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Amyloid fibril formation and characterization are crucial due to their association with severe
degenerative disorders such as Alzheimer’s, type II diabetes, and Parkinson’s disease. Here we
present an atomistic-based multiscale analysis, utilized to predict the structure of Alzheimer
A��1–40� fibrils. Our study provides a structural model of amyloid fibers with lengths of hundreds
of nanometers at atomistic resolution. We report a systematic analysis of the energies, structural
changes and H-bonding for varying fibril lengths, elucidating their size dependent properties. Our
model predicts the formation of twisted amyloid microfibers with a periodicity of �82 nm, in close
agreement with experimental results. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3148641�

Amyloids are hierarchical protein materials, formed by
insoluble fibrous protein aggregates observed in connection
with severe degenerative disorders1,2 �Fig. 1�a��. It has been
shown that a great variety of amino acid sequences can lead
to the formation of amyloid fibers, provided they share some
characteristic features such as an elongated, unbranched mor-
phology, as well as a core structure that consists of a set of
�-sheets oriented in parallel to the fibril axis, with their
strands perpendicular to this axis.3 Recent progress in the
application of solid state NMR4–6 and in growing elongated
amyloid microcrystals has provided detailed structural and
biochemical information on the molecular-level structure
amyloids.3 In particular, these studies revealed that the mol-
ecules composing the fibrils posses a degree of uniformity
that has previously only been associated with crystalline ma-
terials. However, many of their fundamental physical prop-
erties, specifically their great strength, sturdiness and elastic-
ity, are not fully understood. This is partly due to the fact that
larger-scale structural models of amyloid fibrils remain elu-
sive, preventing bottom-up studies to describe the link be-
tween their hierarchical structure and physical properties. In
this letter we apply a novel method for the prediction of
amyloid fiber geometries based on energetic and geometrical
considerations, providing the missing detailed atomistic
structures of long amyloid fibers at scales of hundreds of
nanometers, resulting in a direct link between the atomistic
level and the microscale �Fig. 1�a��.

Here we focus on amyloid fibrils formed by the
�-amyloid peptide A��1–42� associated with Alzheimer’s
disease.4,7 A molecular-level model of short segments of
amyloid fibrils composed of 6 layers �of �30 Å length� has
recently been described in the literature based on solid state
NMR data.4,6 However, experimentally imaged and charac-
terized fibrils are typically on the order of several hundred
nanometers. This leaves a gap between imaging results and
structural models, which prevents us from developing a rig-
orous understanding of the key physical properties of amy-
loid fibrils. Specifically, the link between structural features

such as periodic twisting observed at scales of hundreds of
nanometers and the underlying atomic structure remains elu-
sive, preventing a direct comparison of structural models
with transmission electron microscope �TEM� based imaging
of amyloid fibrils.

To resolve this issue, our analysis starts from one layer
of the threefolded fibril discussed in Refs. 4 and 6 �structure
shown in Fig. 1�b��. We copy and translate the coordinates of
the single layer along the fiber axis N times �where N
=2,3 . . .20,25,30,40�, imposing the typical interstrand dis-
tance of the �-sheet configuration d=4.8 Å, where no rota-
tion is imposed between the layer copies ���0°�. Using the
implicit solvent model implemented in the CHARMM force
field model �EEF1�,8 the structures are minimized to relax
strain, and then equilibrated at finite temperature. The mini-
mization consists of 10 000 Steepest Descent steps followed
by 50 000 Adopted Basis Newton–Raphson method steps.
The subsequent equilibration is performed using the
Velocity-Verlet algorithm for 1 ns �timestep=1 fs� at a con-
stant temperature of 300 K. After minimization and relax-

a�Author to whom correspondence should be addressed. Electronic mail:
mbuehler@mit.edu. Tel.: �1-617-452-2750. FAX: �1-617-324–4014.

