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ABSTRACT: α-Synuclein (AS) fibrils are the main protein component of
Lewy bodies, the pathological hallmark of Parkinson’s disease and other
related disorders. AS forms helices that bind phospholipid membranes with
high affinity, but no atomic level data for AS aggregation in the presence of
lipids is yet available. Here, we present direct evidence of a conversion from
α-helical conformation to β-sheet fibrils in the presence of anionic
phospholipid vesicles and direct conversion to β-sheet fibrils in their absence.
We have trapped intermediate states throughout the fibril formation pathways
to examine the structural changes using solid-state NMR spectroscopy and
electron microscopy. The comparison between mature AS fibrils formed in aqueous buffer and those derived in the presence of
anionic phospholipids demonstrates no major changes in the overall fibril fold. However, a site-specific comparison of these
fibrillar states demonstrates major perturbations in the N-terminal domain with a partial disruption of the long β-strand located in
the 40s and small perturbations in residues located in the “non-β amyloid component” (NAC) domain. Combining all these
results, we propose a model for AS fibrillogenesis in the presence of phospholipid vesicles.

■ INTRODUCTION
α-Synuclein (AS) is a 14-kDa protein that is unstructured in
solution yet forms fibrils that are the primary proteinaceous
constituent of Lewy bodies, the pathological hallmark of
Parkinson’s disease (PD).1 Three single point mutations
(A30P, E46K, and A53T),2−4 as well as duplication and
triplication of the AS allele,5,6 are associated with familial PD.
Despite these substantial associations of AS with disease, the
understanding of its folding and misfolding pathways is far from
complete. Initial in vitro studies demonstrated that AS binds
anionic phospholipids with an increase in α-helical secondary
structure.7,8 Solution NMR studies of AS bound to sodium
dodecyl sulfate (SDS) micelles demonstrated that AS residues
3−37 and 45−92 bind via a helical conformation, while the C-
terminus remains unstructured.9,10 Recent studies have also
reported on binding modes ranging from the free disordered
cytosolic form to the anionic phospholipid-bound state11 and a
structure of AS bound to phospholipid vesicles using site-
directed spin labeling EPR.12

The strong interaction of AS with anionic phospholipids has
been shown to promote AS aggregation.13−17 Smith et al.
investigated the transition from α-helical to β-sheet and
proposed the formation of an intermediate during fibril
formation.18 Bodner et al. proposed an increased population
of a partially disrupted α-helix in the presence of the early-onset
PD mutants that may affect the interaction with the membrane
bilayer and AS fibrillation.19 Recent investigations have
indicated that AS might form α-helical tetramers that prevent
the formation of fibrils.20 Additionally, changes in the

membrane have been detected in the presence of AS
protofibrils,21 with increased effects in the presence of the
three mutants.22 It has also been proposed that the formation
of ion channels by AS may destabilize the ionic homeostasis of
neurons and cause neuronal cell death.23−25 Despite all these
studies, atomic level structural insights into the aggregation of
AS in the presence of lipids are lacking.
Magic-angle spinning (MAS) solid-state nuclear magnetic

resonance (NMR) is uniquely able to characterize the structural
changes of noncrystalline macromolecules, such as bacterio-
rhodopsin in the light-driven proton pumping cycle,26

rhodopsin phosphoactivation,27,28 and the site-specific inves-
tigation of protein folding.29,30 Previous studies have
demonstrated structural analysis of a metastable β-amyloid
intermediate in a lyophilized state.31 Additionally, several
groups, including ours, have conducted solid-state NMR
studies to investigate the fibrils of AS prepared in aqueous
buffer.32−36 Thus, the application of solid-state NMR is well-
suited to provide atomic-resolution structural information of
the AS conversion from α-helical to β-sheet fibrils in the
presence of physiologically relevant phospholipids. Here we
apply this approach to AS fibrils prepared by incubation in the
presence of phospholipid vesicles.
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■ MATERIALS AND METHODS
Sample Preparation. 1-Palmitoyl 2-oleoyl-sn-glycerol-3-phospha-

