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Abstract
Misfolding and subsequent aggregation of alpha-synuclein (α-Syn) protein are critically involved
in the development of several neurodegenerative diseases, including Parkinson’s disease (PD).
Three familial single point mutations, A30P, E46K, and A53T, correlate with early-onset PD;
however the molecular mechanism of the effects of these mutations on the structural properties of
α-Syn and its propensity to misfold remains unclear. Here, we address this issue utilizing a single
molecule AFM force spectroscopy approach in which structural details of dimers formed by all
four variants of α-Syn are characterized. Analysis of the force spectroscopy data reflecting contour
length distribution for α-Syn dimer dissociation suggests that multiple segments are involved in
the assembly of the dimer. The interactions are not limited to the central non-amyloid-beta
component (NAC) of the protein, but rather expand beyond this segment. All three mutations alter
the protein’s folding and interaction patterns affecting interactions far beyond their immediate
locations. Implementation of these findings to our understanding of α-Syn aggregation pathways
is discussed.

The aggregation of alpha-synuclein (α-Syn) is a hallmark of several neurodegenerative
diseases including Parkinson’s disease. α-Syn is an abundant presynaptic protein that
belongs to a group of natively unfolded proteins lacking secondary/tertiary structure in
aqueous solutions.1, 2 Although unstructured, some preferences for adopting α-helical
structure have been observed in alpha-synuclein primarily within the N-terminal domain and
the non-amyloid-beta component (NAC) region when the protein binds to lipids of
membranes and vesicles.3 Structural transitions of α-Syn are also involved in the formation
of amyloid-like fibrils with a high content of β-sheet secondary structure in vivo and under a
variety of conditions in vitro.4–7

Various studies established that the aggregation rate of α-Syn depends on environmental
conditions and is accelerated by various factors such as low pH and the presence of biogenic
polyamines.8–14 Changes in primary sequence associated with early-onset familial
Parkinson’s (A30P,10 E46K12 and A53T11 single point mutants) also enhance the rate of
protein aggregation compared to the wild-type. The pathway of aggregation, however, was
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found to differ for each mutant. Whereas, E46K and A53T aggregate more rapidly than WT
with the formation of fibrils,15, 16 A30P assembles primarily in oligomeric forms.17, 18

Unraveling the effects of these factors on misfolding of α-Syn is important for
understanding the molecular basis of the disease development.

The main challenge in studying protein misfolding phenomena is that misfolded
conformations that lead to the pathological aggregation of a protein are only transiently
populated. The ensemble for some proteins consists of rapidly interconverting compact
conformations indicating the highly dynamic nature of protein conformational space.19 It
was recently demonstrated that the aggregation propensity of α-Syn depends on how fast the
protein accesses aggregation-prone conformations – a process termed reconfiguration
rate.20–22 A monomeric protein must undergo structural reorganization to adopt transient
conformational states (misfolded conformations) in order to initiate aggregation.23

Interactions between misfolded proteins facilitate the very first step in the aggregation
process – dimerization. Subpopulation of misfolded states in the overall ensemble can be
very small. More importantly it is not obvious which of the many species in the
conformational space lead to pathological aggregation. Increasing evidence suggests that α-
Syn populates an ensemble of conformers ranging from extended to highly collapsed forms
in aqueous solutions.24, 25 Conditions that favor more compact structures have been reported
to significantly increase aggregation rates of α-Syn.26–28 Ensemble-based (bulk) methods,
however, cannot access a wealth of information that a heterogeneous ensemble of alpha-
synuclein conformations might offer with respect to the aggregation process.

Single-molecule techniques can characterize properties of these individual molecules
without contribution from the rest of the ensemble. Recently, AFM single-molecule force
spectroscopy (SMFS) has been applied to study the conformational diversity of monomeric
α-Syn.27, 28 The study identified three main distinct conformations that exist within
monomeric alpha-synuclein based on their resistance to mechanical pulling. These
conformations were classified as random coil, mechanically weak, and beta-like structures.
The latter were proposed to be directly related to the aggregation of α-Syn.28 Interestingly,
pathological conditions which are known to increase the propensity of alpha-synuclein to
aggregate, such as high ionic strength and the presence of Cu2+, as well as mutations A30P,
A53T and E46K,27 shifted the conformational equilibrium towards these beta-like
structures. We have approached the misfolding problem differently. We have used a recently
proposed novel method to characterize misfolded states in dimeric forms of amyloidogenic
proteins rather than monomeric proteins (reviewed in 29). In this approach, interactions
between proteins immobilized on an AFM tip and the probed surface are measured with
force spectroscopy with significant rupture forces, suggesting that misfolded proteins form
dimeric states. Therefore, instead of probing the whole conformational space of a protein we
probe only conformers that are capable of forming dimers – the simplest aggregated species.
The advantage of this methodology is, therefore, that it probes conformers that associated
with one another at the single-molecule level. We have recently applied this methodology to
characterize the effect of spermidine on α-Syn misfolding.14

Here we report an AFM force spectroscopy study of α-Syn folding and the effect of single
point mutations of α-Syn on the structure of dimeric contact. Pair-wise interactions were
probed between individual α-Syn molecules at low pH conditions that induce
conformational transitions associated with enhanced aggregation. We applied the rupture
length analysis to identify segments of α-Syn involved in the formation of dimers. This
analysis showed that only a limited span of the C-terminal region of wild-type α-Syn is
involved in the stabilization of dimers. Importantly, the single-point mutations located
within the N-terminal region of the protein dramatically change the pattern of protein
misfolding by extending interactions into the C-terminal region. These results suggest that
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the single point mutations affect distantly located interacting segments of the misfolded α-
Syn. A model of the protein assembly involving misfolded dimers is proposed.

