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In this paper, we investigated the spontaneous formation of aggregation structures of amyloid-forming
peptide �GGVVIA� using a coarse-grained model and Monte Carlo simulations. The effects of concentration
and temperature on the formation of different aggregation structures were studied. Three types of aggregation
structures, single-layer � sheet, amorphous �-sheet aggregate, and fibril-like structures, were observed in our
simulations. The fibril-like structures obtained in simulations have a common cross-� spine structure in which
� sheets twist in a left-handed fashion. The averaged twisting angle of the � sheet in the fibril-like structures
is 12° �2°. Moreover, it was found that the peptides in the same � sheets prefer to arrange in a parallel way,
which is consistent with the corresponding GGVVIA crystalline structure. On the other hand, it was found that
there is a rich family of �-sheet stacking patterns in the fibril-like structures suggesting that the fibril structures
are more complex than the corresponding crystalline structure and there exist many local free-energy minima
rather than a distinct global minimum.
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I. INTRODUCTION

The pathological proteins may form elongated un-
branched amyloid fibrils, which can cause many fatal dis-
eases including Alzheimer’s, Parkinson’s, and prion diseases
�1–4�. Understanding the formation mechanisms of different
protein aggregate structures is critical for developing new
drugs and other medical strategies to prevent or slow down
the pathological protein aggregation. In recent years, the
structures of amyloid fibrils have been studied extensively by
many biophysical tools including x-ray diffraction �5–8�,
NMR �9–14�, cryo-electron microscopy �15,16�, and atomic
force microscopy �17,18�. These experiments revealed that
amyloid fibrils formed by different proteins have a common
cross-� spine composed of a pair of twisted � sheets that are
parallel to the axis of fibril, with their strands being perpen-
dicular to this axis �19�. Very recently, Eisenberg and co-
workers �20,21� determined atomic-level structures of the
cross-� spines formed by ten different short peptides using
x-ray diffraction studies. The short fibril-forming peptides
derived from their parent proteins can form both fibrils and
microcrystals. In their work, it was found that between the
two � sheets forming the cross-� spine, there is a completely
dry interface where the residue side chains intermesh to form
a steric-zipper structure. According to the orientations of
peptides in � sheets and the packing styles of the � sheets,
the steric-zipper structures can be sorted into eight theoreti-
cally possible classes �21�.

Computer simulation is a very important supplementary
way to study the protein aggregations, which allows us not
only to observe the aggregation processes but also to analyze
the fibrillar structures formed by different proteins at the
atomic level. In recent years, the aggregation processes of
various polypeptides including amyloid-� �A��, polyalanine,
and GNNQQNY peptide have been investigated extensively
through computer simulations �22–29�. For example, Farvin
et al. studied the aggregation mechanism of amyloid A�16–22
peptides for systems containing up to six A�16–22 peptides
�27�. They found that for the three- and six-chain systems,

