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a b s t r a c t

The aggregation of a-synuclein is associated with dopamine neuron death in Parkinson's disease. There is
controversy in the field over the question of which species of the aggregates, fibrils or protofibrils, are
toxic. Moreover, compelling evidence suggested the exposure to heavy metals to be a risk of PD.
Nevertheless, the mechanism of metal ions in promoting PD remains unclear. In this research, we
investigated the structural basis of Cu(II) induced aggregation of a-synuclein. Using transmission elec-
tron microscopy experiments, Cu(II) was found to promote in vitro aggregation of a-synuclein by
facilitating annular protofibril formation rather than fibril formation. Furthermore, neuroprotective
baicalein disaggregated annular protofibrils accompanied by considerable decrease of b-sheet content.
These results strongly support the hypothesis that annular protofibrils are the toxic species, rather than
fibrils, thereby inspiring us to search novel therapeutic strategies for the suppression of the toxic annular
protofibril formation.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

The aggregation of a-synuclein is thought to play a role in the
onset of Parkinson's disease (PD) [1]. This small natively disordered
protein can convert to mature fibrils with b-sheet conformation
through an aggregation pathway relevant to intermediate species
referred to as ‘protofibrils’ (or ‘oligomers’) [1,2]. Among various
protofibril structures, annular protofibrils have generated great
interest due to their toxin-like morphology and pore-forming po-
tential on cell membranes [3e7]. Two PD linked mutants, A53T and
A30P, were reported to have a high propensity to form annular
protofibrils that have a strong affinity for membranes, implying a
pore-like mechanism related to the toxicity of annular structures
that are rich in b-sheet [8e10]. The pore-like mechanism was also
supported by the electrophysiological analysis of bilayer conduc-
tance with the protofibrils [6,7,11]. In addition, the pore-like
morphology and activity on cell membranes of annular
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protofibrils have also been observed in other protein misfolding
diseases, whichmay imply a commonmolecular mechanism for the
toxicity of protein aggregates [12,13]. On the other hand, the
structural flexibility and instability of protofibrils considerably
hindered progresses in annular protofibril study. Using cryo-
electron microscopy (cryo-EM), our group reported, for the first
time, on a-synuclein protofibril structural characteristics, which
was also direct proof of the existence of annular protofibrils in
solution, and illustrated the aggregation pathway visually from
annular protofibrils to fibrils [14]. However, there is still contro-
versy in the field over the question of which species are toxic. Are
annular protofibrils the toxic species? More evidence is desired
before drawing a definite conclusion.

Compelling epidemiological evidence indicated a risk of PD
upon the occupational exposure to heavy metals [15]. In brains of
patients with PD, copper, iron, and zinc in high concentration were
detected in the cerebrospinal fluid or the substantia nigra [16e18].
That oxidative stress was considered to be a pathogenic factor for
PD led to the hypothesis that redox-active metal ions concentrated
in substantia nigra could result in more oxidative conditions
favorable for radical species production [19,20]. It was also pro-
posed that metal ions might promote the fibrillization of a-synu-
clein during aggregation, possibly through the structural changes of
a-synuclein caused by direct interactions between the protein and
metal ions [21e24]. Nevertheless, the mechanism of metal ions in
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promoting a-synuclein neurotoxicity remains unclear. Given that
increasing evidence suggested fibrils were not the toxic species, it is
reasonable to reconsider the roles of metal ions in a-synuclein
aggregation.

Polyphenols are a large structural constellation of aromatic
compounds characterized by multiple phenol groups. Recent
research showed that a number of these natural compounds, such
as baicalein and epigallocatechin gallate (EGCG), suppressed toxic
aggregation of amyloid proteins [25]. One report in particular
showed that EGCG led a-synuclein monomers to form off-pathway,
nontoxic oligomers [26]. Baicalein exhibited neuroprotective effect
as the treatment of experimental parkinsonism in both in vivo and
in vitro research [27,28]. Moreover, it was found to inhibit the fibril
formation of a-synuclein and disaggregate existing fibrils, resulting
in the production of a stabilized soluble oligomer [29,30]. However,
other studies revealed that baicalein inhibited the oligomer for-
mation of a-synuclein in living cells [31], and thus the disaggre-
gation of existing fibrils by baicalein might not be the key to its
neuroprotective effect.

Cu(II) and baicalein were both known to bind a-synuclein and
modulate its fibrillization, but their influences on a-synuclein
protofibrils were less well understood. Here, we report on in-
vestigations of the effects of Cu(II) and baicalein on a-synuclein
aggregation in vitro, while also testing the hypothesis that annular
protofibrils are toxic species.

