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Popular scientific summary

Proteins and lipids are the building blocks of our body. In many cases, the
specific function is not carried out by a single lipid or protein molecule, but
by bigger structures formed by many such molecules, which are called the
supramolecular structures. An example of a supramolecular structure is a
lipid membrane, formed by thousands of lipid molecules arranged in two lay-
ers. Lipid membranes enclose all cells in the body and many cellular organ-
elles. Many proteins carry out specific functions in their monomeric state,
that is without forming bigger molecular assemblies. However, there are
also numerous proteins, which form large structures that carry out a mul-
titude of functions in the cell such as shape maintenance, cell division and
transport processes. The properties of proteins, lipids, the supramolecular
structures that they form as well as the interactions between them form the
structural and functional basis of life. Studies of protein-membrane inter-
actions may shed light on the processes underlying the healthy functioning
of the body as well as on the aberrant events taking place in disease.

In the work presented in this thesis, a neuronal protein, «-synuclein, and
its interactions with model lipid membranes were studied. «-synuclein is
localized in vivo at a synapse - a “junction” between two neurons, where
electrical or chemical signals are passed on. The signaling substances re-
leased at a chemical synapse are packaged into lipid vesicles, which are
small, closed patches of a lipid membrane. Many proteins take part in the
neurotransmitter release at the synapse, and «-synuclein is one of them.

In this work, we have shown that o-synuclein remodels lipid membranes
leading to the formation of membrane structures with higher curvature.
We have also shown that «-synuclein association with lipid membranes is
a cooperative process, which means that a protein prefers to associate with
the membrane where there is already some protein bound as compared to
an empty membrane. It turns out that these two phenomena, cooperative
binding and membrane remodeling, go hand in hand in multiple biological
processes, which involve changes in membrane shape (e.g. endocytosis and
exocytosis). Our findings are consistent with the proposed function of o-
synuclein in synaptic vesicle trafficking.

Exactly like the healthy processes occurring in our body involve proteins
and lipids (among other players), the same is true for the dysfunctional
events taking place in disease. This is the case for o-synuclein as well,
which has attracted a great deal of attention in the context of its aberrant

v



function in neurodegenerative diseases such as Parkinson’s Disease. A gen-
eral capability of all proteins to form supramolecular structures in the form
of fibrils, happens to be a problem in some cases. Long aggregates formed
by o-synuclein are found in the pathological intraneuronal inclusions, the
so-called Lewy Bodies, which are a hallmark of Parkinson’s Disease. It
turns out that in Lewy Bodies, the protein fibers are lumped together with
fragments of lipid membranes. This motivated the studies of a-synuclein
aggregation in the presence of lipid membranes. In this thesis, we have
studied the effect of membranes on a-synuclein aggregation, which ranges
from acceleration to inhibition with respect to what happens if the protein
is incubated in the absence of membranes. We have also studied a-synuclein
association with membranes in conditions, in which either acceleration or
inhibition of aggregation occurs in the longer time-frame to build a more
complete picture of what happens before the fibrils form.

All together, the experimental findings presented in this thesis may con-
tribute to better understanding of mechanisms governing both the healthy
and the aberrant function of a-synuclein. However, what should be born
in mind by both the general as well as the scientific audience, is that the
studies described in this book were carried out with a physical chemistry
approach. In such an approach, the extremely complicated systems of our
body are simplified to the maximum and are then studied in detail. The
simplicity of such systems makes it easier to find out the mechanisms gov-
erning the behavior of the studied molecules. This would be much harder
when trying to achieve the same result through studies on more complicated
systems. Fortunately, the same physical principles govern the behavior of
simple as well as complicated systems.
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Proteins, lipids
and membranes



The organic molecules from which all life is built are amino acids, fatty
acids, sugars and nucleotides. All of these molecules are based on the
chemistry of carbon, apart from which they include smaller amounts of
oxygen, nitrogen, phosphorus and sulphur. Proteins and lipids are larger
molecules in which amino and fatty acids are the building blocks. In this
thesis, we will deal with protein interactions with lipid membranes.

Proteins

Proteins are polymers of amino acids. A generic structure of an amino
acid is shown in Figure 1.1. The core of an amino acid is an «-carbon
atom connected to an amino group (-NH;), a carboxyl group (-COOH)
and a side group, which can take a variety of structures and in a simplest
case is a proton. The chemical properties of the side group determine the
properties of an amino acid. Depending on the side group, the amino acid
can be hydrophobic, hydrophilic, positively charged, negatively charged or
uncharged.

H
H H

Figure 1.1 A generic structure of an amino acid. The letters H, N, C and O represent the
hydorgen, nitrogen, carbon and oxygen atoms, respectively. R represents the side group,
which can take many forms and in the simplest case is a hydrogen.

Proteins form through a condensation reaction where a carboxylic group
of one amino acid reacts with an amino group of another amino acid,
which results in the formation of a peptide bond with a water molecule
being the by-product. All the proteins in biology are heteropolymers of
20 different amino acids. The sequence of the amino acid residues in a
protein chain is called the primary structure. The chains of most proteins
adopt some secondary structure. The two most common types of protein
secondary structure are an o-helix and a [3-sheet, which differ in the
hydrogen bonding pattern.



Figure 1.2 Formation of a dipeptide in a condensation reaction of two amino acids. A
peptide bond (O=C-N-H) forms and a water molecule is released. The C-N bond has a
partial double bond character and all four atoms involved in the peptide bond lie in the same
plane. In a polypeptide chain, the available conformations are determined by the geometry
of the peptide bond and steric clashes of the side groups (R).

Protein folding is a spontaneous process and the thermodynamic stability
of the folded state is determined by the difference in the free energy
between the folded and unfolded states. The major driving force for
protein folding is the hydrophobic effect. A hydrophobic moiety is unable
to participate in hydrogen bonding with water molecules and disturbs
the dynamic hydrogen bonding network when introduced into an aqueous
solvent. This results in water being more ”structured” in the vicinity
of hydrophobic molecules, which corresponds to lowered entropy. The
translational freedom of water molecules, and with that the entropy, is
increased when the the hydrophobic residues cluster together. Another
favorable contribution to the free energy of protein folding are the enthalpic
effects due to the interactions in the folded state such as hydrogen bonds,
salt bridges and van der Waals forces. The decrease in the configurational
entropy of the polypeptide chain opposes protein folding and lowers the
free energy difference between the folded and unfolded states. The balance
between the above described forces determines the structure of the folded
state.

The higher levels of protein structure are the tertiary structure, which
describes how the different protein segments are arranged in space, and
the quaternary structure, which describes the self-assembly of more than
one macromolecule. Not all proteins possess tertiary and quaternary
structures.

A paradigm of high importance in molecular biology states that the
unique primary structure of a protein determines its unique 3D structure,
which in turn determines its also unique function. This structure-function
paradigm was challenged as more and more proteins were discovered
whose functionality is determined by their lack of a stable structurel!.
The so-called intrinsically disordered proteins (IDPs) do not fold into
a well-defined three-dimensional structure but exist as an ensemble of
dynamically inter-converting conformations. Contrary to proteins that
adopt a specific fold, in the case of IDPs the state of a dynamic equilibrium



between different conformations is lower in free energy than a single or a
narrow distribution of conformations?. The energy landscape of an IDP is
relatively flat (Figure 1.3B) when compared to an energy landscape of an
ordered protein (Figure 1.3A), which has a unique, stable and kinetically
accessible minimum at given conditions.

vs]

|
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Energy
Energy
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Configuration Configuration Configuration

Figure 1.3 Schematic one dimensional protein folding energy landscapes. A) Funnel-like
energy landscape of a protein, which adopts a unique 3D structure corresponding to a global
energy minimum. B) A flat energy landscape of an intrinsically disordered protein in absence
of any binding partners with many local minima and lacking a well-defined global minimum.
C) Energy landscape of an intrinsically disordered protein in the presence of a binding partner
e.g. o-synuclein in the presence of phospholipid membrane.

Exactly as in the case of ordered proteins, where the information dictating
the structure of their native state is encoded in their amino acid sequence,
the information dictating the lack of folded structure in the disordered pro-
teins is also determined by their primary structure. The specific sequence
characteristics of intrinsically disordered proteins, which enable them to be
disordered and stable at the same time, include high content of charged
and polar amino acids as well as low content of hydrophobic, bulky and
aromatic residues.

Interestingly, IDPs do not remain disordered at all times but can adopt a
well-defined secondary structure in the presence of a binding partner, in
which case the energy landscape of the complex has a more or less well-
defined minimum (Figure 1.3C). A protein of central interest to this work,
a-synuclein, is unstructured in aqueous solution, but a large segment of its
sequence is able to adopt an amphiphatic o-helix upon binding to different
interfaces such as the air-water interface, micelles and lipid membranes?.
The structure and properties of a-synuclein will be discussed in Chapter 2.



Phospholipids

Lipids are derivatives of fatty acids, which are hydrocarbon chains with a
carboxyl group (-COOH) at the end. Lipids take on a multitude of struc-
tures and carry out a multitude of functions. In this work, we will be
mainly concerned with phospholipids.

Phospholipids are a family of lipids with a glycerol backbone substituted
with two fatty acids and a phosphate moiety. The phosphate group
can be substituted by different compounds, the most common of which
are hydrogen, glycerol, choline, serine and ethanolamine. Such substitu-
tions result in lipid molecules called phosphatidic acid, phosphatidylgly-
cerol, phosphatidylcholine, phosphatidylserine and phosphatidylethano-
lamine. Figure 1.4 shows the structures of two lipids, 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-phospho-
L-serine (DOPS), employed as building blocks of model systems in the
work presented in this thesis.

Figure 1.4 The structures of two phospholipids employed as the constituents of the
model membranes used in the work presented in this thesis. A) 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC) B) 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS). Due to the
unsaturation in the acyl chains, the gel-liquid crystalline transitions of membranes composed
of such lipids occurs below 0°C.

The long hydrocarbon chains and the polar headgroup endows the phos-
pholipid molecule with its most important characteristic - amphiphilicity.
The fact that a phospholipid molecule is amphiphilic means that one part
of it is hydrophobic (the acyl chains) and the other part is hydrophilic (the
headgroup). This characteristic determines the behaviour of lipids in water,
as well as in other hydrogen-bonding solvents.



Lipid membranes

The lipid bilayer is the building block of all biological membranes including
the cell membrane, the cell organelles and the lipid vesicles transporting
signalling substances between cells. In a lipid bilayer, the lipid molecules
are arranged into two monolayers (also called leaflets) so that the hydro-
phobic chains of the two monolayers are in contact with each other and
the hydrophilic headgroups are facing the solvent (Figure 1.5). A typical
bilayer is 4-5 nm thick with the thickness depending on the length of the
hydrocarbon chains of the constituent lipids. Similarly as in the case of
protein folding, the most important driving force for lipid self-assembly is
the hydrophobic effect.

By v il
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Figure 1.5 A lipid bilayer is composed of two lipid monolayers. The lipid headgroups face
the solvent, while the hydrophobic chains face each other. A) A lipid bilayer in a liquid
crystalline state. The hydrophobic chains are in the "melted” state, which means that they
have significant conformational freedom. B) A lipid bilayer in a gel state. The hydrophobic
chains are extended and have very little conformational freedom. Note that the area per
headgroup in the liquid crystalline state is much greater than in the gel state. This entails
that the exposure of the hydrophobic interior of the bilayer is greater in the liquid crystalline
state than in the gel state.

