTEF, LEU2, KanR
pHIPX4-Vps39-GFPHA

Plasmid containing gene encoding C-terminal part of Vps39 fused

[19]

to GFPHA under the control of PAOX , LEU2, KanR
pHIPZ4-Vac8-mGFP

Plasmid containing gene encoding C-terminal part of Vac8 fused to

This study

mGFP under the control of PAOX , ZeoR, AmpR
pHIPN-Pmp47-mGFP

Plasmid containing gene encoding C-terminal part of Pmp47 fused

[22]

to mGFP, NatR, AmpR
pHIPH4

Plasmid containing AOX promoter, HphR, AmpR

[18]

pHIPZ4-Nia

Plasmid containing PAOX Nia, Amp , Zeo

[23]

pJWR0016

pHIPZ plasmid containing gene encoding C-terminal part of Nvj2

R

R

This study

fused to mGFP, ZeoR, AmpR
pJWR0019

pHIPZ plasmid containing gene encoding N-terminal part of Osh1

This study

fused to mGFP, ZeoR, AmpR
pMCE7

pHIPZ plasmid containing gene ecoding C-terminal region of Pmp47

[24]

fused to mGFP, ZeoR, AmpR
Table 3. Oligonucleotides used in this study
Oligonucleotide

Sequence (5’ -3’)

Vac8_F

TTGCTGTGGACGAGTCCA

Vac8_BglII_R

GAAGATCTCTTGATGAGGTCCAAAATTTG

GFP_NdeIF

ACGGAATTCCATATGGTGAGCAAGGGCGAGGAG

GFP_2HA_SalIR

GCGTCGACTTACGCATAGTCAGGAACATCGTATGGGTACGCATAGTCAGGAACATCG

Vac8F_BamHI

CGGGATCCATGGGCTGTTGTTGTAGC

Vac8R_NdeI

GGAATTCCATATGCTTGATGAGGTCCAAAATTTG

Vac8-Forward

CATACCCAACAAATAAGAAGAGCGTCTTCAATTGGAAATAACACATAAAACCCACACACCATAGCTTCAA

Vac8-Reverse

AACACTCTAGAACAAGCAATGATACCACCCGAAGCACTGGCTCACTTGATACTAGTGGATCCCCCGTACC

Vac8_cPCR_F

GGCAAACCTATAACCGAACA

Vac8_cPCR_R

GAAGGCTACTTTTGGCGAGA

JWR_63

CCCAAGCTTATGACAACTCCTCTCTCGGC

JWR_64

GGAAGATCTTCGCCGTTCTGGAAGTGGTG
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Oligonucleotide

Sequence (5’ -3’)

JWR_74

GGTTTAACTTTATGGCCATTGATTCTGTTTGTGAATAGCGTGGTGTCTGTAACTGATCCAGAAAGTCGAGGTTC

JWR_75

CTTGTTTTCTCCGTTTTGGCAAACATGTCGGCAGATGATTTTCGGTTATCAAACAGCTATGACCATGATTACG

JWR_80

AGGAGAACCGCCGTATGTAA

JWR_81

CTTGATCACCAGCTCTCAGT

JWR_167

ATAGTACTTAGCGGCCGCGAATACCTGTTGGGCTACTC

JWR_168

CCTCGCCCTTGCTCACCATCTCGGGTAAACTGGAAATG

JWR_169

CATGGACGAGCTGTACAAGGTACTGATAGCAGTAAACATCGCATCCAATGCTAG

JWR_170

GCATGTCTTATTGTCGACC

JWR_171

CATTTCCAGTTTACCCGAGATGGTGAGCAAGGGCGAGG

JWR_172

CTAGCATTGGATGCGATGTTTACTGCTATCAGTACCTTGTACAGCTCGTCCATG

To create vac8 containing Pmp47-mGFP, the MunI-linearized pHIPN-Pmp47-mGFP plasmid was
transformed into vac8 cells. To create vac8 BiP-mGFP-HDEL, the StuI-linearized pHIPX7-BiP-mGFPHDEL plasmid was transformed into vac8 cells.
A plasmid encoding Nvj2-mGFP was constructed by PCR amplification of a fragment encoding
the C-terminus of Nvj2 using primers JWR_63 and JWR_64 and H. polymorpha genomic DNA as a
template. The obtained PCR fragment was digested with HindIII and BglII, and inserted between
the HindIII and BglII sites of pHIPZ-mGFP fusinator plasmid, resulting in a plasmid pHIPZ-Nvj2mGFP (eJWR0016). MunI-linearized plasmid pJWR0016 was transformed into WT cells. Next, the
StuI-linearized pHIPX7-BiP-mCherry-HDEL plasmid was transformed into the WT strain expressing
Nvj2-mGFP.
The nvj2 deletion strain was constructed by replacing the NVJ2 region with the hygromycin
resistance gene. First, a PCR fragment containing the hygromycin resistance gene and 50bp of the
NVJ2 flanking regions was amplified using primers JWR_74 and JWR_75 and the pHIPH4 plasmid as
a template. The resulting deletion cassette was transformed into WT cells. Hygromycin resistant
transformants were selected and checked by colony PCR with primers JWR_80 and JWR_81.
To create WT and nvj2 strains containing Pmp47-mGFP, the MunI-linearized pHIPZ-Pmp47-mGFP
plasmid was transformed into WT and nvj2 cells.
A plasmid encoding mGFP-Osh1 was constructed as follows: a PCR product encoding the
N-terminus of Osh1 was obtained in the overlap PCR reaction using three DNA fragments. The
first fragment contained 5’ extension with restriction site for Not1 enzyme, promoter region of
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OSH1 gene and 3’ extension with GFP sequence. It was obtained using primers JWR_167 and
JWR_168 and H. polymorpha genomic DNA as a template. The second fragment contained 5’
extension with GFP sequence without STOP codon, linker, OSH1 and 3’ extension with restriction
site for SalI enzyme. It was amplified using primers JWR_169 and JWR_170 and H. polymorpha
genomic DNA as a template. The third fragment contained 5’ extension with OSH1 promoter,
GFP sequence without STOP codon and 3’ extension with OSH1 sequence. It was obtained using
primers JWR_171 and JWR_172 and the pMCE7 plasmid as a template. The overlap PCR product
was digested with NotI and SalI, and inserted between the NotI and SalI sites of pHIPZ-mGFP
fusinator plasmid, resulting in a plasmid pHIPZ-mGFP-Osh1 (pJWR0019). PmlI-linearized plasmid
pHIPZ-mGFP-Osh1 was transformed into WT cells.
Microscopy
Fluorescence microscopy
Widefield images were captured using a 100x1.30 NA objective (Carl Zeiss). Images were acquired
using a Zeiss Axioscope A1 fluorescence microscope (Carl Zeiss), Micro-Manager 1.4 software and
a CoolSNAP HQ2 camera. CellTrackerTM Blue CMAC dye was visualized with a 380/30 nm bandpass
excitation filter, a 420 nm dichromatic mirror, and a 460/50 nm bandpass emission filter. The GFP
fluorescence was visualized with a 470/40 nm bandpass excitation filter, a 495 nm dichromatic
mirror, and a 525/50 nm bandpass emission filter. DsRed and FM4-64 fluorescence were visualized
with a 546/12 nm bandpass excitation filter, a 560 nm dichromatic mirror, and a 575-640 nm
bandpass emission filter. A 587/25 nm bandpass excitation filter, a 605 nm dichromatic mirror and
a 647/70 nm bandpass emission filter were used to visualize mCherry fluorescence. The vacuolar
membranes were stained with FM4-64 (Invitrogen) by incubating cells at 37 °C with 2 µM FM4-64.
The vacuolar lumen was stained with CellTracker™ Blue CMAC Dye (Molecular Probes Inc.). Image
analysis was performed using ImageJ.
Confocal laser scanning microscopy
For quantification of peroxisomes, z-stack images of cells were taken using a 100x1.40 NA objective
of a confocal microscope (LSM800, Carl Zeiss) and Zen software. GFP signal was visualized by
excitation with a 488 nm laser and the emission was detected from 490 – 650 nm using a GaAsp
detector. Peroxisomes were detected and quantified automatically using a custom made plugin
[15].
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Electron microscopy
Yeast cells were harvested by centrifugation and cryo-fixed using self-pressurized rapid freezing
[16]. The copper capillaries were sliced open longitudinally and placed on frozen freezesubstitution medium containing 1% osmium tetroxide, 0.5% uranyl acetate and 5% water in
acetone. The cryo-fixed cells were dehydrated and fixed using the rapid freeze substitution
method [17]. Samples were embedded in Epon and ultra-thin sections were collected on formvar
coated and carbon evaporated copper grids and inspected using a CM12 (Philips) transmission
electron microscope (TEM).

In silico analysis
Homologues of S. cerevisiae NVJ-related proteins in H. polymorpha were identified using the BlastP
search followed by the Position Specific Iterated (PSI) Blast analysis. The primary sequences of
S. cerevisiae proteins enlisted in Figure 2A were used to search for homologues in the budding
yeast data set of the non-redundant protein database at the National Centre 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. The H. polymorpha
genome sequence was searched by TBlastN with identified protein sequences as queries for the
presence of a particular NVJ-related protein.

Results
H. polymorpha Vac8 localizes to NVJs
In order to determine the localization of Vac8 in H. polymorpha, we created a strain producing Vac8
tagged with green fluorescent protein (Vac8-mGFP). Vacuoles were stained with CMAC (7-amino4-chloromethylcoumarin), a fluorescent marker of the vacuole lumen. Fluorescence microscopy
(FM) revealed that Vac8-mGFP localized to the vacuolar membrane, where it concentrated in
patches (Figure 1A).
Analysis of cells producing the ER marker BiP-mGFP-HDEL and stained with FM4-64 to mark the
vacuolar membrane, revealed the presence of nucleus-vacuole contact sites in H. polymorpha,
both in glucose- and methanol-grown cells (Figure 1B). This was confirmed by electron microscopy
(EM) analysis, which showed that the distance between the nuclear envelope and vacuolar
membrane is less than 30 nm at these sites (Figure 1C).
FM analysis revealed that the Vac8-mGFP patches localized at the NVJs, as they co-localized with
the ER marker BiP-mCherry-HDEL (Figure 1D). Based on these observations we conclude that Vac8
localizes to NVJs in H. polymorpha.
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Figure 1. Vac8 is localized to NVJs in H. polymorpha. (A) FM images of WT cells producing Vac8-mGFP. Cells were grown
on glucose medium. Vacuoles were stained with CMAC. (B) FM images of WT cells producing BIP-mGFP-HDEL grown either
on glucose- or methanol-containing medium. Vacuoles were stained with FM4-64. (C) Electron micrograph of the same
strain as depicted in (B). (D) FM images of cells producing Vac8-mGFP and BIP-mCherry-HDEL, grown on glucose medium.
White arrows indicate NVJs. Scale bars represent 2 µm, if not indicated otherwise.

