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Oligomeric and protofibrillar aggregates that are populated along
the pathway of amyloid fibril formation appear generally to be more
toxic than the mature fibrillar state. In particular, a-synuclein, the
protein associated with Parkinson’s disease, forms kinetically
trapped protofibrils in the presence of lipid vesicles. Here, we show
that lipid-induced a-synuclein protofibrils can convert rapidly to
mature fibrils at higher temperatures. Furthermore, we find that
p-synuclein, generally considered less aggregation prone than
a-synuclein, forms protofibrils at higher temperatures. These findings
highlight the importance of energy barriers in controlling the de novo
formation and conversion of amyloid fibrils.

The misfolding and aggregation of normally soluble proteins
into insoluble amyloid deposits is associated with a wide range
of devastating neurodegenerative diseases.'” Amyloidogenic
proteins, including the amyloid-B-peptide (AB42) and a-synuclein,
the aggregation of which has been associated with Alzheimer’s and
Parkinson’s diseases, respectively, have been found to populate a
range of intermediate species prior to the formation of mature
amyloid fibrils.* These intermediate species include oligomers and
protofibrils, and are proposed to be more toxic than mature fibrils
and to induce the disruption of cell membranes.*>

Unlike AB42, a-synuclein is intrinsically highly kinetically
stable in its monomeric form in solution, in the absence of
existing aggregates,®’ suggesting a high free energy barrier that
determines the rate of the homogeneous primary nucleation step.
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Under quiescent conditions, for example, no fibril formation
can be detected by Thioflavin-T (ThT) fluorescence even when
a-synuclein is incubated at concentrations above physiological
levels (40-45 UM in synaptic terminals®) and well above the
critical aggregation concentration (0.7-2.7 uM in solution®'?)
for 5 days.” The presence of specific interfaces, however, such
as air/water,"" polystyrene/water,'>"® detergent/water'*"® and
lipid/water”"'*'® have been found to induce the rapid aggregation
of a-synuclein, and indeed mechanical agitation is often used in
experimental studies and can result in observable fibril formation
within hours.’®'”'® Under well controlled solution conditions, a
number of specific aggregated species ranging from spherical
oligomers'® to lipid-induced protofibrils’ could be studied in
their kinetically trapped states. In the latter example, negatively
charged model membranes have been shown to induce the
aggregation of o-synuclein into protofibrillar structures
which appear to not convert further at a detectable rate even
in the presence of high micromolar concentrations of soluble
a-synuclein.” However, these protofibrillar structures were
found to convert into mature fibrils after sonication” or through
secondary processes.”®

Protofibrils, which are morphologically distinguished from
mature amyloid fibrils, have been shown to have distinct kinetic
properties, including a reduced tendency to act as templates for
further growth.”>** The kinetics of conversion from protofibrillar
to fibrillar species of o-synuclein have not yet been well char-
acterised and, as in other systems,*” this may be a critical step in
the self-replication and proliferation of aggregates.

In the present study, we explore the conditions for the
aggregation of a-synuclein in the presence of lipid membranes
in order to investigate the conditions under which the lipid-
induced protofibrils are able to convert into mature fibrils such
as those observed under shaking conditions in aqueous solution.
In particular, we incubated a-synuclein in the presence of small
unilamellar vesicles (SUV) prepared with 1,2-dimyristoyl-sn-
glycero-3-phospho-1-serine (DMPS) at temperatures ranging from
30 °C (Fig. 1a) to 60 °C (Fig. 1b). In agreement with previous
results,””**>> monomeric o-synuclein readily forms ThT-positive
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Fig. 1 Lipid-induced aggregation of a-synuclein and B-synuclein at 30 and
60 °C. (a and b) Changes in ThT fluorescence when 100 pM a-synuclein (red)
or B-synuclein (green) were incubated in the presence of 100 uM DMPS
under quiescent conditions at pH 6.5 and 30 °C (a) or 60 °C (b). The scale
bars on the AFM images correspond to 500 nm.

