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Abstract

Filamentous β-amyloid aggregates are crucial for the pathology of Alzheimer’s disease. Despite

the tremendous biomedical importance, the molecular pathway of growth propagation is not com-

pletely understood and remains challenging to investigate by simulations due to the long time scales

involved. Here, we apply extensive all-atom molecular dynamics simulations in explicit water to

obtain free energy profiles and kinetic information from position-dependent diffusion profiles for

three different Aβ9−40-growth processes: Fibril elongation by single monomers at the structurally

unequal filament tips and association of larger filament fragments. Our approach provides insight

into the molecular steps of the kinetic pathway and allows close agreement with experimental bind-

ing free energies and macroscopic growth rates. Water plays a decisive role and solvent entropy

is identified as the main driving force for assembly. Fibril growth is disfavored energetically due

to cancellation of direct peptide-peptide interactions and solvation effects. The kinetics of growth

is consistent with the characteristic dock/lock mechanism and docking is at least two orders of

magnitude faster. During initial docking, interactions are mediated by transient non-native hy-

drogen bonds which efficiently catch the incoming monomer or fragment already at separations of

about 3 nm. In subsequent locking, the dynamics is much slower due to formation of kinetically

trapped conformations caused by long-lived non-native hydrogen bonds. Fibril growth additionally

requires collective motion of water molecules to create a dry binding interface. Fibril growth is

further retarded due to reduced mobility of the involved hydration water, evident from a two-fold

reduction of the diffusion coefficient.
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INTRODUCTION

Self-assembly of peptides into ordered amyloid fibrils is associated with several neurode-

generative diseases including Parkinson’s, Huntington’s and Alzheimer’s disease [1–3]. In

Alzheimer’s disease, the key component of the pathological aggregates is the so called Aβ

peptide resulting from the cleavage of the amyloid precursor protein, with Aβ1−40 being the

most abundant isoform. Despite the tremendous biomedical importance of amyloid fibrils,

the molecular mechanism and the dynamic pathway involved in their formation has remained

elusive and challenging to investigate in experiments and simulations. At the same time,

the quantitative understanding of the mechanism driving the transition from monomer to

fibril is essential for an efficient design of tailored drugs.

The characteristic cross-β structure of Aβ1−40 fibrils has been resolved by NMR exper-

iments [4, 5] and the structural stability of the fibrils has been characterized [6, 7]. For

several subfragments of the Aβ1−40 peptide, the formation of stable amyloid fibrils has been

observed, including Aβ9−40 which lacks the first 8 N-terminal residues [7]. The formation

of Aβ fibrils involves a nucleation step and a subsequent elongation process in which Aβ

monomers are added to the fibril tips. The elongation process has been studied intensively

in kinetic experiments [8–16]. Based on these experimental results, a two-step elongation

process has been suggested [8, 10, 17]. It involves rapid association of the unstructured

monomer to the fibril (docking), followed by significantly slower conformational rearrange-

ments to precisely accommodate the monomer into the underlying ordered fibril structure

(locking). The second distinct mechanism that is essential for controlling the kinetics of

growth is fibril breakage, which increases the number of ends acting as new elongation sites

[18, 19]. The design of inhibitors of fibril formation, as well as the design of fibril based ma-

terials, requires a detailed understanding of the mechanism of fibril propagation at atomic

detail.

To complement kinetic experiments, molecular simulations are well suited to provide

insight into the role of sequence, water and specific interactions underlying the elementary

kinetic steps in the aggregation pathway. However, due to the slow time scales involved

in fibril association and especially in dissociation in combination with large system sizes,

simulations of the full kinetic pathway in all-atom resolution and with explicit water are

tremendously challenging. For example, experiments indicate that the timescale for Aβ
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monomer dissociation from fibrils occurs on the order of seconds to several minutes [8, 10,

11]. Still, significant insight into the mechanism of fibril formation can be gained from

coarse-grained [20–22] and implicit water simulations [23, 24] as well as from atomistic

simulations of short fragments of the Aβ peptide and other proteins [17, 25, 26]. In order

to overcome the computational time scale limit, hybrid-approaches with a united atom

representation of the peptides and a coarse-grained model of the solvent have been employed

[27]. Implicit solvent simulations [24] and hybrid-approaches [27] allow extensive sampling,

however, the role of solvent molecules for the association approach and the balance between

(solvent) entropic and energetic contributions to amyloid formation may not be accurately

represented. Alternatively, it is also possible to employ advanced sampling techniques like

transition path sampling [28], or combine simulations with experimental data obtained from

two-dimensional spectroscopy [29].

In the present study, we use extensive atomistic simulations in explicit solvent and a

two-step approach to resolve both thermodynamic and kinetic aspects of fibril growth. This

allows us to investigate the elementary steps of different fibril growth processes with atomistic

resolution and to gain insight into the dynamic pathway, using the Aβ9−40 peptide as a

model system. In the first step of our approach, we calculate the free energy profile for fibril

elongation by a single monomer at the two asymmetric filament tips and for the association

of two larger fibril fragments. We further characterize the molecular steps underlying the free

energy profiles by elucidating associated conformational changes, formation and breakage of

native and non-native hydrogen bonds and analyzing the role of water molecules involved

in the assembly process. During the initial docking phase, the approaching monomer or

fragment starts to interact with the filament already at a peptide-tip distance > 2.5 nm.

These initial interactions are mediated by transient, mostly non-native hydrogen bonds

and other non-native contacts. Formation of such contacts is possible due to the large

conformational flexibility of the peptides.

The forces driving filament formation are investigated in a detailed enthalpy/entropy

decomposition. Surprisingly, the calculations indicate that filament elongation is overall en-

ergetically disfavored but favored entropically, despite the large reduction of possible peptide

conformational freedom upon association. However, monomer binding to the filament tip

has also a substantial influence on the aqueous solvent structure, resulting in a dominant

role of solvent entropy as the main driving force for assembly.

3



In the second step of our approach, we extract kinetic information from our simulations

by determining the position-dependent diffusion profile of the approaching monomer or fib-

ril fragment. Starting in the initial docking phase, the diffusivity rapidly decreases upon

further approach to the bound state, thus limiting the speed of the growth process. In our

theoretical framework, a combination of diffusion and free energy profile uniquely determines

the dynamics of fibril growth and allow us to estimate kinetic rates. The dissociation rates

calculated from our approach agree well with experimental results and the predicted kinetic

pathway is consistent with the dock/lock mechanism suggested from kinetic experiments. A

detailed analysis of the motion of water molecules close to the binding site reveals a 2-fold

reduction of water mobility indicating a substantial contribution of water-mediated interac-

tions to the association process. Finally, we elucidate the molecular mechanism underlying

the slow dynamics in the limiting locking step.

