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ABSTRACT: We present a simulation study of the early events of peptide
dissociation from a ﬁbril of the Alzheimer’s Aβ42 peptide. The ﬁbril consists of layers
of two adjacent Aβ42 peptides each folded in an S-shaped structure which has been
determined by solid state NMR spectroscopy of a monomorphic disease-relevant
species. Multiple molecular dynamics runs (16 at 310 K and 15 at 370 K) were
carried out starting from an 18-peptide protoﬁbril for a cumulative sampling of about
15 μs. The simulations show structural stability of the ﬁbrillar core and an overall
increase in the twist to about 3 degrees. The N-terminal segment 1−14 is disordered
in all peptides. At both ends of the ﬁbril, the central segment 21−29, which includes part of the β2 strand, dissociates in some of
the simulations. The β1 and β3 strands, residues 15−20 and 35−41, respectively, are structurally stable. The transient binding of
the N-terminal stretch to the β3 strand of the adjacent peptide at the tip is likely to contribute to the arrest phase of the stopand-go mechanism.

■

and τ protein, respectively. The dominant forms of the (Aβ)
peptide are 40 and 42 residues long, with the latter being more
toxic,8 aggregating faster,9 and constituting the dominant
species in amyloid plaques.10
Recently, two research groups have determined, fully
independently, the same structure of a disease-relevant Aβ42
ﬁbril by solid state-NMR spectroscopy.11,12 The structure
consists of two S-shaped protoﬁlaments, each containing of
Aβ42 peptides that are in contact at a 2-fold symmetry axis.
The ﬁbrillar core of the ﬁlaments is formed by six
intermolecular β-sheets which originate from three β-strands
in each of the two peptides. The β-sheets run in parallel along
the ﬁbrillar axis in a cross-β conformation. A similar structure
S-shaped topology was recently revealed by cryo-electron
microscopy complemented by solid state NMR data which
showed that the N-terminus contributes to the cross-β sheet
structure.13 These new, unexplored structures may play a key
role in understanding the ﬁne details of amyloid aggregation
and aid in the development of successful therapeutic
interventions for AD.
While NMR spectroscopy and cryo-electron microscopy are
useful to determine static structures, computer simulations can
provide details of structural stability and ﬂuctuations. Depending on the nature of the scientiﬁc question, coarse grained or
atomistic simulations can be carried out. To achieve the long
time scales of aggregation, the complexity of a system is
reduced by representing peptides as chains of beads or as
single particles.14−21 Coarse-grained models, many of which

INTRODUCTION
Protein self-assembly is linked to numerous diseases ranging
from sickle cell anemia and systemic amyloidosis, for which the
toxicity is directly related to mechanical stress, to neurodegenerative disorders, for which the toxic species are still not
clear. Sickle cell anemia is a chronic and hereditary disease
(with nearly 5 million people aﬀected, mainly in sub-Saharian
Africa) which is caused by the polymerization of the mutated
form of hemoglobin called hemoglobin S. The self-assembly of
folded hemoglobin S molecules into ﬁbrils reduces the
ﬂexibility of red blood cells resulting in pain, fatigue, and
infections. Among his many seminal contributions to protein
biophysics and folding, William A. Eaton has pioneered the
development of kinetic models that describe the nucleation
and ﬁbrillar growth of deoxyhemoglobin S. His models were
able to predict the dependence of the delay time of sickle cell
diseases on changes in intracellular hemoglobin S concentration and oxygen saturation.1,2 Recently, W. A. Eaton
proposed ﬁve approaches to the inhibition of the polymerization of hemoglobin S,3 a strategy which would block the
root cause of sickle cell diseases rather than the downstream
events which are targeted by the currently available drugs.
Particularly interesting is the development of small-molecule
ligands that should bind tightly to the hemoglobin S surface
regions involved in the intermolecular contacts in the ﬁbril.
The neurodegenerative disorders linked to protein aggregation include Parkinson’s disease (PD) and Alzheimer’s disease
(AD), which are characterized by cross-β amyloid ﬁbrils.4−6
The pathology of AD is characterized, at a neurophysiological
level, by the presence of highly insoluble, densely packed, and
aggregated peptide ﬁlaments, namely extracellular amyloid
plaques and intraneuronal ﬁbrillar tangles.7 The peptides
associated with these structures are amyloid-β (Aβ) peptides
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Figure 1. (a) Top- and (b) side-view of the solid-state NMR structure of the monomorphic Aβ42 amyloid ﬁbril (PDB ID: 5KK312). The individual
peptides are highlighted by diﬀerent colors and labeled by capital letters. The color scheme and labels are maintained throughout the article. (c)
Top-view cartoon of the red protoﬁlament (PF1). The annotated residues form the three β-strands.

