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Abstract
Seeding a protein solution with pre-formed fibrils can enhance dramatically the growth rate of
amyloids. As the seeds do not need to be of the same protein, seeding may account for the
observed correlations between amyloid diseases. In an effort to understand better the molecular
mechanisms behind cross seeding we have studied in silico the effect of mutations on the seeding
of amylin fibrils. Our investigations of the structural stability of decamers of wild type amylin
peptides, of Y37L mutants, and of hetero-assemblies of wild-type and mutant amylin molecules,
show that the experimental observed efficient cross seeding can be explained based on similarity
in fibril structure of components. We find that amyloids with similar side chains packing at the β-
sheet interface are structurally compatible, acting as a good template for the congruent
incorporation of homologues peptides. In the Y37L mutants, lack of tyrosine-specific interactions
causes significant higher flexibility of the C terminal than observed in the wild-type fibril. This
effects elongation of the mutant fibril leading to the longer lag times during aggregation that are
observed in experiments. Our study gives guidelines for the design of ligands that could stabilize
amylin fibrils.
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Introduction
Amyloid aggregates are implicated in at least 30 distinct diseases1,2. These aggregates result
from failure of a specific peptide or protein to maintain its native (functional)
conformation.3,1 Instead, they form amyloid filaments characterized by β-strands that are
oriented perpendicularly to the fibril axis. The strands are connected through a dense
hydrogen-bonding network and side-chain interactions between strands that drive their
lateral association4 to supra-molecular β-sheets. The rate-limiting step in the growth process
of these aggregates is the formation of an initial nucleus5, and in vitro, the seeding of the
protein solution with preformed fibrils leads to dramatically faster fibril growth6. Human
amyloids can be biochemically mixed; implying the possibility that one amyloidic peptide
can cross-seed another one in vivo7. Such cross-seeding may account for the observed
correlations between amyloid diseases. Hence, a detailed knowledge of the molecular
mechanism of fibril seeding would provide a platform for the rational design and therapeutic
intervention of disease states associated with mature amyloid fibrils and their precursors.

However, an accurate description of the aggregation process and seeding of fibrils is still
missing, as these processes are difficult to explore in experiments8. For this reason, we rely
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in the present study on an alternative approach. Using molecular dynamics simulations, we
study the molecular mechanisms of cross-seeding by probing the effects of mutations on the
seeding of fibrils. Our underlying assumption is that cross-seeding depends on the similarity
of the fibrils resulting from the different components. Hence, studying “cross-seeding”
between wild type and mutants having similar fibrillar structures allows comparison of the
various interactions that enable cross seeding. Key candidates are the stacking of aromatic
residues along the outside of the fiber, hydrophobicity of key residues, and structural
similarity between adjacent polypeptide strands9,10,11.

Our test system is amylin, a 37 residue hormone produced in the pancreas that is highly
amyloidogenic and associated with type-2 diabetes mellitus through membrane
permeabilization induced β-cell loss12,13. A fibril model of the full-length human amylin has
been extrapolated from X-ray diffraction data of cross-β spine structures of two segments of
human amylin (NNFGAIL and SSTNVG). 14 The topology of this model is similar to that
reported by Luca et al14 and Bedrood et al15, and exhibits a β-strand-loop-β-strand motif,
consisting of an N terminal β-stand residue 8–19, with the loop region located at residues
20–23 and C terminal β-stand comprising residues 24–3614. Experimental and
computational studies have shown that the human amylin proto-fibril pair has molecular
polymorphism 14, 16, 17,18,19,20,21,15 in which the two layer models could be packed either in
antiparallel or parallel fashion. Depending of sample preparation, Middleton et al17 found
parallel and anti-parallel mixed polymorphism, while Nielson et al16 found only anti-parallel
fibrils from. Other simulations have shown the stability of the packing of proto-fibril pairs of
amylin where one layer is shifted against the other by two residues20,21. This suggests that
two-layer models such as in Figure 1C, packed in an antiparallel fashion, are good structural
descriptions20,21 of such oligomers. Molecular dynamics simulations also indicate that X-
ray models22,19 with more closely inter-digitated (interlocked β-strands that tighten the
binding of two β-sheets) side chains are more compact and stable than the NMR models19.
Amylin contains three aromatic residues, F15 is the only one that resides in the β-sheet core,
while F23 is located in a bend and Y37 is exposed at the C-terminus. The fibril model of
amylin has an in-register alignment of matching residues, generating a tight packing that
maximizes favorable hydrophobic and van der Waals side-chain contacts along the long axis
of the fibril, and may be stabilized in addition through π– π stacking of the F15, F23 and
Y37 aromatic rings in the β-strand, loop and C terminal regions (Figure 1).