METHODS

Atomistic model and simulation setup: In this work, we study atomistic-level models

of molecular filaments composed of wild type Aβ9−40 peptides. The N-terminal residues 1-8

are neglected since they are structurally disordered and not necessary for growth [7]. The

filament structure employed is the one determined by Petkova et al. [4, 5] (PDB code

2LMN with a +2 staggering). In order to investigate the stability of the model systems, we

perform 100 ns NPT simulations at 5 different temperatures for filaments consisting of a

varying number of peptides (for details see Supporting Information). The stability analysis

indicates that filaments with more than 4 peptides form a stable cross-β structure and a

constant gain in free energy is expected for further addition of new monomers to the filament

[22]. Our initial filament model consists of 12 monomers and is built by selecting one β-

hairpin peptide from the experimental NMR-structure [4, 5] and stringing additional peptide

copies repeatedly along the filament axis, with an inter-peptide separation of 0.48 nm. The

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 based on 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
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taken from CHARMM version C27 [30]. Initially, the filament is placed in the simulation

box before filling in TIP3P water molecules [31]. In order to neutralize the system, 0.15

M NaCl is added to the water phase, leading to a system size of about 60,000 atoms. The

simulation box has the size Lx = 8 nm, Ly = 5 nm and Lz = 14.5 nm. We investigate

the elongation/dissociation of a filament by one peptide at the even tip (N-terminal solvent

exposed), at the odd tip (C-terminal exposed) and the association/fragmentation of two

hexamers (see Figure 1A). All systems contain 12 Aβ9−40-peptides in total.

To monitor the progress in binding, we use the separation coordinate ζ, defined by the

center of mass distance along the filament axis between the monomer (hexamer) and the

first peptide at the respective filament tip. The motion of the monomer and hexamer

perpendicular to ζ remains unrestrained. Positional restraints are applied to the last peptide

at the filament tip where the elongation process takes place. These restraints prevent twisting

motions, thereby mimicking larger filaments with a structurally stable binding site.

In order to generate starting conformations for the umbrella sampling simulations, an

additional idealized U-shaped monomer or hexamer is placed into the simulation box and

aligned along the filament axis using an initial separation of n×dn+d0, where n is the window

number, dn the window spacing and d0 = 0.48 nm the initial peptide separation in the NMR

structure. We choose this lateral displacement method to generate the umbrella starting

conformations since the commonly used pulling algorithm requires breaking of hydrogen-

bonds in adjacent β−sheets. In order to generate useful starting conformations, very small

pulling velocities (v ≪ 0.1 m/s) and long subsequent equilibration would be necessary [32].

On the other hand, the β-hairpin conformation of the monomer used here provides a useful

starting conformation since it is suggested to be an on-pathway intermediate structure [27].

The molecular dynamics simulations at fixed particle number N , pressure P and temper-

ature T are performed using the Gromacs simulation package, version 4.6.1 [33]. Periodic

boundary conditions are applied and the particle-mesh Ewald method is used for the pe-

riodic treatment of Coulomb interactions. The bonds to hydrogen atoms are constrained

by the LINCS algorithm [34] 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 pro-

duction run, we perform umbrella sampling simulations with 33 windows along the filament

axis, employing Nosé-Hoover temperature coupling with a time constant of τT = 0.5s−1
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and isotropic Parrinello-Rahman pressure coupling with a time constant of τp = 5s−1. We

use a window width of 0.1 nm for the 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.

For elongation at the odd tip and fragmentation, umbrella simulations are performed for

100 ns per window.

In order to test the convergence of the potentials of mean force (PMF), the elongation

simulations at the even filament tip have an extended duration of 150 ns in each window.

The simulation data are 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 ±2.2 kBT

for elongation at the even tip, ±3 kBT for elongation at the odd tip and ±2.9 kBT for

fragmentation. The convergence of the umbrella simulations is discussed in greater detail

in the Supporting Information. The PMFs are calculated using the weighted histogram

analysis method [35], 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 conformation of bound monomers. To measure

the compactness of the monomer, the radius of gyration RG is calculated with respect to the

center of mass of the molecule. Both order parameters are calculated as average over the last

50 ns in each umbrella window, and error bars correspond to standard deviations. Changes

in secondary structure including the content of β-sheet and coil structure are calculated

using the DSSP algorithm [36].

The stability of the cross-β structure upon fragmentation is quantified using the nematic

order parameter P 2 [37]. P 2 is calculated using the Wordom analysis package [38]. For the

N-terminal (NT), the atom vector corresponds to the Cα atom vector between residues 17

and 21. For the C-terminal (CT), it corresponds to the vector between residues 32 and 36,

similar to a work of Buchete and coworkers [6]. The two peripheral monomers are omitted

from analysis due to considerable conformational fluctuations.

The structures resulting from the umbrella simulations are clustered using the average-

linkage algorithm and the dRMSD of all Cα atoms after removing rotation and translation

with respect to the heavy atoms as the distance for the analysis. 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 [39]. The simulation snapshots depict the
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conformation that corresponds to the 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◦ [33].

The azimuthal reorientation correlation of the peptide during the umbrella sampling

simulations is investigated using the Gromacs gprincipal tool. In each frame, the principle

components of the monomer’s moment of inertia tensor are calculated and the orientation of

the major axis with respect to a fibril associated axis is used for calculating time fluctuations

and autocorrelation functions.

The total enthalpy and its individual contributions due to peptide-peptide, peptide-

solvent and solvent-solvent interactions are extracted as time averages for each umbrella

window, discarding the first 50 ns for equilibration. In order to obtain the enthalpy differ-

ence between the bound and the unbound state, the windows are split accordingly, neglecting

the intermediate region. Hereby, we define the bound region for peptide-fibril separations

< 0.65 nm and the unbound region for separations > 3.2 nm. The average energy of each

state is then calculated as a weighted average over all bound and unbound conformations.

Statistical uncertainties are determined using the error estimate method [40]. Insight into

the various energetic contributions stemming from interactions of peptide (P) and solvent

(S) can be gained from the simulations. In a simulation rerun, the system is divided into

the individual components and the energies of the individual groups are calculated. 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 an negligibly small contri-

bution of about 0.1 kBT to the total enthalpy difference. Further information on the energy

decomposition is provided in the Supporting Information.

Additional unbiased 300 ns simulations are performed to analyze the motion of the water

molecules in the cavity of the filament. The lateral diffusion coefficient is calculated from the

mean square displacement of the x- and y-coordinates of the water oxygens (see Supporting

Information for details).

Position-dependent diffusion profile: In the following, we model the dynamics of fibril

growth as diffusion in a one-dimensional free energy profile. We assume that the stochastic

time evolution of the peptide-filament separation coordinate ζ is given by the one dimensional
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Fokker-Planck (FP) equation [41]

∂

∂t
Ψ(ζ, t) =

∂

∂ζ
D(ζ)e−βG(ζ) ∂

∂ζ
Ψ(ζ, t)eβG(ζ) (1)

where Ψ(ζ, t) is the probability distribution of the separation ζ between peptide and fibril

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 . Note that as a

consequence of the projection of the high dimensional dynamics onto our one-dimensional

separation coordinate, the diffusion coefficient D(ζ) depends on the value of ζ. Changes in

the diffusion coefficient are therefore a signature of the degrees of freedom perpendicular to

ζ that influence the kinetics.

