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Transfer energetics from pure water to urea-water mixture is examined for a set of amino-acid analog solutes by using molecular
dynamics simulation and free-energy calculation. The free energy of transfer from pure-water solvent to 8 M urea-water mixed
solvent is calculated for each solute, and the urea-water mixture is shown to be a more favorable solvent than pure water. The
correlation of the transfer free energy is then examined against the corresponding changes upon transfer of the average sum of
solute-solvent interaction energy and its electrostatic and van der Waals components. A strong correlation is observed against
the change in solute-solvent energy, with dominant contribution from the van der Waals component for neutral solutes. The
electrostatic component exhibits a weak correlation due to the compensation between the urea and water contributions. The
transfer free energy is further decomposed into the contributions from urea and water within an approximate framework of the
energy-representation theory of solvation. It is found that urea makes a favorable contribution to the transfer free energy. The
water contribution depends on the hydrophobicity/hydrophilicity of solute. Urea and water act cooperatively for hydrophobic
solute, and are competitive against each other for hydrophilic solute. The effect of excluded volume is also addressed, and is seen
to be minor in the transfer energetics due to the compensation between the urea and water contributions.

1 Introduction

Urea is a widely used denaturant for protein. The mechanism
of urea denaturation is determined by the interplay of protein,
urea, and water. When urea is added to aqueous solvent, the
intermolecular interaction of protein can be operative against
both urea and water, leading to two views on urea-induced de-
naturation.1–30 One view emphasizes the direct interaction be-
tween protein and urea, and is called “direct” mechanism. The
other focuses on the effect of water modified by the presence
of urea, and is called “indirect” mechanism.

In the “direct” mechanism, urea denatures a protein since
the urea-protein interaction favors the denatured state of the
protein. Among the interaction components, the electrostatic
contribution operative with charged and polar parts of protein
was first suggested as the primary cause of denaturation.2 This
line of thoughts has been further refined, with emphasis on
the hydrogen-bonding interactions of urea with polar residues
or peptide backbone.6,8,13,17–19,24 The role of apolar or van
der Waals interaction is stressed more recently from structural
and energetic analyses performed mainly by computer simula-
tion.9,10,15,16,20–22,25,26,28–30 Compared to water, urea is found
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to solvate amino-acid residues more preferably with possible
exceptions of a few charged residues and to have stronger van
der Waals interactions with protein and peptide.

The “indirect” mechanism is based on a notion that urea
disrupts the water structure.31,32 Urea will then mitigate the
hydrophobic effect and facilitate the exposure of hydrophobic-
core residues to water. Actually, urea was demonstrated to
substitute water without disrupting the hydrogen bond net-
work11,20,30,33–35, and the direct mechanism receives more
support recently. The solvent-excluded volume was high-
lighted furthermore,12,14 and its change with addition of urea
was shown to exert an appreciable effect on protein stability.

In the present work, we analyze the urea-induced effect
from the energetic viewpoint. We focus on amino-acid analog
solutes through all-atom molecular dynamics simulation and
examine their free energies of transfer from pure-water sol-
vent to urea-water mixed solvent. The transfer free energy is
the difference between the solvation free energies in pure wa-
ter and in urea-water mixed solvent. It is then correlated to the
changes upon transfer of the electrostatic and van der Waals
components in the solute-solvent interaction energy, and the
decisive component is identified.

Recent simulation studies showed that the urea effects
computed with currently used sets of force field are rather
strong compared to experimentally observed effects.15,30 In
this study, we focus on the correlations between the transfer
free energies and the corresponding interaction components
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obtained through numerically exact method for commonly
used sets of potential functions. The correlation study is done
since the solute-solvent interaction energy is more straightfor-
ward for interpretation and prediction than the free energy. It
is a rule of thumb, for example, that the electrostatic inter-
action with solvent is more favorable for a more polar solute
molecule and that the van der Waals interaction is stronger
with a larger solute. The transfer free energy reflects the ef-
fects of all the interaction components in nonlinear manner,
in contrast. The correlation is thus to be established for more
intuitive treatment of transfer energetics.

When two species forms a mixed solvent, it is natural and
common to separate the effects of the two solvent species. The
notion of “direct” and “indirect” mechanisms can also belong
to this kind of separation. The separated contributions of urea
and water are not observable in general, however, and there
needs a model of solvation to conduct the separation. To do so,
we resort to the method of energy representation (ER),36–38

a density-functional method for evaluating the solvation free
energy. Among a variety of approximate free energy meth-
ods,39–47 the ER method is unique in compromising the ac-
curacy, the efficiency, and the range of applicability.48–53 In
a previous paper, it is seen for amino-acid side-chain analog
solutes in pure water that the solvation free energy calculated
by the ER method deviates from the experimental value and
the numerically exact value by less than 1 kcal/mol.54 All-
atom, free-energy analysis was further shown to be feasible
for protein molecule with a few hundred residues.51–53 The
free-energy functional used in the ER method is formally ex-
pressed as a sum of contributions from urea and water, and
allows the decomposition into the effects of urea and water.
We discuss the cooperation and competition of the urea and
water effects within the framework of the ER method.

