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Abstract: Fibrillary protein aggregates rich in â-sheet structure have been implicated in the pathology of
several neurodegenerative diseases. In this work, we investigate the formation of fibrils by performing
discontinuous molecular dynamics simulations on systems containing 12 to 96 model Ac-KA14K-NH2

peptides using our newly developed off-lattice, implicit-solvent, intermediate-resolution model, PRIME. We
find that, at a low concentration, random-coil peptides assemble into R-helices at low temperatures. At
intermediate concentrations, random-coil peptides assemble into R-helices at low temperatures and large
â-sheet structures at high temperatures. At high concentrations, the system forms â-sheets over a wide
range of temperatures. These assemble into fibrils above a critical temperature which decreases with
concentration and exceeds the isolated peptide’s folding temperature. At very high temperatures and all
concentrations, the system is in a random-coil state. All of these results are in good qualitative agreement
with those by Blondelle and co-workers on Ac-KA14K-NH2 peptides. The fibrils observed in our simulations
mimic the structural characteristics observed in experiments in terms of the number of sheets formed, the
values of the intra- and intersheet separations, and the parallel peptide arrangement within each â-sheet.
Finally, we find that when the strength of the hydrophobic interaction between nonpolar side chains is high
compared to the strength of hydrogen bonding, amorphous aggregates, rather than fibrillar aggregates,
are formed.

Introduction

The assembly of normally soluble proteins into ordered
aggregates, known as amyloid fibrils, is a cause or associated
symptom of numerous human disorders, including Alzheimer’s,
the prion diseases, and adult-onset diabetes.1-5 In each of these
disorders, which are known collectively as the amyloidoses, a
specific protein slowly accumulates in fibrillar tangles or
plaques, destroying the architecture and function of the sur-
rounding tissue, usually with degenerative and ultimately fatal
consequences. Although little is known about the molecular basis
for fibrillization, tantalizing clues emerge when the common
features of the various amyloidoses are examined. Fibrils of
amyloidogenic proteins formed in vitro exhibit strikingly similar
morphologies despite a lack of similarity in their sequence,
structure, and function.4,6-9 They are invariably long, straight,
and unbranched and consist of two or more smaller fibrils, called

protofilaments (and sometimes protofibrils) which are them-
selves long ribbons of layered crossedâ-sheets propagating
along the fibril axis.10-15 Recent evidence that proteins other
than those associated with amyloid diseases form fibrils in vitro
under mildly denaturing conditions8,9,16-19 has led leaders in
the field to suggest that fibril formation is an intrinsic property
of polypeptides, albeit under appropriate conditions. This implies
that the forces that stabilize fibrils are the forces common to
all proteinsshydrophobic interactions and backbone hydrogen
bondingsand not the forces associated with specific interactions
between side chains. It follows then that progress toward
understanding the origins of various protein deposition diseases
can be made by in vitro examination of the general features of
protein fibrillization using model proteins that are less complex
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than the specific amyloidogenic protein. Progress could also
made by in silico examination of the molecular-level mecha-
nisms responsible for the formation of fibrils by model peptides
so long as the protein geometry, hydrophobicity, and hydrogen
bonding are properly taken into account.

Most computer simulations of fibril-forming peptides have
been devoted to the study of isolated peptides20-28 and have
employed high-resolution protein models,29-31 which are based
on a realistic representation of protein geometry and a fairly
faithful accounting for the energetics of every atom on the
protein and on the solvent. High-resolution simulation studies
of the formation of fibrils from random coils have been
conducted, but they are generally limited to early events in the
assembly of a few peptides.32-35 Although the above-mentioned
studies offer considerable insight into the properties of fibrils
and the mechanisms by which they are formed, the systems
considered do not contain enough peptides to mimic the nucleus
that stabilizes the large fibrils observed in experiments. In the
past few years, however, there have been a number of attempts
to simulate multipeptide systems containing already-formed
amyloid fibrils.36-43 Ma38 conducted MD simulations using the
package Discover 2.98 for up to 4 ns on a system containing
an already-formed fibrillar aggregate of eight AAAAAAAA
peptides that is surrounded by either a singleR-helical
AAAAAAAA monomer or eight random-coil AAAAAAAA
peptides. They did not observe fibril growth due to the limited
simulation time in either case. Given current computational
capabilities, simpler models are required to simulate multiprotein
systems. Computer simulations using low-resolution models,
which are based on a coarse-grained representation of protein
geometry and energetics, have been used by a few investigators
to study protein aggregation.44-58 Although such models provide

invaluable insights into the basic physics underlying protein
aggregation in general, they do not adequately account for the
different forces, such as hydrogen bonding, that play an
important role in fibril formation.

Intermediate-resolution protein models,59-70 which are es-
sentially a compromise between low-resolution models and
detailed all-atom models, have been used extensively in recent
years to simulate the folding of isolated proteins. They have
also been used by a few investigators to study fibril formation.
Jang71,72 applied an off-lattice model with each amino acid
residue represented by a single bead interacting via Go
potentials73 (which have a partial built-in bias toward the native
state) to study the thermodynamics and kinetics of the assembly
of four model â-sheet peptides into a tetramericâ-sheet
complex. Dokholyan and co-workers applied an off-lattice model
with each amino acid residue represented by one backbone bead
and one side chain bead interacting via Go potentials to study
the formation of fibrillarâ-sheet structures by eight model Src
SH3 domain proteins74 or by 28 model Aâ(1-40) peptides.75

These simulations provide more detail on the mechanisms that
govern fibril formation than the lattice models. However, since
the Go potential contains a built-in bias toward the native
conformation, they are not suitable for the study of spontaneous
fibril formation from random-coil configurations.

An intermediate-resolution protein model that has no built-
in bias toward any conformation has been developed in our
group by Smith and Hall70,76,77and later improved by Nguyen,
Marchut and Hall.78 Each amino acid is represented via an united
atom approachsthree beads for the backbone and one bead for
the side chain. The model contains enough genuine protein
character to mimic real protein dynamics yet is simple enough
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to be computationally tractable, especially for use in computer
simulations of protein aggregation in relatively large systems.
This model, which we now call PRIME (Protein Intermediate-
ResolutionModel) is designed to be used with discontinuous
molecular dynamics (DMD),79-82 an extremely fast alternative
to traditional molecular dynamics that is applicable to systems
of molecules interacting via discontinuous potentials, e.g., hard-
sphere and square-well potentials. The solvent is modeled
implicitly by including the hydrophobic interaction between
nonpolar side chains. Backbone hydrogen bonding is modeled
in explicit detail. Using this DMD algorithm, we are able to
sample much wider regions of conformational space, longer time
scales, and larger systems than in the case of traditional
molecular dynamics. As we will show in this paper, we are
able to simulate the formation of fibrils from systems containing
between 12 and 96 16-residue polyalanine peptides starting from
the random state.

