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1 Introduction

Chapter 1

1.1 Protein (mis)folding and associated diseases

P

roteins are integral components of every living cell; they give structure to cells or exert
specific functions. Common examples include enzymes, molecular motors, receptors,
hormones, cytoskeletal networks, exoskeletons and components of the extracellular

matrix. The functional diversity of proteins is made possible by their three-dimensional
structures, typically stabilized by non-covalent interactions and in some cases covalent bonds.
Proteins are constantly synthesized and recycled/degraded in the cellular cytoplasm, both
metabolic processes being tightly regulated. Synthesized from 20 different amino acids, the
total number of endogenous proteins in humans has been estimated to be close to a million1.
Typically, upon synthesis every protein folds spontaneously or with the help of chaperones
into a structurally/functionally active three dimensional structure. The exception to this are
intrinsically disordered proteins (IDPs), which approximately make up 30% of all mammalian
proteins2. Upon synthesis, IDPs remain either entirely or partly unstructured and sample
multiple conformations in the absence of binding partners3,4. A number of proteins involved in
cellular processes such as cell-cell communication, growth, transcriptional regulation and
apoptosis require the conformational flexibility that arises from this intrinsic structural
disorder5. Given the abundance of IDPs in the cellular cytoplasm, their levels must be
regulated to prevent non-specific interactions, and in many but not all cases, to prevent self
association/aggregation. This is because not all IDPs are prone to aggregation but the ones
that are aggregation-prone can contribute to the etiology of many diseases. Parkinson’s
disease (PD), Alzheimer’s disease (AD), Huntington’s disease (HD) are believed to be caused
by abnormal accumulations and aggregation of the IDPs alpha synuclein (S), tau and/or Aβ
or huntingtin protein polyQ fragments respectively6,7. Such protein aggregates arise from
intermolecular contacts when hydrophobic stretches are exposed and not protected by
chaperones8,9 and/or the protein is not degraded/removed by the ubiquitin-proteasome
system (UPS)10 or the autophagy system as shown in Figure 1.1.
Generally, self-aggregation of structurally ordered proteins requires partial or complete
unfolding. IDPs are already unfolded which makes them more amenable to aggregation and
which interferes with cellular processes. To circumvent this, cellular systems have evolved to
contain a proteostasis network that mitigates accumulation of aggregated proteins which may
arise from misfolding of ordered proteins or results from abnormal accumulation of IDPs11.
A number of deficiencies in maintaining this proteostasis can arise from numerous factors like
mutations, oxidative stress or chemical modifications in the involved proteostatic machinery
or from an overload of aggregates. This can result in the accumulation of partially folded or
misfolded proteins which can often no longer exert their specific biological function leading to
degenerative protein misfolding diseases that fall into the category of “loss-of-function”
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diseases like cystic fibrosis, familial hypercholesterolemia and 1-antitrypsin deficiency.
Under some conditions, accumulation of IDPs or misfolded proteins leads to the formation of
stable amorphous or fibrillar protein aggregates which are cytotoxic and result in most cases,
cell death. These diseases fall into the category of “gain-of-toxicity” diseases.

Figure 1.1: Fate of proteins in the proteostasis network. A number of cellular pathways including the
ubiquitin-proteasome system (UPS) ensure minimal levels of misfolded proteins. Numbers in parenthesis indicate
the approximate number of components comprising the system. Figure reprinted with permission from Hartl et al11.

It is interesting to note that upon aggregation, a number of IDPs form “rod-like” fibrillar
protein aggregates with a strikingly similar appearance. Several decades of research has
shown that these similarities in fibrillar protein aggregates are unlikely to depend on the
amino acid sequence of the proteins involved, but rather reflect common structural features in
their organization12,13. Protein aggregates containing these structural features are broadly
termed as “amyloids”. A brief history of amyloids in discussed in the following section.
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1.2 From generic amyloids to amyloids of alpha synuclein
The term “amyloid” as
we use it today, refers in
general

to

fibrillar

protein

structures

typically ranging from 510

nm

have

in

a

width

that

characteristic

cross β sheet secondary
structure. Less than two
centuries ago, amyloids
were

believed

to

be

carbohydrates and their
relevance to disease was
believed

to

be

14,15

circumstantial
was

in

.

It

1859

Friedreich
showed

when

and

Kekulé

that

amyloid

plaques

mainly

contained proteins, that
the

entire

research

attention shifted to the
study

of

amyloids

as

aggregates16

protein

(Figure 1.2).
The

presence

amyloids
thought

of

was
to

now
be

a

consequence

of

and

conditions

other

including

cancer

aging
Figure 1.2: Timeline of selected events relating to amyloids.

and

many auto-immune diseases rather than a cause of disease. In 1912, Friedrich Lewy
described proteinaceous inclusion bodies in neurons of patients suffering from PD (which
would later be recognized as a pathological hallmark of PD). More than 4 decades later, Cohen
and Calkins, using electron microscopy showed that amyloids had a characteristic fibrillar
ultra-structure with dimensions ranging between 50-120 Å in width17. Further studies showed
4
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that amyloid fibrils, irrespective of their origin, were composed of even thinner fibrils
designated as protofibrils18,19. The following year, the basic structure of amyloid fibrils was
shown to be a β-pleated sheet20. Since then, numerous reports, using high resolution
techniques like solid state nuclear magnetic resonance (ssNMR), magic angle spinning nuclear
magnetic resonance (MAS-NMR), x-ray fiber diffraction (XRD) and two-dimensional infra-red
spectroscopy (2D-IR), have tremendously fuelled the understanding of the amyloid state of
numerous proteins. It is now known that amyloid formation is not a rare phenomenon
associated merely with diseases but rather it defines a structurally and thermodynamically
stable form of proteins. The amyloid fibril is an alternative to the native state, which can in
principle be adopted by many, if not all, polypeptide sequences21. There are now about 50
known disorders with widely disparate symptoms each of which involve conversion of normally
soluble and functional peptides/proteins (possessing a distinct secondary structure or
intrinsically disordered) into amyloid fibrils6. An example of this is the aggregation of alpha
synucleinS) in PD.
The protein S was initially found in the synapse and in the nuclear envelope of the electric
ray, Torpedo californica22 in 1988 when proteins involved at the neurological synapse were
being investigated. The connection of S to neurodegenerative disorders was not established
until the discovery of a distinct peptide component in the amyloid plaques in AD23. This ~ 35
amino acid peptide component was referred to as the non-Aβ component (NAC) which was
shown to be generated from proteolytic cleavage of a 140 amino acid protein called NAC
precursor protein, NACP (which was later shown to be a homologue of human S24,25).
The NAC peptide itself was shown to be highly amyloidogenic and antibodies raised against
synthetic NAC peptides recognized amyloid fibrils in AD plaques23,26. NACP was subsequently
described as a natively unfolded protein27 that loosely associated with synaptic vesicles25,28
and expressed abnormally in the presynpatic terminals of neuronal cells of the central nervous
system in patients afflicted with AD25,29.
The link between S/NACP and PD was established in 1997, when a point mutation (A53T)1 in
the S gene was identified in families with autosomal dominant PD30 followed by the seminal
discovery of S as a major component of Lewy bodies from brain tissues of sporadic PD
cases31 and the positive immunostaining of these Lewy bodies with anti-NACP antibodies32.
The following year, it was shown that S in Lewy bodies was present as 5-10 nm thick
filaments (S amyloids), with S monomers running parallel to the filament axis33.
These discoveries triggered tremendous scientific interest in S and the possible causality of
S aggregation in the development of PD. The following year, reports surfaced showing point
1

A point mutation due to a single nucleotide substitution in the human S gene leading to production of a
S variant in which the amino acid alanine at position 53 is substituted by threonine.
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mutants of S that accelerated fibril formation which could be directly linked early to onset of
PD34. Further, triplication of S gene was shown to cause PD35 and it was found that mRNA
levels of S were consistently elevated in brains of both early onset familial PD36 and
idiopathic PD patients37. S was also detected in several other neurodegenerative diseases,
including multiple system atrophy (MSA), amyotrophic lateral sclerosis (ALS), dementia with
Lewy bodies (DLB) and Hallervorden-Spatz syndrome. These diseases have now been
collectively referred to as synucleinopathies38. Till today, 5 additional point mutations in the
S gene have been identified that lead to protein variants found in familial forms of PD:
A30P39, E46K40, A53E41, H50Q42 and G51D43. Yet, finding the mechanism that causes cellular
damage in PD remains a holy grail and the role of S in the disease etiology is constantly
debated.

1.3 S amyloids and mechanisms of cellular toxicity
1.3.1 The “Janus” face of S
It was already known that S was a natively unfolded protein27 prior to its discovery as a
major component in Lewy bodies along with other proteins like ubiquitin, neurofilament
proteins and lipids44

31,33,45

. To explain the role of the conformational transition of S from its

disordered state to the fibrillar state to PD etiology, several mechanisms of S mediated
cellular toxicity and death have been postulated. These mechanisms can be grouped into two
major classes: a toxic gain of function or a toxic loss of function both of which include failure
of the ubiquitin-proteasome system (UPS), oxidative stress, impaired axonal transport and
mitochondrial damage38,46-55. Although not established, given the intricacy of these cellular
processes, these postulated mechanisms may not be mutually exclusive but could possibly act
synergistically. Due to the synergy of different cellular processes, it has been difficult to
pinpoint till date the intracellular location or pathway that is involved in the early stages of PD
leading to neuronal cell death. Existing reports suggest contrasting roles of S and are
reminiscent of the mythological two-faced Roman god Janus. On one hand, the failure of the
above mentioned cellular processes in both familial/idiopathic cases of PD56,38,57 are shown to
stem from the overexpression, point mutations and aggregation of S into toxic prefibrillar/oligomeric/fibrillar species58,59. Amongst these factors, soluble oligomeric species of S
have been shown to be the most potent toxic species in both in vitro and in vivo systems60-64.
On the other hand, a number of reports suggest that overexpression of S per se and
aggregation into soluble oligomeric species (formed in presence of dopamine) and fibrillar
species could have a neuroprotective role in PD38,53,65-67. This neuroprotective role of S is also
supported by the fact that PD and the associated death of dopaminergic neurons can also
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occur without formation of Lewy bodies68,69, raising questions about the precise role of S in
PD.
The Janus face of S is particularly evident in its interactions with cell membranes. On the one
hand, interactions of S with lipid membranes are thought to be necessary for cellular
processes like synaptic vesicle fusion, regulation of the synaptic vesicle pool, regulation of
phosphatidic acid (PA) synthesis and preventing lipid oxidation70-72. The sequence homology of
S to adipophilin/perilipin family of proteins that regulate lipid storage and metabolism also
suggests a functional link to lipid membranes73. On the other hand, interactions with cell
membranes have been suggested to trigger aggregation into (amyloid) oligomers which are
shown to be toxic in vivo74,75 and permeabilize cell membrane mimicking lipid vesicles76-79.
The aggregation of S into oligomers can occur with/without membranes but it is not clear if
aggregation initiates from the unstructured or membrane-bound state of the protein.
Although the role of S remains debated in the physiological environment, both function and
toxicity seem to involve interactions with cellular membranes. Interactions of S relating to its
putative functional role seem to be intricately dependent on their interactions with lipid
membranes

whilst

the

very

same

interactions

can

apparently

lead

to

cell

death.

The membrane-associated state of S is thus likely of great significance to both its
physiological function and its role in PD etiology.

1.4 S and phospholipid membrane interactions
Full length monomeric S comprises of 140 amino acids and consists of three major structural
regions: an N-terminal region comprising of amino acid residues that are believed to involved
in lipid membrane binding, a hydrophobic NAC region required for aggregation and more
recently found necessary in defining the affinity of S for lipid membranes80, and a negatively
charged C-terminus (95-140) that is highly unstructured and experiences weak and transient
interactions, if any, with model lipid membranes80 (Figure 1.3). The C-terminus is also known
to modulate aggregation of S into amyloids81-83 and contains sites that can be posttranslationally modified by e.g. nitration and phosphorylation84-86. The N-terminal residue
(methionine) of S was recently shown to be acetylated in its physiological form87,88 and S
has been reported to exist as a stable tetramer resisting aggregation87,89. Subsequent reports
from other labs have not been able attest to the existence of a S tetramer and the subject
remains a matter of debate88,90.
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Figure 1.3: Amino-acid sequence and domains in S. A) S primary amino acid sequence (top panel) with
acidic (green), lysine (red) and aromatic (light blue) residues highlighted. B) Schematic representation of S with
amphipathic repeats housed in the membrane binding region, Non-Amyloid β Component (NAC) region and the
acidic region (green). The bottom right panel shows a pictorial representation of the disordered state of the protein.

The loose association of S to lipid bilayers with reported dissociation constants in micromolar
ranges in vivo is counter-intuitive because of the presence of imperfect 11-amino acid residue
repeats

that

resemble

those

found

in

strongly

membrane

binding

apolipoproteins.

These repeats contain a K(A/T)TKEGV consensus that is consistent with the capacity to fold
into an amphipathic helix91. It has been proposed that the weak affinity of S for membranes
could hint at a regulatory role of S in maintenance of a lipid vesicle pool at the
synapse71,92,93. The equilibrium between the membrane-bound and free state of S is tightly
regulated and approximately 15% of S is bound within membranes at the synaptic
termini50,94.
Association of the unstructured monomeric S with phospholipid membranes is accompanied
by a dramatic increase in the helical content (from 3% to ~ 80%)91. In a report by Eliezer and
colleagues in 2001, S was shown to assume a bipartite structure with residues 1-102 bound
to SDS micelles while the remaining residues remaining disordered95. The conformation of the
membrane-bound helical segment of S has been a matter of debate as to whether it is a fully
extended helix96-98, a broken helix99,100 or co-existence of both101. It seems that a range of
structural architectures probably due to variable helix break positions97 between these two
conformations may be sampled by S. It has been shown by NMR that S binds to lipid
bilayers via distinct binding modes102 that can be tuned by changing the lipid-to-protein ratio.

1.4.1 Physicochemical properties of lipids aiding S membrane interaction
There is now strong evidence that the population of the lipid-bound state of S is regulated
not only by the intrinsic structural properties of S but also by the exact chemical composition
8
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and physical properties of the phospholipid bilayer, such as anionic charge, curvature and
packing defects, phase state and degree of hydration91,99,103-105.
1.4.1.1 Anionic charge density
The preferential binding of S to negatively charged surfaces like anionic lipid membranes in
comparison to neutral surfaces is attributable to electrostatic attractions from multiple lysine
residues found in its N-terminus. The involvement of electrostatics is corroborated by studies
showing reduced S binding to anionic lipid vesicles with increasing ionic strengths106 and
enhanced S binding to phosphatidic acid (PA) and phosphatidylinositol(PI) from bovine liver
lipids that have a slightly higher negative charge compared to phosphatidylserine (PS) and
phosphatidylglycerol (PG)105-108.
1.4.1.2 Membrane curvature
It has been argued that membrane binding of S is not purely mediated by electrostatic
interactions but also involves hydrophobic interactions of S regions with the acyl chain91.
The membrane binding region of S stays at the interface of the headgroup and acyl chains
while the NAC domain is shown to penetrate deeper into the apolar acyl chain region109.
The curvature sensitivity of S probably stems from the presence of packing defects in lipid
vesicles that increase as the vesicle diameter approaches the lipid bilayer thickness.
Small unilamellar vesicles (SUVs) that are ~ 25-40 nm in diameter are well known to bind S
better than large unilamellar vesicles (LUVs). Interestingly, S not only binds preferentially to
curved lipid membranes but has also been shown to induce local curvature and cause
remodeling in lipid membranes110,111. Similarly, increasing the fraction of inverted cone-shaped
lipids

wherein

the

acyl

chains

occupy

a

larger

area

than

their

headgroups

phosphatidylethanolamine (PE) in anionic lipid vesicles enhance binding of S

106,112

like

.

1.4.1.3 Membrane phase state
The lipid acyl chain has been shown to enhance S-lipid membrane binding as well.
Compared to saturated lipids, binding of S to membranes of unsaturated lipids of the same
length is higher because of a relatively lower lipid packing density and reduced screening of
the apolar acyl chains108.
1.4.1.4 Specific interactions
Besides its preference for binding negatively charged phospholipid bilayers, S has been
shown to interact specifically with sphingolipids like GMs by forming a hydrogen-bonded
network between its side chains and hydroxyl groups113,114. More recently, it was shown that
the physiological form of S is N-terminally acetylated87,115 and this post-translational
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modification improves S binding to GM lipids116. Reports have also indicated the presence of
a cholesterol binding domain in S117.

1.4.2 Lipid membranes: sites of S amyloid assembly or S function?
Interactions of globular proteins with hydrophobic or charged surfaces exposing different
functional groups can induce local or extensive protein unfolding 118,119. IDPs like S bind
membranes and contain hydrophobic amino acid patches that can potentially aggregate on the
membrane due to the high effective concentration on the lipid membrane. This high effective
concentration may speed up their aggregation rate which is often limited by slow
nucleation120. The aggregation kinetics and the morphology of the resulting aggregates of
amyloid forming IDPs has been shown to be influenced by both charged and hydrophobic
surfaces like mica, gold, graphite and Teflon121-124. Aggregation of S on mica (a hydrophilic
substrate) led to fibril growth along two directions separated by 120o. These two directions
probably reflect the pseudo-hexagonal geometry of mica. S aggregation under similar
conditions on highly oriented pyrolytic graphite, HOPG (a hydrophobic substrate) resulted in
spheroidal aggregates121 as depicted in Figure 1.4.

Figure 1.4: Influence of type of surface on the morphology of S amyloid aggregates. The above panels
are AFM images (in solution) of S aggregates obtained on mica (panel A) and highly oriented pyrolytic graphite,
HOPG (panel B). Panel C shows super-resolution images of AlexaFluor 647 labeled S amorphous aggregates on
POPC:POPG supported lipid bilayers. The scale bar is 1 μm. Panels A and B (1 μm x 1 μm) are reprinted with
permission from Hoyer et al121. Panel C (10 μm x 10 μm) was obtained in collaboration with Pim van den Berg at the
University of Twente, Enschede, The Netherlands using dSTORM technique.

Aggregation of S monitored on POPC:POPG supported lipid bilayers visualized using superresolution (dSTORM) microscopy (Figure 1.4,panel C) appears to result in amorphous
aggregates. Although S has been show to aggregate into amyloid fibrils on other surfaces,
membrane-bound S has not been observed to aggregate into amyloid fibrils with a typical
“rod-like” morphology on lipid membranes even at saturating concentrations but rather form
amorphous aggregates125-127. A recent study has shown that S fibrils can bind cell
membranes of both neuroblastoma cell lines and hippocampal primary neurons and induce cell

10

Chapter 1

death when endogenous S monomers are additionally present128. The apparent amorphous
morphology of the S aggregates on lipid membranes suggests that the conformation of S in
the monomeric state can influence the structure and morphology of the resulting aggregates.
The aggregation of S in presence of lipid membranes also depends on degree of unsaturation
and acyl chain length. Polyunsaturated fatty acids (PUFAs) are found abundantly in neuronal
membranes and are shown to promoteS aggregation while saturated lipids inhibit S
oligomerization in living mesenchephalic neurons74. Thus not only interactions of S with lipid
membranes, but also the lipid composition plays a relevant role in the aggregation process.
Akin to artificial solid surfaces, interactions of proteins with lipid membranes, apart from
partially restricting their conformational dynamics and possibly aiding aggregation, can lead to
localized protein clustering and formation of lipid domains with distinct properties that forms
the basis of the biochemical functioning and signaling of a lot of proteins in living cells 129-134.
Accordingly, the association of S to raft-like membrane micro-domains (typically liquidordered) composed of cholesterol and sphingomylein has been linked to its function in
eukaryotic cells114,86,135. However, in vitro observations indicate selective binding of S to
liquid-disordered regions in anionic lipid membranes108,136. This discrepancy between in vivo
and in vitro observations remains unsolved. Typically, raft-associated proteins like the amyloid
precursor protein or prion proteins have transmembrane domains, a feature lacking in S114
which may suggest distinct mechanisms of interaction and function.
Taken together, the wealth of data obtained in the last two decades points towards a cloudy
scenario wherein lipid membranes could aid S aggregation by creating an environment that
enhances early aggregate assembly. S aggregates that form either in solution or on cell
membranes have been shown to result in cellular dysfunction and even cell death. The effect
of lipid membranes on the aggregation rate of S remains controversial to date with many
unanswered questions. What makes an amyloid aggregate toxic: its structure/morphology or
its interactions with lipid membranes? How do early interactions of lipid membranes with S
trigger aggregation of S and in turn how do such early aggregates impact lipid membranes?
What are the cellular triggers for aggregation of S? A better knowledge of the formation of
early S aggregates preceding the appearance of mature fibrils is pertinent in understanding
the etiology of the pathological nature of early S aggregates/amyloids associated not only
with PD, but also with other neurodegenerative conditions involving amyloids.
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1.5 Outline of the thesis
Despite extensive studies on amyloid formation of S in bulk solution, S aggregation at
biological interfaces like lipid membranes remains far from understood. Interactions of S with
phospholipid membranes have been increasingly thought to be crucial in the pathogenic
aggregation of S into amyloid structures and therefore understanding the basic mechanisms
behind these interactions are crucial. In this work, I aim to investigate the early interactions
of monomeric S with model phospholipid membranes. In particular, we focus on the
following questions:


How are physical properties of phospholipid membranes affected by S binding and
aggregation and vice versa?



How do early amyloid aggregates of S perturb phospholipid membranes?



What is the role of N-terminal acetylation in S on its membrane binding properties
and aggregation propensities?



How do electrostatic interactions affect the morphology of S amyloid aggregates?

These questions are key to understand the fundamental biophysical interactions of S with
phospholipid membranes. The inherent compositional complexities in biological membranes
and unknown function of S in cellular cytoplasm are likely to occlude our ability to unravel
the details of the fundamental physicochemical interactions between S and lipid membranes
and the potential role of these interactions in PD. Understanding the fundamental physical
chemistry behind these interactions requires controlled model phospholipid membrane
systems which I chose to work with in this thesis.
To answer these questions, supported lipid bilayers (SLBs) were chosen as model lipid system
and I used a wide range of in vitro biochemical and biophysical techniques to probe
interactions with S. Given, the fragile nature of lipid membranes and difficulties associated
with preparing defect-free SLBs, stable preparations of SLBs are necessary to be able to draw
conclusions from experiments with S. Rigorous optimization of SLB preparation and
characterization using confocal fluorescence microscopy and fluorescence recovery after
photobleaching experiments was primarily done to ensure this as described in Chapter 2.
First we probed for changes in the physical properties of lipid membranes upon interactions of
monomeric S with SLBs. Using fluorescence anisotropy and FRAP experiments we show how
lipid order and effective lateral lipid diffusion in SLBs are affected as a result of S interaction
and discus their significance in detail in Chapter 3.
To better understand the role of S amyloid formation in phospholipid membrane damage, we
looked at monomeric S interactions with SLBs at longer timescales. We observe amyloid
formation to be dependent of the protein-to-lipid ratios and anionic charge fraction in SLB.
12
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Our results point towards the requirement of amyloid structure for phospholipid membrane
damage and the details of the possible damage mechanism and its significance are discussed
in Chapter 4.
During the realization of experiments in Chapter 4, it was reported that S is N-terminally
acetylated in its physiological environment in eukaryotic cells. We obtained S not only from
recombinant expression in E.coli (with and without N-terminal acetylation), but also
endogenous protein from human red blood cells. The role of this modification in S on binding
to phospholipid membrane binding and aggregation into amyloid fibrils was investigated in
Chapter 5.
To better understand aggregation of S on phospholipid membranes, it is essential not only to
study the interplay of S and phospholipid membranes, but also the aggregation in the
absence of phospholipid membranes. To probe the influence of terminal regions of S on its
aggregation, we investigated the structural features of amyloid fibrils prepared from truncated
variants of S (Chapter 6) and discuss their implications on fibril structure and morphology.
In the final chapter of this thesis, we summarize and discuss all results obtained and suggest
future directions.

1.6 Acknowledgements
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2 Supported lipid bilayers: preparation &
characterization

Chapter 2

2.1 Introduction

B

iological membranes are ubiquitous elements in all living cells that are essential for
the very existence of life. For the unique properties and functions of membranes, lipid
molecules are as important as proteins. The predominant lipid species of biological

membranes are anionic and zwitterionic phospholipids (varying in acyl chain lengths,
headgroups and saturation), sphingolipids (also with various modifications) and cholesterol.
Every phospholipid molecule has a polar (headgroup) and a non-polar segment (composed of
fatty-acids) covalently linked to a glycerol moiety via an ester bond as shown in Figure 2.1
(left panel). Fatty-acids are long chain hydrocarbons (saturated/unsaturated) with a carboxyl
group. The length of these fatty-acids and the degree of unsaturation (presence of double
bonds between carbons) can vary in a single phospholipid molecule. The length of these fattyacids determines the thickness, and the degree of unsaturation determines the phase
behavior

of

the

resulting

bilayer.

Covalent

attachment

of

polar

groups

like

phosphatidylcholine, phosphatidylserine, phosphatidylglycerol, sugar groups etc to the
glycerol backbone imparts water solubility. Phospholipids usually have two fatty-acids and the
third position on the glycerol occupied by a polar headgroup. Often cellular systems use
sphingosine (a long-chain amine) instead of glycerol for the above chemistry, resulting in
sphingolipids. This large lipid compositional heterogeneity is thought to play a role in the
modulation of relevant physical properties of natural membranes and influences the lateral
segregation of lipids therein. Currently, models of biological membranes are unclear on the
existence of certain nano-domains or so-called ‘rafts’, in live cell membranes. Cholesterol and
sphingolipids are now known to be enriched in these rafts, leading to a local membrane
structure that is thought to play a role in membrane-protein sorting and the formation of
signaling complexes137.
The aforementioned amphiphilic nature of phospholipid molecules results in hydrophobic
attraction which drives their assembly. Whether lipids self assemble into planar bilayers,
micelles, or cubic phases depends on their shape. The shape of lipid molecules resembles
cylindrical rods with a typical cross-sectional area of 0.65 nm2 and an average length between
1 and 3 nm. The effective shape of a lipid molecule determines its ability to form a stable lipid
bilayer. This is described by a packing parameter called P, where

and a represents the cross sectional area of the headgroup region, v represents the volume
occupied by the non-polar segments and l, the length of the non-polar segment.
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Figure 2.1: Phospholipid structure and influence of shape on self-assembled structures. The left panel
indicates the structural aspect of a lipid molecule and the right panel shows how variation in the packing parameter
P, or shape of the lipid molecule, results in the self-assembly of structures with different geometries. The figure
(right panel) depicts different structures that result at different packing parameters. Figure (right panel) is reprinted
with permission from Ramanathan et al138.

As shown in Figure 2.1 (right panel), for an ideal cylinder P=1 and lipid molecules with such
packing parameters (for example DOPC) preferably form planar bilayers. Lipids having P>1
(for example DOPE) tend to form inverse cones while lipids having P<1 (lysophosphocholine,
LPC) tend to form cones. The larger the difference of P from unity, the higher the stress when
monolayers of these lipids are forced into planar structures.
When lipid bilayers self-assemble on solid supports they are referred to as supported lipid
bilayers (SLBs)139. SLBs are very practical membrane model systems and of scientific interest
as they can easily be prepared onto large areas of solid substrates (in the order of cm 2),
which provide excellent mechanical stability, while the lipids in the bilayer maintain their
mobility140. This characteristic of SLBs is the reason for their extensive use to explore lipidprotein interactions in model cell membranes125,141-145. SLBs also allow the realization of
experiments which are difficult to perform/interpret with black lipid membranes or spherical
vesicle systems. Such free-standing membranes may e.g. interfere with unraveling certain
membrane damage mechanisms, as the line tension of the edge of a membrane defect or
pore ensures defect closure. In SLBs, interactions with the underlying surface and the fixed
membrane surface area will prevent defect closure146. Considering the cytoskeletal support of
many membranes in vivo, SLBs may also give better insight into possible membrane
disruption mechanisms.
The preparation of SLBs is fairly straightforward when zwitterionic lipids are used. A solution
of lipid vesicles incubated over cleaned glass substrates results in the formation of uniform
and homogeneous SLBs. Model lipid compositions mimicking biological membranes often
17

Chapter 2

contain a significant fraction of anionic lipids. In this case, repulsive electrostatic forces
between the anionic lipid headgroups and the negatively charged glass substrates are large,
making SLB preparations difficult. Considering that the preparation of SLBs of anionic lipids is
challenging, I will describe this tricky preparation procedure in detail in this chapter.

