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The coaggregation of the amyloid-β peptide (Aβ) and α-synuclein is
commonly observed in a range of neurodegenerative disorders, in-
cluding Alzheimer’s and Parkinson’s diseases. The complex interplay
between Aβ and α-synuclein has led to seemingly contradictory re-
sults on whether α-synuclein promotes or inhibits Aβ aggregation.
Here, we show how these conflicts can be rationalized and resolved
by demonstrating that different structural forms of α-synuclein exert
different effects on Aβ aggregation. Our results demonstrate that
whereas monomeric α-synuclein blocks the autocatalytic prolifera-
tion of Aβ42 (the 42-residue form of Aβ) fibrils, fibrillar α-synuclein
catalyses the heterogeneous nucleation of Aβ42 aggregates. It is
thus the specific balance between the concentrations of monomeric
and fibrillar α-synuclein that determines the outcome of the Aβ42
aggregation reaction.
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Alzheimer’s disease (AD) and Parkinson’s disease (PD) have
been closely associated with the misfolding and aggregation of

Aβ into amyloid plaques and of α-synuclein into Lewy bodies, re-
spectively (1–12). In other situations, as for example in the case of
dementia with Lewy bodies (DLB), amyloid plaques and Lewy
bodies are observed together, and parts of the sequence of α-synuclein
are found to constitute the nonamyloid component (NAC) of am-
yloid plaques (13–17). Therefore, Aβ may be able to interact with
α-synuclein, especially considering that α-synuclein can also be found
in the extracellular space where Aβ deposits are typically observed
(11). Strikingly, however, conflicting reports have shown opposing
effects of α-synuclein on the aggregation of Aβ. Although it has been
shown that α-synuclein promotes Aβ aggregation (18–20), recent
in vivo studies have demonstrated that the coexpression of α-synu-
clein and Aβ in a transgenic mouse model reduces the load of
amyloid plaques (21), and that the knockout of α-synuclein from a
mouse model of AD leads to an increase in the formation of amyloid
plaques (22). These apparently conflicting results suggest a complex
scenario that requires a detailed understanding of the mechanism
underlying the interactions between α-synuclein and Aβ.
Such an understanding can be achieved in a quantitative manner

through the application of highly reproducible chemical kinetic as-
says that allow the rates of individual microscopic processes during
the aggregation process to be measured (23–26). In the case of Aβ42,
this kinetic assay allowed the definition of a network of pathways
from reactants to products that has provided a detailed under-
standing of the self-assembly process of this peptide (24, 27, 28). As a
result, fibril-catalyzed secondary nucleation was found to be the
dominant mechanism that is responsible for the formation of
Aβ42 aggregates, in which a positive-feedback loop leads to the
generation of oligomers from the nucleation of Aβ42 monomers at
the surface of fibrils (24). Furthermore, chemical kinetics also
allowed the characterization of the effects of extrinsic factors on the
aggregation of Aβ42 at a microscopic level. In particular, molecular
chaperones were found to suppress amyloid formation by binding to

distinct species and subsequently affecting different microscopic steps
in the aggregation process (28–30). In the same vein, small molecules
and antibodies have been developed to inhibit specific steps in the
aggregation of Aβ42 (31–33). These data have proven the efficacy of
chemical kinetics in describing the effects of extrinsic factors on the
aggregation of Aβ42 in a highly sensitive manner. We therefore used
in the present study the substantial advances in chemical kinetics to
unravel the role of α-synuclein on Aβ42 aggregation.

Results
Monomeric α-Synuclein Inhibits Aβ42 Secondary Nucleation. We first
carried out a global kinetic analysis of Aβ42 aggregation in the
absence and presence of monomeric α-synuclein (Fig. 1 A–C and
Fig. S1A) (24). These results indicated that monomeric α-synuclein
delayed substantially the overall rates of formation of Aβ42 fibrils
in a concentration-dependent manner (Fig. 1 A–C and Fig. S1A).
This inhibitory effect was found to reach saturation in the presence
of about 2 molar equivalents of α-synuclein (Fig. S1A).
We next carried out a quantitative analysis by matching the ag-