are purely phenomenological, capture the most relevant
properties observed in experiments, and are used to explore
aggregation mechanisms and kinetics. Whether disordered or
neatly arranged,14,15,18 amyloid-protected, or amyloid-forming,16,17 these models frequently distinguish between two or
more monomeric states of the peptides by using either
geometrical or energetic features. They are used to study the
formation pathways of oligomeric and ﬁbrillar structures16,17 as
well as the breakage of ﬁlaments.22 Furthermore, they can
reproduce the one-step and two-step nucleation mechanisms of
amyloid self-assembly14,15 and further mechanisms of ﬁbrillar
growth.18
Coarse grained simulations are unable to explore, in depth,
the structural diﬀerences between various aggregates and to
quantitatively reproduce the structural heterogeneity of
amyloid peptides. In contrast, atomistic simulations can
provide information on the structural details of both
monomeric and aggregated peptides on resolutions that are
not achievable by neither experiment or coarse grained models.
Implicit solvent simulations have provided evidence that
monomeric Aβ adopts a micelle-like architecture in aqueous
solution with a weak β-sheet propensity.23 Explicit solvent
simulations have been used to investigate the conformational
preferences of intrinsically disordered proteins and peptides in
solution24−26 and inform on the binding/unbinding mechanisms of monomers to ﬁbrillar structures.24,27 The eﬀect of the
mutations on oligomeric and ﬁbrillar stabilities28 has been also
investigated by explicit solvent simulations.29−31 As an
example, a replica exchange molecular dynamics study on the
15−28 fragment of the Aβ peptide showed that the Dutch
mutation (E22Q) increases aggregation rates by lowering the
barrier for Aβ monomer deposition onto a ﬁbril. 31
Furthermore, the Italian (E22K), Dutch (E22Q), Arctic
(E22G), and Iowa (D23N) mutations displayed reduced
helix propensity in residues 33−36, while only the Italian and
Dutch mutations increased the helix propensity in residues
20−23.32 Moreover, the eﬀect of osmolytes and denaturants
on intrinsically disordered proteins and their role in the
regulation of peptide conformation and aggregation have also
been widely explored.33−36

Here, we use explicit solvent molecular dynamics to study
the structural stability and ﬂexibility of the recently published
solid-state NMR structure of a disease-relevant Aβ42 amyloid
ﬁbril. Multiple 0.5 μs simulations of an 18-meric protoﬁbril
show that the structure is preserved, except for a twisting of
about 3 degrees along the ﬁbrillar axis. The N-terminal
segment is disordered in all of the peptides but can also assume
a transient β structure. Furthermore, the peptides at the two
ﬁbrillar tips are ﬂexible, while the core peptides are rigid.

■

MATERIALS AND METHODS
System Preparation. The recent solid state NMR11,12 and
cryo-electron microscopy structures13 of Aβ42 ﬁbrils are
interesting starting points for the simulation studies of Aβ42
self-assemblies. As the starting structure for the present study,
we used the model proposed by Colvin et al. (PDB ID:
5KK3).12 The solid state NMR structure revealed two Aβ42
ﬁlaments (highlighted in red and blue in Figure 1a), each
shaped as a double horseshoe, with the two horseshoes
meeting around a 2-fold axis.37 Stacks of identical double
horseshoes form a single ﬁlament, and two ﬁlaments are tightly
associated along the axis of the ﬁbril (Figure 1b). Residues 15−
42 of each monomer form three in register cross-β-strands
labeled in the following sections β1 to β3. We adopt the
notation β1 for residues Q15−F20, β2 for V24−I32, and β3 for
M35−I41 throughout this article (Figure 1c). As the side chain
orientations are diﬀerent at the two ﬁbril ends, we call them
the odd end (peptides A and J) and the even end (petides I
and R), respectively (Figure 1b).
Simulation Protocol. All production simulations were
carried out using the GROMACS 2016.3 simulation package38,39 and the CHARMM36m force ﬁeld.40 We ﬁrst
generated 16 independent starting conﬁgurations by reconstructing the N-terminal segments for all of the peptides using
Monte Carlo sampling. More precisely, the missing N-terminal
tails (residues 1−10 in each of the 18 chains) were built
initially in an excluded volume-obeying manner using
CAMPARIv3 (http://campari.sourceforge.net). This procedure randomizes dihedral angles hierarchically and guarantees
that there is no spurious correlation between models at the
level of the starting structures. All models were then subjected
11073
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Figure 2. Temporal evolution of the root-mean-square deviation (RMSD) of the tip peptides at (a) the odd end and (b) even end. RMSDs are
shown for the surface peptides A, J, I, and R (dark colors) and penultimate peptides B, K, H and Q (pale colors, same color scheme as in Figure
1b). The reference structure is the solid state NMR model (PDB 5KK312). The structural overlap makes use of the Cα atoms of residues 15−42 of
the central layers, i.e., peptides C to G and L to P. The RMSD is calculated for the carbon atoms in the backbone and side chains (only those in
nonsymmetric groups) as RMSD =

