
Molecular Dynamics of a 15-Residue Poly(L-alanine) in Water: Helix
Formation and Energetics

Mitsunori Takano,* Takahisa Yamato,† Junichi Higo,‡ Akira Suyama, and
Kuniaki Nagayama§

Contribution from the Department of Life Sciences, Graduate School of Arts and Sciences,
UniVersity of Tokyo, 3-8-1, Komaba, Meguro-ku, Tokyo 153-8902, Japan, Department of Physics,
Graduate School of Science, Nagoya UniVersity, Furo-cho, Chikusa-ku, Nagoya 464-8602, Japan,
Biomolecular Engineering Research Institute, 6-2-3, Furuedai, Suita, Osaka 565-0874, Japan,
and National Institute for Physiological Sciences, Myodaiji, Okazaki 444-8585, Japan

ReceiVed August 13, 1998

Abstract: We present a molecular dynamics study of theR-helix formation in a system consisting of a 15-
residue poly(L-alanine) and surrounding water molecules. By applying a relatively high temperature, we observed
theR-helix formation several times during a 17-ns run, and reversible helix-coil transitions were also observed.
TheR-helix formations were usually initiated by theâ-turn structures. A crank-shaft-like motion of the peptide
was included in the folding process. In the formedR-helical domains, substantial 310-helix formations were
found especially at the termini, as observed by the NMR study. The folding time scale at room temperature
estimated from our simulation was found to lie in the range of 100 ns, which is in accord with the time scale
of the T-jump experiments. The total energy of the whole system was lower in theR-helix state than in the
random-coil state by 20.4( 4.8 kcal/mol, which is consistent with the experimental value obtained by
calorimetry. This energy decrease in forming theR-helix was mainly caused by the Coulombic energy and the
torsional energy.

Introduction

Recently, the technique of observing the initial process of
protein folding has been developed, and the events occurring
on a sub-microsecond time scale can be detected by the
temperature jump using a nanosecond pulse laser.1-4 For
example, in myoglobin, the formation ofR-helices is found to
be complete within 1µs, and the helices then coalesce to form
a nativelike structure in the following microseconds.1-4 The
R-helix formation of a short alanine-rich peptide is directly
observed with the same technique, and the time scale of the
R-helix formation is reported to be about 180 ns.5,6 In this
connection, theâ-sheet formation is found to be slower (i.e.,
several microseconds) than theR-helix formation.7 These
experimental observations of the time course of the secondary-
structure formations not only provide a clue to understanding

the mechanism of the protein folding,8-13 but also make it
possible to directly compare the two peptide-folding events
observed by the experiments and by the computer simulations
with atomic resolution.

The atomic-resolution computer simulations of large mol-
ecules, however, require considerable computer power, and the
simulation time-range is restricted to around 10 ns, except for
a few very recent studies.14,15 With this limitation, the folding
simulation of even a small-sized protein is not tractable, whereas
the folding simulation of a short peptide toward the regular
structure such as theR-helix seems to be feasible, since the
R-helix formation is rapid. In practice, a number of simulations
of short peptides have been performed starting from theR-helical
structure immersed in explicit water molecules,16-23 where the
stability of theR-helix was investigated. In most cases, only an
irreversible unfolding process was observed. The folding
simulation, however, is difficult, because the peptide chain is
subject to being trapped in metastable states and it takes a long
time to get out of them. If water molecules are not explicitly
treated to reduce the degrees of freedom to be simulated, it is
possible to perform simulations long enough to observe the
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folding events of theR-helix.24-27 Actually, we have observed
a number of helix-coil transitions of a polyalanine chain by
using the Nose´-Hoover heat bath.27

By using a short peptide that contains four or five amino
acids, the reverse turn formations have been simulated in explicit
water.28,29 Tobias et al. showed a 2.2-ns molecular dynamics
simulation of reverse turn formations with a penta-peptide,28

and Bashford et al. performed a longer simulation with a tetra-
peptide for 7.7 ns and observed enough transitions to conduct
a thermodynamic analysis.29 These simulations shed light on
the mechanism of nucleus formation of anR-helix. However,
there has not been a simulation of anR-helix formation using
a longer peptide in explicit water, starting from the structure
other than theR-helical one. Although the simulation with
explicit water is more time-consuming than that with an
approximated solvation method such as a continuum model, it
is advantageous to obtain a more realistic picture of nature,
because approximations made there are kept to a minimum
without losing the many body interactions between the solute
and the solvents.

