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Filamentous amyloid aggregates are central to the pathology of
Alzheimer’s disease. We use all-atom molecular dynamics (MD) simu-
lations with explicit solvent and multiple force fields to probe the structural
stability and the conformational dynamics of several models of
Alzheimer’s b-amyloid fibril structures, for both wild-type and mutated
amino acid sequences. The structural models are based on recent solid state
NMR data. In these models, the peptides form in-register parallel b-sheets
along the fibril axis, with dimers of two U-shaped peptides located in
layers normal to the fibril axis. Four different topologies are explored for
stacking the b-strand regions against each other to form a hydrophobic
core. Our MD results suggest that all four NMR-based models are
structurally stable, and we find good agreement with dihedral angles
estimated from solid-state NMR experiments. Asp23 and Lys28 form
buried salt-bridges, resulting in an alternating arrangement of the
negatively and positively charged residues along the fibril axis that is
reminiscent of a one-dimensional ionic crystal. Interior water molecules are
solvating the buried salt-bridges. Based on data from NMR measurements
and MD simulations of short amyloid fibrils, we constructed structural
models of long fibrils. Calculated X-ray fiber diffraction patterns show the
characteristics of packed b-sheets seen in experiments, and suggest new
experiments that could discriminate between various fibril topologies.
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Introduction

Amyloid fibrils are associated with a wide variety
of amyloid diseases, including Alzheimer’s,
Parkinson’s, Huntington’s, and prion diseases, as
well as type 2 diabetes.1–3 The structural character-
ization of self-assembled fibrils formed by the
b-amyloid peptide associated with Alzheimer’s
disease (Ab) is a central step toward a better
understanding of the mechanisms leading to the
formation and structural stability of ordered,
fibrillar peptide aggregates,4–6 and possibly toward
the prevention of amyloid formation. A detailed
understanding of the structural properties of
amyloid fibrils could also play a crucial role in the
by Elsevier Ltd.
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design and development of new types of nano-
materials.7–9 However, high-resolution structures
are not currently available for Ab fibrils because of
the inherent non-crystallinity and insolubility of
these materials. Until approximately ten years ago,
information about the molecular structures of
amyloid fibrils was limited to the presence of
ribbon-like b-sheets arranged in a cross-b orien-
tation, as indicated by the 4.7–4.8 Å meridional
reflection in X-ray fiber diffraction data.1

Recently, significant progress has been made
toward the elucidation of the molecular structures
of amyloid fibrils.4,5 With solid state nuclear
magnetic resonance (NMR) methods, specific
interatomic distances that constrain the supra-
molecular organization can be measured, and
dihedral angles and distances that constrain the
molecular conformation can be estimated. Solid
state NMR data and the resulting structural
models10–14 support a parallel b-sheet structure in
fibrils formed by both the 40 and 42-residue
b-amyloid peptides (Ab1–40,42). Parallel b-sheets
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have been found by solid state NMR originally in
fibrils formed by residues 10–35 of b-amyloid
(Ab10–35).12,15,16 However, antiparallel b-sheets have
also been found by solid state NMR in fibrils
formed by shorter b-amyloid fragments.17–20 It is
important to note that recent solid state NMR and
electron microscopy experiments have shown that
Ab1–40 can form at least two distinct amyloid fibril
structures, with distinct and self-propagating
morphologies and molecular-level structural
features, dependent on subtle variations in fibril
growth conditions.4 Although all Ab1–40 fibril
structures studied to date contain parallel b-sheets,
distinct structures differ in the specific details of
side-chain–side-chain contacts and in mass-per-
length (MPL) values. All results discussed below
are based on experimental data for fibrils grown
with gentle agitation, under conditions described
by Petkova et al.4

The amino acid sequence of the Ab1–42 peptide is
D1AEFRHDSG9YEVHHQKLVFFAED23VGSNK28-
GAIIGLMVGGVV40IA42, where subscripts indicate
residue numbers. The solid state NMR data are
consistent with an Ab1–40 monomer secondary
structure composed of a structurally disordered
N-terminal region followed by two b-strand
segments connected by a “loop” or “bend”
segment.10,21 Other recent experimental22–25 and
statistical studies26 also support models with a
b-sheet core and a single loop near residues 23–26.
Scanning transmission electron microscopy (STEM)
data4,10,12,27 indicate that Ab1–40 and Ab1–42 fibrils
with minimal MPL (which we call protofilaments,
see Methods) contain two peptide molecules per
layer in b-sheet motifs.

The objective here is to use molecular dynamics
(MD) simulations to add further structural detail to
the solid state NMR models for Ab1–40 fibrils, and to
explore the structural stability, hydration and
dynamics of peptide fibrils. Several MD simulations
of b-amyloid peptide fragments have been
reported,28–37 providing insights into the molecular
properties of monomers and small oligomers of
fibril-forming peptides. Ma & Nussinov30 per-
formed an extensive MD analysis of various
structural models of short b-amyloid fragments,
including parallel and antiparallel b-sheet struc-
tures. In agreement with the NMR experiments,
their simulations suggested a strand-loop-strand
structure with parallel b-sheets for Ab10–35 fibrils.
Moreover, Ma & Nussinov also concluded from
their simulations that an interior salt-bridge
between residues D23 and K28 formed a major
element of their fibril structures, consistent with the
NMR data.30 Preceding the solid state NMR
measurements demonstrating parallel b-sheets,
atomic models of antiparallel pleated b-sheet
structures of Ab protofilaments38–41 were also
explored using MD simulations.42–44

Here, we perform a computational study employ-
ing all-atom MD simulations starting from the
NMR-derived structural models of Alzheimer’s
b-amyloid fibrils. In light of experimental
evidence that the N-terminal residues 1–8 are
disordered,10,25,45,46 we use the Ab9–40 segment as
a model for the full-length amyloid peptides. The
structurally detailed solid state NMR models5,10

provide a set of realistic starting configurations for
our all-atom simulations of Ab protofilaments.
Explicit-solvent MD simulations of molecular
systems with 17,000–52,000 atoms are used to
explore possible fibril topologies.

After a brief description of the different fibril
topologies and the MD simulations of amyloid
peptides in finite fibril segments and infinitely long
fibrils, we explore the conformational stability of
various fibril topologies. We then characterize in
detail the structural characteristics of simulated
amyloid fibrils, such as their backbone dihedral
angles, the left-handed twisted configuration of the
protofilaments, their molecular surface, interior
hydration and internal salt-bridges. Based on fibril
symmetry transformations extracted from MD
simulations of short fibril segments, we build
models of long amyloid fibrils. Finally, we compare
structural aspects of the models to experiment, in
particular the MPL and twisting characteristics of
long amyloid fibrils, and the calculated X-ray fiber
diffraction patterns. Details about simulation and
analysis procedures are described in Methods.
Results and Discussion

Atomic-level structure of Ab protofilaments

In this work, we study atomic-level models of
structures of molecular fibrils composed of parallel
dimeric layers of Ab9–40 wild-type peptides with the
sequence G9YEVHHQKLVFFAED23VGSNK28-
GAIIGLMVGGVV40. As indicated by solid state
NMR measurements,4,10,21 residues V12–V24 and
A30–V40 adopt b-strand backbone conformations,
residues G25–G29 are part of a non-b structure, and
residues D23 and K28 form a salt-bridge. The two
b-strand regions form in-register parallel b-sheets
with the corresponding residues from the neighbor-
ing Ab9–40 molecules in the fibril.4,13,14 The minimal
experimentally detected structural unit (i.e., the
protofilament) contains two strands of Ab9–40

molecules, as suggested by the STEM data.4,10,12,27

Based on this experimental information, we
generate several atomically detailed models of
Ab9–40 fibrils as described next, and we investigate
them using MD simulations. The all-atom, NPT
(NPT assumes a fixed number of particles, N,
constant pressure, P, and temperature, T ) simu-
lations in explicit solvent performed in this work
are summarized in Table 1, with a detailed
description given in Methods.