tidylcholine (POPC) and 1-palmitoyl-2-oleoyl-sn-glycerol-3-phosphate
(sodium salt) (POPA) were mixed in chloroform at a 3:1 molar ratio
and dried under a stream of N2. The dry lipids were resuspended in 50
mM sodium phosphate buffer (pH 7.4) with 0.02% NaN3 and
subjected to cycles of freezing−thawing to form vesicles. U-13C,15N-
labeled AS was expressed and purified as previously described.37 AS
solutions were prepared at 1 mM concentration in phosphate buffer
and passed through a 0.2 μm filter immediately prior to use. AS was
added to the lipid solution to reach a lipid-to-protein ratio of 50:1 and
an AS concentration of 0.5 mM. The mixture was immediately
incubated at 37 °C with shaking (200 rpm) for the defined time of 1,
2, 3, 6, or 11 days under nitrogen atmosphere. At the conclusion of the
incubation period, the samples were ultracentrifuged at 110 000g for 1
h at 4 °C. Two additional zero time point samples (noted as “0 days
incubation”) were prepared and ultracentrifuged immediately after
adding the AS to the lipid vesicles (and lyophilized directly in the case
of the lipid-free sample). In all cases, the pellet from the
ultracentrifugation was lyophilized, packed into a MAS rotor and
rehydrated, as recently described for fibrils formed in aqueous buffer.35

Additionally, we measured the approximate lipid-to-protein ratios
present in the solid-state NMR rotors based on the integration of the
direct-polarization (DP) 13C and 31P 1D spectra versus standard
compounds, as described in Table S1 (Supporting Information).

Solid-State NMR Spectroscopy. MAS solid-state NMR experi-
ments were performed using (1) a 11.7 T (500 MHz 1H frequency)
Varian VNMRS spectrometer (Walnut Creek, CA, and Loveland, CO)
equipped with a 3.2 mm Varian Balun 1H−13C−15N MAS probe; (2) a
14.1 T (600 MHz, 1H frequency) Varian Infinity Plus spectrometer
with a 3.2 mm HXY narrow bore tuned to double resonance mode for
1H and 13C frequencies or triple resonance mode for the 1H, 31P, and
13C frequencies; and (3) a 17.6 T (750 MHz, 1H frequency) Varian
VNMRS spectrometer equipped with a 3.2 mm Varian BioMAS
1H−13C−15N probe (Varian is now part of Agilent Technologies,
Santa Clara, CA, and Loveland, CO). All experiments utilized tangent
ramped CP.38 SPINAL-64 1H decoupling was applied during
acquisition and evolution periods with a field strength of ∼75
kHz.39,40 DARR mixing was used for 13C−13C polarization transfer.41

Chemical shifts were referenced externally with adamantane (assuming
the downfield peak at 40.48 ppm).42

The majority of 13C−13C 2D correlation spectra were acquired at
600 MHz 1H frequency and 13.3 kHz MAS. Spectra were acquired
with 50 ms of DARR mixing,41 25.6 ms of acquisition, and 1280 rows
of TPPI phase encoded t1 evolution (dw = 12.5 μs). Spectra were
processed with 50 Hz (F1) and 50 Hz (F2) net Lorenzian-to-Gaussian
line broadening for all the incubation times, except for some data sets
of lower sensitivity, which were processed with 75 Hz (F1) and 75 Hz
(F2) net Lorenzian-to-Gaussian line broadening. 13C−13C 2D
correlation spectra of the 11-day-incubated sample and mature fibrils