In this paper, we report the molecular dynamics (MD)
simulations of a 15-residue polyalanine solvated by explicit
water molecules. Alanine is thought to be one of the residues
that have a high helix propensity.30-34 The synthesized alanine-
rich peptides that contain about 20 residues are found to form
R-helical structures in an aqueous environment at room tem-
perature.35 The native state of the polyalanine, as well as the
alanine-rich peptide, would be theR-helical structure at room
temperature. Even though theR-helical state may be thermo-
dynamically stable, a difficult problem remains concerning
whether the peptide can reach its native state within a limited
simulation time. This difficulty can be overcome either by using
a simulated annealing procedure or by simulating at a relatively
high temperature. Actually we were able to observe theR-helix
formation several times during a 17-ns simulation, in which
reversible helix-coil transitions were involved. We then ad-
dressed the following issues from three different viewpoints (i.e.,
structural, dynamical, and energetic viewpoints). What sort of
conformational change is involved in theR-helix formation and
disruption? On what time scale does the polyalanine fold into
the R-helix? What type of energy (e.g., Coulombic or van der
Waals) drives the polyalanine into theR-helix state?

Computational Methods

The system we simulated consisted of a 15-residue polyalanine chain
and the surrounding water molecules. The all-atom force field of Weiner
et al.36 was used for the polyalanine chain, of which the N terminus
and the C terminus were acetylated and methyl-amidated, respectively.
The SPC water37 was used as the water model, and 2094 water
molecules were implemented. A spherical boundary condition was
employed with a half-harmonic potential (the force constant was set at
150 kcal/mol/Å2) to prevent the evaporation of water molecules. This
half-harmonic potential took effect only for the water molecules outside
the 27.5-Å radius sphere. Inside the sphere, the water molecules
contracted to some degree because of the surface tension, resulting in
a deformable droplet. The density of water, however, was almost
uniform along the radius and nearly equal to the experimentally
determined bulk water density at a given temperature,38 except for the
outermost shell region with the radius greater than 23 Å. Since we
attempted to simulate such a large conformational change as the helix-
coil transition of a polypeptide, we must prepare a sphere large enough
to solvate the polypeptide of any conformation. This requirement was
fulfilled because the effective radius (or radius of gyration) of the
peptide, which usually lay between 7 and 11 Å during the simulation
period, was sufficiently smaller than the 27.5-Å radius. In addition,
the end-to-end distance of the fully extended conformation was about
55 Å, which is equal to the diameter of the sphere we used. To keep
the peptide close to the center against the translational motion
(diffusion), the gravity center of the peptide was anchored to the origin
of the sphere with a harmonic potential (the force constant was set at
15 kcal/mol/Å2), while the peptide was free to rotate. We chose an
artificially folded left-handedR-helix as the initial structure of the
peptide; the left-handedR-helix is thermodynamically less stable than
the nativeright-handedR-helix.39,40 Water molecules were randomly
set around the peptide. Since we conducted a long-time simulation
during which reversible helix-coil transitions were observed, the choice
of the initial structure did not affect the results presented in this
paper. We first performed a 2000-step energy minimization. We then
carried out 10-ps MD with the initial velocities randomly assigned
to realize the Boltzmann distribution at 200 K, and the temperature
was raised from 200 to 450 K during this period. After that, we
conducted a simulation consisting of a total of 17 ns. This simulation
can be divided into three periods: the first period (0-2.5 ns) was an
annealing period where the temperature was gradually decreased
from 450 to 300 K, the second period (2.5-5 ns) was an equilibrium
period where the temperature was raised again and maintained at 450
K, and the last period (5-11 ns) consisted of two independent
equilibrium simulations at 450 and 400 K which branched from
the point at 5 ns. The equations of motion were numerically inte-
grated using the leapfrog method.41 The SHAKE algorithm42 was
applied to fix the bond lengths including hydrogen atoms, which
allowed us to use the numerical integration time step of 2 fs. The
temperature was controlled by weakly coupling with a heat bath.43 All
interactions, including the Coulombic interactions, were calculated
without cutoff. Therefore, our system conserves the total energy if the
thermostat is not applied. The MD program, PRESTO-v2,44 was used
with modifications to carry out calculations on a special-purpose
computer for MD simulations.45,46The MD trajectory was saved every
500 steps (1-ps interval) for subsequent analysis, where the trajectory
points were averaged for every 10 ps duration in order to reduce
fluctuations.

