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Abstract

Abrupt aggregation of α-synuclein (α-Syn) leads to a formation of highly toxic protein 

oligomers. These aggregates are the underlying molecular cause of an onset of the irreversible 

degeneration of dopaminergic neurons in midbrain, hypothalamus, and thalamus, a pathology 

known as Parkinson’s disease. The transient nature of oligomers, as well as their structural and 

morphological heterogeneity, limits the use of cryo-electron microscopy and solid-state NMR, 

classical tools of structural biology, for elucidation of their secondary structure. Despite this 

limitation, numerous pieces of experimental evidence suggest that phospholipids can uniquely 

alter the structure and toxicity of oligomers. In this study, we utilize an innovative nano-infrared 

imaging technique, also known as atomic force microscopy infrared (AFM-IR) spectroscopy, to 

examine the structure of individual α-Syn oligomers grown in the presence of phosphatidylcholine 

(α-Syn:PC) and phosphatidylserine (α-Syn:PS). We determined the amount of the parallel and the 

antiparallel β-sheets, as well as the amount the α-helix and the unordered protein, in the secondary 

structure of α-Syn:PC and α-Syn:PS formed at day 2 (D2), 8 (D8), and 15 (D15) after initiation 

of protein aggregation. We found a gradual decrease in the amount of the parallel β-sheet in 

both α-Syn:PC and α-Syn:PS from D2 to D15 together with an increase in the α-helix and the 

unordered protein secondary structure. We infer that this is due to the presence of lipids in the 

structure of oligomers that prevent an expansion of the parallel β-sheet upon interaction of the 

oligomers with monomeric α-Syn.
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INTRODUCTION

Parkinson’s disease (PD) is the fastest growing neurodegenerative disease, projected 

to strike 12 million people by 2040 worldwide.1 PD is characterized by irreversible 

degeneration of dopaminergic neurons in substantia nigra pars compacta, as well as 

neurons in other regions of the brain, which progresses in the caudo-rostral axis. These 

neurodegenerative processes are linked to abrupt aggregation of α-synuclein (α-Syn), a 

small protein with an unordered secondary structure. α-Syn first forms soluble oligomers 

with a variety of structures that are observed in vitro and in vivo.2–8 Some of these 

oligomers can propagate into fibrils that are long unbranched β-sheet-rich assemblies. 

It should be noted that most fibrillary α-Syn is formed from monomers and not from 

oligomers.3,9 The use of cryo-EM and solid-state NMR allows for detailed elucidation of the 

correlation between molecular structures and the secondary structure of α-Syn fibrils.10–13 

However, high structural heterogeneity of α-Syn oligomers, their transient nature, and low 

concentrations limit the use of both techniques. As a result, very little is known about the 

oligomeric structure of α-Syn. Despite this limitation, numerous pieces of experimental 

evidence point to a direct relationship between the crude shape of α-Syn oligomers and their 

propensity for exerting toxicity.14–17 Specifically, it has been found that small annular α-Syn 

oligomers induce Ca 2+ influx, caspase activation and cell death, whereas larger α-Syn 

oligomers exhibit no toxicity.15

Konno, Banerjee, and co-workers utilized high-speed atomic force microscopy to monitor 

the dynamics of changes in the protein secondary structure that is taken place upon 

propagation of amyloid oligomers into fibrils.18,19 Kurouski and co-workers characterized 

the surface of insulin protofilaments and fibrils by using tip-enhanced Raman spectroscopy 

(TERS).20 The authors found that the surface of amyloid fibrils had a very high content 

of the unordered protein secondary structure, whereas the core of the fibrils was primarily 

composed of the parallel β-sheet. It was also found that surfaces of twisted and tape-like 

fibril polymorphs have a distinctly different secondary structure. A TERS analogue, atomic 
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force microscopy infrared (AFM-IR) spectroscopy, is a modern analytical technique that can 

be used to probe the secondary structure of individual amyloid oligomers.21–23 AFM-IR 

utilizes a metalized probe that is positioned at the protein aggregates and illuminated 

by pulsed tunable IR light.24 IR pulses cause thermal expansions in the sample that are 

recorded by the metalized scanning probe. It was recently demonstrated that AFM-IR 

possessed single-monolayer and even single-molecule sensitivity.21,22 It should be noted 

that conventional IR spectroscopy probes the changes in the bulk volume of the protein 

sample. Therefore, it cannot be used to reveal the structure of highly heterogeneous, 

from the perspective of the protein secondary structure, amyloid oligomers. Furthermore, 

concentrations of amyloid oligomers are too small for their structural characterization 

using conventional IR spectroscopy. Finally, AFM-IR and TERS provide different but 

complementary information about the structure of biological specimens.25 This high 

sensitivity and nanometer spatial resolution made AFM-IR highly attractive for structural 

analysis of amyloid fibrils,21,23,24,26–28 viruses,29 and plant epicuticular waxes.30,31 Using 

