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Chapter 1
Introduction

Parkinson’s disease (PD) is a common neurodegenerative disorder associated
with old age (1). Currently the disease cannot be cured, and treatment focuses
on alleviating the symptoms of the disease (2). A major challenge in the
development of an effective treatment is that in the majority of cases it is
not known what causes the disease. The neuronal protein α-synuclein (αS),
is thought to play a pivotal role in the onset and progression of Parkinson’s
disease. It is the major constituent of the Lewy body and Lewy neurites, the
intracellular inclusion bodies that are the neuropathological hallmark of the
disease (3, 4). Furthermore, three point mutations in the gene encoding for
αS, as well as gene duplications and triplications lead to rare familial forms of
PD (5-9). Since Lewy bodies contain αS in an aggregated filamentous form,
the misfolding and aggregation of the protein into insoluble inclusion bodies
are thought to contribute to neurotoxicity. However, a causal relation has
never been established (10, 11). In recent years the attention has shifted to the
early stages of the aggregation process. Early oligomeric intermediates in the
aggregation of αS have been found to be more toxic to cells compared to the
monomeric or fibrillar forms of the protein (12, 13). A possible mechanism of
neurotoxicity is disruption and permeabilization of cellular membranes by these
soluble oligomers (14-16). Oligomeric αS has been shown to induce increased
membrane permeability in cultured cells and synthetic lipid bilayer systems (12,
16). However, very little is known on what causes these oligomers to interact
with membranes, and how they permeabilize the membrane. In this work we
have focused on elucidating how oligomeric αS interacts with lipid bilayers.
Using a strictly in vitro approach we have used a wide range of biophysical
techniques to approach this problem. In this chapter the lines of evidence that
have defined our initial questions will be described and the concepts necessary
to understand this work will be introduced. Furthermore, the existing literature
on the role of αS in PD will be summarized in order to place the work in the
broader context of the research field.
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Chapter 1

Protein misfolding and disease

The genetic code determines the amino acid sequence of a protein. However,
for most proteins to function correctly, they have to be folded in a specific con-
formation. Protein folding is a complex process, and the number of possible
conformations for a polypeptide is astronomically large. Especially for larger
proteins, folding rates can be extremely slow (17, 18). During folding the
protein stochastically samples different conformations. Thermodynamically fa-
vorable interactions will increase the stability of partially folded intermediates,
and during the folding process many intermediate states are sampled. This can
be intuitively described by regarding the possible conformations and interac-
tions as an energy landscape for the protein. Folding is energetically favorable
and follows a downhill trajectory until it reaches the most thermodynamically
stable fold. Generally this is also the conformation in which the protein needs
to be folded in order to function and is often referred to as the native state (19,
20).

The process of folding is prone to errors and proteins can get “trapped”
in the energy landscape in a non-native, “misfolded” conformation (18, 20).
Local minima in the energy landscape lead to partially stable folding interme-
diates. Protein misfolding can thus directly occur when the protein is newly
synthesized. In addition, the native state is often only marginally stable (21).
Correctly folded proteins are therefore still in equilibrium with partially folded
states and can also convert to a misfolded state. Possibly, there is a tradeoff
between protein stability and function, and some conformational flexibility is
required to allow the protein to interact with other components such as other
proteins, DNA or membranes (22, 23). Another process that leads to misfolded
protein is through chemical modification. Proteins in the cell are under con-
stant attack of reactive molecules which can stabilize a non-native state (24).
To remain functional, the cell thus has to actively maintain a pool of correctly
folded and functional protein and has to deal with misfolded proteins in order
to prevent the accumulation of misfolded dysfunctional protein.

Multiple pathways are present in cells to keep the protein pool under control.
Chaperones and heat shock proteins assist newly synthesized proteins in folding
correctly and can rescue misfolded proteins and refold them into the native state
(25). If the correct fold cannot be achieved, misfolded proteins are targeted to
the cellular degradation machinery, such as the ubiquitin proteasome system
(24, 26, 27). The protein quality control and degradation pathways can be
severely challenged by misfolded proteins. Cell stress, for instance by exposure
to pathogens, puts a high demand on protein expression and folding pathways.
Genetic mutations that adversely affect the stability of the native state of a
protein also increase the amount of misfolded protein the cell has to cope with
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Introduction

(28). Finally, it has been recognized that the ability to maintain a healthy
cellular protein housekeeping (proteostasis) declines with age (29).

If the capacity of an organism to deal with misfolded proteins is impaired,
this often leads to disease (20, 28, 30). This can be either through a loss of
functional protein or through a gain of toxic function of the misfolded protein.
Misfolded proteins are generally much more aggregation prone compared to
the native state. Therefore, protein misfolding diseases are often accompanied
by protein aggregation (20). The list of diseases in which protein misfolding
and aggregation appear crucial is expanding rapidly and contains a wide range
of conditions. In systemic amyloidoses circulating proteins can accumulate
in extremely large amounts (sometimes several kilograms) in multiple organs
(31). Often protein aggregation is more local and occurs in the organ where
the protein is expressed. In type II diabetes, aggregates of the protein amylin
are found in the pancreas (32). Perhaps the most notorious member of protein
aggregation diseases is Creutzfeldt Jakob’s disease, in which neurodegeneration
is accompanied by misfolding and aggregation of prion protein (33). If misfold-
ing of the prion protein occurs, the misfolded species can subsequently convert
normally folded conformers to the misfolded state (34). Prion diseases can thus
be infectious; contact with misfolded protein can propagate the misfolding of
the protein. The disease might even cross the species barrier such that contact
with prions from bovine spongiform encephalopathy (mad cow disease) can
lead to a human Creutzfeldt Jakob variant disease.

Remarkably, many of the protein aggregates found in the different diseases
share a similar structure, even though the sequence, structure and function of
the original proteins are very different (35). This common structure is referred
to as “amyloid”. Although there does not exist a clear definition of the term
amyloid, the following properties are generally considered characteristic of amy-
loid structure: Aggregates have a fibrillar unbranched morphology. They bind
to the dyes Congo red, showing apple green birefringence, and thioflavin-T,
which increases its fluorescence quantum yield upon binding (20, 36). Struc-
turally, the fibrils consist of stacked cross β-sheets, in which strands run per-
pendicular to the fibril axis and intermolecular hydrogen bonding between the
β-sheets occurs along the fiber axis (37, 38). Since the amyloid fibrils are sta-
bilized by multiple hydrogen bonds, they are extremely stable and are neither
easily dissolved in denaturants like SDS and Sarkosyl nor easily digested by
proteases (39, 40). The remarkable stability of the amyloid fold might make it
difficult for the cell to get rid of these aggregates, which is a possible reason
why they are observed in so many diseases. However, it is still not clear if
protein aggregation reports on the fact that cellular proteostasis is disturbed,
or if aggregation is actively involved in disturbing normal cell processes (28).
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Chapter 1

Parkinson’s disease

Parkinson’s disease (PD) is a progressive neurodegenerative disorder with a late
average age of onset (1). Although cognitive disturbances are very common,
it is primarily known as a movement disorder. The disease is characterized by
several motor symptoms, such as tremor, limp stiffness, slowness of movement
and impaired posture and balance. The most common pathophysiological defi-
nition of the disease is the loss of dopaminergic neurons in the substantia nigra,
a region in the brain which is important for movement (41, 42). The cell loss is
accompanied by the occurrence of Lewy bodies and Lewy neurites, which are
intracellular inclusion bodies composed of aggregated protein (3, 41). Diagnos-
ing PD is not straightforward; motor scoring tests are prevalent but are not
considered conclusive. Final diagnosis is generally established post-mortem on
the basis of Lewy body pathology (2, 42). There is probably not a single well
defined disorder which can be called PD. A range of disorders are known that
are characterized by Lewy body pathology and neurodegeneration (42). Cur-
rently PD cannot be cured and treatment is directed at alleviating the disease
symptoms (2). One of the main challenges in the development of a cure for PD
is that the actual cause of the disease is not known. In a very small number
of cases there is a clear genetic cause. Several mutations in a number of genes
have been identified as either a cause or a risk factor for PD (43, 44). In addi-
tion, environmental factors may contribute to disease onset. For instance, long
term occupational exposure to pesticides and heavy metals has been reported
to increase the risk of PD (45, 46). However, the vast majority of PD cases are
idiopathic and in fact the most well established risk factor for PD is old age.

α-Synuclein and Parkinson’s disease

One of the possible key players in the onset and progression of PD is the neu-
ronal protein αS. Interest in this protein was raised when it was discovered as
the main component of Lewy bodies, the neuropathological hallmark of PD
(4). The discovery that a point mutation in the gene coding for αS causes a
rare familial form of PD confirmed the importance of this protein to the disease
(7). Since then, two additional mutations in the αS gene have been identified
that lead to a genetic form of PD (6, 9). Additionally, αS gene duplication and
triplication have also been found to cause PD (5, 8). Genetic evidence thus
suggests that both mutant αS and higher levels of αS can be causative for fa-
milial PD. However, a causal relation between αS and idiopathic PD has never
been established. Additional evidence supporting the role of αS as a possible
causative factor for neuronal degeneration comes from transgenic animal mod-
els. Especially rodent models have been extensively used to try to replicate the
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characteristics of PD (47) but also fruit fly (48) and worm models have been
developed (49). Many of these models indeed show neurodegeneration upon
expression of αS. However the characteristics of the different models vary, with
for instance the promoter used for αS expression (50). Therefore, extracting
meaningful mechanistic information from these models still poses a challenge.

Since Lewy body pathology is considered the neuropathological hallmark
of PD, the relation between the occurrence of Lewy bodies and disease pro-
gression could hold valuable information about the role of αS in PD. Thorough
investigation of the distribution of Lewy bodies in post mortem brain samples
of PD patients has led to the hypothesis that PD pathology follows a distinct
route and that the distribution of Lewy bodies might correlate with the clinical
stage of PD (41). However, it has also been reported that in a number of cases
the occurrence of Lewy bodies does not correlate with the clinical severity of
the disease. For instance, Lewy bodies have been found in brain samples from
patients that did not display any symptoms of PD (51, 52). In addition, it has
never been shown that αS inclusion body formation is a neurotoxic event (53,
54). Thus, a key question remains if Lewy bodies are merely a sign of neuronal
stress or the actual cause of neuronal toxicity.

Properties of α-synuclein

Human αS is a 140 amino acid (14 kDa) protein which is abundantly expressed
throughout the central nervous system (55, 56). It is mainly localized near the
presynaptic terminal of neuronal cells (57-59), but αS has also been observed
in the cytosol (59) and nucleus (60, 61). At physiological pH, the protein
has no defined secondary structure and is therefore considered an intrinsically
disordered protein (IDP) (62). Residues 7-87 contain six imperfect repeats of
an amino acid sequence (KTKEGV consensus sequence), and have a propensity
to assume an α-helical conformation (63, 64). The central region (residues 61-
95) is very hydrophobic and is crucial in the aggregation of αS (40, 65). The
C-terminus (residues ∼100-140) of the protein is highly negatively charged
and remains largely unstructured under most conditions and may serve as a
solubilizing domain. The calculated net charge at neutral pH for residues 100-
140 is approximately -13, while residues 1-100 have a net charge of around
+4. The disease related point mutations (A30P, E46K and A53T) are all
located in the N-terminal part of the protein. Most of the post translational
modifications of αS are observed in the C-terminus of the protein. Serine 129
has been reported as the major site for phosphorylation (66) while tyrosines
125, 133 and 136 are vulnerable to nitration (67). These αS modifications
are also commonly observed inside Lewy bodies. Additionally, C-terminally
truncated species αS 112 and 126 are also present inside Lewy bodies (68, 69).
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Most of these modifications have an impact on the biochemical properties of αS,
such as aggregation propensity (70, 71). They are also likely to be important
in modulating the biological function of the protein (72, 73).

A complicating factor in determining the role of αS in PD is that its normal
biological function is not understood (74). This might be related to the fact
that αS is an IDP (62, 75). A notable feature of IDPs is that they escape
the normal structure-function paradigm of proteins. They are considered to be
much more dynamic and to modulate their function by changing their confor-
mation. Possibly, this allows IDPs to interact with a large number of proteins
and macromolecules (76).

It has been suggested that αS plays a role in neurotransmission (55). Al-
though transgenic αS knockout mice are viable and fertile, changes in behavior,
dependent on the dopaminergic neurons have been observed (77, 78). In addi-
tion, alterations in the vesicle reserve pool in these mice have been observed by
electron microscopy on extracted brain tissue (79). A role in modulation of neu-
rotransmission is further supported by several studies that indicate αS inhibits
the dopamine transporter (80, 81). Additionally, αS has been shown to inhibit
phospholipase-D2 which is important for membrane trafficking fusion/fission
through the generation of the bioactive phospholipid, phosphatidic acid (82).
In vitro it has been shown that αS can bind to phospholipid membranes (63).
Binding is mediated by residues ∼1-100 which fold into an amphipathic α-helix
upon membrane binding (64, 83, 84). Together these results implicate that αS
may be important in maintaining a functional synapse. Interestingly, it has
also been suggested that αS can have a neuroprotective role under some con-
ditions. αS overexpression in cell and animal models has been reported to be
neuroprotective against oxidative stress (85, 86), exposure to pesticides (87)
and other types of insult (88, 89). In addition, it has been hypothesized that
αS could possess a chaperone like activity. Structurally and functionally αS
possesses similarities to chaperone proteins (90-92). This activity is most likely
mediated by the negatively charged and unstructured C-terminus of the protein
(93, 94).

Possible disease mechanisms

Although PD has been the subject of extensive research for many years, little
is known about the actual mechanism of neuronal cell death. Several con-
tributing mechanisms are often mentioned in the literature. Although they are
all supported by a reasonable body of evidence, the true relevance of these
mechanisms to PD is not established and can only be speculated on. A short
description of some of these possible disease mechanisms is written below to
give the reader an insight in the complexity of the disease.
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Oxidative stress

Reactive oxygen species are continuously generated by the cell’s metabolic pro-
cesses. In order to function properly, the cell has to prevent the accumulation
of these species and actively maintain its redox potential. When this ability is
compromised, an excess of reactive oxygen species poses a toxic challenge to
the cell (95). There is convincing evidence that oxidative stress is present in
the brain regions affected in PD. Lipid peroxidation, DNA/RNA damage and
protein oxidation have been observed to be elevated in PD patients (67, 96). In
addition, a genetic variant of PD is caused by a mutation of the protein DJ-1,
which is thought to be involved in the cell’s response to oxidative stress (97).
Several processes, such as exposure to metals and toxins (98), dopamine syn-
thesis (96) and mitochondrial dysfunction (99), could to lead to an increased
oxidative stress in the brain and thus play a role in the disease. It still remains
unclear what causes these signs of oxidative stress in the PD brain, and if this
is a prime cause of PD or a late step contributing factor. Attempts to slow
down the progression of PD by the admission of antioxidants have however not
proven to be an effective treatment for the disease (2).

Dopamine

The neurotransmitter dopamine has long been hypothesized to contribute to
PD (100). One of the main reasons to consider dopamine as a key player in tox-
icity is that the dopaminergic neurons in the substantia nigra are considered to
be affected most in PD. Non-dopaminergic neurons are also affected, although
to a lesser extent (42). Dopamine metabolites are neurotoxic and can induce
reactive oxygen species (96, 101). Interestingly, dopamine and its metabolites
are known to directly influence αS aggregation (102). Furthermore, αS poten-
tially influences dopamine homeostasis through interaction with the dopamine
transporter which transports free dopamine from the synapse into the cell (81,
103) and with tyrosine hydroxylase, an enzyme involved in dopamine synthesis
(104).

Mitochondrial dysfunction

Mitochondria have been thought to play an important role in PD for many
years. Mitochondria are the cell’s main source of reactive oxygen species and
are also important in regulating apoptotic cell death. PD patients have been
reported to show a reduced mitochondrial complex I activity in the brain and
skeletal muscle (105-107), a protein complex vital in the mitochondrial respi-
ratory chain. Several mitochondrial toxins such as MPTP (1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine) can reproduce PD-like symptoms and neurodegen-
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eration through complex I inhibition. In addition, several genes that have been
associated with genetic variants of PD encode proteins have been linked to
mitochondrial function (PINK1, parkin, DJ-1) (108). In animal models, over-
expression of αS induces mitochondrial abnormalities (109, 110). Although it
is not clear how αS can influence mitochondrial function, αS shows a mito-
chondrial localization under specific conditions (111, 112).

Neuronal inflammation

There is clear evidence that the affected brain regions in PD are characterized
by an inflammatory response. Activated microglia (113, 114) and higher levels
of pro-inflammatory cytokines have been reproducibly found in post-mortem
studies on brain samples (115). Inflammatory responses can exert toxic effects
through the production of reactive oxygen species and through the activation
of apoptotic pathways by cytokines. The inflammatory response could spread
through the brain and thus cause the progressive nature of the disease. A
decreased risk for PD has been reported in people that take anti-inflammatory
drugs (116, 117), which indicates that inflammatory responses might indeed
contribute to the onset or progression of PD. αS has been reported to interfere
with inflammatory pathways. Cell culture studies have indicated that cytokines
affect the cellular distribution of αS (118). Furthermore, both monomeric and
aggregated αS have been observed to activate microglia (119, 120).

Proteasomal inhibition

The ubiquitin-proteasome system (UBS) is an important protein degradation
mechanism for the cell, and is therefore of prime interest in many protein ag-
gregation diseases (121). Dysfunction of the UBS might also play an important
role in PD. Lewy bodies contain considerable amounts of ubiquitinated proteins
(122, 123). In addition, there are indications for reduced proteasomal activity
in the substantia nigra of PD patients (124). Genetic evidence also points to
a potential role of the UBS in PD. Mutations in the proteins parkin (125) and
UCHL-1 (126) that are involved in the UBS have been reported to be causative
of PD. How αS relates to the UBS has been intensely investigated in recent
years. Inhibition of UBS function induces αS aggregation, inclusion body for-
mation and toxicity in both cell and animal models (127, 128). However the
exact mechanism by which this occurs remains unclear, since the UBS might
not be necessary for αS degradation. The autophagy-lysosomal pathway has
also been reported to be an important degradation pathway for αS (129-132).
Interactions between αS and the UBS might also have deleterious effects for the
cell. Proteasomal inhibition by monomeric as well as oligomeric and fibrillar αS
have been reported (133-135). These data suggest a possible positive feedback
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loop where αS aggregation inhibits the proteasome which decreases the cell’s
ability to deal with aggregated protein which then leads to increased αS ag-
gregation. In addition, proteasome activity is known to decline with increasing
age (29).

α-Synuclein and the amyloid pore hypothesis

The possible disease mechanisms that are mentioned in the previous section
are all promising lines of research that are being pursued by the many groups
working in this field. Given the techniques we have available in our lab we have
chosen to focus on another potential disease mechanism called the “amyloid
pore hypothesis”. The reasoning behind this hypothesis will be introduced
below.

In many of the amyloid forming proteins that are related to human diseases,
the consensus is that a gain of toxic function of the protein aggregates con-
tributes to the disease (136). However, many of the features of these diseases
cannot be explained from the viewpoint that the final protein aggregates are
toxic to cells (137, 138). This observation was first noted for Alzheimer’s dis-
ease, in which the protein Aβ aggregates to form extracellular plagues. A lack
of correlation between the amounts of aggregates found on autopsy and the
clinical severity of the disease was reported (139). Additionally, animal models
overexpressing Aβ revealed that the characteristic symptoms of the disease
preceded the plaque formation (140, 141). This prompted the hypothesis that
perhaps earlier intermediates, called “oligomers”, in the aggregation process
might be the toxic species responsible for neurodegeneration (142). For Aβ
there is indeed a growing body of evidence that oligomers are much more toxic
to cells than monomeric or fibrillar species (138).

It was soon recognized that similar to amyloid fibrils, oligomers from dif-
ferent amyloidogenic proteins share common structural and functional charac-
teristics (13). It has been found for a number of amyloid proteins and even for
non-disease related aggregating protein such as the bacterial protein Hypf-N,
that oligomeric intermediates are toxic to cells (13, 143-145). Furthermore,
antibodies have been raised that specifically recognize oligomers from different
amyloid proteins, suggesting they share a common fold (13, 146). Amyloid
oligomers also show morphological similarities. They are often reported as
spherical protein aggregates that show an annular morphology with sizes rang-
ing from 8-12 nm (144). It was thus postulated that since amyloid oligomers
appear to have similar structures they may also have a common mechanism of
toxicity (13).

The “amyloid pore hypothesis” proposes that the common toxic mecha-
nism of amyloid oligomers is disruption of calcium homeostasis through per-
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meabilization of lipid membranes (14, 147). This hypothesis originated from
Alzheimer’s disease research in which it was long recognized that disruption of
calcium homeostasis could contribute to the disease, and that Aβ could show
channel-like activities in lipid bilayers (148). The role of oligomeric αS in PD
is not well established (11, 137). In parallel to Alzheimer’s disease it is often
argued that αS oligomers are more likely to be toxic than αS fibrils. In PD
the occurrence of Lewy bodies does not unambiguously correlate with disease
progression and severity (51, 52). Lewy body pathology has been observed
on autopsy of individuals that did not show any symptoms of PD (52). The
mere fact that Lewy bodies are observed intracellularly in intact neurons may
already indicate that they are at least not directly toxic to the cell. Numerous
mice and Drosophila models of PD that rely on αS overexpression have been
generated. PD like symptoms are reproduced but Lewy body-like pathology
and protein aggregation is not always observed (149-151). The disease related
mutants of αS form oligomers more readily than the wild-type (wt) protein, but
the A30P mutant forms fibrils more slowly than αS-wt (152). Finally, when
added extracellularly to cultured cells, oligomeric αS is more toxic than the
monomeric and fibrillar forms of the protein (12, 146, 153).

These findings imply that oligomeric αS rather than fibrillar αS is responsi-
ble for cytotoxicity in PD. Similar to other amyloid oligomeric intermediates, it
was subsequently investigated if membrane disruption by αS oligomeric could
be a possible cytotoxic mechanism. A small body of evidence suggests that
membrane disruption by oligomeric αS is indeed a possible mechanism of tox-
icity. Annular pore-like morphologies have been observed using in vitro gener-
ated oligomers (144, 154, 155) but also in tissue derived αS preparations (156).
Oligomers have been reported to disrupt phospholipid vesicles possibly through
a pore-like mechanism, based on a size selectivity of marker efflux (157). When
reconstituted in planar lipid bilayers, increased ion conductivity has been re-
ported (144), either with distinct pore-like current jumps or through a decrease
in membrane thickness (14). When added to cultured cells, αS oligomers have
been shown to increase calcium influx (12). More recently, it has also been
suggested both through simulations and conductivity measurements on planar
bilayers that monomeric αS can aggregate on the membrane and directly form
small pore-like structures (158, 159).

Given the limited amount of experimental evidence, the topics of membrane
disruption by αS and the role of oligomeric αS species in PD are still a matter
of intense debate and there are still many open questions. How αS oligomer
membrane interaction looks like on a molecular scale is completely unknown.
For instance the actual mechanism of membrane disruption and the structural
characteristics of αS oligomers still remain to be determined.
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Scope of this thesis

The membrane interaction of oligomeric αS is often regarded as a poten-
tial mechanism of neurotoxicity in PD. However, surprisingly little is actually
known about this interaction and membrane disruption by αS is still a recur-
ring topic of speculation and debate. In this work we aim to investigate the
interaction between oligomeric αS and lipid bilayers. The following fundamen-
tal research questions have guided our experimental work:

• What physical membrane properties modulate the interaction between
αS oligomers and the membrane?

• What structural properties of oligomeric αS determine its membrane in-
teraction?

• What is the mechanism by which oligomeric αS disrupts lipid mem-
branes?

