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ABSTRACT: Recent epidemiological data have shown that patients suffering from Type 2
Diabetes Mellitus have an increased risk to develop Alzheimer’s disease and vice versa. A
possible explanation is the cross-sequence interaction between Aβ and amylin. Because the
resulting amyloid oligomers are difficult to probe in experiments, we investigate stability and
conformational changes of Aβ−amylin heteroassemblies through molecular dynamics
simulations. We find that Aβ is a good template for the growth of amylin and vice versa. We see water molecules permeate
the β-strand−turn−β-strand motif pore of the oligomers, supporting a commonly accepted mechanism for toxicity of β-rich
amyloid oligomers. Aiming for a better understanding of the physical mechanisms of cross-seeding and cell toxicity of amylin and
Aβ aggregates, our simulations also allow us to identify targets for the rational design of inhibitors against toxic fibril-like
oligomers of Aβ and amylin oligomers.
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Amyloid diseases are characterized by the presence of
extracellular or intracellular fibrous protein deposits,

known as amyloids.1,2 While the precise nature of the toxic
agents has not yet been established,3 a likely culprit are amyloid
oligomers formed from disease-specific peptides.4,3 Common
features5,4 of such oligomers are that they are cytotoxic,
recognizable by an oligomer specific antibody and rich in β-
sheets. With their fibril-like morphology they can also seed new
populations of oligomers.6−8

These commonalities in molecular structure may cause the
observed correlations between amyloid diseases. For instance,
patients with diabetes have an increased risk of developing
Alzheimer’s disease.9,10 A controlled community-based epi-
demiologic and pathological study has indicated also an
increased risk of type 2 diabetes in patients with Alzheimer’s
disease.11 In Alzheimer disease mouse models an increased
circulating Aβ level is correlated with impaired glucose/insulin
tolerance and hepatic insulin resistance.12 All these studies
suggest a bidirectional relationship between type 2 diabetes and
Alzheimer disease.13 While Alzheimer’s disease is characterized
by the aggregation and accumulation of amyloid-β (Aβ), human
amylin constitutes the major part of the pancreatic amyloid
found in patients with type 2 diabetes.14,15 One possible
explanation for the link between the two diseases is cross-
seeding, that is, the promotion of aggregation of one protein by
another protein.
Adding a preformed template to a solution of amyloidic

peptides reduces significantly the duration of lag phase in
formation of amyloid oligomers. In the case of amylin20−28 and
Aβ25−33, the large overlap (90%) in the structural proper-
ties,11,16 which both form a U-shaped β-strand−turn−β-strand
motif (Figure 1A,B), leads in vitro to formation of amyloid
heteroassemblies of Aβ and amylin.17,16 Both peptides are
found in blood and cerebrospinal fluid at similar concen-
trations,18,19 and a recent study found accumulations of mixed
amylin and Aβ aggregates in the brain of type II diabetes and

AD patients.20 Because the prefibrillar assemblies of both
amylin and Aβ destabilize synthetic phospholipid bilayers and
cell membranes, one can conjecture that amyloid hetero-
assemblies of Aβ and amylin have similar toxic properties. This
would explain the link between the two diseases.
In order to test this conjecture one needs to determine not

only the structure and stability of the Aβ and amylin amyloid
assemblies but also how they interact with cell membranes and
other molecules. A widely accepted mechanism for the
neurotoxicity21 of amyloid oligomers is that they can form
membrane or channel pores lowering the permeability barrier22

by enabling water leakage through cell membranes. Another
prominent hypothesis is that the oligomers expose hydrophobic
sites that facilitate aberrant interactions and sequestration of
other proteins, impairing their function.4 Investigating such
questions of structure, stability, and functions directly in
experiments is difficult, but atomistic mechanisms of amyloid
formation23 and growth24−27 can be modeled by molecular
dynamics simulations and compared with experimental
measurements.28 Examples of such computational studies are
recent investigations of amyloid heteroassociation between Aβ
and tau fibrils. These studies suggest that the U-turn-based
structural core of tau filaments promotes cross-interaction with
the amyloid-β peptide, demonstrating the possibility of cross-
seeding between nonhomologous proteins.29,30 In this article,
we examine the cross-seeding between amylin and Aβ, using
molecular dynamics simulations on octamer oligomer of
amylin, Aβ, and a mixture of both peptides (four strands
from each), respectively. Our simulations test whether the U-
shaped fibril model represents the molecular structure of the
cross-seeded Aβ−amylin assemblies, and the role of the
different structural elements of the U-shaped β-strand−
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turn−β-strand motif for the stability and conformational
dynamics of the Aβ−amylin assembly. These stability
investigations are complemented by ones that probe whether
water molecules can penetrate their β-strand−turn−β-strand
motif pore, that is, whether Aβ−amylin assemblies can lead to
water leakage through cell membranes, the commonly accepted
mechanism of toxicity. While the purpose of this article is to
add to a better understanding of the physical mechanism of
cross-seeding between amylin and Aβ and of the mechanism for
the cell toxicity of the resulting oligomers, it also points to the
β1 and β2 regions as potential targets for the design of
aggregation inhibitors.31,32

■ RESULTS AND DISCUSSIONS

Structural Stability of Self- and Cross-Seeded
Oligomers. An overall picture of the conformational changes
over the course of the simulation can be gained by comparing
the average structures with the initial one. The average
structure is calculated from the position of all heavy atoms of
the protein over the 300 ns molecular dynamics trajectories
using the program g_covar of the Gromacs 4.5.3 package. The
so-calculated average structures and their Cα-RMSD (root-
mean-square deviation) values with respect to the initial
structures (Figure 2) show that the U-shaped conformation
of the octameric oligomers is retained. Among the three
octamers, amylin is the most stable system. It has the lowest
Cα-RMSD, with an average ⟨RMSD⟩ in the range of 2.2−3.1 Å.
Conformational drifts are observed only for the outer strands in
the Aβ15−40 and Aβ15−40|amylin10−35 heteroassemblies leading to
average ⟨RMSD⟩ of 4.3−5.1 and 4.1−5.1, respectively. This
picture is supported also by average root-mean-square
fluctuations calculated either for each residue or for each single
strand and shown in Figure S1, Supporting Information. The
residues with larger backbone root-mean-square fluctuation
(RMSF) values have increased average solvent accessible
surface area (SASA) values as calculated by the standard
Gromacs tool g_sas. This suggests that they are exposed to the
solvent to a larger degree (Figure 3A−C). Especially, the
residues from the inner strands are less solvent-exposed than
those of the more flexible outer strands. The central residues in
the N terminal (residues 17−21 for Aβ and residues 12−16 for
amylin) and C terminal residues (residues 30−35 for Aβ and
residues 25−30 for amylin) have much smaller mean solvent
exposure than edge strands; that is, they remain inaccessible

