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ABSTRACT: The aggregation process of α-synuclein, a protein closely associated
with Parkinson’s disease, is highly sensitive to sequence variations. It is therefore of
great importance to understand the factors that define the aggregation propensity
of specific mutational variants as well as their toxic behavior in the cellular
environment. In this context, we investigated the extent to which the aggregation
behavior of α-synuclein can be altered to resemble that of β-synuclein, an
aggregation-resistant homologue of α-synuclein not associated with disease, by
swapping residues between the two proteins. Because of the vast number of
possible swaps, we have applied a rational design procedure to single out a
mutational variant, called α2β, in which two short stretches of the sequence in the
NAC region have been replaced in α-synuclein from β-synuclein. We find not only
that the aggregation rate of α2β is close to that of β-synuclein, being much lower
than that of α-synuclein, but also that α2β effectively changes the cellular toxicity of
α-synuclein to a value similar to that of β-synuclein upon exposure of SH-SY5Y cells to preformed oligomers. Remarkably,
control experiments on the corresponding mutational variant of β-synuclein, called β2α, confirmed that the mutations that we
have identified also shift the aggregation behavior of this protein toward that of α-synuclein. These results demonstrate that it is
becoming possible to control in quantitative detail the sequence code that defines the aggregation behavior and toxicity of α-
synuclein.

The analysis of the physicochemical properties of amino
acid sequences has enabled very significant progress to be

made toward understanding the principles of protein
aggregation.1 It has been demonstrated that the fundamental
properties of the amino acids, such as their electrostatic charge
and hydrophobicity, play a crucial role in determining the
aggregation behavior of proteins in vitro,1−10 and increasing
evidence suggests that this is also the case in vivo.11−13 It is
particularly interesting to explore the use of this approach in
the case of proteins involved in neurological disorders
associated with protein deposition such as Alzheimer’s and
Parkinson’s diseases.14 One such protein, α-synuclein,
represents the primary component of Lewy bodies, the
intracellular aggregates found in dopaminergic neurons of
patients affected by Parkinson’s disease.15 Considerable efforts
have been devoted to the study of the behavior of this
protein,16−20 in particular its aggregation process,21−26 which
involves the formation of potential ly neurotoxic
oligomers.21,27−31

A major aspect of this quest has been to understand why α-
synuclein and β-synuclein, which are closely related natural
homologues (Scheme 1) and both present in dopaminergic
cells, exhibit dramatic differences in their aggregation

behavior,24,26,32−36 so that while α-synuclein readily aggregates
both in vitro and in vivo, β-synuclein does so much more
reluctantly. In order to understand the origin of this difference,
systematic mutational studies have been carried out in which
the effects on the aggregation rates of a range of amino acid
substitutions have been monitored.5,26 The results of these
studies revealed that the most prominent difference in the
sequence of α-synuclein and β-synucleinthe absence in β-
synuclein of an 11-residue aggregation-prone portion (residues
73−83) of the sequence of α-synuclein within the so-called
NAC region (residues 61−95)is not the primary cause of the
different aggregation behavior.5,26 This result is particularly
interesting as the NAC region is found within the cross-β
structure in the fibrillar assemblies formed by α-synuclein.37−40

Progress toward resolving this problem has been made by
showing that it is possible to alter very significantly the
aggregation rates of α-synuclein or β-synuclein by specific
amino acid substitutions that change profoundly the
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physicochemical properties of the sequences.5,26,41−43 For
example, it has been demonstrated that the introduction of
two contiguous electrostatic charges in α-synuclein inhibits
dramatically the formation of fibrillar structures.5 A question
that has remained unanswered, however, is exactly which of the
amino acid substitutions that have occurred in nature and that
have resulted in the divergence of the sequences of α-synuclein
and β-synuclein are primarily responsible for the different
behavior of these two proteins. In this work we make a
significant step toward answering this question by systemati-
cally applying a rational design procedure to identify a single
mutational variant, called α2β, and the complementary mutant,
β2α, and then studying their aggregation and cytotoxicity
properties.

■ EXPERIMENTAL PROCEDURES

Site-Directed Mutagenesis. Mutations at specific posi-
tions of the DNA sequences encoding human α-synuclein and
β-synuclein were introduced by site-directed mutagenesis using
the overlap-extension PCR strategy.44 Restriction sites Nde I
and Bgl II were used for subcloning into the pT7−7 plasmid for
the α-synuclein and α2β constructs or the pRK172 plasmid for
the β-synuclein and β2α constructs. Targeted mutations for the
α-synuclein gene were V63A, T64S, N65H, V66L, V71F, and
T72S, using the oligodeoxinucleotides pairs V63−66 for
5′gcaagcctcacatctgggaggagcagtg3′ and V63−66 Bac 5′cagat-
gtgaggcttgctctttggtcttctc3′, and V71−72 for 5′aggagcagtgttc-
tcgggtgtgacagcag3′ and V71−72 Bac 5′acacccgagaacactgctcctc-
caacatttg3′. Mutations for the β-synuclein gene were A63V,
S64T, H65N, L66V, F71V, and S72T, using oligodeoxinucleo-
tides A63−66 for 5′acaggtgacaaatgttggaggagctgtg3′ and A63−
66 Bac 5′aacatttgtcacctgttccttggttttttcagc3′, and F71−72 for
5′agctgtggtgactggggcagggaacatcg3′ and F71−72 Bac 5′gccc-
cagtcaccacagctcctcccagatg3′. The correct incorporation of the
mutations was verified by DNA sequencing.
Protein Expression and Purification. Human recombi-

nant α-synuclein and β-synuclein as well as the variants α2β
and β2α were expressed in E. coli BL21(DE3) cells using the
plasmid pT7-7 for α-synuclein and α2β or the pRK172 plasmid
for β-synuclein and β2α and purified as described previously,45

with minor modifications in the protocol, as follows. After
transformation, BL21(DE3)-competent cells were grown in LB
in the presence of ampicillin (100 μg/mL). Protein expression
was induced with 0.4 mM IPTG, and cells were harvested by
centrifugation at 3500g after shaking at 30 °C overnight. The
cell pellet was resuspended in 10 mM Tris-HCl (pH 8.0), 1
mM EDTA, and EDTA-free protein inhibitor cocktail (Roche,
West Sussex, UK) and lysed by multiple freeze−thaw cycles

and sonication. The cell suspension was boiled for 20 min and
centrifuged at 20000g. Streptomycin sulfate was subsequently
added to the supernatant to a final concentration of 10 mg/mL,
and the mixture was stirred for 15 min at 4 °C. After
centrifugation at 13 500 rpm, the supernatant was collected and
ammonium sulfate was added (to 0.36 g/mL). The solution
was stirred for 30 min at 4 °C and centrifuged again at 13 500
rpm. The pellet was resuspended in 25 mM Tris-HCl (pH 7.7)
and loaded onto an HQ/M-column on an Applied Biosystems
BIOCAD (Applied Biosystems, Framingham, MA) work-
station. The proteins were eluted at ∼300 mM NaCl with a
salt gradient from 0 to 600 mM NaCl. The pure protein
fractions were pooled together and dialyzed extensively at 4 °C
against water. Protein purities were >95% as determined by
SDS-PAGE, and molecular masses were confirmed by electro-
spray mass spectrometry. Protein concentrations were
estimated from the absorbance measurements at 275 nm
using an extinction coefficient of 5600 M−1 cm−1. After
purification, the protein samples were passed through a 0.22
μm filter and then stored as a 400 μM aqueous solution at −80
°C.

