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ABSTRACT Experimentally, short peptides have been shown to form amyloids similar to those of their parent proteins.
Consequently, they present useful systems for studies of amyloid conformation. Here we simulate extensively the NFGAIL
peptide, derived from the human islet amyloid polypeptide (residues 22-27). We simulate different possible strand/sheet
organizations, from dimers to nonamers. Our simulations indicate that the most stable conformation is an antiparallel strand
orientation within the sheets and parallel between sheets. Consistent with the alanine mutagenesis, we find that the driving
force is the hydrophobic effect. Whereas the NFGAIL forms stable oligomers, the NAGAIL oligomer is unstable, and
disintegrates very quickly after the beginning of the simulation. The simulations further identify a minimal seed size. Combined
with our previous simulations of the prion-derived AGAAAAGA peptide, AAAAAAAA, and the Alzheimer AB fragments 16-22,
24-36, 16-35, and 10-35, and the solid-state NMR data for AB fragments 16—22, 10-35, and 1-40, some insight into the length

and the sequence matching effects may be obtained.

INTRODUCTION

Protein folding has been one of the most explored biological
topics and it is still an unsolved question. Within this general
problem, there are questions that are intrinsically related
to the comprehension of the conformational behavior of
proteins (Chiti et al., 2002). Among these, the deposition of
normally soluble proteins as fibrillar structures is particularly
challenging. This process is a common feature of different
and apparently unrelated diseases, such as Alzheimer’s and
prion protein-related encephalopathies (Kisilevsky, 2000).
The proteins involved are unrelated in sequence and in native
conformations. Nevertheless, all share aggregate fibers with
common structural and histological features, frequently
leading to cellular death. Furthermore, recently it has been
shown that nondisease-associated proteins can also form
similar aggregates, and that the species they form early in the
aggregation process can also be highly toxic (Bucciantini et
al., 2002). This issue of the nature of the toxic species is
hotly debated. Current data suggest that intermediate soluble
oligomers are the origin of cytotoxicity, although there are
experimental data in favor of fiber toxicity (see Hardy and
Selkoe, 2002, for an up-to-date review).

Fibrillar deposits are organized in cross-S-sheet structures
in which the B-strands are arranged perpendicular to the fiber
axis. This particular organization gives a characteristic green
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birefringence upon binding the dye Congo red (Sunde and
Blake, 1998). In all cases, it appears that the process of
structure formation follows similar kinetic patterns. Fibrillo-
genesis is characterized by a lag phase during which no fibers
are detected. This phase is followed by fiber formation on
a timescale that could be shorter than the lag phase. The lag
phase can be bypassed by nucleating the reaction with
preformed fibers (seeding, Rochet and Lansbury, 2000).

More than 90% of type II diabetic patients have amyloid
depositions surrounding the islet cell of the pancreas. These
deposits form predominantly by fibers composed of a 37-
residue peptide, the islet amyloid polypeptide (IAPP). The
IAPP is cosecreted with insulin by the B-cells. Its function is
still unknown, but was proposed to have an important role in
insulin response. The observed insulin resistance in diabetes
IT patients supports this hypothesis (Gebre-Medhin et al.,
2000).

Recently, this polypeptide has been increasingly studied
as a simple model for factors governing amyloid fibril
formation. There are several reasons for this choice. First,
only a small number of animal species is known to show
amyloidogenesis. These include human and nonhuman pri-
mates, cats, and raccoons (Westermark et al., 1990). Interest-
ingly, there is a correlation between the sequence patterns
and the occurrence of protein deposits in different species.
More over, the majority of the sequence differences cluster in
a very short segment, between residues 22 and 29 (Table 1).
This segment has been a target of intensive research,
because in vitro it forms fibrils similar to those of the whole
polypeptide in vivo.

Although it appears that this segment is important for
amyloid formation, it is still unclear just how important it is.
Several groups have proposed that this short segment only
affects the polymerization kinetics but does not play a
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TABLE 1 Amino acid sequences of the IAPP segment
(20-29) of humans, cats, and rats
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TABLE 2 Summary of the results obtained by Ala scan
on the octapeptide NFGAILSS

Species 20-29 Aggregated structures Polymerization kinetics
Human SNNFGAILSS AFGAILSS Short and branched fibers Faster aggregation
Cat SNNFGAILSP NAGAILSS Nonfibril organization
Rat SNNLGPVLPP NFAAILSS Long fibers Similar velocity