2. Material and methods

2.1. In vitro incubation of a-synuclein

Wild type (WT) a-synuclein (rPeptide LLC, purity>95%) was
reconstituted in 1 � phosphate buffered saline (PBS), 0.02% (w/v)
NaN3. 400 mM WT a-synuclein was then incubated at 37 �C in
presence or absence of 40 mMcopper sulfate on a rolling rack for the
investigation of the effect of copper(II) on a-synuclein aggregation.
Aliquots from protein samples were collected at different incuba-
tion periods and stored at �80 �C.

To study the impact of baicalein on annular protofibrils, the
solution of 400 mM a-synuclein with 40 mM Cu collected after 60 h
incubation as a good source of annular protofibrils was mixed with
equal molar baicalein in 2% dimethylsulfoxide (DMSO) to get a final
concentration of 200 mM a-synuclein and baicalein in 1% DMSO.
The protein solution treated by DMSO without baicalein was pre-
pared as the control. Both solutions were incubated for 8 h at 37 �C
before transmission electron microscopy (TEM) and Fourier trans-
form infrared (FTIR) tests.

2.2. Thioflavin T (ThT) fluorescence

ThT fluorescence test was conducted following the procedures
described in our previous report [14]. Briefly, 100 mL aqueous so-
lution of 400 mM WT a-synuclein and 100 mM ThT in presence or
absence of copper sulfate (40 mM) in 1 � PBS, pH7.4, 0.02% NaN3
were tested in a 96-well plate. The in vitro aggregation was
monitored by a Gemini EM Fluorescence Microplate Reader (Mo-
lecular Devices, Sunnyvale, CA) with an excitation wavelength of
440 nm and an emission wavelength of 482 nm at 37 �C. The
fluorescence signal was collected every 15 min after the 30-s
shaking.

2.3. TEM image collection

Negative stain specimens were placed onto carbon-coated
copper grids after glow-discharge. Grids were then rinsed by
three drops of PBS buffer and stained by uranyl acetate (1%). TEM
images were recorded on Gatan 1 k CCD with a FEI CM200 TEM
operating at 200 kV. Cryo-EM samples were prepared with C-flat 2/
2 holey carbon grids (Protochips, Raleigh, NC) by a Cp3 cryo-
plunger (Gatan, Pleasanton, CA). Cryo-EM images were collected
with SO-163 films (Kodak, Rochester, NY).

2.4. FTIR

FTIR data collection and analysis were performed using the
procedures reported previously [14]. Attenuated total reflectance
(ATR)-FTIR data was measured on a Spectrum 100 FTIR spectrom-
eter with universal ATR sampling accessory (Perkin Elmer, Wal-
tham,MA). Protein solutions treatedwith baicalein and DMSOwere
spread out on a Diamond/ZnSe crystal and dried to form a thin film
[32]. Spectra data was further analyzed using the OriginPro soft-
ware from OriginLab Co.. Curve-fitting was applied for the esti-
mation of secondary structure components and the percentages of
each components in terms of the peak positions identified using
second derivatives and Fourier self-deconvolution [32,33].

3. Results and discussion

3.1. Cu(II) promoted annular protofibril formation

In our previous research, rat primary midbrain cultures were
transduced with adenovirus encoding the human WT a-synuclein
in the absence or presence of Cu(II) gene to determine the effects of
Cu(II) on the toxicity of a-synuclein to post-mitotic dopaminergic
neurons [34]. The results showed that WT aSyn neurotoxicity was
potentiated in the presence of 10 mM Cu(II), apparently via a
mechanism involving oxidative stress, whereas the metal ion alone
displayed no significant toxic effects at this concentration. Similar
results were also reported by treating neurons with exogenous a-
synuclein and copper ion [35]. Cu(II) modulates a-synuclein ag-
gregation either through binding [21e24] or through increased
oxidative stress [36]. However, the effects of Cu(II) on different a-
synuclein assemblies formed during the protein's aggregation are
poorly understood. To answer this question, 400 mM a-synuclein
was incubated in presence or absence of 40 mM copper ion at 37 �C
in vitro and the aggregation was monitored with ThT fluorescence
and TEM assays. In the ThT fluorescence assay, the b-sheet content
of a-synuclein, which is indicative of the aggregation process,
increased during the incubation following a sigmoidal behavior,
and the elongation phase of the aggregation process was acceler-
ated by ionic copper (Fig. 1A). This observation is in good agree-
ment with previous reports [21,22,37].