(Figure 3A−C) to the solvent during the whole simulations.
The RMSF and SASA values for the Aβ15−40|amylin10−35
heteroassemblies (Figure S1C, Supporting Information, and
Figure 3C) signal that the chains at the border between amylin
and Aβ change their configuration to enhance favorable
interactions between them (i.e., the amylin strands at the
interface have C-terminal RMSF values of about 4 Å compared
with about 2 Å in the amylin octamer). This structural
adjustment observed at the interface between amylin and Aβ,
two peptides with different side-chain packing, is in agreement
to previous experimental observation on heteroassembly of
amyloid fibrils.33,34

Hydrogen Bond Analysis. The differences in stability
between the three studied octamers result from differences in
the association forces that keep them together. Especially
important here are hydrogen bonds as the architecture of the

Figure 1. Sequence and structure of the amylin and Aβ1−40 domains involved in cross-seeding. (A) Sequences of Aβ1−40 and amylin. Identical
residues are indicated in red and similar residues in blue.17 (B) Domains involved in heteroassociation based on structural models of amylin38 and Aβ
fibril models.62 The green lines illustrate hydrophobic interactions. (C) Face-to-face hydrophobic contacts between residues L17/V36, F19/L34, and
A21/I32 of Aβ and (D) Face-to-face hydrophobic contacts between residues N14/T30, L16/S28, and H18/I26 for amylin. Residues at the N-terminus are
colored red and their C-terminal partners in blue.

Figure 2. Average structures and Cα root-mean-square deviations
(RMSDs) with respect to the corresponding minimized start
configurations. Cartoon representation of the initial (green) and
averaged structures (red) from three independent trajectories over 300
ns simulation of (A) Aβ15−40 octamers; (B) amylin10−30 octamers; and
(C) Aβ15−40|amylin15−35 octamers. Averaged RMSD values calculated
for each peptide with respect to the start configurations are included in
parentheses. Major differences between the average and initial
structures are highlighted by black arrows pointing out the flexible
edge strands.
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amyloid fibrils dependent strongly on an array of inter
backbone hydrogen bonds between the β-strands within the
core of the fibril.35,2

The total number of hydrogen bonds (main chain and sides
chains) is shown in Figure 4 for all three oligomers. The
corresponding numbers for the key segments (the C terminal,
loop, and N terminal regions) are shown in Supplemental
Figure S2, Supporting Information. The average number of
main chain to main chain hydrogen bonds in the β1 and β2
regions of the Aβ15−40, amylin10−35, and Aβ15−40|amylin10−35
oligomers differ little when the less stable terminal chains 1 and

8 are excluded. Because the U-shaped motif is retained in all
three octamers, this indicates inter- and intramolecular main
chain hydrogen bonds play a significant role in stabilizing this
structure. The number of hydrogen bonds per residue is smaller
in the loop region than in the β regions making this region
more flexible and less stable (Figure S2, Supporting
Information). Aβ15−40 lacks side chain to side chain hydrogen
bonds in both β regions while in amylin10−35 such side chain to
side chain hydrogen bonds help to retain the U-shaped
geometry of the amylin oligomer. While the total number of
main chain to main chain hydrogen bonds (which is directly

Figure 3. Average solvent accessible surface area (SASA) of the three octamers. The average SASA per strand for Aβ15−40 (A), amylin10−35 (B), and
Aβ15−40|amylin15−35 (C) octamers. Chain 1, red; chain 4, blue; chain 5, green; and chain 8, cyan. Chain 2, 6, and 7 have SASA values similar to chains
4 and 5, and they are not shown to simplify the figure.

Figure 4. Average numbers of main chain and side chain hydrogen bonds in β-strand−loop−β-strand regions of the three oligomers: (A) total
number of main chain hydrogen bonds; (B) total number of side chain hydrogen bonds. Legend: Ab = Aβ15−40, Ay = amylin10−35, AbH = Aβ15−40
part of the heteroassembly system, and AyH = amylin10−35 part of the heteroassembly system.
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related to in-register hydrogen bonds) is similar in all the three
systems, the total number of side chain to side chain hydrogen
bonds is larger in amylin10−35 than for both Aβ15−40 and
Aβ15−40|amylin10−35. Hence, the lack of strong side chain
hydrogen bonds in Aβ15−40 and Aβ15−40|amylin10−35 and their
presence in amylin10−35 indicate that such side chain hydrogen
bonds contribute to the better retention of the U-shaped
geometry in amylin10−35, as has been reported previously.36

Hydrophobic Interactions and Oligomer Stability.
Besides hydrogen bonds, the U-shaped conformations of
amylin37,38 and Aβ39,32 are stabilized by interpeptide hydro-
phobic interactions of hydrophobic residues. For this reason,
we have also monitored for the three octamers the interpeptide
hydrophobic interactions between adjacent residues in the
L13ANFL17 and A25ILSS29 region of amylin and those in the
hydrophobic residues L17VFFA21 and A30IIGL34 in Aβ.
Measurements of solvent accessible surface area and root-
mean-square fluctuations (Figure 3 and Figure S1, Supporting
Information) show that these regions are more stable than the
other parts. The hydrophobic contacts between selected
adjacent residues in these hydrophobic regions are shown in