SDS Aggregation Assays and Data Analysis. Before
starting the aggregation experiments, NaOH was added to the
protein solution to give a 10 mM final concentration, and the
mixture was incubated on ice for at least 1 h; this treatment was
carried out to dissolve possible pre-existing aggregates that
could seed further aggregation. The pH of the protein solution
was then neutralized using 10 mM HCl. Just prior to the start
of the fluorescence experiment, a master mix was added to the
different protein solutions, yielding a final concentration of 10
mM phosphate buffer (pH 7.4), 0.1 M NaCl, 0.02% NaN3, 20
μM ThT, 350 μM SDS, and 70 μM protein, as previously
described.26 The aggregation process was accelerated by
continuous magnetic stirring at 37 °C with small magnetic
stir bars, and ThT fluorescence was monitored using 1 mL
quartz cuvettes (Hellma Analytics Ltd., UK) with sampling
every 5 min, using a 10 s averaging time. Aggregation of the
synuclein variants was monitored by Thioflavin T (ThT)
fluorescence using a Cary Eclipse (Varian, Canada) fluores-
cence spectrophotometer with excitation and emission wave-
lengths of 450 and 480 nm, respectively. The aggregation
reaction was followed in real time by measuring the ThT
fluorescence, and the samples were taken out of the instrument
when the ThT fluorescence had reached a steady state value.
Aggregation rates (k) were calculated from the maximum

slopes of the normalized fluorescence intensities. The t1/2
values, defined as the times required to reach half of the final
fluorescence intensity in the aggregation process, were also

Scheme 1. Sequence Alignment of α-Synuclein and β-Synucleina

aThe sequence identity of these two proteins is 62%, with the large majority of the differences localized in the C-terminal region. The two stretches
of residues in the NAC region (63−66 and 71−72) that were swapped between α-synuclein and β-synuclein to obtain the two mutational variants
examined experimentally in this work, α2β and β2α, are highlighted in red.
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calculated. N independent aggregation experiments were
carried out, with the number depending on each variant: α-
synuclein (N = 6), α2β (N = 5), β-synuclein (N = 4), and β2α
(N = 8). The aggregation curves were first normalized, then the
k and t1/2 values were determined for each one, and finally all
the values were averaged to define the aggregation rate for each
sample.
Preparation of Synuclein Seeds. The four protein

variants were processed as described above (“SDS aggregation
assays” section), i.e., in the presence of 350 μM SDS, in order
to get mature fibrils formed. The samples were then centrifuged
using an Optima Beckman-Coulter ultracentrifuge (Beckman-
Coulter, UK) at 120 000 rpm using a TL-100 fixed angle rotor
for 30 min. The supernatant was removed and used to quantify
the remaining soluble protein by measuring the optical density
at 280 nm in a spectrophotometer (Varian, Canada), with a
molar extinction coefficient of 5960 M−1 cm−1. The pellet was
dissolved in 10 mM phosphate buffer pH 7.4, 100 mM NaCl,
and centrifuged again using a TL-100 rotor and an Optima
Beckman-Coulter centrifuge at 120 000 rpm. The supernatant
was discarded, and the pellet was retained and dissolved in 10
mM phosphate buffer pH 7.4 and 100 mM NaCl. This fibril
suspension was then sonicated using a Bandelin Sonoplus
probe sonicator (Bandelin, Germany), which was set at the 10%
power level, pulsing 30% of the time over a 5 min period. The
resulting sonicated fibrils were used as seeds for further seeded
aggregation reactions.
Seeded Aggregation Assays and Data Analysis. 500

μL samples of each variant were prepared at a final
concentration of 70 μM in 10 mM phosphate buffer pH 7.4,
100 mM NaCl, supplemented with 20 μM ThT and a total of
10% seeds (on a protein monomer basis) of the respective
variant. Two replicas of each sample were applied on a Corning
microtiter plate. The plate was subsequently placed in a
FluoStar OPTIMA spectrophotometer (BMG LabTech,
Ortenberg, Germany), which was previously equilibrated at
30 °C. ThT fluorescence with excitation and emission windows
at 440 ± 10 and 480 ± 10 nm, respectively, was measured in
real time over a 2 day period. The plate was subjected to
continuous orbital shaking at 86 rpm, except during the time of
the ThT fluorescence readings.
The seeded growth data were fitted using nonlinear least-

squares algorithm implemented in the software Origin
(MicroCal Inc., Northampton, MA), using the expression F =
F0 + (F∞ − F0)(1 − e−kt), where F is the ThT fluorescence, F0
is the initial ThT fluorescence, F∞ is the ThT fluorescence after
an infinite time, k is the elongation rate, and t is the time.
Preparation of Synuclein Oligomers. The preparation

and isolation of synuclein oligomers was based on previously
published protocols,46,47 with some modifications. Lyophilized
purified preparations from a solution in water of the four
synuclein variants, namely α-synuclein, β-synuclein, α2β, and
β2α, were dissolved in phosphate-buffered saline (PBS) (0.01
M sodium phosphate buffer [pH 7.4], 150 mM NaCl) to obtain
concentrations of 700−900 μM. Each stock solution was
centrifuged at 16 000g for 5 min, and the supernatant was
incubated overnight (16−18 h) at 37 °C without shaking. In
order to remove any large aggregates, the solution was again
centrifuged at 16000g for 5 min. To isolate the oligomeric
species specifically, the supernatant was filtered by centrifuga-
tion at 14 000g for 2 min using a 100 kDa cutoff Amicon Ultra
membrane, 0.5 mL (Millipore, Billerica, MA) at room
temperature. In order to eliminate the remaining monomeric

species, 150 μL aliquots of PBS were gently added to about 40
μL of retentate, and centrifugation was performed as before.
This rinsing process was repeated three more times. The
presence of a high molecular weight oligomeric fraction and the
absence of any significant monomeric fraction were verified by
electrophoresis with 4%−12% Bis-Tris NuPAGE gels (In-
vitrogen, Paisley, UK) followed by Western blotting using N19
anti-α/β synuclein polyclonal antibody (Santa Cruz Biotech-
nology, Heidelberg, Germany) according to the manufacturer’s
specifications. In addition, the oligomer preparations were
tested by dot blot against the specific antioligomeric polyclonal
antibody A11 (Invitrogen, Paisley, UK) following the
manufacturer’s protocol and with 2.5 μg of protein spotted
onto a nitrocellulose membrane. Purified oligomeric fractions
were stored at 4 °C for up to 24 h. The protein concentration
of the fractions was determined by Micro BCA Reagent Kit
(Pierce, Rockford, IL).

