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ABSTRACT A set of 34 molecular dynamic (MD)
simulations totaling 305 ns of simulation time of the
prion protein-derived peptide PrP106–126 was per-
formed with both explicit and implicit solvent mod-
els. The objective of these simulations is to investi-
gate the relative stability of the a-helical
conformation of the peptide and the mechanism for
conversion from the helix to a random-coil struc-
ture. At neutral pH, the wild-type peptide was found
to lose its initial helical structure very fast, within a
few nanoseconds (ns) from the beginning of the
simulations. The helix breaks up in the middle and
then unwinds to the termini. The spontaneous tran-
sition into the random coil structure is governed by
the hydrophobic interaction between His111 and
Val122. The A117V mutation, which is linked to GSS
disease, was found to destabilize the helix conforma-
tion of the peptide significantly, leading to a com-
plete loss of helicity approximately 1 ns faster than
in the wild-type. Furthermore, the A117V mutant
exhibits a different mechanism for helix-coil conver-
sion, wherein the helix begins to break up at the
C-terminus and then gradually to unwind towards
the N-terminus. In most simulations, the mutation
was found to speed up the conversion through an
additional hydrophobic interaction between Met112

and the mutated residue Val117, an interaction
that did not exist in the wild-type peptide. Finally,
the b-sheet conformation of the wild-type peptide
was found to be less stable at acidic pH due to a
destabilization of the His111–Val122, since at acidic
pH this histidine is protonated and is unlikely to
participate in hydrophobic interaction. Proteins
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INTRODUCTION

Prion diseases, such as scrapie of sheep and goats,
bovine spongiform encephalopathy, and Creuzfeldt–Jacob
disease (CJD) and Gerstmann–Sträussler–Scheinker dis-
ease (GSS) of humans, are characterized by the accumula-
tion of abnormal forms of the prion protein, termed PrPSC,
in the brain.1,2 In contrast with the normal cellular prion
protein (PrPC), PrPSC is partly resistant to protease diges-
tion and has a marked tendency to form insoluble aggre-
gates of amyloid fibrils.3,4 The accumulation of PrPSC as

PrP amyloid in the brain is thought to be responsible for
the nerve cell degeneration.5

Nuclear magnetic resonance (NMR) studies of recombi-
nant murine PrP indicate that the normal protein is
composed of two structurally distinct moieties: an ex-
tended N-terminus segment (residue 23–125) with fea-
tures of a flexibly disordered polypeptide chain, and a
well-defined globular domain (residue 126–231) with three
a-helices and a two-stranded anti-parallel b-sheet.6,7 Al-
though the precise nature of the PrPC to PrPSC transition
remains unclear, there is certainly a striking conforma-
tional change, with a decrease in a-helical secondary
structure (from 42–30%) and a remarkable increase in
b-sheet content (from 3–43%).8,9 This rearrangement is
accompanied by the acquisition of abnormal physicochemi-
cal properties, including insolubility in nondenaturing
detergents and partial resistance to digestion.

Secondary structure prediction based on the prion pro-
tein sequence suggested that the prion protein is composed
of four a-helical regions, designated H1–H4.10 However,
NMR studies have shown that, in fact, the H1 region
(residues 109–122) does not adopt an a-helix configura-
tion, and that the prion protein contains only three a-helix
regions.6,11–13 Further, experimental studies using a pep-
tide corresponding to the H1 region of PrP have shown
that the peptide has low solubility in water, forming
b-sheets, which polymerize into fibrils.14–16 In organic
solvents, the same peptide adopts a metastable a-helical
structure that reverts to an extended conformation when
exposed to water vapor.11 According to crystallographic
measurements, the b-sheet conformation of the peptide
that corresponds to the H1 region is stabilized by hydropho-
bic interaction between His111 and Ala117.17 This interac-
tion can explain how a replacement of Ala117 by the more
hydrophobic Val results in a more stable folded conforma-
tion at neutral pH, since valine may strengthen this
interaction, thus facilitating the folding of H1. By contrast,
at acidic pH, this replacement produces an extended
conformation.17 This effect is attributable to the protona-
tion of histidine at acidic pH, which adds a positive charge
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to this residue, making it unlikely to participate in a
hydrophobic interaction.

Like the H1 fragment (PrP109–122), the larger PrP106–
126 peptide also possesses similar structural characteris-
tics in terms of hydrophobic interactions. Previous studies
have shown that a synthetic peptide homologous of resi-
dues 106–126 of human PrP (PrP106–126) exhibits some
of the pathogenic and physicochemical properties of
PrPSC.5,18–20 This peptide shows a remarkable conforma-
tional polymorphism, acquiring different secondary struc-
tures in different environments.20 In general, in buffered
solutions this peptide tends to adopt a b-sheet conforma-
tion and to aggregate into amyloid fibrils that are partly
resistant to digestion with protease. These findings sug-
gest that the PrP region, including residues 106–126, may
be the key region in which the global conformational
change of the protein from PrPC to PrPSC is initiated. This
notion is supported by the fact that deletion of residues
23–88 does not prevent the conversion of PrPC to PrPSC,
whereas the ablation of residues 108–121 or 122–140
together with residues 23–88 prevents this process.21 In
addition, the observation that the N-terminus part of PrP
(residues 23–125) is highly flexible and is more susceptible
to structural transitions than the C-terminus globular
domain also supports this hypothesis.

In recent years, many properties of the PrP106–126 and
its variants, including physicochemical properties, second-
ary structure contents, and fibrillogenic propensity, have
been studied under different chemical conditions (pH,
ionic strength, and a membrane-like environment).22,23

The conformational polymorphism, as well as the fibrillo-
genic properties of PrP106–126, were hypothesized to be
related, at least in part, to the His111. To test this
hypothesis and to establish the importance of residue 111
for amyloid formation, several mutations were introduced
at this position. In particular, to test whether the amyloid
is formed via hydrophobic interactions, in which the
histidine is presumed to take part, a hydrophobic residue
(alanine), instead of the histidine, was introduced.22 This
replacement did indeed lead to higher b-sheet content and
similar aggregation propensity. Furthermore, because the
fibrillogenic propensity decreases in acidic pH, the histi-
dine was also replaced by another ionizable residue,
lysine.22 In general, the latter replacement led to a de-
crease in both the b-sheet content and the aggregation
propensity.

