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Abstract The first a-helix (H1) likely plays an important
role in the conversion of the cellular prion protein (PrP®)
into its pathogenic isoform (PrP%). In this conversion, H1
may either have to unfold or may represent a site of
intermolecular contact. A recent molecular dynamics sim-
ulation suggested that H1 can unfold if it is detached from
the protein core (Hirschberger et al. in Biophys J 90:3908,
2006). It has been hypothesized that the high dielectric
constant &g of the bulk water environment facilitates the
unfolding of H1. To check this hypothesis, we performed a
number of replica exchange molecular dynamics simula-
tions of an H1 peptide in solvents of different e5. We found
that the equilibrium helix fraction in water is less than
40%, in agreement with previous experimental findings,
and that the helix unfolds much faster in water than in less
polar solvents. The kinetically stabilizing effect of the
organic solvents is largely unspecific and correlates well
with their dielectric constant &g.
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Introduction

Transmissible spongiform encephalopathies (TSEs) or prion
diseases, such as Creutzfeldt-Jakob disease, Gerstmann-
Stridussler-Scheinker syndrome, and fatal familial insomnia
in humans, or bovine spongiform encephalopathy, scrapie,
and chronic wasting disease in animals, are characterized by
a refolding of the cellular prion protein PrP€ into the path-
ological isoform Prp5° (Prusiner 1998). In contrast to other
known mammalian protein aggregation diseases like Alz-
heimer’s and Parkinson’s diseases, TSEs are infectious.
According to the protein-only hypothesis (Griffith 1967;
Prusiner 1982), this infectivity is due to the (auto)catalytic
replication of PrP¢ by a template-guided misfolding of PrP®
(Jarrett and Lansbury Jr 1993; Cohen et al 1994; Eigen
1996).

The overall three-dimensional structure of the monomeric
PrP€ is conserved among mammalian species (Wiithrich and
Riek 2001). The protein consists of a largely unstructured N-
terminal region, which, in humans, extends to about residue
124, and of a globular C-terminal domain, which is
composed of two short -strands, S1 (residues 128-131) and
S2 (residues 161-164), forming an antiparallel -sheet, and
of three o-helices, H1 (residues 144-154), H2 (residues
173-194) and H3 (residues 200-228), with H2 and H3
connected by a disulfide-bond between residues 179 and 214
(Zahn et al. 2000). In contrast to the cellular isoform PrPC,
the infectious isoform PrP*¢ has hitherto proven unavailable
to high-resolution methods of protein structure determina-
tion because of its propensity to form fibrillar aggregates
(Wille and Prusiner 1999). Yet, as determined by Fourier-
transform infrared (FTIR) and by circular dicroism (CD)
spectroscopy, the transition from PrP¢ to PrP%° is marked by
a distinct increase in f-structure and a moderate loss of
o-helix content (Pan et al. 1993; Caughey et al. 1991). These
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findings imply that part of the structural changes must
comprise also the globular domain, including at least a par-
tial unfolding of H1, H2 or H3.

A recent structure model by Cobb et al. (2007) of in
vitro generated PrP amyloid, which is based on data
obtained by electron paramagnetic resonance spectroscopy
and site-directed spin labeling as well as by hydrogen/
deuterium exchange experiments (Lu et al 2007), ascribes
the refolding to H2 and H3. The spiral model (DeMarco
and Daggett 2004) for PrPS¢ protofibrils, which is derived
from an altered PrP conformation observed in a molecular
dynamics (MD) simulation, excludes the region comprising
the three helices completely from major rearrangements
and localizes the structural differences between PrP¢ and
PrP5¢ in the N-terminal part of the globular domain, while
yet another class of so-called f-helix models (Govaerts
et al. 2004; Stork et al. 2005; Langedijk et al. 2006) agrees
with the spiral model in that H2 and H3 are largely con-
served but, in contrast to the spiral model, require that H1
unfolds during the conversion. Indeed, antibody studies
suggest that the H1 region becomes either buried or
refolded upon formation of PrPS° (Williamson et al. 1998;
Pan et al. 2005). Subsequent studies with antibodies (see,
e.g., Pankiewicz et al. 2006 and references therein) as well
as several other lines of evidence (Norstrom and Mastri-
anni 2006; Watzlawik et al. 2006; Solforosi et al. 2007; Yu
et al 2007; Hesp et al. 2007) suggest that the H1 region is
important for the specific binding of PrP® or a partially
unfolded intermediate to the replicative PrPS¢ complex.

There is strong evidence that partially unfolded inter-
mediates feature in the conversion of PrP¢ to PrP>¢ (for a
review, see Surewicz et al. 2000). In particular, it has been
hypothesized that the initial step in the conversion of PrP®
is characterized by the detachment of a subdomain (S1-
H1-S2) comprising the two f-strands, S1 and S2, and the
first o-helix H1 from the relatively stable core (H2-H3) of
the globular domain of the protein (Calzolai and Zahn
2003; Schwarzinger et al. 2006; Hirschberger et al 2006;
Eghiaian et al. 2007; De Simone et al. 2007). In fact, large-
scale rigid body motions and loss of tertiary contacts for
the H1 region have been observed in a variety of equilib-
rium (Gsponer et al 2001; De Simone et al. 2007) and non-
equilibrium (Alonso et al. 2002; Levy and Becker 2002;
Colacino et al. 2006; Pappalardo et al. 2007) molecular
dynamics (MD) simulations. In particular, in a recent MD
simulation (Hirschberger et al. 2006) of PrP€ carrying the
M205R mutation, which disturbs the hydrophobic packing
of H1 to the H2-H3 core of the globular domain, H1
detached from the H2-H3 scaffold and subsequently
unfolded quickly. This observation led Hirschberger et al.
(2006) to the question whether the two events are con-
nected, i.e., whether the packing of the S1-H1-S2 domain
to the hydrophobic core of the protein stabilizes H1.
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Indeed, the a-helical stability of H1 seems to be context-
dependent (Fernandez et al. 2008): In pure water, nuclear
magnetic resonance (NMR) spectroscopy of short peptides
covering the H1 sequence indicates a significant helical
propensity for the H1 residues (Sharman et al. 1998; Liu
et al. 1999; Jamin et al. 2002; Ziegler et al. 2003). However,
a well-formed «-helical conformation that is stable on
the NMR time scale would imply that typical patterns of
medium-range nuclear Overhauser effects (NOEs) were
observed. If mentioned at all, these NOEs were either absent
(Sharman et al. 1998; Ziegler et al. 2003) or rare and weak
(Liu et al 1999) in the cited studies. Taken together with CD
and FTIR spectroscopy data, which indicate a helical content
of less than 25% for various H1 peptides (Sharman et al.
1998; Liu et al. 1999; Thompson et al. 2000; Jamin et al.
2002; Tahiri-Alaoui et al. 2003; Ziegler et al. 2003), this
suggests that, in aqueous solution, an ¢-helical conformation
exists in rapid equilibrium with essentially isoenergetic
random coil conformations. Interestingly, for yet another H1
peptide in water, Kozin et al. (2001) found no o-helical
structure at all, but determined a well-defined f-hairpin
motif using CD and NMR spectroscopy.