. . . L . NFGAALSS Long fibers Slower kinetics
Residues different from the human sequence are highlighted in bold and NFGATASS Long fibers Slower kinetics

italic.

significant role in the thermodynamics of amyloidogesis.
Nilson and Raleigh (1999) have demonstrated that an ad-
ditional IAPP segment consisting of residues 30-37 is able to
form amyloids after a relatively long seeding time. They
have further shown that the amyloidogenicity of certain
segments was sensitive to ionic strength. Based on secondary
structure prediction, Jaikaran et al. (2001) have identified the
IAPP segments capable of forming amyloid aggregates un-
der similar conditions as AIAPP, those of 20-29, 8-20, and
30-39. Consequently, they proposed a compact structural
motif for the entire peptide in which the -sheet structure
of the superhelix is a sheet with three strands connected by
two turns (Jaikaran and Clark, 2001). Based on their spectro-
scopic studies of the IAPP, Padrick and Miranker (2001)
have proposed that the quenching behavior they observed
in their amyloid aggregates is the outcome of the 30-37
segment organization.

Investigations of the 20-29 segment have identified
the shortest AIAPP fragment capable of forming fibrillar
depositions. Residues 22-27, NFGAIL, form aggregates
similar to those of the entire ZIAPP (Tenidis et al., 1999).
These fibers are similarly cytotoxic to pancreatic [-cells.
Furthermore, the same segment from rat is unable to develop
fibrillar structures. Therefore, not only the information in-
cluded in the human peptide but also the one from the
rat sequence presents a good model to investigate toxic
deposits.

Recently, the role of every amino acid in the NFGAIL
sequence has been investigated (Azriel and Gazit, 2001) via
systematic alanine scanning mutagenesis. Azriel and Gazit
have identified which of those six amino acids are critical for
fibril formation. They have further analyzed the effect of Ala
substitutions on the kinetics of aggregation (Table 2). They
concluded that Phe appears extremely important to aggregate
stability, whereas the polar residue Asn appears to play a
clear role in the polymerization kinetics. This residue drives
the system to a collapsed structure by increasing the rate of
aggregation and inducing formation of shorter fibers. Finally,
the effect of the apolar residues only concerns the kinetics
of the polymerization, without affecting the final fibrillar
organization.

Here we focus on molecular events in amyloid formation.
We model a basic fibrillar motif following our previously
established protocol (Ma and Nussinov, 2002a). For this
purpose, AIAPP is particularly useful because it is the

The results are compared with the wild-type derivative. The Ala sub-
stitution is shown in bold.

shortest detected amyloidogenic sequence with only six
amino acids. This suggests that we can extensively simulate
large systems, examining different possible moleculararrange-
ments of the NFGAIL sequence in reasonable computational
time. Our simulations probing the stability of the peptide-
sheet complexes are a simplification of amyloid formation.
Nevertheless, they enable us to address several key ques-
tions: How is the initial seed stabilized? What is the role
of hydrogen bonds versus hydrophobicity? What is the
smallest size that a seed can be? Through the simulations,
we have established that an oligomer of 6-9 peptides is
stable enough to be a seed and that the driving force for
stabilization is the hydrophobic effect. The observation is
that the B-sheet oligomer is stable only when it reaches this
size, and leads to its slow formation and an inevitably long
lag phase.

METHODS

Using molecular dynamics (MD) simulations, we followed the dynamic
properties of our system, analyzing the different models. We considered the
majority of possible arrangements of the NFGAIL peptide within a 8-sheet
supramolecular organization. We systematically explored different strand
packing and orientations, starting from a dimer and growing the size of our
assembled structure up to nine strands (nonamer).

Computational details

All calculations were performed using the CHARMM package (Brooks
et al., 1983). All atoms of the system were considered explicitly and the
potential energy of the system was computed using the CHARMM 22 force
field (MacKerell et al., 1998). Inasmuch as there are still no detailed data on
the ZIAPP structure, we use explicit representation of the solvent molecules,
using the TIP3 water model (Jorgensen et al., 1982), in an attempt to obtain
similar fibrillogenic conditions. The combination of both force field and
water model has already been shown to provide a good description of both
the conformational properties and the free energy of formation in B-sheet
rich systems (Bursulaya and Brooks, 1999).

All simulations were performed using the NVT ensemble in a cubic box,
i.e., at constant volume, temperature, and mass. Periodic boundary con-
ditions were applied using the nearest image convention. The box size was
increased depending on the initial complex shape, to maintain infinite dilu-
tion conditions.

