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Ordered ␤-sheet complexes, termed amyloid fibrils,
are the underlying structural components of the intraand extracellular fibrillar protein deposits that are associated with a variety of human diseases, including
Alzheimer’s, Parkinson’s, and the prion diseases. In this
work, we investigated the kinetics of fibril formation
using our newly developed off-lattice intermediate resolution model, PRIME. The model is simple enough to
allow the treatment of large multichain systems while
maintaining a fairly realistic description of protein dynamics without built-in bias toward any conformation
when used in conjunction with constant temperature
discontinuous molecular dynamics, a fast alternative to
conventional molecular dynamics. Simulations were
performed on systems containing 48 –96 model AcKA14K-NH2 peptides. We found that fibril formation for
polyalanines incorporate features that are characteristic of three models, the templated assembly, nucleated
polymerization, and nucleated conformational conversion models, but that none of them gave a completely
satisfactory description of the simulation kinetics.
Fibril formation was nucleation-dependent, occurring
after a lag time that decreased with increasing peptide
concentration and increased with increasing temperature. Fibril formation appeared to be a conformational
conversion process in which small amorphous aggregates 3 ␤-sheets 3 ordered nucleus 3 subsequent rapid
growth of a small stable fibril or protofilament. Fibril
growth in our simulations involved both ␤-sheet elongation, in which the fibril grew by adding individual peptides to the end of each ␤-sheet, and lateral addition, in
which the fibril grew by adding already formed ␤-sheets
to its side. The initial rate of fibril formation increased
with increasing concentration and decreased with increasing temperature.

Ordered ␤-sheet complexes are the underlying structural
components of the intra- and extracellular fibrillar protein
deposits, termed amyloid fibrils, that are associated with a
variety of human diseases, including Alzheimer’s, Parkinson’s,
and the prion diseases (1– 6). Although extensively studied, the
mechanisms that govern the formation of amyloid fibrils have
not yet been fully determined. However, recent evidence that
proteins other than those associated with amyloid diseases
form fibrils in vitro under mildly denaturing conditions (7–9)
has led leaders in the field to suggest that fibril formation is an
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intrinsic property of polypeptides, albeit under appropriate
conditions. This implies that progress toward understanding
the origins of various protein deposition diseases can be made
by in vitro or in silico examination of the general features of
protein fibrillization using model proteins that are less complex
than the specific amyloidogenic protein. Here we performed
computer simulations on systems containing polyalaninebased peptides of the sequence Ac-KA14K-NH2 in an attempt to
help further understanding of the molecular level mechanisms
that are responsible for fibril formation. Our molecular dynamics simulations were conducted on systems containing many
peptides initially in the random-coil state.
Four mechanisms have been proposed to describe the conformational transformation and assembly of normally soluble proteins into ordered aggregates (10). The first is the templated
assembly mechanism (11, 12), in which a soluble random-coil
peptide binds to a preassembled ␤-sheet-rich nucleus and then
undergoes a rate-determining structural change. The second is
the monomer-directed conversion mechanism (13), in which a
monomeric peptide adopts a conformation that is identical to
that found in the fibril, binds to another soluble monomer in a
rate-determining step, converts that monomer to the conformation found in the fibril, and then dissociates, with both peptides
rapidly added to the end of the growing fibril. The third is the
nucleated polymerization mechanism (14 –16), which is characterized by the rate-limiting formation of a nucleus followed
by the rapid addition of monomers to the growing end of the
nucleus. The fourth is the nucleated-conformational conversion
mechanism (17), in which the formation of small amorphous
aggregates precedes the rate-limiting formation of a critical
nucleus and subsequent rapid growth of large fibrils through
the addition of globular multimers to fibril ends. All of the
above mentioned mechanisms require that the system go
through a nucleation event before fibrils can be formed. The
nucleus in the monomer-directed conversion mechanism is a
monomeric peptide, whereas the nuclei in the templated assembly, nucleated polymerization, and nucleated-conformational conversion mechanisms are oligomers.
The general picture of the fibril formation process that accompanies three of the four mechanisms described above, the
templated assembly, nucleated polymerization, and nucleatedconformational conversion mechanisms, is the following. Fibril
formation is initiated when the native state of a protein is
slightly destabilized, for example, by changing pH, exposing
structural elements on the resulting partially folded intermediates, which then begin to associate intermolecularly rather
than intramolecularly. If the protein monomer concentration is
greater than some critical concentration, the partially folded
intermediates slowly associate via a series of energetically unfavorable steps, resulting in the formation of an oligomer after
a defined period, called the lag time. This oligomer serves as
the nucleus for the rapid growth and elongation of protofilaments or small fibrils, either through monomer addition at the

