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Abstract

Protein and peptide aggregation has been intensely studied due to its biological

importance as well as potential technological applications. Despite much effort, the

molecular mechanism of aggregation is still not completely understood. In particular,

the initial aggregation steps are difficult to investigate experimentally. To fill this

gap, the molecular dynamics simulations have been employed as a method which

can give insight into the molecular details of biologically relevant aggregation.

This thesis focuses on the equilibrium properties of mature aggregates and on the

kinetics and molecular mechanism of transient oligomers formation. Those transient

oligomers are potentially more toxic than the mature aggregates. In this thesis the

peptide aggregation is studied as a function of the peptide sequence and the chain

properties. Our results give information about the molecular origin of aggregation

diversity and fibril polymorphism.

Due to the computational cost of all-atom simulations, coarse-grained models

have been applied allowing for larger systems sizes. We used two coarse-grained

models. The first model, developed in our research group, treats each amino acid

residue as one super-atom. Such approach allows for investigating how the generic

peptide properties connected with the peptide backbone influence aggregation. This

model reproduces the diversity of aggregates structures and kinetics observed in ex-

periments as functions of just two parameters, the chain stiffness and the strength

of non-bonded interactions. Moreover, this simple model reveals a new feature, the

chiral fluctuations of small oligomers. Despite the lack of intrinsic chirality of indi-

vidual peptide chains, oligomers undergo spontaneous collective twists. The overall

handedness of aggregates fluctuates between left and right. The life-times of the

twisted states and their amplitudes depend on the cluster mass. The fluctuations,

found by our model, shed light on the origin of the chiral polymorphism observed

in mature fibrils.

In the second part of this thesis, the coarse grained Bereau and Deserno (BD)

model is used. The presence of the side chains allows for investigating the sequence-

dependence of peptide self-assembly. This part focuses on two heptapeptides: a short
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fragment from yeast prion protein, GNNQQNY, and its point mutation, GNNQQNA.

Both peptides aggregate via the two-step mechanism leading to fibril-like structures.

The simulations show that the aggregation slows down when the tyrosine residue

is replaced by alanine. Moreover, this sequence mutation causes differences in the

morphology of the final aggregates and the intermediate oligomers.

Our research indicates that the aggregation kinetics and the aggregate morphol-

ogy depend on the properties of the backbone as modulated by the side chains.

Notably, our simulations show that the structural diversity of final aggregates may

not be reflected by the diversity of monomer and cluster kinetics. Nevertheless, the

internal organization of the initial oligomers parallels the structures of the mature

aggregates, which implies the relevance of early aggregation steps.



Streszczenie

Zjawisko agregacji białek i peptydów cieszy się dużym zainteresowaniem naukowców

ze względu na swoje biologiczne znaczenie, jak również potencjalne zastosowanie

w technologii. Mimo licznych wysiłków, mechanizm molekularny tego procesu nie

został dotychczas całkowicie wyjaśniony. Szczególnie trudne dla badań eksperymen-

talnych jest prowadzenie obserwacji początkowych etapów agregacji. W tym miejscu

z pomocą przychodzą symulacje dynamiki molekularnej, które umożliwiają przyglą-

danie się procesom biologicznym na poziomie pojedynczych cząsteczek.

W przeciwieństwie do często podejmowanych badań równowagowych, niniejsza

praca koncentruje się dodatkowo na kinetyce i mechanizmie formowania początko-

wych oligomerów, które podejrzewane są o większą nawet toksyczność niż dojrzałe

agregaty. Podobieństwa i różnice procesu agregacji zbadane zostały w zależności od

sekwencji aminokwasowej i właściwości łańcucha peptydowego. Wyniki dały wgląd w

molekularne przyczyny obserwowanego polimorfizmu fibryli jak i różnice w przebiegu

samego procesu.

W niniejszej pracy zastosowane zostały modele gruboziarniste, aby zredukować

koszt obliczeniowy i dzięki temu zwiększyć rozmiar badanych systemów w stosunku

do ujęcia atomistycznego. Pierwszym użytym modelem jest rozwijany w naszej

grupie badawczej Model Minimalny, który przedstawia peptydy z dokładnością jed-

nego super-atomu na aminokwas, co odpowiada reprezentacji łańcucha głównego z

pominięciem łańcuchów bocznych. Takie podejście umożliwia prześledzenie wpływu

jaki na agregację wywierają ogólne właściwości peptydów, tzn. takie, które wynikają

ze specyfiki łańcucha głównego. Model ten pozwolił na odtworzenie strukturalnej

oraz kinetycznej różnorodności obserwowanej w eksperymencie jako funkcji dwóch

parametrów, sztywności łańcucha oraz siły oddziaływań niewiążących. Ponadto,

model ten ujawnił występowanie chiralnych fluktuacji dla oligomerów. Pomimo braku

wewnętrznej chiralności, peptydy skręcają się spontanicznie w tym samym kierunku,

przy czym wypadkowa chiralność całego agregatu oscyluje pomiędzy prawo- i lewo-

skrętnością w trakcie symulacji. Czas życia stanów chiralnych, oraz amplituda skrętu,

zależą od masy klastru. Fluktuacje te rzucają nowe światło na pochodzenie polimor-
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fizmu dojrzałych fibryli, obserwowanego zarówno in vitro, jak i in vivo.

W drugiej części pracy wykorzystany został model opracowany przez Bereau

i Deserno (BD). Obecność dodatkowych super-atomów reprezentujących łańcuchy

boczne umożliwia zbadanie wpływu structury I-szo rzędowej na proces samoor-

ganizacji peptydów. W tej części skupiono się na dwóch heptapetydach: krótkim

fragmencie białka prionowego drożdży o sekwencji GNNQQNY, oraz jego jedno-

punktowej mutacji, GNNQQNA. Obie cząsteczki agregują według dwu-etapowego

mechanizmu z utworzeniem fibrylarnych agregatów. Pomimo ogólnych podobieństw,

szybkość agregacji maleje, gdy reszta tyrozynowa zastąpiona zostaje przez alan-

inę. Ponadto, jedno-aminokwasowa mutacja powoduje zmianę w strukturze zarówno

początkowych oligomerów jak i finalnych agregatów.

Wyniki prezentowane w rozprawie wskazują, iż kinetyka procesu i morfologia

agregatów zależą od właściwości łańcucha głównego jak i łańcuchów bocznych. Zmi-

any w strukturze i kinetyce, wywołane modyfikacjami cząsteczek peptydów, nie

zachodzą jednocześnie, różnica w strukturze niekoniecznie wiąże się z innym za-

chowaniem kinetycznym. Niemniej jednak, heterogeniczność finalnych aggregatów

znajduje odzwierciedlenie w morfologii początkowych oligomerów, co wskazuje na

duże znaczenie wczesnych etapów agregacji dla obserwowanego polimorfizmu amy-

loidów.
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Chapter 1

Introduction

This chapter introduces the problem of protein and peptide aggregation and briefly

reviews the state of the art of this research topic. First, the importance of aggrega-

tion is discussed as the motivation for this thesis. Then, the structural properties

of aggregates and aggregation kinetics are reviewed. As an example, the aggrega-

tion of the yeast prion protein, Sup35, and its heptapeptide fragment, GNNQQNY,

is presented. Next, the molecular dynamic simulation is introduced as the working

method in this thesis. Several aspects of peptide aggregation have remained unex-

plained so far. With this in mind, the last section discusses the general aims and

specific objectives of this thesis.

1.1 Protein and peptide aggregation

It is well known that the formation of protein or peptide aggregates is connected

with various diseases collectively called amyloidosis [1]. At least 50 human patholo-

gies have been linked with the intra- or extra-cellular deposition of amyloid fibrils,

including such neurodegenerative disorders as Alzheimer’s, Parkinson’s or Hunting-

ton’s diseases.

However, protein and peptide fibrils might also play important role in the proper

cell activities [2]. For instance, protein fibrils can assist the protein storage in in-

ert form as in the case of peptide hormones or toxic protein in white blood cells.

Self-templating properties make the fibrils of functional prion proteins able to save

epigenetic memory. Due to the structural strength, stability and adhesive surface,

fibrils are involved in the biofilm formation in bacteria or in the oocyte protection in

fish mammals. Those and other examples of the positive effects of fibrils have been

reviewed in the literature [2, 3].

Recently, amyloid fibrils have gained interest in nanotechnology and tissue en-
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16 CHAPTER 1. INTRODUCTION

gineering due to their exceptional mechanical features such as the strength that is

comparable to that of steel and the stability in broad range of environmental condi-

tions [4]. For that reason, fibrils can be potentially used as scaffolds for cell-specific

growth. The hydrogels made up of amyloids are also considered for drug delivery

and slow drug release [5].

Despite numerous studies, the mechanism of protein and peptide aggregation is

still not completely understood. Especially, the initial aggregation steps, including

transient oligomers formation, remain elusive [6]. For example, it has been suggested

that the transient oligomers can be more toxic than the mature fibrils [6]. Therefore,

information on the formation and stability of transient oligomers can be more impor-

tant than that about final fibrils. Moreover, possible applications of amyloid fibrils

also require an understanding of the self-assembly process to control and modify the

final products.

