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Aim and outline
Peroxisomes are found in almost all eukaryotic cells and are single membrane bound
organelles that, among other functions, contribute to cellular metabolism through
β-oxidation of fatty acids and the detoxification of hydrogen peroxide. In higher
eukaryotes, peroxisomes additionally serve as signalling platforms and are actively
involved in generating developmental decisions from within the cell. Defects in
peroxisome formation or function lead to devastating diseases such as the Zellweger
syndrome in humans.
Peroxisomes are versatile and can assist the cell in responding to various environmental
cues. They achieve extraordinary plasticity by means of proliferation and degradation
processes. Peroxisomes proliferate by de novo formation or by the fission of pre-existing
ones. The peroxin Pex11p plays a central role in fission, by stimulating elongation of the
peroxisomal membrane prior to scission. However, the details of how this protein is
activated and how it interacts with the lipid bilayer remain unclear. Hence, molecular
insights into the role of Pex11p in peroxisomal fission are required.
Since peroxisomes do not contain their own DNA, peroxisomal proteins are encoded
by nuclear genes and post-translationally sorted to peroxisomes. Together with the
insertion of membrane lipids, this enables the growth of nascent peroxisomes into
mature organelles. While we have in-depth knowledge on how matrix proteins with a
peroxisome targeting sequence (PTS) type 1 or 2 travel to peroxisomes, many proteins
that lack a PTS1 or PTS2 have been found in peroxisomes. Thus, it is likely that additional
peroxisomal targeting pathways exist.
The aim of this thesis is twofold; (1) to provide molecular insights into the role of Pex11p
in peroxisomal fission and (2) to shed light on how and why Aspartate aminotransferase-2
(Aat2p), a non-PTS1/2 containing protein, targets to peroxisomes.
Chapter 1 presents a comprehensive overview on peroxisome protein import,
formation, fission and function.
Chapter 2 describes our analysis on the phosphorylation of Pex11p, a key player of
the peroxisome fission process. Previous studies in the yeasts Saccharomyces cerevisiae
and Pichia pastoris indicated that Pex11p phosphorylation promotes peroxisomal
fission. However, between the two yeasts, the phosphorylation of Pex11p was proposed
to contribute to different processes leading to fission. In our study, we use the yeast
Hansenula polymorpha as a model organism to investigate the phosphorylation status
of Pex11p and the role of this modification in fission. Our data show that HpPex11p is
phosphorylated at a similar position as in the other two yeasts. Upon using mutant
versions of Pex11p designed to mimic either the constitutively phosphorylated or
unphoshorylated form of Pex11p, we find that the presence or absence of this modification
does not affect Pex11p localization or peroxisome proliferation or inheritance in the yeast
14
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H. polymorpha. These results demonstrate that the function of Pex11p phosphorylation
is not conserved among yeasts.
Chapter 3 describes our data on the interplay between Pex11p and the peroxisomal
membrane. Previously, it was demonstrated that the N-terminus of Pex11p can remodel
membranes, through the action of an amphipathic helix. Here, we have combined in silico
(molecular dynamics), in vitro and in vivo approaches to understand the interaction of
this helix, termed Pex11-Amph, with the peroxisomal membrane. These studies indicated
that Pex11-Amph can form oligomers. Mutational analysis revealed that the C-terminal
region of Pex11-Amph is involved in oligomer formation. Mutations were identified in
this region, which affect remodeling of liposomes in vitro and peroxisome fission in
vivo. This work provides the first insights into the molecular mechanisms underlying the
interaction between Pex11p and the peroxisomal membrane.
Chapter 4 characterises a novel sorting route utilized by the enzyme Aspartate
aminotransferase-2 (Aat2p) in the yeast H. polymorpha. Aat2p in S. cerevisiae localises
to peroxisomes in oleate-grown cells by means of a C-terminal peroxisomal targeting
signal 1 (PTS1). Sequence analysis of Aat2p from a number of yeasts and fungi revealed
that while most Aat2 proteins have either a PTS1 or a PTS2 sequence, some yeast Aat2
proteins have no known peroxisomal targeting information. We observe that although
H. polymorpha Aat2p lacks a recognizable PTS, it could localise to the peroxisomes of
ethanol-grown cells. This localisation was not lost upon the deletion of both PEX5 and
PEX7, genes encoding the PTS1 and PTS2 receptors. Instead, the localisation of HpAat2p
depends on the PTS2 co-receptor protein, Pex20p. These findings indicate that alternate
targeting routes exist for proteins to gain entry into the peroxisomal matrix.
In Chapter 5, we characterize the role of Aat2p in peroxisomes of H. polymorpha.
Although an earlier study revealed that this protein localises to peroxisomes in oleate
grown S. cerevisiae cells, its function inside peroxisomes could not be ascertained. We
identify a growth defect for aat2 deletion cells on ethanol and acetate, indicating that
Aat2p is required for growth on C2 compounds. Deletion of PEX19 in aat2 cells, which
results in peroxisome deficiency, partially rescued this growth defect, indicating that a
peroxisome-bound pathway is affected by the loss of Aat2p and is rescued upon mislocalisation to the cytosol.
Growth of yeasts on C2 compounds requires the glyoxylate cycle. To test if Aat2p
localises to peroxisomes to support this pathway, we determined the localisation of a
number of glyoxylate cycle enzymes using a fluorescence microscopy approach. Our
analysis revealed that Malate dehydrogenase-2 (Mdh2) localises to peroxisomes of
ethanol-grown cells. While we could not obtain conclusive evidence for the occurrence
of the glyoxylate cycle in peroxisomes of H. polymorpha cells, peroxisomal localisation
of both Aat2p and Mdh2p strongly suggests that a malate/aspartate shuttle is operative
in peroxisomes under these conditions. Such a shuttle may be required to facilitate the
transfer of reducing equivalents across the peroxisomal membrane.
15
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Introduction
Eukaryotic cells possess a highly specialized internal structure and are distinguished
from prokaryotes by the presence of various sub-cellular compartments called organelles.
One such organelle is the peroxisome, which was first identified in rodent kidney cells
by Rhodin in 1954 [1], and biochemically characterized by De Duve and Baudhuin in
1966 [2]. Peroxisomes are surrounded by a single lipid bilayer and range in diameter
from 0.1-1μm. The electron-dense matrix contains numerous proteins but no DNA. The
name ‘peroxisome’ was conferred following the identification of enzymes that could
synthesize and degrade hydrogen peroxide within this compartment. However, later
studies indicated that these organelles contain enzymes involved in a large variety of
catabolic and biosynthetic pathways. Moreover, several non-metabolic peroxisomal
functions have been identified in recent years. Severe inborn peroxisomal diseases
have been identified in man and are marked by recognizable mental and physical maldevelopment. They may arise either due to deficiencies in single enzymes, as exemplified
by X-linked adrenoleukodystrophy [3], or due to defects in peroxisome biogenesis.
Peroxisomal biogenesis disorders (PBDs) are caused by mutations in genes encoding
proteins responsible for peroxisome biogenesis called PEX genes [4]. Diseases of the
Zellweger spectrum are typical examples [5]. 36 PEX genes have been identified thus far
and have roles in the formation of peroxisomes, maintenance of peroxisome numbers,
matrix protein import, or membrane protein insertion and are mostly conserved from
lower to higher eukaryotes. Peroxisomes are extremely dynamic and versatile, and are
able to adapt efficiently to cellular signals that regulate their number, size and function
[6,7].
Co-ordinated uptake of lipids and proteins is necessary for the formation of functional
peroxisomes. Since yeast peroxisomes cannot synthesize their own phospholipids, they
rely heavily on the Endoplasmic Reticulum (ER) for their lipid supply [8]. Although
consensus exists that matrix proteins are directly imported into peroxisomes following
synthesis in the cytosol, the sorting route undertaken by Peroxisomal Membrane Proteins
(PMPs) remains a matter of debate. While there is ample evidence to support the view that
newly synthesized PMPs insert into the membranes of pre-existing organelles directly
[9,10], other studies suggest that PMPs shuttle via the ER prior to their arrival at the
peroxisomal membrane [11,12]. Furthermore, the finding that functional peroxisomes
mature from pre-peroxisomal vesicles that are independent of the ER [13] is opposed to
the claim that they are formed from the ER in cells temporarily devoid of them. These
seemingly contradictory lines of evidence have given rise to two theories regarding the
origin of peroxisomes: De novo formation of peroxisomes and formation of peroxisomes
by growth and division.
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In this contribution, we discuss current knowledge in the areas of peroxisome function
and formation.

Peroxisome function
The following examples illustrate the extreme diversity and metabolic capacity of
peroxisomes. Peroxisomes belong to the family of microbodies, with other members
including morphologically similar but functionally diverse organelles. Apart from
β-oxidation enzymes, microbodies in plant oilseeds contain the key enzymes of
the glyoxylate cycle and are hence termed ‘glyoxysomes’ [14,15]. In trypanosomes,
microbodies house enzymes required for glycolysis, and are called ‘glycosomes’ [16].
Certain filamentous fungi contain ‘Woronin bodies’, a specialised microbody that plugs
septal pores upon hyphal injury to prevent cytoplasmic leakage [17]. Several functions
have been ascribed to peroxisomes but the predominant ones include the catabolism of
fatty acids and detoxification of hydrogen peroxide. In man, they are also involved in
the synthesis of plasmalogens, bile acids and cholesterol, metabolism of prostaglandins
and catabolism of purines and polyamines [18]. In fungi and yeasts, they are responsible
for the metabolism of alternate carbon and organic nitrogen sources such as methanol,
alkanes, oleic acid, primary amines and d-amino acids [19]. In filamentous fungi, the
production of secondary metabolites such as penicillin, polyketides and terpenes take
place in peroxisomes [20]. In plants, they support photorespiration and the metabolism
of essential growth hormones such as jasmonic acid and auxin [21,22]. Recently, nonmetabolic functions such as anti-viral innate immunity and a role in ciliogenesis have
been identified for mammalian peroxisomes as well [23,24].

Matrix protein import
Since peroxisomes do not contain their own DNA, all peroxisomal matrix proteins are
synthesized on free polyribosomes in the cytosol and post-translationally imported
[25]. The cycle of protein import into peroxisomes consists of the following steps: 1)
Recognition of cargo (matrix proteins) in the cytosol by cytosolic receptors 2) docking of
receptor-cargo complex at the peroxisomal membrane 3) translocation of cargo into the
peroxisomal matrix and 4) recycling of receptors into the cytosol (Figure 1). In order for
proteins to be recognized as cargo and transported to peroxisomes, proteins must contain
a Peroxisome Targeting Signal (PTS) in their sequence. Two such sequences have been
well-characterized. The first sequence to be identified, PTS1, was discovered in firefly
luciferase and consists of the tripeptide Serine-Lysine-Leucine (SKL) at the extreme
carboxy-terminus [26]. This sequence was found to be necessary and sufficient to target a
range of proteins to peroxisomes. Amino acid substitution analysis, targeting studies and
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assessment of targeting signals in native peroxisomal proteins revealed that variations to
the PTS1 sequence are possible and conform to the evolutionarily conserved consensus
sequence (S/A/C)-(K/R/H)-(L/M) [27]. These residues follow the pattern: [Small side
chain residue]-[basic residue]-[hydrophobic residue]. A degree of flexibility is tolerated
within the PTS1 consensus sequence since proteins that do not strictly adhere to it have
been found in peroxisomes. For example, Alanine glyoxylate transaminase (AGT) from
humans contains the sequence K-K-L, and targets to peroxisomes [28]. However, this
variant PTS1 from AGT failed to direct luciferase to peroxisomes, suggesting that other
factors are involved in the targeting of certain proteins to peroxisomes. It has become
apparent in recent years that residues upstream of the PTS1 also contribute to peroxisomal
targeting [29-31]. Currently, prediction programmes that have been developed to
identify PTS1 sequences in proteins make predictions based on the last 12 residues at
the C-terminus of a protein. PTS1 containing proteins are recognized by the receptor
protein Pex5p, which is a modular protein harbouring a tetratricopeptide repeat (TPR)
domain in its C-terminal region [32]. PTS1 containing proteins interact with Pex5p via
this domain [33]. However, studies demonstrate that the N-terminus of Pex5p and other
regions in cargo proteins are also involved in Pex5p-cargo interaction [34]. Clearly, the
PTS1 sequence may be diverse and differ in their binding affinities, although recognized
by the same receptor protein.
A subset of peroxisomal proteins is imported by means of a second evolutionarily
conserved targeting sequence, PTS2. The nonapeptide sequence is found at the aminoterminus of a limited number of proteins, and consists of the consensus sequence R-(L/V/
I/Q)-X-X-(L/V/I/H)-(L/S/G/A)-X-(H/Q)-(L/A) [35,36]. This sequence is variable and
depends on the organism studied. It is cleaved off after entering the peroxisomal matrix in
most organisms. PTS2 containing proteins reach peroxisomes after binding their cognate
receptor, Pex7p [36,37]. In yeasts, PTS2 mediated import of proteins also depend upon
co-receptors, and is brought about by the Pex20p family of proteins. In higher eukaryotes,
the long isoform of Pex5p (Pex5L) assists Pex7p in the targeting of PTS2 proteins to the
peroxisome [37]. The PTS2 targeting pathway is absent in Caenorhabditis elegans [38],
Drosophila melanogaster [39] and diatoms [40]. Interestingly, known PTS2 containing
proteins from other species have obtained a PTS1 sequence in these organisms.
Pex8p in yeasts can utilize either the PTS1 or the PTS2 pathway [41-43]. However,
Pex8p in Y. lipolytica lacks a PTS1 and was found to interact with Pex5p nonetheless.
Peroxisomal localization of the protein persisted in the absence of Pex20p [44], indicating
that Pex8p interacts with Pex5p by means of a yet unidentified PTS sequence. Later
studies have shown that this interaction is perhaps necessary for the dissociation of cargo
from Pex5p, and not for the import of Pex8p [45].
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Although PTS1 and PTS2 pathways constitute the major pathways for trafficking of
proteins into peroxisomes, a number of proteins imported into peroxisomes lack these
targeting signals. Thus, alternate mechanisms must exist for the transport of matrix
proteins into peroxisomes. Alcohol oxidase from the yeast Hansenula polymorpha
(HpAOp) and Carnitine acyltransferase (ScCat1p) from the yeast Saccharomyces
cerevisiae both have PTS1 sequences, but are imported to peroxisomes even in their
absence [46,47]. This indicates that other regions in these proteins possess information
for peroxisome targeting. However, attempts to identify such a signal sequence have
so far been unsuccessful. Pox1p (or Fox1p) in S. cerevisiae depends upon Pex5p for
import, but contains no characterized PTS sequence. The region in Pox1p required for
Pex5p binding could not be identified [48]. It is possible that conformation specific and
not sequence specific epitopes perform as targeting signals in the case of proteins like
ScPox1p, ScCat1p, and HpAO. Interestingly, a truncated version of Pex5p lacking the
TPR domain typically required to bind PTS1 containing proteins could import Pox1p [48]
(as well as ScCat1p and HpAOp), indicating that the N-terminal region of Pex5p also
participates in recognition and import of peroxisomal proteins.
An unusual feature of protein import into peroxisomes is the ability to import heterooligomeric complexes. Glover et al., showed that the protein Thiolase could be imported
upon truncation of the N-terminal PTS2 containing sequence only when the full length
form was co-produced, indicating that the two subunits interact prior to entry into the
peroxisomal matrix [49]. The non-PTS1/PTS2 containing protein Copper oxide Zinc
dismutase is found in peroxisomes, apart from the cytosol and mitochondria [50]. It has
been shown that this is possible due to the interaction with a PTS1 containing chaperone,
implying piggy-back import of proteins into the peroxisome. The PTS1 containing
proteins Eci1p and Dci1p also oligomerise prior to import into peroxisomes [51]. Pnc1p,
a protein lacking both PTS1 and PTS2 sequences was found in peroxisomes since it can
be co-imported with the PTS2 containing protein Gpd1p [52]. Interestingly, it was found
that oligomerization was necessary for the import of alcohol oxidase in H. polymorpha.
HpAOp could not be imported when oligomerization was disrupted, even though the
protein contained a PTS1 [46]. Similarly, Acyl CoA oxidase from Y. lipolytica could only
be imported in its oligomeric form in a Pex5p dependent manner [53].
Large pore-like structures need to be formed in order to allow transport of oligomeric
complexes across the peroxisomal membrane. One hypothesis, termed the pre-implex
hypothesis postulates that receptor proteins themselves constitute a transport pore
through which cargo proteins reach the peroxisomal matrix. If individual subunits
of an oligomeric complex bind the corresponding number of receptor proteins, the
receptors are brought close together when the subunits oligomerize. These receptors
insert into the peroxisomal membrane and form a channel through which cargo may
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enter the peroxisomal lumen. Thus, pore size may be customized as per the size of the
incoming cargo, assuming that the number of receptors required by the oligomer are
proportional to the subunits constituting the complex [54]. Validation for this hypothesis
came from work done in Neurospora crassa, where disturbing oligomerization of the
HEX protein saturated the import pathway, indicating that the formation of oligomers
is important for protein import into peroxisomes. It has been proposed that oligomeric
import is necessary to allow selective differentiation of a subset of peroxisomes through
non-uniform protein import [55]. In H. polymorpha, the protein Catalase folds in the
cytosol before entry into peroxisomes. If the retention time in the cytosol is artificially
shortened, the protein is incorrectly folded and forms aggregates [56]. This could suggest
that the environment in the cytosol is favourable for proper folding of this protein, while
the reducing environment of the peroxisome is unsuitable. This may be another reason
why peroxisomes have acquired the ability to import fully folded and oligomeric protein
complexes.

Receptors and Co-receptors
As mentioned above, Pex5p is the receptor protein for PTS1 containing proteins and was
first identified in the yeast Pichia pastoris [57]. Pex5p can be divided into two distinct
regions. The C-terminal region contains seven tetratricopeptide repeats (TPR) and each
repeat consists of 34 amino acids. The residues in each repeat form a pair of α-helices
and constitute a motif that is commonly used for protein-protein interactions [32,58].
In Pex5p, three TPR motifs together form a TPR domain. TPR 1-3 and TPR 5-7 form
two separate domains each resembling a ring like structure, and are linked together by
a flexible TPR4 motif [59]. The residues that interact with the PTS1 sequence are found
mostly in TPR2 and TPR3 and are well conserved among species [60]. The interaction
between model PTS1 peptides and the C-terminal domain of Pex5p was studied by X-ray
analysis of Pex5p from human and Trypanosoma brucei and revealed a funnel shaped
pocket provided by Pex5p into which the PTS1 peptide fits [33,61]. The TPR domains
in the C-terminal of Pex5p display an open ring like conformation in the absence of the
PTS1 protein, which closes when in the bound form [62]. The N-terminal region of Pex5p
is intrinsically unstructured and is made up of multiple diaromatic pentapeptide motifs
(WXXXF/Y), which are high affinity binding sites for the docking factors Pex13p and
Pex14p [63]. While watermelon Pex5p contains 12 such motifs, A. thaliana contains nine
and S. cerevisiae only two [64,65]. Some yeasts also contain a reverse WXXXF/Y motif and
are important for binding to Pex14p [66]. The N-terminus of Pex5p also has a conserved
region of about 20-30 amino acids, containing a cysteine, a proline, lysines, and a few
large hydrophobic and polar residues [67]. Since this region of Pex5p is unstructured,
it is highly flexible and has the potential to interact with several binding proteins. Some
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studies show that Pex5p can interact with the membrane and even enter the peroxisomal
matrix [68,69]. Two isoforms of Pex5p termed Pex5pS (Short isoform) and Pex5pL (Long
isoform) have been identified in mammals and some plants. These two types arise as a
result of alternate splicing [70,71]. Pex5pL has an additional exon that encodes for 37
amino acids required for binding to Pex7p. Recently, two independent studies identified
S. cerevisiae Pex9p as a new receptor for a subset of peroxisomal matrix proteins [72,73].
Regulated in a condition-specific manner, Pex9p participates in the import of the PTS1
containing enzymes malate synthase (Mls1p and Mls2p) and glutathione transferase
(Gto1p) when yeast cells are grown on oleate [73]. Pex9p seems to follow a similar importcycle as Pex5p, beginning with cargo recognition in the cytosol, followed by docking at
the peroxisomal membrane by means of Pex14p. Such an alternate receptor protein may
exist so as to increase the efficiency of protein import into peroxisomes under specific
growth conditions.
Pex7p was found to be the soluble receptor protein required for the import of PTS2
containing proteins. It was first discovered in the yeast S. cerevisiae [74]. It is interesting
to note that Pex7p orthologs are absent in organisms lacking the PTS2 pathway [38,39].
Pex7p displays both intraperoxisomal and cytosolic localization and can be translocated
across the peroxisomal membrane [75,76]. Pex7 proteins are characterized by the
presence of WD40 repeats. Together, the WD40 repeats and the N-terminal region of
Pex7 assemble to form a β-propeller like structure, with each WD40 repeat forming
a blade of the β-propeller. WD40 repeats are made up of four anti-parallel β-strands
[77]. Three-dimensional structural modeling analysis of Pex7p revealed the presence
of a groove with conserved charge distribution that pairs with the PTS2 sequence [78].
Pex7p can also interact with Pex13p and Pex14p on the peroxisomal membrane [79].
Unlike Pex5p, which is sufficient for transport of PTS1 containing proteins, the transport
of PTS2 containing proteins requires auxiliary binding receptors apart from Pex7p. In
many fungi, PTS2 transport via Pex7p requires the co-receptor Pex20p [80,81], while S.
cerevisiae and C. glabrata requires paralogs of Pex20p: Pex18p and Pex21p [82]. These
two proteins are differently expressed in a condition specific manner. While Pex18p is
induced when grown on oleic acid, Pex20p is repressed under these conditions. Although
Pex20 proteins display weak homology, they all likely contribute to the PTS2 pathway
since Pex20p from N. crassa or Y. lipolytica can partially rescue the PTS2 import defect
in a pex18 pex21 double deletion in S. cerevisiae [83]. In recent years, the crystal structure
of the PTS2 sequence bound to the Pex7p-Pex21p complex has been elucidated, thus
helping us visualise the molecular mechanism of PTS2 binding to the receptor-co-receptor
complex[84]. While the β-propeller of Pex7p serves as a platform for the interaction
of Pex21p with the PTS2 sequence, the C-terminus of Pex21p shields the hydrophobic
regions of Pex7p and the PTS2 sequence, thereby stabilizing the hydrophobic core and
favouring complex formation.
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Pex7p has so far not been identified in the yeast Y. lipolytica. Instead, Pex20p takes
over the function of Pex7p in this organism [37]. Moreover, YlPex20p may also enter
the lumen of peroxisomes, since it interacts with intra-peroxisomal Pex8p. YlPex20p
is also involved in the oligomerization of the PTS2 cargo protein thiolase [80]. The
involvement of Pex20p in the oligomerization of proteins has not been studied in other
organisms except H. polymorpha, where it is dispensable for the oligomerization of the
PTS2 containing proteins thiolase or amine oxidase [85]. In this yeast, it was shown
that HpPex20p oligomerises, and PTS2 peptides could only bind HpPex20p in the
oligomeric state. As is discussed in the paper by Otzen et al., this finding is in line with
the pre-implex model for oligomeric protein import into peroxisomes. Given that each
HpPex20p protein has a Pex7p binding site, large complexes containing PTS2 cargo may
be formed prior to import into peroxisomes. If the receptor proteins themselves insert
into the membrane and form transient channels, the size of the pore can be adjusted
to fit the size of the incoming PTS2 cargo. Pex20 proteins resemble the N-terminus of
Pex5p in structure and function [86]. They contain a WXXXF/Y motif and the conserved
stretch of 20-30 amino acids and can interact with docking proteins on the peroxisomal
membrane. These co-receptors are absent from plants and mammals, wherein protein
import is mediated jointly by both Pex7p and Pex5p [65,70]. In humans, the long isoform
of Pex5p, Pex5pL is necessary for Pex7p binding and PTS2 import, since expression of
the short isoform alone did not rescue the PTS2 import defect in cells lacking PEX5
[70,87]. Although the role of PTS2 co-receptors in protein import is established, it still
not known exactly at which stage in this pathway they exert their function. It has been
suggested that co-receptors are necessary for the stabilization of the PTS2-Pex7p cargo
in most species [37].

