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a b s t r a c t

The oxidative stress-related reactive aldehydes 4-hydroxy-2-nonenal (HNE) and 4-oxo-2-nonenal (ONE)
have been shown to promote formation of a-synuclein oligomers in vitro. However, the changes in
secondary structure of a-synuclein and the kinetics of the oligomerization process are not known and
were the focus of this study. Size exclusion chromatography showed that after 1 h of incubation, HNE
induced the formation of an oligomeric a-synuclein peak with a molecular weight of about ~2000 kDa,
which coincided with a decreasing ~50 kDa monomeric peak. With prolonged incubation (up to 24 h) the
oligomeric peak became the dominating molecular species. In contrast, in the presence of ONE, a ~2000
oligomeric peak was exclusively observed after 15 min of incubation and this peak remained constant
with prolonged incubation. Western blot analysis of HNE-induced a-synuclein oligomers showed the
presence of monomers (15 kDa), SDS-resistant low molecular (30e160 kDa) and high molecular weight
oligomers (�260 kDa), indicating that the oligomers consisted of both covalent and non-covalent protein.
In contrast, ONE-induced a-synuclein oligomers only migrated as covalent cross-linked high molecular-
weight material (�300 kDa). Both circular dichroism (CD) and Attenuated total reflectance Fourier
transform infrared (ATR-FTIR) spectroscopy showed that the formation of HNE- and ONE-induced
oligomers coincided with a spectral change from random coil to b-sheet. However, ONE-induced a-
synuclein oligomers exhibited a slightly higher degree of b-sheet. Taken together, our results indicate
that both HNE and ONE induce a change from random coil to b-sheet structure that coincides with the
formation of a-synuclein oligomers; albeit through different kinetic pathways depending on the degree
of cross-linking.

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

Aggregated a-synuclein is the main component of Lewy bodies
and Lewy neurites; cytoplasmic inclusions found in affected neu-
rons in Parkinson's disease (PD) and dementia with Lewy bodies
(DLB) [1,2]. The a-synuclein protein consists of 140 amino acid
residues and can be divided into three different regions: a lipid
binding N-terminal (1e60), a hydrophobic core region (61e95) and
a negatively charged C-terminus (96e140). Although the exact
physiological function of a-synuclein is not completely clear,
(J. Bergstr€om).
increasing evidence suggest that a-synuclein interacts with mem-
branes regulating the synaptic vesicle recycling pool and the
release of neurotransmitters by promoting SNARE complex as-
sembly [3,4].

Genetic evidence implicate a-synuclein as the key player in the
disease pathogenesis of PD and DLB. Point mutations or multipli-
cations of the wild type gene are linked to early onset forms of
either PD (A30P, H50Q, G51D, A53E, A53T andwild type duplications)
or DLB (E46K and wild type triplications) [5]. The initiating step in
the aggregation process of a-synuclein is believed to be the for-
mation of a partially folded intermediate species that is capable of
self-assembling into oligomeric and fibrillary structures [6,7]. A
common denominator of the a-synuclein mutations are that they
increase the oligomerization rate of the protein in vitro [8].
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Furthermore, increasing evidence imply that oligomeric forms of a-
synuclein are the most neurotoxic molecular species in vivo [9,10].

Oxidative stress has been linked to both idiopathic and familial
forms of Parkinson's disease [11,12]. For example, decreased levels
of glutathione, themajor reducing agent in the cell, can be observed
in the substantia nigra of PD brains [13]. Moreover, the levels of
oxidized lipids have been shown to be elevated in cortical neurons
in DLB [14]. Proteinsmodified by the lipid peroxidation end product
4-hydroxy-2-nonenal (HNE) can be found to a higher degree in
Lewy bodies in the substantia nigra of PD brains and in neocortical
and brainstem Lewy bodies in DLB [15e17]. Alpha-synuclein may
itself be a contributor to oxidative stress, as over expression of the
protein in transgenic mice and various cell models leads to an
impaired mitochondrial function [18,19].

It has been shown that HNE, and the chemically related reactive
aldehyde 4-oxo-2-nonenal (ONE) [20], can induce the formation of
a-synuclein oligomers in vitro [21e25]. However, the kinetics of the
oligomerization process have not been fully elucidated. Further-
more, a discrepancy regarding the secondary structure of the a-
synuclein oligomers formed in the presence of HNE has been re-
ported. They have shown to either have an ordered secondary
structure with a high b-sheet content [21e23], or a disordered
secondary structure with little b-sheet structure [24,25]. The aim of
the current study was to characterize the kinetics and the sec-
ondary structural changes of HNE- and ONE-induced a-synuclein
oligomerization.