When a solute is introduced into solvent, some solvent
molecules need to be removed from the region into which the
solute is to be inserted. The excluded-volume effect denotes
the free-energy penalty corresponding to this removal. It is
part of the free-energy functional, and can be treated as an-
other, repulsive interaction component, in addition to the elec-
trostatic and van der Waals components. We also examine the
correlation of the transfer free energy with the change upon
transfer of the excluded-volume effect.

2 Methods

Pure water and 8 M (M = mol/dm3) mixture of urea with wa-
ter were adopted as solvent systems. The peptide-backbone
analog and all the amino-acid side-chain analogs except for
Gly and Pro were examined as solutes. Cyclic glycylglycine
peptide (diketopiperazine) was adopted as a model compound
for the backbone,17,18 and the halves of the calculated results
were taken as the values for the peptide-backbone analog. The

chemical species identified as the side-chain analogs are listed
in Table 1.54–57 The Arg, Lys, Asp, and Glu analogs have net
charges, and the His analog is treated as a neutral species with
a proton attached to the δ position.54,56,57 For each system, the
total number of solvent molecules in the unit cell of molecu-
lar dynamics (MD) simulation was set to 1000. In the 8 M
mixture of urea, 184 urea molecules and 816 water molecules
were located in the unit cell, respectively.58 No counterions
were placed in the non-neutral systems, and the self-energy
term of Ewald method was added to the average sum of solute-
solvent electrostatic interaction energy and the solvation free
energy for correcting the effect of system non-neutrality.59–62

All the MD simulations were carried out with GROMACS
version 4.5.4.63 The Amber99sb force field64 was adopted for
the solute molecules. As described in Ref.56 , the force-field
parameters were developed not for side-chain analogs but for
amino-acid residues, and the force field for the amino-acid
side-chain analogs was prepared in the following scheme. The
side-chain analog was built by replacing the α-carbon of the
corresponding amino-acid residue by a hydrogen atom. The
parameters related to the added hydrogen atom were taken to
be the same as those for the hydrogen which is initially con-
nected to the β -carbon. The partial charge of β -carbon was
modified to make the overall molecule (ion) neutral for the
neutral analogs and ionized to the charge of +1 or −1 for
the ionic analogs. The original TIP3P model was used for
water.65,66 The Amber99sb force field67 and the Kirkwood-
Buff force field (KBFF)68 were employed for urea. The par-
tial charges of Amber urea were calculated with Gaussian 09
at the MP2 level and the aug-cc-pVDZ basis set,69 and were
0.9518 (C), -0.6446 (O), -0.9430 (N), and 0.3947 (H) in this
study. The KBFF was build on the basis of GROMOS96 force
field.68,70 Although a mixed use of force fields are typically
not recommended, the KBFF urea was examined since its
mixing properties with water correspond well to experimen-
tal. The electrostatic interaction was handled by the particle-
mesh Ewald (PME) method71 with a real-space cutoff of 13.5
Å, a spline order of 4, inverse decay length of 0.256 Å−1, and
a reciprocal-space mesh size of 32 for each of the x, y, and
z directions. The Lennard-Jones (LJ) interaction was trun-
cated by applying the switching function with the switching
range of 10-12 Å.72 The truncation was done on atom-atom
basis both for the real-space part of PME interaction and the
LJ interaction. The long-range correction of LJ interaction
was not included during the MD run. It was applied to the
solvation free energy and the average sum of solute-solvent
interaction only after the MD simulations were finished. The
correction was done with the standard scheme56,57,73 by sup-
posing that the radial distribution functions are unity beyond
the switching region.74 The equation of motion was integrated
with the leap-frog algorithm at a time step of 2 fs. For the
amino-acid analogs and urea, all the bonds involving the hy-
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Table 1 Correspondence between the amino-acid side chains and their analogs.a

amino acid analog solute amino acid analog solute amino acid analog solute
Ala methane Cys methanethiol Lys n-butylamine
Val propane Ser methanol Arg n-propylguanidine
Leu iso-butane Thr ethanol Asp acetic acid
Ile n-butane Asn acetamide Glu propionic acid