9074
This is an Open Access article under the CC BY license.

This paper is available on line at http://www.jbc.org

Kinetics of Polyalanine Fibril Formation
protofilament tip or through end-to-end association of short
protofilaments. Eventually, several protofilaments associate to
form fibrils, which then grow further by the addition of more
protofilaments. If the protein monomer concentration is less
than the critical concentration, fibrillization can still take place
by homogeneous (or heterogeneous) seeding in which case nucleation occurs on protein (or non-protein) species.
Most simulation studies to date of fibril-forming peptides
by other investigators have been limited to the study of either
isolated peptides (18 –26) or model amyloid fibrils that have
already formed (27–35). These studies have employed high
resolution protein models, 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. Although there have been several attempts
(29, 36 – 41) using high resolution protein models to simulate
the formation of fibrils from random coils, the systems considered did not contain enough peptides to mimic the nucleus
that stabilizes the large fibrils that are observed in experiments. Given current computational capabilities, simpler
models are required. This has been recognized by a few
investigators who have combined intermediate resolution
protein models with the Go potentials to look at fibril formation. Such an approach has been taken by Jang et al. (42, 43),
who studied the thermodynamics and kinetics of the assembly of four model ␤-sheet peptides into a tetrameric ␤-sheet
complex, and by Ding et al. (44), who studied the formation of
a fibrillar double ␤-sheet structure containing eight model
Src SH3 domain proteins. However, since the Go potential
contains a built-in bias toward the native conformation, this
approach is not suitable for the study of spontaneous fibril
formation from random configurations.
We developed an alternative approach, inspired in part by
the models of Sun (45), Sun et al. (46), and Takada et al. (47),
that represents each amino acid residue with three backbone
beads and one side chain bead. Our model, which we now call
PRIME (Protein Intermediate Resolution Model), allows the
treatment of large multichain systems while maintaining a
fairly realistic description of protein dynamics without built-in
bias toward any conformation (48, 49). By combining PRIME
(described below) with discontinuous molecular dynamics simulation, we have been able to simulate the formation of small
fibrils or protofilaments by systems containing between 12 and
96 16-residue Ac-KA14K-NH2 peptides starting from the random-coil state. This model, which was developed by Smith and
Hall (48, 50, 51) and later improved by us (49), represents each
amino acid with four beads, three for the backbone and one for
the side chain. It is designed to be used with discontinuous
molecular dynamics (DMD)1 (52–55), 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. Solvent is modeled
implicitly by including hydrophobic interactions between nonpolar side chains. Backbone hydrogen bonding is modeled in
explicit detail. The applicability of our model to polyalanine
was tested in a previous study of isolated polyalanine in which
we examined the predicted folding transition and the conditions under which common structures such as the ␣-helix and
␤-hairpin appear (49). Specifically, we examined the effect of
temperature on the populations of the various structural states
of the peptide, calculated the Zimm-Bragg equilibrium constants for propagation and nucleation of the helix, measured
the hydrogen bond distances and angles for polyalanine in the

1
The abbreviations used are: DMD, discontinuous molecular dynamics; HP, hydrophobic interactions; HB, hydrogen bonds.

9075

␣-helix and ␤-hairpin, and mapped out the Ramachandran
plot. We found that our results agree with experimental and
other simulation data very well. Although PRIME gives a fairly
realistic description of polyalanine, it is essentially a work in
progress; we are now in the process of extending the model to
the rest of the amino acids.
By combining PRIME with DMD, we were able to sample
much wider regions of conformational space, longer time scales,
and larger systems than in traditional molecular dynamics
(56). Since the simulations take only days on a work station, we
were able to conduct simulations at a wide variety of concentrations and temperatures and to learn how peptide concentration and temperature affect the formation of various Ac-KA14KNH2 structures, including amorphous aggregates, ␣-helices,
␤-sheets, and fibrils. All simulations were 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.
In this study, we investigated the kinetics of fibril formation of
Ac-KA14K-NH2 peptides as a function of the peptide concentration and temperature. Simulations were conducted on systems
containing 48 model 16-residue peptides at a wide variety of
concentrations and temperatures using the same protein model
as in our previous studies (56). All simulations were performed in
the canonical ensemble; constant temperature was achieved by
implementing the Andersen thermostat method (57) in which
united atoms were subjected to random collisions with ghost
particles, the velocities of which were chosen randomly from a
Maxwell-Boltzmann distribution centered at the system temperature. During each simulation, the formation of different structures such as ␣-helices, aggregates, ␤-sheets, or fibrils was monitored as a function of time. Key fibril-forming events associated
with the four proposed fibril-forming mechanisms mentioned
earlier were identified. Two types of simulations were conducted:
unseeded and seeded. In the unseeded simulations, the peptides,
which were initially in a random coil configuration, were equilibrated at a high temperature and then quickly cooled to the
temperature of interest. The lag time and rate of fibril formation
were monitored to study their dependence upon the peptide concentration and temperature. In the seeded simulations, a previously created single small fibril was immersed in a sea of denatured chains.
The model peptide chosen for study is the polyalanine-based
peptide Ac-KA14K-NH2. We focused on polyalanine-based peptides for three reasons. First, the small, uncharged, unbranched nature of alanine residues is amenable to simulation
with the intermediate resolution protein model that we developed previously (48, 50). Second, polyalanine repeats have been
implicated in human pathologies, notably in the formation of
anomalous filamentous intranuclear inclusions in oculopharyngeal muscular dystrophy patients (58). Third, synthetic
polyalanine-based peptides have been shown by Blondelle and
co-workers (59, 60) to undergo a transition from ␣-helical structures to ␤-sheet complexes in vitro, mimicking the structural
transition that is believed to be a prerequisite for fibril nucleation and growth (1, 61– 66). Blondelle and co-workers (59, 60)
observed that the ␣-helical structures were stabilized in part by
intramolecular ␣-helical bonds and that the macromolecular
␤-sheet complexes were stabilized by hydrophobic intersheet
interactions. Using circular dichroism, Fourier transform infrared spectroscopy, and reversed phase high performance liquid chromatography, they found that: 1) ␤-sheet complex formation increased with increasing temperature, exhibiting an
S-shaped dependence on temperature with a critical temperature of 45 °C at a peptide concentration of 1.8 mM and an
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FIG. 1. Geometry of the intermediate resolution protein
model, PRIME. Covalent bonds are shown with narrow black lines
connecting beads. At least one of each type of pseudobond is shown with
a thick disjointed line. Pseudobonds were used to maintain backbone
bond angles, consecutive C␣ distances, and residue L-isomerization.
Note that the beads are not shown full size for ease of viewing.