For a sufficiently narrow harmonic umbrella potential, the position-dependent diffusion

profile can be calculated directly from the simulation data in each umbrella window [42, 43]

D(ζ) =
σ2(ζ)

τ
(2)

where σ2(ζ) = 〈ζ2〉− 〈ζ〉2 is the variance and τ is the integrated normalized autocorrelation

function C̃(t) = 〈ζ(t)ζ(0)〉 − 〈ζ(t)〉〈ζ(0)〉/σ2(ζ). From a simulation trajectory with n data

points ζi, the average separation ζ =
∑

ζi/n is used to replace 〈ζ〉. Note that the estimation

of 〈ζ〉, C(t) and τ is only reliable if C(t) vanishes on timescales shorter than the simulation

time. Under this assumption τ can be calculated from [44]

τ ≈

[

nσ2(ζ)

σ2(ζ)
− 1

]

∆t/2 (3)

where ∆t is the time interval between the data points. A reliable method to calculate

the variance of the average separation σ2(ζ) is block averaging developed by Petersen and

coworkers [44]. Alternatively, σ2(ζ) can be calculated from the error estimate method as-

suming a double exponential decay of the correlation function [40]. The difference between

the error estimate method and the result from block averaging using 4 data blocks is used to

determine the error of D(ζ). Further details on the calculation of σ2(ζ) and the correlation

function are given in the Supporting Information.

In general, our two-step approach allows us to separate effects arising from the curvature in

the free energy profile and the local diffusion coefficient. Note also that the diffusion coef-

ficient could in principle be calculated from the variance σ2(∆t) ≈ 2D(ζ)∆t after a short

time ∆t. However, for the one-dimensional Fokker-Planck equation to be valid, the pro-

jected dynamics has to be Markovian, i.e. without memory. In order to minimize possible
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errors due to memory effects, we use the full dataset of trajectories (100 ns per window) for

calculating D(ζ).

Rescaling of the free energy profile: Using a combination of free energy and diffu-

sion profiles results in a kinetic quasi-universality. Specifically, the Fokker-Planck equation

(Eq. 1) is invariant under rescaling of the coordinate q = q(ζ), provided that the functions

Ψ, G and D are rescaled simultaneously [45–47]. Conversely, a constant diffusion profile

D̃(ζ) = D0 can be obtained by choosing

q(ζ) =
∫ ζ

ζ0

dζ ′
√

D0/D(ζ ′) (4)

and rescaling the free energy profile G̃(q) = G(ζ) − ln(D(ζ)/D0)/2β. With this rescaling,

regions in which the kinetics along the original separation coordinate ζ are slow become

stretched in the rescaled coordinate q(ζ). More importantly, the rescaled free energy profile

now contains the full information on the kinetics and may show intermediate states that

remained hidden in the original coordinate ζ.

Binding free energy, mean first passage time and rate constants: We consider the

binding process F + P ↔ FP of a filament (F) and peptide (P) in dilute solution. Its

equilibrium state obeys a law of mass action

kEQ =
[FP ]

[F ][P ]
(5)

where [i] denotes the concentration of species i. The equilibrium constant kEQ for peptide

binding can be computed from simulations through the reversible work function w(x, y, ζ)

for the vector separation between filament and peptide (with Cartesian components ζ, x,

and y) [48]:

kEQ =
∫

dx
∫

dy
∫

dζ e−βw(x,y,ζ)θb(x, y, ζ), (6)

where we have set w = 0 at infinite separation. The characteristic function θb(x, y, ζ) is unity

for values of x, y, and ζ corresponding to the bound state, and vanishes otherwise. Provided

that w(x, y, ζ) possesses a deep minimum at contact and decays over microscopic length

scales (as confirmed by simulation results described later), the detailed choice of θb(x, y, ζ)

is unimportant. We require only that the volume in which θb = 1 encompasses typical

fluctuations of the bound state, and that it be microscopic in scale. With this freedom, we

make the convenient choice that θb = 1 only when −Lx/2 < x < Lx/2, −Ly/2 < y < Ly/2,

and ζB < ζ < ζS, where ζB is the separation at minimum G(ζ) and ζS is the smallest
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separation for which G(ζ) ≈ 0. This volume spans the lateral dimensions of our simulation

cell and includes all points at which w(x, y, ζ) is appreciably nonzero. The calculation of

kEQ then reduces to a simple integral,

kEQ = LxLy

∫ ζS

ζB

dζ
Psim(ζ)

Psim(ζS)
, (7)

of the separation probability distribution Psim(ζ) obtained from simulations within our mi-

croscopic cell. We discuss this distribution in terms of the corresponding free energy profile

G(ζ) = kBT ln[Psim(ζ)/Psim(ζS)] for reversible changes in peptide-filament separation. To

facilitate comparison with experiments, we compute as well a free energy of binding,

∆GBind = kBT ln
[

c0kEQ
]

(8)

whose value depends on the arbitrary choice of standard state concentration c0. Consistent

with experimental reports, we choose c0 = 1mol/L = (1.661 nm3)−1. The binding and

unbinding rate constants for a monomer or hexamer at the filament tip can be related to

the dynamics of ζ at microscopically small separation. Specifically, these kinetic parameters

are determined by waiting times for binding and escape when ζ is confined to the interval

ζB < ζ < ζS. For the diffusive dynamics of Eq. 1 subject to these boundary conditions,

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 by[49]

τub =
∫ ζS

ζB

dζ ′
eβG(ζ′)

D(ζ ′)

∫ ζ′

ζB

dζ ′′e−βG(ζ′′). (9)

The mean first passage time τb for binding can similarly be determined as

τb =
∫ ζS

ζB

dζ ′
eβG(ζ′)

D(ζ ′)

∫ ζS

ζ′
dζ ′′e−βG(ζ′′). (10)

From these microscopic mean first passage times and the equilibrium constant (Eq. 7), we

can identify microscopic rate constants for binding and unbinding valid for reaction within

a small cage of radius ζS around the filament

kmicro
off =

1

τub
; kmicro

+ = kEQk
micro
off . (11)

The concentration [Fj] of fibrils of length j is expected to follow a phenomenological rate

equation
d[Fj]

dt
= −k+[M ][Fj] + koff [Fj+1] + k+[M ][Fj−1]− koff [Fj] (12)
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In order to establish a connection between the experimentally accessible macroscopic rates

k+ and koff and the microscopic rates based on first passage times, we must account for the

time-dependent spatial distribution of the peptides. By balancing the flux of peptides at

steady state, we can derive expressions for the overall rate constants k+ and koff [50]

k+ =
kmicro
+

1 +
kmicro
+

4πDζS

; koff =
kmicro
off

1 +
kmicro
+

4πDζS

. (13)

In the limit kmicro
+ ≪ 4πDζS, i.e. if the binding of the peptide is much slower than the

rate of filament-peptide encounters, the overall rate is given by k = kmicro. In the limit

kmicro
+ ≫ 4πDζS, i.e 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 I lists

all computed rates including the diffusion limit for Aβ9−40 filament growth by addition of

a single monomer or by the association of two hexamer fragments. Note that we neglect

the diffusion of the fibril for monomer binding (D corresponds to the calculated diffusion

coefficient for a single monomer in bulk). For fragmentation D is the sum of diffusion

coefficients of the two hexamer fragments in bulk.

In general, the kinetics of fibril growth can be modeled using a master equation descrip-

tion, in which the fibers can undergo end-to-end association, elongation, fragmentation, and

primary nucleation. To ensure that the entropy production rate is finite, any consistent

model for growth must consider all possible reaction pathways that lead to the formation

of fibrils of a certain length together with their reverse processes to obey detailed balance.