gregation profiles on the basis of rate laws derived from a master
equation that relate the macroscopic time evolution of the quantity
of fibrils that are formed during the aggregation reaction to the rate
constants of the different microscopic events (34, 35). Using this
approach, the aggregation profiles in the presence of α-synuclein
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Fig. 1. Monomeric α-synuclein inhibits the secondary nucleation step in Aβ42 aggregation by binding to the surface of Aβ42 fibrils. (A–C) Kinetic profiles of the
aggregation reactions of a 2 μM sample of Aβ42 in the absence and presence of increasing concentrations of α-synuclein monomers (0.2–2 μM, represented by
different colors). The solid lines show predictions for the resulting reaction profiles when (A) primary nucleation, (B) elongation, and (C) secondary nucleation are
inhibited by α-synuclein monomers. Only the prediction for the case where secondary nucleation is inhibited fits closely the experimental data. (D) Evolution of
the apparent rate constants from the kinetic analysis in Fig. S1A with increasing molar equivalents of α-synuclein monomers (k represents in each case k+kn or
k+k2). Note the significant decrease in secondary pathways, k+k2, compared with primary pathways, k+kn, as the concentration of monomeric α-synuclein
increases. Average values were derived from triplicates of each sample in the experiment. (E) Numerical simulations of the rate of formation of new
Aβ42 aggregates for a 2 μM sample of Aβ42 in the absence (black) or the presence (red) of 0.2 μM monomeric α-synuclein. (F) Dot-blot intensities of 5 μM
Aβ42 fibrils incubated with increasing concentrations of α-synuclein monomers. A positive correlation between the pellet intensities and α-synuclein shows a likely
binding between α-synuclein monomers and Aβ42 fibrils. (G) Surface plasmon resonance (SPR) analysis. The equilibrium response (average over three replicates;
the SDs are less than the size of the points) is plotted as a function of α-synuclein monomer concentration. The solid line is a fit to a Langmuir isotherm, which
estimates an apparent Kd of 50 nM between α-synuclein monomers and Aβ42 fibrils.
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monomers can be described by introducing into the rate laws suit-
able perturbations to each of the microscopic rate constants in the
absence and the presence of α-synuclein monomers. The fitting of
the aggregation profiles of a 2 μM sample of Aβ42 in the
presence of substoichiometric amounts of α-synuclein shows
that the experimental data are extremely well described when
the surface-catalyzed secondary nucleation rate constant, k2, is
specifically decreased (Fig. 1C). On the other hand, predictions
based on the alterations of the rate constants of primary nu-
cleation, kn, and elongation, k+, are unable to account for the
changes in the kinetic curves (Fig. 1 A and B). Thus, we con-
clude that monomeric α-synuclein affect specifically secondary
pathways (k2k+) in the aggregation of Aβ42, with limited effects
on primary pathways (knk+) (Fig. 1D and Fig. S1B).
To strengthen these conclusions, we also carried out an addi-

tional set of measurements of the aggregation kinetics of a 2 μM
sample of Aβ42 in the presence of 5% preformed Aβ42 fibril seeds.
Under these conditions, the primary nucleation step is bypassed
and the surface-catalyzed secondary nucleation and elongation
steps determine the overall rates of fibril formation. We found that
α-synuclein monomers were also able to inhibit the aggregation
kinetics under these conditions. The kinetic profiles are described
accurately with the master equation using the values of the rate
constants k2 derived from the aggregation reactions in the absence
of seeds (Fig. S1C).

Monomeric α-Synuclein Suppresses the Proliferation of Aβ42 Aggregates
by Binding to Aβ42 Fibrils. Because surface-catalyzed secondary nu-
cleation, which is the dominant mechanism by which Aβ42 prolif-
erates, is responsible for the generation of the large majority of the
Aβ42 oligomeric species (24), inhibiting this specific step should
have drastic effects on the generation of the oligomers. We found
this expectation to be correct, as the rate of formation of new
Aβ42 aggregates decreased almost threefold in the presence of as
low as 0.1 molar equivalents of α-synuclein monomers (Fig. 1E).
Moreover, a specific inhibition of the surface-catalyzed secondary
nucleation step implies that the inhibitor is likely to bind to the
surface of Aβ42 fibrils. Indeed, when increasing concentrations of
α-synuclein monomers were incubated with Aβ42 fibrils in a label-
free dot-blot assay, an increasing quantity of α-synuclein monomers
was found to be associated with Aβ42 fibrils after centrifugation
(Fig. 1F). Using surface plasmon resonance (SPR) measurements,
the interaction between α-synuclein monomers and immobilized
Aβ42 fibrils was studied. By fitting to the steady-state response as a
function of α-synuclein monomer concentration, the apparent dis-
sociation constant (Kd) was found to be ∼50 nM (Fig. 1G and Fig.

S1D). Note that the aggregation of α-synuclein occurs on a longer
timescale with respect to that of Aβ42, especially at the concen-
tration used under our conditions, and hence α-synuclein fibrils
are unlikely to be formed under these conditions, as shown from
the thioflavin T (ThT) kinetics in Fig. S1E (26, 36).