A similar approach has been taken by Ding83 who studied
the formation of amyloid beta dimers in a system containing
two Aâ(1-40) or two Aâ(1-42) peptides.84 Urbanc also
examined the early stage of amyloid oligomerization in a system
containing 32 Aâ(1-40) or 32 Aâ(1-42) peptides;85 they were
able to observed the formation of amorphous structures but not
â-sheet or fibril structures.

The model peptide chosen for study is the polyalanine-based
peptide Ac-KA14K-NH2. We focus on polyalanine-based
peptides for three reasons. First, the small, uncharged, un-
branched nature of alanine residues is amenable to simulation
with the intermediate-resolution protein model that we developed
previously.70,76Second, polyalanine repeats have been implicated
in human pathologies, notably in the formation of anomalous
filamentous intranuclear inclusions in oculopharyngeal muscular
dystrophy patients.86 Third, synthetic polyalanine-based peptides
have been shown by Blondelle to undergo a transition from
R-helical structures toâ-sheet complexes in vitro,87,88mimicking
the structural transition that is believed to be a prerequisite for
fibril nucleation and growth.6,44,89-93 Blondelle observed that
theR-helical structures were stabilized in part by intramolecular
R-helical bonds and the macromolecularâ-sheet complex was
stabilized by hydrophobic intersheet interactions. Using circular
dichroism, Fourier transform infrared spectroscopy, and reversed-
phase high performance liquid chromatography, they found that

(1) â-sheet complex formation increased with increasing tem-
perature, exhibiting an S-shaped dependence on temperature
with a critical temperature of 45°C at a peptide concentration
of 1.8 mM and an incubation time of 3 h, and (2)â-sheet
complex formation increased with increasing peptide concentra-
tion above a critical concentration of 1 mM at 65°C.

In this paper, we investigate how peptide concentration and
temperature affect the formation of various Ac-KA14K-NH2

structures includingR-helices,â-sheets, and fibrils. Simulations
are conducted on systems of 12, 24, 48, and 96 model 16-residue
peptides at a wide variety of concentrations and temperatures
by applying the discontinuous molecular dynamics simulation
algorithm to our intermediate-resolution protein model. All
simulations are performed in the canonical ensemble starting
from a random coil configuration equilibrated at a high
temperature and then slowly cooled to the temperature of interest
so as to minimize kinetic trapping in local free energy minima.
The percentage of peptides that formR-helices,â-sheets, or
fibrils is monitored during the simulation. In addition, structural
characteristics such as the peptide arrangement and packing of
fibrils are examined and compared with those observed in
experiments. We also study the overall stability of fibrils by
conducting simulations on already-formed fibrils over a wide
range of temperatures to investigate the relative importance of
hydrogen bonding and hydrophobic interactions on fibril stabil-
ity. The stability of our fibrillar structures is evaluated by
comparing the abilities of the system to maintain the fibrillar
structures at various temperatures which are higher than the fibril
formation temperature.

Models and Methods

Model Peptide and Forces.The model peptide has the sequence
PH14P, where H is a hydrophobic amino acid residue and P is a polar
amino acid residue. This sequence was chosen to mimic Ac-KA14K-
NH2 peptides which have been shown to form stable, solubleâ-sheet
complexes.87,88The peptide is modeled using PRIME, an intermediate-
resolution model70,76,77based on a united-atom approach with realistic
bond lengths and bond-angle constraints that has the ability to interact
both intra- and intermolecularly via hydrogen bonding and hydrophobic
interaction potentials. The geometry of the protein model is illustrated
in Figure 1. Each amino acid residue is composed of four spheres, a
three-sphere backbone comprised of united atom NH, CRH, and CdO,
and a single-bead side chain R (labeled N, CR, C, and R, respectively
in the figure). All backbone bond lengths and bond angles are fixed at
their ideal values; the distance between consecutive CR atoms is fixed
so as to maintain the interpeptide bond in the trans configuration. The
side chains are held in positions relative to the backbone so that all
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Figure 1. Covalent bonds are shown with narrow black lines connecting
united atoms. At least one of each type of pseudobond is shown with a
thick disjointed line. Pseudobonds are used to maintain backbone bond
angles, consecutive CR distances, and residueL-isomerization. Note that
the united atoms are not shown full size for ease of viewing.

A R T I C L E S Nguyen and Hall

1892 J. AM. CHEM. SOC. 9 VOL. 128, NO. 6, 2006



residues areL-isomers. Details of the model including values for all
parameters are given in our earlier papers.70,78

The solvent is modeled implicitly in the sense that its effect is
factored into the energy function as a potential of mean forces. All
forces are modeled by either a hard-sphere potential,

where r is the distance between spheresi and j and σ is the sphere
diameter, or a square-well potential

whereλσ is the well diameter andε is the well depth. The excluded
volumes of the four united atoms are modeled using hard-sphere
potentials with realistic diameters. Covalent bonds are maintained
between adjacent spheres along the backbone by imposing hard sphere
repulsions whenever the bond lengths attempt to move outside of the
range betweenl(1 - δ) andl(1 + δ) wherel is the bond length andδ
is a tolerance which we set equal to 2.375%. Ideal backbone bond
angles, CR-CR distances, and residueL-isomerization are achieved by
imposing pseudobonds, as shown in Figure 1, which also fluctuate
within a tolerance of 2.375%. Interactions between hydrophobic side
chains are represented by a square-well potential of depthεHP and range
1.5 σR, whereσR is the side chain diameter. Hydrophobic side chains
must be separated by at least three intervening residues in order to
interact. Hydrogen bonding between amide hydrogen atoms and
carbonyl oxygen atoms on the same or neighboring chains is represented
by a square-well attraction between NH and CdO united atoms. For
more details on the hydrogen bonding model used here, see a recent
paper by Nguyen, Marchut, and Hall.78 For simplicity, the strength of
a hydrophobic contact,εHP, is fixed at 1/10, 1/8, and 1/6 the strength
of a hydrogen bond,εHB. Hydrogen bond strength and hydrophobic
contact strength are independent of temperature, as has been assumed
in previous simulation studies.76,77,94,95

Discontinuous Molecular Dynamics.Simulations are performed
using the discontinuous molecular dynamics (DMD) simulation
algorithm,79-82 which is an extremely fast alternative to traditional
molecular dynamics and is applicable to systems of molecules interact-
ing via discontinuous potentials, e.g., hard-sphere and square-well
potentials. For more details on DMD simulations with square-well
potentials, see papers by Alder and Wainwright79 and Smith, Hall, and
Freeman.96 All simulations are performed at constant temperature which
is achieved by implementing the Andersen thermostat method97 as was
used previously.70,98 With this procedure, all united atoms in the
simulation are subject to random collisions with ghost particles. The
postevent velocity of an united atom colliding with a ghost particle is
chosen randomly from a Maxwell-Boltzmann distribution at the
simulation temperature.