The initial B-sheets assemblies were constructed using a simple
geometrical criterion. Hydrogen bonded chains were placed at 4.7 A and
the distance between the sheets was set to 10 A, which corresponds to the
average distance in a cross-8 structure (Sunde and Blake, 1998). Every
starting molecular structure was built using the INSIGHTII molecular
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package (MSI, Burlington, MA, 1997). All the initial amyloid models were
solvated by water molecules taken from a Monte Carlo equilibrium
simulation until an approximate total density of 1 g/cm® was achieved.
Before running each MD simulation, the potential energy of the system was
minimized for a total of 500 minimization steps. We applied a combination
of steepest-descent and the Newton-Raphson methods (200 and 300 steps,
respectively).

All simulations were carried out at 350 K to enhance the stability
differences between the built models by means of a stronger thermal stress.
Residue-based cutoffs were applied at 10 A, i.e., if two residues or a residue
and a water molecule have any atoms within 10 A, the interaction between
the pair is evaluated. The SHAKE algorithm (Ryckaert et al., 1977) was ap-
plied to fix the bond lengths and a numerical integration time step of 2 fs
was used for all the simulations. The nonbonded pair list was updated every
25 steps. The MD trajectories were saved every 500 steps (1-ps interval) for
subsequent analysis.

Twenty-two trajectories were run for a total of 31 ns. The trajectory of
every model was followed for 1 ns, except for the nonamer models, which
needed additional simulation time to establish their relative stabilities. In
these latter cases, we ran 4 ns for each system. All our structural ar-
rangements are depicted in Fig. 1, from a two-stranded sheet to a basic
nonamer structural motif.

Structural characterization

Because there were no structural data to compare with, we have developed
analytical strategies to characterize our structural models. Parameters like
the root mean-square distance, the native contacts, and the Ramachandran
plot relate to some well-known structure. However, in our case, we did not
have detailed information on our system. Further, large changes in the main-
chain conformation do not necessarily imply a decrease of stability, in-
asmuch as the reference dihedral angles are unknown (Chakrabarti and Pal,
2001). Consequently, we implement geometrical parameters that can con-
ceivably provide structural information in terms of global organization.
We describe the cross-f structure using three main geometrical parameters
(Fig. 2). The most intuitive one is the distance between strands within a sheet.
This is indirectly achieved by the number of intrasheet hydrogen bonds
remaining during each simulation. Related to that distance, there is the twist
angle between strands of the same sheet. The twist reflects steric effects
between associated strands. Although this parameter may not account for
the relative stabilities between models, it determines the periodicity of the
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amyloid B-superhelix. The third parameter is the distance between sheets.
We seek a structural model capable of maintaining a cross-f3 structure, which
means it has to retain a superhelical organization within and beyond the
sheets. We initially calculate the average distances between the mass centers
of the strands, within and between sheets (called (dcy) and (dfh),
respectively, in Fig. 2). However, using only the mass center distance, there
could be some geometrical distributions of the strands that could give us
an apparent erroneous stability, inasmuch as our system needs to maintain
ordered strands. This appears especially relevant for sheet association. In-
dependent of fiber width, a cross-8 structure must maintain a minimal reg-
ularity along the associating sheet axis (see Fig. 2) for subsequent growth
along this axis. A presumed twist between sheets cannot be observed when
measuring only mass center distances. Thus, we define additional distance
parameters by averaging three main distances between two strands, two
distances between the ends, and the mass center distances. These additional
distance parameters should show the degree of the loss of cohesion in each
model along the simulation time (in Fig. 2 called (dy,) and (d,),
respectively).

RESULTS
Stability within a sheet

To detect the preferred orientation of the strands within a
sheet, we built seven different models with two and with
three strands (dimers and trimers). When there are only
two interacting strands, the antiparallel orientation between
strands is the most stable (dimer I in Fig. 3 «). This ar-
rangement was able to retain more than 60% of the original
hydrogen bonds for ~600 ps. All other models lost their
structural integrity very quickly. The parallel arrangement
(dimer II) retained more than 50% of the original interactions
for less than 50 ps. Furthermore, models with some shifts
between strands in a direction perpendicular to the hydrogen
bonding axis (not shown) unfolded even before the end of
the equilibration period, due to the short peptide length.
The simulations with single, three-stranded sheets showed
very similar tendencies. The full antiparallel arrangement

