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Resumé (danish summary)
Misfoldning af peptider og proteiner til amyloide fibriller og fibrillerings relaterede oligomerer er

associeret til sygdomsmekanismerne bag neurodegenerative sygdomme som Parkinsons,
Alzheimers og Huntingtons syge. Der er en enorm interesse i at udvikle medicin malrettet mod
helbredelse af disse sygdomme. Planlegning af rationelle strategier for udvikling af legemiddel er
dog vanskeligt, sa l&nge at de bagvedliggende molekylere mekanismer i patogenesen ikke er
beskrevet. I denne athandling er neurodegenerative sygdomme og protein misfoldning blevet
adresseret fra forskellige vinkler. Vi har prgvet at forsta, hvordan amyloide fibriller dannes, og
hvordan denne proces kan inhiberes. Derudover, sa har vi analyseret a-synuclein oligomerers
struktur og cytotoksiske mekanisme.

Til at analysere fibrillerings kinetik har vi anvendt det ribosomale protein S6 som modelsystem.
Baseret pa kinetik og matematisk modellering lykkedes det os at adskille bidrag fra forskellige
mekanismer under fibrillerings processen. Serligt interessant var vores opdagelse af, at den
eksponentielle vakst fase i fibrillering, kunne tilskrives sekundare processer frem for primer
nukleering. Generelt forventes det at rate konstanterne for fibril elongering og primar nukleering
@ges, nar protein koncentration stiger. Mod forventning, har vi vist hvordan, fibrillering af S6 bliver
inhiberet ved hgje protein koncentrationer pga. dannelse af oligomerer, som ikke er en del af
fibrillerings processen.

Det primare fokus i denne athandling har varet at belyse strukturen og de toksiske egenskaber af
oligomerer dannet af det presynaptiske protein a-synuclein (aSN), som er kedet sammen med
Parkinson syge. Analyser med smavinkelspredning af rgntgen (SAXS) stemmer overens med en
struktur model for aSN oligomeren hvor formen er en langstrakt ellipse med en fast kerne og en
diffus ydre skal. Dimensionerne af strukturmodellen, bestemt ved SAXS, stemmer overens med
andre biofysiske teknikker. Fourier transform infrargd spektroskopi (FTIR) og cirkuler dikroisme
viser at den sekundere struktur af kernen er domineret af bandformede strukturer (pa engelsk f-
sheets), imens FTIR og kernemagnetisk resonans (NMR) spektroskopi bekrefter tilstedevarelsen af
ustrukturerede regioner i skallen. Med NMR har vi bestemt hvilken del af aSN sekvensen der
indgar i kernen of hvilken del der udggr det diffuse ydre lag.

Oligomerer anses ofte for at vere direkte associeret med fibrillerings processen. Med kinetik forsgg
og modellering heraf, har vi illusteret hvordan aSN oligomerer ikke er ngdvendige intermediater 1
fibrillerings processen, men i stedet tilhgrer en anden aggregerings proces.

Et af de helt store spgrgsmal i amyloid feltet er hvordan oligomerer kan drabe nerveceller, og
hvorvidt dette er relevant. Den mest udbredte hypotese er at oligomerers cytotoksiske egenskaber er
forbundet med deres evne til at permeabilisere cellemembraner. Det er anerkendt at aSN oligomerer
interagerer favorabelt med negativt ladede vesikler, og vi har demonstreret, hvorledes de fgrste 12
N-terminale aminosyrer er essentielle for denne interaktion. Baseret pa den nuverende litteratur
kombineret med vores oligomer-membran interaktions forsgg, spekulerer vi, at interaktionen er
drevet af en kombination af elektrostatiske og hydrofobiske interaktioner. Endvidere, har vi vist



hvordan smamolekylet epigallocatechin gallate (EGCG) inhiberer oligomer cytotoksitet ved at
interferere med oligomer-membran interaktioner.

Alt T alt, sa presenterer vi ny indsigt i de forskellige processer, som er involveret i fibrillerings
processen og giver eksempler pa mangfoldigheden i energi landskabet for protein foldning og
aggregering. Yderligere, sa presenterer vi ny viden indenfor a-synuclein oligomerer, serligt om
deres struktur, rolle i fibrillerings processen og deres cytotoksiske egenskaber.



Summary
The misfolding of a range of peptides and proteins into amyloid fibrils and pre- or non-fibrillar

oligomers has been linked to the pathogenesis of neurodegenerative diseases, such as Parkinson’s
Disease (PD), Alzheimer’s Disease and Huntington’s Disease. There is an immense interest in the
discovery of medicine targeted towards these diseases. The development of rationally designed drug
discovery strategies is challenged by the lack of knowledge of the behind lying molecular
mechanisms. In this thesis we have addressed neurodegenerative diseases and protein misfolding
from different angles. On one side looking at the assembly process of amyloid fibrils, and inhibition
hereof, and on the other side looking at the structure and toxicity of oligomers.

In our study of fibril formation we have used the ribosomal protein S6 as a model system. From
systematic kinetic experiments of seeded fibril formation combined with kinetic modeling, we have
been able to separate the contributions from different mechanisms in the assembly process. Of
particular interest was the finding that the exponential phase in the growth phase of fibril formation
is the consequence of secondary processes rather than primary nucleation. Generally, the rate
constants of primary nucleation and fibril elongation are expected to increase together with
increasing protein concentration. S6 is the unusual exception and we found that fibril formation was
inhibited at high protein concentrations due to the formation of oligomers that were off-pathway to
fibril formation.

The primary focus of this thesis has been to elucidate the structure and toxic function of oligomers
formed by the presynaptic protein a-synuclein (aSN), which is linked to PD. Building on previous
studies we have established a new low-resolution structural model of aSN oligomers. Small Angle
X-ray Scattering (SAXS) data is consistent with a prolate ellipsoid, where the oligomers is build up
by a solid core surrounded by a disordered shell. The oligomer dimensions as determined with
SAXS are confirmed with other biophysical techniques. Fourier transform infrared spectroscopy
(FTIR) and circular dichroism assign the secondary structure of the core to be built up by B-sheets
and FTIR and Nuclear Magnetic Resonance (NMR) spectroscopy confirm the appearance of
disordered polypeptide. With NMR we have assigned the residues that are located in the core and
which are in the shell.

Oligomers are often considered to be on-pathway in fibril formation. By kinetic experiments and
kinetic modeling, we have illustrated that aSN oligomers are not obligate intermediates in the
process of fibril formation but instead likely to be off-pathway.

One of the key questions in the amyloid field is how oligomers can induce neuronal damage and
whether this is relevant. One popular hypothesis is that oligomers can permeabilize cell membranes
and thereby lead to cell death. aSN oligomers are known to interact strongly with anionic vesicles
and we have demonstrated how the first 12 residues of the N-terminus are crucial for this
interaction. Based on the current literature combined with our oligomer-membrane interaction
studies we speculate that the interaction is driven by a combination of electrostatic and hydrophobic
interactions. Furthermore, we present a case study on the potential of small molecules to inhibit
oligomer cytotoxicity by interfering with oligomer-membrane interactions.



In conclusion, we present new insight on the different processes involved in fibril formation and on
the multitude of the energy landscape of protein folding and aggregation. Moreover, we present
novel data on the structure of aSN oligomers, their role in the fibrillation pathway and on their
cytotoxic properties.
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INTRODUCTION PART



1. PARKINSON’S DISEASE

The second most common neurodegenerative disease (after Alzheimer’s Disease) is Parkinson’s
Disease (PD) and in Western Europe the prevalence is 0.16 %, increasing with age to 2.7 % for men
and 2.0 % for women above 84 years (1). Together with the ageing population of the Western world
the prevalence of PD is expected to increase. Common symptoms are motor symptoms as
bradykinesis, shaking and rigidity, and non-motor symptoms as dementia, sleep difficulties,
depression and behavioral problems as apathy and impulsivities (2). As of today there is no cure
towards PD, but it is possible to treat symptoms to a certain degree (3). There are two pathological
hallmarks of PD (1) degeneration of dopaminergic neurons in the substantia nigra (50-70 %),
however not only restricted to substantia nigra, neurodegeneration is also observed in other brain
regions (4). (2) the second hallmark is the accumulation in survival cells of Lewy bodies (LB),
primarily consisting of insoluble amyloid material (see chapter III) which is able to spread form
cell to cell in a prion-like fashion (5,6).

The presynaptic protein a-synuclein (aSN), which is widely expressed in the brain (7), was found to
be the main constituent of LB (8,9). Many subsequent studies have suggested a direct link between
LB formation and cell death (10-14). Today, the attention has shifted from insoluble fibrils towards
soluble oligomers (see Article II).

Another argument for the link between PD and oSN arose from genetic studies where point
mutations in the gene coding for aSN (SNCA) were found to be connected with familial PD (15-
17). Most instances of PD occur sporadically but approx 10 % originates from gene modifications
e.g. by triplication of the aSN locus (18).

ALPHA-SYNUCLEIN

aSN is a 140 amino acid protein lacking both cystein and tryptophan residues. It is an intrinsically
disordered protein (IDP), lacking persistent structure under physiological conditions (19). The
association of aSN with membranes (20,21) is believed to be important for both the physiological
role and in the pathogenesis of PD. Even though the physiological role of aSN is still under debate,
it is reported to interact in vivo with proteins such as Synphilin-1 (22), the chaperones Hsp70 and
Hsp40 (23), CSPa and SNARE proteins (24) in the membrane interface of synaptic vesicles, where
it may play a role in the regulation of synaptic plasticity, vesicle recycling and neurotransmitter
release (25). This is consistent with the finding that ca. 15 % of aSN is associated with membranes
in neurons (26).

The N-terminal region (residues 1-60) is important for membrane interaction (Fig. 1) where
especially the initial 12 residues have been found to be essential (see Article IX) (27,28). The N-
terminal region consist of 5 imperfect 11 residue repeats and is highly positively charged with a
theoretical pl of 9.5, remarkably high when considering that the theoretical pl of the full protein is
4.7.
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N-terminal; residues 1-60; pI = 9.5
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NAC; residues 61-95; pl =4.5

B QN GENEEGAPQR GILEBMPVEPENEAYEMPSE BGYQBYEPEA

C-terminal; residues 96-140; pI = 3.8

Fig 1. In the top is the structure of a-synuclein bound to SDS micelles, with the N-terminal marked
in black (rest is grey). From (29). At the bottom, is the amino acid sequence of aSN. Acidic residues
are marked red and basic residues are marked blue. pl is theoretical and calculated with ExPASY.

The NAC (non-A beta component) region was initially discovered in amyloid material found in
Alzheimer’s disease (30). It is hydrophobic with only few charged residues and it is believed to
build up the core of the amyloid fibril (31) and oligomer (32,33) structures. Also, the NAC region
and N-terminal forms an a-helical structure upon interaction with membranes (20,34).

The C-terminal (residue 96-140) (Fig. 1) is highly acidic with a theoretical pI at 3.8, rich in proline
and posses no structural propensity. The C-terminal sequence is typical of an IDP; high overall
charge resulting in strong electrostatic repulsion and low overall hydrophobicity reducing the
driving force for protein folding (see chapter II) (35).

14



2. PROTEIN FOLDING AND STABILITY

PROTEIN FOLDING

A native protein is a polypeptide in its predominantly biologically relevant state e.g. an enzyme in
its active conformation. For globular proteins the native state is the 3 dimensional organization of
the polypeptide chain in o-helices, B-sheets and loops. The process in which the disordered
polypeptide arranges into the ordered native state is called protein folding. Depending on the
protein in question, the disordered state, typically called the unfolded or denatured state, is typically
considered to be an ensemble of structures ranging from fully disordered to relative well-defined
conformations (36,37). Whereas the denatured state is difficult to characterize due to its lack of
global structure, the native state is in the simple case a well-defined conformation that can be
determined at high resolution by e,g. NMR and X-ray crystallography.

In 1968, Cyrus Levinthal used a simple thought experiment to illustrate that protein folding on
biologically relevant timescales cannot be achieved by a random sampling of all possible
conformations of the polypeptide chain (38). Assuming the gross simplification that each peptide
bond has only three allowed combinations of so-called ¢ and y torsion angles (39), a 101 residue
protein, with 100 peptide bonds, could potentially sample 3'® different conformations before
finding the correct fold. Assuming a fast sampling rate at the nano- or picoseconds scale, then the
protein could be sampling conformations at a time scale longer than the age of the universe, before
arriving at the native conformation. Since most small proteins fold within milli- or microseconds,
the folding pathway must be biased possibly directed by folding intermediates. This is today known
as Levinthal’s paradox.

There exist different models of protein folding. The nucleation-condensation model, where
secondary and tertiary structure forms simultaneously (40) is one of the most recognized models as
it include features from existing models as the hydrophobic collapse theory. Polypeptide chains
consist of alternating hydrophilic residues, which can hydrogen bond to water molecules in aqueous
solutions, and hydrophobic residues which are nonpolar and poorly soluble in water. Folded
proteins often have a central core which is primarily build up by hydrophobic residues. On the
protein surface, i.e. the protein-water interface, there are primarily hydrophilic residues. The
hydrophobic-collapse model explains how formation of contacts between hydrophobic side chains
assist the folding process (41). Another recognized model is the diffusion-collision model where the
formation (sometimes transient) of micro domains in the denatured state helps to guide the folding
process (42).

Christian B. Anfinsen received the Nobel Prize in chemistry in 1972 for his work on ribonuclease.
He demonstrated that the folding of ribonuclease in vitro can be a reversible process (43). He also
established how protein folding could be a reversible process (44) which led to the thermodynamic
description of protein folding where the native state is a free energy minimum. Today, protein
folding is generally perceived as being possible by means of the funnel-shaped energy landscape of
the reaction (45,46) which have been optimized through evolution (47) (Fig. 2).
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Figure 2. The funnel-shaped energy landscape of protein folding. Examples of protein
conformations are shown. From (48).

The width of the folding funnel is the configurational entropy (S) and the depth reflects the internal
energy of the configuration (E). As a protein proceeds down the funnel, S decreases whereas the
enthalpy (H) increases. The entropy decrease is due to restrictions in the degree of freedom, the
number of accessible conformations, of the polypeptide chain, and is counteracted by the release of
water. The increase in H is the consequence of the formation of non-covalent interactions formed in
the folding process. E decreases as we go down the funnel as the protein becomes more stable.

PROTEIN STABILITY

The analysis of protein stability is an important task in the pharmaceutical industry when
developing protein-based pharmaceuticals. It can be a tremendous challenge to formulate a protein
which is expected to remain stable in solution at room temperature for several years (49). In the
following section I will discuss the thermodynamic stability of proteins. Another essential factor in
protein science, that often is prerequisite for the analysis of proteins, is the protein’s chemical
stability. Examples of concerns are the cleavage of peptide bonds, oxidation of methionine residues
at high temperature and elimination or interchange of disulfide bridges. An example of a classical
chemical stability problem is the hydrolysis of the peptide bond of aspartic acid at low pH. We
encountered this problem with the ribosomal protein S6 when incubated at low pH for several days
(Article II). This was circumvented by substitution of the aspartic acid with an alanine (D55A),
thereby preventing hydrolysis and yielding a native state that remained similar to that of the wild-
type protein.

As proposed by the nucleation-condensation model, protein folding is considered as a cooperative
process where the secondary and tertiary structure (un)fold simultaneously. This all or none, two-
state, behavior where only the denatured state (D) and native state (N) are populated, is valid for
small globular proteins, whereas the folding of larger proteins might be the sum of the folding of
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several individually two-state folding domains (50,51). When the process is cooperative then
protein folding can be described as a unimolecular reaction where D and N exist in equilibrium:

DSN

v}

Kpn=7y (D

Where Kpn is the equilibrium constant. In a thermodynamically reversible system where
temperature (7) and pressure are constant the thermodynamic parameters (discussed above) are
related as follows:

AG = AH — TAS )

The protein stability is defined as the difference in free energy (AGp.n) between the free energy of
Na (Gn) and D (Gp), and at any condition in the folding reaction the conformation with the lowest
free energy will be the most stable, hence most populated state. Proteins are only marginally stable,
and AGp.nis normally in the range of 5-10 kcal/mol (52). Thus AGp.xis the delicate balance of AS
versus AH. Since AS and AH are difficult to determine experimentally, 4Gpn is generally
determined by estimation of the equilibrium using the following relationship

AGp_n = —RTIn(Kp-n) (3)

Where R is the gas constant.

HOW TO DETECT CONFORMATIONAL CHANGES IN PROTEINS

When analyzing protein folding, misfolding (see chapter 3) and protein stability it is crucial to be
able to experimentally distinguish the denatured state from the native state and any possible
intermediates. Below I discuss only methods of relevance for the research part and have therefore
excluded some important methods such as differential scanning calorimetry (53), which is one of
the standard methods to probe conformational changes in proteins.

CIRCULAR DICHROISM

Circular dichroism (CD) is a unique method to analyze the structure and stability of proteins. When
circularly polarized light travels through a CD active sample, then chiral molecules can lead to a
difference in absorbance of left and right circulary polarized light. This difference leads to a CD
signal. In the Far-UV region (180-250 nm) CD stems from the absorption of peptide bonds which
leads to different spectra for different secondary structures as depicted in Figs. 3 and 4. Thus, CD
provides an average measurement of the secondary structure content of the protein sample and
based on the basis spectra (Fig. 3) it is possible to determine the content of different secondary
structure elements by linear combination or deconvolution (54).

In the near-UV region (260-300 nm) it is the aromatic side chains (Trp, Tyr and Phe), cysteine
bridges and prosthetic groups which lead to absorption (55). The CD signal is sensitive towards
environmental changes in the vicinity of these residues, consequently providing a measure of the
tertiary structure.
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Figure 3. Far-UV circular dichroism. Poly-L-lysine in a-helical (1), antiparallel p-sheet (2) and
extended (3) conformations. Also, collagen is shown in its native triple-helical state (4) and its
denatured state (5). From (56)

FLUORESCENCE SPECTROSCOPY

The phenomenon of fluorescence is based on the excitation of electrons to an excited state by light.
When the electrons return to the ground state the energy is emitted as light at a longer wavelength
than that of the light that excited the electron (57). Fluorescence spectroscopy is a strong technique
in protein science due to the sensitivity of the method and the occurrence of intrinsic fluorophores
in proteins; the aromatic residues tryptophan (Trp), tyrosine and phenylalanine. Especially Trp is an
important probe, as it has the highest quantum yield of the aromatic residues, which is defined as
the ratio of photons emitted and the photons absorbed (57). Trp is normally excited at 280-295 nm
and emits light at 330-360 nm. The emission spectrum of Trp is highly sensitive to the polarity in its
vicinity. Since Trp is a hydrophobic amino acid it is often found buried in the hydrophobic core of
folded globular proteins. When in the hydrophobic core, of the native protein, the emission spectra
will have a different intensity and Ay.x compared to when Trp is positioned in a hydrophilic local
environment. Consequently Trp fluorescence is an efficient probe of changes in the tertiary
structure (Fig. 4).

Another useful way to probe different conformational states of proteins with fluorescence
spectroscopy is by extrinsic fluorescent probes. Especially probes that change their fluorescence
properties upon binding to hydrophobic regions, e,g. Sypro Orange and ANS (58), are very useful
in protein folding studies. Also, in Article I and Fig. 9A, are examples on how the fluorophore
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Thioflavin T (ThT) can be used to monitor protein aggregation, due by recognition of a specific
structural motif.

MEASURING THE HYDRODYNAMIC DIMENSIONS OF PROTEINS

As discussed above, a protein in its native state will have a more compact and well-defined
structure than in its denatured state. Therefore the hydrodynamic volume of a native protein will
appear smaller than of the denatured protein. The difference in hydrodynamic volume can readily
be measured with light scattering methods as dynamic light scattering (DLS) where the diffusion
rate of proteins can be translated into the corresponding hydrodynamic radius. DLS can reliably
differentiate between the denatured and native state of proteins (59).

Standard size-separation methods such as native gel electrophoresis and size-exclusion
chromatography (SEC) can also be used to distinguish between different conformational states,
based on differences in their hydrodynamic dimensions. The denatured protein has the shortest
elution time as it will have a shorter way through the column compared to the corresponding native
protein.

PROTEIN DENATURATION

To understand how proteins denature, i.e. how the equilibrium in equation 1 becomes shifted
towards D, is important when determining the protein stability and when aggregation should be
prevented. Protein denaturation is often induced by high temperature, low or high pH and with
chemical denaturants.

SOLVENT DENATURATION

Changes in solvent conditions can be used to alter the ratio of D to N. This is normally achieved by
addition of chemical denaturants as urea, guanidinium hydrochloride and guanidinium thiocyanate,
which at high concentrations will favour D. These denaturants are chaotropes as defined by the
Hofmeister series (60) and lead to protein denaturation by increasing S of the system. Chaotropes
interact with the polypeptide chain thereby solubilizing the protein, making non-covalent
interactions less favorable (61). Chemical denaturants are routinely used to determine protein
stability in equilibrium unfolding studies. For an apparent two-state folding protein, the fraction of
folded protein as a function of the denaturant concentration is described by a sigmoidal transition as
shown in Fig. 4 for the equilibrium unfolding of FK506-binding protein. This is an example of
cooperative folding where the transition regions of the secondary structure and tertiary structure, as
probed with Far-UV CD and Trp fluorescence, respectively, coincide. The protein stability in water,

AG]I;EI(\)I, can be determined with equation 3 and by determining Kpn at several denaturant
concentrations and extrapolating the stability using the following relationship

AGp_N = AG]I;EI(\)I + mp_y * [Denaturant] 4)

Where mp.y is the proportionality constant between denaturant concentration and AGp.n, and is
correlated to the difference in solvent-accessible surface area between D and N (62)
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Figure 4. Fraction of folded FK506-binding protein estimated with Far-UV CD at 222 nm and Trp
fluorescence at 356 nm with best fits shown. From (63).
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3. AMYLOID FIBRILS, OLIGOMERS AND INHIBITION

AMYLOID FIBRILS

In 1984, Rudolph Virchow introduced the term “amyloid” based on his observation that amyloid
material could be stained by iodine, in similar fashion as starch which in Latin is “amylum” (64).
Going from a rare phenomenon, only observed in uncommon diseases, amyloid fibrils is today
acknowledged as an important subject within fields as protein science, medicine, chemistry,
nanoscience and microbiology. Amyloid fibrils are normally observed as long filaments, having a
diameter of 3-10 nm (65) and of indefinite length (Fig. 5).
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Figure 5. Transmission electron microscopy picture of glucagon amyloid fibrils, from (66).

More than 30 links between diseases and the formation of amyloid fibrils is known, including
neurodegenerative diseases as Parkinson’s Disease (see chapter 1) and Alzheimer’s Disease,
systemic amyloidosis as AL and AA amyloidosis and localized diseases as Type II diabetes (67).

In recent time a new class of amyloid fibrils, the “functional amyloids”, has emerged and it is now
evident that amyloid fibrils are not only related to disease. The best characterized example of
functional amyloid is the use of amyloid fibrils by bacteria. They take advantage of the stability of
amyloid fibrils in respect to dissociation and protease digestion and use them in the build-up and
stabilization of biofilms. The responsible proteins have been characterized for several bacterias
including Streptococcus mutans (68), Escherichia Coli (69), Bacillus subtilis (70) and different
Pseudomonas species (71) and their conversion into fibrils have been correlated with biofilm
formation. Two other remarkable examples of functional amyloids is the case of fibrils as the
natural storage of peptide hormones in secretory granules (72) and the example of seemen-derived
fibrils which enhance HIV infection (73).
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PROTEIN MISFOLDING

Today numerous proteins have been identified to be able to form amyloid fibrils and whereas
controversial when proposed (1999), it is now generally believed that fibril formation is a generic
property of the polypeptide chain (74). Instead of discussing separate cases the amyloid community
now discusses the amylome (75). The unambiguous existence of amyloid fibrils as an accessible
conformational state have challenged the conventional view on the energy landscape of protein
folding, as funnel-like for smaller proteins with the native state as a free energy minimum (see
chapter 2).

Entropy

| amorphous
aggregate

1
IJ >
ordered
aggregate

native
state

Energy

oligomer

amyloid fibril

Figure 6. Illustration of the energy landscape of protein folding (light grey) and aggregation (dark
gray).Possible protein conformational states is depicted on the figure. From (76).

The energy landscape of protein folding is now often seen extended to a protein folding and
aggregation energy landscape (Fig. 6). Folding is not always smooth and especially larger proteins
can have rough energy landscapes where partially folded structures, either as intermediates in the
folding process or off-pathway, can be populated (77). It is often speculated that these folding
intermediates are involved in the onset of fibril formation. Intriguingly, amyloid fibrils appear to
have a deeper free energy minimum than the native state, thus thermodynamically more stable (Fig.
6). This have been confirmed experimentally by estimation of the thermodynamic stability of the
fibril state of different peptides and proteins using chemical denaturation (see chapter 2) (78). The
reversible nature of amyloid fibrils has been confirmed with pressure induced dissociation
experiments supporting the view that the native and fibril state exist in equilibrium (79). This lead
to an interesting question; if the fibril state is the thermodynamically most stable, then why do we
not see more cases of fibril formation within the human body than what is already the case? One
important reason is the house keeping system of the cell where evolution have fine tuned
chaperones and turnover mechanisms to maintain proteins in their native state. Secondly, even

22



though the fibril state might be thermodynamically more stable, the energy barrier which a protein
has to climb to initiate fibril formation might be astronomic under physiological conditions.
Consequently, the native state is perhaps the most populated state due to its kinetic stability.

A remarkable correlation between the rate of fibril formation in vitro and the proteins expression
level in vivo has been established based on a range of proteins (Fig. 7). This suggest that proteins
have been optimized through evolution to have a solubility which match their concentration level in
the cell (80). That this might indeed be a delicate balance is supported by the finding that
triplication of the gene coding for aSN (SNCA), which leads to an increased expression of aSN,

causes familial PD (18).
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Figure 7. The in vivo expression level plotted as a function of the in vitro aggregation rate. From
(80).

It is still an open question whether amyloid fibrils lead directly to cell death in neurodegenerative
diseases. Today it is widely believed that none- or pre-fibrillar oligomers might be the toxic agents
in neurodegenerative diseases. There are however still reports which correlate the formation of
amyloid fibrils and in vitro toxicity (81). One speculative hypothesis suggest that everything which
is misfolded in a cell might interact inappropriately with proteins or other cellular entities, leading
to a disturbance of cellular processes (82).

AMYLOID FIBRILS SHARE A COMMON STRUCTURAL MOTIF

The cross-f ultra structure is the common structural motif of amyloid fibrils. Proteins are arranged
in B-sheets perpendicular to the fibril axis (Fig. 8) (83,84). The structural model in Fig. 8 is of one
single fibril which is often termed protofibril (or protofilament) and some fibrils are formed by the
alignment of several protofibrils forming the mature fibril. Whereas the ultra structure of fibrils is
defined it is still limited with high-resolution descriptions of fibril structures.
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Figure 8. A: Ribbon diagram of the Amyloid-f;.49 protofibril showing the cross-f motif based on
solid-state NMR data and fits constraints from EM, x-ray scattering, EPR and biochemical
techniques, from (85).

However techniques as X-ray diffraction of microcrystals (86) solid-state nuclear magnetic
resonance spectroscopy (NMR) and cryo-electron microscopy (85,87-90) have provided high-
resolution structures of short peptide sequences. Based on current high-resolution structures it is
seen that the cross-f structure is tightly packed and sheets are highly complementary by elaborate
hydrogen bonding and strong adhesive forces, which is termed steric zippers (86,91).

Despite the shared cross-f3 motif of fibrils there are many different types of fibrils. It can even be
possible for a single protein to form different types of fibrils and this phenomenon is called
polymorphism (14,66,90,92,93). This is also depicted in the energy landscape of protein folding and
aggregation in Fig. 6. Polymorphism is often a practical problem in structural determination and
kinetic analysis of fibrils.

THE PROCESS OF FIBRIL FORMATION

It is generally agreed that fibril formation is a nucleation dependent process (94,95). This is one of
the reasons for the sigmoidal profile often observed for fibril formation. On Fig. 9A, three phases
are marked (1) the nucleation phase (2) the growth phase and (3) the saturation phase. In the
nucleation phase, monomers come together to form the nuclei (Fig. 9B) i.e. the early pre-fibrillar
oligomer. This is the primary nucleation which is the rate limiting step in fibril formation. When the
fibril nucleus is formed the subsequent elongation i.e. association of monomers (Fig. 9B) is a
favorable process (95). In the growth phase, primary nucleation and fibril elongation occur together
with secondary processes which lead to the formation of additional growing ends capable of
elongation, and it seems that the secondary processes dominate the growth phase compared with
primary nucleation (96,97). Several types of secondary processes are known but the best described
is the breaking of fibrils which lead to a doubling of growing ends, as illustrated in Fig. 9B (97,98)
(see Article IV).
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Figure 9. A: Fibril formation measured with ThT fluorescence, from (99). B: schematic
representation of fibril nucleation, elongation and secondary nucleation, from (97).

The saturation phase is the situation where free monomer and monomer incorporated into fibrils is
in equilibrium, meaning that the rate of monomer elongation is equal to the rate of monomer
dissociation. Thus the sigmoidal profile of fibril formation is the product of a combination of
different microscopic processes, which have recently been described mathematically (97,100-103)

In the above description of the fibril formation process I have confined myself with the model of
nucleation polymerization combined with secondary processes (100-102) as this is the basis of the
kinetic modeling included in Articles IV & VIII. Thus I have neglected the description of other
models e.g. the Nucleation Conformational Convertion theory (104,105) Also, I have assumed that
the elongating species is monomers rather than oligomers, which will be discussed in Articles IV &
VIIL

REVIEWS

In the following three reviews we have discussed several important subjects relevant for the
research part. In Article I, we have discussed purification of aSN, methods to detect fibril
formation and how to set up robust fibrillation assay. This review is practical and highly relevant
for all articles in the research part. In Article II, we zoom in on aSN oligomers, discussing their
structure and their role in the process of fibril formation. Furthermore, we discuss their ability to
interact with membranes and how this relates to toxicity. With Article III, we complete the
introduction part, with a discussion of different strategies and examples on how to inhibit the
formation and toxicity of amyloid fibrils and oligomers.
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This review describes different ways to achieve and monitor reproducible aggregation of a-synuclein, a
key protein in the development of Parkinson’s disease. For most globular proteins, aggregation is pro-
moted by partially denaturing conditions which compromise the native state without destabilizing the

Keywords: intermolecular contacts required for accumulation of regular amyloid structure. As a natively disordered

Amyloid protein, o--synuclein can fibrillate under physiological conditions and this process is actually stimulated

El;teﬂrea,deTr assay by conditions that promote structure formation, such as low pH, ions, polyamines, anionic surfactants,
1011avin

Shared micelles fluorinated alcohols and agitation. Reproducibility is a critical issue since a-synuclein shows erratic fibril-
sDS lation behavior on its own. Agitation in combination with glass beads significantly reduces the variability
of aggregation time curves, but the most reproducible aggregation is achieved by sub-micellar concentra-
tions of SDS, which promote the rapid formation of small clusters of a-synuclein around shared micelles.
Although the fibrils produced this way have a different appearance and secondary structure, they are rich
in cross-p structure and are amenable to high-throughput screening assays. Although such assays at best
provide a very simplistic recapitulation of physiological conditions, they allow the investigator to focus
on well-defined molecular events and may provide the opportunity to identify, e.g. small molecule inhib-
itors of aggregation that affect these steps. Subsequent experiments in more complex cellular and whole-
organism environments can then validate whether there is any relation between these molecular inter-
actions and the broader biological context.

Trifluoroethanol
Natively disordered proteins
Alpha-synuclein

© 2010 Elsevier Inc. All rights reserved.

1. Protein aggregates/fibrils/amyloids: friends or enemies? specifically on the formation of the amyloid end product, rather
than ways to optimize accumulation of the presumably cytotoxic
prefibrillar aggregate, whose properties are deserving of a separate

article.

Over the last few decades, protein aggregation gone from being
an irritating side product in the test tube to becoming a subject of
great interest. This has been stimulated by the realization that a
large and growing number of diseases are associated with the for-
mation and accumulation of protein aggregates [1]. The ability to
form amyloid structures has also been exploited by living systems,
where proteins forming fibrils during the normal life-cycle have
functional rather than disease associated properties [2-5]. Thus,

2. How to obtain high yields of pure aSN: boiling or periplasmic
purification

A prerequisite for characterizing the fibrillation process of oSN

understanding the structural features of fibrils, as well as the pro-
cesses leading to their formation is important for designing new
drugs as well as in development of new nano-biomaterials such
as nano-tubes, wires, and scaffolds [6]. Understanding the process
of amyloid formation requires an ability to reproduce this aggrega-
tion under controlled circumstances, in other words the develop-
ment of robust aggregation assays. The following review focuses
on ways in which this has been developed for a-synuclein (aSN),
a key player in the development of Parkinson’s disease. We focus

Abbreviations: cac, critical aggregation concentration; scc, super-critical
concentration.
* Corresponding author. Fax: +45 86 12 31 78.
E-mail address: dao@inano.au.dk (D.E. Otzen).

1046-2023/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.ymeth.2010.12.008
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is high amounts of highly pure protein. This makes it desirable to
have a simple and high yielding protocol of aSN expression and
purification. Recombinant aSN is easily expressed in Escherichia
coli [7] and the purification has mainly exploited acid precipita-
tion or boiling of cell lysate [8]. We initially purified oSN by boil-
ing cell lysate released by sonication of the cells. Such a step
precipitates most of the natively folded cytoplasmic proteins
through unfolding to a “sticky” thermally denatured state. By
its very nature, this transformation is not possible for oSN, allow-
ing it to remain in solution. The boiling step is followed by two
successive chromatographic steps of ion-exchange and size-exclu-
sion [9,10] resulting in a high purity of oSN estimated by SDS-
PAGE and a yield of 50-60 mg/mL oSN per liter culture [9,10].
However, when we apply such a purification protocol, SDS-PAGE
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reveals two bands (Fig. 1A insert). The expected full-length oSN
in band A has the expected 14.46 kDa weight by full-length MS
(Fig. 1A) but migrates at 18 kDa, probably due to poor binding
of SDS to the acidic tail of oSN [8]. The much fainter band B
shows a mass of approximately 12.1 kDa (Fig. 1B) but an intact
N-terminal, corresponding to a C-terminal truncated oSN of 120
amino acids. Later, oSN expressed by E. coli was observed to be
localized in the periplasm [8]. This led to a new two step method
for purifying oSN [8] of (1) an osmotic shock releasing oSN from
the periplasm and (2) ion-exchange chromatography to remove
other periplasmic proteins. We have used this approach in combi-
nation with an additional size exclusion step to obtain approxi-

mately 60-65 mg/mL oSN per liter culture. In our experience
this leads to a very pure aSN preparation without degradation
bands (Fig. 1C lane 0 min). In contrast, degradation bands accu-
mulate upon exposure to 100°C already after 10 min (Fig. 1C).
Thus we recommend to use either the method developed by
Huang and co-workers [8] or an initial sonication releasing cyto-
solic and periplasmic protein followed by acid precipitation with
HCI*° at pH 3.5 in 20 min. This precipitates the majority of the
contaminating proteins, leaving 80-90% pure aSN is in the solu-
ble fraction. We do not observe any degradation products caused
by acid hydrolysis. A subsequent ion-exchange chromatography
step is sufficient to obtain pure oSN.

A 100
4 —
=
§ 25 KDa v
£ 1 ,
A< A
18 KDa ln— B
P
0 .
0 25000
B 1004
=
=
g
: 12172
14505
0 f“*““w y M : ; 2
0 miz 25000
g Omin 5min 10min 30min 1 hrs 2hrs 3hrs
-t
66 KDA e
- —
| —
25 KDA

-

—_

-

Fig. 1. Purification of aSN. (A) Mass spectrometric profile of the major band A migrating at 18 kDa in the SDS-PAGE gel insert. Notice the major peak of 14,477 kDa
corresponding to full-length oSN (exact molecular weight: 14,460 Da). (B) Mass spectrometric profile of band B. The peak at 12,172 Da has an intact N-terminus, indicating
that it is a C-terminal truncation cleaving after either Pro120 (molecular weight: 12,111 Da) or Asp121 (molecular weight: 12,226 Da). (C) SDS-PAGE of purified oSN
incubated in PBS buffer at 100° C for the indicated lengths of time. The lower band corresponds to band B in panels A and B.
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3. How to transform a soluble protein to an aggregate: finding
the right window of destabilization

Amyloid fibrils normally form in a process where soluble pro-
tein is converted to insoluble proteinaceous aggregates of an
essentially uniform, highly ordered, B-sheet rich structure (though
soluble amyloid fibrils have also been detected [11]). The conver-
sion typically involves dramatic structural rearrangements and is
not restricted to proteins of specific structural classes. Proteins
which in their native state are as diverse as B-sheets [12,13], B-bar-
rels [14,15], B-sandwiches [16], a-helices [17,18], o/B mixtures
[19,20] or even natively unfolded proteins [21] have been observed
to fibrillate. Fibrillation of such globular proteins generally requires
a population of fibrillation-competent partially unfolded confor-
mations. Consequently fibrillation is promoted by conditions that
destabilize the native fold, such as mutations, changes in pH, addi-
tion of denaturants and detergent and/or elevated temperature
[22]. Such conditions typically expose otherwise buried hydropho-
bic regions in the protein, promoting intermolecular interactions
with identical regions in other proteins and the formation of higher
order species. These phenomena have been documented for several
globular proteins including B,-microglobulin [23,24], S6 [25], hu-
man lysozyme [26] and insulin [27] and this mechanism probably
accounts for the conversion of many globular proteins into amyloid
fibrils. However, fibril formation under conditions where the na-
tive state is the most stable species has been reported for Drosoph-
ila melanogaster acylphosphatase [28], which is suggested to
aggregate directly from its native-like structure followed by a con-
version into amyloid-like fibrils [28-30]. A similar model has been
proposed for insulin incubated at low pH, where insulin oligomers/
aggregates have almost the same o-helical content as the native
structure and the conversion into B-sheet rich fibrils occurs later
in the process [30]. Such models propose two distinct pathways
for protein unfolding and misfolding, highlighting that multiple
pathways for protein aggregation exists.

It is important to keep in mind that the chosen destabilizing
conditions should not be so harsh as to completely destabilize
intermolecular interactions. To force a very stable globular protein
to fibrillate, one strategy would be to combine low concentrations
denaturant/detergent with elevated pH and/or elevated tempera-
ture, thus avoiding high denaturant and detergent concentrations
[25]. In addition, inorganic anions and cations that shield electro-
static repulsions between charged amino acids in the polypeptide
chain (especially important at extreme pH) promote fibrillation
[25,31]. Additional stress can be provided by agitation. Thus, as a
rule of thumb when setting up a primary fibrillation assay of glob-
ular proteins, knowledge about the stability of a given protein
should be combined with appropriate salts/metal ions and agita-
tion. Having succeeded in establishing conditions in which the
globular protein of interest fibrillates, one can start to fine-tune
the setup to conditions most relevant for the issue in question, as
well as fine-tuning the reproducibility.

In contrast, some proteins have a high degree of structural dis-
order in their native state and are characterized as natively un-
folded [32]. They lack significant intra-chain interactions, existing
in a very dynamic ensemble of different “unstructured” states.
These proteins actually have to gain structure in order to form fi-
brils [33]. Refolding may be mediated by ligands, other proteins,
membranes or changes in pH and ionic strength. In the absence
of such conformational constraints these proteins would be
expected to be less conformationally restricted and be expected
to polymerize into fibrils much more readily than tightly packed
globular proteins [33]. In addition to the “stars of the show”, A
and tau (Alzheimer’s) and o-synuclein (Parkinson’s disease), other
examples of natively unfolded proteins involved in amyloidegenic

29

diseases include islet amyloid polypeptide IAPP (type II diabetes)
[34,35]. Furthermore, the peptides ABri and ADan (which arise
from abnormally elongated translation of the Bri gene and lead
to Familial British and Danish Dementia, respectively) assume no
regular folded structure in solution as monomers [36]. It is proba-
bly no coincidence that the protein CsgA, which forms the main
component in naturally occurring E. coli curli fibrils, has no persis-
tent structure in solution as a monomer but is optimized to aggre-
gate directly to the amyloid state without any folded monomeric
intermediate [37].

Nearly all of the natively unfolded proteins (apart from those
arising from abnormal cleavage products) have a high net charge
and low overall hydrophobicity compared to folded proteins [38].
These properties lead to high solubility and may in fact decrease
their aggregation propensity under normal physiological condi-
tions, although their extended structure potentially allows a mul-
titude of intermolecular interactions [32,38,39]. Interestingly,
oSN falls outside this classification, given that its N- and C-termi-
nal ends have opposite charges and the hydrophobicity of oSN is
in the same order of magnitude as that of a folded protein [38].
The most hydrophobic part of aSN is the NAC (non-amyloid f com-
ponent) region, composed of residues 62-95. This region is be-
lieved to constitute the fibrillation core of oSN fibrils [40,41]. The
C-terminal tail may shield the NAC-region by long-range interac-
tions between the C-terminal and N-termini [42-44]. This means
that the flexible structure of oSN is required to retain the mono-
meric state.

4. How to promote alpha synuclein fibrillation?

The exact molecular mechanism underlying aSN fibrillation is
not yet clear and it is most likely determined by the experimental
conditions used in the aggregation assay. However, conditions
leading to enhanced fibril propensity have been associated with
the occurrence of a partially folded structure of aSN. Fink, Uversky
and co-workers have shown that protonation at low pH (pH 3) in-
duces formation of a collapsed state with increased fibrillation pro-
pensity. This collapsed state has increased secondary structure
contents (FTIR and Far-UV CD), a slightly more compact structure
(SAXS), increased affinity towards the fluorophore 8-anilino-1-
naphthalene-sulfonic acid (which binds to partially unfolded struc-
tures) [45] and a stiffened C-terminal tail which is engaged in more
contacts with the NAC region (based on a combination of solution
NMR and computations) [46]. Elevation of the incubation temper-
ature induces similar overall structure and is also associated with
increased fibrillation propensity [45]. Consequently, such a par-
tially folded species is predicted to be essential not only in the for-
mation of fibrils, but also in determining the fibrillation route,
given that different pathways gives rise to different morphologies
of the aSN aggregates [47-49].

Since aggregation in many cases involves self-assembly steps
into higher-order structures from a fibrillation nucleus, the
likelihood of such events to occur will increase with protein con-
centration until a certain concentration, termed the supercritical
concentration (scc), is reached [50]. Above the scc, nucleation is
no longer rate-limiting and the lag phase of fibrillation does not
decrease significantly with increasing concentration. The phenom-
enon is well known for oSN, where increased protein concentra-
tion decreases the lag-phase of fibrillation [21] and for oSN the
scc is, in our laboratory, estimated to be ~8.2 mg/mL (~574 uM)
(data not shown). The scc will most like depend upon the given
conditions in which oSN is fibrillated, (e.g. temperature, degree/
type of agitation, pH etc.). This phenomenon should not be con-
fused with the critical aggregation concentration (cac), which is
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the minimum oSN concentration required to allow fibrillation to
occur on the experimentally accessible time scale. This has been
estimated to be around 15 pM [51], and can be taken as an indica-
tion of the thermodynamic stability of the fibrils. After the comple-
tion of the fibrillation process, there will typically be a reservoir of
monomer left (at the concentration given by the cac) in equilib-
rium with the fibrils.

Other factors that have been demonstrated to accelerate oSN
fibrillation in vitro include anions [52], polyanions [53,54], polyca-
tions [55,56], salts [52], pesticides and herbicides [57-59], heavy
metals [60], negatively charged detergents [47], molecular crowd-
ing [61-63], low pH [45] and acidic phospholipids [64]. For polyan-
ions, salts, pesticides, herbicides, heavy metals and negatively
charged detergents, the proposed mechanism by which these very
different molecules, with respect to charge, hydrophobicity and
size, can accelerate the fibrillation of aSN is believed to be quite
similar, namely the stabilization of a partially folded fibrillogenic
conformation of aSN. Such a conformation has mainly been corre-
lated to altered secondary structure estimated by Far-UV CD
[45,47,52,54,57,58,60,64] and FTIR [45,57]. Structural changes in
oSN has also been detected by increased ANS-fluorescence
[45,60], changes in tyrosine fluorescence [58,60] (SN has no Trp
residues) and acrylamide quenching [60]. Polycations such as the
very basic histone proteins do not induce any change in secondary
structure elements [55,56], although SAXS indicate formation of a
2 aSN:1 histone complex [56]. Thus polycations may promote a
fibrillation pathway that does not require a detectable change in
the secondary structure content. The action and the molecular
mechanisms by which a given molecule binds to aSN are most
likely very different, given the wide range of different biochemical
properties of the compounds and the fluctuating structure of aSN.
The obvious interaction would include negatively charged mole-
cules interacting with the N-terminus (net positive charge), posi-
tively charged molecules interacting with the C-terminus (net
negatively charged) and hydrophobic molecules interacting with
the NAC region and perhaps helping bridge to the NAC regions of
other aSN molecules [65]. Such interactions could reduce the con-
formational flexibility of oSN, thereby preventing the C-terminal
tail from shielding the NAC-region through long-range interactions
with the N-terminus, and perhaps even bridging C/C- or N/N-ter-
minal alignments in the oSN fibril. Additionally, such interactions
could mask putative intramolecular repulsions between charged
areas and the NAC-region, resulting in a collapsed oSN with
regards to the NAC-region and N/C-terminus. Nevertheless, the
known fibrillation inducers do not induce dramatic structural
changes in the secondary structure [65]. Thus ligand-complexed
oSN remains relatively unstructured though more compact than
in the uncomplexed form.

Another important way to induce oSN fibrillation is by agita-
tion. While the exact mechanism of agitation induced fibrillation
is unknown, agitation is expected to increase the number of amy-
loid fibril ends through fragmentation or by increasing the collision
of monomeric and oligomeric species [66] interacting with fibril
ends. In addition, agitation is believed to increase the air-water
interface, which in turn acts in a similar way as a hydrophobic sur-
face to promote formation of partially stabilized structures [21,67].

5. Detecting and characterizing oSN fibrils

When setting up a fibrillation assay of oSN, a good detection
method is needed, which is experimentally simple, does not per-
turb the fibrillation process, gives an unequivocal read-out and is
robust towards changing solvent conditions. An overview of these
methods is provided in Table 1. A widely used approach is to use
the dye Thioflavin T (ThT) which is often used to verify the pres-

ence of fibrils as well as examine fibrillation kinetics in situ [68].
Here detection is based on the fluorescence characteristic of ThT.
Free ThT has a very low fluorescence signal, but binding to amyloid
increases the fluorescence of ThT by several orders of magnitude
[69,70]. While the characteristic fluorescence of ThT is relatively
specific towards fibrils [70,71], we have seen that amorphous
aggregates of different proteins can in fact increase ThT fluores-
cence for different proteins, albeit to a much smaller extent on a
per-mg level [72]. As demonstrated in Fig. 2 for oSN, low ThT
intensities in a 384 well plate combined with linearly increasing
ThT-emission over long time scales (in contrast to the traditional
sigmoidal curve normally experienced in fibrillating systems)
indicate amorphous aggregates in our experience. In contrast, high
ThT-intensities and sigmoidal curves correlated to rod-like
structures.

ThT fluorescence intensity per se cannot be used as an absolute
measure for the amount of fibrils, and the intensity can vary con-
siderably among different proteins that form fibrils [71]. Both AB
and glucagon fibrils with different overall morphology have differ-
ent intensities in emitted ThT fluorescence [73,74]. However, pro-
vided these issues are taken into account, ThT is an easy, cheap and
rather specific fibril-detecting tool which furthermore does not
interfere with the kinetics of oSN fibrillation [45].

Other probes that can be used for detection of amyloid structure
are congo red (CR) and N-arylaminonaphthalene sulfonate (NAS)
and derivatives. NAS and NAS-derivatives have been reported to
be more sensitive and versatile probes for aSN aggregation than
ThT and especially bis-NAS should be able to detect oligomeric as
well as fibrillar species [75]. This is probably related to these
probes’ affinity for hydrophobic regions rather than the actual
fibrillar repeat pattern. Fluorescent probes can be used both in
plate readers (96 and 384 well plates are the most practical range)
as well as in single-solution cuvettes in fluorometers, though the
latter set-up obviously limits the amount of data-output. Earlier
stages in the aggregation pathway may be probed by fluorescence
polarization [76], which detects the decrease in mobility caused by
higher-order structures and is particularly sensitive to transitions
from monomers to oligomeric structures, or by FRET [77], which
can detect contacts between two differently labelled molecules.
In all cases it is necessary to investigate to what extent these
probes could interfere with the aggregation process, e.g. by carry-
ing out the assay at different probe concentrations. The stronger
binding of NAS probes to hydrophobic regions could conceivably
affect the stabilities of different aggregated species for simple
mass-action reasons. Furthermore, labelling of oSN could also
interfere with aggregation properties unless the labelled oSN is
employed as a minor fraction of the whole population.

ThT-binding is not considered final proof of fibril formation. The
ultimate gold standard is X-ray fiber diffraction, preferably using
aligned samples to allow the equatorial reflection at 4.8 A, corre-
sponding to the distance between B-strands, to be distinguished
from the meridional reflection around 10-12 A which stems from
the distance between laterally associated B-sheets [78,79]. The
ultra structural level can be checked by transmission electron
microscopy (TEM), small angle X-ray scattering (SAXS) and/or
atomic force microscopy (AFM), whereas the secondary structure
level can be investigated using Far-UV CD or FTIR.

In general, oSN can follow many different fibrillation pathways
leading to different fibril morphologies [47,80]. A multitude of
fibrillation pathways can arise by branching out from different spe-
cies formed at different stages of the fibrillation pathway, oSN can
populate different types of fibrillogenic partially folded monomeric
conformations, different types of oligomers or different early- or
late-stage fibrils. In view of aSN’s flexible conformation as a mono-
mer and the existence of many different kinds of oligomers [81]
and fibrils [49], it is difficult to rule out branching at any given
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Overview of different common techniques used in the characterization of protein amyloid and their pitfalls.

Technique Information provided

Pitfalls

Fluorescent amyloid-binding
Probes

Simple way to monitor formation of fibrils in
combination with the effect of changing solvent

conditions or screening for fibril inhibitors. Can be

scaled up to plate reader assays.

Light scattering (absorbance
320-350 nm)

General (not amyloid-specific) aggregation

Dynamic light scattering (DLS)  Size distribution of aggregated particles

Small angle X-ray scattering

(SAXS) on several different co-existing species.

Transmission electron
microscopy (TEM) atomic
force microscopy (AFM)

Ultrastructure of aggregates.

Far-UV circular dichroism (Far
UV-CD)

Secondary structure of aggregates in solution

Fourier transform infrared
spectroscopy (FTIR)

Secondary structure of aggregates in dry state.

Fiber X-ray diffraction Verification of amyloid structure

Structure of aggregated species. Can provide information

Can affect the kinetics of the fibrillation process, though Thioflavin T
(ThT) is generally non-invasive.

Possible competitive binding between the fluorescent probe and other
additives such as small molecule inhibitors. Must be tested on individ-
ual basis, e.g. by adding inhibitor to mature fibril in presence of ThT to
see if drop in ThT fluorescence is immediate (indicating quenching/dis-
placement), slow (indicating fibril dissolution) or non-existent (indi-
cating no affinity for fibrils).

Amyloid structures that do not bind the fluorescent probe (rather
uncommon, but observed for Ap [107])

Dead time for loading a 96-well plate is ~15 min when the protein is
loaded in the last step in individual wells. It is best only to measure
one plate at a time since the plate reader also provides the necessary
shaking.

Long-term shaking is detrimental to plate readers with monochroma-
tors, so filters are recommended instead.

A glass bead (which for aSN in agitation induced systems is crucial for
increased reproducibility) may disturb the data output.
Low sensitivity.

High sensitivity to dust particles sets high demands on sample
preparation

Currently DLS experiments are most often run in batch mode which
gives low data output.

Ab initio modelling of complicated systems such as fibrillating proteins
requires high level of expertise and can take weeks to months.
Currently low throughput.

Low throughput.

Surface interactions which can interfere with the equilibrium of spe-
cies involved in the fibrillation process.

Low binding of fibrils or intermediate to the surfaces used (mica (AFM)
or grid (TEM)).

May require optimization of type of mica and grids in different protein
formulations.

Unintended selection for species that have affinity for the AFM/TEM
surfaces.

Low throughput.

Spectra of fibrils do not necessarily give traditional B-sheet spectrum
(e.g. minimum at 218 nm) [[74]].

Light scattering artifacts (and noisy data) by aggregated material (this
can in many cases be overcome by sonication of the fibril-sample).

Low throughput.
Solution FTIR requires high protein concentration.
Drying of sample can induce structural changes in the protein.

Best results obtained with aligned samples, but this is often experi-
mentally challenging.

Difficult to assign reflections apart from the canonical distances
between strands (~4.8 A) and between sheets (~10-12 A).

stage. We have observed very different ThT-positive fibril struc-
tures made by oSN, depending on the conditions in which oSN
was fibrillated. In the case of non-agitated SDS-induced fibrils,
we obtain worm-like fibrils (imaged by TEM in Fig. 3A), which
according to higher-resolution SAXS analysis are composed of
beads on a string (see below). In contrast, agitation-induced
fibrils of oSN have a simple and straight rod-like structure
(Fig. 3B) [47].

6. Other techniques to follow oSN aggregation

Fibrillation may also be detected by light scattering, which sim-
ply monitors an increase in size and is not specific for amyloid
structure as such. The absorbance spectrum at 320-350 nm (which
should be a flat baseline for non-colloidal protein solution) is an
easy way to detect the scattering from larger particles. However,
such measurements in a plate reader are confounded by the pres-
ence of glass beads, which can be used to dramatically increase the
reproducibility of fibrillation onset, elongation and ThT level at end
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fibrillation, probably by ensuring homogeneous agitation [82]. ThT
fluorescence, on the other hand, is not affected by glass beads.

Dynamic light scattering (DLS) is a very sensitive method to de-
tect formation of aggregates (including non-ThT binding struc-
tures such as oligomers), and less than 0.01% (w/w) aggregates
can be detected under favourable conditions. Conversely, this
means that DLS requires high purity of the samples, since low
amounts of dust, etc. can lead to misinterpretations of the data.
DLS is traditionally a single-cuvette method, but more recently
high throughput 96- or 384-well plate reader formats have be-
come available [83].

Small angle X-ray scattering (SAXS) has traditionally been used
merely to follow the increase in size (radius of gyration and molec-
ular weight) during the fibrillation process. Recent progress has
also made it possible to obtain much more detailed (though still
low-resolution) structural information by ab initio modeling. Vest-
ergaard and co-workers [84] characterized the structural features
of all the species involved in insulin fibrillation and in 2009 Oli-
veira et al. [85] confirmed the use of time resolved SAXS solution
by analyzing the fibrillation of glucagon. Experimentally SAXS is
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Fig. 2. Left: time profile for the increase in the Thioflavin T (ThT) fluorescence during aggregation of aSN by shaking at 37° C in PBS buffer. Notice the diversity of time profiles
even though all samples are identical in composition, incubated in the same plate and subjected to the same degree of agitation. Right: atomic force microscopy images of

samples giving rise to (A) high and (B) low ThT fluorescence. High ThT fluorescence is associated with formation of bona fide fibrils while low ThT fluorescence indicates small
granular aggregates.