aggregated structures include high �-sheet content and can
have many different configurations. Derreumaux and co-
workers �28,29� studied the aggregation of different short
peptides KFFE �K: lysine; F: phenylalanine; E: glutamic
acid� and NFGAIL �N: asparagine; F: phenylalanine; G: gly-
cine; A: alanine; I: isoleucine; L: leucine� by combining the
activation-relaxation technique with an optimized potential
for efficient peptide structure prediction. For the KFFE pep-
tide, they also found that four KFFE peptides adopted a va-
riety of oligomeric states �tetramers, trimers, and dimers�
with various orientations of the chains in rapid equilibrium
�28�. For the aggregation of the NFGAIL peptide, they found
that starting from a preformed parallel dimer and ten disor-
dered chains, only amorphous oligomers or more rarely or-
dered �-sheet structures were formed suggesting that a dimer
is not a sufficient seed for avoiding amorphous aggregates
and there exists a critical threshold for the seed size of fibrils
�29�. Due to the long time scales involved, most computer
simulations of aggregations of polypeptides mentioned
above have been limited to systems consisting of only a few
peptides and it was difficult to obtain stable extensive fibril-
lar structures and to compare directly with experimental re-
sults. To gain information on protein aggregation process for
large systems, Nguyen and Hall �30� studied the fibril forma-
tions for the systems containing up to 96 coarse-grained
polyalanine model peptides. They observed that fibril-like
structures were formed at relatively high temperatures and
high concentrations and the formation process is nucleation
dependent. Moreover, they found that there are two growth
mechanisms of aggregation structures: �-sheet elongation
and lateral addition. However, the fibrillar structures ob-
tained in their simulations were composed of flat � sheets,
while experimental results show the � sheets in the fibrils are
twisted �7,15–18�. This discrepancy could be due to the fact
that the simple hydrogen bonding potential used in their
simulation does not reflect correctly the hydrogen bond ge-
ometry in � sheets. Recently, Bellesia and Shea studied the
self-assembly of �-sheet forming model peptides with a
more simplified model �31�. They obtained twisted fibrillar
structures in simulations with an additional “chirality” de-
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gree of freedom. In this paper, using an improved coarse-
grained model with a more realistic hydrogen bonding inter-
action potential without any artificial restriction or additional
“twisting” degree of freedom, we studied the spontaneous
formations of aggregation structures by GGVVIA peptides
using the Monte Carlo �MC� simulation technique. Three
types of aggregation structures were observed in our simula-
tions. Especially, the fibril-like structures obtained in simu-
lations are composed of left-handedly twisted � sheets that
are parallel to the fibril axis with strands being perpendicular
to the fibril axis consistent with experimental results. In ad-
dition, the effects of concentration and temperature on the
formations of aggregation structures are also discussed.

II. MODEL AND METHOD

In the present study, a coarse-grained four-bead model
based on earlier work �30,32–34� is used to describe the
basic backbone structure of peptide as shown in Fig. 1. Each
amino acid residue in the backbone is composed of four
united atoms: N, C�, C, and the side chain C�. Different from
the previous four-bead models �30,32–34�, although the hy-
drogen atom connected to the nitrogen atom and the oxygen
atom connected to the carbon atom are embedded in the
united atoms N and C, respectively, and implicit for the ex-
cluded volume effect, they are explicit in the formation of
hydrogen bond in our model �35�. In the current work, to
ensure correct hydrogen bond geometry, we used a realistic
potential fitted from protein data bank to describe the forma-
tion of hydrogen bond �36�. Details of this potential are dis-
cussed later. The center-of-mass translation, pivot, and fixed
end moves �37� are used to generate the new conformations
of the peptide in our MC simulations. Fixed end move is
very effective in generating new conformations for indi-
vidual peptide �37�. It changes the conformation of a
polypeptide by rotating a segment between two randomly
chosen alpha carbon atoms and keeping all atoms outside
this segment fixed. The degrees of freedom of each amino
acid are the two Ramachandran torsional angles � and � and
the bond angle �. The range of the allowed bond angle � is
set to ��0−10°, �0+10°�, where �0 is the average value of
bond angle � and is approximately 111.0°. Furthermore, all
bond lengths, bond angles � and �, and peptide torsional
angle � �180°, corresponding to the trans conformation of

the amide plane� are fixed �32–34�. All bond lengths and
angles used in our simulations are listed in Table I.

Protein folding and aggregation are very complicated pro-
cesses as results of a balance of many different interactions.
Most recent studies suggest that hydrogen bonding and hy-
drophobic interactions are the most important interactions
which are responsible to form and stabilize native conforma-
tion of protein and ordered fibril structures �27,30,32–34�.
Thus, in order to capture the essential interactions and focus-
ing on the construction of a simple model, in the present
study, we only consider the effects of these two most basic
interactions on the protein aggregation. The potential func-
tion in the current model has the following form:

E = Eex + Ehb + Ehp, �1�

where Eex, Ehb, and Ehp represent excluded volume effects,
hydrogen bonding, and hydrophobic interactions, respec-
tively. The excluded volume effect is modeled by a hard-
sphere potential and runs over all possible atom pairs except
for those consisting of two side chain united atoms. How-
ever, for the local hard-sphere interaction between the united
atoms separated by three or fewer bonds along the chain, the
diameters of these atoms themselves are more appropriate
than the effective diameters of united atoms �32�. Thus, we
allow the united atoms separated by three or fewer bonds
along the chain to overlap by up to 25%. In addition, in order
to increase the efficiency of hydrogen bond formation, we
allow the overlap between united atoms N and C to up to
15%. The corresponding parameters are also given in Table I.

