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We have studied the oligomerization of a fibril-forming segment of α-Synulcein using a replica exchange
molecular dynamics (REMD) simulation. The simulation was performed with trimers and tetramers of a 12
amino acid residue stretch (residues 71-82) of α-Synulcein. From extensive REMD simulations, we observed
the spontaneous formation of both trimer and tetramer, demonstrating the self-aggregating and fibril-forming
properties of the peptides. Secondary structure profile and clustering analysis illustrated that antiparallel βsheet structures are major species corresponding to the global free energy minimum. As the size of the oligomer
increases from a dimer to a tetramer, conformational stability is increased. We examined the evolution of
simple order parameters and their free energy profiles to identify the process of aggregation. It was found that
the degree of aggregation increased as time passed. Tetramer formation was slower than trimer formation and
a transition in order parameters was observed, indicating the full development of tetramer conformation which
is more stable than that of the trimer. The shape of free energy surface and change of order parameter
distributions indicate that the oligomer formation follows a dock-and-lock process.
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Introduction
In many neurodegenerative diseases including Alzheimer’s,
Creutzfeldt-Jacob, and Parkinson’s disease, deposits of
aggregated proteins are found at the neuronal surface in the
form of amyloid-like fibrils.1,2 The pathologies of these
diseases, especially the mechanism of formation of oligomers
or fibrils have been great interest and the subject of
extensive experimental research.3-5 Numerous biophysical
and biochemical experimental studies have made substantial
advances and revealed some common features such as crossβ X-ray diffraction patterns.6,7 Regardless of these advances,
detailed information on the structures and formation
mechanism of protein aggregates at atomistic levels, and
also the interpretation of experimentally revealed structural
features based on atomic level studies, are rather limited. For
example, we do not yet have clear explanations for the
following questions: what molecular features give rise to
cross-β spine structure?; Do amyloid proteins have native
structures?; Is the amyloid-like fibril formation from a
general peptide backbone structure or is it sequence specific?.6
Limitations in structural studies through experiments on
these proteins have partly arisen from the non-crystalline
and insoluble nature of amyloid fibrils. More importantly,
corresponding proteins are intrinsically unstructured and
exhibit noticeable conformational plasticity, which is highly
sensitive to environmental conditions.8 The characteristics
†
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of the so-called “intrinsically unstructured or “intrinsically
disordered proteins have been actively investigated in recent
years.9-11 It has been gradually recognized that the study of
unfolded or partially folded states of natively or intrinsically
unstructured proteins is essential to the understanding of
some biological processes. In fact, numerous proteins lacking
an intrinsic globular structure under physiological condition
have been recognized and many of them are found to be
involved in important regulatory functions inside cells. Such
inherent flexibility of those proteins is supposed to acts as a
functional advantage in such a way that they can bind
multiple targets, depending on cell conditions. Rapid
turnover in the solution state facilitates the sensitivity of the
cell cycle to external conditions.
A number of recent observations has provided substantial
evidence that aggregation of α-Synulcein is a critical step in
the pathogenesis of Parkin’s disease (PD).12 In particular, the
fibril formed from α-Synulcein is the primary component of
Lewy bodies (LBs) and Lewy neurites (LNs) that are the
diagnostic hallmarks of PD.13-15 α-Synulcein is a 140 residue
protein primarily found in neural tissue, especially in
presynaptic terminals. It has been suggested that α-Synulcein
plays an important role in the pathogenesis of several
neurodegenerative disorders. Circular dichroism (CD) or
other optical experimental methods have shown that αSynulcein does not appear to possess a well-defined native
structure, indicating its intrinsically unstructured nature.16,17
α-Synulcein also exhibits a remarkable conformational
plasticity depending on its environmental conditions18. The
flexible structure of α-Synulcein makes it versatile in its
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interaction with other proteins.19 α-Synulcein was shown to