Transmission Electron Microscopy (TEM). Samples were
prepared from 10 μL aliquots using negative staining by 2%
(w/v) uranyl acetate on Formvar/carbon-coated copper grids
(Agar Scientific, Essex, UK). Images of fibrils and oligomers
were obtained at magnifications of 25 000× and 180 000×,
respectively, using a Phillips CM-10 transmission electron
microscope (CITIUS, University of Seville, Spain).

Cytotoxicity Assays. The cytotoxic effects of the four
synuclein variants considered in this work were assayed with
the MTT reduction technique48 on SH-SY5Y neuroblastoma
cells in culture as follows. SH-SY5Y cells were cultured in 96-
well plates in 200 μL of complete DMEM-F12 medium and
allowed to undergo a maximum of 20 passes for all cytotoxicity
assays. Upon reaching a 70% confluent state, the medium was
replaced by 100 μL of complete DMEM-F12 medium
containing either oligomers or monomers of the protein
variants at a final concentration of 15 μM. Cells treated with
medium alone, and with medium containing 2% Triton X-100
served as maximum (100%) and negative (0%) viability
controls, respectively. All wells (including controls) contained
the same amount of added PBS to the medium (<12% v/v in all
assays). After a 24 h incubation of the cells, their viability was
assayed with the MTT Cell Proliferation Kit (Roche, West
Sussex, UK) according to the manufacturer’s instructions. Cell
viability (%) was calculated from four independent experiments
(N = 4) performed with different oligomer preparations in
parallel, each containing sample duplicates.

Rational Design of the α2β and β2α Mutants. In order
to design the α2β mutant, we identified a small set of amino
acid substitutions capable of decreasing the aggregation rate of
α-synuclein to a value comparable to that of β-synuclein. For
this purpose we used the Zyggregator method4 to predict the
aggregation propensity of a large number of mutants obtained
by swapping residues between the α-synuclein and β-synuclein
sequences, by taking advantage of previous observations that
indicated that this method is capable of making accurate
predictions of the aggregation propensity of various synuclein
forms.26 Neglecting the gaps in the alignment of the α-
synuclein and β-synuclein sequences (Scheme 1), we
considered 43 residues that can be swapped between the two
sequences. We systematically considered swaps of an increasing
number of residues, ranging from 1 to 10 (Supporting
information Table 1). Depending on the number of residues
involved in the swaps, either all the possible swaps or a random
subset of 10 000 ones were considered. Among all the
mutational variants that we considered, the α2β mutant
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emerged as a clear candidate since the difference between its
Zagg score and that of β-synuclein (0.10, Table 1) was

significantly smaller than that of all the other mutants obtained
with a 6-residue swap (0.161 ± 0.006, Supporting Information
Table 1). Although by swapping more residues even more
similar values in the Zagg scores of the mutants and β-synuclein
could be obtained (e.g., on average 0.139 ± 0.005 with 10-
residue swaps, Supporting Information Table 1), we limited our
swaps to 6 residues for simplicity. Similarly, the difference
between the Zagg scores of the β2α mutant and α-synuclein
(−0.12) was significantly smaller in absolute value than that of
all the other mutants obtained with a 6-residue swap (−0.165 ±
0.005, Supporting Information Table 2). We note that the
values reported here for the Zagg scores of α-synuclein and β-
synuclein differ from those in previous publications because we
used an upgraded version of the Zyggregator algorithm.

■ RESULTS AND DISCUSSION
The goal of this study was to identify a small set of amino acid
substitutions required to make the aggregation propensity of α-
synuclein comparable to that of β-synuclein. To achieve this
goal, we used a rational approach in which we generated in silico
all the possible mutational variants of α-synuclein obtained by
swapping between α-synuclein and β-synuclein a set of N
residues located at positions in which the two proteins differ in
sequence. Starting from N = 1, the aggregation propensities of
all possible mutational variants were calculated using the
Zyggregator method.4 By considering increasing values of N,
we eventually found that for N = 6 it was possible to single out
a particular mutant, called α2β, with a predicted aggregation
propensity, as measured by the Zagg score,4 close to that
calculated for β-synuclein (Table 1). Although by considering
more than six residues the aggregation propensities of the
designed mutants can be made even closer to that of β-
synuclein, we have limited our substitutions to six residues
because our aim has been to identify a very small set of
sequence substitutions required to lower the aggregation rate of
α-synuclein to that of β-synuclein. Our results indicate that, at
least from the point of view of aggregation propensity, the two
stretches in the amino acid sequence that we identified
(residues 63−66 and 71−72, Scheme 1, red segments), which
are both in the NAC region, represent the greatest differences
between α-synuclein and β-synuclein. We also considered the
complementary mutant, which we called β2α, in order to test
the effect of the corresponding mutations in β-synuclein; this
mutant was not, therefore, specifically designed to have an
aggregation propensity similar to that of α-synuclein (Table 1).

The predictions for the aggregation behavior of α2β were
then tested by in vitro aggregation studies. Given that β-
synuclein does not readily aggregate in vitro5,32,34,42,49,50 except
under certain conditions,26,50 we first performed our
aggregation assays in the presence of a low concentration
(350 μM) of sodium dodecyl sulfate (SDS), a well-
characterized lipid-mimetic widely applied in α-synuclein
biophysical investigations and known to accelerate the protein
aggregation process.26,51−56 By measuring ThT fluorescence
intensities (Figure 1A), we found, as predicted by the Zagg

scores, that the aggregation rate of α2β was shifted from that of
α-synuclein to be very close to that of β-synuclein (Table 1 and
Figure 1A). Moreover, we also found that the aggregation rate
of β2α was shifted in the opposite direction to be intermediate
between those of α-synuclein and β-synuclein, as expected from
the predictions (Table 1 and Figure 1A). In addition, the same
aggregation data were analyzed by calculating the t1/2 values
(Table 1), with similar results. In order to verify that the newly
described mutantssimilarly to α-synuclein and β-synuclein
are able to form fibrillar structures after appropriate incubation
periods, we used transmission electron microscopy (TEM)
from samples corresponding to the end of the aggregation
reactions and confirmed that both α2β and β2α variants are
able to form amyloid-like fibrils (Figure 1B).