[19]. The requirement to satisfy detailed balance allows us to determine the rate of primary

nucleation to be kn[M ]nc based on the rates of elongation and fragmentation obtained from

our simulations according to [19]

kn =
2koff

k̂EQ
(kEQ)

nc . (14)

From experimental data, the reaction order for nucleation has been estimated as nc = 2

[14], a value we adopt as well for the purpose of comparison. Here, k̂EQ is the equilibrium

constant for association/fragmentation of large filament fragments.
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RESULTS AND DISCUSSION

The present study focuses on the three different growth processes that are relevant for the

kinetics of Aβ9−40 filaments growth propagation: the elongation by a single monomer at the

two structurally different filament tips and the association of two hexamers (see illustration

in Figure 1A). The filament structure exhibits a U-shaped, strand-loop-strand (β-hairpin)

conformation characteristic for Aβ fibrils [4, 5] and is illustrated in Figure 1B. According

to its secondary structure, each peptide is divided into three regions: The N-terminal (NT)

β-strand including the central hydrophobic region L17-A21, the loop region including the

D23-K28 salt-bridge, and the C-terminal (CT) β-strand. Due to the internal +2 staggering

of the β-sheet, the two filament ends are not identical: On one tip, the NT region is left

unpaired and solvent exposed (even tip); at the other tip, the CT region is left unpaired

(odd tip). In the following, “filament” refers to structures with peptides arranged in one

molecular layer along the filament axis (see Figure 1). “Fibril” refers to structures consisting

of two or more filaments arranged in several layers.

In the following sections, we first present the free energy profiles for filament growth by

monomer addition at both filament ends and by association of larger fragments. The under-

lying structural transitions are then characterized by analyzing the conformational changes,

the formation and breakage of native and non-native hydrogen bonds as well as the collec-

tive motion of water molecules to create a dry binding interface upon assembly. The forces

driving filament formation are subsequently analyzed in an energy/entropy decomposition.

Finally, we present the calculated diffusion profiles and rescaled free energy profiles, which

contain the full kinetic information and reveal characteristics of the dock/lock mechanism.

Free energy profile for filament growth: Figure 2 shows the free energy profile G(ζ) for

the three different growth processes along the peptide-filament separation ζ: For filament

elongation by a Aβ monomers at the even and odd fibril tip (Figure 2A, B) and for associa-

tion of two hexamers (Figure 2C). The binding affinities are calculated from the equilibrium

constants (Eq. 7, 8), adopting the standard state convention c0 = 1 mol/L. The calculated

binding affinities amount to 22.8 ±2.2 kBT and 24.9±3 kBT for filament elongation at the

even and odd tip, respectively. Within the estimated error, the results agree with the expec-

tation that both free energy changes should be identical since initial and final states of the

association process at either tip are identical. The calculated affinities are more favorable,
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but still comparable to the experimental value of 15.2 kBT [11] and match the experimental

value much more closely than previous all-atom simulations (85.2 kBT )[51]. An analysis

of the orientational and rotational correlation of the monomer relative to the fibril tip re-

veals sampling of a large variety of relative geometries and rapid rotation of the monomer

compared to the time scale of the umbrella sampling simulations (Supporting Information,

Figure S6).

For association of two hexamers, the calculated binding affinity for this process is signif-

icantly larger (47.3±2.9 kBT ) compared to monomer association at the filament tips.

For all three association processes, the free energy profiles can be divided into three

regions: The locked region in which predominantly native hydrogen bonds are formed, an

intermediate region in which docking occurs by the formation of non-native hydrogen bonds,

and the unbound region. The latter corresponds to the absence of interactions between the

monomer/hexamer and filament at large distances, resulting in a constant profile within

statistical noise (ζ > ζS). In the docking region, the profiles decrease continuously as the

monomer/hexamer approaches the filament (ζS > ζ > ζC). ζC indicates the crossover

from the fast docking to the much slower locking and will be discussed in detail further

below. Finally, at small separations, all free energy profiles show a pronounced minimum

at the peptide-peptide (or hexamer-hexamer) separation found in the NMR structure [4, 5]

(ζB = 0.48 nm for elongation and ζB = 1.59 nm for fragmentation).

Structural transitions in filament growth: During filament growth by elongation, the

incoming monomer has to undergo a conformational transition from the partially disordered

state in bulk to the strand-loop-strand β-hairpin conformation in the bound state. In order

to fit accurately onto the filament template, native hydrogen bonds must be formed between

monomer and filament tip, while non-native hydrogen bonds have to be broken. Typical

conformations along the free energy profile obtained from a cluster analysis for the three

different growth processes are shown in Figure 2A-C. In agreement with experimental kinetic

studies [16], our results show a wide spectrum of structures the monomer adopts during

docking (snapshots in Figure 2A, B). Besides non-native contacts formed by 1-2 hydrogen

bonds, (snapshot 6 in Figure 2A), short β-sheets with several non-native hydrogen bonds

between the accessible filament tip and the monomer are observed to be a common structural

motif upon docking (snapshot 5 in Figure 2A and snapshot 6 in Figure 2B). Various types

of β-sheets are observed for the incoming monomer, including parallel and antiparallel as
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well as in and out of register β-sheets. During the simulations in the intermediate region

(0.6-0.8nm), a non-native hairpin structure is observed, consisting of correctly paired NT-

strands of filament tip and monomer (parallel, almost in register) and a non-native, anti-

parallel beta-sheet between the NT- and CT-strand of the incoming monomer (Supporting

Information, Figure S7). A very similar intermediate hairpin structure has been found in

previous implicit solvent simulation studies [24].

In the case of elongation at the even tip, initial contacts preferentially involve the CT

strand of the monomer and the central hydrophobic region of the exposed N-terminal of the

filament tip (vice versa for elongation at the odd tip). This agrees with the major pathway

from recent studies using a coarse-grained hybrid-resolution model [27]. Note that in coarse-

grained models, hydrogen bond formation is not included and we will discuss the important

details on hydrogen bond formation in more detail further below.

During locking, the bound β-hairpin conformation initiates in the CT region (snapshot

3 in Figure 2A). Conformational changes upon binding of an additional monomer can be

quantified in terms of the radius of gyration RG and the distance root mean square devi-

ation of the monomer’s Cα-atoms (dRMSD) with respect to an idealized bound β-hairpin

conformation (Figure 3A). For fragmentation, changes in the staggering of the associating

hexamer are quantified by the nematic order parameter within each β-sheet and between

the two sheets (Figure 3B). These order parameters are complemented by information on

the secondary structure content in the bound and unbound state (top of Figure 3A, B). An

analysis of types of secondary structures sampled along the monomer-filament separation

coordinate indicates that coiled and bend secondary structure dominate in the intermediate

and bulk distance range with small and fluctuating amounts of β and α helical conforma-

tions (Supporting Information, Figure S8). Monomeric Aβ in bulk can hence be regarded as

a disordered, highly flexible peptide without a well-defined three-dimensional structure, but

with a preference for some conformations. These findings are in agreement with experimen-

tal studies which classify monomeric Aβ as a partially disordered peptide with a collapsed

structure [52](see minimum in RG and maximum in coil content in secondary structure in

Figure 3A).

