
doi:10.1016/j.jmb.2006.01.009 J. Mol. Biol. (2006) 357, 1306–1321
A Molecular Dynamics Approach to the Structural
Characterization of Amyloid Aggregation
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A novel computational approach to the structural analysis of ordered
b-aggregation is presented and validated on three known amyloidogenic
polypeptides. The strategy is based on the decomposition of the sequence
into overlapping stretches and equilibrium implicit solvent molecular
dynamics (MD) simulations of an oligomeric system for each stretch. The
structural stability of the in-register parallel aggregates sampled in the
implicit solvent runs is further evaluated using explicit water simulations
for a subset of the stretches. The b-aggregation propensity along the
sequence of the Alzheimer’s amyloid-b peptide (Ab42) is found to be highly
heterogeneous with a maximum in the segment V12HHQKLVFFAE22 and
minima at S8G9, G25S26, G29A30, and G38V39, which are turn-like segments.
The simulation results suggest that these sites may play a crucial role in
determining the aggregation tendency and the fibrillar structure of Ab42.
Similar findings are obtained for the human amylin, a 37-residue peptide
that displays a maximal b-aggregation propensity at Q10-

RLANFLVHSSNN22 and two turn-like sites at G24A25 and G33S34. In the
third application, the MD approach is used to identify b-aggregation “hot-
spots” within the N-terminal domain of the yeast prion Ure2p (Ure2p1–94)
and to design a double-point mutant (Ure2p-N4748S1–94) with lower
b-aggregation propensity. The change in the aggregation propensity of
Ure2p-N4748S1–94 is verified in vitro using the thioflavin T binding assay.
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Introduction

Protein folding and unfolding are the most
sophisticated and specific ways of promoting and
abolishing cellular activity. Failure to fold correctly,
or to remain folded correctly, results in a plethora of
diseases.1–3 Some of these diseases originate from
amyloidogenic polypeptides that have a high
propensity to form ordered aggregates in the
extracellular space,4 e.g. Alzheimer’s and Parkin-
son’s diseases, type II diabetes, systemic amyloi-
dosis, and transmissible spongiform
encephalopathies.5,6 Understanding the molecular
determinants that cause soluble proteins to aggre-
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gate into insoluble fibrils and plaques is therefore
an important challenge.

The soluble precursors of amyloid deposits do
not share any sequence homology or common fold.
However, amyloid aggregates have common struc-
tural features: (i) they show the same optical
behavior (such as birefringence) on binding certain
dye molecules such as Congo red; (ii) present very
similar morphologies (long, unbranched and often
twisted fibrillar structures a few nanometers in
diameter); and (iii) display the characteristic cross-b
X-ray diffraction pattern,7,8 which indicates that the
“core” structure is composed of b-sheets running
perpendicular to the fibril axis.9 Hence, regardless
of the sequence, the key steps in the aggregation
process may be common to all amyloidogenic
polypeptides. The ability of a polypeptide chain to
self-assemble is not restricted to disease-related
proteins. A large number of non-pathogenic pep-
tides and proteins have been shown to form
amyloid fibrils under particular solvent, pH and
temperature conditions.10–12 Taken together, these
d.
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observations indicate that amyloid propensity is a
general property of the polypeptide backbone,13

thus suggesting that under certain conditions any
protein above a critical concentration will even-
tually assemble into ordered aggregates. On the
other hand, several studies have shown that the
aggregation propensity depends dramatically on
amino acid composition and that side-chains
influence the kinetics and stability of amyloid fibrils
enormously.14–17 To shed light into the molecular
mechanism of amyloid formation and the nature of
the energetic contributions that stabilize these
structures for an extremely diverse class of poly-
peptides, atomic-resolution three-dimensional
structures are required. As non-crystalline solid
material, amyloid aggregates are strongly incompa-
tible with high-resolution techniques for protein
structure determination, i.e. X-ray crystallography
and liquid state NMR, and, with the exception of
the amyloid-like spine formed by a seven-residue
peptide,18 no structure of an amyloid fibril has yet
been determined at an atomic level of detail. To
obtain structural information, more sophisticated
approaches such as solid state NMR,19–24 site-
directed spin labeling,25–27 cryo-electron
microscopy28,29 and proline-scanning mutagen-
esis30 have been used.

Given the difficulty of obtaining high-resolution
structures, alternative theoretical and compu-
tational approaches have been followed to ration-
alize the physico-chemical principles of
amyloidogenesis and understand the role of the
sequence. Very efficient theoretical models to
predict protein aggregation propensities from
primary structures have been proposed.31–33 At
minimal computational cost, some of these
models32,33 determine putative aggregation-prone
regions (“hot-spots“) within a protein sequence.
Despite remarkable correlation with experimental
data, these methods do not provide detailed
structural information. Experimental approaches
on simplified amyloid systems have also been
reported.17 Remarkably, the full positional scanning
mutagenesis of the amyloidogenic peptide STVIIE
highlighted both sequence and position depen-
dence of amyloid propensity, even for such a small
peptide system. However, the lack of structural
detail for the fibrils formed by these peptides has
precluded a rational explanation for the origin of
the observed mutational effects. Hence, to shed
some light into the “hidden” link between protein
sequence and amyloid propensity, computational
studies providing structural information are
required.34,35

Here, a novel approach to structurally character-
ize the propensity towards ordered aggregation of
amyloid polypeptides is presented. The procedure
is based on the decomposition of a polypeptide
chain into overlapping segments and equilibrium
molecular dynamics (MD) simulations of a small
number of copies of each segment. An efficient
implicit solvent model (based on the solvent-
accessible surface area36) is used to obtain
a statistically significant sampling for the trimeric
and hexameric systems of each peptide segment.
It is important to note in this context that the in-
register parallel packing of a seven-residue peptide
from the yeast prion protein Sup35 determined by
this implicit solvent model16 is in remarkable
agreement with the X-ray microcrystal structure of
the cross-b spine (see Materials and Methods).18

