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ABSTRACT: Parkinson’s disease (PD) is characterized by the formation of Lewy bodies (LBs), of which their major
component is the non-amyloid-β component (NAC) of α-synuclein (AS). Clinical studies have identified a link between PD and
Alzheimer’s disease (AD), but the question of why PD patients are at risk to develop various types of dementia, such as AD, is
still elusive. In vivo studies have shown that Aβ can act as a seed for NAC/AS aggregation, promoting NAC/AS aggregation and
thus contributing to the etiology of PD. However, the mechanisms by which NAC/AS oligomers interact with Aβ oligomers are
still elusive. This work presents the interactions between NAC oligomers and Aβ oligomers at atomic resolution by applying
extensive molecular dynamics simulations for an ensemble of cross-seeded NAC−Aβ1−42 oligomers. The main conclusions of this
study are as follows: first, the cross-seeded NAC−Aβ1−42 oligomers represent polymorphic states, yet NAC oligomers prefer to
interact with Aβ1−42 oligomers to form double-layer over single-layer conformations due to electrostatic/hydrophobic
interactions; second, among the single-layer conformations, the NAC oligomers induce formation of new β-strands in Aβ1−42
oligomers, thus leading to new Aβ oligomer structures; and third, NAC oligomers stabilize the cross-β structure of Aβ oligomers,
i.e., yielding compact Aβ fibril-like structures.
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Parkinson’s disease (PD) is characterized by the formation
of neurotoxic, insoluble aggregates that are known as Lewy

bodies (LBs), which are localized at the subcortical regions of
the human brain. The major component of these insoluble
aggregates is the non-amyloid-β component (NAC) of α-
synuclein (AS).1−8 The aggregation process of AS into LBs can
also be observed in other neurodegenerative diseases, such as
Parkinson’s disease dementia (PDD), dementia with Lewy
bodies (DLB), Lewy body variant of Alzheimer’s disease
(LBVAD), Guam-Parkinson-ALS dementia complex,1,2 and
Down’s syndrome.3 Interestingly, in some pathologies cases,
aggregation of AS into LBs is observed in Alzheimer’s disease
(AD), which is primarily related to the aggregation of amyloid
β (Aβ) peptides that form amyloids plaques4−7 and Tau
proteins8 that form neurofibrillary tangles (NFTs).9,10

Recent studies have suggested that some PD patients share
histopathological symptoms with those of Alzheimer’s disease
(AD) patients,11 such as the formation of amyloid plaques12

and NFTs8 in addition to the formation of LBs. A link between
PD and AD has been identified from clinical studies, which
have shown that PD patients have an elevated risk of
developing dementia (which is a primary symptom of AD as
well) over non-PD patients.6,7,11,13,14 Interestingly, other

studies have shown that 50% of AD patients also have LBs
present at autopsy.3,9,15,16 Yet, the link between PD and AD
and the question of why PD patients are at risk of developing
various types of dementia, such as AD, are still elusive.
Both in vitro12 and in vivo17 studies have shown that Aβ has

an inductive effect on the oligomerization of AS and that
sonicated Aβ42 and Aβ40 can act as seeds for the aggregation of
AS fibrils.18 Furthermore, in vitro binding assays have shown
that monomers of Aβ bind to residues E57−K97 of AS.19

Interestingly, the sequence E57−K97 overlaps with the NAC
domain, which is located at residues E61−V95 of AS, thus
indicating direct binding between Aβ and NAC.19 Recently,
such binding between the AS monomer and Aβ monomer had
been described as a heterodimer in atomic detail while using
modified α-helical structures of monomeric forms of AS and
Aβ.20 This study also showed that Aβ monomer binds to the
NAC domain in the AS monomer.20 Yet, the toxic β-sheet-rich
oligomers that initiate the formation of amyloid plaques from
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Aβ21−25 and lead to the formation of LBs from AS26−29 have
not been studied so far.
The β-sheet-rich amyloid oligomers form cross-β structures

of aggregates, such as oligomers, protofilaments, protofibrils,
and fibrils.30 Among these aggregates, oligomers are known to
be the neurotoxic species in most amyloids that are related to
neurodegenerative diseases.31−34 Elongation of the cross-β
structure of amyloids can occur via two different pathways: (1)
self-assembly of amyloids, i.e., formation from a single type of
amyloid, or (2) cross-seeding assembly of amyloids, i.e.,
formation of oligomers from two types of structurally similar
amyloids.35 Studies of the molecular interactions at atomic
resolution of the self-assembly process of amyloids and the
cross-seeding assembly process are essential in order to identify
new pharmaceutical targets for neurodegenerative diseases such
as AD and PD. Experimental investigations of cross-seeding
between amyloids to identify the molecular interactions at
atomic resolution present a considerable challenge. However,
recent computational efforts have been performed to identify
the interactions between two types of amyloids using molecular
dynamics (MD) simulations: Aβ−WT tau’s R2/R3/R4 repeat
oligomers,36 Aβ−ΔK280 mutated Tau R2 oligomers,37 and
amylin−Aβ oligomers.38

