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ABSTRACT Several neurodegenerative diseases such as Alzheimer’s, Parkinson’s, and Huntington’s diseases are associated
with amyloid fibrils formed by different polypeptides. We probe the structure and stability of oligomers of different sizes of the
fragment AB6_o0 Of the Alzheimer B-amyloid peptide using atomic-detail molecular dynamics simulations with explicit solvent. We
find that only large oligomers form a stable B-sheet aggregate, the minimum nucleus size being of the order of 8—16 peptides. This
effectis attributed to better hydrophobic contacts and a better shielding of backbone-backbone hydrogen bonds from the solventin
biggerassemblies. Moreover, the observed stability of 3-sheet aggregates with a different number of layers can be explained on the
basis of their solvent-accessible surface area. Depending on the stacking interface between the sheets, we observe straight or
twisted structures, which could be linked to the experimentally observed polymorphism of amyloid fibrils. To compare our 32-mer
structure to experimental data, we calculate its x-ray diffraction pattern. Good agreement is found between experimentally and

theoretically determined reflections, suggesting that our model indeed closely resembles the structures found in vitro.

INTRODUCTION

Several neurodegenerative diseases such as Alzheimer’s,
Parkinson’s, and Huntington’s diseases are associated with
amyloid fibrils formed by various polypeptides (1-3). In
Alzheimer’s disease, the insoluble fibrils formed by AB;_49
and AB;_4, have long been thought to be neurotoxic (4).
However, increasing evidence suggests a strong correlation
between dementia and soluble oligomers of these peptides
(5-8). Recent experimental data points to the involvement of
12-mers in memory loss (9,10). Therefore the understanding
of the structure and dynamics of aggregates of a few peptides
is of great biomedical interest. In addition to their biomedical
relevance, amyloid fibrils are self-assembling nanostructures,
and some novel materials have been developed based on these
(11,12).

Due to their noncrystalline and insoluble nature, experi-
mental determination of the atomic structure of amyloid fi-
brils poses severe challenges. Structural information comes
primarily from x-ray and electron diffraction measurements,
solid-state NMR spectroscopy, and transmission electron mi-
croscopy. The fibrils are typically 50-150 A in diameter and
>1-um in length, often with a periodic twist. X-ray diffrac-
tion yields the characteristic ‘‘cross-8 ’” pattern, which is one
of the defining features of amyloid fibrils (13-15). This pat-
tern is generally interpreted as indicating the presence of
ribbonlike B-sheet structures, with peptide chains in 3-strand
conformation running roughly perpendicular to the long axis
of the fibrils and hydrogen bonds between peptides running
roughly parallel to the long axis. The observed periodicities
are attributed to the spacing between peptide chains within a
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sheet (4.8 A) and spacing between S-sheet layers (8—13 A).
The similarity of the diffraction patterns of fibrils formed
from different peptides and proteins point to a similarity of
the underlying physical principles. Recently, the atomic struc-
ture of the cross-B spine of some amyloid-forming peptides
has been determined in greater detail by electron and x-ray
diffraction of microcrystals (16,17). Another set of recent ex-
periments has shown that the peptide sequence does not
uniquely determine the structure of the amyloid fibril. A sin-
gle peptide can exhibit different morphologies (e.g., twisted
or untwisted) and different toxicities (18-21). Different mor-
phologies can be obtained by subtle pH or temperature var-
iations, and they are self-propagating when fibrils grow from
preformed seeds.

Information about the mechanism of amyloid fibril forma-
tion may open the way to novel therapeutic approaches as
well as to the development of new nanomaterials. In general,
the first step of amyloid fibril formation is considered to be a
nucleation process in which proteins or peptides slowly as-
sociate to form a nucleus, followed by a much faster propa-
gation reaction, where the nucleus grows by the sequential
incorporation of molecules (22-25). However, depending on
experimental conditions, non-nucleation-dependent path-
ways have also been found (19,26). Once amyloid fibrils
are formed, they rearrange by dissociation and reassociation
of peptides or by reptation of polypeptide strands within an
aggregate (27-29). It has been shown that charge attraction
and B-propensity favor amyloid fibril formation (30).

In view of the difficulty of determining amyloid fibril
structures and aggregation mechanisms through experiment,
computer simulations are a natural tool to approach this prob-
lem (31-45). In this work we focus on the peptide AB16 22
(KLVFFAE), which constitutes the central hydrophobic core
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of the physiologically relevant Alzheimer peptides AB_49
and AB_42. AB16-22 has been shown experimentally to form
amyloid fibrils made of in-register antiparallel 8 sheets (46).
Previous molecular dynamics (MD) studies of AB;¢_», have
established that in agreement with experiment, an antipar-
allel alignment of the peptides is most stable (32). In
addition, a parallel stacking of B-sheets is suggested.
However, the intersheet distance found in these simulations
(12 A) is larger than the experimentally observed distance of
99 A (46). In other computer simulations, the AB;¢_,> mono-
mer has been shown to exist predominantly in random coil
conformation (33,47). The aggregation mechanism of A8
oligomers (dimers through hexamers) has been investigated
in different works (33,47-49) and a preference for an anti-
parallel 3-sheet alignment has been found.

Here, we systematically study different arrangements of
A7 oligomers (24, 8, 16, and 32 peptides) and test their
structure and stability in long all-atom explicit-solvent MD
simulations.

