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Although protein structures are primarily encoded by their se-
quences, they are also critically dependent on environmental
factors such as solvents and interactions with other molecules.
Here we investigate how the folding-energy landscape of a short
peptide is altered by interactions with another peptide, by per-
forming atomistic replica-exchange molecular dynamics simula-
tions of polyalanines in various environments. We analyzed the
free-energy landscapes of Ala7 and Ala8 in isolation, near an �-helix
template, and near a �-strand template. The isolated Ala7 and Ala8

at 270 K were mainly in polyproline II helix conformations and in
equilibrium between the �-helix and polyproline II helix, respec-
tively, in harmony with the experiment. Interestingly, we found
remarkably strong secondary-structure ‘‘templating’’; namely, the
�-helix template enhanced �-helix conformation and the �-strand
template induced �-strand conformation in the simulated Ala8. The
�-helix template lowered the nearby dielectric constant, which
strengthened hydrogen bonds in the simulated Ala8, leading to
�-helix stabilization. The �-strand template provided hydrogen
bond positions to the simulated Ala8, sharply inducing �-strand
structure. With or without templates, the energy landscape of Ala8

is always funnel-like and centered at the �-helix conformation,
whereas entropic contribution disfavors the �-helix, leading to
subtle competition. Secondary-structure templating may play a
critical role in protein conformation dynamics in the cellular
environment.

energy landscape � generalized Born � polyproline II � protein folding �
replica exchange

Protein structures are primarily encoded by their sequences,
and many proteins can spontaneously fold into their native

structures. This robust refolding can be realized through orga-
nization of the funnel-like energy landscape (1). However, many
cases where the protein environment makes the situation sub-
stantially more complex need further consideration, such as
domain swapping in multidomain proteins (2), amyloid forma-
tion (3), and nonspecific macromolecular crowding (4). In
general, environmental factors such as protein–protein and
protein–solvent interactions change the energy landscape of
proteins, leading to critical differences in conformational states,
which could be an important source of biological diversity.

Environmental effects on protein conformation are very
versatile, even for one of the simplest polypeptides, polyalanine,
and its derivatives. Ala13, f lanked by two ornithine- and alanine-
rich peptides containing interior lysine, glutamic acid, or glu-
tamine, favors an �-helix structure in water (5–7), which is
consistent with the high propensity of alanine to take on an
�-helix structure in the statistics of the Protein Data Bank (8).
However, similar alanine-based peptides, Ala-Gly-Ala-Ala-Ala-
Ala-Gly-Ala (9) and Ac-Lys-Ala14-Lys-methyl amide (NMe)
(10), form amyloid fibrils in water. In a more complicated way,
shorter alanines (Alan with n � 10) flanked by Lys are in
disordered form (11), and Ala7 flanked by two ornithines forms
not an �-helix but a polyproline II (PPII) helix at low temper-
atures (12). The PPII helix has been proposed to be a signifi-

cantly populated structure in the denatured state and has been
studied intensively (13–20). The central Ala in Ac-Gly-Gly-Ala-
Gly-Gly-NH2 predominantly takes PPII helix structure (21),
which is supported by other studies (13–16). Alanine-based
polypeptides take on various forms and thus could be an
excellent means of addressing the physical basis of environmen-
tal effects on the protein energy landscape.

Here, to address how the energy landscape of a polyalanine is
altered by its environment, we simulated polyalanines near
spatially fixed templates of �-helix and �-strand conformations
and compared their energy landscapes with those isolated in
water. Although the simulated system is relatively simple, sta-
tistically sufficient sampling is not at all easy because the
polypeptide can take �-helix, �-strand, PPII helix, and disor-
dered states, which are well separated from each other in
conformational space. Thus, highly balanced conformational
sampling is required to obtain converged results. To this end, we
performed replica-exchange molecular dynamics (REMD) sim-
ulation (22) with the CHARMM force field (23) plus the
generalized Born (GB) implicit solvent model (24). Quite com-
prehensive (cumulatively 18 �s) REMD simulations were car-
ried out to obtain well converged results. We first confirmed that
the CHARMM plus GB model could consistently reproduce the
PPII helix structure as the dominant conformation of the alanine
heptamer. The PPII helix structure is stabilized by hydrogen
bonds between the peptide backbone and water molecules (12)
and is thought to be difficult to approximate by using implicit
solvent models. However, it turned out that the GB solvation
model well represented the heterogeneous nature of the local
dielectric field, leading to a stabilized PPII helix structure.

