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ABSTRACT: Metal ions stabilize protein−protein interactions and can
modulate protein aggregation. Here, using liquid-based atomic force
microscopy and molecular dynamics simulations, we study the
concentration-dependent effect of Cu2+ ions on the aggregation pathway
of α-synuclein (α-Syn) proteins, which play a key role in the pathology of
Parkinson’s disease. The full spectrum of α-Syn aggregates in the presence
and absence of Cu2+ ions from monomers to mature fibrils was resolved
and quantified at the gold−water interface. Raman spectroscopy confirmed
the atomic force microscopy (AFM) findings on the heterogeneity in
aggregated states of α-Syn. The formation of annular oligomers was
exclusively detected upon incubating α-Syn with Cu2+ ions. Our findings
emphasize the importance of targeting annular α-Syn protein oligomers for
therapeutic intervention and their potential role as biomarkers for early
detection and monitoring progression of neurodegeneration.

KEYWORDS: neurodegeneration, peptide self-assembly, metal−protein interactions, atomic force microscopy, Raman spectroscopy,
molecular dynamics simulations

■ INTRODUCTION

The onset of Parkinson’s disease (PD) occurs several years
before the early symptoms of neurodegeneration become
visible,1 and it is estimated that at least 10 million people
worldwide currently live with PD.2 Genetic and environmental
factors are majorly responsible for familial (inherited) and
sporadic (caused by random gene−environment interactions)
forms of PDs,3 respectively. Excessive exposure to biometals
such as iron, copper, and manganese may trigger or hasten
PD.4 Abnormal aggregation of the intrinsically disordered
protein (IDP) α-synuclein (α-Syn, a 140-residue long neuronal
protein) into amyloid fibrils precipitates the formation of
intracellular inclusions termed Lewy bodies and Lewy neurites,
which are the histopathological hallmarks of PD.5 Misfolded
and aggregated α-Syn has also been implicated in other
neurodegenerative disorders6 including Alzheimer’s disease
(AD),7 with sensitive Luminex assays showing that α-Syn
levels in cerebrospinal fluid (CSF) can be used as a diagnostic
marker to distinguish between PD and AD patients.7,8

Elevated levels of metal ions present in α-Syn aggregates of
patients suffering from PD suggest that metal homeostasis may
play a significant role in the onset and progression of PD.9

Especially, the postmortem brains of PD patients show raised
levels of Cu(II) concentrations in CSF.10 While α-Syn

oligomers11,12 are the known neurotoxic species in PD,13 the
development of effective anti-PD drugs requires targeting of
specific structures arising in the early stages of α-Syn phase
transitions14 or the nucleation-dependent elongation15 of
oligomers into protofibrils. In parallel, advanced methods are
required to routinely characterize the size and morphology of
intermediary nano and microstructures formed during self-
assembly and aggregation in the presence of aqueous metal
ions to track disease progression in, e.g., a blood test,16 to
provide effective personalized patient care.
Here, we visualize and quantify α-Syn aggregates on

Au(111) prepared in buffer salt solution (phosphate buffer
solution, pH 7.4), and imaged in clean water medium using
liquid-based atomic force microscopy (AFM) over 10 days.
The size of oligomeric aggregates formed during the
embryonic phase when the α-Syn solution was incubated for
10 days at 37 °C under constant mechanical agitation (see the
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Methods section) is resolved with single-particle resolution.
The differences in onset time and size values of protofibrillar
and mature fibrillar aggregates formed along the aggregation
pathway in the three sets of conditions highlight the
importance of using controls and repeat experiments to
properly characterize the aggregates (discussed under Support-
ing Section S1). A distinct increase in fibril length was
observed during the elongation phase. Moreover, gradual
evolution of the fibrils from a two-dimensional (2-D) format to
a three-dimensionally (3-D) packed arrangement was observed
toward the saturation phase of α-Syn aggregation. Raman
spectroscopy conducted on air-dried α-Syn aggregates formed
during the 10 days of incubation revealed an increased
intensity of the amide I band from embryonic (monomers and
small-sized oligomers), lag (large-sized oligomers and short
fibrils), and elongation (isolated and elongated fibrils) to
saturation phase (dense mature fibrillar networks). Incubating
α-Syn solution with copper metal ions resulted in accelerated
α-Syn aggregation and the formation of annular oligomers at
the embryonic phase, which was not detected when α-Syn was
incubated in the absence of copper(II). Annular oligomers
have been previously detected when α-Syn was incubated with
calcium(II), which bound to the α-Syn C-terminal domain,17

while Cu(II) binding to α-Syn single monomers was found to
accelerate their self-assembly at physiologically relevant
conditions18−20 and mediate α-Syn oligomeric toxicity.21,22

The results from AFM obtained in the present study are
complemented by molecular dynamics (MD) computer
simulations of an experimental α-Syn protofibrillar structure
at the gold−water interface. Modeling the α-Syn monomer,
dimer, trimer, and hexamer superstructures identified in the
experiments allows us to accurately map the dimensions,
supramolecular packing interactions, and thermodynamic
stabilities that direct the nascent stages of self-assembly and
profibrillar elongation in copper-free conditions and in the
presence of low and high concentrations of Cu(II) ions.
Overall, our experimental/modeling approach allows us to

capture the changes in size, shape, and conformation of the α-
Syn protein aggregates in response to perturbations in the
chemical environment. By delineating the change in
aggregation mediated by physiological concentrations of
divalent metal Cu(II) ions, we show the potential of liquid-
based AFM in studying protein aggregation at a solid−liquid
interface.