Anticipating the results from our MD simulations, we find
that only the large 3-sheet aggregates are stable on the simu-
lation timescale (20—100 ns). While a B-sheet dimer breaks
up after a few tens of nanoseconds, the trimer and tetramer
take a significantly longer time, and higher oligomers do not
break up during the course of the simulations. Assemblies of
eight peptides are generally stable but show a rotation of one
sheet with respect to the other. The biggest tested assemblies
of two and four B-sheets consisting of eight peptides each
show very high structural stability, indicating that this could
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be the size of the critical nucleus. Since a lateral assembly of
four-to-six sheets has been postulated to be involved in the
formation of protofilaments (50,51), our largest oligomer
approaches experimental stacking sizes.

We find that the relative stability of single-layered and
double-layered -sheet structures of the same number of pep-
tides is directly related to their solvent-accessible surface area
(SASA). While in case of four peptides the single-layered and
the double-layered structures show similar stabilities and
similar surface areas, in case of the octamer a double-layered
structure is clearly more stable in the simulations and shows at
the same time a significantly smaller surface area.

We also investigate the structural properties of aggregates
formed by 16 ABis 2> peptides. There are six distinct
possibilities to stack two in-register antiparallel sheets of
AB16-2> onto each other (Fig. 1), since the three possible in-
terfaces (formed by interaction of the amino-acid side-chains
KVFE-LFA, KVFE-KVFE, or LFA-LFA) can be stacked in
a parallel or in an antiparallel fashion. Here, we investigate a
number of B-sheet stackings that have not been simulated
before. Depending on the interface, we observe flat or twisted
structures. This is an indication that the different stacking
may lead to the different fibril morphologies found in vitro.
This result is consistent with recent findings for the case of
AP1_42, where different morphologies are attributed to dif-
ferent interfaces between sheets (52).

Finally, we compare our largest structure with available
experimental data by calculating the x-ray diffraction pattern
of this system. Even if our sample is much shorter than

AP_mixed

FIGURE 1 Possible stacking of two
B-sheets of AB6 2. (a) Parallel stacking;
(b) antiparallel stacking. The fibril axis (z
axis) is perpendicular to the paper plane.
To generate antiparallel B-sheets, the next
layer in z-direction is obtained from the rep-
resented one by a rotation of 180° around
the x axis.
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AB16—22 OligomerS

experimental fibrils, we obtain peaks with signaling period-
icities that are in good agreement with experimental results.

METHODS
Structures and nomenclature

The peptide AB16_22 (KLVFFAE) is terminated by an acetyl-group at the
N-terminus and by an N-methyl group at the C-terminus. The Lys residue
bears a positive charge and the Glu residue a negative charge, so that the
total charge of the peptide is zero.

All MD simulations have been carried out starting from an antiparallel
B-sheet structure of the AB;¢ > peptides.

As mentioned in the Introduction and represented in Fig. 1, there are three
possible distinct interfaces when stacking two 3 sheets on to each other. The
interface can be formed by interactions of the side-chains KVFE-LFA
(““mixed””), KVFE-KVFE (‘“KVFE”’), or LFA-LFA (‘‘LFA”"). Since all three
interfaces can be stacked either in a parallel (PAR) or in an antiparallel (AP)
fashion, corresponding to a shift of one peptide in z-direction in an infinitely
long B-sheet, a total of six stacking possibilities of two antiparallel 8-sheets
exist. In most simulations, we chose conformation PARixeq as a starting
structure. For a parallel stacking (suggested as being the most stable in
earlier MD studies (32)), this seems to provide the best hydrophobic contacts
without bringing like charges into close proximity. In 16-Mer (see Results
and Discussion, below), we will assess the influence of different stackings
(PARixeds PARkvEE, PAR| £a, and APy a) upon the structure of the 16-mer.

Molecular dynamics simulations

The all-atom AMBER/parm99 force field (53) is used for the peptide, whereas
water is modeled by the TIP3P force field (54). MD simulations are carried out
with the GROMACS code (55-57), using periodic boundary conditions and a
cubic simulation cell. Electrostatic interactions are calculated with the Ewald
particle-mesh method (58) with a grid spacing of 1.2 A and a spline in-
terpolation of order 4. We use a cutoff of 10 A for the real-space direct sum
part of the Ewald sum and for the van der Waals interactions. The time
integration step is set to 2 fs for simulations at 300 K and to 1 fs for simulations
at higher temperature. Simulations at 348 K (75°C) have been carried out for
some systems. This temperature has been used to accelerate amyloid fibril
formation and reorganization experimentally (29). Rigid bonds involving
hydrogen atoms are constrained using the LINCS algorithm (59). The system
is coupled to a barostat (60) with a relaxation time of 1 ps. The solute and
the solvent are separately coupled to two thermostats (60), which have a
relaxation time of 0.2 ps. The initial structures are equilibrated for at least 1 ns
using distance restraints on the backbone hydrogen bonds and dihedral
restraints on the ¢- and -angles of the central five amino acids.

While experimental concentrations are usually in the micromolar range,
we are restricted to millimolar concentrations (20—-150 mmol/l) due to the
finite system size. We chose a sodium and chloride ion concentration close
to the physiological value (150 mmol/l) for all systems with more than eight
peptides, while the smaller oligomers were simulated in pure water. The
length of one fully extended peptide is 28 A. Therefore, to prevent direct
interaction between periodic images, the edge length of the cell has to be at
least this length plus the cutoff distance (=40 A).