Mechanism of cargo release into the peroxisomal matrix
Delivery of cargo proteins into peroxisomes requires the presence of the docking complex
Pex14p/Pex13p at the peroxisomal membrane [88,89]. Though both Pex5p and Pex7p
have binding sites for Pex13p as well as Pex14p, there is evidence to suggest that docking
at the peroxisomal membrane occurs in a sequential manner. Pex5p bound to its cargo
has a higher affinity for Pex14p than Pex13p, whereas the unbound receptor preferentially
interacts with Pex13p. In cells lacking Pex14p, Pex5p was found to mislocalise to the
cytosol while cells overexpressing Pex14p showed increased persistence of Pex5p at the
peroxisomal membrane [90]. This same effect was not observed with Pex13p. These
observations suggest that Pex5p first interacts with Pex14p on the membrane, followed
by an association with Pex13p. [64]. PTS2 cargo bound receptor Pex7p also first interacts
with Pex14p along with Pex5Lp [91]. Next, the complex binds Pex13p independent of
Pex5Lp. In S. cerevisiae however, the cargo bound PTS2 receptor has been shown to first

24

1

Introduction

bind Pex13p [92]. A third component of the docking complex, Pex17p, is found only in
yeasts [93]. It was recently demonstrated that Pex17p is necessary for maintaining the
stoichiometry of the receptor-docking complex [94]. Pex33p was identified as a novel
peroxisomal protein in N. crassa, which showed similarity with Pex14p in its N-terminus.
It can interact with Pex14p as well as Pex5p and was found to be similar in function to
Pex17p although the two proteins are structurally dissimilar [95]. Components of the
docking complex are found to interact with one another as well as with the receptor proteins
Pex5p and Pex7p. Pex13p contains two transmembrane domains and a C-terminal Src
Homology 3 (SH3) domain, via which it interacts with the core component of the docking
complex, Pex14p [96,97]. Apart from the SH3 domain, a second, intraperoxisomal site
in Pex13p was found to aid in Pex14p binding [98]. It behaves as an integral membrane
protein [99]. Pex14p is an integral membrane protein in most organisms and consists
of a conserved N-terminal domain followed by hydrophobic residues and a coiled coil
domain [100,101]. Pex14p interacts with the SH3 domain in Pex13p through a Proline
rich stretch in its N-terminus [102]. There is data to suggest that Pex14p dimerization is
required for its binding to Pex13p [103]. Pex17p contains a transmembrane domain close
to its N-terminal end and two coiled-coil domains at its C-terminus. It is a peripheral
membrane protein and interacts with Pex14p on the outer surface of the peroxisomal
membrane [93,104]. The docking complex protein Pex17p interacts with Pex5p in a
Pex14p-dependent manner. Pex13p is not required for this interaction. Loss of any of
these proteins results in defective protein import into the peroxisomal matrix.
Once the receptor-cargo complex docks on the peroxisomal membrane, the cargo
needs to be translocated into the peroxisomal matrix without compromising the
integrity of the membrane. Our knowledge on exactly how this is achieved is incomplete.
However, several studies are in favour of the formation of a dynamic transient pore,
which assembles in order to ferry specific cargo and disassembles as soon as the cargo
reaches its destination [105,106]. This pore is made up of the receptor proteins and
components of the docking machinery and in this way can be tailor-made to fit the
size of the incoming protein complex. Indeed, Pex5p, which is a soluble protein in its
unbound form, behaves like an integral membrane protein when bound to its cargo
and is capable of homo-oligomerization as well as membrane insertion [107]. In vitro
studies demonstrated that Pex14p molecules can assemble into higher order oligomeric
complexes that bind Pex5p-cargo complexes. Together Pex5p and Pex14p can form a
minimal pore when reconstituted into proteoliposomes [106,108]. This pore possessed
ion-conducting properties and can accommodate cargo up to 9nm. Pex5p and Pex14p
are sufficient to bring about the transport of Pex8p into peroxisomes [106]. However, the
exact architecture of the pore remains to be elucidated. Although it was widely accepted
that the PTS1 and PTS2 pathways converge at the docking step, recent data indicate that
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the two pathways utilize distinct pores for the import of cargo. It has been demonstrated
that the yeast PTS2 co-receptor Pex18p and the Pex14p/Pex17p heteromer together
form a PTS2 specific pore [109]. Once the cargo is successfully translocated across the
membrane, it needs to be released into the matrix. While there is information available
on the association of cytosolic receptors with their corresponding cargo proteins, little is
known about the dissociation of cargo once at their target site. Pex14p and Pex8p have
been reported to play a part in this process. The addition of Pex8p to a complex made
of Pex5p-PTS1 resulted in dissociation of the complex [45]. However, Pex8p has not
been identified in higher eukaryotes, indicating either that the sequence of the Pex8p
counterpart in these organisms is dissimilar to that of the known Pex8p sequence, or
that other mechanisms are in place to allow dissociation to occur. It has been suggested
that the release of cargo from their cognate receptors is redox dependent. Studies in H.
polymorpha demonstrated that Pex5p is tetrameric at high pH and monomeric at low
pH [45]. Since the peroxisomal matrix is quite acidic [110], Pex5p must be monomeric in
peroxisomes and in an oligomeric state when in the cytosol. However, this is contrary to
the situation in mammals, where soluble Pex5p has been shown to be monomeric [111].
Moreover, the pH of peroxisomes differs depending upon the organism under study. It is
more plausible that receptor proteins undergo conformational changes upon interaction
with members of the docking or translocation complexes, which weakens the interaction
with the bound cargo thereby allowing its entry into the matrix. In line with this, it has
been shown that an interaction of Pex14p with bound Pex5p triggers a conformational
change that results in the release of PTS1 containing cargo from Pex5p [112].
Following the release of cargo into the matrix, receptors are recycled back into the
cytosol for the next round of import, or degraded. Studies in baker’s yeast established
that membrane-associated Pex5p is ubiquitinated [113]. Thus, ubiquitination earmarks
receptor proteins for removal from the membrane. Monoubiquitination on a conserved
cysteine residue at the N-terminus of Pex5p marks the protein for recycling while
polyubiquitination of single or multiple lysine residues directs the protein for proteasomal
degradation [113-116]. Ubiquitination of a protein follows a cascade of events mediated
by enzymes called E-1, E-2 and E-3. The peroxisomal membrane contains three E-3
enzymes, Pex2p, Pex10p and Pex12p, all containing ring finger domains [117]. Pex4p,
a peroxisomal protein that is localized to the cytosolic side of the membrane, has been
identified as an E-2 enzyme [118]. Pex4p and the Pex10-Pex12p heterodimer serve as
the E-2 and E-3 enzymes for monoubiquitination of Pex5p, while a protein called Ubc4p
and the Pex2p-Pex10p complex carry out the same function for Pex5p polyubiquitination
[119,120]. Pex4p is absent in mammalian cells, and the family of UbcH5 takes over
this function [121]. Once ubiquitinated and marked for removal from the membrane,
the free receptor is extracted from the membrane through the action of peroxins Pex1p
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and Pex6p, which belong to the family of AAA-ATPases [122]. Pex1p and Pex6p form
a hexameric complex on the cytosolic face of the peroxisomal membrane and is made
up of three subunits each of Pex1p and Pex6p [123]. Pex1p and Pex6p are recruited to
the membrane by Pex15p in S. cerevisiae or Pex26p in mammalian cells, and are both

FIguRe 1 - Import of matrix proteins: (A) Recognition of cargo in the cytosol: PTS1
containing cargo proteins are recognized in the cytosol by the receptor protein Pex5p.
PTS2 containing proteins are similarly recognized by the receptor Pex7p and co-receptor
Pex20p. (B) Docking of the receptor-cargo complex: receptor-cargo complex is recruited
to the peroxisomal membrane via the docking complex consisting of Pex13p and Pex14p
(yeasts also contain Pex17p). (C) Cargo translocation: Next, cargo proteins are translocated
through a transient pore created by Pex5p and Pex14p oligomers (For PTS1 import) or
oligomers of the Pex7 co-receptors with Pex14 (for PTS2 import). (D) Receptor recycling:
Following dissociation of cargo from the receptor (Pex5p is shown here), the free receptor
is ubiquitinated and marked for removal from the membrane. Extraction and removal of
Pex5p from the membrane is mediated by an energy-driven process. Once recycled, Pex5p
is de-ubiquitinated and made available for the next import cycle. Numbers represent the
corresponding peroxins.
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tail anchored membrane proteins [124,125]. Mutations to any of the proteins involved
in ubiquitinating and extracting Pex5p from the membrane results in defective protein
import into peroxisomes. Following extraction from the membrane, ubiquitinated
receptors undergo de-ubiquitination to become available for the next import cycle. Pex5p
is de-ubiquitinated by Ubp15p in yeasts [126] and USP9X in mammals [127].
PTS2 co-receptor proteins are also recycled to the cytosol following ubiquitination
[128]. Ubiquitination is brought about by Pex4p and the E-3 ligases, and the ubiquitination
site is a cysteine residue in the N-terminus, as shown for Pex5p [129].

Sorting of PMPs
The sorting machinery utilised by Peroxisomal Membrane Proteins (PMPs) is distinct
from that used for matrix protein import. PMPs are transported in a Pex19p-dependent
manner (Class I PMPs) or a Pex19p-independent manner involving the ER (Class II
PMPs). The former is the established model for PMP trafficking to peroxisomes and
occurs as follows: PMPs are synthesized in the cytosol and contain a membrane PTS
(mPTS) for targeting to peroxisomes. Pex19p serves as a soluble receptor and recognizes
PMPs via their mPTS sequence [130]. Pex3p then recruits the Pex19p-bound PMPs to
peroxisomes, where they are inserted into the membrane via a yet unknown mechanism
[10]. While the N-terminus of Pex19p interacts with Pex3p, the C-terminus interacts with
the mPTS in PMPs [131,132]. It was recently demonstrated that farnesylation of Pex19p
in its C-terminal domain induces conformational changes that facilitates the recognition
of conserved aromatic or aliphatic side chains in PMPs [133]. Interactions between
several PMPs and Pex19p, as well as the mistargeting of certain PMPs in the absence
of Pex3p or Pex19p provide support for this model. Moreover, the levels of some PMPs
such as the ring finger proteins were found to be drastically reduced in pex19 deletion
strains in comparison to the wild-type (WT) in yeast [134,135]. This model represents
the Pex19p-dependent PMP sorting pathway. Conversely, some PMPs are targeted in
a Pex19p-independent manner and traffic to peroxisomes via the ER [11,12]. Following
insertion of PMPs into the ER membrane, they concentrate in specialized regions called
the peroxisomal-ER and subsequently egress in vesicles that migrate to peroxisomes
[136]. Similar to secretory proteins, these PMPs rely on the Sec61 and Get complexes
for insertion into the ER [12,137]. However, they do not contain a cleavable ER-signal
peptide sequence. The peroxins Pex2p and Pex16p pass through the ER before being
delivered to peroxisomes in Yarrowia lipolytica [80]. This was later also demonstrated in
mammals and plants [138,139]. Mammalian Pex16p was shown to insert into the ER cotranslationally before arriving at peroxisomes [138]. A peroxisomal isoform of ascorbate
peroxidase (APX) was localised to both peroxisomes and the reticular ER in plants.
Treatment with Brefeldin A, a fungal toxin that inhibits vesicle transport from the ER,
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restricted localisation of the enzyme to the ER alone. This effect could be reversed upon
removal of the drug [140]. Work in H. polymorpha pex19 deletion cells demonstrated
that Pex14p accumulates in pre-peroxisomal vesicles. In line with this, PMPs such as
Pex8p, Pex13p and Pex14p accumulated in foci in the absence of the membrane receptor
protein Pex3p. These foci represented independent membrane structures that were
located adjacent to the ER and can be considered pre-peroxisomal structures since they
contained the peroxisomal matrix proteins Pex8p and Alcohol oxidase [13]. The binding
of Pex19p to proteins may serve other functions. For example, Pex19p participates in the
formation of Inp2p-Myo2p complexes that are necessary for peroxisome inheritance in
yeast [141]. Some PMPs such as Pex1p and Pex6p are directly recruited to the peroxisomal
membrane via Pex15p or Pex26p [125,142] and do not require the Pex3/Pex19 complex
for targeting.
With the exception of mammalian and plant Pex16p and P. Pastoris Pex30p and
Pex31p which localise to peroxisomes as well as the ER in WT cells [139,143], most PMPs
are found to localise only to peroxisomes under steady state conditions. This may be
because the PMPs sort directly to peroxisomes, or owing to a rapid transit through the
ER. It is possible that both routes for PMP sorting exist simultaneously, with different
PMPs utilizing different routes to reach peroxisomes. Alternatively, one route may be
preferred to the other depending upon growth conditions.

De novo biogenesis of peroxisomes
The observation that connections exist between peroxisomes and the ER in mouse
dendritic cells [144,145] suggested that new peroxisomes pinch off from the ER.
Since then, several studies have been designed to address the question of the origin of
peroxisomes.
De novo formation of peroxisomes from the ER has most extensively been analysed
using a set-up wherein the localisation of a peroxin is followed upon shifting cells from a
peroxisome deficient to a peroxisome containing state. Re-introduction of Pex3-GFP in a
pex3 strain lacking peroxisomes resulted in the formation of new peroxisomes [11,146].
The newly introduced Pex3p was observed to first target to the ER before appearing at
peroxisomes, leading to the notion that new peroxisomes are formed from the ER. In
support of this, it was found that the N-terminus of Pex3p possesses features that are
typical for ER membrane proteins [147]. However, such an experimental system involves
the production of peroxisomes by introducing Pex3-GFP under control of an inducible
promoter in pex3 cells, or utilizes Pex3p constructs wherein the N-terminus of the protein
is modified. The possibility that such conditions cause mistargeting of the protein cannot
be dismissed. Significantly, it remains to be seen whether Pex3p travels via the ER in
Wild type (WT) cells.
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The discovery of pre-peroxisomal vesicles in the absence of Pex3p in the yeast H.
polymorpha challenged this model. It was demonstrated that Pex3p sorted to these
vesicles and not the ER when reintroduced [13]. Following import of matrix proteins
and membrane expansion, these vesicles matured into functional peroxisomes. Further
studies are required to gain insight into the origin of these vesicles. As discussed in a
review by Veenhuis and van der Klei [148], it can be envisioned that both the ER and
peroxisomes possess a Pex3p insertion machinery. Assuming that the peroxisome
insertion machinery has higher affinity for newly synthesised Pex3p, it may be that Pex3p
is directed to the peroxisome in WT cells, but sorts to the ER under conditions where
peroxisomes are absent or when the protein is overproduced. It has also been proposed
that vesicles bearing different subsets of PMPs independently exit the ER, and eventually
fuse to form new peroxisomes [149,150].
In mammalian cells, the role of the ER in peroxisome biogenesis was elegantly
demonstrated through the use of a photo-activatable Pex16-GFP fusion construct [138].
This study provided evidence that a PMP routed via the ER to reach peroxisomes, and
went on to show that de novo peroxisome formation contributed significantly to the total
peroxisome population, when compared to peroxisomes formed by growth and division
of pre-existing organelles. Most recently, the finding that mitochondria contribute to the
birth of peroxisomes has brought to light the hybrid nature of these organelles [151].
Using human patient fibroblasts devoid of peroxisomes, the authors demonstrate that
Pex3p and Pex14p first target to mitochondria, following which they are released in
vesicles. These vesicles undergo fusion with ER derived vesicles carrying Pex16p in order
to become import competent.
Taken together, it is likely that the growth and division of peroxisomes as well as
their origin from the ER and mitochondria occur simultaneously in WT cells, with
one mode of formation being preferred to the other depending on cell type or growth
conditions. Identification of novel ER and mitochondrial proteins that contribute to
peroxisome biogenesis would vastly improve our understanding of the role of the ER
in the maintenance of peroxisome numbers. Due to the extensive knowledge available
on a number of different players involved in peroxisome fission, we have a better
understanding of this process.

Fission of peroxisomes
In order to maintain their remarkable plasticity, peroxisomes need to respond to the
metabolic needs of the cell. A subtle equilibrium in peroxisome number is achieved
through proliferation and degradation events. As mentioned earlier, peroxisomes may
be formed de novo, or by the division of pre-existing organelles. The growth and division
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model was put forth by Lazarow and Fujiki in 1985 [25]. The first evidence for growth and
division came from kinetic studies using H. polymorpha, wherein the single peroxisome
present in peroxisome repressing conditions (glucose) proliferated to give 5-7 peroxisomes
in peroxisome inducing conditions (methanol) [152]. Young peroxisomes first grow
by import of matrix proteins from the cytosol and undergo division after a certain size
has been attained. Studies have shown that the signal for fission originates within the
organelle in Y. lipolytica [153]. Dynamic changes to the membrane accompany the ability
of organelles to grow and divide. At first, they undergo local membrane remodeling. This
is initiated by proteins that insert into membranes, causing asymmetry and sustaining
protrusions [154,155]. Disturbances caused to the lipid bilayer as a consequence of
remodelling and protein insertions are resolved when the membrane splits. Therefore,
regions with alterations to the membrane become targets for the assembly of fission
machineries. Peroxisomal fission takes a similar course. Following a trigger to divide
(1), peroxisomes first undergo membrane elongation (2). Further constriction of the
membrane takes place in preparation to divide (3). Proteins constituting the fission
machinery sense regions of high curvature and are recruited to the fission site. These
proteins bring about scission of the membrane (4), resulting in the formation of a new
peroxisome (Figure 2). The fission of peroxisomes is an asymmetric process, resulting in
a mature mother organelle and a smaller, nascent one. Several factors have an influence
on the different stages of fission: the composition and fluidity of the membrane, proteins
designated for the roles of elongation or scission, post-translational modifications of these
proteins, and so on [156]. Independent studies in a number of organisms have identified
the PMP Pex11p as a central player in this process [157-161]. Scission is performed by
fission factors that are shared between peroxisomes and mitochondria [162]. The protein
components of the peroxisomal fission machinery are widely conserved, with only a few
exceptions.

PeX11
About two decades ago, the PMP Pex11p became the first identified component of
the peroxisomal fission machinery [157,158,163]. While deletion of PEX11 resulted
in fewer and larger peroxisomes, overexpression led to the opposite effect: numerous
peroxisomes were observed along with a reduction in peroxisome size [158]. Pex11p
is the most abundant peroxin on the peroxisomal membrane in S. cerevisiae [158]
and participates in several processes apart from its pivotal role in peroxisome fission.
Peroxisome inheritance [164], re-distribution of PMPs on the peroxisomal membrane
[165] fatty acid transport [166] and a role in de novo peroxisome assembly [167] include
some of the protein’s alternative functions. Since its discovery, isoforms of Pex11p have
been identified in various organisms, and more than one Pex11-like protein has been
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identified in some (Table 1). In the yeast S. cerevisiae, three members of the Pex11p family
have been identified, including Pex11p, Pex25p and Pex27p. In the plant A. thaliana, 5
Pex11-related proteins have been discovered, Pex11p a-e. Members of mammalian Pex11p
include the proteins Pex11pα, Pex11pβ and Pex11pγ [117].
Table 1 - Members of the Pex11 protein family. Modified from [54]
Organism

Pex11p

Pex11pB

Pex11pC

Pex25p

Pex27p

Saccharomyces cerevisiae

✓

-

-

✓

✓

Hansenula polymorpha

✓

-

✓

✓

-

Yarrowia lipolytica

✓

-

✓

✓*

-

Neurospora crassa

✓

✓

✓

-

-

Arabidopsis thaliana

Pex11
(b-e)

-

Pex11
a

-

-

Trypanosoma brucei

Pex11, Gim5A, B

-

-

-

-

Drosophila melanogaster

✓

✓

✓

-

-

Homo sapiens

Pex11
(α,β)

-

Pex11
γ

-

-

* The protein encoded shows weak similarity to Pex11p as well as Pex25p [117]

The molecular weight of Pex11p ranges between 25 and 35KDa, while that of
Pex25p and Pex27p is about 45KDa [160]. Pex11p behaves like an integral membrane
protein harbouring at least two membrane spanning domains, and topological studies
have revealed that the protein orients in the lipid bilayer such that its N and C termini
protrude into the cytosol (Figure 3) [156,161,168]. However, membrane extraction
experiments performed in S. cerevisiae suggests that Pex11p is a peripheral membrane
protein [157,169]. Since Pex11p is strongly conserved among species, it is likely that these
contrary results arise due to differences in the permeability of membranes or the methods
used. Given that Pex11pβ, but not Pex11pα, Pex11pγ or other integral membrane proteins
is extracted from human cells upon treatment with Triton-X [170], it is likely that some
Pex11 proteins interact weakly with the peroxisomal membrane.
The expression of genes encoding different Pex11 proteins has been studied in various
organisms. They are regulated depending upon the carbon or nitrogen source supplied
for growth. In S. cerevisiae, the transcription factors Adr1p and Pip2p-Oaf1p control
PEX11 and PEX25 expression, which are upregulated when cells are grown on oleic acid
[171,172]. PEX27 is not upregulated, but expressed constitutively [173]. Methanol growth
stimulates PEX11 and PEX25 expression in H. polymorpha while PEX11C is downregulated upon a shift from glucose to methanol [174]. This could suggest that Pex11Cp
is required for the maintenance of peroxisome numbers in glucose but not methanol.
Mammalian Pex11 proteins are also regulated differently. While Pex11pα and Pex11pγ
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FIguRe 2 - Topology of Pex11p as studied in the yeast H. polymorpha: Pex11p is an
integral membrane protein that inserts into the peroxisomal membrane by means of two
transmembrane (TM) domains. Its amino and carboxy-termini are exposed to the cytosol.
The protein contains 4 predicted α-helices, H-1-H-4. While helices H-1, H-2 and H-3 lie
in the N-terminus facing the cytosol, H-4 lies within the peroxisomal lumen. Of the four
helices, H-2 and H-3 are predicted to contain amphipathic properties. H-3, later renamed
Pex11-Amph, was found to be responsible for the induction of membrane curvature. Pex11p
from Trypanosoma bruceii, mammalian Pex11pβ and Pex11p a,c,d,e from Arabidopsis
thaliana all contain a transmembrane domain with both termini exposed to the cytosol.

are expressed in a tissue specific manner and are found predominantly in the liver of rats
[175], Pex11pβ is expressed constitutively [159]. Pex11pα expression is also induced upon
the addition of compounds such as clofibrate [176], suggesting that Pex11pα enables the
peroxisomes to adapt to changes in the environment whereas Pex11pβ is required for
constitutive peroxisome production.
Comparison of Pex11p sequences from a number of organisms revealed the presence
of conserved α-helices in the N-terminus of the protein, harbouring amphipathic
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properties [177]. These are regions wherein one face of the helix is polar and the other
hydrophobic. Such a pattern qualifies the protein to interact with membranes and cause
membrane deformation, since the hydrophobic face can insert between fatty acyl chains
in one leaflet of the lipid bilayer and polar residues lie facing the lipid polar heads. This
is true for helices containing positively charged residues, since interaction with the
polar head groups is possible. On the other hand, helices that contain predominantly
negatively charged lipids cannot directly insert into flat membranes, and thus become
membrane curvature sensors [178]. Amphipathic helices may therefore be categorized
into two types, membrane curvature inducers or stabilizers. Amphipathic α-helices have
been reported in a number of proteins, of which the N-BAR domain containing proteins
are a prime example [179]. They are known to bring about membrane curvature during
endocytosis and autophagy. ER-resident reticulons maintain the shape of the organelle
in a similar manner [180]. The ENTH domain containing protein epsin also inserts
into the membrane and causes curvature during endocytosis [181]. With the exception
of Pex11pγ in which the α-helical region responsible for the induction of membrane
curvature lies between two transmembrane domains [182], most Pex11 proteins contain
the amphipathic α-helix in their N-terminus. This helix, termed helix 3 or H3, was later
renamed Pex11-Amph, and was found in a number of organisms ranging from yeast to
man [177]. This region falls under the category of membrane curvature inducing helices,
since it contains a number of highly conserved positively charged residues. Synthetic
peptides of Pex11-Amph from various species demonstrated the ability to preferentially
bind and tubulate Small Unilamellar Vesicles (SUVs) that resembled the peroxisomal
membrane [177]. Moreover, mutations that disrupted either the α-helical conformation
or the amphipathic nature of this region abolished its ability to tubulate vesicles in
vitro, indicating that both these properties are indispensable for protein function. These
experiments were validated in vivo, where the same mutations negatively affected
peroxisome fission [177]. A recent study using mammalian cells shows that Pex11βp
oligomers accumulate on proteoliposomes and mark sites of fission. They demonstrate
that mutations in the amphipathic helix not only interfere with the membrane elongation
property of Pex11p, but also affect its ability to form oligomers [183]. Pex11p is able to bind
and tubulate negatively charged SUVs with a membrane lipid composition resembling
that of the peroxisomal membrane, but not neutral ones [177]. Of the negatively charged
phospholipids, cardiolipin has been reported to have a role in membrane curvature [184].
It is a dimeric phospholipid, with a small acidic head group and four acyl chains, giving
it a conical shape. This property allows it to exert lateral pressure on the membrane,
thus aiding membrane curvature. However, recent studies showed that the loss of CRD1,
the gene encoding cardiolipin synthase, did not result in a decrease in peroxisome
numbers. Likewise, peroxisome numbers and function were unaffected in a strain
lacking the negatively charged phospholipid phosphatidyl ethanolamine (PE) [185]. One
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possible explanation is that there is a degree of redundancy between the two lipids as
far as their role in fission is concerned. The finding that mitochondria displayed normal
morphologies upon the loss of cardiolipin whereas the loss of both PE and cardiolipin
resulted in synthetic lethality [186,187] indicates that the above proposal could be true.
It is clear from these studies that Pex11p contributes to peroxisome fission at an early
stage by bringing about membrane elongation. This begs the question of how Pex11p is
activated for fission?
Work in S. cerevisiae and P. pastoris demonstrate that phosphorylation of Pex11p
is necessary for peroxisome fission [188,189]. Through the use of phospho-mimicking
mutants, evidence has been provided that the absence of phosphorylation inhibits
peroxisome proliferation, while a constitutively phosphorylated form of the protein
causes hyperproliferation. ScPex11p was shown to be phosphorylated by the kinase Pho85
[188]. In P. pastoris, it was shown that phosphorylation is necessary for interaction with
another component of the fission machinery, Fis1p. The block in peroxisome fission seen
in the absence of phosphorylation was attributed to the inability to bind Fis1p [189].
While the idea that phosphorylation triggers the activity of Pex11p for fission is attractive,
it is not adhered to as a rule for all organisms. Pex11pβ from COS7 cells was found to
possess several conserved phosphorylation sites. However, mutations to these sites did
not affect the ability of this protein to contribute to peroxisome proliferation [190]. Thus,
other mechanisms must be in place to bring about activation of the protein.
An alternate mechanism could be that the oligomeric state of the protein acts as a
molecular switch. Pex11p has been shown to be capable of self-interaction in S. cerevisiae
and in mammals [169,191]. ScPex11p forms dimers in a redox-sensitive manner, with
the dimeric state ensuring inactivation of the protein at later growth stages [169]. Thus,
the protein is active when present in the monomeric state. Contradictory results were
obtained in humans, wherein Pex11pβ dimerization via its N-terminal region stimulated
peroxisome fission. Loss of this region inhibits both dimerization as well as function
[191]. Further research is required to better understand the full scope and implications
of Pex11p dimerization.
Apart from the central role of Pex11p in peroxisome fission, it plays a number of roles
in other processes concerning peroxisomes. Studies have shown that Pex11p contributes
to the transport of medium chain fatty acids into peroxisomes. Defective transport
results in lower peroxisome numbers, as has been shown for other genes required for
medium chain fatty acid oxidation [166]. Pex11p might assist in the β-oxidation process
by forming a pore. It has been demonstrated that Pex11p forms a non-selective channel in
the peroxisomal membrane with a size exclusion limit of 300-400Da [192]. Additionally,
Pex11p is important for the re-distribution of PMPs prior to fission. In the absence of
Dnm1p, peroxisomes in H. polymorpha form tubules that extend into the bud but cannot

35

Chapter 1

divide. In wild type cells, a number of PMPs concentrate in these extensions, but this
behaviour was lost upon deleting PEX11. This was not caused merely by a block in the
fission process, since a block in fission through the deletion of other genes did not result
in the same phenotype [165]. Thus, it is likely that Pex11p-dependent alterations to the
membrane trigger the distribution of certain PMPs into specific sub-domains, allowing a
subset of PMPs to migrate to nascent daughter organelles post-fission.
Pex11p is also involved in the distribution of daughter peroxisomes. While contrary
data have been obtained from different yeasts, the fact remains that Pex11p plays a
significant role in the inheritance of peroxisomes. In baker’s yeast, the loss of Pex11p
resulted in the retention of all peroxisomes in the mother cell [158] whereas in H.
polymorpha, it was observed that peroxisomes migrated to the daughter cells [164].
Perhaps these differences arise due to varying mechanisms of organelle tethering and
transport between the yeasts.
Pex11p acts as a GTPase Activating Protein (GAP) for Dnm1p and activates the protein
for scission. When the interaction between Pex11p and Dnm1p is disturbed, the capacity
of Dnm1p to hydrolyze GTP is compromised [193]. Thus, in addition to its role in the
initial stages of fission, Pex11p also acts in concert with Dnm1p at the final stages of this
process.
Although the vast repertoire of Pex11p in peroxisome-related functions is intriguing,
it can be envisioned that tight spatio-temporal regulation enables the protein to exert
control over different processes.

Role of DLPs and adaptor proteins
Similar to Pex11p, absence of Dynamin-Related Proteins (DRPs) also causes a block in
the fission of peroxisomes [194]. Peroxisomes in cells lacking DRPs exhibit abnormal
morphologies accompanied by a significant decrease in peroxisome numbers. DRPs
belong to the superfamily of Dynamins and are well known players in cellular fission
and fusion processes [195,196]. These proteins are large GTPases with mechanochemical
properties. DRPs contain a GTPase domain, a middle domain and a GTPase Effector
Domain (GED) [197]. However, they lack the Proline Rich Domain (PRD) and Pleckstrin
Homology (PH) domain and differ from classical Dynamins in this regard [197]. Structural
analysis of Dynamin and the yeast DRP, Dnm1p, revealed that these molecules selfassemble to form spiral oligomers on liposomes [198]. The Dnm1p oligomer constricted
lipid tubules in a ratchet motion, with a reduction in the number of Dnm1p subunits as
GTP was hydrolysed. In the same study, it was demonstrated that Dnm1p assembled
around these tubules with a much wider diameter (approximately 100nm) in comparison
to Dynamin (approximately 20nm), thus displaying greater flexibility. Moreover, while
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Dnm1p rings could reduce the diameter of these lipid tubules by up to 50nm upon
the hydrolysis of GTP, Dynamin could only bring about a constriction of about 10nm
[198,199]. Perhaps the increased flexibility of Dnm1p compared to classical Dynamin is a
consequence of its limited interaction with the lipid bilayer, owing to the absence of the
PH domain. This may allow Dnm1p greater freedom to undergo conformational changes,
since it is not directly anchored in the membrane. DRPs, which are predominantly
cytosolic require the participation of docking molecules in order to be recruited to fission
sites. It has been shown that the GTP-hydrolysis driven shrinkage of the Dynamin ring
fuels contraction until the membrane splits [200,201]. A similar mechanism has been
proposed for Dnm1p oligomers [198]. Peroxisomes in mammalian cells wherein DRP1 is
silenced display a ‘beads on a string’ like appearance, suggesting that other factors trigger
initial constriction, while Drp1p brings about further constriction and scission [202]. In
S. cerevisiae, the DRPs Dnm1p and Vps1p are involved in peroxisome fission. Dnm1p is
required for proliferation at peroxisome inducing conditions whereas Vps1p is important
for fission in glucose grown cells [203]. In H. polymorpha, only Dnm1p but not Vps1p
contributes to peroxisome fission [204]. Dnm1p docks on the membrane following
interaction with the tail anchored protein Fis1p [205]. In yeasts Dnm1p binds Fis1p via
the adaptor proteins Mdv1p/Caf4p, whereas in plant and mammals Fis1p binds DRPs
directly [182,205]. Fis1p localizes both to peroxisomes and mitochondria, and fission of
both these organelles are affected in the absence of Fis1p [206,207]. Since Fis1p is involved
in the recruitment of Dnm1p and not Vps1p, Vps1p dependent peroxisome fission is not
blocked in the yeast S. cerevisiae [208]. While it has been demonstrated that human
Fis1p targets to peroxisomes in a Pex19p-dependent manner [209], how Fis1p targets
to the peroxisomal membrane in yeast is still not fully understood. The adaptor protein
Mdv1p is present in lower eukaryotes, and a paralog of this protein, Caf4p was found in
baker’s yeast [210]. Like Fis1p, Mdv1p/Caf4p is required for Dnm1p-dependent fission
but not Vps1p-mediated fission [205]. These proteins can interact with Fis1p as well as
Dnm1p, and are responsible for the assembly of the fission complex. In the absence of
Mdv1p, peroxisome fission is affected but not completely blocked. In H. polymorpha, it
was shown that Dnm1p fused to GFP could not dissociate from membranes and formed
a single spot per cell in MDV1 deletion cells [210]. It is possible that the defect in fission
caused by the absence of Mdv1p arises due to the unavailability of Dnm1p, since it
cannot leave membranes after association. Post-recruitment roles, namely modulation
of Dnm1p oligomerisation have been ascribed to these proteins, following recent work
on mitochondrial fission [211]. Homologues for Mdv1p or Caf4p have not been found in
higher eukaryotes. Rather, a protein involved in mitochondrial fission, Mffp, was shown
to influence peroxisome fission in humans [212]. Pex11p is involved in the recruitment of
human Mffp and Fis1p to the fission site [182].
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Figure 3 - Hypothetical model demonstrating the events of peroxisome fission: (1)
Peroxisomes are first activated for fission by a signal that originates within the matrix.
(2) Membrane elongation: Following activation for fission, the peroxin Pex11p inserts into
the peroxisomal membrane via an amphipathic α-helix and initiates membrane curvature,
resulting in elongation of peroxisomes. (3) Membrane constriction and recruitment of
the fission machinery: The factors contributing to the constriction of peroxisomes remain
unknown. Actin cables may participate in this process. Regions of high curvature in the
membrane attract fission factors such as Fis1p, which in turn recruits Dynamin-Related
Proteins (DRPs) such as Dnm1p to the fission site. (4) Membrane scission: DRPs bring
about scission in a GTP-dependent manner, resulting in the severing of the membrane.
Nascent peroxisomes then grow and mature by importing matrix and membrane proteins.

