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ABSTRACT: Secondary nucleation pathways in which existing amyloid fibrils
catalyze the formation of new aggregates and neurotoxic oligomers are of
immediate importance for the onset and progression of Alzheimer’s disease. Here,
we apply extensive all-atom molecular dynamics simulations in explicit water to
study surface-activated secondary nucleation pathways at the extended lateral β-
sheet surface of a preformed Aβ9−40 filament. Calculation of free-energy profiles
allows us to determine binding free energies and conformational intermediates for
nucleation complexes consisting of 1−4 Aβ peptides. In addition, we combine the
free-energy profiles with position-dependent diffusion profiles to extract
complementary kinetic information and macroscopic growth rates. Single
monomers bind to the β-sheet surface in a disordered, hydrophobically collapsed
conformation, whereas dimers and larger oligomers can retain a cross-β
conformation resembling a more ordered fibril structure. The association
processes during secondary nucleation follow a dock/lock mechanism consisting
of a fast initial encounter phase (docking) and a slow structural rearrangement phase (locking). The major driving forces for
surface-activated secondary nucleation are the release of a large number of hydration water molecules and the formation of
hydrophobic interface contacts, the latter being in contrast to the elongation process at filament tips, which is dominated by the
formation of stable and highly specific interface hydrogen bonds. The calculated binding free energies and the association rates
for the attachment of Aβ monomers and oligomers to the extended lateral β-sheet surface of the filament seed are higher
compared to those for elongation at the filament tips, indicating that secondary nucleation pathways can become important once
a critical concentration of filaments has formed.

■ INTRODUCTION

Amyloid fibrils are the highly ordered and insoluble form of
polypeptides and proteins. The molecular pathway of self-
assembly into filamentous aggregates is of tremendous
biomedical importance because it is closely related to several
neurodegenerative diseases including Parkinson’s, Hunting-
ton’s, and Alzheimer’s disease.1−3 In Alzheimer’s disease, the
key components and most abundant amyloidogenic isoforms
are the Aβ1−40 and Aβ1−42 peptides, resulting from the cleavage
of the amyloid precursor protein.
Until now, the mechanism and the dynamic pathway of

nucleation and fibril growth are not completely understood and
remain challenging to investigate with atomistic simulations due
to the large system sizes and long time scales involved.
Therefore, simplified models consisting of shorter Aβ
sequences4 or coarse-grained systems5 have been used.
Moreover, the combination of all-atom MD simulations and
advanced sampling techniques increasingly allows atomistic
insight into the dynamics of fibril growth.6,7

The characteristic structure of Aβ1−40 fibrils grown under
agitation conditions has been resolved by NMR spectroscopy
and scanning transmission electron microscopy experiments

and consists of three levels of hierarchical structure:8,9 At the
filament level, the characteristic cross-β structure is formed, in
which each peptide contributes a pair of β-sheets that form an
extended surface perpendicular to the long filament axis. At the
next level, two equivalent filaments form the fibril, in which the
filaments are rotated against each other such that the N-termini
are solvent-exposed. Finally, at the highest level of structure, up
to five fibrils assemble into a mature fibril.
There are two general classes of mechanisms that create new

amyloid aggregates:10 In primary nucleation pathways,
aggregates are formed solely from interactions between soluble
monomers. Hence, the rate is dependent on the concentration
of monomers and independent of the concentration of existing
filaments or fibrils. Once a critical nucleation size is reached, the
aggregates grow predominantly by monomer addition at the
filament or fibril tips or by association of larger fragments. In
recent years, secondary nucleation has been discovered as an
important second mechanism, in which the lateral surfaces of
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existing filaments or fibrils catalyze the nucleation of new
aggregates.11−13 Here, new aggregates are generated at a rate
dependent on the concentration of existing filaments or fibrils
(while the rate may or may not depend on the monomer
concentration). Interestingly, it has also been found that toxic
oligomeric species are predominantly formed from monomeric
peptides by secondary nucleation reactions, rather than through
a classical mechanism of homogeneous primary nucleation.14

Proliferation of amyloid fibrils, especially the process of
elongation in which monomers are added to the filament or
fibril tips, has been studied intensively in kinetic experi-
ments13,15−22 as well as by all-atom simulations in explicit
solvent,7 simulations in implicit water,23 and coarse-grained
simulations.24 By contrast, a detailed understanding of
secondary nucleation is still missing but of immediate
importance in the context of toxic oligomer formation.
Secondary nucleation is likely to occur at the lateral, extended
β-sheet surface of a filament13 and leads to either a full regular
fibril, initiation of a new filament after dissociation as a daughter
filament, or oligomeric toxic filament structures.
To gain detailed insight into such surface-activated

nucleation processes, we apply all-atom molecular dynamics
simulations in explicit water to obtain free-energy profiles and
kinetic information. The extended β-sheet surface is modeled
by a preformed filament seed, and the association of a single
Aβ9−40 monomer and larger oligomers of up to four peptides
onto the surface of the primary filament is investigated. Special
emphasis is placed on a detailed comparison of these secondary,
surface-induced pathways and the mechanism of filament
elongation. We find that the attachment of Aβ monomers and
small oligomers to the lateral extended β-sheet surface of a
filament is thermodynamically favored and the association
kinetics is faster compared to filament elongation processes.
This is in line with experimental results on fibril growth,
indicating that after an initial primary pathway (in the absence
of filaments or fibrils) faster secondary nucleation will overtake
as a source of new oligomers, leading to exponential amyloid
proliferation once a critical concentration of amyloid filaments
or fibrils has formed.13 Our simulation results provide detailed
atomistic insight into possible secondary nucleation pathways
and the key amino acids involved in contact formation.