Met methyl ethyl sulfide Gln propionamide
Phe toluene His 4-methylimidazole

Tyr p-cresol
Trp 3-methylindole

a Within the table, the column of Ala-Phe corresponds to nonpolar and neutral analogs, and the column of Cys-Trp is for polar
and neutral analogs. The column of Lys-Glu refers to ionic analogs; Lys and Arg are cations and Asp and Glu are anions.

drogen atom were fixed with LINCS, and the other degrees of
freedoms such as bonding between heavy atoms, bending, tor-
sional, and improper were flexible.75,76 The water molecules
were kept rigid with SETTLE.77 The simulations were carried
out in the canonical ensemble with a cubic unit cell. The pe-
riodic boundary condition was employed with the minimum
image convention. The temperature was set at 300 K using
a stochastic dynamics integrator with a coupling constant of
1 ps.78 The box size was set at 31.1 Å when the solvent is
pure water (corresponding to the density of 1.00 g/cm3) and at
33.7 Å when the solvent is the 8 M mixture of urea with water
(corresponding to the density of 1.12 g/cm3).79

The solvation free energies in pure water and in urea-
water mixture were computed by the Bennett acceptance ratio
method.80 To conduct this computation, a set of intermediate
states connecting the initial state without the solute and the fi-
nal state with the solute at full coupling need to be introduced.
The initial, intermediate, and final states are identified by the
coupling parameters λelec and λLJ (0 ≤ λelec ≤ 1, 0 ≤ λLJ ≤ 1)
to control the electrostatic and LJ terms of solute-solvent in-
teraction, respectively; the solute is the amino-acid analog of
interest and the solvent is water and also urea in the case of 8
M mixture. The soft-core potential V (r) was employed for the
site-site interaction potential as a function of λelec and λLJ in
the form of57,81

V (r) = λelec
quqv

r

+4ελLJ

(
σ12

[ασ6(1−λLJ)+ r6]
2 − σ6

ασ6(1−λLJ)+ r6

)
,

(1)

where r is the distance between a pair of interactions sites
of solute and solvent, ε and σ are the LJ energy and length
parameters with the Lorentz-Berthelot combination rule, re-
spectively,82 and qu and qv are the charges on the solute and
solvent sites, respectively. Eqn (1) involves the electrostatic

term with linear dependence on λelec and the LJ term with
nonlinear dependence on λLJ. The parameter α defines the
“softness” of the λLJ-dependent potential and was set to 0.5.
The fully decoupled state (λelec = 0, λLJ = 0) corresponds to
the reference solvent system without the analog solute, and the
fully coupled state (λelec = 1, λLJ = 1) is the solution system
of interest. In the coupling process, λLJ changes from 0 to 1 at
λelec = 0 and then λelec changes with λLJ = 1. The decoupling
process corresponds to the reverse variation of λelec and λLJ.
The simulation was conducted at λelec = i/5 (i = 0,1, . . . ,5)
and λLJ = i/10 (i = 0,1, . . . ,10). The number of initial, inter-
mediate, and final states prepared was thus 16. At each λelec
and λLJ, the equilibration and production runs were done for
100 ps when the solvent is pure water, and they were con-
ducted over 0.5 and 1.0 ns, respectively, when the solvent is
the urea-water mixture. Both of the coupling and decoupling
calculations were performed three times, and the six values
obtained were averaged to determine the solvation free energy
for each pair of solute and solvent.

The solvation free energies were also calculated approxi-
mately by using the method of energy representation. In this
method, a set of energy distribution functions are obtained
from simulation and are substituted into a functional for the
solvation free energy. For each solute, the simulation was con-
ducted for two condensed-phase systems. One is called “solu-
tion” system, and is the state of λelec = λLJ = 1 in the coupling-
parameter method of free energy introduced with eqn (1). It
contains the solute at full coupling of solute-solvent interac-
tion, and the distribution function of solute-solvent pair en-
ergy is to be obtained. The other is called “reference solvent”
system, and corresponds to the state of λelec = λLJ = 0. Its
simulation is done to determine the density of states of solute-
solvent pair interaction and the solvent-solvent pair correla-
tion by inserting the solute as a test particle. To prepare a
set of intramolecular configurations of the solute for the test-
particle insertion, the single-molecule simulation for isolated
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solute was also carried out in vacuum over 200 ns and the
configuration was saved every 100 fs. See previous papers
for methodological details and the explicit form of the func-
tional for the solvation free energy.37,50 When the solvent is
pure water, the simulation length was 2 ns for the solution sys-
tems and 20 ps for the reference solvent systems. For the urea
mixture, the simulation length was extended to 20 ns for the
solution and to 200 ps for the reference solvent. The instan-
taneous configuration (snapshot) was sampled every 10 fs for
the solution. 2×105 and 2×106 snapshots in total were then
used for the analyses of the solution systems without and with
urea, respectively. The snapshot was sampled every 100 fs for
the reference solvent system. The test-particle insertion of the
solute was carried out 1000 times per reference-solvent con-
figuration sampled, leading to the generation of 2× 105 and
2× 106 solute-solvent configurations in total for pure water
and urea-water mixture, respectively.

