
Exploring the Interplay between Disordered and Ordered Oligomer
Channels on the Aggregation Energy Landscapes of α‑Synuclein
Published as part of The Journal of Physical Chemistry virtual special issue “Jose Onuchic Festschrift”.

Xun Chen, Mingchen Chen, and Peter G. Wolynes*

Cite This: https://doi.org/10.1021/acs.jpcb.2c03676 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The abnormal aggregation of α-synulcein is associated with
multiple neurodegenerative diseases such as Parkinson’s disease. The hydro-
phobic non-amyloid component (NAC) region of α-synuclein comprises the core
of the fibril in vitro and in vivo. In this work, we study the aggregation landscape
of the hydrophobic NAC region of α-synuclein using a transferrable coarse-
grained force field, the associative memory water-mediated structure, and energy
model (AWSEM). Using structural similarity, we can group metastable states on
the free energy landscape of aggregation into three types of oligomers: disordered
oligomers, prefibrillar oligomers with disordered tips, and ordered prefibrillar
oligomers. The prefibrillar oligomers with disordered tips have more in-register
parallel β strands than do the fully disordered oligomers but have fewer in-register
parallel β strands than the ordered prefibrillar oligomers. Along with the ordered
prefibrillar species, the disordered oligomeric states dominate at small oligomer
sizes while the prefibrillar species with disordered tips thermodynamically
dominate with the growth of oligomers. The topology of the aggregation landscape and observations in simulations suggest there is
backtracking between ordered prefibrillar oligomers and other kinds of oligomers as the aggregation proceeds. The significant
structural differences between the ordered prefibrillar oligomers and the disordered oligomers support the idea that the growth of
these two kinds of oligomers involves kinetically independent parallel pathways. In contrast, the overall structural similarity between
the fully ordered prefibrillar oligomers and the prefibrillar oligomers with disordered tips implies that two channels can interconvert
on slower time scales. We also evaluate the effects of phosphorylation on the aggregation free energy landscape using statistical
mechanical perturbation theory.

1. INTRODUCTION
Many neurodegenerative diseases are synucleinopathies which
involve the abnormal aggregation of α-synuclein. These
include Parkinson’s disease (PD), dementia with Lewy bodies
disease, and multiple systems atrophy (MSA).1,2 In Parkinson’s
diseases, several lines of evidence have highlighted the critical
role of α-synuclein as the main misfolded species that is a
constituent of neurites and Lewy bodies.3 Nevertheless, the
relative toxicity of the different α-synuclein species is still
unclear. Many researchers favor the idea that the toxicity of α-
synuclein to neurons mainly comes from the oligomeric species
rather than fibrillar species.4 In this paper, we explore the
kinetic and thermodynamic interplay between the different
species of oligomers of different sizes using a realistic
computational model that has already succeeded in character-
izing aspects of the aggregation processes of Huntingtin
proteins,5 Aβ peptides,6 polyglutamine repeats,7 and tau
protein.8

The synuclein family of proteins, abundant in the brain,
includes α-synuclein, β-synuclein, and γ-synuclein.9 These
three isoforms mutually possess 55−62% similarity in sequence

and range from 127 to 140 amino acids in length.10 While α-
synuclein assembles into filaments, neither β-synuclein nor γ-
synuclein prefers to assemble into filaments.9 α-Synuclein is
considered to be an intrinsically disordered protein (IDP) and
consists of three domains: an acidic C-terminal domain which
stabilizes its interaction with other proteins,11 a hydrophobic
non-amyloid component (NAC) region which is prone to
aggregate into fibrils,11 and an amphipathic repeat region
which forms a stable helical structure in association with lipid
micelles.12

While α-synuclein is an intrinsically disordered protein
(IDP) in its monomeric form, it aggregates into several
different polymorphs in vitro.13 The availability of the
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atomistic structure of α-synuclein fibrils provides a basis to
understand the mechanisms underlying its aggregation and
may help to develop therapies. Guerrero-Ferreira and co-
workers have recently experimentally determined the fibril
structure of α-synuclein by cryo-EM.14 The structure of the α-
synuclein fibril determined in this way includes the hydro-
phobic NAC region as the fibrillar core which forms multiple
in-register parallel β-strands much as seen in amyloids. Except
for the hydrophobic NAC region, the structure suggests the
other residues are disordered surrounding this core and serve
as a “fuzzy coat”, similar to what is seen for tau protein.14,15