FIGURE 1 Schematic representation of the structural models
that were built to search for the preferred arrangement for the
hIAPP (22-27) peptide. Up to tetramers, strands of the same sheet
are drawn with the same color. Schematic side-chain representa-
tions have been added to clarify the different possible orientations
between chains of different 3-sheets.
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(trimer I) was able to maintain more than 50% of the original
hydrogen bonds for 1 ns (Fig. 3 b). At the same time, a trimer
with a combination of parallel and antiparallel orientations
(trimer IT) quickly lost the interactions between the parallel
strands, with only the interactions formed by antiparallel
strands holding up. The behavior of the antiparallel in-
teracting strands is identical to that of dimer I (Fig. 3 ¢).
Finally, the full parallel trimer (trimer III) separated very
quickly, following the same pattern described for its corres-
ponding dimer.

Supramolecular organization

Several factors may determine the structural cohesion of
the NFGAIL fibers. Initially we focus our attention on two
aspects: side-chain interactions and the hydrophobic effect.
The latter was implicitly achieved using explicit solvent
representation, whereas the former leads us to construct
different possible strand orientations to explore all possible
side-chain packing. We compute the initial sheet interactions
using tetramers (two two-stranded sheets) with different
relative orientations of the strands within and between the
sheets.

Our two-sheet structural models follow similar behavior as
the one-sheet systems. A preliminary stability comparison,
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Geometrical Parameters

FIGURE 2 The main geometrical parameters used to describe the
simulated molecular arrangements.

in terms of remaining hydrogen bonds, shows that all anti-
parallel arrangements of chains within a sheet maintained
the original hydrogen bonding scheme better than the par-
allel orientation (Fig. 4 «a). Both parallel arrangements
quickly lost all hydrogen bonds. Detailed chain pair-dis-
tances within and between sheets confirmed that the system
is unstructured.

Following the hydrogen bonds with simulation time, the
results obtained with the different antiparallel models appear
to indicate that models with minimal steric hindrance are
favored. Tetramer IV, which is able to retain more than 60%
of the original hydrogen bonds, is the most stable, although
it has large hydrophobic side chains (Phe, Ile, Leu) facing
the solvent. Tetramers I, II, and III retain an acceptable
percentage of the hydrogen bonds in the 1-ns simulation
(between 40 and 50%). These models have only one-half of
their aromatic side chains inside the hydrophobic pocket.

With regard to sheet packing, both models I and IV are
clearly able to maintain an organized structure, not only in
terms of mass center distance (d3,), but also in the values of
(dg,) (Fig. 4 b). However, the remaining structural arrange-
ments are characterized by a quick loss of the bulk
organization. This is especially clear in both models with
parallel stranded sheets (tetramers V and VI).

Detailed examination of the chain pair-distances yields
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a clearer view of the molecular details that drive the
organization of each model. Tetramers I and IV preserve
both inter- and intrasheet distances as seen by the small
differences between all initial and final distances. In the case
of tetramer I, the slight increase in the interstrand distance in
one sheet results from partial disruption of the hydrogen
bonds scheme at the edges of the sheet (Fig. 5). The mass
center distances show that the hydrogen bonds in the central
segment of the sheet are still retained. At the same time, the
structural disruption observed in both tetramers II and III can
be explained by breaking a sheet. In both cases, the increase
of the interchain distances clearly points that packing is able
to retain only half of the oligomer, leading at the end of the
simulation to a dimeric system (Fig. 5).

Consequently, only two molecular arrangements satisfy
the selected structural criteria. In addition, tetramers II and
III, even though they lost their regular structural organization
after 1 ns, their intersheet distances show that these two
arrangements are able to maintain a reasonable structural
integrity for 500 ps (Fig. 5). In both cases the sheets them-
selves are stable enough to keep their strands intact; however,
steric interactions do not favor the intersheet organization.
These effects finally lead to intrasheet dissociation.

To get an insight into the system, we build hexameric
systems of three sheets with two strands in each to examine
the effect of the stabilization induced by sheet association.

Biophysical Journal 84(3) 1884—1894

FIGURE 3 Some structural parameters used to characterize the
organization of the NFGAIL segment within a sheet. The fraction of
the initial hydrogen bonds for each model preserved along the
simulation is presented for («) dimers and () trimers. A hydrogen
bond is considered when the O. . .H distance is less than 2.5 A and the
NH-O angle is larger than 130°. (¢) The two mass center distances (d;)
and dy, ({d,)) of trimer II. See Fig. 2 for definitions.