Table 1. The interstrand hydrophobic side chain contacts for
Aβ15−40 are measured between F20 and F20, I32 and I32, and V36

and V36 of each strand and the adjacent successive once. In the
case of amylin, the distances between F15 and F15, I26 and I26,
and V32 and V32 are measured. Correspondingly, in the Aβ15−40|
amylin10−35 oligomer, it is measured based on a combination of
the above interactions. The hydrophobic phenylalanine,
isoleucine, and valine interstrand contacts are retained in the
simulation of the core of both the Aβ15−40 and amylin10−35
octamers, with distances ranging from 4.5 to 5 Å, close to the
experimental results of 4.8 Å for amyloid fibrils32 and
oligomers.6,32

The F15−F15, F15−F20, and F20−F20 residues (Table 1) in the
β1 regions of the Aβ15−40|amylin10−35 oligomer are within 4.5 to
5 Å of each other. This includes the F15−F20 contacts at the
interface between amylin and Aβ. A similar result is also
observed for adjacent I26−I26, I32−I32, V32−V32, and V36−V36

residues within β2 regions. On the other hand, the hydrophobic
contacts between adjacent I26−I32 and V32−V36 residues at the
interface between Aβ and amylin (where there is a larger degree
of sequence dissimilarity) in the β2 regions of Aβ15−40|

Table 2. Face-to-Face Hydrophobic Contact Distances of Aβ15‑40, Amylin15‑35 and Their Cross-Seeded Oligomers (Aβ15‑40|
Amylin15‑35)

Aβ oligomer Aβ oligomer Aβ oligomer

L17/V36
a

contacts run 1 run 2 run 3
F19/L34

a

contacts run 1 run 2 run 3
A21/I32

a

contacts run 1 run 2 run 3

chain 2 9.4(0.7) 9.2(0.6) 9.8(1.0) chain 2 10.9(0.9) 11.2(0.6) 10.9(0.8) chain 2 10.7(0.9) 13.2(0.7) 10.8(1.3)

chain 3 8.6(0.7) 8.1(0.6) 9.6(0.6) chain 3 10.3(0.5) 10.5(0.5) 10.5(0.8) chain 3 10.8(0.5) 10.5(0.7) 10.6(0.8)

chain 4 8.1(1.2) 7.4(0.7) 9.0(0.6) chain 4 10.0(0.5) 10.3(0.5) 10.3(0.5) chain 4 11.5(0.6) 11.3(0.6) 11.1(0.6)

chain 5 6.7(0.3) 7.1(0.6) 7.9(0.6) chain 5 9.4(0.4) 9.8(0.5) 10.1(0.5) chain 5 11.9(0.6) 11.6(0.6) 11.6(0.5)

chain 6 7.1(0.4) 6.9(0.3) 6.9(0.3) chain 6 9.3(0.5) 9.3(0.4) 9.5(0.4) chain 6 11.7(0.6) 11.5(0.6) 11.6(0.5)

chain 7 9.1(0.7) 6.9(0.4) 7.1(0.5) chain 7 10.5(0.7) 9.2(0.4) 9.3(0.6) chain 7 11.9(0.9) 11.4(0.6) 10.9(0.7)

mean ± SD 8.1 ± 1.1 7.6 ± 0.9 8.4 ± 1.3 mean ±
SD

10.1 ± 0.2 10.1 ± 0.8 10.1 ± 0.6 mean ±
SD

11.4 ± 0.5 11.6 ± 0.9 11.1 ± 0.4

amylin oligomer amylin oligomer amylin oligomer

N14/T30
a

contacts run 1 run 2 run 3
L16/S28

a

contacts run 1 run 2 run 3
H18/I26

a

contacts run 1 run 2 run 3

chain 2 7.3(0.4) 7.8(0.4) 6.4(0.2) chain 2 8.1(0.4) 9.1(0.4) 6.8(0.2) chain 2 8.8(0.5) 8.8(0.4) 8.8(0.3)

chain 3 7.5(0.5) 8.0(0.4) 6.4(0.2) chain 3 8.6(0.5) 9.2(0.4) 6.7(0.2) chain 3 8.5(0.5) 8.8(0.4) 9.2(0.3)

chain 4 7.7(0.5) 7.9(0.3) 6.5(0.3) chain 4 8.9(0.6) 9.1(0.4) 7.0(0.4) chain 4 8.8(0.5) 8.9(0.4) 9.0(0.3)

chain 5 7.6(0.4) 8.0(0.3) 6.9(0.4) chain 5 9.3(0.6) 9.0(0.4) 7.2(0.5) chain 5 9.6(0.7) 8.7(0.4) 8.8(0.3)

chain 6 7.6(0.4) 7.8(0.4) 6.4(0.4) chain 6 9.8(0.7) 9.0(0.5) 7.0(0.5) chain 6 10.1(0.7) 8.6(0.6) 9.1(0.3)

chain 7 7.7(0.4) 7.7(0.4) 6.4(0.5) chain 7 10.6(0.5) 9.1(0.8) 7.2(0.8) chain 7 9.8(0.6) 8.9(0.7) 9.0(0.4)

mean ± SD 7.6 ± 0.1 7.9 ± 0.1 6.5 ± 0.2 mean ± SD 9.3 ± 0.9 9.1 ± 0.1 7.0 ± 0.2 mean ± SD 9.3 ± 0.6 8.8 ± 0.1 9.0 ± 0.2

Aβ−amylin heteroassembly, Aβ Aβ−amylin heteroassembly, Aβ Aβ−amylin heteroassembly, Aβ

L17/V36
a

contacts run 1 run 2 run 3
F19/L34

a

contacts run 1 run 2 run 3
A21/I32

a

contacts run 1 run 2 run 3

chain 2 12.1(0.7) 11.2(0.5) 11.4(0.4) chain 2 10.5(1.2) 10.3(1.1) 11.7(0.9) chain 2 10.4(0.9) 11.5(0.7) 10.1(0.8)

chain 3 10.8(0.5) 11.9(0.7) 9.8(0.4) chain 3 9.3(0.4) 9.7(0.6) 10.5(0.6) chain 3 11.3(0.5) 11.8(0.5) 10.2(0.7)

chain 4 6.1(0.3) 8.2(0.7) 6.0(0.3) chain 4 9.4(0.4) 9.4(0.5) 9.2(0.5) chain 4 11.3(0.6) 11.4(0.5) 10.8(0.5)

mean ±
SD

9.7 ± 3.2 10.4 ± 2.0 9.1 ± 2.75 mean ±
SD

9.6 ± 0.4 9.8 ± 0.5 10.5 ± 1.3 mean ±
SD

11.0 ± 0.5 11.6 ± 0.2 10.4 ± 0.4

Aβ−amylin heteroassembly, amylin Aβ−amylin heteroassembly, amylin Aβ−amylin heteroassembly, amylin

