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Abstract

Extracellular a-Synuclein has been implicated in interneuronal propagation of disease
pathology in Parkinson’s disease. How a-Synuclein is released into the extracellular space is
still unclear. Here, we show that a-Synuclein is present in extracellular vesicles in the central
nervous system (CNS). We find that sorting of a-Synuclein in extracellular vesicles is
regulated by sumoylation and that sumoylation acts as a sorting factor for targeting of both,
cytosolic and transmembrane proteins, to extracellular vesicles. We provide evidence that
the SUMO-dependent sorting utilizes the endosomal sorting complex required for transport
(ESCRT) by interaction with phosphoinositols. Ubiquitination of cargo proteins is so far the
only known determinant for ESCRT-dependent sorting into the extracellular vesicle pathway.
Our study reveals a function of SUMO protein modification as an ubiquitin-independent
ESCRT sorting signal, regulating the extracellular vesicle release of a-Synuclein. We
deciphered in detail the molecular mechanism which directs a-Synuclein into extracellular
vesicles which is of highest relevance for the understanding of Parkinson’s disease
pathogenesis and progression at the molecular level.

We furthermore propose that SUMO-dependent sorting constitutes a mechanism with more
general implications for cell biology.
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1. Introduction

1.1. Synuclein

a-Synuclein (a-Syn) is part of a protein family called the synuclein family. a-Syn was first
discovered during the purification of cholinergic vesicles from the electric organ of a Torpedo
californica fish (Maroteaux et al. 1988), which was the first hint for a presynaptic role of
a-Synuclein. Maroteaux and colleagues were also able to detect this protein at the nuclear
envelope of neurons and therefore the researchers called the unknown protein “synuclein”.
Other researchers found that a-Syn is localised in the nucleus (McLean et al. 2000, Mori et
al. 2002, Goncalves et al. 2013). Later, Maroteaux et al. were able to identify another protein
in rat brains which was highly homologous to a-Syn (Maroteaux et al. 1991). In amyloid
plagues from Alzheimer’s disease patients a peptide was identified, called non-amyloid beta
component (NAC). Interestingly, the precursor protein of NAC, the NACP, was homologous
to rat synuclein protein (Ueda et al. 1993). Further investigations on these synuclein proteins
led to the discovery of two additional synuclein-related proteins with a length of 134 and 140
amino acids (aa) in human brain samples (Jakes et al. 1994). The protein with a length of
140 aa was found to be homolog to the precursor protein of NAC peptide (NACP).
Furthermore, this human protein also shared a high conformity with the protein found in rat
brains and in Torpedo californica. Thus, this protein was finally called a-Syn. Subsequently it
was possible to identify two isoforms of a-Syn with a length of 112 aa and 126 aa which were
identified as products of an alternative splicing pathway of the gene encoding for a-Syn (Xia
et al. 2001, Uversky 2007). Besides a-Syn, the synuclein family also includes two other
proteins, B-Synuclein (B-Syn) and y-Synuclein (y-Syn). B-Syn was firstly identified in extracts
of human brains (Jakes et al. 1994). In 1984 y-Syn was identified as the third member of the
Synuclein family with a 75.3 % homology to the Torpedo californica Synuclein (Lavedan
1998, Lavedan et al. 1998).

The expression of a-Syn and B-Syn has been primarily shown in the CNS, especially in
presynaptic nerve terminals in the neocortex, hippocampus, striatum, thalamus, cerebellum,
cerebellar cortex, substantia nigra and brain stem (Jakes et al. 1994, Iwai et al. 1995, Irizarry
et al. 1996) and located in the cytosol. Nakajo and co-workers have shown that both proteins
are located at presynaptic terminals (Nakajo et al. 1994). In contrast to a-Syn and 3-Syn, the
third protein y-Syn is mainly expressed in the peripheral nervous system (Buchman et al.
1998). Furthermore, it is known that y-Syn is also moderately expressed in heart, skeletal
muscles, and to a lesser extent in the kidney, liver and pancreas (Lavedan et al. 1998) and in

many types of cancers, such as breast tumours (Jia et al. 1999).
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1.1.1. Structure of a-Synuclein

a-Syn is a small 140 aa protein. It is natively unfolded and is present in neuronal cytosol and
enriched in synapses. It is known that a-Syn is unstructured in aqueous solutions and that it
is mainly localised to presynaptic areas, where it has also been found associated with
synaptic vesicles (Cookson 2005, Lee et al. 2006). The sequence of a-Syn can be divided
into three main regions, as indicated in Fig. 1. The amino terminal region consists of 60 aa
characterised by four imperfect repeats of 11 aa, with the highly conserved KTKEGV maotif,
which is known to bind phospholipids (Perrin et al. 2000). The binding of a-Syn to lipids and
thereby to membranes is a two-step process. The first step involves the binding of amino
acids 3-25 and the second step includes a conformational shift of aa 26-100 into a helical
structure. This conformational change further leads to the binding of a-Syn to membranes in
a cooperative manner (Bartels et al. 2010, Bodner et al. 2010). A lack of aa 2-19 of a-Syn
results in a decreased membrane binding of a-Syn (Karube et al. 2008, Bartels et al. 2010),
indicating that this portion of the protein mediates lipid interaction.

Point mutations A30P  E46K A53T
| ex2 | ex3 I ex4 | ex5 | ex6 |
Helix 1 Helix 2
E KTKEGV repeats " & . 5
Y Y Y
Amphipathic region NAC region Acidic tail

Fig. 1: Schematic representation of the a-Syn amino acid sequence

a-Syn consist three main domains. The N-terminally located amphipathic region, the hydrophobic NAC domain in
the centre and an acidic C-terminal domain. Autosomal dominant mutations found in familial cases of PD are
indicated with arrows. Adapted and modified from (Corti et al. 2011).

A hydrophobic centre domain corresponding to the NAC domain is located between aa
61-95. The NAC region contains two additional imperfect repeats and is believed to form
B-rich fibrils of a-Syn. The aa 71-82 within the NAC are mainly responsible for fibril formation
of a-Syn (Bodles et al. 2001, Giasson et al. 2001, Uversky et al. 2002) and deletion of aa
71-82 in human a-Syn prevents the protein’s aggregation (Giasson et al. 2001). Furthermore,
the NAC domain shares sequence homology with the aa sequence which is responsible for
the aggregation of other amyloidogenic peptides, such as AB and prion protein (El-Agnaf et
al. 1998). Aa 96-140 represents a highly negatively charged region at the C-terminal end of

a-Syn which mainly consists of acidic residues.



Introduction 4

It has been shown that a C-terminally truncated version of a-Syn is able to aggregate more
rapidly compared to the full length protein, indicating that the C-terminus might play a role in
the regulation of a-Syn aggregation (Murray et al. 2003).

1.1.2. Posttranslational modifications of a-Syn

The C-terminus of a-Syn is a potential target for post-translational modifications (PTM) of
a-Syn. It has been shown that phosphorylation is the most common posttranslational
modification of a-Syn, which predominantly occurs at aa S129 and to a lesser extent at S87
and additionally at the aa residues Y125, Y133 and Y135 (Okochi et al. 2000, Nakamura et
al. 2001). Furthermore, insoluble a-Syn is extensively phosphorylated at Ser 129 in DLB
brain tissue (Fujiwara et al. 2002). It has been shown that under physiological conditions only
4% of the soluble monomeric form of a-Syn appears phosphorylated in vivo. In contrast to
this, 90% of a-Syn in its aggregated form is phosphorylated in Lewy bodies (LB) (Fujiwara et
al. 2002, Anderson et al. 2006). This fact lead to the assumption that the phosphorylation of
a-Syn at aa S129 directly correlates with the aggregation level of a-Syn (Tenreiro et al.
2014).

Another post-translational modification of a-Syn is the nitration of aa residues Y39, Y125,
Y133 and Y136, these residues are also predominantly located in the C-terminal region of
a-Syn (Giasson et al. 2000). Interestingly, high concentrations of nitrated a-synuclein have
been found in LB (Giasson et al. 2000). During increased oxidative stress conditions it has
been shown that a-Syn is nitrated to a higher level, suggesting an important role of oxidative
stress in LB diseases (Kim et al. 2014). Furthermore, in vitro studies on the nitration of a-Syn
have shown that nitration is able to induce the oligomerisation of a-Syn, which is leading to
mitochondrial defects and results in apoptosis and cell death (Liu et al. 2011), as well as the
overproduction of nitric oxide, which mediates the increase of neurotoxic a-Syn species
(Danielson et al. 2009). Another PTM of a-Syn is SUMOylation. Dorval and Co-workers
postulate that a-Syn is preferentially sumoylated by SUMO-1 (Dorval et al. 2006).

In contrast to this, Krumova and colleagues have shown that a-Syn can be modified by
SUMO-1 and SUMO-2 in different cell lines (Krumova et al. 2011). In addition they
demonstrate that a-Syn is sumoylated in rat brains in vivo and additionally that covalent
attached SUMO is able to regulate aggregation induced toxicity of a-Syn (Krumova et al.
2011).
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1.1.3. Function of a-Synuclein

a-Syn plays a major role in a variety of neurodegenerative diseases, so called
Synucleinopathies. The exact physiological role of a-Syn remains poorly understood. As
indicated above, a-Syn is able to bind to membranes (lipids); together with the findings of
Maroteaux et al. in 1988 that showed synaptic localisation of Synuclein protein, this led to the
assumption of a synaptic function of a-Syn. Interestingly, it has been shown by Abeliovich
et al. that a-Syn deficient mice display a reduction in the levels of striatal dopamine including
released dopamine (Abeliovich et al. 2000).

Overexpression of a-Syn in yeast resulted in the appearance of cytosolic lipid inclusions and
the accumulation of vesicles, indicating impaired ER-Golgi trafficking induced by a-Syn
(Outeiro et al. 2003). This notion was supported by the finding that overexpression of the
small GTPase Rab1l could partially restore a-Syn toxicity and the a-Syn induced block of ER-
Golgi trafficking (Outeiro et al. 2003, Cooper et al. 2006, Gitler et al. 2008).

Similar results have been also reported in non-neuronal cell lines (Thayanidhi et al. 2010), in
the nematode Caenorhabditis elegans (Cooper et al. 2006, Gitler et al. 2008, Kuwahara et al.
2008, van Ham et al. 2008) and as well in Drosophila melanogaster (Cooper et al. 2006).
These data lead to the assumption that a-Syn might play a role in the blocking of vesicle
trafficking pathways. The majority of a-Syn is physiologically located at distal pre-synapses.
Scott and Co-workers suggested that impairment of vesicle trafficking first occurs at
synapses and might be mediated by neuronal a-Syn (Scott et al. 2012). They found that an
excess of a-Syn is involved in the impaired mobility of recycling pool vesicles and also
inhibits inter-synaptic trafficking (Scott et al. 2012). Furthermore, an additional study has
shown that the over-expression of a-Syn significantly inhibits the release of
neurotransmitters, mediated through a significant reduction in the amount of the vesicle
recycling pool (Nemani et al. 2010). Additionally, Nemani and co-workers ruled out by
ultrastructural analysis that an over-expression of a-Syn also resulted in a reduction of the
density of synaptic vesicles in the active zone, combined with an impairment of vesicle re-
clusteringafter endocytosis (Nemani et al. 2010) These findings are consistent with the
previous findings of Scott et al. In conclusion it can be assumed that a-Syn plays a role in
synaptic vesicle trafficking although a-Syn knockout mice display no obvious phenotype
(Abeliovich et al. 2000). However, subtle memory deficits were recently described in these
animals, supporting a potential function of a-Syn in synapse function (Kokhan et al. 2012).

Further research will be needed to uncover to complete physiological role of a-Syn.



Introduction 6

1.2. Synucleinopathies

Neurodegenerative diseases which are characterised by the pathological aggregation of
a-Syn are termed synucleinopathies. Filamentous intracytoplasmic a-Syn inclusions are
called Lewy bodies and Lewy neuritis, which are the pathological hallmarks in Parkinson’s
disease (PD) and dementia with Lewy bodies (DLB) (Spillantini et al. 1997, Spillantini et al.
1998b). Multiple system atrophy (MSA), a disease which is characterised by oligodendroglial
inclusions of a-Syn, so called Papp-Lantos bodies (Spillantini et al. 1998a, Tu et al. 1998,
Wakabayashi et al. 1998), also belongs to the group of synucleinopathies.

1.2.1. Parkinson’s disease

Parkinson’s disease (PD) is one of the most common neurodegenerative disorders affecting
1-2 % of the global population at the age of 65 years (de Lau et al. 2006) and about 5% of
the individuals older than 85 years of age. PD is a progressive disease characterised by a
specific loss of neurons, most notably dopaminergic neurons in the substania nigra pars
compacta (SNc) of basal ganglia in the midbrain. The primary symptoms in PD, which occur
due to the neuronal loss, are severe motordeficits including bradykinesia, postural instability,
rigidity and resting tremor, usually accompanied with a shuffling gait. The first evidence of an
involvement of a-Syn pathology in PD came up in 1997,due to the identification of the
missense mutation A53T in the a-Syn gene locus (SNCA) of familial PD patients
(Polymeropoulos et al. 1997). Moreover, Spillantini and colleagues could demonstrate that
a-Syn is the major component of Lewy bodies (Spillantini et al. 1997). In further
investigations two additional mutations in the SNCA were discovered. In 1998 Kriiger et al.
discovered the familial A30P mutation and six years later the E46K mutation in SNCA was
indentified (Zarranz et al. 2004). In addition it has been shown that triplication of the a-Syn wt
form is also responsible for autosomal dominant forms of PD (Krlger et al. 1998, Zarranz et
al. 2004).

1.2.1.1. Familial Parkinson’s disease

Genetically induced cases of PD are relatively rare, compared to sporadic PD cases. Several
gene mutations have been described in patients with a familial form of PD. Three of the most
prominent mutations are already mentioned in section 1.2.1 (A53T, A30P and E46K). In
addition to mutations of the SNCA genes, mutations in the Parkin (PARK2) gene have been

identified, as a potential source for an early onset Parkinsonism (Klein et al. 2007).
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Interestingly, a mutation in the PARK2 gene causes similar symptoms compared to idiopathic
PD patients. Another mutation which causes familial PD has been identified in a German
family in the UCH-L1 (PARKS5) gene, which is encoding for the ubiquitin C-terminal
hydrolase-1 (Leroy et al. 1998). Additional mutations have been found in PINK1 (PARKG)
(Valente et al. 2002a, Valente et al. 2002b), the DJ-1 gene (PARKY) (Bonifati et al. 2003)
and the LRRK2 gene (PARKS) (Mata et al. 2006).

1.2.2. Dementia with Lewy bodies (DLB)

DLB was described as a neurodegenerative dementia with Lewy body pathology (McKeith et
al. 2005). Clinically, DLB is characterized by early cognitive impairment, visual hallucinations,
Parkinson syndrome, REM sleep behavior disorder and fluctuating cognition and alertness
and neuroleptic sensitivity (McKeith et al. 2006). The distribution of Lewy body pathology
differs from that observed in PD and includes cortex and brainstem (McKeith et al. 2005).
Some patients with PD will progress towards PD dementia (PDD) which is paralleled by an
emerging cortical distribution of Lewy body pathology. This led to the assumption that PDD
and DLB may represent a disease continuum rather than 2 distinct disease entities (Donaghy
et al. 2014).

1.2.3. Multiple system atrophy (MSA)

MSA is a progressive neurodegenerative disorder characterised by a Parkinson syndrome,,
cerebellar symptoms, autonomic failure. Neuronal loss was observed in the substantia nigra,
the cerebellum, the pons and in the spinal cord (Bendor et al. 2013). In contrast to DLB and
PD, a-Syn deposits predominantly occur in oligodendroglia rather than in neurons (Kim et al.
2014). This is followed by demyelination and subsequent neurodegeneration (Baker et al.
2006, Song et al. 2007, Huang et al. 2008). In contrast to PD, no familial mutations are
known in the case of MSA (Ozawa et al. 1999, Morris et al. 2000, Jin et al. 2008).
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1.3. Spreading of disease pathology

In many neurodegenerative disorders, misfolded proteins play an important role in the
pathogenesis. The misfolding of these proteins promotes the fibrillar aggregation of these

proteins which are neuropathological hallmarks of the respective diseases.

1.3.1. Permissive templating

The concept of permissive templating of protein misfolding and aggregation in
neurodegenerative diseases is widely discussed. Permissive templating describes the
induction of a disease-causing confirmation by exposure of a protein to a misfolded seed,
occurring in a susceptible environment. This is followed by abnormal aggregation. Induced
aggregates can initiate misfolding of further proteins. Therefore, the process can proceed
independently of the initial pathogenic protein, because the pathogenesis, if once initiated,
becomes self-propagating (Hardy 2005). The process is characterised by a propagation
phase in which the native protein will be changed to pathogenic seed, which is mediated by
efficient templating of the native protein (Hardy 2005).

In the case of a-Syn it has been assumed that misfolded, monomeric a-Syn can act as a
template for other monomeric a-Syn species, to convert the non-pathogenic a-helix form into
the pathogenic B-sheet rich structure of a-Syn (Brundin et al. 2008). This is consistent with
the assumption that a-Syn fibrils or rather their breakdown products are able to act as seeds.
These seeds can further interact with monomeric a-Syn and are capable to induce the
fibrillization of monomeric a-Syn species (Wood et al. 1999). According to these findings, it
has been shown that seeds derived from the A30P mutant version of a-Syn are able to
convert wt a-Syn into A30P fibrils (Yonetani et al. 2009). The process described above is
comparable to the templated conversion of the non-infectious prion protein PrP¢ to the

infectious scrapie form PrP%® (Angot et al. 2010).
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1.3.2. Transmission of a-Synuclein in a prion-like manner

Braak and Co-workers have shown that the progression of a.Syn pathology seems to follow
a stereotypical anatomical path throughout the brain. According to Braak et al, a-Syn
pathology starts in the nucleus vagus from where it spreads to the substantia nigra, followed
by spreading to higher basal ganglia and neocortical regions of the brain (Braak et al. 2003).
The notion of intracerebral propagation of a-Syn pathology gained much attention following in
vivo evidence of interneuronal diseases propagation in human brains. In these studies the
researchers transplanted successfully foetal dopaminergic neurons in patients with PD
pathology, to compensate for the loss of dopaminergic neurons in the substantia nigra
(Bjorklund et al. 2003, Olanow et al. 2003, Kordower et al. 2008a, Kordower et al. 2008b, Li
et al. 2008, Mendez et al. 2008). The grafted neurons showed a robust survival and no loss
in dopaminergic activity when the tissue was analysed 18 months after the surgery when one
of the patients died (Kordower et al. 1995). In contrast, in post mortem brain tissues of
several patients who died 14 years after the transplantation, the grafted neurons revealed
Lewy body pathology (Kordower et al. 2008a, Kordower et al. 2008b, Li et al. 2008), as
assessed by a-Syn, a-Syn S129p and Thioflavin staining. The obtained data by Kordower et
al. and Li et al. supporting the idea of cell to cell transfer of a-Syn in vitro and in vivo, lead to
the assumption of an intercellular (interneuronal) spreading of PD disease pathology
Recently, several studies with cell culture and animal models have found evidence for
transcellular spreading and induction of aggregation of a-Syn (Hansen et al. 2011, Rey et al.
2013, Ulusoy et al. 2013, Luk et al. 2014, Recasens et al. 2014).

Fig. 2 displays a short overview of possible mechanisms for the intercellular (interneuronal)
transmission of a-Syn including tunnelling nanotubes (Tnt), active and passive secretion of
aSyn or extracellular vesicles (EVs). Tnts are thin extensions of cell membranes that are able
to connect cells over long distances. It is known that these tubes can develop by subsequent
membrane fusion, during cell division, or via Actin mediated overlapping from one cell to
another cell (Angot et al. 2010). However, in contrast to Huntington (Costanzo et al. 2013),
a-Syn has never been observed in Tnts. Another possibility is the uptake of free interstitial a-
Syn, which is released after either active secretion or by passive release from a dying neuron
followed by uptake through a healthy neuron. Recently, Ulusoy et al. have shown that
interneuronal spreading of a-Syn is an active process which requires living neurons (Ulusoy
et al. 2015). This makes a passive release from dying neurons a less likely mechanism.
Alternatively, a-Syn could be released within EVs from one cell and could be taken up by
another. This could explain the directional spreading of disease pathology because EVs can
carry targeting signals for cellular delivery. In addition, they could efficiently transfer large

amounts of a-Syn.
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Nanotube

Fig. 2: Possible mechanisms for the intercellular transmission of a-Synuclein

Potential seeds of a-Syn can be released to the extracellular space within exosomes (extracellular vesicles) or
either in a free form. Seeds which are released within vesicles can later fuse with the plasma membrane of
another neuron and release the seeds, which can further act as seeds for additional a-Syn molecules. Seeds
which are not bound to membranes of vesicles might be able to directly penetrate plasma membranes of a
recipient cell. Proteins could be additional transferred by tunnelling nanotube from one neuron to another.
Adapted and modified from (Goedert et al. 2014).
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1.4. Extracellular vesicles

The communication between cells is essential for all eukaryotic organisms. Eukaryotic cells
are divided in various cellular compartments, which consist of membrane enclosed
organelles. Cells are in constant contact with their environment and with other cells. This
exchange of information can be mediated via direct contact or via the transfer of secreted
signal molecules, like cytokines, chemokines and the uptake of secreted molecules from
other cells. (Keller et al. 2006, Raposo et al. 2013). In the last decades another mechanism
has been intensively discussed, the intracellular communication via transfer of extracellular
vesicles from one cell to another. A variety of different etxracellular vesicles are known today.
Extracellular vesicles include microvesicles, exosomes and apoptotic bodies (Holme et al.
1994, Hess et al. 1999, Cocucci et al. 2009, Gydrgy et al. 2011). Microvesicles or shedding
vesicles have a diameter of 40-1000 nm and are derived by shedding directly from the
plasma membrane. In contrast, exosomes are vesicles with a diameter of 40 nm-100 nm
which are formed by inward vagination of the limiting membrane of late endosomes, giving
rise to intraluminal vesicles (ILVs). The ILV filled endosomes are then termed multivesicular
endosomes. Upon their fusion with the plasma membrane, ILVs are released to the
extracellular space as exosomes. They were first described to be released during
reticulocyte differentiation (Harding et al. 1983, Pan et al. 1983, Harding et al. 1984, Pan et
al. 1985). (Johnstone et al. 1987). Based on morphology or biochemical properties it is not
possible to distinguish between exosomes and microvesicles (Raposo et al. 2013).
Therefore, there is now a consensus to term these vesicles extracellular vesicles (EV). EVs
are released by a variety of different cells and are present in different body fluids including
semen (Park et al. 2011, Aalberts et al. 2012), blood (Caby et al. 2005), urine (Pisitkun et al.
2004) and CSF (cerebrospinal fluid) (Vella et al. 2008).

1.4.1. Morphology and composition of extracellular vesicles

Morphology

Extracellular vesicles can be analysed via electron microscopy, where they occur in a typical
cup-shaped morphology with a lipid bilayer in a diameter of 50 - 100 nm, which is consistent
with the observed morphology of intraluminal vesicles inside (ILVs) of MVBs (multivesicular
bodies) (Fauré et al. 2006). Extracellular vesicles can be purified from conditioned cell
culture medium and a variety of biological fluids via ultracentrifugation approach at
100.000 x g (Théry et al. 2006).
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With this ultracentrifugation protocol it is possible that other small vesicles with a similar size
might simultaneously be collected. To validate the purity of the extracellular vesicle
preparation subsequent methods may be used. Thus, a sucrose density gradient is often
used to obtain a relatively purer preparation of EVs. In a sucrose density ultracentrifugation
approach organelles derived from the Golgi apparatus, or the ER, protein aggregates and
several other contaminations, show different and specific floating behaviors, which allows for
the accurate separation of potential contaminations from the exosomal fraction. It is known
that in sucrose gradients EVs in the size range of 40-100 nm are floating at densities of
1.13 - 1.19 g/mL (Raposo et al. 1996, Zitvogel et al. 1998, Théry et al. 2006). In contrast,
contaminations derived from the ER are found to float at densities of 1.18 - 1.25 g/mL (Théry
et al. 2006), vesicles from the Golgi apparatus are known to float at densities around
1.05 - 1.12 g/mL (Théry et al. 2006) and big apoptotic bodies float at higher densities around
1.3 — 2 g/mL, depending on their size (Gutwein et al. 2005).