By answering these questions we hope to gain fundamental understanding
of the highly dynamic αS protein and to offer an insight to the potential role of
oligomer membrane interactions in PD. To approach these questions, we have
used a wide range of in vitro biophysical and biochemical techniques using syn-
thetic lipid model systems and recombinant αS grown in E. coli. We realize
that both the focus on the amyloid pore hypothesis as well as limiting the
experiments to an in vitro environment are a reductionist approach and one
should be very cautious in extending the obtained results to in vivo implications
for PD. Nonetheless we believe the transient nature and the large heterogene-
ity inherent to early intermediates in αS aggregation makes the problem an
extremely challenging one to study in a real biological system. Therefore, we
are convinced that our biophysical approach to the problem can contribute to
assessing the validity and true meaning of the amyloid pore hypothesis in PD.
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Chapter 2
Oligomeric α-synuclein and its

role in aggregation

Although the importance of oligomeric intermediates in the aggregation of α-
synuclein is increasingly recognized, very little is known about these intermedi-
ates. The heterogeneity of oligomeric species present in aggregation mixtures,
the lack of stability of the intermediates and the low concentrations in which
these intermediates are present all pose significant challenges in determining
their structural and functional characteristics. In this chapter we have charac-
terized the structural properties of the oligomeric species that are used in the
experiments described in this thesis. Furthermore, we have investigated the
role of these oligomers in the aggregation process. Our results indicate that
α-synuclein oligomers possess a β-sheet secondary structure but are not merely
small fibrils. Distinct dye binding properties imply that oligomers are struc-
turally different from fibrils. In addition, oligomers do not seed aggregation as
effectively as fibrils. Based on these results we conclude that the oligomers are
likely a heterogeneous population of which the majority is off-pathway from
the fibrillization process.
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Introduction

Similar to other amyloid forming proteins, the fibrillization of αS follows a
sigmoidal growth curve (1). The kinetics are characterized by a lag phase af-
ter which fibrillization rapidly proceeds until it reaches a plateau value. The
aggregation is often interpreted as a nucleation dependent polymerization pro-
cess. In such a process, formation of a nucleus is relatively slow. After the
formation of the critical nucleus, fibril growth proceeds rapidly. Aggregation
can thus be seeded; if fibrillar αS is added to monomeric αS, aggregation occurs
almost instantly (2). Binding of a monomer to fibril ends most likely templates
the folding into the β-sheet amyloid conformation. Fibril breakage is an addi-
tional factor that could explain the high growth rate of fibrils. As fibrils grow
longer, the chances of breaking increase. Fibril breakage doubles the number
of reactive ends and thus accelerates the elongation process (3).

Since αS is an IDP, aggregation does not occur through unfolding of the
native state. Aggregation has been thought to occur through a partially folded
intermediate (4). Conditions that favor aggregation, such as a low pH and high
temperatures have been shown to induce secondary structure in the protein.
These conditions possibly stabilize a partially folded state of αS, which might be
more prone to aggregation (4). Alternatively, it has been proposed that release
of long range interactions within the monomer, which makes the hydrophobic
region of αS more accessible, causes the protein to be more aggregation prone
(5).

The structures of the earliest aggregation intermediates are not easily ac-
cessible by standard techniques. The early intermediates (dimer, trimers, etc)
are likely to be in equilibrium with the monomeric protein and can thus not be
purified (6). In contrast, the aggregation nucleus is unstable because it has a
high propensity to grow through the addition of monomers. Therefore, the size
and fold of the nucleus and how exactly it is formed is currently still unknown.
Simulation studies have suggested that the initial aggregates are relatively un-
structured and collapsed. The micellar-like protein aggregates slowly grow and
subsequently reorganize in the amyloid fold (7-9). Both the formation of a
micelle as well as conformational reorganization can be rate limiting in such a
system. However, such a mechanism still remains to be shown experimentally.

Since oligomers of αS have been hypothesized to be the potentially toxic
species, a number of studies have focused on monitoring oligomer formation
during the aggregation process (10-13). However, one has to be cautious in
comparing these studies since a rigorous definition for the oligomeric species is
lacking. Generally, anything larger than monomeric αS which is non-fibrillar
and soluble is referred to as an oligomer. The first observation of oligomeric
αS comes from atomic force microscopy (AFM) imaging during aggregation, in
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which spherical protein particles are observed before the occurrence of fibrils
(14). More recently, it has been shown by dynamic light scattering (DLS)
studies that there is a transient population of oligomers that disappear upon
fibril formation (12).

A number of protocols for the preparation of oligomeric species exist. Volles
et al. have used high concentrations of αS to induce oligomer formation and
have purified the resulting oligomers by size exclusion chromatography (15,
16). The resulting oligomers are a heterogeneous population of aggregates
with annular and tubular morphologies of around 11 nm in size (17). These
were able to permeabilize lipid vesicles, possibly through a pore-like mechanism
(18). Other methods rely on the addition of di- and tri-valent cations to induce
oligomerization (19, 20). For instance Danzer et al. have used Fe3+ and ethanol
to induce the formation of oligomers (6). The resulting aggregates were toxic
to cultured cells, but could not be purified since they were in equilibrium with
monomeric αS. Finally, larger molecules such as dopamine, lipids, and proteins
have been reported to induce oligomer formation (21-24).

In this work we have used a very similar method as Volles et al. (15) to
prepare αS oligomers. First of all, this method does not rely on the addition
of multiple components but only requires a high concentration of αS, which
reduces the complexity of the system. Furthermore, the protocol results in
oligomers that can be purified and are relatively stable. Finally, these oligo-
mers are known to interact with lipid membranes. In this chapter a number of
biochemical and biophysical techniques are used to characterize the oligomers
formed using this protocol. The results from dye binding studies, seeding ex-
periments and fluorescence correlation spectroscopy (FCS) show that oligomers
are structurally different from fibrils. The oligomers did not seed aggregation
as effectively as fibrils and were extremely stable. These observations imply
that they are off-pathway from the aggregation reaction. However batch to
batch differences between oligomers were observed, indicating that the result-
ing oligomers are heterogeneous in nature.

Results

One of the challenges in elucidating the structure and function of αS oligomers
is reliable production of the oligomeric species. Little is known about the actual
structure of the oligomeric intermediate and its role in the aggregation process.
Purification of the oligomers generally does not result in a single homogenous
population of an oligomeric state but rather gives a broad distribution of pro-
tein aggregates of different sizes (16). We therefore carefully characterized the
oligomeric species we produced.
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Figure 1. Oligomer images (A) Tapping mode AFM in air of αS oligomers
adsorbed to a mica surface (1.5 µm scan size). (B) Transmission electron microscopy
image of ammonium molybdate stained oligomers.

In atomic force microscopy (AFM) images the purified oligomers appeared
as spherical aggregates with heights in the range of 2-8 nm (Figure 1A). Elec-
tron microscopy images of negatively stained oligomers showed spherical and
donut shaped particles of around 6-11 nm (Figure 1B). Preparation of oligo-
meric αS resulted in low yields (2-4 %), as can be seen in the chromatogram
in Figure 2A. The secondary structure of the oligomeric species was character-
ized using circular dichroism (CD) spectroscopy. The oligomeric intermediate
showed a CD spectrum indicative of significant β-sheet structure. Monomeric
αS showed a characteristic spectrum of an intrinsically disordered protein (Fig-
ure 2B). The purified oligomers bound the A11 antibody, which is specific for
oligomeric intermediates in the aggregation pathway of many amyloidogenic
proteins (Figure 2C) (25). No monomeric αS could be detected in the puri-
fied oligomer solutions using native polyacrylamide gel electrophoresis (PAGE)
(Figure 2D). The toxicity of monomeric and oligomeric αS to SH-SY5Y neu-
roblastoma cells was assessed by incubating the cells in serum free medium
containing different concentrations of αS. Cell viability was measured after 24
hours of incubation using a MST proliferation assay. Both monomeric and oli-
gomeric αS did not reduce cell viability compared to the control, even at an
αS concentration of 28 µM (Figure 2E).

In order to gain more structural information, the specificity of oligomeric
and fibrillar αS to a number of dyes that are often used in protein folding stud-
ies was tested (26, 27). All dyes tested from the anilinonaphthalene-sulfonate
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Figure 2. Characterization of purified oligomeric αS-wt (A) Size exclusion
chromatogram of the purification of αS oligomers. The oligomeric peak (o) is easily
separated from the monomeric (m) peak. Smaller aggregates, possibly dimers (d),
sometimes elute just before the monomeric peak. (B) CD spectra of monomeric
and oligomeric αS (C) Immunoblotting with anti-αS and the A11 anti-oligomeric
antibody. The αS antibody showed both reactivity to monomeric (m) and oligomeric
(o) αS. The antibody against oligomeric αS only showed reactivity to oligomeric αS.
(D) Native gradient PAGE with a polyacrylamide gradient form 3 to 17 %. Lanes
were loaded with fractions from the oligomeric (o), dimeric (d) and monomeric (m)
peak of the chromatogram shown in Figure 2A. Ferritin (f) was included as a molecular
weight marker (440 kDa). Oligomeric αS is observed as a broad high molecular weight
species above the ferritin band (E) Cell viability compared to the buffer controls of
SH-SY5Y neuroblastoma cells after incubation with monomeric (white bars) and
oligomeric αS (grey bars) at different concentrations. The error bars indicate the
standard deviation (n = 3).
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Figure 3. Dye binding properties (A) Bis-ANS (black curve) shows a character-
istic blue shift and increase in fluorescence intensity upon addition to both oligomeric
(red curve) and fibrillar (green curve) αS. The emission spectrum shown was recorded
at 1 µM Bis-ANS and at a protein concentration of 0.5 µM (equivalent monomer con-
centration). The inset shows the fluorescence peak intensity when Bis-ANS is titrated
to 0.5 µM oligomeric (red circles) or fibrillar (green triangles) αS, the black squares
indicate the fluorescence of the free dye in solution. (B) Shows similar data for the
dye ThioT. Only addition of αS fibrils induced a marked increase in fluorescence
intensity.

family of dyes (ANS, NPN, TNS, Bis-ANS) showed a clear blue shift and in-
crease in fluorescence intensity when added to fibrillar or oligomeric αS (as is
shown for Bis-Ans in Figure 3A). These dyes are known to report on exposed
hydrophobic surfaces, characteristic of partially unfolded proteins and molten
globules (28). ThioT showed a large increase in fluorescence when added to
fibrillar αS (Figure 3B). Oligomeric αS, only induced a very small increase
fluorescence in the ThioT assay. ThioT is thought to be a reasonably spe-
cific dye to the characteristic amyloid fold (29). No notable changes in the
fluorescence emission was observed in the dyes: DCVJ (amphiphilic, viscosity
sensitive) (26), Dapoxyl (amphiphilic, polarity sensitive) (30) and DAUDA (a
lipid binding dye) (31). The polarity sensitive dye nile red (32) showed a small
change in fluorescence (blue shift and increase in fluorescence intensity) when
added to αS fibrils (data not shown). Monomeric αS did not induce changes
in the fluorescent properties of any of the dyes. The differences in dye binding
properties between monomeric, oligomeric and fibrillar αS, indicates that these
are structurally distinct species.

Fibrillization is characterized by a lag time after which fibril growth pro-
ceeds rapidly. Figure 4 shows an example of an aggregation experiment. The
increase in ThioT signal coincides with the loss of soluble αS and the appear-
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Figure 4. αS aggregation (A) αS aggregation was followed by ThioT (red circles)
and Bis-ANS (green triangles) fluorescence. A distinct lag time phase observed after
which the fluorescence intensity increases rapidly. The increase in fluorescence inten-
sity coincides with an increase in the insoluble fraction of αS (black squares). The
peak wavelength of Bis-ANS fluorescence emission (blue inverted triangles) shows a
blue shift during the lag phase, indicating that oligomerization does occur. (B) Tap-
ping mode AFM images acquired at various timepoints during the aggregation show
that the occurrence of small spherical aggregates precedes the formation of αS fibrils.

ance of fibrillar morphologies in AFM. Although no ThioT signal is observed
during the lag phase, αS self association and oligomer formation possibly al-
ready occur. The results described in the previous paragraph show that Bis-Ans
interacts with oligomeric αS. During aggregation the Bis-Ans fluorescence in-
creased at a similar time point as the ThioT fluorescence. This indicates that
if oligomers are present during the lag phase their concentration is low. The
fluorescence emission peak wavelength is much more sensitive to low concen-
trations of oligomers. When the peak wavelength is plotted over time, a clear
blue shift was observed before the end of the lag phase. Thus during the lag
phase formation of oligomers does occur.

In order to elucidate the role of the purified oligomers in the aggregation
process, several seeding experiments were performed. In these experiments a
small amount of oligomeric or fibrillar αS is added to a solution of monomeric
protein and the aggregation is monitored by ThioT fluorescence. When a small
amount of fibrillar seeds of αS was added to a solution of monomeric αS,
aggregation occurred almost instantly (Figure 5A). The seeding effect was less
pronounced upon addition of oligomeric αS. Figure 5B shows the characteristic
lag time as a function of seed concentration for oligomeric and fibrillar αS. The
experiment was repeated a second time with another batch of oligomeric αS
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Figure 5. Seeded aggregation. Aggregation of αS was seeded by the addition
of fibrillar or oligomeric αS. Aggregation was monitored by ThioT fluorescence. (A)
Shows representative curves for αS aggregation without (green curve) or in the pres-
ence of 1 % oligomers (red curve) or fibrils (black curve). (B) The reduction of lag
time is plotted as a function of seed concentration, and the error bars indicate the
standard deviation (n = 8). The lag time was defined as the time it takes for the
ThioT fluorescence to reach 10 % of its final value. The addition of fibrils (red circles)
greatly reduces the lag time. Addition of oligomers (black squares) did not effectively
seed the aggregation of αS. However, another batch of oligomers (green triangles) did
show a small seeding effect.

which showed a stronger seeding effect. This effect was more pronounced at
high concentrations of oligomers. Compared to fibrillar seeds oligomers are less
effective at inducing aggregation.

FCS was used to examine the interaction of αS monomers with oligomeric
αS and fibrillar seeds more quantitatively. FCS measures the characteristic
diffusion time of a fluorescent molecule through a confocal laser spot (see Ap-
pendix A for a full explanation on FCS). To prepare fluorescently labeled αS,
the dye Alexa 488 (AL488) was attached covalently to a single cysteine mutant
of αS; αS-A140C (alanine to cysteine mutation at residue 140). Fluorescently
labeled oligomers can be prepared by adding αS-A140C-AL488 to wild-type
(wt) αS in a 1:7 ratio. Oligomers were further prepared in a manner similar
to αS-wt oligomers. Figure 6A shows an example of the correlation curves of
labeled monomeric and labeled oligomeric αS. Free monomeric αS is smaller
than an αS oligomer and will therefore diffuse faster. Both curves could be
fitted reasonably well using a single component diffusion model. The diffusion
time of oligomeric αS varied slightly from batch to batch, at around 950 to
1000 µs, compared to 260 µs for monomeric αS. From the diffusion time one
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can calculate the hydrodynamic radius if the confocal volume is known. The
confocal volume was determined by calibration with AL488, where diffusion
characteristics have been reported in literature (33, 34). Thus the calculated
hydrodynamic radii for monomeric and oligomeric αS were around 2.0 ± 0.2
nm and 7.2 ± 0.7 nm respectively.

When fluorescently labeled monomers are added to unlabeled oligomers,
monomer-oligomer binding results in a slow diffusing oligomer-bound monomer
population and a fast diffusing unbound population. The large separation in
diffusion time allows for fitting with a two component diffusion model from
which the oligomer bound fraction can be estimated. FCS can thus be used
to examine the binding of monomeric αS to oligomers. To measure if αS
oligomers can still grow and bind αS monomers, αS-140C-AL488 monomer
was incubated at a concentration of 9 µM in the presence or absence of 1 µM
αS-wt oligomers. A solution of labeled monomeric αS with αS fibrillar seeds
(1 µM) was examined as a control. At different time points, aliquots were
removed and the correlation curves were measured to assess the association of
monomeric αS to the oligomers and fibrillar seeds.

The fraction of monomeric protein obtained by the fitting routine over the
course of the experiment is plotted in Figure 6B. The graph indicates that
the monomeric protein does not effectively associate with the oligomers. The
fraction of monomeric protein in the presence of oligomers does decrease slightly
over time but not significantly more than the sample without oligomers present.
This indicates that on this time scale, monomer self association can lead to the
formation of oligomers. In the presence of fibrillar seeds a clear decrease in
signal and thus the amount of monomer in the sample was observed (Figure
6C). Sometimes extremely large bursts in fluorescence intensity occurred, which
persisted for a relatively long time (in the order of 0.1-1 second). The added
fibrillar material was most likely too large and heterogeneous to be observed
effectively by FCS. Therefore, the resulting FCS curves could not be fitted and
monomer fibril binding was not quantified. However, the decrease in signal
indicates that the monomers do associate with the fibrils under these conditions.

In principle FCS also allows for assessing the dissociation of oligomeric αS
into monomeric protein or lower order oligomers. To this end fluorescently
labeled oligomers were stored over time and the FCS curve was measured at
several points in time. Dissociation of a fluorescent monomer will then cause
a contribution of a fast diffusing species in the FCS curves. A considerable
fraction of monomeric αS could only be detected upon prolonged storage. The
results plotted in Figure 6D show the FCS curve after 4 weeks. By fitting a two
component diffusion model it was estimated that around 75 % of the protein
was in the oligomeric form. It thus appears that αS oligomers are not in fast
equilibrium with the monomeric protein in solution.
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Figure 6. Monomer oligomer binding (A) Correlation curves of αS-A140C-
AL488 monomers (black squares) and labeled oligomers (red circles). Fitting a single
component diffusion model estimates a diffusion time of ∼260 µs for monomeric and
∼950-1000 µs for oligomeric αS. (B) Monomeric αS-A140C-AL488 (9 µM) is incu-
bated either in the presence (red circles) or absence (black squares) of 1 µM unlabeled
αS oligomers. A two component diffusion model was fitted to the FCS curves acquired
at different time point. The monomeric fraction with a diffusion time of 260 µs is
plotted in the graph. (C) Monomeric αS-A140C-AL488 (9 µM) was incubated in the
presence of 1 µM unlabeled αS fibrils. The average number of particles in the focal
volume obtained from the fit is plotted as a function of incubation time. (D) Corre-
lation curve of freshly prepared labeled αS oligomers (red squares) and after 4 weeks
at 4 ◦C (black squares). After 4 weeks 75% of the protein is still in the oligomeric
form, as estimated by a two component fit.
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Discussion

Oligomers are thought to occur as a transient population during the aggregation
of αS (11, 12). Oligomeric αS is generally prepared by allowing the protein to
aggregate for a certain time and isolating the oligomeric intermediates before
fibrillization occurs. A multitude of conditions have been applied in different
laboratories to induce αS oligomerization. These different conditions might
result in structurally and functionally different oligomers and are therefore
difficult to compare.

The structure of oligomeric αS is experimentally not easily accessible and
no detailed structural information is available. Generally, αS oligomers are re-
ported as spherical protein aggregates with sizes between 2-20 nm (10, 14, 17).
Annular and tubular morphologies are sometimes reported, which are generally
around 10-12 nm in diameter (17, 21, 35). We have used an increased protein
concentration to induce αS aggregation and have separated the oligomers from
monomeric αS before fibrils are formed. This approach reduces the number of
variables in the protocol and is reported to generate oligomers that interact
with lipid membranes (15). Oligomeric αS prepared using this protocol exhib-
ited morphological and structural characteristics similar to those reported by
others. Oligomers were rich in β-sheet structure and the characteristic annular
morphology was observed by electron microscopy. Although α-helical content
has also been reported (10), oligomers are generally considered to possess β-
sheet structure (12, 15).

The β-sheet content could suggest that oligomers already have similar struc-
tural elements as fibrils. However, further characterization of αS oligomers
indicated that they are structurally different from fibrils. The dye ThioT did
not show an increase in fluorescence intensity when added to αS oligomers.
However, the dye Bis-ANS showed an increase in fluorescence and a blue shift
of the peak wavelength. Anilinonaphthalene-sulfonate dyes are known to be
more sensitive to the early stages of aggregation possibly through the inter-
action with αS oligomers (11, 36). Bis-ANS reports on exposed hydrophobic
patches and is often used to monitor partially folded or “molten globule” states
of proteins (27). The molten globule is a stable collapsed globular state that
contains secondary structure elements but lacks the tertiary structure of the
native state of the protein. They are commonly observed as folding interme-
diates of proteins and in the presence of denaturants (37). Remarkably, it has
been observed that the molten globule state of several proteins facilitates their
interaction with membranes (38-41). Most likely the exposure of hydrophobic
parts and increased conformational flexibility of the protein mediate the lipid
interaction of these molten globules.
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Our data in principle allows for an estimate of the size of the oligomers.
The oligomers elute in the void fraction of the Superdex 200 column which has
a fractionation range up to 600 kDa. Under non-denaturing conditions, the
oligomers run above the ferritin (440 kDa) band in a polyacrylamide gradient
gel. The hydrodynamic radius of oligomeric αS was estimated to be around 7.2
nm by FCS. Accurate sizing by FCS relies on a good calibration of the confocal
volume, which is notoriously difficult to achieve (42). The hydrodynamic radius
of monomeric αS estimated by NMR is around 2.6 nm (43), much larger than
our value of 2.0 nm. Although this value was obtained in a different solution
condition (no salt), it is possible that the hydrodynamic radius of the oligomer
is also underestimated. If we consider the NMR derived value for monomeric
αS as a calibration standard, the oligomer would have a hydrodynamic radius
of around 9.3 nm.

Size exclusion chromatography, FCS and gel electrophoresis all estimate the
size of a protein based on its hydrodynamic radius. It is possible to calculate the
molecular weight of a protein from its hydrodynamic radius (44). For a correct
estimate it is critical to know the structural characteristics of the protein. For
instance IDPs are much less densely packed than globular proteins. If we
assume that the oligomer has a similar packing density as a molten globule a
hydrodynamic radius between 7.2 and 9.3 nm would correspond to a molecular
weight between 524 kDa and 1.1 MDa which corresponds to 37 to 78 monomers
of αS. Lashuel et al. (17) have reported a broad size distribution for purified
oligomers from roughly 200 kDa to 800 kDa. The oligomeric particles with
annular morphologies were estimated to have a molecular weight of around 350
kDa. Our estimate is somewhat larger, but together these data suggest that in
order to be thermodynamically stable, oligomers need to be of a certain size,
much larger than dimers and other low order oligomers.

In addition to the heterogeneity in the size distribution of oligomeric species,
possibly there exists a structural and functional heterogeneity. Although the
aggregation pathway into amyloid fibrils is the dominant one under physio-
logical salt and pH conditions, alternative pathways very likely exist. αS has
also been reported to form amorphous aggregates (45) that are different from
fibrils, and in addition, off-pathway oligomers have also been observed (6). To
assess where the αS oligomers obtained using our protocol fit into the aggre-
gation scheme, we have performed seeding experiments. The results indicate
that the αS oligomers did not seed aggregation as effectively as fibrillar αS. We
did observe batch to batch differences in seeding ability of the oligomers and
a seeding effect was observed at high oligomer concentration. This could sug-
gest that the oligomers are structurally heterogeneous. A small fraction of the
purified oligomers in an amyloid-like fold is sufficient to explain the observed
seeding effects at high oligomer concentration. The majority of the purified
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oligomers might then be off-pathway from fibrillization and therefore do not
seed the aggregation. The relative size of two populations could be different
from batch to batch. An alternative explanation would be that oligomers are
able to reorganize and slowly assume the amyloid fold, which is for instance
predicted from simulations (8). This conformational change in the oligomer
could then be the rate limiting step in the aggregation.

Another way to assess the role of the oligomers in the aggregation is to
directly study the interaction between αS oligomers and αS monomers. If oli-
gomers were on-pathway to fibril formation, monomeric αS should be able to
associate with an oligomer. Monomer-oligomer association was measured quan-
titatively using FCS. The data from this experiment showed that monomer-
oligomer association most likely does not occur or at least is not stronger than
monomer-monomer association. In contrast, monomeric αS showed a strong
interaction with the fibrillar seeds and was in this case rapidly lost from the so-
lution. These data support the low seeding ability of αS oligomers in the seeded
aggregation experiment. The fact that we do not see any considerable monomer
loss in this experiment on a relatively long time scale also indicates that if oli-
gomer refolding happens it is at least a very slow process. The duration of the
lag time during monomer aggregation experiments is faster (generally around
1 to 3 days at 100 µM αS). We therefore believe it is unlikely that seed forma-
tion occurs through a conformational change in these large oligomers. Finally,
oligomers appeared extremely stable and disassociation of the oligomers into
monomeric αS occurred on the time scale of weeks. Only in the presence of high
concentrations of guanidine hydrochloride we have observed a full dissociation
into monomeric αS (24). Therefore we conclude that off-pathway oligomers are
most likely not a transient population.

Summarizing, the αS oligomers prepared using our protocol possess similar
properties to those previously reported in the literature. They have a β-sheet
secondary structure, but are structurally different from αS fibrils. Most likely
the majority of oligomers is off-pathway from the fibrillization and oligomers
are not in fast equilibrium with monomeric αS.