Table 1. Comparison between the Predicted Aggregation
Propensities (Zagg) and the Experimentally Observed and
Aggregation Rates (k) and Aggregation Half-Times (t1/2) for
α-Synuclein, β-Synuclein, and the Two Mutational Variants
(α2β and β2α) Analyzed in This Study, in the Presence of
350 μM SDSa

variant Zagg k (h−1) t1/2 (h)

α-synuclein 0.98 0.78 ± 0.07b 1.27 ± 0.12
α2β 0.90 0.26 ± 0.01c 5.9 ± 0.8
β-synuclein 0.80 0.20 ± 0.03d 18.1 ± 8.1
β2α 0.86 0.41 ± 0.02e 6.73 ± 1.1

aThe values of k and t1/2 represent the average ± standard deviation:
bN = 6. cN = 5. dN = 4. eN = 8.

Figure 1. (A) Representative kinetic traces of the aggregation of α-
synuclein (green), β-synuclein (red), α2β (black), and β2α (blue).
Aggregation was obtained in the presence of 350 μM SDS and
monitored by ThT fluorescence. Aggregation rates are indicated by
dashed lines, which represent the maximum slope in the aggregation
curves. (B) TEM images from negatively stained samples correspond-
ing to the fibrillar assemblies formed by α-synuclein (αS), β-synuclein
(βS), α2β, and β2α at the end of the aggregation process. Scale bar:
500 nm.
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In addition, we measured the fibrillation rates for the
synuclein variants from seeded aggregation reactions,45,57,58 in
the absence of SDS. We found that under the conditions that
we used β-synuclein did not form fibrils (Table 2), while for the

other protein variants, we observed an absence of the lag phase
and a good exponential fit (Supporting Information Figure 1).
From these experiments we derived elongation rates (ke) for α-
synuclein and the α2β and β2α variants, to be compared with
the predicted Zagg scores (Table 2). These rates for the two
mutants in relation to α-synuclein again showed a good
correlation with the Zagg scores (Table 2). These results,
therefore, further support the conclusion that when the six
amino acid residues that we identified in β-synuclein (Scheme
1, red regions) replace the equivalent residues in the sequence
of α-synuclein, the aggregation rate of the latter decreases
significantly. The complementary changes, which were used to
obtain the β2α variant, increases the aggregation rate of β-
synuclein to an extent similar to that expected from the
aggregation propensity predictions (Tables 1 and 2).
We next wondered whether, in addition to the aggregation

properties of α-synuclein and β-synuclein having changed
dramatically by mutation according to the Zagg scores, the
general properties of the early oligomers would have changed as
well. Recently, exogenous α-synuclein oligomers have received
increasing attention as extracellular α-synuclein oligomers,
which are thought to be relevant for the pathology of
Parkinson’s disease because of their potential neurotoxicity,28,59

have been detected in biological fluids.60 We therefore decided
to compare the morphology and toxicity of the synuclein
oligomers accumulated at the initial stages of the aggregation
process of the four forms of synuclein considered in this study.
In order to obtain an enriched preparation of early oligomeric
species for their study, we processed the four protein variants
similarly as follows. We used high protein concentrations to
induce aggregation and isolated the oligomers by size exclusion,
an approach that has been shown to favor the accumulation of
soluble α-synuclein oligomers22,47,61−63 with the ability to bind
to and permeabilize membranes.46,64 After incubation of the
four protein forms at a high concentration, we separated the
soluble oligomers from the monomers with a 100 kDa cutoff
filter. The isolation of a homogeneous oligomeric fraction was
confirmed by native gel electrophoresis followed by Western
blot (Supporting Information Figure 2) as well as by sandwich
ELISA (Supporting Information Figure 3). The yield of
oligomers for the four synuclein variants was calculated and
found to be relatively low (Supporting Information Table 3).
By analyzing numerous preparations, however, α-synuclein and
β2α were found to generate a higher yield of oligomers than β-

synuclein and α2β (Supporting Information Table 3). We then
sought to compare the ability of the four oligomer preparations
to be recognized by the anti-β-amyloid A11 antibody65 by Dot
blot (Supporting Information Figure 4). This conformation-
specific antibody has been reported to recognize an as yet
unknown generic polypeptide backbone epitope66 that is
independent of the amino acid sequence and is present in
different prefibrillar protein oligomers.22,30,67,68 While α-
synuclein and β2α oligomers were virtually not recognized by
this antibody under the experimental conditions used, the β-
synuclein and α2β oligomers were strongly and specifically
recognized by the A11 antibody (Supporting Information
Figure 4), suggesting a degree of conformational similarity
between the β-synuclein and α2β oligomers.
In order to compare the morphology of the oligomers

generated from the four protein variants, we used transmission
electron microscopy (TEM) together with negative staining at
high magnification (180 000×) (Figure 2A). In agreement with
previous reports, α-synuclein oligomers appeared to form 10−
15 nm rounded-like aggregates assembling into higher order
annular species,22 while the accumulated β-synuclein oligomers,
which looked similar but somewhat smaller (5−10 nm), were
seen to have a tendency to assemble into larger clusters (Figure
2A). A comparison between the overall images as well as the
detailed sections (insets) suggests that the general morphology
of the α2β oligomers is closer to that of the β-synuclein species,
namely, the somewhat lower size and the observed tendency to
form large clusters. Moreover, the inverse change was also
observed, as the general morphology of the β2α oligomers
appears to be closer to that of the α-synuclein oligomers
(Figure 2A).
Finally, in order to obtain a comparative assessment of the

cytotoxic effect of the different oligomers, we added freshly
purified aggregates at a final concentration of 15 μM to SH-
SY5Y human neuroblastoma cells in culture (Figure 2B). After
24 h, the state of the cells was monitored by the MTT
reduction inhibition assay, a generic biochemical test used to
monitor cell viability.48 As shown previously for the case of α-
synuclein,69−71 the monomeric fractions of all four protein
variants did not significantly alter the cell viability, as compared
to untreated controls (α-synuclein, P = 0.078; α2β, P = 0.118;
β-synuclein, P = 0.754; β2α, P = 0.835) and between
themselves (P values provided in the legend of Figure 2B).
Also, in accordance with previous reports from similar
experiments,63,72 α-synuclein oligomers showed moderate but
significant cytotoxic effects, as shown by a decrease in MTT
reduction to 78 ± 5% (P = 0.026) of that of untreated cells,
while exposure of cells to β-synuclein oligomers produced no
reduction in cell viability relative to controls (108 ± 5%; P =
0.122), indicating that the β-synuclein oligomers are not toxic
to cells under these conditions (Figure 2B). Remarkably, the
α2β oligomers were found to be nontoxic (110 ± 5%; P =
0.191) as were the β-synuclein oligomers, while the β2α
oligomers displayed significant toxic effects (76 ± 2%; P =
0.002), comparable to the toxicity of oligomeric α-synuclein
(Figure 2B). These changes in cytotoxicity might be caused by
differential conformational rearrangements in the different
protein oligomers, as recently shown for HypF-N and α-
synuclein.73,74

