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Marco Bacci, Jiří Vymětal,† Maja Mihajlovic,‡ Amedeo Caﬂisch,* and Andreas Vitalis*
University of Zurich, Department of Biochemistry, Winterthurerstrasse 190, CH-8057 Zurich, Switzerland
W Web-Enhanced Feature *
S Supporting Information
*

ABSTRACT: The growth of amyloid ﬁbrils from Aβ1−42
peptide, one of the key pathogenic players in Alzheimer’s
disease, is believed to follow a nucleation−elongation
mechanism. Fibril elongation is often described as a “dock−
lock” procedure, where a disordered monomer adsorbs to an
existing ﬁbril in a relatively fast process (docking), followed by a
slower conformational transition toward the ordered state of the
template (locking). Here, we use molecular dynamics
simulations of an ordered pentamer of Aβ42 at fully atomistic
resolution, which includes solvent, to characterize the elongation
process. We construct a Markov state model from an ensemble
of short trajectories generated by an advanced sampling
algorithm that eﬃciently diversiﬁes a subset of the system
without any bias forces. This subset corresponds to selected dihedral angles of the peptide chain at the ﬁbril tip favored to be the
fast growing one experimentally. From the network model, we extract distinct locking pathways covering time scales in the high
microsecond regime. Slow steps are associated with the exchange of hydrophobic contacts, between nonnative and native
intermolecular contacts as well as between intra- and intermolecular ones. The N-terminal segments, which are disordered in
ﬁbrils and typically considered inert, are able to shield the lateral interfaces of the pentamer. We conclude by discussing our
ﬁndings in the context of a reﬁned dock−lock model of Aβ ﬁbril elongation, which involves structural disorder for more than one
monomer at the growing tip.

■

nucleation−elongation scheme.15,16 In vitro, both soluble and
precipitated ﬁbrils are polymorphic.17−19 The term protoﬁbril is
deﬁned somewhat loosely, and we will refer to a linear, soluble,
and largely ordered assembly with a single molecule per axial
unit as a protoﬁbril.
The elongation of soluble Aβ ﬁbrils is a disorder-to-order
transition. The monomer, which exists disordered in solution,20
is thought to dock reversibly to an existing aggregate. A docked
monomer can undergo a slow conformational transition, the socalled locking step(s), in which it adopts the structure of the
template (see Figure 1A).21,22 Surface-based single ﬁbril
imaging has revealed that elongation occurs in a discrete
manner, i.e., productive growth is stepwise and consists of
alternating growth and arrest phases.23−26 Furthermore,
elongation has a preferred direction and is about an order of
magnitude more rapid at the fast growing end.26 The arrest
phases are thought to correspond to trapped or blocked states
of the ﬁbrils, but how this would manifest itself structurally is
not clear.24 Importantly, the step sizes for growth are much
larger than the addition of just one monomer even though the
adding species is thought to almost exclusively be the
monomer.27 The single ﬁbril traces also reveal that an arrested

INTRODUCTION
The aggregation of proteins and peptides is associated with a
number of human diseases, including Alzheimer’s (AD) and
Parkinson’s.1 AD symptoms are both cognitive and behavioral
in nature and involve the well-known progressive deﬁciencies in
memory, speech, and decision making but also include
depression, irritability, and agitation.2 At the neurophysiological
level, cerebral atrophy including loss of neurons occurs and
aggregates rich in amyloid β peptide (extracellular plaques) or
hyperphosphorylated tau (neuroﬁbrillary tangles forming
intracellularly) appear, yet the connections between these
processes have not been fully elucidated.3 The amyloid β
peptide is known to aggregate in vitro into ﬁbrils, which share
some but not all structural properties with in vivo plaques.4 In
recent years, it has become clear that Aβ can be produced at
multiple sites in the cell,5 is importable, and also aggregates
intracellularly.6,7 These results have provided a rationale for
revisions of the amyloid cascade hypothesis8−10 to account for
evidence that extracellular plaques per se are less neurotoxic
than smaller oligomers11 or that they are even absent in early
AD-aﬄicted individuals.12 The dominant forms of Aβ are 40
and 42 residues long, with the latter overrepresented (relative
to total concentrations) in plaques,13 exhibiting faster
aggregation, and promoting disease.14 Fibril formation of
these peptides in solution can be described kinetically by a
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implicit, explicit, or mixed). Studies of the monomer33,34 or
small oligomers35−37 in these models highlight disorder along
with the resulting sampling problems and an inherent
disposition toward β-secondary structure, in particular as
oligomers grow. Interestingly, there is not much evidence for
extensive regular β-sheet structure in small oligomers observed
experimentally,38,39 although cross-linking enhances β-content
with increasing oligomer size.40 Earlier studies on the
elongation problem were limited by sampling problems41
and/or had to go to artiﬁcial conditions to speed up the
process,42 yet in general a picture of a two- or multistep process
emerged that seems compatible with experimental evidence.
Recent computational work43−46 suﬀers from three common
limitations: the presence of a rigidiﬁed template, the truncation
of the N-termini, and the use of bias forces along a reaction
coordinate. A highly ordered template obtained from an ideal
starting structure and with restraints/constraints is diﬃcult to
reconcile with experiment. While there is strong support for
monomers being the primary vehicle of growth, it is known that
soluble oligomers38,39 and even very large assemblies47,48 can
be signiﬁcantly deﬁcient in terms of both local and long-range
order. This means that Aβ monomers must have the ability to
dock to many diﬀerent forms of aggregated Aβ and that these
processes contribute to measured rates. In fact, the
aforementioned stepwise nature of the growth23 has suggested
a mechanism in which the ﬁbril tip is temporarily blocked, for
example by the formation of an elongation-incompetent and
kinetically trapped conformation of terminal monomers.24,25
Importantly, this need not be in conﬂict with the simple dock−
lock scheme (Figure 1A) in kinetic terms as was shown
analogously for nucleation.49 The choice to truncate N-termini
is supported by almost all determined structures but contradicted by several mutations in the N-terminal region known to
alter the aggregation behavior of Aβ considerably, including a
speciﬁc impact on elongation.50,51 In other cases, factors such as
production rate can be in play as well.52 Lastly, the use of bias
forces may limit observable pathways. This is because the
relaxation behavior in simulations with reaction coordinate
biases is known to be diﬃcult to control for “orthogonal”
degrees of freedom.53 For example, if the distance of the centers
of mass of two chains is the reaction coordinate, rearrangements that do not change this coordinate are not sped up.
Moreover, pathways involving recurrent excursions in this
coordinate may even be quenched by the biasing force.
In the present study, we aim to expand on the results in the
literature by allowing the elongation process to follow more
realistic pathways. For this, we couple a recent advanced
sampling method54 to a complete (all 42 residues) and fully
atomistic model of a ﬁbrillar pentamer in a 150 mM aqueous
solution of NaCl. Soft, well-type bias potentials are used to
gently stabilize the assembly in all but one peptide chain. We
obtain an ensemble of continuous trajectories of variable length
that is used to construct a network model, which we proceed to
analyze in detail. There is no reaction coordinate and no bias
force controlling the distance of the target monomer from the
assembly in our simulations. This means that the system
evolves according to spontaneous ﬂuctuations. Our study will
thus be able to complement and extend prior computational
work. Han and Schulten44 in particular employed the same
ﬁbril model, although they, as mentioned, neglected the Ntermini and rigidiﬁed the ordered template. Through a
combination of umbrella sampling,55 hydrogen and solvent
coarse-graining,56 and network and transition path analyses,57

