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ABSTRACT

Alzheimer’s disease (AD) is the most common cause of late life demen-

tia. Substantial clinical and experimental evidence supports the hypothesis

that amyloid β-protein (Aβ) aggregation produces assemblies with potent

neurotoxic properties that cause AD. For this reason, it is important to elu-

cidate the structural dynamics of Aβ aggregation at atomic level. We apply

the discrete molecular dynamics method coupled with a four-bead protein

model to study the aggregation of Aβ16-22, a peptide that contains the

Aβ central hydrophobic cluster, Leu17–Ala21, found to be crucial in medi-

ating Aβ assembly. Backbone hydrogen bond interactions are incorporated

into the model. Effective hydrophobic and electrostatic interactions between

side-chains are parameterized using amino acid-specific hydropathies and net

charges. The aggregation of up to 16 Aβ16-22 peptides is studied. The results

show that randomly-oriented monomers can aggregate into fibrillar subunits.

These subunits consist of multi-layer β-sheets that resemble the well-known

cross-β structure as revealed by X-ray diffraction studies of amyloid fibrils.

An antiparallel arrangement of β-strands is observed within each β-sheet,

which agrees with solid-state NMR studies. In the absence of electrostatic

interactions the peptides aggregate into amorphous (disordered) structure,
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suggesting that the electrostatic interactions are crucial to the antiparallel β-

sheet organization. Heat capacity calculations show that Aβ16-22 assembly

and melting are two-stage processes, a prediction that can be tested experi-

mentally using differential scanning calorimetry. Continued investigation of

intermediate assembly states along the fibril formation pathway promises to

reveal mechanistic features of Aβ assembly of value in the design of thera-

peutic agents.

Keywords: Alzheimer’s disease, amyloid β-protein, discrete molecular dy-

namics simulations, cross-β structure
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1 Introduction

Neurodegenerative diseases such as Alzheimer’s disease (AD), Parkinson’s

disease, and prion diseases share certain features, including protein misfold-

ing and aggregation (Taylor et al., 2002). AD is the most prevalent among

these diseases and is also the most common cause of late life dementia (Selkoe,

1991). According to the amyloid cascade hypothesis (Hardy and Selkoe,

2002), AD results from the aberrant assembly of the amyloid β-protein (Aβ),

leading to direct peptide-mediated neurotoxic effects as well as a cascade of

associated injurious physiologic events. The first assembly process recog-

nized in AD was amyloid formation (Alzheimer, 1906), which leads to the

accumulation of senile plaques in the brains of AD patients (Selkoe, 2001).

Plaques comprise dense deposits of insoluble Aβ, organized into stable fibrils,

and numerous other proteins and macromolecules. Therapeutic efforts over

the last century have focused on fibril elimination and prevention. Recent

studies of fibril formation have revealed an increasing number of pre-fibrillar,

oligomeric assemblies that are potent neurotoxins and may be the proximate

effectors of AD neuropathology (Lambert et al., 1998; Walsh et al., 1999;

Klein et al., 2001, 2004; Hardy and Selkoe, 2002; Kirkitadze et al., 2002).

In fact, senile plaque formation may be an end-stage event in AD, or even
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protective (Roher et al., 2000; Rottkamp et al., 2002). To understand the

toxicity of pre-fibrillar assemblies, and to prevent the formation of toxic in-

termediates, it is important to determine not only their structures but also

their assembly mechanisms at atomic level.

Traditional all-atom molecular dynamics (MD) simulations using realistic

force fields in physiological solutions require immense computational power

and are thus currently limited to time scales insufficient to study Aβ aggrega-

tion. However, coarse-grained protein models with simplified interactions can

accelerate simulations of protein folding and aggregation without losing the

ability to reveal key mechanistic features of the process (Shakhnovich, 1996).

