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30 ABSTRACT

33 The formation of amyloid fibrils of a-synuclein (aSyn), the key protein in Parkinson’s
disease, is an autocatalytic process that is seeded by mature aSyn fibrils. Based on systematic
36 measurements of the dependence of the fibril growth rate on the concentrations of monomers
38 and preformed fibrillar seeds, we propose a mechanism of aSyn aggregation that includes
monomer binding to fibril ends and secondary nucleation by fibril breaking. The model
41 explains the increase of the aSyn aggregation rate under shaking conditions and the
43 exponential increase in the fraction of fibrillar protein at the initial stages of aSyn
aggregation. The proposed autocatalytic mechanism also accounts for the high variability in
46 the aggregation lag time. The rate constant of monomer binding to the ends of fibrils,
48 k:~1.3 mM s, was estimated from the aggregation rate and previously reported average
fibril lengths. From the aggregation rates at low concentrations the binding of monomeric
51 aSyn to fibrils was found to be almost irreversible, with an equilibrium dissociation constant

53 (Kg) smaller than 3 uM.

56 KEYWORDS: Amyloid, aggregation, mechanism, autocatalytic reaction, kinetics.
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INTRODUCTION

a-Synuclein (aSyn) is a 140 residue long intrinsically disordered protein that plays a key
role in Parkinson's disease. It is highly expressed in the brain'? and is predominantly
localized at neuronal terminals.'” Individuals having either additional copies of the gene
coding for aSyn or disease-related single amino-acid substitutions in aSyn* have an increased
risk to develop Parkinson’s disease. Neurons affected by the disease present characteristic
inclusions rich in aSyn amyloid fibrils.

Amyloid fibrils exhibit ordered cross [-sheet structure and are generally
thermodynamically more stable than their respective monomers. At high protein
concentrations fibrils form spontaneously’ and grow several microns long®. For many
amyloid proteins, including 0tSyn,7’8 fibrils grow by sequential binding of monomers to fibril

0

ends. New amyloid fibrils can be formed by several mechanisms™'® including monomer

12,13 o . 14
> or monomer-fibril interactions.

oligomerization,'" fibril breaking

The aggregation kinetics of aSyn is sensitively dependent on solution conditions® and is
characterized by a very low sample-to-sample reproducibility of lag times. Under shaking
conditions aSyn aggregates much faster than in quiescent conditions."” Interaction of aSyn
with surfaces'® or the air-water interface'” can increase the rate of initial aggregate formation
but does not change the general autocatalytic kinetic behavior."® The mechanism of aSyn
aggregation has been the subject of numerous studies”*'”'? but the rate-limiting steps and the

role and nature of intermediates'® >

are not well understood. Therefore, in biophysical studies
the aggregation of aSyn is mostly described by empirical parameters, namely the lag time and
the observed exponential growth rate.”> Generalized analytical descriptions of amyloid fibril

. . . 23.24 . . .
formation kinetics were recently proposed ™" but no particular mechanism was assigned to

oSyn aggregation.®
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In this work we aim to arrive at a quantitative description of seeded and unseeded
aggregation of aSyn under both quiescent and shaking conditions, and to shed light on the
details of the aggregation mechanism. We first explore the dependence of the aggregation
rate of aSyn on the concentration of seeds and monomers and demonstrate that fibrillization
occurs by reversible addition of monomers to fibril ends. Second, by varying protein
concentration and shaking conditions we found that new fibrillization centers are formed
predominantly by a fibril breaking mechanism. Finally we show that the rate constant of fibril
elongation can be calculated based on the measured kinetic parameters and the average fibril
length. This rate constant quantifies the fibrillization propensity and, in contrast to the lag
time, is not sensitive to the agitation conditions. The fibril elongation rate constant has the
potential to be a useful figure of merit in characterizing the details of aSyn amyloid growth

mechanisms and in assessing the effect of inhibitors on amyloid fibril growth.zs’26

EXPERIMENTAL METHODS
aSyn expression and purification

Protein preparation and purification was performed as described earlier.”’” Briefly, expression
was performed in E.coli BI21(DE3) transformed with the pT7-7 plasmid carrying the wt
aSyn gene. Culturing in LB medium with 100 pg/ml ampicillin. After IPTG induction
(1 mM, 4 h) bacterial cell pellets were harvested by centrifugation (6000 x g, 10 min) and
resuspended in 10 mM Tris—HCI, pH 8.0, 1 mM EDTA and 1mM PMSF (10% of the culture
volume) and stirred for 1 hour at 4 °C. Cells were lysed by sonication for 2 min and

centrifuged (10000 x g, 20 min, 4 °C).