2.2 Lipids used to mimic biological membranes
The type of lipids used for preparing SLBs typically depends on the research question. SLBs
are formed to mimic cellular lipid compositions and the exact composition of biological
membranes in eukaryotic cells remains unclear. This arises from the fact that eukaryotic cell
membranes are asymmetric, and typically contain hundreds of different lipids. Additionally the
lipid composition of eukaryotic membranes is highly dynamic147 and can vary with
environmental stresses like temperature, light and salt availability148,149. Even sub-cellular
organelles

differ

both

quantitatively

and

qualitatively

in

their

lipid

composition150.

Measurements on purified membranes to delineate the composition of different eukaryotic
cellular membranes provide approximations150,151 for the composition. The use of model
membrane compositions mimicking either the anionic charge fraction, cholesterol content or
membrane phase of biological membranes has provided tremendous insights into various
biological mechanisms involving lipid membranes125,127,144,152-158.
To vary the surface charge densities in SLBs, membranes containing a fraction of lipids with
charged headgroups like POPG or POPS have been used. Membrane compositions mimicking
anionic charge fraction of the inner leaflet of the plasma membrane typically contain 20-30%
of anionic lipids supplemented with neutral lipids like POPC. By varying the chain length and
chain unstauration, the phase behavior of lipids can be controlled, and changes in phase
behavior in the presence/absence of proteins have been used to elucidate lipid-protein
interactions. Below a certain temperature (called phase transition temperature, Tm), lipids in a
bilayer have a regular structure as in a crystalline solid while above the T m, lipids are
positionally disordered as in a liquid. Such states are called solid-ordered and liquid disordered
phases respectively. The phase change of lipid bilayers (between liquid ordered and
disordered states) has also been used to understand formation of lipid nanodomains (often
called rafts) and protein function114,135,137,158. In plasma membranes, cholesterol and
phospholipids are reported to be present in an equimolar concentration151 though most studies
use equimolar concentrations of cholesterol, sphingolipids and phosphatidylcholine to mimic
the plasma membrane composition136,158-161. Simpler plasma membrane mimics use between
20-30% of POPS, a lipid molecule found extensively in the inner plasma membrane leaflet, in
combination with a zwitterionic lipid. Some lipids are found preferentially in certain cellular
organelles; an example is cardiolipin which is found mainly in mitochondrial membranes162.
Model liposome systems mimicking these entities have employed such lipids 79,163,164.
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Functionalization of lipids (both headgroup/chain) including biotinylation, His-tagging, coupling
to fluorophores, and PEGylation have paved the road towards understanding mechanistic
aspects of the functioning of trans-membrane proteins165, ion channels166,167, membrane active
proteins168, and receptor signaling169. The analysis of physical membrane properties including
the determination of the diffusion coefficient of lipids in the SLB has contributed to unraveling
the how these proteins fulfill their function. A list of commonly used lipids for preparing model
phospholipid SLBs is given in Table 2.1.
Table 2.1: Commonly used lipids in SLB preparation
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2.3 Methods of lipid vesicle preparation
Lipid vesicles are lipid bilayers that are closed upon themselves to form spherical shells.
Depending on the number of lipid bilayers, they are categorized as either unilamellar vesicles
(composed of single lipid bilayer) or multi-lamellar vesicles (composed of multiple lipid
bilayers). Sonication of multi-lamellar vesicles (MLVs) results in generation of small
unilamellar vesicles (SUVs) while extrusion of MLVs through polycarbonate filters results in
large unilamellar vesicles (LUVs) as outlined below in Figure 2.2. The preparation of GUVs is
not described in this chapter and shall be discussed later on in the thesis.

Figure 2.2: Basic strategy for preparation of lipid vesicles. A typical protocol is shown for preparation of lipid
vesicles used in this thesis.

In general, the preparation of lipid vesicles involves the evaporation of the organic solvents
(typically pure chloroform or mixtures of methanol: chloroform) in which the lipid (mixture) is
dissolved followed by rehydration in the desired buffer. Thereafter, depending on the size/type
of the lipid vesicles required, protocols diverge.
A typical protocol for the preparation of lipid vesicles is outlined below:
1.

Lipid mixtures of the desired composition in organic solvents are transferred into a clean
glass vial using glass syringes and dried under a slow stream of nitrogen making a
uniform film on the glass vial wall. Rehydration of non-uniform films can lead to formation
of lipid clumps and might result in a low liposome yield at the end of the LUV preparation
procedure. It is necessary to use an inert gas (Nitrogen/Argon) in this step to prevent
lipid oxidation. Oxidized lipids can change physical/chemical properties of lipid bilayers
which interfere with exploring lipid-protein interactions.

2.

The dried lipid films are then kept under vacuum for about an hour. Typical pressures for
vacuum are ~ 0.1-0.5 bar. This step is critical to formation of stable lipid membranes as
residual levels of chloroform can lead to undesirable effects such as unstable lipid vesicles
or lipid clumps/particles in the resulting SLBs.
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3.

This step is followed by rehydration into the desired buffer followed by vortex mixing the
sample which leads to the formation of multi-lamellar vesicles (MLVs). The resulting
suspension will be cloudy due to light scattering by MLVs. A sufficiently high ionic
strength (at least 75 mM NaCl) and low pH (~ 6.0) of the rehydration buffer is necessary
to prepare stable SLBs when working with lipid mixtures containing a significant fraction
of anionic lipids. This requirement will be discussed in detail later.

4.

To prepare small unilamellar vesicles (SUVs), the resulting suspension is sonicated using
a tip sonicator until the suspension becomes clear. Sonification of the solution for an hour
with sonication amplitudes of 25% and a pulse on/off time of 15/15 seconds was optimal
for all liposomal preparations in this thesis. During sonication, heating up of the
suspension should be avoided to prevent lipid oxidation by carrying out sonication in an
ice-bucket, preferably in a cold room.

5.

For preparation of large unilamellar vesicles (LUVs), the resulting cloudy suspension is
freeze-thawed multiple times until it becomes clear. The clear suspension is now extruded
using 100 nm polycarbonate filters at least 11 times to obtain the final LUV solution.
Persistent cloudiness in the suspension after freeze-thawing is an indication of incomplete
evaporation of organic solvent or vesicle aggregation due to the presence of a
considerable concentration of divalent cations (~ mM). Use of excessive force during
extrusion (likely resulting from improper assembly of extrusion chamber or high
concentrations) should be avoided to prevent filter rupture.

6.

Contact with ambient air should be minimal at all times. LUVs should not be stored more
than a week. SUVs are inherently unstable due to their high degree of curvature and will
spontaneously fuse to form larger vesicles when stored below their phase transition
temperatures.

2.4 Formation of SLBs
2.4.1 Apparatus
A chamber for preparation and imaging of SLBs, shown in Figure 2.3A, was constructed with
assistance from Dr. Chandrashekhar Murade, a post-doctoral colleague. Drilled glass slides
were annealed with appropriate tubing using epoxy glue. Using a parafilm cut-out between
the glass slide and cleaned glass supports, the resulting chamber was assembled by heating
for 2 minutes at ~ 70 oC to ensure that the parafilm glues to the glass slide. This approach is
efficient since it allows us to reuse the glass slides; the chamber can be disassembled by
heating it again and simply peeling off the parafilm from the underlying glass supports.
These chambers were used in all experiments in this thesis unless specified otherwise
(Figure 2.3B). Every chamber had a rectangular area of 2.5 cm2 and could hold 120 µl.
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To cover the available area we estimated that a lipid concentration of ~ 10 µM was required
assuming an average lipid headgroup area of 0.65 nm2.

Figure 2.3 : Custom-built chamber and apparatus for SLB formation. A) Strategy used to build an imaging
chamber for SLBs. B) The resulting chamber after annealing parafilm with glass substrates. C) The set-up for SLB
preparation consisting of an oil-free pump used to control the flow-rate of buffers from the reservoir to the
chamber.

The formation of SLBs is typically carried out using lipid vesicles as outlined in Figure 2.4
below where lipid vesicles are mixed with the final buffer to desired concentrations and
immediately added to glass supports cleaned as described in section 2.6.3. After a brief
incubation period, unbound vesicles are washed away and the resulting SLBs can be used for
further experiments. This strategy works very well for lipid vesicles prepared in deionized
water if the lipids are zwitterionic or the final composition contains less than 5 mol% anionic
lipids140. Preparation of SLBs containing 50 mol% anionic lipids (POPG in our optimization
experiments) was non-trivial. Existing strategies reported in the literature were not
reproducible in our hands and thus SLB formation had to be optimized.
Taking the approach outlined in Figure 2.4, we tested the influence of pH, ionic strength,
lipid concentration, and substrate cleaning methodologies systematically in order to
reproducibly get stable and homogeneous SLBs.
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Figure 2.4: Typical strategy for formation of supported lipid bilayers (SLBs).

2.4.2 Influence of pH and ionic strength on SLB formation
It has been shown that spreading of phospholipid bilayers with a net negative charge on glass
surfaces depends on pH and ionic strength141. The screening of the like charges of the
substrate and lipid headgroups at high ionic strengths allows more vesicles to adsorb to the
substrate. First the influence of pH was tested. POPC:POPG lipid vesicles were prepared in 100
mM NaCl solution (pH adjusted to 7.4) and were mixed in a 1:1 ratio with 1M NaCl solution
(pH adjusted to 7.4) just before incubation on glass slides. The formation of POPC:POPG (1:1)
SLBs under these conditions was not possible even upon deflating the vesicles using 1 M NaCl
in the incubation fusion step at pH 7.4. Under these conditions, lipid vesicles added to glass
supports remained unfused as demonstrated by the inability of the lipids to diffuse into photobleached areas of the SLBS (Figure 2.5, top panel). In contrast, lipid vesicles deflated in a
pH 6.0 solution containing 1M NaCl did fuse into homogeneous SLBs in which the lipids were
mobile. Thus, for all further preparations for POPC:POPG (1:1) SLBs, the initial fusion step
was carried out at pH 6.0 accompanied with a high ionic strength.
After SLB formation at pH 6.0, switching the buffer pH to 7.4 did not influence the integrity of
the SLBs. The SLBs remained homogeneous and the lipids stayed completely mobile.
However, neutral lipids are not influenced by these conditions and form homogeneous SLBs
irrespective of pH and ionic strength.
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Figure 2.5: Importance of pH during SLB formation. The upper panels show fluorescent images of POPC:POPG
(1:1) SLBs prepared at pH 7.4 in presence of 1M NaCl after which the buffer was switched to 50 mM HEPES, 0.1
mM EDTA, 100 mM NaCl, pH 7.4. We observed fluorescent spots (white arrows) which are most likely unfused
vesicles. These are immobile as seen from the non-recovered regions in images obtained post-bleaching. The lower
panels show fluorescent images of POPC:POPG (1:1) SLBs prepared at pH 6 in presence of 1M NaCl. After the SLB
preparation step, the buffer was switched to 50 mM HEPES, 0.1 mM EDTA, 100 mM NaCl, pH 7.4. In this case, the
lipids in the SLBs are so mobile that the bleached spot is difficult to see due to the immediate fluorescence recovery
in the bleached spot. 0.5 mol% NBD-PC was incorporated in the liposome preparations for visualization of SLBs. The
scale bar is 10 μm.

The results presented in Figure 2.5 indicate that for mixtures containing more anionic lipids,
the strategy to prepare the lipid vesicles in a salt containing buffer and carrying out the SLB
formation at pH ~ 6.0 works. It is necessary to not only work at high ionic strength but also
have a low pH to because at neutral pH, silanol groups on glass supports can deprotonate
(SiO− + H+) and the glass surface becomes negatively charged170 leading to increased
electrostatic repulsions between the glass and vesicles. The low pH of ~ 6.0 is not expected to
have a large effect on lipid charge since the pKa of POPG is ~ 3.0.
Next, we checked the influence of NaCl on the SLBs formed at pH 6 in fluorescence
microscopy experiments. Briefly, 250 µM lipid vesicles were incubated on glass supports
(cleaned by sonication in 2% Hellmanex® solution at 70 oC) for 20 minutes in the absence
(Figure 2.6A) or presence (Figure 2.6C) of 1M NaCl solution (1:1 ratio).
After the washing step to remove unbound vesicles, we observed patches of SLBs in the
absence of NaCl at pH 6.0 while the presence of NaCl ensured homogeneous SLBs.
Interestingly, addition of 750 mM NaCl to the SLB patches formed in the absence of NaCl
(Figure 2.6B) led to fusion but the SLB still contained lipid-free regions likely due to scarcity
of attached lipid vesicles. In the SLB experiments NaCl was used instead of divalent cations
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because calcium ions are reported to cluster POPG vesicles143. These results indicate that
rupturing of anionic lipid vesicles that adhere to the glass occurs at low pH while fusion
requires high osmotic gradients probably ensuring the deflation of lipid vesicles. The thus
prepared SLBs were found to remain stable at buffer flow rates up to 150 µl/min. Higher flow
rates of buffer resulted in membrane disruption.

Figure 2.6: Influence of ionic strength for SLB formation. The above images show fluorescent images
obtained upon addition of POPC:POPG (1:1) lipid vesicles on glass supports. When these lipid vesicles are prepared
in deionized water (~ pH 6) and added to glass supports, patches of SLBs (high fluorescence intensity along edges
are probably unfused vesicles see Figure 2.8) are seen. Addition of 750 mM NaCl to these SLBs results in the
disappearance of intact vesicles and fusion of the SLB patches as shown in panel B. Preparation of lipid vesicles in a
100 mM NaCl containing solution and incubation on glass slides in a 1:1 ratios with 1 M NaCl leads to formation of
homogeneous SLBs (panel C). The scale bar is 10 μm.

We observed an interesting effect of the net ionic strength on the formation of SLBs. Low ionic
strengths (< 300 mM NaCl final concentration) during the formation of SLBs (at pH 6.0) lead
to formation of defects in the resulting SLBs after switching the buffer to a pH of 7.4
(Figure 2.7A), while high ionic strengths (>600 mM NaCl final concentration) during the
formation of SLBs (at pH 6.0) lead to formation of caps/buds in the resulting SLBs after
switching the buffer to a pH of 7.4.
SLBs formed at low ionic strengths probably lead to incomplete fusion causing defects in the
resulting SLBs. The defects are circular rather than rugged which is a consequence of the
tendency of lipid bilayers to minimize line tension. Intermediate values of NaCl reproducibly
resulted in homogeneous SLBs (Figure 2.7B). In SLBs formed at high ionic strengths the
negative charge on the lipid headgroups are screened by counter-ions. Upon switching to a
lower ionic strength buffer the headgroup repulsion increases giving rise to thinner bilayers.
The excess area that results from this thinning possibly leads to budding of the SLBs.
The inset in Figure 2.7C shows ring like structures which decrease in size as the focus is
moved up in Z direction. A z-stack depicting the three-dimensional structures on SLBs is
shown later in the thesis.
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Figure 2.7: Influence of ionic strengths during SLB formation. Representative fluorescent images of
POPC:POPG SLBs doped with 0.5 mol% BODIPY-PC. Incubation of liposomes was performed at varying ionic
strengths and then the buffer was switched to a 50 mM HEPES, 0.1 mM EDTA, 100 mM NaCl buffered at pH 7.4
before imaging. At low ionic strengths (< 300 mM NaCl), SLBs presented defects (inset in panel A). At intermediate
ionic strengths (between 300-500mM NaCl), SLBs were homogeneous while at higher ionic strengths (> 500 mM
NaCl), curved three-dimensional structures resulted on the SLB surface (inset in panel C). Panel D shows a z-stack
of SLBs with caps/buds (~ 800 nm in height) prepared at high ionic strengths. SLBs were fluid under all conditions
as tested by FRAP. The scale bar is 10 μm.

2.4.3 Influence of lipid concentration
To optimize the pH and ionic strength for SLB formation, a very high concentration of lipid
vesicles was used to ensure complete bilayer coverage. For obtaining a continuous SLB, it is
critical to use a sufficient amount of lipid vesicles. To economize the lipid concentration used,
we varied the lipid concentration to get the minimal concentration required for homogeneous
SLB formation. As mentioned earlier, the lipid concentration corresponding to the chamber
dimensions was ~ 10 µM. Addition of twice the theoretical concentration was therefore
assumed to be sufficient since liposome fusion conditions were optimized as outlined in the
previous section. However, we observed that for POPC:POPG (1:1), a nearly 10-fold higher
lipid concentration was required for homogeneous (without cracks and islands) SLBs as shown
in Figure 2.8.
At concentrations lower than ~ 120 µM, homogeneous SLBs were seldom observed. It is
interesting to note that at low concentrations of lipids, SLB patches were seen throughout the
chamber and lipid vesicles could be seen sticking to the edges supporting the fact that SLB
edges are known to enhance vesicle adhesion and induce vesicle rupture, leading to the
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formation of continuous SLBs171. For the preparation of SLBs with a high fraction of anionic
lipids, an excess of lipid vesicles is thus needed to ensure maximal coverage.

Figure 2.8: Effect of lipid concentration on formation of POPC:POPG (1:1) SLBs. The above confocal
fluorescence images show patchy and non-homogeneous SLBs at 20 μM and 60 μM respectively. At low
concentrations lipid vesicles are seen stuck to lipid bilayer patches (zoomed left panel image from a random area).
Lipid vesicle concentrations ≥ 120 μM lead to formation of uniform SLBs. All experiments were carried out in 50 mM
HEPES, 0.1 mM EDTA buffered at pH 7.4 and measured at room temperature. The scale bar is 10 μm.

2.5 Characterization of SLBs
After successful preparation of defect-free POPC:POPG SLBs, the next step was to characterize
the two-dimensional lateral lipid diffusion. The macroscopic fluidity of biological lipid
membranes is a property that is related to the diffusion coefficient of individual lipid molecules
and is affected by the packing order of the lipid constituents 172. Other factors that can affect
lipid membrane fluidity include headgroup charge, acyl chain saturation, phase state and the
presence of cholesterol. The presence of a solid substrate introduces a frictional barrier that
may hinder the free diffusion of lipids and thus, prior to use of SLBs, it is critical to ensure
that lipids are fluid in the formed SLBs.

2.5.1 Fluorescence Recovery After Photobleaching (FRAP)
Fluorescence recovery after photobleaching (FRAP) is a much used tool for quantifying the
translational dynamics of biological molecules in vitro152,153 and in vivo173,174. Available on most
commercial confocal laser-scanning microscope systems, it can be used to address a number
of questions regarding continuity of membrane compartments, cell division, protein
localization and activity, protein interactions and dynamics with other cellular components
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within a living cell to name a few. FRAP and associated techniques (fluorescence loss in
photobleaching (FLIP), and inverse FRAP (iFRAP) are ideal for determining kinetic properties,
including the diffusion coefficients, mobile fractions, and transport rates of target molecules in
live-cell imaging. FRAP experiments rely on selectively photobleaching the fluorescence within
a region of interest with a high-intensity laser, followed by monitoring the diffusion of new
fluorescent molecules into the bleached area over a period of time with low-intensity laser
light. Powerful single molecule techniques like (fluorescent) single particle tracking and
fluorescence correlation spectroscopy have recently been developed but require sensitive
instrumental setups with highly efficient cameras and detectors. The relatively simple and
straightforward FRAP technique, being a bulk fluorescence technique, does not face so many
technical challenges. The quantitative evaluation of the FRAP curve is however not
straightforward because a number of parameters in FRAP experiments influence the obtained
diffusion coefficients175-179, making data interpretation challenging. The type of fitting model
used to obtain the diffusion coefficient and the bleaching time180 are the most critical
parameters, while others like bleach radius181, sampling rate (based on the Nyquist criterion)
and attenuation ratios are less critical. It is thus important to reduce all sources of uncertainty
and error in any FRAP measurement.
2.5.1.1 Type of fitting model
In order to extract diffusion coefficients from the FRAP measurements on POPC:POPG SLBs
doped with 0.5 mol% NBD-PC, the fluorescence recovery curves were initially fitted with a
single exponential following the assumption that we only had single diffusing fluorescent
species. Data fitting revealed that a single component exponential fit could not properly fit the
few initial points in the recovery curve (blue curve in Figure 2.9A). The possibility that the
inability to fit the first part of the FRAP curve was an effect of the surface influencing lipid
diffusion in the lower membrane leaflet (resulting in two components) was excluded by
sodium dithionite experiments as mentioned in section 2.8. Thus, we opted for an alternative
fitting procedure and followed the Soumpasis model181,182 for fitting the fluorescence recovery
data with circular bleach area. This model has been shown to be better than single
exponential models for calculating lipid diffusion coefficients183. To test if the Soumpasis model
was indeed better, the same raw data was fitted to both exponential and Soumpasis models.
It was noted that the Soumpasis model consistently fitted the raw data better than the
exponential fits (Figure 2.9A). As can be seen in the residuals, the Soumpasis model did
include the first data points correctly. The diffusion coefficients extracted from the Soumpasis
fit were consistently higher (~ 1.5 fold) than those obtained for a single exponential fit for the
same raw data (Figure 2.9B) at any given bleach radius.
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Figure 2.9: Comparison of fitting of raw FRAP data using two different fitting equations. A) Comparison of
fitting models to obtain diffusion coefficients. A single exponential fit (blue curve) is not able to fit the early part of
the data while the Soumpasis fit (red curve) is better. B) Effect of bleach radius on D NBD-PC. POPC:POPG SLBs doped
with 1 mol% NBD-PC were made in 50 mM HEPES, 0.1 mM EDTA buffer at pH 7.4 at room temperature. The radius
of the bleach spot was varied as shown keeping the recovery time at 10*D (300 seconds). The same raw data was
used to fit with either a Soumpasis fit or an exponential fit. C) Effect of post-bleach recovery time on DNBD-PC.
POPC:POPG SLBs doped with 1 mol% NBD-PC were made in 50 mM HEPES, 0.1 mM EDTA buffer at pH 7.4 at room
temperature. The radius of the bleach spot was 8 μm. The error bars represent standard deviations obtained from 6
individual measurements on the same SLB in different regions.

Bleach radius strongly affects the recovery time in FRAP experiments since the characteristic
diffusion time (D) depends on the square of the bleach radius. Very small values of bleach
radius (< 2 μm) will lead to noisy data affecting the obtained values of diffusion coefficients
while larger bleach radii might require additional tweaking of bleach time. This is because
larger bleach radii will require longer post-bleach recovery times. The post-bleach recovery
time is another important parameter for fitting for FRAP curves. The typical recovery times
should be at least 10-50 times the D as suggested in earlier literature. To optimize the postbleach recovery time, the fluorescence recovery data was acquired for at least 5 more
minutes after the fluorescence recovery curve reached a plateau. Then, the recovery curves
were fit by systematically reducing the time-points fitted until the obtained diffusion
coefficient started to change. Values of diffusion coefficients obtained from Soumpasis fits are
reported to be independent of the post-bleach recovery time in contrast to values obtained
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from single exponential fits. To test this, post-bleach recovery times were varied for FRAP
data for 8 μm bleach radius (Figure 2.9C) and indeed values obtained from the Soumpasis
model do not depend on the post-bleach recovery time for a circular bleached spot. Thus, the
use of Soumpasis model for fitting FRAP data should be preferred when absolute values of
diffusion coefficients are important and when using a circular bleached spot. The change in
bleach radius does not affect values of diffusion coefficient obtained which arises from lipid
diffusion being a bulk property. All FRAP data in further experiments were thus fitted using a
Soumpasis fit with bleach radius of 8 μm and a recovery time of 300 seconds (10*D)
throughout the thesis unless mentioned otherwise. A number of other models have been
proposed for fitting FRAP recovery data for both circular/non-circular bleach profiles and have
been extensively reviewed recently184.
2.5.1.2 Bleaching time
The bleach time in any FRAP experiment is a critical parameter as it influences the values of
diffusion coefficients obtained. Longer bleaching times (resulting in the formation of coronas
due to diffusion of bleached molecules into the area around the bleached spots) may result in
loss of information if multiple (fast and slow) diffusing species are present180. Bleaching should
be typically carried out at high laser powers (typically 100mW) within times that are much
shorter (at least 20-fold) than the characteristic diffusion time (D) of the probe in question.
This is important as it avoids significant probe diffusion while bleaching. Diffusion during
bleaching can result in under-sampling of fluorescence recovery leading to an underestimation
of the diffusion coefficients. Bleaching times are therefore supposed to be as low as possible
for any given FRAP experiment. A simple way to test if bleach times are short enough is to do
image analysis on the first post-bleach image to determine the effective radius of the photobleached (circular) area. Deviations in the effective radius from the input values of bleach
radius necessitate the optimization of bleach times or attenuation ratios (ratio of laser power
at bleaching/laser power for acquisition) in case of instrumentation limitations. The bleach
time was varied systematically during FRAP measurements and its influence on D NBD-PC in
POPC:POPG (1:1) SLBs was probed, keeping the bleach radius constant (8 μm). As expected
(Figure 2.10), higher bleach times resulted in lower values of DNBD-PC for the same SLB.
Thus bleach times should be as low as possible. All FRAP data in further experiments were
acquired with the bleach time of 1 second (0.05*D) unless mentioned otherwise.

30

Chapter 2

Figure 2.10: Influence of bleach time on the diffusion coefficient of NBD-PC. Values of DNBD-PC in POPC:POPG SLBs
obtained at different bleach times in FRAP experiments. The bleach times are also shown as a fraction of
characteristic diffusion times D calculated to be (top red X-axis) SLBs were prepared in 50 mM HEPES, 0.1 mM
EDTA buffer at pH 7.4 at room temperature. Bleach radius was kept constant (8 μm) during the FRAP experiment.
The error bars represent standard deviations obtained from 5 individual measurements on the same SLB.

Overall, the fitting model, bleach time, bleach radius and the post-bleach recovery time are
the most important parameters for FRAP experiments. The best way to optimize these
parameters is to first choose a bleach radius giving optimal signal/noise ratio. Next, vary the
bleach time and keep it as low as possible by adjusting the attenuation ratios (sampling rates
maybe increased although this will increase noise as well). And lastly, optimize the postbleach recovery time as mentioned before.

2.6 Influence of substrate cleaning on SLB homogeneity
The final optimization step was to increase the stability of SLBs since the POPC:POPG SLBs
prepared on glass supports (cleaned as outlined in Section 2.6.1) were susceptible to defect
formation after 12-18 hours in 50 mM HEPES, 0.1 mM EDTA buffer at pH 7.4 at room
temperature. To enhance the stability of SLBs over time, different glass substrate cleaning
protocols were tested.

2.6.1 Pre-treatment with Hellmanex/ICN detergent: Protocol 1
Glass supports obtained from manufacturers are usually covered with dust and residual
organic components. Sonication is used to get rid of dust particles but to improve cleaning
and increasing wetting properties of glass supports, commercial detergents such as ICN 7X
detergent (MP Biomedicals, USA) or Hellmanex® cleaning solutions (Hellma, Germany) are
typically used. Glass slides were immersed in these cleaning solutions; 1% solutions
(Hellmanex®) or diluted 7-fold (ICN 7X detergent), heated up to 70 oC, and sonicated for
90 minutes. Both detergents worked equally well and pre-treatment of the slides with either
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of these reagents did not influence the fluidity and homogeneity of the resulting POPC:POPG
(1:1) SLBs. The SLBs on detergent cleaned glass slides were defect-free (Figure 2.11,
Protocol 1) but remained so only for 12-18 hours. We therefore introduced other/additional
cleaning steps to enhance the stability of SLBs as outlined in the further sections.

2.6.2 Argon Plasma cleaning: Protocol 2
Cleaning of glass substrates with ionized plasma has been shown to be very effective for
removal of organic contaminants. Ionized plasma, consisting of argon ions and electrons are
generated by a strong electrical field and then accelerated by external radio frequency (RF)
waves. Argon plasma is deep purple in color and emits intense ultraviolet light in a lowpressure environment (~ 200 mTorr). The collision of ionized plasma with glass surfaces
increases the amount of silanol (Si-OH) groups promoting surface hydrophilicity170,185.
The plasma cleaning protocol used here is outlined below:
i.

Glass supports were first sonicated in deionized water for 5 minutes and dried under
a stream of nitrogen.

ii.

Next, the pre-treated slides were exposed to argon plasma for 15 minutes at
200 mTorr and then immediately transferred and stored in deionized water.

iii.

After sonicating for 5 minutes, the glass supports were used for SLB formation.

On the glass slides treated with this protocol the SLBs were inhomogeneous and contained
immobile patches (Figure 2.11, Protocol 2). It is possible that intense plasma exposure
resulted in increased surface roughness preventing formation of SLBs.