■ METHODS
Atomistic Model and Simulation Setup. In this work,

we study atomistic-level models of molecular fibrils composed
of wild-type Aβ9−40 peptides. N-terminal (NT) residues 1−8
are neglected because they are structurally disordered and not
relevant for growth.25 The fibril structure employed is the one

determined by Petkova et al.8,9 (PDB code 2LMN with a +2
staggering).
Our initial filament seed consists of 12 monomers. The

second layer of the fibril is built by attaching 1−4 β-hairpin
peptides from the NMR structure with an interpeptide
separation of 0.48 nm. All amino acid termini are capped
using an uncharged amino group at the N-terminus and an
uncharged carboxyl group at the C-terminus. In our model,
residues K16 and K28 are positively charged and residues E11,
E22, and D23 are negatively charged on the basis of neutral pH,
physiological salt concentration, and the pK values of the amino
acids. This results in one excess negative charge for each
peptide. The force-field parameters for the peptides are taken
from CHARMM version C27.26 Initially, the fibril system is
placed in the simulation box before filling in TIP3P water
molecules.27 To neutralize the system and employ physiological
boundary conditions, 0.15 M NaCl is added to the water phase,
leading to a system size of about 129 000 atoms. The
simulation box has the size Lx = 9.9 nm, Ly = 10.0 nm, and
Lz = 13.1 nm. We investigate the association/dissociation of a
second fibril layer perpendicular to the long axis of the filament
seed by adding a monomer and larger filament fragments
consisting of 2−4 peptides (see Figure 1B). Thus, the systems
contain 13−16 Aβ9−40-peptides in total. To monitor the
progress in association/dissociation, we use separation
coordinate ζ, defined as the center-of-mass distance between
the new fibril layer and the filament seed perpendicular to its
long axis. The peptide positions in the filament seed adjacent to
the ones in the additional monomer/oligomer are kept in place
by applying positional restraints. The motion of the peptides in
the second fibril layer remains unrestrained. To generate
starting conformations for the umbrella sampling simulations,
an additional idealized U-shaped monomer or oligomer is
placed into the simulation box and aligned along the filament
seed axis in agreement with the NMR structure. The initial
separation between the filament seed and second layer is n × dn
+ d0, where n is the umbrella window number, dn is the window
spacing, and d0 (nm) is the initial separation in the NMR
structure. We choose this lateral displacement method to
generate the umbrella starting conformations similar to those in
our previous setup7 because the commonly used pulling
algorithm is likely to generate biased starting conformations.
The molecular dynamics simulations at fixed particle number

N, pressure P, and temperature T are performed using the
Gromacs simulation package, version 4.6.1.28 Periodic boun-
dary conditions are applied, and the particle-mesh Ewald
method is used for the periodic treatment of Coulomb
interactions. The bonds to hydrogen atoms are constrained

Figure 1. (A) Section of the cross-β structure of an Aβ9−40 protofibril consisting of two hexameric filament subunits based on experimental results.8,9

The regions are colored according to their secondary structure: NT β-sheet (red), C-terminal (CT) β-sheet (blue), and the connecting loop region
(gray). (B) Schematic representation of the fibril growth processes studied in this work. A second fibril layer is formed perpendicular to a 12-peptide
primary filament by lateral association of a single monomer, a dimer, a trimer, and a tetramer.
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by the LINCS algorithm,29 and a 2 fs time step is used. To
equilibrate the system, we first perform an energy minimization
with the steepest descent algorithm. We employ a 200 ps NVT
and NPT simulation as pre-equilibration using the Berendsen
scheme. In the production run, we perform umbrella sampling
simulations with 33 windows along the separation coordinate,
ζ, employing Nose−́Hoover temperature coupling with a time
constant of τT = 0.5 s−1 and isotropic Parrinello−Rahman
pressure coupling with a time constant of τp = 5 s−1. We use a
window width of 0.1 nm for the seed−monomer/oligomer
separation range ζ < 2 nm and 0.2 nm for larger distances. For
all windows, an umbrella force constant of kζ = 1000 kJ/(mol
nm2) is used. All umbrella simulations are performed for 100 ns
per window. To test the convergence of the potentials of mean
force (PMFs), the simulation data is divided into two blocks
and the PMFs are calculated separately from each block. The
resulting PMFs are in good agreement, and the errors amount
to ±1kBT for monomer addition, ±0.2kBT for dimer addition,
±1.4kBT for trimer addition, and ±7.4kBT for tetramer addition
(see Figure S1 of the Supporting Information). The PMFs are
calculated using the weighted histogram analysis method,30

discarding the first 10 ns for equilibration.
Thermodynamic Analysis. Conformational transitions are

quantified using different order parameters: The distance root-
mean-square deviation (dRMSD) is calculated for all Cα atoms
with respect to the idealized β-hairpin or cross-β conformation
as average over the last 50 ns in each umbrella window, and
error bars correspond to standard deviations. Changes in the
secondary structure including the content of β-sheet and coil
structure are calculated using the dictionary of secondary
structure of proteins (DSSP) algorithm.31

The stability of the oligomeric cross-β structure is quantified
using nematic order parameter P̅2.