Composition of extracellular vesicles

The protein and lipid composition of EVs depends on the releasing cell. Fig. 3 provides an
overview of proteins, nucleic acids and lipids which have been identified within EVs. Proteins
which are responsible for MVB formation and involved in the ESRCT complex (endosomal
complex required for transport) are highly abundant in EVs (e.g. Alix and Tsg101) (van Niel
et al. 2006). Another important group of proteins which are also associated with EVs in lipid
rafts are so called Flotillins (Parolini et al. 2009).

Extracellular vesicles also contain heat shock proteins (e.g. like Hsp70 and Hsp90), which
are known to permit peptide loading on major histocompatibility complex MHC-I and MHC-II
(Gastpar et al. 2005). Notably, histocompatibility complexes are found to be highly enriched
in exosomes that are released by parental cells from the immune system (Thery et al. 2001a,
Thery et al. 2001b). Furthermore EVs are enriched in Integrins and Tetraspanins, like CD9,
CD81, CD82 and CD63 (Schorey et al. 2008).
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Fig. 3: Schematic view of the protein and lipid composition of exosomes

Common overview of proteins and lipids which can be resides within exosomes or attached to the outer
membrane. Exosomes contain a huge quantity of proteins depending in their releasing parental cell types.
Additionally they also contain nucleic acids, like different RNA species. In addition to general proteins which are
involved of the formation of MVBs, exosomes can also contain proteins that are associated with
neurodegenerative diseases, like PD, AD and prion diseases as well. Adapted from (Bellingham et al. 2012).

Different studies revealed that EVs are also highly enriched with different lipid molecules.
EVs contain high amounts of cholesterol, sphingomyelin, ceramides, diglyceride,
phosphatidylcholine, phosphatidylethanolamine and phosphatidylserine (Wubbolts et al.
2003, Laulagnier et al. 2004, Subra et al. 2007, Brouwers et al. 2013) as well as lipid-rich
microdomains (de Gassart et al. 2003). The EV marker protein Flotillin-2 is known to be
associated with cholesterol-rich membrane microdomains. Several studies demonstrated that
EVs can also carry different RNA species, like messenger RNAs (mMRNAs) and micro RNA
(miRNAs) (Ratajczak et al. 2006, Valadi et al. 2007, Hunter et al. 2008, Rabinowits et al.
2009, Michael et al. 2010).
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1.4.2. Biogenesis of extracellular vesicles

Exosomes

Exosomes are generated in cells within the endosomal system which is composed of primary
endocytic vesicles, early and late endosomes and lysosomes (Mellman 1996). During
endosome maturation an accumulation of vesicles occurs inside the late endosomes. These
vesicles are formed by inward budding of the limiting membrane and are termed intraluminal
vesicles (ILV). Late endosomes filed with ILVs are also called multivesicular bodies (MVBs)
(Fevrier et al. 2004a). The MVBs can later fuse with the plasma membrane and ILVs can be
released to the extracellular space as exosomes (Fig. 4). An alternative pathway is the fusion
of MVBs with lysosomes for subsequent degradation of ILVs (Luzio et al. 2010). Based on
morphology and biophysical properties, exosomes cannot be distinguished from shedding
vesicles/microvesicles which bud from the plasma membrane. Therefore, we will use the

term extracellular vesicles (EVs) throughout the text.
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Fig. 4: Biogenesis of extracellular vesicles

Exosomes are formed within the endosomal system by inward invagination of the limiting membrane of late
endosomes. This gives rise to intraluminal vesicles. The late endosome which is filled with intraluminal vesicles is
then called multivesicular body. After fusion of the multivesicular body with the plasma membrane, these vesicles
are released to the extracellular space as exosomes. Additionally MVBs can also fuse with lysosomes for the
degradation of their cargo content. The sorting of proteins into exosomes and the biogenesis of exosomes
requires the ESCRT-complexes 0 to lll. Later the attachment of the MVBs and the resulting release of exosomes
require several Rab GTPases. Adapted from (Bellingham et al. 2012)
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ESCRT dependent sorting of proteins

So far, no consensus sequence for protein sorting into EVs has been identified.
Posttranslational modification by monoubiquitination has been shown to direct the sorting of
these proteins to the ESCRT machinery (Babst 2011, Piper et al. 2011). The ESCRT
consists of subcomplexes O, I, Il and Ill. According to Hurley and Co-workers (2008), the
ESCRT complexes O-1l are responsible for the recognition and sorting of ubiquitinated
proteins to ILVs. Subsequent budding of vesicles from the plasma membrane is driven by the
ESCRT-1ll complex (Hurley 2008, Hurley 2010).

The protein hepatocyte growth factor-regulated tyrosine kinase substrate (Hrs) is able to bind
mono-ubiquitinated proteins and subsequently forms a complex with the proteins Signal-
transducing adaptor molecule (STAM), clathrin (Raiborg et al. 2003) and Esp15. HRS binds
via its FYVE domain to the endosome specific lipid phosphatidylinositol-3-phosphate (PI(3)P)
and is therefore localized to early and late endosomes (Misra et al. 1999). Later the ESCRT-I
is recruited and the protein Tsg101 is supposed to form a complex with ubiquitinated cargo
proteins, which subsequently binds the protein Alix/AIP, leading to the recruitment of
ESCRT-IIl. The binding of ESCRT-II initiates the oligomerisation of small coiled proteins and
finally the recruitment of ESCRT- Ill. This complex is then responsible for the binding of the
de-ubiquitinating enzyme Doa4, which removes the ubiquitin tag from the cargo proteins and
finally initiates membrane budding to form ILVs. At the end of this sorting process the activity
of the AAA-ATPase Vps4 is responsible for the final fission and disassembly of the ESCRT-
complexes (Babst et al. 1998, Raiborg et al. 2003, Yeo et al. 2003, Fevrier et al. 2004a,
Babst 2005, Keller et al. 2006). Recent observations revealed that ubiquitination of cargo
proteins may be not the only determining factor for an interaction with the ESCRT machinery.
For instance, the ESCRT-dependent sorting of the T-cell co-receptor CD4 or the delta opioid
receptor DOR are not dependent on ubiquitination (Shields et al. 2011). It is, however,
unclear, whether this reflects an ubiquitin independent ESCRT interaction. It is possible that
both proteins bind to ubiquitinated interaction partners which mediate ESCRT dependent
sorting. Thus, it is still not known whether ubiquitin-independent sorting mechanisms to the
ESCRT-pathway exist. Recently, Villarroya-Beltri and co-workers demonstrated that the
sumoylated heterogeneous nuclear ribonucleoprotein A2B1 (hnRNPA2B1), is able to interact
with specific miRNA motifs. This interaction regulated the loading of these miRNAs into
exosomes. Interestingly, it was shown that hnRNPA2B1 is sumoylated in EVs (Villarroya-
Beltri et al. 2013). Based on these finding it is possible that the small ubiquitin like modifier

(SUMO) could act is an ubiquitin-independent sorting determinant for the ESCRT-pathway.
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ESCRT-independent sorting of proteins

ESCRT-independent sorting into extracellular vesicles was first shown for the Melanosomal
protein Pmell7 (de Gassart et al. 2003, Theos et al. 2006) via a luminal domain dependent
pathway (Theos et al. 2006). Contrary to these findings, it has been shown that the
tetraspanin CDG63 is involved in the endosomal sorting of PMEL during melanogenesis, in a
ESCRT-dependent and independent manner as well (van Niel et al. 2011). Other
mechanisms of ESCRT-independent sorting include interaction with tetraspanins and a
ceramide-dependent pathway. Trajkovic and co-workers showed in 2008 that the ESCRT
proteins Alix and Tsg101 were not involved in the sorting of the proteolipid protein (PLP). In
contrast they observed that the EV release of PLP is mediated by ceramide-induced inward
budding of intraluminal vesicles. Ceramide is known to have a cone-shaped morphology,
which may favour the membrane invagination of late endosomal membranes to form ILVs
(Trajkovic et al. 2008). Other studies found higher order oligomerisation to play a role the in

sorting of proteins for EV release (Fang et al. 2007).

1.4.3. Secretion of extracellular vesicles

It has been shown that different Rab proteins are able to regulate the EV release from
different types of cells. (Ostrowski et al. 2010). The secretion of EVs into the extracellular
space is finally driven by the fusion of MVBs with the plasma membrane. It is known that this
process possibly involves different SNARE proteins (Soluble N-ethylmaleimide-sinsitive
factor attachtment protein receptors) (Pelham 2001). According to the literature, vesicular
SNAREs (v-SNARES), are localised to MVBs and are able to interact with target SNARES (t-
SNARES). Both can form a membrane bridging complex and this complex can mediate the
membrane fusion (Chaineau et al. 2009). As reported by Fader and co-workers in 2009, the
v-SNARE complex was responsible for the fusion of MVBs with the plasma membrane in an
erythroleukemia cell line ((TI-VAMP/VAMP7) vesicle associated membrane protein) (Fader et
al. 2009).
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1.4.4. Function of extracellular vesicles

Originally, it was assumed that EVs serve to discard obsolete proteins such as cytoplasma
and plasma membrane during reticulocyte maturation (Johnstone et al. 1987). It has now
become increasingly clear that EVs are involved in a variety of physiological processes,
including intercellular communication (Colombo et al. 2014). Different studies indicate that
tetraspanins alone or together with Integrins can mediate specific target cell delivery of EVs
(Rana et al. 2011, Rana et al. 2012). EVs can either be internalized by endocytic uptake or
direct fusion with the plasma membrane (Raposo et al. 2013). In addition to protein transfer,
EVs are also able to deliver nucleic acids, thereby leading to changes in protein expression.
E.g., Valadi and Co-workers described the transfer of mMRNA from murine to human mast
cells via exosomes and the subsequent translation of mouse protein in the recipient human
mast cells (Valadi et al. 2007). In vivo evidence of a functionally active transfer of small
RNAs and miRNAs mediated by EVs was described (Pegtel et al. 2010, Zomer et al. 2010).
EVs are released by immune cells and can modulate inflammatory response (Braicu et al.
2015). For example, EVs are released by antigen presenting cells (APCs), like
B-lymphocytes and dendritic cells which carry factors for T-Cell stimulation and MHCs, finally
leading to T-cell activation (Raposo et al. 1996). (Wolfers et al. 2001, Giri et al. 2008, Théry
et al. 2009, Walker et al. 2009). Other functions of EVs include morphogenesis (Sheldon et
al. 2010, Gross et al. 2012, Luga et al. 2012, Beckett et al. 2013), e.g. in Drosophila
melanogaster EVs were supposed to be associated with Wnt signalling and in signal
transduction (Beckett et al. 2013).

In addition to their physiological functions, EVs take part in multiple pathological processes,
including cancer metastasis (Braicu et al. 2015) EVs may play a role in neurodegenerative
diseases. It is known that several proteins which are related to neurodegenerative disease
are released within EVs. For instance, prions (Fevrier et al. 2004b), p-amyloid peptide
(Rajendran et al. 2006) and a-Syn (Emmanouilidou et al. 2010) and it is possible that EVs
related to these proteins are involved in disease propagation via the interaction with recipient

cells (Raposo et al. 2013).



Introduction 18

1.5. SUMOylation

SUMO (small ubiquitin like modifiers) proteins are ubiquitously expressed in all eukaryotic
cells and can be conjugated to other proteins. SUMO modification is associated with
regulation of gene transcription, cell cycle, DNA repair and protein localisation (Melchior
2000, Johnson 2004, Ulrich 2005).

1.5.1. The family of small ubiquitin like modifiers SUMO

Small ubiquitin like modifiers (SUMO-1 to SUMO-4) are a protein family that shares about
20% sequence homology to Ubiquitin. SUMO can be attached to lysine residues of various
target proteins (Gareau et al. 2010). It is known that SUMO proteins are widely expressed in
eukaryotic organisms. Interestingly, some lower organisms like yeast, D. melanogaster or C.
elegans only encode one single SUMO gene (Geiss-Friedlander et al. 2007). In contrast,
plants and vertebrates have several SUMO genes. The human genome encodes for several
SUMO proteins (SUMO-1 to SUMO-4) (Melchior 2000, Guo et al. 2004).1t has been shown
that the SUMO proteins, SUMO-1 to SUMO-3 are widely expressed. Contrarily to SUMO-4,
which has been shown to be mainly expressed in kidney, spleen and lymph nodes (Guo et
al. 2004). The isoforms of SUMO-2 and SUMO-3 share a 97 % sequence homology to each
other, and 50 % homology to SUMO-1. For all three isoforms different functions have been
described (Saitoh et al. 2000, Rosas-Acosta et al. 2005, Vertegaal et al. 2006). In their
conjugatable form SUMO-2 and SUMO-3 only differ in three aa residues in their N-terminus,
therefore both isoforms are summarized to the subfamily SUMO-2/3 (Hay 2005). The
physiological role of SUMO-4 is not uncovered till now, but it has been shown that SUMO-4
differs from the other SUMO-isoforms (Owerbach et al. 2005). Recently it has been shown
that SUMO-4 is able to inhibit NFkB transcriptional activity (Hwang et al. 2012). In contrast to
the other SUMO forms, SUMO-4 bears a proline residue in its C-terminus instead of a
glutamine. Therefore, it seems that SUMO-4 is unable to form covalent isopeptide bonds with
substrate proteins which prevent the maturation to a conjugatable form (Owerbach et al.
2005).

Interestingly, a flexible N-terminal stretch of 10-25 aa is a common feature in all SUMO
isoforms. This stretch is not found in other Ubiquitin-related proteins and is supposed to be
essential for SUMO chain formation (Tatham et al. 2001). A large number of SUMO
conjugation target proteins can act as transcription factors or act as other nuclear proteins
which can be involved in gene expression or DNA integrity (Gareau et al. 2010). Changes in
levels of SUMO conjugation to other proteins can therefore be expected to have a major

impact on the fate of cells.
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1.5.2. The SUMOylation pathway

SUMOylation depends on the formation of an isopeptide bond between the C-terminal Glycin
(Gly) residue of SUMO and the e-amino group of a Lysine (Lys) residue in the target protein.
SUMOylation as well as ubiquitination are dependent on an enzymatic cascade, which
involves an El-activating enzyme, an E2-conjugation enzyme and f an E3-ligation enzyme
(Fig. 5). Interestingly, SUMO-1 and SUMO-2/3 conjugation is driven by the identic enzymatic
pathway (Tatham et al. 2001). The SUMOylation process is a reversible process, which
primarily takes place at consensus motifs in the target proteins. This common consensus
motif is defined as W-K-X-[D/E], at which W can be any large hydrophobic residue (I, V or L),
K is defined as the target lysine, X can be any residue and D/E are aspartate or glutamate

residues (Rodriguez et al. 2001, Sampson et al. 2001).
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Fig. 5: Schematic representation of the SUMO cycle

SUMO-1 and SUMO-2/3 are first synthesized as precursors proteins and matured by specific SUMO proteases
(SENPSs), indicating the C-terminal Gly-Gly motif of SUMO. Subsequently SUMO is activated by the E1- activating
enzyme, driven by the hydrolysis of ATP. Activated isoforms of SUMO are transferred to the E2-conjugating
enzyme Ubc9. At the end of the cascade an isopeptide bond is formed between the g-amino group of the acceptor
lysine and the C-terminal carboxyl group of SUMO. Sumoylation can be reversed due to the activity of specific
isopetidase of the SENP family. Adapted from (Martin et al. 2007).
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Briefly, SUMO precursor’s proteins can be activated via the E1 activating enzyme (Desterro
et al. 1999, Gong et al. 1999), via the hydrolysis of ATP.

Subsequent of this reaction, SUMO is transferred to the E2-activating enzyme, termed Ubc9
(Desterro et al. 1997, Johnson et al. 1997, Lee et al. 1998), which results in the formation of
a thioester bond (Hay 2005) and finally in the conjugation of SUMO to the substrate,
mediated by the E3-conjugating enzyme.

1.5.2.1. Enzymes involved in the SUMOylation process

The E1 activating and the E2 conjugating enzymes are identical in all SUMO paralogues and
are also structurally comparable with the E1 and E2 enzymes involved in ubiquitination
(Hochstrasser 2009). Enzyme Sael is known known to catalyse the formation of a thioester
bond between Sae2 and the C-terminus of SUMO, which is driven by the hydrolysis of ATP
(Lois et al. 2005). SUMO is now activated and can be transferred to Ubc9, the E2 enzyme in
the SUMOylation process, which is driven by an intermolecular thiol transfer (Lois et al.
2005). Interestingly, the transfer of SUMO from Ubc9 to target proteins can also mediated via
two ligase independent mechanisms. Firstly, Ubc9 can directly recognize the consensus
motif W-K-X-[D/E]. Secondly, SUMO target proteins can contain SUMO interacting motifs
(SIM) (see section 1.5.2.2) to mediate the conjugation to SUMO on their own (Meulmeester
et al. 2008, Zhu et al. 2008). Another group of enzymes that are involved in the SUMOylation
process are so called SUMO ligases or E3 ligating enzymes. These enzymes are known to
catalyse conjugation of SUMO to the lysine residue in the target protein (Wilkinson et al.
2010). It has been shown that there are three different groups of E3 ligases which can be
involved in the SUMOylation pathway. So called SP-RING-finger like E3 ligases are known to
function as adaptor proteins and are able to directly bind Ubc9 and the SUMO target protein
(Johnson et al. 2001, Takahashi et al. 2001). In vertebrates these ligase are known as
protein inhibitor of activated STAT (PIAS) (Hochstrasser 2001). In mammals five different
PIAS proteins are discovered so far (Palvimo 2007). A second group of E3 ligases is defined
as a nuclear pore protein and termed as Ran binding protein 2 (RanBP2) (Pichler et al.
2002). It has been shown that RanBP2 is able to raise the activity of Ubc9, but does not
directly interact with the target protein (Reverter et al. 2005).

Another important group of enzymes which is involved in the SUMOylation process are
sentrin specific proteases (SENPs). These enzymes are involved in the processing of SUMO
peptides and in the de-conjugation process of SUMOylated target proteins (Hay 2007). In

mammals six different SENPs enzymes are identified so far (Mukhopadhyay et al. 2007).
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1.5.2.2. Non covalent SUMO binding mediated by SIM

SUMO can also bind to other proteins non-covalently. This interaction is mediated by a short
conserved SUMO-interaction motif (SIM) in the SUMO binding protein. The SIM maotif is
composed of a hydrophobic core, which is flanked N-or C terminally by acidic residues or
serine residues, respectively (Minty et al. 2000, Song et al. 2004, Hannich et al. 2005,
Hecker et al. 2006). The SIM motif in SUMO-2 has been identified in a groove between the
a-helix and the -sheet and includes amino acids Q30, F31 and 133 (Hecker et al. 2006, Sun
et al. 2007). Mutations of these residues to alanines abrogate the interaction of SUMO-2 with
SIM domains (Meulmeester et al. 2008, Zhu et al. 2008).

1.5.3. SUMOylation in neurodegenerative diseases

SUMO maodification has been suggested to be involved in a variety of neurodegenerative
disease (Dorval et al. 2007a). In the last decades it becomes more and more evident that
SUMOylation plays an important role and is associated with different neurological disorders,
like PD, AD and Huntington’s disease (HD).

1.5.3.1. SUMOylation in Alzheimer’s disease

AD is the most common age related neurodegenerative disorder and is characterised by
extracellular plaques composed of a and neurofibrillary tangles, consisting of hyper-
phosphorylated tau (Wilkinson et al. 2010). It has been shown that both proteins are potential
substrates for SUMOylation (Gocke et al. 2005, Dorval et al. 2006, Zhang et al. 2008). Li and
co-workers observed that SUMO-2 decreases the ap production (Li et al. 2003). In contrast,
Dorval and co-workers showed increased af generation upon SUMO-3 overexpression
which is independent of SUMO conjugation and might be mediated by indirect effect of
SUMO-3 on APP and BACE expression levels (Dorval et al. 2007b). For the protein Tau,
another key-player in AD, it has been shown that this protein can be SUMOylated by SUMO-
1 at aa Lys 340. (Dorval et al. 2006). Importantly, SUMOylation at K340 inhibits tau
degradation through deregulation of tau phosphorylation and ubiquitination, thereby

facilitating its assembly into fibrils (Luo et al. 2014)
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1.5.3.2. SUMOylation in Huntington’s disease

The best characterised polyQ disorder is Huntington’s disease (HD). This disease is caused
by the expansion of a polyQ repeat in the N-terminus of the Huntingtin (Htt) protein (Gil et al.
2008). PolyQ disorders are dominantly inherited disorders with variations in the age of onset
of the disease, which is depends on the lengths of polyQ repeats (Walker 2007). It has been
shown that a pathogenic fragment of Htt can be SUMOylated by SUMO-1 and as well as is
ubiquitinated at the lysine residue in the N-terminus of the Htt protein (Steffan et al. 2004).
SUMOylation stabilizes the pathogenic fragment of Htt (Httex1p) and is able to reduce its
ability to form aggregates. In a D. melanogaster disease model of HD SUMOylation of the
pathogenic Htt fragment increases neurodegeneration, contrarily to ubiquitination that has
been shown to decrease neurotoxicity (Steffan et al. 2004). In a transgenic Drosophila model
which is expressing both SUMO deficient and ubiquitination deficient mutations of Htt, a
reduced Htt toxicity has been observed. These findings indicate that SUMOylation and
ubiquitination of Htt are involved in the stabilising of toxic Htt species and that the balance
between both modifications is disturbed in HD (Steffan et al. 2004).

1.5.3.3. SUMOylation in Parkinson’s disease

In PD a-Syn is preferentially SUMOylated by SUMO-1 and to a lesser extent by SUMO-2/3
(Dorval et al. 2006). The influence of SUMOylation on a-Syn aggregation and toxicity,
especially the formation of fibrils, under in vitro conditions has been shown by Krumova and
co-workers (Krumova et al. 2011). They have shown by several approaches that
SUMOylation of a-Syn inhibits neurotoxic fibril formation of a-Syn (Krumova et al. 2011). In
addition, SUMOylation-deficient mutants of a-Syn showed a higher toxicity in mouse models,
compared to wt a-Syn (Krumova et al. 2011). SUMO-1 has also been shown to be a
component of Lewy bodies in brain tissue of patients with DLB and MSA (Pountney et al.
2005). Additionally, Parkin non-covalently interacts with SUMO-1, in vitro and in vivo (Um et
al. 2006). This interaction results in the auto-ubiquitination and in the nuclear localisation of
Parkin (Um et al. 2006). In addition SUMOylation of the protein DJ-1 has also been
described (Shinbo et al. 2006). DJ-1 is known as a regulator for the expression of several
genes which are linked to the cellular response to oxidative stress conditions (Taira et al.
2004). Oxidative stress conditions are known to induce the loss of dopaminergic neurons in
PD (Jenner 2003).
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SUMOylation of a-Synuclein

By mass spectrometry of SUMOylated a-Syn Krumova et al identified eleven lysine residues
of a-Syn which serve as SUMO acceptor sites (Krumova et al. 2011). Nevertheless, only two
lysine residues K96 and K102 are counting for more than 50% of the a-Syn SUMOylation.
Mutations of these lysine residues (K96R K102R) impairs SUMOylation to the same extent
as a D98A E104A double mutation, which disrupts the consensus sequence for the
recognition of adjacent SUMO receptor lysines. These finding are consistent with the
observations of Sapetschnig and colleague. They showed that SUMO acceptor sites requires
the acidic residues for efficient SUMOylation (Sapetschnig et al. 2002).