DNA was precipitated by adding streptomycin sulfate (1%, 15 min, 4 °C) and removed by
centrifugation at 13500 % g for 30 min. Then aSyn was salted-out from the solution by slow

addition of 0.295 g/ml of ammonium sulfate and mild stirring for 1 hour at 4 °C. Precipitated
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protein was collected by centrifugation (13500 x g, 30 min, 4 °C). The pellet was gently
resuspended in 10 mM Tris—HCI, pH 7.4 (5% of the culture volume) and filtered through a
0.22 um filter. The solution was purified on a 6 ml ResourceQ column using an Akta Purifier
system (GE Healthcare). The protein was eluted using a linear gradient of NaCl (0-500 mM)
in 10 mM Tris—HCI, pH 7.4 at a flow-rate of 3 ml/min. Collected fractions were checked for
aSyn using SDS-PAGE. Fractions containing aSyn were pooled and concentrated (Vivaspin-
20, 10 kDa; GE Healthcare). The sample was desalted with a PD-10 column (GE Healthcare)
using 10 mM Tris—HCI pH 7.4 and diluted with Tris—HCI, pH 7.4 to a concentration of 250
uM. Aliquots of 0.5 ml were stored at —80 °C. Protein concentration was determined by the

Tyr absorption at 275 nm using £=5 600 M cm™.

Kinetic measurements
Aggregation experiments were performed using a Tecan Infinite M200pro plate reader and
monitored by Thioflavin T (ThT) fluorescence. All experiments were performed at 37 °C,
with shaking (orbital, 6 mm amplitude, 142 rpm) in 96-well plates ("Nunc", Thermo Fisher
Scientific) sealed with film ("Viewseal" Greiner Bio One) to avoid evaporation, using a
volume of 125 pL per well. The final solution used for aggregation contained 6 mM Na-PO4
buffer at pH 7.2, 150 mM NaCl, 9 mM NaN3;, ]| mM EDTA (to remove divalent ions bound
to aSyn), and 5 uM ThT (= 5% of aSyn concentration). Protein concentration was 100 uM

unless otherwise indicated.

Fluorescence of ThT was recorded from the bottom of the plate. Excitation was at 446 nm,
emission at 485 nm, excitation and emission slits were 9 and 20 nm, respectively.
Dependence of the final ThT signal on the initial aSyn concentration was linear for aSyn

concentrations in the range 10-50 uM.
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During experiments in quiescent conditions ThT fluorescence was read every 600s. Under
shaking conditions measurements were performed every 370 s (300 s shaking and 70 s
reading time). To quantify the effect of shaking on the aSyn aggregation we monitored it
with constant time step but varied the fraction of time between measurement points during
which the protein solution was shaken. The shaking time fraction, in contrast to changing the
shaking amplitude or speed, should linearly correlate with the average number of fibril
breaking events per second. For the shaking time fraction experiments 370 s measurement
cycles included 70 s reading and variable shaking and quiescent times (for example shaking

time fraction 0.28 means that during the 370s cycle, the sample was shaken for 120 s).

Seeds were prepared by combining three to five separately aggregated 100 uM aSyn samples
that had reached the plateau of ThT fluorescence (mentioned in the text as “intact fibrils™)
and the concentration was assumed to be equal to the initial protein concentration. For
preparation of “sonicated seeds” 200 to 500uL of the stock fibril solutions prepared as above
were placed in 1.5 mL Eppendorf tubes and sonicated for 300 s in a water bath sonicator
(VWR 75D ultrasonic cleaner, power 90W, bath volume 2.5L), without filtration or other
contact with external material. All mixing was performed within 15 min before the start of
measurements. When possible, samples were prepared by serial dilutions with seeds added

just before the pipetting into separate wells.