Megy et al. (2004) found that, upon addition of 2,2,2-
trifluoroethanol (TFE) as a cosolvent, the -hairpin peptide
studied earlier by Kozin et al. (2001) could be refolded into
a well-defined o-helical conformation essentially identical
to that of the corresponding sequence portion in PrPC.
Similarly, significant concentrations of TFE and other
organic cosolvents were shown to stabilize the nascent o-
helical conformations of the other H1 peptides (Sharman
et al. 1998; Liu et al 1999; Thompson et al. 2000; Tahiri-
Alaoui et al. 2003; Ziegler et al. 2003), which are largely
unstructured in water. Remarkably, the effect of methanol
(MeOH) as a cosolvent is comparable to that of TFE, which
is well-known for its specific helix-stabilizing effect
(Nelson and Kallenbach 1986). In view of all these data,
Hirschberger et al. (2006) hypothesized that the stabiliza-
tion of H1 as an o-helix by organic cosolvents is largely
unspecific and probably due to the lower dielectric constant
&g of organic solvents. This view nicely agrees with earlier
arguments of Morrissey and Shakhnovich (1999), who
argued that electrostatic interactions are probably pivotal
for the stability of the helical conformation of H1 due to
the peptide’s unusual abundance of charged residues. Since
the dielectric screening of these charges weakens with
decreasing &g, the peptide-internal electrostatic interactions
will become dominant in low-gg environments and so does
an electrostatically stabilized o-helical conformation. If the
stability of H1 should actually be dominated by electro-
static interactions, the detachment of H1 from the H2-H3
scaffold could indeed trigger its subsequent unfolding
because the effective eg on the surface of the protein’s
hydrophobic core is smaller than in the bulk solvent.
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To check the hypothesis that the stability of the helical
conformation of H1 against unfolding mainly depends on
the solvent polarity, we performed MD simulations of a 13-
residue polypeptide (huH1) covering the sequence portion
144-156 of the human prion protein (huPrP). Here, we
used explicit solvent environments with experimental
dielectric constants &g ranging from 33 (MeOH) to 78
(water). Previous MD simulations of an HI1 peptide in
water indicated that the complete unfolding of the helix in
water may take more than 90 ns at ambient temperature
(Dima and Thirumalai 2004). In particular, the strong
interactions of the charged amino acids in huH1 may lead
to high energy barriers, which have to be crossed in the
process of unfolding. Thus, to increase the number of
conformational transitions, we applied replica exchange
with solute tempering (Liu et al. 2005) (REST), a method
that has previously been shown to enhance the convergence
of helix folding/unfolding equilibria (Huang et al. 2007,
Reichold 2009). However, even with REST it is notori-
ously difficult to acquire convergence of the folding/
unfolding equilibrium (Denschlag et al. 2008). Therefore,
as a convergence test and in contrast to previous MD
simulations of H1 peptides in water (Dima and Thirumalai
2004; Ji et al. 2005), we start our simulations not only from
o-helical, but also from unfolded states.

Methods
Model peptide

The peptide huH1 serving as a model for H1 in our simula-
tions has the sequence Ac-DYEDRYYRENMHR-NH,,
which is equivalent to the sequence 144—156 of huPrP. The
N-terminus is capped with an acetyl group (Ac) and the C-
terminus with an amino group (NH,) to exclude electrostatic
interactions of the termini with charged side chains because
such interactions are absent when H1 is integrated into the
protein. In the NMR structure of huPrP® determined at an
acidic pH (Zahn et al. 2000), H1 is two residues shorter
(residues 144—154) than our huH1 peptide. We decided to
simulate the longer sequence 144-156 identified for H1 in
the NMR structure at neutral pH (Calzolai and Zahn 2003)
because the positive charge of the C-terminal R156 will, in
any case, influence the electrostatics of H1 and, in particular,
might contribute to the stability of the helix by favorable
interaction with E152 or with the helix dipole (Munoz and
Serrano 1994, 1995; Shoemaker et al 1987).

Molecular mechanics force field

In our MD simulations, the peptide was described by the
CHARMM?22 force field (MacKerell et al. 1998). We

applied the CMAP correction (MacKerell et al. 2004) to
the potentials of the backbone dihedral angles ¢ and y to
obtain a better model for the o-helical region of Rama-
chandran space than with standard CHARMM?22. We
simulated the huH1 peptide in three different explicit
solvent environments: (1) pure water described by the
TIP3P (Jorgensen et al. 1983) water model modified as
suggested by MacKerell et al. (1998) for usage with the
CHARMM22 force field, (2) pure methanol described by
the B3 model developed by Walser et al. (2000) and (3) an
equimolar mixture of TIP3P water and B3 methanol.

To estimate to what extent the folding/unfolding kinetics
of the huH1 peptide can be modified by the viscosity # of
the respective solvent, we calculated # for each of the three
solvent systems from sample simulations. These simula-
tions were performed at 300 K and covered 2 ns each. All
other simulation parameters were identical to those used in
the simulations of the solvated peptides described further
below. From the trajectories, we calculated the diffusion
constants and estimated # using Stokes’ law as described
by Walser et al. (1999). The resulting estimates are listed
in Table 1 and show that the viscosities in the three solvent
boxes are quite similar. The values for H,O and MeOH
agree well with published data (Shen and Freed 2002;
Walser et al. 2000), which were obtained by different
approaches. The viscosity 7 calculated for the mixed sol-
vent interpolates the values of the pure solvents. Since the
differences of the viscosities are small (see Table 1), a
major influence on the folding/unfolding kinetics of the
solute peptide can be excluded.

MD simulation techniques

All simulations were carried out with the MD simulation
program EGO-MMVI (Mathias et al. 2003). The system
geometry was given by a rhombic dodecahedron of
R =24 A inscription radius and by periodic boundary
conditions. We used a multiple time step integration
(Eichinger et al. 1997) of Newton’s equation of motion
with a basic time step of 1 fs. The long-range Coulomb
interactions were treated by the combination of structure-
adapted multipole expansions (Niedermeier and Tavan
1996) up to quadrupolar order augmented by a moving-

Table 1 Solvent systems: Ng denotes the number of solvent mole-
cules in the system; # denotes the dynamic viscosity; &g denotes the
dielectric constant assumed for the solvent continuum

Solvent Ng n (Pas) &
H,O 2,021 49 x 107 78
H,0/MeOH 1,213 47 x 107 55
MeOH 944 45 x 107 33
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boundary reaction-field approach (Mathias et al 2003).
Here, the cutoff radius for the explicit evaluation of the
electrostatic interactions was R;. Beyond this radius, a
dielectric continuum was assumed. We chose the dielectric
constant &g for this continuum using experimental values
(Wohlfarth 2008; Mukherjee and Grunwald 1958) for the
respective solvent (see column &g in Table 1). In the case of
the mixture H,O/MeOH, we assumed that &g is the mean of
the dielectric constants of the constituents. The van der
Waals interactions were calculated explicitly for distances
up to 10 A; at larger distances, a mean-field approach
(Allen and Tildesley 1987) was applied. Covalent bonds
involving hydrogen atoms were kept fixed using the
M-SHAKE algorithm (Kraeutler et al. 2001).