The hydrogen bonding interaction between peptides plays
a crucial role in the formation and stabilization of the �-sheet
structures. However, the simple hydrogen bonding potential
functions used in the previous coarse-grained models are in-

FIG. 1. A Schematic picture of an amino acid residue based on
our coarse-grained peptide model. � and � are the two Ramachan-
dran torsional angles. �, �, and � are the three bond angles.

TABLE I. Geometry parameters.

Bond lengths �Å�

N-C� 1.460

C�-C 1.510

C-N 1.330

C�-C� 1.531

N-C� 2.44

C-C� 2.49

Bond angles �deg�

NC�C ��� 111.0

C�CN ��� 116.0

CNC� ��� 122.0

United-atom diameters �Å�

N 3.300

C� 3.700

C 4.000

C� 4.800
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adequate to accurately reflect the hydrogen bond geometry in
� sheets and to capture the left-handedly twisted structural
feature of fibril structures due to some artificial requirements
and rough definition of the angle-dependent component in
the hydrogen bond formation �30,32–34�. Thus, to reflect the
right geometry of the fibrillar structure, it is necessary to
introduce a more realistic potential function to describe the
hydrogen bonding interaction. In the present work, we em-
ployed the hydrogen bonding potential developed by Chen et
al. �36�. This hydrogen bonding potential consists of distance
and angle components which can describe the geometry of

hydrogen bond accurately. It has the following form:

Ehb = �hb�
ij

u�rij�v1�	1,ij,	1,avg�v2�	2,ij,	2,avg�v3�	3,ij,	3,avg� ,

�2�

where u�r� and v�	� are distance and angle components of
the potential, respectively:

u�rij� = 5�
hb

rij
	12

− 6�
hb

rij
	10

, �3�

vn�	n,ij,	n,avg� = 
1

3
�4 cos2�	n,ij − 	n,avg� − 1� , 	n,ij � �	n,avg + �	�,n = 1,2,3

0, otherwise,
� �4�

where rij is the distance between Hi and O j, and 
hb takes
1.80 Å as the average hydrogen bond length. In order to
speed up the simulations, a cutoff radius rc=5.0 Å is used in
the current model. 	1,ij, 	2,ij, and 	3,ij are defined as �
− �NHO�, the angle between NH� and OC� vectors, and �
− �COH�, respectively, and 	n,avg �n=1,2 ,3� are their aver-
age values which are 17.98°, 11.60°, and 26.77°, respec-
tively �38�. Since hydrogen bond interaction is of a very
short range, an uncertain deflection angle �	 is used to in-
crease the efficiency of the hydrogen bond formation. �	 is
taken as 60° in the current model. �hb is the strength of the
hydrogen bonding interaction and set to unity �hb=1. In the
present study, the temperature and all energy parameters are
given in units of �hb. More details of this potential can be
found in Ref. �37�.

Besides the hydrogen bonding interaction, the hydropho-
bic interaction between side chains also plays a very impor-
tant role in the formation and stability of ordered protein
structures. In the original four-bead coarse-grained models
�30,32–34�, side chains are represented by beads and the hy-
drophobic interaction between them is generally described
by the isotropic square-well potentials. This treatment is ad-
equate for amino acids with roughly spherical side chains
such as alanine and valine. However, for the peptide se-
quence GGVVIA considered in the present study, since the
amino acid isoleucine has a highly asymmetric side chain,
the isotropic potentials are not appropriate to describe the

hydrophobic interactions involving the side chains of isoleu-
cine. Therefore, we introduce a simple anisotropic potential
to describe the hydrophobic interaction between side chains
with different shapes. In the present study, the hydrophobic
interaction Ehp is given by