Fig. 3. Transmission electron microscopy of aSN aggregated (A) by incubating in 0.5 mM SDS and PBS buffer without shaking and (B) by shaking at 37° C in PBS buffer. The
scale bar indicates 200 nm. Panel B adapted from [47].
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very straightforward. Concentrations well below 1 mg/ml can yield
good data provided large enough species are formed and the reac-
tion proceeds sufficiently slowly to allow long exposure times.
Overall dimensions and molecular weights can rapidly be calcu-
lated. For more high-resolution structures, the ab initio modelling
process is computationally intensive and typically requires weeks
to months of analysis and modelling. Nevertheless, SAXS is under-
going a methodological revolution these years, where modelling
processes are continuously being improved and new programs
and methods will in the near future undoubtedly accelerate the
process tremendously [86]. We expect SAXS to become a mainstay
of detailed fibrillation studies as the use of this technique becomes
more wide-spread.

We have characterized the fibrillation process of oSN in physi-
ological buffer (without SDS) by SAXS and identified a wreath-
shaped oligomeric species of ~16 oSN molecules with overall
dimensions corresponding to the approximate thickness of a lipid
bilayer. Consistent with this, membrane disruptive activity is asso-
ciated with this oligomeric species. In addition, the kinetic traces of
the different species formed during the fibril formation suggest
that the oligomer is the building block of fibrils, and the fibrils
can in fact be reconstructed by stacking of the oligomers (L.G.,
D.I. Svergun, D.E.O and B. Vestergaard, data submitted).

7. Obtaining reproducible conditions for a-synuclein
fibrillation

In general the degree of reproducibility needed in a given assay
depends on the nature of the measurement. Thus detection of
small variations in the nucleation and elongation rate will demand
a higher reproducibility than a fibrillation assay which simply
ascertains to what extent fibrils are formed after a given time per-
iod. Here high reproducibility in the fibrillation onset or elongation
rate is not essential.

We have examined the reproducibility of oSN fibrillation in
plate reader assays [82], and the general conclusion is that in-
creased reproducibility is correlated to decreased lag-times. The
nucleation process is a stochastic event and the activation barrier
is proportional to the nucleation, thus the lower the activation bar-
rier, the lower variance in the stochastic event of nucleation.
Known fibrillation stimuli such as polyamines [80,87], metal-ions
[21] and heparin [53] did not increase reproducibility in our plate
reader assays [82]. Inspired by Fink and co-workers, we systemat-
ically tested the use of small glass beads in combination with agi-
tation and empirically determined that the use of one glass bead
(3-4 mm in diameter) in each well in a 96 well plate (rounded
wells) in combination with orbital agitation was crucial to obtain
good reproducibility [82]. Under these conditions, the dominant
nucleation mechanism can be shown to be fragmentation of the
initially formed fibrils [88] (S.L.A. Cohen, L.G., D.E.O. and T. Know-
les, unpublished observations). Note that this optimization has to
be repeated whenever fibrillation conditions change. Thus, to
achieve the same degree of reproducibility in a 384 well plate
(squared wells) we needed to incorporate two glass beads of 1.2-
1.4 mm (diameter) in combination with orbital agitation. It is pos-
sible that the reproducibility of oSN fibrillation may be increased
even further by combining known fibrillation stimuli as heparin,
metal-ions etc. and the glass bead induced agitation.

8. Controlling the time frame and reproducibility of the
fibrillation assay by structure-inducing solvent additives: SDS
and TFE

Time is often of the essence in the development of good fibrilla-
tion assays. A prohibitively slow aggregation assay can severely
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hamper systematic studies and lead to problems with slow com-
peting processes, such as evaporation, chemical modifications
and photobleaching. Agitation decreases the time of oSN fibrilla-
tion dramatically from many weeks/months [89] to hours/days in
in vitro systems and consequently makes it feasible to decrease
the timeframe of the experiment. However, if one wishes to avoid
agitation and still obtain data within days/weeks, SDS has proven
to stimulate aSN fibrillation in a highly reproducible manner with-
in a very narrow concentration window [47,82]. The proposed
mechanism is very different from agitation induced fibrillation of
oSN. Based on very detailed SAXS studies, we have proposed a
model of stepwise growth of SDS-decorated oSN fibrils, which
occurs by a process of continuous accretion rather than the rate-
limiting accumulation of a distinct nucleus. In this process, ~4
oSN molecules are recruited to stabilize a shared micelle by form-
ing a shell around the micellar core, presumably leaving part of the
protein outside the micelle available for forming intermolecular
contacts to other oSN molecules similarly engaged. Consistent
with this, the process is not dependent on monomer concentration,
since the rate limiting step is the bridging of the individual clusters
which are formed very rapidly at the beginning of the process. This
process is optimal at relatively low SDS:aSN ratios (~12:1), while
higher SDS concentrations lead to the formation of complexes of 2
or fewer oSN molecules per micelle. As well as effectively short-
circuiting the nucleation process, the shared micelle mechanism
results in a flexible worm-like appearance which we refer to as a
beads-on-a-string model [47].

It is very important to note that this SDS-induced stimulation of
aggregation only occurs within a rather short window of opportu-
nity; at lower SDS:aSN ratios, there is not enough SDS to allow
shared micelles to form and at higher SDS:aSN ratios, there is not en-
ough oSN to provide enough oSN molecules per micelle to allow
"loose ends” of aSN to hang out and form bridge heads to other clus-
ters (summarized in Fig. 4). Furthermore, the question inevitably
arises whether aggregation under these conditions are representa-
tive of the more physiologically relevant SDS-free conditions found
in the cell. Our own results suggest that SDS-induced aggregation
is reasonably representative of other kinds of fibrillation, given that
the potent aggregation inhibitor baicalein [90,91] also prevents SDS-
induced oSN aggregation (L.G. and D.E.O., unpublished observa-
tions). Nevertheless, one cannot expect identical rankings of differ-
ent compounds in SDS- versus SDS-free assays.

In addition to SDS, we have explored the possibility of using
other structure-inducing solvents to obtain reproducible fibrilla-
tion of aSN. 2,2,2-trifluoroethanol (TFE) is widely used in peptide
and protein chemistry to stabilize B-sheet and a-helix conforma-
tions of proteins. The dielectric constant is significantly decreased
when TFE is added to water, resulting in a weakening of protein-
protein hydrophobic interactions and a strengthening of inter-
and intramolecular hydrogen binding. For a thorough discussion
of the effect of TFE on proteins and the delicate interplay between
polar and hydrophobic forces see [92]. TFE also induces secondary
structure in oSN and phase diagrams obtained by circular dichro-
ism reveal the following structural transitions: natively unfolded
intermediate partially — folded intermediate (0-10% TFE);
partially folded intermediate — B-structure-enriched (10-15%
TFE), transformations within the B-structure species (15-25%
TFE), (IV) B-structure-enriched — a-helical (25-35% TFE), and rear-
rangements within the o-helical species (35-60% TFE) [93]. From
light scattering data oSN is monomeric at 7.5%, oligomeric at 15%
and monomeric at 40% TFE [93]. However, a more recent study
on the effect of TFE on monomeric aSN proposes a more refined
model, simply that partly helical intermediate conformations of
oSN exist in equilibrium with the natively disordered state at
low TFE concentrations, leading to a highly a-helical conformation
at high TFE concentrations [94].
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0.7-1 mM SDS

32-36 SDS/0SN
1.2-2.3 mM SDS
55-73 SDS/aSN

No fibrils

Fig. 4. Scheme depicting how different SDS:aSN ratios lead to formation of different types of aSN:SDS complexes with different aggregation propensities. At a ratio of around
12 SDS per aSN, shared micelles form in which ~4 oSN molecules associate around one micelle, leaving loose ends hanging out for bridging to other clusters. Low ratios
provide insufficent SDS to form micelles, while there is not enough oSN per micelle at high ratios to allow loose ends to hang out and bridge to other clusters. Adapted from

[47].

TFE is known as a potent inducer of the fibrillation of a wide
array of proteins and peptides, including oSN [93,95-99]. We have
investigated the kinetics and reproducibility of TFE induced oSN
fibrillation following ThT-fluorescence. However, we find that
although TFE is an effective inducer of oSN fibrillation and effi-
ciently shortens the nucleation phase, the mechanism of the fibril-
lation seems extraordinarily complex and the time profiles of
fibrillation vary dramatically with TFE concentration. This makes
it much less suitable as a model system of fibrillation compared
to the SDS-induced fibrillation assay. At low (8-12%) TFE concen-
trations, fibrillation initiates readily, but kinetics profiles are very
sensitive to changes in TFE concentration and oSN concentration
displaying several multiphasic time profiles including overshoots
and decays to initial fluorescence values (data not published, N.L
and D.E.O). The complexity of the system in this region is presum-
ably the result of a borderline region of TFE-induced transitions of
oSN as described above. Around 14-26% TFE, the kinetic profiles
are less sensitive to TFE concentration. The extent of fibrillation fol-
lows a bell-shape form with a maximum at 16% TFE, consistent
with recent observations for both oSN [94] and numerous other
proteins [92]. TFE-induced fibrillation is therefore probably associ-
ated with a partly helical intermediate [94], just as seen for the
SDS-induced fibrils; similar to these fibrils, the TFE-induced fibrils
are curvilinear rather than straight [94]. At high (30-50%) TFE con-
centrations, we observe a relatively low degree of fibrillation, con-
sistent with the stabilization of monomeric helical conformations.

9. Levels of data output: low, medium or high throughput?

Plate reader based assays in a 96 or 384 well format (typically
monitored by fluorescent probes, absorbance measurements, DLS
and SLS) increase the level of data output significantly compared
to individual cuvettes. In plate reader assays we seal the plate with
tape to avoid any evaporation and consequently changes in the
sample volume in a given well of the plate. We have experienced
that not only is a glass bead important for increased reproducibility

in agitation induced fibrillation of oSN but indeed also a certain
volume of sample in each well [82]. Other advantages of plate
readers are the low sample volume, homogeneous shaking and
automatic measurements over long time scales. If additional
experiments are needed to provide information about, e.g. second-
ary structure contents (Far-UV CD and FTIR), the ultra structural
level (AFM, TEM, X-ray fiber diffraction), the size distribution at a
given time point (size exclusion (SEC) and/or field flow fraction-
ation [100] (FFF)), vesicle permeabilization [101] and biological as-
says, the scientist needs to consider how much sample is needed to
complete additional experiments. Here a batch mode investigation
using eppendorf tubes or cuvettes typically requires ~0.5-1.5 mL
sample compared to a well in plate readers of 80-200 pLL. However,
highly reproducible assays allow the contents of different wells to
be pooled to obtain higher sample volumes for batch mode
analyses.

10. Conclusion: how many ways to skin a cat?

There is no perfect way to induce oSN fibrillation, if by perfect
we mean “physiologically representative yet experimentally
approachable” - simply because oSN fibrillation is typically a long
and stochastic process that is highly dependent on the precise cel-
lular conditions found in the neuronal environment, including both
small molecules such as the highly reactive dopamine, the pres-
ence of quality control pathways such as the ubiquitin-proteasome
system [102,103] or the lysosome [104] and the surface of organ-
elles such as mitochondria or the plasma membrane. Inevitably
the inclusion of more components in the assay mixture leads to
greater sources of error and more leeway for less predictable
events. It is important to accept that all in vitro based fibrillation
assays will be simplistic and reductionist. The very fact that oSN
can be persuaded to fibrillate in so many different ways and with
so many different kinds of stimuli truly illustrates that these fibrils
can be made in many different ways. The weak point in the
analysis lies in linking all this structural information to the state
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of a-synuclein aggregation in vivo. Here information is much scar-
cer. Although oSN inclusions in the brain have been shown to be in
the fibrillar form [105], nobody has to the best of our knowledge as
yet reported the existence of different kinds of structures in the ob-
served in vivo aggregates, though the conjugated luminescent poly-
mers developed by Peter Nilsson at Linkdéping University hold
much promise in this regard [106]. Nevertheless, in vitro assays
have their virtues. Provided the assays can be optimized for high
reproducibility, they allow the investigator to focus on well-de-
fined molecular events and may provide the opportunity to iden-
tify, e.g. small molecule inhibitors of aggregation that affect these
steps. Subsequent experiments in more complex cellular and
whole-organism environments can then validate whether there is
any relation between these molecular interactions and the broader
biological context. The access to a broad array of such compounds
can undoubtedly increase the chances of finding a few promising
leads which may ultimately lead to ways to prevent unwanted lev-
els of aSN aggregation — always assuming that this aggregation is
indeed the main causative agent in Parkinson’s disease.
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Abstract

In this chapter we will discuss the key findings on a-synuclein (aSN) oligomers from a biophysical
point of view. Current structural methods cannot provide a high-resolution structure of aSN oligo-
mers, due to their size, heterogeneity and tendency to aggregate. However, a low-resolution struc-
ture of a stable aSN oligomer population is emerging based on compelling data from different re-
search groups. oSN oligomers are normally observed during the formation of amyloid fibrils and we
will discuss how they are connected to this process. Another important topic is the interaction of
aSN oligomers and membranes, and we will discuss the evidence which suggests that this interac-
tion might be essential in the pathogenesis of PD and other neurodegenerative disorders. Finally we
will present a remarkable example of how small molecules are able to stabilize non-amyloid oligo-

mers and how this might be a potential strategy to inhibit the inherent toxicity of aSN oligomers.

Introduction: the role of a-synuclein in Parkinson’s Disease

The interest in protein misfolding has increased spectacularly after it was established that the con-
version of a range of soluble proteins into insoluble amyloid fibrils is linked to several diseases (see
Chapter 1). This link is direct in systemic amyloidosis, where excessive accumulation of amyloid
fibrils in joints or organs leads to pathology. However, in neurodegenerative disorders such as Par-
kinson’s disease (PD), the link is more indirect. In PD, amyloid fibrils consisting of the protein a-
synuclein (aSN) form intracellular deposits called Lewy bodies (LB), which appear to accompany
the loss of dopaminergic neurons mainly in the part of the brain called Substantia Nigra. Analogous
observations have been made for Alzheimer’s Disease. Such observations initially led to the hy-
pothesis that amyloid fibrils were responsible for the pathogenesis of PD and other neurodegenera-
tive disorders. However, new observations have made a compelling case that pre-fibrillar oligo-
mers, typically formed in the early stages of the fibril formation process, are the actual pathogenic
culprits. This shift from amyloid fibrils to amyloid oligomers was inspired by the emergence of a
similar oligomer hypothesis in Alzheimer’s disease, where the peptide Ap was shown to form a
range of oligomeric structures with cytotoxic properties (1). Subsequently, Lansbury (2-4), Fink (5)

and co-workers demonstrated that aSN oligomers, and not mature amyloid fibrils, have membrane-
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permeabilizing properties. Their toxicity has been demonstrated in vivo (6), and elevated levels of
aSN oligomers have been found in CSF from PD patients (7) and in post-mortem brain extracts
from patients with LB dementia. Consequently aSN oligomers are now one of the primary targets in
PD drug development. aSN oligomers are included in a clinical trial as potential biomarkers for the
neurodegenerative disorder Multiple System Atrophy, known as a Parkinson plus syndrome (Clini-
calTrials.gov, NCT01485549) while AB oligomers have been targeted by the compound scyllo-
inositol (ClinicalTrials.gov, NCT00934050).

aSN consists of 140 residues and is intrinsically disordered, i.e. it lacks persistent secondary and
tertiary structure (8). However, upon interaction with negatively charged membranes, residues 1-
100 undergo a coil-helix conformational change (9). This ability of aSN to fold into membranes is
believed to be essential for its physiological role. The basic N-terminal part (residues 1-60) initiates
the interaction with membranes and leads to the subsequent folding of the NAC region (residues 61-
95). The NAC region is hydrophobic and is known to constitute the core of amyloid fibrils (10).
The C-terminal is highly acidic and unstructured. Apart from possible electrostatic interactions be-
tween the YEMPS region (residue 125-129) and other regions of the polypeptide, the C-terminal is
disordered in both the free monomer, the membrane-bound monomer, the oligomer and the fibril
structure (10). It has recently been suggested that aSN could form a tetramer in vivo (11) but this
remains a minority position, contradicted by a vast literature on the properties of natively unfolded
aSN as well as direct rebuttals which show aSN to naturally form a disordered monomer (8).
Lashuel et al. used electron microscopy (EM) to show that both aSN and A oligomers form annu-
lar ring shaped oligomers (Fig. 1). Combined with the observation that the oligomers were able to
permeabilize synthetic membranes (3), this suggested that pore formation in cell membranes led to
oligomer toxicity (4). This pioneering finding has later been supported for amyloid oligomers
formed by other peptides and proteins (ABri, ADan, serum amyloid A, amylin) which are ring

formed and permeabilize membranes (12).

AS3T




Figure 1. Amyloid oligomers of two disease promoting mutations of aSN (A30P and A53T) as well
as the Arctic mutant of Ap. The images are reconstructed from 5,000-6,000 individual particles,
using the lowest molecular weight fraction of oligomer purified by size exclusion chromatography.

Each picture has an area of 30.5 x 30.5 nm. Reproduced with permission from (4).

A low-resolution structure of aSN oligomers: compact core with diffuse shell

In this section we will discuss the structure of a type of aSN oligomers which has been studied
thoroughly by the Subramaniam group (10, 13, 14), and which is highly similar (if not identical) to
the oligomers that are studied in our research group. The Subramaniam group form stable aSN oli-
gomers by incubating aSN at a concentration of 1 mM for 18 hrs at room temperature under vigor-
ous shaking, followed by 2 hr incubation at 37 °C without shaking. Subsequently, oligomers are
purified by size exclusion chromatography (SEC), similar to other established protocols (4, 15).
Subramaniam and co-workers elegantly used a combination of sub-stoichiometric labeling and sin-
gle-molecule photobleaching to count the number of monomers per oligomer, arriving at a number
of ~31 and at the same time showing the oligomer population to be monodisperse (i.e. only one type
of oligomer) (13). By labeling individual positions with the fluorescent residue Tryptophan, they
were able to conclude that the N-terminal and NAC region are part of the oligomer core, whereas

the C-terminal remains disordered (10).

S - 5.0nm
= ok Oligomer

Figure 2. A: SAXS based model of a aSN oligomer which is populated during fibril formation. Re-
produced with permission from (15). B: Schematic model of the structure of aSN oligomers having
a p-sheet core build up by the N-terminal and NAC region and a disordered brush shell outer layer

consisting of the C-terminal (J. D. Kaspersen, N.L., J. S. Pedersen and D.E.O., unpublished data).

In 2010 we used small angle X-ray scattering (SAXS) to resolve the structure of aSN oligomers that
accumulate during fibril formation (15). We could resolve monomer, dimer, oligomers and fibrils in

the fibril formation process and by ab initio modeling we determined the shape of the oligomers to
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be an ellipsoid with dimensions given in Fig. 2A. More recently, we have gone a step further. We
purified the oligomers from samples with fibril formation, by incubating 840 uM oSN for 5 hrs at
37 °C with vigorous shaking and subsequent purification with SEC, similar to the approach of other
groups (4, 13, 15). This reasonably pure oligomer solution (< 10% monomers) has provided a more
detailed structural model. The oligomers consist of a rigid core with the same dimensions as our
first SAXS model, but this core is covered by a 5 nm thick outer layer consisting of disordered pol-
ypeptides (Fig. 2B) (J.D. Kaspersen, N.L., J.S. Pedersen and D.E.O., unpublished results). The
SAXS analysis together with a complementary SEC-MALLS (multi angle laser light scattering)
analysis estimate that the average oligomer is build up of ~29 monomers (N.L. and D.E.O., un-
published work), in excellent agreement with the Subramaniam group (13). All these size-
estimation methods are independent of the shape and conformation of the molecules, giving more
reliable data on the oligomer structure than SEC, DLS, EM and atomic force microscopy which
either report on hydrodynamic radius (SEC, DLS) or are sensitive to drying artefacts (EM and
AFM). Our revised structure of aSN oligomers is in good agreement with the proposed micellar
structure by the Subramaniam group where the less charged and more hydrophobic N-terminal and
NAC regions forms the compact core, whereas the highly charged C-terminal forms a brush-like
shell (16). This compact organization might explain the monodispersity and the remarkable stability
of the aSN oligomers.

The oligomer core is most likely organized in p-sheets (5, 17). Fourier Transform Infrared Spec-
troscopy suggests that both Af and aSN oligomers contain (-sheet structure. While mature amyloid
of AP and aSN fibrils consist of parallel B-strands, oligomers appear to contain anti-parallel f-
strands (17). This difference could arise in two ways. Either oligomers and fibrils belong to differ-
ent aggregation pathways; alternatively, oligomers have to undergo structural rearrangements be-
fore they can become incorporated into fibril structures.

Note that there is not just one oligomer of aSN. Different oligomers have been reported, containing
different types of secondary structure, ranging from mainly a-helical to disordered, and of varying
sizes, e.g. coexisting oligomers of 10 and 15 monomers (18) (see below). Oligomers may also be
induced by metal ions, lipids, alcohols and small molecules (19, 20). A tremendously important
challenge is to determine which oligomer structures are relevant in vivo, and how they can be puri-

fied and stabilized for thorough analysis.

What is the role of a-synuclein oligomers in the process of fibril formation?
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The amyloid fibril structure is a thermodynamic favorable state which has been suggested to be
generic for all proteins. However, the mechanism of amyloid formation is not generic but varies
between proteins and is also highly dependent on solution conditions. A key question in this regard
is whether oligomers, which are often observed during fibril formation, are compulsory precursors
for fibrils (on-pathway intermediates) or rather dead-end species that are not incorporated into the
fibrils. There is no simple answer to this; on-and off-pathway oligomers may co-exist and conflict-
ing observations may also reflect different assembly processes under different conditions. However,
it is generally believed that monomers are the elongating species in aSN fibril formation (Fig. 3).
On-pathway oligomers are formed at an early stage. They cover the whole range of species between
monomers and fibrils and are also commonly known as fibril nuclei, pre-fibrillar oligomers and
protofibrils. Off-pathway oligomers can also be observed under fibril forming conditions, but they

belong to a separate aggregation pathway.

Off- pathway oligomers

Monomers\ Monomers\

0 AN R

‘ ‘ Nucleatlon Elongation Elongation

Monomers Nuclei On-pathway oligomers Amyloid fibrils

Figure 3. Schematic representation of the role of on- and off-pathway oligomers in the process of

fibril formation. Oligomer structures are highlighted with purple color.

On-pathway aSN oligomers: Cremades et al. have combined single-molecule techniques with kinet-
ic analysis to monitor the development of different aSN oligomers in the initial phases of the fibril-
lation process (18). A key tool was the level of FRET (Forster Resonance Energy Transfer) between
different monomers in the oligomer. They observed four different oligomer distributions, denoted as
Asmall, Ameds Bmed and Biage, (Small ~2-5mers, medium ~5-15mers, large ~15-150mers). A and B
refer to mid- and high-FRET values, respectively. The difference in FRET values of A and B oli-
gomers suggest that they are of different structure. As shown in Fig. 4, A oligomers are just as sen-
sitive to protease degradation as the monomer, indicating a highly flexible structure; B oligomers

were much more protease resistant, suggesting compact p-sheet structure while mature fibril were
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the most resistant. Asman and Ameg formed at similar rates and with hardly any lag time, while Bpeq
and Bjarge Showed a longer lag time. Thus B oligomers are likely formed from the A oligomers; A
oligomers accumulate because they are formed more quickly from monomers (by nucleation) than
they decay to B (18). In this model, aSN follows nucleated conformational conversion (NCC)
where non-amyloid oligomers are readily formed and accumulate, until they undergo structural re-
arrangement to amyloid oligomers competent of being elongated into mature fibrils. This has also

been proposed as a nucleation mechanism for AP (21).

A 0.010 T v B T T
» Al c 100} ® Monomer
) = e o ¢ Oligomer A 7
g 0008F oA, = gol ® OligomerB o
8_> 4 B 8 ® Fibril
© 0006F w
S Burn 2
o ©
< X
- Rnaa | 9 40+
3]
o ©
& 0002F .% 20+
5
= o000t o 0
L . . . . . 2 . " .
0 20 40 &0 80 100 0.0 0.1 1 10

Incubation time (h) Proteinase K concentration (pg/ml)

Figure 4. A: The time dependence of the mass fraction of the four oligomeric distributions Agmai
(red squares), Amedium (Orange circles), Bredium (green triangles), and Bjarge (blue

triangles). B: Proteinase K degradation curves of the different protein species (monomer in red,
type A oligomer in orange, type B oligomer in blue, and fibrils in black). Reproduced with
permission from (18).

Off-pathway aSN oligomers: We have found that oligomers depicted in Fig. 2B actually inhibit fi-
bril formation and are unable to elongate mature amyloid fibrils (N. L. & D. E. O., unpublished
data). Thus, although these oligomers accumulate during the fibril formation process, they appear to
be unproductive in this process. These oligomers can aggregate further into non-fibrillar aggregates
suggesting that they belong to an aggregation process distinct from fibril formation. However, it
cannot be ruled out that these oligomers might also be connected to fibril formation by processes
similar to NCC. Off-pathway oligomers have also been observed when stabilized by e.g. small mol-
ecules, where an example is given in the final section.

The variety of oligomers is the natural consequence of a process which has not undergone biologi-
cal evolution to optimize formation of the end product (5). One current challenge is to understand to
what extent off-pathway oligomers under different conditions might be able to undergo structural

rearrangement and proceed in the process of fibril formation.
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Oligomer-membrane interactions: the cause of toxicity?

Intriguingly, some conformational antibodies can recognize a range of different amyloid oligomers
without recognizing the monomer or mature fibril form. This suggests that these oligomers have a
common structure (22) which may be the basis for their cytotoxicity (23). Several oligomers have
exposed hydrophobic regions and bind the hydrophobic probe ANS (24). A common fold exposing
“sticky” surfaces may promote oligomer-membrane interactions and perturb the membrane (3, 12,
14, 25, 26). It is possible that oligomer structural flexibility, leading to hydrophobic exposure and
structural rearrangements upon membrane interaction, is essential for toxicity.

The ability of aSN oligomers to permeabilize membranes has been investigated intensely. An ex-
ample of the permeabilization of synthetic membranes, composed of the anionic POPG lipid, by
aSN oligomers is shown in Fig. 5. The degree of permeabilization is monitored by the fluoro-
phore/quencher pair HPTS/DPX and the kinetics reveals that complete permeabilization (ef-
flux/influx) is obtained within 5 s. Staining of the membrane show that the form and size of the ves-
icles remains intact upon oligomer binding and permeabilization. The Subramaniam group has used
single-tryptophan mutants to demonstrate that the N-terminal is involved in oligomer-membrane
interactions, as is also the case for the monomer (10). The aSN oligomer selectively binds to anion-
ic lipids and preferentially to liquid disordered phase regions of the membranes (14) where the lipid
bilayer is loosely packed and the hydrophobic membrane interior is more accessible (27). Thus in-
teraction of aSN oligomers with membranes seems to be governed by electrostatic interactions of
the N-terminal with the membrane combined with hydrophobic interactions of accessible hydro-

phobic patches in the aSN oligomer structure with the membrane interior.
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Figure 5.Confocal microscopy image of POPG giant unilamellar vesicles. The fluorophore HPTS
(green) is entrapped inside the vesicle and the paired quencher, DPX; is present outside the vesicle.
The membrane is stained with DOPE -Rhodamine (red). Time points are given in seconds. Repro-

duced with permission from (25).

Small molecules and a-synuclein oligomers: Structure inducing and potential drugs?

It is a tremendous challenge to develop drugs for neurodegenerative disorders due to the complex
blood brain barrier (BBB). The difficulties in delivering macromolecules as antibodies and RNA
aptamers, has put focus on identifying small molecules which are able to cross the BBB and interact
specifically with aSN. Numerous small molecules with mono-, di-, and tri-hydroxyphenyl groups
inhibit protein aggregation while promoting oligomer formation. Examples include the neurotrans-
mitter dopamine (19), the flavonoid baicalein obtained from herbal medicine (28) and the catechin
epigallocatechin gallate (EGCG) from green tea (20). The effect of EGCG on aSN oligomerization

and fibril formation is a remarkable example of how small molecules can redirect aggregation

pathways.
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Figure 6. Schematic representation of the fibril formation pathway and the EGCG directed aggre-
gation pathway. oSN monomers exist in equilibrium between disordered and partially folded con-
formations. Fibril formation occurs through the development of on-pathway oligomers by nuclea-
tion events and subsequent addition of monomers leads to mature fibrils. EGCG binds aSN mono-
mers and leads to stepwise aggregation into disordered non-toxic and off-pathway oligomers. Re-
produced with permission from (29).

EGCG binds preferentially to disordered polypeptides, but also to structured regions at high concen-
trations. Wanker and coworkers have proposed a model where EGCG binds the aSN monomer and
redirects the protein from the process of fibril formation and into sequential aggregation, leading to
stable, non-toxic oligomers (20) (Fig. 6). These off-pathway oligomers are amorphous and show no
B-sheet content. Moreover, EGCG is able to reorganize mature amyloid fibrils of aSN and A into
amorphous and non-toxic oligomers (20).

The effect of EGCG on the aggregation of aSN and AP is only one of many possible strategies
to prevent the formation of toxic amyloid oligomers. Another strategy is to use small molecules to
stabilize the protein in the monomeric form; at the other extreme pro-aggregators can shift the equi-
librium towards the amyloid fibrils, which is believed to be less toxic (30).

Conclusion

To clarify the role of aSN oligomers in the amyloid fibril formation process and their potential role
in the pathogenesis of PD will be important for the understanding and treatment of not only PD but
also other related neurodegenerative disorders such as Alzheimer’s disease and Huntington disease.
The major hurdle here is to define the cytotoxic species. Current research point towards oligomers
as the prime suspects. Therefore it is crucial to establish which oligomers are relevant in the amy-
loid process in vivo, and whether it is a defined oligomer or rather a whole spectrum of different
pre-fibrillar oligomers that are cytotoxic. Until then, it will be difficult to rationally design drug
discovery programs towards oligomers. For now an alternative strategy might be the development
of small molecules or nanoparticles which are specific towards aSN, and which stabilize the mon-
omer form in such a way that amyloid formation is completely inhibited without compromising the

protein’s underlying biological function. This on the other hand will not be trivial to accomplish.

Summary
- oa-synuclein oligomers are likely the cyftotoxic species in the pathogenesis of Parkinson'’s

disease
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A low resolution structure is emerging for stable a-synuclein oligomers

a-synuclein oligomers are observed both as on- and off-pathway in the fibril formation pro-
cess

Oligomers interact strongly with membranes and this is possibly the cause of neuronal
damage in Parkinson’s disease and other neudegenerative disorders

Small molecules, such as epigallocatechin gallate (EGCG), redirect the aggregation path-

way of a-synuclein
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16
Inhibitors of Amyloid and Oligomer Formation

Nikolai Lorenzen, Erich E. Wanker, and Daniel Otzen

16.1
Introduction: Amyloidoses versus Neurodegenerative Diseases

Amyloid-related diseases can be split into two groups which require different drug
development strategies. The first group consists of non-neuropathic amyloidoses,
either localized or systemic, where deposition of amyloid is a direct cause of
disease by overloading of, for example, joint or organs. Examples include senile
systemic amyloidosis, familial amyloidotic polyneuropathy, and corneal dystrophies
[1]. Although pre-fibrillar aggregates have been suggested to play a role in the
pathology of some amyloidoses such as dialysis-associated amyloidosis [2] and the
fibrils themselves may sequester vital cellular proteins and thus derail essential
cellular functions [3], the sheer accumulation of amyloid is considered to be
the main problem and the challenge is simply to remove these fibrils from
the system and/or prevent their accumulation. Approaches against amyloidosis
diseases are discussed in Chapter 17, exemplified by tetrameric transthyretin (TTR)
whose dissociation and partial unfolding are prerequisites for amyloid formation.
Consequently, stabilization of the TTR tetramer is a straightforward strategy to
reduce the accumulation of insoluble amyloid deposits. This approach specifically
targets TTR-related amyloidosis. A promising general strategy has been developed
recently to clear existing deposits [4]. Most amyloid deposits contain the non-
amyloid serum amyloid P component (SAP), which was shown to protect amyloid
aggregates against macrophage clearance [5]. However, removal of SAP from
the plasma by the compound CPHPC, in combination with anti-SAP antibodies
directed against SAP in amyloid deposits, allowed macrophages to clear deposits
within a month [4]. This approach was initially used for deposits of serum amyloid
A but is likely to be generic and, consequently, holds much promise for general
treatment of amyloidoses [6].

The second group of amyloid-related diseases includes neurodegenerative dis-
eases such as Alzheimer’s, Parkinson’s, and Huntington’s diseases. In these
disorders it is believed that toxicity is not caused by mature amyloid fibrils per se
but rather by smaller pre-fibrillar aggregates, such as oligomers. Thus, the disease
cause most likely is more complex than for the first group of amyloid diseases.

Amyloid Fibrils and Prefibrillar Aggregates: Molecular and Biological Properties,
First Edition. Edited by Daniel Erik Otzen.
© 2013 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2013 by Wiley-VCH Verlag GmbH & Co. KGaA.
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First, for amyloid-related diseases the mechanism of cytotoxicity is currently under
intense investigation but is still not clarified in molecular detail. It is likely to
vary from one protein oligomer to the next (see Chapters 6 and 7), indicating that
the nature of the disease-causing target is not settled. Secondly, the blood—brain
barrier (BBB) presents a formidable obstacle to drug delivery and imposes strong
restrictions on the candidate molecules that can be used for the treatment of brain
diseases. This effectively rules out conventional protein ligands, such as antibodies
and DNA/RNA aptamers, because they are too large and cannot efficiently enter
the brain. Thus, for the treatment of brain diseases a major focus is on the de-
velopment of small-molecule compounds that can cross the BBB. Nevertheless,
the challenge remains formidable, even by some accounts intractable [7]. Specific
blockage of protein—protein interactions has always been considered a major chal-
lenge for drug development [8]. This is particularly the case for the development of
compounds that directly target protein aggregates, where the interacting surfaces
are often much larger than the small molecules. Moreover, the protein surfaces
are relatively featureless, lack specific binding hotspots and are often plastic in re-
sponse to changing environments [9]. As a consequence, there are still no approved
small-molecule aggregation inhibitors in use against neurodegenerative diseases.
Current efforts are spearheaded by immunotherapeutic approaches. Consequently,
we will discuss different strategies of antibody immunotherapy in neurodegen-
erative diseases before we turn to small molecule compounds. An overview of
currently ongoing studies with therapeutic molecules targeting amyloid aggregates
involved in neurodegenerative diseases is provided in Table 16.1.

16.1.1
Antibody-Mediated Immunotherapy

Antibodies are high affinity ligands for proteins which makes them potential in-
hibitors of protein—protein interactions. In passive immunotherapy, exogenously
prepared antibodies are employed directly as drugs, whereas active immunization
therapies introduce appropriate aggregate-mimicking epitopes to the patient to
stimulate the immune system to make its own antibodies against endogenously
produced aggregates, typically aided by microglial activation [15, 22]. Both ap-
proaches have been used against neurodegenerative diseases, mainly Alzheimer’s
disease (AD), and while no products have yet been approved, there are numerous
candidates in clinical trials.

16.1.1.1  Active Immunization

Solomon and coworkers demonstrated in the mid 1990s that monoclonal antibod-
ies raised against AP epitopes from early fibrillation stages are able to inhibit fibril
formation of AP in vitro and to disaggregate preformed fibrils [23]. In 1999 Schenk
et al. succeeded in vaccinating transgenic mice with AD-like neuropathologies
using preparations of the amyloid precursor peptide Ap which had been incubated
overnight at 37 °C and, consequently, presumably had a fibrillar morphology [15].
In collaboration with Schenk, the pharmaceutical companies Elan and Wyeth
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Table 16.1  Various therapeutic strategies against neurodegenerative diseases involve target-

ing of protein aggregation.

Approach and rationale

Example

Active immunization against A
aggregates

Passive immunization against AP
aggregates

Deplete soluble precursors

Target cytotoxic oligomer
immunologically; avoids
indiscriminate clearance of all forms
Active immunization against the
phospho-tau peptide

Active immunization against human
a-synuclein

Inhibition of p53 activity reduces cell
death

Preventing aggregation by
sequestering necessary co-factors
Maintaining amyloid-f in the soluble
state to inhibit amyloid-p formation
and deposition

Targeting the formation of toxic
amyloid-p oligomers

AN1792 Elan/Wyeth trial 2000-2006 using AB1-42
aggregates; terminated because of 6% incidence of
acute meningoencephalitis (T-cell inflammatory
response: dangers of active immunization) [10, 11]. A
subgroup of antibodies that specifically bind residues
4-10 prevent AB toxicity without inflammatory
response [12].

Beneficial effects on neurite morphology and tau
pathology in hippocampal sections from human
patients [13].

Reduction in AB plaques protects morphology and
survival of adult-born neurons in transgenic mice
[14]. Single-chain variable fragment (scFv) antibodies
inhibit aggregation in vitro and reduce Ap plaques

in vivo . scFv can enter the brain after intranasal
application.

Immunization with soluble AB1-42 peptides
prevents plaque formation and neuropathology in
young and older mice [15].

Antibodies against the AP oligomer prevent cognitive
decline in transgenic mice (passive immunization)
[16, 17].

Intracellular tau aggregates reduced [18]. Unknown
mechanism. Treatment may reduce “infectivity” of
tau aggregates exported from affected cells, just as
extracellular tau aggregates can be internalized.
Reduction in a-synuclein deposits in neuronal cell
bodies and neuronal membranes.

p53 inhibitors prevent AB-mediated apoptotic
activation in neurons [19].

Metal chelators such as PBT2 and clioquinol prevent
aggregation-promoting Af-metal contacts.

The compound Tramiprosate or Alzhemed™
(3-amino-1-propanesulfonic acid; 3APS) reduces
amyloid-p aggregation and toxicity in AD transgenic
mice but failed to demonstrate efficacy in phase 3
clinical trials in the U.S. This may be related to the
fact that tramiprosate also promotes abnormal tau
aggregation [20].

Scyllo-inositol (ELNDO005) reduces memory
impairment and the level of amyloid-p oligomers in
brains of AD transgenic mice [21]. Recently, a phase
IT clinical trial with a high dose of ELNDO0O5 was
discontinued due to severe side effects.
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launched the first human trial vaccinating AD patients with synthetic Ap (AN1792)
and QS-21 adjuvant. Following a successful phase I study, AN1792/QS-21 failed
the subsequent Phase II trial in 2001 because 6% (18/300) of the patients devel-
oped meningoencephalitis [10, 24, 25]. This was a setback for antibody-mediated
immunotherapy, however, further studies showed that AN1792 has positive effects
in the brain, causing a reduction in amyloid plaques similar to observations in AD
transgenic mice [10, 24, 26, 27]. Consequently, it is believed that Af immunother-
apy still has a big potential as a future treatment of AD. Currently, AN1792 is again
being applied for the treatment of patients in clinical trials using a new formula-
tion for the peptide [10]. In a similar approach, Janus et al. injected B-sheet-rich
aggregates of AP into mice, thereby inducing the production of antibodies that
specifically bind to A peptides [28]. This immunization reduced cerebral plaque
deposition by 50% in an AD mouse model and alleviated cognitive dysfunction [28].
The total level of AP in the brain of vaccine-treated and control mice was similar,
suggesting that soluble AB peptides were not depleted from the brain. However,
vaccination may have modulated the activity or concentration of, for example,
toxic AP oligomers [28]. Based on this study, several immunization strategies are
currently being tested in clinical trials, including dendrimeric display of Af [29].

16.1.1.2 Passive Immunotherapy

The failed AN1792 trial raised safety concerns about the stimulation of prominent
inflammatory responses induced by active immunization. A big question in the
field is whether passive immunization would be less prone to induce unwanted side
effects than active immunization. In particular, the side effects might be reduced
if specific epitopes in AP peptides are targeted by antibodies. A few passive immu-
nization strategies are currently under investigation in human trials. For example,
the humanized monoclonal antibodies Solanezumab [30] and Bapineuzumab are
currently in phase III clinical trials for AD. After successful completion of phase
IT trials, both antibodies are believed to have minimal safety issues. However, the
phase II trial with Bapineuzumab did not reveal any significant effect on the AD dis-
ease phenotype [31]. A very interesting aspect of Solanezumab and Bapineuzumab
is that they target different epitopes in the AP peptide, the N-terminal AB, ., and
the C-terminal AB5;_,, epitopes, respectively [30, 32]. It has been proposed that the
N-terminal amino acids in AP are the pharmacologically relevant epitope. This will
be now evaluated in vivo in the ongoing phase III clinical trials with AD patients.
Evidence was presented that Solanezumab targets only soluble A peptides without
recognizing an insoluble B-sheet conformation [33]. Potentially the phase III trials
will help to resolve this highly relevant dilemma in AP drug discovery, that is,
whether the soluble or the insoluble state of Af causes neuronal dysfunction or
toxicity.

Antibodies are not the only binding proteins that can be used against Ap.
Affibodies displayed on phages have been developed to bind with high affinity to
monomeric AB, and this inhibits AB aggregation in vitro [34] and rescues transgenic
Drosophila flies [35], though the direct application as therapy remains a challenge.
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16.1.1.3  The Blood Brain Barrier

The BBB is the bottleneck for the development of antibodies and drugs for
the central nervous system (CNS). 95-98% of all small-molecule drugs do not
cross the BBB [36, 37]. Small molecules (100-400 Da) have a high probability
to enter the brain, while larger molecules do not cross the BBB very well [36].
This raises the question whether antibodies have the potential to cross the BBB
at pharmaceutically relevant concentrations as efficiently as small molecules and
nanoparticles (NPs)? The potential is there: peripheral administration of antibodies
reduces AD pathology in vivo [22, 33]. Small amounts of antibodies have been
shown to cross the BBB, corresponding to 0.1% of serum levels in mice and
human cerebrospinal fluid [38]. Whether these concentrations are sufficient for
pharmacological effects is still unknown. Furthermore, it has been proposed that
it is not necessary for antibodies to cross the BBB. Instead they can sequester Ap
in the plasma where it can be degraded. This is described as the peripheral sink
hypothesis where the binding of AP to antibodies in the plasma by mass action
drains free AP from the brain and central nervous system (CNS) [33]. This can lead
to a dramatic shift in the distribution of AB. A 1000-fold increase in total Af plasma
levels (both free and bound) upon peripheral administration of an antibody has
been observed [33, 39].

BBB penetration is inversely proportional to the propensity of a drug to form
hydrogen bonds with water [36]. Thus, higher lipid solubility favors BBB crossing.
The BBB may be overcome through craniotomy, where drugs are delivered to the
brain through a hole in the skull. However, this method only results in a local
distribution of the drug in the brain [40]. Nevertheless, the BBB is currently the
most promising access route for the delivery of drugs to the brain, particularly for
neurodegenerative diseases since the vascular system is connected to every single
neuron in the brain, allowing a wide drug distribution. Thus, for drug delivery to
the brain the most validated strategy is the formulation of small-molecules that are
able to cross the BBB [36].

16.1.2
Nucleic Acid-Based Agents against Protein Aggregates

Aptamers, thatis, oligonucleic acid molecules that specifically bind target molecules
are common ligands for proteins. They show both high selectivity and specificity
toward protein targets. Although it has been difficult to find aptamers that target
intrinsically disordered proteins, very recently a DNA aptamer has been identified
that binds to both monomers and oligomers of the natively unfolded protein
a-synuclein [41]. However, aptamers have a relatively large size of 6-40kDa [42],
which makes it difficult for these molecules to cross the BBB. Thus, aptamers are
most likely unsuitable as drugs for the treatment of neurodegenerative diseases
such as Parkinson’s disease (PD). They rather have a high potential use for
diagnostic purposes to image amyloid plaques [41], showing up to a 15-fold higher
sensitivity for amyloid aggregates than Thioflavin T [43]. However, their relatively
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high RNA-sequence-independent affinity for the amyloid fold [43] makes it difficult
to target the oligomeric state of proteins with these molecules [43].

16.1.3
Inhibition of Amyloid Formation by Small Molecules

Amyloid formation is a sequence of many steps, starting from the native state and
typically going through an amyloidogenic precursor state, an oligomeric nucleus,
protofilaments, and different levels of fibril assembly, as described in Chapters 7, 8
and 14. Consequently amyloid formation can be inhibited by interfering with any
of these steps. Targeting the native state will be specific for the protein in question,
while compounds that bind to oligomers and fibrils tend to bind to numerous
different proteins.

16.1.3.1 Stabilizing the Native State

Few of the major amyloid-associated diseases involve proteins which adopt a well-
defined globular structure, and thus present a clear drug target, under physiological
conditions. AD involves a “‘schizophrenic” peptide cleaved from a membrane-
bound precursor, while a-synuclein in PD is natively unfolded (see, however,
[44, 45] for evidence that it can form a helical tetramer which presents an
obvious drug target), and the polyQ tracts involved in Huntington’s do not form
stable globular structures. In contrast, there is a whole family of systemic or
localized amyloidoses which are highly prevalent and involve the tetrameric protein
transthyretin. Successful strategies to stabilize transthyretin, leading to an approved
drug, are described in detail in Chapter 17. A rare mutation in human lysozyme
(D67H) leads to hereditary systemic amyloidosis, and camelid antibodies designed
to bind the native state of this protein show promise in inhibiting amyloid formation
[46]. Small molecules stabilizing superoxide dismutase, implicated in amyotrophic
lateral sclerosis, have been shown to prevent its aggregation in vitro [47]. All these
approaches represent viable strategies provided their binding does not interfere
with the biological functions of the target protein.

16.1.3.2  Structural Properties of Fibrillation Inhibitors

Identifying compounds that can bind to the dynamic and fluctuating species that
occur during the aggregation process is a major challenge. However, chemical
space is vast [48], and it is likely that small molecules exist or can be synthesized
that bind to any given structure, effectively promoting the assembly of certain
aggregate species or suppressing others [49]. From a mechanistic point of view,
an advantage of having a large selection of different small molecule modulators
of fibrillation is that one can manipulate aggregation pathways at will. How this
modulation occurs has not been resolved at atomic detail for any present compound;
in fact, even the details of binding of established compounds such as Thioflavin T
and Congo Red to amyloid structures are not completely resolved, though recent
structures indicate that Thioflavin T intercalates between B-sheets at right angles to
the B-strands (Figure 16.1) [50]. Simulations may provide some provisional insights
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Figure 16.1 Binding of Thioflavin T to a B,-microglobulin hexamer mimicking a fibrillar
environment. The ThT molecules (orange) intercalate at right angles to the strands of the
intersheet interfaces. (Reproduced with permission from Ref. [50].)

into the molecular mechanisms by which small molecules associate with amyloid
aggregates. For example, some compounds have been suggested to promote a
helical structure in the hydrophobic core of AP peptides, thus preventing this
region from engaging in fibril formation [51].

The identification of small molecules as novel inhibitors of protein aggregation
often involves high throughput screenings of comprehensive compound libraries.
A list of examples is provided in Table 16.2. Clearly many different compounds
inhibit aggregation of amyloidogenic proteins and peptides. Congo Red rescues
hippocampal neurons against toxicity of AB and IAPP fibrils [52] and inhibits polyQ-
mediated protein aggregation in cell-free and cell-based assays [53]. Its derivatives
BSB ((trans, trans),-1-bromo-2,5-bis-(3-hydroxycarbonyl-4-hydroxy)styrylbenzene)
and FSB ((E,E)-1-fluoro-2,5-bis(3-hydroxycarbonyl-4-hydroxy)styrylbenzene) [54]
(Figure 16.2) are potent diagnostic tools for detecting brain plaques in organo.
The amyloid binding ligands Chrysamine G (which inhibits toxicity and aggre-
gation in cell assays, Figure 16.2 [55]) and Thioflavin S cannot cross the BBB,
but derivatives have been synthesized that can enter the brain, while retaining
their fibril-inhibiting properties in vitro and also inhibiting fibrillization in cells
[56]. Curcumin (found in the Indian spice turmeric) is structurally similar to
the amyloid fibrillization modulators Congo Red, Chrysamine G, and RS-0406
[57]. It is also able to block oligomer and plaque formation in vitro and in vivo
at sub-micromolar concentrations and crosses the BBB in mice [58]. Interest-
ingly, all these molecules contain two aromatic groups that are separated by
a backbone of the appropriate length. The two terminal groups may be criti-
cal for the high affinity interaction of the compounds with AB peptides, while
the linker facilitates binding of inhibitors to specific subregions of aggregates
[9]. Successful targeting of compounds to aggregates may, therefore, require
more extensive coupling of different binding groups to provide avidity as well as
specificity [9].
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Table 16.2

Overview of screening campaigns with small molecules against protein aggrega-
tion processes.

Target
molecule

Assay Library

Outcome

Tau

Tau

Insulin

polyQ

polyQ

Aggregation of tau ~ Merck (200 000)
protein fragments at

pH 7 with heparin

followed by

Thioflavin S

fluorescence assays

Aggregation leads to  Paired helical filament
protease resistance.  ligands from a previous
study. About 10 in all.

Fibrillation atpH2  Small selection of aromatic

60°C compounds related to the
three-ring compound
phenol-sulfonphthalein.

Filter retardation 184 000 compounds
assay

Membrane- 16 000 compounds from
permeable yeast Chembridge

strain rescued from

polyQ toxicity (GFP

expression).

Several
hydroxyanthraquinones with
IC;, values of 1-5uM able to
dissolve paired helical
filaments and to rescue
toxicity in neuroblastoma
cells identified [60]. Also
series of
phenylthiohydrazones [61]
with cell-protective properties
and ~10 uM IC,, values
detected. Smaller screening
also identifies porphyrins
[62]. General work
summarized in [63].
Derivatives of methylene blue
inhibit tau aggregation at
nanomolar levels and
facilitate degradation of tau
[64].

In most cases compounds
require two groups for
activity. One group is needed
to bind aggregates and one to
inhibit polymerization by
steric hindrance. However,
several monocyclic
compounds identified [65]. In
a screening of 144 flavonoids
using the cyanine dye 7519,
several candidates found [66].
In the primary screen ~300
compounds identified, 25 of
which are benzothiazoles,
one inhibits aggregation
invivo [67].

Of the nine best hits in yeast,
four rescue mammalian cells.
One polyaromatic derivative
hereof rescues neurons and
Drosophila against polyQ
aggregate toxicity [68]
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Table 16.2  (Continued)

Target Assay Library Outcome

molecule

Prion Scanning for 10 000 compounds Inhibitors disrupt complex

protein intensely fluorescent (DiverSetl, Chembridge) and reduce prion signal. Four
targets of the six hits share an N’-
(antibody-aggregate benzylidene-benzohydrazide
complex) core structure [69]. This

compound class is also active
against polyQ repeats and
a-synuclein [70].

a- PBS 37 °C with 169 compounds from Catecholamines similar to

synuclein agitation assayed by  3,4-dihydroxyphenylacetic = dopamine [71] stabilize
ThT acid (LOPAC) library covalent a-synuclein adducts

against aggregation.

a- PBS 37 °C with 7-mer peptides covering Residues in 64-86 region

synuclein shaking a-synuclein inhibit aggregation and

oligomer formation [72].

AB Small-molecule 17 905 immobilized Of the 79 ligands identified,
microarrays (SMMs) compounds (natural, one of the two best hits
to identify Ap commercial, and rescues cells against Ap
ligands. diversity-synthesized) cytotoxicity and promotes

fibrillation presumable at the
expense of oligomer
formation [73].

AB Small-molecule 640 members of LOPAC Calmidazolium chloride
compounds library (Sigma) stimulates AP aggregation to
promoting stable protofibrillar clusters
elongation of A [74]. Methylene Blue also
fibrils using bypasses oligomeric species
biotin-AfB detected by and promotes fibrillation of
Eu3* AB [75].

Ap Different aggregate =~ ~50 commercial Different modes of action:
species monitored by compounds shown compounds inhibit
specific antibodies.  previously to inhibit oligomers, fibrils, or both,

aggregation showing oligomers are not
compulsory fibril precursors
[49].
AR AB-GFP fusions ~1 000 triazole compounds. Hits inhibit AB fibrillation in

aggregate and do not
develop fluorescence.

a dose-dependent manner
[76]. Assay may miss
compounds that cannot cross
E. coli membrane and
oligomer-inducing
compounds may be false
positives.
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Table 16.2  (Continued)

Target Assay Library Outcome

molecule

AB Signal ~1 000 triazole compounds. Four best hits inhibit
peptide-AB-lactamase Thioflavin T-monitored Af
fusion aggregates aggregation [77].

and lactamase is not

exported, leading to

antibiotic sensitivity.

AB Thioflavin T 113 000 compounds RS-0406

fibrillation assay (N,N’-bis(3-hydroxyphenyl)
pyridazine-3,6-diamine)
inhibits fibrillation >10 uM
and rescues toxicity in
neurons at ~1 uM [57].

Ap Toxic AP aggregates 3 000 biologically active Best compound
depolarize PC12 compounds 4,5-dianilinophthalimide
cells, monitored by (DAPH) blocks fibrillation
specific dye. and dissociates fibrils,

leading to small amorphous
non-toxic aggregates that do
not lead to Ca* efflux [78].

AB ApB-release factor 12 800 compounds (Diver, = Two compounds reduce Af
fusion inhibits Chembridge) fibrillation and oligomer
release factor activity formation [79].

in yeast and
subsequent growth.

B,-micro-  Affinity capillary 200 model sulfonated Identify compounds by ACE,
globulin  electrophoresis to compounds. study affinity by MS and test
stabilize in silico with docking
non-amyloidogenic experiments [80].
form.
Modified ThT fluorescence in  Known inhibitors of Robust and inexpensive (but
k-casein  aggregation assay at aggregation not very sensitive) assay of
neutral pH 37°C fibril inhibition potency

based on naturally occurring
amyloid process.

Typically, compounds with highly conjugated cyclic groups, such as anthracy-
clines, naphthaquinones, or benzofurans reduce AP aggregation and toxicity in
cell model systems. N-benzylidenebenzohydrazide derivatives, for example, in-
hibit aggregation of prions [69], polyQ proteins, and a-synuclein [70]. Porphyrins
and phthalocyanins inhibit initial stages of PrP conversion [81]. Polyphenols are
also potent modulators of amyloid polymerization. They inhibit aggregation by a
combination of structural rigidity (characteristic of polycyclic rings) and aromatic
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Figure 16.2 Structures of AB-inhibiting compounds [54, 58, 59].

stacking [82]. It is important to note that many polyphenols show antioxidant
properties [83], but the degree of redox activity does not correlate with their
anti-aggregative properties [82]. This is also supported by observations indicating
that polyphenols do not inhibit cell death by hydrogen peroxide capturing or
other oxidative stress factors [84]. Based on a thorough comparison of 25 known
amyloid inhibitors, the best polyphenol candidates are suggested to contain at
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least two phenolic rings with two to six atom linkers, and a minimum num-
ber of three OH groups on the aromatic rings [82, 85]. These properties are
needed to target the growing cross-p amyloid structure through spatially correct
aromatic—aromatic contacts and to interfere with continued amyloid growth. This
agrees well with independent observations on the inhibition of a-synuclein ag-
gregation, where the key features were identified as (i) aromatic elements for
binding of compounds to the a-synuclein monomers or oligomers and (ii) vic-
inal hydroxy groups present on a single phenyl ring [86]. Aromatic (and to a
lesser extent other nonpolar and polar) interactions have also been identified as
the main driving force for binding amyloid structures in MD simulations [87].
However, specific binding at one site rather than “smeared interactions” over a
larger part of the fibril may require electrostatic interactions, for example, with Lys
side-chains [88].

Aggregation-prone polypeptides involved in AD remain the primary targets
for therapeutic effects against neurodegenerative diseases. Yet, despite enormous
efforts, no small-molecule inhibitors of Ap aggregation are available for patients as
drugs. Several small molecules are currently in clinical trials [9]. These include the
hydroxyanaline derivative SEN1269 (Senexis), and the metal chelator PBT2 (Prana
Biotechnology), while trials with scyllo-inositol (Transition Therapeutics and Elan)
were recently stopped. A major challenge is to identify compounds that specifically
target small toxic aggregate species in vivo , and so far little convincing evidence
has been provided that such structures can be detoxified with small molecules.