Preparation of the simulation systems

A fully o-helical starting structure of huH1 was generated
using the Molden software (Schaftenaar and Noordik 2000)
by setting the backbone dihedral angles to the values
¢, = — 58° Y, = — 47° for an ideal a-helix. This start-
ing structure was placed into the centers of the simulation
boxes, which were already filled with the respective solvent
models. Any solvent molecule closer than 2 A to the peptide
was deleted. The resulting number Ny of solvent molecules in
the respective boxes is given in the second column of
Table 1. The generated simulation systems were subjected to
an energy minimization followed by three equilibrations of
100 ps duration, in which two Berendsen thermostats (Ber-
endsen et al. 1984) (coupling times 0.1 ps) were separately
heating the solvent and the peptide, respectively, to 100, 200
K and finally 300 K. Additionally, a Berendsen barostat
(Berendsen et al. 1984) (coupling time 1 ps) equilibrated the
system to ambient pressure. For the following production
runs, we deactivated the barostat. We also deactivated the
peptide thermostat for the production simulations because
such a thermostat can interfere with the conformational
dynamics of the peptide (Lingenheil et al. 2008).

During the equilibration, the C, atoms of the peptide
were restrained to their initial positions by harmonic
potentials with a force constant of 1.0 kcal/(mol/Az). When
these restraints were removed in the production runs, the
initially folded peptides began to unfold. By visual
inspection, we identified completely unfolded conforma-
tions in these trajectories, which then served as starting
structures for the simulations starting from the unfolded
state. To refer to a specific simulation, we will use the
name of the solvent (cf. Table 1) and the letters “f” for a
fully folded (o-helical) start or “u” for a fully unfolded
(random coil) start, respectively. Thus, the simulation of
the initially fully unfolded huH1 peptide in methanol
would be called MeOH/u.
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Replica exchange with solute tempering

For each of the prepared simulation systems, 12 copies
(replicas) were simulated for 40 ns in parallel at different
temperatures (300, 317, 335, 354, 374, 396, 420, 446,
474, 504, 536 and 570 K). In contrast to the more com-
mon temperature replica exchange technique, within
REST, the potential energies of a given system configu-
ration x at the temperatures 7; are different and are
described by

L (%) + L (x), (1)

Ei(X) = Ep(x) + |/ 7En(x) + 71

where T, = 300 K is the reference temperature, and E,p,
Eys and Eg are energies associated with the solute-solute,
the solute-solvent and the solvent-solvent interactions,
respectively.

According to Eq. (1), only the replica at T; = T has an
unchanged potential energy, and, therefore, only this
replica is of direct physical relevance. Note that the
scaling of the solute-solvent energy E,, with a factor
\/T;/Ty in Eq. (1) deviates from the one that Liu et al.
(2005) employed in their original implementation of
REST. With respect to the electrostatic interactions
(including the direct Coulomb interactions and the indi-
rect interactions mediated by the reaction field Mathias
et al. 2003), our choice of the scaling factors in Eq. (1)
corresponds to a simple scaling of the solvent charges by
a factor /T;/T,, while the form of the energy function
(including the dielectric constant of the reaction field
continuum) remains unchanged.

We expect that this scaling of the solvent’s partial
charges as well as the differences in temperature will
influence the dielectric response of a given solvent type.
On the one hand, the scaling of the potential energy
according to Eq. (1) is designed to make the solvent
statistics independent of the temperature (Liu et al. 2005).
REST thus conserves the orientational statistics of the
solvent dipoles for the different temperatures. On the
other hand, the strengths of the solvent dipoles increase
with the temperature. We therefore expect that, within
REST, the solvent’s dielectric constant at a temperature 7;
is given by es(T;) = +/T;/Toes(To), implying that the
solvent polarity increases with 7; along the temperature
ladder. Furthermore, we can conclude that the ratio of the
dielectric constants for two different solvent types is the
same irrespective of the temperature.

During REST, all pairs of replicas that are simulated at
neighboring temperatures 7; and 7; may exchange their
temperatures every two picoseconds with a probability

P; = min[1,exp(—A;)] (2)
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with
Aj= (i — ﬁj) [Epp(X;) — Epp(x:)]
+ (\/ BoBi — 4/ ﬁoﬁj) [EPS(XJ') - EpS(Xi)}- (3)

Here, x; and x; are the system configurations of the
replicas i and j at the time point of an exchange trial and
B = 1/kgT, where kg is Boltzmann’s constant.

The exchange prescribed by Egs. (2, 3) preferentially
transfers configurations of low potential energy toward the
bottom rung of the temperature ladder (Huang et al. 2007).
This bias ensures that the canonical ensembles, which the
replicas sample at their respective temperatures, remain
undisturbed. Because the helical state of the huH1 peptide
is stabilized by strong electrostatic interactions providing
an enthalpic barrier to helix unfolding (Morrissey and
Shakhnovich 1999; Ziegler et al. 2003), the folded state is
expected to preferentially occupy the low temperature
rungs. Furthermore, because REST can substantially speed
up the sampling of systems with large enthalpic barriers
(Zuckerman and Lyman 2006; Denschlag et al 2008), the
method should be capable of inducing a substantial number
of unfolding events on the time scale of several tens of
nanoseconds currently accessible to MD simulations with
explicit solvent.

Due to the specific form of the REST potential energy
functions Eq. (1), the potential energy of the solvent does
not contribute to the exchange probability (2, 3). Therefore,
in REST, only 12 replicas are needed to cover the tem-
perature range between 300 and 570 K with reasonable
average acceptance probabilities for the exchange. We
obtained the following average acceptance probabilities:
22% for H,0, 25% for H,O/MeOH and 30% for MeOH. A
more detailed analyis of the average exchange probabilities
between the individual temperature rungs in the various
simulations is available through Fig. s10 and the accom-
panying text in the supporting information (SI). At com-
parable average acceptance probabilities, conventional
replica exchange would require about 40 replicas to cover
the given temperature range (see see van der Spoel et al.
2005; Nadler and Hansmann 2008; Denschlag et al. 2009
for prescriptions on constructing replica exchange tem-
perature ladders for explicit solvent systems).

Note that conventional replica exchange techniques
require that the fluctuations of the total potential energy are
canonical (Rosta et al 2009). Since the REST exchange
probability depends only on the solute energies E,, and
Eg,, we solely have to guarantee that these energy terms
exhibit canonical fluctuations. We have recently shown that
the non-invasive strategy of temperature control applied in
the present study leads to canonical fluctuations of the
solute’s kinetic energy (Lingenheil et al. 2008), suggesting
that also the fluctuations of E,, and Eg, are canonical.