1
N

N

∑i = 1 (ri − r iref )2 , where rref
i represents the reference position of atom i, and N = 126 carbon atoms

belonging to residues 15−42.

in the NVT ensemble, all restraints were removed, and the
snapshots were saved every 50 ps over a total run length of 500
ns. The short-range interactions were cut oﬀ beyond a distance
of 1.2 nm, and the potential smoothly decays to zero using the
Verlet cutoﬀ scheme. For the electrostatics, the generalized
reaction ﬁeld with an inﬁnite dielectric constant beyond the
cutoﬀ of 1.2 nm and a 10 fs update interval for the Verlet
buﬀered neighbor list were used. Bond lengths were constrained using a fourth-order LINCS algorithm with 2
iterations.47 An integration time step of 2 fs was employed
for the simulations at T = 310 K and a time step of 4 fs for the
simulations at T = 370 K. The latter was enabled through the
use of virtual sites for all hydrogen atoms. The higher
temperature is employed to enhance the sampling; the density
of water is kept at the value of the 310 K simulations (i.e., same
volume of the box and same number of water molecules) to
perturb the free energy surface as little as possible.48,49

to 100000 elementary Monte Carlo steps with a move set
consisting of 68.5% pivot moves on side chain dihedral angles,
28.5% pivot moves on backbone ϕ and ψ angles, and 3% pivot
moves on ω angles. All but the ω moves used a dual amplitude
approach to increase sampling quality.41 The ω moves were all
local with a small step size to avoid cis/trans isomerization of
the peptide bond. This equilibration used the ABSINTH
implicit solvent model42 at a temperature of 300 K with
charges taken from the CHARMM36 force ﬁeld.43 The
equilibration was used to resolve minor remaining problems
with the excluded volume randomization. No counterions were
included during the construction of the N-terminal segments.
During both randomization and equilibration, residues 12−42
in all of the peptides were kept completely frozen. The side
chain of E11 was allowed to move during the Monte Carlo
equilibration since steric clashes persisted otherwise. Finally,
16 out of the 32 independently generated models were selected
upon ranking according to the total energy. To reproduce
neutral pH conditions, the N-terminus, lysine, and arginine
side chains were positively charged, while the C-terminus,
aspartate, and glutamate side chains were negatively charged.
All histidine side chains were neutral and protonated at Nδ.
Each system was then solvated in a cubic box (edge length of
15.8 nm) with TIP3P water molecules44 to which 150 mM
NaCl were added, including neutralizing counterions (in
Gromacs 2016.3). Following the steepest descents minimization, the systems were equilibrated under constant pressure for
5 ns, with position restraints applied on the heavy atoms of the
peptides. The temperature and pressure were maintained
constant at 310 K and 1 atm, respectively, by using the
modiﬁed Berendsen thermostat (0.1 ps coupling)45 and
barostat (2 ps coupling).46 For the production runs, performed