Time-lapse fluorescence microscopy and electron tomography studies have
demonstrated that ER tubules contact mitochondria and bring about constriction,
thereby marking fission sites where the fission machinery assembles and brings about
fission [213]. Thus, the ER plays a significant role in the fission of mitochondria. A
constriction event is expected since structural analysis have shown that the diameters of
the Drp1p and Dnm1p ring are 30-50nm and 100-130nm respectively, which are smaller
than the diameter of mitochondria [214]. It is not known exactly what causes constriction
of peroxisomes prior to fission. Given that mitochondria and peroxisomes share most
of the fission machinery, the ER may also contact peroxisomes to perform a similar
function. However, while mitochondria undergo symmetric fission, peroxisomes divide
asymmetrically [156]. This means that the width of the organelle to be constricted is
smaller in the case of peroxisomes. Also, the peroxisome is bound by a single membrane
unlike the mitochondria, which is enwrapped by a double membrane. Therefore, ER
tubules might not be required for fission of peroxisomes, although it is conceivable that
such a mechanism is also at play at the site of fission of peroxisomes. Actin filaments and
a formin were found to contribute to the division of mitochondria in mammalian cells
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[214,215]. INF2, an inverted formin, brings about the elongation of F-actin. It was found
that INF2 triggers actin polymerization at mitochondrial fission sites, since Drp1p was
recruited to these sites. Actin generated the force required to constrict the mitochondria to
a diameter that is consistent with the diameter of the Drp1p ring. Silencing INF2 resulted
in an inhibition of Drp1p assembly and thus mitochondrial fission. Actin polymerization
might play a part in peroxisomal fission by bringing about constriction [215,216]. It is
likely that actin, rather than the ER is the component involved in the constriction of
peroxisomes.

Perspectives
Peroxisomes constantly adapt to changes in their environment by regulating matrix
content and organelle number. Proteins destined for the peroxisomal matrix arrive at their
target site by means of the PTS1 or PTS2 pathway, which recognize the corresponding PTS
in these proteins. However, the identification of proteins devoid of targeting information
in the peroxisome strongly suggests that alternate pathways must exist to allow proteins
access into the peroxisomal matrix. Furthermore, the PTS2 pathway is absent in a number
of organisms, and the proteins that would normally rely on this pathway make use of the
PTS1 route. In Y. lipolytica, PTS2 proteins are targeted to peroxisomes by the PTS2 coreceptor protein Pex20p, since Pex7p has not been identified in this yeast so far. Analysis
of such alternate pathways will help unravel a yet uncharacterized subset of peroxisomal
proteins, and open doors to a range of novel pathways and functions.
The origin of peroxisomes remains a matter of much debate, with the area of contention
revolving around the involvement of the ER. It is possible that both modes of peroxisome
formation, de novo biogenesis and division of pre-existing organelles co-exist with one
being preferred to the other depending on cellular requirements. The possibility that
these pathways may be utilized to different extents in different organisms must also be
borne in mind. Since fission is the faster of the two processes, it may be preferred under
conditions where peroxisome function is urgent.
Pex11p is a key player in the fission of peroxisomes and directly determines peroxisome
numbers in cells. Pex11p is mostly upregulated under conditions when proliferation is
required and suppressed when peroxisomes are dispensable. Thus, it may well be that
the trigger for fission lies in the activation of Pex11p. Although it has been shown that
phosphorylation acts as the switch that governs protein function, this principle does not
hold true for all organisms. The loss of conserved phosphorylation sites in Pex11pβ from
COS7 cells did not affect protein function. Thus, the question of how Pex11p is activated
for fission in such cases remains unanswered and requires further research. While the
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N-terminus of Pex11p has been investigated in detail, roles of the luminal loop and
C-terminus of the protein remain to be elucidated. Given that Pex11p participates in a
plethora of peroxisome-related functions, it will be of much interest to dissect the protein
and ascribe different functions to different regions.
It has been demonstrated that Pex11p-Amph peptides could bring about tubulation
of negatively charged SUVs, but not neutral ones. The negatively charged phospholipid
cardiolipin contributes to mitochondrial fission by stimulating Drp1p activity. A number
of positively charged residues in Pex11-Amph are well conserved, indicating that they
contribute to a conserved cellular mechanism. While there is data to demonstrate that the
absence of cardiolipin does not affect peroxisome numbers, the possibility of redundancy
between negatively charged lipids cannot be excluded. Thus, assessing protein-lipid
interactions between Pex11p and negatively charged lipids such as cardiolipin or
phosphatidyl ethanolamine is an interesting and currently unexplored aspect.
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Chapter 2

Abstract
Pex11p plays a crucial role in peroxisomal fission. Studies in Saccharomyces cerevisiae
and Pichia pastoris indicated that Pex11p is activated by phosphorylation, which
results in enhanced peroxisome proliferation. In S. cerevisiae but not in P. pastoris,
Pex11p phosphorylation was shown to regulate the protein’s trafficking to peroxisomes.
However, phosphorylation of PpPex11p was proposed to influence its interaction with
Fis1p, another component of the organellar fission machinery.
Here, we have examined the role of Pex11p phosphorylation in the yeast Hansenula
polymorpha. Employing mass spectrometry, we demonstrate that HpPex11p is also
phosphorylated on a Serine residue present at a similar position to that of ScPex11p
and PpPex11p. Furthermore, through the use of mutants designed to mimic both
phosphorylated and unphosphorylated forms of HpPex11p, we have investigated the
role of this post-translational modification. Our data demonstrate that mutations to the
phosphorylation site do not disturb the function of Pex11p in peroxisomal fission, nor
do they alter the localization of Pex11p. Also, no effect on peroxisome inheritance was
observed. Taken together, these data lead us to conclude that peroxisomal fission in H.
polymorpha is not modulated by phosphorylation of Pex11p.
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Int roduction
Peroxisomes are single membrane bound organelles that house a variety of metabolic
processes. Common functions include detoxification of hydrogen peroxide and betaoxidation of fatty acids. In humans, failure of peroxisome function can lead to severe
lethal disorders, such as Zellweger syndrome, demonstrating their importance in cellular
metabolism and health1.
Depending on cellular demands, peroxisomes may vary in size, number and content.
In yeast the main mode of peroxisome proliferation is fission, a process that involves three
steps: 1) organelle elongation, 2) membrane constriction and 3) membrane scission2.
Pex11p is a peroxisomal membrane protein (PMP) that is a key player in the first step
of peroxisome fission2. Pex11p was first identified as a factor involved in fission in the
yeast Saccharomyces cerevisiae, and it is the most abundant peroxisomal membrane
protein3. In all organisms studied to date, deletion of PEX11 results in a reduction in
peroxisome numbers whereas its overexpression stimulates peroxisome proliferation4-7.
Previous work from our group and others established that Pex11p stimulates membrane
elongation through the action of an amphipathic helix, which upon interaction with the
peroxisomal membrane imparts a curvature6,8. Pex11 proteins can also interact with
other proteins of the organelle fission machinery, such as Fis1p and Mff9-11 and current
models propose that the concerted action of these proteins exerts control over the
division of peroxisomes12. Although Pex11p is indispensable for peroxisome fission13, how
it is triggered to participate in this process, or how it achieves interaction with other
components of the fission machinery, is still not well understood.
Previously, Pex11p was shown to be phosphorylated in two yeast species: S. cerevisiae
and Pichia pastoris14,11. In both cases, it was observed that phosphorylation of Pex11p is
crucial for organelle proliferation, because strains producing mutant variant mimicking
constitutively phosphorylated Pex11p showed enhanced peroxisome proliferation
while mutants mimicking unphosphorylated Pex11p were characterized by reduced
peroxisome numbers. Although it was established that Pex11p phosphorylation is
important for peroxisome proliferation in both yeast species, different molecular
mechanisms were proposed. In S. cerevisiae, phosphorylation was shown to influence
trafficking of Pex11p from the endoplasmic reticulum (ER) to peroxisomes, whereas in
P. pastoris Pex11p trafficking was shown to be independent of phosphorylation. Instead
in this organism, phosphorylation was shown to be important for binding of Pex11p to
Fis1p. In order to gain further insight into the function of Pex11p phosphorylation, we
studied Pex11p in the yeast Hansenula polymorpha. Our data indicate that this protein is
indeed phosphorylated, however unlike in S. cerevisiae and P. pastoris, this modification
appears not to play a significant role in peroxisome proliferation or Pex11p localization.
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Results and Discussion
HpPex11p is phosphorylated at a similar site to its
counterparts in S. cerevisiae and P. pastoris
In order to investigate a potential role of Pex11p phosphorylation in H. polymorpha,
we purified the protein and analysed it using mass spectrometry (MS). For this, we
employed a version of Pex11p complete with C-terminal His6 tag. This version of
Pex11p fully complements the pex11 deletion strain (Supplementary Figure S1 A and
B), demonstrating that it is functional. Pex11p-His6 was purified from an organellar
pellet (Figure 1 A) and subsequent MS analysis resulted in efficient sequence coverage
of Pex11p (Figure 1 B). Furthermore, we identified two peptides that corresponded to the
residues 171-ELASDDDQNPLDKR-184. One displayed the predicted molecular mass of
approximately 1615 Dalton, whereas the other displayed a molecular mass gain of 79.9
Dalton, which is indicative of the presence of a phosphate group. Peptide sequencing
of this peptide (Figure 1 C and D) revealed that the additional 79.9 Dalton was present
on the Serine at position 174, strongly suggesting that Pex11p is phosphorylated at this
Serine residue.
H. polymorpha Pex11p contains 47 residues that can be modified by a phosphate
group (18 Serines, 17 Threonines and 12 Tyrosines) and of these 47, only 5 were not
covered in our MS analysis (Figure 1 B). One of these residues, Serine 161, is the closest
Serine residue to the identified phosphorylation site at position 174. The other 4 residues
not detectable in our MS analysis are present in the predicted transmembrane domains
of Pex11p, which makes them unlikely phosphorylation sites.
Unlike the situation in P. pastoris, where the phosphorylated form of Pex11p is visible
using SDS-PAGE and western blotting11, we were not able to observe any modified forms
of Pex11p using similar techniques. Therefore, we employed Phos-TagTM acrylamide gels
to investigate Pex11p phosphorylation further. This approach utilises the Phos-TagTM,
a small molecule that, when incorporated into SDS-PAGE, specifically binds to and
inhibits the mobility of phosphorylated proteins15. In such an analysis, phosphorylated
proteins display a decreased mobility on SDS-PAGE, compared to unphosphorylated
forms. Using this approach (Figure 1 E), we see a minor portion of wild type (WT) Pex11p
with reduced mobility compared to the major Pex11p species, suggesting that a very small
portion of Pex11p is phosphorylated. This species is not visible when using standard SDSPAGE analysis (Figure 1 F).
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FIguRe 1 - HpPex11p is phosphorylated on Serine 174.
(A) Coomassie stained SDS-PAGE gel showing a band at ~30 kDa, corresponding to Pex11-His6.
Numbers indicate molecular weight in kDa. (B) Sequence coverage obtained for Pex11-His6 from MS
analysis. Peptides identified in this approach are underlined. Both Serine 174 (open box) and Serine
161 (grey shaded box) are indicated. Black shading depicts the predicted transmembrane domains.
(C) nLC-MS/MS analysis of the modified 171-ELASDDDQNPLDKR-184 peptide identified using MS.
(D) Sequence of the 171- ELASDDDQNPLDKR-184 peptide, demonstrating that the additional 79.9
Daltons, corresponding to a phosphate group, is present on Serine 174. Indicated are the b and y ions,
as well the modified Serine residue (lower case). (E and F) Phos-tagTM SDS-PAGE (E) or SDS-PAGE (F)
and western blotting analysis of lysates from pex11 cells (pex11) or pex11 cells expressing WT or mutant
forms of Pex11p. Blots were probed with antibodies raised against Pex11p. Equal amounts of protein
were loaded per lane. The modified form of Pex11p visible in WT cells is denoted with an asterisk.
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Taken together, our data indicate that like ScPex11p and PpPex11p, HpPex11p is also
phosphorylated on a Serine residue. This residue is present at a similar position to the
Pex11p phosphorylation sites reported in S. cerevisiae and P. pastoris (Supplementary
Figure S1 C).

Mutations to the HpPex11p phosphorylation site do not
affect peroxisome proliferation
Next, we generated mutant versions of Pex11p, to lock the protein in a constitutively
unphosphorylated (Pex11 S174A) or phosphorylated (Pex11 S174D) form. Both mutant
versions as well as a WT control gene were introduced into a pex11 deletion strain. Strains
were constructed that either co-produced the fluorescent peroxisomal membrane marker
PMP47-GFP or the matrix marker GFP-SKL. First, we investigated the phosphorylation
status of these mutants using Phos-TagTM SDS-PAGE (Figure 1 E) and observed that the
modified form of Pex11p is greatly reduced when Serine 174 is mutated, strongly suggesting
that introduction of mutations at position 174 inhibits Pex11p phosphorylation.
Next, fluorescence microscopy analysis (Figure 2 A-C; Figure 3 A-C) revealed that
peroxisome numbers were comparable between strains expressing WT or mutant
versions of HpPex11p, independent of whether cells were grown on glucose (Figure 2
A) or methanol (Figure 2 B and C). Western blotting revealed that Pex11p levels were
comparable among strains (Figure 3 E). These findings suggest that phosphorylation of
Serine 174 has no significant effect on peroxisome proliferation in glucose or methanol
grown H. polymorpha.
Since the peptide containing Serine 161 could not be analysed during our MS analysis,
we wanted to rule out the possibility that this residue may either be phosphorylated at a
very low level, or that it may function as the phosphorylation site in the absence of Serine
174, as was reported for ScPex11p14. Therefore, double mutants of Pex11p were created
such that both Serine residues at positions 161 and 174 were mutated either to Alanine
(Pex11 S161A, S174A) or to Aspartic acid (Pex11 S161D, S174D). Phos-TagTM SDS-PAGE
analysis again confirmed that Pex11p phosphorylation was inhibited in these mutants
(Figure 1E).
Next, by employing fluorescence microscopy, we observed that, as in the single mutant
strains, no significant differences in peroxisome numbers between WT or double mutant
versions of Pex11p could be observed (Figure 2 D and 3 D). Pex11p levels in these mutants
were comparable to WT (Figure 3 F). Thorough imaging and quantitative analysis of all
strains imply that HpPex11p is capable of fulfilling its function in peroxisomal fission
independently of its phosphorylation status.
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FIguRe 2 - Phosphorylation of HpPex11p does not affect peroxisome abundance.
Fluorescence microscopy images of pex11 cells grown on glucose (A) or methanol (B-D), using confocal
laser scanning microscopy (CLSM). GFP-SKL was used to mark peroxisomes in glucose grown cells,
whereas PMP47-GFP was used to mark peroxisomes in methanol-grown cells. Besides fluorescent
markers, cells produced WT or phosphorylation single mutant (A-C) or double mutants (D) forms, as
indicated above panels. All scale bars represent 1 µm.
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Figure 3 - Quantitative analysis of peroxisome numbers in WT and HpPex11p
phosphorylation mutant strains.
(A-D) Quantification of peroxisome numbers from images represented in Figure 2 A-D. For each
experiment, at least 600 cells were counted per strain. Error bars represent standard deviation
between two separate experiments. (E and F) Western blots to compare protein levels between WT and
phosphorylation single mutant strains (E), or phosphorylation double mutant strains (F). In the case
of mutants S174D and S161D, S174D, the introduction of an extra negative charge results in a mobility
shift. Cells were grown for 16 hours on medium containing methanol. Blots were probed with antibodies
raised against Pyruvate carboxylase-1 (Pyc1; loading control) or Pex11p. Equal amounts of protein were
loaded per lane.

Mutations in the phosphorylation site do not alter
HpPex11p localization
To analyse if Pex11p phosphorylation influences the subcellular location of Pex11p,
strains were constructed producing WT and mutant versions of Pex11p C-terminally
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tagged with GFP. Cells were pre-cultivated on glucose and subsequently shifted to
medium containing methanol, to induced peroxisome proliferation. At 4 and 8 hours
after the shift, we observed that like WT Pex11-GFP, both mutant forms co-localise with
DsRed-SKL, introduced into the strains to mark the peroxisomal matrix (Figure 4 A-C).
Western blotting revealed that the protein levels were comparable among strains (Figure
4 D). These data suggest that phosphorylation does not regulate HpPex11p localisation.

FIguRe 4 - Phosphorylation of HpPex11p does not affect localization of the protein.
(A-C) Wide field fluorescence microscopy images of pex11 cells grown on methanol for 4h (A), 8h or
16 h (C). Besides DsRed-SKL, cells also produced GFP fusions of the Pex11 proteins. All scale bars
represent 1 μm. (D) Western blot to compare protein levels of Pex11 S174A-GFP or Pex11 S174D-GFP
with WT Pex11-GFP. Cells were grown for 16 hours on methanol. Blots were probed with antibodies
raised against Pyc1 or GFP.
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Peroxisome inheritance remains unperturbed in
HpPex11p phosphorylation mutants
It was shown previously that H. polymorpha pex11 cells display a peroxisome retention
defect during growth on glucose13. The single peroxisome present in a cell migrates to
the daughter cell upon budding, leaving the mother cell devoid of peroxisomes. To study
if phosphorylation has a potential role in this process, budding cells of WT and Pex11p
phosphorylation mutants producing GFP-SKL as peroxisomal marker were examined
by fluorescence microscopy (Figure 5 A). We observed that peroxisome distribution
over mother cells and buds is similar in WT and both phosphorylation mutants (Figure
5B). This observation suggests that Pex11p phosphorylation does not affect peroxisome
retention in H. polymorpha.

Figure 5 - Phosphorylation of HpPex11p does not govern peroxisome inheritance.
(A) Fluorescence microscopy images of glucose-grown pex11 cells using CLSM. Apart from the fluorescent
peroxisomal matrix marker (GFP-SKL), cells produced WT or phosphorylation single mutant forms of
Pex11p. All scale bars represent 1µm. (B) Quantitative analysis of the images represented in (A) to show
peroxisome distribution between mother and daughter cells. For all strains, at least 50 budding cells
were counted. Error bars represent the standard deviation between two individual experiments.
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Concluding remarks
Pex11p is critical for peroxisome division on both glucose and methanol. To the best of
our knowledge, loss of Pex11p function cannot be rescued by other proteins. This not
only reiterates the pivotal role of this protein in peroxisomal fission, but also the need
to understand how it may control the fission event. Our data demonstrate that phosphomimicking mutant versions of H. polymorpha Pex11p behave identically to the WT
protein, data that lead us to conclude that phosphorylation does not play a vital role in
peroxisomal fission, inheritance or in Pex11p localisation. This raises the possibility that
alternate mechanisms may exist to modulate the role of HpPex11p in these processes.
Identifying such mechanisms would provide valuable insight into the molecular
mechanisms underlying peroxisomal inheritance and fission.

Materials and Methods
Strains and cultivation conditions
The H. polymorpha strains used in this study are listed in Table 1. All strains used
here are derived from the pex11 parent strain13. H. polymorpha cells were grown in
batch cultures at 37°C on mineral media16 supplemented with 0.25 % glucose or 0.5 %
methanol as carbon source and 0.25 % ammonium sulphate as nitrogen source. Leucine,
when required, was added to a final concentration of 30 μg/ml. For growth on plates,
YPD (1 % yeast extract, 1% peptone and 1 % glucose) media was supplemented with 2
% agar. Resistant transformants were selected using 100 μg/ml zeocin or 100 μg/ml
nourseothricin (Invitrogen). For cloning purposes, Escherichia coli DH5a was used as the
host for propagation of plasmids. Cells were grown at 37oC in Luria broth supplemented
with ampicillin (100ug/ml). To analyse growth in batch cultures, the optical densities at
600 nm were measured at different time points. Three independent cultures were used
for each strain.

Construction of plasmids
The plasmids and oligonucleotides used in this study are listed in Tables 2 and 3,
respectively. pHIPZ17-Nia, the plasmid containing the Pex11 promoter (PPex11) was
constructed as follows: to isolate the PEX11 promoter a fragment of 0.9 kb upstream
the PEX11 gene was amplified using primer pex11-1 and pex11-2 and genomic DNA as
template. The resulting fragment was digested with HindIII and NotI and ligated in
HindIII-NotI digested pHIPZ4-Nia17 resulting in vector pHIPZ17-Nia.
To obtain WT PEX11 under control of the endogenous promoter (PPEX11), plasmid
pHIPZ4-Pex11 was digested with HindIII and SalI and the resulting fragment ligated
into HindIII-SalI digested pHIPZ17-Nia, resulting in the vector pCW297. To obtain WT
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PEX11, complete with C-terminal His6 tag, under control of the endogenous promoter
(pCW323), polymerase chain reaction (PCR) was performed on plasmid pCW297 using
primers Pex11 HIII and Pex11-His SalI and the product was digested with HindIII
and SalI and ligated into HindIII-SalI digested pHIPZ17-Nia. Both these vectors were
linearized with NsiI prior to transformation into H. polymorpha cells.
A plasmid containing the PEX11 promoter and the PEX11 gene fused to GFP was
constructed as follows: first the PEX11 promoter was isolated by PCR using primer
Pex11-A and Pex11-E using genomic H. polymorpha DNA as a template. The resulting
fragment was digested with HindIII and PspXI and ligated into pSNA1018, resulting
in plasmid pAMK64. Subsequently the PEX11 gene was isolated by PCR using primer
PEX11-F and PEX11-D using H. polymorpha DNA as a template. This fragment was
restricted with SalI and BglII and was ligated into plasmid pAMK64 restricted with
BglII and PspXI, resulting in plasmid pAMK65. This plasmid was linearized with BstAPI
for integration into H. polymorpha cells. All point mutants were produced using the
QuickChange Site-Directed Mutagenesis Kit (Agilent) and all constructs produced by
PCR were confirmed by sequencing. Plasmids to produce PEX11 point mutants, under
control of the PEX11 promoter were created using pCPW297 as template together with
the mutagenic primer pairs described in Table 3. Plasmids were linearized using NsiI
prior to integration into the genome of H. polymorpha cells. Point mutant versions of
PEX11-GFP were created using pAMK65 as template and the primer pairs listed in Table
3. Plasmids were linearized using BstAPI for integration into H. polymorpha cells.
The plasmid bearing GFP-SKL, downstream of the constitutive promoter TEF1, was
constructed as follows: PCR was performed using primers GFPN5_Fw and GFPN5_Rev
together plasmid pHIPX5 GFP-SKL as template. The resulting product was digested with
NotI and XbaI and ligated into NotI-XbaI digested pHIPN519, producing the plasmid
pHIPN5 GFP-SKL. Next, pHIPX7 GFP-SKL20 was digested with NotI and BamHI, to
obtain the TEF1 promoter and this fragment was ligated into pHIPN5 GFP-SKL, to
produce pHIPN7 GFPSKL. This plasmid was linearized using the enzyme StuI prior to
transformation into H. polymorpha cells.
The plasmid pHIPN4 DsRed-SKL21 was linearized using NsiI prior to transformation
into H. polymorpha cells.
The plasmid pMCE0721, bearing the C-terminal region of PMP47 fused to GFP, was
linearized with MunI prior to transformation into H. polymorpha cells.

Cell fractionation and purification of HpPex11p
H. polymorpha cells containing the Pex11p-His6 expression cassette were grown for
10 hours on mineral medium containing 0.5% methanol (in order to induce Pex11-
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His6 production). Cells were harvested by centrifugation (10 min, 12,000x g at room
temperature (RT).
Protoplasts were prepared using Zymolyase (Brunschwig Chemie, Amsterdam, the
Netherlands) and homogenized using a Potter homogenizer. The resulting cell lysate
was centrifuged twice at 3,000 x g (10 min, 40C). The post nuclear supernatant (PNS)
was centrifuged at 30,000 x g (30 min, 4oC) to separate the supernatant and membrane
pellet fractions. This organelle fraction was used as the starting material to extract
Pex11-His6. The pellet was resuspended in 50 mM Tris, pH 7.4, 300 mM NaCl, 3mM
beta mercaptoethanol, 0.5 % IGEPAL CA-630, 10 mM imidazole, phosphatase inhibitor
cocktail (Sigma Aldrich), PMSF (Sigma) and 1% glycerol. Supernatant and pellet
fractions from this mixture were separated by ultracentrifugation (15 min at 20,0000
x g at 4oC) and the soluble fraction was incubated with Ni-NTA beads (QIAGEN) for
1 hour at 4oC with shaking. The column was extensively washed with wash buffer and
bound proteins were eluted with elution buffer (50 mM Tris-HCL, 300 mM NaCl, 3 mM
beta mercaptoethanol, 330 mM Imidazole, 1 % glycerol, 0.1 % IGEPAL CA-630). The
resulting purified fraction was subjected to sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE) and coomassie staining.