However, from the ThT fluorescence data it is difficult to
determine what kinds of species of a-synuclein aggregates were
prevalent upon the addition of copper ion. Thus, negative stain TEM
was applied to better illustrate the Cu2þ promoted aggregation. The
typical structures of a-synuclein aggregates in the absence or in the
presence of ionic copper after different incubation periods are
displayed in Fig. 2. No fibrils or discernible protofibrils were found
at the beginning of the incubation (Fig. 2 and 0 h) regardless of the
presence of ionic copper. This result implied that only small species,
such as monomers, dimers, or small oligomers existed in the sys-
tem at the early aggregation stage, showed by the lag phase of the
aggregation in the fluorescence curves (Fig. 1A), and these small
species could not be identified using negative stain TEM. Annular
protofibrils were initially found after 48 h incubation for both
groups (in absence and presence of copper ion), however,
comparatively fewer were found in the absence of copper (Fig. 2
and 48 h). The existence of annular protofibrils in solution was
proved by cryo-EM (Fig. 1B). Fibrils were first found at t ¼ 48 h in
the protein sample without ionic copper, earlier than that in



Fig. 1. (A) The aggregation kinetics of 400 mM a-synuclein in absence and presence of 40 mM Cu2þ monitored with ThT fluorescence. (B) A typical cryo-EM image showing annular
protofibrils of 400 mM a-synuclein in presence of 40 mM Cu2þ. The inset shows typical annular protofibrils. The size of each square box is 30.5 nm.
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presence of ionic copper (t ¼ 56 h) (data not shown). In TEM im-
ages, the major species in the protein alone sample after 48 h were
fibrils and large spherical aggregates, whereas annular protofibrils
dominated the copper containing sample before 68 h, and were
replaced by fibrils after 68 h (Fig. 2). Therefore, it appears that the
addition of Cu2þ altered the distribution of a-synuclein among
various aggregate structures.

Ionic copper was found to promote a-synuclein aggregation by
facilitating annular protofibril formation rather than fibril forma-
tion. One TEM image at each time point was hardly enough to
represent the complex composition and distribution of difference
structures. Considering the highly heterogeneous distribution of
the aggregates, 100 TEM images were randomly collected from the
protein samples in presence and absence of Cu2þ at each incubation
time point for the quantitative analysis of fibrils and annular pro-
tofibrils. The random collection, however, resulted in the inclusion
of fibril bundles, which could not be used for fibril counting. It is
simple to selectively image dispersed fibrils, which are countable
regardless the problems caused by the significant variance of the
fibril length. Nevertheless, the selective counting of dispersed fi-
brils fails to yield data that properly reflect the fibril distribution
without artifacts. Accordingly, the number of images that showed
fibrils (set as Nf) out of a total of 100 images in each group was
determined. The Nf values of the protein samples in absence and
presence of Cu2þ were plotted against the incubation time in
Fig. 3A. Both curves roughly followed sigmoidal behavior similar to
the aggregation kinetics curves in Fig. 1A. However, the protein
sample with copper ion displayed a longer lag phase for fibrilliza-
tion than the protein alone sample in opposition to the ThT fluo-
rescence results, in which b-sheet contents were measured. The Nf
value, though imperfect, is an appropriate parameter for this
analysis given the sampling constraints outlined above and likely
provides a reasonable estimate for the amount of fibrils and. It is
worth noting that fibril bundles were observed only in the protein
alone sample. Therefore, the addition of copper ion might actually
postpone fibril formation.

The question to be addressed next is why ThT fluorescence re-
sults seem to indicate that, contrary to the TEM results above, Cu2þ

promoted a-synuclein aggregation. Annular protofibrils were
counted for each TEM image and the total amount of annular
protofibrils in each group of 100 imageswas set as Np. The Np values
of the protein samples in absence and presence of Cu2þ were
plotted against the incubation time in Fig. 3B. The rapid
accumulation of annular protofibrils in the sample with Cu2þ

started in parallel with the ThT fluorescence signal, suggesting that
annular protofibrils contributed to the initial b-sheet accumulation
of the protein sample with copper ion in Fig. 1. Moreover, the
decrease in the number of annular protofibrils coincided with the
increase in the number of fibrils, which strongly supported our
previous report that annular protofibrils could convert to fibrils
[14]. Importantly, there were considerably more annular proto-
fibrils in the protein sample in presence of Cu2þ than that in
absence of Cu2þ during the incubation period. The C-terminal re-
gion enriched in acidic amino acid residues was found to play a role
in copper ion binding that could induce oligomerization of a-syn-
uclein [22,23,38]. Specifically, the truncation of the C-terminal re-
gion of a-synuclein with endoproteinase Asp-N could suppress the
copper-induced oligomerization [39]. Therefore, the interaction
between the negatively charged C-terminal region and the posi-
tively charged copper ion might induce and stabilize annular
structures. We conclude that rather than accelerating mature fibril
formation, Cu2þ in fact accelerated annular protofibril formation
and postponed fibril formation, thereby impacting the aggregation
pathway.
3.2. Annular protofibrils are the toxic species

