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Chapter 1

Introduction

Many human disorders are associated with amyloid deposits in different organs or tis-

sues. One of these so-called amyloid diseases is Alzheimer’s disease (AD), an incurable,

degenerative disorder which is characterized by widespread death of neurons resulting

in the loss of memory and mental ability [1]. The exact cause of the disease is still

unclear. However, present research relates the evolution of AD with two types of protein

aggregates in the brain. The extracellular plaques consist of amyloid fibrils containing

mainly the Amyloid β (Aβ) peptide. The neurofibrillary tangles occur intraneuronally

and consist of twisted filaments containing hyperphosphorylated τ protein [2].

The mechanism underlying the aggregation of Aβ to amyloid fibrils is to date not fully

understood. A vast number of experiments support the idea that the early aggregation

intermediates in form of soluble oligomers are the major neurotoxic components in the

process [3, 4, 5, 6, 7, 8, 9]. In order to develop therapeutic agents which target these toxic

intermediates it is essential to gain detailed information about their molecular structure

and study the thermodynamics governing transitions between different conformations.

The early intermediates are of disordered and transient nature. Therefore, it is very

difficult to address these questions in atomic detail using experimental techniques.

In the present work early stages of amyloid formation for two fragments of the Aβ

peptide, Aβ(25-35) and Aβ(10-35)-NH2 , are studied by means of atomistic molecular

dynamics (MD) simulations. We investigate the folding of the pre-aggregated monomeric

states in comparison to experimental data or theoretical studies. In addition, we predict

structural features of oligomers and study transitions between disordered and fibril-like

states.

The following section gives an introduction to the formation of amyloid fibrils in

general. In particular, characteristics of amyloid fibrils, models for the aggregation

mechanism and the nature of toxic oligomers are discussed. The second part of the

introduction focuses on Alzheimer’s disease. It explains the role of Aβ and other factors

that were shown to be involved in the process of developing the disease. The nature of
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CHAPTER 1. INTRODUCTION

Aβ and previous experimental observations concerning the aggregation of the peptide

and shorter fragments are reviewed in Sec. 1.2.1. Neurotoxic effects associated with Aβ

and approaches to design therapeutic agents will be shortly discussed in Sec. 1.2.2 and

1.2.3. The last section summarizes the questions addressed by this work.

1.1 Folding and aggregation of polypeptides

Proteins are multi functional biological macromolecules essential for living organisms.

Enzymatic proteins can catalyze biochemical reactions. Others can coordinate the trans-

port of substances through membranes or the blood, e.g. hemoglobin transports oxygen.

Molecular motor proteins such as kinesin or myosin transform chemical energy into me-

chanical work. Proteins are involved in processes regulating the immune response and

biosynthesis. They are also used as storage molecules and for mechanical support.

In comparison to their various functions, proteins have a rather simple molecular

framework. They are heteropolymers of the twenty proteinogenic amino acids. Indi-

vidual amino acid residues are connected via a peptide bond which is planar due to its

partial double bond character. Fig. 1.1 shows a polypeptide chain with one peptide bond

marked in red. The figure also shows how the backbone conformation of a polypeptide is

fully described by the dihedral angles φ (involving backbone atoms Ci−1−Ni−Cα
i −Ci)

and ψ (involving backbone atoms Ni − Cα
i − Ci − Ni+1) of each amino acid residue.

Together with rotatable bonds within the side chains R, proteins have many degrees of

freedom.

N

Cα N

Cα

O

H

R

Hα

O

H

Hα
R

O

φ

ϕ

-------- i -------- ---- i + 1 ------ i - 1 --

Figure 1.1: Polypeptide chain with the planar peptide bond connecting two amino acid

residues marked in red. Dihedral angles φ and ψ of each amino acid residue define the

peptide backbone conformation. R stands for one of the side chains of the 20 proteino-

genic amino acids.

Under physiological conditions, the functional state of many polypeptides corresponds

to a unique globular conformation with specific secondary and tertiary structure, termed

the native state, while others are intrinsically unfolded. The native conformation of a
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1.1. FOLDING AND AGGREGATION OF POLYPEPTIDES

polypeptide is characterized by specific electrostatic interactions such as hydrogen bonds

or salt bridges, hydrophobic contacts, and sometimes disulfide bonds. The hydrophobic

residues are packed into the protein interior shielded form the aqueous environment.

High or very low temperatures, extremes of pH, certain solutes such as urea and guani-

dine hydrochloride, or detergents cause destabilization of the native state which results

in denaturation and loss of biological function [10]. In vitro denaturation and refolding

experiments by Anfinsen and others have shown that at least for small polypeptides

the amino acid sequence predetermines the native conformation, known as Anfinsen’s

dogma [11, 12]. It was also concluded from these experiments, that for most natural

proteins the native state should correspond to a kinetically accessible global minimum

of the free energy surface.

The mechanism of protein folding was already a matter of debate in the 1950s [13].

In 1968 Levinthal proposed that protein folding towards the native state is not a random

process [14, 15]. Due to the large number of degrees of freedom even for small polypep-

tide chains a random search by adopting all possible conformations would take longer

than the life time of the universe. This consideration is known as Levinthal’s paradox.

In contrast, in vitro folding is observed on the micro- to millisecond timescale. Conse-

quently, Levinthal suggested, there must be folding intermediates and pathways [13]. In

1995 Wolynes and coworkers introduced the idea to describe the in vitro progression of

an isolated polypeptide chain from an ensemble of denatured, random conformations to

the native structure [16] by representing the free energy landscape by a folding funnel

cartoon [17, 18]. The native state corresponds to a sharp, deep minimum in the free

energy landscape and folding towards this conformation is assumed to be mainly driven

by non-local hydrophobic interactions [10, 13, 19].

Spontaneous refolding to the native conformation has been observed in vitro for small

(100 to 200 amino acids), globular, α-helix-rich proteins. In contrast, in vitro refold-

ing experiments with larger, especially β-sheet-rich proteins resulted in low refolding

yields and the formation of insoluble aggregates [16]. A number of in vitro and in

vivo experiments lead to the conclusion that especially partly unfolded or misfolded

polypeptide chains are prone to aggregation, in particular at high peptide concentra-

tions [20, 21, 22, 23, 24]. Such partly unfolded conformations are populated under

denaturing conditions as mentioned above. Also natural mutations that decrease the

net charge or increase the hydrophobicity and β-sheet propensity of a polypeptide chain

can result in the destabilization of the native state.

The competition between in vitro folding and aggregation of polypeptide chains can

be illustrated by a simplified 2D free energy landscape represented by a double funnel

cartoon as shown in Fig. 1.2 taken from Ref. [16]. It is important to mention, as also

pointed out by Clark [16], that the double funnel cartoon does not attempt to describe

the folding, misfolding and aggregation behavior of newly synthesized polypeptide chains

9



CHAPTER 1. INTRODUCTION

Figure 1.2: The competition between folding and aggregation of polypeptide chains

in vitro illustrated by a simplified 2D double funnel representation of the free energy

landscape of isolated vs. aggregated polypeptide chains. The picture was taken from

Ref. [16].

released from ribosomes in the cell. In contrast to protein aggregates in reality which

can contain many polypeptide chains stabilized by complex intermolecular interactions

this representation is rather simple but useful in order to explain the general concept.

The right part of the diagram in Fig. 1.2 shows a folding funnel as a simplified 2D

representation of the high dimensional conformational space accessible to an isolated

polypeptide chain during folding. The width of the funnel corresponds to the chain

entropy, i.e. the number of possible conformations. The broad top of the funnel renders

the large number of denatured conformations while the narrow point at the bottom of

the funnel corresponds to the unique native conformation. The y-axis relates to other

energetic contributions such as the free energy of the polypeptide chain and the solvent,

and the solvent entropy [16].

Starting from the ensemble of unfolded conformations the folding funnel allows several

pathways to the global free energy minimum corresponding to the native structure. As

the polypeptide chain adopts lower free energy conformations stabilized by intramolecu-

lar interactions, possibly a number of native contacts, intermediate states are populated.

These are indicated by local minima along the sides of the folding funnel. These inter-

mediate states can serve as kinetic traps that either promote folding or aggregation

depending on their depth and the free energy barriers between the local minimum, the

10



1.1. FOLDING AND AGGREGATION OF POLYPEPTIDES

amyloid disease protein native conformation

Alzheimer’s disease Amyloid β unfolded

τ protein unfolded

Parkinson’s disease α-Synclein unfolded

Chorea Huntington Huntingtin (PolyQ) largely unfolded

Type II diabetes islet amyloid polypeptide unfolded

senile systemic amyloidosis wild-type transthyretin all-β, prealbumin like

spongiform encephalopathy Prion protein partly unfolded, α-helical

Table 1.1: Selection of human diseases associated with extra- or intracellular amyloid

deposits. The correlated proteins which are the major components of the fibrils and

their monomeric native conformation are also given. Data were taken from Ref. [26].

native state and the aggregation funnel [16] shown in the left part of Fig. 1.2. Inter-

mediates that expose a large hydrophobic surface to the solvent are highly prone to

aggregation.

The aggregation funnel added on the left side of the diagram in Fig. 1.2 illustrates

the interaction between several of such aggregation-prone conformations in a simplified

2D representation of the conformational space accessible to any kinds of aggregates.

These protein aggregates are stabilized by electrostatic and hydrophobic intermolecular

interactions resulting among other effects in a reduced hydrophobic surface area. The

aggregation funnel might also contain intermediate states as shown for the folding fun-

nel. As it relates to the interaction of several polypeptide chains the minimum in the

aggregation funnel might correspond to an intersection of several free energy landscapes

of individual polypeptide chains [16]. It is unclear if the minimum in the aggregation

funnel corresponds to a true global minimum in the whole free energy landscape. How-

ever, this minimum is sufficiently kinetically trapped from the native state corresponding

to the fact that protein aggregation often appears to be irreversible at least kinetically.

Cells have special quality-control mechanisms to prevent abnormal protein aggrega-

tion. In vivo partially unfolded or misfolded polypeptide chains are refolded to the native

state by the help of molecular chaperones or degraded through the ubiquitin-proteasome

pathway. If these processes fail the protein concentration increases and aggregation is

favored [13, 25].

Aberrations in the folding process leading to aggregation of proteins can be linked to

a wide range of human diseases. Many of these aggregation diseases are characterized

by protein deposits in the form of insoluble amyloid fibrils [13]. Tab. 1.1 lists a few

amyloid-related diseases associated with extracellular amyloid deposits or intracellular

amyloid-like inclusions [26]. The involved protein and its native conformation are also

given.

11



CHAPTER 1. INTRODUCTION

1.1.1 Structure of amyloid fibrils

Although amyloid fibrils can be formed by different polypeptides, the general structure

of the fibrils is remarkably similar. Transmission electron microscopy (TEM) and atomic

force microscopy (AFM) images indicate amyloid fibrils to be twisted and typically to

consist of two to six laterally associated protofilaments [26] as shown by the structure

model in the lower right corner of Fig. 1.4. A TEM image of amyloid fibrils formed

by Aβ40 associated with Alzheimer’s disease is shown in Fig. 1.3 (a). Here, red ar-

rows indicate single protofilaments 6.5± 1.0 nm in width. Blue arrows mark other fibril

morphologies with 10 − 15 nm widths presumably due to lateral association of thinner

filaments [27]. Individual protofilaments give a typical cross-β x-ray diffraction pattern

similar to the schematic representation in Fig. 1.3 (b). The two main reflections corre-

spond to the 4.8 Å spacing between hydrogen bonded β-strands oriented perpendicular

to the fibril axis, and to the intersheet spacing of 5 to 15 Å depending on the involved

side chain groups. This method cannot distinguish between parallel and antiparallel

β-sheets. Circular dichroism (CD) and fourier transform infrared (FTIR) spectroscopy

are used to monitor the secondary structure content; the latter method can distinguish

between parallel and antiparallel as well as intra- and intermolecular β-sheets [28].

(a) (b)

~5−15

~5−15

Figure 1.3: (a) TEM image of Aβ40 fibrils in the brain. Red arrows indicate the predom-

inant fibril morphology, whereas blue arrows show other morphologies. The green scale

corresponds to 400 nm. The picture is taken from Ref. [27]. (b) Schematic representa-

tion of the cross-β structure within amyloid fibrils determined by x-ray fiber diffraction.

The method cannot distinguish between parallel and antiparallel β-sheets. The picture

is taken from Ref. [29] and was modified.

The molecular fibril structure though depends on the protein involved. For instance,

solid-state nuclear magnetic resonance (SSNMR) spectroscopy can be used to determine

intra- and intermolecular 13C distances [26]. Hydrogen/Deuterium exchange (H/D ex-

change) of amide protons monitored by nuclear magnetic resonance (NMR) facilitates

the identification of residues involved in protective secondary structures [30].
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1.1. FOLDING AND AGGREGATION OF POLYPEPTIDES

Independent of the detailed fibril structure, amyloid fibrils bind to specific dyes such

as Congo red (CR) and thioflavin T (ThT) which is detected by fluorescence spec-

troscopy. The interaction mechanism between the dyes and the amyloid structure how-

ever is still unclear.

1.1.2 Models for fibril formation

For many years it was assumed that the ability to form amyloid fibrils is limited to a

small number of polypeptides with amino acid sequences encoding for the amyloid core

structure [13]. In contrast, recent experiments suggest that amyloid formation might be

a generic property of any polypeptide chain [31, 32, 33, 34]. Based on the amino acid

sequence some proteins are more prone to aggregation than others. Under appropriate

conditions amyloid formation was also observed for polypeptides not related to diseases

such as myoglobin [35].

Fig. 1.4 summarizes the general knowledge of amyloid formation in a simplified rep-

resentation. As mentioned above, partially or fully unfolded or misfolded conformations

are more prone to aggregation than the native state. As shown in Tab. 1.1 a number

of amyloidogenic polypeptides are natively unfolded, hence they are particularly vul-

nerable to aggregation. In the initial aggregation phase soluble oligomers of various

different conformations, denoted as disordered aggregates in Fig. 1.4, are formed. These

disordered aggregates might interact through relatively nonspecific interactions. Some

of these early aggregation intermediates might dissociate again (off-pathway) while oth-

ers, presumably β-sheet-rich species, reorganize and provide the nuclei for the amyloid

structure (on-pathway) [26]. The latter then appear to transform into β-structured ag-

gregates sometimes termed protofibrils or protofilaments. Possibly by lateral association

such protofibrils are able to assemble into mature fibrils.

Degraded short polypeptide fragments are not necessarily excluded from the ability

to aggregate as shown in Fig. 1.4. It will be discussed in Sec. 1.2.1 that Aβ is such an

aggregation-prone degradation product.

The native conformation is less likely to aggregate. Nevertheless, at high protein

concentrations the formation of amyloid fibrils through native-like aggregates which later

reorganize towards the fibril structure is also observed for model proteins. Additionally,

shown in Fig. 1.4, protein aggregation also leads to non pathogenic, functional aggregates

such as myosin, actin filaments, or microtubules [26].

The kinetics of in vitro fibril formation can be measured, e.g. by detection of ThT

binding using fluorescence spectroscopy. Often a lag phase is observed followed by a

rapid exponential growth which is stopped when the aggregates are in equilibrium with

the solution. If the solution is seeded with preformed fibrils the lag phase is shortened

or even eliminated. Based on these observations it is widely believed that in many cases

amyloid fibril formation proceeds by nucleated polymerization [36, 37, 38, 39].
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CHAPTER 1. INTRODUCTION

Figure 1.4: A schematic representation of the possible conformational states which can

be adopted by individual polypeptide chains or several interacting chains. This diagram

gives an overview of possible transitions between those conformations that might lead

to the formation of amyloid fibrils. The picture is taken from reference [26] and was

modified.
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1.1. FOLDING AND AGGREGATION OF POLYPEPTIDES

The lag phase is characterized by various disordered oligomeric aggregates, see Fig. 1.4

and corresponds to the time required to form a critical nucleus. The critical nucleus is

the most transient and highest free energy species in the pathway. The size of the critical

nucleus depends on the number of molecules required to compensate the loss of trans-

lational entropy by favorable interaction energy. Corresponding to the various number

of different oligomers appearing within the lag phase, different fibril morphologies are

possible. Depending on the experimental conditions one or the other morphology might

be preferred.

Recent in vitro and in vivo experiments on the aggregation of Huntingtin related

polyQ-containing proteins suggest that amyloid formation might follow a complex multi-

stage mechanism. This aggregation model is based on nucleated polymerization while

aggregation proceeds in substeps directed by prefibrillar oligomers. It was found that

oligomers formed in the initial step contained exposed polyQ segments which presumably

trigger the second aggregation step in which the polyQ-containing segments reorganize

to form the amyloid core [40, 41].

For some proteins initial aggregation appears to be a downhill process. This was

observed, for instance, for amyloid formation of a mutant of transthyretin under partially

denaturing conditions and at certain conditions for human serum albumin [42, 43]. In

this aggregation model, the monomeric state has the highest free energy, aggregation

proceeds without a lag phase, and is not influenced by seeding with protofibrils.

1.1.3 Toxic oligomers

Within the last years a number of experiments suggested that not the mature fibrils but

the early aggregation intermediates, in the form of soluble, low molecular weight (LMW)

oligomers, are the main toxic components in amyloidogenic diseases [3, 4, 5, 6, 7, 8, 9].

In contrast, the formation of mature fibrils might be an evolutionary response to remove

these toxic species. In order to develop pharmaceutic agents to cure amyloidogenic dis-

eases, it becomes crucial to identify all conformational states involved in the aggregation

process. Especially, conformations of the toxic LMW oligomers and the thermodynamics

of the transitions between different oligomeric conformations are of major interest.

The macroscopic dimension and shape of oligomers can be visualized using TEM and

AFM [44, 45, 46]. The size distribution can be determined by dynamic light scattering

(DLS) and the number of molecules within an oligomer can be obtained by sodium

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) [47]. Additionally, CD

and FTIR spectroscopy can be applied to determine the secondary structure content [47].

In contrast, the molecular structure of LMW oligomers is often difficult to access

experimentally due to their disordered and transient nature. Consequently, for many

amyloid peptides including Aβ the structural and biological characteristics of oligomeric

structures remain unclear [48]. Theoretical models such as atomistic MD simulations
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CHAPTER 1. INTRODUCTION

can be used to predict the molecular structure of LMW oligomers.

1.2 Alzheimer’s disease

Alzheimer’s disease is a severe neurodegenerative disease which mostly affects people

more than 65 years of age. With rising life expectancy this disease will become a serious

problem for future generations. According to estimations by the World Health Orga-

nization (WHO) and Alzheimer’s Disease International (ADI) in 2050 over 115 million

people worldwide will be affected by AD.

The disease is characterized by widespread death of neurons and disruption of synap-

tic functions which cause the loss of memory and mental ability [1]. In the beginning

the hippocampus is affected corresponding to an area responsible for short time mem-

ory. In late stages most of the cortex is damaged and the ability to communicate and to

recognize familiar people or environments is entirely lost [49].

1.2.1 Molecular basis

Histopathologically, AD is characterized by neurofibrillary tangles of τ protein inside

neurons and extracellular amyloid deposits of Aβ in the brain [50]. The latter are

termed senile plaques, and were first described in 1907 by Alois Alzheimer, a German

psychiatrist [51]. Although both molecular hallmarks are associated with AD it yet

remains unknown whether and how they are related. The following paragraphs discuss

the origin of both peptides.

Microtubules are one of the active matter components of the cytoskeleton in neu-

rons. The τ protein is primarily expressed in neurons and stabilizes microtubules by

interacting with the tubulin dimer, the polymer building block of microtubules. In AD

infected brains, the τ protein is abnormally hyperphosphorylated, dissociates from the

microtubules, and aggregates to neurofibrillary tangles of paired helical filaments and

(only in vitro) straight filaments [50]. Dissociation of τ destabilizes the microtubules

and causes their disintegration. The combination of these processes inhibits neuronal

functionality and might also account for the loss of neurons.

The Aβ peptide is cleaved from the C-terminal region of the amyloid precursor protein

(APP), a type I membrane-spanning glycoprotein. APP consists of 695 to 770 amino

acids [52]. It is expressed in many tissues but concentrated in neurons, where it localizes

in the plasma membrane, the trans-Golgi network, the endoplasmatic reticulum and in

endosomal, lysosomal, and mitochondrial membranes [48]. The function of APP is not

exactly clear, yet. The schematic representation in Fig. 1.5 shows the location of APP

in the plasma membrane where proteolytic cleavage takes place. A short C-terminal

end points into the cytoplasm, while a large N-terminal domain is exposed into the

extracellular matrix. Abnormal cleavage of APP by β-secretase at the N-terminal end
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1.2. ALZHEIMER’S DISEASE

and γ-secretase at the C-terminus yields the pathogenic Aβ peptide, see the right box

in Fig. 1.5. In the normal non-amyloidogenic degradation pathway, APP is cleaved

by α-secretase instead of β-secretase. The α-secretase cleaves APP closer to the C-

terminus than β-secretase does, see the left box in Fig. 1.5. The remaining fragment

can additionally be cleaved by γ-secretase as well resulting in the formation of the non-

pathogenic fragment P3 (not shown).

Recent studies with transgenic mice and human patients indicate that Aβ can also

accumulate intraneuronally, presumably preceding the formation of extracellular Aβ

deposits [52]. It is yet unclear how intracellular Aβ contributes to the disease progression.

Figure 1.5: Schematic representation of the non-amyloidogenic and the amyloidogenic

cleavage of APP located in the plasma membrane. The amyloidogenic pathway results

in the release of the pathogenic Aβ peptide. The picture is taken from Ref. [52] and was

modified.

In general, AD is not inheritable. Only approximately 5 % of the patients suf-

fer from Familial AD. In combination with Familial AD three genes were detected,

which all affect the generation of Aβ. These genes code for APP, as well as for the

γ-secretase subunits presenilin 1 and presenilin 2 [53]. Apart from these cases, only

one risk gene, apolipoproteinE-ǫ4 (ApoE-ǫ4) was identified to increase the probability

to develop AD [1].
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Full length Aβ: Aβ42 and Aβ40

The cleavage site of the γ-secretase is not precise and causes the release of Aβ fragments

with 39 to 43 amino acids in length. The most abundant in amyloid deposits are Aβ40

and Aβ42 in a ratio of 10:1 while Aβ42 is significantly more neurotoxic and the main

component of senile plaques [1, 26]. The amino acid sequence of human Aβ42 is given

in Fig. 1.6. The peptide is amphiphilic, with a central hydrophobic region at residues

L17 –A21 and a hydrophobic C-terminal tail starting at residue G29.

R5F4E3A2 Y10G9S8D7H6 H13V12D1 Q15H14

F20F19V18L17 G25V24D23E22A21 K28N27S26 A30G29

M35L34G33I32 V40V39G38G37V36 A42I41I31

E11

K16

Figure 1.6: Amino acid sequence of full length Aβ42. Nonpolar residues are colored in

yellow, whereas polar residues are blue, basic residues are red, and acidic residues are

green.

Up to date, a vast number of in vitro and in vivo studies concerning the amyloid

formation of Aβ have been published. For instance, the monomeric structure of both

fragments was studied in aqueous solution by NMR. While both peptides are mostly

unstructured, Aβ42 shows a decreased flexibility for residues I32 to A42 compared to

Aβ40 [54, 55].

Many types of natural and synthetic Aβ oligomers of different sizes and shapes have

been reported, which accounts for their biological and structural diversity [48]. How-

ever, the molecular structures of Aβ40 and Aβ42 LMW oligomers remain unknown. A

promising approach seems to be the use of conformation-dependent antibodies. These

studies indicate that structurally different variants may even exist among oligomers with

similar morphology [48]. In a recent work two antibodies specific either for oligomers

(A11) or fibrils (OC) were used to recognize LMW oligomers [56]. Based on the re-

sults of this study the appearance of two types of oligomers was proposed: prefibrillar

(A11+/OC-) and fibrillar (A11-/OC+). Interestingly, the A11 antibody also recognizes

oligomers from various other proteins such as α-synclein, islet amyloid polypeptide,

polyglutamin (PolyQ), lysozyme, human insulin and prion peptide (106-126) suggesting

that prefibrillar oligomers could share a common structure regardless of their amino acid

sequence [26, 48, 57].

Concerning mature fibrils, both Aβ peptides show distinct fibril morphologies. Based

on SSNMR, x-ray fiber diffraction and electron microscopy (EM) experiments both pep-

tides adopt a β-strand-turn-β-strand motif within fibrils while its location along the

amino acid sequence differs. In Aβ40, residues V12 –V24 and A30 –V40 form two inter-

18



1.2. ALZHEIMER’S DISEASE

molecular parallel β-sheets perpendicular to the fibril axis, while residues G25 –G29 are

bent [58, 59]. In Aβ42, the β-strand-turn-β-strand motif involves residues V18 –A42,

with residues N27 –A30 in the turn [60].

Shorter fragments: Aβ(25-35) and Aβ(10-35)

Besides the full length peptides various shorter fragments of Aβ are studied (i) because

some of these also appear in small amounts in AD brains, (ii) in order to determine

residues essential for aggregation and neurotoxicity, and (iii) because all amyloidogenic

polypeptides might share a common structure motif in the oligomeric state. The present

study focuses on two fragments, Aβ(25-35) and Aβ(10-35).

