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ABSTRACT Intrinsically disordered proteins often play an important role in protein aggregation. However, it is challenging to
determine the structures and interactions that drive the early stages of aggregation because they are transient and obscured in a
heterogeneous mixture of disordered states. Even computational methods are limited because the lack of ordered structure
makes it difficult to ensure that the relevant conformations are sampled. We address these challenges by integrating atomistic
simulations with high-resolution single-molecule measurements reported previously, using the measurements to help discern
which parts of the disordered ensemble of structures in the simulations are most probable while using the simulations to identify
residues and interactions that are important for oligomer stability. This approach was applied to a-synuclein, an intrinsically
disordered protein that aggregates in the context of Parkinson’s disease. We simulated single-molecule pulling experiments
on dimers, the minimal oligomer, and compared them to force spectroscopy measurements. Force-extension curves were simu-
lated starting from a set of 66 structures with substantial structured content selected from the ensemble of dimer structures
generated at zero force via Monte Carlo simulations. The pattern of contour length changes as the structures unfolded through
intermediate states was compared to the results from optical trapping measurements on the same dimer to discern likely struc-
tures occurring in the measurements. Simulated pulling curves were generally consistent with experimental data but with a larger
number of transient intermediates. We identified an ensemble of 3-rich dimer structures consistent with the experimental data
from which dimer interfaces could be deduced. These results suggest specific druggable targets in the structural motifs of a-syn-
uclein that may help prevent the earliest steps of oligomerization.

SIGNIFICANCE Oligomers formed by disordered proteins in the initial stages of protein aggregation play important roles
in many neurodegenerative diseases. However, they are difficult to characterize because they form only transiently within a
heterogeneous structural population. Combining the sensitivity of high-resolution single-molecule measurements with the
atomistic insight provided by computational simulations provides a powerful window on the mechanisms driving

aggregation. Here, we apply this approach to a-synuclein, comparing simulations of dimers (the minimal oligomer) to force
spectroscopy measurements. By identifying an ensemble of g-rich conformations consistent with experimental data, we
deduce interfaces between monomer domains that can be targeted to inhibit the early, most toxic stages of aggregation.

INTRODUCTION of an ensemble of different conformations (6). Such intrin-
sically disordered proteins (IDPs) play a wide range of bio-
logical roles. Structural disorder is often essential to their
function, allowing IDPs to interact with a range of target
proteins because of structural variations in disordered re-
gions. IDPs may also fold when interacting with their tar-
gets (7,8), indicative of the complex effects of the
environment on IDP structure. In addition to their
functional roles, however, IDPs are of great interest

Most proteins adopt ordered three-dimensional structures
characterized by a funnel-shaped energy landscape with a
well-defined conformational minimum (1-3). However,
some proteins are instead structurally disordered, featuring
a flat but rough energy landscape lacking a well-defined
minimum (4,5) in which the lowest-energy states consist
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Parkinson’s, Huntington’s, and type II diabetes (9), with
small oligomeric aggregates generally thought to be the
toxic agents (10-12). IDPs have thus become important
drug targets, with the goal of inhibiting IDP aggregation
to prevent the associated diseases (9,13).

Unfortunately, structure-based drug-design strategies are
hampered by the fact that IDPs are notoriously difficult to
characterize structurally. Although conventional probes of
static structure like crystallography and cryoelectron micro-
scopy have been used to solve structures of fibrils made of
IDPs or IDP fragments (14), they are difficult to apply to
the transient oligomeric species that are likely most relevant
to disease (8,15,16). Techniques like NMR that are capable
of capturing dynamic information can provide some insight
into the conformations adopted by these proteins (17). How-
ever, they are limited by averaging over the ensemble of
fluctuating structures explored, and typically provide little
if any information about individual conformations and their
relative abundances (15), making interpretation difficult.
Computational simulations provide an alternative approach
that can reveal atomic-resolution structural information
about IDPs, but they, too, face significant technical hurdles:
obtaining adequate sampling for atomistic simulations is
challenging because of the flat, rough landscape (18,19),
typically requiring the application of tempering techniques
(20) and/or the use of very long simulations (up to the milli-
second timescale) (21).

An approach that has been increasingly used to study
IDPs is to apply single-molecule methods, which allow het-
erogeneous mixtures and fluctuating ensembles to be char-
acterized more directly and with high sensitivity for rare
species (5,22). Fluorescence and force probes have been
used to study the intermolecular interactions driving oligo-
merization, the rate of aggregation, and associated structural
changes in a variety of IDPs (12,23-31). It is challenging to
obtain detailed structural information from such methods,
however, because they typically monitor just the distance
between the points on the molecule where the probes are
placed. Combining single-molecule experiments with atom-
istic computations helps to overcome this limitation and
enhance the information that can be obtained. Such a strat-
egy has been applied previously to help interpret fluores-
cence (32,33) and atomic force microscopy (AFM)
experiments (30,34,35), but not yet to measurements using
optical tweezers, which are a more sensitive probe of rare
and marginally stable structures like those expected in
IDPs (36,37).