Ehp = �hp�
ij
��
hpij

p�ap�

rij
	12

− 2�
hpij
p�ap�

rij
	6 , �5�

where rij is the distance between hydrophobic side chains i
and j, and 
hpij

p�ap� is the distance corresponding to the mini-
mum of the hydrophobic potential. Superscripts p and ap
refer to two kinds of relative orientations between a pair of
side chains: parallel and antiparallel, which are determined
by the orientation vectors of the pair of side chains. In the
current model, the orientation vector of the side chain is
defined as the vector from the united atom C� to the side
chain C�. If the angle between the orientation vectors of a
pair of side chains is larger than 120°, the relative orientation
of this pair of side chains is considered as antiparallel, oth-
erwise, parallel. The values of 
hpij

p�ap� for different pairs of
side chains are listed in Table II. �hp is the strength of the
hydrophobic interaction. In the current model, �hp /�hb takes
a value of 0.20. In addition, all side chains are held in posi-
tions relative to the backbone so that all residues are L iso-
mers. In the present simulations, C� atoms are rigidly at-
tached to the C� atoms; but considering more realistic

TABLE II. The values of parameter 
hpij
p�ap� of hydrophobic potential in units of Å.

V �valine� I �isoleucine� A �alanine�


p 
ap 
p 
ap 
p 
ap

V �valine� 5.0 5.0 5.0 5.50 5.0 5.0

I �isoleucine� 5.0 5.50 5.0 6.0 5.0 5.5

A �alanine� 5.0 5.0 5.0 5.50 5.0 5.0
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movement of side chains, the distances from C� to N and C
are allowed to fluctuate within 2.5% of their corresponding
bond lengths listed in Table I. The Ramachandran plots for
different amino acids based on our current model are shown
in Fig. 2, which are in good qualitative agreement with the
torsional angles � and � distributions of real proteins
�38,39�.

III. RESULTS AND DISCUSSION

In the present study, all simulations were performed on
systems containing 20 or 40 GGVVIA peptides started from
random coil conformations. The aggregation structures spon-
taneously formed by random coil peptides are highly depen-
dent on many environmental conditions including the peptide
concentration and temperature. The peptide concentrations
considered in the current study are 5.0, 15.0, and 30.0 mM,
respectively. Three types of aggregation structures were ob-
served in our simulations: single-layer � sheet, amorphous
�-sheet aggregate, and fibril-like structures as shown in Fig.
3. Here, the amorphous �-sheet aggregate is defined as the
amorphous structure in which � sheets are in disordered ar-
rangement and the fibril-like structure is defined as the mul-
tisheet structure in which � sheets are parallel to the fibril
axis and their strands are perpendicular to the fibril axis. To
study the effects of temperature on aggregation, we calcu-
lated the dependence of the specific heat on temperature as
shown in Fig. 4. The results are based on the 20-peptide
system and averaged from at least ten independent simula-
tions at each concentration and temperature. In each simula-
tion, 1�107 MC steps were run for system equilibration and
another 1�107 MC steps for data collection. The error bars
were derived from the standard deviations. From Fig. 4, it
can be seen that the specific heat curve displays a peak which
corresponds to the phase transition between aggregated states
�including all types of aggregation structures� at low tem-
peratures and random coil state at high temperatures. The
phase transition temperature increases as the peptide concen-

tration is increased suggesting that the aggregates are easily
formed at relatively high peptide concentrations, which is in
accord with Nguyen’s simulation results �30�. Furthermore,
to study the effects of concentration and temperature on the
aggregation structures, we calculated the percentages of pep-
tides forming different aggregation structures, which are
shown in Fig. 5. Figure 5�a� shows the percentage of pep-
tides forming single-layered � sheets at different concentra-
tions as a function of temperature. From Fig. 5�a�, it can be
seen that the percentage of peptides forming single-layered �
sheets roughly increases with decreasing temperature sug-
gesting that the single-layered � sheets are more stable at
low temperatures. Moreover, the percentage of peptides
forming single-layered � sheets decreases as the concentra-
tion is increased in the low temperature region indicating that
the single-layered � sheets are easily formed and remain at
low concentrations. However, due to the strong thermal fluc-
tuation at high temperatures, only small single-layered �
sheets �consisting of a few strands� may form and remain at
high concentrations resulting in the increase in the percent-
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FIG. 2. Ramachandran plots for different amino acids with the
current model at temperature T=0.12: �a� alanine, �b� valine, �c�
isoleucine, and �d� glycine.
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FIG. 3. �Color online� Three typical aggregation structures ob-
served in our simulations: �a� single-layer � sheet, �b� amorphous
�-sheet aggregate, and �c� fibril-like structure.