For the fibril formation simulations, each system was started from
a random-coil configuration equilibrated at a high temperature,T* )
0.16, and then cooled to the temperature of interest (T* ) 0.08, 0.09,
0.10, 0.11, 0.12, 0.13, 0.14, and 0.15) to minimize kinetic trapping in
local free energy minima. The cooling rate is set by varying the number
of ghost particles; the more ghost particles there are, the quicker the
system reaches the temperature of interest. An initial test run at different

cooling rates demonstrates that if the system is quickly quenched to a
low temperature, all peptides rapidly assemble into an amorphous
aggregate whose energy is higher than that of the fibril obtained by
cooling the system down slowly. Since we are interested in observing
fibrils obtained at equilibrium, all systems were cooled slowly; the
number of ghost collisions was set at 0.005% of the total number of
collisions during a simulation. The resulting cooling rate is∆T*/∆t*
) 0.0004, wheret* is the reduced time which is defined ast/σxkBT/m
with t as the simulation time, andσ andm as the average united atom
diameter and mass. For these simulations, we use cubic boxes with
sides ranging from 158 to 542 Å in length depending on the peptide
concentration.

Although simulations were conducted on systems containing 12, 24,
48, and 96 peptides, we focus most of our analysis on the 48-peptide
system. The peptide packing fractionNVp/V for the 48-peptide system
ranges from 0.001 26 to 0.050 67 whereN ) 48 is the number of
peptides,V is the total system volume, and the peptide volumeVp ≡
4πRg

3/3 (Rg ) 9.98 Å is the average peptide radius of gyration in our
simulations when the peptide is in the random-coil conformation). The
peptide concentrations for the 48-peptide system arec ≡ N/NAV ≈
0.5, 1, 2.5, 5, 10, and 20 mM whereNA is Avogadro’s number. Though
our system is small compared with real fibrils (actually protofilaments)
which tend to contain four to sixâ-sheets with 1000 or more peptides
per sheet,11,99-101 it is quite large compared with the few peptides
simulated in other studies.32-34,102,103 Hopefully this is sufficient to
provide a foundation for the basic understanding of fibril formation in
larger systems. Simulations were performed for between 8E9 and 32E9
events, which required 40 h atT* ) 0.08 for 8E9 events to 160 h at
T* ) 0.15 for 32E9 events on a single processor of an AMD Athlon
MP 2200+ workstation for the 48-peptide system. All systems were
simulated for long periods of time until the ensemble averages of the
system’s total potential energy varied by no more than 2.5% during
the last three-quarters of each simulation run. Our results are reported
in terms of the average percentage of peptides in the system that form
the structures of interest, which were defined previously.104

For the fibril stability simulations, each system was started from a
48-peptide fibrillar structure, which was formed atc ) 5 mM andT*
) 0.11 by the slow-cooling method described above, and then quickly
heated to the temperature of interest. The number of ghost collisions
was set at 0.05% of the total number of collisions during a simulation,
which is sufficient to maintain the system temperature at a constant
desired value. These simulations were performed at seven different
reduced temperaturesT* ) 0.12, 0.13, 0.14, 0.15, 0.16, 0.17, and 0.18,
each for 10E9 events, which required 50 h on a single processor of an
AMD Athlon MP 2200+ workstation.

The criteria for defining different structures such asR-helix, â-sheets,
fibrils, and amorphous aggregates are given in a previous publication.105

Results and Discussion

Since this paper builds upon previous work by Nguyen,
Marchut, and Hall78 on the folding thermodynamics of a single
peptide of the same sequence, it is useful to briefly review those
results that are pertinent to the discussion here. The peptide’s
thermodynamics was explored using the replica exchange
simulation method to map out the conformational transitions
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among the random coil,R-helix, andâ-structure at different
temperatures. The effect of solvent conditions on the peptide’s
stability was also investigated by varying the ratioR of the
strength of the hydrophobic interaction (εHP) to that of the hydro-
gen bond (εHB), R ≡ εHP/εHB. At each hydrophobic interaction
strength, we calculated the conformational free energy of each
structural state to determine the structure with the lowest free
energy at each temperature and identify the conformational
transition between different structural states at different tem-
peratures. We found that peptides in our simulations tend to
mimic real polyalanines in that they can exist in three distinct
structural states:R-helices, â-structures, and random coils,
depending upon the solvent conditions. At low values of the
hydrophobic interaction strength between nonpolar side chains,
i.e.,R) 0, 1/12, and 1/10, the polyalanines undergo a relatively
sharp transition between anR-helical conformation at low
temperatures and a random-coil conformation at high temper-
atures. Increasing the hydrophobic interaction strength toR )
1/8, 1/6, and 1/4 induces a second transition to aâ-structure,
resulting in anR-helical conformation at low temperatures, a
â-structure at intermediate temperatures, and a random-coil at
high temperatures. At very high values of the hydrophobic
interaction strength, i.e.,R g 1/2, polyalanines becomeâ-struc-
tures at low temperatures and random coils at high temperatures.
At low and intermediate values of hydrophobic interaction
strength, i.e.,R < 1/2, the transition temperatures between an
R-helical state to a non-R-helical state are betweenT* ) 0.085
andT* ) 0.11. These results are qualitatively in good agreement
with experiments which show that polyalanine adopts an
R-helical conformation in hydrophobic environments such as
the solid state or in nonpolar organic solutions and aâ-structure
conformation in polar aqueous solution.88,106-111This is similarly
observed in experiments on many heterogeneous peptides which
can be folded into alternative stable structures by changing the
solution conditions such as the pH, salt, or organic cosolvent
concentration, peptide concentration, and the redox state.112-126

Interestingly, Knott and Chan95 recently investigated the impact
of the relative strengths of the hydrophobic and hydrogen
bonding interaction on folding of polypeptide chains using a
similar intermediate-resolution protein model94 but with a
continuous potential. When the hydrophobic interaction strength
was relatively weak, they observed that the peptides exhibit
certain cooperative features of the transition between native
(helical) and denatured states. When the hydrophobic interaction
strength was too strong, the peptides collapsed into compact
conformations with little helical content. We also compared our
simulation results whenR) 0 with the Zimm-Bragg theory.127

We found that our propagation parameter was in good agreement
with experimental results that yield estimates for alanine between
1.33 and 2.19. However, our nucleation parameter (∼0.03) was
much larger than the experimental estimates (∼0.003-0.004).