We will use molecular dynamics simulations to study the role of interactions involving the
three aromatic residues F15, F23 and Y37 by comparing the wild type with mutants where a
single aromatic residue is replaced by leucine (F15L, F23L and Y37L). Tu et al23 have
already shown that fibril seeds from such mutants can still seed amyloid growth of wild-type
amylin, suggesting that similarity in fiber structures is a key requirement for efficient mixed
growth. Amyloid formation of the F15L mutant is almost twice as rapid than for the wild-
type, while it is almost three times slower for the Y37L mutant, and two times slower for
F23L mutant23. Molecular dynamics simulations of stability and conformational changes of
such amyloid assemblies will enable us to measure directly changes in structural stability
induced by specific alterations of the amino acid sequence of amyloid polypeptides. In-vivo
conditions are mimicked and information that is currently unobtainable through experiment,
such as real time structural data, will be obtained, making visual inspection possible.
Especially, we aim to answer the following questions:

1. Is similarity in fibril structure the key requirement for effective cross seeding of
single mutant seeds with wild type amylin?

2. Can differences in lag times observed in the self-assembly of single mutants amylin
fibers be explained by the relative stability of the mutant structures during the
simulation?
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3. Does the loss of π-π interactions affect the stability of amylin mutant fibers? What
is the effect of such mutation on the face–to-face hydrophobic contacts in the
interior core?

Answering these questions may point the way to in-silico development of molecules that, by
binding to the amylin fibril, shift the equilibrium of amylin toxic oligomer to the non-toxic
fibers.24 Finally, we propose new mutation experiments that investigate the role of pairs of
amino acids involved in face-to-face interactions between the β sheet regions.

Materials and Methods
For the wild type, we base the start configuration on the fibril models of amylin by the
Eisenberg group14, and build out of these a single layer decamer (Figure 1B) and double
layer decamer models of amylin consist of two pentamer layers (Figure 1C). This choice is
motivated by recent work by Kahler et al 25 which showed that decamers of Aβ retained the
fibrillar states and gain in stability with oligomer growth26 and are more stable than
pentamers25. Since amylin has similar size and the same β-strand-loop-β-stand motif as Aβ,
we assume that the same observations apply for amylin. We denote the so designed wild-
type amylin decamer as WT. Mutant decamers are designed by replacing the aromatic
residues, F15, F23, and Y37 with leucine, and denote them as F15L, F23L and Y37L,
respectively (Table 1). These mutants are obtained from wild type coordinates by replacing
the side chains of the targeted residues while retaining the original backbone conformations
of the wild-type27. The structure of the designed mutants is minimized for 5000 steps using
the steepest decent algorithm with the backbone of the protein restrained. The hetero-
assemblies of wild type and mutants are a 1:1 mixture of wild-type (the first five strands)
and mutants (the last five strands, consisting of F15L, F23L or Y37L in the above notation),
and are denoted as WT-F15L, WT- F23L and WT-Y37L respectively.

Molecular dynamics simulations
Our molecular dynamics simulations rely on a combination of the AMBER ff99SB force
field28 with explicit water (TIP3P)29,30, a common choice for exploring amyloid peptide
aggregation31,32, as implemented in the GROMACS program version 4.5.5 33. Hydrogen
atoms are added with the pdb2gmx module of the GROMACS suite. The start configurations
for all proteins are put in the center of a cubic box, with at least 12 Å between the solute and
the edge of the box. Periodic boundary conditions are employed, and electrostatic
interactions are calculated with the PME algorithm34,35. We use a time step of 2 fs.
Hydrogen atoms are constrained with the LINCS 36 algorithm while for water the Settle
algorithm is used 37. The temperature of 310 K is kept constant by the Parrinello-Donadio-
Bussi algorithm38(τ = 0.1 fs) which is similar to Berendsen coupling but adds a stochastic
term that ensures a proper canonical ensemble38,39. In a similar way, the pressure is kept
constant at 1 bar by the Parrinello-Rahman algorithm40 (τ = 1 fs). After energy-minimizing
first the solvated start configuration using the steepest descent method, followed by
conjugate gradient, the system is equilibrated in two steps of 500ps, first in an NVT
ensemble and secondly in an NPT ensemble at 1 bar. After equilibrization, 200 ns of
trajectories are analyzed for each system to monitor how the oligomer structures evolve with
time. Data are saved at 4.0 ps intervals for further analysis. For each system (Table 1), we
run three distinct simulations of 200 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 root means square deviations of the Cα atoms
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(RMSD), root-mean-square fluctuation (RMSF), hydrophobic contacts distances and
hydrogen bonds, measure 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 PyMOL41.