Containing 11 residues, Aβ(25-35) is the shortest fragment of Aβ which forms β-

sheet-rich fibrils and exhibits the toxicity of the full length peptide [4, 61, 62]. The con-

formations of the preaggregated state in 80:20 and 20:80 (vol/vol) hexafluoroisopropanol

(HFIP)/water mixtures have been solved by NMR [63]. The peptide was found to adopt

an α-helical conformation in the HFIP-rich mixture, whereas it is mostly unstructured

with a type I β-turn centered on residues S26 and N27 in the water-rich mixture. The

monomer conformation in pure water is difficult to access because at concentrations

necessary for analysis the peptide strongly aggregates. Replica exchange molecular dy-

namics (REMD) simulations of the peptide in a 80:20 HFIP/water mixture yielded an

α-helical conformation similar to the experimental structure. An analog simulation in

pure water predicted that prior to aggregation Aβ(25-35) exists as collapsed coils in

equilibrium with β-hairpin conformations [62].

H/D exchange measurements monitored by NMR suggest that within Aβ(25-35) fib-

rils peptides form either out-of-register antiparallel or in-register parallel β-sheets pre-

sumably involving residues K28 –M35 [64]. At neutral pH and room temperature an

AFM study observed two distinct fibril morphologies with diameters of 3.58 ± 1.53 nm

and 1.41 ± 0.48 nm, respectively [65]. Peptides are assumed to be either fully extended

or somehow bent within these fibrils. At the time this project started, there were neither

oligomeric structures available from experiments nor existed any theoretical study that

determined oligomeric states based on spontaneous aggregation.

The Aβ(10-35) fragment includes the self-recognition site of Aβ, K16 –F20. Peptides

containing these residues were found to bind Aβ40 and prevent the formation of amyloid

fibrils [66]. This region of Aβ was also determined to be a binding site for several

ligands [67, 68, 69, 70]. The conformation of monomeric Aβ(10-35)-NH2 in water at

pH 5.6 has been solved by NMR. Structural calculations based on observed nuclear

Overhauser effect (NOE) correlations and 3JHNHα scalar coupling constants suggest that

the peptide adopts a collapsed coil conformation containing a well-structured central

hydrophobic cluster involving residues L17 –A21 [54, 71].

EM images of Aβ(10-35)-NH2 fibrils formed at neutral pH show twisted pairs of
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single filaments with varying periodicities of the twist. The fibril diameters vary from

5.5 ± 1.0 nm at the narrowest point to 10.5 ± 1.0 nm at the widest point [72]. In-

termolecular 13C distances observed by SSNMR spectroscopy suggest that peptides

form in-register parallel β-sheets while individual peptides are assumed to be fully ex-

tended [73, 74, 75, 76]. A more recent study indicates that the peptides are bent with

some residues in region D23 –G29 in a non-β-strand conformation [72]. Due to the

lack of experimental structures, different theoretical approaches were applied to study

oligomeric conformations of Aβ(10-35)-NH2 . These studies either use simplified solvent

descriptions or study the stability of pre-generated aggregates [77, 78, 79, 80].

1.2.2 Neurotoxicity of Aβ

The AD infected brain is characterized by a peculiar inflammation initiated by Aβ. The

neurotoxic effect of the peptide and its oligomers is associated with several processes

including oxidative stress, pore formation and damage of endothelial cells [1]. In combi-

nation with metal ions, e.g. Cu(II) or Zn(II), and oxygen Aβ generates reactive oxygen

species (ROS) which cause lipid peroxidation, protein oxidation, and nucleic acid oxi-

dation, all resulting in cell death [53]. A secondary mechanism for toxicity is correlated

to the ability of Aβ oligomers to form ion-permeable pores in membranes. These pores

allow an unregulated flow of ions, e.g. Ca2+, in and out of the cell causing cellular

dysfunction [5, 81, 82].

1.2.3 Drug design

AD was first diagnosed more than hundred years ago and is still incurable. Current

medication only treats symptoms of the disease but cannot prevent the loss of neu-

rons. There exist two types of pharmaceutical agents (i) cholinesterase inhibitors, and

(ii) memantine. The first enhance the concentration of neurotransmitters by inhibiting

their degradation by cholinesterase. Memantine blocks NMDA receptors for binding of

glutamate which is released by damaged cells in order to accelerate cell damage [49].

Research for future drugs mainly follows two strategies (i) prevent the production

of pathogenic Aβ and τ protein, i.e by deactivation of β-secretase cleavage [83], and

(ii) inhibit aggregation of Aβ e.g. by small molecules (antibodies) that target the self-

recognition region of Aβ or the toxic oligomers to mark them for degradation. For the

latter approach, a detailed knowledge about the molecular structure of the preaggregated

state and early aggregation intermediates is necessary.
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1.3 Objectives and questions

In this work, two fragments of the Aβ peptide, Aβ(25-35) and Aβ(10-35), are studied by

means of molecular dynamics simulations. In particular, the preaggregated monomeric

state and early aggregation intermediates such as dimers and trimers are simulated. To

model the peptide-water interactions as accurate as possible a fully atomistic description

was chosen for peptides and solvent. As was previously discussed, early aggregation in-

termediates in amyloid formation are of disordered nature. Consequently, the free energy

landscape of such a system can be assumed to be rather broad and rough containing

many local minima. To achieve sufficient sampling of conformational space and to avoid

kinetic trapping in local minima, replica exchange molecular dynamics simulations were

performed for each system over several hundred nano seconds.

For each fragment the preaggregated, monomeric state in water was studied. Simu-

lations of Aβ(25-35) were performed in order to check if the β-hairpin conformation ob-

served at neutral pH and room temperature in a previous theoretical study [62] can be re-

produced by starting from a different unbiased configuration. Simulations of monomeric

Aβ(10-35)-NH2 starting from a fully extended configuration were conducted with the

aim to test if the NMR-derived collapsed coil conformation at pH 5.6 and 283 K [54, 71]

is also reached by simulations. This was done by testing the performance of two dif-

ferent force fields, GROMOS96 43a1 and OPLS/AA, and by comparing experimental

NMR data such as NOE distances and 3JHNHα coupling constants with the corresponding

quantities back-calculated from the simulations.

To study oligomeric states, simulations were performed for Aβ(25-35) dimers and

trimers, and Aβ(10-35)-NH2 dimers, all at neutral pH. Here, several questions were

of interest. How large is the structural variety of aggregates at the same oligomeric

state, i.e dimers? Can these various conformations be somehow classified, i.e. by an

appropriate reaction coordinate or by structural similarities to the monomeric or the

(assumed) fibril structure? The latter question addresses the proposed existence of

prefibrillar and fibril-like oligomers. Finally, if conformational substates within a dimer

or trimer ensemble can be defined the question is, what mediates transitions between

the different conformations? Can we determine specific intermolecular interactions or

thermodynamic forces dictating the transitions?

Because standard REMD does not provide the dynamics of the system, the kinet-

ics of dimerization and trimerization could not be studied. Nevertheless, a comparison

of structural and thermodynamic properties of the individual ensembles of Aβ(25-35)

monomers, dimers and trimers has been applied in order to obtain qualitative informa-

tions about the aggregation process.
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Chapter 2

Molecular Dynamics Simulation

and Analysis Methods

The MD simulation method is used to describe the time dependent behavior of a molec-

ular system. Nowadays, it is often employed to study conformational changes, dynamics

and thermodynamic properties of biomolecules such as proteins or nucleic acids. It

can give detailed information on molecular processes which can be difficult to access in

experiment.

Molecules can be described as individual atoms (atomistic) or groups of interacting

atoms (coarse grained level). The solvent can also be treated on different levels, i.e.

by using an explicit (atomistic) or an implicit (continuum) description. Both charac-

terizations have advantages and disadvantages. While the atomistic description is more

accurate, it is computationally more expensive. Within the last fifty years, computa-

tional power has increased significantly. Now, atomistic MD simulations can be routinely

applied to systems containing up to a million atoms over several nanoseconds [84]. The

use of parallel processors even allows simulations of typical middle-sized proteins over

microseconds. However, this is not yet sufficient to describe realistic folding or even

protein aggregation [84].

Additionally, complex molecular systems are described by many degrees of freedom.

Their conformational space corresponds to a high dimensional free energy surface con-

taining many local minima. This makes complete conformational sampling an impossi-

ble task. To overcome this problem, several enhanced sampling techniques such as the

replica exchange method [85] or umbrella sampling [86] were developed. These methods

have the disadvantage to generate artificial dynamics and can be very expensive for large

systems.

In the present work, replica exchange molecular dynamics simulations were performed

to study monomers and small oligomers of Aβ(25-35) and Aβ(10-35)-NH2 in aqueous

solution. To observe conformational changes within the peptides and to model the
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Figure 2.1: Initial configuration for simulations of Aβ(10-35)-NH2 dimers in water. Pep-

tide atoms are represented as spheres and water molecules are shown in stick repre-

sentation. C atoms are colored turquoise, O atoms red, N atoms blue, and H atoms

white.

peptide-water interaction as accurate as possible we chose a fully atomistic description

for peptides and solvent. The modeled systems then contained between 18,000 to 24,000

atoms. The general simulation setup is shown for the Aβ(10-35)-NH2 dimer system in

Fig. 2.1. Here, two peptides are placed in a simulation box with random orientation to

each other. The remaining space is filled with water molecules and if necessary with a

certain number of counter ions to neutralize the system.

This chapter will give an introduction to the general principles of MD simulations

while the focus is on techniques applied to the modeled systems. The first two sections

discuss how particle interactions are handled. Sec. 2.3 then focuses on the most impor-

tant algorithms necessary to describe the time dependent behavior of a many-particle

system. The free energy landscape of early aggregation intermediates of amyloidogenic

polypeptides are assumed to be rather broad and rough containing many local minima.

In order to avoid kinetic trapping in local minima and achieve sufficient conformational

sampling we applied replica exchange molecular dynamics simulations. The basics of

this enhanced sampling method will be explained in Sec. 2.4. Prior to a MD simulation

the initial configuration as shown in Fig. 2.1 requires an energy minimization which will

be discussed in Sec. 2.5. Finally, Sec. 2.6 focuses on the analysis of the MD trajectories,

and explains the calculation of often used equilibrium properties. All simulations were

performed with the GROMACS software package 3.3 [87].
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2.1 Principle

In MD a many-particle system is described by interactions between classical point

masses. In order to do so three approximations are necessary. The most exact descrip-

tion of a molecular many-particle system evolving in time is given by the time-dependent

Schrödinger equation [88]. The combined motion of nuclei and electrons is given by

a time-dependent wave function. Since, an electron is about four orders of magnitude

lighter than a nucleus, the motion of both can be decoupled. This approximation is called

the Born-Oppenheimer approximation [89]. It allows to separate the wave function of a

molecule into its time-dependent nuclear and time-independent electronic components.

In the second approximation, the nuclei are treated as classical point masses, i.e.

atomic positions. To describe the motion of N interacting atoms the Schrödinger equa-

tion is replaced by Newton’s equations of motion

mi
d

dt
ri = pi, (2.1)

mi
d2

dt2
ri = fi, (2.2)

where ri, pi, and mi denote the position, momentum, and mass of atom i, with i =

1, ..., N . The force fi acting on atom i is given by

fi = −∇r Ee(r1, ..., rN ), (2.3)

where Ee(r1, ..., rN ) is the effective potential arising from the electronic ground state

energy for given nuclei positions. The classical description holds for most atoms at room

temperature but breaks down for light atoms as hydrogen and at low temperatures. For

example, the transfer of a proton over a hydrogen bond cannot be described properly

without quantum mechanics [90].

In the third approximation, the motion of the electrons is neglected and the effective

potential Ee is described by a semi-empirical interaction potential denoted as force field.

This final simplification allows to compute the time evolution of systems comprising up

to several 106 atoms. In turn, electron transfer as in chemical reactions or excited states

cannot be treated, as well as the polarizability of atoms. The following section discusses

how atomic interactions are treated by semi-empirical force fields.

2.2 Force fields

Force fields describe molecular interactions as a sum of covalent (Ecov) and noncovalent

van der Waals (ELJ) and electrostatic (Ecoul) interactions

Etot = Ecov + ELJ + Ecoul. (2.4)
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φ
0θ

b0

(d)(c)(b)(a)

0ω

Figure 2.2: Basic covalent interactions combined in force fields; (a) bond stretching,

(b) bond angle vibration, (c) improper dihedral angles (e.g. out-of-plane deflections of

aromatic rings), and (d) torsion of bonds (proper dihedral angle). Lines correspond to

covalent bonds. Dotted lines in (c) are drawn to define planes, but do not correspond

to covalent bonds.

The covalent interactions include bond stretching (Eb), bond angle vibrations (Eang),

out-of-plane deflections of aromatic rings (Eimp), and torsion of bonds (Edih), as shown

in Fig. 2.2. The stretching of a covalent bond of length b, the vibration of a bond angle

θ, and the deflection of two planes by an angle ω are described by harmonic potentials

of the form

Ei =
1

2
Ki(i− i0)

2. (2.5)

Here, i stands for the bond length b, or the angle θ or ω, i0 for the corresponding

equilibrium values (b0,θ0,ω0), and Ki for the harmonic force constants (Kb,Kθ,Kω). The

torsion of a bond is described by the rotation around the dihedral angle φ as shown in

Fig. 2.2 (d), and given by

Edih =
1

2
Kφ [1 + cos(nφ− δ)] , (2.6)

with the periodicity n = 1, 2, ..., and the phase shift δ.

Noncovalent interactions as the repulsion resulting from the Pauli exclusion princi-

ple which prevents the collapse of molecules, and the attraction due to dispersion, are

summarized as van der Waals interactions. The van der Waals interaction between two

atoms i and j is described by the Lennard-Jones potential [91]

ELJ =
C

(12)
ij

r12ij
−
C

(6)
ij

r6ij
. (2.7)

The parameters C
(12)
ij and C

(6)
ij depend on the interacting atom types. Electrostatic

interactions are described by the Coulomb potential

Ecoul =
1

4πǫ0

qiqj
ǫrrij

, (2.8)
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where, two atoms of charge qi and qj a distance rij apart interact with each other.

The symbol ǫ0 denotes the dielectric constant, and ǫr the relative dielectric constant.

In this work, nonbonded interactions, especially electrostatic interactions due to their

long-range character, are treated using cutoff combined with continuum methods, as

described in Sec. 2.3.5.

The force field parameters such as average bond lengths, angles, force constants,

van der Waals parameters, and partial charges are obtained from crystal structures,

infrared (IR) spectra, free energies of solvation, and quantum chemical calculations. The

parametrization of the force fields is done for small molecules which serve as building

blocks for larger molecules. In case of proteins the force fields are optimized for individual

amino acids and small peptides [90].

2.2.1 Force fields used for peptides

In the present study, two force fields developed to perform protein dynamics in an ex-

plicit aqueous environment were used, GROMOS96 43a1 [92] and OPLS/AA [93]. Both

force fields are optimized based on different experimental parameters and therefore, use

slightly different descriptions of interaction potentials. For example, in the OPLS/AA

force field the energy of proper dihedrals is described by a Ryckaert-Bellemans func-

tion [90] rather than the periodic function (Eq. 2.6) used in GROMOS96 43a1. Also the

nonbonded 1,4 interactions, between the first and fourth atom in Fig. 2.2 (d), is scaled

differently in both force fields. One important difference in terms of computational effi-

ciency, is the use of united atoms in GROMOS96 43a1. Here, CHi (i = 1, 2, 3) groups

are merged into compound atoms with respective total mass, adapted partial charges

and van der Waals radii. On the other hand, OPLS/AA is an all atom force field.

2.2.2 Force fields used for water

In all simulations water was used as solvent and described in atomic resolution. Simple

models treat the water molecule as a rigid body interacting only through non-bonded

interactions. The SPC 3-site water model assigns a point charge to each atom and

assumes the HOH-angle to be 109.47◦ as in an ideal tetrahedron instead of the observed

104.5◦ [94, 95]. In the TIP4P water model a dummy site is introduced near to the

oxygen, which improves the electrostatic distribution around the water molecule [96].

For all simulations the SPC water model was used in combination with the GROMOS96

43a1 force field, and the TIP4P model with the OPLS/AA force field.
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2.3 Computing trajectories

A basic flow scheme for MD is given in Fig. 2.3. Each simulation requires as input the

interaction potential (i.e. the force field and its parameters) and the initial coordinates

of all atoms in the system. The initial velocities of all atoms are randomly chosen

according to a Maxwell-Boltzmann distribution. In the second step of the MD algorithm,

the force acting on each atom is calculated as the negative gradient of the interaction

potential (Eq. 2.3). Sometimes the positions of individual atoms are restrained as will

be discussed in Sec. 2.3.4. In step 3 of the MD algorithm, the movement of the atoms is

simulated by numerically solving Newton’s equations of motion in small time steps ∆t

using the Leap-Frog algorithm which will be described in Sec. 2.3.1. To approximate

realistic behavior a number of tricks are applied in MD. Among these, the use of periodic

boundary conditions, thermostats and barostats are outlined in Sec. 2.3.2 and 2.3.3. As

shown in Fig. 2.3 steps 2 and 3 are repeated for the required number of time steps ∆t,

and finally the trajectory containing the positions and velocities of all atoms including

energies, pressure, temperature etc. are written out. In order to reach nanosecond time

scales in reasonable real time, a number of approximations are made which are discussed

in Sec. 2.3.5.

2.3.1 Integration algorithm

In MD simulations Newton’s equations of motion (Eq. 2.1 and 2.2) are solved for discrete

time intervals ∆t using an integration algorithm. Such algorithms are based on Taylor

expansions of positions, velocities or further derivatives.

The GROMACS MD program applies the leap-frog algorithm [97], which is reversible

in time as the equations of motion. It is fast and requires only little memory storage.

It uses the atom positions ri at time t and velocities vi at (t + ∆t/2). Positions and

velocities are updated using the forces fi at time t

vi(t+
∆t

2
) = vi(t−

∆t

2
) +

fi(t)

mi
∆t, (2.9)

ri(t+∆t) = ri(t) + vi(t+
∆t

2
)∆t. (2.10)

In order to integrate the equations of motion with reasonable accuracy, the maximum

time step ∆t should be small compared to the period of the fastest vibrations within the

system. Using constraints and other approximations which will be discussed in Sec. 2.3.5,

a time step of 4 fs can be used for all simulations.

2.3.2 Periodic boundary conditions

Considering a system containing up to 106 atoms as an isolated cluster would result in

errors caused by artificial surface effects [98]. Therefore, in the present study periodic
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2. Compute forces

− force of any atom computed by F = −   V 

− restraints and/or external forces

∆

3. Update configurations

− numerical integration of Newton’s Equations of motion

− periodic boundary conditions

− temperature and/or pressure coupling

− interaction potential V (force field)

− positions and velocities of all atoms

1. Input initial conditions

− positions, velocities, energy, pressure etc.

− analysis of hydrogen bonds, main conformations etc.

4. Output

Figure 2.3: The global MD algorithm.
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Figure 2.4: Periodic boundary conditions. If one particle moves out of the simulation

box it is replaced by its image. The picture is taken form Ref. [98].

boundary conditions were applied as illustrated by the two dimensional sketch in Fig. 2.4.

The simulation box is surrounded by translated copies of itself in all directions. Essen-

tially, if one particle leaves the simulation box it is replaced by its image particle. In

combination with periodic boundaries the minimum image convention is used. It implies

that each atom interacts only with the nearest periodic image of another given atom.

Additionally, the cutoff distance chosen for the truncation of nonbonded interactions

must be smaller than half the shortest box vector.

GROMACS supports several box types, e.g. rhombic dodecahedron and truncated

octahedron. These box shapes are closer to a sphere than to a cube. They require less

water molecules to fill the remaining space around the peptide and are therefore more

economical in terms of computational efficiency [90]. Both box types were used in the

present study.

2.3.3 Temperature and pressure coupling

During an MD simulation, the temperature can be controlled by coupling the system

to an external heat bath. The coupling can be managed by rescaling the velocities or

introducing a friction term into the equations of motion. The latter refers to the Nosé-

Hoover thermostat which produces an oscillatory relaxation of the temperature towards

the reference temperature [99, 100].

In this work, the weak coupling Berendsen scheme is used which follows the minimal

perturbation approach by rescaling the velocities [101]. It enforces a strongly damped

relaxation of the temperature T towards the reference temperature T0. The temperature
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deviation from T0 decays exponentially as given by

dT

dt
=
T0 − T

τ
, (2.11)

with the time constant τ corresponding to the strength of the coupling. To enable heat

flow in and out of the system, the velocities of all atoms are rescaled at every time step.

The rescaling factor λ is given by

λ =

[

1 +
∆t

τT

(

T0

T (t− ∆t
2 )

− 1

)]
1

2

, (2.12)

where the instantaneous temperature T is determined at (t − ∆t/2) according to the

leap-frog algorithm (Sec. 2.3.1). The parameter τT is correlated to the time constant τ

of the temperature coupling by

τ =
2CV τT
NdfkB

, (2.13)

where CV is the total heat capacity of the system, Ndf denotes the total degrees of

freedom, and kB the Boltzmann constant. The difference between τ and τT occurs

because the change in kinetic energy due to the rescaling of the velocities is partly

redistributed between kinetic and potential energy [90]. In all simulations peptides and

solvent were separately coupled to an external heat bath using the Berendsen thermostat

with a relaxation time of 0.1 ps.

For equilibration purposes, a short MD simulation at isobaric conditions was per-

formed prior to a REMD run. The pressure was controlled with the weak coupling

Berendsen scheme. Similar to the Berendsen thermostat, the so-called barostat induces

a first-order kinetic relaxation on the pressure P towards the reference pressure P0.

dP

dt
=
P0 − P

τP
. (2.14)

In all simulations were pressure coupling was applied, the coupling constant τP set was

to 1 ps and P0 to 1 bar. The pressure of the system is kept constant by rescaling the

coordinates and box vectors, i.e. the box volume, at every time step. For isotropic

systems the rescaling factor µ is given by

µ = 1− ∆t

3τP
κ (P0 − P ) . (2.15)

The isothermal compressibility of the system, κ, was set to 4.6 x 10−5 bar−1, the value

for water at 1 atm and 300 K [90].
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vibration T [fs]

bond stretching 10 – 24

angle bending 20 – 40

hydrogen bond stretching 170 – 700

Table 2.1: Typical periods of vibrations within molecules or hydrogen bonded liquids [90].

2.3.4 Position restraints

The positions of individual atoms can be restricted to reference positions using harmonic

potentials [90]. Before a production run a short MD simulation is performed at constant

temperature and pressure with position restraints on all peptide atoms. This is done

in order to equilibrate the solvent. In some setups restraints were also used to fix the

position of individual atoms within the peptide, e.g. to prevent unfolding of the initial

configuration.

2.3.5 Improving efficiency

The GROMACS MD program uses several common techniques to improve computa-

tional efficiency. For instance, neighbor lists, bond constraints, cutoff and continuum

methods for treating nonbonded interactions or sphere-like box shapes (Sec. 2.3.2). In

the following, the most important techniques are discussed in more detail.

Defining the time step

One major factor concerning efficiency is the size of the time step ∆t. Generally, ∆t

should be five times smaller than the period of the fastest vibrations within a molecule in

order to integrate them with reasonable accuracy [84, 90]. Considering flexible molecules

as proteins in aqueous solution typical vibrations correspond to bond stretching, angle

bending and hydrogen bond stretching. The periods of these vibrations are given in

Tab. 2.1. In order to apply a time step of 4 fs, the fastest vibrations within the system

were removed.

It was shown that bond length constraints do not significantly alter the dynamic

properties of macromolecules such as proteins [102]. Correspondingly, bond stretching

vibrations within the peptide were constrained using the LINCS method [103], whereas

the SETTLE algorithm [104] was used for the water molecules. The LINCS algorithm

resets bonds to their correct lengths after an unconstrained update using a numerical

integration scheme. The SETTLE algorithm, specially implemented for rigid water

molecules, is based on solving a set of Lagrange multipliers in the constrained equations

of motion.
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The bending of angles is essential to observe conformational changes [102] and should

therefore not be constrained. The fastest angle vibrations though can be assigned to

angles involving hydrogen atoms. These angle vibrations were slowed down by using

heavy hydrogens. Here, the mass of a hydrogen atom is increased from 1 amu to 4 amu,

while the additional mass of the hydrogens is subtracted from the connected heavy atom.

Based on these modifications a time step of 4 fs was used in all simulations [105].

Treatment of nonbonded interactions

The handling of nonbonded interactions was improved in terms of efficiency in two ways.

First, all noncovalent interactions were treated using a twin range cutoff. Short-range in-

teractions were defined for interatomic distances up to 1 nm, and long-range interactions

for distances between 1 and 1.4 nm. Short-range interactions were calculated every time

step while long-range interactions together with the neighbor list were updated every

five time steps.

Additionally, electrostatic interactions beyond the cutoff distance were modeled as a

dielectric continuum. The Coulomb potential (Eq. 2.8) was modified by including the

reaction field correction of the continuum [84] and is given by

Ecoul,rf =
1

4πǫ0

qiqj
ǫr

[

1

rij
+
B0r

2
ij

2r3c

]

, (2.16)

where the cutoff radius rc is set to 1.4 nm. The constant B0 is defined as

B0 =
2(ǫrf − 1)

(2ǫrf + 1)
, (2.17)

with ǫrf the dielectric constant of the continuum. GROMACS uses a shifted force po-

tential of Ecoul,rf to ensure that the potential as well as the force are zero for rij = rc. In

all simulations the reaction field method was applied using ǫrf = 54, the self-consistent

value for SPC water [106, 107].