We then investigated the kinetics of fibril formation of Ac-
KA14K-NH2 peptides as a function of the peptide concentration
and temperature.105,128Constant-temperature simulations were
conducted on systems containing 48 model 16-residue peptides
in the canonical ensemble at a wide variety of concentrations
and temperatures. During each simulation, the formation of
different structures such asR-helices, amorphous aggregates,
â-sheets, or fibrils was monitored as a function of time. Key
fibril-forming events were identified and compared with pro-
posed fibril-formation mechanisms appearing in the literature.
The lag time before fibril formation commences decreased with
increasing concentration and increased with increasing temper-
ature. In addition, fibril formation appeared to undergo a process
in which small amorphous aggregatesf â-sheetsf ordered
nucleusf subsequent rapid growth of a stable fibril. Fibril
growth in our simulations involved bothâ-sheet elongation, in
which the fibril grows by adding individual peptides to the end
of eachâ-sheet, and lateral addition, in which the fibril grows
by adding already-formedâ-sheets to its side. Once the fibrils
attained a size of six sheets, they grew further through aâ-sheet
elongation mechanism. Moreover, the rate of fibril formation
increased with increasing concentration and decreased with
increasing temperature.

We also performed replica exchange equilibrium simulations
on systems containing 96 Ac-KA14K-NH2 over a very wide
range of temperatures and peptide concentrations to study the
system’s thermodynamics.104 The goal here was to map out a
phase diagram in the temperature-concentration plane delineat-
ing the regions where random coils,R-helices,â-sheets, fibrils,
and amorphous aggregates are stable. Based on the system heat
capacity and peptide radius of gyration, and on data on the
percentage of the peptides that form the various structures, a
phase diagram in the temperature-concentration plane was
constructed. We found four distinctive single-phase regions (R-
helices, fibrils, nonfibrillarâ-sheets, and random coils) and four
two-phase regions (random coils/nonfibrillarâ-sheets, random
coils/fibrils, fibrils/nonfibrillar â-sheets, andR-helices/nonfibril-
lar â-sheets). TheR-helical region is at low temperature and
low concentration. The nonfibrillarâ-sheet region is at inter-
mediate temperatures and expands to higher temperatures as
concentration is increased. The fibril region is primarily at
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intermediate temperatures and intermediate concentrations and
expands to lower temperatures as the peptide concentration is
increased. The random-coil region is at high temperatures and
all concentrations and shifts to higher temperatures as the
concentration is increased.

Fibril Formation as a Function of Temperature and
Concentration. In this section, we present the results from our
fibril formation simulations of 48-peptide systems initially in a
random-coil configuration. Simulations are conducted at con-
centrationsc ) 0.5, 1, 2.5, 5, 10, and 20 mM, which range
from the very dilute regime, in which most peptides do not
interact with neighboring peptides, to the highly concentrated
regime, in which most peptides are in contact with neighboring
peptides. At each concentration, simulations are performed at
temperaturesT* ) 0.08, 0.09, 0.10, 0.11, 0.12, 0.13, 0.14, and
0.15, which ranges from temperatures that are well below the
folding temperature for a singleR-helix (T* ) 0.11) to a
temperature (T* ) 0.15) that is so high that the peptides cannot
form or maintain hydrogen bonds or hydrophobic interactions,
and are in random-coil conformations. The parameterR≡ εHP/
εHB is set at 1/10. The results at each concentration and
temperature are taken from the end of at least three different
runs. If the potential energy of the system from three initial
runs varied by more than 2.5%, then up to three more runs were
conducted as warranted.

The percentage of peptides in each structure of interest is
highly dependent on environmental conditions such as the
temperature and the peptide concentration. In terms of forming
R-helices, it is evident from Figure 2, which plots the percentage
of peptides that formR-helices versus temperature at different
concentrations, that there is an inverse relationship between the
percentage of peptides that form this structure and the concen-
tration. R-Helices are unlikely to be formed at concentrations
greater than or equal to 5 mM. There is an optimal range of
temperatures for formingR-helices; at concentrations that are
less than 5 mM, the temperature at which formation ofR-helices
is at a maximum isT* ) 0.09. The maximum percentage of
peptides observed to formR-helices in this study is about 65%
and occurs atT* ) 0.09 andc ) 0.5 mM. At low temperatures
(T* < 0.09) and low concentrations (c < 5 mM), the system is
kinetically trapped; in this case, the system forms either isolated

â-structures (data not shown) or aggregates that are mostly
amorphous (discussed below) instead ofR-helices. At temper-
atures higher than 0.09 and low concentrations (c < 5 mM),
the percentage of peptides that formR-helices decreases as the
temperature increases, ending at a minimum of zero percent at
T* ) 0.12. As the concentration decreases fromc ) 2.5 mM
to 1.0 mM and then 0.5 mM, the midpoint between the
maximum and the minimum percentages of peptides that form
R-helices at each concentration gets close toT* ) 0.11, the
midpoint of the folding transition (50% helicity) of a single
peptide from our previous simulations.78 As the system gets
diluted belowc ) 0.5 mM, these two transition midpoints are
expected to converge.

Aggregation is relatively high for all concentrations except
c ) 0.5 mM over a relatively wide range of temperatures
spanning fromT* ) 0.08 to 0.14 as shown by Figure 3, which
plots the percentage of peptides in (all types of) aggregates as
a function of temperature at various concentrations. At high
concentrations,c ) 5-20 mM, 100% of the peptides in the
system form aggregates. As the concentration decreases toc )
2.5 mM, the aggregation percentage decreases slightly at
intermediate temperatures (T* ) 0.10-0.11) and somewhat
more significantly at low temperatures (T* ) 0.08-0.09). As
the concentration decreases further toc ) 1 mM, the aggregation
percentage decreases to 50% at low temperatures (T* ) 0.08)
and 75% at high temperatures (T* ) 0.13). As the concentration
decreases toc ) 0.5 mM, the aggregation percentage decreases
significantly to 10% at low temperatures (T* ) 0.08) and 30%
at high temperatures (T* ) 0.12).