Result and discussion
The purpose of our simulations is to examine the stability of oligomers of amylin wild-type
and single aromatic mutants in comparison with mixed decamers. The initial conformations
and final structures obtained from the molecular dynamics simulations of the single layer
aggregates11 are shown in Figure 2. We find by visual inspection that the β-strand-loop-β-
strand topology of the decamers, the main structural feature of amyloidogenic fibrillar state,
is maintained throughout the simulation (Figure 2). The structures from wild-type oligomer
mixed with the mutants (the hetero-polymers WT-F15L, WT-F23L and WT-Y37L) exhibit
the same shape and topology as the wild-type oligomer (WT) and mutants oligomer,
pointing to structural similarity as major factor for the seeding observed in pervious
experiments23.

In order to obtain a more detailed picture of the stability of the various amylin decamers we
show in Figure 3A the Cα-RMSD as calculated from the molecular dynamic trajectory. The
reference structure is the equilibrated start structure (i.e. the configuration at 0 ns). The
faster this quantity grows throughout the simulation, the less stable and the more dynamic is
a decamer. The average RMSD values, calculated over three independent trajectories of
200ns for each system, are within the range of 3.0 to 4.5 Å. These values are smaller than
the RMSD value of more than 5.5 Å measured for the single layer amylin pentamer 42, and
close to the 4.5 Å observed for double layer amylin decamer19. Thus the simulated
oligomers appear to be stable, with no discernible difference in stability of the examined
structures (Figure 3A).

We then examined the average inter-strand distance between stand 5 and strand 6 across the
U shaped β-strand-loop-β-stand motif for the wild type, mutants and mixed oligomers
(Figure 3D). This distance has been selected because in the mixed assemblies the two
strands are located along the interface between wild type and mutant chain. This distance
quantifies how close the two strands and therefore how strong and favorable the wild type
and mutants are. On the other hand, an increase in the distance over that in the initial
structures indicates detachment of the hetero-assembly system and unfavorable contacts
between the peptides. The measured distances for all three cases, wild type, mutants and
mixed oligomers are around ~5Å range, indicating that the intra-strand distance is close to
the experimental inter strand distance of 4.8 Å for amyloid fibrils and oligomers43,14. Hence,
in all three forms of oligomers the peptides interact strongly at this interface.

Protein aggregates are stabilizes through a network of side chain hydrophobic and hydrogen
bonding interactions4,44. Main-chain (inter-backbone) hydrogen bonds link the β-strands
within an amyloid fibril, while the side-chains hydrogen bonds modulate the intermolecular
packing arrangement within and between the β-sheets of the fibril core45. For this reason, we
have counted main-chain and side-chain hydrogen bonds during the simulations, and
averaged the values over the three trajectories (Figure 3B and 3C). Again, we find little
differences in the average side-chain and main chain hydrogen bond networks between wild
type, mutants and mixed oligomers. On average, all decamer structures are stabilized by
about 200 main chain and 50 side chain hydrogen bonds (Figure 3B and 3C).

