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Multibaric–multithermal (MUBATH) simulation can escape from local-minimum free-energy states, and one can
obtain accurate thermodynamic quantities as functions of any temperature and pressure from a single simulation run. We
performed a MUBATH molecular dynamics simulation of an alanine dipeptide in explicit water. The MUBATH
simulation sampled the states of PII, C5, �R, �P, and �L. On the other hand, the conventional isobaric–isothermal
simulation was trapped in local-minimum free-energy states and sampled only a few of them. We calculated the partial
molar enthalpy and partial molar volume from the MUBATH simulation. Our results were in accord with those from
Raman spectroscopy.

Peptides and proteins have complicated free-energy surfaces
with many local minima. Conventional molecular dynamics
(MD) and Monte Carlo (MC) simulations in the canonical1–4

or isobaric–isothermal5,6 ensemble tend to get trapped in these
local-minimum states and can sample only a limited range
of configurational space (giving inaccurate results). In order
to avoid this difficulty, generalized-ensemble simulations are
commonly performed.7–9 One of the most well-known general-
ized-ensemble algorithms is the multicanonical algorithm.10–13

In the multicanonical ensemble, a non-Boltzmann weight fac-
tor is used so that a free one-dimensional random walk in the
potential-energy space can be realized. Thus, a simulation with
this algorithm does not get trapped in free-energy-minimum
states and is able to sample a wide range of the configurational
space. It is also possible to obtain various canonical-ensemble
averages in a wide range of temperature from a single simula-
tion run by the reweighting techniques.14 However, the simu-
lation is performed in a fixed volume, and the pressure cannot
be specified as in experimental environment.

In order to overcome this difficulty, we have recently
proposed multibaric–multithermal (MUBATH) MC15–17 and
MD18,19 methods. This is an extension of the multicanonical
simulation, which can perform two-dimensional random walks
not only in the potential-energy space but also in the volume
space. The MUBATH algorithm has the following advantages;
(1) It allows the simulation to escape from local-minimum-en-
ergy states and to sample the configurational space more widely
than the conventional isobaric–isothermal method. (2) One can
obtain various isobaric–isothermal ensembles not only at any
temperature as in the multicanonical algorithm, but also at
any pressure from only one simulation run. (3) One can control
temperature and pressure so that we can compare the simulation
results with those by experiments under the same conditions.

The MUBATH algorithm has been utilized to calculate the
equation of states for a super critical fluid15,16,18,19 and to in-
vestigate the liquid–gas phase transition of a Lennard–Jones
fluid.17 In this article, we report the results of our applications
of the MUBATH MD method to an alanine dipeptide in

explicit water. This is the first work to apply the MUBATH
MD algorithm to a biomolecular system. The alanine dipeptide
has been studied theoretically extensively as a model biomole-
cule because of its simplicity.20–25 Experimentally, Takekiyo
et al. have recently performed Raman spectroscopy experi-
ments under several temperatures and pressures.26 They dis-
cussed partial molar enthalpy difference and partial molar vol-
ume difference among some states of alanine dipeptide. There
is no simulational study that is related to these experiments. In
this article, the efficiency of the MUBATH algorithm is dis-
cussed along with a comparison of the physical properties of
the alanine dipeptide obtained from the MUBATH MD simu-
lation with those from Raman spectroscopy at several temper-
atures and pressures.

In the next section, the algorithm of the MUBATH MD
method is explained. Computational details of our MD simula-
tions are described in the third section. Results and discussion
are presented in the fourth section. The last section is devoted
to conclusions.

Methods

In the isobaric–isothermal ensemble,5,6 the distribution
PNPT ðE;VÞ of potential energy E and volume V is given by

PNPT ðE;VÞ ¼ nðE;VÞe��0H ; ð1Þ

where nðE;VÞ is the density of states as a function of E and V ,
�0 is the inverse of the product of the Boltzmann constant kB
and absolute temperature T0, at which simulations are per-
formed, and H is the ‘‘enthalpy’’ (without the kinetic energy
contributions): H ¼ E þ P0V . Here, P0 is the pressure at
which simulations are performed. This ensemble has bell-
shaped distributions both in the potential-energy space and
in the volume space.