The calculated bulk values of RG around 0.9-1.1 nm are in good agreement with the

range of 0.9-1.2 nm obtained from various simulation studies using different force fields

[53–55]. Furthermore, the simulated RG agrees with the hydrodynamic radius of 0.9±0.1
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nm obtained from single-molecule fluorescence [56]. In the intermediate region, the initially

compact monomer unfolds and forms non-native hydrogen bonds with the filament (increase

in RG). In the bound state, the monomer adopts a β-hairpin conformation, evident from

the minimum in Cα-dRMSD, the maximum in RG, and increase in β-sheet content (Figure

3A). The analysis of umbrella sampling windows reveals sampling of a broad distribution

of dRMSD, RG and monomer end-to-end distances in the intermediate and bulk regions

indicating that a broad variety of conformations is sampled in these regions (Supporting

Information, Figure S9). Very similar distributions are obtained from simulations with

different monomeric starting conformations (β-hairpin with stagger 0 or 1 instead of 2, see

Supporting Information, Figure S10 and S11). The conformational changes of the monomer

at the odd tip are essentially identical (data not shown).

The situation is different for the assembly of two hexamers, since the two hexamer frag-

ments maintain their cross-β structure in the growth process, evident from the constant

β-sheet content and constant P 2 within the NT- and CT-sheet (Figure 3B) or snapshot 4

in Figure 2C. However, the NT and CT regions slide against each other, resulting in a loss

of the +2 staggering and a decrease in the total P 2 (Figure 3B). Compared to protofila-

ment elongation, the minor loss of conformational entropy upon fragment association may

contribute to the significantly larger binding free energy. For the monomer (hexamer), the

largest changes in the conformation occur at a short separation around ζc ∼ 1.3 (ζc ∼ 2.3

nm) between peptide and filament where the native hydrogen bonds start to form. The

increased disorder around the fibril breakage site has been quantified in terms of a dRMSD

per monomer from the bound conformation and shows decreasing disorder of monomers

with decreasing the distance from the break site (see Supporting Information, Figure S12).

Similar results have been obtained in previous simulation studies [57, 58].

Native and non-native hydrogen bond formation: Hydrogen bonds between the

filament and the incoming monomer are important since they provide a directed force for the

monomer to find its way from the partially disordered conformation in the unbound state

to the highly ordered strand-loop-strand conformation in the bound state. For elongation

at the even tip, Figure 4A shows the number of hydrogen bonds between filament and

monomer as well as hydrogen bonds within the monomer. In the bound state, there are
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on average 20 native hydrogen bonds and their number decreases rapidly with increasing

separation ζ between filament and monomer. This loss of interface hydrogen bonds upon

dissociation is partially compensated by the gain in intra-peptide hydrogen bonds. Due to

the partially disordered character of the Aβ peptide in bulk, these intra-peptide hydrogen

bonds show larger fluctuations compared to the interface hydrogen bonds (see the larger

standard deviations in Figure 4A).

In Figure 4B, the hydrogen bonds formed at certain separations between filament and

monomer are further classified into native (green) and non-native (red) hydrogen bonds. At

intermediate separations between monomer and filament (1.3 < ζ < 3 nm), predominantly

non-native hydrogen bonds are formed. During the initial docking step, these non-native

contacts arise mainly between backbone residues in the CT region of the monomer and

those in the central hydrophobic region (CHC) of the exposed NT region of the filament

(see inset of Figure 4B, region 3). With decreasing separation between filament and pep-

tide, more native hydrogen bonds are formed in the cross-over region (0.66 nm < ζ < 1.3

nm). Here, the CT region of the peptide is already correctly folded and stabilized by native

hydrogen bonds. However, the NT region of the peptide is kinetically trapped due to sev-

eral non-native contacts (see inset of Figure 4B, region 2). In order to reach the correctly

folded bound state these non-native contacts have to be broken. Breaking these non-native

contacts in the cross-over region takes considerably longer compared to the docking region

and the simulations indicate that the lifetime of individual hydrogen bonds can exceed a

hundred nanoseconds (Figure 4C). This kinetic trapping of intermediate conformations has

important consequences for filament growth since it drastically slows down the kinetics at

short separations between filament and peptide as we will discuss in more detail further

below.

The situation is similar for elongation at the odd tip and similar sequence regions are involved

in the formation of non-native hydrogen bonds. For elongation at the odd tip, however, the

non-native hydrogen bonds are formed between the CHC region of the NT of the monomer

and the exposed CT of the filament (see Supporting Information, Figure S13). For frag-

mentation, initial interactions involve the solvent exposed parts of the two hexamers, for

example the NT region of the hexamer to the left and the CT of the hexamer to the right

(snapshot 4 in Figure 2C).

For the even tip, Figure 4C gives a schematic representation of the backbone position
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or side chain involved in the hydrogen bond formation for three different separations. The

majority of native and non-native hydrogen bonds corresponds to backbone hydrogen bonds

(solid lines). Side chain hydrogen bonds arise between charged or polar amino acids, in par-

ticular between residues D23 and K28, which corresponds to the first stable native hydrogen

bond formed in the crossover region (dashed green line in Figure 4C2). The predominance

of backbone hydrogen bonds indicates a general, sequence independent mechanism of fibril

growth. Even the first non-native hydrogen bonds formed during docking correspond to

backbone hydrogen bonds and may thus hint at the dock/lock mechanism being a general

feature of amyloid formation. At the same time, the first non-native contacts preferentially

involve the CHC region of NT-strands and the mainly hydrophobic CT-strands, indicating

a sequence-modulated propensity of fibril formation. These findings are in agreement with

experiments observing a reduced fibril formation after substituting the CHC region by hy-

drophilic amino acids [59, 60].

Hydration layer: In addition to the conformational changes of peptide and filament, water

molecules are expelled in the assembly process to create a dry interface between the filament

and the peptide. Interestingly, it has been shown in previous simulations on short fragments

that the lock step coincides with the creation of a dry interface between filament and in-

coming monomer and the the expulsion of water molecules [26]. Upon binding, a large part

of the hydration layer surrounding the filament and monomer has to be striped off in order

to create a dry binding interface and to facilitate peptide-peptide hydrogen bond formation

(see snapshots for different filament-peptide separations in Figure 5B). Upon binding of a

single monomer to the filament about 60 water molecules that are initially tightly bound in

the hydration layer are released (Figure 5A), enhancing the entropy of the solvent. For the

association of two hexamers, about 85 water molecules are released. The release of water

molecules from the hydration layer to bulk is in congruence with a decrease in solvent ac-

cessible peptide surface area (SAS) from unbound to bound state. For elongation, the SAS

decreases by 15 nm2. Fragment association yields a more pronounced decrease of 21 nm2.

In order to gain a better insight into the role of water in the binding process, we analyze

the dynamics of the hydration water in the filament binding site. The lateral diffusion

coefficient Dlat of the water molecules in the binding site of the filament is lower by a factor

of 2 compared to bulk water (Figure 5C). This decrease in water mobility close to the binding

site has two important consequences: Firstly, the collective motion of water molecules to
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create a dry binding interface for the incoming peptide is slow. Secondly, the conformational

changes of the peptide close to the filament are further retarded. A similar decrease in water

mobility has been reported for various biological systems including lipid bilayers [61] and

protein binding sites [62].

Energetics of filament growth: In the following, we analyze the energetics of filament

growth and calculate the enthalpy difference ∆H = Hbound − Hunbound between the bound

state and the unbound state (see Figure 6A for an illustration of the two states). The forces

driving filament growth result from non-covalent interactions, mainly due to direct peptide-

peptide interactions and solvation effects. In order to gain insight into these interactions,

we calculate the energetic contributions to ∆H stemming from peptide-peptide interactions

and from solvation effects due to peptide-solvent and solvent-solvent interactions with H ≈

UPP + UPS + USS + pV . These individual contributions can be positive or negative, i.e.

energetically promoting the unbound or the bound state and partially cancel out one another

(Figure 6B).