Figure 1. Transition from α-helix to β-sheet evidenced by the changes in chemical shifts of AS incubated in the presence of phospholipid. (A)
Expanded regions of 13C−13C 2D spectra of AS incubated in the presence of phospholipid for 0, 1, 2, 3, 6, and 11 days. All contours were drawn at
∼6σ. Full 13C−13C 2D spectra of samples incubated for (B) 0, (C) 1, and (D) 11 days. Expanded regions shown in part A are highlighted in gray.
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formed in aqueous buffer were acquired on a 750 MHz 1H frequency
and 12.5 kHz MAS. Spectra were acquired with 50 ms DARR
mixing,41 25.6 ms of acquisition, and 768 rows of States-TPPI phase
encoded t1 evolution (dw = 20.0 μs). Spectra were processed with 30
Hz (F1) and 30 Hz (F2) net Lorenzian-to-Gaussian line broadening.
All spectra, unless indicated otherwise, were acquired at a variable
temperature (VT) of ca. −6 °C, which corresponded to an actual
sample temperature of ca. −3 °C, as determined by an ethylene glycol
calibration.43 This is slightly above the phase transition of the lipids in
these samples, resulting in optimal resolution and relaxation
properties.44 1H 1D spectra at VT temperatures from −20 to 10 °C,
which correspond to an actual sample temperature from −17 to 13 °C,
were acquired to confirm the POPC:POPA (3:1) phospholipid phase
transition (Figure S1, Supporting Information). In the gel phase, 1H
linewidths decrease and signal intensity increases as the temperature
increases. Upon raising temperature through the phase transition and
entering the liquid crystal phase, the 1H linewidths decrease
dramatically.
2D 1H spin diffusion 1H−13C experiments9,10 were acquired at 600

MHz 1H frequency, 13.3 kHz MAS, utilizing several 1H−1H mixing
times to assess the polarization transfer dynamics. Spectra were
acquired with 20.5 ms of acquisition and 256 rows of TPPI phase
encoded t1 evolution (dw = 10.0 μs) and processed with 100 Hz (F1)

and 15 Hz (F2) net Lorenzian-to-Gaussian line broadening. 1H spin
diffusion 1H−13C spectra were performed with the VT gas adjusted to
10 °C, which corresponds to an actual sample temperature of ∼13 °C,
significantly above the lipid phase transition, to enable an efficient T2

filter for lipid acyl chain 1H signals.
Data Processing and Analysis. All spectra were processed with

NMRPipe, with back linear prediction and polynomial baseline
correction in the direct dimension. Zero-filling and Lorentzian-to-
Gaussian apodization and/or cosine bells were applied for each
dimension before Fourier transformation. Peak picking and assign-
ments were performed in Sparky.45 For quantitative analysis of 2D
spin-diffusion spectra, 1H cross sections were extracted from the 2D
spectra for the 13C frequencies ranging from 50 to 70 ppm. Peak
intensities were plotted as a function of the square root of the 1H−1H
mixing time (τmix) and corrected for T1 relaxation during the mixing
time by multiplication with exp(τmix/T1).

Electron Micrographs. Samples for electron microscopy were
ultracentrifuged and the supernatant and pellets were separated. At
this point, both the pellets and supernatant were resuspended in buffer
and Karnovsky’s fixative was added. Samples were applied to Formvar
carbon-coated grids (300 mesh), negatively stained with 2%
ammonium molybdate (w/v), and viewed with a Hitachi H600
transmission electron microscope (TEM), operating at 75 kV. To

Figure 2. Trapped intermediates are stable during prolonged acquisition of solid-state NMR spectra. U-13C,15N-labeled AS was incubated in the
presence of phospholipids for 0, 1, 2, 3, 6, and 11 days. 13C−13C 2D spectra of each sample were acquired over 54 h. (A) Initial (red) and final (blue)
13.5 h blocks overlaid for each time point show that the trapped intermediates were stable during the acquisition of the spectra. Spectra were
processed with 75 Hz (F1) and 75 Hz (F2) net Lorenzian-to-Gaussian line broadening. Overlay of the carbonyl and aliphatic spectral regions (with
expansions of the Val, Ala, and Thr regions) of two 13C−13C 2D spectra of U-13C,15N-labeled AS incubated in the presence of phospholipids for 0
(B) and 1 days (C). Spectra of the freshly prepared samples are shown in red (with 50 h of total acquisition) and spectra of the same samples 3
months (stored at −20 °C) after preparation are shown in black (30 h of acquisition time). Expanded regions shown in parts B and C are highlighted
in gray in the full spectra displayed in parts B and C.
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ensure uniform vesicles for the microscopy measurements, after
evaporating the chloroform from the phospholipids mixture, these
were dissolved in buffer and drawn into a Hamilton (Reno, NV) 1 mL
gastight syringe. The syringe was placed in an Avanti Polar Lipids
Mini-Extruder and the lipid solution was passed through a 0.20 μm
Millipore (Billerica, MA) polycarbonate filter 21 times. The newly
formed vesicles were collected in the syringe that did not contain the
original suspension.