Coarse-grained protein models with discrete molecular dynamics (DMD) al-

gorithms have been applied in the study of protein folding and aggrega-

tion (Zhou and Karplus, 1997; Dokholyan et al., 1998; Zhou and Karplus,

1999; Smith and Hall, 2001a,b; Nguyen and Hall, 2004b,a, 2005; Borreguero

et al., 2002; Ding et al., 2002a,b, 2003; Peng et al., 2004; Urbanc et al.,

2004a,b; Borreguero et al., 2005; Ding et al., 2005). A two-bead protein

model has been applied to the study of the Src SH3 domain (Ding et al.,

2002a,b), c-Crk SH3 domain (Borreguero et al., 2002), and Aβ1-40 pep-

tide (Peng et al., 2004). A four-bead protein model has been applied to the
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study of polyalanine (Ding et al., 2003) and Aβ1-40 and Aβ1-42 peptides (Ur-

banc et al., 2004a,b). A coarse-grained protein model with more side-chain

details has been applied to the study of Trp-cage (Ding et al., 2005). A

united-atom model, where all the atoms except hydrogens are modeled ex-

plicitly, has been applied to study folding events of Aβ21-30 (Borreguero

et al., 2005).

Aβ16-22 is an attractive Aβ fragment to study Aβ folding and assem-

bly because (i) it is one of the shortest Aβ fragments that forms fibrils in

vitro and (ii) it contains the central hydrophobic cluster, Leu17–Ala21, that

plays an important role in the fibril formation of full-length Aβ (Esler et al.,

1996; Lynn and Meredith, 2000). Aβ16-22 has been studied by experimen-

talists (Balbach et al., 2000; Petkova et al., 2004) and theoreticians (Ma and

Nussinov, 2002; Klimov and Thirumalai, 2003; Klimov et al., 2004; Hwang

et al., 2004; Favrin et al., 2004; Santini et al., 2004a,b). Solid-state NMR re-

veals that Aβ16-22 forms well-ordered, antiparallel fibrils under physiological

conditions (Balbach et al., 2000; Petkova et al., 2004). All-atom molecular dy-

namics simulations, which have been used to test the stabilities of structural

models based on experimental results (Ma and Nussinov, 2002), would be

an ideal tool for illustrating how monomers aggregate into extended β-sheets
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comprising fibrils, but they are limited by current computational power to

a small number of Aβ16-22 peptides (Klimov and Thirumalai, 2003; Klimov

et al., 2004; Hwang et al., 2004) and other small peptides (Gsponer et al.,

2003; Paci et al., 2004; Wei et al., 2004).

Here we study Aβ16-22 folding and aggregation of 8 and 16 Aβ16-22 pep-

tides using the DMD method combined with a four-bead protein model (Ding

et al., 2003). In this model, each amino acid is represented by up to four

“beads”, with three beads representing the protein backbone and the fourth

bead representing the amino acid side-chain. The amino acids interact through

backbone hydrogen bond interactions (Ding et al., 2003) as well as amino

acid-specific effective hydrophobic and electrostatic interactions between side-

chains (Urbanc et al., 2004b). The temperature is controlled by a Berend-

sen thermostat (Berendsen et al., 1984). Our results show that randomly-

oriented Aβ16-22 monomer peptides aggregate into β-sheet structures, in

which neighboring peptides have antiparallel orientations and the β-sheets

are stacked into multiple layers. This organization is consistent with experi-

mentally determined structures (Balbach et al., 2000). In addition, the com-

puted X-ray diffraction pattern of our simulated multi-layer β-sheet assem-

blies is qualitatively consistent with experimental observations (Malinchik
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et al., 1998; Serpell, 2000). The well-ordered free edges (Richardson and

Richardson, 2002) of these structures may enable further fibril extension re-

actions. Our results also show that aggregation is a “two stage” process.

The initial globular hydrophobic collapse into an amorphous (disordered)

structure is followed by “one-by-one” hydrogen bond formation, leading into

an ordered antiparallel β-sheet structure. In the absence of the electrostatic

interactions the peptides aggregate into amorphous structures, which testi-

fies that the electrostatic interactions are crucial to the ordered antiparallel

β-sheet structure in agreement with Klimov and Thirumalai (2003).