The initial aggregation rate was determined by measuring the increase of the ThT signal
within the first 3000 s of the measurements and then converted to pM s using the intensity
of ThT fluorescence for completely aggregated 50 uM aSyn. Measurements were typically
started ~15 min after adding seeds to the protein solution. The aggregation rate in the
exponential part of the curve (kgxp) was determined as the rate of increase of the logarithm of
ThT fluorescence intensity, using the range corresponding to monomer conversion below

30%. kgxp=(In(0.3)-In(0.02))/(t309-t205) Where t3go, and tyo, are the times needed for 30% and
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2% monomer conversion to fibrils respectively. For experiments with >1 mol.% of seeds, we

used t3ge, and tse,.

RESULTS AND DISCUSSION

Aggregation of aSyn is an autocatalytic process. To monitor the formation of aSyn
fibrils we added to the protein solution Thioflavin T (ThT), a commonly-used reporter dye
that shows an increase in fluorescence upon binding to amyloids.”® In accordance with
numerous previous reports, we observe sigmoidal aggregation curves (Figure 1a). After a lag
time, the fluorescence intensity starts to grow exponentially and subsequently slows down
upon monomer depletion. Addition of a small amount (1 mol.%) of aSyn fibrils to the
solution of protein monomers ("seeding") abrogates the lag time (Figure 1a) and strongly
increases the initial fibrillization rate. In the absence of seeds, after the lag time the fraction
of fibrillized aSyn increases exponentially up to ~30% conversion of the monomer (Figure
la, lower panel). Such behavior could be explained by an autocatalytic process where the rate
of the fibrillization is proportional to the amount of formed fibrils. Exponential growth of the
fibrillar protein fraction and seeding of the aggregation by preformed fibrils is observed both
with shaking and non-shaking (quiescent) conditions (Figure S3a), showing that fibril-
dependent acceleration of aggregation is a key part of the aSyn fibrillization mechanism.

aSyn fibrils grow by monomer addition to fibril ends. Since aSyn fibrillization is
autocatalytic and depends strongly on the concentration of fibrils we first studied the
elongation of aSyn amyloid fibrils in the presence of a known amount of pre-formed fibrils
(“seeds”). We measured the dependence of the initial aggregation rate on the concentration of
monomer and of seeds.

When seeding conditions are constant the aggregation rate increases linearly with monomer

concentration (Figure 1b). Since the fibril growth rate is linearly proportional to the aSyn
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concentration, fibril elongation mostly occurs by binding of monomeric aSyn and not of
protein oligomers.

At fixed monomer concentration the initial aggregation rate is linearly proportional to the
concentration of seeds (Figure 1¢). We compared seeding efficiencies of intact equilibrium
fibrils and of the same weight concentration of sonicated fibrils. Upon sonication, intact
fibrils with average lengths of about 1 pm break into shorter fibril fragments of
approximately 50 nm (see Figure S4). Short sonicated fibrils were about 25-fold more
efficient than long intact fibrils at the same weight concentration (Figure 1d, Figure S4)
pointing to the dependence of the reaction rate on the concentration of fibril ends.

Therefore, the rate of fibril elongation is k[ M][E], where [M] and [E] are the
concentrations of monomers and fibril ends respectively, and can effectively be treated as a
bimolecular reaction between fibril ends and monomeric protein in solution.

Reversibility. The binding of monomers to fibril ends is probably a reversible process and
the dissociation rate is proportional to concentration of fibril ends. Since experiments show
fibril growth, the monomer binding rate (k+[M][E]) should be considerably higher than the
dissociation rate (k[E]). The effective fibril elongation rate can be described by

d[F)/dt = k. [M][E] — k[E] = k+([M]-K,) [E] Eq. (1)

where K; =k/k. is the affinity constant of aSyn monomers to fibril ends, and [F] is the
concentration of fibrillized protein, expressed as equivalent monomer concentration. This
binding constant can be determined from the dependence of the initial fibrillization rate on
the monomer concentration (Figure 1b) at constant seed concentration. A linear fit of the
kinetic data to Eq. (1) yields a K; ~ 4£3 uM for the affinity of aSyn monomers to fibril ends
(Figure Ic), in good agreement with the previously reported threshold concentration of aSyn

