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Chapter 1

Introduction

1.1 Exploiting Self-Assembly

The rise of nanotechnology has promised the development of novel materials with special prop-
erties. Yet, designing such materials de novo is far from easy. In nature, complex materials - e.g.
silk fibrils, plant cell walls, exoskeletons - are generally the result of biological self-assembly
processes. Self-assembly is likely to provide the most succesful strategy toward building a
wide variety of nanostructures [1, 2]. Wikipedia, the first resort when in need of a straight-
forward explanation, defines self-assembly as a “process in which a disordered system of pre-
existing components forms an organised structure or pattern as a consequence of specific lo-
cal interactions among the components themselves, without external direction” [3]. Molecular
self-assembly is governed by weak, non-covalent interactions such as hydrogen bonding, π-π-
stacking and van der Waals forces. While these forces are relatively weak, in general the self-
assembling molecules can still get trapped in undesired conformations hampering the design of
self-assembling materials.

In the last decade, researchers in the field of material science have come to realise the promise
amyloid-like protein fibrils hold as nanomaterials [4–6]. The main attractive features of these
fibrils are that they are biocompatible and biodegradable, they are extremely strong [7] and they
form through self-assembly of their peptide-based building blocks. The self-assembly behaviour
of these peptides is remarkably robust to modifications of the building blocks, enabling the
design of smart, functionalised materials. Moreover, the building blocks can be modified to
induce environmental sensitivity. This way, self-assembly will only happen in response to an
environmental trigger (pH, temperature) and/or the self-assembled structure disintegrates as a
result of a change in environment. Potential applications for these materials include self-healing
coatings, tissue engineering, generation and degradation of scaffolds for cellular growth, drug
delivery and controlled drug release [2, 5].

In order to facilitate the design of such peptide-based nanomaterials it is crucial to be able to
predict the structures as well as the kinetics of the self-assembly process. This means that a de-
tailed understanding of the physico-chemical principles underlying the process of self-assembly
of these peptides is essential.

As amyloid fibril formation has been studied extensively, the remainder of this chapter is
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largely devoted to providing a background on amyloid fibrils, their discovery, structure and
formation. Subsequently, some promising examples of amyloid-inspired biomaterials will be
discussed. We will end this chapter outlining the aim of this thesis as well as the approaches
used.

1.2 Natural Amyloids

Amyloid fibrils - long, insoluble, ordered fibrils with a typical cross-β X-ray diffraction pattern -
are best known for their implication in numerous diseases, commonly referred to as amyloidoses
[8, 9]. In the early 1900s, Alois Alzheimer - a German psychiatrist and neuropathologist - was
the first to show the amyloid structures making up the senile plaques found in the brains of
patients diagnosed with Alzheimer’s disease [10]. Later similar structures were identified for
other diseases including Parkinson’s, type II diabetes and Huntington’s (see table 1.1). Years of
research have shown that amyloidosis can be systemic or localised and sporadic or hereditary.
Amyloid deposits can be formed extracellularly or intracellularly. The proteins associated with
the various diseases differ markedly in both sequence, length and native structure, ranging from
natively disordered proteins to proteins with a well-defined secondary structure [11].

Protein Species Disease or function
Aβ human Alzheimer’s disease
IAPP human Type II diabetes
α-synuclein human Parkinson’s disease
Huntingtin human Huntington’s disease
Prion protein sheep, cow, human Spongiform encephalopathies (e.g. BSE)
Insulin human Injection-localised amyloidosis
γ-crystallin human Cataract
β2-microglobulin human Hemodialysis-related amyloidosis
Transthyretin (TRR) human Senile systemic amyloidosis
Tau protein human Alzheimer’s disease and Pick’s disease
Curlin E. coli Mediate binding to inert surfaces/host proteins
Silk fibroin B. mori (silkworm) Protect oocyte
Spider silk all spiders Web frame and reinforcement, prey capture
Urep2 (prion) S. cerevisiae Promote uptake from poor nitrogen sources
Sup35p (prion) S. cerevisiae Confer new phenotype PSI+
Rnq1 (prion) S. cerevisiae Confer new phenotype RNQ+
HET-s (prion) P. anserina Trigger programmed cell death
Pmel17 human Melanin formation

Table 1.1: A far from complete overview of naturally occurring amyloid-forming proteins. Above the
dividing line disease-related amyloid forming proteins are listed, below the line functional
amyloids. For a more exhaustive list we refer to refs. [11] or [12].

