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ABSTRACT: α-Synuclein, a protein that forms ordered aggregates in the brains of patients with
Parkinson’s disease, is intrinsically disordered in the monomeric state. Several studies, however,
suggest that it can form soluble multimers in vivo that have significant secondary structure content.
A number of studies demonstrate that α-synuclein can form β-strand-rich oligomers that are
neurotoxic, and recent observations argue for the existence of soluble helical tetrameric species in
cellulo that do not form toxic aggregates. To gain further insight into the different types of
multimeric states that this protein can adopt, we generated an ensemble for an α-synuclein
construct that contains a 10-residue N-terminal extension, which forms multimers when isolated
from Escherichia coli. Data from NMR chemical shifts and residual dipolar couplings were used to
guide the construction of the ensemble. Our data suggest that the dominant state of this ensemble
is a disordered monomer, complemented by a small fraction of helical trimers and tetramers.
Interestingly, the ensemble also contains trimeric and tetrameric oligomers that are rich in β-strand
content. These data help to reconcile seemingly contradictory observations that indicate the
presence of a helical tetramer in cellulo on the one hand, and a disordered monomer on the other. Furthermore, our findings are
consistent with the notion that the helical tetrameric state provides a mechanism for storing α-synuclein when the protein
concentration is high, thereby preventing non-membrane-bound monomers from aggregating.

■ INTRODUCTION

α-Synuclein is a 140-residue protein that has been implicated in
the pathogenesis of a number of neurodegenerative diseases,
collectively known as synucleinopathies, the most well-known
of which is Parkinson’s disease.1 The most notable pathological
characteristic of these diseases is the aggregation of α-synuclein
into amyloid fibrils, which have significant β-sheet secondary
structure.2,3 Although there is disagreement regarding whether
the soluble oligomeric aggregates or insoluble aggregates are
the most neurotoxic species, it is clear that α-synuclein self-
association plays an integral role in neuronal dysfunction and
death.4−8 Given the importance of this protein in these
neurodegenerative disorders, studies that help to elucidate its
structure are of paramount importance.
However, the conformational landscape of α-synuclein is

notoriously difficult to study, earning it the moniker of
“chameleon” due to its tendency to adopt different con-
formations under different experimental conditions.9,10 This has

led to seemingly contradictory data about the dominant
putative states in solution versus those under physiologic
conditions.11−13 While it is clear that monomeric α-synuclein is
an intrinsically disordered protein14 in solution, recent data
suggests that it can adopt a tetrameric state that has a relatively
high helical content under physiologic conditions.11,13,15 By
contrast, others have suggested that α-synuclein retains its
monomeric disordered state in cellulo.12,16

Recently, NMR studies on an α-synuclein construct isolated
from Escherichia coli, which contains a 10 residue N-terminal
extension, suggested that the protein can exist as a “dynamic
tetramer”.13 In short, these data are consistent with a model
where the protein rapidly interconverts between different
conformers, where some of these conformations are multimeric
structures (trimers and tetramers) that contain significant
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helical content. To obtain a more comprehensive view of the
types of structures that this particular α-synuclein construct can
adopt, we generated an atomistic model for α-synuclein in its
multimeric form. While we recognize that it is not possible to
capture all possible monomeric and multimeric conformations
that this protein can adopt in solution, our hope was to build a
low-resolution description of the dominant states of the
protein. More precisely, we define a conformational ensemble
to consist of a structural library S = {si⃗}i=1

n , where si⃗ is the
Cartesian coordinates of structure i, and a corresponding set of
weights w⃗ = {wi}i=1

n , where wi is the population weight of
structure i. In this sense, the number of structures in the
ensemble, n, is a function of the resolution with which one
wishes to view the conformational landscape of the system.
As prior studies on this construct suggest that the purified

protein contains primarily monomers, trimers and tetramers,
we focused on these specific forms for our ensemble.13 Since
we had previously constructed an ensemble for monomeric α-
synuclein using NMR chemical shifts, residual dipolar couplings
(RDCs), and SAXS data,17 we used these structures to
represent the disordered, monomeric fraction. Using NMR
chemical shifts and NH RDCs obtained on an α-synuclein
construct, which contains a 10-residue N-terminal extension,
we determine the relative fractions of different multimeric
forms within the ensemble.