One of the most important characteristic of biomembranes is their fluidity.
In a fluid bilayer, the individual lipid molecules diffuse rapidly within the
plane of the membrane with the lateral diffusion constant of around 1
um?/s%. The movement of phospholipid molecules from one leaflet to the
other, the so-called ”flip-flop”, occurs on much longer timescales ranging
from minutes to hours, as it involves the transfer of polar and/or charged
moieties through the hydrophobic interior of the bilayer.

The fluidity enables biomembranes to adapt to the changes in the envir-
onment by changing the local composition, local or global curvature and
topology. The lipid membranes in the gel state where the lipid molecules
adopt a crystalline packing are not common in living systems’. Such
membranes may, however, be used as model systems to investigate the role



of membrane fluidity in different processes.

A very important property of a lipid bilayer is its permeability to small
uncharged molecules such as H;O, O; and CO;, and small ions such
as H3O" and OH™, and impermeability to larger ions and hydrophilic
molecules. The impermeability of the membrane to a given molecule may
give rise to an imbalance in its concentration across the membrane (e.g.
inside and outside of the vesicle or a cell). Such an osmotic imbalance may
lead to the deformation of the membrane®?.

The lipid bilayer can be considered a two-dimensional fluid but at the
same time its structure is very stable. The extremely low solubility of the
bilayer-forming lipids in water ensures that membranes do not dissociate
when the lipid concentration in the solution decreases. The consequence
of the very low solubility of such lipids is that in the absence of changes
in membrane topology (processes such as fusion and fission), the number
of lipid molecules in the membrane and thus its surface area can be
considered constant.

Lipids are not the only constituents of biological membranes. Such
membranes contain a wide variety of proteins interacting with the bilayer
in different ways. The proteins, which span the bilayer are called ”integral
membrane proteins” and are characterized by a very low dissociation
rate. Other proteins, peripheral membrane proteins, interact with the
membrane transiently and do not penetrate deeply into the acyl chain
region. An example of a peripheral membrane protein is a-synuclein,
whose interactions with membranes will be the focus of this thesis.
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with lipid membranes



2.1 «-synuclein

a-synuclein is a small neuronal protein localized in vivo to presynaptic
termini. «a-synuclein sequence consists of 140 amino acids and its char-
acteristic feature is a polarized charge distribution. It can be subdivided
into three regions of substantially different character (Figure 2.1). The N-
terminal segment of the protein (residues 1-60) is rich in positively charged
residues (18 charged residues in total, in which 10 lysines). A region span-
ning residues 61-95 is called a Non Amyloid Component (NAC) domain,
which originates from the discovery of this peptide fragment in amyloid 3
plaques!?. NAC domain is rich in hydrophobic residues and contains only
two charged amino acids. It forms the core of a-synuclein amyloid fibrils,
whose formation is associated with a range of neurodegenerative diseases.
The sequence segment 1-95 contains a recurring 11-residue periodicity with
the consensus sequence KTKEGV, which mediates membrane binding. The
C-terminal part of a-synuclein (residues 96-140) is highly charged with a
total of 15 acidic residues.

The normal function of o-synuclein is most commonly described in the
literature as elusive. The protein was shown to interact with synaptic ves-
icles (vesicles that contain neurotransmitters as cargo and are released at
the synapse) and other synaptic proteins such as synaptobrevin-2, syn-
apsin III, VMAT2!!. On the basis of these findings, it is hypothesized
that o-synuclein is involved in synaptic plasticity, neurotransmitter re-
lease, synaptic vesicle trafficking and the maintenance of the synaptic ves-
icle pool 1213,

The amyloid fibril formation of «-synuclein is associated with Parkinson’s
Disease among other neurodegenerative diseases. The mutations associ-
ated with Parkinson’s Disease are located in the N-terminal segment of the
protein (A30P, E46K, H50Q, G51D, A53E, A53T) 4.

Amphipathic N-terminal

MDVFMKGLISK AKEGVVAAAE KTKQGVAEAA GKTKEGVLYV GSKTKEGVVH GVATVAEKTK EQVTNVGIGAV

1 | 2 t 3 1 4 | 5
NAC domain o Acidic C-terminal )
VTGVTAVAQK TVEGAGSIAA ATGFVKKDQL GKNEEGAPQE GILEDMPVDP DNEAYEMPSE EGYQDYEPEA
| |
6 7

Figure 2.1 «-synuclein sequence. Acidic and basic amino acids are highlighted in red and
blue, respectively. The seven 1l-residue repeats of a consensus sequence KTKEGV are
marked below the sequence.
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2.2 «-synuclein association with lipid membranes

In this section, the structural features of a-synuclein, which determine its
ability to associate with membranes will be discussed alongside the effects
of membrane properties and external conditions on the interaction.

The KTKEGYV periodicity in the 1-95 segment of a-synuclein enables the
protein to fold into an «-helix®. When this part of the sequence is projected
onto a helical wheel, the polar residues are localized to the opposite face of
the helix than the non-polar residues (Figure 2.2). An o-helix with such
arrangement of polar and non-polar residues is called amphipathic. In «-
synuclein amphipathic «-helix, the polar and non-polar faces are flanked
by charged residues. An amphipathic a-helix has been recognized to be
an important structural motif of lipid membrane binding proteins, such as
exchangeable apolipoproteins and N-BAR proteins %17,

Current Opinion in Structural Biology

Figure 2.2 Projections of the first 100 residues of a-synuclein on a helical wheel. The
hydrophobic residues are plotted in yellow, positively charged in blue, negatively charged in
red. The amphipathicity, that is separation of the polar and non-polar residues to opposite
faces of the helix, is strongest closest to the N-terminus and becomes progressively weaker
towards C-terminus. Adapted with permission from reference

Based on the presence of these specific structural motifs in «-synuclein se-
quence, Davidson at al® hypothesized that the protein should be able to
associate with lipid membranes and that the association should stabilize
a-helical secondary structure. The authors showed that a-synuclein in-
deed associates with membranes with acidic lipid content, but not with
membranes composed of only zwitterionic lipids. The association is accom-
panied by a conformational transition from a random coil to «-helix of the
(maximum) first 97 residues, with the segment 98-140 remaining in a dis-
ordered conformation. a-synuclein amphipathic helix inserts shallowly into
the outer headgroup region of the bilayer!?. The disordered C-terminus ex-
tends into the solution like a charged polymer brush. The thickness of the
brush layer formed by the C-termini was estimated to be around 6 nm?°
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and was shown to decrease with increasing salt concentration'? consistent

with screening the electrostatic repulsion between the negatively charged
side chains.

The first studies of the structured state of a-synuclein were done using de-
tergent micelles as a model system. Ulmer et al* solved the structure of «-
synuclein associated with an SDS micelle based on NMR data. The micelle-
bound «-synuclein adopts a broken helix conformation with an N-terminal
helix spanning residues 3-37 and C-terminal helix spanning residues 45-92
in an anti-parallel arrangement. The residues 93-97 form an extended linker
and the residues 98-140 an unstructured tail. There has been much debate
on whether the protein adopts a broken helix conformation or binds as a
long extended helix on surfaces with lower curvature such as lipid vesicles.
There are reports in favor of the broken helix?"?2, extended helix?® and an
equilibrium between these two states 2425,

Figure 2.3 NMR structure of an SDS micelle-bound a-synuclein®. The protein adopts a
broken helix conformation, consisting of an N-terminal helix spanning residues 3-37, a C-
terminal helix spanning residues 45-92 connected with flexible linker spanning residues 38-44.
The C-terminal segment rich in negatively charged residues remains disordered.

Adapted from: https://www.rcsb.org/structure/1xq8

The role of electrostatics

The fact that a-synuclein associates with negatively charged membranes
(and SDS micelles) may seem peculiar given that the overall charge of the
protein is negative (-7 at pH 5.5). However, the charge distribution is
inhomogeneous across the a-synuclein sequence. As it was shown in Figure
2.1, the positively charged residues are most abundant in the N-terminal
part of the protein (charge +4 at pH 5.5), while the negatively charged
residues are much more abundant in the C-terminal segment (charge -11
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at pH 5.5). The electrostatic attraction between the negatively charged
lipids and the overall positively charged N-terminal part of a-synuclein are
expected to bring the protein close to the charged membrane surface and
facilitate the association. The electrostatic attraction between the negat-
ively charged lipid headgroups and the positively charged side chains in
the folded protein are expected to stabilize the membrane-associated state.
The electrostatic repulsion between the negatively charged C-terminal
segments of the protein molecules bound to the membrane in vicinity of
each other as well as the repulsion between the C-terminal segments and
the charged membrane surface are in turn expected to destabilize the
membrane-bound state.

Davidson et al® showed that an increase in the ionic strength of the
solution leads to a decrease in the amount of membrane-associated
-synuclein. However, the interaction could not screened completely even
at high ionic strength. This result suggested that electrostatics are not
the only force that plays a role in «-synuclein interactions with membranes.

The role of hydrophobic interactions

The amphipathicity of the o-helix formed by o-synuclein on the surface
of a lipid membrane, suggests that hydrophobic interactions play a role
in the interaction. Indeed, it has been shown that a-synuclein associates
with bilayers in liquid crystalline phase, while much less association was
observed in the case of gel phase bilayers?® (the association of o-synuclein
with gel phase membranes will be discussed in Section 2.7).

In a bilayer in a liquid crystalline state, the acyl chains have much more
conformational freedom than in the gel state. This results in a larger
average area per headgroup (as shown in a Figure 1.5), which entails a
greater exposure of the hydrocarbon interior of the bilayer. The fact that
a-synuclein associates to a much greater extent with fluid membranes than
with gel phase membranes®® indicates that favorable hydrophobic inter-
actions with the exposed regions of the membrane core are vital for the
association to occur. Indeed, more adsorption of x-synuclein was detec-
ted to DOPC:DOPS membranes than to POPC:POPS membranes with
the same charge content and under the same solution conditions, which
is ascribed to the greater area per headgroup in the DOPC:DOPS mem-
brane as the unsaturated chains are more bulky'?27. It should be noted
that apart from the increase in the exposure of the hydrophobic core above
the melting temperature, which is a phenomenon specific to lipid bilayers,
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there are also general effects that enable more objects to be packed on a
fluid as opposed to a solid interface. The fluidity of a bilayer in the liquid
crystalline state implies that the adsorbed proteins can diffuse rapidly in
the plane of the membrane. This allows for reorganization and forming an
optimal arrangement to accommodate closely packed proteins, which would
not be possible on the membrane in the gel state?®.

Differential Scanning Calorimetry (DSC) thermogram of pure DMPS ves-
icles (Figure 2.4, for details on DSC, see Box 1) contains en endothermic
peak corresponding to a phase transition from the gel to the liquid crys-
talline phase centered at 39°C. A DSC thermogram of DMPS vesicles
with o-synuclein displays a broad peak centered around 25°C. The shift
of the melting transition towards lower temperatures in the presence of «-
synuclein indicates that the protein stabilizes the liquid crystalline phase
of the membrane.
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Figure 2.4 A differential scanning calorimetry thermogram of pure DMPS vesicles (blue)
and DMPS vesicles with a-synuclein at L/P 30 (orange). The peaks in the thermograms
correspond to the transition between gel and liquid crystalline phase of the membrane.
Makasewicz et al, unpublished data.
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Box 1: Differential Scanning Calorimetry

DSC is a technique with which we can study the changes in heat capacity
of a sample when scanning up or down a desired temperature range. A
DSC setup consists of two cells, a sample cell and a reference cell, which
are placed in an adiabatic shield and are thus thermally insulated from the
surroundings. Each of the cells is equipped with a heater. During a DSC
scan, the temperature of both cells is either increased or decreased over
a specified range, while keeping the difference in the temperature of the
cells zero. When a process accompanied by a heat uptake or release occurs
in the sample, the heat input to the sample cell will differ from the heat
input to the reference cell. For an endothermic process (e.g. melting of a
lipid bilayer) more heat will need to be supplied to the sample, while for an
exothermic process, less heat will need to be supplied to the sample than
to the reference cell. Therefore, the raw data in a DSC experiment is the
difference of the supplied electric power between the sample and reference
cells in units of energy per time. The difference in the power supplied to
the sample and reference cells can be converted to the difference in heat
capacity (in units of energy per degree). By integrating the area below
a peak in a thermogram and normalizing it with respect to the number
of moles of the material we can obtain the molar enthalpy change of the
transition that occurs in the system.

