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Phase Diagrams Describing Fibrillization by Polyalanine Peptides

Hung D. Nguyen and Carol K. Hall
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ABSTRACT Amyloid fibrils are the structural components underlying the intra- and extracellular protein deposits that are
associated with a variety of human diseases, including Alzheimer’s, Parkinson’s, and the prion diseases. In this work, we
examine the thermodynamics of fibril formation using our newly-developed off-lattice intermediate-resolution protein model,
PRIME. The model is simple enough to allow the treatment of large multichain systems while maintaining a fairly realistic
description of protein dynamics when used in conjunction with constant-temperature discontinuous molecular dynamics, a fast
alternative to conventional molecular dynamics. We conduct equilibrium simulations on systems containing 96 Ac-KA4K-NH,
peptides over a wide range of temperatures and peptide concentrations using the replica-exchange method. Based on
measured values of the heat capacity, radius of gyration, and percentage of peptides that form the various structures, a phase
diagram in the temperature-concentration plane is constructed delineating the regions where each structure is stable. There are
four distinct single-phase regions: a-helices, fibrils, nonfibrillar B-sheets, and random coils; and four two-phase regions: random
coils/nonfibrillar B-sheets, random coils/fibrils, fibrils/nonfibrillar B-sheets, and a-helices/nonfibrillar B-sheets. The a-helical
region is at low temperature and low concentration. The nonfibrillar B-sheet region is at intermediate temperatures and low
concentrations and expands to higher temperatures as concentration is increased. The fibril region occurs at intermediate
temperatures and intermediate concentrations and expands to lower as the peptide concentration is increased. The random-coil
region is at high temperatures and all concentrations; this region shifts to higher temperatures as the concentration is increased.

INTRODUCTION

Protein aggregation is a serious problem (Wetzel, 1994; King,
1989; Fink, 1998). It is a cause, or associated symptom, of
over 20 different diseases including Alzheimer’s (Kelly,
1998, 2002; Rochet and Lansbury, 2000; Dobson, 2001;
Zerovnik, 2002); it can interfere with the recovery of
recombinant proteins from inclusion bodies; and it is
a nuisance in protein-folding experiments (Wetzel, 1994;
King, 1989; Fink, 1998). The objective of the work presented
in this article is to provide a general description of the
dependence of protein aggregation on concentration and
temperature. The focus is on ordered aggregates, e.g., amyloid
or fibrils, rather than disordered aggregates, since these are the
structures most often found in disease. Despite the numerous
experimental investigations of amyloid formation appearing
in the literature, little discussion of the sensitivity of amyloid
formation to solution conditions, particular protein concen-
tration, and temperature, has appeared. Although there
have been two simulation-based investigations (Dima and
Thirumalai, 2002; Jang et al., 2004b) that yield protein aggre-
gation phase diagrams, the models studied are not realistic
enough to offer guidance to experimentalists in choosing the
concentration and temperature at which to conduct in vitro
fibrillization experiments, or to avoid fibrillization. Here we
present a computer simulation study of the phase change
behavior of a model system of polyalanine peptides using
anovel protein model, PRIME, that contains genuine protein-
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like character. Polyalanine was chosen for study because it is
the simplest peptide known to form fibrils and because the
basic physics underlying the fibrillization process is thought
to be relatively independent of the peptide sequence.
Equilibrium simulations are conducted on a 96-peptide
system via the replica-exchange simulation method, leading
to the construction of a phase diagram in the temperature-
concentration plane delineating the regions where random
coils, a-helices, B-sheets, fibrils, and other aggregates are
stable.

Most simulation studies to date of fibril-forming peptides
by other investigators have been limited to the study of either
isolated peptides (Ilangovan and Ramamoorthy, 1998;
Kortvelyesi et al., 2001; Massi et al., 2001, 2002; Massi and
Straub, 2001a,b; Yang et al., 2003; Straub et al., 2002;
Moraitakis and Goodfellow, 2003) or model amyloid fibrils
that have already formed (Liet al., 1999; George and Howlett,
1999; Ma and Nussinov, 2002a,b; Lakdawala et al., 2002;
Zanuy et al., 2003; Zanuy and Nussinov, 2003; Hwang et al.,
2003). 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 (Mager, 1998a,b;
Mager et al., 2001; Fernandez and Boland, 2002; Gsponer
et al., 2003) 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 observed in
experiments. Given current computational capabilities, sim-
pler models are required. This has been recognized by a few
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investigators who have combined intermediate-resolution
protein models with G0 potentials to look at fibril formation.
Such an approach has been taken by Jang et al. (2004a,b), who
studied the thermodynamics and kinetics of the assembly of
four model B-sheet peptides into a tetrameric B-sheet
complex, and by Ding et al. (2002), who studied the formation
of a fibrillar double B-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 take an alternative approach, which allows the
treatment of large multichain systems while maintaining a
fairly realistic description of protein dynamics without built-
in bias toward any conformation. By combining an in-
termediate resolution protein model (described below) with
discontinuous molecular dynamics simulation (Nguyen and
Hall, 2004), we have been able to simulate the formation of
fibrils by systems containing between 12 and 96 16-residue
Ac-KA4K-NH, peptides starting from the random-coil state.
Our model is called PRIME; it was originally developed by
Smith and Hall (2001a,b,c) and later improved by Nguyen
et al. (2004). PRIME 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) (Alder and Wainwright, 1959; Rapaport, 1978, 1979;
Bellemans et al., 1980), which is an extremely fast alternative
to traditional molecular dynamics. DMD 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. Using this algorithm, we (Nguyen
and Hall, 2004) were able to sample much wider regions of
conformational space, longer timescales, and larger systems
than in traditional molecular dynamics. 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. Since the runs
took only days on a workstation, we were able to conduct
simulations at a wide variety of concentrations and temper-
atures, and to learn how peptide concentration and temper-
ature affect the formation of wvarious Ac-KA;4K-NH,
structures including amorphous aggregates, a-helices, -
sheets, and fibrils. Although kinetic trapping in local free
energy minima was minimized by slowly cooling a system
that was initially at a high temperature down to the
temperature of interest, we could never be certain if the
system had reached equilibrium or gotten stuck in a metastable
state.