There is a conformational transition fromR-helices at low
temperatures toâ-sheets at high temperatures for systems at
intermediate concentrations (c ) 1-2.5 mM) as can be seen
by comparing the results in Figure 2 and Figure 4, which depicts
the percentage of peptides inâ-sheets as a function of temper-
ature at different concentrations. For example, atc ) 1 mM,
whenT* ) 0.09, 55% of the peptides areR-helical and 5% of
the peptides are inâ-sheets, but atT* ) 0.13, none of the
peptides areR-helical and 75% of the peptides are inâ-sheets.
The transition fromR-helical structures toâ-sheet complexes,
which is similarly observed in vitro by Blondelle for polyalanine
peptides,87,88 mimics the structural transition believed to be a

Figure 2. Percentage of peptides in theR-helical conformation obtained
at the end of simulations at different temperatures and concentrations. Figure 3. Percentage of peptides in aggregates obtained at the end of

simulations at different temperatures and concentrations.
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prerequisite for fibril nucleation and growth in general.6,44,89-93

At low concentrations (c ) 0.5 mM), the system forms relatively
few â-sheet peptides; in fact, the maximum percentage of
peptides that formâ-sheets at these low concentrations is only
about 20% at high temperatures (T* ) 0.12). At high concentra-
tions (c ) 5-20 mM), the system forms a very high number of
â-sheet peptides over a relatively large range of temperatures.
When comparing the results in Figures 3 and 4 for systems at
c ) 5-10 mM, it is evident that most aggregated peptides are
in â-sheets.

Fibril formation is seen only at high temperatures and high
concentrations as indicated in Figure 5, which depicts the
percentage of peptides in fibrils as a function of temperature at
different concentrations. At high concentrations,c ) 5, 10, and
20 mM, the dependency of fibril formation on the temperature
is similar; fibril formation increases as the temperature increases
up to T* ) 0.13 then decreases as the temperature increases
further. However, as the concentration is increased fromc ) 5
mM to c ) 20 mM, the maximum in the percentage of peptides
in fibrils broadens to include lower temperatures. For example,
the temperature range for thec ) 5 mM system within which
fibril formation is high is betweenT* ) 0.13 andT* ) 0.12.

The lower limit of this range moves toT* ) 0.11 for thec )
10 mM system and then toT* ) 0.10 for thec ) 20 mM
system. In other words, the critical temperature for forming
fibrils decreases with peptide concentration, which is similarly
observed in vitro by Blondelle for polyalanine peptides.88 The
maximum percentage of peptides observed to form fibrils in
this study is about 90% and occurs atT* ) 0.10-0.13 for the
c ) 20 mM system. A comparison of Figures 4 and 5 shows
that only a portion of theâ-sheet peptides form fibrils. At low
temperatures (T* ) 0.08-0.09) and high concentrations (c )
5-10 mM), theâ-sheets tend to stick together at a relatively
large angle (i.e., greater 35°) resulting in a low yield of fibrils.
At high temperatures (T* ) 0.13-0.14) and intermediate
concentrations (c ) 1-2.5 mM), theâ-sheets tend to be isolated
without forming fibrils.

The formation of amorphous aggregates is seen mostly at
intermediate concentrations (c ) 1-2.5 mM) and low temper-
atures (T* ) 0.08-0.09) as shown in Figure 6, which plots the
percentage of peptides in amorphous aggregates as a function
of temperature at various concentrations. This figure indicates
that the highest percentage of the peptides that form amorphous
aggregates is around 50% atc ) 2.5 mM. The aggregates
formed at this condition containR-helices as can be seen by
comparing the results in Figures 2 and 3 for systems atc )
1.0, and 2.5 mM and atT* ) 0.08-0.09. For example, atc )
2.5 mM about 30% of the peptides in the system form either
isolated or attachedR-helices, while 90% of the peptides form
aggregates; at least 20% of the peptides that areR-helices reside
inside aggregates (data not shown). TheR-helices that reside
inside of aggregates are more stable than isolatedR-helices,
since each aggregatedR-helix can form multiple extra hydro-
phobic interactions with neighboring peptides. The systems that
form amorphous aggregates at intermediate concentrations and
low temperatures are believed to be kinetically trapped in local
minima. Unlike low concentrations where peptides form isolated
R-helices, and high concentrations where peptides formâ-sheets,
at intermediate concentrations any isolatedR-helices that are
formed immediately cluster together resulting in an amorphous
structure. Although the peptides may try to unfold to form
ordered aggregates, they remain trapped because of the low
temperature.

Figure 4. Percentage of peptides inâ-sheet structures obtained at the end
of simulations at different temperatures and concentrations.

Figure 5. Percentage of peptides in fibrillar structures obtained at the end
of simulations at different temperatures and concentrations.

Figure 6. Percentage of peptides in amorphous structures obtained at the
end of simulations at different temperatures and concentrations.
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Fibril Stability. In our fibril stability simulations, fibrils are
stable at temperatures above those at which theR-helical model
peptides are stable as indicated in Figure 7, which is a plot of
the fibril order parameters,QintrasheetandQintersheet, as a function
of time during the high-temperature stability simulations atT*
) 0.14, 0.15, 0.16, 0.17, and 0.18. The quantityQintrasheetis
defined as the sum of the numbers of intrasheet hydrogen bonds
and intrasheet hydrophobic interactions within thoseâ-sheets
present in the original fibril that are still present at timet*
divided by the sum of their initial numbers. In other words,
Qintrasheet - 1 measures the number of hydrogen bonds and
hydrophobic interactions broken and formed on the peptides
within each originalâ-sheet, and henceQintrasheetrepresents the
intrasheet stability. The quantityQintersheet is defined as the
number of intersheet hydrophobic interactions betweenâ-sheets
present in the original fibril that are still present at timet*
divided by their initial number;Qintersheet - 1 measures the
number of intersheet hydrophobic interactions broken and
formed, and henceQintersheetrepresents the intersheet stability.
In each simulation, the starting configuration is the structure
formed at the end of a simulation atT* ) 0.11 which itself
started out as a system of random coils. The system is
instantaneously heated to the temperature of interest, and
thereafter the temperature remains constant. The order param-
eters for the initial structures are unity (QintrasheetandQintersheet

) 1). At the lowest temperatures in the rangeT* ) 0.12-0.13,
the fibril system stays in the original structure for extended times
(data not shown). As seen in Figure 7, the fibril continues to
maintain its stability over extended times atT* ) 0.14.