incubation time of 3 h and 2) ␤-sheet complex formation increased with increasing peptide concentration above a critical
concentration of 1 mM at 65 °C. Blondelle and co-workers (59,
60) did not investigate the in vitro kinetics of the assembly of
amyloid fibril by polyalanines. This means that we could not
compare our simulation data with experimental results directly. Instead we compared our results with the general features of the available kinetic models since these were formulated on the basis of experimental observations of fibril
formation by other peptides.
Highlights of our results are as follows. We observed that
fibril formation of polyalanines in our simulations was not
perfectly described by any of the proposed fibril formation
mechanisms available in the literature. It did, however, share
certain features in common with three of the proposed mechanisms: templated assembly, nucleated polymerization, and nucleated conformational conversion. These common features
were that: 1) fibril formation was nucleation-dependent and 2)
the lag time, which is the delay time before fibril formation
commences, increased with increasing temperature. As suggested by the nucleated polymerization model, the lag time at
high temperatures decreased more or less exponentially as a
function of the peptide concentration. As suggested by the
templated assembly model, the lag time at low temperatures
decreased more or less linearly with increasing peptide concentration. As predicted by the nucleated conformational conversion model, small amorphous aggregate formation preceded
critical nucleus formation. Fibril growth in our simulations
involved both ␤-sheet elongation, in which the fibril grew by
adding individual peptides to the end of each ␤-sheet, and
lateral addition, in which the fibril grew by adding already
formed ␤-sheets to its side. The initial rate of fibril growth
increased with increasing concentration and decreased with
increasing temperature.
MATERIALS AND METHODS

Model Peptide and Forces—The model peptide had 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, soluble ␤-sheet complexes in vitro (59, 60). The peptide was modeled using PRIME, an
intermediate resolution model (48 –51) based on a four-bead amino acid
representation 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 PRIME protein model is illustrated in Fig. 1. Each amino acid
residue was composed of four spheres, a three-sphere backbone comprised of united atom NH, C–H, and C⫽O, and a single bead side chain
R (labeled N, C␣, C, and R, respectively, in the figure). All backbone
bond lengths and bond angles were fixed at their ideal values; the