2.4 Replica exchange method

The replica exchange method or parallel tempering was first introduced for Monte Carlo

simulations. In 1999 Sugita and Okamoto developed a formulation of the replica ex-

change method for MD simulations [85]. In principle, multiple copies (replicas) of the

system are simulated simultaneous- but independently at different temperatures. The

complete state of two replicas at neighboring temperatures is exchanged at regular in-

tervals with a metropolis-like exchange probability. The exchange probability for a

canonical ensemble is given by

Pij = min

(

1, exp

[

−
(

1

kBTj
− 1

kBTi

)

(Ei − Ej)

])

, (2.18)
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where Ei and Ti are the instantaneous potential energy and temperature of replica i,

respectively. By this approach, fast conformational sampling due to accelerated crossing

of energy barriers at high temperatures is coupled to the correct Boltzmann distribution

at all other temperatures. After a successful exchange, the velocities of the particles

in the system are rescaled by (Tj/Ti)
1/2 to ensure a smooth transition of the system

from Ti to Tj and to avoid correlated back exchanges. To ensure a uniform exchange

probability, the temperatures Ti were chosen according to the relation

Ti = Tmin(1 + ǫ)i, (2.19)

where Tmin is the minimum temperature and ǫ = 2/
√
Ndfc. Here, Ndf denotes the

number of degrees of freedom which in three dimensions and using bond constraints

(Sec. 2.3.5) is approximately equal to 2Natom, where Natom indicates the number of

atoms in the system. The parameter c was set to two as appropriate for protein-water

systems [90]. The parameter ǫ was adjusted to achieve an exchange probability Pij of

about 0.3. In order to avoid correlated back exchanges, the exchange period is chosen

large compared to the integrated autocorrelation time of Ei for the system at Tmin [108,

109].

Properties of the investigated systems were studied at 280 and 293 K which approxi-

mately corresponds to the minimum temperature simulated. The maximum temperature

was chosen around 400 K still close to the boiling point of water, which was used as sol-

vent in all simulations. Ensuring an exchange probability of 0.3 over a temperature range

of about 120 K required the use of 50 to 70 replicas for each system. In summary, REMD

simulations are a powerful but very expensive tool to calculate the conformational distri-

bution of large biomolecular systems. In addition, dynamic processes cannot be studied

using standard REMD simulations, because the exchange in temperature space produces

artificial dynamics.

2.5 Energy minimization

The initial configuration of a system as shown in Fig. 2.1 might contain residual overlaps

of atoms resulting in large forces. To remove these instabilities within the system, an

energy minimization of the initial configuration is performed, without and with all bonds

constraint (Sec. 2.3.5), prior to the MD simulation. In this work, the steepest descent

algorithm is used. It searches for the nearest local minimum in the potential energy

surface of the system by systematically moving down the steepest local gradient [90]. In

this procedure, the displacement of atoms, which is initially set to 0.01 nm, is iteratively

decreased according to the gradient until the machine precision or a maximum number

of steps is reached. The algorithm has the advantage to be numerically stable, but it is

rather slow compared to other algorithms.
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2.6 Analysis methods

The generated trajectories were analyzed at the temperatures of interest after allowing

the system to reach an equilibrium state. Convergence of the simulations was tested

according to system-specific reaction coordinates and is discussed for each system sep-

arately in Sec. 3.2, 4.2, and 5.2. In MD any equilibrium property A is determined as

a time average, while averages obtained from REMD simulations rather correspond to

ensemble averages. According to the ergodic hypothesis for reasonable long sampling

periods both yield the same result

〈A〉 = 1

N

∑

t

At =
1

N

∑

i

Ai. (2.20)

Here, At and Ai are equilibrium properties at time t or configuration i. N corresponds to

the maximum number of time steps or configurations. The determination of frequently

used equilibrium properties is explained in the following sections, while averages were

obtained using Eq. 2.20.

2.6.1 Radius of gyration

The radius of gyration (Rg) is a measure for the linear extension or compactness of a

peptide or protein and defined as

Rg =

(∑

i ||ri||2 mi
∑

imi

)1/2

. (2.21)

Here, mi is the mass of atom i and ri the position of atom i with respect to the center of

mass of the molecule. Calculations of Rg were conducted using the GROMACS analysis

tool g gyrate [87].

2.6.2 Root mean square deviation

The root mean square deviation (RMSD) of certain atoms of a molecule at time t to a

reference structure (time tref) is defined by

RMSD(t, tref) =

(

1

M

N
∑

i=1

mi||ri(t)− ri(tref)||2
)1/2

. (2.22)

Here, M =
∑N

i=1mi denotes the total mass of the molecule, while ri(t) or ri(tref) are the

position of atom i at time t or tref , respectively. The RMSD was calculated using the

GROMACS program g rms [87]. First, the structure is fitted to the reference structure

by least-square fitting, then the RMSD is calculated using Eq. 2.22.
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2.6.3 Secondary structure of proteins (DSSP)

The secondary structure of peptides was determined using the program Define Secondary

Structure in Proteins (DSSP) which is based on an hydrogen-bonding pattern recogni-

tion algorithm [110]. The electrostatic interaction energy EHB between two possible

hydrogen-bonding groups within the backbone, CO and NH, is calculated by placing

charges on C,O (+q1,−q1) and N,H (−q2,+q2) atoms and using the Coulomb potential

EHB = q1q2

(

1

rON
+

1

rCH
− 1

rOH
− 1

rCN

)

f. (2.23)

Here, q1 = 0.42e and q2 = 0.20e, with e the electronic unit charge, rAB the interatomic

distance between atoms A and B given in Å, the dimensional factor f = 332, and EHB

in kcal/mol. A good hydrogen bond has a binding energy of approximately −3 kcal/mol

(≈ −12 kJ/mol). This method was developed based on peptide configurations obtained

from x-ray crystallography. In order to average over coordinate errors observed in x-ray

crystal structures the cutoff for a hydrogen bond between the CO group of residue i and

the NH group of residue j is set to EHB < −0.5 kcal/mol (≈ −2.1 kJ/mol).

According to the presence of a hydrogen bond two structural features are defined.

First, n-turns are characterized by hydrogen bonds between the CO group of residue i

and the NH group of residue i + n, where n = 3, 4, 5. Then β-bridges are defined with

hydrogen bonds between residues not near to each other in sequence. Based on these

structural features secondary structure elements are assigned, i.e. repeating 4-turns

correspond to α-helices, repeating β-bridges to β-sheets. In this work, the secondary

structure content was calculated as an average over the whole peptide or for individual

residues.

2.6.4 Cluster analysis

Conformations of individual peptides or oligomers were determined using a RMSD based

cluster algorithm described by Daura et al. [111]. Here, two configurations with a RMSD

below a certain cutoff are considered to be neighbors. The configuration with the largest

number of neighbors with all its neighbors is defined as a cluster and removed from the

pool of configurations. The procedure is repeated for the remaining configurations until

the pool is empty. Each cluster corresponds to a conformation which is represented by

the central configuration of the cluster. The chosen RMSD cutoff corresponds to the

first minimum of the RMSD-distribution and ranged between 0.1 and 0.2 nm for the

studied systems. The cluster analysis was performed using the GROMACS program

g cluster [87].
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2.6.5 Solvent accessible surface area and solvation free energy

The molecular surface area of a solute in contact with a monomolecular layer of solvent

is called the solvent accessible surface area (SASA). The SASA is the area traced by

the center of mass of a spherical solvent molecule as it is rolled over the surface of the

solute [112]. If its distance to the van der Waals surface of the solute is shorter than 1.4 Å

it is considered to be in contact with the solute [113]. The hydrophobic and hydrophilic

SASAs were calculated using the GROMACS program g sas [87].

The program g sas also computes the free energy of solvation (Fsolv). Based on the

SASA of individual peptide atoms, Fsolv is determined using the atomic solvation pa-

rameters from free energies of transfer according to the model by Eisenberg and McLach-

lan [114].

2.6.6 Hydrogen bond and side chain contact maps

Inter- and intramolecular contact maps were calculated based on main chain hydrogen

bonds and side chain contacts. Two residues i and j were considered to be in contact

if at least one out of two possible main chain hydrogen bonds or one side chain contact

was formed. The contacts of all pairs of residues are illustrated in a two-dimensional

matrix H(i, j). If a contact is formed, H(i, j) equals 1, otherwise it is zero. Averaging

H(i, j) over an ensemble of configurations yields the contact frequency P (i, j), denoted

as contact map [115].

Main chain hydrogen bonds were computed using the GROMACS program g hbond.

According to a geometric criterion a hydrogen bond exists if the distance between donor

and acceptor is ≤ 0.35 nm, and if the hydrogen-donor-acceptor angle is ≤ 30◦ [87].

A side chain contact is defined if the minimum distance between the center of mass

of two side chains is smaller than 0.4 nm. The minimum distance was calculated using

the GROMACS program g mindist [87]. The cutoff corresponds to the first minimum

of the distribution of minimum distances for all side chains of a system, and equals

approximately 0.4 nm for all systems.

2.6.7 Principal component analysis

A principle component analysis (PCA), also called covariance analysis is a mathemat-

ical technique for analyzing high dimensional (possibly correlated) data sets based on

their covariance matrix. By applying an orthogonal transformation a new set of un-

correlated variables, so called principle components (PCs), is produced. The PCs are

ordered according to decreasing variance of the data. This allows for a reduction of the

dimensionality by concentrating on the PCs with highest variance.

In this study PCA is applied to the atom coordinates of peptides in order to find

correlated motions within these molecules. Since overall translational and rotational

37



CHAPTER 2. MOLECULAR DYNAMICS SIMULATION AND ANALYSIS
METHODS

motion is irrelevant to the internal motions, it is removed by least-square fitting to a

reference structure. Here, the reference structure is always the central configuration of

the most populated cluster of the system (Sec. 2.6.4). The resulting atomic positions

of the peptide are described by a 3N -dimensional trajectory x(t). In this study, x(t)

contains only all non-hydrogen atoms of the peptide.

The covariance matrix C of x(t) is constructed. The matrix element Cij corresponds

to the covariance between the positions of atom i and j, and is given by

Cij =

〈

M
1

2

ii (xi − 〈xi〉) M
1

2

jj (xj − 〈xj〉)
〉

. (2.24)

Here, xi and xj are the positions of atoms i and j, and 〈.〉 stands for the time average.

M is a diagonal matrix containing the masses of the atoms. The symmetric 3Nx3N

matrix C can be diagonalized with an orthonormal transformation matrix R,

RTCR = diag(λ1, λ2, ..., λ3N ). (2.25)

The columns in R are the eigenvectors or principle modes with eigenvalues λ. The

eigenvalues are equal to the variance in the direction of the corresponding eigenvector.

For PCA the eigenvectors are ordered by decreasing variance with λ1 ≥ λ2 ≥ ... ≥ λ3N .

The trajectory x(t) is then projected on the principal modes to give the principal

components

PCi(t) = RTM
1

2 (x(t)− 〈x〉), (2.26)

with i = 1, ..., 3N . The eigenvalue λi is the mean square fluctuation of principal compo-

nent i. The first few principle modes describe collective, global motions of the system,

whereas it has to be eliminated that they do not just resemble random diffusion. It has

been shown that the time dependent behavior of PCs corresponding to random diffusion

can be fitted to cosines with the number of periods equal to half the PC index [116, 117].

In this work, PC1 and PC2 were used as reaction coordinates to calculate free energy

landscapes (Sec. 2.6.8). The GROMACS programs g covar and g anaeig were used

to calculate the covariance matrix and the principal components [87]. The program

g analyze was used to determine the cosine content of the PCs, which is close to 1

if the largest fluctuations correspond to random diffusive behavior and smaller than 1

otherwise [87, 90].

2.6.8 Free energy landscape

From the equilibrated canonical ensemble the free energy along two order parameters x

and y is determined from

∆F (x, y) = −kBT ln

[

P (x, y)

Pmin

]

. (2.27)
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Here, T denotes the temperature of interest, P (x, y) the probability of the system to be

in state (x, y), and Pmin the minimum probability for which ∆F = 0. The free energy

along one order parameter x is calculated similarly to Eq. 2.27. The reaction coordinates

chosen for ∆F (x, y) were the first and second principal components (Sec. 2.6.7), and for

∆F (x) the radius of gyration (Sec. 2.6.1).

2.6.9 Free energy, potential energy and entropy of transitions

Considering the equilibrium between two states

Di ⇆ Dj , (2.28)

the free energy of transition, ∆F , from state Di to Dj can be calculated using

∆F = −R T lnK. (2.29)

Here R denotes the ideal gas constant and T the temperature. The equilibrium constant

K of the transition is estimated from the ratio of the number of configurations of each

state observed in the trajectories, as K = Nj/Ni. The free energy difference can also be

written as

∆F = ∆U − T ∆S, (2.30)

where ∆U is the difference in internal energy and ∆S the difference in entropy. According

to the equipartition theorem the change in internal energy equals the change in potential

energy, ∆U = ∆Epot. For the transition the latter can be calculated as the difference

between the average potential energy of the two states

∆Epot = 〈Epot,j〉 − 〈Epot,i〉 , (2.31)

Transforming Eq. 2.30 and using ∆F and ∆U , −T ∆S can be obtained as well.

In order to determine major contributions to the potential energy, ∆Epot is split in

parts arising from covalent, Coulomb, and Lennard-Jones interactions

∆Epot = ∆Ecov +∆Ecoul +∆ELJ. (2.32)

Covalent interactions are based on interactions due to angles, and dihedrals within an

individual peptide. In order to use a larger time step, all bond vibrations were con-

strained during the simulations (Sec. 2.3.5), and therefore give no contribution to ∆Ecov.

Coulomb and Lennard-Jones interactions can be further separated into contributions

arising from peptide-peptide (PP), peptide-solvent (PS), and solvent-solvent (SS) in-

teractions. The contributions to the potential energy of any interaction partners were

calculated using the GROMACS tools mdrun and g energy [87].

The change in entropy corresponding to the transition in Eq. 2.28 can also be divided

into parts due to peptide-peptide interactions, denoted as the change in configurational
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entropy, ∆Sconf , and contributions resulting from interactions with the solvent, ∆Ssolvent,

according to

∆S = ∆Sconf +∆Ssolvent. (2.33)

The change in solvent entropy might be related to hydrophobic and electrostatic ef-

fects [118].

The configurational entropy of a state Di was determined by estimating the phase

space density P according to the number and population of clusters assigned to this

state given by

Sconf ,i = 〈−R ln P 〉 = −R
∑

n

Pi,n ln Pi,n. (2.34)

Here, Sconf ,i stands for the configurational entropy of the peptide in state Di. P repre-

sents the phase space density, and the average is taken over the region in configurational

space corresponding to this state. Pi,n denotes the probability of cluster n given by

Ni,n/Ni, where Ni,n is the number of configurations in cluster n and Ni the total num-

ber of configurations in state Di. For the transition from Di to Dj, the change in free

energy due to configurational entropy is then given by

− T∆Sconf = −T (Sconf,j − Sconf,i). (2.35)

The change in solvent entropy was determined indirectly as the difference between the

change in total and configurational entropy by transforming Eq. 2.33.

2.6.10 Error estimation

The statistical error of an average value 〈A〉 corresponding to an equilibrated ensemble

was determined using block averages. Here, the trajectory is divided into N blocks,

over which the average is calculated. The block averages 〈An〉 are considered to be

independent if the block length is long compared to the autocorrelation time of A. In

that case the standard error can be estimated from

err =

(∑

n(〈An〉 − 〈A〉)2
N(N − 1)

)

1

2

. (2.36)
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Chapter 3

Simulation Results for Aβ(25-35)

In this chapter simulations of Aβ(25-35) monomers, dimers, and trimers are presented.

These simulations were performed in order (i) to determine the conformation of the

preaggregated state, and (ii) to study the conformational diversity and thermodynamics

of early aggregation intermediates as dimers and trimers in aqueous environment.

The following section will point out relevant conclusions from previous studies on

Aβ(25-35) which form the basis of this work. Sec. 3.2 explains the setups for all simula-

tions performed on the Aβ(25-35) system and gives details on the equilibration periods

necessary. Simulation results for monomers, dimers and trimers at 293 K will be dis-

cussed in Sec. 3.3 – 3.5. Sec. 3.6 focuses on structural and thermodynamic characteristics

depending on the oligomer size to obtain insides on the aggregation process.

3.1 Previous experimental and theoretical observations

Aβ(25-35) is the shortest fragment of Aβ which forms β-sheet rich fibrils and exhibits

the toxicity of the full length peptide [4, 61, 62]. The amino acid sequence of this

fragment can be extracted from the sequence of the full length peptide shown in Fig. 1.6

in Sec. 1.2.1. Similar to the full length peptide Aβ(25-35) is of amphiphilic nature but

with only three polar residues near the N-terminus. At neutral pH residue K28 and both

termini are charged, resulting in a net charge of plus one.

Observing the pre-aggregated state of Aβ(25-35) in water is unfeasible experimentally

as at concentrations necessary for analysis Aβ(25-35) aggregates strongly. However,

three dimensional structures of Aβ(25-35) in mixtures of water with HFIP as a membrane

mimicking environment have been solved by NMR [63]. In a 80:20 (vol/vol) HFIP/water

mixture, Aβ(25-35) adopts an α-helical conformation, while in 20:80 HFIP/water a

type I β-turn centered on residues S26 and N27 is formed. Likewise, Wei and Shea

performed all-atom REMD simulations in a 80:20 HFIP/water mixture yielding an α-

helical conformation similar to experiments [62]. Their REMD simulations of Aβ(25-35)
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in pure water showed the formation of collapsed coil structures coexisting with two

types of β-hairpin conformations, which were characterized as type II’ β-turn structures

differing in the twist of the strands to one another. Simulations in both environments

were started from the solved α-helical NMR structure. Sec. 3.3 of this work focuses on

the monomeric state of Aβ(25-35) in water starting from a fully extended conformation in

order to test if the previously obtained equilibrium between unstructured and β-hairpin

conformations can be reproduced under different initial conditions.

Several experimental groups studied the nature of Aβ(25-35) aggregates in solution.

For example, CD and FTIR spectra of Aβ(25-35) solutions at pH 7 and temperatures

ranging from 281 to 310 K were measured immediately after mixing. The spectra showed

the occurrence of β-turn as well as, presumably antiparallel, β-sheet conformations.

Further incubation of the solutions for several hours yielded a decreased β-turn but in-

creased β-sheet content [61, 119, 120, 121]. Therefore, the smallest detectable aggregates

can be assumed to contain a significant β-sheet structure in combination with β-turns.

H/D exchange NMR measurements revealed insights on the peptide arrangement within

Aβ(25-35) fibrils [64]. The determined protected core region (K28 –M35) suggests ei-

ther an out-of-register antiparallel or in-register parallel alignment of the peptides [64].

Furthermore, AFM images of Aβ(25-35) fibrils showed two distinct protofilament mor-

phologies with diameters of 3.58 ± 1.53 nm and 1.41 ± 0.48 nm, respectively [65].

A number of theoretical studies tested the stability of pregenerated Aβ(25-35) olig-

mers. Starting from extended parallel or antiparallel β-sheet conformations the stability

of dimers and small oligomers was studied using impulse-docking and short MD sim-

ulations [122]. Here, the most stable dimer contained extended peptides forming an

anti-parallel β-sheet and salt bridges between the termini. Short MD simulations by Ma

and Nussinov showed that protofibrils containing extended peptides in parallel in-register

or antiparallel out-of-register alignments are stable over several nanoseconds [123].

In contrast to previous theoretical studies, the present work studied the spontaneous

aggregation of Aβ(25-35) to dimers and trimers, respectively. Prestructured monomers

are the most likely candidates for aggregation. In this spirit, the most typical confor-

mation of the monomers obtained in Sec. 3.3 served as initial configurations for the

individual peptides. Very recent Wei et al. published a study on Aβ(25-35) dimers at

300 K using a similar approach [124]. Their results will be discussed in context to the

present work.

3.2 System setup and equilibration

Aβ(25-35) monomer and oligomers were studied in aqueous solution. In each system

the protonation of the individual peptides was chosen to mimic neutral pH. Important

setup parameters are listed in Tab. 3.1.
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Simulation system NCl− Nw T/K Nr run time/ns

monomer 1 6846 290-403 64 100

dimer 2 4003 290-374 50 200

trimer 3 5939 290-394 60 400

Table 3.1: Simulation setups for production runs. NCl− and Nw give the number of

chloride ions and water molecules, respectively. Nr stands for the number of replicas

simulated over the corresponding temperature range. Run time gives the reached simu-

lation time.

The simulation of the monomeric state was started from an extended configuration

randomly placed in an octahedral box. The dimensions of the box were chosen such that

the minimum distance between the solute and the boundaries of the box was 1.2 nm

for the initial configuration. To counterbalance the positive charge of the peptide one

chloride ion was added. The remaining space was filled by 6846 water molecules. The

system was energy minimized and simulated for 1 ns at 293 K and 1 bar using position

restraints on the peptide as described in Sec. 2.5 and 2.3.4, respectively. In addition, the

system was simulated for 1 ns without restraints at the same temperature and pressure

providing the initial configuration of the monomer REMD simulation.

The oligomeric systems were generated using the same procedure but with different

initial configurations. As mentioned previously, the monomeric state adopts two types

of β-hairpin conformations differing in the twist of the strands to one another, which

are termed in the following as β-hairpin A and B [62]. Two peptides in either of both

conformations served as initial configurations for the dimeric state while a third peptide

in β-hairpin A conformation was used for the trimer simulation. For each oligomer

system, two or three peptides in random mutual orientation separated by approximately

1 nm were placed in an octahedral box with dimensions chosen similar as for the monomer

system. The number of used chloride ions and water molecules are given in Tab. 3.1.

For each Aβ(25-35) system a REMD simulation was performed. The used number

of replicas, the corresponding temperature range and the simulation time of individual

replicas are also listed in Tab. 3.1. Exchange of replicas between neighboring tempera-

tures was attempted only every 5 ps for each system.

Convergence was tested according to several reaction coordinates as the radius of gy-

ration (Rg), the number of hydrogen bonds (NHB), and the secondary structure content.

Fig. 3.1 shows running averages for the number of residues per peptide adopting a turn

or β-sheet conformation in (a) monomers, (b) dimers, and (c) trimers at 293 K. Values

were averaged over (a,b) 2000 ps and (c) 5000 ps windows. The data indicate that the

simulations converged within 25 ns, 100 ns, and 200 ns, respectively.
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Figure 3.1: Convergence of (a) monomer, (b) dimer, and (c) trimer simulations at 293 K.

Shown are running averages over (a,b) 2000 ps and (c) 5000 ps windows for the number

of residues per peptide adopting turn and β-sheet conformation. The vertical dashed

lines mark the beginning of the sampling period. A horizontal dashed line indicates the

average over the sampling period, and the dotted lines give the corresponding standard

deviation.
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3.3 Conformation of monomers

Simulations of Aβ(25-35) monomers in aqueous environment were performed starting

from a fully extended configuration. The ensemble sampled during the final 75 ns of the

simulation was analyzed using the RMSD based cluster algorithm explained in Sec. 2.6.4.

Here, two configurations belonged to one cluster if the RMSD of the backbone atoms of

residues N27 –G33 was smaller than 0.1 nm. This method yielded 93 clusters. Central

configurations of three predominant clusters are shown in Fig. 3.2. Conformations A and

B, populated by 37± 5 % and 23± 4 % of all configurations, are two different β-hairpin

structures. Conformation C, populated by 8± 2 % of all configurations, is unstructured

but of similar topology as the β-hairpins. Both β-hairpin structures, A and B, are

characterized by a β-turn involving residues G29 and A30, and two short antiparallel

β-strands consisting of residues N27 –K28 and I31 – I32. The β-strands are stabilized

by three interstrand main chain hydrogen bonds: I31:HN-K28:O, K28:HN-I31:O and

G33:HN-S26:O, as shown for the main conformation (A1 ) in Fig. 3.2. Additionally, the

two β-hairpin conformations, A and B, differ in the twist of the strands to one another.

The β-hairpin motif is also illustrated by the secondary structure content of individual

residues shown in Fig. 3.3. According to the β-sheet content of residues N27, K28, I31,

and I32, the β-hairpin structures are populated approximately 40 % of the time while at

other times the peptide is rather unstructured but bent. The turn involving the central

residues G29 and A30 is more stable, and appears approximately 70 % of the time.

Similarly, in previous MD simulations of another amyloid peptide the turn was found to

be the most stable structural element of a β-hairpin conformation [125].

All these findings agree with the previous study on Aβ(25-35) monomers in aqueous

environment by Wei and Shea [62]. They started their REMD simulations from a dif-

ferent initial configuration, the α-helical NMR-derived conformation observed in 80:20

(vol/vol) HFIP/water mixture.

Prestructured conformers are most likely to induce aggregation due to entropic rea-

sons. In order to use the most dominant conformations as starting point for the aggre-

gation, the β-hairpin conformations A and B shown in Fig. 3.2 served as initial config-

urations of the peptides in simulations of dimers and trimers discussed in the following

sections.

3.4 Conformational diversity of dimers

The following sections discuss the results of the simulations of Aβ(25-35) dimers. The

last 100 ns of the trajectory at 293 K were used for the analysis.

45



CHAPTER 3. SIMULATION RESULTS FOR Aβ(25-35)

A B C A1

Figure 3.2: Central configurations of predominant clusters together comprising 68 % of

all configurations of the ensemble of Aβ(25-35) monomers at 293 K. For conformations

A –C, the peptide backbone is shown in ribbon representation; the Cα atom of G25 is

shown as a sphere. Population of individual clusters: A 37 ± 5 %, B 23 ± 4 %, and

C 8 ± 2 %. Conformation A1 corresponds to conformation A with the peptide main

chain shown in stick representation; O atoms are colored red, N atoms are blue, and C

atoms are turquoise. The dashed blue lines indicate intramolecular main chain hydrogen

bonds.
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Figure 3.3: Secondary structure content of individual residues for the ensemble of Aβ(25-

35) monomers at 293 K. Given are turn, bend, and intramolecular β-sheet content. There

was no significant α-helix content observed.
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3.4.1 Analysis of conformational clusters

In order to determine main conformations of Aβ(25-35) dimers a cluster analysis was

performed as explained in Sec. 2.6.4. The analysis was based on the backbone atoms

of residues N27 –G33 and a RMSD cutoff of 0.15 nm. The temperature of 293 K was

chosen in correspondence to previous in vitro experiments on this peptide. The clus-

tering resulted in 442 poorly populated clusters. The central structures of the nine

most populated clusters (A – I ) together with their populations are shown in Fig. 3.4.