In the MUBATH ensemble,15–19 every state is sampled with
a weight factor WmbtðE;VÞ � expf��0HmbtðE;VÞg so that a
uniform distribution of both E and V may be obtained:

PmbtðE;VÞ ¼ nðE;VÞWmbtðE;VÞ ¼ constant: ð2Þ
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Here, WmbtðE;VÞ and Hmbt are referred to as the MUBATH
weight factor and the MUBATH enthalpy, respectively.
The difference between Hmbt and H is written as �HðE;VÞ:
HmbtðE;VÞ ¼ H þ �HðE;VÞ. The difference �HðE;VÞ is there-
fore characteristic of the MUBATH simulation (�HðE;VÞ ¼ 0

gives the regular isobaric–isothermal simulation).
In the preceding articles,18,19 we have described the

MUBATH MD algorithm for a system consisting of spherical
atoms. In this article, we explain the MUBATH algorithm for
a system consisting of both spherical atoms and rigid-body
molecules. The number of atoms in the flexible peptide
molecule is N and that of the rigid-body water molecules is
M. Atoms in the flexible model molecule are treated in the
same way as monatomic molecules in the MD simulations.
The Hamiltonian Hmbt for the present system is given by
the combination of the MUBATH Hamiltonian18,19 with the
Hamiltonian for rigid-body molecules in the isobaric–isother-
mal ensemble.27 The isobaric–isothermal Hamiltonian is based
on the Nosé thermostat1,2 and the Andersen barostat5 with the
rigid-body-molecule Hamiltonian:28

Hmbt ¼
XNþM

i¼1

~pp2i

2miV
2
3s2

þ
XM
j¼1

1

8s2
~��T
j SðqjÞDjS

TðqjÞ ~��j

þ EðV
1
3 ~rr; qÞ þ

P2
V

2W
þ P0V þ

P2
s

2Q

þ gkBT0 log sþ �HðEðV
1
3 ~rr; qÞ;VÞ; ð3Þ

where the superscript T in ~��T
j stands for transpose, the summa-

tion with respect to i is taken over both N atoms and M rigid-
body molecules and that with respect to j over only M rigid-
body molecules. The variable ~rri is the coordinates scaled by
the length of the simulation box: ~rri ¼ V�1

3ri (ri is the real co-
ordinate). We have introduced a simplified notation for the set
of the scaled coordinates: ~rr � f ~rr1; ~rr2; . . . ; ~rrNþMg. When i indi-
cates a rigid-body molecule, ri stands for the coordinate of its
center of mass. The variable ~ppi is the conjugate momentum for
~rri. The real momentum pi is related to the virtual momentum
~ppi by pi ¼ ~ppi=V

1
3s, where s is the additional degree of freedom

for the Nosé thermostat. The variables PV and Ps are the con-
jugate momenta for V and s, respectively. The constant mi is
the mass of atom i or rigid-body molecule i. The constants
W and Q are the artificial ‘‘mass’’ related to V and s, respec-
tively. The real time interval �t is associated with the virtual
time interval �~tt by the relation �t ¼ �~tt=s. In the case of the
system consisting of N atoms and M rigid-body molecules, g
equals 3N þ 6M if the time development is performed in the
real time t, or g equals 3N þ 6M þ 1 if the time development
is performed in the virtual time ~tt. The variable q is a quatern-
ion which specifies the orientation of the rigid-body molecule.
Here, the quaternion q ¼ ðq0; q1; q2; q3Þ is related to the Euler
angle ð�; �; Þ as follows:
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�

2
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: ð7Þ

The element of the matrix SðqÞ is given by

SðqÞ ¼

q0 �q1 �q2 �q3

q1 q0 �q3 q2

q2 q3 q0 �q1

q3 �q2 q1 q0

0
BBB@

1
CCCA: ð8Þ

The variable ~��j is the conjugate momentum for qj. The real
momentum of the quaternion �j is related to ~��j by �j ¼
~��j=s. The matrix D is a 4� 4 matrix consisting of the inverse
of the principal moments of inertia I1, I2, and I3:

D ¼

0 0 0 0

0 I�1
1 0 0

0 0 I�1
2 0

0 0 0 I�1
3

0
BBBB@

1
CCCCA: ð9Þ

The equations of motion are obtained from the Hamiltonian
in Eq. 3. In order to write the equations of motion more ele-
gantly, we may introduce the angular velocity

! ¼ ð!1; !2; !3ÞT ð10Þ

and the four-dimensional angular velocity

!ð4Þ ¼ ð0; !1; !2; !3ÞT; ð11Þ

where !1, !2, and !3 are the angular velocity along each of
the corresponding principal axes. Here, ! and !ð4Þ are treated
as a 3� 1 matrix and a 4� 1 matrix, respectively.