distance between consecutive C␣ atoms was fixed so as to maintain the
interpeptide bond in the trans configuration. The side chains were held
in positions relative to the backbone so that all residues are L-isomers.
Details of the model including values for all parameters are given in our
earlier studies (48, 49).
The solvent was modeled implicitly in the sense that its effect was
factored into the energy function as a potential of mean force. All forces
were modeled by either hard sphere or square well potentials. The
excluded volumes of the four beads were modeled using hard sphere
potentials with realistic diameters. Covalent bonds were maintained
between adjacent spheres along the backbone by imposing hard sphere
repulsions whenever the bond lengths attempted to move outside of the
range between l(1 ⫺ ␦) and l(1 ⫹ ␦), where l is the bond length and ␦ is
a tolerance which we set equal to 2.375%. Ideal backbone bond angles,
C␣-C␣ distances, and residue L-isomerization were achieved by imposing pseudobonds, as shown in Fig. 1, which also fluctuated within a
tolerance of 2.375%. Hydrogen bonding between amide hydrogen atoms
and carbonyl oxygen atoms on the same or neighboring chains was
represented by a square well attraction of strength ⑀HB (where HB is
hydrogen bonds) between NH and C⫽O united atoms whenever: 1) the
virtual hydrogen and oxygen atoms (the location of which can be calculated at any time) were separated by 4.2 Å (the sum of the NH and C⫽O
well widths), 2) the nitrogen-hydrogen and carbon-oxygen vectors
pointed toward each other within a fairly generous tolerance, 3) neither
the NH nor the C⫽O was already involved in a hydrogen bond with a
different partner, and 4) the NH and C⫽O were separated by at least
three intervening residues along the chain. To satisfy the second requirement, the separations between the four auxiliary pairs Ni-C␣,j,
Ni-Nj⫹1, Cj-C␣,j, Cj-Ci⫺1 surrounding the hydrogen bond in question
were limited to certain distances that were chosen to maintain ideal
hydrogen bond angles. This was accomplished by imposing squareshoulder interactions between the auxiliary pairs as suggested by Ding
et al. (67). Besides adding stability to the hydrogen bond, these interactions exacted a penalty for breaking a hydrogen bond when any one of
these auxiliary pairs moved inside the specified separation and thus
distorted the hydrogen bond angle. For more details on the hydrogen
bonding model used here, see the study by Nguyen et al. (49). Interactions between hydrophobic side chains were represented by a square
well potential of depth ⑀HP and range 1.5 R, where R is the side chain
bead diameter and HP is hydrophobic interactions. Hydrophobic side
chains had to be separated by at least three intervening residues to
interact. For simplicity, the ratio of the strength of a hydrophobic
contact, ⑀HP, and the strength of a hydrogen bond ⑀HB, R ⫽ ⑀HP/⑀HB, was
set equal to 1⁄10. Hydrogen bond strength and hydrophobic contact
strength were independent of temperature, as was assumed in previous
simulation studies (50, 51, 68). The rationale for including the hydrophobicity but not the hydrophilicity in our force field was that hydrophobicity is thought to be the main driving force for folding; it brings the
hydrophobic side chains together and buries them in the interior.
Restricting the interactions solely to hydrophobic interactions and
hydrogen bonding also improved our computational efficiency, which is
critical in a study of protein fibrillization.
Discontinuous Molecular Dynamics—Simulations were performed
using the DMD simulation algorithm (52–55), which is an extremely
fast alternative to traditional molecular dynamics and is applicable to
systems of molecules interacting via discontinuous potentials, e.g. hard
sphere and square well potentials. Unlike soft potentials such as the
Lennard-Jones potential, discontinuous potentials exert forces only
when particles collide, enabling the exact (as opposed to numerical)
solution of the collision dynamics. DMD simulations proceed in the
following fashion. The initial positions of the beads on the model protein
were assigned at random but could not violate any of the size constraints or assigned bond lengths and angles. The initial velocities were
chosen at random from a Maxwell-Boltzmann distribution at a fixed
reduced temperature, T* ⫽ kBT/⑀HB, where kB is Boltzmann’s constant,
T is the temperature, and ⑀HB is the depth of the square well hydrogen
bond potential. The simulation proceeded according to the following
schedule: identify the first event, move forward in time until that event
occurs, calculate new velocities for the pair of beads involved in the
event, and calculate any changes in system energy resulting from
hydrogen bond events or hydrophobic interactions, find the second
event, and so on. Types of events included excluded volume events, bond
events, and square well hydrogen bond and hydrophobic interaction
events. An excluded volume event occured when the surfaces of two
hard spheres collided and repelled each other. A bond (or pseudobond)
event occurred via a hard sphere repulsion when two adjacent spheres
attempted to move outside of their bond length. Square well events
included well capture, well bounce, and well dissociation collisions
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when a sphere entered, attempted to leave, or left the square well of
another sphere. For more details on DMD simulations with square well
potentials, see studies by Alder and Wainwright (52) and Smith et al.
(69).
Simulations were performed in the canonical ensemble, which means
that the number of particles, volume, and temperature were held constant. A constant number of particles and volume was achieved by
creating a virtual three-dimensional box for the simulation and allowing the model protein chains to move within that box. Periodic boundary
conditions were used to eliminate artifacts due to simulation box walls.
The dimensions of the box were chosen to ensure that a chain could not
interact with more than one image of any other chain. For this study,
we used cubic boxes with sides ranging from 200 to 430 Å in length
depending on the peptide concentration. Constant temperature was
achieved by implementing the Andersen thermostat method (57) as was
used previously (48, 70). With this procedure, all beads in the simulation were subject to random collisions with ghost particles. The
postevent velocity of a bead colliding with a ghost particle was chosen
randomly from a Maxwell-Boltzmann distribution at the simulation
temperature. Time was measured in terms of the reduced time t*, which
is defined as t* ⫽ t/(kBT/m)1/2 with t the simulation time and  and m
the average bead diameter and mass, respectively. Since DMD simulations are collision-driven, rather than time-driven, and the solvent was
modeled implicitly, it is difficult to correlate collision times with real
time. Thus, when comparing our data as a function time, we used only
reduced simulation time.
In the unseeded simulations, each system was started from a random
coil configuration equilibrated at a high temperature, T* ⫽ 0.25, and
then quickly cooled down to the temperature of interest, T* ⫽ 0.08, 0.09,
0.10, 0.11, 0.12, 0.13, 0.14, and 0.15. The number of ghost collisions is
set at 1.0% of the total number of collisions during a simulation. The
resulting cooling rate is ⌬T */⌬t* ⫽ 0.04 during the first 1,000,000
collisions (up to t* ⫽ 0.1), after which the system temperature remains
constant. Simulations are conducted on systems containing 48 peptides
at concentrations c ⫽ 1, 2.5, 3.75, 5, and 10 mM. At each temperature
and concentration, at least 10 simulations are conducted.
In the seeded simulations, each of the 10 systems initially contained
fibrillar structures, which were obtained at the end of the 10 c ⫽ 1.0 mM
and T* ⫽ 0.13 unseeded 48-peptide simulations described above. Fortyeight denatured chains were added to the simulation box by randomly
picking empty spaces in the simulation box and inserting the new
denatured chains one by one. Each of the resulting 96-peptide systems
at c ⫽ 2.0 mM was quickly heated to the temperature of interest, T* ⫽
0.14 and 0.15.
All systems were simulated for very long times. The simulations were
stopped when the ensemble averages of the total potential energy of the
system varied by no more than 2.5% over the last three quarters of the
simulation run. Simulations took between 40 h at T* ⫽ 0.08 and 160 h
at T* ⫽ 0.15 on a single processor of an AMD Athlon MP 2200⫹
work station.
The results presented in this study are averages from at least 10
simulations at each temperature and concentration with error bars
taken from the standard deviations at each time. The structures were
defined in the following way. If 12 intrapeptide ␣-helical hydrogen
bonds (bonds between Ni⫹4 and Ci) were formed, the structure was an
␣-helix. If each peptide in a group of peptides had at least seven
interpeptide ␤-hydrogen bonds to a particular neighboring peptide in
the group, this group was a ␤-sheet. If at least 2 ␤-sheet structures
formed intersheet hydrophobic interactions (at least four hydrophobic
interactions per peptide per ␤-sheet) and the ␤-sheet structures were at
an angle less than 35o, this was a fibril; otherwise, this and isolated
␤-sheets were classified as non-fibrillar ␤-sheet structures. If each
peptide in a group of peptides had at least two interpeptide hydrogen
bonds or hydrophobic interactions with a neighboring peptide in the
same group, that group was an aggregate. Aggregates that were fibrils
or non-fibrillar ␤-sheets were amorphous aggregates. Single peptide
structures that were not ␣-helices or ␤-structures were random coils.
RESULTS AND DISCUSSION