Fibrillar α-Synuclein Introduces a Heterogeneous Nucleation Pathway
in Aβ42 Aggregation.When Aβ42 aggregation was performed under
seeding conditions, in the presence of preformed α-synuclein fi-
brils, the aggregation process was found to be accelerated. These
results indicate that α-synuclein fibril seeds and Aβ42 fibril seeds
have similar effects on Aβ42 aggregation (Fig. 2A). The half-times
of Aβ42 aggregation reactions gradually decreased with increasing
α-synuclein fibril concentrations, even though the seeding ability
of α-synuclein fibrils was found to be reduced with respect to that
of Aβ42 fibrils (Fig. 2 B and C). Therefore, we conclude that
Aβ42 aggregation is accelerated in the presence of α-synuclein fi-
brils through a heterogeneous nucleation mechanism (18–20).

The Balance Between Monomeric and Fibrillar Forms of α-Synuclein
Determines Its Overall Effect on Aβ42 Aggregation. Taken together,
the data presented in this work provide a detailed understanding of
the mechanism by which different species of α-synuclein affect the
aggregation kinetics of Aβ42. We have shown that, whereas mo-
nomeric α-synuclein mainly inhibits the surface-catalyzed secondary
nucleation step that is primarily responsible for the generation of
Aβ42 fibrils, fibrillar α-synuclein accelerates the reaction through
a heterogeneous nucleation mechanism (Fig. 3 A and B). These
findings reveal a complex interplay between nonfibrillar and fibrillar
α-synuclein species, which leads to a scenario involving two op-
posing mechanisms. Calculations derived from the changes in the
half-times of the aggregation reactions of Aβ42 that were obtained
in the presence of either monomeric or fibrillar species of α-synuclein
show that the net effect of a complex mixture containing both
monomeric and fibrillar species of α-synuclein on the aggregation of
Aβ42 is likely to be strongly dependent on the relative contributions
of each of these species (Fig. 3C and Fig. S1F). Therefore, despite
an expected increase in Aβ42 aggregation due to the presence of
fibrillar α-synuclein species, the overall aggregation rate of Aβ42 can
still decrease due to the inhibitory effect of α-synuclein monomers
present in the solution. Specifically, our calculations predict that, for
a given concentration of monomeric species of α-synuclein, a higher
concentration of the corresponding fibrillar species is required to
offset the decrease in the aggregation of Aβ42 (Fig. 3C).
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Fig. 2. Fibrillar α-synuclein accelerates the aggregation of Aβ42 through a heterogeneous nucleation process. (A and B) Kinetic profiles of the aggregation reactions
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colors). (C) Half-times of the aggregation reaction profiles as derived from A and B as a function of seed concentrations. Average values were derived from triplicates
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Conclusions
We have shown that the effect of α-synuclein on Aβ42 aggregation
depends strongly on the conformational state of α-synuclein. The
conformation-dependent effects of α-synuclein on Aβ42 aggrega-
tion allow us to reconcile conflicting findings (18–22). These effects
also suggest a possible physiological role of α-synuclein by poten-
tially acting as a molecular chaperone capable of inhibiting Aβ42
fibril formation (30). α-Synuclein monomers can exert such a function
by binding to Aβ42 fibrils, thereby suppressing surface-catalyzed
secondary nucleation. By contrast, α-synuclein fibrils do the opposite
by introducing a heterogeneous nucleation pathway. The present
findings thus provide insights that could contribute to the devel-
opment of effective treatments for AD, PD, and DLB based on the
inhibition of protein aggregation.

Materials and Methods
Aβ42 and α-Synuclein Preparation. Recombinant Aβ42 and α-synuclein were
expressed and purified as described previously (31, 37).

Sample Preparation for Kinetic Experiments. Solutions of monomeric Aβ42 were
prepared by dissolving the lyophilized Aβ42 peptide in 6 M GuHCl. Monomeric
forms were purified from potential oligomeric species and salt using a Super-
dex 75 10∕300 GL column (GE Healthcare) at a flow rate of 0.5 mL/min, and were
eluted in 20 mM sodium phosphate buffer, pH 8, supplemented with 200 μM
EDTA and 0.02% NaN3. The center of the peak was collected and the Aβ42
concentration was determined from the absorbance of the integrated peak
area using «280 = 1,490 M−1·cm−1. The resulting Aβ42 monomers were diluted
with buffer to the desired concentration and supplemented with 20 μM ThT
from a 2 mM stock. All samples were prepared in low-binding Eppendorf tubes
on ice using careful pipetting to avoid introduction of air bubbles. Each sample
was then pipetted into multiple wells of a 96-well half-area, low-binding, clear-
bottom, and PEG-coating plate (Corning; 3881), 80 μL per well, in the absence
and the presence of different molar equivalents of α-synuclein monomers.

