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ABSTRACT
Understanding the conformational
transitions that trigger the aggregation and amyloidogenesis of otherwise soluble peptides at atomic
resolution is of fundamental relevance for the design of effective therapeutic agents against amyloidrelated disorders. In the present study the transition from ideal ␣-helical to ␤-hairpin conformations
is revealed by long timescale molecular dynamics
simulations in explicit water solvent, for two wellknown amyloidogenic peptides: the H1 peptide from
prion protein and the A␤(12–28) fragment from the
A␤(1– 42) peptide responsible for Alzheimer’s disease. The simulations highlight the unfolding of
␣-helices, followed by the formation of bent conformations and a ﬁnal convergence to ordered in register ␤-hairpin conformations. The ␤-hairpins observed, despite different sequences, exhibit a
common dynamic behavior and the presence of a
peculiar pattern of the hydrophobic side-chains, in
particular in the region of the turns. These observations hint at a possible common aggregation mechanism for the onset of different amyloid diseases and
a common mechanism in the transition to the ␤-hairpin structures. Furthermore the simulations presented herein evidence the stabilization of the ␣-helical conformations induced by the presence of an
organic ﬂuorinated cosolvent. The results of MD
simulation in 2,2,2-triﬂuoroethanol (TFE)/water mixture provide further evidence that the peptide coating effect of TFE molecules is responsible for the
stabilization of the soluble helical conformation.
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INTRODUCTION
The incorrect folding of globular proteins is the result of
amino acid mutation, chemical modiﬁcation, environmental changes, or other unknown factors. The misfolded
proteins are often degraded. In some cases, however, they
aggregate and form amyloid ﬁbrils, which are associated
with some of the most distressing neurodegenerative
©
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diseases,1 such as prion and Alzheimer’s diseases.2,3 Many
sources of evidence suggest that these diseases are associated with an ␣ to ␤ conformational transition of part of the
protein,4,5 and that a small fragment of the protein plays a
key role as misfolding and aggregation precursor.6,7
Prion diseases arise through a post-translational change
to the so-called prion protein, PrP, whose NMR structure
was ﬁrst resolved by Riek et al.8 and is characterized by
the accumulation of an abnormal form of the prion protein,
PrPSc, in the brain.9,10 Residues 109 –122 (H1 peptide) are
considered to be important for the ␣ to ␤ conformational
transition and amyloid formation. According to several
sources of experimental evidence, the isolated H1 peptide
of the normal cellular prion protein, PrPC, adopts in water
a ␤-sheet structure from which amyloid ﬁbrils precipitate,11,12 is able to induce the ␣-helix to ␤-sheet conformational transition of the isolated 129 –141 fragment (H2
peptide)11 and, as part of the synthetic fragment PrP(90 –
145), can convert PrPC to a PrPSc-like form.13
Similarly, Alzheimer’s disease is the result of deposition
in brain tissues of A␤(1– 42) peptides, a product in the
amyloid protein metabolism.3 Shorter and synthetic fragments of the A␤-peptide (1–28, 25–35, 10 –35, and 12–28)
have been studied and characterized, in particular the
A␤(12–28) fragment, which was shown to have behavioral
effects in mice,14,15 and formation of ﬁbril aggregates16
and toxic effects in vitro.17
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In TFE or membrane-mimicking environments, both H1
and A␤(12–28) fragments were shown to adopt an ␣-helical
conformation.5,18
Unfortunately, the insoluble and massive character of
the ﬁbrils rule out the possibility to investigate their
structure at atomic resolution with conventional experimental techniques, so that the ␤-structures of these fragments are not available, and the mechanism of the conformational transition is largely unknown. In such cases, one
has little choice but to turn to the use of theoretical
approaches.
Several studies using MD simulations on model peptides
and aggregates have recently appeared in the literature.