Since this study builds upon our previous work (56) on the
fibril formation of peptides of the same sequence, it is useful to
briefly review those results that are pertinent to the discussion
here. We investigated how peptide concentration and temperature affect the formation of various Ac-KA14K-NH2 structures
including ␣-helices, ␤-sheets, and fibrils. Simulations were conducted on systems of 12, 24, 48, and 96 model 16-residue peptides
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at a wide variety of concentrations and temperatures by applying
the discontinuous molecular dynamics simulation algorithm to
our intermediate resolution protein model, PRIME. All simulations were 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. Structural
characteristics such as the peptide arrangement and packing
within fibrils were examined and compared with those observed
in experiments. We also studied 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 stability. The stability of our fibrillar structures was evaluated by
comparing the abilities of the system to maintain the fibrillar
structures at various temperatures that were higher than the
fibril formation temperature.
We were able to observe the formation of small fibrils containing 12–96 polyalanine peptides starting from random coils
in a relatively short period of time ranging between 40 and
160 h on a single processor of an AMD Athlon MP 2200⫹ work
station. To our knowledge, these were the first simulations to
span the whole process of fibril formation from the random coil
state to the fibril state on such a large system. We found that
there was a strong relationship between the formation of ␣-helices, ␤-sheets, aggregates, and fibrils and the environmental
conditions such as temperature, concentration, and hydrophobic interaction strength. At low concentrations, c ⬍ 1.0 mM,
random-coil peptides assembled into ␣-helices at low temperatures and random coils at high temperatures, T* ⬎ 0.10. At
intermediate concentrations, c ⫽ 1.0 ⫺ 2.5 mM, random-coil
peptides assembled into ␣-helices at low temperatures, T* ⫽
0.08 ⫺ 0.10 and large ␤-sheet structures at high temperatures,
T* ⫽ 0.11 ⫺ 0.14. At high concentrations, c ⬎ 2.5 mM, randomcoil peptides formed ␤-sheets over a wide range of temperatures, T* ⫽ 0.08 ⫺ 0.14. These ␤-sheets assembled into fibrils
above a critical temperature that decreased with concentration
and exceeded the folding temperature of the isolated peptide
(T* ⫽ 0.11). At very high temperatures, T* ⫽ 0.15, and all
concentrations, the system was in a random-coil state. The
critical concentration for fibril formation was between c ⫽ 1.0
mM and c ⫽ 2.5 mM at high temperatures T* ⫽ 0.12 ⫺ 0.14.
These results are in qualitative agreement with the experimental results of Blondelle and co-workers (59, 60) on Ac-KA14KNH2 peptides. The fibrils observed in our simulations mimicked the structural characteristics observed in experiments in
that most of the peptides in our fibrils were arranged in an
in-register parallel orientation (71–73), with intrasheet and
intersheet distances similar to those observed in experiments
(74 –76), and contained about six multipeptide ␤-sheets (74,
77). Finally, we found that when the strength of the hydrophobic interaction between non-polar side chains relative to the
strength of the hydrogen bonds was increased from R ⫽ 1⁄10 to
R ⫽ 1⁄6, the system formed amorphous rather than fibrillar
aggregates. We also identified key fibril-forming events. Since
simulations were conducted by slowly cooling the system down
to the temperature of interest, analysis of the temperature
dependence of the kinetics of fibril formation was not
appropriate.
Fibril Formation Is Preceded by the Formation of Amorphous
Aggregates—We found that fibril formation is a conformational
conversion process in which the appearance of amorphous aggregates precedes ␤-sheet formation and then nucleus formation. This can be seen in Fig. 2, which shows snapshots of the
fibrillization process, which were taken at various reduced
times, t*, for the 48-peptide simulation at T* ⫽ 0.14 and a
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FIG. 3. a and b, the percentage of peptides in aggregates (of
any type), ␤-sheets, and fibril structures (a) and the average
number peptides per ␤-sheet in a fibril and the average number
of ␤-sheets per fibril (b) versus reduced time, t*, for the 48peptide system at c ⴝ 10 mM and T* ⴝ 0.14 (b).

FIG. 2. Snapshots of the 48-peptide system at various times
during a simulation at c ⴝ 10 mM and T* ⴝ 0.14 that results in the
formation of a fibril. All 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 once the fibril is formed.

peptide concentration of c ⫽ 10 mM. The system was initially
equilibrated at a high temperature, T* ⫽ 0.25 and then quickly
cooled down to T* ⫽ 0.14 within 0.1 reduced time units. In the
snapshots, all 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 once the fibril is
formed. Starting in random coil conformations at reduced time
t* ⫽ 0 (not shown), the chains begin to form small amorphous
aggregates almost immediately. These amorphous aggregates
have grown by and have collapsed into one big amorphous
aggregate by t* ⫽ 12.3. This big amorphous aggregate is not
stable and thus disperses by t* ⫽ 19.1 into smaller aggregates,
one of which is a three-peptide ␤-sheet (i.e. the purple ␤-sheet
at the upper right side of the box). Another amorphous aggregate has formed by t* ⫽ 29.0 (i.e. at the upper right side of the
box) and released a three-peptide ␤-sheet by t* ⫽ 32.5 (i.e. the
dark blue ␤-sheet in the lower center of the box). Meanwhile,
the purple ␤-sheet that was present at t* ⫽ 29.0 has added
another peptide, becoming a four-peptide ␤-sheet (i.e. at the
right center of the box). Then the system proceeds to form
another amorphous aggregate by t* ⫽ 35.3 (i.e. at the upper
right section of the box). By t* ⫽ 40.1, this amorphous aggregate has released some of its peptides; the remaining peptides
have converted into a small two-sheet structure (the gray
three-peptide ␤-sheet and the light blue two-peptide ␤-sheet at
the right center of the box). Although these two ␤-sheets are at
an oblique angle with each other, they eventually realign themselves so that all of their peptides are parallel with one another,
creating a small fibrillar aggregate (not shown). In addition,
the purple ␤-sheet has added more peptides, becoming a sixpeptide ␤-sheet by t* ⫽ 40.1 (i.e. at the upper left side of the
box). By t* ⫽ 49.0, the purple ␤-sheet and the dark blue ␤-sheet
have approached the small fibrillar structure (i.e. at the right
side of the box). However, only the purple ␤-sheet is able to