Materials and Methods

Expression and purification of αS. Expression of the human αS-wt and mutant
αS, with a single alanine to cysteine substitution at residue 140 (αS-A140C)
was performed in E. Coli B121 (DE3) using the pT7-7 based expression system.
Bacterial cell pellets were harvested after IPTG induction and resuspended in
10 mM Tris-HCl, PH 8.0, 1 mM EDTA and 1 mM Pefabloc protease inhibitor
cocktail. Cells were disrupted by sonication followed by centrifugation for 30
minutes at 10,000 × g and 4 ◦C to remove cellular debris. Nucleotides were
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removed using streptomycin sulphate (1 % w/v) and subsequent centrifugation
for 30 minutes at 13,500 × g and 4 ◦C. αS was precipitated by ammonium
sulfate (0.3 g/ml) and pelleted by centrifugation for 30 minutes at 13,500 ×
g and 4 ◦C. The pellet was dissolved in 10 mM Tris-HCl, pH 7.4, 1 mM
Pefabloc and filtered through a 0.2 µm membrane. The resulting solution was
loaded onto a Resource Q anion exchange column (GE) on an Åkta Basic
chromatography system (GE). Fractions collected during elution with a salt
gradient from 0-1 M were assayed for the presence of αS protein by SDS-PAGE
followed by Coomassie staining. Fractions containing αS were pooled, dialyzed
against 10 mM HEPES, 50 mM NaCl, pH 7.4 and concentrated to 250 µM. For
the cysteine mutant the purification protocol was performed in the presence
of 1 mM DL-Dithiothreitol (DTT). Protein concentrations were determined by
measuring the absorbance at 275 nm using an extinction coefficient of 5,600
M−1cm−1. Purified protein was stored at−80 ◦C in 0.5 ml aliquots until further
use.

αS labeling. Prior to labeling, αS-A140C was reduced with a five-fold molar
excess of DTT for 30 minutes at room temperature. The samples were desalted
with Pierce Zeba desalting columns, followed by the addition of a two-fold molar
excess of AL488 C5 maleimide dye (Invitrogen) and incubated for one hour in
the dark at room temperature. Free label was removed using two desalting
steps. The protein labeling efficiency was estimated to be ∼80 % from the
absorption spectrum.

Purification of αS oligomers. To prepare the αS oligomeric species, 250
µM stock solutions of αS monomers in 10 mM HEPES pH 7.4, were dried in a
vacuum evaporator and dissolved using MilliQ water at a protein concentration
of 1 mM. The protein solution was incubated in an Eppendorf thermo mixer
for 18 hours at room temperature at 300 rpm. Subsequently the mixture was
incubated at 37 ◦C for 2 hours without agitation. After filtration through a 0.2
µm spin-X centrifugal filter (Corning) to remove possible large aggregates, the
oligomeric species were separated from the monomeric protein by size-exclusion
chromatography on a Superdex 200 (GE) gel filtration column using 10 mM
HEPES pH 7.4, 150 mM NaCl as eluant. Fractions containing the αS oligomers,
judged from UV absorption spectra, were pooled and concentrated using a
Vivaspin (Sartorius) concentrator with a 10 kDa molecular weight cutoff. The
protein concentration was estimated by measuring the absorption at 275 nm.
A correction for scattering was applied as in (46), which was generally around
10-15 % in magnitude.

Preparation of labeled oligomers. αS-wt was mixed with αS-A140C-AL488
at a 7:1 ratio in 10 mM Tris-HCl, pH 7.4 and lyophilized. Oligomer preparation
was performed similar as the preparation of αS-wt oligomers. The oligomer
concentration and final labeling ratio were determined from the absorption
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spectra. Generally a 10-15 % final labeling efficiency was obtained.
Atomic Force Microscopy. AFM images were obtained using tapping mode

AFM in air, on custom-built equipment (47). Samples were prepared by placing
a 5 µl drop of protein solution on a piece of freshly cleaved mica. The protein
was allowed to adsorb to the surface by incubating for 5 minutes in a humid
environment. After incubation, excess liquid was removed and the sample
was washed twice with 20 µl MilliQ water which was immediately blotted off.
Finally, the sample was dried under a gentle stream of nitrogen gas.

Electron Microscopy. A 5 µl aliquot of protein solution was placed on a
carbon coated copper grid and was allowed to adsorb to the grid during a
5 minutes incubation period under a humid atmosphere to prevent complete
drying. Drops of MilliQ water and 2 % ammonium molybdate were placed on
a piece of parafilm. The grid was washed by touching the drop of MilliQ water
which was immediately blotted off. The grid was then stained by touching a
drop of staining solution which was blotted off after 30 seconds. The samples
were imaged in a Philips CM300ST-FEG transmission electron microscope.

Circular dichroism spectroscopy. CD spectra were recorded using a Jasco
715 spectropolarimeter using a 0.05 cm path length quartz cuvette. Monomeric
and oligomeric species of αS at 10 µM concentration were prepared in 5 mM
Tris-Borate pH 7.5 buffer.

Immunoblotting. 2 µl of monomeric and oligomeric αS (20 µM both) were
adsorbed to a nitrocellulose membrane. After blocking for 2 hours with 10 %
non fat dry milk, 10 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.05 % Tween20,
dot blots were incubated for 2 hour with either the A11 anti oligomeric anti-
body (Chemicon) or an anti αS antibody (Sigma) in 5 % non fat dry milk, 10
mM Tris-HCl pH7.4, 150 mM NaCl, 0.05% Tween20. Subsequently blots were
incubated for 1 hour with a goat-anti-mouse secondary antibody coupled to
horse radish peroxide (Sigma). Binding to the blots was detected on a Nikon
imaging station from the luminescence after adding SuperSignal pico substrate
(Pierce).

Native gel electrophoresis. Polyacrylamide gels were cast with a linear gra-
dient from 3 to 17 %. Gels were run under non-denaturing conditions. Ferritin
(440 kDa) was loaded as a molecular weight marker. Protein bands were visu-
alized using silver staining.

Cell Culture. Human SH-SY5Y neuroblastoma cells were maintained in
IMDM (GibcoBRL) supplemented with 10 % heat-inactivated FBS (Gibco-
BRL) at 37 ◦C, 5.0 % CO2 in a humidified incubator. Cells were plated in a
96 well plate (Corning) at 50000 cells per well. After 24 hours the medium
was replaced with serum free medium and monomeric and oligomeric αS were
added at several concentrations. After 24 hours a MTS proliferation assay
(Promega) was performed. Toxicity was assessed by measuring the amount of
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soluble formazan produced in each well by measuring the light absorption at
490 nm in a platereader (Tecan). Cell viability was expressed as the percent-
age of formazan produced compared to the control wells. Measurements were
performed in triplicate.

Dye binding experiments. 8-Anilino-1-naphthalenesulfonic acid (ANS), 4,4-
Dianilino-1,1-binaphthyl-5,5-disulfonic acid (Bis-ANS), 9-(2,2-Dicyanovinyl) ju-
lolidine (DCVJ), nile red, Thioflavin-T (ThioT), N-Phenyl-1-naphthylamine
(NPN) and 2-(p-Toluidino)-6-naphthalenesulfonic acid (TNS) were all obtained
from Sigma, the dyes DAUDA and Dapoxyl were obtained from Invitrogen.
Fluorescence emission spectra were recorded on a Fluoromax 4 (Jobin Yvon)
fluorimeter. Small aliquots from a 200 µM concentrated dyes stock in methanol
were added to a solution of 1 µM oligomeric or fibrillar αS. After each addition
a spectrum was recorded. Bis-ANS was excited at 395 nm and ThioT was
excited at 440 nm, The excitation and emission slits were set to 2 nm and 5
nm respectively. Emission spectra were corrected for the background signal
recorded in the absence of dye.

Aggregation experiment. Around 80 µM of αS-wt in 10 mM Tris-HCl, pH
7.4 and 40 mM NaCl was incubated at 37 ◦C. Agitation was provided with
a Teflon coated magnetic stir bar at 300 rpm. At several time points protein
was removed from the aggregation mixture to perform several assays. Aggre-
gation was assessed by the dyes ThioT and Bis-ANS. Fluorescence from these
dyes was measured similar as in the dye binding experiment explained above.
For these measurements 5 µl of the aggregation mixture was added to 500 µl
of 1 µM of dye solution. To asses the amount of soluble material, 50 µl of
the aggregation mixture was centrifuged for 60 minutes at 21,000 × g. Subse-
quently the supernatant was removed and diluted 4 times before measuring the
absorption spectrum from which the protein concentration in the supernatant
was estimated. Furthermore 5 µl aliquots were removed at several time points
for AFM imaging.

Seeding experiment. In the seeding experiments 65 µM αS in 10 mM HEPES
pH 7.4 and 50 mM NaCl in the presence of 40 µM ThioT was incubated in
a Tecan Saphire platereader. Incubation was performed in a 96 well plate at
250 µl volume per well at 37 ◦C and with orbital shaking as agitation. ThioT
fluorescence was measured every 15 minutes, with excitation at 446 nm and
the emission was measured at 485 nm (20 nm bandwidths). To asses seeding,
oligomers were added as different weight percentages to a constant amount of
total protein. For comparison, different percentages of fibrillar seeds were also
added. For each measurement at least 8 wells were used. Fibrillar seeds were
prepared by sonication of a αS fibrils for 1 minute in a bath sonicator.

Fluorescence Correlation spectroscopy. FCS experiments and calculation
of hydrodynamic radius and molecular weight were performed as described in
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Appendix A.
Monomer-oligomer binding. To assess the interaction between oligomeric

αS and monomeric αS, 9 µM αS-A140C-Al488 was incubated with or with-
out 1 µM αS-wt oligomers or fibrils seeds. Incubation was performed in an
Eppendorf thermomixer at 37 ◦C and 1000 rpm. At different time points an
aliquot was removed for FCS analysis. Before recording the FCS curves the
protein was diluted to 50 nM and a 100 µl drop was deposited on a cover
glass. For FCS measurements cover glasses were treated to prevent adsorption
of the protein to the surface. After cleaning in piranha solution for 15 min-
utes (3:1 ratio of concentrated sulfuric acid to 30% hydrogen peroxide solution)
and rinsing with ultrapure water, the slides were pacified with a PEG-silane
compound. Cover glasses were incubated overnight in ∼0.1 % weight/volume
2-[Methoxy(polyethyleneoxy)propyl]trimethoxysilane (ABCR) in toluene under
a nitrogen atmosphere. After this procedure the cover glasses were rinsed with
fresh toluene and subjected to a 1 minute sonication. The resulting FCS curves
were fitted with the two component diffusion model (Appendix A, equation 4).
Before measuring monomer-oligomer binding, the diffusion time of the free pro-
tein was determined and kept fixed in the fitting of the correlation curves in
the subsequent binding experiment. The diffusion time of the oligomer bound
protein was not fixed in the fitting of the FCS curves, only a lower bound of
900 µs was set.
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Chapter 3
Lipid bilayer disruption by

oligomeric α-synuclein

Soluble oligomeric aggregates of α-synuclein have been implicated to play a
central role in the pathogenesis of Parkinson’s disease. Disruption and perme-
abilization of lipid bilayers by oligomeric α-synuclein is postulated as a toxic
mechanism, but the molecular details controlling the oligomer-membrane in-
teraction are still unknown. Here we show that membrane disruption strongly
depends on the accessibility of the hydrophobic membrane core and that charge
interactions play an important but complex role. We systematically studied
the influence of the physical membrane properties and solution conditions on
lipid bilayer disruption by oligomers using a dye release assay. Varying the
lipid headgroup composition revealed that membrane disruption only occurs
for negatively charged bilayers. Furthermore, vesicle disruption is inhibited at
low ionic strength. The disruption of negatively charged vesicles further de-
pends on lipid packing parameters. Bilayer composition changes that result
in an increased lipid headgroup spacing make vesicles more prone to disrup-
tion, suggesting that the accessibility of the bilayer hydrocarbon core modu-
lates oligomer-membrane interaction. These data shed insights into the driv-
ing forces governing the highly debated process of oligomer-membrane interac-
tions.
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Introduction

Oligomeric intermediates in the aggregation process of αS have been hypothe-
sized to be the toxic species. A proposed mechanism of toxicity is lipid mem-
brane disruption (1, 2). An increased permeability of the cellular membrane
could lead to neurodegeneration via an altered calcium homeostasis (3). In vitro
it has been shown that αS oligomers can disrupt phospholipid vesicles (4). The
proposed disruption mechanism is the formation of pore-like structures within
the lipid bilayer, although other mechanisms such as bilayer thinning have been
proposed (5). This hypothesis has been supported by single channel recording
(6, 7), a selectivity for the marker size in an efflux assay (8) and the observation
of donut shaped complexes by atomic force microcopy and electron microscopy
(9, 10). However, the mechanism of αS membrane disruption and how it relates
to PD is still a hotly debated subject.

To correctly identify the mechanism through which membrane permeabi-
lization is facilitated, it is crucial to understand the interaction between the
oligomers and lipids. However, very little is known about what factors deter-
mine this interaction. To address this issue we comprehensively studied the
membrane disruptive effect of αS oligomers using a dye release assay on lipid
vesicles. By systematically altering the vesicle lipid composition and solution
conditions we mapped the fundamental driving forces governing the oligomer-
lipid interaction. We show that membrane permeabilization is mainly deter-
mined by the presence of negatively charged lipids in the bilayer. At low ionic
strengths, vesicle disruption was inhibited, thereby suggesting a complex role
for electrostatic interactions. Furthermore, both the headgroup specificity of
the interaction and the dependence on the bilayer packing parameters imply
that disruption occurs through interaction with the bilayer core.

Results

Membrane Permeabilization
Membrane disruption by αS was characterized using a dye efflux assay. Large
unilamellar vesicles (LUVs) were filled with 50 mM calcein, a concentration
at which calcein fluorescence self-quenches. Upon leakage from the vesicle,
quenching of the dye is relieved and a fluorescence signal is observed. The
intensity after 30 minutes of incubation was measured. The kinetics of dye
leakage induced by oligomeric αS are fast, making this essentially an endpoint
measurement (Figure 1A). The extent of dye leakage from POPG LUVs was
clearly dependent on the protein concentration for all aggregation states (Figure
1B). Oligomeric αS was most effective in disrupting the LUVs and induced a 50
% leakage of the LUVs at a concentration of ∼0.13 µM. Both the monomeric
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Figure 1. Vesicle disruption by αS (A) Kinetics of calcein efflux from 20 µM
POPG LUVs as induced by 0.015 µM oligomeric αS. The leakage kinetics contains
an initial fast phase, after which leakage gradually continues. (B) Dependence of the
content leakage from POPG LUVs on the concentration of αS monomers, oligomers
and fibrils at a phospholipid concentration of 20 µM. Leakage is expressed as a per-
centage of the maximum possible effect induced by the addition of triton X-100. The
protein concentration for the oligomeric and fibrillar species is given as the equivalent
monomer concentration. The error bars indicate the standard deviation (n = 3).

and fibrillar form of the protein were also able to disrupt the LUVs, although at
significantly higher protein concentrations. These induced 50 % vesicle leakage
at ∼21 µM and ∼7.0 µM respectively. The disease related mutants αS-A30P,
αS-E46K and αS-A53T showed similar disruptive properties (Figure 2).

Lipid headgroup Specificity
It is not known which properties of the lipid bilayer determine the interaction
with the oligomeric intermediates. Membrane permeabilization by αS oligo-
mers has been reported to depend on lipid headgroup composition (8, 11), but
the data are contradictory. To assess the headgroup specificity for membrane
disruption, we prepared LUVs composed of phospholipids with different head-
groups. The results from these experiments clearly show that only vesicles
composed of negatively charged phospholipids show dye efflux upon addition
of 1 µM of oligomeric αS (Figure 3) (The chemical structure of the lipids are
shown in Appendix B). POPG, PI and DOPS all showed calcein efflux upon
addition of the oligomeric species. LUVs from the zwitterionic POPC were not
disrupted by αS. This suggests that charge interactions play an important role
in oligomer-lipid interaction. Mixing zwitterionic lipids, such as POPC and
DOPE, with anionic lipids in a 1:1 molar ratio, inhibited the vesicle disrup-
tion for POPG, DOPS and PI containing vesicles. Vesicle preparations from
the anionic lipids DOPA and CL were rather unstable. Therefore, to probe

53



Chapter 3

Figure 2. Mutant αS. Calcein efflux from 20 µM POPG LUVs induced by 1 µM
oligomeric αS from αS-wt and the disease related mutants αS-A30P, αS-E46K and
αS-A53T. Oligomers from all mutants were able to disrupt the POPG LUVs. The
error bars indicate the standard deviation (n = 3).

the interaction of oligomeric αS with these lipids, vesicles were prepared from
1:1 mixtures of anionic CL and DOPA with zwitterionic POPC. These vesicles
showed considerable dye release. Monomeric and fibrillar αS were also added
to the LUVs at a ten times higher concentration. These induced some dye
efflux from POPG LUVs and from PI LUVs. The amount of efflux was still
smaller than the efflux induced by 1 µM oligomeric αS.

Compared to other negatively charged lipids, DOPA was most sensitive to
disruption by oligomeric αS, as 1 to 1 molar mixtures with POPC were still
vulnerable to disruption by oligomeric αS. In order to observe at what charge
density DOPC:DOPA mixtures are permeabilized by αS oligomers, LUVs from
different ratios of DOPC to DOPA were prepared. As can be seen in Figure 4A,
a high amount of negatively charged lipids in the membrane is needed before
oligomer induced vesicle disruption occurs. When DOPC and DOPA are mixed
in a 2:1 or 3:1 ratio, disruption is inhibited even at high protein concentrations.

To further investigate the role of charge interactions in αS induced mem-
brane disruption, a dye release experiment at different ionic strengths was per-
formed (Figure 4B). This revealed very clearly that at low ionic strength (0 and
5 mM added NaCl) vesicle disruption was strongly inhibited. At higher salt
concentrations of 50 mM and 150 mM NaCl a clear concentration dependent
calcein efflux was observed.
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Figure 3. Lipid headgroup composition. Calcein efflux from LUVs of different
lipid compositions induced by 10 µM monomeric, 1 µM oligomeric and 10 µM fibrillar
αS at a phospholipid concentration of 20 µM. Lipid mixtures were prepared in a 1:1
molar ratio. The error bars indicate the standard deviation (n = 3).

Lipid packing parameters
The increased sensitivity of DOPA and CL to oligomeric αS might be related
to their small headgroup size. Thus the accessibility of the hydrocarbon bilayer
core could be important in determining the lipid interaction of oligomeric αS.
Moreover, small unilamellar vesicles (∼30 nm) have been shown to be more
vulnerable to disruption by the oligomeric species (4). Curvature stress within
the bilayer, which can lead to packing defects, is a possible explanation for such
an effect. Although the exact nature of such defects is not clear, they might
allow proteins to more easily interact with the hydrophobic core of the mem-
brane (12). These data indicate that lipid packing parameters could modulate
oligomer-lipid interactions. Therefore the effect of lipid packing properties on
the disruption of vesicles by αS oligomers was investigated.

First, lipid packing was influenced by altering the spontaneous curvature of
the phospholipids in the bilayer, which can have a large effect on lipid protein
interaction (12, 13). The spontaneous curvature of a lipid monolayer is a result
of the shape of the lipids (14). Lipids with a small headgroup have a negative
radius of curvature, whereas lipids with a single acyl chain have a positive ra-
dius of curvature (12). DOPA, CL and POPG in high salt concentrations are
expected to have negative spontaneous curvature (15). However, in LUVs the
lipids are packed in an almost planar bilayer. Thus in vesicles composed of
these lipids the hydrophobic lipid bilayer core might be more exposed to the
oligomers. The spontaneous curvature can be modulated towards a more posi-
tive value without changing the headgroup compositions by adding lyso lipids.
These have a single acyl chain (15) and thus a positive radius of spontaneous
curvature. Adding such lyso lipids to vesicles containing packing defects due
to curvature stress, lipid packing of the LUVs may be optimized, relieving the
curvature stress in the membrane.
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Figure 4. Charge interactions (A) Calcein efflux from LUVs of different lipid
compositions induced by 1 µM oligomeric αS at a phospholipid concentration of 20
µM. LUVs were prepared from different ratios of DOPC to DOPA: 1:2, 1:1, 2:1 and
3:1. The error bars indicate the standard deviation (n = 2). (B) The effect of the
ionic strength of the solution on the disruption of POPG LUVs measured by calcein
efflux at a phospholipid concentration of 20 µM. αS oligomers were added at different
concentrations to the vesicle solution in the presence of 0 mM, 5 mM, 50 mM and
150 mM NaCl. The error bars indicate the standard deviation (n = 3).

Lyso PG was added at different ratios to POPG from which LUVs were
subsequently obtained by extrusion. Membrane permeability induced by the
addition of αS oligomers was measured at different protein concentrations.
The results are shown in Figure 5A. Pure POPG LUVs showed a 50 % leakage
at a αS concentration of 0.25 µM. Optimizing the lipid bilayer packing by
the addition of increasing amounts of lyso PG stabilized the vesicles against
permeabilization by αS, with 50 % leakage at 0.42 µM αS for 10 % lyso PG and
at 0.79 µM αS for 20 % lyso PG containing vesicles. This result indicates that
lipid packing of the LUVs, and thus the accessibility of the membrane core, is
an important factor in oligomer-lipid interaction.

Lipid packing is also affected by changing the amount of unsaturated bonds
in the lipid hydrocarbon chains. Upon increasing unsaturation, chain disor-
der increases and the average headgroup spacing becomes larger, resulting in a
thinner bilayer (16). To probe the effects of lipid chain packing, LUVs of lipids
with phosphatidylglycerol headgroups containing different acyl chain configu-
rations were produced. Fully saturated lipids were not probed because of the
high gel to fluid phase transition temperature of these lipids. Cholesterol is a
well known modulator of lipid bilayer packing and enhances the cohesive inter-
actions within the bilayer which results in a more densely packed bilayer (16).
Therefore, POPG LUVs containing 25 % cholesterol were also prepared.
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Figure 5. Lipid packing (A) The effect of headgroup spacing on oligomer-induced
vesicle leakage. LUVs were prepared from POPG with different amounts of lyso PG.
Total lipid concentration was 25 µM with vesicles containing 0 %, 10 % and 20 % lyso
PG. (B) Influence of lipid packing parameters on oligomer induced vesicle disruption.
Plot of the concentration dependent oligomer-induced dye release from 20 µM PG
LUVs with different acyl chains: POPG, DOPG, 18:2 PG and POPG:Cholesterol
3:1. The error bars indicate the standard deviation (n = 3). The inset shows calcein
efflux from DOPS and POPS LUVs at a lipid concentration of 20 µM. Oligomer
concentration was 1 µM for DOPS LUVs and 10 µM for the POPS LUVs.

The effect of αS on the permeability of these different LUVs was measured
at different oligomer concentrations as shown in Figure 5B. The results re-
veal that upon increasing saturation the vesicles are more stable against αS
induced permeabilization. The amount of dye release from the different lipid
compositions was most efficient in 18:2 PG and decreased upon increasing chain
saturation. The addition of 25 % cholesterol to POPG LUVs further stabilized
these vesicles. The oligomer concentrations at which 50 % leakage is induced
are as follows: 18:2 PG ∼0.08 µM, DOPG ∼0.1 µM, POPG ∼0.15 µM and
POPG:Chol ∼0.2 µM. These data confirm that an increase in lipid headgroup
spacing facilitates the interaction of the oligomer with the membrane. We ob-
served a similar effect of lipid packing for vesicles composed of lipids with a
phosphatidylserine headgroup. DOPS LUVs could be disrupted by oligomeric
αS, whereas in LUVs from POPS calcein efflux was inhibited even at high pro-
tein concentration. The complete inhibition of calcein efflux from POPS LUVs
might be related to the fact that the phase transition temperature of this lipid
is close to room temperature.
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Figure 6. The effect of monomeric αS on oligomer-induced vesicle dis-
ruption (A) Calcein efflux experiment on 25 µM POPG LUVs. The LUVs were
pre-incubated for 30 minutes with different concentrations of monomeric αS. Oli-
gomeric αS was subsequently added to a final concentration of 0.5 µM. Efflux was
measured after another 30 minute incubation. The error bars indicate the standard
deviation (n = 3). (B) Calcein efflux from POPG, DOPS and POPC:DOPA LUVs
(20 µM total phospholipid) induced by different concentrations of oligomeric αS either
in the presence (open symbols) or absence (closed symbols) of 0.2 µM monomeric αS.

Monomeric αS has been reported to optimize lipid packing in small vesicles
(17). Correspondingly, preincubating LUVs with monomeric αS can inhibit
the membrane permeabilization by oligomeric αS (Figure 6A). This effect was
dependent on the amount of monomer added. The effect was also dependent
on the lipid composition used and was strongest in LUVs composed of DOPS
(Figure 6B). Such an effect could also explain a maximum that was observed
in the leakage curves for DOPS and POPC:DOPA LUVs. A residual amount
of monomeric αS in stock solutions of the oligomeric species might stabilize the
vesicles at high amounts of added oligomers.