2 Methods

2.1 Discrete molecular dynamics

When all interactions between particles in a system are simplified to square-

well potentials or their combinations, a DMD algorithm can be applied to

simulate the dynamics of the system. In DMD, each particle in the sys-

tem only experiences “collisions” (elastic or/and inelastic) at distances where

their interaction potential changes. Between consecutive collisions at times

ti and ti+1, all particles move along straight lines with constant velocities.
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The DMD simulation keeps track of the state for each particle and maintains

a set of all possible collisions, collision table, and then sorts out the pair of

particles with the shortest collision time. If the particles p and q collide at

the time ti+1, the states of the two particles will be updated according to

the laws of both energy and momentum conservations, and the time will be

set to ti+1. Then all the outdated collision events related to p and q will be

updated for calculating the new possible collisions related to p or q. These

new possible collisions will be inserted into the collision table to find the next

collision event. Therefore, at each collision event, only the involved pairs of

particles need to be updated to keep track of their new states and the rest

of the system remains intact.

The DMD algorithm is the following:

1. Initialize the system, construct the table of all possible collisions;

2. Sort out the earliest collision event, and identify the particles p and q

involved in the collision;

3. Update the state of the particles p and q according to the laws of

conservation of energy and momenta;

4. Update the collision table by considering all possible collisions with the
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particles p and q;

5. Repeat the steps 2,3,4.

The speed of the most efficient DMD algorithm is proportional to N ln N ,

where N is the total number of atoms (Rapaport, 1997), and the speed of the

algorithm decreases linearly with the number of square-well discontinuities

in the potential and the particle density. Combined with a coarse-grained

protein model, the DMD algorithm is computationally more efficient com-

pared to the traditional all-atom MD method because: (1) positions and

velocities are updated only for particles experiencing collisions; (2) solvent is

not explicitly present, which significantly reduces the number of particles in

the system; and (3) the number of particles in the peptide is reduced further

through coarse-graining.

We perform DMD simulations in the canonical ensemble (NVT). We use

the Berendsen thermostat algorithm (Berendsen et al., 1984) to maintain the

temperature of the system. This is done through coupling the system to an

external bath. Assuming that the initial temperature of the system is Ti,

the final temperature (i.e. the temperature of the heat bath) is Tf , and the

heat exchange rate is α (α = 0.01 in our simulations). If we “update” the

10



temperature at a regular small time interval δt,

T (t + δt) − T (t) = [Tf − T (t)]αδt , (1)

the system will approach the final temperature exponentially:

T (t) = Tf + (Ti − Tf ) exp(−αt) . (2)

The temperature T of a system is defined by the kinetic energy of the

system,

3

2
kBT ≡

1

N

N
∑

i=1

mv2
i

2
, (3)

where N is number of particles in the system.

2.2 Four-bead model and interactions

Four-bead models have been applied to the study of the folding of a designed

three-helix-bundle protein (Takada et al., 1999), the assembly of a tetrameric

α-helical bundle (Smith and Hall, 2001a,b), and the aggregation of polyana-

nines (Nguyen and Hall, 2004a,b, 2005). The four-bead model used in this

study predicts an α-helix→β-hairpin transition (Ding et al., 2003), an im-

portant step in fibril formation. In recent studies of Aβ dimer formation, this

model predicted several β-strand-rich planar dimer conformations (Urbanc

et al., 2004a). The four-bead model with amino acid-specific interactions due
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to hydropathy captures general features of the observed in vitro oligomeriza-

tion differences between the two predominant full-length forms of Aβ found

in vivo, Aβ1-40 and Aβ1-42 (Urbanc et al., 2004b).

2.2.1 Geometry of the model protein

In the four-bead model, each amino acid in a protein is modeled by four

beads (Ding et al., 2003)—one bead each for the α-carbon, Cα; the amide

nitrogen, N ; the carbonyl group C ′; and the side-chain atoms, Cβ. The

exception is Gly, which lacks Cβ.