An analysis of the root mean square fluctuation (RMSF), computed for the wild type,
mutants and mixed decamers, shows that in all cases the residues in the turn region are more
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flexible than those in the β-strand regions. The exceptions are residues near the N-/C-termini
that are exposed to the solvent (Figure 4). This is similar to pervious amylin simulations19.
The RMSF describes where in the sequence of a protein structural stability is gained or lost,
and therefore allows one to relate this change in stability to specific mutations. The smallest
per residue fluctuation is observed in β1 region that includes residues L12ANFLV17 and
residues F23GAIL27 of β2 region for all the systems studied indicating these regions are
crucial for the stability of the oligomers. Phenylalanine to Leucine substitution at position 37
causes decreased stability at the C terminal (Figure 4), which may explain the
experimentally observed longer lag time in the growth of this mutant. This can be seen by
both visual inspection and by comparison of the RMSF values of each structure (Figure 4
and 2). This increased flexibility of the C terminal region may hinder the formation of
contact between adjacent Y37 and between Y37 and F23 at the interface of the double layer
oligomer during fibril elongation therefore contributing to the increased lag phase observed
in experiments. The F15 is not involved in the sheet-to-sheet contact while F23 and Y37 are
involved. The distance between the centers of mass of residues 37 of the C-terminal of the
three different kinds of decamers change little during the 200 ns simulation from the initial
distance (see Table 2). However, the distance between centers of mass of residues 37 of the
C-terminal of amylin become within the range of 7–10 Å, therefore much larger than the
value of about 4.8 Å of the initial conformation (i.e. at 0 ns of the simulation). Hence,
mutation of Y37 to L results in the largest fluctuation in the C terminal of each monomer.
This higher flexibility could slow down the elongation of the Y37L mutant and therefore
contribute to the larger lag phase in its aggregation observed in a previous experimental
study23. The simulation of decameric double layer wild-type amylin and its F23L and Y37L
mutants (F23 and Y37 participate in sheet-to-sheet contacts between the β-sheets at the
interface of the two U shaped oligomers, Figure 1C) shows no discernible difference in
stability (Figure 5). The lack of susceptibility to destabilization of the initially preformed
structure of the decamer double layer oligomers of both wild type and mutants suggests that
the aromatic π-stacking interactions are not critical for aggregation stability as Leu is similar
in size and hydrophobicity to F and Y but not capable of π-stacking. Note that our result
does not exclude a role of the aromatic side-chain of F23 and Y37 for favoring aggregation
nucleation, an effect which could contribute also to the experimentally observed differences
in aggregation kinetics23. However, a combination of much longer simulation times and
enhanced conformational techniques would be required to determine the equilibrium
structures 46 of the wild type and mutants monomers and dimers, and to get an insight into
the influence of π-stacking during the slow nucleation phase.

Face-to-face interactions between β-sheets are common in proteins and amyloids4. They
involve hydrophobic surfaces with good shape complementarity held together through van
der Waals and hydrophobic interactions4. For this reason, we have monitored also the face-
to-face contacts between β-sheets (Figure 1B) for amylin wild type and its mutants, selecting
residue pairs known to disrupt amylin amyloid formation47. These contacts are calculated
also in the mixed aggregates. Results for all three cases are shown in Table 3. The side
chains of L12, N14 and L16 (projecting from the lower face of the β1-region) in β1-region
interact with the side chains of S28, I26 and V32 (projecting on the upper face of β2-region)
in β2-region located on the opposite side of β1-region (Figure 1). The average face-to-face
distances are measured for all ten strands of each system and are within 8.5 to 9.5 Å (Table
3) in agreement with experimental results 8–11Å48. Hence, in all oligomers, the β-strand-
turn-β-strand motifs are stabilized by such face-to-face hydrophobic interactions. The face to
face interactions between amino acid side chains (hydrogen bonds between aligned N14
with S28, or T30 residues; hydrophobic interactions between aligned L16, I26, L12, V32, or
polar interaction between N14 and S28 residues) in β1 and β2 regions is important in keeping
the U shaped structure. The cross-β-strand topology structure of the fibril, which is the main
structural feature of amyloid fibril, is maintained throughout the simulation for the both
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hetero and homo-aggregates indicating stabilization by a network of hydrogen bond and
hydrophobic interactions. The stability of the aggregates is a strong indicator of the role of
structural similarity in explaining the efficient cross seeding23. Pinpointing the amino acids
(the hydrophobic cores; L12ANFLV17 and F23GAIL27 and Y37 in our simulation) which can
alter the stability of amylin could contribute to a rational design of aggregation inhibitors
that trap the toxic species in the fibril form49,50. Our simulation indicates that the selected
face-to-face contacts within the two β-sheet regions are preserved, indicating that such side
chain contacts are important for retaining an overall U shaped structure. Interior contact
distances are not significantly changed by the three substitutions. Future experiments and
computer simulation involving single and double mutants of those amino acids mutations at
residues 16, 26, 14, 28, 12 or 32 will elucidate the role of these residues in the stability of
fibril structures.

Using the DSSP51 software we have compared the changes in secondary structure
encountered by wild types, mutants and their complex. Our analysis compares in each case
the first and last 50 ns of the molecular dynamics trajectory. Our data listed in Table 4
indicate that the β-sheet content of the aggregates is maintained for wild type, mutants and
their complex. This is another indication for the stability of the β-hair pin topology and
provides additional evidence for the importance of fibril structural similarity in efficient
seeding23.

