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In recent years, much effort has focused on the early stages of aggregation and the formation of
amyloid oligomers. Aggregation processes for these proteins are complex and their non-equilibrium
nature makes any experimental study very difficult. Under these conditions, simulations provide a
useful alternative for understanding the dynamics of the early stages of oligomerization. Here, we
focus on the non-Aβ amyloid component (NAC) of the monomer, dimer, and trimer of α-synuclein,
an important 35-residue sequence involved in the aggregation and fibrillation of this protein associated with Parkinson’s disease. Using Hamiltonian and temperature replica exchange molecular
dynamics simulations combined with the coarse grained Optimized Potential for Efficient peptide
structure Prediction potential, we identify the role of the various regions and the secondary structures for the onset of oligomerization. For this sequence, we clearly observe the passage from αhelix to β-sheet, a characteristic transition of amyloid proteins. More precisely, we find that the
NAC monomer is highly structured with two α-helical regions, between residues 2-13 and 19-25. As
the dimer and trimer form, β-sheet structures between residues 2-14 and 26-34 appear and rapidly
structure the system. The resulting conformations are much more structured than similar dimers and
trimers of β-amyloid and amylin proteins and yet display a strong polymorphism at these early stages
of aggregation. In addition to its inherent experimental interest, comparison with other sequences
shows that NAC could be a very useful numerical model for understanding the onset of aggregation.
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4896381]
I. INTRODUCTION

Amyloid aggregates and insoluble fibrils are associated
with many neurodegenerative diseases such as Alzheimers’s
and Parkinson’s diseases.1, 2 The latter is characterized by
the presence of Lewy bodies and neurites composed, in
large parts, of the α-synuclein protein.3 The presence of αsynuclein has also been confirmed for a number of other
important neurodegenerative disorders such as Down’s syndrome and familial Alzheimer’s disease, making this protein
a major focus in the study of amyloid diseases.4–7 α-syn is a
140-residue protein characterized by three major regions: an
N-terminal region with KTEKEGV imperfect repeats, a hydrophobic center region named non-Aβ amyloid component
(NAC), and a highly negatively charged C-terminal region.8
The NAC is also the second major component found, after β-amyloid, in the amyloid components associated with
Alzheimer’s disease(AD).9
The polymerization of α-synuclein takes place through
conformational changes that bring the protein from disordered conformations to β-sheet structures as it assembles into
toxic oligomers.10, 11 Yet, little direct information is known
about the first steps of oligomerization as its dynamical nature makes it difficult to characterize experimentally.12, 13 To
overcome this limitation, it is useful to turn to computer simulations that can provide detailed information about these small
assemblies.
0021-9606/2014/141(13)/135103/11/$30.00

For α-synuclein, most simulations focused on the fulllength sequence. A combination of paramagnetic relaxation enhancement, nuclear magnetic resonance (NMR) spectroscopy, and ensemble molecular dynamics (MD) simulations were used to probe the topology of native αsynuclein.14 More recently, molecular simulations combined
with NMR were used to characterize the structure of fulllength monomeric α-synuclein at low and neutral pH. It was
shown that, while the protein is more structured at low pH,15 it
is far from random coil, even though it is disordered, at neutral pH, in agreement with a Bayesian ensemble analysis.16
Molecular dynamic was also used to vary the stability and
structural properties of several α-synuclein oligomers and
mutated sequences.17–21
In this article, we are interested in characterizing the
first steps of α-synuclein oligomerization. More precisely,
we focus on the 35-residue NAC fragment. As mentioned
above, this fragment represents the second major component
of amyloid deposits associated with Alzheimer’s diseases,
with a ratio of up to 10%.22 The NAC forms α-synuclein’s
most hydrophobic region. It was early discovered that it selfaggregates into insoluble amyloid β-pleated structures.23 The
NAC also plays a central role in α-synuclein aggregation as
is demonstrated by the behavior of β-synuclein. This highly
homologous protein to α-synuclein lacks an 11-residue segment located in the NAC domain at position 73-83,24 which
overlaps with the minimal toxic aggregate-prone segment,
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residues 68-78.25 It does not aggregate26 and even inhibits
α-synuclein aggregation.27 NAC’s in vivo function is still unknown. The neurotoxicity of extracellular NAC is well established, however.28–30 A recent study suggests that NAC could
activate p53, Cdk5, and Bas-dependent apoptotic signaling
pathways, causing cell death.31
Previous studies tried to identify a signature motif
and a particular part of NAC responsible for the fibrillation propensity26, 32 and the interaction and the conformational state when NAC is linked with a membrane.33 Others have focused on the characteristic mutations present in
this region.19, 20, 34 Yet, there is still very little structural information regarding the onset of oligomerization for the NAC
peptide with only rare simulations done to serve as a reference model for experiments.17 The simulations presented
here form therefore a first atomistic description of the onset
of oligomerization for the NAC peptide.
Here, we use REMD coupled with the Optimized Potential for Efficient peptide structure Prediction (OPEP) coarsegrained potential,35–37 to characterize the fragment’s structural changes as the system goes from monomer to dimer and
trimer. These unbiased simulations allow us to follow aggregation and generate a rich set of structures that provide a first
picture as to the assembly mechanism for this sequence. Comparison with dimers of other amyloid peptides simulated in
the same conditions also offers an indication of generic and
specific properties for early aggregates.