Levy et al.19 observed the helix– coil transition of the
slightly different PrP(106 –126) peptide performing a set of
34 MD simulations. Klimov and Thirumalai20 showed via
MD simulation that the oligomerization of A␤(16 –22)
requires the peptide to undergo a random coil to ␣-helix to
␤-strand transition. Straub et al.21 used the computation
of a variationally optimized dynamical trajectory connecting ﬁxed end points of known structure to speed up the
conformational transitions among the different secondary
structure motifs. On the aggregation side, Caﬂish and
coworkers,22 for instance, used a simpliﬁed implicit model
based on the SAS to describe the main solvent effects, to
simulate the aggregation process of the heptapeptide
GNNQQNY from the yeast prion protein. Other MD
simulations with explicit representations of solvent were
run on oligomers of the Alzheimer’s peptides. The results
indicate that A␤(16 –22) has a preference to aggregate in
an extended conformation, forming antiparallel ␤-sheet
structures. Longer fragments, instead, tend to aggregate
as ␤-hairpins.
In the present study, we report, for the ﬁrst time at
atomic resolution, the spontaneous transition to the ␤-hairpin conformations of the Syrian hamster PrP peptide H1
and of the A␤(12–28) fragment obtained with long timescale MD simulations in explicit water. The analysis of the
trajectories helps deﬁne the common and peculiar pattern
of the hydrophobic side-chains in the ␤-hairpin conformation and the common ␣ to ␤ conformational transition
mechanism of these two peptides, which despite having
different sequences give rise to the analogous aggregation
phenomena. This unbiased MD approach to study amyloid
peptides was also tested by the use of a 30% (v/v) TFE/
water mixture model of the solvent to check its ability to
reproduce the stabilization of the helical conformation in
membrane-mimicking environments, by the TFE coating
effect already noted in a previous study.24
The convergence of the results is particularly signiﬁcant; actually the peptide H1 and the A␤(12–28) fragment,
although simulated with the same MD package and force
ﬁeld, were studied independently of each other in two
different laboratories.
METHODS
MD Simulations Protocol
MD simulations in the NVT ensemble, with ﬁxed bond
lengths,25 were performed with the GROMACS software
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package26 and with the GROMOS96 force ﬁeld.27 The force
ﬁeld uses an explicit representation of acidic hydrogens
and of hydrogen atoms on aromatic rings. Water was
modeled by the SPC model28 and TFE by the Fioroni et
al.model.29 A twin-range cutoff was used for the calculation of the nonbonded interactions. The short-range cutoff
radius was set to 0.8 nm and the long-range cutoff radius
to 1.4 nm for both Coulombic and Lennard–Jones interactions. The Berendsen algorithm30 was used for temperature control. The peptides, in their different starting
conformations, were solvated with water or the TFE/water
mixture and placed in a periodic truncated octahedron
large enough to contain the peptide and ⬇1.0 nm of solvent
on all sides. In all the simulations of the H1 peptide, a
negative counterion, Cl⫺, was added by replacing a water
molecule at the most positive electrical potential to achieve
a neutral simulation cell. The side-chains were protonated
so as to reproduce a pH of about 7 and the N- and
C-terminals were amidated and acetilated, respectively, to
reproduce the experimental conditions.11 For the simulations of the A␤(12–28) fragment, no counterions needed to
be added, since the total charge of the peptide was zero.
The protonation of the side-chains and the N- and Cterminals was consistent with the experimental pH ⫽ 5
condition used by Jarvet et al.31 All the simulations,
starting from the crystallographic structure, were equilibrated with 100-ps MD runs, with position restraints on
the protein to allow relaxation of the solvent molecules.
These ﬁrst equilibration runs were followed by other 50-ps
runs without position restraints on the protein. The temperature was gradually increased from 50 K to the chosen
temperature for performing short runs of 50 ps each, every
50 K.
MD Simulations of the H1 Peptide
Different MD simulations in explicit water of the H1
peptide (MKHMAGAAAAGAVV) were carried out:
1. A 450-ns MD simulation at 300 K, starting from an
ideal ␣-helix solvated with 5133 water molecules.
