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1. INTRODUCTION

1 Introduction

1.1 Peroxisomes — essential organelles
One of the biggest advantages eukaryotic cells isatreir compartmentalization, optimizing

the metabolic fluxes. Additionally, the separatioh enzymatic pathways such as the
catabolism and anabolism of fatty acids providesasy way of regulating different reactions
efficiently. A variety of organelles has evolved itmake this possible. Among those are
peroxisomes, small compared to other organelles asadhe endoplasmic reticulum (ER) or
mitochondria since their size ranges from 0.1 &uf in diameter. Peroxisomes are single
membrane-bound organelles and do not contain DNégelher with glyoxysomes and
glycosomes they belong to the microbody family.

Peroxisomes enclose several biochemical pathwayd, aae essential for most
organisms. They oxidize very long chain fatty ac{gfd CFA) through (-oxidation, they
participate in the metabolism of ether lipids, saslhplasmalogens and nitrogen bases (Figure
1, van den Bosch et al., 1992, Lazarow, 1995, Suéng 1998, reviewed by Wanders and
Waterham, 2006). Moreover, peroxisomes contairyrees involved in the catabolism of
reactive oxygen species (ROS) or derivatives, camgs, which accumulation has been
correlated with ageing (reviewed by Perichon et1#898). The ability to degrade,&, with
catalase gave rise to the name peroxisomes (De &nov&audhuin, 1966).

VLCF-Acyl-CoA

DHAP + Acyl-CoA

Acyl:DHAP

Ether lipids
sER

Figure 1: Major metabolic pathways in peroxisomes b
the mammalian liver, from Schrader and Fahimi, 2008
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These multiple tasks make it clear that peroxisonmeedl to be versatile in order to adapt to
the varying cellular requirements. In the ye&stccharomyces cerevisjathe need for
peroxisomal function arises when fatty acids aovigled as sole carbon source. As compared
to fermenting cells using glucose, these cells elpuire peroxisomaB-oxidation to grow.
This requirement for peroxisomal function leadsbiogenesis and proliferation of these
organelles (Veenhuis et al., 1987). Despite thetfet mammalian cells always contain many
peroxisomes, their number, size and shape canivalyferent tissues or cellular conditions.
Moreover, in rodents peroxisomes are highly indigciby hypolipidemic drugs such as
fibrates or plasticizers. (Nakajima et al., 2002).

In human, the loss of functional peroxisomes ldad$ramatic disorders. This can be
due to either an aberrant formation of peroxisofpesoxisomal biogenesis disorders-PBDS)
or to the deficiency of one specific peroxisomabtpin (e.g. hyperoxaluria 1, Gould and
Valle, 2000; Moser et al., 1995). The PBDs havenbdassified into 13 complementation
groups (CGs) with mutations at different loci. Sorbmadly known diseases are the
Zellweger syndrome, Refsum disease or neonatahaldngkodystrophy (Wierzbicki et al.,
2002, Moser et al., 1984, Santos et al., 1988hlyh some pharmacological advances have
been made (such as dietary supplementation witbxemal proliferators, McGuinness et
al., 2000; Wei et al., 2000, Kemp et al., 1998¢sthrecessive hereditary diseases are mostly
lethal.

The use of yeasts as model organisms has allowpdrform genetic screens and led to the
identification of genes coding for proteins invalven the biogenesis and proliferation of
peroxisomes (Erdmann et al., 1989, Vizeacoumar adaemar et al., 2004). Today, 31 of
these proteins are known, that have been calleakimsr and are encoded on the PEX genes
(Table 1, Distel et al., 1996, reviewed by Plattal &rdmann, 2007, Brocard and Hartig,
2007). Note, that not all peroxins are presenvergorganism as listed in Table 1.
Additionally, signal sequences were discoveredraffit newly synthesized proteins to the
peroxisomal matrix (Gould et al., 1988; Subramd®i98; Subramani et al., 2000). Most
peroxisomal proteins are targeted to peroxisomesigin the peroxisomal targeting signal 1
(PTS1), which originally was thought to consistlié consensus tripeptide (S/A/C)-(K/R/H)-
(L/M) at the extreme C-terminus of the cargo proigould et al., 1989).
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Functional  Identifiedin o\ on iy biogenesis Characteristics Molecular function Correlated
orthologs Sc Yl Hs diseases
+ o+ Matrix protein import AAA-type ATPase ATP-dependent dislocation of Pex5 ZS/NALD/IRD
+ o+ 4 Matrix protein import RING-finger Zs
+ o+ o+ PMP-targeting; de novo formation Membrane anchor of Pex19 NALD
+ - - Matrix protein import Ubc Mono-ubiquitination of Pex5
+ o+ o+ Matrix protein import WxxxF-motifs; TPR; ubiquitinated PTS1-receptor ZS/NALD/IRD
S Matrix protein import AAA-type ATPase ATP-dependent dislocation of Pex5 ZS/NALD/IRD
+ o+ o+ Matrix protein import WD40- domain PTS2-receptor RCDP
Connection of docking- and RING-
+ o+ - Matrix protein import coiled-coil domain, leu-zipper complex; cargo release (?)
Eliminated, OREF of YIPex9 misidentified; corresponds to
wrong ORF Matrix protein import HsPex26
[ Matrix protein import RING-finger ZS/NALD/IRD
PEX25/PEX27 + + * Proliferation Elongation of peroxisomes
+ o+ 4 Matrix protein import RING-finger ZS/NALD/IRD
+ + Matrix protein import SH3- domain Member of docking complex ZS/NALD
+ o+ 4 Matrix protein import PxxP- motif, phosphorylated Member of docking complex Zs
PEX26 + Matrix protein import Phosphorylated Membrane anchor of Pex6
PMP-targeting; de novo formation;
+ o+ proliferation ZSs
+ Matrix protein import Member of docking complex
PEX20 + Matrix protein import WxxxF-motifs;ubiquitinated PTS2-co-receptor in Sc
S PMP-targeting; de novo formation CAAX-box, farnesylated PMP class | receptor and chaperone ZS
PEX18/PEX21 - + - Matrix protein import WxxxF-motifs;ubiquitinated PTS2-co-receptor in most fungi
PEX20 + - Matrix protein import WxxxF-motifs;ubiquitinated (?) PTS2-co-receptor in Sc
+ - - Matrix protein import Membrane anchor of Pex4
PEX30/31/32 - + - Proliferation DysF Growth regulation in Y|
PEX28/29 -+ - Proliferation Separation of peroxisomes in Y|
PEX11 + - Proliferation Elongation of peroxisomes
PEX15 + + Matrix protein import Membrane anchor of Pex6 in Hs ZS/NALD/IRD
PEX11 A Proliferation Elongation of peroxisomes
PEX24 + Proliferation Separation of peroxisomes in Sc
PEX24 + Proliferation Separation of peroxisomes in Sc
PEX23 + Proliferation DysF Growth regulation in Sc
PEX23 + Proliferation DysF Growth regulation in Sc
PEX23 + Proliferation DysF Growth regulation in Sc

Table 1: The Peroxins; AAA: ATPase associated with diverse cellular actities; CAAX-box: farnesylation
motif; DysF: Dysferlin domain; PXXP: class Il SH3 interacting motif; RING: really interesting new gene
SH3: Src homology 3; TPR: tetratricopeptide repeat;Ubc: ubiquitin-conjugating enzyme; WD40: 40
amino acid long domain containing conserved Trp-Asp ZS: Zellweger syndrome, NALD: neonatal
adrenoleukodystrophy, IRD: infantile Refsum disease RCDP: rhizomelic chondrodysplasia punctata;
adapted from Brocard and Hartig, 2007; Platta and Edmann, 2007

A minor part of matrix proteins is targeted throughS2, an N-terminal nonapeptide with
(R/K)-(L/I/V)-X 5-(Q/H)-(L/1/V) as consensus sequence (Osumi etl@®91, Swinkels et al.,
1991). Interestingly, the presence of one of theigeals does not necessarily imply the
localization to peroxisomes. For instance, despihbibiting a PTS1, phosphomevalonate
kinase was shown to be cytosolic (Hogenboom eR2@04). Furthermore, recent studies have
revealed, that PTS1 should rather be consideredodscamer able to interact with the
tetratricopeptide repeat (TPR) domain of Pex5RMh&1 receptor, than the simple C-terminal
tripeptide SKL originally described (Brocard et, d994; Neuberger et al., 2004; Neuberger
et al., 2003, McCollum et al., 1993, reviewed bgp&ard and Hartig, 2006).
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1.2 The lifecycle of a peroxisome

The lifecycle of a peroxisome is a multi-step psscerhich involves 1) import of membranes
and membrane proteins (PMPs) via the ER, 2) impbnnatrix proteins, 3) growth and

subsequent elongation, 4) fission and 5) degradatial inheritance.

1.2.1 Protein import

The peroxisomal matrix protein import can be diddeto four steps: i) cargo recognition by
a cytosolic receptor (Pex5 and Pex7 for PTS1 arfsPiespectively), ii) interaction with the
docking machinery, iii) translocation and iv) religg of the receptor (reviewed by Platta and
Erdmann, 2007). While Pex5 directly interacts witix14, Pex7 needs an additional adaptor
(Pex18/Pex21 in yeast, the splice variant Pex5lmammalians) to interact with Pex14
(Figure 2, Albertini et al., 1997, Brocard et 4l997; Einwachter et al., 2001, Williams et al.,
2005, Niederhoff et al., 2005).

Recycling

e i
Cargo binding % © 4 *
/ X
PTS- proteins b

L}
..-f " Dislocation

( ATP ADP + Pi | ATF ADP + PI

| .
| Docking @

\ 17 “ 4 Cytosol
Y X - _
MhhERE 914 134 21012 22§ BN, ‘38E E RRERRY
XA | {1 ] IRERRAS
8 /
',-r Matrix
Translocation and % (#]
cargo release ° o

Figure 2: PTS1-dependent protein import in the proxisomal matrix;
from Platta and Erdmann, 2007

Little is known about the import of peroxisome meerie proteins (PMPs). There exist two
classes of PMPs, one is believed to be directlgetad and inserted in the peroxisomal
membrane (Class I), the other being routed vid&Rdo its final destination (Class II, Fang et
al., 2004). The import machinery is thought to ¢sinef Pex16, Pex3 and Pex19, the latter
may perform a chaperone-like activity (Hettema let 2000, Purdue and Lazarow, 1995,

South and Gould, 1999). Moreover, the identifioatiof a targeting sequence for the

4
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peroxisomal membrane (MPTS) has been an issue @yal, 1996, Honsho and Fuijiki,
2001, Wang et al., 2001, Pause et al., 2000, Rsdarrer et al., 2004). Different consensus
sequences and domains were shown to be necessagrifect import. It is believed that not
only a short targeting sequence but at least amstnembrane domain (TMD) contribute to a
fully functional mPTS. This implies that the mPT@satly vary between PMPs (reviewed by
Brown and Baker, 2003).

1.2.2 Biogenesis and Proliferation

There exist two ways for the biogenesis of orgasell) autonomous replication with the
ability to proliferate by fission of preexistingganelles (ER, mitochondria, chloroplasts) or
i) non-autonomous biogenesis (lysosomes, endosombe origin of peroxisomes has long
been a matter of discussion. An endosymbiotic themas proposed (De Duve, 1969).
However, evidence pointed at a model by which pseswmwes proliferate by fission of
preexisting organelles. The finding that peroxisbomambrane proteins are synthesized on
free polysomes (Lazarow and Fujiki, 1985) supporteid model. Additionally, genetic
screens, mostly in the yeaSt cerevisiagled to the identification of genes coding for
proteins, which are components of the division nraaty, with Pex11 as the most abundant
protein. Disruption of Pex11 leads to few and egedrperoxisomes in yeast (Erdmann and
Blobel, 1995). In this organism it is believed tRa&x11 drives the elongation of the organelle
in combination with Pex25 and Pex27. Recent evidesuggests that Pex25 may recruit the
GTPase Rhol to control actin assembly at the psooxal membrane. Marelli et al. used a
novel approach by combining classical subcellulactionation with large-scale quantitative
mass spectrometry to identify peroxisomal proteampng those Rhol was identified. GST-
immobilized Rhol was shown to interact with Pex2%nin vitro binding assay (Marelli et
al., 2004).

Among the proteins involved in the peroxisomaliGassevent Vpsl, Dnm1l and Fisl,
are also known from mitochondrial fission. Fislruggs Dnm1l, a dynamin-related protein, to
the peroxisomal membrane (Kuravi et al., 2006). réhmight exist an adaptor protein
involved similar to the proteins Mdv1 or Caf4 fouindmitochondria (Zhang and Chan, 2007)
In mammalian cells, a similar mechanism has beecriteed: The C-terminal tail-anchored
membrane protein, Fisl, seems to be recruited BekED to the peroxisomal membrane,
which then interacts with the dynamin-like protétpl, the orthologue of Dnm1l (Li and
Gould, 2003, Koch et al.,, 2004). Even ternary cawes comprising Fisl, DIlpl and

5
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HsPex1P were detected in a coimmunoprecipitation assaypéyashi et al., 2007). A lately
discovered membrane protein, Mff, plays a role itbahondrial and peroxisomal fission, but
coimmunoprecipitation experiments revealed that bdfongs to a different complex than
Fisl implying a more distinct role of Mff in thegiferation machinery (Gandre-Babbe and
van der Bliek, 2008). After fission peroxisomesdeiw remain clustered, the dissociation
seems to require the function of the proteins Pex2BPex29 (Vizeacoumar et al., 2003).
The close correlation between the mitochondrial pebxisomal fission process is evident.
Additionally, a cargo-selected vesicular transpémdm mitochondria to peroxisomes
strengthens the interplay between these two origan@leuspiel et al., 2008).

The model of autonomous proliferation has beconmerogersial with the finding that
mutant cells lacking functional peroxisomes coulevalop peroxisomesle novo upon
insertion of the missing gene (Kragt et al., 208&an et al., 2006). Several studies on Pex3
showed the possibility of @ale novo synthesis of peroxisomes: Marrowia lipolytica
unsynchronized biogenesis happens in temperatomtise pex3mutants. These new,
immature peroxisomes associate closely with the(B&scom et al., 2003). A further proof
that Pex3 plays a critical role in the early stgbsbiogenesis was shown idansenula
polymorpha.The synthesis of the N-terminal 50 amino acid$?ek3 inpex3mutant cells
resulted in the formation of vesicular structuresitaining Pex14, which could be released
upon reintroduction of full length Pex3. Here, thecleus seems to donate the membrane
compartment (Veenhuis et al., 1996). Similar expents using a truncated version of Pex3
in S. cerevisiaded to the conclusion that the ER may representdtmor rub for peroxisome
biogenesis (Tam et al., 2003 vivo experiments irS. cerevisiaainderlined these findings
(Hoepfner et al., 2005). Interestingly, alreadyathxs ago electron microscopy images from
Novikoff et al. showed an association between tRealBd peroxisomal structures (Novikoff
and Novikoff, 1972). Moreover, high resolution imnoielectronmicroscopy and electron
tomography led to the suggestion that the ER menebnaas the origin of the newly
synthesized peroxisomes (Tabak et al., 2003).

In contrast to fungi, in mammalian or in plant selPex3 could not be detected alone in
association with the ER (Fang et al., 2004, Huut Brelease, 2004). Indeed, these cells seem
to require the presence of the protein, Pex16, lwkiien works in concert with Pex3 and
Pex19 (Kim et al., 2006). Additionally, the invotwent of Arf and coatamer in the process of
peroxisome proliferation propose a retrograde frarisfrom the peroxisomes to the ER in
mammalian cells (Lay et al., 2006). Moreover, thsearvation of protein translocation from

peroxisomes to the ER makes this retrograde trangjsm likely in plant and trypanosomes
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(McCartney et al., 2005, Subramanya and Mensa-WjlrR006). Today peroxisomes are
being considered to derive from the ER and to lheeability to proliferate and divide upon

induction (Figure 3).

Peroxisome Biogenesis and Proliferation
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Figure 3: Division and proliferation of peroxisomes- an overview, designed
by Brocard C., 2007 (unpublished data)

1.2.3 Peroxisomal induction

Peroxisomes are very adaptable organelles. In ¢odguickly adapt their manifold enzymes,

they must react to various stimuli. Peroxisomediferate upon stimulation by herbicides,

xenobiotics, ozone or during senescence (Pastarilei Rio, 1997, Lazarow and Fujiki,

1985). The alpha form of the peroxisome proliferadotivator receptor (PPAR plays a

critical role in regulating genes for the lipid heastasis (Green, 1995). It binds to the
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peroxisome proliferator response element (PPRE)¢chwthen activates the transcription of
several genes (Lemberger et al.,, 1996). P®AR stimulated by many ligands such as
hypolipidemic drugs (Issemann and Green, 1990). l&Visiome studies showed that
HsPex1h- expression is affected by PPARShimizu et al., 2004), others postulated that
this peroxin is dispensable for PPé&Rnediated proliferation. However, HsPexdl
expression is affected upon sodium 4-phenylbutyiredaced proliferation (Li et al., 2002a).
It has recently been shown that in plant cells elgimt induces peroxisome proliferation
through phytochrome A, HY5 homologue and finallfPAk11b (Desai and Hu, 2008).