Identification of other NVJ components
Next, we analyzed the H. polymorpha genome to identify homologues of S. cerevisiae NVJ proteins.
As shown in (Figure 2A), in silico analysis using BLASTP and PSI-BLAST identified all homologues of
the S. cerevisiae NVJ proteins except Nvj1, a protein essential for NVJ formation in S. cerevisiae [7].
To test whether the identified proteins indeed represent genuine NVJ proteins, we localized two
of the identified proteins, Nvj2 and Osh1. The FM analysis revealed that Nvj2-mGFP co-localized
with the ER marker BiP-mCherry-HDEL and was occasionally observed at the NVJs (Figure 2B),
as expected. Unfortunately, the fluorescence levels of mGFP-Osh1 were too low to be detected
by FM, even upon overproduction of this fusion protein (data not shown). Taken together, our
genome analysis suggests that most S. cerevisiae NVJ components are present in H. polymorpha.
Vac8 is required for NVJ formation and vacuole inheritance
Next, we analyzed whether HpVac8 is a functional homologue of ScVac8. First, we checked
whether HpVac8 is required for NVJ formation. To that purpose we constructed a VAC8 deletion
strain, producing the ER marker BiP-mGFP-HDEL and stained the vacuoles with FM4-64. Although
FM suggested that contacts between the nucleus and vacuole still occur (Figure 3A), no close
membrane contact between these organelles could be detected by EM (Figure 3B). This indicates
that in the absence of Vac8 NVJs are not maintained in H. polymorpha.
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Figure 2. Presence of NVJ components in H. polymorpha. (A) Table showing the presence of NVJ proteins in S. cerevisiae
and H. polymorpha. (B) FM images of WT H. polymorpha cells producing Nvj2-mGFP and the ER marker BIP-mCherry-HDEL.
The vacuole lumen was stained with CMAC. White arrows indicate NVJs. Scale bar represents 2 µm.

To analyze the requirement of HpVac8 in vacuole inheritance, WT and vac8 cells were labelled with
FM4-64 for 1 hour and analyzed during the following 3 hours in fresh medium without FM4-64 dye.
At these conditions newly formed buds will contain fluorescently labelled vacuoles only if they
inherit them from the mother cell. FM analysis revealed that, in contrast to the WT control cells,
the majority of buds of vac8 cells were devoid of fluorescently stained vacuoles (Figure 3C). Also,
the vacuoles appeared larger when compared to the WT control cells. Additionally, we quantified
the mother and daughter cells that contain vacuoles in the WT and vac8 cultures. In both WT and
vac8, vacuoles were present in approximately 9 out of 10 mother cells. Similarly, almost all buds
of WT cells inherited a vacuole from the mother cell, whereas in the vac8 buds the inheritance
efficiency was significantly lower (only ~1/3 of buds contained an inherited vacuole). This implies
that Vac8 supports the inheritance of vacuoles in H. polymorpha (Figure 3D).
Next, we checked the role of Vac8 in vacuole fusion. Cells were grown in glucose medium to reach
logarithmic growth phase and then resuspended in the same medium containing 0.5 mM NaCl.
FM4-64 dye was used to label vacuoles. Immediately after 2 min exposure to NaCl, we observed
fragmented vacuoles in response to high salt concentration in both WT and vac8 cells. Next, cells
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were resuspended in a fresh medium without NaCl and the vacuole morphology was analyzed
again after 30 min. Surprisingly, single round vacuoles were observed in both WT as well as the
vac8 strain (Figure 3E). This was confirmed by quantification of the percentage of cells containing
vacuoles larger than 1 µm in diameter (Figure 3F). Altogether, our observations demonstrate that
in H. polymorpha Vac8 is required for NVJ formation and vacuole inheritance but not for vacuolar
fusion.

Figure 3. Deletion of VAC8 affects NVJ formation and disturbs vacuole inheritance. (A) FM images of vac8 cells expressing the ER marker BIP-mGFP-HDEL and stained with the vacuole marker FM4-64. (B) EM images of vac8 cells. (C) FM images
of WT and vac8 cells stained with FM4-64 and grown for additional 3 h without FM4-64. (D) Quantification of mother and
daughter cells containing vacuoles in WT and vac8 strains. 35 dividing cells were analyzed in two independent cultures for
the presence of vacuoles. Error bars represent standard deviation (SD). (E) FM images of WT and vac8 cells stained with
FM4-64 before osmotic shock (T=0), in the presence of 0.5M NaCl and after 30 min recovery in fresh medium. (F) Quantification of cells containing vacuole larger than 1 µm in diameter. Data were obtained from two independent experiments (n = 2).
In each experiment vacuoles were counted in 200 cells. Scale bars represent 2 µm, if not indicated otherwise.

Absence of Vac8 does not affect peroxisome biogenesis
Recent studies have shown that peroxisomes form contacts with vacuoles when they expand
rapidly under peroxisome inducing conditions (methanol), but not when peroxisome formation is
repressed (glucose). In methanol-grown cells the peroxisomal membrane protein Pex3 is enriched
in patches at the peroxisome-vacuole contacts [12]. To check if deletion of VAC8 has an effect on
the peroxisome-vacuole contact sites, we performed EM analysis of the vac8 strain, which revealed
existence of membrane contact between peroxisome and vacuole (Figure 4A).
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Figure 4. Deletion of VAC8 does not affect peroxisome biogenesis. (A) EM images of vac8 cells grown for 4 h on methanol-containing medium. (B) FM images of WT cells expressing the peroxisomal matrix marker DsRed-SKL and Vac8-mGFP
under control of either endogenous or PAOX promoter. (C) Examples of z-projected CLSM images of WT, vac8 and nvj2 cells
producing Pmp47-mGFP grown on methanol (upper panel) used to establish frequency distribution of peroxisomes (lower
panel). Data were obtained from two independent experiments (n = 2). In each experiment peroxisomes were counted in
200 cells. Scale bars represent 2 µm, if not indicated otherwise.
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To test whether a portion of Vac8 localizes to peroxisomes, we performed FM using a strain
producing Vac8-mGFP under the control of its endogenous promoter together with the
peroxisomal marker DsRed-SKL (Figure 4B). Based on FM analysis, Vac8-mGFP did not appear to
co-localize with DsRed-SKL in methanol-grown cells. Instead, vacuolar Vac8-mGFP patches were
close to the vacuole-peroxisome contact sites, but not present at these contacts. In line with
earlier observations, vacuolar Vac8-mGFP patches were also not observed close to peroxisomes
in glucose-grown cells. Given that vacuoles and peroxisomes are found in close proximity in
methanol-grown cells, we analyzed whether overproduction of Vac8 influences the contacts
formation between peroxisomes and vacuoles in these growth conditions. FM analysis showed
that overexpression of VAC8 had no effect on peroxisome-vacuole contacts neither on peroxisome
morphology (Figure 4B).
Next, to investigate whether Vac8 or Nvj2 are important for peroxisome biogenesis, we performed
confocal laser scanning microscopy (CLSM) using WT, vac8 and nvj2 mutant strains producing a
peroxisome membrane marker (Pmp47-mGFP). Quantitative analysis of peroxisome numbers
showed no differences among analyzed strains (Figure 4C). In summary, the absence of Vac8 or
Nvj2 does not affect peroxisome numbers in H. polymorpha.