■ RESULTS AND DISCUSSION

Characterization of the α-Synuclein Fibril Formation
Time Course in the Presence of Anionic Phospholipids.
In order to structurally characterize the AS fibril formation time
course and monitor the transition from a highly α-helical to a β-
sheet conformation in the presence of anionic phospholipids,
six samples were prepared as described in the Materials and
Methods section. These samples were incubated at 37 °C for
defined time periods (0, 1, 2, 3, 6, and 11 days) and 2D
13C−13C NMR spectra were acquired for each sample under
identical instrumental conditions. A comparison of these
spectra, emphasizing the Ala, Thr, and Val spectral regions
corresponding to the N-terminal (residues 1−60) and NAC
(residues 61−98) domains (Figure 1A), illustrates that early in
the time course AS is predominantly α-helical (state 1), based
on secondary chemical shifts resolved by amino acid type. Ala,
Thr, and Val residuesall of which are prevalent throughout
the N-terminal and NAC domains of ASshow exclusively α-
helical patterns of shifts, consistent with EPR studies.12,46,47

After 1 day of incubation, the conversion to β-sheet is evident
from the change in chemical shifts of the same spin systems
(Figure 1). Further conversion is evident after 3 days of
incubation and accompanied by an increase in spectral
resolution, an indication of a more homogeneous structure.
This structural maturation continues at the 6 day time point,
and after 11 days the peak linewidths and most of the spectral
fingerprints converge to a state that is predominantly consistent

with those of mature fibrils prepared by in vitro incubation in
aqueous buffer without lipids.35

These results support the following model of AS fibrillo-
genesis. The N-terminus and NAC domain of AS bind to
vesicles with an α-helical conformation (state 1), based on the
detection of specific residue types only present in this region of
the sequence, such as Thr or Val (Figure 1A, 0 days). Next, AS
nucleates and converts into a distinct β-sheet secondary
structure (Figure 1A, 1 day). Specifically, the 13C−13C 2D
spectrum of the 1 day sample (state 2) shows patterns of peak
intensities that cannot be accounted for by a superposition of
the initial and final states. For example, the Thr CB-CG2, Val
CB-CG, and Ala CA-CB regions (Figure 1A) show minimal
methyl chemical shift dispersion in state 2; the methyls are all
within a range of ∼1 ppm. As the sample matures into a well-
ordered fibril with long-range order (Figure 1A, ∼3−11 days),
packing interactions among side chains lead to a greater
dispersion of methyl shifts, in a manner reminiscent of the
distinctive methyl shifts of V50 in the HP35 villin headpiece
subdomain, which were attributable to tertiary contacts with a
ring current effect.29,48 Side chain packing leads to greater
dispersion of methyl 13C shifts, which is what is observed in the
mature fibrillar state here.
To ensure that the structural changes only occur during the

incubation, not during the course of the NMR measurements,
we removed excess monomeric AS at the time of trapping each
sample and collected most solid-state NMR data sets at a
sample temperature of ca. −3 °C, in comparison to an
incubation temperature of 37 °C. For confirmation, we
evaluated the initial and final blocks of the 13C−13C 2D
spectra, which were collected in ∼3−4 h intervals (Figure 2) for
a total of ∼50 h. The spectra showed no changes over this time
period. We also re-examined the 0, 1, and 11 day samples
following several months of storage (at −20 °C, except for
periods of NMR data collection). In the case of the 0 h

Figure 3. Electron micrographic comparison of samples incubated for 0, 1, 2, 3, 6, and 11 days: (A) phospholipid controls, (B) AS in the presence of
phospholipids, and (C) AS in the absence of phopholipids.
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incubated sample (state 1), we observed changes in the
chemical shifts toward state 2 (Figure 2B); in contrast, the
sample incubated for 1 day (state 2) presented unaltered
chemical shift patterns for multiple months after the initial data
collection, corroborating the trapping of this state (Figure 2C).
These results suggest that the conversion of state 2 to mature
fibrils might require overcoming a higher energy barrier and/or
the presence of additional monomer present in the solution to
complete the conversion toward more mature states.
To further investigate AS fibril formation, incubation of AS in