In yeast, peroxisome proliferation is induced bg plesence of fatty acids (e.g. oleic acid) in
the culture medium (Rottensteiner et al., 2003, Baral., 2003). Ir. cerevisia@n oleate-
responsive-element (ORE) in the promoter sequericeleate-inducible genes binds the

transcription factor dimer Oafl/Pip2 (Rottensteieeal., 1997).

1.2.4 Pexophagy and inheritance

The rapid reaction of peroxisomes on cellular dessarequires a robust turnover machinery.
The removal of peroxisomes is similar to autophamy] was called pexophagy (Yokota,
1993, Sakai et al., 2006). Today, two distinct patys i) the macropexophagy and ii) the
micropexophagy contribute to peroxisome homeostadsisnicropexophagy, the lysosome
engulfs the peroxisome, whereas in macropexophadjyidual peroxisomes are sequestered
by multiple membrane layers, which then fuse wygosomes (Sakai et al., 2006).

Not only biogenesis and proliferation, but alsoentance of peroxisomes to daughter cells is
critical in order to maintain peroxisomal functiom budding yeast, Inp2 an integral
membrane protein of peroxisomes, works as the tecémr Myo2, a motor protein for actin,
and ensures the transport along the actin filam@emards the bud (Fagarasanu et al., 2006).
On the opposite, the protein Inpl serves to retanperoxisomes due to its strong intrinsic
affinity for the cell cortex (Fagarasanu et al.02p The delicate interplay between these two
proteins is responsible for the correct partitignof peroxisomes between the mother and the

daughter cell during cell division.
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1.3 Proteins of the PEX11- family

Because all Pex11 proteins of higher organism®odmlogues of ScPex11, the focus of the
introduction will concentrate on the yeast PexItikafirst.

1.3.1 Yeast PEX11 proteins

ScPex11 (formerly Pmp27) is the most abundant perxd has always been cited in context
with proliferation (Marshall et al., 1995). The ifigation of this protein to peroxisome
proliferation was first suggested by Erdmann et¥aasts lacking th®EX11gene were still
able to grow on glucose or on ethanol, but faitedrow on oleate as the sole carbon source.
Microscopy revealed that these yeast cells corain few, but giant peroxisomes (Erdmann
and Blobel, 1995). Soon after, experiments on thaalization, orientation and protein
interaction of ScPexl1ll suggested that ScPex11 izecalon the inner surface of the
membrane and that it may form homodimers. The ma@nanform was proposed to be the
active one, whereas dimer formation was anticipat@dinhibit further division since
immature peroxisomes have a lower dimer to monaaigy than mature ones (Marshall et
al., 1996). The finding that ScPex11 is requiredff@xidation of medium chain fatty acids
led to the hypothesis that proliferation is regedhinetabolically (van Roermund et al., 2000).
Later, the identification and analysis of two ScPexelated proteins, ScPex25 and ScPex27
(Rottensteiner et al., 2003; Smith et al., 2002n& al., 2003) complicated this simple view
of peroxisome proliferation. Interestingly, growdh oleate opex25pex2-futant yeast cells
was not inhibited. Additional deletion of ScPexIdmpletely abolished growth but it could
be restored by overexpression of ScPex25 only. tYas hybrid assays confirmed the
known interaction of ScPex11 with itself and furtisowed that ScPex25 and ScPex27 can
interact with each other and themselves.

Although ScPex11, ScPex25 and ScPex27 amino aemiseaces are quite similar (~10%
identity and ~18% similarity), ScPex25 and ScPexRRibit an extended N-terminus as
compared to ScPex11 and are both peripheral memlpesteins. ScPex25 is thought to
recruit Rhol to the peroxisomal membrane (Mare¢léle 2004).
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1.3.2 Plant PEX11 proteins

Five orthologues of ScPexl1l have been identifiedthe plant Arabidopsis thaliana
AtPexlla to e (or AtPex11-3,-4,-1,-5,-2). No obwdwmologues sequences of ScPex25/27
or ScPex28-32 were reported, so far. The Pexlleiptcan be divided into three
phylogenetically distinct subfamilies AtPex11-3,P&ix11-4 and AtPex11-1,-2,-5, further
divided into two classes. Class | AtPex11 are lyiginhilar (>90%, AtPex11-1,-2,-5), class Il
AtPex11 are more divergent (~50% similarity, AtP£x3l-4). All localize to peroxisomes and
induce proliferation. Only AtPex11-4 is not an gyi@&l membrane protein. AtPex11-3, -1 and
-2 are constitutively expressed with AtPex11-1 ahdhaving the highest expression levels,
whereas AtPex11-4 seem to be rather upregulateenescent tissue. Moreover, AtPex11-4 is
thought to play a role in leaf peroxisome photomagion in young seedlings (Lingard and
Trelease, 2006, Orth et al., 2007).

At PEX11d
At PEX11e
Os PEX11-2
Os PEX11-1
At PEX11e
64 —— Le PEXN
100 ¢ Os PEX11-3
87 Os PEX11-5
a6 L AtPEX11a
100 Os PEX11-4
At PEX11b
Ct PEX11
Hs PEX11x
Hs PEX11[
Tn PEX11
Hs PEX11y
99 100 An Pex11p
61 Mc Pexi1p
59 L YIPexiip
Sc Pex11p
Sc Pex25p
Sc Pex27p

86
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Figure 4: Neighbor-Joining Tree of PEX11 Protein Sguences.
Numbers at the nodes are bootstrap values from 100@ials;

An,Aspergillus nidulans; At, Arabidopsis thaliana; Cf, Canis
familiaris; Hs, Homo sapiens; Le, Solanum lycopersum
(formerly Lycopersicon esculentum); Nc, Neurosporacrassa;
Os, Oryza sativa; Sc, Saccharomyces cerevisiae; Tretraodon
nigroviridis; YI, Yarrowia lipolytica; from Orth et al., 2007
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Additionally, the orientation of myc-tagged verssowof the five AtPexl1l proteins was
investigated inA. thaliana Both, N- and C-termini of AtPex11-1,2,4 and -5revéacing the
cytosol, just AtPex11-3 exposed its C-terminus he peroxisomal matrix (Lingard and
Trelease, 2006). Recent data showed a cooperatieegfar AtPex11-1,-5 and -2 during the
G2 phase of the cell cycle. Similar to the findinggnammalians and yeast, Fisl1b is recruited
to the peroxisomal membrane by oligomeric AtPextdtgins, which then indirectly bind
Drp3a to initiate the fission process (Lingardlet2008).

1.3.3 Human PEX11 proteins

Three PEX11 genes have been identified in mammalian cells,ingpdor HsPex1i
(HsPex11A), HsPexPl (HsPex11B) and HsPexy1(HsPex11C), respectively (Abe and
Fujiki, 1998; Abe et al., 1998; Tanaka et al., 200Bhylogenetic analysis revealed that
HsPex1lfx is more closely related to HsPefllihan both are to HsPexilthough
interestingly HsPexId is more similar to the Pex11 protein@énis familiaris(Figure 4).

This tree suggests that all known Pex11 proteinms @ monophyletic group. HsPexd is 11
amino acids longer than ScPex11 with 25% identitgpntains two hydrophobic regions as
well as a dilysine motif at its C-terminus. HsPekIths 12 amino acids more than HsPex11

and shares 40% identity with HsPerldand 20% with ScPex11.
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Figure 5: Amino acid sequence alignment of human PEL1la , PEX113, nd
Pexll. Sequences were aligned by the CLUSTAL W method. ukative
transmembrane spanning segments are overlined; frormanaka et al., 2002

Between these human Pex11 proteins a higher lévdentity was found in the C- terminal

region (57% compared to 43%). HsPeldlso contains two hydrophobic domains and a
11
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RxKx motif, similar to the KxKxx motif of HsPexbl Both proteins have a potential N-
glycosylation site (HsPextdat Asn9 and HsPexfBlat Asn134). HsPex¥lis 241 amino
acids long has two putative transmembrane segnagntsshows 22% and 23% amino acid
identity to HsPex1d and HsPex1f3, respectively (Figure 5).

In contrast to HsPex@dboth, HsPex1 and HsPexlyLare constitutively expressed and not
inducible by fibrate (Abe et al., 1998).

1.3.3.1 The human Pex11 a

The membrane protein HsPexlLExposes both N- and C-terminal ends to the cytasol
revealed by immunofluorescence microscopy expetisnedutations either changing the
dilysine motif ¢*3LK >LLL) or eliminating the potential N-glycosylatiorits °N->D) did

not disturb the correct localization to peroxisomé®reover, the’'N->D mutation did not
change the electrophoretic mobility implying thatntan HsPexld was not glycosylated
under the conditions tested (in CHO cells, Abel.et1898).

An interaction between HsPexdl Arf and coatomer was reported, suggesting the
recruitment of the coatomer by HsPegl(Passreiter et al., 1998). However, it was later
demonstrated, that the binding to the coatomeotsequired for the function of HsPexd in
proliferation (Maier et al., 2000). Maybe the mened KXKXX motif is responsible for an
involvement of the coatomer only under certainuwinstances.

No complementation group of peroxisomal deficiea@ist in which HsPextilis mutated
(Abe et al., 1998). Interestingly, a PexImouse has no significant physiological changes
compared to a Pextil’* mouse. Moreover, normal peroxisome abundance \esected,
though a tendency to form peroxisome clusters wasemwed. The general peroxisome
metabolism was unaffected. The highest expressiel ivas measured in the liver. Although
HsPex1ix is strongly inducible by 4-PBA and fibrates, itsmdescribed to be dispensable for
PPARx-mediated peroxisome proliferation (Li et al., 2aD2

1.3.3.2 The human Pex11

Peroxisomal localization of HsPeX3,1l another membrane protein was proven by
immunofluorescence microscopy. Northern blot anslysvealed that this protein is

constitutively expressed and could not be inducgalbfibrate treatment (Abe and Fuijiki,

12
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1998). Pex1f’ mice displayed neonatal lethality, hypotonia, mistent of the human
Zellweger syndrome and intrauterine growth retaodaiLi et al., 2002b). Additionally,
defects in the neuronal migration in coronar sedtiovere observed in these PelXiull
mice. Among the other symptoms were enhanced nelrapoptosis, delayed renal
development and calvarium ossification. However theroxisomal protein import and
mitochondrial structure were not affected. Likewid4d.CFA accumulation was not the
reason for the neuronal abnormalities.

Investigations of double homozygous mice Pex1Rex1PB’ revealed mostly the same
phenotypes as homozygous PeXIlmice. Speaking of peroxisome abundance, both the
single and the double mutant had approximately thalfnumbers of peroxisomes as the wild
type control mice (Li et al., 2002a).

Biochemical analysis revealed that the C-termieglan of HsPex1 is essential for a direct
interaction with Fisl, whereas the N-terminus @ispensable for homo-oligomerization and
function. Overexpression of HsPefilin CHO-K1 cells led to a significant increase et
number of peroxisomes. Kobayashi et al. isolatedhaty complexes comprising of
HsPex1P, Fisl and DIpl by means of coimmunoprecipitatifterachemical crosslinking
(Kobayashi et al., 2007). No direct interaction ld§Pex1B with DIpl was detected,
furthermore it could not be shown in associatiothwisPex1a (Li and Gould, 2003).
Moreover, speculations on a regulation of P§xfriediated proliferation by thB-oxidation
fell off as Zellweger cells though lacking all prigomal metabolic function still contain
peroxisomes. In these cells peroxisome abundanse8@#émes higher than in wild type cells
after transfection with a plasmid coding for HsPHXtyc. This demonstrates that these

peroxisomal membrane remnants are able to prai@é€ta and Gould, 2002).

1.3.3.3 The human Pex11y

This membrane protein exposes both termini to yhesol, comparable to HsPexd.1Similar

to HsPex1p, it is not inducible by fibrates, but it is constively expressed (Tanaka et al.,
2003). Indeed, it was reported that the overexpes®f HsPexl1l{ does not induce
peroxisomes proliferation, but produces large dostered peroxisomes (Li et al., 2002a). So
far, only speculations about its function remaince not much biochemical analysis of this
protein is available, yet. Therefore, it representgery good target for further investigations

on the molecular mechanisms of peroxisome protif@na
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2 Aim of the Thesis

The peroxisomal biogenesis machinery executes goriant process, as deficiencies within
this mechanism are lethal for humans. The Pexlfeijprdamily plays a central role in the

proliferation of peroxisomes — in yeast, plant &ndhan tissue.

The project, this thesis is embedded in, aims tcigate the function of the various Pex11
families in yeast, plant and human cells. We wonktlee analysis of the different and the
common elements of the Pex11 proteins and compaee twithin three kingdoms. This will

help to understand the molecular role of Pex11.

This thesis focuses on the analysis of the dynaofitise peroxisomal proliferation in
human cells. To address the issue of membrane dgsame raised the question, whether any
correlation exists between the number of peroxisoara area of peroxisomal membranes.
Furthermore, we aim to understand the regulatiothefdifferent human Pex11 proteins as
well as the importance of the domains of thesegmet A key goal to specifically analyze the
molecular function of a protein lies in the idemttion of interaction partners and the
characterization of a potential assembly into caxgé. This requires a suitable tag for
labeling the proteins of interest.

In order to achieve our aims, we investigated thealization and function of all Pex11
proteins in human cells at various time points. present statistically relevant data, we
counted the number and area of peroxisomes. Wegzaththe protein expression of mutated
versions of Pex11l, where either mutations on twdatpee phosphorylation sites were
introduced or whole domains were truncated.

Additionally, we established a novel technique l&dyeling our proteins of interest. This tag,
called SNAP tag or human alkylguaninetransferagé&(f) covalently binds its substrate. We
modified this tag to introduce a tobacco etch vi{{TIEV) protease site in order to release our
protein of interest from the tag. Consequentlys tmables to use this tag conveniently for
both, live cell imaging and immunoprecipitation.eBle analyses all require stably transfected
cell lines, which were generated during the workhefthesis.

Live cell imaging will enlighten the role of Pex1d terms of the peroxisomal proliferation
dynamics. The identification of interaction parsméy means of coimmunoprecipitation and
complex isolation of membrane proteins will cerpiprovide new insights. As no human
cell line mutated in the genes coding for any Peilknown, we plan to compare the

overexpression phenotype to the knock-down pheediymugh siRNA experiments.

15
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The deep scrutiny of the human Pex11 family wilingrforth new aspects of complex
isolation, organelle proliferation and membraneatyics.

16
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3 Results

3.1 Ectopic expression of Yeast and Plant Pex11 pro teins lead
to peroxisome proliferation in human cells

Understanding the evolution of Pex11 will help fogwmint its function. The Pex11 protein
families in human and plant cells were originathyihd as orthologues of ScPex11 (Abe et al.,
1998, Lingard and Trelease, 2006). We sought tofglevhether the function of the various
Pex11 proteins are conserved throughout three kimgd The localization of yeast or plant
Pex11 to the human peroxisomal membrane would gifegst hint towards a conserved
function of the investigated proteins. Changes enogpisomal number, size or morphology
serve as read out to scrutinize the molecular fonaf Pex11.

We performed colocalization experiments to addtiesssquestion. In order to analyze
the wild-type phenotype, we cotransfected plasnedsoding two peroxisomal marker
proteins in human embryonic kidney cells (HEK2933)red fluorescent protein appended
with a PTS1 (mCherry-SKL, Shaner et al., 2004) &tdrol carrier protein 2, a known
peroxisomal protein carrying a PTS1 appended wi#P @Gt its N-terminus (GFP-Scp2,
Frolov et al., 1996). We observed complete colaesibn of these two proteins (Figure 6D).
Herewith, the size, abundance and morphology obxpeomes did not change compared to
singly transfected cells. Significantly, many rowstthped peroxisomes were present
throughout the whole cell. Most of those were wparated, though some seemed to be
connected, an artifact due to the projection inzheimension (see section 3.2 & appendix
for details). These findings confirmed our experima setup.

To compare all known Pex11 proteins, we first eatdd the effect of the overexpression of
human Pex1d, 3 andy on peroxisome number and size. We used N-termii@fP- tagged
versions of each Pex11l protein under the contrahefcytomegalovirus (CMV) promoter
(see appendix for detailed information). Our resshow that all, GFP-HsPexd,13 andy
fusion proteins colocalized with the peroxisomalrkea mCherry-SKL. Furthermore, cells
overexpressing GFP-HsPexiresented significantly more small peroxisomes thald
type cells (Figure 6A). Even more pronounced wase #iffect of GFP-HsPexpl
overexpression (Figure 6B). In both experiments,délls had at least doubled the number of
peroxisomes as compared to HEK293T cells transtegitthh mCherry-SKL only. In contrast,

in about 80% of the cells overexpression of GFP&x4Ry led to tubule-formation and
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clustering of peroxisomes (see Figure 6C). Thisdwer was not accompanied by an increase

in the peroxisomal number.