2. A ⬇21-ns MD simulation in water at two different
temperatures: ⬇11 ns at 360 K followed by ⬇11 ns at
300 K. The starting structure was obtained by a clustering procedure performed on the ﬁrst 200 ns of the
previous simulation. The central structure of the most
populated cluster turned out to be the one at 84 ns.
3. A 35-ns MD simulation at 300 K in water, starting from
a model conﬁguration provided by low resolution X-ray
diffraction data solvated with 6411 water molecules.12
4. A 50-ns MD simulation at 300 K, starting from an ideal
␣-helix in a mixture of 30% (v/v) TFE/water. Although
experimentally HFIP was used as cosolvent, we preferred to perform simulation in TFE, since its smaller
size allow a larger computational efﬁciency. Furthermore, TFE is less effective as secondary structure
stabilizer than HFIP used in the experiments, so we
expect that the results of our simulations are further
validate by this fact.
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The PDB coordinates ﬁle of the low-resolution X-ray
structure were downloaded from http://www.mad-cow.org/
⬃tom/prion_QuatStruc.html.
MD Simulations of the A␤(12–28) Peptide
The A␤(12–28) fragment (VHHQKLVFFAEDVGSNK)
was studied with 5 long-timescale MD simulations:
1. Two 100-ns-long MD simulation in water at 295 K and
320 K (in order to speed up the phase space sampling),
respectively, starting from an ␣-helical conformation,
solvated with 3463 water molecules, taken from the
PDB 1IYT.pdb ﬁle corresponding to the whole A␤(1– 42)
peptide.
2. Two MD simulation in water, 30 ns at 295 K and 20 ns
at 320 K, respectively, starting from an extended, all
trans, conformation. This starting conformation was
solvated with 11,712 water molecules. The timespan of
these two simulations was shorter than the ﬁrst two
due to the much higher number of solvating water
molecules.
3. A 100-ns-long MD simulation in water at 320 K,
starting from a conformation representative of the most
populated cluster obtained from the statistical clustering of the conformations explored in the 4 simulations
described above, which was solvated by 3757 water
molecules.
4. A 50-ns-long MD simulation of the same peptide at 300
K, in a TFE/water mixture, starting from the same
␣-helical conformation as in item 1.
Clustering Procedure
Cluster analysis was performed using the Jarvis–
Patrick32 method: A structure is added to a cluster when
this structure and a structure in the cluster have each
other as neighbors and have at least P neighbors in
common. The neighbors of a structure are the M closest
structures. In our case, P is 3, M is 9.
RESULTS
␣-Helix to ␤-Hairpin Transition of the H1 Peptide
A ﬁrst simulation was performed at 300 K for 450 ns,
starting from an ideal ␣-helix. The ␣-helix structure was
completely lost after ⬇10 ns, and after ⬇408 ns a transition to an ordered ␤-hairpin structure, stable for the
remaining 50 ns, was observed [Fig. 1(a)]. The ␤-hairpin
structure [Fig. 2(a)] was of the type 2:2 with a type II⬘
␤-turn sequence of (A113-)G114-A115(-A116), and was
characterized by a shift in the ␤-sheet register of the
interstrand HB pattern, with an antiparallel bulge involving G119. Interestingly, the hydrophobic residues, and in
particular, alanines A113, A115, and A116 in the turn
region, were mostly exposed to the solvent, providing a
possible seed for the aggregation process. Furthermore,
the hydrophobic SAS monitored in the last stages of the
␤-hairpin folding process for the hydrophobic residues
clearly showed a sharp transition from a state of compact
bent conformations with buried hydrophobic side-chains,
to the ␤-hairpin state, with increased water accessibility of

the hydrophobic residues (Fig. 3). The ﬁnal average SAS
value was around 9 nm2, slightly lower than the value
calculated for the ␣-helical starting conformation of 9.4
nm2.