Mass spectrometric analysis
The coomassie stained Pex11-His6 band was excised from gel and submitted for MS
analysis. The gel fragment was washed with 100 mM ammonium bicarbonate and
acetonitrile and suspended in 100mM ammonium bicarbonate. Proteolytic treatment
was performed using the proteases Trypsin, Chymotrypsin and GluC (Promega) in order
to determine the best protease for detection of the phosphorylated peptides. Peptides
were extracted with 75 % acetonitrile and 25 % (5% formic acid in water) and analysed by
nano liquid chromatography-tandem mass spectrometry (nLC-MS/MS)22. MS data was
analysed with PEAKS 7.0 software (Bioinformatics Solutions Inc.).

biochemical techniques
Cell extracts of trichloroacetic acid treated cells were prepared for SDS-PAGE as
detailed previously23. Phos-TagTM acrylamide was obtained from Wako Chemicals and
Phos-TagTM containing SDS-PAGE gels were prepared according to the manufacturer’s
instructions. Equal volumes of lysates were loaded per lane and gels were subjected to
western blot analysis. Blots were probed with rabbit polyclonal antiserum against Pex11p,
pyruvate carboxylase (Pyc1) or mouse monoclonal antiserum against GFP (Santa Cruz
Biotechnology, sc-9996). Secondary antibodies conjugated to horseradish peroxidase
were used for detection. Blots were scanned using a densitometer (Biorad).
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Fluorescence microscopy
All images were made at room temperature using a 100x 1.30 NA Plan Neofluar objective.
Wide-field images were made using a Zeiss Axioscope A1 fluorescence microscope.
(Carl Zeiss, Sliedrecht, The Netherlands). Images were taken using a Coolsnap HQ2
digital camera and Micro Manager software. A 470/40 nm bandpass excitation filter,
a 495 nm dichromatic mirror and a 525/50 nm bandpass emission filter was used to
visualize the GFP signal. DsRed fluorescence was visualized with a 546/12 nm bandpass
excitation filter, a 560 nm dichromatic mirror and a 575/640 nm bandpass emission
filter.
Confocal images were acquired with a confocal microscope (LSM 510; Carl Zeiss),
equipped with photomultiplier tubes (Hamamatsu Photonics) and Zen 2009 software.
GFP fluorescence was analysed following excitation of cells with a 488-nm Argon ion
laser (Lasos), and emission was detected using a 500-550 nm band-pass emission filter.
Image analysis was done using Adobe Photoshop CS4 and Image J, and Adobe
Illustrator was used for figure preparation. Unless indicated otherwise, the intensity
maximum and minimum were set equally for all imaged indicated within a single figure
panel, thus allowing direct fluorescence intensity comparison between different strains.

Quantification
For quantification of peroxisome numbers in H. polymorpha, yeast cells were detected
with a custom-made plugin for ImageJ. Using the brightfield image slices as input, the
cells are approximated by a 3-dimensional ellipsoid. For the detection of peroxisomes,
another plugin was developed. This plugin (available on request) uses the data from the
fluorescent channel and was designed to parse clumps of peroxisomes. For this, clumps of
connected peroxisomes are isolated on each z-slice. Next, the outline of each peroxisome
clump is described by a chain of interconnected nodes. Concave regions in the chain
indicate a transition between two adjacent peroxisomes. The convex regions between
these transitions are then used to fit circles. Finally, the data from all the z-slices are
combined, and the separate peroxisomes are described as spheres.
For analysis of peroxisome numbers using PMP47-GFP, Z- stacks were made of
arbitrarily chosen fields. Strains were grown in duplicates and quantification was done
on 4 images per culture, wherein each image contained at least 100 cells each. Cells are
expressed in percentage and error bars indicate the standard deviation between two
cultures of the same strain.
When GFP-SKL was used for quantification of peroxisome numbers, images were
acquired as previously described, and peroxisomes were counted manually. Strains were
grown in duplicates and at least 200 cells were counted for each strain.
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For quantitative analysis of peroxisome inheritance, pictures of budding cells were
selected randomly as a stack in bright field as well as fluorescence mode. Z-stacks were
made containing 10 optical slices of 0.9 μm thickness in order to cover the entire cell. The
Z-axis spacing was set to 0.6 μm, to avoid missing any fluorescent signal.
The Zeiss LSM IMAGE BROWSER software was used to determine the cross-sectional
area of the mother and bud cell. Assuming yeast cells to be spherical, bud volume was
determined as a percentage of the mother cell, wherein the volume of the mother cell was
set to 100%. Only cells with a bud volume lower than 25% were considered as bud cells
for the analysis. Not less than 50 cells per strain was counted for the quantification.

In silico analysis
Multiple sequence alignments of protein sequences were prepared using T-Coffee
(http://tcoffee.vital-it.ch/apps/tcoffee/do:regular)
and
boxshade
(http://www.
ch.embnet.org/software/BOX_form.html).
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Table 1 - Hansenula polymorpha strains used in this study
Strains

Characteristics

Reference

pex11 + Pex11-His6

PEX11 deletion strain with pCW323

This study

pex11 + PMP47-GFP

PEX11 deletion strain with pMCE7

This study

pex11 + WT PEX11 + PMP47-GFP

PEX11 deletion strain with pCW297 and pMCE7

This study

pex11 + PEX11 S174A + PMP47-GFP

PEX11 deletion strain with pANN003 and pMCE7

This study

pex11 + PEX11 S174D + PMP47-GFP

PEX11 deletion strain with pANN004 and pMCE7

This study

pex11 + WT PEX11 + GFP- SKL

PEX11 deletion strain with pCW297 and pHIPN7
GFP-SKL

This study

pex11 + PEX11 S174A + GFP- SKL

PEX11 deletion strain with pANN003 and
pHIPN7 GFP-SKL

This study

pex11 + PEX11 S174D + GFP- SKL

PEX11 deletion strain with pANN004 and
pHIPN7 GFP-SKL

This study

pex11 + PEX11 S164A,S174A + PMP47GFP

PEX11 deletion strain with pANN005 and pMCE7

This study

pex11 + PEX11 S164D, S174D +
PMP47-GFP

PEX11 deletion strain with pANN006 and pMCE7

This study

pex11 + PEX11-GFP + DsRed-SKL

PEX11 deletion strain with pAMK64 and pHIPN4
DsRed-SKL

This study

pex11 + PEX11 S174A-GFP + DsRed-SKL PEX11 deletion strain with pANN007 and
pHIPN4 DsRed-SKL

This study

pex11 + PEX11 S174D-GFP + DsRed-SKL PEX11 deletion strain with pANN008 and
pHIPN4 DsRed-SKL

This study

Table 2 - Plasmids used in this study
Plasmid

Description

Reference

pCW297

Pex11 expressed from endogenous promoter, contains ZeoR

This study

pCW323

Pex11-His6 expressed from endogenous promoter, contains ZeoR

This study

pANN003

Pex11S174A phos mutant expressed from endogenous promoter,
contains ZeoR

This study

pANN004

Pex11S174D phos mutant expressed from endogenous promoter,
contains ZeoR

This study

pANN005

Pex11S161, 174A phos double mutant expressed from endogenous
promoter, contains ZeoR

This study

pANN006

Pex11S161, 174D phos double mutant expressed from endogenous
promoter, contains ZeoR

This study

pAMK65

Pex11 expressed from endogenous promoter, with C-terminal GFP
fusion, contains ZeoR

This study

pANN007

Pex11S174A expressed from endogenous promoter, with C-terminal
GFP fusion, contains ZeoR

This study

pANN008

Pex11S174D expressed from endogenous promoter, with C-terminal
GFP fusion, contains ZeoR

This study

pHIPN7GFP-SKL

GFP-SKL expressed from PTEF promoter, contains NatR

This study

pHIPN4 DsRed-SKL

DsRed-SKL expressed from the alcohol oxidase promoter, contains
NatR

21

pMCE7

C- terminal region of PMP47-GFP fused to GFP, contains ZeoR

21
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TAble 3 - Oligonucleotides used in this study
Primer

Sequence (5’to 3’)

Pex11-1

ATAAGAATGCGGCCGCGTGGACTGCTACGAGACATT

Pex11-2

CCCAAGCTTATAACTGTCTGTCTGTCCC

Pex11 HIII

GCGCGCGCAAGCTTATGGTTTGCGACACGATAAC

Pex11-His Sal1

GCGCGCGCGTCGACTCAGTGATGGTGATGGTGATGTAGCACAGAAGACTCGGTC

Pex11-A

CCCAAGCTTGTGGACTGCTACGAGACATT

Pex11-E

AGAGCTCGAGGATAACTGTCTGTCTGTCCC

Pex11-F

ACGCGTCGACATGGTTTGCGACACGATAAC

Pex11-D

GGAAGATCTTAGCACAGAAGACTCGG

Pex11 174 S-A CS

CTCAAAGAGCTGGCCGCGGATGACGACCAGAAC

Pex11 174 S-A NCS

GTTCTGGTCGTCATCCGCGGCCAGCTCTTTGAG

Pex11 174 S-D CS

CTCAAAGAGCTGGCCGACGATGACGACCAGAACCCACTG

Pex11 174 S-D NCS

CAGTGGGTTCTGGTCGTCATCGTCGGCCAGCTCTTTGAG

Pex11 161 S-A CS

GTCAGACAACTCAGAGTGGCGTATCTGAGAAAACAAGAG

Pex11 161 S-A NCS

CTCTTGTTTTCTCAGATACGCCACTCTGAGTTGTCTGAC

Pex11 161 S-D CS

GTCAGACAACTCAGAGTGGACTATCTGAGAAAACAAGAGCTGCTCAAA

Pex11 161 S-D NCS

TTTGAGCAGCTCTTGTTTTCTCAGATAGTCCACTCTGAGTTGTCTGAC

PEX11 INT (F)

CGAAGACCGCACAATGGAGTTG

Pex11-10 (R)

CGCAACAAGAGCCTTCA

Pex11-9 (F)

CGGATACGCAATGGACA

GFPN5_Fw

ATAAGAATGCGGCCGCAATTCTTTCACCGCCCCACGCC

GFPN5_Rev

CTAGTCTAGATTACAGCTTCGACTTGTACAGC
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Supplementary Figure S1 - Pex11-His 6 fully complements the pex11 strain.

(A) Glucose grown pex11 cells or pex11 cells expressing WT or His6 tagged forms of Pex11p, under
control of the PEX11 promoter were shifted to methanol containing media and the optical density (OD)
at 600nm was measured at the indicated time points. Graphs represent the mean ± standard deviation
of three separate experiments. (B) Western blot showing that Pex11-His6 levels are comparable to
Pex11p levels in WT. Cells were grown for 16 h on methanol. Blots were probed with antibodies raised
against Pyc1 or Pex11p. (C) Sequence alignment of Hansenula polymorpha (Hp) Pex11p together with
Saccharomyces cerevisiae (Sc) and Pichia Pastoris (Pp) Pex11p. Black shading indicates identity and
grey shading similarity when present in at least two of the three sequences. The phosphorylation site(s)
in H. polymorpha (solid triangle), S. cerevisiae (black asterisks) and P. pastoris (grey asterisk) are
indicated.
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Abstract
Pex11p plays a crucial role in peroxisome fission. Previously, it was shown that a
conserved N-terminal amphipathic helix in Pex11p, termed Pex11-Amph, was necessary
for peroxisomal fission in vivo while in vitro studies revealed that this region alone was
sufficient to bring about tubulation of liposomes with a lipid consistency resembling the
peroxisomal membrane. However, molecular details of how Pex11-Amph remodels the
peroxisomal membrane remain unknown. Here we have combined in silico, in vitro and in
vivo approaches to gain insights into the molecular mechanisms underlying Pex11-Amph
activity. Using molecular dynamics simulations, we observe that Pex11-Amph peptides
form linear aggregates on a model membrane. Furthermore, we identify mutations
that disrupted this aggregation in silico, which also abolished the peptide’s ability to
remodel liposomes in vitro, establishing that Pex11p oligomerization plays a direct role
in membrane remodelling. In vivo studies revealed that these mutations resulted in a
strong reduction in Pex11 protein levels, indicating that these residues are important
for Pex11p function. Taken together, our data demonstrate the power of combining in
silico techniques with experimental approaches to investigate the molecular mechanisms
underlying Pex11p-dependent membrane remodelling.
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Introduction
Peroxisomes are membrane-bound cellular organelles that are found in almost all
eukaryotes. They perform various metabolic functions, including the β-oxidation of
fatty acids and detoxification of reactive oxygen species, especially hydrogen peroxide
[1]. Failure in peroxisome formation in human cells results in peroxisome biogenesis
disorders such as conditions of the Zellweger spectrum [2].
Peroxisomes are remarkably diverse and can change dramatically in abundance,
size and content in response to numerous cues. Peroxisome numbers are maintained
predominantly by fission, a multistep process including peroxisomal membrane
elongation, constriction and scission [3]. The Pex11 protein, one of the most abundant
peroxisomal membrane proteins, acts directly in peroxisomal fission in plants, yeasts
and mammals. It participates in early stages of the cascade by initiating elongation of the
peroxisomal membrane prior to fission [4, 5]. Following this, members of the dynaminrelated protein1 (DRP1) family [6, 7], together with Fis1p [8] and Pex11p [9], bring
about the final fission step. DRPs belong to a superfamily of large GTPases that regulate
membrane structure via oligomerization and GTP-dependent conformational changes
[10, 11]. DRPs can assemble to form helical structures in vitro [12] and are termed
‘mechanoenzymes’ due to their ability to translate chemical energy into mechanical
force [13]. They can be recruited to the required site of action by sensing areas of high
membrane curvature [14]. Members of this family involved in peroxisome fission include
Drp3A in Arabidopsis thaliana [15], Vps1p and Dnm1p in the yeast Saccharomyces
cerevisiae [7], Dnm1p in the yeast Hansenula polymorpha and the fungi Penicillium
chrysogenum [16, 17], and Drp1 in mammals [6, 18]. Fis1p is a tail anchored membrane
protein that associates with membranes through its C-terminal transmembrane domain.
Fis1p interacts with DRPs in yeasts and mammals [19, 20] while it was also reported to
bind Pex11p [21, 22]. Fis1p contributes to fission by recruiting DRPs to organelles and it
is also likely to play a role in DRP self-assembly [19, 23, 24].
Although the pivotal role of Pex11p in peroxisomal fission is well established, the
molecular mechanisms underlying Pex11p-dependent membrane elongation are still
not fully understood. Recently Opaliński et al. demonstrated that the N-terminus of P.
chrysogenum Pex11p (PcPex11p) contains a conserved amphipathic helix, termed Pex11Amph, which binds to membranes and alters the shape of liposomes, leading to tubulation.
Through the use of mutants, the amphipathic properties of Pex11-Amph were found to
be crucial for the function of Pex11p in peroxisome proliferation [4], data that support a
model where Pex11-Amph inserts into the peroxisomal membrane to induce membrane
curvature. However, details of how Pex11-Amph induces membrane remodelling remain
unknown due to the limitations of experimental methods.

85

3

Chapter 3

In this work, we have used Molecular Dynamics (MD) simulations to investigate
the interplay between Pex11-Amph from P. chrysogenum [4] and a model peroxisomal
membrane. We used the MARTINI coarse-grained (CG) force field [25], which enabled
the use of large system sizes required to observe the collective peptide effect on membrane
remodelling[26]. Our CG MD simulations revealed specific aggregation patterns of
Pex11-Amph on the model membrane. With this information we were able to design
loss-of-function mutant peptides that displayed decreased aggregation profiles in silico.
Peptides bearing these mutations displayed a reduced ability to alter the morphology of
liposomes in vitro, while we also demonstrate that these residues play an important role
in Pex11p function in vivo. Taken together, this work illustrates the power of combining
MD simulations with experiments to investigate the molecular mechanisms of membrane
remodelling.

Results and Discussion
Pex11-Amph peptides self-aggregate on membranes
through peptide–peptide interaction involving specific
residues.
In silico analysis
Pex11-Amph peptides were added onto three membrane systems: two model membranes
composed of either pure DOPC or a DOPC/DOPE mixture, and an anionic DOPC/DOPE/
DOPS/CL/PI membrane that mimics the lipid composition of peroxisomal membranes
[4]. The initial system configuration is the one depicted in Figure 1 — or analogous in
the cases of the DOPC or DOPC/DOPE mixtures. Before the production runs the peptide
orientations relative to the membrane were suitably relaxed by following a specific
procedure that prevents free lateral diffusion and premature peptide–peptide interactions
(see the Materials and Methods). Snapshots obtained after 2.7 µs simulation, together
with the cluster size distributions of the peptides for the entire trajectories are shown
in Figure 2-A. We find that the Pex11-Amph peptides aggregated on each of the three
membrane systems. In all cases, aggregates formed, in a roughly linear fashion. Besides
a slightly longer aggregate in the case of the charged membrane, there were no major
differences in the aggregation behaviour between the three systems. The aggregation
patterns were found to be quite stable at the timescale of the simulation, and once the
peptides contacted each other they typically remained bound. Peptides remained mostly
at the surface level, but more crowded aggregates caused some peptides to bulge out into
the aqueous phase.
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FIguRe 1 - Overview of simulation setup. Simulation box for the initial peptide+membrane
system (solvent omitted for clarity; backbone of peptides in pink and side chains in yellow),
together with a representation of the coarse-grain model for the peptide and lipids.

This bulging away from the membrane surface occurred less in the charged membrane
than in the other systems, presumably due to the more favourable electrostatic interactions
between the cationic peptides and the anionic membrane (see Fig S.1 in the supplementary
material). If taken to represent membrane affinity, this observation is consistent with the
experimental work by Opaliński et al., in which the Pex11-Amph peptide was observed
to bind the anionic liposomes most efficiently [4]. In addition to a putative higher
affinity, we also observed that the anionic lipids that compose the charged membrane
tend to cluster around the peptide aggregates (Figure 2-B), which has been observed
earlier in simulation studies [27]. Again, this is likely a consequence of the peptide–
lipid electrostatic interactions, with potential relevance for the Pex11-Amph mechanism
of action. Multiple sequence alignment of the amphipathic helix from different species
revealed that a number of positive charges in this region are highly conserved among
species (Figure 2-C), suggesting their involvement in a conserved biological function.
Given the similar behaviour of the peptide with the different membrane systems it was
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decided to proceed only with the charged membrane, which is also the most faithful
peroxisome membrane mimetic.
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FIguRe 2 A - Pex11-Amph peptides cluster on different membranes. Left panels are
membrane top views after 2.7 μs; right panels represent the distribution of cluster size
as the proportion of intervening peptides over the total number of peptides (i.e., a single
hexamer yields a bar twice as tall as a single trimer), averaged over the entire trajectory.
Compositions are indicated for each system and lipids follow the same coloring scheme
as in Figure 1; backbones of peptide are shown in pink. B. Membrane top view of the
same DOPC/DOPE/DOPS/CL/PI system as in A but with peptides hidden to reveal the
underlying lipids (mostly cardiolipins). C. Sequence alignment of N-terminal amphipathic
helix of Pex11 proteins from various species. Positively charged amino acids are conserved
within the helix. Residues are coloured based on the physico-chemical properties of amino
acids as follows: hydrophilic, charged: D, E (red), K, R, H (blue); hydrophilic, neutral: S, T,
Q, N (green); hydrophobic: A, V, L, I, M, W, F, Y, G, P (black). The conserved helix consists
of hydrophobic and polar, positively charged residues arranged in a recurrent manner.
Abbreviations and accessions numbers used in sequence alignments: Pc: Penicillium
chrysogenum, AAQ08763; Af: Aspergillus fumigatus, EAL88627; An: Aspergillus nidulans,
EAA65086; Nc: Neurospora crassa, XP_960428; Yl: Yarrowia lipolytica, CAG81724;
Sc: Saccharomyces cerevisae, CAA99168; Cg: Candida glabrata, Db: Debaryomyces
hansenii, CAG84534; Hp: Hansenula polymorpha, DQ645582; HsA: Homo sapiens Pex11a,
AAH09697; HsB: Homo sapiens Pex11b, AAH11963. Numbers denote amino acids positions
in the alignment and asterisks denote residues that were mutated.

The apparently regular peptide organization in the aggregates prompted a contact analysis
to determine whether a preferred peptide–peptide binding pattern exists. Contact maps
were obtained for all the peptide pairs, over the entire trajectory, and then clustered by
similarity. However, peptide pair binding modes proved to be quite diverse, with no clear
main aggregation pattern (data not shown). The peptides do bind preferably in a parallel
fashion, although at several shifts relative to one another. A less discriminating approach
was then chosen, in which the count of neighbouring residues was tallied for each residue
(Figure 3-A). The C-terminal half of the peptide is most involved in self-interaction. The
anionic C terminus itself established the most contacts, predominantly with the cationic
residues of neighbouring peptides, while residues Phe75, His78 and Leu79 were the most
involved in sidechain–sidechain contacts. Interestingly, two of these residues are apolar,
suggesting that it is not only charged interactions that rule aggregation.
To gauge the relevance of the binding residues Phe75, His78 and Leu79 in the
aggregation process we mutated these residues to either aspartate (FHL-D) or arginine
(FHL-R) residues. Runs were also carried out with the C-terminal charge removed — to
understand its effect on aggregation but also to be closer to the physiological case where
this peptide, being part of a larger protein, has no negative charge at that particular
position. The snapshots for peptides after at least 2 µs simulations, and the respective
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FIguRe 3 A - Contact count of residues with residues of neighbouring peptides, for the
Pex11-Amph peptide aggregates on a DOPC/DOPE/DOPS/CL/PI membrane. Besides the
anionic C-terminus, residues Phe75, His78 and Leu79 establish the most peptide–peptide
contacts. B. Aggregation behaviour of Pex11-Amph (labelled ‘wt’) and different mutants
(see text), on DOPC/DOPE/DOPS/CL/PI membranes. Left panels are top-view snapshots;
right panels represent histograms of oligomer size distribution as in Figure 2-B.

aggregation size analysis are shown in Figure 3-B. The C-terminus uncharged peptide
is able to form linear structures, albeit with a higher number of monomers or low-order
aggregates than Pex11-Amph. Nevertheless, the range of aggregation sizes still overlaps
with that of the Pex11-Amph peptide. The aspartate mutant displays a strong aggregation
profile, but clearly with a different and less ordered aggregation topology than the linear
trains. This increase in self-interaction is likely due to the introduction of three anionic
charges in a peptide that already has 8 cationic charges. In contrast, mutating the three
residues to arginines abolished the linear pattern of aggregation, with the aggregation
sizes becoming much smaller — mostly trimers and dimers.
This highlights that the aggregation behaviour of Pex11-Amph results from a delicate
balance between electrostatic attraction/repulsion and apolar interactions.

In vitro analysis
Having demonstrated that mutating residues Phe75, His78 and Leu79 to arginines
impact on the ability of the Pex11 peptide to aggregate in silico, we next wanted to
assess the behaviour of the Pex11 FHL-R peptide in vitro. First, we determined whether
introducing the identified mutations affected the ability of the peptide to bind liposomes
with a content mimicking the peroxisomal membrane. This was assessed through the
presence of peptide in pelleted liposomes (P in Figure 4-A). Similar to WT Pex11-Amph,
the FHL-R mutant peptide was able to bind liposomes, albeit at a somewhat decreased
level (Figure 4-A). The replacement of apolar residues with the cationic arginine perhaps
slightly compromises the capacity of the peptide to bind liposomes, since hydrophobic
interactions are disturbed.
Alternatively, a reduced affinity of the mutant peptide for liposomes could be a
consequence of an excessive cationic density, beyond the ability of the peptide to cluster
anionic lipids as observed for WT (Figure 2-B). Nevertheless, our data indicate that the
FHL-R peptide can associate with liposomes.
Next, we investigated whether WT and FHL-R peptides were able to form oligomers
using native gel electrophoresis. Figure 4-B shows that a small amount of the WT peptide
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Figure 4 - Pex11-FHL-R mutant peptides can associate with liposomes but are impaired
in their ability to alter liposome morphology. A. Binding of WT or FHL-R mutant peptides
to liposomes: after incubation of peptides with liposomes followed by ultracentrifugation,
15 µl of the total (T; whole material before centrifugation), supernatant (S) and pellet
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(P) fractions were subjected to Tricine SDS-PAGE and visualised using silver staining.
B. Native gel electrophoresis to investigate peptide-peptide interaction between WT or
FHL-R mutant peptides. Bands became visible after coomassie blue staining of the gel. The
asterisk indicates higher oligomeric isoforms of the WT peptide. C. Turbimetric analysis of
liposomes after addition of increasing concentrations of WT (blue), FHL-R (red), e-Pex11
(purple) or Pex11-Φ (green) peptides. Increase in absorbance at OD 400nm corresponded
to increase in turbidity.

could form higher oligomeric structures, as determined by the presence of higher
bands in the native gel displayed in Figure 4-B. This was not observed with the FHL-R
peptide. Thus, we conclude that Phe75, His78 and Leu79 in Pex11-Amph are crucial for
self-interaction. As demonstrated for several cellular processes, such interactions are
essential to induce disturbances in the lipid bilayer [28-31], thereby allowing distension
of the membrane prior to an event such as fission.
In order to analyse if aggregation of peptides on the membrane corresponded to their
ability to alter the morphology of liposomes, turbidity assays were conducted. The ability
of the Pex11-Amph to deform liposomes resembling the peroxisome membrane was
previously tested using such assays [4]. These experiments use increased turbidity as a
measure of morphological change in liposomes upon addition of a peptide. We conducted
similar turbidity assays using both WT as well as the FHL-R mutant peptide to compare
their ability to induce turbidity. A dramatic difference was recorded between the peptides.
While the WT peptide could induce turbidity at low concentrations of peptide (~5 µM)
and reached maximum activity at around 12.5 μM, the FHL-R mutant peptide elicited
a response only when much higher concentrations of peptide were used (Figure 4-C).
Modified Pex11-Amph peptides that are known to cause extensive tubulation (e-Pex11)
or a complete loss of function (Pex11-Φ) were used as positive or negative controls,
respectively. Two residues were changed to tryptophans in e-Pex11 (I69W and A83W),
so that the hydrophobic interface of the helix would become bulkier and better interact
with the membrane, whereas Pex11-Φ contained mutations (I69E, I72E and F75E)
that reduced binding to the hydrophobic surface. [4]. Taken together, this experiment
demonstrates that the FHL-R mutant peptide is severely affected in altering liposome
morphology.

In vivo analysis
It has been reported that the production of the WT version of PcPex11p in H. polymorpha
cells deleted for PEX11 (Hp pex11) stimulates the proliferation of peroxisomes [32].
To further validate our in silico and in vitro data and characterize the effect of these
mutations on protein function in vivo, we constructed both a WT and a mutant version
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of PcPex11p bearing arginine mutations at positions Phe75, His78 and Leu79, complete
with C-terminal HA tag, for expression in H. polymorpha pex11 cells. The H. polymorpha
pex11 strain also produced the peroxisomal membrane protein PMP47 fused to GFP, to
allow the analysis of peroxisome abundance by fluorescence microscopy. Quantification
of fluorescence microscopy data performed on pex11 cells bearing PcPex11p WT revealed
an increase in peroxisome numbers relative to the pex11 control (Figure 5-A and B),
which was not observed in the strain producing the mutant variant. However, western
blot analysis indicated that the mutant protein was present in extremely low amounts
(Figure 5-C), suggesting that mutations to the residues Phe75, His78 and Leu79 in Pex11p
have a destabilizing effect on the protein. It is possible that mutation of these residues
interferes with hydrophobic interactions that are necessary to stabilize the protein on
the peroxisomal membrane or perhaps these mutations inhibit the targeting of Pex11p
to peroxisomes. Both scenarios could lead to protein destabilization and subsequently,
protein degradation. While these data do not allow us to conclude that mutating Phe75,
His78 and Leu79 in Pex11p specifically inhibits peroxisomal fission in vivo, they do
indicate that these residues are crucial for Pex11p function in vivo.