Figure 6: Ectopic overexpression of the three humarPex11 proteins in HEK293T cells 24h after
transfection, (A) GFP-HsPex1#r induces proliferation, (B) GFP-HsPex1@ strongly promotes division,

(C) GFP-HsPex1Y¥ leads to formation of large and clustered peroxisoes, (D) wild type peroxisomes
with GFP-Scp2; red channel (A-D): mCherry-SKL, images are projected stacks; bar: 10um

Indeed, it seems as if with an excess of GFP-HsBetkie peroxisomes formed clusters, but
the final fission and separation steps in proliiera are hampered. In cells that did not
contain clustered peroxisomes, those present lobkedn wild-types (see Figure 19C, 22h).

Taken together, our experiment show that all Gjged Pex11 proteins used are efficiently
targeted to peroxisomes and that each of thesesipsotmay have a different effect on

peroxisome proliferation.

The overexpression of yeast and plant &¥R11 proteins revealed some similarities
compared to the overexpression of the human-B&EL1 proteins. Overexpression of GFP-
ScPex11 clearly led to far more peroxisomes pdrtibah the expression of proteins of the
Pex11-family from any other organism analyzed (Fegt). In contrast, overexpression of the
yeast GFP-ScPex25 led to enlarged and clusteredxipemes, which resembles the
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observations with GFP-HsPexi However, each cluster formed appeared to be snthkn
those visualized through overexpression of the mu@BP-HsPex\ Overall, in presence of

GFP-ScPex25 individual cells contain slightly fewgeroxisomes as compared to cells

transfected with the mCherry-SKL only.

Figure 7: Ectopic overexpression of the yeast PexIdroteins in HEK293T cells 24h post transfection;
(A) GFP-ScPex11 strongly induces proliferation, (BIsFP-ScPex25 forms clustered, larger peroxisomes,
(C) wild type peroxisomes with GFP-Scp2; red chandgA-C): mCherry-SKL, images are projected
stacks; bar: 10um

All plant GFP-tagged Pexl1l proteins localized toropsomes, and in some cases
peroxisomes appeared clustered as illustrated ghrouerexpression of GFP-AtPex11-1 to a
minor part and GFP-AtPex11-2 to a major part (Fegu8). Noteworthy, cytosolic
accumulation of the peroxisomal matrix marker m@h&KL seemed to correlate with the
overexpression of GFP-AtPex11-4 and GFP-AtPexl11P®roxisome clustering has
previously been reported in plant cells overexpnes&FP-AtPex11-1,-2 and -5 (Orth et al.,
2007). The same group reported the induction ofifpration without clustering for GFP-
AtPex11-3 and -4. In our experiments, we cannofigana clustering for GFP-AtPex11-5,
since the overexpression of GFP-AtPex11-5 led tansmy peroxisomes that it is nearly

impossible to distinguish between single separatebiclustered peroxisomes.
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Figure 8: Ectopic overexpression of the plant Pexl1frotein family in HEK293T 24h post transfection;
(A) GFP-AtPex11-1 partially and (B) GFP-AtPex11-2nduces the formation of enlarged and clustered
peroxisomes, (C) GFP-AtPex11-3 and (D) GFP-AtPexMl-induce proliferation, (E) GFP-AtPex11-5
slightly promotes fission of peroxisomes, (F) wildype peroxisomes; red channel (A-F): mCherry-SKL;
images are projected stacks, bar: 10um
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Cells overexpressing GFP-AtPex11-2 presented a atreatly reduced number of
peroxisomes. The overexpression of GFP-AtPex11eB-dnhad only slight effects on the
peroxisome number. Still, an increase in the pemxe abundance was detected. In contrast,
overexpression of GFP-AtPex11-4 led to the inducté tubule-formation or elongation of

peroxisomes (arrow in Figure 8). A detailed analysill be presented in section 3.2.

3.1.1 A functional relationship between yeast, plan t and human
Pex11 proteins

The colocalization of all Pex11 fusion proteins @gsed with the peroxisomal matrix marker
mCherry-SKL demonstrates that they all localizep&roxisomes. Moreover, the various
effects observed on peroxisome number and sizeestgigat they all may be functional in
human cells. At least one protein from each modgammsm showed an induction of tubules,
clusters or, generally enlarged peroxisomes (e.fP-8sPexly, GFP-ScPex25, GFP-
AtPex11-2). This could represent an early stepnénproliferation process. Indeed, it has been
reported in the yea8. cerevisia¢hat peroxisomes tend to remain associated diféefigsion
event. Their separation requires the presenceegbttbteins ScPex28 and 29 (Vizeacoumar et
al., 2003). The fact that this happens with thelRegroteins from each studied kingdom
might suggest a conserved mechanism for peroxiqumuoideration or at least a conserved
function for proteins of the Pex11-family.

Our study demonstrates that all proteins of thelRdamily have an effect on peroxisome
number. However, despite the fact that the cellsareed viable more than 50 hours after
transfection, it remains to be demonstrated whetiwerperoxisomes are fully functional in
cells overexpressing Pex11 proteins with regarétein import or oxidative stress response.
A potential redox-sensitive homodimerization of 8¢P1 had been reported which could
negatively influence the regulation of ScPex11 fiomc(Marshall et al., 1996). Therefore, it
will be extremely informative to test whether theemexpression of Pex11 proteins in human
cells confronted with oxidative stress leads to ilsim observations on peroxisome
proliferation.

Overall, overexpression of HsPexlled to more, smaller peroxisomes, but to a
smaller extent than that of HsPefllin contrast, HsPexYloverexpression led to the
formation of large clusters. Notably, these phepesyhave already been reported. HsPex11
and 3 were overexpressed in CHO-K1 and mouse cells ptiege similar effects. Only

HsPex1¥ was investigated in human fibroblasts (Li et 2002a). Interestingly, all yeast and
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plant fusion proteins localize to peroxisomes. Tto$ocalization cannot be explained with
the presence of a simple PTS, since all Pex11 arebrane proteins exhibiting an mPTS. As
reported, the mPTS is not fully understood, yeo(@r and Baker, 2003). However, at least
one transmembrane is required for correct locatimatThis excludes random artifacts, that
just any protein such as for instance soluble pisteould be inserted by chance.

The fact that overexpression of Pex11l proteins detd morphological changes of
peroxisomes in several ways suggests that thejuactional. This is especially fascinating
for the plant Pex11 proteins. Ectopic expressioBP-AtPex11-2 resulted in the formation
of larger and clustered peroxisomes, which are kewemaller than those observed upon
overexpression of GFP-HsPexldr GFP-ScPex25. Expression of GFP-AtPex11-1 indrum
cells resulted in the formation of only few clust@rperoxisomes. Apparently, the effect of
GFP-ScPex25 expression in human cells is very ainl that of GFP-HsPexg{Figure 6C
& Figure 7B). Still, their physiological role mayebmore distinct since the phylogenetic
analysis of the genes coding for HsPexhhd ScPex25 reveals only a weak correlation
(Figure 4, Orth et al.,, 2007). They share the samgin; however, several rounds of
divergence could have led to different tasks witthi@ peroxisomal proliferation machinery.
The amino acid sequences of AtPex11-1 and -2 ae 2ss similar than those of HsPex11
and ScPex25. However, these bioinformatics data eneys based on mathematical

algorithms controlled by manually set parametetgcwvtends to be error-prone.

3.2 3D reconstruction of peroxisomes

In the colocalization experiments, we observed s¢yands of peroxisomes, enlarged and
clustered as well as smaller ones. However, teebgkrceive the variations of peroxisome
number and size attributed to the expression dil ax11 protein we sought to analyze the
three dimensional structure of peroxisomes in femted cells. The projection of a z-stack
may produce artifacts, vesicles seem to adheread¢h ether, but are well separated in the
third dimension. Moreover, the colocalization canjidged in three dimensions as well.

We deconvolved a representative z-stack (d=0.5uitl) a calculated point-spread
function (PSF). The deconvolved stack was then e using VolumeJ (Abramoff and
Viergever, 2002, see Methods section for detaiigl) tarned around the y-axis. This results in

a plastic view of the structures, while the shadjngs an impression of the third dimension.
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Figure 9 shows a region of a cell transfected witbherry-SKL and GFP-Scp2 our wild-type
phenotype. Note, that even in such a cell somexpEmes are elongated, which could be a

hint for ongoing proliferation.

60°

Figure 9: 3D reconstruction of a selected area of
HEK?293T cells overexpressing mCherry-SKL and GFP-

Scp2; image stacks (d=0.5um) were deconvolved and
rendered resulting in a 3D view revealing the fine-

structures of peroxisomes; bar: 10um

Figure 10 shows the three human Pex11 fusion m®iaiHEK293T cells. While some of the
peroxisomes are always interconnected, most of tammseparated. Only GFP-HsPex11

shows both, enlarged (arrow in Figure 10) and ehast peroxisomes.

30°

Figure 10: 3D reconstruction of a selected area dlEK293T cells overexpressing human (A) GFP-
Pexlln, (B) GFP-Pex1B and (C) GFP-Pex1¥ N-terminally GFP tagged; image stacks (d=0.5um) ere

deconvolved and rendered resulting in a 3D view r@aling the fine-structures of peroxisomes; bar:
10pm

The fine-structures in the clusters suggest thd¢ed more than one peroxisome is present.
Expression of the yeast constructs showed similarctsires (Figure 11). GFP-ScPex11
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resulted in an increase in peroxisome interconaectwhich seems to correlate with

proliferation (see Figure 7). In Figure 11B, theosg background fluorescence produced by

the marker protein mCherry-SKL still does not dibtthe 3D view.

Figure 11: 3D reconstruction of a selected area ¢{EK293T cells overexpressing (A) GFP-ScPex11, (B)
GFP-ScPex25 N-terminally GFP tagged; image stacksd£0.5um) were deconvolved and rendered
resulting in a 3D view revealing the fine-structurs of peroxisomes; bar: 10um

The 3D reconstructions of the overexpressed GFR&P-1 to -5 correlate with the
colocalization images (Figure 8, Figure 12). Upotopic overexpression of GFP-AtPex11-2,
human cells contained fewer peroxisomes; espediadi\clusters are smaller and seem to be
more compact. When GFP-AtPex11-3 was overexpresseghorted inductor of proliferation
(Orth et al., 2007), many small peroxisomes weoelpced that were well separated.
GFP-AtPex11-4 might act as proliferator, sinceexpression in human cells resulted in the
appearance of more elongated peroxisomes as comnpar@FP-AtPex11-3, but some are
interconnected and form tubules (arrow in FigurBYlZ hese “sausage-like” structures were
reported in yeast cells deleted for a protein @f fission machinery (Schauss et al., 2006,
Kuravi et al., 2006). Additionally, Koch et al. raveported similar observations in COS-cells
knocked down by siRNA for Dlp1, a protein involvedthe mitochondrial and peroxisomal
fission process (Koch et al.,, 2004). We proposd thase structures represent ongoing
proliferation. Since those “sausage-like” strucsuage not present throughout the whole cell,
is it unlikely that these observations can be laited to a defect in the peroxisomal fission
process. GFP-AtPex11-5 seems to be the most poteliferator of all plant Pex11 proteins
in HEK293T cells. The high number of peroxisomesmbmed with only little distance in
between makes the deconvolution and 3D renderiogeplure difficult to achieve properly.
However, the peroxisomes seem to remain separatkdy@gpear clustered only due to their

high density.
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Figure 12: 3D reconstruction of a selected area (iEK293T cells overexpressing (A) GFP-AtPex11-1,
(B) GFP-AtPex11-2, (C) GFP-AtPex11-3, (D) GFP-AtPd4d-4 and (E) GFP-AtPex11-5; image stacks
(d=0.5um) were deconvolved and rendered resultingnia 3D view revealing the fine-structures of
peroxisomes; bar: 10pm
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3.3 Statistical analysis of the influence of Pex11 proteins

The observation of confocal laser scanning micrmpgc@dCLSM) images is always
accompanied by personal bias, which is usually maddd by evaluating the reproducibility
and imaging many coverslips of different experirseriRepresentative image stacks are
shown in Figure 6-Figure 8.

A statistical analysis therefore provides a mor#qund basis for the quantitative evaluation
of microscopy data.

We used and expanded established counting techifitien et al., 2006). Briefly, we
collected images of at least 50 cells for the esgima of each Pex11 protein 22 hours after
transfection. All images were taken in the widestal plane of a cell containing the most
peroxisomes. These images were handled as des¢sbed/ethods for details). Images were
filtered, converted to 8-bit and a threshold waglied to highlight the peroxisomal
fluorescence. Then, each cell was encircled manaaitl the peroxisomes were counted by
using the Particle Analysis package of Imaged z-stack would certainly enable us to
consider all peroxisomes of one cell, but the probbf spatial discrimination would emerge.

| category | category Il  category lll category IV
diameter [um] 0-0.35 0.36-0.66 0.67-0.95 0.96-10
area [um?] 0-0.1 0.11-0.34 0.35-0.71  0.72-78,54

Table 2: four categories of peroxisomal size: categy |l represents the normal peroxisome, category the
small ones, whereas enlarged peroxisomes are fouimdcategories Il and 1V

Additionally, we measured the total area coveredallyperoxisomes of each category.
Certainly, the acquisition of large amount of daiay lead to a strong bias. To avoid this we
sought to compare relative trends for each sample.divided the peroxisomes into four

categories with increasing diameter (Table 2). Tbemal-sized peroxisomes are found in
category Il. Categories | and Ill represent boupda&gions since the size of peroxisomes
varies even in wild type cells. Nevertheless, finsof peroxisomes into smaller ones would
shift the majority of the peroxisomes from categtrio I. Category IV encloses all bigger,

clustered or enlarged peroxisomes, though sometrefound in category Il as well.

! Rasband, W.S., ImageJ, National Institutes of Hie@ethesda, Maryland, USA, http://rsb.info.nih.fjbv
1997-2004
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3.3.1 Influence on peroxisome abundance

First, we analyzed the peroxisomal abundance, congpahe expression of all Pex1l

proteins to cells transfected with mCherry-SKL onfywo major questions were raised,

namely i) whether the absolute number of peroxisootenges and ii) whether the relative
fraction of each category differs from cells tratséd only with a peroxisomal marker

protein.

Figure 13-Figure 15 summarize the data collecte@lffd?ex11 proteins from yeast, plant and
man. Each table (Figure 13C-Figure 15C) shows timabers themselves, highlighting the

most important category. The absolute numbersegneesented as bars in Figure 13A-Figure
15A, whereas the relative abundance based on therniomber of peroxisomes per cell are

shown in Figure 13B-Figure 15B.
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ratio of each category

HsPEX11C
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C category HsPEX11 HsPEX11 HsPEX11 wt
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Figure 13: analysis of the abundance of peroxisomés cells overexpressing GFP-HsPexid 3
and y; (A) total abundance of peroxisomes per widest fat plane/ cell, (B) relative distribution
(sum of all peroxisomes=100%), (C) the exact numbgiand standard deviations; n=50 cells;

The blue bars in Figure 13-Figure 15 show the albsobnd relative distribution of
peroxisomes in wild type cells, i.e. cells trangéecwith a peroxisomal marker only. These
cells contained approximately 90% peroxisomes tegmies | and Il, ~200 peroxisomes in
total in the widest focal plane. The categoriesafit IV are hardly present.

Overexpression of GFP-HsPexlihduced a shift towards smaller peroxisomes, sibhai in
Figure 13A/B. While the number of peroxisomes irtegary | increased, it decreased in
category Il as compared to wild type cells. Thaltalbbundance did not change. In contrast,

GFP-HsPex13 expression led to an increase of both categdrigshardly altered the relative
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distribution of the peroxisomes compared to cetlsressing GFP-HsPexd1 More than 400
peroxisomes were counted in one cell's widest fquaihe. When GFP-HsPexllvas
expressed the number of peroxisomes in categany llavas considerably reduced but cells
showed only minor changes in the other categoresever, due to the reduced total number
of peroxisomes (approximately 100/ widest focahpfacell) the relative distribution reveals a
severe increase in bigger peroxisomes, which har&ibute to a fifth of the total peroxisome
number. Notably, only cells containing big or ckrsdd peroxisomes were counted since this

phenotype was present in more than 80% of thefeatesl cells.