32 P̅2 is calculated using the
Wordom analysis package.33 For the NT-strands, the atom
vector corresponds to the Cα atom vector between residues 17
and 21. For the CT strands, it corresponds to the vector
between residues 32 and 36, similar to that in a work of
Buchete and co-workers.34

The structures resulting from the umbrella simulations are
clustered using the average-linkage algorithm with a Cα-RMSD
metric after removal of global rotation and translation. The
average-linkage algorithm is used for clustering, as it was shown
to be one of the most useful algorithms for analyzing molecular
dynamics trajectories.35 The simulation snapshots depict the
conformation that corresponds to the respective representative
of the largest cluster.
For the analysis of hydrogen bonds, the standard hydrogen

bond definition of Gromacs is used. It corresponds to a donor−
acceptor distance <0.35 nm and donor−hydrogen−acceptor
angle <30°.28 Inter-residue contacts are defined to exist when
the distance between any two atoms in the corresponding
residues is <0.5 nm, which is a common criterion used, for
example, in protein docking.36 In each umbrella window, the
maximum number of different contacts between the seed and
the monomer/oligomer is calculated and the stability is
estimated by calculating the contact occupancy, that is, the
number of simulation frames in which the respective contact
existed. Native contacts are defined as those occurring in the
energy-minimized NMR fibril structure.
The total enthalpy and its individual contributions due to

peptide−peptide (PP), peptide−solvent (PS), and solvent−
solvent (SS) interactions are extracted as time averages for each
umbrella window, discarding the first 50 ns for equilibration.

To obtain the enthalpy difference between the bound and the
unbound state, the windows are split accordingly, neglecting
the intermediate region. Hereby, we define the bound region
for peptide−filament separations ζ < 1.9 nm (monomer) and ζ
< 2.0 nm (dimer, timer, and tetramer) and the unbound region
for separations ζ > 4.7 nm (monomer), ζ > 4.5 nm (dimer), ζ >
4.65 nm (trimer), and ζ > 5.2 nm (tetramer). Then, the average
energy of each state is calculated as a weighted average over all
bound and unbound conformations. Statistical uncertainties are
determined using the error estimate method.37 To obtain
insight into the various energetic contributions resulting from
the peptides (P) and the solvent (S), the system is divided into
the individual components and the energies of the individual
groups are calculated from a simulation rerun. The individual
contributions sum up to the total enthalpy according to H ≈
UPP + USS + UPS + pV. The small group of ions is omitted from
analysis. Note that a further decomposition of the pV
contribution is not feasible. However, it makes up only a
negligibly small contribution of about 0.1kBT to the total
enthalpy difference.

Kinetics of Fibril Assembly. To gain insight into the
kinetics of fibril association, we use the same methodology as
that described in detail in our previous work.7 Briefly, the
dynamics of fibril growth is modeled as diffusion in a one-
dimensional free-energy profile. The stochastic time evolution
of the separation coordinate, ζ, between the seed and the new
fibril layer is given by the one-dimensional Fokker−Planck
equation38
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where Ψ(ζ, t) is the probability distribution of separation ζ at
time t, D(ζ) is the position-dependent diffusion profile, G(ζ) is
the free-energy profile along ζ calculated from umbrella
sampling simulations, and β = 1/kBT. The position-dependent
diffusion profile is calculated directly from the simulation data
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where σ2(ζ) is the variance and tC is the integrated normalized
autocorrelation function. Here, tC is calculated from39
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where Δt is the time interval between the data points. The
variance of the average separation, σ2(ζ)̅, is calculated using
block averaging39 and the error estimate method assuming a
double exponential decay of the correlation function.37 The
difference between the two methods is used to determine the
error of D(ζ).

Binding Free Energy, Mean First Passage Time, and
Rate Constants. The equilibrium constant, kEQ, for peptide
binding is calculated from7

∫ ζ
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Here, ζB is the separation at minimum G(ζ) and ζS is the
smallest separation for which G(ζ) ≈ 0. Psim(ζ) is the
separation probability distribution obtained from our simu-
lations. For reversible changes in the seed−monomer/oligomer
separation, Psim(ζ) is connected to the free-energy profile via
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G(ζ) = kBT ln[Psim(ζ)/Psim(ζS)]. Lx,y are the box dimensions
perpendicular to ζ. The binding free energy is calculated from

Δ =G k T c kln[ ]B B
0

EQ (5)

Consistent with experimental reports, we choose a standard
state concentration of c0 = 1 mol/L = (1.661 nm3)−1.
The mean first passage time, τUB, for unbinding (i.e., the

average time required for trajectories initiated at ζ = ζB to first
reach ζS) is given by40
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The mean first passage time, τB, for binding can be determined
similarly. From the mean first passage times and the
equilibrium constant (eq 4), we can calculate microscopic
rate constants for binding and unbinding valid within a small
volume of radius ζS around the filament
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The microscopic rates can be connected to the experimentally
accessible macroscopic rates, k+ and koff, by balancing the flux of
peptides at steady state41
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In the limit k+
micro ≫ 4πDζS, that is, if the binding is fast

compared to the encounter rate by diffusion, the rate is
diffusion-controlled. The overall rate is then given by k =
4πDζS. Table 1 lists all computed rates including the diffusion
limit for Aβ9−40 filament growth by addition of monomers or
oligomeric fragments to the upper fibril layer.
Splitting Probability. For a diffusive process, the

probability, ΦB, of first encountering ζB before ζS starting
from ζ ∈ [ζB, ζS] can be calculated from
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Similarly, the probability of first encountering ζS before ζB is
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Note that the splitting probability is normalized as ΦB(ζ) +
ΦUB(ζ) = 1 as eventually any state will diffuse out toward the
boundaries (see Figure S4). Equations 9 and 10 allow us to
estimate the maximum of the transition path probability, Φ1/2,
that is, the value of the seed−oligomer separation for which the
probability of going to the bound state or the unbound state is
equal.