the absence of phospholipids was conducted at three different
incubation times, 0 h, 1 day, and 3 weeks, to obtain mature
fibrils. In contrast to the initial α-helical state observed in the
presence of phospholipids, the 13C−13C 2D spectra of the 0 h
incubated sample demonstrates the presence of initial β-sheet
states (Figure S2A, Supporting Information). This result is also
supported by the electron micrographs (Figure 3C) with the
observation of a few initial oligomer species. Further conversion
is evidenced after 1 day, as shown by the changes in chemical
shifts in the 13C−13C 2D spectra (Figure S2B, Supporting
Information). The chemical shifts of this state do not overlap
with the initial state or the mature fibrils, suggesting the
presence of a new state and not a mixture of the initial and final
states. These findings are in agreement with the changes in
morphology observed by EM (Figure 3C, 0 and 1 days), from a
few small oligomers initially to many particles with well-defined
spherical morphology, similar to the intermediate state detected
for β-amyloid.31 Once mature fibrils are formed (Figure 3C),
linewidths and chemical shift patterns similar to those of the
fibrils formed in the presence of phospholipid vesicles are
observed (Figure S2C, Supporting Information).
Further comparison of the two fibrillation pathways was

performed by comparing the electron micrographs at different
incubation times in the presence and absence of phospholipids,
as well as a control experiment with only phospholipids (Figure
3). Once AS is added to the phospholipid vesicles, perturbation
of the phospholipid vesicles is apparent (Figure 3A,B, 0 days
incubation). After 3 days of incubation, initial linear structures
elongating from the vesicles are detected in the presence of AS
in comparison to the vesicle controls. These results agree with
the solid-state NMR spectra (Figure 1) that exhibit fingerprints
of the AS fibril core. Well-defined fibrillar morphologies can be
observed after 6 days of incubation, and a significant number of
fibrillar species are detected after 11 days (Figure 3).
Structural Perturbations Found in the N-Terminus of

Fibrils Formed in the Presence of Anionic Phospholipid.
An overlay of 13C−13C 2D spectra acquired on mature fibrils
formed in the absence (blue) and presence of phospholipids
(red) (Figure 4A) shows very good overall agreement,
indicating that both fibrils have overall a similar fold. Further,
similar morphology of the fibrils is observed with negative
staining TEM, shown in Figure 4C,D. We next performed a
complete study of the mature fibril samples, to site-specifically
compare those incubated in the presence of lipids to those
incubated in aqueous buffer. De novo chemical shift assign-
ments of the backbone and side chains for the fibrils formed in
the presence of phospholipid vesicles were obtained (Table S2,
Supporting Information). A sequential backbone walk was
conducted using multidimensional solid-state NMR experi-
ments, as shown in Figure 5A for residues 83−86. A site-
specific comparison of the chemical shifts demonstrates major
and minor perturbations in the structure. The weighted average
chemical shifts for the 13CA and 15NH, given by |Δδ|avg (ppm)

= {[Δδ2CA + Δδ2NH /(5/2)]/2}1/2, is shown in Figure 5B as a
function of residue number. These site-specific measurements
demonstrate major perturbations (|Δδ|avg ∼ 0.2−4.0 ppm) in
the N-termini and minor perturbations (|Δδ|avg ∼ 0.2−0.7
ppm) in residues located in the NAC domain. These results are
in agreement with the overlaid expansions of the 13C−13C 2D
correlation spectra shown in Figure 4B, with shifting of peaks
that correspond to residues in the N-termini such as S42, T44,
or V48.