Initially, the fibrils are aligned with their
hydrogen bonding direction (or growth axis)
along the z-axis. Planes normal to the z-axis contain
dimeric layers of Ab9–40, so that the initial MPL
value for Ab9–40 is approximately 18 kDa/nm (two
peptides of 4.3 kDa molecular mass per layer, with a



Table 1. Summary of the molecular dynamics simulations of amyloid protofilaments

Notation Ntotal Nwat Time (ns) Force field

Finite fibril system
Cx

2 47,498 14,566 10.0 CHARMM
Cz

2 51,695 15,965 10.0 CHARMM
FCx

2 50,588 15,596 10.0 CHARMM
FCz

2 52,250 16,150 10.0 CHARMM
FCx

2-A 32,915 9697 10.0 AMBER
FCx

2-AGS 32,915 9697 10.0 AMBER-GS

Periodic infinite fibril system
Cx

2 23,918 6706 10.0 CHARMM
MCx

2 17,575 4629 6.0 CHARMM
Cz

2 21,083 5761 10.0 CHARMM
FCx

2 24,230 6810 10.0 CHARMM
FCz

2 25,013 7071 10.0 CHARMM

Finite fibril system continuing an infinite system simulation
FCx

2 32,693 9631 10.0 CHARMM

Most simulations were performed using the CHARMM27 force field.73 For the simulations denoted by FCx
2-A and for FCx

2-AGS, we used
the AMBER94 force field,74 and a modified AMBER94 force field,75 respectively. Ntotal and Nwat are the numbers of atoms and the
number of water molecules in the simulation system, respectively.
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separation of 4.8 Å along the fibril axis). The x-axis
is taken to be parallel with the two b-strand regions
V12–V24 and A30–V40. Following this convention,
we denote the various fibril configurations accord-
ing to their symmetry (Figure 1). In the Cx

2 topology,
the two peptides in the dimeric layers are
related through a 1808 rotation about the x-axis
Figure 1. Structures of dimeric layers of the Ab9–40 system d
with (a) Cx

2, (b) Cz
2, (c) FCx

2, and (d) FCz
2 symmetry at the beginn

end of the simulations (right, 10 ns). The colors correspond to
polar, red for acidic and blue for basic).
(Figure 1(a)). In the Cz
2 fibril topology, the two Ab

peptides are related by a 1808 rotation about the
z-axis (Figure 1(b)). We also consider topologies in
which the backbone of the C-terminal b-strand is
rotated by 1808 about its axis, thereby exchanging
the intramolecular and intermolecular hydrophobic
contacts of side-chains in the C-terminal b-strand.
uring the MD simulations. Shown are structures of models
ing of the simulations (left), after 0.1 ns (center), and at the
the amino acid types (green for hydrophobic, magenta for



MD Simulations of Ab Protofilaments 807
These “flipped” topologies (FCx
2 and FCz

2) are
generated by rotating the backbone F and J
dihedral angles in the vicinity of residues G29 and
A30. Such flipped topologies were considered in the
simulations reported by Ma & Nussinov.30 In the
FCx

2 and FCz
2 topologies, the residues forming

intermolecular side-chain interactions in the
dimeric layers are I31-G33-M35-G37-V39 (i.e.,
instead of I32-L34-V36-G38-V40 in Cx

2 and Cz
2

topologies).
For each of the four topologies (Cx

2, Cz
2, FCx

2, and
FCz

2), atomically detailed protofilament structures
are built starting with energy-minimized atomic
co-ordinates for the structural model proposed by
Petkova et al.10 In these MD simulations, we study
(a) finite fibrils consisting of eight peptides
(Figure 2(a)), and (b) periodically replicated infinite
fibril structures (Figure 2(b)).

The finite Ab amyloid protofilament segments
consist of two peptides!four layersZeight Ab9–40

peptides. The protofilaments are placed into
rectangular simulation boxes and solvated with
9000 to 15,000 TIP3P47 water molecules (see Table 1).
We expect that for these four-layer fragments, the
properties of the inner two layers will be close to
those of longer fibrils. A finite fibril system with Cx

2
topology is shown in Figure 2(a).
Figure 2. Initial configurations of the Ab9–40 fibril model w
(b) the “infinite” fibril system. The peptide backbones (rib
molecules. Simulation boxes are shown as blue lines. (c) Ribb
Ab9–40 fibril segments Cx

2, Cz
2, FCx

2, and FCz
2. In all cases, the fib

10 ns simulations.
Infinite protofilaments are constructed by
periodic replication of segments containing
two peptides!four layersZeight Ab9–40. The initial
z-dimension of the simulation box is chosen to be
commensurate with the 4.8 Å spacing between
hydrogen-bonded backbones of the parallel
b-sheets. In an infinite-fibril simulation system
such as the one depicted in Figure 2(b), the fibril
structure is free to change in the xy-plane (i.e.
normal to the fibril axis) during the MD simulation.
However, because of the periodicity along the
z-axis, a “twist” around the fibril axis is not
possible.

Conformational stability of Ab-peptide
protofilaments

Our MD simulations show that the strong
hydrophobic interactions between the non-polar
residues of the b-strand regions lead to the
formation of a well-packed core, an important
factor for the stability of b-amyloid fibrils. Figures 1,
2(c), and 3 show peptide structures at the end of
10 ns MD simulations for both finite (Figures 1 and
2(c)) and infinite periodic (Figure 3) fibril segments.
We find that the fibril configurations remain
compact for all four topologies: Cx

2, Cz
2, FCx

2 and
ith Cx
2 symmetry for (a) the “finite” fibril segment, and

bons) are shown together with the surrounding water
on representations of the final configurations of the finite
ril segments remain in compact conformations during the



Figure 3. Snapshots of initial (0 ns), intermediate (0.1 ns) and final (10 ns) configurations of MD simulations of
infinitely long fibril structures. (a) Top views (along the z axis) are shown for Ab9–40 systems with Cx

2 ((a) and (c)) and Cz
2

symmetry (b). The system shown in (c) corresponds to a mutated sequence ðMCx
2Þ, with a hydrophilic and charged

interface. The structural stability of the test MCx
2 system is lost after just z2 ns of MD simulations.
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FCz
2. For FCx

2, we performed additional simulations
with different types of force fields (Table 1), and
again the wild-type Ab9–40 fibrils with FCx

2 struc-
tures are stable in all cases.

The perfect C2 symmetries of the initial Ab9–40

oligomer structures are lost during the MD
simulations. Loss of symmetry in the Cx

2 and FCx
2

structures is more pronounced than in the Cz
2 and

FCz
2 structures. Shifting of side-chain–side-chain

contacts along the x-axis in the Cx
2 and FCx

2
simulations places side-chains at the dimer inter-
face (e.g. side-chains of I32, L34, and V35 in the Cx

2
case, side-chains of I31, M35, and V39 in the FCx

2
case) in two qualitatively inequivalent environ-
ments (see Figure 1(a) and (c)). One might expect
this existence of two inequivalent environments to
produce a splitting of solid state 13C NMR signals
into two equal-intensity components. Such a
splitting has not been observed experimentally,4

suggesting that the Cz
2 or FCz

2 structure in these
simulations may correspond more closely to the
Ab1–40 fibril structure characterized in recent solid
state NMR experiments.