!
ð4Þ
j ¼

1

2
DjS

TðqjÞ�j: ð12Þ

The equations of motion in the real time development are then
given by
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where I is the 3� 3 diagonal matrix, of which the diagonal
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elements are the principal moments of inertia I1, I2, and I3. The
vector F i stands for the force acting on atom i if i indicates an
atom in the flexible molecule or the total force on all the atoms
in molecule i if i indicates a rigid-body molecule. The vector
Nj is the torque on rigid molecule j. Performing the MD
simulation by the equations of motion in Eqs. 13–20, the
MUBATH distribution PmbtðE;VÞ in Eq. 2 is obtained.

For the actual time development in Eqs. 13–20, a symplec-
tic integrator29 was employed in the present simulations. We
used the symplectic time-development formalism,27 which is
based on the Nosé–Poincaré thermostat,30,31 the Andersen
barostat,5 and the symplectic quaternion scheme.28 The Nosé–
Poincaré thermostat gives the same equations of motion as the
Nosé thermostat and provides a symplectic integrator. Com-
bining these three algorithms, we performed the time develop-
ment by the symplectic integrator throughout the simulation.
The symplectic integrator has the advantage that the secular
deviation of the value of the Hamiltonian is suppressed.

In the case of �HðE;VÞ ¼ 0, the Hamiltonian in Eq. 3 and
the equations of motion in Eqs. 13–20 become those for the
regular isobaric–isothermal MD simulation of the Nosé–
Andersen formulation for the system consisting of both flexi-
ble and rigid-body molecules. The MUBATH weight factor
is, however, not a priori known and has to be determined,
for example, by the usual iterations of short simulations.32–34

After an optimal weight factor WmbtðE;VÞ is determined, a
long production run is performed for data collection. We used
the reweighting techniques14 for the results of the production
run to calculate the isobaric–isothermal-ensemble averages.
The probability distribution PNPT ðE;V ;T ;PÞ in the isobaric–
isothermal ensemble at the desired temperature T and pressure
P is given by

PNPT ðE;V; T ;PÞ

¼
PmbtðE;VÞ W�1

mbtðE;VÞ e��ðEþPVÞZ
dV

Z
dE PmbtðE;VÞ W�1

mbtðE;VÞ e
��ðEþPVÞ

: ð21Þ

The expectation value of a physical quantity A at T and P is
then obtained from

hAiNPT ¼
Z

dV

Z
dE AðE;VÞ PNPT ðE;V; T ;PÞ: ð22Þ

Because of the random walks both in the potential-energy
space and in the volume space, we can calculate physical
quantities in wide ranges of T and P.

Computational Details

The MUBATH MD simulation was performed for a system
consisting of one alanine dipeptide molecule ((S)-2-(acetyl-
amino)-N-methylpropanamide) and 63 water molecules. This
peptide molecule is not a dipeptide in a strict sense, which con-
sists of two amino acids, but has been conventionally called an
alanine dipeptide. We used enough water molecules so that the
alanine dipeptide molecule was always held perfectly within
the simulation box. We used the AMBER parm96 force field35

for the alanine dipeptide molecule and the TIP3P36 rigid-body
model for the water molecules. The initial values of the ala-
nine-dipeptide dihedral-angles were set to be � ¼  ¼ 180�

as shown in Fig. 1. We employed a cubic unit cell with peri-

odic boundary conditions. The electrostatic potential was cal-
culated by the Ewald method. We calculated the van der Waals
interaction, which is given by the Lennard–Jones 12–6 term,
for all pairs of the atoms within the minimum image conven-
tion instead of introducing the spherical potential cutoff. The
time step was set to �t ¼ 0:5 fs.

In order to obtain an optimal MUBATH weight factor
WmbtðE;VÞ, two-dimensional versions17 of the usual iterative
methods32–34 were used in the preceding MUBATH MD
articles.18,19 In this article, on the other hand, two-dimension-
al versions of both the iterative methods32–34 and the energy
landscape paving method38 for multicanonical weight factor
determination were employed, because this combination is
more efficient to determine WmbtðE;VÞ. The latter is a special
case of the Wang–Landau techniques.39 This technique
updates WmbtðE;VÞ at every MD step n as WmbtðE;V ; nÞ �
exp½�fE þ P0V þ �HðE;V ; nÞg=kBT0� to lower energy barri-
ers. First, we updated �HðE;V ; nÞ using a histogram of E as
in the isobaric–multithermal simulation.16 Thus, �HðE;V ; nÞ
is a function of only E and n: �HðE; nÞ. The difference
�HðiÞðE; nÞ between the MUBATH enthalpy and the normal
enthalpy at time step n in the i-th iteration is given by38,39

�HðiÞðE; nÞ ¼
�Hði�1ÞðEÞ þ kBT0 logP

ðiÞðE; nÞ;
for PðiÞðE; nÞ � 1;