2.2.2 Interactions

A backbone hydrogen bond interaction is introduced between the C ′ bead

of one and the N bead of another amino acid. Because a hydrogen bond is

directional, auxiliary bonds are introduced to model the angular dependence

of the hydrogen bond as described in detail elsewhere (Ding et al., 2003).

The strength of the hydrogen bond interaction is ε
HB

.

Effective hydrophobic interactions between pairs of hydrophobic amino

acids are introduced to simulate the solvent effect (Urbanc et al., 2004b).

They are modeled by a single attractive potential well with an interaction
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range from 3.07Å to 7.5Å (shown in Fig. 1 (a)). Interaction strengths are

determined by the average hydrophobicity of the two amino acids involved.

The hydrophobicities for hydrophobic amino acids are rescaled to [0,1] based

on the Kyte-Doolittle (1982) hydropathy scale with Ile as the most hydropho-

bic amino acid with a hydrophobicity 1.0, followed by Val (0.93), Leu (0.84),

Phe (0.62), Met (0.42), and Ala (0.40).

In addition to the effective hydrophobic interactions, we introduce ef-

fective electrostatic interactions between two charged amino acids. Because

of the “screening” effect of polar water molecules, the effective electrostatic

interaction is much weaker than in vacuum, and approximated by a “short-

range” interaction. We use a cutoff distance 7.5Å and model it by a double-

well potential (shown in Fig. 1 (b)). The interaction between two oppositely-

charged amino acids is modeled by an attractive double-well potential, whereas

the interaction between two identically-charged amino acids is modeled by

a repulsive double-well potential. Charged amino acids interact with hy-

drophobic amino acids only through hard-core repulsion.
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2.3 Energy and Time Units

The strength of the hydrogen bond interaction, ε
HB

, is the energy unit, the

mass of a carbon atom, mc, is the unit of mass, and l0 ≡ 1Å is the unit of

length in our simulations. The time unit is l0
√

mc/εHB
. Due to the absence

of solvent molecules, the kinetics is not well represented in DMD. Thus, the

simulation time can not be directly related to the real time. However, the

thermodynamics as well as the temporal sequence of events should remain

intact.

2.4 Limitations

The peptide model parameters (the peptide bonds and constraints) and the

parameters of the hydrogen bonding, are defined phenomenologically us-

ing the known crystalline structure of proteins from the Protein Data Bank

(PDB). These parameters might depend on the particular protein database.

However, for our purposes the peptide model parameters are fixed and rep-

resent the definition of the peptide model.

We approximate each side-chain (except Gly) by one atom. This model

thus neglects the size differences and geometrical details of each side-chain.

Instead, the specificity is introduced only through the amino acid specific
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interactions with individual hydropathies and charge. This approach follows

the assumption that the sequence of hydrophobic/hydrophilic amino acid

essentially drive folding and aggregation (Xiong et al., 1995).

All interactions are modeled by a square-well or a combination of square-

well potentials. That is a particularly crude approximation for an electro-

static interaction, which is by nature long-range (Rapaport, 1997). How-

ever, in an aqueous solution there is always shielding of charged atoms (by

polar solvent molecules), rendering the electrostatic interactions effectively

short-range, which makes a double square-well potential approximation in

our approach more plausible.

Hydrogen bond, effective hydrophobic/hydrophilic, and electrostatic in-

teractions depend on the particular solvent surrounding the peptides. We can

adjust the hydrogen bond, hydropathic, and electrostatic interaction poten-

tial energies accordingly. In aqueous solutions hydrogen bond, hydropathic,

and electrostatic interactions depend strongly on the exposure of individ-

ual peptide groups to water molecules. The hydrogen bond interaction is

stronger within the protein core where there’s no water molecules than at

the surface of the protein where the protein can form hydrogen bonds with

water molecules. The effective hydropathic interaction, on the other hand, is
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stronger at the surface and weaker within the protein core where there’s no

contacts with water molecules. Similarly, the free energy change associated

with breaking a salt-bridge within the hydrophobic core of a protein is much

higher than at its surface, where polar water molecules shield the charged

atoms and thus effectively weaken the electrostatic interactions between the

side-chains. Our DMD approach does not incorporate these local effects into

inter-particle interactions.