The conformations of all clusters, except C, form intra- or intermolecular β-sheets. In

four of these conformations, corresponding to 13 % of all configurations, the individual

peptides are partly or fully extended forming antiparallel intermolecular β-sheets. Such

extended dimer conformations are one of the possible alignments that are believed to

exist in Aβ(25-35) fibrils [120, 121, 126]. In three clusters, corresponding to 7 % of all

configurations, one or both of the peptides adopt a compact, β-hairpin-like conformation

similar to Aβ(25-35) monomers, compare with Fig. 3.2. In conformation F the dimer

contains a parallel intermolecular β-sheet. Recently, Wei et al. observed similar results

for Aβ(25-35) dimers at 310 K [124]. In contrast to the present work, they found a lower

population of ordered, extended states and within these states parallel and antiparallel

β-strand conformations. Differences in the results between this study and that by Wei

et al. likely arise from differences in the simulation setups, the higher temperature and

shorter equilibration period they used. For the present simulations the population of

compact and extended dimers is not equilibrated before 50 ns which is twice as long as

considered by Wei et al..

Free energy profile along Rg

Based on the observation of compact and extended conformations the radius of gyration

as a measure for the linear extension of the peptides was chosen as an order parameter

to visualize the free energy landscape. In Fig. 3.5 the free energy along Rg is plotted

showing two local free energy minima located at Rg ≈ 0.6 nm and Rg ≈ 0.9 nm. The

minimum for the smaller radius of gyration is roughly 3 kJ/mol below that for the larger

radius. Both minima are separated by a free energy barrier of 6 kJ/mol at Rg ≈ 0.75 nm.

Additionally, the minimum for the smaller radius of gyration is separated in two parts

by an energy barrier of roughly 1 kJ/mol.

According to the free energy five Rg regions can be distinguished. Fig. 3.5 also shows

the appearance of the nine main conformations A – I within these Rg regions. Dimers

in the free energy minimum at Rg ≈ 0.6 nm adopt rather compact conformations. The

minimum in Rg region I contains the β-hairpin-like conformations D, G, and H whereas

dimer conformations within Rg region III are unstructured (C ) or contain a short parallel

intermolecular β-sheet (F ). The local free energy minimum corresponding to Rg region
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III
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C

F

E
D

G H I

A B

Figure 3.4: Central configurations of the nine largest out of 442 clusters together con-

taining 25 % of all configurations of the ensemble of Aβ(25-35) dimers at 293 K. Clusters

are denoted by A to I with populations A 6 ± 2 %, B 3 ± 2 %, C –D 3 ± 1 %, E – I

2±1 %. The peptide backbone is shown in ribbon representation; the Cα atom of G25 of

each peptide is depicted as a sphere. The number in the upper left of each box refers to

the Rg region in which the conformations were found. Here, I corresponds to compact,

β-hairpin-like conformations, III contains rather unstructured conformations, and in V

peptides are partly or fully extended forming antiparallel β-sheets.
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Figure 3.5: Free energy profile along the radius of gyration, Rg, and the definition of five

Rg regions which are populated by (I)25 %, (II)8 %, (III)33 %, (IV)10 %, and (V)24 %

of all configurations. The capital letters A – I refer to the main conformations given

in Fig. 3.4 and show their position along the Rg axis. Also shown are representative

conformations (a – e) illustrating the transition between compact and extended dimer

conformations and their position along the Rg axis.

V is populated by the extended dimer conformations A, B, E, I. The individual extended

conformations differ in the length of the formed β-sheet and the bending of the peptides.

Interestingly, the dominant conformations A and B are found to be extended, ’fibril-like’

dimers although compact conformations are more populated in total, see Fig. 3.5.

Secondary structure and intermolecular hydrogen bonds

Of course, the free energy profile along Rg is a projection of the multi-dimensional

conformational space of the dimer system along one reaction coordinate. In order to

determine if Rg is in fact an appropriate order parameter of th system, the defined sub-

ensembles of dimers were investigated in more detail. Secondary structure motifs and

intermolecular main chain hydrogen bonds were analyzed for the individual Rg regions

by averaging over all configurations within a certain Rg region. Fig. 3.6 shows the

secondary structure content of the individual residues for each Rg region. Plotted are

(a) the turn, (b) the intra- and (c) the intermolecular β-sheet content. Fig. 3.7 shows

the corresponding hydrogen bond maps. Plotted is the probability of finding at least

one main chain hydrogen bond between residues of peptide A and peptide B. A high

probability stands for a particularly stable hydrogen bond.

The plots of the secondary structure content verify what is suggested already from

the free energy profile along Rg and the related main conformations shown in Fig. 3.5.

Based on the turn and the intramolecular β-sheet content, the compact dimers especially
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in Rg regions I and II are populated by β-hairpin-like conformations similar to Aβ(25-

35) monomers, compare Fig. 3.3 and Fig. 3.6(a,b). With increasing Rg the turn and

intramolecular β-sheet content decrease indicating a gradual dissolution of the β-hairpin

motif. This is illustrated by the conformations C and F shown in Fig. 3.4. None

of the extended configurations in region V forms intramolecular β-sheets and only an

insignificant amount of turn content is observed, though turn conformations are more

abundant than the specific intramolecular β-sheets.

As plotted in Fig. 3.6(c), with the loss of the β-hairpin motif the intermolecular β-

sheet content for the inner residues increases. In general, compact dimers (Rg region

I-III) form only few intermolecular hydrogen bonds as shown by the low intermolecular

β-sheet content of < 25 %. Compact dimers in Rg region I form few intermolecular

β-sheets preferentially involving the hydrophobic residues I32 and G33. The hydrogen

bond map in Fig. 3.7(a), shows that 20-30 % of these dimers form a main chain hydrogen

bond between residues I32 of both peptides. In contrast, the compact dimers in Rg

region II and III form few intermolecular β-sheets between hydrophilic N-terminal and

hydrophobic C-terminal residues, see Fig. 3.6(c). The hydrogen bond map in Fig. 3.7(b),

shows that dimers in Rg region III form main chain hydrogen bonds rather between N-

and C-terminal residues like S26 –M35 and N27 –M35, while Rg region II shows no

significant hydrogen bonding pattern.

At the transition region IV where the β-hairpin motif is almost lost, the intermolecular

β-sheet content increases to 30-50 % for the inner residues N27 –G33, see Fig. 3.6(c). In

approximately 20 % of the configurations peptides are already aligned in an antiparallel

manner as indicated by the diagonal contact pattern spanning from the top left to the

bottom right of the hydrogen bond map in Fig. 3.7(c). The importance of the turn

residues G29 and A30 in the course of the transition to extended conformations will be

discussed in Sec. 3.4.2.

In extended dimers in Rg region V, intermolecular β-sheets between the inner residues

are formed in 60-90% of the configurations as shown by Fig. 3.6(c). The hydrogen

bond map of extended dimers in Fig. 3.7(d), indicates the main chain hydrogen bonds

stabilizing the antiparallel β-sheet which involves the inner residues K28 –G33. This

corresponds well to the protected core region within Aβ(25-35) fibrils discovered by H/D

exchange NMR measurements [64]. The formation of in- and out-of-register antiparallel

β-sheets is possible, the former being marked in red in the diagram. Most of the revealed

hydrogen bonds appear in 40-60 % of the extended dimer configurations. Comparing

the probability of main chain hydrogen bonds for the different types of dimers, the

ensemble of extended dimers seems to be more ordered than the ensembles of compact

configurations.
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Figure 3.6: Secondary structure content of individual residues averaged over both pep-

tides within a dimer for Rg regions I-V defined in Fig. 3.5 and the monomeric state

distinguishing between (a) turn, (b) intramolecular β-sheet, and (c) intermolecular β-

sheet content.
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Figure 3.7: Intermolecular main chain hydrogen bond maps of Rg-regions (a) I, (b)

III, (c) IV and (d) V, respectively, defined in Fig. 3.5. Hydrogen bonds characterizing

antiparallel in-register alignment of peptides within extended dimers (d) are marked in

red.
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3.4.2 Transition from disordered to fibril-like dimers

According to the analysis in the previous section, for simplicity the ensemble of Aβ(25-

35) dimers at 293 K is divided in two main sub-ensembles containing either compact (Rg

region I-III) or extended conformations (Rg region V). The extended conformations show

the highest intermolecular β-sheet content and might serve as precursors for protofibril

formation. Hence, the transition from disordered, compact conformations to extended,

fibril-like conformations is of particular interest. This section focuses on the determi-

nation of intermolecular interactions promoting this transition, while the next section

discusses the thermodynamics.

In order to find dominant inter peptide interactions during the transition, configu-

rations within Rg region IV, the transition region, were analyzed in more detail. First,

configurations corresponding to a certain Rg-interval of 0.02 nm within Rg region IV

were clustered as described in section Fig. 3.4.1. Representative conformations and their

position along the Rg axis are plotted in Fig. 3.5. Starting at the small Rg end of

the transition region, dimers form parallel or anti-parallel β-sheets between N-and C-

terminal residues as illustrated by conformations a, b, and c shown in Fig. 3.5. With

increasing Rg the anti-parallel alignment of the peptides is preferred while the residues

involved in the β-sheets slightly change between conformations c, d, and e.

The most significant intermolecular main chain hydrogen bonds and side chain con-

tacts were calculated along the radius of gyration, NX(Rg). Here, data were obtained

in 0.02 nm intervals of Rg and averaged over the configurations within such an inter-

val. Hydrogen bonds and side chain contacts were calculated as explained in Sec. 2.6.6.

Fig. 3.8 shows the probability of such an intermolecular contact along Rg. According

to Fig. 3.8 (a), intermolecular main chain hydrogen bonds between residues K28 – I32

and A30 –A30 are present in 10-30 % of the configurations at Rg ≈ 0.7 nm. About

30 % of the dimers in this Rg region are also stabilized by a hydrophobic side chain

contact between residues I31 – I31. The importance of I31 for the stability and toxicity

of Aβ(25-35) fibrils is also indicated from experimental results [61]. For radii of gyration

between 0.7 and 0.8 nm, intermolecular main chain hydrogen bonds between residues

N27 – I31 and both turn residues G29 –G29 are the most prominent interactions as shown

in Fig. 3.8 (b). With further increasing Rg the most stable main chain hydrogen bonds

are formed between residues G29 –G33, I31 – I31, K28 – I32, and A30 –A30.

The observed intermolecular contacts are present in the prominent conformations

shown in Fig. 3.5. In this transition region, the formation of intermolecular main chain

hydrogen bonds between the turn residues A30 –A30 and G29 –G29 seems to support the

antiparallel alignment of the peptides as found in extended conformations. Additionally,

a shift of the intermolecular hydrogen bond network is observed, which is drawn in a

simple sequence pattern shown in Fig. 3.9. Starting with conformation c, where both

peptides are in an in-register antiparallel alignment, the prominent main chain hydrogen
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Figure 3.8: Probability of selected intermolecular main chain hydrogen bonds (HB) or

side chain contacts (SC) as a function of the radius of gyration. Plotted are contacts

significant at (a) Rg ≈ 0.7 nm, and (b) Rg > 0.7 nm.

bonds are present as expected from the probability distribution given in Fig. 3.8 (a).

Conformation d, shows a slight out-of-register shift stabilized by main chain hydrogen

bonds between residues G29 –G29 and N27 – I31. With increasing Rg as in conformation

e the β-sheet shifts again but in the opposite direction now forming three hydrogen bonds

between the hydrophobic residues G29 –G33 and I31 – I31 as illustrated in Fig. 3.8 and

Fig. 3.9.

Note that Rg stands for the average over the radii of gyration of the individual

peptides. The change in register is observed for transitions of Rg from 0.7 to 0.8 nm.

Dissociated states also present in the simulations correspond to significantly smaller

values of Rg (< 0.6 nm). This suggests that no dissociation takes place for Rg between 0.7

and 0.8 nm. The change in register observed here hence proceeds without dissociation of

the peptides; this process is denoted as reptation. Reorganization of aggregated peptide

structures by reptation as well as dissolution has been observed previously [127, 128, 129].

For the prion peptide H1 both mechanisms were found while the peptide concentration

determined which form of reorganization was predominant [130].

3.4.3 Interactions stabilizing compact and extended dimer conforma-

tions

In the following the compact or extended state is defined based on the free energy profile

along Rg shown in Fig. 3.5. Compact dimers (Dcom) shall correspond to 0.54 nm < Rg <

0.7 nm and extended dimers (Dext) to 0.8 nm < Rg < 0.94 nm, and the equilibrium

Dcom ⇄ Dext (3.1)
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Figure 3.9: Inter main chain hydrogen bond patterns of dimer conformations c, d, and

e in the transition region shown in Fig. 3.5. Dominant hydrogen bonds are drawn by

dotted lines. Color coding of the amino acids as explained in Fig. 1.6.

is studied. The free energy of the transition from compact to extended dimers was calcu-

lated using Eq. 2.29, yielding ∆F = 2.9±0.5 kJ/mol. This indicates that compact confor-

mations are marginally favored over the extended state. The energetic and entropic con-

tributions were determined using Eq. 2.30 and 2.31, yielding ∆Epot = −25± 14 kJ/mol

and −T ∆S = 28 ± 14 kJ/mol, respectively. In other words, compact dimer confor-

mations exhibit higher entropy while extended conformations are lower in energy. The

equilibrium between the two is governed by a large energy-entropy compensation.

Analysis of energetic contributions

In order to determine the major contributions to the potential energy, ∆Epot is split

in parts arising from peptide-peptide (PP), peptide-solvent (PS), and solvent-solvent

(SS) interactions. Additionally, for each interaction pair contributions due to covalent,

Coulomb, and van der Waals interactions were determined, and are listed in Tab. 3.2.

A few contributions for which no significant change was detected are marked with stars.

The main part to the potential energy is provided by peptide-peptide interactions

(∆EPP). Interactions corresponding to angles and dihedrals are slightly more favorable

in extended conformations. Most interesting is the competition between van der Waals

and Coulomb interactions. Van der Waals interactions stabilize compact dimers due

to closer packing of the molecules. Coulomb interactions, on the other hand, favor

extended dimers as a result of stronger interactions between the charged residues and

better backbone hydrogen bonding. The latter is addressed by ∆Ebb−ter,coul based on

the backbone atoms except for the terminal residues G25 and M35, and adds up to

approximately −20 kJ/mol. The electrostatic stabilization arising from interactions

between the charged terminal residues G25 and M35 (∆EG25−M35,coul) and the charged
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∆Ecov ∆Ecoul ∆ELJ

PP −8.8(1.2) −37(24) 25.7(2.8)

PS – 21(46)∗ −22.4(2.2)

SS – 4(42)∗ −8(17)∗

bb – ter – −20.2(3.1) −4.2(3.2)

G25 –M35 – −30(20) 0.23(0.61)∗

K28 –M35 – −43(11) −0.1(1.7)∗

Table 3.2: Covalent, electrostatic and Lennard-Jones contributions to the potential en-

ergy of the transition for certain interaction partners: peptide-peptide (PP), peptide-

solvent (PS), solvent-solvent (SS), backbone atoms without terminal residues (bb – ter),

the charged termini (G25 –M35), and the charged residues K28 and M35 (K28 –M35).

Energies are given in kJ/mol with standard errors in parentheses. Values marked with

stars are zero within error.

residues K28 and M35 (∆EK28−M35,coul) together yield approximately -40 to -100 kJ/mol.

Contacts between the charged groups appear if the distance between them is shorter

than 0.6 nm. This criterion is based on the minimum distance distribution of these

groups. Contacts between G25 and M35 were found in 79% of the extended dimers

while the K28 –M35 contact appears in 56 % of the extended configurations. Fig. 3.10

shows snapshots for both types of interaction pairs. The K28 –M35 contact appears

often in addition to the interaction between the termini. Here, the negatively charged

M35 terminus is shielded by the positive charges of the G25 terminus and the K28 side

chain. Terzi et al. studied the aggregation of Aβ(25-35) at different pH. For neutral pH

they suggested that peptides within fibrils align in an antiparallel out-of-register β-sheet

stabilized by ion pairs between K28 and M35 [119]. Their molecular dimer model looks

similar to the antiparallel extended dimer conformations presented here but lacking the

additional stabilization due to interactions between the charged termini G25 and M35.

The present simulations show that the interaction between the charged termini are one

of the major stabilizing forces in extended dimer conformations.

Analysis of entropic contributions

The total entropic contribution determined above results in −T∆S = 28 ± 14 kJ/mol.

The contribution due to the change in configurational entropy was calculated using

Eq. 2.34 and 2.35. For each state, compact or extended, a cluster analysis was per-

formed based on the criterion used in Sec. 3.4.1 for the whole ensemble. The resulting

configurational entropy of the compact dimer state (317 clusters) is larger than for the

ensemble of extended conformations (54 clusters). The change in configurational entropy

of the transition yields −T ∆Sconf = 6.5 ± 2.4 kJ/mol which corresponds to approxi-
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Figure 3.10: Snapshots of extended dimers with strong intermolecular interactions be-

tween the charged groups of (a) the terminal residues G25 and M35 and (b) the residues

K28 and M35. The peptide backbone is shown in stick representation; atoms of amine

and carboxyl groups are shown as colored spheres: C atoms in turquoise, O atoms in

red, N atoms in blue, and H atoms in white.

mately 25% of the total entropic stabilization of compact dimer conformations. It could

be argued that ∆Sconf is based only on a subunit of the full dimer, the backbone atoms

of residues N27 to G33, and might represent not the total ∆Sconf . Taking all atoms into

account for the cluster analysis changes the RMSD distribution and suggests 0.4 nm as

a reasonable RMSD cutoff. The resulting −T ∆Sconf of 6.0 ± 1.1 kJ/mol is similar to

the first value, confirming consistency of the applied method.

The remaining entropic contribution to the free energy of transition can be related

to the solvent by

− T∆Ssolvent = −T∆S − (−T∆Sconf), (3.2)

which yields approximately 22± 14 kJ/mol. It is presumably due to hydrophobic effects

caused by an increase in hydrophobic surface area of 0.53 ± 0.07 nm2. A significant

contribution to the solvent entropy due to electrostatic effects is also possible [118].

3.4.4 Critical dimer concentration

The protein concentration at which significant aggregation sets in is denoted as the criti-

cal concentration (CC). Below the CC only very few aggregates are present, while above

the CC the concentration of monomers remains constant with increasing peptide con-

centration. Similar to micelle formation, for large aggregates this process can be treated

as a true phase separation [131]. For Aβ(25-35), CC ≈ 0.02 mM, as determined from

sedimentation assays [61, 132]. REMD simulations of Aβ(25-35 dimers) were conducted

at a concentration csim = 20.3 mM. The concentration of free monomers appearing in

the course of the simulation should equal CC.

At 293 K the monomeric state is only rarely found with a probability, Pmono, of

0.003 ± 0.002. Pmono corresponds to the ratio Nmono/N , where Nmono stands for the

number of configurations in the monomeric state and N denotes the total number of

configurations. The critical concentration of monomers in the solution can then be
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estimated by

CCsim = csim Pmono, (3.3)

resulting in 0.06 ± 0.04 mM, in good agreement with the experimental value. It should

be noted that the calculated CCsim may serve as a benchmark. First of all, taking

into account that the formed dimers slightly reduce the box volume accessible for free

monomers, the CCsim is presumably larger than 0.06 mM. On the other hand, higher

order aggregates are expected to be more stable than dimers. Hence, the former would

be more stable at lower concentrations than dimeric states. Thus, the CC of dimers

estimated here corresponds to an upper bound for the actual CC of this peptide cor-

responding to the true phase separation between peptide and water. It can be also

concluded that at peptide concentrations of CCsim the dimer corresponds to the critical

nucleus for fibril formation.

3.5 Conformational ensemble of trimers

The following sections present the results of the simulations of Aβ(25-35) trimers at

293 K. As described in Sec. 3.2, the final 200 ns of the trajectory were used for analysis.

3.5.1 Analysis of conformational clusters

Similar to the other Aβ(25-35) systems, a cluster analysis (Sec. 2.6.4) based on the

backbone atoms of residues N27 –G33 was performed. Here, a RMSD cutoff of 0.2 nm

was used, according to the RMSD distribution of this system. The analysis yielded 469

poorly populated clusters. The central configurations of the twenty predominant clusters

are shown in Fig. 3.11. Together these twenty clusters correspond to 42 % of all configu-

rations, while none of the clusters is populated by more than 5 %. Eight conformations,

illustrated by the gray box in Fig. 3.11, show none or rather little intermolecular β-sheet

formation. Among these are the three most populated conformations. Only conforma-

tions #2 and #3 show β-hairpin-like or U-shaped peptide structures similar to the initial

monomer conformation. In the other twelve conformations peptides are rather extended

forming small or large intermolecular β-sheets which are predominantly antiparallel.

Ordered, β-sheet rich conformations can serve as building blocks for protofibrils. The

most ordered Aβ(25-35) dimer was found to be in- or out-of-register antiparallel β-sheet

as shown in Fig. 3.4. For Aβ(25-35) trimers an ordered conformation was defined if

at least four consecutive residues adopted the β-sheet conformation. According to this

criterion, 6 % of all configurations contain large β-sheets formed between all three pep-

tides, and 32 % of all configurations contain a large β-sheet at least formed between two

peptides. These ordered aggregates are termed as ordered trimers or dimers, respectively.

The most prominent ordered trimers are conformations #10, #5 and #15, illustrated

by the black box in Fig. 3.11. The order corresponds to a decreasing population of this
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#1 #3 #4
#5

#6 #7 #9 #10

#11 #12 #13 #15

#19 #20

#2

#14

#18

#17
#16

#8

Figure 3.11: Central configurations of the twenty largest out of 469 clusters together

containing 42 % of all configurations of the ensemble of Aβ(25-35) trimers at 293 K.

Population of clusters given in parenthesis: #1 (4.8 ± 2.3 %), #2 (4.2 ± 1.5 %), #3

(3.0 ± 1.2 %), #4 –#9 (< 3 %), and #10 –#20 (< 2 %). The peptide backbone is

shown in ribbon representation; the Cα atom of G25 of each peptide is depicted as

a sphere. Configurations in the gray box are characterized by rather little secondary

structure. Configurations in the black box correspond to the most prominent ordered

trimers whereas the boxes marked with black dashed lines show the most prominent

ordered dimers.
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conformations by clustering only all ordered trimer configurations. In conformations #10

and #15 antiparallel β-sheets are formed. Additionally, in conformation #15 individual

peptides are strongly bent and tilted along the axis perpendicular to the β-sheets. In

contrast, conformation #5 shows two strongly bent peptides forming a parallel, V-shaped

β-sheet. The third peptide aligns to the parallel V-shaped β-sheet in an antiparallel

fashion. Such a parallel V-shaped conformation was found recently also for Aβ(25-35)

dimers by Wei et al. [124].

Conformations #6, #4, and #20 are the most prominent ordered dimers, see the

boxes marked with black dashed lines in Fig. 3.11. In all three conformations antiparallel

β-sheets are formed similar to the fibril-like, extended dimer conformations discussed in

Sec. 3.4.1. In conformation #6 the third peptide starts to form an antiparallel β-sheet

to the ordered dimer.

Most likely in Aβ(25-35) fibrils grown at conditions similar to the simulation setup,

individual peptides form extended antiparallel β-sheets. This conformation is mostly

stabilized by backbone hydrogen bonds and a strong interaction between the charged

residues G25, K28, and M35, as described in Sec. 3.4.3. However, the parallel V-shaped

conformation within fibrils seems also possible. Here, stabilization might arise from

strong backbone hydrogen bonding, too. The repulsion of similar charged residues might

be overcome (i) by the strong bending of the peptides which allows intramolecular inter-

actions between the oppositely charged termini, and (ii) by a change in the orientation

of the peptides from parallel to antiparallel every few peptide pairs.

Besides the ordered dimers and trimers in 7 % of all Aβ(25-35) trimers one or two

peptides form β-hairpin-like structures similar to conformations #2 or #3. The remain-

ing 55 % of all configurations show neither β-hairpin-like structure nor large β-sheet

formation.

3.5.2 Free energy landscape

In contrast to Aβ(25-35) dimers, the radius of gyration is not a useful order parameter

to distinguish between different Aβ(25-35) trimer structures. Instead we chose the first

two principal components which describe the predominant collective motions within

the molecules. A principal component analysis was applied as described in Sec. 2.6.7.

Based on the analysis of the cosine content (< 0.0004), the first and second principal

components do not correspond to random diffusion [116, 117]. Fig. 3.12 shows the free

energy landscape of Aβ(25-35) trimers along the first and second principal component

(PC1,PC2) together with the location of conformations #1 –#20 shown in Fig. 3.11.

The free energy landscape is very complex, but rather broad. It shows several local

minima corresponding to the many different conformations described above. Two broad

local minima are found for PC1 ≈ −10 nm and PC2 ≈ −5 nm, denoted as minimum

1, and at PC1 ≈ 0 nm and PC2 ≈ −2 nm, denoted as minimum 2, respectively. Both
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Figure 3.12: Free energy landscape along the first and second principle component (PC1,

PC2) and the location of the twenty predominant conformations shown in Fig. 3.11.