Figure 4. Comparison of AS fibrils formed in aqueous buffer and in
the presence of phospholipids. (A) Overlay of 13C−13C 2D spectra (50
ms DARR mixing) of AS fibrils formed in aqueous buffer (blue) and in
the presence of phospholipids (red). Spectra were collected at 750
MHz (1H frequency). (B) Comparison of expanded regions marked in
gray showing the shifting of some peaks in certain regions for the
13C−13C 2D spectra. Residues labeled in bold represent shifting, and
new peaks are marked with arrows. Electron micrographs of AS fibrils
formed (C) in aqueous buffer and (D) in the presence of
phospholipids after 11 days of incubation. Arrows indicate AS fibrils
in both images for comparison.
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Additionally, the presence of additional structured regions
(indicated by arrows in Figure 4B), some with helical chemical
shifts or residue types only present in the N-termini, supports
the idea that the N-terminal domain anchors AS to the lipid
bilayer and promotes the formation of β-sheet structures in
registry throughout the NAC domain.19 To test this hypothesis
more robustly, we conducted 2D 1H−13C experiments with
1H−1H spin diffusion of the sample incubated for 0 days (state
1) and 1 day (state 2). Figure 6B shows representative planes
for 256 ms mixing time; the protein to CH2 lipids and protein
to water cross-peaks can be clearly observed at the 1H chemical
shifts of ∼1.3 and 4.8 ppm, respectively. Cross-peak intensity
for the 13C chemical shifts from 50 to 70 ppm (corresponding

primarily to protein signals; this was confirmed by DQ filtering
experiments) was plotted as a function of mixing time (Figure
6A). The lipid acyl chain to AS correlations build up much
more slowly than those from the water signals, consistent with
an α-helical state (state 1) bound to the surface of the lipid
bilayer. Signal patterns are consistent with those amino acid
types most prominent in the N-terminal domain, and thus these
results support the model in which AS is anchored on the
surface of the lipid bilayer at the initial stages, as represented in
Figure 7A. However, after 1 day of incubation, state 2 shows a
similar buildup for the water and the lipid acyl curves (Figure
6C), suggesting the proximity of AS to the lipid acyl groups, in
a manner expected when the protein is at least partially
embedded in the lipid bilayer (Figure 7A).
In the absence of phospholipids, the initial state is less

accessible to water, as shown by a comparison of the water-to-
protein correlation trajectories for the two initial states trapped
in the presence (Figure 6A,C) and absence of phospholipids
(Figure S3A and S3B, Supporting Information). These
differences further support the presence of different morphol-
ogies, as observed in the electron micrographs. On the basis of
these results, we propose the formation of a hydrophobic core
with β-sheet secondary structure in the absence of phospholipid
vesicles (state 1, without phospholipids) that contrasts with the
N-termini binding of AS with an α-helical secondary structure
with the headgroups of phospholipids (state 1, with
phospholipids), as represented in Figure 7. As AS (in the
absence of phospholipids) converts to state 2, accessibility to
water increases (Figure S3B, Supporting Information). This
result is consistent with the stabilization of additional
hydrophilic residues in this state 2, which is a well-defined
sphere in the electron micrographs (Figures 3C and 7B).
In the presence of phospholipids, after further incubation (2

days) the AS is less strongly associated with the lipid acyl
chains, as evidenced by a slower buildup curve for the lipid-to-
protein correlation than the water-to-protein correlation
(Figure 6D). Furthermore, at this point there are significant
chemical shift changes observed in the 13C−13C 2D spectra.
After 3 days, the electron micrographs show substantial
perturbations in the phospholipid vesicles (Figure 3B),
coinciding with the chemical shift pattern indicative of fibrils.
Further comparison of the mature fibril buildup curves (Figure
6E) shows a similar trend for water and the lipids, in addition to
a slower buildup than mature fibrils formed in aqueous media
(Figure S3C, Supporting Information). We propose that this
similarity in the buildup curves results from the fibrils being
immersed in a network of vesicles with substantially perturbed
morphology resulting from the fibril formation.
To further investigate the structural changes in the two final

fibrillar states, an empirical prediction of the backbone torsion
angles was obtained using the 13C (CA, CB and CO) and 15N
chemical shift assignments and the TALOS+ program49 (Figure
5C). TALOS+ predicts the secondary structure (Figure 5D)
and demonstrates a similar repeated motif in the core of the
fibrils as for those formed in aqueous buffer,35 but with
disruption of the longest β-strand from the N-termini, where
we detect the largest perturbations in the chemical shifts.