The total enthalpy difference ∆H and the free energy difference ∆G allow an estimation

of the entropic contribution −T∆S = ∆G −∆H (Figure 6C). Anticipating that hydrogen

bonding is a key contributor to these energetic changes, we determine changes in hydrogen

bond population upon binding, ∆nhb = nbound
hb − nunbound

hb , resolved by the participating

species, as shown in Figure 6D.

For elongation, the peptide-peptide contribution is close to zero (slightly negative at the

even and slightly positive at the odd tip). Favorable interactions due to the gain of up to

10 peptide-peptide hydrogen bonds in the bound state are compensated by the energetically

disfavored strand-loop-strand conformation. For fragmentation, the peptide-peptide contri-

bution is positive resulting from the large energy gain due to the loss of staggering (i.e. the

sliding of NT and CT region against each other) in the unbound state. This gain amounts

to 317 kBT compared to the ideal cross-β structure.

The peptide-solvent contributions are positive for all growth processes (unbound state

favored), while the solvent-solvent interactions are negative (bound state favored), similar to

the adsorption behavior of short peptide chains at different surfaces in contact with water

[63]. These trends can be related to the gain of peptide-solvent hydrogen bonds in the

unbound state and the gain of water-water hydrogen bonds in the bound state (Figure 6D).

For fragment association, the peptide-solvent and solvent-solvent contributions are larger
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compared to the elongation results since association involves a larger number of released

hydration molecules.

In general, the individual energetic contributions are much larger than the resulting total

enthalpy change due to the compensation of solvent and peptide interactions. Moreover,

the change in total average number of hydrogen bonds between bound and unbound state is

about zero (see Figure 6D). This almost perfect compensatory hydrogen bond mechanism

has also been reported in simulation studies on amyloid formation of short model peptides

[64, 65].

To summarize, filament growth by monomer addition or association of larger fragments

is always favored (∆G < 0). The individual energetic contributions of peptide and solvent

to the total enthalpy and to the total number of hydrogen bonds largely cancel out. There-

fore, direct peptide-filament and peptide self-interactions (summarized in UPP) and solvation

effects (included in UPS and USS) are important and have to be taken into account to quan-

titatively describe fibril growth. Coarse-grained or implicit solvent model might therefore

predict a too strong energetic preference for assembly and entropic contributions are hidden

in effective solute-solvent interaction terms. Overall, our results reveal that elongation and

association are slightly disfavored by enthalpy (∆H >
∼ 0). Filament elongation and associa-

tion are therefore driven by entropy, which becomes evident from the large gain of entropy

in the bound state (−T∆S < 0) in Figure 6C. This result seems surprising at first, since the

transition of a disordered monomer in bulk to an ordered fibrillar conformation is associated

with a reduction of the monomer’s degrees of freedom and hence a loss of entropy. This loss

of peptide entropy, however, is overcompensated by the gain of solvent entropy. The latter

is related to the release of about 60 water molecules (85 for fragmentation) that are initially

tightly bound in the first hydration layer around peptide and filament. As a consequence of

an entropy driven assembly process, we predict a stabilization of the bound state with in-

creasing the temperature. This prediction is in agreement with recent experimental results,

which predict a shift towards the bound state indicated by an eight times higher equilibrium

constant at 37 ◦C compared to 24 ◦C for Aβ1−40 [16].

Kinetics of filament growth: We now turn to the kinetic aspects of filament growth. In

our theoretical framework, the combination of the free energy profile G(ζ) and the diffu-

sion profile D(ζ) uniquely determines the kinetics of filament growth. In the following, we

first discuss the diffusion profiles D(ζ) for the three different growth processes. Then, we
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use D(ζ) and G(ζ) to estimate rate constants and provide a detailed comparison to exper-

imental results. Finally, we condense the information contained in D(ζ) and G(ζ) into one

rescaled free energy profile that reflects the characteristic dock/lock mechanism of amyloid

fibril growth.

Figure 7 shows the position-dependent diffusion profiles for filament elongation at the even

tip and the odd tip (Figure 7A, D) and for association of two hexamers (Figure 7G) along

the peptide-filament separation coordinate ζ. At large separations, the calculated diffusion

profiles are constant as expected and the value for the monomer (Dunbound = 0.0003 nm2/ps)

is in reasonable agreement with experimental results for Aβ1−40 (Dunbound = 0.00015 nm2/ps

[66]). Note that our filament model neglects residues 1-8, which may explain the slightly

larger calculated diffusion coefficient. For smaller separations, the diffusion profiles show

considerable variation along ζ. In particular, D(ζ) drops by several orders of magnitude

indicating an important influence of orthogonal degrees of freedom on the kinetics. From

our preceding analysis of conformations, hydrogen bonding and water mobility, we conclude

that the three key degrees of freedom responsible for the retardation of the dynamics at close

peptide-filament separations can be summarized as follows: (i) Conformational changes of

the monomer from the partially disordered conformation in the unbound state to the highly

ordered β-hairpin conformation in the bound state. These conformational changes are fur-

ther retarded by the reduced water mobility in the binding site. (ii) Collective motion of

water molecules with reduced mobility necessary to create a dry binding interface between

monomer and filament. (iii) Formation of kinetically trapped conformations due to long-

lived non-native hydrogen bonds in the crossover region. Indeed, the onset of the calculated

diffusivity reduction coincides with a crossover of non-native to native hydrogen bond for-

mation around ζC = 1.3 nm (Figure 4B). The estimated changes in the diffusion profiles are

of similar magnitude for the different growth processes although the types of conformational

changes are different. Apparently, the timescale of folding single monomers is similar to the

magnitude of the more global changes observed during the association of larger fragments,

as reflected in the similar binding times.

The diffusion and free energy profiles can be used to estimate the kinetic rates according

to Eq. 11 and 13. The rates and equilibrium constants for elongation/dissociation of a

single monomer at the two filament tips and for association/fragmentation of hexamers are

summarized in Table I. The calculated off rates at the even filament tip (1.7 · 10−1 s−1) and
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at the odd tip (4.9 · 10−2 s−1) agree quite well with experimental results for Aβ1−40 (0.6 s−1)

obtained from hydrogen/deuterium exchange [67]. They are also consistent with the results

of kinetic experiments on Aβ1−42 [14] (1 · 10−2 s−1). The calculated association rate is on

the edge to the diffusion limit (6.8 · 109 M−1s−1 for monomer, 4 · 109 M−1s−1 for hexamer)

and is two orders of magnitude higher compared to experimental results [12, 16]. However,

similarly high elongation rates have been reported for ultrafast propagation in oligomeric

clouds [68]. With the current approach, we likely overestimate k+ and kEQ which is also

evident from the larger binding free energy compared to experimental results. Note that

the accuracy of the calculated rates depends exponentially on the free energy profile and

only linearly on the diffusion profile. Large errors in the diffusion profile are therefore less

decisive while errors of a few kBT in the free energy profile lead to high uncertainties in the

calculated rates. A high accuracy in the free energy calculation is needed for reliable results.

Based on the calculated rates and equilibrium constants for elongation and fragmentation,

we can now predict the rate for primary nucleation according to Eq. 14. The nucleation

rates calculated from our simulation data are larger than the experimental result obtained

for Aβ1−42 (kn = 3 · 10−4 M−1s−1) [14], by a factor of 10-100.