�Hði�1ÞðEÞ; for PðiÞðE; nÞ ¼ 0;

8><
>: ð23Þ

where PðiÞðE; nÞ is the histogram of E accumulated until
one time step before n, that is, until time step (n� 1).
Here, the time step in the i-th iteration takes the values
n ¼ 1; 2; . . . ;NðiÞ

t . For the first iteration (i ¼ 1), the MUBATH
enthalpy starts from the normal enthalpy with

�Hð0ÞðEÞ ¼ 0: ð24Þ

In the case of i � 2, �Hði�1Þ
mbt ðEÞ is given by the histogram of

potential energy Pði�1ÞðEÞ accumulated until the last time step
in the (i� 1)-th iteration as follows:

�Hði�1ÞðEÞ

¼

�Hði�2ÞðEÞ þ kBT0 logPði�1ÞðEÞ � logPði�1ÞðE0Þ
� �

;

for E 	 E0 and Pði�1ÞðEÞ � 1;

�Hði�2ÞðEÞ � kBT0 logP
ði�1ÞðE0Þ;

for E 	 E0 and Pði�1ÞðEÞ ¼ 0;

�Hði�2ÞðEÞ ¼ 0; for E > E0;

8>>>>>><
>>>>>>:

ð25Þ

where logPði�1ÞðEÞ was shifted by logPði�1ÞðE0Þ for potential
energy less than a threshold E0 (E 	 E0) to make the potential-
energy distribution wider towards the lower value of E. This is

φ ψ

Fig. 1. The initial configuration of alanine dipeptide for the
MD simulation. Its dihedral angles are � ¼  ¼ 180�.
The figure was created with RasMol.37
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because it is easier to widen the potential-energy distribution
at high temperature towards the lower values of E than to wi-
den the distribution at low temperature towards the higher val-
ues of E. We set the threshold as E0 ¼ �400 kcalmol�1 ¼
�1:67� 103 kJmol�1. We iterated this procedure 18 times
(i ¼ 1{18) and performed this MD simulation for 10 ps
(Nð1Þ

t ¼ 20000) in the first iteration. At later iterations, we car-
ried out the MD simulations for longer time, i.e., for 180 ps
(Nð18Þ

t ¼ 360000) in the 18th iteration. After we elongated
�HðEÞ by PðEÞ, we widen �HðE;VÞ by the histogram PðE;VÞ
of both E and V as follows:

�HðiÞðE;V ; nÞ ¼
�Hði�1ÞðE;VÞ þ kBT0 logP

ðiÞðE;V ; nÞ;
for PðiÞðE;V ; nÞ � 1;

�Hði�1ÞðE;VÞ; for PðiÞðE;V ; nÞ ¼ 0:

8><
>: ð26Þ

We iterated the procedure in Eq. 26 twice, that is, in the 19th
and 20th iterations. In the 19th iteration, we used �Hði�1ÞðE;VÞ
calculated from logPði�1ÞðEÞ in the 18th iteration shifted
by logPði�1ÞðE0Þ in Eq. 25. On the other hand, we did
not shift logPði�1ÞðEÞ in the 20th iteration and the subse-
quent MUBATH MD simulation for data collection because
�Hði�1ÞðE;VÞ has been widened both in the E and V space as
follows:32–34

�Hði�1ÞðE;VÞ ¼
�Hði�2ÞðE;VÞ þ kBT0 logP

ði�1ÞðE;VÞ;
for Pði�1ÞðE;VÞ � 1;

�Hði�2ÞðE;VÞ; for Pði�1ÞðE;VÞ ¼ 0:

8><
>: ð27Þ

We performed the MD simulations for 400 ps in the 19th iter-
ation and for 500 ps in the 20th iteration. An optimal weight
factor, WmbtðE;VÞ, was obtained after these preliminary
simulations for 2.61 ns in total. We then performed a long
MUBATH MD simulation for data collection for 10 ns after
an equilibration process for 10 ps.

For convenience, we discretized E and V into bins and used
histograms to calculate �HðE;VÞ. We chose bin sizes of �E ¼
20 kcalmol�1 ¼ 84 kJmol�1 and �V ¼ 0:1 nm3. In order to
calculate the derivative of �HðE;VÞ, such as @�HðE;VÞ=@E
and @�HðE;VÞ=@V , it is necessary to interpolate the histogram.
We interpolated the histogram by using the third-order poly-
nomial in both E and V to make these derivatives continuous
at the boundaries between two adjacent bins (see Ref. 19).
Deviation of the value of the Hamiltonian from its initial value
is suppressed by this polynomial.