In this article, we perform equilibrium simulations on
96-peptide systems over a very wide range of temperatures
and peptide concentrations using the replica-exchange
simulation method as originally formulated by Sugita and
Okamoto (1999), who combined molecular dynamics and
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Monte Carlo (MD/MC) for simulations of protein folding. In
this method, a number of replicas of the system are simulated
at a spectrum of temperatures, usually on a system of parallel
computers. At set time intervals, replicas whose temperatures
are nearest-neighbors along the temperature spectrum are
exchanged, provided that a Metropolis criterion is satisfied.
This procedure is repeated until all of the systems at different
temperatures reach equilibrium. At equilibrium, data on the
probability of being in various energy levels and states are
collected and stored for use in calculating various thermo-
dynamic averages such as the radius of gyration R,, the
specific heat Cy, and the internal energy E to determine the
phase transitions of the systems at different temperatures and
concentrations. The results are summarized in a phase dia-
gram in the temperature-concentration plane.

The model polyalanine peptide chosen for study is the
peptide Ac-KA [ 4K-NH,. We focus 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,
PRIME, that we developed previously (Smith and Hall,
2001a,b). Second, polyalanine repeats have been implicated
in human pathologies; in particular, they are responsible for
the formation of anomalous filamentous intranuclear inclu-
sions in patients having a disease called oculopharyngeal
muscular dystrophy, which is characterized by having
difficulty in swallowing, eyelid drooping, and limb weakness
(Brais et al., 1999). Third, synthetic polyalanine-based
peptides have been shown by Blondelle and co-workers to
undergo a transition from «-helical structures to S-sheet
complexes in vitro (Forood et al., 1995; Blondelle et al.,
1997), mimicking the structural transition believed to be
aprerequisite for fibril nucleation and growth (Kirschneretal.,
1986; Simmons et al., 1994; Horwich and Weissman, 1997,
Sunde and Blake, 1997; Kusumoto et al., 1998; Harrison et al.,
1999; Esler et al., 2000). Blondelle and co-workers observed
that the a-helical structures were stabilized in part by
intramolecular a-helical bonds and that the macromolecular
B-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), B-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 incubation time of 3 h; and 2), B-sheet complex formation
increased with increasing peptide concentration above
a critical concentration of 1 mM at 65°C.

Highlights of our simulation results are the following.
There are four distinct single-phase regions in which
a-helices, fibrils, B-sheets, and random coils are stable. There
are four different two-phase regions: random coils/non-
fibrillar B-sheets; random coils/fibrils; fibrils/nonfibrillar
B-sheets; and a-helices/nonfibrillar B-sheets. The a-helical
region is at low temperatures and low concentrations. The
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nonfibrillar B-sheet region is at intermediate temperatures
and low concentrations and expands to higher temperatures
as concentration is increased. The fibril region occurs at
intermediate temperatures at intermediate concentrations and
expands to lower temperatures as the peptide concentration
is increased. The random-coil region is at high temperatures
and all concentrations; it shifts to higher temperatures as the
concentration is increased.

This article is organized as follows. The next section,
Methods, describes the methods used in this work, including
the protein’s physical representation, its potential energy
function, the DMD simulation technique, and the replica-
exchange method. Results and Discussion presents the results
obtained from simulations at various conditions. Conclusions
contains a summary of our findings.

METHOD
Model peptide and forces

The model peptide is 16 residues long with the sequence PH4P, where H
stands for a hydrophobic amino acid residue and P stands for a polar amino
acid residue. This sequence was chosen to approximate Ac-KA;4;K-NH,
peptides which have been shown by Blondelle and co-workers (Forood et al.,
1995; Blondelle et al., 1997) to form stable, soluble 3-sheet complexes. The
peptide is represented at an intermediate level of resolution using a model
introduced by Smith and Hall (2001a,b,c), which we now call PRIME
(Protein Intermediate-Resolution Model). Details of the model including
values for all parameters are given in earlier articles (Smith and Hall,
2001a,b; Nguyen et al., 2004). The model is based on a four-bead amino acid
representation with realistic bond lengths and bond-angle constraints and 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 Fig. 1. Each amino acid residue is composed of four spheres—a
three-sphere backbone comprised of united atom NH, C,H, and C=0, and
a single bead side-chain R (these are labeled N, C,, C, and R, respectively, in
the figure). All backbone bond lengths and bond angles are fixed at their
ideal values; the distance between consecutive C, atoms is fixed so as to
maintain the interpeptide bond in the frans configuration. The side chains
are held in positions relative to the backbone such that all residues are
L-isomers.