Using this simulation method, we found that the �-helix
template stabilized the �-helix and the �-strand template sharply
induced the �-strand in the simulated polyalanine. The template
of the �-helix decreased the local dielectric constant near the
template, which strengthened the hydrogen bond in the simu-
lated polypeptide and thus stabilized the �-helix. The �-strand
template provided hydrogen bond positions to the simulated
polyalanine when the latter took �-strand conformation and thus
stabilized the �-strand very sharply. Energy landscape analysis
revealed that the energy landscapes were always funnel-like and
centered at the �-helix conformation, whereas conformational
entropy disfavored the �-helix in all cases simulated, leading to
subtle competition.
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Results and Discussion
Isolated Polyalanines. In the simulation of isolated Ala7 and Ala8,
we found a significant number of PPII helical conformations. For
Ala7, the PPII helix was the dominant structure, with a content
of 50% at 270 K, which gradually decreased with temperature,
whereas �-helices and �-strands were hardly found (Table 1). We
note that the ensemble contained many disordered structures
that had neither �-helix, �-strand, nor PPII helix structure, the
content of which was �50%. The PPII helix content was reduced
to 32% for Ala8 at 270 K because �-helices became prominent
at 31%, and thus Ala8 was in equilibrium between the PPII helix
and the �-helix (Table 1). The large PPII helix content in Ala7

was consistent with previous experiments (12). The increase in
�-helix content for longer polyalanines was also consistent with
previous experiments (5, 11). In preliminary simulations, ala-
nines (Alan with n � 7) hardly formed �-helices, suggesting that
they were too short to form �-helices and that they predomi-
nantly take the PPII helix form. Ala8 is the shortest polyalanine
that forms the �-helix with modest stability, making Ala8 a
fragile peptide chain, the conformation of which is critically
altered by the environment.

The fact that our simulation with the GB model produced the
PPII helix structure is somewhat surprising because water mol-
ecules are thought to play crucial roles in stabilizing the PPII
helix structure (13, 15, 16, 25). Quantum mechanical calculations
on Ac-Ala-methyl amide (NMe) in water showed that the lowest
energy was in the PPII helix, which is stabilized by double-water
bridges (13). [An opposing suggestion has been made (26).]
Notably, the same molecule in vacuum showed no energy
minimum around the PPII helix or �-helix. MD simulations of
polyalanine in explicit water (17, 27) support the theory of a

water bridge in the PPII helix. Consistently, the PPII helix in H2O
is more stable than that in alcohols (28), DMSO, or 2H2O (14).
These all support the idea that solvent–solute hydrogen bonds
play major roles in stabilizing the PPII helix. Although water
bridging is inherently molecular in nature, some aspects of water
bridges seem to be captured by the heterogeneity of dielectric
constants around the polypeptide in the GB model. Thus, our
calculations could reproduce the PPII helix structure in Ala7. In
fact, any uniform � (thus non-GB model) simulation did not
produce the PPII helix structure at all (Table 1); uniform �
simulation produced mainly �-hairpin with � � 1, �-helix and
�-hairpin coexistence with � � 2, �-helix with � � 4–10, and little
secondary structure with � � 80. The PPII helix is stabilized only
via the spatially heterogeneous dielectric environment made by
the peptide itself, which is efficiently taken into account in the
GB model. We also note that, in the simulation with the GB
model, typical conformations that contained the PPII helix
contained disordered segments as well and thus were not ‘‘ideal’’
PPII helices, consistent with the view obtained from NMR- and
small-angle x-ray scattering (SAXS)-based arguments (19, 29).