The fibril can recover its original stability along the fibril
axis more easily than perpendicular to the fibril axis when
exposed to high temperatures as indicated by the values of the
order parametersQintrasheetand Qintersheetat T* ) 0.15 (Figure
7). In this case, the fibril gradually loses a small amount of its

original intrasheet stability over long periods of time; on the
other hand, the fibril loses a small amount of its original
intersheet stability only at the beginning of the simulations but
then regains and even strengthens its intersheet stability toward
the end of the simulations. The fibril gains this additional
intersheet stability by shifting eachâ-sheet a small distance so
as to maximize the number of intersheet hydrophobic contacts.
At a slightly higher temperature,T* ) 0.16, the fibril loses
approximately 45% of its original intrasheet contacts at long
times. Although the fibril initially loses approximately 30% of
its original intersheet contacts, it regains some of its intersheet
stability; after long times, it has lost only 20% of its original
intersheet contacts. AtT* ) 0.17-0.18, the fibril quickly loses
most of its original contacts and disperses into random coils.

Our fibrillar complexes are stable at higher temperatures than
the isolatedR-helices are stable, which is similar to experimental
results on polyalanine-based peptides.87,110The temperature at
which the fibril starts to lose a significant fraction of its original
contacts in our simulations as indicated in Figure 7 isT* )
0.16, which is well above the unfolding temperature for isolated
R-helices (T* ) 0.11) from a previous study.78 In our systems,
the model fibrils are more stable than the model isolated
R-helices at high temperatures because model fibrils contain
more hydrogen bonds. Each peptide within aâ-sheet of a fibril
can form up to 15 interpeptide hydrogen bonds to each of its
two neighboring peptides and zero intrapeptide hydrogen bonds.
This can be compared to just 12 intrapeptide hydrogen bonds
and zero interpeptide hydrogen bonds formed by an isolated
R-helix. Moreover, inter-peptide hydrophobic contacts, which
are numerous in systems of model fibrils, are not present in
diluted systems of modelR-helices which rarely interact with
each other.

Fibril growth takes place at higher temperatures than fibril
formation as indicated in Figure 8, which plots the average
number of peptides perâ-sheet per fibril and the average number
of â-sheets per fibril over timet* from fibril stability simulations
at T* ) 0.15 andT* ) 0.16. Compared with Figure 5, which
shows that fibril formation happens only at temperatures that
are up toT* ) 0.14, the already-formed fibril in Figure 8
continues to grow atT* ) 0.15 by adding monomeric peptides
that are still available in the system to the ends of theâ-sheets.
This suggests that fibril formation requires the presence of a
nucleus. Such nucleation will be explored in more detail in a
future publication.

The fibril is more stable along the fibril axis than perpen-
dicular to it at high temperatures as indicated in Figure 8 for
T* ) 0.16. When instantaneously exposed to high temperature,
the fibril quickly loses more than 30% of its original number
of â-sheets, which then disintegrate into monomeric peptides
(data not shown). On the other hand, peptides in the remaining
â-sheets not only maintain their numbers but also continue to
grow slightly.

Fibril Structure. The fibrils observed in our simulations
mimic the structural characteristics of fibrillar aggregates
currently described in the literature. Specifically, most peptides
within eachâ-sheet of our fibrils are arranged in a parallel
orientation. In fact, the percentage of peptides whose C-terminus
are on a particular side of theirâ-sheet in the fibril (with
N-terminus on the other side) compared with the total number
of peptides in thatâ-sheet in the fibril is 93.3% ((5.7) for

Figure 7. Fibril stability parametersQintrasheetandQintersheetversus reduced
time, t*, from simulations starting with fibrils formed atT* ) 0.11
performed atT* ) 0.14 (b), T* ) 0.15 (0), T* ) 0.16 ([), T* ) 0.17
(4), andT* ) 0.18 (2).
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systems at high temperatures (T* ) 0.12-0.14). Interestingly
enough, the overall orientation of aâ-sheet in our fibrils is
different from that of the neighboringâ-sheets; in fact, 61.6%
((5.2) of the â-sheets in our fibrils are arranged in an
antiparallel orientation. This means that, within eachâ-sheet,
peptides are parallel to one another; however, peptides within
a â-sheet are antiparallel to peptides within the neighboring
â-sheets. The end residues of neighboring peptides are usually
aligned directly, i.e., in register. In-register parallelâ-sheets are
similarly observed in experiments on fibrils formed byâ-amy-
loid proteins129-131 and in a computer simulation study by
Gsponer32 on a three-peptideâ-sheet formed by the heptapeptide
GNNQQNY from the yeast prion Sup35. Further evidence for
in-register parallelâ-sheets comes from the work of Kuwata,43

who performed both NMR-detected hydrogen bond exchange
experiments and molecular dynamics simulations on a fibril-
forming mouse prion protein fragment 106-126 and observed
that parallelâ-sheets stabilized by the central alanine-based
residues VAGAAAAGAV are the most stable structures. The
predominance of parallel pairing in our model differs from the
results of a previous study by Ma and Nussinov38 who examined
the stability of proposed fibril structures by conducting nano-
second simulations at high temperatures on already-formed
parallel and antiparallel fibril oligomers containing either
AGAAAAGA or AAAAAAAA peptides and found that the
antiparallel orientation is the most stable structure. Perhaps, the
orientation of peptides inâ-sheets depends on the peptide length.

This is known to be the case for Aâ where Aâ(34-42)132 and
Aâ(16-22)133 form antiparallelâ-sheets, while Aâ(10-35)
[100] and Aâ(1-40)130 form parallelâ-sheets. The dependency
of the peptide orientation inâ-sheets specifically and the
formation ofâ-sheets or fibrils in general on the peptide length
will be explored in a future publication. Each of the peptides
in our fibrils is almost fully extended as indicated by its end-
to-end distance and radius of gyration, which are 40.81 Å
((4.76) and 13.10 Å ((1.04) compared with 51.24 Å and 15.10
Å, respectively, for the completely stretched-out linear peptide
conformation and 29.05 Å ((0.39) and 10.45 Å ((0.08),
respectively, for the random-coil conformation.