In our previous research, we found that Cu2þ significantly
aggravated the toxicity of a-synuclein aggregates [34]. Here the
quantitative analysis of the aggregates elucidated that copper ion
actually promoted annular protofibril formation rather than fibril
formation. Therefore, annular protofibrils might be the toxic spe-
cies and copper ion could aggravate the toxicity by facilitating the
formation of annular protofibrils. PD linked mutants, A53T and
A30P, were reported to accelerate oligomerization rather than
fibrillization, suggesting that protofibrils or oligomers were the
toxic species, not fibrils [40]. In an impressive research, a series of
techniques were applied to study the morphology as well as the
size distribution of a-synulcein protofibrils [41]. Both A30P and
A53T were found to facilitate annular protofibril formation
compared with WT a-synulcein. Considering the high affinity of
annular protofibrils to membranes and the conductance increase of
lipid bilayers caused by a-synuclein protofibrils [6,9,10,13], we
concluded that annular protofibrils were toxic to dopaminergic
neurons and could be an important species involved in the path-
ogenesis of PD.



Fig. 2. Negative stain TEM images exhibiting the structures of the aggregates of 400 mM WT a-synuclein in absence (A) and in presence of 40 mM Cu2þ (B) at a series of incubation
times. (Scale bars: 50 nm).

Fig. 3. Quantitative analysis of fibrils (A) and annular protofibrils (B) of 400 mM WT a-synuclein in absence and presence of 40 mM Cu2þ during the incubation.



Fig. 4. The analysis of control (A and C) and baicalein-treated (B and D) a-synuclein aggregates by FTIR (A and B) and negative stain TEM (C and D). The mixtures were incubated for
8 h. The FTIR spectra (black) were disintegrated upon fitting into Gaussian curves (green). The cumulative fit curve was displayed in red. Scale bars in TEM images: 50 nm. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3.3. Baicalein decomposed annular protofibrils

Baicalein disaggregated existing protofibrils and destroyed b-
sheet structures, as revealed by TEM and ATR-FTIR spectroscopy.
The solution of 400 mM a-synucleinwith 40 mMCu2þ collected after
60 h incubation was selected as a good source of annular proto-
fibrils. The protein solution treated by DMSOwithout baicalein was
prepared as the control. Both solutions were incubated for 8 h at
37 �C before TEM and FTIR tests.

FTIR analysis was used to investigate the b-sheet content in
control and baicalein-treated a-synuclein aggregates (Fig. 4A and
B). The spectra were disintegrated by fitting into Gaussian curves in
light of peak positions determined by second derivatives and
Fourier self-deconvolution. The control sample without baicalein
exhibited high b-sheet content at 59.5% attributed by the peaks at
about 1622 cm�1, 1633 cm�1, 1641 cm�1 and 1694 cm�1 in the FTIR
spectrum (Fig. 4A). On the contrary, baicalein-treated sample
showedmuch lower b-sheet contribution (44.2%) with the peaks at
around 1623 cm�1, 1635 cm�1 and 1693 cm�1 (Fig. 4B). The loss of
the b-sheet structure indicated that baicalein damaged b-sheet
conformation, which is the structural basis of annular protofibrils
and fibrils.

Furthermore, annular protofibrils werewidely distributed in the
control (Fig. 4C), while they were hardly observed by TEM in the
baicalein-treated protein sample (Fig. 4D). Given that the annular
protofibrils dominated the untreated protein sample and were not
decomposed by after the incubation in presence of 1% DMSO, bai-
calein disaggregated these toxic species and disrupted b-sheet
structure through the interaction with hydrophobic groups in a-
synuclein molecules [30]. During this process, fibrils would also be
disaggregated along with the b-sheet rich annular protofibrils, due
to the destruction of their own b-sheet structures [30].

To summarize, Cu(II) was found to promote the formation of
annular protofibrils rather than fibrils in vitro using TEM.Moreover,
baicalein, a known compound with neuroprotective effect
[27,28,42], disaggregated the a-synuclein annular protofibrils, as
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revealed by the significant decrease of b-sheet content. Rapid
annular protofibril formation in the presence of Cu2þ, correlated
with our recently published cell culture studies showing enhanced
toxicity of WT a-synuclein in the presence of Cu(II) [34]. In addi-
tion, the fact that baicalein reverse b-sheet formation in protofibril-
rich solutions supports the conclusion that annular protofibrils
could be responsible for toxicity. In addition to having direct effects
on a-synuclein self-assembly, Cu(II) and baicalein likely alleviate a-
synuclein neurotoxicity via other mechanisms involving modula-
tion of cellular pathways such as antioxidant responses and the
ubiquitin-proteasome pathways [25,28,34]. These findings may
inspire us to move forward towards setting a goal in the discovery
of novel therapeutic strategies aimed at suppressing the formation
of the toxic a-synuclein annular protofibrils.
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