■ MATERIALS AND METHODS
Generation of Seed Structures. Our previous study on α-

synuclein suggested that the monomeric, protein can sample
amphipathic helices, which could in principle self-associate to form
helical trimers and tetramers.17

All simulations used a model of α-synuclein that did not include the
10-residue N-terminal extension. An initial trimeric structure of the
protein was generated by taking a monomer from the monomeric α-
synuclein ensemble that has an amphipathic helix between residues 52
and 64 and threading the helix to a three-helix bundle from a crystal
structure of myosin (PDB ID code 3GN4),18 where the hydrophobic
faces of the amphipathic helix were oriented such that they face
inward. An initial tetrameric structure was generated by threading the
same monomer to a four-helix bundle from a crystal structure of
ferritin (PDB ID code 1FHA).19,20 These structures were chosen from
the Protein Data Bank such that the helix bundles in the structure used
for threading the monomer were of sufficient length to accommodate
the entire 12-residue helix in our monomer structure, while retaining a
high enough resolution to be informative. A second initial helical
tetrameric model was constructed using the available NMR data.13

The model derived from the NMR data was obtained from a limited
set of nuclear Overhauser effects (NOEs); i.e., we were not able to
identify a sufficient number of sequential (Hα−HN i, i+3) NOEs in
15N-edited NOESY spectra (see below). Consequently, the resulting
model is not intended to represent a “high-resolution” structure of the
helical tetramer. Instead, its only purpose is to serve as a structure
(derived from limited experimental data) that is the starting point for
additional simulations. More generally, each seed structure serves as a
starting point from which to begin more extensive sampling.
Generation of α-Synuclein Structural Library. The conforma-

tional space of α-synuclein was sampled by subjecting the initial seed
structures to replica exchange molecular dynamics (REMD)
simulations.21 Each initial structure underwent REMD with the
EEF122 implicit solvent model as implemented in the CHARMM23

force field. Sixteen replicas were used, with temperatures equally
spaced in 5 K increments over the 293−368 K range. Prior studies of
IDPs with this implicit solvent model have yielded useful in-
sights.17,24,25 Initially, higher temperature replicas were explored,
along with quenched molecular dynamics simulations at higher
temperatures, but we found that these led to dissociation of multimers
into monomers free of intermolecular contacts. We therefore limited

the highest temperature to 368 K, the highest temperature at which
intermolecular contacts were retained in oligomers for the duration of
the trajectory. Each replica was run for 20 ns, and structures were
collected at each picosecond. A total of 20 000 conformations per
REMD simulation were collected, all from the 298 K window, making
a total of 60 000 conformations for the trimeric and tetrameric
structures.

The set of 60 000 structures was pruned down by enforcing a
minimum pairwise root-mean-square deviation of 9 Å to ensure that
the resulting library would span a range of heterogeneous
conformations. The resulting set contained 234 structures. These
were then combined with 299 monomer structures from a previously
constructed monomeric ensemble of α-synuclein17 to yield our
structural library S = {si⃗}i=1

533 of 533 conformers.
Generation of the Ensemble and Calculation of Confidence

Intervals. To obtain the set of weights associated with each
conformer in our structural library, we employ the variational Bayesian
weighting (VBW) algorithm previously described,26 which is a
variational approximation to a Bayesian weighting formalism used in
the past.17,24 This algorithm generates a posterior distribution f W⃗|M⃗,S(w⃗|
m⃗,S) for the weights, conditioned on the set of 533 structures, and the
provided experimental measurements. The form of the posterior
distribution is dictated by Bayes’s rule:
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where the term f W⃗|S(w⃗|S) is the prior distribution and f M⃗|W⃗,S(m⃗|w⃗,S) is
the likelihood function for the experimental observations m⃗, whose full
descriptions can be found in the original publication of the method.26

Experimental observables, specifically Cα, Cβ, N, H, and Hα chemical
shifts from a previous work13 in combination with backbone NH
RDCs, were used (Supporting Information Table S1). Predicted
measurements for each conformer were generated using SHIFTX27 for
chemical shifts and PALES28 for RDCs. RDCs were uniformly scaled
to account for uncertainty in the magnitude of the alignment tensor.
Similarly, like-atom chemical shifts were uniformly offset to account
for uncertainty in chemical shift referencing. To increase computa-
tional efficiency and analytical tractability, an approximation from
variational Bayesian inference was applied by choosing a simpler
probability density function (PDF),26 which approximates the full
posterior distribution, calculated from eq 1. For a vector of weights, a
natural choice is the Dirichlet distribution with parameters {αi > 0}i=1

N .
This results in an approximate PDF for the weights:26
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where αi is the Dirichlet parameter associated with weight i and α0 =
∑iαi. The Kullback−Leibler distance (i.e., the KL divergence) between
g(w⃗| α⃗,S) and f W⃗|M⃗,S(w⃗|m⃗,S) is then minimized to find the optimal set
of Dirichlet parameters, α⃗′ = {αi′}i=1N , which provides an approximation
to the true posterior from which one can easily calculate quantities of
interest.

