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Abstract: A wide variety of oligomeric structures are formed during the aggregation of proteins
associated with neurodegenerative diseases. Such soluble oligomers are believed to be key toxic
species in the related disorders; therefore, identification of the structural determinants of toxicity
is of upmost importance. Here, we analysed toxic oligomers of α-synuclein and its pathological
variants in order to identify structural features that could be related to toxicity and found a novel
structural polymorphism within G51D oligomers. These G51D oligomers can adopt a variety of
β-sheet-rich structures with differing degrees of α-helical content, and the helical structural con-
tent of these oligomers correlates with the level of induced cellular dysfunction in SH-SY5Y cells.
This structure–function relationship observed in α-synuclein oligomers thus presents the α-helical
structure as another potential structural determinant that may be linked with cellular toxicity in
amyloid-related proteins.

Keywords: α-synuclein; toxic oligomers; Parkinson’s disease; familial mutations; α-helical structure

1. Introduction

The misfolding of proteins and their aggregation into amyloid fibrils has been im-
plicated in numerous neurodegenerative disorders, including Parkinson’s disease (PD)
and Alzheimer’s disease (AD) [1]. In PD, aggregates of the 14 kDa protein α-synuclein
are the major component of Lewy bodies and neurites, which emerge as the pathological
hallmarks of the disease. In solution, α-synuclein is intrinsically disordered; however,
upon interaction with membranes, the protein has been observed to adopt an α-helical
structure [2], associated with the functional role of the protein in neuronal cells [3]. In ad-
dition to the random coil to α-helix transition upon membrane binding, α-synuclein can
also adopt a β-sheet structure upon self-assembly into amyloid aggregates, a process in
which membranes might also play a role [4–6]. Oligomeric species with varying degrees
of β-sheet structure are observable in the early stages of aggregation [7]. It is these early
oligomeric species, rather than the mature amyloid fibrils, that are believed to be key toxic
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species in the context of disease [1,8–11]. While a range of mechanisms have been proposed
by which the toxic effect could be mediated, interactions with cell membranes are likely to
be a main contributor to the observed cytotoxicity [12–14].

Duplications and triplications of the WT α-synuclein gene, and a number of single-
point mutations, are associated with familial cases of PD, which present with both earlier
onset and faster progression of the disease [15]. The causative relationship between an
increased load of the protein, which results from the duplication or triplication of the gene,
and earlier onset of the disease is likely to simply be a consequence of the increased aggrega-
tion propensity of α-synuclein due to its increased concentration. By contrast, the aetiology
of the familial cases associated with the pathological variants remains unknown and a
variety of mechanisms and reasons for the connection of these mutations to disease have
been proposed [16–24].

All familial PD-associated mutations identified thus far are located in the N-terminal
region of α-synuclein (Figure S1A) and have been suggested to alter the membrane binding
properties and thus the function of α-synuclein [19,25–34]. However, no clear associations
with protein dysfunction have been established yet. While the A30P and G51D mutations
have been reported to abrogate α-synuclein–membrane interactions, the E46K variant may
enhance membrane binding [25–27,29,32,35]. Furthermore, studies on the in vitro aggrega-
tion kinetics of these α-synuclein variants have yielded conflicting results [15,18–24,36–39].
While the E46K, H50Q, and A53T variants have been found to aggregate more rapidly than
WT, G51D exhibits a lower propensity for aggregation, and A30P appears to be the most
variable in behaviour. Nevertheless, it is clear that aggregation kinetics and membrane
binding are insufficient to explain the link between these mutations and disease.

Given that intermediate oligomeric species are proposed to be a major source of toxicity,
several studies have sought to characterise the effects of familial PD-associated mutations
on α-synuclein oligomers [40–42]. Paslawski et al. used hydrogen/deuterium exchange
mass spectrometry to study oligomers of WT α-synuclein and the A30P, E46K, and A53T
variants, finding very subtle differences between deuterium exchange profiles [43]. Fur-
thermore, through single-molecule FRET (smFRET) experiments on the same variants, the
concentrations of oligomers produced in aggregation reactions were found to be the same
for all variants, indicating that structural differences between variant oligomers are likely
to have a more significant pathological effect than simply levels of oligomers [44]. More-
over, this study also identified differences in the intermolecular FRET efficiencies between
variant oligomers, again demonstrating that these mutations affect oligomer structure.