II. METHODS

In this study, we investigate the structure and the thermodynamics of monomeric, dimeric and trimeric NAC of
α-synuclein using Hamiltonian-temperature replica exchange
molecular dynamics (HT-REMD) coupled with the coarsegrained OPEP potential.35, 38, 39 The 35 amino acid sequence
of the non-Aβ amyloid component of α-synuclein is given by
EQVTN-VGGAVVTGVTAVAQKTVEGAGSIAAATGFV.
The GXXX motif is associated with amyloidogenic propensity in many amyloidogenic proteins where X might be
the uncharged residues, GLY, ALA, VAL, ILE, LEU, PHE,
TYR, TRP, THR, SER, or MET. For the NAC, we find
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three GXXX motifs 8 GAVV11 , 13 GVTA16 , and 24 GAGS27
corresponding to positions 68-71, 73-76, 84-87, respectively,
in the α-synuclein protein.26, 40
To describe intra and interpeptide interactions, we use the
coarse-grained force field OPEP version 3.2. OPEP reduces
most amino acids to six beads, focusing on the heavy backbone atoms: Cα, N, H, C, and O and one bead for the side
chain except for the proline amino acid which is represented
by all heavy atoms.41 It takes into account the propensities
of each residue to adopt α and β conformations, a crucial aspect for prediction of the aggregation rate of amyloid-forming
proteins like synuclein. This potential has been applied with
success to study the aggregation of many amyloid peptides
such polyglutamine,42 amylin,35, 38 and different segments of
Aβ.39, 43–48
The OPEP force field is combined with Hamiltoniantemperature replica exchange molecular dynamics, HTREMD, a hybrid of temperature replica exchange (T-REMD),
and Hamiltonian replica exchange (H-REMD), which was
shown to accelerate sampling compared to T-REMD.38 In the
α-synuclein simulation, a set of 35 replicas are launched at
logarithmically-distributed temperatures ranging from 240 to
555 K. Five other replicas are run at the highest temperature with progressively reduced non-bonded attractive forces
scaled by 0.8, 0.7, 0.6, 0.4, and 0.2 of the initial interaction, respectively. Following the standard REMD procedure, at regular intervals, exchanges are attempted between adjacent replicas with a Metropolis probability.35, 38
The simulated temperature is controlled using the
Berendsen thermostat.49 The integration timestep is set at
1.5 fs with an external coupling constant of 100 fs. We use
the RATTLE algorithm for covalent constraints50 and replica
exchanges are attempted every 7.5 ps. The monomer is simulated in a 40 Å-radius sphere and the dimer and trimer are
placed in a 140 Å-radius sphere, all with reflecting boundary
conditions. The monomer is simulated for 500 ns per replica
(total 20 µs), the dimer for 700 ns (total 28 µs), and the trimer
for 1200 ns (total 48 µs). The three systems are started from
an extended configuration with chains, for the dimer and the
trimer, placed at random in the box. Initial configurations, after a first zero-temperature energy minimization, are shown in
Fig. 1.