Another residue, in addition to His111, that is implicated
as taking part in the PrP106–126 amyloid formation is
Ala117. This hypothesis is supported by the fact that a
substitution of alanine by valine at position 117 is linked
to GSS disease,2 possibly by favoring the b-sheet conforma-
tion over the a-helical conformation. In fact, a previous
molecular dynamics (MD) study of the H1 peptide in water
by Kazmirski et al.24 showed that, of a variety of replace-
ments of Ala117 with hydrophobic amino acid residues,
only the Val117 substitution resulted in helix destabiliza-
tion. Furthermore, a crystallographic study of H1 in the
b-sheet structure by Inouye and Kirschner17 showed that
His111 indeed faces Ala117. These researchers suggested

that because of the stronger hydrophobic interactions
between His and Ala, a replacement of Ala by Val may
facilitate the formation of a H1 b-sheet. Recent circular
dichroism (CD) spectroscopy measurement of PrP106–126
by Salmona et al.22 was interpreted as an indication that
the presence of Val at position 117 increases the aggrega-
tion properties of the amidated peptide. While this substi-
tution had no significant effect on the spectral features and
structural stability of PrP106–126, it did show that the
degree of b-sheet secondary structures of an amidated
peptide with this substitution is larger compared with the
wild-type amidated peptide.

Salmona et al. suggested another possible model of the
b-sheet formation by PrP106–126. This model relies on
the fact that removal of the C-terminus electric charge by
amidation led to a predominantly random-coil structure
and inhibited fibril formation. These investigators sug-
gested that the peptide molecules assemble in an anti-
parallel b-pleated sheet structure, which is stabilized by
electrostatic interactions between positive charged resi-
dues of Lys106 and Lys110 and the negative charged
carboxy group at the C-terminus. This model explains how
elimination of the charge at the C-terminus shifts the
equilibrium toward the random-coil monomeric state. How-
ever, as the authors conceded, this model cannot explain
some of the experimental data: (1) the model cannot
answer how an amidated peptide is still able to form a
limited number of fibrils; (2) it does not express the
important role of the His111 in the formation of the b-sheet
structure; and (3) it can only explain the formation of
dimer, but not of larger aggregates.

In this study, we focus on the first step of amyloid
formation, which is the formation of intermediate PrP106–
126 monomeric conformations. In particular, we aim to
obtain an atomic level insight into the mechanism of the
spontaneous transition of the PrP106–126 peptide from
a-helical to b-sheet conformations and the interactions
that stabilized the final state. Four 1–2-ns explicit solvent
MD simulations and 30 implicit solvent MD simulations
(10-ns each) of a solvated PrP106–126 peptide were car-
ried out in this study, totaling 305 ns of simulation time
(Table I). The dynamic properties of the wild-type peptide
at neutral pH were investigated through two explicit
solvent MD simulations, each starting from a different
initial secondary structure conformation of the H1 region
(residues 109–122). In one simulation, the initial conforma-
tion of the 14 H1 residues was an ideal a-helix, while in the
other simulation the initial conformation of the same
residues was the b-sheet conformation determined by
x-ray studies of Inouye and Kirschner.17 In both cases, the
remaining residues on both sides of the H1 region (resi-
dues 106–108 and 123–126) were initially in an extended
conformation. A comparison of the dynamics of the peptide
starting from two different conformations may elucidate
their relative stability, the interactions that govern the
peptide’s dynamics, and whether the two trajectories end
up in similar conformations. To obtain better statistics on
the dynamics and on the stability of the wild-type peptide,
a set of an additional 10 trajectories, all starting from the
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a-helical conformation, were simulated using an implicit
solvent model.

The remaining MD simulations were performed in order
to study the effects of an acidic pH and of the known A117V
point mutation on the dynamic properties of the PrP106–
126 fragment. The acidic pH environment may be intro-
duced by the protonation of residues with pKa values of
,6. In the case of PrP106–126, this includes only His111,
which is protonated under these conditions and conse-
quently becomes positively charged. As the goal was to
explore stabilization of the b-sheet state at acidic pH, the
acidic pH simulations started with the above b-sheet
conformation. These include one explicit solvent MD simu-
lation and 10 implicit solvent MD simulations. The initial
conformation used in the simulation of the A117V mutated
peptide was an a-helical structure, as in this case the goal
was to see whether the mutation does, in fact, strengthen
the hydrophobic interaction, leading to an early breakup of
the a-helix. As in the previous case the dynamics of the
A117V mutation was explored by one explicit solvent MD
simulation and by an additional set of 10 trajectories,
using an implicit solvent model.

METHODS
Explicit Solvent Simulations

Four explicit solvent MD simulations of the PrP106–126
peptide were carried out (Table I). In two of the simulations
(1 and 3 in Table I), the initial conformation of the 14
residues in the H1 region (residues 109–122) was that of an
ideal a-helix. In the other two simulations (2 and 4 in Table
I), the initial conformation of these residues was the b-hair-
pin conformation determined in the x-ray study for the H1
fragment.17 The Protein Data Bank (PDB) coordinates file of
the H1 b-hairpin conformation was downloaded from http: //
www.mad-cow.org/;tom/prion_QuatStruc.html. The remain-
ing residues on both sides of the H1 region were assigned an
extended conformation. All peptides were with uncharged
terminus, i.e., amine group (NH2) at the N-terminus and
carboxy group (COOH) at the C-terminus.

All simulations were performed using the CHARMM
molecular dynamics program (version 26)25 and the
CHARMM all-atom force field.26 The simulations used 1-fs
time steps, the SHAKE constraints on bonds to hydrogen
atoms, a dielectric constant of e 5 1, and a 16-Å energy
cutoff. The peptides were embedded in a 25-Å sphere of
TIP3 water molecules, using stochastic boundary condi-
tions. The water sphere was added in two steps, each of

which involved overlaying a sphere of equilibrated water
molecules at a random orientation followed by 20 ps of
equilibration at 300 K. In the simulation that began with
the a-helical structure, for example, 2,005 water molecules
were added to the model in the first step, and 9 water
molecules were added in the second step, for a total of
2,014 water molecules. The total number of atoms in this
simulation (peptide and water) was 6,314.

Implicit Solvent Simulations

The size of the system makes it difficult to obtain
statistical samples of the dynamic and thermodynamic
behavior of the peptide, using the explicit water simula-
tions. To overcome this limitation, this study uses the
EEF1 implicit solvent model,27 which expresses the solva-
tion free energy as a sum over group contributions, with
the solvation free energy of each group corrected for the
screening by surrounding groups. The EEF1 has been
shown to give reasonable energies for unfolded and mis-
folded conformations27 and unfolding pathways, in agree-
ment with explicit water simulations.28 To obtain statisti-
cal data for the a-helix unwinding and for the interaction
stabilized the coil structures of both wild-type and A117V
PrP106–126, 10 trajectories (10-ns each) were simulated
for each sequence (Table I). An additional set of 10
trajectories (10-ns each) were simulated for the wild-type
PrP106–126 at acidic pH (simulations 25–34 in Table I).
The trajectories differ one from the other by the value of
the seed used for generation the random numbers that
assign the initial velocities.