■ RESULTS AND DISCUSSION

Embryonic and Lag Phase of α-Syn Proteins at the
Gold−Water Interface. Figure 1a shows a large-area AFM
image of α-Syn aggregates absorbed at the gold−water
interface. The topographic map was captured immediately
after deposition of α-Syn particles (which had been incubated
for 1 day) in buffered aqueous solution followed by rinsing the

Figure 1. Embryonic and lag phase of α-Syn aggregation at the gold−water interface. (a) Large-area AFM topographic image of α-Syn peptides in
the form of monomers and small oligomers adsorbed on the terraces of ultraflat gold (surface roughness of bare gold regions: ∼0.2 nm). The AFM
data shown in panels (a−d) were recorded after incubating the α-Syn solution at 37 °C under mechanical agitation for 1−4 days, respectively, as
labeled D1−D4. Mostly large oligomeric particles were detected on day 2 of incubation (panel b), and oligomeric and dendritic α-Syn structures
were observed on Au(111) after 3 days of incubation of the α-Syn solution (panel c). Protofibrillar structures were only observed after 4 days of
incubation of the α-Syn solution (panel d). (e) Spatially well-resolved AFM image of a single protofibril revealing a nodular “beaded” architecture
with 5−6 nm spherical particles (see measured heights in the inset) arranged in the form of a linear chain. (f) Statistical analysis of the protofibril
length distribution after 4 days of α-Syn incubation. (g) Representative structure of α-Syn monomer showing its most stable maximum height on
the Au(111) surface during 200 ns dynamics. The non-amyloid-β component (NAC; residues 61−95) region is shaded in gray. (h) α-Syn hexamer
oriented on the surface of Au(111) (golden color) showing the full periodic solvated simulation cell.
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surface with clean water and continuing to image in water (see
details under the Methods section). The simultaneously
acquired phase-contrast image (see Supporting Information
Figure S1) shows distinct differences in the particle sizes.
Individual height profile traces measured over the particles
numbered from I to VI on the phase-contrast image are plotted
in Figure S1c−e, which reveals the exact differences in particle
height relative to the underlying gold substrate. From the
height profiles, the particle width appears larger than the true
width due to AFM tip convolution effects. However, the height
profile values are independent of tip effects, and as the height
equals the diameter of a sphere, it is reasonable to estimate the
diameters of α-Syn particles. After 1 day of incubation, only
particles with diameters ranging from ∼0.5 to ∼7.5 nm were
detected from the AFM measurements in a clean water
medium. We calculated a mean diameter of 4.1 ± 3.6 nm for
the single particles. Figure 1b is the AFM height image
acquired after incubating α-Syn for 2 days. The individual
height profiles obtained in clean water on day 2 (Figure S1)
show a slight increase in particle diameter, ranging from ∼1.5

to ∼8.5 nm with a mean particle diameter of 5.0 ± 3.5 nm.
AFM measurements conducted on day 3 revealed mainly
dendritic aggregates together with single particles of varying
sizes (Figure 1c).
Based on the AFM topographic images obtained on day 3 of

α-Syn incubation, we calculate a mean particle diameter of 5.5
± 2.2 nm averaged over height profile traces measured from
approximately 500 particles. During the first 3 days of α-Syn
incubation, only single spherical particles, jellybean-shaped
particles, and dendritic structures were detected. Based on the
evolution of particle size and shape, we classify this period as
the embryonic phase of α-Syn aggregation. After 4 days of α-Syn
incubation, fibrillar aggregates were detected on the gold
surface, signaling the start of the lag phase. Figure 1d is a high-
resolution AFM topograph of a region with predominantly
fibrillar aggregates present together with a small population of
spherical particles recorded on day 4 of α-Syn incubation.
Closer inspection of the fibrillar aggregates revealed them to be
protofibrillar strands with a typical nodular “beaded” type
architecture,23 as clearly seen in the AFM topograph (Figure

Figure 2. Elongation and saturation phase of α-Syn. (a−c) High-resolution AFM height images of mainly protofibrillar aggregates with typical
nodular morphology observed on Au(111). The first onset of mature fibrillar aggregates (indicated by the black arrow in panel a) was only
observed after the α-Syn solution was incubated for 5 days. Only a minor increase in fibril height was detected on day 5 compared to the fibril
height measured on day 4 of α-Syn solution incubation. High-resolution AFM topographs revealing the evolution in spatial organization of fibrils
from a sparse to dense network on gold after the α-Syn solution was incubated for 6 days (d), 7 days (e), 8 days (f), 9 days (g), and 10 days (h).
The phase-contrast images (i, j) reveal the close-packed and layered arrangement of α-Syn mature fibrils on gold recorded on day 10 of the
aggregation pathway of α-Syn proteins.
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1e). Based on the sectional profile and fibril length analysis of
approximately 250 single protofibrils from AFM topographs
obtained in clean water, we calculate mean diameter and mean
length of 5.5 ± 0.7 and 117 ± 57 nm (Figure 1f), respectively.
The measured mean protofibril diameter from our study is
consistent with previous AFM reports on α-Syn protofibril
morphology.23−25 To identify α-Syn monomers present within
the lower bound of the size distribution of particles measured
using AFM, we employ a previously reported protocol to
convert measured aggregate volume to molecular weight26 by
assuming a spherical shape for the single α-Syn particles. Based
on this assumption, we estimate that the α-Syn particles with a
height profile of ∼3 nm correspond to a molecular weight of
∼14.0 kDa, which is the known molecular weight of α-Syn
monomer and comparable to previous AFM-based reports on
α-Syn monomers.27 This measured monomeric height profile
is in close agreement with the α-Syn monomer height
distribution predicted from the MD simulations (typical
structure shown in Figure 1g, data discussed below).
Quantifying the Elongation and Saturation Phase of