AFM-IR, Zhou and Kurouski were able to resolve structural changes that are taken place 

in the structure of a-Syn oligomers upon their propagation into fibrils and observed that 

α-Syn with similar height profiles could express a different protein secondary structure.32 

Furthermore, the researchers revealed substantial structural heterogeneity in the structure 

of individual oligomers present at the same time of the protein aggregation. Dou and 

co-workers showed that an aggregation of α-Syn in the presence of large unilamellar 

vesicles (LUVs) of phosphatidylserine (PS) and phosphatidylcholine (PC) results in the 

formation of highly homogeneous, from the perspective of protein secondary structure, 

oligomers.33 These findings suggest that lipids facilitate protein aggregation. Furthermore, 

it was demonstrated that such oligomers contain lipids in their structure. Using AFM-IR, 

Rizevsky and co-workers recently showed that phospholipids uniquely alter the secondary 

structure and toxicity of insulin oligomers and fibrils.34 The researchers also demonstrated 

that early stage insulin oligomers exhibit strong lipid content, whereas the amount of lipids 

decreases as the oligomers propagate into filaments and fibrils, higher assembly structures 

of misfolded proteins. These findings are in good agreement with the experimental results 

previously reported by Galvagnion and co-workers showing that PS could facilitate the 

α-Syn aggregation by accelerating the primary nucleation.35 Furthermore, Galvagnion and 

Alza found that the rate of α-Syn aggregation directly depends on the lipid-to-protein ratio 

(P:L ratio).36–38 Specifically, with an increase in the concentration of PS, the researchers 

observed the increase in the rate of α-Syn aggregation. This suggested that lipids facilitated 

protein aggregation. However, with the subsequent increase in the amount of lipids, a 

decrease in rate of α-Syn aggregation was observed. This suggested that delocalization of 

monomeric α-Syn along surfaces of PS vesicles disfavored protein−protein interactions that 

were necessary for the aggregate formation.39–42

Expanding upon these findings, we investigate the changes in the secondary structure of 

α-Syn oligomers in the presence of PC and PS LUVs. To slow down α-Syn aggregation 

and understand the correlation between lipid and protein secondary structure, we collect the 

samples at day 2 (D2), day 8 (D8), and day 15 (D15) at room temperature with no agitation 

after initiation of protein aggregation in the presence of PC and PS.
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RESULTS AND DISCUSSION

Microscopic examination of α-Syn aggregates grown in the presence of PC (α-Syn:PC) 

revealed the presence of spherical oligomers that had a height of ~ 1–3 nm (D2), Figure 

1 and Figure S1. The height of these aggregates gradually increased during the course of 

protein aggregation reaching 2–4 nm (D8) and 3–7 nm (D15). Morphologically similar 

aggregates were observed for α-Syn grown in the presence of PS (α-Syn:PS). At D2, their 

height ranged within 1–3 nm. At D8, two populations of these oligomers were observed. 

The first population had a height of 1–5 nm, whereas the second one exhibited the height 

of 7–10 nm. α-Syn:PS oligomers observed at D15 exhibited a broad range of sizes ranging 

from 2 to 17 nm, Figure 1. It should be noted that the appearance of morphologically similar 

aggregates was observed under the lipid-free conditions, Figure S1 and S3.

Nanoscale infrared imaging of α-Syn:PC and α-Syn:PS oligomers formed at D2, D8, and 

D15 revealed their high parallel β-sheet content, as well as the presence of the antiparallel 

β-sheet in their structure, Figure 2. It should be noted that all observed oligomers present 

in each of the analyzed samples exhibited low structural heterogeneity (Figure S8), which 

confirms the previously reported hypothesis that lipids facilitate α-Syn aggregation. Thus, in 

the presence of a phospholipids, aggregation of α-Syn yields structurally similar oligomers 

that were not observed upon α-Syn aggregation in the lipid-free environment, Figure S3 and 

S4.

We observed a substantial amount of the unordered protein in the secondary structure of 

α-Syn:PS oligomers grown at D2.The amount of the unordered protein slightly decreased 

in these oligomers at D8 and D15 with an increase in the amount of the parallel β-sheet 

(Figure 2). Finally, we found that all analyzed α-Syn:PC and α-Syn:PS aggregates have high 

amount of lipids in their structure (Figure 2 and Figure S5). This experimental evidence 

demonstrates that lipids present in the α-Syn oligomers were grown in their presence.

Next, we collected more than 50 spectra from α-Syn:PC and α-Syn:PS oligomers present 

at D2, D8, and D15, as well as from the oligomers grown in the lipid-free environment at 

the same time points, Figure 3. We fitted the amide I band in these spectra to quantify the 

amount of the parallel and the antiparallel β-sheets, as well as the amount of the α-helix and 

the unordered protein, in these aggregates Figure S6.