The biological and technological significance on the one hand and the gaps in

our knowledge on the other, make the protein and peptide aggregation an important

issue in bio-molecular science.
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1.1.1 Morphology of protein and peptide aggregates

Although high aggregation propensity is a common feature of numerous peptides

and proteins, the final aggregates vary from amorphous to highly-ordered fibrils or

crystalline structures [7]. Interestingly, various aggregate structures can be observed

for one sequence depending on the environmental conditions [8].

Amyloid fibrils with the common cross-β pattern are often formed by various

proteins and peptides. Such fibrils usually consist of several protofibrils and have up

to several micromiters in length with 6-12 nanometers in width [6].

Despite the general similarities, mature fibrils differ in mesoscopic details such as

the number of protofilaments, the helix pitch for twisted fibrils and also the hand-

edness [6]. Several main topologies have been specified, such as nanotubes, helical

and twisted ribbons, achiral flat ribbons and crystals. Transitions between these

forms can occur with the change in number of protofilaments. As an example, the

HEWL lysozyme initially forms twisted ribbons which are changing into helical rib-

bons when the number of protofilaments exceeds 4. Moreover, different twists are

observed for the fibrils formed by amyloid-β peptide when the number of protofila-

ments change [8]. Even if the number of protofilaments does not change other kind

of fibril polymorphism might be observed. This fibril polymorphism has two origins:

the internal structure of single protofilements is different, as it has been discovered

for α-synuclein, or the protofilaments are packing in a different way, as for the tau

fibrils [8].

Another aspect of fibril diversity is the handedness of twisted fibrils. Although

classical β-sheets show the left-handed twist, right-handed amyloid fibrils are also

observed [6]. For instance, murine and human serum amyloid A proteins, SAA,

form fibrils composed of two protofilaments which are twisted around the fibril axis.

Despite the 78% sequence identity, the formed fibrils have the opposite chirality,

the right-handed in the case of human SAA and the left-handed in the murine fib-

ril [9]. The sequence dependence of fibril twist is also visible for short fragments

from N-terminus of human SAA: SAA1−12, SAA1−11, and SAA2−9. The longest frag-

ment, SAA1−12 aggregates into right-handed fibrils, the one-residue shorter peptide,

SAA1−11, aggregates into left-handed fibrils, whereas the shortest one, SAA2−9, forms

a racemate [10]. Moreover, the left- and right-handed fibrils can be formed depend-

ing on the environmental conditions, such as pH [11], temperature [12] and seeding

[13].

The origin of fibril variability is unclear but seems to be important as various fibril

structures formed by the same protein or peptide can be connected with different

diseases [8].



18 CHAPTER 1. INTRODUCTION

M
o
n
o
m

e
rs

Time

M
o
n
o
m

e
rs

Time

la
g
 p

h
a
s
e

e
lo

n
g
a
ti

o
n

p
h
a
s
e

p
la

te
u

p
h
a
s
e

Nucleated aggregation Downhill aggregation

Figure 1.1: Schematic plots for the nucleated (left) and downhill (right) aggregation

kinetic modes.

Beside highly-ordered fibrils, amorphous aggregates are also observed in both

living cells and in vitro experiments. For instance, such disordered structures are

observed for amyloid-β peptides in acidic solution, pH ≈ 5.5 [14, 15]. The signifi-

cance of amorphous aggregates in fibril formation is unclear and they are considered

as both off- or on-pathway individua [7]. Regardless of their relevance for fibril for-

mation, they are postulated as even more toxic than the mature fibrils [14, 15].

1.1.2 Peptide aggregation kinetics

Various aggregation kinetics have been observed in the experiments. Two main

types of aggregation kinetics can be distinguished: nucleated and downhill, see the

schematic plots in fig. 1.1. In nucleated aggregation, a nucleus is initially formed.

This process is visible as the lag phase in a kinetic plot. In the next phase, called a

downhill or elongation phase, monomers decay quickly as they aggregate with the

growing nucleus. The last stage is called the plateau or equilibrium phase, when the

monomer concentration does not change, although the aggregates can undergo an

internal reorganization or fragmentation. The downhill aggregation does not have a

visible lag phase as the monomers decay quickly right from the beginning.

Different nucleation behaviors can be defined in protein and peptide aggregation:

1. Primary nucleation where an initial nucleus is formed directly from the solution

[1]. This process is critical for the aggregation initiation. Based on the nucleus

properties one can distinguish two types of primary nucleation:

• Nucleated polymerization or one-step nucleation where the nucleaus is
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defined only by the critical aggregate mass [1, 16].

• Nucleated conformational conversion, where the nucleus formed in the

first step undergoes further structural transformations into the structure

of the mature fibril. This mechanism is also known as two-step nucleation

[1, 16].

Both one- and two-step nucleation mechanisms are observed in protein and

peptide aggregation depending on the experimental conditions such as the

concentration and the temperature. Specifically, one-step nucleation at low

peptide concentrations, whereas two-step nucleation occurs when the monomer

concentration is higher than the oligomer solubility at given temperature [16].

2. Secondary nucleation which occurs in a later aggregation stage. The nucleaus

formation is accelaterated by the existing fibrils. Secondary nucleation includes

the fibril-catalyzed nucleation and the nucleation by fibril fragmentation [1].

1.1.3 Aggregation of Sup35 protein and its fragment

Fibril formation was intensively studied for the yeast prion protein, Sup35, which is

related not only to its biological relevance but also to the accessibility and relative

simplicity of the yeast organisms [17].

Aggregation of the whole Sup35 protein is an interesting example of changes in

the aggregation mechanism following the experimental conditions. Serio at al. tested

various aggregation models and established that at concentrations in the range 0.1-

50 µM the fibrillation process occurs by the nucleated conformational conversion

with a micelle-like intermediate oligomers [18]. Ohhashi et al. found that the fibril

formation for Sup35 may occur in two different ways depending on the temperature

[19]. At low temperatures, 4 oC, the nucleated conformational conversion mechanism

is observed with oligomer reorganization as the rate-determining step. However,

at high temperatures, 37 oC, a monomer or a small oligomer is the nucleus and

reorganization events are not observed [19]. Such one-step mechanism for the Sup35

aggregation at high temperatures was also confirmed by recent experimental studies

[20]. In this case, the formed oligomers have been determined as off-pathway species

for fibril formation.

It was found, that the short fragment of Sup35 protein can aggregate into fibrils

which are similar to those formed by whole protein [21]. This fragment is a hep-

tapeptide with the sequence GNNQQNY, abbreviated here as GNN. Short peptide

fragments are often used to study the aggregation behavior of the whole protein.
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Experimental conditions needed to study model peptides can be less demanding

than those for the whole protein [21].

Recent studies show the one-step fibrillation mechanism for GNN heptapetide at

concentrations in the range ≈ 0.7-1.5 mM [21]. The nucleus size decreases slightly

with decreasing temperature from 7 peptides at 37 oC to 6 peptides at 23 oC. For

the lowest temperature, 4 oC, aggregation occurs rapidly and the lag-phase was not

observed [21].

Fibrilar polymorphism is observed for both the Sup35 protein and its fragment

GNN. In the case of whole protein, Sup35, two types of fibrils are observed following

two aggregation mechanisms described above [19]. These two fibrils differ in the

physical properties such as the melting temperature [22].

Even more aggregate structures are observed in the case of the GNN peptides,

including two crystalline forms. The structure of GNN assembles depends on the

aggregation conditions such as peptide concentration [17] or stirring [23]. At low

concentration, ≈ 2.4 mM, orthorhombic nanocrystals are observed. At the concen-

tration in the range 2.4-12 mM monoclinic crystals are the most favorable species.

At the concentration higher than 12 mM, GNN can form fibrils beside monoclinic

crystals. When the concentration is higher than ≈ 24 mM only fibrils are present in

solution after aggregation.

Additionally, attempts have been made to determine the internal structure of

GNN fibrils. Eisenberg and co-workers proposed a fibril model based on the simi-

larities between GNN fibrils and microcrystals [24]. In this model, GNN peptides

are arranged in parralell and in-register, forming single β-sheet. Such β-sheets form

antiparallel pairs, with dry interface between them. This interface is called a steric-

zipper and is proposed as the fundamental property of fibrils [24, 25]. On the other

hand, Marshall et al. tested the properties of GNN fibrils and crystals and found

some dissimilarities, which suggest different internal structures. Based on these re-

sults, they hypothesize that the dry steric-zipper may appear only in GNN crystals

whereas GNN fibrils are more hydrated [26]. Also the more recent work shows that

the β-sheet zipper in fibrils differ from this found in crystals [27]. Langkilde and

co-workers proposed a different packing model, where a single unit is formed by four

rather than two β-sheets. These β-sheets forms two parallel pairs with face-to-face

zipper. Two pairs are arranged in such a way, that they contact by tyrosine residues

[27].
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Set the initial positions ri and velocities vi for all

atoms i in the system, set t = 0

Calculate the force acting on each atom at time

t:

Fi = −∇iV (..., ri, ...) (1.1)

Calculate the acceleration for each atom based

on Newton’s equation:

ai = Fi/mi (1.2)

Update the velocities vi(t) → vi(t + ∆t) and

positions ri(t)→ ri(t+ ∆t) by solving

dri/dt = vi (1.3)

dvi/dt = ai (1.4)

Store the positions, velocities, energies, ... , ad-

vance the time: t→ t+ ∆t

Repeat until

t ­ tmax

Figure 1.2: Schematic illustration of molecular dynamics simulation procedure.