Figure 1. Overview of the process and system under study. (A)
Schematic of a monomeric dock−lock mechanism with a single
locking step and rigid template. The added monomer is in blue. (B)
3D image28 of the reconstructed ﬁbrillar pentamer based on the NMR
structure. Important residues and interactions are highlighted.
Coloring is by chain, and the code is used throughout (chain A is in
blue). (C) Representative example of Gaussian well potentials used to
stabilize the ϕ/ψ values of the ﬁbrillar states for the residues in chains
B−E highlighted by gray boxes in panel D (see Supporting
Information, S1.2.1). (D) Schematic and sequence of the Aβ42
monomer. Those residues of chain A in boxes with red outlines were
part of the initial PIGS representation. Conversely, the gray
background of boxes indicates the application of well potentials for
chains B−E.

state does not undergo disassembly to become unblocked and
that arrest per se has no clear inﬂuence on ﬁbril morphology.23,26 It is diﬃcult to further dissect this “dock−lock”
process mechanistically using experiment.
As complementary tools, computer simulations face other
issues than experiments. While the structural resolution is
limited only by the chosen model, it is no longer clear whether
(a) the model depicts reality faithfully or (b) it is possible to
observe the model on a suﬃciently long time scale. To avoid
problem (b), many computational studies on protein
aggregation use coarse-grained models. These have provided
insight into possible origins of the kinetics of nucleation and
elongation including the role of oﬀ- and on-pathway disordered
oligomers.29−31 Results from models of this type are limited in
that they miss the necessary detail to be clearly identiﬁed with
speciﬁc systems relevant to disease such as Aβ. Furthermore,
the high sensitivity of Aβ aggregation to solution conditions
such as pH, metal ions, lipids, etc. has been characterized
extensively,32 and this sensitivity suggests that important
aspects of the process will never be representable in overly
simpliﬁed models.
Classical models at full atomistic resolution allow an
unequivocal identiﬁcation of the peptide(s) along with a
meaningful representation of solution conditions (whether
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density. PIGS has been shown to be an excellent technique for
structural diversiﬁcation when starting from an ordered
reference state, in particular if barriers are entropic in nature.54
To study elongation at the odd end, we chose to represent
the system’s essential phase space by the ψ angles of a subset of
residues of chain A. This means that the PIGS reseeding
decision will aim to diversify this dihedral angle space but have
no direct knowledge of the remainder of the assembly. This
ability to focus exploration is one of the strengths of the
method. We obtained cumulative sampling times of ∼6.2 μs of
PIGS simulations with small variations to the subset of dihedral
angles and 3.8 μs of canonical MD simulations starting from
two native and two nonnative conformations (D1 and D2
below). The complete inventory is found as Tables S1 and S2
(S1.2.2). The two native conformations were considered
because of concerns with ﬁbril−internal water molecules and
long-lived salt bridges.
Analysis (See Supporting Information, S1.3). Short
descriptions of the analysis methodologies are embedded in
Results below. A detailed documentation of the entire workﬂow
is given in section S1.3.

Han and Schulten obtained quantitative predictions regarding
the dominant pathways of the elongation of Aβ42 ﬁbrils. These
data will be excellent reference points to compare our results to,
and we are particularly interested in assessing the inﬂuence of
the three aforementioned assumptions.
The remainder of the text is structured as follows. Methods
are presented as a salient overview (details are given as
Supporting Information, speciﬁcally sections S1.1−S1.3). We
proceed to describe results on the conformational envelope we
sampled, network construction, and rates and properties of
diﬀerent locking pathways. We conclude by discussing our
ﬁndings with regards to the mechanism of elongation, in
particular focusing on disorder, growth asymmetry, and the role
of the N-termini.

■

METHODS
System Setup (see Supporting Information, S1.1).
Brieﬂy, we extracted a pentameric ﬁbrillar assembly for Aβ17−
42 from the ﬁrst model in the NMR bundle of Lührs et al.
(PDB: 2BEG).58 The missing N-terminal residues were
reconstructed and randomized using a Monte Carlo scheme.
The system was solvated in a cubic box of 113.7 Å (∼1.5 × 105
atoms) containing ∼150 mM NaCl in modiﬁed Tip3p water.
This is the recommended water model for the protein force
ﬁeld we picked, viz., CHARMM36.59 The system size was large
enough to avoid image interactions of peptides irrespective of
the tumbling of the assembly. Integration of Newton’s
equations of motion was used to propagate the system (2 fs
time step, constraints on all bonds) in the NVT ensemble at
310 K with two software packages (CAMPARI v3b (http://
campari.sourceforge.net) for the enhanced sampling runs and
GROMACS 4.660 otherwise). The peptide assembly is shown
in Figure 1B. It has two ends termed “odd” and “even”. We
refer to chains as A−E with chain A at the odd end. Chains B−
E are subject to well-type potentials (Figure 1C) acting on the
ϕ/ψ angles of the residues highlighted in Figure 1D. They were
added in anticipation of a decreased structural stability due to
the ﬁnite size of the system. These potentials stabilize the
backbone dihedral angles by at most 1 kcal/mol when in their
native values in the β-basin. There is no restoring force acting if
the dihedral angles are far away from the native state. There is
never any restoring force acting on intermolecular degrees of
freedom or on absolute coordinates, and many non-native
assemblies are equally compatible with the potential minima.
Simulations (See Supporting Information, S1.2). Since
the expected time scale of relevant transitions is extremely slow
(up to seconds), simple molecular dynamics (MD) simulations
cannot be expected to provide meaningful insight when single
trajectories are constrained to the high nanosecond to low
microsecond range. We therefore employed an advanced
sampling technique called progress index-guided sampling or
PIGS54 that works as follows. Several copies (here, 32) of the
same system are evolved under the same conditions.
Trajectories diverge because of (required) stochasticity in the
propagator (e.g., from the thermostat).61 Periodically, some
trajectories are terminated and reseeded with other putatively
more interesting ones. To do this, a state-of-the-art data mining
algorithm62 arranges the data obtained since the last reseeding
point and determines which copies are occupying the same area
of phase space in a chosen representation. Those copies are
deemed redundant and are more likely to be reseeded with
copies deemed interesting. The heuristic for interesting rewards
replicas that are unique and reside in regions of low sampling