Detailed structural characterisation of oligomers generated in situ in aggregation
reactions is highly challenging due to their heterogeneous and transient nature, whereas
the use of stable kinetically trapped model systems allows us to obtain in-depth structural
and biological information on the nature of these species [13,43]. Here, we characterise
the effects of familial PD-associated mutations on α-synuclein oligomers, and reveal a
distinct α-helical structural polymorphism within the G51D oligomers that correlates with
increased cellular dysfunction in SH-SY5Y cells.

2. Results and Discussion
2.1. All α-Synuclein Variants Form Oligomers with Similar Size and Morphology

Oligomers from the familial PD-associated α-synuclein variants were successfully
generated using our previously described protocols [45]. The oligomers were characterised
using transmission electron microscopy (TEM), which showed that these variant oligomers
have a similar size and overall morphology to the WT oligomers, being approximately
spherical with a diameter of around 5–15 nm, consistent with dynamic light scattering anal-
ysis, which showed a clear size distinction between those of the monomers and oligomers
(Figure 1, left panels; Figure S2). Detailed investigation of the oligomer size distributions
by analytical ultracentrifugation (AUC) sedimentation velocity analysis and native-PAGE
demonstrated conserved stable sizes for the oligomers, with all variant oligomers, except
for the G51D variant, containing oligomer populations at both 10S and 15S, in different
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proportions (Figure 1, right panels; Figure S1B). While the A53T variant contained an
additional population at 19S, and a lowly populated species at 24S, suggesting the presence
of larger aggregate species for this variant, the distribution of G51D oligomers showed just
one major population around 12S, suggesting that there may be interactions that restrict
the preferred sizes of such oligomers.
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Figure 1. All α-synuclein variants form oligomers with similar size and morphology. TEM images
(left panels) of variant oligomers, confirming that relatively homogeneous oligomer populations are
produced in all cases, with a roughly spherical shape and 5–15 nm diameter (scale bar = 100 nm).
AUC analysis of variant oligomers (right panels), demonstrating the size distributions of oligomers
within each sample, with the peak at 2S arising due to the residual monomeric protein present in the
oligomeric samples.

2.2. G51D Oligomers Display Marked Structural Differences, including Increased α-Helical
Content and Decreased Surface Hydrophobicity

During the analysis of G51D oligomers, we found that G51D oligomers had a higher
molar extinction coefficient (12,444 M−1 cm−1) than WT oligomers (7000 M−1 cm−1); in all
variants, the oligomer extinction coefficient was higher than that of the monomeric protein
(5600 M−1 cm−1). These differences were determined by comparing the UV-vis absorbance
spectra with protein quantification by the following three complementary methods: amino
acid analysis, bicinchoninic acid assay, and oligomer denaturation followed by SDS-PAGE
to determine the monomer concentration (Figure S3). We further analysed the spectral
properties of the oligomers, finding marked differences between the intrinsic tyrosine
fluorescence spectra of the variants. The monomeric proteins displayed a maximum
fluorescence emission peak at 305 nm, typical of tyrosine (Figure 2A). However, both the
WT and G51D oligomers displayed a maximum emission peak around 345 nm, suggesting
the formation of tyrosinate in the excited state [46,47]. The intensity of this 345 nm peak
is much stronger in G51D oligomers while the tyrosine emission at 305 nm is less intense
compared to WT oligomers, suggesting a stronger stabilisation of the tyrosinate form in the
excited state in the G51D oligomers than in the WT protein, which explains the increased
extinction coefficient observed for G51D oligomers (Figure 2B) [46,47].