N14/T30
a

contacts run 1 run 2 run 3
L16/S28

a

contacts run 1 run 2 run 3
H18/I26

a

contacts run 1 run 2 run 3

chain 5 10.6(0.8) 10.1(0.7) 9.4(0.4) chain 5 12.1(0.7) 11.2(0.5) 11.4(0.4) chain 5 10.0(0.6) 7.1(0.40) 9.3(0.6)

chain 6 7.7(0.4) 9.0(0.5) 7.6(0.6) chain 6 10.8(0.5) 11.9(0.7) 9.8(0.4) chain 6 8.6(0.5) 10.2(0.5) 8.8(0.4)

chain 7 6.4(0.3) 8.3(0.4) 6.4(0.3) chain 7 6.1(0.3) 8.2(0.7) 6.0(0.3) chain 7 8.6(0.4) 9.3(0.6) 8.7(0.4)

mean ±
SD

8.2 ± 2.1 9.2 ± 0.9 7.8 ± 1.5 mean ±
SD

9.6 ± 3.2 10.4 ± 1.9 9.1 ± 2.7 mean ±
SD

9.1 ± 0.8 8.9 ± 1.6 8.9 ± 0.3

aHydrophobic contact of Cα- Cα distances (Å) between the residues L17/V36, F19/L34 and A21/I32 of Aβ and N14/T30, L16/S28 and H18/I26 of amylin
and their heteroassembly. Values are shown after excluding peptides chains 1 and 8.
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amylin10−35 oligomer are larger than the expected distance of
about 5 Å. The average distance between such pairs of residues
is more than 6.5 and 7 Å, respectively. These distances suggests
that a combination of stable hydrophobic contacts in the β1
regions and a more flexible hydrophobic contact in the β2
regions is necessary to accommodate side-chain packing
between the two peptides in the heteroassemblies.
Face-to-Face Hydrophobic Contacts Inside the Interi-

or of the Oligomers. Face-to-face interactions between β-
sheets are common in proteins and amyloids. They involve
hydrophobic surfaces with good shape complementarity that
are held together through van der Waals and hydrophobic
interactions. Such hydrophobic contacts often involve large,
branched, nonpolar side chains of valine, leucine, isoleucine,
and phenylalanine, because they can provide large hydrophobic
areas that maximize interactions. However, polar residues such
as tyrosine, tryptophan, serine, and threonine can also
participate.40 For this reason, we have monitored the
hydrophobic contact between residues V36/L17, L34/F19, and
I32/A21 of Aβ and T30/N14, S28/L16, and I26/H18 for amylin
(Figure 1C,D). These contacts are calculated also in the
heteroassembly, and the results are shown in Table 2. After
excluding the terminal strands, the average distances between
the two β-sheets within the β1 and β2 regions of oligomers are
within 7.5 to 11 Å (Table 2). These distances are measured
between the residues involved in the face-to-face hydrophobic
contacts and are in agreement with experimental results, 8−11
Å.41 Hence, in all three oligomers, the core and the β-strand−
turn−β-strand motif are stabilized by such face-to-face
hydrophobic interactions. The distance between the two β-
sheets is about 10 Å for the Aβ octamer, while in amylin the
distances are smaller by 1−2 Å. However, in the cross-seeded
Aβ15−40|amylin10−35 octamers, the amylin strand at the interface
between Aβ and amylin chains has face-to-face hydrophobic
distances of 10 Å indicating that at the interface the interaction

of Aβ and amylin chains requires structural flexibility and
conformational adaptation for better shape complementary.

Salt Bridge Analysis for the Aβ Self-Seeding and Its
Cross-Seeding with Amylin. It has been proposed that the
loop region connecting the two β-sheets of the U turn or (β
arch) model of Aβ are stabilized by a salt bridge between D23
and K28

42,32 that prevents larger backbone motions. Hence, we
also probe the effect of the salt bridge on the stability of the
aggregates on the Aβ and its hetero-octamer assemblies. The
salt bridge distance is calculated as the averaged distance of the
CO bonds of the carboxyl group of D23 to the N atom of the
NH3

+ in K28 of the intrachain salt bridge (D23
n/K28

n) or the
interchain salt−bridge (D23

n/K28
n+1) as the carboxylate group of

D23
n dynamically relocates between the amine groups of

adjacent K28
n or K28

n+1 residues.32,43 In agreement with previous
simulations of the pentamer Aβ15−40,

32 we observe that the
Aβ15−40 octamers form more stable interchain salt bridges than
intrachain salt bridges. Note that the edge peptides at the ends
of the oligomer are excluded, because they are highly flexible.
The interchain and intrachain salt bridge in the Aβ15−40|
amylin15−35 heteroassembly from the Aβ15−40 tetramer portion
also forms a stable inner salt bridge, with strong intrachain salt
bridge (Figure S3, Supporting Information). Hence, the
presence of these salt bridges is important for stabilizing the
hydration cavity not only of the Aβ15−40 octamers but also of
the cross-seeded Aβ15−40|amylin15−30 heteroassembly.