2.6.3 Piranha etching: Protocol 3
Upon the failure to obtain homogeneous SLBs on surfaces cleaned with argon plasma, we
resorted to cleaning glass supports by using an additional acid piranha etching step after the
pre-treatment step described in section 2.6.1. Piranha solution is prepared by adding
hydrogen peroxide to sulfuric acid (1:3) and should be done so only under a laminar hood
with extra handling precautions. Due to the strong dehydrating power of sulfuric acid, the
addition of hydrogen peroxide is highly exothermic. In general, the temperature of freshly
prepared piranha solution can reach 100

o

C in <1 minute. Atomic oxygen, an extremely

reactive oxygen free radical generated by dehydration of hydrogen peroxide, rapidly and
thoroughly oxidizes the organic compounds on the glass surface. Furthermore, atomic oxygen
increases the number of silanol groups (SiOH) on the glass surface170,186. Polar silanol groups
form hydrogen bonds with vicinal water molecules and promote surface hydrophilicity170,187. At
neutral pH, silanol groups deprotonate (SiO− + H+) and the glass surface becomes negatively
charged170. Extended piranha cleaning may result in a small increase in the roughness of glass
surfaces188. Preparation of POPC:POPG SLBs yielded homogeneous and fluid SLBs on piranha
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cleaned glass substrates according to Protocol 3. The DNBD-PC in these POPC:POPG (1:1) SLBs
on was ~ 2-fold higher than that obtained on SLBS on surfaces cleaned by Protocol 1
(Figure 2.11).

Figure 2.11: Overview of influence of surface treatment on formation of POPC:POPG (1:1) SLBs.
Equimolar POPC:POPG SLBs were prepared on glass surfaces cleaned with the different protocols outlined in section
2.6. Identical SLB preparation methods were followed using the same batch of lipid vesicles on the same day.
Homogeneous SLBs failed to form on glass substrates prepared with protocol 2 while glass substrates with protocol
1/3 resulted in homogeneous SLBs.

Next, we checked the stability of POPC:POPG SLBs in time, using a qualitative approach
(appearance of defects) and a quantitative approach by measuring diffusion coefficient of a
lipid probe (DNBD-PC). POPC:POPG SLBs prepared on glass supports cleaned according to
Protocol 3 remain defect-free and yielded consistent values of diffusion coefficients for at least
3 days under ambient conditions (Figure 2.12).

Figure 2.12: Stability of POPC:POPG (1:1) SLBs over time. Representative fluorescent images of POPC:POPG
SLBs doped with 0.5 mol% NBD-PC in 50 mM HEPES, 0.1 mM EDTA buffered in pH 7.4 at room temperature. FRAP
measurements and confocal images were taken every 24 hours for 3 days. The SLBs remain defect free and the
values of DNBD-PC do not change significantly. All scale bars are 10 µm.

Thus all further preparations of SLBs in this thesis were carried out using Protocol 3 unless
mentioned otherwise.
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2.7 Summary of optimized protocol for formation of POPC:POPG
SLBs
After testing several parameters and factors influencing the formation of POPC:POPG SLBs, a
protocol was established and followed consistently throughout the thesis.

2.7.1 Preparation of glass supports
i)

Glass slides were first cleaned in 2% Hellmanex® or 1X ICN Detergent in a bath
sonicator for 60 minutes at 70 oC. Glass slides were then exhaustively rinsed in
deionized water and dried with N2. Both pre-cleaning steps are equally efficient
in terms of the resulting homogeneity of the POPC:POPG (1:1) SLBs.

ii)

The dried slides were then etched with a 3:1 solution of 95% sulfuric acid
(H2SO4) and 30% hydrogen peroxide (H2O2) for 7 minutes. Longer etching
times lead to brittle glass supports in my experience.

iii)

The cleaned slides were cleaned exhaustively with deionized water and used
within 3 days. For SLB preparations involving < 5% anionic lipids, the slides can
be used for a week.

2.7.2 Preparation of glass vials for liposome preparation
i)

Glass vials used for drying lipids were pre-cleaned with 2% Hellmanex® or 1X
ICN Detergent in a bath sonicator for 60 minutes at 70 oC. Thereafter, they
were rinsed with acetone to remove any residual detergent and then with 70%
ethanol and dried. Before aliquoting lipids, it’s advisable to rinse the glass vials
with chloroform or the organic solvent the lipids are dissolved in.

2.7.3 Preparation of lipid vesicles
i)

Lipid mixtures of the desired composition were aliquoted in the clean glass vials
(~ 0.78 mg) and rotated in a circular fashion under a slow flow of N 2 gas.
Then these glass vials were kept under vacuum (0.5 bar) for 1 hour. Add
between 50-100 μl of CHCl3 if total volume of aliquoted lipid is less than 25 μl to
ensure uniform mixing in multi-component mixtures.

ii)

Next, the dried lipid films were re-suspended in the buffer of choice with the
final lipid concentration ~ 1 mM. For SLB formation with anionic lipids, it is
necessary that this buffer contains at least 75 mM NaCl and pH ~ 6.0.
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iii)

The resulting solution was either sonicated or freeze-thawed depending
whether SUVs or LUVs were desired.

iv)

Storage of lipid vesicles (esp. SUVs) should be in accordance with the resulting
phase transition temperature of the composition.

2.7.4 Preparation of SLBs
i)

The flow chamber was assembled with freshly cleaned glass supports as shown
in Figure 2.3. Lipid vesicles were mixed in a 1:1 ratio with 1M NaCl and
immediately loaded into the chambers.

ii)

After an incubation time of 20 minutes, the flow chamber was rinsed with buffer
of choice at a flow rate of 80 µl/min for 20 minutes to ensure maximal removal
of unbound lipid vesicles.

iii)

SLBs made with POPC:POPG (1:1) and POPC:POPG (3:1) lipids with the above
protocol show the expected lipid mobility (~ 1.2 μm2/sec) and homogeneity
upto ~ 3 days. 100% POPC SLBs are stable until a week of preparation.
SLBs meant for longer experiments can be sealed on the top using an oil or wax
to minimize lipid oxidation.

iv)

The aforementioned protocols also work with POPS and POPA lipids in an
equimolar concentration with POPC lipids.

2.8 Influence of substrate interactions on membrane fluidity
Several reports in literature advocate the use of polymeric substrates like dextrans or polyethylene glycol on glass supports in order to prevent non-specific interactions of lipid
membranes with the underlying supports. Preparations of such supports are well known and
undoubtedly advantageous especially for studies with trans-membrane proteins, but they are
susceptible to contamination from ambient bacteria since they are good carbon sources.
In order to avoid such complications, we used bare glass supports throughout this thesis
unless mentioned otherwise. To test for non-specific surface interactions between lipids and
the glass supports, we used FRAP to measure two parameters:
1)

Mobile fractions of different fluorescent lipid probes. We consistently obtained a value
of mobile fraction close to unity indicating that lipids freely diffused on the glass
supports.

2)

Measuring lower leaflet diffusion selectively by monitoring fluorescence recovery
curves after quenching the NBD moiety in the upper leaflet by passing a buffer
containing sodium dithionite though the flow-cell.
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Figure 2.13: Monitoring single leaflet diffusion. POPC:POPG SLBs with 0.5 mol% NBD-PC prepared as per
protocol discussed in previous sections. FRAP measurements were carried out to measure lipid diffusion. 10 μM
sodium dithionite prepared in 50 mM HEPES, 0.1 mM EDTA buffer at pH 7.4 was incubated for 30 minutes and then
he buffer as replaced with 50 mM HEPES, 0.1 mM EDTA buffer at pH 7.4. Since sodium dithionite bleaches only the
leaflet in contact, the diffusion of lipids in the lower leaflet can be measured.

Sodium dithionite is well to known to irreversibly bleach NBD and cannot pass though the lipid
bilayer. Thus, a FRAP measurement performed after the addition of dithionite reveals the
DNBD-PC from the lower leaflet. In all measurements, DNBD-PC from the lower leaflet was the
comparable to that obtained from the combined contributions of both leaflets indicating little
influence of glass substrates in our experimental conditions.

2.9 Conclusions
The effects of several parameters affecting the formation of SLBs were examined in this
chapter. Fusion conditions for lipid vesicles (pH, ionic strength, surface treatment and lipid
concentration) containing a high fraction of negative lipids (> 0.25) differ from conditions
required for SLB preparations involving neutral lipids. Conditions ensuring low pH, high ionic
strength and lipid concentration favor the preparation of stable SLBs consisting of high
amounts of anionic lipids. Altering the ionic strength across the membrane leaflets using
monovalent salts can modulate the morphology of SLBs. The formation of stable and
homogeneous SLBs is ensured by choosing the ionic strengths optimally. Treatment of the
glass surfaces that are used as substrates for SLB formation is another key parameter
influencing the stability and homogeneity of SLBs. The critical FRAP parameters and their
influence mentioned in the chapter allow for precise measurements of diffusion values in such
SLB systems. Although the conditions and parameters described in this chapter only cover
POPC:POPG lipid systems, these conditions should, in principle, also apply to lipid systems of
comparable compositions.
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3 Clustering of membrane-bound alpha
synuclein locally impairs lipid diffusion
by increasing lipid packing
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Chapter 3

3.1 Introduction

A

lpha synuclein (S) is a 140 amino acid, intrinsically disordered monomeric protein
with a yet unclear physiological function. S consists of three domains: 1) An Nterminal domain (residues 1-60) with positively charged lysine residues that is

believed to be instrumental in membrane binding of monomeric S91,106,189,190; 2) A central
hydrophobic domain known as NAC (Non-A Component) comprising residues 61-95, which is
critical to aggregation of monomers into fibrils and forms the core of the amyloid fibril;
3) A C-terminal domain (residues 96-140) that is proline rich and predominantly negatively
charged at physiological pH82.
S is ubiquitously present in eukaryotic cells but is found in particularly high concentrations at
the synaptic junctions of neuronal cells191. Although the function of S is unclear, it has been
suggested to be involved in the regulation of synaptic vesicle pools71, vesicle trafficking48,192,193
and vesicle fusion events at the synapse194. The mechanism by which S regulates these
processes may depend on physical membrane properties related to e.g. domain formation.
Accordingly the cholesterol and sphingomylein content dependent114 association of S to raftlike membrane micro-domains (typically liquid ordered) in eukaryotic cells86,135 has been
suggested to be important in signal transduction events. However the association of S with
more ordered lipid domains in vivo seems to be in conflict with in vitro observations indicating
selective binding of S to liquid disordered regions in anionic lipid membranes108,136.
This discrepancy between in vivo and in vitro observations remains unsolved.
Recent literature indicates that the function of S is related to changes in the physical
properties

of

lipid

membranes

upon

interaction

with

monomeric

S99,103,110,155.

The macroscopic fluidity of lipid membranes is one such property and is related to the
diffusion coefficient of individual lipid molecules and is affected by the packing order of the
lipid constituents172. Fluidity in plasma membranes and membranes of cellular organelles, is
critical to a multitude of processes in living cells172 including gene expression149,195, activity of
membrane-bound
proteins
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proteins

, ion channels
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such

as

receptor-associated

protein

and modulation of immune responses
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kinases167,196,

sensor

. A decrease in membrane

fluidity has been predicted to interfere with vesicle fusion and budding198,199 and to influence
the progression of neurodegenerative diseases including Parkinson’s disease (PD)31,169.
Although a lot is known about the aggregation of S into amyloid structures in PD83,200, it
remains unclear how the intriguing interplay between lipid membranes and S leads to
neuronal cell death in PD60,109,127,201-204. Considering the association of S with membrane
micro-domains in vivo and the functional relevance of S-membrane interactions in PD, we
hereby address how physical membrane properties like membrane packing and fluidity are
affected before S amyloids are observed.
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Using three truncated variants of S (Figure 3.1) with comparable membrane binding
affinities but different aggregation propensities, we probed how lipid order, determined from
fluorescence anisotropy experiments, and effective lateral lipid diffusion (D LL), determined in
FRAP experiments, in SLBs were affected by the appearance of membrane-bound S clusters.
The Δ71-82-S variant (lacking residues 71-82) is a known aggregation-deficient variant205
and has higher net negative charge at pH 7.4 compared to WT-S. In contrast, 1-108-S
(lacking residues 109-140) is known to aggregate into amyloids much faster than
WT-S206,207. The aggregation of the 1-60-S variant (lacking residues 61-140) has not been
investigated in detail yet but this S variant remained aggregation deficient in our
experimental conditions. Both 1-108-S and 1-60-S variants have fewer negatively-charged
residues as compared to WT-S. The differences in the net charges of the truncated variants
gave us a handle to modulate the attractive and repulsive forces between S monomers.

Figure 3.1: Schematic of sequences of WT-S and the three S truncated variants used. The truncated
variants lacked a significant fraction of the C-terminus (1-108-S), a significant fraction of the NAC region (Δ71-82S), or lacked both NAC and C-terminal region (1-60-S).

Our results show that upon addition, monomeric S immediately starts clustering on SLBs.
In these early clusters, no Thioflavin-T-detectable cross-β sheet protein aggregates are
present. The size of the early clusters depends on S concentration and their formation
severely impairs the effective DLL in SLBs depending on the S cluster size. The observed
changes in membrane fluidity coincide with an increased lipid order upon cluster formation at
high P/L ratios. Our results indicate that the clustering of S on lipid membranes induces
ordering of underlying lipids.
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3.2 Results
3.2.1 Excess of S on SLBs promotes protein clustering
To investigate the interplay between S and lipid membranes, we chose SLBs with an
equimolar lipid composition of POPC:POPG. Using this model system, we previously showed
that formation of amyloid aggregates of WT-S on the surface of POPC:POPG SLBs lead to
membrane disruption and lipid extraction125. To probe how the clustering of membrane-bound
protein that precedes amyloid formation and membrane disruption affects physical membrane
properties, we used three different truncated variants (Figure 3.1) of S with varying
aggregation propensities. Protein mixtures for each truncated variant and WT-S containing a
fraction of AlexaFluor647 labeled monomers (1 in 10), were added to separate SLBs at
varying P/L ratios (0.02 to 1.0) by varying the bulk protein concentration and imaged
immediately. The addition of protein to the SLB resulted in the immediate appearance of small
protein

clusters

on

the

SLBs

for

WT-S

and

all

truncated

variants

studied

(Figure 3.2, left panel). On the time scales studied, the clusters were immobile and did not
grow or shrink. Quantification of mean areas of the individual clusters (see Methods) showed
that the area occupied by the individual clusters of WT-S and the other truncated variants
increased with increasing P/L ratios. The size of the Δ71-82-S clusters seems to saturate
around an average protein cluster size of ~ 0.30 μm2 from a P/L ratio of 0.25 as shown in
Figure 3.2, right panel.

Figure 3.2: Representative fluorescence images of SLBs after addition of monomeric S. Addition of
monomeric S (10% AlexaFluor 647 labeled S) to POPC:POPG SLBs with varying P/L ratios led to immediate
formation of clusters. The lipid concentration was calculated (from the dimensions of the flow chamber used and
assuming an average lipid headgroup size of 65 nm2) to be 10 μM. Images were acquired immediately after protein
incubation (left panel). The acquired images were subjected to an intensity threshold after background subtraction
(see section 4.5.5 for details) to estimate the respective mean cluster areas (right panel). The error bars are three
times the standard error obtained from an average of ~ 2500 clusters. All experiments were carried out in 50 mM
HEPES, 0.1 mM EDTA, pH 7.4 buffer at room temperature. Scale bar is 10 μm.
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At any given P/L ratio, the largest protein cluster sizes were observed for 1-108-S, followed
by 1-60-S and WT-S respectively. The smallest sized clusters were formed by the
Δ71-82-S variant. Measurement of the area fractions occupied by protein clusters in the
fluorescent images showed that the smallest area fraction was occupied by the Δ71-82-S
variant while the 1-60-S and the 1-108-S variant occupied the largest area fractions.
Although, the area of individual S clusters increased with increasing P/L ratios, the area
fraction occupied with clusters did not vary much (Figure 3.3).

Figure 3.3: Overview of area fractions of S clusters on POPC:POPG SLBs. The above plot depicts area
fraction of S clusters obtained from fluorescent images after image processing (See methods). All experiments
were performed in 50 mM HEPES, 0.1 mM EDTA, pH 7.4 buffer at room temperature.

Given the fact that all protein binding sites are already occupied at P/L ratio of 0.02 108, the
addition of more protein beyond this P/L ratio does not result in formation of new protein
clusters. Instead, the cluster area increases with increasing P/L ratio with the combined area
of all clusters remaining unchanged. This suggests reorganization of the membrane bound
protein clusters into bigger clusters upon increasing P/L ratios. The possibility of threedimensional growth cannot be completely excluded since the addition of S to pre-existing
clusters could be either from the bulk solution or from membrane bound protein. Although the
measured cluster areas are not necessarily equilibrium values, we do not observe any cluster
movement or exchange of material between clusters and the bulk solution that is fast enough
to result in growth/shrinkage of clusters over the time scale of the experiments. We confirmed
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that S does not cluster in absence of lipid membranes and that the observed clustering is not
a consequence of labeling S with AlexaFluor647 dye (Figure 3.4).

Figure 3.4: Non-denaturing agarose gel for WT-S and truncated variant. 10 µM of WT-S and S truncated
variants labeled with AlexaFluor647 (even numbered lanes) or unlabeled (odd numbered lanes) were aliquoted into
wells in a 0.5% Agarose gel in Tris-Glycine buffer at pH 8. Since 1-60-S and 1-108-S have a net positive charge
at pH 7.4, an agarose gel was run with wells in middle to allow migration to both charged poles. The differences in
migration of a given S variant are a result of AlexaFluor647 labeling which is known to be negatively charged
leading to a different migration of the labeled S towards the charged poles.

We therefore conclude that the formation of the protein clusters requires the presence of lipid
membranes and investigated if it affected lipid membrane properties.

3.2.2 Clustering of monomeric S to SLB surface affects lateral lipid
diffusion
To explore the changes in physicochemical properties of lipid membranes due to the presence
of S clusters, we looked at changes in membrane fluidity e.g. lipid diffusion and order.
Fluorescence recovery after photobleaching (FRAP) experiments were performed before
(control) and immediately after S incubation to investigate the influence of S binding on the
effective lateral lipid diffusion coefficient of NBD-PC (henceforth DNBD-PC) in the SLBs.
Upon systematically increasing the P/L ratio for monomeric WT-S and the truncated variants
from 0.02 to 1, we observed differences in the drop of the D NBD-PC (Figure 3.5) in the
presence of the truncated variants compared to WT-S.
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Figure 3.5: S concentration dependent changes in DNBD-PC in POPC: POPG (50:50) SLBs. Incubation of
increasing concentrations of monomeric S, or increased P/L ratios consistently resulted in a drop in the D NBD-PC after
protein addition for all S variants except Δ71-82-S (red circles). The decrease in the D NBD-PC is more pronounced
for the 1-108-S (green downward triangles) and 1-60-S (magenta upward triangles) as compared to WT-S
(black squares) for all P/L ratios. The error bars indicate standard deviations obtained from 5 individual FRAP
measurements. All experiments were carried out in 50 mM HEPES buffer, 0.1 mM EDTA, pH 7.4 at room
temperature.

DNBD-PC dropped as a function of the P/L ratio by ~ 55% in the presence of WT-S at a P/L
ratio of 1. At all P/L ratios tested, DNBD-PC remained unaffected by the presence of the
Δ71-82-S variant even though the binding affinities of WT-S and Δ71-82-S are
comparable (Figure 3.6). The drop in DNBD-PC was maximal in the presence of the 1-108-S
variant (~ 75%) followed by the 1-60-S variant, at all P/L ratios. Interestingly, we did not
observe any immobile fraction of NBD-PC upon binding of either truncated variants or WT-S
to the SLBs. Our results are in agreement with previous reports showing impaired lipid
diffusion in liposomes upon binding of WT-S by electron spin resonance spectroscopy208.
Estimation of the number of amino acids involved in the formation of the membrane-bound
helical domains of WT-S and 1-108-S variant on lipid membranes revealed (Figure 3.6) an
identical value of ~ 79 amino acids. The size of the membrane-bound helical domain for the
1-60-S variant corresponded to ~ 31 amino acids and ~ 47 amino acids for the Δ71-82-S
variant. Mere membrane association or the size of the membrane-bound helical domain can
thus not explain the trends observed in DNBD-PC with different truncated protein variants.
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Figure 3.6: Binding of WT-S and other truncated variants to POPC:POPG liposomes. The bound fractions
were obtained by measuring mean residual ellipticites at 222 nm by CD spectroscopy. The binding curve was
quantified by fitting normalized mean residual ellipticity values (Appendix A). The error bars indicate standard
deviations from three independent measurements. All experiments were carried out in 50 mM HEPES, 0.1 mM
EDTA, pH 7.4 buffer at room temperature. The calculation of helicity was performed as described elsewhere 209.

The effect of S binding on membrane fluidity was not only observed for POPC:POPG (1:1)
SLBs. FRAP experiments with POPC:POPS (1:1) SLBs showed a similar S-induced impairment
of DNBD-PC, indicating that the effective drop was not specific for the PG headgroup
(Figure 3.7A). To enhance S-membrane interactions, the fraction of negative lipids in the
SLBs studied was high compared to physiological fractions. To account for this, we also varied
the fraction of POPG in SLBs to physiologically relevant fractions and observe that the drop in
DNBD-PC was present but less pronounced (Figure 3.7B). Moreover, the presence of NaCl does
not seem to influence the observed changes in DNBD-PC upon addition of S (Figure 3.7C).
The drop in DLL was also consistently observed for a given concentration of WT-S,
independent of the type of fluorescent lipid used to probe DLL (Figure 3.7D).
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Figure 3.7: Control experiments for explaining the observed drop in lipid diffusion. A) Influence of WT-S
on the DNBD-PC in SLBs with different lipid headgroups. 10 μM of WT-S was incubated on SLBs composed of
equimolar ratios of POPC:POPG (black bars) and POPC:POPS (red bars). The D NBD-PC values were normalized with
respect to that obtained in absence of any added protein. B) Relative change in the D NBD-PC in POPC:POPG SLBs.
10 μM of WT-S was incubated with POPC:POPG SLBs with increasing fraction of POPG lipids as shown. C) Influence
of NaCl on the relative change in the DNBD-PC in POPC:POPG (1:1) SLBs. 10 μM of WT-S was incubated with
POPC:POPG SLBs with (black squares) and without (red circles) 150 mM NaCl followed by measurement of D NBD-PC.
D) Relative change in the DLL of different probes in POPC:POPG (1:1) SLBs. 10 μM of WT-S was incubated with
POPC:POPG SLBs and DPROBE was measured immediately. The fluorescent lipid probe concentration was 0.5 mol% in
each case. All experiments were performed in 50 mM HEPES, 0.1 mM EDTA, pH 7.4 buffer at room temperature.

Since the selected proteins (Figure 3.1) differ in their tendency to aggregate, interactions
between membrane-bound proteins that resulted in the formation of membrane-bound protein
clusters or amyloid species may be responsible for the observed changes in D LL.

3.2.3 Clusters of S on lipid bilayers do not contain amyloid signature
To check if the formation of clusters on the membrane surface resulted in amyloid formation,
we monitored the aggregation of WT-S and the truncated variants in presence and absence
of POPC:POPG large unilamellar vesicles (LUVs) using ThT fluorescence. The increase in ThT
fluorescence signal is indicative of amyloid formation210,211. As in the FRAP experiments,
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the P/L ratio was varied from 0.02 to 1. The change in ThT fluorescence in time is presented
in Figure 3.8. In the absence of vesicles, WT-S had a long aggregation lag-time
(~ 25 hours) whereas; the lag-time for 1-108-S variant was shorter (~ 3 hours). Δ71-82-S
and the 1-60-S failed to aggregate into amyloids over a period of 10 days. The presence of
POPC:POPG liposomes could not enhance aggregation of both Δ71-82-S and the 1-60-S at
P/L ratios as high as 1.

Figure 3.8: Representative aggregation of S truncated variants. The S truncated variants were aggregated
in the presence (open symbols) and absence (closed symbols) of 1:1 POPC:POPG liposomes. 1-108-S (green
inverted triangles) aggregated with a lag-time of ~ 3 hours while the lag time of the WT-S (black squares) was
~ 25 hours. The 1-60-S (magenta upward triangles) and Δ71-82-S (red circles) did not aggregate either in
presence/absence of POPC:POPG liposomes over a period of ~ 10 days. 50 μM of protein of each variant in at least
6 replicates was allowed to aggregate in 50 mM HEPES, 0.1 mM EDTA, pH 7.4 buffer at 37 oC at 300 rpm in a
fluorescence plate reader. ThT concentration was kept constant at 10 μM.

In the presence of POPC:POPG liposomes, we did not observe a ThT fluorescence signal for
~ 25 hours for the 1-108-S variant and the aggregation lag-time of WT-S was also
significantly extended in the presence of the vesicles. It is therefore unlikely that the drop in
DLL observed

soon

after

addition

of

S

to

SLBs

results

from

amyloid

formation.

Although recent reports have stated that lipid membranes can act as primary nucleation sites
and therefore accelerate aggregation of S into amyloids120, we did not observe this effect.
This discrepancy results possibly from differences in the physical properties of lipids chosen,
and/or the experimental conditions employed in our study. Aggregation competent S
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variants showed an increase in the aggregation lag time in the presence of liposomes.
The increase in the lag time can possibly be attributed to a reduced effective monomer
concentration in the bulk solution resulting from monomers binding to liposomes. We also
incubated ThT with SLBs in samples with P/L ratio of 1 and observed no fluorescence signal
from ThT in the protein clusters.
Although accumulation of S on SLBs resulted in protein clustering at all P/L ratios and lipid
compositions for WT-S and all truncated variants used in the study, conversion of
membrane-bound protein to amyloid structures was never observed within experimental times
(~ 60 min). Therefore, we conclude that the conversion to amyloid structures cannot explain
the changes in DLL.

3.2.4 S binding leads to increased acyl chain packing in liposomes
In the absence of membrane-associated amyloid formation, the decrease in the DLL could
result from a tighter packing (increased order) of lipids upon cluster formation of S. To test
this hypothesis, steady-state fluorescence anisotropy was used to monitor if changes in
membrane fluidity resulting from an increase in lipid order in POPC:POPG liposomes.
DPH (1,6-Diphenyl-1,3,5-hexatriene) is a well known hydrophobic probe for structural and
dynamic studies on lipid membranes212-214. DPH roughly resembles a cylinder with its
absorption and fluorescence emission transition dipoles aligned parallel to its long molecular
axis. It has negligible fluorescence in solution because of its rotational motion. In absence of
rotational motion, it has a very high fluorescence polarization depending on the orientation of
the long axis. DPH aligns parallel to the lipid acyl chains and therefore an increase in lipid acyl
chain packing can be monitored as an increase in the fluorescence anisotropy, r

213

.

At a constant DPH concentration, the P/L ratio was varied similar to that in the FRAP
measurements. We observed that WT-S and 1-60-S showed an increase in anisotropy
values with the 1-60-S showing consistently higher values at all P/L ratios. In spite of having
a comparable membrane binding affinity as WT-S, Δ71-82-S only shows a marginal change
in the steady state anisotropy, r as shown in Figure 3.9.
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Figure 3.9: Changes in DPH anisotropy in POPC: POPG (1:1) LUVs with increasing S concentration.
Addition of monomeric S to POPC:POPG LUVs containing 1 mol% DPH leads to a pronounced increase in the
fluorescence anisotropy in all truncated variants and WT-S (squares) except Δ71-82-S (circles). The 1-108-S
(inverted triangles) and 1-60-S (upward triangles) show higher anisotropy values at all P/L ratios compared to
WT-S. The error bars indicate standard deviations obtained from 3 independent measurements. All experiments
were carried out in 50 mM HEPES, 0.1 mM EDTA, pH 7.4 buffer at room temperature.

The 1-108-S variant showed a steep increase at low P/L ratios and continued to increase at
higher P/L ratios. The changes in steady state anisotropy seem to be maximal for the
1-108-S variant indicating increased packing of lipid acyl chains in the presence of clusters of
this protein. Fluorescent images obtained after adding S to POPC:POPG SLBs (L/P =10)
containing 1 mol% DPH result in intense fluorescent regions beneath all S clusters except the
Δ71-82-S variant (Figure 3.10).
Moreover, increasing concentration of WT-S over DPH labeled POPC:POPG SLBs resulted in
larger ordered regions corresponding with larger WT-S clusters (Figure 3.11).
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Figure 3.10: Lipid ordering in POPC:POPG SLBs observed using DPH in presence of S constructs. S
constructs were added to 1 mol% DPH containing POPC:POPG SLBs at a lipid to protein ratio of 10. After addition of
S to SLBs, enhanced fluorescence is observed in the lipid channel below regions of S clusters (white arrows in
lipid channel) for all S constructs except Δ71-82-S. All experiments were carried out in 50 mM HEPES buffer,
0.1 mM EDTA, pH 7.4 at room temperature.
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Figure 3.11: WT-S induced lipid ordering in POPC:POPG SLBs observed using DPH. Incubation of
increasing concentrations of monomeric S, or increased P/L ratios as shown in the figure above resulted in intense
fluorescent regions (white arrows in lipid channel) upon larger cluster formation (protein channel). Control images
(no protein added) do not show any regions with enhanced fluorescence. POPC:POPG SLBs were labeled with
1 mol% DPH. All experiments were carried out in 50 mM HEPES buffer, 0.1 mM EDTA, pH 7.4 at room temperature.
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These observations combined with the marginal changes in the steady state anisotropy of DPH
in liposomes in the presence of the Δ71-82-S variant suggest little or no influence on lipid
packing. Results from steady state anisotropy and ordered domains observed in fluorescence
microscopy of DPH labeled POPC:POPG SLBs seem to correlate with the protein cluster sizes
hinting that the changes in lipid packing and cluster formation are linked.