attach itself to the fibrillar structure, creating a three-sheet
fibrillar structure by t* ⫽ 64.4 (i.e. at the left center of the box).
By t* ⫽ 243.0, the dark blue ␤-sheet has attached itself to the
fibrillar structure, and all of its peptides are parallel with those
in the fibrillar aggregate, forming a four-sheet fibril, which
itself has grown by adding peptides to the ends of ␤-sheets. The
fibrillization process just described exhibits a sequence of
events that is typical of many of our simulations at different
peptide concentrations and temperatures. In essence, at the
beginning of the fibrillization process, the system of denatured
peptides stays in a lag phase during which some amorphous
aggregates form. These aggregates then convert themselves
into small ␤-sheets containing aligned ␤-strands. Once these
␤-sheet structures attain a certain size, they come together and
align one by one, creating a small fibril or protofilament. Simultaneously, the fibril grows by adding peptides to the end of
each ␤-sheet.
Quantitative analysis of our data confirmed that our simulations exhibited a conformational conversion from amorphous
aggregates to small fibrillar structures with subsequent rapid
growth of large fibrils. These features were reminiscent of the
nucleation steps seen by Serio et al. (17) on a yeast prion
protein Sup35. They observed fibril formation as a nucleated
conformational conversion process in which the formation of
small amorphous aggregates containing only 20 – 80 protein
monomers precedes critical nucleus formation. Once nuclei are
formed, oligomers, which are initially micelle-like, are added to
the fibril end simultaneously. The amorphous aggregates seen
in our simulations may be akin to the micelles observed by
Soreghan and Glabe (80) during the initial formation of ␤-amyloid fibril; in that case, the micelles were thought to mediate
the nucleation events by producing a high local concentration of
␤-amyloid peptides. These conformational conversion features
can be seen in Fig. 3, which plots the percentage of peptides in
aggregates of all types (amorphous aggregates, fibrils, and
non-fibrillar ␤-sheets), ␤-sheets (fibrillar and non-fibrillar) and
fibrillar structures, the average number of peptides per ␤-sheet
per fibril, and the average number of ␤-sheets per fibril over
time t*. The data here were taken from the simulation at T* ⫽
0.14 and c ⫽ 10 mM shown in Fig. 2. As indicated in Fig. 3a,
aggregates formed instantaneously. There was a delay time of
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20 reduced time units before some of the aggregates converted
into a ␤-sheets and a lag time of 32 reduced time units before
fibrils started to appear. As indicated in Fig. 3b, the early
fibrils were relatively small, containing two ␤-sheets each consisting of two peptides. The number of ␤-sheets per fibril increased over time, indicating that the fibril grew in part by
adding already formed ␤-sheets to its side. In addition, the
number of peptides per ␤-sheet increased gradually with time,
indicating that the fibril also grew by adding peptides to the
end of each ␤-sheet, thereby lengthening along the fibril axis.
Even after the fibril reached its final size of four ␤-sheets, the
number of peptides per ␤-sheet per fibril continued to increase
from 6 to 9 peptides.
We can offer an explanation for the presence of amorphous
aggregates, as opposed to ordered aggregates such as ␤-sheets
and small fibrils, both in our model system and in experimental
systems, based on an analysis of their energetic properties. For
a small ordered aggregate, few residues are completely buried
in the core of the structure, so that most of the residues are on
the surface. Although the ordered nature of the peptide chains
in a ␤-sheet or fibril yields a dense array of hydrogen bonds and
hydrophobic contacts in its core, if the core is small, there are
a significant number of exposed hydrophobic side chains and
unsatisfied hydrogen bond donors and acceptors on the surface.
Amorphous aggregates, on the other hand, tend to contain a
web of hydrogen bonds and hydrophobic contacts that is only
slightly denser at its center than on its surface. If just a few
peptide chains aggregate, an amorphous structure may contain
more hydrogen bonds and hydrophobic contacts than an ordered structure and hence be energetically more favorable. As
the aggregate size increases, formation of ordered structures is
more energetically favorable.
The Rate of Fibril Formation Is a Function of Peptide Concentration and Temperature—Simulations were conducted on
unseeded 48-peptide systems initially in a random-coil state at
concentrations c ⫽ 2.5, 3.75, 5, and 10 mM, which span the
range of concentrations at which fibrils can be formed, according to our previous study (56). At each concentration, simulations were performed at constant temperatures of T* ⫽ 0.08,
0.09, 0.10, 0.11, 0.12, 0.13, 0.14, and 0.15, which range from a
temperature that is well below the folding temperature for a
single ␣-helix (T* ⫽ 0.11) to a temperature (T* ⫽ 0.15) that is
so high that peptides cannot form or maintain hydrogen bonds
or hydrophobic interactions, i.e. they are in random-coil configurations. The results here are average values from at least 10
simulations at each temperature and concentration. The error
bars are standard deviations from the average values at
each time.
The rate of fibril formation increased with increasing concentration as can be seen in Fig. 4, which plots the percentage of
peptides in aggregates of all types (amorphous aggregates, fibrils,
and non-fibrillar ␤-sheets), ␤-sheets (fibrillar and non-fibrillar),
and fibrils as a function of reduced time t* for the 48-peptide
system at a constant temperature of T* ⫽ 0.14 and different
peptide concentrations, c ⫽ 2.5, 3.75, 5.0, and 10.0 mM. The rates
of forming aggregates and ␤-sheets also increased with increasing concentration. This figure also indicates that the formation of
aggregates preceded the formation of ␤-sheets, which itself preceded the formation of fibrils. In addition, the percentage of
peptides in ␤-sheets was less than the percentage of peptides in
aggregates, indicating that not all of the aggregated peptides
converted into ␤-sheets. Likewise, the percentage of peptides in
fibrils was less than the percentage of peptides in ␤-sheets,
meaning that not all of the ␤-sheets became fibrils.
The rate of fibril formation depended on the temperature, as
can be seen in Fig. 5, which plots the percentage of peptides in
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FIG. 4. The percentage of peptides in aggregates (of any type),
␤-sheets, and fibril structures versus reduced time, t*, for the
48-peptide system at a constant temperature of T* ⴝ 0.14 and
different peptide concentrations c ⴝ 2.5 mM (filled circles), c ⴝ
3.75 mM (open squares), c ⴝ 5.0 mM (filled diamonds), and c ⴝ 10.0
mM (open triangles).