The computational strategy has been designed to
predict the position dependence of b-aggregation
propensity along the sequence, i.e. the amyloido-
genicity profile. From the shape of the profile,
amyloidogenic stretches can be discriminated from
regions with scarce b-aggregation propensity. More-
over, the atomic detail provided by the MD
simulations allows us to interpret the shape of the
profile on a structural basis. The method has been
tested on three amyloid sequences: the amyloid-b
peptide (Ab42), the human amylin and the
N-terminal domain of the yeast prion protein Ure2
(Ure2p1–94). Ab42 is a product of the proteolytic
cleavage of the 695-residue amyloid precursor
protein (APP) accomplished by the b and g-secre-
tases.37 Amyloid fibrils and plaques formed by full-
length Ab are associated with Alzheimer’s disease,
which is the most common neurodegenerative
disease and accounts for the majority of the
dementia diagnosed after the age of 60.38

Human amylin, also known as islet amyloid
polypeptide (hIAPP), is the major component of
pancreatic amyloid deposits found in w90% of
patients with non-insulin-dependent (type 2) dia-
betes mellitus39 of which there are about 150 million
worldwide.40 hIAPP is a peptide hormone of 37
amino acid residues produced by cleavage from a
pro-amylin precursor protein. It has been shown by
X-ray and electron diffraction that hIAPP fibrils are
well-ordered cross-b structures.41 However, a
detailed understanding of the fibrillar structure
and aggregation properties of full-length hIAPP
(hIAPP1–37) has yet to be achieved.

Ure2p is a prion from the yeast Saccharomyces
cerevisiae42 that acts as a negative regulator of
nitrogen metabolism.43 In its prion state, Ure2p is
at the origin of the [URE3] phenotype.44 In vitro,
Ure2p aggregates into long, straight filaments that
bind Congo red, show green-yellow birefringence
and have an increased resistance to proteolysis.45,46

The prion domain (residues 1–90)46 is involved in
filament formation47 and contains an unusually
high number of Asn, Gln, and Ser residues, i.e. 35%,
12%, and 10% of its 90 residues, respectively. The
prion domain of Ure2p is protease-sensitive and
poorly structured.46 However, synthetic Ure2p1–65

was shown to readily form fibrils with more than
60% b-sheet.47

The agreement between the amyloidogenicity
profile obtained by MD simulations and exper-
imental data on Ab42 and hIAPP1–37 indicates that
the computational approach is descriptive and can
be applied to predict the aggregation properties of a
polypeptide sequence. The b-aggregation profile
highlights critical segments for b-sheet formation
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and can be used to guide site-directed mutations
that modulate the aggregation tendency. The
predictive power of the computational approach is
validated experimentally by a double-point mutant
of Ure2p1–94.
Results
Polypeptide decomposition into segments

Here, the aggregation properties of three amyloid
sequences are investigated by the MD computational
approach: the human Ab42, hIAPP1–37, and the central
part of the N-terminal domain of the yeast prion
protein Ure2 (Ure2p20–70). Due to the large size of the
polypeptide chains (42, 37 and 51 residues, respect-
ively) their oligomeric systems cannot be effectively
studied by all-atom MD simulations. Therefore, the
polypeptide sequence was decomposed into over-
lapping stretches. By systematically applying a two-
residue shift along the sequence, 18 seven-residue
and 16 11-residue peptide segments span the 1–41
region of Ab42 (Tables 1 and S2), 16 seven-residue
peptide segments span hIAPP1–37 (Table S3), and 23
seven-residue peptide segments cover the 20–70
region of Ure2p (Table S4). Each peptide segment
was both N-acetylated and C-amidated to reproduce
the original context in the full-length sequence. The
considerable overlap between neighboring segments
allows us to extrapolate the simulation results from
the stretches to the polypeptides.
Table 1. Ab42: seven-residue stretches simulations
Human amyloid-b peptide (Ab42)
b-Aggregation propensity

The b-aggregation profile of Ab42 was deter-
mined by first performing implicit solvent MD
simulations of a trimeric system for each of the
seven-residue peptide segments (see Table 1). For
each segment, the b-aggregation propensity was
obtained by averaging the time series of the nematic
order parameter �P2 along the trajectory (see
Materials and Methods). At both temperatures of
310 K and 330 K the average value of �P2 reaches
convergence, on a time-scale faster than 1 ms, as
indicated by the small standard deviations from
three independent runs at 310 K (Figure 1, top). At
330 K, b-aggregation propensity values ranged
from 0.51 to 0.89. According to our previous
analysis of the amyloid-forming peptides
GNNQQNY and QQQQQQQ and nonamyloido-
genic peptides SQNGNQQRG and AAAAAAA,48

these �P2 values indicate the presence of both
aggregation-prone and non aggregation-prone
stretches along the Ab42 sequence. Interestingly,
the most aggregation-prone segments are not
distributed uniformly along the Ab42 sequence but
tend to cluster in the region 12–22. The heterogen-
eity in the aggregation properties of the Ab42

segments is reflected in the free-energy projections
along �P2 (Figure 1, bottom left). Two main scenarios
emerge: the first, described by a free-energy profile
with a broad minimum at �P2w0:5 (broken line),
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Figure 1. Ab42. Results of constant temperature MD simulations of trimeric seven-residue peptide systems. Top: b-
aggregation propensity averaged along the implicit solvent simulations at 310 K (blue), 330 K (red), and the explicit
solvent runs (black squares). The data points represent the values of the nematic order parameter �P2 averaged over the
canonical ensemble. The continuous and broken lines are drawn to help the eye for the wild-type and single-point
mutants, respectively. The segment identification number corresponds to the position of the central residue in the Ab42

full-length sequence (see Table 1). Error bars on the data points at 310 K represent standard deviations of average b-
propensities computed over three independent runs. For some data points at 310 K, e.g. 32 and 36, the error bar is smaller
than the symbol. Pink and cyan open circles show the effect of the single-point mutations, F19S51 and A21G,52

respectively. Bottom: free-energy projections along �P2 (left) and the radius of gyration (right) of the oligomeric system at
330 K. Thick and broken lines for segments 16 and 34, respectively, show the emergence of two distinct scenarios in both
aggregation (left) and condensation (right) properties. Thin continuous lines represent the 16 remaining segments.
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indicates scarce propensity for b-aggregation; the
second, described by a steep downhill profile
toward a minimum with high orientational order
(thick line), highlights amyloid-like sequences.