3.3 Discussion
In this study, we have systematically investigated how clustering of monomeric S and the
interaction of S clusters with lipid membranes influence physicochemical properties of lipid
membranes. Upon binding to anionic membranes, WT-S assumes a helical conformation.
In this helical conformation, some hydrophobic residues line up on the polar face of the
helix215. At the conditions of our experiments, all S binding sites on the membrane surface
are occupied, the average distance between two membrane-bound monomers is small and
inter-protein collisions can result in cluster formation. Clustering of membrane-bound S is a
consequence of a complex interplay mainly between attractive hydrophobic interactions,
resulting from the solvent exposed hydrophobic patches on the membrane-bound S, and
repulsive electrostatic interactions, resulting from the negatively charged unstructured solvent
exposed C-terminal region of S. Considering the interplay between attractive and repulsive
forces, the net inter-protein repulsion is expected to be highest in the Δ71-82-S and minimal
in the 1-108-S variant. Thus, the Δ71-82-S results in smaller sized clusters due to
decreased hydrophobic attraction between proteins compared to WT-S. The removal of the
negatively charged C-terminal region in two truncated variants (1-60-S and 1-108-S)
results in larger clusters than WT-S which is likely due to decreased electrostatic repulsions
between the membrane-bound monomers. It has been reported that S can induce local
curvature on lipid membranes110. It is well known that binding of S to lipid membranes is
sensitive to curvature and it is plausible that this increase in local membrane curvature upon
S binding could drive further binding of S. With increasing cluster size, the DLL measured in
FRAP experiment decreases. These changes in lipid diffusion are not a result of a mere
association of S monomers and the SLBs. This is because, in spite of having similar
membrane-bound fractions as WT-S; membrane-bound Δ71-82-S has no influence on DLL.
Also, at P/L ratios ~ 0.02 where the lipid binding sites for S are completely saturated, we
observe no change in DLL. The changes in DLL are thus a consequence of interactions of the S
clusters with lipid membranes.
Interactions between membrane-bound S molecules impaired DLL in SLBs, but the mobile
fraction of the fluorescent probe (either zwitterionic or negatively charged) remained close to
unity at any P/L ratio. This means that the lipids are not immobilized under the protein
clusters but are able to exchange continuously. Upon increasing the bulk protein concentration
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systematically, we observe that that the mean cluster area increases but the total area
occupied by these clusters does not change significantly. This suggests that a higher S
concentration in the bulk allows for a faster rearrangement of clusters by exchange with bulk
protein. As the cluster area increases, the time a particular lipid spends under a S cluster
(first passage time) increases. Since FRAP measures an effective diffusion coefficient of lipids
in an area that contains both regions with and without clusters; the D LL obtained in presence
of clusters is a weighted average of the diffusion coefficients from both regions, where large
clusters have a larger effect on the effective diffusion coefficient than smaller ones.
The accumulation of proteins in clusters results in an accumulation of more closely packed
(charged) lipids under the clusters as seen from fluorescence microscopy and an increase in
lipid order as indicated by steady state anisotropy. It is known that an increase in lipid order,
by increasing cholesterol content or degree of saturation, can significantly decrease DLL216.
For a similar packing of proteins in the clusters one would expect the lipid organization under
the clusters to be independent of the cluster size. Without single lipid tracking measurements,
it however is difficult to ascertain if the resulting drop in D LL beneath S clusters is similar for
larger and smaller clusters. However the data points from both the FRAP and DPH anisotropy
experiments on SLBs covered with protein clusters of the different truncated variants collapse
on a single “master” curve (Figure 3.12). The increase in lipid order and the decrease in DLL
both become visible beyond a cluster area of ~ 0.30 μm2. The correlation between the
changes in DLL and r suggest a concerted process where the formation of clusters leads to a
closer packing of lipids and a decrease of the effective D LL. The correlation between the
effective DLL and r as observed in the master curve is non-trivial as it does not result from a
direct interaction between proteins and lipids.
Although S mainly binds to anionic lipids, the drop in effective D LL of zwitterionic lipids
suggests that S clustering (possibly stabilized by anionic lipids) also affects effective D LL of
zwitterionic lipids. A similar effect on the diffusion of zwitterionic lipids has been observed for
annexin a5, a peripheral protein involved in vesicle fusion events, upon its clustering on
anionic lipid membranes217. Clustering of proteins and ordering of lipids into membrane microdomains are both known to be involved in protein function and this interplay forms the basis
for many cellular signaling processes137. Protein clustering and the formation of membrane
domains can either be mutually exclusive or coupled depending on the cellular niche114,168,218.
Binding studies of S with synaptic vesicle mimics in vitro suggest a strong preference for
membrane curvature, cholesterol content and lipid phase105,108,219. Synaptic vesicles are
typically enriched in cholesterol and comprise of typical raft components such as GPIanchored proteins. Lipid domains formed due to clustering of S in our measurements could
thus be important as the presence of such membrane micro-domains is usually coupled with
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protein organization, recruitment and consequently protein function133,220-222. For example,
clustering of GPI-APs on cellular membranes has been directly linked to their function223.

Figure 3.12: Master curve of data correlating changes in lipid diffusion and lipid packing to protein
cluster areas. The above plot shows relative changes in the lipid diffusion coefficients (black closed symbols) and
absolute steady state anisotropy values of DPH in liposomes (blue open symbols) against mean protein cluster
areas. WT-S is depicted as squares while the Δ71-82-S variant is shown as circles. The 1-108-S variant
(downward triangles) results in the biggest change in lipid diffusion coefficients and DPH anisotropy followed by the
1-60-S variant (upward triangles). The dotted lines are representative of the general trend in increasing anisotropy
(blue lines) and changes in lipid diffusion (black lines).

The decreased membrane fluidities could also be relevant in the pathogenic aspect of S.
Aging cellular membranes, in particular have lower membrane fluidity and their intrinsic
membrane recycling mechanisms are less efficient. The closure of transient defects in plasma
membranes that would be expected to reseal quickly, would be less efficient with decreased
membrane fluidities. Our finding that it is the clustering of S which causes impaired fluidity
and ordering of lipids, provides a different perspective in understanding and possibly hinting
towards the functional/pathogenic role of S.

3.4 Conclusion
Together, our data suggests that the formation of non-amyloid S clusters upon exposure of
SLBs to S at high P/L ratios changes both the effective lipid diffusion and lipid packing.
The observation that an increase in lipid order and decrease in D LL as a function of the mean
area of individual clusters can be plotted on a master curve suggest that the close packing of
lipids in the clusters is responsible for the observed effect. Changes in physical properties of
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membranes due to S monomers or clusters could be relevant to the function of S bound to
membranes in cellular systems. Subtle changes resulting from increased S concentrations or
mutations might change S clustering and thereby affect lipid diffusion, partitioning,
re-organization and ordering which could give undesirable biological consequences and is
possibly relevant in PD.

3.5 Materials and Methods
Stock solutions of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl,2oleoyl phosphatidylglycerol (POPG), and 1-palmitoyl-2-[6-[(7-nitro-2-1,3-benzoxadiazol-4yl)amino]hexanoyl]-sn-glycero-3-phosphocholine(NBD-PC) in chloroform were purchased from
Avanti

Polar

Lipids

(Birmingham,

AL)

and

used

without

further

purification.

Ethylenediaminetetraacetic acid (EDTA) was purchased from Sigma Chemicals (St. Louis, MO).
Sodium

chloride

(NaCl),

sodium

hydroxide

(NaOH),

and

4-(2-hydroxyethyl)-1-

piperazineethanessulfonic acid (HEPES) were purchased from Merck (Germany).

3.5.1 Substrate Pretreatment
Before bilayer

formation, glass

cover-slips were

washed

in 2

% Hellmanex

(VWR

International, Chicago, IL) at 80° C for 60 minutes, rinsed profusely with deionized water and
then dried with a stream of nitrogen. The slides were etched for 8 minutes in a solution of 3:1
(v/v) concentrated sulfuric acid(H2SO4) and hydrogen peroxide (H2O2). The slides, kept
immersed in deionized water throughout, were used within 3 days after treatment.

3.5.2 Supported lipid bilayer preparation
Lipid stock solutions of POPC and POPG in chloroform were mixed in 1:1 molar ratios, dried
under a stream of nitrogen, and placed under vacuum for 1 hour. After drying the lipid films
were rehydrated in 100 mM NaCl solution and vortexed for 5 minutes. Small unilamellar
vesicles (SUVs) were prepared by sonicating the rehydrated liposome solution for 40 minutes
using a Branson tip sonicator (25% amplitude). Thereafter, the SUVs were centrifuged at
13200 rpm to remove any tip residue from the sonicator probe. The SUVs were stored at 4 oC
and used within 3 days. Supported lipid bilayers were formed by vesicle fusion inside a 120 μl
custom built chamber (see Figure 2.3B) on appropriately treated glass slides. The extruded
vesicles were mixed with 1M NaCl solution at a 1:1 ratio to induce fusion. After 20 minutes
incubation, excess vesicles were removed from the chamber by rinsing with a 50 mM HEPES,
0.1 mM EDTA, and 750 mM NaCl, pH 7.4 buffer. Thereafter the chamber was rinsed with 50
mM HEPES, 0.1 mM EDTA, pH 7.4 buffer to remove salt. At least 3 mL of buffer were passed
through the chamber to ensure complete solvent exchange.
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3.5.3 Expression, purification and labeling of WT-S variants
All S variants were expressed in Escherichia coli strain BL21(DE3) using the pT7-7
expression plasmid and purified in the presence of 1 mM DTT as previously reported224.
The cDNAs for the truncated variant of S lacking 71-82 residues Δ71-82-S were obtained
from Prof. Benoit Giasson from University of Florida (USA). Since S does not contain any
cysteine residues necessary for fluorescent labeling, an alanine to cysteine mutation was
introduced at residue 140 for WT-S and Δ71-82-S. For labeling 1-108-S and 1-60-S, a
serine to cysteine mutation was introduced at residue 9 (S9C)109. S9C is typically used for FCS
based measurements for estimation of binding affinities of S to lipid membranes225.
Prior NMR studies have confirmed that the S9C mutation in S does not affect its membrane
bound state. Prior to labeling, all cysteine containing S variants were reduced with a six-fold
molar excess of DTT for 30 min at room temperature. The samples were desalted with Pierce
Zeba desalting columns, followed by the addition of a two-fold molar excess of AlexaFluor 647
C2 maleimide dye (Invitrogen) and incubated for two hours in the dark at room temperature.
Free label was removed using two desalting steps. The protein labeling efficiency was
estimated to be >90% from the absorption spectrum by measuring protein absorbance at
280 nm and including the correction factor for AlexaFluor 647 (0.03).

3.5.4 Protein cluster imaging and analysis
For imaging of S clusters, a Nikon (Tokyo, Japan) A1 total internal reflection fluorescence
(TIRF) microscope was used. The labeled proteins were diluted with unlabeled protein
(1 in 10) in 50 mM HEPES, 0.1 mM EDTA, pH 7.4 buffer to the desired concentrations before
incubating with SLBs. Visualization of SLBs was done by incorporating 0.5 mol% BODIPY-PC in
the phospholipid bilayers. The proteins were incubated with the SLBs at room temperature.
Images were acquired using a 100X OI, 1.48 NA TIRF objective. The acquired images
consisted of 512 × 512 pixels with a pixel size of 0.158 μm under identical gain settings.
The images were contrast enhanced to the same extent to make any features appear clearly.
To quantify the cluster sizes, raw images were first corrected for uneven background
illumination (rolling-ball method, 100 pixels) in Fiji226. The resulting images were subjected to
an intensity threshold (consistent for all images) and the resulting pixel areas were quantified
as cluster areas.

3.5.5 Fluorescence Recovery After Photobleaching (FRAP)
To determine the lateral lipid diffusion in SLBs, FRAP was performed on a NikonA1 confocal
microscope equipped with a perfect focus system (PFS). A 100-mW Argon ion laser (488 nm,
Coherent, CA) was used to both bleach and monitor the lipid bilayer fluorescence. In the FRAP
experiment fluorescence from a circular region of interest (ROI) was bleached (radius ~ 8 μm)
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in 1 second. After bleaching the increase in fluorescence intensity in the ROI was monitored
for 6 minutes. All FRAP data were fitted using Soumpasis fit182 which has been shown to better
model for lipid diffusion than a single exponential fit for circular bleach geometry183.

3.5.6 Circular dichroism (CD) spectroscopy
A Jasco J-715 spectropolarimeter was used to obtain CD spectra at protein concentrations of
3 μM. Spectra were recorded between 200 to 250 nm with a step size of 1 nm and a scanning
speed of 10 nm/minute, using a 1 mm path length cuvette. The apparent dissociation
constants for both the protein variants were determined by titrating them against POPC: POPG
(50:50) SUVs and fitting the measured mean residue ellipticity at 222 nm to the lipid
concentration as reported before108. The details of the fitting equation used are given in
Appendix A.

3.5.7 Thioflavin T aggregation assay
Thioflavin T aggregation assays were carried out in a TECAN Infinite M200 micro-plate reader.
For every protein variant, 50 μM of monomeric protein was allowed to aggregate in 50 mM
HEPES, 0.1 mM EDTA, pH 7.4 buffer at 37 oC at 300 rpm in a fluorescence plate reader.
The ThT concentration was kept constant at 10 μM.

3.5.8 Fluorescence anisotropy
POPC: POPG (50:50) LUVs with 1 mol% 1,6-Diphenyl-1,3,5-hexatriene (DPH) were prepared
in 50 mM HEPES, 0.1 mM EDTA, pH 7.4 buffer at room temperature. Lipid concentration was
kept constant at 10 μM. Protein concentration was varied to obtain final P/L ratios of 0.02,
0.1, 0.25, 0.5 and 1. Control samples were measured before protein addition in each sample
run. Fluorescence anisotropy was recorded at 25 °C by using an excitation wavelength of
360 nm and an emission wavelength of 440 nm. The result for each condition is the average
of three independent measurements.
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4 Amyloids of alpha synuclein affect the
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Chapter 4

4.1 Introduction

T

he 14.4 kDa neuronal protein S is a major component of Lewy bodies, which are a
pathological hallmark of Parkinson’s disease (PD)31. Neuronal death has been attributed
to various causes30,44,49,191,227, all of which involve the aggregation of S into amyloid

structures. Above a critical concentration S aggregates in vitro into oligomers and fibrils228,
with the details of aggregation depending on pH229, salt230 and temperature229 conditions.
There is increasing evidence that interactions with lipid bilayers play a role in S
aggregation155,202,

although

there

have

been

some

unresolved

debates

in

earlier

literature231,232.
S-lipid membrane interactions depend on the negative charge on the membrane231.
These interactions are mediated by positively charged residues located in seven imperfect
repeats in the N-terminus of the protein190,233. These repeats are reminiscent of lipid
membrane binding domains in apolipoproteins, with the first five repeats predicted and shown
to form alpha helices upon binding to negatively charged SUVs91,106. In vitro, the presence of
negatively charged lipid membranes accelerates S aggregation into amyloids231. For other
amyloid forming proteins like Aβ and IAPP, membrane integrity is affected by extensive
membrane remodeling and lipid extraction142,144,234-237. There is increasing evidence that this is
also the case for S103,126,127,155,238. Further, the report of measurable amounts of lipids in Lewy
bodies44 strongly suggests that the interaction of lipid membranes with S is relevant in the
aggregation process.
One of the major reasons attributed to neuronal cell death in PD is membrane damage 239-241.
It is uncertain if certain oligomeric species or the aggregation process causes the observed
membrane damage. Moreover, the exact mechanism of this damage remains to be elucidated.
Both monomers and oligomers of WT-S have been shown to cause dye leakage in model
membrane vesicles, consistent with a pore-like mechanism112,190,242,243. However, this leakage
is observed only at high surface charge densities indicating that other mechanisms maybe
important at physiologically relevant charge densities. WT-S oligomers with a putative
channel-like structure have been shown to induce single ion-channel currents in lipid
membranes244. Recent reports also indicate that addition of monomeric wild type S (WT-S)
causes membrane damage in SLBs126,127. Thus, it is unclear whether membrane damage is due
to S amyloid formation on the membrane or is a result of binding of S species to the
membrane. To distinguish between these two mechanisms for membrane damage, we studied
a truncated variant lacking amino acid residues 71-82 (henceforth S(Δ71-82)) that in
solution fails to form amyloids but forms spherical oligomers with a diameter of ~ 20 nm205.
We used SLBs as a platform to visualize and measure the interactions of WT-S and
S(Δ71-82) with membranes by confocal microscopy using fluorescently labeled SLBs and S.
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We indirectly modulated the rate of aggregation of S on the membrane surface by varying
the negative lipid composition and thereby modulating the density of membrane-bound
protein. We used fluorescence recovery after photobleaching (FRAP) to measure changes in
the lateral diffusion coefficients of lipids to extract quantitative information about lipid phase
and fluidity. FRAP was also used to probe diffusion of S and its aggregation on the SLB
surface. We observe that formation of amyloids by WT-S results in lipid extraction and
decrease the mobility of lipids in SLBs. Neither effect is observed with the truncated variant
even though it binds membranes with comparable affinity.

4.2 Results
4.2.1 WT-S and S(Δ71-82) bind lipid membranes with comparable
affinities
In order to compare the clustering and possible aggregation of WT-S and S(Δ71-82) on
lipid membranes, the binding of both proteins to SLBs has to be comparable. We used CD
spectroscopy to measure binding affinities of S(Δ71-82) and WT-S to POPC:POPG (1:1)
SUVs108 (Materials and Methods). The data (Figure 4.1A) show that the binding affinities of
both constructs to the lipid bilayer are comparable. Although the WT-S and S(Δ71-82)
exhibit similar binding affinities to lipid membranes, they show different aggregation behavior
in solution.

Figure 4.1: A) Binding of WT-S and S(Δ71-82)with POPC:POPG liposomes. Titration of WT-S (black squares)
and S(Δ71-82) (red circles) by POPC:POPG (50:50) SUVs. The bound fractions were obtained by measuring mean
residual ellipticites at 222 nm by CD spectroscopy. The binding curve was generated by fitting normalized ellipticity
values to Equation 2 (solid lines), assuming equivalent binding sites (see Appendix A on page 154 for details). The
error bars indicate standard deviations from three independent measurements. B) Aggregation kinetics of S
variants at 37 oC monitored by ThT fluorescence. The aggregation reaction was carried out using 50 mM HEPES,
0.1 mM EDTA at 300 rpm constant orbital shaking conditions in a fluorescence micro-plate reader. The protein
concentration was kept at 100 μM and the ThT concentration was 10 μM.
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In absence of membranes, S(Δ71-82) does not form fibrillar amyloids205 and aggregation
arrests at an oligomeric stage245, whereas WT-S readily aggregates into cross-β sheet rich
amyloid structures. Aggregation experiments under our experimental conditions confirmed
this reported difference in aggregation behavior as shown in Figure 4.1B.

4.2.2 WT-S and S(Δ71-82) self-assemble differently on POPC:POPG (1:1)
SLBs
Upon systematically varying the concentration of S on POPC:POPG (1:1) SLBs, we observed
that both WT-S and S(Δ71-82) organized into clusters on the SLB surface. Although the
binding affinities of these proteins were comparable, there was a clear difference in the
organization of these clusters (Figure 4.2), obtained upon incubation of 10 µM protein on
SLBs after 18 hours (P/L ratio :1).

Figure 4.2: Clustering of WT-S and S(Δ71-82) on POPC:POPG supported lipid bilayers. Representative
images of POPC:POPG (1:1) SLBs labeled with 0.25 mol% fluorescent lipid BODIPY-PC after adsorption of 10 µM S
for 18 hours. The protein images show bigger and more heterogeneous WT-S protein aggregates on 50% POPGcontaining bilayers (top panel) as compared to those of S(Δ71-82) variant (lower panel). There appears to be little
correlation between the defects on the SLBs and the bigger aggregates. The lipid images show the appearance of
cracks and defects in the top panels (WT-S). The insert shows these at an enhanced magnification. The sparse
lipid clustering (seen as bright spots) was also seen in the controls and S(Δ71-82) aggregates do not seem to have
a preference for these regions. Fewer and smaller defects appear in the presence of S(Δ71-82) and the average
intensity remains the same. Images are contrasted to the same extent to facilitate comparison. All experiments
were performed at room temperature in 50 mM HEPES, pH 7.4, 0.1 mM EDTA buffer. The scale bar is 10 µm.
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WT-S assembles into a heterogeneous distribution of clusters of both small and large areas,
whereas clusters of S(Δ71-82) are more homogenous in size. Upon decreasing the P/L ratio,
we observe that assembly of both WT-S (Figure 4.3) and S(Δ71-82) clusters (Figure 4.4)
are sensitive to protein concentration, with cluster size increasing as a function of protein
concentration.

Figure 4.3: Adsorption of WT-S on POPC:POPG (50:50) SLBs. Representative confocal images of POPC:POPG
(1:1) SLBs before (control) and after addition of increasing amounts of WT-S (labeled to AlexaFluor 647).
0.25 mol% of BODIPY-PC was incorporated as a fluorescent lipid probe in SLBs. The lipid channel clearly shows
increasing membrane damage in form of defects and cracks as the protein concentration is increased from 0.2 μM
WT-S to 10 μM WT-S. Correspondingly, the cluster sizes also seem to increase upon increasing protein
concentration. Images are contrasted to the same extent to facilitate proper comparison. All images were taken at
room temperature in 50 mM HEPES, 0.1 mM EDTA, pH 7.4 buffer. The scale bar is 10 μm.
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Figure 4.4: Adsorption of S(Δ71-82) on POPC:POPG (50:50) SLBs. Representative confocal images of
POPC:POPG (1:1) SLBs before (control) and after addition of increasing amounts of S(Δ71-82) variant which was
labeled to AlexaFluor 647. 0.25 mol% of BODIPY-PC was incorporated as a fluorescent lipid probe in SLBs. The
above images show clearly no effect of incubation of S(Δ71-82) as the concentration is increased from 0.20 μM to
10 μM. There is hardly any significant damage seen across this concentration range. Correspondingly the cluster
sizes also do not show a difference. Images are contrasted to the same extent to facilitate proper comparison. All
images were taken at room temperature in 50 mM HEPES, 0.1 mM EDTA, pH 7.4 buffer. The scale bar is 10 μm.

In order to obtain a quantitative overview of protein cluster size, we estimated average
cluster areas (Materials and Methods) by fitting the measured area distribution to a lognormal distribution. Figure 4.5 depicts the correlation between the protein concentration and
average cluster areas.
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Figure 4.5: Average cluster areas of S on SLBs with changing protein concentration and lipid
composition. Average cluster areas obtained by fitting the area distributions obtained from S aggregates on
POPC:POPG SLBs. Upon increasing protein concentration, there is a two-fold increase in the average cluster areas
irrespective of the lipid composition for both WT-S and S(Δ71-82). However, for a given protein concentration,
S(Δ71-82) clusters (red symbols) show little dependence on lipid composition contrary to that observed for the
WT-S clusters (black symbols). The clusters areas for WT-S and S(Δ71-82) on 50% POPG SLBs are shown by
squares and as triangles for 25% POPG SLBs. The error bars indicate standard errors in each case. The statistics
underlying the values presented here are shown in Table 4.1.

As shown in Figure 4.5, we also obtained S cluster areas from incubation of WT-S and
S(Δ71-82) on POPC:POPG (75:25) SLBs (Figure 4.6). This experiment was done to
investigate if the percentage of negatively-charged lipids influenced the clustering of S on
SLBs.
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Figure 4.6: Adsorption of S on POPC : POPG (75:25) SLBs. Representative confocal fluorescence images of
SLBs before (control) and after adsorption of 10 μM S (labeled to AlexaFluor 647) after an 18 hour incubation
period. 0.25 mol% of BODIPY-PC was incorporated as a fluorescent lipid probe in SLBs. The lipid channel shows
very small defects and fluorescence intensity loss with the WT-S (top panels), whereas no such effects are seen
with S(Δ71-82) (lower panels). Images are contrasted to the same extent to facilitate proper comparison. All
experiments were performed at room temperature in 50 mM HEPES, pH 7.4, 0.1 mM EDTA buffer. The scale bar is
10 μm.

Our observations show a charge-dependent increase in the size of WT-S clusters on SLBs at
high P/L ratios. The WT-S clusters are consistently smaller on less negatively charged SLBs
(i.e. 25% versus 50% POPG content). The histograms of the cluster areas (Figure 4.7) show
a more heterogeneous distribution (larger widths) for the WT-S clusters at all concentrations.
The smallest calculated cluster area using our thresholding parameters is 0.04 µm2 which
corresponds to the pixel area in the image. We cannot make any conclusive predictions about
the size or aggregation number (number of monomers) of S structures inducing membrane
damage. At these high P/L ratios (1:1), it has been previously reported that WT-S forms
amyloid structures depending on the percentage of negative charge in the lipid membranes 231.
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Figure 4.7: Aggregate area histograms of WT-S and S(Δ71-82) formed on POPC:POPG SLBs. Using the
ObjectCount plugin in the Nikon NIS Elements software, a distribution of the aggregate areas was obtained (For
details, see Figure 4.13. These distributions were area normalized to 1 and were fitted to a log-normal distribution.
The WT-S aggregate area distributions are represented by dark grey bars and the S(Δ71-82) aggregate area
distributions are represented by light gray bars. The aggregates of WT-S, show a wider distribution (green fits) in
50% POPG SLBs as compared to the WT-S in 25% POPG SLBs (red fits). In order to establish if the observed WTS clusters contain amyloid, SLBs containing 10 µM WT-S clusters were incubated with Thioflavin T (ThT) for one
hour. After washing off unbound ThT, most of the clusters seen in the protein channel were found to be positive for
ThT fluorescence (Figure 4.8), confirming the formation of amyloid aggregates on the SLB surface 127,142. The
average intensities in all ThT positive clusters were at least 150 times higher than background intensities. It is
interesting to note that not all clusters of WT-S are positive for ThT fluorescence (Figure 4.8; Panel B).
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Figure 4.8: ThioflavinT (ThT) staining of WT-S aggregates. Representative fluorescence images of
POPC:POPG (1:1) SLBs depicting in the lipid channel (A) and coresponding protein channel (B) after 18 hr
incubation of 10 µM labeled WT-S on POPC:POPG SLB. The white arrows show aggregates of WT-S which are not
positive for Thioflavin T dye. (C) Fluorescence images taken after ThT staining of the WT-S aggregates on
POPC:POPG (1:1) SLBs. (D) Overlay of all channels. All images were taken at room temperature in 50 mM HEPES,
0.1 mM EDTA, pH 7.4 buffer. The scale bar is 10 µm.