α-Syn Proteins. Upon registering the onset of short
protofibrils on day 4 of α-Syn incubation and resolving their
morphology, the formation of elongated fibrils was first
observed after 5 days of incubation, which we identify as the
elongation phase. Figure 2a−c shows high-resolution AFM
height images showing the presence of elongated fibrils at the
gold−water interface and highlighting differences in fibril
length. Although the fibrils appear elongated, the beaded
morphology is still clearly visible from the AFM images (Figure
2c). In addition to the formation of elongated fibrils, there was

a significant reduction in the population of oligomeric
aggregates on the gold surface in the AFM images obtained
on day 5 of α-Syn incubation, indicating the near-complete
conversion of oligomeric to fibrillar aggregates. However, only
a marginal increase in the height of the fibrils was measured
(Figure 2a−c), which indicates that α-Syn elongation to
mature fibrils might occur in a single layer as opposed to the
stacked Amyloid-β aggregation imaged at a graphene−water
interface,28 reflecting the longer, heavier α-Syn compared to
amyloid-β proteins (molecular weight: ∼4.5 kDa).
The evolution of α-Syn assembly transits from embryonic,

lag, and elongation phase by interconverting between a series
of transient nanostructures from monomers, small and larger-
sized oligomers, short protofibrils, and elongated protofibrils,
as recorded using AFM from day 1 to day 5 of incubation.
From day 6 onwards, we observed a gradual increase in fibril
length and conversion of protofibrils into mature elongated
fibrils, as marked by the absence of beaded morphology in
Figure 2d. Figure 2e−g shows high-resolution AFM height
images that capture the transition from very sparse to more
closely packed 2-D fibrillar networks between day 7 and day 9
of α-Syn solution incubation. The 2-D fibril networks
expanded into a dense 3-D network composed of closely
packed and intertwined fibrils on day 10 of α-Syn incubation,
as shown in the AFM height (Figure 2h) and phase-contrast
images (Figure 2i,j). The height profiles extracted along the
fibril networks (see Figure S2) quantify the increase in fibril
height with time. Importantly, beyond these 10 days we did
not observe any further changes in fibril morphology or
packing order during a further 5 days of monitoring. Hence, we

Figure 3. Full spectrum of α-Syn aggregate morphology from monomers to fibrils resolved on gold. (a) Overview of the α-Syn aggregation
landscape with representative AFM images mapping the transition from the embryonic phase to lag, elongation, and saturation phase. The scale bar
in all AFM images is 100 nm. (b) Plot of the increase in height values of the full spectrum of particles from monomers to fibrils measured as a
function of α-Syn solution incubation time over a span of 10 days. The red, green, and blue plots correspond to particle heights measured separately
in three different trials in a dry state, clean water, and in buffer medium, respectively, from n = 150 measurements recorded each day of each trial.
Protofibrillar aggregates were first detected on the third day during all of the trials (marked by the black dashed box in panel b). The onset of
mature fibrillar aggregates was observed only on the fifth day of α-Syn solution incubation during trials 1 and 2 (indicated by the blue dashed box in
panel b) and was detected on the sixth day during trial 3 (indicated by the red dashed box in panel b), which was conducted in the buffer solution
environment. (c) Statistical analysis of α-Syn aggregate height of all of the small spherical oligomeric (red histogram), protofibrillar (green
histogram), and mature fibrillar (blue histogram) species measured from the AFM images recorded in clean water on gold (trial 2). The measured
particle height equals particle diameter for the spherical and cylindrically shaped aggregates.
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identify this period from day 6 to 10 as the saturation phase of
α-Syn aggregation.
Figure 3a is a summary of representative AFM images

recorded over the 10 day α-Syn incubation period starting
from the embryonic phase with predominantly monomers and
small oligomers, followed by a lag phase with larger-sized
oligomers and dendritic structures to an elongation phase with
the first occurrence of short protofibril, and finally the
saturation phase with mature fibrillar networks. All AFM
images shown in Figure 3a were recorded at the gold−water
interface. The quantitative analysis of the α-Syn aggregation
pathway (Figure 3b) shows the increase in particle height over
time for measurements conducted in the dry state (red trace),
clean water (green trace), and in buffered salt solution (blue
trace). Protofibrillar aggregates were first detected on day 3
during all of the trials (black dashed box in Figure 3b). The
onset of mature fibrillar aggregates was observed only on day 5
of α-Syn solution incubation during trials 1 and 2 (blue dashed
box in panel b) and was detected on day 6 during trial 3 (red
dashed box in panel b), which was conducted in buffer. Figure
3c is a comprehensive statistical analysis of α-Syn aggregate
height of all particles detected in the AFM images recorded in
clean water on gold (trial 2), ranging from monomers and
small spherical oligomers (red histogram) to protofibrils
(green histogram) and mature fibrils (blue histogram). From
the statistical distribution, we calculate a mean spherical
particle diameter of 4.0 nm with a confidence interval lower
(CIL) of 3.9 nm and a confidence interval upper (CIU) of 4.15
nm. Next, we calculate a mean protofibril diameter of 6.1 nm
with a CIL of 6.05 nm and a CIU of 6.25 nm. Finally, we
calculate a mean mature fibrillar diameter of 8.5 nm with a CIL
of 8.40 nm and a CIU of 8.67 nm. The confidence interval
(CI) was calculated at 95% statistical distribution as the plots
shown in Figure 3c is non-Gaussian. In general, the findings
from our study on the size, shape, and morphology of the α-
Syn protein aggregates formed at different points along the
aggregation pathway are consistent with previous imaging