To obtain insights into the relatively weak
b-aggregation propensity detected at the C
terminus, the radius of gyration of the oligomeric
system Rg was monitored along the implicit solvent
trajectories. Again, the free-energy projections
along Rg (Figure 1, bottom right) show two different
scenarios. The first scenario, described by
a free-energy profile with a unique and narrow
minimum at Rg!RC

g (see Materials and Methods),
indicates that the simulated peptides are very likely
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Figure 2. Comparison between b-
aggregation propensities from MD
simulations and experimental data.
See the legend to Figure 1 for the
meaning of data points and connect-
ing lines. Top: 11-residue peptide
segments of the amyloid-b peptide.
The pink bars quantify the binding of
the full-length Ab40 to each of 31
overlapping decapeptides (corre-
sponding to residues 1–10 up to 31–
40) as measured by radioligand
experiments.49 Bottom: seven-resi-
due peptide segments of the human
amylin. The pink bars quantify the
binding of the full-length hIAPP1–37

to each of 28 over lapping decap
peptides (corresponding to residues
1–10 up to 28–37) as measured by
immunoblotting experiments.55
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to aggregate. The second scenario, which shows a
prominent broad minimum at Rg!RC

g on the free-
energy profile (broken line), reports that confor-
mations characterized by isolated peptides are
favored and the occurrence of condensed states of
the system (either ordered or disordered) is rather
low. Remarkably, all the stretches compatible with
the second scenario belong to the C-terminal part of
the amyloid-b peptide (from Ab21–27 to Ab35–41).
Since at elevated temperature entropic effects favor
the uncondensed state, three additional 1 ms
implicit solvent simulations were performed at
310 K for each segment. Interestingly, an aggrega-
tion-prone region in the C-terminal part of Ab42

(residues 32–36) emerges at 310 K (Figure 1, blue
circles). These simulation results suggest that the
condensation propensity, though not sufficient to
describe amyloidogenicity, is a necessary condition
for the formation of amyloid nuclei. It is not
sufficient because amyloidogenic sequences must
also have b-sheet propensity, which promotes the
assembly into highly ordered structures (see also
Supplementary Data).

A comparison of the b-aggregation propensity
calculated from the implicit and explicit solvent
simulations shows a good agreement except for the
N-terminal segment D1AEFRHD7 (Figure 1, top). The
much larger �P2 value in the implicit solvent runs is a
consequence of the approximations inherent to the
treatment of charged groups,36 which are neutral-
ized to prevent vacuum-like artifacts like the
excessive formation of salt-bridges. In the implicit
solvent simulations of D1AEFRHD7, the lack of
strong Coulombic repulsion between side-chains
with the same charge does not prevent formation of
in-register parallel b-sheets. The first two
N-terminal segments D1AEFRHD7 and E3-

FRHDSG9 contain four and three charged side-
chains, respectively, whereas the remaining seven-
residue segments have between zero and two
formal charges. For this reason, the implicit solvent
b-aggregation profiles are more reliable for the 8–42
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Figure 3. Secondary structure profiles. Single-residue
secondary structure propensities have been extracted
from REMD trajectory segments at 306 K of trimeric 11-
residue systems for Ab42 (top) and from constant
temperature MD trajectories at 330 K of trimeric seven-
residue systems for hIAPP1–37 (bottom). To obtain the
propensity value of residue i, averages were taken over all
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region of the Ab42 peptide, where they also show
good agreement with the explicit solvent simulation
results.

Implicit solvent replica exchange MD (REMD)48

simulations of 11-residue segments were also used
to derive the Ab42 amyloidogenicity profile
(Figure 2, top). At 306 K and 330 K, the profiles
look similar with higher propensity for the lower
temperature. For all the aggregation-prone seg-
ments (8, 14, 16, 18, 20 and 22), the analysis of the
trajectories by a polar order parameter ( �P1; see
Cecchini et al.48) revealed a statistically relevant
predominance of in-register parallel b-sheets and,
with the exception of stretch 22, negligible anti-
parallel arrangements (data not shown). The high-
propensity region encompasses residues 14–22.
Interestingly, the same region was identified by
means of radioligand experiments49 as the most
prone to bind full-length Ab42 (pink bars in
Figure 2). The radioligand experiments were
carried out with overlapping ten-residue stretches,
which is very close to the simulation systems.
A second region located at the C terminus, which is
missing from the 11-residue segments aggregation
profile, was detected by the experiments. However,
the binding of Ab42 to the C-terminal decapeptides
was considerably less prominent and probably
mediated by hydrophobic rather than specific
interactions.

An in-depth comparison of the amyloidogenicity
profiles obtained from seven and 11-residue peptide
simulations (Figures 1 and 2, respectively) provides
additional information. The profiles are qualitat-
ively similar and display a prominent high-
propensity region located in the central part of the
sequence. However, the effect of the increased
peptide length is not negligible; a considerably
lower b-aggregation propensity is detected at the N
terminus (residues 1–6). When the peptide length is
increased, the resulting stretches are more likely to
include both aggregation-prone and non-aggrega-
tion-prone segments. Therefore, the b-aggregation
propensity decreases in regions of the sequence
with mixed properties. To verify that the length of
the segments identified on the Ab42 sequence had
no impact on the results, the b-aggregation
propensity profile was recalculated by considering
seven-residue substretches along the 11-residue
simulation trajectories (e.g. D1AEFRHD7, E3-

FRHDSG9 and R5HDSGYE11 from D1-

AEFRHDSGYE11). Both b-aggregation propensity
and secondary structure profiles are in good
agreement with those obtained from seven-residue
peptide simulations (Figure S4 in Supplementary
Data). Thus, the simulation results are robust with
respect to the choice of the segment length.
stretches containing residue i. Green, blue, red, and cyan
lines correspond to a-helical, b-strand, turn or bend, and
random coil content, respectively. The simulation results
indicate the presence of turn-like segments (red letters),
which play a key role in determining amyloid aggrega-
tion properties. The vertical broken lines mark the
borders of the regions identified by the specific location
of the turns along the sequence.
Secondary structure analysis