Here, we combine atomistic simulations and optical
tweezers measurements of «-synuclein, which aggregates
in Lewy bodies in the context of Parkinson’s disease and
certain dementias (38,39), focusing on dimer formation
as the first step in aggregation. a-Synuclein is generally
disordered in vitro with little secondary structure (40,41),
despite forming some long-range contacts (42,43). It can
take on a variety of more ordered structures under different
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conditions, from helical when interacting with lipids
(44,45) to B-rich at low pH (46), in larger oligomers
(12), and in fibrils (47,48). Metastable species with a
defined secondary structure are thus energetically acces-
sible and may be transiently observed (Fig. 1). a-Synuclein
has been studied extensively with fluorescence probes,
both by fluorescence correlation spectroscopy (25,49) and
Forster resonance energy transfer (12,25,49-51). Forster
resonance energy transfer, in which the energy transfer be-
tween two nearby fluorophores is used to measure the dis-
tance between them, has also been used to constrain
computational simulations (32). Force spectroscopy, in
which a force probe is used to unfold the protein via me-
chanical tension and measure the distance between the
end points of the molecule, has been used to study the
conformational dynamics of a-synuclein and its small olig-
omers (24,28,29,52-60), but simulations have not yet been
combined with force spectroscopy data.

Previous work using optical tweezers (29,37) found
that a-synuclein dimers could be captured in metastable
conformations displaying rich structural features in a
nonnegligible fraction (30%) of measurements. Such
well-structured conformations, although transient, are of
interest because they may provide a target for drug candi-
dates aiming to disrupt aggregation by inhibiting dimer
formation or stabilizing dimers as off-pathway intermedi-
ates. Here, we characterize these transient structures by
using Monte Carlo (MC) simulations to generate the
structural ensemble populated by «-synuclein dimers
and then testing structures showing significant ordering
with simulations of force spectroscopy experiments. By
comparing the simulated pulling curves to experimental
data, we identify structures consistent with experiment
that are therefore likely formed by dimers, and we
deduce the interfaces between domains that stabilize the
dimers and may thus provide drug targets for inhibiting
aggregation.
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FIGURE 1 Intrinsically disordered a-synuclein monomers may adopt
rare, metastable species with a defined secondary structure. To see this
figure in color, go online.



METHODS
Force spectroscopy experiments

Dimers of a-synuclein were studied under tension not because force is
implicated in the mechanism of protein aggregation, but because it allows
the population of rarely and transiently occupied structures to be probed
with high precision and sensitivity. Single-molecule force spectroscopy
(SMFS) measurements of a-synuclein dimers made with high-resolution
optical tweezers were reported previously (29,37). Briefly, dimers were ex-
pressed as a single polypeptide, with the domains connected head to tail by
a GSG peptide linker, then connected to beads held in optical traps via DNA
handles (Fig. 2 A). Ramping the force up while recording the end-to-end
extension generated a force-extension curve (FEC) in which the unfolding
of structural elements appeared as sawtooth-like “rips” in the FEC (Fig. 2
B). The contour length of unfolded protein, L., was determined for each
rupture event by fitting the rip using an extensible worm-like chain
(WLC) model (61) as follows:
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Here, F is the applied force, x is the extension, L;, is the persistence length,
K is the enthalpic elasticity, and kg7 is the thermal energy. Two WLCs in
series were used, one for the DNA handles (L. ~900 nm, L, ~40 nm,
K ~1200 pN) and the other for the unfolded protein (L, = 0.85 nm;
K = 2000 pN) (29).
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FIGURE 2 Force spectroscopy of a-synuclein dimers. (A) A covalently
linked a-synuclein dimer (upper image) is held under tension via DNA han-
dles bound to beads trapped optically (lower image). (B) Ramping the force
up to unfold any structures formed, most times a roughly featureless curve
is seen (black), reflecting largely disordered structures. Some curves reveal
rips indicating discrete unfolding of metastable structures (light colors).
Different branches of the curves are fit to WLC models (dashed lines) to
obtain the contour length of unfolded protein, L.. (C) The histogram of
AL from all curves with discrete rupture events shows most structures
are small, but some are large. (D) The histogram of L. for every state
observed in the curves shows multiple peaks. To see this figure in color,
go online.
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Roughly 30% of the 1769 FECs measured displayed rupture events, indi-
cating the presence of a mechanically stable conformation; some included
more than one rip, indicating that the unfolding proceeded via at least one
intermediate state. In these cases, each branch of the FEC was fit to a WLC
to determine the length of unfolded protein in that conformation. The con-
tour lengths were analyzed in two ways. First, we determined the total
change in contour length measured from the most-folded state to the
completely unfolded state, 4L.'*" (Fig. 2 C). This total contour length
change reflected the size of the structure that was unfolded. Next, we cata-
loged the contour length of unfolded protein in each branch of the FEC
(folded, unfolded, and intermediates if present), representing the amount
of the protein that remained folded at each point in the FEC (Fig. 2 D).
The size of the incremental change in contour length during a given unfold-
ing event, 4L., was found by subtracting the L. values for adjacent branches
of an FEC. Note that all FECs ended in the unfolded state, whose contour
length (L. = 105 nm) was known from the design of the dimer.