necessary for aggregation (> 2 uM)’. Aggregation of diluted aSyn solutions performed in the
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presence of a constant fraction of 1 mol.% of sonicated aSyn fibrils shows protein

fibrillization at 3 uM concentration (Figure S1) supporting that K; <3 uM.
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Figure 1. (a) Aggregation of aSyn in the absence of seeds (black), in the presence of 1 mol.%
of intact mature fibrils (red) or 1 mol.% of sonicated fibrils (blue), monitored by ThT
fluorescence depicted on linear (top) and logarithmic (bottom) scales. Curves are averages of
10 samples. Parallel blue dashed lines show that rate of exponential growth (kgxp) is equal in
the presence and absence of seeds. (b) The initial rate of aSyn aggregation at different aSyn
concentrations, 200 nM of sonicated seeds. The red line is a linear fit to the equation
r=a-(Cosyn-Kq). (c) Initial aggregation rate at different concentrations of sonicated seeds
(expressed as monomer concentration). Error bars are the SD of 5 measurements. Dashed line
is a guide to the eye. (d) Aggregation of aSyn in quiescent conditions in the presence of
0.2 mol.% sonicated (blue) or intact (red) fibrils as seeds. Curves are averages of 6 samples.
The oSyn concentration was 50 pM in all experiments. Shaking at 142 rpm (a)-(c) or

quiescent conditions (d).
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Secondary nucleation. The exponential growth of the fibrillar aSyn fraction at early stages
of the aggregation implies an exponential increase in the rate of aSyn fibrillization. The rate
is proportional to the product of the monomer concentration and the concentration of fibril
ends. Since the monomer concentration always decreases during the aggregation process, the
increase of fibril formation rate is determined by the formation of new fibril ends. The
observed exponential increase of the fibrillar protein fraction is possible only when new fibril
ends are formed by a fibril-dependent mechanism with rate proportional to the amount of
fibrils already present in solution (d[E]/dt~ [F]). Formation of new growing centers
dependent on the presence of fibrils is called “secondary nucleation” and is common for
amyloid fibrillization.”** The secondary nucleation can occur by monomer-independent fibril
breaking or by a monomer-dependent mechanism.” The two possible mechanisms differ by
sensitivity of the reaction rate to concentration of monomer. The exponential growth of the
fibrillar aSyn fraction could be characterized by an apparent rate constant (kgyp) equal to the
slope of the kinetic curve in logarithmic scale (Figure. 1a).

In the case of fibril breaking the apparent rate constant (kgxp) is expected to be proportional
to the square root of the monomer concentration, while if monomers are included in the
secondary nucleation step, kzyr would increase proportionally to [M] or faster.” Aggregation
of 10-100 uM aSyn in shaking conditions both in the absence of seeds and when seeded by a
small amount of intact aSyn fibrils shows apparent rates approximately proportional to [M]"
(Figure 2b). The slope of the graph in logarithmic scale (Figure 2b, inset), yields
d(Inkgyp)/d(In[M])=0.6+£0.1 (Figure S3), which is consistent with a secondary nucleation
mechanism involving fibril breaking.

The notion of a fibril breaking mechanism is also supported by a strong increase of the

aggregation rate upon mechanical agitation. Fibrils of aSyn are of micrometer lengths and
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can, in contrast to nanometer-sized monomers and oligomers, be expected to be more
susceptible to breakage by mechanical and shear forces induced by agitation of the solution.

Since the concentration of aSyn fibrils increases exponentially with time, the rate of
formation of new fibril ends is linearly proportional to the total amount of the fibrillized
protein

d[El/dt =k;[F] Eq. (2)

where k;, is the breaking rate constant per unit fibril length (i.e. one protein molecule). We
assume here that a fibril can break with equal probability at any position, and should lead to
an exponential length distribution of the fibrils (see SI for derivation), which has been
observed experimentally (ref.®, Figure 2c).