■ RESULTS AND DISCUSSION
We apply extensive all-atom MD simulations in explicit water to
gain molecular insight into secondary nucleation processes with
focus on surface-induced reaction pathways. The extended
lateral β-sheet surface is modeled using a preformed Aβ9−40
amyloid filament, and the aggregation of a single monomer and
larger oligomers consisting of up to four peptides is investigated
(Figure 1B). The filament structure exhibits a U-shaped,
strand−loop−strand (β-hairpin) conformation, characteristic
for Aβ fibrils,8,9 and is illustrated in Figure 1A. Each peptide is
divided into three regions according to its secondary structure:
the NT β-strand, including the central hydrophobic region
L17−A21, the loop region including the D23−K28 salt bridge,
and the CT β-strand. In the following, “filament” refers to
structures with peptides arranged in one molecular layer along
the long filament axis (see Figure 1). “Fibril” refers to structures
consisting of two filaments arranged in two layers.
First, we present the free-energy profiles for fibril assembly.

The conformational transitions upon assembly are then
characterized by analyzing the conformational changes, the
formation of native and non-native interface contacts, and the
collective motion of water molecules during the hydrophobic
collapse. The forces driving filament formation are subse-
quently analyzed in an energy/entropy decomposition. Finally,
we discuss the kinetics of fibril formation.

Free-Energy Profiles of Fibril Growth. Figure 2 shows
the free-energy profiles (PMF) for fibril assembly by lateral
addition of a single monomer and larger oligomers to a
preformed filament seed along the perpendicular seed−
oligomer separation coordinate, ζ. The binding affinities,
ΔGB, are calculated from the equilibrium constants (eq 5
with a standard state concentration of c0 = 1 mol/L). The
resulting ΔGB values amount to 25.3 ± 1.0kBT (monomer),
19.7 ± 0.2kBT (dimer), 35.1 ± 1.4kBT (trimer), and 63.7 ±
7.6kBT (tetramer), meaning that all four association processes
are thermodynamically favorable. However, the exact values of
ΔGB significantly depend on the type (monomer/oligomer)
and size of the second fibril layer. Within the estimated
uncertainties, ΔGB for fibril growth by lateral monomer
addition is comparable to that for filament elongation by single

Table 1. Equilibrium Constant, kEQ; Micro- and Macroscopic Rates, koff and k+; Microscopic Unbinding, τUB, and Binding, τB,
Times; Diffusion Limit, k+

D; and Binding Free Energy, ΔGB, for Aβ9−40 Fibril Growth by Addition of a Single Monomer (1),
Dimer (2), Trimer (3), and Tetramer (4)

koff
micro [s−1] koff [s

−1] k+
micro [M−1 s−1] k+ [M

−1 s−1] kEQ [M−1]

1 0.012 0.012 1.19 × 109 1.77 × 109 9.71 × 1010

2 1.69 1.69 5.83 × 108 8.99 × 108 3.45 × 108

3 1.11 × 10−7 1.11 × 10−7 2.03 × 108 3.26 × 108 1.82 × 1015

4 2.61 × 10−20 2.61 × 10−20 1.20 × 108 1.95 × 108 4.6 × 1027

τUB [s] τB [s] D [nm2 ps−1] k+
D [M−1 s−1] ΔGB [kBT]

1 81.48 4.93 × 10−7 0.00029 1.04 × 1010 25.3
2 0.59 6.78 × 10−7 0.00022 7.66 × 109 19.7
3 8.98 × 106 2.11 × 10−6 0.00017 6.03 × 109 35.1
4 3.83 × 1019 2.42 × 10−6 0.00014 5.49 × 109 63.7
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Figure 2. Free-energy profiles (PMF) in dependence on the seed−monomer/oligomer separation, ζ, perpendicular to the filament seed axis and
representative simulation snapshots resulting from cluster analysis. (A) Single monomer, (B) dimer, (C) trimer, and (D) tetramer. The snapshots
depict the monomer/oligomer during lateral association onto the CT β-sheet of the primary filament (light blue), whereas water molecules are not
shown for clarity. ζB indicates the position of the bound state (minimum in the free-energy profile). ζS indicates the beginning of the unbound state
at which the monomer/oligomer is in solution and interactions with the seed are zero. Φ1/2 indicates the position at which the probability of
proceeding to the bound state or to the unbound state is equal.
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monomers (22.8 ± 2.2kBT and 24.9 ± 3.0kBT at the even and
odd filament tips, respectively). On the other hand, fibril
assembly by lateral tetramer addition is considerably more
favorable than filament elongation by a hexameric unit (47.3 ±
2.9kBT at the even tip).7 These relations between fibril
assembly and filament elongation will be discussed in detail
in the following sections.
All free-energy profiles can be classified into three regions: a