In order to compare the MUBATH simulation with the con-
ventional isobaric–isothermal one, we also performed the iso-
baric–isothermal MD simulations of the same system, which
consists of an alanine dipeptide molecule in 63 water mole-
cules. The initial conditions of these simulations were the same
as that for the MUBATH simulation. The simulations were
carried out for 1 ns each at (T0, P0) = (240K, 0.1MPa),
(298K, 0.1MPa), and (298K, 300MPa).

Results and Discussion

Figures 2a, 2b, and 2c show the time series of potential en-
ergy E in the isobaric–isothermal MD simulation at (T0;P0) =
(240K, 0.1MPa), (298K, 0.1MPa), and (298K, 300MPa), re-
spectively. The potential energy fluctuated in a narrow range.
The fluctuation ranges were E ¼ �730{�640 kcalmol�1 ¼

�3:0{�2:7� 103 kJmol�1 at (T0;P0) = (240K, 0.1MPa),
E ¼ �680{�570 kcalmol�1 ¼ �2:8{�2:4� 103 kJmol�1 at
(T0;P0) = (298K, 0.1MPa), and E ¼ �690{�590 kcal
mol�1 = �2:9{�2:5� 103 kJmol�1 at (T0;P0) = (298K,
300MPa). On the other hand, Figure 2d shows that the
MUBATH MD simulation realized a random walk in the
potential-energy space and covered a wide energy range. The
covered range was E ¼ �730{�280 kcalmol�1 ¼ �3:1{
�1:2� 103 kJmol�1 and 4–5 times wider than that by the iso-
baric–isothermal MD simulations.

Figures 3a–3c show the time series of volume V obtained
by the conventional isobaric–isothermal MD simulations.
The volume fluctuation ranges were V ¼ 1:9{2:4 nm3 at
(T0;P0) = (240K, 0.1MPa), 1:9{2:5 nm3 at (T0;P0) = (298K,
0.1MPa), and 1.8–2.1 nm3 at (T0;P0) = (298K, 300MPa).
The MUBATH MD simulation, on the other hand, performed
a random walk that covers a range of V ¼ 1:8{3:5 nm3, as
shown in Fig. 3d, which is 3–5 times wider than that by the
isobaric–isothermal MD simulations. Such a large fluctuation
of V can be realized by the MUBATH algorithm. It is not pos-
sible by the multicanonical algorithm. The multicanonical al-
gorithm can realize a random walk only in the potential energy
space; however, there is no fluctuation in the volume space.

Figure 4 shows the time series of the dihedral angle �.
The dihedral angle � rotated about half a turn (covering a
180� range) in the isobaric–isothermal MD simulations. This
fact shows that it is trapped in local-minimum free-energy
states and does not rotate beyond the energy barriers. In the
MUBATH MD simulation, on the other hand, � underwent a
complete rotation (covering 360�) three times (three turns) in
the time range of 1 ns as shown in Fig. 4d. It made 24 turns
throughout the simulation of 10 ns. Here, we define one turn
of rotation when � undergoes all values between �180 and
180� and count another turn when � undergoes all the values
after that.

We show the time series of the dihedral angle  in Fig. 5.
Similar to the case of �, the isobaric–isothermal MD simula-
tion tended to be trapped in local-minimum free-energy states.
The dihedral angle  did not make entire rotation during 1 ns
at (T0;P0) = (240K, 0.1MPa), as shown in Fig. 5a. As the
temperature was increased,  began to undergo complete rota-
tion.  makes one turn at (T0;P0) = (298K, 0.1MPa) and two
turns at (T0;P0) = (298K, 300MPa), as shown in Fig. 5b and
Fig. 5c, respectively. The efficiency of the MUBATH MD for
 is more remarkable than that for �. The dihedral angle  
underwent 24 complete rotations in 1 ns, as shown in Fig. 5d.
It made 242 turns during the 10 ns simulation. The wide
rotation ranges of � and  show that the simulation in the
MUBATH ensemble can escape from local-minimum free-en-
ergy states and samples the configurational space much more
widely than the conventional isobaric–isothermal ensemble.