0.09 0.1 0.11 0.12 0.13 0.14 0.15 0.16
Temperature

0
10

00
20

00
30

00
40

00
C

V

c=5mM
c=15mM
c=30mM

FIG. 4. Specific heat for different concentrations vs reduced
temperature.
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age of peptides forming single-layered � sheets with increas-
ing the peptide concentration in the high temperature region.
On the other hand, the system is easily trapped in amorphous
�-sheet aggregate states at low temperatures due to strong
hydrophobic interactions among the � sheets especially for
the cases of relatively high concentrations. As shown in Fig.
5�b�, the percentage of peptides forming amorphous �-sheet
aggregates increases with increasing peptide concentration at
low temperatures. Figure 5�c� shows the percentage of pep-
tides forming fibril-like structures at different peptide con-
centrations as a function of temperature. From Fig. 5�c�, it
can be seen that the percentage of peptides forming fibril-like
structures reaches a maximum in the intermediate tempera-
ture region and increases as the peptide concentration is in-
creased indicating that the fibril-like structures are more eas-
ily formed at intermediate temperatures and high
concentrations. In addition, from Fig. 5�c�, it can be seen that
the critical temperature of forming stable fibril-like structures

increases as the concentration is increased suggesting that the
stability of fibril-like structures increases with the increasing
peptide concentration. As a result, the systems at relatively
high peptide concentrations have a broader temperature re-
gion of forming stable fibril-like structures.

To further study the formation and detailed structural fea-
tures of fibril-like structures, we performed simulations on a
40-peptide system at different concentrations. Figure 6
shows snapshots of a typical formation process of a fibril-
like structure in a 40-peptide system at the temperature T
=0.12 and the peptide concentration c=30.0 mM. As shown
in Fig. 6, the initial configuration is disordered and all pep-
tides in the system are random coils �Fig. 6�a��. Staring from
the initial state, the peptides aggregate very quickly to form
small amorphous aggregates as shown in Fig. 6�b�. Subse-
quently, as shown in Fig. 6�c�, the amorphous aggregates in
the middle have grown to a big amorphous aggregate mainly
consisting of small � sheets through self-organization of the
peptides inside and attracting already-formed � sheets to its
sides. In the meantime, other amorphous aggregates have
collapsed or converted into individual � sheets. Subse-
quently, the big amorphous aggregate continues to grow by
attracting individual peptides to the ends of each � sheet and
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FIG. 5. The percentage of peptides forming different aggrega-
tion structures at different concentrations as a function of tempera-
ture: �a� the percentage of peptides forming single-layer � sheet, �b�
the percentage of peptides forming amorphous �-sheet aggregate
�nonfibril structure�, and �c� the percentage of peptides forming
fibril-like structure.
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FIG. 6. �Color online� Snapshots of the formation of fibril-like
structure in the 40-peptide system at c=30 mM and T=0.12: �a�
MC step=0, �b� MC step=2�105, �c� MC step=2�106, �d� MC
step=1�107, �e� MC step=2�107, and �f� MC step=3.5�107.
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gradually converts into a left-handedly twisted four-sheet fi-
brillation nucleus through self-organization of the � sheets
inside, as shown in Fig. 6�d�. Meanwhile, only two indi-
vidual � sheets have grown to become longer � sheets by
attracting individual peptides to their ends and the others
have disappeared. The four-sheet fibrillar nucleus continues
to grow by attracting individual peptides to the ends of the �
sheets and only one individual � sheet remains as shown in
Fig. 6�e�. Finally, as shown in Fig. 6�f�, a left-handedly
twisted four-sheet fibril-like structure is formed. From Fig. 6,
it can be seen that there exist two kinds of fibril growth
ways: �-sheet elongation �by attracting individual peptides to
the ends of each � sheet in the fibril� and �-sheet addition
�by attracting already-formed � sheets to the sides of the
fibril�. These observations are in agreement with Nguyen’s
simulation results �30�, although the current study was per-
formed using MC simulations. Figure 7 shows the total po-
tential energy and hydrogen bonding and hydrophobic poten-
tial energies between peptides as a function of Monte Carlo
step. From Fig. 7�a�, it can be seen that the total potential
energy declines very sharply in the very beginning, which
subsequently decreases slowly and finally becomes flat, sug-
gesting that the fibrillation process includes three main
stages. The beginning short stage �0�1�106 MC steps� cor-
responds to the rapid formation of amorphous aggregate by
the peptides in random coil configurations. The following
long stage �1�106�25�106 MC steps� corresponds to the
fibril formation by self-organizations of peptides and �
sheets. In fact, the fibril formation stage consists of two sub-
stages: the formation of the fibrillation nucleus �1�106�6
�106 MC steps� and the fibril growth �6�106�25�106