We next analyzed the free-energy landscape of the isolated
Ala8. The peptide conformational space was large-dimension,
but, for intuitive understanding, we needed a few axes by which
major conformational states could be distinguished. For this
purpose, it is standard to use the principal component (PC) axes,
which tend to classify sampled conformations as much as pos-
sible (30–32). Fig. 1a depicts the computed free energy of Ala8

at 270 K in two dimensions spanned by the first and second PCs,
PC1 (horizontal axis) and PC2 (vertical axis). Three free-energy
basins were found that corresponded to the PPII helix at (�23,
6), the �-helix at (2, 5), and the partial PPII helix at (�5, �4),
whereas the �-hairpin conformation basin, which should be at
approximately (13, �20), was hardly found. We see that PC1
(horizontal axis) alone could distinguish the three free-energy
minima. In fact, the contribution of PC1 was quite high at 83%
and that of PC2 (vertical axis) was only 6%. PC1 was clearly
correlated with the end-to-end distance (the correlation coeffi-
cient r � �0.944) and the radii of gyration (Rg) (r � �0.966),
as was reported earlier (30). Thus, we show the 1D free-energy
curve F(PC1) along PC1 in Fig. 1b as well as its energetic
contribution E(PC1) and entropic contribution �TS(PC1) �
E(PC1) � F(PC1). Note that we include the GB solvation
free-energy term in the energetic contribution, although the GB
energy includes entropic contribution from solvent. Although
the PPII helix and the �-helix have almost the same free energies,
the origins of their stabilities are different: the �-helix is stabi-
lized by �17 kcal�mol (1 cal � 4.18 J) by the internal energy,
leading to a funnel-like energy landscape centered around the
�-helix (red in Fig. 1b). Conversely, the PPII helix is favored by
nearly the same amount by the conformational entropy (green in
Fig. 1b). The compensation between internal energy and entropy
yields almost the same free energy at the �-helix and the PPII
helix, which are separated by a small free-energy barrier of �3
kcal�mol. Similar results from MD simulation with explicit water
were reported (33).

We further decomposed the energy contribution into the van
der Waals (vdW) energy and the whole electrostatic interaction
including GB solvation energy: the results are plotted along PC1
in Fig. 1c. We see that the vdW interaction favored the �-helix
(shown in red), whereas the electrostatic positive GB energy was
lower in the PPII helix (shown in green). Amid the electrostatic
contribution, the GB solvation free energy was particularly low
at the PPII helix (data not shown), consistent with the reported
observation that hydration plays a key role in the formation of
the PPII helix.

Polyalanine Near an �-Helix Template. Next, we simulated Ala8 near
a spatially fixed template that was in the conformation of an

Table 1. Structural summary of simulation at 270 K

Environment �-Helix, % �-Strand, % PPII helix, %

Ala8

Isolated 30.8 (8.2) 0.7 (0.2) 32.1 (5.2)
Near �-helix template

8-Å separation 65.5 (7.2) 0.7 (0.7) 10.0 (2.8)
9-Å separation 37.3 (11.3) 14.5 (3.4) 13.9 (5.7)

11-Å separation 27.4 (10.2) 2.7 (1.1) 18.7 (4.0)
Near �-strand template

8-Å separation, 2–8 ns 16.3 (12.0) 84.6 (14.0) 6.7 (1.6)
8-Å separation, 10–16 ns* 3.5 (1.4) 97.1 (1.4) 4.3 (2.6)
9-Å separation 2.8 (1.2) 92.8 (2.5) 2.2 (0.7)

11-Å separation 9.8 (8.0) 78.4 (6.2) 11.4 (0.7)
Isolated, non-GB

� � 1 1.3 (0.8) 46.4 (10.0) 0.2 (0.1)
� � 2 47.4 (6.0) 30.8 (8.1) 1.3 (0.3)
� � 4 65.1 (0.2) 2.5 (0.4) 0.06 (0.06)
� � 10 36.2 (1.2) 0.1 (0.01) 0.03 (0.03)
� � 80 11.9 (0.6) 0.1 (0.1) 0.0 (0.0)

Ala7

Isolated 3.1 (1.4) 2.9 (2.7) 48.6 (3.3)
Near �-helix template 3.4 (3.4) 0.0 (0.0) 19.7 (2.3)
Near �-strand template 0.0 (0.0) 96.0 (1.2) 7.6 (0.3)
Isolated, non-GB

� � 1 0.0 (0.0) 48.8 (4.1) 0.2 (0.03)
� � 2 25.5 (5.7) 55.9 (6.4) 0.4 (0.1)
� � 4 58.5 (1.9) 2.03 (0.3) 0.07 (0.03)
� � 10 34.3 (0.9) 0.07 (0.03) 0.0 (0.0)
� � 80 18.0 (0.7) 0.07 (0.03) 0.0 (0.0)

