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Amyloid fibril formation is believed to be a nucleation-controlled process. Depending on the nature of peptide sequence fibril

nucleation can occur in one step, straight from a dilute solution, or in multiple steps via oligomers or disordered aggregates. What

determines this process is poorly understood. Since the fibril formation kinetics is driven by thermodynamic forces, knowledge

of the phase behavior is crucial. Here, we investigated the phase behavior of three short peptide sequences with increasing side-

chain hydrophobicity. Replica exchange molecular dynamics simulations of a mid-resolution model indicate that the weakly

hydrophobic peptide forms fibrils directly from solution, whereas the most hydrophobic peptide forms a dense liquid phase

before crystallizing into ordered fibrils at low temperatures. For the medium hydrophobic peptide we found evidence of a novel

additional transition to a liquid phase consisting of clusters of aligned peptides, implying a three step nucleation process. We

tested the robustness of this prediction by applying Wertheim’s theory and statistical associating fluid theory to a hard-sphere

model dressed with isotropic and anisotropic attractions. We find that the ratio of interaction strengths strongly affects the

phase behavior, and under certain conditions indeed gives rise to a stable polymerized liquid phase. The peptide clusters in the

associated liquid tend to be slow and long-lived, which may give the oligomer droplet more time to act as a toxic oligomer, before

turning into a fibril.

1 Introduction

The aggregation of freely soluble peptides and proteins into

well-organized amyloid fibrils occurs both in vivo and in vitro,

and, perhaps surprisingly, even for globular proteins1. Be-

sides its important role in the neurodegenerative diseases such

as Alzheimer’s, Parkinson’s, etc.2–5, peptide self-assembly

plays a functional role in organisms such as bacteria6,7 and,

moreover, may be utilized in the fabrication of nanostruc-

tures, medicine and other biotechnological applications8,9.

The mechanism of amyloid fibril formation is poorly under-

stood, but is of considerable interest because early amyloid ag-

gregates are considered toxic4. Experimental data10 points to

a common shared mechanism of nucleation and growth for the

self-assembly of peptides. Unfortunately, current techniques

cannot yield detailed molecular information on nucleation and

growth processes. Intermediate oligomeric species may be

too short-lived11 and many independent stochastic events con-

tribute to the self-assembly12, thereby complicating a compre-

hensive description. Molecular simulations can give insight in

such processes, and aggregation of various peptides has been

successfully studied in the past using a variety of CG models

and sampling techniques13–25. Yet, investigating the fibril nu-
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cleation process itself has remained difficult due to the long

time scales involved.

As a simple first approximation to the aggregation process,

the classical nucleation theory (CNT)26–28 describes the for-

mation of a (spherical) critical nucleus of an ordered (fibril)

phase within the monomer solution. However, recent stud-

ies29,30 have shown that the kinetics of amyloid fibril forma-

tion cannot be fully described by CNT. Indeed, fibril growth

may occur along the fibril axis through monomer addition, as

well as along the thickening axis through protofilament as-

sociation31, whereas CNT assumes the growth of nuclei to

be strictly one-, two- or three-dimensional. The growth di-

rection is a direct consequence of the interplay of directional

and non-directional interactions32,33. For peptides, the com-

bination of a non-directional interaction, due to hydrophobic

forces, and directional interactions such as hydrogen bond-

ing, leads to complex non-classical nucleation behavior. The

relative strength of these interactions is determined by the

amino acid sequence, and strongly affects the followed nu-

cleation pathway. For weakly hydrophobic peptides, aggre-

gation is dominated by bond formation and peptides may fib-

rilize directly in solution, a process known as one-step nucle-

ation (1SN). In 1SN growth occurs via the dock-lock mecha-

nism34–36, where monomers first dock to the end of a grow-

ing fibril, and then lock into place. For strongly hydrophobic

peptides, fibril formation is preceded by the hydrophobic col-
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lapse of peptides into a disordered oligomer, known as two-

step nucleation (2SN). In the 2SN pathway, peptides associate

in droplets to form nuclei from which further crystallization

takes place37. The free energy barrier associated with the for-

mation of such nuclei is a function of the energy of monomer

activation to an aggregation prone state38,39, the nucleus sur-

face and the free energy change associated with transferring

a monomer from the bulk to the nucleus. Short peptides with

a low activation energy form one-dimensional chains, and as

such have a low free energy barrier for the formation of nuclei.