We then compute the Bayes estimate for the weights w⃗B = {wi
B},

which is the expected value of the vector of weights over the new
approximate posterior distribution:

∫ α⃗ = ⃗ ⃗| ′⃗ ⃗w dwg w S w( , )B
(3)

The Bayes estimate can be calculated from the Dirichlet PDF
according to

α
α

=
′
′

wi
B i

0 (4)

where α′0 = ∑iα′i. The uncertainty parameter σw⃗B, called the posterior
expected divergence, corresponds to the average distance from the
Bayes weights over the entire space of weights:
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∫σ α= ⃗Ω ⃗ ⃗ ⃗| ′̂⃗ dw w w g w S( , ) ( , )w
B2

B
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where Ω2(w⃗B and w⃗) is the Jensen−Shannon divergence, a metric
which quantifies the distance between the vectors w⃗B and w⃗.24

The covariance between the weights of conformers i and j can be
calculated analytically from

α α δ α α

α α
=
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0
2
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where δij is the Kronecker delta function. Any quantity D that can be
calculated for a given conformer can then be assigned a variance across
the ensemble according to

∑ ∑=D D D w wvar( ) cov( , )
i j

i j i j
(7)

95% confidence intervals can then be computed using a Gaussian
approximation from CI = 1.54 × 1.96 × (var(D))1/2, where 1.54 is an
empirical factor relating the variational approximation of the posterior
distribution to the true posterior distribution under the complete BW
formalism.26

A backward elimination procedure starting with our initial structural
library of 533 conformers was used to ensure that the ensemble only
contained essential structures. The procedure computed the VBW
posterior distribution iteratively. After each iteration, all non-essential
structures were identified by finding the largest set I such that the joint
probability that each weight of the structures in I fell below a cutoff
exceeded a chosen confidence level; i.e., Πi∈IP(wi≤c) ≥ 1 − θ, where
P(·) denotes the cumulative distribution function of the weights. The
cutoff (c) and confidence level (θ) were set to 0.005 and 0.05 (95%),
respectively. Each of the non-essential structures in I was removed and
the weighting procedure repeated. This process was iterated until
convergence, i.e., until the cardinality of I was zero.
Secondary Structure Assignments. Secondary structure was

assigned using DSSP.29 A residue was assigned to the class of “helix” if
it was assigned as α-helix, π-helix, or 3−10 helix by DSSP. Similarly, a
residue was assigned to the class of “strand” if it was assigned as a
bridge or extended by DSSP. The remaining assignments were
grouped into the class of “other”. Structures appearing in the
uppermost quartile of tetramers ranked by helical content were
classified as helical tetramers, and structures in the uppermost quartile
of tetramers ranked by strand content were classified as strand
tetramers. Trimers were classified in the same manner.
Solvent Accessibility Calculations. Solvent-accessible surface

area (SASA) was calculated for each conformation using CHARMM.23

Since only the backbone atoms N, H, C, Cα, and O are involved in the
formation of secondary structure, only SASA values for these atoms
were considered. The solvent accessibility for the entire protein was
computed by summing each atom’s SASA value and normalized by
dividing the result by the SASA of the α-synuclein backbone atoms
when in a fully extended conformation.
NMR Studies. It is important to note that these NMR studies were

insufficient to uniquely determine the structure of a helical tetrameric
state (primarily due to an insufficient number of measured NOEs).
Hence, the structure arising from these studies represents a model that
only serves as the starting point for further simulations, as opposed to
a well-defined structure for the helical tetramer.
Samples of 15N- and 13C-labeled αSyn for NMR spectroscopy were

prepared using uniformly 13C- and 15N-labeled media (supplemented
M9 media, 13C source being glucose). NMR samples were typically
prepared to a final concentration of ∼0.5 mM in 100 mM Tris-HCl
pH 7.4, 100 mM NaCl, 0.1% BOG, 10% glycerol, 10% D2O. All NMR
spectroscopy was performed on a Bruker Avance 800 NMR
spectrometer operating at 800.13 MHz (1H), 81.08 MHz (15N), and
201.19 MHz (13C) and equipped with a TCI cryoprobe and pulsed
field gradients. Experiments used for sequential resonance assignments
include three-dimensional (3D) experiments HNCA, HNCACB, 15N-
HSQC TOCSY, and 15N-HSQC NOESY. Quadrature detection was
obtained in the 15N dimension of 3D experiments using sensitivity-