OScPEX11
[ScPEX25
Ewt

[!1—' el | cel 1; ) Sgg S::Exzs

ScPEX11
CATI CATIIl CAT il CAT IV CATI CATII

number of peroxisomes
E ]

ratio of each category

CAT I CAT IV

C category ScPEX11 ScPEX25 wit
| % 76 + 6 42 +6 53+7
total 213 + 34 25 + 6 100 + 17
" % 20 £ 4 24 £ 6 3817
fotal 55 +8 15 £ 4 71 £13
n % 311 1315 5+2
total 103 72 105
w % 1+1 21 £ 1 4 +2
total 4 +2 13 +1 7 £33

Figure 14: analysis of the abundance of peroxisomés cells overexpressing GFP-ScPex11 and
25; (A) total abundance of peroxisomes per widesb€al plane/ cell, (B) relative distribution (sum
of all peroxisomes=100%), (C) the exact numbers angtandard deviations; n=50 cells;

Figure 14 shows the summary of the statistical uatadn of the yeast Pex11l proteins.
Expression of GFP-ScPex11 led to more peroxisomesich way, that a strong increase of
category | was detected, while the other categamesained unchanged. Analysis of the
relative distribution underlines this fact eventbetExpression of GFP-ScPex25 led to nearly
the same distribution as in cells expressing GFPeAH&}y. Though a slight shift toward
smaller peroxisomes was observed in comparisorlt® expressing GFP-HsPex11

The analysis of all plant Pex11 proteins is sumpeariin Figure 15. Expression of GFP-
AtPex11-1 caused a decrease in category Il andagdse in category |. This, together with
slightly more peroxisomes in category IV might déso the presumption that more big

peroxisomes are present.
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A strong shift towards big peroxisomes togethehvatdecrease in all other categories was
induced by expressing GFP-AtPex11-2. For GFP-AtR&Expression the distribution of
peroxisomes was comparable to that of wild typéscehough a slight increase in category |
can be noted. Interestingly, expression of GFP-AiRet only led to marginally more
peroxisomes in category IV and approximately thmesamount in category Il and Ill. This
however, was enough to present some tubule-liketsires as visible in Figure 11D (arrow).
Clearly, expression of GFP-AtPex11-5 gave rise t&trang shift towards small and more

peroxisomes. These findings will be further anatlyresection 3.3.3.
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C category AtPex11-1 AtPex11-2 AtPex11-3 AtPex11-4 AtPex11-5 wt
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total 10 + 3 7+3 11 =3 11 +3 9+4 7+3

Figure 15: analysis of the abundance of peroxisomés cells overexpressing GFP-AtPex11-1 to
-5; (A) total abundance of peroxisomes per widesital plane/ cell, (B) relative distribution
(sum of all peroxisomes=100%), (C) the exact numbgiand standard deviations; n=50 cells;
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3.3.2 Influence on peroxisome size

We further analyzed the area covered by the pevmes of each category. Here, the same

categories as described in section 3.3 (Table 29 wsed.
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Figure 16: analysis of the covered area [ufh of peroxisomes in cells overexpressing GFP-

HsPexl1ti, B and vy, (A) total area of peroxisomes per widest focal phe/ cell, (B) relative
distribution (sum of area of all peroxisomes=100%),(C) the exact numbers and standard
deviations; n=50 cells;

Again, all peroxisomes in the widest focal planereveonsidered and the area of all
peroxisomes of each category was summed up. Thisleshus to detect any minor changes
concerning the size of peroxisomes within eachgoate

Figure 16 shows the statistics for the overexpehsenan Pex11 proteins in HEK293T cells.
In our experiments with GFP-HsPexi 1peroxisomes of category | and Il covered the
majority of all. This is in agreement with the ctesh abundance of the peroxisomes.
Astonishingly, in the case of GFP-HsPefRlie observed approximately the same relative
distribution as with GFP-HsPexd lalthough a strong increase in the number of psooxes

in category | was indicated before. Noteworthy, toeered area when GFP-HsPexiidas
expressed doubled as compared to wild type cells.

Similarly to GFP-HsPexXl and (3, the majority of peroxisomal area is covered by
peroxisomes of category | for GFP-ScPex11 (Figurg Cells expressing GFP-ScPex25
presented an even more pronounced shift to catelyprgs compared to cells expressing

GFP-HsPex1yL
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Figure 17: analysis of the covered area [ufh of peroxisomes in cells overexpressing GFP-
ScPex11 and 25; (A) total area of peroxisomes peridest focal plane/ cell, (B) relative
distribution (sum of area of all peroxisomes=100%),(C) the exact numbers and standard

deviations; n=50 cells;

The expression of the plant Pex11 fusion protenesgnted quite adverse results with regard
to the covered peroxisomal area. The measurementsuanmarized in Figure 18. However,
the total area covered by all peroxisomes of ategaries did not change significantly

throughout the cells expressing either of the yseteins (about 33uf
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Figure 18: analysis of the covered area [ufh of peroxisomes in cells overexpressing GFP-

AtPex11-1 to -5; (A) total area of peroxisomes pewidest focal plane/ cell, (B) relative
distribution (sum of area of all peroxisomes=100%),C) the exact numbers and standard
deviations; n=50 cells;
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3.3.3 A correlation appears between peroxisomal siz e and number

Special interest has to be drawn at the correlabetmveen the abundance and the size of
peroxisomes. Since we used categories with a nendage, the covered area of peroxisomes
might still vary within one category. For instandbere could exist fewer peroxisomes of
category IV in a cell A that are bigger, and theref cover a larger area than more
peroxisomes of category IV in a cell B. In contrasbre peroxisomes in category | could also
cover a smaller area than fewer but slightly biggees. The exact criteria defining the four
categories can be found in Table 2.

A significant index is easily accessible by divigithe mean size by the mean
abundance of the peroxisomes in each categoryrédudt is the area per peroxisome, giving
a realistic view of size-changes within categories.

The red-coloured numbers in Table 3 for the exprassf HsPex1& and[3 explain the
differences observed when comparing the abundandetl@e size of peroxisomes. The
number of peroxisomes was higher for HsP&hile the covered area stayed the same.
This can only be explained by a different mean sizgeroxisomes of category Il which was
doubled for HsPexId. The most frapping differences occur in categdtydearly due to its

broad definition.

wt HsPex11A HsPex11B HsPex11C ScPex11 ScPex25
cat | 0,08 0,09 0,05 0,06 0,09 0,05
cat Il 0,14 0,23 0,11 0,26 0,13 0,22
cat 0,39 0,65 0,39 0,44 0,52 0,55
cat IV 1,45 2,04 0,89 1,68 1,39 2,02

AtPex11-1 AtPex11-2 AtPex11-3 AtPex11-4 AtPex11-5

cat | 0,10 0,09 0,09 0,09 0,08
cat Il 0,23 0,30 0,32 0,34 0,29
cat Ill 0,68 0,43 0,59 0,56 0,52
cat IV 1,44 2,30 1,05 1,17 1,32

Table 3: average area of a typical peroxisome of ela category for each used Pex11 protein; unit: [pfh

Overall, our results underline statistically thelocalization experiments and expand our
knowledge by quantifying the relative differencesiumber and size of peroxisomes between

the overexpression of the different Pex11 fusiartgdns in human cells.
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3.4 Effects of overexpressed Pex11 proteins overti me

The analysis of the tagged Pex11 proteins was alvpayformed about 22-24 hours after
transfection. Since peroxisomes are versatile a@ltgs) observing the dynamics of their
proliferation, growth and adaptation may be bestgted to study the different effects allied
with overexpression of Pex11l proteins. The beshrigwe is by far live cell imaging,
however, huge datasets are created when usingsttategy. Therefore, it is absolutely
necessary to narrow the timeframe to some distimietesting points. Then, live observation
is ultimately applicable with acceptable amountdaif.

In order to achieve this, we decided to investighae GFP-tagged Pex11 fusion proteins
under the same conditions as before (see sectlyraBdifferent time points, namely 22h, 30h
and 46h after transfection.

3.4.1 Effects of human Pex11 proteins overexpressio  n change over
time

Neither peroxisomal abundance nor size nor shapegdd in cells cotransfected with
plasmids expressing the peroxisomal matrix marketems, GFP-Scp2 and mCherry-SKL
over the observed time frame (Figure 19D). Thegpatof overexpressed GFP-HsPexdid
not change much over the observed timepoints; hexyesome increase in the peroxisomal
abundance could be noticed (Figure 19A). The sizgecoxisomes did not change in these
cells. In contrast, when GFP-HsPegMas overexpressed, the peroxisomal number, site an
shape varied dramatically. The strong induction pefoxisome proliferation 22h after
transfection shifted towards the formation of ctustobserved 24h later.
This was obviously achieved via an intermediatg gse=e Figure 20, crop of Figure 19).

Here, the peroxisomal number decreased signifizasticompared to 22h after transfection.
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Figure 19: time-dependent expression of human GFP&X11 protein fusion constructs; (A) GFP-

HsPex1Tn showed no significant change over time, althoughome increase in peroxisome
number was observable, (B) GFP-HsPexBlinduces strong cluster formation after 46h, for

zoomed region of interest see Figure 20; (C) GFP-Rex1l stimulates peroxisomal clusters to
grow and/or fuse to enlarged groups of peroxisomesmages are projected stacks, red channel
(A-D): mCherry-SKL, bar: 10um

Figure 20: outlined area of Figure 19, cell overexgssing GFP-
HsPex1PB 30h after transfection; The green spots colocalize
with the distinct red punctae (mCherry-SKL) and moreover,
form a short tail which partly connects two red stuctures;
sometimes, green fluorescence is observed as jupctiof more
than two peroxisomes (arrow); bar: 10um
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Moreover, the individual peroxisomes (seen in reelmed to be interconnected by a green
structure, building up junctions for two or evenmaperoxisomes (see arrow in Figure 20 and
Figure 21). A closer look at higher magnification those structures revealed that in the
majority of the cells some “ring-like” structuresere visible only in the green channel
(arrowheads in Figure 21), while red peroxisomaltrimamarker, mCherry-SKL, stayed
punctuate. Additionally, a green ring around a detl could be observed (asterisks and crop
in Figure 21) demonstrating that GFP-HsPgkIdrincipally localized at the membrane.
Whether the green rings observed represent an giagpyin peroxisome formation remains to

be demonstrated.

Figure 21: (A) and (B) highly magnified regions ofinterest of cells overexpressing GFP-HsPexf1

30h after transfection; red: mCherry-SKL; arrows mark junctions between multiple peroxisomes,

arrowheads highlight ring structures and asterisksnotate green encircled peroxisomes, bar: 5um, (c)
and (d) one region has been cropped and transformeid grey, where (c) represent the red channel
and (d) the green one; bar: 1um; all images are pjected stacks

However, the above mentioned solely green ringicsiires seemed to be an effect due to
high overexpression, since it could be shown thathaman Pex11l proteins as well as
ScPex11 and ScPex 25 were able to form such stesctypon high overexpression (data not
shown). Nevertheless, only overexpressed GFP-HdBdeil to interconnected peroxisomes
30h after transfection. This was not observablénvaihy other protein. Remarkably, these
structures all disappeared 46h after transfectidrere some peroxisomal clusters could be
observed together with some small peroxisomes., leegperoxisomal marker mCherry-SKL
was also visible in the cytosol, though to a ledem so that the peroxisomes stayed brighter
marked (data not shown).

Overexpressed GFP-HsPeyldhowed the clustering after 22h to some exterdbserved
before (Figure 6C). Again, the majority of the sedhowed this phenotype, the rest of the
cells contained normal-sized peroxisomes (showirigure 19C as compared to clusters

shown before in Figure 6C). This changed over itine in such way, that all cells presented
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enlarged or clustered peroxisomes. This shift iearly observable as the percentage and the
size of clusters per cell was growing continuowdlgach time point.

3.4.2 Overexpression effects of yeast proteins oft  he Pex11 family
change over time

The overexpressed GFP-ScPex11 protein inducedath®fion of many peroxisomes already
22h after transfection. This did not change ovaretias visible in Figure 22A. Here, the

morphology, size and abundance were not affectedrapared to time point 22h.

22h 30h 46h

Figure 22: time-dependent expression of the yeastFR-ScPex11 and GFP-ScPex25 fusion proteins; (A)
GFP-Pex11l shows no significant change over time wieas (B) the clustering observed after
overexpressing GFP-Pex25 increases, (C) GFP-ScpZdr channel (A-C): mCherry-SKL, images are

projected z- stacks, bars: 10um

The overexpressed GFP-ScPex25 which induced samteghg even 22h after transfection
induced this clustering together with tubule-forimatextensively until 46h after transfection
(see Figure 22B). The smaller window in Figure 28/ shows an enlarged cell area which

presents tubule-like structures.
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3.5 SNAP-tag technology — a tool to study proteind  ynamics

The concept of tagging has allowed to establish ways to analyze protein functions. A tag
makes it possible to follow a protein vivo via live-cell imaging, to detect it in a Western
blot or to isolate and purify it via a column. Weagr task a tag is assigned with, several
requirements have to be fulfilled. A fluoresceng tsuch as GFP should be as small as
possible, not interfere with the protein’s functide@ photostable and have a short maturation
time. Moreover, the quantum yield, the extinctiaefficient and pH (in)sensitivity play a
role, too.

Several new approaches have arisen since the glahithe gene coding for avGFP
including fluorescent peptide ligands, photoactabée¢ and photoswitchable fluorescent dyes
(Chapman et al., 2005, Griffin et al., 1998; Shaetal., 2007).

In our experiments, we searched for a tag that dvamable us to perform both,
imaging and biochemical experiments. Finally, wesehthe SNAP tag due to its multiple
advantages. SNAP stands for a protein, namely the humari-afkylguanine-DNA-
alkyltransferase (hAGT). It transfers irreversililye alkyl group from its substrate®O
alkylguanine-DNA, to its reactive cysteine residiggure 23). Combined biochemical and
structural-biological methods led to a proposedtitea mechanism (Figure 23, Daniels et al.,
2004).

Glui72

Figure 23: proposed reaction mechanism of hAG(Daniels et al., 2004).

The essential role of hAAGT in DNA damage repair besn studied extensively making this
protein a functionally clarified one (Daniels anaider, 2000, Wibley et al., 2000, Xu-
Welliver et al., 1999, Xu-Welliver et al., 2000, XMelliver and Pegg, 2000). Additionally,
hAGT represents an interesting target for pharmazauscreens. Since alkylated DNA can
induce apoptosis, chemotherapeutic strategies basedDNA-alkylating agents (e.g.
temozolomide) have a reduced efficiency due toetidogenous hAGT reversing the effects
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of such drugs. Therefore, medics inhibiting hAGErease dramatically the effects of DNA-
alkylating drugs (Ragg et al., 2000, Cai et alQ@0Damoiseaux et al., 2001; Griffin et al.,
2000, Meikrantz et al., 1998).

All these studies on hAGT revealed that the spatyfifor its substrate only requires
the structure ®benzylguanine (BG). Therefore, any fluorescent dgepled on BG would
lead to a specific labelling of hAGT. The endogenbdAGT has been mutated several times
to eliminate the disadvantages it may have whewirggras a tag. Its intrinsic affinity for
DNA was efficiently reduced, its activity for BG lsstrates was increased and its size was
minimized by removing non-essential amino aciddess (Juillerat et al., 2003, Gronemeyer
et al., 2006, Heinis et al., 2006). This enablesadk in cells that are not deficient for hAGT.
One drawback of this approach still remains: Sitheeenzyme hAGT is not longer valuable
after the transfer reaction, it is ubiquitinylatedd degraded by the cell. However, the
measured decrease of fluorescence in labelledjliells is about 50% after 7 hours (Keppler
et al., 2004b, Srivenugopal et al., 1996).

The idea of using hAGT as a tag was first introduite 2003 (Keppler et al., 2003)
and has continuously been refined by developing sebstrates over the years (Keppler et
al., 2006; Keppler et al., 2004a; Keppler et @004b).

An enormously valuable feature of the SNPARag (provided by Covalys) is the versatility to
any BG substrate offered, be it in living cellxefil cells or a BG immobilized on a surface,
which makes protein purifications easily possil{leflermann et al., 2003).

We expanded this technology by appending the SNt&B with a tobacco etch virus (TEV)

protease cleavage site in order to pull down pediproteins from a matrix.

Eventually, our SNAP-TEV tag will represent a useful tag for any kinflimaging and

protein purification procedures.

3.5.1 Peroxisomal dynamics in live cell imaging

Several fluorescent dyes are available for imagiilegSNAF protein. We chose a red and a
green label (TMR-Star and BG505, respectively)ceithese suited well with our peroxisome
marker proteins (Figure 24).

To achieve our goals, we cloned N-terminally SNABPYTtagged Pex11 fusion proteins, and
evaluated then. We expressed SNAP-TEV-HsPexhhd y in HEK293T cells, also
expressing GFP-Scp2 and labelled the cells witifiiR&-Star dye.
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Figure 24: fluorescent labels for the SNAP tag used; (A) BG-505, exc: 504nm, em: 532nm, (BMR-Star,
exc:554nm, em:580nm

As control for the SNAP technology, we transfected a plasmid encoding SNi#aBged

cytochrome oxidase 8A (Cox8A), a mitochondrial piot Cells were imaged alive with the

Figure 25: live cell imaging of HEK293T cells exprssing labelled
SNAP fusion proteins 24 hours after transfection,A) SNAP-TEV-
HsPexl1t, (B) SNAP-TEV-HsPexly, (C) Cox8a-SNAP, (A-C)
coexpressed with GFP-Scp2, images are projected tacks of one
time frame, bar: 10um
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Zeiss DuoScan (Figure 25, see methods sectionefails). The control cells in Figure 25C
presented a normal morphology. The mitochondrigwogk was properly established.

