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ABSTRACT The formation of amyloid fibrils is
associated with major human diseases. Neverthe-
less, the molecular mechanism that directs the nucle-
ation of these fibrils is not fully understood. Here,
we used molecular dynamics simulations to study
the initial self-assembly stages of the NH2-NFGAIL-
COOH peptide, the core-recognition motif of the
type II diabetes associated islet amyloid polypep-
tide. The simulations were performed using mul-
tiple replicas of the monomers in explicit water, in a
confined box starting from a random distribution of
the peptides at T � 300 K and T � 340 K. At both
temperatures the formation of unique clusters was
observed after a few nanoseconds. Structural analy-
sis of the clusters clearly suggested the formation of
“flat” ellipsoid-shaped clusters through a preferred
locally parallel alignment of the peptides. The unique
assembly is facilitated by a preference for an ex-
tended conformation of the peptides and by intermo-
lecular aromatic interactions. Taken together, our
results may provide a description of the molecular
recognition determinants involved in fibril forma-
tion, in terms of the atomic detailed structure of
nascent aggregates. These observations may yield
information on new ways to control this process for
either materials development or drug design.
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INTRODUCTION

Amyloid fibrils are well-ordered self-assembled protein
structures in the nanometric scale. These fibrillar struc-
tures are associated with a large variety of diseases of
unrelated origin.1–7 A partial list of disorders includes
Alzheimer’s disease, type II diabetes, prion diseases, and
primary and secondary amyloidosis. All these diseases are
characterized by the formation of large protein deposits
(also know as “protein plaques”) in various organs and
tissues. Fibrils from different sources (e.g., from the pan-
creas of type II diabetes patients compared to the brain of
Alzheimer’s disease patients) show remarkable ultrastruc-
tural and biophysical similarity. Ultrastructural analysis

of the deposits, using electron microscopy and atomic force
microscopy, demonstrate the existence of fibrils with a
diameter of 7–10 nm and a length of several microns.1–5

Furthermore, X-ray diffraction patterns of several fibrils
show a predominant �-sheet structure. Nevertheless, de-
spite the high similarity between the fibrils that are
formed by the various proteins in different diseases, there
is no clear homology between the diverse amyloid-forming
polypeptides.

The complexity of amyloid formation underlines the
need for highly simplified systems, in which the effects of
the perturbation of single properties on aggregation can be
pinpointed. Both empirical and rational approaches have
been used to design such systems for amyloidogenesis.8–12

In this context, the core-recognition motif of the islet
amyloid polypeptide (IAPP) serves as an excellent model
system to study the process of amyloid formation.13 This
NH2-NFGAIL-COOH hexapeptide forms fibrils that show
remarkable ultrastructural similarity to those that are
formed by the full-length IAPP in the pancreas of type II
diabetes patients.13 Using an alanine scan, the fundamen-
tal role of the phenylalanine residue in driving amyloid
fibril formation by a peptide that contained the core-
recognition motif has been previously demonstrated.14

The substitution of the phenylalanine to an alanine com-
pletely abolished the ability of the fragment to form
amyloid fibrils in vitro.14 However, the substitution of the
phenylalanine to the less-hydrophobic tryptophan residue
resulted in efficient self-assembly of amyloid-related struc-
tures.15,16 Based on these observations, the remarkable
occurrence of aromatic residues in other short amyloid-
related sequences, and the well-known role of aromatic
interactions in processes of self-assembly in chemistry and
biochemistry, it has been speculated that interactions
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between aromatic residues may play a role in the accelera-
tion of the process of amyloid fibrils formation.8,16–18

Previous molecular dynamics (MD) simulations of NF-
GAIL and NFGAILSS peptides19–22 focussed on the stabil-
ity of �-clusters by building several different models with
two and three strands, and by successively performing MD
simulations to investigate their structure and stability.
The results showed that the presence of the two serines
resulted in a higher stability of the nascent protofibril.