MATERIALS AND METHODS
Materials

The 20 mM stock solution of β-mercaptoethanol was prepared in water. The 2.92 mM stock
solution of maleimide-polyethylene glycol-silatrane (MAS)30 was dissolved in water and
stored at −20 °C. The buffers used in force measurement experiments were: pH 3.7 (10 mM
sodium acetate/acetic acid) and pH 7.0 (PBS buffer). All buffers were adjusted by sodium
chloride to a final ionic strength of 150 mM. All other reagents used were of analytical grade
from Sigma-Aldrich unless specified otherwise. Deionized water (18.2 MΩ, 0.22 μm pore
size filter, APS Water Services Corp., Van Nuys, CA) was used for all experiments.

Preparation of recombinant α-Syn proteins
Wild type A140C α-synuclein in which the C-terminal alanine was replaced with a cysteine
and the double mutant A30P-A140C were prepared as described in 14. A cDNA encoding
human α-Syn E46K or A53T was amplified by PCR and subcloned as an Nde I - Hind III
fragment into the vector pT7-7, yielding the constructs pT7-E46K and pT7-A53T,
respectively. The double mutants E46K-A140C A53T-A140C were generated by replacing a
354-base pair fragment from pT7-7 A140C (excised by digesting with Nde I and BamH I)
with the equivalent DNA fragment from pT7-E46K or pT7-A53T, respectively. The
sequence of the α-Syn-encoding insert in each construct was verified using an Applied
Biosystems (ABI 3730 XL) DNA sequencer. Each α-Syn variant was expressed in the E.
coli strain BL21 (DE3) and purified as described in 14, 31. To ensure that the alpha-synuclein
variants were purified as full-length, intact proteins, each lot of protein was characterized
using two methods.14 As one approach, each protein was analyzed by reacting with 5,5′-
dithiobis-(2-nitrobenzoic acid) to determine levels of reduced cysteine. From measurements
of the absorbance of protein-bound 2-nitro-5-thiobenzoate at 412 nm, it was determined that
the ratio of cysteine residues to protein molecules was approximately 1:1. As a second
approach, each α-Syn variant was further purified by reverse phase high performance liquid
chromatography and analyzed by matrix assisted laser desorption ionization (MALDI) mass
spectrometry. The mass-to-charge (m/z) values obtained from the MALDI analysis
corresponded to the predicted values for full-length α-Syn.

Tip modification
Silicon nitride (Si3N4) AFM tips (SNL-10, Bruker AFM Probes) were immersed in ethanol
for 30 min, rinsed thoroughly with water and dried followed by UV treatment for 30 min
(CL-1000 Ultraviolet Crosslinker, UVP, Upland, CA). After the UV treatment, AFM tips
were immersed in an aqueous solution of 167 μM maleimide silatrane (MAS) for 3 h
followed by multiple rinses in water. For covalent attachment of α-Syn to MAS
functionalized tips, a 19 nM protein solution in PBS buffer, pH 7.0, was treated with 1 mM
DTT (to reduce any disulfide bonds formed between α-Syn molecules) for 10 min and
filtered through 10 kDa MWCO centrifuge filter devices (Amicon Ultra-0.5, Millipore) 3
times. MAS functionalized tips were immersed in a 19 nM solution of α-Syn for 1 h. After
rinsing with PBS buffer, unreacted maleimide moieties were quenched with 10 mM β-
mercaptoethanol in PBS for 10 min. These functionalized probes were washed with PBS and
immediately used for force measurements.
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Surface modification
Mica sheets (Asheville-Schoonmaker Mica Co., Newport News, VA) were cut into ~1.5
cm×1.5 cm squares and glued onto glass slides using epoxy glue EPO-TEK 353ND (Epoxy
Technology, Inc., Billerica, MA). Freshly cleaved mica surfaces were treated with MAS for
3 hours. MAS modified mica squares were rinsed with water several times to remove non-
bound MAS, incubated with a 19 nM α-Syn solution (in PBS, prepared as described in the
previous section) for 1 h, and rinsed with PBS buffer. Unreacted maleimide moieties were
quenched with 10 mM β-mercaptoethanol in PBS buffer for 10 min. The functionalized mica
surfaces were washed with PBS buffer and immediately used for force measurements. The
low concentration of alpha-synuclein (19 nM) for surface modification was previously
identified to provide a sparse surface coverage of monomeric protein. AFM imaging was
used to verify that there was only one pair of molecules interacting within the contact area in
the force measurements.40

Force measurements
Force–distance measurements were performed in either PBS buffer or acetate buffer (pH
3.7) at room temperature using the Force Robot 300 (JPK Instruments, Berlin, Germany).
Silicon nitride cantilevers (SNL-10, Bruker AFM probes) with nominal values of spring
constants of ~0.1 N/m were used. Spring constants for each cantilever were obtained using a
thermal method with the Force Robot 300 instrument. The ramp size was 200 nm with
approach and retraction velocities kept constant at 600 nm/s. A low trigger force (200 pN)
was applied. Force-distance curves were acquired systematically at different points on the
surface set by a grid (5 by 5 μm) where points were separated from each other by 50 nm.
The dwell time was set at 0.5 s.