16.1.3.2.1 Unspecific Effects by Colloidal Agents

Interestingly, many small-molecule aggregate inhibitors behave as colloids or
chemical aggregators which undergo self-association [89]. Several of these com-
pounds, including Congo Red, were shown to inhibit the activity of the detergent
sensitive enzyme B-lactamase, indicating that they unspecifically target cellular
proteins [89]. Supporting this, the activity of chemical aggregators on the amyloid
formation processes is inhibited by detergent-sequestering proteins, such as BSA,
which binds many small molecules in an unspecific way [89]. This is perhaps not
surprising in view of the relatively generic interactions small molecules have to
engage in to prevent aggregation. In fact, the mode of binding of these compound
aggregates may be similar to detergents that bind to proteins in a cooperative
fashion, unraveling the native structure in a series of steps [90]. Potentially, such
promiscuous interactions may reduce the specificity required for therapeutic ef-
ficacy. Thus, any serious drug candidate should be screened at an early stage to
investigate its ability to unspecifically bind to various human proteins. However,
specific compound aggregation can occur. The small molecule scyllo-inositol forms
stable micelles with Ap oligomers and inhibits their cytotoxicity [91]. Furthermore,
it has been suggested that Congo Red may promote non-toxic Af fibrillation at con-
centrations below its critical micelle concentration in a fashion similar to anionic
detergents [92]. Micellar assemblies of Congo Red or lacmoid may also interact
with specific regions of the unfolded a-synuclein [93].
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16.1.3.3 Polyphenols: a Potent Class of Amyloid Inhibitors

Flavonoids are a very large group of amyloid modulators that are well-known for
their antioxidative properties. They contain a benzene ring with vicinal dihydroxy-
groups (Figure 16.4) and are commonly found in plants, where they are responsible
for their different colors. Moreover, flavonoids are known to function as a defense
system, which protects plants against other organisms. Flavonoids found in green
tea confer numerous human health benefits. The Ohsaki National Health Insur-
ance Cohort Study involving 40 530 Japanese adults has demonstrated that the
consumption of green tea significantly reduces the mortality of people, especially
with respect to cardiovascular diseases.

The pioneering work by Lansbury and coworkers [71] in 2001 highlighted
flavonoids, such as dopamine, as inhibitors of a-synuclein fibrillation, and stim-
ulated a broad interest in these compound structures. Subsequent reports on the
in vitro effects of dopamine, its metabolic product DOPAC [94] and the related
compound baicalein [95] revealed that fibrillation inhibition and disaggregation of
mature fibrils occur through stabilization of small oligomers [96-99] (Figure 16.3).
A comprehensive mutational study revealed that the region »YEMPS'?? in a-
synuclein is critical for the inhibition of fibril formation [97]. This region appears
to be modified with an oxidation product of dopamine, dopaminochrome, and the
interaction is reversible, that is, non-covalent [97]. A molecular dynamic and muta-
tional study confirmed the role of " YEMPS'? and suggested that Glu83 stabilizes
compound binding by long-range electrostatic interactions [96]. This residue was
also considered to function as a fibrillation gatekeeper, preventing the spontaneous
aggregation of a-synuclein molecules [100].

16.1.3.3.1 Epigallocatechin Gallate: the Universal Amyloid-Inhibitor?
Among the flavonoids, epigallocatechin gallate (EGCG) has been studied most
intensively. EGCG is very abundant in green tea leaves and appears to have multiple

OH

Baicalein

Figure 16.3 (a) AFM images of oligomers of a-synuclein stabilized by baicalein. Length bar
represents 200 nm. (b) Structure of baicalein. (Reproduced with permission from (a) Ref.
[101] and (b) Ref. [95].)
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positive effects in various diseases, including HIV [102], several forms of cancer
including leukemia as well as neurodegenerative diseases [103]. Recent studies
have demonstrated that EGCG is able to directly influence the amyloidogenesis
of various polypeptides, including huntingtin [104], transthyretin (TTR) [105], islet
amyloid polypeptide [106], Plasmodium falciparum merozoite surface protein 2 [107],
k-casein [108], prion protein [109], the SEVI peptide facilitating HIV viral uptake
[102], amyloid-B, and a-synuclein [110]. Thus, it seems to function as a chemical
chaperone that can associate with different types of proteins and structures.

Biochemical and biophysical investigations have recently elucidated the mecha-
nism by which EGCG inhibits a-synuclein and amyloid-p fibril formation in vitro
[110, 111]. An nitro blue tetrazolium (NBT) staining assay showed that EGCG binds
directly to both intrinsically disordered and oligomeric a-synuclein molecules [111].
The finding that EGCG can bind to various structurally and functionally distinct
proteins indicates that it does not bind to specific amino acid sequences. Sup-
porting this, NMR experiments revealed that equimolar concentrations of EGCG
associate with the unstructured C-terminal region of a-synuclein (D119, S129,
E130, and D135) [111]. This is consistent with the observations that dopamine
preferentially binds 125YEMPS!'? [96, 97]. When EGCG is in excess, however,
the compound unspecifically associates with a-synuclein throughout the whole
polypeptide chain [111]. Thus, the currently available structural data suggest that
EGCG binds unspecifically to proteins and preferentially associates with highly
unstructured regions.

A model for EGCG-mediated inhibition of a-synuclein fibrillogenesis is shown
in Figure 16.4. Here EGCG directly binds to unstructured a-synuclein protein
molecules and induces the formation of higher molecular weight oligomers that
are nontoxic and off-pathway in the fibrillation process [110]. EGCG also forms
oligomers with huntingtin and Af [104, 110, 112]. The stabilization of higher order
structures in a competing pathway is a consequence of EGCG preventing -sheet
formation when bound to a-synuclein [111]. EGCG can disaggregate preformed
mature amyloid fibrils into smaller amorphous aggregates [110], making it a
potentially useful drug for the treatment of amyloidoses as well. Note that EGCG-
a-synuclein oligomers are unable to seed fibril formation, indicating that they are
indeed off-pathway structures [111]. However, EGCG-free a-synuclein oligomers
are also unable to seed amyloid fibrillation (N.L. and D.O., unpublished), just
as other small molecule compounds can inhibit fibrillation without affecting
oligomerization [49]. Thus, the question whether a-synuclein indeed forms on-
pathway seeding-competent oligomers needs to be further investigated (see below).

As EGCG is not able to cross the BBB [113], it is not a suitable drug for the
treatment of neurodegenerative diseases. However, the clear effects of EGCG and
other flavonoids on various fibril assembly pathways provide scientists with struc-
tural insights that are very useful for the development of new small molecules that
directly target amyloidogenic proteins. The general approach seems to be appli-
cable for other compounds: the anti-leprosy drug Rifampicin also disaggregates
a-synuclein fibrils in a manner involving oxidation, covalent modifications, and
oligomer stabilization [114]. Further progress may be inspired by the observation
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Figure 16.4 Effect of EGCG on the aggre-
gation of a-synuclein. EGCG binds pref-
erentially to unstructured a-synuclein pro-
tein molecules and induces the forma-
tion of higher molecular weight oligomers

that are nontoxic and off-pathway in the

fibrillation process. Scale bars represent
100 nm. (Electron micrographs were repro-
duced with permission from Ref. [95].)

that biflavonoids are much more potent than monoflavonoids in preventing Ap
fibrillation and cytotoxicity and can promote formation of presumably off-pathway
aggregates [115]. This is probably an avidity effect due to the covalent linkage of
two binding groups.

16.1.3.4 Promoting Fibrillation to Avoid Toxic Oligomers

Several lines of evidence indicate that pre-fibrillar assemblies of Af polypeptides,
such as soluble oligomers or protofibrils, rather than mature, end-stage amyloid
fibrils, cause neuronal dysfunction and memory impairment in AD. This suggests
that reducing the prevalence of transient intermediates by small-molecule mediated
stimulation of amyloid polymerization might decrease toxicity. Calmidazolium
chloride (CLC) rapidly converts soluble AB peptides into very stable protofibrillar
clusters [74]. Methylene Blue also stimulates AP fibrillogenesis, both in vitro
and in cell-free assays, but does not influence oligomerization, suggesting that
these processes are not directly linked. However, a recent study suggests that
the orcein-related small molecule O4 (2,8-bis-(2,4-dihydroxy-phenyl)-7-hydroxy-
phenoxazin-3-one) is a potent enhancer of AP42 fibrillogenesis [116]. It binds
directly to hydrophobic amino acid residues in AP peptides and stabilizes the
self-assembly of seeding-competent, B-sheet-rich protofibrils and fibrils. Strikingly,
O4-mediated acceleration of amyloid fibril formation efficiently decreased the
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concentration of small, toxic AB oligomers in complex, heterogeneous aggregation
reactions. In addition, O4 treatment suppressed inhibition of long-term potentiation
by AB oligomers in hippocampal brain slices, supporting the hypothesis that small,
diffusible pre-fibrillar amyloid species rather than mature fibrillar aggregates are
toxic for mammalian cells.

16.1.4
Peptides and Peptide Mimetics

The repetitive and homopolymeric amyloid structure makes it possible to design
peptide ligands based on the primary structure of the amyloid core. In this approach,
peptides are designed to bind to the growing ends of fibrils or oligomers in order
to prevent fibril elongation [117]. This strategy can even lead to reversal of fibril
growth [118]. Targeting the amyloid core in the AD amyloid-f peptide with peptides
corresponding to the central fibrillating sequence has proven to be a valid strategy to
inhibit fibril formation and to reduce cytotoxicity in vivo [119-130]. Similar results
were also obtained for other amyloidogenic polypeptides such as a-synuclein
[127, 72], PrP, and amylin [131].

Designing ligand peptides can be facilitated by in silico methods [132]. When
using peptides that resemble the amyloid core, an apparent problem is that these
molecules potentially have a high propensity to form amyloid structures and induce
toxicity, as shown for a-synuclein by Bodles and coworkers [133]. Different peptide
engineering strategies have been employed successfully to reduce the intrinsic
amyloid-forming properties and to improve the inhibitory effect of peptides,
for example, by introducing proline residues [134], retroinversion [121, 127], N-
methylation, or disruptive linkers [123, 124, 126]. The latter two approaches are
most widely used and will be discussed briefly.

N-methylation of ligand peptides has been found to be a successful strategy
to inhibit aggregation and/or cytotoxicity of various AP peptides and a-synuclein
[119] though its effect on amylin is more controversial [131, 135]. N-methylation
reduces the ability of peptides to form hydrogen bonds, which are a prerequisite
for efficient amyloidogenesis. Thus, when an N-methylated peptide binds to the
aggregation-prone AP peptide, its spontaneous aggregation is potentially inhibited
due to destabilization of the hydrogen bond network [118]. Parallel studies by
Hughes et al. and Gordon et al. have clearly demonstrated that the site-specificity
of N-methylation is crucial for inhibitory effects of peptides. This is supported by
studies indicating that different N-methylated versions of the undecamer peptide
AB,s_;5 have different effects on the aggregation and cytotoxity of Ap [125]. While
N-methylation of Gly33 completely inhibits Ap amyloid formation and reduces
cytotoxicity, N-methylation of Gly25 has a weak effect on aggregation, which
corresponds to the wild-type peptide (AB,5_35). In comparison, N-methylation of
Leu,, changes the fibril morphology and reduces cytotoxicity [122, 125]. A peptide
spanning residues 69—72 in a-synuclein blocks oligomer and fibril formation [72].
Accordingly, for the undecamer peptide (a-synucleingg_-¢) a single N-methylation
at Gly73 has been demonstrated to inhibit amyloid formation even more efficiently,
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and reduce a-synuclein toxicity [119]. An alternative to N-methylation is to include
Pro residues due to their inability to participate in hydrogen bonding. Variants
of AP containing Pro in the core amyloid sequence LVFFAED inhibit amyloid
formation and disaggregate existing fibrils [136], while the minimalist peptide
LPFFD reduces AB plaque formation in vivo [129].

Another valid strategy to modify ligand peptides is to link a disruption element to
short peptides that recognize aggregation-prone amino acid sequences. The peptide
KLVFF (AB;4_,0) is a strong recognition element for Ap peptides and linking it with
disruption elements such as, for example, Lys6 has been shown to inhibit cellular
toxicity of AP aggregates [123, 126]. However, these peptides do not necessarily
prevent fibril formation but may rather increase aggregate size and alter aggregate
morphology [126]. Linking Lys6 or Glu4 to KLVFF protects AP cytotoxicity in vivo
by promoting aggregation, which is most likely accompanied by a decrease in toxic
oligomers [124, 126].

Protein ligands are generally selected due to their specific binding to a defined
primary amino acid sequence. However, peptide ligands are not limited to the
recognition of primary sequences because they can also recognize higher-order
aggregate structures [120, 137, 138]. Reinke et al., for example, have designed a
bivalent version of the A ligand KLVFF (AB,4_,) fused to a 19-24 A long linker,
which specifically binds to early oligomeric states of AB. In comparison, it only
showed a low binding affinity for monomers and mature p-sheet-rich amyloid
fibrils [137]. If AR monomers indeed are crucial for the survival of neurons,
the selective targeting of cytotoxic aggregate species such as oligomers is key
to the development of effective therapeutic strategies against AD. The ability of
ligand peptides to distinguish between monomers and higher order structures
has been utilized by Hoogerhout et al. to develop a combined antibody-mediated
immunotherapy, which aims to specifically target A aggregate species using a
peptide ligand strategy [138]. They designed an undecamer peptide (AB,, ,5-YNGK)
that recognizes a conformational epitope in Af oligomers and fibrils but that does
not bind to monomeric AB molecules [138]. Using antibodies that bind to the
AB,, ,5-YNGK peptide reduced the concentration of higher-order Af structures in
mice by antibody-mediated immunotherapy without depleting potentially non-toxic
monomers [138].

16.1.5
Nanoparticles: Untamed Dragons with Fire Power to Heal?

Another promising class of agents are polymeric biocompatible NPs. Fluorinated
NPs can efficiently inhibit A fibril formation and reduce the toxicity of aggregate
species in vivo [139]. NPs have the significant advantage compared to small
molecules that they readily cross the BBB, potentially enabling them to be utilized
as future drugs for the treatment of neurodegenerative diseases such as AD.
Consequently, nanoneurotechnology has emerged as a very promising field because
numerous NPs have been discovered in recent years that can efficiently cross the
BBB [140, 141]. This has especially been explored with regard to drug delivery where,

68

361



362

16 Inhibitors of Amyloid and Oligomer Formation

for example, nanoliposomes have been applied to transport Ap-targeting antibodies
[142, 143]. Polymeric NPs have also been successfully used for the oral delivery
of estradiol to rat brains [144]. Recent studies have demonstrated that NPs have a
high potential to bind aggregation-prone Af peptides, thereby inhibiting amyloid
formation [139, 145-147]. This opens up the possibility to deliver compounds to
the brains of transgenic animals and patients that per se are unable to cross the BBB.
Brezesinski and coworkers have demonstrated that both fluorinated, sulfonated,
and sulfated NPs are able to inhibit amyloid formation and disintegrate amyloids
of the AP peptide [139, 148]. Furthermore, they reduce cytotoxicity in vivo of
AP peptides and oligomers. They conclude that to be effective, NPs must have a
highly negative zeta potential and a fine balance between hydrophilic moieties and
hydrophobic chains [148, 149].

The application of NPs for the inhibition of amyloid formation is still a very new
research field and, to date, only few reports have been published. In the coming
years it will be necessary to elucidate whether NPs can be safely applied to treat
neurodegenerative disease phenotypes in transgenic mouse model systems [140]
and to clarify whether they are applicable as specific ligands.

16.2
Summary

In this chapter we have focused on strategies to intervene against the early-stage
aggregates that are believed to play a central role in several neurodegenerative dis-
eases. Despite some setbacks, immunotherapy against toxic Ap aggregate species
remains a promising therapeutic approach for AD, both through active immuniza-
tion using soluble states of the AP peptide and passive immunotherapy directed
against both soluble and insoluble states, where it may not be necessary to cross
the BBB. Aptamers are probably most promising as diagnostic agents against amy-
loid deposits. No small-molecule aggregation inhibitors have yet been approved,
probably due to difficulties in specifically targeting the toxic aggregate state in vivo.
However, there are numerous candidates in the pipeline. General features of
promising compounds include several aromatic groups separated by linkers; polar
groups such as vicinal hydroxy groups and electrostatic interactions may confer
additional specificity. A caveat is that many of these compounds self-associate,
which may lead to unwanted side-effects in vivo. The most promising group of
aggregation inhibitors are the flavonoids. Particularly EGCG, which can prevent
and reverse fibrillation of many unrelated proteins, probably by forming non-toxic
oligomers, might be a very interesting candidate for further development. An
alternative approach is to promote fibrillation and thus bypass or reduce oligomer
accumulation; here orcein derivatives are particularly promising. Peptide mimetics
are obvious candidates since they should be specific for the parent protein sequence,
and the most promising strategies include N-methylation and inclusion of $-sheet
disruptive linkers. Finally, NPs hold potential due to their combined ability to cross
the BBB and to bind aggregation-prone peptides.
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RESEARCH PART



INTRODUCTION TO RESEARCH PART

The research part is divided into two overall sections: (1) amyloid fibrils and (2) oligomers. In the
fibril section the focus is on the fibril phenomenon in general, whereas the oligomer section is
focused on stable oSN oligomers. Structural characterization of fibrils and particular of oligomers is
still limited and the early steps of their assembly process have not been dissected. Held together
with the limited knowledge on the role of fibrils and oligomers in the pathogenesis of
neurodegenerative disease, it might seem that this research subject is still immature. However, [
hope that the introduction and research part will convince the reader that the amyloid field is in a
rapid development and approaching detailed descriptions of several subjects.

AMYLOID FIBRILS

Despite the escalating attention on amyloid fibrils, whether related to neurodegenerative diseases,
drug formulation or beneficial functionality, the mechanistic description of the assembly process is
still not complete (see chapter 3). We have used the ribosomal protein S6 (Fig. 10) as a model
system to analyze fibril formation. S6 have worked as a model system for protein folding studies
(106) and is able to form fibrils at acidic pH and slightly elevated temperatures (107).

Figure 10. Cartoon drawing of the ribosomal protein S6 (1RIS) with S-sheets in yellow, a-helices in
red and loops in green.

In Article IV we have used the high reproducibility of seeded fibrillation experiments to generate
high quality kinetic data of S6 fibril formation. The concentration of fibril seeds and monomers has
been systematically varied and combined with kinetic modeling (97). We have been able to separate
secondary pathways from primary nucleation and elongation (see chapter 3). Based on the kinetic
modeling we found that the exponential growth phase of S6 fibril formation is catalyzed by
secondary processes rather than primary nucleation.

The rate constants of primary nucleation and the extent of fibril formation are generally considered
to increase together with protein concentration. In Article V we report the atypical concentration
dependence of S6 where fibril formation is inhibited at high protein concentrations. Based on
pepsin digestion and DLS analysis we speculate that the inhibition stems from the formation of
native-like oligomers that are off-pathway to fibril formation and exist in dynamic equilibrium with
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the native state. Altogether, this highlights the many competing conformational states in the energy
landscape of protein folding and aggregation.

As discussed in chapter 3 the fibril state appear to be thermodynamically more stable than the native
state. Then why is fibril formation in the cell a rare exception? One reason is chaperones, as they
are key in the proteostasis network where they are responsible of preventing protein misfolding
(108). The role of chaperones in neurons and neurodegenerative diseases are not well understood. In
Article VI we found that the intrinsically disordered protein 7B2 (109) abolished in vitro fibril
formation of Amloid- (AB) and aSN and rescued cells from AP toxicity. Also, 7B2 was found to
co-localize with AP plaques and Lewy Bodies in human brain material. We established that 7B2
posses post-folding activity ie. it is an anti-aggregation chaperone associated with
neurodegenerative diseases. Retarding fibril formation of both AP and aSN aggregation suggest that
7B2 is not limited to select proteins but recognize fibril structure in general, supported by a recent
report where 7B2 have similar effects on islet amyloid polypeptide (110).

The work in Articles IV, V, VI, VIII requires simple and reliable ways to monitor fibril formation.
ThT fluorescence is the common probe (see chapter 3), however it has the disadvantage of potential
falsh positives e.g. when screening for small molecule inhibitors which might quench fluorescence
or compete with ThT binding. In Article VII we demonstrate how electrochemical analysis can be
used to measure fibril formation due to differences in tyrosine oxidation between the monomeric
and fibrillar state. This method is not applicable for online measurements but has the advantage that
it does not rely on an extrinsic probe.

OLIGOMERS

aSN oligomers are possibly the culprits in Parkinson’s Disease (see Article II). Oligomeric species
are a tremendous challenge in biophysics as they are often heterogeneous, transient and difficult to
obtain in high yields. We focus on a type of stable aSN oligomers which are present during fibril
formation (111).

In Article VIII, an arsenal of biophysical techniques has been used to obtain an improved oligomer
structure. SAXS analysis suggests that oligomers are ellipsoidal; having a structured core and a
disordered shell. The dimensions of the oligomers are supported by light scattering techniques and
based on FTIR and CD we conclude that the core is build up by [-sheet. This structural
characterization was possible due to the relative monodispersity which we have obtained by
optimization of oligomer purification. Also, these oligomers are not transient but stable towards
dissociation (see Article XI). In Article VIII we have also addressed the role of these oligomers in
fibril formation. Based on kinetic analysis and kinetic modeling we find that the oligomers are
unable to seed fibrillation and to become incorporated into fibrils. Consequently, these oligomers
are not obligate intermediates in fibril formation. We observe that oligomers moderately inhibit
primary nucleation and fibril elongation and based on surface tension analysis we relate the
inhibition to competition of monomers and oligomers in the air-water interface, which might be
important for fibril formation. The air-water interface could affect these processes by local
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concentration of protein or by stabilization of conformational states prone for primary or secondary
nucleation.

The oligomers interact strongly with anionic vesicles and permeabilize them (Articles I1, VIII, IX,
X, XI). The N-terminus is highly relevant for the interaction between monomeric aSN and anionic
vesicles and N-terminal deletions have dramatic effects on yeast viability (27). Therefore we have
systematically analyzed the effect of N-terminal deletions on monomers’ and oligomers’ interaction
with membranes. This is presented in Article IX where we find reasonable linearity between
monomer folding into the membrane and permeabilization. Also, we conclude that the 12 first
residues of the N-terminus are essential for the interaction of monomers and oligomers with anionic
vesicles.

Based on these findings the early N-terminal could be a promising epitope for drug development
towards Parkinson’s Disease. In Article X we have analyzed the effect of epigallocatechin gallate
(EGCG) on oligomer toxicity. EGCG does not target the N-terminus but associate nonspecifically
throughout the polypeptide chain. EGCG completely inhibit the oligomers ability to permeabilize
anionic vesicles and rescues rat brain cells from oligomer cytotoxicity. Remarkable, however,
EGCG does not induce any major structural changes in the oligomer. Instead EGCG moderately
inhibit oligomer-membrane interactions and our inhibition data suggest that oligomers permeabilize
membranes by destabilization events rather than by pore formation.

As mentioned initially, the high stability of these oligomers is a prerequisite for the work in
Articles VII, IX, X. In Article XI we find that the oligomers are highly stable towards dissociation
by pH, temperature and solvent denaturation (see chapter 2). Also we observe that prolonged
incubation times at 37 °C induce self-association of the oligomers into larger non-fibrillar
aggregates, again highlighting the multitude of the energy landscape of protein folding and
aggregation.

PERSPECTIVES

Interdisciplinary research and continuous method development has really pushed the amyloid field
forward, but there are still some black boxes that needs to be uncovered.

(1) The contribution from microscopic processes, such as primary nucleation, elongation and
secondary processes, to the overall process of fibril formation is seemingly well-understood and has
been described mathematically. However, especially the molecular reaction of primary nucleation is
still poorly understood, and it will probably need further instrumental advances, where e.g.
microdroplet techniques are promising (112), to uncover this in details.

(2) Whereas we have now provided a low-resolution oligomer structure (Article VIII) there is need
for high-resolution details on oligomers, before their formation and cytotoxic properties can be fully
understood. Currently this seems to be an extremely difficult challenge especially for oligomers of
transient nature. However, the recent advances in high-resolution structures of amyloid fibrils
(86,89,92) (Chapter 3) provide hope for the future determination of oligomer structures.
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(3) The presence of amyloid fibrils and oligomers in neurodegenerative diseases is unambiguous.
However it is not established whether amyloid fibrils and oligomers are the primary course of
neurodegeneration or a downstream consequence of neurodegeneration. If they are essential in
disease it has to be understood why. A vast amount of literature suggests that the interaction of
misfolded aggregates with membranes is key in the cytotoxicity (Articles II, III). The rise of the
oligomers as the potential culprits in neurodegenerative diseases almost ruled out fibrils as
cytotoxic entities, however, recently we have witnessed what appear to be the strike back of the
fibrils (113,114). Personally I like the idea that everything misfolded in a cell might be toxic due to
inappropriate interactions with cellular entities, which would lead to the conclusion that there is no
such thing as single culprit but rather a spectrum of toxic species.
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Role of Elongation and Secondary Pathways in S6 Amyloid Fibril Growth
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ABSTRACT The concerted action of a large number of individual molecular level events in the formation and growth of fibrillar
protein structures creates a significant challenge for differentiating between the relative contributions of different self-assembly
steps to the overall kinetics of this process. The characterization of the individual steps is, however, an important requirement for
achieving a quantitative understanding of this general phenomenon which underlies many crucial functional and pathological
pathways in living systems. In this study, we have applied a kinetic modeling approach to interpret experimental data obtained
for the aggregation of a selection of site-directed mutants of the protein S6 from Thermus thermophilus. By studying a range of
concentrations of both the seed structures, used to initiate the reaction, and of the soluble monomer, which is consumed during
the growth reaction, we are able to separate unambiguously secondary pathways from primary nucleation and fibril elongation.
In particular, our results show that the characteristic autocatalytic nature of the growth process originates from secondary
processes rather than primary nucleation events, and enables us to derive a scaling law which relates the initial seed concen-

tration to the onset of the growth phase.

INTRODUCTION

The level of interest focused on understanding the assembly
and structure of nanoscale protein fibrils has increased
significantly in the last decade due to the realization that
the formation of amyloid fibrils is intricately associated
with a range of neurodegenerative disorders, including
Parkinson’s (1) and Alzheimer’s diseases (2-5), and other
medical conditions including type II diabetes. The under-
lying similarities in the structures and behavior of protein
fibrils found in connection with apparently disparate disor-
ders, together with the finding that many proteins, both
with and without connection to disease, are able to undergo
fibrillar assembly in vitro, has led to the idea that the
amyloid state represents a generally accessible alternative
form of organized protein structure (6,7).

Despite the apparent simplicity associated with the
description of amyloid growth as a homomolecular assem-
bly phenomenon, it has become apparent that this process
is characterized by a remarkable degree of complexity on
the molecular level, and that many different molecular
events contribute to the overall assembly pathway. It is
widely agreed that fibril formation is initiated by a primary
nucleation step (8) wherein soluble proteins come together
to form aggregates capable of subsequent growth through
incorporation of further species and leading to elongation
of the structures when they acquire fibrillar character
(9-14). In many cases, it has been shown that this subse-
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quent growth is resulting from the incorporation of mono-
mers rather than oligomers, a conclusion in agreement
with the finding that fibril growth can be observed under
conditions where no significant oligomer populations can
be detected (10,14) and the fact that the elongation of fibrils
has been found to be directly proportional to the concentra-
tion of soluble protein (10,11).

A crucial characteristic of such fibrillar assembly
phenomena is the sigmoidal nature of the reaction profile:
the rate of assembly accelerates during the first part of the
process, and then slows down to reach an equilibrium end-
point that results from the depletion of available protein in
solution. The origin of the acceleration in the reaction rate
for early times is, however, still a topic of investigation
and discussion. It is important to note that, if the number
of fibril ends present in solution remains constant, the rate
of the overall conversion of soluble protein into the fibrils
will be linear in the monomer concentration because the
growth occurs primarily at the ends of the fibrils. A higher
than linear concentration dependence requires, therefore,
the multiplication of such fibrils in number in order to
increase the number of ends where the growth occurs
(15-17). This type of proliferation in the number of fibrils
in some studies has been attributed to further primary nucle-
ation, where new fibrils emerge from soluble protein in
parallel to the growth of existing fibrils, but in others to
secondary pathways, where additional growth centers are
formed from growing fibrils, e.g., by fibril breakage,
surface-catalyzed nucleation, or branching (see (15,18,19)
for a more detailed description of secondary pathways).

In the literature, the term “fibril growth” is commonly
used to indicate both fibril elongation and multiplication,
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and combinations of such processes; relatively little work
has focused on the challenge of identifying the true contri-
bution of the elongation process relative to the contributions
of primary and secondary nucleation. Indeed, parameters in
empirical sigmoidal functions, such as the logistic function
(14), combine both microscopic rates into phenomenolog-
ical parameters such as the lag-time or the apparent
maximal growth rate. A further complication results from
the fact that the relative populations of different types of
fibrils and their structures can be shifted dramatically
upon changes in the environment (20,21). This changing
picture of fibril polymorphism can, however, be avoided
by seeding with preformed fibrils, thereby templating the
subsequent growth of one fibril type without the requirement
for primary nucleation.

MATERIALS AND METHODS
General notes

All S6 mutants were expressed recombinantly, purified, and dialyzed
against deionized water as described previously in Otzen et al. (22). Protein
concentrations were determined by absorption at 280 nm using an ND-1000
spectrophotometer (NanoDrop, ThermoScientific, Wilmington, DE). A
theoretical extinction coefficient at 12.700 cm™!, M~! was used. Fibril
formation was carried out in 10 mM HCI (pH 2), 0.4 M NaCl at 42°C
with agitation (900 rpm during seed formation and 180 rpm in plate reader
experiments). All Thioflavin T (ThT) fluorescence measurements were
performed in triplicate.

Asymmetric flow field-flow fractionation

Here, we used asymmetric flow field-flow fractionation (AF4). Samples of
100 uM S6 VA88 were harvested from the kinetic plate reader experiments
over a period of five days and centrifuged at 13,400 rpm for 15 min in
a MiniSpin centrifuge (Eppendorf, Hamburg, Germany). A 100-uL sample
was injected onto an AF2000 asymmetrical flow field-flow fractionation
system (Postnova, Landsberg, Germany) equipped with an S3240 UV/Vis
detector monitoring absorbance at 205 and 280 nm, PN3140 refractive
index, and a PN3070 7-angle light scattering detector. The system was
equipped with a 5-kDa MWCO ultrafiltration membrane and a 350-um
spacer, and was equilibrated in 10 mM HCI (pH 2), 0.4 M NaCl at room
temperature. The sample was separated, injected, and focused for 5 min
at 0.2 mL/min with a focus flow of 2.3 mL/min and cross-flow of 2 mL/min.
The detector flow was kept constant at 0.5 mL/min throughout the injection,
focusing, and separation. After focusing, a cross-flow gradient from 2 to
0.15 mL/min over 20 min followed by a 10-min gradient to 0 mL/min
was applied to separate potential S6 species. The system was then washed
at 0 mL/min cross-flow for 15 min.

Seed formation

Mature fibrils were prepared in 1.5 mL test tubes containing 100-250 uM of
S6 under fibril forming conditions and incubated in a Vortemp 56 evc.
Eppendorf shaker (Tehtnica, Z&lezniki, Slovenia). Fibril formation was
followed using ThT fluorescence: samples were diluted 12 times with a
ThT solution (40 uM ThT final, 10 mM HCI, pH 2, 10 mM NaCl) and incu-
bated for 10 min in an Eppendorf shaker under conditions identical to those
used for fibril growth. Fluorescence measurements were carried out on
a LS55 Luminescence spectrometer (Perkin-Elmer, Norwalk, CT) using
emission and excitation slit widths of 10 nm, excitation at 450 nm, and
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emission at 465-555 nm. Seeds were obtained by sonication on ice of
mature fibrils using a HD 2070 Bandelin Sonuplus Sonicator (Buch &
Holm, Copenhagen, Denmark) for three times,1 min, at 60% power. Seeds
were kept at 4°C.

Fibril formation kinetics with platereader

Seeded fibril growth from different mutant variants was monitored using
ThT-fluorescence (using excitation at 450 nm and emission at 485 nm)
performed every 20 min on a GENios Pro Plate Reader (TECAN, Minne-
dorf, Germany) in 96-well plates. All samples contained 40 uM ThT, 10mM
HCI (pH 2), 0.4 M NaCl. The temperature was kept at 42°C, shaking
was linear at 180 rpm, and shaking duration was 3 min in every 20-min
cycle.

Atomic force microscopy

For analysis by atomic force microscopy (AFM), mature fibrils and seed
samples were prepared as described above from a 100 uM S6 monomer
solution. 5 pL sample aliquots were deposited on freshly cleaved mica
(SPI supplies, West Chester, PA). Samples were imaged by AFM, under
ambient conditions at room temperature, using a NanoWizard II
(JPK Instruments, Cambridge, UK) and Ultrasharp NSC36 cantilevers
(MikroMasch, Tallinn, Estonia) in contact mode at a line rate of 1.5 Hz
and a resolution of 512 x 512 pixels. Images were analyzed with the
open source software Gwyddion (http://gwyddion.net/).

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) spectra of fibrils and mono-
meric solutions were obtained with a Tensor 27 FT-IR (Bruker Optics,
Billerica, MA). Spectra were accumulations of 68 scans, measured with
aresolution at 2 cm™ " in the range from 1000 to 3998 cm ™. Data processing,
consisting of atmospheric compensation, baseline subtraction, and fitting
with Lorentzian curves, was performed with the software OPUS ver. 5.5
(http://www.stsci.edu/software/OPUS/kona2.html). For the comparison of
seed and second-generation fibrils, spectra were normalized.

Transmission electron microscopy

Transmission electron microscopy (TEM) was carried out as described
previously in Pedersen et al. (20). Briefly, a 5-mL aliquot (50-100 mM
S6, incubated as above) was placed on a 400-mesh, carbon-coated, glow-
discharged grid for 30 s. Grids were washed in two drops of double-
distilled water and stained with 1% (w/v) phosphotungstic acid at pH 6.8
and blotted dry on filter paper. Samples were viewed with a model No.
1010 transmission electron microscope (JEOL, Peabody, MA) at 25,000
magnification.

RESULTS AND DISCUSSION

In order to identify the effects of fibril elongation and
secondary pathways relative to other processes contributing
to the overall fibril growth process, we can analyze system-
atic variations in the growth kinetics that result from
changes in the quantities of preformed aggregates that are
added and of monomer. We illustrate this approach in this
article by studying members of a library of single and
double mutants of the ribosomal protein S6 from Thermus
thermophilus. The protein S6 has emerged as an outstanding
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system for probing protein folding (22-24) and aggregation
(20). Under acid-denaturing conditions which promote fibril
formation (0.4 M NaCl, 10mM HCI (pH 2), 42°C), the
native state of S6 (N) is destabilized and the protein can
undergo amyloid assembly. The choice of S6 as the system
of study in this work also gives rise to a key advantage, in
that the primary nucleation of amyloid structures from S6
monomers is slow under these conditions (Fig. 1), providing
a window within which it is possible to study elongation and
multiplication of fibrillar species in the knowledge that
primary nucleation is not contributing significantly to the
evolution of observed fibrillar structures.

By the use of preseeding, hence avoiding the effects of
polymorphism, within this window where primary nucle-
ation does not contribute significantly to the fibril popula-
tion, we reduce the number of variables that need to be
defined in the self-assembly reaction. We confirmed directly
that no oligomers were present in our preseeded experi-
ments using AF4, AFM, and TEM measurements (see the
Supporting Material). We can then use an array of different
S6 mutants to span a broad range of fibril formation kinetics
to test the validity of our model over an extended parameter
range. The fibril kinetics are followed using in situ ThT
fluorescence measurements; we have previously shown by
electron microscopy that S6 fibrils formed under these
conditions lead to high ThT signals (25).

Initial examination of the data describing fibril kinetics
reveals that there is a difference between the ThT signal
given from pregrown seeds and fibril material that forms
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FIGURE 1 Kinetic traces for the fibril formation of S6 protein (LA30)
with and without the initial addition of seeds of preformed fibrils. In the
absence of such seed material (lower trace), no fibrillar material is detected
over the time course of 80 h. With the addition of preformed seeds (upper
trace), however, all monomer is incorporated into aggregates within this
time window. Hence, the sigmoidal rate profile that is observed in this
case unambiguously reflects the role of secondary pathways. In addition,
the preseeded trace demonstrates the different scaling of the ThT fluores-
cence signal with initial seed material and the new material formed during
the reaction, as given by Eq. 1. The system had initial seed concentration
8.3 uM and initial monomer concentration 100 uM. The ratio of the total
monomer concentration in the system, 108.3 uM, to the initial seed concen-
tration, 8.3 uM, is ~13, yet the ratio of the final/initial signal reported by
ThT is ~24.
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in the reaction through addition to the seeds, although the
structures of seeds and fibrils grown from seeds are very
similar when compared using FTIR and AFM measure-
ments (see the Supporting Material). In other words, the
observed ThT signal obeys a dependency of the form

Slgnal = pMinilial seeds + UMnew material

1

- MO + o) —mo)
where M denotes the concentration of monomer in aggre-
gates, p is fixed so that the seed concentration is reported
correctly at the beginning of the reaction, and o is fixed
so that the total monomer concentration is defined correctly
at the end of the reaction. This effect can be seen in
Fig. 1 where the initial seed concentration is 8.3 uM and
the initial monomer concentration is 100 uM. The ratio of
the final/initial ThT signal is ~24, whereas the ratio of total
monomer to monomer initially in seeds is ~13, implying
g = 2p.

Elongation

The time evolution of a population of fibrillar species
proliferating through primary nucleation, elongation, and
secondary pathways has been studied extensively over the
past 40 years (16-18,26-28). Much work has focused on
integrated rate laws valid for the early stages of the reaction
(10,15,18,29-31), first derived in the pioneering work of
Ferrone et al. (18,32) in their studies of sickle hemoglobin
gelation; more recently these solutions have been extended,
using a self-consistent approach, to give integrated rate
laws valid for the entire reaction time course (16,17,33).
Solutions valid over the entire reaction will be vital in
studying secondary nucleation later in this article, whereas
the early time behavior is related to elongation in this
section.

The early stages of aggregation in the S6 system can be
used to study unambiguously the elongation of fibrillar
species. We focused first on the effect of seed concentration
on the addition of monomeric protein to fibrillar species in
the initial stages of the reaction. For a system where primary
nucleation does not contribute significantly to the fibril
population, and for which preformed seeds are instead
used to initiate the reaction, the fibrillar mass-concentration,
M(t), evolves in the initial stages of the reaction according
to (17),

M(t) = m(0)Cie” —m(0)C_e™™, 2

=" M(0) + 2k, m(0)P(0): + O(*), 3)

where P(t) denotes the number-concentration of fibrils and
m(t) denotes the free monomer concentration. The constants
in Eq. 3 are given as

Biophysical Journal 102(9) 2167-2175



2170

K = \/2k kym(0)"

*

4)
C

I+

The kinetic rate constant for elongation from each end is
given as k, and that for the secondary pathway by k,. The
elongation rate constant in this formulation, /~<+, may not
be independent of the monomer concentration; we discuss
this later in this section. The parameter n, describes the
monomer-dependence of the secondary pathway such that
n, = 0 corresponds to the monomer-independent case of
fragmenting filaments (15,16,18,27,34,35); a nonzero value
of n, represents a monomer-dependent secondary pathway,
for example, where the surface of existing filaments is active
in catalyzing the formation of new growth nuclei
(15,18,33,36). Equation 3 shows that, for early times, the
secondary pathway is less important in defining the overall
consumption of free monomer m(¢) than the direct elonga-
tion of fibrils proportional to 2k, m(0).

Equation 3 shows that for kinetic data describing seeded
growth, the intercept is the initial seed concentration M(0)
and the initial reaction rate ry is given as

am

- = 2k, m(0)P(0).
arl . +m(0)P(0)

®)

rgo =

For systems of fixed initial monomer concentration and
varying initial seed concentration, Eq. 5 shows that the
initial gradients are expected to be proportional to the initial
seed number-concentration, P(0), and the intercept to be
proportional to the initial seed mass-concentration, M(0).
The mass concentration of seeds added to the system is
known for all of our data, and for a given seed preparation
used to preseed a series of experiments, the seed number
concentration is linked to the seed mass concentration
through the average seed length in the preparation, (L(0)),
so that P(0) = M(0)/ (L(0)). Therefore, the intercept and
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initial gradient are both expected to vary linearly with the
seed mass-concentration. These predictions are validated
in the scaling behavior seen in the data for a range of
mutants in Fig. 2.

The separation of fibril elongation from primary nucle-
ation and secondary pathways, as described above, provides
an opportunity to investigate the sensitivity of fibril elonga-
tion toward single and double mutations. The final (plateau)
fluorescence intensities in the experiments, at a given mono-
mer concentration, vary by significantly less than one order
of magnitude, showing that the changes in the initial fluores-
cence intensity reflect principally changes in the intrinsic
elongation rates rather than variation in ThT binding affinity
or degree of fluorescence enhancement. Under this assump-
tion, the elongation rates for a range of mutant/seed combi-
nations have been evaluated and are shown in Table 1. This
assumption is further confirmed by noting that the relative
elongation rates when WT and LA30/VAG65 seeds are grown
with monomeric IA8 (2.8 and 4.5, respectively) and mono-
meric LA61 (0.2 and 0.4, respectively) result in very similar
ratios of the elongation rates of 0.6 (2.8/4.5) and 0.5
(0.2/0.4) (Table 1).

This finding reflects the dominant role of the protein that
is converted into its aggregated form rather than the nature
of the seed in defining the elongation rate of amyloid fibrils
(37,38). In an earlier study, we have reported that single and
double mutants of S6 strongly affect the primary nucleation
rate (20). Our study clearly demonstrates that the elongation
rate is highly affected by single and double mutations, even
in the case of conservative mutations. A search performed
for correlations between the elongation rates found with
WT seed (Table 1) and the corresponding physico-chemical
properties of the mutants did not reveal significant trends
between the elongation rate and the folding parameters
(unfolding rate constant k,, refolding rate constant ks and
melting temperature 7,,; (20) and data not shown). This
finding indicates that factors other than the thermodynamic
stability of the folded state relative to unfolding control the
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FIGURE 2 Scaling of the intercept and initial gradient with a varying initial seed concentration at a fixed initial monomer concentration as predicted by
Eqgs. 3 and 5. (A) Example of raw data (using VA37) for the early-time evolution of the polymer mass at increasing seed concentration (bottom to top). (B) The
slope of the initial linear growth phase shows a linear dependency with the seed concentration. (C) The intercepts obtained from linear regression of the initial
linear phases also reveal a linear dependency on the seed concentration. The fixed monomer concentration was 100 uM and the data (both seed and monomer)

for the variants AG35 (circle), 1A8 (square), and VA37 (diamond).
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TABLE 1 Data for the linear variation of the initial gradient of
fibril growth with seed concentration at a fixed monomer
concentration

Monomer Correlation Nominal relative
Seed species species dro/0M(0) coefficient  elongation rate
WT YA63 70.7 0.98 1.0
WT LA75/MA67 154.9 0.97 2.2
WT LA30 246.9 0.99 35
WT AG35 103.5 0.99 1.5
WT IA8 194.6 0.98 2.8
WT VA37 267.6 0.99 3.8
WT LA61 14.1 0.99 0.2
WT IA8/LA26 25.1 0.98 0.4
LA30/VAG65 1A8 319.8 0.99 4.5
LA30/VA650 LAG61 29.7 0.99 0.4

Gradients determined from linear regression analysis, dro/dM(0), equivalent
to those of the fitted lines shown in Fig. 2, are tabulated. Data are shown for
a range of seed/monomer mutant combinations at fixed monomer concen-
tration (100 uM). The correlation coefficient from the linear fits, R, is given
in the table. The final column gives the relative elongation rates that can be
extracted as the ratios of the gradients of the linear regressions as discussed
in the text.

changes in the elongation rates of the S6 mutant variants.
Indeed, mutations can affect parts of the energy landscape
that relate to the formation of inter- rather than intramolec-
ular contacts which are involved in amyloid fibril growth but
not the unfolding of a single chain.

Considering now the complementary case of systems
with a fixed initial seed concentration and varying initial
monomer concentration, Eq. 5 shows that, if I~c+ is indepen-
dent of the monomer concentration, the theory predicts
that the initial gradient will be proportional to the total
monomer concentration; indeed, the fibril elongation rate
is given as

aflongalionM(t) — 2]}+m(t)P(l‘)

At high monomer concentrations, however, diffusion of
monomers to the fibril ends is no longer rate-limiting;
instead, the structural reorganization of the polypeptide
chain subsequent to its initial attachment to a fibril end takes
over this role. For the overall elongation step, therefore, the
rate exhibits a concentration dependence (10,39,40), which
is analogous to that of the Michaelis-Menten scheme (41)
for enzymatic reactions,

ro = 2k.m(0)P(0) = —2KO_piy (6

- 1+K;,'m(0)

where k, is a true elongation rate constant that is indepen-
dent of the monomer concentration, and K,, is the crossover
concentration above which elongation is rearrangement-
limited. This form emerges naturally from the landscape
model of protein folding (39), without the requirement to
assume two discrete steps in the overall conversion process.
It is interesting to note that the elongation rate constant &,
which is partially determined by the probability of success
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of a given encounter between a monomer and a fibril end,
is expected to be highly dependent on changes in reaction
conditions, point mutations, etc.; the crossover concentra-
tion, K,,,, may be less effected by such changes (39). Differ-
ences in ry between S6 mutants could be expected to
reflect, therefore, primarily changes in the elongation rate
constant k,. For lower monomer concentrations such that
K,,flm(O) < 1, Eq. 6 reduces l~<+ =k, and the reaction
rate increases linearly with the total monomer concentra-
tion. However, for very high monomer concentrations
such that K, 'm(0) > 1, Eq. 6 shows that the initial rate
of incorporation of monomers into fibrils saturates and no
longer possesses a concentration dependence. The data
shown in Fig. 3 show that the elongation rate increases
with the concentration of monomer for lower concentrations
before becoming saturated at higher monomer concentra-
tions, as predicted by the theory.

Secondary pathways

We now turn to the analysis of the lag-phase in order to iden-
tify the role of secondary pathways in the fibrillation reac-
tion. The existence of a lag-phase in a system where
primary nucleation does not make a significant contribution
to the increase in the number of fibrils or their mass over the
time course of the experiment is direct evidence for the
presence of a fibril-dependent secondary pathway respon-
sible for the proliferation of fibrils, and has previously
provided support for the role of filament fragmentation in
prion propagation (42) and lateral growth in the aggregation
of glucagon (43). Indeed, for seeded growth in the absence
of a secondary pathway, it is not possible to observe a
lag-phase (17,44). In systems which exhibit a significant
contribution from primary nucleation, the identification of
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FIGURE 3 Saturation of the initial gradient of fibril growth at high
monomer concentration as prediction by Eq. 6. By varying the initial mono-
mer concentration at a fixed initial seed concentration, we identify clearly
the predicted saturation in the initial gradient corresponding to the transi-
tion from diffusion to conformational-rearrangement limited fibril elonga-
tion discussed in the text, in Eq. 6; the line is a fit to this predicted form.
The seed concentration is 8.3 uM. The data shown are for IA8 seed and
monomer.
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secondary pathways is more complicated. Indeed, it is in
general difficult to establish under such conditions what
fraction of the bulk kinetic behavior can be attributed to
secondary pathways, and what fraction may originate
instead from potentially very complex, and possibly incom-
pletely understood, primary nucleation pathways. This
problem does not exist with the system studied in this
work and the results represent a striking example of a system
where secondary pathways alone lead to a very clear
sigmoidal rate profile.

We see in Fig. 1 that in the S6 system, primary nucleation
does not generate a significant fibril population over the
timecourse shown. However, upon addition of initial seed
material, we are able to observe fibril formation within
this window, and moreover the reaction follows a sigmoidal
rate profile. The measurement of this rate profile, where
without the influence of primary nucleation the reaction
rate nevertheless initially accelerates even as the monomer
is depleted, provides an unambiguous and striking identifi-
cation of the role of secondary pathways in S6 aggregation.

We can analyze our data further within the standard
framework of filamentous growth through elongation and
secondary pathways (16-18,26,27,34). In a previous anal-
ysis (16), closed-form analytical solutions to the rate equa-
tions for filament assembly that are valid for the entire
reaction time course were derived using a self-consistent
approach to extend the validity of the well-known linearized
solution (15,18,29); see Eq. 2. Interestingly, within this
theoretical framework it has been shown (16) that for
a constant initial monomer concentration and varying initial
seed concentration, the time for the reaction to reach half-
completion, s, varies logarithmically with the initial
seed concentration, M(0):
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» @
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~

Fractional fibril mass
Fractional fibril mass

o
S

Time /h

Lorenzen et al.

Tsog, © const — log(M(0)). )
This result was derived (16) in the regime where the elonga-
tion rate is proportional to the monomer concentration,
/~<Jr = k; the self-consistent solution (16,17) is required
to derive Eq. 7 in this case because the previously known
linearized form, Eq. 2, is no longer valid at the half-time
(Fig. 4 A). It is interesting to note that in the opposite
regime, where the elongation rate is saturated and no longer
depends on the monomer concentration, m(0) < K, the
nonlinearity of the rate laws (17,18,29) is reduced signifi-
cantly, resulting in the linearized solution (Eq. 2), having
extended validity. For the low values of n, < 4 typically
observed for amyloid formation (10,16,36), the linearized
solution has validity, in the case where the elongation rate
is saturated, that extends to the time to half-completion
(Fig. 4 B). In this case, inversion of the linearized rate law
(Eq. 2) predicts also a scaling relationship (15,18,42) for
the half-time identical to Eq. 7. Therefore, the scaling law
Eq. 7 has general validity independent of whether the elon-
gation rate is saturated or not, as verified in Fig. 4 C.

This scaling from Eq. 7 is observed clearly in our data in
Fig. 5. The decrease in lag-time with increasing initial seed
concentration can be explained by noting that with a higher
seed concentration the incorporation of monomers through
elongation is accelerated, and also that concordantly the
number of bonds and the surface area of fibrillar species
in the system increases faster, resulting in secondary path-
ways being active at an earlier time.

An additional feature characteristic of the aggregation of
S6 is the pronounced transition from the early phase linear
growth into the late stage sigmoidal growth at a finite time
after the beginning of the reaction. In order to gain insight
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FIGURE 4 Effect of the saturation of the elongation rate on the time course of the reaction, and comparison with the well-known linearized solution to the
rate equations (29,18,15). (A) Time course computed numerically (17) (solid line) for the aggregation reaction for the case where the elongation rate depends
linearly on the monomer concentration (16). In this case, the linearized solution (dotted line), from Eq. 2, is only accurate for the early part of the reaction
time course. A self-consistent solution has been derived previously that is accurate for the full time-course in this case (16). (B) Time-course computed
numerically (17) (solid line) for the case where the elongation rate is saturated (39) and does not depend on the monomer concentration. In this case, the nonlin-
earity in the rate equations (17) is reduced, increasing the range of validity of the linearized solution (dotted line), from Eq. 2. (C) Scaling of the half-time with
the seed concentration calculated numerically for the cases shown in panels A (solid) and B (shaded). In both cases a logarithmic scaling, from Eq. 7, is
found. In panel A, k, =k, withk, =5 - 103k, =1 M~ s7!; in panel B, ky = k/[1 + m(0)/K,,] with K,, = m(0)/10 and k, =1 - 10*k, =1 M ' s\,
For panels A and B, the other parameters are: m(0) =50 uM, k_ =2 - 107571 k, =0, n, = 0, M(0) = m(0)/100, and P(0) = M(0)/5000. Panel C has parameters
from panel A (shaded) and panel B (solid), respectively, except for the varying seed (mass) concentrations shown.
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into this behavior, we first consider the case where the elon-
gation rate is linear in the concentration of monomeric
peptide, ki =ke. It is possible to derive the expected
dependency of this characteristic time to onset on the initial
seed concentration, because the initial gradient and the
maximum gradient are known (17). By solving for the inter-
cept of these two straight lines Meany(f) and Mgrown(?)
(Fig. 6 a), we find the time to onset, 7,,, given from the
condition Meany(Ton) = Mgrown(Ton), Where

Moy (1) = M(0) + 2k, m(0)P(O)1, ®)
1 ! 1
Mgmwlh(t) == m(S)Kt - og(Cz ) i + 17 (9)
yielding
_ -1
- e M(0) +m(0) [1 —e+log(C;)] (10)

[k —2eP(0)k,] m(0)
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The condition for the existence of a lag-phase is k >
2eP(0)k,m(0) (17), and so for low seed concentrations,
M(0) < m(0), the result reduces in this limit to an equivalent
logarithmic relation to that found for the time to half-
completion:

Ton < const — log(M(0)). (11)
This result has been derived for the case where the elonga-
tion rate depends linearly on the monomer concentration
(16,17); an identical result emerges in the case where the
elongation rate is saturated, through the use of the linearized
solution (Eq. 2), as discussed for Fig. 4. The scaling result,
Eq. 11, is applied to our measurements in Fig. 6 where the
predicted scaling is observed. It is interesting to note that
in the other limiting situation where no lag-phase exists,
Kk <K 2eP(0)k,m(0), the full relationship Eq. 10 returns the
scaling law ¢ ~ 1/P(0), a finding consistent with the solution
M) ~ e 2+PO) in this limit.

Interestingly, the effects of mutations in the sequence of
S6 on the fibril elongation rate also imply changes in the
time to the onset of the growth phase. Indeed, Eq. 10 shows
that this time is, to first-order, inversely proportional to the
parameter k which contains a dependency on the elongation
rate k ~ k, /2. In agreement with this deduction, WT seed
with monomeric mutant YA63, which has a low relative
elongation rate (1.0; Table 1), was found not to reach the
growth phase during the time course of 100 h, whereas
substituting mutant LA75/MA67 as monomer (relative
elongation rate 2.2; Table 1) resulted in a shorter time to
the growth phase, and substituting mutant LA30 as mono-
mer (relative elongation rate 3.5; Table 1) resulted in a still
further decrease in the observed time to onset.

CONCLUSIONS

In conclusion, the analysis of the aggregation behavior of
a selection of site-directed mutants of the model protein
S6 from Thermus thermophilus has enabled us to separate
unambiguously the action of secondary pathways from
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FIGURE 6 Logarithmic scaling of the time to onset of the growth phase with the initial seed concentration as predicted by Eq. 11. (A) The time to onset of
the growth phase is defined as the time at the intercept of the straight lines Mc,y(f) and M ;owm(f) shown. (B) Extraction of the characteristic time defined in
this way. The data are for monomer LA30 with WT seed with a fixed monomer concentration 100 uM. (C) The predicted logarithmic scaling with a line of

best fit to the predicted form, from Eq. 11.
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that of primary nucleation and that of fibril elongation.
Because multiple processes contribute to the rate of the
overall growth reaction, we employed an approach whereby
a given system parameter, here the seed concentration, was
varied systematically while keeping the others constant.
Furthermore, our results show that the generation of new
fibrils in this system originates from secondary pathways
rather than primary nucleation events, and that a lag phase
can originate even in the absence of primary nucleation.