In this study, we present the first study of cross-seeded
NAC−Aβ oligomers at atomistic resolution. Although the
structure of Aβ oligomers has been solved experimentally,39,40

the structure of NAC oligomers has not. Recently, we proposed
a 3D structure for NAC oligomers using extensive MD
simulations and compared them with available experimental
parameters.41 In this study, we applied our NAC oligomers41 to
form cross-seeded assemblies with previously determined Aβ
oligomers from solid-state NMR (ssNMR) models of the Riek
and Tycko groups.
Our simulations have shown that the cross-seeding between

NAC and Aβ oligomers favors the formation of double-layer
conformations (i.e., axial) over single-layer conformations (i.e.,
longitudinal). The double-layer conformations demonstrate
polymorphism, in which the NAC oligomers show a preference
for interacting with Aβ oligomers that are based on the Riek
model. Furthermore, our simulations illustrated that in the

cross-seeded NAC−Aβ oligomers the NAC oligomers changed
the inner core distance of Aβ oligomers. In some cases, the
NAC oligomers lead to the formation of well-packed β-cross
fibril-like structures of Aβ, and in other cases, the NAC
oligomers destabilize the cross-β structure of Aβ. Finally, the
NAC oligomers induce formation of new β-strands in Aβ1−42
oligomers that are based on Riek’s and Tycko’s models, thus
leading to new structures of Aβ oligomers. Therefore, this is the
first study that shows new structures of Aβ oligomers that are
produced due to their interactions with NAC oligomers.

■ RESULTS AND DISCUSSION
Constructed Models of NAC−Aβ Oligomers. The size of

the oligomers was chosen based on previous studies that
illustrated that the minimum number of amyloid monomers
that are necessary for the formation of fibrils in prions is six.42

We have constructed hexamers of NAC using the coordinates
of the six monomers from our previously simulated NAC
dodecamer (of model L11)41 while excluding the monomers at
each end of the dodecamer (Figure S1). For the construction of
full-length Aβ1−42 hexamers (Figure S2), we applied the PDB
structures that were reported from ssNMR experiments for
Aβ17−42

39 by the Riek group and for Aβ9−40
40 by the Tycko

group (Figure 1). We then extended the N-termini of Aβ17−42
by adding residues D1−K16 with the backbone dihedral angle
values of β-strands (Figure 1a). Similarly, we extended the N-
termini of Aβ9−40 by adding residues D1−S8, and we extended
the C-termini by adding residues I41 and A42 (Figure 1b). We
note that we have modified the backbone dihedral angles of
residue V40 in Aβ9−40 to avoid clashes between residues I41
and A42 with the adjacent E11 (Figure 1b). Each of the
extended Aβ1−42 monomers was then replicated into hexamers
with a 5 Å spacing between the monomers.
For the initial comparison and evaluation of the structural

similarity between NAC and Aβ, we applied the AsignMe
package.43−45 The AsignMe package allowed us to design a
single-layer NAC−Aβ conformation while maximizing the
similarity and identity of hydrophobic residues along the
sequence of each type of amyloid (Figure S3). An additional
single-layer NAC−Aβ conformation was designed by inverting

Figure 1. Extended monomer structures of Aβ1−42 based on (a) Aβ17−42
39 and (b) Aβ9−40.

40 Residues in orange illustrate the expected hydrophobic
interactions in the inner core of Aβ. Residues in red show the hydrophobic interactions of Aβ that may interact with NAC to form double-layer
conformations.
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the sequence of Aβ and comparing it with the NAC sequence
using the AsignMe package (Figure S3).43−45 These analyses
illustrated the high identity and similarity of hydrophobic
residues along the sequence of the two types of amyloids as
well as their similar secondary structures. Finally, in the
constructed single-layer NAC−Aβ conformations, we consid-
ered the maximum hydrogen-bond interactions between
monomers within Aβ1−42 oligomers, between monomers within
NAC oligomers, and between one monomer of Aβ1−42 and one
monomer of the NAC oligomer.
In our previous study of the mutated Tau R2 repeat-Aβ

oligomers, we constructed four different double-layer con-
formations by considering all of the possible interactions
between these two amyloids that have β-arch structures (i.e.,
two β-strands connected by a turn region).37 However, the
NAC oligomer consists of three β-strands connected by two
turn regions, whereas the third β-strand is located in the N-
terminus of the NAC oligomer and thus cannot allow efficient
interaction with Aβ to take place.41 Therefore, only three
possible double-layer NAC−Aβ conformations allow inter-
actions to take place between the N-terminus of the NAC
oligomer and the C- and N-termini of Aβ: one conformation
with the C-terminus of Aβ and two conformations with the N-
terminus of Aβ (Figure 2 and Table 1).
To examine the constructed single- and double-layer