We further explore if there is a case in which the tendencies
observed with the tetrameric models are altered by non-
additive effects. With these models, we are able to bury the
side chains of an entire sheet and study steric hindrance in
the packing of three 3-sheets.

Regarding the number of original hydrogen bonds (Fig. 6
a), only hexamer V has a meaningful decrease. The other
four models are able to maintain up to 45% of their original
interactions. It is noteworthy that only this model has parallel
arrangement of strands within the sheets.

Examining the geometrical parameters related to sheet
organization, we find that the model derivative of tetramer IV
(hexamer II (3s); see Fig. 1) presents an unexpected
structural disruption in the packing pattern. Tetramer IV is
the most stable model until this point, but the asymmetric
contacts induced by fitting a third sheet seem to play a key
role in the overall stabilization. The average intersheet
distance remains stable, whereas the (dy,) rises suddenly
after 200 ps of simulation (Fig. 6 b). This nonconcerted
behavior of both parameters can only be explained by the
appearance of a marked twist between the associating sheets,
i.e., perpendicular to the superhelical direction. Detailed
inspection shows that this model lost its integrity at the
location where an extra sheet was added (Fig. 7). As can be
expected, steric hindrance introduced by the side chains of
the new sheet disrupts the fiber growth direction. On the
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FIGURE 4 (a) The fraction of hydrogen bonds for each tetrameric model
along the simulated time. (b) The average mass center distances (¢,) and the
main strand distances (dy) ((d2)) between sheets, for all tetramers
investigated. (¢) The average mass center distance () and the main strand
distance (dy,) ({(d)) within sheets, for all investigated tetramers. See Fig. 2
for definitions.

other hand, the effect of adding a new sheet in hemaxer I (3s)
(see Fig. 1), which is a derivative of tetramer I, makes this
model the most stable. In this structural arrangement, the
combination of the hydrophobic effect (burying two-thirds
of the hydrophobic residues) and the good geometrical
matching in terms of the van der Waals distances enhances
dramatically the stability of the structure. The other two
packing models with antiparallel strands in their sheets
illustrate very similar features to their parent tetramers. Both
illustrate a marked drift in the intersheet organization, fol-
lowed by complete disruption of one of their sheets (hexa-
mers III and V, Figs. 6 and 7).

Before establishing a final model, we ensure that hydrogen
bonds are not the key to the self-assembly process. We build
three new hexamers with two three-stranded sheets. We
choose three different arrangements that can represent all
packing patterns: the equivalent packing of tetramer I as the
most favored one, the packing obtained with tetramer II as
an all-antiparallel arrangement, and finally an all-parallel
arrangement to have an unstable packing reference (hexam-
ers I, II, and IIT (2s), respectively). The behavior achieved by
these systems is analogous to that observed from their for-
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FIGURE 5 Detailed structural snapshots of all simulated tetramers, with
equally spaced intervals over the 1 ns of the MD simulation. Strands that
belong to the same sheet are drawn with the same color (either blue or red).
Green balls show the N-terminus of each strand. Blue arrows point to
positions of structural interest (see text).

mer models (tetramers and hexamers (3s)). The increase in
hydrogen bonds stabilized each sheet, but not the bulk or-
ganization (data not shown).

Within the NFGAIL structure

To check the reliability of our structural model, we carried
out three additional simulations. We built two nonamers con-
sisting of three sheets, with three strands in each sheet. We
expanded two models from our previous simulations, both
with possible antiparallel arrangements (the corresponding
nonamers from hexamers I and II (2s)). At this point we
left out all parallel organizations.

The new simulations required more than 1 ns to reach
a meaningful conclusion. Adding a whole new set of strands
implied new sets of hydrogen bonds and burial of the hy-
drophobic residues on the central sheet. Nevertheless, the
behavior observed was similar to that of the equivalent
former hexamers (2s) (Fig. 8). After 1.5 ns of simulation,
nonamer II starts losing its structural tightness at the same
site where the former hexamer did (IT (2s)). This suggests

Biophysical Journal 84(3) 1884-1894
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FIGURE 6 (a) The fraction of hydrogen bonds for each hexamer for
the three sheets along the simulation time. (b) The average mass center
distances (d,) and the main strand distances (dy,) ((d2)) between
sheets, for all the models investigated. (¢) The average mass center

distance (/;) and the main strand distance (dy,) ((d>)) within sheets,
for all models investigated. See Fig. 2 for definitions.
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again that the association between sheets is a key factor that
governs the self-assembly process, i.e., correct side-chain
fitting that allows chemical groups to properly interact
(Fig. 8).