adopt a mostly helical secondary structure upon association
with small unilamellar vesicles or detergent micelle surfaces.20
It is reported that the region referred to as the non-amyloid
component (NAC), corresponding to a 61-95 amino acid
sequence of human α-Synulcein, plays a crucial role in fibril
formation.21
Due to a remarkable increase in computational resources
as well as developments in computational algorithms, one of
the most direct and prominent theoretical approaches to
investigate the structures and dynamics of protein misfolding
aggregation at the molecular level is to perform systematic
molecular dynamics simulations.22 Computational studies
form an integral part of multidisciplinary approaches to
elucidating various amyloid assemblies.23
Recent experimental results suggest that a hydrophobic
stretch of 12 amino acid residues in the middle of the NAC
region is essential for filament assembly; also noted is that
this 12 residue sequence of peptides can self-aggregate and
form a fibril showing a β-sheet like CD spectrum.24 The
same region was predicted to be “aggregation-susceptible
with a high intrinsic propensity for aggregation.25 In our
previous work, we have performed replica-exchange molecular
dynamics simulations on a pair of peptides corresponding to
the 71-82 sequence in α-Synulcein to investigate the dimerization process and the structural features of a conformational
ensemble of dimeric aggregates.26,27
In this paper, we have extended our previous work in order
to study the aggregation processes and structural features of
the trimer and tetramer. We have performed extensive REMD
simulations to investigate the self-aggregation process of the
peptides. All-atom protein force field and implicit generalizedBorn/surface area solvent models have been employed. We
examined the evolution of simple order parameters and their
free energy profiles to identify the process of aggregation
and compare the differences in processes between trimer and
tetramer formation. This work supports experimentally
reported self-aggregating properties of the 71-82 sequence in
α-Synulcein. It is important to elucidate the role of oligomer
formation in the pathway of fibrillization of α-Synulcein.
The results of the present study are expected to provide
useful information on the oligomer formation processes of
hydrophobic peptides.
Model and Simulation Details
Oligomerization process of a peptide involves orientational
rearrangement and conformational change. One needs to use
computational schemes based on efficient conformational
sampling or relevant conformational constraints in order to
describe such an aggregation process in a reasonable
computation time. REMD simulation has been performed as
an efficient sampling scheme for processes involving complex
biomolecules.28 In an attempt to observe the spontaneous
ordering of oligomers, we have performed replica exchange
molecular dynamics (REMD) simulation for fibril-forming
peptides of α-Synulcein. To perform the simulation process,
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a linear chain of α-Synulcein (71-82) sequence (VTGVTAV
AQKTV) is prepared and copied to build trimers and
tetramers. Initially, each peptide is randomly placed inside
the simulation box. Peptides are confined within an imaginary
sphere such that if the atoms are beyond the given boundary
distance from the center of mass of the system, the attracting
harmonic force centered at that boundary position will
prohibit the molecules from flying apart from each other.
The radius was chosen to be 30 Å for trimers and 38 Å for
tetramers, which are found to allow each peptide to move
freely inside the sphere without severely disturbing the
motion of the other peptide. After this minimization process,
the system is heated up to 500 K for 300 ps in order to obtain
initial coordinates with randomly distributed conformations.
At the next step, normal molecular dynamics simulation is
performed for 500 ps on each replica without exchange, to
equilibrate each replica at each corresponding temperature.
The number of replicas for REMD simulation is 16 for
trimers, and 24 for tetramers. The temperature distribution of
REMD for trimer simulation includes 290, 300, 310.7,
322.1, 334.2, 347, 360.5, 374.7, 389.6, 405.2, 421.5, 438.5,
456.2, 474.6, 493.7, and 513.5 K. For tetramer simulation,
the temperature distribution includes 290, 294.5, 299.9,
306.2, 313.4, 321.5, 330.5, 340.4, 351.2, 362.9, 375.5, 389,
403.4, 418.7, 434.9, 452, 470, 488.9, 508.7, 529.4, 551,
573.5, 596.9, 621.2 K. The exchange interval is every 200
steps (0.4 ps) and coordinates are recorded every 0.4 ps for
further analysis. The exchange ratio is found to be > 20% for
trimer simulation and 30-40% for tetramer simulation.
Simulations have been carried out using AMBER.29 We used