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 hard-sphere or square-well potentials. 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 between /(1—6) and /(1+8)
where / is the bond length and 8 is a tolerance which we set equal to 2.375%
(Nguyen et al., 2004). Ideal backbone bond angles, C,—C,, distances, and
residue L-isomerization are achieved by imposing pseudobonds, as shown
in Fig. 1, which also fluctuate within a tolerance of 2.375%. Interactions
between hydrophobic side chains are represented by a square-well potential
of depth eyp and range 1.5 o, where oy is the side-chain diameter.
Hydrophobic side chains must be separated by at least three intervening
residues to interact. Hydrogen bonding between amide hydrogen atoms and
carbonyl oxygen atoms on the same or neighboring chains are represented
by a square-well attraction of strength ey between NH and C=O united
atoms, whenever: 1), the virtual hydrogen and oxygen atoms (whose
location can be calculated at any time) are separated by 4.2 A (the sum of the
NH and C=0 well widths); 2), the nitrogen-hydrogen and carbon-oxygen
vectors point toward each other within a fairly generous tolerance; 3), neither
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FIGURE 1 Geometry of the intermediate-resolution protein model for
polyalanine. Covalent bonds are shown with narrow solid lines connecting
beads. At least one of each type of pseudobond is shown with a thick
disjointed line. Pseudobonds are used to maintain backbone bond angles,
consecutive C, distances, and residue L-isomerization. Note that, for ease of
viewing, the united atoms are not shown full size.

the NH nor the C=O0 is involved yet in a hydrogen bond with a different
partner; and 4), the NH and C=0 are separated by at least three intervening
residues along the chain.

To satisfy the second requirement, the separations between the four
auxiliary pairs, Ni—Cqj, Ni-Nj+1, Ci~Cqj, and Ci—Ci_, surrounding the
hydrogen bond in question, are limited to certain distances that are chosen to
maintain ideal hydrogen bond angles. This is accomplished by imposing
square-shoulder interactions between the auxiliary pairs as suggested in the
work by Ding et al. (2003). Besides adding stability to the hydrogen bond,
these interactions exact a penalty for breaking a hydrogen bond when any
one of these auxiliary pairs moves inside the specified separation and thus
distorts the hydrogen bond angle. For more details on the hydrogen bonding
model used here, see a recent article by Nguyen et al. (2004). For simplicity,
the strength of a hydrophobic contact, eyp, is fixed at 1/10 the strength of
a hydrogen bond, eyg. Hydrogen bond strength and hydrophobic contact
strength are independent of temperature, as has been assumed in previous
simulation studies (Irback et al., 2000; Smith and Hall, 2001b,c).

Discontinuous molecular dynamics

Simulations are performed using the discontinuous molecular dynamics
(DMD) simulation algorithm (Alder and Wainwright, 1959; Rapaport, 1978,
1979; Bellemans et al., 1980), 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. DMD simulations are conducted as follows. Each bead of the
model protein chain is assigned a random initial position and a random initial
velocity that do not violate any of the size constraints or assigned bond
lengths and angles. The initial velocities are chosen at random from
a Maxwell-Boltzmann distribution at a specified reduced temperature 7% =
kgT/eyn, where kg is Boltzmann’s constant, T is temperature, and epp is the
strength of the hydrogen bond in the model as explained earlier. When
a DMD simulation begins, each bead moves with its individual velocity. The
simulation proceeds according to the following schedule: identify the first
event (e.g., a collision), 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 include excluded volume events, bond events, and square-well
hydrogen bond and hydrophobic interaction events. An excluded volume
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event occurs when the surfaces of two hard-sphere beads collide and repel
each other. A bond (or pseudobond) event occurs via a hard-sphere repulsion
when two adjacent spheres attempt to move outside of their assigned bond
length. Square-well events include well-capture, well-bounce, and well-
dissociation ‘‘collisions’” when a sphere enters, attempts to leave, or leaves
the square well of another sphere. For more details on DMD simulations
with square-well potentials, see articles by Alder and Wainwright (1959) and
Smith et al. (1997).

Simulations are performed in the canonical ensemble which means that
the number of particles, the volume, and the temperature are held constant.
Periodic boundary conditions are used to eliminate artifacts due to
simulation box walls. The dimensions of the box are chosen to ensure that
a chain cannot interact with more than one image of any other chain.
Constant temperature is achieved by implementing the Andersen thermostat
method (Andersen, 1980) as was used previously (Zhou et al., 1997; Smith
and Hall, 2001a). With this procedure, all beads in the simulation are subject
to random collisions with ghost particles. The post-event velocity of a bead
colliding with a ghost particle is chosen randomly from a Maxwell-
Boltzmann distribution at the simulation temperature.

Replica-exchange DMD/MC method

The replica-exchange method is implemented in five 96-peptide simulations
conducted at concentrations ¢ = 0.5, 1.0, 2.0, 3.5, and 5.0 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, the
simulation contains 32 replica systems distributed over a broad interval of
temperature ranging from 7% = 0.09 to a high temperature at which each
peptide is a random coil. Each replica system is simulated at a different
temperature 7 in the canonical ensemble using the DMD method. The
number of replicas and the distribution of temperatures are chosen to ensure
that 1), there is a free random walk in temperature space, which means that
every replica has the same probability of being switched to a neighboring
temperature; 2), the number of replicas and hence temperatures sampled
must be high enough to ensure that the probability of each replica being
switched to a neighboring temperature is >10%; and 3), the highest
temperature sampled must be high enough to prevent the system from
becoming trapped in a local energy minimum. These requirements are the
same as those stated by Sugita and Okamoto (1999).