Results

r-Helix Formation and Helix-Coil Transition (0-5 ns).
During the entire 17-ns simulation, we were able to observe
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several folding/unfolding events. First, we took a look at the
first period (0-2.5 ns), that is, the annealing period at decreasing
temperature from 450 to 300 K (Figure 1a). To show the degree
of theR-helix formation, we monitored the hydrogen-bond (H-
bond) formation between the carboxyl oxygen of residuei and
amide the hydrogen of residuei + 4. The trajectory of the
fractional H-bond, which is relative to 11 native H-bonds
possible for this peptide, and the spatio-temporal evolution of
the H-bond are shown in Figure 1b and c. The initial structure
of the peptide was the artificially foldedleft-handedR-helix.
In the preparation period, two H-bonds of the left-handedR-helix
were immediately broken. For the first 1.05 ns, before cooling,
the following events occurred. The small left-handed helical
domain on the C-terminal side quickly disappeared, and the
disruption of the larger left-handed helical domain followed.
(The left-handedR-helix was not observed in the subsequent
simulation.) Then, the nascentright-handedR-helix appeared
at the center of the chain (see Figure 2a). Despite the high
temperature, it grew (Figure 2b), and a helical domain with four
native H-bonds was formed before 1.05 ns, even though it was
fragile. We then cooled the system in a successive manner. The
chain further grew first by simultaneously adding two H-bonds

on the N-terminal side (Figure 2c) and second, by adding two
H-bonds on the C-terminal side. After that, although we further
decreased the temperature to 300 K, we could not see any
growth; the peptide remained in an almost unchanged confor-
mation, that is, the stable longR-helix ranging from residue 4
to residue 15 with eight native H-bonds and the bent N terminus
(Figure 2d).

We next stepped forward to the second period of the
equilibrium simulation at 450 K (2.5-5.0 ns). Since the
formation of a right-handedR-helix, though fragile, occurred
at 450 K in the previous period even before cooling, we
attempted to simulate at the constant temperature of 450 K to
observe the folding and unfolding (i.e., helix-coil transition),
which allowed us to conduct an energetic analysis. In Figure 3,
the time evolution of theR-helical H-bond is shown. As we
expected, the H-bonds in theR-helical domain immediately
became fragile, compared to that at 300 K, and began to fray.
However, the growth of theR-helix at the N terminus occurred
at ∼3.0 ns (Figure 4a), which was not achieved at 300 K. This
elongatedR-helix, however, was only temporary. Four native
H-bonds at the N terminus disappeared soon, followed by the
disruption of the five C-terminal H-bonds. After the disruption
of all of the native H-bonds, the chain was in a random coil-
like state (Figure 4b). In the random coil-like period, nuclei of
theR-helix occasionally appeared but soon disappeared. Among
them, the two nuclei that were formed around 3.85 ns (Figure
4c) succeeded in growing (Figure 4d). Then the longR-helix
was formed at 4.12 ns (Figure 4e). This refoldedR-helix,
however, was not stable enough to live long, and turned again
into the random coil-like state.
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Figure 1. Simulation of the annealing period (0-2.5 ns). Temperature
of the system was successively lowered as shown in (a). (b) Trajectory
of the fraction of thei - (i + 4) type H-bond in the polyalanine chain.
We judged that an H-bond was formed when the distance between the
oxygen and the hydrogen was less than 3 Å and the angle of the
O-H-N was greater than 120°. The H-bonds within the first 0.5 ns
are those of the left-handedR-helix. (c) Spatio-temporal evolution of
the i - (i + 4) type H-bonds. The darkness of the shading (gray scale)
is in proportion to the H-bond strength, as shown at the right window,
which is defined as the ratio of the total H-bonding duration to every
10-ps interval. Note that the residue number,i, denotes theith residue
with the acceptor oxygen.