FIG. 5. The percentage of peptides in aggregates (of any type),
␤-sheets, and fibril structures versus reduced time, t*, for the
48-peptide system at a constant concentration of c ⴝ 10.0 mM
and different temperatures T* ⴝ 0.13 (filled circles) and T* ⴝ
0.14 (open squares).

aggregates of all types (amorphous aggregates, fibrils, and
non-fibrillar ␤-sheets), ␤-sheets (fibrillar and non-fibrillar),
and fibrils as a function of time t* for the 48-peptide system at
a constant concentration of c ⫽ 10.0 mM and different temperatures, T* ⫽ 0.13, and 0.14. The rate of forming aggregates and
␤-sheets decreased with increasing temperature. In terms of
forming ␤-sheets, after the system at T* ⫽ 0.13 reached a
plateau at ⬃85%, the system at T* ⫽ 0.14 continued to form
more ␤-sheets, reaching a plateau at 85% by t* ⫽ 200. Although
the initial rate of forming fibrils at T* ⫽ 0.13 was greater than
that at T* ⫽ 0.14, the rate of fibril formation at T* ⫽ 0.13 later
in the simulation was less than that at T* ⫽ 0.14. After the
system at T* ⫽ 0.13 reached a plateau at ⬃40% at t* ⫽ 100, the
system at T* ⫽ 0.14 continued to form more fibrils. The reason
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FIG. 6. The lag time for fibril formation versus the concentration for the 48-peptide system at T* ⴝ 0.13 and T* ⴝ 0.14.

that the system at T* ⫽ 0.13 stopped growing fibrils after the
early stages in the simulation is that it was more likely to be
kinetically trapped than the system at T* ⫽ 0.14. At T* ⫽ 0.13,
␤-sheets were more likely to collapse onto one another at an
oblique angle larger than 35o, thus not satisfying our criteria
for classifying an aggregate as a fibril.
Fibril Formation Lag Time as a Function of Peptide Concentration and Temperature—The lag time for the formation of
fibrils observed in our simulations decreased with increasing
peptide concentration and increased with increasing temperature, as indicated by Fig. 6, which plots the lag time t* lag
versus the concentration for the 48-peptide system at T * ⫽ 0.13
and T* ⫽ 0.14. At T* ⫽ 0.14, the lag time decreased exponentially with increasing peptide concentration. However, at T* ⫽
0.13, the decrease in the lag time with peptide concentration
did not appear to be an exponential decay; instead, the lag time
decreased only slightly with increasing peptide concentration.
The rates of decrease in our lag time with peptide concentration were not completely consistent with any of the four proposed mechanisms described in the literature. Although our lag
time results at T* ⫽ 0.14 were consistent with the nucleated
polymerization model, which predicts that t*lag ⬀ exp(⫺c), our
lag time results at T* ⫽ 0.13 were more consistent with the
templated assembly model, which predicts that t*lag ⬇ c. Interestingly enough, our lag time results at all temperatures were
not consistent with the nucleated-conformational conversion
model of Serio et al. (17), who observed that the lag time is
relatively insensitive to the change in peptide concentration;
they found, for example, that the lag time over a 500-fold range
of concentration decreases by less than 10-fold.
Fibril Growth Proceeds by Both ␤-Sheet Elongation and Lateral Addition—There were two mechanisms of fibril growth in
our simulations: elongation and lateral addition. In ␤-sheet
elongation, the fibril grew by adding individual peptides to the
end of each ␤-sheet. In lateral addition, the fibril grew by
adding already formed ␤-sheets to its side. Both mechanisms
can be seen in the snapshots in Fig. 2 and in the data for c ⫽ 10
mM and T* ⫽ 0.14 on the average number of peptides per
␤-sheet in a fibril and the average number of ␤-sheets per fibril
in Fig. 3b. These two growth mechanisms were observed in all
of our simulations at different conditions as illustrated in Fig.
7, which plots the average number of peptides per ␤-sheet in a
fibril and the average number of ␤-sheets per fibril versus
reduced time, t*, for the 48-peptide system at a constant temperature of T* ⫽ 0.14 and different peptide concentrations, c ⫽
2.5, 3.75, 5.0, and 10.0 mM. Each data point is an average value
from at least 10 simulations. Fig. 7 shows that there was a

FIG. 7. The average number of peptides per ␤-sheet in a fibril
and the average number of ␤-sheets per fibril versus reduced
time, t*, for the 48-peptide system at a constant temperature of
T* ⴝ 0.14 and different peptide concentrations c ⴝ 2.5 mM (filled
circles), c ⴝ 3.75 mM (open squares), c ⴝ 5.0 mM (filled diamonds),
and c ⴝ 10.0 mM (open triangles).

more or less gradual increase in the average number of peptides per ␤-sheet in a fibril as a function of time, increasing
from two to nine peptides per ␤-sheet in a fibril. Fig. 7 also
shows that there was a gradual increase in the average number
of ␤-sheets per fibril as a function of time, increasing from two
to five ␤-sheets per fibril. Toward the end of each simulation,
the fibrils contained between three and five ␤-sheets, each with
six to nine peptides. This was also observed in our previous
simulation study (56) of the slow-cooling formation of fibrils in
systems containing 12–96 peptides at c ⫽ 5 mM, R ⫽ 1⁄10, and
T* ⫽ 0.13.
Once the fibrillar structure reached its critical ␤-sheet number, monomeric peptides tended to attach to it rather than
creating an isolated ␤-sheet. These two growth mechanisms
were similar to those observed in experiments by Green et al.
(81), who found two distinct phases in human amylin fibrillogenesis in which lateral growth of oligomers was followed by
longitudinal growth into mature fibrils. There is an energetic
explanation for the tendency of the fibrils to grow very long
along the fibril axis rather than to grow laterally by including
more and more ␤-sheets. We can imagine growth of the complex
as occurring either by the addition of a peptide that extends a
sheet or by the addition of a peptide that creates a new sheet.
This is illustrated in Fig. 8, which shows the numbers of HB
and HP between an inner peptide, labeled P, and the adjacent
peptides in the structure. Positions A and B represent possible
extensions of the fibril core. A peptide in position A, which
represents ␤-sheet elongation, would form 15 hydrogen bonds
and 27 hydrophobic interactions (14 intrasheet and 13 intersheet) with the existing fibril scaffold, whereas a peptide at
position B, which represents ␤-sheet creation, would form only
26 hydrophobic interactions. Therefore, there is an energetic
preference for ␤-sheet elongation (position A) as opposed to
␤-sheet creation (position B). This energetic preference would
help to explain the asymmetric fibril growth that is seen in
nature, where fibrils are composed of four to six ␤-sheets and
each ␤-sheet is made up of hundreds or thousands of protein
chains (74, 77–79).
Fibril Formation Is Nucleation-dependent—Fibril formation
involved a nucleation event, as suggested by our seeded simulations in which previously created fibrils were immersed in a
sea of denatured chains. The results from these seeded simu-
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FIG. 8. Schematic showing peptide locations within the fibril
indicating the types of interactions (HP or HB) between an
inner peptide, labeled P, and the adjacent peptides in the structure. Positions A and B represent possible extensions of the core of
the fibril.