an AMBER parm96 force field with an implicit solvation
model by Onufriev, Bashford, and Case.30 This solvation
model is a modified Generalized-Born model in which the
effective Born radii are re-scaled to account for the interstitial spaces between atom spheres missed in previous
model, being intended to be a closer approximation to the
true molecular volume. This combination was shown to be
the most consistent in capturing the behavior of various
peptides, maintaining a balance between strand and helical
conformations.31 Periodic boundary conditions were used
and the cut-off distance was 20 Å. The SHAKE32 algorithm
was used for bond constraints and the time step was 2 fs for
all simulations. Total REMD simulation time is 360 ns for
trimer simulation and 500 ns for tetramer simulation.
Secondary structure contents, radius of gyrations, clustering
analysis, and principle component calculations are carried
out using analysis modules in AMBER. In addition, we
1 Σ n r and
have introduced simple order parameters P= -----l
nL i=1
n–1
1
Q = ---------- Σ i < j 〈 uI, uJ〉 , to examine the process of aggrenC2
gation, where r l is an end-to-end vector between N-terminal
and C-terminal alpha carbons of the i-th peptide, n is the
rl number of peptides, L = max( rl ), and uI = -------. Here, P
rl
measures average end-to-end distance of a single peptide
stretch in an oligomer and Q measures the average degree of
alignment between every pair of peptides. If all peptides are
in an extended conformation, P is close to 1, and for the
opposite case, P is small. If all peptides are well aligned as a
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beta sheet conformation, Q is close to 1, and for poorly
aligned conformations, Q will be small. Therefore, we
expect that we can trace the change of conformations by
monitoring the time evolution of P and Q values. All the
results presented have been obtained from 300K data.
Results and Discussion
REMD simulations of trimer and tetramer formation have
been performed using the REMD parameters, temperature
distributions and force field with implicit solvation model
described in the method section. To measure the degree of
convergence, principle component (PC) analysis was done
and the first two major principle component vectors were
calculated. A PC space convergence test33 shows pseudoconvergence from about 80ns with a small degree of slope
for trimers (Fig. 1(a)). The convergence is much faster than
that for the dimer simulation.26 A comparison of the secondary
structure evolution pattern of dimer aggregation with trimer
aggregation implies that the slower convergence in dimer
aggregation might be due to the large contribution of various
monomeric conformational states during the time evolution,
whereas the contributions of monomeric states and dimermonomer states are relatively small for trimer aggregation.
For tetramers, pseudo-convergence of the trajectory in PC
space occurs around 160 ns (Fig. 1(b)). The convergence for
the tetramer is slower than that for the trimer simulation and
is comparable to that for the dimer case.26 By examining the
time evolutions of radius of gyration and secondary structure
contents (Fig. 2), it can be argued that the slower convergence
is mainly due to longer time scales for building tetrameric
conformations. Unlike natively folded single chain proteins,
oligomeric system composed of a small number of peptides
with a chain length of a dozen amino acid residues, may not
posess the most thermodynamically stable single energy
minimum conformations. Rather, it may be essentially a
“dynamical system” composed of various conformational
states which are interconnected by frequent conformational
transformations. This behavior is illustrated in the time
evolution patterns of radius of gyration and secondary structure
contents (Fig. 2).
As with dimer formation, we observed the self-aggregation
of trimers and tetramers. Antiparallel beta sheet conformations
are identified as the dominant species. From the secondary
structure and radius of gyration profiles (Fig. 2), one can
estimate the time scale for full oligomer formation. For
dimers, the highest anti parallel beta sheet content and the
lowest radius of gyration occur near 10 ns, indicating the
first full dimer formation at this time.26 Similarly, trimer
formation occurs around 30 ns, while full tetramer formation
requires much longer time of about 150 ns. The order of time
scales for oligomer formation is dimer < trimer < tetramer.
On the other hand, degrees of fluctuation on beta sheet content
and radius of gyration indicate that the conformational
stabilities are proportional to the oligomer formation time:
dimers are easily formed but rather unstable, trimers are a
less easily formed species than dimer but stay stable much