■

SIMULATION RESULTS
This section focuses on the analysis of the simulations at 310
K. The plots corresponding to the results at 370 K are in the
Supporting Information (e.g., RMSD time series in Figures S1
and S2 and twist in Figure S3).
Fibrillar Core Stability and Twist. The 10 peptides in the
central section of the protoﬁbrillar structure (peptides C-G and
L-P, called core peptides in the following) are structurally
stable along all of the simulations at 310 and 370 K with
deviations smaller than 0.2 nm (Figure S1). In contrast,
variable plasticity is observed at the tips (Figure 2). For both
the odd and even ends, the time series of the RMSD show
heterogeneous behavior of the surface peptides ranging from
negligible deviations from the initial positions (e.g., M10 at the
11074
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Figure 3. Fibrillar twist. (a) Schematic picture of the twist angle which is the dihedral angle θ deﬁned by the Cα atoms of residues Q15 and F19 of
consecutive core peptides i and i + 1. (b) Projection along the direction of the protoﬁlament axis to show the twist angle. (c) Distribution of the
twist angles for the two protoﬁlaments, PF1 and PF2, in red and blue, respectively, averaged over all simulations. The similar distributions indicate
convergence of the sampling for the twist. See also Figure S3 for the twist at T = 370 K. Vertical arrows indicate the twist as measured in the solid
state NMR (ssNMR) structure and cryo-electron microscopy (cryo-EM). (d) Temporal evolution of the twist of two ﬁlaments (red and blue)
along two runs (solid and dashed lines).

odd end and M1 at the even end) to displacements larger than
0.8 nm (e.g., M8 (Movie M1) and M4 (Movie M2) at the odd
and even end, respectively). The peptides in the layer next to
the surface peptides (penultimate layer) show minor deviations
from the solid state NMR structure, irrespective of the
displacement of the tip peptides. This suggests that the
peptides in the penultimate layer are much more stable than
the surface peptides at the physiological and elevated
temperature (Figure S2). In sporadic cases, a large deviation
of the surface peptide inﬂuences the peptide next to it in the
protoﬁlament (e.g., M11 blue and cyan, and M15 green and
yellow in Figure 2).
A common feature of amyloid ﬁbrils is the presence of a
twist along the direction of the ﬁbrillar axis. In contrast, the
solid state NMR structure used as the starting conformation
for the simulations does not show any twist, which is probably
a consequence of the restraints on the interstrands backbone
hydrogen bonds50 used during structure determination.11,12 To
monitor the twist of the ﬁbril during the simulations, we
computed the twist angle between consecutive peptides i and
i + 1 in each protoﬁlament (Figure 3). For this purpose, we
selected the Cα atoms of residues Q15 and F19, and calculated
Q15
the dihedral angle θ between the planes {(CF19
α )i, (Cα )i,
Q15
Q15
Q15
F19
(Cα )i+1} and {(Cα )i, (Cα )i+1, (Cα )i+1}. We then
averaged over the angles between the core layers, spanning
from peptides C to G and L to P. In most simulations and at
both temperature values, the negative twist increases within the
ﬁrst 100 ns and reaches a plateau at about −3 degrees (Figure
3d). The probability distribution of the twist has a peak with θ
in the range [−3.5,−2.5°] (Figure 3c). Taken together with the
interpeptide distance of ≈0.49 nm, the twist values
extrapolated along the ﬁbril axis result in a pitch of 50−70
nm, which is comparable to the experimental ﬁndings.51,52
Fluctuations of the Peptides at the Tips. To analyze
deviations from the parallel in-register arrangement we plot the
proﬁles of the average Cα−Cα distance between corresponding
residues in the surface peptides and penultimate layer peptides
(Figure 4). The proﬁles along the sequence show a
displacement localized at the segment A21-G29 for both tips
and at both values of the temperature (see Figure S4 for
simulations at 370 K). The segment A21-G29 consists of the
loop between strands β1 and β2 and most of the latter strand.
Its mobility is associated with the partial detachment of the tip
peptides from their immediate neighbors (Movies M1−M3).
Besides the pronounced ﬂexibility of the segment A21-G29,

Figure 4. Deviations from the parallel in-register β-sheet structure at
the ﬁbril tips. The plot shows the sequence proﬁle of the average Cα−
Cα distance between pairs of identical residues in the tip peptide and
penultimate layer peptide at (a) the odd end and (b) the even end.
The error bars represent the standard error of the mean. The arrows
emphasize the three β-strands.