Simulations of the conformational ensemble

To overcome the sampling problems that can hinder molecular dynamics
(MD) methods (15) for simulating proteins like a-synuclein that feature
large fluctuations and conformational diversity (Fig. 1), we used MC sim-
ulations instead. An ensemble of a-synuclein dimer structures was first
generated using the PROFASI software package (62), following procedures
described previously (63). PROFASI employs an atomistic potential in
which bond lengths and angles are fixed, but torsion angles remain as de-
grees of freedom. The interaction potential,

E = Eloc + Eev + Ehb + Ehpa (2)

contains an electrostatic local backbone potential (Ej,.), an excluded vol-
ume potential with 1/r'2 repulsion (E,,), a potential for hydrogen bonds be-
tween the backbone and the backbone or charged side chains (E},), and an
effective hydrophobic attraction between nonpolar side chains (Eyy). This
simplified atomistic potential allowed more efficient sampling of the
conformational space of the dimer and has been applied previously to study
oligomer formation by IDPs (64,65); details of the energy terms can be
found in Eq. S1-S4. Because it was calibrated against structured proteins
(66,67), this potential may tend to oversample secondary structures when
applied to IDPs, as with standard force fields like CHARMM?22 (68) and
AMBER 14 (69), but such a bias is not a major concern in the current
work because the goal is to sample the possible range of conformations con-
taining significant amounts of secondary structure (because these are the
conformations being compared to experiment), rather than to obtain a prop-
erly balanced distribution of both structured and disordered conformations.
An implicit solvent force field to account for water-protein interactions was
used to avoid the high computational cost of explicit solvent simulations in
the large simulation box needed for fully exploring the configuration space
of disordered proteins. Additional information regarding the PROFASI po-
tential is available in the literature (70,71). The same protein sequence used
in measurements was used in the simulations.

Each simulation used to construct the conformational ensemble included
5.5 million MC sweeps involving elementary steps that allowed for changes
over selected degrees of freedom of the molecule. Here, the elementary
steps included conformational updates involving rotations in side-chain de-
grees of freedom, pivots to rotate the backbone bonds, and biased Gaussian
steps for semilocal internal rotation around backbone bonds (move fre-
quencies were 22.5, 55, and 22.5%, respectively). 16 independent simula-
tions were performed at each of three different temperatures, 310, 320,
and 330 K, starting from the fully unfolded state of the protein. Note that
the temperature scale used in PROFASI simulations does not represent
true physical temperatures and is instead calibrated based on the Trp-
cage phase transition (62). The temperature range 310-330 K was chosen
to allow representative access to all of the major peaks in the energy distri-
bution and thereby obtain sufficiently varied sampling of «-synuclein dimer
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structures (63). Convergence of the ensemble was verified from the evolu-
tion of the energy distribution of the ensemble, with the change in energy
distribution between successive steps becoming close to zero by the end
of the simulation (Fig. S1).

The secondary structure content of the structures in each simulation was
analyzed using the cpptraj component (72) of AmberToolsl5 (69). The
structures found in MC simulations tended to be richer in §-strand content
compared to a-helical content, as previously reported (63). Structures con-
taining (-sheets, a-helices, and combinations of the two were selected from
the energy distributions (Fig. 3 A) for use in pulling simulations as follows.
First, 200 structures were selected randomly from each peak at each tem-
perature, then all disordered or mostly disordered structures were discarded,
leaving structures with substantial structured content (~20-70% structure).
The resulting 66 structures were probed with pulling simulations.

Unfolding simulations

The mechanical unfolding of each of these structures was simulated using
the PROFASI MC code for constant-velocity pulling (73,74). A harmonic
force was applied to the protein ends along the vector between terminal
C, atoms, modifying the potential in Eq. 2 to (73) as follows:

Ew(t) = E+ V2 k(xo + vi-x)*, 3)

where the total energy is increased by the addition of a harmonic term that
depends on the spring constant of the force probe (k) and the distance be-
tween the ends of the molecule (x) and force probe (x, + vt) as a function
of the MC step “time,” ¢. Simulations were conducted with k = 37.0 pN/nm
and a velocity of v = 0.05 fm/step, values used in previous PROFASI pull-
ing simulations (62,74), and at a temperature of 318 K that corresponds to
the phase-transition temperature for the dimers found in the conforma-
tional-ensemble simulations. The force constant was larger than that used
experimentally to reduce the time needed for computations.

MC sweeps were continued until the protein was fully extended. Elemen-
tary steps included rotations in side-chain degrees of freedom and biased
Gaussian steps for the semilocal rotation of backbone bonds, each with a
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frequency of 50%. We ran 12 independent simulations for each of the 66
structures to capture the random nature and variations in the unfolding, re-
sulting in 792 pulling trajectories. The force, extension, and structure were
collected at each MC step in a trajectory. The force and extension were
plotted as a running average over 5000 steps to generate an FEC similar
to experiments (Fig. 4, A—F). Simulated FECs were analyzed in the same
way as experimental FECs, fitting each rupture event in the FEC to Eq. 1
to determine L. for each state in the pulling curve. We note that MC simu-
lations of pulling experiments provide only a crude representation of the
microscopic dynamics but should capture the essential barriers and wells
during the unfolding process when small steps are used (74,75). We there-
fore focus the comparisons to experiment on the structures observed in the
simulations rather than dynamical information reflected in the unfolding
forces.