The shortcoming of using a small simulation box is evident in a pre-
liminary simulation of a 16-mer, which used a box of the dimensions 70 X
50 X 45 A3, In this simulation the solute spontaneously rotated, leading to
an artificial direct interaction between periodic images. Therefore large cubic
cells were used in the production runs. For other details of the simulations
see Table 1.

Analysis

In all figures and in the following discussion, the coordinates are defined as
follows: the x axis points in the sheet-stacking direction, the y axis points in the
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TABLE 1 Summary of the molecular dynamics simulations

Simulation Neep T [K] N atoms d [A] ¢ [ns]
2300 2 300 7417 42 90
3500 3 300 10962 48 80
4300 4 300 13049 51 50
dug 4 348 13049 52 70
4300/PAR i ea 4 300 13049 51 20
4345/PAR ixed 4 348 13049 52 100
A300/AP pixea 4 300 13049 51 70
845 8 348 21406 61 24
8500/PAR ixed 8 300 21406 60 60
8545/PAR ixed 8 348 21406 61 30
16300/PAR ixeq 16 300 36202 72 40
16545/PAR pixeq 16 348 36202 73 20
16500/PARkvEE 16 300 36202 72 50
16500/PAR o 16 300 36202 72 30
16300/AP pa 16 300 36202 72 30
32300/PAR ixed 32 300 34195 70 40
323,5/PAR ixed 32 348 34195 71 30

Npep is the number of peptides, T the temperature, Naioms the total number
of atoms, d the edge length of the cubic simulation cell, and ¢ the total
simulated time. Nomenclature for stacking described in Structures and
Nomenclature.

peptide-backbone direction, and the z axis points in the backbone hydrogen-
bonding direction (fibril axis).

A hydrogen bond is assumed to be present if the distance between hydro-
gen donor and acceptor is =3.5 A, and the angle between donor-hydrogen-
acceptor deviates by at most 30° from 180°. Secondary structure content is
calculated according to the DSSP criteria, (61) using the program with the
same name. All reported root mean-square deviations (RMSDs) were cal-
culated with respect to the backbone heavy atoms.

Polar and hydrophobic coordination numbers (CN) between two groups
of atoms belonging to different peptides or B-sheets are calculated as

1= (ri/ro)"
CN= Y L= yfro) 0)20. (1)

i€Groupl 11— (rij/ro)

j€Group2
For polar CNs, all hydrogen donors and acceptors are considered (19 atoms
per peptide) and a cutoff distance ro of 3.5 A is used, as in the case of
hydrogen bonds. For hydrophobic CNs, all side-chain carbon atoms with an
absolute charge of <0.4 are considered (30 per peptide) and a cutoff of 4.0 A
is chosen to describe van der Waals contacts.

The solvent-accessible surface area (SASA) is calculated using the pro-
gram SurfRace (62). Only heavy atoms of the solute are considered. All oxygen
and nitrogen atoms are classified as hydrophilic whereas all carbon atoms are
classified as hydrophobic. The radius of the solvent probe is 1.4 A. The van
der Waals radii are taken from Richards (63).

Calculation of the x-ray diffraction pattern

In a noncrystalline structure, it is not possible to define in a unique manner
the distance between two adjacent peptides within a sheet (dp) or the distance
between two adjacent sheets (ds). For example, one could approximate dp by
taking pairs of atoms (one per peptide) and measuring the minimal distance
within this set, or alternatively one could fit two parallel lines to the two
peptide backbones and measure their distance. To avoid these ambiguities
and to extract quantities from our MD simulations that can be directly
compared with available experimental data, we have calculated the trajectory
average of the x-ray diffraction pattern of our largest simulated system
(32300/PARmixed)~

Biophysical Journal 91(9) 3217-3229
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The scattering is calculated from the heavy atoms of the solute only, and
the fibril axis is aligned with the z axis. The x-ray scattering amplitude is a
function of the scattering vector § and is defined as

A@) = Y bi(g)e ™, 2

where the index i runs over all atoms and the atomic form factors b; are taken
from Chantler (64) and Richards (65). The scattering intensity / is obtained
by averaging the square modulus of the amplitude over the MD trajectory,

1@) = L b(@bi()e ™™ . 3)

We consider an incident x-ray beam parallel to the y axis of fixed wavelength
A, and we calculate the scattering intensity as a function of the outgoing
direction (6,¢):
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RESULTS AND DISCUSSION
Dimer

An antiparallel in-register 3-sheet consisting of two peptides
was used as an initial guess for the dimer structure (Fig. 2 a).
The dimer is not stable as constructed, but disruption is slow
on the simulation timescale, indicating that a very long sim-
ulation time is compulsory for assessing the stability of the
system. A sequence of snapshots in Fig. 2 a illustrates how
the disruption process proceeds. After 5 ns the B-content is
significantly reduced from its initial value of 10 residues (Fig.
2 b). At 20 ns, no appreciable B-content can be measured
anymore, but a significant amount of hydrophobic and polar
contacts still remains. The polar contacts are lost after ~30
ns. Only later (45 ns) the hydrophobic interactions also
become negligible and the two peptides become completely

FIGURE 2 Dimer. (a) Snapshots of
structures sampled during the simula-
tion 2300. Hydrophobic side chains are
shown in white, Lys side chains in blue,
Glu side chains in red, hydrogen bonds
in orange. (b) B-sheet content (black,
number of residues); polar contacts
(green), hydrophobic contacts (blue).
(¢) Salt bridges between Lys' and Glu'*
(black) and between Glu’ and Lys®
(red) over the first 30 ns of the simu-
lation. The histograms of the minimal
distance between the charged groups
are shown as full lines, while the inte-
grals are shown as broken lines.
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separated. Later they come closer again and are bound by
fluctuating hydrophobic and polar interactions. This is prob-
ably due to the artificially high concentration in the simu-
lation cell. At experimental dilution one may expect that the
two peptides diffuse apart.