In vivo, the aggregation process of α-synuclein is quite
complex, being influenced by several different modifications
such as mutations at the amphipathic repeat region, nitration at
tyrosine residues, ubiquitination, phosphorylation, C-terminal
truncation, and modification by dopamine.16−19 These
modifications affect the binding affinity of deposited α-
synuclein with membrane lipid20 and alter the stability of its
different oligomeric states and the stability of its insoluble
fibrils.18−20 In Parkinson’s disease (PD), most of the α-
synuclein species are phosphorylated.21 Although some kinases
regulating phosphorylation in vitro have been identified, the
specific kinases involved and the mechanism of phosphor-
ylation are still unclear in vivo.22 The most favorable
phosphorylated sites include S87, Y125, S129, Y133, and
Y136 of α-synuclein.18 Among all the phosphorylated sites of
α-synuclein identified in experiments, the hydrophobic non-
amyloid component (NAC) region only possesses one
phosphorylated site, S87, implying this site may have a
essential role in aggregation.19 Furthermore, S87 is absent in
the α-synucleins of mouse and of rat, suggesting that the
behaviors of S87, under phosphorylation, may distinguish the
differences seen between α-synuclein aggregation in humans
and in mice and rats.19 Motivated by these observations, we
investigate the effects of phosphorylating S87 on the
aggregation free energy landscape using statistical mechanical
perturbation theory in this work.

The molecular dynamics simulation of protein aggregation
still remains challenging because of the large size of the
aggregation system which must involve multiple copies of a
sizable protein. To meet this computational challenge, we have
used a coarse-grained, transferable, and realistic force field to
survey the aggregation landscapes of several proteins that form
amyloids involved in neurodegenerative diseases. Previously,
we have successfully used a specific coarse-grained model, the
associative memory water-mediated structure, and energy
model (AWSEM) which has been tested in folded protein
structural prediction to study the aggregation process of Aβ6

and tau protein.8

In the present work, we use the AWSEM force field to study
the aggregation free energy landscape of α-synuclein. Similar to
what we found for tau protein, we find both disordered
oligomers and ordered prefibrillar oligomers in the aggregation
landscape. Furthermore, the backtracking between these two
classes of oligomers and the growth of these oligomers were
also observed in the simulations. Besides these two classes,
another distinctive structured class, the prefibrillar species with
disordered tips, was found in the landscape when the oligomer
size is sufficiently large. We further explore the differences
between the prefibrillar species with and without disordered
tips and their competition with the growth of fully disordered
oligomers. Considering the structural similarity between
prefibrillar oligomers with disordered tips and fully ordered

prefibillar oligomers, we propose that generally there is a
backtracking mechanism between the two channels, which may
be quite slow.

2. METHODS
2.1. AWSEM Force Field. The Associative memory,

Water-mediated, Structure Energy Model (AWSEM) is a
predictive coarsed-grained protein force field where the
parameters of force field have been optimized by using a
machine learning strategy based on the energy landscape
theory and the available native structures of proteins from the
PDB database.23 The details of the construction of AWSEM
and previous examples employing it for protein aggregation
simulations can be found in Davtyan et al.23 and Chen et al.7

In those works, readers will also find the procedures by which
we correct the free energy profile for the varying concentration
of free monomers using physical cluster theory from statistical
mechanics and use this theory also to compute the free energy
landscape based on AWSEM at various concentrations of
monomer.6,7 The AWSEM force field has already proved itself
useful in protein structure prediction,24,24 protein−protein
interaction,25 protein−DNA interaction,26 and other examples
of aggregation,.5−8

2.2. Order Parameters Using in Umbrella Sampling.
The similarity measurement Qw

αβ provides a useful way to
measure the similarity between a given structure α and another
structure β.27 Qw

αβ is defined through the relation

Q
N N

r r

j i

2
( 2)( 3)

exp ( ) /2 ,
j i

ij ij ij

ij

w
2

2 2

0.15

= [ ]

= | |
>

(1)

Here N is the total number of residues in the structure. rijα is the
distance between the Cα atoms of residue i and residue j in the
structure α, and rijβ is the distance between the Cα atoms of the
corresponding residues in the structure β. σij is a sequence
separation-dependent well width.7

To enhance the sampling of organized structures for
aggregation to be used in free energy calculation, we employed
umbrella sampling with a harmonic potential in Qw with
respect to a fibril structure (PDB ID: 6H6B) within a range of
reference values:

V k Q Q
1
2

( )Q Qbias bias 0
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(2)

with kQ‑bias = 1200 kcal/mol. The reference values for Q0 are
equally spaced from 0 to 0.998 with a step size of 0.002. We
used the weighted histogram analysis method (WHAM) to
collect data from all windows to construct full free energy
landscapes.

Another set of umbrella simulations was performed by using
another reaction coordinate Qdiff defined as

Q
q q

q qdiff
1

1 2

=
(3)

q r
N N

( )
1

( 2)( 3)
e eij

j i

r r r r

2

( )/2 ( )/2ij ij
N

ij ij ij
N

ij
1 2 2 2

= [ ]
> +

(4)

The umbrella sampling using Qdiff allows us to sample
efficiently the structures between the fully ordered prefibrillar
structure and the prefibrillar structures with disordered tips. N
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and σij are defined as before. q q r( )ij
N