In the present article we use MD simulations of NFGAIL
sequences to investigate the possible initial steps in the
aggregation/nucleation of model peptides and characterize
possible molecular recognition mechanisms involved in
these processes. Different from previously reported stud-
ies, our starting point was not an already pre-formed
aggregate of peptides,19–22 but a solution of 26 peptides
with initial positions and orientations taken at random.
The initial conformation of each peptide was chosen as
completely extended, consistently with information de-
rived from solid-state NMR studies on fibrils,6,23 and in
analogy with other simulation studies on the same pep-
tide.19,21 Two more control simulations were run, imposing
two different sets of starting conformations on the pep-
tides. In the first, each peptide was modeled in a �-turn
conformation, with the turn spanning residues Gly and
Ala. In the second, an �-helical conformation was imposed
on the four central residues of each peptide. The concentra-
tion conditions were the same in every case (vide infra).
These two control simulations were run to rule out the
(unwarranted) assumption that the peptides have to be
extended prior to clustering. The peptides were solvated
with explicit water in a confined box to mimic conditions of
high local concentration. The starting conformations and
concentration were chosen to mimic local microscopic
conditions that can favor the formation of aggregates on
all-atom, explicit water MD accessible time scales.

The results clearly demonstrated a specific assembly of
the peptide monomers into well-ordered ellipsoid-shaped
structures that show a specific network of aromatic interac-
tions.

METHODS

MD simulations, in the NVT ensemble, with fixed bond
lengths,24 were performed with the GROMACS software
package25 and with the GROMOS96 force field.26 Water
was modeled by the simple point-charge (SPC) model.27 A
twin range cutoff was used for the calculation of the
nonbonded interactions. The short range cutoff radius was
set to 0.8 nm and the long range cutoff radius to 1.4 nm for
both Coulombic and Lennard-Jones interactions. The Be-
rendsen algorithm28 was used for the temperature control.
Twenty-six replicas of the same NFGAIL peptide were
placed in a periodic truncated octahedron large enough to
contain the peptides and �1.0 nm of solvent on all sides.
The initial position of each peptide was chosen at random.
In analogy to other simulation studies on the same pep-
tide19,21 the initial conformation of every single unit was a
totally extended one. The number of water molecules
added was 20,266. Two different MD simulations were

performed at T � 300 K (11.2 ns) and T � 340 K (10 ns),
respectively. Two control simulations were also run: in the
first, the peptides were simulated starting from a turn
conformation (10 ns), and in the second, starting from an
�-helix conformation.

The aggregation process in all simulations was deter-
mined by following the formation and development of
peptide clusters: a peptide unit is added to a preexisting
cluster when its distance to any element of the cluster is
less than 0.35 nm, that is, when at least one atom of the
unit forms a van der Waals contact with an atom belonging
to the cluster. This clustering procedure is included in
release 3.2.1 of the GROMACS package. To evaluate the
dimensions of a cluster, and its global geometrical proper-
ties, principal geometrical axes were calculated. This was
accomplished by a principal component analysis, at each
MD frame, of the spatial atomic fluctuation from the
geometrical center of the cluster, as obtained diagonaliz-
ing the 3 � 3 atomic positional covariance matrix Ci,j:

Ci,j �
1
N �

k�1

N

�xi,k � xi��xj,k � xj�

where i and j correspond to x, y, and z, for the kth atom, N
to the total number of atoms, and x� refers to the geometri-
cal center of the cluster. Its eigenvectors represent the
principal geometrical axes in three-dimensional space,
and the corresponding eigenvalues yield the mean square
geometrical fluctuation of the atomic distribution along
the three principal geometrical axes (eigenvectors) of the
cluster. Note that we define such three geometrical axes
according to the decreasing order of the corresponding
eigenvalue, that is, the first eigenvector corresponds to the
largest eigenvalue and the third to the smallest. Using the
same procedure, the principal geometrical axes were also
calculated for each single peptide. In the hypothesis of a
Gaussian statistics for the atomic positional distribution
around the geometrical center of the cluster, an estimate of
the cluster size along each principal geometrical axes,
within 99% of confidence, is given by six times the square
root of the corresponding eigenvalue (RMSF) (i.e., �3
standard deviations).

The extent of aromatic packing, and the relative orienta-
tions of aromatic rings with respect to each other were
evaluated by the calculation of two representative angles 	
and 
. For a pair of phenylalanines, 	 is the angle between
the two ring surface normals; 
 is the angle between the
normal and the vector, Rcen, connecting the two geometri-
cal centers of the aromatic rings, according to McGaughey
et al.29

After a stable cluster of peptides was formed in either
simulation, quantitative characterization of the dynamical
properties was performed, utilizing a principal component
analysis of the covariance matrix of the positional fluctua-
tions (essential dynamics analysis) of the C-alpha atoms of
the peptides belonging to the cluster, as described else-
where.30,31 This matrix was built from the equilibrated
portion of the trajectories (beyond 9.5 ns at 300 K and 8.5
ns at 340 K, and the last nanosecond for the two control
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simulations), and its diagonalization yielded the principal
directions (essential eigenvectors) associated to the large-
amplitude concerted motions that define the essential
subspace of a cluster’s internal dynamics.