■ CONCLUSIONS
We have shown that it is possible to alter the aggregation rate
of α-synuclein and to bring it to a value close to that of β-

Table 2. Comparison between the Predicted Aggregation
Propensities (Zagg) and the Experimentally Observed
Elongation Rates (ke) for α-Synuclein, β-Synuclein, and the
Two Mutational Variants (α2β and β2α) Analyzed in This
Study, from Seeded Aggregation Assaysa

variant Zagg ke (h
−1)

α-synuclein 0.98 0.135 ± 0.001
α2β 0.90 0.025 ± 0.002
β-synuclein 0.80
β2α 0.86 0.017 ± 0.002

aThe values of k and t1/2 represent the average ± standard deviation
(N = 2).
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synuclein by swapping between the two proteins a set of just six
residues chosen in a rational manner. We achieved this result
not by performing extensive in vitro studies of the aggregation
rates of a large number of mutational variants of α-synuclein
but by the rational design of just one mutational variant, called
α2β. This variant was identified by a computational screen that
indicated a very small set of substitutions reflecting directly the
evolutionary divergence of these two proteins. As predicted, our
experiments confirmed that the α2β variant closely resembles

β-synuclein in terms of aggregation kinetics. Remarkably, the
corresponding β2α variant also shifted its aggregation kinetics
toward those of α-synuclein. Furthermore, possibly caused by a
switch in the conformational properties or nature of the early
prefibrillar oligomers, the six selected mutations in the α2β-
based oligomers were sufficient to abolish the cytotoxic effect
observed for α-synuclein oligomers in a cell-based model, while
the mutations present in the β2α-based oligomers showed to
produce an increase in the cytotoxicity as compared to β-
synuclein. These results demonstrate that the overall strategy
based on Zyggregator predictions that we have presented here
can be used to modify the aggregation properties of proteins in
a highly quantitative manner.

■ ASSOCIATED CONTENT
*S Supporting Information
Supporting Figures 1−4 and Supporting Tables 1−3. This
material is available free of charge via the Internet at http://
pubs.acs.org.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail mv245@cam.ac.uk; phone +44 1223 763873.
Funding
Financial support was provided by the Wellcome Trust
(C.M.D. and M.V.), the Leverhulme Trust (C.M.D., G.G.T.,
and M.V.), EMBO (M.V.), and the Royal Society (M.V.). C.R.
acknowledges financial support by the Spanish Ministry of
Health according to the “Plan Nacional de I+D+I 2008−2011”,
Instituto Nacional Carlos III (ISCIII, project CP10/00527 to
CR), with cofunding by the Fondo Europeo de Desarrollo
Regional (FEDER). The authors acknowledge support by
FEBS (C.R. and A.A.) and the Spanish Ministry of Science
(A.L.G.).
Notes
The authors declare no competing financial interest.

■ ABBREVIATIONS
SDS, sodium dodecyl sulfate; TEM, transmission electron
microscopy.

■ REFERENCES
(1) Chiti, F., Stefani, M., Taddei, N., Ramponi, G., and Dobson, C.
M. (2003) Rationalization of the effects of mutations on peptide and
protein aggregation rates. Nature 424, 805−808.
(2) Fernandez-Escamilla, A. M., Rousseau, F., Schymkowitz, J., and
Serrano, L. (2004) Prediction of sequence-dependent and mutational
effects on the aggregation of peptides and proteins. Nat. Biotechnol. 22,
1302−1306.
(3) Fowler, S. B., Poon, S., Muff, R., Chiti, F., Dobson, C. M., and
Zurdo, J. (2005) Rational design of aggregation-resistant bioactive
peptides: Reengineering human calcitonin. Proc. Natl. Acad. Sci. U. S.
A. 102, 10105−10110.
(4) Tartaglia, G. G., Pawar, A. P., Campioni, S., Dobson, C. M., Chiti,
F., and Vendruscolo, M. (2008) Prediction of aggregation-prone
regions in structured proteins. J. Mol. Biol. 380, 425−436.
(5) Zibaee, S., Jakes, R., Fraser, G., Serpell, L. C., Crowther, R. A.,
and Goedert, M. (2007) Sequence determinants for amyloid
fibrillogenesis of human alpha-synuclein. J. Mol. Biol. 374, 454−464.
(6) Trovato, A., Chiti, F., Maritan, A., and Seno, F. (2006) Insight
into the structure of amyloid fibrils from the analysis of globular
proteins. PLoS Comput. Biol. 2, 1608−1618.
(7) Thompson, M. J., Sievers, S. A., Karanicolas, J., Ivanova, M. I.,
Baker, D., and Eisenberg, D. (2006) The 3D profile method for

Figure 2. Morphology and toxicity of α-synuclein (αS), β-synuclein
(βS), α2β, and β2α soluble oligomers accumulated after overnight
incubation at 37 °C of a 700−900 μM solution in PBS. (A) TEM
images from negatively stained samples obtained after coating EM
grids with the corresponding oligomers. Scale bars: 100 nm. Inset:
2.5× zoomed image. (B) MTT reduction on SH-SY5Y cells treated
with 15 μM oligomers (black), or monomers (gray), for 24 h,
compared to untreated (control) cells. αS: α-synuclein; βS: β-
synuclein. Error bars correspond to the SEM from four independent
experiments (N = 4). Statistically significant differences within the
values of the oligomers group (**P < 0.01) were observed for αS vs
α2β (P = 0.004) and βS vs β2α (P = 0.003), as opposed to αS vs β2α
(P = 0.734) and βS vs α2β (P = 0.750). Statistically significant
differences between the values of the oligomers and the corresponding
monomers (#P < 0.01) were observed for αS (P = 0.001) and β2α
species (P = 0.003), as opposed to α2β (P = 0.667) and βS species (P
= 0.153). Differences between the monomers values were found to be
statistically not significant in all cases (α-synuclein vs β-synuclein: P =
0.120; αS vs β2α: P = 0.163; α2β vs βS: P = 0.128; α2β vs β2α: P =
0.168). Statistical differences were calculated by applying the Student t
test.