SUPPORTING MATERIAL

Additional methods and seven figures are available at http://www.biophys;j.
org/biophysj/supplemental/S0006-3495(12)00388-8.
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Role of Elongation and Secondary Pathways in
S6 Amyloid Fibril Growth

SUPPORTING MATERIAL

April 16, 2012

1 AF4

1.1 AF4 detection limit

The asymmetrical flow field-flow fractionation (AF4) system is used to sep-
arate S6 species according to size. To test this systems ability to detect
potential oligomeric S6 structures, we analysed the sensitivity of our AF4
absorbance and multi-angle light scattering (MALS) detectors.

1.1.1 Analysis of absorbance intensity using standard protein

We prepared a dilution series of 1mg/ml Ribonuclease A (RibA) (13.7kDa,
theoretical efab® = 8640cm~'M~1). RibA is similar in size to S6 (11 kDa),
but its extinction coefficient is slightly lower (€35, = 12700cm~'M~1).
100u1 of RibA sample was injected onto a 5ml Hitrap desalting column, using
5mM Tris-Cl, 150mM NaCl pH 7.4 at 1ml/min as eluent. We probed the
sensitivity of the AF4 instrument using absorbance at 205nm, where proteins
show relatively little variability in their extinction coefficients due to amino
acid composition[1]. For comparison, the detection limit using absorbance at
280nm was also evaluated. A total RibA protein load of ~410ng gave rise to
a peak slightly above the baseline. Injection of 1.2ug RibA showed a clear
increase in absorbance at 205nm and increasing amounts continued to show
larger peaks (Fig. S1 A). Thus, it is safe to assume that the detection limit
of 205nm absorbance is between 0.41ug and 1.2ug which is <1% of the in-
jected S6 protein (120ug) in AF4 analysis. We also evaluated the sensitivity
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using absorbance at 280nm. Injection of ~410ng RibA did not give rise to
a noticeable peak. However, clear peaks were observed on injection of 1.2ug
RibA and higher concentration indicating that the detection lies around this
level (Fig. S1 B). Note that the S6 €g0nm is approximately 50% larger than
the RibA €280nm, suggesting that the sensitivity to S6 species will be higher
than for RibA species.

1.1.2 Analysis of light scattering intensity using polystyrene beads

The light scattering (LS) intensity at a 90 degree scattering angle was used to
evaluate the sensitivity of the MALS detector using 19nm polystyrene (PS)
standards (Postnova Analytics, Z-PS-POS-001-0.02) separated on the desalt-
ing column using 1ml/min 2% SDS solution to avoid particle aggregation.
While the lowest concentration assayed (45.2ng) showed 90° LS intensities
comparable to the blank injection (2% SDS), the injection of ~136ng of PS
particles showed an increase in intensity and the LS intensity continued to
increase at increasing particle concentrations (Fig. S2). We emphasize here
that the maximum intensity recorded after injection of a 1.2ug PS particle
suspension is approaching approximately 50% of detector saturation. Thus,
oligomeric S6 species of similar size and amount (corresponding to 1% of the
total protein) would easily be captured by the MALS detector even though
they are close to the threshold value for absorbance detection.

1.2 AF4 measurements

Having demonstrated the sensitivity of our AF4 measurements, we performed
AF4 measurements in order to confirm directly whether oligomeric species
were present over the time-course of our pre-seeded experiments. We detected
no soluble S6 oligomeric species by absorbance or light scattering within 5
days of incubation, as shown in Fig. S3.

We also confirmed that during this time period all of the monomeric S6
protein had aggregated into insoluble fibrils as shown by a decrease in ab-
sorbance at 280nm of the S6 monomer peak, a large rise in ThT fluorescence
intensity and the presence of a maximum at 1630cm ™! in the FTIR spectrum.

2 TEM

We performed TEM measurements to investigate the (2nd generation) fib-
rillar material grown from pre-formed seeds in our experiments. Firstly, no
fibril branching was observed for any of the mutants; for example, images of
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3 mutants are displayed in Fig. S4. This implies that the secondary path-
way identified in the main text is either filament fragmentation, or a sur-
face catalysed nucleation reaction that does not result in branching. These
observations corresponds well with earlier observations for S6 fibrils where
branching was not observed[2].

In addition, no oligomeric structures were observed in the second genera-
tion samples, with only fibrillar material seen over many images (around 20
pictures).

Interestingly, we observed some bundling of 2nd generation fibrils, Fig. S4,
after time scales much longer than that for monomer depletion in the kinetic
experiments in the main text. Bundling was not observed for the initial seed
solutions, likely due to the disruptive force of sonication with subsequent
storage at 4°C.

3 AFM

Images of S6 fibril seeds and mature fibrils grown from seeds were obtained
by AFM, Fig. S5, of fibrils grown from seeds. We observed only fibrillar
species, and did not detect small oligomers. In addition, we were unable to
identify any differences in structure between AFM images of the initial seeds
and the final fibrils grown from them, apart from the bundling seen after
long time scales for the 2nd generation fibrils already observed in the TEM
images.

4 FTIR

Seeds and the fibrils formed from elongation of the seeds (2nd generation fib-
rils) are expected to give the same fibril structure since they are grown under
the same conditions. AFM analysis of seed structures indicate that seeds
are a uniform population so polymorphism is not expected. Nevertheless we
confirmed directly using FTIR spectras that seeds have similar structure to
their corresponding 2nd generation fibrils, Fig. S6.

In addition, we note that S6 monomer and fibril are readily distinguish-
able by FTIR, Fig. S7. S6 display a small but significant spectral shift in
the amide I region. S6 monomers have a spectral maximum at 1638 cm™!
whereas S6 fibrils have a spectral maximum at 1630 cm™! corresponding
well with other observations for fibril systems[3]. In addition to the spectral
shift, the spectra also reveal an additional shoulder at 1700-1750 cm~! and
the Lorentzian fitting clearly show that they are different. All S6 mutants
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showed a similar fingerprint as LA30/VAG5.
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Figure captions

Fig S1. Calibration of the sensitivity of the AF4 absorbance unit using 0.41-
33.3ug Ribonuclease A. A: absorbance at 205nm. B: absorbance at 280nm.

Fig S2. Light scattering intensity of 0-1.22ug polystyrene standards recorded
by MALS detector.

Fig S3. Absorbance at 205nm from AF4 measurements, showing that no
oligomers are detected within 5 days of incubation. Absorbance at 280nm
and light scattering measurements gave identical results.

Fig S4. TEM of S6 fibrils grown from monomer and pre-formed seed of (A)
LA30/VAG65, (B) IA8, and (C) LA30. Dimensions are 1000 nm x 780 nm.

Fig S5. Representative AFM image of S6 fibrils grown from LA75/MAG67
monomeric peptide with LA30/VA65 pre-formed seeds. Small oligomeric
species were not observed.

Fig S6. Comparison of normalized FTIR spectra of LA30/VA65 seed (crosses)
and 2nd generation fibrils (open circles), showing no significant differences.

Fig S7. Spectra of LA30/VA65 monomers (A) and fibrils (B). Experimental
data are displayed as open circles (50% of datapoints shown), components
of a Lorentzian fit are displayed as small filled circles and the sum of the
components is a continuous line, overlapping the experimental data.
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Ribosomal protein S6 fibrillates readily at slightly elevated temperatures and acidic pH. We find that S6 fibrillation
is retarded rather than favored when the protein concentration is increased above a threshold concentration of
around 3.5 mg/mL. We name this threshold concentration Cgg, the concentration at which fibrillation is retarded.
Our data are consistent with a model in which this inhibition is due to the formation of an off-pathway oligomeric
species with native-like secondary structure. The oligomeric species dominates at high protein concentrations but
exists in dynamic equilibrium with the monomer so that seeding with fibrils can overrule oligomer formation and
favors fibrillation under Cgr conditions. Thus, fibrillation competes with formation of off-pathway oligomers,
probably due to a monomeric conversion step that is required to commit the protein to the fibrillation pathway.
The S6 oligomer is resistant to pepsin digestion. We also report that S6 forms different types of fibrils dependent
on protein concentration. Our observations highlight the multitude of conformational states available to proteins
under destabilizing conditions.

Acid cleavage

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Amyloid diseases such as Alzheimer's disease, type II diabetes
and prion diseases are characterized by the accumulation of fibrillar
deposits. It has been shown that these types of deposits can be formed
by essentially all soluble proteins under appropriate environmental
conditions [1]. The deposits show fibrillar morphology, bind specific
dyes such as Congo red and Thioflavin T (ThT) and give rise to a charac-
teristic cross-p x-ray diffraction pattern [2]. Fibrillar assemblies were
initially described in disease-associated amyloid deposits, followed by
the discovery of naturally occurring fibrils as part of spider and silk
moth silk [3], bacterial biofilms [4,5], aerial hyphae of Streptomyces
[6], and more recently also as functional amyloids in humans [7]. Fibrils
also occur in processed foods [8] and bacterial inclusion bodies [9]. Thus,
the conversion of soluble proteins to fibrillar structures is a very wide-
spread process in nature and is important both in terms of biological
function and disease pathology.

Abbreviations: AFM, atomic force microscopy; ATR-FTIR, attenuated total reflectance-
Fourier transform infrared spectroscopy; CAC, critical aggregation concentration; CD, cir-
cular dichroism; Cg, concentration at which fibrillation is retarded; DLS, dynamic light
scattering; IPTG, isopropyl 3-p-thiogalactopyranoside; PAGE, polyacrylamide gel electro-
phoresis; PCR, polymerase chain reaction; PVDF, polyvinylidene fluoride; SDS, sodium
dodecyl sulfate; SCC, super-critical concentration; ThT, thioflavin T; Tris,
tris(hydroxymethyl)aminomethane
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Although much research has been conducted on protein fibrillation,
the mechanistic basis of this process is not yet completely understood.
Major factors that drive the conversion of globular proteins to fibrillar
forms are: a) reduced thermodynamic stability of globular proteins
and consequent access to partially unfolded states, b) stabilization of
natively unfolded proteins in certain conformations due to chemical
changes or binding to specific cellular components such as heparan
sulfate [10] and c) high concentrations of proteins. Several proteins
have also been demonstrated to require a minimal critical aggregation
concentration (CAC) for fibrillation to occur. Above this threshold con-
centration they are able to assemble into higher-order structures
which will subsequently form fibrils [11,12].

The ribosomal protein S6 from Thermus thermophilus is a 101 amino
acid residue protein with o/ secondary structure elements and
popPRo topology. S6 is an attractive fibrillation model due to its lack
of co-factors and cysteine residues. Folding and stability of this protein
are well characterized and it has been shown to fold directly from the
denatured to the native state without intermediates [13] although
an off-pathway intermediate can accumulate under certain condi-
tions [14,15]. S6 can fibrillate at low pH and high ionic strength and fi-
brillation is favored by different mutations [16]. A quadruple-mutant
of S6 engineered to achieve 60% sequence identity to the AR peptide
in a 15 amino acid residue segment has been demonstrated to undergo
complex reversible aggregation in the refolding process and form solu-
ble aggregates in the folded state [17].

Here we describe a new and unexpected aspect of protein aggrega-
tion, namely the retardation of S6 fibrillation at elevated protein
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concentrations (>3.5 mg/mL). Fibrillation is retarded by the formation
of a soluble, protease-resistant oligomer with native-like structure. Sim-
ple kinetic modeling suggests that such an oligomer can only arise at
high concentrations if oligomer formation competes with monomeric
conversion of S6 to a state that is committed to the fibrillar pathway. Al-
though S6 fibrillation and oligomerization occur at low pH and elevated
temperature (42 °C), we propose that other proteins may be able to un-
dergo similar fibril-inhibiting oligomerization under physiological
conditions.

2. Experimental procedures
2.1. Preparation of mutant S6-D55A

This was done using QuikChange as described [13] with the mod-
ification that the enzyme used for PCR was Herculase Enhanced DNA
polymerase (Stratagene, CA). The D55A mutation was confirmed by
sequencing selected clones. S6-WT and S6-D55A were expressed
after transformation in BL21(DE3) and induction with 1 mM IPTG or
with autoinduction [18].

2.2. S6 purification and fibrillation

S6-WT was purified as described [13], except for the change that the
clarified cell lysate was loaded directly on a CM sepharose equilibrated

in 50 mM Tris, pH 7.5 (GE Healthcare Life Sciences) and precipitation
with ammonium sulfate was not carried out. Due to a significantly
higher pI value of the S6-D55A mutant, S6-D55A bound to CM-
Sepharose column and was subsequently eluted by a linear gradient
of NaCl in 50 mM Tris (pH 7.5) at ~0.6 M NaCl. The fractions containing
S6-D55A were pooled and dialyzed against 50 mM ethanolamine
(pH 9.5) and the cleared dialysate subsequently applied onto a 1 mL
HiTrap Q Sepharose Fast Flow column (GE Healthcare Life Sciences).
Bound proteins were eluted by a linear gradient of NaCl in ethanol-
amine (pH 9.5). Purified S6-WT and S6-D55A were dialyzed against
Milli-Q water, lyophilized and stored at —20 °C. For fibrillation assays,
black, clear-bottomed microtiter plates (Nalgene Nunc) were used. As
it is generally difficult to obtain reproducible data for S6 fibrillation
(probably because of the long incubation times needed for fibrillation),
experiments were conducted with and without the addition of 1 glass
beads (dia.: 3 mm) per plate-well to check for improved reproducibility
of S6 fibrillation. Appropriate amounts of lyophilized protein were then
weighed out and dissolved in deionized water. The solution was filtered
through 20 uM filter. Protein concentration was determined using
absorbance at 280 nm using a theoretical extinction coefficient. Appro-
priate buffer stock solutions were used to obtain the desired pH and
NaCl concentrations. Standard fibrillating conditions were 10 mM HCl
and 0.4 M NaCl (pH 2). To the protein (100 pL), 40 M ThT (2 pL of
2 mM filtered stock) was added and 150 pL of the solution was trans-
ferred to an empty or glass bead containing wells of the microtiter
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Fig. 1. Fibrillation profiles A) without glass beads and B) with glass beads for S6-WT at different protein concentrations. Data from 6 samples (2 experimental repeats) at each
concentration. Plate 1 — black lines, plate 2 — gray lines. C) Average lag-times for S6-WT fibrillation without and with glass beads.

113



T. Deva et al. / Biochimica et Biophysica Acta 1834 (2013) 677-687 679

1.5mg/mL (GB)

ThT Rucrescence (R.U)

B 20 . ‘ 1000
- 0.5 mg/mL (GB) =
= <
= o
2 B
g =
g o
g ]
5 2
) =
| =

Time (h)
_ e G —— 20 _ _
5 =) - 4.5 mg/mL (GB) Ay I/’r\ ; = [ 5.5 mg/mL (GB)
= X 102 L < [
= o v 1 o 1%/ ‘
g g am / g , ]
3 3 / S ool ‘
: 5 “ 5 |
e [ 1
o o w |. :J f'}; E ) ]
= = { - i ' ]
£ (= s t / e £ [ 1
0 t . '_/ ot e 0 — . u—...-i-—f')—_‘=“—"——.
g., e 0 E0 10 1% 200 2%
Time (h) Time (h)
200 N
[ 7 mg/mL (GB)
150

ThT Rucrescence (A.U)
8

Time (h)

Caso 350
With glass-beads
= 300 - — 300 ~ A
= £
2 250 @ 250
- E
o 200 %200
F, : F
@ 150 o 150
&
S 100 g 100
: >
50 < ¢ {

Without glass-beads

0o 1.2 3 4 5 & 1
$6 concentration (mg/mL)

8 c'o 1 2 3 4 5 6 7 8
$6 concentration (mg/mL)

Fig. 1 (continued).

plate. The solution was incubated in the plate after sealing imme-
diately with plate sealing tape (Nalgene Nunc). Fibrillation was
monitored by concomitantly measuring ThT fluorescence using a
Tecan Genios Pro microplate reader. Each protein condition was
measured in 2 experimental replicates (conducted at different
times) with a total of 6 replicates per sample. Measurements were
made at 42 °C at 20 min intervals with 3 min shaking (99 rpm)
between readings.
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2.3. Fibril self- and cross-seeding

A seed stock of fibrils was prepared by suspending fibrils obtained
at 2.5 mg/mL into fresh fibrillation buffer (10 mM HCl and 0.4 M
NaCl) followed by sonication. Freshly dissolved protein at 3.5 or
7.0 mg S6/mL was seeded with 1% (w/v) of the seed stock prepared
from sample fibrillated at 3.5 mg/mL. Likewise, the 7 mg/mL sample,
having passed through fibrillating conditions, was sonicated to any
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resuspend precipitated material and used at 1% (w/v) to seed S6 sam-
ples at 3.5 mg/mL or 7 mg/mL monomer concentration. The samples
were incubated as described in the previous section.

2.4. Far-UV Circular Dichroism (CD)

Far-UV CD spectra were recorded on a Jasco J-810 spectropolarimeter
(Jasco Spectroscopic Co. Ltd.). Ellipticity was measured at 25 °C and five
accumulations were averaged to yield the final spectrum. A 1.0 or
0.2 mm path length cuvette was used for 0.5 mg S6/mL and a 0.2 mm
path length cuvette for higher protein concentrations. The contribution
to the ellipticity by the buffer used was subtracted as blank. The mean
residue ellipticity (MRE) was expressed as deg cm? dmol ~! residue .
For comparison, data at different protein concentrations were normal-
ized to the lowest MRE.

2.5. Atomic force microscopy (AFM)

Fibril samples were diluted to 0.01-0.001 mg/mL and 10 pL of sam-
ple was deposited on freshly cleaved mica (SPI supplies, West Chester,
PA). After drying, the sample was washed once with deionized water
to remove salt residues. The samples were then dried for AFM analysis.
The images were acquired at room temperature (25 °C) with an Agilent
5100 AFM (Agilent Technologies, Santa Clara, CA) in acoustic AC mode,
equipped with a Tap190-G cantilever, frequency 190 kHz, force con-
stant 48 N/m (Innovative Solutions Bulgaria Ltd., Sofia, Bulgaria). The
ratio of the set point amplitude to the free amplitude (A/Ap) waSN
maintained at 0.9. The scanning speed waSN set to 0.5 lines/second
with an image resolution of 1024 x 1024. The AFM Images were ana-
lyzed using the open source software Gwyddion [48].

2.6. ATR-FTIR spectroscopy

Spectra were recorded on a Bruker Tensor 27 infrared spectrometer
(Bruker Optik GmbH) with a Specac Golden Gate single-reflection ATR
unit (Specac Ltd.). Protein was dried under a gentle stream of nitrogen
prior to data acquisitions. Data were processed with atmospheric com-
pensation and baseline subtraction. For comparison, data recorded at

1.5 mg/ml

0.5 mg/ml

different protein concentrations were normalized to the largest
absorption peak.

2.7. Dynamic light scattering (DLS)

DLS experiments were carried out at 20 °C using a PDDLS Batch/
Coolbatch Dynamic Light Scattering Instrument (Precision Detectors
Inc.).

2.8. Calculation of the amount of non-fibrillated/non-aggregated protein

These experiments were carried out for plates both with and with-
out glass beads. Two wells at each concentration were used as duplicate
samples. One hundred microliters of samples were withdrawn from
each well. Samples were centrifuged at 13400 rpm for 10 min. in a
microcentrifuge. The supernatant was measured (each reading taken
twice) for absorbance at 280 nm and protein concentration calculated
using the theoretical extinction coefficient for S6-WT.

2.9. Pepsin digestion

Pepsin digestion was carried out at different concentrations of S6
at pH 2 with 0.4 M Nacl prior to fibrillation. Samples were incubated
with 5% w/w pepsin at 37 °C. Incubation was carried out for 3 h and
the samples were subsequently electrophoresed on a 15% SDS-PAGE
gel.

2.10. N-terminal sequencing

The digested samples were mixed with sample buffer and heated
to 95 °C, separated by Tris-Tricine gel electrophoresis [19] and
electroblotted to a PVDF membrane using Towbin buffer (25 mM Tris,
192 mM glycine, 20% methanol, pH 8.3) containing 0.01% SDS. Bands
were visualized by Coomassie Brilliant Blue staining, excised and ana-
lyzed by automated Edman degradation using a Procise 494HT amino
acid sequencer (Applied Biosystems) with on-line phenylthiohydantoin
analysis.

Fig. 2. Atomic force microscopy of S6-WT at different concentrations after 250 hrs exposure to fibrillation conditions. a) 0.5 mg/mL, b) 1.5 mg/mL, c¢) 2.5 mg/mL, d) 3.5 mg/mL,

e) 45 mg/mL, f) 7 mg/mL.
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Table 1
Statistics of fibrils formed at different concentrations of S6 protein as measured by
AFM.

S6 concentration Fibrils Fibril thickness Fibril length Fibril height
(mg/mL) (nm) (nm) (nm)

0.5 - N.A. N.A. N.A.

15 - N.A. N.A. N.A.

2.5 — N.A. N.A. N.A.

35 + 40-80 200-500 7-20

45 + 30-40 50-300 5-8

55 + 40-50 1000 + 8-10

7.0 - N.A. N.A. N.A.

3.5 (GB)? + 30-40 150-500 8-16

¢ With glass beads.

3. Results
3.1. Wild type S6 fibrillation is inhibited above 5 mg/mL

Our previous work focused on the fibrillation at 0.5-1 mg/mL protein
[16], but did not investigate the impact of protein concentration on the
fibrillation process. Concentrations of S6 ranging from 0.5 to 7 mg/mL
(0.5,1.5,25,3.5,4.5, 5.5, 7 mg/mL) were therefore checked for the ten-
dency to fibrillate as monitored by measuring ThT fluorescence. Fig. 1A
and B show the fibrillation curves obtained in the two experimental
setups, with and without glass beads. Firstly, it can be observed that
there is a greater difference between the two experimental repeats
(plates 1 and 2) without glass beads. This difference is reduced to a
large extent by addition of glass-beads to the plate-wells. Plots of average
lag-times against S6 concentration without and with glass beads (Fig. 1C)
also show the impact of glass-beads on reproducibility of fibrillation
lag-times. Secondly, from 0.5 mg/mL to 3.5 mg/mL S6, as expected,
there was an increase in fibrillation as indicated by a general increase
in the fluorescence intensity (Fig. 1A, B). Unexpectedly, at 4.5 mg/mL,
replicates from one plate and at 5.5 mg/mL and 7 mg/mL the replicates
from both plates did not fibrillate at all in the 250 h period. A plot of
the average lag-times of fibrillation against S6 concentration (Fig. 1C)
also shows that as the concentration increases above 3.5 mg/mL, there
is an increase in average lag-time. We have chosen 300 h as the arbitrary
lag-time for the samples that failed to fibrillate within 250 h. In the ex-
periment with glass beads, one sample that did not fibrillate at 0.5 mg/
mL until 250 h was rejected as it failed Dixon's Q test at 99% confidence
level. These observations intrigued us and prompted further
investigations.

We will use the term Cgg to denote the concentration at which
fibrillation is inhibited or retarded (here, 3.5 mg/mL for S6-WT).

AFM imaging of S6 samples from plate 1 without glass beads
allowed to fibrillate for 250 h (Fig. 2) followed the ThT fluorescence
pattern of the plate (Fig. 1A-black lines). The samples at 0.5-2.5 mg/mL
did not show any presence of fibrils, samples at 3.5-5.5 mg/mL had
fibrils, while the sample at 7 mg/mL showed only few large amorphous
aggregates. Slightly thinner fibrils were formed at 4.5 and 5.5 mg/mL as
compared to 3.5 mg/mL, and were appreciably longer at 5.5 mg/mL
(Table 1).

3.2. S6 undergoes acid cleavage but this is not essential for fibrillation

Fibrillation of S6 occurs at low pH and elevated temperatures which
could affect the covalent integrity of S6. We investigated this using SDS-
PAGE. Although samples were electrophoresed immediately after the
solubilization of protein at different concentrations, all samples showed
a very faint lower molecular weight band (Fig. 3). However, the major-
ity of protein material was initially uncleaved (Fig. 3 top panel). After
150 h of incubation, a large proportion of the intact protein was
converted into two lower molecular weight bands (Fig. 3 middle
panel). The 101 amino acid residue S6 contains an Asp-Pro bond
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Fig. 3. SDS-PAGE of S6-WT just prior to incubation under fibrillation conditions
(top panel), after 150 h incubation under fibrillation conditions (middle panel), and
after 3 h of incubation with 5% w/w pepsin at 37 °C (bottom panel). The same amount
of S6 was loaded in each lane.

(residues 55-56), which is known to be particularly sensitive to acid hy-
drolysis. The sizes of the two predicted fragments (~5 and ~6 kDa)
agree well with the observed bands. N-terminal sequencing confirms
this, identifying Met1 and Pro56 as the N-terminal residues of the 6 and
5 kDa bands, respectively. A high molecular weight band (~18 kDa)
is also observed at most concentrations, particularly for the 7 mg/mL
sample which, in this set of experiments, did not show any fibrillation
or visible aggregate formation up to 150 h. N-terminal sequencing of
the 18 kDa band proved it to be S6 with the N-terminal residues being
MRRYEVN just as for intact S6. The 18 kDa band could thus either be an
alternate conformation of the full length S6 or a trimer of cleaved
fragments.

It would seem reasonable to assume that acid hydrolysis and
formation of two flexible fragments of the original intact protein
could promote fibrillation. However, we have two different lines of
evidence to suggest that fibrillation is not linked to acid hydrolysis.
Firstly, not all acid-cleaved S6 fibrillates. Although S6 is cleaved at
pH 2.6 (Suppl. Fig. 1A), it shows a reduced tendency to form fibrils
at this pH (Suppl. Fig. 1B). Secondly, hydrolysis-resistant S6 can fibril-
late. This was demonstrated by constructing the mutant S6-D55A
which is resistant to acid hydrolysis as demonstrated by SDS-PAGE
(Fig. 4). While S6-D55A fibrillated better and with progressively
shorter lag times at 2.5, 4.5 and 7 mg/mL (unlike S6 WT), it showed
significantly retarded fibrillation at 14 mg/mL (Fig. 5A,B). The mor-
phology of S6 D55A fibrils formed at 2.5-4.5 mg/mL was also very
similar to that of S6 WT (data not shown).

- -
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. 15
SRRPwseeE caw
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25 25 45 45 70 70 140 40M 25 45 70 M
[S6 D55A] (mg/ml) [S6 wt]
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Fig. 4. SDS-PAGE of cleavage-mutant S6-D55A and native S6-WT at different protein
concentrations after 150 h incubation.
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3.3. Pre-fibrillar S6 does not undergo concentration-dependent changes
in secondary structure but forms large protease-resistant aggregates at
higher concentrations

To check whether the inhibition of fibrillation at high concentra-
tions could be related to changes in secondary structure, far-Uv CD
and FTIR spectra were recorded immediately after the protein was
solubilized at conditions for fibrillation. The far-UV CD spectra were
representative of non-fibrillated protein and there was no major
change in the secondary structural profiles with change in protein
concentration (Fig. 6A), although the spectra at 5.5-7 mg/mL S6
showed a 10-15% decrease in ellipticity (as was observed in data be-
fore normalization — Suppl. Fig. 2). The simplest explanation for this

decline in signal is light scattering. This could indicate that soluble
or suspended aggregates are present right from the start at higher
protein concentrations. Likewise, FTIR spectra presented profiles rep-
resentative of non-fibrillated protein and with no major changes in the
secondary structure dependent on protein concentration (Fig. 7A). To
see if there were changes in secondary structure after the samples
passed through fibrillation conditions, a typical sample at each concen-
tration (and a fibrillated sample at 7 mg/mL) was subjected to CD and
FTIR. The spectra showed change in secondary structure profile more
representative of 3-sheet rich fibrillated/aggregated protein, involving
a minimum around 218 nm in far-UV CD spectra (Fig. 6B) and a peak
around 1628 cm™' in FTIR (Fig. 7B), which is typical of amyloid
structures [20].
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S6 oligomer formation could not be detected by gel filtration, most
likely because dilution to low concentrations (which is unavoidable
during gel filtration) leads to the dissociation of the oligomeric species.
Instead, we turned to dynamic light scattering to investigate formation
of larger size aggregates at higher concentrations of S6 (Table 2). Up to
2.5 mg/mL, S6 was mainly present as monomer and larger molecular
sizes were almost negligible in these samples. As the concentration of
the protein increased, the percentage of larger size species increased.
At concentrations of 7 mg/mL, DLS could not be carried out due to bad
correlation values. Nevertheless, in the experiments at 7 mg/mL con-
centrations where no fibrillation occurred even after 200 h incubation
under conditions for fibrillation, no visible aggregation was observed.
Thus, the aggregates formed at Cgg are large but soluble.

We also calculated the amount of non-fibrillated/non-aggregated
sample remaining after the samples were put through fibrillating condi-
tions. There were very low amounts of non-fibrillated/non-aggregated
protein in the ThT positive wells while there was much more of such
protein in ThT negative wells (Fig. 8). This also confirms the soluble
nature of aggregates formed at higher protein concentration.

Sensitivity to proteolysis using a non-specific protease such as pep-
sin can be a useful way to test the dynamics of a protein conformation.
Significantly, S6 is completely degraded by the aspartic protease pepsin
at S6 concentrations below 7 mg/mL but is remarkably resistant at
7 mg/mL (Fig. 3, lower panel). This suggests that the oligomeric species
which forms at the high S6 concentrations organizes itself into
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structures that are significantly less dynamic than the monomers that
dominate at lower concentrations.

3.4. Slow-fibrillating S6 at Crg undergoes fibrillation on seeding

Another way to investigate the relationships between aggregates
formed at different concentrations of S6 is to test their ability to affect
each other's aggregation. On seeding fresh S6 samples at 3.5 mg/mL
with seed stock from fibrils formed at 3.5 mg/mL, the lag time of
fibrillation drastically decreased and start of fibrillation was almost
instantaneous (Fig. 9A). On cross-seeding fresh 7 mg/mL samples

Table 2
Dynamic light scattering data for S6 WT at different concentrations at pH 2.0, 0.4 M
NaCl immediately after solubilization in fibrillation solution (pH 2.0, 0.4 M Nacl).

Protein conc. RP°T (nm)? % with
(mg/mL) size >4 nm
1.5 213 0.004

25 25 1

3.5 29 8.2

4.5 2.8 13

5.5 3.01 17

7.0 -b -b

¢ Hydrodynamic radius of the majority species in solution.
b Could not be determined due to bad correlation values.
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Fig. 8. Residual protein that has not fibrillated or formed insoluble aggregates at different
protein concentrations after exposure to fibrillating conditions. Average residual protein
concentration is plotted against protein concentration prior to exposure to fibrillating
conditions.

with seeds from 3.5 mg/mL there was a marked acceleration in fibril-
lation (Fig. 9B). In contrast, cross seeding of 3.5 mg/mL monomer
with of 7 mg/mL aggregate stock actually ended up retarding fibrilla-
tion (Fig. 9C). When fresh samples at 7 mg/mL were self-seeded with
7 mg/mL seed stock, there was no effect and there was no fibrillation
observed in the 250 h time-period (Fig. 9D).

4. Discussion
4.1. An unusual case of fibril inhibition at high concentrations

Protein concentration is an important parameter in protein aggrega-
tion. Increasing protein concentration generally leads to an increased
rate of fibrillation along with a reduction in the length of the lag phase
[21,22]. Often self assembling oligopeptides need to exceed a critical
aggregation concentration (CAC) to polymerize and form fibrils [11].
Above the CAC, peptides and proteins can form micellar structures
that are on-pathway to fibril formation and act as monomer reservoirs.
CAC is distinct from the phenomenon of supercritical concentration
(SCC), above which it becomes thermodynamically favorable for the
protein to form structural nuclei that seed the fibrillation reaction [23].
Concentrations above the SCC of the peptide/protein result in no further
reduction in the lag time of fibril formation [24].

The present study on the fibrillation of the model protein S6 reveals
an unexpected inhibitory effect of concentrations above ca. 3.5 mg/mL
(0.29 mM) on the fibrillation of S6. We report this effect in terms of
the lag-times of fibrillation. Formation of fibrillation nuclei is energeti-
cally unfavorable and is suggested to be a stochastic process [25,26].
High variance in lag times in fibrillation studies is attributed to a depen-
dence on a small number of nuclei forming events [25,26]. Hence, the
large variations in the lag-times as observed in our data of fibrillation
are not surprising — especially considering the fact that these data are
from experimental repeats carried out at different time. We have been
able to reduce this variability to a certain extent by addition of glass
beads to the plate-wells.

An inverse relationship between protein concentration and rate of
fibrillation has previously been demonstrated in the case of immuno-
globulin light chain (LEN) [27], though in this case there is a monotonic
decrease in fibrillation propensity with an increase in protein concen-
tration which is related to dimer formation in the native state. In
contrast to this, we observed for S6 that up to ~3.5 mg/mL the kinetics
and extent of fibrillation increase with protein concentration; however,
above this concentration there is an inverse relationship. Inverse rela-
tionship between protein concentration and agitation induced aggrega-
tion has been reported previously [28], where the authors propose the
air-water interface to be the factor responsible for this effect. However,
as for LEN, an increase in concentration leads to a monotonic decrease in
aggregation. In contrast, although a reduction in fibril formation was
apparent, light scattering results revealed that S6 existed at higher con-
centrations as soluble larger molecular weight oligomers. Although no
significant conformational change was observed in the pre-fibrillar
stages, the higher molecular weight species formed at high protein con-
centrations were much less sensitive to proteolysis compared to S6 at
lower protein concentrations.

4.2. Acid cleavage is not important for fibrillation

We also observed that the S6-WT protein underwent peptide bond
cleavage at pH 2 to form two similarly sized peptides. Gratifyingly,
this cleavage did not affect fibrillation in the low-concentration range
as shown by non-hydrolyzable S6-D55A, and thus does not affect our
previous comprehensive protein engineering study of S6 fibrillation
[16]. Interestingly, S6-D55A fibrillation was only significantly retarded
at twice the concentration where this occurs for S6-WT. The difference
in Ggg could be due to subtle changes wrought by the substitution. Our
previous protein engineering work on S6 show that fibrillation lag
times can be heavily affected by hydrophobic truncation mutations
[16]. The Asp-to-Ala substitution could have an effect for steric reasons.
It remains to be elucidated whether this effect is caused by the exposure
of hydrophobic residues in the pH cleaved form of S6, leading to easier
formation of the off-pathway aggregates, or by other factors.

Protein assembly and aggregation can be influenced by factors
such as macromolecular crowding caused, for example, by the presence
of long-chain polymers, which generally encourage association due to
excluded volume effects [29-31]. At very high concentrations (typically
above 10 weight percent) the consequent increase in viscosity can have
a negative effect [29]. However, the concentrations of S6 used in our
studies are in all cases well below 1 weight percent. Solution viscosity
increases linearly up to 10 weight percent protein [32], so that 7 mg/mL
protein increases viscosity only roughly 50% compared to the pure
buffer. Also, a simple viscosity effect cannot explain the rescuing effect
of addition of seeds to the 7 mg/mL solution with a dilution of only
0.2-2% attributed to the addition of seeds. Finally, from the fibrillation
profiles of S6-D55A, it can be seen that this mutant undergoes fibrilla-
tion even at 7 mg/mL concentration and the inhibitory effect is observed
only at 14 mg/mlL, thus providing further evidence that viscosity
effects are not responsible for the inhibition of fibrillation at these
concentrations.
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Fig. 9. Self- and cross-seeding of S6 samples at 2.5 mg/mL and 7 mg/mL concentrations. A) S6-WT monomer at 3.5 mg/mL unseeded (gray lines), or seeded with 1% (w/v) seed
stock derived from fibrillated sample at 3.5 mg/mL (black lines). B) S6-WT monomer at 7 mg/mL, unseeded (gray lines), or seeded with 1% (w/v) seed stock derived from fibrillated
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D) S6-WT monomer at 7 mg/mL, unseeded (gray lines), or seeded with 1% seed stock derived from fibrillated sample at 7 mg/mL (black lines).

4.3. A model for C: a bifurcating aggregation pathway with a
monomeric conversion step

A model to explain our data, which includes competition be-
tween formation of finite-sized oligomers and fibrils of infinite
length, has to include the observation that the off-pathway oligo-
mer, only dominates at high protein concentrations. Using simula-
tion software provided by KinTek [33] we find that this can be
attained in model that involves a bifurcation between the two ag-
gregation pathways, provided there is a pre-aggregation monomer
conversion step in the fibrillation part of the pathway (scheme illus-
trated in Fig. 10). Such a monomer conversion step will not be fa-
vored by increasing protein concentration, in contrast to the
competing oligomerization step. We assume this conversion step,
for which we do not have direct experimental evidence, occurs
on prolonged exposure to pH 2 and high ionic strength. The
transformed monomer feeds into the structured nucleus which
upon incorporation of additional transformed monomers grows
into bona fide fibrils. In our model, this transformation step is not re-
quired for the formation of the off-pathway oligomer. Thus, at suffi-
ciently high concentrations of S6, the monomers will be siphoned off
to the off-pathway oligomer to an extent that reduces the concen-
tration of transformed monomers so much that nucleation and fibril
growth will be very slow and can easily exceed the experimental ob-
servation time.

120

We also observe that S6 at Cgg can undergo more rapid fibrillation
upon seeding with seeds of fibrils formed below Cgz (Fig. 9A,B). This
can be explained by considering that the addition of seeds (and thus
of preformed nuclei) can shift the equilibrium away from the off-
pathway oligomer towards the monomer, simply by incorporating
transformed monomers into the pre-made fibrils and thus pulling the
equilibrium towards the transformed monomer. The result is fibrillation
of the protein accompanied with a reduction of lag time. This assumes
that the fibril dissociation rates are less rapid than oligomer dissocia-
tion, which appears reasonable due to the higher stability of fibrils
and their lower rates of dissociation.

On the other hand, addition of oligomer seeds obtained from sam-
ples incubated above Crr tended to retard fibrillation of samples
below Cgr (Fig. 9C,D), indicating that oligomers can also directly in-
terfere with the fibrillation process, perhaps by sequestering mono-
mers and preventing their transformation.

Powers and Powers [34] have provided an elegant mathematical
model for nucleated polymerization (fibril formation) and competing
off-pathway aggregation. They propose that off-pathway aggregates
will tend to retard fibril formation and can cause the fibril formation
to have reverse concentration dependence. Our data on S6 fibril forma-
tion agree with and provide experimental evidence for the model.
Viewed in this light, we conclude that the Cgg for LEN [27] is much
lower than that of S6 due to the formation of stable dimers, and thus
the formation of off-pathway aggregates takes place at much lower
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pathway which we suggest to be delimited by a monomer conversion step.

concentrations for LEN than those that are required for S6. It would be
interesting to find out the minimum concentration limits for LEN fibril
formation.

4.4. Ceg as an example of aggregate polymorphism

AFM studies showed that the fibrils formed by S6 at different pro-
tein concentrations were morphologically different. Fibrils formed at
3.5 mg/mL were thicker and shorter than those at 4.5 or 5.5 mg/mL,
whereas the fibrils formed at 5.5 mg/mL were thinner and longer.
This illustrates that there is aggregate polymorphism at several levels,
not only in terms of competition between off-pathway oligomers and
fibrils, but also between different types of fibrils, which could arise
from different types of aggregates. We [35] and others [36-38] have
reported numerous instances of such fibrillar polymorphism. The
phenomenon probably arises from the lack of biological optimization
of these types of protein-protein interactions [39] as well as polymer-
like plasticity in the formation of different hydrogen-bonding registers
[40].

4.5. Biological implications of Ceg

It will be interesting to see how other disease causing proteins
behave at much higher concentrations than have been used experimen-
tally to date to study the fibrillation process. Furthermore, Cgr may
occur at physiologically accessible concentrations if cellular conditions
promote the formation of these slow-fibrillating species. It is also
important to note that Cgg leads to an absence of the easily detectable
Thioflavin T fluorescence and will therefore not normally be detected
in fibrillation studies, but will only be revealed if the studies are
conducted over a broad range of concentrations. The obvious question
is whether the oligomers formed at Cgz have physiological impact.
Non-fibrillar oligomers rather than mature fibrils are generally believed
to represent the cytotoxic species [41,42]. On the other hand, a given
protein can form both toxic and benign oligomers, depending on the
conditions. For a-synuclein, oligomers stabilized by e.g. dequalinium
[43] or C-terminal cleavage [44] appear to be toxic whereas oligomers
stabilized by baicalein [45] or catechins [46] are not, and similar conclu-
sions may be made for HypF-N [47]. We have not been able to carry out
membrane-permeabilizing studies with S6 using e.g., calcein-release

assays due to the low pH and the high concentrations of protein
required which induce non-specific membrane-disruption (data not
shown). Nevertheless, although it is difficult to extrapolate from the
S6 fibrillation environment to physiological conditions, it is noteworthy
that the oligomer appears resistant to proteolysis. Oligomers formed by
other proteins might similarly be proteolysis-resistant and thus resist
the normal clearance mechanisms. Thus any cytotoxicity that such olig-
omers might possess could have significant consequences.
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbapap.2012.12.020.
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Background: The neuroendocrine protein 7B2 blocks the aggregation of certain secreted proteins.

Results: 7B2 co-localizes with protein aggregates in Parkinson and Alzheimer disease brains; blocks the fibrillation of AB;_ 4,
AB;_ 4 and a-synuclein; and blocks AB;_4,-induced Neuro-2A cell death.

Conclusion: 7B2 inhibits the cytotoxicity of AB;_,, by modulation of oligomer formation.

Significance: 7B2 is a novel anti-aggregation secretory chaperone associated with neurodegenerative disease.

Neurodegenerative diseases such as Alzheimer (AD) and Par-
kinson (PD) are characterized by abnormal aggregation of mis-
folded B-sheet-rich proteins, including amyloid- 3 (AB)-derived
peptides and tau in AD and a-synuclein in PD. Correct folding
and assembly of these proteins are controlled by ubiquitously
expressed molecular chaperones; however, our understanding
of neuron-specific chaperones and their involvement in the
pathogenesis of neurodegenerative diseases is limited. We here
describe novel chaperone-like functions for the secretory pro-
tein 7B2, which is widely expressed in neuronal and endocrine
tissues. In in vitro experiments, 7B2 efficiently prevented fibril-
lation and formation of AB,_4,, AB;_.0 and a-synuclein aggre-
gates at a molar ratio of 1:10. In cell culture experiments, inclu-
sion of recombinant 7B2, either in the medium of Neuro-2A
cells or intracellularly via adenoviral 7B2 overexpression,
blocked the neurocytotoxic effect of AB,_,, and significantly
increased cell viability. Conversely, knockdown of 7B2 by RNAi
increased Af,_,,-induced cytotoxicity. In the brains of APP/
PSEN1 mice, a model of AD amyloidosis, immunoreactive 7B2
co-localized with aggregation-prone proteins and their respec-
tive aggregates. Furthermore, in the hippocampus and substan-
tia nigra of human AD- and PD-affected brains, 7B2 was highly
co-localized with A 8 plaques and a-synuclein deposits, strongly
suggesting physiological association. Our data provide insight
into novel functions of 7B2 and establish this neural protein as
an anti-aggregation chaperone associated with neurodegenera-
tive disease.
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Excessive aggregation of misfolded proteins is a common fea-
ture in the pathophysiology of many neurodegenerative disor-
ders such as Alzheimer disease (AD),? Parkinson disease (PD),
and amyotrophic lateral sclerosis (1). AD, for example, is neu-
roanatomically characterized by extracellular plaques com-
posed of amyloid precursor protein (APP)-derived amyloid-
(AP) peptides (2) and intracellular neurofibrillary tangles made
up of hyperphosphorylated tau (3). Similarly, Lewy bodies, the
hallmark of PD, are large cytosolic inclusion bodies composed
of aggregated a-synuclein protein within dopaminergic neu-
rons of the substantia nigra (4). Although the exact pathogenic
role of these various aggregates is incompletely understood, it
has been hypothesized that aggregation of A peptides into
oligomers and plaques results in a neurotoxic environment, dis-
rupting cell function and leading to the loss of specific neuronal
populations (5).

In the search for the underlying molecular mechanisms for
these toxic effects, chaperone proteins have been implicated as
important modulators of abnormal protein folding and aggre-
gation in various neurodegenerative diseases (6). For example,
several ubiquitously expressed molecular chaperones within
the heat shock (e.g. HSP90, HSP70, and HSP27) and a-crystallin
protein families have been shown to be associated with protein-
misfolding diseases (7—10). The secreted chaperone clusterin
has also been implicated in neurodegenerative disease
(reviewed in Refs. 11 and 12). However, our understanding of
the role of chaperone-mediated quality control machinery in
neurodegenerative disease is still limited, and the question of
whether chaperones other than heat shock proteins, crystallins,
and clusterin might contribute to plaque pathogenesis or clear-
ance remains open.

The secretory protein 7B2, known best for its role as a pro-
hormone convertase 2 (proPC2)-binding protein (13, 14), is
universally expressed in endocrine, neural, and neuroendocrine

2 The abbreviations used are: AD, Alzheimer disease; PD, Parkinson disease;
APP, amyloid precursor protein; AB, amyloid-g; ThT, thioflavin T.
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cells, which all possess a regulated secretory pathway (15, 16).
Because expression of 7B2 in the brain is not confined to con-
vertase-containing neurons (15), it seems likely that 7B2 must
possess physiological functions exceeding its involvement in
neuropeptide synthesis. Early reports indicated that 7B2 could
be distantly related to a subclass of molecular chaperones called
chaperonins (17). 7B2 blocks the formation of proPC2 oligo-
mers and aggregates (18) as well as IGF-1 aggregates (19), dem-
onstrating that 7B2 functions as a post-folding and post-secre-
tion chaperone. Moreover, independent discovery studies
searching for biomarkers of early-onset AD, PD, and amyo-
trophic lateral sclerosis have identified 7B2 as a potential can-
didate protein (20-23).

On the basis of findings showing association of 7B2 with
neurodegenerative disease and the known role of 7B2 in block-
ing proPC2 aggregation, we investigated the hypothesis that
neuronal 7B2 could function to block neurodegenerative dis-
ease-related protein aggregation. We tested the action of 7B2-
derived proteins on the cytotoxicity and fibrillation of the
AB;_4rand AB,_ 4o peptides and a-synuclein. Our experiments
using animal, cellular, and in vitro approaches provide collec-
tive support for the idea that 7B2 represents a novel neuropro-
tective chaperone.

EXPERIMENTAL PROCEDURES

Animal Models—All studies were conducted following Univer-
sity of Houston-approved Institutional Animal Care and Use
Committee protocols. B6C6-Tg(APPswe,PSEN1dE9)85Dbo/]
(APP/PSEN1; The Jackson Laboratory) mice (12 months old)
were used in this study. APP/PSEN1 double transgenic mice
express a chimeric mouse/human APP (Mo/HuAPP695swe)
and a mutant human presenilin-1 (PS1-dE9) protein, both
directed to CNS neurons; these familial mutations are strongly
associated with early-onset AD. The mice were killed, and the
brains were fixed with Accustain (Sigma) and subjected to
paraffin processing. Brains were sectioned using a Leica
microtome at 10-um intervals.

Immunohistochemistry of Mouse Brain Tissue—Coronal sec-
tions (10 wm) of formalin-fixed tissue were deparaffinized and
subjected to an antigen retrieval protocol using Aqua DePar
and Reveal antigen retrieval solutions in a Decloaking Chamber
system (Biocare Medical). Following antigen retrieval, some
sections were briefly stained with methoxy-X04 (1 um), fol-
lowed by extensive washing to visualize dense core amyloid
pathology. Other sections were treated with an avidin/biotin
blocking kit (Vector Laboratories, Burlingame, CA), followed
by treatment with 5% normal goat serum in Tris-buffered
saline containing 0.5% Tween 20 (TBST) for 20 min. Sections
were incubated with polyclonal rabbit anti-7B2 antiserum
(LSU13BF; 1:200) for 1 h and washed with TBST. Sections
were incubated with biotinylated goat anti-rabbit antibody
(Vector Laboratories) for 30 min, washed with TBST, and then
incubated with Texas Red-labeled avidin DCS (Vector Labora-
tories) for 10 min. Sections were then washed with TBST. For
co-localization, tissue was reblocked using the avidin/biotin
blocking kit, subjected to a second round of blocking, and incu-
bated with a second round of antibodies (anti-A3;_,,; 12F4;
1:250; Covance), followed by washing and incubation with flu-
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orescein-avidin (Vector Laboratories) for 10 min. The sections
were then washed extensively with Tris-HCl, mounted using
VECTASHIELD medium, and viewed under an Olympus IX61
DSU confocal microscope. Images were processed with Neuro-
lucida (MicroBrightField, Inc., Williston, VT).

Human Brain Tissues—An AD-affected human brain sample
(73-year-old female donor) and a control sample (72-year-old
male donor, naturally deceased) containing the hippocampus
and a PD-affected human midbrain sample containing the sub-
stantia nigra of a 89-year-old male donor were obtained from
the NICHD Brain and Tissue Bank for Developmental Disor-
ders of the University of Maryland, Baltimore. Formalin-fixed
brain samples at either the level of the cortex or mesencepha-
lon, respectively, were cryoprotected in 30% sucrose, deep-fro-
zen in isopentane over dry ice (1 min), and stored at —80 °C
until required.

Immunohistochemistry of Human Brain Tissue—Coronal
sections (16 wm) containing the hippocampus (AD and control
samples) and the substantia nigra (PD sample) were processed
using a Leica cryostat, collected on Superfrost Plus object slides
(Fisher Scientific, Hampton, NH), and treated with blocking
solution containing 3% BSA in 0.5% Triton X-100 in PBS
(0.5% PBST) for 1 h to block nonspecific reactions. Sections
were then incubated with polyclonal rabbit anti-7B2 antiserum
(LSU13BF; 1:250) and monoclonal mouse anti-a-synuclein
antiserum (1:150; BD Biosciences) (24) in blocking solution
overnight at 4 °C. Sections were rinsed briefly with 0.25% PBST
and PBS and incubated with Cy3-conjugated (Ex_,,, = 550 nm
and Em_ = 570 nm) goat anti-rabbit (A10520; 1:200; Invitro-
gen) and Cy2-conjugated (Ex,, ., = 492 nm and Em_ . = 510
nm) donkey anti-mouse (AP124]; 1:250; Millipore) secondary
antibodies in blocking solution containing H33342 (Ex,,.. =
350 nm and Em,,,, = 461 nm) nuclear/DNA staining reagent
(1:10,000; ALX-620-050, Axxora LLC, San Diego, CA) for 2h at
room temperature. Sections were rinsed with PBS and cover-
slipped with Fluoromount G (Electron Microscopy Sciences,
Hatfield, PA). Immunofluorescence was visualized using an
Olympus BX61 confocal microscope and a Nikon Eclipse
TE2000-E epifluorescence microscope. Images of immunore-
activity were merged by color channel overlay using micro-
scope-specific image processing software (Olympus FluoView
and Nikon MetaView). Anatomical localization of immunore-
activity within the brain was annotated according to the Allen
Human Brain Atlas Data Portal and Gray’s Anatomy of the
Human Body (54).

APB,_4» Oligomer Preparation—Af,_,, peptide films were
resuspended in Me,SO at a concentration of 5 mM, and the
peptide solutions were sonicated in a water bath sonicator for
10 min at room temperature. The solutions were then diluted to
a final concentration of 100 um with Ham'’s F-12 medium (phe-
nol red-free; BIOSOURCE) and incubated at 4 °C for 24 h to
form AB,_,, oligomers (25). In some experiments, A3, ,, olig-
omers were added to the medium of Neuro-2A cells in the pres-
ence of vehicle (Ham’s F-12), recombinant 7B2 (see below),
a-crystallin (Sigma), or a-lactalbumin (14.2 kDa; 14385,
Sigma).

Cell Proliferation and Viability Assay—Neuro-2A cells were
seeded at 5 X 10%/well in 96-well plates and left to attach at
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37 °C overnight. Subsequently, cells were treated with 10 um
AB,_,, oligomers in the presence or absence of 2—4 um 7B2,
a-lactalbumin as a negative control, or vehicle (Ham’s F-12) for
48 h. Cell survival was measured at the indicated times by add-
ing 10 ul of a 1:3 (v/v) diluted WST-1 cell proliferation reagent
stock solution (Roche Applied Science). Samples were incu-
bated for 60 —240 min, and absorbance at 450 nm was measured
with a SpectraMax M2 fluorometer (Molecular Devices,
Sunnyvale, CA) using a 690-nm reference filter. After subtrac-
tion of the background absorbance, the mean values of the
untreated control cells were set as 100%. In addition, cell viability
was assessed by labeling cells with calcein AM (2 um; Ex .. = 485
nm and Em, .. = 530 nm; L3224, Invitrogen), and fluorescence
was measured using the SpectraMax M2 fluorometer. Repre-
sentative photomicrographs were taken using the Nikon
Eclipse TE2000-E epifluorescence microscope.

Adenoviral Infection of Neuro-2A Cells—To infect
Neuro-2A cells with 7B2-encoding adenovirus (26), cells
were seeded at 5 X 10%/well into 96-well plates. Replicate
wells were trypsinized and counted again the following day for
calculation of adenoviral multiplicity of infection. Cells were
washed twice with PBS, and 7B2 or control (B-galactosidase-
encoding) adenovirus was diluted to achieve a multiplicity of
infection of 1 in PBS in a final volume of 50 ul/well. The diluted
adenovirus solution was added directly to cells in growth
medium, and the plates were swirled to mix well and incubated
for 30 min to permit adenoviral infection. Fifty ul of high glu-
cose DMEM containing 2% fetal bovine serum were then added
to each well. Adenovirus-infected cells were incubated for 36 h
at 37 °Cina CO, incubator. The medium was then changed to
DMEM containing 10 uM A3, _,, for 48 h. Cell viability was
assessed at this time using the WST-1 cell proliferation assay
as described above.

7B2 RNAi Experiments—Three different specific sequences
of Stealth siRNA (Invitrogen) were designed for the murine 7B2
mRNA sequence (MSS237887, MSS237888, and MSS237889).
Following assessment of individual knockdown efficiencies, the
most effective siRNA, MSS237887, was deployed. A control
scrambled sequence was designed to have the same GC content
(46-2000, Invitrogen). Neuro-2A cells grown in 96-well plates
were transfected sequentially with the respective siRNA at 100
nM on the first day and 200 nm on the second day using 5 ul/well
Lipofectamine 2000 (Invitrogen). The medium was then
changed overnight to DMEM containing 4 um A, _,, for 48 h.
Transfection efficiency in Neuro-2A cells was monitored
using a scrambled siRNA sequence conjugated to fluorescein
(N2100S, New England Biolabs). The total cell number was
determined by counterstaining with 5 pug/ml Hoechst 33342
(Invitrogen) for 45 min and subsequent examination by fluores-
cence microscopy. Cell viability was assessed using the WST-1
cell proliferation assay as described above.

Cellular Uptake of 7B2 and AB,_,, into Neuro-2A Cells—
Neuro-2A cells were grown overnight in 24-well plates on cov-
erslips in DMEM supplemented with 10% (v/v) fetal bovine
serum. On the next day, 250 nm Alexa Fluor 647-labeled AB;_,,
(64161, AnaSpec, Fremont, CA) and recombinant 7B2 were
added to the medium, and cells were incubated at 37 °C in 5%
CO, for 24 h. Neuro-2A cells were then treated with 4% para-
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formaldehyde for 20 min and incubated with blocking solution
containing 3% BSA in 0.5% PBST for 1 h to block nonspecific
reactions. Exogenous 7B2 was then visualized using Alexa Fluor
488-labeled anti-His tag antibody (16-254, Millipore). Cells
were rinsed briefly with 0.25% PBST and PBS containing DAPI
(EX,pax = 358 nm and Em,,, = 461 nm) nuclear/DNA staining
reagent (1:10,000; D1306, Invitrogen) for 2 h at room tempera-
ture. Cells were then rinsed with PBS and mounted on object
slides with Fluoromount G. Immunofluorescence was visual-
ized using the Olympus BX61 confocal microscope and the
Nikon Eclipse TE2000-E epifluorescence microscope.