As a test of the time-scale on which we could
expect a conformational instability to become
noticeable, we perform an MD simulation for a
mutated sequence in the Cx

2 conformation,
GYEVHHQKLVFFAEDVGGGGGNIKGNMNGKVN (the
underlined residues are mutated). The results for
this MCx

2 simulation (M stands for mutation) are
illustrated in Figure 3(c). The I32K and G38K
mutations result in strong electrostatic repulsions
between the peptides in the dimeric layer that
destabilize the intermolecular b-sheet interface. As
illustrated in Figure 3(c), the two protofilament
strands separate during the first few nanoseconds.
At 4 ns, the intermolecular interface is fully
hydrated. The observed protofilament disinte-
gration for a mutated sequence serves as an
indication that a strong conformational instability
of the fibril structures studied here could become
evident in 10 ns MD runs.

Further evidence for the structural stability of the
wild-type fibrils comes from analyzing the variation
of several structural parameters along the MD
simulation trajectories, such as: (a) root-mean-
square distances (RMSD) for the backbone Ca

atoms along the trajectory, and (b) Asp-Lys
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distances related to the integrity of interior D23-K28
salt-bridges.
RMSD values for backbone Ca

Figure 4 shows RMSD curves for the backbone Ca

atoms, calculated for finite FCx
2 fibrils. These results

are representative for the other topologies (i.e., Cx
2,

Cz
2, and FCz

2). The RMSD values are calculated by
comparing the conformations at different times
during the simulations to reference structures
corresponding to initial (RMSD0), final (i.e. after
10 ns, RMSD10), and average conformations
(RMSDave), respectively. The average structure is
obtained from fibril coordinates of the second half
of the trajectory (i.e. 5–10 ns) using recursively
optimal rigid-body alignment followed by
averaging until convergence is achieved. As
shown in Figure 4(a), during the first nanosecond
of the MD trajectories, the fibril structure relaxes
away from the initial model. After about 1 ns, the Ca

backbone RMSD settles at w3.5 Å with respect to
Figure 4. (a) Backbone Ca RMSD deviations from the
starting (RMSD0), final (RMSD10) and average (RMSDave,
5–10 ns) structures. The RMSD curves are shown for the
FCx

2 system and are representative for the other cases (Cx
2,

Cz
2, and FCz

2). (b) Local dynamical variations in the
positions of the Ca atoms of the amyloid monomers as
measured by the RMSD from their average values over
the 5 to 10 ns trajectory segment of the FCx

2 fibril. In the
structural alignment, all Ca were used.
the starting structure, and w1–2 Å with respect to
the final structure. These RMSD curves show that
during the MD simulations the protofilaments
assume a stable conformation with only minor
changes of their core structure occurring during the
final 5 ns of the MD trajectories. The major
structural changes in the first 1 ns period are
interdigitation of hydrophobic side-chains between
b-sheets and twisting about the z-axis.

Figure 4(b) shows the local dynamical variations
of the FCx

2 peptide monomer backbone as measured
by the RMSDs of individual Ca atoms from their
average positions over the second half of the 10 ns
trajectory. We find that the backbone atoms in the
b-sheet regions exhibit significantly smaller
fluctuations from their average positions than either
the N or C termini, or the connecting loop segment.

Based on previous experimental observations
that the N-terminal regions are disordered, and
not likely to be part of the H-bonded b-sheet
structure in the fibril,10,25,45,46 we did not include
residues 1–8 of the full Ab1–40 sequence in our
simulations. However, as shown in Figure 4(b), the
remaining N-terminal residues exhibit larger
fluctuations, indicating that, indeed, they can be a
part of the transition between a structured b-sheet
region and a flexible N-terminal segment.

Experimental 13C NMR linewidths4,10 for most
carbonyl, a-carbon, and b-carbon sites in residues
10–39 are less than 2.5 ppm, indicating an ordered
conformation in a non-crystalline environment.
Linewidths for A2, D7, S8, and G9 are significantly
larger, indicating structural disorder in the
N-terminal segment. In addition, linewidths for
certain sites in residues 14–16 exceed 3 ppm,
suggesting local disorder around Q15. Some, but
not all, sites in residues 35–39 exhibit 13C NMR
linewidths in the range of 3–4 ppm. However,
measurements of intermolecular carbon–carbon
distances and 13C NMR chemical shifts10,14 indicate
that V39 participates in the parallel b-sheet
structure of Ab1–40 fibrils. Electron paramagnetic
resonance measurements on spin-labeled Ab1–40

and Ab1–42 fibrils22 show immobilization and
intermolecular dipole–dipole couplings for
residues 14–38 (no data reported for residues
11–13 or V39). Thus, the experimental data indicate
that the ordered structure in Ab1–40 fibrils extends
to the C terminus, in agreement with the
observation in our simulations that the inter-
molecular hydrogen bonds in the parallel b-sheets
remain intact for the C-terminal residues.

Recent hydrogen–deuterium exchange experi-
ments on Ab1–40 fibrils48 show that residues 37–39
are less strongly protected from exchange than
certain other residues in the most highly ordered
segments of the fibrils. However, the exchange
period employed in these experiments (25 h at
pH 7.5) is long enough to permit significant
hydrogen–deuterium exchange even in structurally
ordered b-sheets, so these data do not contradict the
results of our simulations and of solid state NMR
experiments.
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D23-K28 salt bridge

Both solid state NMR measurements4,10 and the
MD simulations reported by Ma & and Nussinov30

have identified an interior salt-bridge between D23
and K28 as an important element of the fibril
structure. Figure 5(a) shows the relative arrange-
ments of D23 (red) and K28 (blue) at the end of the
10 ns FCx

2 simulation of a finite fibril segment. We
find that the positive K28 and negative D23 side-
chains alternate along the fibril axis, with tight salt-
bridges both intramolecular, and between adjacent
peptide layers. The time evolution of the distances
(shown as green lines in Figure 5(a)) between the Cg

atom of the D23 residue and the Nz atom of K28, is
shown in Figure 5(b). For the five salt-bridges in the
interior layers of the protofilament segment, the
distances fluctuate little around their average value
of 3.46 Å, with a standard deviation of 0.24 Å, as
shown by the histogram in Figure 5(b) for the
FCx

2 topology. The values of the corresponding D23-
K28 distances and their histograms for all four
topologies simulated here are similar to the FCx

2
case.
Backbone and side-chain torsion angles

The backbone and side-chain torsion angles are
important structural parameters, directly related to
the local secondary structure and conformational
details of Ab peptides in protofilaments. Values of
the residue-specific F and J angles for Ab1–40 fibrils
have been estimated from solid state 13C NMR
Figure 5. (a) Structure and (b) dynamics of the salt-bridg
backbone is shown. The distances (green lines) shown in (a) ar
over 10 ns MD trajectories (b) indicate that both intra and in
structure. The inset in (b) shows a histogram of these values.
chemical shifts determined from two-dimensional
NMR spectra of samples with multiple uniformly
13C-labeled residues, recorded under magic-angle
spinning4,10 and from solid state NMR measure-
ments that directly probe the distances between
and the relative orientations of sequential backbone
carbonyl groups in samples with selectively
13C-labeled carbonyl sites.21

From MD simulations, we extract statistical
values of the residue-specific backbone torsion
angles (F and J) and of the side-chain angle c1

for finite Ab9–40 fibril segments. The MD-derived
mean values of the F, J and c1 angles for the three
largest clusters of conformations (i.e. corresponding
to the largest populations P(F,J) and P(c1)) are
compared to values estimated using the TALOS
program49 from solid-state NMR data.

For residues in b-strand segments, the dihedral
angles extracted from the 10 ns MD trajectories of
the four (i.e. Cx

2, Cz
2, FCx

2 and FCz
2) configurations are

very close to the corresponding experimental
estimates. For FCx

2, we note a high degree of
disorder at the C terminus. Interestingly, only FCz

2
shows two occupied (F,J) values for residue Q15,
in agreement with the experimentally observed
local enhancement in the CO, Ca and Cb linewidths
for residues 14–16.4 Enhanced linewidths are also
observed for residues H14 and K16, but the MD
data shows multiple values only for the c1 angle at
those locations.