A detailed analysis of the breaking of the backbone-
backbone hydrogen bonds present in the initial 8-sheet struc-
ture reveals that the two most stable bonds (Val3NH-Phel4O
and Val?O-Phe'*NH) are very well shielded from the solvent
by the hydrophobic Val and Phe side chains. Between 28.2
and 28.4 ns all atoms involved in the hydrogen bonds become
partly exposed to solvent, which triggers the simultaneous
breaking of the hydrogen bonds at 28.58 ns. This finding is in
agreement with the idea that the formation and stability of
backbone-backbone hydrogen bonds depend on their expo-
sure to the solvent (66—68).

During the lifetime of the ordered dimer (first 30 ns of the
simulation), the two possible salt bridges between the pep-
tides (Lys'-Glu'* and Glu’-Lys®) are formed, respectively,
for 29% (Lysl-GluM) and 21% (Glu7-Lys8) of the time (min-
imal distance between the charged groups <3.5 A, Fig. 2 ¢).
For an additional 21% and 13% of the time, respectively, the
salt bridges are mediated by a water molecule (distance <6 A,
Fig. 2 ¢). These findings suggest that 1), electrostatic interac-
tions between the peptides are present but not essential for
the formation of a 3-sheet; and 2), explicit modeling of water
molecules is crucial for capturing this effect.

Single peptides have been simulated before and shown to
be predominantly in a random coil structure (33,47). Our sim-
ulation shows that this tendency cannot be counterbalanced
by the interaction between two peptides alone, probably be-
cause the backbone hydrogen bonds cannot be shielded effec-
tively from the solvent and there is a insufficient number of
hydrophobic contacts. This finding is in agreement with
a recent parallel tempering MD study of the same peptide
(69), where the authors find six different metastable dimer struc-
tures at 310 K, most of them in disordered conformations.

Since the B-sheet dimer is metastable for several nano-
seconds, it could be assumed to be the minimal building block
for B-sheet assembly. Experimental evidence points to the
fact that different fibril-forming peptides, such as the very
similar AB14_,3, also form stable dimers and/or tetramers
(70). In case of AB16_2> this mechanism could be addition-
ally favored by the pairing of opposite charges in an anti-
parallel 3-sheet dimer. We test this hypothesis in the following
simulations.

Trimer

A similar disruption process as in case of the dimer is also
seen for the trimer (Fig. 3). However, the disruption takes
place on an even longer timescale.

The aggregate is more stable and one peptide loses its con-
tact with the other two peptides after ~70 ns only. Until this
time the remaining two peptides stay paired in a 3-structure.

3221

We expect that if the simulation had been continued the two
remaining peptides would also eventually dissociate, as is the
case for the dimer.

Out of four possible salt bridges in the trimeric 3-sheet,
only one is highly populated (direct bridge for 44%, water-
mediated bridge for 27% of the simulated time; see Fig. 3 ¢).
It is situated between the two remaining peptides, suggesting
that it contributes to the higher stability of the aggregate in
this location.

MD simulations performed on the AB;¢_; trimer by other
groups (33,48) demonstrate that an antiparallel 3-sheet can
be formed but shows large structural fluctuations. Full struc-
tural order in the aggregates requires a larger number of pep-
tides, in agreement with our results. Interestingly, a study
using a coarse-grained model finds a preference for an anti-
parallel orientation of the peptides despite ignoring the elec-
trostatic interactions between the Lys and Glu side chains
(47), suggesting that salt bridges are not crucial for 3-sheet
formation in agreement with our simulations.

Tetramer

Several simulations of four peptides were performed to help
us understand whether a dimer is the minimal metastable
building block of B-sheets, as the simulations of the dimer
and the trimer seem to suggest. Different temperatures as
well as different arrangements of four peptides were tested: a
single-layered structure of four peptides in one antiparallel
sheet (4300 and 4343, Fig. 4 @), and a double-layered structure
of two antiparallel sheets stacked on to each other (430¢/
PARmixed and 4348/PARmixed’ Flg 4 b)

At 300 K, the single sheet of four peptides does not break
in 50 ns. The outer two peptides lose to a large extent their
initial B-content, while the inner two peptides preserve their
structure. Representative structures observed during the simu-
lation are shown in Fig. 4 a.

At higher temperature (348 K), the sheet divides into a2 X
2 arrangement after 13 ns, forming for a short time approx-
imately an antiparallel stack of two antiparallel sheets. All
B-content is completely lost after 40 ns, but during the sim-
ulated time of 70 ns only one peptide ever detaches com-
pletely from all the others.