enhanced gradient coherence selection,30 and in the 13C dimension
using States-TPPI, with coherence selection obtained by phase cycling.
In all cases, spectral widths of 8802.82 Hz (1H) and 2920.56 Hz (15N)
were used. For 13C, spectral widths of 6451.61 Hz (HNCA) and
15105.74 Hz (HNCACB) were used. All experiments were performed
at 298 K unless otherwise noted. NMR data were processed using
TOPSPIN (Bruker Biospin Inc.), and data were analyzed using either
TOPSPIN or SPARKY.31

1H−15N, 13C′−15N, and 13C′−13Cα RDCs were recorded for a 15N-
and 13C-labeled wild-type αSyn oligomer sample in the presence and
absence of alignment media using a standard IPAP-HSQC sequence or
a variation of a standard HNCO pulse sequence. Sample alignment
was accomplished using a 5% polyacrylamide stretched gel. We chose
to use PA rather than bicelle or liquid crystalline phases for alignment
because such phases contain long chain hydrocarbon moieties that
might be expected to bind αSyn and could interfere with oligomer
formation.

The stretched gel was prepared using a commercial apparatus (New
Era, Vineland, NJ) according to the manufacturer’s protocol and
following guidelines reported by Bax.32 After polymerization was
complete, the gel was dialyzed against water overnight at room
temperature, and then incubated with a 0.5 mM αSyn sample in
standard NMR buffer for 48 h at 4 °C. The diameter of the gel was 6.0
mm before and 4.2 mm after stretching. Alignment was confirmed by
observing the residual quadrupolar splitting (9.4 Hz) of the 2H water
signal.

We used solution NMR to localize the transient formation of α-
helices in αSyn. Resonance assignments were made using standard
methods (HNCO, HN(CO)CA, HNCA, HNCACB, 15N-edited
NOESY and TOCSY). Although a high degree of spectral overlap is
present even in three-dimensional data sets, we were able to identify a
number of sequential (Hα-HN i, i+3) NOEs in 15N-edited NOESY
spectra to confirm the transient existence of α-helical structure
between residues Phe4-Thr43 and His50-Asn103. In many cases, these
NOEs are quite weak, consistent with fractional occupancy, however,
only the most reliable (strongest) experimental NOEs were used in
model construction (Figure S1). Note that if long stretches of NOEs
interrupted by several residue pairs without NOEs were observed, the
missing pairs were included in the helical restraints applied in XPLOR-
NIH. A total of 73 unique inter-residue NOEs per monomer were
used to construct a model for the helical tetramer.

Given the relatively small number of NOEs any structure arising
from these data merely represents a model (derived from limited
experimental data) that serves as fodder for additional simulations,
rather than a detailed high-resolution structure of the tetrameric state.

A combined torsional and Cartesian dynamics simulated annealing
method was used to calculate an average tetramer structure using
XPLOR-NIH v. 2.18.33 Secondary structural restraints were applied to
those regions of the polypeptide identified as forming α-helical
structure from sequential NOEs. RDC restraints were applied for
residues 1−103, and in some cases, non-crystallographic symmetry
restraints were applied to residues 4−36, 47−85, and 89−98.
Preliminary structures were crafted manually using PyMOL,34 and
initial values for alignment tensors determined by singular value
decomposition (SVD) using the program PALES.28 As refinement
proceeded, best-fit structures were used to recalculate the alignment
tensors via a combined SVD−least-squares fit which permits the
rhombic terms to be fixed at zero. This was applied iteratively until no
further improvements of fit were observed. PyMOL was also used for
visualization of the structures generated by XPLOR-NIH. Proton
chemical shifts were referenced directly to the water signal at 4.7 ppm,
while 15N and13C shifts were indirectly referenced.35 NMR data are
available in Table S1. Structural models for the multimeric state of α-
synuclein will be freely available via http://www.rle.mit.edu/cbg.