Peptide Synthesis and Purification of Recombinant 7B2-de-
rived Peptides— An automated bench-top simultaneous mul-
tiple solid-phase peptide synthesizer (PSSM-8 system, Shi-
madzu) was used for the synthesis of 7B2 peptide 86 —121 by
the N-(9-fluorenyl)methoxycarbonyl (Fmoc) procedure in
NovaSyn TGR resin (Novabiochem, San Diego, CA) as
described previously (27). The molecular mass and purity of the
synthetic peptide were verified by reverse-phase HPLC and
matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (TofSpec E, Micromass). Recombinant His-
tagged 27- and 21-kDa 7B2 and 7B2 peptides 30-150 and
68 —150 were prepared using the QIAexpress system (Qiagen).
Primers were designed as described previously (27). PCR frag-
ments were cloned into pQE30, and sequences were verified by
DNA sequencing. Proteins were expressed in Escherichia coli
XL1-Blue (Stratagene) and purified with the guanidine HCl/
refolding method as described previously (28).

Thioflavin T Assay—Fibrillation of amylogenic peptides
(AB;_42 AB;_40 and a-synuclein) in the presence and absence
of 7B2 was measured by thioflavin T (ThT) fluorescence assays
in 96-well plates (29). Recombinant AB, ,, and AB, ,, were
purchased from Biopeptide Co. (San Diego, CA), and a-sy-
nuclein was expressed and purified as described (30). AB; 4o
and AfB;_,, were diluted in 0.5% Me,SO and 0.5 M Tris-HCl
buffer (pH 7.4; 1 mg/ml) and then diluted into 40 um ThT
solutions (in quadruplicate) containing or lacking the various
forms of 7B2 in a total volume of 100 ul. a-Synuclein fibrillation
assays were performed in PBS (pH 7.4) and included one 3/32-
inch diameter polytetrafluoroethylene bead (McMaster-Carr,
Santa Fe Springs, CA) per well. The final concentrations of
fibrillogenic peptides were 20 umfor AB,_,,and A, _,,and 44
M for a-synuclein. Plates were incubated at 37 °C with agita-
tion on a microtiter plate shaker (Glas-Col, Terre Haute, IN),
with the speed set to 30 for the time periods indicated. Controls
for the fibrillation reactions included carbonic anhydrase
(molecular mass of ~29 kDa; C5024, Sigma), a protein chosen
because of its comparable weight to 7B2. The development of
fibrillation was monitored by measuring the fluorescence of
ThT using the SpectraMax M2 fluorometer at 485 nm emission
(444 nm excitation).

Dot Blot Analysis—Fibrillated A3, _,, samples were centri-
fuged, transferred to a nitrocellulose membrane, and subjected
to anti-AB Western blot analysis. AB;_,, fibrillation assays
were performed as described above. At 48 h, samples of A, ,,
control reactions and of reactions incubated with 27- or 21-kDa
7B2 were removed. One-third of each reaction was used as a
reference for the total reaction, whereas the remaining material
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was centrifuged for 30 min at 20,000 X g (4 °C) to separate
soluble material containing mono- and oligomeric A, _,, and
pelletable material containing heavy fibrils. An appropriate vol-
ume of PBS was added to the total, supernatant, and pellet sam-
ples to make the volume up to 100 ul. Ten ul of these reactions
were transferred to a 0.2-um nitrocellulose membrane (Bio-
Rad) and air-dried, and the membrane was then blocked with
0.5% BSA and 0.2% goat serum in Tris-buffered saline contain-
ing 0.3% Triton X-100. The blot was incubated with monoclo-
nal anti-Af antiserum (6E10; 1:1000; Covance) in blocking
buffer overnight at 4 °C. On the following day, the blots were
washed three times with TBS containing 0.05% Tween 20, fol-
lowed by incubation at room temperature for 1.5 h using horse-
radish peroxidase conjugate as the secondary antibody. Blots
were incubated with SuperSignal West Pico chemiluminescent
substrate (Pierce) for 1 min, and chemiluminescent bands were
visualized using HyBlot CL autoradiography film (Denville Sci-
entific Inc.). Dot intensities were analyzed using NIH Image]
densitometric analysis software and displayed as mean inten-
sity (n = 3/group), and the ratios between the supernatant and
pellet samples were calculated.

Transmission Electron Microscopy—Specimens (incubated
for 72 h) were adsorbed onto 400-mesh Formvar-coated copper
grids and negatively stained with 2% phosphotungstic acid (pH
7). After wicking off excess solution, grids were air-dried and
examined in a Tecnai T12 transmission electron microscope
(FEI) operated at 80 kV. Digital images were acquired using an
AMT bottom-mount CCD camera and AMT600 software.

Luciferase Refolding Assay—A possible ATP-dependent,
chaperone-like protein-refolding function of 7B2 was tested by
incubating unfolded firefly luciferase with recombinant 21- and
27-kDa 7B2, followed by measurement of regained luciferase
activity. A 10 um solution of Photinus pyralis luciferase (Roche
Applied Science) was resuspended in 0.5 M Tris acetate buffer
(pH 7.5), followed by denaturation in 6 M guanidine hydrochlo-
ride and 5 mm DTT for 30 min at room temperature. The gua-
nidine hydrochloride solution was dialyzed against PBS over-
night at 4 °C. Refolding reactions were performed by diluting
denatured luciferase 1:100 in refolding buffer (25 mm HEPES
(pH 7.4), 5 mm MgCl,, 50 mm KCI, 5 mm DTT, and 3 mm ATP)
in the presence or absence of recombinant 21- or 27-kDa 7B2 (4
M) using BSA as a negative control and human recombinant
HSP70 (Enzo Life Sciences, Farmingdale, NY) as a positive con-
trol. The incubation with 7B2 was performed for 3 h at room
temperature, followed by 1:10 dilution of reactions into lucifer-
ase assay buffer (Promega). Luciferase activity was determined
by measurement of luciferin bioluminescence using a Flex-
Station 3 microplate reader (Molecular Devices). Protein refold-
ing was defined as recovery of luciferase activity expressed as a
percent of the activity of native luciferase measured at the same
concentration.

Statistical Analysis—Data were analyzed with one- or two-
way analysis of variance, followed by the Student-Newman-
Keuls multiple comparison test, as appropriate, using a statisti-
cal software package (SigmaStat, Systat Software, Inc., San Jose,
CA). Data not meeting a normal distribution were analyzed
using one-way analysis of variance, followed by the Newman-
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Keuls multiple comparison test. p < 0.05 was considered statis-
tically significant.

RESULTS

7B2 Co-localizes with AB,_,, Amyloid Plaque Pathology in
APP/PSEN1 Mice—To assess a possibly physiologically rele-
vant relationship between 7B2 and proteins involved in amyloid
plaque pathology, we performed an immunohistochemical co-
localization study using brains from 12-month-old APP mutant
mice. Immunoreactive 7B2 was observed in association with
AB;_,, immunoreactivity throughout the brain. Within the
hippocampus, 7B2 immunoreactivity strongly overlapped with
staining for AB,_,, (Fig. 1A). Furthermore, within the hip-
pocampus, 7B2 immunoreactivity strongly co-localized with
staining for AB;_,, dense core plaque pathology, as demon-
strated by its apparent overlap with methoxy-X04-positive
AB;_4, aggregates (Fig. 1B).

7B2 Co-localizes with AB,_,, Deposits in Human AD Hip-
pocampus and with a-Synuclein-rich Lewy Bodies within the
Substantia Nigra of a PD Patient—7B2 immunoreactivity was
detected throughout the extent of the human brain, including
somata and dendritic and axonal branches in neurons of the
cortex and mesencephalon (data not shown). Within the hip-
pocampus of a human AD brain, 7B2 strongly co-localized with
extracellular AB, ,, deposits (Fig. 24). 7B2 strongly co-local-
ized with a-synuclein-positive cytoplasmic inclusions (Lewy
bodies) in neurons within the substantia nigra of a PD brain
(Fig. 2B). Although >80% of the observed 7B2 co-localized with
a-synuclein immunoreactivity, scattered a-synuclein immuno-
reactivity could be observed that was not 7B2-immunoreactive
(arrowhead with asterisk). In a similar hippocampus sample
from a healthy human control, 7B2 staining was found near cell
nuclei, indicating intracellular localization, whereas no signifi-
cant staining for Af;_,, could be observed, demonstrating no
plaque pathology (Fig. 2C).

7B2 Counteracts the Neurocytotoxic Effect of AB,_,, and
Increases Cell Viability—To investigate whether 7B2 is neuro-
protective, we performed cell toxicity assays using Neuro-2A
cells. A 48-h treatment of Neuro-2A cells with AB;_,, pro-
duced an ~50% decrease in the number of living cells as
revealed by quantification of viable cells using both WST-1
assays (Fig. 3A, left panel) and calcein AM staining (right pan-
els). Inclusion of 27- and 21-kDa 7B2 in the medium of
Neuro-2A cells during A treatment significantly diminished
AB-induced cell death. This effect was more pronounced when
the 27-kDa form of 7B2 was added and was dose-dependent.
AB;_4p-induced cell death was completely prevented when
27-kDa 7B2 was added to the medium together with AB;_,,.
Neither of the negative controls, carbonic anhydrase (a simi-
larly sized cytosolic protein) or a-lactalbumin (an irrelevant
secreted protein), reduced A neurotoxicity; however, a-crys-
tallin, a known chaperone for AB (31, 32), was also able to block
toxicity (data not shown).

To determine whether endogenously expressed 7B2 can also
prevent A3 neurotoxicity, we overexpressed 7B2 via adenoviral
infection of Neuro-2A cells. A neuroprotective effect was
observed when 7B2 was overexpressed by 3-fold (Fig. 3B),
resulting in a significant increase in living cells, which reached
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A--

merge

FIGURE 1. 7B2 co-localizes with amyloid plaque pathology. A, the hippocampus of a 12-month-old mutant APP/PSEN1 mouse strongly stained for A;_,,
immunoreactivity. A composite image shows significant overlap between ApB,_,, (green)and 7B2 (red) immunoreactivity, resulting in a yellow color in the
merged image (arrows). Scale bars = 100 um. B, staining showing significant co-localization (overlap resulting in purple hue) of 7B2 (red) with AB, _,, (green) and
genuine extracellular plaques (blue) in the cortices of APP/PSENT mice. Plaques were visualized by staining with the in vivo amyloid-imaging fluorophore

methoxy-X04.

~85% of untreated controls; these results indicate that endog-
enously expressed 7B2 can rescue cells from Af3;_,,-induced
neurotoxicity (Fig. 3C). In a parallel experiment, we decreased
intracellular 7B2 levels using 7B2-specific siRNA. The
siRNA-induced decrease in 7B2 was accompanied by a similar
decrease in the number of viable Neuro-2A cells; control oligo-
nucleotides showed no such deleterious effect. We observed
some co-localization of exogenously added recombinant His-
tagged 7B2 with Alexa Fluor-labeled A, _,, within Neuro-2A
cells (Fig. 3D), indicating cellular uptake of both proteins into
the cytosol of Neuro-2A cells.

7B2 Inhibits the Fibrillation of AB,_,» ABi_4y and a-Sy-
nuclein in Vitro—To elucidate the molecular mode of action by
which 7B2 inhibits the formation of cytotoxic A3 species and to
obtain structure-function information, we performed in vitro
fibrillation assays. The addition of full-length 27-kDa 7B2
(structure shown in Fig. 4A4) inhibited the fibrillation of AB;_,,
at 7B2:A3;_,, molar ratios of 1:10. Structure-function analysis
using truncated forms of 7B2 revealed that this anti-aggrega-
tion effect was greatest when the protein was full-length (Fig.
4B) and moreover was dose-dependent (Fig. 4C). In agreement
with these findings, the majority of AB;_,, became insoluble
during the course of the fibrillation assay, as shown by dot blot
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analysis of centrifugally separated AB;_,, fibrillation reaction
samples, which indicated greater formation of aggregates fol-
lowing 48 h of incubation (Fig. 4D). However, the ratio of solu-
ble/lighter AB, ,, to insoluble/heavier AP, ,, oligomers
(supernatant:pellet) shifted to favor soluble AB, ,, species
when reactions were co-incubated with either 21- or 27-kDa
7B2, suggesting inhibition of the generation of larger fibrils by
these proteins. Blockade of fibril formation was independently
substantiated by quantification of transmission electron micro-
scope images of AP, _,, fibrils and oligomers (Fig. 4E) incu-
bated at 37 °C for 48 h, which demonstrated a substantial
decrease in fibril length when 27-kDa 7B2 was added to the
reaction. Although fibrils in the untreated AB,_,, samples
reached an average length of 575 * 302 nm (mean * S.D., n =
10) following incubation, fibril length decreased by ~80%
when 7B2 was included in the reaction (to 124 * 233 nm). In
these samples, we also observed an increase in the number of
smaller spherical AB;_,, aggregates with an average diame-
ter of 10 = 4 nm.

The addition of 7B2 to preincubated A3, ,, samples (at the
time point indicated by an arrow) did not result in the disinte-
gration of preformed Af;_,, fibrils (Fig. 5A4), indicating that
7B2 does not function as a disaggregase. However, consistent
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Alzheimer’s hippocampus Parkinson’s substantia nigra

FIGURE 2. Co-localization of 7B2 with extra- and intracellular protein aggregates in AD hippocampus and PD Lewy bodies. A, AD brain: schematic
representation of 7B2 immunoreactivity (red stars) and AB-positive plaques (green stars) as detected throughout the extent of the human brain sample at the
level of the hippocampus. Upper panels, low magnification images provide an overview of the areas of AB-immunoreactive deposits (red) and 7B2 expression
(green) within in the hippocampus. Lower panel, high magnification image of representative amyloid plaques within the hippocampus confirms a high degree
of co-localization (arrowhead) of 7B2 immunoreactivity with AB immunoreactivity. B, PD brain: 7B2 immunoreactivity (red stars) was found throughout the
mesencephalon, whereas Lewy bodies were confined to the substantia nigra (green stars). Upper panels, low magnification images provide an overview of the
areas of a-synuclein-immunoreactive deposits in Lewy bodies (green) and 7B2 expression (red) within the substantia nigra. Lower panel, high magnification
image of representative Lewy bodies within the substantia nigra confirms a high degree of co-localization (arrowhead) of 7B2 immunoreactivity with a-sy-
nuclein immunoreactivity. The majority of 7B2 immunoreactivity was confined to areas near the nucleus, suggesting intracellular localization. C, 7B2 immu-
noreactivity was detected in a human control brain sample. Shown are representative images of the hippocampus in a non-diseased control brain. Although
only limited ABimmunoreactivity (red) and no plaque burden were detected, we observed significant 7B2 immunoreactivity (green) that was confined to areas

near cell nuclei, suggesting intracellular localization. CA, cerebral aqueduct; CT, corticopontine tract; Hp, hippocampus; LN, lentiform nucleus; MRF, mesence-
phalic reticular formation; PT, pyramidal tract; RN, red nucleus; SN, substantia nigra; TH; thalamus. Scale bars = 10 um.

with its effects on AB;_,, fibrillation, 7B2 also inhibited the We next aimed to determine whether 7B2 exhibits ATP-de-
formation of AB,_,, (Fig. 5B) and a-synuclein fibrils (Fig. 5C).  pendent chaperone-like refolding properties similar to those of
A dose-dependent relationship was observed for blockade of larger chaperones such as members of the HSP70 and HSP90
a-synuclein fibrillation by 27-kDa 7B2 (Fig. 5D). families. Although denatured luciferase was efficiently refolded
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FIGURE 3. 7B2 decreases Af-induced cell death in Neuro-2A cells. A, Neuro-2A cells were treated with 10 um AB,_,, for 48 h to induce cell death in the
presence or absence of 7B2. Left panel, quantification of AB-induced cell death by the WST-1 cell viability assay. Right panels, representative photomicrographs
showing viable calcein AM-stained Neuro-2A cells following treatment with A3, _,, with or without 7B2. ns, not significant. B, quantification of endogenous 7B2
levels in Neuro-2A cells by radioimmunoassay following either adenoviral (AV) overexpression or RNAi-mediated knockdown. cont., control. C, AB; _,,-induced
cell death following manipulation of intracellular 7B2 levels was monitored using the WST-1 cell viability assay. D, exogenously added recombinant His-tagged
7B2 (green arrows) was internalized and co-localized with Alexa Fluor-labeled AB,_,;, (red) in Neuro-2A cells, indicating co-uptake into the cytosol of Neuro-2A

cells (yellow arrows). Anti-His tag antiserum was used for the experiment in D.

by HSP70, restoring about half of its enzymatic function, 7B2
displayed no significant refolding activity (Fig. 6).

The small molecular mass of 7B2 potentially qualifies this
protein to be classified as a small heat shock protein; these
chaperone proteins possess masses between 15 and 40 kDa and
share the conserved sequence known as the a-crystallin
domain (33). However, multisequence alignment using 3D/T-
Coffee Web server tools revealed no significant sequence iden-
tity to either a-crystallin itself or the comparably sized heat
shock protein sHSP27 (data not shown).

DISCUSSION

Neurodegenerative diseases such as AD and PD have been
established as “protein-folding disorders,” the etiology of which
involves the aggregation of non-native protein conformations,
resulting in extracellular and intracellular protein aggregates

1120 JOURNAL OF BIOLOGICAL CHEMISTRY

(34). The abundance of these protein aggregates in neurode-
generative disease is, however, difficult to explain and appears
to represent an essential failure of neuronal chaperone systems
to sustain native protein conformation. The particular toxicity
of protein aggregates in the nervous system implies that neu-
rons may require special mechanisms to maintain continuous
chaperone control of protein aggregation during secretory
pathway transit, granule residence, and even following secre-
tion and reuptake, yet few specifically neuronal secretory chap-
erone mechanisms have been described.

Although 7B2 has long been recognized as an excellent neu-
roendocrine marker involved in PC2-mediated peptide synthe-
sis (13, 14), its widespread neuronal distribution within the
brain, and also in areas lacking prohormone convertases (15),
strongly suggests non-convertase-related functions. Our
immunohistochemical data show clear co-localization of 7B2

VOLUME 288-NUMBER 2-JANUARY 11, 2013

130

€10T “$T 10qUIDAON U0 AVSIATINSSALL OI'TAIASLY LS & /310°0q[ mam//:dny woly papeojumo



7B2 Inhibits Protein Aggregation
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FIGURE 4. Structure-function analysis of 7B2 proteins in suppressing A fibrillation. A, upper, amino acid sequence of rat 7B2 including the N-terminal
signal peptide and the C-terminal inhibitory peptide domain. Putative post-translational modification sites are marked (red P, known phosphorylation site; blue
P, hypothetical phosphorylation site; black S, sulfation; S-S, disulfide bond); the C-terminal cleavage site is underlined; and the minimal amino acid sequence
required for PC2 activation is boxed. The first and last three amino acids of the 7B2 fragments used in this study are indicated in boldface. Lower, domain
structure of 7B2 and schematic representation of the N-terminal deletions and peptides used in this study. B, AB;_4, (20 um) was incubated with either
full-length 7B2 (27 kDa; red) or truncated proteins and peptides (2 um). Protein fibrillation was monitored using a ThT fibrillation assay. C, the inhibition of
AB,_4, aggregation in the presence of 27-kDa 7B2 was dose-dependent and was most effective at a 7B2:Af3,_,, molar ratio of 1:10. D, quantification of
supernatant (soluble AB,_,,) versus pellet (insoluble AB,_,,) dot intensities revealed a ratio shift (supernatant:pellet) toward the soluble AB,_,, species
following the addition of 7B2. AU, absorbance units. E, quantification of AB,_,; fibril formation observed after 72 h of incubation in reactions with or without
7B2 by transmission electron microscopy. ***, p < 0.001.
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FIGURE 5. 7B2 does not disintegrate preformed mature AB,_,, fibrils but suppresses AB,_,, and a-synuclein fibrillation. A, AB,_,, (20 um) was
incubated at 37 °C, followed by the addition of 2 um 27- or 21-kDa 7B2 at the time point indicated by the arrow. Protein aggregation was monitored with the
ThT fibrillation assay. Further AB,_,, aggregation was inhibited once 7B2 was added; however, preformed mature fibrils were not affected (n = 3/group).
AB;_40 (20 um) (B) and a-synuclein (aSyn; 44 uwm) (C) were incubated with full-length 7B2 (27 kDa; red) or 21-kDa 7B2 (blue), respectively, and fibrillation was
monitored by the ThT assay. D, dose dependence relationship for inhibition of a-synuclein fibrillation by 27-kDa 7B2.
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FIGURE 6. 7B2 does not possess chaperone-like refolding activity.
Unfolded and inactive firefly luciferase (40 um) was incubated with either 21-
or 27-kDa 7B2 (4 um), followed by measurement of regained (refolded) lucif-
erase enzyme activity, determined by luciferin bioluminescence assay.

with aggregated proteins in neurodegenerative disease, indicat-
ing a potential functional relationship. A similar accumulation
of chaperones within amyloid-like plaques in the brains of AD
and PD patients has been reported for a-crystallin, HSP47, and
clusterin (8, 35, 36). Interestingly, the distribution of immuno-
reactive 7B2 in diseased brain indicates that this protein may
possess a higher affinity for non-aggregated AB; 40 AB;_ 40
and AB;_,, and a lesser affinity for fully mature dense core
plaques. This suggests an anti-aggregation effect of 7B2 that is
temporally organized, occurring prior to compaction of Af3
deposits, as would be expected from a chaperone-mediated
defense response to A plaque maturation. A general associa-
tion of 7B2 with neurodegenerative protein aggregation is fur-
ther substantiated by the pronounced intracellular co-localiza-
tion of 7B2 with a-synuclein-rich Lewy bodies within the
substantia nigra of a PD patient.

1122 JOURNAL OF BIOLOGICAL CHEMISTRY

7B2 is found together with intracellular and extracellular
protein aggregates, implying that it could act at both locations.
We speculate that 7B2 may block inappropriate protein-pro-
tein interactions initially during intracellular protein trafficking
through the secretory pathway, extracellularly following secre-
tion of 7B2 and A3, and possibly even following reuptake. Inter-
estingly, cellular reuptake of A3 into endosomes and lysosomes
has been reported to facilitate its aggregation (37). Here, we
have shown that Neuro-2A cells are capable of taking up added
A simultaneously with added exogenous 7B2, raising the idea
that these compartments serve as sites for 7B2 interaction with
AP under physiological conditions. The cytoplasmic protein
a-synuclein has been reported to be secreted and to be localized
intravesicularly in a similar fashion (38); an analogous mecha-
nism could be operative for a-synuclein/7B2. However,
whether extracellular association of these proteins occurs prior
to uptake or whether both species are nonspecifically endocy-
tosed together is not yet clear.

We have further demonstrated here that added 7B2 can
block the cytotoxic effects of AB peptides. Neuro-2A cells
exposed to toxic A oligomers died rapidly; inclusion of either
7B2 or a-crystallin, but not the control proteins carbonic anhy-
drase and a-lactalbumin, blocked the cytotoxic effects of these
oligomers. It is unlikely that fibril formation is involved in A
neurotoxicity because the concentration of A used was low
(10 M) and because AB oligomers appear to be much more
toxic than fibrils (39). Thus, 7B2 may function to block protein-
protein association at the oligomer level; this idea is in line with
the known ability of 7B2 to block both the oligomerization and
the aggregation of the convertase proPC2 (18).

Of great physiological importance is our observation that
modulation of intracellular 7B2 expression directly correlates
with the cytotoxicity of exogenously administered AB;_,,.Ina
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similar approach, Magrané et al. (40) have shown that viral
overexpression of HSP70 successfully rescues neurons from the
toxic effects of intracellular AB accumulation. Moreover,
another study demonstrated that drug-induced chaperone
overexpression of HSP70 and HSP90 maintains tau protein in a
soluble and functional conformation, preventing it from aggre-
gating (10). In line with these studies, our data indicate that a
certain level of endogenous 7B2 may be sufficient to prevent the
formation of harmful AB;_,, species and support the idea that
loss of neuronal 7B2 might facilitate A3, _ ,,-induced neurotox-
icity. The location of 7B2 action in blocking Af3;_,,-induced
neurotoxicity requires further investigation; it is possible that
7B2 acts both extracellularly to block oligomer formation and
intracellularly following reuptake.

In addition to these in vivo and cellular data linking 7B2 with
the toxic effects of AB, we have directly demonstrated that 7B2
suppresses the fibrillation of aggregation-prone proteins in
vitro. The ability of 7B2 to act at low stoichiometric ratios with
respect to client proteins is remarkable and further supports
the idea of 7B2 involvement in AB-related plaque formation.

Most protein chaperones described to date function intracel-
lularly. Only four secreted chaperones that act extracellularly
have been identified thus far: (i) the ubiquitously expressed gly-
coprotein clusterin/Apo]J, which in the brain appears to be of
glial origin (11); (ii) the heat shock-related lens protein a-crys-
tallin (41); (iii) the presumed AB chaperone prostaglandin D
synthase/B-trace (42); and the receptor-associated protein RAP
(43). Of these, the chaperone with by far the greatest genetic
association with AD is clusterin (reviewed in Refs. 11 and 12). A
key feature that distinguishes 7B2 from clusterin is that clus-
terin is expressed in nearly all mammalian tissues, whereas 7B2
expression is limited to cells containing a regulated secretory
pathway: the central and peripheral nervous systems and endo-
crine/neuroendocrine systems. Interestingly, a recent study
investigating the interaction of clusterin and A3 using biophys-
ical approaches reported that clusterin binds to and stabilizes
A oligomers of all sizes, thereby influencing the equilibrium of
A oligomers, aggregates, and fibrils (44). It is possible that 7B2
acts via similar molecular mechanisms to decrease Af3 protein
oligomerization, fibrillation, and cytotoxicity. The appearance
of the disc-shaped structures observed by electron microscopy
in this study seems to represent an increase in spherical AB;_,,
oligomers, potentially indicating that 7B2 promotes the forma-
tion of nontoxic stable off-pathway A species, similar to what
has been reported following treatment with inositol (45).

Biophysical characterization of recombinant 7B2 has shown
thatitisanintrinsically disordered protein capable of oligomer-
ization (46). These properties are similar to those of certain
small anti-aggregant cytosolic heat shock proteins (reviewed in
Refs. 47 and 48), and we speculate that 7B2 may block the for-
mation of protein aggregates using similar mechanisms.
Although weak homology to chaperonin-related sequences has
been reported (17), 7B2 exhibits no significant sequence
homology to clusterin, crystallins, or small heat shock proteins.
Thus, 7B2 appears to have novel anti-aggregation domains. The
role of the known post-translational modifications of this pro-
tein, sulfation (49) and phosphorylation (50, 51) (see Fig. 44), in
anti-aggregation remains to be established.

AV DN
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In summary, our data provide new insight into the function
of neuronal 7B2 and establish this protein as a novel anti-aggre-
gation chaperone strongly associated with neurodegenerative
disease. Interestingly, recent proteomics studies also point to
an association of 7B2 with various neurodegeneration-related
protein-misfolding diseases, including AD, PD, and amyo-
trophic lateral sclerosis (20-23). These observations are sup-
ported by data showing that 7B2 is significantly up-regulated in
brain tissues of AD patients (52) and by a fifth proteomics study
in which 7B2 was found to be elevated in the cerebrospinal fluid
of amyotrophic lateral sclerosis patients (53), indicating possi-
ble up-regulation of 7B2 as a response to increased protein
aggregation and misfolding. Taken together with the work pre-
sented here, these studies provide support for the idea that 7B2
plays a role in the etiology of aggregate formation in neurode-
generative disease.
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Amyloid formation of proteins and peptides is an important biomedical and biotechnological problem,
intensively studied and yet not fully understood. In this context, the development of fast and reliable
methods for real-time monitoring of protein misfolding is of particular importance for unambiguous
establishment of disease-, drug- and environmentally induced mechanisms of protein aggregation. Here

>

we show that the extent of aggregation of a-synuclein (aSN), involved in Parkinson’s disease and other

neurodegenerative disorders, can be electrochemically monitored by oxidizing tyrosine (Tyr) residues
surface-exposed in monomeric oSN and buried in fibrillated oSN adsorbed onto graphite electrodes.
Adsorption of aSN, analyzed through the Tyr electrochemistry, followed the Langmuir adsorption
isotherm. A degree of electrooxidation of Tyr in alSN decreased upon protein fibrillation and correlated

@

with the extent of aSN aggregation determined by the spectroscopic analysis of the fibrillation process.

Minor changes in the adsorption state of aSN were followed through the shift of the Tyr oxidation
potential, consistent with the compact and less-compact/unfolded conformation of aSN. Our results allow
reliable electroanalysis of the extent of aSN fibrillation in vitro and offer an efficient tool for future in

vivo monitoring of the protein conformational state.

Introduction

2

S

Over 30 human diseases are now associated with
amyloidogenesis, the formation of aggregated f-sheet
polypeptide structures that appear as water-insoluble pathological
deposits of amyloid fibrils. * 2 Among these diseases are such
neurodegenerative disorders as Parkinson’s disease (PD),’
dementia with Lewy bodies,* multiple system atrophy,® and some
cases of Alzheimer's disease.® All of them are related to
aggregation and formation of insoluble fibrillar deposits of a-
synuclein (aSN), a 14 kDa (140 amino acid residues) protein
involved in neurotransmitter release and neuronal plasticity,
stabilization of cellular membranes and protein interaction
networks in brain.” ® The primary structure of aSN is composed
of three regions: the a-helical N-terminal region, which is crucial
for the protein-membrane interactions, the hydrophobic 61-95
residues area (originally labeled as NAC, also shown to constitute
the insoluble fibril core of senile plaques in Alzheimer’s disease),
and the C-terminal acidic region (Figure 1A).

In its native state SN was shown to possess a highly unfolded
and flexible random coil structure’ that can exists as an
equilibrium mixture of unstructured corhelix and p-sheet-rich
conformers.'® Under various conditions, aSN spontaneously
forms amyloid fibrils through a nucleation mechanism; in this
process pre-fibrillar oligomeric intermediates are also formed.” !
The aggregation mechanism of aSN is still not completely clear.
ss It was suggested that aSN first aggregates into soluble low
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molecular weight oligomeric species stabilized with a fS-sheet
structure interactions and then into insoluble higher molecular
weight ordered fibrils."" '> Aggregation of aSN into pathological
structures is a late-stage event that occurs in some neurons.'’
oSN mutations and environmental conditions (in vitro: buffer or
pH conditions; in vivo: phosphorylation, enzymatic truncation,
chemical modifications via reactions with reactive nitrogen
species produced in inflammation) promote pathogenic
aggregation of aSN, also by shifting the equilibrium towards
conformers and their further
aggregation.'™ ! For example, truncation of the C-terminal region
(last 20 amino acid residues) lead to the enhanced fibrillation of
the protein as compared to native aSN."

Unsurprisingly, factors influencing protein aggregation attract
much attention in the context of neuropathological implications
and mechanisms of disorders onset and prevention. Studies of
protein misfolding and aggregation employ such physical-
chemical methods such as circular dichroism spectroscopy (CD),
14 and small angle X-ray scattering, !> fluorescence detection,'®
infrared  spectroscopy,!’ quartz  crystal
microbalance,'® and electron microscopy and atomic force
microscopy (EM and AFM) 2!, In particular, the detection of
protein aggregation and visualization of plaques using thioflavin
T (ThT) and its derivatives has become a reference method 2.
ThT, a cationic benzothiazole fluorescent dye, binds
stoichiometrically to the f-sheet structure of amyloid fibrils in
such a specific manner that their long axes are parallel, > leading
to a change in the optical signal from the dye and enhanced
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fluorescence.”* Upon binding to S-sheets the peak of the emission
spectrum for ThT shifts characteristically from ~450nm to
~490nm,> making quantification of binding possible. Formation
of the protein amyloid structures can be also electrochemically
assessed through oxidation of ThT and some other benzothiazole
dyes specifically bound to the formed fibrils.?® Electrochemical
methods have also been successfully used for down to pM
electroanalysis of proteins and their conformational changes.”’”!
With non-redox active proteins, electrochemical oxidation of
tyrosine (Tyr), tryptophan (Trp), and cysteine residues of proteins
has been used for sensitive nM-pM protein and peptide
electroanalysis.”” #* 334 Electroanalysis of aSN at the hanging
mercury drop electrode (HMDE) performed via monitoring of a
so-called H peak (resulting from the protein catalyzed hydrogen
evolution reaction) was shown to be particularly useful for
analysis of the overall changes in the aSN structure, including its
nucleation and aggregation. >3
A) Tyri25
Tyr 136 ﬁ 2 ‘_,..:-7’["’ I

(. A

Tyr133

Fig. 1. Schematic representation of (A) the molecular structure of human
oSN (PDB files ID:1xq8) and (B, C) the electrochemical assay for
analysis of the protein aggregation based on electrooxidation of Tyr
residues of a.SN.

aSN possesses four redox active Tyr residues at positions 39,
125, 133 and 136 of the polypeptide chain, and any changes in
the protein conformation due to nucleation and subsequent fibril
formation are expected to affect the electrochemical accessibility
of these Tyr residues. We anticipated that electrochemical
monitoring of the aggregation process (as shown for AB—peptide
fibrillation #* ") will provide fast and reliable information on the
conformational transitions (and thus extent of misfolding) in oSN
(Figure 1B,C). In the present work we show that aSN amyloid
formation can be followed and evaluated accurately by
electrochemical analysis of the amyloid fibril structure of aSN
adsorbed at the electrodes, by oxidizing the Tyr residues that are
surface exposed in monomeric oSN and largely buried inside the
protein after formation of the oligomeric structures.

Experimental
Materials

L-tyrosine (Tyr), tryptophan (Trp), Thioflavin T and components
of buffer solutions were from Sigma-Aldrich (Germany). All
reagents were of analytical grade or of ultra-high purity and used
as received. All solutions were prepared with de-ionized Biocell
Milli-Q water (18.2 MQ, Millipore, Bedford, MA, USA). aSN
was produced in competent E. coli BL21(DE3) cells with a
plasmid vector pET11-D using auto-induction as described in ref.
3% To obtain high purity aSN the purification protocol described

w
b

=y

65

100

105

in refs. ¥ % was used, modified with an additional acid

precipitation step prior to ion exchange, where pH was lowered to
pH 3.5 by a drop-wise addition of 1M HCI. A soluble protein was
collected by centrifugation at 9.000 g, 4 °C, for 20 min. The pH
of the supernatant was immediately adjusted to pH 7.5 with 1 M
NaOH. Freshly dissolved aSN was filtered (0.2 um filter) and its
concentration was determined with a NanoDrop UV-VIS
spectrophotometer (ND-1000, Thermo Scientific) using a
theoretical extinction coefficient of 0.412 (mg mI)! em™. *' All
fibrillation experiments were conducted in a phosphate buffer
saline buffer (20 mM phosphate, 0.15 M NaCl, PBS), pH 7.4, at
37 °C, and then the aliquots of the aSN solution in PBS, pH 7.4,
were used for the electrode modification.

Methods

Electrode preparation. Rods of solid spectroscopic graphite (Gr,
SGL Carbon AG, Werk Ringsdorff, Bonn, Germany, type
RWO001, 3.05 mm diameter) were cut; their disk surface was
polished on emery paper (Tufbak Durite, P600), fitted into Teflon
holders and used in electrochemical experiments. For protein film
formation, 3 pl of the aSN aqueous solution in PBS, pH 7.4, (0,
1, 10, and 100 ng ml™', 1, 10, 25, 50, 100, and 500 pg ml"', 1 and
2 mg ml™! (1.7 mg mlI™ for fibrils)) were placed onto the electrode
surface and dried in a flow of N,. Then the aSN-modified
electrodes were thoroughly washed with a 20 mM phosphate
buffer solution, containing 0.15 M NaCl (PBS), pH 7.0, and
mounted in the cell.

Instrumentation and procedure. Cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) were performed at 22+1°C
in a standard three-electrode cell connected to the potentiostat
AUTOLAB PGSTAT 30 (Eco Chemie B. V., Utrecht,
Netherlands) equipped with a GPES 4.9.007 software. An
Ag/AgCl 3M KCl) electrode was the reference and a Pt plate
was the auxiliary electrode. In DPV the effective scan rate was 20
mV s (modulation amplitude was 50 mV, and modulation time
was 50 ms). All measurements were performed in PBS, pH 7, as
corresponding to the physiological conditions (brain media). The
reproducibility of the data was verified by measurements with at
least four equivalently prepared electrodes. Data fitting was
performed with a Sigma-Plot Dynamic Fit Wizard program
module.

Fibril formation and Thioflavin T fluorescence. A highly
reproducible ThT-based fibrillation assay in a 96-well plate
reader setup was used as described by Giehm et al. ** Briefly, 150
pL of 70 uM aSN (in PBS, pH 7.4, with 40 pM ThT) were
loaded to each well in a clear bottom 96-well-plate (Nunc,
Thermo Fisher Scientific, Denmark). Glass beads of 3-4 mm in
diameter (Glaswarenfabrik Karl Hecht GmbH & Co KG,
Germany) were added to each well and the plates were sealed
with Crystal clear sealing tape (Hampton Research, America).
The plate was loaded to a Genios Pro plate reader (Tecan,
Switzerland) and incubated at 37° C for approximately 100 h.
The plate was shaken with orbital agitation at 300 rpm for
approximately 50 min h™. ThT fluorescence was measured every
20" min with excitation at 450 nm and emission at 485 nm.
During the oSN fibrillation process, triplicates were extracted
from the plate every 3™ hour and 20 pL from each triplicate were
frozen in liquid nitrogen and subsequently stored at -20 °C prior
to electrochemical measurements. In parallel, 100 pL of the assay
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solution of each triplicate were centrifuged to remove fibrils and
the concentration of a soluble protein in the supernatant was
measured.

Results and discussion
s Electrochemical oxidation of tyrosine at graphite electrodes

As can be followed from the CVs recorded in 10 uM solution of
Tyr, at Gr electrodes Tyr is irreversibly oxidized at around 0.6 V
(Figure 2). The CV peak potential corresponding to
electrochemical oxidation of Tyr was 625+3 mV, while DPV
10 gave a characteristic oxidation potential of 574+7 mV (Figure 2,
inset). Oxidation of Tyr at spectroscopic graphite seems to be
facilitated compared to the commonly used hydrophobic glassy
carbon electrode material (0.87 V, at pH 7, solution chemistry **

and 0.7 V, at pH 6, surface electrochemistry **).
20 1.5 2
1.2 /\ /
15 {0.9
0.6 |
0.3
10 0.0 ‘ 2
<§. 4 0.5 0.6 0.7
=~ ] B
0 4
B e ——— ‘

02 03 04 05 06 07 08 09 10

E vs Ag/AgCI (3M KCl), V

Fig. 2. Representative CV recorded with graphite electrodes (1) in the
absence of Tyr and (2) in 10 uM solution of Tyr in PBS, pH 7. Potential
scan rate is 50 mV s™. Inset: Representative DPV, the apparent scan rate

is20mV s,

20  The reported mechanisms of Tyr oxidation depend on the
electrode materials and experimental conditions used (solution
pH, oxidation potential, electrode material, composition of buffer
solutions and solvent used); both 2¢” and le” oxidations of Tyr
have been discussed. **" Likewise, the mechanism of Tyr

»s oxidation in proteins and peptides is also expected to vary and

depends on the experimental and environmental conditions,** 4*

8 under moderate oxidation conditions proceeding, in neutral and

basic media, via le” oxidation pathway. For the present studies,

we note that the most important readout is the relative change of
the electrooxidation signal, i.e. the relationship between the
signals from native monomer and fibrillated aSN. This should
provide the ratio between the surface exposed Tyr and Tyr buried
inside the protein amyloid structure in the course of protein
aggregation. In the context of the relative signal change, the

35 reaction mechanism and absolute number of electrons involved in
this reaction become less important, assuming that it is the same
for different forms of SN, namely the monomer and fibrillated
protein forms.

w
=S

Electrochemical analysis of aSN oxidation: potentials of Tyr
40 oxidation.

Changes in the peptide conformation, due to nucleation and later
aggregation, might affect the electrochemical signal from the Tyr
residues in the peptide, as shown by Vestergaard et al.?® by
electroanalysis of the conformational state of AB-peptide in

45 solution, thus enabling detection of the complete aggregation of
the peptide. Here, the conformational state of the adsorbed oSN
was interrogated at Gr electrodes through electrochemistry of its
four Tyr residues as naturally existing electrochemical tags. The
aim was to find out both the conditions enabling unambiguous

so monitoring of the protein aggregation (the native unfolded
monomer state versus fibrillated).

A) _ B) )
P P N
20 W 20 A/ 20

<15

“10 4
5 1,23
0

02 03 04 05 06 07 08 09 10
E vs Ag/AgCI (3M KCI), V

02 03 04 05 06 07 08 09 1.0
Evs Ag/AgCI (3M KCI), V

02 03 04 05 06 07 08 09 1.0
Evs Ag/AgCI (3M KCI), V

Fig. 3. Representative CVs of (A) native, (B) fibrillated mixture and (C) pure fibrils of aSN recorded at different concentrations, (1) 0.6 (2) 1.2 (3) 2.3 and
(4) 11.5 uM, in PBS, pH 7. Potential scan rate is 50 mV s,

ss A fibrillation mixture was prepared by allowing oSN
fibrillation to run to completion according to the ThT
fluorescence assay (PBS, pH 7.4, at 37°C for at least 50 hours).
This led to a mixture of ca. 60% of aSN monomers transformed
into fibrils, ca. 35-38% monomers left and negligible amounts of
0 oSN oligomer."”” In addition, we prepared a monomer-free
solution by centrifuging the fibrillation mixture, after which the
pellet, including the fibrils, was dissolved in buffer solution. The
two different fibril preparations as well as non-aggregated oSN

monomer were adsorbed onto the Gr electrodes, and
es electrochemical oxidation of Tyr residues of adsorbed SN was
followed. As can be seen in Figure 3, for monomeric oSN and the
fibrillation mixture, Tyr oxidation proceeds with different
efficiency (signal intensities for similar concentrations of the
protein are different) and at slightly different potentials, 679+6
7o mV and 649+1 mV (Table 1). The signal from the sample
containing solely fibrils was much smaller and may be attributed
to the presence of residual monomeric aSN with surface exposed

This journal is © The Royal Society of Chemistry [year]
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Tyr residues, which form rapidly after dissolution of fibrils*’. The

potential of oxidation of native monomeric protein was 54 mV

higher than that of free Tyr (625 mV, Figure 2) and 30 mV higher

than that of Tyr in SN samples containing both monomers and
s fibrils (Figure 4).

20
Z 40
530 H 2, .
15 ¥ 20 3
S
~ 10
g 4
< 10 4 t ‘ 1
3 0 5 10 15 20 25
— CaSN, uM
5 4
o =

02 03 04 05 06 07 08 09 1.0
E vs Ag/AgClI (3M KCl), V

Fig. 4. Representative cyclic voltammograms of (1) 10 uM solution of
Tyr and (2) monomer, (3) fibrillated mixture of aSN and (4) pure fibrils
of aSN (11.5 pM) adsorbed on the electrode surface, recorded in PBS,
10 pH 7. Potential scan rate is 50 mV s™'. Inset: the shift in the oxidation
potential of Tyr in monomer a.SN plotted versus the concentration of
aSN, evaluated from the DPV recorded under the same conditions as in
the main figure, the apparent scan rate is 20 mV s™.

In general, redox properties of Tyr within the monomer

15 polypeptide chain should be more similar to those of free Tyr,
since all Tyr residues of the monomer protein are expected to be
exposed to the Gr surface, while in fibrillated samples, providing
generally less polar environment for Tyr electrooxidation, the
shift of the oxidation potential towards more positive potentials

2!

3

4

4

20 may be expected, as previously observed with ferrocene redox

species embedded in organic and thus less polar environment. **
51 It has previously been shown that monomeric aSN is more
compact than a random coil, and it has been suggested that the
Tyr-rich C-terminal tail (residue 120-140) shields the most
hydrophobic part of aSN, the NAC region composed of residue
61-95 and directly involved in the amyloid fibril formation
(Figure 1A), thereby inhibiting the aggregation of aSN.*? Such
long-range interactions, providing more intimate contact between
tyrosines of the C-terminal region and the most hydrophobic/non-
polar part of SN, might correspondingly affect the kinetics of
the Tyr oxidation reactions and result in a shift of the oxidation
potential to more positive values. Fibrillation of aSN implies the
presence of monomers in the fibrillated samples, though a
different conformational state of monomer oSN can be expected.

S

=3

3s For such monomers C-terminal tyrosines may be no longer

intimately interacting with the NAC region, which is commonly
considered as a prerequisite/first step of oligomerization. Thus
monomeric aSN in the presence of fibrils may be less compact
and allow oxidation of its surface exposed Tyr, but at less
positive Tyr oxidation potentials, as observed in Figure 4.

Two major conclusions may be drawn based on the results
obtained. First, complete fibrillation of oSN makes all Tyr
residues unavailable for electrooxidation at electrodes (only a
residual signal representing less than 6% compared to that
observed with monomers could be detected) Secondly, in the
equilibrated fibrillated samples, the signal from Tyr oxidation is
most likely to stem from monomers that are no longer in the
compact C-terminal-NAC interaction state (the population of
lower-weight oligomers is negligible under these conditions '%).

S

o

so The potential shift thus observed for monomer aSN’s Tyr and

fibrillated aSN’s samples can designate different extents of the
protein conformational changes.

Table 1. Some experimental parameters characteristic of electrochemical oxidation of aSN at graphite evaluated for its saturating monolayer adsorption

SN samples Oxidation potential of Tyr CV peak currents, Jjim, Surface surface COI;::tlengr ol
residues, Eox, V pA, at20 mV s’ amount of oSN, pmoles cr‘r%’z’ ash P
free Tyr 0.625+0.003 - - -
monomers 0.679+0.006 6.10+1.13 81.2+14.3 111.2+19.59
fibrillated sample® 0.649+0.001 4.61+0.32 61.4+3.80 84.1+5.21
pure fibrils 0.665+0.090" 0.27+0.21 3.6+0.75 4.9+1.02

* sample at the end of the fibrillation time course, which contains a mixture of ca. 35-38% monomers, < 2%oligomers and ca. 60% fibrils

ss ° the peak was too broad to more precisely determine the peak potential

Another important observation is the shift of the Tyr oxidation
potential to more positive values with increasing oSN
concentration (Figure 4, inset). Multiple interactions between the

e protein and the electrode surface may produce essential
conformational changes,” 3* including protein unfolding as well.
Such changes, expected to be most pronounced at lower

concentrations of aSN (Figure 5B-a), may detrimentally affect

the interactions between the C-terminus and the NAC region of

6s oSN, thus shifting Tyr oxidation potential to less positive values,
closer to the values characteristic of free Tyr and very similar to
the values observed for fibrillated samples. At higher
concentrations of oSN, providing conditions for the compact
monolayer adsorption of the protein with minimized protein-Gr

70 surface interactions, the probability of the protein adsorption in
its most compact conformational state increases. A Tyr oxidation
signal consistent with this conformation state is then observed
(Figure 5B-d).

Electrochemical analysis of oSN oxidation:
7s behavior

Adsorption

With the increasing concentration of the monomer protein, the
Tyr oxidation signal consistently increased, being directly
proportional to the amount of aSN at up to 0.5 mg ml™ (11.5 uM)
aSN. It is important to mention, that all Tyr residues were
so completely oxidized in the first scan (no Tyr signal could be
observed in the consecutive scans), so in the following we only
discuss 1% scan data. The dependence of the Tyr oxidation
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current, /, on the concentration of oSN, C,sy, to a first
approximation followed a simple Langmuir isotherm (Figure 5):

1= Ima>(><1<>< C(xSN/(l + KXC(XSN) (1)

with a maximal current /., of 6.9+0.3 pA corresponding to a
s saturated protein monolayer consistent with 90.9+£3.8 pmoles of
the electroactive protein adsorbed (assuming one-electron

10

electrooxidation of four Tyr residues per protein molecule). Here,
K is the equilibrium parameter™ that reflects the strength of
adsorbate binding, namely the relationship between the
adsorption-desorption constants, and equals 0.17+0.03 for the
monomer aSN adsorbate (fitting of the experimental data to Eq.
1, solid line 1 in Figure 5A).

A B
75
a)
5.0 1
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=
25 | 1.5 b) q d)
1.0 . . .}/ — e~
% 05 }”K/z ‘ / y ‘l/‘n/onomer \’
00 - S 73 | monomer . \ /
0.0 . 0.0|0.5 1.0 1.5‘2.0 2.53. e m— AR S R
0 10 20 30 40 50
CasN. UM

15 Fig. 5. Dependence of the Tyr oxidation signals (peak current, /), derived from CVs (A), plotted against the aSN concentration, monomer (1), fibrillated

mixture of monomers and fibrils (2) and fibrils (3), in PBS pH 7. Potential scan rate was 20 mV s, Solid lines 1 and 2a are non-linear curve fitting with
Eq. 1, and 2b - with Eq. (2), see the text for more details. Inset: the linear response range for lower concentrations of aSN. (B) Schematic representation of
adsorption of different states of SN at the electrode surface. (a) monomer at low concentrations, (b) monomer and fibrils at low concentrations (c) fibrils
at high concentrations and (d) monomers at high concentrations of aSN.

20

The experimentally measured maximum surface amount of
oSN was 81.2 pmoles (Figure 5). It was of a particular interest to
correlate this value with the actual surface coverage of the
protein. The emery-paper polished surface of the spectroscopic
graphite is highly microstructured, with a reported roughness
factor of at least 5, > and thus is problematic for precise
determination of the available for protein adsorption area >
Estimations of the electrochemically active surface area of the Gr
surface polished to a mirror luster on Discovery office paper,

G

30 Portucel S.A., Portugal, (additional polishing with office paper

decreased the surface roughness) using the Cottrell equation, >

with ferricyanide as a redox probe,” give a roughness factor of
2.1, while double-layer capacitance measurements indicated up to
4.5-fold increase in the electrode surface area for the emery-paper
polished Gr used here as compared to the mirror luster polished
Gr. Then, considering a Gr surface roughness of at least 10 and a
resulting electrode surface coverage with the monomer protein
(Table 1), the footprint of the SN molecule on Gr will be around
1.51 nm? for experimentally observed currents and 1.33 nm? for a
limiting monolayer conditions. While for totally unfolded a'SN an
average hydrodynamic radius was estimated to vary between 3.3-
3.7 nm, compact oSN may have a radius as small as 0.7 nm,”
approaching the protein minimal dimensions of around 0.5 nm®.
The latter value fits well our data and implies sufficiently tight

o

=3

ss packing of the compactly folded protein at the Gr electrode

surface. This conclusion is also valid for the experimentally
determined hydrodynamic radius of partially folded oSN of 2.7

nm (a one dimensional parameter)®* ® forming an ellipsoid with
another dimension of around 0.6 nm.

At the microscopic level, aSN adsorption is definitely more
complex process than the one following the Langmuir isotherm,
to the energetically non-uniform micro-porous electrode surface
and envisioned interactions between the adsorbed protein
molecules. Nevertheless, data for native aSN fit well the simple
Langmuir adsorption isotherm, Eq. 1. In the case of co-adsorption
of monomer and fibrillated oSN, the Langmuir isotherm is not
expected to properly describe the protein adsorption behavior
(Figure 5A, 2). The dependence of the / on the C,gy becomes less
steep and the maximal current becomes less as well, which may
be connected either with a competitive adsorption of fibrils or a
lower amount of monomers in the monomer/fibril mixture with
the same total amount of aSN. If the data in Figure 5A, 2, are
fitted to the simplest case of the Langmuir isotherm (Eq. 1) for
the Cogn ™1 = 0.4 xC,qy, reflecting the corresponding decrease
in the monomer concentration, a maximal current /,,, of 7.9+0.7
pA and a K of 0.08+0.02 are obtained (solid line 2a in Figure
5A). Those values are inconsistent with the parameters extracted
from the data in Figure 5A, curve 1 (adsorption of monomer
aSN, the 7, of 6.9 pA and the K of 0.17) and they do imply that
the observed effects are not related to the lower concentration of
monomers, but to co-adsorption of fibrils.

On the other hand, fitting the data to a model involving
competitive adsorption (curve 2b),* with the adjustment
parameter for competitive co-adsorption m of -2, -1, -0.5, 0.5, 1

This journal is © The Royal Society of Chemistry [year]
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and 2 and 0.06<x <0.6 (since the concentration of fibrils should
be less than 0.6xC,gy, as a result of the 2-15-mer and higher
monomer aggregation*):

1= o XK*0.4 Cogn/(1 + 0.4K % Cosn + (xK; X Cosn)™), 2)

did not provide any physically relevant values for the 7,
(becomes several amperes in magnitude) and K (dramatically
decreases down to 102 values).

As can be seen in Figure 5A, Tyr electrooxidation signals in
fibrillated oSN samples adsorbed onto Gr are lower than those
from the monomer protein, which is consistent with the
assumption that a smaller number of Tyr residues is now
available for electrooxidation at the electrode surface, Tyr
becoming hidden inside the protein structure upon the monomers
alignment in fB-sheets during fibrillation (Figure 3B,C). However,
when the Tyr oxidation signals were calibrated versus the
concentration of aSN, the signal variation for the protein
concentrations higher than 20 uM oSN (conditions close to
saturation) was not as high as might be expected from the
composition of the fibrillated solution, which contains 35-40% of
monomers. For saturation conditions, the signal decrease was
25%, correlating with at least 75% of the electrode surface
occupied by the monomers and the rest of the surface by fibrils.
Mature fibrils of 9.8 nm in diameter and 100-150 nm in length?!
may be composed of up to 150 monomer units®?, and then their

s theoretical surface coverage (for 25% of the electrode surface

area left and 100 nm length of fibrils) may be estimated as 0.17
pmol cm™. This corresponds to approximately 26 pmol cm™ of
oSN monomers forming the fibrils. The rest of the electrode
surface is occupied by co-adsorbed oSN monomers, which
surface concentration is around 84 pmol cm™ (the saturation
adsorption conditions, Table 1). The ratio between fibrillated and
monomer oSN adsorbed at the electrode surface (26:84,
correspondingly) does not reflect accurately the composition of
the fibrillated samples (60:40, maximum 40% of protein present
in its monomer state) and thus the extent of oSN fibrillation.

At aSN concentrations lower than 3 uM, the difference in the
Tyr oxidation signals for monomer and fibrillated samples
becomes larger, providing conditions where no signal has been
observed for fibrillated oSN samples, whilst an essential
oxidation signal was detected for the monomer oSN samples
(Figure 5A, inset). Formally, under these conditions no signal (or
a very low signal) designates a maximal possible fibrillation of
the protein (60% of aSN initially present in the sample), and the
most pronounced differential variation of the Tyr oxidation signal
upon fibrillation may be detected, which should allow better
discrimination of the extent of the protein fibrillation in samples.
Further electroanalysis of the effect of fibrillation on the
electrochemical activity of aSN’s tyrosines was studied under
conditions of unsaturated monolayers that fall within the
concentration range in the Figure 5A, inset.

Electrochemical monitoring of oSN fibrillation
correlation with the ThT fluorescence assay

and

Structural changes of aSN during the fibrillation process were
followed by ThT fluorescence analysis and, in parallel,
electrochemically, by electroanalysis of the Tyr oxidation signals.
The oxidation potential of ThT is close to 0.9 V under the

o
X

100

experimental conditions used and thus ThT oxidation does not
interfere with the electrochemical oxidation of Tyr. The obtained
fluorescence data were correlated with the electrochemically
obtained ones to find out if the electrochemical method gives
reliable information on protein fibrillation process and the extent
of fibril formation.