Using single trajectory MM-PBSA52 we have also estimated the binding free energy for
symmetrically segmented proto-filaments (single layer, between the first pentameric and the
second pentameric units) and proto-filament pairs (double layer, between the upper
pentameric and the lower pentameric β-hairpin units). This allows us to characterize
favorable association between wild type and different mutants and related it to the
experimentally observed efficient seeding between mutant and wild type amylin23. We have
taken for this analysis an average over 2000 equally spaced (at an interval of 20 ps)
snapshots from the 40ns production trajectory. Assuming equal entropic factors for the
oligomers, their binding will be the stronger the larger their negative free energy, whereas a
positive number or small negative number signifies a weaker binding44,53,54. The calculated
binding free energies and energy components are shown in Table 5. The results show that
the binding affinity of the hetero-assembly single layer complexes is comparable to the
homogenous fibrils. However, the binding energy of the double layer assembly of the single
aromatic amino acid mutants is less favorable than that of the wild type (Table 5) suggesting
contribution of aromatic interactions to the thermodynamic stability. The polar energy term
is unfavorable for all the aggregates while the nonpolar energy term contributes favorably to
their association and stability. Note that the binding energy addresses only the stability of
the preformed aggregates, it does not describe adequately the initial interaction between the
chains (i.e the kinetic process). Hence, it is difficult to compare the values calculated by
MMPBSA with experimental55 rates of aggregate formation and lag times.

The commonly accepted mechanism for their toxicity is that amyloids oligomers interact
with cell membranes compromising their structural integrity and lowering their permeability
barrier56. This ability of amyloid oligomers to form membrane pores or channels is then
responsible for their neurotoxicity57. Recent structural studies of the toxic oligomer models
suggest that the hydrophobic surface facilitates insertion into the membrane while water
pores formed from the hydrophilic groups interferes with cellular homeostatic by enabling
water and ion transport 58. The hydrophobic surfaces (L12ANFLV17 and F23GAIL27) of the
fibril like oligomer assembly of amylin may provide a means by which these structures can
insert into lipid bilayer membranes, while the hydrophilic water channel observed in a recent
simulation could be involved with toxicity of amylin oligomer. Studies have shown that
amyloid aggregates in lipid bilayers adopt structures similar to that in an aqueous
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medium59,60,61. The experimentally determined structures of amyloid fibril 18,18 (including
amylin) do not contain water molecules while various molecular dynamic simulations53,62

revealed embedded water molecules are integral part of the fibril models. Thus, we have
examined the presence of the water trapped in amylin wild-type, mutants and cross-
assembly pores. The results are shown in Figure 6 and Figure 7. The water molecules in
amylin, its mutants and their hetero-assembly are found in the middle of the two β-stands
near to a group of polar amino acids whose side chains points toward the interior of the
oligomer cavity (N14, S28 and T30). The location of the hydration channel in our simulation
is similar to that found in a previous study of amylin alone and in hetero-assembly with
Aβ53.

Conclusion
We investigate stability and conformational changes of amyloid hetero-assemblies through
molecular dynamics simulations as the structure and stability of hetero-polymeric fibrils are
difficult to probe in experiments. Our all atom explicit solvent simulations give molecular
level insight into the cross seeding between amyloids. We find no significant differences in
the structure of the wild type, mutants and their hetero-assembly as all of them retain the
original U-shaped fibril conformation over the 200ns time trajectories. Hence, amyloids with
similar side chains packing at the β-sheet interface are structurally compatible, acting as a
good template for the congruent incorporation of homologue peptides, which underlie
efficient mixed growth. This points to structure similarity as key determinant for an efficient
cross seeding between wild type and mutants. Replacement of aromatic amino acids with
non-aromatic residues of similar size and hydrophobicity is not critical at position 15, which
is not involved in any inter-sheet steric zipper interaction. On the other hand, the
replacement of tyrosine with leucine at position 37 leads to a fibril structure with a greater
flexibility resulting in a loss of steric zipper interaction. This loss of a steric zipper explains
the slow growth of the aggregates of Y37L mutants compared to other mutants and wild
type. Our results indicate that the residues L12ANFLV17 and F23GAIL27 which are located
in the β-strand domain are more rigid and could be a pharmacophore for ligand binding,63,24