conformations, we considered the maximum molecular
interactions accounting for salt-bridge and hydrophobic
interactions between NAC oligomers and Aβ oligomers. We
examined a total of five different structural orientations for the
NAC−Aβ oligomers, in which Aβ oligomers are based on the
Riek model (A1−A5) and five NAC−Aβ oligomers in which
the Aβ oligomers are based on the Tycko model (B1−B5).
Therefore, we have simulated a total of 10 NAC−Aβ oligomers
(Figure S4). Specifically, the orientations between NAC
oligomers and Aβ oligomers that were considered in this
study are (1) a single-layer parallel conformation with the C-

termini of NAC facing the C-termini of Aβ (A1/B1), (2) a
single-layer parallel conformation with the C-termini of NAC
facing the N-termini of Aβ (A2/B2), (3) a double-layer
conformation in which the C-termini side chains of NAC
oligomers face the C-termini side chains of Aβ42 (A3/B3), (4) a
double-layer conformation in which the C-termini of NAC
oligomers face the N-termini of Aβ42 (A4/B4) (for A4, Aβ D1−
H14/NAC E83−V95; for B4, Aβ D1−H14/NAC E83−V95),
and (5) a double-layer conformation in which the C-termini of
NAC oligomers facing the N-termini of Aβ42 (for A4, Aβ H14−
S26/NAC E83−V95; for B4, Aβ E11−D23/NAC E83−V95)
(A5/B5).

NAC Oligomers Prefer To Interact with Aβ Oligomers
To Form Double- over Single-Layer Conformations.
Some of the most interesting questions related to cross-amyloid
interactions include the following: (1) What are the forces that
lead the two types of amyloids to interact? (2) What are the
mechanisms by which the two types of amyloids interact with

Figure 2. Initial constructed models of NAC−Aβ oligomers: NAC−Aβ oligomers in which Aβ oligomers are based on the Riek model39 of Aβ:
models A1−A5. NAC−Aβ oligomers in which Aβ oligomers are based on the Tycko model40 of Aβ: models B1−B5. The NAC oligomers are based
on our previous study.41 Aβ oligomers are orange, and NAC oligomers blue.

Table 1. Ten Aβ1−42−NAC Dodecamer Models Investigateda

model single/double layer orientation between NAC and Aβ

A1 single NAC N-terminal parallel to Aβ N-terminal
A2 single NAC N-terminal parallel to Aβ C terminal
A3 double C-terminal (NAC)−C-terminal (Aβ)
A4 double C terminal (NAC)−N-terminal (Aβ)
A5 double C-terminal (NAC)−N-terminal (Aβ)
B1 single NAC N-terminal parallel to Aβ N-terminal
B2 single NAC N-terminal parallel to Aβ C-terminal
B3 double C-terminal (NAC)−C-terminal (Aβ)
B4 double C-terminal (NAC)−N-terminal (Aβ)
B5 double C-terminal (NAC)−N-terminal (Aβ)

aNAC−Aβ oligomers in which Aβ oligomers are based on the Riek
model39 of Aβ: models A1−A5. NAC−Aβ oligomers in which Aβ
oligomers are based on the Tycko model40 of Aβ: models B1−B5. The
NAC oligomers are based on our previous study.41
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each other? In order to provide answers to these questions, it is
necessary to investigate the interactions between two types of
amyloids at the atomic resolution. Herein, we examined a total
of 10 models of NAC−Aβ1−42 oligomers (Figure 2): five
constructed NAC−Aβ1−42 oligomers that differ in the
orientation between the two types of the amyloids for each
Aβ model.39,40

To examine these 10 various NAC−Aβ1−42 oligomers
(models A1−A5 and B1−B5), we ran MD simulations.
Interestingly, simulated model B5 illustrated an unstable
structure of Aβ1−42 oligomers, i.e., a lack of cross-β structure
of Aβ. Furthermore, the NAC oligomers were separated from
the Aβ1−42 oligomers, i.e., no cross-amyloid interactions appear
in this model, probably due to electrostatic repulsion between
the residues along the β-strands of each type of amyloid (Figure
S5). Consequently, we have excluded this model from our
study because it did not demonstrate cross-amyloid inter-
actions.
We then estimated the conformational energies including the

standard deviations of the nine simulated models using the
GBMV method46,47 (Table S1) and their populations using
MC simulations. Figure 3 illustrates the populations of the nine

models of NAC−Aβ1−42 oligomers. It can be clearly seen in
Figure 3 that models A3−A5, B3, and B4, which demonstrate
double-layer conformations, have a higher percentage of
populations compared to that for the four single-layer
conformations (A1, A2, B1, and B2). One can compare the
percentage of the total populations of the single-layer
conformations to those of the double-layer conformations
(Figure S6). Interestingly, one can see that the total percentage
of populations for the double-layer conformations is twice that
for the single-layer conformations. We therefore suggest that
there is a strong preference for cross-amyloid interactions
between NAC oligomers and Aβ1−42 oligomers that leads to the
formation of double-layer conformations.
Interestingly, among all of the double-layer conformations of