Discussion
In this study, we define the role of H. polymorpha Vac8 in vacuole inheritance and in the formation
of NVJs. Interestingly, the vacuole fusion process is independent of Vac8 in H. polymorpha.
In S. cerevisiae, NVJ formation requires a direct interaction between Vac8 and a nuclear membrane
protein, Nvj1. In the absence of either of these two proteins, NVJ fails to form [7]. However, we
could not identify a homologue of Nvj1 in H. polymorpha. Nvj1, an integral membrane protein of
the nuclear envelope, concentrates in small patches at the contact sites between nucleus and
vacuole [7]. Nvj1 orthologs have been reported to show rapid sequence divergence. Aspergillus
gossypii ortholog sequence is an example as it is almost dissimilar to S. cerevisiae Nvj1 [25]. Weak
sequence similarity could be an explanation of our unsuccessful attempt to identify Nvj1 in H.
polymorpha in our analysis.
Here we show that Vac8 is present at NVJs and is essential for the formation of these contacts.
S. cerevisiae Nvj2 has been previously shown to localize to the ER as well as to the NVJs [26]. In
line with this, H. polymorpha Nvj2 was also observed at the ER and NVJs. Absence of Nvj1 in our
analysis implies that another protein at nuclear envelope serves as binding partner of Vac8 in H.
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polymorpha. Therefore, future work should be focused on finding the structure and composition
of NVJs in order to better understand their function.
Vac8 was initially found to play an important role in vacuole inheritance and vacuole-vacuole
fusion in S. cerevisiae [3,27]. In line with the previous results, we show that H. polymorpha vac8 cells
lack vacuoles in the buds, displaying defect in vacuole inheritance. Studies of homotypic vacuole
fusion resulted in characterization of three consecutive steps in this process, namely priming,
docking and fusion, and revealed several factors and molecular components required in those
steps. Vac8 is necessary for the fusion step in S. cerevisiae [28]. VAC8 deletion, however, had no
effect on the vacuole-vacuole fusion in H. polymorpha. HpVac8 functions in maintenance of NVJs
and in vacuole inheritance pathway; nonetheless, vacuole-vacuole fusion events do not appear
to require Vac8. This suggests that, even though Vac8 homologues may exist, this protein might
not function in vacuole membrane fusion pathways in all yeasts. To develop a factual model of
how fusion takes place in H. polymorpha, the main components involved in this event need to be
identified and characterized.
We also explored the role of Vac8 in peroxisome biology. A support for potential involvement
of Vac8 in peroxisome function or biogenesis comes from the identification of Vac8 in the
peroxisomal fractions in S. cerevisiae [10] as well as in H. polymorpha [11]. Vac8 has various
functions, which appear to be explained by its vacuole membrane localization and the presence
of its C-terminal armadillo repeats [3]. Vac8-binding partners, such as Vac17 [1], Nvj1 [7] or Atg13
(autophagy-13) [4], access Vac8 by binding to one of these armadillo repeats. Also, recent work has
shown peroxisome-vacuole contacts which are formed in peroxisome inducing conditions [12].
Therefore, it is plausible that Vac8 associates with peroxisomes or functions in diverse aspect of
peroxisome biology, and hence, was identified in the peroxisomal fractions in two independent
studies. Our data shows that C-terminally GFP-tagged Vac8 localizes close to the peroxisomevacuole contacts, but not to the peroxisomes, in methanol-grown cells. We demonstrated that
deletion or overexpression of VAC8 had no effect on peroxisome biogenesis or abundance which
suggests that the role of Vac8 in peroxisome formation is very unlikely. Nonetheless, identification
of Vac8 binding partners remains an important task for the future research aiming to discover
possible additional functions of this protein in H. polymorpha.
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Abstract
There is an ongoing debate on how peroxisomes form: by growth and fission of pre-existing
peroxisomes or de novo from another membrane. It has been proposed that, in wild type yeast
cells, peroxisome fission and careful segregation of the organelles over mother cells and buds is
essential for organelle maintenance. Using live cell imaging we observed that cells of the yeast
Hansenula polymorpha, lacking the peroxisome fission protein Pex11, still show peroxisome
fission and inheritance. Also, in cells of mutants without the peroxisome inheritance protein
Inp2 peroxisome segregation can still occur. In contrast, peroxisome fission and inheritance
were not observed in cells of a pex11 inp2 double deletion strain. In buds of cells of this double
mutant, new organelles likely appear de novo. Growth of pex11 inp2 cells on methanol, a growth
substrate that requires functional peroxisomes, is retarded relative to the wild type control. Based
on these observations we conclude that in H. polymorpha de novo peroxisome formation is a
rescue mechanism, which is less efficient than organelle fission and inheritance, to maintain
functional peroxisomes.
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Introduction
Peroxisomes are important organelles widely distributed among eukaryotic organisms. These
organelles compartmentalize a variety of specific metabolic processes [1-3]. Common functions
include β-oxidation of fatty acids and detoxification of hydrogen peroxide. In yeast peroxisomes
are important for the metabolism of various unusual carbon and nitrogen sources, such as oleic
acid, methanol, primary amines and uric acid [4]. Also, several non-metabolic functions have
been identified for peroxisomes, such as antiviral innate immunity and anti-viral signaling in
mammalian cells [5] and response to stress in yeast [6].
In yeast, peroxisome proliferation is repressed during growth of cells on media that do not
require peroxisomal enzymes (e.g. glucose). However, their proliferation is induced upon shifting
these cells to growth conditions that do require the activity of peroxisomal enzymes. The yeast
Hansenula polymorpha can grow on methanol as a sole carbon and energy source. Upon shifting
H. polymorpha cells from glucose- to methanol-containing medium peroxisome proliferation is
strongly induced [7]. This property renders H. polymorpha an attractive model organism to study
peroxisome formation.
There is an ongoing debate on how peroxisomes proliferate. Two different models have been
proposed lately. The first one postulates that peroxisomes form de novo. This process involves
targeting of peroxisomal membrane proteins (PMPs) to other organelles, such as the endoplasmic
reticulum (ER) [8,9,10,11] or mitochondria [12] and their subsequent exit in vesicles, that eventually
mature into normal peroxisomes, upon heterotypic fusion with other vesicles or pre-existing
peroxisomes. The second model proposes that peroxisomes are semi-autonomous organelles,
which multiply by growth and fission of pre-existing ones, like mitochondria [13,14,15]. In this
model all cells should harbor at least one peroxisome, which is required for the formation of
additional ones, when peroxisome proliferation is induced. The growth and fission model
implies that during cell budding, peroxisomes should be properly partitioned over the mother
cell and the newly formed daughter cell. So far, in yeast two proteins, Inp1 and Inp2, have been
identified that play a role in peroxisome partitioning during budding. Inp1, a peripheral membrane
protein of peroxisomes, is involved in peroxisome retention in mother cells [16,17]. Inp2 is a PMP
that physically interacts with the myosin V motor protein Myo2, enabling active transport of
peroxisomes via actin cables towards the developing bud [18,19,20].
Several lines of evidence support the occurrence of de novo peroxisome formation from the ER.
Vesicles containing PMPs can bud from the ER as evident from in vitro budding assays [21,22].
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Additionally, it was shown that reintroduction of the missing genes in the pex3 and pex19 mutants
was followed by peroxisomes reappearance in these strains. As newly synthesized Pex3 was
first spotted at the ER before localization at peroxisome membranes, the ER became a feasible
candidate organelle in de novo biogenesis of peroxisomes [23,24]. Moreover, the ER-localized
peroxins Pex30 and Pex29 have been proposed to regulate de novo biogenesis of peroxisomes
at the ER exit sites for pre-peroxisomal vesicles [25,26,27]. Similarly, the model of peroxisome
fission and inheritance has been well documented. Many components of the fission machinery
have been identified, such as Pex11, Dynamin-Like proteins (Vps1/Dnm1), Fis1 and Mdv1/Caf4
adaptor proteins. Peroxisome fission has been proposed to be the major pathway of peroxisome
proliferation in wild type (WT) yeast cells [28]. If true, a complete block in peroxisome fission
will result in a reduction in peroxisome number, ultimately leading to peroxisome deficiency in
the progeny of the original mutant cell. To test this model, we analyzed mutants lacking genes
involved in peroxisome fission and inheritance in H. polymorpha.
Our results indicate that blocking peroxisomal fission and inheritance simultaneously (in
H. polymorpha pex11 inp2 mutant cells), results in the formation of yeast buds devoid of any
peroxisomal structure, in which new peroxisomes most likely form de novo. This process is
relatively slow. Moreover, pex11 inp2 cells show enhanced doubling times relative to the WT control
or pex11 and inp2 single deletion strains on growth media that require functional peroxisomes
(methanol). This suggests that peroxisome fission and inheritance are responsible for the
maintenance of peroxisomes in WT cells, whereas de novo peroxisome biogenesis is a rescue
mechanism that allows the formation of new peroxisomes in mutant cells devoid of pre-existing
ones.

Materials and methods
Strains and growth conditions
The H. polymorpha strains used in this study are listed in Table 1. H. polymorpha cultures were
grown at 37 °C on (1) YPD medium containing 1% yeast extract, 1% peptone and 1% glucose; (2)
selective medium containing 0.67% yeast nitrogen base without amino acids (YNB; BD DifcoTM),
supplemented with 0.5% glucose or 0.4% methanol; or (3) mineral medium supplemented with
0.5% glucose or 0.4% methanol and 0.25% ammonium sulfate. When required, amino acids or
uracil were added to a final concentration of 30 μg/ml. For growth on agar plates, the medium was
supplemented with 2% agar. For the selection of resistant transformants YPD plates containing
100 μg/ml zeocin (InvivoGen) or 300 μg/ml hygromycin B (InvivoGen) were used. For cloning
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purposes Escherichia coli DH5α was used. E. coli cells were grown at 37 °C in LB (1% trypton, 0.5%
yeast extract, 0.5% NaCl), supplemented with 100 μg/ml ampicillin, when required.
In order to test the ability of the pex11 inp2 cells to grow on medium containing methanol as sole
carbon source, cells were pre-cultured in liquid medium containing glucose and then grown in
methanol-containing medium. Next, cells were transferred on YND plates and then re-plated
on YNM plates to check the percentage of cells that were able to grow at conditions that require
peroxisome function.
Table 1. H. polymorpha strains used in this study
Strain

Description

Reference

NCYC 495, leu1.1, ura3

Wild type

[31]

inp2

INP2::URA3

[20]

WT Pex14-GFP DsRed-SKL

pHIPZ-Pex14-GFP::ZEO

This study

pHIPN4-DsRed-SKL::NAT
pex11 DsRed-SKL

PEX11::HPH

[32]

pHIPN4-DsRed-SKL::NAT
pex11 Pex14-GFP DsRed-SKL

PEX11::HPH

This study

pHIPN4-DsRed-SKL::NAT
pHIPZ-Pex14-GFP::ZEO
pex11 DsRed-SKL

PEX11::URA3

[33]

pHIPN4-DsRed-SKL::NAT
pex11 inp2 Pex14-GFP DsRed-SKL

PEX11::URA3

This study

INP2::HPH
pHIPZ-Pex14-GFP::ZEO
pHIPN4-DsRed-SKL::NAT
inp2 Pex14-GFP DsRed-SKL

INP2::URA3;

This study

pHIPZ-Pex14-GFP::ZEO;

5

pHIPN4-DsRed-SKL::NAT

Molecular techniques
Plasmids and oligonucleotides used in this study are listed in Table 2 and Table 3 respectively.
Polymerase and restriction enzymes were acquired from Thermo Fisher Scientific. Recombinant
DNA manipulations and transformation of H. polymorpha were performed as described before
[29,30]. Preparative polymerase chain reactions (PCR) were carried out with Phusion polymerase.
Initial selection of positive transformants by colony PCR was carried out using Phire polymerase.
All deletions were confirmed by PCR and Southern blotting. In silico analysis of DNA sequences
and construction of vector maps were carried out using Clone Manager 5 software (Scientific and
Educational Software, Durham).
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Table 2. Plasmids used in this study
Name

Description

Reference

pHIPZ-Pex14-GFP

pHIPZ plasmid containing gene encoding C-terminal part of Pex14 fused to GFP;

[34]

ZeoR; AmpR
pHIPN4_DsRed-SKL

pHIPN4 plasmid containing DsRed-SKL under the control of PAOX ; NatR, AmpR

[34]

pARM001

pHIPH plasmid containing gene encoding C-terminal part of Pex14 fused to

[6]

mCherry; HphR, AmpR
Table 3. Oligonucleotides used in this study
Name

Sequence (5’ -3’)

JWR156

TTTTTATTTTATCATTTTCTATCCTCACGAGATCGCATCAAGGCACCGCTTAACCCACACACCATAGCTTCAA

JWR157

TGATGTCGAGAATCAAAAACGCTGTTGCCAGCAGCGTCGCGAGCTTCAGG CGTTTTCGACACTGGATGGC

Construction of yeast strains
The WT strain harboring Pex14-GFP and DsRed-SKL was created by introduction of the pHIPZPex14-GFP plasmid linearized by the NotI restriction enzyme and the pHIPN4-DsRed-SKL
linearized by SphI into the WT strain.
The pex11 strain harboring Pex14-GFP and DsRed-SKL was created by introduction of the pHIPZPex14-GFP plasmid linearized by the NotI restriction enzyme into the pex11 (PEX11::HPH) strain
expressing DsRed-SKL.
The pex11 inp2 strain harboring Pex14-GFP and DsRed-SKL was created by deletion of INP2 in
the pex11 (PEX11::URA3) strain expressing DsRed-SKL, using a deletion cassette containing a
hygromycin resistance gene. The deletion cassette was constructed by amplification of the HphR
fragment, using JWR156 and JWR157 primers and plasmid pARM001 as a template. This was
followed by introduction of the pHIPZ-Pex14-GFP plasmid linearized by the NotI restriction enzyme.
The inp2 deletion strain harboring Pex14-GFP and DsRed-SKL was created by introduction of the
pHIPZ-Pex14-GFP and pHIPN4-DsRed-SKL plasmids linearized by the PstI and SphI restriction
enzymes, respectively, into the inp2 strain.
Fluorescence microscopy
All images were acquired by a 100 × 1.40 NA objective using a confocal microscope - LSM800
and Zen software (Carl Zeiss AG). The green fluorescence protein (GFP) signal was visualized by
excitation with a 488 nm laser and the emission was detected from 490–650 nm. The DsRed signal
was visualized by excitation with a 561 nm laser and the emission was detected from 535–700 nm.
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For live cell imaging, the temperature of the objective and slide was kept at 37 °C and the cells
were grown on 1% agar medium. Six z-stacks were acquired for each time interval. Image analysis
was carried out using ImageJ and figures were prepared using Photoshop software (Adobe). All
videos are available on the CD attached to this thesis.
Statistical Analysis
Significant differences between experimental groups were analyzed using GraphPad Prism
software. For quantitative evaluation of peroxisome numbers images of randomly chosen
fields were taken as stacks of z-axis planes. The z-stacks contained twelve optical slices. The
quantification was performed manually based on 100 randomly selected cells in two independent
experiments. Numbers correspond to the average number of peroxisomes per cell or to the
average number of cells that do not contain any peroxisomal structures. Significant differences
between WT and different mutant strains were assessed by means of the unpaired Student’s t-test.
p values <0.05 are considered as significant, and p values <0.01 are considered as highly significant.
In the analysis of the optical density at 660 nm of different strains the statistical significance
between groups was tested using ANOVA and a posteriori Tukey-Kramer tests.