The MD lengths of the solution systems described above
are rather long. In the energy-representation method, it is typ-
ically fine to perform the solution MD for ∼100 ps and ∼1 ns,
respectively, when the solvent is pure water and urea-water
mixture.54 The MD was prolonged in order to obtain the av-
erage sum of solute-solvent interaction energy and its electro-
static and van der Waals components to good precision. In
Section 3, they will be discussed in detail and the presented
values are the ones calculated from the solution MD over 2
ns in the pure-water solvent and over 20 ns in the urea-water
mixed solvent. When the method of energy representation is
employed, in fact, the solvation free energy converges faster
than the average solute-solvent energy and its components due
to the variational principle. The latter are also a focus of the
present work, though, and a long MD was conducted for their
convergence.50,54

3 Results and Discussion

The focus of the present work is the energetics of transfer from
pure-water solvent to urea-water mixed solvent. In Subsection
3.1, we examine the correlations of the transfer free energy
to the corresponding changes in the solute-solvent interaction
energy and its electrostatic and van der Waals components.
Numerically exact results are presented, and the strong cor-
relation between the free energy and the van der Waals com-
ponent is pointed out for neutral species. In Subsection 3.2,
we investigate the “direct” and “indirect” effects of urea by
decomposing the transfer free energy into the urea and water
contributions. In fact, the distinct contributions from urea and
water are not necessarily observable, and a model of solvation
is required for the decomposition. We employ the approximate
functional in the method of energy representation as the basis
of the decomposition, and show that the urea contribution is
favorable for all the species examined. We also analyze the

effect of excluded volume. This effect may be significantly
affected by the transfer from pure water to urea-water mix-
ture, given that urea is a few larger in size than water. The
excluded-volume effect is a useful but non-observable part of
the solvation free energy. We discuss the correlation between
the transfer free energy and the corresponding change in the
excluded-volume effect within the framework of the energy-
representation method.

3.1 Correlations of the transfer free energy to the solute-
solvent interaction energy and its electrostatic and
van der Waals components

We first demonstrate the performance of the force field em-
ployed in the present work. Fig. 1 shows the solvation free
energies ∆µ0 of the neutral side-chain analogs in pure water,
for which experimental data are available.55 To assess the ac-
curacy of the computational values from the Bennett accep-
tance ratio (BAR) method, we introduce the mean absolute
deviation (MAD) by

MAD =
1
n ∑

i
|∆µi,1 −∆µi,2| , (2)

where ∆µi,1 and ∆µi,2 are the solvation free energies of the i-
th solute in the first and second sets of the data, respectively,
and n is the number of solutes examined. The MAD between
the BAR and experimental values is 1.3 kcal/mol. It agrees
well with the literature value of Shirts et al. (1.2 kcal/mol).56

The MAD is 0.5 kcal/mol between the BAR results by us and
Shirts et al. This deviation is mainly caused by the difference
in the (average) density. The density of solvent was set at 1.0
g/cm3 in this study, and its average was 0.986 g/cm3 in Ref.56.
It should be noted that the solvation free energy changes by
∼0.5 kcal/mol even with density variation of 0.01 g/cm3 for
the case of the Ile analog.83
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Fig. 1 Solvation free energy ∆µ0 of amino-acid analog. BAR refers
to the numerically exact value computed by the Bennett acceptance
ratio method, and ER is for the approximate value by the
energy-representation method. The error bar is expressed at 95%
confidence level (twice the standard error).
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We then examine the transfer free energy from pure wa-
ter to urea-water mixture. The solvation free energy in 8 M
(M = mol/dm3) urea mixture is also calculated by the BAR
method, and its difference from the value in pure-water sol-
vent is the transfer free energy. Fig. 2 shows the transfer free
energy (∆µu − ∆µ0), where the superscript u denotes the 8
M urea-water mixed solvent and the superscript 0 denotes the
pure-water solvent. The transfer free energies are negative ex-
cept for the Asp and Glu analogs with KBFF urea. According
to Fig. 2, (∆µu −∆µ0) is characterized neither by whether
the solute is hydrophilic or hydrophobic nor by whether the
solute is neutral or ionic. It correlates roughly with the so-
lute size. This tendency agrees qualitatively with structural
insights with contact coefficient.20 In particular, (∆µu −∆µ0)
and the contact coefficient are both enhanced in magnitude
for large analogs such as Phe and Trp. The correlation with
the solute size was also observed in a previous computational
study on polypeptides using the KBFF model of urea.30 The
free energy of transfer per amino-acid residue was obtained in
Ref30 , and is in agreement with the corresponding value esti-
mated from Fig. 2 as the sum of (∆µu−∆µ0) of the backbone
analog and the side-chain analog. The comparison to experi-
mental value is presented in Appendix A. The computational
values of transfer free energy are well correlated to the ex-
perimental. As pointed out in Refs.15 and30 , though, Fig. 2
and Appendix A indicate the force-field dependence and the
overestimation by computation. In the following, we conduct
a correlation study of transfer energetics to extract solvation
features which are rather insensitive to the fine parameteriza-
tion of force field.
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Fig. 2 Transfer free energy from pure water to 8 M urea-water
mixture. The error bar is expressed at 95% confidence level (twice
the standard error).