The â-sheets in the fibrillar structures that result from our
simulations are stabilized by intrasheet backbone-backbone
hydrogen bonds running parallel to the length of the sheet. The
adjoiningâ-sheets are held together by intersheet side chain-
side chain hydrophobic interactions oriented nearly perpendicu-
lar to the length of the sheet. In addition, eachâ-sheet is
stabilized by intrasheet hydrophobic interactions oriented parallel
to the length of the sheet. These intrasheet hydrophobic contacts
are a consequence of the tight packing in the complex and serve
to lower the overall internal energy of the complex. The packing
of our fibrillar structures mimics the close packed sheets found
in experiments on a variety of peptides.11,134,135Our typical
fibrillar complex is a dense, ordered structure with tightly packed
side chains. The intrasheet (CR to CR) distance is 4.92 Å ((0.01),
which is slightly higher than the experimentally determined
value of 4.7-4.8 Å for close packed sheets of different
peptides.11,134,135In addition, the intersheet (CR to CR) distance
is 7.52 Å ((0.23), which is comparable to the low end of
experimental values of 8-10 Å for transthyretin fragments136

and significantly smaller than the experimentally determined
value of ∼9-10 Å for close packed sheets of Alzheimer’s
peptides.11,134,135This is not surprising since both transthyretin
fragments andâ-amyloid peptides have big bulky side chains,
whereas our model peptides consist mostly of alanine residues
which have one of the smallest size side chains.

The â-sheets in the fibrillar structures are in a staggered
arrangement along the fibril axis as similarly observed in
polyalanine-rich domain in PrP.137,138A snapshot in Figure 9a
of the 96-peptide fibrillar structure formed atR ) 1/10, c )
5.0 mM, andT* ) 0.13 shows that when viewed from the side,
each peptide within a particularâ-sheet (e.g., green sheet in
red circle) lies between two peptides of the neighboringâ-sheets
(e.g., dark blue sheet and purple sheet). In other words, each
â-sheet is shifted along the fibril axis by∼2.5 Å with respect
to the neighboringâ-sheets. In addition, when viewed down
the fibril axis in Figure 9b, the alanine side chains on adjacent
peptides within a particularâ-sheet (e.g., green sheet in red
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Figure 8. Average number of peptides perâ-sheet in a fibril (b) and the
average number ofâ-sheets per fibril (0) versus reduced time,t*, for the
48-peptide system atT* ) 0.15 (top panel) andT* ) 0.16 (bottom panel).
Results are from simulations starting with fibrils formed atT* ) 0.11 that
are subsequently heated to the temperatures of interest.
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circle) are aligned directly (stacked on top of one another in
the figure) and alternate from one side of the sheet to the other.
Alanine side chains on an adjacent sheet (e.g., dark blue sheet)
also alternate from side to side but shift so that they fit into the
“pocket” on a neighboring sheet.

Our fibrils contain the same number ofâ-sheets as in real
fibrils, four to six sheets.11,99-101 Snapshots of fibrils formed
for different system sizes are shown in Figure 10. Atc ) 5
mM, R ) 1/10, andT* ) 0.13, the fibrils formed from the
12-peptide system contain between two to threeâ-sheets,
whereas the fibrils from the 24-peptide system contain between
two to four â-sheets. At the same concentration, temperature,
and hydrophobic interaction strength, the 48-peptide system
forms fibrils containing between three to sixâ-sheets. When
the system size is increased further to 96 peptides, the fibrils
again contain between four to sixâ-sheets. This indicates that
as the system size is increased significantly, the number of
â-sheets asymptotes to a value near six. Once the fibrillar
structure reaches its criticalâ-sheet number, monomeric peptides
tend to attach to the fibrillar structure rather than creating an
isolatedâ-sheet. The kinetics of bigger systems will be explored
in a future publication.

There is an energetic explanation for the tendency of the
fibrils to grow very long along the fibril axis rather than to grow
laterally once the number ofâ-sheets within a fibril reaches
six. First, there is an energetic preference for a peptide to attach
itself to the end of aâ-sheet within the fibril as opposed to the
side of the fibril. Attaching to the end of the sheet would result
in the formation of 15 hydrogen bonds and 27 hydrophobic
interactions, while attaching to the side of the fibril would result

in the formation of only 26 hydrophobic interactions. Second,
there is an energetic preference for a peptide to attach itself to
the end of aâ-sheet within a fibril as opposed to attaching itself
to another isolated peptide to form aâ-sheet. The latter case
would result in the formation of 13 hydrophobic interations less
than the former case. Last, we believe that although there is an
entropic preference for forming additional separateâ-sheets, this
preference is negligible once the surface area at the end of the
fibril is large enough for the peptide to land. In addition, peptides
at the end of fibrils are already in theâ-strand conformation,
which creates a relatively large bed of hydrogen-bonding atoms
that stick out and line up. They are thus readily available and
receptive to forming hydrogen bonds with an incoming peptide.

Fibril Formation as a Function of the Hydrophobic
Interaction Strength between Nonpolar Side Chains.The
strength of the hydrophobic interaction between nonpolar side
chains plays an important role in fibril formation as indicated
in Figure 11, which displays the percentage of peptides in (a)
fibrillar and (b)â-sheet structures as a function of temperature
for the c ) 5 mM system at different ratios,R ≡ εHP/εHB, of
the strength of the hydrophobic interaction relative to that the
hydrogen bond. As the strength of the hydrophobic interaction
increases fromR ) 1/10 toR ) 1/8, the percentage of peptides
in fibrils slightly decreases at all temperatures as seen in Figure
11a. But as the strength of the hydrophobic interaction increases
from R ) 1/8 to R ) 1/6, the percentage of peptides in fibrils
decreases dramatically at all temperatures. Instead, the system
at R ) 1/6 forms amorphous aggregates. The average number
of interpeptide hydrophobic interactions is 52% greater in
amorphous aggregates than in fibrils, while the number of

Figure 9. Snapshots of the 96-peptide fibrillar structure formed atR ) 1/10,c ) 5.0 mM, andT* ) 0.13. The fibrillar structure is viewed (a) from the side
and (b) down the fibril axis. Note that thex-axis is in the intrasheet hydrogen bonding direction (i.e., fibril axis),y-axis is in the chain direction, andz-axis
is in the intersheet direction. Hydrophobic side chains are red; backbone atoms of different peptides have different colors, assigned so that it willbe easy
to distinguish the various sheets. United atoms are not shown full size for ease of viewing.
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interpeptide hydrogen bonds is 35% less in amorphous ag-
gregates than in fibrils (data not shown). This indicates that
having a large hydrophobic interaction strength essentially
overwhelms the system, forcing it to form more hydrophobic
interactions than hydrogen bonds and hence favoring the
formation of amorphous aggregates. This is similarly observed
in a simulation study on the folding of different polypeptide

chains of different lengths by Knott and Chan95 who observed
that the peptides undergo hydrophobic collapse into compact
conformations with little secondary structure content.