Results
Almost all H. polymorpha pex11 cells contain peroxisomes
Previous quantitative analysis of H. polymorpha pex11 cells, using confocal laser scanning
microscopy (CLSM) and the peroxisomal membrane marker protein PMP47-GFP [35], revealed
an average number of peroxisomes per cell of 0.7 and a significant fraction of cells lacking
peroxisomes (56%). When using a matrix marker (DsRed-SKL) the percentage of cell lacking
peroxisomes and the average number of peroxisomes per cell were similar to those obtained
using PMP47-GFP as a marker (40% and 0.7 respectively; Figure 1). However, using these markers
the smaller organelles may have been missed. In order to facilitate detection of all organelles, we
used Pex14-GFP as a peroxisomal marker. Pex14 has been reported to be enriched on the smaller
organelles in H. polymorpha [34]. Indeed, using this marker the average number of organelles
per cell increased to 1.1 for the pex11 strain (Figure 1), together with a strong decrease in the
percentage of cells in which no peroxisomal structure could be detected (to approximately 10%).
This indicates that it is beneficial to use Pex14-GFP as a peroxisomal marker to detect peroxisomes
by CLSM.
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Figure 1. Almost all H. polymorpha pex11 cells possess at least one peroxisome. (A) Frequency distributions of fluorescent spots in H. polymorpha pex11 cells. Fluorescent structures were quantified using the indicated peroxisomal fluorescent
markers. Cells were grown for 16 h on methanol-containing medium. Data were obtained from two independent experiments (n = 2). In each experiment peroxisomes were counted in 100 cells, including buds with a diameter comprising at least
1/3 of corresponding mother cell’s diameter. The error bars represent the standard deviation. (B) Comparison of the average
number of peroxisomes per cell detected in pex11 cells using different fluorescent protein markers. More peroxisomes are
detected when solely Pex14-GFP is used as a peroxisome marker (* p < 0.05). Cells were grown as indicated in Figure 1A. (C)
Example of a confocal laser scanning microscopy (CLSM) image representing pex11 cells used for the quantification shown
in (A) and (B). Blue represents cell edges. The scale bar represents 10 µm.

Peroxisomes can be inherited to H. polymorpha pex11 daughter cells
Based on the quantitative analysis, we conclude that in pex11 cells peroxisome fission is most
likely not completely blocked or compensated by de novo peroxisome formation. Moreover,
newly formed buds may still inherit a peroxisome from pex11 mother cells, explaining why almost
all pex11 cells contain peroxisomes. To test this, we performed live cell imaging of pex11 cells
producing Pex14-GFP together with the matrix marker DsRed-SKL to facilitate the detection of
all peroxisomal structures. Four movies were acquired, in which in total seventeen yeast budding
events were observed. In almost 50% of the budding events a Pex14-GFP spot was detected, which
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seems to pinch off from the mother organelle (Figure 2, Video S1), followed by transfer to the
newly forming bud. This suggests that peroxisome fission still occurs in pex11 cells. Occasionally,
a Pex14-GFP spot was transferred to the forming bud leaving the mother cell devoid of any
detectable Pex14-marked peroxisomal structures. This event was followed by reappearance
of a GFP fluorescent spot in the mother cell at a later stage. When no transfer to the bud was
detected, a Pex14-GFP spot appeared at a later stage in the bud as well (Video S1). Possibly, a
Pex14-GFP-containing membrane was still transferred to these buds, but not detected due to
the low fluorescence levels, or a new Pex14-GFP-containing peroxisome formed de novo. Taken
together, our data suggest that fission and inheritance of peroxisomes can still occur in pex11
cells, but possibly does not happen during each budding event.

5
Figure 2. Peroxisome fission and inheritance in H. polymorpha pex11. Stills from a CLSM video (Video S1) representing
budding pex11 cells producing Pex14-GFP and DsRed-SKL. Blue represents cell edges. Arrows point to Pex14-GFP-containing
spots that separate from a mother organelle during yeast budding and are transferred to a forming daughter cell. Images
were acquired with 5 min time intervals. Scale bar represents 2 µm.

Peroxisome inheritance is not detected in pex11 inp2 cells
Because peroxisome fission and inheritance most likely are not completely blocked in the absence
of Pex11, we performed similar live cell imaging experiments using a pex11 inp2 double mutant,
in which peroxisome inheritance to the buds is expected to be blocked. In total, forty budding
events were analyzed that were captured in four separate movies. In none of the forty budding
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events a Pex14-GFP spot was detected that moved to the bud (Figure 3, Video S2), suggesting that
peroxisome inheritance is fully blocked in this strain, resulting in bud cells devoid of peroxisomes.

Figure 3. In H. polymorpha pex11 inp2 cells peroxisome inheritance is fully blocked. Stills from a CLSM video (Video
S2) representing budding pex11 inp2 cells producing Pex14-GFP and DsRed-SKL. Blue represents cell edges. Labels “1”
and “2” mark two different daughter cells that did not inherit Pex14-GFP-containing structures from the mother cell. Scale
bar represents 2 µm.

Block of fission and inheritance increases the number of cells devoid of peroxisomes
To further understand the effect of blocking peroxisome fission and/or inheritance on peroxisome
abundance, we quantified peroxisome numbers in cells of WT, pex11, pex11 inp2 and inp2 strains
using CLSM. All strains produced Pex14-GFP and DsRed-SKL to visualize peroxisomal structures.
A cell was considered to lack any peroxisomal structure when no green fluorescent spot of
Pex14-GFP could be detected. Because structures containing DsRed fluorescence without any
detectable GFP fluorescence most likely represent vacuoles, these structures were not counted.
As shown in Figure 4, the percentage of cells in which peroxisomal structures were not detected
was significantly enhanced in the three mutant strains relative to the WT control. In pex11 and
inp2 cultures, approximately one out of eight cells lacked a detectable GFP spot, whereas in
the pex11 inp2 strain one out of four cells lacked a green fluorescent spot. These results show
that peroxisome fission and inheritance both contribute to peroxisome abundance in WT H.
polymorpha cells.
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5
Figure 4. Block of fission and inheritance has an effect on the percentage of cells lacking any peroxisomal structures.
(A) Examples of CLSM images used for the quantification shown in (B). WT, pex11, pex11 inp2 and inp2 cells producing Pex14GFP and DsRed-SKL were grown for 16 h on methanol medium. Arrows point to the cells that lack a Pex14-GFP spot. The
scale bar represents 5 µm. (B) Graph representing percentage of cells lacking Pex14-GFP spots in the indicated strains. Both
mother cells and buds, with a diameter comprising at least 1/3 of corresponding mother cell’s diameter, were included in the
analysis. Quantitative data were obtained from two independent cultures of each strain. The percentages were calculated
from 100 cells per culture. The error bars represent the standard deviation. The number of cells lacking Pex14-GFP spots
was significantly higher in pex11, pex11 inp2 and inp2 strains compared to WT cells (** p < 0.01).
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Peroxisomes reappear in buds of pex11 inp2 cells
Although pex11 inp2 cells appear to be fully blocked in peroxisome inheritance, most pex11 inp2
cells still do contain peroxisomes. This suggests that new peroxisomes form de novo in buds
lacking these organelles. To check whether a Pex14-GFP spot ultimately appears in all newly
formed pex11 inp2 buds, we analyzed forty budding events by live cell imaging. The results show
that in all analyzed buds a Pex14-GFP spot ultimately appeared (Figure 5, Video S2). Quantification
(Figure 5B) revealed that, in most cells, a Pex14-GFP spot appeared within 1–3 h after initiation
of bud formation. However, in some cases the spot appeared within one hour or after more than
three hours. These observations suggest that de novo biogenesis of peroxisomes restores the
peroxisome population in buds of pex11 inp2 cells, by a relatively slow process.

Figure 5. Peroxisomes re-appear in buds of the H. polymorpha pex11 inp2 strain. (A) Stills from a CLSM video (Video
S2) representing budding pex11 inp2 cells producing Pex14-GFP and DsRed-SKL. Blue represents cell edges. Numbers “1”
and “2” mark daughter cells that did not receive a Pex14-GFP spot from the mother cell and acquired it at later stages of
growth. Scale bar represents 2 µm. (B) Time between bud formation initiation and appearance of a Pex14-GFP spot in the
pex11 inp2 buds. Initiation of bud formation was taken as a zero time point, individually for each budding event. Forty cell
budding events were included in the analysis.
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In addition, we assessed the reappearance of peroxisomes in pex11 inp2 cells by analyzing the
capacity of individual cells to grow on methanol. This experiment was based on the fact that only
cells containing functional peroxisomes can grow on methanol as sole carbon source [7]. Cells
from an exponential, methanol-containing batch culture were plated on glucose-containing agar
plates. After colonies appeared, the plates were replicated onto plates that contained methanol
as a sole carbon source. A total of 105 colonies of the pex11 inp2 strain were analyzed. As shown in
Figure S1 (see the attached CD), all colonies grew on methanol. Hence, although in the methanol
grown batch culture approximately 25% of the cells lacked a peroxisome (Figure 4), the colonies
that were formed from these cells were all capable to grow on methanol. This suggests that
ultimately in all newly formed buds peroxisomes are formed, possibly by de novo biogenesis.

Figure 6. Impaired fission and inheritance affect growth of H. polymorpha cells. Growth curves of H. polymorpha WT,
pex11, pex11 inp2 and inp2. Cells were pre-cultivated on glucose medium and shifted to methanol-containing medium (T = 0
h). The densities of the cultures are expressed as optical density at 660 nm (OD 660). The results represent mean values of
three biological replicates (n = 3). The error bars stand for standard deviation. The OD 660 values at 25h and 48h differed
significantly between WT, pex11 and pex11 inp2 (p < 0.05) but not between WT and inp2 cultures.

The combined fission and inheritance defects of H. polymorpha pex11 inp2
cells increase the doubling time on methanol medium
Because peroxisome-deficient H. polymorpha cells are unable to grow on methanol, we expected
that the presence of a significant portion of cells (temporarily) lacking peroxisomes will affect
growth of the cells in batch cultures containing methanol. As shown in Figure 6, pex11 cultures
showed enhanced doubling times and the final density of the culture was lower in comparison
to the WT, in accordance to earlier data [17]. These effects were slightly stronger in the pex11 inp2
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double mutant. However, no differences in growth characteristics were observed between WT
and the inp2 single mutant. This result was surprising as we expected the inp2 mutant to grow
with rates comparable to pex11, given the similar percentages of cells without peroxisomes (see
Figure 4).