Discussion

Membrane disruption by αS oligomers is often considered as a likely mecha-
nism of cytotoxicity in PD. However, due to the lack of understanding of the
fundamental molecular mechanisms involved, it is difficult to estimate the bio-
logical relevance of this process. In this chapter we have used a dye release
assay to screen a range of conditions that could modulate oligomer-lipid in-
teraction. By studying how physicochemical bilayer properties and solution
conditions influence αS oligomer-induced vesicle disruption fundamental driv-
ing forces governing oligomer-lipid interactions have been identified.
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Vesicle Permeabilization
Our experiments clearly show that αS oligomers can permeabilize POPG LUVs
in a concentration dependent fashion. Using similar conditions, Volles et al.
(8) found leakage at around 30 times lower protein to lipid ratios. Most likely,
the difference in size of the markers used in the different assays used; calcein
efflux versus calcium influx, can influence the amount of observed leakage. Ad-
ditionally, the divalent calcium cation can have a profound effect on negatively
charged vesicles in general and on αS-lipid interaction specifically (18, 19).

At very high protein concentrations monomeric and fibrillar forms of αS
were also able to induce calcein leakage from POPG LUVs. Monomeric αS is
thought to disrupt LUVs in a detergent-like way. How fibrillar αS can cause
membrane damage is not known; apparently fibrillar αS is able to bind to a
lipid bilayer. We however cannot exclude the possibility that the monomeric
protein forms aggregates on the lipid membranes or that the fibrils dissociate
into oligomers. Oligomerization of monomeric αS on the membrane surface
has been suggested by MD simulation (20) and aggregation experiments (21),
while single channel activity has been observed upon addition of the monomeric
protein (22).

αS oligomers from the disease related mutants A30P, E46K and A53T
showed very similar leakage characteristics. Although no major quantitative
difference in induced leakage was observed between the different mutants, oli-
gomers derived from A30P αS appeared to induce the least vesicle disruption.
Interestingly, monomeric A30P αS is also reported to bind lipids with a lower
affinity than wild type αS and the E46K and A53T mutants (23, 24).

Driving forces
Our results indicate that only negatively charged vesicles are affected by oli-
gomeric αS. Therefore, charge interactions appear to determine oligomer me-
diated membrane disruption. Although monomeric αS is highly negatively
charged, it specifically binds to negatively charged membranes (25, 26). This
binding is explained by the fact that at neutral pH the N-terminal lipid bind-
ing region contains many positively charged residues. Furthermore, most of
the negative charge is concentrated in the C-terminus of the protein, which
remains unstructured in solution upon protein-lipid binding (27). Although
the structure of oligomeric αS in its free- and lipid-bound state is not known,
a clear charge separation as in the monomeric protein seems unlikely to be en-
ergetically favorable. However, specific binding of oligomeric αS to negatively
charged vesicles has been reported (8).

In addition, the role of charge interactions in oligomer membrane disrup-
tion appears to be more complex. Calcein efflux experiments at different ionic
strengths showed that leakage is inhibited at low salt concentrations. For bind-
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ing mediated by charge interaction one would expect to observe stronger bind-
ing and thus leakage at lower protein concentrations. Possibly, reduced screen-
ing of electrostatic interactions at low ionic strength between the negatively
charged oligomers and the bilayer surface causes an electrostatic repulsion in-
hibiting binding. Positively charged or hydrophobic patches on the surface of
the oligomer might support the oligomer binding.

However, there are many contributing factors making it difficult to pin-
point the exact binding mechanism. For instance, the structure of the αS
oligomers might change as an effect of ionic strength. Finally, lipid packing is
also influenced by the ionic strength, further contributing to the complexity of
the system. In addition to bilayer charge, lipid packing parameters also influ-
ence the oligomer-induced vesicle disruption. We observed that more densely
packed bilayers were more resistant to disruption. This suggests that hydropho-
bic interactions contribute to oligomer-lipid binding. The membrane interior
of loosely packed bilayers is much more accessible. Interaction with the mem-
brane hydrocarbon core might facilitate binding and disruption.

Mechanism of disruption
One of the key questions in oligomer-lipid interactions revolves around the
mechanism by which bilayer disruption occurs. The dependence of membrane
disruption on the bilayer physical properties can give important information on
the most likely mechanism of membrane disruption (28). Besides a pore-like
mechanism (6, 8), membrane thinning has been suggested as a possible mode
of action (5, 29). Adsorption of the oligomeric intermediates to the surface of
the bilayer could cause an increase in the average headgroup spacing and thus
have a thinning effect. Bilayer thinning increases the membrane permeability
by decreasing the thickness of the hydrophobic barrier. Lipid bilayers that are
more easily compressed are expected to show greater membrane permeability.
Addition of cholesterol to the bilayer which reduces the compressibility of the
bilayer did show a slight inhibitory effect. Our results suggest that a thinner
membrane with increased headgroup spacing facilitates the leakage process.
However, a thinner bilayer may be the cause of oligomer-lipid interaction and
not necessarily the effect. Pore formation through oligomer insertion into the
bilayer core still offers a plausible explanation for all the observed effects.

Biological significance
The oligomers did not show a toxic effect upon the addition to the medium of
cultured cells. However this may not be the most relevant assay since αS is
an intracellular protein. Toxic effects have been observed upon extracellular
addition of oligomeric αS prepared using a different protocol (30, 31). Possibly
there are functionally distinct oligomeric species. From the observed lipid speci-
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ficity one could also predict likely cellular targets for αS oligomer membrane
disruption. The plasma membrane is rich in sterols, spingholipids and phos-
phatidylcholines (32). Our data show that POPC and cholesterol both inhibit
leakage therefore the plasma membrane is not a likely target for oligomeric αS.
Although αS in its monomeric and aggregated form have been observed in the
extracellular space and can be possibly secreted or released from dying cells
(33), the majority of the protein is intracytoplasmic. Therefore the membranes
of organelles are a possible target of αS oligomers.

In this light the observed leakage specificity for the mitochondrial lipid car-
diolipin suggests that mitochondria could be vulnerable to αS oligomers. Mi-
tochondrial dysfunction has long been suggested to play a potential role in the
pathogenesis of PD (34). αS has been observed to localize to mitochondria (35),
which is increased upon αS overexpression (36) and intracellular acidification
(37). Mitochondrial localization of αS is possibly mediated by cardiolipin since
monomeric αS has been reported to bind cardiolipin with high affinity (38) in
vitro. Possibly, αS oligomers directly induce mitochondrial membrane damage.
Additionally interactions with mitochondrial proteins, such as mitochondrial
complex I could also be a source of cell damage (39-41). However, it should be
pointed out that membrane disruption was only observed in membranes which
have high anionic lipid content. At physiologically more relevant concentra-
tions, such as POPC:Cl 3:1 membrane disruption was inhibited. How these
results translate to the effect of αS oligomers in vivo is unclear, since real bio-
logical membranes are much more heterogeneous and contain distinct domains
that may mediate oligomer-membrane interactions.

Summarizing, the disruption of LUVs by oligomeric αS is primarily depen-
dent on the charge of the membrane. Only negatively charged membranes are
affected and mixing negatively charged lipids with zwitterionic lipid generally
inhibits the leakage process. Bilayer packing affects oligomer-membrane dis-
ruption to a smaller extent. More densely packed membranes appear to be less
prone to disruption by αS oligomers.

Materials and Methods

Expression and purification of recombinant αS. Expression of the human αS-wt
and the disease related mutant proteins A30P, E46K and A53T were performed
as described in Chapter 2.

Preparation of αS oligomeric and fibrillar species. αS oligomers were pre-
pared as described in Chapter 2. Mature αS fibrils were prepared by incubating
the stock protein solution in a thermo mixer for 10 days at 37 ◦C at 1250 rpm.
The aggregated protein was pelleted by centrifugation for 40 minutes at 21,000
× g. The pellet was washed and resuspended twice in 10 mM HEPES, pH 7.4,
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150 mM NaCl. To estimate the protein concentration in the fibril containing
solution, the aggregates were dissolved in 5 M guanidine hydrochloride, and
the protein concentration was calculated from the absorption measured at 275
nm.

Liposome preparation. 1-Palmitoyl, 2-oleoyl phosphatidylcholine (POPC),
1,2-dioleoyl phosphatidylcholine (DOPC), 1-palmitoyl, 2-oleoyl phosphatidyl-
glycerol (POPG), 1,2-dioleoyl phosphatidylglycerol (DOPG), 1-oleoyl phos-
phatidylglycerol (lyso PG), 1,2-dilinoleoyl phosphatidylglycerol (18:2 PG), 1-
palmitoyl, 2-oleoyl phosphatidylserine (POPS), 1,2-dioleoyl phosphatidylserine
(DOPS), 1,2-dioleoyl phosphatidic acid (DOPA), 1,2-dioleoyl phosphatidyl-
ethanolamine (DOPE), soy L-α-phosphatidylinositol (PI), bovine heart car-
diolipin (CL) and cholesterol (chol) were all obtained from Avanti Polar lipids
and used without further purification. The various lipid compositions were
prepared by mixing the chloroform dissolved lipids to specific ratios. Lipid
acyl chain compositions were chosen to minimize the chance of phase sepa-
ration in the mixtures. To prepare LUVs, a thin lipid film was formed by
drying around 0.5 mg of lipid in a glass tube using a gentle stream of nitrogen
gas. Trace amounts of solvent were removed by drying under vacuum for 4
hours. The lipid film was then hydrated by adding a solution of 50 mM calcein
(Sigma), 10mM HEPES, pH 7.4. Appropriate amounts of NaCl were added
to maintain an osmotic strength equal to 10 mM HEPES pH 7.4, 150 mM
NaCl. Hydration was continued for 1 hour, with vortexing approximately ev-
ery 15 minutes. The sample was subsequently subjected to 5 freeze-thaw cycles
by dipping into liquid nitrogen and thawing above the lipid phase transition
temperature. The resulting solution was extruded 11 times through a polycar-
bonate membrane filter with a 100 nm pore size. This procedure was repeated
once with a new filter. Unencapsulated dye was separated from the vesicles
by gel filtration through a PD10 column packed with Sephadex G-100 (GE).
The vesicle size distribution was measured using dynamic light scattering on a
Malvern Zetasizer 4000 instrument. The total phospholipid concentration was
determined according to the protocol of Chen et al. (42).

Efflux assay. For the efflux assay, the stock vesicle solution was first diluted
to twice the final phospholipid concentration and then thoroughly mixed with
an equal volume of protein solution. After 30 minutes incubation the maximum
intensity of the fluorescence emission spectrum for excitation at 497 nm was
recorded on a Varian Cary Eclipse fluorimeter. After subtraction of the back-
ground, leakage was expressed as a percentage of the maximum possible effect
due to vesicle disruption induced by the addition of 0.5 % (weight/volume)
Triton X-100. Experiments aiming to elucidate the influence of a certain sin-
gle parameter were performed on the same preparation of oligomers, to negate
possible batch to batch differences in oligomer preparation and potential errors
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in the concentration determination.
Ionic strength assay. For the ionic strength experiment, solutions of 10

mM HEPES pH 7.4 containing 0 mM, 5 mM or 50 mM NaCl were prepared.
For these salt concentrations lipids were hydrated in 50 mM calcein, 10 mM
HEPES pH 7.4. The NaCl buffer solutions were adjusted with sucrose to equal
osmolarity as the vesicle hydration solution. Vesicles for the NaCl concentration
of 150 mM were prepared as described earlier. αS oligomers were prepared in
the appropriate buffer by buffer exchange from a stock solution, using a Zeba
Spin desalting column (Pierce).
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Chapter 4
Membrane binding of oligomeric

α-synuclein

Membrane disruption by oligomeric α-synuclein is considered a likely mecha-
nism of cytotoxicity in Parkinson’s disease. However, the mechanism of oli-
gomer membrane binding and the relation between binding and membrane
disruption is not known. We have measured oligomer-lipid binding by fluores-
cence microscopy and have measured membrane disruption using a dye release
assay. Oligomer-lipid binding can be visualized by confocal microscopy using
fluorescently labeled oligomers and giant unilamellar vesicles. The data re-
veal that oligomeric α-synuclein selectively binds to vesicles containing anionic
lipids. When oligomers were added to vesicles containing coexisting ordered
and disordered domains, oligomeric α-synuclein preferentially accumulated into
the liquid disordered domains. Furthermore, we show that binding of oligomers
to the membrane and disruption of the membrane require different lipid prop-
erties. Thus membrane-bound oligomeric α-synuclein does not cause bilayer
disruption under all conditions.
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Introduction

The lipid interaction of αS has been the subject of intensive research over the
past decade for a number of reasons. The interaction of monomeric αS with
cellular membranes has been suggested to play a possible role in its biological
function (1). In addition, the membrane environment could play an important
role in modulating αS aggregation (2). In recent years, oligomeric intermedi-
ates in the aggregation of αS are considered as a likely toxic species (3, 4).
Membrane disruption and subsequent calcium leakage have been suggested as
a possible mechanism of oligomer toxicity (5). The interaction of monomeric
αS with phospholipids is well characterized. Monomeric αS binds to negatively
charged phospholipid vesicles in the liquid disordered (Ld) phase (6-8). Bind-
ing of αS monomers to membranes is mediated by the N-terminus, which folds
into an α-helical conformation (9).

Although oligomer-membrane disruption is a possible toxic mechanism in
PD, very little is known about the lipid binding of αS oligomers. In vitro oli-
gomeric αS can permeabilize lipid vesicles, possibly through a pore-like mech-
anism (10-12). As was shown in the previous chapter, vesicle permeabilization
is primarily dependent on the bilayer charge (11-14). This could be related to
the binding specificity of oligomeric αS. Alternatively, oligomeric αS could also
bind to less negatively charged membranes, but only disrupt the membrane
under specific conditions.

Using confocal fluorescence microscopy we have investigated the lipid bind-
ing properties of oligomeric αS. In addition, quantitative results from binding
experiments and a dye efflux assay were used to study the relation between
binding and disruption of the membrane. Confocal microscopy images on giant
unilamellar vesicles (GUVs) and fluorescently labeled oligomeric αS indicate
that oligomers preferentially bind to GUVs composed of anionic phospholipids
in the Ld phase. Furthermore, we observe that the binding of oligomers to
the negatively charged vesicle bilayer does not necessarily result in membrane
permeabilization. The lipid headgroup composition determines whether bind-
ing can result in disruption of the bilayer. Thus, lipid binding and membrane
permeabilization by oligomeric αS are distinct processes.

Results

Lipid binding headgroup specificity
To obtain fluorescently labeled oligomers, αS-A140C-AL488 was mixed with
αS-wt in a 1:7 ratio. Labeled αS efficiently incorporated into the oligomeric
species and the labeling ratio was spectroscopically determined to be 10-15
%. After purification no monomeric αS could be detected in the oligomer
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Figure 1. Oligomer characterization (A) Native gradient gel of αS-wt oligo-
mers (left lane) and 15 % labeled αS oligomers (right lane). Gels were cast with
a polyacrylamide gradient from 3.5 to 15 %. Silver staining was applied for sensi-
tive detection. The markers ferritin (440 kDa) and Ribonuclease A (13.7 kDa) were
also applied on the gel. (B) Calcein leakage from POPG LUVs, induced by αS-wt
oligomers (squares) and αS-wt/A140C-AL488 oligomers (open circles). Leakage is
expressed as a percentage of the maximum effect induced by the protein.

solution by native gradient PAGE (Figure 1A), which ensured that the observed
binding signal is not caused by monomeric αS. The labeled oligomers migrated
at a similar molecular weight as αS-wt oligomers and showed a comparable
tendency to disrupt POPG vesicles as the unlabeled species (Figure 1B). It
can therefore be concluded that the introduction of αS-A140C-AL488 does not
affect the oligomer properties.

The binding of oligomers to GUVs was studied using confocal fluorescence
microscopy. First GUVs from different anionic lipids with 20 % cholesterol were
prepared. Labeled αS oligomers clearly showed binding to these negatively
charged GUVs (Figure 2 A-C). GUV morphology was not affected by binding
of oligomeric αS and the GUVs remained stable during the time of the exper-
iment. Binding of αS oligomers to neutrally charged POPC GUVs could not
be detected (Figure 2D). Increasing the protein to lipid ratio 12 times to ∼1:5
did not change this observation. To further investigate the specificity for neg-
atively charged headgroups, 1:1 mixtures of POPC and anionic phospholipids
were used (Figure 3). The αS oligomers showed binding to POPC:DOPA and
POPC:POPG GUVs but much lower binding was detected to POPC:POPS.
The addition of zwitterionic lipids thus does not fully inhibit the membrane
binding of oligomeric αS but may influence the membrane affinity of the oligo-
mers.
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Figure 2. Headgroup specificity Confocal Microscopy images of DOPE-Rhod
labeled GUVs (left panels) and αS-A140C-AL488 oligomers (right panels). The scale
bars indicate 5 µm. The lipid compositions of the GUVs were, (A): POPG:Chol 5:1,
(B): DOPA:Chol 5:1, (C): POPS:Chol 5:1, (D): POPC.
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Figure 3. Mixed bilayers Confocal microscopy images of DOPE-Rhod labeled
GUVs from 1:1 mixture of anionic lipids with POPC (left panels) and αS-A140C-
AL488 oligomers (right panels). The scale bars indicate 5 µm. The lipid compositions
of the GUVs were, (A): POPC:POPG, (B) POPC: POPS, (C): POPC:DOPA.

Oligomer membrane permeabilization
The lipid disruption properties of oligomeric αS are critically dependent on
the lipid headgroup composition (11, 13). As was shown in the previous chap-
ter, negatively charged vesicles are permeabilized upon addition of oligomeric
αS, which is generally inhibited upon the addition of zwitterionic lipids to
the membrane composition. To investigate if this inhibitory effect originates
from a different binding affinity or from a different mode of binding, a dye re-
lease assay together with a quantitive binding experiment was performed. The
results shown in Figure 4 indicate that POPC:POPG LUVs are not permeabi-
lized, whereas POPC:DOPA LUVs showed a concentration dependent calcein
release upon addition of oligomeric αS. Next, labeled αS oligomers were added
to POPC:POPG and POPC:DOPA GUVs at different concentrations and bind-
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Figure 4. Binding and permeabilization Calcein release from LUVs (open
symbol, dotted lines) and binding to GUVs (closed symbols, solid lines) from
POPC:DOPA (circles) and POPC:POPG vesicles (triangles), all at a lipid concentra-
tion of 40 µM and at different αS-A140C-AL488 concentrations (oligomer concentra-
tion is expressed in equivalent monomer concentration). The error bars denote the
standard deviation (n = 2).

ing was quantified from the fluorescence intensity on the membrane in the con-
focal images. These results indicate that αS oligomers bind POPC:DOPA with
higher affinity than the POPC:POPG GUVs, but the difference in binding
affinity is much smaller than the difference in permeabilization properties. The
degree of vesicle permeabilization is thus not directly related to the amount of
protein on the membrane, but may depend on the bilayer structure and the
actual mode of binding.

Lipid binding phase specificity
Lipid packing can be a critical parameter in determining protein lipid inter-
actions. We have shown in the previous chapter that vesicle disruption by
oligomeric αS is sensitive to lipid packing (13). Denser packed membranes
were found to be less sensitive to disruption. Lipids in the liquid ordered (Lo)
phase are much more densely packed than lipids in the Ld phase. Thus, the
effect of lipid phase on αS oligomer lipid binding was examined. A binding
specificity to Ld or Lo phases can be visualized by examining binding to GUVs
containing coexisting domains. This can be achieved since DOPE-Rhod pref-
erentially accumulates in Ld domains (15). 18:2 PG:DPPG:Chol GUVs were
prepared and formation of segregated Ld and Lo domains was observed (Fig-
ure 5A). The fluorescently labeled oligomers preferentially accumulated in the
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Figure 5. Phase specificity Confocal microscopy image (A) and wide field flu-
orescence microscopy image (B) of DOPE-Rhod labeled 18:2 PG:DPPG:Chol 1:1:1
GUVs (left panels) and αS-A140C-AL488 oligomers (right panels). The scale bar
indicates 5 µm.

DOPE-Rhod rich domains. This specificity for Ld domains was also observed
using widefield fluorescence microscopy (Figure 5B). In addition, for GUVs of
other compositions containing only lipids in the Lo phase, no oligomer binding
could be detected (Figure 6). Oligomeric αS thus preferentially binds to lipids
in the Ld phase.

Discussion

αS oligomers only bind to anionic lipids
αS oligomers preferentially bind to GUVs consisting of anionic lipids and no
binding was detected to POPC GUVs. Oligomer binding was observed in
mixtures of anionic lipids and POPC such as POPC:POPG and POPC:DOPA
GUVs, while little binding to POPC:POPS was observed. Differences in lipid
headgroup structure might be responsible for the apparently lower affinity of
αS oligomers for POPS in mixed GUVs. Another likely explanation is that the
difference is related to the fact that, at room temperature, POPS is close to
its phase transition temperature. We have previously observed calcein efflux
from DOPS LUVs, but POPS LUVs proved not to be sensitive to disruption
by oligomeric αS (See chapter 3). Thus, the lower binding to POPS might be
related to packing parameters and not chemical headgroup structure.
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Figure 6. Phase specificity Confocal microscopy images of DOPE-Rhod labeled
GUVs (left panels) and αS-wt/140C-AL488 oligomers (right panels). Scale bars in-
dicate 5 µm. (A) 18:2 PG:DPPG:Chol 1:1:1 GUVs (B) No domain formation was
observed in the POPG:DPPG:chol GUVs. Although the phase state for this com-
position is not exactly known, it is likely more densely packed than DOPG:Chol 5:1
GUVs. (C) DPPG has a phase transition temperature of ∼ 55 ◦C. GUVs prepared
from this lipid are in the Lo phase at room temperature. GUVs from DPPG:Chol
4:1 were difficult to obtain; the few detected GUVs did not bind αS oligomers.
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The binding preference for anionic lipids agrees with an earlier report, indi-
cating binding to PG and PC:PA but not to PC (12). However, the authors did
not check binding to other lipids and lipid mixtures. Others have reported that
during aggregation of αS, intermediates with distinct lipid binding properties
occur (16). Possibly, different intermediates in the aggregation of αS could
possess different lipid binding properties. Detailed binding studies require sta-
ble purified samples. For earlier intermediates in the aggregation this might be
technically challenging.

Binding does not always lead to permeabilization
In spite of the observation that αS oligomers bind POPC:POPG GUVs, the
dye release experiments show that the POPC:POPG LUVs are not permeabi-
lized. The quantitative imaging experiment revealed a smaller binding affinity
for POPC:POPG compared to POPC:DOPA LUVs. However, this difference
is too small to explain why POPC:POPG LUVs are not affected even at high
oligomer concentrations. Thus, binding of αS oligomers to the membrane does
not necessarily lead to membrane permeabilization. We postulate that mem-
brane disruption is a two step process in which the initial binding and the
subsequent disruption require different lipid properties. The mechanism of
permeabilization is currently still debated (10, 11, 17). When comparing the
concentration dependence of leakage with the binding curves it appears that
the membrane does not need to be saturated with oligomers before leakage oc-
curs, which is consistent with a pore model. However, one must be cautious in
comparing the GUV and LUV systems. Especially GUV containing solutions
are extremely heterogeneous and therefore a quantitative comparison between
result from LUVs and GUVs may not be valid under all conditions.

αS Oligomers only bind to Ld domains
Lipid packing is an important parameter in determining protein lipid inter-
actions. We have previously shown that bilayer disruption is sensitive to the
accessibility of the hydrophobic bilayer core (13). The results presented here
are consistent with these data, and show that αS oligomers preferentially bind
to lipids in the Ld phase and do not show affinity for the densely packed Lo
bilayers. Possibly, the higher surface charge density in the Lo phase makes
it energetically unfavorable for the negatively charged αS to adsorb on the
membrane. Alternatively, steric hindrance, inaccessibility of the membrane hy-
drophobic core, or membrane mechanical properties offer possible explanations
for why oligomeric αS does not bind to the Lo phase. Interestingly, monomeric
αS has a similar binding specificity for anionic lipids in the Ld phase (6, 7).
Lipid binding of monomeric αS occurs at residues ∼1-100 (9). Although the
protein has a net negative charge, the N-terminal residues contain many hy-
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drophobic and positively charged amino acids, explaining the specificity for
anionic lipids. The similar specificity for oligomeric αS could suggest that in
the oligomers, the N-terminal is available for lipid binding. We have not found
evidence for a structural reorganization of αS oligomers upon lipid interaction
by circular dichroism spectroscopy, consistent with earlier work (12). Folding
of the N-terminus into a helical conformation upon lipid binding as occurs with
monomeric αS is therefore unlikely for oligomeric αS.

Summarizing, we have systematically studied the lipid binding properties
of oligomeric αS and its relation to bilayer disruption. The data show that oli-
gomeric αS preferentially binds to anionic lipids in the Ld phase. Furthermore,
binding does not lead to membrane disruption for all lipid compositions, which
suggests that binding and disruption are distinct processes.