The standard deviations are in parentheses. We note that there exist many
disordered conformations that do not have any secondary structures.
*The data are from samples during the 10- to -16-ns step.
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�-helix made of Ala8. The distance between the centers of mass
of the simulated and templated Ala8s was constrained to 8, 9, or
11 Å. With the �-helix template in which the distance separating
centers of mass was constrained to 8 Å, marked enhancement of
�-helix content was observed during comparison with the iso-
lated Ala8 (Table 1). The enhancement was quickly reduced as
the distance of separation increased: the effect was considerably
weaker at a 9-Å separation and was not detectable at an 11-Å
separation. Thus, the �-helix template effect seems to have quite
a short range. Possibly, the discrete nature of water molecules
may alter the distance dependence of the templating effect.
Table 1 indicates that using the template with a 9-Å separation
weakly induced �-sheet structure in the simulated Ala8. Visual
inspection clarified, however, that although the induced �-sheet
structure contained the single pair of hydrogen bonds charac-
teristic to parallel �-sheets by the definition of the Definition of

the Secondary Structure of Proteins (DSSP), the overall struc-
ture did not resemble �-sheet structure at all. When we used a
more stringent definition of �-sheet, i.e., at least three consec-
utive hydrogen bonds, then the �-sheet content was �1%.

Fig. 2a depicts the free-energy landscape of the simulated Ala8

near the �-helix template with an 8-Å separation projected on
PC1 and PC2. [Note that PC1 and PC2 used here are identical
to those used for the isolated Ala8 (Fig. 1a), so we can directly
compare the landscapes of the two systems.] Clearly, the land-
scape was significantly altered by the �-helix template. As it was
in the isolated Ala8, PC1 here was a good coordinate by which
the �-helix and the PPII helix were well separated. Thus, in Fig.
2b, we plotted the free-energy curve and its energetic and
entropic components along PC1. The energy landscape was
funneled around the �-helix structure, whereas entropic contri-
bution was sharply anticorrelated with the energetic contribution
as in the case of the isolated Ala8. However, in the case of
the simulated Ala8, the energetic bias toward �-helix (�25 kBT

Fig. 1. Free-energy landscape of Ala8 in isolation at 270 K calculated by using
the GB solvation model. P-PPII, partially PPII helix. (a) 2D free-energy surface
on the PC1 (PCA-1; horizontal) and PC2 (PCA-2; vertical) axes. The color chart
on the right describes the free-energy value. (b) The (relative) free-energy
curve F (shown in black), energetic contribution E (shown in red), and entropic
contribution �TS (shown in green) are projected on PC1. (c) The energetic
contribution in b was further decomposed into vdW energy (shown in red) and
electrostatic energy (shown in green). Note that the latter includes the GB
solvation energy. Protein structures were drawn by using PyMOL (DeLano
Scientific, South San Francisco, CA).

Fig. 2. Free-energy landscape of Ala8 near the �-helix template with an 8-Å
separation (shown in red) at 270 K calculated by the GB solvation model.
Descriptions of a–c are identical to those given for Fig. 1.
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relative to PPII helix) was stronger than the entropic antibias;
thus, the �-helix was �3 kBT more stable than the PPII helix in
the free energy. To see why the energetic bias was strengthened
by the �-helix template, we decomposed the energetic contri-
bution into the electrostatic and the vdW interactions (Fig. 2c).
In addition to the vdW energy (shown in red), the electrostatic
contribution (shown in green) had the local minimum at the
�-helix conformation, which was absent in the isolated Ala8 (see
Fig. 1c). Thus, the template lowered the electrostatic energy of
the simulated Ala8 at the �-helix conformation, which was mostly
from the hydrogen bonds.