RESULTS

SMFS measurements of «-synuclein dimers displayed a
wide variety of behavior, as would be expected for a disor-
dered protein. Most FECs showed evidence only of margin-
ally stable, rapidly fluctuating structures consistent with
NMR observations of a compact-coil state (42), but ~30%
displayed rips reflecting the unfolding of mechanically
stable structures that varied significantly between pulls
(Fig. 2 B), reflecting metastable structures captured during
the pulling (29). We first used MC simulations to generate
a diverse ensemble of structured conformations of the
a-synuclein dimer. Examining the distribution of energies
for the dimer conformations in these simulations at
310-330 K (Fig. 3 A), we found two or three peaks. To
ensure that a diverse subset of the structures in these distri-
butions was used in pulling simulations for comparison with
the experiments, we selected 200 conformations at random
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FIGURE 3 «-Synuclein dimer ensembles from MC simulations at different temperatures. (A) The energy distribution shows two or three peaks for each
temperature. (B) Shown are the distributions of radius of gyration (R) versus energy (top) and fraction of §-strand versus a-helix (bottom) at each temper-
ature. White crosses mark the conformations used in pulling simulations. To see this figure in color, go online.
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FIGURE 4 Simulated pulling curves for a-synuclein dimers. (A) Some FECs show discrete rupture events (light blue), reflecting the unfolding of meta-
stable structures; whereas others do not (black), reflecting largely disordered states. (B—F) Replicates of pulling curves simulated for a selection of structures
studied are shown. Curves were fit with WLC models (dashed lines) to identify L. for each state. Replicate trajectories visited the same set of intermediates,
as found from L. values, indicating reproducibility. (G) The histograms of L. for all rupture events found in every FEC show generally similar values in
simulations (upper panel) compared to experiments (lower panel). (H) The histograms of the probability of a given 4L, value show larger transitions are
more likely to occur in experiments (lower panel) than simulations (upper panel). To see this figure in color, go online.

from each peak in the energy distribution and discarded
those that were mostly disordered, thereby obtaining 66
structures containing substantial (up to 72%) metastable
secondary structure from the different peaks (because only
structures with a substantial amount of secondary structure
would be likely to resist force). These structures were
distributed broadly with respect to energy, radius of gyra-
tion, and secondary-structure content (Fig. 3 B). As a gen-
eral rule, highly ordered §-rich structures were present at
lower energies, whereas helical content and more disordered
structures became more likely at higher energies.

Pulling simulations were performed on each of the 66
structures selected, using 12 replicas per structure to capture
stochastic fluctuations in the unfolding. Simulated FECs
showed qualitatively similar features to the experimental
FECs: some curves contained well-defined rips correspond-
ing to the unfolding of mechanically stable domains before
the fully unfolded state was reached at a contour length of
104-105 nm (Fig. 4 A, light blue), whereas others did not
(Fig. 4 A, black). Sets of FECs for selected structures are
displayed in Fig. 4, B—F; the replicate trajectories included
in each panel illustrate the variability between individual
pulls but show that rips tended to recur at the same contour
lengths found from WLC fits (dotted lines), confirming that
the same characteristic structural transitions were being
probed. The distribution of values for the contour length
of unfolded protein at each well-defined state in the FEC
was also broadly similar for simulations (Fig. 4 G, upper
panel) and experiments (Fig. 4 G, lower panel). However,
a number of quantitative differences from the experimental
FECs were observed. Unfolding forces were higher in the

simulations than experiments, presumably reflecting a
much higher effective loading rate, although the approxi-
mate dynamics in the MC simulations makes quantitative
comparisons unreliable. Simulated FECs also tended to
include many more intermediate states than experimental
FECs: as many as 10 rupture events were observed in a sin-
gle simulated FEC compared to a maximum of three in
experimental FECs (Fig. S2). As a result, fewer transitions
with large AL, were seen in simulations (Fig. 4 H, upper
panel) than in experiments (Fig. 4 H, lower panel).

No discrete rupture events were observed in FECs from
345 of the 792 simulated pulling trajectories. These
FECs included most of the pulling simulations starting
from conformations with a lower content of stable second-
ary structure (<20% @-strand content, 305 trajectories). Oc-
casionally, a disordered structure rearranged during pulling
to form antiparallel §-strands, producing a low-force rupture
(Fig. S3). Interestingly, conformations consisting primarily
of helices (e.g., a structure with 47% «-helical content and
4% B-strand content) also lacked discrete rupture events,
instead producing FECs featuring continuous (noncoopera-
tive) unfolding transitions (Fig. S4). Discrete ruptures were
thus observed in 447 pulling trajectories, all resulting from
structures with primarily (-sheet content.