Figure 7. Peroxisome inheritance in H. polymorpha WT and inp2 cells. Stills from a CLSM video representing budding (A)
WT (Video S4) and (B) inp2 cells (Video S3), producing Pex14-GFP and DsRed-SKL. Blue represents cell edges. Images were
acquired with 5 min time intervals. Arrows in (B) point to a fluorescent spot that was transferred from a mother organelle
to a forming daughter cell during yeast budding. Scale bar represents 2 µm.
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inp2 cells are not fully defective in peroxisome inheritance
Even though Inp2 is a protein responsible for inheritance of peroxisomes, no growth defect was
observed for inp2 cells grown on medium containing methanol (Figure 6). This suggests that in
inp2 cells still some residual peroxisome inheritance may occur. To test this, we performed live
cell imaging of cells of the inp2 single deletion strain expressing Pex14-GFP and DsRed-SKL, grown
at peroxisome inducing conditions. In the WT control cells (Figure 7A, Video S4) almost all buds
received a Pex14-GFP-containing structure of high fluorescence intensity from the mother cell in
less than one hour after the start of bud formation. One cell budding out of nine was accompanied
with transfer of a fluorescent spot of low intensity. Similar to that, during all eight cell buddings
of inp2 cells that were captured, a low intensity spot containing Pex14-GFP and DsRed-SKL was
transferred from the mother cell to the bud (Figure 7B, Video S3). Both in WT and inp2 cells these
faint spots matured into bigger ones, of higher fluorescence intensity, within 80–210 min. This
indicates that inheritance of a peroxisome or a peroxisomal membrane fragment can occur in H.
polymorpha cells, independently of Inp2.

Discussion
Here, we show that in H. polymorpha cells peroxisomes can multiply and inherit to daughter cells
in the absence of Pex11. Also, in cells lacking the peroxisome inheritance factor Inp2, peroxisomal
structures can still move to the nascent buds. However, when both Pex11 and Inp2 are absent, a
substantial percentage of cells lacking peroxisomes are formed, suggesting that both fission and
inheritance are blocked. These peroxisome-deficient cells ultimately become capable of growing
on methanol medium, indicating that new peroxisomes form in these cells.
Our data show that peroxisomes still can divide in the absence of the key component of the
peroxisome fission machinery, Pex11, which suggests that other factors, in addition to Pex11, may
facilitate this process. In the pex11 deletion mutant peroxisome fission took place only just before
cell budding. It is tempting to speculate that peroxisome fission in budding and non-budding
cells represent two separate processes, involving different factors and regulation mechanisms.
Indeed, different peroxisome fission machineries exist. For instance, in Saccharomyces cerevisiae
the dynamin related protein Dnm1 is responsible for fission at peroxisome inducing conditions,
while the homologous protein Vps1 plays a key role in glucose-grown cells [36]. Multiplication of
peroxisomes in non-budding yeast cells may serve to meet the cell’s metabolic needs. On the
other hand, amplification of peroxisomes prior to yeast budding is necessary to provide nascent
cells with a peroxisome. This may engage additional mechanisms to ensure undisturbed progress
of the fission process.
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Previously, it has been suggested that peroxisomes in H. polymorpha mutants lacking Pex11 are
unable to undergo fission at peroxisome inducing growth conditions, however, this process was
studied in pex11 cells harboring the peroxisomal membrane marker Pmp47-GFP [35]. We analyzed
peroxisome fission using DsRed-SKL as a peroxisome matrix marker, together with Pex14-GFP as
membrane marker. Pex14 is more suitable as a marker for the quantification of peroxisomes in H.
polymorpha as it also localizes to small organelles [34]. Indeed, using Pex14-GFP as a membrane
marker, we detected a higher number of peroxisomal membrane structures in pex11 cells, indicating
that these were indeed most probably overlooked in previous studies.
In the pex11 mutant peroxisome fission is not fully blocked, but most likely does not occur in all
cells. Hence, upon cell budding, a subpopulation of new cells will be obtained that are devoid of
peroxisomes and require de novo synthesis of this organelle.
It has been shown that at peroxisome repressing growth conditions (glucose), H. polymorpha
pex11 cells behave as inp1 cells: peroxisomes are not retained in mother cells but instead are all
transferred to the newly formed buds [17]. We here show that this peroxisome retention defect
does not occur during growth of pex11 cells on methanol. This can be due to the large size of the
peroxisome during growth of pex11 mutant cells on methanol. Our data suggest that this enlarged
peroxisome stays in the mother cell, while a small portion of its membrane pinches off and then
is inherited by the forming bud (Figure 2, 8B). Most likely, Inp2, which is responsible for associating
peroxisomes to Myo2, is required for this process. The pulling force of Myo2 may be not sufficient to
exert transfer of the entire peroxisome in pex11 cells. Thanks to the residual fission and inheritance
of small peroxisomal membrane structures, pex11 daughter cells are provided with a membrane
template that serves for the formation of a mature organelle. This is not observed anymore in
the pex11 inp2 double deletion strain, in which fission and peroxisome inheritance appear to be
completely blocked (Figure 5A, 8C). This points to Inp2 as a potential candidate contributing to
Pex11-independent fission, at conditions that require peroxisome function.
However, it is crucial to consider the limit of detection imposed by fluorescence microscopy. We
can never completely exclude that some transfer of a Pex14-GFP-containing structure occurs that
is not detected because of limitations of the microscopy systems used. However, considering the
large number of cells that were analyzed, it is still tempting to speculate that buds of pex11 inp2
mutant cells initially lack any peroxisomal membrane structure and, therefore, are compelled to
form peroxisomes from another membrane template, for instance the ER.
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The ability of pex11 inp2 cells to acquire peroxisomes was demonstrated by live cell imaging,
which showed that all newly formed buds ultimately contain peroxisomes (Figure 5A). This
was confirmed by the observation that all cells of a pex11 inp2 culture are capable of forming
colonies on methanol-containing agar plates (Figure S1; see the attached CD). In pex11 inp2 batch
cultures approximately every fourth cell lacks a peroxisome, but has the ability to eventually
form it, and thus, metabolize methanol. This means that de novo synthesis is a feasible mode of
peroxisome acquisition. This observation is in line with previous studies of peroxisome formation
in S. cerevisiae [37] that showed that Pex11 does not play a role in de novo biogenesis. De novo
formation of peroxisomes is, however, dependent on the other Pex11 family members, namely
Pex25 and (partially) Pex27.
Why then do peroxisomes proliferate by growth and fission in WT cells in the first place? In animal
cells, peroxisomes form de novo even in the presence of existing peroxisomes [38]. Some researchers
pointed out the possibility that de novo peroxisome formation from the ER occurs continuously
also in WT yeast cells [10,11,23,24]. Our results are not in line with this theory as we observe severe
consequences on peroxisome abundance and distribution upon deletion of genes involved in
peroxisome fission and inheritance. The effect of defective fission and inheritance should be not
so prominent if de novo was the main mode of peroxisome proliferation.
Our results are consistent with studies by Motley and Hettema [28] using S. cerevisiae. These
authors conducted pulse-chase experiments using GFP-PTS1 under control of the inducible GAL1
promoter in cells that constitutively expressed HcRed-PTS1. Upon galactose induction followed by
repression of the GAL1 promoter, peroxisomes invariably showed both green and red fluorescence,
indicating that peroxisomes in WT S. cerevisiae form exclusively by fission of pre-existing ones
[28]. Additionally, these authors demonstrated that S. cerevisiae inp2 cells lack peroxisomes as a
result of a segregation defect and acquire new organelles in a slow de novo formation process.
Our data indicate that in H. polymorpha inp2 mutant de novo synthesis most likely does not take
place, as peroxisome inheritance is maintained in cells devoid of Inp2 (Video S3). This explains
the unexpected observation that H. polymorpha inp2 single mutant grew with rates similar to WT
control cells, when cultivated on methanol-containing medium, even though peroxisomes were
not detected in a substantial percentage of the inp2 cells. During cell budding of inp2 mutant
cells, we observed faint fluorescent structures, containing Pex14-GFP and DsRed-SKL, which were
transferred from mother cells to buds (Figure 8D). Those structures probably were missed in the
peroxisome quantification experiment (Figure 4) as well as in previous studies, where solely matrix
protein markers were used to visualize peroxisomes and glucose was used as carbon source
[28,37]. This may have led to the wrong assumption that inp2 buds need to acquire peroxisomes
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de novo. However, it is also possible that Inp2-independent inheritance is a process occurring
exclusively in H. polymorpha.

Figure 8. Model representing peroxisome fission and inheritance during cell budding in different strains of H. polymorpha grown on methanol. (A) In WT cells fission and inheritance are fully functional resulting in at least one of the
multiple peroxisomes being transferred from the mother cell to the forming bud. (B) The enlarged single peroxisome in
the pex11 mutant is retained in the mother cell while a fragment of its membrane pinches off, followed by transfer to the
daughter cell. This event is observed in ~50% of budding cells. The remaining ones display a situation typical for the pex11
inp2 double mutant population (C), where nascent cells do not inherit any peroxisomal structure and have to form peroxisomes from a scratch. (D) inp2 mutant contains multiple peroxisomes since fission is not defective in this strain. During cell
budding a small organelle is transferred from the mother cell to the nascent bud, where it grows and can undergo fission.

Our results indicate that, both in H. polymorpha inp2 and in pex11 cells, small peroxisomal fragments
may be transferred to the bud, which grow into new peroxisomes. The growth difference between
these two mutants can be explained by the percentage of cells that inherit peroxisomal structure. As
opposed to all inp2 cells (Video S3), only about half of the pex11 cells (Video S1) acquire peroxisomal
membrane fragment, imposing the need for de novo formation in the remaining pex11 buds.
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It is tempting to speculate that de novo formation of peroxisomes in cells defective in fission and/or
segregation is conserved among yeast species and occurs both in cells grown on glucose [28] and
at peroxisome inducing conditions. It is evident that formation of peroxisomes de novo is a timeconsuming process that renders nascent buds temporarily devoid of peroxisomes (Figure 5). This
has effect on the growth rate and final yields at conditions that require functional peroxisomes
(Figure 6). Based on these observations, we propose that yeast cells use de novo biogenesis only
as a rescue mechanism to restore the peroxisome population in cells fully devoid of peroxisomes.
As evident from the analysis of the time needed for a Pex14-GFP spot to re-appear in a newly
formed bud (Figure 5B), it takes 1–3 h for most of the pex11 inp2 buds, counted from the initiation
of bud formation. This may explain the slightly reduced growth rate of the double mutant strain
on methanol compared to the pex11 single deletion strain. As a result of the temporary absence
of peroxisomes, peroxisomal matrix enzymes mislocalize to the cytosol, explaining the growth
defect in methanol-containing medium [39].
We have to take into account that our experimental setup differed from the before-mentioned
ones, therefore, another plausible option is that cells can inherit a peroxisome membrane
structure that mature into a normal sized peroxisome only at growth conditions where peroxisomal
function is essential for growth (oleic acid/methanol). The inheritance was invariably observed
in all methanol-grown H. polymorpha inp2 cells that were analyzed, an event that has not been
reported before for yeast inp2 cells. It is possible that Inp2 is in charge of transfer of exclusively
large organelles while smaller ones are inherited by another process. Examples of proteins, other
than Inp2, that play a role in peroxisome inheritance are known. In Yarrowia lipolytica, Pex3 acts as
a myosin V receptor, apart from its function in peroxisome biogenesis [40]. In H. polymorpha, Pex19
was implicated in peroxisome inheritance, together with Inp2 [41]. Hence, it cannot be excluded
that different myosin V receptors exist to enable transport of morphologically/functionally distinct
organelles at different stages of development. The inheritance event in the absence of Inp2 may
also be a result of cytoplasmic streaming and occur randomly. In WT cells all the buds receive a
peroxisome from the mother cell (Figure 7A, 8A), however, the process it tightly controlled [18]. It
cannot be excluded that WT cells can acquire a peroxisome via de novo biogenesis in case a bud
accidentally does not inherit the organelle from the mother cell.
Formation of peroxisomes involving the ER membrane has been repeatedly suggested [10,11,23,24].
It may occur via formation of pre-peroxisomal vesicles (PPVs) containing a subset of peroxisomal
membrane proteins [42]. These structures could subsequently mature into functional organelles
through assembly of the importomer complex, followed by import of matrix proteins. Recent
studies have shed more light on the mechanisms of de novo peroxisome formation by proposing
129
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that PPVs originate from specialized regions of the ER, which are enriched in Pex30 [27]. The (ESCRT)III (endosomal sorting complexes required for transport) complex was recently proposed to act
as a scission machinery releasing peroxisomal membrane vesicles from the ER [43]. The possible
engagement of mitochondria should not be excluded either [12].