Data analysis
Thousands of force-distance curves were collected for each α-Syn variant. The curves were
filtered using the Data Processing (DP) software of the JPK Force Robot 300 instrument
selecting those that contain rupture events. The curves were then fitted with a Worm Like
Chain (WLC) model incorporated into the DP software of JPK. The WLC model was chosen
because it describes well the elasticity of a polypeptide chain.32–34 Rupture force value was
measured at the rupture point. The contour length (LC) was evaluated as a variable
parameter for the best fit of the curve while keeping the persistence length constant at 0.4
nm. This value of persistence length was found to adequately describe a variety of
proteins.32, 35, 36 Measured values of contour length were assembled into statistical
histograms and fitted in MagicPlot Pro 2.0 software with Gaussian functions to determine
maxima of LC distributions (LC,MAX ± SD). The length of the alpha-synuclein segment that
undergoes stretching upon applied force was estimated following an approach proposed
earlier.37 The length of this segment was calculated by subtracting the length of the MAS
linker (3 nm) from the total measured contour length and taking into account that one amino
acid residue contributes 0.34 nm to the total contour length.38

RESULTS
Experimental system and approach

α-Syn molecules were covalently attached to an AFM probe and the mica surface via
maleimide – cysteine coupling for the force spectroscopy experiments. The wild-type α-Syn
sequence and its mutants (A30P, A53T and E46K) do not contain cysteine residues except
the one we introduced at the very end of the C-terminus (A140C). The cysteine-maleimide
coupling chemistry ensured very site-specific immobilization of the protein on the AFM
substrate and tip surfaces required for quantitative analysis of the rupture lengths.14, 29, 30
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The following structural properties of α-Syn were considered for using the C-terminus for
immobilization. There are three distinct domains in the primary structure of α-Syn: N-
terminus (1–60 aa), NAC region (61–95 aa), and C-terminus (96–140 aa). We chose the end
of the C-terminus as the point of α-Syn covalent attachment because structural changes in
the protein were suggested to occur only within the N-terminal part and the NAC region of
the protein.3 The N-terminal and NAC regions are responsible for the transition to alpha-
helical structure and association with lipids.3 The NAC region was also found in fibrils and
accommodates β-sheet secondary structure.39 On the other hand, the C-terminus of α-Syn is
a highly acidic and proline-rich region that has been suggested to be in a fully random
conformation in both free and lipid bound forms of α-Syn.3 The C-terminal region was
expected to act as a flexible linker for probing interactions between α-Syn molecules in
force measurements. Therefore, we have used only short linker within MAS tether (4 units
of ethylene glycol) for covalent attachment of α-Syn molecules.

Interactions between covalently attached α-Syn molecules were probed in multiple
approach-retraction cycles at various positions on the surface. If no stable dimeric contact is
formed the retraction of the tip does not detect any rupture event. However, a stable dimeric
contact produces a specific rupture signature in the force-distance curve. The beginning of
such a force curve usually contains an adhesion peak (1) due to short-range non-specific
interactions between the tip and the surface (illustrated in Figure 1). The adhesion peak is
followed by a complete rupture event of dimeric contact (3) where the tip comes free from
the surface (4). The rupture event is preceded by a part characteristic of the stretching of
polymer linkers (2).

The control experiments carried out with only one of the surfaces carrying protein (modified
tip/unmodified surface or modified surface/unmodified tip) show no or only a few rupture
events in force-distance curves (Fig. S1). These control experiments suggest that the
ruptures we observed are not due to non-specific interactions of α-Syn molecules with the
surface or AFM tip but rather specific interactions which are probed only when a contact
between α-Syn molecules is established. The formation of a dimer makes it possible to
observe subtle features of α-Syn dimeric structure and conformational characteristics of
misfolded proteins that normally would not be detectable using ensemble measurements.
Notably, detectable interactions were also observed between α-Syn at neutral pH in the
presence of spermidine.14