In the 2 X 2 arrangement (Fig. 4 b), the four peptides
remain together for the simulated time of 20 ns at 300 K, but
the initial structure is not preserved. Instead, the two sheets
rotate by ~90° with respect to each other. The 3-content is
still 4.5 residues per peptide after 20 ns. Interestingly, the
solvent-exposed hydrophobic surface does not increase during
the rotation, since the side chains at the interface suitably
adjust during this motion. In addition, there are two new
hydrogen bonds formed between the backbone of initially
opposed peptides.

In a longer simulation at higher temperature (4345/
PAR,ixeq, 100 ns) starting from the same initial conforma-
tion, the same rotation is observed, but it occurs in a shorter

Biophysical Journal 91(9) 3217-3229
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Time [ns]

Distance [A]

FIGURE 3 Trimer. (@) Snapshots of structures sampled during the simulation 35, (same color-code as in Fig. 2). (b) B-sheet content of the two remaining
peptides (black, number of residues); polar contacts of the detaching peptide (green), hydrophobic contacts of the detaching peptide (blue). (c¢) Salt bridges
between peptide 1 and 2 (black) and between peptide 2 and 3 (red). The histograms of the minimal distance between the charged groups are given as full lines,

while the integrals are given as broken lines.

time. While one of the sheets preserves roughly its initial
structure and never breaks up, the other two peptides lose
their B-content and both detach completely for a few hun-
dred picoseconds from all other peptides. For most of the sim-
ulated time, they keep contact with the other sheet in a
disordered fashion. The sampled conformations look similar
to those of the simulations starting from one single sheet of
four peptides (Fig. 4 a).

It could be postulated that the observed rotation is due to
the electrostatic repulsion between the charged Lys and Glu
side chains of opposite peptides, which are aligned in the
parallel stacking. To test this hypothesis, we also simulated
an antiparallel stacked assembly of two antiparallel sheets
(4300/AP nixeq)- Here, the same characteristic rotation is ob-
served, which suggests that it is not due to electrostatic
effects. Analysis of the SASA suggests instead that the
rotation increases the solvent exposure of the charged Lys
and Glu side chains and at the same time lowers the solvent
exposure of the less polar backbones.

In summary, we do not find a stable ordered S-sheet
aggregate of four peptides, but the aggregates hardly ever
break up, even on the 100-ns timescale at high temperature.
The single-layered geometry seems to have an energy com-
parable to that of the double-layered geometry. Both arrange-
ments display the same amount of hydrophobic surface.

Biophysical Journal 91(9) 3217-3229

In MD studies of different small amyloidogenic peptides,
similar equilibria between single-layer and double-layer
geometries have been observed (40,47,71), pointing to the
fact that for an oligomer of this size both conformations are
metastable, and the barrier for converting from one to the
other is low. We will discuss the effect of different numbers
of layers in more detail in Conclusions.

The hypothesis that the basic structural unit is a 8-sheet of
two peptides is not valid, since we also observe detachments
of single peptides. Therefore, a more complex and cooper-
ative interaction between the B-strands must be assumed.

Octamer

To test whether, for larger oligomers, a single-layer and
a double-layer geometry are still comparably stable, we sim-
ulated different arrangements of the twofold-larger system.

We find that a single-layer geometry of eight peptides
(834g) is not stable. It starts twisting and later arranges in an
approximately double-layered structure of four peptides in
each sheet. During this process the B-content, the number of
backbone-backbone hydrogen bonds, and the number of salt
bridges decrease.

A double-layered parallel stack of antiparallel sheets was
also probed. At 300 K (850o/PAR ,,ixcq), this conformation is



AB16—22 OligomerS

a 25ns 32ns (//\
o (/—) \p

very stable, showing only a small rotation of one sheet with
respect to the other.

At higher temperature (348 K, 8348/PARixeq), We still
observe a rotation of one sheet with respect to the other by
~90°. This is possible without major disruption of hydro-
phobic contacts, because the hydrophobic surface of a sheet
of four AB6_5> peptides is roughly a square with a side
length of 15 A. Interestingly, during that rotation neither the
polar nor the hydrophobic SASA changes. At the end of the
simulation the B-content still amounts on average to four
residues per peptide.

In summary, for the octamer the most stable among the
investigated structures is a two-layered -sheet geometry
with four peptides in each sheet. This is different from the
case of the tetramer, where the 2 X 2 structure has a stability
comparable to the 1 X 4 structure.

The finding of an unstable single-layered octamer struc-
ture is at variance with the case of the amyloidogenic DFNKF
peptide, where a stable single-layer nine-stranded (-sheet
has been found in simulations (39). The difference can be
explained by the higher hydrophilicity of this peptide, which
disfavors the screening of side chains from the solvent at the
interface of two sheets.

At 300 K the initial two-layered structure is stable during
the simulation time. However, eight peptides still seem to be
too few to form a well-aligned stacked -sheet structure at
higher temperature. We therefore probe a twofold-larger as-
sembly, composed of two sheets of eight peptides each,

3223

FIGURE 4 Tetramer. Representative conformations
from MD simulations. (a) Simulations starting from one
sheet of four strands (4399 and 434g). (b) Simulations
starting from a 2 X 2 arrangement (4300/PARixeq and
4348/PARmixcd)-

where the observed rotation should be hindered by the ar-
rangement of the hydrophobic side chains.

16-mer

Based on the results on the stability of the smaller aggre-
gates, in the present section we will assess the stability of
aggregates of 16 Af3 4o, peptides arranged in a two-layered
B-sheet structure. In addition we will investigate the struc-
tural influence of different intersheet stacking modes (Fig. 1).