Concluding remarks
Pex11 proteins are responsible for the maintenance of peroxisome populations in plants,
yeasts and mammals [33-35]. Understanding Pex11p function in detail becomes relevant
in the light of disorders that arise in the absence of this protein [36]. In this work, coarsegrain MD simulations were employed to gain insight into the membrane tubulating
activity of Pex11-Amph at the molecular-level. Furthermore, this study establishes a
number of MD simulation protocols for minimal bias approaches to simulating high
densities of peptides on membranes.
While Pex11p has been implicated in the initial steps of the fission process, how it
achieves this is not fully understood. Our MD simulations demonstrate that Pex11-Amph
can form oligomers on the peroxisomal membrane while further simulations allowed us
to design a non-oligomerizing mutant form of Pex11-Amph. Our in vitro data demonstrate
that this mutant peptide indeed displays a loss of function, establishing a clear link
between Pex11-Amph oligomerization and membrane remodelling. Support for a role for
Pex11p oligomerization in peroxisomal fission can be found in several reports. Human
Pex11pβ has been shown to oligomerize via an N-terminal amphipathic helix and this
interaction was indispensable for membrane curvature [37]. In an independent study,
Pex11pβ oligomerization was reported to form patches on the peroxisomal membrane,
marking sites for the assembly of the fission machinery, while disturbing Pex11pβ
oligomerization resulted in a block in peroxisomal fission [22]. Accumulation of Pex11p
on the peroxisomal membrane was also observed in H. polymorpha cells lacking DNM1,
with Pex11p concentrated at the base of a peroxisomal tubule extending into the bud [38].
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FIguRe 5 - Mutations to residues Phe75, His78 and Leu79 in PcPex11p destabilise the
protein. A. Hp pex11 cells bearing either WT or FHL-R mutant PcPex11p were grown for
60 hours on methanol containing medium and visualised with fluorescence microscopy.
The peroxisomal membrane protein PMP47 fused to GFP was used to mark peroxisomes.
The blue colour represents the circumference of the cell (see materials and methods for
details). Scale bar represents 1 μm. B. Quantification of peroxisome numbers from images
represented in (A). For each experiment, at least 100 cells were counted per strain. Error
bars the SEM between two separate experiments. * p<0.05, ** p<0.005. C. SDS-PAGE and
western blot analysis of Hp pex11 cells bearing WT or FHL-R mutant forms of HA-tagged
PcPex11p probed with antibodies against the HA tag and Pyc-1 (loading control).
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Additionally, Pex11p in S. cerevisiae is also known to interact with itself [39, 40]. Taken
together, our data fit a model where Pex11p oligomerization acts as the starting point for
peroxisomal fission, which in turn facilitates remodelling of the peroxisomal membrane.
Subsequently, additional components of the fission machinery, including Fis1p and DRP
family members, are then recruited to the sites of membrane curvature, allowing the final
scission step to take place.
The peroxisome membrane contains lipids such as phosphatidylcholine,
phosphatidylethanolamine, phosphatidylserine, cardiolipin and phosphatidylinositol
[41]. Cardiolipin is well known for its contribution to membrane bending and it has
an important role in mitochondrial fission process [42, 43]. Cardiolipin is a dimeric
phospholipid with a small acidic head group and four acyl chains, which gives it a conical
structure. Due to this property, cardiolipin has been classified as a ‘high curvature
lipid’, since it exerts lateral pressure in a membrane consisting of other phospholipids,
promoting membrane curvature. Our simulations further hint that Pex11-Amph
interactions may result in the clustering of anionic lipids, such as cardiolipin, on the
peroxisomal membrane (Figure 2–B). A recent study showed that peroxisome numbers
were unaffected in a strain in which cardiolipin synthesis was blocked [44]. However, it
is possible that other negatively charged lipids such as phosphatidylserine take over the
function of cardiolipin on the peroxisomal membrane under such conditions. Our data
suggest that Pex11p may act in cohesion with negatively charged lipids, a suggestion that
is supported by the large number of well conserved positively charged residues in Pex11p
family members (Figure 2-C).
In conclusion, our work provides the first detailed molecular insights into the
membrane remodelling activity of Pex11p and illustrates the power of combining
computer simulations with in vivo and in vitro experimental validation.

Materials and methods
Simulation setup
The lipid compositions of the membranes are the same as used by Opaliński et al. [4].
Three different lipid composition model membranes were built up: DOPC (1,2-dioleoylsn-glycero-3-phosphocholine),
DOPC:DOPE
(1,2-dioleoyl-sn-glycero-3-phos
pho
ethanolamine) at a ratio of 70:30, and DOPC/DOPE/DOPS (1,2-dioleoyl-sn-glycero-3phospho-L-serine)/CL (cardiolipin)/PI (phosphatidylinositol) at a ratio of 55:30:5:5:5 the last mixture mimicking the phospholipid composition of the peroxisomal membrane
from the yeast Pichia pastoris. The simulated peptide is the P.chrysogenum Pex11-Amph,
with sequence YNAVKKQFGTTRKIMRIGKFLEHLKAAA. The secondary structure was
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assumed to be entirely α-helical. Membrane patches of the composition described above,
periodic in the x and y dimensions, were built using the insane tool [45]. The lipids were
described by MARTINI lipid parameters [25, 46-49]. For the peptides, the improved
MARTINI protein parameters [50] were employed.

Peptide number and placement
The concentration of peptide in the membrane used in experiments is difficult to know
exactly, since part of the peptide will remain in the aqueous phase and only a fraction will
partition to the bilayers. Knowing the global concentrations of liposomes and peptides,
and assuming a typical partition constant,
, of 104 for the binding of cationic alphahelical peptides to anionic membranes [51], one can estimate the bound peptide fraction
as:
, in which [L] is the global phospholipid concentration and
the
-1
lipids’ molar volume as a bilayer (approximately 0.8 M for fluid bilayers) [51]. Using
the experimental peptide and lipid concentration from Opaliński et al. [4], of 50 μM
and 0.65 mg/ml, respectively, this estimate yielded a bound lipid-to-peptide ratio of
20:1 (lipid concentration conversion to molar units was performed using each of the
components’ exact molar mass — for DOPC, DOPE, DOPS and CL — or the average molar
mass — for PI). The estimate also assumed that the bound ratio was the same for all lipid
compositions, which is likely not the case (as zwitterionic membranes will have a weaker
charge interaction with the peptides). Simulations at a constant bound ratio were chosen
so as to highlight any composition-specific behaviour differences that might otherwise
be masked by the use of different concentrations. On attempting to place peptides on
a single leaflet at the 20:1 global lipid-to-peptide ratio we found the peptides become
impractically crowded. We settled, then, for placing the peptides on a single leaflet at
a 40:1 lipid-to-peptide ratio, which locally corresponds to the 20:1 ratio as long as the
peptides remain bound to that leaflet.
To place the peptides on the membrane surface but allow time for an optimal
orientation to be reached and prevent untimely aggregation the following procedure was
developed: the peptides were distributed on a plane in a way to have the desired density
without peptide–peptide contacts. This peptide surface was placed above an equilibrated
membrane (at an average 2.5 nm distance between backbone beads and the center of
the bilayer) and solvent/lipid contacts were relaxed by a 2000-step steepest descents
energy minimization procedure. An equilibration was then carried out to let the peptides
rotate and find their most favorable interaction interface with the membrane, for at least
1 µs (although converged rotation could already be attained in the 500 ns scale). During
this equilibration peptides were prevented from leaving the membrane by imposing a
harmonic potential in z of 500 kJ/mol/nm on each peptide’s N and C terminal backbone
beads. To prevent lateral diffusion and premature peptide–peptide interactions, the
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same N and C terminal beads were restrained in x and y movement (with 200 kJ/mol/
nm force) for the duration of this adsorption procedure. This set of terminal restraints
allows the peptides to rotate around their helical axis, and therefore adopt the most
favorable orientation to interact with the bilayer. This initial construction of the system
was done at a small scale (~400 lipids and 11 peptides), that was then multiplied to the
final size for production. Figure 1 shows the models of lipids, peptides, and a snapshot of
one of the membrane systems for production — which contain around 4000 lipids and
99 peptides, with an initial box size of 38 nm x 38 nm x 16 nm. These membrane systems
were then production-run for at least 5.3 µs without any restraints.

Simulation parameters
All the MD simulations were performed using the GROMACS software package version
4.6 [52]. Periodic boundary conditions in all directions were imposed. The temperature
was weakly coupled (coupling time 1.0 ps) to 323 K, using the Berendsen thermostat
[53]. The pressure was coupled (coupling time of 1.0 ps and compressibility of 3.0×104
), using a semi-isotropic Berendsen barostat, in which the lateral and perpendicular
pressures were coupled independently at 1 bar, corresponding to a tension-free state of
the membrane. A time step of 20 fs was used. Non-bonded interactions were computed
using the ‘common’ set of MARTINI parameters [54], implying switching the LennardJones potentials to zero from 0.9 to 1.2 nm (pair-list update frequency of once per 10
steps) and electrostatics calculated as Coulomb interactions shifted to zero from 0 nm to
the same 1.2 nm cutoff.

MD analysis
Peptide aggregation was initially analysed by counting backbone–backbone contacts at
a 0.6 nm distance cutoff. Two peptides are counted as being in contact whenever each
contacts at least three backbone beads of the other. The peptides can then be divided
into clusters, where a peptide contacts at least one peptide of the remaining cluster. For
each peptide pair in contact a contact map can also be drawn up. We used the method
described by Fraser et al. [55] to group the contact maps of all the peptide pairs, over
the entire trajectory time, with the similarity metric of Jarvis et al. [56] Since contact
map analysis did not yield a clear aggregation mode, focus was then put on analysing
the indiscriminate contact counts per residue. This was performed by tallying all
neighbouring residues (within 1.0 nm) of each residue, regardless of the peptide contact
status described above. Analyses were performed using in-house Python code, developed
with extensive use of the MDAnalysis package. [57, 58]
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Synthesis of peptides
The peptide arrays corresponding to the amino acids 56-83 of PcPex11p (WT) or
PcPex11p bearing the point mutations Phe75, His78 and Leu79 to arginine (FHL-R) were
synthesized on amino-modified cellulose membranes (β-alanine membrane) according
to SPOT synthesis protocols [59]. The e-Pex11 and Pex11-Φ peptides are described in
[4]. The sequences of the peptides used in this study are presented in Table S.1 of the
supplementary material. Peptides were resuspended in lipid rehydration buffer (20mM
HEPES, 150mM NaCl, pH 7.4) prior to use.

Preparation of liposomes
Small unilamellar vesicles (SUVs) were prepared according to [4] using chloroform
solutions of phosphatidylcholine (PC, symmetric 18:1), phosphatidylethanolamine (PE,
symmetric 18:1), phosphatidylserine (PS, symmetric 18:1), cardiolipin (CL, symmetric
18:1) and phosphatidylinositol (PI, natural mixture from bovine liver). Lipids were
obtained from Avanti Polar Lipids. Liposomes were prepared by mixing the following
concentrations of lipids together: PC-55 mole%, PE-30 mole%, PS-5 mole%, CL-5
mole%, PI-5 mole%. A nitrogen stream was used to evaporate the chloroform and the
lipid film was stored in vacuum overnight. Following rehydration in lipid rehydration
buffer (20mM HEPES, 150mM NaCl, pH 7.4), a final concentration of 0.8 mg/ml was
obtained. SUVs of desired diameter were produced by extruding the liposomes through a
polycarbonate filter (Avestin) with a pore size of 100 nm.

Peptide binding assay
SUVs and peptides were mixed to a final concentration of 0.65 mg/ml lipids and 50
μM peptides in a volume of 250 μl in lipid rehydration buffer. After incubating the
mix for 20 minutes at room temperature, a sample of 50 μl was taken and pelleted by
ultracentrifugation (21°C, 20 min, 100 000x g). The pellet was resuspended in 200 μl
of lipid rehydration buffer. Equal volumes of the supernatant and pellet fraction were
then subjected to a 16% Tricine-Gel along with a sample of the total fraction. Bands were
visualized using silver staining (BioRad).

In vitro peptide-peptide interactions
Wild type (WT) and FHL-R mutant peptides (20, 5 and 1.25 pmoles) were subjected to
native gel analysis using the NativePAGETM system (Invitrogen). Due to the high pI values
of the peptides (WT 10.6; FHL-R 11.8), gels were run with reversed polarity. Peptides on
the gel were visualized using coomassie blue staining.
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Turbimetric measurements
Measurements were performed as described in [4]. SUV solutions (0.4 mg/ml) were
mixed with peptides (0 to 100 µM) in Lipid rehydration buffer. Absorbance was
recorded at 400 nm for 1 minute at room temperature using a Perkin Elmer Lambda 35
spectrophotometer. Changes in absorbance were plotted against peptide concentration.

Construction of plasmids and strains
Plasmids and oligonucleotides used in this study are listed in Tables S.2 and S.3 of the
supplementary material, respectively. The plasmid pANN0016 bearing PcPex11-GFP
along with the triple point mutations phenylalanine (75), histidine (78), leucine (79) to
arginine was constructed as follows: a 628 bp DNA fragment, encoding for the N-terminal
region of PcPex11p containing the point mutations, complete with HindIII and Eco47III
restriction sites, was synthesized by the gBlock method (Integrated DNA Technologies).
The fragment was digested with HindIII and Eco47III and ligated into HindIII-Eco47III
digested PAMO-PcPex11-GFP plasmid (pLMO055 [4]) to generate the plasmid PAMOPcPex11FHL-R-GFP (pANN016). Note that pANN016 was only used for cloning purposes
in this study and was not introduced into H. polymorpha cells.
Plasmids for expression of the WT and mutant forms of PcPex11p, complete with
Haemagglutinin (HA) tag, driven by the strong alcohol oxidase (AOX) promoter (to
maximize protein production) were constructed as follows: a 763 bp fragment encoding
PcPex11p WT or PcPex11p FHL-R along with a C-terminal HA tag was amplified from
pLMO0055 or pANN0016 using primers ANN PR85 and ANN PR86. PCR products
were digested with the enzymes HindIII and XbaI and ligated into HindIII-XbaI cut
pHIPZ4-Nia [60] to obtain PAOX-PcPex11-HA (pANN0017) or PAOX-PcPex11FHLR-HA (pANN0018) plasmids. NsiI was used for linearization of the plasmid prior to
transformation into H. polymorpha pex11 cells bearing the peroxisomal marker PMP47GFP [61]. All integrations were checked by colony PCR.

Strains and cultivation conditions
The H. polymorpha strains used in this study are listed in Table S.4 of the supplementary
material. H. polymorpha cells were grown in batch cultures at 25°C on mineral media
[62] supplemented with 0.25 % glucose or 0.5% methanol as carbon source and 0.25
% ammonium sulphate or methylammonium chloride as nitrogen source. Leucine,
when required, was added to a final concentration of 30 µg/ml. For growth on plates,
YPD (1 % yeast extract, 1 % peptone and 1 % glucose) media was supplemented with
2 % agar. Resistant transformants were selected using 100 µg/ml zeocin or 100 µg/ml
nourseothricin (Werner Bioagents). For cloning purposes, Escherichia coli DH5a was
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used as the host for propagation of plasmids. Cells were grown at 37oC in Luria Bertani
(LB) medium (1% Bacto tryptone, 0.5% Yeast Extract and 0.5% NaCl) supplemented with
ampicillin (100 µg/ml). For growth on agar plates, 2% Agar was added to LB medium.

biochemical techniques
Extracts prepared from cells treated with 12.5 % trichloroacetic acid (TCA) were prepared
for SDS-PAGE and Western blotting as detailed previously [63]. Equal amounts of
proteins were loaded per lane. Blots were probed with mouse monoclonal antisera
against the HA tag (H9658; Sigma-Aldrich) and rabbit polyclonal antisera against Pyc-1
(Loading control).

Fluorescence microscopy
All images were acquired at room temperature using a 100x 1.30 NA Plan Neofluar
objective.
Wide-field images were taken using a Zeiss Axioscope A1 fluorescence microscope
(Carl Zeiss, Sliedrecht, The Netherlands). Images were taken using a Coolsnap HQ2
digital camera and Micro Manager software. A 470/40 nm bandpass excitation filter,
a 495 nm dichromatic mirror and a 525/50 nm bandpass emission filter was used to
visualize the GFP signal. The levels of brightfield images were modified in such a way that
only the circumference of the cell was visible. This image was subsequently changed in a
blue colour to show the cell outline. For quantification of peroxisome numbers, strains
were grown in duplicates and at least 100 cells were counted per strain. The number
of peroxisomes in cells, made visible by the peroxisomal marker PMP47-GFP, was
quantified manually. Significant differences between the groups were determined
with a two-tailed unpaired t-test (https://www.graphpad.com/quickcalcs/ttest1/). The
data represent the mean ± standard error of mean (SEM) of two biological replicates.
For significance, p values < 0.05 are considered significant while p values < 0.01 are
considered highly significant.
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Table S.1 - Peptides used in this study
Peptides

Sequence

Reference

PcPex11-Amph (WT) corresponding to
residues 56-83 of PcPex11p

YNAVKKQFGTTRKIMRIGKFLEHLKAAA

This study

PcPex11-FHL-R

YNAVKKQFGTTRKIMRIGKRLERRKAAA

This study

PcPex11-Φ

YNAVKKQFGTTRKEMREGKELEHLKAA

[4]

e-PcPex11

YNAVKKQFGTTRKWMRIGKFLEHLKAAW

[4]

Table S.2 - Plasmids used in this study
Plasmid

Description

pHIPZ4-Nia

Plasmid bearing the AOX promoter, AmpR ZeoR

Reference

pLMO0055

Plasmid containing a PAMO-PcPEX11.GFP expression cassette, Amp Nat

pANN016

Plasmid containing a PAMO-PcPEX11 FHL-R.GFP expression cassette,
AmpR NatR

This study

pANN017

Plasmid containing a PAOX-PcPEX11.HA expression cassette, AmpR ZeoR

This study

pANN018

Plasmid containing a PAOX-PcPEX11 FHL-R.HA expression cassette,
AmpR ZeoR

This study

[42]
R

R

[4]

Table S.3 - Oligonucleotides used in this study
Primer

Sequence

ANN PR 85

GCGCAAGCTTATGGTCGCTAACACTCTCGT

ANN PR 86

TGCTCTAGACTAAGCGTAATCTGGAACATCGTATGGGTAGGCAGGTCCGGCGGTCT

Table S.4 - H. polymorpha Strains used in this study
Strain

Description

Reference

pex11

PEX11 deletion strain

[64]

pex11+PMP47-GFP

PEX11 deletion cells with PMP47-GFP

[43]

pex11 + PMP47-GFP+PcPex11-HA

PEX11 deletion with integration of plasmid containing PMP47-GFP and pANN0017 containing
the P.chrysogenum PEX11-HA expression cassette

This study

pex11 + PMP47-GFP+ PcPex11 FHL-R-HA

PEX11 deletion with integration of plasmid containing PMP47-GFP and pANN0018 containing
the P.chrysogenum PEX11 FHL-R-HA expression cassette

This study
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DOPC

DOPC/DOPE

DOPC/DOPE/DOPS/CL/PI

FIguRe S.1 - Comparison of peptide adsorption profiles. In these side views it can be
seen that Pex11-Amph clearly interacts closer to the DOPC/DOPE/DOPS/CL/PI mem brane,
whereas the DOPC and DOPC/DOPE systems elicit clear protrusions out of the membrane
plane. The color scheme is the same as for Fig. 1 in the main text and solvent was hidden
for clarity.
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Abstract
Saccharomyces cerevisiae Aspartate aminotransferase-2 (Aat2p) contains a C-terminal
peroxisomal targeting signal 1 and localises to peroxisomes in oleate-grown cells, but
not in glucose-grown cells. Here, we have investigated Aat2p from the yeast Hansenula
polymorpha. H. polymorpha Aat2p lacks a recognizable PTS. GFP tagged versions of this
protein display a dual cytosol-peroxisome localisation in ethanol-grown cells, whereas
these proteins are cytosolic in methanol-grown cells. We observed that the first 17 amino
acids of HpAat2p are required for targeting HpAat2p to peroxisomes, but not sufficient
for sorting of a reporter protein to peroxisomes. Furthermore, the partial peroxisomal
localization of HpAat2p in ethanol-grown cells persisted in the absence of the classical
cycling receptor proteins Pex5p and Pex7p. Instead, we demonstrate that Aat2p is unable
to target to peroxisomes in cells lacking Pex20p. Taken together, our data identify a new
Pex20p-dependent pathway for targeting Aat2p to peroxisomes.
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Introduction
The peroxisome is a specialized, single membrane bound organelle that is ubiquitous in
eukaryotic cells. Peroxisomes function in compartmentalising a wide range of metabolic
pathways, displaying a high degree of plasticity in their functions, depending on species
and cell type [1]. Some specific functions include the production of penicillin in certain
fungi and plasmalogens in mammalians while well conserved roles include the betaoxidation of fatty acids and the degradation of hydrogen peroxide [2]. In humans, defects
in the genes involved in peroxisome biogenesis result in fatal disorders [3].
A robust yet adaptable import system is indispensable to maintain a steady flow of
proteins to the peroxisomal matrix, because such proteins are produced in the cytosol
and imported post-translationally [4]. Matrix proteins are targeted to peroxisomes via a
Peroxisome Targeting Signal (PTS). The first identified PTS (PTS1) was in firefly luciferase
[5]. Further studies established that the PTS1 consists of a C-terminal dodecamer sequence
with a C-terminal tripeptide with the consensus sequence (SAC)-(KRH)-(LM) [6, 7]. The
PTS1 sequence is recognized by the receptor protein Pex5p [8, 9]. Pex5p recruits cargo
proteins to the peroxisomal matrix by means of a C-terminal tetratricopeptide repeat
domain, which interacts with the PTS1 sequence [10]. The N-terminal region of Pex5p is
required for membrane docking and recycling. A second PTS (PTS2) was identified in a
subset of peroxisomal matrix proteins, bearing the N-terminal consensus sequence (R/K)
(L/V/I)X5(H/Q)(L/A) [11, 12]. The cognate receptor for this motif is Pex7p. However,
unlike the PTS1 pathway, PTS2 import requires the Pex20p family of co-receptor
proteins in yeast and fungi [13, 14] or a long isoform of Pex5 in higher eukaryotes [15].
Pex7p functions in cargo binding, whereas the co-receptors are required for membrane
docking and recycling. Evidence exists for a third pathway that is independent of a PTS1,
but requires the N-terminal domain of Pex5p [16, 17]. Sometimes referred to as the
PTS3 pathway, to date no PTS3 consensus sequence has been described [18]. Proteins
bearing no endogenous PTS such as Pnc1p and Cu/Zn superoxide dismutase may gain
entry into peroxisomes by “piggybacking” with other PTS containing peroxisomal matrix
proteins [19, 20]. Such examples demonstrate that the absence of a PTS does not exclude
peroxisomal localisation.
Saccharomyces cerevisiae has two aspartate aminotransferase isoenzymes, called
Aat1p and Aat2p. Aat2p contains a PTS1 and is localized to peroxisomes in oleic
acid-grown cells, whereas it is mainly cytosolic in glucose-grown cells [21]. Here, we
demonstrate that Hansenula polymorpha Aat2p, which lacks a recognizable PTS, has
a dual localisation in the cytosol and peroxisomes in glucose and ethanol-grown cells,
whereas it is cytosolic in methanol-grown cells. In addition, we show that Aat2p import
is independent of the PTS receptor proteins Pex5p or Pex7p, but requires the PTS2 co-
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receptor Pex20p. Thus, we identify a novel targeting pathway for matrix protein import
into peroxisomes requiring Pex20p.

Results and Discussion
Aat2p in H. polymorpha lacks a recognizable PTS
sequence
Sequence alignment of yeast and fungal Aat2 proteins revealed that most contain either
a peroxisomal targeting signal 1 (PTS1) or PTS2 [22], whereas Aat2p from Penicillium
rubens displays both. However, H. polymorpha Aat2p does not possess a recognisable
PTS, similar to Aat2p from several other yeast species (Figure 1A). Recent reports
demonstrate that translational read-through, where the translation machinery skips a
stop codon, can result in proteins containing a PTS1 [23, 24]. To analyse whether this is
the case for Aat2p, we scanned the region downstream of the AAT2 gene until the next
stop codon.

Figure 1 - HpAat2p lacks a recognizable Peroxisomal Targeting Sequence. (A) Multiple
sequence alignment of the N- and C-terminal regions of Aat2p from different yeast and fungi.
Black shading indicates identity. Similarity is indicated as white letters that are shaded
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dark grey when present in 19 of the 22 sequences and as black letters shaded light grey
when present in 14 of the 22 sequences. Putative PTS1 sequences are shaded cyan, putative
PTS2 sequences in yellow. (Fungi: Cimm, Coccidioides immitis; Anid, Aspergillus nidulans;
Aory, Aspergillus oryzae; Afum, Aspergillus fumigatus; Ncra, Neurospora crassa; Mgri,
Magnaporthe grisea; Prub, Penicillium rubens Wisconsin; Bcin, Botrytis cinerea; Sscl,
Sclerotinia sclerotiorum. Yeasts: Egos, Eremothecium gossypii; Klac, Kluyveromyces lactis;
Cgla, Candida glabrata; Calb, Candida albicans; Scer, Saccharomyces cerevisiae; Dhan,
Debaryomyces hansenii; Pkud, Pichia kudriavzevii; Pmem, Pichia membranifaciens; Ppas,
Pichia pastoris; Hpol (boxed), Hansenula polymorpha; Cara, Candida arabinofermentas).
(B) H. polymorpha Aat2 protein sequence (shaded in grey) showing potential upstream and
downstream amino acid residues. The start codon of Aat2p is indicated with an arrow, while
stop codons are indicated with an asterisk.

No PTS1 targeting sequence was encoded by the region preceding this stop codon (Figure
1B). Likewise, the region upstream of Aat2p did not encode a PTS2 (Figure 1B). These
observations demonstrate that Aat2p from H. polymorpha does not possess canonical
peroxisome targeting information in its protein sequence.

HpAat2p partially localizes to peroxisomes
Aat2p from S. cerevisiae is cytosolic in cells grown on glucose but peroxisomal in oleategrown cells [21]. We therefore investigated the behaviour of H. polymorpha Aat2p in
cells grown on carbon sources which repress (glucose) or induce (ethanol, methanol)
peroxisome proliferation [25]. First we produced constructs expressing Aat2p fused
to GFP at the N-terminus (GFP-Aat2) or C-terminus (Aat2-GFP), under control of the
AAT2 promoter. The strain harbouring the N-terminal GFP fusion protein contained an
endogenous copy of AAT2, whereas the strain bearing the C-terminal GFP fusion did not.
Western blot analysis revealed that in glucose-grown cells the levels of both GFP fusion
proteins are lower compared to those in ethanol or methanol-grown cells (Figure 2A).
Levels of the N-terminally tagged Aat2p were approximately 100 fold lower relative to
those of the C-terminally tagged Aat2p, indicating that the GFP tag at the N-terminus
affects the expression and/or the stability of the fusion protein (Figure 2A).
Next, we assessed the localisation of the GFP fusion proteins in cells grown on
glucose, ethanol and methanol using fluorescence microscopy (Figure 2B). In glucosegrown cells, GFP-Aat2 could not be effectively localised, because levels of the GFP-Aat2
fusion protein were below the limit of detection, as seen from our western blot analysis
(Figure 2A). Aat2-GFP, on the other hand, was detectable both by western blotting and
fluorescence microscopy and appeared mostly cytosolic in glucose grown cells, although
spots were observed occasionally (Figure 2B). Ethanol-grown cells displayed pronounced
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accumulation of both GFP-Aat2 and Aat2-GFP in spots, although fluorescence was also
detectable in the cytosol (Figure 2B). The GFP signal of both fusion proteins appeared
cytosolic in cells grown on methanol.
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FIguRe 2 - HpAat2p partially localises to peroxisomes. (A) Cell lysates of WT cells grown
on different carbon sources expressing Aat2p tagged with GFP either at N- or C-terminus
were subjected to SDS-PAGE and immunoblotting using antibodies directed against GFP
or Pyc-1 (loading control). The two blots represent different exposures: top panel, 10 sec.
exposure, bottom panel, 1000 sec. exposure. Asterisk indicates the expected height for
free GFP. (B) Fluorescence microscopy analysis of WT cells expressing Aat2p tagged with
GFP either at the N- (top panels) or C-terminus (bottom panels), grown on various carbon
sources. Scale bars represent 1µm. (C) Co-localisation analysis of GFP-Aat2 in ethanol
grown WT cells co-expressing the peroxisomal marker DsRed-SKL (upper panels) or Aat2GFP with the peroxisomal marker Pex14-mCherry (lower panels). Scale bars represent
1µm. (D) Immuno-Electron microscopy analysis showing WT cells grown on ethanol. Aat2p
was labelled with antibodies against Aat2p and detected with goat anti-rabbit antibodies
conjugated to 6-nm gold particles. M-Mitochondria, P-Peroxisomes, V-Vacuole. Scale bar
represents 200nm. (F) Fluorescence microscopy analysis of ethanol grown pex3 or pex19
cells expressing Aat2 tagged with GFP at the N-terminal (upper panels) or C-terminal (lower
panels). Scale bars represent 1µm. Note that all GFP fluorescent images were processed
differently, in order to visualise the GFP signal optimally.