For some residues in the loop segment, multiple
dihedral-angle states with significant population
are observed in the simulations, some of which are
e D23-K28. For clarity, only the A21-G29 region of the
e between the atoms Cg of D23 and Nz of K28. Their values
ter-molecular salt-bridges are equally present in the fibril
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close to the experimental estimates. Considering the
generally broad distributions of torsional angles in
the Ramachandran plane, the observed agreement
between the average F and J values from
experiments and simulations is excellent in a
majority of cases. This is illustrated, for example,
by the secondary structure elements depicted in
Figure 2(c) for the final configurations of finite fibril
segments. The only significant deviations between
simulation and experiment are at residue S26, for
both the CHARMM27 and AMBER94 force fields.

Reconstruction of long fibrils

At a coarse level, the structure of a perfectly
ordered fibril can be described by a “rigid-body”
symmetry transformation that relates successive
dimeric layers in the fibril (i.e. a finite rotation
followed by a translation, see Methods). If the
rotation component is significant, the fibril
structure adopts a helical twist. If not, the trans-
lational distance between the centers of successive
dimeric layers is the only geometrical parameter
needed to characterize the relative position of
molecules in different layers.

A goal of our MD simulations of finite fibril
segments is to extract this rigid-body transform-
ation. For the infinite fibril system, we can only
estimate the interlayer spacing, since the periodic
boundary conditions preclude twisting around the
fibril axis. However, the finite fibril segments are
fully surrounded by a large solvation layer,
allowing us to estimate the translation and
rotation components of the rigid-body symmetry
transformation.

To extract the rigid-body fibril transformation
from the MD simulations, we need to define a
subset of atoms that form a “fibril core”. We
consider two such definitions; (1) Ca atoms of
residues 15–22 and 31–38 forming the b-strand
regions, and (2) Ca atoms of residues 22–29 at the
loop. These “core” definitions are used both for
Table 2. Symmetry transformation parameters of Ab9–40 fibril
and mass-per-length values of corresponding reconstructed l

FCx
2–dimer FCx

2 Cx
2

Representative structure (ns)
7.8 7.8 9.1

fZt, core region composed of Ca for residues 22–29
tx (Å) 0.186 K0.198 K1.372
ty (Å) K0.858 K1.104 K0.883
tz (Å) 4.763 4.688 4.617
jtj (Å) 4.843 4.820 4.897
jfj (deg.) 1.51 0.72 1.04

Mass-per-length (kDa/nm)
MPL for Ab9–40 13.8 13.9 13.7
MPL for Ab1–40 17.8 17.9 17.6

Percentage hydrophobic area
ASAH (%) 60 55 55

Residues 22–29 near the loop segment of Ab9–40 monomers define the
dimeric layer. The predicted fraction of hydrophobic, lateral accessible
for each case.
individual peptides (“monomer-based” reconstruc-
tion) and simultaneously for two peptides in a
single layer (“dimer-based” reconstruction).

With the Ca atoms of residues 15–22 and 31–38
used as the core, the rotation (f) and translation (t)
axes of the rigid-body transformation relating the
peptide layers have noticeably different directions.
A long Ab9–40 protofilament reconstructed using
these axes exhibits a twisted structure with super-
helical (“phone cord”-like) appearance. In contrast,
for fibril structures using residues in the loop
regions (e.g. residues 22–29), the translation and
rotation axes are almost parallel with each other
and normal to the fibril layers. Moreover, the RMSD
values, as measures of deviations from ideal fibril
symmetry, are smaller. Therefore, considering the
straight appearance of Ab1–40 protofilaments in
transmission electron microscopy images of
negatively stained fibrils grown with gentle
agitation,4 we use the Ca atoms of loop residues
22–29 to define the fibril core region and to extract
fibril parameters. These differences between fibril
parameters extracted using strand and loop
regions, are a consequence of two competing effects;
(1) the formation of twisted b-sheets along the fibril
axis by the residues in the b-strand regions, and (2)
the straight structure of the U-shaped loop region.
For the simulations of short fibril segments, these
two opposing effects result in structures that are
relatively straight at the loops, but twisted at the N
and C-terminal b-strands. These competing effects
are also apparent when we compare the fibril
reconstructions using monomers and dimers of
peptides.

For monomer-based reconstructions, the angle
between the resulting two fibril axes corresponds to
the angle between the two strands of the proto-
filaments. The values are about 308 or larger for all
cases, except FCx

2. Clearly, four layers of two
peptides each are not sufficient to mimic an infinite
fibril, with competing forces breaking the fibril
symmetry. Only in the case of the FCx

2 topology do
s extracted from MD simulations of finite fibril segments,
ong Ab9–40 and Ab1–40 protofilaments

FCz
2 Cz

2 FCx
2–A FCx

2–AGS

7.6 8.9 7.5 7.1

K0.682 0.890 K0.628 0.707
3.221 K0.833 0.397 K0.732
3.454 4.746 4.846 4.750
4.772 4.900 4.903 4.858
1.31 2.39 3.60 0.18

14.1 13.7 13.7 13.8
18.1 17.6 17.6 17.7

55 53 57 54

core regions. FCx
2 - dimer lists parameters for the corresponding

surface area (ASAH) of corresponding long fibrils is also reported



Figure 6. Reconstruction of long fibrils. (a) Schematic
representation of the rigid-body transformation relating
consecutive Ab9–40 dimeric layers in the twisted fibril
models. (b) Values of the translation distance (jtj, upper
continuous line) and rotation angle (f, lower continuous
and dotted lines) extracted using the dimer transform-
ation from the finite-fibril simulation of the Ab9–40 FCx

2
system. The dotted curve corresponds to values from
optimal superposition. The continuous line shows values
extracted by restricting the rotation axis to be parallel
with the translation axis.
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we get sufficiently consistent results to extract that
symmetry with confidence. This suggests that the
finite fibrils with Cx

2, Cz
2, and FCz

2 topology do not
strictly conform to fibril symmetry, and indeed
monomer and dimer-based reconstruction results
in substantially different structures of long proto-
filaments. For these topologies, we thus report only
monomer-based reconstruction results.

Table 2 lists values of the symmetry transform-
ation parameters of Ab amyloid fibrils extracted
from MD simulations of finite fibril segments. All
results are obtained with residues 22–29 defining
the fibril core. In that case, the translation and
rotation axes are almost parallel with each other. We
find that imposing this condition leads to values of
the RMSD between the superimposed coordinates
that are nearly as good as those of an unrestrained
superposition, despite having reduced the number
of free parameters from 6 to 4. For example, the
RMSD between the core regions for overlapping the
middle layers of the FCx

2-dimer structure in the
general case is 0.635 Å, which is not significantly
smaller than the RMSD value 0.642 Å, obtained if
the two axes are constrained to have the same
direction. Therefore, all the cases presented here
(and the corresponding parameters in Table 2) have
the rotation and translation axes coincident.

Figure 6(b) shows values of the translation
distance (jtj, upper continuous line) and rotation
angle (f, lower continuous and dotted lines)
extracted for the dimer transformation from the
finite fibril segment simulation of the Ab9–40 FCx

2
system. The dotted curve corresponds to values
extracted by using the optimal rigid-body align-
ment (with no constraint on the rotation axis), while
the continuous line shows values extracted by
considering the optimal rotation about the trans-
lation axis t. After a rapid initial equilibration (i.e.
2–3 ns) at the beginning of the simulations, the
structural parameters of the fibrils fluctuate around
their average values without significant drift. For all
finite fibril segments, we observe left-handed
twisting of the Ab-fibrils (see Table 2), consistent
with experimental observations.27 The rotation
angle per peptide length is about 1–38, correspond-
ing to about 120–360 peptide layers (50–200 nm) per
full turn. Experimental helical pitch values, as
observed in the apparent twist periodicity of
electron microscope images, are of the same order
of magnitude for Ab1–40 and Ab10–35 fibrils.4,12,27

Interestingly, Ab1–40 fibrils with molecular struc-
tures similar to the structural models treated here
do not have a clearly resolved twist in electron
microscopy images,4 consistent with our simu-
lation-derived models (e.g. see data in Table 2 and
the reconstructed fibrils in Figure 7).