Temperature dependence of x-synuclein-membrane interactions

Since hydrophobic interactions play a role in the a-synuclein association
with lipid membranes, it is expected that the phenomenon displays a tem-
perature dependence. In Paper I, we studied a-synuclein binding to SUVs
using Circular Dichroism spectroscopy (CD). The CD signal at 222 nm is
indicative of «-helical content of the sample (see Box 2) and increases lin-
early with temperature for a-synuclein in the presence of vesicles in the
temperature range 5-37 °C (Figure 2.5A). We also observed a decrease in
peak volume with increasing temperature in "N —'H HSQC NMR spectra
of a-synuclein and vesicles recorded in the temperature range 5-25 °C (Fig-
ure 2.5B). The decrease in peak volume implies that the number of spins
contributing to the signal decreases (see Box 3). This is consistent with
the expected slower reorientation rates of N-H bonds in the membrane-
associated state as compared to the free protein in solution (for details on
PN —TH HSQC NMR see Box 4).

Thus, our CD and NMR data show that the amount of «-synuclein mo-
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lecules associated with the membrane (provided that we start with excess
of protein) increases monotonically with temperature in the studied tem-
perature range (Figure 2.5). The strength of hydrophobic interaction is
not a monotonic function of temperature, but displays a minimum around
room temperature??. Therefore, other factors are expected to influence the
observed temperature dependence. As mentioned before, the area per lipid
headgroup in a membrane increases upon phase transition from the gel to
liquid crystalline phase. Above the melting temperature, the area per lipid
headgroup continues to increase gradually with increasing temperature3°.
This results in a slightly greater exposure of the hydrocarbon interior of the
bilayer and is likely to lead to a stronger association of a-synuclein with
the membrane.

It should be noted that we studied the temperature dependence of «-
synuclein association with membranes in the 5-37 °C temperature range.
The dependence of the interaction may in fact be a non-monotonic func-
tion of temperature over a broader temperature range. The bilayer-specific
effects would then be expected to shift the minimum due to purely hydro-
phobic interaction.
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Figure 2.5 Temperature dependence of a-synuclein association with lipid membranes. A)
Circular Dichroism Spectroscopy. Mean residue ellipticity at 222 nm as a function of tem-
perature for a sample containing DOPC:DOPS 7:3 SUVs and «-synuclein at L/P 50. B)
5N —1 H HSQC NMR. The volume of peaks in an HSQC spectrum of the same sample as
a function of residue number in a-synuclein sequence in temperature range 5-25°C.
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Box 2: Cicular Dichroism Spectroscopy in far UV

Circular dichroism spectroscopy in the far UV region (190-250 nm) is a
technique commonly used to estimate the secondary structure content of a
protein sample. In this wavelength range, the peptide unit is the optically
active chromophore. Plane polarized light used in CD can be thought of as
a sum of two circularly polarized components: right-hand and left-hand cir-
cularly polarized. The phenomenon called circular dichroism occurs when
a molecule absorbs the two components to a different extent. In such a
case, when the two oppositely polarized circular components are combined
after passing through an optically active sample, the result is elliptically
polarized light. This is why the CD spectroscopy data are often presented
as ellipticity even though the measured parameter is the difference in ab-
sorption of the two circularly polarized components.

The type of the secondary structure that a protein molecule adopts (that
is the arrangement of the optically active units in space and possible in-
teractions between nearby chromophores) affects its optical activity. Mac-
romolecules adopting o-helix, -sheet and random coil conformations give
rise to substantially different CD spectra.

The CD spectrum of an «-helix displays two distinct minima, at 208 mn
and 222 nm. The CD signal at 222 nm is commonly used to track the
changes in the a-helical content of the sample.

80

8
T

— alpha-helix
—— beta-sheet
—— random coil

£
=
T

CD x 1073 (deg.cm*dmole)
(%]
(=]

0
=20
40
190 200 210 220 230 240 250
Wavelength (nm)

Model CD spectra of macromolecules in «-helix, (-sheet and random coil conformation.

Reproduced with permission from 3.
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Box 3: Peak integrals and peak volumes in NMR spectra

A typical 1D NMR spectrum is a plot of intensity as a function of frequency
(see panel A below). An area under a peak in such a spectrum is propor-
tional to the number of spins, which give rise to that peak. In a 2D NMR
spectrum, each peak is plotted as a function of two frequency coordinates
(see panel B below). In a 2D spectrum, the intensity dimension is going out
of the plane of the paper towards the viewer, so the peaks are represented
by contours similarly as mountains on a topographical map. In analogy to
1D NMR, in 2D NMR the volume of a peak is proportional to the number
of spins contributing to that peak.

A ' ' ' ' B
. .
2 j=
5 =
= )
.(5,ppm . 61s ppm

The representation of peaks in the 1D and 2D NMR spectra. A) A schematic one-dimensional
NMR spectrum. The intensity is plotted as a function of chemical shift, which is the fre-
quency difference relative to a frequency of a standard. A) A schematic two-dimensional
NMR spectrum. The intensity is plotted as a function of two chemical shift coordinates.
The intensity dimension is depicted as contour levels.

2.3 o«-synuclein membrane-binding modes

The progressive imperfection of the amphipathicity of the o-synuclein o-
helix towards the C-terminus (as illustrated on the helical wheel projection
in Figure 2.2) suggests that different segments of the protein may have
different affinity to the lipid membrane. Solution NMR studies revealed
that a-synuclein association with membranes does not necessarily involve
the full 100 residue N-terminal segment, but that there are several distinct
membrane-binding modes involving sequence segments of different length
(Paper I and Bodner et al3?).
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The presence of different o-synuclein-membrane binding modes was first
recognized by Bodner et al®? based on the non-uniform (with respect to
the residue position in the sequence) attenuation of the peak intensities in
the HSQC spectrum. The authors identified two different binding modes:
one involving the sequence segment 1-20 (termed SL1) and the other in-
volving the sequence fragment 1-100 (termed SL2). They showed that at
very low L/P (L/P=1), 50 % of the protein molecules were associated with
the SL1 mode. With increasing L /P, the fraction of protein molecules asso-
ciated with the membrane with the binding mode involving residues 1-100
increased.

In Paper I, we studied the association of a-synuclein with small unilamel-
lar vesicles using "H —'> N HSQC NMR. The HSQC spectrum of free
a-synuclein contains cross-peaks corresponding to N — H segments in all
residues in the protein sequence apart from prolines (Figure 2.6, green).
Upon the addition of the vesicles, the intensity of some of the peaks de-
creases while other peaks become unobservable (Figure 2.6, purple). The
extent of these changes depends on L /P, which can be thought of as a meas-
ure of the amount of membrane surface area available for protein binding.
The residues bound to the vesicle are unobservable in the HSQC spectrum.
Importantly, no new or shifted resonances appear upon the addition of
vesicles.

Figure 2.7 shows the attenuation of the peak volume across the a-synuclein
sequence with increasing L /P ratio. The step-wise attenuation of the peak
intensity implies that there are different binding modes involving sequence
segments of different length. Which binding mode dominates at given con-
ditions depends on the amount of membrane surface area available for bind-
ing and the strength of the interaction, which is modulated by changes in
temperature. At 20°C and L/P 50, the first 20 residues of the «-synuclein
sequence are unobservable and the remaining part of the membrane-binding
segment (21-100) displays intensity attenuated by approximately 80%. The
fact that the residues 1-20 are unobservable implies that all protein mo-
lecules are associated with the vesicle with this segment, which is consistent
with the SL1 binding mode identified by Bodner et al3?. The decrease in
the intensity of the peaks corresponding to the segment 21-100 indicates
that 80% of the protein molecules are also associated with the vesicle with
this segment. This is consistent with the SL2 binding mode proposed by
Bodner et al®2. At L/P 100, the signals from the first 55 residues are un-
observable, while the intensities of the 56-100 segment are attenuated by
approximately 90%. This indicates that all protein molecules are associated
with the vesicle with the 1-55 segment, while 90% of the protein molecules
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Figure 2.6 'H —'5 N HSQC spectra of free a-synuclein (magenta) and a-synuclein with
DOPC:DOPS 7:3 small unilamellar vesicles at L/P 50 (purple).

are also associated with the vesicle with the 56-100 segment. At L/P 200
and 250, only the peaks corresponding to residues 100-140 are observable,
meaning that all protein molecules are associated with the vesicle with the
1-99 segment. The different binding modes implied from the NMR data
are depicted in cartoon in Figure 2.8.

Figure 2.7B shows the normalized peak volumes at 37°C for L/P 10, 20, 40
and 50. Interestingly, the attenuation of the peak intensity follows the same
pattern as observed at 20°C, even though the changes occur in a different
L/P range. The attenuation of the signal intensity at L/P 50 at 20°C is
identical with the attenuation pattern at L/P 10 at 37°C. The same holds
for L/P 100 at 20°C and L/P 20 at 37°C, L/P 200 at 20°C and L/P 40 at
37°C. The fact that at 37°C, stronger attenuation of the signal intensities
is observed at lower membrane content is consistent with the temperature
dependence of a-synuclein association with membranes discussed in Section
2.2.
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Figure 2.7 Studying a-synuclein association with DOPC:DOPS 7:3 small unilamellar ves-
icles (SUVs) with 'H —1> N HSQC NMR spectroscopy. The peak volumes in the HSQC
spectrum containing «-synuclein and SUVs at different L/P ratios are normalized with re-
spect to the peak volume in the free a-synuclein spectrum and are plotted as a function of
the residue number in the protein sequence. A) Normalized peak volumes for L/P 50, 100,
200 and 250 at 20°C. B) Normalized peak volumes for L/P 10, 20, 40 and 50 at 37°C.
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Figure 2.8 A model of a-synuclein association with lipid membranes across a broad L/P
range based on TH —15 N HSQC NMR data. At lowest L/P considered here, which corres-
ponds to L/P 50 in Figure 2.7A, 100% of the protein molecules are bound with the 1-20
segment, while 80% protein molecules are also bound with the 21-100 segment. At interme-
diate L/P, corresponding to L/P 100 in Figure 2.7A, 100% of protein molecules are bound
with the 1-55 segment, while 90% of the proteins are bound also with the 56-100 segment.
At high L/P, corresponding to L/P 200 and 250 in Figure 2.7A, all protein molecules are
bound to the vesicle with the 1-100 segment, while the segment 100-140 remains disordered.
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Perspective