Ordered, β-sheet conformations are marked in black, others in yellow.

minima are approximately 7 kJ/mol deep and are separated by a free energy barrier

of roughly 2 kJ/mol. They incorporate poorly structured conformations like #12, or

#1 and #17 which will be discussed in the next paragraph in more detail. Interest-

ingly, the ordered dimers and trimers do not correspond to the deepest minima. These

conformations are located mostly at the boundary of the free energy landscape and are

often of larger free energies than the poorly structured, more disordered conformations.

Interestingly, the local minimum of the parallel V-shaped structure (#5) is rather dis-

connected from the overall free energy landscape by a free energy barrier of roughly 4 to

5 kJ/mol. This might suggest that the formation of parallel V-shaped β-sheets is rather

unfavorable.

The minima in the free energy landscape corresponding to positive PC1 values con-

tain rather compact peptide conformations. Here, β-hairpin-like structures (#2, #3),

and U-shaped or bent peptides appear within disordered or ordered aggregates. The
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minima containing conformations #2, #9, #13, and #18 are also disconnected from the

main free energy landscape by an energy barrier of 4 to 5 kJ/mol. Comparing confor-

mations #2 and #3 shown in Fig. 3.11, there is no obvious difference seen in secondary

structure and orientation of the individual peptides to one another. Nevertheless, both

conformations are found at different locations within the free energy landscape. Ac-

cording to the lower free energy barriers, conformational rearrangement of aggregated

β-hairpin-like conformations to highly ordered β-sheet trimers seems to proceed rather

from configurations close to conformation #3 than conformation #2.

Characteristics of the two broad local minima

The question remains, if configurations within the two broad local minima, 1 and 2 in

Fig. 3.12, can be distinguished by any conformational features. In the following, any

values are calculated as averages over the configurations within one minimum.

Corresponding to the main conformations #12 or #1 and #17, configurations within

both minima have only little secondary structure. No significant turn, α-helix, nor

intramolecular β-sheet content is observed. On the other hand, the intermolecular β-

sheet content adds up to 23 ± 12 % and 18 ± 7 % for minimum 1 and 2, respectively.

Configurations within minimum 1 and 2 are bent to 15±7 % and 19±6 %, respectively.

However, within the errors the average secondary structure is the same for both minima.

The intermolecular main chain hydrogen bond network averaged over all configura-

tions within each minimum and any possible peptide pairs are shown in Fig. 3.13 for

both minima. Both maps reveal that the intermolecular hydrogen bond network is rather

weak as the most significant hydrogen bonds appear in only 10-20 % of all configurations

within the respective minimum. Nevertheless, the hydrogen bond networks between min-

imum 1 and 2 differ. Configurations within minimum 1 prefer antiparallel orientation of

the peptides by forming main chain hydrogen bonds between N-and C-terminal residues

as S26 –M35, N27 – L34, and K28 –G33. In minimum 2 similar antiparallel alignment

of the peptides as well as parallel alignment seems possible. The latter is suggested by

main chain hydrogen bonds formed between residues S26 –K28 and N27 –A30. It should

be noticed that the hydrogen bond map of minimum 2, Fig. 3.13 (b), shows some slight

asymmetry which indicates incomplete sampling. Probably, the ensemble of configura-

tions within minimum 2 is more disordered than the ensemble within minimum 1. This

means minimum 2 corresponds to a larger conformational space which is more difficult

to sample completely.

3.6 Characteristics of increasing oligomer size

This section examines the aggregation process of Aβ(25-35) based on the conformational

ensembles of monomers, dimers and trimers at 293 K. Upon aggregation, the change in
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Figure 3.13: Intermolecular main chain hydrogen bond maps of configurations within

local minima (a) 1, and (b) 2 shown in Fig. 3.12.

secondary structure, the degree of order in terms of configurational entropy as well as

the change in solvent accessible surface area will be discussed in detail.

Tab. 3.3 gives the average secondary structure content for the ensembles of Aβ(25-

35) monomers, dimers and trimers at 293 K. This measure gives the average fraction of

residues within individual peptides that adopt a certain secondary structure. Indepen-

dent of the aggregate size individual peptides within all three ensembles are unstructured

to 46 – 49 %, and bent to 13 – 15 %. A difference is found for the turn content which

is approximately 14 % for monomers, and drops down to 7 % and 5 % for dimers and

trimers, respectively. The intramolecular β-sheet content shows similar behavior. While

in monomers 17 % of the residues form intramolecular β-sheets, only 6 % and 3 % do

so in dimers and trimers, respectively. As discussed in the previous sections Aβ(25-

35) forms intermolecular β-sheets upon aggregation. Interestingly, the intermolecular

β-sheet content is the same within dimers and trimers, and reaches approximately 21 %.

The change of secondary structure along the amino acid sequence is illustrated in more

detail by the secondary structure content of the individual residues shown in Fig. 3.3

for monomers, and Fig. 3.14 for dimers and trimers. As discussed in Sec. 3.3, Aβ(25-35)

monomers exist as β-hairpin conformations in equilibrium with unstructured conforma-

tions. The β-hairpin motif is characterized by a turn at residues G29 and A30, and

intramolecular β-sheets formed between residues N27 –K28 and I31 – I32, shown by the

blue and red lines, respectively, in Fig. 3.3. Upon aggregation the initial β-hairpin con-

formations are gradually dissolved as shown by the decrease in turn and intramolecular
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Monomer Dimer Trimer

coil 46(2) 47(1) 49(1)

bend 15(2) 13(1) 15(1)

turn 14(1) 7(1) 5(1)

intra β-sheet 17(2) 6(1) 3(1)

inter β-sheet – 21(2) 21(1)

Table 3.3: Average secondary structure content of individual peptides within Aβ(25-35)

monomers, dimers and trimers at 293 K. Values are given in % with standard errors in

parentheses.

β-sheet content of the corresponding residues in Fig. 3.14. Simultaneously, intermolec-

ular β-sheets are formed within oligomers. As mentioned above individual peptides

within dimers and trimers have the same average intermolecular β-sheet content. These

β-sheets also involve the same residues as shown by the green line in Fig. 3.14. As

discussed in sections 3.4.1 and 3.5.1, an antiparallel orientation of the peptides within

oligomers is preferred.
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Figure 3.14: Secondary structure content of the individual residues for the ensembles

of Aβ(25-35) (a) dimers, and (b) trimers at 293 K. Given are turn, bend, intra- and

intermolecular β-sheet content. There was no significant α-helix content observed in

both oligomer ensembles.

The following part focuses on the thermodynamics of the aggregation and examines

the contributions arising from the peptide entropy and the hydrophobic effect. To prop-

erly compare the three systems a second cluster analysis based on all peptide atoms

using an RMSD cutoff of 0.25 nm was performed for each system. This RMSD corre-

sponds to the first significant minimum in the RMSD distributions determined for all

three systems. The configurational entropy Sconf,i with i = 1, 2 or 3 for monomer, dimer
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system ∆Sconf [J/K mol] −T∆Sconf [kJ/mol]

2M → D -14(6) 4(2)

M + D → T -31(11) 9(3)

3M → T -44(11) 13(3)

Table 3.4: Change in configurational entropy and entropic contribution to the peptide

free energy upon aggregation at 293 K with standard errors in parentheses.

and trimer, respectively, was calculated using Eq. 2.34. The change in peptide entropy

upon dimerization was estimated from

∆S2M→D = Sconf,2 − 2 Sconf,1. (3.4)

Similarly, ∆SM+D→T and ∆S3M→T were calculated as the change in peptide entropy

upon aggregation of one dimer and one monomer, and three monomers. The obtained

values of ∆Sconf and −T∆Sconf are given in Tab. 3.4. In general, the loss in configura-

tional entropy increases with the size of the formed oligomer, and therefore −T∆Sconf
increases. Hence, the configurational entropy disfavors aggregation. In particular, the

aggregation of three monomers to a trimer, which is very unlikely, corresponds to the

highest cost in peptide entropy. Concerning the errors only the dimerization 2M → D

and the trimerization 3M → T can be distinguished.

In contrast, aggregation is expected to be favored by the hydrophobic effect arising

from an increase of water entropy due to a reduction of peptide surface area. The hy-

drophobic and hydrophilic solvent accessible surface area, and the free energy of solvation

were calculated for each system as described in Sec. 2.6.5. The change of these properties

upon aggregation is given in Tab. 3.5. During aggregation the hydrophobic as well as

the hydrophilic surface area decrease, while the change in SASA increases with the size

of the formed oligomer. The aggregation of three monomers causes the highest decrease

in SASA. For each aggregation system the change in hydrophobic surface area exceeds

the change in hydrophilic surface area. Hence, as illustrated by the resulting solvation

free energies, trimerization is favored over dimerization. The decrease in solvation free

energy is larger for the aggregation of 3M → T than for M + D → T.

The net contribution to the aggregation free energy due to the peptide entropy and

the hydrophobic effect ∆Fagg = −T∆Sconf +∆Fsolv adds up to −8±3 kJ/mol for 2M →
D, and M + D → T. The aggregation of three individual monomers is even more favored

by ∆Fagg = −16± 3 kJ/mol, but is very unlikely to happen as mentioned above.
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hydrophobic hydrophilic total

system ∆SASA [nm2] ∆SASA [nm2] ∆Fsolv [kJ/mol]

2M → D -1.94(0.07) -1.17(0.04) -11.7(0.5)

M + D → T -2.83(0.08) -1.70(0.09) -16.8(0.6)

3M → T -4.8(0.1) -2.9(0.1) -28.5(0.8)

Table 3.5: Change in hydrophobic and hydrophilic solvent accessible surface area

(∆SASA) and the corresponding solvation free energy (∆Fsolv) upon aggregation at

293 K with standard errors in parentheses.

3.7 Conclusions

In this chapter conformational details and thermodynamics of Aβ(25-35) monomers and

early aggregation intermediates as dimers and trimers in water were discussed. The very

few experimental data available were obtained at room temperature, therefore analyses

focused on ensembles at 293 K.

The simulation of Aβ(25-35) monomers corresponds to the preaggregated state at

very low peptide concentrations. At 293 K the ensemble populates two types of β-

hairpin conformations as well as coiled structures as shown in Fig. 3.2. The β-hairpin

structures are characterized by a β-turn involving residues G29 and A30, and two short

antiparallel β-strands consisting of residues N27 –K28 and I31 – I32, as illustrated by

the secondary structure content of individual residues in Fig. 3.3. The two types of

β-hairpins differ in the twist of the strands to one another. These results agree with a

previous theoretical study which started from a different initial configuration [62].

Additionally, in the same study also reports simulations of the peptide in an apolar

HFIP/water mixture using the GROMOS96 43a1 force field and yielding an α-helical

conformation in agreement with experiments [62, 63]. Therefore, and especially since the

GROMOS96 43a1 force field is known to overestimate the β-sheet content, the bias on

the present results due to the chosen force field is assumed to be small. Additionally, the

effect of overestimated β-sheet content is less pronounced if as in the present simulations

the reaction field method is used to calculate electrostatic interactions [133].

From an entropic point of view prestructured conformations are more prone for ag-

gregation than fully unstructured conformations. In order to start aggregation from

rather predominant conformations, either of the two β-hairpin conformations were used

as initial configurations for oligomerization.

As expected, a cluster analysis based on the RMSD in structure yielded many poorly

populated conformations for the ensembles of Aβ(25-35) dimers and trimers as shown

in Figs. 3.4 and 3.11. Nevertheless, we were able to differentiate between disordered and

fibril-like oligomers. In case of Aβ(25-35) dimers the radius of gyration as a measure of
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the extension of the peptides has been used to distinguish between compact, disordered

and extended, fibril-like dimers which were observed at a ratio of 3:1 as shown by the

free energy landscape in Fig. 3.5. The compact dimers contain β-hairpin-like, U-shaped

or unstructured peptides connected by rather unspecific contacts. In fibril-like dimers

peptides are fully extended and form in- or out-of-register antiparallel β-sheets, compare

with Figs. 3.6 and 3.7.

The ensemble of Aβ(25-35) trimers is more complex as illustrated by the free energy

landscape along the first and second principal components shown in Fig. 3.12. Ap-

proximately 38 % of the configurations were determined as ordered aggregates forming

large intermolecular β-sheets. Among them most prominent are aggregates containing

extended, antiparallel β-sheets similar to fibril-like dimers while a small amount of ag-

gregates contained V-shaped peptides forming parallel β-sheets. Both types of fibril-like

aggregates were also observed in a recently published study [124]. Interestingly, the di-

mensions of both aggregates, extended and V-shaped, correspond well to the diameters

of two distinct morphologies observed for Aβ(25-35) fibrils, 3.58±1.53 nm and 1.41±0.48

nm [65]. Both aggregates also agree with H/D exchange NMR measurements on Aβ(25-

35) fibrils that suggest an antiparallel out-of-register or parallel in-register alignment of

the peptides [64].

If the predominant β-hairpin conformations of monomers are most likely to aggre-

gate, the compact, disordered dimers can be assumed to be the very first aggregates

formed. They will aggregate further or transform into fibril-like extended dimers. A

thermodynamic analysis, discussed in Sec. 3.4.3, indicated that the transition from com-

pact, disordered to extended, fibril-like Aβ(25-35) dimers is unfavorable as the gain in

potential energy in extended dimers is overcompensated by a loss in entropy. The lower

energy of the extended dimers with peptides in antiparallel alignment results in favorable

intermolecular hydrogen bonding and stronger interactions between the charged termini

G25 and M35, and the charged residue K28, see Tab. 3.2. Approximately 25 % of the

entropic cost paid upon formation of fibril-like dimers corresponds to configurational

entropy, while the rest relates to solvent entropy. The decrease in solvent entropy is

presumably due to (i) the hydrophobic effect as the hydrophobic surface area changes

by 0.53 ± 0.07 nm2 and (ii) electrostatic effects. Additionally, we found that the tran-

sition towards fibril-like dimers is presumably mediated by main chain hydrogen bonds

between the former turn residues G29 and A30 and side chain interactions between the

I31 residues of both peptides, as illustrated by Figs. 3.8 and 3.9.

REMD simulations do not provide the kinetics of the system. Nevertheless, struc-

tural and thermodynamic properties of the individual ensembles of Aβ(25-35) monomers,

dimers and trimers at 293 K were compared in oder to gain qualitative information about

the aggregation process as discussed in Sec. 3.6. Starting from the β-hairpin conforma-

tion observed for monomers, this structure motif is successively dissolved in dimer and
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trimer ensembles, compare Figs. 3.3 and 3.14. This agrees well with experiments that

showed, that the initially observed β-turn content in Aβ(25-35) solutions decreased under

further incubation [120, 121, 126]. The formation of fibril-like oligomers is characterized

by the formation of intermolecular β-sheets. In the simulations, the average intermolecu-

lar β-sheet content is the same for dimers and trimers, and reaches approximately 21 %,

see Tab. 3.3.

The net contribution to the aggregation free energy arising from configurational en-

tropy and solvation free energy was dissected. As expected upon aggregation the con-

figurational entropy decreases as more ordered, β-sheet-rich oligomers are formed, as

shown in Tab. 3.4. Additionally, the solvent accessible surface area, especially the hy-

drophobic SASA, decreases yielding a favorable solvation free energy, see Tab. 3.5. The

gain in solvation free energy is large enough to overcompensate the loss in configura-

tional entropy. In summary, the hydrophobic effect, possibly combined with electrostatic

effects, yields an increase in solvent entropy which is believed to be one major driving

force towards aggregation. An exact determination of the energetic contributions was

not possible. Consequently, it remains unclear to which extent aggregation of Aβ(25-35)

is also influenced by energy.
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Chapter 4

Simulation Results for

Aβ(10-35)-NH2 Monomers

This chapter discusses simulations of Aβ(10-35)-NH2 monomers in aqueous environment

using two different force fields. The simulations were utilized to determine the confor-

mation of the preaggregated state depending on the applied force field. The results

will be compared to experimental NMR data available. But first, important previous

experimental and theoretical work on this subject will be given.

4.1 Previous experimental and theoretical observations

The 10 – 35 fragment of the Aβ peptide, precisely Aβ(10-35)-NH2 , was found to mimic

the characteristics, i.e. plaque competence, of the full-length Aβ peptide [71]. As this

fragment also shows improved water solubility, it provides an alternative model for high-

resolution structure – function studies of the Aβ peptide in water solution. The amino

acid sequence of Aβ(10-35) is shown as part of the sequence of the full length peptide

in Fig. 1.6 in Sec. 1.2.1. The peptide is of amphiphilic nature with highly hydrophobic

regions involving residues L17 –A21 and G29 –M35, it also contains three acidic, and

four basic residues. Residues K16 –F20 are also known as self-recognition site [66] which

might form initial contacts in early aggregation intermediates.

Lee et al. studied the plaque competence of Aβ(1-28)-OH and Aβ(10-35)-NH2 in

aqueous solution depending on the pH [71]. While both fragments where inactive below

pH 4, only Aβ(10-35)-NH2 showed increased plaque formation between pH 4 and 9, and

most distinct at pH 5.6. Accordingly, the first nine and the last five residues of the full

length Aβ peptide seem not essential for plaque formation.

Lee et al. and Zhang et al. collected complete sets of NMR spectra for both fragments

at pH 2.1 and 5.6 at 283 K [54, 71]. At pH 5.6, chemical shift indices provided no evidence

of α-helical or β-sheet structure for the active Aβ(10-35)-NH2 peptide. Nevertheless,
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NOE correlations and 3JHNHα scalar coupling constants indicate, that Aβ(10-35)-NH2

adopts a compact conformation under these conditions.

Structural calculations mostly based on interresidue NOE restraints resulted in 15

model conformations, published under PDB code 1HZ3. These model conformations

are characterized as collapsed coils containing a well-structured central hydrophobic

cluster (CHC) involving residues L17 –A21. All residues within the CHC except V18

contribute to a large, uninterrupted hydrophobic patch which covers approximately 25 %

of the peptide surface. The remaining backbone of Aβ(10-35)-NH2 exists as a series of

loops and turns partially condensed about the CHC foundation [54]. The most robust

turn stretches from residues V24 to N27. The absence of regular repeating secondary

structure and large amide hydrogen exchange rates provided sufficient evidence for the

lack of intramolecular hydrogen bonding to contribute to conformational stability. Zhang

et al. suggested stabilization rather to depend upon a combination of intramolecular van

der Waals interactions, and minor contributions from coulombic interactions.

Previous all-atom MD simulation studies of Aβ(10-35) monomers in explicit solvent

were performed mostly using two different approaches, (i) monitoring the stability of

the NMR-derived structure models at certain conditions, and (ii) testing if the NMR

structure models can be reproduced by simulations starting from fully extended confor-

mations.

The most important study following the first approach is the work by Han and

Wu [115]. They simulated Aβ(10-35)-NH2 starting from the 1st or 9th NMR model

using the GROMOS96 43a1 force field at pH 2.0 and 5.6 and temperatures of 300 and

400 K over a 1.2 µs timescale. To some extent they achieved agreement with the NMR

experiments, as in the MD simulations at 300 K the collapsed coil structure was un-

stable at pH 2 and metastable for about 200 ns at pH 5.6. Among other factors, they

suggest the collapsed coil conformation of Aβ(10-35)-NH2 monomers to be stabilized

by H13/H14 –E22/D23 salt bridges. Coexisting with the collapsed coil conformation

they observed the reversible formation of a predominant strand-loop-strand (SLS) con-

formation. It is characterized by a turn at V24 –N27, at least one contact between

F19/F20 and I31/I32, and the CHC and the C-terminus in antiparallel contact. The

SLS conformation does not depend on H13/H14 –E22/D23 salt bridges and has higher

thermostability than the collapsed coil NMR structure. The MD simulations at pH 5.6

yielded 85 % agreement with the NOE restraints from experiments [54].

A recent study following the second approach was presented by Baumketner et

al. [134]. In order to observe spontaneous folding, they started from a fully extended

conformation. Using the OPLS/AA force field and different initial velocities they started

five REMD simulations each using 72 replicas simulated at temperatures ranging from

280 to 580 K. Allowing 5 ns of equilibration and 7 ns of sampling all together 35 ns of

data were collected at 280 K. From their report it is not clear which charge state for the
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histidine residues was chosen. They tested the influence of the protonation by perform-

ing 2.5 ns long MD simulations starting from the 1st NMR structure model, and both

histidines either single or double protonated. Based on the RMSD to the initial confor-

mation, they observed a structural instability of the NMR-derived conformation for both

protonation states while the conformation containing double protonated histidines was

slightly more stable. According to this result they suggested that the charge state of the

histidines would not significantly influence the conformational states of Aβ(10-35)-NH2 ,

at least on the nanosecond timescale. Presumably, they performed the REMD simula-

tions using uncharged, single protonated histidines. At 280 K, Baumketner et al. found

no well defined main conformation of Aβ(10-35)-NH2 close to the collapsed coil struc-

ture solved by NMR. Nevertheless, similar to the NMR results, they found no significant

α-helical or β-sheet structure, and 50 % agreement with experimental long-range NOE

distances.

The present work studies the equilibrium conformation of Aβ(10-35)-NH2 at exper-

imental conditions using the second approach similar to Baumketner et al.. Extensive

REMD simulations over 70 and 105 ns per replica were applied. This should be suf-

ficient in order to sample a large ensemble of conformations and to allow reversible

transformations on the ns timescale between possible predominant conformations. Ad-

ditionally, simulations were utilized using two different forcefields, GROMOS96 43a1

and OPLS/AA [92, 93]. The two sampled ensembles are compared to the NMR-derived

collapsed coil conformation and primary NMR data such as NOE distances and 3JHNHα

coupling constants.

4.2 Setup for two different force fields and equilibration

The Aβ(10-35)-NH2 monomer was modeled in aqueous environment at pH 5.6 similar

to the NMR experiments [54, 71]. The amino acid sequence of the peptide is shown in

Fig. 1.6 in Sec. 1.2.1. To mimic pH 5.6, the protonation of the peptide was chosen as

follows: a positively charged N-terminus, three negative charges on E11, E22 and, D23,

and four positively charged residues H13, H14, K16 and K28, whereas the C-terminus is

amidated. In particular, the histidines were chosen to be double protonated, according

to the expected pKa values of histidines within proteins of 6.5 – 7 [135].

First, an MD simulation using the GROMOS96 43a1 force field was started from

an extended peptide conformation placed in a cubic box aligned to the diagonal. To

counterbalance the positive charge of the peptide two chloride ions were added. The

remaining space was filled by 11267 SPC water molecules [94, 95]. After an energy

minimization the system was simulated for 1 ns at 293 K and 1 bar with position re-

straints on the peptide atoms. Both procedures are described in Sec. 2.5 and Sec. 2.3.4,

respectively. Then the system was simulated for 7 ns without restraints at 283 K and
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Simulation system force field Nw water model NCl− run time

Aβ1035/GRO GROMOS96 43a1 5959 SPC 2 105 ns

Aβ1035/OPL OPLS/AA 5871 TIP4P 2 70 ns

Table 4.1: Simulation setups for production runs. Nw and NCl− give the number of

water molecules and chloride ions, respectively. Run time gives the reached simulation

time of individual replicas.

1 bar providing a fully collapsed peptide configuration in an equilibrated water volume.

This peptide configuration served as initial structure for studies using two different force

fields, GROMOS96 43a1 and OPLS/AA [92, 93].

For each force field study the collapsed peptide was dissolved in a dodecahedral box

such that the minimum distance between the solute and the boundaries of the box

was 1.5 nm. The remaining space was filled by two chloride ions and water molecules,

while the SPC and TIP4P water models were used [95, 96]. The detailed simulation

setups are shown in Tab. 4.1. For both systems, high temperature MD simulations

at 400 K and constant volume provided 62 randomly chosen configurations as initial

configurations for the REMD simulations. Before starting the REMD algorithm each

replica was equilibrated at its temperature for 5 ns.

For both systems, Aβ1035/GRO and Aβ1035/OPL, 62 replica were simulated at

constant volume and temperatures forming a geometric sequence between 281 and 400 K

for 105 ns and 70 ns each, respectively. Correlated back exchanges were avoided by

attempting to swap replica between neighboring temperatures every 6 ps.

The dihedral angle φ of individual residues is the important parameter in order to

calculate 3JHNHα scalar coupling constants as will be discussed in Sec. 4.4. The con-

vergence of the simulations was determined according to the stability of the φ dihedral

angle distributions. Both systems reached equilibrium at 283 K within 25 ns. Within

the sampling period the distributions remain unchanged which is shown in Fig. 4.1 for

both force fields and residues L17, and A30, both belonging to large hydrophobic regions

of the peptide. Therefore further analysis focused on the final 80 ns (Aβ1035/GRO) and

45 ns (Aβ1035/OPL) at 283 K, respectively.

4.3 Analysis of conformational clusters

For each simulation, Aβ1035/GRO and Aβ1035/OPL, the main conformations were

determined using the cluster analysis by Daura et al., see Sec. 2.6.4. The criterion for

the cluster algorithm was chosen as follows: RMSD cutoff of 0.15 nm for backbone atoms

of residues K16 –G29. According to the structural model derived from the NMR data,

these residues represent the ordered core region of the molecule containing the CHC
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Figure 4.1: Convergence of Aβ1035/GRO and Aβ1035/OPL according to distributions

of the dihedral angle φ for four blocks of each trajectory. Shown are distributions

for residues (a) L17, and (c) A30 for Aβ1035/GRO, and (b) L17, and (d) A30 for

Aβ1035/OPL.
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N

N N

B1
C1A1

Figure 4.2: Central configurations of the three most populated out of 70 clusters to-

gether containing 41 % of all configurations of Aβ(10-35)-NH2 monomers generated by

Aβ1035/GRO at 283 K. Population of clusters are given in parentheses: A1 (26± 3 %),

B1 (8 ± 2 %), C1 (7 ± 2 %). The peptide backbone is shown in ribbon representation;

the color coding of the amino acids is as follows: nonpolar residues in yellow, polar ones

in blue, positively charged ones in red , and negatively charged ones in green.