We next refined the subset of simulated FECs containing
discrete ruptures to identify which ones were consistent with
the experimental FECs before examining the structural in-
formation about the dimers encoded in the simulations. As
a first step, we calculated the total 4L, unfolded across all
ruptures in a given FEC, as a measure of the size of the
structure that unfolded, comparing each simulated FEC to
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the set of values obtained experimentally (Fig. 2 D). If the
simulated FEC had a AL.S°" within =2 nm of a value
observed experimentally, then it was judged to be consis-
tent. For each of the simulated FECs passing this test, we
then compared the set of L. values for the intermediates in
the FEC to the set of values observed in every experimental
FEC to determine which simulated FECs were consistent
with which experimental FECs. This analysis is illustrated
in Fig. 5; again, L. values were taken as matching if they
agreed within =2 nm. As a final filter, we eliminated trajec-
tories in which a disordered structure rearranged during
pulling to produce low-force ruptures as reflecting low-
probability events (when involving two or fewer of the repli-
cate trajectories for a given structure). After these steps, we
were left with 429 simulated FECs containing unfolding
transitions consistent with the experimental data.

The example in Fig. 5 illustrates many of the common
features observed in the simulations. The last structural ele-
ments to unfold, rupturing at L. ~91-98 nm, were most
commonly three-strand antiparallel ($-sheets formed from
~20 to 40 consecutive residues (Fig. S5), matching the
commonly observed transitions at L. ~90-95 nm in the
experimental FECs (Fig. 4 G) and agreeing with previous
simulations of «-synuclein monomers (74). These three-
strand sheets were not restricted to a limited part of the
protein, instead forming across the N-terminal and NAC re-
gions of each monomer domain, commonly in residues
20-100 (Fig. S6). Earlier unfolding transitions (L.
~80-90 nm) often involved the peeling of two or more
strands from the edge of a larger sheet (typically with five
or seven strands) or the rupture of a large sheet into two
smaller ones (Fig. S5). Fewer commonalities could be dis-
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FIGURE 5 Illustration of the comparison of L. values obtained from a
simulated pulling curve to experimental results. A simulated FEC (inset)
identifying eight L. values (inset: dashed lines; main figure: vertical lines)
was compared to L. values obtained from a set of experimental FECs (solid
bars) to determine if the simulation was consistent with experimental L.
values within experimental uncertainty (2 nm). Values that match are
shown in black, whereas those that do not are shown in dark red. To see
this figure in color, go online.
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cerned in the earliest unfolding transitions because of the
large amount of structural variability. Not all regions of
the protein sequence were equally likely to form stable sec-
ondary structures that led to a rupture (Fig. S6), with the
C-terminus of each monomer domain and the linker be-
tween domains almost always remaining unstructured.

In many ways, the most interesting feature of the simula-
tions is that they can identify the interfaces between the mono-
mer units stabilizing the dimer structures, because these are
likely to help detect the interactions that drive the initial
step in aggregation and could be targeted to disrupt oligomer-
ization. A concrete example is found in Fig. 6, in which the rip
occurring at L. = 35 nm breaks the interface between a sheet
in each of the two monomer domains. Unfolding transitions
involving the rupture of interfaces were identified for 23 struc-
tures, with discrete interface ruptures occurring in 266 trajec-
tories. Most interfaces ruptured in a single event, but in eight
structures, there were interfaces present at two distinct loca-
tions (Fig. S7) that ruptured in separate transitions. Cataloging
the L. values at which interface ruptures occurred (Fig. 7 A),
we found that they tended to occur before much of the protein
had unfolded, at relatively low L.. Looking at the fraction of
rips in the simulations that involved interface rupture (Fig. 7
A, inset), we found that the rips at the shortest L. were almost
exclusively interface ruptures, and a high proportion of rips
(31%) in the second quartile of L. also involved interfaces,
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FIGURE 6 Simulated FEC illustrating the structural changes occurring
at each rupture event. The protein structure changes from highly ordered
at the start (left) to fully unfolded state at the end (right), unfolding via
discrete rupture events at each rip in the FEC. WLC fits (dashed lines) quan-
tified the unfolded protein L. in each state (21, 35, 80, 91, 105 nm). The
rupture of the interface between domain 1 (light green) and domain 2
(dark blue) is shown with a red dashed line at ~30 nm. To see this figure
in color, go online.
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experimentally (black) finds significant overlap. (C) The probability that a given residue is involved in an interdomain interface is highest in the two terminal
regions of each domain and lowest in the NAC region. The inset shows a schematic the of protein domains. To see this figure in color, go online.

but this fraction was smaller in the third quartile (4%) and no
interface ruptures occurred in the fourth quartile. Most of the
interface ruptures were consistent with L. values of transitions
observed experimentally (Fig. 7 B), with the possible excep-
tion of those at L. ~40 and 60 nm, at which few experimental
transitions were observed.

