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ABSTRACT: Aberrant α-synuclein aggregation is strongly asso-
ciated with the onset and development of Parkinson’s disease (PD).
Therefore, characterizing the structure of toxic intermediate
oligomers plays an essential role in better understanding their
neurotoxicity. Using atomic force microscopy-infrared spectroscopy
(AFM-IR), we were able to reveal the structure of α-synuclein
oligomers present at different stages of protein aggregation and
establish a relationship between morphology and structure on the
single oligomer level. We were also able to probe the secondary
structure evolution of individual oligomers. Moreover, the IR
spectra of individual oligomers suggest structural rearrangement
that is necessary for oligomers with an antiparallel β-sheet to
propagate into fibrils that have a parallel-β-sheet secondary
structure. Detailed investigation of structural organization of α-
synuclein oligomers reported in this study is critically important to understand the toxicity of these protein species. We also
anticipate that this work will help developing approaches for oligomer detection and consequently presymptomatic diagnostic of PD.

Around 6 million people are living with Parkinson’s disease
(PD) worldwide.1 Postmortem examination of brains of

people with PD revealed the presence of amyloid plaques,
extracellular protein deposits that were associated with neuron
degradation.2 Similar histological evidence has been observed
for other neurodegenerative maladies, such as Alzheimer’s3 and
Huntington’s4 diseases. A large variety of physical and
analytical methods, such as X-ray crystallography5,6 and cryo-
electron microscopy (cryo-EM),7,8 were used to reveal the
structural organization of amyloid aggregates. It has been
found that fibrils were mainly made up of ordered β-sheet
conformation.9−11

At the same time, there is very little known about oligomeric
species that precede the formation of fibrils.12 Experimental
evidence suggests that oligomers exhibit much higher cell
toxicity than fibrils.13,14 However, the structural character-
ization of oligomers is extremely challenging because of their
intrinsic instability. Chromatographic purification of oligomers
typically results in the separation of only several of the most
stable species that may only partially represent the structural
diversity of these transient species.15 The utilization of organic
molecules such as curcumin16 and baicalein15 can inhibit the
propagation of oligomers into fibrils. However, these organic
molecules can also change the structure of oligomers.
Moreover, there are many intermediate structures formed
during the growth process as well as the initial monomers and

final products, and most of the species are at the nanometer
scale, which makes the study of these heterogeneous mixtures
more challenging.17 Although a wealth of information about
the morphological diversity of oligomeric species has been
obtained by cryo-EM examination,18−20 the oligomers’
heterogeneity limited an application of cryo-EM.
Atomic force microscopy-infrared spectroscopy (AFM-IR)

offers a unique opportunity to solve this problem without a
substantial sacrifice of sensitivity and spatial resolution of cryo-
EM.17,21−23 AFM-IR is capable of providing chemical
information about the sample surface with subdiffraction
limit spatial resolution.24 AFM-IR has been utilized to
investigate various topics in biology and surface chemistry
including protein aggregates,17,25,26 plant epicuticular waxes,27

polymers,28 and polycrystalline perovskite films.29

In this study, we report a detailed structural characterization
of individual α-synuclein oligomers using AFM-IR (Scheme 1).
α-Synuclein is a small (14 kDa) cytosolic protein that is
enriched in presynaptic terminals. It has been observed that
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under physiological conditions, α-synuclein will aggregate
forming small oligomers that further propagate into filaments,
protofibrils, and fibrils. Such aberrant α-synuclein aggregation
is strongly associated with the onset and development of PD.
Using AFM-IR, we followed aggregation of α-synuclein and
probed the structural organization of individual oligomers
present at different stages of protein aggregation. We were able
to establish a relationship between the structure and
morphology on the single oligomer level. Our results also
show the high structural heterogeneity of α-synuclein
oligomers. We found that in the early stages of aggregation
oligomers with an α-helix/random coil, parallel and antiparallel
β-sheet secondary structures were formed. However, in late
stages, we observed aggregates with dominating parallel β-
sheet secondary structures and a small content of α-helix/
random coil, whereas very little species with antiparallel β-
sheet secondary structure were detected. These findings
suggest the necessary rearrangement of antiparallel to parallel
β-sheet secondary structures on the level of α-synuclein
oligomers that is necessary for their propagation into fibrils.