There are two reasons of the high sampling efficiency for
dihedral angles in the MUBATH simulation. One reason is that
the sampling in a wide range of potential energy makes the
simulation overcome the potential energy barrier between the
states in the dihedral angle space. The other is that when V

is large, the number density of water molecules around the
peptide is less than that when V is small. This means a
decrease in the obstacles (water molecules) and makes the
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Fig. 3. The time series of volume V from (a) the conventional isobaric–isothermal MD simulation at T0 ¼ 240K and P0 ¼ 0:1
MPa, (b) the conventional isobaric–isothermal MD simulation at T0 ¼ 298K and P0 ¼ 0:1MPa, (c) the conventional isobaric–iso-
thermal MD simulation at T0 ¼ 298K and P0 ¼ 300MPa, and (d) the multibaric–multithermal MD simulation.
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Fig. 2. The time series of potential energy E from (a) the conventional isobaric–isothermal MD simulation at T0 ¼ 240K and
P0 ¼ 0:1MPa, (b) the conventional isobaric–isothermal MD simulation at T0 ¼ 298K and P0 ¼ 0:1MPa, (c) the conventional
isobaric–isothermal MD simulation at T0 ¼ 298K and P0 ¼ 300MPa, and (d) the multibaric–multithermal MD simulation.
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Fig. 4. The time series of the backbone dihedral angle � from (a) the conventional isobaric–isothermal MD simulation at T0 ¼ 240
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rotation of � and  easier. Although the multicanonical algo-
rithm has high sampling efficiency due to the former effect, the
latter arises from the MUBATH algorithm.

The probability distributions Pð�; Þ of � and  at
T ¼ 240K and P ¼ 0:1MPa are shown in Fig. 6. We discre-
tized � and  using the bin sizes of �� ¼ � ¼ 10� to cal-
culate Pð�; Þ as a histogram. Figure 6a shows that Pð�; Þ
obtained by the isobaric–isothermal MD simulation has only
two peaks: PII and C5. No other state was sampled by the iso-
baric–isothermal MD simulation. It means that the isobaric–
isothermal MD was trapped in the local minima of PII and
C5. Figure 6b shows Pð�; Þ obtained by the reweighting
procedure of Eq. 22 at T ¼ 240K and P ¼ 0:1MPa from the
MUBATH MD simulation. The MUBATH MD simulation
sampled not only the states of PII and C5 but also the states
of �R, �P, and �L. These results indicate again that the
MUBATH simulation can get over the free-energy barriers
and has a high sampling efficiency.

The probability distribution Pð�; Þ at (T ;P) = (298K,

0.1MPa) and (298K, 300MPa) are shown in Fig. 7 and
Fig. 8, respectively. Although the isobaric–isothermal MD
simulations sampled the four states of PII, C5, �R, and �P,
it could not sample the �L state both at (T ;P) = (298K,
0.1MPa) and (298K, 300MPa), as shown in Fig. 7a and
Fig. 8a, respectively. On the other hand, the MUBATH simu-
lation did sample the �L state as well as the PII, C5, �R, and �P

states, as shown in Fig. 7b and Fig. 8b. The peak position of
Pð�; Þ for each state at T ¼ 298K and P ¼ 0:1MPa is
shown in Table 1.

The volume under the surface Pð�; Þ around each peak
corresponds to the population W of each state. In order to cal-
culate W , the whole (�; ) plane was divided into six states as
shown in Fig. 9 and Table 2. For example, the population WPII

of the PII state is calculated by the integral of Pð�; Þ in the
area in which � and  take the PII configuration:

WPII ¼
Z
ð�; Þ2PII

d� d Pð�; Þ; ð28Þ
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Fig. 6. The probability distributions Pð�; Þ of the backbone dihedral angles � and  at T ¼ 240K and P ¼ 0:1MPa, which were
obtained (a) from the conventional isobaric–isothermal MD simulation and (b) by the reweighting techniques from the results of
the multibaric–multithermal MD simulation.
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where the integration range of (�; ) stands for the range for
the corresponding state in Table 2. The population of each
state at T ¼ 298K and P ¼ 0:1MPa is also shown in Table 2.
The statistical uncertainties were estimated by using the jack-
knife method40 in which the production run is divided into ten
segments. Figure 9 shows clear peaks for the PII, C5, �R, �P,
and �L states. Although no clear peak has been observed for

the Cax
7 state in Fig. 7b, Figure 9 shows some finite probability

in the logarithmic scale for the Cax
7 state as well.

Estimation of the partial molar enthalpy and partial molar
volume is important in solution chemistry because these values
control the population of each state when temperature and
pressure are changed. There is, to our knowledge, no MD
study to calculate the partial molar enthalpy and partial molar
volume in a biomolecular system, because the sampling effi-
ciency of the conventional isobaric–isothermal algorithm is
low and the multicanonical algorithm cannot specify pressure
or change volume. The MUBATH algorithm makes it pos-
sible to calculate the partial molar enthalpy and partial molar
volume.