Fibril formation seems to be more sensitive thanâ-sheet
formation to the strength of the hydrophobic interaction between
nonpolar side chains as can be seen by comparing the results
in Figure 11a and 11b. Although there are no fibrils formed at
R ) 1/6, about half of the peptides formâ-sheets which are
intertwined in large aggregates. However, unlike the fibrils,
whose averageâ-sheet size is about seven peptides (data not
shown), theseâ-sheets are relatively small, each containing
approximately two peptides (data not shown). Theseâ-sheets
are twisted around each other to maximize the number of
hydrophobic interactions, as discussed above.

Limitations. It is important to point out that our model and
analysis are subject to a number of limitations. First, we do not
include charged residues at the ends of the model peptide chains,
which have been shown to be important in experimental systems
for reducing amorphous aggregation and precipitation. Second,
it is possible that a more elaborate model force field is required
to adequately represent peptides and their environment. Specif-
ically, we have neglected solvent effects by incorporating solvent
as a potential of mean force which has an equal effect on all
united atoms regardless of the chain conformation. Consequently
united atoms in the interior of a compact structure are just as
affected by solvent as if they were fully exposed in a random
coil structure. A more accurate solvation model would allow
forces, such as the hydrogen bonding force in the core of a
collapsed chain or an aggregate, to be different from those at
the surface. In addition, we have fixed the strengths of the
hydrogen bond and hydrophobic interactions, making them
independent of temperature. Dill139 and Chan140 have proposed

(139) Dill, K. A.; Alonzo, D. O. V.; Hutchinson, K.Biochemistry1989, 28,
5439-5449.

Figure 10. Snapshots of fibrillar structures formed at different system sizes atR ) 1/10,c ) 5.0 mM, andT* ) 0.13. Hydrophobic side chains are red;
backbone atoms of different peptides have different colors, assigned so that it will be easy to distinguish the various sheets. United atoms are not shown full
size for ease of viewing.

Figure 11. Percentage of peptides in (a) fibrillar structures and (b)â-sheet
structures at concentrationc ) 5 mM versus temperature at three ratiosR
of the strength of the hydrophobic interaction relative to that of the hydrogen
bond: R ) 1/10 (b), R ) 1/8 (0), andR ) 1/6 ([).
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a temperature-dependent hydrophobic potential that undergoes
a maximum at intermediate temperatures, accounting for
weakened interactions from cold denaturation at low temperature
and from heat denaturation at high temperature.139 Further
simulation studies with our model will be required to probe the
importance of temperature-dependent interactions. Third, the
hydrophobic interaction needs to be between 1/10 and 1/8 the
magnitude of the hydrogen-bond potential in order for fibrilli-
zation to occur, whereas the experimental ratio is closer to at
least a third.95 We think that if the hydrophobic interaction were
higher, we would get fibrils eventually, but we would have to
wait a very long time while the system figures out how to get
out of kinetic traps. So we are essentially speeding up the
calculation by looking at low values of the hydrophobic
interaction. We are doing the same thing when we look at
systems at high concentrations. Because of these limitations,
we are not comfortable introducing temperature and energy
scaling factors to compare our results directly with those
observed in experiments. Thus our results are meant to be
interpreted qualitatively rather than quantitatively.

Conclusions

Computer simulations offer unique opportunities to observe
and analyze molecular-level events in protein systems that are
difficult or impossible to observe experimentally. In simulating
large multipeptide systems using an intermediate resolution
protein model in conjunction with the discontinuous molecular
dynamics, we have been able to observe the formation of fibrils
containing polyalanine peptides starting from random coils. We
find that there is a strong relationship between the formation
of R-helices,â-sheets, aggregates, and fibrils and the environ-
mental conditions such as temperature, concentration, and
hydrophobic interaction strength. At low peptide concentrations,
random-coil peptides formR-helices at low temperatures and
revert to random-coil conformations at high temperatures. When
the concentration is increased slightly to intermediate values,
random-coil peptides assemble intoR-helices at low tempera-
tures and largeâ-sheet structures at high temperatures. As the
concentration is increased further to relatively high values,
random-coil peptides formâ-sheets over a wide range of
temperatures; theseâ-sheets assemble into fibrils at temperatures

above a critical temperature that decreases with concentration.
Fibrils are stable at temperatures above those at which the
R-helical model peptides are stable. At very high temperatures
and all concentrations, the system is in a random-coil state.
These results agree qualitatively with the experimental results
of Blondelle on Ac-KA14K-NH2 peptides.87,88They observed
monomericR-helical structures at 100µM and 25°C. As the
peptide concentration increased to 1 mM, they found thatâ-sheet
complex formation increased with increasing temperature,
exhibiting an S-shaped dependence of temperature with a critical
temperature of 65°C. As the peptide concentration increased
to 1.8 mM, they found that the critical temperature at which
â-sheets start to form decreased to 45°C.

The fibrils observed in our simulations mimic the structural
characteristics observed in experiments in that most peptides
within a â-sheet in our fibrils are highly parallel to one
other129-131 and moderately antiparallel to peptides within
neighboringâ-sheets, the intrasheet (CR to CR) distance is 5.05
Å ((0.07) (compared to experimental values of 4.7-4.8
Å11,134,135), the intersheet (CR to CR) distance is 7.52 Å ((0.23)
(compared to experimental values of 8-10 Å11,134-136), and our
fibrils contain about sixâ-sheets with each containing multiple
peptides.11,99-101 Finally, we find that when the strength of the
hydrophobic interaction between nonpolar side chains is high
compared to the strength of the hydrogen bond interaction,
amorphous rather than fibrillar aggregates are formed.

Based on this initial success in simulating the formation of
fibrils, we expect that computer simulations can assist in the
identification of sources of aggregate stability, information vital
to the rational design of therapeutic strategies in protein
aggregation diseases. It is also likely that computer simulation
studies will lead to a better understanding of the fundamental
mechanisms of aggregate formation, permitting a clearer picture
of aggregate involvement in the pathology of amyloid diseases.
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