Based on the symmetry transformation par-
ameters shown in Table 2, we reconstructed long
amyloid fibrils. Figure 7 shows fibril models built
using the FCx

2 parameters, at detail levels ranging
from atomistic (Figure 7(a)) to coarse-grained (i.e.
with Ab9–40 molecules represented by rigid boxes
centered at the geometric center of the core regions,
Figure 7(b)). In reconstructing the detailed all-atom
models, we use the actual coordinates of an Ab9–40

molecular layer (i.e. a dimer structure) that
corresponds to a “representative” instantaneous
structure from the MD trajectory, with the smallest
RMSD to the average conformation of the final 5 ns.
These representative coordinates are then trans-
lated and rotated recursively (see Methods) using
the average values of the symmetry transformation
parameters extracted from the MD trajectories
(Table 2) for FCx

2-dimer. Using the atomically
detailed MD data, our fibril reconstruction method
permits the generation of large-scale all-atom fibril



Figure 7. (a) Atomic level, and (b) coarse structural
models of long Ab fibrils with FCx

2 topology. In the
schematic fibril model (b), each Ab peptide monomer is
represented by a rectangular block. Distance scales are
indicated as bars. In this reconstruction, the translation
and rotation axes have the same direction.
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structures. These MD-based, predicted structures
for long fibrils can be compared directly with large-
scale fibril characteristics observed experimentally
(i.e. mass-per-length estimates, X-ray diffraction,
hydrophobic properties of molecular fibril surfaces,
etc.), as shown next.
Figure 8. (a) X-ray fiber diffraction patterns calculated
Mass-per-length of amyloid fibrils

The mass of the monomeric Ab1–40 peptide is
4.32 kDa. Therefore, in ideal b-sheet structural
models where dimeric layers are simply replicated
along their z axis, separated by an average distance
dictated by the backbone hydrogen bond length of
4.7–4.8 Å, the expected MPL value is about 18.0–
18.4 kDa/nm.4,10,12 As shown in Methods, MPL
values are inversely proportional to the projection
of the translation distance vector t onto the fibril
axis f. Values of 18–18.4 kDa/nm are, therefore,
lower limits of the MPL values for dimeric Ab
fibrils. By using equation (4) and an angle of only
208 or 308 between the translation and rotation axis,
the estimates for average MPLs could be as much as
21–22 kDa/nm. However, as an immediate conse-
quence, the fibril would form a “phone cord”-like
superhelix, which has not been seen in electron
microscopy experiments. More evidence for MPL
values near 18–18.4 kDa/nm comes from the
following analysis of X-ray fiber diffraction data.
from MD simulations of all-atom finite Ab9–40 protofila-
ment segments with four dimeric layers and Cx

2, FCx
2, Cz

2
and FCz

2 topologies, respectively. Only one quadrant is
shown for each topology. Q and distances are in units of
ÅK1 and Å, respectively. (b) The calculated meridional
and equatorial X-ray fiber diffraction patterns (arbitrary
scale) are shown for a long, reconstructed FCx

2 protofila-
ment (corresponding to the structural model depicted in
Figure 7). The parameters used in reconstructing the fibril
were extracted from relative positions of dimeric layers in
the MD simulations.
X-ray fiber pattern of fibril segments and long
amyloid fibrils

A principal, defining feature of Ab amyloid
fibrils, distinguishing them from other types of
protein fibrils, is the observation of a cross-b X-ray
fiber diffraction pattern, with 4.7–4.8 Å and 8–10 Å
reflections in the meridional and equatorial direc-
tions, respectively.1,50 Here, we calculate X-ray fiber
diffraction patterns from the MD simulation
structures.

Figure 8(a) shows diffraction patterns computed
from instantaneous MD structures of finite fibril
segments in the four topologies investigated here:
Cx

2, Cz
2, FCx

2 and FCz
2. Because of symmetry, only a

single quadrant is shown for each case (see
Methods). In all four cases, the fingerprint of the
cross-b pattern (i.e., the meridional reflections at
w4.4–5.0 Å and the accompanying equatorial
reflections at w9.8–11.2 Å) is present.1,50 Note that
Figure 8(a) is a Q-weighted reduced scattering
representation of the diffraction pattern (i.e. Qi(Q),
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see Methods). Interestingly, even though these
scattering patterns are calculated for instantaneous
MD structures of short segments (i.e. only four
layers) of Ab protofilaments, one or two low-angle
equatorial peaks are present besides the reflection at
z10 Å (Figure 8(a)). While the finite fibril size in
these calculations prevents us from drawing
conclusions regarding the quantitative aspects
such as the relative peak intensities in these
scattering patterns, they do allow a comparison
with experimental data in terms of numbers and
positions of the observed peaks. For example, the
equatorial peaks present low-angle reflections
similar to those observed in the experimental
data,50 even though only short protofilaments are
used in the calculations.

Figure 8(b) shows calculated meridional and
equatorial X-ray fiber diffraction patterns for a
long, reconstructed FCx

2 protofilament, with the
core region (residues 22–29) defined near the loop.
The parameters used in reconstructing the fibril are
extracted from relative positions of dimeric layers
in the MD simulations (the FCx

2-dimer case in
Table 2). These patterns are computed directly
using in-house code. In this plot, the largest
meridional (z4.7 Å) and equatorial (z11 Å) peaks
are scaled to have the same height. The relative
heights of these peaks would generally depend on
the choice of B factors and on the range of random
tilt angles of the fibrils with respect to the fibril axis.
However, for clarity, in these calculations the B
factors and the variability of fibril axis tilt angles are
not included. It is evident that, for long fibril
structures, the peaks corresponding to the cross-b
motif are strongly enhanced as compared to the
other reflections.

The calculated patterns in Figure 8(a) and (b)
demonstrate that the protofilament structures in
our MD simulations and the structural models of
long, reconstructed fibrils are in qualitative
agreement with experimental X-ray fiber
diffraction data. More importantly, they also
suggest that the equatorial reflections could be
sensitive to structural differences between
different molecular fibrils, such as the “flipped”
(i.e. FCx

2, FCz
2) and “un-flipped” (i.e. Cx

2, Cz
2)

topologies.
We note that the mass-per-length of the long

reconstructed Ab9–40 protofilament shown in
Figures 7 and 8(b) is about 13.8 kDa/nm, corre-
sponding to a spacing of 4.843 Å between dimeric
layers. In contrast, experimental STEM measure-
ments of MPL in Ab1–40 fibrils indicate a spacing of
approximately 4.0 Å, projected onto the long axis of
the fibrils. The experimental MPL determination is
based on the quantification of intensities in STEM
images of unstained Ab1–40 fibrils dried onto thin
carbon films. These measurements are independent
of structural order or disorder. Reconstructed
Ab9–40 protofilaments with MPL values similar to
the experimental STEM results can be generated if
the f and t axes are not parallel, but then the
calculated diffraction patterns show meridional
peaks near 4.0 Å (in disagreement with fiber
diffraction experiments). Thus, the experimental
STEM data may be affected by adsorption of
additional material to the Ab1–40 fibrils.