Chemical structure
(H-bonds)

Beta-strand

Protofilament

O(1 )Å
O(1 nm)

O(20 nm)

Plaques

O(5 nm)

Cross-beta
structure

O(1 µm)

Ectopic material

(a)

�

layer

layer i+1

�

i

i+1

(c)(b)

FIG. 1. �Color online� Multiscale representation of the amyloid fibers, from
atomistic details to the fiber and plaque scales. �a� Multiscale view of amy-
loid material �adapted from Ref. 2�. �b� Geometry of single layer and twist
angle analysis. Left: Atomistic structure of a single layer of the �-amyloid
peptide A��1–40�. Right: Schematic representation of the structure of two
layers, used for the calculation of the twist angle of the fiber. �c� Predicted
atomic-level structure of a 20 layer thick amyloid fibril �side view, left; top
view, right�.
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ation the geometry of the amyloid fibril converges. Whereas
the structure twists slightly during energy minimization, we
observe significant twist angle formation during the finite
temperature equilibration process. Figure 1�c� displays a
sample structure �for N=20�, clearly showing the twist angle
along the fibril axis. The occurrence of the axial twist agrees
qualitatively with the published structure of the A��1–42�
peptide.6

Several explanations for the occurrence of the twist
angle have been suggested, including the entropy associated
with the backbone degrees of freedom,9 the out-of-plane de-
formation of peptide groups,10 intrastrand,11 as well as ter-
tiary interactions.12 Moreover, according to a model pub-
lished in 2005 by Koh and Tim,13 the degree of twist should
be determined by the tendency to minimize the surface area
of the system. A more recent analysis of the energetic impli-
cations of the twist angle in �-sheets structures suggested
that the structure is stabilized by entropic contributions asso-
ciated with an increase in backbone dynamics.14 Our finding
that the twist appears during the finite temperature equilibra-
tion phase corroborates this concept14 and illustrates the im-
portance of entropic contributions.

In order to identify the energetic and structural changes
during fiber growth, we systematically calculate the energy
associated of amyloid fibrils as a function of the number of
layers, where we plot the fibril potential energy normalized
by the number of layers �Fig. 2�a��. We find that short fibrils
feature a stronger dependence of the average energy associ-
ated with adding a new layer onto an existing nanofibril.
However, an energy plateau is reached for fibrils with more
than �20 layers, suggesting that adding new layers to an
existing fiber of greater length remains an energetically fa-
vorable process that does not depend on the length. The
stronger energetic driving force for ultrasmall fibrils may ex-

plain the strong propensity toward rapid fibril growth once a
basic amyloid nucleus has been formed. We note that the
small peaks along the energy profile �e.g., at N=18, Fig.
2�a�� are due to the choice of the starting configuration,
which can influence the local energy of small structures.

Further analysis of the geometric properties, specifically
the twist angle � and the interlayer distance d, are shown in
Fig. 2�b�, both as a function of the number of layers N. Both
geometric parameters are calculated considering the vector
positions of the serine amino acid residues that occupy the
corners of the approximated triangles defining the basis of
the fiber as shown in Fig. 1�b� �schematic on the right�. This
choice is motivated by the fact that the positions of the serine
residues are least affected by entropic effects that are found
on the tails of each chain composing the layers �leading to
more fluctuations of the geometry measurements�. Similar as
in the case of the energy, we find that �20 layers correspond
to a critical fiber length at which the geometric parameters
become size independent. The extrapolated values for the
interstrand distance and the twist angle are d�4.85 Å and
��2.12°, respectively.