groups A3−A5 and B3−B4, models A4 and B4 show the
highest percentage of populations; thus, we propose that the C-
termini of NAC oligomers prefer to interact with the N-termini
of Aβ1−42 oligomers. Both models A4 and B4 are characterized
by three electrostatic interactions and three hydrophobic
interactions (Figure 4). The first electrostatic interaction is
between the amine group of the N-terminus of Aβ and the side
chain of Glu83 of NAC, the second electrostatic interaction is
along the fibril axis of Aβ, i.e., the amine group of the N-
terminus of Aβ and the side chain of Asp1 of the adjacent Aβ,
and the third electrostatic interaction is between Lys16 of Aβ

and the carboxyl group of the C-terminus of NAC. Models A4
and B4 also share three hydrophobic interactions: Phe4 of Aβ
and Ala85 of NAC, Val12 of Aβ and Phe94 of NAC, and Val18
and Phe20 of Aβ and Val66 of NAC. These interactions are
uniquely dependent on the orientation between NAC and
Aβ1−42, as illustrated in models A4 and B4. We therefore
propose that these interactions are the major driving forces
behind the preference of these orientations among the other
double-layer conformations that have been investigated in this
study.

NAC Oligomers Induce Formation of New β-Strands
in the Aβ Oligomers. One of the interesting issues that can
be investigated in cross-amyloid interactions is the study of the
effect of one type of self-assembled amyloid on the structure of
the second type of self-assembled amyloid. Specifically, it is of
great interest to learn how cross-amyloid interactions affect the
secondary structure of the self-assembly of the two types of
amyloids. In the initially constructed models of NAC−Aβ1−42
oligomers (Figure 2), the NAC oligomers were based on our
previous structural model41 and Aβ1−42 oligomers were based
on the experimental ssNMR structural models of Riek
(Aβ17−42)

39 and Tycko (Aβ9−40).
40 While NAC oligomers

consist of three β-strands connected by two turn regions, the
two experimental ssNMR models of Aβ1−42 oligomers show
that Aβ1−42 oligomers consist of two β-strands connected by
one turn region. In the cross-seeded state, when NAC
oligomers interact with Aβ1−42 oligomers, the secondary
structure of NAC oligomers does not change, i.e., the NAC
oligomer conserves the three β-strands connected by the two
turn regions (Figure 5). However, the secondary structure of
Aβ1−42 oligomers of both Tycko’s and Riek’s models in the
cross-seeded state has changed during the simulations: the
Aβ1−42 oligomers of Tycko’s model consist of three β-strands
connected by two turn regions, and Riek’s models consist of
four β-strands connected by three turn regions (Figure 6). We
therefore suggest that NAC oligomers induce the formation of
new Aβ oligomers.
The ssNMR model of Riek for Aβ17−42

39 illustrates two β-
strands located at residues 17−21 and 28−42 connected by a

Figure 3. Populations of the simulated dodecamers of NAC−Aβ1−42
oligomers: Models A1−A5 (yellow) and models B1−B4 (red).

Figure 4. Electrostatic and hydrophobic interactions that stabilize
NAC−Aβ1−42 oligomers in models A4 (a) and B4 (b). NAC oligomers
are blue; and Aβ1−42 oligomers are orange.
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turn, which is located at residues 22−27. The ssNMR model of
Tycko for Aβ9−40

40 also suggests two β-strands (residues 9−24
and 32−40) and a turn located at 25−31. Both ssNMR studies
suggested that the N-termini are structurally disordered.
However, in our previous studies,36,48,49 we extended the N-
termini of the isolated Aβ1−42 oligomers for these two ssNMR
models and simulated these structures. Our simulations showed
that the extension of the N-termini led to the extension of the
first β-strand with no formation of a new β-strand or a new turn
region in the N- or C-terminal parts.
Applying the AsignMe package, we showed that the

sequences of NAC oligomers and Aβ1−42 share high similarity
and identity, which is also the case for their secondary
structures. Interestingly, one can see that the new turn regions
in the Aβ oligomers of the cross-seeded oligomers consist of
glycine residues, which are also positioned in the turn regions
of both in cross-seeded NAC as illustrated here and in the NAC
oligomers which we previously illustrated in the self-assembled
NAC oligomer.50 Previous studies showed that glycine residues
have the tendency to be localized at loop/turn regions of
peptides and proteins.51,52 Therefore, in the cross-seeded
NAC−Aβ1−42 oligomers, the glycine residues along the
sequence of NAC that are located in the turn regions affect
the formation of new turns/loops in Aβ1−42 that also consist of
glycine residues along the sequence. Consequently, new β-
strands are formed in Aβ1−42. We have previously shown that
Aβ oligomers that were originally based on Tycko’s model
consist of three β-strands connected by two turn regions (and
not two β-strands connected by one turn region, as expected in