PA Rmixed

In simulation 16500/PARixeq, the B-structure of all peptides
is very well conserved over the entire simulation length
(Fig. 5 @). A small structural relaxation can be observed after
18 ns, when the aggregate disposes of some initial deforma-
tion acquired during the equilibration phase and assumes an
almost perfectly aligned and flat B-sheet structure. After this
event, the RMSD of the inner eight peptides from their aver-
age position is very low (0.72 = 0.10 A). The outer eight
peptides are more flexible (RMSD 1.09 *+ 0.19 A) but also
stable.

A striking feature of the B-sheet structure is that water is
completely excluded from the interface between the two
sheets (Fig. 5, b and ¢), which is formed by hydrophobic side-
chain contacts. There are two water channels between the
sheets, close to the polar side chains at the end of the peptides.

Biophysical Journal 91(9) 3217-3229
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FIGURE 5 Simulation 1650o/PARgvyre. (@) B-sheet content (black,
number of residues per peptide), RMSD of inner eight peptides (green,
A), and RMSD of outer eight peptides (blue) with respect to the average
structure of the last 20 ns. (b) Water channels inside the aggregate during the
simulation (water positions taken from 200 snapshots, sampling interval of
10 ps). Water shown in orange, hydrophobic residues in white, Lys in blue,
Glu in red; hydrogens omitted for clarity. (¢) One snapshot of the simulation,
showing that the AB;¢_o> peptides form a compact hydrophobic core. Same
color code as in panel b.

Similar channels that serve to solvate buried polar side chains
have been observed in simulations of AfBg_40 (45).

On average there are 81 interbackbone hydrogen bonds,
equivalent to 5.8 hydrogen bonds between each pair of neigh-
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boring peptides. This corresponds almost to the value of the
starting structure (6). On the other hand there are relatively
few salt bridges present, eight on average, one of them be-
tween the two sheets.

To confirm our observation that this assembly of 16
peptides is stable, we also carried out a simulation at 348 K.
Here the structure is very stable as well and moreover, close
to the average structure observed at 300 K. The backbone
RMSD between the converged average structures amounts to
0.8 A only.

In summary, the simulated assembly of 16 peptides
displays a very high stability. While the intrasheet inter-
actions include backbone-hydrogen bonds and side-chain
hydrophobic contacts, the main intersheet interactions are
exclusively hydrophobic contacts.

PAR[_FA and AP[_FA

Two simulations have been carried out for two sheets stacked
together by the LFA-LFA interface, one with a parallel stack-
ing (16300/PAR gs) and one with an antiparallel stacking
(163500/APLga). The detachment of a peptide is never ob-
served, and the (B-sheet structure is largely preserved.

However, both structures show a stronger deviation from
a perfectly aligned, planar B-sheet structure than 16500/
PARixeq- In 16500/PAR] A, two collective movements can
be distinguished (Fig. 6): a slight twisting of the sheets; and a
small shift in z direction of one sheet with respect to the
other. The structure is not yet converged after 25 ns of sim-
ulation. In 16500/APL s on the other hand, a very twisted
structure (Fig. 6 a) is quickly formed within 3 ns and stable
for the rest of the simulation, which suggests that a stable
minimum has been reached.

The collective movements of the sheets can be understood
by looking at their interactions. Since the charged amino
acids are pointing outwards and are well solvated by water,
the intersheet contacts are limited to three hydrophobic side
chains (Leu, Phe, Ala). The sheet distance has a lower bound
of ~10 A imposed by the bulky phenyl rings. However, at
this distance the small Ala side chains cannot form good
contacts. The twisting and shifting of the sheets helps to

FIGURE 6 Rearrangements of B-sheets with different
stackings. (@) Twist of sheets (observed in 1630¢/APLga),
(b) shift in z direction by one peptide (observed in 16300/
PAR| ra), and (c) rotation of one sheet with respect to the
second sheet (observed in 16300/PARgvEE).
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ensure a better hydrophobic contact, which is confirmed by
the decrease of the hydrophobic SASA during the initial
movements.

PARKVFE

Simulation 165,0/PARgvrg initially displays some rotation of
one sheet with respect to the other (Fig. 6 ¢) and a shift of half a
peptide’s width in the z direction, but it converges slowly (in
~18 ns) to a structure similar to 1639o/PARixcq, 1.€., Without
twists, rotations, or shifts. This simulation shows the highest
number of salt bridges between the charged Lys and Glu side
chains. On average there are 12 intrasheet and 11 intersheet
salt bridges, with some residues forming more than one salt
bridge. Due to this partial burial of the charged groups, 16300/
PARgvrg also displays the lowest polar and the lowest total
SASA. However, it displays at the same time the highest
hydrophobic SASA of all tested stackings. The corners of the
aggregate are slightly disordered because of the preference
of the charged side chains to interact with water. Good hydro-
phobic contacts between the sheets are assured through Phe-
Phe and Val-Val interactions.

Stability and sheet stacking

In summary, all of the tested 3-sheet aggregates of 16 pep-
tides are stable, and no detachment or loss of 8-conformation
is observed, not even at elevated temperature. However,
different intersheet stackings can result in aggregates with
different quaternary structures.