■ RESULTS AND DISCUSSION
Morphology Characterization and Nanoscale IR

Mapping of α-Synuclein Aggregates. AFM imaging was
used to monitor the morphological evolution of α-synuclein
with different incubation times (Figure S1). Before incubation
(D0), most of the α-synuclein proteins presented as monomers
with a height of approximately 1 nm (Figure S1A,F,K). After 1
day (D1) incubation, oligomers with various shapes and forms
were present, most of them had spherical appearance, and
some exhibited elongated topologies with a height centered at
6−8 nm (Figure S1B,G,L). In addition to spherical oligomers,
we also observed the presence of protofilaments with similar
heights of monomers. Similar spherical oligomeric species have
also been observed at day 2 (D2) and day 3 (D3) as well as the
protofibrils and possibly short fibrils of α-synuclein aggregation
(Figure S1C,D). We found that at day 7 (D7), nearly all
aggregates have fibril-like appearance, whereas a few oligomers
were observed (Figure S1E).
Using the AFM-IR technique, we can also visualize the

distribution of protein secondary structures in individual
protein aggregates at all stages of α-synuclein aggregation.
AFM images and the corresponding IR chemical maps at 1624
and 1655 cm−1 (Figures S2−S5) were taken at different
incubation times. The 1655 cm−1 band has been widely

accepted to be associated with random coil and α-helical
conformations, while 1624 cm−1 is related to β-sheet
conformation (Table S1). Overlapping of these two IR maps
(Figure 1) was conducted to better demonstrate the structural

distribution of these aggregates. From a structural perspective,
around half of all detected oligomers at D1 were dominated by
the α-helix/random coil secondary structure (Figure 1B−D).
In comparison, D2 oligomers exhibited much less α-helix/
random coil secondary structure (Figure 1F−I), whereas the β-
sheet content substantially increased. Figure 1F shows that
some of these aggregates had a clearly visible β-sheet core.
AFM-IR analysis of D3 aggregates showed clear evidence of
the development of fibrils (Figure 1L). Besides that, we have
also observed two types of spherical oligomers at D3: one
showed close content of the β-sheet and α-helix/random coil
secondary structures (Figure 1J) and the other primarily built
by the β-sheet (Figure 1K). Moreover, the structural analysis of
the formed fibrils on D3 showed a β-sheet-rich secondary
structure (Figure 1N). One can expect that such high
structural heterogeneity of α-synuclein oligomers should result
in diverse mature fibrils. Indeed, nanoscale IR imaging revealed
that α-synuclein aggregates at D7 were still heterogeneous
from a perspective of the distribution of protein secondary
structures. Although most of them had clearly a distinct β-
sheet core (Figure 1O−P) surrounded by α-helix/random coil
secondary structures, some of the observed D7 aggregates were
composed of numerous smaller oligomers (Figure 1Q,R)
packed in a side-by-side manner.

Scheme 1. Schematic Diagram Showing the Experimental
Setup of AFM-IR

Figure 1. Overlapped infrared chemical maps at 1655 and 1624
cm−1of D1 (A−E), D2 (F−I), D3 (J−N), and D7 (O−R) samples.
Random coil and α-helical conformations (1655 cm−1) and β-sheet
(1624 cm−1) are marked by pseudocolor red and green, respectively.
Scale bars: A−I and O−R, 100 nm; J−N, 250 nm.
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Nanoscale IR analysis not only offers an opportunity to
probe the structural distribution of individual aggregates but
can also hold the potential to monitor the IR absorption
intensity quantitatively. By collecting spectra on protein
aggregates, we found that α-synuclein underwent an increase
in the β-sheet secondary structure (up to 75%) as the
aggregation proceeded from D0 to D7 (Figure S6).
Interestingly, though the overall β-sheet (parallel β-sheet
(1624 cm−1) and antiparallel β-sheet (1695 cm−1)) content is
increasing along the aggregation process, the antiparallel β-
sheet structures have detected an obvious increase at D1 and a
gradual decrease at D2 and D3. In comparison, attenuated
total reflection-Fourier-transformed infrared spectroscopy
(ATR-FTIR, Figure S7) and circular dichroism (CD) spectra
(Figure S6F) are much less sensitive than AFM-IR technique
in terms of intermediate secondary structures, such as the
antiparallel β-sheet (see the details in Figures S6 and S7).
Heterogeneity of α-Synuclein Oligomers. One may