(L17 –A21) and the most robust turn (V24 –N27) [54]. The cluster analysis yielded 70

clusters for Aβ1035/GRO and 77 clusters for Aβ1035/OPL. Figs. 4.2 and 4.3 show the

central configurations of the three most populated clusters for both systems which will

be discussed in detail in the following.

For Aβ1035/GRO, the main conformation A1 is populated by 26± 3 % of all config-

urations. It is mostly unstructured but contains a small β-hairpin with the turn located

at residues V24 and G25, and a short antiparallel β-sheet between residues E22 –D23

and S26 –N27. Interestingly, the structured region within A1 is similar to the secondary

structure determined for SLS conformations found in previous MD simulations [115] as

discussed in Sec.4.1. Within SLS conformations a loop is located at V24 – S26 and the

antiparallel β-sheet includes residues L17 –D23 and N27 –M35. Conformation B1 of

Aβ1035/GRO is populated by 8 ± 2 % of all configurations. In this conformation the

same region as within A1 is structured while here the residues form an α-helix. Confor-

mation C1, populated by 7±2 % of all configurations, is fully unstructured. The average

RMSD of the backbone atoms of residues K16 –G29 to the 1st NMR-derived model is

similar for all the configurations within each of the three clusters, with an RMSD of 0.4

to 0.5 ± 0.1 nm.

Contrary to Aβ1035/GRO, for Aβ1035/OPL no highly populated main conformation

is found. The first three clusters are all populated by approximately 7 % of all config-

urations, as shown in Fig. 4.3. Only conformation A2 is partly structured containing

a short parallel β-sheet between residues Q15 –K16 and G33 –L34, which was not ob-

served in previous simulations or experiments. Both conformations B2 and C2 are fully

unstructured but contain several loops. For all configurations within each cluster the

RMSD of the backbone atoms of residues K16 –G29 to the 1st NMR-derived model was
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Figure 4.3: Central configurations of the three most populated out of 77 clusters to-

gether containing 21 % of all configurations of Aβ(10-35)-NH2 monomers generated by

Aβ1035/OPL at 283 K. Population of clusters are given in parentheses: A2 (7± 3 %),

B2 (7 ± 2 %), C2 (7± 1 %). The peptide backbone is shown in ribbon representation;

the color coding of the amino acids corresponds to that given in Fig. 4.2.

coil bend turn β-sheet β-bridge α-helix

Aβ1035/GRO 43(3) 33(2) 10(2) 8(1) 6(1) 0.3(0.2)

Aβ1035/OPL 50(3) 30(2) 12(2) 5(2) 3(1) 0.2(0.2)

Table 4.2: Average secondary structure content within Aβ(10-35) monomers of

Aβ1035/GRO and Aβ1035/OPL at 283 K. Values are given in % with standard errors

in parentheses.

determined. The RMSD is smallest for the third cluster, with RMSD = 0.4 ± 0.1 nm,

and increases for the second and first cluster up to 0.6± 0.1 nm.

Secondary structure content

Based on the conformations populated by both ensembles, it could be assumed that

conformations within the ensemble of Aβ1035/GRO are more structured in general.

The average secondary structure content for both systems given in Tab. 4.2 reveals that

this is not the case. Although, Aβ1035/OPL shows a slightly higher coil and lower

β-bridge content than Aβ1035/GRO, all other secondary structure motifs appear in a

similar amount within the errors.

On the other hand, corresponding to the different main conformations found for both

systems the secondary structure content for the individual residues differs between the

ensembles as shown by Fig. 4.4. For Aβ1035/GRO, residues E22 –N27, forming the β-

hairpin in conformation A1, have the highest β-sheet and turn content, and also the only

significant α-helix content. Only a few N- and C-terminal residues as H13, H14, and I31
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Figure 4.4: Secondary structure content of individual residues for the ensemble of (a)

Aβ1035/GRO, and (b) Aβ1035/OPL at 283 K. Given are coil, bend, turn, β-sheet, and

α-helix content.

show a slightly increased β-sheet content in up to 10 % of all configurations. Interestingly,

on average residues V24 to N27 have the highest turn content corresponding to the most

robust turn determined within the NMR-derived models [54]. For Aβ1035/OPL, shown

in Fig. 4.4 (b), a β-sheet content of at least 10 % is observed for residues Q15, K16, N27,

K28, and I32 –L34. In configurations sampled by the OPLS/AA force field most of the

inner residues are either bent or show a significant turn formation. For more than 10 %

of all configurations a turn conformation is adopted by residues V12 –H14, V18 –F20,

V24 – I32.

In summary, the two force fields yield different results and none of the most popu-

lated main conformations corresponds well to the NMR-derived collapsed coil structure

models. Therefore, in the following section both ensembles are compared to primary

NMR data such as inter proton distances, so-called NOE distances, and 3JHNHα scalar

coupling constants.

4.4 Comparison with experimental NMR data

Several parameters that can be measured by NMR spectroscopy are sensitive to the

molecular conformation [136]. The most commonly utilized parameters for protein struc-

ture determination are dipolar cross relaxation rate constants, scalar coupling constants,

isotropic chemical shifts, and residual dipole-dipole coupling constants (RCDs) [137, 138,

139]. Structural restraints are also provided by amide proton-solvent exchange protec-

tion factors [140], trans-hydrogen bond scalar coupling constants [141], and paramagnetic

effects [142, 143, 144].

This section focuses on two NMR experiments performed for Aβ(10-35)-NH2 by Lee et
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al. and Zhang et al. which among other parameters provide NOE distances and 3JHNHα

scalar coupling constants [54, 71]. The following sections discuss to which extent the

experimental data can be reproduced by the REMD simulations using the two different

force fields.

4.4.1 NOE distances

The nuclear Overhauser effect (NOE) describes the through-space dipolar coupling of nu-

clear spins via cross-relaxation. It is characterized by the cross-relaxation rate constant.

This constant is proportional to the inverse sixth power of the distance between two in-

teracting 1H spins and can therefore be used to determine inter proton distances. Based

on the relation between the cross-relaxation rate constant and the inter proton distance,

it is obvious that the cross relaxation signal becomes weaker with increasing distance.

Depending on the signal to noise ratio very weak signals or large NOE distances should

be taken with care. A long mixing time, which is the time needed to transfer magnetiza-

tion from one spin to the other, can enhance such signals but can also allow spin diffusion

which can result in inaccurate NOE distances. Typically, mixing times should be in the

order of 50 to 150 ms yielding reliable NOE distances smaller than 5 Å [136, 145]. Both

experimental groups used mixing times of 75, 80 and 150 ms [54, 71].

From the cross relaxation signals upper bound separations of the interacting protons

are determined. The NOE cross peak intensities are grouped into strong, medium, and

weak signals associated with upper bound separations of 2.7 Å, 3.3 Å, and 5.0 Å [136].

The upper bounds serve as restraints in structure refinements. The model configurations

should violate as less restraints as possible and be low in energy. A NOE violation

appears if the NOE distance in the model structure is larger than the experimentally

obtained upper bound separation.

From simulations NOE distances can be calculated as averages of the corresponding

inter proton distances over the pool of configurations generated. More precise, the NOE

distance between interacting protons i and j is given by

dNOE,ij =< 1/r6ij >
−1/6, (4.1)

with rij being the distance between those protons. For proteins and peptides, based

on the location of protons i and j along the sequence, NOE distances are classified as

sequential (i and j are located on consecutive residues n and n+1), medium- (on residues

n and n+ 2 or n+ 3), and long-range distances (on residues n and > n+ 3).

For structural calculations of Aβ(10-35)-NH2 at pH 5.6 and 283 K Zhang et al. have

used 84 sequential, 66 medium-, and 32 long-range restraints [54] resulting in 15 NMR

models (PDB code 1HZ3). Out of all these restraints 30 long-range and 56 medium-

range NOE distances were calculated for both force field systems using Eq. 4.1. The

number of NOE violations for the two sampled ensembles are given in Tabs. 4.3 and
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4.4. For comparison, the NOE violations of the 15 NMR-derived models, and the pre-

vious simulation study by Baumketner et al. are also shown [54, 134]. The latter used

the OPLS/AA force field but applied a different simulation procedure compared to the

present work, see Sec. 4.1. They only discussed violations of long-range NOEs in their

report.

Long-range NOE distances

Shown in Tab. 4.3, only five of the thirty long-range NOE distances are violated by

the NMR-derived models. Both simulated ensembles show reasonable agreement with

the long-range NOE restraints: sixteen (Aβ1035/GRO) or ten (Aβ1035/OPL) of the

thirty long-range distances are fully satisfied, while only seven (Aβ1035/GRO) or five

(Aβ1035/OPL) distances are violated by more than 2 Å. Values in parentheses given in

Tab. 4.3 are the number of upper bounds ≤ 5 Å corresponding to the weakest reliable

NOE cross relaxation signals [136, 145]. Only two long-range NOE distances correspond

to this criterion. They are violated by both simulated ensembles, while Aβ1035/OPL

causes less large NOE violations than Aβ1035/GRO. A detailed list of all corresponding

long-range distances and their violations can be found in Tab. A.1 given in appendix A.

It is shown there that approximately 30% of the violations differ between the force fields.

Presumably, this corresponds to different equilibrium conformations reached depending

on the force field as discussed in Sec. 4.3.

The REMD simulation performed by Baumketner et al. gives a similar result as

Aβ1035/GRO or Aβ1035/OPL although they applied a shorter sampling period [134].

As mentioned in Sec. 4.1, Baumketner et al. used a similar setup but a different sam-

pling procedure. As shown in Sec. 4.2, Aβ1035/GRO and Aβ1035/OPL require an

equilibration time of at least 25 ns. Therefore, it is very unlikely that the REMD sim-

ulations by Baumketner et al. converged within 5 ns. Their reasonable agreement with

the experimental long-range NOE restraints can be explained by a higher probability

of non-equilibrated configurations containing short inter proton distances. As dNOE,ij is

proportional to 1/r6ij , any very small inter proton distance decreases dNOE,ij dramati-

cally and results in false agreement with the upper bound restraints. This fact was tested

for Aβ1035/GRO allowing no equilibration and sampling for 20 ns. The resulting long-

range NOE distances given in Tab. 4.3 do indeed show slightly better agreement with

the experiment than the NOEs resulting from the equilibrated ensembles, as expected.

Medium-range NOE distances

Violations of the 56 medium-range NOE distances are listed for the NMR models,

Aβ1035/GRO, and Aβ1035/OPL in Tab. 4.4. Again Aβ1035/GRO and Aβ1035/OPL

show reasonable agreement with the NMR-derived NOE restraints, while the system
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NOE violation [Å] NMR models Aβ1035/GRO Aβ1035/OPL Ref. [134]

≤ 0 25(1) 16(0) 17(0)∗ 10(0) 15(0)

0 < x ≤ 1 3(1) 2(0) 2(0)∗ 7(1) 6(0)

1 < x ≤ 2 2(0) 5(0) 6(0)∗ 8(0) 5(1)

x > 2 0(0) 7(2) 5(2)∗ 5(1) 4(1)

Table 4.3: Violations of 30 long-range NOE distances by the 15 NMR models [54],

Aβ1035/GRO, Aβ1035/OPL, and a previous REMD simulation study by Baumketner et

al. [134]. Values in parentheses give the corresponding numbers of upper bounds ≤
5 Å. Values marked with ∗ correspond to NOE distances determined for Aβ1035/GRO

allowing no equilibration and a sampling period of 20 ns.

NOE violation [Å] NMR models Aβ1035/GRO Aβ1035/OPL

≤ 0 42(9) 34(3) 35(5)

0 < x ≤ 1 8(4) 8(2) 15(6)

1 < x ≤ 2 6(2) 8(4) 3(1)

x > 2 0(0) 6(6) 3(3)

Table 4.4: Violations of 56 medium-range NOE distances by the 15 NMR models [54],

Aβ1035/GRO, and Aβ1035/OPL. Values in parentheses give the corresponding numbers

of upper bounds ≤ 5 Å.

using the OPLS/AA force field gives a slightly better result. Considering only upper

bound separations ≤ 5 Å given in parentheses in Tab. 4.4, the better agreement of

Aβ1035/OPL with the NMR-derived restraints becomes even more apparent. A de-

tailed list of medium-range distances is given in Tab. A.2 in appendix A. In contrast to

the long-range distances most of the violations of medium-range restraints for the two

force fields are similar.

4.4.2 3JHNHα scalar coupling constants

Spin-spin or scalar coupling between two nuclei is mediated by the electrons forming the

chemical bonds between the nuclei [136]. The strength of the interaction is given by the

scalar coupling constant nJab, in which n corresponds to the number of covalent bonds

separating the two spins a and b. Karplus was the first to describe the relationship

between the magnitude of a 3J scalar coupling constant and the dihedral angle θ formed

by the three covalent bonds [146]. The so-called Karplus Equation is given by

3J = A cos2 θ +B cos θ + C, (4.2)

where the constants A, B, and C depend upon the particular nuclei involved.
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Figure 4.5: (a) Newman projection of a polypeptide chain along the Cα −N-bond, and

correlation between the dihedral angle φ and 3JHNHα . (b) 3JHNHα as function of φ using

the Karplus equation, given in Eq. 4.2, with parameters derived by Pardi et al., where

A = 6.4 Hz, B = −1.4 Hz, C = 1.9 Hz, and θ = φ− 60◦ [147].

Common for proteins or peptides, the coupling between the amide proton and the Hα

proton of individual amino acids is measured by the scalar coupling constant 3JHNHα .

Fig. 4.5 (a) shows a Newman projection of a polypeptide chain along the Cα-N bond.

This picture illustrates the scalar coupling between the amide proton and the Hα proton

which is correlated to the dihedral angle φ. To calculate 3JHNHα using the Karplus rela-

tionship Pardi et al. derived the Karplus constants from protein structures determined

by X-ray crystallography or NMR spectroscopy [147]. They correlated observed 3J val-

ues for these proteins with the corresponding dihedral angles found in the structures.

For 3JHNHα the Karplus constants are A = 6.4 Hz, B = −1.4 Hz, C = 1.9 Hz, whereas

θ = φ − 60◦ [147]. Fig. 4.5 (b) shows 3JHNHα as a function of φ and these parameters.

For φ ≈ −120◦ or 60◦ strong coupling between the amide proton and Hα appears, while

the weakest coupling is found for φ ≈ −25◦ or 145◦.

From simulations, 3JHNHα coupling constants for each amino acid are calculated as

an average according to

3JHNHα =
∑

φ

3JHNHα(φ) P (φ) ∆φ. (4.3)

Here, 3JHNHα(φ) is calculated using the Karplus relationship (Eq. 4.2) with the param-

eters derived by Pardi et al. for a given dihedral angle φ. P (φ) corresponds to the

probability to find a dihedral angle between (φ−∆φ/2) and (φ+∆φ/2) with ∆φ = 5◦.

The probability distributions of φ for each amino acid, except the N-terminal residue

Y10 , were calculated using the GROMACS tool g angle [87]. The distributions for
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Figure 4.6: Difference between 3JHNHα coupling constants obtained from experiment

and simulations (∆3JHNHα). The plots show differences between Aβ1035/GRO and

experiments at (a) pH 2.1, or (b) pH 5.6, and between Aβ1035/OPL and experiments

at (c) pH 2.1, or (d) pH 5.6. For values marked in blue, experimental 3JHNHα coupling

constants change by more than 1.5 Hz as the pH is changed.

both ensembles, Aβ1035/GRO and Aβ1035/OPL, are shown in Figs. B.1 and B.2 in

appendix B.

Lee et al. obtained 3JHNHα coupling constants for Aβ(10-35)-NH2 in aqueous environ-

ment at pH 2.1 and 5.6, both at 283 K [71]. The 3JHNHα coupling constants calculated

from the simulations (set up at pH 5.6) were compared to the experimental data at both

pH values. The comparison between simulations and experiments is shown Fig. 4.6. In

particular, for each amino acid measured in the experiment

∆3JHNHα = 3J exp
HNHα

− 3J sim
HNHα (4.4)

is plotted including error bars. For values marked in blue the experimental 3JHNHα

coupling constants change by more than 1.5 Hz as the pH is changed. These residues

are suggested to be involved in a pH dependent conformational transformation [71].

Fig. 4.6(a) and (b) show ∆3JHNHα of all measured residues for Aβ1035/GRO at (a)
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pH 2.1, and (b) pH 5.6. First of all, at both pH values the agreement with the experiment

(∆3JHNHα = 0) is weak corresponding to approximately 30 % of the data. However, in

each case different residues are concerned. Additionally, although the simulation was

setup to mimic pH 5.6, the difference between simulation and experiment is smaller

if the data are compared to the experimental results at pH 2.1. In particular, at pH

2.1 the 3JHNHα coupling constants of residues E11, V12, H14, D23, V24, and I31 agree

well with the experimental results. For three of these residues pH dependent 3JHNHα

constants were observed. On the other hand, at pH 5.6 none of the coupling constants

in agreement with the experiment shows a pH dependence. In summary, this suggests

that the simulated ensemble might actually correspond to a pH closer to 2.1 than 5.6 as

intended.

Comparing the results for Aβ1035/OPL to the experimental data this effect becomes

more obvious, as shown in Fig. 4.6(c) for pH 2.1, and (d) for pH 5.6. At pH 5.6 32 %

of the calculated coupling constants agree with the experimental values, while at pH

2.1 57 % agreement is reached including four pH sensitive 3JHNHα coupling constants.

Independent of the pH the ensemble of Aβ1035/OPL shows better agreement with the

experimental data than Aβ1035/GRO.

As stated above, the observations suggest, that the sampled ensembles might cor-

respond to a pH lower than 5.6. The protonation state of the peptide used for the

simulations was identified according to expected pKa values within proteins given in

the literature [135]. For histidine the pKa within proteins is expected to be 6.5 – 7, for

aspartic and glutamic acid 4.4 – 4.6. Therefore at pH 5.6, H13 and H14 were chosen to

be protonated, and E11, E22, and D23 to be deprotonated. Possibly within the NMR-

derived collapsed coil conformation determined at pH 5.6, the pKa values of acidic and

basic residues change upon their environment. The WHAT IF pKa calculation software

provided by the Nielsen group [148, 149, 150] was used to determine the protonation

state of the first NMR-derived collapsed coil conformation. Indeed, preliminary results

suggest different pKa values for the two histidines, 6.2 for H13 and 8.4 for H14. Taking

the trend and not the precise number serious, and combining with the results for 3JHNHα

coupling constants, it is likely that at pH 5.6 H13 is protonated but H14 is deprotonated.

4.5 Conclusions

In this chapter the equilibrium conformations of Aβ(10-35)-NH2 monomers in aqueous

environment at pH 5.6 and 283 K similar to experimental conditions have been discussed.

The performance of two force fields, GROMOS96 43a1 or OPLS/AA, has been tested.

The results of the simulations were compared to the NMR-derived model conformations

of Aβ(10-35)-NH2 and primary NMR data as inter proton NOE distances and 3JHNHα

scalar coupling constants [54, 71].
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In summary, the two force fields yield different results. The main conformations of

both systems differ significantly in structure and population as shown in Fig. 4.2 for

Aβ1035/GRO and in Fig. 4.3 for Aβ1035/OPL. Additionally, the three most populated

main conformations generated by the two force fields do not correspond well to the

NMR-derived collapsed coil structure models. The RMSD based on the backbone atoms

of residues K16 –G29 between the 1st NMR model and the configurations within the

most populated clusters is larger than 0.4± 0.1 nm.

Corresponding to the population of clusters Aβ1035/GRO seems to be more ordered

than Aβ1035/OPL. The average secondary structure content shown in Tab. 4.2 reveals

that ordered secondary structure elements such as β-turns, β-sheets or β-bridges appear

in the same amount within both ensembles. In contrast and corresponding to the differ-

ent main conformations, significant differences were observed for the average secondary

structure content of individual residues shown in Fig. 4.4. For the Aβ1035/GRO en-

semble, the β-sheet and turn content is most pronounced for residues E22 –N27 forming

the β-hairpin in the most populated conformation. For the Aβ1035/OPL ensemble, the

probability to form β-sheets is more distributed along the sequence, while the highest

turn content is measured for residues V18 –F20.

The comparison with NOE distances yielded reasonable agreement for both ensem-

bles. For Aβ1035/GRO 53 % of the long-range NOE distances and 61 % of the medium-

range NOE distances were consistent with the experimental values as shown in Tabs. 4.3

and 4.4. For Aβ1035/OPL agreement with the experiment is reached for 33 % and 63 %

of the long-range and medium-range NOEs, respectively. In contrast, if only reliable

NOE distances ≤ 5 Å are taken into account, all of the remaining long-range NOEs are

violated by both ensembles. Concerning medium-range NOEs ≤ 5 Å, the Aβ1035/OPL

ensemble shows only weak (33 %), but slightly better agreement with the experimental

data than Aβ1035/GRO (20 %).

Calculated 3JHNHα scalar coupling constants were compared to experimental data

measured at pH 2.1 and 5.6 as shown in Fig. 4.6. For Aβ1035/GRO approximately

30 % of the data were consistent with the experiments at both pH values, while in each

case different residues were involved. Nevertheless, the deviation from the experimental

data is much smaller at pH 2.1, especially for residues whose 3JHNHα coupling constants

change upon pH by more than 1.5 Hz. This effect is more pronounced for Aβ1035/OPL.

Here, 57 % and 32 % of the 3JHNHα coupling constants agree with the experimental

values at pH 2.1 and 5.6, respectively. These results suggest that (i) independent of the

pH the OPLS/AA force field yields better agreement with the experimental data, and

(ii) the protonation state of the peptide in the simulations might correspond to a pH

lower than 5.6.

Concerning the latter, the protonation state of the 1st NMR-derived collapsed coil

conformation was determined using the WHAT IF pKa calculation software [148, 149,
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150]. Preliminary results suggest that the pKa values of the two histidines deviate from

expected values given in the literature [135]. Based on these findings it is likely that at

pH 5.6 H13 is protonated and H14 is deprotonated, differing from the simulation setup.

According to the obtained simulation results, a small change of the protonation state of

the peptide might induce a significant conformational change.

Finally, a slightly different performance of the two force fields was expected. In

contrast, in the present work either force field was found to sample different ensembles

resulting in very distinct main conformations. It needs to be determined how large the

overlap of both ensembles is in order to draw precise conclusions. Additionally, from the

obtained results it is unclear which of the used force fields yields better results in terms

of consistency with the experimental data and computational effort in order to obtain a

certain level of consistency.
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Chapter 5

Simulation Results for

Aβ(10-35)-NH2 Dimers

In this chapter simulations of Aβ(10-35)-NH2 dimers in aqueous environment are dis-

cussed. Starting from the 1st NMR-derived structure model for Aβ(10-35)-NH2 spon-

taneous dimer formation was modeled in explicit solvent in order to determine confor-

mational structures of dimers at fibril growth conditions, neutral pH and 300 K. As in

previous chapters, the first sections give background information on the stand of ex-

perimental and theoretical research on this subject, and explain details concerning the

simulation setup. Sec. 5.3 to 5.5 discuss the conformational variety of the dimer system,

the complex free energy landscape, and interactions stabilizing different types of dimers.

5.1 Previous experimental and theoretical observations

Several groups studied the morphology of Aβ(10-35)-NH2 fibrils depending on the pH [72,

73, 74, 75, 76]. EM images showed that fibrils formed at pH 7.4 contained twisted pairs

of single filaments with varying periodicities of the twist. The fibril diameters vary from

5.5±1.0 nm at the narrowest point to 10.5±1.0 nm at the widest point [72]. Solid-state

NMR spectroscopy was used to measure intermolecular 13C distances within fibrils built

from peptides containing one 13C labeled amino acid. These measurements suggested an

in-register parallel alignment of the peptides, while the peptides are assumed to be fully

extended [73, 74, 75, 76]. A more recent study suggests the peptides to be bent with

some residues in region D23 –G29 in a non-β-strand conformation [72]. The stability

of fibrillar aggregates containing this bent, so-called Tycko model of Aβ(10-35)-NH2

was tested at 330 K by 1 ns short MD simulations [77]. Oligomers containing eight

in-register, parallel aligned peptides in this conformation or two of these octamers in an

interlocked conformation were stable within the short simulation time.

Due to the limits of experimental techniques the conformations of early aggregation
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intermediates are still unknown. Therefore, different theoretical methods were used to

elucidate possible conformations of Aβ(10-35)-NH2 dimers, trimers and tetramers.

Tarus et al. studied the stability of possible dimer conformations in aqueous solu-

tion [78]. Using a shape complementary docking protocol and starting from the 1st

NMR-derived collapsed coil model of monomers they generated two types of dimers.

The φ-dimer is dominated by hydrophobic intermolecular contacts, and the ǫ-dimer is

characterized by electrostatic interpeptide interactions. The stability of both dimers

was tested with MD simulations at 300 K and pH 7. Only the φ-dimer was stable over

10 ns. Correspondingly, the formation of intermolecular contacts between the central

hydrophobic cluster, and the repulsion of water at the interface were assumed to be the

initial steps of dimerization. Additionally, a substantial structural reorganization within

the C- and N-terminus was observed.