Mechanism. The simplest mechanism that explains such an autocatalytic fibrillization of
aSyn includes three steps (Figure 2a):

1) Initiation: Monomers (M) form initial fibrils with active growing ends (E);

2) Growth: Monomers bind fibril ends increasing the amount of fibrillar aSyn (F);

3) Formation of new fibril ends from existing fibrils (secondary nucleation).
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20 Figure 2. (a) Kinetic scheme of fibrillization. M, E and F are aSyn molecules in solution, in
22 the fibril ends, and in the internal part of fibrils respectively. (b) The rate of the exponential
part of the aSyn aggregation at different monomer concentrations. The red solid line is the fit
to the model described in the text and the blue dashed line corresponds to the monomer-
29 dependent nucleation model.'"* Open and closed triangles are results of two independent
31 experiments (including protein purification and seed preparation). Insert shows the same
33 graph in log scale. The aggregation was seeded by 1 mol.% of intact fibrils (~1um long). (c)
The distribution of lengths of aSyn fibrils based on the data from ref.’ Experiment was
38 performed at continuous shaking and 100 pM aSyn concentration. Due to the sample
40 preparation procedure the number of fibrils of length <500 nm is probably underestimated in

42 this data set.

The frequency of fibril breaking events is proportional to the total amount of fibrillar
50 protein. On the other hand, the rate of fibrillization is proportional to the amount of fibril ends
52 that creates a positive feedback loop necessary for an autocatalytic process and consequently

54 an exponential increase of fibrillar aSyn.
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The combination of equations (1) and (2) describes the evolution of aSyn fibril content
during the aggregation after formation of initial fibrils. Numerical solution of the system of
equations yields curves that fit the experimental aggregation data well (Figure S6). An
analytical solution is challenging but a very good analytical approximation that describes the
curve, except for the last stages, was recently obtained.”*"

The behavior of the system in the early and late stages of the aggregation process can be

conveniently described separately.
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Figure 3. (a) Changes of ThT fluorescence during different stages of aSyn fibrillization in
linear (top) and logarithmic (bottom) scales. Brown dashed line corresponds to the calculated
amount of the free monomer in solution estimated from a difference between the maximal
signal and the observed signal. 50 uM aSyn aggregation under shaking conditions. (b)

Aggregation of 12.5 to 50 uM aSyn seeded by 1 mol.% of sonicated fibrils performed under
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shaking conditions. Averages of 6 experiments. Dashed lines are global fits to Eq. (4)

resulting in parameters k+[E]o= Cgeeds 1.25% 10%s! and K, =2 uM (R2 =(0.998).

Early stages of the aggregation. For low and moderate conversion of monomers to fibrils,
the monomer concentration can be assumed constant ([M]=[M]y). Then the combination of
Eq.(1) and Eq.(2) yields (See SI for detailed derivation):

d’[F1/dt* =k k,(IM ], - K [ F]

d(In[F))/dt = +\[k k,(IM], - K,)
The observed exponential increase of the fibril content is described by the positive solution:

[F] — [F]Oef\ koky ((M]-Kg) — [F]Oekl;'xpt Eq (3)

where [F]y is the fibril concentration at t=0. The observed aggregation rate constant in the
exponential phase is therefore kzy=dIn[F]/dt=(k.ks([M]-K))” that fits the experimental data,
and shows a dependence proportional to the square root of the monomer concentration
(Figure 2b). The same equation is valid also for aggregation seeded by intact fibrils (Figure
la, red curve) as long as the total amount of fibrillar protein is lower than 30% (i.e. in the
exponential stage).

Late stages of the aggregation. After fast growth of the fibrillar protein fraction described
by Eq. (3), the rate of the aggregation decreases due to monomer depletion and becomes very
similar to first order reaction kinetics (Figure 1, 3a). The rate of monomer depletion from
solution is equal to the rate of fibril elongation:

dM]/dt =—d[F]/dt =—k (IM]-K,)[E]

At late stages of the aggregation the monomer concentration is low and its relative changes
are more significant than the changes of concentration of growing centers. Therefore the rate

of aggregation mostly depends on the monomer concentration and concentration of fibril ends
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could be considered constant ([E]~[E]p). In such an approximation the fibril growth could be
described by a first-order kinetic curve.

d([M]-K,)/dt=—k [EJ[M]-K,)

[M]=K, +const-e "'

[F1=(M], - K,)(1-e " Fht) Eq. (4)

where [M]y is the initial monomer concentration and [E]p is the concentrations of fibril
ends at time ¢p (Figure 3a).