We then looked into the spatial dependence of the electro-
static environment around the �-helix template. Fig. 3 plots the
dielectric constant field �(x, y) around the �-helix template of
Ala8. To estimate the dielectric constant within the GB formula,
we introduced the second Ala8 and used its hydrogen bond
between the carbonyl oxygen of Ala3 and the amide hydrogen of
Ala7 as a probe. Therefore, we put an �-helix template at the
origin and scanned the second Ala8 in the xy plane, keeping
the helical axes of both helices parallel to the x axis. Clearly, the
�-helix template lowered the dielectric constant around
the template, strengthened the probe hydrogen bond of the
�-helix structure, and thus resulted in the destabilization of the
PPII helix. This corresponds to template-induced dehydration
around the probe. We conclude that the �-helix template
induced a local electrostatic environmental change that caused
the stabilization of the second �-helix. This interpretation is
parallel to many relevant observations and perspectives, which
follow. Some fragments cleaved from the �-helical part of
proteins do not form the �-helix (34). The �-helices and dimer
formation of peptides with low �-helical propensity, such as
GCN4-Glu9-Gly4 (35) require their collision and desolvation.
The nucleation–condensation mechanism of protein folding
suggests the partial ordering of long-range interactions in the
transition state to stabilize the otherwise weak secondary struc-
ture (36, 37). The environmental effect of the �-helix template
may resemble the solvent effect of alcohols. Alcohols enhance
the �-helix (25, 38–41) and destabilize the PPII helix, which is
correlated with the solvent polarity of alcohols (28). These
results suggest that alcohols strengthen the electrostatic inter-
actions, primarily hydrogen bonds, resulting in an increase in the
�-helix (42) and a decrease in the PPII helix.

When the same simulation was performed for Ala7
, the �-helix

template did not induce the �-helix, probably because Ala7 is too
short to form the �-helix even with the help of the template

(Table 1). We also note that the PPII helix content was reduced
with the �-helix template for both Ala8 and Ala7, suggesting
template-induced desolvation.

Polyalanine Near a �-Strand Template. We then simulated Ala8

near a template that was in the conformation of a �-strand made
of Ala8, and the distance separating centers of mass was con-
strained to 8, 9, or 11 Å. The �-strand template remarkably
enhanced the �-strand formation of the simulated Ala8 from
0.7% of the isolated peptide to 97% with the template with an
8-Å separation between centers of mass (Table 1). A similar
enhancement was found for Ala7. Intuitively, this enhancement
was caused by the �-strand template providing the template for
making hydrogen bonds when the simulated Ala8 took on
�-strand form. As the distance from the template increased, the
�-strand content decreased slowly. Namely, with the template
with the 11-Å separation, 78% of conformations contained the
�-strand structure. Looking into these structures, we found that
in these conformations the �-strand structure was formed at an
edge of the chain by contacting the template, whereas the other
end of the chain was far from the template: thus, the distance
separating centers of mass was kept to the constrained values.
Importantly, in these cases, the induction of �-strand structure
occurred only in the neighborhood of the �-strand template.
Thus, the templating effect of the �-strand template is also short
in range. All � form antiparallel �-sheet with the template (data
not shown), possibly because the �-strand template structure was
taken from that in an ideal antiparallel �-sheet. Note that the
peptide terminal was capped, so the terminal charge effect was
not relevant.

We then investigated the free-energy landscape of the Ala8

near the �-strand template with an 8-Å separation. Fig. 4a
depicts the free energy on PC1 and PC2. We note that, although
PC1 and PC2 used here were identical to those used before, the
two axes were flipped for convenience, with PC1 on the vertical
axis and PC2 on the horizontal axis. We found several free-
energy minima on the left corresponding to various �-hairpin
structures, whereas a single minimum for the �-helix and for the
PPII helix was found on the right (Fig. 4a). We see that in this
case PC2 is a better coordinate to separate the �-hairpin
structure (PC2 between �25 and �5) from the �-helix (PC2 of
�5) and the PPII helix (PC2 of �10), and thus we projected the
free-energy surface as well as the energetic and entropic con-
tributions on the PC2 in Fig. 4b. The free-energy curve along
PC2 (shown in black) had the global minimum at �25 and a few
more minima between �25 and �7, corresponding to �-hairpin
structures. The �-helix and �-hairpin conformations were sep-
arated by the free-energy barrier of �4 kBT. Interestingly, even
though the �-hairpin structure was dominant, the energy curve
(shown in red in Fig. 4b) still shows a funnel-like shape centered
at the �-helix, whereas entropic contribution favors the �-hairpin
(shown in green in Fig. 4b). Compared with the isolated system,
the system with the template had almost the same entropic
contribution; thus, �-hairpin stabilization is attributed to the
changes in interactions. We further analyzed the decomposed
energies (Fig. 4c) and their intermolecular components and
found that the dominant effect of the �-strand template was on
the intermolecular electrostatics (hydrogen bonds) with some
minor effects on vdW energy.