Conformational Dynamics of Fibrils Formed in the
Presence of Anionic Phospholipids. Our recent inves-
tigations of AS fibrils prepared in aqueous buffer35 demon-
strated the presence of conformational dynamics along the core
of the fibrils and showed that the most rigid residues included
the residues from T64 to K96. This region included residues 71

Figure 5. Secondary structure comparison between AS fibrils formed
in aqueous buffer and in the presence of phospholipids. (a) Strip plot
from the 3D NCACX, NCOCX, and CANCO spectra of U-13C,15N-
labeled AS fibrils in the presence of phospholipids showing the
sequential backbone connectivity for residues 83−86. (b) Weighted
average chemical shift perturbations (|Δδ|avg) for the AS fibrils
prepared in the presence of phospholipids versus the fibrils prepared in
aqueous buffer. Error bars correspond to the chemical shift variations
from one batch to another of the fibrils prepared in aquous buffer, as
shown in ref 35. (c) TALOS+ predicted backbone dihedral angles φ
and ψ as a function of residue number. Error bars are based on the 10
best TALOS+ database matches. (d) Representation of the TALOS
+-predicted secondary structure of AS fibrils prepared in the presence
of phospholipids (top) and in aqueous buffer (bottom) (arrows
indicate β-strands; curved lines are turn or loop regions; dashed lines
indicate no prediction).
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to 82 that were described by Giasson et al.50 to be essential for
AS fibril assembly. Considering the structural perturbations
observed in the N-termini for this fibrillar state versus the fibrils
formed in aqueous solution, we investigate further whether
there were changes in the conformational dynamics versus the
fibrils formed in aqueous buffer. In a site-specific qualitative
manner, we confirmed no major conformational differences by
performing a 3D CANCO experiment and normalizing the
intensities to the strongest signal (A90CA-A90N-A89C).
Almost all peaks between T64 and K96 had ∼50% or greater
intensity on this scale (Figure 8C). Therefore, the N-terminus
of the fibrils formed in the presence of phospholipids is still a

weaker signature than the residues located in the NAC domain,
as previously shown for the fibrils formed in aqueous buffer.
Additionally, these fibrils also present an overall similar
predicted S2 by TALOS+ (Figure 8B). To complement these
results, direct polarization constant cross-peak correlation
spectra (DP CTUC COSY)35 were acquired on the fibrils
formed in the presence and absence of anionic phospholipids
(Figure 8A) to probe a similar structure for the dynamic
regions. Overall, our results demonstrate high structural
similarity between the dynamic regions of the fibrils, indicating
only small perturbations (Figure 8A).

Figure 6. 1H spin diffusion from lipid CH2 chains and water to AS in the presence of phospholipids. 1H spin diffusion buildup curves for lipid CH2
chains (red) and water (blue) to AS for samples incubated with phospholipids for (A) 0, (C) 1, (D) 2, and (E) 11 days. (B) Selected 2D 1H−13C
spectrum with a T2 filter of 1.2 ms and 1H−1H spin difusion of 256 ms for samples incubated 11 days. Selected cross-peaks for the correlations
between the lipid acyl chains and water to the protein are marked in red and blue, respectively. Data for the buildup curves were corrected for the 1H
T1 relaxation. Error bars represent the error associated with the integration by NMRpipe of the 2D spectra.

Figure 7. Schematic representation of the proposed mechanisms for AS fibril formation, (A) in the presence and (B) in the absence of
phospholipids. (C) Schematic representation of the different domains of AS and predicted secondary structures of AS bound to phospholipids (top,
ref 12) and AS fibrils prepared in aqueous buffer (bottom, ref 35 ). Arrows indicate β-strands; curved lines are turn or loop regions; dashed lines
indicate no prediction. Essential residues for AS fibrillation (ref 50) are labeled in the residue numbers.
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Molecular Basis of α-Synuclein Fibril Formation in the
Presence of Anionic Phospholipids. Our results demon-
strate that the N-terminus and NAC domains of AS bind at the
surface of the phospholipid vesicles with an α-helical
conformation (state 1). After 1 day of incubation, we detected
state 2 that interacts with the lipid acyl side chains of the
phospholipids, which indicates embedding of AS in the
phopholipid vesicles. After nucleation and formation of the
initial β-sheet species, the sample matured into well-ordered
fibrils, as shown by the chemical shift fingerprints shown in
Figure 1. After 3 days of incubation, we observed the presence
of well-resolved peaks that agreed with those of mature fibrils,
such as V74, A76, or A78, that are within the residues
demonstrated by Giasson et al. to be necessary for AS fibril
assembly.50 Additional peaks that did not change upon longer
incubation times are also detected, such as A90 or A91, that are
among the most rigid residues in the core of AS fibrils. All these
residues are located in β-sheet regions of mature AS fibrils; this
suggests that these are already well-packed by intermolecular
contacts at this stage of fibril formation. As the fibrils mature,
we detect changes in the observed correlations of some
additional peaks, such as T59 or A85, that are located in loop
regions of the mature fibrils. These changes could be attributed
to a reduction of signal-to-noise, as T59 has weaker signal
intensity in the mature fibrils than V74 or A78. However, A85
has a similar intensity as V74 in the mature fibrils. Therefore,
this suggests that these contacts might be stabilized at a later
stage of fibril formation.