Biochemistry Article

dx.doi.org/10.1021/bi300558q | Biochemistry XXXX, XXX, XXX−XXXF

http://pubs.acs.org
http://pubs.acs.org
mailto:mv245@cam.ac.uk


identifying fibril-forming segments of proteins. Proc. Natl. Acad. Sci. U.
S. A. 103, 4074−4078.
(8) Conchillo-Sole, O., de Groot, N. S., Aviles, F. X., Vendrell, J.,
Daura, X., and Ventura, S. (2007) Aggrescan: A server for the
prediction and evaluation of “hot spots” of aggregation in
polypeptides. BMC Bioinf. 8, 65−81.
(9) Bryan, A. W., Menke, M., Cowen, L. J., Lindquist, S. L., and
Berger, B. (2009) Betascan: Probable beta-amyloids identified by
pairwise probabilistic analysis. PLoS Comput. Biol. 5, e1000333.
(10) Maurer-Stroh, S., Debulpaep, M., Kuemmerer, N., de la Paz, M.
L., Martins, I. C., Reumers, J., Morris, K. L., Copland, A., Serpell, L.,
Serrano, L., Schymkowitz, J. W. H., and Rousseau, F. (2010) Exploring
the sequence determinants of amyloid structure using position-specific
scoring matrices. Nat. Methods 7, 237−242.
(11) Belli, M., Ramazzotti, M., and Chiti, F. (2011) Prediction of
amyloid aggregation in vivo. EMBO Rep. 12, 657−663.
(12) Luheshi, L. M., Tartaglia, G. G., Brorsson, A. C., Pawar, A. P.,
Watson, I. E., Chiti, F., Vendruscolo, M., Lomas, D. A., Dobson, C. M.,
and Crowther, D. C. (2007) Systematic in vivo analysis of the intrinsic
determinants of amyloid beta pathogenicity. PLoS Biol. 5, 2493−2500.
(13) Brorsson, A. C., Bolognesi, B., Tartaglia, G. G., Shammas, S. L.,
Favrin, G., Watson, I., Lomas, D. A., Chiti, F., Vendruscolo, M.,
Dobson, C. M., Crowther, D. C., and Luheshi, L. M. (2010) Intrinsic
determinants of neurotoxic aggregate formation by the amyloid beta
peptide. Biophys. J. 98, 1677−1684.
(14) Chiti, F., and Dobson, C. M. (2006) Protein misfolding,
functional amyloid, and human disease. Annu. Rev. Biochem. 75, 333−
366.
(15) Spillantini, M. G., Schmidt, M. L., Lee, V. M. Y., Trojanowski, J.
Q., Jakes, R., and Goedert, M. (1997) Alpha-synuclein in lewy bodies.
Nature 388, 839−840.
(16) Dedmon, M. M., Lindorff-Larsen, K., Christodoulou, J.,
Vendruscolo, M., and Dobson, C. M. (2005) Mapping long-range
interactions in alpha-synuclein using spin-label NMR and ensemble
molecular dynamics simulations. J. Am. Chem. Soc. 127, 476−477.
(17) Thomas, B., and Beal, M. F. (2007) Parkinson’s disease. Hum.
Mol. Genet. 16, R183−R194.
(18) Lees, A. J., Hardy, J., and Revesz, T. (2009) Parkinson’s disease.
Lancet 373, 2055−2066.
(19) Auluck, P. K., Caraveo, G., and Lindquist, S. (2010) Alpha-
synuclein: Membrane interactions and toxicity in Parkinson’s disease.
Annu. Rev. Cell Dev. Biol. 26, 211−233.
(20) Bartels, T., Choi, J. G., and Selkoe, D. J. (2011) Alpha-synuclein
occurs physiologically as a helically folded tetramer that resists
aggregation. Nature 477, 107−U123.
(21) Conway, K. A., Lee, S. J., Rochet, J. C., Ding, T. T., Williamson,
R. E., and Lansbury, P. T. (2000) Acceleration of oligomerization, not
fibrillization, is a shared property of both alpha-synuclein mutations
linked to early-onset Parkinson’s disease: Implications for pathogenesis
and therapy. Proc. Natl. Acad. Sci. U. S. A. 97, 571−576.
(22) Lashuel, H. A., Petre, B. M., Wall, J., Simon, M., Nowak, R. J.,
Walz, T., and Lansbury, P. T. (2002) Alpha-synuclein, especially the
Parkinson’s disease-associated mutants, forms pore-like annular and
tubular protofibrils. J. Mol. Biol. 322, 1089−1102.
(23) Fink, A. L. (2006) The aggregation and fibrillation of alpha-
synuclein. Acc. Chem. Res. 39, 628−634.
(24) Uversky, V. N., and Eliezer, D. (2009) Biophysics of Parkinson’s
disease: Structure and aggregation of alpha-synuclein. Curr. Protein
Pept. Sci. 10, 483−499.
(25) Dedmon, M. M., Christodoulou, J., Wilson, M. R., and Dobson,
C. M. (2005) Heat shock protein 70 inhibits alpha-synuclein fibril
formation via preferential binding to prefibrillar species. J. Biol. Chem.
280, 14733−14740.
(26) Rivers, R. C., Kumita, J. R., Tartaglia, G. G., Dedmon, M. M.,
Pawar, A., Vendruscolo, M., Dobson, C. M., and Christodoulou, J.
(2008) Molecular determinants of the aggregation behavior of alpha-
and beta-synuclein. Protein Sci. 17, 887−898.