Identification of helical structure

To identify the degree of helicity of a given peptide con-
figuration, we use two different methods. The first one is
based on the DSSP classifier by Kabsch and Sander (1983),
which identifies helical structure according to typical
H-bonding patterns. For a given peptide configuration, we
define the DSSP helicity

Hpssp = I/ hmax, (4)

where 4 is the number of residues involved in helical
structure (3;p-helix, a-helix, or n-helix) according to DSSP,
and A, is the number of helical residues for an ideal
o-helix. In the case of huHl1, A, = 11.

A second helicity measure is based on the y-dihedral
angles. Residues involved in a helical structure typically
have -angles near \, = — 47°, whereas in an extended
structure, the i-angle is typically around Yy =y, +
180° = 133°. Figure 1 shows a simple dihedral a-f-scoring
function A¢1,(}), which linearly decreases from 1to — 1 as
changes from y,, to i 5. To measure the helicity in a sequence
portion i — j of the huH1 peptide comprising the residues
from i to j, we use the average o-f3 score

i 'heo n
Haai —j) = Zatenlth) )

of the y-dihedral angles (i}, . . ., ;) within the region i — j.
Here, well-formed o-helices are indicated by Hy, > 0.8,
whereas random coil structures are indicated by values of
H,, near zero. To analyze the general behavior of huH1 in
terms of helicity, we will use Hgpy® = H.o(146 — 153),
which measures the helicity of the eight core residues
corresponding to the two central rungs of the helical pep-
tide. To get a structurally more resolved insight, we will
furthermore analyze our trajectories in terms of the N-ter-
minal helicity-elongation score HY, = Heo(146 — 149)
and by the C-terminal score HSo= Heo(150 — 153). Thus,

e is the average value of HS, and HN..

A heio(?)

1

+ -1

Fig. 1 The dihedral helicity-elongation scoring function fe1o(1))
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Results and discussion

We will now first present our REST simulations of huH1 in
pure water and scrutinize the statistical reliability of the
results. Subsequently, we will report our observations on the
peptide’s quite different behavior in the remaining solvents,
and, finally, we will examine the contribution of the elec-
trostatic interactions to the differences thus identified.

HuH1 in water is flexible

Our REST simulations H,O/f and H,O/u started from
completely folded and completely unfolded ensembles,
respectively, and thus with grossly different initial condi-
tions. One expects that these initial conditions introduce
progressively decaying biases into the conformational
ensembles sampled during the simulations. Specifically, we
expect the H,O/f simulation (initially Hepo = 1.0,
Hpssp = 1.0) to be biased toward helical structures and the
H,O/u simulation (initially Hgp® = — 0.57, Hpssp = 0.0)
toward extended structures. With increasing duration ¢ of
the simulations, the biasing influence of the initial condi-
tions will decrease, and we correspondingly expect that the
average helicities in the two simulations will (in the long
run) both converge toward a common value, measuring the
equilibrium helicity of our huH1 computer model.

The progressive decay of the initial helicity bias is
illustrated by Fig. 2. Part A of the figure shows the
cumulative average (Hgy ), of the core helicity-elongation
at 300 K as a function of the simulation time ¢. Immediately
after the equilibration (# = 0), all replicas are still close to
their respective starting structures. Correspondingly, the
H,O/f (solid line) and H,O/u(dashed line) curves in Fig. 2a
start out at (Hgpp )0 ~ 0.8 and (Hgjo')o ~ — 0.4, respec-
tively. During the first 12 ns, the initially folded structures
of simulation H,O/f continuously lose their o-helical
character, which is reflected by the marked decrease of the
solid line in Fig. 2a. For the remainder of the simulation
time, the figure indicates a nearly stationary average he-
licity-elongation score (Hepy°); ~ 0.35. Similarly, the H,O/
u structures lose part of their bias toward extended con-
formations early in the simulation, as indicated by the
increase of the dashed line in Fig. 2a up to the random coil
value of (Hgp ); ~ 0.0 during the first 5 ns. For the
remaining 35 ns of simulation time, the average helicity-
elongation score (Hgjo'); remains stationary. The fact that
the helical structures in simulation H,O/f decay more
slowly than the extended structures in simulation H,O/u
reflects the enthalpic stability provided to the helices by the
typical backbone hydrogen bonds and, possibly, additional
helix stabilizing mechanisms.

Figure 2b shows a similar analysis of the water results
at 300 K in terms of the average helicity (Hpssp); as
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Fig. 2 Average helicity at 300 K plotted as a function of the
simulation time ¢ for simulation H,O/f (solid lines) and for simulation

H,O/u (dashed lines). a Cumulative average helicity-elongation score

(Hein®)- b Cumulative average helicity (Hpgsp), according to DSSP

measured by DSSP. In agreement with Fig. 2a, also
Fig. 2b indicates that the initially «-helical structures of
the H,O/f simulation (solid line) progressively decay for
about 15 ns followed by a phase of stationarity. Since the
DSSP classifier does not distinguish between extended
and random coil structures, the H,O/u curve (dashed line)
does not exhibit a pronounced relaxation phase. None-
theless, the distinct jump at + = 4.5 ns shows that at least
one event of helix folding must have occurred early in the
simulation.

The considerable gaps between the solid and dashed
curves in Fig. 2a and b that remain after 40 ns simulation
time are a clear sign of lacking convergence. For a con-
verged sampling of the peptide’s folding/unfolding equi-
librium, in Fig. 2a and b, the average helicities for H,O/f
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and H,0O/u would have to be equal and, thus, independent
of the starting ensemble. However, since the initial helicity
biases of the simulations H,O/f and H,O/u are extreme, the
associated average helicities shown in Fig. 2 are upper and
lower bounds for the equilibrium values. Therefore, the
equilibrium helicities should be localized somewhere in
between the two curves.

According to Fig. 2, the average helicity-elongation of
the core residues of huH1 in water is thus between 0.0 and
0.35. These values indicate that the equilibrium ensemble
comprises a major random coil component and a minor but
probably non-vanishing helical contribution. Similarly, the
average equilibrium helicity as classified by DSSP is
expected in a range of minimally 7% and maximally 40%.
This result nicely agrees with experimental estimates of
7-30% (Ziegler et al. 2003; Fernandez et al. 2008) for the
total helix content of similar HI1 peptides in aqueous
solution determined by CD spectroscopy. It furthermore
agrees with the 34-42% helical propensities obtained by
NMR spectroscopy for the core residues of huH1 in water
(Liu et al. 1999).

On the other hand, the REST results displayed by
Fig. 2 are at variance with MD results of Dima and
Thirumalai (2004) on a peptide covering the sequence
portion 144—-153 of mouse PrP. These authors analyzed
their 90-ns MD trajectories by a helicity measure (Klimov
and Thirumalai 2003) comparable to our H, score and
predicted a helical fraction of about 60%. However, since
Dima and Thirumalai (2004) started their simulations
with a completely helical peptide and employed standard
MD at room temperature, one can expect that their
simulation remained even more biased toward the initial
helical conformation despite a simulation time as long
as 90 ns.