■ CONCLUSIONS

In summary, we have captured different states on the pathway
of AS structural transition from predominantly α-helical
conformation to β-sheet fibrils, as indicated by the secondary
chemical shifts and supported by the morphology changes in
the electron micrographs. We have compared them to the

fibrillation pathway in the absence of lipids. We have also
demonstrated a similar fold and morphology between fibrils
formed in the presence of phospholipid vesicles and in aqueous
buffer, with major perturbations in the N-terminus and minor
perturbations in the NAC domain. Our investigations
demonstrate that AS binds at the surface of phospholipids
with an α-helical secondary structure (state 1) and then
converts to state 2 with a mostly β-sheet secondary structure
and a close interaction with lipids. After 3 days of incubation,
the nascent fibrils (sometimes also referred to as protofila-
ments) exhibit well-resolved peaks in the solid-state NMR
spectra with key chemical shift signatures that agree with the
mature fibrils. As fibrillation proceeds, further changes in
chemical shifts corresponding to residues located in loop
regions are observed, which indicates further stabilization of
these regions at a later stage, likely due to quaternary assembly
of protofilaments.
These results provide information at an atomic level on the

pathway of conversion from the α-helical to β-sheet fibrillar
states of AS in the presence of vesicles. By performing de novo
chemical shift assignments of this fibrillar state, we have
demonstrated major perturbations (|Δδ|avg ∼ 0.2−4.0 ppm) in
the N-terminus with partial disruption of the long β-strand
located in the 40s and small perturbation (|Δδ|avg ∼ 0.2−0.7
ppm) in residues located in the NAC domain. Despite these
structural perturbations, conformational dynamics measure-
ments of this fibrillar state show a much weaker signature for
the β-strand located in the 40s, compared to the residues
between T64 and K96. Similar results were observed for the
fibrils formed in aqueous buffer.35 Significantly, we detect the
residues with stronger signature to already have the final
structure, based on their chemical shifts, after only 3 days of
fibrillation.
These investigations will serve as basis for further studies

toward understanding how AS fibrils lead to the formation of

Figure 8. Conformational dynamics of AS fibrils formed in the presence of phospholipids. (A) Overlay of DP CTUC COSY spectra (4.5 ms) of AS
fibrils formed in aqueous buffer (blue) and in the presence of phospholipids (red). Residues with perturbations are marked with arrows. (B) TALOS
+-predicted order parameters S2. (C) Relative peak heights from the cross-peak intensity of the 3D CANCO spectrum (numbered according to the
carbonyl residue). Residues labeled as (#) correspond to residues with overlapped peaks in the CANCO experiment. Error bars correspond to the
noise level. (D) Representation of the TALOS+-predicted secondary structure of AS fibrils prepared in the presence of phospholipids (arrows
indicate β-strands; curved lines are turn or loop regions; dashed lines indicate no prediction).
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Lewy bodies,51 the transmission of aggregates from neuron-to-
neuron,52 or the possible disruption of ionic homeostasis of
neurons by fibrillar AS in disease.23−25 Additionally, our results
also demonstrate the feasibility and potential of solid-state
NMR for the investigation of protein misfolding pathways and
disease-associated amyloid fibril formation in the presence of
phospholipids.
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