At fixed time intervals, replicas are sorted from lowest to highest
temperature and subjected to the following temperature MC exchange
procedure. Systems i and j, with neighboring temperatures 7; and T;,
respectively, can exchange configurations (system 7/ changes to temperature
T; and system j to temperature 7j) with the probability

. 1 if DA =0
probability = {exp(—A) it pa>o D

where A = [Bi—8;1(Ui~U;) with B; = 1/(kgT;) and U; the potential energy of
the system in state i. Initially each system is in a random configuration
obtained from an NVT simulation at high temperature. Exchange attempts
occur every t* = 0.5 reduced time units. The reduced time is
t* = t/o+\/kgT/m, with ¢ the simulation time, and o and m the average
united atom diameter and mass. This corresponds to a replica-exchange
attempt after ~40,000,000 collisions at each temperature at low concen-
trations (¢ = 0.5 mM) or 60,000,000 collisions at each temperature at high
concentrations (¢ = 5.0 mM). Approximately 1000 replica-exchange
attempts are made during our simulations before equilibrium is reached.
The criteria for equilibrium is that the ensemble average of the system’s total
potential energy, which is collected at the end of each DMD run, should
vary by no more than 2.5% during the second half of all DMD runs at each
temperature.

Once equilibrium is reached, the data collection phase begins in which
300 extra replica-exchange attempts are made. During the data collection
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phase, the properties of interest at each temperature are calculated
throughout each DMD run. At the end of the replica-exchange DMD/MC
simulation, our data contain a large ensemble of peptide configurations at
each temperature and peptide concentration. Our simulations last more than
60,000,000,000 collisions at each temperature. A replica-exchange DMD/
MC simulation at a single hydrophobic interaction strength and concentra-
tion requires 36 days on a cluster of 16 2.8-Ghz Xeon processors.

Our results are reported in part in terms of the average percentage of
peptides in the system that form different structures. The structures of
particular interest are a-helices, amorphous aggregates, fibrils, nonfibrillar
B-sheets, B-hairpins, and random coils. They are defined in the following
way. If 12 intrapeptide a-helical hydrogen bonds (defined as bonds between
Ni4 and C;) are formed, the structure is an a-helix. If each peptide in a group
of peptides has at least two interpeptide hydrogen bonds or hydrophobic
interactions with a neighboring peptide in the same group, then that group is
classified as an aggregate. Aggregates can be either ordered or amorphous.
If an aggregate contains S-sheets or fibrils, we classify it as an ordered
aggregate; otherwise, we classify it as an amorphous aggregate. If each
peptide in a group of peptides has at least seven interpeptide B-hydrogen
bonds to a particular neighboring peptide in the group, we classify this group
as a B-sheet. (A B-hydrogen bond is a hydrogen bond between two residues
whose backbone angles are in the 8-region of the Ramachandran plot.) If at
least two B-sheet structures form intersheet hydrophobic interactions (at
least four hydrophobic interactions per peptide per B-sheet) and the 8-sheet
structures are at an angle <35°, we classify this as a fibril; otherwise, we
classify this and isolated [B-sheets as nonfibrillar [(B-sheet structures. A
single-peptide B-structure such as a B-hairpin and a B-turn is defined as
having three or more intrapeptide B-hydrogen bonds. Single-peptide
structures that are not a-helices or B-structures but have a small number
of intrapeptide hydrogen bonds or hydrophobic interactions are random
coils.

To locate thermodynamic transitions, we determined the average radius
of gyration R,, the reduced specific heat Cy,, and the potential energy E. The
potential energy of the system E is the sum of the energy contributed by
hydrogen bonds (the number of hydrogen bonds X eyg) and the energy
contributed by hydrophobic interactions (the number of hydrophobic
interactions X egp). The reduced specific heat, C%,, is calculated from the
average potential energy (E) and the average squared potential energy (E2),

E*) — (E)’
Cy =% )

RESULTS AND DISCUSSION

Since this article builds upon our previous work (Nguyen and
Hall, 2004) 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-KA [ 4K-NH, structures including a-helices, 3-sheets, and
fibrils. By applying the discontinuous molecular dynamics
simulation algorithm to our intermediate-resolution protein
model, slow-cooling simulations were conducted on systems
of 12, 24, 48, and 96 model 16-residue peptides at a wide
variety of concentrations and temperatures. All simulations
were performed in the canonical ensemble starting from
a random-coil configuration equilibrated at a high tempera-
ture 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

Biophysical Journal 87(6) 4122-4134



4126

packing within fibrils were examined and compared with
those observed in experiments.

We were able to observe the formation of small fibrils (or
protofilaments) containing 12-96 polyalanine peptides start-
ing 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+ workstation. 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 a-helices, B-sheets,
aggregates, and fibrils and the environmental conditions such
as temperature, concentration, and hydrophobic interaction
strength. The critical concentration for fibril formation
increased with increasing temperature in qualitative agree-
ment with the experimental results of Blondelle and co-
workers on Ac-KA4K-NH, peptides (Forood et al., 1995;
Blondelle et al., 1997). The fibrils observed in our simulations
mimicked the structural characteristics observed in experi-
ments in that most of the peptides in our fibrils were arranged
in an in-register parallel orientation, with intrasheet and
intersheet distances similar to those observed in experiments,
and contained approximately six multipeptide 3-sheets. We
also observed the formation of amorphous aggregates at
intermediate concentrations (1.0 mM = ¢ < 5.0 mM) and at
low temperatures (7% = 0.08-0.09). (Almost 20% of the
peptides within these aggregates were in a-helical conforma-
tions.) Finally, we found that when the strength of the
hydrophobic interaction between nonpolar side chains
relative to the strength of hydrogen bonding was increased
from R = 1/10 to R = 1/6, the system formed amorphous
rather than fibrillar aggregates; this is reminiscent of the
kinetic partitioning mechanism of Guo and Thirumalai (1996)
in the simulations of protein folding using minimal models.
We also identified key fibril-forming events. Since simula-
tions 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.