Encouraged by the apparent agreement of our REST
simulations with the available experimental knowledge, we
now will use the complete “virtual reality” provided by
these simulations to derive a structurally resolved insight
into the folding properties of the H1 sequence. To this end,
Fig. 3a displays for the 300-K replica of the H,O/f simu-
lation the distribution of sampled peptide structures in the
plane spanned by the N- and C-terminal helicity-elongation
scores HY, and HS,, respectively. Each sampled structure
is represented by a dot. Additionally, the figure shows
prototypical peptide conformations characterizing the var-
ious regions of the H.,-plane.

The o-helical starting structure of simulation H,O/f is
located in the upper right corner of Fig. 3a, which, there-
fore, is highly populated. In addition to the folded starting
structure, the 300-K replica sampled a variety of partially
unfolded conformers. Here, the dominant conformation is
a-helical at the N-terminus (HY, > 0.8) with a partially
unfolded C-terminus (Hgl0 ~0.4). Furthermore, as Fig. 3a

(63
elo

Fig. 3 Distribution of peptide structures in the plane spanned by the
N-terminal helicity HYo (red) and by the C-terminal helicity HSo
(blue) of huH1. Each dot represents a snapshot taken every 60 ps
from the respective 300-K replica. The five schematic structures of
the peptide backbone are prototypical for the various regions of the
H., plane. The orange dashed lines indicate borders between peptide
conformations. The upper right line separates perfect a-helices (Hepy-
> 0.8) from other conformations. The diagonal line separates

core

definitely non-helical structures (Hg, < 0.0) from conformations
with residual helicities. a REST simulation H>O/f. b REST simulation
H,0/u

shows, strictly helical values Hgo > 0.8 for the N-terminal
part of the peptide are frequently combined even with
negative values of the C-terminal elongation score HS,
i.e., with extended C-terminal structures. The inverse sit-
uation did not occur in a single instance during the simu-
lation H,O/f. Thus, the unfolding of the C-terminal end of
the helix does not destabilize the N-terminal part of the
helix as much as vice versa. Apart from the helical and
partially helical conformations neighboring the starting
structure in Fig. 3a, the H,O/f simulation sampled a wide
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variety of random coil and extended structures, which is
illustrated by a considerable and widely scattered popula-
tion of the central part of the H,, plane.

Figure 3b presents an equivalent diagram for the simu-
lation H,O/u. The figure is dominated by a large and
widely scattered population occupying the center of the
H., plane and indicating random coil conformations. As in
Fig. 3a, it is difficult to discern individual clusters of points
in this region. Thus, the random coil “conformations”
comprise a large number of quickly communicating
isoenergetic subconformations. In contrast to the H,O/f
simulation in Fig. 3a, the immediate neighborhood of the
starting structure (lower left corner) is not preferentially
populated compared with the random coil conformations in
the center of the Hy, plane. Thus, the initially extended
structure rapidly decays in contrast to the initial «-helix of
Fig. 3a.

The most striking difference between the two simula-
tions H,O/f and H,O/u is, however, that the o-helical
region of the H,-plane in Fig. 3b is sparsely populated,
quite in contrast to Fig. 3a. Note furthermore that, in both
simulations, we frequently observed structures with a
strongly helical N-terminus (Hh, > 0.8) and an imperfectly
folded C-terminal half (HS, < 0.4). Within simulation
H,O/u this intermediate conformation eventually led in two
cases to a fully helical structure. The frequent occurrence
of this intermediate is consistent with earlier observations
(Liu et al. 1999; Alonso et al. 2002; Dima and Thirumalai
2004; Hirschberger et al. 2006) that the o-helical propen-
sity of the C-terminal part of H1 is somewhat lower than
that of the N-terminal part and suggests that the N-terminal
residues form a nucleation site for o-helix folding.

Statistical validity and convergence behavior

The populations of the H,y, planes in Fig. 3a and 3b differ
and show clear signatures of the respective initial condi-
tions. Thus, the comparison of Fig 3a and b once more
illustrates that the REST samplings H,O/f and H,O/u did
not reach convergence within the given time spans of
40 ns. We have observed the lacking convergence already
in Fig. 2. Here the helicity averages after 40 ns showed a
clear memory of the respective initial conditions. Without a
comparison of simulations employing different initial
conditions, the fact that the helicity averages in Fig. 2 seem
to be nearly stationary for the last 25 ns of the simulations
could easily be mistaken as a sign of convergence. How-
ever, the observed quasi-stationarity is a typical artifact
resulting from an incomplete sampling of a folding/
unfolding equilibrium using replica exchange techniques
(Denschlag et al. 2008).

We recently introduced a method to asses the statistical
validity of RE simulations of peptide folding/unfolding
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equilibria by counting the number of folding and unfolding
events because convergence requires the (multiple) occur-
rence of such events (Denschlag et al 2008). Our method is
based on the following general observation: In replica
exchange simulations, each exchange of configurations
introduces a discontinuity into the trajectory of a replica i
that is simulated at the temperature 7; and whose config-
uration is modified by the exchange. Therefore, one cannot
identify real folding processes by analyzing the trajectories
of the replicas at the various temperatures 7;. Instead, one
has to consider the continuous trajectories, which move
through the temperature space upon exchange and which,
for this reason, are termed temperature exchange (TE)
replicas. In the given case of the huH1 peptide, we count a
folding event if the trajectory of a TE replica makes the
complete way from the fully unfolded region (Hgps® < 0.0)
to the fully helical region (Hgy® > 0.8) in the Hy, plane.
The borders of these two domains are indicated by the
dashed orange lines in Fig. 3. For an unfolding process to
be identified, the TE replica has to make the reverse way
from the helical to the non-helical domain.

Figure 4 presents the number of folded members defined
by this criterion within the ensemble of the 12 TE replicas
for the simulations H,O/f and H,O/u. In the case of H,O/f
(solid line in Fig. 4), most of the initially o-helical struc-
tures decay quickly, leaving only 3 of the initially 12
helices after 10 ns. Due to laws of statistics and the sorting
of the enthalpically favorable folded TE replicas to low
temperatures (cf. Methods), the unfolding of the next TE
replica takes the more time the less folded TE replicas are
left (Denschlag et al. 2008). During the 40 ns, the simu-
lation H,O/f (solid line) showed only three folding events.
One TE replica did not unfold at all during the 40-ns
simulation and is responsible for the high population of the
helical corner in Fig. 3a. In the case of H,O/u (dashed line
in Fig. 4), we observed two folding events. Here, a well-
formed o-helix existed for about 3 ns, but eventually
unfolded again.

Taken together, Fig. 4 indicates that, although neither
the H,O/f nor the H,O/u simulation have sufficiently

folded replicas

time (ns)

Fig. 4 The number of folded TE replicas as a function of the
simulation time for the simulations H,O/f (solid line) and H,O/u
(dashed line)
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sampled the folding/unfolding equilibrium to derive the
exact weights of folded and unfolded conformations in the
equilibrium ensemble of huH1, our simulations were long
enough to observe several folding events. We thus were
able to derive upper (40%) and lower (7%) bounds for the
helicity of our huH1 model in TIP3P water at 300 K.