the original experiment-based Aβ oligomers) in cross-seeded
amylin−Aβ1−42 oligomers.53 The new third β-strand in the
cross-seeded amylin−Aβ1−42 oligomers is located in residues
Val39−Ala42 in the C-termini of Aβ1−42. Here, in the cross-
seeded NAC−Aβ1−42 oligomers, in Tycko’s model the new
third β-strand is located in the N-terminus, residues Asp1−
Asp7 (and the new second turn is located in residues Ser8−
Gly9), as seen in Figure 6. Similarly, in the NAC−Aβ1−42
oligomers, Riek’s model of Aβ1−42 also illustrates a new β-strand
that is located in the N-terminus (residues Asp1−Asp7) and
another shorter β-strand which is located in the C-terminus of
Aβ1−42 (residues Val39−Ala42). Residues Val39−Ala42 in the
C-terminus of Aβ1−42 of Tycko’s model illustrate disordered
regions that sterically disturb the interactions between Aβ
monomers along the fibril axis and thus prevent the formation
of a β-strand (Figure S7). However, these residues in Riek’s
model illustrate a β-strand that further stabilizes the structural
stability of the cross-β structure in the cross-seeded fibrillary
state. The stabilities of these β-strands were examined using
RMSF (Figures S8 and S9) and RMSD (Figures S10 and S11)
analyses.
Interestingly, analysis of the solvation of the residues of NAC

oligomers (Figure 7) and Aβ oligomers (Figure 8) in cross-

seeded states is in accordance with the secondary structure
analysis. The domains that illustrate β-strands show relatively
low solvation because of the hydrophobic residues that form
hydrophobic cores. The turn/loop domains demonstrate

Figure 5. Secondary structures of the NAC oligomers in the NAC−Aβ
oligomers of models A1−A5 and B1−B4.

Figure 6. Secondary structures of the Aβ oligomers in the NAC−Aβ
oligomers of models A1−A5 and B1−B4. Models A1−A5 consist of
four β-strands, and models B1−B4 consist of three β-strands.

Figure 7. Average number of water molecules around each side chain
Cβ carbon (within 4 Å) for the NAC oligomers in the simulated cross-
seeded NAC−Aβ1−42 oligomers.

Figure 8. Average number of water molecules around each side chain
Cβ carbon (within 4 Å) for the Aβ oligomers in the simulated cross-
seeded NAC−Aβ oligomers.
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relatively high solvation, particularly the glycine residues in
these domains, which are known to be less solvated residues. It
is well-documented in the literature that amyloids form cross-β
structures with hydrophobic cores and that the loops are
relatively solvated and more exposed to solution.54,55 This
scenario is also seen here in the cross-seeded state of NAC−
Aβ1−42 oligomers.
Inner Core Distances of Aβ Oligomers Are Changed

Due to the Cross-Seeding NAC−Aβ Oligomers. Pre-
viously, we have shown that the inner core value of amylin and
Aβ1−42 in cross-seeded amylin1−37−Aβ1−42 oligomers is similar
to those of the separated amylin oligomers and Aβ oligomers.53

In other words, we proposed that there is no synergistic effect
of the cross-seeding on the inner core of these two amyloids.
Here, we present, for the first time, that one type of amyloid
can change the inner core of the second type of amyloid in
cross-seeding between two types of amyloids (Figure 9 and
Table S2).

The Riek group estimated the inner core distance (i.e., the
distance between the Cα atoms of Ala21 and Val36) of Aβ17−42
to be 8.0 Å. We have measured this inner core distance of Aβ
between the Cα atoms of Ala21 and Val36 for all of the cross-
seeded NAC−Aβ1−42 models (A1−A5), which are based on the
experimental model of Riek.39 Interestingly, the inner core
distances of Aβ in the single-layer conformations of cross-
seeded models A1 and A2 were decreased to 6.8 and 6.9 Å,
respectively (in comparison to the experiment-based model of
Riek). Therefore, we propose that the NAC oligomers decrease
the inner core distance of Aβ in the single-layer conformations,
probably due to the hydrophobic interactions between these
two types of amyloids. Previously, we illustrated that in cross-
seeded Aβ−Tau repeat oligomers the Aβ oligomers decrease

the inner core of some of the Tau repeat oligomers.36 However,
the inner core distances of Aβ in the double-layer
conformations of cross-seeded models A4 and A5 were only
slightly decreased to 7.8 Å and were strongly increased to 12.5
Å in model A3. Therefore, in the double-layer conformations in
which the C-termini of NAC oligomers interact with the N-
termini of Aβ (models A4 and A5), the NAC oligomers
decrease the inner core of Aβ. In contrast, only in the case
where the C-termini of NAC oligomers interact with the C-
termini of Aβ does the NAC oligomer strongly increase the
inner core distance. We therefore conclude that in most of the
cross-seeded NAC−Aβ1−42 oligomers in which Aβ is based on
the Riek model, the NAC oligomers stabilize the cross-β
structure, forming strong contacts between β-strands.
The Tycko group has proposed that the inner core distance