To investigate if the clusters of WT-S can reorganize and grow into bigger amyloid
aggregates, we incubated the aggregates formed from 10 µM WT-S after 18 hours on
POPC:POPG (1:1) SLBs for another 24 hours. As expected for amyloid growth, we observe a
marked increase in the protein aggregate size as shown in Figure 4.9. Closer inspection of
the WT-S amyloid aggregates show evidence of lipid fluorescence (arrows in Figure 4.9).
This may be a result of lipids being extracted out of the membrane upon amyloid formation.
We see fewer protein aggregates at this stage which suggests that smaller aggregates fuse
into bigger structures; however, an alternative explanation could be that the aggregates
desorbed from the membrane.
Similar experiments were performed with POPC:POPG (50:50) SLBs at higher ionic strength.
In the presence of 150 mM NaCl and identical buffer conditions similar protein clusters and
membrane

damage

patterns

were

observed

(Figure 4.9C).
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Figure 4.9: Time dependent growth of WT-S aggregates on POPC: POPG (50:50) SLBs. Representative
endpoint images obtained after incubation of 10 µM WT-S on POPC:POPG (50:50) after 18 hours (panel A) and the
same bilayer incubated for another 24 hours (panel B). Upon incubation for 18 hours, large aggregates are seen on
the bilayer surface but these aggregates do not coincide with regions of high membrane damage. After 42 hours,
very large aggregates appear that in some regions appear to incorporate lipids. The black arrows show lipids lining
along the shape of the aggregate suggesting incorporation. C) Adsorption of S on POPC : POPG (50:50) SLBs in
presence of 150 mM NaCl. Representative images of adsorption of 10 µM WT-S after an 18 hour incubation period
in 50 mM HEPES, 150 mM NaCl, pH 7.4, 0.1 mM EDTA buffer. We observe formation of defects (Lipid channel) and
macroscopic protein clusters (Protein Channel) as seen in absence of NaCl. All experiments were performed at room
temperature. The scale bar is 10 µm.
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4.2.3 Aggregation of S affects lipid membrane mobility
Protein aggregation on SLBs requires that the observed clusters are mobile on the bilayer.
This mobility would be affected by the protein-protein interactions required for aggregation
into amyloid fibrils. The dependence of protein clustering on lipid composition further suggests
that there are specific lipid-protein interactions. To characterize the aggregation state of S,
we used FRAP to probe the diffusion of WT-S and S(Δ71-82) on SLBs. We observed that at
10 µM protein concentration, the diffusion coefficient of WT-S (DS) had a much lower value
(~ 0.14 µm2/sec) than that for S(Δ71-82) (~ 1.1 µm2/sec) (Figure 4.10A) on POPC: POPG
(75:25) SLBs. The S(Δ71-82) variant diffuses much faster than the WT-S at all protein
concentrations and lipid compositions used. We attribute the faster diffusion to significantly
reduced interactions between S(Δ71-82) species as compared to that of WT-S. Consistent
with strong protein-protein interactions and amyloid formation we observed a decrease (up to
30%) in the mobile fraction of the WT-S species with increasing concentrations of the protein
(Figure 4.10B). The mobile fraction of S(Δ71-82) does not change. We analyzed the
average fluorescence intensities from the protein channel after incubation of labeled WT-S
and S(Δ71-82) on POPC:POPG SLBs. SLBs incubated with different concentrations of WT-S
showed a linear increase in fluorescence intensity whereas SLBs with S(Δ71-82) did not.
Intriguingly, a similar trend was observed with WT-S upon decreasing the percentage of
negative lipids in the SLBs (Figure 4.10C).
After incubation for 18 hours, the unbound protein was washed off. Since the binding affinities
of WT-S and S(Δ71-82) were comparable, the SLBs should be fully covered with S at all
concentrations used. Thus, after the washing step, the fluorescence intensity should have
been comparable for SLBs incubated with WT-S and S(Δ71-82). The fact that we see an
increase in fluorescence intensity with increasing concentration of WT-S suggests direct
adsorption of incoming WT-S onto attached WT-S species. A higher intensity could also be a
result of compaction of existing aggregates into ordered structures, thereby creating space for
incoming monomers.
To investigate the effect of S binding on lateral mobility of lipids in POPC:POPG SLBs, we
used fluorescent recovery after photo-bleaching (FRAP) using BODIPY-PC as a fluorescent lipid
probe. The diffusion coefficient of BODIPY-PC in the absence of protein was found to be
~ 1.25 µm2/sec, similar to values reported in literature for lateral diffusion of lipids in SLBs on
glass surfaces246,247. The lipids were completely mobile (mobile fraction > 98%) and SLBs
were found to be stable over an incubation period of at least 42 hours. Increasing
concentrations of WT-S (P/L ratios from 0.02 to 1) were incubated on separate SLBs for 18
hours. After 18 hour incubation with WT-S, a drop in the diffusion coefficient of BODIPY-PC
in SLBs was observed with increasing P/L ratios. At P/L ratios below 0.1, there is little effect
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on the lipid bilayer fluidity, but starting from P/L ~ 0.1, we observe a drop in the diffusion
coefficient of BODIPY-PC (DB) (Figure 4.10D).

Figure 4.10: Effects of adsorption of S on lipid and protein dynamics of the SLBs. In all the figures,
measurements with WT-S are shown with black symbols, those with S(Δ71-82) with red symbols; measurements
on 50% POPG-containing membranes are shown with square symbols and those on 25% POPG-containing
membranes with triangular symbols. A) Apparent protein diffusion coefficients (D S). B) Mobile fractions in protein
channel obtained from FRAP upon incubation of WT-S and S(Δ71-82) on POPC:POPG SLBs in increasing
concentrations. C) Average intensities (normalized to background of red channel) obtained from protein channels
after 18 hour incubation and removal of unbound protein. The WT-S clearly shows a concentration dependent rise
in adsorbed protein irrespective of % of negative charge on SLBs, whereas S(Δ71-82) intensities do not change
with concentration. D) Protein concentration dependent changes in lateral diffusion coefficients of BODIPY-PC (DB)
relative to that in the absence of protein. The error bars indicate standard deviation obtained from five independent
measurements in A), B), and C) and from ten independent measurements in D). All experiments were performed at
room temperature in 50 mM HEPES, pH 7.4, 0.1 mM EDTA buffer. Note: the protein diffusion measurements (A and
B) at 200 nM had poor signal to background and therefore much poorer fits to the recovery curves and greater
variability in both diffusion coefficient and mobile fractions estimates.

The mobile fraction of BODIPY-PC remained unchanged upon incubation of WT-S and
S(Δ71-82) at all protein concentrations and lipid compositions. DB dropped by ~ 55% and
~ 30% on 50% POPG and 25% POPG SLBs respectively. Upon incubation of similar
concentrations of S(Δ71-82) on POPC:POPG SLBs, we found no change in the apparent
diffusion coefficients of BODIPY-PC in either lipid composition as seen in Figure 4.10D.
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The increase in the protein aggregate size coincides with the drop in DB. Thus formation of
small protein clusters is not enough to decrease the lateral diffusion of lipids, whereas
aggregation of S into larger clusters and/or amyloids with typical cross-β sheets is correlated
with the decreased lateral diffusion of SLBs.

4.2.4 Amyloid formation and lipid extraction are correlated
To probe the effects of WT-S aggregation and S(Δ71-82) clustering on the integrity of SLBs,
we systematically varied the concentration of S on SLBs. 0.25 mol% BODIPY-PC was
incorporated to visualize the SLBs. In the absence of protein, the bilayers were devoid of
defects, cracks or any other inhomogeneities resolvable by our confocal microscope
(Figure 4.2; Control). Upon adding increasing concentrations of WT-S to separate SLBs, we
observe a general loss of BODIPY-PC fluorescence intensity and appearance of defects with no
lipid present (black regions in images) and patterns of elongated cracks with lower than
average fluorescence intensities, suggesting damage to the SLBs (Figure 4.2) after 18 hours.
We observed that the extent of this damage seems to reduce as the protein concentration is
reduced (P/L ratio from 1 to 0.02) (Figure 4.3). In contrast to what was observed with
WT-S, when S(Δ71-82) is added to the SLBs, there was much less evidence of damage to
SLBs (Figure 4.4). S(Δ71-82) did however form smaller clusters on the bilayer surface as
seen in Figure 4.2. Control experiments involving SLBs incubated in buffer show no such
damage over the time scale of the experiments. Moreover, these SLBs show negligible loss in
BODIPY-PC fluorescence intensity over a period of at least 42 hours. The onset of aggregation
of WT-S to form amyloid structures is faster with increasing composition of negatively
charged lipids231. Accordingly, to probe if amyloid formation was involved in the observed
membrane damage, we decreased the proportion of negative lipids. Upon incubation of 10 µM
protein on POPC:POPG (75:25) SLBs for 18 hours, we found that WT-S causes fewer and
smaller defects, whereas S(Δ71-82) variants show almost no defect formation (Figure 4.6).
We measured the lipid fluorescence in the buffer solution above the SLBs before and after
incubation with protein for 18 hours. After protein incubation there is a concentration
dependent increase in lipid fluorescence. This increase is about 3-4 fold larger for WT-S than
for S(Δ71-82) (Figure 4.11).
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Figure 4.11: Lipid fluorescence in buffer after S incubation on POPC:POPG SLBs. Relative increase in
BODIPY-PC fluorescence seen in the buffer above the SLBs after incubation of S variants over POPC: POPG (50:50)
SLBs. All values were obtained by normalizing against the fluorescence obtained from buffer before incubation of S
variant. All experiments were performed at room temperature in 50 mM HEPES, 0.1 mM EDTA, pH 7.4 buffer.

These results suggest that the general loss of lipid fluorescence after incubation with WT-S
could be due to lipid extraction. We suggest that formation of amyloid structures in WT-S
occurs concurrently with extraction of lipids from the SLBs. To test if the loss in membrane
fluidity, membrane damage and aggregate formation are influenced by the BODIPY probe,
SLBs containing a small fraction of NBD-PC lipids were incubated with 5 µM and 10 µM WT-S.
Similar defects, cracks in the lipid membrane, and protein aggregate formation were
observed. We conclude that the

specific fluorescent probe does

not influence

our

observations. We find the same decrease in DB upon incubation with unlabeled protein (5 µM
and 10 µM

WT-S) rather than 25% labeled and 75% unlabeled protein, confirming that

there is no significant effect on DB from adding the fluorophores.

4.3 Discussion
WT-S and S(Δ71-82) behave differently on SLBs. Collectively, the data presented here
shows that the adsorption of protein to the membrane surface results in protein clustering.
Depending on the interactions between proteins, this clustering can result in the formation of
amyloid, which causes significant perturbations in the bilayer structure and dynamics. As the
concentration of WT-S is increased, the lipid structure is altered by formation of defects that
appear to be devoid of lipid and by formation of a pattern of cracks with fewer lipids.
Concurrently, the rate of diffusion of the lipid decreases, suggesting that diffusion is either
hindered by the formation of cracks or slowed down by a strong association of lipid with
protein clusters. As the concentration of S(Δ71-82) variant is increased, there are a few
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defects but there is no evidence of other perturbations to the lipid membranes. We see no
cracks and DB is unaffected. There is also minimal loss of lipid. The perturbations by the
WT-S on the SLBs become more severe as the time of incubation is increased from 18 hours
to 42 hours. It is also important to note that there are no defects or lipid loss in samples
without protein even after 42 hours.
The effects of the WT-S on the membrane fluidity and integrity are generally lipid
composition dependent and more pronounced at high fractions of negatively charged lipids
(POPG). Changing the composition of the lipid does not change the effects of the S(Δ71-82)
variant on these membrane properties. Both WT-S and S(Δ71-82) are expected to adsorb
on the membrane in comparable amounts owing to their comparable membrane binding.
However, as the protein concentration is increased the amount of adsorbed WT-S increases
linearly whereas there is no change in the amount of adsorbed S(Δ71-82) variant.
Interestingly, the adsorption of the S(Δ71-82) variant is lower on membranes with lower
proportion of charged lipids, whereas that of the WT-S is not. This is consistent with the
additional adsorption of the WT-S arising from protein-protein binding rather than proteinlipid binding.
Both the WT-S and the S(Δ71-82) variant appear to form small clusters of protein on the
surface. As the concentration increases, the average area of these clusters increase by about
a factor of two. At all concentrations, the average cluster area of the WT-S is larger on the
highly charged membranes. This agrees with the earlier observations that at high protein-tolipid ratios, a high percentage of negative lipids increase the rate of aggregation of WT-S

231

.

Moreover, WT-S is seen to form very large clusters of protein at high concentrations and
longer incubation times. These large clusters are stained positively by ThT, supporting the
conclusion that the proteins in the clusters tend to aggregate into amyloid fibrils. Such large
ThT positive structures are not observed for the truncated variant. The largest amount of
membrane damage occurs when amyloid structures form. We also observed formation of
similar clusters and membrane damage at higher ionic strengths. Therefore, the most likely
explanation for the observed membrane damage would be the aggregation of WT-S into
amyloids characterized by a significant cross-β sheet component on the membrane surface.
The evidence for the extent of membrane damage is indirect, but support the conclusion that
both lipid leaflets are removed since the fluorescence in these regions is reduced to
background levels. In the cracks, the fluorescence is reduced, but not to the background
levels, so these perturbations may be limited to the top leaflet. Defects in the SLBs are seen
starting from P/L ratios of 1:10 and increase in frequency with higher concentrations.
Vesicle permeabilization assays showed hardly any dye efflux with POPC:POPG LUVs

112

,

motivating us to test an alternative mechanism. Our data is consistent with a mechanism of
membrane damage including lipid extraction and incorporation in amyloid structures.
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Prior reports also suggest that S variants having higher aggregation propensity cause
significantly greater membrane damage in SLBs
neurons in a rat model

75

127

or increased cell death of dopaminergic

. Thus aggregation into amyloids is likely to be the prerequisite for

membrane damage. Previous studies on interaction of WT-S with POPC:POPS (1:1)106 and
POPC:POPA (1:1)231 supported lipid bilayers using atomic force microscopy (AFM)106,231 also
reveal defects and membrane disruption with formation of protein aggregates on the bilayer
surface106,231. Recent studies with model vesicles suggest a membrane thinning mechanism110.
WT-S has previously been shown to cause phase separation and protein clustering to eggPG
rich domains143,248 in eggPC: eggPG (50:50) SLBs. In our experiments, we do not observe
phase separation upon addition of WT-S; this may be attributed to the choice of lipids.
Aggregate sizes similar to those observed for S have also observed for β-amyloid
on POPC/POPG SLBs

249
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The rate of diffusion of the WT-S is lower than that of the S(Δ71-82) variant at all
concentrations and for both lipid compositions. While the WT-S diffusion decreases at higher
concentrations, that of the S(Δ71-82) variant does not. Correspondingly, the fraction of
mobile WT-S decreases at high concentrations while the S(Δ71-82) variant remains fully
mobile. The decrease in mobile fraction of WT-S is consistent with the formation of large
amyloid aggregates and to the change in the lipid diffusion, suggesting a correlation between
the two effects. The diffusivity of the WT-S is independent of the lipid composition of the
SLBs. However, the S(Δ71-82) variant moves significantly faster on the less charged
membrane. This may be related to the observation that there is less protein adsorbed, which
would suggest that the protein diffusion is sensitive to protein concentration on the surface.
Since there appears to be no difference in the average cluster area for the S(Δ71-82) variant
on two differently charged membranes, the difference in protein diffusion is not related to the
cluster sizes.
If the changes in lipid and protein diffusion are linked, it could arise from direct protein-lipid
bilayer interactions. This notion is supported by the observation that the large aggregates
co-localize with lipids. The diffusion of the lipid DB is therefore impaired by the diffusion of the
protein DS in proportion to the amount bound to the protein as shown in equation 3 below:
(3)

Where Df is the measured diffusion coefficient of BODIPY-PC in absence of any protein and fa
is the fraction of lipid bound. This relation assumes a rapid exchange between free and bound
lipid on the time scale of the recovery of fluorescence (minutes).
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Table 4.1 shows the calculated fractions (fa) as a function of protein concentration. fa
increases with protein concentration and with the fraction of negatively-charged lipids in the
SLBs in a self-consistent manner. Although BODIPY-PC exhibits reduced lateral mobility upon
incubation with WT-S, its mobile fraction remains close to unity at all protein concentrations
used. This suggests that BODIPY-PC is not immobilized beneath or around the clusters. Thus
the lipids in the SLBs must be able to exchange within the time scale of the measurement of
fluorescence recovery.
Table 4.1: Cluster associated fractions of BODIPY-PC on POPC:POPG SLBs. The table below shows clusters
associated fraction fa obtained from equation 3. This fraction increases with the protein concentration and fraction of
negative lipids. Note: the protein diffusion measurements at 200 nM had poor signal to background and therefore
much poorer fits to the recovery curves and greater variability in both diffusion coefficients (DS) and mobile
fractions estimates. The error bars indicate standard deviations from 5 independent measurements.

WT-S on
POPC:POPG
(50:50)
SLBs

WT-S on
POPC:POPG
(75:25)
SLBs
S(Δ71-82)
on
POPC:POPG
(50:50)
SLBs
S(Δ71-82)
on
POPC:POPG
(75:25)
SLBs

Protein
Conc
(µM)

Measured
DB
(µm 2 /sec)

Measured
DS
(µm 2 /sec)

fa (from
model)

Mean
cluster
areas (µm 2 )

10

0.75 ± 0.07

0.15 ± 0.02

0.39 ± 0.06

1.41 ± 0.02

5

0.81 ± 0.06

0.36 ± 0.09

0.42 ± 0.06

1.50 ± 0.08

2.5

0.87 ± 0.09

0.37 ± 0.07

0.33 ± 0.07

1.27 ± 0.07

1.25

1.08 ± 0.05

0.49 ± 0.10

0.11 ± 0.04

1.21 ± 0.05

0.20

1.14 ± 0.03

0.48 ± 0.07

0.05 ± 0.03

0.78 ± 0.03

10

0.84 ± 0.04

0.12 ± 0.01

0.31 ± 0.02

0.77 ± 0.06

5

1.04 ± 0.06

0.25 ± 0.07

0.18 ± 0.03

0.78 ± 0.03

2.5

1.10 ± 0.10

0.29 ± 0.05

0.12 ± 0.04

0.68 ± 0.02

1.25

1.08 ± 0.09

0.35 ± 0.05

0.09 ± 0.04

0.58 ± 0.02

0.20

0.97 ± 0.06

0.57 ± 0.15

0.14 ± 0.11

0.38 ± 0.01

10

1.05 ± 0.04

0.62 ± 0.08

0.05 ± 0.03

0.95 ± 0.02

5

1.02 ± 0.04

0.56 ± 0.11

0.06 ± 0.02

0.85 ± 0.01

2.5

1.13 ± 0.09

0.60 ± 0.05

0.04 ± 0.01

0.72 ± 0.03

1.25

1.04 ± 0.05

0.63 ± 0.15

0.04 ± 0.02

0.61 ± 0.08

0.20

1.02 ± 0.07

0.84 ± 0.47

0.10 ± 0.05

0.34 ± 0.02

10

1.21 ± 0.06

1.16 ± 0.08

0.08 ± 0.03

0.93 ± 0.02

5

1.21 ± 0.07

1.16 ± 0.10

0.08 ± 0.05

0.95 ± 0.05

2.5

1.49 ± 0.02

1.02 ± 0.12

0.04 ± 0.01

0.81 ± 0.02

1.25

1.42 ± 0.05

0.98 ± 0.16

0.03 ± 0.02

0.68 ± 0.04

0.20

1.09 ± 0.08

0.78 ± 0.17

0.06 ± 0.04

0.27 ± 0.02
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4.3.1 A model for aggregation of S on SLBs.
Our operating model for the action of S on SLBs is illustrated in Figure 4.12. S initially
binds the charged lipids in the membranes via a conformational change that involves the
formation of amphipathic alpha helical structures. These adsorbed proteins interact to form
small clusters which is the end point for the self-assembly of the S(Δ71-82) variant.
However in WT-S, clustering is followed by aggregation allowing additional adsorption of the
protein, and leading to amyloid-containing protein aggregates. These aggregates bind strongly
to negatively-charged lipids (POPG), thereby reducing the effective mobility of the lipid
mixture. The clusters weakly associate with POPC since the mobile fraction of BODIPY-PC is
unchanged. If the protein aggregate detaches from the membrane it would lead to lipid loss.

Figure 4.12: Proposed model of aS aggregation on lipid membranes.

4.4 Conclusions
We report that aggregation of WT-S on lipid membranes leads to formation of amyloid
structures which grow in time. This conversion of monomeric WT-S to amyloid structures
composed of lipids and WT-S, is accompanied by significant membrane damage, lipid
extraction, and reduced lateral mobility of lipids in SLBs. This happens more prominently at
high protein to lipid ratios. The S(Δ71-82) variant fails to form amyloids on the bilayer
surface and thus is not able to damage lipid membranes. Overall, our data suggests that
aggregation of WT-S on lipid membranes affects membrane integrity. Whether the
membrane damage observed in our experiments arises from a distinct amyloid species or the
process of amyloid formation remains to be established.
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4.5 Materials and methods
Stock solutions of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl,2oleoyl phosphatidylglycerol (POPG), and 1-palmitoyl-2-[6-[(7-nitro-2-1,3-benzoxadiazol-4yl)amino]hexanoyl]-sn-glycero-3-phosphocholine (NBD-PC) in chloroform were purchased
from

Avanti

Polar

Lipids

(Birmingham,

AL)

and

used

without

further

purification.

Ethylenediaminetetraacetic acid (EDTA) was purchased from Sigma Chemicals (St. Louis, MO).
Sodium

chloride

(NaCl),

sodium

hydroxide

(NaOH),

and

4-(2-hydroxyethyl)-1-

piperazineethanessulfonic acid (HEPES) were purchased from Merck (Germany). Alexa Fluor
647 C2 maleimide and β-BODIPY® FL C5-HPC (2-(4,4-Difluoro-5,7-Dimethyl-4-Bora-3a,4aDiaza-s-Indacene-3-Pentanoyl)-1-Hexadecanoyl-sn-Glycero-3-Phosphocholine was purchased
from Invitrogen (Carlsbad, CA).

4.5.1 Substrate Pretreatment
Glass cover-slips were washed in 2 % Hellmanex (VWR International, Chicago, IL) at 80° C
for 60 minutes, rinsed exhaustively with deionized water and then dried with a stream of
nitrogen. The slides were etched for 8 minutes in a solution of 3:1 (v/v) concentrated sulfuric
acid (H2SO4) and 30% hydrogen peroxide (H2O2). The slides were stored in MilliQ water, and
were used within 3 days after treatment.

4.5.2 Vesicle and supported lipid bilayer preparation
Lipid stock solutions of POPC and POPG in chloroform were mixed in 1:1 or 3:1 molar ratios
along with 0.25 mol% of fluorescent lipid BODIPY-PC, dried under a stream of nitrogen, and
placed under vacuum for 1 h. After drying, the lipid films were rehydrated in 100 mM NaCl
solution. Large unilamellar vesicles (~ 500 µM in lipids) were prepared by extruding the
solution 21 times through 100 nm polycarbonate membranes. The vesicles were stored at 4 oC
and used within 3 days. Supported lipid bilayers were formed by vesicle fusion inside a 120 µL
custom built chamber on appropriately treated glass slides. The extruded vesicles were mixed
with 1 M NaCl solution at a 1:1 ratio to induce fusion as reported before 143. After 20 min
incubation, excess vesicles were removed from the chamber by rinsing with a 50 mM HEPES,
0.1 mM EDTA, and 750 mM NaCl, pH 7.4 buffer. Thereafter the chamber was rinsed with 50
mM HEPES, 0.1 mM EDTA, pH 7.4 buffer to remove salt. At least 3 mL of buffer were passed
through the chamber to ensure complete solvent exchange.

4.5.3 Expression, purification and labeling of S
Since WT-S does not contain any cysteine residues necessary for fluorescent labeling, an
alanine to cysteine mutation was introduced at residue 140. The WT-S-A140C variant was

76

Chapter 4

expressed in Escherichia coli strain BL21 (DE3) using the pT7-7 expression plasmid and
purified in the presence of 1 mM DTT as previously reported 224. The cDNAs for the truncated
variant of S lacking 71-82 residues (S(Δ71-82)) were obtained from Prof. Benoit Giasson
from University of Florida (USA). The cDNA was cloned into a pT7-7 expression plasmid and
purified. For labeling S(Δ71-82), an alanine to cysteine mutation was introduced at residue
140 as for the WT-S. Prior to labeling, both WT-S-A140Cand S(Δ71-82)-A140C were
reduced with a five-fold molar excess of DTT for 30 min at room temperature. The samples
were desalted with Pierce Zeba desalting columns, followed by the addition of a two-fold
molar excess of Alexa 647 (AL647) C2 maleimide dye (Invitrogen) and incubated for two
hours in the dark at room temperature. Free label was removed using two desalting steps.
The protein labeling efficiency was estimated to be 90% from the absorption spectrum.
Before use, the protein was diluted with 50 mM HEPES, 0.1 mM EDTA, pH 7.4 buffer to the
desired concentrations.

4.5.4 Imaging of supported lipid bilayers and proteins
All measurements were performed on a Nikon (Tokyo, Japan) A1 confocal microscope
equipped with a perfect focus system (PFS). SLBs were visualized by incorporating 0.25 mol%
BODIPY-PC. To visualize the proteins, a mixture of 25% labeled and 75% unlabeled protein
was used. The SLBs were prepared as reported before143. In a typical experiment, exactly two
times the chamber volume (~ 240 µl) of the desired concentrations of the protein was flushed
into the perfusion chamber with an oil-free pump. The proteins were incubated with the SLBs
for 18 hours at room temperature. Thereafter the unbound protein was washed off with
50 mM HEPES, 0.1 mM EDTA, pH 7.4 for 10 minutes to remove background fluorescence from
the unbound protein in the solution. While the washing step could potentially lead to
desorption, within the time frame of the measurements we see less than 10% decrease in the
protein fluorescence from these bilayer systems. Images were acquired using a 63X water
immersion, 1.30 NA objective combined with a 2X optical zoom. The acquired images
consisted of 512 × 512 pixels with a pixel size of 0.41 × 0.41 μm. All images were collected
under identical conditions of power and gain. For visualization purposes only, the contrast
threshold was set to a constant value, allowing comparison of all images.

4.5.5 Image processing and cluster analysis
The Nikon NIS Elements ObjectCount module was used for area estimation of S clusters.
Using intensity thresholding, areas of S clusters were calculated automatically from the pixel
areas in at least 10 images per protein concentration. Since the number of clusters and their
sizes depend directly on the level of the threshold set, we systematically varied the threshold
(Figure 4.13) to choose an optimum threshold.
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Figure 4.13: Optimizing thresholding parameters for cluster analysis. Using the Nikon NIS Elements
software, the ObjectCount plugin was used to set an intensity threshold. To choose an optimum threshold, the
thresholding point was varied along the intensity histogram in the protein channel. As seen in the figure, a
thresholding value of 1.60X leads to exclusion of certain aggregates and a value up to 1.45X leads to overestimation of cluster sizes. Thus 1.50X was chosen as a thresholding value for all images. All images were taken at
room temperature in 50 mM HEPES, 0.1 mM EDTA, pH 7.4 buffer.

For each image, the intensity threshold was fixed to 1.5 times the peak intensity of its
intensity histogram, avoiding under- or over-sampling. The cluster area distribution for each
protein concentration was fit to a log-normal distribution to get an average cluster area250.

4.5.6 Fluorescence Recovery After Photobleaching (FRAP)
FRAP was used to determine the diffusivity of lipids in the bilayer and of the labeled protein on
the lipid bilayer after incubation. FRAP was performed on a NikonA1 confocal microscope.
A 100-mW Argon ion laser (488 nm, Coherent, CA) was used to both bleach and monitor the
lipid bilayer fluorescence. A 30-mW laser (647 nm, Coherent, CA) was used to bleach and
monitor protein fluorescence. In the FRAP experiment, fluorescence from a circular region of
interest (ROI) was bleached (radius ~ 12 µm) in 1.5 s. After bleaching, the increase in
fluorescence intensity in the ROI was monitored for 8 minutes. During the experiment there
was only a minimal drop in the fluorescence intensity in the reference ROI. All FRAP data were
fitted using the Soumpasis fit182 which has been shown to better model membrane/protein
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diffusivity than a single exponential fit183, yielding the diffusion coefficients and mobile
fractions of the probed entity.