The existence of different a-synuclein binding modes prompts to revisit-
ing the current view on the analysis of the experimental data, which often
relies on an assumption that the protein can occupy either of only two
states: membrane-bound or free, as e.g. in determination of the equilib-
rium dissociation constant, K4, in a-synuclein-membrane systems based on
the changes in CD signal. Taking into account that o-synuclein associates
with membranes with sequence segments of different length, the total «-
helical CD signal may be due to a smaller number of long o-helices or larger
number of shorter «-helices. Thus, the changes in the CD signal upon ti-
tration of a-synuclein with lipid membranes cannot be used to extract the
fractions of free and bound protein and therefore not to determine the K.
Another implication of the findings described in this section is in the con-
text of a-synuclein amyloid formation in the presence of membranes. The
fact that o-synuclein associates with membranes with fragments of differ-
ent length at different L/P conditions, implies that the properties of the
protein-covered membrane surface also depend on the L /P (other paramet-
ers assumed constant). This is expected to modulate the interaction of
a free monomer with the membrane surface. This aspect will be further
discussed in Section 2.9 devoted to a-synuclein amyloid formation in the
presence of lipid membranes.
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Box 4: '"H—""N HSQC NMR experiment as a protein’s fingerprint
"H —15 N Heteronuclear Single Quantum Coherence is an example of a 2D
NMR experiment in which one-bond correlations between a >N and a "H
nuclei are detected. In an "H —'° N HSQC spectrum, as in the schematic
shown in the figure below, each peak is plotted as a function of two fre-
quency coordinates. A x,y ppm position of a peak indicates that this peak
is due to a proton with a chemical shift of x ppm that is covalently bon-
ded to a nitrogen with a chemical shift of y ppm. Since the N — H bond is
repeated in each amino acid unit (apart from prolines) throughout the pep-
tide chain, each residue in the protein sequence may give rise to a peak in
an 'H—">N HSQC spectrum with unique chemical shift due to the unique
chemical environment. The side chains containing an NH; group will also
give rise to peaks in a '"H —'> N HSQC spectrum (each NH; group gives
rise to two peaks at the same "N chemical shift but with two different "H
chemical shifts). Changes in the chemical shifts report on the changes in
the chemical environment of a given residue. This allows us to determine
which residues/sequence segments take part in ligand binding. It may also
happen that in the presence of a binding partner, a given peak disappears
from the HSQC spectrum. This may be due to a decrease in the reorienta-
tion rate of the N —H bond upon complex formation or binding to a slowly
tumbling entity and subsequent line broadening. Thus, both chemical shift
changes and disappearance of the peaks in an 'H —'> N HSQC spectrum
may provide structural information about an interaction.

]5N’ ppm

@
v

'H, ppm

A schematic "H —15 N HSQC spectrum. A peak with frequency coordinates x and y ppm,
corresponds to a proton with chemical shift of x ppm covalently bonded with a nitrogen with
a chemical shift of y ppm.
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2.4 Dynamics of a-synuclein in the membrane-
bound state

A detailed study on the dynamics of the different segments in a
membrane-associated a-synuclein was carried out by Fusco et al33.
The authors used a combination of solid and solution state NMR
experiments to show that the different segments of the membrane-
bound «-synuclein possess distinctly different dynamic properties.

Box 5: Polarization Transfer NMR

Polarization transfer is a way to enhance the signals in NMR. In a Cross
Polarization (CP) experiment, the polarization is transferred from one nuc-
leus to another (e.g. from 'H to '3C) via dipolar couplings (through-space),
which are averaged to zero by fast isotropic reorientation. In an Insensitive
Nuclei Enhanced by Polarization Transfer (INEPT) experiment, the polar-
ization is transferred from one nucleus to another through covalent bonds,
which is not averaged out by isotropic reorientation. In solid samples, the
signal decays very fast due to high transverse relaxation rate. Therefore,
even though scalar couplings are also present in rigid molecules, the signal
enhancement via INEPT will not be efficient. As a result, the CP enhances
efficiently signal for segments of low molecular mobility, while INEPT en-
hances efficiently signals for highly mobile molecular segments. ”Mobile”
and "rigid” depend on the correlation time, Tc, and order parameter, |Scn|,
of a given bond vector (e.g. C—H). High t¢ implies low reorientation rate,
while high [Scp| implies anisotropic reorientation. In an INEPT spectrum,
the signals of high intensity are due to bond vectors with T¢ < 0.0Tus and
ISchl < 0.05. In a CP spectrum, the signals of high intensity are due to
bond vectors with T¢c > 10us and |Scn| > 0.5. For more detailed discussion
on the subject the reader is referred to Nowacka et al3?.

The o-synuclein segment spanning residues 6-25 was implied to be very
rigid when associated with the membrane as it was detected in a cross
polarization (CP) experiment. The 97-140 segment was detected in an
Insensitive Nuclei Enhanced by Polarization Transfer (INEPT) experiment
implying high dynamics (for more information on how the combination of
CP and INEPT experiments can be used to study the site-specific dynamics
of molecules, see Box 5). The 26-97 residue segment was inferred to have
intermediate dynamics as it was not possible to detect it in neither CP nor
INEPT, implying that the segment is too mobile to be detected in a CP
experiment but at the same time too rigid to be detected in an INEPT
experiment. The differences in the dynamics of the different segments of
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membrane-bound o-synuclein are depicted in a cartoon in Figure 2.9.

16 25 98 140

Figure 2.9 Cartoon illustrating the dynamics of different segments of membrane-bound o~
synuclein. The segment spanning residues 6-25 (blue) is rigid when bound to the membrane.
The C-terminal region (green) remains unstructured and highly mobile in a membrane-bound
protein, while the central region (grey) displays dynamics intermediate between the rigid N-
terminal part and highly dynamic C-terminal part. The conclusions on the dynamics of
the different regions were drawn based on a combination of solution and solid state NMR
experiments. It should be noted that only one «-synuclein molecule interacting with the
membrane is depicted for clarity. In reality, more «-synuclein molecules would be bound
nearby. Also, in the conditions of excess membrane (as illustrated in the cartoon) the
protein would be associated with the membrane with 1-100 segment (as discussed in Section
2.3). Adapted with permission from33.

Interactions of the C-terminal segment with the membrane

Fusco et al also employed paramagnetic resonance enhancement NMR to
gain information on any transient interactions of the C-terminal segment of
a bound «-synuclein molecule with the membrane33. The authors employed
a model bilayer, which contained lipid molecules with unpaired electrons
located on the headgroup. The interaction of a spin with the paramagnetic
centre is a relaxation mechanism and thus the broadening of the protein
resonances provides information on the proximity of different protein seg-
ments to the bilayer. Apart from detecting the broadening of resonances
of the residues in the membrane-binding region, the broadening of the res-
onances was also detected for some of the C-terminal residues (K97, Q99,
L100, A107, 1112, V118). This implies that the C-terminal residues are at
least transiently located in the proximity of the membrane.
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2.5 Kinetics of a-synuclein association with mem-
branes

In order to gain a more thorough picture of a-synuclein association with
lipid membranes, the characterization of the dynamics of the interaction
is necessary. In this section, we will first discuss the experiments designed
to visualize the exchange between free and vesicle-bound a-synuclein and
study the redistribution of a-synuclein between vesicles. Then, the ex-
periments designed to estimate the timescale of the association and the
timescale of the exchange between the free and membrane-bound protein
will be discussed.

Visualizing the exchange between free and GUV-bound «-
synuclein

In Paper II, we employed confocal microscopy to visualize the exchange
between free and vesicle-associated a-synuclein employing giant unilamellar
vesicles (GUVs) as a model system. Unlabelled GUVs were saturated with
red-labelled a-synuclein and imaged. Then, green-labelled a-synuclein was
added. Figure 2.10 shows the respective confocal images. Straight after the
addition of the green-labelled protein, the GUVs appear both in the red
and green channels. Thus, the exchange process is implied to have occurred
in the dead-time of the experiment, that is within a couple of minutes.

Redistribution of a-synuclein between SUVs

We employed fluorescence cross-correlation spectroscopy to determine how
fast o-synuclein redistributes between SUVs (Paper II). In this experiment,
SUVs were first saturated with blue-labelled &-synuclein (L/P 200). At that
stage, the FCCS intensity trace, shown in Figure 2.11B, contains only blue
intensity spikes, which are due to SUVs decorated with blue protein passing
by the focal volume (more on FCS in Box 8). In the second step of the
experiment, SUVs saturated with red-labelled a-synuclein (L/P 200) were
added and mixed. The emergence of overlapping blue and red spikes in
the intensity trace straight after the addition of SUVs with red-a-synuclein
implies that some of the proteins have exchanged between vesicles during
mixing (within several seconds) (Figure 2.11C).
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Figure 2.10 Studying the exchange between free and membrane-associated «-synuclein
using confocal microscopy. Left: Confocal images of GUVs saturated with green-labelled «-
synuclein (top) and after the addition of red-labelled x-synuclein (bottom). Right: Cartoons
illustrating the two experimental steps.
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Figure 2.11 Studying the redistribution a-synuclein between SUVs using fluorescence cross-
correlation spectroscopy. A) A cartoon representing the experimental steps. SUVs saturated
with red-labelled o-synuclein were added to SUVs saturated with blue x-synuclein and mixed.
B) The FCCS intensity trace of SUVs saturated with blue a-synuclein before the addition
of SUVs saturated with red o-synuclein. C) The FCCS intensity trace after the addition of
red a-synuclein and mixing. Mixing was finished at time O s in the intensity trace and the
overlapping red and blue spikes are present immediately after.
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Stopped flow SAXS study of a-synuclein association with lipid
vesicles

In paper V, a-synuclein association with DMPS SUVs was studied using
stopped-flow SAXS. The protein solution was injected into a DMPS
vesicle dispersion and the scattering curve was acquired at several ms
intervals after mixing.! The observed change in the SAXS curve, indicative
of protein adsorption (see Box 6), occurred in the dead time of the
experiment, that is within 4 ms. No further changes in the scattering
pattern were observed (Figure 2.12).
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Figure 2.12 Probing the timescale of «-synuclein association with lipid vesicles using
stopped-flow SAXS. The scattering pattern of pure vesicle dispersion is shown in black.
The scattering patterns after the injection of x-synuclein were measured at several ms in-
tervals. The inset shows the position of the first visible minimum in the scattering pattern
indicated with an arrow. Already the first acquired pattern post mixing was characteristic of
a vesicle with o-synuclein bound, and no further changes were observed with time. Thus,
the association occurred during the dead-time of the experiment which was 4 ms.

120 mM phosphate buffer pH 6.5 30 °C
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Box 6: Small angle x-ray scattering

When an X-ray beam impinges on a sample, some of the radiation passes
through unaffected, some gets absorbed and some gets scattered. In X-
ray scattering, the incident radiation is scattered as a result of interaction
with electrons of the atoms in the sample. In a static scattering experi-
ment, which provides information about the size and shape of objects in the
sample, the intensity of the scattered radiation is usually measured over a
range of angles. The electromagnetic waves scattered from different objects
in the sample interfere constructively or destructively which gives rise to an
angle dependence of the scattering intensity. The main feature of a SAXS
scattering curve from a vesicle dispersion is a bilayer form factor (the bump
seen in the Figure below), which reports on the electron density distribu-
tion across the bilayer: inner headgroups with high electron density, acyl
chain region with lower electron density and outer headgroups with high
electron density.

Protein adsorption to a vesicle results in a change of electron density dis-
tribution in the bilayer and thus in a change in the scattering curve (yellow
data points in Figure below). Thus, SAXS can be employed to study pro-
tein adsorption to membranes.
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Small angle x-ray scattering curves of a pure DOPC:DOPS 7:3 SUV dispersion (blue) and
of a sample containing SUVs and a-synuclein at L/P 50 (yellow). The change in the bilayer
form factor upon the adsorption of the protein is due to the change in the electron density
profile of the bilayer, while the increase in the intensity at low q is due to the overall higher
electron density of the sample. Makasewicz et al, unpublished data.
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Determination of the ke,

The experimental data presented above suggest that association of o-
synuclein with lipid vesicles as well as the exchange between the free and
membrane-associated protein are fast relative to the timescales accessible
in the confocal, FCCS and stopped-flow SAXS experiments. In the
following subsections, the determination of the exchange rate between free
and membrane-bound o-synuclein using NMR will be discussed.