We then investigated the kinetics of fibril formation of
Ac-KA4,K-NH, peptides as a function of the peptide
concentration and temperature (Nguyen and Hall, 2004).
Constant-temperature simulations were conducted on sys-
tems 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 as a-helices, amorphous aggregates,
B-sheets, or fibrils was monitored as a function of time. Key
fibril-forming events were identified and compared with
proposed fibril-formation mechanisms appearing in the
literature. The lag time before fibril formation commences
decreased with increasing concentration and increased with
increasing temperature. In addition, the initial formation of
a small fibril (or protofilament) appeared to undergo a process
in which small amorphous aggregates — 3-sheets — ordered
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nucleus — subsequent rapid growth of a stable fibril. Fibril
growth in our simulations involved both 3-sheet elongation,
in which the fibril grows by adding individual peptides to the
end of each B-sheet, and lateral addition, in which the fibril
grows by adding already-formed 3-sheets to its side. Once the
fibrils attained a size of six sheets, they grew further through
a B-sheet elongation mechanism. Moreover, the rate of fibril
formation increased with increasing concentration and de-
creased with increasing temperature.

We now describe the results from equilibrium (replica-
exchange) simulations of 96-peptide systems, the subject of
this article.

Time-dependent structural transformation

Even though replica-exchange simulations are designed to
sample structures and properties at equilibrium, it is of interest
to consider how the various structures observed at different
concentrations and temperatures evolve as the system heads
toward equilibrium. At low concentrations, the structures
observed over the course of the simulation at the various
temperatures do not change with time (data not shown). For
example, at ¢ = 0.5 mM, the replicas at low temperatures
initially form a-helices which remain stable throughout the
whole simulation; likewise, the replicas at high temperatures
form random coils throughout the whole simulation. In
contrast, at intermediate concentrations, the structures
initially formed by the replicas at low temperatures are
different than the equilibrium structures observed much later
in the simulation. This can be seen in Fig. 2, which plots the
number of intramolecular a-helical hydrogen bonds and the
number of intermolecular hydrogen bonds at ¢ = 3.5 mM as
a function of the number of replica-exchange attempts at
different temperatures (7* = 0.09, 0.11, and 0.13). At the
beginning of the simulation, the replicas at 7% = 0.09 form
arelatively high number of intramolecular a-helical hydrogen
bonds and intermolecular hydrogen bonds, indicating a struc-
ture that is an amorphous aggregate with embedded a-helices
as shown in Fig. 3 a. This amorphous structure is similar to
those in our previous slow-cooling and constant-temperature
simulations. Fig. 2 also indicates that the replicas at higher
temperatures, 7% = 0.11 and 0.13, initially form more
intermolecular hydrogen bonds than those at 7* = 0.09; these
structures contain many [3-sheets (not shown). As the
simulation proceeds, the replicas at low temperatures are
replaced by those at higher temperatures and the replicas at
high temperatures are replaced by those at lower temper-
atures. After ~150 replica-exchange attempts, the a-helix-
containing amorphous aggregates that are formed at low
temperatures have dissolved at the high temperature. In other
words, at low temperatures, the peptides form intramolecular
a-helical hydrogen bond contacts, which are the easiest to
make and so form first. These «-helices are prone to
aggregation once they gain the high kinetic energies from
the elevated temperatures. They then modify their bonds and
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FIGURE 2 The number of intramolecular a-helical hydrogen bonds
(solid lines) and the number of intermolecular hydrogen bonds (dashed
lines) versus the number of replica-exchange attempts at concentration
¢ = 3.5 mM and reduced temperatures (@) T* = 0.09, (b) T* = 0.11, and
() T* = 0.13.

structure to form a more stable 3-sheet aggregate structure.
This can be seen in Fig. 2, which shows a decrease in the
number of intramolecular a-helical hydrogen bonds and an
increase in the number of intermolecular hydrogen bonds by
150 replica-exchange attempts. After 650 replica-exchange
attempts, the dissolution of amorphous aggregates with
a-helices is complete at low temperatures; the equilibrium
structure is a fibril that contains several separate 3-sheets as
shown in Fig. 3 b. This indicates that the amorphous structures
formed at intermediate concentrations and low temperatures
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in our previous slow-cooling and constant-temperature
simulations were kinetically trapped in local minima.

Structures at equilibrium

At low concentrations, as the temperature increases the
system goes from a one-phase region containing a-helices to
a narrow two-phase region containing both nonfibrillar
B-sheets and random coils and then to a one-phase region
containing random coils. This can be seen in Fig. 4, which
plots the percentage of peptides in different structures as
a function of the reduced temperature 7* for the 96-peptide
system at ¢ = 0.5 mM. This figure indicates that at low
temperatures (T* = 0.09-0.11), the vast majority of peptides
form a-helices as expected based on the intrinsic a-helical
property of polyalanines in dilute solutions. The temperature
at which half of the peptides form a-helices is T* = 0.11,
which is the midpoint of the folding transition (50% helicity)
of a single peptide from our previous simulations (Nguyen
et al., 2004). As the temperature increases to intermediate
temperatures (T* ~ 0.110-0.135), the system goes to a two-
phase region that has predominantly random coils and
less prominently nonfibrillar B-sheets. The formation of
B-structures at intermediate temperatures is also observed for
single peptides based on our previous simulations (Nguyen
et al., 2004). At high temperatures (7* > 0.135), the only
structure that appears is the random coil.