1.2 Molecular dynamic simulations

Molecular dynamic (MD) simulations explore biological processes at the molecular

level. MD studies are commonly used to investigate such processes as: drug tar-

geting and docking, neuronal signaling, protein folding, conformational dynamics

of biomacromolecules, and proteins and peptides self-assembly [28, 29]. Figure 1.2

shows the scheme for a basic molecular dynamic simulation algorithm. The time

evolution is calculated based on Newton’s laws of motion [29]. At the beginning, the

initial positions and velocities of all molecules are set. In the next step the forces

are calculated for each atom based on the interaction potential, eq. 1.1. When the

forces are known, the acceleration can be calculated for each atom, eq. 1.2. And

then, the new positions and velocities are calculated from the acceleration, eqs 1.3

and 1.4 respectively. The whole procedure is then repeated.

An important problem of molecular dynamics is the definition of potentials be-

tween atoms [30]. The most detailed are all-atom (AA) force fields, which describe

molecules with atomistic resolution. Because the calculations for AA models take

o lot of time, AA simulations are limited to small systems and short time-scales.
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OPLS-AA BD MARTINISIRAH

Figure 1.3: GNNQQNY peptide presented for four different models (force fields): one

all-atom - OPLS-AA [33] and three coarse-grained: Bereau-Deserno abbreviated to BD

[34], SIRAH [35] and MARTINI [36] models. Colors represent the residues, white - glycine

(G), brown - asparagine (N), orange - glutamine (Q) and green - tyrosine (Y).

Moreover, simulations at high resolution level give a lot information which can hin-

der understanding of interesting process or system properties [30]. Coarse-grained

(CG) models are commonly used when larger system and longer times are needed.

CG approach induces smothing of free energy landscape, which protects systems

from thermodynamical traps [31]. In CG models, several atoms or whole molecules

are replaced by one super-atom with average potential. Figure 1.3 presents the GN-

NQQNY peptide in four representation, an all-atom and three coarse-grained mod-

els. A disadvantage of CG models is that important information can be lost. Indeed,

the CG models are not able to capture the process undergoing below the size of the

average radius of super-atoms [30]. Additionally, the coarse-grained degrees of free-

dom may be affected by the fine-grained degrees of freedom, which are present in real

systems and omitted in CG approach [32]. These limitations require carefully con-

sideration of the structural levels which are involved in process under investigation.

However, CG models might give the reliable outcomes for the size and time scales

unavailable for all-atom simulations [32], thus they provide an unique opportunity

to study biological systems and processes.



1.3. THE AIM OF THE RESEARCH 23

1.3 The aim of the research

The research presented in this thesis deals with protein and peptide aggregation.

Specifically, this thesis focuses on short peptides and aims at defining the key fea-

tures responsible for aggregation propensity. Equilibrium studies give important in-

formation about the thermodynamic properties, such as the stability and structure

of final aggregates. This thesis includes not only the structural analysis of the final

and intermediate species but addresses also the aggregation kinetics to unravel the

underlying molecular mechanisms. The main questions addressed here focus on the

factors controlling aggregation:

• Are there any generic properties of peptide aggregation? Can we define the

behaviors common for broad classes of peptides and point out the features

which are sequence sensitive?

• What does control the aggregation rate? Can the backbone or side chains

properties accelerate or inhibit the self-assembly?

• Which peptide attributes are the main determinants of the kinetic mode? Are

the backbone or side chains more important from the kinetic point of view?

Moreover, this work tries to correlate the kinetics with molecular events and

addresses the question of the nature of the oligomeric intermediates, which are cur-

rently under intense investigation due to their potential toxicity [14, 15].

All of these issues contribute to the question about the origin of the self-assembly

diversity. Especially, we search for molecular events in the initial aggregation steps

leading to the structural polymorphism and kinetic multiplicity observed in vivo and

in vitro.

These goals are realized using molecular dynamics simulations with two different

coarse-grained models: Minimal Model developed in our group and the sequence-

specific model proposed by Bereau and Deserno [34]. Accordingly, the results are

presented in two parts.

The first part focuses on the non-specific Minimal Model, described in our publi-

cations, P1 and P3. This simple model has only one superatom per residue, implying

the backbone controlled aggregation. Such approach is based on the suggestion, that

the ability to form amyloids is a generic feature, i. e. connected with backbone rather

than side chains interactions [7]. Aggregation of a simple chain is studied as a func-

tion of the chain parameters: the chain stiffness and the inter-molecular interaction

strength. These features determine the aggregate morphology and aggregation ki-

netics. Minimal Model addresses the question: is it possible to reproduce the variety
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of aggregates structures and aggregation kinetics observed in experiments only by

modifying the backbone properties? If so, which of the chain parameters is a key for

the aggregation mechanism?

In the second part, referring to publication P2, a residue-specific model is used to

study effect of residue substitutions on aggregation. Because the amino acids residues

differ in side chains, these studies focus on the role of the side chain groups in peptide

aggregation. The peptide chosen to investigate fibril formation is a heptapeptide

fragment from the yeast prion protein Sup35 [21]. The aggregation kinetics and

final aggregates are compared with the results obtained for the single-residue mutant

of this heptapetide to elucidate the side chain effect on peptide aggregation. The

heptapeptide aggregates in experiments but the internal structure of the fibrils is not

entirely resolved [27]. Molecular dynamics simulations of the early aggregation steps

may indicate which of the proposed fibril models is most realistic. Nevertheless,
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Methodology

This part presents essential technical details of the simulations and data analysis in

our publications, P1-P3. In the first section, the two coarse-grained models used in

this thesis are introduced: Minimal Model and the Bereau-Deserno peptide model.

The simulations protocol and systems details are also presented. In the second sec-

tion, the data analysis methods are listed and the relevant descriptors are defined.

2.1 Molecular dynamic simulations

2.1.1 Minimal Model

Model details

An implicit solvent model called Minimal Model was described in detail in publica-

tion P1. This section presents only the main features of Minimal Model.

Minimal Model has only one super-atom per residue, see fig 2.1, which are bound

via the harmonic bond potential:

Vb (rij) =
1
2
kb (rij − r0)2 (2.1)

θijk
rij

Figure 2.1: A homo-octapeptide in Minimal Model. The symbols rij and θijk represent

bond lengths and angles, respectively.
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where i, j are two consecutive super-atoms, kb is the force constants equal to 1250

kJ mol−1 nm−2, and r0 is the equilibrium bond length equal to 0.35 nm.

The second bonded interaction is the cosine based angle potential defined for

three consecutive super-atoms, i, j, k:

Vα (θijk) =
1
2
kθ [cos (θikj)− cos (θ0)]

2 (2.2)

where θ0 is the equilibrium bond angle equal to 180◦. The angle force constant kθ is

variable and takes the values: 10, 100, 200, 400, 800, and 1000 kJ/mol.

The non-bonded potential includes only the Lennard-Jones (LJ) interaction po-

tential:

VLJ(r) = 4ε
[(
σ

r

)12
−
(
σ

r

)6]
(2.3)

where r is the distance between two non-bonded super-atoms, ε is the depth of the

potential well, and σ is the distance at which the LJ potential is equal to zero. In

our simulations σ is fixed at 0.47 nm whereas ε is variable and takes the values: 1.0,

1.3, 1.4, 1.5, 1.6, 1.7, 2.0, 3.0, 4.0 kJ/mol.

Simulation protocol

GROMACS 4.6.5 [37] package was used for the simulations with the leap-frog

stochastic dynamics (sd) integrator. The time step was 25 fs. The simulations were

performed in the canonical ensemble with the temperature kept at 303 K using the

GROMACS sd integrator as the thermostat. Due to the absence of explicit solvent

molecules, an inverse friction coefficient of 0.17 ps was applied to mimic the friction

effect of solvent. The simulation times were between 4-10 µs.

The simulations were initially conducted for octapeptides, i.e. for the model

peptides with 8 super-atoms per chain, SA = 8. The base initial monomer concen-

tration, c0, was equal to 2.8 mM, corresponding to the super-atoms concentration

cSA = 22.3 mM. The simulated systems contained 72 peptides, N0 = 72, in a cubic

box with edge L = 35 nm. A detailed simulation list is presented in the table 2.1.

Initially, all simulations were 4 µs long. For better estimation of the kinetic param-

eters, some simulations were extended to 10 µs and the simulations were repeated

5 times. Additional repeats (up to 25) were performed for systems with nucleated

aggregation.

Additional simulations were performed to investigate the impacts of concentra-

tion and of chain length on aggregation. The concentration effect was studied for

an octapeptide, SA=8, with the interaction strength ε = 1.6 kJ/mol and the chain

stiffness kθ = 200 kJ/mol for the base concentration c0 = 2.8 mM and two lower

concentrations c0 = 1.4 and c0 = 0.7 mM.
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Table 2.1: Details of the Minimal Model simulations for octapeptides, SA=8, at the base

monomers concentration, c0 = 2.8 mM, corresponding to N0 = 72 peptides and the box

edge L = 35 nm.