To determine the equilibrium helicity of huH1 in water
with greater accuracy, we would have to observe several
more folding events. Assuming that the folding time of our
computer model of huH1 in the REST setup is somewhere
near the 40 ns time span of our simulations, which is
plausible given the 2-3 folding events observed in the H,O
simulations, we would have to simulate well above 100 ns
to accurately calculate the equilibrium helicity of huH1 in
water. Since such an extensive computational effort would
not have been feasible for a number of different explicit
solvents environments, and because we were mainly
interested in the relative kinetic stabilization of the huH1
helix by environments of different polarity, we abstained
from further simulating in H,O for the benefit of three
other solvent systems.

The huH1 helix is kinetically stabilized by weakly polar
solvents

Figure 5 analyzes the folding/unfolding events of huH1 in
different solvents. This analysis is equivalent to the one
displayed by Fig. 4 for huH1 in H,O. For a simplified
comparison, the latter data are repeated in panel c. Panels
a and b show the results of the REST simulations with the
solvents MeOH and the mixture H,O/MeOH, respectively.
Thus, the dielectric constant &g (cf. Table 1) of the solvent
increases from panel a—c.

As the solid line in panel a indicates, nine helices
remained in the MeOH/f simulation after 40 ns of REST.
Thus, for the least polar solvent MeOH, the helical con-
formation is essentially stable on the time scale of our
simulation even at temperatures as high as 500 K. Upon
increasing the solvent polarity by an admixture of water
(solid line, panel b) considerably fewer helices (i.e., 4)
survived the unfolding simulation. Finally, and in sharp
contrast with the MeOH/f results of panel a, in the highly
polar water most helices were unfolded after 40 ns with
only two remaining (solid line, panel c). Thus, in our
unfolding simulations, the number of unfolded peptides
found after 40 ns of REST simulation monotonously
increased with increasing solvent polarity. This result
suggests that the unfolding kinetics are accelerated by
environments of increasing polarity. The fact that the two
helices observed in the H,O/u simulation (dashed line in
Fig. 5¢) unfolded very quickly after their generation,
whereas the two newly formed helices in simulations H,O/
MeOH/u and MeOH/u persisted until the end of the
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Fig. 5 The number of folded TE replicas as a function of the
simulation time. The line styles distinguish initial conditions: folded
(solid) and unfolded (dashed). a MeOH. b H,O/MeOH. ¢ H,O

respective simulation further supports our suggestion that
helix unfolding seems to be much faster in water than in the
other solvents.

With respect to the folding times, the simulations
starting from the unfolded ensembles (dashed lines) cannot
reveal any significant solvent dependence because the
folding of a helix from an unfolded conformation is a rare
event on the given 40-ns time scale for all solvents (one
event for MeOH, two events for H,O/MeOH and H,O
each). The apparently quite small folding rates are the main
reason for the poor convergence of our REST simulations.
Convergence would be guaranteed if these rates could be
reliably measured from the simulation data (Denschlag
et al. 2008). However, particularly for the weakly polar
solvents, such a measurement would require significantly
longer simulation times, which are inaccessible to us. The
convergence proved even slower in simulations of huH1 in
TFE (e, = 27, data not shown). This is the reason why we
have abstained from a detailed discussion of the results
of these simulations, although these results confirm the
general trend of increased kinetic helix stability with
decreasing é;.
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Given the poor convergence particularly for the weakly
polar solvents (cf. Fig. 5), one may ask the question as to
whether there is anything to be learned from such simu-
lations. Clearly, instead of accurate estimates for thermo-
dynamic quantities such as the ratio between folded and
unfolded peptides in the equilibrium ensemble, we can only
give more or less extended ranges. Nevertheless, these
simulations led to two additional and clear-cut conclusions.

The first conclusion pertains to the kinetics of huHl1
helix unfolding. The discussion of Fig. 5 has suggested that
the unfolding of huHIl is accelerated by solvents of
increasing polarity. To quantify this acceleration, we cal-
culated the apparent unfolding times t, = (t;) for huH1 in
the different solvents. To this end, we determined for every
unfolding event i shown in Fig. 5 the time t; that the
respective TE replica had been folded before. The expected
error in 7, was calculated as E(t,) = a(t,)/v/M, where M
is the number of measurements 7;, and o(t,) is their stan-
dard deviation. For all replicas found folded at the end of
the REST simulations, a lower limit of 7, = 40 ns — ¢; for
the lifetime was assumed, where ¢; denotes the time of the
preceding folding event. Thus, the resulting values for 7,
underestimate the actual time needed to unfold a folded
helix within our REST setup. This underestimation is the
more severe the more replicas are folded at the end of the
simulation, which particularly pertains to MeOH (cf.
Fig. 5a). Note here that one cannot determine the mean
unfolding times at 300 K from the apparent unfolding times
7, observed in our REST simulations because the latter
times refer to a temperature-activated process and, there-
fore, are probably much shorter than the former. However,
the ratios of the REST unfolding times in the different
solvents should be measures for the corresponding ratios at
300 K.

Table 2 shows the REST unfolding times 7, of huH1
obtained for the various solvents. According to the data, 1,
significantly decreases with increasing solvent polarity. For
instance, for MeOH the REST unfolding time 7, is at least
1.7 times larger than for water, showing that the unfolding
energy barrier is significantly larger in MeOH. It is plau-
sible that the delayed unfolding of the helical conformation
of the H1 sequence, i.e., the larger kinetic stability, is also
responsible for the enhanced thermodynamic stability of

Table 2 Mean REST unfolding times 7, of huH1 in the different
solvents. E(t,) denotes the estimated error

Solvent 7, (ns) E(t,) (ns) M
MeOH 22.7 3.7 18
H,0/MeOH 15.0 3.1 19
H,0 8.1 2.8 17

M denotes the size of the samples entering the calculations
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the helix conformation observed experimentally for Hl
peptides in organic solvents (Sharman et al 1998; Liu et al.
1999; Thompson et al. 2000; Tahiri-Alaoui et al. 2003;
Ziegler et al. 2003; Megy et al. 2004).

As outlined in the Introduction, the main objective of
this study was to answer the question whether the o-helical
conformation of the H1 sequence as found in PrP€ is more
likely to unfold, once the S1-H1-S2 domain becomes
separated from the hydrophobic core of the protein, thereby
bringing H1 from an environment with a low dielectric
constant into one with a high dielectric constant. The fact
that the REST unfolding rates in Table 2 strictly increase
with increasing solvent polarity indicates that this is indeed
the case, if the ratios of the REST unfolding times t,, (cf.
Table 2) qualitatively represent the corresponding ratios at
300 K.