Figure 2. Snapshots of the folding structural change during the
annealing period. Main-chain atoms and Câ atoms are displayed. Each
structure is superimposed on the structure at 2.5 ns, (d). The N terminus
is located at the lower left of each snapshot. The dotted line in (a)
shows the initiation H-bond for the right-handedR-helix.
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Other Types of Intrapeptide H-bonds. We now examined
the H-bond formations other than theR-helical type, that is,
H-bonds between the carboxyl oxygen of residuei and the amide
hydrogen of residuesi + 2, i + 3, andi + 5, which correspond
to the γ-turn, the â-turn (or 310-helix), and the π-helix,
respectively. We observed the spatio-temporal evolutions of such
H-bonds throughout the above-mentioned two periods (0-2.5
ns and 2.5-5 ns). The spatio-temporal evolution of thei - (i
+ 3) type H-bond (Figure 5b) has a pattern similar to that of

the R-helix type, even though the formation is not frequent. A
careful look at Figure 5b reveals that substantial formations of
thei - (i + 3) type H-bond were observed both at the nucleation
sites (see also Figures 2a and 4c) and at the ends of the helical
domains (especially on the N-terminal side). In addition, we
can find that the initial H-bond of the right-handed helix at∼0.6
ns (Figure 2a) was the remnant of theleft-handed helix. On the
other hand, thei - (i + 2) type H-bonds (Figure 5a) showed
an opposite pattern from both thei - (i + 3) and thei - (i +
4) types, although all of them were fragmented and short-lived.
Thei - (i + 5) type H-bonds were rarely observed at the termini
(Figure 5c).

Temperature Dependence ofr-Helix Formation (5-11
ns). We then proceeded to the third period (5-11 ns). Here,
we conducted two independent equilibrium simulations that
branched at the point of 5 ns: one was the continuation of the
previous equilibrium simulation at 450 K, and the other was
another equilibrium simulation where the temperature was
lowered and kept at 400 K. The spatio-temporal evolutions of
theR-helical H-bonds for both simulations are shown in Figure
6. At 450 K (Figure 6a), after the appearance of short-lived
smallR-helical domains on the C-terminal side, a longR-helical
domain occurred on the N-terminal side, which continued for
2 ns. After this helical domain collapsed, the chain again folded
into theR-helix formation from the random coil-like state. On
the other hand, at 400 K (Figure 6b), we could not observe any
substantialR-helix formation for the first 3 ns. After that,
however, we were able to observe theR-helix formation toward
the end of this period. Even though theR-helix formation at
400 K was slower than at 450 K, the helical domain, once
formed, was more stable at 400 K than at 450 K.

Energetics of r-Helix Formation. We investigated the
R-helix formation and disruption from an energetic viewpoint.
We focused on the second period (2.5-5 ns), that is, the
equilibrium simulation at 450 K, since in this period we could
obtain both a longR-helical domain and a disordered random
coil. We first looked at the total potential-energy trajectory of
the peptide-peptide (P-P) interactions (Figure 7). The potential
energy decreased as more native H-bonds were formed. This

Figure 3. Simulation of the equilibrium period (2.5-5.0 ns). (a)
Temperature of the system was raised from 300 K and maintained at
450 K. (b) Trajectory of the fraction of thei - (i + 4) type H-bond in
the chain. (c) Spatio-temporal evolution of thei - (i + 4) type H-bonds.
The judgment of the H-bond formation and the definition of the gray
scale are identical with those in Figure 1.

Figure 4. Snapshots of the unfolding/refolding structural change during
the equilibrium period at 450 K. In the same way as in Figure 2, only
main-chain atoms and Câ atoms are displayed, and each structure is
superimposed on the structure at 2.5 ns. The dotted lines in (c) show
two independent nucleation H-bonds for the right-handedR-helix.

Figure 5. Spatio-temporal evolutions of the H-bond formations other
than thei - (i + 4) type: (a) thei - (i + 2) type H-bond, (b) thei -
(i + 3) type H-bond, and (c) thei - (i + 5) type H-bond. The judgment
of the H-bond formation and the definition of the gray scale are identical
with those in Figure 1.
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tendency is clearly shown in Figure 8a. We recognized the
anticorrelation between the ratio of the native H-bond formed
in the polyalanine chain and the total P-P potential energy.
Note that the slope of the fitted linear line has an important
meaning since it indicates the energy change from the random
coil state with no native H-bond to theR-helix state with full
native H-bonds. The total P-P potential energy was lower in
the R-helix state than in the random coil state by 103.4( 2.2
kcal/mol. We then made the same analysis for each ingredient
of the total P-P potential energy. The total P-P potential energy
is composed of three energies: Coulombic, van der Waals, and
geometric (bonding, angular, and torsional) energies. Each of
them also had a negative correlation with the native H-bond
ratio [Figures 8b-d (note that the vertical axes have varying
scales)]. The energy difference between the two states for each
energy is summarized in Table 1. We determined that the
Coulombic energy had the most significant contribution to the
total P-P potential energy.