RESULTS

Two simulations at T � 300 K and T � 340 K were
performed for 11.2 and 10 ns, respectively, starting from a
random distribution of the peptides in the simulation box
from totally extended conformations. In Figure 1, the
trajectory of the cluster analysis is reported. At 300 K,
after 1.5 ns, a large cluster of 22 peptides is observed. At
t � 9.5 ns, two more peptides are added to the cluster in
such a way that only two peptides are not included in the
aggregate. At T � 340 K the formation of a unique cluster
can be observed at t � 7.0 ns.

The distribution of the �, � backbone dihedral angles
over the whole simulation time for the two different
temperatures (Fig. 2) shows that the B region is the most
populated, showing that the peptides are mostly in an
extended conformation. It has to also be pointed out that

the other regions of the Ramachandran plot are populated.
The preferential population of the B region is confirmed by
the distributions over the whole simulation time of the
eigenvalues corresponding to the principal geometrical
axes of each peptide, providing (within 99% of confidence)
the peptide time-average sizes of 1.44, 0.36, and 0.12 nm,
respectively, which correspond to a rather elongated geom-
etry along the first geometrical axis. Similarly, the eigen-
values of the principal geometrical axes of a cluster can
account for its geometrical shape. We calculated, along the
MD trajectories, the principal geometrical axes of the
cluster in each simulation, after the formation of a unique
stable cluster (at t � 9.5 ns at 300 K and t � 7.0 ns at 340
K). From these data, clusters resulted to be “flat” ellipsoids
with the first two principal axes associated to larger
eigenvalues. The dimensions along the three geometrical
axes were �6.6, 6.0, and 3.0 nm (see Fig. 3). In Figure 4(a),
the last snapshot for each simulation, each with two
different orientations, one in the plane of the two main
geometrical axes (I and II), the other perpendicular to it,

Fig. 1. Cluster analysis for the simulations at 300 K (top) and 340 K
(bottom) along time. The different colors correspond to the number of
clusters with a given cluster size. The cluster size corresponds to the
number of molecules present in the cluster.

Fig. 2. Ramachandran plot of the �, � backbone dihedral angle
distribution at 300 K (top) and 340 K (bottom).
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are reported. The figure shows that, locally, the peptides
prefer to be parallel to each other. This alignment is
favored by the relative orientation of the aromatic rings of
adjacent phenylalanines. We described the orientation of
one aromatic ring with respect to the other evaluating two
angles, 	 and 
, as described in the Method section. In
Figure 5, the 	 and 
 distributions for aromatic ring pairs
with Rcen  0.55 nm are reported, together with a snap-
shot of a representative configuration. It is evident that
the phenylalanines have a preference to be perpendicular
to each other (T-shape). However, different orientations
are also present, as both angles are distributed over a
relatively large range, in agreement with previous simula-
tion results on Phe–Phe interactions in the protein hydro-
phobic core.22 Moreover, it is interesting to note that the
phenylalanine aromatic rings are preferentially oriented
toward the internal side of the cluster [Fig. 4(b)].

In the two control simulations, starting with the pep-
tides in either �-helical or �-turn conformations, aggregate
formation follows the same trend as in the simulations
reported above. In particular, the overall shapes of the
final aggregates are similar to the ones observed above,

although slightly more elongated along the first dimen-
sion. The dimensions along the three geometrical axes
were �7.8, 5.4, and 3.4 nm for the �-helix simulation and
�8.4, 5.4, and 3.0 nm for the �-turn simulation, respec-
tively. The distribution of the �, � backbone dihedral
angles for the two control simulations at the initial (1 ns)
and final (1 ns at the end) stages shows that the B region is
the most populated at the end of the simulation, once an
aggregate is formed [Fig. 6(a and b)]. It is interesting to
observe that also in these two cases, in the aggregate, the
phenylalanines have a preference to be perpendicular to
each other (T-shape) as observed for the two simulations
started from extended conformations (data not shown).
Moreover, the preferential population of the B region is
once again confirmed by the distributions of the eigenval-
ues corresponding to the principal geometrical axes of each
peptide in the aggregates. Within 99% of confidence the
peptides time-average sizes along the geometrical peptide-
axes are 1.44, 0.36, and 0.15 nm for the all �-helical control
simulation and 1.42, 0.38, and 0.15 nm for the �-turn
control simulation. In both cases these values correspond
to a rather elongated geometry along the first geometrical
axis.