protofibrillar structures at 30 °C (Fig. 1a, upper inset). These
protofibrils have a diameter of 3.8 + 0.3 nm, as determined from
the height profiles obtained from Atomic Force Microscopy
(AFM) images in air, and an average length of 167 + 62 nm.’
At 60 °C (Fig. 1b), however, we observed a biphasic increase in the
ThT-fluorescence intensity, characterised by the presence of two
well defined plateau regions and AFM images of samples taken
at the second plateau phase reveal the presence of mature
a-synuclein fibrils, with a diameter of 8.5 + 1.9 nm and a
greatly increased average length (1.5 £+ 0.5 pm). These results
show that an increase in the temperature induces a conversion
of lipid-induced a-synuclein protofibrils into mature fibrils.

Interestingly, such an increase in temperature also led to the
formation of a mixture of lipid-induced protofibrils and mature
fibrils by B-synuclein, a homologous protein of a-synuclein.
Invivo, B-synuclein is expressed at the same location (e.g: synaptic
termini) and at similar levels as o-synuclein® but it has a lower
propensity to aggregate both in vivo and in vitro. B-synuclein
has been shown to form proteinase K-resistant aggregates in
dopaminergic neurons in rats*® but reproducing fibril formation
under controlled conditions in vitro has remained challenging.
Under shaking conditions, the presence of metals (Zn>", Pb** and
Cu*"),”” SDS micelles*® or mildly acidic pH (5.8),>° has, however,
been found to induce the aggregation of f-synuclein. Our results
show that an increase in temperature is sufficient to overcome
the high kinetic barrier to the formation of amyloid fibrils by
B-synuclein in the presence of SUV but in the absence of metals,
micelles or acidic pH. Unlike a-synuclein, B-synuclein was found
to form a mixture of protofibrils and mature fibrils at 60 °C and
therefore not to have reached the equilibrium state. As a result,
we chose to investigate in more detail the influence of increasing
temperatures on the mechanism of lipid-induced aggregation of
a-synuclein only, as this system reaches equilibrium within the
time scale of our experiments at 60 °C.

First, we investigated the effects of changes in both the
protein (Fig. 2a, ¢ and e) and lipid concentrations (Fig. 2b,
d and f) on the rate of amyloid fibril formation by a-synuclein
(Fig. 2c and d) as well as on the quantities of fibrils that formed
at 50 °C (Fig. 2e and f). This temperature was chosen because it
allows a more quantitative analysis of the aggregation mixture
at the end of the experiments, as sample evaporation is reduced
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Fig. 2 Characterisation of a-synuclein aggregation kinetics in the presence
of DMPS at 50 °C. (a and b) Changes in ThT fluorescence when increasing
concentrations of a-synuclein were incubated in the presence of 100 uM
DMPS (a) or when 100 puM a-synuclein was incubated in the presence of
increasing concentrations of DMPS (b). (c-f) Changes in the lag times of the
reaction of amyloid formation (c and d) or the concentration of fibrils formed
after 60 h (e and f) with increasing concentrations of a-synuclein (c and e) or
increasing concentrations of DMPS (d and f).

relative to higher temperatures. The lag-time of the second,
large increase in ThT fluorescence of the aggregation reaction
was found to decrease to a small extent with increasing initial
concentrations of a-synuclein monomer (Fig. 2c) but to larger
extent with increasing initial concentrations of DMPS (Fig. 2d).
The final concentrations of fibrils, determined using UV absorbance
measurements (see ESIt for more details), were observed to increase
strongly with increasing initial concentrations of soluble a-synuclein
(Fig. 2e) but less so with the initial concentrations of DMPS (Fig. 2f).