Despite these limitations, the DMD approach is one of few that permits to

study assembly of many peptides simultaneously, track evolution of intra- and

inter-particle contacts and structure during oligomer and/or fibril formation,

and obtain statistically significant results.

3 Simulation Results

It has been shown that the four-bead Aβ model, which is essentially a polyala-

nine chain with glycines at positions 9, 25, 29, 33, 37, and 38, and which

incorporates hydrogen-bonding but no amino acid-specific interactions, pre-

dicts a β-hairpin monomer conformation with a turn centered at Gly25-Ser26

and planar β-strand dimer conformations (Urbanc et al., 2004a). The same
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model, with amino acid-specific interactions due to hydropathy (ε
HP

= 0.3),

produces globular oligomers with hydrophobic residues at the core and hy-

drophilic residues at the surface of the oligomer (Urbanc et al., 2004b). A

similar polyalanine model without glycines and with a relatively weaker hy-

drophobic interaction (ε
HP

= 1/8) produced parallel β-sheets (Nguyen and

Hall, 2004a). The effects of hydrophobic interactions on peptide folding have

been studied by Ding et al. (2003) who did simulations of 16 amino acid long

polyalanine using the four-bead model with variable ratios of ρ = ε
HP

/ε
HB

(0.05, 0.10, 0.15, ..., 0.50) and found that the β-hairpin state becomes less

stable with increasing ρ. For small ρ, the thermodynamic property of this

polyalanine resembles that of the peptide without hydrophobic interactions.

At a characteristic range of values [0.20 0.35], the intermediate β-hairpin

state disappears and the peptide folds cooperatively into the native α-helix

state. At large ρ, peptide can only fold to a molten globular state. There-

fore, ρ < 0.20 would allow for the ordered hydrogen bonded structures. In

the present study the maximum hydrophobic interaction strength, ε
HP

, which

occurs between two isoleucines, is set to 0.15 relative to ε
HB

. Experimental

values of electrostatic (ionic bonding) interactions in aqueous solutions are

2-10 kcal/mol, which is the same order of magnitude as the hydrogen bonding
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energy (Creighton, 1993), therefore, the maximum electrostatic interaction

strength, ε
CH

, is set to 1 relative to ε
HB

in our study.

We explore assembly of Aβ16-22 peptides using the four-bead model with

two different sets of interaction parameters: one with electrostatic interac-

tions (ε
HB

= 1, ε
HP

= 0.15, and ε
CH

= 1) and one without electrostatic

interactions (ε
HB

= 1, ε
HP

= 0.15, and ε
CH

= 0).

3.1 Aβ16-22 folding

We study the equilibrium behavior of a single peptide at different tempera-

tures. Temperature is controlled by implementing the Berendsen thermostat

method (Berendsen et al., 1984) as described in the section “Methods”, sub-

section “Discrete molecular dynamics”. At each sampled temperature, we

perform 100 million simulation steps with initial random coil conformations.

The heat capacity is calculated using the averages < E > and < E2 > of the

total potential energy E for each time frame of 10 million simulation steps,

Cv = (< E2 > − < E >2)/(kBT 2). The average is calculated from the heat

capacities of the last 6 time frames for each temperature, and the error bar

shows the standard deviation of each average heat capacity.

Fig. 2 (a) shows the heat capacity as a function of temperature T for a
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single Aβ16-22 peptide using the four-bead model with electrostatic interac-

tions. At low temperatures, the peptide forms a loop conformation with the

two termini forming a salt-bridge. This loop conformation unfolds to random

coils at higher temperatures and the transition occurs over a broad temper-

ature range centered at T=0.13. Due to the lack of explicit water molecules

that can form hydrogen bonds with a peptide, we do not find the β-strand

monomer conformations observed in the all-atom MD study by Klimov and

Thirumalai (2003).