The development of oSN fibrillation in time was followed by
measurements of ThT fluorescence with 20 min time increments;
the final level of ThT fluorescence corresponded to
approximately 60% of oSN forming fibrils. In parallel, at each
time step of fibrillation, aliquots of the protein solution were
taken every three hours from the reaction mixture and analyzed
electrochemically. ~ Tyr  oxidation  currents  (triplicate
measurements) and ThT fluorescence were plotted within the
same time scale to directly correlate the data on the extent of SN
aggregation (Figure 6).

0.8

r 10000
0.6 1

I, JA
(2]
o
o
o

o
N
ThT fluorescence [a.u.]

0.2 ¥—E Lo
0 20 40 60 80
time, h
Fig. 6. Dependence of (1) the Tyr oxidation signals (peak current, /),
derived from CVs, and (2) ThT fluorescence as a function of fibrillation

time. Electrochemical measurements were performed with 1.15 uM SN,
in PBS, pH 7, and the potential scan rate of 20 mV s

Two extreme areas corresponding to monomer (zero time) and
fibrillated oSN states (40-80 h of fibrillation) may be seen in
Figure 6. The current, /, measured at =0 correlates with
electrooxidation of all available Tyr residues of oSN, while only
background fluorescence can be followed under the same
conditions. Both techniques reveal a 5-10 h lag-period time in the
fibrillation process, after which, within the next 20 h, fibrillation
is completed.

As expected, fibrillation results in the decreasing intensity of the
Tyr oxidation signals and the increasing intensity of ThT
fluorescence, reflecting the decrease of the apparent number of
Tyr residues exposed to the electrode surface, due to the
alignment of oSN monomers into f-sheet amyloid fibrils. The
shape of the electrochemically obtained sigmoidal curve
corresponds the different phases of the oSN fibrillation process,
in good agreement with the inverted dependence of ThT
fluorescence on time. The half-time of fibrillation shows only
minor changes for the two techniques (21 h versus 24 h, for
electrochemical and fluorescence analysis, respectively). That
might be ascribed to the formation of aSN prefibrilar
intermediates (protofibrils) and oligomeric forms with Tyr
residues less accessible for electrochemical oxidation, which are
not detectable by fluorescence analysis. The oSN oligomer
formation, after 6 h of protein incubation, was earlier shown with

6 | Journal Name, [year], [vol], 00—00
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HMDE and supported by DLS measurements. *® In the case of the
Tyr-oxidation approach, taking into account a low population of
oligomers present in solution (only a few percent of the total
mass) and their relative instability, it is difficult to conclude if we
are monitoring the oligomer growth, and we should ascribe our
data to the fibrillation process. Thus, the proposed
electroanalytical approach allows simple and fast analysis of the
extent of aSN fibrillation in solutions of a low protein
concentration, providing conditions for unsaturated protein
monolayer formation.

Conclusions

We have shown that the extent of oSN amyloid fibril
formation and the possible surface state of the protein can be
followed and evaluated accurately by electrochemical analysis of
oSN adsorbed at the electrodes, by oxidizing the Tyr residues
that are surface exposed in monomer oSN and hidden inside the
protein after formation of fibrillar structures. The Tyr residues of
oSN adsorbed onto the surface of spectroscopic graphite
electrodes are surface exposed and oxidized at potentials 54 mV
higher than those of free Tyr. Minor conformational changes of
monomer oSN were followed through a shift of the Tyr oxidation
potential, becoming 30 mV less positive when the compact
conformation consistent with the intimate interaction between the
Try-rich C-terminus and the hydrophobic NAC region of oSN
changed to the less compact/unfolded one. The extent of aSN
aggregation into fibrils was followed via Tyr oxidation signal
intensity, measured for the aSN concentrations down to 3 pM
(1.15 uM) and confirmed by fluorescence studies of ThT binding
to fibrillated protein. These results demonstrate that
electroanalysis of oSN fibrillation provides reliable tools for the
protein in vitro characterization and may be considered to be
relevant for future in vivo research.
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The role of stable a-synuclein oligomers in the molecular events

underlying amyloid formation
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ABSTRACT: Studies of protein amyloid formation have revealed that potentially cytotoxic oligomers frequently accumulate
during fibril formation. An important question in the context of mechanistic studies of this process is whether or not oligomers are
intermediates in the process of amyloid fibril formation, either as precursors of fibrils or as species involved in the fibril elongation
process or instead if they are associated with an aggregation process that is distinct from that generating mature fibrils. Here we
describe and characterize in detail two well-defined oligomeric species formed by the protein o-synuclein (aSN), whose
aggregation is strongly implicated in the development of Parkinson’s disease (PD). The two types of oligomers are both formed
under conditions where amyloid fibril formation is observed but differ in molecular weight by an order of magnitude. Both possess
a degree of B-sheet structure that is intermediate between that of the disordered monomer and the fully structured amyloid fibrils,
and both have the capacity to permeabilize vesicles in vitro. The smaller oligomers, estimated to contain ~30 monomers, are more
numerous under the conditions used here than the larger ones and small-angle x-ray scattering (SAXS) data suggest that they are
ellipsoidal with a high degree of flexibility at the interface with solvent. This oligomer population is unable to elongate fibrils, and

indeed results in an inhibition of the kinetics of amyloid formation in a concentration-dependent manner.
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Introduction

It is increasingly well accepted that soluble oligomers of
proteins associated with amyloid formation are the most
important toxic species in a range of neurodegenerative
disorders such as Parkinson’s disease (PD) '* and
Alzheimer’s disease (AD) 310 There is good evidence that
these oligomers possess, amongst other properties, the
ability to disrupt membrane functions and thereby have the

ability to induce neuronal damage >'"'>

. Oligomers are often
observed in co-existence with amyloid fibrils " but many
aspects of the relationship between oligomers and the
mechanism of amyloid fibril

assembly are not yet

understood. In some cases, oligomers appear to be direct

15 but there are also

building blocks of amyloid fibrils
examples of fibril systems where no significant quantities of
oligomers are observed '**'; in other cases, the oligomeric
species under study have been shown not to be direct

2226
precursors of fibrils

. There are also examples of
different assembly processes in given protein systems
leading to different types of fibril morphology and structure
27:29.

Recent advances in modern structural techniques have led
to significant increases in our knowledge of the structures of
amyloid fibrils, although such information is still limited.
Thus, a range of techniques, notably X-ray diffraction of

0

: 30 . .
mlcrocrystals solid-state nuclear magnetic resonance

spectroscopy (NMR), and cryo-electron microscopy have
provided structural information at different levels of
resolution of a series of amyloidogenic peptides and proteins
313 Structural data on oligomers is, however, even sparser
due to the transient nature and inherent polydispersity of

: 36,37
such species

although such problems have been
addressed by methods such as photochemical cross-linking
* and protein engineering »,

It is of great importance to understand the role of aSN
oligomers in the aggregation process, not least because aSN

40-43

is a highly validated drug discovery target for PD . Here

147

we analyze the role of well-defined aSN oligomers which
accumulate under conditions where amyloid fibrils are
formed, and which can be isolated. We have analyzed the
structure and size distribution of these oligomers using size-
exclusion chromatography coupled with online multi-angle
laser light scattering (SEC-MALLS) and dynamic light
scattering  (SEC-DLS), native gel electrophoresis,
transmission electron microscopy (TEM), atomic force
microscopy (AFM) small-angle X-ray scattering (SAXS),
Fourier transform infrared (FTIR) and circular dichroism
(CD) spectroscopy. We identify two different oligomer
populations which differ significantly in size but are
structurally similar. Both oligomer populations are
significantly more potent in membrane permeabilization
than the monomers and fibrils. The small oligomers, which
are most highly populated, on average consists of ca. 30
monomers. These appear to form an ellipsoidal structure
with a compact core and a less highly structured corona,
each making up 50 % of the total mass. Using an optimized
thioflavin T (ThT) aggregation assay #45 we show that the
oligomers inhibit fibril formation in a concentration
dependent manner. The ThT time profiles can be fitted by a
kinetic model in which the oligomers inhibit both the initial
nucleation and the subsequent elongation steps. We also use
a quartz crystal microbalance with dissipation monitoring
(QCM-D), previously shown to be an excellent method to

4648 and confirm that

monitor fibril growth accurately
isolated oligomers, unlike aSN monomers, are not able to

elongate preformed fibrils significantly.

Materials and methods

Protein production and handling: Freshly dissolved aSN
was filtered (0.2um) prior to use and the concentration
determined by absorption measurements with a NanoDrop
instrument (ND-1000, Thermo Scientific) using a theoretical
extinction coefficient of 0.412 (mg/ml)’lcm’l. (give units in
M'em™) All experiments were conducted in phosphate

saline buffer (PBS) (20 mM phosphate, 150 mM NaCl, pH



7.4). Details of protein purification, oligomer purification,
QCM, SEC-MALLS, SEC-DLS and SAXS are provided in
Supporting information.

Plate reader fibril formation assays: ThT fluorescence
was monitored using a 96-well plate reader setup as
described previously45.

Pore limit gel electrophoresis: The oligomers were
analysed by pore limit gel electrophoresis in the presence of
Tris, boric acid and EDTA system, as described previously
¥ In short, the samples were prepared under non-denaturing
conditions (the addition of SDS and dithiothreitol was
omitted) and separated by non-denaturing PAGE for 17 h at
100 V, using 4-20% gradient gels (10x10x0.15 cnr).
Oligomers were visualized by Coomassie Blue staining.

Circular dichroism spectroscopy: Far-UV wavelength
spectra of aSN monomers, oligomers and fibrils with
protein concentrations of 0.2 mg/ml (14 uyM) in a 1 mm
cuvette were obtained at 25 °C with a Jasco J-810
spectrophotometer (Jasco Spectroscopic Co. Ltd., Japan).
Prior to CD analysis, fibril solutions were sonicated 3x 10
sec on ice with an HD 2070 Bandelin Sonuplus Sonicator
(Buch and Holm, place of company).

ATR-FTIR spectroscopy: FTIR measurements were
carried out with a Tensor 27 FTIR (Bruker Optics, Billerica,
MA). 2 uL samples were loaded onto the crystal and
carefully dried with nitrogen gas. Spectra were
accumulations of 68 scans, measured with a resolution of 2
cm’ in the range from 1000 to 3998 cm™'. Data processing,
consisting of atmospheric compensation, baseline
subtraction, deconvolution with Lorentzian curves and
second derivative analysis, was performed with the software
OPUS version 5.5
(http://www.stsci.edu/software/OPUS/kona2.html). For
comparison all absorbance spectra were normalized.

Transmission electron microscopy: 5 pL aliquots of 0.2-
0.4 mg/ml aSN in PBS buffer were transferred to 400-mesh
carbon-coated, glow-discharged grids for 30 sec. The grids

were washed using two drops of doubly distilled water,

stained with 1% phosphotungstic acid (pH 6.8) and blotted
dry on filter paper. The samples were viewed in a
microscope (JEM-1010; JEOL, Tokyo, Japan) operating at
60 kV. Images were obtained using an Olympus
KeenViewG?2 camera.

measurements:

Dye leakage Dioleoyl-

phosphatidylglycerol (DOPG) vesicles with a diameter of

100 nm containing 70 mM calcein were prepared by

. . . 50
extrusion as described previously

oSN monomers,
oligomers and fibrils were each mixed in appropriate
concentrations and loaded in a 96-well plate (Nunc, Thermo
Fischer Scientific, Roskilde, Denmark) in triplicates.
Calcein release was measured (excitation 485 nm; emission
520 nm) over 2 hrs in a Genios Pro fluorescence plate reader
(Tecan, Minerdorf, Switzerland) at 37 °C with 2 sec shaking
every 2 min. Finally, Triton X-100 (0.1% (w/v)) was added
to obtain 100 % calcein release. The saturated calcein levels
after 2 hrs were corrected for background fluorescence and
the % calcein release calculated.

Kinetic model: We consider an aggregation mechanism
which includes primary nucleation, and fibril elongation and
de-polymerization events characterized by reaction rate
constants ky, k, and k,; respectively. In addition, since
aggregation is induced under shaking conditions we expect
that secondary nucleation events related to fibril
fragmentation will also be important and are characterized
by a rate constant k,. The kinetic equation governing the
51,52,

formation of fibril mass during time, M(?), is given by

M)

e = 1—exp (—C,e* + C_e ¥ + D) (1)

where M(w) is the fibril mass in the long-time limit and the

constants are given as:

k= Jz(m0k+ — kosr )by = J2m32+1k+k2 2

A= /2k+knmgc (3)

c, =l—1i@i&zl—ii"+—”f°iﬂ )
T 2k k 2(moky—kopf) 2k KL 2mq



— f_ Mo _ kMo ﬁ_ﬂ Mo 5)
T k2 M(®)  (moki—korp)  2k2 M(w)  mg
where my, M, and P, are, respectively, the monomer

concentration, the seed mass concentration and the seed
number concentration at time zero. The seed mass and

number concentrations are connected via the average fibril
- M,
length, L = =2
Po

Surface tension measurements: The effects of monomers
and oligomers on the surface tension were analyzed with the
pendant drop method using a KSV CAM 101 surface
tension meter (KSV Instruments Ltd.). For every protein
concentration, three different drops were measured and 20
pictures were obtained from each drop. The surface tension
was determined by fitting the drop shape with the CAM
software (KSV Instruments Ltd.).

Results

Both types of aSN oligomers have a distribution of sizes:
In accordance with our previous approach to optimizing
aSN oligomer formation " oligomers were prepared by
incubation of monomeric oSN at 12 mg/ml for 5 hrs. The
Superose 6 matrix was able to separate monomers from two
distinct oligomer populations eluting around ~14.8 and
~19.4 min (Fig. 1A). In the following discussion, we refer to
these two populations as the large oligomers and the small
oligomers, respectively. Typically, the small and large
oligomers formed, respectively, 2-5 % and < 1 % of the total
aSN population. Based on the elution times of known
globular proteins, we estimated the M, to be 1812+60 kDa
for the small oligomers and 67+11 kDa (n=3) for the

monomers (since monomeric oSN is natively unfolded, its
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size will be overestimated by all methods which rely on
hydrodynamic volume). We were not able to estimate the M,
of the large oligomers, which elute at, or close to, the
exclusion limit (~4x104 kDa) of the SEC matrix (Fig.
1ACD). Superdex 120 and Superdex 200 (exclusion limits at
~100 kDa and ~1.300 kDa, respectively) matrices were
found to separate monomers from oligomers but were
unable to separate the small and large oligomers which both
eluted in the exclusion limits .

The two oligomer populations also could not be separated
by conventional gel electrophoresis techniques and pore
limit gel-electrophoresis (PLGE), which are optimized for
separation of large proteins. However, SEC followed by
non-denaturing PLGE (Fig. 1B) revealed a smear of sizes >
~670 kDa for the small oligomers. The large oligomers
migrated as a much narrower band, an effect likely to be
caused by the limited pore size of the gel.

To determine the sizes of the two types of oligomers
independently of their hydrodynamic radius, we combined
SEC with multi-angle laser light scattering (MALLS) (Fig.
1C). Consistent with the Superose 6 matrix exclusion limit
of ~4x10* kDa for globular proteins, size species exceeding
10* kDa occur in the void volume with a weight-averaged
Mw of (5.843.3)x10° kDa (n=6) and thus in the upper range
of the optimal separation range of the separation medium (5
kDa-5x10° kDa). Mw estimates of the smaller oligomer
population ranged from ~310+90 to 770+210 kDa with a
weight-averaged value of 430488 kDa (n=7) across the
peak, corresponding to 30+6 aSN monomers in each

oligomer.



A C

300 - 10° A%so 60 =300

- ]

700 Large oligomers Monomers <) { \'. <
S A £ 10 AR =
= 600 i s Yo Bl o
e ‘“\ Smalloligomers o i =200
= 500 r P i E &
g ( E10 ! {75 & =
«, 400 7 5 & {1505
< = ' ] 5
g 300 é‘“m’" ; 190 54100 2
£ 200 5 ¢ gl.. @
g = ! 258450 3
2 100 g10 ! &
<€ = =

0 = ] e Joo 40
10’y
0 10 20 30 40 15 20 25 30 35 40
Time (min) Retention time (min)
B Small oligomers Large oligomers D
—_ 1404
MW (3] 30
(kDa)  * " - o) 21204 2
=) 25wn
= ;
il :
669 es 2 304 3
B 158
40— 2 60 =
E\ 1.0 ﬁn
404 —
232 £ {osg
2 201
0.0
140 le 18 20 22 24 26

Retention time (min)

Figure 1. Analysis of the size distribution, molecular weights and hydrodynamic radii of the oligomer populations. A: SEC separation of

monomers, small oligomers and large oligomers. An expanded region of the oligomer populations is included. B: Pore-limit native gel-

electrophoresis of fractionated small and large oligomers. C: SEC-MALLS analysis of the oligomer populations measured with 90° light

scattering and 280 nm absorbance. The Mw of large oligomers, small oligomers and monomers estimated with MALLS is shown. D:

Hydrodynamic radii estimated with SEC-DLS are shown together with refractive index and 90° light scattering.

SEC-DLS was used to estimate the hydrodynamic radius (Ry,)
of eluting oligomer species (Fig. 1D). Aggregate sizes >100
nm in hydrodynamic radius (well in excess of the Superose 6
pore size of ~40 nm) were observed in the void volume,
quickly declining to ~30 nm. Ry, values of ~19 nm and ~11 nm
were obtained from the peak maxima for the large and small
oligomers, respectively (Fig. 1D).

TEM pictures of isolated small oligomers as well as large
oligomers show that the small oligomers are generally
spherical (Fig. 2A), while the large oligomers are distinctly
elongated and co-exist with occasional short fibrils of length

~150-300 nm (Fig. 2B). AFM analysis of the small oligomers

150

revealed a disc shape structure with an average height of 1-2
nm (Fig. 2C). Protein aggregates with a loose structure are
expected to collapse when they are dried on mica, so the

apparent small height is probably caused by drying artifacts.



Figure 2. Structure analysis of the small oligomers. TEM images
of (A) small oligomers and (B) large oligomers (C) AFM images

of the small oligomers (C).

Small and large oligomers have a similar secondary
structure content that differs from those of both monomers
and fibrils: The secondary structures of the small and large
oligomers are identical when analyzed by FTIR and CD (Fig.
S1). This similarity is remarkable, given their substantial size
difference. , The monomer has an absorption maximum in the
amide I region of the FTIR spectrum at 1657 cm™ (Fig. 3A) as
determined by second derivative analysis (data not shown);
this wavelength corresponds to disordered structure .
Reference spectra of well-defined random coil proteins in
H,O have a band at 1660-1642 cm™ with a maximum at 1654

-1 55
cm

. a-helices also absorb within this region (1660-1648
cm™), but H/D exchange band shift analysis has previously

shown that the band for SN monomers in this region can be
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assigned to disordered structure »_ Previous FTIR analysis
demonstrates that the oligomers are likely to consist of anti-
. Our
oligomer and fibril FTIR spectra (Figs. 3A, S1) are in good

parallel B-sheets and fibrils of parallel B-sheets >*

agreement with similar data reported by Raussens and co-
workers, who use comparable methods to prepare oligomers
12343657 The oligomer spectrum shows a maximum at 1655
cm’, indicative of a significant degree of disordered structure
3335 while the peak maximum at 1623 cm” and a weak but
significant contribution at 1695 cm™ (Fig. 3A) both suggest
anti-parallel B-sheet structure > Thus FTIR spectra support
the combination of compact and extended structure predicted

by our SAXS data, see later.
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Figure 3. Analysis using FTIR (A) and CD (B) of monomers
(circles), fibrils (squares) and small oligomers (crosses). In the
FTIR spectra the peak maximum, determined with secondary
derivative analysis, is indicated and the spectra are displaced for

better comparison.



Far-UV CD analysis also reveals that the spectra of the two
oligomers differ from those of both monomers and fibrils
(Fig. 3B). That of the monomers resembles the classical
spectrum of an unstructured protein. The oligomer and fibril
spectra differ clearly in the intensity of different wavelengths,
although both have a minimum at 217 nm, which, in
conjunction with the absence of minima at 208 and 222 nm,
indicates the presence of [-sheet rather than o-helical
structure. The secondary structure composition of the
oligomers could not be estimated using conventional fitting
programs. Nor could the oligomer spectra be reconstructed by
linear combinations of the monomer and fibril spectra
(deviations were particularly pronounced around 200-210
nm), indicating that the oligomers exist as distinct species.
Both  oligomers bind ANS: The fluorophore 1-
anilinonapthalene-8-sulfonate (ANS) has been found to show
binding specificity towards a variety of amyloid oligomers %8,
In the present study, both fibrils and oligomers were found to
increase ANS fluorescence emission intensity and to generate
a blueshift significantly larger than that of monomer (although
the shift in A, of fibrils and oligomers is less pronounced
than previously observed ). Fibrils lead to higher ANS
intensity, but to a smaller ANS blueshift (Fig. S4), indicating
that the nature of the ANS binding sites are different in the
oligomers and the fibrils. As with the FTIR and CD data,
ANS fluorescence intensity and A, in the presence of the
small and large oligomers is identical (Fig. S4).

Both oligomers permeabilize vesicles: Both small and large
oligomers are significantly more potent in inducing the loss of
calcein from inside vesicles than the monomers (Fig. 4). We
estimate that the stoichiometric potency of the small
oligomers to disrupt vesicles is ~500, i.e. one oligomer is as
potent in inducing calcein release as ~500 monomers (Table
1). The fibrils are significantly less potent than the oligomers,
see Fig. S5 and Table 1. The high reproducibilities of both the
dye leakage experiments and the oligomer preparations are

revealed by the small standard deviation of the potency

values, based on two separate experimental series (Table 1).
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Figure 4. Calcein release by small oligomers (crosses), large

oligomers (hollow triangles), and monomers (hollow circles).

Table 1. Ability of different aSN species to release calcein

from vesicles”

Csos Csos (WM,  Relative potency Relative potency
Species (mg/ml)® monomer) (concentration)® (stoichiometric)®
Monomer 0.019 1.31 1 1
Small
oligomers 0.001 0.08 17 ~500
Large
oligomers  0.002 0.14 9 N/A
Fibrils N/A N/A 3 N/A
Notes:

* We estimate ~10% deviation on the relative potency when
comparing distinct experimental series.

® Concentration needed for 50 % calcein release. Estimated by
fitting data in Fig. 4 to a sigmoidal function.

¢ Defined as Csyq(species)/Csye,(monomer) (columns 2 and 3).

4 As b, but based on the molar concentration of oligomer.

SAXS data of the small oligomers indicate an ellipsoid with a
rim of flexible protein molecules: More detailed data on

oligomer structure and size estimates were obtained from



SAXS. Our analysis has been limited to the small oligomers,
since it is not possible to purify the large oligomers to
sufficiently high concentrations for these experiments. SAXS
data for aSN monomers and the small oligomers are presented
in Fig. 5A together with the best fits of the models described
as a function of the modulus of the scattering vector, given by
g= 4 sin(0)/ A where 20 is the scattering angle and A = 1.54 A
is the wavelength of the X-ray radiation. A first indication of
the shape is provided by the model-independent p(r) functions
of the two data sets (Fig. 5B), which reflect the distribution of

internal distances in the particles )

A

07:

1(q) (em™)

Figure 5. SAXS analysis of the small oligomers. A: SAXS data of
monomers (filled squares) and oligomers (filled circles) with the
best fit to data of the models described in the text. The data are
normalized to a concentration of 1 mg/ml. B: p(r) functions of the
monomer (dashed line) and oligomer (continuous line) data,
normalized so the maximum value is equal to unity. C: Schematic

representation of the oligomer model predicted from SAXS data.
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The monomer data are those expected for a random coil with
a maximum around R, and a tail at larger distances. The R,
value of 4.23+0.11 nm is in good agreement with previously

published values '

. Independent fitting of the monomer
data to a random coil model gives an Rg of 4.2+0.05 nm.
The correspondence of Rg values between these two
approaches emphasizes that aSN is an intrinsically disordered
protein, consistent with the literature 63,

While the symmetric bell-shape of the p(r) function for the
oligomers suggests some non-random structure, it also shows
a rather long tail, indicative of a random coil. Indeed, the
linear appearance of the spectrum at high-¢ values in a double
logarithmic plot (seen for the oligomer at q > 0.08 Al Fig.
5A) typically originates from the scattering from disordered
structure (¢7). Combining these two types of structures, we
find that the best model to fit the oligomer data consists of a
core in the shape of a prolate ellipsoid (ellipse rotated around
its major axis, dimensions R, R, &R, where & is the
width:height aspect ratio) with a rim of flexible protein
molecules *, as presented schematically in Fig. 5C.

We expect the number of polypeptide chains in the model
of the SAXS data (q-dependence) to correspond to the
experimentally determined number of molecules in the
oligomer. This number has been determined from the forward
scattering intensity, which provides the Mwt of the complexes
if the concentration is known. From the forward scattering, we
estimate the Mw of the oligomers to be ca. 420 kDa, which
corresponds to ca. 29 monomers per oligomer, in excellent
agreement with the SEC-MALLS estimation of 306
monomers. The results of the fit of the prolate ellipsoidal
model fit to the oligomer data give R = 4.72+0.17 nm and € =
1.99+0.19, while the radius of gyration of the attached coils is
R, = 2.48+0.19 nm. From the fit, the number of chains in the
model is 21.1£3.3 nm, which is broadly similar to the number
expected from the forward scattering (30+6.). The fraction of
(which

scattering length in the chains in this model

corresponds to the volume or mass fraction of protein) is



0.46+0.02, indicating that around half of the protein is present
in the flexible regions of the shell.

The presence of the oligomers alters the aggregation
kinetics: To explore the role of the oligomers studied here in
the process of amyloid fibril formation, we have analyzed
their effects on the kinetics of fibril formation and of fibril
elongation. To obtain as high a concentration of oligomers as
possible, we purified the oligomers after incubating them
under fibril forming conditions (12 mg/ml aSN for 5 hrs) and
analyzed their effects in aggregation assays at 1 mg/ml. We
obtained a similar fraction of oligomers at 1, 5 and 12 mg/ml

(Fig. S5A). Moreover, fibrils formed at 1 and 12 mg/ml have
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the same FTIR and CD spectra (Fig. S2) and the same vesicle
permeabilization potency (Fig. S5). To elucidate the roles of
the oligomers in the aggregation pathway of oSN, we
investigated the influence of the oligomers on the aggregation
kinetics. We were unable to purify sufficient quantities of the
large oligomer for these experiments, and confine ourselves to
using a mixture of small and large oligomers (similar effects
are seen for the small oligomers alone, implying that the two
oligomers have essentially the same effect).

Seeding has been widely used to bypass the primary
nucleation step of amyloid fibril formation'®. When adding

sonicated pre-formed aSN
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Figure 6. Kinetic analysis of the ability of different aSN species to inhibit the process of fibril formation. A: Seeding experiment with 1.2

mg/ml monomer and increasing amounts of pre-formed fibrils as seeds (5; 10; 20; 25; 50 % of monomer concentration). The continuous

lines represent simulations to a model that includes fibril growth and fragmentation. B: Kinetic traces of 1 mg/ml monomer with

increasing oligomer concentrations. The arrow indicates the increasing concentration of oligomers: (1; 2; 4; 5; 10; 15; 20 % of monomer

concentration). Fibril mass have been normalized with respect to the final quantity of fibrils. The continuous lines represent simulations to
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a model that includes primary nucleation and growth of fibrils (see SI). C: The microscopic rate constants corresponding to the

simulations in B as well as the experimental half-times are plotted as a function of the oligomer concentration. The inhibitory effect of the

oligomers reaches saturation at a critical oligomer concentration of about 0.05 mg/ml. D: Surface tension values as a function of monomer

and oligomer concentrations. The decrease in surface tension shown in D and the inhibition effect shown in C reach saturation at a

comparable critical concentration of oligomers.

fibrils (seeds) to monomers, aggregation is rapid (Fig. 6A).
We can describe quantitatively the effects of the variation in
seed concentration on the aggregation kinetics by applying
theoretical analysis 31926566 gince aggregation occurs under
conditions of strong shaking, we included secondary
nucleation induced by breakage together with primary
nucleation and elongation as microscopic processes. The
global fit of the data to such a model shows that it is able to
explain the data quantitatively (Fig. 6A) .

To test whether the oligomers are able to accelerate the
aggregation process in a fashion similar to the seed fibrils, we
added different concentrations of oligomers to solutions of the
monomeric protein. Remarkably, the oligomers do not shorten
or eliminate the lag phase, as is the case for seed fibrils;
rather, the oligomers lead to longer lag phases in a
concentration-dependent manner (Fig. 6B). To rationalize this
finding, we have fitted this data set to a model that allows for
inhibition of the individual molecular steps, through semi-
empirical rate constants which do not specifically include the
oligomer but provide values for the rate constants associated
with the individual molecular steps at different oligomer
concentrations. The global fit together with the experimental
data are shown in Fig. 6B and the corresponding microscopic
kinetic rate constants are reported in Fig. 6C together with the
experimental half-times. This analysis suggests that the
oligomers may reduce both the primary nucleation and the
elongation rate to an extent which reaches saturation at a
critical oligomer concentration of about 0.05 mg/ml.
Interestingly, this concentration is close to the concentration
(0.1 mg/ml) beyond which surface tension does not decrease

further (Fig. 6D). Increasing the oligomer concentration above
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the critical value does not further affect the aggregation
kinetics.

To ensure that the inhibitory effect of the oligomers is not
simply the effect of a decrease in the monomer concentration
due to its sequestration by oligomers, we performed a simple
binding assay (Fig. S6). We incubated monomers and
oligomers for 1 hr under fibril forming conditions and
compared the levels of the monomers and the oligomers
before and after this procedure. Incubation with oligomers did
not lead to any significant change in the monomer or oligomer
concentrations, nor to any differences in the area of the
oligomer peak (Table S1; Fig. S6), indicating that any
sequestration was insignificant.

aSN oligomers do not elongate fibrils: We used the ThT
fluorescence assay to determine whether or not the oligomers
are able to elongate fibril seeds. When pre-formed seed fibrils
were incubated with oligomers, hardly any increase in
fluorescence was observed, whereas monomers at the same
mass/volume concentration yielded the expected increase in
fluorescence (Fig. 7A). This result suggests that the oligomers
do not incorporate into fibrils to a significant extent.

To rule out that ThT-negative aggregates were formed upon
interaction between oligomers and seed fibrils, we attached
oSN fibril seeds on a sensor surface © and used QCM to
monitor fibril growth directly, based on changes in the

1 %478 T a first

resonant frequency (Af) of the sensor crysta
approximation, Af is proportional to the change in the mass
deposited on the crystal. First, all four channels were
subjected to two injections of 20 uM freshly prepared
monomer solution separated by a washing step. This
procedure consistently led to essentially linear decreases in

the resonant frequency (Fig. 7B), suggesting addition of



monomers to the growing end(s) of fibrils attached to the
sensor surface. The same fibril-loaded sensors were then
either incubated again with a solution of 20 uM (0.28 mg/ml)
monomer or with one containing the same mass concentration
(0.28 mg/ml) of oligomers to examine the possible interaction

of oligomers with attached fibrils.
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Figure 7. Kinetic analysis of the ability of oligomers to elongate
seeds. A: Kinetic traces of fibril formation followed by observing
ThT fluorescence of the following: 0.7 puM seeds (filled
triangles); 0.7 uM seeds and 35 pM oligomers (squares), 0.7 uM
seeds and 35 pM monomers (circles), and 35uM monomers
(crosses). All datapoints are averaged triplicates and the standard
deviations are shown. B: Direct monitoring of fibril growth by

QCM with dissipation upon injection of 2x 20uM oSN
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monomers and either 20uM AS monomers (squares) or 20uM

aSN oligomers (circles) separated by PBS washes. The
experiment was repeated three times with qualitatively similar

results.

While monomers efficiently elongated the attached fibrils, we
consistently observed at most very small changes in resonant
frequency when the sensors were incubated with oligomers;
indeed the small Af (as well as the small rise in ThT
fluorescence in Fig. 7A) may be attributed to a small quantity
of monomer in equilibrium with the oligomer preparation, as
identified by analytical SEC of prepurified oligomers (Fig.
S6).

Discussion

The small aSN oligomers consist of ca. 30 molecules and
contain significant amounts of unstructured regions: SEC, gel
electrophoresis and TEM show that aSN forms two distinct
oligomer populations, and AFM confirm the spherical shape
of the small oligomers observed with TEM. FTIR and CD
measurements reveal that the small and large oligomers have
similar secondary structure, distinct from both monomers and
fibrils. Furthermore, both oligomer populations induce more
vesicle permeabilization than monomers and fibrils (Table. 1),
and give a similar response to the fluorophore ANS (Fig. S3).

Mw values of unstructured proteins are overestimated by
methods relying on hydrodynamic volume, such as SEC, in
the case of the 14.5 kDa aSN this effect leads to a 4-fold
overestimate (6711 kDa). However, when SEC is combined
with MALLS, a reliable estimate (15+3 kDa) can be obtained
which also agrees well with SAXS data (17.9 kDa). In the
case of the small oligomers, the high quality of the SAXS fit
(based on the assumption of a single species) indicates that
there is limited polydispersity in our samples, consistent with
the relatively narrow SEC peak for the small oligomer. SEC-
MALLS and SAXS give estimates of the size of the small
oligomers as 43088 kDa and 420 kDa, respectively,
corresponding to ca. 30 monomers per oligomer. This result is

in good agreement with a single-molecule photobleaching



study by Subramaniam and co-workers in which the number
of monomers in stable and well-defined aSN oligomers was
determined to be 31 % The higher estimates of the Mwt of the
small oligomers from SEC and gel electrophoresis (1812+60
and 670 kDa, respectively) suggest the presence of a degree of
extended structure; this conclusion is consistent with our
SAXS based model, where a compact ellipsoidal core (50% of
the mass) is surrounded by an outer rim of flexible regions of
polypeptide chains (also 50% of the mass). The dimensions of
the SAXS based model, a width of 15 nm and a height of 10
nm (Fig. 5C), are in good agreement with SEC-DLS data
where the average R, is determined to be 11 nm. Both CD and
FTIR show a strong B-sheet signal, which FTIR suggests is
organized in anti-parallel PB-sheets. The FTIR data also
suggest a significant contribution from disordered polypeptide
structure, consistent with the flexible outer rim discussed
above.

Comparisons with previous investigations of oligomer
structure: We have previously followed the process of fibril
formation of aSN by SAXS, in which we obtained spectra of
the complete mixture of species present during aggregation'.
We were able to decompose these spectra to obtain
contributions from monomers/dimers, oligomers and fibrils,
and to propose an ellipsoidal model for the oligomeric
species. That model lacked a flexible outer layer, but its
width:height dimensions (4.5:9.0 nm) are similar to the
dimensions of the core of the oligomer structure determined in
the present study (4.7:9.4 nm). The absence of an outer layer
in the previous model most likely reflects the challenges of
extracting data for individual species from mixtures; in
contrast, the present study is based on purified species. We
consider it unlikely that the process of purifying the oligomers
should lead to structural changes such as the formation of an
unstructured outer layer. Consistent with this conclusion, we
do not observe from CD spectra any structural rearrangements
in the oligomers during concentration of the sample (data not
and both and non-concentrated

shown) concentrated

oligomers have a similar inhibitory effect on amyloid
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formation. In addition, concentrated small oligomers have the
same Mw, as determined by SAXS as non-concentrated small
oligomers analyzed by SEC-MALLS.

Oligomers induce greater perturbation in membranes than
monomer. The ability of the N-terminus of the SN monomer
to fold into a helical conformation upon interaction with
anionic vesicles is well described in the literature °”>. The N-
terminal part of aSN (residues 1-60) is highly basic with a pl
of 9.5, and electrostatic interactions with this part of the
protein are believed to drive interaction with anionic vesicles.
In the dye leakage experiment (Fig. 4 & S4) we found that
~500 monomers are needed to cause the same degree of
calcein release as a single small oligomer (consisting of ca. 30
monomers). We suggest two possible mutually reinforcing
reasons for oligomer potency. First, the initial 10-20 residues
in the N-terminus could be disordered in the oligomers and
located primarily in the outer rim. The N-terminus has
previously been shown to be important for the interactions of
oligomers with membranes " and we have demonstrated the
importance of the initial 11 residues on the oligomers ability
to interact with and permeabilize membranes (N. L. et al.
FEBS letter. In revision). The simultaneous binding of several
proximal N-termini to a vesicle would be expected to induce a
high degree of disruption. In contrast, the monomers will be
widely distributed in the membrane due to diffusion and
electrostatic repulsion and are likely to bind more weakly,
requiring higher concentrations to cause the same extent of
release as oligomers. Secondly, the hydrophobic core of the
oligomers which binds ANS (Fig. S3) might be included in
the vesicle interactions and could lead to a stronger interaction
and increased permeability. The lowered potency of fibrils
may reflect that it is mainly the ends of the fibrils that interact
with membranes '*” and in addition that much of the
polypeptide chain is buried in the highly ordered structure.
Nevertheless, fibrils are not completely inert, and at the
stoichiometric level (but not in terms of mass units), one fibril

might be more toxic than one oligomer, as proposed recently
76 771



Oligomers are not able to elongate seed fibrils and they do
not act as seeds: Our data analysis demonstrates that whereas
sonicated fibrils (seeds) initiate the aggregation process
efficiently through recruitment of monomers to the growth-
competent ends, oligomers have an inhibitory effect,
prolonging the lag time in a concentration dependent manner.
There is no significant sequestration of monomers by
oligomers, i.e. the oligomers do not prolong lag times by
decreasing (or increasing) the effective monomer
concentration, and QCM fails to detect direct interactions
between oligomers and fibrils. The inhibitory effect on fibril
formation reaches saturation at a critical oligomer
concentration, which corresponds to the onset of the
saturation in the decrease of surface tension with increasing
oligomer concentration. This observation, together with
evidence in the literature on the effect of air-water interfaces

on aSN aggregation 7819

, suggests that the critical oligomer
concentration represents the point at which the interface is
saturated with oligomers. The monomers and the oligomers
therefore compete for the air-water interface, where primary
nucleation of the aggregation process is likely to occur.
Furthermore, we find that the oligomers are not able to
elongate seed fibrils detectably.

We can refine our modelling even further: In a recent single
molecule study, the characteristic time scale of rearrangment
of one type of oSN oligomer into another type was

-1 80
. If we assume

determined to be of the order of 5x107 s
that the oligomers in the present study have to rearrange with
a rate constant of this order of magnitude after attachment to a
fibril end in order to create a template for further attachment,
we find that fibril growth by oligomer addition is 2-3 orders
of magnitude less efficient than growth by monomer addition
(A.K.B. et al. in revision; see Fig. S7 and SI for details on the
calculation).

Our previous SAXS study showed that oligomers of the
type investigated here are mainly observed during the growth

phase of fibril formation at a protein concentration of 12

mg/ml and disappear at the completion of the aggregation
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process ', leading to our earlier suggestion that oligomers are
the elongating species in the aggregation process. The present
data, however, suggests instead that the disappearance of the
small oligomers at the end of an aggregation reaction is due to
their self-aggregation into much larger aggregates, as seen
upon prolonged incubation (data not shown), or by
dissociation into monomers as the concentration of the latter
becomes depleted. The fact that we do not observe any other
well-defined species between the monomers and the
oligomers containing ca. 30 aSN molecules by means of SEC,
SEC-MALLS or gel electrophoresis (data not shown) is
consistent with monomers being the species which elongate
aSN fibrils, as shown previously by analysis of the kinetics of
aggregation (A.K.B. et al. in revision).

In summary, we have characterized the form of the aSN
oligomer that is most prevalent under conditions where
amyloid fibril formation is observed. The oligomers consist of
an average of ~30 monomers and have an ellipsoidal
structure, consistent with our previous SAXS study '. We find
that the compact core is organized in [-sheet structure and
that ca. 50 % of the polypeptide chains are unstructured and
located in an outer rim. These oligomers are unable to
elongate fibrils to a significant extent and also do not act as

seeds for fibril growth.
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Materials and methods

Purification of aSN: oSN was produced in E. coli BL21(DE3) cells with a plasmid vector pET11-D using
auto-induction as described in '. To obtain high purity aSN, we used the purification protocol described in **
modified with an additional step. Briefly, cells were harvested by centrifugation at 3.500rpm, 4 °C for 20 min
and quickly resuspended in 10% volume osmotic shock buffer (30mM Tris HCI, 40 % sucrose, 2mM EDTA,
pH 7.2), incubated for 10 min at room temperature and centrifuged at 9.000g, 20 °C for 30 min. The pellet
was quickly resuspended in ice-cold deionised water, with subsequent addition of 40 pL saturated MgCl, and
incubation on ice for 3 min. Supernatant containing the periplasmic preparation was collected by
centrifugation at 9.000 g, 4 °C in 20 min. The periplasmic preparation was acid precipitated with drop wise
addition of 1 M HClI to a final pH 3.5, 5 min incubation and collection of soluble protein by centrifugation at
9.000g, 4 °C for 20 min. Supernatant pH was immediately adjusted to pH 7.5 with 1 M NaOH. The solution
was filtered (0.45 um) and loaded on a Q-sepharose column (Hitrap DEAE FF Q-HP) with a 20mM Tris HCI
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pH 7.5 running buffer and elution of aSN with a NaCl gradient from 0-0.5 M. Subsequent SDS-PAGE
analysis identified fractions containing oSN. Finally, high molecular weight proteins at very low
concentrations (only observable upon concentration of aSN to 12 mg/ml) were removed by filtration through
a 30 kDa (Amicon stirred cell, Millipore). The filtrate was collected, analyzed with SDS-PAGE to ensure
protein purity, dialyzed exhaustively with deionised water, lyophilized and stored at -20 °C.

Preparation of oligomers: aSN oligomers were purified as described in * with the modification that the
incubation time was reduced from 6 hrs to 5 hrs. Briefly, aSN was dissolved to 12 mg/ml and incubated in an
eppendorf shaker at 37°C, 900 rpm for 5 hrs. Insoluble material was removed by centrifugation at RT, 13.400
rpm in 10 min. The supernatant were loaded on either a Superdex 120, superdex 200 or superpose 6 column
in PBS buffer at a flow-rates of 2, 0.5 and 0.5 ml/min respectively. Oligomer fractions were collected,
concentrated with a 2H2 U-Tube concentrator with a cutoff at 2 kDa (Novagen) and stored at 4 °C.

Atomic force microscopy: Oligomer samples were diluted to 0.01-0.001 mg/ml and spread on freshly
cleaved mica (SPI supplies, West Chester, PA). The samples were then dried for AFM analysis. The images
were acquired at room temperature (25 °C) with an Agilent 5100 AFM (Agilent Technologies, Santa Clara,
CA) in acoustic AC mode, equipped with a Tap190-G cantilever, frequency 190 kHz, force constant 48 N/m
(Innovative Solutions Bulgaria Ltd., Sofia, Bulgaria). The ratio of the set point amplitude to the free
amplitude (A/A;) was maintained at 0.9. The scanning speed was set to 0.5 lines/second with an image
resolution of 1024 x 1024. The AFM Images were analyzed using the open source software Gwyddion °.

Quartz crystal microbalance assays: Quartz crystal microbalance with dissipation monitoring (QCM-D)
was used to monitor the elongation rate of preformed fibrils in presence of monomers or purified oligomers.
QSX 301 gold coated sensor crystals (Q-Sense AB, Vistre Frolunda, Sweden) were heated for 3 h at 80 °C in
7 M NaOH, rinsed with water and dried in a stream of nitrogen gas. Sensors were further cleaned by
UV/Ozone treatment for approximately 15 min in a Bioforce nanoscience zone cleaner (USA). 12 mg/ml
aSN was fibrillated by overnight incubation at 37 °C and 900 rpm shaking in a Biosan TS-100 Thermo
shaker and diluted to 100 uM (~1.43 mg/ml) in PBS. 3-400 ul 100 uM sample was sonicated for several
minutes on ice to induce fibril fragmentation and increase the number of possible growing ends. 0.5 mg
Trauts reagent was added and the sample incubated for 5 minutes to introduce reactive thiol groups to
primary amines of aSN °. 100 ul suspension was transferred to the QCM sensor surface and kept in a
humidity chamber for 1 h to avoid sample dehydration. Sensors were rinsed with deionised water and
incubated for 30 min in 100 ml 1vol-% PEG thiol (Polypure AS, Sweden) in PBS to block remaining
accessible surface area and reduce non-specific binding. The modified QCM sensors were dried in nitrogen
gas and mounted in a Q-sense E4 QCM-D system (Q-Sense AB, Vistre Frolunda, Sweden) at RT for
overnight equilibration in PBS buffer. The temperature was then raised to 37 °C and allowed to equilibrate
for approximately 2 h. After ~10 min of baseline, 350 pl 0.29 mg/ml (20 uM monomer) monomer in the
same buffer was injected at 100 pl/min onto each of the 4 channels and the rate of elongation was monitored
by the linear decrease in resonance frequency (Af) and increase in energy dissipation (AD) over time. Sensors
were then washed with 500 pl PBS at 100 pl/min until the baseline had stabilized before another aliquot of
0.29 mg/ml aSN was injected as described above. 0.29 mg/ml oSN monomer, oligomer or PBS were injected
to compare the rate of elongation between monomers and oligomers. The QCM experiment was repeated
three times showing qualitatively similar results.

Size-exclusion chromatography (SEC) and asymmetrical flow field-flow fractionation (aFFF) with
dynamic and multi angle laser light scattering (SEC-DLS/MALLS): SEC-DLS/MALLS was used to separate
and estimate the size of oligomer species using a Postnova AF2000 field-flow fractionation system (Postnova
Analytics GmbH, Germany) operating in SEC mode and equipped with UV/Vis, Brookhaven BI-MwA
(S3240) molecular weight analyzer (measuring scattering intensity at 30, 50, 75, 90, 105, 130 and 145°
angles), PN 3000 DLS and PN3140 refractive index detectors (listed in flow order). 20 ul (MALLS) or
100ul (DLS) of 12 mg/ml aSN sample incubated for 5 hrs was injected a ~24 ml superose 6 10/30 GL size
exclusion chromatography column at a flow rate of 0.5 ml/min. The absorbance at 280nm was used to
quantify eluting species and dynamic and static light scattering detectors for the determination of
hydrodynamic radius (Rh) and molecular weight (Mw), respectively.
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The hydrodynamic radius was recorded using the Precision Acquire32 v.0.99.017 software supplied by the
manufacturer (Precision detectors Inc.) and the hydrodynamic radius (Rh) at peak maximum was estimated
using the Discovery32 light scattering software v.1.039 supplied by the manufacturer (Precision detectors
Inc.).

The molecular weight of aSN species was determined from MALLS data using the Zimm model built into
the Postnova AF2000 control software v. 1.1.027. In brief, MALLS and A280nm data were baseline
corrected and the Zimm model was applied to estimate molecular mass of protein species by extrapolating
scattering data to zero scattering angle and zero concentration for each data point (~1 sec intervals) within
eluting peaks. The molecular weight was represented as the weight-average molar mass across each of the
eluting peaks:

X ciM;
Mw =5
where the quantities M; and c; are the molar mass and concentration at the ith elution volume slice.

The AF2000 system was further employed to evaluate the distribution between monomer and oligomers at
different protein concentrations (1-5-12 mg/mL, respectively) thus exploiting the unique ability of
asymmetric flow field-flow aFFF to focus the sample in a narrow band prior to sample elution. Samples each
containing 240 pg total protein load independent of aSN concentration was focused for 8 min with an
injection tip flow of 0.2 mL/min and crossflow cross flow of 2 mL/min followed by isocratic elution at 2
mL/min cross flow for 5 minutes during which aSN monomers elute from the channel. A linear cross flow
gradient from 2 ml/min to 0.1 mL/min over 20 min was then applied to elute aSN followed by a linear cross
flow gradient to 0 mL/min over 5 minutes. Finally, the channel was flushed at 0 ml/min cross flow (no
separation force). A constant detector flow of 0.5ml/min was maintained throughout the separation. The
oligomer amount was further evalutated using freshly dissolved aSN and aSN fibrillated at 1 mg/ml.The
A280 nm and MALLS detectors were calibrated using BSA (66 kDa) and 67 kDa polystyrene sulfonate
standards as described by the manufacturer. The calibration was validated by separation of 20 ul 0.5 mg/ml
BSA and 20 pl 2 mg/ml thyroglobulin in PBS buffer using a Superdex 200 column at 0.5 ml/min, yielding
molecular weight estimates of 63.3 kDa (66.3 kDa theoretically) and 660 kDa (669 kDa theoretically),
respectively.

Small-angle x-ray scattering: Monomeric aSN at a concentration of 12 mg/ml and purified oligomers at
1.82 mg/ml were measured on a flux- and background optimized NanoSTAR SAXS instrument from Bruker
7. The acquisition time was 30 minutes for the monomers and 60 minutes for the oligomers, and in both cases
the buffer background was measured for the same time period. Background subtraction and conversion to
absolute scale was done with the SUPERSAXS program package (Oliveira, C.L.P. and Pedersen. J.S.,

unpublished), and water was used as a calibration standard. The intensity is displayed as a function of the
4msin @

2
angle. Model-independent information has been extracted from the data using the IFT procedure

implemented in the program WIFT *'°. This procedure provides the pair distance distribution function p(r)
function, which can be understood as a histogram of internal distances weighted by the excess scattering
length density at the endpoints. It thus gives information about the particles size and shape in real space, and
the model presented in the following was consistent with the p(r) function.

, where 1 = 1.54 A is the wavelength and 26 is the scattering
8

modulus of the scattering vector g =

The scattering of particles in solution can be described by I(q) = nV2Ap?P(q)S(q), where n is the
particle number density, V is the volume of the particle, and Ap is excess scattering length density, Ap =
Pparticle — Psolvent>- Which is proportional to the excess electron density. P(q) is the form factor of the
particle, which is related to the shape of the particle, while S(q) is the structure factor, which describes
interactions between the particles in the solution. At low concentrations, the interaction potential S(q) is
negligible and can be fixed at unity. In the model presented here a structure factor is not needed to describe
interparticle interactions.

The monomer data were fitted by a random coil model obeying Gaussian statistics for which the form
factor has been calculated by Debye ' as:
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2-(exp(—1)+u—1
Po(q) = XD
Here u = (R5)q?, and (R7) is the ensemble average of the squared radius of gyration.

For the oligomer we propose a model where part of the protein is in a rather compact ellipsoidal core while
another projects randomly into the solution. Such a model with an ellipsoidal core and random coil chains on
the surface has been calculated by Pedersen and Gerstenberg '*:

Pec(Q) = (N(pclT))z (szezpell(q' R, 6) + NPCZPG (q' Rg) +N (N - 1)pczscc(Q) + ZNpepcSec(q)) >
where p,, is the total excess scattering length of the part of the protein that is in the ellipsoidal core, while p,
is the total excess scattering length of the part of the protein that is in the Gaussian chain conformation. Since
a scale factor is applied in the fitting procedure, the absolute value of the total scattering length is not
exploited and we can therefore set p, + p. = 1. Since the excess scattering length density is assumed to be
constant throughout the protein, the values of p. and p, will provide a measure of how much of the protein is
in the random coil conformation and how much is in the ellipsoidal core, respectively. Setting p, + p. = 1,
the form factor for the model can be rewritten as

¢ 1
Pec(Q) = (1 - pc)zpell(Qv R, 6) + pTPG(Q: Rg) + (1 - ﬁ) pCZSCC(q) + 2(1 - pc)pcSeC(Q) >

which includes the ellipsoid form factor:

_ (™/2 (3(sin(gr)—qrcos(qr)) z
Pou(g,m) = |, ( 7ok ) sina da ,

the cross correlation between the core and the chains:

— 7/, 3(sin(qr)—qrcos(qr)) Sin(q(r+dR ))
Sec(q: T, Rg) - l-p(q, Rg)fo /2 (qr)3 q(r+ng5q

and the cross correlation between the different chains:

) 2
Sec(q, 7, Ry) = ¥(q, Rg)2 f:/z (M> sina da .

sina da ,

q(r+dRy)

In these expressions r = R(sin?a + €2cos?a)”, R is the radius of the compact core, € is the aspect ratio,
N is the number of random coils on the ellipsoid which should correspond to the number of monomers in the
oligomer, d is the distance from the random coil center of mass to the surface of the ellipsoid, and

Lp(q, Rg) _ 1—exp (—u)

with u = (Rg)q2 as specified above. The distance d is fixed at unity to place the coils at the surface so they
do not penetrate the core significantly .

u

ANS fluorescence: 10 uM of aSN monomer, small oligomer, large oligomer and fibril was mixed with 10
puM 1-anilinonapthalene-8-sulfonate (ANS) in PBS buffer and the fluorescence emission was measured from
400-600 nm with excitation at 365 nm, slit widths of 10 nm and a scan speed of 200 nm/min on an LS55
luminescence spectrophotometer (Perkin Elmer Instruments). Three spectra were accumulated and averaged
for each sample. Fibrils were separated from soluble protein by 10 min centrifugation at 13.400 rpm at RT.
The protein concentration of the supernatant were determined and the amount of fibrils in the pellet were
estimated.

1. Comparison of secondary and tertiary structure of small oligomers and large oligomers

Separated small oligomers and large oligomers show similar secondary structure fingerprints with both CD
(Fig S1A) and FTIR (Fig S1B). This indicates that the secondary (CD, FTIR) and the tertiary (FTIR)
structure elements of the two populations are identical.
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Figure S1. Structural comparison of small oligomers (red) and large oligomers (black). A: Far-UV CD
spectra with normalized ellipticity. B: FTIR analysis of the amide 1 and amide Il regions, absorbance is
normalized.

2. Structural comparison of fibrils formed at 1 and 12 mg/ml

To obtain high amounts of oligomers to be used in fibrillation experiments and SAXS analysis it is
necessary to use elevated protein concentrations at 12 mg/ml. Thus, we use oligomers purified at 12 mg/ml
in fibrillation assays with concentrations of 1 mg/ml. To ensure that there are no changes in fibrils prepared
at 1 and 12 mg/ml, we have compared their secondary structure by CD (Fig. S2A) and FTIR (Fig. S2B). We
obtain similar spectra and therefore conclude that oligomers extracted from protein concentrations at 12
mg/ml co-exist with the same type of fibrils that are formed at 1 mg/ml. Thus, we can use oligomers purified
at high concentrations and analyze their effect in assays at low concentrations. Furthermore, fibrils extracted
from 12 mg/ml and 1 mg/ml show the same quantitative ability to permeabilize membranes as analyzed with
calcein release experiments (Fig. S5).
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Figure S2. Structural comparison of fibrils formed at 1 mg/ml (blue) and 12 mg/ml (red). A: Far-UV CD
spectra with normalized ellipticity. B: FTIR analysis of the amide I and Il regions. Absorbance is normalized.

Another concern is whether the oligomers are formed to the same relative extent at 1 and 12 mg/ml. With
conventional SEC it would be difficult to analyze the oligomer yield of a 1 mg/ml sample from the baseline.
Instead we have used asymmetrical flow field-flow fractionation (aFFF) where samples are focused in a
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cross flow upon separation. This allowed us to load different concentrations of protein at different volumes to
obtain the same amount of protein to be separated. Separation of fibril-oligomer samples at 1, 5 and 12
mg/ml (all incubated for 5 hrs), revealed that at these concentrations the same fraction of oligomer is formed
relative to monomers (Fig. S5A). Thus, the oligomers are present at the same ratios under fibrillation at 1 and
12 mg/ml, making it plausible to harvest oligomers from 12 mg/ml and use them in 1 mg/ml fibrillation
assays. We have previously described how the oligomers accumulate in the early phase of fibrillation at 12
mg/ml and disappear when fibrillation saturates *. With aFFF we were able to show the same tendency for
the oligomers at 1 mg/ml (Fig. S5B). We observed significant less oligomer in the sample that were readily
dissolved and subsequently loaded, i.e. as close as we could approach a zero sample, compared with the
sample that have been incubated for 5 hrs (Fig. S5B). Analysis of the soluble protein at the end of fibrillation
revealed no residual oligomers and only a low amount of monomer (Fig. S5B). When samples are focused on
the aFFF they are briefly concentrated, however, since our zero sample contain significantly less oligomers
(Fig. S5B), we do not attribute this focusing step to have any effect on oligomer formation.