1
1= and q q r( )ij

N
2

2=
where the prefibrillar structure with disordered tips and the
ordered prefibrillar structure are labeled as structures 1 and
2.28 As in eq 3, kQ‑bias = 3000 kcal/mol, and Q0, the biasing
center values, range from 0.02 to 0.98 with equal space 0.02.
2.3. Simulation Details. In this study, all the umbrella

sampling simulations were performed by using the LAMMPS
software (the large-scale atomic/molecular massively parallel
simulator). One set of umbrella simulations was run at 300 K
for 6 million steps (corresponding to roughly 30 μs in lab
time). The initial configuration used in these simulations
consists of ten free monomers randomly distributed in a cubic
box with periodic boundary conditions (133 μM). Another set
of umbrella simulations was performed at 300 K for 4 million
steps (corresponding to 20 μs in lab time). The initial
configurations for these simulations consisted of one octamer
100 Å away from one free monomer in a cubic box of 500 Å
with periodic boundary conditions. Under the umbrella
sampling conditions, these times are enough to ensure
sampling convergence for the aggregation free energy profile.
We inferred the free energy landscapes using physical cluster

theory from statistical mechanics theory for a range of
monomer concentrations. The procedure for dong this can
be found in Chen et al.7 and Zheng et al.6

2.4. Quantification of Phosphorylation Effects on the
Aggregation Landscapes Using Free Energy Perturba-
tion. The AMH model, the predecessor of the AWSEM force
field, was used a long while ago to study the thermodynamic
effects of phosphorylation on free energy profiles.29 This
model treats the phosphorylated serines and threonines
residues as “super-charged” glutamic acid residues.30 Because
the pKas of the phosphorylated serine and threonine residues
are around 7 in the experiment, we have adopted the same
strategy as was done previously for the AMH model. Because
only Ser87 of the hydrophobic NAC (non-amyloid compo-
nent) region in simulations is identified as being an accessible
phosphorylation site in experiment,19 we phosphorylated the
Ser87 using perturbation analysis as shown in Figure 6A. To
quantify the effects of phosphorylation on the aggregation
landscape, we applied the free energy perturbation to an
unphosphorylated protein aggregation simulation previously
carried out. Then we recalculated the energies of the sampled

Figure 1. Grand canonical free energy profiles for α-synuclein at a temperature of 300 K. (A) The 2D free energy surface at the concentration of
133 μM is plotted by using the oligomer size and the number of interchain parallel hydrogen bonds as coordinates. The number of interchain
parallel hydrogen bonds measures the amount of fibril-like β-sheet formed between different chains. The basins for different oligomeric states are
labeled. Free energies are shown in rainbow colors (in units of kcal/mol). (B) The grand canonical free energy for different oligomers after finite-
size correction under different concentration shows the saturation value of the concentration of free monomers. (C) Representative structures of
the different species in each basin are shown: each monomer is colored with a rainbow spectrum from blue to red, C-terminus to N-terminus.
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structures with the phosphorylated AWSEM force field to
evaluate the energy changes (ΔE) as averages:

E E Ephosphorylated unphosphorylated av= (5)

The free energy changes (ΔF) are well approximated as the
energy changes (ΔE).6

2.5. Localized Frustration Analysis and Cluster
Analysis. Generally, we quantify structural energetic frus-
tration in proteins through the localized energetic frustration,
which is computed by first evaluating the energy of a protein in
its native states and then comparing this energy to the range of
energies of decoy states created by locally shuffling residues
using as a starting point a high-resolution structure of the
protein along with a sufficiently accurate energy function.31,32

Here we used the frustration index to analyze the energetic
fitness of α-synulcein oligomers compared with their possible
decoys.31 On the basis of the frustration index, contacts within
the oligomers can be classified as being highly frustrated,
neutrally frustrated, or minimally frustrated.33 As in previous
studies, contacts having a frustration index above 0.78 are
identified as minimally frustrated interactions, while contacts
having a frustration index below −1.0 are identified as highly
frustrated interactions.31,34

Representative structures of each oligomer formed in the
simulations were clustered by using a hierarchical algorithm
with a “centroid” linkage scheme.35 We used mutual Q to build
the linkage matrix to obtain the clusters. The mutual Qαβ

between structure α and structure β is symmetric in cluster
map as defined in eq 2. The clusters of structures are identified
by having their mutual Q values above 0.45. On the basis of the
N-mers from the simulation, we can also build the
corresponding (N − 1)-mer’s structure by removing a single
chain at the end of the N-mer structure. Then we can
recalculate the mutual Q and plot the cluster map using the
same order of x, y-axes as the cluster map of the N-mer for
comparison.
2.6. Data Availability. The input files, data from

simulations and analyses, and analysis codes in this work are
deposited in GitHub: https://github.com/further-explore/
alpha-synuclein.