Fig. 2 (b) shows the heat capacity as a function of temperature T for a

single Aβ16-22 peptide using the four-bead model with no electrostatic inter-

actions. At low temperatures, the peptide forms an α-helical conformation.

The transition from the α-helix to an unfolded state occurs at temperature

0.11. These results show that electrostatic interactions play an important

role in Aβ16-22 folding, shifting the tendency to form an α-helical monomer

conformation towards the loop-like conformation.

3.2 Aβ16-22 aggregation

We simulate aggregation of eight Aβ16-22 peptides in a cubic box of side

50Å with periodic boundary conditions at temperatures from 0.090 to 0.165
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with temperature interval of 0.005. In the four-bead model with electrostatic

interactions, we acquire 2 trajectories of 12M simulation steps at each tem-

perature. To investigate the effect of electrostatic interactions (Klimov and

Thirumalai, 2003; Favrin et al., 2004), we acquire one trajectory of 20 million

simulation steps at each temperature in the four-bead model with no electro-

static interactions. Different trajectories have different initial conformation,

in which monomer peptides are separated and in random coil conformations.

We first simulate aggregation of 8 peptides in the four-bead model with

electrostatic interactions. At temperatures between 0.130 and 0.145, all pep-

tides initially collapse into an amorphous structure due to favorable desol-

vation energetics of the hydrophobic side-chain atoms, then hydrogen bonds

form one-by-one followed by conformational rearrangements of the peptides,

leading to the formation of ordered two-layer antiparallel β-sheets. Edge

strands are free to further form hydrogen bonds, suggesting that the β-sheet

aggregate may be a building block of fibril formation. Fig. 3 (top) shows the

time evolution of Aβ16-22 aggregation at temperature of 0.130.

We further simulate aggregation of 8 peptides in the four-bead model

without electrostatic interactions. The peptides only aggregate into amor-

phous structures. Fig. 3 (bottom) shows the time evolution of the aggregation
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of the peptides at temperature of 0.130. Our results show that the electro-

static interactions are critical for the ordered antiparallel structure of the

aggregate in agreement with Klimov and Thirumalai (2003).

To check whether more β-sheets can be formed with a larger number

of peptides, we also study the aggregation of 16 Aβ16-22 peptides. In

the model with electrostatic interactions, a three-layer β-sheet structure is

formed (Fig. 4). In the model without electrostatic interactions, peptides

only form amorphous structures. Fig. 5 (a,b) shows two typical amorphous

structures at two different temperatures. At a lower T=0.110 we see hydro-

gen bonds forming inside the aggregate.

Time evolution of Aβ16-22 aggregation suggests that in the model with

electrostatic interactions the aggregation process consists of two stages – the

initial globular hydrophobic collapse and the later hydrogen bond formation

leading to an ordered β-sheet structure. Thus, we study melting of this or-

dered anti-parallel Aβ16-22 structure. We use as a starting conformation the

three-layer β-sheet structure of 16 Aβ16-22 peptides and perform simulations

at a wide range of temperatures. At each temperature we perform 10 million

simulation steps. It takes less than 105 simulation steps to reach equilibrium

at each temperature.
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Fig. 6 (a) shows the temperature dependence of the heat capacity and the

average number of hydrogen bonds as defined within the four-bead model.

The two peaks in the heat capacity indicate a two-stage melting process.

The first peak corresponds to the melting (dissociation) of hydrogen bonds,

and the second one to the melting of hydrophobic contacts. In the model

with no electrostatic interactions, peptides only aggregate into amorphous

structures at all temperatures. Fig. 6 (b) shows the temperature dependence

of the heat capacity and the average number of hydrogen bonds. At low

temperatures such as 0.050, the average numbers of hydrogen bonds for the

two cases (with and without electrostatic interactions) are almost the same.

This is due to a loose definition of the hydrogen bond in the four-bead model

(angular restriction is not that strict due to absence of the oxygen atom).