α-Synuclein contains 4 tyrosine residues, located at positions 39, 125, 133, and
136 (Figure 2C). The latter three, located in the C-terminus of the protein, are unlikely
to be involved in structural rearrangements as this region remains unstructured in both
the membrane-bound α-helical conformation and the aggregated oligomer and fibrillar
forms [13]. Y39 is thus the only tyrosine residue that is likely to be in a different local
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environment in the monomeric and oligomeric species, so we employed the Y39F variant
to investigate its role in the spectral properties of the oligomers. We compared the circular
dichroism (CD) spectra of the Y39 oligomers to the WT oligomers (Figure 2D), confirming
their similar secondary structure, and then measured the intrinsic fluorescence properties
of the monomeric and oligomeric forms of this variant (Figure 2E,F). As predicted, Y39F
oligomers display tyrosine fluorescence emission at 305 nm and they lack the strong 345 nm
emission that is present in the WT oligomers and accentuated in the G51D oligomers,
suggesting structural differences between the monomeric and oligomeric conformations
in the N-terminal region of the protein, around position 39, which are stronger in the case
of the G51D pathological variant. Overall, these data highlight the structural differences
between G51D oligomers and the oligomers from the other variants.
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Figure 2. (A) Excitation (dotted lines) and fluorescence emission (solid lines) spectra for the
monomeric α-synuclein variants. (B) Excitation (dotted lines) and emission (solid lines) spectra
for the WT (black) and G51D (blue) oligomers. (C) Primary sequence of α-synuclein showing the
location of Y39 and the change from Tyr-to-Phe. (D) CD spectra of the WT (black) and Y39F (pink)
oligomers. (E) Excitation (dotted lines) and emission (solid lines) spectra for the WT (black) and Y39F
(pink) monomers. (F) Excitation (dotted lines) and emission (solid lines) spectra for the WT (black)
and Y39F (pink) oligomers. All spectra are representative of three independent experiments.



Molecules 2022, 27, 1293 5 of 14

Further analysis of the oligomers by Fourier transform infrared (FTIR) and CD spec-
troscopies revealed that all the oligomers contain a β-sheet structure, intermediate be-
tween that of their respective disordered monomeric and β-sheet-rich fibrillar states
(Figures 3 and 4). The FTIR spectra revealed that all oligomers contain an antiparallel
β-sheet structure, in contrast to the dominant parallel β-sheet structure of the fibrils, as
previously noted [45,48]. Remarkably, for the G51D oligomer preparations, we observed
differing amounts of additional α-helical content by CD spectroscopy, despite all oligomers
being prepared under identical conditions (Figure 4).
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We explored the possible experimental factors that may have influenced this hetero-
geneity in the G51D oligomer structure. This structural variation was not due to monomer 
modification, for example, by oxidation or the presence of strongly bound metal ions or 
detergents, since oligomers successively produced from the same monomer source 

Figure 3. FTIR spectra of the variant α-synuclein species (solid-line: oligomers; dotted-line:
monomers; dashed-line: fibrils). Peaks around 1695 cm−1 are characteristic of an antiparallel β-sheet
structure, observed only in the oligomeric samples. Monomers display spectra typical of a random
coil structure, whereas fibrils exhibit a significant degree of intermolecular β-sheet structure (peak
around 1625 cm−1), with approximately double the β-sheet content of the oligomeric species.
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Figure 4. Representative (n > 5) CD spectra of the α-synuclein variants (solid line: oligomers; dotted
line: monomers; dashed line: fibrils). All variant oligomers display a β-sheet content intermediate
between that of the respective monomers and fibrils. Several G51D oligomer preparations are shown
indicating the presence of a variable helical content.

We explored the possible experimental factors that may have influenced this hetero-
geneity in the G51D oligomer structure. This structural variation was not due to monomer
modification, for example, by oxidation or the presence of strongly bound metal ions
or detergents, since oligomers successively produced from the same monomer source
yielded different structures (Figure 5A,B). We next investigated the lyophilisation process,
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during which oligomers are formed [48]. Lyophiliser vacuum pump pressures ranging
between 0.03 and 0.7 mBar led to the formation of oligomers that all contained α-helical
content, indicating that the pump pressure is not sufficient to determine oligomer structure
(Figure 5C). However, the preparation of oligomers on different occasions from aliquots
that were lyophilised together but stored at −20 ◦C for different lengths of time resulted in
oligomers with identical structures, demonstrating that oligomer structure is determined
during lyophilisation (Figure 5D). Despite all the other α-synuclein protein variants being
treated identically, only G51D formed oligomers with significant α-helical content. The dis-
tinct structural polymorphism in G51D oligomers, therefore, appears to arise from inherent
differences in the aggregation process under limited hydration conditions [48].
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Figure 5. Investigation of the origins of the α-helical content of the G51D oligomers. (A,B) Oligomers
produced from the flow-throughs of previous oligomer preparations do not present the same structure
as the previous oligomers. Two examples are shown comparing the CD spectra of the first oligomers
(solid lines) with the second oligomers (dashed). (C) Lyophiliser vacuum pump pressure does
not dictate oligomer structure. The same monomer purification batch was lyophilised at three
different vacuum pump pressures; all resulting oligomers contained α-helical structure, with no
clear dependence on pressure. (D) Oligomer structure is determined during lyophilisation. Spectra
are shown for three different preparations of lyophilised monomer (red, blue, black). Half of each
batch was prepared immediately after lyophilisation (solid lines) and the other half stored at −20 ◦C
prior to oligomer preparation on a later day (dashed lines). In each case, the structures of oligomers
produced from the same lyophilised monomer stock were almost identical.