Furthermore, Krumova et al. found that the ubiquitination status of a-Syn is unaffected by
mutated K96 and K102 (Krumova et al. 2011)
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2. Materials and Methods

2.1. Materials

2.1.1. Chemicals and Consumables

Unless stated otherwise, all chemicals which were used in this study were purchased from
AppliChem (Darmstadt, Germany), Merck KGaA (Darmstadt, Germany) or Sigma Aldrich
Chemie GmbH (Munich, Germany). Cell culture media, supplements, sera and antibiotics
were purchased from PAA Laboratories GmbH (Pasching, Austria), GE Healthcare (Chalfont
Buckinghamshire, UK) and Gibco® by Life Technologies (Darmstadt, Germany).
Consumables which were used in cell culture, molecular biology and biochemistry analysis
were purchased from Starlab GmbH (Hamburg, Germany), Eppendorf AG (Hamburg,
Germany), Greiner Bio-One GmbH (Frickenhausen, Germany) or Falcon (Becton Dickinson
Labware Europe, Le Pont de Claix, France).

2.1.2. Cell lines and primary cells

2.1.2.1. Cell lines

Cell lines used in this study are specified in Table 1.

Table 1: Cell lines

Name Cell type Obtained from

N2a Mouse neuroblastoma cell line (Schubert et al. 1969)

Oli-neu Mouse oligodendrocyte precursor cell | J. Trotter, University of Mainz,
line Germany

HEK Human embryonic kidney cell line (Graham et al. 1973a, Graham et
(HEK 293) al. 1973Db, van der Eb 1973)

E. coli (DH5a) chemically competent E.coli strain Invitrogen Darmstadt, Germany

2.1.2.2. Primary cells

Primary cortical neurons were prepared from E16.5 NMRI mouse embryos (for details see
section 2.2.2.1).
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2.1.3. Antibodies

Primary antibodies that were used in this study are specified in Table 2. Secondary
fuorophore- or horseradish peroxidase (HRP) conjugated were purchase from Invitrogen
(Darmstadt, Germany) and Dianova (Hamburg, Germany).

Table 2: Primary Antibodies

Antibody Host species Application | Obtained from
Myc (clone 9E10) Mouse WwB Sigma-Aldrich St. Louis, MO, USA
Myc (clone 9B11) Mouse WB, IF Cell Signaling Danvers, MA, USA
Flotillin-2 Mouse WB BD Biosciences Heidelberg, Germany
a-Synuclein Mouse WB, IF Invitrogen Darmstadt, Germany
Alix/AIP1 Mouse wWB BD Biosciences Heidelberg, Germany
Alix(clone 3A9) Mouse wWB GeneTex Inc., Irvine, CA, USA
TSG-101 Mouse WB Santa Cruz Dallas, TX, USA
CD63 Mouse WB BD Biosciences Heidelberg, Germany
Beta Amyloid Mouse wWB Covance Inc., Princeton, NJ, USA
(6E10)
GluR 2/3 Rabbit wWB Chemicon Limburg, Germany
GlurR 1 Rabbit WB Chemicon (Limburg, Germany)
Calnexin Rabitt WB Sigma-Aldrich St. Louis, MO, USA
GFP Rabitt WB, IF Invitrogen Darmstadt, Germany
Ubc9 Rabbit WB Santa Cruz Biotechnology Inc., Dallas,
TX, USA
2.1.4. Nucleotide constructs
2.1.4.1. Previously published plasmids

Plasmids which were kindly provided by other laboratories are listed in Table 3.

Table 3: Previously published plasmids

Plasmid Obtained from

PEYFP-N1 Clonetech, Mountain View, CA, USA

Rab5Q79L GFP M. Zerial, MPI-CBG, Dresden, Germany
pcDNA3.1-AN-a-Synuclein (Karube et al. 2008)

pcDNAS3.1-Myc-SUMO-2 (Krumova et al. 2011)

pcDNA3.1-Myc-SUMO-2 AGG* (Krumova et al. 2011)

pEYFP-SUMO-1 (Krumova et al. 2011)

pEYFP-SUMO-1 AGG* (Krumova et al. 2011)

pcDNAS3.1- Myc-a-Synuclein (Krumova et al. 2011)

pcDNA3.1-Myc-a-Synuclein 2KR? (Krumova et al. 2011)

pcDNA3.1-Myc-a-Synuclein 2AA° (Krumova et al. 2011)

pTE1E2S1 (Uchimura et al. 2004)

pT7.7 P. Lansbury Cambridge, MA, USA

a-Synuclein phGLucl (S1) (Outeiro et al. 2008)

a-Synuclein phGLuc?2 (S2) (Outeiro et al. 2008)
pcDNA3.1-Myc-a-Synuclein-SUMO-2 AGG | K. Eckermann Neurology UMG Géttingen, Germany
pcDNA3.1-GFP-SUMO-2 AGG K. Eckermann Neurology UMG Géttingen, Germany
pcDNA3.1-Myc-SUMO-2 AGG cleft’ K. Eckermann Neurology UMG Géttingen, Germany
pcDNA3.1-Myc-SUMO-2 AGG cleft+loop® K. Eckermann Neurology UMG Géttingen, Germany
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pcDNAS3.1-Ubiquitin-SUMO-2 AGG K. Eckermann Neurology UMG Géttingen, Germany
pR4-PLP-Myc J. Trotter, University of Mainz, Germany
pcDNA3.1-MLV Gag-GFP W. Mothes, Yale University New haven, CT, USA
GFP-VPS4dn (E233Q) P. Woodman, University of Manchester, UK
GFP-VPS4 P. Woodman, University of Manchester, UK
pShuttleCMV YFP-APPsw P. Keller, MPI-CBG Dresden, Germany
YFP-APPsw-SUMO-2 AGG K. Eckermann Neurology UMG Géttingen, Germany

! c-terminal deletion mutant that cannot be conjugated

2 bearing the double mutation K96R K102R

3 bearing the double mutation D98A E104A

4 bearing following mutations Q30A F31A K32A I33A L42A Y46A

° bearing following mutations H16A Q30A F31A K32A I33A H36A L42A Y46A D62A

SUMO-2-luciferase construct (SUMO-2-S3) was created by cloning the amino-terminal
fragment of humanized Gaussia Luciferase including the same linker as used in S2 into

BamHI/EcoRl sites of pcDNA3. SUMO-2 was subsequently subcloned into EcoRI/Xhol sites.

2.1.4.2. Self constructed plasmids

PcDNA3.1-GFP-SUMO-2 AGG ASIM was generated by site directed mutagenesis to
introduce the triple amino acid point mutation Q30A F31A I33A. Mutagenesis was performed
according to the manufactures protocol (Quick Change Site-Directed Mutagenesis Kit,
Agilent Technologies, Waldbronn, Germany).

2.1.4.3. SiRNA constructs

To down regulate expression of Alix/AIP1 or TSG-101, the following siRNAs were used as
specified in Table 4.

Table 4: siRNA constructs

Target Target sequence 5’-3’ Reference

Alix mouse AAGAACCTGGATAATTGATGAA | Qiagen GmbH, Hilden, Germany
TSG-101 mouse CACTGTATAAACAGATTCTAA Qiagen GmbH, Hilden, Germany
Ubc9 human (UBE2l) | CAAAAAAUCCCGAUGGCACUU | GE Dhamacon, Lafayette, CO, USA
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2.1.5. Phospholipids

Phospholipids which were used in this study are specified in Table 5.

Table 5: Phospholipids

Lipid structure Reference

POPS 0 O Vo Avanti Polar Lipids
/\/\/\/\/\/\/\)ko/Y\O’F""O\;Z; Alabaster; AL, USA

POPC 0 0 Avanti Polar Lipids
/\/\/\/\/\/\/\AO/\;\/\O’}"O\/\W’ Alabaster; AL, US)

PI(3)P W\/\N\/\/\)‘,’\ O hoy TPy Q Avanti Polar Lipids
. 07O oL/ O 70N | Alabaster; AL, US)
WWO H NH,* NHg*
o]
PI(5)P O_gﬁcl;!m* Avanti Polar Lipids
° OH / OH Alabaster; AL, USA
A AT
- O/\}(\O"P“O OH
/\/\/\/\=/\/\/\/\H/0 H NHa®
(o]
PI(3,5)P, O‘E"OP'!H‘* Avanti Polar Lipids
o 0 homoH OH Alabaster; AL, USA
1] 2 = TOH 1
WW\/\/U\O/X\O’?“O 4 o- p“OH
/\/\/\/&/\/\/\/\K«" H 0,;Hd+ NH,*
(s}
PI(4,5)P, b e Avanti Polar Lipids
o 0 HomOH. oH 2 Alabaster; AL, USA
WVW\/\/\)k Ny ) 4 , / O/ TOH
rf;{H\ocgr o} - OH c:l:\I .
/\/\/\/E/\/\/'\/\n/ NH.*
o
PI(3,4,5)P; 2 Avanti Polar Lipids

oP-o
onfie @ Alabaster; AL, USA
HO! 5, 0-P-0OH
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2.1.6. Buffer and Solutions

2.1.6.1. Phosphate buffered saline (PBS)

PBS was prepared according to (Sambrook et al. 2001).

10x PBS (1 L)
80.0g NacCl
20g KCI
1449 Na,HPO,
249 KH,PO,

To obtain 1x PBS, 10x PBS was diluted 10 times with bi-distilled H,O and the pH was
adjusted to 7.4.

2.1.6.2. Tris buffered saline (TBS)

TBS was prepared according to (Sambrook et al. 2001)

10x TBS (1 L)
80.0g NacCl
20g KCI
30.0g Tris

To obtain 1x TBS, 10x TBS was diluted 10 times with bi- distilled H,O and the pH was
adjusted to 7.4.

2.1.6.3. HEPES/sucrose stock solution

HEPES/sucrose stock solution was prepared according to (Théry et al. 2006).
1x HEPES/sucrose (1 L)
4.8 g Hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES), (£ 20 mM)

856 g Protease-free sucrose, (2 2.5 M)

The pH was adjusted to 7.4.
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2.1.6.4. Homogenisation-buffer (HB)

320 mM  Sucrose
1 mM EDTA (Ethylenediaminetetraacetic acid)
20mM HEPES

The pH was adjusted to 7.0 and Complete protease inhibitor (Roche Diagnostics GmbH,
Mannheim, Germany) was added according to the manufactures protocol.

2.1.6.5. CHAPS lysis buffer

1x lysis buffer (1 L)
10g 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), (£1%)
6.1 g Tris(hydroxymethyl)aminomethane (Tris), (& 50 mM)
159 EDTA, (2 5mM)

The pH was adjusted to 8.0.

2.1.6.6. Protein loading buffer

5x loading buffer
10% Glycerol
50 mM  Tris-HCI
2mM EDTA
2% SDS
144 mM B-Mercaptoethanol
0.05% Bromophenol blue

The pH was adjusted to 6.8.
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2.1.6.7. Resolving gel buffer

90.8g Tris, (2 1.5 M)

The pH was adjusted with HCI to 8.8.

2.1.6.8. Stacking gel buffer

30.3g Tris, (2 0.5 M)

The pH was adjusted with HCI to 6.8.

2.1.6.9. 10x Running buffer

143 g Glycine
30.3g Tris
10g Sodium dodecyl sulfate (SDS)

To achieve 1x running buffer, 10x running buffer was diluted 10 times with bi-distilled H,O.

2.1.6.10. 10x Transfer buffer

143 g Glycine
30.3g Tris

2.1.6.11. 10x Transfer buffer

100 mL 10x Transfer buffer
200 mL Methanol

To achieve the final volume 1 L, 1x transfer buffer was filled up with bi-distilled H,O.
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2.1.7. Media and sera

2.1.7.1. Commercial media

Table 6 illustrates commercially available media, sera and additives used in this study.

Table 6: Commercial media and solutions

Medium/Solution

Obtained from

Dulbecco's Modified Eagle Medium (DMEM)
Fetal Calf Serum (FCS)

GlutaMAX™-| supplement

Hanks' Balanced Salt Solution (HBSS)
Opti-MEM + GlutaMAX™-|
Penicillin/Streptomycin (Pen/Strep) 100x
The TransIT®-LT1 Reagent

Phosphate Buffered Saline (PBS)

LB medium + LB agar plate
B27-Supplement 50x

0.25 % Trypsin-EDTA 1x

0.05 % Trypsin-EDTA 1x
Oligofectamine™ Reagent

MEM 10x

Sodium Pyruvate 100 mM, 100x
Sodium Bicarbonate Solution 7.5 %

PAA Laboratories GmbH, Pasching, Austria

PAA Laboratories GmbH, Pasching, Austria
gibco® by LifeTechnologies, Darmstadt, Germany
gibco® by LifeTechnologies, Darmstadt, Germany
gibco® by LifeTechnologies, Darmstadt, Germany
gibco® by LifeTechnologies, Darmstadt, Germany
Mirus Bio LLC, Madison, USA

PAA Laboratories GmbH, Pasching, Austria
AppliChem GmbH Darmstadt, Germany

gibco® by LifeTechnologies, Darmstadt, Germany
gibco® by LifeTechnologies, Darmstadt, Germany
gibco® by LifeTechnologies, Darmstadt, Germany
LifeTechnologies, Darmstadt, Germany

gibco® by LifeTechnologies, Darmstadt, Germany
gibco® by LifeTechnologies, Darmstadt, Germany
gibco® by LifeTechnologies, Darmstadt, Germany

2.1.7.2. General growth medium

General growth medium was used in this study to cultivate mouse neuroblastoma cells (N2a)

and human embryonic kidney cells (HEK 293). For preparation of serum free medium, no

fetal calf serum was added.

General growth medium (500 ml)

5mL GlutaMAX™-| supplement, 200 mM

5mL Penicillin/Streptomycin (Pen/Strep)

50 mL Fetal calf serum

, 5000 U/5000 pg

in Dulbecco's Modified Eagle Medium (DMEM) with 4.5 g/L glucose.
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2.1.7.3. SATO-medium

SATO-medium was used to cultivate Oli-neu cell line. For preparation of serum free medium,

no horse serum was added.

SATO-medium (100 ml)

1 mL Insulin-Transferrin-Selenium-A Supplement ITS-A, 100x

1 mL Putrescine dihydrochloride, stock 10 mM in DMEM

10 uL  Progesterone, stock 2 mM in ethanol

10 yL  Triiodothyronine (Calbiochem/Merck KGaA, Darmstadt, Germany),
5 mM stock in ethanol

13 uL L-Thyroxine (Calbiochem/Merck KGaA, Darmstadt, Germany),
4 mM stock in 0.26 N NaOH, 25% ethanol

1mL GlutaMAX™-| supplement, 200 mM

1 mL Penicillin/Streptomycin, 5000 U/5000 ug

5mL Horse serum

in Dulbecco's Modified Eagle Medium (DMEM) with 4.5 g/L glucose.

2.1.7.4. MEM-B27

MEM-B27 was used in this study to cultivate primary cortical neurons from E16.5 NMRI

mouse embryos.

MEM-B27 (250 ml)
15mL 10x MEM
7.25mL Sodium- Bicarbonate
7.5mL 20% Glucose
25 mL  Sodium-Pyruvate
2,5mL Penicillin/Streptomycin (Pen/Strep), 5000 U/5000 ug
2,5mL GlutaMAX™-| supplement, 200 mM
5mL B27-Supplement

The final volume of 250 mL was adjusted with bi-distilled H,O.
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2.1.8. Commercial kits

Commercial Kits that were used in this study are listed in Table 7.

Table 7: Commercial Kits

Kit Application Obtained from

NucleoBond Xtra Midi Kit | Plasmid DNA-Isolation Machery-Nagel, Duren, Germany
Quick Change Site- Point mutagenesis Agilent Technologies, Waldbronn,
Directed Mutagenesis Germany

2.1.9. Software

Software that was used in this study is specified in Table 8.

Table 8: Software

Software Application Source

ImageJ Image processing and analysis | http://rsbweb.nih.gov/ij/

MS Office Exel 2007 Spreadsheet analysis Microsoft GmbH, Berlin, Germany

MS Office Word 2007 Text processing Microsoft GmbH, Berlin, Germany

EndNote X5 Citization/Bibliographie Thomson Reuters, New York City,
NY, USA

Leica Confocal Software, | Acquisition of confocal images | Leica Microsystems, Mannheim,

2.61 Germany

NanoSight Tracking Tracking and analysis of EVs NanoSight, Amesbury, UK

Analysis Software 2.3
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2.2. Methods

2.2.1. Molecular biology methods

2.2.1.1. Site-directed mutagenesis

To introduce amino acid point mutations into the SIM domain of the SUMO-2 protein, site-
directed mutagenesis was performed using Stratagene QuickChange™ Site-Directed
Mutagenesis Kit (see Table 7). This method is based on site- directed mutagenesis using

double stranded DNA templates (Braman et al. 1996).

2.2.1.2. Transformation of Escherichia coli (E. coli)

To amplify plasmid DNA constructs in bacteria, the chemo-competent E. coli strand “Library
efficiency® DH5a™” (Table 1) was used. For transformation 45 pL of competent cells were
thawed for 10 min on ice. Afterwards, 100 ng from the plasmid DNA of interest were added to
the cells and incubated on ice for 30 min followed by a heat shock at 45°C for 42 s. After
recovery on ice for 2 min, 600 pL of S.0.C medium was added and the cells were incubated
for 1h at 37°C with agitation. In order to select single transformants, cells were plated on

LB- Agar plates with the appropriate antibiotics (100 pg/ml ampicillin or 50 pg/ml kanamycin)

and incubated over night at 37°C.

2.2.1.3. Plasmid DNA isolation from E. coli

To enlarge the amount of plasmid DNA from transformed E. coli at a medium scale, a single
colony was picked from a LB-Agar plate and transferred to 150 mL of antibiotics
supplemented LB medium. The culture was incubated for 16-20 h at 37°C with 200 rpm.
Afterwards, cells were harvested by centrifugation for 10 min at 6000 rpm and 4°C.

Plasmid DNA was isolated with the NucleoBond Xtra Midi Kit (see Table 7), according to the

manufactures protocol.

2.2.1.4. Determination of DNA concentration

The concentration of plasmid DNA in the final solution was measured by a NanoDrop 2000

Spectrophotometer (PEQLAB Biotechnologie GMBH, Erlangen, Germany).
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2.2.1.5. Expression and purification of sumoylated a-Synuclein

The expression and purification of human sumoylated wild-type a-Syn was previously
described (Krumova et al. 2011). Briefly, BL21 competent E.coli cells were co-transformed
with the tricistronic plasmid pTE1E2S1, which codes for the expression of SUMO-1 and the
E1 and E2 enzymes of the SUMOylation pathway (Uchimura et al. 2004), and the pT7.7
encoding for human wild-type a-Syn (courtesy of the P. Lansbury laboratory, Harvard
Medical School, Cambridge, MA). After enzymatic degradation of DNA, the bacterial extracts
were heat precipitated at 95 °C for 10 min and the supernatant was subjected to column
chromatography (GE Healthcare Akta system) with a sequence of 3 columns: Q Shepharose
fast flow, HiLoad 26/600 Superdex 200, and Mono Q 4.6/100 PE. Fractions of sumoylated
a-Synuclein were combined and concentrated with an Amicon Ultracel Filter (10 kDa,
Millipore), and purity assessed by polyacrylamide gel electrophoresis (PAGE) and
electrospray ionization mass spectroscopy (ESI-MS). The protein concentration was

estimated using a molar extinction coefficient at 280 nm of 9080 M*.cm™,

2.2.1.6. Expression of recombinant SUMO-2 for NMR

SUMO-2 was cloned into pET11 vector and expressed as previously described (Pichler et al.
2002). For N*° labelling of SUMO-2 proteins, bacterial cells were grown in 1 L LB at 37°C
until the culture reached an optic density (OD600) of 0.6. Bacteria cultures were then
centrifuged and resuspended in 500 ml standard Minimal M9 media containing 3 g glucose.
After 30 min incubation, 1 g N**H,Cl was added to the medium, Cells were frown for 1 h at
37°C, before induction with 1mM IPTG. SUMO purification was performed as described,
except that for gel-filtration analysis a buffer containing 20mM NaH, PO4/Na, HPO, pH 6.8,
100 mM KCI, 2 mM DTT was used.
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2.2.2. Cell culture

All cell culture work was carried out according to security level S1 safety rules. Work was
executed under sterile conditions, involving antiseptic cleaning of the equipment with 70%
ethanol, UV- treatment and sterile filtration of all media and solutions with a 0.22 pm
polyethersulfone (PES) filter (Corning Inc., Corning, NY, USA).

2.2.2.1. Growth and maintenance of cells

In general, cells were grown at 37°C and 5.0% (7.5% for primary neurons) COz2 in humidified
incubators. Specific cultivation procedures are described below. For collection of EVs cells

were cultured in 10 cm plastic dishes, with general growth medium in the absence of serum.

Oli-neu cell line

The oligodendrocyte precursor cell line Oli-neu was grown in SATO medium (see section
2.1.7.3). The cells were grown on 75 cm? cell culture flasks or 10 cm petri dishes which were
previously coated with poly-L-lysine (PLL, 30 mg/L, Sigma, St. Louis, MO, USA) for at least
30 min or overnight. Thereafter, dishes were washed 3 times with PBS. For passaging of Oli-
neu cells was executed 1:6 every 2-3 days after a confluence of 70- 90% was reached. For

passaging, cells were washed off with cultured medium to bring them in suspension.

Mouse neuroblastoma (N2a) and human embryonic kidney (HEK293) cell lines

The N2a and HEK293 cell lines were grown in general growth medium (see section 2.1.7.2).
These cells were grown on 75 cm? cell culture flasks, 10 cm petri dishes, 6-well plates or on
coverslips which were coated with PLL. Passaging of both cell lines were conducted 1:4
every second day after a confluence of 80-90% was reached. For passaging, cells were
washed once with PBS and trypsinized with 3 mL of 0.25% trypsin/EDTA (see Table 6) for
approximately 3 min until cells were detached. Afterwards, 10 mL of general growth medium

was added to inhibit trypsin activity. The cells were used up to a passage 30.

Mouse primary cortical neurons
Primary cortical neurons were prepared from E16.5 NMRI mouse embryos and cultured on

PLL coated coverslips or petri dishes, in serum free MEM-B27.
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2.2.2.2. Cryoconservation of cells

Freezing of cells

To store cells for a long term period, cells were cultured on a 75 cm? cell culture flask, to a
confluence of 80-90%. Cells were then cultured as described above (see section 2.2.2.1).
Afterwards, the cell suspension was centrifuged at 900 rpm for 10 min and the pellet was
resuspended in 1.6 mL freezing medium (50% FCS and 10% DMSO in DMEM). Thereatfter,
the suspension was mixed gently and transferred into a Nalgene® sterile Cryogenic vial
(Thermo Fisher Scienctific,Waltham, MA, USA). The vials were transferred into a Nalgene®
Cryo 1°C Freezing Container (Thermo Fisher Scienctific,Waltham, MA, USA) which allows a
slow freezing at a temperature dropping point of 1°C/min in a -80°C freezer. For permanent

storage, cells were stored in liquid nitrogen.

Thawing of cells

Cryoconservated cells were taken out of liquid nitrogen and immediately incubated in a 37°C
water bath for thawing. Rapidly after the medium was defrosted the cell suspension was
carefully and slowly resuspended. Then the suspension was transferred into 10 mL pre-
warmed general growth medium. Afterwards the suspension was centrifuged at 900 rpm for
10 min and the pellet was resuspended in pre-warmed medium and plated in a 75 cm? cell
culture flask. Growing cells were further passaged according to their cell type as described in
section 2.2.2.1.