minor displacements are observed for the N-terminal segment
of β1 and the C-terminal segment of β3. The diﬀerences
between the two peptides at the same end, e.g., in the position
11075
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Figure 5. SAPPHIRE plot of the conformational space sampled by peptide A. See the SI for the results at 370 K and peptides J, I, R and AJ IR
cumulated (Figures S5 and S8−S12). (Bottom) The progress index corresponds to the reordering of the snapshots according to pairwise structural
similarity. The cut function (black line) is constructed by counting transitions along the simulations such that its local minima and maxima
correspond to states that are highly populated and barriers that are visited sporadically, respectively. The dynamic trace (red dots with legend on yaxis on the right) localizes the time development of the simulated system along the progress index and cut function. In other words, the dynamic
trace reﬂects the sequence of events as it illustrates the visits to individual states and crossing of barriers for each simulation run where individual
runs are separated by horizontal dotted lines.(Middle) Cα−Cα distances in nm between peptides A and B. These distances were used for the
progress index metric. The structural annotation is binned into seven distances where the shortest (dark blue) corresponds to the optimal
interstrand distance and the largest (green) to values larger than 2.4 nm. (Top) Intrapeptide Cβ−Cβ distances in nm. For K28-A42, the N of the
side chain and the carboxyl carbon atom were used. These distances were not used for constructing the progress index. (Top) Representative
snapshots extracted from the simulations corresponding to (a) little deviation from the initial structure, (b) small detachment of residues
21
AEDVG25 from their neighbors, and (c) complete detachment of the central 15 residues.

of the peak along the sequence and around residues 36VG37
(only at the even end), are probably due to insuﬃcient
sampling, as they are less pronounced or absent in the
simulations at 370 K (Figure S4).
SAPPHIRE Analysis of Disorder at the Tip. The
SAPPHIRE (States and Pathways Projected with High
Resolution) plot53,54 has been developed to capture in a single
illustration the states sampled by a complex system and the
order in which they are visited along one or multiple
trajectories. The essential idea is to generate a one-dimensional
plot which allows the partition of the entire sampling into free
energy basins based on the similarity between the simulation
snapshots as deﬁned by a metric given as input. Brieﬂy, starting
from a random snapshot (i.e., simulation frame), the remaining
snapshots are ordered by allowing the frame closest to any
prior entry in the sequence to become the next item in the
array of data. This allows the sorting of the data into sets of
basins consisting of similar snapshots without any a priori
clustering or overlap between the distinct states. The resulting
sequence of snapshots is referred to as the progress index. The
progress index is usually annotated with several geometric
variables which are helpful to visually characterize the states.
Here we deﬁne the metric as the RMSD of the Cα−Cα distance
across analogue residues from neighboring peptides. The Nterminal segment 1−14 is disordered, while the β3 strand is
almost always conserved (Figure 4). These stretches can be