The MM-PBSA Binding Free Energies for Tetramer-
Tetramer Association. The binding free energy between the
two tetramers for the octameric oligomers is calculated
according to the thermodynamic cycle shown in Figure S4,
Supporting Information, using the MM-PBSA approach.11,28

This approach is computationally less expensive than
thermodynamic integration or free energy perturbation
methods because it evaluates only the bound and unbound
states.44 However, because the approach does not take into

Table 3. The Binding Energy of Tetramer-to-Tetramer Interactions of the Octameric Oligomers and Contributions of
Solvation, van der Waals, and Electrostatic Interactions Using the Single Trajectory MM-PBSA Methoda

⟨ΔEvdw⟩ ⟨ΔEele⟩ ⟨ΔGPB⟩ ⟨ΔGSA⟩ ⟨ΔGsolv⟩ ⟨ΔGbinding⟩

Aβ15−40 traj 1 −135.4 −24.6 43.1 −11.2 31.8 −128.3
traj 2 −126.4 −39.9 49.9 −10.9 38.9 −127.3
traj 3 −130.3 −48.6 60.0 −11.4 48.7 −130.2
traj 4 −132.6 −62.5 67.6 −11.3 56.3 −138.8
mean valueb −131.2 −43.9 55.1 −11.2 43.9 −131.1
SDc 3.8 15.9 10.9 0.2 10.8 5.3

amylin15−30 traj 1 −140.1 126.1 −104.6 −10.9 −115.6 −129.6
traj 2 −138.2 144.8 −119.6 −10.9 −130.5 −123.5
traj 3 −140.5 135.9 −111.5 −11.1 −122.5 −127.1
traj 4 −141.2 146.9 −123.3 −10.8 −134.1 −128.4
mean valueb −140.0 138.4 −114.7 −10.9 −125.7 −127.2
SDc 1.1 8.21 7.2 0.1 7.2 2.3

Aβ15−40|amylin15−30 traj 1 −122.7 −15.4 59.5 −10.5 46.9 −91.1
traj 2 −122.6 −23.7 68.4 −10.5 57.9 −88.3
traj 3 −135.5 −35.6 82.7 −11.2 71.4 −99.7
traj 4 −122.3 −37.6 83.2 −10.9 72.2 −87.7
mean valueb −125.8 −28.1 73.4 −10.8 62.1 −91.7
SDc 6.5 10.4 11.6 0.4 12.1 5.5

aΔEele, non-solvent electrostatic potential energy; ΔGPB, electrostatic contributions to the solvation free energy calculated with Poisson−Boltzmann
equation; GSA, nonpolar contributions to solvation free energy; ΔEvdw, van der Waals potential energy; ΔGbinding, calculated binding, and ΔGsolv are
total solvation energies. Data are shown as mean with the standard deviation (SD) in brackets. ΔGbinding = ΔEvdw + ΔEele + ΔGsolv; ΔGsolv = ΔGPB +
ΔGSA.

bMean values are calculated from the four trajectories for each model resulting from two independent simulations. cThe standard deviation
(SD) therefore describes the deviation between the four independent simulations. Results are averages over four MD runs.
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account explicitly water and ions but models their effects by a
continuum approach, its application is limited to systems
without high charges where screening by water and ions is less
critical. Furthermore, entropic contributions due to the release
or trapping of water or ions are neglected in this approach.
Despite these and other limitations, MM-PBSA, can yield
reasonable approximations of relative binding energies for
protein-to-protein association.45,46 In our case, we generate
1250 equally spaced snapshots of each complex (every 40 ps)
from the molecular dynamics trajectories, and all water
molecules and counterions were removed before MM-PBSA
calculations with the MMPBSA.py script in AMBER11. The
solute entropic contributions (TΔS) have not been calculated
since they cannot be estimated sufficiently accurately and their
contribution to the total energy difference is small compared
with the term that results from conformational changes.47,48

The total binding free energy for all three octamers is
negative, that is, favors the stability of the aggregates over that
of separated tetramers. We have listed in Table 3 both the total
binding energies and their components. This separation into
components can help us to understand the contributions of
electrostatic, van der Waals, polar, and nonpolar interactions in
stabilizing of oligomers. The electrostatic energy of Aβ15−40 and
Aβ15−40|amylin10−35 oligomers is negative and favors the
stability of the complex, but it is positive and therefore
destabilizing for the amylin10−35 octamer. Absolute values of the
van der Waals interaction are larger than the electrostatic
contributions, and negative for all three systems. Hence, the van
der Waals interaction contribution to the stability of the
oligomers is significantly favorable. The nonpolar solvation
contributions also favor the octamer in all three cases; however,
the larger polar solvation energy turns the total solvation energy
of the Aβ15−40 and Aβ15−40|amylin10−35 octamers positive, that
is, destabilizes them, while it is negative and stabilizing for the
amylin10−35 complex.

A decomposition of the free energies according to residues
points to several amino acids as key contributors to the overall
binding energy. Figure 5 and Figure S5, Supporting
Information, display the residues that make significant favorable
or unfavorable contributions to the van der Waals and
electrostatic binding free energy of the two monomers at
strands 4 and 5 of the octamers. The residues with the most
favorable van der Waals interaction contributions to the
binding free energy between the two chains are in the β1 and
β2 regions (that is, L13ANFL17 in the β1 region and A25ILSS29 in
β2 region of amylin, L17VFFA21 in the β1 region and A30IIGL34
in the β2 region in Aβ, and L13ANFL17 in the β1 region and
A25ILSS29 in in the β2 region of amylin and L17VFFA21 in the β1
region and A30IIGL34 in the β2 region in Aβ of the Aβ−amylin
heteroassembly). This observation agrees with the hydrogen
bond network and hydrophobic contacts observed in Figure 4
and Table 1. Note also that the charged residues involved in the
salt bridge in Aβ15−40 and Aβ15−40|amylin10−35 heteroassemblies
(D24−K28 and E23−K28) contribute favorably to the backbone
and side-chain van der Waals term in the binding free energy.
The total per residue decomposition of electrostatic

interaction for strands 4 and 5 of the octamers is shown in
Figure S5, Supporting Information. Residues that contribute
most to the electrostatic interaction in Aβ15−40 include the
charged residues Q15, K16, E23, D24, and K28. The E23 and D24
residues involved in salt bridge with K28 have an electrostatic
interaction opposite to the contribution of K28, which has been
observed also in previous simulations.49 The neighboring K16
disfavors oligomerization because of the unfavorable vicinity to
the positively charged side chain amino groups, but the major
unfavorable per residue electrostatic interaction in amylin
oligomers is from R11. The adjacent positively charged side
chain amino leads to a positive electrostatic interaction term for
the tetramer-to-tetramer binding energy term of amylin (see
Table 3). This unfavorable electrostatic contribution of the R11