To interpret the amyloidogenic trend in the
central zone (stretches 14, 16, 18, 20 and 22),
a secondary structure analysis of the conformations
saved along the trajectories was performed. The
analysis showed that b-aggregation propensity
correlates with b-strand content, anticorrelates
with a-helical content, and seems very sensitive to
b-turn or bend propensity (Figure 3 and Figure S5 in
Supplementary Data). The b-aggregation profile in
the segment 14–22 is influenced by the location of a
turn-like segment (G25S26) and the a-helical/
b-strand equilibrium. The latter is consistent with
NMR studies that highlighted a trend to helical
structures for the segment 16–24 in aqueous
solution.50 The identification of four turn-like
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peaks (S8G9, G25S26, G29A30, and G38V39) helps to
interpret the shape of both seven and 11-residue
profiles as well as the differences between the two.
When Ab42 is dissected into 11-residue segments,
the stretches at the N terminus always include the
first potential turn (S8G9) in the middle of the
sequence and therefore the amyloidogenic content
is low. In contrast, the heptamer Ab3–9 has the S8G9

turn at the C terminus and shows a high
b-aggregation propensity. Similar considerations
explain the low propensity of the 11-residue profile
in the C-terminal region of Ab42. With longer
segments, either the third (G29A30) or the fourth
(G38V39) turn-like site is always included in the
stretches and the b-aggregation propensity is
suppressed. On the other hand, the seven-residue
stretches between G29A30 and G38V39 are respon-
sible for the peak at residues 31–37 (Figure 1 and
Figure S2 in Supplementary Data). Taken together,
the simulation results show that the b-aggregation
profile of Ab42 is strongly modulated by the
position of four turn-like sites along the sequence.
Single-point mutants of Ab42

The aggregation properties of four familial
disease-related variants of Ab42, i.e., the Arctic
(E22G), Dutch (E22Q), Italian (E22K) and Flemish
(A21G) mutants, and one non-pathological variant
obtained by random mutation51 (F19S) were inves-
tigated. In vitro studies51–53 have shown that the
E22G, E22Q and E22K mutations accelerate fibril
formation while A21G and F19S decrease the
fibrillogenesis rate with respect to wild-type Ab42.
Starting from the b-aggregation profile of the wild-
type sequence (Figure 1), mutational effects can be
predicted at moderate computational cost, i.e. by
repeating only the implicit solvent simulations of
the seven-residue stretches affected by the mutation
(Table S1 in Supplementary Data). Seven-residue
segments are preferred to 11-residue segments
because of the lower computational cost, which
allows us to investigate a larger number of mutants.

As shown in Figure 1, the lower aggregation
propensity of the F19S and A21G variants is
reproduced correctly. Interestingly, the disease-
related mutant E22G has a profile (data not
shown) similar to that of wild-type Ab42, indicating
that the simulation-based approach is able to
distinguish the subtle difference between A21G
and E22G. On the other hand, the fact that three
disease-related variants E22G, E22Q and E22K have
profiles similar to wild-type (data not shown)
suggests that the approach is less sensitive in the
very-high propensity region, which could be a
consequence of the reduced dimensionality of the
simulation system, i.e. number of peptides smaller
than in the nucleus and/or short segment length. In
this context it is important to note that previously
published explicit water simulations of the mono-
meric Ab10–35 peptide and its E22Q mutant do not
support the hypothesis that the Dutch E22Q variant
leads to a higher b-structure propensity,54 in
agreement with the present implicit solvent results.

Human amylin (hIAPP1–37)

The b-aggregation profile of hIAPP1–37 was
determined using the same approach as for Ab42.
Sixteen implicit solvent MD simulations of three
seven-residue peptide segments were performed
(Table S3 in Supplementary Data). At 330 K,
b-aggregation propensity values ranged from 0.52
to 0.81 (Figure 2, bottom). The resulting profile
highlights two well-defined hot-spots along the
hIAPP1–37 sequence, with the first (residues 10–22)
more prominent than the second (residues 28–30).

A systematic mapping of the hIAPP1–37 sequence
for the identification of domains that can potentially
mediate molecular recognition and lead to amyloid
fibril formation has been performed by Gazit and
co-workers.55 Their in vitro immunoblotting exper-
iments showed that the region most prone to bind
the full-length hIAPP1–37, i.e. the recognition
domain, is located at the center of the sequence
(residues 7–21). The simulation results are in good
agreement with in vitro findings (Figure 2, bottom).
In particular, the NFVLH pentapeptide suggested
as the “core” of the recognition motif55 is included
in the seven-residue stretch hIAPP13–19 (central
residue 16) that showed the highest b-aggregation
propensity in silico. The largest discrepancy is
located at the region 24–26, which was not
identified by the simulation-based approach. How-
ever, the immunoblotting signal is very weak in this
region and likely to originate from hydrophobic
rather than specific interactions.

The structural analysis performed on Ab42 was
repeated on the hIAPP1–37 sequence. Average
single-residue secondary structure propensities
were extracted from simulation trajectories and
used to draw the profiles shown in Figure 3, which
highlights two short turn-like segments (G24A25 and
G33S34) corresponding to regions of reduced
b-aggregation propensity. Again, the simulation
results suggest that turn-like sites strongly modu-
late the aggregation propensity of amyloid poly-
peptides. It is worth noting, though that a third
b-aggregation propensity minimum observed
around Thr6 is due to a strong a-helical propensity
(green line in Figure 3 bottom) and not to a turn- or
bend-site. As mentioned above, the a-helical/b-
strand equilibrium can modulate the b-aggregation
propensity of a polypeptide chain.

N-terminal domain of the prion protein Ure2
(Ure2p1–94)

As for Ab42 and hIAPP1–37, the b-aggregation
profile of Ure2p20–70 was determined by performing
implicit solvent MD simulations of a trimeric
system for each of the seven-residue peptide
segments (Table S4 in Supplementary Data). At
330 K, b-aggregation propensity values ranged
from 0.51 to 0.76 (Figure 4, top). Three aggrega-
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tion-prone regions intercalated with short non
aggregation-prone segments are highlighted: resi-
dues 33–39, 45–49, and 55–61. It is worth noting that
one of the two central regions with low b-aggre-
gation propensity corresponds to three consecutive
serine residues located at positions 51–53. Appar-
ently, these serine residues reduce the local
aggregation tendency by splitting a poly (N) stretch
in two segments. To further investigate the role of
serine residues, six variants of the stretch Ure2p44–50

(NNNNNNN) were modeled by considering all
possible single and double-point N-to-S mutants at
positions 47, 48 and 49 (Table S5 in Supplementary
Data). Six additional simulations were run at 330 K
and b-aggregation propensities computed. As
shown in Figure 4 (top, blue triangles), a strong
position dependence on mutation is observed in
agreement with recent experimental findings.17