Peroxisomal abundance, size and shape were congaoatells transfected with mCherry-
SKL or GFP-Scp2 only (Figure 6). Moreover, cellemxpressing SNAP-TEV-HsPexd br

y showed identical peroxisome number and size ds oskrexpressing the GFP tagged
Pex11 proteins (Figure 6). Similar results wereaolgd with fixed cells labelled prior

fixation. Evaluation of the BG-505 dye revealedtttias dye was not that sensitive, bright
and photostable than the red TMR-Star. Therefambining GFP-Scp2 with a red labelled
SNAP” tag proved as best choice.

3.5.2 Establishing stable cell lines

For further study using the SNAPtag, it is absolutely necessary to establish gtabl
expressing cell lines for each Pex1l construct. aese to establish stably transfected
HEK293T cells expressing either mCherry-SKL, GFRAScSNAP-TEV-HsPexld and
SNAP-TEV-HsPex1y Briefly, HEK293T cells (passage 11) were trantdfdcone day after
the appropriate selective agent was added. When eelts had died, each dish was split and
diluted into a 96-well in such way, that one singédl was present in one well. These cells

were grown to confluency, transferred to a 48-watter repeated growth and splitting, cells

were ready in passage 18.

Figure 26: HEK293T cells stably expressing (A) GFBcp2 and (B) mCherry-SKL, images are projected
z-stacks, bar: 10um

The clones expressing the peroxisomal marker prot@FP-Scp2 and mCherry-SKL
were successfully tested (see Figure 26), now ¢alEK293187FSP2and HEK293TCe-

KL respectively. Every single cell presented wildetylike peroxisomes with very bright
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fluorescence. Fortunately, every single clone axddba similar fluorescent pattern as
compared to cells transiently transfected with tlespective peroxisome marker. The
emission was significantly brighter for HEK293F°™SK-resulting in bigger peroxisomes as

compared to HEK293T "2 since the images were aquired using the samiegeett

3.6 Study on domains and possible posttranslational
modifications of Pex11 proteins

Elucidating the molecular role of the Pex11 prateimvolves multiple approaches. Among
those already employed, testing the importanceeofam domains on the protein function
could provide a first hint where to focus on whpepointing the specific function in
peroxisomal proliferation.

After scrutinizing the three human Pex11 proteinsinformatically, we identified two
putative phosphorylation sites for HsPealds well as the putative transmembrane domains

for HsPex1t andp.

3.6.1 Mutations of putative phosphorylation sitesa  ffects the
phenotype

We identified a double phosphorylation site atreeri59/ serine 161 of HsPexilVia a
bioinformatical search (PhosphoELM, http://phosphm.eu.org/, Diella et al., 2004; Diella et
al., 2008). The mutation of these serines to aEn({$>A) blocks possible phosphorylation
and mimicks the unphosphorylated state whereasni@ation to aspartates resembles the
phosphorylated state due to the high negative esgpgesent. HsPexdlcould be regulated
via phosphorylation events, maybe another functioaatrol together with a possible redox-
sensitive dimerization (Marshall et al., 1996). Weroduced both double mutations in
HsPex1tr, now called HsPext>* and HsPex1d>>°. We observed the expression of both

proteins N- terminally tagged with GFP in HEK293lls (Figure 27).

41



3. RESULTS

Figure 27: HEK293T cells expressing (A) GFP-HsPexbf>*
and (B) GFP-HsPex1#&®>°; (A) showing interconnected
peroxisomal tubules, whereas in (B) the peroxisomatructures
are more clustered and enlarged. images are projesd stacks,
(A-B) cotransfection with mCherry-SKL, bar: 10um

The expression of GFP-HsPexitt” caused peroxisomal tubule-formation, where the
formed tubules are strongly interconnected (Fi@d#8). In contrast, the overexpresseté S
mutation of HsPexl1d led to a distinct phenotype, where the peroxisoapgseared more
clustered than elongated. Of course, the endogeHsbkex1t was still present among the
other members of the Pex11 protein family, whoserpiay remains obscure. Despite these

facts, the phenotypes observed make it necessarnydstigate the singly mutated HsPea11

3.6.2 The transmembrane domain is important for loc  alization and
function

The careful bioinformatical scrutiny of the varioBex11 proteins revealed a transmembrane
domain (TMD) for HsPexld andf3 near the C-terminus (Kyte-Doolittle plot in Figu28,
Kyte and Doolittle, 1982). As easily visible in Eig 28, the hydropathy plots of HsPe&ll
andf3 are quite similar, whereas HsPexXEkhibits different hydrophilic properties. Deletio

of 60 base pairs of the cDNA coding for HsPex1l(da 220-239) and 78 base pairs of the
respective cDNA for HsPexfBl(aa 230-255) would delete those TMDs, thus ratgirthe
earlier discussed KxKxx motif of HsPexdland the RxKx motif of HsPexBl The real

nature of the mPTS is yet unclear, it is only vedfthat one TMD is required for insertion

into the peroxisomal membrane.
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Figure 28: Kyte-Doolittle plots for the full-length human Pex11 proteins, (A) HsPexd, (B)
HsPex1PB and (C) HsPexly, crossing the red line indicates a highly possibleputative
transmembrane domain, window size for A-C: 19 amin@cids

We deleted the above indicated amino acids of HERexand HsPex13, now called
HsPex1t*?° and HsPex13*? respectively, by means of PCR and expressed fireseins

as N-terminal GFP-fusions in HEK293T cells stablykpressing mCherry-SKL
(HEK293TmCherm-SKhy,

Figure 29: C-terminal deletion mutants of HsPex1d& and B missing the
putative TMD in HEK293T cells stably expressing mClerry-SKL; (A)
GFP-HsPex1t*® and (B) GFP-HsPex1p*?® (A-B) images are
projected stacks, bar: 10pum

GFP-HsPex1d*®° did not colocalize to peroxisomes, it was found time cytosol.

Interestingly, the cells expressing this truncatedsion of HsPexld contained fewer and

larger peroxisomes as compared to the surrounditig @anly expressing the marker protein.
Moreover, the expression level of GFP-HsPexXfl seemed to negatively correlate with the
peroxisome number (Figure 29A). This fact was rostesvable in cotransfection experiments,
since the loss of red fluorescence from the mapketeins could be interpreted as reduced
labeling of peroxisomes. This bias was eliminateccells stably expressing the mCherry-

SKL. Colocalization experiments in HEK2935"®™ S cells with untruncated Pex11
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proteins of either used kingdom showed the samétsess presented before (see section 3.1).
These findings could correlate localization anccfionality of HsPex1d.

We further tested whether other organelles wefectdd as well by overexpressed
GFP-HsPex1d*?®° by analyzing the nucleus, the golgi, the mitoch@ndand actin as
important part of the cytoskeleton. We could natdfiany differences between cells
overexpressing GFP-HsPext't® or the peroxisomal matrix marker GFP-Scp2 onlyther
tests will include the ER, tubulin and a marker tloe peroxisomal membrane, PMP70. The
latter will show, whether only the import of PTSé&pe&ndent proteins is inhibited or whether
peroxisomal number is reduced at all.

The overexpressed GFP-HsPeR1? behaved similarly in HEK293F"™SKL cells, as it
was found in the cytosol and the nucleus, sometifogaing aggregates. However, cells
overexpressing GFP-HsPef'f® presented a normal peroxisomal abundance and

morphology comparable to cells only expressing mGh8KL (Figure 29B).

3.6.3 ScPex11 possibly forms redox-sensitive homodi mers in
human cells

It has been reported before that a possible redogisve homo-dimerization of ScPex11
might regulate its function in the proliferating aménery in yeast cells (Marshall et al., 1996).
CbPex11 contains only one cysteine, which is nthy ftonserved in ScPex11 that contains
three cysteine residues. However, comparing th@snding amino acids of each cysteine of
ScPex11 to the one in CbPex11 reveals one simjitdeine, cys3. Marshall et al. introduced a
cysteine to alanine @A) mutation in ScPex11 and expressed it under éxd P-promoter in

a pexllmutant yeast strain. The morphology and abundahtee yeast peroxisomes were
affected significantly, since more and clusteredopisomes were present (Marshall et al.,
1996).

We already demonstrated that the yeast ScPex1&ipsxrts to peroxisomes in human cells.
Moreover, upon overexpression of this protein, tedls contained about 55% more
peroxisomes than cells expressing only mCherry-SKL.

We introduced the same mutation in ScPex11 by chgrige codon three from TGT(cys) to
GCT(ala). Overexpressing an N-terminally GFP-taggeersion of this protein in
HEK293T"Che™-SKL cells induced clustering and elongation of permxiss (Figure 30). In
some cases many small peroxisomes were presentlbsivhe cell, which could represent

the amount of overexpression in each cell.
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Figure 30: overexpressed GFP-ScPexi1" in HEK293T™"e™SKL cells: (A) clustering and
elongation of peroxisomes are present in cells exgssing this protein, (B) some cells contain
additionally small peroxisomes, image is a projectestack, bar: 10um

The results of our study in human cells are sintibathose observed from Marshal et al. in
Candida boidinij which could reflect an universal mode of regalatfor the Pex11 proteins

from yeast and human cells.
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4 Discussion

Generally, the proliferation of all organelles I8raately required for cell division and growth
of cells, organisms and therefore life. Peroxisgntesugh little in size, perform multiple
important tasks. As they participate in the lipiétabolism and detoxify hydrogen peroxide
via their enzymatic machinery, they are essentalnfiost eukaryotic cells. Indeed, human
cells containing aberrant peroxisomes or missirggehorganelles are hardly viable. Thus,
most peroxisomal biogenesis disorders are letmdidmans.

Peroxisomes adapt to given environmental conditionscellular requirements rapidly,
making these organelles versatile. One importatit pperoxisome proliferation is given by
the fission of preexisting peroxisomes (Figure &Bveral proteins are involved in this multi-

step process.

0 ® 00 °

Figure 31: schematic drawing of the peroxisomal priferation by fission

Among those proteins the Pex11 protein family plagsimportant role. In humans, three
genes coding for HsPexd 1 andy have been identified (Abe and Fujiki, 1998, Abealket
1998, Tanaka et al., 2003). Although, many yeanrse hzassed since then, major questions
have not been resolved yet. Why are there moredharPex11 protein in a given organism?
What is the difference in their function, do thepriw together or to what extent are they
distinct? In plants, the five AtPex11 proteins knewn to be expressed in different tissues at
different levels and act at strongly regulated tipznts (Orth et al., 2007, Lingard et al.,
2008). However, even single cell organisms sudbe&sr’s yeast contain three proteins of the
Pex11 family. All together, the sequences of thddféerent Pex11l proteins are quite
conserved.

In humans, HsPexlis — in contrast to the other two proteins — indiec Pex1B
seems to play a major role within the constitugveborking division machinery. An
interaction between HsPeXihnd Fisl could be proven biochemically (Li and {@p2003,
Kobayashi et al., 2007). The function of HsPexhas not been elucidated, yet. However, it is
the only member of the human Pex11 protein fantiigt induces clustering and not division

of peroxisomes upon overexpression (this studyetLial., 2002a). It certainly has to be
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clarified whether an untagged version of this pgroteads to the same effects on peroxisomes
as its tagged counterparts.

Here, we could show the colocalization of overegzpeel GFP-tagged Pex11 proteins from
three different kingdoms with a peroxisomal matriarker protein in human HEK293T cells.
Overexpression of GFP-HsPexillor [3 induced peroxisomal proliferation as more
peroxisomes were visible as compared to cells éctall only with the peroxisomal marker
protein (Figure 6). In contrast, overexpressed GISPex1¥ led to larger and clustered
peroxisomes. It has been reported that in yeasbxg®mes stick together after fission. The
separation may require the function of the prot&oBex28-29 (Figure 3, Vizeacoumar et al.,
2003). In agreement with these published data, abservations could be a hint for
proliferation as well.

However, many other explanations are possiblepuidt be that HsPex¥lis such a
powerful proliferating factor, that the fission ndrwery is overwhelmed. It might also be that
HsPex1¥ is actively inhibiting the fission machinery orlaast the separation process. It had
been shown, that the knockdown of some proteinth@fperoxisomal/mitochondrial fission
machinery in human cell results in elongation —ussaye-like” — of peroxisomes. Our 3D
reconstitutions enable to judge whether more thenperoxisome are involved in one cluster
induced by overepxressed GFP-HsPgxlt seems, that there were more peroxisomes
present in most clusters as observable via the @ioars of the clusters (Figure 10). Still,
they were connected to each other and not wellratgth However, though this clustering
was present in the majority of the cells, somesosdintained an equal amount of peroxisomes
of about the same size as compared to cells tretesf@nly with mCherry-SKL.

Interestingly, overexpressed yeast and plant GBPdusion proteins sorted to human
peroxisomes in HEK293T cells (Figure 7/ Figure lB&re we could show that the presented
phenotypes resemble at least partly the overexpress human GFP-Pex11 fusion proteins.
For instance, overexpressed GFP-ScPex25 inducstédicomparable to HsPeylWvhereas
GFP-ScPexl1l led to a strong increase of the penmek abundance as did HsPeall
Among the plant proteins, overexpressed GFP-AtP& 18 and -5 induced peroxisomal
proliferation. Overexpressed GFP-AtPex11-1 mildhd aGFP-AtPex11-2 strongly induced
cluster formation.

Obviously, there exist common elements in the oymession phenotypes of the
GFP-Pex11 fusion proteins of the three kingdomid, 8te implications of cluster formation
on molecular function need to be investigated fnthf the fission machinery cannot cope

with the activity of certain Pex11 proteins, why aather clusters than elongated peroxisomes
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observable? If some Pex11 proteins act as inhgitdrperoxisomal proliferation, do they
block the fission process itself or the concertkxhgation of peroxisomes driven by other
Pex11 proteins?

Most of the Pex11 proteins from each studied kimgdoe membrane-bound or -associated
proteins. Some might exhibit a full TMD. The impoftPMPs is not fully understood, yet. As
summarized by Brown and Baker in 2003, the thesnmyow accepted that PMPs exhibiting a
single TMD contain a patch of positively chargedirmmacids adjacent to this TMD though
no consensus sequence could be identified. In Plki&scontain more than one membrane
spanning domain, the cooperation of multiple regiaithin the protein and a loop on either
side of one TMD is required for correct localizatiBrown and Baker, 2003). The common
element is at least one TMD being essential foerien. Moreover, a complete mechanism
for the insertion of PMP into the peroxisomal meam& has not been found, either. Two
putative pathways have been postulated; i) the FIMRnslated on free polysomes, interacts
with Pex19 and is then inserted with the help dieotproteins such as Pex3 or ii) PMPs are
sorted via the ER, bud at defined regions, maybekedaby the presence of Pex3, and
eventually fuse with existing peroxisomes demandidPs (for review see Tabak et al.,
2008).

We may conclude from our colocalization studies thiaichever mechanism might be
true it is conserved throughout the three studiegdoms. All investigated Pex11 proteins
sorted to peroxisomes, each of them resulting slightly different phenotype suggesting
their possible functionality in human cells. Eitbe mPTS is widely recognized without any
species- or even kingdom-specificity or a more lsulsignal is responsible for being
recognized by the import machinery and finallyngeinserted in the peroxisomal membrane.
Either way, the membrane topology and orientatibearh protein has to be investigated.
Some experiments have already been performed, SeBex11 is proposed to face the
peroxisomal matrix with both, its N- and C- ternmsnuo yeast (Marshall et al., 1996). We seek
to investigate this topic if the orientation chasgéhen expressed in human cells by means of
biochemical redox-sensitive crosslinking (e.g. Pla&eimide, see below). This experiment
would enable to not only determine the topologyhaf studied protein in the membrane but

as well to analyze its redox-sensitive residuesidatthe membrane.