Figure 5. van der Waals contributions to the binding free energy from interactions between the interface strands in each of the three oligomers: (A)
strand 4 of Aβ15−40; (B) strand 5 of Aβ15−40; (C) strand 4 of amylin15−35; (D) strand 5 of amylin15−35; (E) strand 4 (Aβ15−40) of Aβ15−40|amylin15−35;
(F) strand 4 (amylin15−35) of Aβ15−40|amylin15−35.
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from the amylin strand is suppressed at the interface of the
Aβ15−40|amylin10−35 heteroassembly (see Figure S5, Supporting
Information) leading to an overall negative electrostatic
interaction term for the tetramer-to-tetramer binding energy
term of amylin (see Table 3).
The binding free energy of Aβ15−40, amylin10−35, and Aβ15−40|

amylin10−35 heteroassemblies over the constituting tetramers
indicates that the nonpolar electrostatic and van der Waals
terms are favorable. On the other hand, the intermolecular
electrostatic and the electrostatic solvation terms cancel each
other and contribute little to the association of the three
oligomer systems. The per-residue energy decomposition of the
nonpolar van der Waals interactions shows that the stabilizing
contributions come from hydrophobic residues that are
involved in the face-to-face intrastrand and interstrand
interactions of all three oligomers (i.e., L17, F19, F20, I32, I34,
and V36 in Aβ15−40; N14, F15, L16, L17, H18, I26, S28, T30 and V32 in
amylin10−35; combination of these key amino acids in the
Aβ15−40|amylin10−35 heteroassembly) through nonpolar contacts
between main chains and side chains.
Interior Water Channels of the Octameric Oligomers

and Toxicity. All three octamer oligomer simulations start
without waters molecules inside the β-strand−turn−β-strand
motif. However, during the course of the simulation, we
observe that water molecules permeate the interior of the
complexes. A snapshot from an early part of the production
simulation illustrates that water molecules quickly and deeply
penetrate into the interior of the oligomers (Figure 6). This
points to water leakage through cell membranes as the cause for
toxicity of β-rich amyloid oligomers. Note that our results here
differ from previous studies of infinitely long fibrils where water
molecules were absent in the interior. The difference is likely
due to the slow equilibration between interior water and the
bulk phase43,50 because in molecular dynamics simulations of
finite Aβ fibril segments, internal water molecules were also
present.43,51

The number of water molecules inside the β-strand−turn−β-
strand motif pore of the oligomers is plotted in Figure 7 over

the course of the molecular dynamics trajectory. An internal
water channel for the Aβ is found in the vicinity of the loop
region of the D23−K28 salt-bridges (A21, D23, K28, A30, and I32).
On the other hand, the loop region in amylin formed by H18−
N23 is devoid of water molecules as was observed also in a
recent simulation by Liang et al.37 Our simulations show that
water molecules enter into polar cavities (internal polar side
chains or ionizable groups) around the polar amino acids N14,
L16, S28, and T30 (Figure 7) instead of the loop region of amylin,
which is rich in hydrophobic amino acids. This is consistent
with a recent study,52 which showed that the water content in
the protein interior can be modulated by the polarity of the
protein cavity. The average number of internal waters differs for
the three oligomers. We find about 30 molecules of water in
Aβ15−40, about 20 water molecules in Aβ15−40|amylin15−35
heteroassembly, but only around 15 water molecules in the
amylin15−35 oligomer.

Figure 6. Snapshots of water molecules in the interior hydration cavity of the start octamer configurations: (A) Aβ15−40, (B) amylin15−35, and (C)
Aβ15−40|amylin15−35). The water molecules are white and red colored. Residues that interact with water molecules in Aβ15−40 (panel A, between D23
and K28 shown within the circle in blue stick representation), amylin15−35 (panel B, between N14, S28, and T30 shown within the circle in blue stick
representation), and Aβ15−40|amylin15−35 cross-seeding (panel C, between D23 and K28 for Aβ15−40 and between N14, S28, and T30 shown within the
circle in stick for amylin15−35) are indicated.

Figure 7. Time-averaged numbers of internal water molecules.
Average number of water molecules in the inner cavity of (Abeta)
Aβ15−40, (Amylin) amylin10−35, and (Ab-Amylin) Aβ15−40|amylin15−35.
The averages are over all three trajectories.
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The location in the β-strand−turn−β-strand motif, where
water molecules are present, differs among the three octamers.
In the Aβ octamer, water molecules are located around the loop
region, while in amylin they are found in the middle of the two
β-stands. This difference in the location of the water cavity
determines the flow of the water molecules across the cross-
seeded oligomer, especially at the border. Here, water coming
from the loop region of Aβ encounters the hydrophobic loop
region of amylin. Such interfacial interaction will affect the
stability of strand-to-strand association at this particular
location as is evident in the RMSF and SASA and hydrophobic
contacts (Figure 3, Figure S1, Supporting Information, and
Table 1, respectively). However, despite the difference in the
location of hydration cavity in the heteroassembly, we observe
still a flow of water molecules from one side into the other.
This suggests flow of water and electrolyte through the pore as
a possible common toxicity mechanism, because the stability of
the oligomers in our simulations indicates that Aβ and amylin
can cross-seed to form structures capable of inserting into
membranes. Hence, our results suggest cross-sequence
interaction between Aβ and amylin as the apparent link
between Alzheimer’s disease and type II diabetes.