constant unbound region without seed−oligomer contacts (ζ >
ζS), followed by an overall decreasing intermediate region with
encounter complex formation and gradual binding (ζ < ζS), and
finally the bound region defined according to a 5kBT criterion
around the minimum ζB. In the far-intermediate region of the
free-energy profiles, the maximum of the transition path
probability Φ1/2 indicates the position at which the probability
of proceeding to the bound or to the unbound state is equal. A
kinetic analysis (see subsequent paragraphs) suggests a dock/
lock-like binding mechanism similar to filament elongation,
with docking corresponding to the fast formation of initial, far-
range contacts and locking corresponding to the subsequent
slow formation of native contacts.
Conformational Transitions during Fibril Growth. The

complex conformational transitions during fibril assembly are
illustrated by selected cluster representatives in Figure 2A−D
and are furthermore quantified by different order parameters:
the backbone Cα-RMSD of the laterally associating monomer
or oligomer with respect to the ideal β-hairpin or cross-β
conformation, the radius of gyration, RG, the secondary
structure content in the bound and unbound states, and, in
the case of oligomers, the nematic order parameter, P̅2, within
and between the β-sheets (see Figures 3 and S2A).

In the unbound state, the Aβ monomer adopts a broad
ensemble of compact, mainly disordered conformations
dominated by coil content and only small, fluctuating amounts
of helical and β-strand elements (see high RMSD and coil
percentage in Figure 3A,B as well as low RG in Figure S2A). As
discussed in detail in our previous study, the simulated
conformational ensemble and the calculated bulk values of RG

around 0.9−1.2 nm are in good agreement with experimental
findings.7

As the monomer approaches the primary filament seed, it
unfolds from its compact form into predominantly stretched
conformations, which enable the formation of first non-native
contacts with the CT surface of the seed at large separations ζ,
comparable to the docking step during filament elongation
(snapshots 4−6 in Figure 2A and predominantly high values of
RG in Figure S2A). The broad variety of these conformational
intermediates includes contacts between the CT-sheet of the
filament seed and both the monomeric NT- and CT-strand, the
latter motif being more abundant due to the entirely
hydrophobic character of the CT-strand sequence.
In the region of the free-energy minimum, the monomer

collapses onto the filament seed and adopts compact, coil-
dominated structures similar to the bulk ensemble (see similar
dRMSD, RG, and coil content in bound and bulk states in
Figures 3A,B and S2A). During this collapse, the contact area
between the seed and the entirely hydrophobic CT-strand is
maximized first, whereas the partially polar or charged NT-
strand and loop region remain more solvent-exposed even in
the minimum ζB (see snapshots 1−3 in Figure 2A). In both the
intermediate and the bound state, the seed−monomer interface
is dominated by hydrophobic sidechain contacts, whereas

Figure 3. Conformational transitions of the monomer, dimer, trimer, and tetramer during lateral association onto the CT β-sheet of the filament
seed: (A) Conformational changes are characterized by backbone Cα-dRMSD with respect to the idealized β-hairpin conformation or cross-β
structure, respectively. (B) Secondary structure content of the monomer and oligomers. The shading of the bars indicates the β-sheet and coil
content, and the numbers indicate the values in the bound and unbound states. (C−E) Nematic order parameter P̅2 for the oligomers characterizing
the peptide alignment within the NT and CT β-sheets and between both sheets.
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hydrogen bond formation remains negligible (see maximum
number of two hydrogen bonds in Figure S2B).
Hence, fibril growth by lateral monomer addition results in

an unspecific, hydrophobically collapsed conformation with
unspecific interface contacts, which is in sharp contrast to the
formation of a well-defined β-hairpin conformation with up to
20 highly specific and stable interface hydrogen bonds during
filament elongation.7 The nevertheless similar binding free
energies (see the previous section) may be ascribed to the
enthalpy−entropy antagonism: Whereas filament elongation is
enthalpically more favorable due to the formation of stable
interface hydrogen bonds, the entropy loss upon binding is
considerably higher compared to that in lateral monomer
addition, as elongation forces the monomer from a disordered
unbound state into a confined phase space region around the
bound β-hairpin conformation.
In contrast to monomeric Aβ, the unbound dimer, trimer,

and tetramer remain close to the cross-β conformation of the
bound state and stability increases with oligomer size
(snapshots 6 in Figure 2B−D and similar dRMSD, secondary
structure, P̅2, and RG values in bound and bulk states in Figures
3A−E and S2A). Whereas a slight internal twist is observed for

all oligomers, the dimer can additionally exhibit considerably
disordered CT-sheet and loop regions, suggesting an only
semistable character of the dimeric unit (snapshot 6 in Figure
2B).
In the far-intermediate region around Φ1/2, oligomeric

rotation leads to the first docking-like contact formation with
the seed, predominantly consisting of interactions between the
CT-sheet of the seed and the tips of the oligomeric NT-sheet
(snapshots 5 in Figure 2B−D). A further decrease in seed−
oligomer separation results in a clear distinction between the
binding pathways of the dimer on the one hand and the trimer
and tetramer on the other hand: Comparable to that in lateral
monomer binding, the hydrophobic core of the dimeric cross-β
structure can break up into stretched intermediates, enabling a
far-range contact area maximization between the CT-sheets of
seed and dimer with an antiparallel orientation similar to that in
the bound state (see snapshots 3 and 4 in Figure 2B and high
intermediate values of dRMSD and RG and low, fluctuating
values of P̅2 between the dimeric sheets in Figures 3A−E and
S2A).
However, the larger trimer and tetramer remain in a stably