■

RESULTS
Overview of Data Set. We performed a large number of
simulations of a pentameric assembly (chains A−E, Figure 1B)
of Aβ42 at fully atomistic resolution with a cumulative
simulation time of ∼10 μs. The two initial ordered
conformations of the system (see section S1.1) were built
from the solution NMR structure (2BEG)58 but with reduced
methionine M35. This very model has been demonstrated to be
comparatively stable in simulations, including by Han and
Schulten.44 2BEG is a solution structure of a protoﬁbril, which
simpliﬁes the interpretation of elongation by monomer addition
relative to a 2- or 3-fold structure. Our choice can thus be
regarded as a model system for growth in solution with direct
experimental support.
In the simulations, we used well-type potentials to stabilize
the intramolecular arrangements of chains B−E in the ﬁbrillar
state (Figure 1C,D and section S1.2.1). All simulations evolved
the system according to this Hamiltonian, i.e., there was no
biasing force acting on a reaction coordinate of binding/
unbinding. Using the PIGS advanced sampling method54
described brieﬂy in Methods, we achieved a focused
diversiﬁcation of a dihedral angle space composed of ψ angles
of a subset of residues of chain A (Figure 1D). The initial set
comprises all nonglycine residues involved in β-sheets with
chain B. Intramolecular conformational changes are a necessary
signature of an order-to-disorder transition, and it is thus
reasonable to expect them to result in the unlocking of chain A.
Since additional details of how the ensemble of trajectories was
generated are not essential to what follows, they are presented
in Tables S1 and S2 and section S1.2.2.
The total data set comprises ∼5 × 106 snapshots. We ﬁrst
want to understand the envelope of the conformational space
sampled by chain A. We consider the six segments outlined in
Figure 1D (LVFF, β1, loop, β2, linker, and CT). As Figure 2
shows, the detachment of individual segments is complete
when measured by mean in-registry distances. As illustrated by
the insets, this does not correspond to a complete unbinding of
chain A, which is a limitation. The diversity of docked and
unlocked conformations we obtained questions whether a
single reaction coordinate such as the center-of-mass distance
of A and B (COM-d)44 can resolve these diﬀerent structures.
5119

DOI: 10.1021/acs.jctc.7b00662
J. Chem. Theory Comput. 2017, 13, 5117−5130

Article

Journal of Chemical Theory and Computation

result of spontaneous rearrangements of the assembly. In order
to dispel this notion, Figure 2 also shows the data for the other
three interfaces. With the exception of B−C (CT and linker,
see above), which is a consequence of the unlocking of chain A
(e.g., bottom cartoon in Figure 2E), these interfaces do not
appear to undergo signiﬁcant changes, indicating that the
pentameric assembly is suﬃciently stable on the simulation
time scale. The spontaneous relaxation that does occur at the
pentamer level is illustrated in Figure S3 by a juxtaposition of
the NMR structure and its equilibrated simulation equivalent. It
involves an increase in twist and a contraction of the linker
segment, likely in response to M35 being reduced, to sequester
more hydrophobic surface area from solvent, similar to
literature observations.64
Since we model both the N-termini and the solvent explicitly,
it is useful to summarize their behavior as well. Similar to the
ordered parts of chains B−E, there is no sampling enhancement
for the N-termini in any of the chains. However, there is also no
reference state. Our trajectories are too short in continuous
time (≤60 ns) to sample the conﬁgurational space of all Ntermini well, and this is manifest in the sporadic interaction
patterns seen in Figure 3. While generally extended and free of
secondary structure (Figure S4), these segments participate in
all conceivable interactions, i.e., they can bind each other
(chains A vs C), collapse partially (chain E), or make
interactions with the ordered template (chains B vs D), as
seen in Figure 3. By integration, we ﬁnd that the nonlocal
contacts formed by the N-termini feature prominently positions
F4, R5, and Y10 and the stretch V12HHQ15, which is
predisposed toward intermolecular contacts on account of the
template. This mix of aromatic−hydrophobic and salt bridge
interactions (R5 interacts with both exposed negative charges
on the ordered part, viz., E22 and the C-terminus) shields the
surface of the protoﬁbril somewhat from solvent.
From the analysis of solvent coordinates, we did not detect
noteworthy phenomena involving counterions. The relaxed
protoﬁbril (Figure S3) seems to possess cavities, however, and
we performed a limited analysis of water density inside the
structures. Figure 4A,B shows visualizations for data collected
for relatively homogeneous ensembles of locked states based on
the two diﬀerent starting structures. These two alternative
conformations diﬀer both in internal water content and in a salt
bridge involving the N-terminus of chain D (see section S1.1).
Figure 4A,B provides evidence that the internal salt bridges
involving D23 and K28 are partially solvated, that the water
channel connects with the bulk, and that any memory of the
solvation diﬀerence in the starting structures is lost entirely.
The combined data in Figures 2, 3, and 4A,B suggest that the
initial modeling of the N-terminal segments, the choice of
Gaussian well potentials for the stabilization of chains B−E, and
the force ﬁeld are adequate. Chains C−E form a well-deﬁned
template even though the well potentials inﬂuence only
intramolecular degrees of freedom directly. As a result, any
bias acting on the interfaces is indirect and weak. We are thus
conﬁdent that the events observed for chain A, which extend
toward chain B, are low likelihood events that capture long time
scales. In the following, we turn to Markov state models in
order to corroborate this statement and to quantify the
dynamics at equilibrium.
Construction of Markov Model. Because we are studying
a disorder-to-order transition, the number of relevant states is
unknown and potentially large. It is thus essential to use a ﬁne
enough grouping to partition the data. The grouping we settled

Figure 2. Cumulative distribution functions for mean segment-tosegment distances. Average segment-to-segment distances for all
interfaces (color legend in the middle) were computed, and their
cumulative distributions across the entire data set are plotted in panels
A−F for LVFF, β1, loop, β2, linker, and CT, respectively (see Figure
1D). Here and wherever applicable, the statistical weight of each
snapshot is derived from the steady state of the ﬁnal network model
(see Construction of Markov Model and sections S1.3.2−3). Two
cartoons28 of structures featuring particular values of segment
distances are added to each panel (chain coloring as in Figure 1B
with the additional modiﬁcation that the segment in question is
highlighted in magenta for all chains). Standard deviations across 1000
bootstrap samples of size 500 give an indication of statistical errors for
the A−B and B−C interfaces. These symmetric error estimates are
plotted as shaded areas. A random sample of 500 points covers
∼0.01% of the data and draws from at most ∼0.17% of the individual
trajectories.