Simulation Protocol

In all the simulations, the initial solvated PrP106–126
peptides were gradually heated to 300 K for 10 ps of
dynamics. The system were then simulated for 1 ns (except
the simulation 1 began with an a-helical conformation at
neutral pH, which was simulated for 2 ns) at 300 K, from
which conformations were sampled every 0.2 ps. A total of
4,000 conformations (8,000 for the 2-ns trajectory) were
collected from the MD trajectories of each system. The
inter-residue distances are calculated between the Cb of
alanine, the Ce of methionine, the center of mass of Cb, and
the two Cg atoms of valine, as well as the center of mass of
the imidazole ring of histidine. The a-helix and b-sheet
content of each conformation throughout the four trajecto-
ries were calculated using the DSSP program.29

TABLE I. Summary of the Simulations Reported in This Study of the PrP106–126 Peptide

Simulation
no.

Peptide Initial
conformation

Solvent model pH Length (ns)

1 Wild type a-Helix Explicit Neutral 2
2 Wild type b-Sheet Explicit Neutral 1
3 A117V mutant a-Helix Explicit Neutral 1
4 Wild-type b-Sheet Explicit Acidic 1
5–14 Wild-type a-Helix Implicit Neutral 10
15–24 A117V mutant a-Helix Implicit Neutral 10
25–34 Wild-type b-Sheet Implicit Acidic 10
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Projection of the trajectories onto subspace of the confor-
mation space was obtained by applying the principal
component analysis (PCA) method.30,31 The PCA projects
multidimensional data onto low-dimensional subspaces by
selecting a new set of principal axes that best preserve the
distances between the conformations, enabling visualiza-
tion of the spatial relations between the data points. The
PCA is a very useful method with which to visualize
significant conformational changes such those expected for
PrP106–126; it may reflect the effects of acidic pH and of
the A117V point mutation on the structural transition. For
the present application, it should be noted that when
conformations of two analogous molecules are to be com-
pared, they must be projected together onto the same
subspace. As a consequence, the distance measure used
should be based on features common to the two molecules.
In this study, we use the root-mean-square deviation
(RMSD) of the backbone heavy atoms as the distance
measure between conformations of different trajectories.
The principal two-dimensional (2D) subspace represents
the multidimensional data to accuracy of greater than
50%.

RESULTS AND DISCUSSION
The PrP106–126 Helix-Coil Conversion

CD and NMR studies have shown that the a-helical
conformer of PrP106–126 is stable in organic solvents but
tends to convert to a b-strand structure in water, eventu-
ally leading to fibril formation.22,23 To assess the stability
of the a-helical state of the wild-type PrP106–126 in water
and to characterize its conversion to the b-strand state, a
2-ns simulation of the 21-amino acid peptide with explicit
water molecules was performed, starting with a conforma-
tion in which residues 109–122 (H1 fragment) form an
ideal a-helix (i.e., 66% a-helical content for the whole
peptide) that has been pre-equilibrated.

The changes in the percentage of helicity of the wild-
type peptide along the 2-ns explicit solvent MD simulation
are shown in Figure 1. The a-helical content of PrP106–
126 at the beginning of the simulation is about 66%. The
helical content begins to decrease after 0.5 ns, reaching
about 20% after 0.7 ns and rebounding to 50%; finally, the
peptide completely loses its a-helix characteristic (0%
a-helix) after 1.5 ns. This observation indicates that the
conversion of PrP106–126 from an a-helix to a random coil
structure is very efficient. Because simulating the system
with an explicit solvent model is very time-consuming, a
set of 10 MD simulations (10-ns each) that use the EEF1
implicit solvent model27 were performed to add statistical
significance to the interpretation of the a-helix breakup
and the stabilizing interactions of the coil structures
(simulations 5–14 in Table I). Figure 2 shows the distribu-
tion of the times required for the breakup of the helix in
wild-type PrP106–126 based on the 10 implicit solvent
simulations (simulations 5–14 in Table I). This distribu-
tion indicates that the average time for the helix breaking
is 4.3 ns. This time is longer than the time obtained from
the explicit solvent calculations (1.5 ns); the difference
should be attributed to the different screening of interac-

tions by the explicit and implicit solvation models. How-
ever, it should be noted that to study the effect of the
A117V mutation, it is the relative, and not the absolute,
time scale that is important.

To identify the pattern in which the helix break, the 9
hydrogen–bond distances [NH(i)–CO(i14)] that define the
a-helix between residues 109–121 were followed through-
out the simulation (Fig. 3). During the first 0.5 ns, all
hydrogen bonds are intact. However, starting at 0.5 ns, the
hydrogen–bond distances between NH112–CO116 and
NH113–CO117 begin to increase, reaching 7Å at 0.7 ns,
indicating that these two hydrogen bonds no longer exist;

Fig. 1. a-Helical content of PrP106–126 along the 2-ns explicit
solvent trajectory of wild-type PrP106–126 (simulation 1) and along the
1-ns explicit solvent trajectory of the A117V mutant (simulation 2). Both
simulations were performed with explicit water molecules at neutral pH.
The initial a-helix content of PrP106–126 is about 66%. It is seen that
introducing the A117V mutation reduced the time it took the peptide to
convert from an a-helical to a random-coil structure by 1 ns. The a-helical
percentage was calculated using the DSSP program.

Fig. 2. Distribution of the times required for helix breakup in both
wild-type and A117V mutant PrP106–126. Each distribution is based on
10 implicit solvent simulations (simulations 5–14 for the wild-type and
simulations 15–24 for the A117V mutant PrP106–126). A comparison
between the two distributions indicates that helix breaking for the mutant
peptide is faster by 1 ns than for the wild-type in agreement with the
explicit solvent simulations.
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that is, the a-helix begins to break at the middle of the
peptide, between residues 112–117. Significant fluctua-
tions in the distances of the other hydrogen bonds are also
observed between 0.5–0.7 ns. These strong fluctuations
are responsible for the temporary decrease of the a-helix
content after 0.7 ns (Fig. 1). After an additional 1 ns of
simulation, four more hydrogen bonds start to break
(NH109–CO113, NH110–CO114, NH111-CO115, and NH114–
CO118). This is accompanied by a further increase in the
distance between the components of the two broken hydro-
gen bonds (NH112–CO116, NH113–CO117). At the end of the
simulation, after 2 ns, only two of the original a-helix
hydrogen bonds located, at the C-terminus region of the
peptide, remained although even these two become weaker.
This very short and unstable a-helical region corresponds
to the 0–18% a-helical content after 1.5 ns, as shown in
Figure 1.