For a long time, the fibrils were thought to be the main causative agents in amyloidoses. This

10



view was supported by the fact that fibrils isolated from diseased brain tissue are toxic to cul-
tured neuronal cells [13–15]. However, more recently experimental evidence has accumulated
indicating that not the mature fibrils but their precursors, low-molecular-weight oligomers, are
the main pathological agents [12, 16–19]. This suggests that the fibrils may be formed as a way
of getting rid of the toxic oligomers.

In the past decade, researchers have identified an increasing number of naturally occuring
proteins assembling into amyloid fibrils with functional rather than disease-related properties
(see table 1.1) [12,20,21]. These non-disease related amyloids have remarkably diverse functions.
One of the first discoved were the curli fibrils produced by E. coli [22]. These fibrils form a coat on
the surface of the bacteria which protects them against various anti-microbial agents and gives
them surface adhesion and invasion capacities [23, 24]. A completely different functionality is
found in yeast, where prion proteins are used to confer novel phenotypes [25–28]. A recent
study showing that mammals store many hormones as amyloid deposits within their secretory
glands [29] illustrates the fact that functional amyloid formation must be highly regulated.

Figure 1.1: Hierarchical structure of spider silk. At the macroscopic level a web consisting of bundles
of silk fibrils is observed. Zooming in shows the crystalline hydrophobic blocks embedded
in the amorphous phase made by the hydrophilic domains. Zooming in even further reveals
that the hydrophobic nano-crystals consist of β-strands held together by hydrogen bonds.

Another example of functional amyloid-like fibrils is well known from every-day life: silk.
Silk is produced by spiders and by insects of the order Lepidoptera (butterflies, moths and
mites) to fullfill a range of functions including nest building, web formation, egg protection and
structural roles in cocoon formation [30, 31]. The most extensively studied silks are those of
the B. mori silkworm - which has been used to make for instance luxury fabrics, medical su-
tures and parachutes - and the dragline silk of N. clavipes. Silk proteins can be seen as natural
block copolymers: large, hydrophobic domains are interspaced with smaller, hydrophilic do-
mains. The hydrophobic domains consist mainly of poly(Gly − Ala) or poly(Ala) repeats, the
latter being more common in spider silks. Upon spinning the hydrophobic domains form or-
dered nano-crystals which are structurally similar to amyloid fibrils. The crystalline domains
are embedded in an amorphous matrix formed by the hydrophilic domains (see fig. 1.1). The
crystalline regions provide strength to the fribril, whereas the amorphous regions provide ex-
tensibility. Altering the conditions under which the silk fibers form (for instance temperature,
pH, pressure, reeling speed) allows for very tight control of its structural and mechanical prop-
erties [30, 32–34] thereby enabling the production of the optimal silk for a given purpose.
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1.3 Amyloid-like Fibril Structure

For a long time a section entitled “fibril structure” would have started with a statement like
“amyloid fibril structures cannot be determined in detail at a molecular level as they are not
crystalline and are too large to be studied by solution NMR spectroscopy” [12]. Until a few years
ago, the only structural information available came from imaging techniques like transmission
electron microscopy (TEM), atomic force microscopy (AFM) and X-ray fibre diffraction. [35]. All
amyloid fibrils have a so-called cross-β X-ray diffraction pattern with an intense peak corre-
sponding to the interstrand distance of 0.47 nm and another peak corresponding to the packing
distance between two sheets (typically 0.6-1.1 nm). Experiments indicate that the fibrils consist
of 2 to 6 protofilaments, each 2 to 5 nm in diameter, twisting together to form rope-like fibrils
with a length of several tens of nanometers [36, 37]. In each protofilament, the proteins or pep-
tides form β-strands running perpendicular to the fibril axis. Recent advances in application
of solid state NMR (ssNMR) to fibrils [38–40] and successes in growing nano- or microcrystals
of small amyloidogenic peptides for X-ray diffraction [35, 41, 42] have provided a number of
high-resolution structures of amyloid fibrils.

The structures of the fibrils formed by small peptides confirm the long-established view
that the protofilaments are made of β-sheets with individual strands running perpendicular to
the fibril axis and hydrogen bonds running parallel to the fibril axis. The β-sheets associate
via side-chain packing, where the facing side-chains of two sheets form a dry “steric zipper”
interface [35]. Fig. 1.2 shows the different classes of steric zippers.