In contrast to the P-P potential energies, the peptide-water
(P-W) potential energies had a positive linear dependence on
the native H-bond ratios (Figures 9a and 9b). Again, the
Coulombic energy had a greater change than the van der Waals
energy (see Table 1). In the meantime, parts c and d of Figure
9 show the water-water (W-W) potential energies, which are
the last constituents to be considered. Although there was an
inherent large fluctuation, we recognized a negative correlation
between the Coulombic energy and the native H-bond ratio,
whereas we could not detect a discernible trend in the van der
Waals energy. The sum of the P-W and the W-W energy
changes associated with theR-helix formation may be regarded

as the solvation potential energy change in forming theR-helix.
It was then 83.0( 5.3 kcal/mol, favoring the random coil
state.

So far we have investigated the decomposed energies. We
next integrated them. In Figure 10a, we show the parametric
plot between the total potential energy of the whole system and
the native H-bond ratio. Even though the points are scattered,
we found out that the energy decreases as the formation of native
H-bonds develops. The energy change that accompanied the
helix-coil transition was-20.4 ( 4.8 kcal/mol, favoring the
R-helix state. This energy difference was mainly caused by both
the Coulombic energy and the geometric energy, whereas the
contribution of the van der Waals energy was smaller (see Table
1). We emphasize that the independent energetic analyses for
another equilibrium period at 450 K (5-11 ns) yielded the same
results; Figure 10b is the equivalent of Figure 10a, and the
energy change obtained from Figure 10b was-21.0( 2.9 kcal/
mol, which is the same, within the error, as obtained from Figure
10a.

Figure 6. Two independent equilibrium simulations (5.0-11.0 ns) at
(a) 450 K, and at (b) 400 K. The spatio-temporal evolutions of thei -
(i + 4) type H-bonds are shown. The judgment of the H-bond formation
and the definition of the gray scale are identical with those in Figure
1.

Figure 7. The trajectory of the total potential energy of the peptide-
peptide (P-P) interactions during the equilibrium simulation at 450 K
(2.5-5.0 ns).

Figure 8. The parametric plots between the peptide-peptide (P-P)
potential energies and the ratio of the native [i - (i + 4) type] H-bond
formed in the polyalanine chain during the equilibrium simulation at
450 K (2.5-5.0 ns): (a) the total potential energy, (b) the Coulombic
energy, (c) the van der Waals energy, and (d) the geometric energy.
The van der Waals energy contains the 6-12 (Lennerd-Jones) and the
10-12 potential energies, and the geometric energy is composed of
the bonding, the angular, and the torsional energies. The data for the
first 0.2 ns were discarded to ensure equilibration. The straight lines
in the figures represent the least-squares fitted lines as the results of
linear regression.

Table 1. Energy Changes from the Coil State to theR-Helix Statea

van der Waals Coulombic geometric total

P-P -25.3( 0.6 -69.4( 1.4 -8.7( 1.3 -103.4( 2.2
P-W 21.5( 0.8 110.5( 2.6 132.0( 2.9
W-W 1.2( 5.8 -50.2( 8.3 -49.0( 5.0
system -2.6( 5.8 -9.1( 8.1 -8.7( 1.3 -20.4( 4.8
experimentb -13 to-19

a Each entry was obtained from the slope and its standard deviation
of the best-fitted line47 in the parametric plot between the energy and
the native H-bond ratio as shown in Figures 8-10. The abbreviations
(P-P, P-W, W-W, and system) stand for the peptide-peptide
interaction, the peptide-water, the water-water, and the whole system,
respectively. Values are in kcal/mol.b The enthalpy change was
obtained from the calorimetric experiment of Scholtz et al.60
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Discussion