4.5.7 Circular dichroism (CD) spectroscopy
A Jasco J-715 spectropolarimeter was used to obtain CD spectra at protein concentrations of
3 μM in solution. Spectra were recorded between 190 to 260 nm with a step size of 0.5 nm
and a scanning speed of 10 nm/min using a 1 mm path length cuvette. The apparent
dissociation constants (Kdapp) for both proteins were determined by titrating them against
POPC:POPG (50:50) SUVs and fitting the measured mean residue ellipticity at 222 nm, R, to
the solution of the binding equilibrium equation:
(1)
By assuming equilibrium binding and applying the law of mass action, solving for R (detailed
calculations in Appendix A), we obtain:
(2)
where R is the measured signal (MRE at 222 nm, corrected for dilution) at a given lipid
concentration, L is the total lipid concentration, and P is the total concentration of the protein.
Kdapp is the apparent macroscopic dissociation equilibrium constant, and n is the binding
stoichiometry (lipids/protein). Rf and Ro are the final (corrected for dilution) and initial mean
residue ellipticities respectively. This equation assumes that all lipid-binding sites are
equivalent and that Kdapp does not depend on the lipid/protein ratio108. Since S adopts a
helical conformation upon membrane binding91, titration of WT-S and S(Δ71-82) with
POPC/POPG (1:1) SUVs allows an estimate of Kdapp from the characteristic band at 222 nm.
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Chapter 5

5.1 Introduction

A

lpha synuclein (S) is an intrinsically disordered monomeric protein found in particularly
high concentrations at the synaptic junctions of neuronal cells56,191,251. Its physiological
function and precise role in the etiology of Parkinson’s disease (PD) remain, to date,

unknown. The binding of S to phospholipid membranes observed in vitro is thought to be
relevant for its function in eukaryotic cells and may facilitate the S aggregation cascade that
possibly leads to neuronal cell death in PD. The phospholipid membrane binding and
aggregation of S have been extensively characterized in vitro80,120,126,155,190,200,252. Although S
is known to be subject to posttranslational modifications56,84, most of these investigations
used S that was recombinantly expressed in bacteria, and are thus not post-translationally
modified. Post-translational modifications (PTMs) such as phosphorylation, ubiquitination or
acetylation are used by eukaryotic cells to modulate protein conformation and/or function.
More than 90% of eukaryotic cellular proteins are N-terminally acetylated253,254 and it is now
established that N-terminal acetylation is the predominant PTM in S87,88.
In vivo, the influence of N-terminal acetylation of S on its aggregation into amyloid fibrils is
unknown, while existing in vitro reports are contradictory115,255,256. Considering the critical role
of the N-terminal residues of S in phospholipid membrane binding84,102,257, N-terminal
acetylation may considerably affect, and perhaps even regulate, membrane binding.
We therefore probed how this S modification impacts S’s affinity for phospholipid
membranes and investigated how it affects the aggregation into amyloid fibrils. In this
chapter, the membrane binding properties of bacterially expressed N-terminally acetylated S
(NTAc-S)

and

S

purified

from

human

erythrocytes

(Endo-S)

was

assessed

by

systematically varying charge density and cholesterol content of both large unilamellar
vesicles (LUVs) and highly curved small unilamellar vesicles (SUVs) using circular dichroism
(CD) spectroscopy.
Our observations show that N-terminal acetylation does not significantly influence the
membrane binding affinity of S as a function of membrane anionic charge, cholesterol
content and curvature. The effect of acetylation is more pronounced in the kinetics of S
aggregation into amyloid fibrils. We used atomic force microscopy (AFM) and two-dimensional
infra red spectroscopy (2D-IR) to extract qualitative and quantitative information on the
structure of fibrils of NTAc-S and Endo-S (henceforth acetylated-S) and WT-S.
Our results suggest that the fibril structure of both types of acetylated-S is a well-defined
distribution of different beta sheet structures differing markedly from the WT-S.
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5.2 Results and Discussion
To confirm that the bacterially expressed NTAc-S was correctly acetylated, we first
characterized

the

purified

WT-S,

acetylated-S

using

electrospray

ionization

mass

spectrometry (ESI-MS) and acetic acid gel electrophoresis. The ESI-MS results show that all
three S variants were monomeric with WT-S having the expected molecular weight of
14459 Da. The molecular weight of NTAc-S (14502 Da) confirms the presence of a single
acetyl group in NTAc-S. The molecular weight of NTAc-S was identical to that of Endo-S
suggesting

the

absence

of

any

other

post-translational

modifications

in

Endo-S

(Figure 5.1A).

Figure 5.1: Biochemical characterization of S variants. A) ESI-MS data of purified monomeric WT-S,
NTAc-S and Endo-S respectively. All samples were prepared in 10 mM ammonium acetate buffer with the
concentration of S monomers kept constant at 15 µM. For a given m/z value, the corresponding charge state is
indicated. Molecular weights (Mw) were calculated as follows: m/z value = [M+xH] x+. Mw = (m/z value * x) - x. B)
Acetic acid gel electrophoresis data of monomeric WT-S, NTAc-S and Endo-S. 5 µM of each protein samples was
loaded into gels and as shown above, the relative migration of WT-S was more than that of acetylated-S which
migrated at similar positions. C) CD spectra showing the conformational transition from a random coil to a -helix
upon the addition of SDS micelles. The inset shows the slightly higher absorbance of acetylated-S at 222 nm
compared to WT-S. All data obtained with WT-S is depicted with black, with NTAc-S with red and with Endo-S
with blue colors respectively.

The slower migration of both acetylated-S in the acetic acid gel electrophoresis experiment
compared to WT-S confirmed the loss of a positive charge upon S acetylation255 and the
absence of any high molecular weight species (Figure 5.1B) in our preparations.
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To address the possible effect of N-terminal acetylation on the secondary structure of free and
phospholipid membrane bound S, we acquired CD spectra of both acetylated-S’s and WT-S
in buffer with and without phospholipid membrane-mimicking SDS micelles. The resulting
spectra showed typical random coil and helix conformations for all three proteins in buffer
solution and on SDS micelles respectively (Figure 5.1C). The slightly higher absorbance in
the 222 nm region for the unstructured acetylated-S (Figure 5.1C, inset) agrees with the
higher helical content of S in solution observed in NMR experiments255. These NMR
experiments indicate that N-terminal acetylation impacts the first 12 residues in S resulting
in a small increase in the helical propensity255. The stabilization of -helical structure in
N-terminally acetylated-S is not unique but is generally observed in other proteins with this
PTM258,259. The strength of S/lipid phospholipid membrane interactions is often quantified
using spectroscopic methods, in particular CD108,120,260 and pulsed EPR101,261. Recent studies
using NMR suggest that NTAc-S has a slightly higher affinity than WT-S for phospholipid
vesicles255,262. To systematically characterize the binding of both acetylated-S and WT-S to
phospholipid membranes in more detail using CD spectroscopy 108, we varied the percentage of
the anionic lipid POPS (100, 75, 50, 25 and 0 %) in small unilamellar POPC:POPS vesicles
(SUVs) as shown in Figure 5.2. To be able to compare S binding to the membranes of
various phospholipid compositions, we determined the phospholipid concentration at which
50% of the S was bound to vesicles (L50). At the conditions used, the L50 approximates the
equilibrium dissociation constants (Kd). The L50 values as a function of the fraction of anionic
lipids are given in Table 5.1.
Table 5.1: L50 values (µM) of monomeric S for different lipid compositions. aThe
binding data in these cases could not be fitted to the binding equation. N.D: Not determined.
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Figure 5.2: Membrane binding characteristics of WT-S, NTAc-S and Endo-S. All data obtained with WTS is depicted with black diamonds/lines, with NTAc-S with red squares/lines and with Endo-S with blue
circles/lines. Open symbols in panel A/C/E represent data obtained in the presence of LUVs and closed symbols
represent data obtained in presence of SUVs. A-D) Binding curves of S to 100% POPS liposomes (panel A), 25:75
POPC:POPS (panel B), 50:50 POPC:POPS (panel C) and 75:25 POPC:POPS (panel D) showing no differences in
membrane binding of acetylated-S compared to WT-S. E) Binding curves of S to POPC liposomes show hardly
any binding of S to membranes of this composition but acetylated-S has a slightly higher affinity for 100% POPC
SUVs than WT-S. F) Average mean residual ellipticities (MRE) values were obtained from the plateau phase of the
binding curve obtained from CD spectroscopy measurements showing insignificant differences for either WT-S or
either acetylated-S indicating a similar size of helical domain on lipid membranes. All measurements were
performed at room temperature in the presence of 10 mM Tris, 100 mM KCl buffered at pH 7.4. The error bars in all
binding curves represent standard deviations from 3 independent measurements. The binding curves for LUVs
(open symbols) shown in panel C and E could not be fitted using the solution to a simple quadratic equation108 and
the depicted lines are only a guide to the eye.

The L50 values for both acetylated-S molecules are comparable for all percentages of POPS in
SUVs tested (Figure 5.2A-E; solid symbols) and show little difference from the L50 values
found for WT-S with the exception of POPC SUVs (Figure 5.2E; solid symbols). Binding of
WT-S to POPC SUVs was slightly weaker than binding of acetylated-S. Considering that
acetylated-S has considerable -helical structure in solution255, the loss in conformational
entropy upon binding to phospholipid membranes is probably lower for acetylated-S than
that for the unstructured WT-S . Because the final helical content of both membrane bound
S’s is comparable (Figure 5.2F), the net free energy gain upon binding of WT-S to POPC
membranes is larger, resulting in a slightly lower affinity of WT-S for membranes of
zwitterionic lipids. Upon increasing the fraction of POPS in the phospholipid membrane,
electrostatic interactions between lysines and negatively charged headgroups dominate and
likely mask the contribution of the conformational entropy.
Next, we investigated the influence of S acetylation on the membrane curvature dependent
binding of S. It is known that WT-S binds better to SUVs (25-40 nm diameter) than LUVs
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(100-200 nm diameter). The higher affinity of WT-S possibly results from the presence of
intrinsic defects in SUVs which result in increased exposure of the hydrophobic acyl regions to
S104,108. Figure 5.2A, C and E show that with decreasing liposome curvature the L50 values
increase by at least an order of magnitude for the POPS liposomes. As shown in Figure 5.2C
and E we could not determine the L50 values for the LUVs composed of 1:1 POPC:POPS or
POPC or 1:1 POPC:Chol (Figure 5.3) because hardly any phospholipid membrane binding was
detectable by CD spectroscopy. Previous reports comparing the binding of NTAc-S and
WT-S to SUVs and LUVs of similar equimolar mixtures of anionic and neutral phospholipids
(DOPS and DOPC/DOPE) using NMR found no influence of acetylation on the apparent
dissociation constants262. Although we observe a lower affinity of S to LUVs of most
POPC:POPS mixtures compared to SUVs of the same composition, the L50 values for both
acetylated-S species are comparable to the values for WT-S indicating that acetylation has
no significant influence S binding to liposomes. N-terminal acetylation only seems to affect
the (weak) binding of S to zwitterionic POPC vesicles.

Figure 5.3: Membrane binding characteristics of WT-S, NTAc-S and Endo-S to SUVs containing
cholesterol. A) Binding curves comparing the affinity of S to 1:1 Chol:POPS SUVs (open symbols) and 1:1
POPC:POPS SUVs (closed symbols). B) Binding curves of S to 1:1 POPC:Chol SUVs (open symbols) and POPC SUVs
(closed symbols). The binding curves for LUVs (open symbols) shown in panel B could not be fitted using the
solution to a simple quadratic equation108 and the depicted lines are only a guide to the eye. All measurements were
performed at room temperature in the presence of 10 mM Tris, 100 mM KCl buffered at pH 7.4. The error bars in all
binding curves represent standard deviations from 3 independent measurements.

Cholesterol is a critical component of cellular membranes and has been shown to affect the
binding of S263. Estimations of the plasma membrane composition in existing literature report
an equimolar ratio of cholesterol and phospholipids151,264. To test the effect of the presence of
cholesterol on the binding of acetylated-S, we used vesicles composed of 1:1 mixtures of
cholesterol and either POPC or POPS. We observed that the presence of cholesterol in SUVs of
the anionic lipid POPS decreases the binding affinity by ~ 2 fold for both acetylated-S and
WT-S. Inclusion of cholesterol in SUVs of the zwitterionic phospholipid POPC nearly abolished
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membrane binding of both acetylated and WT-S (Figure 5.3B) in CD spectroscopy
measurements. The observations that cholesterol can promote the lipid ordering at the
equimolar phospholipid/cholesterol ratios used in our study216,265,266 and the reduced affinity of
S for such ordered lipid phases136 may explain these observations. Acetylation does not seem
to have any effect on binding of S to cholesterol containing membranes.
Although we did not observe significant changes in phospholipid membrane binding affinity of
S after acetylation, the acetylation may affect the tendency of S to aggregate into amyloid
fibrils. The impact of N-terminal S acetylation on its aggregation rate is unclear, with
contradicting reports in the existing literature115,116,255,256. To probe the influence of acetylation
on aggregation into amyloid fibrils, fibril growth was examined using a Thioflavin T (ThT)
fluorescence assay. The normalized ThT fluorescence of both acetylated-S and WT-S exhibit
a typical sigmoidal shape (Figure 5.4A-C).

Figure 5.4: Aggregation kinetics of WT-S, NTAc-S and Endo-S at 37 oC monitored by measuring ThT
fluorescence. The aggregation reaction was carried out with a protein concentration of 35 µM of WT-S (black
symbols), NTAc-S (red symbols) and Endo-S (blue symbols) using PBS buffer at 300 rpm in a TECAN
fluorescence micro-plate reader at 37 oC (panel A-C). The exponential phase aggregation rates (panel D) and the
corresponding aggregation half-times (panel E) were obtained from the aggregation curves as mentioned
elsewhere252. The ThT concentration was 5 µM.

The aggregation lag times and aggregation rates obtained from sigmoidal fits are highly
variable for WT-S while narrow distributions are found for the acetylated-S (Figure 5.4-E).
Although, surface induced aggregation can lead to variability in fibrillization kinetics, both
WT-S and acetylated-S monomeric samples were monitored on the same micro-plate under
identical conditions. It is therefore reasonable to assume that the heterogeneity in fibrillization
kinetics reported by ThT is a result of N-terminal acetylation in S. The narrow lag-time
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distribution observed for acetylated-S compared to WT-S suggests that acetylation results
in the nucleation of a more homogenous population of fibrils. Morphological analysis of
samples obtained at the plateau phase of ThT fluorescence using AFM and scanning
transmission electron microscopy confirmed that both acetylated-S and WT-S formed
fibrillar aggregates (Figure 5.5A).

Figure 5.5: AFM and CD spectroscopy of WT-S and acetylated-S fibrils. A) AFM amplitude images depicting
fibrillar aggregates of WT-S (panel 1), NTAc-S (panel 2) and Endo-S (panel 3). The scale bar is 250 nm. B) Fibril
periodicities measured from AFM images show slightly higher values for acetylated-S compared to WT-S. C) CD
spectroscopy of purified S fibrils show slightly higher β sheet content in acetylated-S fibrils than WT-S fibrils. All
fibrils were prepared in PBS buffer solutions and purified after aggregation to remove monomers.

Fibril heights of WT-S and both acetylated-S species obtained from AFM images are
comparable while the fibril periodicity (helical pitch of twisted fibrils) distributions indicate that
acetylated-S fibrils have slightly higher periodicities (Table 5.2). The periodicity distribution
of WT-S fibrils is much broader compared to that of acetylated-S fibrils (Figure 5.5B).
The spread in the periodicity distribution possibly reflects the heterogeneity in aggregation
rates observed in ThT experiments. The presence of EDTA in aggregation mixtures has been
reported to result in homogenous fibril preparations possibly by restriction of conformations
accessible to a monomer267. Acetylation seems to also influence the conformational ensemble
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of the monomeric S in solution as evidenced by NMR measurements and may thereby also
affect the nucleation of a more homogenous population of fibrils.

Table 5.2: Overview of structural parameters for S fibrils obtained from atomic force microscopy. Error
bars represent standard deviations.

The differences in fibril morphology are also reflected in the secondary structure observed for
S fibrils. Although the CD spectroscopy showed a characteristic negative peak at ~ 218 nm
for both acetylated-S and WT-S fibrils, the acetylated-S fibrils had slightly higher β sheet
content (Figure 5.5C). Similar differences in calculated CD spectra have been recently
reported for S with and without N-terminal acetylation by MD simulations268. The mean fibril
length of WT-S was ~ 6 fold higher than the acetylated-S fibril length (Figure 5.6).

Figure 5.6: STEM measurements of WT-S, NTAc-S and Endo-S fibrils. Representative dark-field images of
WT-S (panel A), Endo-S (panel B) and NTAc-S (panel C) fibrils obtained post aggregation in PBS buffer at 37 oC
with constant shaking at 1000 rpm. The fibrils were purified with a 100 kDa cutoff filter to remove the residual
monomers before STEM imaging. The length distributions (panel D) were obtained using the Simple Neurite Tracer
plugin226 in Fiji software show a much smaller mean length acetylated-S fibrils as compared to WT-S fibrils.
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Since fibril lengths can be influenced by stochastic shear forces arising during sample
preparations, it cannot be ascertained conclusively if differences in the apparent mean fibril
lengths result from acetylation of S. The broader fibril periodicity distribution from AFM
measurements observed for WT-S fibrils and the differences between the CD spectra of
WT-S and acetylated-S fibrils may result from a difference in molecular conformation.
To investigate this possibility, we measured two-dimensional infrared (2D-IR) spectra in the
amide-I
structure

region
269-273

(1600-1700

cm-1),

which

provide

information

on

secondary

protein

. There are significant differences between the 2D-IR spectra of WT-S fibrils

and acetylated-S fibrils (Figure 5.7A).

Figure 5.7: 2D-IR spectra of S fibrils. A) 2D-IR spectra showing solid straight lines are fits through the zero
crossings in the β sheet region. The steeper slope of the line in the WT-S fibril spectrum shows that the spectral
heterogeneity is less in this spectrum as compared to the acetylated-S spectra. The arrow indicates a cross peak
between the ~ 1620 cm-1 and the 1632 cm-1 peak, which is only present in the WT-S spectrum, indicating coupling
between modes resulting from two different types of β sheet structure. All fibrils were prepared in deuterated PBS
buffer solutions and purified after aggregation to remove monomers. B) Diagonal slices of the 2D-IR spectra, to aid
the recognition of the diagonal peaks described in the main text. To avoid distortion of the lineshapes as a result of
a large spectral width of the pump as compared to the anharmonicity that results in a distorting positive
contribution of the induced absorption to the bleach signal that is plotted here, we plot the average between the
diagonals that are blue shifted by one and by two probe pixels. C) The nodal slopes were obtained from the fitted
straight lines through the zero crossings in the β sheet region, showing a comparable spectral inhomogeneity for
acetylated-S fibrils, and a smaller inhomogeneity for WT-S fibrils. We obtained the nodal slopes by calculating the
frequencies where the signal goes through zero, in between the induced absorption (red peak at lower probe
frequency in panel A) and the bleach (blue peak at higher probe frequency in panel A), for each pump pixel in the
1600-1622 cm-1 region by interpolation of the data point right before and right after the zero crossing, and
subsequently fitting a straight line through the interpolated zero crossings.
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We assign the four IR-active modes (visible on the diagonal of the 2D-IR) spectra as follows:
the peak at (probe, pump) = (1657, 1657) cm-1 is indicative of turns274,275, and the peaks at
(1620, 1620) cm-1, (1632. 1632) cm-1 and (1683, 1683) cm-1 are indicative of β sheet
structure275-278 (Figure 5.7B). The most notable spectral differences distinguishing WT-S
from NTAc-S fibrils are the cross peak patterns and the spectral inhomogeneity. The cross
peak at (probe , pump) = (1657, 1620) cm-1 shows that the vibrational modes in the turns are
spatially close enough to couple to the vibrational modes in the β sheets. Likewise, the cross
peak in the WT-S spectrum at (1632, 1620) cm-1 (arrow in Figure 5.7A) reveals vibrational
coupling between different beta sheet modes. The latter cross peak is not observed in the
spectra of the acetylated S’s, indicating a clear structural difference. The slanted shape of
the diagonal peaks indicates spectral inhomogeneity: when scanning the excitation frequency
pump over the absorption band, the response shifts to higher probe with increasing pump (in the
absence of spectral inhomogeneity the peak shape is parallel to the pump axis)269. If there are
many

oscillators

with

a

slightly

different

environment

leading

to

a

large

spectral

inhomogeneity, the slope of the response will go towards 45 o. WT-S fibrils have a relatively
smaller degree of spectral heterogeneity in the β sheet region than acetylated-S fibrils which
is evinced by the different slopes of the nodal lines269 (black lines in Figure 5.7A/C for
quantitative analysis). This increased spectral heterogeneity of acetylated-S fibrils can be
due to increased solvent exposure of the β sheets, and/or to a broader conformational
distribution269,279. The former scenario is not likely, since experiments using the polaritysensitive FE-dye280 show that the core of acetylated-S fibrils is just as polar as that of WT-S
fibrils (Figure 5.8).

Figure 5.8: Fluorescence emission spectra of FE dye bound to S fibrils. 20 µM of WT-S (black), NTAc-S
(red) and Endo-S fibrils (blue) were incubated for 1 hour with 2 µM FE dye in PBS buffer at room temperature. The
fluorescence emission spectra were acquired using an excitation wavelength of 420 nm and excitation/emission slit
widths at 5 nm.
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The smaller fibril-to-fibril heterogeneity of acetylated-S as compared to WT-S fibrils as
measured by AFM (Figure 5.5B) suggests that the larger spectral inhomogeneity observed in
the 2D-IR measurements for the acetylated-S fibrils is not the result of a random distribution
of structures, but of a well-defined distribution of different beta sheet structures present
within one fibrillar repeating unit281. Recent micro-electron diffraction experiments indicated
insignificant differences in the intermolecular spacing of β sheets of NTAc-S and WT-S,
which also explains similarities in heights of NTAc-S and WT-S fibrils from our AFM
experiments59. It is therefore likely that the different arrangement of S monomers in
acetylated-S fibrils as shown in 2D-IR measurements do not significantly influence the
intermolecular spacing between β sheets. The similarities in fibril structures and vibrational
signatures of acetylated-S fibrils in our measurements suggest that NTAc-S faithfully
mimics Endo-S, the purification of which is cumbersome.
Under our experimental conditions, N-terminal acetylation seems to have little influence on
membrane binding of S to phospholipid membranes. In line with this observation the
sub-cellular localization and distribution of S has been observed to be unaffected by
N-terminal acetylation115. This suggests that if N-terminal acetylation of S plays a regulatory
role in the function of the protein, it should act in conjunction with either a physicochemical
cue or another binding partner. N-terminal acetylation in S may not be directly used to tune
membrane binding but is possibly required to adjust the interaction strength with other
partners like Soluble N-ethylmaleimide-sensitive factor Attachment Receptors (SNAREs),
actin251, tubulin282,283 or specific lipids116. Further studies targeted at elucidating binding
partners of monomeric S could yield more insight into the impact of N-terminal acetylation in
regulating interactions.
Although we do not observe major differences in aggregation rates of both acetylated-S and
WT-S, N-terminal acetylation does result in a high degree of homogeneity in aggregation lag
times and fibril morphologies. Structural polymorphs of S and Aβ fibrils have been shown to
result in significantly different toxicities in neuronal cell cultures57,58,284 and considering that in
vitro preparations of WT-S fibrils have significant polymorphism, acetylated-S fibrils are
more relevant for such studies.

5.3 Materials and Methods
5.3.1 Expression, purification and labeling of S
WT-S was expressed in Escherichia coli strain BL21(DE3) using the pT7-7 expression plasmid
and purified in the presence of 1 mM DTT as previously reported 224. Endogenous S was
purified from freshly collected human RBCs provided by Sanquin blood bank, the Netherlands.
The purification protocol used is similar to that described elsewhere87, except using first an
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anion exchange column for bulk purification (GE Healthcare, Source 15Q) followed by further
purification with a hydrophobic interaction column (GE Healthcare, HiTrap Phenyl HP).
NTAc-S protein was produced by co-expression of both the S plasmid and the N-terminal
acetylation B complex plasmid in E. coli. The N-acetylation B complex plasmid was kindly
provided by Dr. Daniel Mulvihill. The purification protocol is the same as for WT-S.

5.3.2 Mass Spectrometry
Electrospray ionization (ESI) mass spectra were acquired on a Thermo Finnigan LTQ FT-ICR in
positive mode. The sample was inserted by means of a syringe pump. The spray voltage was
operated between 1-1.5 kV. The final concentration of S monomers was 15 µM in 10 mM
ammonium acetate buffer.

5.3.3 Acetic acid gel Electrophoresis
Proteins were separated based on the difference in acetylation of the N-terminus by acetic
acid-urea polyacrylamide gel electrophoresis using a protocol as described elsewhere 285.

5.3.4 Preparation of liposomes
Stock solutions of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1-palmitoyl-2oleoyl-sn-glycero-3-phospho-L-serine (POPS) and cholesterol from ovine wool were purchased
from Avanti Polar Lipids (Birmingham, AL) and used without further purification. Tris salt and
Potassium chloride (KCl) were purchased from Merck (Germany). Lipid stock solutions of POPC
and POPS in chloroform were mixed in appropriate molar ratios, dried under a stream of
nitrogen, and placed under vacuum for 1 hr. After drying the lipid films were rehydrated in
10 mM Tris, 100 mM KCl solution and vortexed for 5 minutes. Small unilamellar vesicles
(SUVs) were prepared by sonicating the rehydrated liposome solution for 40 minutes using a
Branson tip sonicator. Thereafter, the SUVs were centrifuged at 13200 rpm to remove any tip
residue from the sonicator probe. For preparation of large unilamellar vesicles (LUVs), the
rehydrated liposome solution (after the vortexing step) was subjected to multiple cycles of
free-thawing in liquid nitrogen until the resulting solution was clear. Thereafter, the solution
was extruded through a polycarbonate membrane of pore size 100 nm. The SUVs and LUVs
were stored at 4 oC and used within 2 days.

5.3.5 Circular dichroism (CD) spectroscopy
A Jasco J-715 spectropolarimeter was used to obtain CD spectra at a protein concentration of
3 µM. By measuring the increase in absorbance at 222 nm that is indicative of a transition of
the monomeric protein from a random to a helical conformation upon lipid association, a
binding curve could be generated by titrating S with liposomes. The binding curves were
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then normalized assuming saturation of MRE values in the plateau phase of the binding curve
represents saturation of protein binding sites on the lipid membrane. The normalization of the
binding curve for incomplete saturation (in case of zwitterionic membranes) was performed
using average MRE values (See Figure 5.2F) obtained at saturation conditions for respective
variant of S. Fitting of the binding curves was done using a binding equation as reported
before108 (see Appendix A for details). For measurement of CD spectra of S fibrils, samples
were first purified using a

100 kDa cut-off filter to remove monomeric S. The effective

concentration of fibrillar protein was estimated as given in Appendix B. Thereafter, CD
spectra were recorded between 195 to 260 nm with a step size of 1 nm and a scanning speed
of 10 nm/min using a 1 mm path length cuvette at room temperature.

5.3.6 Thioflavin T aggregation assays
All aggregation assays were carried out in a TECAN InfinitePro200 multi-plate fluorescence
plate reader using a protein concentration of 35 µM in PBS buffer a 37 oC under constant
orbital shaking at 300 rpm.

5.3.7 Atomic Force Microscopy
For AFM measurements, 20 μl of 10 μM fibril suspension was incubated on freshly cleaved
mica (15 x 15 mm) for 5 minutes. Samples were thereafter washed with D2O and dried using
N2 gas. AFM images were acquired in tapping mode on a Dimension 3100 Scanning Probe
Microscope (Bruker) using NSG01 gold probes with a resonant frequency between 87-230 kHz
and a tip radius ~ 10 nm. Fibril heights were measured using NanoScope Analysis v1.5
software and for the measurements of periodicities, fibrils in AFM images were traced using a
custom written script in MATLAB using the DIPimage toolbox (version 2.3, TU Delft, Delft, The
Netherlands) was used286. The script is based on quantitative analysis of AFM images
mentioned elsewhere224.

5.3.8 Two-dimensional IR (2DIR) spectroscopy
The 2DIR spectra were measured on a setup described elsewhere 287. In short, a commercially
available mode-locked Ti:sapphire oscillator system whose output is amplified by a Ti:sapphire
regenerative amplifier was used to create 35 fs, 800 nm pulses of ~ 3.1 mJ at a repetition
rate of 1 kHz. These were converted in an optical parametric amplifier into ~ 100 fs,
~ 6100 nm pulses of ~ 20 μJ with an approximately Gaussian distribution that has a full width
half max (FWHM) of ~ 150 cm-1. The IR beam was then split into a pump, probe and a
reference beam. The pump beam is led through a Fabri-Perrot interferometer, and thereby
reduced in bandwidth to a FWHM of ~ 12 cm-1. The pump beam was then rotated 90 with
respect to the probe beam by a /2 plate, and subsequently overlapped with the probe pulse
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in the sample in a ~ 200 μm focus. All spectra were obtained at a pump-probe delay of 1.5
ps. After the sample, the probe and reference beam was coupled into to an OrielMS260i
spectrograph that disperses the light onto a 32 pixel MCT-array with a resolution of 3.9 cm-1.
Fibril samples for 2D-IR measurements were prepared in deuterated PBS buffers at 37 oC,
1000 rpm constant shaking. Prior to measurements, monomers were removed via ultracentrifugation at

25000 rpm.