Which class is preferred by a certain peptide or protein depends on the sequence [43]. In
general, parallel orientation of the strands is preferred as this allows for the most efficient pack-
ing in interface formation. Anti-parallel arrangements become more attractive when charged
residues are present. Face-to-face or face-to-back and up-up or up-down arrangements depend
mainly on how the exposed hydrophobic surface can be most efficiently minimised.

Solid state NMR has been applied to larger fibril-forming proteins and peptides. The re-
sulting structures reveal two main classes: the standard cross-β structures and the β-solenoid
structures (also termed β-helix). Both are β-sheet based sructures but they differ in the exact
fold of the monomeric peptides within the fibril. Fibrils formed by the Aβ peptide (1-40 or 1-42)
are an example of the first class [38, 39, 44]. As shown in Fig. 1.3a, the individual peptides form
a strand-turn-strand hairpin, where the strands interact through their sidechains. Individual
hairpins align and interact through hydrogen bonds to form a fibril with strands running per-
pendicular to the fibril axis. Two such fibrils stack through the formation of a dry steric zipper
interface as was observed for the fibrils formed by short peptides. An example of the second
class is found in the fibrils formed by the HET-s prion protein [40,45]. Here, the individual pep-
tides form a triangular structure with a dry hydrophobic core formed by the sidechains. These
triangles stack to form a β-solenoid as shown in Fig. 1.3b.

Although less well known than the β-hairpin or β-sheet, β-solenoids are not all that uncom-
mon in nature. The most striking example may come from certain insect antifreeze proteins
(AFP) [46]. Antifreeze proteins adsorb to a growing ice front thereby introducing local curva-
ture. This curvature makes it thermodynamically unfavourable for water molecules to attach to
the ice lattice, thus effectively lowering the freezing temperature. It was found that insect AFPs,
which form a β-helix, are much more active than the α-helical fish AFPs [47].
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Figure 1.2: The eight possible classes of steric zippers in amyloids as classified by Sawaya et al. [35]. The
β-strands within a sheet can be oriented parallel or anti-parallel. Two identical sheets can
stack either face-to-face or face-to-back, where face-to-face means that the same faces interact
to form the steric zipper interface. Furthermore, both sheets can have the same edge of their
strands up (up-up) or one up and one down (up-down). Note that out of eight possible
classes, only five have been observed so far. For these five classes typical peptide sequences
are listed.
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8: Structural models for A 1- 40 fibrils with F19/L34 internal quaternary contacts, C2z symmetry, and either STAG(
2) stagger (c, d). Models were generated by a restrained molecular dynamics and restrained energy minimization protocol,

(a) (b)

Figure 1.3: Fibril structure of the (a) Aβ peptide [44] and the (b) HET-s prion protein [40] as elucidated
with ssNMR. Both structures consist of β-strands running perpendicular to the fibril axis.
However, in the case of Aβ individual peptides form a hairpin-like structure resulting in a
standard cross-β structure for the fibril. On the other hand, in the case of the Het-s prion
individual peptides form a triangle resulting in a β-solenoid fibril.

So far, only structures with a parallel orientation of β-strands within one sheet have been
observed for fibrils formed by larger peptides.

1.4 Fibril Formation

Soon after their discovery in relation to disease, it was proposed that the fibrillar state could
in fact be an energetically stable alternative for the native state in many, if not all, proteins. In
1935 the British biophysicist William Astbury observed the cross-β diffraction pattern typical for
amyloid fibrils when experimenting on denatured albumin proteins in poached egg white [48].
He speculated that all proteins could have a fibrous state as well as a globular state. Indeed,
since Astbury’s pioneering work it has been shown that, when removed from their native tem-
perature or pH, numerous globular proteins converted to fibrils and the idea that depending on
the conditions most proteins can form amyloid fibrils is now widely accepted.

These observations indicate that polypeptide aggregation is part of an extended picture of
protein folding [49]. Most proteins fold to a well-defined native state after synthesis or after
denaturing in experiments. Folding has to happen within a biologically relevant timescale and
usually takes between µs and minutes. This is much faster than can be expected for a random
search through all accessible configurations, a concept commonly referred to as Levinthal‘s para-
dox [50].