The nucleation behavior is in first place determined by the

thermodynamics of the system, therefore we focus here on the

phase behavior of amyloidogenic peptides. This has two aims:

first, to provide a basis for understanding the kinetic nucle-

ation process. Second, we examine the possibility of an asso-

ciated liquid phase, an additional intermediate between disor-

dered oligomer and the fully formed fibril, in which chains of

aligned peptides coexist in a liquid droplet. Employing replica

exchange molecular dynamics (REMD) of a coarse-grained

(CG) protein model we provide evidence for such an asso-

ciated peptide liquid as a stable intermediate during two-step

nucleation. We studied three segments of varying hydrophobic

strength, each of which follow a different aggregation pathway

to the fibril state, namely GNNQQNY from the Sup35 protein,

the hydrophobic core segment KLVFFAE of Amyloid-β , and

VEALYL from the human insulin B chain. As expected, we

found that with increasing hydrophobicity the fibril mecha-

nism switches from one to two-step nucleation. However, in

the 2SN pathway, where monomers readily collapse into dis-

ordered oligomers due to hydrophobic interactions, we found

evidence for a transition to a liquid of associated peptides. The

aligned peptide clusters in the associated fluid state have slow

intrinsic dynamics, making them long lived. It is well known

that oligomeric intermediates are involved in several neurode-

generative diseases, such as Alzheimer’s disease40, therefore

this finding might be relevant for understanding the toxicity of

early amyloid oligomers.

Since the protein force field is coarse-grained, it is impor-

tant to assess the robustness of our prediction. We do so by

establishing the phase behavior of a simple patchy particle

model employing Wertheim’s theory41–44 and statistical asso-

ciating fluid theory45,46. This allows for the prediction of the

phase diagrams as function of the hydrophobic strength. We

find that the phase diagrams predicted are in agreement with

the SN1 and SN2 nucleation scenario’s. Moreover, we are able

to identify within the theory the existence of the associated liq-

uid state, for certain conditions and interaction strengths, thus

showing that the findings obtained with the coarse-grained

protein model are robust.

The remainder of the paper is organized as follows. In Sec-

tion 2, we introduce the simulation details, as well as the sta-

tistical mechanical theory. In Section 3, we first present and

discuss the results of the REMD simulations, followed by a

discussion of the predicted phase diagrams. We end with con-

cluding remarks.

2 Methods

2.1 Simulations

As full atom simulations of fibril formation are notoriously

difficult to converge, we conducted REMD simulations us-

ing the CG model by Bereau and Deserno47. This model of-

fers full sequence specificity and is of higher resolution than

most other models, and includes the important back-bone hy-

drogen bonds. Furthermore, the model is not biased towards

any particular secondary structure, but parameterized such that

both α-helical and β -sheet structures are equally accessible,

thereby making the model more generic and realistic. This is

partly achieved by including dipole interactions between car-

bonyl and amide groups involved in bonding, which are of-

ten ignored in CG models48. Finally, the model is publicly

available and easy to implement within the ESPResSo49 MD

package.

We employed the ESPResSo MD package using Langevin

dynamics with a 2 fs timestep. N ∈ {8,12,20} peptides

were solvated in a cubic, periodic simulation box with lengths

L = 36.8, 42.2 and 50.0 Å, respectively, corresponding to a

concentration of ∼ 0.25 M for all systems. The chosen con-

centration is sufficiently low for a thermodynamically stable

gas phase at high temperatures, but high enough to avoid dif-

fusion problems. For GNNQQNY we distributed 24 replicas

from 240 to 600 K using a geometric spacing50, optimized

the temperature distribution aiming for a flat acceptance rate

of 25%, and simulated for 480 ns with 6 ps between each ex-

change. For both VEALYL and KLVFFAE we distributed 16

replicas between 240-420 K. Initiating from the solution, we

simulated for 2 µs with increased swap time (50 ps) to grant

the system more time to relax between exchanges. We ana-

lyzed the equilibrated data using weighted histogram analy-

sis (WHAM)51, WORDOM52 for a nematic order parameter

analysis53 and home-written scripts for cluster analysis.

To obtain more insight into the early steps of aggrega-

tion we study the dimerization process of each peptide, by

performing additional REMD simulations for a small system

(L = 34.8 Å) containing two peptides. We spaced 16 replicas

geometrically between 240 and 420 K, set the replica swap

time to 10 ps and simulated for 800 ns in total.