The intermolecular interaction potential v between solute
and solvent is typically expressed as a sum of electrostatic
and van der Waals components, as adopted in the present
work. Correspondingly, the ensemble average ⟨v⟩ of the sum
of solute-solvent interaction energy can be decomposed lin-
early into the electrostatic and van der Waals components.

The situation is more complicated for the solvation free energy
∆µ . It reflects the effects of all the interaction components in
nonlinear manner, and the decomposition into the electrostatic
and van der Waals components is possible by adopting an ap-
proximate framework or by introducing an intermediate state
of solute insertion.39–42,45,50,84 Actually, although ⟨v⟩ and its
components are not observable, they are more straightforward
for interpretation and prediction than ∆µ .85–89 It is thus useful
to investigate the correlation between the observable ∆µ and
the non-observable ⟨v⟩ and to develop physical arguments in
terms of ⟨v⟩ and its components.

The focus of the present work is the change in thermo-
dynamic quantity upon transfer from pure-water solvent to
8 M urea-water mixed solvent. The transfer free energy is
the difference in the solvation free energy and is denoted as
(∆µu − ∆µ0), where the superscripts u and 0 mean the en-
semble averages in urea-water mixed solvent and pure-water
solvent, respectively. Similarly, the transfer quantity can be
defined for the average sum of solute-solvent interaction en-
ergy as (⟨v⟩u − ⟨v⟩0), and the transfer values are introduced
in parallel for the electrostatic and van der Waals components.
Fig. 3 is the correlation plot of (∆µu−∆µ0) with (⟨v⟩u−⟨v⟩0)
and its electrostatic and van der Waals components. It is ob-
served for both the urea models that (∆µu −∆µ0) correlates
well with (⟨v⟩u − ⟨v⟩0). For Amber urea, the variation of
(⟨v⟩u−⟨v⟩0) is governed by its van der Waals component. The
electrostatic component varies within 2 kcal/mol, and in par-
ticular, within 1 kcal/mol for the neutral analogs. The correla-
tion of (∆µu −∆µ0) is absent against the electrostatic compo-
nent of (⟨v⟩u −⟨v⟩0), and is operative only against the van der
Waals component. For KBFF urea, the correlations are ob-
served similarly. A difference is there for the ionic analogs.
Although the van der Waals component of (⟨v⟩u − ⟨v⟩0) is
negative for all the ionic species, the electrostatic component
in the case of KBFF urea has the same sign as (∆µu −∆µ0)
and is negative for the cations and positive for the anions. It
should be noted that Fig. 3 does not represent the causality.
Both of (∆µu−∆µ0) and (⟨v⟩u−⟨v⟩0) change due to the vari-
ation of the amino-acid analog solute. The correlation plot of
Fig. 3 still shows that the free energy of transfer (of neutral
species) is expected (not causally deduced) to be more favor-
able when the solute-solvent interaction is changed to a one
with stronger van der Waals interaction. It is observed in Fig.
3, furthermore, that (⟨v⟩u −⟨v⟩0) is larger in magnitude than
(∆µu −∆µ0). This means, in agreement with previous results
for hydrophobic solutes,15,16 that the transfer value of solute-
solvent entropy in the notation of Refs15 and16 is negative and
that the free-energy penalty due to solvent reorganization is
larger in urea-water mixture than in pure water.