Turning to the regions of the protein involved in forming the
interfaces that ruptured in pulling curves (Fig. 7 C), we found
that there was a distinct position dependence. In both domains,
residues near the N-terminus (~1-20), the C-terminus
(~125-140), and the junction between the NAC region and
acidic tail (~90-120) were the most likely to form interfaces.
Residue contact maps show that certain interface contacts
were more prevalent than others (Fig. 8; full contact map
shown in Fig. S8). Interface contacts often involved antipar-
allel (-sheets formed between the C-terminus of domain 1
and the N-terminus of domain 2, as expected from the close
physical proximity due to the linker between the domains.
The N-terminus of domain 1 (especially residues 1-12) could
interact with the second domain in both the N-terminus (anti-
parallel 3-sheets) and the C-terminal tail (parallel 3-sheets), as
illustrated in the gallery of interface structures (Fig. S7). The
contact map also shows specific regions of the a-synuclein
dimer that were devoid of interface interactions: the C-termi-
nus of domain 2 did not contribute many interface contacts,
and a negligible number were observed in the NAC region.
Notably, most of the interfaces that we observed involved an
edge-to-edge interaction of $-strands from the two domains;
in contrast, only three of the interfaces involved stacking of
B-sheets from each domain (Fig. S7).

DISCUSSION

This work identifies possible structural models for the dimer
(minimal oligomer) of an IDP by comparing the “finger-
print” for mechanical unfolding of structures found by

computational simulation to the analogous fingerprint
observed experimentally by SMFS, thereby deducing struc-
tures that are consistent with the observations. In contrast to
previous attempts to match the observed fingerprints to
structural models obtained experimentally (29), which
found that over 30% of the curves could not be matched,
by combining the experiments with computation, we were
able to account for all of the fingerprints in 99% of experi-
mental pulling curves. This result underlines the power of
using simulations to extend the interpretation of single-
molecule data, especially in the case of IDPs, for which
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insufficient structural information may be available from
experimental methods.

The ability to distinguish between structures in this
approach depends in part on the complexity of the mechan-
ical fingerprint: the more complex the fingerprint is
because of the presence of partially unfolded intermediates,
the easier it is to distinguish. Our simulations of «a-synu-
clein found fairly complex fingerprints reflecting multiple
intermediates, qualitatively similar to the behavior seen
in previous simulations of IDPs like aB (35) and «-synu-
clein (74), suggesting that the approach may be generally
viable for studying IDP oligomerization. However,
discrimination between structural hypotheses will be most
effective when the resolving power for detecting intermedi-
ates is similar in the experiment, highlighting one of the
most important practical challenges of the approach: the
discrepancy between the number of intermediates detected
in experiments compared to simulations. Many more inter-
mediates were typically observed per pulling curve in the
simulations than in the experiments (Fig. S2), although
the measurements were made with optical tweezers, which
are one of the most sensitive methods for detecting
intermediates (36) and did see much more complex
behavior than studies using other methods like AFM
(24,28,54,57,59,76). A similar discrepancy was found be-
tween simulations and measurements of a8 dimers, for
which simulations again found many more intermediates
than did the experiments (34). This difference between
experiment and simulation may reflect insufficient
resolving power in the experiments (especially for interme-
diates that are particularly short-lived and hence might be
overlooked), an underestimation in the simulation of the in-
teractions driving cooperativity (such that the unfolding is
less cooperative in simulations than in experiments), or an
oversampling of highly ordered structures in the simula-
tions as compared to experiments (possibly reflecting an
overestimation of hydrogen-bond interactions), and it
might be improved through approaches allowing more effi-
cient sampling of IDP conformational space (77).

The dimer structures that we found to be mechanically
stable were all §-rich. The notion that (-sheet structures
form during the early stages of a-synuclein oligomerization
is consistent with several strands of evidence, including cir-
cular dichroism spectroscopy studies (52), fluorescence cor-
relation measurements of small oligomers (12), and MD
simulations of dimers (78). Many of the (-structures we
found involved a meander motif in which consecutive resi-
dues formed antiparallel strands linked via loops. Such anti-
parallel strand arrangements have been proposed in dimers
of af and Sup35 (30) based on comparison of AFM mea-
surements and MC simulations analogous to our work, in
which pulling was used to examine the interfaces in seg-
ments of amyloid-@ dimers and Sup35 dimers. However,
previous studies of a-synuclein dimers were interpreted
instead in terms of symmetric, parallel strand arrangements
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(57,59), of which we found few examples consistent with
optical trapping experiments.