■ RESULTS AND DISCUSSION

To generate a set of energetically favorable multimers for the
ensemble, we began with a set of “seed” structures that served
as starting points from which a diverse library of multimeric
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structures could be built. Our previous study on α-synuclein
suggested that the monomeric protein can sample amphipathic
helices, which could in principle self-associate to form higher
order structures.17 Hence, we constructed trimeric and
tetrameric structures using amphipathic helices from the
monomeric ensemble. Structures for both the trimeric and
tetrameric species were obtained by threading these amphi-
pathic helices onto three- and four-helix bundles, respectively,
from the Protein Data Bank such that the hydrophobic faces of
these helices form the contact-interface (see Materials and
Methods). A second helical tetrameric model was constructed
using the available NMR data.13 The model derived from the
NMR data was obtained from a limited set of NOEs because a
high degree of spectral overlap is present even in three-
dimensional data sets. Consequently, the resulting model is not
intended to represent a “high-resolution” structure of the
helical tetramer. Instead, it is a model, constructed from limited
experimental data, which serves as a starting point for additional
simulations. Indeed, all seed structures represent initial
structures (derived from experimental data and from prior
studies on the monomeric state) from which to begin sampling,
rather than high-resolution structures for trimeric and
tetrameric structures.
Each seed structure was subjected to REMD21 (16 replicas,

each replica run for 20 ns). Structures from the 298 K window
were output every picosecond and added to the structural
library. In total, the structural library contained 60 000
structures (monomers, trimers, and tetramers). All of these
structures were then clustered using a crude pruning algorithm
to ensure that the final set of structures largely retained the
structural heterogeneity present in the original 60 000. The final
set of structures, including monomers, trimers, and tetramers,
contained 533 conformers.
We note that each of the replica exchange simulations began

with a predominantly helical seed structure because several
studies suggest that α-synuclein multimers had significant
helical content.11,13,15 However, many of the helical multimers

rearranged to form strand-rich conformers during the course of
the simulations. Hence the final set of 533 structures
constitutes a heterogeneous set of conformers that have a
range of both helical and strand content.
The final step in our ensemble construction procedure was to

assign population weights to each of the 533 structures. One
approach to accomplish this is to obtain a single set of weights,
w⃗ = {wi}i=1

n , such that calculated observables from the final
ensemble agree with the corresponding experimentally
determined values. However, as we have previously shown,
agreement with experiment alone is insufficient to ensure that
the constructed ensemble is correct.24,36 This is because the
construction of ensembles for disordered systems is an
inherently degenerate problem; i.e., the number of experimental
constraints pales in comparison to the number of degrees of
freedom for the system. To overcome this limitation, we used a
previously developed formalism, grounded in Bayesian
statistics, to compute the population weights. This BW
algorithm computes the full posterior distribution over all
possible ways of weighting structures in the structural library.
From this posterior distribution we can compute an uncertainty
measure, 0 ≤ σw⃗B ≤ 1, which describes the spread of the
posterior distributiona metric that is akin to the standard
deviation of a Gaussian distribution.24,26 Our prior work
suggests that the numeric value of σw⃗B is correlated with model
correctness. When σw⃗B = 0, we can be relatively certain that the
model is correct. By contrast when σw⃗B = 1, it is likely that the
ensemble is far from the truth. Nevertheless, when σw⃗B ≠ 0, we
can construct rigorous confidence intervals for quantities of
interest that are calculated from the ensemble. The ability to
calculate rigorous confidence intervals enables us to perform
rigorous hypothesis tests and therefore determine what
conclusions we can make from the ensemble with statistical
significance.
The final Bayes’s ensemble consists of a set of weights, w⃗B =

{wi
B}, which corresponds to the expected value of the weights

calculated from the posterior distribution, and the structural

Figure 1. Calculated ensemble averages vs experimental measurements: (A) N, Cα, and Cβ chemical shifts; (B) N−H residual dipolar couplings.
Correlation coefficients for each plot are explicitly shown.
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library S = {si⃗}i=1
n . The algorithm also ensures that we restrict

our analysis to the most important conformers. More precisely,
the ith structure is excluded from the ensemble when we can
say with 95% confidence that wi ≤ c. In the end, a total of 311
structures survived this criterion. While the resulting Bayes’s
ensemble achieves a good fit to the NMR experimental data
(Figure 1), the corresponding uncertainty parameter is
nonzero: σw⃗B = 0.47. Consequently, we express ensemble
average values along with their corresponding 95% confidence
intervals.
The ensemble is composed mostly of monomeric species