At this point we have obtained an arrangement that could
work as the basic structural motif of the NFGAIL segment.
Still, we constructed a third structure to test its capability to
reproduce the reported experimental data. Azriel and Gazit
(2001) reported that the mutation F23A was critical for the
amyloid organization of this particular peptide segment.
Thus, we proceeded to test the reliability of our conforma-
tional model by repeating the same calculation we per-
formed with nonamer I but building our amyloid system
with NAGAIL segments. If our model is a valid description
of the cross-B-sheet structure adopted by the NFGAIL
segment, the F23A mutant peptide should quickly lose its
bulk organization. This was the result we have obtained.
Exchanging an aromatic by a small hydrophobic residue
drove the oligomer to quickly lose its organization. It is
interesting to note how the entire sheet is disrupted. The
sheet starts breaking at the most stable side of the wild-type
sequence (Fig. 8). Thus, the effect of the aromatic ring in
this specific segment correlates with the major stabilizing
force of the fiber organization.

Biophysical Journal 84(3) 1884—1894

DISCUSSION

Currently we have structural information for a number of
peptide-derived amyloids (Lynn and Meredith, 2000). For
the Alzheimer B-protein (AB) residues 16-22 and 3442,
solid-state NMR has established an antiparallel conformation
(Balbach et al., 2000). For the AB;o_35 and AB;_4p, solid-
state. NMR has established a parallel-stranded structural
interaction (Benzinger et al., 1998; Antzukutkin et al., 2000).
For AB,s_35, whereas the infrared spectra of the amyloid
indicates the existence of 3-sheet organization, x-ray failed
to detect an ordered crystalline (Mason et al., 1996; Kohno
et al., 1996). Following analogous simulation protocols to
those used here, we have obtained parallel models for
ABi6_35 and APBqo_3s, and antiparallel orientation for
AB19_2> (Ma and Nussinov, 2002b). Further, simulations
have also indicated that the prion-derived AGAAAAGA
has an antiparallel-stranded conformation, and so does
AAAAAAAA (Ma and Nussinov, 2002a). Here we show
that a short six-residue peptide, NFGAIL, derived from the
islet amyloid polypeptide, similarly prefers an antiparallel
organization. Further, for this peptide, as for the AS,
extensive simulations have been carried out to explore
possible organizations. For the polyalanine, two sheets, with
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FIGURE 7 Detailed structural snapshots of the simulated hexamers with
three sheets, with equally spaced intervals over the 1 ns of the MD
simulation. Strands that belong to the same sheet are drawn with the same
color (either blue or red). Green balls show the N-terminus of each strand.
The blue arrow points to the position where the new sheet was added to the
former tetramers.

up to four strands in each sheet, have been simulated. Here,
we simulate dimers through nonamers, organized in three
sheets, with three strands per sheet. In all cases, for short
peptides the antiparallel orientation is preferred within the
sheet. The simulations also indicate that between sheets the
preferred orientation for the AB¢_2>, A8, AGAAAAGA,
and the NFGAIL is parallel. On the other hand, for the longer
peptides, either parallel or antiparallel strand orientation
within the sheet is possible, depending on the sequence.
Here, the preferred orientation is likely to be determined by
the distribution of the polar (charged)/nonpolar residues
along the sequence. This is clearly observed for the AB;6_3s,
AB1o_35, and AB;_49 sequence. The exception is the re-
cently determined yeast prion Sup35 dehydrated 3-structure
of GNNQQNY. For this polar peptide, x-ray powder pattern
of the microcrystals indicated parallel stranded sheets,
packed against one parallel and one antiparallel sheets
(Balbirnie et al., 2001).