2.2 Statistical mechanical theory

Given two types of interactions: i) an isotropic attraction due

to side chain hydrophobicity and ii) a directional interaction

that favors alignment of strands in a β -sheet, we turn to a
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highly simplified model that captures the essential physics of

the peptide self-assembly process, and study this model us-

ing statistical associating fluid theory (SAFT)45,46. We start

by viewing the peptides as simple hard-spheres of diameter σ
with two patches on opposite sides. The hydrophobic interac-

tions of peptides in water are known to decay with distance as

the van der Waals-dispersion force54. Therefore we employ a

van der Waals potential to represent the hydrophobic interac-

tion between peptides:

Uhp(ri j) =

{

∞ ri j < σ ,

−εhp

(

σ
ri j

)6

ri j ≥ σ ,
(1)

where εhp is the associated interaction strength and ri j is the

inter-particle distance. For the patch potential we use the ra-

dial part of the 12-10 Lennard-Jones (LJ) hydrogen bonding

potential, as used in the coarse-grained model by Bereau and

Deserno47, and add an orientation-dependent term f (~Ωi,~Ω j)
to favor alignment of strands in a β -sheet:

Uhb(ri j,~Ωi,~Ω j) =εhb

[

5

(

σhb

ri j

)12

−6

(

σhb

ri j

)10
]

(2)

× f (~Ωi,~Ω j) (3)

Here, εhb is the interaction strength due to hydrogen bonding

and σhb is the hydrogen bond equilibrium distance. For the

orientational part of the potential we follow the model of Kern

and Frenkel55, where a patch A with orientational unit vector

êA on particle i interacts with a patch B with orientation êB on

particle j if the inter-particle vector~ri j intersects both patches:

f (~Ωi,~Ω j) =







1 if

{

êA · r̂i j ≤ cosα,
and êB · r̂ ji ≤ cosα,

0 otherwise,
(4)

where r̂i j denotes the unit vector along~ri j and α is the solid

angle of a patch (Fig. 1, left). By applying SAFT we can de-

rive all thermodynamic properties of a system containing such

particles. SAFT was developed using Wertheim’s Thermody-

namic Perturbation Theory (WTPT)41–44, and has been suc-

cessful in describing the phase behavior of a wide range of

fluids at high and low pressures56,57. In first-order WTPT, the

free energy contributions from the isotropic interaction poten-

tial and the presence of bonding sites may be added as pertur-

bations to the Helmholtz free energy density of a hard-sphere

fluid:

f = fhs + fhp + fhb, (5)

For the hard-sphere reference state we use the Carnahan-

Starling approximation58, for which the free energy density

and pressure are given by

(

fhs

ρkBT

)

fluid

= kBT ρ

[

lnρ −1+
4η −3η3

(1−η)2

]

, (6)

(

Phs

ρkBT

)

fluid

=
1+η +η2 −η3

(1−η)3
, (7)

(8)

where kB is Boltzmann’s constant, T the temperature, ρ the

number density and η = (π/6)ρσ3 the packing fraction. The

contribution from the van der Waals perturbation is calculated

using a mean-field approach, and is given by

(

fhp

)

fluid
=−

2

3
σ3ρ2εhp. (9)

The change in pressure and chemical potential due to the

perturbing forces can be calculated through the relation P =
µρ − f , where µ = (∂ f/∂ρ)T . The bonding contribution to

the free energy density can be obtained from SAFT:

( fhb)fluid = kBT ρ

[

lnX −
X

2
+

1

2

]

, (10)

where X is the fraction of non-bonded patches in the system.

For the calculation of X we consider the following reaction

scheme45,59,60:

A1 +A1 ↔ A2,

A2 +A1 ↔ A3,

...

AN−1 +A1 ↔ AN

where the equilibrium constant for the reaction between two

non-bonded patches equals 2∆, and is defined by

∆ =
∫

ghs(ri j)〈e
−Uhb,att(ri j ,~Ωi,~Ω j)/kBT −1〉~Ωi,~Ω j

d~ri j

= 4π

[

1

2
−

1

2
cosα

]2
1−η/2

(1−η)3

×
∫

[

e−Uhb,att(ri j ,~Ωi,~Ω j)/kBT −1
]

r2
i jdri j

(11)

where ghs(ri j) = ghs(σ) = (1 − η
2
)/(1 − η)3 is the contact

value of the reference hard-sphere fluid distribution function

in the Carnahan-Starling approximation. The term in brack-

ets denotes an angle average of the Mayer f function over all

orientations ~Ωi and ~Ω j, which becomes a prefactor equal to

the fraction of orientations at which the particles can inter-

act, given by the product of the interacting surface fraction of

each particle: ( 1
2
− 1

2
cosα)2. Note that we only integrate over
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