closed cross-β conformation, and contact formation with the

Figure 4. Interfacial contacts between the filament seed and the laterally bound monomer (A), dimer (B), trimer (C), and tetramer (D). The matrix
rows depict the CT residues on the seed surface, with corresponding residues in the 12 monomeric seed units summarized as one row containing the
respective maximum contact occupancies. The matrix columns contain the complete sequence of the lateral monomer or, in the case of lateral
oligomers, corresponding oligomeric residues summarized as one column. The residue names are colored according to their physicochemical
property, that is, hydrophobic (turquoise), polar (pink), and charged (red). The matrix elements correspond to interface contacts and are colored
according to their respective average occupancy in the binding site (low = blue and high = red). Matrix elements with an additional “x” denote native
contacts identified in the NMR fibril structure. Visualization of interface contacts is provided for the following: (E) Laterally bound monomer,
illustrating the hydrophobic interface contacts (turquoise), whereas polar/charged residues (pink/red) remain more solvent-exposed. (F) Laterally
bound tetramer with sidechains colored to visualize key contacts, especially involving hydrophobic residues 31ILE (orange) and 35MET (turquoise).
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seed depends only on their rotational orientation, resulting in
predominantly antiparallel CT−CT contacts, but also CT−NT
and CT−loop contacts (snapshots 3 and 4 in Figure 2C,D and
intermediate dRMSD and RG similar to bound and bulk
values). Compared to the intermediate region, the oligomeric
CT-sheets are stabilized in the minimum ζB by the native
antiparallel, in-register alignment with respect to the filament
seed (see snapshots 1 in Figure 2B−D and the increase in P̅2 in
Figure 3D). However, the NT-strands deviate from the ideal
cross-β staggering by tilting and twisting onto the CT-sheet of
the seed, leading to additional non-native contacts. This
twisting effect decreases with increasing oligomer size.
As with lateral monomer addition, the formation of up to six

interface hydrogen bonds is small compared to the, on average,
26 hydrogen bonds formed during filament elongation by a
hexameric unit (see Figure S2B). Lateral oligomer addition is
dominated by the burial of the hydrophobic CT-sheets at the
seed−oligomer interface, as will be discussed in detail in the
next section.
Key Native and Non-Native Contacts. Although the

formation of interface hydrogen bonds is one of the driving
forces of filament elongation, their number remains negligibly
small during lateral fibril assembly (see Figure S2B). Instead,
hydrophobic contacts at the seed−oligomer interface are of
major relevance for association and will thus be analyzed in
more detail.
In a first step, the number of interface contacts is analyzed as

a function of the seed−oligomer separation coordinate ζ, with a
further classification into native and non-native contacts
according to the NMR fibril structure. Encounter complex
formation in the far-intermediate regime (ζ = 4.0−5.0 nm) is
dominated by non-native docking contacts, in the case of
monomer addition predominantly between the CT-sheet of the
filament seed and the monomeric CT-strand (CT−CT) and in
the case of oligomer addition mostly involving the oligomeric
NT-sheet (CT−NT) (Figure S3). A large variety of non-native
interactions occur within ζ = 3.0−4.0 nm, including all
combinations of CT−NT, CT−loop, and CT−CT contacts,
the latter being most abundant due to the strong hydrophobic
character of the CT-strand sequence.
With further decreasing separation (ζ < 3.0 nm), non-native

CT−CT contacts become dominant, accompanied by a smaller,
but likewise, increasing number of native CT−CT contacts,
which in total results in contact maximization in the bound
state. The average ratio of native to non-native contacts in the
binding site steadily decreases from monomer (1:14.8) and
dimer (1:4.6) to trimer (1:2.6) and tetramer (1:2.5), suggesting
that the lateral addition of larger oligomeric units results in
quaternary fibril contacts similar to the NMR structure. Besides
a concomitant increase in the average total number of interface
contacts from bound dimer (267) to trimer (291) and tetramer
(372), lateral association of the smaller monomeric unit results
in a comparably high number of contacts (304).
This can be understood by visualizing interface contacts and

their maximum stability in matrix representation (Figure 4A−
D). On the seed surface, the monomer adopts a collapsed coil
state, resulting in a broad, heterogeneous distribution of
contacts from low to high stability (Figure 4A). Specifically,
long-lived interface contacts exist between the hydrophobic
amino acids, I31−M35, on the seed and the NT central
hydrophobic region, L17−A21, as well as the entirely
hydrophobic CT-strand of the monomer, with the latter
interactions largely corresponding to the key contacts identified

in the NMR fibril structure (see matrix elements marked with
“x” in Figure 4A). The mainly polar or charged NT-strand tip
and loop region of the monomer remain more solvent-exposed
and form only unspecific, transient contacts with the seed (see
visualization in Figure 4E).
Interactions become more specific for the laterally bound

dimer, trimer, and tetramer, which, in contrast to the
hydrophobically collapsed and conformationally flexible mono-
mer, adopt a well-defined, near-native cross-β conformation.
Consequently, the number of transient interactions decreases
and very stable contacts arise between the hydrophobic CT-
sheets of the seed and oligomer (Figure 4B−D). Independent
of the oligomer size, the hydrophobic sidechains of I31, M35,
and V40 play a key role in contact formation at the seed−
oligomer interface (see visualization for the tetramer in Figure
4F).
Despite the largely polar or charged NT-sheet and loop

region remaining more solvent-exposed, the already discussed
twisting and tilting of the NT-sheet enable an additional small
number of stable non-native contacts with the seed, an effect
which becomes weaker with increasing oligomer size (see
decreasing contact occupancy in Figure 4B−D). An inverse
effect involves the oligomeric loop region: From dimer to
trimer, the number of stable seed−loop contacts increases,
suggesting a stabilization of both the flexible oligomeric loops
and peripheral regions of the seed surface (G37−V40) with
increasing size of the second fibril layer.