To speed up the sampling of the conformational space, a
further simulation at higher temperature was performed,
starting from a conﬁguration obtained by a cluster analysis of the ﬁrst 200 ns of the previous simulation. The
temperature was initially set to 360 K and after ⬇11 ns
quenched to 300 K, when an almost complete ␤-hairpin
structure was observed [Fig. 1(a)]. In the last ⬇10 ns, 2
different ␤-hairpins with an occurrence of 45% and 25%,
respectively, were sampled: a 4:4 ␤-hairpin, with a type
VIII ␤-turn sequence of G114-A115-A116-A117 [Fig. 2(b)],
and a 2:2 ␤-hairpin, with the same HB pattern and turn
sequence observed in the previously reported simulation
at 300 K.
The only available experimental model, obtained by
low-resolution X-ray diffraction measurements on ﬁbers,12
suggested the presence of a ␤-bend with an intramolecular
turn. Using this structure as starting point, we performed
a 35-ns-long MD simulation in water [Fig. 1(a)]. After ⬇8
ns, the peptide adopted a very stable 4:4 ␤-hairpin conformation [Fig. 2(b)], with the same HB pattern and ␤-turn
sequence observed in the simulation at variable temperature. The only difference was that the ␤-turn type was IV
instead of VIII.
It has to be pointed out that the two types of ␤-hairpin
observed in the different simulations (4:4 and 2:2) have
turn regions surprisingly rich in alanines and a peculiar
high-solvent accessibility of the hydrophobic residues,
hinting at a reasonable starting point for the aggregation
process. A ␤-hairpin like conformation of the H1 peptide,
in the scrapie form of the prion protein, was hypothesized
by Prusiner and coworkers33 and by Daggett and coworkers.34
␣-Helix to ␤-Hairpin Transition of the A␤(12–28)
Peptide
The conformational evolution of the A␤(12–28) peptide
was investigated by long-timescale simulations at two
different temperatures, namely, 295 K and 320 K, using
different starting structures.
Two 100-ns-long simulations at the two above-referenced temperatures were started from the helical conformation. The ␣-helix was only marginally stable at both the
temperatures, and the peptide showed a high tendency to
populate a compact bent conformation [Fig. 1(b)]. This was
stabilized by the formation of a salt bridge between K16
and E22 or D23, and by the packing of the side-chains of
residues 17–21 (LVFFA), the CHC. V24 also packed on
this nascent hydrophobic patch.
Two additional simulations (30 ns at 295 K and 20 ns at
320 K) were started from a completely extended structure
to check the convergence to the same family of compact
states as described above. In both simulations, the peptide
evolved into a compact conformational ensemble, characterized by the same features of the bent structure obtained
from the two previously described simulations.
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Fig. 1. Time evolution of secondary structure. The analysis was performed with the DSSP program.42 The
starting and ﬁnal structures of each simulation are shown on the left and right sides, respectively. The
N-terminal in each snapshot is indicated with N. (a) Time evolution of the H1 peptide secondary structure.
Upper panel: MD simulation at 300 K starting from an ideal ␣-helix. Note the formation of the ␤-hairpin at t ⬇
408 ns. Middle panel: MD simulation at variable temperature starting from the central structure of the most
populated cluster obtained from the ﬁrst 200 ns of the previous simulation. Two ␤-hairpins are formed at t ⬇ 11
ns and t ⬇ 18 ns, respectively. Lower panel: MD simulation at 300 K starting from the low resolution X-ray
structure. The ␤-hairpin is formed at t ⬇ 8 ns. (b) Time evolution of the A␤(12–28) peptide secondary structure.
Upper panel: MD simulation at 320 K starting from an ideal ␣-helix. Middle panel: MD simulation at 295 K and at
320 K starting from an extended conformation. Lower panel: MD simulation at 320 K starting from the
representative structure of the previous simulations. Note the formation of the ␤-hairpin at t ⬇ 48 ns.

A clustering procedure was then applied to the 4 trajectories obtained, and the representative structure of the
most populated cluster was isolated and used as a starting
point for further MD analysis. This structure, characterized by the presence of a loop comprising residues 22–23
(E–D), and residues 12–21 and 24 –28 in extended-bend
conformation, was simulated for 100 ns at 320 K. After
⬇48 ns, a sharp transition to a very ordered ␤-hairpin
structure was observed [Fig. 1(b)]. The ␤-hairpin structure
[Fig. 2(c)] was of the type 2:2, with a type II⬘ ␤-turn
sequence of F19-F20-A21-E22.