ε kθ [kJ/mol]

[kJ/mol] 10 100 200 400 800 1000

1.0 4 µs 4 µs 4µs 4µs 4µs 4µs

1.3 5× 10µs 5× 10µs 5× 10µs 5× 10µs 5× 10µs 5× 10µs

1.4 5× 10µs 5× 10µs 5× 10µs 25× 10µs 5× 10µs 25× 10µs

1.5 5× 10µs 25× 10µs 5× 10µs 25× 10µs 5× 10µs 5× 10µs

1.6 25× 10µs 5× 10µs 5× 10µs 5× 10µs 5× 10µs 5× 10µs

1.7 5× 10µs 5× 10µs 5× 10µs 5× 10µs 5× 10µs 5× 10µs

2.0 5× 10µs 5× 10µs 5× 10µs 5× 10µs 5× 10µs 25× 10µs

3.0 4µs 4µs 4µs 4µs 4µs 4µs

4.0 4µs 4µs 4µs 4µs 4µs 4µs

The influence of the chain length was investigated for two longer peptides: SA=16

and SA=20. The super-atom concentration was kept constant, cSA = 22.3 mM. The

details about systems sizes and values of ε and kθ are presented in table 2.2.

Table 2.2: Details of the Minimal Model simulations for longer peptide chains.

SA L N0 ε kθ Time and repeats

[nm] [kJ/mol] [kJ/mol] µs

16 44 72 1.0 1000 5× 10 µs

16 44 72 1.4 1000 5× 10 µs

20 40 45 2.0 1000 4 µs

For octapeptide with ε = 2.0 and kθ = 1000 kJ/mol additional simulations were

performed for various system sizes: N0 = 9, 18, 45, 72, 100, 200. Size of simulation box

was setting in such a way, that the peptide concentration was constant, c0 = 2.8 mM.

The simulations time is 4 µs and each simulation was repeated three times.

2.1.2 Bereau-Deserno peptide model

Model description

The second coarse-grained model used in this work, developed by Bereau and De-

serno (BD) [34], is more detailed than Minimal Model. This implicit solvent model

maps a single amino acid by three or four super-atoms: three for the backbone and
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one for the side chain except for glycine that is mapped only by three backbone

beads.

The bonded interactions are defined by the bond and angle harmonic potentials

with large spring constants to keep the coordinates close to the potential minimum.

The bonded interactions include also proper and improper dihedral potentials, which

mimic the chirality of Cα carbon. The backbone dihedrals, φ and ψ, are additionally

modified to include the dipole interaction between carbonyl and amide backbone

groups.

The non-bonded interactions are defined by three potentials, the Weeks-Chandler-

Andersen potential for the local excluded volume of backbone super-atoms, the

Lennard-Jones potential with additional attractive part and the Lennard-Jones po-

tential modified with an angular term to mimic hydrogen bonds.

Simulation protocol

Simulations were performed in the Espresso 3.3.1 package [38] using Langevin dy-

namics. The temperature was kept at 300 K. The time step was 0.01 τ and the

friction coefficient was τ−1, where the derived time unit τ ≈ 0.16 ns. The simulation

length was 109 steps and each simulation was repeated four times.

This model was used to study aggregation of the heptapeptide fragment from yest

prion protein, GNNQQNY abbreviated as GNN, and its point mutation, GNNQQNA

abbreviated as Y7A. The simulations were conducted for systems with 72 peptide

molecules initially randomly placed in a cubic box with edge length equal to 20 nm,

giving the initial monomers concentration equal to 15 mM.

Table 2.3: Details of the BD simulations for the GNN peptide.

c0 N0 = 20 N0 = 72

[mM] L [nm] L [nm]

4 19.57 30.00

8 16.31 25.00

15 13.05 20.00

35 9.79 15.00

Additionally, the concentration effect was investigated for the wild peptide, GNN.

The concentration was changed in the range 4-35 mM, with a constant number of

peptides in system, N0 = 72, and a variable lengths of box edge, as it is presented

in the third column of table 2.3.

The simulations of GNN aggregation were also conducted in a smaller system,
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N0 = 20, at the same concentration range, 4 ¬ c0 ¬ 35 mM. The simulation box

sizes, L, for N0 = 20 and N0 = 72 are presented in table 2.3.

2.2 Analysis methods

2.2.1 Descriptors

The peptide aggregation was characterized by several descriptors.

1. The instantaneous number of free monomers, Nm, the average number of free

monomers, Nm, calculated over all simulation repeats, and the scaled number

of free monomers, Nm,sc, defined as:

Nm,sc =
Nm −Nm,eq
Nm,lag −Nm,eq

(2.4)

where Nm,eq and Nm,lag are the average numbers of monomers in the equilib-

rium phase and in the lag phase, respectively.

2. The instantaneous number of clusters, Nc, and the average number of clusters,

N c, calculated over all simulation repeats.

3. The size of the largest cluster in the system, Mmax, defined as a number of

peptides in this cluster, the average size of the largest cluster in the system,

Mmax, calculated over all simulation repeats, and the relative size of the largest

cluster in the system, Mrel = M/N0 where N0, is the total number of peptides

in system.

4. The average nucleation time, τ ∗, was estimated by two methods:

• Change point (CP) analysis, τ ∗CP. The linear regression was used for

monomer kinetic curves and a large change of the slope point out the

end of the nucleation phase.

• The mean first-passage times (MFPT) analysis proposed by Wedekind

et al. [39] and extended by Yi et al. [40]. In this method the average

first-arrival time τ of cluster with size m is estimated as:

τ(m) = 0.5τ ∗MFPT
[
1 + erf

(
Z
√
π (m−m∗MFPT)

)]
+0.5G−1 (m−m∗MFPT) [1 + erf (C (m−m∗MFPT))] (2.5)

where m∗MFPT is the critical size of nucleus, Z is the Zeldovich factor, and

G is the growth rate.
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5. The critical size of nucleus, m∗, defined by the number of peptides in the

nucleus and estimated by two methods:

• The mean first-passage times (MFPT), see eq. 2.5, wherem∗MFPT indicates

the critical size of nucleus.

• The transition probability matrix (TPM), estimating the probabilities of

changes of the largest cluster size, m = Mmax. The transition between

states are counted and normalized. The matrix allows for calculating

of the growth probability, Pgrowth(m), defined as Pgrowth(m) = Pf(m) −
Pb(m), where Pf(m) is the forward transition probability, i.e. m→ m+1,

and Pb(m) is the backward transition probability, i.e. m → m − 1. The

critical nucleus size from TPM, m∗TPM, is taken as the smallest aggregate

size with Pgrowth(m) ­ 0.

6. The asphericity, b, defined as

b = λ2z − (λ2x + λ2y)/2 (2.6)

where λx, λy, λz are the principal moments of the gyration tensor and the axes

are chosen such that λ2x ¬ λ2y ¬ λ2z. The average asphericity b is a function of

the cluster mass M , b(M), and is calculated over all frames and all simulation

repeats, where an aggregate of size M is formed.

7. The radius of gyration of a cluster, Rg, and the average radius of gyration as a

function of cluster mass, Rg(M), calculated over all frames and all simulation

repeats, where an aggregate of size M was formed.

8. The end-to-end correlation parameter introduced by Zierenberg and co-workers

[41]:

Cn =
2

M(M − 1)

∑
i<j

(ni · nj)2 (2.7)

where the unit vector ni is the normalized end-to-end vector for the peptide

i backbone atoms. Cn is normalized in such a way that for uncorrelated ni
vectors the parameter assumes the value 1/3 whereas for correlated ni-s it

tends to 1.

9. The cluster twist, q, defined as the average peptide chain twist in a cluster,

cos(τi):



2.2. ANALYSIS METHODS 31

q = cos(τi) =
1
M

∑
i

(ti × bi) ·A (2.8)

where A is vector along the cluster axis, ti and bi are the unit vectors for

top and bottom ends of chain i, respectively, M is the cluster mass equal

to the number of peptides in the cluster. This descriptor was introduced in

publication P1.

10. The fibril helicity, H, which is the average ribbons helicity Hrib over all ribbons:

H =
1
nrib

∑
ribbons

Hrib (2.9)

where nrib is the number of ribbons, and the helicity of single ribbon with size

Mrib is calculated as an average:

Hr =
1

Mrib − 1

∑
ribbon

hi,i+1 (2.10)

of the twists between pairs of consecutive peptides, i, i+ 1, along the ribbon:

hi,i+1 = ĝi · êi+1 (2.11)

The unit vectors, ĝi and êj are calculated as:

ĝi =
~ci − ~xi
|~ci − ~xi|

(2.12)

êj =
~cj × Â
|~cj × Â|

(2.13)

where ~ci and ~cj are vectors pointing to the peptide mass center of peptides i, j,

Â is a vector along cluster axis and ~xi is a vector pointing to the projection

of the mass center of peptide i on the cluster axis.