Figure 10 shows the population ratios of WC5
=WPII ,

W�R
=WPII , W�P

=WPII , and W�L
=WPII as functions of the inverse

of temperature 1=T at the constant pressure of P ¼ 0:1MPa.
As the temperature increased, WC5

=WPII , W�R
=WPII , and

W�P
=WPII increased, although the error in W�L

=WPII was too
large to discuss its temperature dependence. From thermody-
namics, the increase in temperature at a constant pressure caus-
es the increase of enthalpy. The increases in the population ra-
tiosW=WPII against the PII state by the temperature increase in-
dicate that enthalpy for the C5, �R, and �P states is higher than
that of the PII state. The difference in partial molar enthalpy
(�H) of the C5 state from that of the PII state is calculated
from the derivative of WC5

=WPII with respect to 1=T:

�H ¼ �R
@ðWC5

=WPIIÞ
@ð1=TÞ

� �
P

; ð29Þ

where R is the gas constant: R ¼ 8:3145 Jmol�1 K�1. The

Fig. 9. Contour map for logPð�; Þ at T ¼ 298K and
P ¼ 300MPa, which was obtained by the reweighting
techniques from the results of the multibaric–multithermal
MD simulation. The whole (�; ) plane is divided into six
states of C5, PII, �P, �R, �L, and Cax

7 by the solid horizon-
tal and vertical lines.

Table 1. Peak Positions (�; ) of the Probability Distri-
bution Pð�; Þ for Five States at T ¼ 298K and P ¼
0:1MPaaÞ

StatebÞ �  

PII �65� 145�

C5 �145� 155�

�R �65� �45�

�P �145� �65�

�L 35� 85�

a) The results were obtained by the reweighting techniques
from the MUBATH MD simulation. b) Taken from Ref. 25.
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Fig. 10. The population ratios as functions of the inverse of temperature 1=T at constant pressure of P ¼ 0:1MPa, which was ob-
tained by the reweighting techniques from the results of the multibaric–multithermal MD simulation: (a) those of WC5

=WPII and
W�R

=WPII , (b) that of W�P
=WPII , and (c) that of W�L

=WPII .

Table 2. Dihedral Angle Ranges of (�; ) for Six States and
Their Population at T ¼ 298K and P ¼ 0:1MPa

State �  PopulationaÞ

PII ð�100�; 0�Þ ð30�;�120�Þ 0.412(18)bÞ

C5 ð120�;�100�Þ ð30�;�120�Þ 0.496(20)
�R ð�100�; 0�Þ ð�120�; 30�Þ 0.041(6)
�P ð120�;�100�Þ ð�120�; 30�Þ 0.046(10)
�L ð0�; 120�Þ ð0�; 120�Þ 0.004(4)
Cax
7 ð0�; 120�Þ ð120�; 0�Þ 0.0008(7)

a) The results were obtained by the reweighting techniques
from the MUBATH MD simulation. b) The numbers in paren-
theses for the population are the estimated uncertainties.
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derivative ofWC5
=WPII was calculated here by the least-squares

fitting. The error bars were estimated by the jackknife meth-
od40 in which the production run was divided into ten segments
again. The differences between the partial molar enthalpy of
the �R, �P, and �L states and that of the PII state were also ob-
tained in the same way. The �H values are shown in Table 3.

Table 3 also shows that the experimental data by Raman
spectroscopy for the C5 and �R states.26 The �P and �L states
were not observed by the Raman spectroscopy experiment.
According to the authors of Ref. 26, the Raman spectroscopy
results should have error bars larger than those given in
Ref. 26, because there are other experimental errors that have
not been taken into account.41 Considering these errors, �H

obtained from the MUBATH MD simulation agree well with
those from the Raman spectroscopy.

The RISM theory42–44 can be used to calculate thermody-
namical quantities in aqueous solution. Takekiyo et al. have
tried to compare the Raman spectroscopy data with those
obtained from RISM theory.26 In this case, however, the au-
thors do not report �H because of significant uncertainties
in enthalpy.26

The multicanonical method is another simulation technique
to escape from local-minimum free-energy states. It is also
popular for biomolecular simulations. Although it can change
temperature, it does not fix pressure, but volume. Accordingly,
with the multicanonical algorithm, we cannot study the tem-
perature dependence of the peptide structures under the same
pressure as well as under the experimental conditions and
we cannot calculate �H.

The conventional isobaric–isothermal MD simulation can
specify both temperature and pressure. However, it gets trapped
in local-minimum free-energy states as shown in Fig. 6. For
this reason, the sampling efficiency is low for biomolecules.

The MUBATH method has the merits of both multicanoni-
cal algorithm and isobaric–isothermal method. It can escape
from local-minimum free-energy states and specify tempera-
ture and pressure. The MUBATH method, therefore, enables
us to calculate accurate �H among several states of a peptide.
As far as we know, this is the first computational work to cal-
culate �H of a peptide.