We were able to observe theR-helix formation several times
in water. The process in forming (or breaking) native H-bonds
has a cooperative nature. Several H-bonds, although not all
H-bonds, were cooperatively formed (broken), as was found in
the previous MD study of the helix-coil transition without
explicit water.27 Young and Brooks performed the free-energy
simulation and determined the difference in cooperativity and
stability of theR-helix formation between both ends of a helical
domain.48 Although such a difference was not clear in our

simulation presented here, we found that the helical structure
on the C terminus is more fragile than that on the N terminus
by simulating theR-helix at 400 K (data not shown), which is
in accord with the simulation48 and the experiments.31,32

In addition to theR-helical [i.e., i - (i + 4) type] H-bond,
we observed the H-bond formations of other types such as the
i - (i + 2), the i - (i + 3), and thei - (i + 5) types. The
substantial formation of thei - (i + 3) type H-bond at the
ends of theR-helical domain is consistent with the NMR study49

and other theoretical studies.16,17,48,50In most cases, the nucle-
ation of the helical structure was initiated by thei - (i + 3)
type H-bond formation that belongs to the type Iâ-turn51 (see
Figure 4c). However, the nucleus found at∼0.6 ns in the first
period (Figure 2a) took the form of the type IIâ-turn,51 which
was the remnant conformation of the initial left-handedR-helix.
It is interesting that the type IIâ-turn then converted to the
type I â-turn by a crankshaft-like counter-rotational motion,
which has been thought of as an essential motion of polymers
in solution in order to minimize the frictional resistance.52,53

Regarding the rarely formedi - (i + 5) type H-bond, the
formation was merely due to the main-chain H-bonding interac-
tion, not due to the side-chain-side-chain interaction as
observed in the simulation of an alanine-rich peptid.54

During the equilibrium simulations at 450 K (2.5-11.0 ns),
we observed substantialR-helix formation three times. There-
fore, the simulated folding time scale at 450 K is supposed to
lie in the range of several nanoseconds. This time scale,
however, appears to be much faster than the experimentally
determined folding time scale of 180 ns. To account for this
inconsistency, we made a rough estimation of the folding time
scale at room temperature (300 K), assuming the temperature
and viscosity dependence of the rate constant according to
Kramers’ theory in the large viscosity regime.55,56Although the
R-helix formation involves many reactions, the time scale of
adding one H-bond to the existingR-helical segment would
provide the lower bounds of theR-helix formation time scale.
The barrier height of this process has been extensively studied
by free-energy simulations and estimated to be about 2.8 kcal/
mol, which is mainly due to the unfavorable steric interactions
within the peptide.48,57Furthermore, the water viscosity, itself,
has a temperature dependence,58,59 and the value at 450 K is
about 6 times smaller than at 300 K; the self-diffusion
coefficients of water calculated in our system (data not shown)
were in accord with the experimental ones,58 so that the viscous
property of water would be well-simulated. Taking these facts
into account, we expected the folding time scale at 300 K to be
about 30 times slower than that at 450 K, that is, in the range
of 100 ns (see Appendix where the Kramers’ rate formula is
given together with the comparison between the folding and

(47) Press: W. H.; Teukolsky, S. A.; Vetterling, W. T.; Flannery, B. P.
Numerical Recipes in Fortran: The Art of Scientific Computing, 2nd ed.;
Cambridge University Press: New York, 1996; pp 655-660.

(48) Young, W. S.; Brooks, C. L., III.J. Mol. Biol. 1996, 259, 560-
572.

(49) Millhauser, G. L.; Stenland, C. J.; Hanson, P.; Bolin, K. A.; van de
Ven, F. J. M.J. Mol. Biol. 1997, 267, 963-974.

(50) Sheinerman, F. B.; Brooks, C. L., III.J. Am. Chem. Soc. 1995, 117,
10098-10103.

(51) Rose, G. D.; Gierasch, L. M.; Smith, J. A.AdV. Protein Chem. 1985,
37, 1-109.

(52) Pear, M. R.; Northrup, S. H.; McCammon, J. A.; Karplus, M.; Levy,
R. M. Biopolymers1981, 20, 629-632.

(53) Helfand, E.Science1984, 226, 647-650.
(54) Shirley, W. A.; Brooks, C. L., III.Proteins1997, 28, 59-71.
(55) Kramers, H. A.Physica1940, 7, 284-304.
(56) Steinfeld, J. I.; Francisco, J. S.; Hase, W. L.Chemical Kinetics and

Dynamics; Prentice Hall Inc.: New Jersey, 1989; pp 410-414.
(57) Brooks, C. L., III.J. Phys. Chem. 1996, 100, 2546-2549.
(58) Krynicki, K.; Green, C. D.; Sawyer, W.Faraday Discuss. Chem.