Experiments and simulations indicate that protein folding is, in fact, a highly cooperative
and sequential process [51]. The conformational space available to a polypeptide under given
conditions is often visualised using a free energy landscape [52,53] (see for example Fig. 1.4). For
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Figure 1.4: Free energy landscape including both folding and aggregation. On the left, structures rep-
resenting states available in certain wells are shown in the landscape. On the right, possible
pathways linking these different states are indicated [49].

small, fast-folding peptides, the free energy landscape resembles a funnel that rapidly guides
the peptide towards the native state. Larger polypeptides generally have a more rugged free
energy landscape that includes on- and off-pathway partially folded states. Overall, two main
mechanisms for single domain protein folding are distinguished [54]: the diffusion-collision
mechanism and the nucleation-condensation mechanism (see Fig. 1.5). In the diffusion-collision
mechanism secondary structure elements form fast and are (meta)stable. These elements dif-
fuse around until they encouter each other and form the native structure. In the nucleation-
condensation mechanism, the native state can only be reached through the formation of a fold-
ing nucleus (TS).

Above a critical protein concentration, the free energy landscape is further complicated as
polypeptides can interact and form assemblies and, eventually, amyloid-like fibrils as indicated
by the darker grey part of the landscape in Fig. 1.4. Fibril formation can follow various routes
as indicated on the right in Fig. 1.4. Generally, the polypeptide has to be partially unfolded [11]
to enable specific intermolecular interactions necessary for oligomerisation. For natively un-
folded (intrinsically disordered) proteins this means that a partially folded conformation is in-
volved [11, 55]. For folded proteins this means that fibril formation occurs via partial unfolding.
These partially folded conformations (I) can assemble into ordered (OA) or amorphous aggre-
gates (AA) which can subsequently rearrange to form a fibril, either directly or via an oligomeric
intermediate (O). However, the polypeptide may also form ordered or amorphous aggregates
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Figure 1.5: The two main mechanisms of protein folding and free energy landscapes associated with
them [54]. In the left window, U refers to the unfolded state, N to the native state and TS
to the transition state. In the right window, Q refers to the reaction coordinate and F to the
free energy. In the diffusion-collision mechanism (left, top route) secondary structure ele-
ments form fast and are (meta)stable. They diffuse until the native structure is found. In
the nucleation-condensation mechanism (left, bottom route) a folding nucleus (TS) has to be
formed before the native state can be reached. On the right, the folding free energy land-
scape of the diffusion-collision mechanism (top) changes into the free energy landscape of the
nucleation-condensation mechanism (bottom) depending on the stability of the secondary
structure elements.

directly from the unfolded state. Also, the native-to-fibril transition may occur through the for-
mation of native-like oligomers which subsequently undergo structural rearrangement to form
amyloid-like protofibrils [12, 56]. Besides on-pathway oligomers, also off-pathway oligomers
can be formed [12].

The free energy landscape for a given polypeptide sequence depends largely on the environ-
ment. Changes in polypeptide concentration, pH, salt concentration, temperature etc. affect the
landscape significantly and can shift the free energy minimum towards the fibril state as was
proposed by Astbury [48].

The kinetics of fibril formation is generally considered as a nucleation-and-growth process.
The nucleation step involves the formation of a small, energetically unfavourable aggregate
called a nucleus or seed. Once this nucleus is formed, fibril growth proceeds downhill. Nucle-
ation is often the rate-limiting step in this process, resulting in a lag phase which can be observed
experimentally. Seeding (adding preformed nuclei) the experimental sample has been observed
to shorten this lag phase or even abolish it, proving the importance of nucleus formation [57].
The absence of a lag phase does not necessarily mean that no nucleus is formed, but rather that it
is no longer the rate-limiting step in conversion from a soluble protein to an amyloid-like fibril.

Once a stable fibril has formed, growth is thought to occur by incorporating one peptide
monomer at a time [58]. This is a two-step process referred to as the “dock-lock” mechanism
[58–61]. In the first step, the monomer binds reversibly to the fibril. This docking step is followed
by locking of the peptide. In this last step the peptide changes conformation to commensurate
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with the underlying fibril template, thereby optimising its binding to the fibril.