The helicity H was introduced in publication P2. H is equal to 0 for achiral

structures, is less than zero for left-handed fibrils and greater than zero for

right-handed fibrils.
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2.2.2 Analysis software

The following software was used for data analysis and visualization:

• MDAnalysis python package, version 0.20.1 [42, 43], was used for the analysis

of MD simulations, especially the calculation of the structural parameters such

as asphericity or radius of gyration.

• In-house python scripts for new analyses methods including identification of

aggregates and the proposed chirality and helicity descriptors.

• Grace version 5.1.25 [44], was used for data visualization.

• VMD, versions 1.9.2 and 1.9.3 [45], was used for trajectory visualization.

• GROMACS tools, version 4.6.5 [37], were used in some analysis, for example

the calculation of maximal cluster size in time.

All simulations and analysis were run in Linux environments, Ubuntu 16.04 and

Ubuntu 18.04.
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Results

This chapter, presenting briefly the results of our aggregation simulations, is di-

vided into two sections. The first section describes the outcomes for Minimal Model

developed in our group. Those results were presented in full detail in our two publica-

tions, P1 and P3. Both publications, P1 and P3, focus on the changes in aggregation

induced by two backbone parameters: the inter-molecular interaction strength, ε, de-

fined by the Lennard-Jones potential, eq. 2.3, and the chain stiffness defined by the

angle constant, kθ, from the cosine angle potential, eq. 2.2.

The second section focuses on the aggregation studies of the GNNQQNY (GNN)

heptapeptide from the yeast prion protein Sup35, and its point mutation Y7A, where

the terminal tyrosine was replaced by alanine. The simulations were carried out using

the coarse-grained model proposed by Bereau and Deserno. Those simulations were

described in detail in our publication P2, and only the most interesting issues are

brought out in this chapter.

3.1 Minimal Model

The first aspect of aggregation studied by Minimal Model is the variability of ag-

gregate structures, P1 and P3. This problem was discussed in both publications for

slightly different ranges of the interaction strength, ε. Figure 3.1 shows a schematic

structural phase diagram, basing on data from both, P1 and P3, publications. Pub-

lication P1 gives a more general view, as the interaction strength, ε, takes a broader

range of values, 1, 2, 3 or 4 kJ/mol. For this range of ε and for the angle constant,

kθ, varying from 10 to 1000 kJ/mol, the structural phase diagram was obtained.

For the lowest interaction strength, ε = 1 kJ/mol, peptides do not aggregate for

all values of the kθ. For higher values of ε the aggregates change from amorphous

(at low interaction strength and low chain stiffness, left bottom corn on phase dia-

33
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Figure 3.1: Structural phase diagram from Minimal Model simulations.

gram, fig.3.1), to more ordered and then to crystal-like structures observed for the

highest values of both parameters, ε = 4 and kθ = 1000 kJ/mol, the upper right

corn on phase diagram, fig.3.1. Publication P3 takes a look at systems with the

interaction strength between 1 and 2 kJ/mol, i.e. between no-aggregation and ag-

gregation regimes. These simulations give a more detailed insight into the transition

between amorphous and ordered aggregates. However, in this parameter range the

crystal-like structures are not observed.

An important result from our Minimal Model simulations is the discovery of

fluctuations of aggregate chirality. We found that in ordered aggregates the pep-

tide chains twist collectively around the cluster core. Due to the lack of an intrinsic

peptide chirality in Minimal Model, the clusters twist to the right and to the left

with the same probability. This phenomenon was carefully investigated for a sys-

tem with the medium interaction strength, ε = 2 kJ/mol, and high chain stiffness,

kθ = 1000 kJ/mol. For the quantitative description, we proposed a cluster twist

parameter, q, eq. 2.8, which measures the average twist of all peptides around the

cluster axis. The positive and negative values of q correspond to the left and right

twist, respectively. q is equal to zero for a perfectly parallel arrangement of pep-

tides. The example trajectory of twist descriptor is presented in fig. 3.2 with the

corresponding aggregate structures.

This descriptor supports quantitatively a qualitative visual observation, that

the average life-time of the twisted states decreases with aggregate growth, from

τ ≈ 20 ns for aggregate with size M = 20 to τ ≈ 2 ns for M = 41 and then
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Figure 3.2: Trajectory of the twist descriptor, q, for ε = 2 kJ/mol, kθ = 1000 kJ/mol,

together with the histogram of the cluster twists. The corresponding structures are shown

on the right side.

to τ ≈ 0.7 ns for M = 68. The amplitude of cluster twists also changes with

the cluster mass. The amplitude riches a maximum for clusters of size M ≈ 20

peptides, q ≈ ±0.45, and then decreases. For larger aggregates, M = 41, three

states are visible: a left- and a right-handed with average twist q ≈ 0.16 and −0.16,

respectively, and also an achiral state with q ≈ 0.0. With an increase in the aggregate

size, the achiral state becomes much more stable than the twisted states and the

average twist descriptor fluctuates around zero.

The stability of twisted states increases significantly for longer peptide chains.

During aggregation of peptides with 20 super-atoms per chain, SA=20, the aggre-

gates of size M = 18 show the twisted states with the life-time in order of hundreds

nanosecond, up to 1 µs.

Our simulations for systems with the interaction strength between 1.3 ¬ ε ¬
2 kJ/mol and the chain stiffness, 10 ¬ kθ ¬ 1000 kJ/mol revealed three types of

aggregation kinetics. These three kinetic modes can be presented on a kinetic phase

diagram as a function of model parameters, ε and kθ, see fig. 3.3. The corner with

the low values of both parameters is occupied by the no-aggregation mode, the

opposite corner relates to the downhill aggregation and the narrow region between

them represents the nucleated aggregation.

Two parameters were measured to characterize nucleation aggregation: the nu-

cleus size, m∗ and the average nucleation time, τ ∗. Both descriptors were defined by
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Figure 3.3: Kinetic phase diagram for Minimal Model simulations.

the MFPT, CP and TPM methods described in Methodology.

Table 3.1: Average nucleation times τ and nucleus sizes, m∗ for systems with various

ε [kJ/mol], and kθ [kJ/mol]. The subscripts indicate analysis methods: CP - the change

point analysis, MFPT - the mean first-passage time method, and TPM - the transition

probability matrix. If aggregation did not occur in all simulations, the subscript for the

average nucleation time from CP analysis, τ∗CP, includes also information about the fraction

of repeats with aggregation.

ε = 1.4 ε = 1.4 ε = 1.5 ε = 1.5 ε = 1.6

kθ = 400 kθ = 1000 kθ = 100 kθ = 400 kθ = 10

m∗TMP 12 8 7 8 10

m∗MFPT 7.84 8.12 6.87 5.74 9.72

τ ∗CP [ns] τ ∗CP,10/25 = 2700± 2500 640± 540 250± 270 τ ∗CP,20/25 =

3500± 3100 3300± 2800

τ ∗MFPT [ns] 4200 2700 710 270 3500

The nucleation time differs significantly for various simulation repeats of the

same system, which is seen as a high standard deviation for the estimated average

nucleation time, see table 3.1. Nevertheless, the average nucleation time shows clear

trends when the model parameters are changed. For instance, for systems with

interaction strength ε = 1.4 kJ/mol, the average nucleation time decreases with

increasing chain stiffness. Also a comparison of systems with the same chain stiffness



3.1. MINIMAL MODEL 37

shows that the average nucleation time decreases for higher interaction strength.

Such trends are not observed for the nucleus size, regardless of the method used for

its estimation.

Despite differences in the length of the nucleation phase and the size of nucleus,

the overall kinetics is the same for all systems with nucleated aggregation. The

kinetic curves for the scaled monomer decay overlap. Similarly, the kinetic curves

for the maximal cluster size overlap. This suggests the same aggregation mechanism.

Indeed, for all nucleated systems, the aggregate growth undergoes mainly by addition

of single monomers, independently of the aggregate structure.

On the other hand, the scaled kinetic curves for downhill systems do not over-

lap. Aggregation undergoes mainly by monomer addition for systems close to the

nucleation regime. When the interaction strength or chain stiffness increases, the

monomers decay faster to form several stable oligomers in system. Then, the further

growth of the largest aggregate undergoes by the cluster-cluster coalescence.

Experimental studies show, that the transition between downhill and nucleated

aggregation may be caused by a decrease in concentration. Our model reproduces

this behavior. The concentration effect was investigated for system with ε = 1.6

kJ/mol, and kθ = 200 kJ/mol which shows downhill aggregation at our base con-

centration, c0 = 2.8 mM. The two-fold reduction in concentration, c0 = 1.4 mM,

causes the transition from downhill to nucleated aggregation. Further decrease in

concentration to c0 = 0.7 mM, leads to elongation of the nucleation phase, and

aggregation does not occur in all repeats suggesting that this concentration is close

to the no-aggregation mode. The corresponding times of nucleation are equal to

τ ∗CP = 360 ± 320 ns and τ ∗CP,3/5 = 2500 ± 1700 ns for concentrations c0 = 1.4 and

c0 = 0.7 mM respectively.