Furthermore, the central positions (residues 47
and 48) are more sensitive than the lateral ones
(residue 49). The N-to-S mutations reduce the
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Ure2p20-70
aggregation propensity of Ure2p44–50 with the
lowest tendency for the double mutant Ure2p-
N4748S44–50. To study the effect of this double-point
mutation on Ure2p1–94, aggregation simulations of
all stretches affected by the mutations, i.e. Ure2p42–48,
Ure2p44–50, Ure2p46–52 and Ure2p48–54, were carried
out. The N4748S double-point mutation is respon-
sible for the disappearance of the hot-spot at
residues 45–49 (empty circles in Figure 4 top) and
therefore is predicted to strongly affect the assembly
behavior of the whole prion domain. To validate the
in silico prediction, the assembly kinetics of the
N-terminal domain of wild-type Ure2p (Ure2p1–94)
and double-point mutant (Ure2p-N4748S1–94) were
compared using the thioflavin T (ThT) binding
assay. For the latter, a pronounced increase in the
lag phase of the assembly reaction and a lower level
of ThT fluorescence at steady state were observed
(Figure 4, bottom). From this observation, we
conclude that the substitution of asparagine by
serine residues at position 47 and 48 hinders the
0  70

330K 

61

63
6567

NNSGRNGSQN

Figure 4. N-terminal domain of
the prion protein Ure2: MD simu-
lations and in vitro validation. Top:
values of the b-aggregation pro-
pensity from 330 K constant tem-
perature MD trajectories of trimeric
seven-residue peptide systems are
shown by filled circles. The seg-
ment identification number corre-
sponds to the position of the central
residue in full-length Ure2p (Table
S4 in Supplementary Data). Blue
triangles indicate b-aggregation
propensities of single and double-
point N-to-S mutants at positions
47, 48 and 49 of the stretch Ure2p44–

50 (segment 47). Open circles con-
nected by a broken line highlight
the mutational effect of the double
mutation N4748S on the aggrega-
tion properties of Ure2p1–94. Bot-
tom: assembly kinetics of wild-type
(Ure2p1–94, red circles) and Ure2p1–

94 N4748S variant (blue triangles)
monitored by ThT binding. The
N4748S substitutions have a dra-
matic effect on the lag phase preced-
ing assembly and validate the
simulation results. Ure2p1–94 fibrils
are 4 nm wide and are shown in the
electron micrograph (inset; the scale
bar represent 100 nm).
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aggregation process of the N-terminal domain as
predicted by the implicit solvent simulations.
Concluding Discussion

A “divide-and-conquer” approach to investigate
the aggregation properties of amyloid polypeptides
is presented. The amino acid sequence is first
decomposed in overlapping segments. Then,
implicit solvent MD simulations of oligomeric
systems are performed for each segment. The use
of an implicit model of the solvent36 allows for
equilibrium sampling (total simulation time of
hundreds of microseconds) starting from peptides
well separated in space, i.e. without intermolecular
contacts. To validate the structural stability of the
ordered aggregates observed in the implicit solvent
runs, 50 ns control simulations with explicit water
are carried out for a subset of the segments.

The MD procedure is used here to determine the
position dependence of the b-aggregation propen-
sity along the polypeptide sequence, i.e. the
b-aggregation profile. Despite higher compu-
tational demand with respect to analytical models
recently developed to predict b-aggregation pro-
pensities,31–33 the present method provides a
structural interpretation of the b-aggregation pro-
file, which is essential to rationalize the sequence
dependence and predict mutational effects on
amyloid aggregation. The use of segments to
investigate the b-aggregation properties of a full-
length sequence is justified, especially for parallel
in-register aggregates. The dissected stretches are
N-acetylated and C-amidated to reproduce their
original context in the full-length sequence. Assum-
ing in-register parallel arrangements, aggregation
MD simulations of short stretches are a good
approximation of the fibrillar environment and the
observations made on the stretches can be extended
to full-length polypeptides.

Up to now, the details of the amyloid structure
and the extent to which it is uniquely defined are
unclear. Initially, structural models with antiparallel
b-sheets were favored.56,57 However, solid state
NMR measurements revealed that amyloid fibrils
formed by Ab10–35

58 and by full-length Ab40
59,60

contain parallel b-strands exactly in register. More-
over, electron paramagnetic resonance (EPR)
studies26 and very recent vibrational dipolar
coupling measurements61 on fibrils formed by
spin-labeled and isotope-labeled Ab40, respectively,
have provided further evidence for the parallel in-
register arrangement. Also, spin labeling exper-
iments on hIAPP1–37 fibrils have indicated an in-
register parallel organization of the b-strands.27 The
compelling experimental17,62–65 and compu-
tational16,66 evidence that side-chains strongly
influence amyloid aggregation suggests that a
parallel organization of the strands in the fibrils
should be, in general, preferred to antiparallel. By
construction, in-register parallel arrangements
favor the interactions of hydrophobic/aromatic
side-chains. Hence, a preference for parallel aggre-
gates is expected for polypeptide sequences with
few charged residues. Short stretches with charged
groups at the termini might prefer the antiparallel
arrangement.34

The aggregation properties of the Alzheimer’s
amyloid-b peptide have been investigated by
applying a two-residue shift: 18 seven-residue and
16 11-residue peptide segments were defined along
the Ab42 sequence. Although the stretches of the
two sets are rather diverse in both amino acid
composition and length, the resulting amyloido-
genicity profiles highlight the same region (from
Val12 to Asp22) as the major hot-spot. Interestingly,
this central zone is also the most prone to bind the
radiolabeled full-length Ab40 peptide, as quantified
by densitometry.49 Since the autoradiography
experiments were carried out with short
(ten-residue) overlapping stretches, the comparison
between in vitro and in silico results is appropriate
and the former validates the latter. Furthermore, the
central region includes the K16LVFF20 pentapeptide
that was shown to be essential for amyloid fibril
formation.49 Although with a lower tendency, the
C-terminal segment (residues 31–37) is also found
to be aggregation-prone. In agreement with this in
silico result, ThT fluorescence assays have shown
that residues 30–35 (AIIGLM) promote the self-
assembly by accelerating the aggregation process.67

The enhanced b-aggregation propensity detected at
the N terminus by the implicit solvent runs is rather
surprising and in disagreement with solid state
NMR23 and EPR measurements.26 It is likely that
the approximations inherent to the solvation model
and, in particular, the neutralization of formal
charges, are too crude to correctly reproduce the
behavior of polypeptide segments with many
charged side-chains. Explicit solvent simulations
started from parallel b-sheet conformations of
segments located at the N terminus unveiled their
marginal structural stability, in agreement with
experiments. The structural details emerging from
the simulations are consistent with the model for
Ab40 fibrils derived from solid state NMR spec-
troscopy.23 In the NMR model, the amyloid-b
peptide bends to generate double-layered sheets
that can pack in a parallel arrangement. Interest-
ingly, the segments 12–24 and 31–37 correspond to
the b-strands of the NMR model.