5.3.9 Scanning Transmission Electron Microscopy (STEM)
Fibrils were aggregated in PBS buffer, diluted with D2O, and then prepared for STEM dark-field
imaging. Typically, a 5 μl drop of 20 μM fibril samples were adsorbed on 300 mesh formvar
coated copper grids for 5 minutes and then washed 5 times with D2O. The grids were
thereafter dried at 37°C and then transferred under vacuum into the STEM setup. Dark-field
digital images of fibrils were acquired using a FEI Verios 460 microscope operating at

25 kV

electron beam energy. Before recording the dark-field STEM images, condenser stigmators
were carefully adjusted to give a circular beam profile when the beam was viewed on the
grids, and the beam was carefully centered and spread to produce uniform illumination over
the field of view. Histograms for fibril length were obtained from these data using the Simple
Neurite Tracer plugin in Fiji software226,288.
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6 The role of N- and C-terminal domains
of alpha synuclein in amyloid fibril
morphology

Chapter 6

6.1 Introduction

A

lthough the mechanism by which neuronal cell death occurs in Parkinson’s disease
(PD) is unclear, the self assembly of monomeric alpha synuclein (S) into amyloid
fibrils plays an important role in PD46,56,59,289. In vitro produced S fibrils have not only

been shown to be cytotoxic but also seed endogenous S in vivo on cell membranes in a
recent report128. In addition, some fibrillar species of S that are structurally and
morphologically different (polymorphs) show varying cytotoxic effects57,59,128 suggesting that
the differences in the organization of S monomers in fibrils are related to cytotoxicity.
Elucidating the details of the self-assembly of S amyloid fibrils is a key step to understanding
the structural features of these fibril polymorphs that could increase our insights into their role
in the mechanism of cell death in PD. What triggers the aggregation of monomeric S into
amyloid fibrils in cells is unknown, but in vitro aggregation has been shown to crucially
depend on physicochemical parameters like pH, buffer, ionic strength, shaking condition, and
temperature200,229,267.
The amino acid sequence of S comprises three regions. Residues 1-60 are involved in
membrane binding189, residues 61-95 contain the amyloidogenic NAC domain that is
necessary for amyloid formation205,245,290,291 and the highly charged C-terminal region
comprises residues 96-14083. The structural features of S amyloid fibrils resemble those of
fibrils of other amyloidogenic peptides and proteins. Their width ranges between 40-110 Å and
the fibril core contains hydrophobic “cross-β” structures made up of arrays of β strands
running perpendicular to the long axis of the fibrils21,292,293. Reports on fibril structure obtained
with solid-state NMR have shown that S fibrils characterized so far contain at least four to
five β strands and agree largely on the C-terminal region being solvent exposed and
disordered in the resulting amyloid fibrils281,294. Although high resolution techniques have
increased our understanding of the structure of amyloid fibrils58,59,83,200,281, the molecular
events occurring during and leading to the self assembly process into specific fibril
polymorphs remain obscure. It becomes increasingly evident that structural differences in
amyloid fibrils prepared from the same peptide sequence under different ionic strengths can
differ in cellular toxicity suggesting that toxicity is directly related to subtle details of fibril
structure57,58,281,295. Thus, it is necessary to understand the factors that could potentially affect
fibril structure and morphology. Disruption of the existing long range interactions between the
N-terminal, NAC and C-terminal regions of monomeric S are reported to influence its
aggregation in amyloids. The hypothesis that the C-terminus of monomeric S “flips-back” on
its NAC region is suggested to auto-inhibit S aggregation296-299 by preventing self-associative
interactions of the NAC region. Removal of the C-terminus of monomeric S increases its
aggregation rate into amyloid fibrils81,83,206,300,301. This idea is also supported by independent
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measurements by disrupting these long range interactions in S using urea, and by changing
pH and changing ionic strengths in SAXS and NMR experiments296-299. Addition of polyamines,
increasing ionic strength or truncation of terminal residues likely disrupt these interactions,
exposing the hydrophobic regions and triggering S aggregation into amyloids206,233,302,303.
Subtle conformational differences in the monomeric state induced by the aforementioned
factors could affect the structure and morphology of the resulting fibrils as shown in
Chapter 5.
Given the relevance of long-range interactions between the terminal regions in the monomeric
S in the aggregation process of S, we aimed to investigate if removal of the terminal
regions could also affect fibril structure and morphology. To test this hypothesis, we used both
N and C-terminal truncated variants of S for aggregation studies keeping the NAC fibril core
intact (Figure 6.1A). We investigated the influence of these truncations on the assembly of
fibrillar structures of S using circular dichroism and Fourier transform infrared spectroscopy
and atomic force microscopy (AFM) supplemented by scanning transmission electron
microscopy (STEM). Our results show that truncations in the N-terminus of monomeric S do
not significantly influence the aggregation rates or fibril structures while aggregation of
C-terminal truncated variants of S result in morphologically different fibrillar structures.
In particular, 1-108-S fibrils have different fibril morphology. These fibrils likely comprise of
strongly twisted β sheets and cannot seed the aggregation of the highly charged WT-S
monomers. The strong aggregation of the 1-108 fibrils suggests that the core of these fibrils is
more solvent exposed. The incorporation of 1-108-S monomers into WT-S fibrils proceeds
much faster than incorporation of WT-S monomers and switches fibril morphology to that of
1-108-S fibrils. The observation of switching of fibril morphology is interesting since seeds
are conventionally thought to act as templates. These results indicate that truncations in the
C-terminal domain of S can result in structural changes in the resulting fibrils.

6.2 Results
6.2.1 Increasing net charge of S influences aggregation rate
To investigate how removal of regions flanking the NAC domain in S affected their
aggregation propensity, we used Thioflavin T (ThT) as a reporter dye. ThT is a well known
molecule that has a very weak fluorescence in solution and exhibits intense fluorescence upon
binding to cross-β structures210,211. Aggregation of WT-S and all truncated variants show
typical sigmoidal growth profiles (Figure 6.1B). Truncations of both N-terminal and
C-terminal residues influenced the aggregation rates to different extents. The exponential
phase aggregates rates and aggregation half-times were extracted from normalized
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aggregation curves (see methods). The removal of residues 1-20 (21-140-S) did not
significantly influence the exponential phase aggregation rate compared to WT-S while
removal of residues 1-60 (61-140-S) resulted in a 6 fold decrease in the aggregation rate
(Figure 6.1C). In line with earlier reports removal of the C-terminal residues in 1-108-S and
1-124-S both accelerated the rate of aggregation into fibrils81,83,206,300,301,304.

Figure 6.1: S truncated variants and aggregation properties. A) Scheme of truncated variants used in the
study. B) Aggregation kinetics of truncated S variants. The panel shows representative normalized aggregation
curves of the truncated variants monitored using ThT fluorescence. S aggregation was carried out using 35 μM
protein for each variant with 5 μM ThT in PBS buffer and constant shaking at 300 rpm at 37 oC. C) Aggregation
rates and D) Aggregation half times of truncated variants. The estimation of aggregation rates and half times were
performed as reported previously252. In the above panels (B,C and D), WT-S is depicted with black, 21-140-S by
red, 61-140-S by green, 1-108-S by and 1-124-S by magenta line/diamonds respectively. Box lengths in panel
C and D represent standard deviation in the plotted data. Net proteins charges are calculated using the ProtParam
tool from ExPASy server.

As expected, the aggregation half-times increased in the order of increasing net charge of the
monomeric protein as 1-108-S≈1-124-S<WT-S<1-124-S<61-140-S (Figure 6.1D)
while the opposite relation between net charge and aggregation rate was observed
(Figure 6.1C).

6.2.2 Removal of C-terminal residues strongly affects structure of S fibrils
The removal of amino acid residues from regions flanking the NAC region may not only affect
aggregation rates but also the morphology of the assembled fibrils. To get an overview of the
fibril morphologies, we used scanning transmission electron microscopy (STEM). WT-S,
21-140-S and 61-140-S fibrils form typical µm long rod-like fibrils (Figure 6.2A-C) while
the 1-108-S and 1-124-S fibrils were morphologically different and formed higher order
fibrillar aggregates206,300,305(Figure 6.2D/E). In both 1-108-S and 1-124-S samples
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isolated rod-like fibrils were sparsely observed to protrude out from higher order fibrillar
aggregates.

Figure 6.2: STEM images of S truncated variants. The above panels show STEM images of WT-S fibrils
(panel A) and truncated variants (panel B-E). The 21-140-S (panel B) and 61-140-S (panel C) fibrils are
micrometers long have a rod-like morphology like WT-S fibrils while 1-124-S (panel D) and 1-108-S (panel E)
fibrils mainly organize into higher order fibrillar aggregates. The scale bar is 0.5 μm. Panel F shows aggregated
solutions of S fibrils and settled aggregates (densely white) in stagnant tubes after 12 hours post aggregation.

To quantify possible structural differences in S fibrils, atomic force microscopy (AFM)
measurements were performed in tapping mode on WT-S and truncated S fibrils in ambient
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air conditions (Figure 6.3A-E). Compared to WT-S fibrils, 21-140-S and 61-140-S fibrils
are morphologically similar while fibrils of 1-108-S and 1-124-S organize in higher order
fibrillar aggregates; only sparse individual fibrils are observed in case of 1-108-S and
1-124-S fibrils.

Figure 6.3: AFM amplitude images of S fibrils on mica. Purified fibrils of WT-S (panel A) and truncated
variants were imaged on mica under tapping mode in air. The 21-140-S (panel B) and 61-140-S (panel C) fibrils
show typical fibrillar morphology while 1-124-S (panel D) and 1-108-S (panel E) fibrils show both fibrillar and
supra-fibrillar structures (inset).Fibril heights are shown in panel F. The scale bar is 1 μm.
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The height distribution measured from AFM images corresponds to fibril diameters and is
plotted in Figure 6.3F. WT-S fibrils have an average height of ~ 7 nm similar to previous
reports267,306,307(Figure 6.3F and Table 1) and comparable heights were measured for the
21-140-S and 1-124-S fibrils; however, fibril heights decreased with substantial truncations
in either N or C-terminus of monomeric S as seen for fibrils of the 1-108-S and 60-140-S
variants (Table 6.1). Periodicity measurements were performed on fibrils greater than 0.5 µm
in length.
Table 6.1: Quantitative comparison of WT-S and truncated variant fibril morphologies.

Fibril

Mean fibril

type/

height

Parameter

(nm)

1-108-S

# of

Mean fibril

# of

Net charge of

fibrils, n

periodicity (nm)

fibrils, n

monomer

4.7 ± 0.9

74

52 ± 9

22

+3

1-124-S

6.4 ± 0.8

81

46 ± 8

15

-3

WT-S

6.9 ± 0.9

56

95 ± 39

56

-9

21-140-S

6.7 ± 0.7

32

128 ± 57

32

-9

60-140-S

4.1 ± 1.0

80

51 ± 20

80

-13

The generally observed wide distribution of fibril heights likely represents the structural
polymorphism of the samples. Since the height of higher order fibrillar aggregates was
extremely heterogeneous ranging between ~ 150-400 nm, height distributions of fibrils
obtained from 1-108-S and 1-124-S variants were obtained from individual fibrils only.
The insets for 1-108-S and 1-124-S fibrils show that fibril periodicities are comparable in
both the higher order aggregates and individual fibrils (Figure 6.4).

Figure 6.4: Zoomed AFM images of higher ordered aggregates 1-108-S and 1-124-S. Panel A depicts
AFM images from inset of 1-124-S fibrils and that of 1-108-S fibrils are depicted in panel B. The scale bar is 1
µm.
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In general, fibril periodicities were affected for all truncation variants of S suggesting that
residues that are known not to be involved directly in the fibril core can still affect fibril
structure (Table 6.1)306,307.

6.2.3 C-terminal truncated variants of S comprise of strongly twisted βsheets
Next, we investigated if secondary structures of the amyloid fibrils of WT-S and truncated S
variants differed. The far-UV CD spectra of the WT-S fibrils had a single broad minimum
centered at ~ 219 nm arising from the n transition typical of a β sheet conformation
(Figure 6.5A) while the minimum in the spectrum of the N-terminal truncated variants was
blue-shifted by 2 nm. In contrast, the CD spectra of the 1-124-S and 1-108-S fibrils in the
n transition region were red-shifted by 3 nm and 12 nm respectively. The positive maximum
arising from the  transition was red shifted by ~ 5 nm for the 1-108-S fibrils while the
21-140-S fibrils spectra were blue shifted by ~ 4 nm compared to WT-S. The CD spectrum
of the 1-108-S fibrils was very different from that of the other truncated variants.

Figure 6.5: Secondary structure measurement of S truncated variants. A) CD spectra of WT-S and
truncated variants. B) CD spectra and STEM images (panel C) of 1-108-aS fibrils obtained from cloudy (bottom part
of tube or after mixing the tube) and clear solutions of aggregated samples.

Heterogeneous suspensions composed of solid-phase material with an uneven distribution of
chromophores can result in changes in both intensity and in a red-shift of CD peaks,
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a phenomenon known as differential absorption flattening (DAF)308,309. To establish if DAF
effects are present in the 1-108-S fibrils, CD spectra and STEM images were obtained from
clear and cloudy solutions of 1-108-S fibrils obtained after aggregates settled down
(Figure 6.5B/C). We observe no peak shifts in CD spectra and STEM images indicate
1-108-S fibrils give rise to aggregates with a comparable morphology suggesting that the
secondary structures of 1-108-S is similar in both solution phases and although plausible,
DAF effects are unlikely. A negative minimum in the CD spectra at ~ 230 nm is suggestive of
increased β-turns in other protein structures310,311. It is however improbable that the 1-108
fibril is highly enriched in β-turns as this would not result in a stable fibril structure. A redshift of the n(215-218 nm)and  transition region (195-200 nm) in CD spectra of
C-terminal truncated S fibrils could be a consequence of strongly twisted β-sheets312 as
reported recently for the ILQINS hexapeptide313. To probe for such possible structural
differences in 1-108-S fibrils and minimize misinterpretation due to scattering artifacts, we
obtained FTIR spectra of all S fibril samples. The FTIR spectra show a typical absorption in
the amide I region corresponding to β-sheet structures (Figure 6.6, left panel) for all S
fibrils except the 1-108-S fibrils for which a very broad peak in the amide I region is
observed. To get more information on the peak positions, the second-derivative of the amide I
infrared spectra were obtained (Figure 6.6, right panel).

Figure 6.6: FTIR spectra of fibrils of WT-S and truncated variants (left panel) and accompanying
second derivatives plotted with an offset on the y-axes (right panel). The color coding in the right panel is
same as that in the FTIR spectra (left panel).

WT-S fibrils have an absorption spectrum with an amide I band with a maximum at
~ 1619 cm-1 which corroborates existing reports. 21-140-S fibrils exhibited a slightly blue
shifted amide I band at ~ 1617 cm-1 while that of 1-124-S and 61-140-S fibrils have a
slight red shifted amide I band at 1621 cm-1. 1-108-S fibrils, in contrast, produce a spectrum
with a very broad amide I band in the FTIR spectra, which upon taking the second derivative
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is indistinguishable. These FTIR data suggest that although subtle structural differences exist
in all truncation variants, the structure of the 1-108-S fibrils is significantly different from
WT-S.

6.2.4 1-108-S fibrils cores are incompatible for WT-S monomers
To test the hypothesis that the fibril structure of WT-S and 1-108-S are different, we
performed cross-seeding aggregation experiments. It is known that addition of preformed
fibrils, i.e. seeds, to a solution of S monomers accelerates aggregation process by bypassing
the rate-determining step of primary nucleation200,252,314. Thus by monitoring the rate of
incorporation of monomers of one type into preformed fibrils of another type (cross-seeding
rate), structural differences in the fibril core can be gauged qualitatively. This is a reasonable
assumption since both WT-S and 1-108-S have the identical random coil conformation in
their respective monomeric states and a delay or non-existence of seeding is indicative of a
different fold or slightly different conformation of a given fibril core. Self-seeding aggregation
experiments using 1% seeds show a faster incorporation of 1-108-S monomers compared to
WT-S monomers (Figure 6.7B/C).

Figure 6.7: Seeding/Cross-seeding rates of WT-S (black symbols) and 1-108-S (blue symbols). Panel A
and panel C depict initial data points of aggregation of WT-S and 1-108-S monomers respectively with 1-108-S
seeds while panel B and D depict that of WT-S and 1-108-S monomers with WT-S seeds. Panel A does not show
any increase in the ThT intensities compared to other panels within first 4 hours. The monomer concentration was
35 µM in PBS buffer at 37 oC at quiescent conditions.
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In cross-seeding experiments, WT-S seeds seem to be slightly more efficient in incorporating
1-108-S monomers (Figure 6.7D) than WT-S monomers while WT-S monomers could not
be seeded with 1-108-S seeds under our experimental conditions (Figure 6.7A).
Subsequently, to characterize the self-seeded and cross-seeded fibril populations, STEM
images were obtained upon aggregation completion i.e. at the plateau phase of seeded
aggregation experiments. Self-seeded aggregation showed elongated and bundled fibrils for
WT-S and 1-108-S respectively (Figure 6.8A/C) while cross-seeding of 1-108-S
monomers with WT-S seeds showed higher ordered aggregates (Figure 6.8B).

Figure 6.8: STEM images of Self- and Cross-seeded fibrils of WT-S and 1-108-S. Representative images
of S fibrils obtained from self-seeding of WT-S monomers (panel A) and cross-seeding of 1-108-S monomers
(panel B) with WT-S fibrils. Representative images of 1-108-S fibrils obtained from self-seeding of 1-108-S
monomers (panel C) and cross-seeding of WT-S monomers (panel D). As shown in panel D, WT-S monomers
grow into fibrillar structures over time without any bundling in presence of 1-108-S seeds (white bundle in center
of panel D). Seed concentration was kept constant at 1% (v/v). Fibrils were imaged at the plateau stage of seeded
aggregation curves. Scale bar in all panels in 0.5 µm.

Cross seeding of WT-S monomers with 1-108-S seeds with showed an enhanced presence
of elongated “rod-like” fibrils which are likely WT-S fibrils while 1-108-S seeds were
sparsely observed (Figure 6.8D) corroborating observations from ThT self/cross-seeding
experiments. To further establish if structure of the fibril cores were different, we used a
polarity sensitive FE dye to probe the polarity of the environment in the fibril core280.
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Figure 6.9: Fluorescence emission spectra of FE dye. 20 µM of WT-S (black) and 1-108-S (blue) fibrils
(blue) were incubated for 1 hour with 2 µM FE dye in PBS buffer at room temperature. The fluorescence emission
spectra (λexc=420 nm) of 1-108-S fibrils is more red shifted with a higher band ratio of emission peaks.

Compared to the spectra of WT-S fibrils, the red-shifted fluorescence emission band
observed for the 1-108-S fibrils is indicative of a relatively more solvent exposed fibril core.
These data coupled with the CD and FTIR observations are indicative of a different fibril
structure for the 1-108-S fibrils.

6.3 Discussion
In this study, we have investigated if terminal regions in S could influence the fibril structure
and morphology of S. Compared to WT-S, the exponential phase aggregation rate of the
21-140-S variant was comparable while that for the 61-140-S variant was ~ 6 fold slower.
The latter is likely to be a result of removal of residues involved in the hydrophobic core of the
fibrils while the results in the former case suggest that the first 20 residues are probably not
involved directly in fibril assembly in line with earlier reports294,300,301. Overall, the differences
in the aggregation rates of proteins with either an N- and C-terminal truncation seem to
correlate well with the net charge of monomeric S. The net charge of monomeric S can also
be modulated with pH and affects aggregation rate in a similar way200,229.
It is possible that the differences in the net charge of the monomeric protein due to removal
of terminal regions also impact the resulting fibril morphologies. Aggregation of WT-S and
N-terminal truncated variants resulted in up to micrometer long “rod-like” fibrils while the
C-terminal truncated variants of S formed a heterogeneous mixture of “rod-like” fibrils and
higher order fibrillar aggregates. A closer inspection of 1-124-S and 1-108-S higher order
fibrillar aggregates in AFM revealed “rod-like” fibrils with periodicities identical to isolated
“rod-like” fibrils corroborating previous reports showing higher ordered fibril networks and
cylindrical aggregates of S are composed of individual fibrils206,300,305. The absence of higher
order fibrillar aggregates of WT and N-terminal truncated variants of S in either AFM or STEM
images in our fibril preparation conditions results suggest that the impact of C-terminal
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residues (in particular 109-140 region) in fibril morphology is more significant than that of
N-terminal residues. The C-terminus of WT-S comprising of 32 amino acids, has been shown
to collapse on WT-S fibrils upon drying resulting in a ~ 17% decrease in fibril height in AFM
images compared to those in liquid306 which explains the slightly lower heights for 1-124-S
fibrils and similar heights for 21-140-S fibrils. The ~ 40% decrease in height of the
61-140-S fibrils compared to WT-S fibrils is likely a result of a reduced number residues
that make up the fibril core which in WT-S fibrils comprises residues 34-9658,281,315-317.
But the 30% decrease in fibril height for the 1-108-S fibrils is peculiar and cannot be
explained using the same argument. This suggests that 1-108-S fibrils have a different fibril
structure or alternatively that the S monomers within fibril have a different orientation.
Compared to WT-S, all truncation variants except 1-108-S fibrils showed slight shifts
(~ 2-3 nm) in the n transition region in the CD spectra but show significant shifts in the 
transition regions. In contrast, the CD spectrum of the 1-108-S fibrils was strongly redshifted in both transition regions. A red-shift in CD spectra can sometimes be attributed to
DAF effects which arise in heterogeneous suspensions with an uneven distribution of
chromophores. We reasoned that a decrease in sample heterogeneity should reduce the
magnitude of the DAF effects. CD spectra of clear solutions were obtained from the top of the
aggregated solutions of 1-108-S fibrils after aggregates settled down. We saw no differences
in peak position between these two samples. The clear top solution seems to simply contain a
lower concentration of protein fibrils which is expected since most of the protein aggregates
have settled on the bottom of the sample. Although the aggregated solutions of both
1-108-S and 1-124-S fibrils both contained higher ordered aggregates that settled over
time, the CD spectra of 1-124-S fibrils did not show strong red shifts like 1-108-S fibrils.
DAF effects can therefore not explain the spectral differences between WT-S and 1-108-S
fibrils. In general, the electronic transitions of the amide bond are affected by solvent and
environment. Since the n transition is much weaker than the  transition, the peak position
of the n transition is an unreliable indicator of environment of the chromophores; the
peptide bond in our case318. The wavelength of the  transition in a peptide bond in CD
spectra is known to red shift in water because the excited state in the  transition is more
polar than the ground state. The higher polarity of the excited state stems from an
intramolecular charge transfer from the nitrogen atoms to the oxygen atoms, resulting in a
charged nitrogen atom that is able to form hydrogen bonds with the aqueous solvents318.
Formation of additional hydrogen bonds results in the apparent red shift while a reduced
interaction with protic solvents will lead to a blue shift in the CD spectra in the  transition
region. Compared to WT-S, the observed shifts in the CD spectra of 21-140-S and
1-108-S fibrils can be attributed to differences in solvent exposure of their respective peptide
bonds. These differences can arise from an altered orientation of the monomer in the
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21-140-S and 1-108-S fibril structures. We choose to study the 1-108-S fibrils in more
detail because of the unexplained decrease in fibril heights, an unusual CD spectra and
formation of higher ordered aggregates.
For this purpose FTIR spectra were obtained from all fibril samples. The amide I mode in the
FTIR spectra is generated primarily by backbone carbonyl stretching motions causing
delocalization of their vibrational motions and is known to be sensitive to the secondary
structure of protein269,319. Although all S fibril forms used in the study are evidently
composed of β-sheet structures and do not show significant shifts or broadening, the FTIR
spectrum of 1-108-S fibrils was very broad compared to WT-S fibrils. The second derivative
amide I spectra showed significantly different positions of the amide I maxima for WT-S and
peak broadening for 1-108-S fibrils. The broad peak could be a result of increased solvent
exposure of the β-sheets, and/or to a broader conformational distribution of comprising
β-sheets269,279. To test the former scenario, experiments using the polarity-sensitive FE-dye
were carried out and show that indeed the core of 1-108-S fibrils is indeed more solvent
exposed than that of WT-S fibrils (Figure 6.9) corroborating results from CD spectroscopy.
The increased solvent exposure of the hydrophobic β-sheets in 1-108-S fibrils is expected to
impose an energetic penalty and might explain the higher order association of the 1-108-S
fibrils.
Individual β-strands in β sheets in amyloid fibrils are typically slightly twisted as a result of
chirality of the carbon atoms in proteins. An increase in twisting of β-sheets in the 1-108-S
fibrils possibly encompasses a tilting of the monomer. In the 1-108-S fibril monomers are no
longer stacked perpendicular to the fibril axis. Besides the chirality of the carbon atoms, the
highly charged C-terminal tails in WT-S fibrils probably also affect the orientation of the
residues in the fibril core and the absence of this region in the 1-108-S fibrils probably
releases the energetic penalty associated with the close packing of “like” charged tails.
This electrostatic repulsion together with the twisted orientation of the core segments possibly
accounts for the different appearance of the 1-108-S fibrils on the microscopic scale. It has
been recently shown that WT-S fibrils, depending on ionic strength of buffer used, can have
completely different morphologies arising from altered orientation ofS monomer within the
fibril core58,281. To ascertain if the core of the fibril structures were compatible, cross-seeding
experiments were performed. In fibril assembly, the unfavorable loss of conformational
entropy of free S monomers upon association to fibrils is compensated for by corresponding
inter-protein interactions. It is unclear from our preliminary results whether the absence of
cross-seeding of WT-S monomers by 108-S seeds is caused by a strongly twisted
β-conformation that is formed of different beta strands than the WT-S fibrils or if the
1-108-S fibrils cannot accommodate the initial binding of the WT-S monomers with their

110

Chapter 6

highly negatively charged C-terminus. Further experiments are needed to exclude the
possibility of either mechanism.
It is conventionally believed that seeds act as templates that direct the conformation of the
incoming monomers during fibril growth. Our contrary observations that 1-108-S monomers
result in 1-108-S fibril-like morphology with WT-S seeds and can be seeded into WT-S
seeds much faster than WT-S monomers is peculiar but not unprecedented. Previously, a PD
related point variant of S (A30P-S) has been shown to result in A30P-S like fibrils with
WT-S seeds and incorporation of WT-S monomers into A30P seeds proceeded at a rate
much faster than that in presence of WT-S seeds320. WT-S fibrils prepared under different
ionic strengths are morphologically and structurally dissimilar and differ in the extent of
cellular toxicities57,58. Our observations of a higher seeding rate of 1-108-S monomers into
WT-S seeds and switching of WT-S morphology to a 1-108-S fibril like morphology could
explain why 1-108-S aggregates are more toxic than WT-S aggregates in vivo.

6.4 Materials and Methods
6.4.1 Expression, purification and labeling of S variants
All S variants were expressed in Escherichia coli strain BL21(DE3) using the pT7-7
expression plasmid and purified in the presence of 1 mM DTT as previously reported224.

6.4.2 Thioflavin T (ThT) aggregation assay
Thioflavin T aggregation assays were carried out in a TECAN Infinite M200 micro-plate reader.
For every protein variant, a final concentration of 80 μM of monomeric protein was allowed to
aggregate in PBS (137 mM NaCl, 3 mM KCl, 10 mM Phosphate) buffer at 37 oC under constant
shaking maintained at 300 rpm. Prior to loading on the plate reader, all prepared protein
samples were filtered using a 100 kDa membrane to get rid of any aggregates resulting from
addition of concentrated PBS during sample preparation. The ThT concentration was kept
constant at 5 μM. The aggregation half-times in unseeded experiments were calculated from
normalized aggregation curves and represent the time for 50% monomer conversion.
The exponential phase aggregation rate (kexp) in unseeded experiments was determined as
the rate of increase of the logarithm of ThT fluorescence intensity corresponding to monomer
conversion below 30% as reported previously252. Briefly, kexp = (ln(0.3) – ln(0.02))/(t30% –
t2%), where t30% and t2% are the times needed for 30% and 2% monomer conversion to fibrils,
respectively. For self/cross-seeding experiments, aggregation was carried out using 1% seeds
of a given fibrillar species at 37 oC using 35 µM Smonomers in PBS buffer under quiescent
conditions. Seeds were prepared by sonicating freshly prepared and filtered (using a 100 kDa
filter) S fibrils in PBS buffer for 5 minutes. The initial aggregation rate in seeded experiments
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was determined similarly by measuring the increase of the ThT signal within the first 3000
seconds of the measurement.