between the strands of Aβ9−40 is 9.5 Å, which was previously
measured to be the distance between Cα atoms of Phe19 and
Ile32 of Aβ.56 Here, we measured this distance for models B1−
B4. Interestingly, for all single- and double-layer conformations,
the inner core distances of Aβ in the cross-seeded NAC−
Aβ1−42 oligomers were increased (above 10 Å). We therefore
suggest that in the cross-seeded NAC−Aβ1−42 oligomers, in
which Aβ is based on Tycko’s model, the NAC oligomers
relatively destabilize the cross-β structure of Aβ.
Finally, we examined whether the inner core distance of

NAC oligomer is affected by the cross-seeding between the
NAC oligomer and each one of the Aβ oligomer models.
Interestingly, the inner core distances of NAC oligomers in all
models (A1−A5 and B1−B4) have not changed or changed
only slightly (6.9 ± 0.3 Å; Table S2). We therefore conclude
that each of the two experiment-based Aβ oligomers does not
affect the cross-β packing of NAC oligomers.

■ CONCLUSIONS
AS protein is an amyloid that is related to PD, and Aβ peptide
is an amyloid that is related to AD. The clinical relationship
between these two diseases has been established for over a
decade.12,57 An earlier in vitro study has shown that the NAC
domain in AS interacts with Aβ.19 Recent experimental studies
have illustrated the existence of cross-seeded NAC−Aβ
oligomers,19,58,59 but the interactions between these two types
of amyloids at atomic resolution remain unknown. A recent
computational study investigated the interactions between a
monomer of AS and a monomer of Aβ.20 This computational
study has revealed that the hydrophobic NAC domain along
the AS monomer strongly interacts with the Aβ monomer. Yet,
it is well-known that the monomer of Aβ plays significant roles
as an antioxidant60 and as a neuroprotective agent61 and that
AS monomer plays important roles in maintaining a supply of
synaptic vesicles in presynaptic terminals and regulating the
release of dopamine, a type of neurotransmitter that is critical
for controlling the starting and stopping of voluntary and
involuntary movements.62 However, AS oligomers and Aβ
oligomers are toxic species, and they play a central role in
amyloidosis. Currently, there is a lack of evidence in the
literature for the structure of cross-seeded AS−Aβ oligomers at
atomic resolution.
Since experimental evidence has shown that the NAC

domain strongly interacts with Aβ19 and that the hydrophobic
NAC domain in AS shares a similar secondary structure with
that of Aβ, we examined our NAC oligomers50 to investigate
the interactions between NAC and Aβ oligomers. The current
work is the first study to illustrate the interactions between

Figure 9. Cα−Cα backbone inner core distances for the simulated
cross-seeded NAC−Aβ oligomers. Top left: The inner core distances
(Ala21−Val36) of Aβ oligomers of models that are based on Riek’s
model. The pink line is the experiment-based inner core value of
Aβ17−42.

39 Top right: The inner core distances (Phe19−Ile32) of Aβ
oligomers of models that are based on Tycko’s model. The pink line is
the experiment-based inner core value of Aβ9−40.

40 Bottom left: The
inner core distances of NAC oligomers of models that are based on
Riek’s model. Bottom right: The inner core distances of NAC
oligomers of models that are based on Tycko’s model. The red lines in
all dotted clusters illustrate the robust mean values for each ensemble
of measurements that were taken from the last 5 ns of each simulation.
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NAC and Aβ oligomers at atomic resolution. The NAC
oligomers interacted using one of the two different ssNMR
models of Aβ oligomers: Riek’s model39 and Tycko’s model.40

Four conclusions can be drawn from this study. First, the
cross-seeded NAC−Aβ oligomers demonstrate polymorphism.
The NAC oligomers interact with Aβ oligomers (for both
ssNMR models) in various conformations: single- and double-
layer conformations. Polymorphism is a phenomenon that has
been extensively reported in various amyloids, such as AS,63,64

amylin,50 Rep-WH1,65 Tau,66 and Aβ.67,68 Our previous studies
have suggested that cross-seeding two types of amyloids, such
as mutated ΔK280 Tau R2−Aβ37 and amylin−Aβ53 oligomers,
also demonstrate polymorphism. This work illustrates that the
cross-seeded NAC−Aβ oligomers also represent polymorphic
states with a rugged landscape potential.
Second, although NAC−Aβ oligomers exhibit polymor-