2. Material and methods

2.1. Chemicals

HNE (10 mg/ml) was supplied in 99% ethanol and ONE (5 mg/
ml) in 99% methyl acetate (Cayman Chemical, Ann Arbor, MI).

2.2. Modification of a-synuclein with HNE/ONE and generation of
fibrillar a-synuclein

Recombinant a-synuclein was expressed as described earlier
[22]. Monomeric a-synuclein (140 mM) in 50 mM phosphate buffer
pH 7.4 was incubated with either HNE or ONE at a 1:30 (a-synu-
clein:aldehyde) excess and the samples were quiescently incubated
at 37 �C for 15 min, 1 h, 3 h, 6 h and 24 h. Alpha-synuclein fibrils
were generated as previously described [22].

2.3. Size exclusion chromatography-high performance liquid
chromatography (SEC-HPLC)

Alpha-synuclein samples incubated with HNE or ONE were
diluted to 20 mM using 50 mM Tris/0.15 M NaCl, pH 7.4 and 10 mL
was injected onto a Superose 6 PC 3.2/30 column (GE Healthcare,
Uppsala, Sweden) using a Merck Hitachi D-7000 HPLC LaChrom
system with a diode array detector (VWR, Stockholm, Sweden). As
mobile phase, a 50 mM Tris/0.15 M NaCl, pH 7.4 buffer was used
with a flow rate of 50 ml/min and the UV absorbancewasmonitored
at 214 nm. A low and high molecular weight gel filtration calibra-
tion kit (GE Healthcare, Uppsala, Sweden) was used to estimate the
molecular weight of the various a-synuclein species. Peak areas
were integrated using Merck Hitachi model D-7000 chromatog-
raphy data station software. The experiment was repeated three
times and typical data is shown.

2.4. Western blot and dot blot analysis

One hundred ng of unmodified, HNE- or ONE-treated or fibrillar
a-synuclein was dissolved in SDS- and dithiothreitol-containing
sample buffer, followed by boiling at 95 �C for 5 min. Next, pro-
teins were separated on a Bolt 4e12% Bis-Tris Plus gel (Life Tech-
nologies, Carlsbad, CA) and transferred to a 0.2 mM Amersham
Protran premium nitrocellulose membrane (GE Healthcare). For dot
blot analysis, 100 ng of the samples were dropped on to a 0.2 mM
Amersham Protran premium nitrocellulose membrane (GE
Healthcare). Thewestern blot and the dot blot were visualized in an
Odyssey® Sa infrared imaging system (Li-Cor, Lincoln, NE) using an
a-synuclein polyclonal antibody (0.2 mg/ml, sc-7011-R; Santa Cruz
Biotechnology, Santa Cruz, CA) followed by a secondary antibody
(donkey anti-rabbit, 0.2 mg/ml, IRDye 800CW; Li-Cor). The experi-
ments were repeated three times and typical data is shown.

2.5. Circular dichroism (CD)

HNE- or ONE-treated a-synuclein were diluted to a final con-
centration of 15 mM in 50 mM phosphate, pH 7.4. The far-UV CD
spectra (between 250 and 190 nm) were recorded on a Jasco J-810
spectrometer (Jasco, Easton, MD) with a step size of 0.1 nm using a
cuvette with a 1-mm path length. Each scan was repeated three
times to reduce noise and the background value of the phosphate
buffer was subtracted for all measurements. All data are presented
as a mean value per nanometer recorded. All the spectra were
recorded at 25 �C.