studies of α-Syn aggregation.23−25,27,29−33 Our comparative
study highlights that the exact onset time of protofibrils and
fibrils will depend on multiple factors, such as the α-Syn
solution concentration, as well as its purity, preparation, and
mixing conditions. For example, we conducted parallel
measurements on α-Syn solution that was not mechanically
agitated at 37 °C. It was only after nearly 6 months that we
were first able to observe α-Syn mature fibrillar networks on
gold similar in topology to the data shown in Figure 2g,h.

Spectrochemical Profile of α-Syn Protein Aggrega-
tion Pathway. To chemically characterize the ensemble of
aggregated states occurring along the α-Syn assembly pathway,
we conducted Raman spectroscopy measurements (see the
Methods section). Figure 4a shows Raman spectra of α-Syn
aggregates measured in the four phases identified by AFM
analysis. The morphology of the diverse α-Syn aggregates in
these respective phases is shown in Figure 3a, and their sizes
are quantified in Figure 3b,c. In the amide(III) region
(resulting from C−N stretch and N−H bend vibrations)
(Figure 4b), a shift to the left of a peak maximum can be
observed that corresponds to the β-sheet content, in the region
from 1220 to 1248 cm−1.34 The peak maximum in the
embryonic phase is located at 1244 cm−1, while in the lag
phase, it is at 1241 cm−1, and in the elongation phase at 1239
cm−1. The shift of this peak corroborates spectra obtained by
Flynn et al.29 in earlier studies of α-Syn aggregates.
Interestingly, we also observe a shift of a secondary peak
from 1285 to 1282 cm−1 from the lag to elongation phase,
which indicates a potential decrease in α-helical content. Along
with the increase in β-sheet content, this shift further highlights
aggregation as previously proposed by Apetri et al.30 Spectral
bands at 1405 and 1450 cm−1 (Figure 4c) mainly appear due
to the side-chain vibrations, such as CO2− (1405 cm−1,
symmetric stretch) and CH2, CH3 deformations (1450
cm−1).35 These bands are present in the observed spectra
throughout the aggregation process. For the lag and elongation

Figure 4. Spectrochemical analysis of α-Syn aggregation phases. (a) Averaged spectral signature of the aggregates recorded during the embryonic
phase (green plot), lag phase (red plot), elongation phase (blue plot), and saturation phase (black plot). (b) Amide(III) spectral region (1200−
1300 cm−1) indicated by the green shaded region in panel (a). (c) Close up of the central region (1350−1550 cm−1) including the amide(II)
spectral region (1500−1550 cm−1) indicated by the blue shaded region in panel (a). (d) Amide(I) spectral region (1600−1700 cm−1) indicated by
the orange shaded region in panel (a). (e) Individual spectroscopic traces (shown in red plot), and the averaged spectral plot (shown in blue plot)
acquired during the elongation phase of α-Syn aggregation.
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phases, we observe a low-intensity peak around ∼1550 cm−1,
which is the expected region of the amide(II) band.
Additionally, in the amide(I) region (mostly due to CO

stretching), shown in Figure 4d, an increase in the intensity of
the peak at 1670 cm−1 was detected compared to the
intensities of the peaks in the amide(III) region, during
aggregation from the embryonic to elongation phase. This
specific peak is indicative of β-sheet structure and content34

and shows similar β-sheet content between lag and elongation
phases. For the spectra recorded during the saturation phase
(shown in Figure 4a), a peak with a maximum at 1670 cm−1 is
less prominent. In this phase, a strong peak with a maximum at
1604 cm−1 was observed, which was not present in the
previous aggregation states. This peak could be attributed to
Phe,35 but it is usually weak.30 Therefore, a more likely
assignment of the peak at 1604 cm−1 is a shift of amide(I)
band upon aggregation.
Such difference in the spectra, in comparison to the previous

phases, indicates that major changes occur in the overall
structure of ensemble of α-Syn aggregates from oligomers to
mature fibrils. Finally, Figure 4e shows the close matching
between Raman spectra acquired during the elongation phase
(in red) in the different areas on the sample and the averaged
spectra (in blue), illustrating the robustness of the method. In
general, the Raman spectroscopy measurements acquired over
large-area spanning diverse ensemble of aggregates substantiate
the high-resolution AFM data obtained at a single-particle level
on the presence of higher-order α-Syn protein aggregates with
increasing α-Syn solution incubation time.
Copper-Modulated Aggregation Pathway of α-Syn