1.5 Amyloid Fibrils as Novel Nanomaterials

Over the past years, amyloid-like fibrils have been a source of inspiration for material scientists:
they are strong, they have a well-defined nanostructure that results from self-assembly and they
can be modified to engineer-in functionality. As the amyloid-like fibril seems to be a common
alternative stable state for many - if not all - polypeptides many potential building blocks are
available that may be suited for different applications. We will now discuss some promising
examples of amyloid-inspired materials.

One of the earliest examples of functionalised amyloid fibrils comes from the Lindquist
group [62]. They genetically modified an amyloid forming sequence from the yeast Sup35p
prion in such a way that it displayed a surface-accessible cysteine residue. Once these peptides
have self-assembled into fibrils they can be coated with silver or gold by exposure to silver or
gold enhancement solutions. The resulting wires have excellent electronic properties and can
be used in nano-electronic circuits [62]. Another elegant example uses a fibril-forming fragment
of transthyretin (TRR) to drive the assembly of chromophores [63]. The chromophores are at-
tached to the C-terminus of the peptide and are incorporated into the fibril in a concentration
dependent ratio. As the selected chromophores promote resonance energy transfer, the resulting
system mimics natural light-harvesting structures in capturing and transporting light.

For most potential applications it would be useful if fibril formation and/or degradation
is controlled by environmental factors. Therefore many studies have aimed to engineer-in such
dependence. For example Schneider and coworkers have engineered pH, ionic strength, UV and
temperature dependence into the fibril formation mechanism of a designed peptide [64–67].

pH 7

pH 2

Figure 1.6: The process of fibril formation in silk-based block copolymers. At neutral pH, both the hy-
drophilic blocks (light grey) and the silk-based block (dark grey) are soluble, random coils.
Once fibril formation is triggered - in case of the Glu-containing silk-based blocks by lowering
the pH - the silk-based blocks fold into an amyloid-like structure with high β-content. There
structures stack to form the core of the fibril, while the hydrophilic blocks remain soluble and
form a corona around this core.

Although it is possible to design peptides with specific fibril formation mechanics [64–67],
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many studies to date employ modified versions of naturally occurring amyloids [62, 63, 68]. An
extensively studied set of systems belonging to this last group are the silk-based block copoly-
mers [69–72]. Typically, the silk-based block in these copolymers consists of many repeats of the
sequence ((Gly−Ala)nGly−X), where n determines the strand length and X is typically a bulky,
hydrophilic amino acid that disrupts the tight fibroin-like packing promoted by the Gly − Ala
repeats. Fibril formation can be made pH-dependent if X can be (de)protonated. For instance,
if glutamate is chosen as residue X, fibrils will only form at low pH when the Glu sidechain is
protonated [70, 71]. The silk-based block is attached to hydrophilic blocks, which prevent ran-
dom aggregation. It should be noted that the silk-based blocks fold into a structure resembling
an amyloid fibril. These structures stack to form micrometer long fibrils or tapes as illustrated
in figure 1.6. These fibrils form dilute gels with a surprisingly high stiff modulus [71], and as
such are promising candidates for novel materials like artificial tissue.

1.6 Aims and Outline of this Thesis

In order to facilitate the design of amyloid-inspired nanomaterials, detailed understanding of
the self-assembly mechanism is crucial. While experimental approaches are well-suited to study
the final structures formed by the designed polypeptides under several conditions, they do not
yield direct insight into the mechanism of fibril formation on a molecular scale. On the other
hand, computational approaches, most notably all-atom molecular dynamics simulations, can
in principle be used to study these processes at molecular resolution. Molecular dynamics sim-
ulations are well suited to study biomolecular systems with large collective motions.

In this thesis we will employ molecular simulations in order to gain insight into the pro-
cesses involved in fibril formation. As illustrated in Figs. 1.1 and 1.6, fibrils are hierarchical
structures covering a range of scales going from peptides (≈ 2 nm), oligomers (≈ 1-10 nm) to
fibrils and fibers (≈ 1 to 100 µm). The hierachical nature of these systems necessitates a multi-
scale modelling approach [73].

The general idea of multiscale modelling is shown in Fig. 1.7. Each system with its corre-
sponding length- and time scale has a natural description level, going from very detailed for
small systems to highly coarse-grained for large systems. The gain in time- and length scale are
thus offset by a loss in resolution.