Acknowledgements
This research was funded by the Marie Curie Initial Training Networks (ITN) program PerFuMe
(Grant Agreement Number 316723).

130

De novo biogenesis of peroxisomes in mutants defective in fission and inheritance

References
1.

Kohlwein, S.D., Veenhuis, M., van der Klei, I.J. Lipid droplets and peroxisomes: key players in cellular lipid homeostasis
or a matter of fat--store ’em up or burn ’em down. Genetics. 2013; 193: 1–50. doi: 10.1534/genetics.112.143362.

2.

Hu, J., Baker, A., Bartel, B., Linka, N., Mullen, R.T., Reumann, S., et al. Plant peroxisomes: biogenesis and function. Plant
Cell. 2012; 24: 2279–303. doi: 10.1105/tpc.112.096586.

3.

Wanders, R.J.A., Waterham, H.R. Peroxisomal disorders: the single peroxisomal enzyme deficiencies. Biochim Biophys
Acta. 2006; 1763: 1707–20. doi: 10.1016/j.bbamcr.2006.08.010.

4.

Veenhuis, M., Harder, W. Microbodies in yeasts: structure, function and biogenesis. Microbiol Sci. 1988; 5: 347–51.

5.

Dixit, E., Boulant, S., Zhang, Y., Lee, A.S.Y., Odendall, C., Shum, B., et al. Peroxisomes are signaling platforms for antiviral
innate immunity. Cell. 2010; 141: 668–81. doi: 10.1016/j.cell.2010.04.018.

6.

Kumar, S., Singh, R., Williams, C.P., van der Klei, I.J. Stress exposure results in increased peroxisomal levels of yeast
Pnc1 and Gpd1, which are imported via a piggy-backing mechanism. Biochim Biophys Acta. 2016; 1863: 148–56. doi:
10.1016/j.bbamcr.2015.10.017.

7.

van der Klei, I.J., Yurimoto, H., Sakai, Y., Veenhuis, M. The significance of peroxisomes in methanol metabolism in
methylotrophic yeast. Biochim Biophys Acta. 2006; 1763: 1453–62. doi: 10.1016/j.bbamcr.2006.07.016.

8.

Titorenko, V.I., Smith, J.J., Szilard, R.K., Rachubinski, R.A. Peroxisome biogenesis in the yeast Yarrowia lipolytica. Cell
Biochem Biophys. 2000; 32: 21–6.

9.

Titorenko, V.I., Mullen, R.T. Peroxisome biogenesis: the peroxisomal endomembrane system and the role of the ER. J
Cell Biol. 2006; 174: 11–7. doi: 10.1083/jcb.200604036.

10. van der Zand, A., Braakman, I., Tabak, H.F. Peroxisomal membrane proteins insert into the endoplasmic reticulum.
Mol Biol Cell. 2010; 21: 2057–65. doi: 10.1091/mbc.E10-02-0082.
11. van der Zand, A., Gent, J., Braakman, I., Tabak, H.F. Biochemically distinct vesicles from the endoplasmic reticulum
fuse to form peroxisomes. Cell. 2012; 149: 397–409. doi:10.1016/j.cell.2012.01.054.
12. Sugiura, A., Mattie, S., Prudent, J., McBride, H.M. Newly born peroxisomes are a hybrid of mitochondrial and ER-derived
pre-peroxisomes. Nature. 2017; 542: 251–4. doi: 10.1038/nature21375.
13. Lazarow, P.B., Fujiki, Y. Biogenesis of peroxisomes. Annu Rev Cell Biol. 1985; 1: 489–530. doi: 10.1146/annurev.
cb.01.110185.002421.
14. Motley, A.M., Ward, G.P., Hettema, E.H. Dnm1p-dependent peroxisome fission requires Caf4p, Mdv1p and Fis1p. J Cell
Sci. 2008; 121: 1633–40. doi: 10.1242/jcs.026344.
15. Nagotu, S., Saraya, R., Otzen, M., Veenhuis, M., van der Klei, I.J. Peroxisome proliferation in Hansenula polymorpha
requires Dnm1p which mediates fission but not de novo formation. Biochim Biophys Acta. 2008; 1783: 760–9. doi:
10.1016/j.bbamcr.2007.10.018.
16. Fagarasanu, M., Fagarasanu, A., Tam, Y.Y.C., Aitchison, J.D., Rachubinski, R.A. Inp1p is a peroxisomal membrane
protein required for peroxisome inheritance in Saccharomyces cerevisiae. J Cell Biol. 2005; 169: 765–75. doi: 10.1083/
jcb.200503083.
17. Krikken, A.M., Veenhuis, M., van der Klei, I.J. Hansenula polymorpha pex11 cells are affected in peroxisome retention.
FEBS J. 2009; 276: 1429–39. doi: 10.1111/j.1742-4658.2009.06883.x.
18. Hoepfner, D., van den Berg, M., Philippsen, P., Tabak, H.F., Hettema, EH. A role for Vps1p, actin, and the Myo2p motor
in peroxisome abundance and inheritance in Saccharomyces cerevisiae. J Cell Biol. 2001; 155: 979–90. doi: 10.1083/
jcb.200107028.
19. Fagarasanu, A., Fagarasanu, M., Eitzen, G.A., Aitchison, J.D., Rachubinski, R.A. The peroxisomal membrane protein
Inp2p is the peroxisome-specific receptor for the myosin V motor Myo2p of Saccharomyces cerevisiae. Dev Cell. 2006;
10: 587–600. doi: 10.1016/j.devcel.2006.04.012.

131

5

Chapter 5
20. Saraya, R., Cepińska, M.N., Kiel, J.A.K.W., Veenhuis, M., van der Klei, I.J. A conserved function for Inp2 in peroxisome
inheritance. Biochim Biophys Acta. 2010; 1803: 617–22. doi: 10.1016/j.bbamcr.2010.02.001.
21. Lam, S.K., Yoda, N., Schekman, R. A vesicle carrier that mediates peroxisome protein traffic from the endoplasmic
reticulum. Proc Natl Acad Sci USA. 2010; 107: 21523–8. doi: 10.1073/pnas.1013397107.
22. Agrawal, G., Joshi, S., Subramani, S. Cell-free sorting of peroxisomal membrane proteins from the endoplasmic
reticulum. PNAS. 2011; 108: 9113–8. doi: 10.1073/pnas.1018749108.
23. Hoepfner, D., Schildknegt, D., Braakman, I., Philippsen, P., Tabak, H.F. Contribution of the endoplasmic reticulum to
peroxisome formation. Cell. 2005; 122: 85–95. doi: 10.1016/j.cell.2005.04.025.
24. Kragt, A., Voorn-Brouwer, T., van den Berg, M., Distel, B. Endoplasmic reticulum-directed Pex3p routes to peroxisomes
and restores peroxisome formation in a Saccharomyces cerevisiae pex3Delta strain. J Biol Chem. 2005; 280: 34350–7.
doi: 10.1074/jbc.M505432200.
25. David, C., Koch, J., Oeljeklaus, S., Laernsack, A., Melchior, S., Wiese, S., et al. A combined approach of quantitative
interaction proteomics and live-cell imaging reveals a regulatory role for endoplasmic reticulum (ER) reticulon
homology proteins in peroxisome biogenesis. Mol Cell Proteomics. 2013; 12: 2408–25. doi: 10.1074/mcp.M112.017830.
26. Mast, F.D., Jamakhandi, A., Saleem, R.A., Dilworth, D.J., Rogers, R.S., Rachubinski, R.A., et al. Peroxins Pex30 and Pex29
Dynamically Associate with Reticulons to Regulate Peroxisome Biogenesis from the Endoplasmic Reticulum. J Biol
Chem. 2016; 291: 15408–27. doi: 10.1074/jbc.M116.728154.
27. Joshi, A.S., Huang, X., Choudhary, V., Levine, T.P., Hu, J., Prinz, W.A. A family of membrane-shaping proteins at ER
subdomains regulates pre-peroxisomal vesicle biogenesis. J Cell Biol. 2016; 215: 515–29. doi: 10.1083/jcb.201602064.
28. Motley, A.M., Hettema, E.H. Yeast peroxisomes multiply by growth and division. J Cell Biol. 2007; 178: 399–410. doi:
10.1083/jcb.200702167.
29. Sambrook, J. Molecular cloning : a laboratory manual. 3. CSHL Press; 2001. 1365 p.
30. Faber, K.N., Haima, P., Harder, W., Veenhuis, M., Ab, G. Highly-efficient electrotransformation of the yeast Hansenula
polymorpha. Curr Genet. 1994; 25: 305–10.
31. Sudbery, P.E., Gleeson, M.A., Veale, R.A., Ledeboer, A.M., Zoetmulder, M.C. Hansenula polymorpha as a novel yeast
system for the expression of heterologous genes. Biochem Soc Trans. 1988; 16: 1081–3.
32. Yuan, W. Origin and growth of peroxisomes in yeast. PhD Thesis; University of Groningen, The Netherlands; 2016.
33. Opaliński, Ł., Kiel, J.A.K.W., Williams, C., Veenhuis, M., van der Klei, I.J. Membrane curvature during peroxisome fission
requires Pex11. EMBO J. 2011; 30: 5–16. doi: 10.1038/emboj.2010.299.
34. Cepińska, M.N., Veenhuis, M., van der Klei, I.J., Nagotu, S. Peroxisome fission is associated with reorganization of specific
membrane proteins. Traffic. 2011; 12: 925–37. doi: 10.1111/j.1600-0854.2011.01198.x.
35. Williams, C., Opalinski, L., Landgraf, C., Costello, J., Schrader, M., Krikken, A.M., et al. The membrane remodeling protein
Pex11p activates the GTPase Dnm1p during peroxisomal fission. Proc Natl Acad Sci USA. 2015; 112: 6377–82. doi: 10.1073/
pnas.1418736112.
36. Kuravi, K., Nagotu, S., Krikken, A.M., Sjollema, K., Deckers, M., Erdmann, R., et al. Dynamin-related proteins Vps1p and
Dnm1p control peroxisome abundance in Saccharomyces cerevisiae. J Cell Sci. 2006; 119: 3994–4001. doi: 10.1242/
jcs.03166.
37. Huber, A., Koch, J., Kragler, F., Brocard, C., Hartig, A. A Subtle Interplay Between Three Pex11 Proteins Shapes De Novo
Formation and Fission of Peroxisomes. Traffic. 2012; 13: 157–67. doi: 10.1111/j.1600-0854.2011.01290.x.
38. Kim, P.K., Mullen, R.T., Schumann, U., Lippincott-Schwartz, J. The origin and maintenance of mammalian peroxisomes
involves a de novo PEX16-dependent pathway from the ER. J Cell Biol. 2006; 173: 521–32. doi: 10.1083/jcb.200601036.
39. Waterham, H.R., Russell, K.A., Vries, Y., Cregg, J.M. Peroxisomal targeting, import, and assembly of alcohol oxidase in
Pichia pastoris. J Cell Biol. 1997; 139: 1419–31. doi: 10.1083/jcb.139.6.1419.