The existence of a transition between a one-phase region
containing a-helices and a two-phase region containing both
nonfibrillar B-sheets and random coils is supported by the data
in Fig. 5, which plots the reduced specific heat C5; and radius
of gyration R, (in A) as a function of the reduced temperature
T* for the same system as in Fig. 4. The transition temperature
can be identified from the peaks in the specific heat CY,
which is the slope of the potential energy with respect to the

FIGURE 3 Snapshots of a 96-peptide (¢) amorphous
aggregate obtained early and (b) fibrillar structure
obtained at equilibrium from the ¢ = 3.5 mM
simulation at 7% = 0.09. The amorphous aggregate
contains a-helices that are shown in blue. The fibrillar
structure is viewed down the fibril axis with hydro-
phobic side chains in red. Backbone atoms of different
peptides have different colors, assigned so that it will
be easy to distinguish the various sheets. Note that, for
ease of viewing, the united atoms are not shown full
size.
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nonfibrillar B-sheets (), amorphous aggregates (A), hairpins (A), and
random coils (*) versus the reduced temperature 7* for the 96-peptide
system at ¢ = 0.5 mM.

temperature. The reduced specific heat C5, data in Fig. 5
show the transition between a one-phase region containing
a-helices and a two-phase region containing both nonfibrillar
B-sheets and random coils at 7* = 0.110, which is the same as
the midpoint of the a-helical folding transition at 7% = 0.110
deduced from Fig. 4. The radius of gyration also reflects the
phase transition. For example, the radius of gyration in the
one-phase region which contains a-helices (e.g., at 7% = 0.09)
1s7.31 A, which is comparable to 7.27 Afora perfect a-helix.
In the two-phase region which contains both random coils and
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FIGURE 5 Reduced specific heat Cy, and radius of gyration R, (in A)
versus the reduced temperature 7* for the 96-peptide system at ¢ = 0.5 mM.
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nonfibrillar B-sheets, the radius of gyration (e.g., at T* = 0.12)
is 11.77 A, which is between the value of 10.45 A for a single
random-coil conformation and 13.10 A for an extended
peptide conformation such as those observed in -sheets in
our previous simulation studies (Nguyen and Hall, 2004). In
the one-phase random coil region at 7* > 0.12, the radius of
gyration (e.g., at 7% = 0.14) is 11.41 A, which is comparable
to the value for a typical random coil.

As the concentration increases from ¢ = 0.5 mM to ¢ =
1.0 mM, the transition between different phases is hard to
detect since at each temperature the system contains more
than one structural state as can be seen in Fig. 6, which plots
the percentage of peptides in different structures as a function
of the reduced temperature 7* for the 96-peptide system at
¢ = 1.0mM. Atlow temperatures (T* < 0.095), the structural
state that has the highest number of peptides is the a-helical
structure at ~40%, followed by the nonfibrillar B-sheet at
~30% and the amorphous aggregates at ~25%. As the
temperature increases above T* = 0.095, the percentages of
peptides that form «-helices and amorphous aggregates
decrease. In contrast, the percentage of peptides that form
nonfibrillar B-sheets increases to a maximum at 7* = 0.115.
Over the temperature range 7% = 0.115-0.125, the
percentage of peptides that form nonfibrillar B-sheets is
relatively high with a peak of 60% at T* = 0.115; at that
same temperature the percentage of peptides that form each
of the other structures (fibrils, amorphous aggregates, and
B-hairpins) is ~10%. As the temperature increases from
T#* = 0.125 to T* = 0.14, the percentage of peptides that
form fibrils increases, peaking at a value of 20%. Over this
temperature range only 5% of the peptides form amorphous
aggregates; the remaining 75% of the peptides form random
coils.
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FIGURE 6 The percentage of peptides in «-helices (@), fibrils (O),
nonfibrillar B-sheets (#), amorphous aggregates (A), hairpins (A), and
random coils (¥*) versus the reduced temperature 7% for the 96-peptide
system at ¢ = 1.0 mM.
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The thermodynamic properties Cy; and R, of the system at
¢ = 1.0 mM are shown in Fig. 7, which plots the reduced
specific heat C5; and radius of gyration R, (in A) as a function
of the reduced temperature T* for the same system as in Fig.
6. The specific heat results show a peak at ~T* = 0.128; this
corresponds to the midpoint of the nonfibrillar 8-sheet curve
reflecting a phase transition between a multiple-phase region
in which nonfibrillar B-sheets are dominant and a multiple-
phase region in which random coils are dominant. The radius
of gyration results show more phase transitions than the
specific heat data. At 7* < 0.095, the radius of gyration is
R, = 8.9’ A, which is closer to the value for a perfect a-helix
(7.27 A) than to the random-coil-like value found in
amorphous aggregates (10.45 A), or the value in a 3-sheet
conformation (13.10 A). At T* = 0.10-0.11, the radius of
gyration increases to R, = 11.0 A, which is an average of the
values for a-helices and -sheets. The radius of gyration
then increases to R, = 12.5 A at T* = 0.125, marking the
region where the vast majority of peptides are nonfibrillar
B-sheets. The radius of gyration then decreases to 11.0 A at
T* = 0.14 and beyond for the random coil.

As the concentration increases from ¢ = 1.0 mM to ¢ =
2.0 mM, there is a transition between a two-phase region
containing fibrils and nonfibrillar 3-sheets and a one-phase
region containing random coils as can be seen in Fig. §,
which plots the percentage of peptides in different structures
as a function of the reduced temperature 7* for the 96-
peptide system at ¢ = 2.0 mM. At T* < 0.14, most peptides
are in S-sheets, both fibrillar and nonfibrillar. In addition,
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FIGURE 7 Reduced specific heat C5; and radius of gyration R, (in A)
versus the reduced temperature 7% for the 96-peptide system at ¢ = 1.0 mM.
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~10-20% of peptides are in amorphous aggregates. At T* =
0.14, most peptides are random coils.