3. RESULTS
3.1. Aggregation Landscapes of α-Synuclein. We have

studied the aggregation landscape of the hydrophobic NAC
region of α-synuclein, which is found in the fibrils derived from
Parkinson’s disease (PD) patients. The solved structure for the
fibril by Guerrero and co-workers has a fibrillar core of 58
residues (residues 38−95 of 140 residues).14 The fibrillar core
is buried in a fuzzy coat formed by other residues. Guerrero
and co-workers have determined that the fibril structure is
constructed from two protofilaments, akin to the symmetry
characteristic of the paired helical filaments of tau.14

We constructed the free energy landscape of α-synuclein
aggregation for ten monomers in a simulation box under 133
μM using a single protofilament as a template for umbrella
sampling. We performed the umbrella sampling simulation
using the Qij

αβ between the sampled structure and the
experimentally determined structure (PDBID: 6H6B) as the
biasing coordinate to build free energy profiles. Then, as is
shown in Figure 1A, we projected the free energy onto a two-
dimensional surface using as one coordinate the number of
intermolecular parallel hydrogen bonds in oligomers (quantify-

ing the formation of fibrillar-like β strand) and as the other
coordinate the corresponding oligomer size. Representative
oligomeric structures for each basin are labeled in Figure 1A.
Besides monomeric species (structure 1 in Figure 1C), when
the oligomer size is smaller than 6, two kinds of species are
found: (1) disordered oligomers with fewer interchain parallel
hydrogen bonds; (2) ordered prefibrillar oligomers with a large
number of interchain parallel hydrogen bonds. These distinct
species suggest quasi-independent growth of amorphous
oligomeric states and the ordered prefibrillar states when the
oligomer size is small, paralleling the mechanism proposed by
Chen et al. for tau aggregation.8 When the oligomer size
increases further, the ordered prefibrillar species behave as the
ordered oligomeric states do at the small oligomer size. In
addition, however, we find another species with many
interchain parallel hydrogen bonds. In this class, the number
of interchain hydrogen bonds is more than for the disordered
species but is fewer than for the fully ordered prefibrillar
species, which are also found in Aβ aggregation.36 These
species, which we call prefibrillar oligomers with disordered
tips, are dominated by fibril-like β sheet chains with the
addition of a few β hairpin chains at the ends. The existence of
two kinds of species, the fully ordered prefibrillar oligomers
and the prefibrillar oligomers with disordered tips, agrees with
FRET experiments which suggest there are two classes of
species when the oligomer size is larger than 5.37,38 The
disordered species of small oligomer size will aggregate into a
macroscopic amorphous phase downhill in free energy at or
above the simulated concentration of 133 μM. Further growth
of the amorphous oligomers is not, however, the most
thermodynamically favored in comparison with the growth of
ordered prefibrillar species and prefibrillar species with
disordered tips (Figure 1A). Moreover, the ordered prefibrillar
species and prefibrillar species with disordered tips will
continue to grow to high-order species as seemingly distinct
channels. At the simulation concentration of 133 μM, the
barriers for interconversion between the amorphous oligomers
and the ordered prefibrillar oligomers are larger than the
barriers for the steps in the growth of the two kinds of
prefibrillar oligomers, which suggests two kinetically independ-
ent oligomerization channels during aggregation: the ordered
prefibrillar species will grow to the amyloid fiber, but the
disordered species finally will reach a macroscopic amorphous
phase. It is hard to discriminate the barriers between the
ordered prefibrillar channel and prefibrillar channel with
disordered tips and the barriers for the growth of the two
channels on this two-dimensional free energy surface (Figure
1A), which we will discuss later.

The store of monomers is depleted as the oligomer grows in
our simulations with a finite number of monomers in a finite
box. We have adopted the Reiss and Bowles theory39 as in our
previous work6 to correct for this finite size effect to construct
a one-dimensional grand canonical free energy profile. The free
energy after correction is downhill at the simulation
concentration (133 μM) (the solid blue lines in Figure 1B),
which means that the growth of oligomers is favorable at this
concentration. The free energy profile can be extrapolated to
different concentrations by considering how the chemical
potential changes with concentration, which can then be used
to evaluate the solubility limits and critical nucleus size.6 The
solubility is assessed as the lowest concentration, where the
grand canonical free energy profile becomes downhill at the
largest oligomer size that is sampled.7 From our calculations,
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the solubility of the α-synuclein region (residues 38−95) is
determined to be around 4 μM, which agrees well with the
experimental value 0.4 2.7 μM.37,40 The critical nucleus size
can be estimated as the size of the oligomer corresponding to
the peak of the grand canonical free energy profile.7 The
critical nucleus size turns out to be around 2−3 in our
calculation, in agreement with experimental determinations of
the critical nucleus size.37,41 As shown in Figure S8A,B, the free
energy profiles become completely downhill at a concentration
of 572 μM, which can be called “supercritical”. The prefibrillar
species and the prefibrillar species with disordered tips become
dominant, suggesting spontaneous fibril formation above
supercritical concentration.42,43