This is unlikely to be the case as shown in Figure S1. While
segment distances are often correlated with COM-d at large
separation of these observables, the same is not true at short
separation. In particular, many diﬀerent values of segment
distances can map to the same value of COM-d and vice versa.
As we will see below, these diﬀerent structures can be separated
by large kinetic barriers; thus, they cannot be expected to relax
in umbrella sampling. The presence of many representative,
docked conformations that can all be accessed by spontaneous
ﬂuctuations suggests that the onset of template-like order for
the monomer is a late event in elongation. Disordered docking
is consistent with the fact that Aβ monomers bind reversibly to
large, linear aggregates irrespective of their structural
maturity.48 As an aside, this disorder prevents the PIGS
heuristic from eﬃciently diversifying the conformations of
chain A further. The eﬀect is manifested in a drop in reseeding
rate (Figure S2), which motivated adjustments of representation (Table S2).
Overall, Figure 2 suggests that LVFF and β2 in particular
prefer to remain closely associated with chain B of the ﬁbril
template, albeit in predominantly nonnative arrangements. For
CT and linker, the B−C interface is sometimes broken instead
of the A−B interface, a process that would have been quenched
by positional restraints on chain B. Conversely, β1 and Loop
appear to be able to dissociate more rapidly. The importance of
CT, LVFF, and β2 for monomer binding and, by extension,
aggregation is in accordance with their hydrophobicity and
consistent with many experimental studies mutating residues in
Aβ, most clearly in Wurth et al.63 It may be conjectured that the
dramatic changes occurring at the A−B interface are merely the
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network we ultimately chose served to calculate statistical
weights for snapshots in simple analyses such as those in
Figures 2 or S1. This procedure was followed consistently
throughout.
As a test of robustness, we studied the impact of truncating
the data in half. The ﬁrst half of the data contains only PIGS
simulations that all originated from the same starting structure.
In the second half, we added also canonical MD simulations
from various starting points (Table S1) and additional PIGS
runs from a modiﬁed starting structure. This was done to assess
the impact of potential long-lived features not directly
inﬂuenced by PIGS (salt bridges formed by N-termini, water
inside the ﬁbril). The results of this crude subsampling
approach are encouraging in that the addition of the second
half does not seem to inﬂuence the implied time scales strongly
(Figure S8). The mutual overlap in terms of shared clusters
between all “ﬁrst generation” PIGS runs, i.e., between the six
replicates starting directly from the two alternative, NMRderived structures, is another indicator of robustness (Figure
S9). Finally, the water distribution converges between these
two starting structures (Figure 4A,B), highlighting that at least
some of their properties are inconsequential.
The derived Markov model allows us to extract rates for any
process representable in it by means of transition path theory.57
Brieﬂy, we computed committor probabilities (pfold values) for
transitions between a representative set of ﬁbrillar states and
interesting (far away) docked states of chain A. The net
probability ﬂux and rates between states can be computed using
this information. The net ﬂux can be decomposed into a set of
reactive pathways,57 which relies on a heuristic. Here, we
deviate from other works44 and choose a decomposition that is
able to represent the properties of the ﬂux network more
faithfully (section S1.3.6). As mentioned above, the fully
dissociated state is not represented in our network, and we thus
analyze diﬀerent locking pathways. Clusters deﬁning the
homogeneous ﬁbrillar state were selected based on a consensus
approach applied to the ﬁrst half of the data (blue in Table S1),
and the resultant centroids are shown in Figure S10. Alternative
locked conformations have very high pfold values, suggesting
that the precise choice is not crucial (e.g., the simulation
structure in Figure S3 is from the second half of the data and
has a pfold value of 0.98). A set of three docked states, termed
D1−D3, was identiﬁed based on visual inspection and lowdimensional order parameters. Side-by-side comparison in
Figure S11 reveals that they are notably diﬀerent from each
other. Of course it would have been possible to select more and
diﬀerent states, but, as we show below, the pathways
connecting the states D1−D3 to the ﬁbrillar states cover
most of the space our simulations explored.
Properties of Diﬀerent Locking Pathways. Figure 5
shows the results for the net rate analysis mentioned above for
locking and unlocking pathways. The net rates are shown in
Figure 5A,B for both cases. Locking and unlocking rates sample
intervals of 6−11 × 10−2 and 3−6 × 10−2 μs−1, respectively.
The narrow ranges and the lack of overlap in Figure 5B suggest
that this is a statistically robust result given that the ranges
provide error estimates from subsampling where each circular
point relies on only ∼1% of the counts in C. The observation
that the unlocking rates are lower by a factor ∼1.5−4 for
individual trajectories (the SW ratio is ∼2) is a second very
important and not at all trivial result given that the PIGS
simulations naturally follow the unlocking process in forward

Figure 3. Contact map for the entire pentameric assembly. Two
residues are deﬁned to be in contact if their minimum pairwise
interatomic distance is below 3.5 Å. Each square delineated by solid
lines contains an intermolecular contact map for a speciﬁc pair of
chains, and each triangle contains the intramolecular map for a given
chain. Dashed lines delineate all seven regions of the peptide indicated
in Figure 1D, which are labeled. Due to space reasons, the labels for β1
and β2 appear on the diagonal rather than on the sides. Contact
probabilities are indicated by color (see legend, top left) and were
calculated across the entire data set. The dominant pattern highlights
the interpeptide, in-registry parallel β-sheet architecture (neighboring
chain contacts parallel to the diagonal). Somewhat counterintuitively,
the contacts between top and bottom strands, which show up as
characteristic patterns orthogonal to the main diagonal, are not
pronounced at this threshold level either within the same monomer or
with respect to the neighboring one (the latter being stronger). Two
cartoons are added that highlight two types of sporadic interactions as
indicated (see text). The corresponding contacts are indicated by the
colored circles.