The breakup of the a-helix in the middle creating two
smaller helices, which is followed by unwinding of the
C-terminus fragment, can be viewed as the first step
toward the formation of a b-hairpin stabilized by hydropho-

bic interactions. As discussed above, it was previously
suggested that the b-sheet conformation of the 14 residues
H1 fragment is stabilized by a hydrophobic interaction
between residues His111–Ala117. If this suggestion is cor-
rect, it should hold true also for the larger PrP106–126
peptide.

To see whether such stabilizing interactions are formed
after the breakup of the original a-helix, we followed four
distances between different hydrophobic residues, one on
each of the two strands that might contribute hydrophobic
interactions (Fig. 4). These residues are His111 and Met112

on one strand and residues Ala117 and Val122 on the other
strand. Figure 4(a) demonstrates that the distances be-
tween His111 and Ala117 and between Met112 to Ala117 are
beyond the range of any significant interaction throughout
the simulation. Similar results were obtained in the 10
simulations (10-ns each) that use the EEF1 implicit sol-
vent model. Figure 4(b) depicts the distances between
Met109 and Val122 and between His111 and Val122. Ini-
tially, when the peptide is predominantly in its a-helical
conformation, both distances are too large for the residues

Fig. 3. Nine hydrogen–bond distances that define the H1 a-helix
during the explicit solvent simulation of wild-type PrP106–126 that started
with an a-helical conformation (simulation 1 in Table I). The distances are
between NH(i) and CO(i14), where i ranges from residue 109 to residue
117. Arrow indicates when the hydrogen bonds break. The observed
pattern indicates that the wild-type helical PrP106–126 begins to break up
in the middle, forming two smaller helices, and is followed by unwinding of
the N-terminus fragment.

Fig. 4. Four PrP106–126 intramolecular distances along the explicit
solvent trajectory 1. a: The distances between His111 and Ala117 and the
distance between Met112 and Ala117. During the simulation these dis-
tances do not significantly decrease below the initial values of 12 Å,
indicating that Ala117 does not interact with either His111 or Met112. b: The
distances between Met109 and Val122 and the distance between His111

and Val122. During the simulation, the His111–Val122 distance decreases
from 17 Å to 4 Å at the same time, when the a-helix content of the peptide
start to decrease.
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to interact. However, while the distance Met109–Val122

remains large throughout the 2-ns simulation, the His111–
Val122 distance decreases significantly from 18 Å to 4 Å,
indicating the presence of hydrophobic interaction. The
decrease in the His111–Val122 distance begins after 0.5 ns,
the same time at which the helix starts to break up,
reaching a minimal value at 1.0 ns. To demonstrate the
peptide structural transition in the implicit solvent model,
the His111–Val122 distance, together with the radius of
gyration, along two of the implicit solvent simulations
(simulations 6 and 8) are presented in Figure 5. In both
simulations, the structural transition is reflected by a
sudden decrease of the radius of gyration and is associated
with a significant decrease in the His111–Val122 distance.
In these two simulations (6 and 8), the decrease in the
His111–Val122 distance occurs at 5 ns and 3.2 ns after the
beginning of the simulation, respectively, and indicates a
formation of hydrophobic interaction that remains stable
until the end of the simulations. The average His111–
Val122 distance in each of the 10 implicit solvent trajecto-
ries (simulations 5–14) both before and after the helix
breaking is shown in Figure 6. The average His111–Val122

distance in the helical structure, averaged over the 10
implicit solvent simulations, is 16.8 Å. However, this
average decreases to 7.1 Å after the helix breaks up,
indicating the importance of this interaction in the stabili-
zation of the resulting b-hairpin structures.

The hydrophobic interactions between His111 and Val122

are in agreement with several experimental studies.17,22

However, the simulation indicates that this stabilization
occurs not through interaction with Ala117, as suggested
by the crystallographic structure of the b-sheet conforma-
tion of the H1 peptide,17 but rather through interaction
with Val122 (the interaction His111–Val121 also contributes
to the hydrophobic interaction between the two strands).
After 1 ns of the explicit solvent simulation, the His111–
Val122 distance starts to increase again, although it re-
mains fairly short for the remainder of the simulation. The
resulting His111–Val122 distances in the explicit solvent
simulation, as well as in the 10 implicit solvent simula-
tions, indicate that this His–Val interaction plays an
important role in destabilization of the a-helical structure
and in stabilization of the monomeric b-hairpin structure.
However, in several of the implicit solvent trajectories
(e.g., 5, 10, and 13; see Fig. 6), stabilization of the
monomeric b-hairpin structure by this interaction was
weaker, and in these simulations the peptide also adopted
a coil structure. It is possible that upon aggregation, the
interaction between His111 and Val122 will continue to
contribute to the stabilization of the monomeric b-hairpin
structure.

To assess further the role of the His111–Val122 interac-
tion, as compared with that of the His111–Ala117 interac-
tion, in stabilizing the b-sheet conformation of the PrP106–
126 peptide, a 1-ns explicit solvent MD simulation was
carried out. This simulation (2 in Table I) was carried out
under the same conditions and in the same chemical
environment as the previous explicit solvent simulation;
the only difference was the initial structure, which in this
case was based on the crystallography determined b-sheet
structure of the 14-residue H1 fragment. Recall that this
structure is characterized by a His111–Ala117 hydrophobic
interaction.17 It was found in agreement with the results
of simulation 1, that the distance between His111 to Ala117

gradually actually increased from 4 Å to 16 Å over the 1-ns
course of the simulation. This increase enabled the forma-

Fig. 5. His111–Val122 distance and the radius of gyration along two of
the 10 implicit solvent simulations of wild-type PrP106–126 (6 in a and 8 in
b). The structural transition (indicated by arrows) occurs 5 ns and 3.2 ns
after the beginning of the simulations, respectively.

Fig. 6. Average His111–Val122 distance and its standard deviation
before and after helix breakup in each of the 10 implicit solvent trajectories
of wild-type PrP106–126 (simulations 5–14 in Table I). His111–Val122

distance averaged over the set of 10 trajectories, before and after helix
breakup, is 16.8 Å and 7.1 Å, respectively.
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tion of the more favorable hydrophobic interaction be-
tween His111 and the valine residues (121 and 122). Figure
7 demonstrates the increase in the His111–Ala117 distance
[Fig. 7(a)] and the decrease in the His111–Val122 distance
[Fig. 7(b)]. Figure 7 suggests that Met109 also contribute to
the stabilized hydrophobic core that is formed, although its
contribution is smaller than that of His111.