We did not observe any examples of a direct transition
between the disordered oligomers and their corresponding
ordered prefibrillar species during the simulations. Never-
theless, the dissociation and reassociation of the disordered
and ordered prefibrillar species were often observed when the
oligomer size is small. This pattern is the same as we saw for
tau aggregation, suggesting there is a kinetic backtracking
mechanism. The disordered oligomer cannot directly transit to
its ordered prefibrillar counterpart. Instead, it needs to
dissociate into monomers and then reassociate to the ordered
prefibrillar oligomer. The interconversion between the
prefibrillar species with disordered tips and the ordered
prefibrillar species will be discussed later.
3.2. Characteristics of the Prefibrillar Oligomers with

Disordered Tips in α-Synuclein Aggregation. We have
already observed the channel corresponding to fibers with
disordered tips in the aggregation free energy profile as shown
in Figure 1A. We next explored the characteristics of these
structures using frustration analysis. Frustration analysis is a
useful tool for understanding structural and functional details
based on energy landscape theory.31 All the sampled structures
were quantified by their total frustration levels. Then we
constructed a new two-dimensional free energy profile using
the number of minimally frustrated interactions and the
number of highly frustrated interactions among ten monomers
as coordinates. As discussed in the Methods section, a
minimally frustrated interaction indicates that this contact
should be among the most stable among its alternative
structures so that there is no driving force to change this
contact in functional motions, while a highly frustrated
interaction suggests that this contact is energetically unfavor-
able which makes it much easier for it to access other
alternative structures.31 Three basins are identified on this free
energy landscape in Figure 2: The disordered oligomeric
species possess the fewest number of minimally frustrated
interactions, which reflects that these species are easiest to
change to other kinds of oligomeric species during aggregation.
This observation is also consistent with the conclusion that the
amorphous oligomeric states are not favorable compared to the
ordered prefibrillar states when oligomer size is small, as shown
in Figure 1A. In contrast to the fully ordered prefibrillar
species, the prefibrillar species with disordered tips have fewer
minimally frustrated interactions and more highly frustrated
interactions, suggesting that the fully ordered prefibrillar
species will be more energetically favorable as the oligomer
grows.

The differences between the three classes of oligomers are
significant, as shown in Figure 1C. In Figures S1 and S2, we
further explored the buildup of these oligomers. Starting from
the oligomer structures without monomers, we selected 200

frames with the same step size to build N-mer and (N − 1)-
mer cluster maps from all the sampled structures. In the
tetramer cluster maps in Figure S1, three kinds of clusters are
found. The mutual Q of disordered tip structures (labeled 1) of
(N − 1)-mer cluster map decreases compared with N-mer
cluster map, suggesting the β-hairpin structures of end
monomers. In contrast, the mutual Q of amorphous oligomers
(labeled 2) increases, and the mutual Q of ordered prefibrillar
oligomers (labeled 3) does not change much. Three clusters
with the corresponding characteristics are observed in the
heptamer cluster maps in Figure S2, also supporting the β-
hairpin structure of the end monomers in prefibrillar oligomers
with disordered tips.
3.3. Changes in the Prefibrillar Channels during

Oligomer Growth. We have already found that prefibrillar
oligomers with disordered tips appear in the tetramers and
heptamers (Figures S1 and S2). In the aggregation landscape,
the amorphous oligomeric states dominate when the oligomer
size is smaller than 6, while the prefibrillar states with
disordered tips dominate once the oligomer size is larger than
5 (Figure 1A. Furthermore, we explored the changes in the
prefibrillar channels as oligomers grow. In Figure 1, we have
constructed the free energy landscapes from trimers to
heptamers using the number of interchain parallel hydrogen
bonds and the number of interchain antiparallel hydrogen
bonds as coordinates. The amorphous oligomeric states
possess the fewest interchain parallel hydrogen bonds and
the largest amount of interchain antiparallel hydrogen bonds,
while the ordered prefibrillar species have the largest amount
of interchain parallel hydrogen bonds and the fewest interchain
antiparallel hydrogen bonds. The number of interchain parallel
hydrogen bonds and the number of interchain antiparallel
hydrogen bonds of prefibrillar species with disordered tips are
between the corresponding numbers of hydrogen bonds of the
amorphous oligomeric species and the ordered prefibrillar

Figure 2. Grand canonical free energy profile for all oligomers of α-
synuclein at a temperature of 300 K. The 2D free energy surface at the
concentration of 133 μM is plotted by using the number of minimally
frustrated interactions and the number of highly frustrated
interactions. A minimally frustrated interaction indicates that this
interaction between two residues is quite stable, while a highly
frustrated interaction indicates that the contact between these two
residues is unstable. Free energies are shown in rainbow colors (in
units of kcal/mol).
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species. Compared with the free energy profile of pentamers
(Figure 3B), the disordered oligomeric states become less
favorable, and the prefibrillar states with disordered tips
become more favorable in the free energy profile at the stage of
hexamers (Figure 3C). As shown in Figure 3A, the stacked free
energy profiles for different sizes indicate that the prefibrillar
channel having disordered tips becomes more favorable once
the oligomer size increases sufficiently, in consonance with
what is seen in Figure 1A. We have also constructed the free
energy profiles of different oligomers using as coordinates the
number of minimally frustrated interactions and the number of
highly frustrated interactions (Figure S3). This profile also
supports the same trend in the aggregation process.