Combining experiment and MD, we may infer that for the
shorter peptides the effect of the electric dipole due to the
polarity of the conformation may play a crucial role in strand
orientation, driving the system into a preferred antiparallel
organization. The longer the peptide, the less important is
the effect of the helical dipole. For the longer peptide, the
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interactions acquire the dominant role in the bulk system (Ma
and Nussinov, 2002a). However, it is the sequence matching
that determines if the antiparallel organization will be stable,
or disintegrate. We have previously investigated a repetitive
prion sequence (AGAAAAGA). We observed that the
correct matching of the side chains determined the stability
of these complexes, over the effect of the ionic strength
or the pH (Ma and Nussinov, 2002a). Even though that
sequence had two types of small amino acids, Gly and Ala,
the structural integrity of the supramolecular organization
was tightly linked to the interstrand interactions between
sheets. In the NFGAIL sequence, a subtle difference arises
due to the chemical nature of its residues types. NFGAIL
forms stable amyloids, whereas NAGAIL does not (Azriel
and Gazit, 2001). The peptide is unable to sustain a stable
amyloid after this mutation. The sequence matching observed
in all our simulations becomes even more critical when we
consider the aromatic residues. This leads us to conclude that
the driving force in amyloid formation is the combination of
the general hydrophobic effect and, if present, the particular
structural properties of the aromatic groups. The aromatics
can interact nonspecifically with the hydrophobic residues
and, at the same time, form cooperative interactions with other
aromatic residues. For the NFGAIL, the effect of the Ala
substitution is particularly dramatic, because an aromatic
residue in a short peptide is exchanged by a residue with
a small side chain. Moreover, Ala substitutions at other
positions in the NFGAIL did not alter the capability of the
NFGAIL peptide to form fibrils, even though Ala has a high
propensity to adopt an a-helix conformation. This differential
effect points to the important role of the aromatic residues in
maintaining the integrity of the fibril. To get further insight
into this point, we enlarge our investigation by mutating
the aromatic residue for a bulky hydrophobic one (Ile and
Leu). As in the Ala substitutions, the association is unstable
and disintegrates in the long simulations (unpublished data).
Nevertheless, for these Ile and Leu substitutions, the effect
was not as dramatic as for the Ala mutant. In particular, we
note that the F23L mutation still enables the bulk system to
maintain a certain degree of 3-sheet organization.

The simulations further indicate that amyloidogenesis is
not a process that initiates by association of strands that later
will belong to the same sheet. Viewing amyloidogenesis in
this way implicitly considers hydrogen bonds as playing a
dominant role. In contrast, our results suggest that hydrogen
bonds are a consequence of the aggregation, i.e., the hydro-
phobic effect. Such a scenario is justified by the lack of
homogeneity in strand orientation. Further, seed formation
is likely to be related to some nonspecific association
of several strands of an eventual, future hydrophobic
pocket. The spatial strand proximity allows hydrogen bond
formation, leading to further stabilization. Such a scenario
is further consistent by recent kinetic studies indicating the
existence of a-helical oligomer intermediates (Kirkitadze
et al., 2001).
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There is considerable mutational data on the IAPP. For
residues 20-29, Moriarty and Raleigh (1999) have system-
atically mutated every residue by proline. Their results have
demonstrated that a proline substitution at positions 20, 21,
or 29 (Ser, Asn, Ser) has a lesser effect on amyloid formation
than substitutions at positions 22-28. They concluded that
these results illustrate the importance of central residues in
the peptide, as compared to end residues. Westermark et al.
(1990) note that position 25 is more tolerant to substitutions
than other core residues. However, Pro at this position still
has a noticeable effect on amyloid formation, consistent with
its being a central residue in this peptide (Moriarty and
Raleigh, 1999). Because we have not simulated the 20-29
fragment, we cannot comment directly on the effect of these
positions. Nevertheless, should this 10-residue fragment also
be organized in an antiparallel orientation, the same residues
would be expected to be in register as in our 22—27 fragment.
However, the stability of a 10-residue fragment is likely to be
enhanced as compared to our hexamer, tolerating some of the
proline substitutions.

Based on the analysis of amyloidogenic sequences and
interactions in self-assembled systems, Gazit suggested that
aromatic (stacking) interactions are one of the key factors
in amyloid formation and stabilization (Gazit, 2002). Our
results validate the effect of the aromatics. In our most stable
model (antiparallel strands, parallel sheets) there are re-
curring ring interactions via a T-shape organization between
the Phe of different sheets. Moreover, there are recurring
interactions between large nonpolar residues (Ile and/or Leu)
and Phe leading to a distinct microorganization in the
intersheet box. At the same time, experiments show the
importance of Phe for amyloid formation. In its absence, the
self-assembly event is unreachable (Azriel and Gazit, 2001).
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FIGURE 8 Detailed structural snapshots of
nonamers [ and II, and the nonamer of the
sequence NAGAIL, with equally spaced in-
tervals over the 1 ns of the MD simulation.
Strands that belong to the same sheet are drawn
with the same color (either blue or red). Green
balls show the N-terminus of each strand. Blue
arrows point to the position of some structural
rearrangements (see text).