2.6. Attenuated total reflection Fourier transform infrared (ATR-
FTIR) spectroscopy

The attenuated total reflection Fourier transform infrared (ATR-
FTIR) spectra were measured on a vacuum-pumped FTIR spec-
trometer (Bruker IFS 66v/S, Ettlingen, Germany) equipped with a
commercial 9 reflections ATR diamond crystal cell (Smiths Detec-
tion, Edgewood, MD). The sample compartment was evacuated to
1 mbar prior to acquisition in order to remove water vapor
contribution from the spectra. Each spectrum was averaged over
1024 scans. The spectra were collected at room temperature with a
resolution of 2 cm�1. The protein samples analyzed by ATR-FTIR
included monomeric, HNE- or ONE-treated and fibrillar a-synu-
clein. In each experiment 10 ml of the protein sample was pipetted
on top of the ATR crystal. The spectra were recorded at least two
times for each sample. The OPUS IR-software (Bruker Optics GmbH)
was used to analyze the spectra. The water vapor component was
subtracted from each of the sample spectra and the amide I region
between 1700 and 1600 cm�1 were extracted after baseline
correction. The ratio of the 1625 cm�1 and 1650 cm�1 bands as a
function of incubation time were calculated for HNE- and ONE-
treated a-synuclein with the assumption that the ATR-FTIR spec-
trum of fibrils was associated with 100% b-sheet and the mono-
meric protein with 100% a-helix/random coil structure.

3. Results

3.1. SEC-HPLC analysis of HNE- or ONE-treated a-synuclein

Size exclusion chromatography showed that after 15 min of
incubation with HNE, a-synuclein eluted as a monomeric peak at
50 kDa (Fig. 1A), similar to the unmodified protein (data not
shown). The apparent molecular weight of the monomer was
higher than expected, as the calculated molecular weight of a-
synuclein is 14460 Da. However, this finding can be explained by
the fact that monomeric a-synuclein adopts an extended confor-
mation in solution [26]. With prolonged incubation (�1 h), the
50 kDa monomeric peak decreased and an oligomeric peak with a
molecular weight of about ~2000 kDa could be observed (amount
of oligomers formed at the various time points: 1 he9%, 3 he58%,



Fig. 1. Size exclusion analysis of HNE- and ONE-treated a-synuclein at 15 min, 1 h, 3 h, 6 h and 24 h. After 15 min, only a 50 kDa monomeric peak, similar to for unmodified protein
(data not shown), was observed in the HNE-treated a-synuclein sample (A). With prolonged incubation, the monomeric peak decreased and a ~2000 kDa oligomeric peak became
the dominating molecular species (A). At all the time points, ONE-treated a-synuclein eluted as an oligomeric peak with a molecular weight of about ~2000 kDa (B). Peaks rep-
resenting unbound HNE (45/52 min) and ONE (45 min) were observed at all the time points.
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6 he81%, 24 he97%). In contrast, after 15 min of incubation with
ONE, a-synuclein eluted exclusively as an oligomeric peak with a
molecular weight of ~2000 kDa (Fig. 1B). This peak remained
constant throughout the experiment and thus no monomeric
protein could be detected at any time point with ONE-treated a-
synuclein samples.
3.2. Western blot and dot blot analysis of native, HNE- or ONE-
treated and fibrillar a-synuclein

In western blot analysis, unmodified a-synuclein migrated as a
monomeric band around 15 kDa (Fig. 2A). Western blot analysis of
HNE-treated a-synuclein showed that besides monomeric protein
Fig. 2. Western blot and dot blot analysis of monomeric, HNE- or ONE-treated and fibri
molecular-weight oligomers (up to octamers) (A). With prolonged incubation, the low mol
weight smear also became visible (�260 kDa). ONE-treated a-synuclein migrated mainly
longed incubation, this band increased in intensity whereas a fainter smear below disappe
monomeric band. Dot blot analysis verified that similar amounts of HNE- or ONE-treated a
at 15 kDa, low molecular weight oligomers (up to octamers around
180 kDa) could be observed after 15 min of incubation (Fig. 2A).
With prolonged incubation, the oligomeric bands increased in in-
tensity and after �3 h a high molecular smear (�260 kDa) could
also be observed. After 24 h, less immunoreactive material was
observed overall. However, a band at the edge at the well
(�300 kDa) was also detected, indicative of the formation of high
molecular weight a-synuclein species not entering the separation
gel. In ONE-treated a-synuclein samples, a high molecular weight
material was observed at the edge of the well (Fig. 2A). With
increasing incubation (�6 h) this band increased in intensity,
whereas a fainter smear below disappeared. No monomeric a-
synuclein was observed at any time point in the ONE-treated
llar a-synuclein. Initially, HNE-treated a-synuclein migrated as a monomer and low
ecular-weight (up to 180 kDa) oligomers increased in intensity and a high molecular-
as a high molecular-weight material (�300 kDa) at the edge of the well. With pro-
ared. Unmodified (U) and fibrillar (F) a-synuclein migrated predominantly as 15 kDa
-synuclein were analyzed by western blot (B).
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samples. In a-synuclein fibril samples, the dominating species was
a monomeric band at 15 kDa, but a faint dimeric band could also be
detected (Fig. 2A). A dot blot verified that similar amounts of HNE-
or ONE-treated a-synuclein samples were analyzed in the western
blot (Fig. 2B).
3.3. CD analysis of HNE- or ONE-treated a-synuclein