FIG. 1. Initial configurations from monomer to trimer. The N-terminal and the C-terminal are shown in green and orange.
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The reconstruction of the thermodynamical properties
of the NAC monomer, dimer, and trimer is done using
the replica-exchanged adapted weighted histogram method
adapted to Hamiltonian, PTWHAM.51 Secondary and tertiary
structures are predicted using STRIDE, a protein secondary
structure assignment based on the combined use of hydrogen bond energy and statistically derived backbone torsional
angle information.52 Clustering is performed using the Cα
root-mean square deviations (rmsd) and following Daura’s
procedure:53 the largest cluster with a rmsd of 2.5 Å is first
identified and its member configurations removed; this procedure is repeated as long as there are remaining configurations.
We verify the convergence of the simulations by ensuring that the entropy as a function of temperature is constant.
Entropy is obtained from the first law of thermodynamics,
F = E − TS and the free energy calculated by WHAM as
implemented by Chodera et al.51 We compute the entropy
over non-overlapping time intervals and identify the minimum simulation time over which S(T) is time independent.
As shown in Figure 2, the monomer reaches equilibrium after 100 ns/replica, the dimer 200 ns/replica, and the trimer
1000 ns/replica. Error bars are estimated with the bootstrapping algorithm.54
To compute the chemical shifts, we first reconstruct
the full atomic configuration of each side-chain using
SCWRL4.55 The resulting structure is then analysed with
SPARTA+, a packaged based on artificial neural network that
was trained to establish quantitative relation between chemi-

FIG. 2. Entropy as a function of temperature taken over various time intervals for the NAC monomer, dimer, and trimer. From top to bottom, we see the
monomer converged after 100 ns/replica, the dimer after 200 ns/replica, and
the trimer after 1000 ns/replica. Statistical error (not shown for legibility) by
bootstrapping is ±0.01 kcal/(mol*K).

TABLE I. Percentage of secondary structure taken at 300 K over the full
NAC peptide. Results for the monomer, dimer, and trimer are averaged over
their respective interval of convergence (see Sec. II). Statistical error is estimated at ±1%.
Secondary structure (%)
α-helix
β-strand
Turn
Random coil

Monomer

Dimer

Trimer

40
<1
39
21

8
24
48
20

7
23
49
21

cal shifts and protein structures: it predicts chemical shifts for
15
N, 1 HN , 1 Hα , 13 Cα , 13 Cβ , and 13 C′ . Here, we focus on the
chemical shifts for N, Cα , and Cβ .56, 57
III. RESULTS

We are interested in the characterization of the structural
and thermodynamical properties in the early step of aggregation the α-synuclein NAC. For this, we follow the evolution
of its monomer, dimer, and trimer at 300 K. We first present
results for each system separately and compare those in
Sec. IV.
A. Monomer

We simulated the monomer for 500 ns/replica, collecting
statistics over the last 400 ns. Table I gives the average secondary structure propensity over all residues. α-helices dominate, with a propensity of 40%, while β-strands are present
at less than 1%. The secondary structure per residue (Fig. 3)
reveals that α-helices are dominant in two regions: between
residues 2-13 and residues 19-25 with a respective probability of ∼75% and ∼90%.
As expected with the high proportion of secondary
structure, clustering analysis for the monomer (Fig. 4) finds
relatively well-defined conformations. The first cluster (M1),
with a weight of 43%, shows the two dominant α-helical
structures at residues 2-13 and residues 19-25 (Table II) positioned in a perpendicular conformation, with a disordered
C-terminal. The same helices (at positions 3-13 and 19-24), in
an antiparallel organization, form the second largest clusters,
M2, at 16% probability with the loop at residues 14-18 being
present in both clusters. No secondary structure is observed
in the third cluster, M3, already much smaller at 8.5%. Yet,
the contact map for M3 overlaps significantly with that of M2
(Figs. 5 and 6). This suggests that the M3 cluster is simply a slightly destabilized version of M2 and that the
NAC monomer, while unstable against any specific native
state, samples a relatively small number of well-defined
conformations.
In the absence of direct experimental measurement
on the monomeric NAC fragment, it is useful to provide
the predicted chemical shifts for the equilibrium ensemble.
Figure 9 shows the predicted NMR chemical shifts per residue
for the non-amyloid component of α-synuclein amyloid at
300 K. These shifts are a very sensitive measure of local structure and can serve as a relatively straightforward
tool for establishing the plausibility of numerically derived
structures.56, 58
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FIG. 3. Evolution of α-helix and β-strands as a function of residue number
at 300 K from monomer to trimer. Statistical error (not shown for legibility)
obtained by bootstrapping is estimated at ±1.0 %.