Although the different G51D oligomer preparations gave rise to distinctive α-helical
spectra in the CD analysis, their corresponding FTIR spectra were comparable. The FTIR
spectra indicate that all preparations contained a similar β-sheet content, and a similar
combined content of α-helical and random coil structure. These results suggest that the
variations in the α-helical content evident by CD are compensated for by concomitant
changes in the random coil content such that the β-sheet content is largely unchanged,
resulting in similar FTIR spectra. Furthermore, the β-sheet content of the G51D oligomers
was also similar to that of the other variant oligomers (Figure 6C,D) [45]. These results
suggest that the α-helical structure arises from regions that remain disordered in the WT
and other variant oligomers. Despite the differences in the secondary structural content,
no variations in the size and morphology of the helical G51D oligomers were observed
(Figure 6A,B).
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Figure 6. Comparison of G51D oligomers with a varying α-helical content by (A) Native-PAGE
stained with Coomassie blue; (B) TEM image of the G51D oligomers with an increased helical content
(scale bar = 100 nm); representative FTIR (C) and CD (D) spectra of G51D oligomers with increased
α-helicity (solid line) and G51D oligomers with very little α-helical content (dashed line).

2.3. G51D Oligomer Polymorphs with High Helical Content Exhibit the Highest Cytotoxicity

With this set of oligomeric species, we sought to investigate their toxicity towards
cells using the MTT test, an indicator of cellular stress [49]. We previously investigated
the toxicity of WT oligomers to SH-SY5Y cells, and the MTT reduction to 83% (standard
deviation = 8%) reported here is in good agreement with previous studies [50]. Surprisingly,
unlike the A30P, E46K, H50Q, and A53T variant oligomers that showed insignificant MTT
reduction effects under the experimental conditions used, G51D oligomers displayed
significantly higher toxicity than the WT oligomers (Figure 7A).
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Figure 7. (A) Variant oligomer toxicity tested with the MTT assay on SH-SY5Y cells, with error bars
showing the standard error (n ≥ 5) and data for all individual replicates overlaid as points. Due to
the very low concentration yields of G51D oligomers, an additional higher volume PBS control was
required, shown as PBS (G51D). Statistical analysis was run using one-way ANOVA (all variants
except for G51D) or Student’s t-test (G51D only) ** (p ≤ 0.01). (B) Representative ANS fluorescence
emission spectra of variant oligomers (n ≥ 3). (C) MTT reduction as a function of the α-helical
content of G51D oligomers as estimated by far-UV CD spectra deconvolution [51,52]. The fitted linear
relationship between the toxicity and percentage α-helical content in G51D oligomers is shown by the
dotted line (the outlier data point (open circle) was not included in this analysis). (D) Representative
ANS fluorescence emission spectra of WT (black) and G51D oligomers (blue) with different degrees
of α-helical structure.

Oligomer toxicity has been shown to be largely dependent on high surface hydropho-
bicity, proposed to increase oligomer toxicity by increasing the oligomers’ affinity for the
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membrane interior via non-specific hydrophobic interactions, thus facilitating membrane
disruption and cellular dysfunction [53–55]. We therefore investigated if this was a key
factor contributing to the increased toxicity observed for the G51D oligomers by measuring
the interactions of the variant oligomers with 8-anilino-naphthalene sulphate (ANS), a dye
whose fluorescence emission is enhanced upon binding to solvent-exposed hydropho-
bic regions in the proteins [54,56]. Interestingly, whereas A30P, E46K, H50Q, and A53T
oligomers showed similar solvent-accessible hydrophobicity to the WT oligomers, the
oligomers generated by the G51D variant exhibited a significantly reduced hydrophobic
surface (Figure 7B). Based on these studies, it would therefore be expected that G51D would
be the least toxic of all the α-synuclein variants. Furthermore, as all variant oligomers
exhibited the same size range, the previously identified toxicity determinants of small size
and high hydrophobicity were clearly not sufficient to explain the dramatically higher
cytotoxicity of the G51D oligomers [56].