Figure 3 shows the number of H-bonds per amino acid in
the fibril �=H-bond density�, as a function of the number of
layers in the fiber. The analysis shows that the energy mini-
mization step leads to a significant increase in the number of
H-bonds. There is also a slight increase in H-bond density
during finite temperature equilibration, but it is significantly
smaller than during the minimization step. The smaller in-
crease in the twist angle during energy minimization com-
pared with finite temperature equilibration �0.82° versus
1.66°, respectively�, and the significant increase in the
H-bond density during energy minimization suggests that H-
bonds are not critical for twist formation. This observation
provides additional support for the hypothesis that twist for-
mation is driven by entropic effects,14 as discussed above.
The extrapolated asymptotic value of the H-bond density is
�1.42 H-bonds per amino acid. This confirms earlier sugges-
tions that amyloid fibrils feature a rather high density of H-
bonds, and also reveals that both backbone and side chain H-
bonds are formed within the fibril. The existence of a dense
array of small clusters of H-bonds �see, e.g., Fig. 1�c�� may
be basis of the unusual structural and mechanical properties
of this class of macromolecules.15
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FIG. 2. �Color online� Dependence of energetic and structural �geometric�
properties on the number of layers. Panel �a� shows the fiber potential en-
ergy as a function of the number of layers. Panel �b� depicts the interstrand
twist angle and the distance with the corresponding root mean square devia-
tions computed in the last 200 ps of the relaxation process. The reported
values are normalized by the number of layers, N.
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FIG. 3. �Color online� Total number of H-bonds per amino acid �including
backbone and side chains�, as a function of the number of layers. Results are
plotted in the starting, minimized, and relaxed configuration. Error bars
correspond to the root mean square deviations in the last 200 ps of the
relaxation process. The extrapolated asymptotic value is �1.42 H-bonds per
amino acid. Since the value is �1, both backbone and side chain mediated
H-bonds are formed.
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The geometrical features extracted from atomistic simu-
lations are now used to build a structural model for larger-
scale amyloid fiber structures, by applying simple rotation-
translation matrices to reflect the values of d and �.16

Two amyloid fiber structures with different lengths �48 and
480 nm� are shown in Figs. 4�a� and 4�c�, displaying the
formation of a periodically twisted geometry. A visual com-
parison with an experimental TEM image of the same amy-
loid fiber type is reported in Fig. 4�d�, confirming that the
twisted structure is also found in vitro. The diameter of the
fibrils in experiment and simulation agree well, being around
�8 nm in both cases. To facilitate a quantitative comparison
between experiment and simulation, we define the periodic-
ity as the distance between apparent minima in the fibril
width �as can be observed in negatively stained transmission
electron microscope images�. The interstrand twist angle and
distance enables us to calculate the periodicity �=360·d /�
�82 nm, where the corresponding experimental value is �
�120�20 nm.6 This difference between the experimental
and predicted values of the fiber periodicity could perhaps be
explained by taking into account the fact that the predicted
fiber geometry is an extrapolation based on a perfect struc-
ture, which does not include any geometric defects in the
overall structure. That is, in experimentally measured fibers
the presence of local defects may effectively reduce the twist
angle, which results in larger periodicity values. Indeed, we
have observed that structural �molecular-level� defects in
amyloid fibrils can be formed that result in increasing values
of � �this is observed in simulations where the fibril’s energy
is not completely minimized and the structure is trapped in a
local energy minimum�.

In summary, our results provide atomistic-level structure
predictions for microscale amyloid fiber structures �Fig. 4�,
and thereby link the atomistic details of small fibrils to the
geometric properties of larger ones, through several orders of
magnitudes in length scales. The approach used here pro-
vides a novel way forward to link the amino acid sequence to
structural properties with measurable geometric effects at
much larger hierarchical levels in the material. For example,
sequence variations could be studied in vitro and in silico
and then their properties could be compared in experiment.17

Such studies may help to understand fundamental issues re-
lated to the geometry of amyloid growth and structure. The
properties of predicted amyloid fiber structures could be
studied using molecular or coarse-grained simulation ap-
proaches, which could result in identifying the stiffness, elas-
ticity and strength properties, for example. Similarly, elec-
tronic structure calculations could be utilized to elucidate
electronic, magnetic, and optical properties of amyloid
fibers.
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ment with the simulation predictions. The diameter of the fibrils in
experiment and simulation agree well, being around �7–8 nm in both cases.
Panel �d� adapted and reproduced from Ref. 19, copyright © 2000 National
Academy of Sciences, U.S.A.
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