excluded from the metric as they do not contain any
discriminatory signal. Thus, residues 15−29 are selected for
the metric used to construct the progress index and generate
the SAPPHIRE plot. First we analyze the SAPPHIRE plot for
peptide A using as a metric the Cα−Cα distances of the
corresponding residues in peptides A and B (Figure 5 and
Movie M3). The barriers on the cut function (i.e., the local
maxima on the proﬁle in black in the bottom part of Figure 5)
enable the identiﬁcation of individual metastable states. The
statistical weight of each state can be quantiﬁed as the
progress-index segment between two consecutive barriers.
Importantly, recurrence across the individual simulations
shows that most basins are sampled several times (red dots
in the bottom part of Figure 5). The ﬁrst 2.5 × 104 frames are
grouped into a single basin, which includes the simulation
snapshots close to the solid state NMR structure. The
structural annotation shows distances below 0.5 nm, indicating
that peptide A is optimally bound to peptide B. A
representative snapshot is shown in Figure 5a; the peptide
arrangement is very similar to the one in the solid state NMR
structure. A pronounced barrier in the cut proﬁle separates this
basin from all other states. The snapshots, in which the loop
connecting the ﬁrst two β-strands shows a signiﬁcant increase
in distance from its neighbor, accumulate between 2.5 × 104
and 12 × 104 along the progress index (Figure 5b). The
collection of small basins that follows contains states in which
11076
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may be a consequence of the ﬁbrillar twist. Similar proﬁles and
diﬀerences between odd and even ends emerge from the
simulations at 370 K (Figure S6). The highest contact
frequency is observed for residues 15−20 and 30−41,
corresponding to β1 and a segment that includes β3,
respectively. This ﬁnding is consistent with the analysis of
parallel in-register contacts (Figure 4) and provides further
evidence that the β3 residues of the tip peptides have limited
ﬂexibility and remain attached to their neighboring peptide.
The C-terminal residues 41−42 of peptides I and R (even end)
can detach transiently (Figure 7), which is also observed at
high temperatures (Figure S6).
The plasticity of the sequence stretch A21-G29 for the
peptides at the tip (Figure 7) is consistent with the data from
the 15N-DEST NMR experiments, probing the exchange
between the monomer and protoﬁbril-bound states of
Aβ42.55,56 The NMR data indicate that the segments 16−23
and 33−40 form direct contacts with the ﬁbrillar surface, while
residues 24−32 and the N-terminal segment are predominantly
tethered, i.e., not directly in contact with the ﬁbrillar surface.
Overall, the structural and ﬂuctuational diﬀerences between
the two ends are not suﬃcient to extract deﬁnitive conclusions
on the unidirectional growth of the ﬁbril.
Intermolecular Contacts at the Fibril Tips. To identify
contacts between adjacent peptides at the tip, we plot the A-J
interpeptide contact map (odd end) and I-R contact map
(even end) where a contact is deﬁned using a 0.8 nm threshold
between any pairs of atoms (Figure 9). At both ends, the most
frequent contacts are consistent with those observed in the
solid state NMR structure and reﬂect the double horseshoe
arrangement of the protoﬁlaments.11,12 In particular, close to
the symmetry axis, there are very strong interactions between
the residue pairs 34LM35. Furthermore, there are persistent
contacts between the segments 12VHHQKL17 and 34LMVG37.
At the odd end, there are additional contacts between the Nterminal segment of peptide A and the β3 strand of peptide J,
while at the even end, the N-terminal residues of peptide R
interact with residues 35MVG37 of peptide I. At an elevated
temperature, the distribution of interpeptide contacts at the
odd end (Figure S7a) shows a rather symmetric pattern, i.e.,
invariance with respect to swapping A with J. Thus, it is likely
that the diﬀerent contact frequencies observed at 310 K for the
two equivalent peptides at the odd end are due to the limited
sampling.
Analysis of the contacts between the tip peptides and the
penultimate layers shows that additional in-register contacts
are formed transiently by the 8SGYEVHH14 residues (Figure
10). These simulation results indicate that the β1 strand can
extend to include residues upstream in the sequence.
Furthermore, the N-terminal residues 4FRHD7 of the peptides
in the penultimate layer can associate with the segment
10
YEVHHQKLVF19 of the tip peptide.

several amino acids detach from their neighbors. In particular,
the β1 strand dissociates in the states with a progress index
value larger than 12 × 104 (Figure 5c). An additional
annotation is plotted on top of the progress index to monitor
seven intramolecular distances that have been proposed to
contribute to the stabilization of the monomeric double
horseshoe topology. The intramolecular contacts are preserved
in the ﬁrst basin on the left which is the closest to the initial
structure. In the metastable states that diﬀer from the ﬁrst
basin, the G33-V36 short-range contact is almost always
formed, while the L17-L34 interaction and salt bridge between
the K28 side chain and the C-terminal carboxyl group are the
least stable. Statistical signiﬁcance for the sampling at the odd
end is supported by the SAPPHIRE plot of peptide J (Figure
S8). Both peptides show a higher stability of the 15QKLVFF20
fragment over most of the sampling (i.e., along most of the
progress index) as compared to β2. We compare the two ends
of the ﬁbril by combining the net eﬀect of the two tip peptides
into a single SAPPHIRE plot (Figure S9 for the odd end and
Figure S12 for the even end). The SAPPHIRE plots show
signiﬁcant sampling of conformations close to the solid state
NMR state, which occupies the ﬁrst basin. The main diﬀerence
between the two ends is the slightly more pronounced
detachment of the segment A21-G29 at the odd end than the
even end. Concerning the intrapeptide interactions, similar
patterns are observed at both ends, except for the hydrophobic
contact between F19 and I32, which is more stable at the even
end (Figure S12) than the odd end (Figure S9).
Flexibility at the N-Terminus and Stability of β1 and
β3 Strands. The N-terminal residues 1−14 are disordered in
all of the peptides (Table 1 and Movie M3). The distributions
Table 1. Average Secondary Structure Content for the
Peptides at the Ends
%