Given that the variation in cellular dysfunction between experiments for the G51D
oligomers was higher than any of the other variants, and the observation that G51D
oligomers can have variable degrees of α-helical content, we probed further whether the
increased variance in the measured cell toxicity may be linked to this observed structural
polymorphism. In order to explore whether the variation in the α-helical content of G51D
oligomers correlates with changes in cellular dysfunction, we characterised structurally
distinct G51D oligomers. By deconvoluting the CD spectra, we were able to estimate the
relative secondary structural content of oligomer preparations [51,52]. These fits reproduced
our experimental data with extremely low residuals, indicating that this is a robust method
for comparatively analysing our spectra (Figure S4). Deconvolution of CD spectra of WT
oligomers suggests that they contain around 11% of α-helical structure, which was not
detected by solid-state NMR analysis [13], indicating that the percentage of α-helical content
we report here should only be used as a relative quantification between oligomer samples.

Having already observed that the size and morphology of G51D oligomers do not vary
with changes in their secondary structure (Figure 6), we additionally confirmed that prepa-
rations with different degrees of α-helical structure yielded almost identical hydrophobicity
readouts by ANS (Figure 7D). Furthermore, the WT and G51D oligomers were detected by
the A11 antibody (proposed to bind toxic oligomers) with similar affinities (Figure S6) [57].
We thus found that the secondary structure content is the only significant structural and
morphological difference between these G51D oligomer preparations. Even considering
the large variability observed in the MTT assay measurements (Figure 7A), upon testing
the toxicities of these distinct G51D oligomers, we identified a clear trend between an
increased α-helical content and increased cellular dysfunction (Figure 7C). However, no
correlation was observed between the cell toxicity and level of β-sheet or random coil
structures, suggesting that the variations in cellular dysfunction can be primarily attributed
to the changes in the α-helical content (Figure S5). These results thus suggest that α-helical
content constitutes an additional determinant of α-synuclein oligomer toxicity.

Indeed, α-helical content may be particularly significant in the context of the aggrega-
tion and toxicity of α-synuclein, given its propensity to form highly α-helix-rich structures
upon binding to lipids, which is believed to be the first requirement for triggering oligomer-
mediated cell damage [58]. Moreover, α-helical content has previously been observed
during the aggregation of several α-synuclein variants [59,60].

Detailed work on the WT oligomers generated through our methods has identified
the mechanistic features of α-synuclein oligomer-induced membrane disruption: first,
the disordered N-terminal regions of the oligomers were found to act as anchors to the
membrane by folding into α-helices, allowing the structured hydrophobic β-sheet core of
the oligomer to insert into the interior of the lipid bilayer [13]. The membrane anchoring
step, therefore, seems to be critical for the induction of toxicity of α-synuclein oligomers. In
our study, despite the lower hydrophobic nature of the G51D oligomers, we observed an
enhanced cellular toxicity, which is correlated with an increased degree of α-helical struc-
ture, relative to the WT oligomers, which, according to our tyrosinate fluorescence emission
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analysis, is likely to occur in the N-terminal region of the protein, close to residue Y39. This
may suggest that G51D oligomers have a significant pre-formed helical structure in the
N-terminal region of the protein that facilitates more efficient anchoring of the oligomers to
the membranes. This may allow for a more efficient insertion of the hydrophobic β-sheet
core into the lipid bilayer, thus causing membrane disruption, or alternatively, the induction
of other cellular dysfunction mechanisms triggered at the plasmatic membrane level that
do not involve membrane bilayer perturbation. In support of the latter toxicity mechanism,
G51D oligomers have previously been reported to present a much reduced membrane
disruption ability relative to other variants [33]. Regardless of the specific mechanisms
involved, our results indicate that amyloid oligomer toxicity may not be solely determined
by oligomer surface hydrophobicity but is likely to also be dependent on other structural
features of the oligomers.

3. Materials and Methods
3.1. Preparation of Oligomers

Oligomers were prepared as previously described [45]. Briefly, α-synuclein was pu-
rified into PBS [61], and subsequently dialysed against water (4 L) (ON, 4 ◦C). In total,
6 mg aliquots were lyophilised (48 h), followed by resuspension in buffer (500 µL PBS).
The resuspended protein was passed through 0.22 µm filters and incubated (20–24 h, 37 ◦C).
The samples were ultracentrifuged (1 h, 288,000 rcf, 20 ◦C) in a TLA 120.2 rotor, using
an Optima TLX Ultracentrifuge (both Beckman Coulter, High Wycombe, UK) to remove
aggregates and large oligomers. Remaining monomer was removed using a 100 kDa
centrifugation filter (4 × 2 min, 9300 rcf). The flow-through containing predominantly
monomer from the first three passes was kept and reused up to five times. The oligomer
concentration was determined using UV-vis spectroscopy, using molar extinction coeffi-
cients of 7000 M−1 cm−1 for WT, E46K, H50Q, and A53T, and 12,444 M−1 cm−1 for A30P
and G51D, with molar extinction coefficients determined using amino acid analysis and
BCA assays.