Effect of pH on misfolding of α-Syn
We have shown recently 14, 40 that the interactions between α-Syn molecules are very weak
at neutral pH, and this finding correlates with the low aggregation propensity of α-Syn at
this pH.41 Several recent studies have utilized low pH to convert α-Syn to its aggregation-
prone state.8, 9, 20, 42–45 We also used low pH to stimulate misfolding of α-Syn in our
experiments. The effect of pH is evident from Fig. 2A which shows a set of representative
force-distance curves measured for wild type α-Syn at neutral pH. No rupture events were
observed beyond the short range adhesion peak. Next, we continued to probe interactions
using the same tip and the same substrate but replaced the buffer in the cell to perform
probing at a lower pH value − 3.7. Fig. 2B demonstrates that at low pH specific interactions
appear in the force-distance curves. In addition to curve (i) with a shape similar to the one
detected at neutral pH, clear rupture events were detected (curves (ii and iii). We assembled
the rupture events into three major groups: NR - force curves with no rupture events (Fig.
2B-i), SR - curves that feature a single rupture event (Fig. 2B-ii) and MR - curves with
multiple ruptures (Fig. 2B-iii).
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Force distance curves with single rupture: Wild type protein
First, we analyzed force distance curves that belong to group SR with a single rupture peak.
We followed an approach recently developed in our lab that allows localizing segments of
the protein involved in dimer formation.37, 40, 46 Using this approach we characterized
structural differences of misfolded α-Syn variants detected at low pH. Each force-distance
curve with a specific rupture event was fitted with a worm-like chain model providing a
contour length (LC) that characterizes the length of stretchable parts of α-Syn molecules not
involved in dimeric interaction. A statistical histogram of LC values measured this way for
SR force distance curves of WT α-Syn is shown in Fig. 3A. The distribution has a set of
clear features and was approximated with five peaks representing the most reproducible
positions of the rupture events. A Gaussian fit of the histogram resulted in maxima of the
distribution at 28 nm (peak 0), 34 nm (peak 1), 44 nm (peak 2), 54 nm (peak 3) and 68 nm
(peak 4). The most prominent peak appears at 44 nm which contributes 42% of all detected
single rupture curves for WT α-Syn. The fact that the distribution reveals several peaks
suggests that there is more than one conformation of WT α-Syn capable of forming the
dimer.

Force distance curves with single rupture: Mutants
Next we probed interactions involving pathological single point mutants which correlate
with familial early onset Parkinson’s disease, A30P, A53T and E46K.10–12 Again, similar to
wild type α-Syn, probing interactions involving mutants at pH 7.0 did not reveal specific
rupture events. However, specific rupture events appeared on the force-distance curves
measured at pH = 3.7. Similar to WT α-Syn, all three mutants had three major groups of
force-distance curves: NR (no rupture), SR (single rupture) and MR (multiple ruptures).
Results of force-distance curve analysis are shown in Figs. 3B–D. Similar to the data for WT
α-Syn, the distributions of contour lengths have specific features, although they appear
simpler with fewer peaks present and slightly narrower than for WT α-Syn (Figs. 3, A–D).
The distributions reveal different patterns for each α-Syn variant suggesting the existence of
more than one conformation within the dimer. The major effect of the contour length
measurements is a dramatic sensitivity of the contour length profiles upon introducing
mutations that can be seen without any additional analysis (Fig. 3). This effect reflects the
change of the interprotein interaction and we used fitting of the overall contour lengths
distribution profiles with a set of peaks to facilitate the data interpretation. Four prominent
peaks are clearly seen for the A30P mutant with maxima of Gaussians at 30, 36, 41 and 49
nm (Fig. 3, B). Both A53T and E46K mutants had their contour length distributions skewed
to shorter LC values as compared to both WT and A30P (Figs. 3, C,D). The majority of the
rupture events for all α-Syn variants appear within the range of ~ 26 nm to ~ 50 nm.
Although, there were other interactions observed at longer and shorter distances, these had a
lower probability than the peaks in the 26–50 nm range. Moreover, other peaks outside this
region are not present for all the variants. For example, the shortest peak observed for E46K
at 17 nm is not present in the histogram for other variants. Also the longest peak at 68 nm
does not have a counterpart in histograms for the mutants suggesting that the interaction
producing this long rupture event is specific only for WT.

The comparison of contour length distributions shown in Fig. 3 and Table 1 demonstrates
the discrete distribution of the rupture events as revealed by contour lengths. However two
major peaks, peak 1 at ~ 30–34 nm and peak 2 at ~40–44 nm appear in all the mutants and
WT protein. All mutations remove distant interactions (peak ~ 68 nm for the WT α-Syn
sample), but short interactions appear in the A53T and E46K distributions. Also, similar
interactions (peak 1 and peak 2) have different contributions to the overall interaction
pattern. For example, interactions of WT are dominated by peak 2 which comprises 42% of
all the detected interactions. Peak 1 contributes only 15%. In contrast, the A53T mutant has
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equal contributions of these two peaks at 31% each, and A30P has almost equal
contributions of peak 1 and peak 2, 30% and 24% respectively. The E46K profile is the
opposite of the WT α-Syn profile with peak 1 dominating at 61% compared to 15% for peak
2. These data show preferences of conformations for these variants. E46K has shorter
conformations while WT has longer conformations and A53T and A30P are somewhere in
the middle.

Force distance curves with a multiple-rupture pattern
The available set of data allowed us to analyze group MR force distance curves
characterized by a multiple-rupture pattern similar to the one shown in Fig. 2B-iii. We have
compared the relative contribution of group SR vs. group MR force-distance curves in the
overall set of the force distance curves with specific rupture events. The A30P mutant had a
majority of the force curves with single rupture peaks, which contributed 81% of all force-
distance curves with specific rupture events. The relative contribution of SR curves for all
the variants decreased in the following order A30P>WT>A53T>E46K
(81%>63%>37%>24%). We also characterized the force curves by the number of multiple
events termed the curve complexity. Complexity of the curves, defined by the number of
rupture peaks in a single force distance curve, increased in the following order:
A30P<WT<A53T<E46K. The E46K mutant had the highest degree of force curve
complexity among all the variants.