targeted to stabilize amylin fibril and thereby reducing its toxicity. We therefore propose to
use these two segments of amylin for combined computational screening and experimental
tests to find small molecules that effects the aggregation and toxicity of amylin. Jiang et al64

has recently found this approach to be successful in searching for compounds that reduced
Aβ cytotoxicity.
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Figure 1.
The structure of human amylin fibril model10. (A) Sequence of human amylin, the aromatic
amino acids (F15, F23 and Y37) are colored in red. (B) Single layer amylin decamer. Intra-
molecular face-to-face side chain interaction that determines the stability of the U shaped in
wild type, mutants and seeded oligomers, are emphasized by representing the corresponding
side chains as balls and sticks. (C) Double layered amylin fibril model.
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Figure 2.
Snapshots of the amylin decamers of wild type, mutants and their seeded assembly before
and after 200ns (water molecules are omitted for clarity; the snap shot are form three
independent simulations). (A) Wild type (WT, red ball: Y37); (B) F15L (red ball: L37); (C)
F23L (red ball: Y37); (D) Y37L (red ball: L37); (E) WT-F15L (red ball: Y37); (E) WT-
F23L (red ball: L37); and (G) WT-Y37L (red ball: Y37 and blue ball: L37). The balls mark
the residues 37 in the C-termini of each strand of the peptides.
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Figure 3.
RMSD, Cα-Cα distances along strand 5-and 6 and hydrogen bonds of the studied oligomer
systems. Average <RMSD> in Å (A); Average number of main chain hydrogen bonds (B);
side chain hydrogen bonds (C); and Average <Cα-Cα distances>, in Å, between strands 5
and 6 (D).
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Figure 4.
Average RMSF values for the 10 β-strands in single layer amylin, its mutants and cross-
seeded aggregates. In the mixed aggregates the last five strands are from the wild type while
the first five strands are from mutants. The results are calculated from three independent
trajectories of 200 ns.

Bernhardt et al. Page 14

J Phys Chem B. Author manuscript; available in PMC 2014 December 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Cα root-mean-square deviations (RMSDs) with respect to the corresponding minimized start
configurations of the average structures of (A) WT, (B) F23L and (C) Y37L. The average
structures are calculated from the position of all heavy atoms of the protein over the 200 ns
of each trajectory using the program g_covar of the Gromacs 4.5.5 package.
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Figure 6.
Average number of water molecules inside the hydrophilic cavities. Mean values and
standard deviation (SD) are calculated for each model from the three values obtained by
averaging each independent run over the full 200 ns.
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Figure 7.
Water residing in the hydrophilic cavities. Snapshots taken after 10 ns for (a) Wild type
(WT); (b) Y37L; (c) WT-Y37L; (d) F15L; (e) F23L; (f) WT-F15L; (g) WT-F23L. The red
and white spheres represent water oxygen and hydrogen atoms, respectively.
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Table 1

Summary of amylin, mutants and mixed decamer models and simulation conditions. The simulations are
performed at 310 K. The symbol * marks the cross-seeded aggregates where the first five strands are from the
wild type amylin and the last five strands are from one of the mutants (i.e. F15L, F23L and Y37L,
respectively). SL marks single layer decamers and DL double layer decamers, where each layer consists of
five strands.

System # Atoms of peptide/# Atoms Water /Cl− Simulation box dimensions (x, y, z[Å]) Total simulation time, ns

WT (SL) 5350/36665/20 106.8,106.8, 106.8 600ns (200×3)

F15L(SL) 5340/36675/20 106.8,106.8, 106.8 600ns (200×3)

F23L(SL) 5340/36396/20 106.6,106.6, 106.6 600ns (200×3)

Y37L(SL) 5330/36695/20 106.8,106.8, 106.8 600ns (200×3)

WT- F15L*(SL) 5345/36667/20 107.0,107.0, 107.0 600ns (200×3)

WT- F23L*(SL) 5345/36677/20 106.9,106.9, 106.9 600ns (200×3)

WT- Y37L*(SL) 5340/36681/20 106.9,106.9, 106.9 600ns (200×3)

WT(DL) 5350/39644/20 108.1,108.1, 108.1 600ns (200×3)

F23L(DL) 5340/39666/20 108.0,108.0, 108.0 600ns (200×3)

Y37L(DL) 5330/39660/20 108.0,108.0, 108.0 600ns (200×3)
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