3.2. Bicinchoninic Acid Assay

Bicinchoninic acid (BCA) assays were performed using a kit and bovine serum albumin
(BSA) (both Thermo Scientific, Rockford, IL, USA), and carried out in Corning 96 well plates
(3635). In total, 200 µL of working reagent were added to 25 µL of sample, and incubated
at 37 ◦C for 45 min. Following incubation, the absorbance at 562 nm of each sample was
recorded on a FLUOstar Optima plate reader (BMG Labtech, Aylesbury, UK). A standard
curve was generated using concentrations of stock BSA between 0 and 250 µg mL−1, which
was used to determine the protein concentrations in the sample. In order to account for
potential differences in the behaviour of BSA and α-synuclein in the assay, samples were
normalised to a known α-synuclein standard sample.

3.3. ANS Binding

8-Anilino-1-sulfonic acid (ANS) was added to samples (5 µM protein) to a final con-
centration of 250 µM and subsequently incubated (30 min, 20 ◦C). Fluorescence emission
spectra were recorded between 400 and 650 nm with an excitation wavelength of 350 nm,
using a Cary Eclipse Fluorescence spectrophotometer (Agilent, Santa Clara, CA, USA).

3.4. Circular Dichroism Spectroscopy

α-Synuclein far-UV spectra were recorded in a quartz cuvette (1 mm path length), on
a JASCO J-810 equipped with a Peltier thermal-controlled cuvette holder (Jasco (UK) Ltd.,
Dunmow, UK) at 20 ◦C. In total, 15–30 spectra were averaged and recorded between 250 and
200 nm, with a data pitch of 0.5 nm, bandwidth of 1 nm, scanning speed of 50 nm/min,
and response time of 4 s. Spectra were deconvoluted using the BestSel web server [51,52].
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3.5. Dot Blot Analysis

In total, 1 µg of monomer or oligomer was deposited onto a 0.2 µm PVDF membrane
(Millipore (UK) Ltd., West Lothian, UK) and left to dry at room temperature (RT). The mem-
branes were then blocked (5% (w/v) BSA in PBS, 1 h, RT) and subsequently incubated with
A11 or 211 antibody in 5% BSA in PBS (overnight, 4 ◦C) at 1:5000 and 1:2000 dilutions,
respectively. Membranes were washed in PBS + 0.01% Tween-20 (PBST) (3 × 10 min, RT)
then incubated with secondary antibody (Alexa Fluor-488 goat anti-mouse for A11, and
Alexa Fluor-488 goat anti-rabbit for 211, both 1:5000 (Thermo Fisher Scientific, Waltham,
MA, USA)) in PBST (1 h, RT). Following washing in PBST (3 × 10 min, RT), membranes
were imaged on a Typhoon Trio scanner and the images analysed using ImageQuant TL
v2005 (both Amersham Bioscience, Little Chalfont, UK).

3.6. FTIR Spectroscopy

FTIR measurements were performed on a Vertex 70 (Bruker, Billerica, MA, USA), fitted
with a Platinum ATR (Diamond F) (oligomer and fibril measurements) or BioATRCell II
(Bruker, Billerica, MA, USA). A 2–15 µM oligomer sample (2 µL) was deposited onto
the detector and dried, followed by washing with milliQ water. In total, 5 spectra, each
averaged over 128 scans, with atmospheric compensation and background correction, were
recorded per sample. Recorded spectra were baseline corrected in the 1720–1580 cm−1

(amide I) region, and normalised.

3.7. Intrinsic Fluorescence Spectroscopy

Intrinsic fluorescence spectra were recorded on a Cary Eclipse fluorescence spectropho-
tometer. For emission spectra, samples were excited at 276 nm while for excitation spectra,
emission was monitored at 305 nm.