The exchange on the NMR chemical shift timescale

In Section 2.3, the "H —'> N HSQC spectra of free a-synuclein and «-
synuclein in presence of SUVs were discussed. It was mentioned that the
peaks corresponding to the segments of the protein that are associated
with the vesicle are invisible in the spectrum, while the remaining ones
have the chemical shifts equal to those in the free protein spectrum. This
together with the fact that the linewidths of the peaks that remain visible
in the presence of the vesicles are not substantially broadened (see SI of
the Paper I) implies that the exchange between free and membrane-bound
a-synuclein is slow on the NMR chemical shift timescale. This is consistent
with conclusions made by Bodner et al32.

Whether an exchange process is slow or fast on the NMR chemical shift
timescale is determined by the value of the exchange rate between the
two states (in our case, free and vesicle-bound «-synuclein) relative to the
difference between the frequencies of the two corresponding resonances. If
kex << A, where A is the frequency separation in Hz, then the exchange
is slow on the NMR chemical shift timescale3>. The above relation can be
employed to estimate the timescale of the exchange process on the real-life
timescale, once the chemical shifts of both states are known. Even though
the membrane-bound state is invisible in the "H —' N HSQC spectrum,
we can use the theoretical chemical shifts of the given residues in an o-
helix to calculate the frequency separation. The average difference between
the random coil chemical shifts observed in the free a-synuclein spectrum
and the theoretical values in an «-helix for the residues in the membrane-
binding segment of a-synuclein is around 100 Hz. Thus, kexy << 100s'.
This should be treated as a rough estimate as the chemical shifts of residues
in an a-helix interacting with a lipid membrane are expected to differ from
the theoretical chemical shifts of «-helical residues.
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Studying equilibrium dynamics with diffusion NMR

Another approach to estimate the value of the exchange rate between
free and membrane-bound «-synuclein is to employ pulsed field gradient
stimulated echo (PFG STE) NMR experiment. In this experiment, the
translational diffusion of the sample components is measured in a well-
defined time using gradient pulses (see Box 7). In the case of a molecule,
which can occupy two states characterized by different diffusion coeffi-
cients, the possibility of detecting both states in the PFG STE experiment
depends on the timescale of the exchange between them relative to the
diffusion time, A, in the pulse sequence. A is the time between the onset
of the consecutive gradient pulses, during which the signal is detected. If
the lifetime of the two states (free protein and membrane-bound protein
in our case) is much shorter than A (implying fast exchange), then the
individual states will not be resolved. The observed decay of the signal
intensity will be a single exponential with a decay constant being the
population averaged diffusion coefficient. If the lifetime of the two states
is longer than A (implying slow exchange), the observed signal decay will
be a sum of exponentials, each with a characteristic diffusion coefficient.
In Paper II, we have carried out the PFG STE experiments on samples
containing o-synuclein and SUVs at different L/P ratios (50, 100 and
200) to estimate the exchange rate and determine whether there are any
detectable differences between the dynamics at different L /P conditions.
Figure 2.13A shows the decay of the intensity of the peaks from free
vesicles, free o-synuclein, o-synuclein in presence of vesicles at L/P 100
and a MES (buffer) molecule. The peak intensities at each value of the
gradient strength are normalized with respect to the peak intensity in the
absence of the gradient and plotted as a function of a parameter b, which
is proportional to the square of the gradient pulse strength (for details
see Figure caption and Paper II). We observed the fastest decay for MES,
followed by free a-synuclein, «-synuclein with SUVs at L/P 100 and free
SUVs. The signal attenuation is proportional to the distance that the
given molecule/particle diffused in between the gradient pulses and thus
the faster the diffusion, the lower the gradient strength at which the signal
will be attenuated completely. The mono-exponential character of the
decay of the signal from o-synuclein in the presence of lipid vesicles implies
that the lifetimes of the bound and free states are much shorter than the
diffusion time, A, which was set to 50 ms. Thus, the rate of the exchange
between the free and membrane-bound o-synuclein, ke is greater than
2057 (s5—).

50ms
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In order to determine whether there any any detectable differences in
dynamics at different L/P conditions, we have carried out the PFG STE
experiments also for samples containing o«-synuclein and SUVs at L/P
50 and 200. The intensity decay from the protein peaks in samples at
all L/P ratios investigated as well as for the free protein are plotted in
Figure 2.13B. With increasing L/P, the observed signal decay is slower as
more protein is associated with the slowly diffusing vesicle. At L/P 200,
the decay curves of the lipid and o-synuclein peaks overlap, as virtually
all protein is expected to be associated with the vesicle (Figure 5C in
Paper II). The monoexponential character of the signal intensity decay

for a-synuclein peaks at all L/P conditions implies that, in all cases the
exchange rate key > 20s.

0 ; ; ; ;
A0 — B
o a-syn+lipid at L/P 100 08 o L/P50
! X X :\/IES . &(pooo o L/P 100
* .
‘ %, : free gus\);n 06 A Y ooo o L/P 200
% @ 00 ree 0@ © o o free a-syn
x © o 07
* 0.4 o
o I'x % o =} 0 %0 % ° o
S oo ° o = e ® %o o
x 0O o © 0© °
i 0o o2t ° ° 9
xx o
x ¥ o
o © ° o ©
x o o
10 p;
0 1 2 3 4 5 0 1 2 3 4 5
b, sm™ 10" b, sm x10'"!

Figure 2.13 Probing the exchange rate between the free and vesicle-associated «-synuclein
with pulsed-field gradient stimulated echo NMR experiment. A, B) Signal decay of different
peaks as a function of a parameter b, where b=(yG5)2(A — §/3), where 7 is the proton
gyromagnetic ratio (rad/s/T), G is the gradient strength (T/m), & is the gradient pulse
length and A is the total diffusion time (s). Peak intensities at each value of the gradient
pulse strength were normalized with respect to peak intensities in the absence of the gradient
pulse. The mono-exponential decay of the peak intensity corresponding to «-synuclein in the
presence of SUVs implies that the lifetimes of the free and bound states are short relative
to the diffusion time (50 ms). Thus, kex > 20s~ 7.
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Box 7: Pulsed field gradient spin echo NMR experiment

Pulsed field gradient stimulated echo (PFG STE) NMR experiment allows
to measure diffusion of the sample components. In the PFG STE pulse
sequence, there is a spin echo element and gradient pulses applied with a
delay time in between. The function of the gradient pulses is to dephase the
magnetization of the spins that diffused along the direction of the gradient
field during the so-called diffusion time, A. The gradient pulses have no net
effect on the spins, which did not move. The dephasing of the magnetization
of the moving spins results in a lowered intensity of the detected signal. The
degree of the dephasing due to the gradient pulses is proportional to the
gradient amplitude and to the displacement of the spin in the direction of
the gradient in the diffusion time A. By repeating the pulse sequence at
different gradient amplitudes and observing signal decay, we can determine
the diffusion coefficient of the sample components.

Perspective

By combining the results of our HSQC and PFG STE NMR data, the
kex at the conditions of our experiments (DOPC:DOPS 7:3 lipid system,
10 mM MES buffer pH 5.5) can be estimated to be greater than 20s~"
and less than 100s~'. This result can be compared with the values
previously reported in the literature. Shvadchak et al?’ measured the
kinetics of a-synuclein association with lipid vesicles using stopped-flow
fluorescence.  The authors employed an «o-synuclein cysteine mutant
(A18C) labelled with an excited state intramolecular proton transfer
probe, which displays different spectral characteristics in the aqueous
solvent and in a hydrophobic environment such as the interior of the
lipid membrane. The changes in fluorescence intensity upon addition
of o-synuclein to a DPPG vesicle dispersion were monitored in 0.02-1
ms intervals with a 2 ms deadtime. The fitting of the intensity traces
with a single exponential allowed the authors to estimate the apparent
exchange rate kex = 53s7 1.1 The authors also measured the key of
a-synuclein association with DOPC/DOPG SUVs with different relative
proportions of the zwitterionic and charged lipids (mol/mol ratios 3:1,
1:1 and 1:3). They found that keyx increased with increasing fraction of
the charged lipids, which corresponds to a decrease in the lifetime of
the membrane-bound state. The estimated ke, values were 150, 330 and

1195 mM phosphate buffer, pH 6.5, 150 mM NaCl and 37 °C, a-synuclein concentration
was equal to 250 nM and L/P=200
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500 s~ for DOPC/DOPG 3:1, 1:1 and 1:3, respectively. The increase
in kexy with increasing charge content of the membrane may be due to
the electrostatic repulsion between the negatively charged headgroups
and negatively charged C-terminal segments of the membrane-associated
a-synuclein molecules.  Following this line of reasoning, C-terminally
truncated o-synuclein would be expected to show different dynamics of
membrane interactions. The dynamic equilibrium between the soluble and
membrane-associated states is core to the peripheral membrane binding
proteins’ function. Deleterious effects have been observed for cases where
the association of the protein with the membrane was increased as well as
decreased®®. Thus, the C-terminal segment of o-synuclein may regulate
membrane association, while not participating in the binding directly.

An interesting question is whether a-synuclein binding to lipid membranes
is a diffusion limited process. It was shown for multiple peripheral
membrane binding proteins, which associate with membranes through
different mechanisms, that the association is very fast or even diffusion
limited373%. Since a-synuclein is in random coil conformation in solution
and folds into an o-helix upon membrane binding, the conformational
transition could be the rate limiting step. The time it takes to form an
o-helix is of the order of 100/N us, where N is the number of residues
that fold together?, which gives approx. 1 us for the case of x-synuclein.
However, to the best of the author’s knowledge no experimental data
exists to determine which of the two events, diffusion of a protein to the
surface of the vesicle or folding into an o-helix, is rate limiting.

2.6 Cooperativity of x-synuclein association with
lipid membranes

In Paper III, we have studied o-synuclein distribution in excess of lipid
membranes and arrived at the conclusion that the protein associates with
membranes in a cooperative as opposed to an independent manner. In this
section, our results will be presented and discussed alongside other reports
from the literature corroborating our findings.

Cooperativity is defined as a free energy coupling between binding events.
The phenomenon is present in interactions of small molecules with proteins
(e.g. oxygen binding to hemoglobin) as well as in protein association with
lipid membranes (e.g. self-assembly of clathrin coats in clathrin-mediated
endocytosis?® and self-assembly of dynamin at the neck of endocytic
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buds*'). Positive cooperativity means that the affinity of a ligand to
a marcomolecule/membrane is higher when another ligand is already
bound. This enables the regulation of processes over a narrower free ligand
concentration range than would be possible in the case of independent
binding.

Small molecule binding to proteins is usually deduced as cooperative or
independent based on the shape of the binding curve??, with cooperative
binding giving rise to a steeper dependence of fractional saturation
on ligand concentration. The characterization of protein association
with membranes in such a way is much more complicated due to the
unknown, but very high stoichiometry of the complex (one vesicle may
be able to accommodate several hundreds or thousands of proteins). We
have characterized «-synuclein binding to lipid membranes as positively
cooperative based on the experimental studies of the protein distribution
in the presence of the excess of lipid membranes.