2.2.2.3. Transfection of plasmids

Introduction of plasmid DNA to mammalian cell lines was done via TransIT®- LT1 (Mirus Bio
LLC, Madison, USA). At the time of transfection the cells were grown to a confluence of
70-80%. The plasmid DNA and the transfection reagent were added to 600 pL Opti- MEM
(see Table 6), mixed gently and incubated at room temperature for 30-45 min.

Based on various vessel sizes, the transfection protocol used in this study was specified in
Table 9. After incubation, the mixture was added drop wise to the cells, the vessel was

shaken gently and the cells were kept under cultivation conditions for 8-12 h.

Table 9: Transfection protocols

Reagent 12 well plate 6 cm dish 10 cm dish
Opti-Mem 100 pL 300 pL 600 pL
TransIT 3 uL 9 uL 18 uL
Plasmid DNA 1 g 319 6 ug
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2.2.2.4, RNA interference

To down regulate protein expression, siRNA was introduced into N2a cells. SIRNA was
delivered to N2a cells by Oligofectamine (see Table 6) and cells were transfected 36 h later
with the plasmids of interest, followed by medium exchange after 8 h and collection for
extracellular vesicles. As a control, cells were mock transfected with oligofectamine reagent

in the absence of siRNA.

2.2.2.5. Collection of extracellular vesicles

In general, after 8-16 h of transfection cells were washed three times with PBS and EVs
derived from Oli-neu/N2a cells were collected at least for 16 h in serum free medium to

eliminate any contaminations with serum derived exosomes.

2.2.2.6. Luciferase activity assay

HEK293 cells were cultivated as described in section 2.1.2.1 and transfected with
a-Synuclein and SUMO-2-luciferase constructs (a-Syn fused to full length gaussia luciferase
(syn phGluc); C-or N-terminal fragments of split phGluc fused to a-Syn (syn-S2) or SUMO-2
(SUMO-2-S3)). After 16 h of transfection the cells were washed with PBS and the general
growth medium was replaced by medium without sera and phenol red to collect EVs for 48 h.
Thereafter, vesicles were prepared as described in section 2.2.3.1. Cells were washed with
PBS and lysed in PBS using sonication. Luciferase activity from protein complementation
was measured using same the amounts of total protein from both cell lysates and EV
fractions in an automated plate reader at 480 nm. Afterwards the cell permeable substrate
coelenterazine (40 yM;PJK GmbH, Kleinbittersdorf, Germany) was added with a signal

integration time of 2 seconds.

2.2.2.7. Membrane preparation

Cells were washed twice with ice cold PBS and collected into 200 pL homogenization buffer
(20 mM Na-HEPES, 1mM EDTA, 0.32 M sucrose, pH 7.0). The cells were mechanically
disrupted by 10 times pipetting up and down through a yellow pipette tip and finally 10x
through a 27G needle. Cells were centrifuged at 4,000 rpm for 5 min at 4 °C. The
postnuclear supernatant was then ultracentrifuged with 196,000 x g for 30 min at 4 °C,
followed by a washing step with PBS. The pellet containing membrane fraction and cytosol

were resolved in sample buffer and subjected to SDS-PAGE and Western blotting.
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2.2.3. Extracellular vesicle purification and analysis

2.2.3.1. Ultracentrifugation

Conditioned growth medium from cultured cells was collected as described in section 2.2.2.5.
To purify EVs, an adapted protocol from (Strauss et al. 2010) was applied. Conditioned
medium was collected and subjected to subsequent centrifugation steps performed at 4°C,
3,500 x g for 10 min, 2 times at 4,500 x g for 10 min, 10,000 x g for 30 minutes and
100,000 x g with a TLA 100.3 rotor (Beckman-Coulter, k-factor 60.6) for 60 min. Afterwards,
the EV pellet was washed once with PBS (at 100,000 x g for 60 min) before resuspended in
protein loading buffer (see section 2.1.6.6). For the quantification of extracellular protein
release, postnuclear supernatants of cell lysates that were gained by scraping the cells in 1%
CHAPS lysis buffer (see section 2.1.6.5) and EV fractions were subjected to Western Blot
analysis. The ratio of EV protein versus cellular protein levels was calculated by Image J
analysis.

For the preparation of EVs from human cerebrospinal fluid 5 ml cerebrospinal fluid was used
for Western blot analysis. The samples were collected from consent informed patients The
analysis of patient cerebrospinal fluid was approved by the ethical committee of the Medical
Faculty, University Medicine Gottingen (IRB 02/05/09).

2.2.3.2. Sucrose gradient ultracentrifugation

For a cleaner purification, a 100,000 x g pellet containing EVs were prepared as described
above and resuspended in 400 pL of 0.25 M sucrose in 10 mM HEPES, pH 7.4. Afterwards,
the suspension was pulled 5 times through a 26 g needle to separate potential big clusters of
EVs. The extracellular vesicle-sucrose suspension was then layered on top of a
discontinuous sucrose density gradient consisting of 8 layers with 400 pL each as listed in
Table 10. The gradient was then centrifuged for 18 h and 200,000 x g, at 4°C in a Sw 60 Ti
or a Sw 41 Ti rotor (Beckman Coulter GmbH, Krefeld, Germany) to separate vesicles
according to their density (see Table 10). After centrifugation 8 fractions were recovered and
diluted 1:6 with PBS. Thereafter, the diluted fractions were centrifuged for 1 h and 100.000 g
at 4°C and the resulting pellet was resuspended in 15 pL sample buffer and subjected to

Western Blot analysis.
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Table 10: Sucrose density gradient

Molarity of Correspondinsg Sucrose stock solution | 20 mM HEPES for 2.5
Sucrose [M] density [g/cm”] (2.5 M in 20 mM HEPES) mL [mL]
for 2.5 mL [mL]
0.25 1.03 0.25 2.25
0.57 1.07 0.57 1.98
0.89 111 0.89 1.61
1.21 1.16 1.21 1.29
1.53 1.20 1.53 0.97
1.86 1.24 1.86 0.64
2.18 1.27 2.18 0.32
2,50 1.32 2.5 0
2.2.3.3. Nanoparticle tracking analysis (NTA)

NZ2a cells were cultured as described in section 2.2.2.1 and transfected with TransIT®-LT1
(Mirus Bio LLC, Madison, WI, USA) according to the manufacturer’'s protocol. 8 h after
transfection cells were washed with PBS and incubated in FCS-free DMEM for 16 h. Then
200 pl of culture medium was collected and centrifuged at 4°C, 5000 rpm and for 10 min to
remove cell debris. All samples were carried out at 1:1 dilution with PBS. For particle size
determination and particle concentration, nanoparticle tracking analysis (NTA) was
performed with a NanoSight LM10 instrument (NanoSight, Amesbury, United Kingdom). This
experimental set up consists of a conventional optical microscope with a high resolution
camera, which uses a (<60 mW) 532 nm laser light to illuminate particles within a size of 50-
1000 nm. The diluted samples were introduced into the sample chamber of the NanoSight
LM10 analysis unit. While the particles in the laser beam undergo Brownian motion a video
of these particle movements is recorded.

The NanoSight Tracking Analysis Software 2.3 then allows the automatic tracking of these
particles and determines the particle concentration and the size distribution of the particles.
Three videos with duration of 30s and a camera level of 11 were recorded for each sample.
For the analysis the detection threshold was set to 10 and at least 800 tracks were analysed
for each video. The concentration of vesicles smaller than 120 nm was analysed, all bigger

vesicles were excluded from the analysis.
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2.2.4. Protein biochemistry

2.24.1. SDS-PAGE

For protein separation according to their molecular weight, under denaturating conditions,
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Laemmli 1970) was
performed by using the Bio-Rad Mini-PROTEAN® Tetra electrophoresis system (Bio-Rad
Laboratories GmbH, Munich, Germany). The Bio-Rad Mini-PROTEAN® Tetra casting system
was used to prepare two layered polyacrylamide gels. Composition of the upper stacking gel

and the lower resolving gel are specified below in Table 11 and Table 12.

Table 11: Stacking gel (4%)

Chemicals 1x 2X 3x 4x
H,O 1.21 mL 2.42 mL 3.63 mL 4.48 mL
Stacking buffer 500 pL 1mL 1.5mL 2mL
Acrylamide (37.5:1) 540 pL 1.08 mL 1.62 mL 2.16 mL
10% SDS 20 pL 40 pL 60 pL 80 pL
APS 20 pL 40 pL 60 pL 80 pL
TEMED 3 uL 6 pL 9 uL 12 pL
Table 12: Resolving gel (12%)
Chemicals 1x 2X 3X 4x
H,O 1.66 mL 3.32mL 4.98 mL 6.64 mL
Resolving buffer 1.3 mL 2.6 mL 3.9mL 5.2mL
Acrylamide (37.5:1) 2.04 mL 4.08 mL 6.12 mL 8.16 mL
10% SDS 50 pL 100 pL 150 pL 200 pL
APS 50 pL 100 pL 150 pL 200 pL
TEMED 2 pL 4 uL 6 pL 8 pL

For loading on the gel, samples (EVs and cell lysates) were mixed with denaturating protein
loading buffer (see section 2.1.6.6) and incubated for 5 min at 95°C. For the detection of
PLP-myc protein, samples were incubated only at 55°C for 10 min to avoid assembly of
multimers. After loading the sample were separated at 100 V for approximately 90 min. To
estimate the molecular weights of the analyzed proteins, the protein marker PageRuler®
Plus Prestained Protein Ladder (Fermentas, St. Leon- Rot, Germany), was used for every

run.
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2.2.4.2. Western blotting

After completion of gel electrophoresis, proteins were subjected to Western blot (Towbin et
al. 1979). For the Western blot procedure a Mini-Trans Blot cell set up (Bio-Rad Laboratories
GmbH, Munich, Germany), according to the manufacturer’'s protocol, was used. By this
procedure, proteins were transferred from a SDS-polyacrylamide gel onto a Whatman®
Protran Nitrocellulose Transfer Membrane (Whatman GmbH, Dassel, Germany), at 100 V for
55 min at 4°C.

After the protein transfer a blocking step in 4% (w/v) non-fat milk powder (AppliChem,
Darmstadt, Germany) in 1% PBS was applied, for 30 min at room temperature to avoid
nonspecific binding of immunoglobulins. Thereafter, the membrane was incubated with
primary antibodies in 0.05% PBST (Tween-20 in PBS) in dilutions according to Table 2, for
10-12 h at 4°C. After washing three times for 15 min a specific secondary horse-radish
peroxidase (HRP) coupled antibody was added to the membrane (1:2000 in PBST for EV
fractions and 1:4500 in PBST for cell lysates) and incubated for 1 h at RT and washed 3
times for 25 min. Subsequently, detection of HRP coupled antibodies was achieved by an
enhanced chemiluminescent reaction (Haan et al. 2007). Briefly, proteins were visualized by
using ECL Western Blotting Substrate 1 and 2 (Thermo Fisher Scientific Inc.,Rockford, IL,
USA) in equal volumes. Through, the enzymatic activity of the peroxidase, light was emitted.
The signal of the light was then captured on X- Ray Films (CL-XPosure™ Film, Thermo
Fisher Scientific, Rockford,IL, USA) and the fiims were scanned and analyzed for light
intensities by ImageJ (see Table 8).

2.2.4.3. FCS/SIFT measurements

For this assay the expression and purification of a-Syn and sumoylated a-Syn was performed
as described previously (Krumova et al. 2011). The labelling of both proteins with Alexa
Fluor-647-O-succinimidylester (Molecular Probes®, USA) was carried out as described
previously (Giese et al. 2005). Green labelled small unilamellar Dipalmitoyl-sn-glycero-3-
phospho-choline lipid vesicles (DPPC-SUV) were generated as described previously (Hogen
et al. 2012). Scanning for intensely fluorescent targets (SIFT) and Fluorescence correlation
spectroscopy (FCS) measurements for the quantification of a-Syn vesicle binding were
performed with an Insight Reader (Evotec-Technologies) with dual colour excitation at 488
and 633 nm as described before (Hogen et al. 2012). All measurements were carried out
after an incubation period of at least 30 min of DPPC-SUV with labelled a-Syn. For
equilibrium conditions, measurements were performed at least 2 h after addition of

unlabelled non-sumoylated a-Syn.
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2.2.4.4, Electrochemiluminescence assay for quantification of a-Synuclein

For the quantification of a-Syn in cell lysates and EVs, derived from primary neurons, a
slightly modified electrochemiluminescence assay was used (Kruse et al. 2012). Briefly, the
antibody MJF-1, clone 12.1 (kindly provided by Dr. Liyu Wu, Epitopics Burlingame, USA),
was coated on standard 96-well Multi-Array plates (Meso Scale Discovery, Gaithersburg,
USA) and incubated over night at 4°C. All additional steps were performed at room
temperature. The plates were washed three times with 150 uL PBS + 0.05 % Tween-20.
Subsequent blocking was performed with 150 ug BSA (Meso Scale Discovery, Gaithersburg,
USA) for 1 h with gently shaking at 300 rpm. A serial four-fold dilution of recombinant a-Syn
(kindly provided by Dr. Omar el- Agnaf, United Arab Emirates University, Al Ain, United Arab
Emirates), starting at 25.000 pg/ml, was used to prepare a standard curve. After washing as
indicated above, 25 L of standards and samples were applied per well in duplicates. To
secure a successful binding of the antibody to the samples, the plates were shaking for 1 h at
700 rpm and then washed again as indicated above. Afterwards addition of 25 pL of Sulfo-
TAG labelled anti a-Syn clone 42 (BD Transduction Laboratories, Heidelberg, Germany) was
added to achieve a final concentration of 1 pg/mL and incubated for 1 h at 700 rpm. Three
washing steps followed, before 150 pL of 2 x Read Buffer (Meso Scale Discovery,
Gaithersburg, USA) was applied to each well and the plates were measured in a Sector
Imager 6000 (Meso Scale Discovery, Gaithersburg, USA). The final data analysis was

performed using MSD Discovery Workbench 3.0 Analysis Toolbox.

2.2.4.5, Labelling of SUMO-2 with the ESPIT dye MFM

SUMO-2 was labelled at its single cysteine (Cys) 52 with the ESPIT (excited state
intramolecular proton transfer) probe MFM (Shvadchak et al. 2011). To uncover the Cys 52,
SUMO-2 was pre-treated with 1 mM DTT and a buffer exchange to 25mM PO,4-Na, pH 6.5,
without any sulfhydryl groups. Afterwards the protein concentration was measured and
adjusted between 200 uM and 350 pM, followed by the addition of the MFM dye (1-4 mg/mL)
in 1-2 times excess and an incubation period for 12-24 h with gently mixing at 4°C. Finally,
10 times excess of N-Methylmaleimide in DMSO was added and incubated for 30min in the
same conditions as before. This step is necessary to block any remaining free Cys groups.

For purification the labelled protein was applied to a gravity PD 10 column (GE Healthcare
Ltd., Little Chalfont, Buckinghmanshire, UK) and eluted with the same buffer, while collecting
fractions of 5-10 drops. The fractions were checked for absorbance with a NanoDrop
(PEQLAB Biotechnologie GmbH, Erlangen, Germany), pooled into one tube, aliquoted in

small volumes and flash frozen in liquid N,. The labelled protein was stored at -20°C.
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2.2.5. Lipid biochemistry

2.2.5.1. Preparation of Small Unilamellar Vesicles (SUVS)

Small Unilamellar Vesicles (SUVs) were prepared by sonication as described previously
(Huang et al. 1974), (Storch et al. 1986), (Falomir-Lockhart et al. 2011). Briefly, the
composition of SUVs based on mixtures of POPC, POPC and PIPS (Avanti Polar Lipids, Inc.,
Alabaster, AL, USA). The relative molar compositions and approximate charge densities
were as follows (POPC, 100; [0], POPC:POPS, 90:10; [-0.1], POPC:POPS:PI(3)P 85:10:5;
[-0.13], POPC:POPS:PI(5)P 85:10:5; [-0.14); POPC:POPS:PI(3,5)P, 85:10:5; [-0.2];
POPC:POPS:PI(4,5)P, 85:10:5, [-0.2] and POPC:POPS:PI(3,4,5)P3, 85:10:5, [-0.25]).

At first the lipids were mixed from their chloroform stocks, in molar ratios indicated above, in
clean glass balloons, followed by drying the mixture under a gently stream of nitrogen.
Afterwards the dry lipid mixture was resuspended in a specific volume of buffer (25 mM
HEPES, 100 mM KCI, pH 7.26) and transferred to a falcon tube and sonicate in an ice water
bath at least for 30 min, until the solution appeared translucent.

After a 1 h centrifugation at 4°C and maximum speed, the vesicles were stored at least 5°C
above the transition temperature of the lipid mixture and used within 10 days of their
preparation. The vesicles were quantified by determining the inorganic phosphorus (Gomori
1942).

2.2.5.2. Membrane binding assay of SUMO-2

The measurements of labelled SUMO-2-MFM with SUVs were performed with a new 96 well
microplate slope assay (to be published elsewhere). This assay offers several advantages
compared to conventional fluorescence assays as lipids are added to proteins. Thereby, e.qg.
emission and scattering from lipids, photo-bleaching effects during the sequential addition of
lipids and waste of material are avoided.

The strategy of “slopes” takes advantage of the maximal sensitivity of a titration performed
with lipid concentrations in excess varied around the anticipated value of the dissociation
constant K S. The slopes measured for a small number of protein concentrations are plotted
versus the lipid concentrations, from which Ky and the fluorescence enhancement factor are
calculated from the relation: slope = fO[1+(fe-1) a, where fO is the slope corresponding to O
lipid concentration and fe is the (enhanced) fluorescence of the bound protein relative to that
of the free protein. Some major advantages of this assay are: the parallel readout in a
microplate reader, the possible bottom readout with a small optical path length and therefore
minimal scattering effects. Additionally, it is enough to use a minimal amount of reagents,

endpoint determinations, that means no photo- bleaching effects.
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Solutions of SUMO-2-MFM (100 nM, 200 nM and 300 nM) were prepared with 7 different
SUV concentrations (0-120 pM) in 25 mM HEPES, 100 mM KCI, pH 7.26. Afterwards 100 pl
of these 48 mixtures were added in duplicates to a 96 well quartz microplate (Hellma
Analytics, Miullheim, Germany). After an incubation period of at least 10 min at room
temperature, the fluorescence was recorded at 540 nm in BMG Pherastar plate reader (BMG
Labtech, Ortenberg, Germany). The recording was applied with a bottom readout, well scan
mode with a 10 x 10 matrix, a well scan diameter of 5 mm and with 25 flashes per well. Wells
without lipid and/or protein were included to the data sets in order to establish blank values
and the lipid contributions to the measured signal. Finally the data were analyzed with
procedures implemented in Mathematica (Wolfram Research).

2.2.6. NMR spectroscopy

In order to study membrane binding of SUMO-2 NMR spectroscopy was performed. Thus
200 pM of *N-labelled SUMO-2 in 20 mM NaH,PO,/Na,HPO,, pH 6.8, 100 mM KCI, 1 mM
DTT was titrated with increasing concentrations (8, 16 and 32 mM) of DHPC (1,2-dihexanoyl-
sn-glycero-3-phosphocholine). *H, **N-HSQC spectra were acquired at 600 MHz and 22 °C
on a triple resonance room temperature probe with 16 transients, 2084 x 256 total points and
widths of 8418 x 2129 Hz (*H x *°N). Carrier frequencies were set to the water resonance for
'H and to 117 ppm for *N. Resonance assignments were taken from BMRB entry 11267.
The normalized weighted average chemical shift difference for the amide proton and nitrogen

were calculated according to AS (HN) = [ASH? + (0.2*Adn)%™2.

2.2.7. Immunocytochemistry

2.2.7.1. Immunofluorescence staining

Proteins were labeled with specific primary antibodies and fluorophore-labeled secondary
antibodies to determine their localization in cultured N2a cells. All steps of the staining
protocol were carried out at RT. N2a cells were grown on PLL-coated glass coverslips,
washed once with PBS and fixed then with PFA (Paraformaldehyde) (4 % PFA in PBS,
pH 7.4) for 25 min. Thereafter coverslips were washed three times with PBS and cells were
permeabilized in 0.1 % (v/v) Triton X-100 (in PBS), that allows the antibodies to enter the
cell. Subsequently the cells were washed immediately three times and covered with 100 %

blocking solution (see below) for 35 min to avoid unspecific binding of the antibodies.
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Primary antibodies (see Table 2) were diluted in 10 % blocking solution and incubated with
the cells in a dark and humidity chamber for 1 h at RT. After three washing steps with 1 x
PBS for 5 min, cells were incubated with fluorophor-conjugated secondary antibodies in 10 %
blocking solution for 1 h, again in a dark and humidity chamber. Thereafter, the cells were
washed 3 times with 1 x PBS for 5 min and once with bi- distilled H,O to remove remaining
salt traces, followed by mounting the glass coverslips onto glass slides with a drop of mowiol
(see below) and dried overnight. For long term period the slides were kept in the dark and
stored at 4°C.

100 % Blocking solution
2% BSA
2% FCS
0.2 % Gelatin, from cold water fish skin
add 10 mL 10 x PBS

Fill up to 100 mL with bi- distilled H,O.The solution was aliquoted to 5 mL and stored
at -20°C.

Preparation of 16 % paraformaldehyde (PFA)

For the preparation of 16 % paraformaldehyse (PFA) solution, 16 g PFA (AppliChem GmbH,
Darstadt, Germany) was mixed with 70 mL bi-distilled H,O and dissolved by heating to 60°C.
Thereafter 2-3 pellets NaOH were added, resulting in a noticeable cooling of the solution,
followed by the addition of 10 mL 10 x PBS and the chilling to room temperature. Finally the
pH was adjusted to 7.4 and the solution was filled up to 100 mL with bi-distilled H,O. The
solution was separated to 3 mL aliquots and stored at -20°C.

Preparation of mowiol solution

To prepare the mounting solution, 2.4 g mowiol (GmbH, Darstadt, Germany) and 6 g glycerol
were mixed and incubated at room temperature for 2 h with gentle agitation. Thereafter,
12 mL 0.2 M Tris/HCI (pH 8.5) were added and the solution was mixed under heating to
50°C. A subsequent centrifugation step at 5,000 x g secure the clearance of the solution,
followed by the addition of the anti-fading reagent 1,4-Diazabicyclo[2.2.2] octan (DABCO) in
a final concentration of 24 mg/ml (Sigma-Aldrich St. Louis, MO, USA). Finally the mowiol

solution was aliquoted and stored at -20°C.
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2.2.8. Microscopy

2.2.8.1. Confocal microscopy

To visualize and record the localization of proteins, which were stained with fluorescent
antibodies, in PFA fixed cells, confocal microscopy was applied. The images were acquired
with a Leica DMIRE2 microscope with a 63 x oil-immersion objective and a Leica TCS SP2
AOBS confocal laser scanning setup (Leica Microsystems, Darmstadt, Germany).

2.2.8.2. Electron microscopy

EVs were prepared from cerebrospinal fluid and culture medium as described in section
2.2.3.1. The 100,000 x g pellet was fixed with 4% PFA and was adsorbed to glow-discharged
Formvar-carbon-coated copper grids by floating the grid for 10 min on 5 pl droplets on
Parafilm. The grids were negatively stained with 2% uranyl acetate containing 0.7 M oxalate,
pH7.0, and imaged with a LEO EM912 Omega electron microscope (Carl Zeiss, Jena,
Germany). Digital micrographs were obtained with an on-axis 2048 x 2084 CCD camera
(Proscan GmbH, Scheuring, Germany). (Electron microscopic imaging of EVs was kindly

performed by Dr. Wiebke M6bius, MPI for experimental medicine, Goéttingen).