(64.1% ± 6.4%), with tetrameric species making up the next
most common species (28.2% ± 6%), and trimeric structures
making up only 7.7% ± 3.6%. Since we have already reported
on the types of structures that are sampled in the monomeric
protein,17 here we focus on the types of multimeric structures
that appear in the ensemble. Both trimeric and tetrameric
structures mainly come in two forms, either predominantly
helical, or predominately strand. A small fraction of multimeric
structures contain so little secondary structure that they fall into
neither category. Representative structures from each species
are shown in Figure 2.
To determine how each of these multimers may influence α-

synuclein self-association, we focus on the position and
conformation of the subsequence NAC(8−18), which corre-
sponds to the minimal segment of α-synuclein that can initiate
the formation of toxic β-strand-rich aggregates in vitro.37 This is
of particular interest because toxic soluble oligomers of α-
synuclein and other related IDPs contain significant β-
structure.38,39 Of all the multimeric species in the ensemble,
the normalized solvent accessibility of the NAC(8−18) region
in helical tetramers is significantly lower than for other types of
structures, with an expected value of only 30.6% ± 1.0%
(Figure 3). For comparison, the solvent exposure of the
NAC(8−18) region in the monomeric fraction is 58.6% ±
4.2%. Consequently, helical tetrameric species bury the
NAC(8−18) segment relative to the monomeric state. Our
findings are consistent with a model where the NAC(8−18)
segment initiates the formation of β-rich structures, which then
progress to form higher order aggregates. In the β-rich

conformers, the NAC(8−18) segment has already been
incorporated into β sheet and therefore it is not surprising
that their solvent accessibility is reduced. In the helical tetramer
the NAC(8−18) segment is hidden in a nonamyloidogenic
conformation and is therefore not available to initiate the
formation of β-strand-rich multimers.

Figure 2. Types of α-synuclein structures in our ensemble. Monomers are aligned to each other (A) to demonstrate that they form a structurally
heterogeneous set. For the multimeric species, the top eight structures from each category in terms of secondary structure content are shown: (B)
helical-rich trimers, (C) strand-rich trimers, (D) helical-rich tetramers, and (E) strand-rich tetramers.

Figure 3. Normalized solvent accessibility (±95% confidence
intervals) for the NAC(8−18) region and N-terminal residues 1−48
for (A) helical-rich trimers, (B) strand-rich trimers, (C) helical-rich
tetramers, and (D) strand-rich tetramers. Representative structures are
shown on the left. The N-terminal residues are shown in cyan, the
NAC(8−18) in red, and the remaining residues in green.
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Several studies also suggest that the N-terminal region of α-
synuclein may act as an initiation site for the formation of
strand-rich oligomeric aggregates. The observation that
aggregation-inhibiting small molecules bind preferentially to
the N-terminal region of human α-synuclein is consistent with
this notion.40 More importantly, 15N relaxation experiments
performed on monomeric mouse α-synuclein (which has faster
aggregation kinetics than the human homologue) suggest that
the N-terminal region of the protein has decreased backbone
flexibility as compared to both a random coil model as well as
measurements on human α-synucleina finding suggesting
that secondary structure formation is more prevalent in the
mouse form of the protein.41 It has further been proposed that
KTK(E/Q)GV, which are mainly found within the first 48
residues of the protein, can serve as initiation sites for
aggregation in mouse α-synuclein.41 Therefore, we computed
the average solvent accessibility of the N-terminal 48 residues in
each multimeric state to explore the conformation of the N-
terminal region of α-synuclein in each of these multimeric
states, as shown in Figure 3. Helical trimers and tetramers
preferentially place the N-terminal region of α-synuclein in
positions that are hidden from solvent; i.e., the solvent exposure
of these regions is 28.9% ± 0.7% and 34.1% ± 1.0% for helical
trimers and tetramers, respectively. We note that several studies
suggest that the N-terminal region of α-synuclein plays a critical
role in the formation of helical structures,42−44 hence this
region may be important for assembly of the helical tetramer.
By contrast, the solvent exposure for the monomeric state is
52.5% ± 3.6%. Figure 4 shows two structures that involve the
N-terminal residues in β-sheet formation, highlighting the β-
strand propensity of these residues.
Interestingly, however, β-strand-rich trimers and tetramers,

preferentially have the N-terminal residues 1−48 involved in a
sheet that contains the NAC(8−18) segment; i.e., the segment
that can initiate α-synuclein aggregation in vitro (Figure 4).
Although it is not clear whether the NAC component or the N-
terminal region provides the primary impetus behind the
oligomerization propensity of α-synuclein, our data are
consistent with a model whereby the initial stages in toxic
oligomer formation is the formation of an N-terminal β-strand-
rich region that contains the NAC(8−18) segment. In this
regard, it is interesting that the helical tetrameric species
sequesters both of these regions from the surrounding solvent
by involving them in the formation of helices, as shown in

Figure 3, supporting the notion that this structure acts as a
nontoxic storage mechanism.