on used all in-registry Cα−Cα distances for residues 17−42 and
selected intramolecular distances as coordinates (section S1.3.2
and Table S3) and a tree-based clustering algorithm known to
yield networks that preserve kinetic information well.66 We
cross-checked the clustering against an alternative distance
metric based on absolute coordinates and found that the
partitioning is robust with respect to the metric in use (Figure
S5). Figure S6 shows results for the implied time scales of
models at diﬀerent resolutions. These time scales are in the
mid−μs regime. Using Figure S6, we chose 0.7 Å as the spatial
resolution, and the resultant network contains ∼25 000 states.
A lag time of 200 ps was deemed appropriate for the transition
matrix, and we decided to superpose all transitions with this
time lag (the so-called sliding window or SW approach). In
addition, the count matrix, C, was symmetrized by setting the
smaller element in each Cik−Cki pair to the larger of the two
values. This simple imposition of detailed balance by
symmetrization provides results that are fundamentally similar
to those from a statistical procedure that imposes detailed
balance in a way that maximizes the likelihood of C under
certain assumptions67 (see Figure S7). The steady state of the
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Figure 4. Visualization of protoﬁbril−internal water molecules. Solvent coordinates were stored at a lower time resolution (140 and 350 ps,
depending on the run) and were available only for the conventional sampling runs performed with GROMACS (Gromacs, Gromacs*, Gromacs0,
and Gromacs21 in Table S1). After alignment based on a subset of Cα atoms from chains C and D, average density maps were computed for the
water molecules alone. Densities were accumulated on cubic voxels of (0.5 Å)3 using linear interpolation and 2000−5000 snapshots for each panel.
The isocontour surfaces enclose an average water density >0.8 g/cm3 and are shown in purple. They were computed and rendered by UCSF
Chimera, Version 1.9,65 in conjunction with the Persistence of Vision Pty. Ltd. (2004) Raytracer (http://www.povray.org/). Only density values
associated with grid cells within 5.5 Å from ad hoc selected atoms within the interior of the pentamer are displayed for better clarity. The cartoon
representations of the pentameric assembly were chosen as the centroid of the largest cluster of a clustering analysis performed on the individual
conventional MD runs. (A) Gromacs. (B) Gromacs*. (C) Gromacs0. (D) Gromacs21. Comparison of the individual panels elucidates that there is a
persistent water channel immediately adjacent to the D23−K28 salt bridges, which is connected to the bulk. The diﬀerence in starting structures with
respect to internal solvation further away from the turn (see section S1.1) is no longer apparent (A vs B).

time. Experimentally, the ratio of locking and unlocking rates
has been reported to be ∼10 for the rate-limiting step.68
The net locking rate for a joint state including D1−D3
(Figure 5A,B) is also decomposable into three similar rates of
the same order of magnitude when D1−D3 are treated
separately (Figure 5C,D). The slow time scale for all three cases
indicates that D1−D3 are chosen appropriately given the data.
Visual inspection of the trajectories suggests that the main
kinetic bottleneck is the transfer of hydrophobic contacts from
non-native to in-registry intermolecular arrangements. This is
illustrated in Movies S1, S2, and S3, which show the series of
spontaneous ﬂuctuations that gave rise to D1−D3, respectively.
A ﬁnal important point is that all determined rates are much
lower than what is covered by continuous trajectories in either
our or others’43,44 data sets.
To understand how much of our data set is represented by
the ensembles of transition paths constituting the bulk rates
reported in Figure 5, we utilize several principal component
(PC) projections applied to the same distance-based
representation used for clustering (Table S3). The projections
in Figure 6 reveal two very important results. First, the space
covered is almost fully explored by the pathway ensembles.
Second, the overlap between the diﬀerent pathways is generally

small, thus suggesting that the results in Figure 5C,D regarding
the similarity of time scales are not just a trivial result of
describing the same pathway. Interestingly, there appear to be
diﬀerent numbers of on-pathway clusters for the locking of
D1−D3 in these projections. Furthermore, the appearance of a
broad envelope of clusters with comparable ﬂux values for each
docked state hints at a high level of redundancy in pathways for
an individual locking transition. These last two features are
expected in disorder-to-order transitions. We next consider
individual docked conformations to illustrate these results
structurally.
The ﬁrst docked conformation, D1 (see Figure 7A), is
characterized by retaining as its major intermolecular contact a
non-native interaction of LVFF of chain A that is inserted into
the interstrand interface of chain B. β2 and CT form a
disordered globular conformation similar to that predicted by
prior work on monomeric Aβ42.33,34 This type of docked
conformation is largely consistent with the dominant pathway
predicted by Han and Schulten,44 who identiﬁed LVFF as the
most likely sequence stretch to engage ﬁrst during docking at
both even and odd ends. Figure 7B−D details the evolution of
D1 toward the locked state. The distance and secondary
structure data both reveal that LVFF remains non-native during
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Figure 5. Rates of locking and unlocking and their robustness. (A) For the set of D1−D3 (Figure S11), we computed ﬂux-based rates into the set of
ﬁbrillar states (Figure S10) from committor probabilities.57 With the chosen lag time of 200 ps and a trajectory saving interval of 2 ps, we could
create 100 individual networks (circles) in addition to the SW network (triangles). All 101 locking (black) and unlocking (blue) rates are shown, and
their mutual similarities indicate the robustness of this result. (B) Histogram of the rates in A. (C) The same as A but plotted separately for D1−D3
and only for locking rates by means of eq S3 (additive ﬂuxes). (D) The same as B but for locking rates only and D1−D3 separately.

the entire locking process, whereas the ﬁrst segment to “lock
down” is actually β2. The projected transition state ensemble
near pfold values of 0.5 suggests a concerted “threading” of part
of β1, β2, and CT as the kinetic bottleneck. Figure 7B−D
shows a superposition of pathways that agrees well with the
single strongest pathway (Figure S13). In addition, this
network-derived progression of events seems to also coincide
with the geometrically continuous pathway extracted from the
raw simulation data. This point is made by the pfold annotation
in Movie S1.
As mentioned, locking of D1 features LVFF in changing
nonnative arrangements until very late. For high values of pfold,
this arrangement is actually shared by D2 and D3 and
corresponds to an initial relaxation of the locked state seen in
most of the simulations. Speciﬁcally, LVFF of chain A partially
slides toward the β2 face, which allows a deeper insertion of
F19 into the intrasheet interface accompanied by better
hydrophobic packing. Comparatively fast relaxation of this
type suggests that the ﬁbril tip is likely to be partially
disordered, a result that is consistent with prior studies that
show considerable loss of structure for smaller assembly sizes
upon relaxation in solution.64
D2 (see Figure 8 and Movie S2) demonstrates a
fundamentally diﬀerent locking pathway from D1. Here, CT
and a small part of β2 are the only segments at in-registry
distances from chain B in the docked state. Conversely, the
other regions including LVFF are fully dissociated. Intriguingly,
the CT of chain B is actually detached from chain C, which