Force distance curves with a multiple-rupture pattern: Wild type protein
Here we analyzed force distance curves with a multiple-rupture pattern. A representative
curve of this kind is shown on Fig. 2B-iii. We interpreted the last rupture peak as the one
leading to dimer dissociation and the rest of the rupture peaks were termed internal ruptures.
They correspond to the rupture of interactions between protein segments involved in
intramolecular or intermolecular α-Syn folding. Both the last rupture in MR curves and the
single rupture in SR curves correspond to force-induced dissociation of dimers, and,
therefore, it is instructive to compare these rupture events with each other. Analysis of
contour length for both the last rupture peaks in group MR and the single rupture peaks in
group SR is shown on Fig. 4A and Fig. 4B. The histograms are very similar with minor
variations. These variations are manifested in slight shift of peak maxima to smaller values
in the case of the group MR distribution. It appears that the relative contribution of any
particular peak is similar for the last rupture histogram (group MR) and the histogram for
group SR. For example, a peak at 44 nm (corresponding to the peak 2 of the SR distribution)
is dominant in both histograms. Interestingly, a peak at 34 nm (corresponding to the peak 1
of the SR distribution) is not present in the histogram of contour lengths measured for the
last ruptures (Fig. 4, B). Although, there might be some events registered at that distance, it
is obvious that they do not make up a clear peak leaving a gap between the peak at 25 nm
and the peak at 40 nm.

Next we analyzed the contour length for internal ruptures of the MR force distance curves.
The LC distribution for these ruptures is shown in Fig. 4, C. In general, the distribution of
contour lengths is shifted to smaller values as compared to both the last event of MR curves
(Fig. 4, B) and the single event in SR curves (Fig. 4, A). Such behavior of the contour length
distributions is expected for the sequential rupture of multiple contacts established between
polypeptide chains of α-Syn. A peak corresponding to the peak 1 of the group SR
distribution (with a maximum contour length of 33 nm) appeared again when we plotted the
contour length distribution for internal ruptures as illustrated by Fig. 4, C. A peak
corresponding to peak 2 of the SR distribution (with a maximum contour length of 43 nm) is
also present; however, it no longer dominates the distribution.
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Force distance curves with a multiple-rupture pattern: Single point mutants
We have also analyzed force distance curves with a multiple-rupture pattern for the
pathological mutants of α-Syn. Comparison of contour lengths for both the last rupture
peaks in group MR and the single rupture peaks in group SR revealed that A30P and A53T
mutants behave similarly to WT. Figures 5, A and B show histograms for single rupture
peaks (SR curves) and last rupture peaks (MR curves) for A53T mutant. Again, peak 4 (at
63 nm) characteristic for WT is not present in the histogram for the mutant. Peak 1 with
maximum at ~30 nm does not completely disappear for A53T as it does for WT but its
contribution is smaller than in the histogram for single rupture curves (Fig. 5, A and B).
A30P mutant has very similar to A53T histograms of contour length for both types of
analyzed rupture events with only minor variations (Fig. S2). Similar to WT, a peak with a
maximum contour length of ~30 nm vanishes in the histogram of last rupture peaks for
A30P (Fig. S2, A and B). Also, despite much complexity in the number of curves with
multiple ruptures and the number of ruptures per curve, the contour length distribution for
the E46K mutant features only a single peak at 40 nm when the last rupture is analyzed (Fig.
S3, B). Interestingly, while group SR events for all the mutants (particularly E46K) are
dominated by a peak at ~30 nm, a peak at ~40 nm becomes dominant in the last rupture
events of MR curves for all the mutants.

The internal rupture events of the group MR force distance curves were also analyzed. The
LC distribution for these ruptures is shown in Figures 5-C, S2-C and S3-C. In general,
similar to WT protein, the distributions are shifted to smaller values as compared to both
single events in simple curves (Figs. 5-A, S2-A and S3-A) and the last event of complex
curves (Figs. 5-B, S2-B and S3-B).

Rupture forces measured for all the mutants are also similar to WT (Figs. 5, S2 and S3).
Although, generally similar there are differences among the variants. For example, the E46K
mutant had a double distribution of rupture forces at 27 and 50 pN for the last event of MR
curves compared to a single peaked distribution for SR curves (Fig. S3, D and E). The
second peak at 50 pN resembles forces detected for internal events of E46K, which peaked
at 49 pN (Fig. S3, F). This suggests that last events in MR curves for E46K have a double
nature: one that resembles single events and another one resembling internal ruptures with
higher force. The rupture forces of the A53T mutant also had a higher contribution of large
forces for internal ruptures. Figure 5 shows that in addition to small forces (35 pN; Fig 5, E
first peak) similar to the forces of the single rupture events we have also observed a
contribution from larger forces (72 pN; Fig. 5, E second peak) for the A53T mutant. This
situation is opposite to WT (Fig. 4) and A30P (Fig. S2) but similar to E46K mutant (Fig.
S3).