The dock/lock mechanism has been proposed previously for Aβ fibril growth based on

kinetic experiments [8, 10, 12, 16] and has been supported by simulations of short model

peptides consisting of a few amino acids [26, 28]. In the following, we demonstrate that this

characteristic mechanism is well reflected by our methodology based on atomistic simulations

of Aβ9−40 peptides. To gain insight into the full kinetic pathway of Aβ-fibril growth by

monomer addition or hexamer assembly, we condense all kinetic information into one general

free energy profile G̃(q). So far, all the kinetic information is contained in the peptide-

filament separation ζ, the free energy profile G(ζ) and the diffusion profile D(ζ). However,

by choosing an appropriate transformation for all three and exploiting the kinetic quasi-

universality of the Fokker-Planck equation, the kinetics of fibril growth remains unchanged

[46]. For convenience, we choose the transformation such that the diffusion profile becomes

constant, D = Dunbound (Eq. 4). Therewith, regions of peptide-filament separations in

which the dynamics is slow are stretched in the generalized coordinate q and previously

hidden barriers appear in the rescaled free energy profile G̃(q) that contains all the kinetic

information of fibril growth.

Figure 7 shows the rescaled free energy profiles and the mean first passage times for
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binding τon(q) and for unbinding τoff(q) as a function of the generalized coordinate q, relative

to the total binding time τb or unbinding time τub. The values for τb and τub are provided

explicitly for all three growth processes (insets in Figure 7C, F, I and Table I). At large

separations between a single monomer and the even filament tip, the rescaled free energy

profile changes rapidly at large q, corresponding to fast dynamics in the initial docking

phase (Figure 7B). The fast dynamics during docking is also reflected in the insignificant

amount of the total binding time used for the docking step (Figure 7C). Beyond the docking

region, at the crossover point ζC , the rescaled free energy is rather flat and the binding time

increases monotonically. Consequently, the dynamics in the locking step is much slower

compared to the initial fast docking. The gray regions in Figure 7 indicate a timescale gap

of τdock/τlock ∼ 10−4 − 10−2 between the initial fast changes in the docking region relative

to the slow changes in the subsequent locking region in agreement with previous results

[27]. The situation is similar for fibril growth by elongation of a single monomer at the

other fibril tip and also for the association of larger filament fragments: All three growth

processes show the characteristic dock/lock mechanism and a timescale gap of several orders

in magnitude. The results show that the crossover from docking to locking occurs around a

peptide-filament separation of ζC = 1.3 nm (even tip), ζC = 1.7 nm (odd tip), and ζC = 3.2

nm (hexamer). Interestingly, the binding times τb for fibril growth by a single monomer are

similar to that of a hexamer fragment (inset of Figure 7). It is likely that the pre-ordering

of the binding interfaces, which favors fast association, compensates for the larger size of

the hexamers, which slows down diffusion. The results for the different fibril tips indicate

a slightly preferred growth at the odd fibril tip that might lead to unidirectional growth of

amyloid fibrils similar to insulin fibrils [69]. In contrast to the similar binding times, the

unbinding time for two fragments is significantly larger compared to a single monomer. On

the contrary this means that once a fibril is assembled, fibril breakage is extremely rare and

the fully assembled fibrils do not serve as a reservoir for oligomers.

CONCLUSION

The dynamic pathway and the molecular mechanism of amyloid fibril formation is still

not completely understood, while of great importance for the design of drug molecules that

interfere with the process. Using Aβ9−40 peptides as a model system, we systematically in-
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vestigate the three growth processes that determine the kinetics of fibril growth: Elongation

by a single monomer at the structurally unequal filament tips and the association of two

larger filament fragments. Applying extensive MD simulations with explicit water provides

insight into the molecular steps and driving forces underlying amyloid growth and allows us

to extract kinetic information including macroscopic growth rates.

The free energy profiles underlying fibril growth indicate an onset of interactions already

at monomer-filament separations > 2.5 nm that efficiently catch the approaching monomer

or fragment and guide it towards a docking regime of association. The initial interactions

involve mainly transient non-native hydrogen bonds and are possible due to the high con-

formational flexibility of Aβ peptides. Following initial docking, the association process is

characterized by a continuous drop in free energy upon further distance decrease towards

the fully bound state. This decrease in free energy is accompanied by a continuous increase

of native hydrogen bonds at the cost of non-native hydrogen bonds. This detailed insight

into the role of hydrogen bond formation in amyloid growth has not been feasible from

coarse-grained simulations and elucidates the fundamental role of hydrogen bonds to medi-

ate initial interactions, to guide the peptide to the ordered strand-loop-strand conformation

in the bound state and to kinetically trap intermediate states.

To yield converged results for the free energy profiles, we propagate much longer trajec-

tories compared to previous explicit solvent MD simulations [51] which allow us to achieve a

much closer agreement with experimental binding free energies. These long simulations are

necessary to sample the large conformational space of the partially disordered Aβ-peptide

and to account for the slow relaxation in the binding process. The dock-lock binding

mechanism and conformational intermediates like a non-native hairpin structure are in good

agreement with implicit and coarse-grained simulations [24, 27], providing further confidence

in our results.

The binding free energy of two ordered hexamer fragments is much larger compared to

a single monomer. Therefore, ligands with conformational freedom as restricted as fila-

ment fragments could be effective competitors for Aβ monomers and could form the basis

of amyloid inhibitor design [70]. The free energy for the assembly of two hexamer frag-

ments demonstrates that partial disruptions of the filament are possible at relatively modest

changes of free energy, especially in the N-terminal region. Hence, small drug molecules
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could intercalate into a filament, partially disrupting its cohesion and in turn hindering

further filament growth.

The energetic and entropic forces driving filament formation reveal that filament elonga-

tion is overall energetically disfavored. Moreover, an energetic decomposition reveals a near

cancellation of individual contributions. Direct peptide-peptide interactions and solvation

effects are therefore equally important and essential to quantitatively describe fibril growth,

limiting the predictive power of implicit solvent and coarse-grained simulations. Overall,

fibril formation is driven by entropy due to the increase of solvent entropy upon monomer

or fragment binding to the filament tip, overcompensating the reduction of conformational

entropy of the binding partners. The entropic preference of filament formation explains the

observed increase of the amyloid stability with temperature [16].

Atomistic level investigation of Aβ40 fibril growth remains tremendously challenging with

current technologies due to the large system sizes and long timescales involved. To overcome

the computational time scale limit, we extract kinetic information from our simulations by

calculating the position-dependent diffusion profile for the approaching monomer or frag-

ment. In our theoretical framework, we combine the detailed information contained in the

diffusion profile and the free energy profile to describe the dynamics of fibril growth. The

resulting dynamic pathway reveals that the initial docking is much faster compared to the

subsequent locking in agreement with experimental predictions [8]. For fibril growth, both

by single monomers and by association of larger fragments, the locking step is at least two

orders of magnitude slower compared to docking. The significant retardation of the growth

dynamics during locking at close separations between incoming peptide and filament arises

in part from long-lived non-native hydrogen bonds, resulting in kinetically trapped inter-

mediate states. Fibril growth additionally requires the collective motion of up to 85 water

molecules to create a dry binding interface. This hydration water is much less mobile than

molecules in bulk, as evidenced by a two-fold decrease in the diffusion coefficient, resulting

in a slow expulsion of water upon assembly and a retardation of conformational changes

close to the binding site. Therewith, water plays a decisive role in amyloid formation as

entropic driving force and due to its influence on the growth dynamics.