Figure 1. Time evolutions of the areas in PC space covered by
simulation trajectories of (a) trimer and (b) tetramer simulations for
residues 71-82 of a-Synuclein with the AMBER parm99SB force
field. Vertical axis is the visited PC space area (×104 Å).

longer than dimers, and tetramers show greater stability
compared to dimers and trimers, even though they are not
easily formed.
To examine the diversity of conformational ensembles
more closely, we have performed clustering analysis on the
last 100 ns of data of the whole simulation trajectory. The
results are shown in Figure 3 and Figure 4. Clustering
analysis results identify two features. For trimer simulation,
it shows no noticeable monomer conformations, and trimer
conformations dominate with a small contribution of monomer-dimer conformations. Figure 3 clearly shows that every
dimer and trimer structure adopts antiparallel β-sheet conformation, and the major conformation is a trimeric antiparallel β-sheet. Similarly, clustering analysis on tetramer
simulation trajectory also shows that anti parallel tetrameric
beta sheet conformations are the dominant species, with a
small contribution of trimer-monomer and dimer-dimer species
(Fig. 4). This result is consistent with dimer simulation, and
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Figure 2. Time evolutions of the secondary structure contents and radius of gyrations from simulation trajectories of trimer and tetramer
simulations.

Figure 3. Eight major trimer conformers obtained by clustering
analysis from simulation trajectories of trimer simulations.

Figure 4. Eight major tetramer conformers obtained by clustering
analysis from simulation trajectories of tetramer simulations.

further, consistent with the explicit water simulation results
in our previous work.26 In trimer simulations, trimeric
species occupies almost 90% of whole conformations. On
the other hand, in tetramer simulations, tetrameric species
occupy only 72%, with ~18% of trimeric species. It can be
argued that the trimer to tetramer transition barrier is higher
than the dimer to trimer barrier.
We examined free energy surfaces using radius of gyration
and anti parallel beta sheet content as two order parameters
(Fig. 5). The free energy was calculated using the trajectory
at room temperature (300 K). These free energy surfaces
show two features. First, trimer formation has no noticeable
free energy barrier, whereas tetramer formation has a sharp

barrier with a barrier height of ~1.2 kcal/mol. This is comparable
to a hydrogen bond energy forming beta sheet. The trimer
barrier height is ~0.3 kcal/mol which is smaller than thermal
energy at 295 K. Secondly, both free energy surfaces have Lshape topology, which implies that the formation of oligomers
occurs in a dock-and-lock fashion.34
To examine this dock-and-lock feature in close detail, we
defined two simple order parameters, P and Q, representing
degrees of linearity and alignment, respectively. The change
of distribution of P in time showed that trimeric species form
at an early stage as a dominant species while tetramers
exhibit gradual formation. The time evolution of distribution
for P also suggests a transition from trimer-monomer
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Figure 5. Free energy surface as a function of radius of gyration
and anti parallel beta sheet content obtained from the trajectories of
trimer and tetramer simulations.

Figure 6. Free energy surface as a function of order parameters P
and Q obtained from the trajectories of trimer and tetramer
simulations.

conformations to tetrameric conformations. Such transition
is not apparent in trimer distribution because the equilibrium
between dimeric and trimeric species is quickly achieved.
The distribution for Q also demonstrates these differences.
The Q distribution for trimers has two distinct peaks and this
distribution does not show a noticeable change in time,
indicating that dimer-trimer equilibration is achieved from
the early stage and doesn’t change in time. On the contrary,
tetramer simulation reveals a dramatic change of Q distribution
in time, illustrating that dimeric and trimeric species disappear
gradually and transform to tetrameric species. Consequently,
the time evolutions of P, Q distributions suggest that the
trimer formation process has no transition barrier, whereas
the tetramer formation process has a transition barrier.
We have also examined the free energy surfaces in (P, Q)
space (Fig. 6). The overall shape of free energy surfaces for
both trimer and tetramer show an L-shape topology, which
means that the aggregation processes generally follow a
dock-and-lock fashion even for the peptide molecules of
very short chain length like these. Figure 6 shows that trimer
formation has no barrier and tetramer formation has a transition