Soc. 1978, 66, 199-208.

Figure 9. The parametric plots between the intermolecular potential
energies and the ratio of the native H-bond formed in the chain during
the equilibrium simulation at 450 K (2.7-5.0 ns): (a) the peptide-
water (P-W) potential energy for Coulombic, and (b) that for van der
Waals; (c) the water-water (W-W) potential energy for Coulombic
(arbitrarily shifted upward by 17 800 kcal/mol), and (d) that for van
der Waals (arbitrarily shifted downward by 2000 kcal/mol). The straight
lines in the figures represent the least-squares fitted lines.

Figure 10. Parametric plot between the total potential energy of the
whole system and the ratio of the native H-bond formed in the chain
during (a) the equilibrium simulation at 450 K (2.7-5.0 ns) and (b)
that for another period (5.0-11.0 ns). The energies are arbitrarily shifted
upward by 16000 kcal/mol. The straight lines in the figures represent
the least-squares fitted lines.
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the unfolding rates). This estimated time scale is in agreement
with the experimentally determined time scale.5,6 In addition,
theR-helix formation at 400 K is expected to be about 2 times
slower than at 450 K, and our results coincide with this
prediction of Kramers’ theory (see Figure 6).

We found a linear correlation between the ratio of the native
H-bonds formed in the polyalanine chain and each of the
energies (Figures 8-10). This fact implies that the formation
of the native H-bonds played a leading role in our simulation,
since it had a crucial effect on the energetics of the whole system
including not only that of the polyalanine but also that of the
water molecules. The total energy change of the whole system
that accompanied theR-helix formation was consistent with the
value obtained by the calorimetric experiment of Scholtz et al.60

(see Table 1). The temperature dependence of the helix-coil
energy changes is thought to be small because of the small heat-
capacity change as to the helix-coil transition of the polyalanine
chain (ca. 0.027 kcal/mol/K).61,62

The subsequent question then concerns what sort of energy
caused this total energy decrease in forming theR-helix. By
dividing the total energy, we determined that the dominant
energies that stabilize theR-helix state were the Coulombic and
the geometric energies (see the fourth row of Table 1). It has
been considered that the main-chain H-bond formation, which
is mainly due to the Coulombic interaction, stabilizes theR-helix
state,60,63 although there has been a contradictory opinion.64,65

Our results support the former opinion. It should be noted,
however, that the Coulombic energy decrease associated with
theR-helix formation was not simply due to the native H-bond
formation in the polypeptide, but was caused bythe sumof
both the intrapeptide (P-P) and the intermolecular (P-W and
W-W) H-bonds. The net decrease in the Coulombic energy in
folding resulted from the fact that the native intrapeptide H-bond
was tighter (or more favorable) than the intermolecular H-bonds.
The geometric energy change, another dominant helix-stabilizing
factor in our simulation, mainly originated from the torsional
energy change. The reason can be explained as follows; in the
random coil state, the dihedral angles took various values with
high energies, whereas in theR-helix state, they predominantly
took the gauche conformer (g-) which corresponds to an energy
minimum.

Finally, it would be interesting to compare our energetic
results with that of another group. Braxenthaler et al. simulated
an isolated helix fragment of barnase in water starting from the
X-ray structure of the native protein,66 and they observed
partially breaking and reforming of main-chain H-bonds. The
energy changes that accompanied the breaking or reforming of
the main-chain H-bonds are found to be consistent with ours,
except for the geometric and especially the torsional energy;
the torsional energy was almost unchanged in their simulation
in contrast with our previously mentioned result. This is because
in their simulation, the peptide did not undergo such a large
conformational change as observed in our simulation. At any
rate, it is noteworthy that two different MD simulations with
different peptides and different force-fields produced a similar
result concerning the energy change associated with the main-
chain (native) H-bond formation.