Observation of non-random distribution of a-synuclein in mem-
brane excess

We have observed non-random distribution of a-synuclein in excess of gi-
ant unilamellar vesicles using confocal microscopy and in excess of small
unilamellar vesicles using fluorescence cross-correlation spectroscopy. Fig-
ure 2.14A shows a set of fluorescence and bright field images of the same re-
gion of the sample, where the fluorescently labelled x-synuclein is associated
only with some of the non-labelled giant unilamellar vesicles (GUVs). The
non-random distribution of the protein in a population of GUVs was ruled
out to be due to incomplete mixing, differences in composition between
vesicles or direct effects of membrane curvature (see Paper III).
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Figure 2.14 Non-random distribution of a-synuclein in a population of giant unilamellar
vesicles (GUVs). A) Two sets of bright-field (left) and fluorescence mode (middle) images
of non fluorescently-labelled GUVs and fluorescently labelled a-synuclein. The protein as-
sociation with GUVs renders them visible in the fluorescence mode. The protein-free GUVs
invisible in the fluorescence mode are marked with a yellow dotted circle in the rightmost
panel. B and C) Modeling the confocal experiment results using the Adair equation (for
details see Paper Ill). The fractions of vesicles with n occupied binding sites out of a total
of 10 binding sites as a function of protein concentration (the vesicle concentration was held
constant) for the cases of independent binding (B) and positively cooperative binding (C).
The legend for B is the same as in C. The free energy coupling between the binding events
in the latter case was -10 kJ/mol.
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Figure 2.15 Distribution of a-synuclein in a population of small unilamellar vesicles studied
with fluorescence cross-correlation spectroscopy. A) The total number of vesicles in the
sample (blue dots) and the number of vesicles that have protein bound (red dots) as a
function of L/P, extracted from the auto-correlation curves in the FCCS experiment. B)
Modeling the FCCS results. Theoretical predictions of the number of vesicles having protein
bound as a function of L/P for the cases of independent (purple dashed line) and infinitely
cooperative binding (gray dotted line). The solid blue line corresponds to the total number
of vesicles. In the calculations, the protein concentration was kept constant, while the
lipid concentration was varied. In the case of independent binding, the number of proteins
bound to each vesicle was assumed to follow a binomial distribution. In the case of infinite
cooperativity, all protein molecules were assumed to occupy one vesicle regardless of the
vesicle excess.
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Figure 2.15A shows the total number of vesicles in the sample and the
number of protein-associated vesicles extracted from the correlation curves
in the fluorescence cross-correlation spectroscopy experiment. In the mem-
brane excess regime (here L/P > 400), a-synuclein is associated with a
constant number of vesicles, regardless of the extent of the membrane ex-
cess.

Box 8: How particles are counted in Fluorescence Correlation
Spectroscopy?

In FCS, the fluorescence emitted by a tiny number of molecules or particles
in a tiny observation volume is detected and analyzed. The raw FCS data
have the form of an intensity trace (see A and B below). A spike in such an
intensity trace corresponds to a fluorescent object crossing the observation
volume. The width of the spike reflects how long a given object stays in
the focal volume and thus provides information on its diffusion properties
(long time in the focal volume = slow diffusion = big object). The height
of the intensity spike reports on how many photons a given particle emitted
while residing in the focus. The density of the spikes in the intensity trace
provides information on the concentration of fluorescent species.

>
|

w
B

]
o =k ok k
o N B O
& o o o

Intensity, kHz
@
o

intensity
3

N
o

n
o

o

- 0 5 10 15 20 25 30
time time, s

A) A schematic FCS intensity trace, in which three particles have crossed the observation
volume in the time-frame of the experiment. B) An experimental intensity trace of a sample
containing fluorescently labelled small unilamellar vesicles.
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Modelling the experimental results

We have modelled the non-random distribution of o-synuclein in a
population of GUVs that we observed in the confocal experiment using the
so-called Adair equation (details in Paper III)*3. Figure 2.14B,C shows
the calculated fractions of empty (protein-free) vesicles, vesicles filled
completely with protein, and all intermediate states as a function of protein
concentration (vesicle concentration was kept constant) for the cases of
independent binding (Figure 2.14B) and positively cooperative binding
(Figure 2.14C). In the case of independent binding, the intermediate states
(vesicles with 1-9 proteins bound) are populated throughout the titration.
However, when a reasonable level of cooperativity is assumed (-10 kJ/mol),
the intermediate states are fully suppressed and only the empty vesicles
or vesicles filled completely with protein are observed. This is consistent
with our observation of a-synuclein distribution in a population of GUVs
in the confocal experiment.

The FCCS results presented in Figure 2.15A can be compared with the
theoretical predictions of the number of vesicles with protein bound for
the cases of independent and cooperative binding shown in Figure 2.15B.
The calculations were carried out for vesicles with 1000 binding sites and
protein concentration was set equal to the amount of protein molecules
that can fill one vesicle completely. Clearly, our experimental results
cannot be explained by independent binding.

The magnitude of the free energy coupling between the binding events that
was sufficient to model our experimental observations, around — 10kJ/mol,
is consistent with the values known for other systems involving cooperative
binding*2.

Cooperativity of a-synuclein binding to membranes in the liter-
ature

Since a-synuclein association with lipid membranes has been studied ex-
tensively, it is legitimate to ask why it was not characterized as cooperative
before. It turns out that multiple studies in the literature are consistent
with our hypothesis and corroborate our findings. Several examples are
discussed in Paper III. An additional example is included in the work of
Galvagnion et al?6. The authors studied interactions of a-synuclein with
lipid vesicles using differential scanning calorimetry?%. Samples at a range
of L/P 5-200 were investigated. At lowest L/P the DSC thermogram
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consisted of only the peak corresponding to protein-bound lipids, while at
highest L/P only the peak corresponding to protein-free lipids appeared
in the thermogram. In the intermediate L/P range both peaks were
present. This indicates that the protein-free and protein-rich bilayer
patches coexisted in the sample in the intermediate L/P range, rather than
protein distributing homogeneously over the accessible membrane surface.

Molecular origin of cooperativity

Our study did not address the molecular mechanism underlying the co-
operative binding of «-synuclein to lipid membranes; however, it must be
related to the balance between the protein-protein, lipid-lipid, protein-lipid,
protein-solvent and/or membrane-solvent interactions. Attractive protein-
protein interactions are expected to play an important role. Additionally,
when «-synuclein adsorbs and folds on the membrane, it creates a new hy-
drophobic interface along the o-helix. The free energy of binding of the
second o-helical protein may be lower for that location as compared to the
bare membrane surface. It is also possible that unfavorable effects on the
lipids such as reduced lateral diffusion and thereby a decrease in entropy
may be minimized if the proteins bind close to each other or in a specific
pattern. The positive cooperativity may also have its origin in the interac-
tions of the protein or membrane components with water and counter ions,
with the net desolvation being more favorable for cooperative compared
to isolated protein binding. Computational studies showed that peripheral
membrane proteins may interact with each other through the local changes
in membrane curvature, that each protein exerts upon binding**4°. A local
curvature field induced by one bound protein may affect how the incoming
proteins bind, leading to organization of the bound proteins on the mem-
brane - a manifestation of cooperative binding.

The cooperative nature of a-synuclein association with lipid membranes
is likely to be vital for the healthy function of the protein, which involves
membrane remodeling. «-synuclein-induced membrane deformation will be
discussed in Section 2.8.

Perspective

An interesting question is whether the Parkinson’s Disease-related o-
synuclein mutants also associate cooperatively with lipid membranes.
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2.7 Curvature effects versus packing defects

There exist many reports in the literature showing that o-synuclein has
higher affinity for vesicles of diameter below 40 nm when compared with
vesicles with diameter of 100 nm or more®2746:47. Based on such reports
x-synuclein was suggested to be a curvature-sensing protein. In the case
of the smallest vesicles possible to obtain in the lab, surface curvature ef-
fects may be expected to play a role for a protein of «-synucllein’s size
(15 nm in length when bound to the membrane with the 1-100 residue seg-
ment *®). Nevertheless, the analysis of protein binding to such small vesicles
is complicated by the fact that the higher membrane curvature will impose
changes in the lipid packing and may induce packing defects6:49:50,
Shvadchak et al and Nuscher et al?"47 studied a-synuclein association with
vesicles for a range of vesicle sizes. In the case of charged membranes, «-
synuclein displayed the same affinity regardless of the vesicle size (40 nm vs
100 nm diameter). However, the authors observed protein association with
zwitterionic vesicles with the protein affinity increasing with decreasing ves-
icle size. In both studies, it was also observed that a-synuclein affinity to
zwitterionic vesicles was higher when the membrane was in the gel phase
when compared to the liquid crystalline state. It was concluded, that de-
fects (sites with higher exposure of the hydrocarbon region of the bilayer)
in the zwitterionic membrane may act as binding sites for a-synuclein. The
smaller the vesicle (the higher the vesicle curvature), the more such defects
are expected to arise, explaining the higher affinity of the protein. This
conclusion is supported by the fact that when cholesterol is added to to
neutral membranes, x-synuclein affinity is decreased?”. Cholesterol has
strong effect on lipid packing and was shown to eliminate defects in high
curvature membranes by binding to the sites of higher exposure of the hy-
drocarbon core”.

The above discussed results show that it is not easy and in some cases even
impossible to distinguish between effects due to curvature of the membrane
surface and due to packing defects. However, in the case of model systems
such as giant unilamellar vesicles with diameter in the range of a few to a
few tens of um, it is safe to assume that the membrane surface appears flat
to a protein of o-synuclein size (Figure 1C in Paper III).
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2.8 «-synuclein-induced deformation of lipid
membranes

Interactions with membranes are believed to be central to the healthy func-
tion of a-synuclein. The existing evidence points to the fact that the pro-
tein is involved in neurotransmitter release at the presynaptic termini'?!3,
which is a process involving large-scale membrane remodeling. Thus, stud-
ies of the a-synuclein-induced membrane deformation may shed light on
the healthy function of the protein.

Double anchor model

An important contribution on the membrane remodeling by «-synuclein
is the work by Fusco et al®!, who based on cryo-TEM images of prolate-
shaped vesicles in the presence of a-synuclein, put forward a model of
a-synuclein-mediated vesicle fusion. The authors introduced a so-called
“double-anchor” model, which builds on the previous works identifying
multiple different a-synuclein-membrane binding modes®®. The authors
suggest that the substantially different dynamics detected in the different
segments of membrane-bound o-synuclein (discussed in Section 2.4) would
enable one protein molecule to associate with two vesicles at the same time.
According to the model, the association with one vesicle would be mediated
by a short N-terminal segment and to the second vesicle by a segment close
to the C-terminus. In such a way, two vesicles would be brought to a close
contact, which according to the authors would facilitate fusion. The author
of this thesis expresses doubts about the legitimacy of the cryo-TEM and
NMR data interpretation on which the “double-anchor” model is based.
These doubts were put to a constructive use as will be described next.
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Figure 2.16 Deformation of small unilamellar vesicles composed of DOPC:DOPS 7:3 in-
duced by a-synuclein association observed with cryo-TEM. A) Cryo-TEM image of free SUVs
in 10 mM MES pH 5.5. B) Cryo-TEM image of SUVs with «-synuclein at L/P 200 24 h
after the addition of the protein. The scale bar for image in A is the same as in B.

Our investigation of a-synuclein induced remodeling of model membranes
described in Paper IV started with imaging of SUVs in absence and pres-
ence of a-synuclein using cryo-TEM. We observed that originally spherical
vesicles undergo shape change to a prolate upon a-synuclein association,
which is in line with the observations made by Fusco et al®!. However, the
fact that we observed the prolate-shaped vesicles not only shortly after the
addition of the protein but also 24 hours later, prompted us to question the
interpretation that they are fusion intermediates. In the work described in
Paper 1V, we combined cryo-TEM and fluorescence cross-correlation spec-
troscopy to show that the prolate structures are not fusion intermediates
but are kinetically stable fission intermediates.

Fusion or fission?