■ CONCLUSIONS

In this study we constructed an ensemble for the multimeric
state of α-synuclein. Our data reveal a number of important
insights into the types of structures that multimeric forms of the
protein can adopt. Given that generating a comprehensive list
of the thermally accessible states of both the monomeric and
multimeric protein is not tractable, our goal was to generate a
low-resolution description of the dominant states that are
available to the protein. However, even with this proviso
additional assumptions are needed to make the calculations
feasible. In this regard we restricted our sampling of multimeric
states to trimers and tetramers; i.e., the primary multimeric
states that have been observed when α-synuclein constructs are
isolated from E. coli, red blood cells, and human neuroblastoma
cell lines.11,13 Replica exchange molecular dynamics (REMD)
simulations were used to generate a representative set of
heterogeneous set of energetically favorable conformers that
served as the template from which a structural ensemble could
be built. Given that earlier studies had described the existence
of helical trimers and tetramers of α synuclein, the REMD
simulations began using a predefined set of seed structures that
were intended to capture conformations that were observed in
earlier experiments on α-synuclein multimers. Given that our
previous study suggested that the monomeric α-synuclein can
sample amphipathic helices, we generated a model for helical
trimers and tetramers assuming that multimeric structures were
formed from self-association of these amphipathic helices. A
second model seed structure was derived from limited NMR
data on α-synuclein at high concentrations. Given the limited
number of NOEs obtained, it was not possible to uniquely
determine the structure of any tetrameric state; therefore the
resulting seed structure serves as fodder for additional
simulations, rather than a detailed high-resolution structure of
the tetrameric state. Although the REMD simulations began
with these seed structures, the resulting trajectories sample a
wide region of conformational space leading to the generation
of some structures that are very different from the initial seeds
(Figures S2 and S3). The BW method is then used to construct
a probability density over all possible ways of assigning
population weights to structures arising from the trajectories.24

Figure 4. Two representative structures of strand-rich tetramers. The N-terminal residues 1−48 of the monomers participating in sheets are shown
in cyan. NAC 8−18 residues participating in sheets are shown in red.
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These data are then used to calculate ensemble average
properties with their corresponding confidence intervals.
Given that construction of an ensemble for an intrinsically

disordered protein is an inherently degenerate problem, it is
important to provide estimates of one’s uncertainty in the
resulting ensemble.24,36 One advantage of the BW formalism is
that it has a built in measure of uncertainty, 0 ≤ σw⃗B ≤ 1, that is
correlated with model correctness.24 When σw⃗B = 0, we can be
relatively certain that the model is correct. By contrast when σw⃗B

= 1, it is likely that the ensemble is far from the truth. In the
present case, this uncertainty parameter is non-zero: σw⃗B = 0.47.
However, even when the uncertainty parameter is non-
zero,nonzero, one can still quantify the uncertainty in calculated
ensemble average quantities via the use of confidence intervals.
In this work, we present ensemble averages ±95% confidence
intervals. Confidence intervals comprise a standard statistical
method to quantify uncertainty in an underlying model. The
meaning of the confidence interval for the ensemble average
⟨M⟩ is that, if one calculated ⟨M⟩ from many different
ensembles (that also fit the experimental data), then those
values would fall within the 95% confidence intervals
approximately 95% of the time. The 95% confidence interval
therefore provides a quantitative measure for the range of
values one would see if they constructed many different
ensembles. Overall we find that helical tetramers represent a
relatively small fraction (5.1% ± 2.9%) of an otherwise
predominantly disordered, monomeric, ensemble. These
findings are consistent with recent bacterial in-cell experiments
that suggest that α synuclein is predominantly disordered
within the crowded intracellular environment.16