gives rise to the non-nativeness at the B−C interface discussed
in the context of Figure 2E−F. Together, CT and linker of
chains A and B are bound to the hydrophobic protoﬁbril
surface, i.e., to the β2 strands of chains C−E, which causes an
additional deformation of the entire pentamer. This result is
intriguing for three reasons. First, it provides evidence that
disorder can extend to more than one monomer. Second, it
suggests that a monomer can not only dock to this interface48
but also slide into place upon binding. We screened the
trajectories and found a more extreme version of D2 (Figure
S14) that makes this mechanism seem plausible. Third, the fact
that the CT of chain B detaches from chain C provides a direct
mechanistic clue for why Aβ42 may elongate faster than Aβ40.
In essence, the CT of the last locked monomer (or monomers)
could serve as an anchor “catching” incoming monomers as
described (on a geometrically larger scale) for IDPs.70
In terms of dominant pathways, Figure 8 identiﬁes as a late
event that the CTs of A and B migrate from the lateral interface
to the in-registry position and associate with C. Both here and
in Movie S2, there is not as obvious an event associated with
the presumed transition state ensemble as for D1. The binding
of LVFF and the adjacent residues in β1 to the front of the ﬁbril
is an early event, and part of the rate-limiting behavior seems to
come from the CT interfaces between both A−B (Figure 8C)
and B−C (Figure 8D) and/or the loop region and the
remainder of β1. Figure S15 reveals that there are two barriers
of comparable height, which partially explains the absence of a
well-deﬁned transition state ensemble.
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Figure 6. Phase space coverage of locking pathways. We computed PCs for the entire data set and transformed the raw data. From the pathway
decomposition analysis described above and in section S1.3.6, we obtained clusters with contributions to the reactive ﬂux for D1−D3 (same color
code as in Figure 5). (A) The steady-state-weighted and snapshot-based histogram of the 2D projection onto the two PCs with largest variance is
shown in gray. Cluster centroids of clusters with non-zero ﬂux contributions are added as colored circles with circle diameter proportional to reactive
ﬂux. The ﬂux decomposition mandates a monotonic increase in pfold (i.e., no pathways that backtrack are evaluated). Colors converge toward the
ﬁbrillar state which is shared by all pathways. (B) The same as A for PCs 1 and 3. (C) The same as A for PCs 2 and 3. (D) The same as A for PCs 1
and 4.

Hydrophobic Interactions Are Likely To Control Both
Docking and Locking Rates. In our simulations, the terminal
monomer at the odd end often engages in non-native
interactions with the rest of the ﬁbril that are driven by
hydrophobic contacts. As is well-known, Aβ is an unusually
hydrophobic IDP and adopts globular conformations (micelleor premolten globule-like)34 in solution, which fail to
completely shield all hydrophobic patches.71 Our data reveal
that exposed hydrophobic patches indicated experimentally for
example by ANS binding72 are very likely responsible for
docking. A prominent candidate is LVFF as in the docked state
D1 (Figure 7A), which is in congruence with many mutational
studies and the main pathway of Han and Schulten.44 More
than the breakage/formation of β-hydrogen bonds, the
exchange of contacts, for example from intra- to intermolecular
ones, appears to encode the slow steps in the locking pathways
(Figure S18). Our setup allows the penultimate monomer to
become partially non-native (Figure 2E-F), and this is
highlighted clearly by D2 (Figure 8). Being an indirect
consequence of the conformational diversiﬁcation for chain A,
this observation suggests to us that the tip of a protoﬁbril in
solution should be partially disordered. This disorder is likely
driven by the need to sequester hydrophobic interfaces from
solution, and it may well involve several monomers. The
observed negative temperature dependence of the free
monomer concentration at quasi-equilibrium supports the
crucial role of hydrophobic interactions in elongation.25

Lastly, D3 populates a large unique area of phase space
according to Figure 6. It shares with D2 the detachment of the
B−C interface at CT, although here they are solvent-exposed.
Compared to D1 and D2, D3 retains the largest amount of
native contacts as parts of β2 and CT are formed and fully inregistry throughout (Figure S16B,C). Similar to D2, the locking
pathway ensemble suggests that formation of the B−C interface
of CT is a late event and that the rate-limiting step is more
likely related to the transfer of intramolecular contacts from
LVFF of chain A toward intermolecular ones with chain B (see
Movie S3). This is supported by Figure S17, which highlights a
rugged free energy landscape with multiple relevant barriers
pertaining to the rearrangement of the A−B interface for LVFF
and β1. While there could be and likely are any number of
additional docked conformations and associated locking
pathways, we discuss below a number of conceptual properties
of the locking process that are already captured by the current
data set.

■

DISCUSSION
Above we have presented and analyzed a complex data set from
atomistic simulations describing the dynamics of the terminal
monomers in a gently stabilized model ﬁbril of Aβ42. The data
reveal locking transitions from various docked conformations
on the high microsecond time scale. We now discuss how our
ﬁndings may transfer to the elongation of Aβ ﬁbrils in vitro and
in vivo and what they add to prior computational studies.
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Figure 7. Structural progression of locking pathway for D1. (A) Cartoon representation of D1. Panels B−D plot diﬀerent properties as color maps
resolved by pfold. Pathways are decomposed as described in section S1.3.6, and there is no single pathway with very large weight. To display the data
globally, values for relevant cluster centroids are simply plotted as a function of pfold, and colored blocks extend toward the next highest pfold value.
Relevant clusters are identiﬁed as those carrying at least 1% of the ﬂux encoded by the (single) strongest reactive path. pfold values are of course
spaced unevenly, and Figure S12 provides a complementary plot showing all clusters with a scale on the x-axis proportional to the steady-state
population. (B) DSSP69 annotation of secondary structure assignment for chain A. (C) In-registry distances between Cα atoms at the A−B interface.
(D) The same as C for the B−C interface.