To analyze the orientation of each peptide, in the two
simulations starting from extended structures, with re-
spect to the cluster geometry, we have calculated the polar
angles, � and �, of the first geometrical axes of the single
peptide in the reference frame defined by the three geo-
metrical axes of the cluster (Fig. 7). � is the angle between
the projection of the peptide first geometrical axis onto the
I, II plane and the first cluster geometrical axis. � is the
angle between the first peptide geometrical axis and the
third cluster geometrical axis associated to the smallest
eigenvalue (i.e., the direction orthogonal to the main plane
of the cluster). In Figure 7 we show the �, � distribution,
over peptides and MD frames, for the two simulations,
beyond 9.5 ns at 300 K and 8.5 ns at 340 K, respectively.

Although a very sharp and ideal distribution of peaks
cannot be obtained with this sort of simulation time scales,
Figure 7 is suggestive of the geometric trends the peptides
follow at the onset of the collapse phenomenon. It has to be
pointed out that in each plot the contour lines of the
minima correspond to a population density that is 10 times
larger than the population density of the outer region. The
figure shows that at T � 300 K the most probable
orientation corresponds to � � 45° and � � 80°, that is,
each single peptide is essentialy in the I, II plane of the
cluster oriented along its bisector. At T � 340 K, three
peaks can be observed: at � � 25°, � � 80°, and � � 75°,
� � 80°, corresponding to orientations almost parallel to
axis I and axis II, respectively, and � � 65°, � � 60°,
corresponding to an out of plane (cluster main plane) angle
of �60°.

Finally, we have performed an essential dynamics anal-
ysis to determine the principal overall motions of the
cluster and of each peptide within the cluster (data not
shown). The principal motion of each cluster can be
represented as a wave propagating on a plane surface.
From the analysis it is also evident that the motion of each

Fig. 3. Trajectory of the square root of the eigenvalues corresponding
to the principal geometrical axes of the cluster at 300 K (top) and 340 K
(bottom).
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peptide within the cluster is limited, so that no diffusion is
detected within our simulation time.

Taken together these results provide evidence that the
initial steps of the aggregation between NFGAIL peptides
occur through a preferred alignment of the peptides,
locally parallel to each other. This is favored by a prefer-
ence for an extended conformation of each peptide and by
the interaction between the aromatic rings of adjacent
phenylalanines. The clusters have the shape of a flat
ellipsoid, and peptides are specifically oriented within its
geometrical main plane.

DISCUSSION

Unveiling the molecular causes of the formation of
amyloid fibrils is of a key medical importance. It is
estimated that there are about 4 million patients who
suffer from Alzheimer’s disease32 and about 18 million
have type II diabetes33 in the United States alone. Similar
proportional figures are estimated for the rest of the world.
As amyloid-related diseases are correlated with advanced
age, the global increase in life expectancy imply that this
group of diseases will dominate the public health concerns

Fig. 4. (a) Snapshots of the last configuration for the simulations at 300 K (top) and 340 K (bottom). Left
panels represent view onto the plane of the largest geometrical axes (I and II). In the right panels the side view
of the snapshots shows the thickness of the “ellipsoid.” (b) Last snapshot of the simulation at 340 K showing the
preferred orientation of the phenylalanine aromatic rings toward the interior of the cluster.
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in the 21st century. Therefore, significant efforts are being
directed toward the development of therapeutic agents
that may inhibit the self-assembly process that leads to

the formation of the fibrils. Atomic level understanding of
the very early stage of amyloid formation is highly impor-
tant for the efforts in this direction.

Here we studied the self-assembly of a short model
peptide using MD approaches to get insights into the very
early steps of the molecular recognition and self-assembly
processes that might lead to the formation of the fibrils.
Although we started our simulation with a random distri-
bution of peptide monomers mimicking a high concentra-
tion local environment, the formation of large clusters was
observed within nanoseconds (Fig. 1). The clusters ap-
peared to be consistent with a rather extended conforma-
tion (Fig. 2), and the analysis of the principal geometrical
axes of the cluster [Figs. 3, 4(a)] was consistent with a
“flat” ellipsoid structure with a size of several nanometers,
where single peptides present a well-defined orientation
within such a layer (Fig. 7). It is worth noting that the
same results in terms of dimensional and conformational
features of the peptides were observed for two further
control simulations started from very different initial
conformations, namely �-helical and �-turn. These two
simulations should rule out the hypothesis that peptides
have to be necessarily extended prior to aggregation. The
picture we obtain is actually consistent with the view that
peptides can populate a wide set of different conforma-
tional families (i.e., nonextended conformations) before
starting to aggregate, suggesting that multiple intermo-
lecular interactions within the initial aggregates drive the
peptides to mainly populate the B region of the Ramachan-
dran plot.