Jang and Shin studied the structural diversity of Aβ(10-35) oligomers up to tetramers

in aqueous solution at neutral pH. To observe spontaneous aggregation, they applied

REMD simulations using the all-atom AMBER96 force field for the peptides with an

implicit solvent model [79, 80]. The 1st NMR-derived structure model of Aβ(10-35)-NH2

monomers served as initial configuration of the peptides. Aggregates were characterized

by a high β-sheet content of 40 to 50 % at 300 K. Within main conformations at least

one Aβ(10-35) unit formed two β-strands joined by a turn region around residues G25 –

G29. These bent, double β-strands assembled into several different interlocking patterns

while peptides aligned in parallel as well as in antiparallel orientations. Partial α-helical

conformations were also observed up to tetramers, and are believed to play a critical

role in the aggregation process. For Aβ(10-35) dimers and trimers it was found that the

average potential energies of different conformations were very similar, but somewhat

lower for highly ordered β-strands. On the other hand, conformations with low potential

energy were higher in solvation energy.

In the present work, the spontaneous dimerization of Aβ(10-35)-NH2 was studied,

similar to the approach used by Jang and Shin [79]. Here, the more accurate explicit

solvent description was used in order to determine the peptide-solvent interaction in

more detail. The results will be compared to the implicit solvent study by Jang et

al. [79].

5.2 System setup and equilibration

The amino acid sequence of Aβ(10-35)-NH2 can be taken from the sequence of the

full length Aβ peptide shown in Fig. 1.6 in Sec. 1.2.1. Corresponding to fibril growth

conditions reported in experiments [73, 74, 75, 76, 72], the protonation was chosen to

mimic neutral pH: a positively charged N-terminus, three negative charges on E11, E22

and, D23, and both lysine residues, K16 and K28, positively charged. The C-terminus
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is amidated. The 1st NMR-derived collapsed coil model of Aβ(10-35)-NH2 monomers

(PDB code: 1HZ3) served as initial configuration for both peptides.

To simulate spontaneous dimerization, both peptides in random mutual orientation

separated by 1.5 nm were placed in an dodecahedral box. The dimensions of the box

were chosen such that the minimum distance between the solute and the boundaries of

the box was 0.75 nm for the initial configuration. The remaining space was filled by

7095 SPC water molecules [94, 95]. First, the system was energy minimized, followed

by a 1 ns simulation at 293 K and 1 bar with position restraints on the peptide as

described in Sec. 2.5 and 2.3.4, respectively. In addition, the system was simulated for

1 ns without restraints at the same temperature and pressure. The initial configurations

for the REMD simulation were generated performing a high temperature simulation at

400 K for 150 ns. In order to allow the peptides to adopt different orientations to each

other but prevent simultaneous unfolding, the Cα atoms of H13 and I32 were restraint to

their initial positions (Sec. 2.3.4). Since the most uncorrelated and structurally different

conformations should serve as initial configurations for the REMD simulation, they were

chosen according to the following criteria (i) the RMSD of a configuration and the

initial collapsed coil conformation should be at least 0.5 nm, and (ii) consecutive initial

configurations should be at least 1 ns apart from each other.

The REMD simulation was performed using 68 replica of the system, which were

simulated at constant volume and temperatures between 281 and 400 K for 380 ns

each. Swapping of replica between neighboring temperatures was attempted every 6 ps.

Snapshots of the system were saved every 20 ps.

Convergence of the simulation was tested for several reaction coordinates. Fig. 5.1

shows running averages for (a) the RMSD to the initial configuration of both peptides

based on the backbone atoms of residues K16 –G29, and (b) Rg of the dimer at 300 K.

Values were averaged over 5000 ps windows. The data indicate that the simulation

converges within 150 ns. Therefore, data of the final 230 ns were used to determine

equilibrium properties at 300 K.

5.3 Analysis of conformational clusters

The main conformations of Aβ(10-35)-NH2 dimers were determined using a cluster al-

gorithm (Sec. 2.6.4) based on the RMSD of the backbone atoms of residues K16 –G29

and a RMSD cutoff of 0.2 nm. This analysis resulted in 217 clusters. The twelve most

populated conformations together corresponding to 36 % of all configurations are shown

in Fig. 5.2. Within the errors each of these conformations is adopted with a probability

of approximately 3.0 to 3.5 %.

These main conformations, except #5 and #10, are characterized by the formation

of β-sheets while parallel as well as antiparallel orientations appear. Within these con-
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Figure 5.1: Convergence of (a) RMSD of backbone atoms of residues K16 –G29 to the

initial configuration with both peptides in collapsed coil conformation, and (b) Rg of

Aβ(10-35)-NH2 dimer simulation at 300 K. Shown are running averages over 5000 ps

windows. The vertical dashed lines mark the beginning of the sampling period, 150 ns.

A horizontal dashed line indicates the average over the sampling period, and the dotted

lines give the corresponding standard deviation.

formations there seems to be no predominant β-sheet arrangement. Nevertheless, the

β-strand conformation is often adopted by similar residues: approximately E11 –K16

(#1, #2, #11), H14 –F19 (#1, #2 –#6, #9–#11), and K28 –L34 (#1 –#4, #11). The

numbers in parenthesis give the conformations forming β-strands in the corresponding

regions. Interestingly, the second region contains the proposed self-recognition site of

Aβ involving residues K16 to F20 [66]. Additionally, the formation of short helices is

found in four conformations. A 3-helix formed by residues E22 –V24 appears in confor-

mation #1, and α-helices formed by residues V12 –L17 in conformations #2 and #5, or

residues V24 –G29 in conformation #12. Partially helical or unstructured conformations

are assumed to be transient structures during the aggregation process [79].

Secondary structure content

In agreement with the main conformations shown in Fig. 5.2 the analysis of the sec-

ondary structure content reveals that the ensemble of Aβ(10-35)-NH2 dimers at 300 K

is only partly structured. About 41± 1 % of the residues within individual peptides are

unstructured, while 23±1 % are bent, 8±1 % form a turn, 7±1 % a β-bridge, and 2±1 %

an α-helix. The average β-sheet content is about 20 %, while 14 ± 1 % correspond to

intramolecular and 6±1 % to intermolecular β-sheets, respectively. The rare appearance

of intermolecular β-sheets suggests that dimers are not stabilized by a strong intermolec-

ular hydrogen bond pattern. This was stated before by Tarus et al. whose generated
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#1 #2
#3

#4

#5
#6 #7 #8

#12#11#10#9

Figure 5.2: Central configurations of the twelve largest out of 217 clusters together

containing 36 % of all configurations of the ensemble of Aβ(10-35)-NH2 dimers at 300 K.

Population of clusters given in parenthesis: #1, #2 (4.1± 0.5 %), #3, #4 (3.3± 0.6 %),

#5 (3.1 ± 0.4 %), #6 (3.0 ± 0.4 %), and #7–#12 (< 3 %). The peptide backbone is

shown in ribbon representation; the Cα atom of Y10 of each peptide is depicted as a

sphere.
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ǫ-dimer based on electrostatic interpeptide interactions was unstable [78]. Other possible

stabilizing interpeptide interactions will be discussed in Sec. 5.5.

In order to distinguish if individual residues rather form intra- or intermolecular β-

sheets the secondary structure content was determined for each residue and is shown in

Fig. 5.3. Intramolecular β-sheets are preferred to be formed by residues H14 –A21, and

N27 –L34, with probabilities > 10 %. The region in between, approximately E22 – S26,

is bent or forms a turn. Approximately the same residues form a turn in the initial

collapsed coil conformation (V24 –N27) or they are assumed to be bent in individual

peptides within mature fibrils (D23 –G29) [72]. Intramolecular β-sheets corresponding

to the favored regions appear in both peptides in conformations #3 and #11, or in one

peptide in conformations #1, #2, #4, #5, and #7–#9 shown in Fig. 5.2. Since five

to seven residues form a bend or turn in between the β-strands, an antiparallel as well

as a parallel orientation of the β-strands is possible. The highest probabilities to form

intermolecular β-sheets (> 10 %) are found for residues H13 –H14, and the hydrophobic

residues I31 –L34 at the C-terminus, see Fig. 5.3. Short intermolecular β-sheets involving

these residues are found in conformations #2, #6, #7, #9, and #11 shown in Fig. 5.2.

The α-helix content does not exceed 10 %, but is significant for residues V12 – L17 and

V24 –N27 corresponding to the helices formed in conformations #1, #2, #5, and #12.
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Figure 5.3: Secondary structure content of individual residues of Aβ(10-35)-NH2 dimer

at 300 K. Given are the turn, intra- and intermolecular β-sheet, bend, and α-helix

content.

Comparison with implicit solvent simulation

In contrast to the present work, only nine highly populated main conformations were

found in the implicit solvent simulation while the RMSD cutoff used for the cluster
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analysis is not given [79]. The peptides within these dimers often form β-hairpin-like

structures. Although Jang et al. simulated at a lower concentration, their main con-

formations seem to be more ordered in terms of β-sheet formation. This agrees with

the secondary structure analysis. While they observe 40 to 45 % β-sheet content in

the present work only 20 % are seen. Similar to the previous study partly α-helical

structures were observed. From the data given by Jang et al. it is unclear if helices are

formed by the same residues. In general, conformations #1–#12 are more bent and

compact as the ones found by the implicit solvent study. The latter is evident from a

difference in the average radius of gyration of the dimers. They observe an Rg of approx-

imately 2.5 to 3.0 nm, the ensemble sampled in the present work corresponds to an Rg

of 0.99± 0.01 nm (Fig. 5.1 (b)). Jang et al. simulated the dimer in a spherical box with

a radius of 4.5 nm. In the present work a dodecahedral box was used. Approximating

the box shape with a sphere, the radius would correspond to 3.8 nm which would still

be enough to accommodate dimers with Rg = 2.5 − 3.0 nm. A small effect of the box

dimensions on the compactness of the dimer cannot be excluded, but it is unlikely that

the decrease of the effective box radius by 0.7 nm could fully account for the decrease

in Rg by 1.5 − 2.0 nm.

5.4 Free energy landscape

For the Aβ(10-35)-NH2 dimer system a variety of poorly populated conformations was

found as a result of the RMSD based cluster analysis, see Fig. 5.2. In order to determine

if these various conformations can be grouped due to prominent internal motions within

the molecules, a PCA was applied and the first two PCs were used to calculate a free

energy landscape. For details concerning PCA see Sec. 2.6.7. The analysis of the cosine

content of the first two PCs resulted in < 0.0016, suggesting that both PCs do not

correspond to random diffusion [116, 117]. The free energy landscape along the first

and second principal components (PC1, PC2) is shown in Fig. 5.4, together with the

locations of the twelve most populated conformations of Fig. 5.2.

Compared to the broad free energy landscape of the Aβ(25-35) trimer system shown

in Fig. 3.12, the free energy landscape of Aβ(10-35)-NH2 dimers is rather narrow. This

might suggest that this system is somehow confined. Besides two broad minima rather

canyon-like regions of low free energy appear. The minimum of lowest free energy,

approximately -8 kJ/mol, is located at the center of the free energy landscape and

contains conformations #1, #4, and #11. The second broad minimum of the same free

energy is located at the east edge of ∆F (PC1,PC2), and contains the partly α-helical or

unstructured conformations #2, #5, #10, and #12. The remaining main conformations

#3, and #6 to #9 appear in local free energy minima of approximately -5 to -7 kJ/mol

located in the north or south corners of ∆F (PC1,PC2).
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Figure 5.4: Free energy landscape along the first and second principle component (PC1,

PC2) and the location of the twelve predominant conformations shown in Fig. 5.2.

Subdivision of the free energy landscape

In order to understand the complexity of the free energy landscape, six regions of low

free energy, with ∆F (PC1,PC2) < −2 kJ/mol, were defined as illustrated in Fig. 5.5.

Each minimum was analyzed in terms of secondary structure and intermolecular side

chain contacts. For each minimum the data were averaged over all configurations within

the corresponding minimum.

The average secondary structure content of all minima is given in Tab. 5.1. Similar

for all six minima approximately 41 % and 23 % of the residues of individual peptides

are unstructured or bent, respectively. Significant differences are found for secondary

structure motifs as turns, intra- and intermolecular β-sheets, and α-helices. Fig. 5.6

shows the distribution of these secondary structure elements within the free energy

landscape. The color coding corresponds to 0 % (yellow) up to approximately 23 %

(dark red) secondary structure content.

The most prominent secondary structure element within Aβ(10-35)-NH2 dimers is

the formation of intramolecular β-sheets, as shown by Fig. 5.6 (a). The ensemble is

mostly characterized by an intramolecular β-sheet content of approximately 16 %, which
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Figure 5.5: Free energy landscape along PC1 and PC2. Color coding corresponds to the

six different regions of low free energy as shown in Fig. 5.4 which are here denoted as

minima 1 to 6.

corresponds to four residues per peptide. In contrast, the dimers in minimum 2, located

at the east end of ∆F (PC1,PC2), form intramolecular β-sheets involving less than four

residues. Additionally, dimers in minimum 6, located at the north end of ∆F (PC1,PC2),

have the highest intramolecular β-sheet content of approximately 23 %. This corresponds

to at least six residues per peptide.

The intermolecular β-sheet content increases from approximately 3 to 8 % along PC2,

see Fig. 5.6 (b). Interestingly, conformations within minimum 6 and also minimum 5

have the highest intermolecular β-sheet content. Comparing Fig. 5.6 (a) and (b), it

seems that the increased formation of intra- and intermolecular β-sheets is somehow

correlated, which seems incomprehensible at first. However, as shown in Tab. 5.1 only

approximately 30 % of the residues are involved in β-sheet formation. Additionally,

much less inter- than intramolecular β-sheets are formed.

Partly α-helical conformations are only found in minima 2 and 4 located at the east

and west corners of ∆F (PC1,PC2), as shown by Fig. 5.6 (c). Finally, the distribution of

the average turn content within ∆F (PC1,PC2) is shown in Fig. 5.6 (d). Most prominent

is a turn content of approximately 8 %. Partly α-helical conformations in minimum 2

and conformations forming rather large intra- and intermolecular β-sheets in minimum

6 are characterized by a lower turn content.
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Min 1 Min 2 Min 3 Min 4 Min 5 Min 6

coil 39 41 44 42 41 40

bend 24 21 24 24 23 21

turn 8 11 6 4 7 4

intra β-sheet 14 10 14 16 16 23

inter β-sheet 5 4 3 4 8 7

α-helix 1 4 0 4 0 0

Table 5.1: Average secondary structure content of Aβ(10-35)-NH2 dimers at 300 K.

Averaged over configurations within the six minima of low free energy defined in Fig. 5.5.

All values are given in % with standard errors of 1 %.
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Figure 5.6: Free energy landscape along PC1 and PC2. Population of secondary structure

within the six different minima of low free energy. Shown are (a) intramolecular β-sheet,

(b) intermolecular β-sheet, (c) α-helix, and (d) turn content. The secondary structure

content increases from 0 (yellow) to approximately 23 % (dark red). Compare also with

Tab. 5.1.
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Intermolecular side chain contacts between individual residues were determined for

each minimum. Side chain contact maps for minima 1 to 6 were calculated as described

in Sec. 2.6.6, and are shown in appendix C. Most of the contacts appear in less than 60 %

of all configurations within a certain minimum. Therefore, no significant contact pattern

could be assigned to any free energy minimum. Nevertheless, prominent contacts with

probabilities between 40 and 60 % are often formed between the CHC of both peptides,

the CHC and the N-terminus (in particular H13, H14), and the CHC and the hydrophobic

C-terminus. Although these interactions are not very significant, they might contribute

to the stabilization of the different dimer conformations.

5.5 Interactions stabilizing different dimer conformations

Based on the detailed analysis of the free energy landscape and the degree of β-sheet for-

mation, the Aβ(10-35)-NH2 dimer system could be characterized by three dimer states:

fibril-like (Dfib), ordered (Dord), and disordered (Ddis).

Within Aβ(10-35)-NH2 fibrils individual peptides form parallel intermolecular β-

sheets, either over the whole peptide length or except residues D23 –G29 [73, 74, 75,

76, 72]. Correspondingly, fibril-like dimers are characterized by large intermolecular

β-sheets. The secondary structure analysis discussed in the previous section suggests

that such fibril-like dimers might also contain large intramolecular β-sheets. Although

the intermolecular β-sheet content was found to be rather low, Dfib are here defined to

contain an intermolecular β-sheet formed by at least five consecutive residues.

Ordered dimers are characterized by forming large intramolecular β-sheets and pos-

sibly short intermolecular β-sheets. Large corresponds here to at least six consecutive

residues in agreement with the highest intramolecular β-sheet content determined for

minimum 6, listed in Tab. 5.1. Short intermolecular β-sheets are such that involve less

than five residues. Here, the ordered dimers represent a pre-ordered state compared to

fibril-like dimers without forming large intermolecular β-sheets. The remaining config-

urations of the ensemble are denoted as disordered dimers. These three states are in

equilibrium

Ddis ⇄ Dord ⇄ Dfib ⇄ Ddis. (5.1)

The free energy of transitions between those states can be calculated using Eq. 2.29 based

on the population of each dimer state. In order to determine possible driving forces of

the transitions, the energetic and entropic contributions to ∆F were also obtained using

Eqs. 2.30 and 2.31.

Here, only the transitions Ddis ⇄ Dord and Dord ⇄ Dfib are considered, and their

energies are given in Tab. 5.2. Both transitions are unfavorable according to small

positive ∆F values, while ∆F for Dfib is greater. For both transitions the energetic
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∆F ∆Epot −T∆S −T∆Sconf
Ddis ⇆ Dord 4.2(0.3) -2(10)∗ 6(10)∗ 3(1)

Dord ⇆ Dfib 6.1(0.7) 30(30)∗ -20(30)∗ 2(1)

Table 5.2: Thermodynamics of the transitions between Ddis, Dord, and Dfib. Listed are

the change in free energy ∆F with its energetic (∆Epot) and entropic (−T∆S) con-

tributions. Additionally, the contribution due to the change in configurational entropy

(−T∆Sconf) is shown. Energies are given in kJ/mol with standard errors in parentheses.

Values marked with stars are zero within error.

Ddis ⇆ Dord Dord ⇆ Dfib

∆Ecov ∆Ecoul ∆ELJ ∆Ecov ∆Ecoul ∆ELJ

PP -4(1) 78(6) 5(2) 5(4) 60(20) 23(7)

PS – -180(10) 7(2) – -100(40) -15(6)

SS – 70(20) 20(10) – -100(60) -40(40)∗

Table 5.3: Covalent, electrostatic and Lennard-Jones contributions to the potential en-

ergy of the transitions between Ddis, Dord, and Dfib for certain interaction partners:

peptide-peptide (PP), peptide-solvent (PS), and solvent-solvent (SS). Energies are given

in kJ/mol with standard errors in parentheses. Values marked with stars are zero within

error.

(∆Epot) and the resulting entropic contributions (−T∆S) are zero within errors. Based

on these data, the main driving forces of the transitions could not be assigned.

Analysis of energetic contributions

Usually, in atomistic MD simulations large errors in the potential energy arise from

averaging over all solvent molecules. To avoid this problem, the change in potential

energy was separated into its contributions corresponding to peptide-peptide, peptide-

solvent and solvent-solvent interactions. These contributions were further separated into

parts arising from covalent, Coulomb, and van der Waals interactions, and are shown in

Tab. 5.3. Although ∆Epot is zero within errors, the individual energy contributions are

rather large and significantly different from zero.

The transition from disordered to ordered dimers is mainly characterized by unfavor-

able peptide-peptide and solvent-solvent interactions. Most prominent is ∆Ecoul(PP)

with 78± 6 kJ/mol. Possibly, in Dord the interaction between atoms of opposite charge

is weaker due to a larger separation of charges. The increase of the solvent-solvent inter-

action energy might arise from an unfavorable hydrogen bonding network and packing

of the water molecules around Dord. Interestingly, the electrostatic interaction between
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Dord and the solvent is drastically decreased, which will be discussed in more detail later.

The transition from ordered to fibril-like dimers shows similar contributions to the

total potential energy as the transition from disordered to ordered dimers. Peptide-

peptide interaction energies increase, while electrostatic interactions are most prominent

followed by van der Waals interactions. Peptide-solvent and solvent-solvent interaction

energies decrease by approximately 100±60 kJ/mol, and are dominated by electrostatic

contributions.

The peptide is a complex molecule containing charges, hydrophilic (dipolar) and hy-

drophobic groups interacting with water. Nevertheless, the qualitative behavior of the

electrostatic contributions may be explained from the separation of two single opposite

charges in an aqueous environment. This simplified model is illustrated by the sketch in

Fig 5.7. Assume two single opposite charges in close contact in an aqueous environment.

The arising electric field will induce ordering of water molecules in the near environment,

while a number of water molecules will form a (close) solvation shell around the charges.

If the two single charges are separated the electrostatic interaction between both in-

creases. For the Aβ(10-35)-NH2 system this corresponds to Ddis → Dord → Dfib with

∆Ecoul(PP) > 0 see Tab. 5.3. In turn, in the model system more water molecules (i) are

in close contact with the charges forming a solvation shell, and (ii) are influenced by the

electric field between the charges and reorient along the field gradient. The first yields a

favorable electrostatic interaction energy between charges and water molecules, and the

second contributes to a favorable electrostatic interaction energy between ordered water

molecules. For the Aβ(10-35)-NH2 peptide-water system these two terms correspond to

∆Ecoul(PS) < 0 and ∆Ecoul(SS) < 0, respectively. The latter is only observed for the

transition from Dord to Dfib.

For the simple case of single opposite charges in water, it is known that the ordering

of water molecules upon charge separation results in a significant decrease of the solvent

entropy. In fact, this is the origin of the attraction between the charges [118].

Analysis of entropic contributions

The generated trajectories did not allow to evaluate the solvent entropy. However, the

configurational entropy of each dimer state was determined using Eq. 2.34. For each

sub-ensemble a cluster analysis was performed using the same criterion as for the full

ensemble (Sec. 5.3). For both transitions, the change in free energy due to configurational

entropy was then obtained using Eq. 2.35, and is listed in Tab. 5.2. Both transitions

cost approximately the same amount of configurational entropy. For the transition from

disordered to ordered dimers, −T∆Sconf ≈ ∆F , while for the transition from ordered

to fibril-like dimers −T∆Sconf corresponds only to one third of ∆F . Since, the total

energetic and entropic contributions are zero within the errors (see Tab. 5.2) the overall

influence of the configurational entropy remains unclear. However, in comparison to
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Dord Dfib
∆E

∆E

∆E

coul
(PP) > 0

coul

coul

(PS) < 0

(SS) < 0

Figure 5.7: Separation of two single opposite charges (red and blue) in aqueous envi-

ronment serving as a simplified model to describe the qualitative behavior of the elec-

trostatic contributions obtained upon transitions between Ddis, Dord, and Dfib Aβ(10-

35)-NH2 peptides listed in Tab. 5.3. Given are electrostatic contributions (∆Ecoul) of

peptide-peptide (PP), peptide-solvent (PS), and solvent-solvent (SS) interactions. Water

molecules are illustrated as spherical dipoles.

the individual energy contributions (Tab. 5.3) the contribution of −T∆Sconf to ∆F is

assumed to be small.

For each dimer state, the hydrophobic and hydrophilic solvent accessible surface area

as well as the free energy of solvation were calculated as described in Sec. 2.6.5. Tab. 5.4

shows how these parameters change upon transitions between disordered, ordered and

fibril-like dimers. In general, the hydrophobic SASA decreases or remains unchanged

within the errors, whereas the hydrophilic SASA increases. However, each contribution is

smaller than 1 nm2. Correspondingly, ∆Fsolv is very small but negative for the transition

from disordered to ordered dimers, and zero within errors for the transition from ordered

to fibril-like dimers. The free energy of solvation is based on peptide-solvent and solvent-

solvent interactions. Since, ∆Fsolv ≈ 0 it can be assumed that

∆Epot(PS) + ∆Epot(SS) ≈ T∆Ssolvent. (5.2)

In other words, the great decrease of peptide-solvent and solvent-solvent interaction

energies dominated by electrostatic interactions, is almost compensated by a decrease in

solvent entropy ∆Ssolvent < 0. As mentioned above, the interplay between electrostatic

interactions resulting in a decrease of solvent entropy can be qualitatively compared to

the effect of separating two singles charges in water [118].

5.6 Conclusions

For the Aβ(10-35)-NH2 dimer system at 300 K, the RMSD-based cluster analysis yielded

217 poorly populated clusters with partially structured conformations. The twelve most

populated main conformations arrange in rather complex alignments or interlocking
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hydrophobic hydrophilic total

transition ∆SASA [nm2] ∆SASA [nm2] ∆Fsolv [kJ/mol]

Ddis ⇆ Dord -0.14(0.03) 0.55(0.03) -1.4(0.2)

Dord ⇆ Dfib 0.1(0.1)∗ 0.7(0.08) 0.2(0.9)∗

Table 5.4: Change in hydrophobic and hydrophilic SASA (∆SASA) and the total free

energy of solvation (∆Fsolv) for the transitions between Ddis, Dord, and Dfib. Values are

given with standard errors in parentheses. Values marked with stars are zero within

error.

patterns, and are shown in Fig. 5.2. Dimer conformations are characterized by in-

tramolecular β-sheets often formed between N-and C-terminal residues involving the

CHC. Intermolecular β-sheets are rarely formed but preferentially involve residues H13

and H14, and the hydrophobic C-terminus, see Fig. 5.3. Parallel as well as antiparallel

intra- and intermolecular β-sheets are observed.