Figure 11 shows the population ratios of WC5
=WPII , W�R

=
WPII , W�P

=WPII , and W�L
=WPII as functions of P at the constant

temperature of T ¼ 298K. As the pressure increased, both
WC5

=WPII and W�P
=WPII decreased, although the error in W�R

=
WPII and W�L

=WPII was too large to discuss the pressure depen-
dence. An increase in pressure at constant temperature general-
ly causes a decrease in the volume. The decreases in WC5

=WPII

and W�P
=WPII means that V values of the C5 and �P states are

larger than that of PII. The difference in partial molar volume
(�V) of the C5 state from that of the PII state are calculated
from the derivative of WC5

=WPII with respect to P by

�V ¼ �RT
@ðWC5

=WPIIÞ
@P

� �
T

: ð30Þ

The difference between the partial molar volume of the �R, �P,
and �L states and that of the PII state was also obtained in the
same way. The values of �V are shown in Table 4. The value
of�V between C5 and PII and that between �R and PII obtained
by the MUBATH MD simulation agree well with those from
Raman spectroscopy. The partial molar volume difference
�V that was calculated by the RISM–Kirkwood–Buff (KB)
theory is also shown in Table 4.26 The difference �V between
C5 and PII was lower by the RISM–KB theory than by the
MUBATH MD simulation and by the Raman spectroscopy.
On the other hand, �V between �R and PII agrees with the
MUBATH MD simulation within its error bar.

Table 3. Differences in Partial Molar Enthalpy �H/
kJmol�1 of the C5, �R, �P, and �L States from That of
the PII State

State MUBATH MD RamanaÞ

C5 1:1
 0:9 2.5
�R 10:8
 2:8 4.4
�P 7:2
 4:3 —
�L �3
 56 —

a) Taken from Ref. 26.
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Fig. 11. The population ratios as functions of pressure P at constant temperature of T ¼ 298K, which was obtained by the
reweighting techniques from the results of the multibaric–multithermal MD simulation: (a) those of WC5

=WPII and W�R
=WPII ,

(b) that of W�P
=WPII , and (c) that of W�L

=WPII .

Table 4. Differences in Partial Molar Volume �V/
cm3 mol�1 of the C5, �R, �P, and �L States from That
of the PII State

State MUBATH MD RamanaÞ RISM–KBaÞ

C5 0:7
 0:9 0.1 �1:8
�R �1:2
 5:4 1.1 �1:2
�P 2:8
 2:6 — —
�L �8
 12 — —

a) Taken from Ref. 26.
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As discussed above, the multicanonical simulation can
escape from local-minimum free-energy states, but cannot
change volume. The conventional isobaric–isothermal MD
simulation can change volume, but is trapped in a local free
energy minimum. Therefore, the partial molar volume cannot
be calculated by these simulation methods. The MUBATH
method has the merits of both methods and is a very effective
simulation technique to calculate �V .

Conclusion

We applied the MUBATH MD method to alanine dipeptide
in explicit water. This method has an advantage that the sim-
ulation performs a two-dimensional random walk both in the
potential-energy space and in the volume space so that it al-
lows the simulation to escape from local-minimum free-energy
states. It sampled the states of PII, C5, �R, �P, and �L. On the
other hand, the conventional isobaric–isothermal simulation
was trapped in local-minimum free-energy states and sampled
not all of them.

Other advantages of the MUBATH MD method are that one
can control temperature and pressure as in real experimental
conditions and that one can obtain various isobaric–isothermal
ensemble averages from only one simulation run. We calculat-
ed the temperature and pressure dependences of the population
for the states of PII, C5, �R, �P, and �L. From these temperature
and pressure dependences, the differences in the partial molar
enthalpy�H and the partial molar volume�V were calculated
between the PII state and other states. The values of �H and
�V were in accord with the Raman spectroscopy data. The
MUBATHmethod is therefore a powerful simulation technique
to calculate�H and�V . It overcomes the difficulty of the mul-
ticanonical method, in which a volume change is not allowed,
and that of the isobaric–isothermal method, in which the simu-
lation gets trapped in states of local free-energy minima.

In order to study the temperature and pressure dependences
of the protein structures, one has to investigate its free energy
surface at several values of temperature and pressure. The
MUBATH method will thus be of great use for the protein
folding problem under various conditions of temperature and
pressure.
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the Next Generation Super Computing Project, Nanoscience
Program and for Scientific Research in Priority Areas, ‘‘Water
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