phism, analysis of the populations has shown that NAC
oligomers prefer to interact with Aβ oligomers to form double-
over single-layer conformations. Previously, we have illustrated
that in ΔK280 Tau R2−Aβ oligomers the double-layer
conformations are also preferred over single-layer conforma-
tions due to the electrostatic/hydrophobic interactions between
the two types of amyloids.37 These interactions are known to
stabilize double-layer conformations that share a structural
resemblance to the K18 and K19 tau octamers.69 Interestingly,
similar interactions that stabilize the double-layer conformation
in which the N-termini of NAC oligomers interact with the C-
termini of Aβ oligomers were observed for the two
experimental-based models of Aβ oligomers, i.e., models A4
and B4 (Figure 4).
Third, in the cross-seeded NAC−Aβ oligomers, the self-

assembled NAC oligomers that consist of three β-strands
connected by two turn regions affect the secondary structure of
the self-assembled Aβ oligomers. While the experimental-based
structural models of Riek and Tycko for Aβ oligomers consist
of two β-strands connected by one turn region, in the simulated
cross-seeding NAC−Aβ oligomers, the Aβ oligomers that are
based on Riek’s model consist of four β-strands connected by
three turn regions and those that are based on Tycko’s model
consist of three β-strands connected by two turn regions.
Previously, we illustrated that the experiment-based structural
model of Tycko for Aβ oligomers in the cross-seeded amylin−
Aβ oligomers also demonstrates three β-strands connected by
two turn regions.53 We therefore propose that NAC oligomers
(similarly to amylin oligomers) induce the formation of third
and fourth β-strands in the cross-β structure of Aβ.
Interestingly, a recent experiment-based structural model of
Aβ oligomer by the Ishii group illustrated a new structure of Aβ
oligomer that consists of three β-strand connected by two turn
regions,70 similar to what we observed for Aβ oligomers of
Tycko’s model in our previous study53 and in the current study.
We present here a new Aβ oligomer that consists of four β-
strands connected by three turn regions that had been observed
for the Aβ oligomers of Riek.
Fourth, in all cross-seeded NAC−Aβ1−42 oligomers, the inner

core distance values of NAC oligomers (between the two main
longest β-strands) were not changed due to the interactions
with Aβ oligomers. However, the inner core distances of the
single-layer conformation of Aβ oligomers (both of Tycko’s and
Riek’s models) were decreased (by ∼15%), forming a more
compact stable cross-β structure due to the strong hydrophobic
interactions in the inner core domain.

The current study is focused on the coassembly pathway of
NAC and Aβ1−42 when either species is in its stable self-
assembled structure, i.e., preformed oligomeric states. Our
study shows that the coaggregation of NAC and Aβ1−42 is
thermodynamically feasible. It is important to note that other
aggregation pathways of NAC and Aβ1−42 can also be feasible,
such as disordered aggregates of both NAC and Aβ1−42 or
aggregates with interspersed NAC and Aβ1−42 units. Future
work needs to consider other coaggregation pathways of NAC
and Aβ1−42.
Our current work may provide insight into the cross-seeding

process between NAC and Aβ oligomers and thus provides
insight into the link between PD and AD. One can suggest that
in order to prevent patients with PD from developing AD or
vice versa it is important to develop a drug that takes two
strategies into consideration: (1) design a drug that will bind to
NAC/AS oligomers in order to destabilize the cross-β structure
of NAC/AS oligomers. Consequently, the NAC/AS oligomer
will not stabilize Aβ oligomers and/or the cross-seeded NAC/
AS-Aβ oligomers. Therefore, the drug will inhibit Aβ
aggregation and/or the cross-seeding NAC/AS−Aβ aggrega-
tion. (2) Design small molecules that will interact with the β-
strands of the two types of amyloids, NAC/AS and Aβ.
Consequently, these molecules will inhibit the electrostatic/
hydrophobic interactions between the NAC/AS and Aβ
oligomers.

■ METHODS
Molecular Dynamics (MD) Simulations Protocol. We con-

structed the models of NAC, Aβ, and NAC−Aβ oligomers using
Accelerys Discovery Studio software (http://accelrys.com/products/
discovery-studio/). MD simulations of the solvated oligomers were
performed in the NPT ensemble using NAMD71 with the
CHARMM27 force field.72,73 The dodecamers were energy minimized
and explicitly solvated in a TIP3P74,75 water box with a minimum
distance of 15 Å from each edge of the box. All water molecules within
2.5 Å of the dodecamers were removed. Counter ions were added at
random locations to neutralize the charge on the dodecamers. The
Langevin piston method71,76,77 with a decay period of 100 fs and a
damping time of 50 fs was used to maintain a constant pressure of 1
atm. The temperature was controlled at 330 K by a Langevin
thermostat with a damping coefficient of 10 ps.71 Short-range van der
Waals (vdW) interactions were calculated using the switching
function, with a twin range cutoff of 10.0 and 12.0 Å. Long-range
electrostatic interactions were calculated using the particle mesh Ewald
method with a cutoff of 12.0 Å.78,79 The equations of motion were
integrated using the leapfrog integrator with a step of 1 fs. The
solvated systems were energy minimized for 2000 conjugated gradient
steps, where the hydrogen-bonding distance between the β-sheets of
each dodecamer was fixed in the range 2.2−2.5 Å.