The �-strand template has a strong effect on enhancing the
� tendency. The exposed �-sheet edge in proteins is prone to
the aggregation and formation of amyloid fibrils. In fact, in
natively �-sheet-rich proteins, the naked �-sheet edges are
protected by several strategies, such as dimerization and
covering by loops (43).

Discussion of Convergence of Sampling. Although we used REMD
techniques that significantly enhance conformational sampling,

Fig. 3. The contour map of the dielectric constant �(x, y) on the xy plane. We
calculated �(x, y) using two Ala8 �-helices. A templated �-helix was put at the
origin, and a second �-helix was scanned on the plane with both of the helical
axes kept parallel to the x axis. The dielectric constant for the hydrogen bond
between the carbonyl oxygen of Ala3 and the amide hydrogen of Ala7 in the
second Ala8 helix was calculated by using the GB formula. PCA-1, PC1 axis;
PCA-2, PC2 axis.
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integration time per replica was 8 ns, which would be 2 orders of
magnitude shorter than the physical time scale of relaxation of
polyalanine dynamics. Here, we examine the convergence of the
simulations based on the following criteria (22, 44). (i) All replica
pairs have high and uniform exchange ratios. In the current
REMD runs, the average acceptance ratio of replica exchange
was sufficiently high (40–50%) and uniform. (ii) All replicas
move around the whole temperature range. In our case, replicas
traversed all of the temperatures, from 270 to 500 K, many times.
(iii) No trapping in local minima on the energy landscape (see
below).

As a more stringent test of convergence, we started all
simulations with three completely different initial conforma-
tions, �-helix, extended, and PPII helix, observing discrepancy
among them. In general, as simulation went on, the ensemble
bias was monotonically, but slowly, reduced. Part of the statis-

tical error in Table 1 may come from the residual bias. Because
the templating effect was much stronger than the error bar, the
result would not be affected too much by this bias.

During these investigations, we noticed that sampling for Ala8

with the �-strand template with an 8-Å separation was among
the most difficult cases. The trajectories that started from the
�-helix tended to be trapped on the �-helix for quite a long time.
The number of replicas that contained the �-helix, initially 36,
decreased nearly exponentially. The conformational transitions
from �-helix to disordered and to �-strand preferentially oc-
curred at relatively high temperatures, whereas relaxation was
slower at lower temperatures. To test convergence, we extended
the simulations up to 16 ns per replica. Results from the first 2–8
ns and those from the 10- to 16-ns samples are given in Table 1.
We found that the �-helix content in the 2- to 8-ns samples was
somewhat biased, an effect that lasted until �10 ns. However, the
induction of �-strand structure had a stronger effect than the
bias and thus was robust.

Materials and Methods
We performed the REMD simulations of Ala7 and Ala8 with an
implicit solvent model in three different environments, the
isolated polyalanine, the polyalanine near an �-helix template,
and the polyalanine near a �-strand template. The peptide
terminal charge was blocked, and thus Ala7 means Ac-Ala7-
methyl amide (NMe) precisely. The template consisted of the
same molecule as that simulated, the Alan template with n � 7
or 8. Template conformations were harmonically fixed either in
ideal �-helix or antiparallel �-strand. In simulations with the
templates, the center of mass of simulated Alan was harmonically
constrained to a position separated by 8, 9, or 11 Å from the
template’s center of mass and to a position perpendicular to the
helical or strand axis. We note that, in Protein Data Bank
statistics, the peaks of distances between two helical axes are
9–11 Å (45).

The CHARMM param19 extended atom force field was used for
polypeptide interactions (23). We used the GB implicit solvent
model of Dominy and Brooks (24) to approximate hydration free
energy. This energy has been used and validated especially for small
peptides (46). We used the dielectric constant value of 80 for water
and 1 for the interior of the protein at all temperatures simulated.
We note that, although absolute secondary-structure contents
inevitably depend on the force field used (26), the templating effect,
i.e., the difference in conformational ensemble between the iso-
lated and templated systems, would be more robust in nature. For
comparison, we also performed REMD simulations of isolated
Ala7 and Ala8, instead of the GB solvation model, using the uniform
dielectric constants � � 1, 2, 4, 10, and 80.