FIG. 9. The average number of peptides per sheet in a fibril
and the average number of ␤-sheets per fibril versus reduced
time, t*, from the seeded simulations of the 96-peptide system at
c ⴝ 2.0 mM and T* ⴝ 0.15.

lations at T* ⫽ 0.15 are shown in Fig. 9, which plots the
average number of peptides per ␤-sheet per fibril and the
average number of ␤-sheets per fibril over time t*. This figure
indicates that the average number of ␤-sheets per fibril remained constant at four, whereas the average number of peptides per ␤-sheet per fibril increased from approximately five to
almost seven over time. This was consistent with data (not
shown) indicating that there were no new fibrils formed in the
system. Denatured random-coil peptides formed fibrils not by
creating new ones but by attaching themselves onto the seeded
fibril. In other words, the seeded fibril grew at T* ⫽ 0.15 by
adding monomeric denatured peptides to the ends of its
␤-sheets. This is in contrast to the constant temperature unseeded simulation results presented here and the results from
our previous slow-cooling unseeded simulation study (56) in
which fibril formation occured only at temperatures up to T* ⫽
0.14. In all unseeded simulations, the kinetic energy was too
high at T* ⫽ 0.15 to form and maintain any hydrogen bonds or
hydrophobic interactions; therefore, peptides at all concentrations considered were random coils (data not shown). Comparison of the results from seeded and unseeded simulations at
T* ⫽ 0.15 suggests that fibril formation is a nucleationdependent process, which is similarly observed in various
experimental studies (3, 17, 75, 82).
Fibril formation in our simulations could bypass the slow
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FIG. 10. The percentage of peptides in fibril structures versus
reduced time, t*, from the seeded and unseeded simulations of
systems at c ⴝ 2.0 mM and T* ⴝ 0.14.

nucleation step in the presence of preformed nucleus or seed.
This is shown in Fig. 10, which plots the percentage of the 48
random-coil peptides inserted into the seeded systems that
attach to the fibrils (resulting in fibril growth) as a function of
the reduced time, t*, at c ⫽ 2.0 mM and T* ⫽ 0.14. The percentages of peptides that are in fibrils during the unseeded
simulations at the same condition is also plotted for comparison. The lag time for fibril formation from the unseeded simulations was about 135 reduced time units as compared with a
lag time of zero for fibril formation in the unseeded simulations. This indicates that in the presence of a nucleus, random
coils readily attached to the fibrils without going through the
nucleation step after a long lag time.
Conclusions—Computer simulations offer unique opportunities to observe and analyze molecular level events in fibril
formation that are difficult or impossible to observe experimentally. In simulating large multipeptide systems using our intermediate resolution protein model, PRIME, in conjunction
with the discontinuous molecular dynamics, we have been able
to examine the kinetics of the fibrillization process of polyalanines to discern the molecular level mechanisms responsible
for nucleation and fibril growth at a variety of conditions. Two
types of simulations were conducted: unseeded simulations and
seeded simulations.
In unseeded simulations, the initial systems contained random-coil peptides. In the seeded simulations, already formed
fibrils were immersed in a sea of denatured peptides. The
ability of a system to form fibrils at high temperatures depended upon whether there was a seeded structure present in
the system. In the unseeded simulations, fibril formation occurred only at temperatures up to T* ⫽ 0.14; at T* ⫽ 0.15 and
higher temperatures, peptides at all concentrations considered
were random coils. However, in the seeded simulations at T* ⫽
0.15, random-coil peptides attached themselves to the seeded
fibrils, indicating that in the presence of seeds or nuclei, fibrils
could form at even higher temperature. At T* ⫽ 0.14, fibril
formation occurred quickly in the presence of nucleus as compared with the long lag times that were seen in the unseeded
simulations at the same temperatures. These results indicate
that fibril formation was nucleation-dependent, which is similarly observed in experiments (3, 17, 75, 82).
In the unseeded simulations, there was a lag time before
fibril formation commenced; the lag time depended upon the
temperature and peptide concentration. At high temperatures,
the lag time decreased more or less exponentially as a function
of concentration, as suggested by the nucleated polymerization
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model (14 –16). At low temperatures, the lag time decreased
more or less linearly with increasing peptide concentration as
suggested by the templated assembly model (11, 12). In addition, fibril formation was preceded by the appearance of amorphous aggregates and then ␤-sheets, which is similar to the
features of the nucleated conformational conversion model proposed by Serio et al. (17) on yeast prion proteins and the initial
micelle formation steps observed by Soreghan and Glabe (80)
on ␤-amyloid peptides. Unlike the nucleated conformational
conversion model in which fibril growth is through the addition
of globular multimers to fibril ends, fibril growth in our simulations involved both ␤-sheet elongation, in which the fibril
grew by adding individual peptides to the end of each ␤-sheet,
and lateral addition, in which the fibril grew by adding already
formed ␤-sheets to its side. Finally, the rate of fibril formation
depended upon the temperature and peptide concentration;
specifically, the initial rate of fibril formation increased with
increasing concentration and decreased with increasing temperatures. Despite the similarities between selected features
observed in our simulations and the behavior predicted by the
templated assembly, nucleated polymerization, and nucleated
conformational conversion models, none of these gives a fully
satisfactory description of the simulation kinetics of fibril formation by polyalanine peptides.
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