The lack of any helical structures among those simulated
FECs that match the experimental observations is very inter-
esting because all of the helical structures unfolded via
noncooperative (continuous) transitions or at sufficiently
low force so as to be undetectable. Such behavior is clearly
not intrinsic to helical structures: despite the fact that helical
structures generally unfold at lower forces than (-rich struc-
tures and thus may be more difficult to resolve (79),
many helical proteins do have well-defined rips denoting
cooperative unfolding when pulled mechanically in both
experimental (80-82) and computational (83-85) studies.
However, noncooperative unfolding of helices has been
observed recently in a combined experimental and computa-
tional study of single a-helix domains (85). To ensure that
the noncooperative behavior was not an artifact of our simu-
lation protocols, we tested that the same result held for the
helical a-synuclein dimer structures under different simula-
tion conditions, varying the probe stiffness (k) from
37 to 0.37 pN/nm and pulling speed (v) from 0.03 to
0.05 fm/step, finding no change. As a positive control, we
also simulated the mechanical unfolding of a different heli-
cal protein, acyl-coenzyme A binding protein (ABP), for
which both experimental and ratcheted MD studies show
cooperative unfolding (86). Following the same procedure
as applied to a-synuclein, we did indeed observe discrete
rupture events in our simulations for ABP (Fig. S9),
indicating that the lack of cooperative unfolding in helical
a-synuclein is not simply an artifact but instead reflects un-
usually weak interactions within the transient helices
formed in a-synuclein. The fact that the forces for unfolding
ABP were noticeably lower than for the §-rich a-synuclein
conformers is consistent with experimental observations
that helical proteins unfold at lower forces (87), although
it is also possible that the sensitivity of the potential to he-
lical structures is lower than to (-structures.

Considering finally the interfaces between domains, pre-
vious work has reported somewhat conflicting results for
small oligomers of a-synuclein. Measurements of a-synu-
clein dimers using AFM that identified ordered states at
low pH (24,60), in the presence of cations (56), and in the
presence of other molecules like spermidine (57) were inter-
preted in terms of an interface consisting of parallel strands
arranged side-on to form a (3-sheet. The interface was sug-
gested to be symmetric, involving the same residues in
each monomer domain, with regions in the C-terminal end
of the NAC region and N-terminal end of the acidic region
acting as a mechanical clamp (57). In contrast, MD simula-
tions of «-synuclein dimers found that interfaces were
formed preferentially not by the NAC region itself but rather
by the part of the N-terminal domain adjacent to the NAC
region (78), although these simulations agreed with our find-
ings that interfaces were stabilized by edge-to-edge interac-
tions. Our results are more consistent with the latter picture,



finding few interface interactions in the NAC region and
most in the N-terminal or the C-terminal regions (Fig. 8),
suggesting that electrostatic interactions between charged
residues in the latter are more important than interactions
between hydrophobic residues of the NAC region. Notably,
we do not find that the same sites on the two domains always
interact, as shown by the lack of contacts along the diagonal
in the contact map (Fig. 8). Instead, we find that a wide va-
riety of possible interfaces (Fig. S6) is needed to account for
the diversity observed in the experimental FECs, suggesting
that a symmetric model may be too simplistic for explaining
such rich behavior. The interfaces identified in our work
also differ from those observed in fibrils by NMR: one
model found sheets interacting face-on rather than edge-
on (47), whereas another found edge-on interactions form
intermolecular sheets but with a parallel arrangement of
strands (48).

Such differences with previous work are not surprising
given the differences between the experimental conditions.
For example, the structures of oligomers often change as
the oligomers mature into fibrils (9,12). The influence of
the C- to N-terminal linker in our work should also be taken
into account: the linker constrains the dimer conformations
that are explored, likely biasing the distribution of structures
in favor of interactions between the C-terminus of domain 1
and N-terminus of domain 2 and against C-to-C and N-to-N
interactions. Evidence of such a bias can be seen in the con-
tact map (Fig. 8), which shows a higher likelihood of con-
tacts between the C-terminus of domain 1 and N-terminus
of domain 2 than the converse, and in the interface map
(Fig. 7 C), which shows a higher probability of involvement
of residues in the domain 1 C-terminus and domain 2 N-ter-
minus than the reverse. However, this bias does not prevent
the formation of long-range interactions, even those that it
disfavors such as N-to-N interactions or interactions be-
tween the domain 1 N-terminus and domain 2 C-terminus,
and all of the conformations observed are clearly possible
outcomes for dimers composed of free monomers. More-
over, previous studies comparing tandem «-synuclein di-
mers to unlinked monomers found that whereas the
linkage accelerated the nucleation of aggregates, the out-
comes in terms of fibril morphology and formation of mem-
brane-permeabilizing pores were similar (88,89), suggesting
that the bias introduced by the linker has relatively minor ef-
fects overall. The structures found through our analysis thus
provide valuable information about regions of the protein
that are important for dimerization, even if they do not sam-
ple the full conformational space of dimers.

CONCLUSION

Determining the structure of IDPs is inherently difficult,
particularly as they interact to form transient oligomers
that may contribute to disease pathology. To address this
challenge, we have integrated atomistic MC simulations

Molecular Basis of a-Syn Aggregation

with high-resolution SMFS measurements of an IDP dimer,
comparing their mechanical fingerprints for unfolding
a-synuclein dimers to identify structures that are consistent
with the experiments. This comparison found a diverse set
of B-rich structures with meander motifs that interacted pri-
marily edge-on to stabilize the dimer. By identifying a set of
interfaces, we have established a database of key protein
contacts to target for disruption in future drug-design
work, with the goal of inhibiting the earliest oligomerization
step in the a-synuclein aggregation pathway. The same
strategy of combining high-resolution single-molecule ex-
periments and computational simulations may also prove
fruitful for identifying potential druggable targets for inhib-
iting the oligomerization of other disease-related IDPs.
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Supplementary Methods:

The terms of the interaction potential in Eq. 2, E = Eioc + Eev + Enb + Enp, are described in detail
in Refs. 70 and 71. The equations describing these terms are given below.