Our data suggest that the multimeric ensemble contains
tetrameric states that have significant helical content. However,
while some groups have been able to isolate helical tetramers by
using gentle purification protocols, the isolation of such
structures by other groups has remained elusive.11,12,45 These
latter experiments have led some to conclude that α-synuclein
predominantly exists as a disordered monomer under
physiologic conditions.12 We believe our data help to reconcile
these seemingly contradictory observations. Our findings argue
that helical tetramers are present within the unfolded ensemble,
albeit at very low concentrations. Successful isolation of helical
tetramers would therefore require additional measures to
increase the relative population weight of these states. Indeed,
it has been shown that the tetrameric species elute from
purification columns in a concentration-dependent manner
when the protein is acetylated at its N-terminus.15 This suggests
that the relative abundance of this species is a function, in part,
of the post-translational state of the protein, the purification
protocol, and the protein concentration. These observations are
consistent with the notion that the helical tetramer provides a
mechanism for in cellulo α-synuclein storage when the protein
concentration is high. Formation of aggregation resistant helical
tetramers may provide a method to sequester non-membrane-
bound monomers in a form that both prevents them from
aggregating and preserves them in a conformation amenable to
lipid binding upon dissociation.
To understand why helical states are aggregation resistant,

we focus on the minimal segment, NAC(8−18), needed to
initiate α-synuclein aggregation in vitro.37 Of all the multimeric
states in our ensemble, the solvent exposure of the NAC(8−
18) is the lowest for the helical tetramer. Burying the NAC(8−
18) segment ensures that is not available to initiate the
formation of β-strand-rich oligomers. In the β-rich tetramer

conformers, the NAC(8−18) segment has already been
subsumed in a central β sheet and therefore it is not surprising
that its solvent accessibility is reduced relative to the
monomeric state. Our findings are consistent with a model
where the NAC(8−18) segment initiates the formation of β-
rich tetramer structures, which then progress to form higher
order aggregates.
The appearance of strand-rich states in our ensemble is

somewhat surprising given that previously published CD
spectra of multimeric α-synuclein suggested that the protein
had considerable helical content on average.11,13 Although the
reported CD spectra have distinct minima at 208 and 222
nma finding indicative of considerable helical content
estimating the precise helical content from CD spectra alone is
problematic.46,47 For example, we used several different
algorithms to quantify the helical content from the published
CD spectrum of α-synuclein isolated from human red blood
cells,11 and depending on the algorithm used, the amount of
helix varied from 10% to 80%. Hence, while the CD spectrum
suggests that the helical content of the tetrameric species is
higher than that of the monomeric protein, quantifying the
amount of helicity from the CD spectrum alone is a non-trivial
exercise. In addition, the multimeric ensemble was generated
using data from NMR experiments that were performed at a
concentration (0.5 mM) that was at least an order of magnitude
greater than the concentration used for the CD experiments
(∼0.02 mM). This is important because the concentration of α-
synuclein in vitro can influence its secondary structure
propensity and the precise effect may vary on the post-
translational state of the protein.15,48,49 Therefore it is not clear
whether the published CD spectrum reflects the structure of α-
synuclein under the conditions used for the NMR experiments.
We also note that it is likely that a variety of factors, such as

the ionic strength of the medium and presence of divalent
metal cations,50 would affect the relative stabilities of different
conformations: it has been shown, for instance, that the
abundance of β-rich monomeric structures increases in the
presence of high ionic strength, as well as upon inclusion of
Cu2+.51 The effect of these ions on the relative stability of
multimeric forms is unknown and will be explored in future
work.
Lastly, we note that a limitation of our study is that the NMR

data were obtained on an α-synuclein construct that contains a
10-residue N-terminal extension relative to the wild-type
protein. While the experimental data provided useful
constraints that could be fruitfully applied to generate an
ensemble, α-synuclein isolated from human neuroblastoma and
red blood cell lines does not have an N-terminal extension and
instead is acetylated at the N-terminus.11 Nevertheless, our
construct shares important characteristics with the N-acetylated
protein. First, the monomeric form of the construct bearing a
10-residue N-terminal extension has a CD spectrum that is
similar to that of the monomeric N-terminal acetylated form of
α-synuclein12 and both constructs form tetrameric structures
with increased α-helical content.11,13,15 Lastly, monomeric
forms of both constructs have similar aggregation profiles
while the tetrameric forms of both constructs do not
aggregate.11,13 These similarities suggest that acetylation of
the N-terminal and the 10-residues elongation of the N-
terminal region in α-synuclein serve a similar purpose with
regard to their effect on the α-synuclein, albeit N-terminal
acetylation may have more dramatic effects on the conforma-
tional distribution of the protein relative to the N-terminal
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extension. Nonetheless, since the sequence of this construct
differs from the wild-type protein, we cannot exclude the
possibility that wild-type α-synuclein isolated from other cell
types, such as neurons or red blood cells, may not be well
described by the ensemble presented here.
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