First, we addressed the question whether vesicle fusion or fission occurred
upon «-synuclein addition using FCCS. Figure 2.17 shows the auto- and
cross-correlation curves of a sample containing a 1:1 mixture of SUVs con-
taining a red fluorescently labelled lipid analogue and SUVs containing
a green fluorescently labelled lipid analogue. The amplitudes of the auto-
correlation curves are inversely proportional to the number of the respective
singly-labelled species, while the amplitude of the cross-correlation curve is
directly proportional to the number of doubly-labelled species (see Box 9).
The numbers of green and red vesicles extracted from the auto-correlation
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Figure 2.17 Detecting fusion or fission with fluorescence cross-correlation spectroscopy.
Left: the auto- and cross-correlation curves of a sample containing a mixture of vesicles con-
taining red fluorescent lipid analogue and vesicles containing green fluorescent lipid analogue.
The amplitudes of the auto-correlation curves are inversely proportional to the amount of
the respective singly labelled species. The amplitude of the cross-correlation curve is directly
proportional to the amount of doubly-labelled species. Right: FCCS curves recorded for a
sample containing green and red vesicles and o-synuclein at L/P 50.

curves are equal after the correction for background fluorescence from resid-
ual free dye (See Paper IV). The very low amplitude of the cross-correlation
curve is consistent with the absence of doubly-labelled species in the sample.
Upon the addition of a-synuclein to the vesicles, the amplitudes of the
auto-correlation curves remain virtually unchanged. This implies that no
detectable fission occurs, as this would lead to a higher number of singly la-
belled species in the sample (a decrease in the auto-correlation amplitudes).
Moreover, no detectable fusion occurs as this would lead to an emergence
of a population of doubly-labelled species resulting in an increase in the
cross-correlation amplitude.
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Box 9: Detecting doubly-labelled species in Fluorescence Cross-
Correlation Spectroscopy

Figure below shows schematic intensity traces for a sample containing red
particles, green particles and red-green particles. A green particle crossing
the detection volume gives rise to a photon burst in the green channel,
while a red particle gives rise to a photon burst in the red channel. A
doubly-labelled particle diffusing through the detection volume gives rise
to a photon burst in both channels. The result of an FCCS experiment is
a red auto-correlation curve, a green auto-correlation curve and the cross-
correlation curve. While the amplitudes of the auto-correlation functions
are inversely proportional to the number of the (at least) singly-labelled
particles, the amplitude of the cross-correlation function is directly propor-
tional to the concentration of the doubly-labelled species.
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Fluorescence cross-correlation spectroscopy. Left: Schematic intensity traces for the green,
red and cross-correlation channel. A doubly-labelled fluorescent particle diffusing through
the focus gives rise to a signal in the cross-correlation channel. Right: A schematic FCCS
dataset: two auto-correlation curves and a cross-correlation curve.

Next, we employed inverse fluorescence cross-correlation spectroscopy
(iIFCCS) to measure the changes in vesicle volume that occur upon
a-synuclein association. For details on how the particle volume can be
determined using iFCCS, see Box 10 and Figure 2.18A. As shown in
Figure 2.18B, the amplitude of the anti-correlation curve measured for the
sample containing SUVs and o-synuclein is lower than the amplitude of
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the anti-correlation function of the sample containing only vesicles. This
implies that the vesicle volume decreases upon «-synuclein association.
The volume decrease could be interpreted as being due to vesicle fission,
but the FCCS results ruled out that any detectable fission occurs. How-
ever, the observed decrease in vesicle volume upon o-synuclein addition is
consistent with the change in shape from a sphere to a prolate occurring
at a fixed membrane surface area.
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Figure 2.18 Determining the vesicle volume change upon deformation with inverse fluor-
escence cross-correlation spectroscopy. SUVs contained a green fluorescent lipid analogue
and 100 uM of red fluorescent dye was dissolved in the solvent. Since the dye does not
penetrate the membrane, a vesicle diffusing through the focal volume, displaces some of the
dye molecules. This gives rise to a negative signal in the red intensity trace. At the same
time, the vesicle gives rise to a positive signal in the green intensity trace. The signals from
the two channels are cross-correlated giving rise to an anti-correlation curve as shown in
B. The amplitude of the anti correlation curve is proportional to the volume of the particle
that displaces the dye molecules from the focus. The iIFCCS amplitudes measured on free
SUVs and SUVs with a-synuclein show that the volume of the vesicle decreases upon protein
association.
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Box 10: How particle volume is determined in Inverse Fluores-
cence Cross-Correlation spectroscopy

In inverse Fluorescence Correlation Spectroscopy, the parameter of interest
is not the fluorescence intensity fluctuations due to a diffusing fluorescent
molecule or particle of interest (as in conventional FCS), but the intensity
fluctuations due to the surrounding medium?®?. This requires that a relat-
ively high amount of fluorescent dye is dissolved in the medium. At a high
dye concentration, at all times throughout the experiment, there are some
dye molecules in the focus, which give rise to a high signal in the intensity
trace. A particle (such as a vesicle) diffusing through a focus displaces some
of the dye molecules giving rise to a negative signal in the intensity trace
(as in the red trace in Figure 2.18A).

In the inverse Fluorescence Cross-Correlation Spectroscopy (iIFCCS), the
particle displacing the dye is also fluorescently labelled. Thus, the negative
signal from the displaced dye can be cross-correlated with the positive signal
coming from the particle detected in the second channel, which gives rise
to an anti-correlation curve (Figure 2.18B). The amplitude of this curve
is directly proportional to the volume of the particle displacing the dye
molecules. The derivation of the relation between the amplitude of the
iFCCS curve and the volume of the particle is presented in Supplementary
Information of Paper IV.

Driving force for deformation

The fact that the vesicle deformation persists for extended periods of time
after the addition of a-synuclein, as observed with cryo-TEM, implies that
the deformed vesicle is a kinetically stable state, although it might not
be thermodynamically stable. Moreover, the persistence of the pearl-on-
a-necklace structures implies that there is a driving force to increase the
curvature of the membrane. The origin of this driving force can be ascribed
to the protein adsorption. The adsorption of a-synuclein molecules on
the outer leaflet of a vesicle induces higher positive spontaneous curvature
than the spontaneous curvature of an empty vesicle®®. A way to relax
this elastic energy would be that a vesicle undergoes fission. Fission is
however a process involving a disruption of membrane continuity and thus
involving a high energy barrier, which apparently cannot be overcome
by thermal fluctuations in the experimental time-frame at the conditions
of our experiment. The deformed vesicles reminiscent of a pearl-on-a-
necklace are therefore most possibly kinetically stable fission intermediates.
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Perspective

An interesting aspect of the protein adsorption-mediated membrane re-
modeling is protein organization on the membrane. The binding energies
between a protein and a lipid are much lower than the energy required
for large-scale changes in membrane geometry®%>. This implies that co-
operative action of many proteins is necessary for membrane remodeling
on mesoscale. Protein self-assembly on the membrane is well studied in the
context of e.g. clathrin-mediated endocytosis, where multiple proteins form
so-called “coats” on the membrane and induce bending. Self-assembly of
a-synuclein on a membrane is a new concept, which requires further stud-
ies to be better understood. It is however consistent with the finding that
a-synuclein associates with membranes in a cooperative manner.

2.9 «-synuclein amyloid formation in presence of
lipid membranes

In the previous chapters, we discussed a-synuclein interactions with lipid
membranes in conditions, where no amyloid fibril formation occurred (or
before it occurred). Those insights are most possibly vital to understand
the healthy function of the protein. It will however be fair to say that
a-synuclein attracts more attention in the context of its aberrant aggrega-
tion associated with neurodegenerative diseases. «-synuclein amyloid fibrils
were initially thought to be the main component of the Lewy Bodies, which
are intraneuronal inclusions being a hallmark of Parkinson’s DiseaseS.
Later, it was recognized that Lewy Bodies contain a large proportion of
crowded lipid membranes®”. This motivated the studies of a-synuclein
amyloid formation in the presence of membranes, some of the most import-
ant conclusions from which will be discussed in this chapter.

The effect of relative amounts of proteins and lipids

The effect that the presence of lipid membranes has on a-synuclein aggreg-
ation ranges from acceleration to inhibition and was shown to depend on
the relative proportions of the protein and lipids®®. We have investigated
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this in Paper 1. In a system consisting of small unilamellar vesicles and
initially monomeric a-synuclein, the aggregation is accelerated at low L/P
and inhibited at high L/P as shown in Figure 2.19. At low membrane con-
tent (low L/P), apart from the protein associated with the vesicle, there
is a substantial population of free protein in solution. At high L/P, since
the equilibrium between the free and vesicle-associated protein is strongly
shifted towards the complex, virtually all protein is bound (Figures 2, 3,
5 in Paper I and Figure 4C in Paper II). The dependence of the effect of
membranes on x-synuclein aggregation suggests that for the aggregation to
occur, free and vesicle-associated protein need to coexist.
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Figure 2.19 Aggregation of «-synuclein in the presence of DOPC:DOPS 7:3 SUVs at pH
5.5. A) The half-times from the ThT aggregation assay (see Box 11) for samples containing
a-synuclein and SUVs at L/P ratios in the range 10-250. For each sample, 10 replicates
were measured. The number in the triangles above the data points represents the number
of replicates for which no aggregation was detected in the timeframe of the experiment
(18 days). B) ThT intensity traces for samples at L/P 10-40. C) ThT intensity traces for
samples at L/P 50-90. No aggregation was detected for samples at L/P > 100.
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Box 11: Thioflavin T aggregation kinetics assay

A standard method to follow the formation of amyloid fibrils in wvitro in-
volves a fluorescent molecule thioflavin T (ThT). As shown below, a ThT
molecule contains a benzothioazole and a benzyl ring connected by a single
C — C bond. When in solution, the two rings rotate freely with respect to
each other, which lowers the fluorescence quantum yield. As ThT binds to
the cross-beta structure of the amyloid fibrils, the molecule becomes more
rigid and the quantum yield increases. In an aggregation kinetics assay, the
protein is incubated with ThT and an increase in the ThT emission is in-
dicative of an increase in the fibril mass, provided that the assay is properly
optimized in terms of the total ThT concentration and the ThT /protein
ratio.

CH,
I
N CH,3
A\ N/
\
H,C S CHj

Thiflavin T structure.

Microscopic processes in membrane-assisted fibril formation

The microscopic processes that underlie many self-assembly processes
where ordered structures form, such as crystallization and amyloid fibril
formation, are primary nucleation (homogeneous and heterogeneous), sec-
ondary nucleation, growth and fragmentation. Which of those mechanisms
dominates depends on many factors, including the presence of surfaces and
their properties as well as the solution conditions.

In a pure protein sample, the inevitable step necessary for fibril formation
is the homogeneous primary nucleation, assuming no interface effects (an
idealized case). A nucleus in this context can be defined as the monomer as-
sembly, for which it is more favorable to grow by addition of more monomers
than to dissociate. A process where a nucleus forms on some interface is
called heterogeneous primary nucleation. Galvagnion et al®® showed that
the rate of primary nucleation in «-synuclein amyloid fibril formation can
be increased by three orders of magnitude in presence of charged lipid mem-
branes. The enhancement of the primary nucleation rate may be due to an
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increased local concentration of a-synuclein on the membrane and/or to a
shift in the conformational space of the protein to an ensemble of conform-
ations compatible with the nucleation process.