Convergence of large-scale movements like the twisting,
shifting, and rotating of large [3-sheets is slow on the MD
timescale. Nevertheless, our simulations suggest that
PAR,;ixeqd and PARgvyrg form flat and well-aligned aggre-
gates, while PAR; g4 and APy, form twisted structures to
ensure optimal intersheet contacts. More specifically, a left-
handed helical twist is observed in both simulations. The
sense of the twist is in agreement with the twists found exper-
imentally in amyloid fibrils formed by different peptides
(72-75).

While PAR v has the lowest total SASA, it displays the
highest hydrophobic SASA of all 16-mers. PARixeq, On the
other hand, shows the lowest hydrophobic SASA. The best
shielding of the backbone from the solvent is observed in
PAR| ra, which displays also the lowest potential energy.
Here, good shielding is provided by the KVFE side chains
pointing outside to the solvent on both outer surfaces.

In case of much longer fibrils, the rotational movement
observed in PARkvyge should be further inhibited, while
shifting along the z axis should be facilitated. In this manner,
a fast transformation between parallel and antiparallel stack-
ings is possible.

For restrictions in computational time we have not simu-
lated the 16-mer with AP, ;;.q and APyyrg stackings. How-
ever, based on the observation that a shift in z direction can
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occur spontaneously, transforming a parallel stacking into an
antiparallel stacking, and on the observation that PAR| g5
and AP;gs behave similarly, we would expect that also
AP ixea and APyxypg would form flat and well-aligned
aggregates.

32-mer

If more than two sheets are stacked together, combinations of
different stacking modes are possible. The only periodically
repeatable stacking is PAR ixeq (0F AP ixeq)- A simulation
of four sheets in PARjxeq Stacking (32300/PARpixeq) Was
carried out. The aggregate is very stable with all peptides
staying in B-conformation. The only observable large-scale
movement is a rotation of one external sheet (sheet IV, Fig. 7
a) with respect to the other three sheets. This relaxation is
completed within 10 ns and stable for the following 25 ns
(RMSD in Fig. 7 ¢). It should be noted that the other three
sheets, which interact through the same interface as the
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FIGURE 7 32-mer. (a) Snapshot from simulation 32300/PARixeq- (P)
Snapshot from simulation 32348/PAR;ix.q- (¢) B-sheet content (solid line,
number of residues per peptide) and RMSD from the average structure of
sheets /-II during the last 27-ns of simulation 32300/PAR ixeq (in A). Sheets
I-11I (dark shaded line), sheet 1V (light shaded line), and sheets I-IIl from
32348/PARixeq (dashed line).
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rotated sheet, remain completely flat and aligned, suggesting
that the rotation is due to equilibration of the initial structure.
On average, there are 18 salt bridges present, roughly four
per sheet and two between two sheets.

Starting from the final structure of simulation 32300/
PAR,ixeq,» another simulation was carried out at 348 K
(32543/PARjixcq). Within the simulated 30 ns, sheet IV
rotates back, so that the peptide backbones are again aligned
with the y axis, but it remains shifted by one peptide in z
direction (Fig. 7 b). Again, the structure of sheets I-III
remains completely flat and aligned as at 300 K, suggesting
that this part of the aggregate is well equilibrated and stable.

We have calculated the trajectory average of the x-ray
diffraction pattern of the 32-mer system according to Egs. 3
and 4. In Fig. 8 a, the characteristic cross-3 pattern of amy-
loid fibrils is observed. By plotting separately the meridional
and the equatorial x-ray diffraction pattern (Fig. 8 b), we can
confirm that the peak at 4.9 A originates from the inter-
peptide distance (z direction), while the peak at 11.1 A stems
from the intersheet distance (x direction). We obtain slightly
smaller distances when calculating the x-ray diffraction
pattern of a larger B-sheet model (data not shown), pointing
to a finite size effect.
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FIGURE 8 (a) Calculated x-ray diffraction pattern of the 32-mer,
averaged over the last 26 ns of simulation 32;00/PARixeq (26 frames,
sampling time 1 ns). (b) Equatorial (solid line) and meridional (dashed line)
x-ray diffraction pattern extracted from the same calculation. The equatorial
peak reflects the intersheet distance, while the meridional peak reflects the
interpeptide distance.
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To our knowledge the only x-ray diffraction data available
for AB¢ 2> has been recorded in a lyophilized powder and
displays periodicities of 4.7 and 9.9 A (46). The latter is
smaller than the typical intersheet distances (10.6 A) in a
number of Alzheimer-related peptides (13,14,16,76). How-
ever, it has been found that the intersheet distance measured
by x-ray diffraction depends crucially on sample preparation:
for different fragments of AfB;_4,, the distance between
lyophilized, vapor-hydrated, and dried fibrils can vary by as
much as 3 A for the same system (77).

In summary, the calculated x-ray diffraction pattern is in
good agreement with experimental data and suggests that our
model is similar to the structures found in vitro.

CONCLUSIONS

The present large-scale explicit-solvent MD simulations
yield insight into the properties of AB;6_2, oligomers of
2-32 peptides. Oligomers of this size are believed to play a
crucial role in the Alzheimer pathology (10).