■ CONCLUSIONS
We have reported results from long constant temperature
molecular dynamics simulations of preformed octamers
(amylin10−35, Aβ15−40, and a heteroassembly of both amylin10−35
and Aβ15−40) in explicit solvent. Our analysis shows that with
the exception of the edge strands, the individual chains in all
three octamers retain a β-strand−turn−β-strand motif under
physiological conditions. Throughout the whole trajectories,
the oligomers are characterized by close hydrophobic packing
at the N-terminus, fluctuations in the loop region, moderate
flexibility in the C-terminal region, and larger flexibility in the
outer layer strands of Aβ15−40 and amylin10−35 chains. All three
octamers keep the network of hydrogen bonds and the
interstrand and intrastrand hydrophobic contacts that stabilize
the U-shaped start configurations. This highlights the
importance of hydrophobic interactions and the highly
organized interstrand hydrogen bonding in conferring stability
to an octamer. Our results also demonstrate the need to
monitor the underappreciated face-to-face hydrophobic inter-
actions for probing dynamics in the internal structure. The
distance between the two β-sheets is about 2 Å smaller in the
amylin octamer than in the amylin strand at the interface
between Aβ and amylin chains in the cross-seeded Aβ15−40|
amylin10−35 octamers. This smaller distance indicates that the
interaction of the two peptides at the interface requires
structural flexibility and conformational adaptation for better
shape complementarity. Note that despite their sequence
dissimilarity the Aβ and amylin chains maintain even in the
mixed Aβ15−40|amylin10−35 oligomer their initial U-shaped motif
without distortion (except for the terminal strands 1 and 8).
MM-PBSA calculations show that the Aβ15−40|amylin15−35,
amylin10−35, and Aβ15−40 octamers are favored over the
corresponding systems of two separated tetramers by average
interaction energies of −91.70, −127.16, and −131 (kcal/mol).
Even accounting for limited accuracy of MM-PBSA calcu-
lations, these numbers show that lateral growth is favorable for
both self- and cross-seeded oligomers. The favorable free
energy of the cross-seeded oligomer results from changes in
side-chain packing (as can be seen from the per residue
decomposition of energy terms) in the flexible C-terminal

region that allow the peptides at the border between Aβ and
amylin chains to adopt configurations that stabilize the
heteroassembly. Note that by design our stability analysis
cannot give any information on whether Aβ seeds amylin or
vice versa. According to Nuallian et al.,16 Aβ fibrils seeded
amylin efficiently but amylin was less efficient in seeding the
growth of Aβ aggregates. Our simulations only indicate the
stability of such aggregates that are also observed exper-
imentally in the brain−blood vessel of both of demented
diabetics and late onset Alzheimer’s Disease nondiabetic
patients.20

The characterization of toxic soluble oligomeric intermedi-
ates is a challenge because of their transient nature, small sizes,
and heterogeneous morphologies.53 Several structural models
have been suggested for amyloid oligomers including annular or
β-barrel,53 cylindrin,6 and parallel in-register β-sheet. Recent X-
ray diffraction and electron microscopy studies evidenced that
laterally associated fibril filaments of Aβ can wrap around
forming a hole along the axis of assembly. All these models of
amyloid-β fibrillar oligomers have in common that they form
pore-like structures believed to be essential for their toxicity.
Our recent simulations on small hydrophobic cylindrins
revealed water molecules entering into the interior channel
that might lead to leakage upon insertion into the membrane.47

On the other hand, a recent study on the mechanism of
membrane insertion of toxic fibrils like Aβ suggests that a U-
shaped trimer is the minimum oligomer size for effective
insertion to membrane and its toxicity.54 Note that while a
recent NMR study has reported partial helical structures for
dissolved amylin peptides, these early helical intermediates
convert into β structures upon binding to membrane.55

Computational studies by Jang et al. of the interactions of
lipid bilayer with preformed Aβ protofilaments54 found U-
shaped Aβ oligomers in both aqueous solution and membrane.
Another simulation study56 of Aβ-monomer and Aβ-dimers
bound to a membrane model starting from an initial helical
peptide conformation showed again β-hairpin motif formation.
These studies suggest that Aβ aggregates in lipid bilayers adopt
a structure similar to that in aqueous medium and especially
that the U-shaped motif is preserved. In the present
simulations, all three oligomers retain their fibril-like U-shaped
structure, and water molecules are found to pass through
hydration channels. In Aβ, these are located around the loop
region, while in amylin, the water molecules are found in the
middle of the two β-stands near a group of polar amino acids
whose side chains point toward the interior of the oligomer
cavity (N14, S28, and T30). Despite the different locations of the
hydration channels in Aβ15−40 octamers and amylin10−35
octamers, we find a flow of internal water molecules from
amylin10−35 side into the Aβ15−40 in the cross-seeded Aβ15−40|
amylin15−35 octamer.
The presence of a hydration cavity and the maintenance of

U-shaped structure in by the fibril-like octamers suggest as a
common toxicity mechanism, the leakage of water and
electrolyte through the pore in the various assemblies of
amyloid peptides, both homo-oligomers and cross-seeded
hetero-oligomers. Our simulation indicates that the hydro-
phobic core comprising the β1 and β2 regions of the cross-
seeded model is crucial for the stability and elongation of the
aggregate. These regions should therefore be considered as
potential targets for structure-based design of aggregation
inhibitors.57,58
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■ METHODS
Construction of the Fibril-like Oligomer Models. It is known

from NMR studies that Aβ fibers of various Aβ oligomers59 share a U-
shaped motif where two β-strand segments (residues 10−24 and 30−
40) are joined by a U-turn and stabilized by interior salt bridges
between residues D23 and K28.