Thanks to the atomic detail provided by the MD
simulations, the b-aggregation profile could be
structurally characterized. Secondary structure
analysis of the MD trajectories unveiled the
presence of four turn-like sites along the amyloid-
b sequence: S8G9, G25S26, G29A30, and G38V39.
Interestingly, the location of the first three turns
had been suggested by solution NMR,68 solid state
NMR23 and proline scanning mutagenesis,30

respectively. Although the four sites with turn
propensity could have been detected by algorithms
for secondary structure prediction, the conse-
quences of such propensity within the context of
an oligomeric system can be determined only by the
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MD-simulation approach. The identified turn-like
segments correspond to large drops in b-strand
propensity and are located at the borders of
aggregation-prone regions (Figure 3, top). Hence,
their specific position on the sequence determines
the location and width of the aggregation hot-spots,
which are supposed to drive amyloid fibril for-
mation and to have an influence on the fibrillar
conformation of Ab42. In this regard, it is worth
noting that although the structural model proposed
by Tycko and co-workers23 has a single turn located
at residues 25–26, the original solid state NMR
chemical shifts are fully compatible with the
presence of a second turn located at residues
29–30, as suggested by the MD simulation results.
An alternative structural model including a second
turn and a different intramolecular register between
the strands cannot be excluded because of the lack
of experimental data in that region of the sequence
and the usage of a minimization protocol by
Petkova et al.23 unable to investigate the whole
conformational space compatible with experimen-
tal constraints.

The simulation-based approach has been
further tested on the human amylin polypeptide
(hIAPP1–37) and the N-terminal domain of the yeast
prion protein Ure2 (Ure2p20–70). Unlike Ab42, these
two polypeptide sequences contain very few
charged side-chains (i.e. 2/37 and 4/51 in hIAPP1–

37 and Ure2p20–70, respectively). Moreover, these
charges are separated along the sequence (Lys1 and
Arg11 in hIAPP1–37; Arg24, Asp31, Glu38, and
Arg65 in Ure2p20–70) so that each blocked heptapep-
tide contains a maximum of one charge. Hence,
explicit water runs were not deemed necessary. Two
aggregation-prone regions have been identified
along the hIAPP1–37 sequence: a major hot-spot
from Gln10 to Asn22, and a minor one from Ser28 to
Val32. In contrast with experimental data obtained
without blocking groups at the peptide termini,69

the present simulation analysis indicates that the
blocked NNFGAIL segment does not show high
b-aggregation propensity. Interestingly, recent
explicit water simulations of an octameric system
of blocked NFGAIL peptides have also reported
low aggregation tendency.70 In fact, despite the
usage of ad hoc conformational restraints, i.e. the
main chains were completely restrained to ideal
b-sheet conformations, only 8% of the sampled
octamers were well ordered. The apparent dis-
agreement between the simulation results (this
work and work done by Wu et al.70) and the
experiments suggests that short peptide stretches
may show different aggregation properties if
unblocked. Hence, it is more appropriate to
consider blocked peptides to infer the aggregation
properties of a polypeptide sequence from its
segments.

The structural characterization of the b-aggre-
gation profile of hIAPP1–37 unveils the presence of
two specific turn-like segments (G24A25 and G33S34).
Similarly to what was found for Ab42, these two
sites determine the overall shape of the aggregation
profile, i.e., the location and extension of the hot-
spots. It is worth noting that the Ab42 and hIAPP1–37

aggregation profiles are strikingly similar (Figures 1
and 2). Both share a major aggregation hot-spot in
the middle of the sequence, a less aggregation-
prone region in the hydrophobic tail and a turn-like
segment between them. Despite the rather low level
of sequence identity (w21%) and similarity
(w36%), the b-aggregation profiles suggest that
Ab42 and hIAPP1–37 might have similar fibrillar
structures. In accord with these considerations, it
has been found that Ab42 fibrils can act as efficient
seeds for hIAPP1–37 aggregation,71 thus implying
that at least under certain conditions hIAPP1–37 can
adopt a structure similar to that of Ab42 in the fibrillar
form.

Taken together, the MD-simulation results of
Ab42 and hIAPP1–37 provide further evidence that
alternating b-strands and turn (or bend) segments
might be a general feature of amyloid polypeptides,
as suggested by Kajava et al.72,73 Assemblies with
completely elongated peptide backbones are likely
to be less favorable than partially folded arrange-
ments of b-strands because of entropic effects as
well as the tighter packing and minimal solvent
exposure of hydrophobic residues in the latter.23 In
this view, the identified turn-like segments are
expected to be very sensible to mutation and
therefore optimal targets for reducing amyloid
propensity.

When removed from its natural environment,
Ure2p1–94 assembles into 4 nm wide fibrils of amyloid
nature (Figure 4). Three aggregation-prone
regions have been identified along the sequence of
Ure2p20–70: residues 33–39, 45–49, and 55–61. Again,
the presence of aggregation hot-spots intercalated
with non-aggregation-prone segments has been
observed. The simulation-based approach has been
successfully applied to guide site-directed mutagen-
esis for reducing the amyloidogenic tendency of
Ure2p1–94. The double-point mutation N4748S
designed in silico to reduce aggregation propensity
has been verified experimentally (Figure 4).