3. The oligomers bind ANS

The small and large oligomers show the same ANS fluorescence intensity and A, (475 nm) (Fig. S3).
Fibrils have a higher ANS fluorescence intensity but the ANS spectrum is slightly less blue shifted than with
oligomers (477 nm) (Fig. S3). No ANS fluorescence is observed from monomer (Fig. S3), indicating that
hydrophobic patches have been formed in the oligomer and fibril structure.
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Figure S3. Wavelength spectra of ANS fluorescence of buffer ( ®), monomer ( O), large oligomers (), small
oligomers (M), and fibrils (+). Every 20" datapoint is shown.

4. Oligomers are more potent in permabilizing membranes than fibrils and monomers

Small oligomers and large oligomers are more potent than fibrils and monomers in permeabilizing
vesicles. The effect of large oligomers can be seen in Fig. 5 in the main text. The concentrations needed for
50 % release are given in Table 1.

167



jel
(=]

0
o

N
(a=)

Calcein release (%)
(=)
o

[Se]
o

107 10° 10° 0,0001 0,001 0,01 0,1 1

Concentration (mg/ml)

Figure S4. Calcein release percentage of monomer (®), fibrils extracted from 1 mg/ml (O) and 12 mg/ml
(4)), and small oligomers (). Standard deviation (n=3) is given.

5. Oligomer formation at different concentrations and varying times

Different volumes of varying concentration were loaded on an aFFF system after 5 hrs incubation under
fibrillation conditions. The same fraction of oligomers relative to monomers is formed at 1, 5 and 12 mg/ml
protein (Fig. S5A). Thus, the oligomers are present at the same ratios under fibrillation at 1 and 12 mg/ml,
making it plausible to harvest oligomers from 12 mg/ml and use them in 1 mg/ml fibrillation assays.
Oligomers do not accumulate during purification of aSN; there is significant less oligomer present in a
freshly dissolved sample than in a sample incubated for 5 hrs (Fig. S5B). Analysis of the soluble protein after
fibrillation has reached a plateau in ThT fluorescence reveals that there are no oligomers left, only a small
amount of monomer (Fig. S5B).
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Figure S5. aFFF analysis of oligomer formation at different protein concentrations and at different times
measured with absorbance at 214 nm. A: oligomer formation after 5 hrs incubation under varying
concentrations: 1 (@), 5 (O), and 12 mg/ml (). The cross flow gradient is depicted with the dotted line and
the scale is on the second y-axis. Zoom of the oligomer peak is shown in insert. B: oligomer formation of 1
mg/ml readily after the protein is dissolved ( ®), after 5 hrs ( Q) and post-fibrillation (). Zoom of oligomers
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is included in the upper right corner. Same cross flow gradient is used as on A and B. 2 % of data points are
shown on figures, and on inserts 10 % are shown.

6. Oligomers do not sequester monomers

Addition of oligomers to monomers prolongs the fibrillation lag time (Fig. 6B). Increasing the protein
concentration normally leads to a decrease of the fibrillation lag time. To investigate whether the oligomers
inhibition of fibrillation is the result of a decrease in the actual monomer concentration caused by
complexation with oligomers, we have incubated monomers and oligomers for 1 hr under fibrillation
conditions and consequently separated them with SEC. We do not observe any significant decrease in
monomer concentration upon incubation with oligomers (Fig S6, Table S1). We conclude that monomers are
not able to elongate oligomers within the time range of this experimental setup.

6.1. Small oligomers do not self associate into large oligomers

To test whether small oligomers are able to self-associate or transform into either large oligomers or other
ThT-negative higher order aggregates, we incubated small oligomers at fibrillation conditions for 5 hrs. This
is the same incubation time used for oligomer purification where large oligomers are normally observed in
co-existence with small oligomers. Upon incubation of small oligomers, we did not observe any formation of
large oligomers (Fig. S6).

460 Monomers

Abgorbance, 215nm (mAU)

0 5 10 15 20 25
Volume (ml)

Figure §6. SEC runs of pre-incubated oligomers and monomers (blue) compared with controls of monomers

(red) and oligomers (black) separately. SEC run of small oligomers incubated for 5 hrs under fibril forming
conditions is also shown (yellow).

Oligomer Monomer
Specie (mAUxmL) (mAUxmL)
Monomer - 135+1
Oligomer 98+4 23+4
Monomer Oligomer 911 1512

Table S1. Comparison of peak areas of chromatograms from (Fig. S3) with standard deviation (n=2). Same
concentration of monomer and oligomer is added in all experimental series.

7. Estimate of the fibril elongating capacity of oligomers
We base the following estimates and calculations on the rate constant for rearrangement of one type of
oligomers of a-synuclein ("type A”) into another type (“type B”), reported by some of us (T.P.K. and
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C.M.D.) in a previous single-molecule study " to be 5x107° s™'. We are not sure whether the small oligomers
in the present study are related to the type A oligomers, but for the lack of other reported data on oligomer
rearrangment kinetics, we decided to use this value. The oligomers observed previously * are smaller than
the ones we study here (ca. 30 vs. <10) and therefore the rearrangement rate reported is likely to be an upper
bound for the rearrangement of the oligomers in our present study (assuming that the rearrangement rate
decreases with increasing size, which is plausible).

monomers oligomer

®s —
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eeee + <?_’ 000, — 0000000
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Figure S7. Model of the elongation of fibril seeds by oligomers.

We model the elongation of fibril seeds by oligomers as a two step reaction: diffusional arrival of the entire
oligomer at the fibril end, followed by rearrangement (see Figure S7). The (barrier-less) diffusional arrival
rate can be computed by the simple Smoluchowski expression: k,, = DcR, where D is the diffusion
coefficient and c the concentration of the oligomers and R is the linear dimension of a reaction volume into
which the oligomer has to diffuse. We will assume that R corresponds roughly to the size of the oligomer,
which has an effective radius of ca. 10 nm, leading to D = 2x10™'' m?/s . At a total protein concentration of
30 puM protein, we have ¢ = 1 pM, leading finally to ko, ~ 130 s™' . If there is a free energy barrier for
attachment, this rate can be much slower.

We do not have an estimate for the oligomer detachment rate, as it depends on the attractive potential
between the fibril end and the oligomer. Therefore, we will give an upper bound for the elongation rate,
calculated under the assumption that at any given time, all the fibril ends are occupied by oligomers and
therefore the elongation rate is given by the rate of rearrangement. This is a very generous estimate and
unlikely to be the case, as this would lead to a drastic decrease in the rate of fibril elongation by monomer in
the presence of oligomers, which is not observed.

If the elongation rate is purely the rearrangement rate, we obtain an initial rate of fibril growth at the
beginning of the experiment (30 pM oligomers by mass, 3uM seed fibrils, 1000 molecules per fibril) of
4.5x10™° M™' 57!, whereas the initial elongation rate by monomer is given by (using k, = 2x107 M™' 57,
from A.K.B. et al., submitted to Proc. Natl. Acad. Sci. U.S.A., under revision) 1.8x107"° M™' s7". Therefore,
an upper bound for the elongation of fibrils by oligomers is 2-3 orders of magnitude lower than for
elongation by monomer.
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Abstract
The intrinsically disordered protein a-synuclein (aSN) is linked to Parkinson’s Disease and forms

both oligomeric species and amyloid fibrils. The N-terminal part of monomeric aSN interacts
strongly with membranes and aSN cytotoxicity has been attributed to oligomers’ ability to interact
and perturb membranes. We show that membrane folding of monomeric wt aSN and N-terminally
truncated variants correlates with membrane permeabilization. Further, the first 11 N-terminal
residues are crucial for monomers’ and oligomers’ interactions with and permeabilization of
membranes. We attribute oligomer permeabilization both to cooperative electrostatic interactions

through the N-terminus and interactions mediated by hydrophobic regions in the oligomer.
Keywords: oligomer; toxicity; membrane interactions; membrane folding; permeabilization

Abbreviations: 1-anilinonapthalene-8-sulfonate (ANS), Asymmetrical flow-field flow fractionation
(a4F), a-synuclein (aSN), circular dichroism (CD), dynamic light scattering (DLS), multi-angle laser light
scattering (MALLS), Parkinson’s Disease (PD), sodium dodecyl sulfate (SDS), Size Exclusion
chromatography (SEC), thioflavin T (ThT)
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Highlights

Highlights

We have analyzed the membrane interactions of a-synuclein monomers and oligomers.
Different N-terminal deletion mutants have been compared.

The first 11 N-terminal residues are essential for this membrane interaction.
Membrane folding correlates with membrane permeabilization and toxicity.

Oligomers bind to membranes by electrostatic and hydrophobic interactions.
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Introduction

Though intrinsically disordered (7), the presynaptic protein oa-synuclein (aSN) can fold into
membranes in vivo (2) and in vitro (3, 4). Association of aSN with membranes has been linked to
its physiological role (5) and its part in the pathogenesis of Parkinson’s disease (PD). aSN is the
main component of PD-associated intracellular deposits known as Lewy Bodies (6), and aSN
mutations lead to early onset PD (7). aSN also forms aggregates both in vitro and in vivo, including
oligomers and amyloid fibrils which also interact with membranes (8-10).

The aSN primary sequence forms three regions (Fig. 1A). The N-terminal region is important for
membrane binding (//-13) while the NAC (non-amyloid-B component) region nucleates amyloid
fibril formation (/4) and the C-terminal region is typical for an intrinsically disordered region (75).
In sodium dodecyl sulfate (SDS) micelles, aSN forms two helices, helix-N (residues 3-37) and
helix-C (residues 45-92) connected by an ordered extended linker in an anti-parallel arrangement.
Another extended region (residues 93-97) is followed by an unstructured C-terminus (residues 98-
140) (16). Consistently, residues 1-100 interact with membranes (3, /7). Binding may be a two-step
process initiated by residues 3-25 which anchor aSN to the membrane, after which residues 25-100
undergo a coil—helix transition (/8, 79). Deletion of the first N-terminal residues reduces toxicity
towards yeast; toxicity is completely reduced by deleting residues 2-11 (20). Yeast toxicity
correlates with the different deletion mutants’ membrane binding (20), indicating a direct link
between aSN toxicity and membrane binding. The importance of residues 2-11 on membrane
interaction has been underlined in another study, where the quantitative binding of aSN to isolated
mitochondria was abolished when residues 2-11 were deleted (21).

Although neurodegenerative diseases such as PD and Alzheimer’s disease were initially mainly
associated with amyloid deposits, there is growing consensus that non- or pre-fibrillar oligomeric
species are the cytotoxic species (22-28). This may be linked to their structure and ability to interact
with membranes. Though inherent polydispersity and low oligomer yields have precluded detailed
molecular analysis of membrane interactions, single tryptophan mutants reveal that aSN oligomers
selectively binds to anionic lipids, preferentially in liquid disordered regions (/2, 29). Hydrophobic
interactions are likely important for oligomer-membrane interactions, given that the binding is
strongest when the bilayer is loosely packed, making the hydrophobic membrane interior more
accessible (29).

Here we report that N-terminal truncation mutants of aSN affect folding into, binding and

permeabilization of anionic large unilamellar vesicles (LUVs). Monomer ability to permeabilize
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membranes correlates with their degree of folding in membranes. Monomeric and oligomeric
membrane permeabilization can be abolished by deleting residue 2-11 in the N-terminal,
highlighting the N-terminal’s critical role in both species’ membrane interaction. We suggest that
the pronounced ability of aSN oligomers to permeabilize vesicles stems from a combination of N-
terminal electrostatic interactions and the formation of hydrophobic patches in the oligomer

structure.

Materials and Methods

Materials: Lipids were from Avanti Polar Lipids (Alabaster, AL); unless otherwise stated, all other
chemicals were from Sigma Aldrich (St. Louis, MO). PBS buffer (20 mM phosphate, 150 mM
NaCl, pH 7.4) was used throughout. Plasmids containing N-terminal deletion mutants (Fig. 1A)
were a generous gift from P. Lansbury.

Protein handling: Mutants were expressed and purified as decribed in (30) and Supplementary
Information (SI). Prior to all experiments, lyophilized aSN were freshly dissolved with PBS buffer
and filtered (0.2 um). Protein concentration was determined by absorbance measurements with a
NanoDrop™ 1000 spectrophotometer (Thermo Scientific) using a theoretical extinction coefficient
of 5900 M cm™.

Vesicle preparation: Large unilamellar vesicles (LUVs) of pure 1,2-dimyristoyl-sn-3-
phosphatidylglycerol (DMPGQG) or 1,2-dioleoyl-sn-3-phosphatidylglycerol (DOPG) were prepared by
10 freeze-thaw cycles followed by 21 extrusions to the desired diameter (37).

Oligomer purification: Oligomers were purified as described in (8, 32). Briefly, aSN was prepared
at 840 uM at 900 rpm, 37 °C at 5-6 hrs. Soluble oligomers were purified from insoluble material by
centrifugation at 13.400 rpm, RT, in 10 min. The supernatant was loaded on a Superdex 200
(10/300G L) and oligomers collected, baseline separated from monomers. Oligomers were
concentrated using a 2H2 U-Tube centrifugation concentrator with a cutoff of 2kDa (Novagen) and
stored at 4 °C. Oligomers were generally used readily after purification.

Dynamic light scattering (DLS): We used a ZS Zetasizer Nano ZS (Malvern Instruments) to
measure oligomeric hydrodynamic radius (Ry) at 25 °C at 21-42 uM oligomer. Oligomer samples
were analyzed readily after purification with SEC. All samples were measured five times using 15-
40 accumulated scans to give number-percentage averaged Ry.

ANS fluorescence: 10 pM of oSN monomer or oligomer was mixed with 10 pM 1-
anilinonapthalene-8-sulfonate (ANS) in PBS buffer. ANS fluorescence was measured on a LS55

luminescence spectrophotometer (Perkin Elmer Instruments) using excitation at 365 nm and 400-
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600 nm emission, 10 nm slit widths of 10 nm and 150 nm/min scan speed. Five spectra were
averaged for each sample.
Note: Details of protein purification, fibrillation assay, asymmetrical flow-field flow fractionation

(a4F), calcein release assay and folding assay are provided in SI.

Results

Formation and analysis of amyloid fibrils and oligomers

To evaluate the importance of the first 11 N-terminal residues of aSN in different membrane
binding assays, we have studied deletion mutants Del2, Del2-5 and Del2-11 (Fig. 1A). All mutants
formed amyloid fibrils in vitro both in an SDS-induced and a shaking-induced fibrillation assay
(Fig. S1). While Del2-11 showed significantly longer lag times than the other aSN constructs and
followed an erratic aggregation profile, Del2 fibrillated with the shortest lag times in both assays
(Fig. S1). All deletion mutants formed oligomers of the same size as wildtype (wt), eluting close to
the exclusion limit (M, = 1.3-10° Da) of the Superdex 200 size-exclusion chromatography (SEC)
column. Therefore we used dynamic light scattering (DLS) and found that all mutants had
comparable hydrodynamic radii (Ry) of 9.9-11.7 nm (Fig. 1B & Table 1). The number distribution
shows reasonable oligomer monodispersity (Fig. 1B).

To identify hydrophobic patches on oligomers, we used the dye ANS, whose fluorescence increases
and blue shifts upon binding to hydrophobic regions (33). ANS fluorescence was not affected by
monomers, but oligomers induced both a blue shift and an intensity increase (Fig. 1C). The

.. . . li
monomer averaged emission fluorescence maximum <Apay oo >= 510 nm while < Ay’ 0> =

li . .
OUEOMET yaries little

474 nm, indicating formation of hydrophobic patches on the oligomers. Anyax
(472.5- 477.5 nm, Table 1), indicating small variations in hydrophobicity.
Monomer membrane interactions correlate with degree of folding

We have measured aSN membrane binding, folding in membranes and membrane permeabilization,
respectively. As a simple measure of binding, we used asymmetrical flow field-flow fractionation
(a4F), in which a cross-flow gradient baseline separates monomers, oligomers and vesicles, to
quantitatively evaluate the association of monomers and oligomers to DOPG vesicles. a4F is a
unique method with its broad separation range and we have previously used this method to separate

and analyze monomer and oligomeric populations during the fibril formation of the protein TGFIBp

(34) and to show that no significant oligomeric species are formed during fibril formation of the

177



protein S6 (35). Furthermore, aF4 is also capable of separating LUVs (36), and we have designed a
cross-flow gradient (See SI) which enables baseline separation of monomers, oligomer and DOPG
vesicles (Fig. 2AB, 3B, SI2). Degree of binding was estimated by comparing peak area (214 nm
absorbance) of monomers incubated £ DOPG vesicles, at a mole ratio of 1:100 (protein:lipid) (Fig.
2AB). For wt, Del2 and Del2-5, > 70 % of the monomers were membrane-associated, whereas < 10
% of Del2-11 was membrane-associated (Fig. 2AB, Table 1).

Monitored by circular dichroism (CD), binding and folding of wt aSN monomers in vesicles is a
coil—helix transition which requires the lipids to be in the liquid disordered phase (37). We analyze
the folding (degree of helix formation) of the different deletion mutants in DMPG vesicles with a
mole ratio of 1:21 (protein:lipid) between 5 and 100°C. 215 nm was chosen as it lies between the
two minima of 222 and 209 nm observed for membrane bound monomer (37). Both the transition
broadness and amplitude (minimum) as observed by the CD scans (Fig. 2C) revealed clear
differences between the deletion mutants and wt. Del2-11 undergoes very little folding, Del2-5
folds only slightly less than wt and Del2 folds to an even greater extent than wt (Fig. 2C). The dye
leakage experiment revealed the same trend: Del2 was more potent than wt, Del2-5 less potent than
wt and Del2-11 did not induce any significant release (Fig. 2D). To correlate the ability of the
monomers to permeabilize membranes with membrane folding, we plot the protein concentration
needed for 50 % dye leakage with the temperature range of folding (the temperature range where a
coil—helix transition is observed) (Fig. 2D insert). The reasonable linearity predicts Del2-11 to
have a 5.5 times higher concentration for 50 % dye leakage than wt.

Oligomer membrane interactions follow the same pattern as the monomers, but the ranking
in the permeabilization assay differ slightly

Wt, Del2 and Del2-5 oligomers led to similar membrane affinities as monomers according to a4F
measurements, > 70 % associated with membranes (Fig. 3A, Table 1.). We were unable to analyzed
Del2-11 oligomers in the a4F experiment due to the low oligomer yields obtained this mutant
(Table 1). However, in dye leakage experiments, the wt oligomer was the most potent and there was
no significant difference between Del2 and Del2-5 oligomers (Fig. 3B). Del2-11 induced up to 40
% dye leakage, which is better than the near-complete lack of effect of Del2-11 monomers. At uM
level, wt and Del2-5 oligomers were 31 and 23 times more potent in dye leakage, respectively, than
the corresponding monomer, while the Del2 oligomer is only 7 times more potent than the Del2

monomer (Table 1).
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Discussion

Formation of amyloid fibrils and oligomers

Despite the slow and somewhat stochastic fibrillation kinetics of Del2-11, deletions within the first
11 N-terminal residues did not remove the ability of aSN to form amyloid fibrils, consistent with
reports that truncated variants of oSN (residues 30-110 and 11-140) forms amyloid fibrils
indistinguishable from wt (37). All mutants were able to form oligomers, wt, Del2 and Del2-5 at
comparable levels whereas we obtained a significant lower yield of Del2-11 oligomers. The Ry of
the oligomers, as determined by DLS, are comparable. Thus, deletions in the first 11 residues of the
N-terminal affect neither oligomer nor fibril gross structure.

Monomer: membrane permeabilization correlates with folding in the membrane

The degree of membrane binding of Del2 and Del2-5 monomers was similar to wt monomers,
whereas Del2-11 has a severely lowered affinity (Table 1). This correlates with monomer folding in
DMPG vesicles, where Del2-11 has a radical decrease in structure formation relative to the others.
This is reasonable, since less binding should lead to less folding. Deletion of Asp2 (Del2) decreases
electrostatic repulsion between aSN and the negative charges at the membrane interface, possibly
leading to a more energetically favorable binding interaction which could explain the increase in
folding of the Del2 monomers relative to wt (Fig. 2C). Del2-5 reduces folding relative to Del2 and
wt. Here the positive contribution of removing Asp2 to the folding is cancelled by the deletion of
residues 3-5 which is part of the first helix (residues 3-37). In Del2-11, interactions with both
DOPG and DMPG are almost completely eliminated, since deleting residues 3-11 of the helix
removes three positively charged residues, weakening electrostatic monomer-lipid attractions and
eliminating dye leakage potency. The linear correlation in Fig. 2C (insert) predicts a 50% dye
leakage concentration for Del2-11 to be considerably higher than the other 3 oSN constructs. Since
we demonstrate that there is a high degree of binding between the aSN monomer and DOPG and
DMPG vesicles, it is not surprising that it leads to membrane permeabilization since general protein
adsorption to anionic vesicles can induce vesicle leakage (38). Moreover, previous studies suggest
that the SN monomers can lead to membrane permeability by bilayer deformation (39, 40).

The N-terminal is essential for oligomer membrane interaction

Our a4F oligomer-DOPG vesicle binding assay establishes that wt, Del2 and Del2-5 oligomers
interact strongly with vesicles, just as the monomers of aSN. The observation that aSN oligomers
binds to DOPG vesicles is in agreement with dynamic light scattering (DLS) data where we have

observed an increase in the ry from 109 nm of pure DOPG vesicles to 140 nm when oligomers are
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present (Lorenzen, Nielsen & Otzen unpublished). The DLS experiment is carried out at a mole
ratio of 1:60 (protein:lipid) comparable with the a4F experiment, and indirectly confirm the validity
of the a4F experiments. Together with the calcein release assay, we observe a clear trend for both
monomers and oligomers, where wt, Del2 and Del2-5 showed a high degree of binding and
membrane permeabilization whereas Del2-11 oligomers only induced little membrane-
permeabilizing. Although trends in the dye leakage experiment for the oligomers and monomers
were similar, they were not identical:
Monomers: Del2 > wt >> Del2-5 >> Del2-11
Oligomers: wt > Del2 = Del2-5 >> Del2-11

We expected oligomers to permeabilize vesicles much more strongly than monomers because a
large number of N-terminals in close proximity in the oligomer structure would stress and perturb
vesicles. In contrast, for monomers the N-terminals would be widely distributed in the membrane
due to electrostatic repulsion and diffusion, leading to less disorder in the membrane. The fact that
Del2-11 distorts the membrane interaction of both monomers and oligomers clearly indicates that
the N-terminal is important, given that the different constructs have the same overall size and
hydrophobicity according to DLS and ANS. However, the discrepancy in the ranking of the dye
release assays indicates that the interaction of oligomers is not driven solely by the N-termini. We
speculate that the formation of a hydrophobic core and/or solvent exposed hydrophobic patches in
the oligomer structure, as indicated by ANS binding (Fig. 1C), is important for oligomer—-membrane
interaction. The importance of hydrophobic interactions in the membrane binding of aSN oligomers
has previously been demonstrated by Rooijen et al. (41) where an increase in accessibility of the
hydrocarbon core of the lipid bilayer increases bilayer disruption by aSN oligomers. We propose
that the hydrophobic patches together with N-termini in close proximity in the oligomers could
explain the extraordinary toxicity of oligomers relative to monomers. However, the differences
between the dye release ranking of monomers and oligomers could also be the consequence of
structural changes amongst wt, Del2, Del2-5 and Del2-11 oligomers in the positioning of the N-
termini or the arrangement of hydrophobic regions.

Vamvaca et al. (20) showed that N-terminal deletions in oSN dramatically reduced toxicity towards
yeast. While the yeast maximum specific growth rates of Del2, Del2-5 and Del2-11 do not correlate
with the membrane interaction, folding and permeabilization of the monomer form, we note that wt
oSN, which in the oligomeric form shows the highest degree of vesicle disruption, also shows the

greatest toxicity towards yeast.
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Building on the observation that the N-terminus is important for oligomer-membrane interaction
(12) we have identified the first 11 N-terminal residues to be critical for the interaction of both the
monomer and oligomer forms. We suggest that the increased ability of aSN oligomers to
permeabilize membranes compared to monomers stems from a combination of juxtaposed N-
terminal binding domains and contiguous regions of hydrophobic surface area resulting from

oligomerization.
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TABLES

Table 1. Overview of determined parameters for wt aSN and deletion mutants

Mutant CR50 CR50 % CR50 % Monomer Monomer Oligomer R, of Amax, Oligomer | p(yeast)

% Oligomer | monomer | membrane vesicle vesicle oligomers ANS yield "' (hr')?

h
Mono b : CR50 folding interaction® | interaction’ (nm)e (nm)
mer ¢ % range (°C) ¢
oligomer®

Wt 2.8 0.09 31 54 + + 11.7+3.2 473.5 1.5 0.04
Del2 1.8 0.26 7 61 + + 99+25 474.0 1.5 0.14
Del2-5 6.4 0.26 23 46 + + 10.9+2.6 471.5 1.2 0.19
Del2-11 15.5 N/A! N/A! 16 - N/A! 10.5+2.6 4725 0.2 0.22
Notes:

b Protein concentration leading to 50 % vesicle permeabilization (uM)

°Ratio of * and °

4 Temperature interval in which the monomer is folded in DMPG vesicles.

*!interaction of monomer/oligomer with DOPG vesicles. “-: < 10 % and “+”: > 70 % bound.

£ Hydrodynamic radius, given as the number mean of oligomers, determined with DLS. In all cases,
the peak integral of the oligomers is 100 %.

h Amax Of ANS fluorescence of oligomers.

"Percentage oligomer eluting from the SEC column relative to total aSN. These vary significantly
between different purifications with standard deviations of 60-80 %.

] Yeast specific maximum growth rate (20).

K Extrapolated from Fig. 2D insert.

'Not available.
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FIGURE LEGENDS

Figure 1. Oligomer structure and hydrophobicity. A. Schematic representation of aSN including
deletions at the N-terminus. B: Oligomer radii determined by DLS. C: ANS fluorescence of
monomers and oligomers. Legends as in Fig. 1B including ANS control (x). Insert: Zoom of

monomer spectra.

Figure 2. Monomer-membrane interactions. A: Monomer-vesicle interaction analyzed with aF4.
Del2 alone (black) and Del2 mixed with vesicles (grey). B: Degree of monomer folding as a
function of temperature using CD. Dashed line shows the temperature range of Del2-11 coil—helix
folding. C: Dye leakage induced by monomers. All data points are averaged triplicates with
standard deviation. Insert: Correlation between temperature range of folding and efficacy of

membrane permeabilization (see text for details).
Figure 3. Oligomer-membrane interactions. A: Oligomer binding analyzed with aF4. Del2

oligomers alone (black) and mixed with vesicles (grey). B: Dye leakage of the four aSN oligomers.
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The N-terminus of a-synuclein is essential for both monomeric and oligomeric

interactions with membranes
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Supplementary information

Experimental procedures

Protein production and purification: aSN was produced in E. coli BL21(DE3) cells with a plas-
mid vector pET11-D using auto-induction as described (/). High purity aSN was obtained by the
purification protocol described in (2,3) modified with an additional step. Briefly, cells were harvest-
ed by centrifugation at 3500 rpm, 4 °C for 20 min. Harvested cells were subjected to osmotic shock
by resuspension of cells from 1 L culture in 100 mL osmotic shock buffer (30 mM Tris-HCI, 40 %
sucrose, 2mM EDTA, pH 7.2), incubation for 10 min at RT followed by centrifugation at 9000 g, 20
°C for 30 min. The pellet was resuspended in 90 mL ice-cold deionised water and 40 pL of saturat-
ed MgCl, was added. The pellet was incubated on ice for 3 min. The supernatant, containing the
periplasmic preparation, was collected by centrifugation at 9000 g, 4 °C in 20 min. The periplasmic
preparation was subjected to acid precipitation with drop-wise addition of 1 M HCI to a final pH
level of 3.5 and then incubated for 5 min. The supernatant was collected by centrifugation at 9000
g, 4 °C for 20 min. Supernatant pH was immediately adjusted to pH 7.5 with drop-wise addition of
1 M NaOH. The solution was filtered (0.45 pm) and loaded on a Q-Sepharose column (HiTrap Q
HP) pre-equilibrated with 20 mM Tris-HCI pH 7.5. The column was washed with three column
volumes of 0.1 M NaCl in buffer followed by elution of aSN with a NaCl gradient from 0.1-0.5 M.
SDS-PAGE analysis was used to identify fractions with aSN and ensure protein purity. Finally the

aSN was dialyzed exhaustively against deionised water, lyophilized and stored at -20 °C.

Asymmetrical flow field-flow fractionation (A4F): Binding of monomers and oligomers to vesi-
cles (100 nm diameter) of DOPG was analyzed by size separation of monomers and oligomers

alone and in the presence of vesicles. A decrease in the amount of free protein in the presence of
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vesicles indicates membrane binding. Separation was carried out with an AF2000 field-flow frac-
tionation system (Postnova Analytics GmbH, Germany) equipped with a UV/Vis (S3240) detector
(A214nm) operating in AF4 mode. 21 uM aSN (monomer equivalents) and 2.1 mM DOPG vesicles
(mole ratio 1:100) were mixed and incubated at 37 °C for 1 hr prior to separation using the follow-
ing steps: (1) 100 uL sample was injected and focused for 7 min at 0.2 mL/min and a cross-flow
(CF) of 2 mL/min followed by elution via (2) 2 mL/min CF for 10 min, (3) a CF gradient to 0.35
mL/min over 25 min and (4) a CF gradient to 0 mL/min for 25 min after which field release (no CF)
took place for 10 min to flush remaining species out of the channel. The detector flow was main-
tained at 0.5 mL/min through injection, focusing and elution steps and a 1 min crossover time was
used between focusing/injection and elution steps (steps 1-2). The absorbance at 214 nm was rec-
orded throughout the separation using Postnova AF2000 Control v.1.1.0.27. The monomer signal
originating from monomers co-eluting with vesicles could not be accurately determined due to light
scattering by DOPG vesicles.

Dye leakage assay: We used the fluorophore calcein entrapped in DOPG vesicles (100 nm diame-
ter) at self-quenching concentrations. Vesicles were prepared in the presence of 70 mM calcein and
separated from free calcein with a PD-10 desalting column (GE Healthcare). As a consequence of
vesicle permeabilization, calcein leaks out and gives rise to an increased fluorescence signal due to
dilution. Different concentrations of monomers or oligomers were mixed with vesicles to a final
concentration of ~42 uM lipid. The lipid concentration is based on an estimated two-fold dilution of
the vesicles in the desalting step. Calcein fluorescence was monitored by excitation at 485 nm and
emission at 520 nm for at least 1.5 hrs in a Genios Pro fluorescence plate reader (Tecan, Manerdorf,
Switzerland) at 37 °C with 2 sec shaking every 2nd min. Finally, Triton X-100 (0.1% (w/V)) was
added to measure the fluorescence associated with 100% calcein release. Background fluorescence
was subtracted.

Folding assay: The folding of monomeric oSN in DMPG vesicles (200 nm diameter) was analyzed
as described (4). Briefly, 291 uM DMPG vesicles were mixed with 14 uM aSN, transferred to a 1
mm quartz cuvette and subjected to thermal scans in a Jasco J-810 circular dichroism spectropho-
tometer (Jasco Spectroscopic Co. Ltd., Japan) from 5 to 95 °C with a scan speed of 90 °C/hr in
steps of 0.2 nm at a fixed wavelength of 215 nm.

Note that we use DMPG for the folding assay to evaluate the degree of folding of aSN around the
lipid phase transition. In both the binding assay and the dye leakage experiment we have used

DOPG to ensure that the lipid system is in the liquid disordered phase throughout the experiments
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which are carried out at RT, close to the lipid phase transition of DMPG (23°C). In practice it is
very difficult to obtain consistent calcein leakage data with DMPG, possibly because phase transi-
tions, which are difficult to avoid when handling DMPG around RT, adversely affect the leakage
measurements. Since both DOPG and DMPG are anionic and we compare data where the lipids are

in the liquid disordered phase, we consider it reasonable to compare these assays.

For practical reasons we have used different protein:lipid mole ratios in the different assays. Our
CD-based folding assay uses a molar ratio of 1:21 (protein:lipid) to obtain robust and reproducible
CD signals as described (4). For our A4F binding experiments we use a mole ratio of 1:100 (pro-
tein:lipid) i.e. more lipid relative to protein compared to the CD experiment. A mole ratio similar to
the CD experiments (1:21) led to more baseline noise in the A4F experiment (while qualitatively
leading to the same binding distributions as the 1:100 ratios), possibly due to a low degree of mem-
brane disruption, while 1:100 ratios leads to solid baselines. The calcein release assays are carried
out over a range of concentrations that spans the protein:lipid ratios used in CD and AF4 experi-
ments. 50% release is achieved at molar protein:lipid ratios of ~1:470 (oligomeric ®«SN) and ~1:15

(monomeric aSN).

SDS induced fibrillation assay: Fibrillation experiments were carried out as previously described
(5,6). Briefly, assay conditions were 20 uM aSN, PBS buffer (20 mM phosphate, 150 mM NaCl,
pH 7.4), 0.5 mM SDS and 40 uM ThT. Samples were loaded into a 96-well plate (nunc, Thermo
Fischer Scientific, Roskilde, Denmark) with 150 uL assay solution in each well. Plates were sealed
with Crystal clear sealing tape (Hampton Research, Aliso Viejo, CA) and loaded into a Genios Pro
fluorescence plate reader (Tecan, Minerdorf, Switzerland). Plates were incubated at 28 °C without
shaking for 2-4 days. ThT fluorescence intensity was measured with 12 min intervals with excita-
tion at 448 nm and emission at 485 nm.

Shaking induced fibrillation assay: Fibrillation experiments were carried out as previously de-
scribed (5). Briefly, assay conditions were 70 uM aSN, PBS buffer (20 mM phosphate, 150 mM
NaCl, pH 7.4), 40 uM ThT and addition of a 3 mm diameter glass bead in each well. Assay solu-
tions were loaded into a 96-well-plate (nunc, Thermo Fischer Scientific, Roskilde, Denmark) with
150 pL assay solution in each well. Plates were sealed with Crystal clear sealing tape (Hampton
Research, Aliso Viejo, CA). The plates were transferred to a Genios Pro fluorescence plate reader
(Tecan, Minerdorf, Switzerland) and incubated at 37 °C with continuously shaking over 10 out of
12 min at 300 rpm in 3-4 days. ThT fluorescence intensity was measured with 12 min intervals with

excitation at 448 nm and emission at 485 nm.
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All SN N-terminal truncation mutants are able to form amyloid fibrils
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Figure S1. Kinetic traces of ThT fluorescence of the different mutants in (A) shaking induced and
(B) SDS induced fibrillation assays. The mutants are depicted in triplicates as follows: wt (blue),
Del? (red), Del2-5 (black) and Del2-11 (grey).

Negative control for quantitative analysis of monomer and oligomer interactions
with vesicles using AF4

There is no difference of the BSA elution profile with and without DOPG LUVs (Fig. S2). This is
due to insignificant association of BSA and vesicles.
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Figure S2. Comparison of BSA elution when pre-incubated with and without DOPG vesicles.
DOPG vesicle control sample is shown.
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Abstract abolition) of oligomers’ membrane affinity
Oligomeric species of various proteins are is sufficient to avoid cytotoxicity.

linked to the pathogenesis of different neu- The intrinsically ~disordered protein a-
rodegenerative disorders. Consequently, synuclein (aSN) has been linked to Parkin-
there is intense focus on the discovery of son’s Disease (PD) since 1997. The focus on
novel inhibitors, e.g. small molecules and aSN stems from aSN’s accumulation in intra-
antibodies, to inhibit the formation and cellular amyloid-rich Lewy bodies (LB) (1,2),
toxicity of oligomers. In Parkinson’s Dis- which accumulate in the brain of PD patients.
ease the protein a-synuclein (aSN) forms Also, certain mutations in the aSN gene have
cytotoxic Oligomers. The flavonoid been linked with familial PD (3) where a few
epigallocatechin gallate (EGCG) has previ- of these mutations have been reported to in-
ously been shown to redirect the aggrega- crease the propensity of the aSN monomer to
tion of aSN monomers and remodel aSN form amy101d material in vitro (4,5) Recent-
amyloid fibrils into disordered oligomers. ly, we have come to view soluble non- or pre-
Here we dissect EGCG’s mechanism of fibrillar oligomers as the toxic species that
action. Although EGCG inhibits preformed leads to neuronal damage in PD (6,7). This is
oligomer’s ability to permeabilize vesicles further supported by reports on elevated con-
and induce cytoxicity in a rat brain cell centrations of aSN oligomers in post-mortem
line. EGCG does not affect oligomer size- brain extracts from patients with Lewy Body
distribution or secondary structure. Ra- Dementia (8) and in CSF from PD patients(9).
ther, EGCG immobilizes the C-terminal A current challenge in the field of protein
region and moderately reduces the degree misfolding and neurodegeneration is to under-
of binding of Oligomers to membranes. We stand the molecular mechanism behind oli-
interpret our data to mean that the oligo- gomer toxicity. One of the most widespread
mer acts by destabilizing the membrane hypotheses is that oligomers can interact with
rather than by direct pore formation. This and perturb membranes, thereby leading to
suggests that reduction (but not complete cell death (6,7,10-12).
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There is an enormous interest in finding mol-
ecules that inhibit the formation of aSN oli-
gomers with the ultimate aim of developing
drugs towards PD. With the need to develop
molecules that are both specific towards aSN
and able to cross the blood-brain barrier, the
focus has been on small molecules. One re-
markably efficient and well-studied example
is the small molecule epigallocatechin gallate
(EGCG). EGCQG 1is reported to reduce toxicity
by (1) redirecting the aggregation pathway of
monomeric oSN into unstructured non-toxic
oligomers (13), as is the case for the two
structurally related compounds, baicalein (14)
and dopamine (15) and by (2) reducing the
toxicity of aSN fibrils by remodeling them
into non-toxic aggregates (16). EGCG is a
potent antioxidant found in green tea and ap-
pears to counteract several diseases, including
cancer (17). EGCG’s benzene rings with vici-
nal dihydroxy groups (Fig. 1A) are also found
in numerous other fibril inhibitors (14,15,18-
20). EGCG 1is not specific towards aSN and
has been shown to inhibit the fibrillation pro-
cess of a range of proteins (21-27). At
equimolar concentrations, EGCG preferential-
ly binds the C-terminus of aSN (D119, S129,
E130 and D135) (13), consistent with the ob-
servation that dopamine predominantly tar-
gets the Y 2sEMPSy9 region (28,29). At
higher EGCG:aSN mole ratios, EGCG binds
nonspecifically throughout the whole amino
acid sequence (13).

Drugs that directly target and stabilize the
aSN monomer, thereby keeping it in a soluble
conformation, may compromise the physio-
logical role of aSN. Instead of preventing
oligomer formation we have focused on in-
hibiting the toxicity of pre-formed toxic oli-
gomers formed during the process of fibril
formation (30). These oligomers have not
been chemically modified and on average
consist of ~30 monomers (Lorenzen, Nielsen
et al. submitted)(31), forming a compact B-
sheet core with a disordered outer shell
(Lorenzen, Nielsen et al. submitted). aSN
oligomers interact with and perturb mem-
branes by a combination of electrostatic inter-
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actions between the N-terminus of aSN and
lipid head groups combined with hydrophobic
interactions (32-36) (Lorenzen, Lemminger et
al. in revision).

Here we use in vitro assays to analyze the
inhibitory effects of the small molecule
EGCG on oSN oligomer’ toxicity. EGCG
potently inhibits aSN oligomers’ ability to
permeabilize membranes, probed by a calcein
release assay and fluorescence confocal mi-
croscopy. EGCG’s inhibition of oligomer
activity is confirmed by its ability to rescue
rat neuronal cells from oligomer toxicity.
Gratifyingly, inhibition occurs at similar
EGCG concentrations in the membrane
permeabilization assay and the extracellular
toxicity assay. Liquid-state NMR confirms
that the N-terminus and NAC region build up
the oligomer core whereas the C-terminal
remain disordered in the oligomer state; we
show that the flexibility of the C-terminus
decreases upon EGCG binding. Importantly,
EGCG binds to the oligomers without chang-
ing the oligomer structure and size distribu-
tion. Thus inhibition of membrane
permeabilization and extracellular toxicity is
not due to dissociation or aggregation of the
oligomers. Rather, EGCG inhibits the toxicity
of aSN oligomers by decreasing their interac-
tion with membranes, highlighting reduction
of oligomers’ membrane interactions as a via-
ble therapeutic approach against Parkinson’s
Disease.

Experimental Procedures

oSN production and handling: aSN was produced
and purified according to (Lorenzen, Lemminger et al.
in revsion). "N labeled aSN was produced and purified
with the exception that E.coli was grown in M9 mini-
mal media with ""NH,CL as the only nitrogen source.
A 100 ml preculture was inoculated with a transformed
colony and grown overnight at 37 °C. The preculture
was subsequently split into growth media and incubat-
ed at 37 °C until an ODgyy~0.6 was reached. Protein
expression was induced by addition of IPTG to a final
concentration of 0.1 mM followed by 4 hrs incubation
prior to harvest. Freshly dissolved aSN was filtered
(0.2 pm) prior to use and protein concentration deter-
mined by absorption measurements with a NanoDrop
UV-VIS spectrophotometer (ND-1000, Thermo Scien-
tific) using a theoretical extinction coefficient of 0.412



(mg/ml)'cm™”. All experiments were carried out in
phosphate buffer saline (PBS) (20 mM phosphate, 150
mM NaCl, pH 7.4). Details of SAXS, SEC and AF4
are provided in Supporting information.

Oligomer production: Monomeric aSN was incubated
at 840 uM in PBS buffer for 5 hrs at 37 °C and 900
rpm shaking in a Biosan TS-100 Thermo shaker. Solu-
ble material was separated from insoluble material by
centrifugation at 13.400 rpm RT and loaded on a ~24
ml superose 6 10/30 GL SEC column at 0.5 ml/min in
PBS buffer. Small oligomers were separated from
larger aggregates and monomers. The concentration of
oligomers was estimated the same way as described
above for monomers. When necessary, oligomers were
concentrated wusing 0.5 and 15 mL Amicon
Ultracentrifugal filters (Merck Millipore, Darmstadt,
Germany).

Preparation of large unilamellar vesicles (LUVs):
LUVs of pure 1,2-dimyristoyl-sn-3-
phosphatidylglycerol (DMPG) or 1,2-dioleoyl-sn-3-
phosphatidylglycerol (DOPG) were dissolved at 5
mg/ml in PBS. The samples were subjected to 10
freeze-thaw cycles between liquid N, and a 50 °C water
bath, followed by 21 extrusions to a diameter of 100 or
200 nm. During extrusion of DMPG vesicles, the ex-
truder was kept at 50 °C to keep the lipid in the liquid
disordered phase. DOPG vesicles for calcein release
were prepared in the presence of 70 mM calcein. After
extrusion, vesicles were separated from free calcein
with a PD-10 desalting column (GE Healthcare).
Calcein release assay: The fluorophor calcein was
entrapped at self-quenching concentrations (70 mM)
inside DOPG vesicles. Upon membrane
permeabilization, calcein is released from the vesicles
and diluted, leading to a fluorescence increase. Oligo-
mers were mixed with varying concentrations of
EGCG and 1 % DMSO and loaded in triplicates of 148
puL assay solution onto 96-well-plate (nunc, Thermo
Fischer Scientific, Roskilde, Denmark). The plates
were sealed with Crystal clear sealing tape (Hampton
Research, Aliso Viejo, CA) and incubated in a Genios
Pro fluorescence platereader (Tecan, Ménerdorf, Swit-
zerland) for 1 hr at 37 °C and 2 sec autoshake. Subse-
quently, DOPG vesicles with calcein were added to a
final lipid concentration of ~42 uM and a final volume
of 150 pL assay solution. Calcein release was moni-
tored with excitation at 485 nm and emission at 520 nm
for at least 1 hr under the same conditions used for
incubation. Titration of EGCG to vesicles did not lead
to any changes in fluorescence signal, nor did EGCG
affect the fluorescence signal of free calcein (data not
shown).

Cell line and culture conditions (CB&PHJ): The cell
line used was OLN-93, an immortalized
oligodendroglial cell line derived from primary Wistar
rat brain glial cultures (37). Cells were kept at 37 °C
under 5 % CO, and grown in Dulbecco's modified
Eagle's medium (Lonza) supplemented with 10 % fetal
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calf serum, 50 units/ml penicillin, and 50 pg/ml strep-
tomycin.

Measurement of cell viability by MTT assay and
trypan staining: In short, 5000 cells/well were seeded
into poly-L-lysine coated 96 well plates with growth
medium and allowed to attach for 24 h. aSN monomer
or oligomer was added (final concentration SuM) to the
cells with or without various concentrations of EGCG
or aSN specific antibody (ASY-1) and incubated for
additional 24h. Cells were washed in RPMI 1640 me-
dium (Sigma, R7509), after which 50 pl MTT (§
mg/ml in RPMI medium) was added. After 3 hrs, cells
and the formed formazan crystals were dissolved in
lysis buffer (1 % Triton-100, 40 mM HCI diluted in
isopropanol) and incubated on shaker overnight shield-
ed from light. The absorbance at 570 nm was measured
and background (650nm) was subtracted in a VERSA
max microplate reader (Molecular Devices). 5000
cells/well were seeded into poly-L-lysine coated 96-
well plates with growth medium and allowed to attach
for 24 h. aSN monomer or oligomer was added (final
concentration 5 pM) to the cells with or without vari-
ous concentrations of EGCG or aSN specific antibody
(ASY-1) and incubated for additional 24h. Cells were
washed in RPMI 1640 medium (Sigma, R7509) and
0.02 % Trypan blue in RPMI medium subsequently
added. Cells were visualized on an Olympus inverted
microscope CKX41 connected to a camera, 100 x
magnifications and cell fraction with blue stained nu-
clei were quantified.

Preparation of giant unilamellar vesicles (GUVs):
GUVs were prepared by the electroformation method
originally described by Angelova and Dimitrov (38).
The GUVs were made wusing a home-built
electroformation chamber partly built on the specifica-
tions published by Bagatolli and Gratton (39). GUVs
were prepared from chloroform stocks containing 10
g/L. The chloroform lipid stocks were spread on plati-
num electrodes with approximately 10ul on each and
the solvent was allowed to evaporate. The chamber was
filled with a solution of 200 mM sucrose containing
Alexa488. The platinum wires were connected to a
function generator (Digimess FG 100, Grundig Instru-
ments, Nirnberg, Germany) and a low-frequency alter-
nating field sinusoidal function with a frequency of 10
Hz and amplitude of 1.5 V was applied for 90 min
followed by 30 min at 1 Hz and amplitude of 3 V. To
remove free fluorophor, the GUVs were run over a
PDI10 column pre-equilibrated with 200 mM glucose.
The eluent from the column was collected and trans-
ferred to an eight-well microscopy chamber (Lab-Tek
Brand Products, Naperville, IL). GUVs were left over-
night at 4 °C to allow them to sediment at the bottom
of the viewing chamber prior to analysis.
Fluoerescence labeling of aSN oligomers: A single
cysteine mutant of aSN (Ala 140 Cys) was produced
and purified as described above. Labeling of Alexa
Fluor® 633 Maleimide was carried out according to the



procedures provided by the manufacture (Invitrogen).
Labelled aSN were mixed with unlabeled monomer at
a ratio of 1:10 and oligomers were produced as de-
scribed above.

Laser Scanning Confocal Microscopy (LSCM)
measurements: GUV’s were equilibrated to room
temperature in the microscopy wells for 15-20 min
before measuring. 5 pl of Alexags; labeled aSN oligo-
mer solution was injected into the microscope and
images were recorded every 6 s. GUVs were analyzed
with a LSM 510 scanning confocal microscope (Zeiss
GmbH, Jena, Germany). Excitation of Alexa488 and
Alexagz; was done at 488 and 588 nm and Fluorescence
emission was measured at 505-548 and 612-750 nm for
Alexa488 and Alexags;, respectively.

Nuclear magnetic resonance spectroscopy (NMR):
The NMR samples contained 200 uM protein in (mon-
omer equivalents) PBS buffer, with about 6% (v/v)
D,0 and 0.1 mM sodium 4,4-dimethyl-4-silapentane-1-
sulfonate (DSS) as an internal chemical shift reference.
'H-PN  heteronuclear  single-quantum  coherence
(HSQC) spectra were recorded on a Bruker Avance
NMR spectrometer at 500 MHz 'H frequency at 1 °C.
The spectra were processed using NMRPipe and ana-
lyzed with Sparky (T. D. Goddard and D. G. Kneller,
SPARKY 3, University of California, San Francisco)
(40). Spectral assignment is taken from BMRB entry
ID 18857.

Transmission electron microscopy (TEM): 5 pL
aliquots of 28 uM oligomer (monomer equivalents)
with varying mole ratio of EGCG (1:0, 1:1 and 1:5
(aSN:EGCG) in PBS buffer were transferred to 400-
mesh carbon-coated, glow-discharged grids for 30 sec.
The grids were washed using two drops of doubly
distilled water, stained with 1% phosphotungstic acid
(pH 6.8) and blotted dry on filter paper. The samples
were viewed in a microscope (JEM-1010; JEOL, To-
kyo, Japan) operating at 60 kV. Images were obtained
using an Olympus KeenViewG2 camera.

Far-UYV circular dichroism (CD): Far-UV CD spectra
were recorded on a Jasco J-810 spectropolarimeter
(Jasco Spectroscopic Co. Ltd.). Ellipticity was meas-
ured at 25 °C and five accumulations were averaged to
yield the final spectrum. A 1.0 mm path length cuvette
was used for 14 pM oligomer (monomer equivalents).
The contribution from PBS buffer was subtracted and
the CD signal given as mean residue ellipticity (MRE)
expressed as deg cm’*dmol'residue™".

Dynamic light scattering (DLS): We have used a ZS
Zetasizer Nano ZS (Malvern Instruments) to measure
the hydrodynamic radius (R}) of oligomer and vesicles
at 25 °C, 21 uM oligomer (monomer equivalent) and
1.26 mM of DOPG vesicles (mole ratio 1:60) prepared
with 100 nm diameter as described above. All samples
were measured five times using 15-40 accumulated
scans. We have given the Z-average with standard
deviation of the five accumulation scans
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Differential scanning calorimetry (DSC): DSC ex-
periments were carried out on a VP-DSC
Microcalorimeter (MicroCal, Inc.), with a cell volume
of ~0.5 ml. The sample cell was carefully cleaned,
emptied, reloaded with 1.45 mM (I mg/ml) DMPG
vesicles with a diameter of 200 nm + 70 uM EGCG i.e.
mole ratio 1:20.8 (EGCG:lipid). The samples were
equilibrated for 30 min at the scan starting temperature
of 10 °C and the thermograms were recorded on heat-
ing with a 90 °C/hr scan rate.

Results

We produce oSN oligomers by incubating
monomeric oSN at high concentrations at
37°C under shaking for several hours in the
absence of chemically modifying agents. Oli-
gomers are purified as a single well-defined
peak on a gel filtration column with a size
estimated to ~30 monomers according to mul-
ti-angle light scattering and Small-Angle X-
ray Scattering (Lorenzen, Nielsen et al. sub-
mitted).

Inhibition of membrane permeabilization
and extracellular toxicity

Extracellular toxicity: To evaluate whether
the oligomers are cytotoxic, we have analyzed
the effect of the oligomers on viability of a rat
oligodendroglial cell line using the MTT as-
say that quantifies functional mitochondrial
activity. Oligomers decreased viability by
about 15% compared to controls (monomer
and buffer) (Fig. 1B). However, pre-
incubation of oligomers with EGCG led to
complete rescue of OLN-93 cells as measured
both by MTT assay (Fig. 1 BC) and Trypan
blue staining of nuclei in death cells permea-
ble cell membranes (Fig. 1C). EGCG is able
to suppress oligomers’ viability reduction to
half (i.e. to 7.5% reduction) at a molar ratio of
0.36:1 (EGCG: aSNmonomer) (Fig. 1BC, Table
1) i.e. ~11 EGCG molecules per one oligo-
mer.

Membrane permeabilization: We use a simple
in vitro assay to investigate EGCG inhibition
of membrane permeabilization by these aSN
oligomers where we monitor release of the
fluorescent dye calcein from DOPG large
unilamellar vesicles (LUVs). Similar assays
have previously been used to analyze mem-
brane permeabilization of anionic LUVs in-



duced by oSN oligomers (10,33,35). Pre-
incubation of aSN oligomers with EGCG (1
hr, 37 °C) leads to inhibition in a dose-
response fashion, reaching complete inhibi-
tion around 1 uM (Fig. 1A), with 50 % inhibi-
tion (Mlsgs) at an EGCG:0SNonomer Mmole ratio
of 0.23:1 (Table 1). Given that the oligomer
consists of ~30 monomers (Lorenzen, Nielsen
et al., submitted) (31), ~7 EGCG molecules
are needed per oligomer to reach 50 % inhibi-
tion (Table 1). EGCG has no effect on the
fluorescence spectra of calcein, ruling out that
fluorescence quenching affects the assay (data
not shown).

Gratifyingly, the Mlspq, values based on the
extracellular toxicity assay and the calcein
release assay are essentially identical within
error (Table 1).

Table 1. EGCG:aSN molar ratios needed for
50 % inhibition of oligomer membrane
permeabilization and cytotoxicity.
MlIsyq,
EGCG:Oligomer
(EGCG:monomer)”

Calcein release ~7(£2):1 (0.23:1)

OLN-93 toxicity ~11(£2):1 (0.36:1)

b Mlspq,: Mole ratio of EGCG needed for 50 % inhibi-
tion of calcein release and for 50% reduction in the
decrease in cell viability caused by oligomer (i.e. from
15% to 7.5%). Ratios are given in units of oligomer
concentration (monomer equivalents in brackets based
on an average of 30 monomers per oligomer). Data
from fits to Fig. 1A and Fig. 1C.

Assays

Oligomer interactions with GUVs: We also
probed the membrane permeabilizing proper-
ties of the aSN oligomers with fluorescence
confocal microscopy where we entrapped the
fluorophor Alexa488 inside giant unilamellar
vesicles (GUVs) of either pure DOPG or
DOPC. For the neutrally charged lipid DOPC,
we observed no vesicle permeabilization (data
not shown). With the anionic lipid DOPG
oligomers permeabilized the membrane by
vesicle lysis (Fig. 2ABCD, SI video). To ad-
dress whether oligomers pre-incubated with
EGCG were able to bind membranes without
inducing membrane permeabilization, we
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introduced the fluorophor Alexa633 at the C-
terminus using the single cysteine mutant
Ala—Cys140. The C-terminus is not involved
in oligomer-membrane interaction (34). We
labeled every 10" aSN molecule prior to
oligomerization to ensure ~3 labelled mono-
mers per oligomer. When pre-incubated with
EGCG at a mole ratio of 1:1
(EGCG:0SNmonomer)» the oligomers
colocalized with the GUV vesicle but did not
cause rupture, and membrane
permeabilization was only rarely observed
(Fig. 2EFG). Our confocal fluorescence mi-
croscopy data do not allow a quantitative es-
timate of the ratio of membrane-associated
and free oligomers. This is measured by AF4
(see below).