AFM analysis of the reaction mixture at the end of the
aggregation reaction shows that the major species that o-synuclein
forms at this temperature are amyloid fibrils of 2.0 & 0.8 um in
length and 5.6 + 0.3 nm in height (Fig. 2a (inset) and Fig. S1,
ESIt). The fibrils formed at 50 °C are therefore intermediate in
thickness between those formed at 30 °C and those formed at
60 °C. In what follows, we refer to the two types of fibrils
mentioned above as ‘“protofibrils” for the thinnest curly fibrils
formed at 30 °C (see inset Fig. 1a, AFM image in red square) and
“mature fibrils” for all significantly thicker fibrils formed at
temperatures of 50 °C and above (see inset Fig. 1b, AFM image
in red square and inset Fig. 2a). Overall, these results suggest
that the process of lipid-induced protofibril formation differs
from that of the lipid-induced mature fibril formation. In
particular, we find that the determining factor of mature fibril
mass at the end of the reaction is the initial concentration of
monomeric protein, as observed for most amyloid proteins,'®
whereas it is the concentration of DMPS vesicles in the case of
protofibril formation.” Moreover, our results suggest the possibility
that, under quiescent conditions, an increase in temperature is
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Fig. 3 Aggregation of a-synuclein in the presence of DMPS vesicles measured
using a temperature jump from 30 °C to 50 °C. Changes in ThT fluorescence
when 100 puM a-synuclein was incubated in the presence of O (yellow), 100
(green), 200 (orange) or 500 uM DMPS (red) under quiescent conditions at pH
6.5. The solutions were first incubated at 30 °C until the ThT fluorescence
reached a plateau, and then the temperature was increased to 50 °C. The AFM
images show the morphology of the fibrils formed at the plateau phase at 30 °C
(left) and at 50 °C (right) and correspond to the reaction mixtures when 100 pM
a-synuclein was incubated in the presence of 100 (top), 200 (middle) or 500 uM
DMPS (bottom). The scale bars on the AFM images correspond to 500 nm.

already sufficient to overcome the activation energy for the
formation of mature fibrils and that mechanical action is not
necessarily required.

We used sequential temperature jump experiments to investigate
whether or not there is direct conversion between a-synuclein proto-
fibrils and mature fibrils along the aggregation time course. These
aggregation experiments were performed at 30 °C until the ThT-
fluorescence reaches a plateau, at which point the temperature was
increased to 50 °C (Fig. 3). AFM analysis of the reaction mixture at
the plateau phase at 30 °C, before the change of temperature, shows
the presence of protofibrils (Fig. 3) with a diameter of 3.8 £+ 0.3 nm
(as calculated from AFM height profiles). At this stage, 10 (green
curve Fig. 3), 20 (orange curve Fig. 3) and 50 (red curve Fig. 3)
UM monomeric protein had been converted into protofibrils in the
presence of 100, 200 and 500 M DMPS, respectively, as determined
using UV absorbance measurements (see ESIT for more details).
When the temperature was switched to 50 °C, the value of ThT-
fluorescence first decreased, a process that we attributed to a change
in the ThT quantum yield due to the change in temperature,* and
then increased very substantially until it reached a second plateau
(Fig. 3). At this plateau phase, the fibril concentration reached a
value of 80 uM for the different initial DMPS concentrations. AFM
analysis of the reaction mixture at this second plateau phase shows
the presence only of mature fibrils of several microns in length and
a diameter of 5.6 = 0.7 nm. The ThT fluorescence intensity in the
presence of protofibrillar species at 50 °C, ie. right after the
temperature increase, was found to be 100 + 19 units per pM of
fibril in our particular fluorescence experiment, while ThT bound to
mature fibrillar species formed over time had a fluorescence
intensity of 564 &+ 115 units per uM of fibrils (as measured under
identical experimental conditions). We observed a similar increase
in the intensity of the ThT fluorescence when the reaction mixture
evolved from lipid-induced protofibrils to mature fibrils in the
case of the C-truncated variant AS 1-103.%° This change in ThT
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fluorescence efficiency may be attributable to a change in the
bound conformation or fluorescence quantum yield of ThT*°
due to fibril maturation, which could be linked to a higher
degree of ordering in the mature fibrils or enhanced higher
order assembly of fibrils.>* a-synuclein was not found to form
ThT-active fibrillar species when incubated in the absence of
DMPS SUVs at 30 and 50 °C (yellow curve Fig. 3), confirming
that the presence of lipid-induced protofibrils is required for
the formation of mature fibrils under these conditions (quiescent
and non-binding plate surfaces).