Our results show that α-Syn:PC oligomers present at D2 have ~82% of the parallel 

β-sheet, ~18 with the unordered protein secondary structure and small 1–2% α-helix and 

the unordered protein. AFM-IR analysis of D8 α-Syn:PC oligomers revealed a drastic 

increase in the amount of the α-helix (22%) and the antiparallel β-sheet (31%) in their 

structure relative to the amount of the parallel β-sheet (44%). These findings show that 

initial interactions between α-Syn and PC result in the formation of β-sheet-rich nuclei 

that further facilitate protein aggregation. However, the presence of PC on the surface of 

these oligomers prevents the expansion of their parallel β-sheet content. Instead, monomeric 

proteins that bind to these nuclei adopt an α-helical structure, as was previously reported 

for a monomeric α-Syn that transitions from unordered into α-helix in the presence of 

lipid bilayers.43,44 The increase of an α-helix structure can be related to the recruitment 
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of free monomer to the aggregates. Further oligomerization and elongation are inhibited 

under no agitation condition because free monomers are not accessible to nucleation sites 

in this condition. We also observed an increase in the amount of the antiparallel β-sheet as 

the oligomers matured from D2 to D8. We also observed high structural similarity between 

the α-Syn:PC oligomers present at D8 and D15. Specifically, the content of the parallel 

β-sheet and the α-helix remained nearly constant, whereas an increase in the amount of 

the β-turn secondary structure increased with a simultaneously decrease in the amount of 

the antiparallel β-sheet. This observation is interesting because both the antiparallel β-sheet 

and the β-turn structure have been known to inhibit the aggregation of amyloid protein. 

We observed a gradually increase in the amount of the antiparallel β-sheet and the β-turn 

structure from D2 to D15 of α-Syn aggregates formed in the presence of PS and PC LUVs. 

The β-turn structure could facilitate the nucleation of a β-hairpin-turn structure, which is 

known to occur between two antiparallel β-sheets.45 It has been previously reported that PC 

will inhibit the α-Syn aggregation. Our results suggested that the interaction between α-Syn 

and PC LUVs could result in an increase of the antiparallel β-sheet and the β-turn structure. 

However, it is not clear whether the inhibition triggers the formation of those secondary 

structure or if the lipid and protein interaction shapes the secondary structure and inhibits the 

aggregation.

There are only minor transformations in the secondary structure content between D2 and 

D8 oligomers formed in the presence of PS. We found that the amount of the parallel 

β-sheet slightly decreased from D2 (58%) to D8 (50%), whereas the small increase in 

the antiparallel β-sheet took place (from 12% at D2 to 16% at D8). We also observed 

an increase in the amount of the α-helix as the oligomers propagated from D8 to D15 

with a significant reduction in the amount of the antiparallel β-sheet. It should be noted 

that observed structural changes for α-Syn:PC and α-Syn:PS were not evident for α-Syn 

oligomers grown in the lipid-free environment, Figure 3. Specifically, in the absence of 

lipids, we observed a gradual increase in the amount of the parallel β-sheet from D2 to D15, 

followed by a decrease in the amount of the antiparallel β-sheet, which is in good agreement 

with the previously reported by Zhou and Kurouski results.32 We also found that, under the 

lipid-free environment, the amount of the α-helix, random coil, and β-turns remains nearly 

the same in D2, D8, and D15 oligomers. Thus, lipids not only drastically alter the secondary 

structure of α-Syn oligomers that were grown in their presence but also significantly change 

the evolution of the protein secondary structure that takes place upon oligomer propagation 

into fibrils.

CONCLUSIONS

Our experimental findings show that all examined α-Syn:PC and α-Syn:PS oligomers 

present at the lag phase of protein aggregation (D2-D15) possess corresponding 

phospholipids in their structure. We also found that the presence of the lipid in the 

oligomer structure lowers the amount of the parallel β-sheet in their secondary structure 

as the oligomers propagate from D2 to D15. At the same time, the amount of the α-helix 

and the unordered protein secondary structure gradually increase in these oligomers. We 

infer that the changes in the secondary structures are due to the presence of lipids in the 

oligomers that modify the assembly of monomeric proteins upon their assembly onto the 
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very early stage (D2) oligomers. It should be noted that the opposite transformations in the 

corresponding secondary structures have been observed upon α-Syn aggregation under a 

lipid-free environment. One can expect that α-Syn:PC and α-Syn:PS oligomers grown in the 

presence of lipids would exert different cell toxicities in comparison to the oligomers grown 

in the absence of lipids.

EXPERIMENTAL METHODS

Protein and Lipid Preparation.