60,42 Amylin has a similar β-strand−
loop−β-strand motif, with the loop region located at residues 18−27
straddled by two β-strands comprising residues 8−17 and 28−37.11
Since both Aβ and amylin fibril models contain this U-shaped motif,
cross interaction is assumed to depend mostly on their β-strand
domains,61 and we use in the present study not the full-length peptides
but truncated fragments that contain this motif. This is justified
because residues 1−16 are disordered in Aβ1−42 fibrils and residues 1−
9 in Aβ1−40 fibrils, and Takeda et al50 found that the Aβ1−40 and
Aβ10−40 systems are equivalent. Hence, we make in the present study
the assumption that Aβ15−40 fibrils are similar to such of Aβ1−40 or
Aβ10−40. For amylin, residues 1−7 are not part of a β-sheet in the
experimental structure, and because of a disulfide bridge between
cysteine residues 2 and 7,38 do not contribute to aggregate assembly.
In order to ensure equal length of our molecules, we therefore used
truncated Aβ15−40 and amylin10−35 peptides (capped with acetyl and
amide groups to mimic the full-length peptide) in the present study.
The Aβ15−40 fibril model is derived from protofilament models of
Aβ9−42 (http://people.mbi.ucla.edu/sawaya/jmol/fibrilmodels/), Col-
letier et al.,62 after removing the residues 9−14 and residues 41−42.
The amylin10−35 fibril model is obtained in a similar manner from the
model of amylin1−37. Tetramers of these fragments were extracted
from the fibril models of the Eisenberg group38,62 and are used to
construct Aβ15−40 octamers, amylin10−35 octamers, and Aβ15−40|
amylin10−35 octamer heteroassemblies, taking into consideration the
interactions in the β-structure domain and ones that stabilize the U-
turn, e.g., hydrophobic interactions, electrostatic interactions, polar
interactions, and salt bridges. For building the Aβ15−40|amylin10−35
octamer heteroassembly, we align and superimpose the chains to
maximize the overlap between the hydrophobic residues, the U turn,
and the C-terminal and N-terminal regions. For example, hydrophobic
residues in the L13ANFL17 motif of the β1 region of amylin are
matched with the hydrophobic residues L17VFFA21 in Aβ (Figure 1B),
and the hydrophobic A25ILSS29 motif in the β2 region of amylin is
matched with the hydrophobic residues A30IIGL34 in the β2 region of
Aβ (Figure 1B). Face-to-face interactions between β-sheets, usually
hydrophobic contacts, are common in amyloid structure, but their role
in the formation and stabilization of amyloid fibrils has been
underappreciated.40,63 The U-shaped structures reveal such contact
between residues V36/L17, L34/F19, and I32/A21 of Aβ, T30/N14, S28/L16,
and I26/H18 for amylin (Figure 1C,D), and a combination of these
face-to-face interactions in the Aβ15−40|amylin10−35 octamer hetero-
assembly.
Molecular Dynamics Simulations. Reliable simulations of

structure and dynamics of large biomolecules require accurate and
reliable force fields.64 A common choice for exploring amyloid peptide
aggregation64,65 is the combination of the AMBER ff99SB force field66

with explicit water (TIP3P)67,68 used also in this study. We use the
GROMACS program, version 4.5.3,69 and a time step of 2 fs.
Hydrogen atoms are added with the pdb2gmx module of the
GROMACS suite. The start configurations of all proteins are set in
the center of a cubic box where the distance between the solute and
the edge of the box is at least 12 Å. Periodic boundary conditions are
employed, and electrostatic interactions are calculated with the PME
algorithm.70,71 Hydrogen atoms are constrained with the LINCS72

algorithm, while for water, the Settle algorithm is used.73 The
temperature of 310 K is kept constant by the Parrinello−Donadio−-
Bussi algorithm74 (τ = 0.1 fs), which is similar to Berendsen coupling
but adds a stochastic term that ensures a proper canonical
ensemble.74,75 In a similar way, the pressure is kept constant at 1
bar by the Parrinello−Rahman algorithm76 (τ = 1 fs). The temperature
of 310 K is chosen as a compromise between preserving the
experimentally observed stability of the amyloid fibrils77 and the desire
to enhance sampling by raising temperature.78,79 The solvated start

configuration is first energy minimized using the steepest descent
method, followed by conjugate gradient. Afterward, the system is
equilibrated in two steps of 500 ps, the first step in an NVT ensemble
and the second phase in an NPT ensemble at 1 bar. After
equilibrization, 300 ns of trajectories are analyzed for each system to
examine the structural changes of the oligomer aggregates with time.
Data are saved at 4.0 ps intervals for further analysis. For each system
(solely Aβ15−40, solely amylin10−35, and mixed Aβ15−40−amylin10−35),
we run three distinct simulations of 300 ns with different initial
velocity distributions. This allows us to test that we reached
equilibrium and guarantees three independent sets of measurements.

The molecular dynamics trajectories are analyzed with the tool set
of the GROMACS package. Especially, we monitor conformational
changes and stability of the oligomer models through the time
evolution of the root mean square deviations of the Cα atoms
(RMSD), root-mean-square fluctuation (RMSF), solvent accessible
surface area (SASA), hydrophobic contact distances, hydrogen bonds,
and D23−K28 salt bridges, measured with the g_hbond and g_dist
modules in GROMACS. Hydrogen bonds are defined by a distance
cut off between donor and acceptor of 0.36 nm and an angle cut off of
30°. Configurations are visualized using PyMOL.80

Free Energy Calculations. The binding energy between the
tetramers that form the octameric oligomers (Figure S4, Supporting
Information) are estimated with the MM-PBSA methodology as
implemented in AMBER1181 using the same force field and water
model as above. The free energy of a molecule in the MM-PBSA is
computed as the sum of the molecular mechanics energy in the gas
phase, the solvation free energy, and the conformational entropy.
Conformational effects are taken into account by averaging over the
ensemble of configuration as generated in the molecular dynamics
simulations. From the free energies of tetramer 1 (A), tetramer 2 (B),
and octamer complex (C), the binding free energy is computed by
subtracting the first two from the latter one from a single simulation of
the complex (Figure S4, Supporting Information).

Δ = ⟨ ⟩ − ⟨ ⟩ − ⟨ ⟩G G G Gbinding C A B

The bracket ⟨⟩ indicates a trajectory average, and the free energy of
each system X = A, B, or C is computed as a sum of the three terms:

⟨Δ ⟩ = ⟨ ⟩ + ⟨Δ ⟩ − ⟨ Δ ⟩G E G T SX MM solv

Here, the molecular mechanics energy, EMM, is the sum of the internal
energy (bonds, angles, and dihedrals; Eint), electrostatic energy (Eele),
and van der Waals term (Evdw):

= + +E E E EMM int ele vdw

The solvation energy, ΔGsolv, can be divided into the polar and
nonpolar part:

Δ = Δ + ΔG G Gsolv PB SA

where the polar part, ΔGPB, describes the electrostatic contribution to
solvation as obtained from Poisson−Boltzmann (PB) calculations in a
continuum solvent model, and the nonpolar contribution, ΔGSA, is
proportional to the solvent accessible surface area (SASA):

γΔ = +G bSASASA

In our calculations, we use the AMBER11 default parameter for γ and
b.
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System set up for binding free energy calculation and additional
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