4.1 Peroxisome membrane dynamics

We were able to quantify the abundance and thediperoxisomes in HEK293T cells. We

compared the overexpression phenotypes of all eu@FP-Pex11 fusion proteins to cells
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transfected with mCherry-SKL only. Basically, weutnb confirm the data already evaluated
visually. Due to the complex counting strategy, @exided to use only one focal plane
(width: 0.5um) of a cell, where the most peroxisenceuld be detected. Of course, more
peroxisomes than counted via this method are présencell. However, since we compared
numbers and sought to outline trends rather thasgmting absolute numbers this strategy
was useful. Especially, the area of a peroxisome actually obtained by measuring the area
of the fluorescent dot. Still, this procedure waplacable because we only compared areas
within each category. We divided the peroxisome® ifour categories (Table 2) with
growing size in order to easily observe shiftshia tistribution due to overexpressed GFP-
Pex11 proteins. We showed that big and clustereakm®mmes occurred predominately upon
overexpression of GFP-HsPexldr GFP-ScPex25, a fact that was even more promaunc
when looking at the area occupied by the enlargedxisomes (Figure 13/ Figure 14/ Figure
16/ Figure 17). This clustering was also inducedobgrexpressed GFP-AtPex11-1 and -2.
Especially GFP-AtPex11-2 expression led to the &rom of very few large peroxisomes.
Here, no increase in number could be detected cadpa cells transfected with mCherry-
SKL only. However, these few peroxisomes coveredentban twice the area than did the
larger peroxisomes in cells transfected with mGhR&KL only. This discrepancy may be
attributed to internal variations within the defiheategories. We defined four categories each
with a certain range. Therefore, the size can waithin each category, particularly in
category IV due to its wide range (Table 2). Inesrdo overcome this problem to some

extent, we calculated the mean size of a typicabypsome of each category (Table 3).

wit HsPex11A HsPex11B HsPex11C ScPex11 ScPex25
cat | 0,08 118% 68% 75% 109% 66%
cat |l 0,14 169% 78% 186% 98% 157%
cat Il 0,39 164% 99% 113% 133% 140%
cat IV 1,45 141% 61% 116% 96% 139%

AtPex11-1 AtPex11-2 AtPex11-3 AtPex11-4 AtPex11-5

cat | 120% 112% 114% 108% 99%
cat Il 168% 219% 233% 245% 212%
cat Il 171% 110% 149% 141% 132%
cat IV 99% 159% 73% 81% 91%

Table 4: average area of a peroxisome of each catey as percentage compared to peroxisomes of cells
transfected with mCherry-SKL only; unit (wt): [pm ]

The values expressed as percentage compared tof thelts only transfected with mCherry-

SKL allow to better perceive the differences (Ta#l)e Notably, the standard deviations
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behind these values have to be considered, too. sitete the relative average size of
peroxisomes derives as means of means their sthiogatations are not listed in Table 4.

Most importantly, the overall average peroxisomabacovered in the widest focal plane was
in most case approximately the same in each celipide all the discussed drawbacks of the
size determination via fluorescence measuremeuntyluservations point directly at the issue
of membrane dynamics. Where do peroxisomes get thembranes from? Are vesicles

delivering lipids engulfed by a peroxisome justdrefit divides? Or does a mature “ready-
for-fission”- peroxisome first fuse with an immatuone? Here, live cell imaging certainly

will provide new insights, since it should be pbssito observe the events of peroxisome
fission especially when forced by an overexpregsetkin acting as a proliferating agent.

4.2 HsPex11 - a construction site for new peroxisomes

We scrutinized the behaviour of peroxisomes oveetiupon expression of each GFP-Pex11
protein fusion. Especially, overexpressed GFP-H&Hexinduced various changes in
peroxisome shape and size. First, many peroxisamgermed which then form tubules and
subsequently large fluorescent structures. We focmhplete colocalization of the GFP
signal and the mCherry-SKL signal. However, theuteb observed showed massive green
fluorescence within two or more red structures.sThinding was reproducible. Similar
structures were observable at more or less the samepoints. This could be interpreted in
several ways. It seems very unlikely that this be@ha just occurs as a result of
overexpression. In that case, on the one handritien§ would not be as exactly reproducible
and on the other hand similar plasmids coding fttreo Pex11 proteins would behave
comparably, which was not the case (e.g. Figure&®AFigure 22). Therefore, it is most
likely that a correlation exists between the fumctof HsPex1ft and the observed structural
changes of the peroxisomes. Again, the questiorhinagse whether cluster formation is a

consequence of an overwhelmed fission machinery.

A B

HsPex11 HsPex11

Figure 32: schematic drawing of the possible partipation of HsPex1P in the elongation step;
(A) two peroxisomes connected by a tunnel formed ahe site of HsPex1ft, (B) HsPex1B
induces tubule formation at one specific site on peroxisome, Px: peroxisome
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Though more detailed studies are necessary, mualer®e points at this idea. In the
schematic drawing shown in Figure 32A we proposd the structures observed represent
connections between dividing peroxisomes. HsPgx&duld form a tube-like structure
around the channel formed by the budding peroxisdrhe green fluorescence concentrates
at one distinct point and of course, the channalldvde very thin exhibiting a too weak
signal for detection. Figure 32B shows a possibiglanation for the observation of single
peroxisomes exhibiting a green tail (visible in g 20). It could represent a state
immediately prior or post fission. As stated befordias been shown that HsPefIr&cruits
Fisl to the peroxisomal membrane which itself extées with DIpl (Kobayashi et al., 2007).
Dynamin-like proteins have been reported as passiblechanochemical machines,
facilitating the budding of vesicles (for revieweseraefcke and McMahon, 2004). At least, it
has been shown that DIpl and Fisl are part of titechondrial and peroxisomal fission
machinery (Koch et al., 2005). It would be reasdmdb think that HsPexTd the initial
regulator of this process, provokes the buddingeroxisomes at one defined membrane
region. However, some structures in Figure 21 brefi more than two peroxisomes. The
overexpression of HsPexi night disregulate the whole process and conselyuemnte this
budding effect at more than just one site.

Importantly, we have to consider that dynamin ezlaproteins are also involved in fusion
processes, such as e.g. mitofusins in mitochontlreabn. It could be that the intermediate
step observed with HsPexilrepresents a fusion of pre-existing peroxisomesither
speculation might give rise to the question whettier peroxisomal clusters induced by
overexpressed GFP-HsPey&Hre indices for dividing or fusing peroxisomes.

However, the role of the other two Pex1l proteiras o be considered beyond that
speculation. Nevertheless, HsPefliheing the non-inducible form, could be resporesior
fission via the constitutive pathway, whereas H4Rexmight only be present upon induction
as reaction to e.g. oxidative stress. Interestinijlg highest levels of Pexdwere found in

liver tissue (Li et al., 2002a).

4.3 HsPex1l a contains an essential transmembrane domain

We could show that the deletion of 20aa (aa 220-289HsPexl#ét is necessary for
localization to peroxisomes, since we observedtasojic GFP-signal upon overexpression
of GFP-HsPex1d"*° in HEK293T cells (Figure 29). Moreover, we obseha& negative
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correlation between GFP-HsPextt1® expression levels and the abundance of peroxisomes
The peroxisomal number was strongly reduced irs apressing this truncated version of
HsPex1t, whereas other organelles were not affected. Sime@ndogenous proteins of the
Pex11 family were still present, the truncationnsed to exert a dominant negative effect.
Interestingly, truncated HsPexXilbeing similar to HsPextl in the Kyte-Doolittle plot,
behaved similarly when overexpressed in HEK2931Ts@ well. Its localization is cytosolic
and nuclear. However and most importantly, perarelcabundance and morphology was not
effected upon overexpression of GFP-HsP@1%l It is noteworthy that the KxKxx motif of
HsPex1tx and the RxKx motif of HsPexBlwere still present in the mutated versions of
these proteins, allowing a possible function orutation of these ER-related motifs to be
exerted.
Maybe the transmembrane domain does not only dah&docalization, but also the function
of HsPex1#1. After insertion into the membrane, HsPeaIcbuld get phosphorylated, which
might inhibit its redox-sensitive homodimerizatiand/ or enable other interactions. When
not needed anymore, the phosphate could be remanddHsPexld might be able to
dimerize. This could cause a change in its conftonathe HsPexld might no longer be
stably inserted into the membrane, and upon remowald be degraded in the cytosol.
Therefore, overexpression of HsPeat® leads to non-dividing peroxisomes, though these
are actually needed. Of course, the exact locadizateeds to be determined. We will perform
experiments using PEG/ maleimide in the presendeatnssence of DTT in order to answer
these questions. Here, methyl-PEG-maleimide reaitksthiols making a pegylated protein
heavier and thus visibly shifting its band on a SEYSGE gel. mPEG is not membrane
permeable, therefore allowing to assess the reacysteine residues outside the membrane.
By cautiously varying the reaction conditions, wil Wwe able to determine redox-sensitive
thiol groups of the Pex11 proteins since the meetioreaction can be moderated by redox-
reactive SH reagents that are i) small, hydrophiippermeant or ii) small membrane-
permeant in order to block available cysteinesrgogegylation (Lu and Deutsch, 2001).
It remains to be clarified, why the endogenouslpressed proteins are not overruling the
phenotype of aberrant peroxisomes. This mutatiostnhave a dominant negative effect,
possibly affecting the other proteins as well matfiveugh dimerization witln or 3 or other
members of the peroxisome proliferation machinétgre, HsPex1y could take over the
control and act as inhibitor of peroxisomal fissleading to this dramatic phenotype. Another
possible role for HsPexYXould be to regulate HsPexd &ndf. Given, that HsPexlwas
responsible for the constitutively promoted fissmpocess and HsPexd Jacted as additional
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stimulator when needed, HsPeyldould bind to those two proteins, maybe inhibitthgir
interactions with other proteins, necessary faidis.

Especially the redox-sensitivity of the model pregd above is supported by the phenotype
of the overexpressed GFP-ScPeéf%which led to enormous clustering and enlargemént o
peroxisomes (Figure 30).

Whatever process is taking place in the cell tarmi@ proliferation of peroxisomes, it is a
highly regulated one.

4.4 Conclusion and future aims

Our analysis of ten proteins of the Pex11-family haman cells has already provided
interesting hints on the conservation of the pesoxial proliferation machinery between
yeast, plant and human cells. In future experimemswill focus on the dynamics of
peroxisomal biogenesis by implementing live cellagmg, biochemical experiments and
other cell biological approaches.

We established a technique for live cell imagingotuserve peroxisome fission and the
participation of each proteim vivo. Moreover, the SNAP-TEV-tag introduced provides th
opportunity for protein purification as well. A raemkable feature of this tag lies in its ability
to form a covalent bondage between its reactivéetys and the substrate. We will use this
for a multi-color assay in live cell imaging. WelWabel our protein of interest at time point
zero with one fluorescent dye. After several hoofsobservation, the newly synthesized
protein will be labeled with another dye. This stegm be repeated several times. The only
drawbacks are the degradation of the labeled SNAReip and the limited amount of
separable fluorescent dyes. However, we have & lnge window of about seven to ten
hours where a labeled SNAP tag is still stableerlatively, we can always observe the cells
labelled with different dyes after fixation. Livdgervations will certainly enable us to get an
even closer look on the function of the proteinshef Pex11 family.

Furthermore, we plan to perform coimmunopreciptatiexperiments in order to isolate
interaction partners of each human Pex11 proteare Hhe already known binding partners
could prove as good positive controls (e.g. Pexd@rHsPex1it and Fisl for HsPexJ). A
very interesting topic in the context of evolutiopaconservation of the peroxisomal
proliferation machinery will be the scrutiny fortémaction partners of yeast and plant Pex11
proteins in human cells. Finally, we seek to coragae found interaction partners of every

Pex11 protein in each organism. Some interestingcations will be investigated, too.
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We will establish an additional approach by testing effect of SIRNA against the human
Pex11 proteins. We designed and cloned two siRN&xsREX11 cDNA into the plasmid
pSilencer 2.1 U6 hygro, which enables us to useetheectors for small hereditary RNA
(shRNA) experiments. Here, we will be able to iriigade the effects in long-term studies and
to verify whether the viability of cells with anyncked-down Pex11 protein is affected. In
addition to the necessary tests including westerd aorthern blotting, we designed a
scrambled 19-mer siRNA in order to exclude plasdedved phenotypes. Since the used
vector contains a hygromycin resistance, we carthisesystem together with our established
HEK293T"Che™-SKLor HEK293TFP-5P2cel| line.

A quite important role is attributed to the hossteyn used. We decided to perform the
colocalization studies in HEK293T cells. They assily to transfect, grow fast and require
only conventional medium. Despite the fact thatséheells were derived from embryonic
kidney tissue the real type of tissue to which HE&P cells belong remains rather obscure.
Indeed, recent publications propose that an immeatauronal tissue instead of epithelial cells
was taken for the generation of HEK cells (Shawalt2002) This group found many proteins
in HEK293T cells, that are commonly present in peaf tissue. Overall, HEK cells are well
suitable if one needs a host for proteins but smesvant to study the cell itself. In our study
the cellular behavior is important since we aimaatlyzing the Pex11 proteins in a
reasonable cellular context. We will therefore perf our future cell biological experiments
in fibroblasts as these represent well establisiedld to study peroxisomes.

Additionally, we will expand our knowledge of thenportance of certain domains and
putative phosphorylation sites. Since we investidabnly the double mutant (HsPexdl1l
S159D/S161D and S159A/S161A) by now, the effectghef respective single mutations
promise deeper insight into a possible regulatiodsiPex1 .

At a later point, we want to analyze the effectsddferent substances inducing oxidative
stress on the regulation of Pex11 proteins. Hémgilli be interesting to compare “young” to
“old” cells, observing their capability to handlgidative stress with regard to peroxisome

proliferation.

The analysis of the peroxisomal proliferation maehy in human cells might provide insight
into a new mode of organelle proliferation based caomstitutive and inducible fission
processes and, potentially, on a close interactatm the ER. As mentioned above,
HsPex1ltx contains a dilysine motif, known to be able torugccoatomer (Passreiter et al.,

1998). Similarly, the C-terminus of RnPex11-1 camaa KxKxx motif. CHO-mutants,
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defective for the coatomer, presented tubuled, galted peroxisomes upon introduction of
RnPex11-1 (Anton et al., 2000). As a consequeng®saible role for a cargo or retrograde

transport from peroxisomes to the ER has been stegjéLay et al., 2006).

Eventually, our work may bring forth new aspectsl atrategies to analyze membrane
dynamics and organelle proliferation at a molecldael, stimulating further studies.
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5 Materials
5.1 Buffers

FSB

10mM KOAc
10% v/v glycerol
10mM KCI
50mM CaC}
pH=6.2 with HAc

LYSIS BUFFER (for human tissue)

20mM Tris HCI pH 7.5

0.5mM EDTA disodium salt

120mM KCI

1mM DTT

10% v/v glycerol

+protease inhibitor cocktail (as recommended)

10xPBS

1.3M NaCl
0.07M NgHPO,
0.3M NakPO,

10xPBST

PBS + 0.05% v/v Tween-20

BE
89mM Tris
89mM boric acid
2.5mM EDTA disodium salt
pH 8.2 (with HCI)

TBS(T)
50mM Tris

150mM NaCl
(0.05% v/v Tween 20)
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TE

10mM Tris
1ImM EDTA disodium salt
pH 7.7 with HCI

Buffers for alkaline lysis (DNA preparation)

P1

50mM Tris HCI pH 7.5
10mM EDTA disodium salt
100pg/ml RNAse A

P2
200mM NaOH
1% w/v SDS

P3

3M KOAc
pH 5 with HAc

DNA PAGE gel

6% v/v acrylamide/ bisacrylamide solution (39:19\pded by BioRad)
4% vlv glycerol

15ul TEMED

15ul APS

in TBE

DNA PAGE sample buffer

50% vl/v glycerol
50% viv HO
0.01% w/v bromphenol blue

STOP solution

4M urea

50% w/v sucrose

5mM EDTA disodium salt
0.01% w/v bromphenol blue
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5.2 SDS PAGE/ Western blot solutions

10% separation gel (use 7.5ml)

1.5M Tris HCI pH 8.8 2.5ml
30% acrylamide/ bisacrylamide solution (providedBigRad) 3.3ml
dH,O 4.1ml
10%SDS 100ul
mix and degas with vacuum pump

20% APS 15ul
TEMED 15ul

5% stacking gel (use ~2.5ml)

1.5M Tris HCI pH 6.8 1.25ml
30% acrylamide/ bisacrylamide solution (providedBigRad) 0.8ml
dH,O 2.9m|
10%SDS 50l
mix and degas with vacuum pump

20% APS 15ul
TEMED 7.5ul

2x SDS Sample Buffer

125mM Tris

4% w/v SDS

10% v/v 2-mercaptoethanole (1.43M)
20% vl/v glycerol

0.01% w/v bromphenol blue

5x SDS Sample Buffer

the same applies as for 2x SDS Sample Buffer, &fio@ higher concentrated

2x SDS Sample Buffer with urea

100mM Tris

4M urea

4% w/ivSDS

40% v/v glycerol

3.5% v/v 2-mercaptoethanole (250mM)
0.01% w/v bromphenol blue

running buffer
25mM Tris

59



5. MATERIALS

500mM glycin
10% w/v SDS

transfer buffer
25mM Tris

500mM glycin

stripping buffer

2M MgCl,
100mM acetic acid

Ponceau S staining solution

0.2% w/v PonceauS
3% w/w trichloracetic acid (TCA)

5.3 Cell culture

Dulbecco’s modified Eagle’s medium (DMEM)

supplemented with 1%L-GIn, 10% FCS (fetal calf sgy@nd 1% Penicilline/ Streptomycin
(“full medium”)

inorganic salts mg/l

CaCb (dry) 200
Fe(NO}9H,0O 0.10
KCI 400

MgSQO, 97.70

NacCl 6400
NaH,PO,H,0 125
NaHCQ 3700

other components mg/I
D-glucose 4500
phenolred 15
sodium pyruvate 110

amino acids mg/l

L-arginine HCI 84
L-cystine 48
L-glutamine 584 (added separately)
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glycine 30
L-histidine HCI HO 42
L-isoleucine 105
L-leucine 105
L-lysine HCI 146
L-methionine 30
L-phenylalanine 66
L-serine 42
L-threonine 95
L-trypthophane 16
L-tyrosine 72
L-valine 94

vitamins mg/I

D-calcium pantothenate 4

choline chloride 4
folic acid 4
myo- inositol 7.2
nicotinamide 4
pyridoxal HCI 4
riboflavin 0.4
thiamine HCI 4

penicillin/streptomycin solution and FCS added sa{ady

trypsin splitting solution

0.5mg/ml trypsin, 0.22mg/ml EDTA (Titriplex 1) iPBS

fixation solution

4% formaldehyde in PBS

freezing medium

DMEM + 1%L-gIn + 10% DMSO + 15% FCS

permeabilization solution

0.3% Triton X-100 in PBS

blocking solution for immunostaining

1% BSA in PBST
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mounting medium

2.4g mowiol 4-88 (partly hydrolyzed polyvinylalcdho
6.0g glycerol

6.0ml dHO

12.0ml 0.2M Tris HCI pH 8.5

each additive added with one hour mixing in betwdgral incubation at 50°C for 2 hours
with slight shaking; then 25mg/ml DABCO (1,4-Diamfrlo-(2,2,2)octan) as bleaching-
inhibitor were added, storage at -20°C

for staining the nuclei (through staining the DNBAPI (4’,6-diamidino-2-phenylindol) was
directly added to the mounting medium. Alternatyyetoverslips were finally incubated in
Hoechst dye solution (Hoechst 33342, 1ug/ml, 5’),Rviashed and mounted.