2.2.9. Image processing and statistical analysis

2.2.9.1. Quantification of extracellular vesicle secretion

To compare the relative EV release, EV pellets and the corresponding cell lysates were
subjected to Western blotting as described in section 2.2.4.1 and 2.2.4.2. After developing of
the Western blot membranes on X-ray films (CL-XPosure™ Film, Thermo Fisher Scientific,
Rockford,IL, USA), the films were scanned and analysed with ImageJ software for the signal
intension of protein bands on the X-ray films. As a degree of EV release, the ratio of signal
intensities of EVs versus corresponding cell lysates was calculated from at least 4-13

independent experiments.
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2.2.9.2. Statistical analysis

Data were statistical analysed with MS Office Excel 2007 (Microsoft Deutschland GmbH,
Berlin, Germany). For descriptive statistics, mean and standard error of the mean (SEM) of a
data set were calculated and illustrated with MS Office Excel 2007. For the comparison of
two independent groups with normal distribution of sample sets and equal variance, the
parametric Student's t-test was used. A data group which displays a p-value less than 0.05

was regarded as significantly different.
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3. Results

Most of these results have been published in:

Extracellular vesicle sorting of e-Synuclein is regulated by sumoylation

Marcel Kunadt, Katrin Eckermann, Anne Stuendl, Jing Gong, Belisa Russo Katrin Strauss,
Surya Rai, Sebastian Kuigler, Lisandro Falomir Lockhart, Martin Schwalbe, Petranka
Krumova, Luis M. A. Oliveira, Mathias Bahr, Wiebke Mo6bius, Johannes Levin, Armin Giese,
Niels Kruse, Brit Mollenhauer, Ruth Geiss-Friedlander, Albert C. Ludolph, Axel Freischmidt,
Marisa S. Feiler, Karin M. Danzer, Markus Zweckstetter, Thomas M. Jovin, Mikael Simons,
Jochen H. Weishaupt, Anja Schneider

Acta Neuropathol DOI 10.1007/s00401-015-1408-1

The results displayed in Fig. 9 A, Fig. 10 A, Fig. 11, Fig. 13, Fig. 17 and Fig. 18 were first
performed by Surya Rai, a former master student under the supervision of Prof. Dr. Anja
Schneider. In the course of this thesis, the experiments were repeated to increase the

number of performed experiments and to improve the significance.

3.1. a-Synuclein is released in extracellular vesicles

In neurodegenerative diseases extracellular vesicles (EVs) have been proposed to be
potential carriers of misfolded proteins and thereby may be responsible for the spreading of
the disease pathology (Aguzzi et al. 2009). In this study we aimed to investigate how a-Syn
is sorted into EVs.

3.1.1. a-Synuclein is released in extracellular vesicles derived from N2a

cells

For the preparation of EVs, the conditioned medium was collected and subjected to
subsequent centrifugation steps (see section 2.2.2.5 and section 2.2.3.1). In a final
ultracentrifugation step at 100.000 x g for 1 h, EVs were pelleted as previously described
(Trajkovic et al. 2008). We further refer to this 100.000 x g pellet as EV pellet (P100). The
P100 and the cell lysate of the corresponding secreting parental cells were subjected to
Western blot analysis and probed with an antibody against a-Synuclein. As shown in Fig. 6 A

a-Syn was enriched in the P 100.
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As a positive control the EV fraction and the corresponding lysates were also stained with the
EV marker proteins Alix (AIP-1) and Flotilin 2 (Flot-2). In addition to the signal for a-Syn we
also found intense signals for both EV marker proteins, Alix and Flot-2 in the P100. A
contamination of the P100 with cellular compartments, membrane particles or other vesicles
than EVs could be excluded by the absence of a signal for cellular compartments, like the ER
marker protein Calnexin (Fig. 6 A).

A
100 kD
~ 150 |m] 0 fe=] 4si0-[em] 100 kDD
lysate 100 kD
15kD —E ﬂg 45kD—El 100 kD
antibody: & & Ry C
2 v ‘<\° N
& O
B
sucrose gradient antibody:
100 kD—H -U.- Anti-Alix
15 kD— -— Anti-o-Syn

1.03 1.07 111 1.16 1.20 1.24 1.27 1.32 lys
sucrose [g/ml]

Fig. 6: a- Synuclein is released in extracellular vesicles derived from N2a cells

(A) Cultured medium of N2a cells was collected and subjected to subsequent centrifugations steps to clear the
medium from cell debris, dead cells and macrovesicles with 1 x 10 min at 3500 x g, 2 x 10 min at 4500 x g and 1 x
30 min at 10,000 x g. In a final centrifugation step the EVs were pelleted. The whole EV pellet and 10 pl of the
corresponding cell lysates were subjected to Western Blot analysis. The P100 pellet is immune positive for a-Syn
and the EV marker proteins Flot-2 and Alix, but negative for the ER marker Calnexin. (B) For a broader
purification the P100 was loaded on top of a sucrose gradient (1.03-1.32 g/mL) and ultracentrifuged for 16 h at
200,000 x g. The collected fractions were ultracentrifuged again and the pellets as well as the corresponding
lysates were subjected to Western Blot analysis and immune stained against a-Syn and Alix. The detected
signals corresponded to known densities for EVs ranging from 1.11 to 1.20 g/mL. (C) EVs derived from N2a cells
were processed to electron microscopy and showed their typical cup shaped morphology (scale bar 100 nm).

In another experiment we subjected the P100 to sucrose density ultracentrifugation, to get a
higher purity level of the EV fraction as well as to further characterise the previous P100. The
gradient was centrifuged at 200,000 x g for 16 h. After the ultracentrifugation step 8 fractions,
corresponding to densities between 1.03-1.32 g/mL (0.25-2.5 M), were collected and diluted
1:6 with PBS. These fractions were processed to Western Blot analysis and immunostained
for a-Syn and for the EV marker protein Alix. As shown in Fig. 6 B signals were detected for
a-Syn in the fraction of 1.20 g/mL and for Alix in fractions of 1.11, 1.16 and 1.20 g/mL.
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This is in line with the previous described flotation behaviour of EVs (Fauré et al. 2006, Théry
et al. 2006). To visualize EVs we subjected the 100.000 x g pellet to electron microscopy and
negatively stained the pellets with 1 % uranyl acetate. We found the typical cup shaped
morphology (Simons et al. 2009) with diameter between 50 nm and 100 nm, as previously
observed by transmission and cryo-electron microscopy (Conde-Vancells et al. 2008) (Fig.
6 C). Taken together, these data demonstrate that a-Syn is released within EVs derived from
NZ2a cells and that we are able to recover material with our EV purification protocol.

3.1.2. a-Synuclein is localized in extracellular vesicles in vivo

It is not known whether a-Syn is present in EVs in vivo. To address this issue we firstly
analysed whether a-Syn is present in EVs in the human central nervous system (CNS).
Therefore, we prepared EVs from cerebrospinal fluid (CSF) after the written informed
consent was given of patients with PD. Analysis of patient CSF was approved by the ethical
committee of the Medical Faculty, University Medicine Goettingen (IRB 02/05/09). The CSF
was subjected to a series of centrifugation steps to clear the CSF from cell debris with 1 x at
3500 x g for 10 min (P3), 2 x at 4500 x g for 10 min (P4), 1 x at 10.000 x g for 30 min (P10)
and a final 100.000 x g ultracentrifugation step (P100). Pellets of each centrifugation step
and the EV pellet (P100) were subjected to Western blot analysis and probed with Flot-2 and
Calnexin antibodies. As shown in Fig. 7 A Flotillin 2 was enriched in the EV fraction and a
contamination of the 100,000 x g pellet could be excluded by immunostaining for the ER

marker Calnexin.
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Fig. 7: Characterization of extracellular vesicles in cerebrospinal fluid

(A) Cerebrospinal fluid was processed to a series of centrifugation steps and each fraction as well as the P 100
was immunostained in Western blot. (B) Part of the P 100 was negatively stained with 1 % uranyl acetate and the
EVs were visualized by electron microscopy (scale bar 100 nm). (C) Immunostaining of 100.000 x g pellets
against various microsomal and EV marker proteins. (D) Discontinuous sucrose density gradient (0.25 M-2.5 M)
was analysed by Western Blot for the presence of Flot-2. (E) EVs were prepared from 5 mL CSF and 20 pL of
total CSF and the corresponding 100.000 x g pellet were subjected to Western blot analysis. One representative
blot out of 3 different patient samples is shown. (F) A 100,000 x g pellet of a Parkinson dementia CSF sample
was loaded on a discontinuous sucrose gradient (0.25 M-2.5 M) and a-synuclein was quantified in each fraction
via an electrochemiluminescence assay.

Electron microscopy of the resulting P100 revealed 50-100 nm structures with the typical cup
shaped morphology for EVs (Fig. 7 B). The 100.000 x g pellet was also enriched for EV
marker protein CD63 as well as for the Glutamate Receptors- 1, -2 and -3. This latter
indicates that CSF EVs are at least partially derived from the central nervous system.
Microsomal proteins such as the ER marker Calnexin and the trans golgi network (TGN)
protein y-Adaptin were absent (data not shown), thus excluding microsomal contamination of
the EV preparation (Fig. 7 C). On a sucrose gradient Flotillin-2 positive EVs showed a
consistent floating behaviour as supported by previously published results (Baietti et al.
2012). Flotillin-2 was enriched at a density of 1.16-1.24 g/mL (Fig. 7 D).
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To elucidate whether a-Syn is enriched in the P100 of CSF in comparison to total
cerebrospinal fluid, we processed total CSF and the corresponding 100.000 x g pellet to
Western blot analysis and the samples were immunostained for a-Syn. As shown in Fig. 7 E,
the 100,000 x g pellet revealed an enriched a-Syn signal compared to total CSF. In addition
we performed a sucrose density ultracentrifugation experiment with a 100,000 x g pellet of a
Parkison’s disease CSF sample. In this experiment EVs of CSF samples were isolated and
the resulting 100.000 x g pellet was subjected to a discontinuous sucrose gradient,
consisting of 8 different layers (0.25 M-2.5 M, see section 2.1.6.3). Subsequent detection of
a-Syn by an electrochemiluminescence assay (see section 2.2.4.4) revealed flotation
behaviour of CSF derived a-Syn, similar to the EV marker protein Flotilin-2 (Fig. 7 F). Taken
together, all these findings indicate, that a-Syn associated EVs are present in the CNS in

vivo

3.1.3. a-Synuclein is predominantly localized in the lumen of EVs

We next wanted to clarify whether a-Syn is either localized in the lumen of EVs or rather
attached to the outer membrane. To this end, we transiently transfected N2a cells with a
wild-type a-Syn plasmid and EVs were prepared from cultured medium and processed to
subsequent centrifugations steps, as described previously in section 2.2.3.1. The P100 was
resuspended in PBS and divided into two equal parts. One part was digested with trypsin
and the other only with PBS as a control. The silver gel shows degradation bands for the
trypsin treated P100 pellet compared to the non-trypsinized control (PBS treated) (Fig. 8 A).
Western Blot analysis showed that the content of the bona fide intraluminal protein Flotilin-2
and a-Syn was unaltered by trypsin treatment, which indicates that a-Syn is localised in the
lumen of EVs (Fig. 8 B).
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Fig. 8: a-Syn is localised in the intraluminal compartment of extracellular vesicles

(A) The 100.000 x g pellets were digested in 0.0125 % and incubated for 5 min at 37°C (right lane). As a control
the other half of the pellet was incubated in PBS under the same conditions as used for the trypsin treatment.
Trypsination reaction was stopped by adding sample buffer. The efficiency of the reaction was controlled by SDS-
PAGE and silver staining of the gel. (B) Western Blot analysis of not- trypsinized (left) and trypsinized (right) EVs.
The membrane was immunostained against Flotilin-2 and a-Syn. (C) EV Pellets were resuspended in PBS and
0.00084 % Trypsin and incubated either in the presence (right lane) or in the absence (left lane) of 1 % Triton
X-100 for 3 min at 37°C. Samples were analyzed by Western Blot for staining against Alix and a-Syn. (D) The
level of degradation was quantified by calculating the ratio under trypsin plus triton condition versus trypsin
without triton condition. Values are given as mean + SEM, n.s. = not significant.

To further investigate whether a-Syn is attached to the outer membrane or resides within the
lumen of EVs, we performed the same experiment as described above, but incubated the

pellet either in the absence or presence of 1 % Triton (to disrupt the membrane of EVS).
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The reaction was stopped by adding sample buffer (see section 2.1.6.6) and the probes were
subjected to Western blot analysis and stained again Alix (AIP1) which also resides in the
lumen of EVs and for a-Syn.

In contrast to the treatment without 1 % Triton, a-Syn was degraded to a similar extent as
Alix when the EV pellet was trypsinized in the presence of 1 % Triton (Fig. 8 C+D).

Taken together, the trypsin digestion in the absence and in the presence of 1 % Triton
revealed that a-Syn resides within the EVs rather than being attached to the outer

membrane.
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3.2. The extracellular release of a-Synuclein is regulated by

membrane binding

To answer the question how a-Syn is targeted into the lumen of EVs, we hypothesised that
cytosolic proteins such a-Syn need to bind to the limiting membrane of late endosomes.
Therefore, we hypothesized that membrane binding should have an impact on the EV
release of a-Syn. Membrane binding of a-Syn involves the binding of amino acids 3-25
(Bartels et al. 2010, Bodner et al. 2010).

Therefore, we transiently transfected N2a cells with an N-terminal deletion construct of
a-Syn, lacking the amino acids 2-19 (Karube et al. 2008, Bartels et al. 2010). To determine
the membrane binding affinity of a AN-truncated version of a-Syn, we scraped the cells in a
homogenisation buffer (see section 2.1.6.4) and mechanically disrupt them by passing
through a 27G needle. In order to remove cell and nuclei debris we processed the
suspension to a subsequent centrifugation step at 4000 rpm and 4°C for 5 min. A final
ultracentrifugation step at 196,000 x g for 30 min at 4°C was necessary to separate cytosolic
and membrane fractions. Finally, both fractions were subjected to Western blot analysis. The
membrane pellets and the corresponding cytosolic fractions were immunostained with an
antibody against a-Syn.

As present in Fig. 9 A, the membrane binding propensity of the N-terminally deletion
construct of a-Syn was significantly decreased, compared to an a-Syn wt construct in
transiently transfected N2a cells. To control the separation of cytosolic and membrane
fractions, the blot membranes were probed with an antibody against Glycerinaldehyd-3-
phosphat-dehydrogenase (GAPDH) as a cytosolic marker or against (35-Integrin as a
membrane marker (Fig. 9 B and C).
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Fig. 9: Membrane binding regulates release of a-Synuclein within extracellular vesicles

(A) Plasmids encoding for a-Syn wt and the N-terminally truncated version (AN) of a-Syn were transiently
transfected in N2a cells. The cells were scraped, mechanically disrupted and subjected to different centrifugation
steps to separate membrane and cytosolic fractions. Complete membrane pellet and a proportion of the cytosolic
supernatant were processed to Western blot analysis (top). To quantify the ratio of membrane associated a-
Synuclein, the ratio of protein intensity in the membrane fraction versus protein intensity of the cytosolic fraction
was determined (bottom). Values are given as mean + SEM from n = 8 experiments; ** indicates p<0.005. (B+C)
The blots in (A) were re-probed with an antibody against GAPDH as a cytosolic marker and against p5-Integrin as
a membrane marker, respectively. (D) N2a cells were transfected with the same constructs as in (A). EVs were
prepared from cultured medium of N2a cells and the ratio of EVs to the corresponding cell lysate protein was
quantified upon Western blot analysis (top) and signal intensity was measured with ImageJ (bottom). As a positive
control for EVs, the membrane was re-probed with an antibody against the extracellular marker protein Alix.
(A+D) Results are given as mean + SEM from n = 8 independent experiments; *** indicates p < 0.001; student’s
2-side t-test.

Next, we wanted to know whether membrane binding indeed regulates the release of a-Syn
within EVs. Therefore we transfected N2a cells with the N-terminal deletion construct of
a-Syn. To quantify the EV release of a-Syn we collected and prepared vesicles as described
in sections 2.2.2.5 and 2.2.3.1. To determine the EV release of both constructs, we subjected
the EV pellet and the corresponding parental cell lysates to Western blot analysis and probed

the membrane with an antibody against a-Syn.
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As shown in Fig. 9 D (upper panel), the N-terminal deletion construct of a-Syn was largely
excluded from the EV fraction in comparison to the a-Syn wt construct. Altogehther, this data
demonstrates that membrane binding is required for the sorting of a-Syn into EVSs.

3.3. SUMOylation regulates membrane binding and extracellular

vesicle release of a-Synuclein

We hypothesized that SUMOylation might regulate the release of a-Syn by modulating the
binding of a-Syn to lipid membranes. In a previous study the two major SUMOylation sites in
a-Syn (K96 and K102) were described to be in close proximity to the membrane interacting
a-helical regions of a-Syn (Krumova et al. 2011). We wondered whether SUMOylation of

these sites might modulate its interaction of with lipid membranes.

3.3.1. SUMOylation modulates membrane binding of a-Synuclein

We transiently transfected N2a cells with myc-a-Syn constructs either bearing the K96R
K102R double mutation at both sumoylation sites which account for more than 50 % of
protein’s SUMO modification, further referred to as 2 KR mutant, or the D98A E104A double
mutation, further referred to as 2 AA mutant, which disrupts the consensus sequence for
sumoylation (Krumova et al. 2011).

After transfection, N2a cells were mechanically disrupted followed by a subsequent
centrifugation step to remove cell and nuclei debris. The postnuclear supernatant was then
processed to an ultracentrifugation step to separate membrane pellet and cytosolic
supernatant. Thereafter, SDS-PAGE and subsequent Western Blot analysis was performed,
to investigate the membrane binding of both SUMO-deficient mutants.

As displayed in Fig. 10 A we found that the membrane binding of both SUMO-deficient
mutants (a-Syn 2KR and a-Syn 2AA) was significantly attenuated when compared to a myc-
a-Syn wt construct. To verify if the separation of cytosolic and membrane fractions was
successful, we re-probed the membrane with an antibody against GAPDH, as a positive
control for the cytosolic fraction and with an antibody against B5-Integrin as well, as a

positive control for the membrane fraction (Fig. 10 B and C).
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Fig. 10: Membrane binding of SUMO- deficient a-Syn mutants 2 KR and 2 AA

(A) N2a cells were transiently transfected with the indicated a-Syn mutant constructs and a wt construct of a-Syn.
Cells were scraped and resuspended in homogenisation buffer and mechanically disrupted by passing through a
27G needle. A final 196,000 x g step leads to a separated membrane and to cytosolic fraction as well. Membrane
pellets and the corresponding cytosolic supernatant were analysed by Western blotting (left) and immunostained
against a-Syn. For quantification of membrane binding the ratio of a-Syn signal intensity in membrane pellets
versus signal intensity in the cytosolic supernatant were determined (left, bottom). (B+C) The blots in (A) were re-
stained with antibodies against GAPDH as a cytosolic marker and against B5-Integrin as a membrane marker. All
Values are given as mean + SEM from n = 12 experiments for a-Synuclein wild-type, n = 12 experiments for 2 KR
and n = 12 experiments for 2 AA with a-Syn wt normalized to 1. * indicates p < 0.05, *** indicates p < 0.001,;
student’s 2-side t-test.

Having confirmed that both SUMOylation sites in a-Syn at aa 96 and 102 are required for the
binding of a-Syn to lipid membranes, we designed a myc-a-Syn SUMO fusion construct,
mimicking SUMO modification and bearing a AGG mutation, which prevents the SUMO
conjugation to other proteins and to SUMO itself. After transient transfection, membrane
pellets as well as cytosolic supernatants of transfected cells were subjected to Western
blotting and probed against a-Syn. As shown in Fig. 11 A, membrane binding of an a-Syn
SUMO fusion protein was markedly increased in N2a cells, compared to the wild-type protein
of a-Syn (Fig. 11 B).
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Fig. 11: Membrane binding of a myc-a-Syn-SUMO fusion construct

(A) Plasmids which are either encoding for a-Syn wt or for a-Syn-SUMO-2AGG-fusion construct were transfected
in cell line N2a. The membrane pellet and the cytosolic supernatant were processed to SDS-PAGE and
subsequent analysed by Western blot and membranes were probed with an antibody against a-Synuclein. (B) For
quantification of membrane binding, the ratio of protein intensity of the membrane pellet versus the corresponding
cytotsolic supernatant was determined (right). All values are given as the mean + SEM from n = 6 experiments,
and the mean for a-Syn wt was normalized to 1; * indicates p < 0.05; student’ 2-side t-test.

Our collaboration partner Prof. Giese (Dept. of Neuropathology and Prion Research, Ludwig-
Maximilians University Munich) employed fluorescence correlation spectroscopy (FCS)-
scanning for intensely fluorescent targets (SIFT) (Giese et al. 2005, Hogen et al. 2012) as a
complementary method, aiming to confirm that the membrane binding propensity of a-Syn is
regulated by SUMOylation. This method is based on a single particle analysis by adapting a
method, derived from fluorescence correlation spectroscopy (Giese et al. 2005). This
technique is also used for the efficient analysis of protein aggregation in neurodegenerative
diseases, like prion diseases and in Alzheimer’s disease (AD) (Schwille et al. 1997, Pitschke
et al. 1998, Post et al. 1998, Bieschke et al. 2000, Giese et al. 2000, Giese et al. 2004,
Bertsch et al. 2005).

They used a two colour scanning set up with red and green fluorophores and two different
excitation lasers together with recombinant a-Syn and recombinant sumoylated a-Syn (for
purification method, see section 2.2.1.5), labelled with Alexa Fluor-647-O-succinimidylester
(Giese et al. 2005) which competed for the binding of the green labelled small unilamellar

Dipalmitoyl-sn-glycero-3-phospho-choline lipid vesicles (DPPC-SUV) (Hogen et al. 2012).
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The frequencies of specific combinations of green and red photon counts were recorded in a
two-dimensional (2D) intensity distribution histogram Fig. 12 A. The fluorescence intensity
data were calculated by summing up high intensity bins over a defined time period (Fig. 12 B
right panel).
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Fig. 12: SIFT assay for vesicle binding properties of sumoylated and non-sumoylated a-Syn

(A) Schematic figure of the assay and two-dimensional fluorescence intensity distribution histograms of SIFT
recordings show binding of recombinant a-Syn (red bar) and sumoylated a-Syn (red bar with red dot) to DPPC-
SUVs (green circle) and unlabelled non-sumoylated a-Syn (white bar). Red fluorescence intensity is given on the
vertical axis and the green fluorescence intensity is given on the horizontal axis as photons/bin. (B) Dose
response curve for the effect of non-labelled a-Syn on the vesicle binding of sumoylated and non-sumoylated a-
Syn. Values are given as a + SEM normalized to reference (addition of buffer) of duplicate measurements of three
parallel samples. (C) Time course of release of a-Synuclein and sumoylated a-Synuclein after addition of 7 uM
non-labelled a-Syn in a representative experiment.

No change in the distribution of particles could be observed in the absence of unlabelled,
non-sumoylated a-Syn. In contrast to sumoylated a-Syn, non-sumoylated a-Syn is released
from the lipid vesicles following addition of about 1000-fold excess of unlabelled a-Syn (see
also Fig. 12 B left and right panel).
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Following the addition of unlabelled non-sumoylated a-Syn, the release of labelled non-
sumoylated a-Synuclein from the green labelled DPPC-SUVs, is also visible in the
two-dimensional fluorescence intensity distribution histogram (Fig. 12 A upper right panel)
This is in accordance with our results which show increased membrane binding of
sumoylated a-Syn. Taken these data together one can conclude that SUMOylation of a-Syn
promotes its binding to (lipid)-membranes.