To verify the change in relative preference for the two
distinct prefibrillar channels as the oligomers grow, we further
constructed free energy profiles of the tetramers and heptamers
using Qw of the N-mer and Qw of the (N − 1)-mer. The Qw of
the prefibrillar oligomers with disordered tips increases when
their end monomer dissociates, while the Qw of the fully
disordered oligomers decreases upon dissociation, and the Qw

of the ordered prefibrillar species does not change much
(Figures S1 and S2). Therefore, we see that we can divide the
free energy profiles into three regions: (1) a disordered
oligomeric states region where Qw of the N-mer is larger than
Qw of the corresponding (N − 1)-mer; (2) a corresponding
region of prefibrillar oligomers with disordered tips where Qw
of the N-mer is smaller than Qw of the corresponding (N − 1)-
mer; (3) a fully ordered prefibrillar species region where Qw of
the N-mer is equal to Qw of the (N − 1)-mer. The differences
among these regions for the tetramers and the heptamers
(Figure S4) suggest that the prefibrillar channel with
disordered tips becomes more favorable as the oligomers grow.

We can define a disordered monomer as being a monomer
whose number of interchain parallel hydrogen bonds is smaller
than its number of interchain antiparallel hydrogen bonds. A
disordered monomer forms a β-hairpin rather than the more
fibril-like β-sheet. We constructed another free energy profile
using the oligomer size and the number of individual
disordered monomers as coordinates. Two regions are
apparent and are shown divided by the black arrow: (1) a

Figure 3. Grand canonical free energy profiles for α-synuclein at a temperature of 300 K. (A) The stacking of 2D free energy profiles of different
oligomer sizes at the concentration of 133 μM is plotted by using the number of intermolecular parallel hydrogen bonds and the number of
intermolecular antiparallel hydrogen bonds. (B) The 2D free energy profile of the pentamer at the concentration of 133 μM is plotted by using the
number of intermolecular parallel hydrogen bonds and the number of intermolecular antiparallel hydrogen bonds. (C) The 2D free energy profile
of the hexamer at the concentration of 133 μM is plotted by using the number of intermolecular parallel hydrogen bonds and the number of
intermolecular antiparallel hydrogen bonds. These profiles have been corrected for the concentration change. Free energies are shown in rainbow
colors (in units of kcal/mol)
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disordered oligomeric species region where the more than half
of the monomers are individually disordered; (2) a region
corresponding to prefibrillar oligomers with disordered tips
when less than half of the oligomers individually are
disordered. From this landscape (Figure S5), the prefibrillar
channel with disordered tip finally overwhelms the amorphous
oligomeric states channel when the oligomer grows. The same
trend is observed when considering the free energy profile by
using as coordinates the number of interchain parallel
hydrogen bonds and the number of interchain antiparallel
hydrogen bonds of disordered monomers in oligomers (Figure
S6).

Three basins are labeled as (1) disordered oligomeric states,
(2) prefibrillar states with disordered tips, and (3) ordered
prefibrillar states
3.4. Clustering the Prefibrillar Oligomers with

Disordered Tips. In Figures 2, S1, and S2, we have already
found that prefibrillar oligomers with disordered tips have
more interchain parallel hydrogen bonds than fully disordered
oligomers do but less than fully ordered prefibrillar oligomers
have, suggesting the end monomer is a β hairpin. In Figure 4A,
a cluster map of prefibrillar structures with disordered tips is
constructed by using the mutual Q. Six significant clusters can
be identified from the cluster analysis of the hexamer
disordered tip structures. We have obtained the centroid
structure for each cluster defined by its largest sum of the
mutual Q values with all other structures in the corresponding
cluster. These are shown in Figure 4B. Two kinds of prefibrillar
structures with disordered tips can be identified by using the
number of disordered monomers as a guide: (1) one class with
disordered tips, which possess a single disordered monomer
(clusters 1 and 2); (2) another set of amorphous-like
prefibrillar structures which possess two individual disordered
monomers (clusters 3, 4, 5, and 6). We also performed this

cluster analysis of prefibrillar structures for the heptamer
oligomers (Figure S6). The same two classes are also found,
suggesting that the number of individual disordered monomers
can be seen as a characteristic of the prominent feature of
prefibrillar oligomers with disordered tips. We also show the
structural differences between the prefibrillar species and the
prefibrillar species having disordered tips in Figure S9

Furthermore, we have explored how the population of the
different categories of structures varies using the number of
individual disordered monomers to discriminate among them.
On the basis of the finite size corrected free energy profiles for
the different oligomer sizes (Figure 1B), we constructed 1D
free energy profiles for the disordered tip channel by itself
using the number of individual disordered monomers in Figure
S7. Prefibrillar species with disordered tips are identified as
those with less than half their monomers individually being
disordered, while fully disordered oligomeric species are
identified as those having more than half of their monomers
individually disordered. For oligomers smaller than size six,
more than three disordered monomers are typically incorpo-
rated, suggesting the dominance of the disordered oligomeric
species (as we concluded in Figure 1A). When the oligomer
size is larger than 6, prefibrillar species with disordered tips
prefer to have two disordered monomers but generally do not
have more than three disordered monomers in them (Figure
4). Disordered oligomeric species are not favorable once the
oligomer size becomes larger than 6, supporting the
dominance of the fibrillar channels upon growth.
3.5. Interplay between the Two Prefibrillar Channels.