MC steps�. The last stage ��25�106 MC steps� corresponds
to the stable fibril structure. As shown in Fig. 7�b�, the evo-
lution of the hydrophobic potential follows a trend that is
similar to the hydrogen bonding potential in the fibrillation
nucleus formation stage �1�106�6�106 MC steps� indi-
cating that both the �-sheet elongation and addition play
important roles in the early stage of the fibril formation.
However, in the following fibril growth stage �6�106�25
�106 MC steps�, the slope of the hydrogen bonding poten-
tial curve remains unchanged and the hydrophobic potential
becomes largely constant, which suggests that the �-sheet
elongation is energetically more favorable than the �-sheet
addition and the fibril growth is dominated by the �-sheet
elongation in the fibril growth stage. From Fig. 6, it can be
seen indeed that once the fibril thickness �the number of �

sheets in the fibril� reaches a certain size �four sheets for the
case shown in Fig. 6 depending on the concentration in simu-
lations�, the continued fibril growth is dominated by the
�-sheet elongation along the fibril axis rather than the lateral
�-sheet addition. This growth characteristic was found in all
simulations.

Figure 8 shows the enlarged pictures of the fibril-like
structures obtained in our simulations from different viewing
angles. As shown in Fig. 8, the fibrils are composed of �
sheets that are left-handedly twisted around the fibril axis.
Here, the orientation vector of each � strand for the sequence
GGVVIA is defined as the vector from the third amino acid
valine to the last amino acid alanine. The twist angle be-
tween two successive � strands is defined as the acute angle
between their orientation vectors. The averaged twist angle
between successive � strands within each � sheet is
�12° �2° �the � strands at the end of each � sheet were
excluded due to the distortion caused by thermal fluctuation�,
which is in good agreement with the result of Esposito et al.
�40�, who found the average twist angle to be �11° by simu-
lating a pair of preformed GNNQQNY � sheets with the
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FIG. 7. �a� The total potential energy and �b� hydrogen bonding
and hydrophobic potential energies for the 40-peptide system at c
=30 mM and T=0.12 vs Monte Carlo step. All energies are given
in units of �hb. The straight lines are drawn as guide for the eyes.
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FIG. 8. �Color online� The enlarged figures of the fibril-like
structures obtained in simulations at different concentrations viewed
from different directions: �a� from the side and �b� along the fibril
axis at c=5 mM and T=0.12; �c� from the side and �d� along the
fibril axis at c=15 mM and T=0.12; �e� from the side and �f� along
the fibril axis at c=30 mM and T=0.12.
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GROMACS 3.2 software package. From Fig. 8, it can be seen
that most adjacent peptides within each � sheet are in regis-
ter and arranged in a parallel orientation. The average prob-
ability of parallel �-strand formation in the fibril-like struc-
tures in our simulations is �95�3%. This structural
characteristic of parallel arrangement of � strands in the
fibril-like structures is very similar to that found in the cor-
responding microcrystalline structure where � strands in
each � sheet are exactly arranged in a parallel orientation
�21�. In fact, the parallel arrangement of GGVVIA peptides
in their aggregate structures is energetically favorable. This
is due to the fact that one end of GGVVIA peptide includes
the more hydrophobic alanine and isoleucine and the other
end is glycine without a hydrophobic side chain; i.e., the
hydrophobicity in the sequence GGVVIA is asymmetric. As
a result, driven by the preferred hydrophobic interaction be-
tween the hydrophobic side chains at one end, the GGVVIA
peptides tend to be arranged in parallel.