A result from our simulations, which is in agreement with
earlier studies (39,78) and with experimental evidence, is
that the B-sheet aggregates are stable only if larger than a
critical size. While a 3-sheet dimer breaks up after a few tens
of nanoseconds, the trimer and tetramer take a significantly
longer time, and higher oligomers are stable during the course
of the simulations. Assemblies of eight peptides are gener-
ally stable but show some structural flexibility. The biggest
tested assemblies of 16 and 32 peptides show very high struc-
tural stability. We attribute this to better hydrophobic contacts
and a better shielding of backbone-backbone hydrogen bonds
from the solvent, which is possible in larger assemblies.
Electrostatic effects seem to play a secondary role for the
stability of the aggregates, as suggested by the relatively few
salt bridges between the charged Glu and Lys side chains.
Very stable structures (e.g., in 16300/PAR,ixeq) are observed,
where only ~50% of the possible salt bridges are formed.
However, electrostatic effects may play a crucial role for the
aggregation process (30).

In Fig. 9 we plot the total SASA observed in our simu-
lations as a function of the number of peptides. It can be seen
that for a given number of B-sheet layers, the SASA depends
linearly on the number of peptides. While the y axis intercept
increases with the number of layers, the slope decreases with
the number of layers. This behavior can be qualitatively
explained by a simple geometrical model, considering each
peptide as a parallelepiped, as it is sketched in the inset of
Fig. 9 for the case of eight peptides. Each sheet has two
exposed surfaces in the x,y plane, regardless of the number of
peptides in the sheet. While the number of exposed surfaces
in the y,z plane depends linearly on the number of peptides
and inversely linearly on the number of sheets, the number of
exposed surfaces in the x,z plane depends solely and linearly
on the number of peptides.
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FIGURE 9 Total SASA (in A?) as a function of the number of peptides.
The data points are extracted from the MD simulations, and linear fits are
displayed for the single-layered (black) and double-layered (red, PAR pixed
stacking) structures. For the four-layered structure (green) only one long
simulation has been performed. The SASA extracted from two short
simulations of a 4 X 4 (green square) and of a 2 X 16 (red square)
arrangement confirm our predictions. The blue curve corresponds to the
empirical formula derived for oligomeric proteins (79).

In the case of four peptides, the observed SASA is the
same for a single-layered and a double-layered arrangement.
In the case of eight peptides, however, the observed SASA is
significantly lower for a double-layered arrangement. This is
in perfect agreement with the stabilities found in our simu-
lations: while the tetramer samples both single-layered and
double-layered conformations starting from either geometry,
the octamer is only stable in a double-layered conformation.

To confirm our predictions, we carried out two additional
short simulations of a 2 X 16 (Fig. 9, red square) and of a
4 X 4 (green square) arrangement. The value for the 2 X 16
structure lies exactly on the linear fit to the other points of
a double-layered structure and is larger than the value of the
4 X 8 structure. The value obtained for the 4 X 4 structure is
slightly larger than the one obtained for the 2 X 8 structure.
Therefore the crossover from a more stable double-layered
to a more stable four-layered structure is predicted to be
between 16 and 32 peptides.

If we extrapolate these findings to a much larger number
of peptides, we would conclude that a lateral growth of fibrils
(in B-sheet stacking direction) should be favorable over a
longitudinal growth (in hydrogen-bonding direction). This is
obviously not true, but the experimentally observed forma-
tion of long fibrils containing only a few sheets can be
explained by kinetic factors. It is known that dimer and olig-
omer formation is a slow process, while fibril growth from a
preformed seed is a fast process. A preformed 3-sheet ag-
gregate can add monomers only in hydrogen-bonding direc-
tion, while the addition of another sheet is possible only by
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adding a preformed oligomer. Therefore longitudinal growth
is faster than lateral growth. On the other hand, it has recently
been shown that amyloidogenic peptides can also form mi-
crocrystals with lateral dimensions of 12-240 nm (16,17),
supporting our conclusion that lateral growth is energetically
accessible.

Interestingly, the observed SASAs for the larger aggre-
gates agree well with the empirical formula derived for the
SASA of oligomeric proteins

SASA =53 X M*™, 5)

where the surface is given in A% and the molecular mass M in
atomic mass units (79). However, the surface of the AB14_2>
oligomers is more hydrophobic (72% in case of the dimer,
65% in case of the 32-mer) than the one of a globular protein.

There are six distinct possibilities to stack two in-register
antiparallel sheets of AB;6_5, on to each other. Depending on
the interface, we observe straight or twisted structures. Since
mixtures of these stackings are unlikely within the same ag-
gregate due to the symmetry of an antiparallel 8-sheet, it can
be assumed that in a seeded solution the stacking of the seed
will be propagated. It could further be hypothesized that
under neutral pH, AP} g4, which displays a twisted structure,
is more likely to form than PARgvrg, which displays a flat
structure, because of the better solvation of the charged Lys
and Glu side chains. This effect should be smaller under
acidic or basic pH, where one of the side chains would be
neutralized, so that the formation of PARgygg becomes
more likely. We therefore propose that the stacking of dif-
ferent interfaces could be related to different fibril morphol-
ogies found in vitro at different pH. A similar suggestion has
been made for the case of the Af3_4, peptide (52).

We calculated the x-ray diffraction pattern of our biggest
system (32-mer) to compare our data directly to the available
experimental data. We observe peaks signaling periodicities
that are close to the corresponding experimental determina-
tions. In view of this agreement we assume that the simulated
structures are very similar to the experimental ones.

We thank D. J. Callaway for bringing the subject to our attention, R. Lins
for help with building the B-sheets, and R. Ammendola for computer
support.
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