Each of the electrostatic and van der Waals components of
(⟨v⟩u − ⟨v⟩0) can be further separated into the urea and wa-
ter contributions. Fig. 4 shows the separated contributions
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Fig. 3 Correlation plots of transfer quantities for (a) Amber urea and (b) KBFF urea. The computational values are numerically exact ones;
the free energy is obtained with the Bennett acceptance ratio method. The error bar is expressed at 95% confidence level (twice the standard
error). In (a), the linear regression was conducted with the least square fit for the total (⟨v⟩u −⟨v⟩0) and its van der Waals component against
(∆µu −∆µ0) over all the solute species. The regression for the total (⟨v⟩u −⟨v⟩0) has a slope of 1.3 with the correlation coefficient of 0.90,
and the regression for the van der Waals component has a slope of 1.1 with the correlation coefficient of 0.83. When the regression for the van
der Waals component is restricted to the neutral species, the correlation coefficient improves to 0.95 with a slope of 1.4. In (b), the linear
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component with the correlation coefficient of 0.93.

from each solvent species. The compensation is evidently
seen in Fig. 4a and 4c for the electrostatic component be-
tween the separated contributions from urea and water. The
electrostatic interaction between solute and water is well re-
placed by that between solute and urea. The exception is the
ionic analogs with KBFF urea. The compensation is only par-
tial, and the electrostatic component of (⟨v⟩u −⟨v⟩0) changes
by ∼5 kcal/mol with addition of 8 M urea. The energetic be-
havior in Fig. 4a and 4c is consistent with a structural in-
sight that the total amount of hydrogen bond between pep-
tide and solvent molecules stays almost constant upon mix-
ing of urea.11,20,30,33–35 For the van der Waals component,

the general tendency of the separated contributions from urea
and water is similar to the case for the electrostatic compo-
nent. The difference is observed for the balance between the
urea and water contributions. Although the van der Waals
interaction between solute and water is less favorable in the
urea-water mixture than in pure water, that between solute
and urea overturns the stability loss. Fig. 3 and 4 thus sup-
port the idea that the amino-acid analog is stabilized with ad-
dition of urea through direct, van der Waals interaction with
urea.9,10,15,16,20–22,25,26,28–30 It is to be further noted, in agree-
ment with previous computational results,9,10,15,16,20,30 that
the van der Waals component (⟨v⟩u

vdW − ⟨v⟩0
vdW) correlates
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Fig. 4 Urea and water contributions to the electrostatic and van der Waals components of (⟨v⟩u −⟨v⟩0): (a) electrostatic component with
Amber urea, (b) van der Waals component with Amber urea, (c) electrostatic component with KBFF urea, and (d) van der Waals component
with KBFF urea. The error bar is expressed at 95% confidence level (twice the standard error). The superscripts u and 0 denote the urea-water
mixed solvent and the pure-water solvent, respectively, and the subscripts elec and vdW mean the electrostatic and van der Waals components,
respectively. The subscripts u and w refer to the urea and water contributions in the mixed solvent, respectively. For example, ⟨v⟩u

elec stands for
the electrostatic component of solute-solvent interaction in the urea-water mixed solvent, and ⟨v⟩u

u;elec is the urea contribution to it. The ⟨v⟩u
elec

values for Ala-Ile in (a) and (c) are too small in magnitude to be seen within the resolutions of the figures.

with the solute size.

3.2 Urea and water effects in approximate model of sol-
vation

In this subsection, we analyze the separated contributions
from urea and water to the transfer free energy. The decompo-
sition into the contributions from respective solvent species is
often useful for understanding and predicting a mixed-solvent
effect. As pointed out at the beginning of Section 3, though,
the distinct contribution from each solvent species is not nec-
essarily observable. A model of solvation needs to be intro-
duced for the decomposition. In the present work, the decom-
position is conducted on the basis of the approximate func-
tional for the solvation free energy in the method of energy
representation.37,49,50 In the latter part of this subsection, fur-
thermore, we discuss the effect of excluded volume. It is a ma-
jor part of repulsive interaction with the solvent and can be a
driving force for structure formation of large molecule such as
protein.90,91 The excluded-volume effect is a non-observable
part of the solvation free energy, either, and its treatment re-

quires a model of solvation. We examine the excluded-volume
effect within the framework of the approximate functional in
the energy-representation method.

We first demonstrate the performance of the approxi-
mate functional for the solvation free energy in the energy-
representation (ER) method. The solvation free energy ∆µ0