Materials and Methods

Oligomer preparation. Preparation of αS and fluorescently labeled oligomers
was performed as described in Chapter 2. Again αS-wt/A140C-AL488 oligo-
mers were prepared at ∼20 µM (equivalent monomer concentration) and 10-15
% labeling.

Vesicle preparation. 1,2-dipalmitoyl phosphatidylglycerol (DPPG), 1,2-dili-
noleoyl phosphatidylglycerol (18:2-PG), 1,2-dioleoyl phosphatidylethanolamine-
(Lissamine Rhodamine B) (DOPE-Rhod), POPC, POPG, POPS, DOPA, and
cholesterol were obtained from Avanti Polar lipids. Vesicles of various compo-
sitions were prepared by mixing the lipids from stock solutions in chloroform.
0.05 % DOPE-Rhod was added to all compositions. GUVs containing anionic
lipids were created by gentle hydration. Approximately 0.5 mg of lipid was
deposited in a glass vial and dried using nitrogen gas. Residual chloroform was
removed by drying under vacuum for 4 hours. The lipid film was hydrated for 6
hours at room temperature in 500 µl of sucrose solution of equal osmolarity to
10 mM HEPES pH 7.4, 150 mM NaCl. GUVs containing saturated lipids were
hydrated at 50 ◦C. Electroswelling (18) was used to prepare POPC GUVs. A
dried lipid film was prepared on the conducting side of an ITO coated slide and
joined with a second ITO slide separated by a spacer and hydrated overnight
at room temperature in 400 µl of sucrose solution in the presence of an AC
electric field (1 V/mm, 10 Hz).

Confocal microscopy. Confocal microscopy was performed on a Zeiss LSM
510 confocal microscope. DOPE-Rhod was excited at 543 nm using a green
HeNe laser and αS-AL488 was excited using the 488 nm Argon laser line. Flu-
orescence was detected using multitrack imaging to minimize crosstalk. GUVs
were diluted to approximately 60 µM in 10 mM Hepes, pH 7.4, 150 mM NaCl
and mixed with fluorescently labeled oligomeric αS at a 1 µM concentration
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(equivalent monomer concentration). In the quantitive binding experiments
images were acquired at exactly the same instrument settings. The amount
of binding was quantified from the GUV images as the maximum value of the
radial profile. For each data point images of at least 15 GUVs were acquired.
The experiment was performed twice.

Dye release assay The dye release assay was performed as described in
Chapter 3.
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Chapter 5
Quantifying oligomer-lipid
binding using fluorescence

correlation spectroscopy

Membrane permeabilization by oligomeric aggregates of the neuronal protein
α-synuclein is considered a possible cytotoxic mechanism in Parkinson’s dis-
ease. To be able to evaluate the relevance of membrane permeabilization in
the disease process, it is important to understand the lipid binding properties
of oligomeric α-synuclein and the structural elements supporting lipid-binding.
We have quantified the binding of oligomeric α-synuclein to large unilamellar
vesicles with fluorescence correlation spectroscopy. By changing the membrane
composition and solution conditions we have studied the role of charge inter-
actions in the binding process. Oligomeric α-synuclein binds to lipid vesicles
with a slightly lower affinity than monomeric protein, with a dissociation con-
stant in the micromolar range. The binding of oligomers to the membrane
is strongly dependent on membrane charge, as binding requires the presence
of large amounts of negatively charged lipids in the membrane. The specific
binding to anionic lipids is remarkable since α-synuclein is highly negatively
charged. Correspondingly, reduced Debye screening at low ionic strengths in-
hibits the binding of the oligomers to the vesicles. The binding specificity for
anionic lipids at physiological salt concentrations implies a specific charge dis-
tribution on the oligomer. Positively charged patches on the oligomer surface
or conformational flexibility of the negatively charged C-terminus most likely
play a role in mediating the lipid binding of the negatively charged oligomeric
α-synuclein.
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Introduction

The neuronal protein αS is a possible key player in the onset and progression
of PD. Aggregated fibrillar αS is the major component of Lewy bodies (1),
the intracellular inclusion bodies that are the pathological hallmark of PD.
Although the aggregation of αS has been extensively studied, how and if αS
fibrils are related to neuronal toxicity is not established (2). In recent years
attention has shifted to earlier oligomeric intermediates in the aggregation of αS
as the possible toxic species. Membrane permeabilization by these oligomeric
species is a likely mechanism for toxicity (3). Although membrane interactions
of oligomeric αS have been suggested as a possible mechanism of toxicity, very
little is known about the lipid binding properties of oligomeric αS and how
these are related to the structural properties of the oligomers.

In this chapter we have used FCS to quantify the lipid binding of oligomeric
αS to LUVs and have investigated in detail the role of charge interactions. Oli-
gomeric αS specifically binds vesicles composed of negatively charged lipids
with a dissociation constant in the micromolar range. Since αS is highly neg-
atively charged at neutral pH, binding to a negatively charged membrane sug-
gests a distinct charge distribution on the oligomer surface. A charge separation
of the protein in the oligomeric complex could maximize favorable charge in-
teractions with the bilayer. The requirement of well-defined positively charged
patches on the αS, suggests that the oligomers have defined structural features.

Results and Discussion

In order to measure the lipid binding of oligomeric αS to LUVs with FCS, fluo-
rescently labeled oligomeric αS was prepared similar as described in Chapter 2
and 4. Approximately 10 % of Alexa 488 (AL488) labeled single cysteine mu-
tant αS-140C-AL488 was incorporated into oligomeric αS. The diffusion time
through the confocal detection volume was estimated by fitting the correla-
tion curves (Figure 1A) with a free diffusion model (Appendix A, Equation 2).
Monomeric αS had a diffusion time of approximately 260 µs. The diffusion
time of the oligomeric species varied slightly from batch to batch (950-1000
µs). The diffusion time of the LUVs was generally around 4.5 to 5.5 ms. The
difference in diffusion time between free and LUV-bound protein allows for fit-
ting the correlation curves with a two-component diffusion model (Appendix
A, equation 4). In this way the fraction of bound protein can be estimated.

First the binding of αS-A140C-AL488 and the AL488 labeled oligomers to
negatively charged DOPS LUVs was studied. Both monomeric and oligomeric
αS showed binding to these vesicles (Figure 1B). The binding curves deviate
only slightly from the Langmuir isotherm. Similar to Rhoades et al. (4),
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Figure 1. Oligomer-lipid binding (A) Normalized correlation curves of free
monomeric αS-A140C-Al488 (black squares), AL488 labeled oligomeric αS (red cir-
cles) and oligomeric αS bound to DOPS LUVs (green triangles) fitted with a single
component free diffusion model. (B) Binding curves of 50 nM αS-A140C-AL488
monomer (black squares) and 50 nM oligomeric αS (equivalent monomer concentra-
tion) to DOPS LUVs in the presence of 50 mM NaCl. The solid lines represent a fit
from the Hill model.

we have used the Hill equation to fit such binding curves. The dissociation
constant (Kd) for binding to the LUVs derived from the fit was 0.5 µM for
monomeric αS and 1.1 µM for oligomeric αS, with Hill coefficients of 1.2 and
0.8 respectively. Monomeric αS thus has a higher affinity for DOPS LUVs than
oligomeric αS. Recently, Rhoades et al. (4) have used FCS to quantify the lipid
binding of monomeric αS to LUVs, reporting a dissociation constant of ∼2 µM
for binding of monomeric αS to POPS LUVs, with a Hill coefficient of ∼2.5.
The difference is most likely related to the lipid used. Monomeric αS has a
binding preference for disordered phases (5). At room temperature POPS is
close to its phase transition temperature, and therefore the membrane might
be sensitive to changes in conditions or the amount of protein bound to the
membrane.

Interpreting the difference in the Hill coefficient is not straightforward. In
these experiments the amount of protein is kept constant while the binding area
(amount of lipids) is changed. Therefore, steeper binding curves (n > 1) point
to non-cooperative binding while flattening of the binding curves (n < 1) points
to cooperative binding. This can be shown more intuitively by converting the
binding curves of fraction bound versus f total lipid concentration [L], to a
plot of the surface concentration of oligomers [Ps] versus the concentration of
unbound protein [Pf ] (Figure 2). In such a plot the derivative of the slope then
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Figure 2. Binding cooperativity (A) Binding curve of 50 nm labeled αS oligomers
to DOPS LUVs at 25 mM NaCl (black squares). The red line indicates the Hill fit
(Kd 1 E−5 M, n = 0.34) to the data. The blue line is a simulated binding curve
according tot the Hill model (Kd 1E−5 M, n = 1). (B) The binding curves were
converted according to equations (2) and (3).

represents the binding affinity (equation 4). If binding is cooperative the lipid
affinity increases with the amount of protein on the surface inducing an upwards
curvature. Such deviations from the Langmuir isotherm indicate that the lipid
affinity of the protein changes with the amount of protein on the membrane.
Non-cooperative binding can be indicative of repulsive interactions between
proteins on the membrane surface or changes in bilayer packing induced by the
protein (6). We have not observed a distinct cooperativity for the binding of
monomeric and oligomeric αS to DOPS LUVs (n ∼ 1).

The effect of anionic lipid content on the membrane binding affinity of oli-
gomeric αS was subsequently quantified. LUVs containing different ratios of
the zwitterionic lipid DOPC and the anionic lipid DOPS were prepared. Oli-
gomer binding was strongly dependent on the concentration of anionic lipids in
the lipid bilayer (Figure 3A). Lowering the anionic lipid content of the vesicle
membrane dramatically reduced the bound fraction of oligomers and the dis-
sociation constant increases. Although the protein has a net negative charge,
membrane binding of oligomeric αS requires a minimum fraction of DOPS in
the bilayer, which suggests a role for charge interactions in oligomer membrane
binding. These data support our earlier observations that membrane binding
and disruption are dependent on the membrane charge (Chapter 3 and 4 ) (7,
8).

To further probe the role of electrostatic interactions, the binding of oligo-
meric αS to DOPS LUVs was measured at different ionic strengths. Binding
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Figure 3. Charge interaction (A) Binding curves of 50 nM oligomeric αS to
LUVs composed of different ratios of DOPC to DOPS lipids; 20 % DOPS (black
squares), 60 % DOPS (red circles) and 100 % DOPS (green triangles). (B) Binding
curves of 50 nM oligomeric αS to DOPS LUVs at different NaCl concentrations: 0
mM (black squares), 10 mM (red circles), 25 mM (green triangles), 50 mM (blue
inverted triangles).

was strongest at 50 mM NaCl, and at low ionic strengths, oligomer lipid bind-
ing was almost completely inhibited (Figure 3B). Fitting the Hill equation to
the binding curves shows an increase in cooperativity and dissociation con-
stant upon decreasing salt concentration. This is most likely caused by an
electrostatic repulsion between the negatively charged protein and the anionic
lipids.

Interpreting the binding curves at different lipid compositions and ionic
strengths is challenging. The observed increase in binding cooperativity at
low ionic strength and lower charge densities may point to aggregation of the
oligomers or alterations in bilayer structure. αS oligomeric species might be
heterogeneous and are known to affect bilayer integrity. Also conformational
changes in the αS oligomers upon membrane binding or under different solution
conditions cannot be excluded. In addition, existing binding models of the role
of electrostatics in protein lipid binding only consider the binding of positively
charged proteins to negatively charged membranes. Therefore, pinpointing
what actually causes these changes in the binding curves is difficult.

The specific binding of monomeric αS to anionic lipids is well understood.
The interaction is mainly electrostatic in nature (4). At neutral pH, αS has
a net negative charge. However, the lipid binding region contains multiple
positively charged and hydrophobic residues, explaining the lipid binding char-
acteristics. The C-terminus, which contains most of the negatively charged
residues, remains unstructured in solution (9). The structural characteristics
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of αS oligomers are unknown and which residues are involved in lipid binding
is not clear.

The membrane binding of oligomeric αS is facilitated by the presence of
anionic DOPS in the membrane. The specific binding of the net negatively
charged oligomers to anionic lipids suggests that lipid binding involves the
positively charged N-terminus. However, similar to the monomer, the charge
distribution in the oligomeric complex must be such that the negative charges
in C-terminus are not close to the membrane. The oligomers must therefore
contain structural features such as positively charged patches, or an ability to
reorganize upon membrane binding to maximize favorable charge interactions.
In an oligomeric aggregate, the individual monomers are not likely to show
a great conformational flexibility, so a reorganization upon binding might be
restricted. Therefore, there could be an energy penalty for bringing the C-
terminus close to the membrane upon oligomer lipid binding. This hypothesis
also can explain the lower lipid affinity compared to the monomeric form of the
protein. This penalty will be larger at low ionic strengths, which explains the
observation that binding of αS oligomers to the membrane is inhibited under
these conditions.

Both circular dichroism and Raman spectroscopy have shown that oligomers
have a considerable secondary structure (10, 11). Based on these results and
our data we propose that oligomers possess distinct structural features such
as positively charged patches on the oligomer surface which explain their lipid
binding characteristics.

Materials and Methods

Preparation of monomeric and oligomeric αS. Preparation of monomeric wild
type αS, the cysteine to alanine mutant αS-A140C, labeling of αS-A140C using
Alexa 488 C5-maleimide (Invitrogen) and preparation of the labeled oligomers
were performed as described in Chapter 2.

Preparation of vesicles. DOPC and DOPS were obtained from Avanti Polar
lipids. Vesicles of various compositions were prepared by mixing the lipids from
stock solutions in chloroform. Approximately 1 mg of lipid was deposited in a
glass vial and dried using nitrogen gas. Residual chloroform was removed by
drying under vacuum for 4 hours. The lipid film was hydrated for 1 hour at
room temperature with regular vortexing in 10 mM HEPES, pH 7.4, 50 mM
NaCl unless noted otherwise. LUVs were obtained by extrusion through a filter
membrane with a 100 nm pore size. The lipid concentration was subsequently
measured using the protocol of Chen et al. (12).

Sample preparation. Cover glasses were treated to prevent adsorption of
the protein to the surface. After cleaning in piranha solution for 15 minutes
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(3:1 ratio of concentrated sulfuric acid to 30 % hydrogen peroxide solution)
and rinsing with ultrapure water, the slides were pacified with a PEG-silane
compound. Coverglasses were incubated overnight in 0.1 % weight/volume
2-[Methoxy (polyethyleneoxy) propyl] trimethoxy silane (ABCR) in toluene
under a nitrogen atmosphere. After this procedure the cover glasses were rinsed
with fresh toluene and subjected to a 1 minute sonication. Before measuring the
correlation curves αS-A140C-AL488 monomers or labeled oligomeric αS were
added to a specified concentration of LUVs, to a final protein concentration
of 50 nM (equivalent monomer concentration for the oligomers) and incubated
for 15 minutes on the cover slip under a humid atmosphere.

Fluorescence correlation spectroscopy. FCS was performed as described in
Appendix A.

Data analysis. Analysis of the correlation curves was performed as described
in Appendix A. The resulting binding curves were fit with the Hill equation:

f =
[L]n

Kd + [L]n
(1)

where [L] is the lipid concentration, Kd is the dissociation constant and n is a
cooperativity coefficient. This equation is generally used for fitting of binding
curves where the concentration of ligand is varied and the amount of binding
spots in constant. In our experiments the protein concentration was constant
and the amount of binding surface (lipid concentration) was varied. In that
case n < 1 binding indicates cooperative binding, whereas n > 1 indicates a
negative cooperativity. This can be shown more intuitively by converting the
binding curves of fraction bound versus f total lipid concentration [L] to a plot
of the surface concentration of oligomers [Ps] versus the unbound concentration
of oligomers [Pf ]. Where,

[Ps] =
f [Ptot]

[L]
(2)

and

[Pf ] = (1− f)[Ptot] (3)

In such a plot the initial slope is determined by the affinity constant or partition
coefficient K:

[Ps] = K[Pf ] (4)

For cooperative binding the affinity for the protein changes with the amount of
protein present on the membrane. A cooperative interaction on the membrane
surface will lead to an upward curvature in the binding curves (6), as is shown
in Figure 3.
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Chapter 6
Tryptophan fluorescence reveals

structural features of α-synuclein
oligomers

Oligomeric α-synuclein is considered to be the potential toxic species responsi-
ble for the onset and progression of Parkinson’s disease, possibly through the
disruption of lipid membranes. Although there is evidence that oligomers con-
tain considerable amounts of secondary structure, more detailed information
on the structural characteristics and how these mediate oligomer-lipid bind-
ing are critically lacking. In this chapter we aim to address the structure of
oligomeric α-synuclein on a more detailed level. We have used tryptophan flu-
orescence spectroscopy to gain insight into the structural features of oligomeric
α-synuclein and the structural basis for oligomer-lipid interactions. Several
single tryptophan mutants of α-synuclein were used to gain site-specific infor-
mation about the microenvironment of monomeric, oligomeric and lipid bound
oligomeric α-synuclein. Acrylamide quenching and spectral analyses indicate
that the tryptophan residues are considerably more solvent protected in the
oligomeric form compared to the monomeric protein. In the oligomers, the
negatively charged C-terminus was the most solvent exposed part of the pro-
tein. Upon lipid binding a blue shift in fluorescence is observed for α-synuclein
mutants where the tryptophan is located within the N-terminal region. These
results suggest that as in the case of monomeric α-synuclein, the N-terminus is
critical in determining oligomer-lipid binding.
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Introduction

A possible mechanism of toxicity of αS oligomers, is through the permeabi-
lization of cellular membranes (1, 2). However, the topic of oligomer induced
toxicity remains controversial. Structural information about oligomeric species
is critically lacking and the structural basis for oligomer-lipid interaction and
toxicity is not understood. In addition to its importance to toxicity, the struc-
ture of oligomeric intermediates is important for understanding the aggregation
process. Aggregation of αS is believed to occur through a process of nucleation
dependent polymerization (3). However, the nature of this nucleus and how
it is formed is unknown. Initial data show that oligomers are not randomly
collapsed aggregates but contain significant amounts of secondary structure.
Oligomers have been reported to contain considerable β-sheet structure (4)
although α-helical content has also been observed (5).

Several fundamental problems limit the determination of the structure of αS
oligomers. Early intermediates can be unstable and in fast equilibrium with the
monomeric protein (6). Aggregation intermediates are transient in nature and
disappear upon fibril formation (7). Preparation of stable oligomers generally
results in low yields and thus only little material is available (4). Finally,
oligomers are possibly heterogeneous in size, structure and function (6, 8).
Thus, determining the exact structure of all possible oligomers of αS remains a
challenging task. However, the structure of the different oligomeric species and
the fibrillar structure might be related since the driving force of the aggregation
is the same for all species. Therefore, establishing structural constraints for the
αS oligomeric species should be feasible.

In order to overcome some of these challenges and to gain insights into oli-
gomer structure and the structural basis for its interaction with lipids, we have
used tryptophan (Trp) fluorescence spectroscopy on stable purified αS oligo-
mers. These oligomers occur during αS aggregation and have been previously
used to study oligomer-lipid interactions (4, 9). Several single Trp mutants of
αS were generated to assess the microenvironment of different regions of the
protein in the monomeric, oligomeric and lipid bound oligomeric state. Here
we show how individual monomers might be arranged in an oligomeric aggre-
gate and what regions of the αS molecule mediate the lipid interaction in the
oligomeric form.

The results from acrylamide quenching experiments and spectral analyses
indicate that, compared to the monomeric protein, the engineered Trp residues
are more solvent protected in the oligomeric form. The negatively charged
C-terminus was the most solvent exposed part of the oligomers. When lipid
vesicles were added to oligomeric αS a blue shift in fluorescence is observed for
αS mutants where the tryptophan is located within the N-terminal region of
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Figure 1. Aggregation properties (A) Mutants containing a Trp residue in dif-
ferent regions of the protein were created. The N-terminal residues ∼1-100 (dark
gray) are involved in lipid binding of monomeric αS, residues ∼35-100 (light grey)
make up the core of fibrillar αS and the C-terminus ∼100-140 (white) remains un-
structured under most conditions. The disease related mutations are also shown in
the figure. (B) Aggregations of the different αS Trp followed by the dye ThioT. The
ThioT fluorescence signal of the different Trp mutants all showed a rapid increase
of fluorescence after a certain lag time, which is typical for amyloid formation. (C)
AFM images of fibrils formed from the different αS Trp mutants.

residues 4 to 90. This observation indicates that, similar to the monomeric pro-
tein, the N-terminal part of the protein most likely mediates the lipid binding
of αS oligomers.

Results

Since αS-wt does not contain any Trp residues, replacing an amino acid in the
αS sequence with a Trp results in site-specific information about the micro-
environment. A number of mutants containing a single Trp substitution in
different regions of the protein were prepared using site-directed mutagenesis
(F4W, Y39W, A69W, A90W, A124W and A140W) (Figure 1A). We performed
aggregation experiments to check if the introduced mutations in αS affected
fibril formation. All αS Trp mutants showed typical sigmoidal growth curves
characteristic of fibril formation when monitored using a ThioT fluorescence
assay (Figure 1B). Fibril formation was further confirmed by AFM imaging
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Figure 2. Oligomer characterization Properties of oligomers of the αS Trp-
mutants compared to those of αS-wt (A) Oligomers of the different αS Trp mutants
were characterized using a dye efflux assay on DOPS LUVs at final concentrations of
0.5 µM αS and 20 µM lipids. The oligomeric species formed from the Trp-mutants
were able to disrupt the LUVs to similar extents as wt oligomers. (B) The bars show
the ThioT fluorescence induced by 0.5 µM oligomeric αS relative to that measured
in the presence of 0.5 µM fibrillar αS.

(Figure 1C).
Oligomeric mutant αS was prepared following the same protocol as for

αS-wt. The resulting Trp containing oligomers possessed similar properties as
those prepared from αS-wt. The oligomers induced membrane disruption when
added to LUVs and did not induce a considerable increase in fluorescence in a
ThioT fluorescence assay (Figure 2).

The emission wavelength of Trp fluorescence is sensitive to the polarity of
the environment. Spectral analysis of the Trp emission from proteins therefore
reports on the properties of the microenvironment of the corresponding Trp
residues. Solvent exposed Trp residues show a red shift in the fluorescence
compared to buried Trp residues in proteins. The Trp emission spectrum was
recorded for the different mutants of αS in the monomeric and oligomeric form.
In addition, spectra of oligomers in the presence of DOPS LUVs were recorded.
We have previously reported that oligomeric αS can bind and permeabilize
vesicles composed of DOPS (9, 10).

The emission peak wavelengths were determined from the emission spectra
(Figure 3A) by fitting equation 1 (11) (see Materials and Methods). The result-
ing peak wavelengths for monomeric and oligomeric αS are plotted in Figure
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Figure 3. Emission wavelength (A) Tryptophan emission spectrum of oligomeric
αS-124W. The spectrum is fitted with a log-normal function which estimates the
peak emission wavelength and the spectral width at half maximum. (B) The peak
wavelength of the Trp emission plotted for monomeric αS (squares), oligomeric αS
(open circles) and lipid bound oligomers (triangles), as a function of the position of
the inserted Trp. (C) The width of the emission spectrum plotted as a function of
the peak wavelength for monomeric (squares) and oligomeric (open circles) αS. Data
from the spectral analysis of NATA in solvents of different polarity (stars) and a
linear fit through these points are also plotted. The error bars indicate the standard
deviation (n = 2).
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3B and summarized in Table 1. For monomeric αS the Trp emission maximum
wavelengths were between 347 to 349 nm for the 4W, 39W, 69W, 90W and
124W αS mutants and around 355 nm for αS-140W. Emission at these wave-
lengths is indicative of a relatively polar environment for all the monomeric
Trp mutants, as can be expected for an intrinsically disordered protein. In
the oligomeric form, the emission from Trp mutants 4W, 39W, 69W and 90W
was considerably blue-shifted with emission maxima of 336 to 338 nm. These
residues are thus significantly less exposed to the solvent and buried in the ag-
gregate. The blue shift was less pronounced for αS-124W and αS-140W, which
showed emission maxima at 343 and 348 nm respectively. It thus appears that
the highly negatively charged C-terminus of the protein remains more solvent
exposed, and that the residues 4-90 make up the core of the oligomeric aggre-
gate. When DOPS LUVs are added to the oligomers, the Trp emission spectra
of the mutants 4W, 69W and 90W were even more blue shifted. This blue
shift was less pronounced for αS-39WS. The spectra of the 124W and 140W
mutants remained unchanged. The blue shift upon lipid interaction indicates
that these residues might embed in the hydrophobic core of the membrane, or
that the N-terminus changes its conformation upon membrane binding (12).