The aggregation propensity and the stability of aggregates increase for longer

peptide chains. This effect was studied by changing the peptide chain from 8 super-

atoms, SA=8, to 16 super-atoms per chain, SA=16. The super-atom concentration

was constant, cSA = 22.3 mM. The scaled monomer and cluster kinetic curves do

not overlap with the curves for shorter peptides with the same interaction strength,

ε = 1.4 kJ/mol, and chain stiffness, kθ = 1000 kJ/mol. The nucleation phase,

observed for aggregation of the shorter peptide, disappears for longer peptide which

aggregates with downhill kinetics. Moreover, the longer peptides form initially more

oligomers and the further aggregates growth undergoes mainly by cluster-cluster

coalescence. This behavior is similar to the short peptide downhill systems with

higher interaction strength, ε = 2.0 kJ/mol.

Another difference in long and short peptides aggregation is observed in the
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final monomer concentration. The super-atom concentration of free monomers at

equilibrium, for systems with the same interaction strengths, ε = 1.4 kJ/mol, and

chain stiffness, kθ = 1000 kJ/mol, is much lower for the long peptides, cSA,m,eq = 1.8·
10−5 mM than for shorter peptides, cSA,m,eq = 1.2 mM. Even the short peptides with

higher interaction strength, ε = 2.0 kJ/mol, show a higher equilibrium concentration

of free monomers, cSA,m,eq = 4.3 · 10−4 mM than that for long peptide system.

However, long peptides can also show nucleated aggregation if the interaction

strength is sufficiently low. For example, the nucleation aggregation is observed

for long peptides, SA=16, with kθ = 1000 kJ/mol and ε = 1.0 kJ/mol, so the

parameters values for which short peptides, SA=8, does not aggregate at all. The

nucleation time for this long peptide system is equal to τ ∗CP = 5400 ± 3200 ns and

the nucleus size defined from MFPT method is m∗MFPT = 9.05 so it is in range of

nucleus sizes observed for short peptides, 5.74 ¬ m∗MFPT ¬ 9.72. This indicates, that

the aggregation is faster for longer peptides, but the general mechanism does not

change.

3.2 Bereau-Deserno model

In our simulations, both peptides, GNN and Y7A, show ability to form fibrils. Ma-

ture fibrils of the wild sequence, GNN, are helical and consist of 5-6 ribbons twisting

around the core, see the structures in the fig. 3.4. The fibril core is formed by the

tyrosine residues. In a single ribbon, the peptides are arranged parallel to each other

and perpendicular to fibril axis. Replacement of tyrosine by alanine leads to the

disappearance of the fibril core. Y7A peptides are oriented in parallel in a single

sheets, see the structure in the fig. 3.5. Mature fibrils consists of a few sheets which

are arranged in parallel or anti-parallel to each others.

Because of these structural differences in mature fibrils, several descriptors were

used to measure internal reorganization for GNN and Y7A fibrils. Due to the visible

chirality of GNN fibrils, the helicity descriptor, H, eq. 2.9, was developed in our

group to describe the structural changes of GNN aggregates, fig. 3.4. On the other

hand, almost all Y7A peptides are parallel or anti-parallel, thus the end-to-end

correlation parameter, Cn, eq. 2.7, captures changes in the internal order, fig.3.5.

The trajectories of these two structural parameters for the largest cluster were

compared with trajectories of the largest cluster growth. At the beginning, when

only small oligomers exist, the structural parameters fluctuate around the values

indication lack of structural order: H ≈ 0 implies no helicity and Cn ≈ 0.33 cor-

responds to a random peptide arrangement. Despite the growth of clusters mass,
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Figure 3.4: Helicity trajectory H, for largest aggregate of the wild peptide, GNN, (black

line). The relative size of the largest aggregate, Mrel, is presented as a red line. The

corresponding structures illustrate the internal reorganization of GNN aggregate. Peptide

chains are presented as ribbons except the terminal tyrosine which is marked by green

beads.
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Figure 3.5: Trajectory of the end-to-end correlation parameter, Cn, for the largest aggre-

gate of the mutant peptide, Y7A, (black line). The relative size of the largest aggregate,

Mrel = Mmax/N0, is presented as a red line. The corresponding structures illustrate the

internal reorganization of Y7A aggregate. Peptide chains are presented as ribbons except

the terminal alanine which is marked by blue beads.
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the structural parameters stay at their initial values until the aggregate size exceeds

the critical value. Then, for sufficiently large aggregates, internal reorganization is

observed as a gradual change in structural parameter values. It suggests the same,

two-step mechanism for fibril formation for the GNN and Y7A peptides.

The critical aggregate size for fibrillation is confirmed by the histograms of dis-

tances between peptide centers of mass in aggregate. For small, disordered oligomers

these histograms have only one, wide peak, suggesting no preferred location of amino

acid residues within aggregate. The second type of observed histograms has narrow

peaks, indicating regular positions of amino acids in the cluster. These histograms

are characteristic for large aggregates with fibril-like structures. There is a narrow

cluster size interval where we observed two types of histograms, disordered and or-

dered. For the wild peptide, GNN, this transition region occurs for the cluster sizes

between 25-35 peptides, whereas for the mutant, Y7A, it occurs between 32-58 pep-

tides. This is in agreement with the cluster sizes for which the internal reorganization

is observed in the structural descriptor plots.

The aggregation of GNN and Y7A peptides differ not only in the size of fibril-

lation nucleus. The kinetic studies show that the average number of clusters evolve

similarly for both sequences, but the monomer kinetic curves are slightly different.

The initial decay of monomers is similar for both sequences, however, when the aver-

age number of monomers reaches half of the initial value, kinetic curves split up. The

monomers of the mutant peptide, Y7A, show slower aggregation and they are not

completely aggregated at the end of simulation, whereas the monomer aggregation

of the wild peptide is almost total.

On the other hand, the aggregation kinetics for the wild peptide, GNN, does

not change noticeably in the studied concentration range, c0 = 4-35 mM. For all

concentrations, the scaled curves for the average number of clusters overlap. The

same is true for the scaled curves for monomers. Interestingly, the scaled monomers

curves overlap also for different system sizes, N0 = 20 and N0 = 72, at the same con-

centration. Similarly, the scaled curves for clusters do not vary noticeably between

those two system sizes, despite that the final aggregates structures are different. In

small systems, N0 = 20, fibrils are not formed at any studied concentration, due to

a smaller number of monomers than it is required for fibrillation, m∗ = 25-35.

Other structural parameters, such as the radius of gyration, Rg, or asphericity,

b, when plotted as functions of the aggregate mass, may be also used to define the

cluster size regime when the transition between disordered to fibrilar aggregates

occurs. An increase of the radius of gyration as a function of aggregate mass shows

two slopes according to two types of clusters: small ones which are spherical and
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disordered, and the larger, fibrilar structures. For small oligomers the average radius

of gyration, Rg, increases with mass, M , as:

Rg ∝Mα (3.1)

where α is a scaling exponent. For larger clusters the average radius of gyration

changes as:

Rg −R
∗
g ∝ (M −M∗)β (3.2)

Analysis of the radius of gyration plot for GNN gives the scaling exponents

α = 0.30 and β = 0.88. These values refer to 3D (α = 1/3) and 1D (β = 1)

aggregation mechanisms respectively. Those exponents are slightly smaller than the

expected values for 3D and 1D mechanism, indicating that the aggregates grow with

increase in density.



Chapter 4

Discussion

This chapter discusses the results of our simulations in the context of the current

state of knowledge about peptide aggregation. A direct comparison between simula-

tions and experiments is difficult due to the different time and size scales. Therefore,

this discussion focuses on general trends. The review of experimental work indicates

gaps in our understanding of peptide aggregation. We addressed some of them in

our simulations. Peptide aggregation was previously intensively investigated using

molecular dynamics methods with various peptide models. We refer to these studies

and point out the differences in our approach as well as the new aspects uncovered

by our simulations.

The chapter is divided into two parts according to the peptide models. In the

first section Minimal Model is compared to other simple models with only-backbone

resolution. Subsequently, we focus on the link between Minimal Model simulations

and experiments. New aspects and hypotheses derived from the Minimal Model

simulations are also discussed.

The second section focuses mainly on aggregation of the GNN peptide, which

has been intensively studied in experiments. In this section, we address the incon-

sistencies and doubts about the mechanism of GNN aggregation pointed out in

previous studies. Additionally, the aggregation diversity of GNN and Y7A peptides

is compared with the available all-atom simulations.

4.1 Minimal Model

Minimal Model was used to study aggregation of homopeptides represented by only

one super-atom per amino acid. Homopeptides were chosen not only because of their

simplicity. Long protein fragments with single amino acid repeats have been found

in amyloidogenic proteins, for instance, poly-glutamines fragments are probably re-
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sponsible for Huntingtin aggregation in Huntington’s disease [46].

Limitation of the peptide representation to only backbone super-atoms was mo-

tivated by the hypothesis that the overall aggregation propensity is connected with

backbone interactions rather than the side chains, as various peptides may aggregate

in similar way [7]. Therefore, our Minimal Model can give insight how the effective

backbone properties influence aggregation. Note, that the backbone features in real

peptides are modulated by side chains.