(27) Volles, M. J., and Lansbury, P. T. (2003) Zeroing in on the
pathogenic form of alpha-synuclein and its mechanism of neurotoxicity
in Parkinson’s disease. Biochemistry 42, 7871−7878.
(28) Danzer, K. M., Haasen, D., Karow, A. R., Moussaud, S., Habeck,
M., Giese, A., Kretzschmar, H., Hengerer, B., and Kostka, M. (2007)
Different species of alpha-synuclein oligomers induce calcium influx
and seeding. J. Neurosci. 27, 9220−9232.
(29) Danzer, K. M., Ruf, W. P., Putcha, P., Joyner, D., Hashimoto, T.,
Glabe, C., Hyman, B. T., and McLean, P. J. (2011) Heat-shock protein
70 modulates toxic extracellular alpha-synuclein oligomers and rescues
trans-synaptic toxicity. FASEB J. 25, 326−336.
(30) Winner, B., Jappelli, R., Maji, S. K., Desplats, P. A., Boyer, L.,
Aigner, S., Hetzer, C., Loher, T., Vilar, M., Campionic, S., Tzitzilonis,
C., Soragni, A., Jessberger, S., Mira, H., Consiglio, A., Pham, E.,
Masliah, E., Gage, F. H., and Riek, R. (2011) In vivo demonstration
that alpha-synuclein oligomers are toxic. Proc. Natl. Acad. Sci. U. S. A.
108, 4194−4199.
(31) Hinault, M. P., Cuendet, A. F. H., Mattoo, R. U. H., Mensi, M.,
Dietler, G., Lashuel, H. A., and Goloubinoff, P. (2010) Stable alpha-
synuclein oligomers strongly inhibit chaperone activity of the Hsp70
system by weak interactions with J-domain co-chaperones. J. Biol.
Chem. 285, 38173−38182.
(32) Uversky, V. N., Li, J., Souillac, P., Millett, I. S., Doniach, S., Jakes,
R., Goedert, M., and Fink, A. L. (2002) Biophysical properties of the
synucleins and their propensities to fibrillate - inhibition of alpha-
synuclein assembly by beta- and gamma-synucleins. J. Biol. Chem. 277,
11970−11978.
(33) Mori, F., Inenaga, C., Yoshimoto, M., Umezu, H., Tanaka, R.,
Takahashi, H., and Wakabayashi, K. (2002) Alpha-synuclein
immunoreactivity in normal and neoplastic schwann cells. Acta
Neuropath. 103, 145−151.
(34) Park, J. Y., and Lansbury, P. T. (2003) Beta-synuclein inhibits
formation of alpha-synuclein protofibrils: A possible therapeutic
strategy against Parkinson’s disease. Biochemistry 42, 3696−3700.
(35) Sung, Y. H., and Eliezer, D. (2007) Residual structure, backbone
dynamics, and interactions within the synuclein family. J. Mol. Biol.
372, 689−707.
(36) Bertoncini, C. W., Rasia, R. M., Lamberto, G. R., Binolfi, A.,
Zweckstetter, M., Griesinger, C., and Fernandez, C. O. (2007)
Structural characterization of the intrinsically unfolded protein beta-
synuclein, a natural negative regulator of alpha-synuclein aggregation.
J. Mol. Biol. 372, 708−722.
(37) Vilar, M., Chou, H. T., Luhrs, T., Maji, S. K., Riek-Loher, D.,
Verel, R., Manning, G., Stahlberg, H., and Riek, R. (2008) The fold of
alpha-synuclein fibrils. Proc. Natl. Acad. Sci. U. S. A. 105, 8637−8642.
(38) Cho, M. K., Kim, H. Y., Fernandez, C. O., Becker, S., and
Zweckstetter, M. (2011) Conserved core of amyloid fibrils of wild type
and A30P mutant alpha-synuclein. Protein Sci. 20, 387−395.
(39) Comellas, G., Lemkau, L. R., Nieuwkoop, A. J., Kloepper, K. D.,
Ladror, D. T., Ebisu, R., Woods, W. S., Lipton, A. S., George, J. M., and
Rienstra, C. M. (2011) Structured regions of alpha-synuclein fibrils
include the early-onset Parkinson’s disease mutation sites. J. Mol. Biol.
411, 881−895.
(40) Karyagina, I., Becker, S., Giller, K., Riedel, D., Jovin, T. M.,
Griesinger, C., and Bennati, M. (2011) Electron paramagnetic
resonance spectroscopy measures the distance between the external
beta-strands of folded alpha-synuclein in amyloid fibrils. Biophys. J.
101, L1−L3.
(41) Waxman, E. A., Mazzulli, J. R., and Giasson, B. I. (2009)
Characterization of hydrophobic residue requirements for alpha-
synuclein fibrillization. Biochemistry 48, 9427−9436.
(42) Zibaee, S., Fraser, G., Jakes, R., Owen, D., Serpell, L. C.,
Crowther, R. A., and Goedert, M. (2010) Human beta-synuclein
rendered fibrillogenic by designed mutations. J. Biol. Chem. 285,
38555−38567.
(43) Hernandez, M., Golbert, S., Zhang, L. G., and Kim, J. R. (2011)
Creation of aggregation-defective alpha-synuclein variants by engineer-
ing the sequence connecting beta-strand-forming domains. Chem-
BioChem 12, 2630−2639.