B. Dimer

We simulated the NAC dimer for 700 ns/replica, collecting statistics over the last 500 ns. Table I shows that the presence of a second peptide affects strongly the secondary structure. While the monomer is α-helical at 40% with almost no
β-sheet, the dimer is dominated by β-strands, with a propensity of 24%, and only 8% for α-helices. The first β-strand,
at residues 2 to 14, overlaps completely with the corresponding α-helix found for the monomer while the second β-strand
is found at residues 26 to 34 and does not overlap with the
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monomer’s second α-helix. As shown in Fig. 3, maximum
stability is observed in the 6-9 (∼90%) and 30-33 (∼30%) regions while α-helices form mostly between residues 15 and
25, a wider region than for the monomer, with a relatively
small probability of 20% to 30%.
The dimer displays a much more diverse set of structures than the monomer. In the second row of Fig. 4, we show
the four clusters present with a probability of more than 5%
(D1 to D4) defined with the 2.5 Å-rmsd cut-off as for the
monomer. Together, they represent only 30% of all sampled
conformations. Another 30% of the conformations are member of clusters present with a probability between 1% and 5%.
While presenting some structure, they typically show less βsheet secondary structure than clusters D1 to D4.
As can be seen in Fig. 4 and Table II, clusters D1 and
D4 display purely β-strand conformations. In the first case,
the strands are fully interdigitated while D4 shows rather the
two NAC peptides side by side. For their part, clusters D2
and D4 show a mixture of α-helical and β-strand structures.
Here again, one of the clusters is intertwined (D2), leading
to quaternary structure, while the other offers rather the image of two tertiary structures stabilized once against the other
(D3).
Two α-helical regions are identified in clusters D2 and
D4: residues 14 (or 15) to 19 is present on both chains in D2
and on one chain in D3. The second helix, in the latter cluster,
is shifted to residues 19 to 25. Antiparallel β-sheets are also
well defined: residues 6 to 8 form a sheet on both chains in all
four clusters with, in some case, extensions (4-8 and 6-10 in
D4 and 6-11 in D2). The region 30-34 also forms β-strands
in D1 and D3 while 25-29 and 27-29 are seen in D2 and D4,

FIG. 4. The clusters’ center are shown for NAC of monomer (first row), dimer (second row), and trimer (third row). The N-terminal and the C-terminal are
shown in green and orange. The first chain is shown in yellow, the second in red, and the third in blue.
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TABLE II. This table gives the region implicated in secondary structure for monomer, dimer, trimer, see in Fig. 4, and identified them to the 7 regions
described before (see Sec. II). The letters A, B, and C allow to distinguish the different chains and extract some information about 3D organization in the
secondary structure.
α1

α2

2-13
3-13

19-25
19-24

α3

β1

β2

β3

β4

Other

Monomer
M1
M2
D1

6-8(B)/31-33(A)
31-33(B)/6-8(A)

D2
D3
D4

19-25(A)

15-19(A)
14-19(B)
14-19(B)

Dimer
30-34(A)/30-34(B)
6-8(A)/6-8(B)
31-33(A)/31-33(B)

25-29(B)/6-11(A) β

6-8(A)/6-8(B)
4-8(A)/6-10(B)

13-15(A)/5-7(A)β
12-14(B)/27-29(B)β

Trimer
T1

15-19(A)

31-33(B)/6-8(C)

6-8(A)/6-8(C)

T2

15-18(B)

6-9(A)/30-33(C)
31-33(A)/6-8(C)

6-8(A)/6-8(C)

T3

5-10(B)

14-19

T4

T5

14-19(C)

28-30(A)/6-8(B)β
20-22(B)/31-33(B)β
22-24(A)/31-33(A)
22-24(C)/31-33(C)

2-8(C)/6-12(A)

30-32(A)/5-7(B)

2-10(A)/4-12(C)

22-25(A)/30-33(A)

6-9(A)/30-33(C)

6-9(A)/6-9(B)

22-24(C)/31-33(C)