132

De novo biogenesis of peroxisomes in mutants defective in fission and inheritance
40. Chang, J., Mast, F.D., Fagarasanu, A., Rachubinski, D.A., Eitzen, G.A., Dacks, J.B., et al. Pex3 peroxisome biogenesis
proteins function in peroxisome inheritance as class V myosin receptors. J Cell Biol. 2009; 187: 233–46. doi: 10.1083/
jcb.200902117.
41. Otzen, M., Rucktäschel, R., Thoms, S., Emmrich, K., Krikken, A.M., Erdmann, R., et al. Pex19p contributes to peroxisome
inheritance in the association of peroxisomes to Myo2p. Traffic. 2012; 13: 947–59. doi: 10.1111/j.1600-0854.2012.01364.x.
42. Wróblewska, J.P., Cruz-Zaragoza, L.D., Yuan ,W., Schummer, A., Chuartzman, S.G., de Boer, R., et al. Saccharomyces
cerevisiae cells lacking Pex3 contain membrane vesicles that harbor a subset of peroxisomal membrane proteins.
Biochim Biophys Acta Mol Cell Res. 2017; 1864: 1656–67. doi: 10.1016/j.bbamcr.2017.05.021.
43. Mast, F.D., Herricks, T., Strehler, K.M., Miller, L.R., Saleem, R.A., Rachubinski, R.A., et al. ESCRT-III is required for scissioning
new peroxisomes from the endoplasmic reticulum. J Cell Biol. 2018; 217: 2087–102. doi: 10.1083/jcb.201706044.