Proteins. Upon clarifying the morphological and chemical
profile of the α-Syn aggregation pathway at the gold−water
interface, we investigated the specific effect of copper(II) on α-
Syn aggregation. The 10 day incubation was repeated in the

presence of Cu2+ (see the Methods section), with the Cu2+-
containing α-Syn solution drop-casted on gold and the
measurements conducted in buffer salt solutions to first
check the nature of the aggregates before rinsing them with
clean water for more accurate profiling of α-Syn aggregate size
and shape. The Cu2+−α-Syn complex is shown in Figure 5a.
The key finding during our AFM measurements when

analyzing the α-Syn solution incubated with Cu2+ for 1 day was
the observation of annular oligomeric structures (Figure 5b),
which we did not observe when only α-Syn was incubated
under the same conditions of 37 °C and mechanical agitation.
Although the annular oligomers were the most abundant
species distributed on the gold surface, spherical aggregates
were also present, as seen from the AFM image (Figure 5b).
Moreover, a low population of sparsely distributed archetypal
α-Syn protofibrils was observed. Upon measuring the size
distribution of annular oligomeric (green histogram, Figure 5c)
and spherical aggregates (red histogram, Figure 5c) from the
AFM height maps, we calculate a mean particle size of 2.63 nm
(CIL: 2.55 nm and CIU: 2.7 nm, CI at 95% statistical
distribution) for the spherical particles, which is smaller than
the mean particle size observed for Cu2+-free α-Syn spherical
particles of 4.0 ± 1.2 nm, possibly reflecting bridging of
charged groups by the metal ions to create more compact
monomers (described in the MD models in the next section).
By contrast, the mean size of the annular-shaped α-Syn
oligomers was estimated to be 7.03 nm (CIL: 6.95 and CIU:
7.10 nm, CI at 95% statistical distribution).
Finally, from the height profiles of the few protofibrils in the

presence of Cu(II) (see Figure S5), we calculate a mean size of
5.8 ± 0.8 nm. Furthermore, the addition of Cu2+ resulted in a
dramatic acceleration of aggregation time scales evidenced by
the early formation of fibrillar aggregates after just 2 days of
incubation (Figure S5). These findings indicate that incubating

Figure 5. Cu2+ induced annular oligomers and accelerated α-Syn aggregation. (a) N-termini of three monomers of α-Syn trimer showing the [PDB
code: 2N0A] coordination of Cu2+ (circled in red) with residues Met1, Asp2, and a water molecule with a Cu2+/monomer ratio of 1:1. (b) 3-D
represented the AFM image of annular-shaped oligomeric α-Syn aggregates resolved at the gold−water interface after incubating the α-Syn solution
with copper for 1 day. In addition to the annular oligomers, spherical particles with varying sizes are also visible from the AFM topograph. (c)
Statistical analysis of the size distribution of spherical particles (red histogram) and annular-shaped oligomeric particles (green histogram). From
the statistical plot, we calculate a mean particle size of 2.6 ± 0.8 nm for the spherical particles and 7.1 ± 0.7 nm for the annular-shaped α-Syn
oligomers. (d) 3-D represented AFM image of a dense and multilayered film composed of α-Syn fibrillar resolved at the gold−water interface after
incubating the α-Syn solution with Cu for a period of 10 days. (e) AFM height image recorded within the black rectangle region indicated in panel
(d), showing closely packed fibrillar aggregates.
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α-Syn with Cu2+ selectively induces the formation of annular
oligomers and also accelerates the transition of α-Syn from
monomeric to fibrillar forms. Figure 5d is an AFM image
showing a dense and multilayered film composed of α-Syn
fibrils resolved at the gold−water interface after incubating the
α-Syn solution with Cu2+ for a period of 10 days (see Figure
S6). A spatially magnified AFM image is shown in Figure 5e
recorded within the region indicated by the black rectangle in
Figure 5d, showing clearly the presence of elongated fibrils.
Although the acceleration of α-Syn aggregation when exposed
to Cu2+ is known from previous studies18,36,37 and the
formation of annular-shaped α-Syn oligomers has been
detected in the presence of calcium(II) ions,17 the current
study provides real-space evidence for Cu2+-associated annular
oligomers with single-particle level specificity.
Molecular Simulations of α-Syn Monomer and

Oligomers at the Gold−Water Interface. To gain a deeper
understanding of Cu(II)-mediated α-Syn assembly from
monomers to higher-order oligomers at the gold−water
interface, we performed a total of 2.4 ms of room temperature
molecular dynamics in water. We calculated the structure,
dynamics, and energetics of four different α-Syn species with
no, low, and high levels of Cu(II) during 0.2 μs of dynamics for
each, modeling Cu2+-free monomer, dimer, trimer, and
hexamer starting from their protofibrillar folds38 and of the

assemblies forming coordination complexes with Cu2+ at two
different Cu2+/α-Syn ratios (1:2 and 1:1) to closely mimic the
sub-μM and μM Cu2+ concentrations used in the experiments
(see Figure S7 and the Methods section). The overall α-Syn
dimensions (radius of gyration, Rg) of our well-converged
models (see RMSD plots in Figure S9a,b) track the growth of
the α-Syn assembly as monomers are added (see Figures S8a−
k and S9c,d). Notably, the structures become more elongated
and more extended in the presence of Cu2+ (Figure S9d),
except for monomer, where Cu2+ mediates significant NT−CT
interactions (Figure S10b) and also direct CT−Cu2+ (Figure
S12a) interactions. At high Cu2+ concentrations (1:1), dimer
and hexamer are more compact than at low concentrations of
Cu2+ (1:2), while the opposite effect is observed for trimers
(see Figure S9c,d). An overall globular shape (Figure S9e,f) is
predicted for all assemblies with the monomer (without Cu2+)
displaying a rodlike morphology (Figure S9e). Interestingly,
the mean oligomeric length profile (Figure S9) tracks the
distortion of the dimer model in the absence of Cu2+ and the
compaction of dimer and hexamer in the presence of Cu2+

(Figure S9i,j).
Since the sampled sizes in our models predict the protein

heights on the gold Au(111) surface, we evaluate the
maximum height profiles and compare our findings with the
AFM experiments. For all systems, we observe an initial