Since ethanol grown cells showed clearest accumulation of GFP-tagged forms of Aat2p
in spots, we investigated the localisation of Aat2p further in cells grown on ethanol. To
determine whether GFP spots indeed corresponded to peroxisomes, the peroxisomal
marker DsRed-SKL was introduced into cells bearing GFP-Aat2, while Pex14-mCherry
was introduced into cells producing Aat2-GFP. In both cases, GFP spots co-localised
with the red fluorescent peroxisomal marker proteins (Figure 2C). The peroxisomal
localisation of untagged Aat2p was established by immuno-labelling experiments of WT
cells using anti-Aat2p antibodies (Fig. 2D).
To validate the peroxisomal localisation observed in ethanol-grown cells further, we
investigated the localisation of GFP-Aat2 or Aat2-GFP in pex3 and pex19 cells, which are
devoid of normal peroxisomes. As can be expected for a peroxisomal matrix protein, GFP
fluorescence invariably displayed a cytosolic pattern in these deletion strains (Figure 2E).
Taken together, our data indicate that Aat2p can target to peroxisomes in cells grown
on ethanol, despite the fact that the protein lacks a bona-fide PTS1 or PTS2 signal. The
protein may display a dual localisation, because GFP fluorescence was also detected in
the cytosol of cells producing N- or C-terminal GFP tagged fusion proteins. However,
we cannot exclude that the cytosolic location is caused by the N- or C-terminal GFP tag.
Moreover, because an untagged copy of Aat2p is still present in all strains producing the
N-terminal tagged fusion protein, we cannot rule out that peroxisomal targeting of GFPAat2 is due to piggy back import.
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FIguRe 3 - The first 17 amino acids are required but are not sufficient for targeting
HpAat2p to the peroxisome. (A) Fluorescence microscopy images of Full Length (FL) Aat2p
in comparison with truncation mutants which lack the first 17 (18-416), 50 (51-416) or 65
(66-416) amino acids fused to GFP. Strains were grown for 16 hrs on ethanol containing
media. Scale bars represent 1µm. (B) SDS-PAGE and immunoblot analysis of lysates from
the truncation mutant strains presented in (A) probed with antibodies directed against
GFP or Pyc-1 (loading control). Asterisk indicates the expected height for free GFP.
(C) Fluorescence microscopy analysis on ethanol grown WT cells expressing GFP fused
C-terminally to the first 18 (1-18), 32 (1-32) or 51 (1-51) amino acids of Aat2p. Scale bars
represent 5µm. Note that all GFP fluorescent images were processed differently, in order
to visualise the GFP signal optimally. (D) Structural model of H. polymorpha Aat2p, in
cartoon representation, based on the S. cerevisiae Aat2p crystal structure (PDB code 1yaa).
The two monomers that make up the Aat2p dimer are individually coloured in cyan and
green. The region corresponding to residues 7-17 from monomer 2 is depicted in orange in
stick representation and labelled.

HpAat2p requires the first 17 amino acids for targeting
to peroxisomes
In order to gain information on which region of Aat2p is responsible for peroxisome
targeting in H. polymorpha, we constructed truncated versions of the protein. We first
analysed the N-terminal region of Aat2p. Mutants lacking the first 17, 50 or 65 amino
acids of Aat2p fused to GFP were constructed and introduced into a strain lacking aat2.
By following the localisation pattern of these mutants, we found that all truncations
caused Aat2-GFP to be fully cytosolic (Figure 3A). Western blot analysis of these strains
revealed that while the truncated mutant lacking the first 17 amino acids was present at
levels comparable to full length Aat2-GFP, the other two mutants were present at much
lower levels (Figure 3B).
These observations could suggest that the region required for peroxisomal localisation
lies within the first 17 amino acids of Aat2p. To test this theory, we fused the first 18,
32 or 51 amino acids of HpAat2p to GFP and assessed the localisation of these fusion
proteins in WT cells with fluorescence microscopy (Figure 3C). None of these fusions
was able to target to peroxisomes, indicating that the first 18 amino acids of Aat2 are not
sufficient for peroxisomal targeting. This could suggest that either the targeting signal
for HpAat2 is non-linear and resides in multiple regions of the protein or that deletion
of the first 17 amino acids of HpAat2 causes a structural defect that inhibits targeting.
To gain insight into the structural properties of this region of HpAat2p, we constructed
a model of HpAat2p (Figure 3D), based on the crystal structure of the Aat2p dimer from
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S. cerevisiae [26]. The first 7 amino acids of ScAat2p are flexible and not visible in the
crystal structure, suggesting that this region in HpAat2p is also flexible. Residues 7-17
in our model of HpAat2p form one monomer make contact with the other monomer in
the dimer (Figure 3D). While this could suggest Aat2p dimerization is inhibited when
these residues are deleted, these contacts make up around 16 % (~510 Å2 from ~3200Å2)
of the total interfacing area between the two monomers, as calculated using PISA [27].
This leads us to believe that deletion of these residues in HpAat2p would not impact
dramatically on dimerization. However, we cannot rule this possibility out and further
studies into the oligomeric properties of Aat218-416 are required to determine the role of
the first 17 amino acids in HpAat2p targeting.

HpAat2p targeting to peroxisomes depends on Pex20p
Having demonstrated that Aat2p can localise to peroxisomes, we sought to gain
insight into how Aat2p achieves its peroxisomal localisation. We followed GFP-Aat2 in
strains lacking Pex5p or Pex7p, the cycling receptors for the PTS1 and PTS2 pathways,
respectively. Both deletion strains still contained the untagged version of Aat2p. FM
analysis shows that GFP-Aat2 co-localises with the red peroxisomal membrane marker
Pex14-mKate2 in the absence of either of the PTS1 (Pex5p) or PTS2 (Pex7p) receptor
proteins (Figure 4A). To exclude the possibility that Aat2p uses the Pex7p dependent
pathway when the Pex5p dependent route is blocked or vice-versa, localization of GFPAat2 was also determined in a pex5.pex7 double deletion strain. GFP-Aat2 spots persisted
in this strain and co-localised with Pex14-mKate2, indicating that GFP-Aat2p targeting
to peroxisomes is independent of Pex5p and Pex7p.
We next investigated the role of Pex20p in Aat2p targeting. Pex20p binds to Pex7p
and acts as a co-receptor for PTS2 proteins. It functions in the docking and recycling
steps during PTS2 import, whereas Pex7p is predominantly involved in binding to the
PTS2 signal. Interestingly, we found that GFP-Aat2 became fully cytosolic in pex20
deletion cells (Figure 4A). Western blot analysis demonstrated that the fusion protein
was produced in all strains (Figure 4B). We also tested the localisation of Aat2 tagged at
the C-terminus in pex5.pex7 and pex20 cells (Figure 4C). Western blot analysis confirmed
that the Aat2-GFP was produced in all strains (Figure 4D). The results obtained were
consistent with that obtained for GFP-Aat2 (Figure 4C). Immuno-EM analysis of WT
and pex20 cells grown on ethanol demonstrated that Aat2p was no longer peroxisomal
in pex20 cells (Figure 4E).
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FIguRe 4 - HpAat2p targets to peroxisomes in a Pex20p-dependent manner. (A)
Fluorescence microscopy images of WT, pex5, pex7, pex5.pex7, or pex20 deletion strains
grown for 16 hrs on ethanol containing media. Besides the peroxisomal marker Pex14mKate2, all cells produced the fusion protein GFP-Aat2. Scale bars represent 1µm. (B)
SDS-PAGE and immunoblot analysis of lysates from the deletion strains presented in (A)
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probed with antibodies directed against GFP or Pyc-1 (loading control). (C) Fluorescence
microscopy images of WT, pex5.pex7 or pex20 deletion strains grown for 16 hrs on ethanol
containing media. Besides the peroxisomal marker Pex14-mCherry, all cells produced
the fusion protein Aat2-GFP. Scale bars represent 1μm. Note that the GFP fluorescent
images presented in (A) were processed differently than those presented in (C), in order
to visualise the GFP signal optimally. (D) SDS-PAGE and immunoblot analysis of lysates
from the deletion strains presented in (C) probed with antibodies directed against GFP or
Pyc-1 (loading control). (E) Immuno-Electron microscopy analysis showing WT and pex20
cells grown on ethanol for 16hrs. Aat2p was labelled with anti-Aat2p and detected with goat
anti-rabbit antibodies conjugated to 6-nm gold particles. M-Mitochondria, P-Peroxisomes,
V-Vacuole. Scale bar represents 200nm.

Taken together, our results demonstrate that Pex20p is required for targeting Aat2p
to peroxisomes.
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FIguRe 5 - Specificity of HpAat2p antibodies. Related to Figure 2 and 4. Western blot
analysis of cell lysates from methanol grown WT cells, aat2 cells and WT cells containing
AAT2 under control of the strong alcohol oxidase promoter (P AOX-AAT2), together with
purified Aat2p from E.coli, probed with pre-immune serum (left panel) or serum from
a rabbit immunogenized with purified Aat2p (right panel). Antisera were diluted 5000 x.
Blots were exposed for 100 sec.

Concluding remarks
Here, we have investigated Aat2p from the yeast H. polymorpha, demonstrating
that HpAat2p can localize to peroxisomes despite lacking a recognizable PTS. Our
fluorescence microscopy data strongly suggest that Pex20p is involved in the targeting of
HpAat2p to peroxisomes in a Pex7p-independent manner, indicating that Pex20p, like
Pex5p and the recently described Pex9p [28, 29], could be a peroxisomal import receptor
protein in its own right. Interestingly, a direct role for Pex20p in targeting proteins to the
peroxisome has been suggested before, based on the observation that H. polymorpha
Pex20p can interact directly with the PTS2 sequence [30]. Furthermore, Pex20p from
the yeast Yarrowia lipolytica binds to the PTS2 protein thiolase in a PTS2-independent
manner [31]. This, coupled with the fact that Pex7p has not been identified in Y. lipolytica
to date, would support our suggestion that Pex20p may directly act as a peroxisomal
import receptor protein in certain organisms. To investigate further the role of Pex20p in
targeting HpAat2p to peroxisomes, we initiated in vitro binding studies to investigate the
binding between Aat2p and Pex20p, but did not observe such an interaction. Perhaps the
proteins interact indirectly and require the presence of additional factors.
GFP tagged HpAat2p shows a partial peroxisomal localisation in ethanol grown cells,
while it is cytosolic in cells grown on methanol. Pex20p levels in cells grown on methanol
are lower than those grown on glucose [30], which could suggest that Pex20p levels
play a determining role in Aat2p localisation. Similarly, levels of the import receptor
Pex9p are regulated in a condition specific manner [28, 29], demonstrating that the
localisation of proteins to peroxisomes can be regulated by receptor protein abundance.
Since cells adapt the function of peroxisomes to meet metabolic requirements, regulating
peroxisomal targeting through receptor protein abundance would provide an additional
level at which cells could determine peroxisome content and hence peroxisome function.
Finally, targeting of HpAat2p to peroxisomes does not require Pex5p or Pex7p, the
classical matrix protein import receptors, strongly suggesting that HpAat2p possesses
an as yet unidentified PTS that enables the protein to be recruited to peroxisomes. Our
data imply that the first 17 amino acids of HpAat2p are required for import of the protein
into peroxisomes, but this region alone is not sufficient for targeting of a reporter protein.
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Hence, future work aimed at characterising the requirements for targeting HpAat2p to
peroxisomes will lead to a better understanding of how HpAat2p achieves its peroxisomal
localisation and may also lead to the identification of additional proteins which have so
far been excluded from the cohort of peroxisomal matrix proteins.

Experimental procedures
The H. polymorpha strains, plasmids and oligonucleotides used in this study are
described in Tables 1, 2 and 3 respectively.

Construction of plasmids and strains
The plasmid bearing AAT2 downstream of the AOX promoter was constructed as follows:
a 1.2 kb fragment corresponding to the AAT2 gene was amplified from genomic DNA
using primers ANN PR 35 and ANN PR 51. The PCR product was digested with HindIII
and XbaI and ligated with HindIII XbaI digested pHIPN4 plasmid [32] resulting in the
vector pHIPNPAOX-AAT2 (pANN016).
To obtain the plasmid bearing AAT2 downstream of its endogenous promoter, a 0.6 kb
fragment upstream of the AAT2 gene corresponding to the promoter region was amplified
from genomic DNA using primers ANN PR 83 and ANN PR 84. The corresponding PCR
product was digested with NotI and HindIII and ligated with NotI-HindIII digested
pANN016 plasmid, resulting in the vector pHIPNPAAT2-AAT2 (pANN015). The C-terminal
GFP fusion of Aat2p produced under control of the endogenous promoter was created
by amplifying a 0.9 kb fragment of the AAT2 gene from genomic DNA without the stop
codon, followed by incorporation of the restriction sites HindIII and BglII using primers
ANN PR27 and ANN PR28. The resulting PCR product was digested with HindIII and
BglII and ligated into HindIII-BglII digested pHIPZ-Pex13mGFP [33] to obtain pHIPZAat2mGFP (pANN009). This plasmid was linearized with Acc651 (KpnI) prior to
transformation into H. polymorpha yku80, pex3, pex5.pex7, pex19 or pex20 cells.
The N-terminal GFP fusion of Aat2p produced from its endogenous promoter
was obtained by amplifying a 0.7 kb fragment of GFP along with the restriction sites
HindIII and BamHI using pHIPZ-Pex13mGFP as template, and the primers ANN PR46
and ANN PR47. Similarly, a fragment of 1.3 kb corresponding to AAT2 was amplified
incorporating BamHI and XbaI restriction sites from genomic DNA using primers
ANN PR48 and ANN PR49. HindIII-BamHI digested GFP was ligated into HindIIIBamHI digested pUC19, and BamHI-XbaI digested AAT2 was ligated with BamHIXbaI digested pUC19. Following this, GFP was excised using HindIII and BamHI, and
AAT2 was excised using BamHI and XbaI, and these fragments were used in a three-way
ligation with HindIII-XbaI digested pHIPN5 GFP-SKL [34] to yield pHIPN5-mGFPAat2
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(pANN017). To produce the fusion protein from the endogenous promoter, the GFPAAT2 fragment was excised with HindIII and NsiI and ligated with HindIII-NsiI digested
pANN015, resulting in the plasmid pHIPNPAAT2-mGFPAat2 (pANN014). StuI was used
for linearization before integration into H. polymorpha yku80, pex3, pex5, pex7, pex5.
pex7, pex19 or pex20 cells.
The plasmid pHIPX7DsRed-SKL was linearized with DraI prior to transformation
into yku80 cells containing the plasmid pANN014.
A plasmid containing the peroxisomal marker Pex14-mKate2 was constructed by using
the plasmid pFA6a-yomKate2-CaURA3 (Addgene). A 0.7 kb fragment corresponding to
mKate2 was obtained by using primers yomKate2 F and yomKate2 R. The PCR product
was digested with BglII and SphI and ligated with BglII SphI digested pHipZ-Pex14mGFP plasmid [32] resulting in the vector pHIPZ Pex14mKate2. PstI was used for
linearization before integration into H. polymorpha WT yku80, pex5, pex7, pex5.pex7 or
pex20 cells harbouring pANN014.
The plasmid pHIPN-Pex14-mCherry was linearized with XhoI prior to transformation
into H. polymorpha yku80, pex5.pex7 or pex20 cells harbouring pANN009.
For the production of antibodies against Aat2p, the AAT2 gene was amplified from
genomic DNA along with NcoI and HindIII restriction sites using primers AAT2 Ab_F
and AAT2 Ab_R. NcoI-HindIII digested PCR fragment was used for ligation with NcoIHindIII digested pETM30 harbouring the GST-His6 tag.
Plasmids bearing truncation mutants of Aat2p fused to GFP were constructed as
follows: Using genomic DNA containing Aat2-GFP from a previously constructed strain
as the template, a PCR product of 2.3 kb, 2.2 kb or 2.1 kb corresponding to Aat2-GFP
lacking the first 17, 50 or 65 amino acids were obtained with the primer pairs ANN PR
98, ANN PR 100 or ANN PR 101 along with AAT2-6. HindIII, FseI digested plasmid
pANN015 and PCR products were ligated, resulting in plasmids pANN019, pANN021
and pANN022, which harbour the truncated version of Aat2p fused to GFP downstream
of the endogenous promoter. StuI was used for the linearization of these vectors prior to
transformation into aat2 deletion cells.
Plasmids containing the AAT2 promoter and an N-terminal part of AAT2 gene fused
to GFP were constructed as follows: Using genomic DNA containing Aat2-GFP from a
previously constructed strain as a template, a PCR product of 0.68 kb, 0.71 kb, 0.77 kb
corresponding to the promoter region of AAT2 and the N-terminal 18, 32 or 51 amino
acids of AAT2 were obtained with primer pairs AAT2 trunA with either AAT2 trunB or
AAT2 trunC or trunD. PspXI, BglII digested plasmid pHIPZ ICL1GFP and PCR products
were ligated, resulting in plasmids pHIPZ AAT21-8mGFP, pHIPZ AAT21-32mGFP and
pHIPZ AAT21-51mGFP. NarI was used for the linearization of these vectors prior to
transformation into yku80 cells.
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Plasmid pHIPZ ICL1GFP was constructed by performing a PCR with primer ICL1
fw and ICL1 rev on yku80 genomic DNA. The 0.88 kb PCR product and pHIPZ mGFP
fusinator was digested with HindIII and BglII and ligated to obtain pHIPZ ICL1mGFP.
Transformation of H. polymorpha was performed by electroporation as described
previously [35]. Preparative polymerase chain reactions (PCR) for cloning were carried
out with Phusion High-Fidelity DNA Polymerase (Thermo Scientific). Initial selection of
positive transformants by colony PCR was carried out using Phire polymerase (Thermo
Scientific). DNA restriction enzymes were used as recommended by the suppliers
(Thermo scientific, New England Biolabs).
All integrations were confirmed by colony PCR and deletions were confirmed by
Southern blotting.

Cultivation conditions
H. polymorpha cells were grown in batch cultures at 37°C on mineral media [36]
supplemented with 0.25% glucose, 0.5% methanol or 0.3% ethanol as carbon source and
0.25% ammonium sulphate as nitrogen source. Leucine, when required, was added to a
final concentration of 30µg/ml. For growth on plates, YPD (1% yeast extract, 1% peptone
and 1% glucose) media was supplemented with 2% agar. Resistant transformants
were selected using 100µg/ml zeocin (Invitrogen), 100µg/ml nourseothricin (Werner
Bioagents) or 200µg/ml hygromycin (Invitrogen).

Protein purification and preparation of antibodies
H. polymorpha Aat2p with a cleavable His6-GST tag was produced in E. coli BL21
(DE3) RIL. Cells were grown at 37°C to an OD600 of 0.6 in Terrific Broth (TB) medium,
transferred to 21°C and grown until an OD600 of 1.5. Gene expression was induced with
0.05mM IPTG (Invitrogen) for 16 h and cells were harvested by centrifugation. Cell pellets
were resuspended in lysis buffer (50mM Tris-HCl pH 7.5, 150mM NaCl, 1% glycerol,
1mM DTT, 1mg/ml lysozyme, 10μg/ml DNase) and passed two times through a French
press. Cell debris was removed by centrifugation and lysates were loaded onto glutathione
sepharose-4B resin (GE Healthcare) pre-equilibrated with lysis buffer. The resin was
extensively washed with lysis buffer and His6-GST tagged proteins were eluted using lysis
buffer containing 20mM reduced glutathione. The GST tag was cleaved from the protein
using TEV protease and samples were passed over a Ni-NTA column. The concentrated
protein sample was subjected to gel filtration using a Superdex 200 (16/60) column (GE
Healthcare) equilibrated with 25mM Tris, 150mM NaCl, 1mM 2-mercaptoethanol, pH
7.5. The presence of purified Aat2p was confirmed using SDS-PAGE and protein samples
were sent for antibody production (Eurogentec). The properties of the resulting antiAat2p antibodies are shown in Figure 5.
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biochemical techniques
Extracts prepared from cells treated with 12.5% trichloroacetic acid (TCA) were prepared
for SDS-PAGE as detailed previously [37]. Equal amounts of protein were loaded per
lane. Blots were probed with mouse monoclonal antisera against GFP (sc-9996, Santa
Cruz Biotech) or His tag (34660, Qiagen) and rabbit polyclonal antisera against Aat2p
(Figure 5) or Pex20p [30]. Pyruvate carboxylase-1 (Pyc-1) [38] was used as the loading
control.

Sequence alignment of Aat2p
Multiple sequence alignments of protein sequences were generated using ClustalW2
(http://www.ebi.ac.uk/Tools/msa/clustalw2/) and visualized with GeneDoc (http://
www.nrbsc.org/old/gfx/genedoc/). The following accession numbers were used:
Eremothecium gossypii
(NP_985758.1); Kluyveromyces lactis (XP_455876.1);
Candida glabrata (XP_445496.1); Candida albicans (XP_711144.1); Saccharomyces
cerevisiae (CAA97550.1); Debaryomyces hansenii (XP_459482.1); Pichia
kudriavzevii (KGK39897.1); Pichia membranifaciens (XP_019016745); Pichia
pastoris (XP_018213151); Hansenula polymorpha (XP_018213151); Candida
arabinofermentas (ODV84999.1). Coccidioides immitis (XP_001240699); Aspergillus
nidulans (XP_663652.1);
Aspergillus oryzae (XP_001826273.1); Aspergillus
fumigatus (XP_755298.1); Neurospora crassa (XP_962457.1); Magnaporthe grisea
(XP_003719674.1) Penicillium rubens Wisconsin (XP_002565847); Botrytis cinerea
(EMR86905); Sclerotinia sclerotiorum (XP_001585000.1).

Fluorescence microscopy
All images were taken at room temperature using a 100x 1.30 NA Plan Neofluar objective.
Wide-field images were taken using a Zeiss Axioscope A1 fluorescence microscope (Carl
Zeiss). Images were taken using a Coolsnap HQ2 digital camera and Micro Manager
software. A 470/40 nm bandpass excitation filter, a 495 nm dichromatic mirror and
a 525/50 nm bandpass emission filter was used to visualize the GFP signal. DsRed
fluorescence was 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 band pass
excitation filter, a 605 nm dichromatic mirror, and a 647/70 nm band-pass emission
filter were used to visualize mKate2 or mCherry fluorescence.

electron microscopy
Cells were fixed in a mixture of 0.2% glutaraldehyde and 3% formaldehyde in 0.1M
cacodylate buffer pH 7.2 for 4h on ice. Cells are embedded in unicryl (Aurion, 14660)
and polymerized for 4 days under UV at 10°C. Immuno-gold labeling was performed
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on 70nm ultrathin sections using specific polyclonal antisera and gold conjugated goat
anti-rabbit antiserum (Aurion, 806.011). Sections were stained with a mixture of 0.5%
uranyl acetate and 0.2% methylcellulose before viewing them in a Philips CM12 electron
microscope.

Structural modelling of HpAat2p
The model of H. polymorpha Aat2p was constructed with the program SWISS-MODEL
[39] using the crystal structure of S. cerevisiae Aat2p (PDB code 1yaa). Structural
representations were made using PyMOL (http://www.pymol.org). Estimates of the
interfacing area of the two HpAat2 monomers in the model of the dimer were calculated
with PISA [27].
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TAble 1 - H. polymorpha strains used in this study.
Strains

Characteristics

Reference

Wild-type WT (yku80)

NCYC495, leu1.1 YKU80::URA3

[40]

WT+ AAT2-GFP

WT YKU80::URA3 + pANN009

This study

WT+GFP-AAT2

WT YKU80::URA3 + pANN014

This study

WT+GFP-AAT2+DsRed-SKL

WT YKU80::URA3 +pANN014 +DsRed-SKL

This study

WT+GFP-AAT2+Pex14-mKate2

WT YKU80::URA3 +pANN014 +Pex14-mKate2

This study

pex3

NCYC495, leu1.1 PEX3::URA3

[41]

pex5

NCYC495, leu1.1 PEX5::URA3

[42]

pex7

NCYC495, leu1.1 PEX7::URA3

[43]

pex5 (LEU2 marker, used for
construction of pex5.pex7)

NCYC495, ura3 PEX5::LEU2

[44]

pex5.pex7

Segregant of cross between PEX5::LEU2 and
PEX7::URA3

This study

pex19

NCYC495, leu1.1 PEX19::URA3

[45]

pex20

NCYC495, leu1.1 PEX20::URA3

[30]

pex3+GFP-AAT2

PEX3::URA3 + pANN014

This study

pex5 +GFP-AAT2

PEX5::URA3 + pANN014

This study

pex7+GFP-AAT2

PEX7::URA3 + pANN014

This study

pex5.pex7+GFP-AAT2

PEX5::LEU2,PEX7::URA3+ pANN014

This study

pex19+GFP-AAT2

PEX19::URA3 + pANN014

This study

pex20+GFP-AAT2

PEX20::URA3 + pANN014

This study

pex3+AAT2-GFP

PEX3::URA3 + pANN009

This study

pex5.pex7+ AAT2-GFP

PEX5::LEU2,PEX7::URA3+ pANN009

This study

pex19+ AAT2-GFP

PEX19::URA3 + pANN009

This study

pex20+ AAT2-GFP

PEX20::URA3 + pANN009

This study

WT+GFP-AAT2+Pex14-mKate2

WT YKU80::URA3 + pANN014+Pex14-mKate2

This study

pex5+GFP-AAT2+Pex14-mKate2

PEX5::URA3+ pANN014 +Pex14-mKate2

This study

pex7+GFP-AAT2+Pex14-mKate2

PEX7::URA3+ pANN014 +Pex14-mKate2

This study

pex5.pex7+GFP-AAT2+Pex14-mKate2

PEX5::LEU2,PEX7::URA3+ pANN014 +Pex14mKate2

This study

pex20+GFP-AAT2+Pex14-mKate2

PEX20::URA3+pANN014 +Pex14-mKate2

This study

WT+ AAT2-GFP+Pex14-mCherry

WT YKU80::URA3 + pANN009+Pex14-mCherry

This study

pex5.pex7+ AAT2-GFP+Pex14-mCherry

PEX5::LEU2,PEX7::URA3+ pANN009+Pex14-mCherry

This study

pex20+ AAT2-GFP+Pex14-mCherry

PEX20::URA3 + pANN009+Pex14-mCherry

This study

aat2 + AAT218-416-GFP

AAT2::HPH + pANN019

This study

aat2 + AAT251-416-GFP

AAT2::HPH + pANN021

This study

aat2 + AAT266-416-GFP

AAT2::HPH + pANN022

This study
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Strains

Characteristics

Reference

yku80 + AAT21-18GFP

YKU80::URA3 + pHIPZ AAT21-18mGFP

This study

yku80 + AAT21-32GFP

YKU80::URA3 + pHIPZ AAT21-32mGFP

This study

yku80 + AAT21-51GFP

YKU80::URA3 + pHIPZ AAT21-51mGFP

This study
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TAble 2 - Plasmids used in this study.
Plasmid

Description

pHIPN4

Plasmid bearing the AOX promoter, AmpR, NatR

Reference

pANN016

AAT2 expressed from the AOX promoter, contains Amp , This study
NatR

pANN009

AAT2 expressed from the endogenous promoter with
C-terminal GFP fusion, contains AmpR, ZeoR

This study

pHIPZ-Pex13mGFP

PEX13 expressed from the endogenous promoter with
C-terminal GFP fusion, contains AmpR, ZeoR

[33]

pHIPN5GFP-SKL

GFP-SKL expressed from the AMO promoter, contains
AmpR, NatR

[34]

pANN017

AAT2 expressed from the AMO promoter with N-terminal GFP fusion, contains AmpR, NatR

This study

pANN014

AAT2 expressed from endogenous promoter, with N-terminal GFP fusion, contains AmpR, NatR

This study

pHIPX7DsRed-SKL

DsRed-SKL expressed from the constitutive TEF promoter, contains KanR, LEU2

[46]

pFA6a-yomKate2-CaURA3

Vector used to obtain mKate2

Addgene

pHIPZ-Pex14-mGFP

PEX14 expressed from the endogenous promoter with
C-terminal GFP fusion, contains AmpR, ZeoR

[32]

pHIPZ-Pex14-mKate2

PEX14 expressed from the endogenous promoter with
C-terminal mKate2 fusion, contains AmpR, ZeoR

This study

pHIPN-Pex14-mCherry

PEX14 expressed from the endogenous promoter with
C-terminal mCherry fusion, contains AmpR, NatR