Helical huH1 has a specifically low potential energy

The second conclusion that can be derived from our REST
simulations pertains to the energetics of the huH1 peptide.
This energetics is revealed by the distribution of helical
conformations along the temperature ladder. As an exam-
ple, Fig. 6 shows the average DSSP helix fraction observed
at the 12 rungs of the temperature ladder during the last
30 ns of the simulations H,O/MeOH/f (circles) and H,O/
MeOH/u (squares). Similar comparisons for the other sol-
vents are presented as in Fig. s11 of the SI. If convergence
were achieved, the helicities would have to be independent
of the initial conditions. Conversely, the size of the gap
between the two curves in Fig. 6 indicates how far our
simulations deviate from convergence at the various

DSSP helix content

temperature (K)

Fig. 6 Average helical content according to DSSP observed during
the final 30 ns of the simulation H,O/MeOH/f (circles) and H,O/
MeOH/u (squares) as a function of the temperature
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temperatures. At the 300-K target temperature of the REST
sampling, the two curves for H,O/MeOH/f and H,O/
MeOH/u in Fig. 6 are very close to each other, indicating a
helix fraction between 67 and 79%. Furthermore, in sim-
ulation H,O/MeOH/u (squares), the helical content of the
REST ensemble is essentially confined to the three lowest
temperature rungs. Recall that this simulation showed only
one folding event leading to a stable helix (cf. the dashed
curve in Fig. 5b).

Figure 7 illustrates the distributions of folded and
unfolded states observed during the REST simulation H,O/
MeOH/u. Figure 7a pertains to the single TE replica that
underwent the folding into a stable helix. The figure shows
the random walk of this replica on the temperature ladder
and demonstrates that, after folding (gray shaded area), the
replica remained confined to the lowest temperature rungs.
In contrast, the random walk of an unfolded replica
(Fig. 7b) rarely visits these rungs, while moving freely
along the remainder of the ladder.

Now recall that the Metropolis exchange criterion given
by Egs. (2, 3) preferentially moves structures with low
potential energies to low temperatures. Hence, the pro-
nounced sorting of the helical replica in simulation H,O/
MeOH/u clearly demonstrates that its helical conformation
is characterized by a very low potential energy compared
with the unfolded conformations of the other replicas
(Huang et al. 2007). The strong sorting of helical structures
to low temperatures is also evident from the monotonous
decrease of the helicity profiles shown for H,O/MeOH in
Fig. 6 and for the other solvents in Fig. s11 of the SI. Thus,
the average potential energy of the o-helical states must be
much lower than those of the unfolded states.

temperature

temperature

time (ns)

Fig. 7 The random walks performed by two replicas in the H,O/
MeOH/u simulation. The position of the replica on the temperature
ladder is indicated by a square in intervals of 200 ps. a A TE replica
that undergoes folding transitions. The lifetime of the helix is
indicated by a gray background. b A TE replica that remains unfolded
during the simulation

The role of electrostatic interactions

Various studies have previously indicated that the stability
of HI1 in PrP and HI1 peptides is dominantly caused by
electrostatic interactions (Morrissey and Shakhnovich
1999; Ziegler et al. 2003; Fernandez et al. 2008; Megy
et al. 2004; Dima and Thirumalai 2004). Thus, these
interactions are the likely cause for the kinetic stabilization
of the huH1 helix. To check this issue, we now consider the
electrostatics of the folded state in more detail.

Like every wo-helix, also that of huH1 is stabilized by
hydrogen bonds within the backbone. However, as sche-
matically shown by Fig. 8, the H1 sequence enables four
favorable i, i + 4 salt bridges (Asp'**-Arg'*®, Asp'*’-
Arg"!, Arg'**-Glu'? and Glu'>*Arg'*®) (Morrissey and
Shakhnovich 1999; Ziegler et al. 2003; Fernandez et al.
2008; Megy et al. 2004; Dima and Thirumalai 2004;
Speare et al. 2003; De Simone et al. 2007). The total
dipole moment generated by the ionic groups in the huH1
helix is directed antiparallel to the macrodipole generated
by the the backbone peptide groups and, thus, lowers the
electrostatic energy.

The core of the helix is dominated by a quadrupolar
motif (Ferndndez et al. 2008) composed of Asp'®,
Arg'®, Arg"! and Glu'>%. The associated quadrupole field
is short-ranged and, therefore, the solvent’s dielectric
properties cannot strongly alter the potential energy of the
quadrupolar charge group. However, during unfolding, the
charges making up the quadrupole must become separated
and solvated, which is is energetically favored in highly
polar solvents. Thus, in weakly polar solvents, the enthal-
pic barrier towards unfolding should have a large
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Fig. 8 Schematic representation of the electrostatic network in the
o-helical conformation of huH1
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contribution associated with the breaking of the i, i 4+ 4
salt bridges. As a result, the apparent lifetime of the folded
state in our REST simulations (cf. Table 2) should corre-
late with the frequency fy, of salt bridges observed in this
state.

To check whether such a correlation exists, we analyzed
whether the four potential i, i + 4 salt bridges in huHl
were realized whenever the peptide backbone connecting
the two residues was classified as a-helical by DSSP, i.e., if
the typical backbone hydrogen bonds were present. The
existence of a salt bridge was assumed if the distance d of
the C-atoms in the guanidinium and the carboxylate ionic
groups of the respective residues was less than 5 A. The
analysis was performed for every solvent using the 300-K
replicas of the simulations starting with folded ensembles.

Figure 9 demonstrates the expected correlation between
the mean REST unfolding time t, of the helix and the
relative frequency f;, of the salt bridges in the helical state.
In water, the ions are solvated most of the time
(feo = 21%). Hence, the unfolding of the helix does not
additionally require the breaking of salt bridges and the
REST unfolding rate is correspondingly large. The solva-
tion of the ions becomes less and less favorable with
decreasing solvent polarity. Then, the salt bridges become
stable and provide an additional energy barrier to the
unfolding of the connecting helical turn. Hence, the sket-
ched mechanism certainly contributes to the observed
delayed unfolding of the helix in weakly polar solvents.
We conclude that the free energy required for the unfolding
transition must be dominated by the enthalpy for the
breakup of the intricate network of electrostatic interac-
tions shown in Fig. 8.

To obtain a microscopic insight into the interactions of
the peptide with the solvent molecules and, thus, into the
reason for the different kinetics, we investigated the sol-
vation of the charged side chains for the different solvents
and peptide conformations. Fig. s12 of the SI shows the
radial distribution of the solvent around the side chain
anions. The figure demonstrates that the solvation of the
anionic side chains in H,O is independent of the folding
state of the peptide. In MeOH, however, the solvation of
the side chains is about 20% smaller for the unfolded states
than for the helix, suggesting that additional intra-peptide
salt bridges replace some solute-solvent interactions upon
unfolding.

To check whether the formation of salt bridges is
actually more common in the unfolded than in the folded
state, we calculated the average numbers of salt bridges for
H,0 and MeOH and the two conformational states con-
sidering all possible (i.e., 12) combinations of oppositely
charged residues. Further above we had seen that in MeOH
and in the helical state, the probability for the formation of
the typical i, i + 4 salt bridges is very high (65%, cf.
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Fig. 9 The mean REST unfolding time 7, plotted over the relative
frequency f, of i, i + 4 salt bridges in the helical state

Fig. 9). Our counting has now shown that the non-helical
configurations in MeOH exhibit an average of 3.5 salt
bridges, whereas in the helical state only 2.6 salt bridges
are formed. In contrast, for H,O, the average number of salt
bridges is always small with 0.7 (non-helical) and 0.8
(helical), respectively. Consequently, in MeOH the non-
helical configurations are even more strongly stabilized by
salt bridges than the helical ones. The prevalence of many
enthalpically stabilized unfolded conformations is likely
the reason for the slow folding/unfolding dynamics in
MeOH and thus for the slow convergence toward
equilibrium.