Interestingly, the structures of the initial aggregates are
consistent with the dimensions and organization of prefi-
brillar assemblies that may actually play a central role in
the pathology of amyloid fibrils.23,34 It was, in fact, demon-
strated that annular structures with a diameter of 5–15
nm facilitate toxic membrane permeation by the Alzhei-
mer’s �-amyloid polypeptide, the Parkinson’s �-synuclein
polypeptide, and the type II diabetes islet amyloid polypep-
tide.34

Another interesting point is the organization of the
aromatic moieties within the cluster [Figs. 4(b), 5]. The
analysis of the organization of the phenylalanine aromatic
residues suggests the presence of multiple interactions
among aromatic phenylalanines that are preferentially
organized perpendicular to each other. The existence of the
apparent aromatic interactions and their preferential orga-
nization provide further support for our hypothesis of the
role of aromatic interactions in the early stages of amyloid
formation.16 According to our model, stacking and T-shape
(edge to face) interactions between aromatic moieties of
Phe residues can provide an energetic contribution as well
as directionality and orientation, due to the restricted
conformational freedom of planar aromatic rings interac-
tions. A support for this notion also comes from the
observation that the very simple diphenylalanine peptide
contains all the molecular information to self-assemble
into well-ordered nanostructures that are structurally
related to amyloid fibrils.35 In terms of mechanism, the
results suggest that conformational changes to elongated

Fig. 5. 	 and 
 distributions for aromatic ring pairs with Rcen  0.55 nm
along the simulation at 300 K (top) and 340 K (middle). In the bottom panel
a snapshot of a representative configuration is reported.
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conformations and the establishment of hydrophobic
patches could be taking place in parallel forming stable
aggregates.

However, at this stage of calculation and given the
restraints imposed by the computational costs of running
longer simulations to access much longer time scales

Fig. 6. (a) Ramachandran plot of the �, � backbone dihedral angle distribution and structural snapshot at
the initial stage (left panels) and equilibrated stage (right panels) of the control simulation starting with �-helical
conformations for all peptides. (b) Ramachandran plot of the �, � backbone dihedral angle distribution and
structural snapshot at the initial stage (left panels) and equilibrated stage (right panels) of the control simulation
starting with �-turn conformations for all peptides.
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needed to observe significant equilibration in the system,
we cannot completely exclude the fact that simple hydro-
phobic collapse might also lead to the formation of aggre-
gates like the ones obtained here.

We have to point out that the choice of the high local
concentration conditions and extended conformations of
the peptides could put a bias on the aggregation process
simulated. However, we also observed several conforma-
tional transition of the nonaggregated peptides to random
coil and bent conformations prior to the docking on grow-
ing cluster, which is composed of mainly extended pep-
tides. This observation suggests the possibility of an actual
high preference for the extended conformation within the
fibril, consistent with both SSNMR and X-ray experimen-
tal data.

The same phenomenon might also be simulated with
lower concentration conditions, a higher number of pep-
tides and many more different starting geometries to
increase the statistics on the conformational and molecu-
lar recognition requirements needed for fibril formation.
This would also allow the characterization of possible
diffusion pathways of the monomers in the cluster. This
would, however, require such a high number of particles
and long simulation times, that are currently out of reach
of all atom MD simulations. Therefore, as different initial
concentrations affect the rate of fibrillization but not the
structural features of the fibrils,36 it is practical to use a
high concentration of peptides at the simulation when the
structural features are probed. It is worth noting that
other studies based on a simplified implicit solvent model,
and using a lower number of peptide replicas,37–39 have
addressed this point, showing results consistent with the
ones presented here in terms of the geometry of peptide
arrangement.

With these caveats in mind, MD simulations can be used
to create useful model to help rationalize experimental
data.

Taken together, this set of data provides an atomic
resolution model of the initial stages of a peptide aggrega-
tion process, yielding information on the nature of intermo-
lecular interactions among peptides and on the preferred
conformational states of the nascent protofibril that can be
used in the development of antiaggregation (amyloid break-
ing) sequences or lead molecules, or in the design of orderly
aggregating new sequences with potential applications in
material science.
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