In conclusion, the MD simulation approach
yields the amyloidogenicity profile along a poly-
peptide sequence and the secondary structure
propensity of its overlapping segments in the
context of an ordered aggregate. The combination
of both types of information is very helpful for the
understanding of the sequence and structure
determinants of amyloid fibril formation. The
computational strategy may be ultimately used to
guide the rational design of synthetic peptidic and
non-peptidic molecules that hinder or prevent
amyloid aggregation.
Materials and Methods

Implicit solvent simulations of aggregation

To simulate peptide aggregation, a strategy similar to
that described by Gsponer et al.16 was followed. Implicit
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solvent simulations of aggregation were performed with
the program CHARMM.74 The oligomeric peptide
systems were modeled by explicitly considering all
heavy atoms and the hydrogen atoms bound to nitrogen
or oxygen atoms (PARAM19 potential function74,75). The
remaining hydrogen atoms are considered as part of the
carbon atoms to which they are covalently bound
(extended atom approximation). An implicit model
based on the solvent-accessible surface was used to
describe the main effects of the aqueous solvent on the
solute.36 The CHARMM PARAM19 default cutoffs for
long range interactions were used, i.e., a shift function74

was employed with a cutoff at 7.5 Å for both the
electrostatic and van der Waals terms. The model is not
biased toward any particular secondary structure type. In
fact, the same force field and implicit solvent model have
been recently used in MD simulations of aggregation,16,48

folding of structured peptides (a-helices and b-sheets)
ranging in size from 15 to 31 residues,76–78 and small
proteins of about 60 residues.79,80 Moreover, the in-
register parallel packing of three GNNQQNY peptides
predicted by this model16 has been recently validated by
the X-ray microcrystal structure of the cross-b spine:18 the
b-strand alignment, the stacking interactions of the
tyrosine rings and the hydrogen bonds between amide
groups are essentially identical (compare Figure 2 of
Gsponer et al.16 with Figure 2(e) of Nelson et al.18). The
same force field, solvation model and simulation protocol
have been applied to polypeptide segments experimen-
tally known not to form amyloid structures, i.e. the
nonapeptide SQNGNQQRG (corresponding to Sup35
residues 17–25 with the Gln/Arg mutation at position
24, which showed solubility in vivo and in vitro81) and the
alanine heptapeptide.82 No ordered b-aggregate was
observed in these control simulations,16,48 which is
particularly remarkable for the SQNGNQQRG sequence
given its similarity to the amyloidogenic GNNQQNY
peptide.

In the case of Ab42, the following constant tempera-
ture MD runs were performed: (i) 18 simulations of
three seven-residue peptide copies at 330 K to monitor
b-aggregation propensity along the sequence and
highlight possible aggregation hot-spots; (ii) 18 simu-
lations of three seven-residue peptide copies at 310 K
to investigate the temperature effect on the aggregation
properties of the overlapping stretches; (iii) 18 simu-
lations of six seven-residue peptide copies at 330 K to
investigate the effect of the system size, i.e. the number
of molecules in the simulation box, on both b-aggre-
gation propensity and structural properties of the
aggregates; (iv) 13 310 K and four 330 K runs of three
seven-residue peptide copies to predict mutational
effects on the aggregation properties of Ab42; and (v)
16 simulations with three 11-residue peptide copies at
330 K to study the dependency of b-aggregation
propensity on the length of the overlapping segments.
To guarantee the correct sampling of peptide confor-
mational space in physiological conditions,48 the self-
assembly of long segments (11-residue) was investi-
gated by replica exchange molecular dynamics (REMD)
simulations. In an REMD run, different copies of the
system (“replicas”) are simulated at the same time but
at different temperature values. Each replica evolves
independently by MD and every tswap states i,j with
neighbor temperatures are swapped (by velocity
rescaling) with a probability wijZexp(KD),83 where
Dh(biKbj)(EjKEi), bZ1/kT and E is the effective
energy (potential and solvation energy). During the
simulation, each replica visits all temperatures of
the set and realizes a free random walk in temperature
space. High-temperature simulation segments facilitate
the crossing of the energy barriers while low tempera-
ture ones explore energy minima in detail. Thus, the
temperature swapping determines a random walk in
energy space, which improves sampling efficiency. In
this study, ten replicas were used with temperatures (in
K): 294, 306, 318, 330, 343, 356, 369, 383, 397, 413. By
using fixed value of DtswapZ10,000 MD steps (20 ps),48

temperature values were adjusted by trial and error
until the acceptance ratios of exchange between
neighbor temperatures converged to values between
40% and 50%.

In a similar fashion, to determine the b-aggregation
profile and identify the aggregation hot-spots along both
hIAPP1–37 and Ure2p20–70, 16 and 23 simulations of three
seven-residue peptide copies at 330 K were carried out,
respectively. Finally, ten simulations of three seven-
residue peptide copies were performed at 330 K to
investigate mutational effects on Ure2p1–94 aggregation
properties.

All implicit solvent simulations were performed
starting from random conformations, positions, and
orientations of the peptide copies. In the initial random
positions there was no intermolecular contact, i.e. the
peptides were separated in space. Each system was
simulated in a cubic box whose side was adjusted to yield
a sample concentration of 5 mg/ml. Langevin dynamics
with a friction value of 0.15 psK1 was used. This friction
coefficient is much smaller than that of water (43 psK1 at
330 K) to allow for sufficient sampling within the
microsecond time-scale of the simulation. The small
friction does not influence the thermodynamic properties
of the system. The SHAKE algorithm84 was used to fix the
length of the covalent bonds involving hydrogen atoms,
which allows an integration time-step of 2 fs. Further-
more, the non-bonded interactions were updated every
ten dynamics steps and coordinate frames were saved
every 20 ps for a total of 5!104 conformations/ms. On a
2.1 GHz Athlon processor, a 1 ms run requires approxi-
mately 10.4 days, 25.2 days and 22.3 days for three, seven-
residue peptides, six, seven-residue peptides, and three
11-residue peptides, respectively. Simulations were run
on a Beowulf cluster for a total simulation time of 0.35 ms,
0.02 ms and 0.05 ms for Ab42, hIAPP1–37 and Ure2p20–70,
respectively.