Hydration Layer. During the assembly process, hydro-
phobic interactions between the seed and the monomer/
oligomer are one of the primary causes for association.
Expulsion of water at the interface between the filament seed
and the oligomer and the clustering of hydrophobic groups
such as I31, M35, and V40 provide the driving force for
association.
To gain further insight into the role of water in the fibril

assembly process, we calculate the number of water molecules
in the first hydration layer surrounding the filament seed and
the incoming monomer/oligomer as a function of their
separation ζ (Figure 5A). The binding of monomer requires
removal of about 65 water molecules, the binding of dimer and
tetramer requires motion of more than 80 water molecules,
whereas the binding of trimer releases only 47 water molecules.
Therefore, water plays a decisive role in the assembly process as
the release of initially strongly bound hydration water increases
the solvent entropy. Moreover, the time scales pertinent to a
drying-induced hydrophobic collapse extend beyond nano-
seconds42 and are closely linked to the retardation of fibril
growth, as will be discussed in more detail further below. Figure
5B,C illustrates the arrangement of water and hydrophobic
groups at the seed−oligomer interface for tetramer association.
In the bound state, a single-file water wire is formed in the
cavity bordered by intermolecular M35 and I31 contacts, which
is in agreement with previous simulation results.34 With
increasing distance, more water molecules occupy the
intermolecular interface between the filament seed and the
tetramer.

Energetics of Filament Growth. Fibril assembly is driven
by direct PP interactions and solvation effects. Figure 6
provides insight into the energetic and entropic contributions
underlying assembly. The enthalpy difference, ΔH = Hbound −
Hunbound, between the bound and unbound states is
decomposed into the contributions due to PP, PS, and SS
interactions (Figure 6). The PS contributions are positive for all
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growth processes (i.e., unbound state energetically favored),
whereas the SS contributions are negative (Figure 6A), similar
to those in the filament elongation process.7 These trends
reflect the favorable interactions between peptides and water
molecules in the unbound state, as the interface between the
seed and the monomer/oligomers becomes solvent-accessible
during dissociation. At the same time, the SS interactions
promote the bound state as solvation of the unbound oligomers
requires the unfavorable breaking of water−water hydrogen
bonds (Figure 6C). The PP contribution can be positive or
negative due to the competition of oligomer−seed interactions
and self-interactions within the monomer/oligomer. The
individual energetic contributions are larger in magnitude
than the resulting total enthalpy due to the compensation of
direct PP interactions and solvation effects (captured in the PS

and SS contributions). Overall, the direct PP and solvation
effects largely cancel one another and no clear trend is observed
in the resulting total enthalpy. Still, the total number of
hydrogen bonds is maximal in the bound state as the gain of SS
hydrogen bonds in the bound state is higher than the loss of PS
hydrogen bonds. The assembly of monomers and larger
oligomers at the surface of the filament seed is clearly favored
by free energy, and the free-energy gain increases with
increasing oligomer size (Figure 6B). This results in part
from the energy gain due to the burial of hydrophobic surface
groups. At the same time, the loss of conformational degrees of
freedom can be compensated by the gain in solvent entropy
because of the release of up to 80 water molecules upon
binding (Figure 5A).

Kinetics of Fibril Growth. In the following, we discuss the
kinetic aspects of fibril growth. Figure 7A−D shows the
position-dependent diffusion profiles for the association of the
monomer and the oligomers in a fibril layer on top of the
filament seed as a function of their separation, ζ. At large
separations, the profiles are constant and the calculated
diffusion coefficient decreases as expected with increasing
fragment size (see Table 1). At smaller separations, the
diffusion profiles decrease significantly, indicating that degrees
of freedom perpendicular to the separation coordinate slow
down the dynamics of growth. From our preceding analysis, we
conclude that the retardation of growth dynamics is induced by
conformational changes (especially for the monomer and
dimer) and the expulsion of water molecules at the seed−
oligomer interface. Compared to filament elongation, the
diffusion profiles for fibril assembly show less variation along ζ
as lateral assembly does not involve the formation of kinetically
trapped conformations due to long-lived non-native hydrogen
bonds.
The kinetic rates are calculated on the basis of the diffusion

profile and the free-energy profile (eqs 7 and 8), and the results
are listed in Table 1. The calculated off rate, koff, for the
monomer (0.012 s−1) is smaller but still comparable with the
rates for elongation at the even (0.17 s−1) and odd (0.05 s−1)
filament tips in our previous work7 and also comparable with
experimental results for fibril elongation of Aβ1−40 (0.6 s−1).43

The dissociation rate is largest for the dimer (lowest binding
affinity) and decreases with further increasing oligomer size. In
fact, unbinding of an oligomer consisting of more than three
peptides is expected to be extremely rare, similar to filament
breakage into larger fragments. On the other hand, the

Figure 5. Water expulsion during the assembly process: (A) Number
of water molecules, nW, in the first hydration layer surrounding the
filament seed and the incoming monomer/oligomer as a function of
their separation, ζ. ΔnW indicates the number of water molecules that
are released during the association from the unbound to the bound
state. Representative simulation snapshots visualize the water
molecules at the seed−tetramer interface in the bound state (B) and
at intermediate separation (C). The hydrophobic residues, M35 and
I31, and water molecules within 6 Å are shown at the intermolecular
interface along the fibril axis.