Figure 8. Structural progression of locking pathway for D2. See caption to Figure 7 for details (complementary plot in Figure S15).
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There Is No Evidence for Slow Processes Involving
Critical Water Molecules. We could not store water
coordinates at the same time resolution as the peptide, and
only a limited analysis on homogeneous stretches of D1, D2,
and the two alternative starting structures is shown in Figure 4.
As alluded to above, water relaxes to a single channel that
partially solvates the internal salt bridge in the locked state
(Figure 4A,B), consistent with expectations from 2D-IR
experiments on ordered Aβ ﬁbrils.73 The particularity of
possessing a mix of wet and dry nonlocal contact interfaces
implies the presence of ﬁbril−internal water wires that have also
been characterized for aggregates of shorter peptides74−76 and
other Aβ polymorphs.77 The same analysis for relatively
homogeneous ensembles of D1 and D2 in Figure 4C,D reveals
that (i) non-native conformations of chain A do not cap (seal
oﬀ) or otherwise strongly perturb this water wire, which would
be entropically unfavorable; (ii) water can ﬂow into additional
protoﬁbril-internal cavities if the assembly deforms more
strongly. Both processes at most suggest relaxation processes
involving water, but our stored data provide no evidence that
(de)wetting transitions slow down locking pathways beyond
the simple mechanism of controlling the exchange of
hydrophobic contacts.
Hairpin-Like Intermediates Do Not Occur toward the
End of Locking Pathways. In all proposed structures of Aβ
ﬁbrils, monomers adopt conformations featuring strand-loopstrand motifs, although the numbers and positions of the
turn(s) can vary. For example, a very recent solid-state NMR
structure78,79 of Aβ42 features two turns and an S-shaped
monomer arrangement. Conversely, the single strand−loop−
strand architecture in our study (e.g., Figure 7B) is inherited
directly from the Lührs et al. structure.58 Distinct from these
architectures, an intermediate has been postulated that is a βhairpin where β1 and β2 form intramolecular hydrogen bonds.
In solution, Aβ’s β-content is low,20 and the mean architecture
is globular.34 Recent simulations have shown that similar
hairpins are observed across force ﬁelds in Aβ42 dimers with
populations ranging from 1 to 13%.37 Gurry and Stultz43
discuss hairpins as obligate intermediates for ﬁbril growth,
whereas in our data set the β-hairpin conformer shown in
Figure S14 is the exception rather than the rule. For example,
D1 does not form any signiﬁcant intramolecular hydrogen
bonds during locking (Movie S1). Han and Schulten44 also
observed hairpin intermediates, albeit less frequently and with
shorter strands. We propose here that it is primarily the intrato intermolecular transfer of the predominantly hydrophobic
contacts rather than β-hydrogen bonds that are the more likely
rate-limiting events in locking (Figure S18). An additional
deviation from these prior works is that we did not record
(re)binding events of LVFF or β1 in an antiparallel fashion,
which we think would be opposed by the N-termini.
N-Terminal Segments Can Shield the Protoﬁbril. As
described in the Results and Figure 3, the N-terminal segments
may play an important role in protecting both lateral and
terminal interfaces of protoﬁbrils transiently. Movies S1, S2,
and S3 demonstrate that the tails are disordered and prefer
interactions with the β1 interface relative to the β2 one, which
are most likely favored entropically. It is consistent with our
data that the N-termini therefore play two important roles.
First, they act as entropic brushes, i.e., any lateral association
must overcome an entropy penalty due to restrictions of the
conformational space of the N-termini. Second, they can make
transient contacts with interaction hot spots on the ﬁbril

surface, e.g., V18/F20 or E22. A shielding role for the Ntermini ﬁts well with results for the D7N and H6R familial
mutations, suggesting a speciﬁc acceleration of ﬁbril elongation.50 As both mutations make the N-terminus more positively
charged, it is conceivable that the N-termini are increasingly
directed toward the laterally exposed side chains of E22 in the
ordered part and that the tips become less protected in the
process. Conversely, the protective A2T mutation52 does not
share the same property, does not pertain to a residue of
particular interest in Figure 3, and shows only a mild alteration
of Aβ42 elongation kinetics in vitro.80 Other cases may be more
complicated, for example, the A2V mutant.81 Of course, in
many mutants there can be a substantial impact of an Nterminal substitution on the monomeric and oligomer
ensembles, which is not resolved by our study but was
highlighted by molecular simulations.82,83
Nonspeciﬁc Lateral Association of Monomers Can
Shield Protoﬁbrils as Well. The protoﬁbril structure inferred
from solution NMR (see Figure 1B) is comparatively stable in
simulations (Figure 2) and derived from a solution species that
is lacking compact interfaces between protoﬁbrils.58 It does,
however, appear to possess solvophobic interfaces: there should
be driving forces to cover both the large lateral (V18, F20, I31,
M35, V39, and I41 are all solvent-exposed) and small terminal
(F19 at the even end) hydrophobic patches. Moreover, the side
chains of E22 should, aside from pKa shifts, be compensated
with positive charges. The N-termini of locked monomers likely
contribute to both eﬀects. In D2 (Movie S2 and Figure 8), we
see that the β2 face, which is least protectable by the N-termini
(Figure 3), is prone to nonspeciﬁc binding events by docked
monomers, which was observed experimentally for large,
partially ordered aggregates48 and for ﬁbrils.84 Evidently,
monomers retain signiﬁcant aﬃnity toward 2-fold ﬁbrils
although it is likely lower than for the protoﬁbril model we
used, which lacks the contacts between protoﬁbrils implied by
the 2-fold arrangement. Docked conformations of the type seen
in Figure S14 may solubilize (proto)ﬁbrils and give rise to the
observed noninteger values for the number of monomers per
repeat unit.85 Depending on the relative kinetics, sliding along
the surface could also contribute to the net elongation rate.
Gurry and Stultz43 observed a conceptually similar “rolling”
motion for Aβ42 that occurred along the loop surface, however.
Impact of the Choice of Template and the Lack of
Contacts between Protoﬁbrils. Our study uses the
protoﬁbril model of Lührs et al.58 Solid-state NMR and
cryoEM structures suggest that the coalescence of protoﬁbrils
leads to assemblies in which more of the hydrophobic surface
area can be buried,78,79,86 although structures with large internal
solvent channels have been determined as well.87,88 Most of
these structures involve a larger number of turns per chain and
allow only for a limited number of intermolecular hydrogen
bonds when compared to the model of Lührs et al.58 Because
the lateral hydrophobic interfaces are better sequestered, it is
fair to predict that lateral associations of additional monomers
would become less likely (see previous paragraph). Conversely,
salt bridge interactions with the N-termini are likely enhanced
as both E22 and D23 can be exposed.78,79,89 Both eﬀects are
consistent with an increase in the relative associativity of the
ﬁbril tips, i.e., a quaternary structure of this type is able to
rationalize how large linear aggregates form in solution. Because
the secondary structure content in these structures is often
lower to begin with, we predict that our conclusions regarding
tip disorder and the role of hydrophobic interactions would be
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than vanish. Occasionally the cap switches to a growthincompetent state, and this gives rise to the observed arrest
phases in single ﬁbril observations of elongation. The
incompetent state could correspond to a number of kinetically
trapped states at the level of the entire cap. At all times,
reversible binding of soluble Aβ (and possibly other species) to
the protoﬁbril surface modulates the monomer pool available
for docking and lowers the likelihood of growth in additional
dimensions. These interactions are entropically favored as they
release solvent and are able to preserve the monomer’s
disorder. The fact that, outside of arrest phases, the growth
of single Aβ ﬁbrils occurs with an almost constant rate suggests
that the locking rate is weakly dependent on cap conformation
and largely determined by the structure of the template.
Conclusions and Outlook. Computer simulations increasingly complement experimental data, which is of particular
importance for systems that at least partially reside in
disordered states. Conditional upon the solution NMR
structure (Figure 1),58 we here shed light on transient states
likely to be encountered during Aβ42 protoﬁbril elongation.
With explicit solvent and a modern force ﬁeld, a large ensemble
of trajectories was used to construct a network model able to
illuminate the disorder-to-order transition corresponding to
conformational locking. We obtain a broad coverage of phase
space (Figure 6) for the attaching monomer at the odd end
from diﬀerent docked states (Figure 7, etc.) that all lock with
similar rates (Figure 5). Unlocking rates are consistently lower
than locking rates, in agreement with expectation.
In the future, we hope to provide an even richer atomistic
picture of ﬁbril elongation through additional simulations, viz.,
by studying the even end of the protoﬁbril (Figure 1B)58 and
by changing the reference model.78,79 One of the ultimate goals
will be to use the simulation data to inform a plausible kinetic
model similar to what is described in the last section above. We
will integrate such a model in order to produce synthetic
experimental data, which will hopefully contribute to the
resolution of some inconsistencies found in the literature. As an
example, the simple dock−lock scheme predicts saturation
(enzyme-like) kinetics for elongation with monomeric Aβ
concentration, [M], because of the presence of a rate-limiting
step that is independent of [M].21,23,25 Unfortunately, the
saturation regime has proven diﬃcult to establish, and linear
(quasi-ﬁrst-order) dependencies have been observed even up to
tens of micromolar Aβ concentrations.94 This is despite the fact
that the elongation rates in this regime appear to exceed ﬁtted
locking rates68 while remaining orders of magnitude below an
estimate of the diﬀusion-based on-rate obtained under similar
conditions.25,95 These results suggest that ongoing (secondary)
nucleation events91,92 mask the saturation regime of ﬁbril
elongation.