6.4.3 Scanning Transmission Electron Microscopy
Fibrils were aggregated in PBS buffer, diluted with MilliQ water, and then prepared for STEM
dark-field imaging. Typically, a 5 μl drop of 20 μM fibril samples were adsorbed on 300 mesh
formvar coated copper grids for 5 minutes and then washed 5 times with water. The grid was
dried at 37°C and then transferred under vacuum into the STEM setup. Before recording the
dark-field STEM images, condenser stigmators were carefully adjusted to give a circular beam
profile when the beam was viewed on the grids, and the beam was carefully centered and
spread to produce uniform illumination over the field of view. Dark-field digital images of
fibrils were acquired using a FEI Verios 460 microscope operating at 25 kV electron beam
energy. Histograms for fibril length were calculated from these data using the Simple Neurite
Tracer288 plugin in Fiji software226.

6.4.4 Atomic Force Microscopy
For AFM a measurement, 20 μl of the 10 μM fibril suspension was incubated on freshly cleaved
mica (15 x 15 mm) for 5 minutes. Samples were thereafter washed with MilliQ water and
dried using N2 gas. Thereafter samples were kept in 37 oC for 1 hour to remove any residual
solvent. AFM images were acquired in tapping mode on a Dimension 3100 Scanning Probe
Microscope (Bruker) using NSG01 gold probes with a resonant frequency between 87-230 kHz
and a tip radius < 10 nm. Fibril heights were measured using NanoScope Analysis v1.5
software and for the measurements of fibril periodicities, fibrils in AFM images were traced
using a custom written script in MATLAB using the DIPimage toolbox (version 2.3, TU Delft,
Delft, The Netherlands) was used286. For measurement of periodicities only fibrils greater than
0.5 µm were analyzed.

6.4.5 Circular dichroism (CD) spectroscopy
A ChirascanTM CD spectrometer was used to obtain CD spectra of fibrils prepared in PBS
(137 mM NaCl, 3 mM KCl, 10 mM Phosphate) buffer at an effective protein concentration of
10 μM. The effective concentration of fibrillar protein was estimated as given in Appendix B.
Fibril samples were first purified using a 100 kDa cut-off filter to remove monomeric protein.
Spectra were recorded between 200 to 260 nm with a step size of 1 nm and a scanning speed
of 10 nm/min using a 1-mm path length cuvette at room temperature.
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6.4.6 Fourier Transform Infrared spectroscopy
Smonomers were vacuum dried overnight and re-suspended in PBS (137 mM NaCl, 3 mM
KCl, 10 mM Phosphate) buffer prepared in D2O. Re-suspended monomeric S samples in PBS
were thereafter purified using a 100 kDa cut-off filter to remove any aggregates and then
kept under constant shaking at 1000 rpm at 37 oC. Before measurements, S fibril samples
were first purified using a 100 kDa cut-off filter to remove monomeric protein and the final
concentration for each fibril sample for FTIR was ~ 150 µM. 15 µl of fibril solution was placed
between 2 mm thick CaF2 windows with a 50 µm spacer. Each spectrum was an average of 32
scans. All measurements were carried out in at room temperature.

6.4.7 Steady-state Fluorescence spectroscopy
The emission spectra of FE dye were obtained with a Cary Eclipse spectrofluorimeter (Varian).
Spectral slits were set at 5 nm and samples were excited at 420 nm. Fluorescence emission
spectra were recorded from 450-600 nm at room temperature using a 10 mm path cuvette
after incubation of FE dye for 1 hour with S fibril samples in PBS buffer. Experiments were
performed in triplicates at final concentrations of 20 µM fibrils and 2 µM FE dye.
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7 Summary & Conclusions

Chapter 7

“Alpha synuclein (S) is an intrinsically disordered protein involved in PD with a yet unknown
physiological function”. The previous sentence has presented itself in various permutations in
several research papers on this protein in the last decade. It is amazing how much we actually
know about this protein and how little this helps us to understand PD (Figure 7.1).

Figure 7.1: Bar plot of number of publications recorded in Pubmed from the keyword: alpha synuclein.

Ever since the discovery of S as a presynpatic protein involved in PD, a lot of effort has been
put towards elucidating what triggers the aggregation of S into amyloid structures in the
brain. Association with (specific) cellular membranes has been hypothesized to be one of
these triggers that facilitates amyloid formation, but this idea is clouded by the fact that the
physiological function of S probably also involves association with physiological cell
membranes. Further, whether association of S with membranes facilitates or prevents
aggregation into amyloids is also controversial. The observation that aggregation of S into
amyloid fibrils could be a protective step adds to this controversy. The process of uncovering
one “face” of S has only revealed more faces. Key to understanding this complicated protein
is to unravel why it is present in micromolar concentrations at the pre-synaptic membranes.
Understanding interactions with lipid membranes is critical to uncover its possible functional or
pathological role. In this thesis, we investigated both the possible functional and pathological
role of S-lipid membrane interactions.
To probe interactions of S with lipid membranes, we chose POPC:POPG in equimolar ratios as
a model phospholipid membrane composition. The high fraction of anionic lipid was
deliberately chosen since it was well known that interactions of S with lipid membranes per
se depended on fraction of anionic lipids. Preparation of SLBs with a high fraction of anionic
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lipids on glass surfaces is known to be difficult. In order to have a defect-free and
reproducible SLB system with a high faction of anionic lipids, preparation protocols were
rigorously optimized. It was found that the combination of low pH, high ionic strength and
high lipid concentration favors the preparation of stable SLBs consisting of high amounts of
anionic lipids. Treatment of the glass surfaces on which the SLBs are deposited is critical and
requires multiple-cleaning steps. The details of the optimization and characterization protocols
are described in Chapter 2.
The physiological function of S remains an enigma despite several promising reports
suggesting many putative roles ranging from synaptic vesicle regulation at the neurological
synapse to antioxidant and chaperone-like functions. Considering the association of S with
membrane micro-domains in vivo and to probe the functional relevance of S-membrane
interactions in PD, we investigated how physical membrane properties like membrane packing
and fluidity in SLBs were affected by S binding. Monomeric S was observed to organize into
clusters on the SLBs used in this thesis as described in Chapter 3. Using truncated variants of
S with comparable membrane binding affinities, we saw that the driving force for S cluster
formation is a complex interplay of electrostatic and hydrophobic interactions. Clustering of S
on SLBs immediately lead to impaired lipid diffusion and a marked increase in packing order of
underlying lipids. The increased lipid packing order in SLBs was not only shown using
fluorescence anisotropy measurements but also, for the first time, in confocal fluorescence
microscopy experiments using the lipid-order sensitive DPH dye. We concluded that the
clustering of S on lipid bilayers induces orderingand results in impaired lipid diffusion.
Given the sensitivity of S binding to membrane curvature and its ability induce local
curvature in lipid membranes upon binding110, it is plausible that an increase in local
membrane curvature upon S binding exposes the acyl region in such curved regions and
allows further binding of S. The dense accumulation of S on the membrane surface could be
a strong driving force for membrane cluster formation. The fact that S can create ordered
regions in lipid membranes could be could be relevant to the function of S since ordering of
lipids is often coupled to protein function in vivo.
Next, we aimed to elucidate the possible mechanisms by which amyloid formation of S on
the membrane causes membrane damage. We looked at the result of S-SLB interactions at
longer time scales as described in Chapter 3 in Chapter 4. At these longer timescales, the
accumulation of WT-S on lipid bilayers resulted in the formation of amyloid structures
(depending on the protein to lipid ratio) which grew in size over time. The formation of
amyloid aggregates on SLBs was required for SLB damage to occur. The conversion of
membrane bound monomers to amyloid structures led to significant membrane damage and
lipid extraction. An S variant that was not able to assemble into amyloid was unable to
damage lipid bilayers. There is accumulating evidence in the literature and from this chapter
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that S-phospholipid interactions are only significant when the membrane contains a very
high anionic lipid fraction (>0.4). Such high fractions of anionic lipids are rarely found in
physiological cell membranes. It is therefore likely that other damage mechanisms are more
relevant in physiological environment. To probe alternative mechanisms of lipid membrane
damage, experiments have been carried out in a collaboration project with pre-formed S
oligomers (Chaudhary et al, manuscript in preparation).
New reports suggest that more than 95% of S is N-terminally acetylated in physiological
environment. After this seminal report the impact of this post-translational modification in S
on binding to phospholipid bilayers and aggregation into amyloid fibrils was investigated.
The obtained results can be found in Chapter 5 and show that N-terminal acetylation seems
to have little influence on the lipid binding characteristics of S. The impact of N-terminal
acetylation on the membrane binding affinity of S as a function of membrane anionic charge
density, cholesterol content and curvature was negligible. Although N-terminal acetylation
does not seem to affect the membrane binding characteristics of S it is possible that
N-terminal acetylation plays an important role in regulating interactions of S with other
proteins in the cytoplasm or on the cell membrane like SNAREs, actin or tubulin.
Further studies targeted at elucidating such binding partners (lipids or proteins) of monomeric
S could yield more insight into the impact of N-terminal acetylation in regulating interactions.
Although we did not observe major differences in aggregation rates of both N-terminal
acetylated-S and WT-S, N-terminal acetylation of S resulted in a high degree of
homogeneity in aggregation lag times and fibril morphologies as observed with AFM and
2D-IR studies.
Lastly to probe which physicochemical interactions were involved in S amyloid formation in
the absence of lipid membranes, we looked at different N-terminal and C-terminal truncated
variants of S. Our observations suggest that truncations in the N-terminal region of S do
not affect the resulting fibril morphology while truncations in the C-terminal region of S
result in very different fibril structures as shown in Chapter 6. Our preliminary results show
that the C-terminal truncated fibrils can incorporate C-terminal truncated monomers but do
not incorporate full-length S suggesting that the core of the WT and C-terminal truncated S
fibrils is different. Additional experiments are planned to ascertain differences in fibril
structures using 2D-IR spectroscopy.

7.1 Outlook
In this thesis, we used SLBs to understand the physicochemical factors behind interactions of
S with lipid membranes. The use of SLBs has greatly added to the understanding of the
interactions between proteins and lipid membranes and the described methodologies to
prepare SLBs with a high fraction of anionic lipids will allow studies not only pertaining to S
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but also in a wide range of other biological and non-biological systems. On the basis of the
results and conclusions presented in this thesis and keeping in mind recent developments,
I present here some prospects for future work which will serve to answer several open
questions and increase our current understanding on S and its involvement in PD:


What is the structural arrangement of WT-S monomers in protein clusters on lipid
membranes and do they differ from that of NTAc-S monomers? It would be interesting
to isolate the initial S clusters and investigate their biophysical properties using FTIR
and CD spectroscopy. Using single molecule FRET, insights into the molecular
arrangement of the monomer within these clusters can be gained. These results would
help understand the biochemical factors that play a role in the structural transition of
non-amyloid containing S clusters into amyloid S aggregates.



It is likely that changes in cell membrane composition which occur in cellular aging
could be relevant in the pathology of PD. It would be interesting to probe if changes in
membrane fluidities as a consequence of altered membrane composition could trigger
aggregation of S in contrast to our observations in thesis.



The use of the physiologically relevant NTAc-S with known PD point mutations in
studies directed in understanding aggregation kinetics and fibril assembly of S would
be more relevant to PD.



Does N-terminal acetylated S have other protein/lipid binding partners? Is N-terminal
acetylation a regulatory modification to diminish promiscuous interactions or a silent
modification? How does N-terminal acetylation of S affect aggregation in vivo?
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“Alfa-synucleine (S) is een intrinsiek ongeordend eiwit met een vooralsnog onbekende
fysiologische functie dat betrokken is bij de ziekte van Parkinson (PZ)”. De vorige zin is, de
laatste tien jaar, in verscheidene variaties verschenen in tal van onderzoeksartikelen over dit
eiwit. Het is verbijsterend hoeveel we weten van dit eiwit en hoe weinig het ons eigenlijk heeft
geholpen om PZ te begrijpen. Sinds de ontdekking dat het pre-synaptische eiwit S betrokken
is bij PZ, is er veel onderzoek gedaan naar wat de aggregatie van S in amyloïdestructuren in
de hersenen veroorzaakt. Er werd geopperd dat de binding tussen S en specifieke cellulaire
membranen een van de oorzaken kan zijn voor amyloïdevorming, maar dit idee wordt
verstoord door het feit dat S voor zijn reguliere fysiologische functie waarschijnlijk ook
membranen bindt. Of de binding

tussen S en membranen aggregatie versnelt of juist

voorkomt, is controversieel. De waarneming dat aggregatie van S in amyloïdefibrillen een
beschermingsmechanisme van de cel zou kunnen zijn, maakt het plaatje nog controversiëler.
Hét gezicht van S blijkt dus niet te bestaan. Een belangrijke stap in het leren begrijpen van
dit eiwit, is uitvinden waarom het eiwit in micromolaire concentraties aanwezig is in het presynaptisch membraan. Hiervoor is het essentieel om de interactie tussen S en membranen te
begrijpen, om zo te ontrafelen wat de mogelijke functionele en pathologische rollen zijn van
het eiwit. In dit proefschrift hebben we de mogelijke functionele en pathologische rollen van
S-membraan interacties onderzocht.
Om interacties tussen S en lipidemembranen te bekijken, hebben we als model gekozen voor
phospholipide membraancompositie: POPC:POPG

(1-op-1 molratio). Het hoge aandeel van

anionische lipiden is opzettelijk gekozen omdat bekend is dat de interactie tussen S en
membranen afhankelijk is van de hoeveelheid anionische lipiden. Het maken van bilagen op
glas met een hoog gehalte anionische lipiden is moeilijk. Om dit voor elkaar te krijgen zijn de
protocollen sterk geoptimaliseerd. Hier bleek dat een combinatie van een lage pH, hoge
ionsterkte en een hoge lipidenconcentratie de stabiliteit van de dubbellagen met veel negatief
geladen lipiden bevordert. Een kritische stap is ook het voorbereiden van het glasoppervlak;
er zijn verschillende schoonmaakstappen nodig. De details van de protocollen voor het
optimaliseren en karakteriseren worden beschreven in Hoofdstuk 2.
De fysiologische functie van S blijft een enigma, ondanks dat veelbelovend onderzoek
diverse suggesties biedt voor mogelijke functies van αS. Deze

variëren van synaptische

vesikelregulatie bij de neurologische synaps tot anti-oxidant en chaperone-achtige functies.
Gezien de binding van S met het membraan micro-domeinen in vivo en vanwege de
functionele relevantie van S-membraan interacties in PZ, hebben we onderzocht hoe de
fysische eigenschappen, zoals membraan-ordening en vloeibaarheid in de bilaag, door S
binding worden beïnvloed. We hebben gezien dat op het membraan αS monomeren zich
organiseren in clusters, dit staat in Hoofdstuk 3. Door

deletie-mutanten van S met

vergelijkbare affiniteiten voor het membraan te gebruiken, zagen we dat de drijvende kracht
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achter klontering een complex samenspel is van electrostatische en hydrofobe interacties.
Samenklontering van S op membranen hindert de diffusie van lipiden en zorgt voor een
toename in membraanordering. De toename in ordening

is niet alleen aangetoond met

fluorescentie-anisotropiemetingen in oplossing maar ook, voor het eerst, met confocale
fluorescentiemicroscopie experimenten met de orde-gevoelige kleurstof DPH. We concluderen
dat de klontering van S op bilagen ordening veroorzaakt en diffusie vertraagt. Gezien de
gevoeligheid van S-binding voor membraankromming, en het vermogen om kromming te
veroorzaken110, is het waarschijnlijk dat een toename in membraankromming door S-binding
acylketens blootstelt en zo verdere binding van S veroorzaakt. De dichte accumulatie van S
op het membraan zou een sterk drijvende kracht kunnen zijn voor de vorming van geordende
membraandomeinen. Het feit dat S

geordende domeinen in membranen kan maken zou

relevant kunnen zijn voor de functie van S, aangezien ordening van lipiden vaak gekoppeld
is aan de eiwitfunctie in vivo.
Hierna hebben we ons gericht op hoe amyloïdeformatie op het membraan membraanschade
kan veroorzaken. We hebben gekeken naar de resultaten van S-membraan interacties op
langere tijdschalen in Hoofdstuk 3 en Hoofdstuk 4. Op langere tijdschalen leidt de ophoping
van S op bilagen tot de vorming van amyloïdestructuren (afhankelijk van de lipide-eiwit
ratio) die groeiden in de tijd. De vorming van amyloïdeklonten veroorzaakte membraanschade
en leidde tot extractie van lipiden. Een S-mutant die niet in staat was tot amyloïdevorming
gaf geen membraanschade. Er is ook steeds meer bewijs in de literatuur dat Smembraaninteracties alleen significante schade kunnen aanrichten als de membranen zeer
veel anionische lipiden bevat (>40%). Zulke hoge percentages worden maar zelden gevonden
in fysiologische celmembranen. Om alternatieve mechanismen achter membraanschade te
bekijken, zijn experimenten uitgevoerd in een samenwerkingsproject met vooraf gevormde
S-oligomeren (Chaudhary, Iyer et al., manuscript in voorbereiding).
Recente literatuur suggereert dat in fysiologische omstandigheden meer dan 95% van het S
geacytyleerd is aan de N-terminus van het eiwit. Daarom is hier de invloed van deze posttranslationele modificatie van S op de binding aan bilagen en klontering in amyloïdefibrillen
onderzocht. De bevindingen staan beschreven in Hoofdstuk 5 en laten zien dat acetylatie
van de N-terminus weinig invloed lijkt te hebben op de membraanbinding van S. De invloed
van acetylatie van de N-terminus op membraanaffiniteit als functie van membraanlading,
cholesterolhoeveelheid en kromming was verwaarloosbaar. Acetylatie van de N-terminus
speelt mogelijk nog wel een rol in het reguleren van interacties van S met andere eiwitten in
het cytoplasma of op het celmembraan, zoals SNAREs, actine of tubuline. Onderzoek naar het
ophelderen van de functie van zulke bindingspartners (lipiden dan wel eiwitten) van
monomeer S kan meer inzicht geven in de invloed van acetylatie van de N-terminus op het
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reguleren van interacties. Ook

al hebben we geen grote verschillen waargenomen in de

klonteringskinetiek tussen het geacetyleerde S en het ‘gewone’ S, was de tijd totdat de
aggregatie begon veel constanter voor het geacetyleerde eiwit en was de morfologie van de
fibrillen van dit eiwit veel homogener.
Als

laatste

is

onderzocht

welke

fysico-chemische

interacties

betrokken

zijn

bij

S

amyloidevorming in de afwezigheid van membranen. Hiervoor hebben we gekeken naar S
mutanten die een deel van de N-terminus en C-terminus missen. Onze waarnemingen
suggereren dat het verkorten van de N-terminus geen effect heeft op fibrilmorfologie, terwijl
het verkorten van de C-terminus de fibrilstructuuren sterk beïnvloedt (Hoofdstuk 6).
Onze voorlopige resultaten laten zien dat fibrillen van S met een verkorte C-terminaal
domein geen “normaal” S kan incorporeren. Dit suggereert dat de kern van S fibrillen
gemaakt van het eiwit dat aan de C-terminus verkort is anders is dan die van “normaal” S
fibrillen. Experimenten met 2D-IR spectroscopie zijn gepland om verschillen in fibirlstructuur
vast te stellen.
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Vooruitzicht
In dit manuscript hebben we lipidemembranen op een glasoppervlak gebruikt om beter te
begrijpen hoe

fysicochemische

factoren

S

interacties

met membranen beïnvloeden.

Het gebruik van zulke membranen heeft veel inzichten gebracht op het gebied van eiwitmembraan interacties en de protocollen die zijn ontwikkeld om zulke membranen met een
hoge lading te maken kunnen ook toegepast worden op

andere eiwitten. Op basis van de

resultaten en conclusies gepresenteerd in dit werk, en recente literatuur, opper ik hier
mogelijkheden voor toekomstig werk dat antwoorden zou kunnen geven op openstaande
vragen en meer inzicht zal bieden in ons begrip van S en zijn betrokkenheid bij PZ:


Wat is de structuur van ‘gewone’ S-monomeren in eiwitklonten op membranen en is
deze anders voor de monomeren die geacetyleerd zijn aan de N -terminus? Het zou
interessant zijn om de initiële S clusters te isoleren en de biofysische eigenschappen te
bestuderen met FTIR en CD-spectroscopie. Op het niveau van enkele moleculen kan
met Förster resonante energie overdacht (FRET) inzicht verkregen worden in de
moleculaire ordening van de monomeren binnen deze klonten. De resultaten zouden
helpen de biochemische factoren die een rol spelen in de structurele transitie van nonamyloïdeklonten in amyloïdeklonten te begrijpen.



Het is waarschijnlijk dat veranderingen in de compositie van het celmembraan die
ontstaan als cellen ouder worden, relevant zijn voor de pathologie van PZ. Het zou
interessant zijn om veranderingen in membraanfluïditeit als gevolg van veranderde
membraancompositie te bekijken, en te zien of dit aggregatie van S kan veroorzaken.



Het gebruik van fysiologisch relevante N-terminaal geacetyleerd S met bekende PDmutaties in studies gericht op aggregatiekinetiek en fibrilvorming zouden relevanter zijn
voor PD.



Speelt N-terminale acetylatie van S een rol bij het binden van andere eiwitten en/of
lipiden? Heeft de N-terminale acetylatie een regulerende functie, voorkomt het
promiscue interacties, of heeft het geen effect? Hoe beïnvloedt N-terminale acetylatie
aggregatie in vivo?
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A.

Determination

of

membrane

binding

affinities

from

CD

spectroscopy
CD spectroscopy can be used to measure membrane binding affinities of S to lipid vesicles
using the structural transition from a disordered monomers in solution to a membrane bound
helical coils . The membrane bound fraction of S (XB) at any given point lies between two
extremes: XB = 0 in absence of lipid membranes and XB = 1 at saturating conditions. In such a
situation, the observed CD signal (CDobs) can be described as:
By assuming XF + XB = 1 and that the CD signals of free form of S in the presence of buffer
(CDF) or the bound form of S in presence of lipid vesicles under saturating condition (CDB),
the fraction of S bound to lipid vesicles can be expressed as:

The binding equilibrium between S and lipid membranes can be described as follows:

where n represents the number of lipid molecules interacting with one molecule ofS (binding
stoichiometry) and

represents the free lipid concentration. The equilibrium dissociation

constant KD can thus be written as:

Since,

The equation (4) can be rearranged to obtain

Equation (7) connects the fraction of bound protein (relative to total protein) to the free lipid
concentration and assuming n=1:
1.

When [Lfree] = KD, exactly half the protein is bound.

2.

At the start of the binding curve, when [Lfree] << KD, the fraction of bound protein is
directly proportional to the lipid concentration.

3.

At the end of the curve, when [Lfree] >> KD, all of the protein is bound (and therefore
bound fraction of protein becomes independent of lipid concentration.). The equation (7)
would result in a hyperbolic binding curve (with asymptotes of slope 1/ KD and 0). It is
important to note that the independent variable derived above is [Lfree] which is not
known but rather [Ltotal] is known. Typically, it is assumed (known as free ligand
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approximation) that [Lfree] is fairly close to [Ltotal] or that the concentration of bound lipid
is negligible relative to total lipid concentration such that:

This assumption works fairly well as long as binding is relatively weak (i.e. the KD is at least
five-fold higher than Stotal. As binding becomes tighter or involving multiple binding sites per
protein (n≠1), and KD becomes comparable to the total protein concentration, the
aforementioned assumption breaks down and the apparent binding curve deviates from the
hyperbola. Therefore, in such cases it is important to explicitly account for the free and total
lipid concentration. Thus from equation (4) we have:

Substituting from equation (5),

Rearranging the above equation, we obtain:

The above equation, upon solving using the quadratic formula for a relevant root gives the
solution for the concentration of bound protein/lipid as:

Therefore, the bound fraction can be given as:

The above equation can now be used to fit CDobs obtained by varying the lipid vesicle
concentration at a fixed protein concentration or titrating a known concentration of protein
with known concentration of lipid vesicles. When lipids are titrated, both protein and lipid
concentrations vary at each point, and therefore have to be treated as independent variables
while fitting. Using the values of KD (in M), and the binding stoichiometry n, obtained from the
fit, the concentration of protein bound to the vesicles (
(

for any given

can be calculated as follows:
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B. Standard curve for estimation of fibril concentrations from CD
spectroscopy
Estimation of S fibril concentrations in aggregated suspensions can be difficult given their
heterogeneity and measurement errors during absorption spectroscopy due to light scattering.
Yet, accurate concentrations are needed for calculations of mean residual ellipticites in CD
spectroscopy and enable comparison of CD spectra of different fibril samples. A simpler way
to measure protein concentration in fibril suspensions is by using hexfluoroisopropanol (HFIP).
It is known that addition of 30% HFIP to S fibrils leads to complete dissolution of fibrils into
stabilized helical species. By measuring MRE values for known concentrations of monomeric
S obtained after addition of 30% HFIP, a standard curve of CD signals versus known
concentrations of S can be generated as shown below.

Figure B2: Standard curve of CD (at 222 nm) signals plotted against S concentrations (left panel)
obtained from CD spectra (right panel) from known concentration of S.

Based on this equation, a raw CD signal can be used to calculate the protein concentration of
a given fibril sample. The following steps should be followed:
1.

Measure the CD spectra of a 200 l fibril solution to get CD signal (CDbefore). (Avoid
cloudy suspensions to avoid differential flattening effects.)

2.

Add 30% HFIP (final concentration) to the fibril suspension and wait for 2 minutes.

3.

Measure the CD spectra of fibril solution again and note CD signal at 222 nm (CD after).

4.

Use CDafter to calculate effective protein concentration (P) using equation in

5.

Figure B2.

6.

Using values of P, to obtain MRE values for raw signal CD before using the following
equation:

7.

It is important that the experimental parameters like step-size, bandwidth, averaging
and buffers be identical to that used for obtaining the standard curve.
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C. List of abbreviations
AFM

Atomic force microscopy

BODIPY-PC

2-(4,4-Difluoro-5,7-Dimethyl-4-Bora-3a,4a-Diaza-s-Indacene-3Pentanoyl)-1-Hexadecanoyl-sn-Glycero-3-Phosphocholine

CD

Circular dichroism

DS

Lateral lipid diffusion coefficient of alpha synuclein

DB

Lateral lipid diffusion coefficient of BODIPY-PC probe

DNBD-PC

Lateral lipid diffusion coefficient of NBD-PC probe

DLL

Lateral lipid diffusion coefficient of a given lipid

DOPA

1,2-dioleoyl-sn-glycero-3-phosphate

DOPC

1,2-dioleoyl-sn-glycero-3-phosphocholine

DPPC

1,2-dipalmitoyl-sn-glycero-3-phosphocholine

DOPG

1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol)

DPPG

1,2-dipalmitoyl-sn-glycero-3-phospho-(1'-rac-glycerol)

DOPS

1,2-dioleoyl-sn-glycero-3-phospho-L-serine

DPPS

1,2-dipalmitoyl-sn-glycero-3-phospho-L-serine

EDTA

Ethylenediaminetetraacetic acid

Endo-S

Endogenous alpha synuclein isolated from red blood cells

ESI-MS

Electro-spray ionization mass spectrometry

FRET

Förster resonance energy transfer

FTIR spectroscopy

Fourier transform infra red spectroscopy

GUVs

Giant unilamellar vesicles

HEPES

4-(2-hydroxyethyl)-1-piperazineethanessulfonic acid

LUVs

Large unilamellar vesicles

MAS-NMR

Magic angle spinning nuclear magnetic resonance

MLVs

Multi-lamellar vesicles

NaCl

Sodium chloride

NaOH

Sodium hydroxide

NBD-PC

1-palmitoyl-2-[6-[(7-nitro-2-1,3-benzoxadiazol-4yl)amino]
hexanoyl]-sn-glycero-3-phosphocholine

NBD-PS

1-palmitoyl-2-{12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]
dodecanoyl}-sn-glycero-3-phosphoserine

NTAc-S

N-terminally acetylated alpha synuclein (expressed in E.coli)

PEG

Polyethylene glycol

POPA

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphate

POPC

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
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POPG

1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol)

POPS

1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine

PTM

Post-translational modification

Rhod-PE

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine
B sulfonyl)

SDS

Sodium dodecyl sulphate

SLBs

Supported lipid bilayers

ssNMR

solid state nuclear magnetic resonance

SUVs

Small unilamellar vesicles

STEM

Scanning transmission electron microscopy

WT-S

Wild type alpha synuclein

XRD

X-Ray diffraction

1-60-S

Truncated variant of wild type alpha synuclein lacking residues 61-140

1-108-S

Truncated variant of wild type alpha synuclein lacking residues 109-140

21-140-S

Truncated variant of wild type alpha synuclein lacking residues 1-20

61-140-S

Truncated variant of wild type alpha synuclein lacking residues 1-60

2D-IR

Two dimensional infrared spectroscopy

S(71-82)

Truncated variant of wild type alpha synuclein lacking residues 71-82
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