Very interestingly, the hydrophobic side-chains of LVFFA
sequence, as a consequence of being both consecutive in
the sequence and in the formation of the turn, were mostly
exposed to water and, consistent with the observations in
the H1 peptide simulations, an analogue increase in the
hydrophobic SAS was observed (Fig. 3) on going from the
compact bent conformation to the ordered ␤-hairpin. The
ﬁnal average SAS value was around 5.8 nm2, lower than
the value calculated for the ␣-helical starting conforma-

tion of 8 nm2. The ﬁnal ordered structure of the ␤-hairpin
was consistent with several experimentally based hypotheses on the conformation of the monomer in the ﬁbrils.7,31,35
␣-Helix Stabilization in the TFE/Water Mixture
Conformational studies of both the H1 peptide and
A␤(12–28) fragment have been performed in mixtures of
ﬂuorinated solvent and water that were shown to stabilize the helical conformations.5,18 To investigate this
effect and test the simulations against those experimental data, two simulations in ⬇30% TFE/water mixture
were carried out. In Figure 4, the time percentage of
␣-helical conformation per residue for both the simulations is reported. A representative structure of each
peptide is also shown. The H1 peptide retains the
central core of the initial ␣-helix (residues 112–117)
during all the simulation time. This result is in excellent
agreement with the solid-state NMR data obtained by
Heller et al.18 using the stronger helix stabilizer HFIP,
and by Satheeshkumar and Jayakumar36 on the slightly
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Fig. 3. Hydrophobic SAS as a function of time. Upper panel: The SAS
variation corresponding to the conformational transition from bent to
␤-hairpin geometry at 300 K for the H1 peptide. Note the increase of the
hydrophobic SAS at t ⬇ 408 ns, corresponding to the bent to ␤ transition.
Lower panel: ␤ transition at 320 K of the A␤(12–28) peptide in the MD
simulation at 320 K. The starting structure in the ﬁgure corresponds to the
representative structure obtained by a cluster analysis (see text). The
maximum hydrophobic SAS is obtained in correspondence of the transition from disordered bent to the ordered ␤-geometry at ⬇48 ns. For the
A␤(12–28) peptides, just the central hydrophobic residues are considered. The plots shown are results of box car averaging over a 10-ps
window. General features are insensitive to the nature of this averaging.

In a recent MD study of peptide-forming secondary
structure in TFE/water mixture,24 it has been shown that
in a TFE/water mixture, the organic cosolvent aggregates
around the peptide, forming a matrix that partly excludes
water. This process in turn promotes the formation of local
interactions and, as a consequence, stabilizes the folded
structures.24,37 A similar coating effect is also the basis of
the increased stability of helical conformations in the cases
examined herein. The average number of contacts of the
TFE molecules with the peptide in the ﬁrst 200 ps and in
the last 5 ns is 191 ⫾ 30 and 349 ⫾ 33 for the H1 peptide,
and 293 ⫾ 33 and 525 ⫾ 42 for the A␤(12–28) peptide,
respectively. In both cases, an increase of ⬇85% is observed, showing a clear propensity of TFE to coat the
solute, in agreement with the previous observation by
Roccatano et al. on Melittin peptide.24
Fig. 2. ␤-Hairpin structures. (a) Structure of the 2:2 ␤-hairpin, with a
type II⬘ ␤-turn, of the H1 peptide obtained in the 450 ns long MD simulation
at 300 K. Note that the alanines, particularly in the turn region (A113,
A115, and A116), are exposed to the solvent. (b) Structure of the 4:4
␤-hairpin, with a type IV ␤-turn, of the H1 peptide obtained in the
35-ns-long MD simulation at 300 K, starting from the low-resolution X-ray
structure. Note that the alanines, particularly in the turn region (A115,
A116, and A117), are exposed to the solvent. (c) Structure of the 2:2
␤-hairpin, with a type II⬘ ␤-turn, of the A␤(12–28) peptide obtained in the
100-ns-long MD simulation at 320 K. Note that the central hydrophobic
residues (L17, V18, F19, F20, and A21) are exposed to the solvent. The
residues in italics belong to the turn.