The thermodynamic properties C5; and R, of the system at
¢ = 2.0 mM show the transition between the B-sheets and the
random coil as seen in Fig. 9, which plots the reduced
specific heat Cy, and radius of gyration R, (in A) as a function
of the reduced temperature 7* for the same system as in Fig.
8. The transition occurs at 7% = 0.14.

As the concentration increases from ¢ = 2.0 mM to ¢ =
3.5 mM, there is only one transition—between the fibrils and
random coils—as can be seen in Fig. 10, which plots the
percentage of peptides in different structures as a function
of the reduced temperature 7* for the 96-peptide system at
¢ = 3.5 mM. At T* < 0.11, most peptides are in fibrils but
some peptides are in nonfibrillar B-sheets. At 7# = 0.11-0.13,
the population of fibrils remains high. At 7* > 0.13,
the percentage of peptides that form fibrils decreases as the
percentage of peptides that form random coils increases.

The thermodynamic properties C5; and R, of the system at
¢ = 3.5 mM show the same phase transition as that inferred
from the data in Fig. 10. This can be seen in Fig. 11, which
plots the reduced specific heat Cy; and radius of gyration R,
(in A) as a function of the reduced temperature 7* for the
same system as in Fig. 10. The specific heat results show
a peak at T* = (.13, which corresponds to the upper limit of
the temperature region in which the number of fibrils is at
amaximum. The radius of gyration also indicates that there is
aphase transition between fibrils and random coils as its value
drops from 13.2 A at T = 0.12 to 11.0 A at 7% = 0.14. In
addition, the value of the radius of gyration is consistent with
an increase in the percentage of peptides that form fibrils over
the lower range of the transition temperature as its value
increases from 12.0 A at T* = 0.09 to 13.2 A at T* = 0.13.
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FIGURE 8 The percentage of peptides in a-helices (@), fibrils (OJ),
nonfibrillar B-sheets (#), amorphous aggregates (A\), hairpins (A), and
random coils (*) versus the reduced temperature 7* for the 96-peptide
system at ¢ = 2.0 mM.
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As the concentration increases from ¢ = 3.5 mM to ¢ =
5.0 mM, there is again only a phase transition between fibrils
and random coils. This can be seen in Fig. 12, which plots
the percentage of peptides in different structures as a function
of the reduced temperature 7* for the 96-peptide system at
¢ = 5.0 mM. Over a wide temperature range from 7* = 0.09
to T* = 0.14, a high percentage (80%) of the peptides form
fibrils and a low percentage (~15%) form nonfibrillar
B-sheets. At T* > 0.14, most peptides form random coils.
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FIGURE 10 The percentage of peptides in a-helices (@), fibrils (OJ),
nonfibrillar B-sheets (), amorphous aggregates (A), hairpins (A), and
random coils (*) versus the reduced temperature 7% for the 96-peptide
system at ¢ = 3.5 mM.
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FIGURE 11 Reduced specific heat Cy;, and radius of gyration R, (in A)
versus the reduced temperature 7* for the 96-peptide system at ¢ = 3.5 mM.

The thermodynamic properties C5; and R, of the system at
¢ = 5.0 mM show the transition between fibrils and random
coils. This can be seen in Fig. 13, which plots the reduced
specific heat Cy, and radius of gyration R, (in A) as a function
of the reduced temperature 7* for the same system as in Fig.
12. The transition is at ~T* = 0.135, which is slightly lower
than the midpoint of the fibril transition at 7% = 0.139 shown
in Fig. 12.

The results for the 96-peptide system that we have just
described are summarized in Fig. 14, which shows the phases
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FIGURE 12 The percentage of peptides in a-helices (@), fibrils (OJ),
nonfibrillar B-sheets (¢), amorphous aggregates (A), hairpins (A ), and
random coils (*) versus the reduced temperature 7* for the 96-peptide
system at ¢ = 5.0 mM.
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that occur in the space spanned by the reduced temperature 7*
and peptide concentration c. Here we call a particular structure
a phase if the percentage of peptides forming that structure is
at least 50%. If the structure with the second-highest
percentage of peptides has a percentage of at least 20%, we
then say that there are two phases. If no structure has
a percentage of 50% or higher, we then say that there are rtwo
phases, which contains the two structures with the highest
percentages. Fig. 14 shows that there are four single-phase
regions: a-helices, fibrils, nonfibrillar 8-sheets, and random
coils. In addition, there are four different two-phase regions:
random coils/nonfibrillar B-sheets, random coils/fibrils,
fibrils/nonfibrillar ~ B-sheets, and «-helices/nonfibrillar
B-sheets. When one of the phases in a two-phase region is
dominant, this is indicated by an all-caps label on Fig. 14.
The formation of the various structures of interest is highly
dependent upon the peptide concentration and temperature:

At low concentrations (¢ = 0.5 mM), there are two
transitions separating the following three regions:
a single-phase region containing a-helices at low
temperatures (7* = 0.11); a two-phase region con-
taining random coils and nonfibrillar B-sheets at
intermediate temperatures (7* = 0.12-0.13); and
a single-phase region containing random coils at high
temperatures (7* > 0.13).

As the concentration is increased to ¢ = 1.0 mM, the
number of a-helices formed at low temperatures (T* =
0.10) decreases as nonfibrillar 3-sheets are increasingly
formed.
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FIGURE 13 Reduced specific heat CY; and radius of gyration R, (in A)
versus the reduced temperature 7* for the 96-peptide system at ¢ = 5.0 mM.
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and random coils. The two-phase regions are random coils/nonfibrillar
B-sheets, random coils/fibrils, fibrils/nonfibrillar B-sheets, and a-helices/
nonfibrillar B-sheets.