In addition to the peak wavelength, the width of the emission spectrum also
carries information. In homogeneous solvents the width of the emission spectra
depends on the emission wavelength (11). In heterogeneous emitting systems,
where different populations of Trp residues sense a different environment, spec-
tral broadening does occur. This can be visualized by plotting the emission
width as a function of peak wavelength. A broadened spectrum compared
to the N-acetyl-L-tryptophanamide (NATA) emission in different solvents is
a measure of emitter heterogeneity. As can be seen in Figure 3C, spectral
broadening does not occur for monomeric αS. For the oligomeric protein most
mutants do not show signs of spectral broadening. Only the spectra of the
124W and 140W mutants show considerable deviations from NATA emission
in pure solvents.

Quenching of Trp fluorescence by added solutes is another powerful method
to measure the accessibility of Trp residues (13). Since we have observed in
Chapter 5 that the membrane interaction of oligomeric αS is dependent on
the salt concentration (10), we have chosen acrylamide as a quenching agent
instead of iodide ions. The Trp fluorescence quenching by acrylamide is mainly
a collisional effect and is thus dependent on the concentration of the quencher
and the solvent accessibility of the Trp residue. Figure 4A shows an example
of a typical quenching experiment, where a spectrum is recorded after each
addition of acrylamide. Stern-Volmer plots were generated from these spectra
(Figure 4B). For monomeric and oligomeric αS, the Stern-Volmer plots showed
an upwards curvature. Therefore these were fitted with a modified form of
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Figure 4. Tryptophan quenching (A) Quenching of Trp emission of oligomeric
αS-90W by addition of increasing amounts of acrylamide. (B) Stern-Volmer plots of
monomeric (squares), oligomeric (open circles) and lipid bound oligomeric (triangles)
αS-90W. The data were fitted using the modified Stern-Volmer equation (eq.2). (C)
A plot of the calculated quenching ratio at 0.5 M acrylamide from the fit results
(Table 1) as a function of the position of the inserted Trp for monomeric (squares),
oligomeric (open circles) and lipid bound oligomeric (triangles) αS. The error bars
indicate the standard deviation (n = 2).
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Figure 5. Fibrillar αS (A) Stern-Volmer plot of fibrillar αS-69W. Residual
monomeric αS contributes to the fluorescence signal therefore a two component fit
was used to describe the experimental data. (B) Trp emission spectrum of αS-69W
fibrils, with an emission maximum at ∼324 nm.

the Stern-Volmer equation (equation 2) that also accounts for static quenching
(13). The quenching experiments were performed for all αS Trp mutants.

The results of fitting the Stern-Volmer plots are summarized in Table 1.
Since the curvature of the Stern-Volmer plots might also be caused by a het-
erogeneity of the position of the Trp residue in the oligomer, the Stern-Volmer
constants derived from the fitting procedure were not directly used for compar-
ison of the different Trp mutants. To allow an unbiased comparison among the
different Trp mutants, the fit results were rather used to calculate the quench-
ing ratio at 0.5 M acrylamide as a general parameter of accessibility (Figure
4C). For monomeric αS the Trp fluorescence can be easily quenched especially
at N- and C-termini of the protein (4W and 140W). In the oligomeric form,
the Trp residues in the mutants 4W, 39W, 69W, and 90W are considerably
more protected, which is in agreement with the observed blue shift in emission.
Compared to monomeric αS, the oligomers from the 124W and 140W Trp mu-
tants were more protected from quenching by acrylamide. However consistent
with the view from the spectral analysis that the C-terminus of αS is solvent
exposed, the oligomers from the 124W and 140W mutant showed the highest
Stern-Volmer constants.

To compare the structural properties of oligomers to those of fibrils, Trp
fluorescence spectroscopy and quenching experiments were also performed on
fibrils prepared form the different Trp mutants. However, the results were gen-
erally of poor quality. Around 5 to 10 % of soluble αS (as assayed by the
optical absorbance of the supernatant after centrifugation) was still present
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after a week of aggregation. In addition, fibril containing solutions were turbid
and larger particles sank to the bottom of the cuvette. However, the results
from the 69W mutant highlight that the residues in the hydrophobic amyloido-
genic part of the protein are buried. The Trp emission was highly protected
from quenching by acrylamide (Figure 6). Furthermore, the emission peak
wavelength was shifted to around 324 nm. In the densely packed amyloid core
of the fibrils, the residues are thus considerably more protected compared to
the oligomers.

Discussion

Elucidating the conformation of intermediates in the aggregation of αS remains
an important question that is still unresolved. Although oligomeric αS is known
to contain secondary structural elements (4, 5), more detailed information on
how individual monomers are arranged in the aggregate is not available. Trp
fluorescence is an extremely useful tool to learn about protein structure and has
successfully been used to monitor αS conformational changes (7, 14-16). The
data presented here allow a unique view on how individual monomers might
be arranged in an oligomeric aggregate.

The αS Trp mutants used in this study formed amyloid fibrils and oligomers
prepared from these mutants had similar properties as those prepared from αS-
wt. We therefore conclude that the inserted Trp residues did not significantly
affect αS conformational properties. Monomeric αS has the characteristics of
an intrinsically disordered protein (17). In solution the protein has no de-
fined secondary and tertiary structure. Although the Stokes radius is larger
compared to a globular protein of similar weight, the protein is most likely
not fully extended but rather partially collapsed (18). Long range interactions
between the N- and C-terminus of the protein have been reported (19). Our
results support this view of the αS monomer. The Trp emission maxima of
around 348-349 nm for mutants 4W, 39W, 69W, 90W and 124W and around
355 nm for 140W, point to a polar environment. Generally the emission wave-
lengths are slightly blue shifted compared to free NATA in water ( λmax 355
nm). Since the Trp emission wavelength can also be influenced by neighboring
residues (12), acrylamide quenching studies give additional information. Trp
fluorescence was efficiently quenched with typical Stern-Volmer constants of
around 10-20. Thus for monomeric αS all residues are considerably solvent
exposed, which is consistent with other reports (20).

The aggregation of αS is driven by an hydrophobic stretch of amino acids in
the middle of the protein sequence (21). Although the exact fibril structure of
αS is not yet resolved, it is generally considered that residues ∼35-100 form the
amyloid core of the fibril (20, 22). This core is densely packed and protected
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from proteolysis (23) and hydrogen-deuterium exchange (20). How the struc-
ture of the oligomeric species is related to the fibrillar structure is currently
not known. Our data show that especially the residues in the N-terminus and
in the hydrophobic core (mutants 4W, 39W, 69W and 90W) sense a consider-
ably more apolar and protected environment compared to the monomer. The
peak wavelength of the Trp emission for these residues is blue shifted to around
336-338 nm. In addition, quenching by acrylamide is reduced to Stern-Volmer
constants of typically around 4. However, these values differ from completely
buried Trp residues in proteins (24, 25). We have observed significantly larger
blue shifts and smaller Stern-Volmer constants from fibrils from Trp-mutant
αS-69W. Thus, compared to αS fibrils, oligomers are most likely less densely
packed. The C-terminus appears to be the part of the protein that is most
exposed to the solvent for oligomeric αS. The emission wavelength showed a
smaller blue shift and the Stern-Volmer constants were higher compared to
the other mutants. The fact that the C-terminus remains relatively exposed
is consistent with it being highly soluble and with containing many negatively
charged residues.

The interaction of oligomeric αS with membranes has been suggested as
a possible mechanism of toxicity (1). Permeabilization might occur through
a pore-like mechanism (4, 26), although the interaction is still not well un-
derstood. The membrane binding of monomeric αS has been much better
characterized. Monomeric αS specifically binds negatively charged lipids (27).
The N-terminal residues ∼1-100 participate in lipid binding and fold into an
α-helical conformation (28). We have shown in Chapter 4 and 5 that oligomeric
αS also specifically binds to negatively charged membranes (9). This implies
that the lipid binding of oligomeric αS possibly involves the same N-terminal
residues. The data presented here support this idea.

Upon addition of DOPS LUVs to oligomeric αS, we observed a pronounced
blue shift in the Trp emission spectra of the 4W, 69W and 90W mutants. This
blue shift could be the result of a direct interaction with the hydrophobic core
of the membrane. Alternatively, a conformational change in the αS oligomer
could also result in the change in Trp emission. However, both explanations
point to changes in the N-terminus upon the interaction of oligomeric αS with
lipids. The 39W mutant showed a less pronounced blue shift. The reason for
this is unclear; for instance there are no highly charged residues in this part of
the protein which would prevent this region from interacting with the bilayer
interior. We note that this position is located directly next to a break in the
α-helical lipid binding motif of the monomeric protein (29). The C-terminal
mutants 124W and 140W did not show a blue shift. The high negative charge of
the C-terminus might prevent this part of the protein from interacting with the
negatively charged membrane. Quenching by acrylamide is generally slightly
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reduced in the presence of DOPS LUVs and the C-terminus remains the most
solvent exposed part of the protein.

In summary, the data presented here offer site specific information on the
conformational characteristics of αS oligomers. From our data we conclude that
in the oligomeric form of αS, residues 4-90 make up the core of the aggregate
while the C-terminus is most solvent exposed. In addition, we propose that
lipid binding of oligomeric αS is mediated by the N-terminus.

Materials and Methods

Purification of αS and preparation of oligomers. The following mutants of αS
with single tryptophan amino acid substitutions were generated by site-directed
mutagenesis: Phenylalanine to Trp at position 4 (αS-4W), Tyrosine to Trp at
39 (αS-39W), Alanine to Trp at position 69 (αS-69W), Alanine to Trp at
position 90 (αS-90W), Alanine to Trp at position 124 (αS-124W) and Alanine
to Trp at position 140 (αS-140W). Purification of mutant αS and preparation
of the oligomeric species were performed similar to αS-wt as was described in
Chapter 2.

Aggregation assay. Aggregations of the different αS Trp mutants were per-
formed in a Tecan Safire platereader. The protein was incubated in a 96 well
plate at 37 ◦C with orbital shaking, at a concentration of 100 µM in 10 mM
Hepes pH 7.4 and 50 mM NaCl in the presence of 40 µM of the dye ThioT.

Vesicle permeabilization. The vesicle permeabilization assay was performed
similar as described in Chapter 3.

Atomic force micoscopy. AFM was performed as described in Chapter 2.
Preparation of LUVs. To prepare LUVs, 2 mg of DOPS from a stock

solution in chloroform was deposited in a glass vial. The lipids were dried using
a gentle stream of nitrogen gas. Residual chloroform was removed by drying
the lipid film in a vacuum for at least 4 hours. The lipid film was hydrated by
the addition of a solution of 10 mM HEPES, pH 7.4, 150 mM NaCl. LUVs were
subsequently obtained by extrusion through a polycarbonate filter membrane
with a pore size of 100 nm.

Fluorescence spectroscopy. Fluorescence spectra were recorded on a Jobin
Yvon Fluoromax 4 fluorimeter. The excitation wavelength was set at 295 nm
to prevent excitation of the Tyrosine residues of αS. Fluorescence emission was
recorded from 310 to 500 nm. The slit width was set to 5 nm for both the
excitation and emission. Fluorescence spectra were obtained at a protein con-
centration of around 2 µM. For the quenching experiments, acrylamide from a
40 % stock solution (weight/volume) was added in 5 µl aliquots, to 500 µl of
protein solution. After each addition a spectrum was recorded. For the mea-
surements in the presence of LUVs, polarizers were inserted into the emission
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and excitation pathway. DOPS LUVs were added to a final concentration of
around 0.6 mM. Possible artifacts due to scattering by the LUVs can be min-
imized by setting the polarizers in an orthogonal arrangement. Fluorescence
spectra were corrected for the instrument response after background subtrac-
tion and for inner filter effects due to light absorption by acrylamide. All
experiments were performed in duplicate.

Data analysis. The emission peak wavelength and width of the emission
peak were estimated by fitting the emission spectra I(λ) with a log-normal
function (11),

for:

λ > λmax −
ρΓ

ρ2 − 1
,

I(λ) = Imaxexp

[
ln2

ln2ρ
ln2

(
1− (λ− λmax)(ρ2 − 1)

ρΓ

)]
(1)

and for:

λ < λmax −
ρΓ

ρ2 − 1
, I(λ) = 0

where ρ describes the asymmetry of the peak, Γ is the width at half maximum
of the spectrum and λmax is the fluorescence intensity at the peak wavelength.

Fluorescence quenching experiments were analyzed by creating Stern-Volmer
plots, which plots the quenching ratio as a function of the concentration of
quencher present. The fluorescence emission intensity was determined by inte-
grating the emission spectrum from 310 nm to 450 nm. The quenching curves
were fit with the modified form of the Stern-Volmer equation,

F0

F
= (1 +Ksv[Q])eV [Q] (2)

where F0 is the fluorescence intensity in the absence of quencher, Ksv is the
Stern-Volmer constant, [Q] is the molar concentration of quencher and V is the
static quenching constant.
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Chapter 7
Membrane permeabilization by

oligomeric α-synuclein: In search
of the mechanism

How the aggregation of the neuronal protein α-synuclein contributes to neu-
ronal toxicity in Parkinson’s disease has been the subject of intensive research
over the past decade. Recently, attention has shifted from the amyloid fibrils
to soluble oligomeric intermediates in the α-synuclein aggregation process. It
has been hypothesized that these so called oligomers are cytotoxic through
the disruption and permeabilization of cellular membranes possibly by form-
ing pore-like complexes in the bilayer. Although the subject of α-synuclein
oligomer-membrane interaction has attracted much attention, the oligomer
pore hypothesis only relies on a small body of evidence. In this chapter we
have tried to gain insight into the mechanism of lipid bilayer disruption by
α-synuclein oligomers using a number of in vitro bilayer systems and assays.
Dye efflux from vesicles induced by oligomeric αS is a fast all-or-none process.
A newly developed assay based on a dextran coupled dye showed that non-
equilibrium processes dominate the disruption of the vesicles. The membrane
permeability appears to be caused by large defects in the bilayer as even a 70
kDa dextran could escape the vesicle interior. The bilayer defects may be due
to the instability of lipid bilayers with a high negative charge density. Vesicles
from negatively charged lipids were generally unstable to protein adsorption.
The presence of calcium stabilizes the vesicles. Under these conditions the
properties of the efflux process might be consistent with a pore model. Perme-
abilization was selective to the molecular weight of the marker and persisted
after equilibration of the oligomer containing membrane. However, in the pres-
ence of calcium, non-equilibrium processes at the initial stages after oligomer
addition have a major contribution to the permeability of the membrane, which
points to the occurrence of bilayer defects.
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Introduction

In recent years attention has shifted to the early stages of the aggregation
process of αS. Oligomeric intermediates in the aggregation of αS have been
found to be more toxic to cells than monomeric or fibrillar forms of the protein
(1, 2). A possible mechanism by which oligomers could be toxic is through
the disruption and permeabilization of cellular membranes (3-5). To test this
hypothesis mainly in vitro model systems have been used. Oligomeric αS has
been shown to permeabilize synthetic phospholipid vesicles (5, 6). The solute
efflux from these vesicles was found to be selective for the molecular weight
of the entrapped marker and might thus occur through a pore-like mechanism
(7). Formation of pore-like complexes by αS is supported by the observation
of donut shaped protein particles by electron microscopy and AFM (8, 9). In
addition, single channel activities have been observed in planar lipid bilayer
systems (8). However, the literature data are not conclusive. A thorough
electrophysiological characterization of the hypothesized αS pore is still lacking.
This is critical, as there are many ways in which proteins can destabilize the
membrane integrity (10). Whether oligomer membrane disruption indeed has
a role as an important cytotoxic mechanism is still unclear. Even in vitro, the
process of oligomer membrane disruption is still not well understood.

In this chapter we have tried to determine the mechanism by which oli-
gomeric αS induces membrane permeabilization. Results from dynamic light
scattering (DLS), confocal microscopy and a fluorescence re-quenching assay
indicate that disruption of vesicles occurs in a rapid all-or-none fashion in which
the overall vesicle morphology is not changed. However, the disruption of the
membrane most likely occurs through the appearance of large defects in the
bilayer, since high molecular weight dextran molecules could escape the vesicle
interior. This disruption mechanism could be caused by the instability of the
negatively charged membranes. The vesicles composed of negatively charged
lipids proved unstable to the adsorption of different unrelated proteins. How-
ever, in the presence of calcium, oligomers possibly permeabilize the membrane
through a pore-like process. A newly developed method based on a dextran
coupled dye and an external quencher, allows us to measure the permeabil-
ity of the membrane as a function of equilibration time after the addition of
oligomeric αS. The results from this assay show that even in the presence of
calcium, non-equilibrium phenomena have a large contribution in the disrup-
tion process. However, membrane permeabilization was sensitive to the size
of the marker and permeabilization was not transient and persisted even after
equilibration of the membrane.
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Figure 1. Single channel recordings Recordings of channel events in a POPG
planar lipid bilayer. The current was recorded with a transmembrane potential of
100 mV in the presence of 500 nM oligomeric αS. Such activity was only observed if
the membrane was formed and broken repeatedly. The top and bottom panels show
the events observed in two separate experiments.

Results

It has been suggested that membrane permeabilization by oligomeric αS occurs
through the insertion of pore-like complexes in the membrane. The planar lipid
bilayer technique is well suited to characterize proteins that form ion permeable
pores in lipid bilayers and has been used to show pore-like properties of αS
oligomers (8). However, the technique is extremely sensitive and prone to
artifacts, as the observed activities are essentially single molecule events. To
prove a pore-like model, a thorough, reproducible study is necessary.

We and others, have demonstrated that LUVs of POPG are vulnerable
to permeabilization by oligomeric αS (7, 11). Therefore, POPG was used
to create planar lipid bilayers. The monolayer folding technique was used
to create solvent free lipid bilayers (12). The resulting POPG bilayers were
only stable for a short time, generally a few minutes to less then a minute
(at a membrane voltage of 100 mV), thereby making it very difficult to assess
the effect of the protein on membrane stability. After a stable bilayer was
obtained a small amount of oligomeric protein (final concentration 200 nM)
was added to the solution on both the cis- and trans-side of the membrane
and the solution was thoroughly mixed. No current jumps characteristic of
insertion of pore-like proteins were observed under normal conditions. Only if
the membrane was broken and reformed repeatedly, by lowering and raising the
water-air interface, while mixing intermittently, events which could represent
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Figure 2. Efflux kinetics Confocal microscopy images of POPG GUVs filled with
the dye HPTS (green). The quencher DPX was present on the outside of the vesicles.
The GUV membrane was stained with DOPE-Rhodamine (red). The consecutive
images (time stamp in seconds) show the kinetics of dye efflux from a single GUV.

pore insertion were sometimes observed (Figure 1). However, these events were
very difficult to reproduce, partly because the conditions required for these
events also induce membrane instability. The insertion events were analyzed in
more depth using the QuB software suite (13). Comparing the results between
separate experiments did not reveal a single conductance level or characteristic
kinetics. For instance the events shown in Figure 1A showed a conductance
level of around 0.05 nS with a long average lifetime of around 129 ms. The
experiment shown in Figure 1B revealed conductance levels of 0.14 nS and 0.08
nS with fast kinetics with a lifetime of around 1.0 ms. Good statistics and
reproducibility are necessary for reliable conclusions. Therefore, these results
are not sufficient to prove a pore-like mechanism of disruption. We have for
instance observed similar current jumps in POPG bilayers in the absence of
protein, due to hydrostatic pressure differences between the cis- and trans-
chambers.

To gain more insight into the mechanism of the disruption process, confocal
fluorescence microscopy was used to observe the oligomer induced membrane
permeability of giant unilamellar vesicles (GUVs). POPG GUVs encapsulat-
ing the dye HPTS were created and the lipid dye DOPE-Rhod was added to
the lipid composition to visualize the bilayer. The GUVs were diluted from
salt free stock solutions into salt containing buffer solutions. To further re-
duce the signal from un-encapsulated HPTS, the quencher DPX was added
to the solution. The resulting GUV solutions were stable and showed good
encapsulation of HPTS. When oligomeric αS was added to the imaging cham-
ber, the fluorescence from the vesicle interior was lost, either through HPTS
efflux or DPX influx. By continuously imaging the GUVs just after oligomer
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Figure 3. Vesicle integrity DLS on POPG LUVs at a lipid concentration of 20 µM
in the presence of 1 µM oligomeric αS. Size distributions were acquired at different
time points after oligomer addition: t = 0 (black dotted line), t = 15 minutes (red
solid line).

addition, the leakage process could be followed over time. Figure 2 shows sev-
eral consecutive images after the addition of oligomeric αS. The images show
that the leakage process is very fast and that vesicles appear morphologically
unchanged.

To confirm that vesicles remain largely intact upon oligomer addition, DLS
experiments were performed. αS oligomers were added to POPG LUVs and
the particle size distribution was followed over time. Figure 3 shows the char-
acteristic size distribution of LUVs in the presence of oligomeric αS. Just after
the addition of oligomers (t = 0), two distinct peaks corresponding to a size
of around 18 nm for oligomeric αS and 110 nm for the POPG LUVs were ob-
served. After 30 minutes both peaks were still present in the size distribution.
The vesicle peak was shifted to slightly larger sizes of around 120 nm. The
amount of light scattering from particles increases with increasing size of the
particles. Corresponding to the shift in the particle size distribution, the pho-
ton count rate of the scattered light increased during the incubation time. The
increase in size could be caused by an adsorbed protein layer on the outside of
the vesicles, or an increase in surface area of the membrane surface due to pro-
tein insertion. Clearly, the LUVs are not completely destroyed or solubilized
by oligomeric αS, but remain largely intact over the course of the experiment.
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Figure 4. All-or-none release POPG LUVs encapsulating HPTS/DPX were
mixed with different amounts of oligomeric αS to a final lipid concentration of 25
µM. The quenching ratio Qin in the vesicle interior does not change as a function
of the amount of escaped dye fout, which indicates that dye efflux from the LUVs
occurs through an all-or-none mechanism.

The mechanism by which LUVs release their content upon interaction with
oligomeric αS was further studied by using a re-quenching assay based on the
HPTS/DPX dye quencher pair. Dye release can occur either though an all-or-
none or a graded mechanism (14). In other words: if half of the encapsulated
solute has escaped, this can either be the result of half of the vesicles releas-
ing all their content, or all vesicles releasing half of their content. The dye
quencher pair HPTS/DPX was co-encapsulated inside LUVs which causes the
fluorescence of HPTS to be quenched by a certain ratio Qin. In the case of all-
or-none release, the ratio Qin is independent of the fraction of escaped solute
fout. In the case of graded release, assuming there is no preferential release
of HPTS over DPX, the ratio Qin, depends on the fraction of escaped solute,
since this causes the DPX concentration to drop. The quenching ratio inside
the vesicles as a function of the amount of escaped solute is experimentally
accessible by titrating DPX to LUVs after solute efflux has occurred, as is de-
scribed in the Materials and Methods section. In the experiment, POPG LUVs
were incubated with different concentrations of oligomeric αS, after which Qin
and fout were subsequently determined. The results in Figure 4 show that Qin
remains roughly constant with the increase of the escaped fraction of dye fout,
indicating that leakage occurs through an all-or-none mechanism. This result
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Figure 5. Vesicle stability Stability of POPG LUVs to protein absorption was
measured by the calcein efflux induced by the addition of different concentrations of
several proteins at a phospholipid concentration of 20 µM. The error bars indicate
the standard deviation (n = 3).

supports the data from the confocal microscopy experiment in which dye efflux
from GUVs was extremely rapid and proceeded until the vesicle fluorescence
intensity inside and outside the GUV were similar.