We have already found that the prefibrillar oligomers with
disordered tips are more favorable than the fully disordered
oligomers once the oligomers are large (Figure 1). The
ordered prefibrillar channel is favorable during the whole
aggregation process, but the barriers between the two

Figure 4. Cluster analysis of α-synuclein hexamers. (A) Cluster diagram of sampled hexamers using mutual Q. (B) Representative structures of the
different clusters are shown: each monomer is colored by using a rainbow spectrum from red to blue, N-terminus to C-terminus.
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prefibrillar channels are not significantly larger than the barriers
between oligomeric state as each of the two channels grows.
The ordered prefibrillar species are energetically favored due to
their structures, which possess more minimally frustrated
interactions and fewer highly frustrated interactions than
structures with disordered tips (Figure 2). We further explored
the interplay between the two channels at large oligomer size.
To directly sample the interconversion between the two
channels, we performed another set of umbrella samplings
starting from a fully ordered prefibrillar octamer along with a
free monomer in a periodic box using the Qdiff between the
ordered prefibrillar and the one of prefibrillar 9-mers with
disordered tips found in the previous simulations. We
constructed a two-dimensional free energy landscape using as
coordinates the number of interchain parallel hydrogen bonds
and the number of interchain antiparallel hydrogen bonds
among all chains. As shown in Figure 5, three groups of species
can be distinguished in the free energy surface: (1) an ordered
prefibrillar octamer with a free monomer, (2) a prefibrillar 9-
mer with disordered tips, and (3) a fully ordered prefibrillar 9-
mer. Both the ordered prefibrillar species are more favorable
than the prefibrillar oligomer having a disordered tip. At the
same time, the barrier between the prefibrillar 9-mer with
disordered tips and the ordered prefibrillar 9-mer is quite
significant in comparison to the barriers between the ordered
prefibrillar octamer with a free monomer and the other two
species, suggesting there is some difficulty in carrying out
directly an interconversion between prefibrillar species with
disordered tips and the fully ordered prefibrillar species of the
same oligomer size. The rearrangement of these species
represents a kinetic barrier. The transition between the two
channels is more easily made by first the dissociation of the

end monomers which form a β-hairpin in the disordered tips
structures followed by an ordered reassociation. In the
simulations, we did not observe any direct transitions between
the two channels at the same oligomer size. Instead, the
dissociation and reassociation of the end monomers was
frequently observed. These observations suggest a backtracking
mechanism, which is in harmony with the stop-and-go
mechanism that has been uncovered in experiments.44 We
see that the two nearly kinetically independent fibrillar growth
channels occasionally can be connected through a backtracking
event. Our observations suggest that the dissociation and
reassociation of an end monomer to the prefibrillar core is the
kinetically favored route in the aggregation process, consistent
with the kinetic features found in experiments.45,46

3.6. Effect of Serine 87 Phosphorylation on α-
Synuclein Aggregation. In Parkinson’s disease, the
aggregation of α-synuclein can be affected by several different
post-translational modifications, including phosphorylation,
mutation, ubiquitination, nitration, and truncation.16−19 We
can use statistical mechanical perturbation theory in AWSEM
to study these effects focusing on phosphorylation.17 The sites
of α-synuclein that can be phosphorylated include one site
(Figure 6B) in the hydrophobic NAC region and four sites in
the acidic region.19 The α-synuclein region studied in our
simulations only incorporates a single phosphorylatable site
(serine 87). The aggregation, however, can be a mixture in
which the phosphorylated chains are chosen at random. We
used the phosphorylation scheme described in the Methods
section to account for the heterogeneity of phosphorylation. In
vitro, multiple kinases, such as casein kinases,47 GRKs (G
protein-coupled receptor kinases),48 LRRK2 (leucine-rich
repeat kinase 2),49 and PLKs (polo-like kinases),50 have

Figure 5. Grand canonical free energy profiles for α-synuclein at a temperature of 300 K. (A) The 2D free energy profile of 9-mer and 8-mer with a
free monomer at the concentration of 133 μM is plotted by using the number of intermolecular parallel hydrogen bonds and the number of
intramolecular antiparallel hydrogen bonds. (B) Representative structures for the different basins are shown: each monomer is colored with a
rainbow spectrum from red to blue, N-terminus to C-terminus.
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been shown to be able to carry out the phosphorylation
specifically for serine 129 and serine 87.51 In vivo, the precise
phosphorylated sites and the fraction of phosphorylated chains
of α-synuclen doubtless depend on the interactions of a variety
of kinases.52