Figure 8 exhibits several snapshots of the PrP106–126
peptide, which were extracted from two MD trajectories.
Seven structures were taken from the 2-ns simulation
(simulation 1 in Table I) that started with an a-helical
conformation; five structures were taken from the 1-ns
simulation (simulation 2 in Table I) that started with
b-sheet conformation. The snapshots originating from the
trajectory that started with an a-helical conformation
illustrate how the peptide converts from a predominantly
a-helical conformation to a random coil conformation, in
which a hydrophobic interaction between the histidine
residue and the valine residue is being formed. The helix
breakup initiates near residues Ala114 and Ala115 and it is
assisted by the hydrophobic interaction between residues
His111 and Val122. These snapshots also indicate that after
the helix is broken, this hydrophobic interaction becomes
weaker and the peptide ends up in a random coil conforma-
tion. Clearly, 2 ns was not enough time to get the a-helical

structure into a b-sheet conformation. Evidently, longer
simulations in explicit water are required in order to
observe an a3b transition. The five snapshots from the
second simulation that started from the b-sheet conforma-
tion illustrate that the overall b-sheet secondary structure
of PrP106–126 is retained during the 1-ns simulation,
with the exception that the histidine residue forms a
hydrophobic interaction with Val122, and not with Ala117.

Figure 8 also shows that the above two simulations, each
starting from a different initial structure, did not converge
into the same final conformation. To highlight the confor-
mational relationship between the two simulations, the
two dynamic trajectories were jointly projected onto the
same principal 2D plane by applying the principal compo-
nent analysis (PCA) method.30,31 The resulting principal

Fig. 7. Same as Fig. 4, but for explicit solvent trajectory 2 that starts
from a b-structure. The distance between His111 to Ala117, which is 4 Å in
the initial b-sheet structure increases to 16 Å, while a more favorable
hydrophobic interaction between His111 and Val122 is being formed.

Fig. 8. Twelve snapshots of PrP106–126 extracted from the explicit
solvent simulations 1 and 2 are shown. The seven snapshots on the right
are from simulation 1 that started from an a-helical conformation; the five
structures on the left are from simulation 2 that started from a b-sheet
conformation (all structures were taken at 0.25-ns interval). The side-
chains of His111, Ala117, and Val122 are represented by green, yellow, and
pink vdW spheres, respectively, and the backbone by a ribbon. The seven
structures of simulation 1 illustrate how the conformation changes during
the dynamics from a predominantly a-helical to a random-coil structure.
The five structures of simulation 2 illustrate that the overall b-sheet
secondary structure of the PrP106–126 remains during this simulation.
The role of the His111–Val122 interaction is illustrated in both sets of
structures.
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coordinate projection (Fig. 9) shows that the two initial
conformations, the a-helix and the b-sheet, are indeed
located very far from each other in two different regions of
the peptide’s conformation space. However, as the dynam-
ics progresses the conformations sampled by the two
trajectories become closer to each other in this projection,
indicating increasing similarity between the structures.
While the backbone RMSD between the two initial confor-
mations (the a-helical and the b-sheet conformations) is
9.24 Å the two trajectories generate structures as close as
4.06 Å to one another (although the distance between the
two final conformations is larger). Thus, the PCA projec-
tion of the trajectories indicates that while the simulations
had started from very different structures the dynamics
brings them closer together. It is reasonable to assume
that simulating the system for even longer periods of time
will result in convergence of the final structures.

Effect of A117V Mutation on the Stability of
PrP106–126

Substitution of alanine by valine at position 117 is
linked to the GSS disease (as was mentioned above),2

possibly by favoring the random-coil state over the a-heli-
cal one. A crystallographic study conducted by Inouye and
Kirschner17 showed that His111 faces Ala117 in the b-sheet
conformation of the H1 region. Therefore, these research-
ers suggested that a replacement of Ala by Val may
facilitate the formation of a H1 b-sheet due to the stronger
hydrophobic interactions between His and Val. A MD
study of the H1 peptide conducted by Kazmirski et al.,24

which explored alternative replacements of Ala117 with
hydrophobic amino acid residues showed that only the
substitution of Val117 for Ala117 had a destabilizing effect
on the helix.

To study the stability of the a-helix conformation for the
A117V mutant PrP106–126 peptide, a MD simulation was
performed with explicit water molecules (simulation 3 in
Table I). This 1-ns simulation of the solvated mutant
peptide started from a conformation in which residues
109–122 (the H1 fragment) adopt an a-helix structure.
The percentage of a-helix throughout this 1-ns simulation
is shown in Figure 1. As can be seen, the mutant peptide
loses its a-helix character much faster than does the
wild-type. The a-helical content of the mutant peptide
begins to decrease as early as 0.1 ns after the beginning of
the simulation and the peptide becomes completely nonhe-
lical (0% a-helix) after 0.5 ns of simulation. This time scale
is significantly shorter than the time scales associated
with the loss of helicity in the wilde-type peptide, on the
order of 1.5 ns. To obtain better statistics for this helix
breakup event, an additional set of 10 implicit solvent
trajectories (10-ns each) (simulations 15–24 in Table I) of
the A117V mutant PrP106–126 were simulated. The
distribution of the times it took the a-helical conformation
in the A117V mutant peptide to break up, based on these
10 implicit solvent simulations is shown in Figure 2. The
average time for helix breakup is 2.8 ns. A comparison
between this distribution for the mutant and for the
wild-type PrP106–126 in implicit solvent agrees with the
calculations derived from the explicit solvent simulations
(Fig. 1). Namely, for the A117V mutant, the helix breakup
process is shorter by 1 ns, as compared with the equivalent
process for the wild-type. The simulations show that
introducing the A117V mutation substantially destabi-
lizes the a-helix, accelerating its dissociation, and reduc-
ing the total time for losing all a-helical features by
approximately 1 ns.