α-Syn is purchased from AnaSpec, CA, USA. The preparation of α-Synuclein follows a 

group protocol by Zhou and Kurouski.32 Briefly, α-Syn was dissolved to final concentration 

of 150 μM in 1X PBS buffer, pH at 7.5 stock. Next the stock was mixed with DMPC or 

DMPS lipid unilamellar vesicles (LUVs) and reach final protein concentration at 45 μM. 

For early stage oligomers study, the solution was kept under room temperature without any 

agitation.

The preparation of lipid unilamellar vesicles (LUVs) was repeated by using previous 

protocol by Dou and Kurouski.33 After LUVs were collected through the extruder, the sizes 

of lipid LUVs were checked by using dynamic light scattering (DLS). In this experiment, we 

investigate the lipid to protein ratio 1:2. Samples for AFM-IR, CD, and FT-IR measurements 

were collected on day 2, day 8, and day 15, denoted as D2, D8, and D15.

AFM-IR Imaging and Spectroscopy.

The solution (3–6 μL) of aggregate samples was deposited on a silicon wafer, exposed for 

5–10 min for drying. Next, remove the excess samples, rinsed with DI water and dried 

under N2 flow. AFM-IR imaging was conducted by using a Nano-IR3 system (Bruker, 

Santa Barbara, CA, USA). The IR source was a QCL laser. Contact-mode AFM tips 

(ContGB-G AFM probe, NanoAndMore) were used to obtain all spectra and maps. No 

evidence of the sample distortion was observed upon contact-mode AFM imaging. IR maps 

at 1624, 1655, and 1694 cm−1 wavenumber values were obtained to study the secondary 

structure of α-Syn:PS and α-Syn:PC oligomers and at 1100 cm−1 to study the presence 

of these phospholipids in α-Syn aggregates. The phase loop lock was enabled during the 

mapping with a 0.03 V threshold. The AFM height and deflection images were acquired 

simultaneously with IR maps. Totally, 20 point spectra were taken from every analyzed 

oligomer and individual aggregates. The spectra were zapped from 1648 to 1652 cm−1 due 

to the chip-to-chip transition artifact from the instrument. Savitzky−Golay smoothing was 

applied to all spectra with 2 polynomial order by using MATLAB.

Attenuated Total Reflectance Fourier-Transform Infrared (ATR-FTIR) Spectroscopy.

The solution (3–6 μL) of aggregates samples was deposited on an ATR crystal and dried 

at room temperature. Spectra were measured by using a Spectrum 100 FTIR spectrometer 

(PerkinElmer, Waltham, MA, USA). Three spectra were collected from each sample and 

averaged by using MATLAB.
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Cicular Dichroism Spectroscopy (CD).

The circular dichroism spectra were recored on a JASCO J-1500 CD instrument at room 

temperature. Aliquots of 300 μL of the α-synuclein, α-syn:PC, and α-syn:PS solution after 

incubation for 2 days (D2), 8 days (D8), and 15 days (D15) were loaded. Spectra were 

recorded after averaging five accumulations in the range 190–260 nm using a 1.0 length 

quartz cuvette (Starna Cells, CA, USA). The data step size is 0.2 nm with a speed of 50 

nm/min and a digital integration time of 2 s. Three spectra were collected and averaged by 

using MATLAB.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
AFM images of α-Syn:PC (top row) and α-Syn:PS (bottom row) aggregates formed at D2 

(A and D), D8 (B and E), and D15 (C and F) at a 1:2 lipid-to-protein (L:P) ratio.
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Figure 2. 
AFM-IR maps of α-Syn:PC (A–D, H–K, and P–S) and α-Syn:PS (E–G, L–O, and T–

W) formed at D2 (A–H), D8 (I–P), and D15 (Q–X) at a 1:2 lipid-to-protein (L:P) ratio. 

AFM height images (A, E, I, M, Q, U), IR absorption maps at 1100 cm−1 (ν(PO2−) of 

phospholipids) (B, F, J, N, R, V), IR ratio overlaying map of 1624 cm−1 (parallel β-sheet) 

(green) and 1655 cm−1 (α-helix/unordered protein secondary structure) (red) (C, G, K, O, S, 

W), and IR absorption map at 1694 cm−1 (antiparallel β-sheet) (D, H, L, P, T,X). Scale bar, 

100 nm.
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Figure 3. 
Histograms of changes in the protein secondary structure in α-Syn:PC, α-Syn:PS, and α-

Syn oligomers present at D2, D8, and D15 at 1:2 lipid-to-protein (L:P) ratio. The percentage 

of the parallel β-sheet is shown in blue, the antiparallel β-sheet in yellow, the α-helix and 

the random coil in orange, and the β-turn in gray in the secondary structure of α-Syn:PC, 

α-Syn:PS, and α-Syn oligomers.
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