in pure water is compared in Fig. 1 among the approximate
value from ER, the numerically exact value from the Bennett
acceptance ratio (BAR) method, and the experimental value.
At the beginning of Subsection 3.1, the performance of force
field was examined in terms of the mean absolute deviation
(MAD) introduced by eqn (2). MAD is 0.4 kcal/mol between
ER and BAR and is 1.6 kcal/mol between ER and experimen-
tal. The MAD value between ER and BAR is a measure of
accuracy of the approximate functional in ER. The force field
is AMBER in the present study, and the MAD is comparable
to that for OPLS-AA examined in a previous work.54 When
estimated against the experimental, the MAD of ER is compa-
rable to that of BAR shown in Subsection 3.1. The ER method
can thus be as useful as the exact method for practical purpose.
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Fig. 5 shows the correlation of the transfer free energies
calculated by the ER and BAR methods. The linearity is evi-
dent. In Appendix B, the correlation analysis is conducted for
the transfer free energy approximately obtained from the ER
method, and is seen to provide the same insights as those ob-
tained in Subsection 3.1 from the BAR method. When the
solute is a protein, the free-energy computation is severely
demanding in the exact method, while it is readily feasible
with ER.51–53 In subsequent paper, we carry out the correla-
tion analysis for protein by employing the ER method.
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Fig. 5 Transfer free energy (∆µu −∆µ0) calculated by the ER
method plotted against that from the BAR method for (a) Amber
urea and (b) KBFF urea. The error bar is expressed at 95%
confidence level (twice the standard error), and is smaller than the
size of data symbol when it is not shown. The slope and correlation
coefficient are 1.3 and 0.95, respectively, for Amber urea, and they
are 1.3 and 0.98, respectively, for KBFF urea.

We now turn to the decomposition of the transfer free en-

ergy into the urea and water contributions. When the mixed
solvent consists of urea and water, the solvation free energy
∆µu in it is written with the ER functional as

∆µu = ∆µu
u +∆µu

w, (3)

where ∆µu
u and ∆µu

w are the urea and water contributions, re-
spectively.61,74 The first and second terms of eqn (3) may be
called “direct” and “indirect” effects of urea. It should be
noted that ∆µu

u and ∆µu
w are expressed in terms of the corre-

lation functions between the solute and urea and between the
solute and water, respectively. Since the correlation functions
themselves are affected both by the solute-urea and solute-
water interactions, in turn, the decomposition in the form of
eqn (3) is formally possible only within the approximate ex-
pression of free energy. In this sense, the “direct” and “in-
direct” effects introduced with respect to eqn (3) are specific
to the ER model of solvation. A different set of definitions
is possible for the “direct” and “indirect” effects, indeed.30

Actually, the decomposition is done for the purpose of inter-
pretation, and we present consistent and physically reasonable
insights in the following.

Fig. 6 shows the transfer free energy (∆µu −∆µ0) and the
urea and water contributions evaluated with the approximate
functional in the ER method.61,74 The overall (∆µu − ∆µ0)
is negative (with exceptions of the anions with KBFF urea);
with addition of urea, the stability in solution increases for
amino-acid analog solute. When the transfer free energy is
decomposed into the urea and water contributions, it is seen
that the urea contribution ∆µu

u is favorable (negative in the
free-energy value). The “direct” effect introduced with re-
spect to eqn (3) acts to stabilize the solute. The water con-
tribution (∆µu

w −∆µ0) depends upon the type of solute-water
interaction, on the other hand. It is favorable for the hydropho-
bic analogs, and is unfavorable for the hydrophilic. Thus,
the “direct” and “indirect” effects are cooperative with each
other when the solute is hydrophobic, and they are competitive
when the solute is hydrophilic. When the solvent is changed
from pure water to urea-water mixture, the hydrophobicity di-
minishes with the water-density reduction and the hydrogen
bonding of a solute with water is (partially) replaced by that
with urea. These correspond to the solute-type dependence of
the sign of (∆µu

w −∆µ0).

Finally, we discuss the effect of excluded volume. The ex-
cluded volume is the domain of solute-solvent configuration
in which the solute and solvent molecules overlap with each
other and their interaction energy is prohibitively large. In the
ER method, the contribution ∆µi (i denotes either urea or wa-
ter) from each solvent species is written in the integral form
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Fig. 6 Transfer free energy from pure water to 8 M urea-water
mixture and the contributions from urea and water for (a) Amber
urea and (b) KBFF urea. 61,74 All the free-energy values are obtained
with the energy-representation method, and the error bar is
expressed at 95% confidence level (twice the standard error). The
superscripts u and 0 denote the urea-water mixed solvent and the
pure-water solvent, respectively, and the subscripts u and w refer to
the urea and water contributions in the mixed solvent, respectively.
The error of the overall (∆µu −∆µ0) is observed to be smaller than
the errors of the component values ∆µu

u and (∆µu
w −∆µ0). This is a

reflection of the variational principle in the ER method described in
Appendix C of Ref. 50 .

as

∆µi = ⟨v⟩i −
∫

dεi f (εi)