3.3.2. Extracellular vesicle release of a-Synuclein is regulated by
SUMOylation

To investigate whether SUMOylation might have an influence on the release of a-Syn within
EVs, we determined the EV secretion of both SUMOylation deficient a-Syn mutants. To
address this issue, N2a cells were transiently transfected with both SUMOylation deficient
mutants of a-Syn. After an expression time for all constructs of 8 h, we changed the medium
from DMEM (see section 2.1.7.2) with fetal calve serum, to medium without serum and
collected EVs 16 h (see section 2.2.2.5). Collecting medium was subjected to subsequent
centrifugation steps, including a final ultracentrifugation step, to pellet down EVs (see section
2.2.3.1). After preparation of EVs we subjected the P100 and the corresponding parental cell
lysate to SDS-PAGE and subsequently to Western blot analysis. The membranes were
probed for a-Syn and as a control for the EV marker protein Flotilin-2. As shown in Fig. 13 A,
we were able to detect a-Syn in the EV fraction and in the lysates. Both SUMOylation
deficient mutants were significantly reduced in the EV fraction, compared to a-Syn wt (Fig.
13 B). With nanoparticle tracking analysis (NTA), we investigated, whether the transfection of
the different mutant versions of a-Syn, might change the total number of EVs released by the
neuroblastoma cell line N2a. With this technique it is possible to analyse nanoparticles in real
time. To determine the number of EVs, 200 pL of cultured medium were taken and
centrifuged for 5 min at 5.000 rpm. The supernatant was diluted 1:1 with PBS. NTA was
performed with a NanoSight LM14 instrument, which consists of a conventional optical
microscope with a high resolution camera, which uses a 532 nm laser to illuminate the
nanoparticles. During the analysis the particles were illuminated by the laser beam, which
results in Brownian motion of the illuminated particles.

The Brownian motion of the particles were then recorded by a high resolution camera and
the analysis software of the device allows for an automatic tracking of these particles and
determines both, the particle concentration and the size distribution of the recorded particles.
In order to determine the concentration of released vesicles, we recorded 3 videos with

duration of 30s and a camera level of 11, for each construct.



Results 63

The detection threshold was set at 10 and at least 800 tracks were analysed for each video.
The concentration of vesicles smaller than 120 nm was analysed, all larger vesicles were
excluded from the analysis. We found no significant differences in the release of EVs
between a-Syn wt and both SUMOylation deficient mutants (see Appendix, Table 13). This
indicates that expression of a-Syn or its mutants does not interfere with the number of

released vesicles.

A B
— 14 ”x
antibody: 2 1.2 T il
EV — ‘c 10| T
s . | == | anti-Flot-2 @ 08 .
15 kD — anti-o-Syn ° 0.6 |
T 047
lysate _ — g — | anti-a-Syn g 0.2 |
15 kD o i
\\K\' \\i\' 0.0 x ! ! x
& o Q & S
s &Y g S N N &
¢ & ¢ 2 & P ¥ 2
& & &

Fig. 13: Extracellular vesicle release of SUMOylation deficient a-Syn

(A) Western blot analysis of EVs and the corresponding parental cell lysate from N2a cells transfected with both
sumoylation deficient mutants (2 AA and 2 KR) and a-Syn wt as well. Blots were scanned and the signal
intensities of the bands were determined by ImageJ software analysis. (B) The quantification histogram shows the
ratio of a-Syn wt (white bars left and right) which was normalized to 1, and the a-Syn mutant 2 KR (grey bar) and
the a-Syn mutant 2 AA (black bar) intensities in EV pellets versus corresponding cell lysates. The EV release of
both SUMOylation deficient mutants was impaired compared to a-Syn wt. The membranes of the EV fractions
were additionally probed with an antibody against Flotilin-2, as an EV marker protein. All values are given as
mean + SEM from n = 6 independent experiments; ** indicates p<0.01, ***p<0.001, student’s 2-side t-test.

Additionally, primary cortical neurons were infected with an adeno-associated virus to
express either a-Syn wt or the SUMOylation deficient mutant a-Syn 2 KR (Krumova et al.
2011). After 4 days of post-infection the cultured medium was collected and further
processed to EV preparation as described in section 2.2.3.1 (notably, for this approach the
P-100 was not resuspended in protein loading buffer, but rather in CHAPS lysis buffer (see
section 2.1.6.5)) to further quantify the amount of a-Syn in the EV fraction and in the

corresponding cell lysate by an electrochemiluminescence assay (Kruse et al. 2012).
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Fig. 14: Primary cortical neurons were infected with AAV to either express a-Syn-wt or the SUMOylation-
deficient mutant aSyn-2 KR

Extracellular vesicles were prepared from cultured medium of primary cortical neurons and the amount of a-Syn
was quantified in EV fractions and in the parental cell lysates by an electrochemiluminescence assy. The
quantification histogram shows the calculated ratio of EVs versus cellular a-Syn for wild-type (white bar) which
was normalized to 1, and the a-Syn mutant 2 KR (black bar). All values are given as mean + SEM from n = 15
independent experiments. * indicates p < 0.5; student’s 2-side t-test.

The assay was performed in collaboration with Prof. Brit Mollenhauer and Dr. Niels Kruse,
Dept. of Neuropathology, University Medical Center Géttingen. As shown in Fig. 14 we were
able to detect a significant reduction of extracellular release of a-Syn 2KR mutant compared
to a-Syn wt. In conclusion, this data from primary neurons confirms our findings obtained in

the neuroblastoma cell line N2a. The results show that SUMOylation increases EV of a-Syn.

3.3.2.1. Silencing of Ubc9 decreases the release of a-Synuclein within extracellular

vesicles

To further prove our conclusion that SUMOylation increases EV release of a-Syn, we
silenced the SUMO E2 conjugating enzyme Ubc9 (UBE2l) by RNA interference and
assessed its effect on the secretion of a-Syn in EVs. E2 enzymes are able to catalyse the
attachment of ubiquitin and ubiquitin-like proteins (e.g. SUMO) to acceptor lysines of other
proteins. This reaction is mediated directly or via specific E3 enzymes (Bernier-Villamor et al.
2002). Human embryonic kidney cells (HEK), were either treated with Ubc9 siRNA or mock
treated for 36 hours. After 36 hours the cells were harvested. The cell lysate was subjected
to Western blotting and the membrane was probed with antibodies against Ubc9 and Actin

as a loading control to quantify the down regulation of Ubc9.
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As presented shown in Fig. 15 A, Ubc9 protein levels were significantly decreased in the
cells treated with siRNA against Ubc9 compared to mock treatment. To quantify the
knockdown efficiency of the Ubc9 siRNA, we calculated the ratio of a-Syn to Actin protein
levels. We normalized the ratio of Mock treated cells to 1. The quantification revealed a
knockdown efficiency of approximately 80% for cells treated with siRNA against Ubc9 (Fig.
15 B). To determine the effect of Ubc9 down-regulation on EV release of a-Syn, HEK cells
were treated with Ubc9 siRNA or mock treated 36 hours prior to transfection with a-Syn wt.
After 8 hours post-transfection time, the cells were washed with PBS and the medium was
changed to medium without FCS, to collect EVs for 16 hours. The EV containing medium
was collected and purified by ultracentrifugation. The resulting pellets P100 and the
corresponding cell lysates were subsequently analysed by western blot analysis with
antibodies against a-Syn and Alix. Indeed, Ubc9 RNAI resulted in a significantly decreased
secretion of a-Syn within EVs (Fig. 15 C+D). The total number of EVs was unaltered by the
siRNA treatment, as indicated the by EV marker protein Alix (Fig. 15 C, upper panel).
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Fig. 15: Down-regulation of Ubc9 protein levels with siRNA

(A) Efficiency of siRNA-mediated down-regulation was quantified by Western blot analysis of cell lysates.
Membranes were immunostained with antibodies against Ubc9 and Actin. (B) For the quantification of silencing
efficiency, the ratio of Ubc9 to Actin was calculated. The silencing efficiency was around 80%. Results are given
as mean + SEM, student’s t-test with n = 8 individual experiments, *** p < 0.0005. (C) Western blot analysis of
Ubc9 siRNA and Mock treated HEK cells. Membranes were immunostained with antibodies against a-Syn and
Alix as a positive control for the purity of EV preparations. (D) The ratio of EV to cellular a-Syn was determined by
calculating a ratio between Mock (white bar) and siRNA (grey bar) treated cells. All results are given as mean +
SEM, ** indicates p<0.005; Mock was normalized to 1; 2-side students t-test with n = 6.
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3.3.2.2. a-Synuclein fusion with SUMO-2 increases the release of a-Synuclein within

extracellular vesicles

To investigate, whether increased SUMOylation would promote EV release of a-Syn, N2a
cells were transfected either with myc-a-Syn-wt or with myc-a-Syn-SUMO-2, mimicking
constitutive SUMO modification. We then harvested the cell lysates and prepared EVs from
the culture medium, which were subjected to SDS-PAGE and for Western blot analysis. We
found that EV release of a-Syn-SUMO-2 was increased compared to a-Syn wt (Fig. 16 A and
B). NTA analysis revealed no significant difference in the amount of secreted EVs in both

conditions (see Appendix, Table 13).
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Fig. 16: SUMO-2 fusion increases extracellular vesicle release of a-Syn

(A) EVs and corresponding cell lysates were analysed by Western blotting and immunostained with an antibody
against a-Syn. The membranes of the EV fractions were additionally probed with an antibody against Flotilin-2 as
an EV marker protein. (B) For quantification of EV release, the signal intensity for a-Syn in the EV fraction, versus
the signal intensity for a-Syn in the parental cell lysate was determined. The ratios were normalized to the wt and
set tol. All values are given as mean + SEM from n = 8 independent experiments; * indicates p < 0.05, in
student’s 2-side t-test.
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3.3.2.3. Co-expression of SUMO-2 increases the release of a-Synuclein within

extracellular vesicles

In a slightly different approach we co-expressed a-Syn with either wt SUMO-2 or a
conjugation deficient SUMO-2 AGG mutation. EV pellets as well as parent cell lysates of co-
transfected cells were subjected to Western blotting and the membranes were probed with
an antibody against a-Syn (Fig. 17 A). Co-transfection of myc-a-Syn wt together with myc-
SUMO-2 wt significantly increased the amount of a-Syn in EVs compared to co-expression of
the conjugation-deficient SUMO mutant myc-SUMO-2 AGG (Fig. 17 B).
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Fig. 17: Co-expression of SUMO-2 increases release of a-Syn with extracellular vesicles

(A) N2a cells were transiently co-transfected with plasmids either encoding for the mature SUMO-2 version (myc-
SUMO-2 wt) or for the conjugation deficient mutant myc-SUMO-2AGG. Extracellular vesicles were prepared and
analysed together with the parental cell lysates by SDS-PAGE und were further processed to Western blot
analysis. The EV fraction and the cellular fraction were immunostained against a-Syn and for quantification of
signals subjected to signal intensity analysis via ImageJ software. (B) The histogram displays the calculated ratio
between signal intensity of the extracellular fraction versus the corresponding cell lysate. (SUMO-2 wt is
normalized to 1) All values are given as mean + SEM from n = 10 independent experiements. *** indicates p <
0.001; student’s 2-side t-test.

By NTA analysis, no significant difference was observed in the amount of EVs by SUMO-2-
wt or SUMO-2-AGG overexpression (see appendix, Table 13). Likewise, WB analysis of
Flotillin-2 and Alix in the EV fractions revealed no differences between SUMO-2-wt and
SUMO-2-AGG mutant co-expression (Fig. 18). This data indicates that SUMO expression

does not increase the release of EVs per se but specifically the release of a-Syn with EVs.
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Fig. 18: Co-expression of SUMO-2 does not increase the production and release of extracellular vesicles
itself

The neuroblastoma cell line N2a was co-transfected with a-Syn wt and either myc-SUMO-2 wt or the conjugation
deficient mutant myc-SUMO-2 AGG. (A) EVs and the corresponding cell lysates were prepared and processed by
Western blot analysis. Membranes were probed with an antibody against Flotilin-2. (B) The histogram shows the
ratio of Flotilin-2 signal intensities of EV pellets versus cell lysates, of myc-SUMO-2 wt (white bar) and the
conjugation deficient mutant myc-SUMO-2 AGG (grey bar). (C) Western blot analysis of EV pellets and the
parental cell lysates that were stained with an antibody against Alix. The ratios of Alix signal intensities in the EV
fraction versus cellular fractions were calculated. (D) The histogram displays no significant difference for the
release of Alix positive EVs, when a-Syn was either co-transfected with myc-SUMO-2 wt (white bar), or the
mutant myc-SUMO-2 AGG (grey bar). All values are given as mean + SEM of n = 6 independent experiments;
n.s. = not significant; student’s 2-side t-test.

In summary, our data show that membrane binding is required for EV release of a-Syn.
SUMOylation of a-Syn increases membrane binding and also EV release, whereas SUMO

deficient mutants of a-Syn show less membrane binding and decreased EV release (Fig. 19).
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Fig. 19: Summary of a-Syn membrane binding and release with extracellular vesicles

Schematic summary of a-Syn membrane binding (middle column) and release within extracellular vesicles (right
column).
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3.3.2.4. Isopeptidase acitivity in extracellular vesicles results in a rapid de-conjugation of
SUMO

We could not detect sumoylated-a-Syn in EVs by Western blots analysis. It is known that
SUMO maodification is transient and can be rapidly removed by SUMO specific proteases
(Shin et al. 2012).
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Fig. 20: Extracellular vesicles contain desumoylase activity

N2a cells were cultured for 24 h and the medium was changed to medium without FCS to collect EVs. After 24 h
EVs were prepared and the corresponding cell lysates were prepared by scraping in 1 % CHAPS buffer. The
vesicles were lysed with either 1 % Triton X 100 or 1 % CHAPS in the presence (left) or in the absence (right) of
N-Ethylmaleimide, which is known to inhibit de-sumoylases (isopetidases). Lysed EVs and cell lysates were
incubated for 0 min (top panel) or 30 min (right) panel at 37°C with recombinant sumoylated a-Syn. The reaction
was stopped by adding protein loading buffer. All samples were subjected to SDS-PAGE und subsequently
analysed by Western blot with an antibody against a-Syn. One representative experiment, out of n = 3 is shown.

The enzymes responsible for the de-conjugation of SUMO in mammals include two ubiquitin-
like-specific proteases in yeast, named Ulpl and Ulp2 and six sentrin-specific proteases
(SENP1, 2, 3, 5, 6 and 7) (Hay 2007, Yeh 2009). All members of the SENP and both Ulp
proteases belong to the C48 family of cysteine proteases, by sharing a conserved catalytic
His-Cys-Asp triad (Schulz et al. 2012). To investigate, whether an isopeptidase
(de-sumoylase) activity in EVs results in de-conjugation of SUMO within EVs, we prepared

EVs from N2a cells.



Results 72

The prepared vesicles were either lysed in 1 % CHAPS or 1 % Triton X-100. The lysed
vesicles and N2a cell lysate serving as a positive control were then incubated with
recombinant sumoylated a-Syn at 37°C for 0 or 30 min in the presence or absence of 20 mM
N-ethylmaleimide (NEM). NEM inhibits isopeptidases by forming a stable, covalent thioether
bond with cysteine residues. The reaction was stopped by adding protein loading buffer (see
2.1.6.6) and the samples were subjected to Western blot analysis and probed with an
antibody against a-Syn. After O min of incubation no de-sumoylated a-Syn was detected,
neither in the presence or absence of NEM. After an incubation period of 30 min
de-sumoylated a-Syn appeared in the absence of NEM while in the presence of NEM only
sumoylated a-Syn was detectable. Taken together, we found an isopeptidase activity in EVs,
which results in a rapid cleavage of SUMO from a-Syn (Fig. 20).

Since we were unable to detect sumoylated a-Syn by WB in EVs, we used a luciferase-
based protein fragment complementation assay (Danzer et al. 2012), to detect sumoylated
a-Syn in EVs. We used a bioluminescence protein-fragment complementation assay (Outeiro
et al. 2008, Tetzlaff et al. 2008, Putcha et al. 2010). For this assay a-Syn was fused to full
length Gaussia princeps luciferase (Remy et al. 2006) (syn phGluc), or to the amino-terminal
or carboxy-terminal fragments of split phGluc (a-Syn-S2) or SUMO-2 (SUMO-2 S3). Close
proximity of SUMO and a-Syn will result in complementation of split luciferase which can be

guantified by luminescence.
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Fig. 21: Sumoylated a-Syn is enriched in extracellular vesicles

Constructs indicated above were transfected into HEK 293 cells. Cells were washed after 16 h post-transfection
and PBS was replaced with serum- and phenol free media. After 48 h the medium was collected, EVs and cell
lysates were prepared. Luciferase activity from protein complementation was measured using the same amount
of total protein of the cell lysates and EV fractions. The ratio of luciferase activity signal was calculated for the EV
fraction versus cell lysates. The histogram shows significant increase in luciferase activity when a-Synuclein fused
to full length gaussia luciferase was co-expressed with SUMO-2 (dark grey bar) compared to the control,
expressing only the aS-full length gaussia luciferase construct (light grey bar). The highest luciferase signal was
obtained when C- or N-terminal fragments of split gaussia luciferase were fused to a-Synuclein (a-Syn-S2) or to
SUMO-2 (SUMO-2-S3) (black bar). All values are given as mean + SEM of n = 3 independent experiments;
student’s 2-side t-test; * indicates p < 0.05 and ** indicates p < 0.01. Measurements and data analysis were
performed by Marisa Feiler, Karin M. Danzer (Dept. of Neurology, UIm University, Germany)

To address the question whether sumoylated a-Syn is enriched in EVs, we transfected either
(a) a-Syn coupled to luciferase, (b) a-Syn coupled to luciferase plus Sumo-2 split luciferase
or (c) a-Syn coupled to split luciferase plus SUMO-2 coupled to split luciferase into HEK 293
cells. EVs were prepared and cells were washed with PBS and lysed by sonication. The
probes were subjected to luciferase measurements in an automatic plate reader at 480 nm.
As shown in Fig. 21 only a low luciferase signal was obtained in EVs when a-Syn was fused
to the full length construct of Gaussia luciferase (light grey bar). In contrast, co-transfection of
a-Syn fused to full length Gaussia luciferase (a-Syn-phGluc), co-expressed with SUMO-2
(SUMO-2-S3), resulted in a significantly increased luciferase activity signal (dark grey bar).

These findings indicate that a-Syn is targeted to EVs, when sumoylated to a higher degree.
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In a similar fashion, when C-or N-terminal fragments of split luciferase were fused to a-Syn
(a-Syn-S 2) or SUMO-2 (SUMO-2-S 3) and co-transfected into HEK 293 cells, only a-Syn
which was modified by SUMO-2, resulted in a dramatic increase of luciferase signal (black
bar). These findings indicate that sumoylated a-Syn is present and also enriched in EVs.

3.4. SUMOylation can act as sorting signal for the release within

extracellular vesicles

Next, we wanted to clarify whether SUMOylation acts as a sorting signal for release within
EVs. To answer this guestion we designed a GFP-SUMO-2-AGG fusion construct and as a
positive control a GFP-Ub-AGG construct, both constructs bearing, as described above, the
AGG mutation to prevent the conjugation of SUMO or Ubiquitin (Ub) to other proteins or
themselves. We decided to use ubiquitin as a positive control, because it is known that
mono-ubiquitination (Hicke et al. 2003, Haglund et al. 2005, Duncan et al. 2006, Huang et al.
2006) directs cargo for EV release. As a negative control we used GFP because as a
cytosolic protein, GFP is excluded from extracellular vesicle release. We prepared EVs and
corresponding cell lysates according to the previously described protocols (see section
2.2.3.1) from cultured medium of N2a cells. For further analysis we subjected cell lysates and
EV fractions to SDS-PAGE and subsequently to Western blot analysis. The membranes
were probed with an antibody against GFP. As shown in Fig. 22 A, GFP was nearly absent
from the EV fraction GFP signal intensity was normalized to 1. Results of the quantification
are displayed in the histogram in Fig. 22 B (right) indicating that the release of the GFP-Ub
fusion protein within EVs (positive control) was increased up to 16-fold compared to GFP. In
a similar fashion, the GFP-SUMO-2 fusion protein was released within EVs with an increase
up to 6-fold compared to GFP, but to a lesser extend when compared to the GFP-Ub fusion

protein.
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Fig. 22: SUMO-2 is released within extracellular vesicles

N2a cells were transiently transfected with GFP or GFP either fused to a conjugation deficient Ubiquitin mutant
(GFP-Ub AGG) or to the conjugation deficient SUMO-2 mutant (GFP-SUMO-2 AGG). (A) EVs and the parental
cell lysates were prepared and subjected to SDS-PAGE and further analysed by Western blotting. The
membranes were probed with an antibody against GFP and the EV protein Alix, as an internal loading control. (B)
The blots were scanned and analysed with ImageJ software, to calculate the ratios of GFP signal intensities in the
EV fraction versus cellular fractions. The histogram displays an increase of EV release of GFP-Ub AGG (grey
bay) up to 16-fold compared to GFP (white bar) and an increase of GFP-SUMO-2 AGG (black bar) up to 6-fold
when compared to GFP. All values are given as mean + SEM of n = 8 independent experiments; student’s 2-side
t-test; * indicates p < 0.05. (C) N2a cells were transiently transfected with a construct encoding for the GFP-
SUMO-2 fusion protein. EVs were prepared as described previously and the EV pellet was loaded for further
purification on top of discontinuous sucrose gradient with a range of 1.03 g/mL to 1.32 g/mL. The gradient was
centrifuged for 16 h at 200,000 x g and the 8 different layers were diluted 1:6 in PBS and re-centrifuged again at
100,000 x g. The obtained pellets and one representative cell lysate were analysed by Western blot and
membranes were stained against GFP and Alix.

To verify that SUMO -2 GFP is sorted into EVs, we additionally performed a sucrose gradient
centrifugation. The P100 pellet was resuspended in 0.25 M sucrose and loaded on top of a
discontinuous sucrose density gradient 0.25 M-2.5 M sucrose (1.03 g/mL - 1.32 g/mL). After
centrifugation at 200,000 x g for 16 h, 8 fractions were collected corresponding to the
densities indicated above, diluted 1:6 with PBS and subsequent re-centrifuged at 100,000 x g
for 1 h.
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For further analysis the 8 fractions were subjected to Western blotting and blot membranes
were probed with an antibody against GFP and additionally against the EV marker protein
Alix as a control. As presented in Fig. 22 C, we were able to detect GFP-SUMO-2 AGG
positive exosomes floating at a density of 1.11 - 1.16 g/mL. A similar floating behaviour was
observed for the EV marker protein Alix as shown in Fig. 22 C upper panel, which is
consistent with previously described floating behaviour for EVs on sucrose gradients (Fauré
et al. 2006, Théry et al. 2006).