5.4 E.coli media

Luria Broth (LB)

1% wi/v bacto trypton
0.5% wl/v yeast extract
0.5% w/v NaCl

0.5% wi/v D-glucose
pH 7.2 with NaOH

add if resistance was given
30mg/l Kanamycin
100mg/I Ampicillin

20mg/l Tetracycline

3% wi/v agar for plates

SOC

2% wi/v bacto tryptone
0.5% wl/v yeast extract
10mM NacCl

2.5mM KCI

10mM MgCh

10mM MgSQ

20mM D-glucose

YT

1.6% w/v bacto tryptone
1% wl/v yeast extract
0.5% w/v NaCl
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name

5.5 Plasmids and Oligonucleotides

5.5.1 Plasmids

description

pCB234 |pDEST53-GFP+

pCB322 | pSilencer 2.1-U6 hygro (EGFP)
pCB344 |pENTR4

pCB368 |pCMV-mCherry-SKL

pCB391 |pDEST53-SNAPTEVTEV
pCB402 |pmCherry-ER

pCB430 |pcDNA-DEST53

pCB435 | pEGFP-HsmSCP2

209
214
215
216
217
218
219
220
222
224
227
228
229
231
232
233
234
235
236
237
238
239
240
241
242
243
244

EXP53-GFP-HSPEX11B
EXP53-GFP+-yPEX11delta stop
HsSPEX11A+STOP in pENTR4
HSPEX11B+STOP in pENTR4
HSPEX11C+STOP in pENTR4
EXP53-GFP+-HSPEX11A+STOP
EXP53-GFP+-HsPEx11B+STOP
EXP53-GFP+-HsSPEx11C+STOP
EXP53-GFP+-yPEX25+STOP
EXP53-GFP+-yPEX27+STOP

S-A HSPEX11A+STOP in pENTRA4, Strategylll
S-D HSPEX11A+STOP in pENTR4, StrategylV
HsPEX11B delta 78bp +STOP in pENTR4, Strategy VI
EXP53-S-A HSPEX11A+STOP, Strategylll
EXP53-S-D HsPEX11A+STOP , StrategylV
EXP53-HsPEX11B delta 78bp +STOP, Strategy VI
EXP53-codon 3 MUT yPEX11+STOP, StrategyVII
EXP53-AtPEX11-1

EXP53-AtPEX11-2

HsPEX11A delta60bp +STOP in pENTR4
EXP53+-AtPEX11-3

EXP53+-AtPEX11-4

EXP53+-AtPEX11-5
EXP53+-HsPEX11Adelta60bp
EXP53+-yPEX11delta54bp
EXP53+-SNAPTEVTEV-HSPEX11A
EXP53+-SNAPTEVTEV-HsSPEX11C

Table 5: plasmids used in this study

name

5.5.2 Oligonucleotides/ Primers

sequence

CB109
CB110
CB127
CB128
CB129
CB130
CB131
CB132
CB133

TTAGCTAGCGGTACCATGGTGAGCAAGGG
CTAGATCTTTATAATTTGGACAGGTGGTGGCGCTTGTACAGCTCGTCCATGCC
GATCCCAGATTCGACAACTGGAGATTCAAGAGATCTCCAGTTGTCGAATCTGTTTTTGGAAA
AGCTTTTCCAAAAAACAGATTCGACAACTGGAGATCTCTTGAATCTCCAGTTGICGAATCTGG
GATCCACACGCAAGAGCATATGTGTTCAAGAGACACATATGCTCTTGCGTGTTTTTTGGAAA
AGCTTTTCCAAAAAAACACGCAAGAGCATATGTGTCTCTTGAACACATATGCTCTTGCGTGTG
GATCCGAGCTGTTCACCTATCAGATTCAAGAGATCTGATAGGTGAACAGCTCTTTTTGGAAA
AGCTTTTCCAAAAAAGAGCTGTTCACCTATCAGATCTCTTGAATCTGATAGGTGAACAGCTCG
GATCCACAAGTGCACATGTGTCTCTTCAAGAGAGAGACACATGTGCACTTGTTTTTTGGAAA
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CB134 AGCTTTTCCAAAAAAACAAGTGCACATGTGTCTCTCTCTTGAAGAGACACATGTGCACTTGTG
CB135 GATCCCTCAGCCACTGCAGGACCATTCAAGAGATGGTCCTGCAGTGGCTGAGTTTTTEGAAA
CB136 AGCTTTTCCAAAAAACTCAGCCACTGCAGGACCATCTCTTGAATGGTCCTGCAGTGCTGAGG
CB137 GATCCAGTGTACGCGCACACCCACTTCAAGAGAGTGGGTGTGCGCGTACACTTTTTGGAAA
CB138 AGCTTTTCCAAAAAAAGTGTACGCGCACACCCACTCTCTTGAAGTGGGTGTGCGGTACACTG
CB139 GATCCTCCTCAGCATGTACCAGGCTTCAAGAGAGCCTGGTACATGCTGAGGATTTITGGAAA
CB140 AGCTTTTCCAAAAAATCCTCAGCATGTACCAGGCTCTCTTGAAGCCTGGTACATGTCGAGGAG
CB141 GATCCGTAGACACGCACGCTCTCTTTCAAGAGAAGAGAGCGTGCGTGTCTATTTTTTGGAAA
CB142 AGCTTTTCCAAAAAAGTAGACACGCACGCTCTCTTCTCTTGAAAGAGAGCGTEGTGTCTACG

CB983a GATCCGAGAAATCAGCATCCCAGGTTCAAGAGACCTGGGATGCTGATTTCTCTTTTTGGAAA
CB984a AGCTTTTCCAAAAAAGAGAAATCAGCATCCCAGGTCTCTTGAACCTGGGATGCTATTTCTCG

CB985 GATCCAGAGGGCACATGCATACACTTCAAGAGAGTGTATGCATGTGCCCTCTTITTTGGAAA

CB986 AGCTTTTCCAAAAAAAGAGGGCACATGCATACACTCTCTTGAAGTGTATGCATGTGCCCTCTG

CB987 GATCCGAACCTTTGTGATATCCTGTTCAAGAGACAGGATATCACAAAGGTTCTTTITTTGGAAA

CB988 AGCTTTTCCAAAAAAGAACCTTTGTGATATCCTGTCTCTTGAACAGGATATCACAAAGGTTCG

CB989 GATCCAGCAAGTGTGTCTCTATCTTTCAAGAGAAGATAGAGACACACTTGCTITTTTTTGGAAA

CB990 AGCTTTTCCAAAAAAAGCAAGTGTGTCTCTATCTTCTCTTGAAAGATAGAGACACACTTGCTG

CB991 GAGCTCTCTGACACCATGGACAAAGACTGCGAAATGAAG

CB996 GGAGCGAGAATTTGTATTTTCAGGGTGAGCTATCCGAAAATCTCTATTTTCARAGTGAGCCATGGGAGCT
CB997 CCCATGGCTCACTCTGAAAATAGAGATTTTCGGATAGCTCACCCTGAAAATACAAATTCTCGCTCCAGCT
CB998 AGCTGGAGCTCCCATGGCTCACTC

Pex11A-Hs-5 | CCATGGACGCCTTCACCCG
Pex11A-Hs-6 | CTCGAGCTAACGGGTCTTCAGCTTCATCTGAGG
Pex11A-Hs-7 | ATCTTGGGCTGCGGCTTTCTCTTTCTTTGCCCTGTCACA
Pex11A-Hs-8 | GAGAAAGCCGCAGCCCAAGATCCTCTTTGGTTCAGTGTGGCT
Pex11A-Hs-9 | ATCCTGATCAGCATCTTTCTCTTTCTTTGCCCTGTCACA
Pex11A-Hs-10 | GAGAAAGATGCTGATCAGGATCCTCTTTGGTTCAGTGTGGCT
Pex11A-Hs-11 | GGCTCGAGCTAACGGGTCTTAAGCTTCATCTGAGGAGGATTGGATTTATAGACCCCAG
Pex11B-Hs-5 | CCATGGACGCCTGGGTCCG
Pex11B-Hs-6 | CTCGAGTCAGGGCTTGAGTCGTAGCCAGG
Pex11B-Hs-7 | GGTCTAGATATCTCGAGTCAGGGCTTGAGACGTCGCCAGAGGCCTAGTTTGTCCAG
Pex11G-Hs-1 | TGGATCCGGATGGCGTCGCTGAGCGGCCTGG

Pex11G-Hs-2 | CTCGAGTCAGGGGGTAGTGGCCTCGGCCT
Table 6: oligonucleotides used in this study

5.6 Human cell lines

HEK293T human embryonic kidney cells (Invitrogen)

6 Methods

6.1 Molecular biology

6.1.1 Restriction digest

Digests were performed according to the manufactunestruction unless otherwise stated.
Usually one unit enzyme was used per microgram DNA.
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6.1.2 Ligation

Ligation was performed using Invitrogen's Rapid afign Kit® according to the
manufacturer’s instructions. The amount of vectdtfADand insert-DNA was adjusted to
come as close as possible to the ideal molar dti:3 (vector:insert) depending on the
length of the insert. The usual incubation time @30 minutes unless otherwise stated.

6.1.3 PCR

The usual PCR mixture was

1ul template (appropriate dilution of 1:100 - 1:0P0
2ul of each primer (10pM)

5ul of appropriate 10x buffer

1l dNTPs (10mM)

1pl polymerase

38ul TE (pH 8.0).

All components were mixed and the solution was lawrwith 50-70ul of mineral oil to
prevent vapour diffusion. PCR was performed with Pblymerase (30cycles), because Pfu
exhibits a proof reading activity. For TA-cloning.g. in pGEM-T) PCR was continued with
Taq polymerase (five cylces). The temperaturersgttias

first cycle 95°C 5%

30 cycles 95°C 71
- r annealing temperature had to be adjustextitoers’ T,
72°C  2'/kb if Pfu turbo was used the time couédhalved

last cycle 72°C 10

The water phase of the PCR was loaded on an agagebsa analyzing the DNA content.

6.1.4 Gateway ® reaction

The gateway technology provided by Invitrogen was used to terdagged proteins very
conveniently. The tag is part of the destinatiooteog while the protein of interest is coded in
the entry vector. Both vectors contain att-sitesal@zed in such way that after the
recombination performed by an enzyme mix, callethase, the gene of interest is in frame
with the tag. This product is called expressiontmeclThe possibility to create a manifold of
expression vectors by this recombination out of églucts saves time.

The usual mixture and conditions were

1pl of destination vector (150 ng/pl DNA)
1pl of entry vector (150 ng/ul DNA)

2ul clonase enzyme mix

1pl 10x clonase buffer

5ul TE pH 8.0

for 2 hours at RT. After subsequent treatment Withteinase K (10’, 37°C), the produced
expression vector was transformed by electroparatio
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6.1.5 Agarose gel electrophoresis

Agarose gel electrophoresis was performed to sep@idA fragments. STOP solution was
added to the DNA before loading onto the gel (1%rage (Biozym or Sigma) in TBE with
0.0F%cethidiumbromid).

Standard parameters: 100V (fixed), buffer: TBE

6.1.6 DNA PAGE

PAGE was performed to analyze small DNA fragmentshe range of 20-100bp. Samples
were mixed with DNA PAGE sample buffer and loadetbayel with Fermentas’ o’Gene low
range DNA laddét. Electrophoresis was performed with TBE as runrinéfer (170Vnax
50mA). For visualization of the DNA the gel was ubated in 0.0%0 ethidium bromide in
TBE for 30 minutes followed by a destaining in TRIE 15 minutes.

6.1.7 DNA purification

DNA fragments were separated on a 1% agarose bel.gél piece containing the DNA of
interest was cut out with a scalpel and transfetoea tube. Gel extraction and DNA elution
was performed with Nucleospin Extract® l(Macherey & Nagel) according to the
manufacturer’'s instruction. The DNA amount afteutiein was analyzed by agarose gel
electrophoresis.

6.1.8 DNA precipitation

The DNA solution was filled up to at least 100uivd volumes of i-propanol and 1/10

volume of 3M sodiumacetate was added. DNA was pitated at -80°C and pelleted (10’,
13000rpm, 4°C). The pellet was once washed in 70%ethanol (-20°C), dried well, e.g.
with a vacuum centrifuge (10’, 8000rpm, 40°C), aesuspended in TE.

6.1.9 Plasmid- DNA preparation E.coli (alkaline lysis)

A colony was inoculated and grown in 3ml of apprater selective medium at 37°C over
night, 1.5ml were harvested and centrifuged (1’0QBpm, RT). The cell pellet was

resuspended in 300ul buffer P1 (see buffer segtsuhsequently 300ul buffer P2 and 300ul
of buffer P3 were added with mixing steps in betwda order to remove all cell debris and
proteins the solution was centrifuged (10’, 13000rRT). The supernatant was transferred
cautiously into a new tube, 650ul of 2-propanol evadded, mixed and incubated for 10
minutes at room temperature. Then the suspensisrcerarifuged (10°, 13000rpm, 4°C). The

DNA pellet was washed with 70% ethanol (4°C) ordréed well and resuspended in 50ul
TE.
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6.1.10 Plasmid- DNA preparation E.coli (Promega Kit)

A colony was inoculated and grown in 3ml of apprater selective medium at 37°C over
night, 1.5ml were harvested and centrifuged (19Bpm, RT). The following steps were
performed according to the manufacturer’s instangi

6.1.11 Alignment for sequences

In the case a plasmid was checked by sequencieghiained sequence was compared to the
correct one by wusing a multiple alignment programvailable via http://
baboon.math.berkeley.edu/mavid/ (Bray and PacB@€¥3; Bray and Pachter, 2004).

6.1.12 Transformation into E.coli

6.1.12.1 Preparation of chemically competent  E.coli

Cells were inoculated in YT or LB medium O/N at @7°Subsequently 1ml of this culture

was grown in 100ml YT medium to QB=0.8 and centrifuged (3700rpm, 12’, 4°C). The cell
pellet was washed in 15ml icecold FSB and incub&ded 0 minutes on ice. After a further

centrifugation step (3700rpm, 10’, 4°C), cells weesuspended in 8ml icecold FSB,
aliquoted and stored at -80°C.

6.1.12.2 Chemical transformation of E.coli

DNA (in case of ligation: 10-15ul, in case of reséormation: 1-3ul of a suitable dilution)
was added to 100ul of competent cells and incubfateti0-15 minutes at 4°C. This solution
was heat shocked for 45 seconds at 42°C and imtegdjut on ice for 5 minutes. 1ml of
YT medium was added, the solution was incubated3@®rA5 minutes at 37°C for revival,
centrifuged (307, 7000rpm, RT) and plated onto rayppiate selective medium.

6.1.12.3 Preparation of electrocompetent  E.coli

Cells were prepared as described for chemically petemnt E.coli, but were washed and
resuspended in i@ instead of FSB.