The difference in hydrogen bonds between Fig. 6(a) and Fig. 6(b) is that in

Fig. 6(a) hydrogen bonds are ordered, while in Fig. 6(b) their orientation is

uniformly distributed in three-dimensions.

Fig. 7 shows the comparison of temperature dependence of the total po-

tential energy and potential energy contributions from three different types

of interactions (hydrogen bond, hydropathic, and electrostatic interaction)

for the system of 16 Aβ16-22 peptides in the model with and without electro-
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static interactions. For an individual conformation, potential energy contri-

bution from hydrophobic (electrostatic) interactions is the summation of all

the potential energies from the hydrophobic (electrostatic) interaction pairs

based on the distance dependence of the hydrophobic interaction potentials

in Fig 1 (a) (the electrostatic interaction potential function in Fig 1 (b)).

Conformations are recorded every 104 simulation steps. The last 600 con-

formations at each temperature are used for the calculation of the average

potential energy contributions. The energy contributions due to hydrogen

bonds are calculated by subtracting other contributions from the total po-

tential energy. The energy contribution due to hydrophobic interactions is

the most important. In the model with electrostatic interactions, the energy

contribution due to hydrogen bond interactions is comparible to the one of

electrostatic interactions.

Fig. 8 shows the setup of the diffraction pattern computation and the

calculated diffraction pattern (Ding et al., 2002b; Peng et al., 2004). The

fibril axis is along the y-axis. The relatively sharp and intense 4.8 Å merid-

ional reflections correspond to the periodic packing of β-strands along the

fibril axis and the weaker equatorial reflections correspond to the distance

between β-sheets. The distance between β-sheets is 10–11Å according to
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experiments, but in our simulations this distance is around 6.4Å. This is due

to an underestimated size of the side-chains in our model. If we shift the

interaction range between side-chains from [3.07Å, 7.5 Å] to [4.0Å, 8.5Å] to

mimic the effect of larger side-chains, we find that the peptides still aggregate

into three-layer β-sheets. The computed diffraction pattern shows that the

distance between β-strands within a sheet remains the same (4.8Å), but the

distance between β-sheets increases to 7.5Å. These simulations show that in

order to achieve a quantitative agreement with experimental results, more

detailed interaction ranges need to be implemented in the model. A simi-

lar difference between inter-sheet distances determined in silico and in vitro

has been reported by Nguyen and Hall (2004a), who also used the four-bead

peptide model.

4 Discussion and Conclusion

DMD simulations with the four-bead peptide model enable us to visualize the

process of Aβ16-22 aggregation from randomly-oriented monomer peptides

to structured, fibril-like subunits. These subunits consist of stacked β-sheets,

a result consistent with the common cross-β core structures determined for
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amyloid fibrils in X-ray diffraction studies (Eanes and Glenner, 1968; Sunde

et al., 1997) and previous simulation work (Ma and Nussinov, 2002; Klimov

and Thirumalai, 2003; Favrin et al., 2004; Santini et al., 2004a). Within each

β-sheet, the peptides are in an antiparallel arrangement, which is consistent

with solid-state NMR results for Aβ16-22 fibrils at pH 7.4 (Balbach et al.,

2000; Tycko and Ishii, 2003; Petkova et al., 2004).

The simulations without electrostatic interactions show that peptides only

aggregate into amorphous structures. This suggests that the electrostatic in-

teractions are essential for the ordered antiparallel arrangement, as suggested

by Klimov and Thirumalai (2003). This conclusion is not consistent with the

Monte Carlo simulation results by Favrin et al. (2004) stating that Aβ16-22

prefers antiparallel β-strand orientation even in the absence of electrostatic

interactions.