After 15 min of incubationwith HNE, a-synuclein exhibited a CD
spectrum with a distinct minimum in the vicinity of 198 nm
(Fig. 3A). This is typical of a random coil polypeptide chain and
similar to what we previously have shown for unmodified mono-
meric a-synuclein protein [22]. However, after 3 h of incubation,
the minimum at 198 nm disappeared and a new minimum with a
broad appearance around 216 nm, indicative of b-sheet structure,
could be observed. With prolonged incubation up to 24 h, the
negative ellipticity around 216 nm increased in intensity. In
contrast, a-synuclein samples incubated with ONE showed a more
well-defined minimum around 217 nm already after 15 min of in-
cubation and it remained constant at all subsequent time points
(Fig. 3B).
3.4. ATR-FTIR analysis of natively structured, HNE- or ONE-treated
and fibrillar a-synuclein

The ATR-FTIR spectrum of unmodified a-synuclein showed a
broad band centered at 1650 cm�1, indicating predominantly
random coil and/or a-helix secondary structure (Fig. 4A). In addi-
tion, a shoulder around 1625 cm�1, characteristic of b-sheet
structure, was also evident. After 15 min, HNE-treated a-synuclein
showed two main peaks at 1625 cm�1 and 1650 cm�1 with about
equal amplitude (Fig. 4B). With prolonged incubation, the peak at
1625 cm�1 increased in intensity, indicating the formation of b-
sheet structure, whereas the peak at 1650 cm�1 decreased in in-
tensity (b-sheet content at the different time points: 15 mine8%,
1 he10%, 3 he12%, 6 he15%, 24 he13%). In contrast, the ATR-FTIR
spectra of ONE-treated a-synuclein showed a main peak at
1625 cm�1 and a smaller peak around 1650 cm�1 at all the time
points (b-sheet content at the different time points: 15 mine22%,
1 he21%, 3 he23%, 6 he23%, 24 he24%) (Fig. 4C). In addition, a
shoulder peak at 1695 cm�1 could be observed for both HNE- and
ONE-treated a-synuclein samples throughout the experiment
(Fig. 4B, C). For fibrillar a-synuclein, a single band at 1625 cm�1 was
seen (Fig. 4D).
Fig. 3. Far-UV CD analysis of HNE- or ONE-treated a-synuclein at the different time points.
initially (up to 1 h), but with prolonged incubation a conversion to a broad minimum in the
exhibited a distinct minimum in the ellipticity at ~217 nm (B).
4. Discussion

Both native and aggregated forms of a-synuclein are found
closely associated with the cell membrane [4,27]. Interestingly, the
highest levels of reactive aldehydes such as HNE and ONE can be
found in the vicinity of neuronal cell membranes [20,28]. HNE and
ONE have a very similar chemical structure, they only differ at the
C4 position where HNE has a hydroxyl group and ONE a carbonyl
group. However, this chemical property renders ONEmore prone to
cross-link proteins [20]. Interestingly, the a-synuclein oligomers
induced by HNE and ONE differ in structure, compactness and
morphology [21,22]. Furthermore, conflicting results have been
reported regarding the secondary structure of HNE-induced a-
synuclein oligomers; as they have been suggested to either have an
extended b-sheet structure or exhibit an unfolded structure
[22e24]. In addition, the rate of oligomerization of a-synuclein
induced by HNE and ONE has not been fully elucidated. Hence, the
aim of the present study was to study the kinetics and structural
changes of a-synuclein during oligomer formation induced by HNE
and ONE.