Following the nine hydrogen–bond distances that define
the H1 a-helix (residues 109–121) during the 1-ns explicit
solvent simulation of the A117V mutant shows that the
helix breakup pattern in the mutant is different from that
of the wild-type (Fig. 10). In the mutant, the first hydrogen
bonds to break are those located at the C-terminus region
of the peptide. These hydrogen bonds are lost as early as
0.1 ns after the beginning of the simulation. Later, the
hydrogen bonds at the middle of the helix, and then at the
N-terminus region, break up; by t 5 0.8 ns, no remnant of
the a-helix defining hydrogen bonds remains. Namely, the
mutated peptide starts to break at the C-terminus region,
followed by a gradual unwinding of the helix that ends
after 0.8 ns with disruption of the hydrogen bonds in the
N-terminus region of the peptide. This mechanism is
different from the mechanism that was observed for the
wild-type PrP106–126, in which the a-helix break up
initiates in the middle of the peptide and then continues to
the N-terminus.

To determine what hydrophobic interactions contribute
to the observed dynamics of the mutant peptide, we
calculated for the explicit solvent simulation the same four
inter-residue distances that were calculated for the wild-
type peptide (Fig. 4). Figure 11(a) shows that in the initial
ideal a-helical conformation, both the His111–Val117 and
the Met112–Val117 distances are about 12 Å. However,

Fig. 9. Joint 2D projection of the two explicit solvent trajectories of the
wild-type peptide starting from the a-helical and b-sheet conformations
(simulations 1 and 2). Trajectory is projected on the first two principal axis
obtained by applying the principal component analysis method. The
projection shows that the initial conformations are located very far from
each other in two different regions of the conformation space of the
peptide. However, as the dynamics progresses, conformations sampled
by the two trajectories become closer to each other, indicating more
similar structures.
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although the His111–Val117 distance does not decrease
during the 1-ns simulation, the Met112–Val117 distance
decrease after ,0.1 ns, to a value of about 5 Å, indicating a
strong hydrophobic interaction that persists for almost 0.7
ns [Fig. 11(a)]. The formation of the Met112–Val117 hydro-
phobic interaction was also observed in 7 of the 10 implicit
solvent simulations of the A117V mutant (simulations
15–24 in Table I). In three of these seven simulations, the
interaction was strong and persisted from the point of
helix breaking to the end of the simulation. In the other
four simulations, the interaction was less stable and
existed only for 1–2 ns. The Met112–Val117 distance along
two such implicit solvent simulations (simulations 22 and
23 in Table I) is depicted in Figure 12, together with the
radius of gyration. These simulations illustrate the exis-
tence of Met112–Val117 interactions for short (1.5-ns) and
long ($7-ns) periods, respectively. It should be stressed
that this interaction, which is dominant during the break-
ing of the a-helix of the mutant peptide, is not formed in
the wild-type peptide, which has an alanine at position 117
[Fig. 4(a)]. The Met109–Val122 and His111–Val122 distances
from the explicit solvent simulation are shown in Figure
11(b). These distances, which are about 23 Å and 16 Å,

respectively, in the a-helix structure, begin to decrease
within the first 0.2 ns, although only His111–Val122 form a
stabilizing interaction for a short period of time. In the
implicit solvent simulations of the A117V mutant, the
His111–Val122 interaction was found only in 3 of the 10
trajectories, while in the other 7 trajectories (in which the
Met112–Val117 hydrophobic interaction is dominant), no
evidence to the His111–Val122 interaction was found. This
behavior is different from that of the wild-type peptide
[Figs. 4(b), 6]; that is, while the wild-type peptide forms a
His111–Val122 hydrophobic interaction during the a-helix
breakup, the A117V mutant peptide forms a hydrophobic
interaction between Met112–Val117. The different stabiliz-
ing interactions, His111–Val122 in the wild-type versus
Met112–Val117 in the mutant, lead to the different mecha-
nisms of the helix breaking that were observed. While in
the wild-type peptide the His111–Val122 interaction causes
the helix to break up into two fragments, the substitution
of Ala by Val at position 117 leads to a hydrophobic
interaction with Met112 that results in an unwinding of the
C-terminal of the peptide.

Figure 13 exhibits five snapshots that were extracted
from the explicit solvent simulation of the A117V mutant
at 0.25-ns intervals. A comparison between these snap-
shots with those obtained from the wild-type simulation

Fig. 10. Same as Fig. 3, for explicit solvent simulation of the A117V
mutant (simulation 3), starting with an a-helical conformation. The first
hydrogen bonds to break up are those at the C-terminus region of the
peptide and occur after 0.1 ns. Later, the other hydrogen bonds at the
middle and at the N-terminus region start to break up, and no hydrogen
bonds that define an a-helix can be found after 0.8 ns.

Fig. 11. Same as Fig. 4, but for simulation 3. These distances indicate
that the interactions between Met112 and Val117 and between His111 and
Val122 govern the breakup of the a-helix of A117V mutant. Met112–Val117

interaction is unique to the A117V mutant.
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(Fig. 8) illustrates how the A117V mutation accelerates
the helix breaking process, affecting both its mechanism
and its time scales. The simulation also shows that the role
of the hydrophobic interactions in both wild-type and
mutant is to stabilize the two halves of the peptide during
the helix breaking phase. However, once the helix has
dissociated, these interactions become less dominant.

Because the normal and mutated PrP106–126 exhibit
different dynamic behavior, we again apply the principal
component analysis method to compare the two trajecto-
ries. A joint projection of the wild-type and A117V mutant
explicit solvent trajectories, starting both from a similar
a-helical conformation, onto the first two principal axes, is
shown in Figure 14. Naturally, the two initial conforma-
tions appear very close to each other, as they are both
a-helical structures (with RMSD of 0.89Å between them).
However, the final structures for the two peptides are very
different from one another (with RMSD of 9.95 Å). In fact,
the distance between the two final structures is larger
than the RMSD between the a-helical and b-sheet confor-
mations of the wild-type peptides itself. The rather limited
overlap between the two trajectories also supports the
observation that starting from an initial a-helix structure
the wild-type and mutant reach the final random-coil
conformations along different pathway.

Fig. 12. Met112–Val117 distance and the radius of gyration along two of
the 10 implicit solvent simulations of A117V mutant PrP106–126. The
structural transitions in these simulations (simulation 22 in a and 23 in b)
occur 3.2 ns and 3.0 ns after the beginning of the simulations (indicated by
arrows). While in simulation 22 (a) the Met112–Val117 hydrophobic interac-
tion exists only for 1.5 ns, its stability is greater in simulation 23 (b).