similar, and this is part of ongoing work. It should not be
forgotten that Aβ ﬁbrils, in particular Aβ42, are polymorphic,4,26,90 and conclusions holding across polymorphs are
inherently more interesting than polymorph-speciﬁc ones.
Relationship of Locking Rates to Experimental
Measurements of Fibril Growth. Experimentally, ﬁbril
elongation is a slow process, but the actual rate of growth
varies considerably with a number of factors. These include the
diﬃculty in controlling the number of growing ends in
ensemble experiments (due to ongoing primary and secondary
nucleation)91,92 as well as surface attachment, solution
conditions, ﬁbril polymorph, etc. Reported elongation rates
can vary by several orders of magnitude for Aβ42.26,68 In
addition, it is not straightforward to interpret the observed rates
given that successful ﬁtting does not per se imply a mechanistic
validation.49,93 Even when selecting experimental numbers
favorably, individual rate constants inferred in silico tend to be
too large by one to several orders of magnitude.45,56 Due to the
volatility of rate estimates from either end, it does not appear
meaningful to attempt to corroborate simulation results by
matching rates. Instead, we, above and below, connect our
results to a number of qualitative and robust experimental
observations, in particular regarding hydrophobic interactions,
the stop−go nature of single ﬁbril growth, lateral interactions
with the ﬁbril, etc.
Structural Asymmetry Required for Growth Asymmetry Persists. Lührs et al.58 argued for the odd end as the fast
growing one based on the inhibitory activity of N-methylated
peptides, and this is the protoﬁbril end investigated in this
study. Han and Schulten44 obtained the opposite result with the
same structure employed as a relatively rigid template and with
the N-termini truncated. In our simulations, we observe a
readily accessible, non-native conformation of LVFF at the odd
end, which slides to and inserts at the front (e.g., Movie S2).
The β2 hydrophobic interface of the pentamer is partially
sequestered by the linker region contracting, which is also a
relatively fast process (Figure S3C,D). We do not observe
larger spontaneous rearrangements at the even end (chain E)
where sampling is not enhanced by PIGS except that the salt
bridge to chain D is broken occasionally (Figure S19). These
results suggest that both ﬁbril ends can form disordered tip
structures with diﬀering properties. In experiments, ﬁbrils show
similar stepwise growth at both ends, albeit with diﬀerent
rates.26 Ultimately, these diﬀerences must be propagated from a
fundamental asymmetry in the ﬁbril, and this asymmetry,
discussed at length by Lührs et al.,58 is never lost in our
simulations. Figure S20 demonstrates this point by quantifying
the distribution of the stagger of the β1 and β2 sheets along the
ﬁbril axis.
Implications for the Dock-and-Lock Mechanism of Aβ
Fibril Elongation. Our simulations oﬀer an atomistic view of
the elongation process that in coarser terms is similar to that
discussed in Qiang et al. for Aβ40.25 We hypothesize that
monomers at the end of the growing ﬁbril are less ordered than
those in the middle and constitute a capping structure. Locking
happens progressively inside the cap, and this is the ratelimiting step. The presence of additional docked monomers is
important because locking involves the formation of the correct
intra- and intermolecular interfaces along with (de)solvation
events. The cap is partially disordered and exposes diﬀerent
interfaces, which control the rates of monomer binding and
unbinding. We believe a steady state is reached during
productive growth because these rates become equal rather
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choices made during analysis (Figures S5−S9 and S21−
S22) (PDF)
W Web-Enhanced Features
*

Movie S1: By tracing back the PIGS reseeding history, we
extracted a geometrically continuous, time-reversed trajectory
converting D1 to the ﬁbrillary state. This concatenation of short
trajectories has a net length of only ∼30 ns in simulation time,
yet the process has an implied time scale in the high
microsecond regime. The movie shows a view of the odd end
(left) with hydrophobic residues as either sticks (top) or
smooth surface (bottom). In addition, angled top and bottom
views of the β2- and β1-side of the pentamer (right) are
provided in surface representation. Coloring is by chain with
chain A in blue. Visualization was done with VMD28 and the
Tachyon ray tracer. Perspective rendering with a depth-of-ﬁeld
eﬀect and shadows is meant to enhance depth perception.
Trajectory jitter was removed with a smoothing window of 40
ps applied to a saving frequency of 2 ps. The pfold values
indicated demonstrate that this path shares the same
progression as the many pathways constituting the reactive
ﬂux for this transition (see Figure 7). Movie S2: The same as
Movie S1 for D2. Movie S3: The same as Movie S1 for D3.
Note that the movie is shorter because the concatenation of
individual trajectories has a net length of only ∼15 ns in
simulation time in this case.
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