different 113–127 peptide. In the case of the A␤(12–28)
fragment, the helical conformation is retained in regions
13–17 and 21–24, while the central part the structure
has the tendency to bend, once more in agreement with
the experimental observations.5

DISCUSSION
Taken together, the results obtained from our totally
unbiased simulations indicate an extremely high conformational ﬂexibility for both peptides in water solution, with a
general high tendency to form ordered ␤-sheet structures.
The observed ␤-hairpin conformations are characterized
by an increased hydrophobic SAS with respect to the
compact bent conformation preceding the transition. In
the ordered ␤-structure, all of the hydrophobic side-chains
lie on the same plane around the turn region of the
hairpin, and point into the same direction in 3D space. In
contrast, in the starting ␣-helical conformations of both
peptides, the hydrophobic side-chains are “scattered” on
different faces of the helix, and as a result of geometrical
and sequence constraints, they point in different directions. This is a new feature in ␤-hairpin conformations, as
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More speciﬁc interactions, such as Coulombic interactions, in addition to the hydrophobic collapse, should be
considered necessary for the subsequent ordering of the
nascent ﬁbrillar aggregates, as shown in the case of
experimentally studied small peptide models.41
The transition from ␣-helical to ␤-structure requires the
peptides to populate intermediate ␤-bend geometries in
which several mainly hydrophobic interactions are partially formed. This is followed by the sudden collapse to
ordered ␤-hairpin structures and the simultaneous disruption of the hydrophobic side-chain interactions, with a
consequent increase in the solvent exposure. For both H1
and A␤(12–28) peptides, the atomic picture of the detailed
mechanism of the evolution from ␣ to ␤ provided in this
work can be very useful for the design of new constrained
sequences or new drug candidates.
Finally, the simulations in the TFE/water mixture evidence the stability of ␣-helical conformations in the presence of the ﬂuorinated cosolvent, resulting in excellent
agreement with the available experimental data. Furthermore, the analysis of the TFE distribution around the
peptide conﬁrms the mechanism of TFE stabilization
proposed by Roccatano et al.24 on different secondary
structure–forming peptides.
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the structures so far obtained for other peptides show large
intramolecular hydrophobic interactions,38 with a clear
tendency to remove hydrophobic side-chains from water
contact in order to avoid aggregation phenomena. Although the presence of 5 consecutive hydrophobic residues
(LVFFA) in A␤ peptide and the unusual hydrophobic patch
in H1 is not well represented in protein sequences, analogous highly hydrophobic sequences in ␣-helical geometries
are also present in some “nonamyloidogenic” proteins
known to aggregate in amyloidogenic conditions, such as
in the case of lysozime39 or myoglobin.40 Thus, it is
conceivable that these very peculiar sequences and the
conformational transitions into the ␤-hairpin geometry
conspire to expose part of the hydrophobic cores of the two
peptides. These types of structures can be considered as
highly frustrated and offer a clear starting point for
aggregation. Despite showing a lower or comparable global
hydrophobic SAS with respect to the ␣-helical conformation, the steric properties and the ordered directionality of
the exposed patches in the ␤-hairpin conformations may
deﬁne a possible ordered hydrophobic interaction area
with other molecules sharing the same structural features.
This sort of preorganized interaction area is absent in the
helical conformation, and these observations can theoretically support the observation of high percentages of ␤-structures in experimental studies.4,6,31,35
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Krüger P, Mark AE, Scott WRP, Tironi IG. Biomolecular simulation: the GROMOS96 manual and user guide. Zürich: Hochschulverlag AG an der ETH; 1996.
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