3.8. MTT Cell Viability Assay

Human SH-SY5Y neuroblastoma cells (A.T.C.C., Manassas, VA, USA) were cultured
in 1:1 Dulbecco’s modified Eagle’s medium (DMEM)-F12+GlutaMax supplement (Thermo
Fisher Scientific, Waltham, MA, USA) supplemented with 10% foetal bovine serum. The cells
were maintained in a 5.0% CO2 humidified atmosphere at 37 ◦C and grown to 80% con-
fluence for a maximum of 20 passages. SH-SY5Y cells were plated in a 96-well plate
at a concentration of 10,000 cells/well and treated for 24 h at 37 ◦C with the different
α-synuclein species. After this, the cells were incubated with 0.5 mg/mL MTT 23 (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) in RPMI (Thermo Fisher Scientific,
Waltham, MA, USA) solution at 37 ◦C for 4 h and subsequently lysed with a solution of
20% SDS, 50% N,N-dimethylformamide, pH 4.7 at 37 ◦C for 2 h. Absorbance values of
blue formazan were determined at 590 nm using a Clariostar plate reader (BMG Labtech,
Aylesbury, UK). We further verified that the observed differences in the MTT reduction
between the α-synuclein samples was not due to LPS contamination (Figure S7).

3.9. Native Polyacrylamide Gel Electrophoresis

Samples were mixed with 4X loading buffer and run on NativePAGETM 4–16% Bis-Tris
gels (Thermo Scientific, Rockford, IL, USA), alongside NativeMarkTM Unstained Protein
Standard (Invitrogen by Thermo Fisher Scientific, Carlsbad, CA, USA), for 105 min at 125 V
using NativePAGETM Cathode Buffer Additive and NativePAGETM Running Buffer (both
Novex, Carlsbad, CA, USA). Gels were destained with a mixture of water, ethanol, and
acetic acid (5:4:1 volume ratio).

3.10. Transmission Electron Microscopy

Each sample (10 µM, 10 µL) was adsorbed onto carbon-coated 400 mesh, 3 mm copper
grids (EM Resolutions, Saffron Walden, UK). Once dry, grids were washed (2 × 10 µL
water), followed by staining with 2% (w/v) uranyl acetate, and further washes (2 × 5 µL
water). The samples were imaged on a FEI Tecnai G2 transmission electron microscope



Molecules 2022, 27, 1293 11 of 14

operating at 80 kV (Cambridge Advanced Imaging Centre (CAIC), University of Cambridge,
Cambridge, UK). Images were analysed using the SIS Megaview II Image Capture system.

4. Conclusions

In conclusion, our findings demonstrate that the structure of stable oligomers formed
from a number of mutational variants (A30P, E46K, A53T, H50Q) are very similar to the
WT protein; however, distinct structural polymorphs are produced from the G51D vari-
ant. Despite the decreased hydrophobicity within the G51D oligomers, they display more
cytotoxicity than the other variant oligomers. Previous extensive experimental work has
established size and hydrophobicity as the key molecular determinants for oligomer toxic-
ity [7,44,56,62]; our results indicate that additional oligomer structure–toxicity relationships
may exist. The ability to study the polymorphic G51D oligomers allowed us to show
that the α-helical content is a good predictor of their cytotoxicity and thus constitutes
an additional structural attribute that correlates with cellular dysfunction. Secondary
structure polymorphism in fibrils has been studied in detail in the context of strains and
toxicity [63–65]. Although the vast majority of such structures consist predominantly of the
canonical amyloid β-sheet structure, recent work has identified the α-helical content as a
key structural element in fibrils of the most toxic member of the phenol-soluble modulin
(PSM) family, with toxicity being clearly linked to this secondary structure element [66,67].
In light of the profound effect of small structural changes on the properties of fibrils, the
significant intrinsic heterogeneity of oligomer structures, in particular our findings of the
G51D oligomers, may be a key determinant of their aggregation propensity and toxicity.

Supplementary Materials: The following supporting information can be downloaded online. Figure S1
(primary structure of α-synuclein and native-PAGE analysis of oligomers); Figure S2 (dynamic light
scattering analysis of variant monomers and oligomers); Figure S3 (assays to confirm extinction
coefficients of oligomer species); Figure S4 (BestSel fitting of experimental CD data); Figure S5
(analysis of the relationship between G51D oligomer secondary structure and MTT reduction);
Figure S6 (dot blot analysis of WT and G51D oligomers with conformational specific antibody A11);
Figure S7 (quantification of LPS in α-synuclein stocks).
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