Conclusion

We demonstrated MD simulations of a 15-residue polyalanine
in water, and we observed theR-helix formation several times.
The folding events showed a cooperative nature, and it usually
began with thei - (i + 3) type H-bond formation. In the folding
dynamics of the peptide, a crankshaft-like motion was included,
which is thought of as an essential motion of polymer dynamics
in solution. The 310-helix was observed especially at the ends
of the R-helical domains. The folding time scale at room
temperature estimated from our simulation was about 100 ns,
which is in accord with the time scale determined by the T-jump
experiments of an alanine-rich peptide. The formation of the
native H-bond affected the energies in the system. The peptide-
peptide energies and the water-water Coulombic energy had a
negative correlation against the ratio of the native H-bond
formed in the polyalanine chain, while the peptide-water
energies had a positive correlation. The total-energy of the whole
system decreased by 20.4( 4.8 kcal/mol from the random coil
state to theR-helix state, which is consistent with the enthalpy
change determined by the calorimetry experiment using an
alanine-rich peptide. Our results support the opinion that the
main-chain (native) H-bond formation, which is mainly due to
the Coulombic interactions, stabilizes theR-helix formation of
a short peptide. The torsional energy was also found to
contribute as much to theR-helix stability as the Coulombic
energy.

Appendix: Kramers’ Rate Formula and Comparison
between Folding and Unfolding Rates.Kramers’ rate for the
barrier-crossing reaction (in the large viscosity regime) is
described as55,56

whereγ, E*, R, andT are the friction constant, the barrier height,
the gas constant, and the temperature, respectively. In Figure
11a, we show the illustration of helix-coil (folding-unfolding)
reactions. As already discussed, the rate for the helix formation
decreases as temperature decreases. The same is true of the
unfolding rate, which was not dealt with in the discussion. Then,
we compared the total folding and the total unfolding rates; since
each of the coil and the helix states has a number of microstates
(ci’s and hj’s in Figure 11a), we considered parallel reactions.
To make a general argument, we assumed that the coil and the
helix states havem and n microstates, respectively, and that
each microstate in the coil (helix) state can reach all of then
(m) ones in the helix (coil) state by overcoming the barrier of(59) Alberty, R. A.Physical Chemistry, 7th ed.; John Wiley: New York,

1987.
(60) Scholtz, J. M.; Marqusee, S.; Baldwin, R. L.; York, E. J.; Stewart,

J. M.; Santoro, M.; Bolen, D. W.Proc. Natl. Acad. Sci. U.S.A. 1991, 88,
2854-2858.

(61) Ooi, T.; Oobatake, M.J. Biochem. (Tokyo) 1988, 103, 114-120.
(62) Ooi, T.; Oobatake, M.Proc. Natl. Acad. Sci. U.S.A. 1991, 88, 2859-

2863.

(63) Avbelj, F.; Fele, L.J. Mol. Biol. 1998, 279, 665-684.
(64) Yang, A. S.; Honig, B.J. Mol. Biol. 1995, 252, 351-365.
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1996, 39, 479-489.
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Figure 11. (a) Schematic picture of the helix-coil reactions. (b)
General profiles of the total folding and the total unfolding rates (m/n
) 5, Eh*/Ec* ) 5). See the text for the details.

k(T) ∝ γ(T)-1 exp(-E*/RT) (1)
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the same height. The total folding (unfolding) rate,kf,tot (ku,tot),
then becomes

wherekf and ku are the rates of a single reaction (see Figure
11a) (we dropped the friction constant because we were
concerned with the relative values). By taking the fact thatm
> n and Eh* > Ec* into account, we obtained the general
features ofkf,tot andku,tot as shown in Figure 11b; in addition to
the decrease of the rates at lower temperature, we noted that
there is a specific temperature where the two rates cross. Below
that temperature,kf,tot surpassesku,tot so that the helix state
becomes more stable; in fact, a more stable helix was observed

at a lower temperature both in our simulation and in the
experiments.5,35 Further calculation of the ratio of the two rates
gave us the following expression

where ∆E and ∆S are the energy and the entropy changes
from the coil state to the helix state (we used the Boltzmann’s
relation,S) R ln W, whereW is the number of the microstates
in each state). Thus, we recognized the correspondence to
thermodynamics.

JA982919C

kf,tot ) nkf ∝ n exp(-Ec*/RT) (2)

ku,tot ) mku ∝ m exp(-Eh*/RT) (3)
kf,tot/ku,tot ) (n/m) exp[-(Ec* - Eh*)/RT ] (4)

) exp[-(Ec* - Eh*)/

RT]exp[R(ln n - ln m)/R] (5)

) exp[-(∆E - T∆S)/RT] (6)
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