Hydration of amyloid fibrils

Unlike most functional proteins, peptide fibrils
may not form densely packed cores. For example,
Perutz et al. have proposed that polyglutamine
fibrils may be water-filled nanotubes.51 X-ray fiber
diffraction data have been used to support this
proposal.51,52 For the more hydrophobic Ab
peptides, one may expect a more protein-like
packing. Indeed, solid state 13C NMR spectra of
amyloid fibrils formed by Ab1–40 and fragments
thereof are not significantly affected by the
hydration level,19 indicating that no significant
structural changes occur upon removal of water
by extensive lyophilization. However, side-chain
dynamics may be affected. In the lyophilized state,
certain side-chains may be disordered statically; in
the hydrated state, the side-chains are mobile,
producing a motional narrowing effect in the
NMR spectra. In the following, we study the
packing of the Ab amyloid fibrils, characterize
their molecular surface, and inspect the simulation
structures for interior hydration.
Accessible surface area

We use the SurfRace program53 to estimate the
solvent-accessible surface area (ASA) of recon-
structed Ab-amyloid fibrils. By repeating the
calculation for fibrils of different lengths, we
eliminate the contributions of the protofilament
surfaces at the ends. In the limit of an infinitely long
Ab fibril in the FCx

2 conformation, the hydrophobic
fraction of the accessible surface area (ASAH) is
about 0.6. Results for all the cases considered in this
work are given in Table 2. A recent study by Lins
et al.54 showed that most proteins, irrespective of
their size, have roughly equal fractions of hydro-
phobic and hydrophilic ASA. This would suggest
that the Ab fibrils present a somewhat larger
hydrophobic ASA than a typical protein. To test
this observation, we use the SurfRace program53 to
estimate the ASAH values for a set of non-
homologous proteins. This set of 195 high-
resolution structures was selected from the Protein
Data Bank55 by Liwo et al.,56 and was subsequently
used as a training set for residue-level statistical
interaction potentials.56,57 As in the study by
Tsodikov et al.,53 we use the set of van der Waals
radii from Richards58 and a probe radius of 1.4 Å.
The distribution of ASAH values for this
representative set of protein structures is shown in
Figure 9. In agreement with Lins et al.,54 we note
that the ASAH distribution for proteins appears
slightly skewed toward smaller fractions. Although
the exact ASAH values may depend on the set of
representative protein structures that is analyzed
and on the details of the ASA calculation



Figure 9. Fraction of hydrophobic accessible surface
area (ASAH) for fibril models (black lines) and the
distribution of ASAH values calculated for a representa-
tive, non-homologous set of protein structures (gray). The
long thick line indicates the FCx

2 system reconstructed by
analyzing the full dimeric layer of the fibril. The smaller
black lines correspond to the four topology types, for
fibrils reconstructed using only monomers.
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method,53,54,59 we observe that there is a small
fraction of proteins (e.g. hemoglobin, code 1BAB)
present in the PDB that have ASAH values
comparable (i.e. about 0.6) to our fibril models.
Therefore, we conclude that while they present a
somewhat larger fraction of hydrophobic area than
a typical protein, the Ab9–40 fibrils are not entirely
different, having a hydrophobic character similar to
the more hydrophobic structures deposited in the
PDB.

The relatively high value of ASAH for Ab9–40

fibrils may also be related to the fact that the Ab9–40

sequence contains an unusually large proportion of
hydrophobic residues (65.6%, counting glycine
residues as hydrophobic). For Ab1–40 fibrils, which
contain only two additional hydrophobic residues
in the disordered N-terminal segment (57.5% total
hydrophobic residue fraction), the value of ASAH

would be lower.
More importantly, the relatively high fraction of

exposed hydrophobic surface area may explain the
lateral aggregation of multiple protofilaments into
mature Ab amyloid fibrils.
Figure 10. Interior hydration of Ab9–40 amyloid fibrils.
Top view (i.e. along the fibril axis) of the finite FCx

2 fibril
segments is shown for the final structure of an MD
trajectory. The secondary structure elements of the fibril
are represented schematically and colored according to
the residue type. Only water molecules in the three cavity
regions of the fibrils are shown, colored as cyan. The
molecular surface of the D23-K28 salt-bridges is also
shown, using red for D23 and blue for the K28 residue.
Interior water channels

In our MD simulations of finite Ab fibril
segments, we observe that internal cavities present
in the starting conformation are only partially
collapsed during the initial equilibration, and
become hydrated by internal water molecules. The
largest internal water channels are in the vicinity of
the internal D23-K28 salt-bridges. In contrast, an
inspection of the MD simulation trajectories for
infinitely long fibrils (sample starting configuration
shown in Figure 2(b)), does not reveal interior
hydration. As shown in Figure 3, for infinitely long
fibrils we find a compact side-chain packing during
the simulations, without any significant penetration
of water molecules in the fibril structure. One
possible explanation would be that the initial fibril
structures are relatively poorly packed, allowing
water to enter into the fibril interior early in the
simulations. Interior water would then prevent a
further compaction of the fibril structure and water
expulsion during the MD time-scale. To test this
hypothesis, we ran an additional 10 ns finite
segment simulation of the FC2

x system (with
parameters listed at the bottom of Table 1), using
as initial conformation the already compact and
“dry” final fibril structure of a 10 ns trajectory of the
infinitely long FC2

x system (see Table 1). This new
starting conformation is re-solvated with TIP3P
water molecules both above and below the fibril
segment (as in Figure 2(a)).

In the course of the simulation, we find that water
molecules gradually penetrate into the fibril
structure, starting from the ends. Eventually,
water occupies the same channels found before in
the simulation starting from a poorly packed fibril.
We conclude that the absence of interior water does
occur in finite fibril segments at equilibrium, and
that its absence from the infinitely long fibrils is
most likely a consequence of the slow equilibration
between interior water and the bulk phase,60,61

without access from the ends.
Figure 10 shows a top view (i.e. along the fibril

axis) of the interior hydration of simulated Ab9–40

amyloid protofilaments. This illustration corre-
sponds to the finite FCx

2 segment described above,
at the end of the 20 ns MD simulation (i.e. a 10 ns
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trajectory of a finite segment that continues
another 10 ns trajectory of an infinitely long fibril,
last entry in Table 1). The secondary structure
elements of the fibril are represented schemati-
cally. The FCx

2 protofilament is fully hydrated with
9631 water molecules, but only the water mol-
ecules in the interior cavities of the fibrils are
shown. As described above, the starting confor-
mations do not have water molecules in the
interior of the fibril structure, and no significant
interior hydration is observed during the 10 ns
simulation of the infinitely long system. However,
during simulations of finite fibril segments, the
internal cavities are accessible from the ends of
the fibrils. The largest internal hydrated cavities
(marked as I and III in Figure 10) are bordered on
one side by the strongly charged molecular
surface formed by the D23-K28 salt-bridges, and
on the other side by the hydrophobic surface of
residues F19, A21, A28, I32, and L34. A water wire
(denoted II in Figure 10) also appears in the
vicinity of the C-terminal residues in a narrow
hydrophobic channel bordered by intermolecular
G37–M35 and G37–V39 contacts, possibly related
to the “glycine vents” observed by Lakdawala et
al. in MD simulations of a significantly different
Ab10–35 fibril model.62 Such hydrogen-bonded
water wires in sub-nanometer hydrophobic pores
have been seen before in simulations of solvated
carbon nanotubes.63 The hydration characteristics
of the internal cavities I, II and III in the fibrils are
both quantitatively and qualitatively different. The
narrow channel II near the C terminus is entirely
hydrophobic and water forms a single file
arrangement. In contrast, the large, strongly
hydrated internal cavities I and III are hydro-
philic, and water forms an extended hydrogen-
bonded network.