respectively. D4 also displays a β-strand at 13-15 and 12-14,
each on one chain.
Table I gives some additional information about the region involved in the secondary structure and its spatial organization. The highest contact density region is associated
with interchain hydrophobic interactions between the region
6-8 with itself (D2 and D3). This region can undergo additions of residue at the beginning or the end as in D4 where
regions 4-8 and 6-10 are linked across chains. To a lesser
extent, as for D1, 6-8 region may also be linked to the 3133 region although this region (31-33 or 30-34) prefers to
bind with its copy on the second monomer in D1 and D3.
Intrachain β-sheets are only observed in D4, where the region 13-15 (12-14) binds to both 5-7 in chain A and 27-29 in
chain B.
While interchain and intrachain contacts vary from cluster to cluster, we observe a striking similarity in total map contacts (Fig. 7), particularly between D1, D2, and D4. The variations between these intrachain and interchain contact maps
reflect a richness in the organizations at the tertiary and quaternary structure level observed in Table II. Yet, these are
constrained by the stability of the secondary structures that
enforce a specific set of contacts that can be satisfied either
through intra or interchain contacts. This explains the similar
total contact map for very different clusters, when projected
on the monomeric sequence. In terms of salt-bridges, while
the intramolecular bridge at LYS20-GLU23 is present on both
chains for all dominant clusters, we also observe a contact between GLU1 and LYS20 on either chain 1 or 2 for all clusters.
While these few charged residues play an important role for

6-10(A)/23-27(B) β
20-21(A)/32-33(A)β
21-22(A)/14-15(C)β
25-28(B)α
7-9(A)/13-15(B)β
6-8(B)/26-28(C)β
30-33(A)/26-29(B)β
32-33(A)/2-3(C)β

determining structure of this sequence, their behavior is almost the same for all clusters, however.
C. Trimer

The NAC trimer is run for 1500 ns/replica, with equilibrium being reached in the last 500 ns. As seen in Table I,
the trimer not more structured than the dimer: β-strands are
found with an average propensity of 23% and α-helices with
a propensity of 7%. These values are, within the error margin,
equivalent to those found for the dimer. However, β-sheets
are found mostly in region 2-10, with a peak at 6-8 reaching a ∼80% probability, and region 22-33, with two peaks at
22-24 (∼25%) and 28-33 (∼45%) as shown in Figure 3. Interestingly, the first peak in this region is absent in the dimer
suggesting that more regions can be stabilized into β-strands
as monomers are being added. α-helices, for their part, display a weak but non-zero formation probability for almost the
whole sequence with a peak reaching 30% between residues
15 and 19.
The third row of Fig. 4 shows the center of the five clusters, T1 to T5, accounting for at least 5% of the total population. Together, they represent 44% of all sampled structures at
300 K. Like for the dimer, clusters counting at least 1% of all
configurations represent 30% of the total set and add diversity
mostly in the tertiary structures determined by the β-sheet organization. Globally, as seen in Table II, α-helices spanning
residues 14-19 are present in T1, T2, T3, and T5. α-helices
spanning residues 2-12, also observed in the monomer, appear only in T3.
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FIG. 5. The contact maps display the contact propensity of total (first row), intrachain (second row), and interchain (third row) contacts for NAC of monomer
(first column), dimer (second column), and trimer (third column). The total contact propensity is calculated from the intrachain and interchain contacts.

As in the dimer, we observe that a few β-strand prone
regions adopt a rich diversity of contacts for forming exclusively anti-parallel β-sheets. For example, region 6-8 is the
region with the highest contact density. In all five dominant
clusters (T1 to T5), we observe at least one antiparallel βsheet formed by the 6-8 region of two chains. The sheets extend to four residues (6-9/6-9) in T5 , to seven residues (28/6-12) in T3, and to nine residues (2-10/4-12) in T4. This
region also forms β-sheet with other NAC segments. In one
case (T2), we observe a six-strand β-sheet formed by the 6-8,
30-33, and 22-24 regions of two chains. As with the dimer,
the region 6-8 also interacts with the 31-33 region (T1, T2,
T4, and T5) and the 26-29 region (T5), always in anti-parallel
orientation. We also note that a region of high contact density not observed for the dimer appears at residues 22-24 and

binds with the 31-33 region (T2, T4, and T5) into intrachain
antiparallel β-sheets. As for the dimer, interchain β-sheets are
found in all clusters, showing the importance of these interactions for breaking α-helices.
Figure 8 shows the contact maps for the intrachain, interchain, and total contacts for all five clusters. While the
contact density is smaller than for the dimer, explaining the
reduced structural stability observed in the clustering, for
example, we can still observe the same interplay between
intrachain and interchain contacts that lead to very similar total contact maps for the six clusters. The role of salt-bridges
for the trimer is similar to the dimer: they occur with a high
probability both intrachain and interchain, but with no specificity attached to particular clusters, beyond what is described
above.

FIG. 6. The contact maps display the contact propensity of total (first row) contacts for the dominant morphology of monomer, see the first column of Fig. 5.
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FIG. 7. The contact maps display the contact propensity of total (first row), intrachain (second row), and interchain (third row) contacts for the dominant
morphology of dimer, see the second column of Fig. 5. The total contact propensity is calculated from the intrachain and interchain contacts.