There are various coarse-grained models with only-backbone resolution, i.e. with

no explicit side chains. The most simple models treat the whole peptide molecule

as one entity: a rod [47, 48], a cuboid [49], or a sphere [50]. More flexible models

represent peptides as chains of super-atoms, where one super-atom may map several

residues [51], or a single amino acid [52, 53, 54, 55].

The common feature of these simple models is an anisotropic non-bonded poten-

tial, enabling fibril formation. In contrast, our model does not assume any directional

interactions. The potential between non-bonded super-atoms is isotropic, similar to

the peptide model proposed by Ranganathan et al. [56]. Our approach avoids pre-

defining a favorable relative orientation of interacting molecules.

These two features of our model, the homo super-atoms and the backbone-only

resolution, brings it close to homopeptides, especially poly-glycine, poly-G, and poly-

alanine, poly-A. Experimental studies show that both poly-G and poly-A can form

fibrils in solution [57, 58]. Also the poly-glycine-alanine, poly-GA, forms fibril, which

is probably connected with neurodegenerative diseases, such as amyotrophic lateral

sclerosis or frontotemporal dementia [59, 60]. Noteworthy, Bernacki and Murphy [58]

showed that the aggregation of poly-A depends on the chain length and temperature.

When the temperature increases, the aggregates change from spherical, amorphous

oligomers to ordered structures. Minimal Model reproduces this structural transi-

tion, from disordered to ordered clusters, although the model uses only an isotropic

potential. This transition is also observed for increasing chain stiffness, which corre-

sponds to the persistence length calculated in experiments. The formation of more

ordered aggregates for higher kθ corresponds to the disordered-ordered transition

observed between poly-alanine and poly-glutamine accompanied by an increase in

the persistence length from 2-3 to 6 Å for poly-A and poly-Q respectively [58]. Sim-

ilarly, Singh and Lapidus found that the polyglutamine chains are more rigid than

other homopeptides and show a tendency to stay in the extended conformation [61].

Our results support their hypothesis that the intrinsic stiffness is responsible for a

high tendency to aggregation.

The persistence length of peptide chains can increase also as a result of phospho-
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rylation [62]. Kumar et al. show that the phosphorylated Aβ peptides are more prone

to aggregation than the unphosphorylated ones [63, 64]. Phosphorylation stabilizes

extended conformations, thereby facilitating the nucleus formation and reducing the

length of the lag phase. Interestingly, the morphology of the final aggregates is the

same for the phosphorylated and unphosphorylated Aβ proteins, despite the various

kinetic behavior.

Experimental studies show that the various kinetics may induce formation of

different aggregates, from ordered to disordered [65], or may lead to the same ag-

gregate structures, as in the case of phosphorylated/unphosphorylated Aβ peptides

[63]. Our simulations with Minimal Model confirm it, as the kinetic and structural

diagrams overlap only in part, i.e. the borders between various kinetics modes are

not the same as the disordered-nematic-crystal transition lines.

For the nucleated kinetics discussed in the literature, the nucleus size was deter-

mined in some cases. For homopeptides, numerous studies focus on poly-glutamine,

and indicate, that the nucleus size decreases from ≈ 4 to ¬ 0.5 when the number of

glutamine residues increases from 18 to 47 [66, 67, 68]. Coarse-grained simulations

gave similar results, as the critical nucleus decreases from 3-4 for Q20 to 1 for Q30
[69].

Our studies of the nucleating systems give the critical nucleus size in range

m∗ = 7-12 for octapeptides. The nucleus size does not clearly depend on the in-

teraction strength, chain stiffness or chain length, unlike the nucleation time which

decreases with increasing ε and kθ. The lack of visible trends in the critical nucleus

size can be caused by a small number of simulation repeats.

A new aspect revealed by Minimal Model is the chirality fluctuation of peptide

aggregates. As it was described in Introduction, chirality of proteins and peptides

assembles is not a simple outcome of the amino acids chirality. On the one hand,

the origin of the diversity in supramolecular chirality is connected with the higher

hierarchical levels, i. e. differences in the fibrils twist are caused by the specific

interaction between regular β-sheets or protofibrils in mature fibrils [6]. On the other

hand, the fibril twist may result from the interplay between peptide building blocks

and, as a consequence, the formation of right-handed, or left-handed β-sheets [8]. The

second option has been recently examined by Wang and co-workers [70]. Specifically,

they studied the effect of glycine insertion as it is the only achiral molecule among

the 20 biological amino acids. They tested the aggregation of a model peptide, Ac-

I3K-NH2, and its glycine modification, Ac-I3GK-NH2, and found that Ac-I3K-NH2
forms only the left-handed fibrils. The addition of achiral glycine residues leads

to a racemate with an excess of the right-handed fibrils. The experimental studies
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were supported by combined MD and QM calculations, indicating that there are

two free energy potential minima for Ac-I3GK-NH2 β-strands, corresponding to the

left- and right-handed arrangements. The difference between these minima is small.

These results are very close to our observation from Minimal Model, that the achiral

peptides can spontaneously form a racemate of left- and right-twisted structures. In

publication P2, we postulated that the chiral fluctuations of initially formed small

oligomers can be responsible for the helical diversity observed in mature fibrils.

In the case of Minimal Model, the molecules are completely achiral, whereas

in real peptides, except glycine, they have intrinsic chirality leading to at least

some chirality preference. Our simulations show, that the frequency of transitions

between left- to right-twisted states increases with the cluster mass. This implies

for real peptides, that for sufficiently large nucleus size, the fluctuations are rapid,

and the thermodynamically more stable conformation can be reached leading to

preferred helicity of fibrils. For a small nucleus, the growth may be faster than

chirality fluctuations, so the structure can be kinetically trapped in a random state.

For many nuclei this leads to a racemate.

The next point is the biological significance of fibril twist. As it was discussed

in literature, the fibril twist can control the specific fibril thickness [71]. This is

based on theoretical calculations indicating, that the stability of the twisted state

dependents on the fibril thickness, and decreases when fibrils become wider. The

twist stability decays for both achiral and chiral systems, although for an achiral

system the decay is faster. Those theoretical calculations are supported by our Min-

imal Model simulations, as the amplitude of cluster twist decreases with the cluster

mass.

4.2 Bereau-Deserno model

The BD model was used to study aggregation of two peptides whose sequences differ

by one amino acid residue, GNNQQNY (GNN) and GNNQQNA (Y7A). The BD

model is an implicit solvent model that is more detailed than Minimal Model, as it

includes explicit side-chain super-atoms allowing to study the sequence effects. The

BD model was previously used to study aggregation of various peptides, such as:

polyglutamine [72], fragments of the tau protein [73] and GNN [74, 75].

Our simulations show a two-step aggregation mechanism for both peptides, GNN

and Y7A. The mechanism does not change in the studied concentration range, 4 ¬
c0 ¬ 35 mM for the GNN peptide. Such two-step kinetics has not been reported in

the experiments. Experimental studies for GNN at lower concentration range, ≈ 0.7-
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1.5 mM, point to the one-step mechanism [21]. The one-step mechanism of GNN

aggregation was also observed in simulations with BD model but at higher GNN

concentrations. Luiken and Bolhuis conducted simulations for small systems at initial

monomers concentration equal to c0 = 0.25 M, and they found the temperature-

dependent transition of aggregation behaviour which occurs at temperature ≈ 275 K

[74]. Below this critical temperature, the formation of β-sheets undergoes by one-

step kinetics, whereas above this temperature, aggregation does not occur. They also

observed such one-step aggregation mechanism for a slightly lower concentration,

c0 = 0.07 M and higher temperature, 285 K and they found the size of critical nucleus

m∗ = 4-6 peptides [75]. In comparison, our simulations are conducted for lower

concentration range, c0 = 4-35 mM and at higher temperature, 300 K. It suggests,

that transition from one to two-step kinetics occurs with decreasing concentration

and increasing temperature, what is in contradiction with the hypothesis of Auer

and co-workers [16]. On the other hand, this disagreement between Luiken’s and

our simulations can be caused by the difference in system size, as small systems are

more prone to the artificial behavior [76, 77]. This unexpected tendency might be

the subject of further research on GNN aggregation.

On the other hand, the nucleated conformational conversion mechanism was

observed for the whole yeast prion protein, Sup35 [18], as it was described in In-

troduction. In this case, the initial step is formation of micelle-like oligomers [18],

which correspond to our spherical intermediates.

Our simulations also address the question of the internal structure of GNN fib-

rils, as described in Introduction, where two competing models were discussed. A

common feature of those two fibril models is the parallel, in-register alignment of

peptides in single β-sheet [24, 25, 27]. Our simulations confirm that alignment. How-

ever, we do not observe anti-parallel pairs of β-sheets interacting via steric-zipper,

which was proposed by Eisenberg and co-workers [24]. In our simulations single rib-

bons are connected to form fibril around tyrosine core, which is more similar to the

fibril structure postulated by Langkilde and co-workers [27]. They suggested that

a protofilament is formed by two pairs of parallel β-sheets connecting by tyrosine

residues. However, such structure is mostly untwisted or has only a small twist. The

strongly twisted, fibril-like structures observed in our simulation can be explained as

an initial state of fibril formation. In real GNN the twist may disappear during fur-

ther fibril growth. An important role of tyrosine hydrophobic core for intermediates

stability was postulated also by Luiken and Bolhuis [75].