Interestingly, the average intermolecular β-sheet content is only 6±1 % and lower than

the intramolecular β-sheet content of 14±1 %. The rare appearance of intermolecular β-

sheets suggests that dimers are rather stabilized by side chain interactions in agreement

with a previous study [78]. The latter is partly supported by the calculated side chain

contact maps which show rather no specific contacts between hydrophobic regions (L17 –

A21, G29 –M35) and the hydrophilic N-terminus, see appendix C.

The free energy landscape of the system along the first and second principal com-

ponents is shown in Fig. 5.4. Besides two broad minima, the free energy landscape is

characterized by several canyon-like minima suggesting that the internal motion within

the dimers is somehow confined. Based on a detailed dissection of the free energy land-

scape three dimer states were defined. Fibril-like dimers, containing large intermolecular

β-sheets, prefibrillar dimers with large intramolecular β-sheets, and disordered dimers.

Similar to Aβ(25-35), the disordered dimers correspond to the very first aggregates which

either aggregate with monomers or transform to fibril-like dimers.

The transition towards β-sheet rich Aβ(10-35)-NH2 dimers is unfavorable due to an

increase of free energy by approximately 10 kJ/mol, see Tab. 5.2. The determination of

individual potential energy contributions shows that peptide-peptide interaction energies

increase from disordered to fibril-like dimers (Tab. 5.3). In contrast, peptide-solvent

interactions, especially electrostatic contributions, become more favorable. The same

is true for the solvent-solvent interactions concerning the transition from prefibrillar to

fibril-like dimers. Additionally, the transition towards fibril-like dimers correlates with

a small change in hydrophilic and hydrophobic solvent accessible surface area which

results in small free energies of solvation, see Tab. 5.4. From this is was concluded that

the decrease in peptide-solvent and solvent-solvent interaction energies, especially due
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to electrostatic interactions, is nearly compensated by the a decrease in solvent entropy,

see Eq. 5.2.

Finally, the formation of early aggregation intermediates is believed to be mainly

driven by the hydrophobic effect in the first step. Our simulations of Aβ(10-35)-NH2

dimers showed, that in the second step, transitions from disordered to fibril-like, β-sheet

rich oligomers, probably of similar free energies, might be dictated by peptide-solvent

and solvent-solvent interactions.
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Chapter 6

Summary

The present PhD thesis focused on the initial stages of amyloid fibril formation for two

fragments of the Amyloid β (Aβ) peptide which is associated with Alzheimer’s disease.

In particular, the preaggregated, monomeric state and early aggregation intermediates

such as dimers and trimers of Aβ(25-35) and Aβ(10-35)-NH2 were studied in aqueous

environment performing extensive, fully atomistic REMD simulations.

Simulations of the Aβ(25-35) monomer were discussed in Chap. 3. The peptide was

studied at neutral pH and 293 K similar to a previous simulation study. The latter

work proposed that the peptide adopts a β-hairpin conformation in equilibrium with

coiled conformations in water [62]. These results were verified by indirect comparison to

experimental data. In the present work, simulations were started from a different, fully

extended configuration. Similar to the previous study, β-hairpin conformations charac-

terized by a β-turn formed by residues G29 and A30, and a β-sheet between residues

N27 –K28 and I31 – I32 were the most populated conformations while also coiled con-

formations were observed, see Fig. 3.2. The β-hairpin conformations served as initial

configurations to model spontaneous aggregation of Aβ(25-35).

Simulations of oligomeric structures were analyzed for Aβ(25-35) dimers and trimers

at neutral pH and 293 K. As expected, a cluster analysis of both ensembles based on the

RMSD yielded many poorly populated conformations, as shown in Figs. 3.4 and 3.11.

In case of Aβ(25-35) dimers the radius of gyration as a measure of the extension of the

peptides was used to distinguish between compact, disordered and extended, fibril-like

dimers which were observed at a ratio of 3:1, see Fig 3.5. In fibril-like dimers peptides

are fully extended and form in- or out-of-register antiparallel β-sheets. The ensemble

of Aβ(25-35) trimers is more complex, but approximately 38 % of the configurations

were identified as ordered aggregates forming large intermolecular β-sheets. Among

them, most prominent are aggregates containing extended, antiparallel β-sheets similar
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to fibril-like dimers while a small amount of aggregates contained V-shaped peptides

forming parallel β-sheets, see Fig. 3.11. V-shaped aggregates were also observed in a re-

cently published study [124]. Interestingly, the dimensions of both aggregates, extended

and V-shaped, correspond well to the diameters of Aβ(25-35) fibrils with two distinct

morphologies, 3.58 ± 1.53 nm and 1.41 ± 0.48 nm [65].

If the predominant β-hairpin conformations of monomers are most likely to aggregate,

the compact, disordered dimers can be assumed to be the very first aggregates formed.

They will aggregate further or transform into fibril-like extended dimers. A thermo-

dynamic analysis, reviewed in Sec. 3.4.3, indicated that the transition from compact,

disordered to extended, fibril-like Aβ(25-35) dimers is unfavorable as the gain in poten-

tial energy in extended dimers is overcompensated by a loss in entropy. The lower energy

of the extended dimers with peptides in antiparallel alignment arises from favorable in-

termolecular hydrogen bonding and stronger interactions between the charged termini

at residues G25 and M35, and the charged residue K28, see Tab. 3.2 and Fig. 3.10. One

fourth of the entropic cost paid upon formation of fibril-like dimers corresponds to con-

figurational entropy, while the rest relates to solvent entropy. The decrease of solvent

entropy is presumably caused by hydrophobic and electrostatic effects while the first

correlates to a change in hydrophobic surface area of less than 1 nm2.

Additionally, we found evidence that the transition towards fibril-like dimers is me-

diated by main chain hydrogen bonds between the former turn residues G29 and A30

and side chain interactions between the I31 residues of both peptides, as discussed in

Sec. 3.4.2.

Structural and thermodynamic properties of the individual ensembles of Aβ(25-35)

monomers, dimers and trimers at 293 K were compared in Sec. 3.6 in order to gain

qualitative information about the aggregation process. Starting from the β-hairpin con-

formation observed for monomers, this structure motif is successively dissolved in dimer

and trimer ensembles, see Figs. 3.3 and 3.14. The formation of fibril-like oligomers is

characterized by the formation of intermolecular β-sheets. The average intermolecular

β-sheet content is the same for dimers and trimers, and reaches approximately 21 %, see

Tab. 3.3.

The net contribution to the aggregation free energy arising from configurational en-

tropy and solvation free energy was dissected. As expected upon aggregation the con-

figurational entropy decreases as the conformations of individual peptides within aggre-

gates are strongly correlated whereas they are independent in the monomeric state, see

Tab. 3.4. Additionally, the solvent accessible surface area, especially the hydrophobic

area, decreases yielding a favorable solvation free energy, see Tab. 3.5. The decrease in

solvation free energy is large enough to overcompensate the loss in configurational en-

tropy. In summary, the hydrophobic effect, possibly combined with electrostatic effects,
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yields an increase in solvent entropy which is believed to be one major driving force

towards aggregation.

Chap. 4 discussed simulations of the Aβ(10-35)-NH2 monomer conducted at pH 5.6.

The results were compared to the NMR-derived collapsed coil conformation and primary

NMR data collected at 283 K [54, 71]. Here, in order to minimize the bias from the

initial configuration, the simulations were started from a fully extended configuration.

The protonation of the peptide was chosen according to expected pKa values of amino

acids within proteins in order to mimic pH 5.6. In particular, the histidine residues H13

and H14 were chosen to be protonated as their pKa values are expected to range from

6.5 to 7 [135]. In this project, the performance of two force fields, GROMOS96 43a1 and

OPLS/AA, was tested.

None of the two sampled ensembles could reproduce the NMR-derived collapsed coil

conformation while the two force fields yielded significantly different main conformations,

compare Figs. 4.2 and 4.3. Nevertheless, reasonable agreement with NOE distances was

found for both ensembles while the OPLS/AA force field shows slightly better agreement

especially if only reliable NOE distances ≤ 5 Å were taken into account, see Tabs. 4.3 and

4.4. 3JHNHα scalar coupling constants calculated from the simulations were compared to

experimental data measured at different pH values. The result supported the previous

finding that the ensemble sampled with the OPLS/AA force field is more consistent

with experimental observations. Additionally, both ensembles showed better agreement

with the experimental 3JHNHα coupling constants observed at pH 2.1 than at pH 5.6,

see Fig. 4.6. This suggests that the chosen protonation in the simulations corresponds

to a pH lower than 5.6. Indeed, preliminary calculations of the pKa values within the

NMR-derived collapsed coil conformation using WHAT IF indicate that only one of

the histidine residues, H13, might be protonated at pH 5.6. According to the obtained

simulation results, a small change in the protonation state of the peptide might induce

a significant conformational change.

Although a slightly different performance of the two force fields was expected, one

major outcome of this project is that either force field samples different ensembles result-

ing in very distinct main conformations. In order to draw precise conclusions, it needs

to be determined how large the overlap of both ensembles is. Additionally, it would be

interesting to test which of the force fields yields better agreement with the experimen-

tal data if simulations are conducted using the protonation state suggested by WHAT IF.

Simulations of Aβ(10-35)-NH2 dimers, outlined in Chap. 5, were performed at nearly

physiological conditions, neutral pH and 300 K. Besides studies on mature fibrils at these

conditions, there are no experimental data available. Therefore, it is unclear how good

the used GROMOS96 43a1 force field represents the molecular structure of Aβ(10-35)-
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NH2 dimers. In comparison to a previous implicit solvent study [79], dimer conformations

arrange in many different rather complex alignments or interlocking patterns which are

poorly populated, see Fig. 5.2. Interestingly, the average intermolecular β-sheet content

is only 6 ± 1 % and lower than the intramolecular β-sheet content of 14 ± 1 %. The

rare appearance of intermolecular β-sheets suggests that dimers are rather stabilized by

side chain interactions in agreement with a previous study [78]. The latter is partly

supported by the calculated side chain contact maps which show rather nonspecific

contacts between hydrophobic regions (L17 –A21, G29 –M35) and the hydrophilic N-

terminus, see appendix C.

Based on the length of inter- and intramolecular β-sheets fibril-like, prefibrillar, and

disordered dimers were determined at a ratio of 1:10:55. A thermodynamic analysis

revealed that the transition towards β-sheet-rich, fibril-like dimers is mediated by favor-

able peptide-solvent and solvent-solvent interactions mainly arising from electrostatic

interactions, see Tab. 5.3. Similar to the transition towards fibril-like Aβ(25-35) dimers,

the formation of β-sheet-rich Aβ(10-35)-NH2 dimers proceeds by a loss in configurational

(Tab. 5.2) and solvent entropy. An exact quantitative determination of the latter was

not possible. Nevertheless, the contribution of the solvent entropy is presumably much

larger than the contribution of the configurational entropy. Similar to the Aβ(25-35)

dimer system, the decrease in solvent entropy might arise from the hydrophobic effect

corresponding to a small change of the hydrophobic SASA of less than 1 nm2 (Tab. 5.4),

and electrostatic effects.

Finally, in each of the ensembles of early aggregation intermediates modeled in

the present study we found an equilibrium between rather disordered and fibril-like

oligomers. In order to address the toxicity of these intermediate states it would be in-

teresting to study how either disordered or fibril-like oligomers interact with membranes

using MD simulations. Additionally, the nature of the prefibrillar, disordered oligomers

is of particular interest and still comprises many questions. For example, why do certain

antibodies distinguish between fibrillar and prefibrillar amyloid structures independent

of the involved peptide? It would be interesting to search for common structure motifs

in prefibrillar oligomers of different amyloidogenic peptides sampled by MD simulations.

This may help to understand the detection process of these antibodies and in the future

even to design new specific antibodies that could be used in clinical trials in order to

detect, treat and possibly prevent Alzheimer’s disease.
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Appendix A

List of long- and medium-range NOE distances

for Aβ(10-35)-NH2 monomer

Table A.1: List of 30 long-range NOE distances calculated for Aβ(10-35) monomer at

283 K. Violations of the NOE distances are given for Aβ1035/GRO (GROMOS90 43a1

force field), Aβ1035/OPL (OPLS/AA force field), and a previous study by Baumketner

et al. [134]. The NOE violations are given by (++) ≤ 0 Å, (+) 0 Å< x ≤ 1 Å, (-) 1

Å< x ≤ 2 Å, and (- -) x > 2 Å. NOE distances with NMR upper bound separations

≤ 5 Å are printed bold [54].

Number NOE distance Aβ1035/GRO Aβ1035/OPL Ref. [134]

1 Y10:HD* –A21:HB* ++ - ++

2 Y10:HE* –A21:HB* ++ + ++

3 V18:H –V12:HG* - - - - ++

4 D23:H –V12:HG* ++ - -

5 H14:HD2 –E22:HB* ++ + ++

6 H14:HD2 –E22:HG* ++ + ++

7 V18:H –M35:HE* ++ - - -

8 D23:H –V18:HG* - ++ +

9 E22:H –V18:HG* - + +

10 S26:H –V18:HG* - - - - -

11 F19:HA–D23:H - - - - - -

12 F19:HA–A30:H - - + -

13 F19:HD* –K28:HB* ++ - - ++

14 F19:HE* –K28:HB* + - - ++

15 F19:HZ –K28:HB* - - - - +

16 F19:HD* –M35:HE* ++ ++ -

17 F19:HE* –M35:HE* ++ ++ ++

18 F20:HD* –K28:HB* ++ ++ ++
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Table A.1: (continued)

Number NOE distance Aβ1035/GRO Aβ1035/OPL Ref. [134]

19 F20:HE* –K28:HB* ++ ++ ++

20 F20:HZ –K28:HB* ++ ++ ++

21 F20:HD* –M35:HE* ++ ++ ++

22 F20:HE* –M35:HE* ++ ++ ++

23 G25:H –A21:HB* - - +

24 S26:H –A21:HB* - - -

25 S26:H –E22:HB* ++ + ++

26 S26:H –E22:HG* ++ ++ +

27 S26:H – I32:HG* - - ++ -

28 N27:H – I31:H - - - - -

29 K28:H –M35:HE* + + +

30 G29:H –M35:HE* - - ++

Table A.2: List of 56 medium-range NOE distances calculated for the Aβ(10-35)

monomer at 283 K. Violations of the NOE distances are given for Aβ1035/GRO (GRO-

MOS90 43a1 force field), and Aβ1035/OPL (OPLS/AA force field). The NOE violations

are given by (++) ≤ 0 Å, (+) 0 Å< x ≤ 1 Å, (-) 1 Å< x ≤ 2 Å, and (- -) x > 2 Å. NOE

distances with NMR upper bound separations ≤ 5 Å are printed bold [54].

Number NOE distance Aβ1035/GRO Aβ1035/OPL

1 L17:HB* –F19:HE* ++ ++

2 L17:HG–F19:HD* - -

3 L17:HG –F19:HE* ++ ++

4 L17:HG–F19:HZ - +

5 L17:HG–F20:HZ - - +

6 L17:HD* –F19:HZ ++ ++

7 L17:HD* –F20:HE* ++ ++

8 L17:HD* –F20:HZ + ++

9 L17:HD* –F19:HE* ++ ++

10 V18:HA–F20:H + ++

11 V18:HA –F20:HZ - +

12 V18:HA –F20:HE* + ++

13 V18:HA –F20:HD* ++ ++

14 V18:HB –F20:HD* ++ ++

15 V18:HB –F20:HZ + ++

16 V18:HB –F20:HE* ++ ++
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Table A.2: (continued)

Number NOE distance Aβ1035/GRO Aβ1035/OPL

17 V18:HG* –F20:HD* ++ ++

18 V18:HG* –F20:HE* ++ ++

19 V18:HG* –F20:HZ - ++

20 V18:HG* –F20:H - +

21 F19:HD* –A21:HB* ++ +

22 F19:HE* –A21:HB* ++ +

23 F19:HZ –A21:HB* ++ ++

24 F19:HA –E22:H + -

25 E22:HA–V24:H - - - -

26 E22:HB* –V24:H ++ +

27 E22:HG* –V24:H ++ ++

28 V24:HG* –N27:H - -

29 N27:H –A30:HB* - - - -

30 N27:HA–G29:H + ++

31 N27:HA–A30:H - - +

32 N27:HB* –G29:H - +

33 N27:HD2* –G29:HA* ++ ++

34 N27:HD2* –A30:HB* ++ ++

35 A30:HA – I32:HA - +

36 A30:HA–G33:H - - +

37 A30:HB* –G33:H - - - -

38 G33:H –M35:HE* ++ +

39 I32:H –M35:HE* ++ +

40 G29:H – I31:HD* ++ ++

41 S26:HB* –K28:H ++ ++

42 D23:HA–G25:H ++ ++

43 Y10:HD* –V12:H ++ ++

44 Y10:HD* –V12:HB ++ ++

45 Y10:HD* –V12:HG* ++ ++

46 Y10:HE* –V12:H ++ ++

47 Y10:HE* –V12:HB ++ ++

48 Y10:HE* –V12:HG* ++ ++

49 E11:HA–H13:HD2 + +

50 E11:HB* –H13:HD2 ++ ++

51 E11:HG* –H13:HD2 ++ ++

52 V12:HG* –H14:HD2 ++ ++

53 V12:HB–H14:HD2 ++ ++
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APPENDIX A. LIST OF NOE DISTANCES Aβ(10-35)-NH2 MONOMER

Table A.2: (continued)

Number NOE distance Aβ1035/GRO Aβ1035/OPL

54 H14:HA –K16:H ++ ++

55 H14:HD2 –K16:H + +

56 K16:H –V18:HG* ++ ++
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APPENDIX B. DIHEDRAL ANGLE DISTRIBUTIONS Aβ(10-35)-NH2 MONOMER

0.00

0.01

0.02

0.03

-180 -120 -60  0  60  120  180

P
ro

b
a

b
ili

ty
 d

e
n

s
it
y

dihedral angle φ / 
o

(a)
E11
V12
H13
H14
Q15

0.00

0.01

0.02

0.03

-180 -120 -60  0  60  120  180

P
ro

b
a

b
ili

ty
 d

e
n

s
it
y

dihedral angle φ / 
o

(b)
K16
L17
V18
F19
F20

0.00

0.01

0.02

0.03

-180 -120 -60  0  60  120  180

P
ro

b
a

b
ili

ty
 d

e
n

s
it
y

dihedral angle φ / 
o

(c)
A21
E22
D23
V24
G25

0.00

0.01

0.02

0.03

-180 -120 -60  0  60  120  180

P
ro

b
a

b
ili

ty
 d

e
n

s
it
y

dihedral angle φ / 
o

(d)
S26
N27
K28
G29
A30

0.00

0.01

0.02

0.03

-180 -120 -60  0  60  120  180

P
ro

b
a

b
ili

ty
 d

e
n

s
it
y

dihedral angle φ / 
o

(e)
I31
I32

G33
L34
M35

Figure B.1: Distribution of dihedral angle φ for residues (a) E11 to Q15, (b) K16 to F20,

(c) A21 to G25, (d) S26 to A30, and (e) I31 to M35 within the Aβ(10-35) monomer in

Aβ1035/GRO.
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Figure B.2: Distribution of dihedral angle φ for residues (a) E11 to Q15, (b) K16 to F20,

(c) A21 to G25, (d) S26 to A30, and (e) I31 to M35 within the Aβ(10-35) monomer in

Aβ1035/OPL.
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APPENDIX C. SIDE CHAIN CONTACT MAPS Aβ(10-35)-NH2 DIMERS
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Figure C.1: Intermolecular side chain contacts within Aβ(10-35)-NH2 dimers at 300 K.

Shown are contact maps for minima 1 to 4 of low free energy defined in Fig. 5.5. Regions

corresponding to interactions between the central hydrophobic cluster L17 –A21 and the

hydrophobic C-terminus G29 –M35 are marked in blue.
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Figure C.2: Intermolecular side chain contacts within Aβ(10-35)-NH2 dimers at 300

K. Shown are contact maps for minima 5 and 6 of low free energy defined in Fig. 5.5.

Regions corresponding to interactions between the central hydrophobic cluster L17 –A21

and the hydrophobic C-terminus G29 –M35 are marked in blue.
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Glossary

Aβ Amyloid β.

amu atom mass unit 1.66 x 10−27 kg.

e electronic unit charge 1.602 x 10−19 C.

κ isothermal compressibility 4.6 x 10−5 bar−1.

kB Boltzmann constant 1.38 x 10−23 JK−1.

R ideal gas constant 8.314 JK−1mol−1.

AD Alzheimer’s disease.

AFM atomic force microscopy.

APP amyloid precursor protein.

CC critical concentration.

CD circular dichroism.

CHC central hydrophobic cluster of Aβ(10-35)-NH2 involving L17 –A21.

CR Congo red.

Di conformational state i.

DLS dynamic light scattering.

DSSP Define Secondary Structure in Proteins.

EM electron microscopy.

Eang potential energy of bond angle vibrations.

Eb potential energy of bond stretching.
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Glossary

Ecoul Coulomb interaction energy.

Ecov potential energy due to covalent interactions.

Edih potential energy of bond torsion.

Ee electronic ground state energy.

EHB potential energy a hydrogen bond.

Eimp potential energy of out-of-plane deflections of aromatic rings.

ELJ Lennard-Jones interaction energy.

Ei potential energy of replica i.

Etot total potential energy.

∆Ecoul change in potential energy due to Coulomb interactions.

∆Ecov change in potential energy due to covalent interactions.

∆ELJ change in potential energy due to Lennard-Jones interactions.

∆Epot change in total potential energy.

ǫrf dielectric constant of continuum in reaction field model.

Fsolv free energy of solvation.

∆F change in total free energy.

∆Fagg change in free energy of aggregation.

∆Fsolv change in free energy of solvation.

fi force acting on atom i.

FTIR fourier transform infrared.

GROMACS Groningen Machine for Chemical Simulations, software package.

GROMOS96 43a1 GROningen MOlecular Simulation, 43a1 force field.

H/D exchange Hydrogen/Deuterium exchange.

HFIP hexafluoroisopropanol.
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Glossary

IR infrared.

3JHNHα scalar coupling constant for interaction between amide proton and Hα.

K equilibrium constant.

LMW low molecular weight.

MD molecular dynamics.

mi mass of atom i.

NMDA N-methyl D-aspartate.

NMR nuclear magnetic resonance.

NOE nuclear Overhauser effect.

Natom number of atoms.

NCl− number of chloride ions in simulation setup.

Ndf number of degrees of freedom.

NHB number of hydrogen bonds.

Ni number of configurations in state i.

Nr number of replica used within REMD simulation.

Nw number of water molecules in simulation setup.

OPLS/AA Optimized Potentials for Liquid Simulations/All Atom, force field.

PC principle component.

PCA principle component analysis.

PDB Protein Data Base.

pi momentum of atom i.

pKa negative logarithmic acid dissociation constant.

P pressure.
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Glossary

P0 reference pressure.

REMD replica exchange molecular dynamics.

Rg radius of gyration.

RMSD root mean square deviation.

ri position of atom i.

SASA solvent accessible surface area.

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis.

SLS strand-loop-strand.

SPC simple point charge water model.

Sconf,i configurational entropy of state i.

∆S change in total entropy.

∆Sconf change in configurational entropy.

∆Ssolvent change in solvent entropy.

SSNMR solid-state nuclear magnetic resonance.

∆t discrete time interval (integration time step).

τ time constant of temperature coupling.

τP time constant of pressure coupling.

TEM transmission electron microscopy.

T temperature.

T0 temperature of heat bath.

Ti temperature of replica i.

ThT thioflavin T.

TIP4P TIP4P water model.

∆U change in total internal energy.

vi velocity of atom i.
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[43] J. Juárez, P. Taboada, and V. Mosquera. Existence of different structural in-

termediates on the fibrillation pathway of human serum albumin. Biophys. J.,

96(6):2353–2370, 2009.

[44] J. D. Harper, C. M. Lieber, and P. T. Lansbury Jr. Atomic force microscopic

imaging of seeded fibril formation and fibril branching by the Alzheimer’s disease

amyloid-β protein. Chem. Biol., 4(12):951–959, 1997.

[45] J. D. Harper, S. S. Wong, C. M. Lieber, and P. T. Lansbury Jr. Assembly of Aβ

Amyloid Protofibrils: An in Vitro Model for a Possible Early Event in Alzheimer’s

Disease. Chem. Biol., 38(28):8972–8980, 1999.

[46] D. M. Walsh, D. M. Hartley, Y. Kusumoto, Y. Fezoui, M. M. Condron, A. Lomakin,

G. B. Benedek, D. J. Selkoe, and D. B. Teplow. Amyloid β-protein fibrillogenesis.

J. Biol. Chem., 274(36):25945, 1999.

[47] G. Bitan, M. D. Kirkitadze, A. Lomakin, S. S. Vollers, G. B. Benedek, and D. B.

Teplow. Amyloid β-protein (Aβ) assembly: Aβ40 and Aβ42 oligomerize through

distinct pathways. Proc. Natl. Acad. Sci. USA, 100(1):330, 2003.

124



BIBLIOGRAPHY

[48] M. Sakono and T. Zako. Amyloid oligomers: formation and toxicity of Aβ

oligomers. FEBS J., 277(6):1348–1358, 2010.

[49] Alzheimer’s association. http://www.alz.org.

[50] A. C. Alonso, T. Zaidi, M. Novak, I. Grundke-Iqbal, and K. Iqbal. Hyperphospho-

rylation induces self-assembly of τ into tangles of paired helical filaments/straight

filaments. Proc. Natl. Acad. Sci. USA, 98(12):6923, 2001.
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