Figure 6. MD simulation of Cu2+ effects on α-Syn oligomers. (a) Computed distribution of monomer and oligomer maximum heights on the
surface of Au(111), with height populations counted as densities with arbitrary units. (b) Computed distribution of monomer and oligomer
maximum heights in complex with Cu2+ at two different Cu2+/assembly ratios (1:2) and (1:1) on the surface of Au(111). (c) Representative
structure of α-Syn trimer showing typical maximum height on the Au(111) surface during 200 ns dynamics. (d) Representative structure of α-Syn
Cu2+/trimer (1:1) showing typical maximum height on the Au(111) surface. (e) Mean conformational energies of monomer and oligomers
(normalized per monomer) during the final 50 ns of molecular dynamics.
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collapse of the assemblies at the gold−water interface, which
are most obvious for monomers and dimers (Figure S9g,h).
Figure 1g shows the α-Syn monomer at the gold−water
interface with a typical height of ∼3.6 nm (Figure 6a), which is
consistent with the experimentally estimated height value of
∼3 nm. The computed α-Syn monomer dynamics shows the
formation of α-helices in the N-terminus with a β-hairpin
formed close to the NAC region. Recent studies on monomers
and dimers have indicated that α-Syn samples a heterogeneous
ensemble of interconverting conformations in an aqueous
solution, including parallel and antiparallel β-sheets and
transient α-helical conformations,27,39−42 with long stretches
of α-helices predicted to impede pathogenic aggregation of α-
Syn.43−45 However, compared to α-Syn in bulk water, the
reduced conformational freedom of α-Syn at the gold−water
interface may stabilize fibril-like morphologies, as also noted
previously for adsorption of amyloid-β-42 peptide on gold46

and amyloid-β-42 protofibrils on graphene.28 For the Cu2+/
monomer (1:1) complex, the maximum height is ∼3.4 nm with
a narrow distribution showing that the high affinity of Cu2+ for
NT compacts the monomer (Figure 6b) via additional Cu2+−
CT interactions (Figure S12a) and is close to the maximum
height of spherical particles when exposed to 1 μM Cu2+

obtained from our AFM experiments (∼3.25 nm) (see Figure
5c, red histogram). The Cu2+−CT interactions are also
prevalent for hexamers and proportional to the copper
concentrations used (Figure S12f,g), sampling more collapsed
conformations (∼8.8 nm maximum height) at higher 1:1 Cu2+

concentration than at lower 1:2 concentration (∼10.1 nm
maximum height) (Figure 6b) and in the absence of Cu2+

(∼9.8 nm height; see Figure 6a). By contrast, for dimers and
trimers Cu2+ stabilizes taller assemblies (Figure 6a,b) that are
less collapsed than without the Cu2+ (Figure S9g,h), reflecting
the large dependence of Cu2+ structure-directing effect on the
size and state of the assembly.47 For all oligomer constructs, at
full μM concentrations of Cu2+, we observe more collapsed,
shorter assemblies than at sub-μM concentrations (Figure 6b).
Our α-Syn dimer model (without Cu2+) with a peak height

of ∼3.9 nm (Figure 6a) matches the mean height of small
spherical particles (∼4 nm) estimated from AFM statistical
analyses of α-Syn aggregates (see Figure 3c), identifying these
observed assemblies as possible dimers and the most abundant
nonmonomeric spherical oligomers without copper. The
measured particle height (∼7 nm from the peak in the
histogram) in the protofibrillar fold (Figure 3c) closely
matches the trimer height peak maximum height of ∼7.3 nm
(Figure 6c) in our predictive models, which indicates that
trimers may be critical for elongation in the absence of Cu2+.
By contrast, the majority of the spherical particles measured in
the presence of Cu2+ (see Figure 5c, red histogram) are of
dimension similar to the height of monomers (∼3.4 nm) in
our simulations (Figure 6b), and smaller than the dimer
heights (∼3.9 nm) predicted in the absence of Cu2+ (Figure
6a) and estimated from AFM experiments (see Figure 3c).
The Cu-free α-Syn trimer is a stable protofibrillar oligomer

assembly (see Figure 6e), stabilized by a E46−K80 salt bridge
(Figure S13a) and a strong hydrogen bond (H-bond) network
(Figure S14a,e), and displays the highest content of β-sheet
(Figure S13b) among all constructs. Taking into account also
the approximately doubled likelihood to form the hexamer
than elongate from the dimer (from the predicted conforma-
tional energies in Figures 6e and S13d), we propose that the
minimal critical protofibrillar nucleus for α-Syn growth is

formed by the trimer (Figure 6c). The Cu2+-bound complexes
are massively stabilized relative to the assemblies without Cu2+

(Figure 6e). We predict that Cu2+−trimer complexes at a lower
concentration of Cu2+ (1:2 ratio) may be the minimal
oligomeric fragment in protofibrillar fold capable of further
lateral elongation given their very stable E46−K80 salt bridge
(which is unstable up to dimer; see Figure S13a) and retention
of high percentage of residues in β-sheet, which makes them
more structured than the Cu2+−hexamer complexes (see
Figure S13c). The protofibrils were detected to be low in
distribution at high experimental Cu2+ concentrations (1 μM)
used in AFM measurements but may be stabilized at low (sub-
μM) Cu2+ concentrations as predicted from our MD model of
the trimer−Cu2+ complex.
We also note from Figure 5c (green histogram) that the