Explicit solvent simulations started from ordered
aggregates

For a subset of four Ab42 seven-residue stretches
(Ab1–7, Ab5–11, Ab13–19 and Ab29–35), explicit solvent
MD simulations were carried out starting from in-
register parallel b-sheet conformations. The starting
structure of each run was selected among the implicit
solvent conformations with a fraction of parallel
contacts larger than 0.85 (these contacts were defined
following the procedure described by Gsponer et al.16).
Explicit solvent simulations were performed with the
program NAMD285 using the CHARMM all-hydrogen
force field (PARAM22 potential function86) along with
the TIP3P model for water molecules.87 Non-polar
hydrogen atoms were added by CHARMM (HBUILD
module) and their position was optimized in vacuo. The
resulting structure was solvated in a water box of
appropriate dimensions so that the distance between
periodic images was not smaller than 25 Å. Chloride
and sodium ions were added to neutralize the systems,
yielding a salt concentration of 150 mM. Long-range
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electrostatic forces were accounted for by using
the particle mesh Ewald summation method88 with
real space cutoff distance of 10 Å and a grid width of
0.93 Å. The simulations were run at constant tempera-
ture (310 K) and pressure (1 atm) by applying the
Berendsen thermostat89 with a coupling decay time of
1 ps and the hybrid Nose–Hoover Langevin pressure
control.90 The SHAKE algorithm84 was used to allow
for an integration time-step of 2 fs. Solvent molecules
and counterions were equilibrated at 310 K while
holding the peptide system rigid for 1 ns. Two 0.5 ns
equilibration cycles were then performed applying a
harmonic constraint to all peptide atoms with force
constants of 1.0 and 0.1 kcal/mol Å2, respectively. Upon
releasing the constraints, 50 ns production runs were
performed for each peptide system.
Order parameters and b-aggregation propensity

The nematic order parameter �P2 was considered to
monitor the aggregation process as described by Cecchini
et al.48 This order parameter is widely used for studying
the properties of anisotropic fluids such as liquid
crystals91–93 and is defined as:

�P2 Z
1
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iZ1
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2
ðẑi$d̂Þ

2K
1

2
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where d̂ (the director) is a unit vector defining the
preferred direction of alignment, ẑi is a suitably defined
molecular vector, and N is the number of molecules in the
simulation box, i.e., three or six peptides in this study. The
director is defined as the eigenvector of the ordering
matrix94 that corresponds to the largest positive eigen-
value. Here, the molecular vectors ẑi were defined as unit
vectors linking the peptide’s termini (from the N to the C
terminus). The nematic �P2 describes the orientational
order of the system and discriminates between ordered
and disordered conformations.

As it has been recently shown,48 the average over the
canonical ensemble of �P2 is descriptive of the thermo-
dynamic stability of the ordered state of oligomeric
peptide systems. This scalar value, which ranges from 0
(complete disorder) to 1 (perfect order), can then be used
to estimate and compare the amyloidogenic propensity of
different peptide sequences. Here, the value of �P2

averaged over the MD trajectory, referred to as b-aggre-
gation propensity, is used to determine the b-aggregation
profiles.
Progress variables
Radius of gyration

The radius of gyration of the oligomeric system Rg was
considered to monitor the “condensation” equilibrium
along the simulation trajectories. Conformations of the
system producing non-interacting peptides, namely
conformations where all inter-peptide atomic distances
are larger than the long-range interactions cutoffs (7.5 Å
in this case), were used to determine RC

g . In other words,
RC

g is the lowest value of the radius of gyration measured
for the snapshots when the three peptides are far apart
from each other. Conformations with one or more isolated
peptides ðRgORC

g Þ describe the “uncondensed state” of
the system.
Secondary structure

Strings of secondary structure (SS) were considered to
monitor peptide conformational changes along the
trajectory. For each oligomeric snapshot (Cartesian
coordinates of the atomic nuclei) the SS of each chain
was calculated.95 The resulting strings of SS elements (one
element per residue) were used to describe peptide
conformations and monitor the aggregation process.
The SS alphabet includes four possible letters: “H”, “E”,
“T” and “–”, which stand for a-helix, extended (b-strand),
b-turn or bend, and random coil, respectively. Terminal
caps as well as N and C-terminal residues are always
assigned a “–”. Albeit devoid of the atomic detail, SS
strings are useful because they provide an intuitive
description of the shape of the peptide backbone.
However, these strings are suitable to monitor peptide
conformational changes only at a coarse-grained level. In
fact, in a perfect in-register arrangement a capped
hendecapeptide would present the following SS string
“–EEEEEEEEE–” independently of the polarity of the
assembly, i.e. the number of parallel and antiparallel
b-strands.

Mutagenesis

The N-terminal domain of Ure2p (Ure2p1–94) is highly
insoluble and forms inclusion bodies inE. coli. In contrast, it
is soluble when attached to the C-terminal domain of the
protein. We therefore engineered a specific cleavage site
between the two domains in order to generate soluble
Ure2p1–94 at the onset of the assembly reaction by cleavage
with the specific protease Factor Xa as described by Bousset
et al.96 The variant Ure2p-N4748S expression vector was
obtained by site-directed mutagenesis. Mutagenesis was
achieved using the QuickChange site-directed mutagenesis
kit (Stratagene Europe, Amsterdam, The Netherlands) and
the primers 5 0-CAGGTGTAAATAATAATAGTAGTAA-
CAATAGCAGTAGTAATAAC-3 0 and 5 0-GTTATTAC-
TACTGCTATTGTTACTACTATTATTATTTACACCTG-3 0.

Protein purification, generation of soluble Ure2p1–94

and assembly of Ure2p1–94 into fibrils

Recombinant Ure2p-I91EGR94 and Ure2p-N4748S-
I91EGR94 were over expressed as soluble proteins in
E. coli and purified as described.46 The Ure2p1–94 frag-
ment was generated as described by Bousset et al.96 The
assembly reactions were monitored using thioflavin T
binding ,97 using a Quantamaster QM 2000-4 spectro-
fluorimeter (Photon Technology International, Inc. NJ).
Ure2p1–94 fibrils were also examined following negative
staining with 1% uranyl acetate on carbon-coated grids
(200-mesh) in a Philips EM 410 electron microscope
(Philips Inc., The Netherlands).
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49. Tjernberg, L. O., Näslund, J., Lindqvist, F., Johansson,
J., Karlstrom, A. R., Thyberg, J. et al. (1996). Arrest of
b-amyloid fibril formation by a pentapeptide ligand.
J. Biol. Chem. 271, 8545–8548.

50. Riek, R., Güntert, P., Döbeli, H., Wipf, B. & Wüthrich,
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