wonder whether this exclusive strength of AFM-IR can be used
to visualize the structural heterogeneity of individual α-
synuclein aggregates present at the same time point of protein
aggregation. It can be seen that regardless of their significant
difference in morphology, the secondary structure distribution
also varies a lot (Figure S8). Furthermore, our results
demonstrate that four different oligomers with similar
morphology observed at D1 exhibited substantially different
secondary structures (Figure 2). We found that oligomer 1 was

primarily composed of a β-sheet (1624 cm−1), β-turn (1675
cm−1), and antiparallel β-sheet (1695 cm−1) protein secondary
structures, whereas a vibrational band that originates from a
random coil/α-helix (∼1650 cm−1) has been observed in the
spectra collected from oligomers 2, 3, and 4. Noticeably, the
amount of antiparallel β-sheet (1695 cm−1) was lower in
oligomer 3 relative to others. Oligomers 2 and 4 appeared to

have nearly equal intensities of vibrational bands that represent
a random coil/α-helix (∼1650 cm−1) and β-turn (1675 cm−1),
suggesting the presence of all of these elements in its structure.
It should be noted that morphologically, all of these oligomers
were nearly indistinguishable. Thus, spectroscopic analysis is
critically important to reveal the structural heterogeneity of the
protein oligomers.

Structural Characterization of Spherical Oligomers
and Fibrillar Aggregates. To better understand the
distribution of parallel and antiparallel β-sheet structures, we
acquired IR maps at 1624 and 1695 cm−1 for the D1, D2, and
D7 samples (Figure 3). We found that at D1, most of the
protofilaments exhibited a higher signal at 1624 cm−1 (parallel
β-sheet) than the spherical counterparts (Figure 3B), whereas
at 1695 cm−1 (antiparallel β-sheet), spherical ones had higher
signals (Figure 3C).
To quantitatively analyze the distribution of parallel (1624

cm−1) and antiparallel (1695 cm−1) structures on these
aggregates, spectra on protofilaments and spherical species
(Figure 3E) were acquired and 1624 cm−1/1695 cm−1

intensity ratio maps were conducted. As shown in Figure
3D, the protofilaments at D1 have a higher parallel/antiparallel
ratio than spherical counterparts, which clearly indicate that
the protofilaments have a higher parallel β-sheet content than
antiparallel β-sheet. A similar trend had been observed at D2
(Figure 3I,J) and D7 (Figure 3N,O) when the protofibrils and
fibrils are formed. Besides, our results suggest that spherical
aggregates present at D1, D2, and D7 (Figure 3E,J,O) exhibit a
similar structure, which are composed of a β-sheet (1624 cm−1,
1695 cm−1), α-helix/unordered (1663 cm−1), and β-turn
(1675 cm−1) protein secondary structures. It indicates that the
structure of the spherical aggregates remains similar along the
fibrillar formation process except the gradual increasing of the
parallel β-sheet structure at D2 and D7. The distinctly different
secondary structures of the spherical aggregates and fibrillar
ones indicate that the spherical aggregates should undergo
structural rearrangement before growing into fibrils. The
gradual increase of the parallel β-sheets structure in the
spherical aggregates also indicates that they have a tendency to
rearrange structures, though the rate is slow. Based on the
above findings, we can also infer that those spherical aggregates
need to be transformed into the parallel β-sheet rich structure
rather than the antiparallel β-sheet rich structure in order to
form fibrils.
It is expected that the secondary structure may change

during sample drying. Since all of our IR (both AFM-IR and
ATR-FTIR) measurements were conducted on dried sample, it
would be of great importance to predict their corresponding
solution-based secondary structure. Using synchrotron radia-
tion circular dichroism (SRCD), Yoneda et al. found the
secondary structure of the globular proteins exhibits only
minor changes upon removal of bulk water during film
formation, except the increase of the ordered structure.30