β-rich

helical

coil

N-term

6
9
54
65
35
40
61
67

1
1
0
0
1
0
0
0

93
90
46
34
64
60
39
33

β1
β2
β3
a

Values represent averages over peptide segments and the 160000
snapshots at 310 K. For each peptide segment, the two rows show the
values averaged over the odd end peptides (A and J) or even end
peptides (I and R), respectively. See Table S1 for T = 370 K and
Figure S15 for the secondary structure assignment per residue.

of the radius of gyration values and asphericity show that, for
both protoﬁlaments, the N-terminal stretches can assume a
wide variety of conformations from rather compact to very
extended (Figure 6). The disorder is observed in all of the runs
and at both temperature values (Figure S14). The backbone N
atoms of residues 1−10 of the peptides at the tip are in contact
with atoms on other peptides only between 10% and 40% of
the simulation time (Figure 7). Interestingly, the N-terminal
segment can transiently associate in a parallel β-sheet
arrangement with the adjacent peptide in the same layer at
the surface (Figure 8). While the N-terminal segments at the
odd end are slightly less disordered than at the even end, the
opposite is observed for the segment A21-G29 (Figure 7). This

■

DISCUSSION
The recently published structure of a disease relevant Aβ ﬁbril
is signiﬁcantly diﬀerent with respect to the structures analyzed
previously by means of molecular simulations. A number of
similarities and diﬀerences arise from a comparison with
previous simulation studies.
First, we report on the limited ﬂexibility of the β1 (residues
15−20) and β3 (residues 35−41) segments as compared to
that of β2 (residues 24−32). This is consistent with previous
simulation results using other structures57,58 as starting
11077
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Figure 6. Disorder of the N-terminal segment. Two-dimensional histograms of the normalized radius of gyration, t, vs the asphericity, δ, for the Nterminal stretches 1−14 of peptides B−H for PF1 and peptides K-Q for PF2 at (a) T = 310 K and (b) T = 370 K. Both measures are normalized to
an interval of 0 to 1. The snapshots show representative conformations of the selected N-terminal stretches.

Figure 8. View of the even end of the ﬁbril showing the association of
part of the N-terminal segment of peptide R with the core of peptide I
in a parallel β-sheet arrangement. The color scheme of peptide R
corresponds to the secondary structure assignment of its residues
(yellow, cyan, and gray for β-sheet, turn, and loop, respectively).

Figure 7. Percentage of interpeptide contacts formed by the tip
peptides with the rest of the ﬁbrillar structure. A residue is considered
to be in contact with any other residue if the distance between its
backbone N atom and any atom of another peptide is below 0.5 nm.

regions;60 i.e., on average, more contacts are formed between
sequences 17LVFFA21 and 37GGVVIA42 and the neighboring
peptides. Baumketner et al. investigated the Aβ40 ﬁbril
polymorph58 and identiﬁed the region 21−29 as the ﬁrst to
detach from the ﬁbril, while the segments 14HQKLVFF20 and
30
AIIGLMV36 were suggested to be part of the transition state
ensemble of the dissociation process.31 Buchete et al.
investigated the stability and the early dissociation events in

conﬁgurations.59,60 Bacci et al. observed that the motifs
17
LVFF20, 31IIGLMV36, and 35MVGGVV40 remain closely
associated with the neighboring peptide.59 Han and Schulten
showed in their investigation that the formation of initial ﬁbril
contacts is sequence-speciﬁc and favorable in the hydrophobic
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Figure 9. Contact frequencies between adjacent peptides resolved by residues at the (a) odd end and at the (b) even end. Two residues are
considered to be in contact if the distance between any of their atoms is below 0.8 nm. High frequencies are highlighted by dark colors. The
structures on the left and right highlight the contacts between the two protoﬁlaments as observed in the solid state NMR structure.