[33]

pANN015

AAT2 expressed from the endogenous promoter, contains AmpR, NatR

This study

Expression vector AAT2

His6GST-Aat2, for expression in E. coli; KanR

This study

pANN019

AAT2 bearing amino acids 18-416 expressed from the en- This study
dogenous promoter with C-terminal GFP fusion, contains AmpR, NatR

pANN021

AAT2 bearing amino acids 51-416 expressed from the en- This study
dogenous promoter with C-terminal GFP fusion, contains AmpR, NatR

pANN022

AAT2 bearing amino acids 66-416 expressed from the
endogenous promoter with C-terminal GFP fusion, contains AmpR, NatR

This study

pHIPZ AAT21-18mGFP

Expressed from the endogenous promoter N-terminal
18 amino acids from AAT2 fused to GFP, contains AmpR,
NatR

This study

pHIPZ AAT21-32mGFP

Expressed from the endogenous promoter N-terminal
32 amino acids from AAT2 fused to GFP, contains AmpR,
NatR

This study

pHIPZ AAT21-51mGFP

Expressed from the endogenous promoter N-terminal
51 amino acids from AAT2 fused to GFP, contains AmpR,
NatR

This study

pHIPZ mGFP fusinator

Plasmid containing mGFP, contains AmpR, ZeoR

Saraya, 2010

[32]
R
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Plasmid

Description

Reference

pHIPZ ICL1mGFP

ICL1 expressed from the endogenous promoter with
C-terminal GFP fusion, contains AmpR, ZeoR

This study
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TAble 3 - Oligonucleotides used in this study.
Primer

Sequence

ANN PR 35

GCGCAAGCTTATGACAAGATCCTTCAGCATCGAGAACATCC

ANN PR 51

CGCTCTAGACTACACACTTCTCACCACCTCGTCAATACAT

ANN PR 83

AAGCGGCCGCGATTTTCGGGTCCAGAGTGT

ANN PR 84

GCAAGCTTGGGGGAGAAATGGGAGGAAG

ANN PR27

CACGTAAAGCTTACAGACTCGTGTCTATCCAG

ANN PR28

GATACGAGATCTCACACTTCTCACCACCTCGTC

ANN PR 46

CGCAAGCTTATGGTGAGCAAGGGCGAG

ANN PR 47

GCGCGGATCCCTTGTACAGCTCGTCCATG

ANN PR 48

GCGCGGATCCACAAGATCCTTCAGCATCGAG

ANN PR 49

GCGCTCTAGACTACACACTTCTCACCACC

yomKate2 F

CGCAGATCTATGGTTTCTGAACTCATCAAG

yomKate2 R

GCGGCATGCTTATCTGTGTCCCAACTTAG

AAT2 Ab_F

CATGCCATGGCAATGACAAGATCCTTCAGCATCG

AAT2 Ab_R

CCCAAGCTTCTACACACTTCTCACCACCTCG

ANN PR 98

CCCAAGCTTATGTTGTTTGGTCTCAAGGCCAG

ANN PR 100

CCCAAGCTTATGTTGCCCTCTGTCAGGCTCG

ANN PR 101

CCCAAGCTTATGGAGTACAACCATGAGTATCTG

AAT2 trunA

CAGAGCTCGAGGGATTTTCGGGTCCAGAGTGT

AAT2 trunB

GGAAGATCTCAATGGGTCTGGAGGCAGC

AAT2 trunC

GGAAGATCTGTTGGGACGCGGGTCCTCGC

AAT2 trunD

GGAAGATCTCAAAATCCACGGCTTGCCG

ICL1 fw

CCCAAGCTTCATGAACAGAGCCGAGCAAG

ICL1 rev

GGAAGATCTTTTCTTACCATTCTGGAACT
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Abstract
Aspartate aminotransferase (Aat) catalyzes the conversion of oxaloacetate and glutamate
into aspartate and α-ketoglutarate. Most yeast species contain two AAT genes, of which
AAT1 encodes a mitochondrial enzyme. In oleic acid grown Saccharomyces cerevisiae
and ethanol-grown Hansenula polymorpha cells, Aat2p localizes to peroxisomes.
Although different functions have been proposed, the physiological role of peroxisomal
Aat2p is still unknown.
Here, we analysed the function of H. polymorpha Aat2p. In contrast to S. cerevisiae
aat2 cells, H. polymorpha aat2 cells are prototrophic for aspartate. H. polymorpha aat2
cells normally grow on glucose or methanol, but are unable to utilize the C2 compounds
ethanol and acetate as sole carbon source. Deletion of PEX19 in H. polymorpha aat2
cells partially rescues the growth defect on C2 compounds, indicating that a peroxisomal
pathway that is affected by AAT2 deletion is partially restored when mislocalized to the
cytosol.
Growth on C2 compounds requires the glyoxyate cycle and several enzymes of this
pathway are localized to peroxisomes in yeast, filamentous fungi and plant. Which
glyoxylate cycle enzymes are compartmentalized in peroxisomes highly varies in different
species. Analysis of the H. polymorpha genome indicated that none of the key enzyme of
the glyoxylate cycle has a typical peroxisomal targeting sequence. However, localisation
studies using C-terminal GFP fusion proteins and fluorescence microscopy revealed that
malate dehydrogenase 2 localizes to peroxisomes in ethanol grown H. polymorpha cells.
Based on our observations, we speculate that in H. polymorpha, Aat2p and Mdh2p
function in a malate/aspartate shuttle across the peroxisomal membrane. However, the
role of this shuttle in growth of cells on C2 compounds remains elusive.
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Introduction
Peroxisomes are single membrane bound organelles that can be found in almost every
eukaryotic cell. Cells can respond dynamically to environmental cues by modulating
peroxisome size, number and content [1]. Common peroxisome functions include
β-oxidation of fatty acids and detoxification of hydrogen peroxide [2-4]. In addition,
peroxisomes are also involved in a number of other metabolic functions, such as
the production of secondary metabolites in filamentous fungi [5] and glycolysis in
peroxisomes of trypanosomes [6].
Peroxisomes can also harbour enzymes of the glyoxylate cycle [7]. This cycle is
important to allow growth of cells on fatty acids or C2 compounds such as ethanol or
acetate [8]. The glyoxylate cycle replenishes the tricarboxylic (TCA) cycle by generating
succinate and malate for the formation of amino acids or carbohydrates. Isocitrate
lyase (ICL) and malate synthase (MLS) are key enzymes of the glyoxylate cycle. Other
glyoxylate cycle enzymes are aconitase, citrate synthase and malate dehydrogenase,
enzymes that are also involved in the TCA cycle. The localisation of glyoxylate cycle
enzymes in peroxisomes varies with the species analysed [7].
In Saccharomyces cerevisiae, citrate synthase, malate synthase and malate
dehydrogenase (Mdh3p) are peroxisomal enzymes. In addition, peroxisomes of oleic
acid grown S. cerevisiae cells harbour aspartate aminotransferase (Aat2p), an enzyme
that catalyzes the reversible conversion of oxaloacetate and glutamate into aspartate and
α-ketoglutarate [9]. Van Roermund and colleagues (1995) proposed that in oleic acid
grown S. cerevisiae, peroxisomal Aat2p and Mdh3p maintain a malate/aspartate shuttle,
important for the transfer of reducing equivalents of NADH produced in the peroxisomal
matrix by β-oxidation. However, while the loss of Mdh3p indeed led to a block in the reoxidation of NADH and thus oleic acid growth, the absence of Aat2p did not affect the
capacity of the cells to utilize oleic acid. Instead, aat2Δ cells appeared to be aspartate
auxotrophic, indicating that in S. cerevisiae peroxisomal Aat2p plays a role in amino acid
biosynthesis.
Aatp has also been reported to occur in peroxisomes of non-conventional yeast species
such as Hansenula polymorpha, Trichosporon cutaneum and Candida utilis (reviewed
by Van der Klei and Veenhuis, 1996) [10]. It has been proposed that in these yeast species
Aatp produces α-ketoglutarate, which serves as a substrate for glutamate dehydrogenase
to re-oxidize NADH generated by peroxisomal malate dehydrogenase. According to
this model, peroxisomal Aat2p is essential for growth of non-conventional yeast on C2
compounds such as ethanol and acetate (Fig. 1). In addition, this model predicts that cells
lacking peroxisomal Aatp are possibly aspartate auxotrophic.
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Localisation studies using an Aat2-GFP fusion protein and fluorescence microscopy
revealed that in the yeast H. polymorpha, Aat2p localizes to peroxisomes in ethanolgrown cells (Chapter 4, this thesis). In the current study, we tested the hypothetical model
presented in Figure 1 by analysis of the phenotype of a H. polymorpha aat2 deletion
strain.

Figure 1 - Hypothetical model of the glyoxylate cycle in non-conventional yeast. Taken
from Veenhuis and van der Klei 1996 [11]. The enzymes indicated are: (1) Isocitrate lyase,
(2) Malate synthase, (3) Malate dehydrogenase, (4) Aspartate aminotransferase and (5)
Glutamate dehydrogenase.

Results
H. polymorpha aat2Δ cells show a growth defect on C2
compounds
We first compared growth of aat2Δ and WT cells in batch cultures on mineral medium
containing different carbon sources. As expected, growth of both strains was comparable
on glucose and methanol containing medium (Figure 2A, B).
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FIguRe 2 - Aat2p is required for the growth of H. polymorpha cells on ethanol. A-C.
Growth of WT (blue line) or aat2Δ cells (green line) grown on glucose (A), methanol (B)
or ethanol (C) containing media. Optical densities (O.D.) of the cultures were measured
at 660 nm. D. Spot assays of WT or aat2Δ cells on agar plates containing YNB medium
supplemented with glucose or ethanol as the carbon source. E. Optical densities of batch
cultures measured at 660nm upon growth on ethanol containing medium for 16 hours.
WT, aat2Δ and aat2Δ cells containing a plasmid expressing AAT2 under control of its own
promoter were analysed. F. Western blot analysis of the same cultures as indicated in F.
Antibodies raised against Aat2p or Pyc-1 (loading control) were used.
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Because the media lacked aspartate, these data show that Aat2p is not essential for
the biosynthesis of aspartate at these growth conditions. In line with our hypothesis,
aat2Δ cells displayed a growth defect in media containing ethanol (Figure 2C), which
was confirmed by spot assays (Figure 2D). To rule out that this is caused by a secondary
mutation, we performed a complementation test. Upon re-introduction of AAT2 into
the aat2Δ strain, the growth defect on ethanol was rescued (Figure 2E). Western blot
analysis confirmed that the Aat2 protein was produced again when the gene was reintroduced (Figure 2F). These data indicate that the growth defect of aat2Δ cells on
ethanol is specific to the loss of Aat2p.
The ethanol-growth defect of aat2Δ cells was not due to aspartate auxotrophy, because
growth of aat2Δ cells was not restored upon the addition of aspartate to the growth
medium (Fig. 3 A, B). The growth defect of aat2Δ cells on ethanol is most likely due to
a general block in C2 metabolism, because the absence of Aat2p also affected growth on
media containing acetate as sole carbon source (Fig. 3C).

Figure. 3 - H. polymorpha aat2 cells are not aspartate auxotrophic. A,B. Analysis of
growth of H. polymorpha WT and aat2Δ cells on mineral medium containing glucose or
ethanol with (A) or without (B) aspartate or C. on mineral medium containing acetate
without aspartate.

Taken together, our results demonstrate that H. polymorpha aat2Δ cells are disturbed
in growth on the C2 compounds ethanol and acetate, but are prototrophic for aspartate.
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loss of Aat2p results in the block of a peroxisome-bound
pathway
According to the hypothetical model of C2 metabolism in non-conventional yeasts, Aatp
contributes to reoxidation of NADH inside peroxisomes (Fig. 1). If true, mislocalisation
of peroxisomal enzymes to the cytosol may partially restore the phenotype of aat2Δ cells,
because this allows the reoxidation of NADH by other (cytosolic) enzymes. To test this
we deleted PEX19 in aat2Δ cells, which causes a defect in peroxisome formation [18]. As

FIguRe. 4 - Deletion of PEX19 partially restores the C2 growth defect of H. polymorpha
aat2Δ cells. A. Growth curves of WT (blue line), pex19Δ (red line), aat2Δ (green line) and
aat2.pex19Δ (purple line) cells grown on ethanol containing media. B. Spot assays of the
same strains on agar plates containing ethanol or acetate.
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shown in Fig. 4A, growth in batch cultures is improved in pex19.aat2Δ double mutant
relative to the aat2Δ control. In line with earlier observations [19], H. polymorpha
pex19Δ cells grow like the WT on ethanol. These data were confirmed by spot assays
(Fig. 4B). Essentially similar results were obtained when media containing acetate as sole
carbon source was used (Fig. 4B).

H. polymorpha Malate dehydrogenase-2 localises to
peroxisomes
According to the model presented in Figure 1, several glyoxylate cycle enzymes (ICL,
MLS, MDH) as well as glutamate dehydrogenase (GDH) are present in peroxisomes
in H. polymorpha. Analysis of the H. polymorpha genome for the presence of the
corresponding genes and subsequent comparison of the predicted protein sequences
revealed that none of these proteins contain a predicted peroxisomal targeting sequence
(PTS; Fig. 5A). A predicted mitochondrial targeting signal was present in Citrate synthase
(Cit1p), Aconitase-1 (Aco1p), Aconitase-2 (Aco2p) and Malate dehydrogenase-1 (Mdh1p)
(Fig. 5A). To test whether any of the proteins lacking a mitochondrial targeting sequence
localizes to peroxisomes despite the absence of a PTS, fluorescence microscopy analysis
was performed on WT cells producing these proteins containing a C-terminal GFP tag.
This analysis revealed that only Mdh2-GFP was present in spots that may represent
peroxisomes (Fig. 5F). Introduction of Mdh2-GFP in a strain lacking the peroxisomal
import receptors Pex5p and Pex7p resulted in cytosolic Mdh2-GFP fluorescence
(Figure 5G). Thus, it is likely that the spots observed in WT cells indeed represent
peroxisomes. Taken together, these data indicate that in H. polymorpha Mdh2p localises
to peroxisomes. Because the C-terminal GFP tags may interfere with the peroxisomal
localisation of the other proteins tested, the data obtained do not allow conclusions to be
drawn regarding the localisation of these proteins.

H. polymorpha aat2 cells acculumate aspartate and
saccharopine
H. polymorpha Aat2p is not essential for the production of aspartate (Fig. 2). Possibly H.
polymorpha Aat2p functions in the other direction producing glutamate and oxaloacetate
from aspartate and α-ketoglutarate (Figure 6A). Comparison of aspartate and glutamate
levels of ethanol-induced WT and aat2Δ cells revealed that aat2Δ cells displayed an
increase in aspartate levels, as well as in the aspartate/glutamate ratio (Figure 6 B).
This observation suggests that glutamate and oxaloacetate are produced by Aat2p inside
peroxisomes of H. polymorpha cells. Peroxisomal oxaloacetate may subsequently serve
as the substrate for peroxisomal Mdh2p, resulting in the formation of malate. However,
these reactions require a continuous regeneration of NADH. S. cerevisiae peroxisomes

146

5

Peroxisomal aspartate aminotransferase-2 is required for growth of Hansenula polymorpha on C2 compounds

FIguRe 5 - Mdh2p localises to peroxisomes: A. Prediction of targeting information
present in the indicated H. polymorpha proteins. B-F. Fluorescence microscopy analysis of
WT H. polymorpha cells producing the indicated proteins containing a C-terminal GFP tag.
G. Fluorescence microscopy of pex5.pex7Δ cells producing Mdh2-GFP. Images were taken
after 16 hours of growth on ethanol containing media. Scale bar represents 5µm.

contain saccharopine dehydrogenase (Lys1p), which catalyzes NAD+-dependent
dehydrogenation of saccharopine to lysine. In this organism, the ratio of saccharopine to
lysine can serve as a marker for the peroxisomal NAD+/NADH ratio [20].
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Figure 6 - Aspartate and saccharopine levels increase in aat2Δ cells. A. Hypothetical
model of the function of Aat2p and Mdh2p in ethanol-grown H. polymorpha peroxisomes.
B. Ratio between aspartate and glutamate (WT: 0.191µmol; aat2Δ: 0.806µmol) or C.
saccharopine and lysine (WT: 2.93µmol; aat2Δ:12.51µmol).
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Analysis of the H. polymorpha genome revealed one Lys1p homologue (uniprot code:
A0A1B7SBR7), which does not display a PTS1 or PTS2 sequence. Interestingly however,
an increase in the saccharopine/lysine ratio was observed in H. polymorpha aat2Δ,
suggesting that in H. polymorpha Lys1p may also be peroxisomal and important for the
regeneration of NADH (Figure 6C).

Conclusions
Aat2p was thought to be a cytosolic enzyme, until work in S. cerevisiae showed that it
relocates to peroxisomes under specific conditions [21]. However, the role of Aat2p in
peroxisomes of S. cerevisiae could not be ascertained. Here, we have identified a hitherto
uncharacterised function for Aat2p in the metabolism of C2 compounds. Using the yeast
H. polymorpha as a model organism, we show that Aat2p is required for the growth of
cells on ethanol and acetate. Unlike S. cerevisiae aat2Δ cells, H. polymorpha aat2Δ cells
are not aspartate auxotrophic.
Cells lacking Aat2p display a growth defect on C2 compounds such as ethanol and
acetate. Partial rescue of this growth defect in pex19.aat2Δ cells indicates that an Aat2plinked pathway is blocked within peroxisomes and partially rescued upon release into
the cytosol. Indeed, the absence of a functional peroxisomal import machinery in a pex19
mutant allows peroxisomal processes that are normally contained in peroxisomes to
proceed in the cytosol.
The localisation of both Aat2p as well as Mdh2p in peroxisomes of ethanol-grown
H. polymorpha WT cells suggests that a malate/aspartate shuttle may be operative
in peroxisomes. Such a shuttle can aid the transfer of reducing equivalents of NADH
(malate and aspartate) across the peroxisomal membrane. Leading on from this
proposition, we asked which enzymes are likely to generate NADH inside peroxisomes
under these conditions. According to the model presented in Figure 6A, it is possible that
Glutamate dehydrogenase is one such enzyme, producing NADH during the conversion
of glutamate to α-ketoglutarate. Our fluorescence microscopy analyses revealed that both
Gdh1p as well as Gdh2p do not localise to peroxisomes (Figure 3). However, we cannot
exclude the possibility that localisation of these enzymes is influenced by the position
of the C-terminal GFP tag. To obtain conclusive evidence regarding the localisation of
these and other enzymes tested, additional experiments using N-terminal GFP tags or
detection of proteins following gradient-based separation of organelles are required. A
second potential dehydrogenase in peroxisomes is Saccharopine dehydrogenase (Lys1p),
which is an NAD+ dependent enzyme [20]. Lys1p does not contain a canonical PTS.
However, the lack of a peroxisomal targeting sequence does not preclude peroxisomal
localisation since both Mdh2p and Aat2p can localize to peroxisomes despite lacking
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such a sequence. If indeed Lys1p is peroxisomal, the loss of Aat2p would result in lysine
auxotrophy due to the accumulation of NADH. However, preliminary data reveal that
the growth defect of aat2Δ cells is not alleviated when lysine is supplemented in the
growth medium (data not shown). Further research into the function of these enzymes
will help us better understand the contribution of peroxisomes to the metabolism of C2
compounds.

Materials and methods
Construction of plasmids and strains
The plasmids, oligonucleotides and strains used in this study are listed in Tables 1, 2 and
3, respectively.
From plasmid pAG32 the HPH fragment of pAG32 NcoI (partial digestion)–EcoRV
was cloned into pHIPZ4 (Asp718I (klenow fill-in) -NcoI), resulting in the plasmid
pHIPH4 (HPH, hygromycin B).
The AAT2 deletion cassette was constructed as follows: A PCR fragment of 1854
bp was amplified from plasmid pHIPH4 using primers ANN PR15 and ANN PR16.
This cassette was transformed into H. polymorpha yku80- cells and integration of the
deletion cassette into the genome was confirmed with PCR using primers ANN PR17 and
ANN PR18.
A plasmid bearing AAT2 downstream of the AOX promoter was constructed as
follows: A 1.2 kb fragment corresponding to the AAT2 gene was amplified from genomic
DNA using primers ANN PR 35 and ANN PR 51. The PCR product was digested with
HindIII and XbaI and ligated with HindIII XbaI digested pHIPN4 plasmid [12] resulting
in the vector pHIPNPAOX-AAT2 (pANN016)
A plasmid bearing AAT2 downstream of its endogenous promoter was constructed
as follows: A 0.6 kb fragment upstream of the AAT2 gene was amplified from genomic
DNA using primers ANN PR 83 and ANN PR 84. The corresponding PCR product was
digested with NotI and HindIII and ligated with NotI-HindIII digested pANN016 plasmid
resulting in the vector pHIPNPAAT2-AAT2 (pANN015). This plasmid was linearized with
Bpu1102I prior to transformation into H. polymorpha aat2Δ cells.
To enable Mls1-GFP, Icl1-GFP. Gdh1-GFP, Gdh2-GFP and Mdh2-GFP localization in
H. polymorpha WT cells, an in-frame fusion was constructed of the C-terminus of the
gene of interest with the GFP gene, under the control of its endogenous promoter.
The MLS1 gene was amplified using primers MLS1 fw and MLS1 rev, resulting in a
product lacking a stop codon. This PCR product was then digested with HindIII and BglII
and ligated in pHIPZmGFP fusinator, resulting in plasmid pHIPZ Mls1mGFP. Plasmid
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pHIPZ Mls1mGFP was linearized with EcoNI and integrated in H. polymorpha yku80
cells. Proper integration was tested by PCR using primers cPCR MLS1 and mGFP rev
check.
The ICL1 gene was amplified using primers ICL1 fw and ICL1 rev, resulting in a product
lacking a stop codon. This PCR product was then digested with HindIII and BglII and
ligated in pHIPZmGFP fusinator, resulting in plasmid pHIPZ Icl1mGFP. Plasmid pHIPZ
Icl1mGFP was linearized with BstAPI and integrated in H. polymorpha yku80 cells.
Proper integration was tested by PCR using primers cPCR ICL1 and mGFP rev check.
The GDH1 gene was amplified using primers GDH1 fw and GDH2 rev, resulting in a
product lacking a stop codon. This PCR product was then digested with HindIII and BglII
and ligated in pHIPZmGFP fusinator, resulting in plasmid pHIPZ Gdh1mGFP. Plasmid
pHIPZ Gdh1mGFP was linearized with PﬂMI and integrated in H. polymorpha yku80
cells. Proper integration was tested by PCR using primers cPCR GDH1 and mGFP rev
check.
The GDH2 gene was amplified using primers GDH2 fw and GDH2 rev, resulting in a
product lacking a stop codon. This PCR product was then digested with HindIII and BglII
and ligated in pHIPZmGFP fusinator, resulting in plasmid pHIPZ Gdh2mGFP. Plasmid
pHIPZ Gdh2mGFP was linearized with EcoRI and integrated in H. polymorpha yku80
cells. Proper integration was tested by PCR using primers cPCR GDH2 and mGFP rev
check.
The MDH2 gene was amplified using primers MDH2 fw and MDH2 rev, resulting in
a product lacking a stop codon. This PCR product was then digested with HindIII and
BamHI and ligated in pHIPZmGFP fusinator, resulting in plasmid pHIPZ Icl1mGFP.
Plasmid pHIPZ Icl1mGFP was linearized with BstAPI and integrated in H. polymorpha
yku80 and pex5.pex7 cells. Proper integration was tested by PCR using primers cPCR
MDH2 and mGFP rev check.
The PEX19 deletion cassette was constructed as follows: A PCR fragment of 3547 bp
was amplified from plasmid pSEM188 using primers dPEX19_F and dPEX19_R. This
cassette was transformed into H. polymorpha aat2Δ cells and integration of the deletion
cassette into the genome was confirmed with PCR using primers Pex19_cF and Pex19_cR.
For cloning purposes, standard recombinant DNA techniques and transformation
of H. polymorpha was performed by electroporation as described previously [13].
Preparative polymerase chain reactions (PCR) for cloning were carried out with
Phusion High-Fidelity DNA Polymerase (Thermo Scientific). Initial selection of positive
transformants by colony PCR was carried out using Phire polymerase (Thermo Scientific).
DNA restriction enzymes were used as recommended by the suppliers (Thermo scientific,
New England Biolabs).
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All integrations were checked by colony PCR and deletions were confirmed by
Southern blotting or Western blotting.

Strains and cultivation conditions
The H. polymorpha strains used in this study are listed in Table 1. H. polymorpha
cells were grown in batch cultures at 37°C on mineral media [14] supplemented with
0.25% glucose, 0.5% methanol or 0.3% ethanol as carbon source and 0.25 % ammonium
sulphate as nitrogen source. Leucine, when required, was added to a final concentration
of 30µg/ml. For growth curves, cells pre-cultivated on glucose were inoculated into
minimal medium containing glucose, methanol or ethanol to an O.D660 of 0.1 and grown
for 8, 20 or 15 hours respectively. Samples of 1ml were collected at the indicated time
points and the optical density (OD) at 660 nm was measured.
Spot assays were performed as follows: serial dilutions of glucose grown cells (1 O.D
unit at A660) were made and spotted onto Yeast Nitrogen Base (YNB- without amino
acids) agar plates containing 0.25% glucose. Likewise, YNB agar plates containing 0.3%
ethanol or 1% or 2% acetate as the sole carbon source were made. Images of plates were
taken after a period of 24, 48 or 72 hours.
YPD plates contained 1 % yeast extract, 1 % peptone and 1 % glucose supplemented
with 2 % agar. Resistant transformants were selected using 200 µg/ml Hygromycin
(Invitrogen). For cloning purposes, Escherichia coli DH5a was used as the host for
propagation of plasmids. Cells were grown at 37oC in Luria Bertani (LB) medium (1%
Bacto tryptone, 0.5% Yeast Extract and 0.5% NaCl) supplemented with ampicillin (100
µg/ml). For growth on agar plates, 2% Agar was added to LB medium.

Biochemical techniques
Extracts prepared from cells treated with 12.5% trichloroacetic acid (TCA) were prepared
for SDS-PAGE and Western blotting (WB) as detailed previously [15]. Equal amounts of
proteins were loaded per lane. Blots were probed with rabbit polyclonal antisera against
aspartate aminotransferase-2 (Chapter 4, this thesis) or pyruvate carboxylase-1 [16].

In silico analysis

Protein sequences were investigated for peroxisomal targeting sequences using the
PTS1 (http://216.92.14.62/diy_PTS1.html) and PTS2 (http://216.92.14.62/diy_PTS2.
html) Predictor algorithms while the presence of mitochondrial targeting sequences was
assessed using the MitoFates server (http://mitf.cbrc.jp/MitoFates/cgi-bin/top.cgi).
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Fluorescence microscopy
All images were taken at room temperature using a 100x 1.30 NA Plan Neofluar objective.
Wide-field images were taken using a Zeiss Axioscope A1 fluorescence microscope (Carl
Zeiss). Images were taken using a Coolsnap HQ2 digital camera and Micro Manager
software. A 470/40 nm bandpass excitation filter, a 495 nm dichromatic mirror and a
525/50 nm bandpass emission filter was used to visualize the GFP signal.