Multiscale modelling can be either concurrent or hierarchical. For certain systems it would
be interesting to use two description levels simultaneously in a hybrid simulation. For instance
using a quantum level description for the active site of an enzyme while simulating the rest
of the protein at atomistic resolution in a so-called QM/MM simulation or using an atomistic
description for the peptide of interest and a coarse-grained description for the environment. Al-
though such hybrid schemes can be very useful for certain systems, they are not straightforward
to implement [74]. Therefore, to date, most multiscale modelling studies involve a hierarchical
scheme, rather than a concurrent scheme. In hierarchical multiscale modelling, the system is
simulated at one description level in one simulation and at another level in a different simula-
tion. The results at the different levels can subsequently be integrated into one coherent picture.

Apart from changing the description level, it is possible to reach longer timescales for a
certain system size and description level through the combination with rare event methods.
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Figure 1.7: Multiscale approach. Different time and length scales have their own natural description
level, indicated by the diagonal elements. The off-diagonal elements offer methods to reach
longer time scales (rare event methods) or larger system sizes (QM/MM or AA/CG hybrid
methods).

Rare event methods are essential to overcome the high free energy barriers causing the long
time scales in complex systems.

Chapter 2 aims to provide the necessary background understanding of the simulation meth-
ods used in this thesis.

The rest of this thesis is divided into two parts. In Part 1 (Chapters 3-6) we will focus on
hierarchical multiscale modelling of the silk-based block copolymers developed by Martens et
al. [71]. Crucial experimental input - such as AFM and TEM imaging, small angle X-ray scatter-
ing (SAXS) and circular dichroism (CD) - for this system is provided by the Physical Chemistry
and Colloid Sciences group of Wageningen UR. The experiments use a silk-based block with
the sequence ((Gly − Ala)3Gly − Glu)48 flanked by hydrophilic collagen-based blocks of ap-
proximately 200 amino acids per block. Lowering the pH will neutralise the charge of the Glu
sidechain triggering folding and assembly of the silk-based blocks. The hydrophilic flanks do
not change conformation in response to a change in pH and remain water-soluble. Their main
role is in limiting random aggregation of the silk-based blocks.

In Chapter 3 the structure of the silk-based block under fibril-forming conditions is studied.
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We show that the structure of the silk-based block is solvent-dependent: in aqueous solution
the silk-based block forms a β-roll whereas in methanol a flat β-sheet is preferred [75]. These
simulations required the high accuracy obtained with an atomistic description. In order to keep
atomistic simulations feasible, we did not take the hydrophilic blocks into account and simu-
lated a smaller (but representative) silk-based block.

To obtain insight into fibril formation and the effect of the hydrophilic blocks, a coarse-
grained description is necessary as atomistic simulations of such huge systems are not feasible
with the currently available computer power. Chapter 4 discusses the strategy we used to de-
velop such a coarse-grained force field for our system. While the resulting force field may not
be directly transferable to other systems, the strategy we outlined can easily be applied to other
systems when a coarse-grained force field needs to be developed.

In Chapter 5 we use all-atom and coarse-grained simulations in combination with enhanced-
sampling methods to gain insight into the self-assembly mechanisms of the block copolymers
at different levels. The contribution of the silk-based block is studied in detail using all-atom
simulations, whereas the coarse-grained force field is used to study the effect of the hydrophilic
blocks.

Due to the ruggedness of the folding free energy landscape, our approach so far does not
allow us to start with a completely unfolded polymer and follow the entire folding and assem-
bly process. As folding and assembly are likely to be intertwined it is crucial to simulate this
entire process. In Chapter 6 a lattice model Monte Carlo approach is used to study folding and
assembly of the silk-based block with and without flanking hydrophilic blocks. Lattice models
are very efficient compared to off-lattice models, thereby enabling simulation of one or more
completely unfolded polymers to elucidate the interplay between folding and assembly.

Part 2 (Chapter 7) of this thesis deals with the dynamical process of attachment of peptide
monomers to a growing amyloid-like fibril. The system under study is the LV EALY L hep-
tapeptide derived from the peptide hormone insulin. Such small peptides are often studied
as representatives for their full-length counterpart but are also attractive building blocks for
amyloid-inspired biomaterials. The system is relatively small allowing for a full-atom descip-
tion. We employ rare-event methods, most importantly transition path sampling, to elucidate
key steps in docking and locking of the peptide with the fibril template.
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