Our simulations show that the otherwise poten-
tially destabilizing effect of burying the charged
residues D23 and K28 in the core of the parallel
molecular structure may be compensated not only
by stabilizing electrostatic interactions between the
charged groups in a 1D ionic crystal-like arrange-
ment (as shown in Figure 5(a)), but also by interior
solvation. Recent studies64,65 showed that charged
residues are important factors in the dynamics of
protein aggregation and in the stability of b-sheet
structures. Based on previous studies,66,67 the
Oliveberg–Richardson–Richardson rule64 suggests
that aggregation is generally prevented by the
presence of uncompensated, inward-pointing
charged residues. Our MD results show that due
to the staggered intermolecular arrangement of
the D23–K28 contacts, and due to interior
hydration, the charges inside the core of amyloid
fibrils are in fact compensated and may even be a
stabilizing factor.
Conclusions

Using all-atom MD simulations in explicit
solvent, we explore several possible topologies of
Alzheimer’s Ab9–40 peptide protofilaments. The
initial structural models are based on recent solid
state NMR experiments,5,10 and MD simulations of
both “finite” segments and “infinitely long” proto-
filaments are performed. Four different topologies
are considered for stacking the hydrophobic
b-strand regions of the Ab9–40 molecules against
each other. During the initial parts of the MD
simulations, the starting configurations undergo a
significant optimization of the side-chain packing
that results in more compact, twisted structures of
the Ab9–40 protofilaments. The hydrophobic regions
of the fibrils remain compact in all cases and
consistent with the starting parallel b-sheet
structure indicated by the experimental data.

The MD simulation results demonstrate that all
four topologies considered here for the wild-type
Ab9–40 amyloid fibrils are structurally stable on a
time-scale of 10–20 ns. Such a structural poly-
morphism on a molecular level is a characteristic
feature of amyloid fibrils.4 In contrast, correspond-
ing models of protofilaments designed with a
hydrophilic-charged intermolecular interface dis-
sociate on a time-scale of only 2–4 ns. Overall, we
find good agreement with dihedral angles esti-
mated from solid state NMR experiments for all
four topologies.

The structural analysis of MD trajectories reveals
that regions near the loop segment are relatively
rigid (i.e. residues E22–G29). These core regions
form nearly straight regions along the fibril axis in
competition with the twisted parallel b-sheets of the
C and N-terminal peptide segments. For finite
fibrils, this results in deviations from the symmetry
of infinite fibrils.

We extract translational and rotational par-
ameters relating adjacent molecular layers in
protofilaments to reconstruct longer fibril models.
However, due mainly to the finite length of the fibril
segments studied here, we find that in only one case
ðFCx

2Þ both strands in the protofilament tend to have
the same fibril growth axis, permitting a dimer-
based analysis. In the other cases, the finite
protofilament structure is sufficiently distorted to
make a reliable estimate of the molecular fibril
symmetry transformation difficult. The MD-based,
reconstructed models of long Ab9–40 amyloid fibrils
present a more hydrophobic accessible surface area
than most proteins, yet not much different from
highly hydrophobic proteins such as tetrameric
hemoglobin. The presence of a relatively large
fraction of exposed hydrophobic surface area
ASAH could explain the experimentally observed
tendency to lateral assembly of the Ab proto-
filaments into thicker fibers (similar to
the aggregation of hemoglobin in sickle cell
anemia68,69).

Simulations of fibril fragments show that interior
hydration could play an important role in the
structural stability of Ab fibrils. Unlike the large,
b-helical channels suggested for other fibril-form-
ing peptides such as polyglutamine70 or Sup35,52
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the interior channels present in our models are
smaller, appearing as either “single-file” hydro-
phobic channels, at the intermolecular interface
along the fibril axis, or as larger, “hydrophobic-
charged” cavities, near the D23-K28 salt-bridges.
The effect of interior water in our models can be
either to stabilize the fibril structure by hydrating
interior salt-bridges in hydrophobic-charged
channels, or to destabilize the lateral association of
the two imperfectly packed protofilament strands
with hydrophobic channels at the intermolecular
interface.

Regarding the D23-K28 salt-bridge, the MD
results show that the inward-pointing charged
residues D23 and K28 present a stabilizing
staggered intermolecular arrangement with alter-
nating positive and negative charges, similar to a
one-dimensional ionic crystal. These charged resi-
dues are hydrated by interior water molecules. The
combination of these two effects could explain the
stability of such parallel b-sheet models in spite of
the parallel arrangement of charges in amyloid fibrils,
which would otherwise suggest destabilization.

Our MD simulations show also that the proto-
filaments corresponding to the parallel b-sheet
models result in fibrils with a left-handed twist.
While fundamentally different from the b-helical
conformations considered by other studies,36,51 the
twisted conformation of our fibril models also
allows for a spatial proximity of the C and N
termini of adjacent Ab9–40 molecules. Importantly,
we find that the protofilament dimeric layers
formed by two Ab9–40 molecules do not remain
planar. Instead, b-sheet formation and packing lead
to interlocking configurations of staggered
b-strands. It is conceivable that with enhanced
staggering, fibril structures essentially without
contacts between the two b-strands of the same
Ab molecule could form.

Our results suggest a mass-per-length of z18–
18.4 kDa/nm. Higher values of 20–22 kDa/nm
would be inconsistent with a 4.8 Å layer spacing
in X-ray measurements unless additional mass had
adsorbed. On a long scale, we predict a distance of
about 50–200 nm per full turn of the twisted fibrils,
consistent with electron microscope images of
various Ab1–40 and Ab10–35 fibrils.4,12,27

Calculated X-ray fiber diffraction patterns for
both short protofilament structures from MD
trajectory snapshots and for longer, reconstructed
fibrils, show the cross-b pattern characteristic of
packed b-sheets seen in experiments. They demon-
strate that the protofilament structures in our MD
simulations and the structural models of long,
reconstructed fibrils are in qualitative agreement
with experimental X-ray fiber diffraction data. Our
calculations also suggest that the equatorial
reflections could be sensitive to detailed structural
differences between different molecular fibril
topologies, such as between the “flipped” (i.e. FCx

2,
FCz

2) and “un-flipped” (i.e. Cx
2, Cz

2) cases. Future
X-ray fiber diffraction experiments could test this
observation.
In summary, our MD simulations show structural
stability of Ab1–40 protofilaments formed by dimeric
layers of U-shaped peptides with parallel b-sheets
along the fibril axis. Tight packing of the interior
side-chains and strong hydrophobic interactions
between the b-strands are critical elements of the
resulting structures. In addition, stacked Asp23 and
Lys28 residues form a chain of interior salt-bridges,
with alternating positive and negative charges
reminiscent of a one-dimensional ionic crystal. In
simulations of finite protofilaments, we find that
these buried charges are partially hydrated through
the formation of a narrow interior water channel.
Consistent with the structural polymorphism
observed in recent experiments,4 our simulations
show that four different topologies for the inter-
peptide packing result in stable protofilament
structures. The simulation structures appear to be
consistent with NMR and X-ray diffraction data.
Future experiments may help discriminate between
the different fibril topologies and could reveal
further details of amyloid fibril structures.
Methods

Terminology

To avoid ambiguity, we use the following terminology
to discriminate between various types of molecular
organization in amyloid aggregates. The term “fibril” is
used as a generic term for structures made of aggregated
peptides that have a rod-like appearance. A fibril has the
lowest degree of organization or its degree of molecular
organization is unknown.71 A typical feature of amyloid
fibrils is their significant b-sheet content. At a higher
degree of organization, two or more fibrils can assemble
laterally to form “filaments”. The term “protofilament” is
used, therefore, to describe the basic structural unit of a
structurally ordered amyloid filament or fibril. This is
quite different from the term “protofibril” that is used
generically for peptide aggregates that are not fully
formed fibrils, and might not have a fibril-like appear-
ance. According to this terminology, the structures
investigated here are “protofilaments”, basic structural
units consisting of Ab9–40 peptide monomers arranged in
two parallel strands.