Still, the slowest time scale in the locking step is most likely connected to the long time it

takes to break several non-native hydrogen bonds, which can be on the order of 10 µs to 1

ms in peptide bundles [71].
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SUPPORTING INFORMATION

Further discussions of fibril stability, potentials of mean force, energy decomposition,

diffusion coefficients, and conformational changes. This material is available free of charge

via the Internet at http://pubs.acs.org.
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TABLE I. Equilibrium constant kEQ, macroscopic rates koff and k+, nucleation rate kn and mi-

croscopic unbinding τub and binding times τb for Aβ9−40 filament growth by addition of a single

monomer to the even and odd filament tip or by the association of two hexamer fragments. The

rates are calculated according to Eq. 11 and 13 with microscopic interaction range ζS = 3.0 nm

(monomer) or ζS = 3.8 (hexamer) and D = 0.0003 nm/ps2 (monomer) and D = 2 ∗ 0.00007

nm/ps2 (hexamer). The diffusion limit for monomer addition is 6.8 · 109 and 4.0 · 109 for hexamer

association.

Monomer koff [s−1] k+ [M−1s−1] kEQ [M−1] kn [M−1s−1] τub [s] τb [s]

even tip 1.7 · 10−1 1.5 · 109 8.7 · 109 2.6 · 10−3 4.67 9.94 · 10−6

odd tip 4.9 · 10−2 3.3 · 109 6.7 · 1010 4.4 · 10−2 10.62 2.3 · 10−6

Hexamer

1.8 · 10−13 1.9 · 109 1 · 1022 - 2.95 · 1012 1.4 · 10−6
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FIG. 1. (A) Schematic representation of the growth processes for filament formation: Elonga-

tion/dissociation by one monomer at the even and at the odd tip and association/fragmentation

of two hexamers. (B) Section of the cross-β structure of a Aβ9−40 filament based on experimental

results and viewed from different perspectives. The regions are colored according to their secondary

structure: N-terminal (NT) β-sheet (red), C-terminal (CT) β-sheet (blue) and loop region (gray).

Due to the +2 staggering, the two filament ends are not identical and denoted as even tip (NT

exposed) and odd tip (CT exposed). The gray region indicates the binding site at the even tip

that is filled with water molecules. (C) Amino acid sequence of a single Aβ9−40 peptide. In (A),

ζ = 0 indicates the zero point used for the free energy profiles shown in Figure 2. In (B), dζ = 0

indicates the CT-strand position of the peripheral peptide in β-hairpin conformation.
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FIG. 2. Free energy profiles G in dependence the peptide-filament separation along the filament

axis ζ and selected simulation snapshots resulting from our cluster analysis. (A) Filament elon-

gation by a single monomer at the even tip, (B) elongation at the odd tip and (C) association of

two hexamer fragments. In the snapshots, a small section of the filament is shown to the left and

the binding monomer/hexamer is shown to the right. Water molecules are not shown for clarity.

ζB indicates the position of the bound state (minimum in the profile in agreement with the inter-

peptide spacing observed in the NMR structure). ζC indicates the peptide-filament separation for

which we predict the crossover from the fast docking dynamics to the much slower locking dynamics

(Figure 7). ζS indicates the beginning of the unbound state where the peptide is in solution and

the filament-peptide interactions are zero.
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FIG. 3. (A) Conformational changes of the monomer during filament elongation at the even

filament tip. The changes are characterized by backbone Cα-dRMSD with respect to the idealized

β-hairpin conformation (blue) and radius of gyration RG (red). (B) For fragmentation, the nematic

order parameter P 2 characterizes the peptide alignment in the NT and CT β-sheets and in both

sheets of the associating hexamer. The secondary structure content of the monomer and hexamer

is shown as inset at the top of Figure (A) and (B) in dependence of the separation ζ. The shading

of the bars indicates the content of β-sheet and coil content and the numbers indicate the values

in the bound and unbound state.
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FIG. 4. (A) Average number of hydrogen bonds in dependence of the peptide-filament separation

ζ at the even filament tip. Hydrogen bonds between the filament and peptide are shown in red,

intra-peptide hydrogen bonds are shown in blue. (B) Classification of peptide-filament hydrogen

bonds into native and non-native hydrogen bonds. The hydrogen bonds are further decomposed

into the regions of NT or CT strand involved in their formation. Typical conformations are shown

as insets in the three different regions: 1. Native hydrogen bond formation (bound state), 2.

kinetically trapped conformation due to non-native hydrogen bonds in the crossover region, 3.

non-native hydrogen bond formation during initial docking. (C) Schematic representation of the

hydrogen bonds between filament and peptide resolving the backbone and side chain position of

the bond for the three different regions. The bonds are colored according to their maximal lifetime

Tmax
occ .
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FIG. 5. Expulsion of water molecules to create a dry interface for monomer binding at the even

filament tip. The total number of water molecules in the first hydration layer surrounding the

filament and the incoming peptide are shown as function of the peptide-filament separation ζ (A).

(B) Simulation snapshots of the hydration layer during monomer binding for selected separations

ζ. All snapshots are taken after 50 ns and visualize the water molecules within a distance of 0.3

nm of the peptide and filament. (C) Lateral diffusion coefficient Dlat of the water molecules in the

binding site (indicated by the gray region) in dependence of their position along the filament axis

dζ . The dashed line corresponds to the bulk value for TIP3P water at room temperature [72].
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FIG. 6. Enthalpy and entropy differences between the bound state and the unbound state,

defined as ∆H = Hbound − Hunbound. (A) Illustration of the two states at the even tip. For

∆H < 0, the bound state is energetically favored, while for ∆H > 0, the unbound state is

favored. (B) Decomposition of the enthalpy difference into energetic contributions from peptide-

peptide, peptide-solvent and solvent-solvent interactions with H ≈ UPP + UPS + USS + pV . The

trends are similar for all three growth processes: Elongation at the even tip (red), at the odd

tip (blue) and fragment association (gray). (C) Difference of the total enthalpy H, free energy

G and entropic contribution −TS = G − H. (D) Difference of the number of hydrogen bonds

∆nhb = nbound
hb − nunbound

hb for the individual contributions and the total system.
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FIG. 7. Top row: Position-dependent diffusion profile D(ζ) and free energy profile G(ζ) along the

peptide-filament separation ζ: (A) Elongation by monomer addition at the even tip, (D) elongation

at the odd tip and (G) association of two hexamer fragments. Middle row: Rescaled free energy

profiles G̃(q) for a constant diffusion profile D = Dunbound along the generalized coordinate q

according to Eq. 4. The rescaled profiles contain the full kinetic information for fibril growth.

Bottom row: Mean first passage time for binding τon(q) and for unbinding τoff(q) dependent on

the position q along the rescaled free energy profile G̃(q). The values are given relative to the total

binding time τb or unbinding time τub (provided in the insets). The gray areas indicate a time

scale gap of τdock/τlock ∼ 10−4 − 10−2 between the fast dynamics in the docking region and the

slow dynamics in the locking region. ζC indicates the position for which we predict the crossover

from docking to locking. ζB and ζS indicate the bound state and the unbound state, respectively.
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