Since calcein efflux has also been observed upon addition of monomeric
and fibrillar αS (15), disruption of the vesicles might represent a measure of
intrinsic vesicle instability rather than a specific mechanism. Therefore, the
stability of POPG LUVs to protein adsorption was investigated by adding a
number of unrelated proteins. Proteins were selected to have a range of different
properties such as molecular mass, charge and biological function. The results
are summarized in Figure 5. Bovine cytochrome c (12.3 kDa, pI 9.3) and
horse apoferritin (443 kDa, pI 4.3) did not significantly affect vesicle stability.
Rabbit aldolase (168 kDa, pI 8.1) and bovine serum albumin (66 kDa, pI 4.9)
were able to disrupt 50 % of the POPG LUVs at high concentrations of around
0.2 and 0.5 mg/ml respectively. Bovine thyroglobulin (660 kDa, pI 4.5) and
lectin from Lens Culinaris (24 kDa, pI 8.5) were even more effective in inducing
calcein efflux from the LUVs with 50 % efflux at approximately 0.02 mg/ml.
As a positive control, the membrane disrupting peptide melittin from honey
bee venom, induced a 50 % leakage at around 0.0005 mg/ml. Oligomeric αS
induced 50 % leakage at ∼0.0018 mg/ml. No correlation between the induced
leakage and the protein size or charge was observed, so the disruptive effect
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Figure 6. Transient permeabilization To measure if vesicle permeabilization
was transient POPG LUVs encapsulating dextran-PTS were prepared. The quencher
DPX was added ∆t after mixing the vesicles with oligomeric αS to a final concen-
tration of 0.25 mM lipid and 1.5 µM αS. The dotted line is a background curve in
the absence of protein. After ∼15 minutes Triton X-100 is added to disrupt all vesi-
cles, the curves are normalized to this final value. (A) In the absence of calcium the
dextran-PTS conjugate escapes the vesicle interior upon protein interaction (3 kDa
red lines, 70 kDa blue lines). (B) POPG LUVs encapsulating a 3 kDa dextran-PTS.
In the presence of 5 mM Ca2+, the 3 kDa dextran-PTS remains in the vesicle interior.
The amount of DPX influx is reduced upon increasing equilibration time (∆t = 0,
0.5, 1, 5, 20 and 60 minutes).

is determined by specific structural features rather than broad biochemical
characteristics. Oligomeric αS was more effective in disrupting POPG LUVs
than many of the other proteins used, and was around 4 times less effective than
melittin which is a well-characterized membrane disrupting peptide. Although
disruption of LUVs is thus most likely related to the structural properties of
the αS oligomer, vesicle instability to protein absorption clearly is an issue for
negatively charged LUVs.

The results that negatively charged LUVs are unstable to protein adsorp-
tion, that vesicle efflux from single GUVs is rapid, and that leakage occurs
through an all-or-none mechanism, led us to hypothesize that the dye efflux
could be due to a transient non-equilibrium process. Membrane defects could
occur upon binding of the oligomers to the membrane. For instance, the bi-
layer might be perturbed by the increased surface area in the outer leaflet
upon protein adsorption. After a certain period the bilayer has accommodated
the protein and could reach a new equilibrium state in which no defects are
present. To be able to assess the permeability of the membrane at a certain
time point after the addition of oligomeric αS, a new assay was developed. An
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isothiocyanate derivative of HPTS was conjugated to amine-modified dextran
of different molecular weights (3 kDa, 10 kDa and 70 kDa). If the mem-
brane defects are small, the dextran-PTS conjugate will stay encapsulated in
the LUV interior. Membrane permeability can subsequently be measured by
adding DPX, which quenches the dextran-PTS fluorescence if it can cross the
vesicle membrane.

In the experiment POPG LUVs containing the dextran-PTS conjugate were
mixed with oligomeric αS. DPX was either present from the start of the ex-
periment or added after a certain reaction time. Figure 6A shows how the
dextran-PTS fluorescence changes over time. If DPX is present from the start
of the experiments the fluorescence is rapidly quenched. However, if the LUVs
were incubated with oligomeric αS for 20 minutes, the fluorescence was imme-
diately lost on DPX addition. This indicates that the dextran conjugate most
likely has escaped from the vesicle interior. This was also the case for the 70
kDa dextran conjugate indicating that the initial membrane defects are large.

It has been reported that solute efflux induced by oligomeric αS is size
selective in the presence of calcium ions (7). Figure 6B shows the results
for the time dependent membrane permeability in the presence of calcium.
When oligomeric αS, LUVs and DPX were mixed at the same time a clear
decrease in fluorescence intensity was observed. Subsequently, if the LUVs
were preincubated with oligomeric αS a certain time before DPX addition, the
majority of dextran-dye conjugate was retained in the vesicle interior. This
allowed us to map the permeability of the membrane to DPX as a function
of incubation time of the LUV-oligomer mixture. The results indicate that
the membrane permeability is largest immediately after addition of the αS
oligomers. The initial defects seem to heal swiftly and permeability goes down
within 5 minutes to a stable level. However, this level of permeability was
not reduced any further even after 60 minutes of equilibration time of LUVs.
This implies that in the presence of calcium the vesicle permeabilization is not
a transient process. However, non-equilibrium phenomena in the first minute
after oligomer addition to LUVs have a major contribution on the observed
membrane permeability.

Discussion

Oligomeric intermediates in the aggregation process of αS are often considered
as possible toxic species. The disruption and permeabilization of cellular mem-
branes has been suggested as a likely mechanism of toxicity (2, 7). However,
this hypothesis is only supported by a small body of experimental evidence and
the molecular details of the process are not known. In this chapter we have
tried to determine the mechanisms through which oligomeric αS disrupts and

113



Chapter 7

permeabilizes the lipid bilayer.
A possible mechanism by which oligomeric αS can cause membrane perme-

abilization is through the formation of pore-like structures in the membrane.
Single channel recording is an excellent technique to characterize pore insertion
events. However, for oligomeric αS the technique has yielded varying results (3,
8). Both single channel-like events as well as an increase in permeability with-
out distinct channel events have been observed. A disadvantage of the planar
bilayer technique is that it is extremely sensitive and one has to ensure the data
is reproducible. Although we have sometimes observed pore-like events, these
events were not easily reproduced. The instability of planar bilayers composed
of negatively charged lipids, even in the absence of oligomers, posed major
problems. We have not seen evidence for the increased permeability without
channel events (3), which is thought to be caused by membrane thinning or
a change of the membrane dielectric structure (16). However recent evidence
indicates that such events may be caused by the presence of residual amounts
of solvents that are used in some protocols of oligomer preparation (17). The
results from the planar lipid bilayer technique thus seem inconclusive. Ex-
perimental conditions that optimize the membrane stability and improve the
protein insertion need to be identified.

To overcome these difficulties and to identify mechanistic aspects of the
permeabilization process, several assays based on LUV and GUV systems were
used. Confocal microscopy on GUVs shows that the disruption process is ex-
tremely fast and without changes to vesicle morphology. Results from DLS
experiments confirm that LUVs stay largely intact upon oligomer interaction.
Additionally, LUVs containing the dye quencher pair HPTS/DPX were used to
show that vesicle disruption occurs through an all-or-none mechanism. These
data led to the hypothesis that vesicle permeabilization might be a transient
event. In such a process defects occur upon protein adsorption, but are healed
when the membrane reaches a new equilibrium state. In order to measure tran-
sient permeabilization, an assay was developed based on the quencher DPX and
a derivative of the dye HPTS conjugated to high molecular weight dextrans.
This assay allows measuring the membrane permeability at different equilibra-
tion times after addition of the protein. In the absence of calcium however
membrane defects were too large, and even the 70 kDa dextran was able to es-
cape the LUV interior. It is unlikely that the inner radius of the hypothesized
αS pore is large enough to allow diffusion of the 70 kdA dextran (7-9). Thus in
the absence of calcium, disruption of POPG vesicles most likely does not occur
through a pore-like mechanism but rather through large defects.

These defects could be caused by the instability of the negatively charged
LUVs. Many different unrelated proteins were found to cause calcein efflux
from POPG LUVs if added in sufficient amounts. It has indeed been reported
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that vesicles containing high amounts of negatively charged vesicles are rup-
tured more easily by mechanical forces (18). However, the disruption of the
vesicles is not merely related to the vesicle instability but also to the struc-
ture of oligomeric αS. Compared to the different proteins added to the vesicles,
disruption by oligomeric αS occurred in a concentration range more similar
to melittin, which is a well known membrane disruptive protein. The finding
that other proteins were less efficient in permeabilizing the membrane could
be due to a difference in binding affinity for the POPG LUVs. However, the
mode of binding is clearly important. It was reported in Chapters 3 and 5
that monomeric αS has a higher lipid affinity but does not disrupt the vesicles
as efficiently. Under specific conditions monomeric αS can even stabilize the
membrane. Therefore, the oligomers must contain structural properties that
make it highly destabilizing to the bilayer integrity.

We have previously chosen to characterize the process of membrane perme-
abilization by oligomeric αS in the absence of calcium to reduce the complexity
of the system. The selectivity of solute efflux as known from literature was mea-
sured in the presence of calcium (7). The findings presented in this chapter
are in good agreement with this previous report. In the presence of calcium a
size selectivity for marker diffusion across the POPG membrane was observed.
The addition of oligomeric αS to LUVs did not induce the release of 3 kDa
dextran-PTS and the quencher DPX (422 Da) was able to cross the membrane
and quench the encapsulated fluorescent dextran conjugate. However, care
should be taken in considering these findings as direct evidence for the pore
model. Non-equilibrium processes still contribute to the disruption process,
which points to the presence of membrane defects. Membrane permeability is
greatest immediately after the addition of oligomeric αS. The permeability of
the membrane is not transient but goes down to a plateau level after equilibra-
tion. For a pore-like mechanism one would expect that the initial permeability
is lowest and subsequently goes up to a plateau level, since the protein first
has to bind and insert into the bilayer. An alternative explanation to the pore
model is that in the presence of calcium, leakage still occurs through defects
due to bilayer instability. The average size and lifetime of the defects might be
related to the degree of membrane instability and membrane stress. In fact,
even protein free lipid bilayers are known to contain unstable defects with fi-
nite sizes under conditions of stress (19). Thus, such a mechanism might be
possible and would also explain our observations of single channel-like events
with inconsistent conductance levels.

Summarizing, αS oligomers are clearly a membrane active species, and have
a destabilizing effect on the bilayer integrity. Oligomers are relatively efficient
at disrupting the vesicles compared to other proteins, which may be linked to
structural features of the oligomeric complex. A pore-like mechanism is possi-
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ble, although non-equilibrium processes very likely have a major contribution
to the observed permeabilization. Defects due to protein adsorption and vesicle
instability do occur. Therefore extreme care should be used when using highly
negatively charged vesicles as a model system for detecting oligomer membrane
permeabilization.

Materials and Methods

Purification of monomeric and oligomeric αS. Purification of αS and prepara-
tion of oligomeric species was performed as in Chapter 2.

Planar lipid bilayer measurements. Solvent free planar lipid membranes
were formed by the joining of lipid monolayers according to the method of
Montal and Mueller (12). A small aperture (40-70 µm) was punched through
a 40 µm thick Teflon film by an electric discharge. The film was clamped
between two Teflon cuvettes and the aperture was pretreated on both sides
with 3 µl 1 % (v/v) hexadecane in hexane. After evaporation of the hexane,
250 µl of 10 mM HEPES pH 7.4, 150 mM KCl was added to both sides of
the film. Lipid monolayers were formed on top of the solution by adding 1 µl
of lipids in pentane (5 mg/ml). The solvent was allowed to evaporate for 10
min. Lipid bilayers spontaneously formed by lowering and raising the liquid
level on one side of the aperture. Membrane conductance was measured by two
Ag/AgCl electrodes on the cis- and trans-side of the membrane. The electrodes
were connected to an Axopatch 200B amplifier (Axon instruments). Signals
were digitized using a Digidata 1440A (Axon instruments) digitizer and stored
on a personal computer for further analysis. The cuvette and amplifier head
stage were located in a Faraday cage inside an acoustically isolated room to
minimize environmental noise contributions. Membrane quality was assessed
by measuring bilayer capacitance and conductance. The data was analyzed
using the QUB software package (13).

Preparation of GUVs. Around 0.05 % DOPE-Rhod was added to the mem-
brane lipid composition. Approximately 1 mg of total lipid in chloroform was
deposited in a glass vial and dried using nitrogen gas. Residual chloroform
was removed by drying under vacuum for 4 hours. GUVs were subsequently
created by gentle hydration. The lipid film was hydrated for 6 hours at room
temperature in 500 µl of sucrose solution containing 20 µM of HPTS of equal
osmolarity to 10 mM HEPES pH 7.4, 150 mM NaCl.

Confocal Microscopy. Confocal microscopy was performed on a Zeiss LSM
510 confocal microscope. DOPE-Rhod was excited at 543 nm using a green
HeNe laser and HPTS was excited using the 488 nm Argon laser line. Emis-
sion from both dyes was measured simultaneous using the appropriate dichroic
mirrors and filter sets. HPTS filled GUVs were diluted to approximately 30
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µM lipid concentration in 10 mM HEPES, pH 7.4, 150 mM NaCl and 10 mM
DPX. A solution of oligomeric 5 µM αS in 10 mM HEPES pH 7.4 and 150 mM
NaCl was injected at one end of the imaging chamber and allowed to slowly dif-
fuse though the chamber (final concentration ∼ 1.5 µM). GUVs were followed
by confocal microscopy in continuous imaging mode. Imaging conditions were
optimized with respect to the temporal resolution.

Preparation of LUVs. POPG was obtained from Avanti Polar lipids and
used without further purification. LUVs were prepared by extrusion. First a
thin lipid film was formed by drying around 0.5 mg of lipid in a glass tube
using a gentle stream of N2. Trace amounts of solvent were removed by drying
under vacuum for at least 4 hours. The lipid film was then hydrated by adding
a solution, 150 mM NaCl, 10mM HEPES, pH 7.4 containing the solute to be
encapsulated in the vesicle, unless noted otherwise. Hydration was continued
for 1 hour, with vortexing approximately every 15 minutes. The sample was
subsequently subjected to 5 freeze-thaw cycles by dipping into liquid nitrogen
and thawing above the lipid phase transition temperature. The resulting so-
lution was extruded 11 times through a polycarbonate membrane filter with a
100 nm pore size. This procedure was repeated once with a new filter. Un-
encapsulated dye was separated from the vesicles by gel filtration through a
PD10 column packed with Sephadex G-100 (GE) unless noted otherwise. The
total phospholipid concentration was determined according to the protocol of
Chen et al. (20).

Calcein Efflux assay. The calcein efflux assay was performed as described
in Chapter 3.

DLS. The DLS experiments were performed on a Malvern Zetasizer Nano
zs. Oligomeric αS and POPG LUVs in 10 mM Hepes pH 7.4 and 150 mM NaCl
were mixed to a final concentration of 20 µM lipid and 1 µM αS oligomers and
placed in a 3 mm path length quartz cuvette. Light scattering was measured
over 15 minutes in 5 second runs. Data analysis was performed using the
Malvern DTS software.

Fluorescence re-quenching assay. The assay was performed similar to the
protocol as published by Ladokhin et al. (14), with the modification that
the dye 8-Hydroxypyrene-1,3,6-trisulfonic acid (HPTS) was used in combina-
tion with the quencher p-Xylene-bis(N-pyridinium bromide) (DPX). Both com-
pounds were obtained from Sigma-Aldrich. The assay tries to discern two dif-
ferent scenarios: If 50 % content release from vesicles is observed is this caused
by half of the vesicles releasing all their content (all-or-none mechanism) or by
all vesicles releasing half of their content (graded release).

The quenching ratio of HPTS is dependent on the DPX concentration. If
vesicles are disrupted by an all-or-none mechanism, the quenching ratio in-
side the vesicles that are still intact has not changed. For graded release the
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quenching ratio inside the vesicles changes due to the efflux of DPX (assum-
ing that DPX and HPTS have a similar probability to be released from the
vesicle). Thus by estimating the quenching ratio of the vesicle interior (Qin)
as a function of vesicle disruption represented by the fraction of released dye
fout, it is possible to discern graded (Qin changes with fout) from all-or-none
release (Qin remains constant with respect to fout). Both Qin and fout are
experimentally accessible through the following equation:

Qtot = Qoutfout +Qin(1− fout) (1)

In a typical experiment the protein is allowed to interact with vesicles causes
a fraction of dye efflux or fout and a certain value of Qin. After leakage from
the vesicles has reached a plateau value, DPX is added in aliquots, which leads
to several values of Qout that are determined from a calibration curve. From
measuring the fluorescence intensity after each addition of DPX, Qtot can be
calculated, since Qtot = Fmax/F . The maximum possible value of fluorescence
(Fmax) is determined by breaking all vesicles through the addition of triton
X-100 after the final DPX addition. By plotting Qtot as a function of Qout, the
values for fout and Qin are determined from the slope and intercept of a linear
fit.

POPG LUVs filled with 1mM HPTS, 2.5 mM DPX in 10 mM HEPES,
pH 7.4 and 150 mM NaCl were prepared by extrusion. HPTS fluorescence was
measured on a Varian Eclipse fluorimeter, with the excitation wavelength at 440
nm (10 nm slit) and emission was measured from 480 nm to 530 nm (10 nm slit).
Vesicles were mixed with αS oligomers at several protein concentrations and a
final lipid concentration of 25 µM. After 30 minutes the HPTS fluorescence was
measured and subsequently DPX was added in aliquots to a final concentration
of 3 mM. After each addition the HPTS emission spectrum was measured. After
the final DPX addition 0.5 % (weight/volume) Triton X-100 was added and a
spectrum was measured.

Transient permeabilization assay. For the transient permeabilization assay,
amine modified dextran molecules were labeled with an isothiocynate deriva-
tive of the dye HPTS. The resulting dextran-PTS conjugate could be effectively
quenched with DPX. Dextran (3 kDa, 10 kDa and 70 kDa) functionalized with
amino groups was obtained from Invitrogen. The dye 8-Isothiocyanatopyrene-
1,3,6-trisulfonic acid trisodium salt was obtained from Sigma-Aldrich. For dex-
tran labeling around 2.5 mg of dye and 7.5 mg dextran were dissolved in 400
µl sodium bicarbonate buffer pH 9. After a two hour incubation, free dye was
separated from the dextran bound dye by size exclusion chromatography. For
the 3 kDa and 10 kDa dextran a Superose 12 column (GE) was used. The
70 kDa dextran was separated on a Superdex 200 column (GE), with 10 mM
HEPES pH 7.4 and 50 mM NaCl as elution buffer. The fractions containing
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dye labeled dextran were pooled and concentrated using a Vivaspin (Sartorius)
centrifugal concentrator with the appropriate molecular weight cutoff. For hy-
dration around 150 µl of the resulting labeled dextran solution was added to 2
mg of dried POPG lipids. After extrusion the LUVs were separated from the
free dextran by size exclusion chromatography on a Superdex 200 column. Flu-
orescence from the dextran-PTS filled LUVs was measured on a Varian Eclipse
fluorimeter. The excitation wavelength was 430 nm with a 5 nm slit width
and emission was measured at 500 nm with a 20 nm slit width. In a typical
experiment the dextran-PTS emission was followed over time at t = 0, 50 µl of
LUVs were added to 50 µl protein solution, to a final concentration of 250 µM
phospholipids and 1.5 µM αS oligomers. After varying reaction times 5 µl of
100 mM DPX was added.
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Chapter 8
Conclusions, summary and

outlook

Almost a decade ago it was suggested that oligomeric αS could be a toxic
intermediate in the aggregation of αS (1). Membrane permeabilization by these
oligomeric species was subsequently proposed as a likely mechanism of toxicity
(2). A relatively small number of studies have since established supporting
evidence for this hypothesis. Regardless, or perhaps because of this small
body of evidence, oligomer membrane permeabilization remains a hotly debated
subject and is often referred to as a possible mechanism of toxicity in PD. This
might also be related to the evidence that in many amyloid diseases, aggregation
intermediates have been found to possess toxic properties and to permeabilize
lipid membranes. The “amyloid pore hypothesis” seems to allow for a unifying
explanation for the onset and progression of these complex amyloid diseases
(3). For some of the amyloid proteins there is convincing evidence that the
aggregation intermediates are toxic through membrane permeabilization (4). In
the case of αS and Parkinson’s disease, the toxicity and membrane interaction
of oligomeric intermediates is not well characterized. Therefore, the aim of this
thesis was to elucidate how oligomeric αS interacts with lipid membranes.

In order to characterize oligomer-membrane interactions one has to prepare
αS oligomers. For biophysical or biochemical characterization, a stable ho-
mogeneous solution of oligomeric αS is preferred. The aggregation process of
αS and especially the first steps during oligomerization are however not under-
stood. Instead of fully exploring the early stages of aggregation and pinpointing
exactly which oligomeric intermediate is most toxic, we have taken a different
approach. Under specific conditions, stable αS oligomers can be obtained that
are known to interact with lipids (2). Using a similar approach we have incu-
bated αS at high concentration to obtain a stable and relatively homogeneous
population of oligomeric αS. Our initial results showed that our preparation
method resulted in morphologically similar oligomers with comparable vesicle
disruptive properties to those reported in the literature (5, 6). We have cho-
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sen to fully characterize the interaction with lipids of this specific oligomeric
species. This is an important point and the conclusions presented in this thesis
are only valid for this particular oligomeric species. One could always oppose
generalization of these findings by stating that we are simply not examining
the relevant oligomeric intermediate. However, we believe that even in the
case that the true toxic oligomer differs from the one described in this thesis,
the work presented here might prove extremely useful. We have established
techniques and methods to study these intermediates that are generally appli-
cable, irrespective of the specific characteristics of the oligomeric species being
studied. In addition, comparing the biophysical and biochemical properties of
a toxic to a non-toxic oligomeric species might actually give important insights
into the mechanisms of toxicity and the structural basis for this toxicity.

Oligomer structure

The structure of αS oligomers is experimentally not easily accessible by stan-
dard structural biology methods. Therefore, there is no detailed structural
information on the possible conformation of oligomeric αS. The results pre-
sented in this thesis contain some structural implications for the specific αS
oligomeric species that were created.

The oligomers have a hydrodynamic radius of around 7.2 to 9.3 nm as es-
timated by fluorescence correlation spectroscopy. The molecular weight or the
number of αS monomers in the oligomeric complex depends on the packing
density of the oligomer. Tryptophan fluorescence quenching by acrylamide and
ANS dye binding experiments suggest that the oligomers are not as densely
packed as globular proteins. Assuming the oligomers have a similar packing
density as a molten globule structure (7), the oligomer consists of around 40
to 80 monomers. Electron microscopy and atomic force microscopy imaging
on dried protein samples show spherical particles up to 8 and 11 nm in di-
ameter respectively. Donut shaped particles have been observed by electron
microscopy; however, more careful and systematic experiments are needed to
conclude such structural details from an imaging method.

The oligomeric aggregates share some properties with fibrillar αS. They
are quite large, and circular dichroism spectroscopy indicates a β-sheet-like
structure. Tryptophan spectroscopy and quenching studies reveal that for oli-
gomeric αS especially the residues ∼4-90 are in a considerably more protected
and apolar environment compared to monomeric αS. The highly negatively
charged C-terminus of the protein is the most accessible part in the oligomeric
form and more likely to be solvent exposed. Fibrils are organized in a similar
fashion; the hydrophobic core region of the protein is protected whereas the
C-terminus is more exposed (8, 9). Similar to the fibrils, the oligomers are
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stable and do not readily dissociate into monomeric αS. However, oligomers
are not merely small fibrils. The dye thioflavin-T that reports on amyloid
structure did not show a considerable increase in fluorescence when added to
the oligomers. The oligomers also did not seed the aggregation of monomeric
αS efficiently while fragmented fibrils do. The oligomers are thus most likely
off-pathway from the aggregation into amyloid fibrils. The oligomers appear
to be limited in their growth since monomer-oligomer binding by fluorescence
correlation spectroscopy was indistinguishable from the background signal.

The elongation and growth of αS fibrils is possible because the monomer
that is added to the structure presents a new open or active end to which an
additional monomer can bind. The assembly of the oligomers is likely governed
by the same physical driving forces. Hydrogen bonding, formation of β-sheet
structure and collapse of the hydrophobic regions may stabilize the oligomer.
However, the oligomeric aggregate is not as well ordered as the fibrillar struc-
ture. Therefore, at a certain size of the oligomers, there might be no open ends
which are presented to solution and the growth of the oligomer is slowed down.
A possible way in which these oligomers can still form amyloid is if they reor-
ganize into the amyloid fold. Simulation studies suggest that this is a possible
mechanism through which the amyloid structure is formed (10). Off-pathway
oligomers then just represent aggregates that are not able to reorganize. This
could either be related to their size (larger particles may be less efficient in re-
organizing) or to different possible conformations at very early stages (dimers,
trimers).

Oligomer lipid binding

Before a protein can form a pore-like complex in the bilayer or otherwise
cause membrane permeabilization, the protein has to bind the membrane. The
membrane binding of monomeric αS is well characterized in literature (11).
Monomeric αS binds to negatively charged lipids primarily through electro-
static interactions (12). Lipid binding is mediated by the N-terminal residues
∼1-100, which fold into an amphipathic helix that lies flat on the membrane
(13). How the lipid binding of αS changes upon aggregation is not known.
Therefore, we have characterized the lipid binding properties of fluorescently
labeled oligomeric αS, using confocal microscopy and fluorescence correlation
spectroscopy.

Similar to the monomeric protein, the membrane binding of oligomeric αS
depends on the charge of the membrane. The oligomers bind to membranes
composed of negatively charged phospholipids in the liquid disordered phase
irrespective of the exact chemical structure of the lipid headgroup. The bind-
ing affinity of oligomeric αS to large unilamellar vesicles composed of phos-
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phatidylserine is slightly lower compared to monomeric αS. Addition of the
zwitterionic lipid phosphatidylcholine to the membrane greatly reduces the
membrane binding of oligomeric αS. The oligomers do not bind to pure phos-
phatidylcholine membranes.