Liquid state NMR shows that EGCG re-
duces the flexibility of the C-terminus
Liquid state NMR does not readily provide
structural information on large protein com-
plexes such as aSN oligomers (ca. 420 kDa).
Instead, we exploit this size limitation to de-
tect signals from unstructured (and therefore
highly mobile) regions which remain visible
by NMR. We compare spectra of monomeric
and oligomeric oSN to determine which parts
of the aSN sequence become structured in the
oligomer (and hence invisible), and which
parts remain flexible. Due to the presence of a
significant fraction of monomeric protein in
the oligomer sample, the contribution from
monomer needs first to be subtracted from the
oligomer spectra. We estimated the monomer
contribution by assuming that residues 1-86
give no signal in the oligomer structure based
on the spectra. We observed that essentially
the whole N-terminus and NAC-region be-
come structured upon oligomerization (resi-
due 1-95) whereas the C-terminus remains
disordered (residue 96-140 (Fig. 3AB)). We
then recorded the same experiment for mon-
omeric aSN, and subtracted that spectrum
from the mixed monomer/oligomer spectrum
in such a way that no peaks were visible for
the NAC region anymore. This procedure
resulted in signal loss also for the N-terminal
region, indicating that this part of aSN is also



immobile in the oligomer (Fig 3B; black line).
Only residues 86 and onwards are flexible in
the oligomers described here.

Titration of EGCG to the oligomers led to a
pronounced decrease in the 'H-""N HSQC
signal in the C-terminal, where ~50 % signal
was lost at a mole ratio of 1:1
(EGCG:aSNmonomer) (Fig. 3B). We attribute
this loss of flexibility to structure formation in
the C-terminus upon binding of EGCG. No
aggregation was observed as analyzed with
DLS before and after EGCG titration (data

not shown).
EGCG does not change the size-
distribution and secondary structure of
oligomers

We have employed a wide range of tech-
niques to investigate whether EGCG affected
the size, shape and molecular structure of the
aSN oligomer. Free oligomers are compared
with oligomers pre-incubated with EGCG for
I hr and 37 °C at 1:1 mole ratio
(EGCG:0SNonomer), conditions which lead to
near complete inhibition of membrane
permeabilization and cell toxicity (Fig.
1ABC). According to TEM, there was no sign
of aggregation of oligomers incubated with
0:1 (Fig. 4A), 1:1 (data not shown) and 5:1
(Fig. 4B) (EGCG:0SNponomer) (Fig. 4AB).

TEM sample preparation can affect oligomer
size and shape, and we have therefore used
other biophysical techniques to evaluate the
effect of EGCG. Batch-mode DLS reveals no

Table 2. Fitting results from the SAXS analysis.

significant changes in the size of oligomers
upon incubation with EGCG and R), is deter-
mined to ~22+6 nm (Table 1). This is con-
firmed by SEC coupled with refractive index
meter (SEC-RI) analysis where similar traces
of oligomers incubated with and without
EGCG are obtained, suggesting similar size-
distributions (Fig. SA). Superose 6 10/30 GL
with an exclusion limit of ~4x10’ Da is used as
SEC matrix. The oligomers elute within this
separation range, consistent with our previous
work (Lorenzen, Nielsen et al. in revision).
We next used SAXS to evaluate whether
EGCG affects the form and size-distribution
of the oligomers. SAXS spectra of the oligo-
mers with and without EGCG were highly
similar (Fig. 5B). We have previously been
able to fit data for the isolated oligomer to a
model with a slightly elongated core of folded
protein with almost half of the protein pro-
truding as random coils into the solution
(Lorenzen, Nielsen et al. submitted). The
EGCG-oligomer complex can be fitted very
well to this model, allowing us to disregard
the structural contribution of EGCG, and the
presence of EGCG does not change these pa-
rameters (Table 2). The number of monomers
per oligomer is also similar for the pure oli-
gomer and oligomer incubated with EGCG
determined from the forward scattering to 29
and 28, respectively. Thus EGCG has no sig-
nificant effect on the overall size and shape of
the oligomers.

Number of mon-

Sample Radius (A)°  Aspect ratio’ R, of chains (A)° omers Coil fraction ¢
Oligomer 4742 2.0£0.2 2542 29 0.4620.02
Oligomer +EGCG 471 1.7+0.5 27+4 28 0.45£0.08

“ Short radius of the core prolate ellipsoid of revolution
"Ratio between long and short radius of ellipsoidal core

‘Radius of gyration of the random coil scattering in the oligomer shell

d . .
Number of monomers in the oligomer

‘Fraction of the protein that is in random coil configuration in the oligomers

Far-UV CD measures the average content of
secondary structure. Whereas monomers
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show a spectrum typical of disordered struc-
ture, the oligomer spectrum indicates a signif-



icant increase in B-sheet structure (Fig. 5C),
which is consistent with Fourier transform
infrared spectroscopy (Lorenzen, Nielsen et al
submitted). There were no significant changes
in the secondary structure of oligomers pre-
incubated with EGCG at a mole ratio of 1:1
(EGCG:aSNmonomer)- The oligomer is highly
stable and does not undergo conformational
changes at 5-90 °C as measured with Far-UV
CD thermal scans; this is not affected by the
presence of EGCG (data not shown).

EGCG inhibits oligomer-membrane inter-
actions

The effect of oligomers in the calcein release
assay and confocal microscopy analysis
makes it evident that the oligomers interact
with DOPG vesicles. We have used AF4 and
DLS as two additional assays to probe the
interaction of oligomers and vesicles, and to
test whether EGCG inhibits this interaction.
We utilize the broad separation range of the
AF4 method to obtain near-baseline separa-
tion of monomers (R,=2.7 nm (41), oligomers
(Rh=21%6 nm) and LUVs (R,=104+32) (Table
1). As shown in Fig. 6A, the oligomer sample
includes a monomeric SN component elut-
ing between the 13.7 kDa and 45 kDa globu-
lar standards (data not shown) in agreement
with SN being an intrinsically disordered
protein. The oSN oligomer elutes as a broad
peak from 23-39 min. When oSN oligomers
are incubated with 100 nm DOPG vesicles, at
a mole ratio of 100:1 (lipid:tSNonomer) for 1
hr at 37 °C, the monomer peak height de-
creases to ~20 % of the initial sample, indicat-
ing an interaction of SN monomers with the
vesicles (Fig. 6A). Further, the oligomer peak
essentially disappears (~5-10 % of original
size). We note that the vesicle signal, starting
at a retention time of 60 min, represents a
combination of signals arising from oSN
bound to vesicles and from light scattering by
the vesicles, and can therefore not be used as
a direct measure of the degree of binding.
When the oligomer is pre-incubated with
EGCG at a mole ratio of 1:1
(EGCG:aSNmonomer) and mixed with DOPG
vesicles, the monomer peak height is de-
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creased to ~20% (Fig. 6B) similarly to Fig.
6A. Based on this experiment, it is not possi-
ble to conclude whether the monomer binds to
vesicles or forms oligomers induced by
EGCG. The oligomer peak decreases to ~40
%. This suggests that EGCG reduces but does
not completely abolish oligomer interactions
with the membrane.

DLS measures the Ry, of the DOPG vesicles to
104+32 nm, consistent with vesicles extruded
with a 100 nm filter. When DOPG vesicles
were mixed with oligomers, the Ry, increased
to 142456 nm, suggesting that oligomers as-
sociate to the surface of the vesicles and pos-
sibly expand or distort the vesicles. When
vesicles were mixed with oligomers pre-
incubated with EGCG, the R;, was comparable
with DOPG vesicles without oligomers, sug-
gesting little, if any, oligomer-membrane in-
teraction. Monomer addition to DOPG vesi-
cles did not lead to any significant increase in
the Ry, (Table 3). All DLS analyses of vesicles
with and without oligomer or monomer led to
only one peak in the volume and intensity
size-distribution.

Altogether, both the AF4 and DLS assay
strongly indicate that EGCG reduces oligo-
mer-membrane interactions.

Table 3. R, determined with DLS as the vol-
ume mean.

Sample Ry (nm)
Oligomer 2146

EGCG Oligomer (1:1) 23+6

EGCG Oligomer (5:1) 217

DOPG 104432
DOPG EGCG 10529
DOPG Oligomer 142456
DOPG EGCG Oligomer (1:1) 109+38
DOPG EGCG Oligomer (5:1) 103+36
DOPG Monomer 101433

Inhibition of oligomer-membrane interactions
could in principle be caused by EGCG-



membrane interactions, e.g. due to screening
of charges at the bilayer interphase by EGCG.
However, isothermal titration calorimetry
revealed no endo- or exothermic signals when
EGCG was titrated into DOPG vesicles (data
not shown). Finally, we used DSC to analyze
the transition of DMPG vesicles from gel-
phase to the liquid disordered phase. The
melting temperature is highly sensitive to-
wards ligand interactions with the bilayer sur-
face and hydrophobic core. However, we saw
no significant effect from EGCG (Fig. 6C).
Further, DLS measurements reveal no change
in vesicle size upon adding EGCG (Table 3).
This confirms that free EGCG has no signifi-
cant interaction with vesicles.

Discussion

EGCQG is an effective inhibitor of aSN oligo-
mers’ extracellular toxicity toward OLN-93
cells (Fig. 1BC). The mole ratio of
EGCG:0SNyjigomer needed for 50 % inhibition
(~11:1) is within the range (and fit error) of
the one needed in our in vitro calcein release
assay (~7:1) (Table 1), which we use as a
simple measure of toxicity (Fig. 1A). The
enormous difference in complexity between a
cell membrane and a vesicle membrane makes
it inappropriate to equate conclusions from
the two assays. However, the similar effect of
EGCG in these assays provides a direct link

between oligomer membrane
permeabilization and toxicity. Furthermore,
this  suggests that simple membrane

permeablization assays might be useful as a
first-round screen to evaluate inhibition of
oligomer toxicity.

Wanker and co-workers found EGCG to have
a dramatic effect both on oSN monomers
which formed disordered oligomers (13), and
on mature SN fibrils which were remodeled
by EGCG (16). Our study differs from that of
Wanker in that we focus on how EGCG af-
fects oligomers. We find it remarkable that no
pronounced structural changes are induced in
the oligomer structure by EGCG. At a mole
ratio of 1:1 (EGCG:0SNmonomer) Where near
complete inhibition is reached in the extracel-
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lular toxicity and membrane permeabilization
assay, we see no changes in the oligomer
structure according to TEM, SEC-RI, SAXS,
CD and DLS. We do detect a difference in the
degree of disorder according to NMR, whose
spectra demonstrate that the otherwise highly
mobile C-terminus loses flexibility. Neverthe-
less, the loss of mobility does not imply that
the oligomer collapses to a more compact
state, since SAXS data do not detect any sig-
nificant decrease in the size of the disordered
shell. At the higher mole ratios used (10:1,
Fig. 3B), EGCG can likely associate with all
residues that are exposed at the oligomer sur-
face (13).

To complement the permeabilization assays,
we used AF4 and DLS as oligomer-
membrane binding assays. The AF4 assay
demonstrated that nearly all oligomer associ-
ated with DOPG vesicles (Fig. 6A). This was
supported by DLS measurements where a ~40
% 1increase in the R}, of vesicles was observed
when oligomers were bound (Table 1). Oli-
gomers pre-incubated with EGCG at 1:1 mole
ratio (EGCG:0SNonomer), completely inhibit-
ed membrane permeabilization and cell tox-
icity (Fig. 6B), even though ~60% of oligo-
mers remain membrane associated. Confocal
fluorescence microscopy also shows that oli-
gomers, pre-incubated with EGCG, are bound
to vesicle without inducing membrane
permeabilization (Fig. 2EFG).

EGCG could in principle be acting by differ-
ent mechanisms: (1) The oligomer acts as a
pore, as suggested in the literature, and EGCG
directly blocks the pore. (2) A critical concen-
tration of oligomer in the membrane is re-
quired to permeabilize the membrane as sug-
gested by Subramaniam and co-workers (35),
and EGCG reduces the concentration of
membrane-bound oligomers. Thus EGCG
simply shifts the equilibrium away from the
bound state, and we would expect lysis or
permeabilization to occur (albeit at lower fre-
quency) at sufficiently high oligomer concen-
trations. Direct evidence for pore formation
generally comes in the form of AFM and
TEM images, showing oligomers as ring-



shaped structures with hollow interiors. It is
not clear to what extent binding to a solid
surface will compromise these structures.
SAXS measures oligomer structures in solu-
tion, reducing the risk of artifacts, and does
not provide any direct evidence of pores (30).
An indirect support of the critical-
concentration-destabilization model is that it
will likely distort membranes to a greater ex-
tent than pore-formation, and indeed we see a
significant expansion of vesicle size upon
addition of oligomers, but not when EGCG 1is
added together with the oligomers.

AF4, SEC and NMR identified a significant
amount of monomer in the oligomer batches
(10-20%) (Fig. 2AB, 3A, 6A). However, the
monomers are considerably less potent in the
vesicle permeabilization assay and cell toxici-
ty assay. Furthermore, we observe no changes
in the oligomer and monomer populations as a
result of EGCG or incubation time (Fig. SA).
Therefore, we do not attribute any effect from
monomers in our assays. Also, we do not ob-
serve pronounced interaction, between vesi-
cles and EGCG, and do not believe that this
could lead to the observed inhibition (Fig. 6B,
Table 3).

In conclusion, our data suggest that an in vitro
membrane permeabilization assay can be used
as a simple model of the highly more complex
extracellular toxicity assay, since EGCG po-

Figure legends

tently inhibits oligomer activity in both assays
at similar concentrations. Contrary to our ini-
tial expectations, EGCG has no major effects
on the oligomer structure. From our oligomer-
membrane binding assays, moderately inhibi-
tion is observed by EGCG on oligomer-
membrane interactions. However, the inhibi-
tion is only partial and we therefore speculate,
that membrane permeabilization by aSN oli-
gomers is caused by membrane destabiliza-
tion events rather than pore formation. Our
inhibition model is summarized in Fig. 7.
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Figure 1. EGCG inhibits oligomer toxicity. A: inhibition of oligomers’ ability to permeabilize mem-
branes at 0.2 uM oligomer (measured in monomer equivalents). Data fitted to simple binding iso-
therm. B: OLN-93 cells were exposed to 5 uM oSN oligomer or monomer and EGCG in concentra-
tions from 0 to 5 uM for 24 h. Viability of the cells was measured with MTT-assay and trypan nu-
clei staining. C: Dose-response inhibition of MTT and Trypan staining. Both assays are given as
triplicates with + S.D. Data fitted to simple binding isotherm.

Figure 2. Fluorescence confocal microscopy of vesicles before (A and C) and after (B and D) dis-
ruption by oligomers. EFG: Montage of images double-stained with Alexa633-labeled oligomers
pre-incubated with equimolar amounts of EGCG (green) and subsequently added to vesicles con-
taining encapsulated Alexa488 (red). Bar in panels EFG is 200 um.
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Figure 3. (A) "H-°"N HSQC spectrum of the oSN oligomer sample before (black) and after (red)
subtracting the signal contribution from monomeric OSN. (B) Loss of the NMR signals derived from
the oSN oligomer.

Figure 4. Electron microscopy pictures of (A) free oligomers and (B) oligomers incubated with an
EGCG:aSNonomer mole ratio of 5:1.

Figure 5. EGCG does not induce any major structural changes in the oligomer. A: SEC-RI analysis
of oligomers incubated alone (black) and with EGCG (red). B: SAXS data of oligomers (black) and
oligomers pre-incubated with EGCG (red) with the best fit to data of the models described in the text. For
visual comparison, the EGCG data and fit have been displaced down by a factor of 10. C: FAR-UV CD
spectra of monomer ( Q), oligomer (X) and oligomer and EGCG in mole ratio 1:1 (  and grey
line).

Figure 6. Inhibition of oligomer-membrane interactions. A: AF4-UV size separation of monomer
and oligomer from an oligomer preparation incubated without (black) and with (red) DOPG vesi-
cles. B: As panel A, but here oligomers have been pre-incubated with EGCG. C: DSC analysis of
the phase transition of DMPG vesicles with ( Q) and without (X) EGCG. Data is baseline corrected
for better comparison but not normalized.

Figure 7. Schematic representation of EGCG inhibition of oligomer toxicity.
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Figure 2 Lorenzen et al.
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Figure 4 Lorenzen et al.
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Figure 7 Lorenzen et al.
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Supplementary information
EGCG inhibits the toxicity of alpha-synuclein oligomers

Nikolai Lorenzen'?, Sgren B. Nielsen'*?, Cristine Betzer’, Yuichi Yoshimura'?, Brian S. Vad'?,
Jorn D. Kaspersenl, Gunna Christiansen4, Jan S. Pedersenl, Poul Henning J ensen3, Frans A.
Mulder"? and Daniel E. Otzen'*

Experimemtal procedures

Small angle X-ray scattering: Data were recorded on an in-house instrument at Aarhus Universi-
ty(/). The acquisition time was one hour for both sample and buffer solution. Background subtrac-
tion and conversion to absolute scale was performed with home-written software (CLP Oliveira and
JS Pedersen, unpublished). The data are expressed as the intensity versus the modulus of the scatter-

ing vector, q = 4771 sin @ , where A is the X-ray wavelength (1.54 A) and 20 is the scattering angle.

For dilute solutions with no interactions between the individual particles the scattering can be ex-
pressed as 1(q) = nV2Ap?P(q). Here n is the particle number density, V is the volume of the parti-
cle, and Ap is the difference in scattering length density of the particle and solvent. P(q) is the parti-
cle form factor which depends on its shape and is normalized to 1 at P(¢=0). Therefore, knowing
the concentration and the scattering length density of a protein, the forward scattering can be used
to estimate the MW of the particles in the solution and thereby the oligomer aggregation number.

In the presents study we have used form factor developed and described in detail earlier (Lorenzen,
Nielsen et al., submitted), based on the work of Pedersen and Gerstenberg (2). In short, the particles
are described as a compact ellipsoid of revolution with flexible protein chains on the surface, giving
the expression

¢ 1
Pec(CI) = (1 - pc)ZPell(CIrr) + pTPG (q' Rg) + (1 - ﬁ) pczscc(q) + 2(1 - pc)pcSec(CI) .
This expression includes the form factor of the ellipsoidal core (3):

_ ™/, (3(sin(qr)—qr cos(qr)) 2
Pey(q,r) = fo ( @) ) sina da,

the form factor of a random coil (4):
2-(exp(—u)+u—1)
u2

Ps(q) =
the cross correlation between the core and the chains:

S ( R ) __1—exp (-w) f”/z 3(sin(qr)—qr cos(qr) ) sin(q(r+Rg))
ec\q) 7, g) — u 0 (gr)3 q(r+Rg)
and the cross correlation between different chains:

, 2
Sec(q, 7 Ry) = (1—ex—p(—u))2 fn/z <M> sina da .

u 0 q(r+Ry)

In the above equations r = R(sin?a + €%cos?a)”, R is the short radius of the core, € is the aspect
ratio of the short and long radii, N is the number of random coils on the ellipsoid surface, u =
(Rj)qz, R, is the random coil radius of gyration, and p, is the fraction of the protein that is situated
in the random coil configuration. The centers of mass of the random coils are placed at a distance of
R, from the surface of the core.

2

sina da ,

Size exclusion chromatography (SEC) and asymmetrical flow field-flow fractionation (AF4):
SEC and AF4 was carried out using a Postnova AF2000 field-flow fractionation system (Postnova
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Analytics GmbH, Germany) operating in SEC or AF4 mode and equipped with UV/Vis (S3240)
detector (A;14nm) and a PN3140 refractive index detector (listed in flow order).

Analysis of oSN oligomer samples and the effect of EGCG were done in SEC mode using a
Superose 6 10/300 GL SEC column with PBS as the mobile phase. 100 ul 0.5 mg/ml sample mixed
with or without equimolar amounts of EGCG was for 1 hr at 37 °C prior to injection and separation
at a flow rate of 0.75 ml/min. Eluting species was detected by the RI detector.

Analysis of the interaction of SN oligomers with 100 nm diameter DOPG vesicles was carried out
in AF4 mode using a 10 kDa membrane (Reg. Cellulose) and a flow program similar to (Lorenzen,
Lemminger et al., in revision) was used to allow separation of monomers, oligomers and vesicles
within the same run. aSN and vesicles were mixed at a mole ratio of 1:100 (21 mM oSN and 2.1
mM DOPG) and incubated for 1 hr at 37 °C prior to injection. The sample was focused for 7 min
with an injection tip flow of 0.2 ml/min and cross-flow (CF) of 2 ml/min followed by isocratic elu-
tion at 2 ml/min CF for 10 min during which SN monomers elute from the channel. A linear CF
gradient from 2 ml/min to 0.35 ml/min over 25 min was then applied to elute oligomers followed by
a linear CF gradient to 0 ml/min over 25 min where vesicles eluted. Finally, the channel was
flushed at O ml/min CF for 5 min (no separation force) and further purged for 5 min at 2 ml/min
focus and tip flows. A constant detector flow of 0.5 ml/min was maintained throughout the separa-
tion.

A relative calibration was achieved by injection of 100 pl 1-2 mg/ml of Ribonuclease A (13.7 kDa),
Ovalbumin (45 kDa), BSA (66 kDa) and thyroglobulin (669 kDa).
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ABSTRACT

Many neurodegenerative diseases are linked with formation of amyloid aggregates. It is
increasingly accepted that not the fibrils but rather oligomeric species are responsible for
degeneration of neuronal cells. Strong evidence suggests that in Parkinson’s disease (PD) the
formation of cytotoxic a-synuclein (aSN) oligomers is key to pathogenicity. Nevertheless insight
into oligomers’ molecular properties remains scarce. Here we show that aSN oligomers, despite a
large amount of disordered structure, are remarkably stable against extreme pH, temperature and
even molar amounts of chemical denaturants, though they undergo cooperative unfolding at higher
denaturant concentrations. Isolated oligomers do not revert to monomers, but form larger aggregates
consisting of stacked oligomers, suggesting that they are off-pathway relative to the process of fibril
formation. We also demonstrate that the small molecule 4-(dicyanovinyl)julolidine (DCV]J) can be
used as a specific probe for detection of aSN oligomers.

Key words: a-synuclein, oligomers, stability, aggregation, amyloid fibril

Abbreviations: -amyloid (Af), a-synuclein (aSN), Coomassie Brilliant Blue (CBB), circular
dichroism (CD), 4-(dicyanovinyl)julolidine (DCVJ), dynamic light scattering (DLS),
Ethylenediaminetetraacetic acid (EDTA), fourier-transform infrared (FTIR), human islet amyloid
polypeptide (hIAPP), non-amyloid-beta peptide component (NAC), nuclear magnetic resonance
(NMR), polyacrylamide gel electrophoresis (PAGE), Phosphate buffered saline (PBS), Parkinson’s
disease (PD), size exclusion chromatography (SEC), sodium dodecyl sulphate (SDS), transmission
electron microscopy (TEM), thioflavin T (ThT), wild type (wt).

INTRODUCTION

Neurodegenerative diseases (NDs) are often connected with formation of amyloid fibrils'. However,
cytotoxic oligomeric species are increasingly seen as the main culprits in NDs like Parkinson’s
disease (PD)>”, Alzheimer’s disease (AD)" and tauopathieslo. These soluble oligomers disrupt
membranes and thereby introduce neuronal damage3’“. Their role in the fibrillation process is
complex. In some cases they seem to be directly engaged in assembly of fibrils, either as direct
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building blocks 1213 51 as nuclei which can be further elongated by monomeric speciesm'19

20-24

. But they
can also act as a off-pathway species not directly involved in fibril formation
PD is one of the most widespread neurodegenerative disorders. The main component of PD-
associated oligomers is a-synuclein (aSN), a pre-synaptic protein which plays a central role in
disease’>. The aSN point mutations A30P, E46K and AS53T, together with the
duplication/triplication of the gene coding for aSN* are responsible for familial forms of PD.
oSN has been proposed to facilitate the exocytosis and regulation of the synaptic vesicles
trafficking®' or take part in neurite outgrowth and adhesion of brain cells’>", however its true role

. . . 34-39
in the neuronal cells remains unknown. Despite recent controversy

, it is still generally accepted
that aSN has no persistent structure in the monomeric state under physiological conditions*’. aSN
can also self-associate into oligomeric speciesz'5 and amyloid fibrils*'*>. The well-documented
cytotoxicity of oligomeric species of aSN>4348 probably derive from formation of a pore-like
structure which disrupt the neuronal membrane, causing cell death™!! 464931, Strong evidence that
these oligomers are key players in PD makes them promising targets for therapies against
disease’'”**. Recent advances in structural studies techniques made it possible to resolve the
structures of fibrillar forms of B-amyloid (AB) *>°°, human islet amyloid polypeptide (hIAPP)*,
transthyretin (TTR)*® and a-synuclein (aSN) fibrils®”. However, oligomers’ transient nature and
intrinsic structural polydispersity are a challenge to structural studies **°'. Here we analyze aSN
oligomers formed under fibrillation conditions . We have analyzed their structure, stability and
appearance in the fibrillation process using size-exclusion chromatography (SEC), dynamic light
scattering (DLS), sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE),
transmission electron microscopy (TEM), small-angle X-ray scattering (SAXS), circular dichroism
(CD) and fluorescence spectroscopy. We report that 4-(dicyanovinyl)-julolidine (DCVJ), previously
used for detection of prefibrillar aggregates of TTR®, is able to bind aSN oligomers with
significantly higher affinity than monomers and fibrils. The formed oligomers are very stable and
resist both extreme temperature and extreme pH; only high urea concentrations dissociate them to
monomers. Prolonged incubation of oligomers leads to an increase in their size and formation of
larger non-fibrillar aggregates.

MATERIALS AND METHODS

Materials: Unless stated otherwise, all chemicals were from Sigma Chemical Co. (St. Louis, MO) and were
of analytical grade. All solutions were prepared using deionized water (Millipore, Milli-Q).

Preparation of aSN: aSN was expressed recombinantly in E. coli and purified as described ***. For all
experiments, fresh samples were prepared by dissolving lyophilized aSN in phosphate saline buffer (PBS)
(20 mM phosphate, 150 mM NaCl, pH 7.4) and filtered (0.2um) prior to use. The concentration was
determined using a NanoDrop (ND-1000, Thermo Scientific,c USA) using the theoretical extinction
coefficient of 0.412 (mg/ml)'cm™.

Plate-reader fibrillation of aSN: aSN wt, A30P, E46K and AS53T was fibrillated at a final concentration of
12 mg/mL with 40 puM Thioflavin T (ThT) or 10 uM 4-(dicyanovinyl)-julolidine (DCV]J) in a Tecan Infinite
Pro (Tecan Nordic AB) plate-reader at 37 °C with 10 min shaking every 12 min as described in ®. Both ThT
and DCV]J fluorescence was monitored with excitation at 448 nm and emission at 485 nm.
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Purification of oligomer: aSN oligomers were prepared as described”. Briefly, oSN was dissolved at 12
mg/ml in PBS buffer (20 mM phosphate, 150 mM NaCl, pH 7.4) and incubated in a Thermo—Shaker (TS-
100, BioSan, Latvia) at 37°C, 900 rpm for 5 hrs. Insoluble material was removed by centrifugation for 10
min at 12000 g. Soluble fractions were loaded on a Superose 6 gel filtration column connected to an AKTA
Basic system (GE Healthcare, USA) resin and eluted with PBS buffer at 2 ml/min. Oligomer fractions were
collected and stored at 4°C.

4-(dicyanovinyl)julolidine (DCV]J) fluorescence: 10 pyM DVCJ was mixed with 10 uM oSN monomer,
oligomer or fibril and the DCVJ fluorescence emission spectra was measured from 480-650 nm with
excitation at 470 nm, 10 nm slit widths and a scan speed of 200 nm/min on a LS55 luminescence
spectrophotometer (Perkin Elmer Instruments). Three spectra were accumulated and averaged for each
sample.

Fourier Transform Infra-Red (FTIR) spectroscopy: FTIR spectroscopy was performed using a Tensor27
FTIR spectrometer (Bruker) equipped with Attenuated Total Reflection accessory with a continuous flow of
N, gas. All samples were dried with N, gas. 64 interferograms were accumulated at a spectral resolution of 2
cm™' in the range from 1000 to 3998 cm™. Peak positions were assigned where the second order derivative
had local minima and the intensity was modeled by Gaussian curve fitting using the OPUS 5.5 software. For
comparison all absorbance spectra are normalized.

Size-exclusion chromatography (SEC): The aSN oligomer was analyzed using SEC by using a Postnova
AF2000 field-flow fractionation system (Postnova Analytics GmbH, Germany) operating in SEC mode and
equipped with a UV/Vis (S3240) detector, Brookhaven BI-MwA molecular weight analyzer (measuring
scattering intensity at 30, 50, 75, 90, 105, 130 and 145° angles) and PN3140 refractive index detectors (listed
in flow order). The analysis was carried out using a Superose 6 10/30 GL size exclusion chromatography
column at a flow rate of 0.5 ml/min.

The appearance of the oligomer was monitored by loading 20 ul 12 mg/ml aSN sample incubated for various
amounts of time at 37 °C in an eppendorf shaker at 900 rpm. To remove fibrillar species, the sample was
centrifuged for 10 min at 13,000 rpm prior to analysis and only the supernatant was loaded on the column.
The stability of the aSN oligomer was monitored by loading 100 pL 0.2 mg/mL aSN oligomer sample at
various incubation times at 37°C using the autosampler.

Far-UV circular dichroism (CD) spectroscopy: Far-UV wavelength spectra from 250 to 190 nm of 0.2
mg/mL aSN oligomers before and after heating to 120 °C using a 2 mm quartz cuvette were recorded with a
Jasco J-810 spectrophotometer (Jasco Spectroscopic Co. Ltd., Japan). Scans were conducted at 20 °C with a
step size of 0.2 nm, bandwidth 2 nm and a scan speed of 50 nm/min. Five spectra were averaged for each
sample and the buffer spectra was subtracted. To examine the thermal stability, aSN monomers, oligomers
and fibrils at a concentration of 0.3 mg/ml (21 uM) were used in a 1 mm cuvette. Scans were conducted at
25 °C. Thermal scans were performed from 20 °C to 95 °C with 2 °C step increase and the signal recorded at
218 nm. Fibril solutions were sonicated 3x 10sec at 50 % power on ice with an HD 2070 Bandelin Sonuplus
Sonicator (Buch and Holm).

Membrane permeabilization assay: oSN oligomers at varying concentrations were mixed with
dioleoylphosphatidylglycerol (DOPG) large unilamellar vesicles (LUV’s) with a diameter of ~100 nm,
prepared as previously described®. The fluorophore calcein was entrapped at self-quenching concentrations
(70 mM) inside the vesicles; upon membrane permeabilization, calcein leaks from the vesicles and gives a
fluorescence response upon dilution. Calcein release was measured in a 96-well-plate (Nunc, Thermo Fischer
Scientific, Roskilde, Denmark) in duplicates. Calcein release was measured (excitation 485 nm; emission
520 nm) for 1 hr in a Genios Pro fluorescence plate reader (Tecan, Ménerdorf, Switzerland) at 37 °C with 2
sec shaking every 2nd min. The calcein release percentage was calculated based on background fluorescence
and 100 % calcein release (addition of 0.2% (w/V) Triton X-100).
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SDS-PAGE: The protein sample was mixed with reducing 6x sample buffer (375 mM Tris-HCI pH 6.8, 6%
SDS, 50% glycerol, 9% B-mercaptoethanol, and 0.03% bromophenol blue) at a ratio of 5:1. The mixture was
vortexed and then boiled at 100°C for 5 minutes. The samples were loaded onto a bis-tris acrylamide gel
(5%/15% - stacking/running gel). Electrophoresis was performed using a vertical electrophoresis gel
apparatus at a constant voltage of 140 volts. The run was stopped when the dye front reached the bottom
edge of the gel. The gel was stained using CBB R-250 solution (0.1% CBB R-250/ 40% methanol/ 10%
glacial acetic acid) and destained using 4%/4% glacial acetic acid/ethanol solution. SDS-PAGE gels were
scanned using standard table-top scanner or Typhoon Scanner (9400, GE Healthcare, USA). The intensity of
protein bands was analysed using ImageJ®’.

Urea dissociation of aSN oligomers: Concentrated urea solutions in water were prepared and then adjusted
to desired concentrations with water and 10x concentrated PBS buffer (200 mM phosphate, 1500 mM NacCl,
pH 7.4). Protein samples (84 uM) were diluted into urea solutions of known concentrations and incubated for
1h. Subsequently samples were mixed with reducing gel loading buffer and analysed using SDS-PAGE.
Urea dissociation of aSN oligomers monitored using DCV] fluorescence: DVCJ was mixed with aSN
oligomer to final concentrations of 10 uM DCVIJ and 84 uM aSN, diluted into urea solutions of known
concentrations and incubated for 1h. The fluorescence emission spectra were measured from 480-650 nm
with excitation at 470 nm, 10 nm slit widths and a scan speed of 200 nm/min on a LS55 luminescence
spectrophotometer (Perkin Elmer Instruments). Three spectra were accumulated and averaged for each
sample. Concentrated urea solutions in water were prepared and then adjusted to desired concentrations with
water and 10x concentrated PBS buffer (200 mM phosphate, 1500 mM NaCl, pH 7.4).

Fitting of Dissociation Curves: SDS-PAGE band intensity was normalized within each gel. Fluorescence
spectra were parameterized by calculating an average emission wavelength ®, defined as:

W

<A>= ZZ(Fi)
A and F; are the emission wavelength and the corresponding fluorescence intensity at the i measuring point.
The dissociation curves were fitted to a two-state model using Kaleidagraph 4.0:
SM+SO10(m0‘M(_[de"]SO%J'[WE“]))
(mo—m(~[den]50%+[ureal))

Signal = 2)
1+10

Here Sy and Sp are the average signals of the monomeric and oligomeric states, [den]

concentration for which the fractions of folded and unfolded states are equal. The equations assumes a linear

relationship between the logarithm of the equilibrium constant and the denaturant concentration:
logKgenaturant — 1o gK4Water + my_ylurea] — (3)

Consequently, the equilibrium constant and free energy in the absence of denaturant can be calculated using

the following equations:

73
9% is the denaturant

logkyte" = —my_ylurea] 4)
ter _ t
AGp gy = 1.36logKpy ™" (5)
We emphasize that AGp g;g values are apparent values, since they assume slow conversion between

monomer and oligomer (which are separated during SDS-PAGE). SDS present in the running buffer appears
not to destabilize oligomers significantly, since the same monomer-oligomer distribution was obtained
independent of SDS up to 3% SDS (see Results).

pH stability: The aSN oligomers were diluted into buffer with pre-adjusted pH to obtain a final protein
concentration of 28 uM. The samples were incubated at room temperature for 24 hours and then analyzed
using SDS-PAGE. For pH 3-6. phosphate-citrate buffer was used (citric acid, dibasic sodium phosphate). For
pH 9-11, glycine-NaOH buffer was used, while PBS buffer was used for pH 6-9.
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Transmission Electron Microscopy (TEM): 10 uL of 0.5 mg/ml (35 pM) oSN in PBS buffer were
transferred to a 400-mesh carbon-coated, glow-discharged grid for 30 sec. The grids were washed twice with
a drop of doubly distilled water, stained with 1% uranyl acetate and blotted dry on filter paper. The samples
were imaged on a transmission electron microscope (Philips CM100 Bio, Philips/FEI Corporation,
Eindhoven, The Netherlands) operating at 80 kV.

Dynamic Light Scattering (DLS): DLS measurements were performed on a Zetasizer NANO ZS (Malvern
Instruments Ltd, Worcestershire, UK) instrument. The oligomers were scanned in disposable, solvent
resistant micro cuvettes (Malvern Instruments Ltd, Worcestershire, UK) at 28 uM (oSN monomer
equivalents). For each sample 5 repeats were acquired.

Small-angle x-ray scattering (SAXS): Data were collected and analyzed as described (Lorenzen et al.,
submitted).

RESULTS

The oSN oligomer is present from the beginning of the fibrillation process

We have previously by Small Angle X-ray Scattering (SAXS) shown that an oligomer is present in
freshly dissolved aSN and has disappeared as a separate soluble species by the time fibrillation is
completez. In principle this may be caused by either transformation to monomers, fibrils or higher
aggregates coexisting with amyloid fibrils. Here we examine the appearance of the aSN oligomer in
more detail by SEC analysis. The oligomer population is rather steady and remains relatively
constant over time. However the process is accompanied by a shift in the oligomers’ retention peak
centroid from 23 min at 1 h incubation to 22.5 min at 4 h incubation (Fig. 1A). After 4 h incubation
the retention time of the oligomer peak no longer shifts. This indicates that the oligomer grows
slightly in size with increasing incubation times up to 4 h. The fraction of larger aggregates, eluting
in the void volume of the column, also increases with incubation time (Fig. 1A insert).

The observed oligomer possesses a “doughnut”-shaped structure

The aSN oligomer, examined in the present work, resembles the annular shaped oligomer observed
in a previous study2. The obtained TEM of oSN wt oligomers reveals a characteristic doughnut
shape (Fig. 1B), with a diameter of 13.9 £ 1.6 nm. The morphology of the oligomer is not changed
by the concentration step in the purification of the oligomer (Fig. 2).

Table 1. SAXS analysis of dimensions and flexibility of wt, A30P, E46K and A53T aSN oligomers.

aS'N Dimensions (nm) Flexible fraction
variant A B C .
wt 10.34 +0.30 3.83 +0.30 4.26 +0.14 0.61 +0.05
E46K 10.99 +0.06 4.07 +0.06 4.20 +0.16 @ 0.53 +0.02
A30P 11.85 +0.12 4.39 +0.12 5.04 +0.44 0.51 +0.03
AS3T 12.05 +0.12 4.82 +0.12 5.06 +0.36 045 +0.02

We also investigate the structure of A30P, E46K and A53T aSN oligomers in comparison to wt
oligomers using SAXS (Fig. 1C, Table 1). Although the dimensions of the mutants are similar to
that of wt alSN, all mutants are significantly larger than wt, in the overall order E46K < A30P <
AS3T. At the same time, the fraction of flexible structure increases. Given that we have fixed the
number of monomer chains per oligomer in the aSN mutant models, the C dimension of the
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oligomer (Fig. 3) is linked to the fraction of flexible structure, rendering the two parameters
inherently difficult to determine. However, the A and B dimensions are independent of the number
of chains and clearly highlight the differences in sizes of the three aSN mutant oligomers (Fig. 1C,
Table 1).

DCV]J can be used as a probe for aSN oligomers

The oligomer identified in the early hours of the fibrillation process has previously been shown to
bind the dye 1-anilinonaphthalel-8-sulphonate (ANS), indicating an exposure of hydrophobic
surface in the oligomer69’70. However this dye is not oligomer specific as it also binds to aSN fibrils.
The dye 4-(dicyanovinyl)julolidine (DCVJ) has previously been used to detect prefibrillar
oligomers of transthyretin with great success’'. We here use DCVJ as a dye to detect prefibrillar
oligomers of aSN. The increase in the fluorescence signal of DCVIJ coincides with the occurrence
of oligomer, detected by SEC, during lag-phase and the exponential growth phase of aSN
fibrillation (Fig. 4A). While fibrillation reaction reaches a plateau, the DCVJ fluorescence signal
disappears. This indicates that DCVJ binds to an intermediate aSN species which appears during
the lag-phase and either disappears or rearranges during the fibrillation process. To further confirm
the specificity of DCVJ probe toward oSN oligomers, the fluorescence emission spectra of DCVJ in
the presence of various aSN species was recorded. The strongest signal was recorded in the
presence of aSN oligomers and verifies that DCVJ is specific for aSN oligomers (Fig. 4B).
Moreover the DCVIJ binding does not alter the secondary structure of the resulting fibril (Fig. 4C).
DCV]J can also be used as an oligomer specific probe for oligomers of aSN mutants A30P, E46K,
and A53T (data not shown).

Even significant change in pH and temperature do not alter aSN oligomer structure

We further investigate the stability of aSN oligomers (wt as well as mutants) over pH 2.5-11.
Remarkably, the oligomer remains equally stable to dissociation over this entire pH range,
indicating that titratable electrostatic interactions are not critical for oligomer stability (Fig. 5).

The thermal stability of the oligomer was tested using CD spectroscopy. Wavelength scans at 2 °C
intervals from 4 to 95 °C reveal no major rearrangement in the secondary structure of the aSN
oligomer (Fig. 6A). This indicates that the oligomer is thermally stable up to at least 95 °C. Thermal
scans of A30P, E46K and A53T aSN oligomers show identical thermal robustness (Fig. 6B). Even
differential scanning calorimetry, which allows us to scan up to up to 120 °C, shows no transitions
with ~0.4 mg/ml aSN oligomer (data not shown) . These data indicate that the aSN oligomer is
thermally stable up to 120 °C. Moreover the secondary structure of oligomer cooled down to 20 °C,
after heating to 100 °C, is the same as before temperature treatment (Fig. 6C), indicating that no
irreversible conformational changes occur.

aSN oligomers are highly resistant to dissociation by common denaturants

The thermodynamic stability of the aSN oligomer was tested using urea denaturation followed by
SDS-PAGE (Fig. 7A). The wt aSN oligomer have a dissociation mid-point of 5.2 £ 0.1 M urea

yielding an apparent AG 4t of 2.5 + 0.1 keal/mol (Tab. 2). The A30P and E46K mutants of aSN

present similar stability, while AS3T variant is slightly more protected against urea treatment (Fig.
7B, Tab. 2).

To ensure that the denaturation of the oligomer is not caused by the presence of SDS during gel
electrophoresis the stability of the oligomer against SDS was tested. Even in the presence of 3 %
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SDS the oligomer is still stable (Fig. 8). Furthermore the urea denaturation of the oligomer was
tested using DCVJ as a reporter probe. The obtained midpoint of denaturation (5.3 + 0.3 M urea)
and the AGp Zg‘g of 2.8 + 0.3 kcal/mol (Fig. 7C, Tab. 2) is consistent with the values obtained from
the SDS-PAGE analysis.

Table 2. aSN oligomer’s stability determined by urea denaturation using SDS-PAGE and (for wt)
DCVJ fluorescence.

Wt ? A30P* E46K * AS3T? wt (DCVJ]) "
mg.y ¢ -0.352  #0.019 -0.451 +0.028 0384 0.061 -0354 0.030 -0.507 +0.033
densyq, (M) © 5226 +0.073 4150 £0.068 5268 0201 5321 0.113 4472  0.063
logKo© 1.837 #0076 1.871 0.073 2.023 0210 1.883 0.116 2268 0.071

AGRosy 2499 0.103  2.545  £0.099 2752 #0285 2562 +0.158 3.084  =0.096

oSN oligomers do not revert to monomers over several days of incubation

To investigate how the oligomers are altered over time we have investigated their stability over
time. Overnight incubation at 4 °C show no reduction in the high membrane permeation potential of
oligomers (Fig. 9A). This indicates that the potential to interact with lipid vesicles did not change
by overnight incubation and that no dissociation occurs at such low temperature. We observe
similar results for sample incubated at increasing temperature (37 °C). According to SEC-based
quantification, the amount of aSN oligomer remains constant over 9 hours (Fig. 9B). This indicates
that over this period of time no significant dissociation of the aSN oligomer occurs. Furthermore
the prolonged incubation of aSN oligomers in presence of oligomer specific DCVJ shows no
changes in signal over almost 5 days, and therefore no dissociation to monomers is occurring (Fig.
9C). The SAXS data also indicate no dissociation of oligomers; rather, the oligomers increase in all
dimensions; the major A dimension increases more slowly than the other two, but they all increase
by ca. 50% over 1%z days (Fig. 9D, Table 3). Furthermore, the increase in intensity for low q values
(data not shown) indicates that aggregation occur.

aSN oligomer aggregates to larger structures with prolonged incubation

To verify that the oligomer indeed are still present in the sample after prolonged incubation at 37
°C, the morphology of the species present in the samples at various time points was examined by
TEM (Fig. 10). In the fresh sample, mostly round shaped species are observed with small amounts
of larger aggregates. After 3 days of incubation the oligomers start to associate, forming two types
of larger aggregates. The first type is highly populated and consists of worm-like structures,
consisting of agglomerated round-shaped oligomers (Fig. 11). The second type is made up of a
small amount of straight short fibrils. After 5 days, only few individual oligomers are seen in the
samples, and after this point only larger aggregates are observed. Interestingly, after one week of
incubation at 4 °C, no significant aggregation can be seen in the oligomer sample. Moreover the
aggregates after 5 days of incubation show the secondary structure to be identical to the one
observed for oligomers (Fig. 12). To further verify the self-association of the oligomer over time,
the size distribution of the species present in the oligomer sample was examined using DLS (Fig.
13). 3 major species are observed in the different samples, namely: small (diameter < 50 nm),
medium (diameter 50 nm — 500 nm) and large aggregates (diameter > 500 nm). Significantly, the
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diameter of the three different species does not change significantly, supporting our theory that the
oligomer does not dissociate but rather joins together to form larger aggregates, instead of the larger
aggregates being formed from monomers dissociated from the oligomers. Inspection of the volume
fraction of the individual species in the samples over time reveals that after 4 days of incubation the
small aggregates have disappeared. This is consistent with the results obtained using TEM imaging.
The medium aggregates are a transient species occurring in the samples at 2 to 4 days, peaking at 4
days of incubation after which the large aggregates dominate in the samples. Furthermore, DLS data
confirm that aSN oligomers incubated at 4 °C do not aggregate into larger aggregates but rather
remain oligomeric (Fig. 12C).

Table 3. SAXS analysis of the radius and flexibility of the wt oligomer during 34 hours of
incubation at 37 °C.

h::::l:a(tll:)m A Dlmens;;)ns () C Flexible fraction
1 10.34 +0.30 3.83 +0.30 4.26 +0.14  0.61 +0.05
3 11.27 +0.19 4.90 +0.19 5.06 +0.28 0.45 +0.03
5 11.75 +0.19 4.70 +0.19 5.12 +0.20 0.51 +0.03
7 12.05 +0.20 5.02 +0.20 5.48 +0.28 0.48 +0.03
9 12.19 +0.20 5.30 +0.20 5.92 +0.36 0.46 +0.02
11 13.13 +0.17 5.25 +0.17 5.78 +0.26 0.46 +0.02
13 13.28 +0.15 5.31 +0.15 6.04 +0.26 0.46 +0.02
15 13.78 +0.19 5.30 +0.19 5.90 +0.26 0.47 +0.02
17 13.93 +0.17 5.16 +0.17 5.78 +0.20 0.49 +0.02
19 14.31 +0.15 5.30 +0.15 6.02 +0.20 0.47 +0.02
21 14.82 +0.15 5.11 +0.15 5.76 +0.14 0.50 +0.02
23 14.31 +0.19 5.11 +0.19 5.80 +0.18 0.51 +0.03
25 14.36 +0.18 5.32 +0.18 6.10 +0.22 0.48 +0.02
27 15.06 +0.16 5.38 +0.16 6.04 +0.20 0.47 +0.02
29 14.59 +0.16 5.21 +0.16 6.00 +0.18 0.50 +0.02
31 14.95 +0.18 5.34 +0.18 6.14 +0.22 0.48 +0.02
33 15.57 +0.16 5.56 +0.16 6.22 +0.22 0.45 +0.02

DISCUSSION

oSN oligomers can be detected by DCV] fluorescence

There are few known florescent probes that can be used to detect aSN fibrils in addition to the
common ThT’2. ANS has been used both to detect fibrils’>"* and oligomers69’7o. Fluorescence
polarization, when combined with a suitable amyloid dye, allows monitoring of fibrillization
process and detection of oligomeric species75 . Conformational specific antibodies may also be
used’® but remain impractical for real-time measurements. However we have found that DCVJ
fluorophore, which was previously used for detection of TTR aggregates62, can be used as probe for
detecting aSN oligomers. DCVJ is a molecular rotor containing a fluorescent julolidine and
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intrinsic di-cyano group responsible for self-quenching. This type of quenching makes it sensitive to
intrinsic rotational relaxation, which is decreased upon binding to aggregated species. DCVJ has
higher specificity against aSN oligomers than fibrils and shows little flouresecens with aSN
monomers. This phenomenon may be caused by intercalation of DCVJ molecule into the oligomer
cavity, leading to a greater decrease in intrinsic rotational relaxation than upon binding to fibrils.
Importantly, DCVJ does not appear to alter the secondary structure or stability of oligomeric aSN
species upon binding, making it a valid probe for future studies.

The oligomer appears during lag phase in the fibrillation process

TEM images and SAXS studies reveal a aSN with the same round shape as the previously
described doughnut shaped oligomers”. SEC and DCVJ fluorescence indicate that the oligomer is
present in the fibrillating sample during the lag phase and exponential growth phase. We are not
able to detect the oligomers after the fibrillation process has reached a plateau, which might suggest
that they are intermediate species in fibril formation. However, further aggregation steps will affect
both SEC (due to limits in aggregate size that can enter the filtration resin) and DCV]J fluorescence
(due to depletion of binding sides). Therefore the drop in the signal might also occur due to the
assembly of larger species or formation of amorphous aggregates. Interestingly, DCV]J fluorescence
peaks at 5 h, possibly because it does not bind to the initial oligomeric species, but rather to the
form that exhibits shifted retention time as observed using SEC analysis during fibrillation process.
aSN oligomers assembly into larger aggregates and do not revert to monomers

To further investigate the disappearance of oligomer during fibrillation process, we have
investigated their behavior after isolation. The short incubation for up to 24 hours, both at 4 °C and
37 °C, does not change the membrane permeabilization properties of oligomers or dissociate them
into monomers as shown by SEC and DCV] fluorescence. Nor do we observe a decrease in DCVJ
signal upon incubation of oligomers at 37 °C for 5 days. However, DLS and TEM reveal that larger
aggregates are formed during incubation in 37 °C. Initially only round-shaped oligomers are
observed. After around 3 days we see the appearance of worm-like structures which appear to be
linearly associated oligomers. A small amount of straight short fibrils is also present, suggesting the
existence of other type of oligomers which gives rise to fibrils. After 5 days of incubation only large
clusters of described worm-like aggregates joined with small amount of fibrils are observed.
Interestingly, when oligomers are incubated in 4 °C for 7 days no aggregation was observed,
suggesting that the process is highly dependent on temperature. Additionally the SAXS analysis
revealed that during incubation at 37 °C, the oligomer dimensions increase with subsequent
decrease of flexible fragment. This behavior is probably caused by either aggregation of oligomers
or some internal rearrangements which are enhanced by increased temperature and therefore not
observable at 4 °C. Taken together the data suggest that once the oligomers are formed they do not
dissociate into monomers and form bigger aggregates.

oSN oligomers are very stable structure and are not easily altered by changes in environment
Our data demonstrate that SN oligomers are far more stable than one would expect for partially
folded aggregated states with extensive amounts of denatured structure. Neither heating to extreme
temperatures nor significant change in pH were able to dissociate the oligomers back to monomers
or even modify their structure as oligomers. They are not affected by reducing conditions used
during SDS-PAGE and even pre-incubation in up to 3 % SDS was not able to dissolve or alter the
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structure of oSN oligomers. Furthermore, the oligomers are also quite resistant to urea;
concentrations in excess of 5 M are needed to reach the midpoint of dissociation to monomers,
while the AGY ey of 2.5 keal/mol is around half of the average unfolding free energy observed for
single domain proteins77 and a third of elongation free energy observed for aSN fibrils’®.
Oligomers’ neuronal toxicity’**® make them an extremely important target for treatment of PD.
The very high stability of oSN oligomers indicates that drug development should be aimed at
surface passivation or inhibition of their formation rather than simple structure disruption, as is
confirmed by previously reported inhibition of aSN oligomers’ toxicity by compounds like

curcumin’’, geldanamycin (and its derivatives)**** and EGCG**®*.
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Figures and tables descriptions

Figure 1. Appearance and shape of aSN oligomers. (A) Appearance of oligomer during the first few
hours of fibrillation process analyzed by SEC. (B) Quantitation of observed aggregates. Initially
only oligomers and small amount of larger aggregates are observed, while after around 6 hours
quantity of larger aggregates start to increase. (C) TEM image of aSN oligomers, showing
doughnut-shaped structures with diameter around 13 nm. (D) SAXS spectra of wild type, A30P,
E46K and A53T aSN oligomers show no significant difference in structure of oligomers formed by
different variants of aSN.

Figure 2. SEC-MALS analysis of the concentration step on aSN oligomers . (A) Absorbance at 214
nm. (B) Backscattering signal at 90°.

Figure 3. SAXS based model of aSN oligomer. A and B are the dimensions of the rigid oligomer’s
core, while C represents the thickness of flexible outer region of structure.

Figure 4. DCV]J binding to aSN species. (A) aSN fibrillation followed by ThT and DCVJ, showing
the binding of DCVJ to intermediate aSN species. (B) Analysis of DCVJ fluorescence signal
intensity upon binding to aSN monomers, oligomers and fibrils. (C) FTIR analysis of aSN fibrils
prepared with ThT and DCV].

Figure 5. Stability of wt, A30P, E46K and A53T aSN oligomers between pH 2.5 and 11. Data are
presented as a ratio of oligomer quantity in analyzed pH to oligomer amount in pH 7.5. For each
data column, an average of triplicates is shown with standard deviation on error bars.

Figure 6. Thermal stability of aSN oligomers. (A) CD wavelength scans from 4 °C to 96 °C taken
every 2 °C. No significant change in spectra suggest no disruption of oligomer’s secondary
structure. (B) CD thermal scans form 20 °C to 95 °C of wt (black), A30P (blue), E46K (red) and
AS3T (green) aSN oligomers. Normalized signal at 218 nm is shown. For each variant of aSN the
average of triplicates is shown with standard deviation on error bars. (C) CD wavelength scans of
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wt aSN oligomers before heating to 100 °C (black), at 100 °C (red) and after cooling back to 20 °C
(blue).

Figure 7. Dissociation of aSN oligomer using urea. (A) Example of an SDS-PAGE gel image
showing decreaseing oligomer band intensity with increasing urea concentration. (B) Oligomer
band intensity (left Y axis) and lambda value, obtained from DCVJ fluorescence scans (right Y
axis), plotted versus urea concentration (points) and fitting to two-state dissociation model (lines)
for wt, A30P, E46K and A53T aSN oligomer.

Figure 8. Stability of wt aSN oligomer with increasing SDS concentration. For each data column
the average of triplicates is shown with standard deviation on error bars.

Figure 9. Stability of wt aSN oligomers over time. (A) Calcein release from phospholipid vesicles
by oligomers at time zero after preparation (circle) and after 24 hours of incubation (crosses). (B)
SEC analysis of oligomer sample during 8 hours of incubation presented as intensity of oligomer
peak on chromatogram. (C) DCV] fluorescence analysis of oligomers incubated in 37 °C for 5 days.
(D) Oligomer dimensions obtained from SAXS analysis of oligomers incubated at 37 °C for 34
hours.

Figure 10. TEM imaging of wt aSN oligomers incubated at 37 °C for one week. Samples were
imaged every 24 hours. In addition the sample incubated for one week in 4 °C is presented.

Figure 11. Magnification of worm-like aggregates formed by doughnut-shaped aSN oligomers.
Figure 12. Comparison of secondary structure of oligomers and aggregates formed by oligomers
using (A) CD and (B) FTIR.

Figure 13. DLS size distribution of wt aSN oligomers incubated at 37 °C for one week. Samples
were analyzed every 24 hours. In addition the sample incubated for one week in 4 °C is presented.
Observed aggregates are divided into three sections: small (diameter < 50 nm), medium (diameter
50 nm — 500 nm) and large aggregates (diameter > 500 nm). In addition on a pie charts the fractions
of each type of aggregate are presented.
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Figure 7
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Figure 10
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Figure 13
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