5

133

Summary

Eukaryota, Bacteria and Archaea represent three domains of life. Eukaryotic organisms are
distinguished by the presence of complex compartments, called organelles, that are separated
from the rest of the cell by biological membranes. Organelles are characterized by their high
specialization that provides optimal conditions for different processes.
One class of organelles includes peroxisomes. These single membrane bound structures were
identified in 1954 by Rhodin [1]. However, their first biochemical characterization as a novel
cellular compartment was carried out by de Duve and his team years later [2,3]. Peroxisomes
fulfill various functions. Conserved ones include β-oxidation of fatty acids and detoxification
of hydrogen peroxide. Peroxisomes are essential in humans. The importance of peroxisomes is
evident from severe disorders caused by the mutations in PEX genes encoding proteins (peroxins)
that play key roles in peroxisome biogenesis.
Yeast provide an excellent system for studies of peroxisome formation since peroxisomes are not
essential for viability in these organisms. What is more, peroxisome formation and degradation
can be easily induced by manipulation of the yeast growth conditions.
Peroxisomes can be formed in two different ways. Similar to mitochondria, they can form from
pre-existing peroxisomes by their division. On the other hand, peroxisomes can also form de
novo from the ER. There is evidence suggesting that fission of peroxisomes is the prevailing
way of peroxisome proliferation in yeast wild type cells. The contribution of these two modes
of peroxisome biogenesis to the total population of peroxisomes in WT cells is a subject of an
ongoing debate.
In Chapter 1 we summarized the current knowledge on peroxisome biology. We focused mainly on
the recent advances revealing mechanisms of peroxisome fission, de novo formation, inheritance
and peroxisomal membrane expansion.
Chapter 2 discusses our research on the pre-peroxisomal vesicles (PPVs) that were discovered
in S. cerevisiae pex3 cells through detailed microscopic studies. It had been proposed that
peroxisomal membrane proteins (PMPs) traffic to peroxisomal membranes via the ER and that
Pex3 is implicated in their exit from this compartment, in form of vesicles. According to this model,
it is expected that peroxisomal membranes are fully absent in pex3 cells and PMPs accumulate at
the ER. In contrast, we showed that S. cerevisiae cells lacking Pex3 are not completely devoid of
peroxisomal membranes. The vesicular structures were previously described in H. polymorpha
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[4] where they were susceptible for autophagic degradation, as opposed to the vesicles in S.
cerevisiae. We showed that out of nineteen PMPs that were tested, none was found to localize
at the ER in the absence of Pex3. This observation is not in line with the model suggesting that
all PMPs first sort to the ER during de novo biogenesis of peroxisomes and accumulate there
in the absence of Pex3. Instead, we showed that a substantial group of tested PMPs localize
to membrane vesicles, where they correctly assemble with each other, because a structure
resembling the PTS1 protein import pore, consisting of Pex14, Pex13, Pex17 and Pex5, is formed.
Some of the PMPs mislocalized to other cellular compartments, whereas the levels of some PMPs
was extremely low in the absence of Pex3. This suggests their dependence on Pex3 for insertion
into the peroxisomal membrane. Our findings challenge the view that the Pex3/Pex19 machinery
is essential for recruiting all newly synthesized PMPs to the peroxisomal membrane and points out
to the existence of other pathways of PMP delivery. This suggests that there is still a lot to discover
in order to fully understand the molecular mechanisms of peroxisomal membrane biogenesis.
Following that thought, we analyzed peroxisomal membrane vesicles in a more detailed study.
In Chapter 3 we presented work that aimed to identify protein components of PPVs in yeast
pex3 cells, as well as proteins required for the formation of these structures. Automated mating,
sporulation and mutant selection approaches were used in order to construct two yeast
libraries, tailor-made for studies on the membrane vesicles present in pex3 atg1 mutant cells.
The first library consisted of pex3 atg1 double mutants expressing Pex14-mCherry, as a marker
of peroxisomal membrane structures, together with proteins N-terminally tagged with GFP,
covering approximately 2000 proteins of the S. cerevisiae proteome. High throughput fluorescence
microscopy (HT-FM) was employed to image the library with the aim to detect co-localization of
the two fluorescence signals. As a result, we found a number of proteins that possibly (partially)
localize to PPVs, as evident from their co-localization with Pex14-mCherry. Apart from peroxins,
we also found proteins typical to other cellular compartments. This suggests that peroxisomal
vesicles may derive their membrane from a different organelle. Another plausible explanation
is that peroxisomes share the biogenesis site in the cell with other organelles. In the second
approach we aimed to construct a library made up of triple mutants that contain deletions of
PEX3, ATG1 and an additional third gene, covering all non-essential genes of S. cerevisiae. Analysis
of this library did not result in the identification of triple mutants lacking Pex14-mGFP spots
suggesting that the biogenesis of PPVs is a complex process involving the function of many
protein players. However, some of the putative triple mutants still contained the PEX3 gene
due to selection conditions that turned out to be excessively mild. This and other pitfalls of the
experimental approaches used are discussed.
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Research of organelle contacts has been advancing very rapidly in the recent years. Occurrence
of membrane contact sites (MCSs) is a common phenomenon and their potential involvement
in organelle biology should not be neglected. For that reason, in Chapter 4 we focused on the
function of a vacuolar protein - Vac8, which was detected in peroxisomal fractions of S. cerevisiae
[5] and H. polymorpha [6]. Vac8 has been extensively studied in S. cerevisiae, where it is required
for vacuole inheritance and fusion. ScVac8 is also essential for the formation of MCSs designated
nucleus-vacuole junctions (NVJs), together with its binding partner on the nuclear envelope - Nvj1
[7].
In silico analysis of the H. polymorpha genome to find homologs of S. cerevisiae NVJ proteins
identified all homologs of NVJ-related proteins, except Nvj1. This indicates that the composition
of NVJs among species is not conserved. According to our results, HpVac8 is essential for NVJ
formation, as no close contact between the nucleus and vacuole could be observed in the
vac8 mutant. We also showed that, similarly to S. cerevisiae, HpVac8 is important for vacuole
inheritance. However, the absence of HpVac8 had no effect on vacuole-vacuole fusion. Our data
imply that HpVac8 is unlikely to be involved in peroxisome biology or function. This conclusion is
based on the fact that neither deletion nor overpexpression of VAC8 had an effect on peroxisome
abundance. Therefore, the reason for the presence of Vac8 in peroxisomal fractions is not obvious
and remains to be unraveled.
Although de novo biogenesis of peroxisomes is an attractive model for cells temporarily devoid
of these organelles, growth and fission is the prevailing mode of peroxisome formation in WT
yeast cells. In the final chapter of this thesis (Chapter 5), we focused on modes of peroxisome
acquisition in buds of yeast mutants defected in fission and/or inheritance. We described our
discovery that fission of peroxisomes in H. polymorpha can proceed without an important
component of the organelle fission machinery, namely Pex11. Detailed live cell imaging revealed
that in many of the pex11 mutant cells residual fission still occurs and is followed by transfer of a
small peroxisome to nascent buds. We noticed that only by introduction of simultaneous defects
in fission and inheritance, by deleting PEX11 and INP2, fission is no longer observed. As a result,
newly formed buds of the pex11 inp2 mutant are initially devoid of peroxisomes, which are most
likely synthesized de novo at later stages of bud formation. De novo biogenesis is a slow process
compared to peroxisome maturation from an inherited membrane. However, it is most likely
important to maintain a peroxisome population at conditions where their function is required for
growth. We also show that inheritance of peroxisomes in H. polymorpha can occur independently
of Inp2, via a mechanism that is yet to be revealed.
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Outlook
Regardless of the considerable advances in understanding of molecular mechanisms involved
in peroxisome matrix protein import [8], there is still a large gap in our knowledge regarding
peroxisome membrane formation.
The identification of PPVs in yeast pex3 mutants supports the view that Pex3 is not crucial for
biogenesis of peroxisomal membranes. The importance of Pex3 manifests itself in the process
of maturation of these vesicles into functional peroxisomes, which do not form in the absence
of this peroxin.
The challenge for future research, aiming to unravel the scientific enigma of peroxisome biogenesis,
lies in finding novel routes of PMPs targeting to peroxisomal membranes, that are not dependent
on Pex3. That will shed more light on the mechanisms of peroxisomal vesicle formation, bringing
us much closer to understanding of the biogenesis of peroxisomes themselves. More detailed
studies of interesting strains found through the HT screens presented in this thesis may lead to
selection of promising candidates that play a key role in biogenesis of peroxisomes. Moreover,
additional HT screens may be useful in identifying proteins crucial in this process.
Our data showed that in yeast cells defective in fission and inheritance cells are devoid of
peroxisomes and form these organelles de novo. The important question that follows is whether
the de novo formation of functional peroxisomes goes through an intermediate step that involves
formation of PPVs, the same as present in pex3 mutant cells. In order to reveal that it would
be necessary to perform a detailed microscopy study of the pex11 inp2 mutant in search of
peroxisomal vesicles. Without any doubt, further studies are essential in order to provide the
long-awaited answers elucidating the mechanisms behind peroxisome biogenesis.
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Samenvatting
Eukaryoten, bacteriën en archaea vertegenwoordigen de drie domainen van het leven.
In tegenstelling tot bacteriën en archaea, bevatten cellen van eukaryote organismen
compartimenten, de zogenaamde organellen. Organellen worden door membranen gescheiden
van de rest van de cel. Hierdoor is het mogelijk ideale omstandigheden te creëren voor allerlei
gespecialiseerde processen.
Eén klasse van organellen zijn de peroxisomen. Deze organellen hebben één membraan en een
eiwit rijke matrix. Peroxisomen werden voor het eerst beschreven door Rhodin in 1954 [1]. De Duve
heeft deze organellen vervolgens verder biochemisch gekarakteriseerd [2,3]. Inmiddels weten we
veel over de functies die peroxisomen kunnen vervullen. De meest voorkomende functie is de
afbraak van vetzuren (bèta-oxidatie) en het onschadelijk maken van het giftige waterstofperoxide,
wat in peroxisomen als bijproduct wordt geproduceerd. Het goed functioneren van peroxisomen
is heel erg belangrijk voor de mens. Dit blijkt onder anderen uit het feit dat erfelijke ziekten, die
het gevolg zijn van niet goed gevormde peroxisomen, gekarakteriseerd worden door ernstige
ziektebeelden. In deze patiënten bevinden zich mutaties in PEX genen. PEX genen coderen voor
eiwitten (peroxins) die een sleutelrol spelen in de vorming van peroxisomen.
Gisten zijn uitstekende modelorganismen voor onderzoek naar de vorming van peroxisomen,
aangezien peroxisomen niet essentieel zijn voor de levensvatbaarheid in deze organismen.
Bovendien kunnen peroxisoomvorming en -afbraak makkelijk geïnduceerd worden in gisten door
eenvoudige aanpassingen van de kweek omstandigheden.
Peroxisomen kunnen op twee verschillende manieren gevormd worden, namelijk door deling uit
al bestaande peroxisomen en de novo vanuit een ander organel, het endoplasmatisch reticulum
(ER). Er zijn aanwijzingen dat deling van peroxisomen de meest gebruikte vorm van peroxisoom
vermeerdering is in normale (wild-type) gistcellen. Er zijn echter ook studies die suggereren dat
de novo synthese het belangrijkste proces.
Hoofdstuk 1, de inleiding van dit proefschrift, vat de huidige kennis over peroxisoombiologie
samen. De nadruk ligt hierbij op de stand van zaken in het onderzoek naar de mechanismen van
peroxisoomdeling, de novo vorming, overerving en groei.
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Hoofdstuk 2 beschrijft onderzoek naar pre-peroxisomale vesicles (PPVs), die door middel van
gedetailleerde microscopische studies ontdekt werden in cellen van bakkersgist (Saccharomyces
cerevisiae), waarin een belangrijk PEX gen, PEX3, ontbreekt (zogenaamde pex3 cellen). Lange tijd
werd aangenomen dat peroxisomale membraaneiwitten (peroxisomal membrane proteins,
PMPs) naar peroxisomale membranen worden getransporteerd via het ER. Pex3 speelt volgens
dit model een rol in de vorming van kleine blaasjes (vesicles) waarin zich de PMPs bevinden die
afgesplitst worden van het ER. Als dit model klopt, zouden peroxisomale membranen compleet
afwezig moeten zijn in pex3 cellen. Bovendien zouden PMPs zich in deze cellen ophopen in het
ER. Ons onderzoek liet echter zien dat S. cerevisiae cellen zonder Pex3 nog steeds peroxisomale
membranen bevatten. In tegenstelling tot pex3 cellen van de gist Hansenula polymorpha [4], zijn
deze vesicles behoorlijk stabiel in S. cerevisiae. Geen van de 19 PMPs die we hebben geanalyseerd
bleek zich op het ER te bevinden. Dit is niet in overeenstemming met het model waarin alle
PMPs eerst naar het ER sorteren en in een Pex3 afhankelijk proces het ER weer verlaten. Een
substantiële groep van de geteste PMPs bevond zich in membraanvesicles, waar zij correct
werden geassembleerd tot functionele eiwitcomplexen. De overige PMPs bevonden zich in andere
celorganellen of waren niet detecteerbaar. Dit suggereert dat deze PMPs afhankelijk zijn van Pex3
voor insertie in het peroxisomale membraan. Onze bevindingen trekken de huidige opvatting in
twijfel dat Pex3 essentieel is voor het sorteren van alle nieuw gesynthetiseerde PMPs naar het
peroxisomale membraan en wijzen op het bestaan van andere routes voor PMP-sortering. Dit
suggereert dat er nog veel te ontdekken is om de moleculaire mechanismen van peroxisomale
membraanvorming volledig te begrijpen.
In Hoofdstuk 3 presenteren we onderzoek naar de vorming en eiwitsamenstelling van PPVs
in pex3 cellen. Geautomatiseerde methoden voor het kruisen, sporuleren en selectie van gist
stammen werden gebruikt om twee collecties van gistmutanten te maken. De eerste collectie
bestond uit pex3 mutanten die het rood fluorescerende Pex14-mCherry produceren als marker
van de PPVs, samen met eiwitten die getagd waren met een groen fluorescerend eiwit (GFP),
die ongeveer 2000 eiwitten van het S. cerevisiae proteoom omvatten. Door middel van high
throughput fluorescentiemicroscopie (HT-FM) werd de collectie geanalyseerd met als doel om
te kijken welke GFP getagde eiwitten co-localiseren met Pex14-mCherry. Naast peroxins vonden
we ook eiwitten waarvan bekend was dat ze een functie hebben in andere celorganellen. Dit
suggereert dat peroxisomale vesicles mogelijk vanaf een ander cel organel ontstaan. Bij de
tweede analyse werden gen deleties geintroduceerd in de pex3 stam met als doel te kijken of
het fluorescentie patroon van Pex14-GFP zou veranderen. Analyse van deze collectie resulteerde
niet in de identificatie van mutanten waarin Pex14-mCherry spots afwezig waren. Dit suggereert
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dat de biogenese van PPVs een complex proces is waarbij de functie van meerder eiwitten is
betrokken. Nadere analyse van de gist collecties wees uit dat niet alle stammen het correcte
genotype hadden. Aan het eind van dit hoofdstuk hebben we deze en andere valkuilen van de
gebruikte experimentele benaderingen beschreven.
Het onderzoek naar fysieke contacten tussen organellen is de laatste jaren zeer snel gevorderd.
Hieruit is gebleken dat membraan contact sites (MCSs) veel voorkomen en belangrijk zijn voor de
functie en vorming van celorganellen. In Hoofdstuk 4 hebben we ons gericht op de functie van
een vacuolair membraan eiwit, Vac8, welke werd gevonden in peroxisomale fracties die geïsoleerd
werden uit S. cerevisiae [5] of H. polymorpha [6] cellen. Eerdere studies in S. cerevisiae hebben
uitgewezen dat Vac6 nodig is voor overerving en fusie van vacuolen. ScVac8 is ook essentieel voor
de vorming van MCSs die celkern-vacuole junctions (nucleus-vacuole junctions, NVJs) worden
genoemd. Naast Vac8 is in bakkersgist ook het kernenvelop eiwit Nvj1 belangrijk voor NVJs [7].
In silico analyse van het H. polymorpha genoom wees uit dat deze gist dezelfde NVJ-gerelateerde
eiwitten bevat als bakkersgist, behalve Nvj1. Dit geeft aan dat de samenstelling van NVJs in
verschillende gist soorten niet is geconserveerd. Volgens onze resultaten is HpVac8 essentieel
voor NVJ-vorming in H. polymorpha, aangezien er geen nauwe contacten werden geobserveerd
tussen de celkern en vacuole in de vac8 mutant. We lieten ook zien dat, net als in S. cerevisiae,
HpVac8 belangrijk is voor overerving van vacuolen. De afwezigheid van HpVac8 had echter geen
effect op vacuole-vacuole fusie. Onze data suggereren dat HpVac8 waarschijnlijk niet betrokken
is bij de functie of vorming van peroxisomen omdat zowel deletie als overexpressie van VAC8
geen effect had op de hoeveelheid peroxisomen. De reden voor de aanwezigheid van Vac8 in
peroxisomale fracties is daarom nog steeds onduidelijk.
Ondanks dat de novo peroxisoombiogenese een aantrekkelijk model is voor cellen die
tijdelijk deze organellen niet hebben, is groei en deling waarschijnlijk de meest voorkomende
vorm van peroxisoom vermenigvuldiging in normale gistcellen. In het laatste hoofdstuk van
dit proefschrift (Hoofdstuk 5), hebben we ons gericht op de manieren waarop gistmutanten
met een defect in deling en/of overerving peroxisomen verkrijgen. We beschrijven dat deling
van peroxisomen in H. polymorpha kan plaatsvinden zonder een belangrijke component van
de organeldelingsmachinerie, Pex11. Gedetailleerde live cell imaging (microscopie van levende
cellen) wees uit dat in veel pex11 mutantencellen nog steeds peroxisoomdeling plaatsvindt,
gevolgd door overdracht van een klein peroxisoom naar knoppen van de moedercel. Alleen
wanneer gelijktijdig deling en overerving is geblokkeerd, door deletie van zowel PEX11 als INP2,
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is er helemaal geen peroxisoom deling meer waarneembaar. Hierdoor ontbreken peroxisomen
initieel in nieuwgevormde knoppen van cellen van pex11 inp2 mutanten. Hoogstwaarschijnlijk
worden in latere stadia van knopvorming de novo nieuwe peroxisomen gevormd. Als dat het geval
is, dan is de novo biogenese een relatief langzaam proces vergeleken t.o.v. normale peroxisoom
vorming door groei en deling van bestaande organellen.
Conclusies
Het onderzoek dat beschreven wordt in dit proefschrift heeft bijgedragen aan een nieuw model
van peroxisoom biogenese waarin Pex3 niet cruciaal is voor de vorming van peroxisomale
membranen. In de afwezigheid van Pex3 bevinden zich namelijk nog steeds peroxisomale
membraan structuren in de cel. Deze kunnen echter niet matureren tot volwaardige peroxisomen.
Blijkbaar zijn er mechanismen voor de sortering van bepaalde PMPs die functioneren zonder Pex3.
Het is belangrijk om deze mechanismen verder te onderzoeken. Meer gedetailleerde studies van
stammen die gevonden zijn in de screens beschreven in dit proefschrift zou kunnen leiden tot de
identificatie van eiwitten die een rol spelen in dit process.
De uitkomsten van dit promotie onderzoek lieten verder zien dat knoppen van gistcellen met
een sterk defect in peroxisoom deling en overerving, initieel geen detecteerbare peroxisomen
bevatten. Waarschijnlijk vormen deze organellen de novo vormen. Een belangrijke vraag is of
de PPVs die gevonden zijn in pex3 mutantencellen ook in dit proces een rol spelen. Dit zou met
gedetailleerde microscopische studies aan cellen van pex11 inp2 mutanten gedaan kunnen
worden.
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