Fig. 13. Five snapshots of the A117V mutant extracted from the 1ns
explicit solvent simulation (simulation 3 in Table I) at 0.25-ns intervals.
The side-chains of residues His111, Val117, and Val122 are represented by
green, yellow, and pink vdW spheres and the backbone by a ribbon.
Comparison between these structures with those of the wild-type peptide
(Fig. 8) illustrates that both the rate and the mechanism of helix break up
are affected by the A117V mutation.
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The Effect of Acidic pH on the Stability of Wild-
Type PrP106–126

Based on a crystallographic study,17 it was proposed that
the H1 fragment of the prion protein adopts an extended
conformation at acidic pH. At low pH values, the single
histidine residue of the peptide is protonated positively
and becomes charged. As a result, its side-chain no longer
participates in the hydrophobic interaction that stabilizes
the b-sheet conformation of the peptide. At higher pH
values (.pH 5.2), the histidine is deprotonated and may
contribute to the stability of the b-sheet.19 Besides the
effect of the pH value on the secondary structure content of
the peptide, there is an additional pH effect on its aggrega-
tion properties. Salmona et al.22 found that replacing
His111 with a residue that is not sensitive to pH, such as
alanine, did not affect aggregation upon reducing the pH
value. This finding is in contrast to the reduced aggrega-
tion propensities at pH 5 for both wild-type and A117V
mutant PrP106–126, despite the fact that both peptides
have higher b-sheet contents at acidic pH. These research-
ers suggested that at acidic pH the peptide monomers are
capable of adopting a b-sheet conformation, while at the
same time the propensity of the peptides to aggregate was
reduced by antagonizing the intramolecular hydrophobic
forces.

To examine the propensity of a wild-type PrP106–126
monomer to maintain a b-sheet structure at acidic pH, we
have carried out one 1-ns explicit solvent MD simulation
(simulation 4) and 10 implicit solvent simulations (10-ns
each) (simulations 25–34 in Table I). The acidic pH was
introduced into the simulation by protonating His111,
which is the only residue in that peptide that changes its
protonation state between pH 5.0 and 7.0. The terminal
amine and carboxy groups were maintained uncharged in
order to enable a comparison between this prion fragment
and whole prion protein. The initial conformation was

similar to the b-sheet structure used in simulation 2, a
conformation that reflects a hydrophobic interaction be-
tween His111 and Ala117.

As in the other three explicit solvent simulations, four
inter-residue distances that may contribute hydrophobic
interactions were followed during this 1-ns explicit solvent
simulation of the wild-type peptide at acidic pH (simula-
tion 4). The His111–Ala117 and Met112–Ala117 distances are
shown in Figure 15(a) and the Met109–Val122 and His111–
Val122 distances are shown in Figure 15(b). Because the
starting structure is that of a b-sheet stabilized by a
hydrophobic interaction between His111 and Ala117, the
initial distance between these two residues is short. As
was observed in the equivalent simulation at neutral pH
(Fig. 7), the His111-Ala117 distance increases and the
His111–Val122 distance decreases as the simulation
progresses, indicating an interaction between His and Val.
However, the observed fluctuations in this distance indi-
cates that the stability of this interaction at acidic pH is
lower than that at neutral pH. Strong fluctuations are
observed also for the other three distances reflecting larger
degree of flexibility for the peptide at acidic pH. Thus, the
destabilization of the interaction between His and Val at
acidic pH results in increasing the peptide flexibility and
thus its capability to adopt other partially stable conforma-
tions. To add statistical significance to the above dynamic

Fig. 14. Joint projection of the wild-type and A117V mutant explicit
solvent trajectories (simulations 1 and 3). The two initial conformations
appear very close to each other since both are a-helical structures (with
RMSD of 0.89Å between them). However, the two final structures of the
two peptides are very different from one another (with RMSD of 9.95 Å).

Fig. 15. Same as Fig. 3 for the explicit solvent simulation of wild-type
PrP106–126 at acidic pH, starting with a b-sheet initial structure (simula-
tion 4).
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observations regarding PrP106–126 at acidic pH, 10 simu-
lations (10-ns each) (simulations 25–34 in Table I) were
performed using the EEF1 implicit solvent model.27 The
average of the His111–Val122 distance and of its standard
deviation in these 10 trajectories is shown in Figure 16.
These trajectories may be roughly sorted into two groups.
A group of seven trajectories in which the average His111–
Val122 distance is 6.8 Å and a group of three trajectories in
which the average His111–Val122 distance is 12.6 Å. To
further characterize the effect of the acidic pH on the
compactness of the peptide the average radius of gyration
for each of the 10 implicit solvent simulations at neutral
and the 10 implicit solvent simulations at acidic pH are
shown in Figure 17. As can be seen, the average radius of
gyration of the coil structures at neutral pH is 7.2 Å. The
average radius of gyration for the first group of seven

acidic pH trajectories is 7.5 Å similar to the value at
neutral pH. In the second group of the three trajectories
with a larger His111–Val122 distance the average radius of
gyration is 8.5 Å. Thus, in some cases lowering the pH
destabilizes the b-hairpin structure as reflected by the
fluctuations in the b-hairpin stabilizing hydrophobic inter-
actions and by the larger radius of gyration.

Figure 18 exhibits five snapshots of the peptide at acidic
pH taken at 0.25-ns intervals along the 1-ns explicit
solvent trajectory. The structures demonstrate that the
hydrophobic interaction His111–Val122 is weaker at acidic
pH than those at neutral pH (Fig. 8). Because of the
destabilization of intramolecular interactions at acidic pH,
the peptide becomes more flexible and, consequently, it
adopts conformations that are unlikely at neutral pH. A
joint 2D projection of the two explicit solvent trajectories
created at acidic and neutral pH is shown in Figure 19.
This projection clearly shows that at acidic pH, the trajec-
tory occupies a much larger conformation volume in com-
parison with the trajectory at neutral pH, despite the fact
that the latter is twice as long than the former. This
indicates that the destabilization of the hydrophobic inter-
actions, resulting from the histidine protonation, enables
the peptide to adopt conformations that are unlikely at
neutral pH. The RMSD between the initial two b-sheet
conformations is 1.70 Å. As the simulation proceeds, the
RMSD between the structure of the two trajectory in-
creases and becomes 5.28 Å at the end of the simulation.

CONCLUSIONS

In this study, we have carried out 34 MD simulations
totaling 305 ns of simulation time (using both implicit and
explicit solvent models) to study the helix-coil transition of
a key prion fragment, PrP106–126, that is believed to
include the region which is associated with the overall
conformational transition characteristic of the full prion
protein. The simulations were designed to explore the
interactions that stabilize the a-helical and b-sheet confor-
mations of the wild-type peptide and the mechanism by
which the helix dissociates. Furthermore, the effects of a
characteristic A117V mutation and the effect of acidic pH
were also investigated. In general, the simulations, pre-
sented here agree with most of the experimental data
accumulated in recent years, and supplies atomic-level
molecular insight into the conformational conversion of
the toxic amyloidogenic PrP106–126. This insight may
help in developing approaches toward the prevention and
treatment of amyloid fibril formation.