Temperature mixing

The strong sorting of folded replicas toward the lowest
rungs of the REST temperature ladder illustrated by Fig. 7
may have reduced the efficiency of our REST simulations.
For REST to be optimally efficient, all replicas should
cycle as rapidly as possible from low to high temperatures
and back again (Katzgraber et al. 2006; Huang et al 2007,
Nadler et al. 2008). To gain some clarity with respect to
this point, we checked the mixing behavior of our simu-
lations by calculating the average number N, of round trips
performed by the TE replicas for the various simulations.
The results of these calculations are given in Table 3 and
demonstrate that the mixing is strongly impeded in the
weakly polar solvents compared with water. Also, N, is
always larger for the simulation starting with an unfolded
ensemble than when starting with a folded ensemble.

It is important to note that the weak mixing in H,O/
MeOH and MeOH does not become evident from a simple
inspection of the average exchange probabilities p,.. for
the different simulations shown in Fig. s10 in the SI.
Although p,. varies somewhat over the temperature ladder
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Table 3 Average number N, of round trips per TE replica observed
for the various simulations

Folded Unfolded

Solvent N, Solvent N,
H,0 21 H,O 23
H,0/MeOH H,0/MeOH

MeOH MeOH 5

for all solvents, it is not possible to identify any “bottle-
neck” regions on the ladders with a greatly reduced p,..

However, the fact that p,.. is approximately constant and
sizeable is not sufficient to ensure good temperature mixing
(Katzgraber et al. 2006; Nadler et al. 2008). Although p,.
in MeOH exceeds the value in H,O by nearly a factor of 1.5,
the random walks in MeOH still are strongly confined (see
Table 3), probably due to a large potential energy gap
between the peptide’s different conformations (Huang et al.
2007). The enhanced formation of salt bridges with
decreasing solvent polarity demonstrated above is the most
likely reason for this effect, which may explain the weak
convergence particularly of our MeOH simulations.

As pointed out by Huang et al. (2007), using conven-
tional replica exchange may be superior to REST in such a
situation. To still allow for the efficient REST simulation
of huH1 and other systems exhibiting such a temperature
mixing problem, one should consider the application of
feedback-optimized temperature ladders (Katzgraber et al.
2006; Nadler et al. 2008) or of a modified REST scheme,
which includes some of the water molecules into the
unscaled part of the simulation system (Huang et al. 2007).

Summary

The role of helix 1 in the conversion of the prion protein
from the cellular isoform PrP€ to the scrapie isoform PrP5°
has been discussed ever since the NMR structure of PrP®
has been published. H1 has been suggested to unfold during
the conversion of PrP€ to PrP%¢ (Govaerts et al. 2004; Stork
et al. 2005; Langedijk et al. 2006). If an unfolding of H1 is
necessary, the stability of the helical conformation of H1 is
a key to the question whether H1 constitutes a barrier
(Ziegler et al. 2003) for the conversion of PrP¢ to PrP5¢ or
rather a weak point (Hirschberger et al. 2006) at which this
conversion starts. Furthermore, the evidence (Norstrom and
Mastrianni 2006; Watzlawik et al. 2006; Solforosi et al.
2007; Yu et al 2007; Hesp et al. 2007) for the H1 region to
be involved in the binding of PrP€ to PrP%° immediately
leads to the question whether, during this process, the helix
remains firmly folded and thus is a passive player or whe-
ther it plays an active part due to conformational flexibility.

In our simulations of the huH1 peptide, we observed that
the isolated HI sequence is dominantly non-helical in
water. A DSSP analysis of the sampled peptide structures
indicates a helical content in a range of 7-40%, consistent
with experimental values for H1 peptides in water (Ziegler
et al. 2003; Fernandez et al 2008). Furthermore, we
observed that the helical conformation of huH1 is strongly
stabilized against unfolding by weakly polar solvents (such
as methanol or TFE), which is also consistent with exper-
imental data (Megy et al. 2004; Sharman et al. 1998; Liu
et al 1999; Thompson et al. 2000; Tahiri-Alaoui et al.
2003; Ziegler et al 2003). In our REST simulations, an
increasing kinetic stabilization of the helical conformation
of huH1 was strongly correlated with a decreasing polarity
of the environment as measured by the dielectric constant.

The specific distribution of charged residues in the
sequence of H1 leads to a very low electrostatic energy of
the «-helical state in weakly polar environments. If the
conversion of PrP® to PrP>° requires the unfolding of HI,
the stability of this helix will indeed represent a barrier as
long as it is confined to a low-dielectric environment.
However, in a highly polar environment such as bulk
water, the efficient screening of the electrostatic interac-
tions reduces the electrostatic stabilization of the helix,
thereby lowering the unfolding barrier. The unusual elec-
trostatics of the H1 sequence can also explain why Hl
peptides are extraordinarily sensitive environmental
switches that assume a helical conformation in weakly
polar environments and are predominantly non-helical in
bulk water (Megy et al. 2004; Sharman et al. 1998; Liu
et al. 1999; Thompson et al. 2000; Tahiri-Alaoui et al.
2003; Ziegler et al. 2003; Fernandez et al. 2008).

For an H1 sequence embedded into the prion protein, the
kinetic stability of the helix will also be steered by the
polarity of the environment. Thus, any conformational
fluctuation that brings H1 from the low-dielectric protein
surface into the bulk solvent will catalyze its unfolding.
There are a number of reasons to assume that Hl may
become separated from the hydrophobic core of PrP® early
in the conversion process to PrP> (Calzolai and Zahn
2003; Schwarzinger et al 2006; Hirschberger et al. 2006;
Eghiaian et al. 2007; De Simone et al 2007; Gsponer et al.
2001; Alonso et al. 2002; Levy and Becker 2002; Colacino
et al. 2006; Pappalardo et al. 2007). Then the helix will
face a considerably more polar environment, and its
unfolding will become much more likely.

In a subsequent step, the unfolded H1 region may
take part in a specific interaction with a binding partner
(Norstrom and Mastrianni 2006; Watzlawik et al. 2006;
Solforosi et al. 2007; Yu et al. 2007; Hesp et al. 2007).
Here, a potential binding partner would have to offer a
peculiar electrostatic environment that can efficiently
compete with the i, i 4 4 salt bridges, potentially promoting
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the formation of a H1 helix. In this respect, it is interesting
to note that the exact distribution of positive and negative
charges within H1 seems to be quite important for the
conversion efficiency of PrPS to the pathogenic PrP*°
(Norstrom and Mastrianni 2006).
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