We constructed the one-dimensional free energy profile of
α-synuclein in its phosphorylated forms using perturbation
theory and compared landscape with the nonphosphorylation
profile in Figure 6C. The sequence used in our simulation
includes only the NAC region so that it contains only a single
phosphorylable site, serine 87. Phosphorylation of serine 87
makes fibril growth unfavored at the nominal laboratory
concentration, suggesting that the α-synuclein aggregation can
be inhibited by phosphorylating serine 87. Also, when the
oligomers grow in size, the prefibrillar channels are also less
favorable than they were for the nonphosphorylated versions in
as seen Figure 6D. These results are supported by the
laboratory report that phosphorylation of serine 87 indeed
inhibits α-synuclein fibrillization.19 In contrast with the
instability of the prefibrillar channels at large oligomer size,
the amorphous states remain still favored above the nominal
laboratory concentration. These results imply that the
phosphorylated serine 87 encourages the formation of small

amorphous oligomers rather than fibrils or high-order
oligomers.

4. CONCLUSION
Considering the complexity and richness of the aggregation
process due to the diversity of the species involved, it has been
hard to develop fully accurate kinetics models of protein
aggregation and fibril elongation. Using dynamic light
scattering (DLS) and Fourier transform infrared spectroscopy-
(FTIR), Fink53 and Iljina et al.37 have found many of the
species characterized in our simulation: amorphous aggregates,
off-pathway oligomers, and fibrils during the aggregation. As
seen in Figure 7, the disordered oligomeric states leading to
amorphous aggregates and the ordered prefibrillar channel
leading to fibrils turn out to be nearly kinetically independent,
in agreement with the experimental evidence.53 We propose
that there should be a backtracking mechanism from the
ordered prefibrillar states to the disordered oligomeric states
because the barriers for interconversion between these states
are larger than the barriers for the growth along a given
channel. In the simulations, transitions between these channels
are most easily made through dissociation and reassociation
along the change of the oligomer size. Iljina and co-workers
have found evidence for two different species when the

Figure 6. Effects of phosphorylation on the aggregation of α-synuclein. (A) Amino acid sequence of α-synuclein. The phosphorylated serine sites in
perturbation are colored as red. (B) Solved fibrillar structure of α-synuclein is shown in cartoon. The negative residues are shown in stick form as
blue, the positive residues are shown in stick form as yellow, and the phosphorylated residue are shown in stick form as red. (C) Perturbation-based
grand canonical free energy profiles for different oligomer states as corrected for finite-size effects. (D) Perturbation-based free energy surface at the
concentration of 133 μM at 300 K is plotted by using the number of interchain parallel hydrogen bonds and the oligomer size. Free energies are
shown in rainbow colors (in units of kcal/mol).
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oligomers are larger than 6 in size using fluorescence resonance
energy transfer (FRET), supporting the coexistence of the
ordered prefibrillar channel and the prefibrillar channel with
disordered tips in our present theoretic works.37 Considering
the large barrier between two channels, the structural similarity
between prefibrillar oligomers with disordered tips and fully
ordered prefibrillar oligomers suggests the necessity of a
backtracking mechanism between the two channels during
oligomers growth. Different from the growth of fully
disordered oligomeric states, the two prefibrillar channels are
not kinetically completely independent because the prefibrillar
species with disordered tips species ordinarily possess only one
or two end monomers having a β-hairpin. We see, however,
that the ordered prefibrillar oligomers can grow quite long
before they transit to one with disordered tips and then may
backtrack to the original prefibrillar oligomers (Figure 7). This
suggests a molecular explanation of the stop-and-go mecha-
nism proposed by Wördehoff et al. on the basis of
experiment.44

Backtracking provides a route whereby a protein overcomes
a topological barrier through partially unfolding during the
folding process. This sort of mechanism occurs but is relatively
uncommon for globular protein folding on funneled land-
scapes. Recently, we have seen that the backtracking
mechanism is, however, a critical feature in several different
protein aggregation systems. It occurs both for Aβ and for tau
aggregation.6,8 The distinctive nature53 of the channels for
synucleins suggests the backtracking will lead to a stop-and-go
growth mechanism.44 In contrast for Aβ, backtracking is
primarily manifested and detectable in the change in rate with
stability as probed by adding denaturants.6,54 Backtracking
mechanisms, while giving rise to different experimental
manifestations, may be a universal feature of protein
aggregation processes because aggregated protein structures
have not been positions selected for in evolution in contrast to
globular folding where the funnel landscape ensures mecha-
nistic robustness and reliable structure formation

In this paper, we have only surveyed the mechanism
underlying α-synuclein aggregation in free solution. In the cell,
synuclein aggregates often interact with membranes. We plan
to explore the membrane’s role in the aggregation process in
future work.
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