barrier. Examining the change of free energy surface in a
discrete time interval shows this difference more clearly: for
trimers, the location of an energy minimum basin does not
change with time. For tetramers, the location of an energy
minimum basin moves from the low (P, Q) region to high (P,
Q) region, corresponding to dimer-dimer and tetramer
conformations, respectively.
To further investigate this barrier transition behavior, we
have revisited the secondary structure content and radius of
gyration profile by examining change of distribution in time.
The distributions of secondary structure profile and radius of
gyration for trimers do not show large changes in time,
illustrating fast aggregation into trimeric conformations. The
time dependence of the beta sheet content distribution
implies that full beta sheet hydrogen bonds between peptide
backbones require slightly more time than aggregation, which
is consistent with a dock-and-lock aggregation mechanism.
The distribution for tetramers shows clear pattern of change
in time. The sharp peak near smaller Rg increases rapidly
while the broad peak near larger Rg decreases, indicating the
gradual formation of compact tetrameric species with a
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peptide aggregation processes, several distinct scenarios
have been suggested. The two step dock-lock-mechanism
suggests that the partially structured collapsed state of
monomer is added first by a diffusion-limited process, and
subsequently undergoes reorganization of structures to form
oligomer conformations. On the other hand, the one step
mechanism proposes the aggregation-prone state achieved
by conformational fluctuations, which then derives the protofibril state. Thirumalai et al.35 have suggested the general
unified picture, in which partial unfolding or partial folding
produce an aggregation-prone state, and this state accelerates
the formation of a critical nucleus. The next step is the
growth of oligomers by dock-and-lock style monomer addition.
Despite the short length of our peptides, they would prefer
energetically the most stable oligomeric conformation. The
monomer conformation in this state can be considered as
playing a role similar to the aggregation-prone state. Hence,
if the previously formed trimer could not achieve the most
stable conformation, then by adding an additional monomer,
they would require the reorganization of conformation in
order to achieve a more “aggregtaion-prone conformation.
As the number of strand increases in an oligomer, the need
for this “stable conformation for each monomer unit will
increase to stabilize the increased number of inter-strand
interactions. Consequently the free energy of an oligomer is
expected to decrease as the number of strands increases. In
spite of obvious limitations for our simulations, their results
provide useful insights for salient features of the peptide
aggregation mechanism.
Concluding Remarks

Figure 7. Time evolutions of (a) radius of gyrations and (b)
contents of antiparallel b-sheet for different time periods obtained
from the trajectories of trimer and tetramer simulations.

decreasing population of dimer-dimer and trimer-mononer
species. Anti parallel beta sheet content also shows a
transition of the major peak toward larger values, clearly
showing the formation of antiparallel beta sheet tetramer
conformations. It is noted that the change of minimum
energy basin in (P, Q) free energy surface is due to the
formation of high beta sheet content conformations (tetramer
species). Figure 7 shows the time evolution of average
values for radius of gyration and beta sheet content. The
decrease of beta sheet content around 200 ns in Figure 7 can
be understood as the transient relaxation of backbone
hydrogen bonds in a trimer beta sheet in order to adopt an
additional monomer in order to form a tetramer. The sudden
increase of radius of gyration at the same time supports this
picture. It can be deduced that the tetramer beta sheet
formation process has a noticeable free energy barrier because
the transition state should have less compact trimeric conformation with relaxed hydrogen bonding between backbone atoms in order to accept additional monomer unit.
From the experimental and computational studies on

We have performed replica-exchange molecular dynamics
(REMD) simulations on trimer and tetramer formations of
fibril-forming segments of α-Synuclein (residues 71-82)
using an implicit solvation model and an all atom AMBER
parm96 force field. We observed the spontaneous formation
of both trimers and tetramers, demonstrating the selfaggregating and fibril forming properties of the peptides.
Secondary structure profile and clustering analysis showed
that oligomers with antiparallel β-sheet conformations,
stabilized by well-defined hydrogen bonding, are major
species corresponding to the global free energy minimum.
Parallel conformations are rarely observed due to the relative
instability of the parallel arrangements, which arise from the
repulsive interactions between bulky and polar side chains as
well as weaker backbone hydrogen bonds. Examination of
free energy surfaces in relation to distances between strands
indicates that the aggregation processes follow the general
dock-and-lock mechanism. The time evolutions of toplogy
of the free energy surface and distribution of order parameters
suggest that the trimer formation process has no transition
barrier, whereas the tetramer formation process has a
transition barrier.
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