major population (from the peak of the distribution) of
annular oligomers with Cu2+ estimated at a height of 7.75 nm
is closer to our most populated height of the Cu2+/trimer (1:1)
model (∼8 nm) than the Cu2+/Trimer (1:2) model (∼8.6 nm)
(Figure 6b−d). This may be explained by the model-predicted
destabilization of the trimer in the protofibrillar fold at the
higher concentration of Cu2+ (Figures 6e and S13c−e).
Previous reports have suggested that annular protofibrils are
known to nucleate α-Syn filament formation and are
cytotoxic,17 and that the morphology of porelike annular
oligomers can vary between different architectures.48 Several
groups have also identified pore-forming annular α-Syn
protofibrillar oligomers with high content of β-sheet49,50 or
antiparallel β-sheet51 with excellent seeding capabilities. Our
Cu2+/trimer (1:1) model with a Greek-key core may represent
the precursor to these ringlike architectures of polymorphic
annular protofibrils (cross-β sheet vs β-barrel, respectively).
The predicted instability of trimers at high Cu2+ concentration
(Figure 6e; all other assembly constructs are more stable at
higher Cu2+ concentration) may facilitate conformational
rearrangements to a metastable, amorphous state at longer
time scales, consistent with the assembly of looser-packed,
more porelike annular architecture, minimally formed by the
trimers.52 At lower Cu2+ concentration, the higher stability of
trimers (Figures 6e and S13e; also evident from the
intermonomer H-bonds in Figure S14f,g) may be capable of
seeding fibril growth via lateral monomeric interactions to
create an elongated linear chain of fibrils along the gold
surface.
In summary, our AFM experiments clearly identify annular

oligomers as the dominant species at 1 μM copper(II)
concentration, which could potentially be formed by Cu2+/
trimer (1:1) from our MD models, while we rationalize that at
sub-μM copper(II) concentrations, the Cu2+/trimer (1:2)
model may retain the profibrillar morphology to initiate fibril
growth, which are the sparsely populated species observed in
the AFM images. More details of the above analyses are
provided in Section 2.5 Supporting Analyses.

■ DISCUSSION
Here, we combine nanoscale imaging, chemical spectroscopy,
and atomic-scale modeling to construct a detailed picture of
the assembly of α-Syn proteins in the presence and absence of
Cu(II) ions. The AFM results highlight the importance of
registering the size and shape evolution of α-Syn protein
aggregates when retaining them in a hydrated state. Raman
spectroscopy-based analysis of α-Syn aggregated states reveals
information on the increase in β-sheet content during the
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elongation phase and decrease in α-helical content observed
for the lag and elongation phases through analysis of the amide
bands. Atomic-scale molecular dynamics (MD) models predict
the early stages of self-assembly, allowing us to identify the
likely structures in our AFM height profile maps. Our models
reveal that the minimal critical nucleus necessary for
elongation of the α-Syn protofibrillar fold is a trimer as
estimated from the AFM height profiles on gold. This is in
agreement with recent studies of α-Syn in Greek-key fold,53

while the spherical particle observed in the AFM measure-
ments corresponds to a monomer or dimer. We confirm that
the size of α-Syn monomer from our model is in good
agreement with the size estimated from the AFM data obtained
when the proteins were retained in a hydrated interface. The α-
Syn assemblies are very effectively sealed and reinforced by
binding to copper(II) with the AFM-measured heights of the
densely populated spherical particles observed in the presence
of copper closely corresponding to a Cu2+-bound monomer
computed from our MD models.
Strikingly, the binding of trimer to a high concentration of

Cu2+ renders them more thermodynamically unstable than at
low Cu2+ concentration (opposite effect observed for all other
assembly constructs), where the cross-β protofibrillar fold is
retained to a greater extent. Previous studies have identified a
dynamic, interconverting population of different oligomeric
morphologies in α-Syn self-assembly.51,54,55 Among these, the
protofibrillar (chainlike) and annular oligomers are known to
be cytotoxic species,17 the second category is further classified
according to their architecture.48,50 By cross-referencing our
measured and model data, we predict Cu2+ concentration-
dependent shape and thermodynamic signatures in trimers that
may sufficiently distinguish α-Syn trimers as a critical-sized
oligomer to form either chainlike or annular protofibrils. At
low Cu2+ concentration, a more stable trimer may elongate the
chain by addition of monomers laterally, while at high
experimental Cu2+ concentration, the loss of stability could
lead to conformational rearrangements leading to the
formation of the annular oligomers with ringlike morphology
detected in our AFM experiments after incubation with 1 μM
concentration of copper(II). Recently, protein aggregates with
protofibrillar and irregular annular oligomeric shapes with
comparable size profiles, as reported in the present study, have
been resolved and quantified on the surface of red blood cells
from individuals with AD pathologies.56

The results from the present study highlight the importance
of recording the morphological changes of pathological protein
aggregates in response to their chemical environment. Such
information obtained in the near native state of the protein
aggregates could potentially serve as guidelines for better
understanding protein aggregated states in body fluids from
individuals who have been exposed to environmental metals
over their lifetime. The nanoscale imaging, chemical spectros-
copy, and integrated modeling-measurement methodologies
presented here may inform rapid screening of other potential
blood-borne cofactors, e.g., other biometals, heavy metals,
physiological amino acids, and metabolites, in directing and
potentially rerouting IDP aggregation in the initiation and
pathology of neurodegenerative diseases.