Aggregation of aSyn in the presence of excess of seeds is also described by Eq.(4). Such a
situation is observed upon seeding of aSyn by sonicated fibrils that are about 25-fold shorter
than intact preformed fibrils® (Figure S4) and yielding a commensurately large amount of
fibril ends. The relatively high concentration of fibril ends remains approximately constant
and the fibrillization rate decreases proportionally to the monomer concentration (Figure 3b).

Dependence on shaking. It has been widely reported that mechanical shaking increases the
rate of aSyn aggregation.”’ In quiescent conditions aSyn seeded by intact fibrils shows a slow
linear increase of the fibrillar protein fraction, while agitation of the samples leads to the
exponential growth of fibril content (Figure 4a). Such an observation is consistent with the
assumption of secondary nucleation by fibril breaking. Without shaking, fibril breaking is
very slow, and the fibril growth rate is proportional to the initial seed concentration. Shaking
increases the rate of fibril breaking, yielding an increase in the number of growing centers
and therefore leads to the exponential growth of the fibrillar protein fraction. The rate of
aSyn aggregation seeded by sonicated fibrils does not significantly depend on the shaking
because the amount of growing centers present at the beginning of the reaction is

significantly higher than the amount of new centers formed by fibril breaking (Figure 4a).
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Figure 4. (a) Aggregation of aSyn in shaking (dashed) and quiescent (solid) conditions
seeded by sonicated (red) or intact (black) fibrils. The bottom panel is a zoom-in of the top
panel. (b) Dependence of the product of fibril breaking and fibril elongation rate constants
(k+kp) on the shaking time fraction. Values were calculated as average kexp /[M] at aSyn

concentrations of 100, 50, 25 and 12.5 pM, 5 repeats of each sample.

To quantify the effect of the fibril breaking rate on the aSyn aggregation we monitored it
with constant time step (6 min) but varied the fraction of time between measurement points
during which the protein solution was shaken. The shaking time fraction, in contrast to
changing the shaking amplitude or speed, should linearly correlate with the average number
of fibril breaking events per second. We observed that the square of the observed aggregation
rate at the exponential stage was linearly proportional to the shaking time fraction (Figure 4b)
and therefore to the average rate constant of fibril breaking in good agreement with Eq. (3).
In quiescent conditions the rate of fibril breaking was more than 10-fold smaller than upon
continuous shaking at 142 rpm with 6 mm amplitude.

It is very likely that the efficiency of fibril breaking upon shaking and therefore the
aggregation rate would be dependent on the geometry and volume of the sample and presence

.. 17
of the water-air interface.
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Lag time and primary nucleation. The proposed autocatalytic mechanism requires the
presence of an initial growing center that could be added to the system (“seeding”) or formed
by protein oligomerization. In the absence of seeds, the exponential increase of the ThT
signal starts only after the so-called lag time. Lag time (7,4) could be defined as the time at
which the concentration of fibrils reaches a detectable level (Figure 3a). It is very likely that
the concentration of fibrillar protein increases exponentially also before it reaches detectable
levels, and that such a process starts from the appearance of the first fibrils.

The observed lag time has two components: the time necessary for formation of the first
fibrils (¢zyucz) and the time required to amplify this amount until it is detectable using a ThT
fluorescence assay: t;4g=tyucrtconst/kgyp. The distribution of lag times is centered at a time
point shifted from zero due to the delay between appearance of the first fibrils and the
increase of the fibrillar aSyn concentration to a level above the instrumental detection
threshold (Figure S10). The observed decrease of the lag times for aggregation under shaking
conditions compared to quiescent conditions is therefore more likely attributable to faster
growth of the fibrillar protein content by the autocatalytic mechanism than to a faster rate of
primary nucleation. The lag times of aSyn aggregation show very high sample-to-sample
variability that is much higher than the variability of the maximal aggregation rate or of the
final fluorescence intensity. For aggregation under shaking conditions the lag times
significantly decrease with increase of the sample volume (Figure S11). Increase of the
sample volume at constant well geometry does not affect the rate of frequent processes
occurring in solution or on the surfaces but only decreases the average time necessary to
observe the first stochastic event in the system, for example formation of the first fibril
growth center or the first fibril breaking event.