The simulations clearly show that in water at 300 K and
neutral pH, the a-helix conformation of the PrP106–126
peptide is rather unstable. Starting from an a-helical
conformation the peptide loses its helix structure in a
short time (1.5 ns in explicit solvent and 4.3 ns in implicit
solvent) adopting instead a random-coil conformation. In
fact, this process is so fast that the loss of helicity starts as
early as 0.5 ns after the beginning of the explicit solvent
simulation. A comparison between the wild-type peptide
and its A117V mutant, which is associated with the
Gerstmann–Sträussler–Scheinker disease, showed that

Fig. 16. Average His111–Val122 distance and its standard deviation in
each of the 10 implicit solvent trajectories of wild-type PrP106–126 at
acidic pH (simulations 25–34 in Table I). In seven simulation, the average
His111–Val122 distance in 7 simulations is 6.8 Å, while in the other three
simulations it is 12.6 Å.

Fig. 17. Average radius of gyration and its standard deviation of the
neutral (thin line) and acidic pH (thick line) implicit solvent simulations.
Average radius of gyration in seven of the acidic pH trajectories is 7.5 Å
similar to the average radius of gyration of the coil structures at neutral pH
is 7.2 Å. In the three other acidic trajectories, the average radius is larger,
8.5 Å. The upper and the lower values of the x-coordinate indicate the
neutral and acidic pH simulation numbers, respectively.
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this process of helix destabilization is even faster for the
mutant peptide. In explicit solvent, the mutant peptide
loses all traces of the initial helix structure within 0.5 ns;
compared with the 1.5 ns, it takes the wild-type peptide to
undergo the conversion into the coil structure. Likewise, in

implicit solvent, on average the mutant loses its initial
helical structure within 2.8 ns, compared with 4.3 ns for
the wild-type peptide. This observation helps explain the
tendency of the A117V mutant prion protein to undergo a
structural transition that results in a disease.

Furthermore, comparison between the wild-type and the
A117V mutant demonstrates that not only is the rate of
the helix-coil conversion affected by the mutation, but the
mechanism as well. In the wild-type, the initial a-helix
started to break up in the middle, near residues Ala114 and
Ala115, forming two smaller helices. This is followed by
unwinding of the N-terminus fragment and can be viewed
as the first step toward the formation of a b-hairpin
stabilized by hydrophobic interactions. By contrast, the
A117V mutant PrP106–126 begins to break up at the
C-terminus region and then follows a gradual unwinding
that ends with a disruption of the hydrogen bonds in the
N-terminus region of the peptide. The difference can be
attributed to the fact that the C-terminus region of the
PrP106–126 is inherently unstable due to the Val residues
121 and 122, and the introduction of another Val through
the A117V mutation lead to further instability of the helix.
To conduct a more detailed study of the effect of the A117V
mutation on the structure and the stability of PrP106–
126, one may extend the simulations for chimeras that
retain some of the properties of the amino acid found to
play an important role in the unfolding process of the
peptide.

The simulations reported in the present study also
suggest that the helix-coil transition of both wild-type and
mutant PrP106–126 is governed by the hydrophobic inter-
action between His111 and Val122, rather than by the
interaction between His111 and the residue at position 117
(whether Ala or Val). Therefore, the speedup of the a-helix
breaking up by the A117V mutation is not due to a

Fig. 18. Same as Fig. 8, but for the explicit solvent simulation of the
wild-type peptide in acidic pH (simulation 4). The structures demonstrate
that the hydrophobic interaction His111–Val122 is weaker at acidic pH than
those at neutral pH (Fig. 8) increasing the flexibility of the peptide.

Fig. 19. Joint 2D projections of the explicit solvent trajectories created
at acidic and at neutral pH (simulations 2 and 4). The root-mean-square
deviation (RMSD) between the initial two b-sheet conformations is 1.70 Å.
As the simulation proceeds, the RMSD between structure of the two
trajectory increases and becomes 5.28 Å at the end of the simulations.
The PrP106–126 trajectory at acidic pH occupies larger conformation
volume compared with the equivalent trajectory at neutral pH.
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formation of a stronger hydrophobic interaction with His111,
but rather due to an additional hydrophobic interaction,
which does not exist in the normal peptide, between Val117

and Met112. Interestingly, Met112 was recently found to be
one of the two PrP104–113 determinants that interact
with its antibody.32

As expected, a comparison between the simulation of the
wild-type peptide at neutral pH and at acidic pH showed
that at acidic pH, the stability of the stabilizing hydropho-
bic interaction (which we find to be His111–Val122) is
reduced because of the protonation of the histidine. Conse-
quently, the peptide became more flexible and adopted a
broader range of coil conformations.

It should be noted that the instability of the a-helical
conformation of PrP106–126 is not unique to this prion
fragment. It has long been known that individual protein
fragments or short polypeptide do not tend to form helices
in water.33 For instance, MD simulations have shown that
the structure of polyalanine, which may be expected to be
an a-helical conformation based on the highest a-helical
propensity of alanine, is dependent on the chemical envi-
ronments.34,35 Accordingly, polyalanine is expected to
adopt an a-helical conformation in nonpolar organic sol-
vents and b-structures with coil conformations in a polar
aqueous solution.36 Furthermore, it was recently sug-
gested that the changing properties of the peptide bond
with the microenvironment affect helix-coil transitions as
well.37,38 MD simulations have shown that the unfolding
time of various polypeptides, which are initially fully
a-helical, is on the order of 0.3–2 ns,39 in agreement with
the observations of the present study. Hence, the unique-
ness of the prion protein fragment PrP106–126 is not in
the fact that it undergoes a rapid helix-coil conformational
transition in aqueous solution but rather its the capability
to self-assemble.

Our results suggest that the monomeric PrP106–126 is
flexible in water and contains a random-coil structure with
an overall loop shape. It is possible that a longer simula-
tion is required to find the stable monomeric state of the
PrP106–126, if such a single state exists. Alternatively,
the peptide should be considered inherently flexible. Only
when the aggregation commences does its flexibility re-
duce and the monomeric random-coil structure changes to
a b-strand conformation or to a b-hairpin conformation.
Salmona et al.22 previously proposed that the monomeric
PrP106–126 is a b-strand conformation. However, a b-hair-
pin conformation is also in agreement with their evidence
that a positive charged C-terminus increases the fibrillo-
genic ability.
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