To correlate the rupture force values with the contour lengths we made 2D scatter plots and
histograms of the rupture forces and contour lengths in one combined plot shown in Figures
S7–S10. Such plots illustrate graphically that the majority of ruptures take place at low force
and this dependence is common for all LC peaks.

DISCUSSION
Single molecule force spectroscopy probing of interactions between α-Syn molecules within
a dimeric contact provided new insight into the pattern of α-Syn assembly within the dimers.
Reproducible interactions suggest that α-Syn structure within the dimers is characterized by
a set of well-defined conformations. We used the approach described in 37, 46 to characterize
the protein segments involved in the α-Syn folding and interactions. In our immobilization
procedure, the proteins are covalently bound to the tip and surface at the C-terminus.
Therefore, the position of the peak on the force-distance curve is defined by the protein
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length between the C-terminus and the interacting segment. The closer the segment to C-
terminus, the shorter the contour length measured with AFM. This is schematically shown in
Fig. 6, A where contour length LC1 is defined by the rupture between the segments shown
with red arrows. Longer contour length, LC2, corresponds to the dissociation of distantly
located segments shown with blue arrows. Using 0.34 nm as a contribution of one amino
acid residue to the total contour length 38 we estimated that LC1 and LC2 correspond to the
following C-terminal parts of α-Syn molecules not participating in interactions: ~94–140
and ~79–140 residues respectively matching values of 34 nm (peak1) and 44 nm (peak2)
(Fig. S4).

Structure of WT α-Syn in dimers
According to Fig. 4A, the contour lengths distribution of the SR force-distance curves
features five peaks occurring at distinct distances. Peak 1 (34 nm) and peak 2 (44 nm)
comprise the majority of the contour lengths; other peaks are located at 54 nm, 68 nm and
28 nm suggesting that protein segments located at these positions are involved in protein
folding within dimers. We compared our data on the location of these interacting segments
with known structure of α-Syn within fibrils. A recent solid state NMR study of full-length
α-Syn fibrils showed an extended core with multiple beta-strands that span residues 38–
96.47, 48 Assuming that the C-terminus is a stretched polypeptide chain acting as a linker,
residues 38–96 correspond to the contour length values between 72 and 32 nm. Our
observed range of contour length values vary between 23 to 73 nm which is close to the
estimated LC range based on the NMR data. Figure S4 compares secondary structure of WT
α-Syn taken from 48 with the positions of interacting segments estimated based on our
contour length analysis. Remarkably, the peaks in the contour length distribution coincide
very well with the location of β-strands in the amyloid fibrils of WT α-Syn determined from
ssNMR (see table in Figure S4).48 Despite this similarity, there are some differences: 1) a
peak at 59 nm predicted from the NMR structure is missing in our measurements, and 2) we
observe a single peak at 44 nm instead of the predicted two peaks at 42 nm and 48 nm. The
majority of events were observed at this contour length (peak 2 = 44 nm) in the LC
distribution of WT α-Syn. Interestingly, this interaction coincides with the position of an 11
aa long segment of the NAC region. This segment comprising residues 73–83 has been
suggested to determine α-Syn’s ability to form fibrils.39, 49

The multiple rupture events provide additional insight into the α-Syn structure within
dimers. Force-induced dissociation of the dimer results in a complete separation of two
monomers and thus AFM tip comes free from the surface (segment 4 in Fig. 1). This
complete dissociation appears as the last rupture in the force distance curves with multiple
rupture peaks. Comparison of the last rupture in MR curves with SR curves suggested these
two are very similar. For example, peak 2 at 44 nm is dominant in both histograms. This
peak corresponds to the 73–83 aa stretch which is critically involved in α-Syn folding within
fibrils.39, 49 Three other peaks at 25, 50 and 63 nm have similar positions in the histogram
for group MR events compared to the LC histogram for group SR events. One major
difference is the absence of peak 1 at 34 nm in the histogram of contour lengths of the last
ruptures (Fig. 4, B).

While the LC distributions of the SR curves and the last rupture peaks of the MR curves are
similar, the LC histogram for internal ruptures of the MR curves is quite different. The
contour length distribution is skewed to shorter contour length values (Fig. 4, C) with the
first peak in the histogram being at LC = 15 nm. This peak corresponds to a very short non-
interacting segment ~122–140 aa which is further in the C-terminal region than expected
based on NMR studies of fibrillar structures.47, 48 The results of the LC analysis lead to the
following assumptions of the structural features of α-Syn within misfolded dimers: 1) the
interacting regions which are capable of forming dimers extend beyond the NAC region into
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the C-terminal part, and 2) the C-terminal part forms a compact configuration which resists
external force applied in the pulling experiments.

The first assumption suggests a simplified model where the observed short interactions
occur between the segments beyond the NAC region and this model is supported by the
recent NMR studies of α-Syn in the free state.44, 50 According to these data, the segment
spanning residues 110–120 has a propensity for the formation of β structure. The
neutralization of negative charges within the C-terminus at low pH reduces intermolecular
repulsion. This effect along with the preference for β structure formation might effectively
induce interactions between regions located outside the NAC.

Our second assumption is based on the possibility of the C-terminal region to fold at low
pH. Indeed, several studies observed that low pH values induce a collapse of the C-terminal
region due to the shielding of negative charges.8, 43, 51, 52 The existence of contacts between
different segments due to the compactness of the C-terminal region was observed in AFM
single-molecule unfolding of monomeric α-Syn.27, 28 These studies showed that the
intramolecular contacts are strong enough to resist mechanical pulling.