The impact of alanine mutation on aggregation was studied previously by all-

atom simulations [78, 79]. Two versions of CHARMM PARAM force field were
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used, CHARMM PARAM19 by Caflisch and co-workers [78] and a newer version,

CHARMM PARAM22, by Nussinov et al. [79]. Both studies show that the mutant

peptides, Y7A, form less stable aggregates than the wild peptide GNN. Due to

computational limitations, all-atom studies were performed for small systems, with

3, [78], or up to 8, [79], peptides. The smaller stability of Y7A aggregates is in

agreement with our simulations, as in the equilibrium phase deaggregation events

are more common for the mutant than for the wild peptide. By increasing the

system size, our simulations give more details of aggregation differences between the

two sequences, for instance we determined the structural characteristic of fibril-like

aggregates. The difference in the mature aggregate morphology between the wild and

mutant peptides constitutes a contribution to the fibril polymorphism observed in

experiments for wide range of peptides and proteins [6]. The GNN and Y7A fibrils

in our simulations differ in the alignment of ribbons, whereas single ribbons are

built similarly from parallel, in-register peptide chains. Due to the lack of aromatic

residues, Y7A fibrils does not have a well defined core, as is the case for GNN. The

Y7A fibrils consist of parallel or antiparallel β-sheets.
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Conclusions and Outlook

In this thesis two coarse-grained models were used to study peptide aggregation.

Different levels of resolution of these two models allow for investigating how vari-

ous structural parameters of peptide chains influence aggregation. The conclusions

presented in the next section are general observations regarding the effect of the

peptide backbone and side chains on the aggregation kinetics and the structure of

aggregates. Our simulations are consistent with the experimental studies showing

that numerous proteins and peptides can aggregate into fibrils with similar cross-

β pattern. Such observations suggest that the aggregation propensity is connected

with intrinsic peptide properties. However, slight differences in the residue sequence

can lead to the fibril polymorphism as it was described in Introduction.

After the presentation of general conclusions, the following sections discuss the

conclusions specific for Minimal Model and the Bereau-Deserno model.

5.1 General conclusions

This thesis shows that various peptides can aggregate with quite similar kinetics

although the final aggregates are different, i.e. the kinetics can be similar for quite

different peptides, whereas the structure of mature assembles is strongly dependent

on the chain properties determined by the sequence and environmental conditions.

With reference to the question about the generic and specific aggregation properties,

we hypothesize that in general the aggregation kinetics may be less sequence sensitive

than the final aggregate structure.

Both models show that the aggregation rate depends primarily on the inter-

molecular attraction determined by the backbone properties modulated by the side

chains or the presence of highly attractive side-chains. Our research shows also, that

the effective backbone properties influence the kinetic mode. Hence, the modification

49
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of the backbone features are sufficient to change the aggregation mechanism. On the

other hand, such changes of the mechanism are not observed in the case of a single-

residue mutation. Nevertheless, our studies does not rule out the possibility that the

sequence modifications may influence the aggregation mechanism.

Another general conclusion is that the structural diversity of the final aggregates

mirrors the differences in the oligomer arrangements. It applies to the ordered and

disordered clusters in Minimal Model as well as the fibrils observed for GNN and

Y7A in the BD model. Notably, the oligomers formed by GNN and Y7A do not

reflect exactly the structure of mature fibrils, but some important features may be

observed also for the initial clusters allowing for aggregation distinction of these two

sequences. It suggests that the early self-assembly steps are important to understand

the polymorphism of mature aggregates.

5.2 Minimal Model

The proposed Minimal Model gives insight into the backbone features determining

the aggregation propensity. In the simplest version only two backbone parameters

were varied, the interaction strength ε and the chain stiffness kθ. Both parameters

influence the peptide aggregation kinetics and the final aggregate structures. The

structural phase diagram, obtained for a wide range of these parameters, reproduces

the morphological diversity from amorphous to nematic- and crystal-like structures,

observed in experiments. The disordered-ordered transition depends on both the

peptides attraction and the chain stiffness.

The most interesting structural result is the chiral fluctuations observed for more

ordered clusters: the oligomers show collective peptide chain twists around the clus-

ter core. Because Minimal Model does not include intrinsic chirality its behavior

corresponds to a homopolymer made up of glycine residues. Thus Minimal Model is

consistent with the experimental observation that glycine has a significant impact

on the chiral polymorphism of mature fibrils [70]. The twist amplitude and life-time

of the twisted states changes with the aggregate size and chain length. They are

relatively large for small aggregates and then decrease with cluster size. We hy-

pothesize, that the chiral fluctuations are especially important for oligomers, e.g. for

nucleus formation. The dynamics of chiral oscillations indicates that the handedness

of mature fibrils can be determined by the kinetics or thermodynamics depending

on the nucleus size and length of aggregating peptides. Further studies of chiral fluc-

tuations for small aggregates can give an answer regarding the origin of chirality of

mature fibrils observed in experiments. The importance of fibrils twist is connected
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also with stability of relatively thin fibrils. Our Minimal Model studies support also

this issue, previously investigated in literature by theoretical calculations [71].

Minimal Model also reproduces the kinetic variety observed in experiments. In-

creasing the interaction strength and chain stiffness cause the transition from no-

aggregation to nucleated and then to fast downhill aggregation. The transition be-

tween these kinetic modes is primarily determined by the interaction strength, while

the chain stiffness is a secondary factor responsible for the aggregation propensity.

Nucleated aggregation has the same aggregation mechanism, despite that the length

of nucleation phase decreases with increasing values of interaction strength and chain

stiffness. The monomer addition is the main path of aggregate growth. The size of

nucleus does not change monotonically with interaction strength and chain stiffness.

On the other hand, for the downhill kinetics two mechanisms are observed that vis-

ible as two scaled curves that do not overlap. For downhill systems with relatively

low interaction strength or low chain stiffness, the main path of aggregation growth

is the same as for nucleated systems - clusters growth by monomer addition. If the

values of model parameters increase, more oligomers are initially formed and further

growth undergoes by cluster-cluster coalescence.

Interestingly, the structural and kinetic diagrams do not overlap. This means

that the aggregation can be described by the same kinetic mode even if the formed

clusters differ significantly in morphology.

Additionally, our studies show the dependence of aggregation on concentration.

A decrease in concentration leads from the downhill to nucleated kinetics. Aggre-

gation kinetics change also with the length of peptide chains. Aggregation of longer

peptides is faster with fewer deaggregation events, but the general mechanism does

not change.

Although the structural and kinetic diversity is reproduced by Minimal Model,

fibril formation is not observed. This suggests that fibrillation requires a more com-

plicated model. We hypothesize that anisotropic potentials may be needed.

5.3 Bereau-Deserno model

Our simulations of aggregation for GNN peptide and its point-mutation, Y7A, show

that fibril-like structures are formed by both sequences in the studied range of

concentrations for sufficiently large system, N0 = 72. The fibril formation occurs

through a two-step aggregation mechanism for both sequences. Initially, disordered

clusters are formed and then they undergo internal reorganization. This reorganiza-

tion occurs when the oligomer size exceeds a critical value which is different for each
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peptide and is between M = 25 and 35 for the wild sequence, GNN, and between

M = 32 and 58 for the mutant Y7A. These values can be taken as the nucleus

size for fibrillization. Despite this similarity, the internal fibrils structure is differ-

ent, indicates strong dependence of aggregate morphology on the sequence. This

agrees with fibril polymorphism observed in experiments and in vivo. Interestingly,

the structural differences is observed also for the oligomers, implying that the fibril

heterogeneity is derived from the initial aggregation steps.

Our aggregation study of GNN indicates a special role of aromatic residues. The

’aromatic core’ stabilizes fibrils leading to almost irreversible aggregation. These sim-

ulation results give also a contribution to the discussion about the internal structure

of the mature fibrils. The observed tyrosine core supports the model proposed by

Langkilde and co-workers[27] rather than the crystal-based approach suggested by

Eisenberg et al. [24] Noteworthy, the aromatic interactions are also important for

spherical and disordered oligomers which are initially formed.

Aggregation of GNN peptides and fibril formation occurs quickly at higher con-

centration, although, the general two-step mechanism does not change in the studied

concentration range. The scaled monomers curves overlap, and so do the clusters

kinetic curves, for different system sizes, N0 = 20 and 72, although that the final

aggregates structures are different. This suggests that the kinetics similarity can be

insufficient to define the molecular mechanism of aggregation. The aggregate growth

for GNN differs for disordered and fibrillar structures. The spherical oligomers can

growth in all directions, whereas for the fibril-like aggregates the monomers and

small cluster addition occurs only at the ends. This implies the 3D or 1D aggregate

growth for disordered and fibrillar aggregates, respectively. Although this kinetic

difference is not seen in the monomers and clusters kinetics curve, the radius of

gyration as a function of aggregate mass shows a change of the slope for the clus-

ter mass close to structural nucleus size. Both types of aggregates, disordered and

fibrillar, become more compact during the aggregate growth.
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