By using size exclusion chromatography, the oligomerization
process can be studied under native conditions. For HNE, large
sized (~2000 kDa) a-synuclein oligomers could first be observed
after 1 h of incubation with HNE. This oligomeric peak increased in
size with prolonged incubation and after 24 h only a minimal
monomeric peak was observed. In contrast, the kinetics of ONE-
induced oligomerization differed drastically. After only 15 min of
incubation with ONE, all monomeric a-synuclein had been con-
verted into a large (~2000 kDa) oligomeric peak that did not change
in appearance with prolonged incubation. With the denaturing
western blot method, the SDS stability (i.e. the degree of cross-
linking) of the formed a-synuclein oligomers can be determined.
For HNE-treated a-synuclein, apart from a distinct monomeric
band, low molecular weight a-synuclein oligomers (up to octam-
ers) could be observed at an early stage (after 15min). However, the
fact that oligomers at this time point only could be detected with
the more sensitive western blot method indicates that they had
been formed in minute amounts. With prolonged incubation, the
amount of low molecular weight oligomers increased, and in
addition, a high-molecular weight smear could also be observed;
thus indicating an overall increase in cross-linking. However, as
monomeric protein was detected at all the time points, also non-
covalently bound a-synuclein was part of the oligomeric struc-
ture. In contrast, for ONE-treated a-synuclein only a high molecular
weight material not entering the gel could be seen throughout the
experiment. Together with the finding that no monomeric protein
was observed at any time point, our data clearly show that ONE
For HNE-treated a-synuclein, a minimum in the ellipticity around ~198 nm was found
ellipticity at ~216 nm could be observed (A). All the ONE-treated a-synuclein samples



Fig. 4. ATR-FTIR analysis of monomeric, HNE- or ONE-treated and fibrillar a-synuclein. Unmodified monomeric a-synuclein had a peak centered at 1650 cm�1 (A). Initially, HNE-
treated a-synuclein showed two main peaks at 1625 cm�1 and 1650 cm�1 (B). With prolonged incubation, the peak at 1625 cm�1 increased in intensity (B). The spectra for ONE-
treated a-synuclein showed a main peak at 1625 cm�1 and a smaller peak at 1650 cm�1 at all the time points (C). Fibrillar a-synuclein exhibited one peak around 1625 cm�1 (D).
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induced a-synuclein oligomers were covalently cross-linked to a
much higher degree. In contrast, fibrillar a-synuclein formed from
the unmodified protein showed little evidence of cross-linking, as
mainly a monomeric band could be observed under denaturing
conditions.

According to the CD and FTIR data, a change from a-helix/
random coil to a b-sheet structure coincided with the formation of
HNE- and ONE-induced oligomers. Interestingly, despite forming
much faster, due to a higher degree of cross-linking, ONE-induced
a-synuclein oligomers displayed a slightly higher b-sheet content
compared to HNE-induced oligomers. However, fibrillar a-synu-
clein exhibited a much more pronounced b-sheet structure
compared to both HNE- and ONE-induced a-synuclein oligomers
according to ATR-FTIR data. Furthermore, both HNE- and ONE-
induced oligomers, but not a-synuclein fibrils, exhibited a weak
band at 1695 cm�1, which is indicative of an anti-parallel b-sheet
structure. Taken together, our ATR-FTIR data show that the a-syn-
uclein oligomers formed in the presence of either HNE or ONE differ
in secondary structure from fibrils formed by the unmodified
protein. This observation agrees well with our earlier findings that
neither HNE- nor ONE-induced a-synuclein oligomers were
capable of forming fibrils, even with prolonged incubation [22].
Notably, conflicting results have been reported regarding the sec-
ondary structure of HNE-induced a-synuclein oligomers [22e24].
Our data clearly indicate that HNE-induced a-synuclein oligomers
have a b-sheet structure and that the change in secondary structure
coincides with their formation. The discrepancy observed between
studies is not easy to explain, but could be due to differences in a-
synuclein purity, chemicals used etc. Furthermore, here we show
for the first time that ONE-induced a-synuclein oligomers exhibit a
distinct b-sheet structure already upon their formation.

Several other chemical compounds, such as polyphenol
(e)-epigallocatechin gallate and dopamine, have been shown to
induce the formation of non-fibrillating (i.e. “off-pathway”) a-
synuclein oligomers [29,30]. However, in contrast to the aldehyde-
induced a-synuclein in the present study, they usually lack an or-
dered secondary structure [29,30]. One exception is baicalein,
which also can induce a-synuclein oligomers with significant b-
sheet content [31]. However, whereas baicalein have shown to have
a little effect on membrane integrity [31], both HNE- and ONE-
induced a-synuclein oligomers have been shown to be neurotoxic
in vitro [22,23,25,32]. Thus it is possible that oligomers formed in
the presence of such reactive aldehydes may exhibit particularly
noxious properties compared to other off-pathway a-synuclein
oligomers. Taken together, the current study shows that although
both aldehydes induce a-synuclein oligomers that exhibit b-sheet
structure, the oligomers promoted by ONE form much faster and
display a slightly higher b-sheet content.
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