The observation that, even at elevated temperatures, the
aggregation curves of a-synuclein in the presence of lipids show
biphasic behaviour prompted us to probe the temperature
dependence of the initial step, the formation of protofibrils.
We studied the kinetics of the initial phase of the lipid-induced
aggregation, which includes both primary nucleation and elongation
of a-synuclein protofibrils, at temperatures ranging from 25 to 60 °C
(Fig. 4a). We observed that the lag phase decreases with increasing
temperature. In order to obtain quantitative information on the
kinetic barriers associated with the lipid-induced protofibril
formation, we analysed the early times of the aggregation curves
using a one-step nucleation model, as described previously.”*>
In particular, we carried out a global fit of our kinetic data
measured at temperatures ranging from 25 to 60 °C using one free
parameter, kk,, the combined rate constants of the nucleation
and elongation steps (inset Fig. 4a). Using the values of k,k.
determined from our fits, we then determined the activation
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Fig. 4 Temperature dependence of a-synuclein lipid-induced protofibril
formation. (@) Change in the ThT fluorescence when 100 uM free a-synuclein
were incubated in the presence of 100 uM DMPS SUVs under quiescent
conditions at pH 6.5 and at temperatures ranging from 20 to 60 °C. Data are
normalised to initial plateau value. Inset: Fit of the early time points of the
aggregation curves to a one-step nucleation model” using AmyloFit>® with
n = 0.25 and Ky = 125 puM (as determined previously’?*%%) (MRE = 5 x

1075 M72). (b) Plot of In(k.k,) against 7 The data were fitted to a linear

equation using AmyloFit*®* (c) Schematic free energy diagram for the
conversion of monomeric a-synuclein to mature fibrils suggested by the
data in the present study.
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energy, E,, of the combined primary nucleation and elongation

—E,
reaction using the Arrhenius equation, k,k. = AeRT , where A is
the pre-exponential factor, R the gas constant and T the absolute
temperature in Kelvin (K). The plot of In(k,k,) versus 1/T gives a

_Ea . .
slope equal to R which was then used to determine the sum of

the Arrhenius activation energies of lipid-induced nucleation and
elongation, E, = Ex" + E, and hence approximately the corres-
ponding activation enthalpy, E, & AH* of 115 + 3 k] mol~*. This
value for the combined barrier for nucleation and growth is
approximately twice the value of that determined for the
elongation of mature fibrils from seeded experiments.®?> It is
interesting to note that the nucleation step appears to involve
an enthalpic barrier similar in magnitude to that for the
elongation step, despite the fact that the nucleation step is
likely to involve a substantial change in secondary structure,
from the o-helical membrane-bound state” to the B-sheet rich
amyloid state. It has been reported previously that the enthalpic
part of the free energy barrier for fibril growth correlates with
the extent of secondary structure in the monomeric precursor,*”
a finding that is likely to apply also to the nucleation step, with
the addition that the structural rearrangement needs to occur in
more than one molecule simultaneously.

Characterising the kinetic barriers for the individual micro-
scopic processes involved in amyloid formation, and their
dependence on a range of parameters, is crucial in developing
a fundamental understanding of how o-synuclein aggregates in
disease. In this study, we have described a temperature dependent
switch from protofibrils, the formation of which is limited by the
quantity of lipids added to the system,” to a more mature state in
which the extent of fibril formation is governed by the total
concentration of protein. We propose that the temperature change
enables the a-synuclein-lipid system to convert from the metastable,
protofibrillar state and overcome the kinetic barrier corresponding
to the formation of mature fibrils. Our study provides insights
into the basic mechanisms of lipid-induced fibril formation by
a-synuclein and elucidates the relationship between protofibrils
and mature fibrils.
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