■ METHODS
Preparation of Wild-Type α-Syn Solution. Wild-type α-Syn

was obtained by expression and purification in bacteria, as detailed by
Campioni et al.57 α-Syn solutions were prepared by dissolving the

lyophilized protein (∼30 mg/mL) in 2 mL of PBS buffer, pH 7.4. The
solution pH was adjusted to 7.4 by adding 1 M NaOH (25−30 μL).
The filter membrane of Amicon Ultra-4 Centrifugal Filter Unit
(NMWL 100 kDa) was first hydrated in the centrifuge three times
with 4 mL of PBS buffer (3200g, 5 min), followed by centrifugation of
α-Syn solution (typically 2 mL) for 30 min to filter out large α-Syn
particle chunks that were not fully dissolved. Two hundred microliters
(or 10% of solution volume) of PBS was added to the filter and mixed
using a pipette to extract the remaining α-Syn from the bottom of the
filter, followed by centrifugation for 5 min. The final concentration of
α-Syn (ε280 = 5960 M−1 cm−1) was measured with spectrophotometer
Implen Nanophotometer NP80 UV−vis. The solution was then
diluted with PBS buffer to 300 μM α-Syn. V-shaped 1.5 mL protein
LoBind tubes were filled with 500 μL of α-Syn solution and incubated
in Eppendorf ThermoMixer C at 37 °C for 10 days under mechanical
agitation at 500 rpm. To investigate the effect of Cu2+ ions on the α-
Syn aggregation rate, its solution was added to the aliquot with α-Syn
before the incubation. For each experiment, three aliquots of 300 μM
α-Syn concentration were prepared for comparison. Cu2+ solution (10
μM) was prepared by dissolving copper(II) chloride in PBS buffer,
pH 7.4 (Merck Millipore). Fifty microliters of prepared copper
chloride solution was then added to the aliquot with 500 μL of α-Syn,
leading to the final Cu2+ concentration of 1 μM.

Liquid-Based Atomic Force Microscopy. Liquid-based AFM
was performed using a Multimode 8 AFM (Bruker) equipped with a
liquid cell holder. A SCOUT 70 HAR silicon AFM tip with a high
aspect ratio was used in tapping mode (gold reflective backside
coating, force constant 2 N/m, resonant frequency: 70 kHz,
NuNano). The AFM tip was cleaned by rinsing in acetone for 30 s
and in isopropanol for ∼1 min, followed by blow-drying with
compressed air. After mounting the AFM tip in the tip holder, 5 μL of
α-Syn in buffer salt solution was deposited on the Au(111) substrate.
Before deposition of the α-Syn solution, Au(111) thin film on mica
(purchased from Phasis, Inc) samples were thoroughly cleaned
(rinsed with acetone and isopropanol, followed by blow-drying with
N2) and the surface quality of the gold thin film was checked using
AFM. After ∼2 min, the gold surface was gently flushed with 1 mL of
pure water and the AFM tip was fully immersed and tuned in the
water medium. For comparison, AFM measurements were conducted
on α-Syn particles on gold substrates in buffer salt solution
environment (5 μL), in clean water medium (5 μL), and also on
air-dried samples (after removal of buffer salt solution with clean
water). The standard deviations of particle heights of oligomers and
fibrillar aggregates were calculated from measurements performed
with 10 AFM tips of the same batch purchased from NuNano.

Raman Spectroscopy Setup and Measurements. Raman
spectra were obtained using a WITec Alpha 300 R confocal Raman
microscope. A 532 nm laser, spectrometer grating of 600 g/mm and
Zeiss 100× objective, numerical aperture NA = 0.9 was used to
acquire Raman maps (15 μm × 15 μm surface area, 1 μm step, 1 s
integration time, 225 spectra in total) as well as time series (same
spot, 60 spectra, 1 s integration time). Laser power was adjusted for
different substrates: 40 mW for mica, 20 mW for silicon, and 10 mW
for gold/mica. For every area scan, one average spectrum was
obtained. To obtain representative spectra of the measured sample,
average spectra of multiple areas were normalized and then averaged.
Normalized spectra of different area scans were then averaged to
obtain one representative spectra per sample. To compare the
intensities of the peaks among different spectra, we normalized them
to the Phenylalanine (Phe) band at 1003 cm−1 (Figure S3) as this
band is less sensitive to the conformational changes of α-Syn
proteins.29 The background subtraction analysis is provided in Figure
S4. Raman spectroscopy was conducted only on air-dried α-Syn (after
removal of buffer salt solution with clean water) particles deposited
on gold and also on mica substrates for comparison.

Molecular Simulations. The full details of model preparation,
MD simulations, data analyses, and supplementary analyses are given
in Supporting Section S2. Briefly, the starting models of free
monomer and oligomers in Greek-key38 fold α-Syn fibril structure
were oriented with the fibril axis parallel to the gold Au(111) surface
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in a large periodic water-filled box (see Figures 1h and S7c−f). This
starting orientation of α-Syn placed the NAC region in the Greek-key
fold close to the gold surface. The models for Cu2+-bound α-Syn
constructs having the protofibrillar Greek-key fold38 were generated
from density functional theory (DFT) computed structures of the
high-affinity Cu2+-binding site in the N-terminus of α-Syn monomer
obtained from a recent study,47 showing Cu2+ coordinated to Met1,
Asp2, and an ordered water molecule58 (see Figures 5a and S7g;
details in Section S2.1). To correspond closely with the final
experimental Cu2+ concentration of 1 μM, we built the models of
Cu2+-bound α-Syn monomers and oligomers with Cu2+/monomer
ratios of 1:1 and 1:2 to observe the effect of varying copper
concentrations at sub-μM copper(II) concentrations (see Figure
S7h−n).
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