FIG. 8. The contact maps display the contact propensity of total (first row), intrachain (second row), and interchain (third row) contacts for the dominant
morphology of trimer, see the third column of Fig. 5. The total contact propensity is calculated from the intrachain and interchain contacts.
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IV. DISCUSSION
A. Evolution of the secondary structure

We first look at the structural changes that occur as NAC
goes from monomer to dimer to trimer. Previous studies have
shown that the formation of β-sheet was an important factor
promoting the initiation of nucleation causing fibrillation.59–61
Following these studies, we expect that the ability to form βsheets increases with the number of available chains.
In the case of the NAC fragment, the monomer shows
no β-strand at all but two predominantly α-helical regions at
residues 2-13 and 19-25 (positions 62-73 and 79-85 with respect to the full α-synuclein).
Full-length α-synuclein simulations and experiments indicate that the monomer displays a β-sheet propensity of 11%
and an α-helical propensity of only 2%–3 %, with little helices in the NAC region.16 Yet, an NMR study of an extended NAC fragment (57-102 as compared to 61-95), with
both the N-terminal and the C-terminal dominated by charged
residues, finds no β-strand and suggests three-helix structures at 58-63, 70-80, and at 88-92, with the latter one, rather
unstable.33 The first helix overlaps with a relatively high αhelical propensity region for the full length α-synuclein, and
the third one is in a region that is found to form helices with
a non-zero but low probability (around 5%).16 Results on the
extended NAC suggest therefore that, for the monomer, βstrands require contacts outside of the NAC region to be stabilized. This is consistent with one of the β-rich conformation
shown in Figure 6 of Ullman et al.16
The first helix observed in our simulation of the NAC
monomer is shifted compared to both experiments. Although heteronuclear single quantum coherence measurements would indicate the NAC structure is not affected by
those,33, 62 the shift on this first helix is to be expected since
the α-helices observed in both experiments are centered on
residue 60 and extend only to residues 63 or 64 (residue 3 or
4 of the NAC region). Interestingly, the second helix, while
shifted with respect to Bisaglia et al. overlaps with a region
found to display a low but non-zero helical propensity in fulllength α-synuclein.16 While our structure for the monomer
is compatible with available experiments, direct measurement
on the structure of the NAC monomer, an important fragment,
is needed to confirm these conclusions and provide more
detailed information. In particular, chemical shifts (Fig. 9),
which are predicted using the highly reproducible SPARTA+
package,56, 57 should offer a direct comparison with experiment.
We observe a clear evolution from α-helical to β-strand
secondary going from monomer to trimer (see Table I). In total, the α-helix propensity goes from 40% to 8%, between
the monomer and dimer, and remains almost constant, at 7%,
for the trimer, while the β-strand propensity moves from less
than 1% in the monomer to plateau around 24% and 23%
for the dimer and trimer, respectively, a transition characteristic of amyloid aggregation.63–65 As we see in Fig. 2, however, the entropy for the trimer still shows some small but
visible fluctuations when computed over 250 ns time intervals. This suggests that the relevant phase space for this system is significantly larger than for the dimer. Longer sim-

ulations, which are beyond our current computational capabilities, could therefore lead to further increase in secondary
structure at the trimer level. Already, however, the addition of
a third monomer increases the regions where β-sheet is significant.
The first α-helix at residues 2-13, present at 75% in the
monomer, disappears and is replaced, instead, by a β-strand
most stable at residues 6-8 that form exclusively interchain
sheets. The second helix, at residues 19-25, more stable in the
monomer (90% propensity) is shifted mostly to residues 1419, and is present in most dominant clusters except D1, D4,
and T4, with an overall 25% propensity.
The β-strands are mostly found between residues 6-9
(90%) and 30-33 (30%) in both dimers and trimers although
a third important region, between 22-24 is also found in the
trimer, extending the β-strand prone regions with respect to
the dimer (25%). Previous studies define five important regions of β-strands appear in oligomerization of α-synuclein,
with three in the NAC region corresponding to residues 26, 8-17, and 30-35.59, 60, 66 The last region is in agreement
with our findings. The first two are shifted by a few residues.
This could be due to the fact that the experimental results
are for the full protein and allow for interactions with other
segments.26
A number of α-synuclein studies emphasize the role of
the GXXX motif, generally associated with amyloidogenic
propensity in many amyloidogenic proteins.26, 40 As discussed
in Sec. II, the NAC region contains three GXXX motifs at positions 8, 13, and 24. These motifs do not overlap significantly
with any of the dominant β-strands observed for the dimer
and trimer, in agreement with various experimental observations that find that this motif is not involved in the fibrillation
process of α-synuclein.26, 32