As the temperature is increased to intermediate temper-
atures (T* = 0.11-0.13) at ¢ = 1.0 mM, the formation
of nonfibrillar B-sheets increases. Further increase in
the temperature results in the formation of random
coils.

As the concentration is increased to ¢ = 2.0 mM, there is
a transition between a two-phase region (containing
fibrils and nonfibrillar B-sheets) at low and intermedi-
ate temperatures (7% < 0.14); and a single-phase
region containing random coils at high temperatures.

As the concentration is increased to ¢ = 3.5 mM, there are
two transitions between a two-phase region (containing
fibrils and nonfibrillar B-sheets) at low temperatures;
a one-phase region containing fibrils at intermediate
temperatures; and a single-phase region containing
random coils at high temperatures.

As the concentration is increased beyond ¢ = 3.5 mM,
there are three transitions between a two-phase region
(containing fibrils and nonfibrillar B-sheets) at low
temperatures; a one-phase region containing fibrils
at intermediate temperatures; a two-phase region (con-
taining fibrils and random coils) at high temperatures;
and a single-phase region containing random coils at
very high temperatures.

Note that the more the concentration is increased above
3.5 mM, the more the fibril region expands to low
temperatures. Although Fig. 14 indicates that in the high
concentration region (¢ > 2.5 mM) fibril formation is
independent of the concentration at 7* > 0.10, the degree of
fibril formation actually increases with the concentration.
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This can be seen by comparing the percentages of peptides
that are fibrils shown in Fig. 10 with those in Fig. 12.

The formation of the various structures of interest depends
upon the outcome of the competition between intramolecular
and intermolecular interactions. Intramolecular interactions
predominate at low temperatures and low concentrations,
contributing to the formation of a-helices. As the concen-
tration is increased to intermediate values, intermolecular
interactions predominate at low to intermediate temper-
atures, contributing to the formation of nonfibrillar 3-sheets
As the concentration is increased further to high concen-
trations, intermolecular interactions predominate strongly at
low to intermediate temperatures, contributing to the for-
mation of fibrils. At all concentrations and at high temper-
atures, both intramolecular and intermolecular interactions
lose out to the high kinetic energy, contributing to the
formation of random coils.

CONCLUSIONS

In this article, we performed equilibrium simulations on 96-
peptide systems over a very wide range of temperatures and
peptide concentrations by using the replica-exchange simu-
lation method. Based on the thermodynamic properties Cy,
and R, of the system at each concentration and the data on the
percentage of peptides that form the various structures, we
mapped out a phase diagram in the temperature-concentration
plane delineating the regions where different structures are
stable. We found that there are four distinctive single-phase
regions: a-helices, fibrils, nonfibrillar B-sheets, and random
coils. The a-helical region occurs at low temperature and low
concentration. The 8-sheet structures that are not in fibrils are
at intermediate temperatures; this B-sheet region expands to
higher temperatures as concentration is increased. The fibril
region occurs mostly at intermediate temperatures and
intermediate concentrations and expands to lower temper-
atures as the peptide concentration is increased. The random-
coil region occurs at high temperatures at all concentrations
and shifts to even higher temperatures as the concentration is
increased. In addition, there are four different two-phase
regions: random coils/nonfibrillar B-sheets, random coils/
fibrils, fibrils/nonfibrillar 3-sheets, and a-helices/nonfibrillar
[B-sheets.

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 precipita-
tion. Second, it is possible that a more elaborate model force
field is required to adequately represent peptides and their
environment. Third, we have fixed the strengths of the
hydrogen bond and hydrophobic interactions relative to
temperature. Dill et al. (1989) and Shimuzu and Chan (2000)
have proposed a temperature-dependent hydrophobic poten-
tial that undergoes a maximum at intermediate temperatures,
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accounting for weakened interactions from cold denaturation
at low temperature and from heat denaturation at high
temperature (Dill et al., 1989). Further simulation studies with
our model will be required to probe the importance of
temperature-dependent interactions. In addition, we have
taken a majority rule approach in generating a phase diagram;
therefore, each phase is not distinct in the sense that our two-
phase regions do not represent equilibrium between two
phases. Nevertheless, our phase diagram should prove useful
in understanding the basic principles behind fibril formation
since our results agree qualitatively with experiments on
polyalanines by Blondelle and co-workers (Forood et al.,
1995; Blondelle et al., 1997). They observed monomeric
a-helical structures at 100 uM and 25°C. As the peptide
concentration increased to 1 mM, they found that B-sheet
complex formation increased with increasing temperature,
exhibiting an S-shaped dependence on 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 B-sheets start to form decreased to 45°C. It is hoped
that our results, which are summarized in a phase diagram,
will provide experimentalists some guidance in locating the
temperature and concentration at which to conduct in vitro
fibrillization experiments, or to avoid fibrillization. Although
our phase diagram is not expected to be quantitatively
accurate, especially for an arbitrary protein, we speculate that
its shape may be universal. An experimentalist who is aware
of this universal shape is less likely to conclude that
fibrillization does not occur when the wrong region of the
phase diagram is being accessed.

Although the model peptide studied, polyalanine, is
perhaps not as exciting as other commonly studied amyloido-
genic sequences such as those for 8-amyloid, polyalanine was
chosen for the study presented here because it is the simplest
peptide known to form fibrils, and hence, the most easily
modeled. The next step would be to add more features and
parameters to our current model so as to accommodate all of
the amino acids. Work along these lines is in progress but it is,
of course, not a trivial undertaking. We believe that the
modeling approach described in this article contributes to our
molecular-level understanding of the fibrillization process,
providing useful insights that could guide medical researchers
in developing therapeutic strategies or inhibitors to treat the
so-called amyloid diseases.
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