6.1.12.4 Transformation of E.coli by electroporation

50ul of electrocompetent cells were mixed with 8uDNA avoiding bubbles and transferred
to a clean and sterile cuvettes (washed with soaf0% EtOH, UV treatment for 30’). In
order to avoid a short-circuit the cuvettes hadbdowiped off prior to placing in the pulse
controller. Pulse conditions were 1.7V, 25uF capace and 200 resistance resulting in an
ideal time constant of about 3.4-4.3s. 1ml of SO&svadded to the cuvettes and after
resuspending the suspension, cells were transfemteda tube and revived 30 minutes at
37°C. Subsequently cells were pelleted (7000rpm,RII) and plated onto appropriate
selective medium.
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6.2 Biochemistry
6.2.1 Bradford assay

An appropriate dilution of the sample was mixedwan 1:5 dilution of Bradford’'s reagent
and incubated at 30°C for 10-20’. Photometric apigon was measured at 595nm.

6.2.2 SDS PAGE

6.2.2.1 Gel preparation

The separation gel was prepared first: All comptsiebut APS and TEMED, were mixed
and degassed for 10’. After addition of APS and HBWicecold) the solution was carefully
filled in between the prepared glass plates andrlaide with i-amylalcohol. During
polymerization the stacking gel had been prepard@ khe separation gel. After
polymerization, the alcoholic layer was removea $tiacking gel solution was filled in and
the comb was pulled in tightly avoiding bubbles.

6.2.2.2 Sample preparation

Samples were mixed with sample buffer (SB), incebbator 5’ at 95°C and centrifuged
(13000rpm, 5’, RT).

6.2.2.3 Electrophoresis

The system was set up, the gel was fixed in thenblea. After removal of the comb, the slots
were washed with dj® and the chamber was filled with running buffeBjRThe prepared
samples were loaded into the slots and the voltagebeen applied (40mA constant, 170V
max.) until the blue front reached the bottom ef ¢fel.

6.2.2.4 Western blotting (semi-dry)

The stacking gel was cautiously removed and tharséipn gel was shortly incubated in
transfer buffer before it was situated onto a oitttulose (NC) membrane of appropriate size.
In order to guarantee enough transfer buffer duttiegwhole blotting process a stack of filter
papers was placed on the bottom and on the topeketwhe electrodes of the blotting
apparatus. Voltage had been applied (60mA congtaBinA/cnf), 25V max.) for two hours.
The membrane was then washed once in TBST, inadlbatelocking solution for one hour,
subsequently briefly washed and incubated with ghmary antibody for 2 hours at RT.
Incubation with the secondary antibody was perfarfog 1.5-2 hours following a washing
procedure (3x for 15’ each in TBST). The detectissay was performed using Pierce Super
Signal West Pico Chemiluminescent Substrate (HRFBioRad Immunstar WesterfiGfor
more sensitive detection.

6.2.2.5 Stripping a NC-membrane

In some cases it was necessary to perform a sesmay (e.g. another antibody) on the same
NC membrane. Therefore the antigen-antibody intenachad to be weakened and then
eliminated. The membrane was incubated with stguffer 10’ at RT and washed in
TBST O/N or at least 3 times for 15’. The membrasas then treated as described before.
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6.2.2.6 Ponceaus staining

The NC membrane was incubated in PonceauS staswhgtion for 1 to 2 minutes,
subsequently destained in gM for higher contrast. For complete destaining th€
membrane was incubated in TBST.

6.3 Cell culture

6.3.1 Growing conditions

Cells were grown in DMEM + L-glutamine + FCS + pahin/ streptomycin (referred to as
“full medium”) at 37°C with 5% v/v C@(incubator: Binder CB150). Any sterile operations
were performed in a laminar flow hood (Holten Laim HB2438).

dish diameter volume of medium
10 cm or 75crflask | 10 ml

3 cm (6-well) 2ml

12-well 1ml

24-well 750ul

48-well 500l

96-well 100ul

6.3.2 Splitting/ dry

All medium was removed and cells were washed wil& Fonce. 1.5 ml trypsin EDTA

solution was added and removed immediately. THe wadre incubated for 5 minutes at 37°C
and the appropriate amount of full medium was adtedilute the cells. They were

thoroughly resuspended and transferred to a new dis

6.3.3 Splitting/ wet

The same applies as for dry splitting, but trypsias not removed. After resuspending the
cells, they were centrifuged (700rpm, 4’, RT) arduspended in the appropriate amount of
full medium in order to dilute.

6.3.4 Freezing

Cells were split as described before and resuspeindesezing medium. Cells were frozen in
aliquots of 1600pI for at least 24h at -80°C irpaldox containing isopropanol for a constant
freeezing gradient, then transferred in liquidogtn.

6.3.5 Thawing

The cryotube (containing 1.5ml of cell suspensiwa} put at 37°C in order to thaw the cells
as quickly as possible. The thawed solution was thiuted with 5ml DMEM, centrifuged
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(700rpm, 3', RT), resuspended in 7ml of full mediamd transferred to a 25érflask (T25)
for incubation.

6.3.6 Transfection with FuGene 6 (Invitrogen)

First, cover slips (12mm glass circles, Sigma) hadbe prepared. They were left in
HNO3/H,SO, (1:2) O/N, washed in di® 10 times, then incubated in 1g/l EDTA for three
hours before getting thoroughly rinsed with,@H10 times. Prepared cover slips were stored
in 95% ethanol.

For microscopy, cells were grown directly on cosikgps or, for whole cell extracts seeded in
100mm dished. Cells were prepared and transfectarding to the manufacturer’s
instructions. Usual parameters (unless otherwiated): total amount of DNA: 1ug, 3ul
FuGene, incubation time: 20h

6.3.7 Whole-cell extracts (lysis with sample buffer )

Cells were washed once with PBS, 20ul of 2x sanipl#er with urea (each 6-well)
preheated at 95°C was added and cells were screéified sterile cell scraper and transferred
to a new tube. In case of a slimy consistence xtra@s were sonicated twice (75% intensity,
50% cycle time, 77, 4°C). An aliquot was loaded@a SDS-PAGE gel.

6.3.8 Whole cell extracts (lysis with lysis buffer)

Cells were trypsinized (wet method) and resuspemadexppropriate volume of lysis buffer
(usually 100-200ul for 100mm dish). After breakitig cells for 15’ at 4°C on a rocking
platform, they were additionally treated with a meppendorf-potter and/or sonicated.

6.3.9 Optimizing antibiotic selection conditions (* antibiotic
titration”)

Some substances inhibit the growth of a wide raog@rokaryotic and eukaryotic cells.
Nevertheless they are called antibiotics. It wasessary to determine the ideal concentration
of each antibiotic for each cell line. An equal raen of cells (about 20.000) was seed into
every well of a 6-well and incubated for 24 houeddoe the antibiotic treatment was started:
Cells were washed, the medium is changed and eliffexmounts of the antibiotic solution
are added to each well, recurring every three dag#ls were inspected for viability every
day. The optimal antibiotic concentration shouldseamassive cell death after 4-7 days and
kill all cells within 10-14 days. This concentratiovas used to keep cells on selective
conditions, but to initiate selection the concaimrawas doubled.

6.3.10 Establishing stable cell lines after plasmid transfection

Cells were transfected as described above. Oneatftlarythe transfection cells were split in
different densities and incubated for 24h befoee ghlective agent was added. Then growth
and apoptosis was observed while changing the mredwith antibiotic) every 2-3 days.
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After all nontransfected cells were killed, the &0@ dish were split in a 96-well and diluted
in such way, that only one cell remained in onel.wdledium with selective agent was
changed every 2-3 days until cells reached fulkdgnDense cells were split and transferred
to a 48-well followed by subsequent growth andtspg until the cells fully covered a
100mm dish.

6.3.11 4-PBA treatment

Cells were seeded in normal density and incubafedays in full medium supplemented with
5mM final concentration sodium 4-phenylbutyrateo{pded by Calbiochem).

6.3.12 siRNA/ shRNA

Suitable 19-mer siRNA fragments were designed usthg software OligoEngine
Workstation 2. The fragments with the highest poyeand fewest BLAST hits (nucleotide
blast, BLASTN, Altschul et al., 1997) were chosAmegative control was designed for each
SiRNA by scrambling its oligonucleotides.

All siRNA were cloned into pSilencer 2.1-U6 hygBamHI, Hindlll) and sequenced.

6.3.13 Labeling the SNAP ®-tag

Medium was removed from cells expressing SNAP fugimteins and the labelling solution
was added directly onto the cells (1:200 dilutidrstock; stock: 400uM TMR-Star or 1mM

BG-505 in DMSO) and incubated for 15’ (TMR-Star) 30’ (BG-505) at 37°C. Then, cells

were washed twice and incubated with full medium 36’ to remove unreacted substrate
leaching out of the cells followed by a last waghstep. Then, cells were ready for live cell
imaging or fixing.

6.3.14 SNAP® -vista technology

For direct labeling the SNAPfusion proteins on a SDS-gel, 2ul labeling solutivas added

to 18ul of sample in lysis buffer (recommended cosion of lysis buffer identical with

lysis buffer described above) and incubated forf2@RT in the dark. Then, sample buffer
was added and the SDS-gel was run. After runnivgptinds were made visible by excitation
with an UV-illuminator.

6.4 Microscopy

6.4.1 Fixation of human cells with formaldehyde

Cells were washed twice in PBS for five minutesuimated for 10-15 minutes in fixing
solution, washed in PBS three times for five misudad embedded in 20-30ul moviol onto a
micro slide.
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6.4.2 Immunostaining

Cells were fixed as described above. Directly diiteéng, cells were permeabilized in 0.1%
TritonX-100 in PBS (10’,RT). Then, cells were bleckin blocking solution. After washing

(5',RT), cells were incubated with the primary aotly solution (PBST, 1h,RT) and after
subsequent washing steps (3x 5,RT) stained with #econdary antibody solution

(PBST,1h,RT). After a final washing procedure (3)R3), cells were mounted as described
above.

6.4.3 Fluorescent microscope

Zeiss Axioplan2, objective: Plan-ApoChrom 63x, light source: Zeiss FluoArc +N HBO
103; CCD camera: Pursuit B/W monochrome PR1600 &l\Daew imager, software: Spot
v4.6.

6.4.4 Confocal laser scanning microscope (CLSM)

Zeiss Axioplan2 + Zeiss LSM 510 META, objectiveda®ApoChrom 63x, 1.4p-Plan-
Fluar 100x, 1.45, software: Zeiss operating sofenalM (expert mode), excitation by laser:
488nm for GFP, 561nm for dsRED and mCherry, 633mnR-dyes and 405nm for Hoechst.
Emission settings: DsRed/ mCherry: HFT 405/488/9%/T 515, LP 585; GFP: HFT 488,
NFT 565, LP 505; Hoechst: HFT 405/488/561, NFT 48® 470-525; far red: HFT
405/514/633, NFT 565, LP 650

6.4.5 Live cell imaging

Live cell imaging was performed using the Zeiss ISSMVE DuoScan system, objectives
Plan-ApoChrom 63x, 1.4; software: Zeiss operatiofjwgare AIM (expert mode), excitation
by laser: 488nm for GFP, 535nm for dsRED and mG@ha&nd 405nm for Hoechst. Emission
settings as indicated above.

6.4.6 Image handling

Images were handled with Zeiss Image Software Avid ImageJ. Figures were arranged
with Corel Draw 12.

6.4.7 Deconvolution and 3D reconstruction

Deconvolution and 3D rendering were performed wiflkerative Deconvolve 3D7,
“Diffraction PSF 3D” and “VolumeJ” (Abramoff and ®igever, 2002), plugins of ImageJ. A
representative crop of each channel was deconvdgloedpass filter (for x and y dimension)
1.0, no Wiener filter, Z-direction low pass filtértO, maximum number of iterations 100,
termination if mean delta is smaller than 0.01%hgishe appropriate PSF. This was used as
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input for 3D rendering (Raytrace algorithm, gradiiea index, Scale 2.0, Classifier threshold
128.0, Classifier deviation 2.0). Finally, channgkre coloured and merged.

6.4.8 Counting of peroxisomes

Images from the CLSM were filtered by a mediarefilfradius 1.0), despeckled (radius 1.0),
converted to 8-bit and thresholded using the “Miutasholder”, a plugin of ImageJ (threshold
“Maximum Entropy”), to highlight the peroxisomalufirescence. After applying the
“Watershed” segmentation algorithm to separate himigring individual peroxisomes from
each other, one cell was encircled manually andotivécle analysis of ImageJ counted the
number and area of each dot of a given categony. €ategories have been set up (CAT | 0-
0.35um, CAT 1l 0.36-0.66, CAT 1l 0.37-0.95um, CAYV 0.96-3.6um diameter) and 50
randomly chosen cells for each construct were @alint
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VLCFA  very long chain fatty acid

At Arabidopsis thaliana

Cb Candida boidinii

Hs Homo sapiens
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additionally, standardized usage of abbreviatiohauzleotides and amino acids (one
and three letter code) was applied
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SUMMARY

Peroxisomes are vital single membrane-bound ortganpetesent in all eukaryotic cells. Their
function is mainly associated with lipid metabolisand they enclose hydrogen peroxide-
generating and degrading enzymes. Peroxisomesiginly versatile organelles that quickly
adjust their shape, size, number and protein comaiording to the cellular requirements. In
humans, defects in peroxisome biogenesis leadvastiting diseases such as the Zellweger
syndrome. Over 30 proteins, the peroxins, are wewlin peroxisome biogenesis. In the yeast
Saccharomyces cerevisjaperoxins of the PEX11-family, namely PEX11, PEXahd
PEX27, participate in peroxisome proliferation. ded, yeasts lackingEX11present fewer
and larger peroxisomes than wild type cells. Odfoks of the yeast PEX11-proteins,
PEX1la, B, y and PEX11-1 to -5 have been identified in humah@ants, respectively.

We sought to analyze the regulation of peroxisomadifpration through the PEX11-protein
families in yeast, plant and human cells. This ithdéscuses on human cells, where we
performed co-expression studies using mCherry-SKLparoxisomal matrix marker. We
statistically described the effects of the difféaremerexpressed GFP-Pex11 fusion proteins on
peroxisome size and number. To pinpoint the moécuble of the Pexll proteins we
analyzed the overexpression effects over time. Wthdr analyzed Pex11 proteins harboring
point mutations and domain deletions. Moreover,estblished stable cell lines expressing
either peroxisomal marker proteins or a SNAP-TEYgtd version of Pex11l. This tag

enables to perform live cell imaging as well a<chemical experiments.

Our analysis of ten proteins of the Pex11 familyvisled interesting hints on the conservation

of the peroxisomal proliferation machinery betwgeast, plant and human cells.



ZUSAMMENFASSUNG

Peroxisomen sind wichtige, von einer einzelnen Memlumgebene Organellen, die in allen
eukaryotischen Zellen vorkommen. lhre Funktion iffetr hauptséachlich den
Lipidstoffwechsel; sie enthalten auch Wasserstoffpe generierende und abbauende
Enzyme. Peroxisomen sind sehr wandlungsfahige @Hgsm die ihre Form, Grol3e, Anzahl
und Proteininhalt rasch an die zellularen Anforges® anpassen. Bei Menschen flhren
Defekte in der Peroxisomenbiogenese zu verheeredimkheiten, wie etwa das Zellweger
Syndrom. Uber 30 Proteine, die Peroxine, sind énRiroxisomenbiogenese involviert. In der
Hefe Saccharomyces cerevisiaehmen die Peroxine der Pex11l Familie, namlichlPex
Pex25 und Pex27 an der peroxisomalen Proliferat@h Tatsachlich sind in Hefen,
disruptiert fur dasPEX11 Gen, weniger und grof3ere Peroxisomen vorhandeninals
Wildtypzellen. Orthologe der Hefe-Pex11l Familie dem in Saugetieren (Pexd,13 undy)
und Pflanzen (Pex11-1 bis -5) gefunden.

Wir analysierten die Regulation der peroxisomaleroliferation durch die Pexl1l
Proteinfamilien in Hefe, Pflanzen und Menschen.sBiérbeit beschéftigt sich mit humanen
Zellen, wo wir Coexpressionsstudien mit mCherry-SkKinem peroxisomalen Matrixmarker,
durchgefuhrt haben. Des weiteren haben wir diekifeler verschiedenen tberexprimierten
GFP-Pex11l Fusionsproteine auf die GroBe und Anzidr Peroxisomen statistisch
beschrieben. Zudem analysierten wir die Uberexjwessffekte der GFP-Pexl1l
Fusionsproteine Uber einen groReren Zeitrahmendgnwm die molekulare Rolle der Pex11
Proteine genauer bestimmen zu konnen. Weiters suteten wir bestimmte
Punktmutationen sowie Domanendeletionen einzeleafd P Proteine. Zusatzlich etablierten
wir stabile Zelllinien, sowohl fiir die Expressiomes peroxisomalen Matrixmarker-Proteins,
als auch fur SNAP-TEV getaggte Pex11 Fusionspretedieser Tag ermoglicht live cell

imaging sowie biochemische Experimente.

Unsere Analyse von zehn Proteinen der Pex1l Faimdteinteressante Hinweise auf die
evolutionare Konservierung der peroxisomalen Reddifionsmaschinerie zwischen Hefe,

Pflanzen und Menschen geliefert.
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