Analysis of Amino acids
Yeast cells were grown overnight on glucose containing media and then shifted for 1 hr to
media containing 0.3% ethanol. Two OD660 units of cells were suspended in 50 µl PBS and
transferred to a 1.5 ml Eppendorf tube. 0.5 ml of 100% ACN plus 20 µl of internal standard
mixture (containing 32 nmol d4-lysine) were added and cells homogenized for 15 sec
by vortexing. Samples were then centrifuged for 10 min at 4 °C at a speed of 12,000 g.
The supernatant was transferred to a 4 ml glass vial and evaporated under a stream of
nitrogen at 40 °C. After evaporation, 110 μl of 0.01% heptafluorobutyric acid was added to
dissolve the residue and mixed by vortexing. This suspension was transferred to a Gilson
vial for HPLC-MS/MS analysis as described previously [17]. For the calculation of amino
acid concentrations, 50 µl standards containing 0, 30, 60, 125 or 250 µM amino acid in
PBS were added to the internal standard (20 µl, same composition as mentioned above)
and analyzed as described above.
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Table 1 - Plasmids used in this study.
Plasmid

Description

pAG32

Plasmid containing hygromycine B marker, AmpR

pHIPH4

pHIP vector bearing the AOX promoter, Amp Hph

pHIPN4

pHIP vector bearing the AOX promoter, AmpR NatR

pANN016

AAT2 expressed from the AOX promoter, contains Amp ,Nat

pANN015

AAT2 expressed from the endogenous promoter, contains Amp
,NatR

pHIPZmGFP fusinator

pHIPZ containing mGFP and AMO terminator, AmpR ,ZeoR

[22]

pHIPZ Mls1mGFP

MLS1-GFP expressed from the endogenous promoter, contains
AmpR ,ZeoR

This study

pHIPZ Icl1mGFP

ICL1-GFP expressed from the endogenous promoter, contains
AmpR ,ZeoR

This study

pHIPZ Gdh1mGFP

GDH1-GFP expressed from the endogenous promoter, contains
AmpR ,ZeoR

This study

pHIPZ Gdh2mGFP

GDH2-GFP expressed from the endogenous promoter, contains
AmpR ,ZeoR

This study

pHIPZ Mdh2mGFP

MDH2-GFP expressed from the endogenous promoter, contains
AmpR ,ZeoR

This study

pSEM188

Plasmid containing PEX19 deletion cassette, AmpR, LEU2

[23]
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TAble 2 - Oligonucleotides used in this study.
Primer

Sequence

ANN PR15

GATTTTGCCCTCTGTCAGGCTCGCCGAGAACCTGTTGCAGAACTCCAAGGCCCACACACCATAGCTTCAA

ANN PR16

TCGTCCTCCCACTGTTTCATCAGCTCGGGCGTGTTGAGGATCAGAGACACCGTTTTCGACACTGGATGGC

ANN PR17

CTTCAGCATCGAGAACATCC

ANN PR18

AGAACATGCCCTGTTGCTCG

ANN PR35

GCGCAAGCTTATGACAAGATCCTTCAGCATCGAGAACATCC

ANN PR51

CGCTCTAGACTACACACTTCTCACCACCTCGTCAATACAT

ANN PR83

AAGCGGCCGCGATTTTCGGGTCCAGAGTGT

ANN PR84

GCAAGCTTGGGGGAGAAATGGGAGGAAG

MLS1 fw

CCCAAGCTTACGGCAAGATCACCATGAAG

MLS1 rev

GGAAGATCTTTTCAAAGAAGAGATATCAA

cPCR MLS1

CCTGATAGGCACCAAGTCAC

ICL1 fw

CCCAAGCTTCATGAACAGAGCCGAGCAAG

ICL rev

GGAAGATCTTTTCTTACCATTCTGGAACT

cPCR ICL1

CCGCAGGAATTCACATCGAG

GDH1 fw

CCCAAGCTTGCCAAGGTCAAGTTCATGTC

GDH1 rev

GGAAGATCTCCACCAGTCACCTTGAGCCT

cPCR GDH1

GGTTACGGTCTGGTCTACTA

GDH2 fw

CCCAAGCTTAGGGTGGAGTGACTTCTAGC

GDH2 rev

GGAAGATCTGCCGACATTCCGCTGACCAG

cPCR GDH2

CCCTGGATGCCAACAATGTA

MDH2 fw

CCCAAGCTTAGTTGTGGGAGGACACTCAG

MDH2 rev

GCGGGATCCTTGCGAGAAGCTGGCTCCCT

cPCR MDH2

TGCCGAGACCTGTCCTGATG

mGFP rev

AAGTCGTGCTGCTTCATGTG

dPEX19_F

ATCAGGAGCCTTCATGGGCTTCG

dPEX19_R

CCCAATCTTATTGCGACGATGACG

Pex19_cF

GCGTTGTCCCAGAGTGTAT

Pex19_cR

CCAGGGCTACATAACGAAG
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Table 3 - H. polymorpha strains used in this study.
Strains

Description

Reference

Wild-type WT (yku80-)

NCYC495, leu1.1 YKU80::URA3

[24]

aat2Δ

WT YKU80::URA3 AAT2::HPH

This study

aat2Δ +AAT2

WT YKU80::URA3 AAT2::HPH + pANN015

This study

pex19Δ

NCYC495, leu1.1 PEX19::URA3

[18]

aat2.pex19

WT YKU80::URA3 AAT2::HPH, PEX19::LEU2

This study

WT+MLS1-GFP

WT YKU80::URA3+ pHIPZ Mls1mGFP

This study

WT+ICL1-GFP

WT YKU80::URA3+ pHIPZ Icl1mGFP

This study

WT+GDH1-GFP

WT YKU80::URA3+ pHIPZ Gdh1mGFP

This study

WT+GDH2-GFP

WT YKU80::URA3+ pHIPZ Gdh2mGFP

This study
This study

WT+MDH2-GFP

WT YKU80::URA3+ pHIPZ Mdh2mGFP

pex5.pex7

Segregant of cross between PEX5::LEU2 and PEX7::URA3 Chapter 4, this thesis

pex5pex7+MDH2-GFP

PEX5::LEU2, PEX7::URA3+MDH2-GFP
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Summary
Peroxisomes are single membrane-bound organelles that are present in most eukaryotic
cells. Their abundance and function is highly variable and depends on the organism, cell
type and developmental stage. Common peroxisome functions include the detoxification
of hydrogen peroxide and β-oxidation of fatty acids, although they participate in a broad
spectrum of processes ranging from the production of growth hormones in plants to antiviral immunity in mammals.
Peroxisomes can arise by fission of pre-existing organelles and the peroxin Pex11p
was the first identified component of the peroxisomal fission machinery. It was found
that peroxisome numbers increased when Pex11p was over-produced and decreased in
the absence of Pex11p. Thus, Pex11p directly regulates peroxisome numbers.
Studies in the yeasts S. cerevisiae and P. pastoris showed that Pex11p is phosphoryled
but since conflicting functions for this post translational modification were proposed, we
still do not fully understand the role of phosphorylation in Pex11p function. Furthermore,
a previous study demonstrated that Pex11p brings about elongation of the peroxisomal
membrane by the insertion of an N-terminal amphipathic helix into the lipid bilayer.
However, the details of how Pex11p interacts with the peroxisomal membrane to bring
about tubulation are not fully understood.
Since peroxisomes lack DNA, all peroxisomal matrix proteins are encoded by nuclear
genes. They are synthesized in the cytosol and post-translationally imported into
peroxisomes. Information for targeting to peroxisomes is embedded in peroxisomal
targeting sequences (PTS) that may be present at the C- or N-terminus of proteins, and are
recognised in the cytosol by the classical receptor proteins Pex5p or Pex7p, respectively.
These receptors transport cargo proteins to the peroxisomal matrix, following which the
receptors are recycled back to the cytosol. While we have amassed information on these
traditional pathways and the components involved, additional routes very probably exist,
which may come into play under specific conditions. Since the enzymes contained within
peroxisomes largely determine its functions, it is likely that the discovery of additional
protein targeting routes will lead to the identification of yet uncharacterised peroxisomal
proteins, which will in turn help unravel novel peroxisome functions.
The work described in this thesis focuses on two main aspects of peroxisome biology.
Firstly, we have studied Pex11p in H. polymorpha, to understand more clearly the role
of phosphorylation in Pex11p function. In addition, we investigated the interaction of
Pex11p with the peroxisomal membrane using in silico, in vitro and in vivo approaches
to gain insight into how Pex11p controls membrane curvature.
Secondly, we have identified a protein, Aspartate aminotransferase-2 (Aat2p), that
localises to peroxisomes despite lacking a canonical Peroxisome Targeting Sequence
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(PTS) and we provide the first insights into how this protein targets to peroxisomes.
Furthermore, we present data that sheds light on the role of Aat2p in peroxisomes.
Chapter 1 summarizes current knowledge and opinions on various theories
regarding peroxisome formation and maintenance. Components of the fission and import
machineries and their known functions are discussed in detail.
Pex11p is a key player in the fission of peroxisomes but the details of how Pex11p
controls the fission process are still poorly understood. Chapter 2 discusses our
research on the phosphorylation status of Pex11p in the yeast H. polymorpha. A
mass spectrometry approach enabled the identification of a phosphorylation site in
HpPex11p. HpPe11p is phosphorylated on a Serine residue present close to the position
at which Pex11p in the yeasts Saccharomyces cerevisiae and Pichia pastoris are also
phosphorylated. Although the proposed function of phosphorylation differs between the
yeasts, it has been demonstrated that phosphorylated Pex11p promotes fission whereas
inhibiting Pex11p phosphorylation resulted in a PEX11 deletion-like phenotype. Hence,
Pex11p phosphorylation in these organisms can be seen as a trigger to activate the fission
process. Upon generating mutant versions of Pex11p in H. polymorpha mimicking
either the constitutively phosphorylated or unphosphorylated state, we found that
neither mutations influenced protein function. Fluorescence microscopy analysis of
these mutant strains revealed that peroxisome proliferation and inheritance and Pex11p
localisation were unaffected in the phospho-mimicking mutants, when compared to WT
cells. These data lead us to conclude that Pex11p phosphorylation does not impact on
Pex11p function in H. polymorpha. In support of this conclusion, removal of potential
phosphorylation sites from mammalian Pex11β did not affect the ability of the protein to
bring about peroxisome proliferation. When taken together, these data demonstrate that
species-specific differences exist in whether or not Pex11p phosphorylation promotes
peroxisomal fission. Alternate mechanisms must therefore be in place to activate Pex11p
in H. polymorpha and mammals. Details of such regulatory processes will enable us
to better comprehend the activation of Pex11p and thus peroxisome fission in different
organisms.
Pex11p is important for fission due to its ability to activate the GTPase Dnm1p as well
as for its membrane tubulating properties. However, the molecular details of how the
latter process is achieved is not well understood. To address this aspect in detail, we
employed an in silico approach in combination with in vitro and in vivo experiments in
Chapter 3. Computer simulations demonstrated that the N-terminal amphipathic helix
in Pex11p, designated Pex11-Amph, forms oligomers on the peroxisomal membrane.
Previous work from our group demonstrated that H. polymorpha displays an interaction
with itself in the yeast two-hybrid system, supporting this observation. We were able to
identify residues in Pex11-Amph that are required for this interaction, and mutations
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to these residues inhibited peptide aggregation. We also found that mutant versions of
this peptide could no longer induce conformational changes to liposomes in vitro. Our
data suggest a role for Pex11p oligomerization prior to fission. This is in line with a study
from S. cerevisiae, where dimerisation of ScPex11p was found to trigger peroxisome
proliferation. Furthermore, mammalian Pex11α, Pex11β and Pex11γ were all found to
self-interact. Of note is the fact that dimerisation could only be observed when the mild
detergent digitonin was used, while Triton X-100 abolished interactions. This suggests
that the lipid environment contributes to the self-interaction of Pex11 proteins. Our
studies reveal that Pex11-Amph peptides caused the clustering of negatively charged
lipids on a model membrane, indicating that membrane curvature might be initiated as a
result of electrostatic interactions between Pex11p and the peroxisomal membrane. The
presence of conserved positively charged residues in the N-terminus of Pex11p suggests
a conserved function for this region. These findings provide the first insights into the
mechanism of Pex11p-mediated membrane tubulation. Besides, these data demonstrate
the power of combining computer simulations with experimental validation.
Aspartate aminotransferase-2 (Aat2p) was thought to be a cytosolic enzyme until
work in S. cerevisiae demonstrated that it can also localize to peroxisomes, by means
of a C-terminal PTS1 sequence. Multiple sequence alignments, from several yeasts and
fungi, revealed that Aat2p in almost all organisms analysed contained either a PTS1 or
PTS2 or sometimes both. We show in Chapter 4 that Aat2p from H. polymorpha targets
to peroxisomes of ethanol-grown cells despite lacking a recognizable PTS1 or PTS2
targeting sequence. HpAat2p could target to peroxisomes in the absence of the classical
matrix protein import receptors Pex5p and Pex7p. Strikingly, HpAat2p mislocalised
to the cytosol in the absence of the PTS2 co-receptor protein Pex20p, suggesting that
Aat2p possesses an uncharacterized PTS that enables it to sort to peroxisomes in H.
polymorpha. Although it has been previously shown that HpPex20p binds the PTS2
sequence directly, our work shows that Pex20p can target proteins to peroxisomes
independently of Pex7p. Thus, our data suggest that Pex20p is the import receptor for
Aat2p. This finding implies that our knowledge on peroxisomal matrix protein import
is incomplete and that additional pathways exist for the targeting of proteins into the
peroxisomal matrix. Further research is required to detetrmine whether Pex20p and
Aat2p interact. Our attempts to demonstrate an interaction between purified Pex20p
and Aat2p proved unsuccessful. This may indicate that the interaction between these two
proteins is transient or alternatively that additional factors, such as post translational
modifications or other proteins, may play an important role in the interaction. In this
chapter, we also demonstrate that the first 17 amino acids of Aat2p are required but
are not sufficient for peroxisomal targeting. Further insight into the regions of Aat2p
that are important for peroxismal targeting could lead to the identification of a novel
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peroxisome targeting signal in HpAat2p. We expect that such data will help to identify
new peroxisomal proteins, which will increase our understanding of existing peroxisomal
processes and perhaps lead to the discovery of new pathways within this organelle.
Although the enzyme Aat2p was shown to localise to peroxisomes of S. cerevisiae
cells grown on oleic acid, its function is still unknown, since loss of this protein did
not result in any phenotype. To gain further insight into the function of Aat2p in
peroxisomes, we studied the role of this protein in H. polymorpha. In chapter 5, we
find that unlike S. cerevisiae aat2 deletion cells which are aspartate auxotrophic, H.
polymorpha aat2 cells are aspartate prototrophic. Cells lacking aat2 displayed a growth
defect when grown on media containing the C2 compounds ethanol or acetate. Under
these conditions, Aat2p is likely to participate in a peroxisome-bound pathway, since
the deletion of PEX19 in an aat2 background strain partially rescued this growth defect.
This indicates that a block caused by the loss of Aat2p is alleviated when peroxisomal
processes are displaced to the cytosol. Because growth of yeast cells on C2 compounds
requires the glyoxylate cycle, we tested if peroxisomal localisation of Aat2p is required to
support this pathway in peroxisomes. Of the enzymes tested, we discovered that Malate
dehydrogenase-2 (Mdh2p) localises to peroxisomes in ethanol grown H. polymorpha
cells. The peroxisomal localisation of Aat2p and Mdh2p suggests that a malate/aspartate
shuttle may be required in peroxisomes of cells grown on ethanol or acetate and reveals
that our knowledge of the pathways housed within this organelle is still not complete.
Studies aimed at further characterizing the roles of Aat2p and Mdh2p will help us better
understand how peroxisomes contribute to the metabolism of C2 compounds.
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Peroxisomen zijn organellen met een enkel membraan, die in de meeste eukaryote cellen
voorkomen. Het aantal peroxisomen per cel en hun functie varieert sterk en hangt af van
het organisme, celtype en ontwikkelingsstadium. Algemene functies van peroxisomen
zijn onder andere het onschadelijk maken van waterstofperoxide en de bèta-oxidatie van
vetzuren. Daarnaast spelen ze een rol in een breed scala aan processen: van de productie
van groeihormonen in planten tot afweer tegen virussen in zoogdieren.
Peroxisomen kunnen worden gevormd door deling van bestaande peroxisomen. Het
eiwit Pex11p was het eerste onderdeel van de peroxisomale delingsmachinerie dat werd
geïdentificeerd. Men ontdekte dat wanneer PEX11 tot overexpressie wordt gebracht het
aantal peroxisomen toeneemt, terwijl het aantal afneemt als Pex11p afwezig is. Pex11p heeft
dus een directe rol in de regulatie van het peroxisoomaantal.
Onderzoek in de gisten Saccharomyces cerevisiae en Pichia pastoris heeft laten zien dat
Pex11p wordt gefosforyleerd, maar de rol van fosforylering in de functie van Pex11p begrijpen
we nog niet volledig, aangezien voor deze posttranslationele modificatie tegenstrijdige
functies zijn geopperd. Bovendien heeft eerder onderzoek laten zien dat Pex11p zorgt voor
elongatie van het peroxisomale membraan via insertie van een N-terminale amfipatische
helix in de lipide membraan. Hoe Pex11p precies interacteert met het peroxisomale
membraan om zo tubulatie teweeg te brengen is echter nog niet helemaal duidelijk.
Peroxisomen bevatten geen DNA. De genetische informatie voor alle peroxisomale
matrixeiwitten bevindt zich dus in de celkern. De eiwitten worden gesynthetiseerd in het
cytosol en posttranslationeel geïmporteerd in peroxisomen. Informatie voor het sorteren
van eiwitten naar peroxisomen zit ingebed in de peroxisomale targeting sequenties (PTS) die
zich in de C- of de N-terminus van het eiwit bevinden en in het cytosol worden herkend door
de klassieke receptoreiwitten, respectievelijk Pex5p of Pex7p. Deze receptoren transporteren
de gebonden eiwitten naar de peroxisomale matrix, waarna de receptoren worden gerecycled
naar het cytosol. Hoewel we veel weten over deze klassieke sorteringsmechanismen en de
betrokken componenten, bestaan er hoogstwaarschijnlijk nog aanvullende mechanismen die
onder specifieke omstandigheden van belang zijn. Aangezien de functies van peroxisomen
grotendeels worden bepaald door de enzymen die zich in het peroxisoom bevinden, zal
de ontdekking van aanvullende eiwitsorteringsmechanismen waarschijnlijk leiden tot de
identificatie van peroxisomale eiwitten die nog niet gekarakteriseerd zijn, wat zal bijdragen
aan de ontdekking van nieuwe peroxisomale functies.
Het werk dat in dit proefschrift wordt beschreven richt zich voornamelijk op twee
aspecten van peroxisoombiologie. Ten eerste hebben we onderzoek gedaan naar Pex11p
in H. polymorpha, om beter te begrijpen welke rol fosforylering speelt in de functie van
Pex11p. Daarnaast hebben we de interactie van Pex11p met het peroxisomale membraan
met behulp van in silico, in vitro en in vivo technieken bestudeerd om inzicht te krijgen in
hoe Pex11p membraankromming reguleert.
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Ten tweede hebben we een eiwit gevonden, aspartaat aminotransferase-2 (Aat2p),
dat ondanks het ontbreken van een bekende PTS toch sorteert naar peroxisomen en
beschrijven we de eerste inzichten in hoe dit eiwit naar peroxisomen sorteert. Verder laten
we onderzoeksresultaten zien die informatie geven over de rol van Aat2p in peroxisomen.
Hoofdstuk 1 geeft een samenvatting van de huidige kennis en opinies over diverse
theorieën met betrekking tot vorming en instandhouding van peroxisomen. Onderdelen van
de delings- en importmachineries en de functies die hiervan bekend zijn worden in detail
behandeld.
Pex11p is een belangrijke speler in peroxisoomdeling, maar hoe Pex11p het delingsproces
precies reguleert wordt nog steeds niet goed begrepen. Hoofdstuk 2 beschrijft ons
onderzoek naar de fosforyleringsstatus van Pex11p in de gist H. polymorpha. Met behulp
van een massaspectrometrische benadering werd de fosforyleringspositie in HpPex11p
gevonden. HpPex11p wordt gefosforyleerd op een serine residu in de buurt van de plek
waar Pex11p ook in de gisten S. cerevisiae en P. pastoris wordt gefosforyleerd. Ondanks
dat de voorgestelde functie van fosforylering verschilt tussen de verschillende gisten, is
aangetoond dat gefosforyleerd Pex11p de deling van peroxisomen stimuleert, terwijl het
voorkomen van Pex11p-fosforylering resulteert in een PEX11 deletie-achtig fenotype.
Pex11p fosforylering in deze organismen kan dus gezien worden als een trigger voor het
activeren van het delingsproces. We hebben H. polymorpha Pex11p mutanten gegenereerd
die de constitutief gefosforyleerde of niet-gefosforyleerde status van Pex11p nabootsen en
ontdekten dat geen van beide mutaties invloed had op de eiwitfunctie. Analyse van deze
gemuteerde stammen met behulp van fluorescentiemicroscopie liet zien dat proliferatie en
overerving van peroxisomen en de lokalisatie van Pex11p in deze mutanten niet verschilt
van wild-type cellen. Op grond van deze resultaten concluderen we dat Pex11p fosforylering
geen invloed heeft op de functie van Pex11p in H. polymorpha. Deze conclusie wordt
ondersteund door de bevinding dat het verwijderen van mogelijke fosforyleringsposities
in Pex11β afkomstig uit zoogdiercellen geen invloed had op het vermogen van het eiwit om
peroxisoomproliferatie teweeg te brengen. Samenvattend laten deze resultaten zien dat er
soort-specifieke verschillen bestaan in het al dan niet bevorderen van peroxisoomdeling
door fosforylering van Pex11. Er moeten dus alternatieve mechanismen bestaan om
Pex11p te activeren in H. polymorpha en zoogdieren. Met meer details over dergelijke
reguleringsprocessen zullen we de activering van Pex11p en daarmee peroxisoomdeling in
verschillende organismen beter kunnen begrijpen.
Pex11p is belangrijk voor peroxisoomdeling doordat het de GTPase Dnm1p kan
activeren en daarnaast membraan-tubulerende eigenschappen heeft. De moleculaire
details van hoe dit laatste proces tot stand komt zijn echter nog niet duidelijk. Om dit
aspect in detail te onderzoeken, gebruikten we een in silico benadering in combinatie met
in vitro en in vivo experimenten in Hoofdstuk 3. Computersimulaties lieten zien dat de
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N-terminale amfipatische helix van Pex11p, Pex11p-Amph genoemd, oligomeren vormt
op het peroxisomale membraan. Eerder onderzoek met behulp van het yeast two-hybrid
systeem liet zien dat H. polymorpha Pex11p met zichzelf interacteert, wat aansluit bij
deze waarneming. We hebben in Pex11-Amph residuen gevonden die nodig zijn voor deze
interactie, en mutaties in deze residuen gingen eiwitaggregatie tegen. We ontdekten ook dat
mutanten van dit peptide in vitro geen conformationele veranderingen meer teweeg konden
brengen in liposomen. Onze resultaten duiden op een rol voor Pex11p oligomerisatie voordat
peroxisoomdeling plaatsvindt. Dit is in overeenstemming met een onderzoek in S. cerevisiae,
waar werd aangetoond dat dimerisatie van ScPex11p peroxisoomproliferatie in gang zet.
Daarnaast werd gevonden dat Pex11α, Pex11β en Pex11γ afkomstig uit zoogdieren alle drie
interactie met zichzelf aangaan. Hierbij is het van belang dat dimerisatie alleen werd gezien
wanneer het milde detergent digitonine werd gebruikt, terwijl bij gebruik van Triton X-100
alle interacties verdwenen. Dit wijst erop dat de lipide omgeving bijdraagt aan de zelfinteractie van Pex11 eiwitten. Ons onderzoek laat zien dat Pex11-Amph peptiden clustering
van negatief geladen lipiden veroorzaken in een membraanmodel, wat erop duidt dat
membraankromming mogelijk wordt geïnitieerd als gevolg van elektrostatische interacties
tussen Pex11p en het peroxisomale membraan. De aanwezigheid van geconserveerde positief
geladen residuen in de N-terminus van Pex11p wijst op een geconserveerde functie van deze
regio. Deze bevindingen bieden de eerste inzichten in het mechanisme van door Pex11p
veroorzaakte membraankromming. Daarnaast laten deze resultaten zien wat de kracht is
van het combineren van computersimulaties met biochemische en in vivo studies.
Lang is aangenomen dat aspartaat aminotransferase-2 (Aat2p) een cytosolisch enzym
is, totdat studies in S. cerevisiae aantoonden dat dit eiwit zich ook in peroxisomen kan
bevinden, door middel van een C-terminale PTS1 sequentie. Multiple sequence alignments
(uitlijningen van meerdere sequenties) van Aat2 eiwitten van verschillende gisten en
schimmels wezen uit dat Aat2p in bijna alle geanalyseerde organismen een PTS1 of PTS2
bevatte, of soms beide. In Hoofdstuk 4 laten we zien dat Aat2p in H. polymorpha naar
peroxisomen sorteert in cellen die op ethanol gekweekt zijn, ondanks dat een herkenbare
PTS1 of PTS2 sorteringssequentie ontbreekt. HpAat2p kon in afwezigheid van de klassieke
matrixeiwit-importreceptoren Pex5p en Pex7p naar peroxisomen sorteren. Opvallend is
dat HpAat2p mislokaliseert naar het cytosol wanneer het PTS2 co-receptoreiwit Pex20p
ontbreekt, wat suggereert dat Aat2p een niet-gekarakteriseerde PTS bevat die ervoor zorgt
dat het naar peroxisomen sorteert in H. polymorpha. Ondanks dat eerder is aangetoond
dat HpPex20p direct kan binden aan de PTS2 sequentie, laat ons werk zien dat Pex20p
onafhankelijk van Pex7p eiwit kan sorteren naar peroxisomen. Onze resultaten suggereren
dus dat Pex20p de importreceptor is van Aat2p. Deze ontdekking impliceert een hiaat in
onze huidige kennis over import van peroxisomale matrixeiwitten en dat er aanvullende
mechanismen bestaan voor eiwitsortering naar de peroxisomale matrix. Er is meer onderzoek
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nodig om vast te stellen of er interactie is tussen Pex20p en Aat2p. Onze pogingen om een
interactie tussen gezuiverd Pex20p en Aat2p aan te tonen slaagden niet. Dit zou kunnen
betekenen dat de interactie tussen deze twee eiwitten kortstondig is, of dat aanvullende
factoren, zoals posttranslationele modificaties of andere eiwitten, een belangrijke rol spelen
in deze interactie. In dit hoofdstuk laten we ook zien dat de eerste 17 aminozuren van Aat2p
noodzakelijk maar niet voldoende zijn voor sortering naar peroxisomen. Verdere inzichten
in de regio’s van Aat2p die belangrijk zijn voor sortering naar peroxisomen zouden kunnen
leiden tot de identificering van een nieuw peroxisomaal sorteringssignaal in HpAat2p. We
verwachten dat dergelijke informatie zal helpen bij het vinden van nieuwe peroxisomale
eiwitten, wat ervoor zal zorgen dat we de bestaande peroxisomale processen beter begrijpen
en mogelijk ook nieuwe peroxisomale functies zullen ontdekken.
Ondanks dat het enzym Aat2p naar peroxisomen sorteert in S. cerevisiae cellen die
gekweekt zijn op oliezuur, is de functie van peroxisomaal Aat2p niet bekend, aangezien
het ontbreken van dit eiwit niet leidt tot een groeifenotype. Om meer inzicht te krijgen
in de functie van Aat2p in peroxisomen hebben we de rol van dit eiwit in H. polymorpha
bestudeerd. In Hoofdstuk 5 laten we zien dat in tegenstelling tot S. cerevisiae aat2deletiecellen, die aspartaat-auxotroof zijn, H. polymorpha aat2-deletiecellen aspartaatprototroof zijn. Cellen zonder Aat2p kunnen niet groeien op de C2 koolstofbronnen
ethanol en acetaat. Onder deze omstandigheden speelt Aat2p waarschijnlijk een rol in een
peroxisoom-gebonden metabole route, want deletie van PEX19 in een aat2 achtergrondstam
heft dit groeidefect deels op. Dit wijst erop dat een blokkade veroorzaakt door de afwezigheid
van Aat2p kan worden opgeheven wanneer peroxisomale processen worden verplaatst naar
het cytosol. Aangezien voor groei van gistcellen op C2 koolstofbronnen de glyoxylaatcyclus
essentieel is, testten we de lokalisatie van verschillende enzymen die een rol spelen in de
glyoxylaatcyclus. Van de enzymen die we getest hebben ontdekten we dat in op ethanol
gekweekte H. polymorpha cellen malaat dehydrogenase-2 (Mdh2p) zich in peroxisomen
bevindt. De peroxisomale lokalisatie van Aat2p en Mdh2p suggereert dat in ethanol of
acetaat gekweekte cellen een peroxisomale malaat/aspartaat shuttle mogelijk noodzakelijk
is en toont aan dat onze kennis over de metabole processen die plaats vinden binnen dit
organel niet compleet is. Onderzoek waarbij de rol van Aat2p en Mdh2p verder worden
gekarakteriseerd zal ons helpen om beter te begrijpen hoe peroxisomen bijdragen aan het
metabolisme van C2 koolstofbronnen.
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