The aggregation process involves two stages – the initial globular hy-

drophobic collapse and the later hydrogen bond formation. In the investiga-

tion of the stability of the layered β-sheets, we find that the melting of the

β-sheets shows also the two-stage feature: first hydrogen bonds’ melting leads

to the amorphous (disordered) structures, and then the loss of hydrophobic

contacts leads to the disaggregation. Differential scanning calorimetry has
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been used to investigate the thermal transitions of type I collagen fibrils and

the melting curves display two pronounced heat adsorption peaks (Tiktopulo

and Kajava, 1998). This method could also be applied to study the melting

of amyloid fibrils. This two-stage process might reflect a similar behavior of a

full-length Aβ, which first forms unstructured, amorphous oligomers, which

later, through further assembly, yield protofibrils, rich in hydrogen-bonded

β-strand structure (Bitan et al., 2003; Klein et al., 2004).
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Figure captions:

Figure 1: The amino acid-specific interactions between side-chain atoms.

(a) Effective hydrophobic attraction (solid line) between two hydrophobic

side-chains and effective hydrophilic repulsion (dashed line) between two hy-

drophilic side-chains. (b) The electrostatic interactions. Attraction (solid

line) between two oppositely-charged side-chains and repulsion (dashed line)

between two identically-charged side-chains. The hard-core repulsion dis-

tance is 3.07Å and the distance above which there is no interaction is 7.5Å.

Figure 2: Temperature dependence of heat capacities for a single Aβ16-22

peptide (a) with and (b) without electrostatic interactions. The insets show

folded conformations of a single Aβ16-22 peptide as predicted by our four-

bead model at low temperatures. The conformations are visualized using the

program VMD (Humphrey et al., 1996).

Figure 3: Time evolution of aggregation of eight Aβ16-22 peptides at a

temperature of 0.130 in the four-bead model with (top) and without (bot-

tom) electrostatic interactions. (a) Initially, all peptides are in random coil
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conformations and are randomly placed within a simulation box. (b) and (c)

Intermediate structures after 0.2 and 2 million simulation steps, respectively.

(d) After 12 million simulation steps. Peptides aggregate into a two-layer β-

sheet structure in the model with electrostatic interactions while they aggre-

gate into an amorphous structure in the absence of electrostatic interactions.

The conformations are visualized with the program VMD (Humphrey et al.,

1996).

Figure 4: Ordered antiparallel β-sheet structure of 16 Aβ16-22 peptides

obtained in the model with electrostatic interactions at a temperature of

0.155 after 4M simulation steps. (a) and (b) are side and top views, respec-

tively. The fibril axis is denoted as the y-axis.

Figure 5: Amorphous structure of 16 Aβ16-22 peptides obtained in the

model without electrostatic interaction at temperatures (a) T=0.110 and (b)

T=0.150 after 20 million simulation steps. The conformations are visualized

using the program VMD (Humphrey et al., 1996).

Figure 6: (a) Temperature dependence of the heat capacity and the aver-
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age number of hydrogen bonds of 16 Aβ16-22 peptides in the four-bead model

with electrostatic interactions. (b) Temperature dependence of the heat ca-

pacity and the average number of hydrogen bonds of 16 Aβ16-22 peptides in

the four-bead model without electrostatic interactions. The insets show the

hydrogen bond orientations in the modle with electrostatic interactions (a)

and in the model without electrostatic interactions (b). Insets are created

using the program VMD (Humphrey et al., 1996).

Figure 7: Temperature dependence of the total potential energy and the

potential energy contributions from three different types of interactions: hy-

drogen bond, hydropathic, and electrostatic interaction for the system of

16 Aβ16-22 peptides in the model (a) with interaction interactions and (b)

without electrostatic interactions.

Figure 8: (a) Setup of a diffraction pattern calculation for the three-layer

β-sheet aggregate formed by 16 Aβ16-22 peptides. The fibril axis is along

the y-axis and the scattering occurs along the z-axis, which is perpendicular

to the plane of the figure. (b) Averaged computed diffraction intensity that

would appear on the x-y plane behind the aggregate. The averaged intensity
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is obtained by averaging over 20 intensities obtained by successive rotations

of the aggregate around the y-axis by 18o. The stronger intensity peaks at

4.8Å along the y-axis correspond to the distance between the neighboring β-

strands within a β-sheet, and the dimmer intensity peaks at 6.4Å correspond

to the distance between the neighboring β-sheets.
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