To enhance sampling, we used the REMD method developed
by Sugita and Okamoto (22) for all simulations. We used 24
replicas for Ala7 simulations and 36 replicas for Ala8 simulations.
In both cases, the temperatures of replicas were distributed
exponentially in the range of T � 270–500 K, in which we found
that the peptide can sample both ordered and disordered states.
Exchange attempts were made after every 1 ps. After each
exchange attempt, velocities were reassigned from the Maxwell–
Boltzmann distribution (47). The replica temperatures were
maintained by the Nosé–Hoover method (48), with the coupling
constant (Q) � 10. The SHAKE algorithm (49) was applied to
bonds connected to hydrogen atoms. We used a 1-fs time step for
the stability of the simulations. Each REMD simulation was
initiated by the following protocol: From initial configurations
(see below), we made a 100-step steepest-descent minimization
and a 500-step conjugate-gradient minimization, followed by a
50-ps MD simulation with the temperature increasing from 0 K
to the temperature specified for each replica. Then, a 200-ps MD
simulation was performed at a temperature specified for equil-

Fig. 4. Free-energy landscape of Ala8 near the �-strand template with an 8-Å
separation (shown in red) at 270 K was calculated by using the GB solvation
model. (a) 2D free-energy surface on PC1 (PCA-1; vertical) and PC2 (PCA-2;
horizontal) axes. Note that these axes are reversed from those in Figs. 1 and 2.
(b) The (relative) free-energy curve F (shown in black), energetic contribution
E (shown in red), and entropic contribution �TS (shown in green) are pro-
jected on PC2. (c) The energetic contribution in b was further decomposed into
vdW energy (shown in red) and electrostatic energy (shown in green).
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ibrating velocities; the final structures of this simulation became
the initial structures of the REMD simulation.

The REMD simulation time was 8 ns for each replica for all
simulations but that of Ala8 with a �-template with an 8-Å
separation, on which, to test convergence, we conducted longer
simulations (16 ns per replica). For each case, the last 6 ns of data
was used for analysis. Peptide configurations were saved every 1
ps, before the temperature exchange attempt. In all cases, we
used three different initial configurations, extended, �-helical,
and PPII-helical, for testing the sampling convergence. From
each initial configuration, two independent REMD runs were
carried out (i.e., total of six runs) for an isolated Ala8 and Ala8

with an �-helix template. One REMD run for each of the three
initial configurations was performed for all other cases. For a
single REMD run, the integration time summed over all replicas
was 192 ns for Ala7 and 288–576 ns for Ala8, and the cumulative
simulated time in the 72 REMD runs was �18 �s.

All simulations were carried out with the CHARMM simu-
lation package (c28b1) (50). The REMD simulation was imple-
mented as perl script for the CHARMM package.

We analyzed the �-helix and PPII helix contents of polypep-
tide configurations by the backbone dihedral angles (�, �).
Following the Lifson–Roig model (51), we stated that the ith
residue is in an �-helix when dihedral angles i � 1, i, and i � 1
are within the range (�, �) � (�57 � 30°, �47 � 30°). The same

rule of assignment was used for the PPII helix with the range
(�, �) � (�78 � 30°, 145 � 30°). The �-strand contents were
calculated by using the DSSP program (52). For confirmation,
the �-helix content calculated when the DSSP was used was
essentially the same as that calculated when the Lifson–Roig
model was used (data not shown).

To analyze the free-energy landscape, we used PC analysis
(30–32). First, we picked up 72,000 configurations (in total) from
2.0- to 8.0-ns snapshots of all replicas for simulations of (i) the
isolated Ala8 (mostly �-helix and PPII helix), (ii) Ala8

near the �-strand template (�-strand rich), (iii) the isolated Ala8

in the uniform dielectric constant � � 1 (�-hairpin rich), and (iv)
the isolated Ala8 in the uniform dielectric constant � � 4 (�-helix
rich). These conformations were superimposed on a reference
conformation, an �-helix conformation. Then, the variance–
covariance matrix of the ensemble was ‘‘diagonalized’’ to get
eigenvectors (PC axes) and eigenvalues [the standard deviations
of the conformational distribution along the ith PC axis (�i)].
�i��i�i is regarded as the relative contribution of the distribution
along the ith PC.
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