Length of fibrils. The average length of formed fibrils is proportional to the

polymerization degree, that is, the number of aSyn molecules inside the fibrils divided by the
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number of fibril ends (<N>=[F]/[E]). In the presence of excess of seeds the average number
of monomers per fibril would be determined by the ratio of the initial concentrations of
protein and of growing ends, so the maximal polymerization degree would be
<N> = [M]/[E]o or ([M]o-K,)/[E]o when taking into account that the aggregation would stop
when the monomer concentration would decrease to K.

In the absence of seeds, or if they are not in excess and secondary nucleation dominates,
both the number of fibrils and fraction of fibrillar protein increase exponentially with time.
The polymerization degree of fibrils formed in such conditions is determined by the ratio of
the fibril growth and fibril breaking rates:

__dIF)/dt _ kIEIMI-K,)
d[E]/ dt k,[F]

Taking into account that [F]=<N>[E] this expression yields

<N>=k,(M]-K,)/k,

so that the average length of fibrils is approximately proportional to the square root of the
monomer concentration in good agreement with previously published observations®.
Rate constants. The experimentally observed rate of the exponential increase of fibrillar

protein content depends on the product of fibril elongation (k) and breaking (k) rate

constants: k., :\/kjcb([M ]—-K,). Since fibril breaking strongly depends on the shaking

intensity, kzxp could be directly used for comparing experiments in different conditions. The
protein fibrillization propensity is better described by the rate constant of monomer binding
to fibril ends (k+). Measurements of aggregation curves at different protein concentrations
allow calculation of the product kik; but not of the individual constants. Additional
information needed to determine the two rate constants separately could be obtained from the

average length of fibrils formed during the exponential phase of the aggregation. Indeed,

polymerization degree is determined by the ratio ki/ky: <N >= \/([M 1-K,)k, /k, . The
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product of the observed reaction rate and the polymerization degree does not depend on the
fibril breaking rate <N>kgxp=k+([M]-K,). Therefore the rate of monomer binding to the fibril
end could be calculated as

< N>k,
T [M]-K,

k

The average length of aSyn fibrils formed upon shaking is 1£0.5 pm (Figure 2c, ref.%).
One monomer corresponds to 0.47 nm fibril length®® therefore the polymerization degree of
such fibrils <N>=2000+1000. Combining this value with the observed exponential
aggregation phase rate constant kgxp=6.5 10° s obtained with 50 uM aSyn (Figure 2b) we
estimate k+=1.340.7 mM"'s™. The rate constant value corresponds to the addition of
monomers to a specific fibril end approximately every 8 s at 100 uM aSyn concentration.
This result agrees well with the value recently calculated from the initial rate of the seeded
aSyn aggregation8 2 mM's™") and with the average fibril growth rate of 1.4 nm/min
measured in single fibril experiments.’

The rate constant obtained for aSyn is orders of magnitude lower than the reported fibril
extension rates for other amyloidogenic proteins and peptides including AP
(~3000 mM's™), prion protein12 (200 mM's™) and B2-microglobulin (72 mM's™").* The
slower rate of aSyn binding to fibrils compared to AP and prions is probably connected to the
larger size of the protein and a correspondingly lower probability to adopt [-sheet

conformation and bind the fibril end upon collision in solution.

CONCLUSIONS

Our data show that at physiological salt concentrations and upon shaking, the rate of aSyn
amyloid fibril formation is determined by the secondary nucleation occurring by a fibril

breaking mechanism. Fibrils grow by almost irreversible (K; <3 pM) addition of monomers
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to ends. Protein oligomers likely play a significant role only before the formation of the first
fibrils.

A three-step autocatalytic fibrillization mechanism including nucleation, monomer
addition, and fibril breaking accounts for distinctive features of the fibrillization process.
These include the exponential growth of the fibril concentration at the beginning of (seeded)
aggregation, the linear dependence of the observed aggregation rate constant on the square
root of monomer concentration and the strong acceleration of aggregation by shaking. This
model provides a quantitative means to compare aSyn aggregation rates and affinity to fibril
ends under different conditions, and could be useful in characterizing and designing

aggregation inhibitors.
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