Effect of mutations on the structure of α-Syn folding in dimers
Three single point mutations A30P, E46K and A53T of α-Syn identified in familial early-
onset PD alter the interaction pattern between molecules characteristic of the SMFS
experiments. The following differences between mutants and WT were found: 1) contour
length distributions for all three mutants lack the peak at LC = 68 nm (peak 4) and 2)
interactions at shorter contour lengths become more dominant.

According to our estimates peak 4 corresponds to the interaction segment starting at around
the 45th residue. All three mutations are located in the proximity of this interacting site.
Thus, we hypothesize that the absence of the peak at this LC indicates a direct influence of a
mutation on the interacting propensity of this segment, thereby reducing its ability to form a
stable dimeric contact. This finding suggests that the protein’s segment around the 45th

residue is structured and involved in the protein folding, but mutations destabilize this
structure. Therefore, weakening of the protein structure in this region facilitates α-Syn
misfolding and aggregation.

The appearance of short interactions in mutants is an indication of the stabilization of
interactions within the C-terminal region of the protein. This effect is more pronounced for
the E46K and A53T mutants as demonstrated by Fig. 3. We hypothesize that pathological
mutants, especially A53T and E46K, in the misfolded state have a higher propensity for β
structure in the C-terminal part. This assumption is in agreement with ssNMR analysis of
fibrils formed by A53T mutant that detected the formation of an extended β-sheet core in the
C-terminal region as compared to WT α-Syn.48

Despite the variability in positions of the short-range interactions, all four variants of α-Syn
have two common peaks in contour length distributions: peak 1 at around ~30 nm and peak
2 at ~40 nm. Peak 2 corresponding to the 73–83 aa segment of the NAC region was
expected to dominate the LC distributions for mutants as it did for WT. Although, all three
pathological mutants have this peak, its contribution becomes smaller and decreases in the
following order A53T>A30P>E46K. Such behavior is consistent with observations made in
NMR studies that fibrils of mutants are structurally perturbed and the effects of the
mutations increase in the order A30P<A53T<E46K.47 The decrease in the intensity of peak
2 is accompanied by an increase in intensity of another peak common to all variants, peak 1
at ~30 nm, which becomes dominant for the mutants. For example, this interaction
comprises 61% of all events for the E46K mutant while peak 2 contributes only 15%. This

Krasnoslobodtsev et al. Page 10

Biochemistry. Author manuscript; available in PMC 2014 October 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



indicates that the mutants prefer to assemble via interactions of segment 2 (segment s2 in
Fig. S4) in contrast to WT whose preference is segment 3 (segment s3 in Fig. S4).

Similar to WT, the MR force-distance curves with multiple rupture events were also present
for the mutants. The A30P mutant has a lower contribution of the MR curves in comparison
to WT (19% vs 37%) while A53T and E46K mutants have a higher contribution of these
force-distance curves, 63% and 76% respectively. Internal ruptures of the MR force curves
for the mutants appear shifted to short contour length values suggesting that the observed
multiple ruptures promote interactions at short distances. Both assumptions described above
for the observation of short rupture distances in the case of WT α-Syn are also valid for the
mutants. Collapse and compactness of the C-terminal region at low pH may result in LC
shortening. Indeed, pathological mutants were found to establish stronger contacts than
WT27 thus increasing compactness of C-terminus. Also, we cannot exclude that the
observed short interactions appear due to the expansion of interacting modalities beyond the
NAC region. According to our model of intermolecular interactions, the shortest interaction
observed (LC = 13–15 nm) corresponds to contacts between monomers upon dimerization
extending into the C-terminal region as far as the 125th residue (Fig. S5, A). These results
suggest a critical involvement of the C-terminal region in α-Syn misfolding and interactions
within the dimer.

Possible pathways for α-Syn self-assembly
Comparison of the aggregation pathways suggests that the A53T and E46K mutations
accelerate fibrillization rates compared to WT15, 16 while A30P prefers an oligomerization
route.17, 18 Our SMFS data also show differences in interactions between monomeric
molecules of α-Syn. It is therefore tempting to correlate our data with the known
aggregation patterns for WT and mutants of α-Syn. According to our data, the major
difference for all the variants of α-Syn is in the number of the SR force distance curves vs
the MR curves. The elevated relative contribution of multiple ruptures correlates very well
with the higher rate of amyloid fibril formation for E46K and A53T mutants compared to
WT.17, 18, 53 The A30P mutant shows a slower fibrillization rate17, 18 correlating with the
fact that the SR curves are mostly detected for this mutant. Multiple contacts between
monomers may also significantly slow down the internal reconfiguration rate of α-Syn
which in turn would promote further association steps. Notably, a slow reconfiguration rate
of monomers under conditions when aggregation is enhanced has been proposed as a key
factor in determining how fast α-Syn molecules associate with each other.20–22 Our data
suggest that A53T and E46K mutations increase the possibility for monomers to establish
multiple contacts which may stabilize misfolded states of the protein in the dimer and allow
for further growth of aggregated species. A similar hypothesis has been recently proposed
based on measurements of dimer stability (lifetime) for several amyoidogenic proteins/
peptides including α-Syn.29

Although the model shown in Fig. 6 depicts interacting regions in shearing geometry which
rupture sequentially upon pulling, a more complex situation can be envisioned. For example,
multiple contacts between monomers may promote the formation of a folded dimeric
structure as illustrated in Fig. S6. The structure resembles a fold of alpha-synuclein within
fibrils with several layers of parallel in-register β-sheets as recently proposed.54, 55 Such
folded structure establishes inter- and intramolecular contacts between β-sheets.