For the preparation of preformed α-synuclein fibrils, 500-μL samples of
α-synuclein at concentrations from 500 to 800 μM were incubated in 20 mM
phosphate buffer (pH 6.5) for 48–72 h at 40 °C and stirred at 1,500 rpm with a
Teflon bar on an RCT Basic Heat Plate (RCT Basic, model no. 0003810002; IKA,
Staufen, Germany). Fibrils were diluted to a monomer equivalent concentra-
tion of 200 μM, divided into aliquots, flash frozen in liquid N2, and stored
at −80 °C. For the preparation of preformed Aβ42 fibrils, kinetic experi-
ments were set up as above for a 5 μM Aβ42 sample in 20 μM sodium
phosphate buffer (pH 8) with 200 μM EDTA and 0.02% NaN3. Samples were
then collected from the wells into low-binding tubes. Preformed fibrils
(α-synuclein or Aβ42) were then added to the freshly prepared monomer
solution to reach the appropriate final concentration of fibrils.

Kinetic Assays. Assays were initiated by placing the 96-well plate at 37 °C under
quiescent conditions in a plate reader (Fluostar Omega, Fluostar Optima, or
Fluostar Galaxy; BMGLabtech) (38). The ThT fluorescence was measured through
the bottom of the plate with a 440-nm excitation filter and a 480-nm emission
filter. The ThT fluorescence was followed for three repeats of each sample.

Theoretical Analysis. The time evolution of the total fibril mass concentration,
M(t), is described by the following integrated rate law (23, 24):

MðtÞ
Mð∞Þ= 1−

�
B+ +C+

B+ +C+ eκt
B− +C+ eκt

B− +C+

� k2∞
κ~k∞

e−k∞t . [1]

To capture the complete assembly process, only two particular combinations of
the rate constants define most of the macroscopic behavior. These are related
to the rate of formation of new aggregates through primary pathways

λ=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2k+knmð0Þnc

p
and through secondary pathways κ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2k+k2mð0Þn2+1

q
,

where the initial concentration of solublemonomers is denoted bym(0), nc and
n2 describe the dependencies of the primary and secondary pathways on the
monomer concentration, and kn, k+, and k2 are the rate constants of the
primary nucleation, elongation, and secondary nucleation, respectively.

α-Synuclein can perturb the aggregation process by inhibiting one or
more of the individual microscopic reactions. We can identify the micro-
scopic events that are inhibited by α-synuclein monomers by applying the
above equation to describe the macroscopic aggregation profiles shown
in Fig. 1 A–C and comparing the set of microscopic rate constants k+kn and
k+k2 required to describe the time evolution of the fibril formation in the

absence and presence of α-synuclein monomers. As shown in Fig. 1 A–D, in
unseeded aggregation reactions, the presence of the α-synuclein mono-
mers mainly perturbs the secondary nucleation rate. Fig. S1C shows the
aggregation profiles of a 5% seeded reaction in the presence of α-synuclein
monomers. The fitted lines with the same decrease in k2 evaluated from
the unseeded reaction are also able to describe the decrease in aggrega-
tion of the seeded reaction adequately, thus substantiating the fact that
α-synuclein monomers are mainly inhibiting the secondary nucleation
process.

The numerical simulations reported in Fig. 1E show the reaction profiles
in the presence and absence of α-synuclein monomer determined according
to Eq. 1. The time evolution of the aggregate formation rate, r(t), was
simulated according to the following equation:

rðtÞ= k2MðtÞmðtÞ2 + knmðtÞ2. [2]

The plot in Fig. 3C is based on theoretical calculations of the half-time changes
of the 2 μMAβ42 aggregation in the presence of either α-synuclein monomers,
or α-synuclein fibrils, as seen from Fig. S1F. For this calculation, we assume that,
during the course of the aggregation of 2 μM Aβ42 in the presence of both
α-synuclein monomers and α-synuclein fibrils, the amount of both α-synuclein
monomers and fibrils is constant.

Dot Blot Assay. Blotting was performed using an α-synuclein sequence-
specific primary antibody (BD Biosciences). Preformed 5 μM Aβ fibrils
were incubated in the absence and presence of 0.1–2 molar equivalents of
α-synuclein monomers for 1 h (Fig. 1F), and centrifuged at 15,000 rpm for
30 min at 25 °C (RCT Basic, model no. 0003810002; IKA, Staufen, Ger-
many). Pellets and supernatants were then separated, and the pellets were
resuspended in the same volume of buffer as that of the supernatant. Two mi-
croliters of each pellet and supernatant were spotted onto a nitrocellulose
membrane (0.2 μm; Whatman) and then the membranes were dried and then
blocked with PBS solution with 5% milk and 0.1% Tween before immune de-
tection. The primary antibody was used according to the manufacturer’s in-
structions. An Alexa Fluor 488-conjugated secondary antibody (Life Technologies)
was subsequently added, and fluorescence detection was performed using Ty-
phoon Trio imager (GE Healthcare).