3.4.1. SUMO-2 targets the cytosolic protein GFP to extracellular vesicle

release

Next, we wanted to rule out the unspecific sorting of GFP-SUMO-2 into EVs mediated by the
GFP-fusion. Thus, we transiently transfected N2a cells with SUMO-2 either fused to a GFP-
or a myc-tag. We prepared EVs and parental cell lysates as described previously in this
thesis and subjected the P100 and the corresponding cell lysate to SDS-PAGE and to a
subsequent Western blot analysis with an antibody against GFP and the myc-tag (Fig. 23 A).
The blots were scanned and the signal intensity was quantified by ImageJ. The ratio between
the proteins in the EV fraction und the parent cell lysates was calculated. As shown in the
histogram in Fig. 23 B, the release of either GFP-SUMO-2 (white bar) or myc-SUMO-2 (grey
bar) within EVs was indistinguishable.
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Fig. 23: SUMO-2 fusion leads to extracellular vesicle sorting of GFP

N2a cells were transfected with constructs either encoding for GFP-SUMO-2 AGG or myc-SUMO-2 AGG. (A) EVs
and corresponding cell lysates (lys) were analysed by Western blot with antibody against the GFP-tag or the myc-
tag (Please note that the EV and lysate blots were cut for incubation with either anti-GFP or anti-myc antibodies.
Exposure times were indentical). Blots were scanned and signal intensities of the bands were quantified. To
determine the EV release of both constructs, ratios of SUMO-2 signal intensities in the EV fraction versus cellular
fractions were calculated. (B) The histogram (right) displays no significant differences for the EV release of GFP-
SUMO-2 AGG (white bar), compared to the EV release of a myc-tagged SUMO AGG (grey bar). All values are
given as mean + SEM from n = 6 independent experiments; student’s 2-side t-test; n.s. indicates not significant.
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3.4.2. SUMO-1 also modulates extracellular vesicle sorting of the cytosolic

protein GFP

After demonstrating that SUMO-2 can act as a sorting factor for EV release, we wondered
whether SUMO-1 could also mediate sorting to EVs. We transiently transfected N2a cells
with either GFP-SUMO-2-AGG or with GFP-SUMO-1-AGG construct. EVs as well as the
corresponding cell lysates of transfected cells were processed for Western blot analysis and
probed with an antibody against GFP. We found that the GFP-SUMO-1-AGG is sorted to
EVs, albeit to a lesser extent as GFP-SUMO-2-AGG (Fig. 24 A).
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Fig. 24: Comparison of SUMO-1 and SUMO-2 release within extracellular vesicles

For the determination of EV release, (A) Western blot analysis of EV pellets and parental cell lysates of
transfected mouse neuroblastoma cells, with the plasmids indicated above was conducted. (B) For the
quantification of EV release, the ratio of GFP signal in the EV fraction versus the cell lysate was calculated. The
histogram shows a decrease for GFP-SUMO-1-AGG (grey bar) release within EVs up to 5-fold, compare to the
release of GFP-SUMO-2-AGG (white bar). All values are given as mean + SEM of n = 12 independent
experiments; SUMO-2 was arbitrarily normalised to 1; student’s 2-side t-test; *** indicates p < 0.001.
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3.4.3. SUMOylation increases the extracellular vesicle release of the

transmembrane protein amyloid precursor protein (APP)

The amyloid precursor protein (APP) is an integral type | membrane protein .After identifying
SUMOylation as a potential sorting factor for the EV release of cytosolic proteins, we wanted
to explore whether SUMOylation might also target transmembrane proteins into EVs.
Therefore N2a cells were transfected with plasmids either encoding for YFP-APPq,, (bearing
the Swedish mutation K670N M671L) or the corresponding C-terminal SUMO-2 fusion
construct YFP-APP,,-SUMO-2 AGG. We then prepared cell lysates and EVs from cultured
medium, which were subsequently subjected to SDS-PAGE and further subjected to Western
blot analysis (Fig. 25 A) and probed with an antibody against APP (6E10 see Table 2). To
guantify APP secretion with EVs, the ratio of APP in EVs to cell lysates was determined. We
found that the EV release of a SUMO fusion protein of YFP-APPq,, is increased compared to
YFP-APP,,, (Fig. 25 B).
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Fig. 25: SUMO-2 increases extracellular vesicle release of the transmembrane protein APP

(A) APP bearing the Swedish mutation (APPs,) was N-terminally fused to SUMO-2 AGG. YFP-APPs, or YFP-
APPs,-SUMO-2 AGG were transfected into N2a cells. EVs and the corresponding cell lysates were prepared,
according, to the protocol described previously. Obtained EV pellets and the cell lysates were analysed via
Western Blot. (B) Signal intensities of the blots were analysed using ImageJ and by calculating the ratio between
EV signals versus total cellular APP signals, YFP-APPs, was normalised to 1 (histogram upper right panel.).
Values are given as mean + SEM from n = 9 independet experiments; student’s 2-side t-test; * indicates p < 0.05.

(C) YFP-APPs, was either co-transfected with wildtype SUMO-2 or with the conjugation deficient mutant SUMO-2
AGG. EVs and parental cell lysates were subjected to Western blot analysis. Blots were scanned an analysed for
signal intensities. (D) The histogram displays the calculated ratios for EVs versus the total cellular APP (lys), for
SUMO-2 (normalised to 1, white bar) and for the conjugation deficient mutant SUMO-2 AGG (grey bar). Values
are given as mean + SEM from n = 9 independent experiments; student*s 2-side t-test; * indicates p < 0.05.



Results 81

Likewise, co-transfection of YFP-APP, either with SUMO-2 wildtype or with the conjugation
deficient mutant SUMO-2-AGG into N2a cells resulted in increased release of APP
co-transfected with SUMO-2 wt (Fig. 25 D histogram, white bar) as compared to the
conjugation deficient mutant SUMO-2-AGG (Fig. 25 D histogram, grey bar).

Additionally, we used sucrose density gradient to show that APP and APP-SUMO-2 fusion
are truly released with EVs. As shown in Fig. 25 E both float at the same density as the EV
marker protein Flotillin-2 at 1.20 to 1.27 g/mL sucrose. Supporting our gquantitative results
with ultracentrifugation, a higher proportion of the fusion construct YFP-APPg,-SUMO-2 was
found in the EV fraction compared to YFP-APP, (Fig. 25 E upper and lower panel).

Thus, our data show that SUMO modification not only increases EV release of cytosolic but

also at least of one transmembrane protein.

3.5. Extracellular vesicle release of SUMO-2 is ESCRT-dependent

We next tried to elucidate the molecular mechanism of SUMO-dependent sorting into EVs.
Protein delivery to EVs can be mediated by ESCRT dependent and independent pathways.
Therefore, we first blocked components of the ESCRT machinery and assessed SUMO
release with EVs under these conditions.

3.5.1. RNA Interference with the ESCRT components Alix and Tsg101
decrease extracellular vesicle release of a SUMO-2-GFP fusion

protein

To answer the question whether SUMO-2 is targeted to EVs by the ESCRT pathway, we
used RNA interference (RNAI) against the ESCRT proteins Tumor susceptibility gene 101
(Tsg 101) and Alix (see Table 4).To test the knockdown efficiency of the used siRNA
constructs, cells were treated either with Tsg 101 siRNA, with Alix siRNA or mock treated.
After 36 h incubation time, the cells were lysed with CHAPS buffer as described before. The
obtained cell lysates were subjected to Western blot analysis (Fig. 26 A and Fig. 26 C) with
antibodies directed against Tsg101, Alix and either Actin or Calnexin as a loading control.

The signal intensities were determined with ImageJ software and the ratios for Tsg 101 to
Calnexin and Alix to Actin were calculated. Protein levels of Tsg 101 were down-regulated by

approx. 70 % and protein levels of Alix by approx. 90 % (Fig. 26 B and Fig. 26 D).
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Fig. 26: Down-regulation of Tsg 101 and Alix with siRNA

Efficiency of siRNA-mediated down-regulation was determined by Western blot analysis. (A) Western blot of cell
lysates was performed with antibodies against Tsg 101 and Calnexin as loading control. (B) The ratio of signal
intensities for Tsg 101 versus Calnexin was calculated for mock (white bar) transfected and siRNA against Tsg
101 treated cells (grey bar). Efficiency of Tsg 101 down-regulation was around 70 %. (C) Western blot analysis of
mock and Alix siRNA transfected cells with antibodies against Alix and Actin (loading control). (D) The ratio
Alix/Actin was quantified for mock treated cells (white bar, normelized to 1) and for siRNA transfected cells (grey
bar). Efficiency of Alix down-regulation was around 90 %. Results are given as mean + SEM from n = 6
independent experiments for Alix and n = 3 independent experiments for Tsgl01; student's 2-side t-test; *
indicates p < 0.05.

Next, we down-regulated the expression of both ESCRT complex proteins, Alix and Tsg101
and subsequently determined the EV release of a GFP-SUMO-2 fusion protein (see section
2.1.4.2). N2a cells were treated either with siRNA against Alix or with siRNA against Tsg101.
As a control cells were also mock treated. After 36 h, the cells were transfected with a
construct expressing a GFP-SUMO-2 fusion protein. After 16 h we harvested the parental
cell lysates and prepared EVs from the culture medium. Western blot analysis of lysates and
EV fractions revealed RNAi mediated down-regulation of Tsgl101 (left panel) or Alix (right

panel), resulted in a marked decrease of GFP-SUMO-2 release with EVSs.
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Fig. 27: Alix and TSG101 are required for the extracellular vesicle release of SUMO-2

N2a cells were transfected with siRNAs directed against Alix or Tsg101 and Mock transfected (only treated with
oligofectamin). (A) EVs and corresponding cell lysates were prepared and analysed by Western blotting by
staining wit antibodies against GFP and Flotilin-2. (B) The histogram shows the calculated ratios for extracellular
vesicle GFP signal versus cellular GFP signal in cells treated with siRNA against Tsg101 (grey bar) versus Mock
treated cells and for cells treated with siRNA against Alix (black bar) versus Mock treated cells. All results are
given as means + SEM for n=12 for Alix siRNA and n = 6 for Tsg101 siRNA experiments. * indicates p<0.05 and

** n<0.005; 2-side t-test.

The quantification revealed an approximately 2.8-fold reduction of the EV/cell lysate ratio of
GFP-SUMO-2 for Tsg101 RNAi and an approximately 2-fold reduction for Alix SiRNA treated
NZ2a cells (black bar) compared to mock treated controls (Fig. 27 B). The responsible protein
for the final fission of vesicles is the AAA (ATPase associated in various cellular activities)
ATPase VPS4 (vacoular protein sorting 4) (Roxrud et al. 2010). The dominant negative
mutation E233Q abrogates the ATP hydrolysis of VPS4 (Bishop et al. 2000) and prevents the
budding of vesicles (Roxrud et al. 2010). To elucidate the influence of the dominant negative
mutation E233Q on the EV release of SUMO-2, we transiently co-transfected a myc-SUMO-
2-AGG construct (AGG mutation prevents the conjugation to SUMO and other proteins) with
a plasmid encoding for the dominant negative (dn) mutant of VPS4 E233Q. EVs and the
corresponding parental lysates were prepared from conditioned cultured medium and
conducted to SDS-PAGE and subsequently conducted to Western blot analysis (Fig. 28 A).
We detected a significant decrease in the EV release of a myc-SUMO-2 protein (Fig. 28 B).
As an internal control, the WB blot membranes were also probed with an antibody against
the EV marker protein Alix (Fig. 28 A upper panel). Alix release with EVs was decreased
upon Vps4dn expression which is consistent with the fact that Alix interacts with the ESCRT
machinery. In line with the function of VPS4, expression of its dominant negative form also
decreased the total amount of EV release. The number of total released EVs was analysed

by nanoparticle tracking analysis in the collecting medium (see Appendix, Table 13).
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Fig. 28: Release of SUMO-2 with extracellular vesicles is dependent on ESCRT

(A) Myc-SUMO-2 and was transiently co-transfected with the dominant negative VPS4 E233Q mutant and the EV
release was determined by Western blot analysis with an antibody against a-Syn. The blots of the extracellular
vesicle fractions were accessorily probed with an antibody against the EV marker protein Alix. (B) The histogram
displays the calculated ratio between signal intensity of the extracellular fraction versus the corresponding cell
lysate. All values are given as mean + SEM from n = 4 independent experiments. ** indicates p < 0.005; student’s

2-side t-test.
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3.5.2. Co-expression of the dominant negative mutant of VPS4 decreases

the extracellular vesicles release of a GFP-SUMO-2 fusion protein

As positive and negative controls for the effect of VPS4dn overexpression on the release of
EVs, we studied the VPS4dn effect on a GFP-SUMO-2 fusion protein, for the Moloney
murine leukemia virus Gag protein, fused to a GFP (MLV-Gag-GFP) and for PLP-myc
(proteo-lipid protein 1). MLV-Gag is known to be released with EVs in an ESCRT dependent
manner (Fang et al. 2007), whereas PLP release with EVs is ESCRT independent and
requires ceramide (Trajkovic et al. 2008). As shown in Fig. 29 A-B, VPS4dn co-expression
inhibited the EV release of GFP-SUMO-2 and MLV-Gag-GFP compared to mock
co-transfection. As expected, there was no change in the EV secretion of PLP-myc, when
N2a cells were co-transfected with VPS4dn (Fig. 29 C). Additionally, the membranes were
probed with antibodies directed against Tsg101 or Alix as an internal control. As expected,
the VPS4dn expression reduced the amount of Tsg101 and Alix in the EV fractions (Fig. 29 A
and B). For quantification, the blots were scanned and quantified for their signal intensities to
calculate the ratio of EV versus cellular protein. This quantification revealed a significant
reduction of the EV release of MLV-Gag-GFP (grey bar) and GFP-SUMO-2 (black bar), due
to the inference with VPS4dn E233Q (Fig. 29 D). Taken together, the EV release of SUMO-2
requires several components of the ESCRT machinery.
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Fig. 29: Interference with VPS4 function inhibits release of SUMO-2 within extracellular vesicles

(A-C) N2a cells were co-transfected with VPS4dn and either MLV-Gag-GFP or GFP-SUMO-2 AGG or PLP-Myc.
Cells transfected with MLV-Gag-GFP, GFP-SUMO-2 AGG or PLP-Myc alone were used as controls. EVs were
prepared and cell lysates and vesicle pellets were subjected to Western blotting and probed with anti-GFP and
anti-Myc antibodies. Blot membranes were also re-probed with antibodies against the EV marker proteins Tsg101
and Alix (AIP1). (D) The ratio of protein in the EV fraction from cells co-transfected with VPS4dn to mock-
transfected cells was quantified by analysing signal intensities on the Western blots via ImageJ software. The
negative control PLP-myc was normalised to 1. All values are given as mean + SEM for n = 5 independent
experiments, ** indicates p<0.005, 2-side t-test.
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3.5.3. Extracellular vesicle release of SUMO-2 does not depend on the
canonical SUMO protein interaction motif Q30 F31 133

We next asked how SUMO-2 would interact with the ESRCT machinery. Tsg101 contains a
SUMO-interaction motif for non-covalent interaction with SUMO proteins. We therefore
assumed that SUMO interaction with the ESCRT could be mediated by protein-protein
binding. Mutation of a canonical protein interaction motif Q30, F31, 133 in SUMO-2 had
recently been shown to disrupt binding to SUMO interacting proteins (Hecker et al. 2006,
Sun et al. 2007). We therefore compared EV release of SUMO-2 wt-GFP and the Q30A
F31A I33A triple mutant of SUMO-2 GFP (SUMO-2-ASIM). For further analysis we subjected
cell lysates and EV fractions to SDS-PAGE and subsequently to Western blot analysis. The
membranes were probed with an antibody against GFP (Fig. 30 A). The ratio of EV/cellular
SUMO-2GFP was increased for SUMO-2 bearing the ASIM mutant as compared to wt
SUMO-2 GFP (Fig. 30 B).
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Fig. 30: Mutation of the SIM motif in SUMO-2 increases extracellular vesicle release of SUMO-2

(A) Western blotting of EV pellets and cell lysates from N2a cells transfected with either GFP-SUMO-2 or the
triple A mutant (GFP-SUMO-2 ASIM). The blots were scanned and analysed for protein signal intensites. (B) The
histogram depicted the ratio of GFP-SUMO-2 (white bar) versus the ASIM mutant (black bar) signal intensities of
EV pellets versus the corresponding cell lysates. GFP-SUMO-2 was normalized to 1. All values are given as
means +SEM for n = 10 independent experiments, * indicates p<0.05, 2-side t-test.

Based on this observation, we assumed that the release of GFP-SUMO-2 within EVs is not
mediated by a classical SIM protein-protein interaction. A possible explanation for this finding
is that mutations of the SIM interaction motif might increases the amount of unbound

cytosolic SUMO-2, which would then be available for EV release.
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3.6. SUMO-lipid interaction

3.6.1. SUMO-2 interacts with phosphoinositols

The previous section 3.5.3 has shown, that EV sorting of SUMO-2 is not promoted via SIM-
mediated protein interaction. We therefore investigated, whether the EV sorting and release
of SUMO-2 was driven by an interaction with lipids at the ESCRT formation site. It has been
shown that for a variety of SUMO-2 interacting proteins, like the EV protein polymyositis-
scleoderma overlap syndrome (PMSCL1), the tumor suppressor protein promyelocytic
leukaemia (PML) and the E3 SUMO ligase protein inhibitor of activated STAT 1 (PIAS1),
phosphorylation of serine residues in the SUMO interaction domain is required for SUMO
binding. This suggests an interaction of SUMO-2 with negatively charged domains
(Stehmeier et al. 2009).

We therefore established an assay to test for SUMO-2 binding to different, negatively
charged lipids. For this assay, recombinant SUMO-2 was labelled with the polarity-sensitive
excited state intramolecular proton transfer (ESIPT) probe MFM (Shvadchak et al. 2011) and
purified as described in section 2.2.4.5. Small unilamellar vesicles (SUV) were prepared from
mixtures of 1-palmitoyl,2-oleoyl-sn-glycero-3-phosphocholine  (POPC) in  various
combinations with different negatively charged lipids: phosphatidylserine (POPS, 10%) and a
low fraction (5%) of the phosphoinositides PI(3)P, PI(5)P, PI(3,5)P,, PI1(4,5)P, or PI(3,4,5)Ps.
Briefly, a stock solution of labelled SUMO-2-MFM was diluted to 100nM, 200nM and 300nM;
the dilutions were mixed with different SUV concentrations of each lipid indicated above (up
to 120uM) and transferred into a 96 well quartz glass microplate. To equilibrate the whole
system an incubation time of at least 10 min was chosen. Subsequently the fluorescence of
the MFM probe was recorded in a plate reader and the data were analysed with a tool
implemented in the program Mathematica (Wolfram Research).

As shown in Fig. 31 the individual affinity of each lipid for SUMO-2 was calculated from a
global analysis of the obtained and combined data of the fluorescence recording (all data
analysis for this approach was kindly performed by Thomas M. Jovin, Laboratory of Cellular
Dynamics, MPI for Biophysical Chemistry, Gottingen).
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Fig. 31: Microplate titration assay of SUMO-2-MFM

The binding affinities of each lipid that contributes to the apparent affinity of the protein for the liposome was
calculated as described in the Methods part. Kqs are given + standard measurement errors. The values
corresponding to PI(5)P, PI(3,5)P, and PI(4,5)P, were too high to be determined (affinity less than that of the
POPS co-lipid, i.e. > 7 uM). Statistically significant differences were obtained for POPC versus POPS (p < 0.001),
and POPS versus PI(3)P (p = 0.01). No significant difference is found for PI(3,4,5)P3 versus POPS; n = 19
titrations for each lipid mixture. The fluorescence enhancement factors (fe) are indicated with their respective
standard measurement errors. See Methods for further details of this novel measurement approach.

As indicated in Fig. 31, SUMO-2 binds with weak affinity to uncharged membranes (K4 for
DOPC binding: 180 uM) and with moderate affinity to a variety of PIPs. Highest affinities
were observed for PI(3)P with a Ky of 4 uM and for P(3,4,5)P; with a K, of 6.1 uM, indicating
a preferential binding to PI3P and PI(3,4,5)P.
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3.7. Identification of the membrane interaction motif of SUMO-2

3.7.1. The membrane interaction motif of SUMO-2 is localised to the

hydrophobic cleft and nearby loops

To map the membrane interaction motif in SUMO-2 we collaborated with the group of Prof.
M. Zweckstetter, DZNE Gottingen. Germany. For this purpose, recombinant SUMO-2 was
expressed and purified as described in section 2.2.1.6 and the NMR analysis was performed
according to the protocol presented in section 2.2.6. To identify the membrane interaction
motif of SUMO-2 by NMR, 200 uM *N-labeled SUMO-2 in 20 mM NaH,PO,/Na,HPO,, pH
6.8, 100 mM KCI, 1 mM DTT was titrated with increasing concentrations of 8, 16 and 32 mM
DHPC (1,2-dihexanoyl-sn-glycero-3-phosphocholine).

By NMR the major residues which might mediate interaction with lipid membranes were
mapped to the hydrophobic cleft of SUMO-2 between the second B-strand and the a-helix
(F31, K32, 133, L42 and Y46) Additional residues were located to the loops at the N-terminus
of SUMO-2 (H16, H36 and D62) (Fig. 32). To sum up these results, we assume that the main
membrane interaction motif of SUMO-2 is localised at the N-terminal end of the hydrophobic

cleft and nearby loops.
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Fig. 32: Membrane binding of SUMO-2 analysed by NMR spectroscopy

(A) Mean weighted "H->N chemical shifts of Sumo-2 at DHPC concentrations of 8 mM (white bars), 16 mM (grey
bars) and 32 mM (black bars). Below the critical micellar concentration (CMC) of DHPC of 16 mM only few
chemical shift changes in SUMO-2 were observed. (B+C) The chemical shift perturbation at 32 mM DHPC is
plotted onto the SUMO-2 NMR structure (pdb-code: 2AWT). Residues in red display a perturbation greater than
0.03 ppm and residues in orange between 0.02-0.03 ppm. The structure in panel (C) is rotated by 90° relative to

panel.
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3.7.1.1. Mutations in the hydrophobic cleft and N-terminally loop domains of SUMO-2

decreases the membrane binding propensity of SUMO-2

To prove that the membrane interaction motif of SUMO-2 is located to the hydrophobic cleft
and the N-terminally loop, additional experiments were performed to study how a mutation in
the residues would affect the recruitment to membranes and the sorting of mutant SUMO into
the EVs. Therefore, conjugation-deficient SUMO-2 AGG cDNA with BamHI and Xhol
restriction sites was synthesized containing the mutations Q30A, F31A, K32A, 133A, L42A,
and Y46A (“cleft mutant”) and with the mutations H16A, Q30A, F31A, K32A, 133A, H36A,
L42A, Y46A, and D62A (“cleft and loop mutant”). The cDNA was cloned into pcDNA 3 Myc
vector via BamHI and Xhol restriction sites. To determine membrane binding of these
mutants, N2a cells were transiently transfected either with myc-SUMO-2-AGG cleft, myc-
SUMO-2-AGG cleft+loop or myc-SUMO-2-AGG. To separate membranes and the cytosolic
supernatant, cells were washed with PBS and collected in homogenization buffer.
Subsequently, the cells were mechanically disrupted and centrifuged, to remove nuclei and
cell debris. The obtained postnuclear supernatant was subjected to ultracentrifugation to
separate the membrane and cytosol containing fractions. The membrane pellet and the
corresponding cytosolic fractions were subjected to SDS-PAGE and Western blot analysis.
As indicated in Fig. 33, we found that both, the myc-SUMO-2-cleft and the myc-SUMO-2
cleft+loop mutant, significantly decrease the membrane binding propensity of SUMO-2
compared to the myc-SUMO-2-AGG construct (Fig. 33 A+B).
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Fig. 33: Mutation of amino acids H16A, Q30A, F31A, K32A, I133A, H36, L42A, Y46A and D62 in the cleft and
loop domains of SUMO-2 decreases membrane binding

(A) N2a cells were transfected with Myc-SUMO-2, Myc-SUMO-cleft mutant or Myc-SUMO-cleft+loop mutant. The
postnuclear supernatant of the mechanically disrupted cells was centrifuged at 196,000 x g for 30 min to separate
the membrane containing pellet and the cytosolic supernatant. Membrane pellets and a proportion of the total cell
lysate and the cytosol-containing supernatant were subjected to Western blot analysis and immunostained with
an anti-myc antibody. (B) The Histogram displays the quantification of the Western blot analysis by calculating the
ratio of signal intensities for membrane versus cytosolic fractions for wt (white bar, normalised to 1), for the cleft
mutant (grey bar) and for the cleft+loop mutant (black bar). All values are given as means+SEM for n = 8
independent experiments, *** indicates p<0.0005, 2-side t-test. (C) As fraction controls, blots were re-probed with

an antibody against GAPDH as a cytosolic marker and with an antibody against B5-Integrin, as a membrane
marker.
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3.7.1.2. Mutations in the hydrophobic cleft and N-terminally loop domains of SUMO-2

decreases sorting into extracellular vesicles

If SUMO-2 interaction with the ESCRT pathway requires lipid binding, we would expect that
mutations which interfere with SUMO-2 lipid binding would inhibit SUMO-2 release with EVs.
N2a cells were transfected with SUMO-2-AGG cleft, SUMO-2-AGG cleft+loop mutants and
SUMO-2-AGG and quantified EV release. After 8 h post-transfection we changed the
medium and collected EVs for 16 hours. EVs and the corresponding cell lysates were
subjected to Western blot analysis (Fig. 34 A). By determining the signal intensities of the
Western blots and by calculating the ratio of SUMO-2 in EV versus cell lysates we found that
both mutants were significantly decreased in the EV fractions (Fig. 34 B, white bar).
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Fig. 34: Mutated amino acids H16A, Q30A, F31A, K32A, I133A, H36, L42A, Y46A and D62 in the cleft and
loop domains of SUMO-2 decreases extracellular vesicle sorting

(A) Extracellular vesicles and corresponding lysates were prepared of cells, transfected either with Myc-SUMO-2-
cleft mutant or Myc-SUMO-2-cleft+loop mutant and with Myc-SUMO-2 serving as a control. Lysates and EV
fractions were processed to Western blotting and probed with an antibody against the myc-tag. Membranes were
re-probed with an antibody against Alix as a marker for EVs in the different preparations. (B) Blots were scanned
and analysed with Image J software to determine the signal intensities. Thereafter the ratio between extracellular
protein versus cellular protein was calculated. All values are given as mean+SEM of n = 9 independent
experiments, * indicates p<0.05, ** indicates p<0.005, 2-side t-test.