CONCLUSIONS
In summary, we report novel findings on the pattern of misfolding of α-Syn and the effects
of single point mutations on the protein’s dimerization, the very first step of its self-
assembly. Single molecule force spectroscopy identified local interacting segments within
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monomeric α-Syn revealing a great deal of heterogeneity in the dimer conformations.
Several segments involved in dimer formation are found in the core of amyloid fibrils
suggesting that a link exists between structures of α-Syn at first steps of self-assembly and
in mature fibrils. Our data demonstrate that the pathogenic mutations A30P, E46K and
A53T do not increase the propensity of α-Syn to misfold but rather change conformational
preferences of α-Syn. There is a direct effect of mutations through destabilization of
interactions involving regions located close to the position of the mutations. Additionally,
indirect contribution of mutations to interactions between segments located within the C-
terminal region distant from the mutation sites is identified. Importantly, E46K and A53T
mutations increase dimerization propensity by promoting simultaneous interactions of
multiple segments, while the A30P mutant prefers single type interactions compared to WT.
We hypothesize that such differences in interacting patterns can define the aggregation
pathway of the protein and future studies are needed to clarify this hypothesis. The single
molecule force spectroscopy approach described here was used to study the formation of a
dimer. This method can be extended to analyze further steps of aggregation process if
modeled dimer structure is probed by monomer or/and designed dimers.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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α-Syn alpha-synuclein

AFM atomic force microscopy

NAC non-amyloid-beta component

NR no rupture

SR single rupture

MR multiple rupture

SMFS single molecule force spectroscopy

WT wild type

PD Parkinson’s disease
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Figure 1.
Typical regions on the force-distance curves: (1) an adhesion peak due to short-range non-
specific interactions between the tip and the surface, (2) gradual increase in force
characteristic of polymer stretching, (3) complete rupture and (4) region where tip comes
free from the surface.
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Figure 2.
Representative force-distance curves for wild type α-Syn. A) measured at neutral pH (scale
bar 100 pN) and B) measured at low pH = 3.7 (scale bar 100 pN): i) with no rupture events
(group NR), ii) single ruptures (group SR) and iii) multiple ruptures (group MR).
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Figure 3.
Contour length distribution for alpha-synuclein variants – group B force-distance curves
with a single rupture. A) wild type (with maxima at 28±2 nm (peak 0), 34±2 nm (peak 1),
44±4 nm (peak 2), 54±3 nm (peak 3) and 68±4 nm (peak 4)), B) A30P mutant (with maxima
at 30±1, 36±2, 41±2 and 49±2 nm), C) A53T mutant (with maxima at 26±3, 33±4 and 44±3
nm), D) E46K mutant (with maxima at 17±3, 31±4 and 40±2 nm).
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Figure 4.
Rupture contour length histograms (A,B,C) and rupture force histograms (D,E,F) for wild
type α-Syn. A and D) single rupture event group (with contour length maxima at 28±2,
34±2, 44±4, 54±3 and 68±4 nm and a maximal rupture force of 27±8 pN), B and E) last
events from multiple rupture group (with contour length maxima at 25±3, 40±5, 50±1 and
63±3 nm and a maximal rupture force of 27±8 pN), C and F) internal ruptures from multiple
rupture group (with contour length maxima at 15±2, 23±4, 33±3, and 43±5 nm and a
maximal rupture force of 41±14 pN).
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Figure 5.
Rupture contour length histograms (A,B,C) and rupture force histograms (D,E,F) for the
A53T mutant of α-Syn. A and D single rupture event group (with contour length maxima at
26±3, 33±4 and 44±3 nm and a maximal rupture force of 38±9 pN), B) last events from
multiple rupture group (with contour length maxima at 28±6, 38±2 and 48±4 nm and a
maximal rupture force of 35±7 pN), C) internal ruptures from multiple rupture group (with
contour length maxima at 13±2, 21±4, 30±2 and 39±5 nm and rupture force maxima of
35±8, 51±3, 64±6, and 83±6 pN).
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Figure 6.
Interaction model of alpha-synuclein molecules. The model describes two (observed for all
the variants of alpha-synuclein) major peaks in the contour length histograms as sites of
same identity interacting with each other with the formation of a dimer. A) Position of the
interacting site further from C-end (point of attachment) results in longer contour length
value. B) Positions of the beginning of detected interaction sites. Colored arrows correspond
to two detected major interaction sites schematically shown in A), black arrows show the
positions of A30P, E46K and A53T mutations in alpha-synuclein. C) and D) superposition
of representative force-distance curves for the detected rupture events corresponding to LC1
and LC2.
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