The counterions and water molecules were allowed to move. The
hydrogen atoms were constrained to the equilibrium bond by using
the SHAKE algorithm.80 The minimized solvated systems were energy
minimized for 5000 additional conjugate gradient steps and 20 000
heating steps at 250 K, with all atoms being allowed to move. Then,
the system was heated from 250 to 330 K for 300 ps and equilibrated
at 330 K for 300 ps. We ran simulations at a higher temperature than
physiological (310 K), with the aim of investigating the stability of the
constructed models. Obviously, structures that are stable at 330 K will
be also stable at lower temperatures. All simulations were run for 60
ns. These conditions were applied to test the stability of all constructed
models.

Structural Analysis Details. We examined the structural stability
of the studied oligomers by following the changes in the number of
hydrogen bonds between β-strands, with the hydrogen-bond cutoff
being set at 2.5 Å. Further structural analysis was performed by
computing the root-mean square deviations (RMSDs) and root-mean
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square fluctuations (RMSFs) and by monitoring the strand-to-strand
distance in each monomer of each simulated oligomer. We monitored
this distance by considering the distance between the Cα atoms of
Ala21 and Val36 for models A1−A5 of NAC−Aβ oligomers, whereas
for models B1−B4 of NAC−Aβ oligomers, we considered the distance
between the Cα atoms of Phe19 and Ile32. For all models (A1−A5,
B1−B4), the strand-to-strand distance of NAC was chosen as the
distance between the Cα atoms of Thr75 and Ala89. The inner core
distance for each oligomer was evaluated by measuring the
aforementioned distances for all of its monomers and averaging their
values while excluding the terminal monomers.
Secondary Structure Analysis. The location of the β-strands was

determined for each model by computing the dihedral angles Ψ and Φ
of the last 5 ns for each residue along both the Aβ and NAC oligomers.
The ranges of −60 to −160° and 90 to 170° were, respectively, defined
as the allowed values for Φ and Ψ that define a β-sheet structure.81

Generalized Born Method with Molecular Volume (GBMV).
To obtain the relative conformational energies of the studied
oligomers, the oligomer trajectories of the last 5 ns were first
extracted from the explicit MD simulation excluding water molecules.
The solvation energies of all systems were calculated using the
generalized Born method with molecular volume (GBMV).46,47 In the
GBMV calculations, the dielectric constant of water was set to 80. The
hydrophobic solvent-accessible surface area (SASA) term factor was
set to 0.005 92 kcal/(mol Å2). Each conformer was minimized using
1000 cycles, and the conformational energy was evaluated by grid-
based GBMV.
A total of 4500 conformations (500 conformations for each of the

nine examined NAC−Aβ oligomers) and 1000 conformations (500
conformations for each of the two examined Aβ oligomers) were used
to construct the energy landscape of the NAC−Aβ oligomers and to
evaluate the conformer probabilities by using Monte Carlo (MC)
simulations. In the first step, one conformation of conformer i and one
conformation of conformer j are randomly selected. Then, the
Boltzmann factor is computed as e−(Ej−Ei)/KT, where Ei and Ej are the
conformational energies evaluated using the GBMV calculations for
conformations i and j, respectively, K is the Boltzmann constant, and T
is the absolute temperature (298 K used here). If the Boltzmann factor
value is larger than the random number, then the move from
conformation i to conformation j is allowed. After 106 steps, the
conformations visited for each conformer were counted. Finally, the
relative probability of conformer n was evaluated as Pn = Nn/Ntotal,
where Pn is the population of conformer n, Nn is the total number of
conformations visited for conformer n, and Ntotal is the total steps. The
advantages of using the MC simulations to estimate conformer
probability rely on the facts that the MC simulations have good
numerical stability and allow transition probabilities among several
conformers to be controlled.
Using all nine conformers and 4500 conformations of the NAC−Aβ

oligomers generated from the MD simulations, we estimated the
overall stability and populations for each conformer based on the MD
simulations with the energy landscape computed with GBMV for all
conformers. For the complex kinetics of amyloid formation, this group
is likely to represent only a very small percentage of the ensemble.
Nevertheless, the carefully selected models cover the most likely
structures. To compare the result of the relative conformational
energies obtained from GBMV method, we used Origin Pro21 to
analyze the distribution of the conformational energies (Tables S1).
All 500 values of each conformer extracted from the last 5 ns of the
simulations were used to characterize the distribution by histograms
with a bin width of 50 kcal/mol. A single peak Gaussian function was
chosen for each simulation. This allowed us to extract the mean and
standard deviation of the solvation energies for each model that we
constructed and simulated.
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