Biochemistry Article

dx.doi.org/10.1021/bi300558q | Biochemistry XXXX, XXX, XXX−XXXG



(44) Ho, S. N., Hunt, H. D., Horton, R. M., Pullen, J. K., and Pease,
L. R. (1989) Site-directed mutagenesis by overlap extension using the
polymerase chain reaction. Gene 77, 51−59.
(45) Hoyer, W., Antony, T., Cherny, D., Heim, G., Jovin, T. M., and
Subramaniam, V. (2002) Dependence of alpha-synuclein aggregate
morphology on solution conditions. J. Mol. Biol. 322, 383−393.
(46) van Rooijen, B. D., Claessens, M., and Subramaniam, V. (2010)
Membrane permeabilization by oligomeric alpha-synuclein: In search
of the mechanism. PLoS One 5, e14292.
(47) van Rooijen, B. D., van Leijenhorst-Groener, K. A., Claessens,
M., and Subramaniam, V. (2009) Tryptophan fluorescence reveals
structural features of alpha-synuclein oligomers. J. Mol. Biol. 394, 826−
833.
(48) Mosmann, T. (1983) Rapid colorimetric assay for cellular
growth and survival - application to proliferation and cyto-toxicity
assays. J. Immunol. Methods 65, 55−63.
(49) Biere, A. L., Wood, S. J., Wypych, J., Steavenson, S., Jiang, Y.,
Anafi, D., Jacobsen, F. W., Jarosinski, M. A., Wu, G. M., Louis, J. C.,
Martin, F., Narhi, L. O., and Citron, M. (2000) Parkinson’s disease-
associated alpha-synuclein is more fibrillogenic than beta- and gamma-
synuclein and cannot cross-seed its homologs. J. Biol. Chem. 275,
34574−34579.
(50) Yamin, G., Munishkina, L. A., Karymov, M. A., Lyubchenko, Y.
L., Uversky, V. N., and Fink, A. L. (2005) Forcing nonamyloidogenic
beta-synuclein to fibrillate. Biochemistry 44, 9096−9107.
(51) Bussell, R., Jr., and Eliezer, D. (2003) A structural and functional
role for 11-mer repeats in alpha-synuclein and other exchangeable lipid
binding proteins. J. Mol. Biol. 329, 763−778.
(52) Ferreon, A. C., and Deniz, A. A. (2007) Alpha-synuclein
multistate folding thermodynamics: Implications for protein misfold-
ing and aggregation. Biochemistry 46, 4499−4509.
(53) Ferreon, A. C., Gambin, Y., Lemke, E. A., and Deniz, A. A.
(2009) Interplay of alpha-synuclein binding and conformational
switching probed by single-molecule fluorescence. Proc. Natl. Acad.
Sci. U. S. A. 106, 5645−5650.
(54) Wang, G. F., Li, C., and Pielak, G. J. (2010) Probing the micelle-
bound aggregation-prone state of alpha-synuclein with (19)f NMR
spectroscopy. ChemBioChem 11, 1993−1996.
(55) Volles, M. J., and Lansbury, P. T., Jr. (2007) Relationships
between the sequence of alpha-synuclein and its membrane affinity,
fibrillization propensity, and yeast toxicity. J. Mol. Biol. 366, 1510−
1522.
(56) Pertinhez, T. A., Bouchard, M., Smith, R. A., Dobson, C. M., and
Smith, L. J. (2002) Stimulation and inhibition of fibril formation by a
peptide in the presence of different concentrations of SDS. FEBS Lett.
529, 193−197.
(57) Wood, S. J., Wypych, J., Steavenson, S., Louis, J. C., Citron, M.,
and Biere, A. L. (1999) Alpha-synuclein fibrillogenesis is nucleation-
dependent. Implications for the pathogenesis of Parkinson’s disease. J.
Biol. Chem. 274, 19509−19512.
(58) Kim, H. J., Chatani, E., Goto, Y., and Paik, S. R. (2007) Seed-
dependent accelerated fibrillation of alpha-synuclein induced by
periodic ultrasonication treatment. J. Microbiol. Biotechnol. 17, 2027−
2032.
(59) Desplats, P., Lee, H. J., Bae, E. J., Patrick, C., Rockenstein, E.,
Crews, L., Spencer, B., Masliah, E., and Lee, S. J. (2009) Inclusion
formation and neuronal cell death through neuron-to-neuron
transmission of alpha-synuclein. Proc. Natl. Acad. Sci. U. S. A. 106,
13010−13015.
(60) Lee, S. J. (2008) Origins and effects of extracellular alpha-
synuclein: Implications in Parkinson’s disease. J. Mol. Neurosci. 34, 17−
22.
(61) Volles, M. J., Lee, S. J., Rochet, J. C., Shtilerman, M. D., Ding, T.
T., Kessler, J. C., and Lansbury, P. T. (2001) Vesicle permeabilization
by protofibrillar alpha-synuclein: Implications for the pathogenesis and
treatment of Parkinson’s disease. Biochemistry 40, 7812−7819.
(62) van Rooijen, B. D., Claessens, M., and Subramaniam, V. (2008)
Membrane binding of oligomeric alpha-synuclein depends on bilayer
charge and packing. FEBS Lett. 582, 3788−3792.

(63) Emadi, S., Kasturirangan, S., Wang, M. S., Schulz, P., and Sierks,
M. R. (2009) Detecting morphologically distinct oligomeric forms of
alpha-synuclein. J. Biol. Chem. 284, 11048−11058.
(64) Volles, M. J., and Lansbury, P. T. (2002) Vesicle
permeabilization by protofibrillar alpha-synuclein is sensitive to
parkinson’s disease-linked mutations and occurs by a pore-like
mechanism. Biochemistry 41, 4595−4602.
(65) Kayed, R., Head, E., Thompson, J. L., McIntire, T. M., Milton, S.
C., Cotman, C. W., and Glabe, C. G. (2003) Common structure of
soluble amyloid oligomers implies common mechanism of patho-
genesis. Science 300, 486−489.
(66) Glabe, C. G. (2008) Structural classification of toxic amyloid
oligomers. J. Biol. Chem. 283, 29639−29643.
(67) Kim, H. Y., Cho, M. K., Kumar, A., Maier, E., Siebenhaar, C.,
Becker, S., Fernandez, C. O., Lashuel, H. A., Benz, R., Lange, A., and
Zweckstetter, M. (2009) Structural properties of pore-forming
oligomers of alpha-synuclein. J. Am. Chem. Soc. 131, 17482−17489.
(68) Karpinar, D. P., Balija, M. B., Kugler, S., Opazo, F., Rezaei-
Ghaleh, N., Wender, N., Kim, H. Y., Taschenberger, G., Falkenburger,
B. H., Heise, H., Kumar, A., Riedel, D., Fichtner, L., Voigt, A., Braus,
G. H., Giller, K., Becker, S., Herzig, A., Baldus, M., Jackle, H., Eimer, S.,
Schulz, J. B., Griesinger, C., and Zweckstetter, M. (2009) Pre-fibrillar
alpha-synuclein variants with impaired beta-structure increase neuro-
toxicity in Parkinson’s disease models. EMBO J. 28, 3256−3268.
(69) Chen, L., Wei, Y., Wang, X., and He, R. (2010) Ribosylation
rapidly induces alpha-synuclein to form highly cytotoxic molten
globules of advanced glycation end products. PLoS One 5, e9052.
(70) Ono, K., Mochizuki, H., Ikeda, T., Nihira, T., Takasaki, J. I.,
Teplow, D. B., and Yamada, M. (2011) Effect of melatonin on alpha-
synuclein self-assembly and cytotoxicity. Neurobiol. Aging,.
(71) Yonetani, M., Nonaka, T., Masuda, M., Inukai, Y., Oikawa, T.,
Hisanaga, S., and Hasegawa, M. (2009) Conversion of wild-type alpha-
synuclein into mutant-type fibrils and its propagation in the presence
of A30P mutant. J. Biol. Chem. 284, 7940−7950.
(72) Wright, J. A., Wang, X. Y., and Brown, D. R. (2009) Unique
copper-induced oligomers mediate alpha-synuclein toxicity. FASEB J.
23, 2384−2393.
(73) Campioni, S., Mannini, B., Zampagni, M., Pensalfini, A., Parrini,
C., Evangelisti, E., Relini, A., Stefani, M., Dobson, C. M., Cecchi, C.,
and Chiti, F. (2010) A causative link between the structure of aberrant
protein oligomers and their toxicity. Nat. Chem. Biol. 6, 140−147.
(74) Cremades, N., Cohen, S. I. A., Deas, E., Abramov, A. Y., Chen,
A. Y., Orte, A., Sandal, M., Clarke, R. W., Dunne, P., Aprile, F. A.,
Bertoncini, C. W., Wood, N. W., Knowles, T. P. J., Dobson, C. M., and
Klenerman, D. (2012) Direct observation of the interconversion of
normal and toxic forms of alpha-synuclein. Cell 149, 1048−1059.

Biochemistry Article

dx.doi.org/10.1021/bi300558q | Biochemistry XXXX, XXX, XXX−XXXH