Besides, Ramer et al. studied the AFM-IR spectra of
diphenylalanine fibrils in water and in air, and they found
that they show a high degree of similarity along the whole
protein fingerprint spectral range.26 These findings indicate
that dried films has little influence on the secondary structure
and can serve as a useful approach to examine the structure of
proteins.
Morphological characterization and structural analysis of

intermediate species formed during protein aggregation on a
single-particle level are critically important to understand the

Figure 2. AFM images (A) and infrared spectra (B) of oligomers at
D1. Scale bars, 50 nm.
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α-synuclein aggregation process and reveal the underlying
cause of oligomer neurotoxicity.18 Our study revealed that
structural heterogeneity of α-synuclein oligomers is far more
complicated. This heterogeneous nature of the oligomers limits
the wide application of traditional analytical methods, such as
X-ray crystallography and cryo-EM. Moreover, tedious sample
separations, such as lyophilization and electrophoresis are
required, in which also low contents of intermediate species
will be neglected. In comparison, the AFM-IR technique
applied by us is capable of differentiating oligomers with
diverse secondary structures in the single-particle level. It
should be noted that no sample separation procedure is
required before measurement. All of the oligomers can be
imaged at the same time, regardless of their concentration
difference. Owing to these advantages, we are able to visualize
the structural heterogeneity as well as structure distribution in
a single oligomer level. We also confirm the antiparallel to
parallel β-sheet transformation of spherical oligomers is a key
step in the fibril formation process. One can envision that such
a structural rearrangement may be critically important to
control oligomer toxicity, as oligomers with antiparallel β-sheet
structure possessed stronger reactive oxygen species (ROS)
production and affect membrane permeability upon binding
properties relative to monomers and fibrils.18

This study also reflects the power of AFM-IR in structural
characterization of small protein aggregates. The smallest
oligomer analyzed in our work had a height of only 1 nm,
which is much smaller than all protein species17,25,26 studied to
date. It should be pointed out that the typical height of many
neurodegenerative malady associated fibrils is around 10 nm,
like α-synuclein, Aβ-42. Their early oligomers are even smaller.
Thus, higher sensitivity toward the growth investigation of
these proteins would be highly desired in AFM-IR research.

■ CONCLUSIONS

We have successfully used AFM-IR to study the morphologic
and structural changes of the α-synuclein protein during the
aggregation process as well as the structural evolution. We
found that these intermediate species, especially the fibrillar
aggregates, undergo an increase in β-sheet content during the
fibrilization process. Besides that, the spherical oligomeric
species exhibit significant diversity in the secondary structure,
which verifies the heterogeneity of the growth process.
Moreover, the spherical aggregates species always exhibited a
higher antiparallel β-sheet content than the fibrillar ones, which
leads us to think about the relationship between this
antiparallel β-sheet structure and neurotoxicity. These findings
demonstrate that the AFM-IR technique could allow us to
study the protein aggregation process under ambient
conditions in a label-free manner. Different aggregates species
can be analyzed at the same time owing to their nanometer
resolution feature, regardless of their difference in concen-
tration, size, and height. These features are essential for the
study of protein aggregates because of the high heterogeneity
nature of their intermediate species. We believe that this
method could be easily applied to other protein species like
Aβ-42 in order to get a better understanding of the relationship
between their secondary structure and potential neurotoxicity.

■ EXPERIMENTAL METHODS

Detailed information on the experimental methods can be
found in the Supporting Information. The preparation of α-
synuclein aggregates in this work was similar to that reported
previously by Ruggeri et al.31 In a typical procedure, α-
synuclein (AnaSpec, CA) was incubated at a concentration of
50 μM, in 50 mM Tris buffer, 150 mM NaCl, pH 7.5, and
under constant agitation at 300 rpm for 11 days.

Figure 3. AFM-IR chemical maps and spectra of α-synuclein proteins of D1, D2, and D7. AFM height images (A, F, K), IR absorption map at 1624
cm−1 (B, G, L), 1695 cm−1 (C, H, M), IR ratio maps of 1624 cm−1/1695 cm−1 (D, I, N), and the representative spectra (E, J, O) at D1, D2, and
D7, respectively. Scale bar, 250 nm.
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