An important finding in this context is that the amount of «-synuclein con-
verted into fibrils does not depend on the initial amount of free protein in
solution, but on the amount of protein initially bound to the membrane®®.
Figure 2.20 shows the dependence of the amount of «-synuclein conver-
ted into fibrils for the cases of constant concentration of lipid vesicles and
increasing protein concentration (Figure 2.20 A) and increasing concentra-
tion of lipid vesicles and constant protein concentration (Figure 2.20 B).
The data shows that at constant lipid concentration, a constant amount
of a-synuclein is converted into fibrils, regardless of the amount of excess
free protein in solution. This implies that secondary nucleation does not
contribute to the fibril formation as in such a case one would expect that
the total amount of protein converted into fibrils would depend on the ini-
tial free protein concentration. This result also shows that the aggregation
process does not stop due to the depletion of free protein from the solution.
The mechanistic details of what happens on the surface of the vesicle in the
membrane-assisted o-synuclein aggregation remain elusive, however some
important aspects of the process are discussed in the following subsection.

200 - 140 -
180 -
120 -
. 160 1 =
g 140 - é 100 A
» 120 1 » 80
5 100 - 5
5 897 3
5 601 5
— 40 . —
20 ; s+ v
O T T T T T T 1 O T T T T T T T 1
60 80 100 120 140 160 180 20 0 10 20 30 40

[o-syng ] (WM) Lo-syny g ngd (LMD

Figure 2.20 Effect of the variation of the concentration of vesicles and free x-synuclein on
the total mass of the protein converted into fibrils. A) The total concentration of a-synuclein
converted into fibrils in the presence of a constant amount of vesicles and increasing initial
concentration of the monomer (black). The fact the amount of vesicles was kept constant
implies that the amount of membrane-associated protein was the same in all samples. The
L/P range covered is 3.3-1.5. B) The total concentration of «-synuclein converted into
fibrils in presence of an increasing amount of lipid vesicles and constant initial amount of
monomeric o-synuclein (black). The L/P range covered is 0.4-8.6. The red lines in A and B,
show the expected trend of the total protein mass converted into fibrils if secondary processes
dominated fibril formation. Adapted with permission from reference 8.
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The role of electrostatics

Even though hydrophobic interaction is the main driving force for pro-
tein aggregation, the short-range electrostatic attractions were shown to
be critical for both the secondary nucleation of a-synuclein on a surface
of existing fibrils and the heterogeneous primary nucleation on the surface
of a-synuclein-covered membrane®. In the following discussion, the focus
will be on the latter process. The same principles are however expected to
apply in both cases.

Gaspar et al investigated the effect of ionic strength on a-synuclein amyloid
formation in the L /P regime, where the process in accelerated in the pres-
ence of membranes at low ionic strength%.i At high ionic strength (140
mM NaCl), no aggregation was detected. The authors performed Monte
Carlo simulations to gain an insight into how a-synuclein monomer inter-
acts with a surface grafted with a-synuclein C-terminal segments at differ-
ent ionic strength conditions (the snapshot from a simulation is shown in
Figure 2.21C). The extracted «-synuclein mass centre distribution function
with respect to the surface show that at high ionic strength the protein is
repelled from the surface (Figure 2.21A). At low ionic strength, the results
indicate the presence of attractive inter-molecular interactions. Moreover,
it was found that at low ionic strength o-synuclein monomer has a preferred
alignment with respect to the C-terminal segments on the surface (posit-
ively charged part of the monomer interacts with the negatively charged
C-termini). At high ionic strength, the monomer dipole displays no pre-
ferred orientation (Figure 2.21B).

The specific alignment of an &-synuclein monomer with respect to the C-
terminal segments of the membrane-bound protein molecules is thus expec-
ted to play a critical role in the amyloid formation process. The different
a-synuclein membrane-binding modes described in Section 2.3, result in dif-
ferent surface properties of a protein-covered membrane, with longer chains
extending into the solution at low L /P than at high L/P. This is expected
to affect the alignment of an incoming «-synuclein molecule, and thus affect
whether the membrane accelerates or inhibits aggregation.

W ipid system: DOPC:DOPS 9:1, 10 mM MES pH 5.5, L/P 0 - 25.
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Figure 2.21 Monte Carlo simulations of the interaction of an «-synuclein monomer with
a surface grafted with the C-terminal segments of the protein (residues 100-140). A) Mass
centre density of a-synuclein monomer relative to bulk as a function of distance, z, to the
surface grafted with a-synuclein C-terminal segments at different ionic strength. B) The
degree of monomer dipole moment orientation with respect to the surface at different ionic
strengths. C) A snapshot from one simulation. The green arrow represents the molecular

dipole moment vector of an a-synuclein monomer. The grafted layer of C-terminal segments

in represented by red/white/blue beads. Reproduced with permission from 9.

The role of lipid properties

Lipid properties such as length of the hydrocarbon chains were shown to
influence the effect that membranes have on o-synuclein amyloid form-
ation. Galvagnion et al? studied the effect of membranes composed of
different lipid species on a-synuclein aggregation. Although, in this study
a-synuclein was shown to associate with all studied membranes that were
in a liquid crystalline state (DLPS, DMPS, DOPS), only membranes com-
posed of the lipid species with shortest acyl chains (highest solubility),
DLPS and DMPS, accelerated a-synuclein aggregation V. Moreover, the
kinetics of amyloid formation in presence of DLPS membranes (100 nM
solubility) were faster than in the presence of DMPS membranes (10 nM
solubility). This implies that at least part of the free energy barrier for the
aggregation process in these model systems is related to the transfer of the
lipid molecules from a membrane to a protein environment. This suggests

VConditions of the experiment: 20 mM sodium phosphate buffer pH 6.5, the time-
frame of the experiment was around 2 days
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Figure 2.22 The presence of lipid molecules and their dynamics within a-synuclein aggreg-
ates probed with 3C MAS NMR. A) 13C CP-DP-INEPT MAS spectra of a-synuclein-DMPS
and o-synuclein-DLPS co-aggregates. The CP, DP and INEPT spectra are plotted in blue,
grey and red, respectively. The spectra of the co-aggregates contain resonances corres-
ponding to carbon atoms in the lipid molecules. The numbers above the spectrum indicate
which carbon atoms from the lipid give rise to a given peak. B) A cartoon representing the
site-specific dynamics of lipid molecules within the x-synuclein-lipid co-aggregates. Highest
INEPT intensity corresponds to the most mobile segments, while highest CP intensity cor-
responds to the most rigid segments of the lipid molecules. For details on CP-DP-INEPT
see Box 5. Reproduced with permission from reference 0

that the membrane does not only play a role of a surface in the aggregation
process, but that the lipid molecules may be incorporated into the protein
aggregates.

Incorporation of lipid molecules into x-synuclein aggregates

The question whether the lipids get incorporated into the «-synuclein
aggregates was addressed in Paper VI using NMR and DSC. '3C Magic
Angle Spinning (MAS) NMR spectra of the protein aggregates formed in
the presence of DMPS and DLPS lipid vesicles contained the resonances
corresponding to lipid carbons, implying that the lipid molecules get
incorporated into the amyloid fibrils (Figure 2.22A).
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Site-specific dynamics of lipids within the co-aggregates

Having established that DMPS and DLPS lipid molecules get incorporated
into the a-synuclein fibrils, polarization transfer '*C MAS was employed
to get insights into the site-specific molecular dynamics of the lipid chains,
while 3'P MAS NMR was employed to study the dynamics of the lipid
headgroups within the protein-lipid co-assemblies (Paper VI).

The cartoons in Figure 2.22B summarize the polarization transfer '>C MAS
results. By comparing the relative intensities of the CP, DP and INEPT
signals (see Box 5), we found that all carbons in the lipid acyl chain ex-
cept the end methyls have a lower reorientation rate (corresponding to an
increase in correlation time) and/or a more anisotropic reorientation in the
a-synuclein-lipid co-assemblies as compared to the pure lipid phase. The
end methyls have a high reorientation rate and isotropic reorientation in
both the co-assemblies and pure lipid phase. 3'P MAS NMR results showed
that a-synuclein-lipid co-assembly results in slower and more isotropic re-
orientation of the lipid headgroup (Figure 3A in Paper VI).

Thermotropic properties of lipids with the co-aggregates

In the same study (Paper VI), we analyzed the changes in the thermo-
tropic properties of lipids upon a-synuclein-lipid co-aggregation. We have
acquired DSC thermograms of a sample containing DMPS-a-synuclein co-
aggregates and the pure DMPS SUVs (Figure 2.23). The DSC thermograms
showed that both the temperature and the enthalpy of the chain melting
transition decreased upon co-aggregation (the temperature decreased from
39 to 29°C and the enthalpy decreased from 25 to 6 kJ/mol). We also
treated the protein-lipid sample with unspecific protease, proteinase K,
and acquired a DSC thermogram. The protease cleaves the peptide bonds
in the protein chain, resulting in single amino acids and short peptides. In
the protease-treated sample, the peak in the DSC thermogram appeared at
39°C as is the case of pure lipid vesicles. The enthalpy of this transition was
equal to around 70% of the enthalpy measured for a pure vesicle sample,
implying that the treatment with pK releases the lipid molecules from the
aggregates. These results corroborate the *C MAS result that the lipid
molecules are incorporated into the protein aggregates. The decrease in
the transition temperature in the co-aggregates vs pure lipid phase can be
explained by that the lipid molecules are more ordered at low temperatures
and/or more rigid at high temperatures in the co-aggregates as compared
to the pure lipid phase. Based on the results presented in Paper VI, we
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cannot determine whether the lipid molecules are incorporated into the
co-aggregates as individual molecules, lipid monolayers or bilayers.
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Figure 2.23 Differential Scanning Calorimetry on free DMPS SUVs (yellow), «-synuclein-
DMPS co-aggregates (blue) and a-synuclein-DMPS co-aggregates treated with proteinase
K (orange). For details on the digestion protocol see Paper VI.

pPH dependence of the effect of membranes on x-synuclein aggreg-
ation

a-synuclein aggregation in the presence of lipid membranes was studied at
different solution conditions. At pH 6.5, the vesicles composed of lipids with
short acyl chains, DMPS (14 carbon acyl chains) and DLPS (12 carbon acyl
chains), had an accelerating effect on a-synuclein amyloid formation, while
vesicles composed of lipids with longer acyl chains, such as DOPS, had no
effect. In Paper I, we have studied a-synuclein aggregation in presence of
DOPC:DOPS 7:3 vesicles at pH 5.5 and found that amyloid formation was
accelerated in the low L/P range (10-80) and inhibited at higher L /P (Fig-
ure 2.19). The important difference between the aggregation assays carried
out by us and by Galvagnion et al is the time-frame of the experiment - 3
weeks and 1 week, respectively. Thus, the observation of no effect of DOPS
membranes on x-synuclein aggregation at pH 6.5 within one week may be
due to either slower aggregation kinetics in the presence of membranes of
this type when compared to DLPS or DMPS membranes or to the fact
that at such pH the DOPS membranes actually have an inhibiting effect
on a-synuclein aggregation. Which of the two is the case remains an open
question.
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Perspective

Event though the fast kinetics of a-synuclein aggregation in the presence
of membranes composed of lipid species with short acyl chains such as
DLPS and DMPS, make it a good model system, it should be emphasized
that these are not the lipid species forming membranes in vivo. The lipid
species found in biological membranes have longer acyl chains (18-22 car-
bon atoms). The properties of DMPS and DLPS are much different from
the more biologically relevant lipid species (e.g. DOPC, DOPS). The short
chain endows the lipid molecule with much higher solubility in water. Also,
DMPS and DLPS tend to form different supra-molecular structures than
the lipid species with longer chains. The results presented above should
be considered a starting point towards better understanding of «-synuclein
amyloid fibril formation in the presence of membranes composed biologic-
ally relevant lipid species. However, it should be borne in mind that the
behavior of the system containing lipid species with longer acyl chains may
be substantially different.
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