B. The polymorphism

Polymorphism appears to be a hallmark for a majority of
amyloid proteins and applies to the existence of distinct morphologies with well-defined structures.67, 68 It can be observed
during the formation of amyloid and affect the final form of
fibrils.69 Studies have been conducted to link polymorphism
and multiple misfolding pathway70 and the neurodegenerative diseases in which they appear.71 Experimentally, polymorphism means that the final structure observed experimentally does not only depend on the sequence but also on the
concentration and the preparation details. It reflects the possibility that there are several mechanisms of oligomerization
leading to aggregation.72
Polymorphism should not be confused with the diversity
of partially disordered conformations that are generally observed for the small oligomers of amyloid peptides such as
those studied here. Beyond this rich structural diversity, however, polymorphism is clearly observable in the NAC dimer
and trimer. Indeed, already at the dimer level, the NAC peptide presents a very defined secondary structure, with a few
dominant β-strand and α-helical regions. These regions, however, interact to generate a rich set of tertiary and quaternary structures while maintaining a distribution of interchain

This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
132.204.68.141 On: Wed, 08 Oct 2014 15:53:51

135103-9

Eugene, Laghaei, and Mousseau

J. Chem. Phys. 141, 135103 (2014)

and intrachain contacts that project an almost constant overall
contact map and salt-bridges (Figs. 7 and 8). For example, the
30-34 region has great flexibility and can bind to very different regions: 6-8 (D1, T1, T2, T4, and T5), 30-34 (D1 and D3),
and 22-24 (T2 ,T4, and T6). For the monomer, we observe
that the relative position of the helices then change it to be
composed of the same residues. In the dimer, the antiparallel
β-strands can alternate between chains (D1 and D2) or show
a strong symmetry (D3 and D4). For the trimer, T2 and T5
have the same regions involved in their secondary structure.
However, T5 structure uses three chains in interchain contact,
while T2 uses only two chains for its β-sheets and the third
adopts an α-helix conformation.
These results show that polymorphism can appear at the
very early stages of aggregation. Even when structures are
still partially disordered, we observe that some regions show
very stable secondary structure elements that can assemble
into a rich set of well-defined tertiary structures. This suggests
that the onset of oligomeric growth can play a defining role
in determining the final amyloid structure in agreement with
experiments.67, 68
C. Comparison with other amyloid proteins

It is interesting to compare the structural changes taking
place from the monomeric to the dimeric state for various
amyloid sequences. Oligomers share a number of structural
signatures73 but very little is known, at the moment, about
the microscopic similarities and differences in the growth of
these sequences. Beyond the fundamental interest, there are
also two more pragmatic advantages: (1) comparing the behavior of various peptides simulated with the same conditions, it is possible to separate, at least partially, the technical
limitations, associated with the forcefield and the simulation
approach, from the sequence-related behavior, and to extract,
from their global and sequence-specific properties; (2) the
comparison also allows to identify which sequence is more
accessible from a numerical point of view, given the computational timescale and size limitations that we are still facing.
This is particular useful when using a coarse-grained potential, such as OPEP, which allows better equilibrium on large
systems such as those presented here, but at the costs of more
uncertainty with respect to the final predictions. In spite of the
advantage of comparing results over many sequences, most
comparisons have been limited to very close sequences such
as Aβ 1−40 and Aβ 1−42 74–76 or mutations.37 Here, we compare
our results on the NAC region of α-synuclein to results obtained to two other amyloid proteins studied with the same
potential and computational techniques: Aβ and human islet
amyloid polypeptide (hIAPP), giving us a first insight on these
questions.35, 37, 39, 42
Aβ is a 40 or 42 residue protein and the major component of the fibrils involved in Alzheimer disease. It contains
many charged residues, but the structure is globally neutral
and has the same number of hydrophobic residues as the NAC
region. Pancreatic-amyloid deposits in humans consist mainly
of β-sheet fibrillar aggregates of the 37-residue polypeptide,
hIAPP. This protein is positively charged and counts fewer
hydrophobic residues than the NAC (Fig. 10).