For the convenience of description, the surface of a �
sheet formed by GGVVIA peptides where the side chains of
alanines stand out is labeled as an “A” surface and the other
is labeled as a “B” surface. In our simulations, three kinds of
�-sheet stacking patterns, “A-B,” “A-A,” and “B-B,” were
observed in the fibril-like structures as shown in Fig. 9.
However, � sheets stack only with A-B surfaces �“face to
back”� in the GGVVIA microcrystalline structure �21�. In
addition, as shown in Fig. 8, the relative orientation of the
adjacent � sheets in the fibril-like structures may be parallel
or antiparallel, while the neighboring � sheets are arranged
only in the antiparallel orientation in the microcrystalline
structure �21�. The structural diversity of the fibrils obtained
in our simulations may suggest that the fibrils are more com-
plex and have more flexible structures than the correspond-
ing microcrystals; correspondingly, the free-energy land-
scape of the fibril formation is very rugged and there exist
many local free-energy minima rather than a distinct global
minimum. Actually, the fibril-like structures in local minima
are very stable and can survive many steps in the MC simu-
lations. For example, as shown in Fig. 6, the formed fibril in
the simulation is still stable even when the simulation was
extended to 6�107 MC steps. These conclusions are in ac-
cordance with other simulation results in multichain systems
�27,28,41� where the free-energy landscape of protein aggre-
gation was found to be very rugged and there exist many
local minima.

IV. CONCLUSIONS

In this paper, we studied the spontaneous formation of
aggregated structures of GGVVIA peptides using Monte
Carlo simulations and a coarse-grained model for amino ac-
ids. The hydrogen bonding and hydrophobic interactions
play crucial roles in the formation and stabilization of native
conformation and aggregated structures of proteins. In the
present study, in order to capture correct structural features
of fibrils, more realistic hydrogen bonding potential which
can produce accurate hydrogen bond geometry in � sheets
and hydrophobic potential functions where the side chain
shapes of amino acids have been considered are employed.
Three types of aggregation structures, single-layer � sheet,
amorphous �-sheet aggregate, and fibril-like structures, were
observed in our simulations. The growth of fibril in our
simulations involves �-sheet elongation and lateral addition.
The fibril-like structures have a common cross-� spine struc-
ture composed of naturally left-handedly twisted � sheets.
The average twisting angle of the � sheets in the fibrils is
about 12° �2°. Most of peptides in the same � sheet are in
register and the average probability that neighboring �
strands are parallel is 95�3%. The parallel arrangement of
the neighboring � strands is in good agreement with the
structural feature observed in the crystalline structure �21�. In
addition, three possible �-sheet stacking styles, A-B, A-A,
and B-B, were observed in the fibril-like structures in our
simulations and the relative orientation between neighboring
� sheets could be parallel or antiparallel, while the � sheets
in the corresponding microcrystalline are stacked only with
the A-B fashion with an antiparallel orientation �21�. The
existence of different fibril-like aggregation configurations
may suggest that the fibrils are more complex than the cor-
responding crystalline structure, and moreover, the free-
energy landscape of fibril formation is very rugged and there
exist many local free-energy minima rather than a distinct
global minimum. To the best of our knowledge, the arrange-
ment of � sheets in fibril-like structures has not been unam-
biguously determined and it is of great interest for these
simulated structures to be tested by experiments. Although
these conclusions were drawn based on our simulations with
a coarse-grained model, they provide a vivid and detailed
picture for the spontaneous formations of the fibril-like struc-
tures by random coil peptides. We have been currently ap-
plying the model to study the mechanism of fibril formation
for extensive sequences under various conditions to demon-
strate the validity of our model for mimicking different pep-
tides. For example, the current model has been used to in-
vestigate the solvent effects on the fibril formation for short
polypeptide GAAAAG. From an application viewpoint, fur-
ther simulations are potentially useful in developing new
medical strategies to prevent or slow down the formations of
amyloid fibrils and constructing new supramolecular self-
assembling functional biological and nanomaterials �42�.
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FIG. 9. �Color online� Snapshot showing the stacking patterns
of the fibril-like structure formed in the 40-peptide system at c
=30 mM and T=0.12.
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