The first term, describing electrostatic effects, is given by

4iq;
Eloc = Kloc2 2—I(I)J :

(S1)

where qij are the partial charges of the backbone NH and C'O groups in a given amino acid I, rij
is the distance between the partial charges, xioc = 100 is a constant related to the dielectric
constant, and the external sum is over all amino acids.

The second term, describing excluded-volume effects, is given by

12
Eev = Kev 2 —J( : J) , (S2)
i<j hij

where the summation is over all pairs of atoms (i, j), rij is the distance between atoms, ai are

constants differing for each atom, Jij is 0.75 for all pairs except those with 3 covalent bonds
where itis 1, and xioc = 0.1 is a constant.

The third term, describing hydrogen bond energies, is given by
1 2 :
Emp =o)X ultyMaij, ) +2) £ ulg ey, ), with
bb—bb sc—bb
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Here, only hydrogen bonds between NH and CO groups and included, rij is the O—H distance, aij

is the NHO bond angle, pij is the HOC bond angle, enb and onb are constants, the first sum is taken

over backbone-backbone interactions, and the second sum is taken over sidechain-backbone

interactions.

The fourth term, describing an effective hydrophobic interaction between non-polar sidechains,
IS given by
Ehp =¢€np IZJ'V' 13C1 (S4)
<

where the sum is taken over all pairs of non-polar sidechains, enp is a constant, My is a matrix of
hydrophobicity constants, and Cis is a measure of the extent of contact between sidechains
calculated as described in Refs. 70 and 71.
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Figure S1: Convergence of structural ensemble in Monte Carlo simulations. Convergence of
the ensemble was tested by extracting the energy distribution p(F) after every 100,000 steps in
the simulation and then calculating the rms difference between the logarithm of successive
energy distributions as the simulation progressed. This difference became close to 0 above 5
million steps, indicating convergence.
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Figure S2: Rupture events in force-extension curves. (A) A larger number of rupture events is
seen in simulated FECs (blue) compared to experimental FECs (black). (B) A simulated FEC
showing 10 discrete rupture events during unfolding of an ordered structure containing 65% [-
sheet content. Each branch of the FEC was fit to a WLC (dashed lines).
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Figure S3: Structural rearrangement during simulated pulling. (A) Rarely, simulated pulling
of an a-synuclein dimer with little secondary structure rearranged during pulling to form a force-
resistant metastable B-sheet (blue). (B) FECs resulting from pulling such structures typically
show no discrete rupture events (blue), but occasionally a replicate features a low-force rupture
(blue) corresponding to the unfolding of the newly-formed B-sheet (as in A). Dashed line: WLC
fit.
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Figure S4: Non-cooperative unfolding of helical conformers. A simulated FEC for an o-
synuclein dimer with 24% a-helical character shows unfolding that occurs via continuous, non-
cooperative transitions, producing a FEC without discrete rupture event. The structures of the
dimer are illustrated at various point along the unfolding trajectory.
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Figure S5: Analysis of select structural transitions. Left column: XZ. distributions from (A)
all simulations and (B—G) select structural transitions for unfolding anti-parallel B-strands
(structures illustrated in insets). Center column: The number of residues that lost secondary
structure during the unfolding event. Right column: The residues with secondary structure before
(blue) and after (grey) the structural transition.



Counts

. 32
g _ |
28 120 -
© n | |
100 | =
o |
< 80 S
60 | E E
el © 7] ! &
:'? -g 40: _! %
2|2 20 1 5
— o
g 17 =
B 140 CBD
El & N o
) %120 Z
(@] 5
Q 5
g £
z &
£
5 4
z

Figure S6: Map of residues involved in rupture events. A contour plot of the residues that
lose secondary structure during rupture events at each Lc value shows that the N-terminal and
NAC regions are more likely to form secondary structures generating rupture events whereas the
C termini and the linker region are less likely to do so. Left: schematic of protein domains. Top:
Histogram of L. for all rupture events in FECs.



Figure S7: Structures containing interfaces between domain 1 (blue) and domain 2 (grey), with
the linker region indicated in pink. The interfaces identified in our work primarily feature edge-
to-edge interactions between sheets in different domains. Some structures contain two edge-to-
edge interfaces (red box), while other structures have an interface formed face-on between sheets
from each domain (black box).
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Figure S8: Full contact map for dimer structures. Contact map built from all 266 pulling
trajectories showing discrete ruptures at the interface, showing all contacts (interfacial and non-

interfacial).
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Figure S9: Simulated pulling of an a-helical protein. Simulated FECs of the unfolding of
acyl-coenzyme A binding protein (ABP) obtained using the same simulation conditions as for a-
synuclein dimers show discrete rupture events, in contrast to the non-cooperative unfolding seen
in helical conformers of a-synuclein dimers. Unfolding transitions can be fit by WLCs (dashed
lines), and rhe structures corresponding to each branch of the FEC are illustrated.
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