Figure 6. (A) Decomposition of the enthalpy difference, ΔH = Hbound − Hunbound, between the bound and unbound states into individual
contributions resulting from PP, PS, and SS interactions. (B) Difference of the total enthalpy, ΔH, the free energy, ΔG, and the entropic
contribution, −TΔS = ΔG − ΔH, between the binding site and bulk. (C) Difference of the number of hydrogen bonds, Δnhb = nhb

bound − nhb
unbound, for

the individual peptide and solvent contributions and the total system.
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association rates, k+, are similar in magnitude for all lateral
growth processes and also similar to k+ for elongation growth
processes.7

The association rates are on the edge of the diffusion limit
(see Table 1). Consequently, the time to undergo the structural
transformation at separations close to the filament seed is
similar and equally important as the diffusion process of
monomers and oligomers to encounter the filament seed.
To gain further insight into the dynamic pathway of fibril

assembly, we calculate the mean first passage time for binding,
τB(ζ), and unbinding, τUB(ζ) (Figure 7). In addition, we
determine the maximum of the transition path probability,
Φ1/2, that is, the value of the filament seed−oligomer separation
for which the probability of going to the bound state or the
unbound state is equal. All growth processes that contribute to
fibril growth show the characteristic dock/lock dynamics that
has been reported previously on the basis of kinetic
experiments.15 The initial dynamics of binding, that is, the
formation of an initial contact between the monomer/oligomer
and the seed, is fast. Formation of these initial contacts, which
efficiently catch the incoming monomer/oligomers, occurs at
large separations (ϕ1/2 ≈ 3.5−4.5 nm) and helps guiding the
incoming peptides toward the associated state. The subsequent
dynamics is much slower and characterized by conformational
changes and water expulsion. These results show that the dock/
lock mechanism, which is initiated by nonspecific contacts that
guide the subsequent assembly, is a general feature of different
filament or fibril growth processes and may also be applicable
to the assembly of other biomolecules.

■ CONCLUSIONS

The generation of toxic oligomers during the aggregation of Aβ
peptides into amyloid fibrils and plaques is closely connected to
the onset and progression of Alzheimer’s disease. There is
emerging evidence that these toxic oligomers are formed
predominantly in secondary nucleation pathways, in which
existing filaments or fibrils catalyze aggregate formation.
Here, we apply extensive all-atom MD simulations to gain

molecular insight into secondary nucleation processes with
focus on surface-activated reaction pathways. The extended β-
sheet surface is modeled using a preformed Aβ9−40 amyloid
filament, and the lateral aggregation of a single monomer and

larger oligomers consisting of up to four peptides is
investigated. In particular, we have determined the free-energy
profiles underlying association at the filament surface and
extracted kinetic information from diffusion profiles as well as
macroscopic association and dissociation rates.
Compared to other proteins and peptides, the Aβ9−40

sequence contains an unusually large proportion of hydro-
phobic residues (∼66%, counting glycine residues as hydro-
phobic). More specifically, the entire CT strands consist of
hydrophobic residues. Therefore, it is not surprising that
hydrophobic interactions between the CT-sheet of existing
filament surfaces induce adhesion of additional monomers or
oligomers from solution and cause further lateral association.
Besides interface contacts between hydrophobic amino acids
such as I31, M35, and V40, solvent-induced interactions are an
additional driving force of association. In summary, we find that
surface-induced secondary nucleation results from a detailed
interplay of direct PP interactions and solvation effects.
While comparing surface-induced secondary nucleation and

the competing process of filament elongation, in which Aβ9−40
monomers are added to the filament tips, we find that both
show a characteristic dock/lock dynamics. The initial formation
of non-native contacts is fast, whereas the subsequent
conformational rearrangements and the expulsion of hydration
water are slow. However, the macroscopic association rates are
on the edge of the diffusion limit, meaning that the time it takes
a monomer or oligomer to encounter an existing filament by
diffusion is on the same order of magnitude as the subsequent
structural changes. The kinetics of surface-induced association
is faster compared to that of elongation at the filament tips,
indicating that secondary nucleation processes can become the
dominant subprocess of amyloid formation in agreement with
experimental observations. The reason for the faster kinetics at
the filament surface compared to that at the filament tips is that
no kinetically trapped intermediate conformations due to long-
lived non-native hydrogen bonds occur.
In the light that secondary nucleation can become the

dominant process in amyloid proliferation, a promising strategy
might be to target the extended β-sheet surface rather than the
filament or fibril tips. The predominance of surface-catalyzed
pathways might also be the reason why the newly developed
antibody aducanumab, which reduces the amount of Aβ plaque

Figure 7. Kinetics of lateral fibril growth: Position-dependent diffusion profiles, D(ζ), and free-energy profiles, G(ζ), along the seed−monomer/
oligomer separation, ζ (A−D). Mean first passage time for binding, τon(ζ), and for unbinding, τoff(ζ), of monomer, dimer, trimer, and tetramer (E−
H). The values are given relative to the total binding time, τB, or unbinding time, τUB (provided in the insets). Φ1/2 indicates the position at which
the probability of proceeding to the bound state at ζB or to the unbound state at ζS is equal.
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in the brain, shows promising results in treating Alzheimer’s
disease.44
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