Although the specific binding to negatively charged membranes suggests
a role for electrostatic interactions, binding is inhibited at low ionic strength.
This can be explained by the high net negative charge of the protein. In the
absence of charge screening, the penalty of bringing the negatively charged
aggregate to the membrane might be too large. In addition, the conforma-
tional flexibility of the oligomer might be reduced compared to the monomeric
protein. So a conformational change to keep the C-terminus away from the
bilayer may be partly restricted, which could explain the lower lipid affinity
of oligomeric αS compared to the monomeric protein. The binding specificity
to negatively charged phospholipids suggests that the N-terminal part of the
protein, which contains several positively charged and hydrophobic residues,
might be important in lipid binding.

Tryptophan fluorescence spectroscopy indeed shows that the N-terminus
is involved in oligomer-lipid binding. However, the results also indicate that
these residues are in a solvent protected apolar environment. There must be
some conformational flexibility in the αS oligomers to allow these residues to
interact with the membrane, and to maximize the favorable interactions. How
these structural features relate to the lipid permeabilization properties of the
oligomers is yet unclear. Information on how deep the oligomer inserts into the
bilayer structure would for instance be extremely helpful.

Membrane permeabilization

Although the permeabilization and disruption of cellular membranes by oli-
gomeric αS has been suggested as a possible cytotoxic process (3), the exact
mechanism by which this occurs is not well established. A pore-like model in
which the oligomeric complexes form distinct trans-membrane pores has been
suggested but this model is supported by little evidence (6, 14).

We have tried to characterize the disruption mechanism of oligomeric αS in
different in vitro lipid bilayer systems. The oligomers cause efflux of the dye
calcein when added to vesicles composed of negatively charged lipids. When the
vesicles are prepared from 1:1 mixtures of a zwitterionic lipid with a negatively
charged lipid, vesicle disruption is generally inhibited. Under these conditions
oligomers are still able to bind the membrane, highlighting that membrane-
bound oligomers do not always induce membrane permeabilization.

To determine the mechanism by which the membrane is permeabilized, sev-
eral different assays were performed. Single channel-like events were observed
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in a planar lipid bilayer experiment. However, the results were very irrepro-
ducible partly because planar bilayers of the negatively charged lipid are intrin-
sically unstable. Therefore, large and giant unilamellar vesicles were used as a
membrane system to determine the mechanistic aspects of oligomer-membrane
disruption. Dye efflux from vesicles induced by oligomeric αS is fast and occurs
through an all-or-none mechanism. The vesicles are not completely destroyed
or solubilized. Both dynamic light scattering and confocal microscopy indicate
that vesicle morphology remains roughly unchanged. The membrane disrup-
tion of these purely negatively charged vesicles does not seem to occur through
a pore-like mechanism. Even 70 kDa dextran molecules were able to escape
the vesicles interior upon addition of oligomeric αS.

Possibly, disruption of the membrane integrity is related to an intrinsic
instability of vesicles from negatively charged lipids. Several unrelated pro-
teins induced dye efflux when added in sufficient amounts to these vesicles.
The membrane instability caused by the adsorption of the protein could lead
to large defects in the membrane. However, compared to other proteins and
also monomeric αS, the αS oligomers are very efficient in destabilizing the
membrane. This destabilization is thus related to structural features of the
oligomeric complex.

We cannot completely exclude the possibility that the oligomers have pore-
like properties. In planar lipid bilayers single channel-like events are sometimes
observed. Additionally, in the presence of calcium, the membrane permeability
is sensitive to the marker size. The 3 kDa dextran conjugate could not escape
the vesicle interior whereas the quencher DPX (422 Da) could cross the mem-
brane in the presence of oligomeric αS. Vesicle permeability is not transient and
persists even an hour after addition of the αS oligomers and can therefore not
be attributed solely to transient non-equilibrium processes. However, also in
the presence of calcium, non-equilibrium processes have a major contribution
to the permeabilization process, which points to the presence of defects in the
bilayer.

Relevance

The results presented in this thesis give an insight into how in vitro generated
αS oligomers interact with synthetic phospholipid systems. One of the biggest
questions that arises is if the process of lipid disruption by αS oligomeric species
could occur in biological systems as well. The results from our experiments can
only provide a limited answer to this question. The intracellular milieu is far
more complex than the test tube environment. Biological membranes contain
a large quantity of different lipids and are rich in protein, and the aqueous
space is crowded with macromolecules. Both the conformation of the possible
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intracellular αS oligomers, as well as the properties of membranes, could be
different. Nevertheless, the results presented here give insights into how αS
oligomers might interact with membranes inside neurons.

Our results clearly show that αS oligomers can interact with lipid mem-
branes. The lipid binding ability of the protein is not abolished upon aggre-
gation. Given the lipid binding properties of the αS oligomers, intracellular
membranes that contain some percentage of negatively charged lipids could
be a target for oligomer binding. However, membrane permeabilization only
occurs in membranes containing a large fraction of negatively charged lipids.
These high concentrations are generally not found inside the cell (15). Since
lipids are not evenly distributed throughout the cell, local concentrations of
anionic lipids can be quite high. For instance the inner leaflet of the plasma
membrane might contain up to 30 % of phosphatidylserine (15, 16), and the
inner mitochondrial membrane contains around 25 % of cardiolipin (17). The
concentrations of anionic lipids in the cell appear not to be high enough to
be vulnerable to oligomer membrane disruption. However, we can not exclude
the possibility that lipid segregation or domain formation might induce higher
local concentrations of anionic lipids. Most likely however, the oligomers we
prepared in this work are not likely to permeabilize real biological membranes.

The in vitro vesicle permeabilization properties of oligomeric αS are often
regarded as supporting evidence for the relevance of the amyloid pore hypothe-
sis to Parkinson’s disease. However, this is only a valid argument if results from
such biophysical experiments are followed up by experiments on real biological
systems. Our data highlight that in vitro vesicle disruption may not be a good
predictor of in vivo activity and toxicity. How αS oligomers interact with real
biological membranes thus remains an important open question.

Outlook

Unraveling the pathogenesis of Parkinson’s disease has proven to be extremely
challenging since the initial discovery of the disease almost 200 years ago. It is
still not known what causes the neuronal cell loss in the substantia nigra and
other parts of the brain. Many changes are linked to the Parkinsonian brain,
such as inflammation, oxidative stress and protein aggregation. However, it is
often difficult to elucidate if these changes are a cause or an effect of neuronal
stress. The role of αS aggregation in Parkinson’s disease is therefore still not
clear. In addition, remarkably little is known about the normal biological
function of αS. So there are still many important outstanding questions that
need to be answered by biology.

Although a biochemical and biophysical characterization of αS may not
directly answer such questions, fundamental knowledge on αS structure and
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properties could contribute to a better understanding of the cell biology of αS.
In addition to its relevance in disease, αS also serves as a model system of
protein aggregation as well as for the class of intrinsically disordered proteins.
For these reasons, αS has been intensely studied over the past decade. However,
there are still important open questions for the field to answer.

Resolving the early steps of αS aggregation is one of the biggest challenges
that need to be tackled. Although the fibrillar structure at the end stage of ag-
gregation is relatively well understood, it is not known how these are formed.
What are the structures of the initial aggregation intermediates? Does this
structure change with increasing size of the aggregate? Are different struc-
tural conformers possible for the same number of monomers? How do these
structures influence the stability and the propensity to associate with new αS
monomers? Answering these questions will not be easy. Intermediates might
be heterogeneous, unstable and only present at low concentrations.

Once intermediates have been structurally characterized, it would be inter-
esting to see how these structural characteristics mediate the interaction with
other components such as lipid bilayers. Do intermediates exist that possess
different lipid binding properties than the monomeric protein? Is there an in-
termediate which indeed forms pore-like structures in the membrane? Lipid
bilayers could also be used to selectively “fish out” aggregates with different
lipid binding properties. It has also been suggested that the membrane itself
could act as an aggregation matrix which could lead to structurally different
oligomers or induce αS aggregation at lower absolute concentrations of the pro-
tein. Besides membranes, there are of course other cellular components, such
as the proteosome, that could interact with oligomeric species.

Finally, the question remains if there exists a distinct toxic species of αS.
Proving cytotoxic properties of αS aggregation intermediates is often done by
adding the oligomers extracellularly to cultured cells. Since αS is an intracel-
lular protein this might not be the most relevant toxicity assay. The opposite
approach is to induce αS overexpression and wait for toxicity or aggregation to
occur inside the cell. However, in addition to the question if systems relying
on protein overexpression are relevant, the tools for assessing the aggregation
state and conformation of αS inside a cell are severely limited.

It seems that after a decade of αS research, although significant steps have
been made, there is still no good understanding of how this protein modulates
neuronal toxicity in Parkinson’s disease. Although both structurally and func-
tionally the protein has been the matter of intense research, there are still many
questions left to which biophysical research can contribute. The problems that
remain are indisputably relevant, but might be extremely challenging to solve.
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Appendix A
Fluorescence correlation spectroscopy

FCS principle

In FCS the fluorescence emission from fluorescent molecules in a small con-
focal volume is measured. To achieve this, the laser beam for excitation is
focused through a high numerical aperture objective into a diffraction limited
spot. Fluorescence emission is collected though the same objective and out of
focus light is blocked by focusing on a confocal pin hole. The resulting confo-
cal volume has a typical lateral dimension of ∼500 nm and ∼2 µm in depth,
yielding a volume of ∼0.5-1 fl. If the concentration of fluorescent molecules
is low enough, individual fluorophores diffusing through the confocal volume
will give rise to substantial fluctuations in the observed fluorescence emission.
The characteristic time constants in these fluctuations are representative of the
diffusion properties of the fluorophore and can be extracted from the signal by
calculating the autocorrelation function G(τ):

G(τ) =
〈δF (t)δF (t+ τ)〉

〈F (t)〉2
(1)

where F (t) is the fluorescence emission, δF (t) = F (t)−〈F (t)〉 is the fluctuation
in the fluorescence signal with respect to the average fluorescence signal, and
τ is the time shift. To extract the diffusion time through the focus of the
fluorophore from the autocorrelation curves, a three dimensional free diffusion
model for a single freely diffusing species was fitted to the data:

G(τ) =
1

N

((
1 +

τ

τi

)√
1 + ω2

τ

τi

)−1

(2)

whereN is the average number of particles in the focal volume, τi is the diffusion
time through the focus of the fluorescent molecule, and ω represents the ratio
of the radial to axial dimensions of the confocal volume. The parameter ω
can be determined from fitting the correlation curves of free AL488 and was
subsequently fixed during the rest of the experiments.

Molecular weight determination

The diffusion constant of the fluorophore can be determined from the diffusion
time through the focus, if the dimensions of the confocal volume are known.
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These can be calibrated by using a fluorophore which has a known diffusion
time. The diffusion time of AL488 has been reported in literature (1) and this
value was used to calibrate the confocal volume. From the diffusion time the
hydrodynamic radius r of the particle can be calculated through the Stokes-
Einstein relation:

D =
kBT

6πνr
(3)

where D is the diffusion constant, kB is the Boltzmann’s constant, T is the
temperature, and ν is the viscosity. For proteins the hydrodynamic radius can
be related to the molecular weight of the protein if the packing density of the
protein is known (2).

Binding experiments

Monomer-oligomer binding can be measured using FCS since the oligomers
have a much larger diffusion time than the monomeric protein (3, 4). In the
binding experiments the correlation curves are fit with a two component free
diffusion model:

G(τ) =
1

N

(
f

((
1 +

τ

τb

)√
1 + ω2

τ

τi

)−1

+(1− f)

((
1 +

τ

τf

)√
1 + ω2

τ

τi

)−1
)

(4)

where f is the fraction of oligomer-bound monomer, τb and τf are the diffusion
times of the bound and free monomer respectively. In a similar fashion oligo-
mer binding to LUVs can be measured, since the vesicles have a much larger
diffusion time than the oligomeric species.

Practical realization

FCS measurements were performed on a confocal fluorescence microscope de-
scribed in detail elsewhere (5). Briefly the 488 nm laser line of an Ar+/Kr+
gas laser was used to excite AL488 with a laser power of around 30 µW just be-
fore entering the objective (Zeiss C-Apochromat 63×, NA=1.20). Fluorescence
emission was detected with an avalanche photo diode. The counts were binned
with a 12.5 µs bin time and FCS analysis was subsequently performed off line.
For each datapoint 25 correlation curves of 15 seconds each were recorded and
averaged.
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Abbreviations

18:2 PG 1,2-Dilinoleoyl phosphatidylglycerol
AFM Atomic force microscopy
AL488 Alexa 488
ANS 8-Anilino-1-naphthalenesulfonic acid
αS α-Synuclein
Bis-ANS 4,4-Dianilino-1,1-binaphthyl-5,5-disulfonic acid
CD Circular dichroism
CL Cardiolipin
chol Cholesterol
DCVJ 9-(2,2-Dicyanovinyl)julolidine
DLS Dynamic light scattering
DOPA 1,2-Dioleoyl phosphatidic acid
DOPC 1,2-Dioleoyl phosphatidylcholine
DOPE 1,2-Dioleoyl phosphatidylethanolamine
DOPG 1,2-Dioleoyl phosphatidylglycerol
DOPS 1,2-Dioleoyl phosphatidylserine
DPPG 1,2-Dipalmitoyl phosphatidylglycerol
DPX p-Xylene-bis(N-pyridinium bromide)
DTT DL-Dithiothreitol
FCS Fluorescence correlation spectroscopy
GUV Giant unilamellar vesicle
HPTS 8-Hydroxypyrene-1,3,6-trisulfonic acid
IDP Intrinsically disordered protein
Ld Liquid disordered
Lo Liquid ordered
LUV Large unilamellar vesicle
lyso PG 1-Oleoyl phosphatidylglycerol
NATA N-Acetyl-L-tryptophanamide
NPN N-Phenyl-1-naphthylamine
PAGE Polyacrylamide gel electrophoresis
PD Parkinson’s disease
PI L-α -phosphatidylinositoL
POPC 1-Palmitoyl, 2-oleoyl phosphatidylcholine
POPG 1-Palmitoyl, 2-oleoyl phosphatidylglycerol
POPS 1-Palmitoyl, 2-oleoyl phosphatidylserine
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PTS 8-Isothiocyanatopyrene-1,3,6-trisulfonic acid
Rhod Lissamine Rhodamine B
ThioT Thioflavin-T
TNS 2-(p-Toluidino)-6-naphthalenesulfonic acid
Trp Tryptophan
UBS Ubiquitin-proteasome system
wt Wild-type
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Summary

Parkinson’s disease is a neurodegenerative disease common with old age. The
neuronal protein α-synuclein is considered to play a pivotal role in the onset
and progression of the disease. The protein is the main constituent of the Lewy
body, the pathological hallmark of the disease, which are large intracellular in-
clusion bodies that contain aggregated fibrillar protein. In addition mutations
in the gene coding for the protein as well as gene multiplications lead to genetic
variants of Parkinson’s disease. One of the main questions is how the aggre-
gation of α-synuclein is related to the disease. Recent evidence suggests that
oligomeric intermediates in the aggregation process of α-synuclein are poten-
tially the neurotoxic species that underly the disease. A potential mechanism
by which these could be toxic is through interaction and disruption of cellu-
lar membranes. In this thesis, we try to elucidate how oligomeric α-synuclein
interacts with lipid membranes.

In Chapter 2 the α-Synuclein oligomers that were prepared in vitro are
characterized. The purified oligomers are stable and contain around 40-80
monomers of the protein. Although the oligomeric aggregates contain β-sheet
content they are structurally distinct from fibrils formed by α-synuclein. The
oligomers are most likely off-pathway from fibril formation since aggregation
cannot be seeded by the oligomers.

In Chapter 3 the vesicle permeabilization properties of α-synuclein are char-
acterized. α-Synuclein oligomeric species can disrupt lipid membranes. They
induce content efflux from lipid vesicles, which indicates a loss of bilayer in-
tegrity. The vesicle permeabilization is primarily dependent on the charge of
the membrane. Only vesicles composed of negatively charged lipids were dis-
rupted. In addition, membrane packing also modulates the permeabilization.
More loosely packed membranes were more prone to disruption by the oligo-
mers.

Chapter 4 and 5 describe the lipid binding properties of oligomeric α-
synuclein. The specificity of the membrane permeabilization process for neg-
atively charged lipids is primarily caused by the lipid binding properties of
oligomeric α-synuclein. Fluorescently labeled oligomers only co-localize with
the membranes of vesicles if the membranes contains negatively charged lipids.
However, membrane bound oligomers do not lead to a permeabilized membrane
under all conditions. The oligomers bind to negatively charged vesicles with a
slightly lower affinity compared to the monomeric protein with a micromolar
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dissociation constant. The affinity for membrane binding drops with decreasing
anionic lipid content. The binding properties suggest that the oligomers have
structural elements such as charged patches or a conformational flexibility, that
support the lipid binding.

In Chapter 6 the structure of the oligomers is assessed using tryptophan
fluorescence. The lipid binding properties of oligomeric α-synuclein must be
caused by the structural properties of the oligomers. The specificity for neg-
atively charged lipids suggests that the positively charged N-terminus of the
protein is involved in membrane binding. The results from tryptophan fluo-
rescence spectroscopy on mutant α-synuclein containing a tryptophan residue
at different positions, suggest that indeed the N-terminus mediates the lipid
binding of the oligomers. In addition, the C-terminus of the protein is solvent
exposed in the oligomeric particle, whereas the N-terminus makes up the core
of the aggregate.

Chapter 7 tries to elucidate the mechanism by which oligomeric α-synuclein
permeabilizes the membrane. How membrane bound α-synuclein disrupts the
bilayer integrity is not clear. A pore-like model has been suggested, in which
the oligomers form distinct structures in the membrane through which solutes
can diffuse. Although we cannot unequivocally confirm or oppose this model,
our data indicates that membrane instability is an important factor. Nega-
tively charged vesicles are intrinsically unstable to protein adsorption. Large
bilayer defects caused by membrane bound proteins cause a high permeability
of the membrane. Even under conditions that stabilize the negatively charged
vesicles, evidence for defect formation was observed.

Although we now have a much better understanding how oligomeric α-
synuclein interacts with lipid membranes, the actual relevance of this process
to Parkinson’s disease is still not clear. In addition to the amyloid pore hy-
pothesis we have worked on in this thesis, many alternative promising models
for the mechanistic aspects of the disease exist. However, determining the
mechanisms underlying Parkinson’s disease is extremely complex. Research
into the problem of protein aggregation and its role in disease has been on-
going intensively for the past decade. However, even basic question as: Does
the aggregation of α-synuclein contributes to neurotoxicity in the brain? still
remain to be answered. A basic fundamental understanding of the key players
in such a complex problem is extremely important. Therefore we hope that
the results presented in this thesis contribute to a better understanding of the
protein α-synuclein and how it might be involved in disease.
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Samenvatting

De ziekte van Parkinson is een neurodegeneratieve aandoening die veel voorkomt
bij mensen op latere leeftijd. Het neuronale eiwit α-synucleine speelt waar-
schijnlijk een belangrijke rol bij de oorzaak en de progressie van de ziekte. Het
eiwit is de hoofdcomponent van Lewy-lichaampjes die het belangrijkste neuro-
pathologische kenmerk van de ziekte zijn. Lewy-lichaampjes zijn intracellulaire
inclusies die grote hoeveelheden geaggregeerd (samengeklonterd) eiwit bevat-
ten. Daarnaast zijn er mutaties en multiplicaties in het gen wat codeert voor
α-synucleine, die een erfelijke vorm van de ziekte van Parkinson veroorzaken.
Een van de belangrijkste vragen is hoe de aggregatie van α-synucleine te maken
heeft met de ziekte. Recentelijk is men tot het idee gekomen dat een oligomere
vorm van het eiwit, welke voorkomt als een tussen-stadium in het aggregatie
proces, giftig zou kunnen zijn voor neuronen. Een mogelijk mechanisme waar-
door deze oligomeren schadelijk kunnen zijn, is door het lek maken van mem-
branen in de cel. In dit proefschrift proberen we de interactie van oligomeer
α-synucleine met lipide membranen te karakteriseren en te begrijpen.

Een stabiele oligomere vorm van α-synucleine kan in vitro geprepareerd
worden. Deze oligomeren bevatten ongeveer 40 tot 80 monomeren. Hoewel
de oligomeren qua secundaire structuur β-sheet rijk zijn, net als de grote fi-
brillaire aggregaten die in de hersenen voorkomen, hebben de oligomeren niet
dezelfde structuur als deze fibrillen. De oligomeren liggen waarschijnlijk niet
op de route van de formatie van fibrillen uit monomeer eiwit. De aggregatie
van monomeer α-synucleine kon niet gëınduceerd worden door toevoeging van
een kleine hoeveelheid oligomeren (Hoofdstuk 2).

De oligomere vorm van α-synucleine kan lipide membranen verstoren. Als
deze oligomeren worden toegevoegd aan kleine synthetische vesikels, dan zullen
de oligomeren het membraan lek maken. De permeabilisatie van het membraan
is voornamelijk afhankelijk van de lading van het membraan. Alleen vesikels
waarvan het membraan bestaat uit negatief geladen lipiden, worden door het
eiwit verstoord. Daarnaast is ook de pakking van de lipiden in het membraan
van belang (Hoofdstuk 3).

Het feit dat alleen negatief geladen membranen verstoord worden, wordt
voornamelijk veroorzaakt door de bindingseigenschappen van de oligomeren.
Oligomeer α-synucleine bindt alleen aan het membraan als er voldoende negatief
geladen lipiden aanwezig zijn . De binding van oligomeren aan negatief geladen
vesikels heeft een dissociatie constante in de orde van grootte van de micro-
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molair. De affiniteit voor het membraan neemt af bij afnemende lading van
het membraan (Hoofdstuk 4 en 5). Deze bindingseigenschappen impliceren dat
het oligomeer bepaalde structuur elementen moet hebben zoals positief geladen
gedeeltes of een bepaalde flexibiliteit.

De bindingseigenschappen van de oligomeren zijn een gevolg van hun struc-
tuur. De hoge affiniteit voor negatief geladen lipiden suggereert dat de positief
geladen residuen in the N-terminus van het eiwit, een rol spelen in het bin-
dingsproces. Door mutanten te maken met een tryptofaan residu op verschil-
lende locaties in het eiwit, kan men wat over de chemische omgeving zeggen
waarin dit deel van het eiwit zich bevindt. De resultaten van tryptofaan flu-
orescentie spectroscopie laten zien dat de N-terminus verantwoordelijk is voor
de membraanbinding van oligomeer α-synucleine (Hoofdstuk 6). Daarnaast is
de C-terminus van het eiwit blootgesteld aan water en wordt de kern van het
aggregaat gevormd door de N-terminus.

Hoe membraan gebonden oligomeren de lipide bilaag lek maken is nog steeds
niet duidelijk. Een model waarbij het oligomeer een complex vormt in het
membraan, dat lijkt op porie-vormende eiwitten, is op dit moment het meest
populair in de literatuur. Onze resultaten kunnen dit model niet weerleggen.
Uit de experimenten blijkt echter, dat defecten in het membraan, een zeer grote
rol kunnen spelen in het lek raken van het membraan. Vesikels die gemaakt
worden uit enkel negatief geladen lipiden, zijn intrinsiek instabiel. Op het
moment dat er eiwitten aan het oppervlakte binden, kunnen er zeer grote
defecten ontstaan, die een groot deel van de membraan permeabiliteit verklaren.
Zelfs onder omstandigheden dat het membraan gestabiliseerd wordt, zien wij
aanwijzingen voor defecten (Hoofdstuk 7).

Hoewel we de membraan interactie van oligomeer α-synucleine steeds beter
begrijpen, is niet duidelijk welke rol dit proces speelt in de ziekte van Parkinson.
Naast de hypothese waar wij aan werken, zijn er meerdere veelbelovende ideeën
over wat er gebeurt in het brein tijdens de ziekte. Het is extreem complex om
vast te stellen hoe de ziekte van Parkinson werkt en wat de onderliggende
mechanismen zijn. Onderzoek naar de rol van eiwit aggregatie in neurodegene-
ratieve ziekten is al minstens tien jaar aan de gang. Echter, zelfs fundamentele
vragen als: Heeft het aggregatieproces van dit soort eiwitten nadelige gevolgen
voor het brein? zijn nog steeds niet beantwoord. Een fundamenteel begrip van
de componenten die een rol spelen in dit soort ziekten is belangrijk. We hopen
dat de resultaten in dit proefschrift, leiden tot een beter begrip van het eiwit
α-synucleine en welke rol het eiwit speelt in de ziekte van Parkinson.
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