24−30 region and is followed by residues 9−23, while the nine
C-terminal residues, i.e., the segment 32−40, remain closely
attached to their immediate neighbors. They suggest a possible
mechanism for the ﬁbril elongation as a simple time reversal of
the dissocation event; i.e., monomer addition to the ﬁbrillar
surface is driven by strong hydrophobic interactions stabilizing
residues 31IIGLMVGGV39, followed by the association of the
less stable 9−23 residues, and ﬁnally the ﬂexible segment 24−
30. This interpretation, in particular the consolidation of the
segment 24−30 as the ﬁnal part of the association event, is
consistent with our simulation results. Experimental ﬁndings
strengthen the aforementioned claims as there is evidence
indicating that the regions 17LVFF20 and 30AIIGLM35 play a
relevant role in the early steps of Aβ misfolding and
aggregation62 and as critical regions for stability and
toxicity.63,64 Taking these discussion points into account, it
appears that Aβ42 and Aβ40 share the preference of the
detachment of the central residues. This may occur due to the
high propensity of this region to form structured conformations in solution.65
Second, our results inform on the high ﬂexibility of the Nterminal regions and the transient contacts they form with β3.
The disordered nature of the N-terminal segments is in
agreement with the study of Bacci et al.,59 yet some diﬀerences
arise in the contacts formed with the hydrophobic core, as the
previous study reported on the transient contacts between the
N-terminal stretches at the tips and residues 17LVFF20. This
discrepancy is due to the diﬀerent ﬁbrillar structures used in
the diﬀerent studies. Nevertheless, the net eﬀect is the same as
the interactions of the N-terminal stretches with the ordered
part of the tip peptides would prevent a free peptide from
attaching to the surface of the ﬁbril and continue ﬁbrillar
growth. Therefore, the N-terminal stretches contribute to the
free-energy barrier that a peptide has to overcome in order to
transform from its solvated conformation into the ﬁbril-bound
state. This statement is consistent, also, with experimental
studies which demonstrate that N-terminus truncated peptides
enhance aggregation66 and accelerate ﬁbril formation.67,68
Extending the discussion to the “stop-and-go” mechanism of
amyloid growth,69−72 we hypothesize that the N-terminal
stretches of the peptides at the tip actively contribute to the

Figure 10. Contact frequencies between peptides at the tip and in the
penultimate layer. (Top) Contact maps for the odd end (left) and
even end (right) peptides. (Middle and Bottom) Contact maps for
single pairs of peptides.

Aβ(9−40) ﬁbrils consisting of two protoﬁlaments.61 Their
simulations showed a loss of structure at the tip layers at high
temperatures and structurally stable ﬁbrillar cores at room
temperature. The loss of the structure at the tips starts in the
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“stop” phase by shielding the ﬁbrillar template and hindering
growth by monomer addition to the ﬁbrillar end.
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CONCLUSIONS
We have analyzed the structure and ﬂexibility of a diseaserelevant Aβ42 monomorphic ﬁbril11,12 by multiple molecular
dynamics simulations of an 18-meric ﬁbrillar segment. Previous
simulation studies of Aβ42 started from structurally diﬀerent
ﬁbrils (see, for example, refs 59,61,73, and 74 for a review).
Four main observations emerge from the analysis of a
cumulative sampling of 8 μs at physiological conditions and
7.5 μs at a temperature of 370 K. First, the core of the 18-meric
ﬁbril, i.e., the central segment consisting of the 14 peptides that
are not located at the tips, is structurally stable with marginal
deviations from the starting conformation. Second, the twist
along the ﬁbrillar axis is negative and measures about 3
degrees. Third, the highest ﬂexibility is observed at the Nterminal stretch 1−14 which is consistent with the NMR
spectroscopy data.11,12 Despite the predominance of disorder,
the detailed analysis of the secondary structure content of the
peptides at the tips shows that their N-terminal segment can
assume the β-extended conformation (6−9%, Table 1) and
sporadically helical structure (<1%). Furthermore, the Nterminal residues of a peptide at the tip can associate with the
β3 strand of the adjacent peptide (Figures 8 and 9). These
simulation results go beyond the simple description of the
disordered N-terminal tail, which emerges from most
experimental works. In particular, the simulations suggest
that the interpeptide contacts at the tip might contribute to the
arrest phase of the stop-and-go mechanism. Fourth, at both
tips, there is disorder in the segment 21−29, which includes
most of the β2 strand (residues 24−32). In contrast, the β3
strand (residues 35−41) remains closely associated with the
ﬁbril (Figure 7). Thus, the displacement of the segment 21−29
is proposed as the initial step of monomer detachment.
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