To conclude this, we can assume that the membrane interaction motif of SUMO-2 is located
to the hydrophobic cleft and the N-terminally loop of SUMO-2, due to the decreased

membrane binding and release within EVs of both SUMO mutant versions.
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3.8. Co-expression of the dominant negative mutant of VPS4

decreases extracellular vesicle release of a-Synuclein

In line with the observations in section 3.5.1 (Fig. 28) we wanted to elucidate the influence of
the dominant negative (dn) mutant of VPS4 E233Q on the EV release of myc-a-Syn-SUMO-2
fusion construct. To determine the EV release, a myc-a-Syn-SUMO-2 fusion construct
(bearing the AGG mutation to prevent the conjugation to SUMO and other proteins) was co-
transfected with a plasmid encoding for a dominant negative (dn) mutant of VPS4 E233Q.
EVs and the corresponding parental lysates were prepared from conditioned cultured
medium and conducted to SDS-PAGE and subsequently analysed by Western blotting (Fig.
35 A). We detected a significant decrease in the EV release of the myc-a-Syn-SUMO-2 fusion

protein when co-expressed with the mutant Version of VPS4dn (Fig. 35 B).

A B
antibody: — 1.2 -
EV 210 [
anti-Alix = I
100 kD | Mt b=
50 08
EV = <]
- N
35 KD ‘ s | anti-a-Syn ﬁ g 0.6
=5 04
lysate ) W
35 kD _| - anti-a-Syn c% 02
ATV z 0.0
“‘S\E”'SUMEQ 4-Syn-SUMO-2
$) btb N bQ
¥ 9 &
K v g

Fig. 35: Release of a-Syn-SUMO-2 fusion protein with extracellular vesicles is dependent on the ESCRT

(A) Myc-a-Syn-SUMO-2 were transiently co-transfected with the dominant negative VPS4 E233Q mutant and the
EV release of both constructs was determined by Western blot analysis with antibodies against a-Syn and myc-
tagged SUMO-2. The blots of the extracellular vesicle fractions were subsequently probed with an antibody
against the EV marker protein Alix. (B) Quantification of protein signal intensity analysis was performed via
ImagedJ software. The histogram indicates the calculated ratio of sumoylated extracellular vesicle a-Syn versus
the parental cell lysate of single transfected N2a cells (Mock, white bar), compare to cells which were co-
transfected with the mutated version of VPS4. All values are given as mean + SEM of n = 12 independent
experiments. *** indicates p<0.0005; 2-side t-test.

By nanoparticle tracking analysis of the cultured medium (see section 2.2.3.3) we could
observe a significant reduction of EV release in the case of VPS4dn co-transfection (see
Appendix, Table 13). To conclude this, similar to SUMO-2, the release of a-Syn within EVs
was inhibited by co-expression of a dominant negative VPS4 mutant, indicating that EV
sorting by SUMO modification is ESCRT-dependent.
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3.9. Inhibition of endosome maturation by overexpression of
dominant negative Rab5 does not trap a-Syn or SUMO-2 in

enlarged intraluminal vesicles

Next we wanted to differentiate between the release of vesicles promoted by plasma
membrane shedding and release which is mediated by the MVB pathway. To address this
issue we co-expressed constructs encoding for myc-a-Syn wt or myc-SUMO-2 wt, together
with the dominant negative mutant of Rab5 (Rab5Q79L).

Rab5Q79L induces homotypic fusion of early endosomes and stops the endosomal
maturation at the level of early endosomes by inhibiting the intraendosomal trafficking
(Stenmark et al. 1994a, Stenmark et al. 1994b, Raiborg et al. 2001). This leads to the
trapping of ILV like structures within enlarged endosomes and allows the visualisation of
proteins sorted into ILVs by immune fluorescence (Trajkovic 2008, Baietti 2012).

Previously, it was shown by electron microscopy that the giant early endosomes induced by
Rab5Q79L overexpression are filled with intraluminal vesicle (Trajkovic et al. 2008). Their
morphology does not differ from the ILVs detected in MVBs (Trajkovic et al. 2008). The
authors also showed by immunofluorescence analysis that EV marker proteins such as
Flotillin-2 were trapped in the intraluminal vesicles of Rab5Q79L positive endosomes. We co-
transfected N2a cells either with myc-SUMO-2-AGG or with myc-a-Syn-SUMO-2-AGG and
rab5Q79L and performed an immunostaining after 24 hours with an antibody against the
myc-epitope of SUMO-2, PLP and with an antibody against a-Syn.

As a positive control, we performed the same experiment with co-expression of rab5Q79L
and PLP-myc which has recently been shown to accumulate in ILVs of rab5Q79L positive
endosomes (Trajkovic 2008). As indicated in Fig. 36 A and B (left panel red arrows) we found
PLP in rab5Q79L induced endosomal ILVs. In contrast, SUMO-2 (Fig. 36 A, right panel) and
a-Syn (Fig. 36 B, right panel) were absent from enlarged rab5Q79L positive endosomes.
This data indicates that SUMO-2 and a-Syn may not be sorted via the endosomal MVB

pathway but rather bud from the plasma membrane within shedding microvesicles.
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Fig. 36: Subcellular distribution of SUMO-2 and a-Synuclein

(A) N2a cells were co-transfected with Rab5Q79L-GFP (green) and PLP-myc (red) or with Rab5Q79L-GFP
(green) and Myc-SUMO-2 (red). (B) Same controls were transfected as indicated in (A) and N2a cells were co-
transfected with or with Rab5Q79L-GFP (green) and Myc-a-Syn (red). Images were taken with by laser scanning
confocal microscopy. Localization of positive control PLP-myc within Rab5Q79L endosomes are highlighted by
red arrows. No localization for SUMO-2 and a-Syn in Rab5Q79L endosomes was observed (white arrows right
upper and lower panel). For each condition n = 20 endosomes were analysed, scale bar = 10pm.
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4. Discussion

4.1. a-Synuclein is localised in EVs in vitro

Neuronal cells are able to release EVs to their environment (Fauré et al. 2006, Trajkovic et
al. 2008). Consistent with previous studies (Danzer et al. 2012, Emmanouilidou et al. 2012),
we could detect a-Syn in EVs derived from N2a cells.

To clarify whether a-Syn is truly encapsulated in EVs or rather attached to the outer
membrane, different trypsination assays were performed. Thus, we found that the vast bulk
of a-Syn recovered by ultracentrifugation resides within the EVs rather than being localised
to the surface membrane of the vesicles .Our findings are contradictory to previous published
results. Danzer et al. reported that only a small amount of a-Syn in the EV preparation was
affected by trypsin digestion, which lead to the assumption the a-Syn is primarily localised to
the outer vesicle membrane. However, EVs in this study were frozen after preparation and
prior to trypsin digestion (Danzer, personal communication). In our assay, all EV preparations
were digested immediately after preparation since freezing likely interferes with membrane
integrity, making intravesicular protein accessible to trypsin. Under these experimental
conditions, a-Syn was not degraded by trypsin and hence most likely localized within the
vesicles.

Overexpression of exogenous a-Syn might artificially lead to its EV dependent release. To
address this issue, we showed that cells also release endogenous a-Syn with EVs. The
detection of endogenous a-Syn is difficult due to the low expression levels, even in cell
lysates (Lee et al. 2011). We have therefore isolated EVs from HEK cells and quantified
intracellular and extracellular vesicle a-Syn levels by the electrochemiluminescence assay
described in section 2.2.4.4. For this approach we used HEK cells because this assay is only
established for the detection of human a-Syn and does not detect mouse a-Syn (Kruse et al.
2012). (data not shown in the thesis).
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4.2. Microvesicles or exosomes?

For the purification of EVs a protocol with subsequent centrifugation steps including a final
ultracentrifugation step was applied. By using this purification method, potential
contaminations of the ultracentrifugation pellet (P-100) with protein aggregates (e.g. a-Syn
which possibly aggregates in the cultured medium and could co-sediment during the
ultracentrifugation process) and other vesicles (Mathivanan et al. 2012, Tauro et al. 2013)
cannot be excluded.

Therefore, we additionally used sucrose gradient ultracentrifugation to eliminate
contaminating proteins which might be non-specifically associated with EVs. However, for an
accurate quantification of EV protein content we used ultracentrifugation rather than density
gradient centrifugation, once we had established by sucrose gradient centrifugation that a-
Syn floats with EVs (Fig. 6 B).

Up to date it is not possible to discriminate between exosomes and (shedding) microvesicles
in the size range of exosomes (~100 nm) (Booth et al. 2006). It has been stated in several
articles that “differences in properties such as size, morphology, buoyant density, and protein
composition seem insufficient for a clear distinction” (Raposo et al. 2013) between both types
of vesicles (Bobrie et al. 2011) (Simons et al. 2009) (Shen et al. 2011a). Therefore,
exosomes and shedding microvesicles “remain mostly associated in the subcellular fractions
isolated by differential centrifugation and by various types of gradient centrifugation”(Cocucci
et al. 2009). Shen et al state that “differentiating between microvesicles and exosomes is
problematic because (i) there is no known physical property or molecular marker that can
unambiguously differentiate exosomes from microvesicles (Simons et al. 2009), and (ii) it is
conceptually impossible to know where any particular secreted vesicle was made once it has
left the cell (Shen et al. 2011a). The authors in this study therefore coined the umbrella term
EMV for exosomes/microvesicles. Recently, due to the overlapping size range, the
biochemical and physical properties of exosomes and microvesicles, it was recommended to
use the term extracellular vesicle (EV) as “a generic term for all secreted vesicles” (Gould et
al. 2013). Thus, we do not claim to distinguish between exosomes and microvesicles since
clearly the methods we used do not allow to differentiate between both vesicle types. For this
reason we use the term extracellular vesicles and not exosomes or microvesicles. Based on
our ultracentrifugation/gradient density experiments, we cannot differentiate whether a-Syn
and SUMO-2 are released via bona fide exosomes or shedding microvesicles.

Although the lack of a-Syn and SUMO-2 in intraluminal vesicles after overexpression of
rab5dn suggests that both proteins may be shedded from the plasma membrane, this
experiment does not exclude that a-Syn and SUMO-2 are released by the

exosomal/multivesicular body pathway (Fig. 36).
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4.3. SUMO-2 interacts with phosphoinositols

We show that SUMO-2 binds to PI3P with a K4 of 4 uM and to PI(3,4,5)P; with a K4 of 6.1 uM
(Fig. 31). The similar lipid binding affinity of SUMO-2 for PI(3)P and PI(3,4,5)P; would be
compatible with both pathways, plasma membrane shedding and the MVB dependent
SUMO-2 EV release. Phosphorylated inositol’s can act as mediators of sorting cargo proteins
to the ESRCT complex. The ESCRT-0 complex can be recruited to sites of intraluminal
vesicle formation by PI(3)P binding of the Hrs FYVE domains (Hurley 2008).

In addition, further studies have revealed that PI(3,5)P2 recruits cargo proteins to the ESCRT
machinery localized at multivesicular endosomes (Friant et al. 2003, Whitley et al. 2003,
Huotari et al. 2011). The cytosolic protein TyA can fuse with the PI(3,4,5)P3-binding domain
of AKT protein kinase and efficiently targets the protein to budding sites at the plasma
membrane for extracellular vesicle release (Shen et al. 2011b). Both lipids, PI(3)P and
P(3,4,5)P; are known to recruit the ESCRT complex and interaction of SUMO-2 and SUMO-2
modified proteins with these lipids might explain the ESCRT dependent sorting of SUMO-2
into EVs. Of note, PI(3)P is known to be localized to endosomal membranes, while and
P1(3,4,5)P; is predominantly enriched in plasma membranes (Henne et al. 2011).

4.3.1. SUMO binding to plasma membranes is mediated by PI(3,4,5)P3

Based on our experiments with rab5Q79L overexpression (Fig. 36), it is likely that SUMO
rather binds to the plasma membrane mediated by interaction with PI(3,4,5)Ps; than to
endosomal membranes mediated by PI(3)P. The specificity of SUMO-2 binding to the
plasma membrane (as opposed to endosomal PI(3)P binding) may be caused by differences
in the overall lipid composition of the inner plasma membrane leaflet compared to the
endosomal membrane. One important difference regarding the lipid composition is the ratio
of cholesterol to phospholipids which is significantly higher in the plasma membrane
compared to endosomal membranes (van Meer et al. 2008). Interestingly, it has been shown
that cholesterol can act as a spacer to segregate phosphoinositide lipids thereby reducing
their electrostatic repulsion followed by a stabilization of membrane micro domains (Jiang et
al. 2014). E.g., in the case of the tumor suppressor protein PTEN the presence of cholesterol
enhances its binding to a variety of different phosphoinositides (Jiang et al. 2014). Thus, a
preferential binding of SUMO to the plasma membrane may be mediated by a combination of
high local cholesterol and the presence of PI(3,4,5)P3. Clearly, further lipid binding
experiments with different PIPs and a variety of PIP/cholesterol ratios would be required to

unequivocally prove this assumption.
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4.4. a-Synuclein is localised in EVs in vivo

At the beginning of this study it was not known whether a-Syn is present in EVs in vivo. EVs
are abundant in different body fluids such as blood, plasma and urine (Keller et al. 2011) but
have never been isolated from human CSF. We show for the first time, that EVs can be
prepared from human CSF. From the presence of the CNS expressed proteins GIuR1, 2, and
3 we conclude that these vesicles are at least partially derived from the CNS. We also deliver
the first evidence of a-Syn in extracellular vesicles in the human central nervous system in
vivo (Fig. 7).

Interestingly, Danzer et al. could show that EVs contain a-Syn oligomers, that EV associated
a-Syn is more likely to be taken up by target cells and is more neurotoxic than free, non-
vesicular a-Syn oligomers (Emmanouilidou et al. 2010, Danzer et al. 2012, Luk et al. 2012a,
Luk et al. 2012b, Mougenot et al. 2012).

Free a-Syn may aggregate into oligomers and fibrils. Therefore, it could be difficult to avoid
contaminations of free a-Syn or its aggregated form when examining a-Syn in Evs. To prove
that a-Syn is indeed localised in EVs in vivo in human CSF, we provided evidence that a-Syn
can be detected in the “correct” sucrose gradient fractions. Due to the fact the sensitivity of
Western blot analysis was not sufficient for this approach we decided to use an
electrochemiluminescence based assay (2.2.4.4). We found that sucrose gradient
ultracentrifugation of CSF derived EVs followed by electrochemiluminescence assay
detection of a-Syn (see section 3.1.2, Fig. 7 F) displayed a flotation behavior similar to the
EV marker protein Flotilin-2 3.1.2, Fig. 7 D).

Thus, our findings that a-Syn is present in EVs in vivo, strongly supports the hypothesis that

EVs could contribute to disease propagation in PD and other synucleinopathies.

4.5. Extracellular vesicles as carrier for pathogenic proteins

EV transfer of pathogenic proteins has for example been shown for prion protein. The
misfolded PrP*¢ co-purifies with the cellular PrP® within EVs isolated from cell culture (Fevrier
et al. 2004b, Vella et al. 2007), CSF (Vella et al. 2008) and blood (Robertson et al. 2006).
PrP containing EVs can transmit infection to other cells, thus indicating a potential role for
EVs mediated cell to cell spread of prion infection. A variety of neurodegenerative disorders
are characterized by the misfolding and aggregation of proteins and peptides, including tau
and AB in Alzheimer’s disease (Takahashi et al. 2015), Cu/Zn superoxide dismutase (SOD1)
and TAR-DNA binding protein 43 (TDP43) in Amyotrophic lateral sclerosis (ALS)
(Pokrishevsky et al. 2012).
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Interestingly, these proteins have also been detected in EVs (Rajendran et al. 2006,
Vingtdeux et al. 2012, Feneberg et al. 2014, Grad et al. 2014).

It is tempting to speculate that these proteins are packed into EVs in their aggregated
misfolded form which would enable their pathological function as a nucleus to induce the
aggregation of soluble proteins in recipient cells. In vitro, this has already been shown for EV
associated a-Syn (Danzer et al. 2012). It is interesting to note, that oligomerization of
proteins alone is sufficient for their sorting and release with EVs (Booth et al. 2006).
Therefore, it is feasible that especially pathological aggregates of proteins are enriched in
EVs.

45.1. Interneuronal spreading of a-Syn pathology

Intracellular aggregates of a-Syn, so called Lewy bodies (LB) are the neuropathological
hallmark of Parkinson’'s disease (PD) and Lewy Body dementia (LBD) (Spillantini et al.
1998b). The progression of a-Syn pathology in PD seems to follow a stereotypical
anatomical path through the brain (Braak et al. 2003). This, together with the emergence of
LBs in transplanted embryonic nigral cells in PD patients lead to the assumption of
interneuronal spreading of disease pathology (Kordower et al. 2008a, Li et al. 2008).
Supporting this notion, cell to cell transfer of a-Syn followed by aggregation of soluble a-Syn
in recipient cells was demonstrated in mouse brain and cell culture (Desplats et al. 2009,
Hansen et al. 2011, Luk et al. 2012a, Luk et al. 2012b), however the transfer mode of
pathogenic a-Syn between neuronal cells is not known. Extracellular a-Syn has been
proposed as a crucial mechanism for induction of pathological aggregate formation in
previously healthy cells. Although a-Syn does not contain a sorting signal for extracellular
release, soluble and aggregated a-Syn was detected in tissue culture medium and body
fluids, such as brain interstitial fluid, plasma and CSF (El-Agnaf et al. 2003, Lee et al. 2005,
El-Agnaf et al. 2006, Tokuda et al. 2010, Emmanouilidou et al. 2011, Hansson et al. 2014,
Lee et al. 2014).
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4.6. SUMO modification in neurodegenerative diseases

We have identified SUMO modification as an important factor for EV release of cytosolic
proteins. A growing body of evidence has linked SUMO maodification to neurodegenerative
diseases. E.g., Steffan and co-workers report an increased sumoylation of huntingtin in a
Drosophila model which exacerbates neurodegeneration (Steffan et al. 2004). SUMOQylation
was also shown to induce the pathological hyper-phosphorylation of tau observed in
Alzheimer’s disease and also inhibits tau degradation (Luo et al. 2014) and sumoylated tau
was also detected in AD brains (Luo et al. 2014). Importantly, an upregulation of tau

SUMOylation was observed in vitro after exposure of neurons to toxic ap (Luo et al. 2014).
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5. Summary

We hypothesized that cells release and transfer a-Syn associated with EVs, followed by
highly efficient internalization and induction of a-Syn aggregation in previously healthy
neurons. EVs of 40-100 nm diameter can either be derived from the multivesicular endosome
(MVE) (exosomes) or shedded from the plasma membrane (microvesicles). Both types of
vesicles are involved in the release of toxic cellular content and intercellular transfer of
proteins, lipids and RNA and vesicular a-Syn may be internalized more efficiently by recipient
cells than the free protein and induce greater toxicity (Danzer et al. 2012).

We could show that a-Syn is released with EVs and targeted to EVs by a completely novel
mechanism based on SUMO modification. So far, ubiquitination had been regarded as an
exclusive, necessary and sufficient signal for EV release of proteins. We could decipher the
molecular mechanism of this novel sorting pathway, demonstrating that SUMO-dependent
targeting to EVs depends on the endosomal sorting complex required for transport (ESCRT).
Interestingly, the interaction of SUMO with ESCRT formation sites is mediated by SUMO
binding to phosphoinositol containing membrane microdomains, most likely at the inner
leaflet of the plasma membrane. By NMR spectrometry, we mapped the lipid interaction
domain of SUMO to its hydrophobic cleft. Moreover, we could demonstrate that inhibition of
SUMOylation by different genetic approaches strongly decreases the release of a-Syn with
EVs. In contrast, enhancing SUMOylation by co-expression of SUMO or fusion of SUMO to
a-Syn increased a-Syn sorting to EVs. Similar to SUMO, the release of a-Syn within EVs was
inhibited by co-expression of a dominant-negative VPS4 mutant, indicating that EV sorting by
SUMO modification is ESCRT-dependent.

Our findings are thus of highest relevance for the understanding of Parkinson’s disease
pathogenesis and progression at the molecular level. Moreover, we propose that SUMO-

dependent sorting constitutes a mechanism with more general implications for cell biology.
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7. Appendix

Table 13: Summary of NTA measurements

mean particle
concentration
adjusted to cell

transfected constructs number SEM
Myc-SUMO-2 wt/a-Syn wt 2.52E+07 1.67E+06
Myc-SUMO 2AGG/a-Syn wt 2.22E+07 2.31E+06
n 8
t-test 0.16738
a-Syn wt 2.24E+07 2.98E+06
a-Syn-SUMO-2 2.71E+07 4.15E+06
n 7
t-test 0.06368
a-Syn wt 2.16E+07 1.94E+06
a-Syn 2KR 2.07E+07 1.76E+06
a-Syn AA 2.36E+07 4.95E+06
n 6
t-test (wt/2KR) 0.55184
t-test (wt/2AA) 0.17285
a-Syn wt 3.33E+07 3.78E+06
a-Syn wt/VPS4dn co-transfection 2.50E+07 5.12E+06
n 7
t-test 0.000054
a-Syn-SUMO-2 5.10E+07 1.40E+05
a-Syn-SUMO-2 /VPS4dn 4.07E+07 5.35E+06
n 8
t-test 0.00281561
YFP-APPsw 3.30E+07 3.50E+05
YFP-APPsw-SUMO-2 3.85E+07 2.96E+05
n 8
t-test 0.104734285
YFP-APPsw/SUMO-2-wt 4.60E+07 3.47E+06
YFP-APPsw/SUMO-2-AGG 4.02E+07 1.82E+06
n 8
t-test 0.092198482
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