SPR Assays. SPR experiments were performed with a Biacore3000 in-
strument (GE Healthcare), using CM3 sensors. The carboxylic acid groups on
the sensor surface were activated with amixture of 240mM EDC and 50mM
NHS to enable standard amine coupling chemistry. A sample of 10 μM
monomeric Aβ42, prepared as described above in 20 mM sodium phos-
phate buffer with 200 μM EDTA, pH 8, was placed in two wells of a 96-well
half-area, low-binding, clear-bottom, and PEG-coating plate (Corning;
3881), 100 μL per well, incubated at 37 °C for 1 h, collected into a low-
binding 1.5-mL tube (Axygen), and sonicated for 30 s using a sonicator tip
and a Soniprep 150 plus sonicator with 1-s pulses at 50% duty cycle for
2 min. The sonicated fibrils were diluted 10-fold in 10 mM NaAc, pH 3, and
injected over flow cells 2–4 of the activated the sensor surface for 30 min.
All four flow cells were then deactivated by injecting 1 M ethanolamine-
HCl, pH 8.5, for 15 min. The cells were rinsed with flow buffer (20 mM
sodium phosphate buffer with 200 μM EDTA, pH 8, 0.005% Tween 20) and
the Aβ42 fibrils extended by multiple injections of 1 μM Aβ42 in flow
buffer, after which the chip was washed overnight with flow buffer. Mono-
meric α-synuclein was injected over all four channels of the chip for 20 min at
concentrations ranging from 0.03 to 0.3 μM followed by buffer flow. The data
obtained in flow cell 1 (the blank control) showed no sign of binding to the
dextran matrix and was subtracted from the data obtained in the three flow
cells with immobilized fibrils. The intensity at the end of the monomer in-
jection was extracted and plotted versus α-synuclein monomer concentration.
A Langmuir isotherm was fitted to the data:

Y=A *X
�ðX+KdÞ,

where X is the free monomer concentration, which is assumed to be equal to
the injected concentration at equilibrium; A is the signal amplitude at full
saturation; and Kd is the equilibrium dissociation constant.
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Fig. S1. Effects of monomeric and fibrillar species of α-synuclein on the aggregation kinetics of Aβ42. (A) Kinetic profiles of the aggregation reactions of a 2 μM
sample of Aβ42 in the absence and the presence of increasing concentrations of α-synuclein monomers (represented by different colors). The inhibitory effect
saturates at a critical concentration, corresponding approximately to 2 molar equivalents with respect to Aβ42. The solid lines show predictions for the resulting
reaction profiles with changes in both k+kn and k+k2. kn is the rate of primary nucleation, k+ is the rate of elongation, and k2 is the rate of secondary nucleation.
(B) Evolution of the apparent rate constants from predictions in A with increasing concentration ratios of α-synuclein monomers (k represents in each case k+kn or
k+k2). Note the significant decrease in secondary pathways, k+k2, compared with primary pathways, k+kn, as the concentration of α-synuclein monomer increases.
At over stoichiometric amounts of α-synuclein, an additional limited contribution could also come from the binding to ends of Aβ fibrils. (C) Kinetic profiles of the
aggregation reactions of a 2 μM sample of Aβ42 in the presence of 5% of preformed seeds and in the absence (dark green) and presence of 0.5 (green) and 1 molar
equivalent (blue) of α-synuclein monomer. The solid lines show predictions for the reaction profiles, with the rate constants derived from the experiments per-
formed in the absence of seeds (B). The same decrease in k2 as obtained from the unseeded data in the presence of α-synuclein monomer also describes the kinetic
curves in the presence of 5% fibril seeds. (D) Sensorgrams showing the response recorded as a function of time during 1,200-s injections of increasing concen-
trations of α-synuclein monomers over a sensor with immobilized Aβ42 fibrils. (E) ThT fluorescence measurements of 4 μM α-synuclein monomers alone over time.
Note that no significant increase in ThT could be detected over the course of 13 h. (F) Changes in the half-times of Aβ42 aggregation reactions in the presence of
increasing concentrations of α-synuclein monomers (in orange) and α-synuclein fibrils (in blue), as derived from A and Fig. 2A.
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