Molecular dynamics

The molecular dynamics simulations of solvated
amyloid fibrils were performed using the NAMD2
program.72 We used the CHARMM27,73 and
AMBER9474 force fields, as well as the AMBER94 force
field modified by Garcı́a & Sanbonmatsu75 to better
balance the equilibrium between a-helical and extended
peptide conformers (notation FCx

2–AGS, Table 1). The
fibrils were explicitly solvated with TIP3P water
molecules.47,76 Simulations were performed in the NPT
ensemble.

The Langevin piston method72,77,78 was used to
maintain a constant pressure of 1 atm (Z101,325 Pa).
The temperature (298 K) was controlled by using
Langevin dynamics with a coupling coefficient of 1 ps.72

We used periodic boundary conditions and the particle
mesh Ewald (PME) method79 with a real-space cutoff
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distance of 10 Å and a grid width of 0.76–0.83 Å. The
switching distance for non-bonded electrostatics and van
der Waals interactions was 8.5 Å, and the integration
time-step was 1 fs.

Initial all-atom conformations were generated based
on experimentally derived NMR models.10 A backbone-
dependent rotamer library, SCWRL3,80 was used to build
initial side-chain configurations. Infinitely long fibrils
were simulated by replicating Cx

2 or Cz
2 aligned peptide

dimers along the z axis with a 4.8 Å spacing between
different layers, as suggested by the experimental model,
in either the original or “flipped” configurations (i.e. FCx

2
and FCz

2). As shown in Figure 1, the flipped configur-
ations were generated by rotating the backbone F and J
dihedral angles in the vicinity of the G29 and A30
residues, such that the residues responsible for inter-
molecular side-chain interactions in the dimeric layers are
I31-G33-M35-G37-V39 instead of I32-L34-V36-G38-V40.

We simulated both finite fibril fragments of 4!2
peptides (Figure 2(a)) and infinitely long fibrils aligned
with the z axis (Figure 2(b)). In the simulations of
infinitely long fibrils, the periodic boundary conditions
do not allow the fibrils to twist.

The initial structures were first energy minimized, then
the fibrils were hydrated. The resulting systems were
gradually heated to a temperature of 298 K at a pressure
of 1 atm, for about 10 ps. Finally, NPT MD runs were used
to investigate the structural dynamics and conformational
stability on a time-scale of z10 ns for systems ranging
from 17,000 atoms to over 52,000 atoms (see Table 1). The
data visualization was carried out using VMD81 and
Raster3D.82

Fibril topology and symmetry

In our finite fibril simulations, we studied systems of
four layers along the fibril axis. We used the structure of
the central two layers to estimate the topology of a long
fibril by constructing a rigid-body symmetry transform-
ation connecting one layer to the next along the fibril axis.
Recursive application of this transformation then allowed
us to build a long fibril that has the same two-layer steps
as the short, simulated fibril.

We use the term “rigid-body” for a transformation
consisting only of finite rotations and translations that
leaves the peptide conformation unchanged. x0 denotes a
coordinate vector of an atom in the amyloid fibril dimeric
layer (i.e. two Ab peptides). The corresponding coordi-
nate vector x1 in the second fibril dimeric layer is obtained
by applying a rotation and a translation:

x1 ZRx0 C t (1)

where R is a rotation matrix and t is a translation vector.
Figure 6(a) shows a schematic representation of this rigid-
body transformation. The atomic coordinates x1 in the
second layer of the fiber are thus obtained by first rotating
the coordinates of the previous layer x0 around a rotation
axis f by an angle fZjfj, and then by translating the
rotated coordinates by t. Recursive applications of this
transformation gives the atomic coordinates of the nth
layer as:

xn ZRnx0 C
XnK1

iZ0

RitZRnx0 C tn (2)

In a more compact form, we have tnZ ðRKIÞK1ðRnKIÞt,
where I is the 3D identity matrix.

To extract the rigid-body symmetry transformation
(R, t) from the MD simulation trajectories, we repeatedly
analyzed the layer structure of the amyloid fibrils. For a
given fibril structure, we determined the transformation
(R, t) from an RMSD alignment of peptide monomers in
the third layer with respect to that in the second layer. The
translation vector is simply the distance vector between
the centers of geometry of the two layers. The optimal
rotation matrix R that minimizes the RMSD is computed
by using a singular value decomposition method.83 The
rotation angle is given by cosjfjZ ðTrðRÞK1Þ=2. The
corresponding rotation axis is the eigenvector of R for
eigenvalue lZ1,84 where we chose jfj to be the angle of
the rotation. For the RMSD alignment we used the a
carbon atoms of core residues (e.g. 15–22 and 31–38 in the
b-strand region, or 22–29 for the loop). To provide a
reference frame, configurations were aligned to the initial
structure, such that the z-axis is roughly normal to the
first peptide dimer plane.
Mass-per-length estimates for twisted fibrils

Fibrils obtained by recursive application of the rigid-
body transformation in equation (2) are oriented along
the direction of the rotation axis f. As shown by the data
extracted from all-atom MD simulations, this direction
can deviate from the translation vector t connecting the
geometric centers of adjacent peptide layers. The mass-
per-length values of the fibrils are thus, in general, larger
than for fibrils in which the fibril axis and the translation
vectors coincide.

Along the fibril axis, the step height between two
dimeric layers is given by:

hZ
jtfj

jfj
(3)

Therefore, if M is the mass of a single fibril layer (here:
peptide dimer), the mass-per-length (MPL) of a twisted
fibril is given by:

MPL Z
M

h
(4)

MPL values corresponding to long fibrils reconstructed
based on parameters extracted from our MD simulations
are given in Table 2.

Note that if the translation and rotation axes have the
same direction (i.e. if t/jtjZGf/jfj), then hZjtj, and
MPLZM/jtj as expected. We can also estimate the
“pitch” P (i.e. the distance along the fibril axis for a full
helical turn) as PZ2ph/jfj.
Calculated X-ray fiber diffraction pattern

The X-ray fiber diffraction patterns in Figure 8(a) were
computed using the Diffraction-Amorphous module of
the Cerius2 software†. With this method, we calculated
the 2D cylindrically averaged scattering intensity. The
fibrils were aligned with their axes along the z direction.

The calculated scattering pattern is a representation in
polar coordinates (Q, a) of the scattering intensity I(Q, a),
where QZ4psin(q)/l is the scattering vector, 2q is
the scattering angle, l is the radiation wavelength,
and a is the angle measured from the meridian.
We used the default value for the X-ray beam wavelength
lZ1.54178 Å (Cu Ka).

The pattern in Figure 8(a) was calculated using the

http://www.accelrys.com/
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Legendre scattering method. The scattering intensity was
approximated by a sum over the first five terms of a
Legendre series expansion:

IðQ;aÞZ
X4

nZ0

w2nI2nðQÞP2nðcos aÞ (5)

where higher-order weights are always zero. We used
the default values of the Legendre weights (w0Z1.00,
w2Z0.75, w4Z0.50, w6Z0.25, w8Z0.00). Figure 8(a) shows
a “Q-weighted reduced scattering” representation of the
diffraction patterns (Qi(Q)), where the “reduced scatter-
ing” (i(Q)) represents the total scattering (I(Q)) minus the
independent coherent scattering component†.

Our calculations involved the following steps: (1) for
each of the four finite segment trajectories (i.e. Cx

2, FCx
2, Cz

2
and FCz

2), instantaneous structures were extracted and
aligned such that their fibril axes (extracted from the
central peptide layers) were aligned to the z-axis. The
structures were extracted from the 5 ns to 10 ns parts of
the trajectories, every 0.2 ns; (2) a “Q-weighted reduced
scattering pattern”, Qi(Q), was calculated using the
Cerius2 software† as described above, for each of the
aligned instantaneous structures extracted from each
trajectory; (3) finally, an average Q-weighted reduced
scattering pattern hQi(Q)i was calculated for the 26
instantaneous scattering patterns obtained for each fibril
topology (as shown in Figure 8(a)).
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