This is also observed in our simulations. Experiments further
indicated that the substitution of one nonpolar residue by an
Ala slowed the fibrillogenesis but did not stop it. This is
again in agreement with our proposition. The longer time-
scale can be a consequence of a random selection that each
soluble polypeptide chain might go through, until some of
the hydrophobic residues establish a tight enough interac-
tion to initiate the self-assembly process.

Our results suggest that depending on the sequence, a
hexamer can already form a minimal seed size, although
a nonamer is more stable. Even though an exposed sheet in
the hexamer becomes buried in the nonamer, the preferred
interactions and strand/sheet organization do not change.
This suggests a common mechanism. Further, both exper-
imental solid-state NMR results (Antzukutkin et al., 2000),
and simulations (Ma and Nussinov, 2002b) suggest that
even for longer peptides, the amyloids are formed not by
curling into single molecule-component sheets, but rather
by contributing a single strand. If this strand is too long for
a stable sheet, as in the case of A@B, the sheet appears to bend,
forming a hooklike double-layered sheet (Tycko, personal
communication; Ma and Nussinov, 2002b). This may further
suggest that a protein may partially unfold to contribute
a strand to an amyloid fibril, rather than completely unfold to
refold into a complete B-sheet structure. Such a mechanism
is consistent with the recent observation of Chiti et al.
(2002), indicating that different regions in the proteins are
responsible for folding and for aggregation.

Our conclusions are consistent with the kinetics of
amyloid formation. Amyloid kinetics follows a particular
pattern that implies preformation of a basic structural motif,
which further induces the formation of the seed. Consider-
ation of the timescale involved in seed formation may
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suggest that the driving force is specific enough to allow
the interchain association, but loose enough to favor the
interaction between protein segments that may still be
partially folded.

Nevertheless, this simple mechanistic model does not
explain some features recently observed in the amyloidoge-
nicity of the entire Af protein. Kirkitadze et al. (2001) have
demonstrated that during the assembly process, there are
some intermediates with secondary structure. Instead of
a direct transition from a coiled conformation to an as-
sociation of partially extended strands, they detected the
presence of partially helical peptides in the early stages
of fibrillogenesis. These partially helical conformers were
observed to form oligomeric assemblies. Further, helices in
transmembrane and in soluble globular proteins often sim-
ilarly interact through their exposed nonpolar side chains. An
intermediate oligomeric «a-helix-containing assembly is
consistent with a disordered region forming a partial helix,
with subsequent conversion to a B-strand. Rather than a
helix converting to a 3-sheet with a sheet-sheet interaction, a
locally unfolded helix may interact with an oligomer,
whether as a short helix as in our case here, or a long
partially unfolded helix contributing to a growing bent
double-layered sheet conformation (Ma and Nussinov,
2002b; R. Tycko, personal communication) as in the 40-
residue AB. Such a mechanism could operate for parallel or
for antiparallel strand organization. This does not necessarily
imply that helix formation is an obligatory step. However,
a coil-to-helix, and helix-to-3-conformation have lower
energetic barriers and consequently shorter timescales than
a direct coil-to-B-conformational transition.

To conclude, consistent with experiments, the simulations
clearly indicate that the driving force for amyloid formation
is the hydrophobic effect and that sequence matching is a
critical factor in amyloid organization. Nevertheless, addi-
tionally, to form and to maintain a regular 3-superhelix that
can extend over large distances, both the side chains have to
match and the backbone should not be obstructed so it can
adopt such a regular conformation. Double methylation of
the backbone of the core NFGAIL sequence inhibits amyloid
formation (Kapuriotu et al., 2002). The methyls not only
interfere with H-bonding. Further, they obstruct formation of
a regular, ordered assembly through steric effects, again
showing the sensitivity of the superhelix. The simulations
further indicate a minimal seed size, consistent with our
previous AAAAAAAA simulations. Clearly, the organiza-
tion that we observe for the NFGAIL peptide cannot be part
of the entire IAPP structure, even if antiparallel strand
assembly is maintained. Nevertheless, as this peptide has
been shown experimentally to form fibrils microscopi-
cally similar to the parent protein and to other amyloids, its
small size is particularly advantageous. It enables exten-
sive experimentation with possible amyloid organization in
an attempt to uncover the basic principles of amyloid con-
formation.
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