FIG. 9. From top to bottom Chemical shift of the Cα , Cβ , and N of the 35
residues of NAC monomer at 300 K computing using the SPARTA+ chemical
shift analysis package.56, 57

REMD-OPEP computational studies of Aβ 1−40 and
Aβ 1−42 show, in agreement with most other simulations of
these systems, that the monomer is mostly disordered with
very low α-helical propensity (between 5% and 6%) and
11%–12% β-strand propensity due, in large part, to a relatively stable β-sheet between residues 2-5 and 10-13. With
little secondary structure, Aβ monomer samples a much more
diverse set of structures than NAC, with its top 3 clusters representing between 28% and 42% of all visiting conformations,
compared with 68% for NAC.39 This changes as a second
chain is added: The top four clusters for Aβ represent 38%
(Aβ 1−40 ) to 53% (Aβ 1−42 ) of all conformations while they
account only for 28% of all visited conformations for NAC.
Looking at β-strand propensity, we find that it increases
only slightly for Aβ 1−40 , from 11.8% to 12.6%, and triples for

FIG. 10. We compare the sequence of NAC of α-synuclein with hIAPP and
Aβ 1 − 40 . We colored the hydrophobic residue in red and added the charge
of charged residue which are implicated in the hydrophobic interaction and
ionic bond, respectively.
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Aβ 1−42 , reaching 30.8% while, for NAC’s dimer, it goes from
less than 1% to 24%, a much higher increase. Aβ dimerization
for both sequences is characterized by a global increase in intermolecular hydrophobic contacts, mostly in the hydrophobic core (17-21) and the C-terminal (30-40) regions. Nevertheless, as observed also, for example, by Barz and Urbanc,
in MD simulations with OPLS-AA forcefield and explicit solvent, intrachain contacts are more important than interchain
contacts and the dimerization can be in large part described
as a docking process.37, 75 We observe a similar behavior with
hIAPP. The presence of a disulfide bridge at Cys2-Cys7 stabilizes an α-helix at residues 5-19 in the N-terminal, a structure
that is maintained during the dimerization (with propensity
above 75%). This helix is combined with a β-strand (17-26
and 30-35) that sees its propensity going from 20% to 40% as
the monomer combines into a dimer, for an overall β propensity going from about 5% to around 12%.35, 42 In spite of this
co-stabilization due to a higher interchain contact probability
for the β-strand regions, the long N-terminal α-helix seems
to limit the interdigitation between the two chains. The final dimeric structure is therefore akin to stacked monomers
with structural elements stabilized by the presence of a nearby
chain. At 300 K, the four dominant clusters account, here, for
only 18% of all structures, in large part because of the high
flexibility of α-helical N-terminal that shows very limited interchain interactions but remains very stable.35
This comparison with other sequences simulated with the
same potential and method helps identify the specificities of
the NAC sequence. While all three proteins do form more βsheets as they go from monomer to dimer, the transformation
is most important for the NAC with the clearest α to β transition. This transformation is accompanied by a much more
significant interchain contact map than is observed for Aβ
and hIAPP. If, for the latter two sequences, interchain contacts
occur at a few points to stabilize secondary structure, NAC
shows significant interdigitation, associated with quaternary
structures, that is not compatible with a simple docking of
one peptide over another one and an oligomerization process
based on well-defined secondary structures then can form a
richer set of tertiary structures than the two other sequences
as can be seen while maintaining a very stable overall contact map. This suggests that, from a numerical point of view,
the onset of aggregation for NAC might be much easier to
simulate and characterize than for other sequences, allowing
for much better complement between simulation and experiments.
V. CONCLUSION

In this study, simulated the onset of aggregation of the
non-amyloid component of the α-synuclein protein (NAC).
Our simulations show a clear α to β transition from the NAC
monomer to the dimer as well as the presence of well-defined
secondary structures, in agreement with the general consensus. Long simulations (up to 1,2 µs per temperature for the
trimer) allow us to reach equilibrium and to identify a rich
polymorphism characterized by stable secondary structures
that assemble to form a wide set of tertiary organizations
with very similar contact maps. Overall, the NAC presents

a much clearer aggregation pathway, at the dimer and trimer
level, than other amyloid sequences, such as Aβ and hIAPP,
that have been much more studied recently. This suggests
that more attention, numerically, but also experimentally,
should be given to this sequence to develop a first route to
aggregation.
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