=
∫

dεiεiρi(εi)−
∫

dεi f (εi), (4)

where εi is the pair interaction energy between the solute and
the i-th solvent species, ⟨v⟩i is the average sum of the inter-
action energy between the solute and the i-th solvent species
in the solution system of interest, ρi(εi) is the average distri-
bution (histogram) of the pair energy εi in the solution sys-
tem, and f (εi) takes into account the effect of solvent reorga-
nization including the excluded-volume effect. The excluded-
volume component in ∆µi can be introduced on the basis of
eqn (4) by restricting the integral over εi to high-energy do-
main ranging from εc

i to infinity. εc
i is a threshold value for

defining the excluded-volume domain. Its value is taken rather

arbitrarily within a requirement that the domain of εi > εc
i cor-

responds to the solute-solvent overlap and is essentially inac-
cessible in the solution system of interest. In addition to the ar-
bitrariness of εc

i , the integration over the high-energy domain
is not independent of the integration over the other domain.
The excluded-volume effect can thus be discussed within a
specific model of solvation; this is a point similar to the case
of decomposition into the “direct” and “indirect” effects de-
scribed above. In the present work, we set εc

i so that ρi(εi)
vanishes numerically in εi > εc

i . The εc
i value then depends

on the solute and on the solvent species (i is either urea or wa-
ter). It is also possible to employ a fixed value, for example,
of εc

i = 20 kcal/mol,92 with which the following discussion is
unchanged.

Fig. 7 shows the correlation plots of (∆µu − ∆µ0) ob-
tained by the ER method with the excluded-volume com-
ponent (∆µu − ∆µ0)excl as well as with the change (⟨v⟩u −
⟨v⟩0) of the average sum of solute-solvent interaction energy
upon transfer. The correlation of the transfer free energy is
weaker against the excluded-volume component than against
(⟨v⟩u −⟨v⟩0). The range of variation and the slope of corre-
lation are several times smaller for (∆µu −∆µ0)excl than for
(⟨v⟩u − ⟨v⟩0). In particular, (∆µu −∆µ0)excl varies over the
amino-acid analogs only by ∼1 kcal/mol, which is similar in
magnitude for the variation range of the electrostatic compo-
nent of (⟨v⟩u −⟨v⟩0) shown in Fig. 3. According to Fig. 7
and eqn (4), therefore, the excluded-volume component plays
a minor role in the transfer energetics.

To see the origin of the small change in the excluded-
volume component upon introduction of urea, we decompose
(∆µu −∆µ0)excl into the urea and water contributions on the
basis of eqn (3) and (4) and show them in Fig. 8a and 8c. The
compensation is evident between the two contributions. When
urea is added into the aqueous system, the density of water re-
duces. The excluded-volume effect then enhances against urea
and diminishes against water, and the gain and loss balance
with each other.93,94

The excluded-volume component in the solvation free en-
ergy can be analyzed in structural viewpoint by employing a
limiting expression. In the limiting condition that the solvent-
solvent correlation is negligible, the excluded-volume compo-
nent (∆µi)excl from the i-th solvent species is given by

(∆µi)excl = kBT Ni, (5)

Ni = di

∫ ∞

εc
i

dεi

∫
dψdxδ (vi(ψ,x)− εi)∫

dψ
, (6)

where kB is the Boltzmann constant, T is the temperature, di
is the number density of the i-th solvent species in the system
without the solute, ψ and x denote collectively the configura-
tions of the solute and (single) solvent molecules, respectively,
and vi is the pair interaction energy between the solute and the
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Fig. 7 Correlation plots of transfer quantities for (a) Amber urea and (b) KBFF urea. (∆µu −∆µ0) is the transfer free energy computed
approximately by the energy-representation method, and (∆µu −∆µ0)excl is the excluded-volume component. (⟨v⟩u −⟨v⟩0) is the change in
the sum of solute-solvent interaction energy upon transfer, and is the same as that shown in Figure 3. The error bar is expressed at 95%
confidence level (twice the standard error), and is smaller than the size of data symbol when it is not shown. The linear regression against
(∆µu −∆µ0) was conducted with the least square fit for (⟨v⟩u −⟨v⟩0) and (∆µu −∆µ0)excl over all the solute species. In (a), the regression for
(⟨v⟩u −⟨v⟩0) has a slope of 1.1 with the correlation coefficient of 0.98, and the regression for (∆µu −∆µ0)excl has a slope of 0.27 with the
correlation coefficient of 0.83. In (b), the slope is 1.1 for (⟨v⟩u −⟨v⟩0) with the correlation coefficient of 0.99, and the slope is 0.09 for
(∆µu −∆µ0)excl with the correlation coefficient of 0.45.

i-th solvent species.∫
dψdxδ (vi(ψ,x)− εi)∫

dψ
within eqn (6) is the density of states for the interaction po-
tential vi at the energy εi, and its integral over εi > εc

i is
the volume of the space enclosed by εi > εc

i . This space is
called excluded-volume domain. Ni of eqn (6) is then the av-
erage number of the i-th solvent species found in the excluded-
volume domain in the system with no solute; in other words,
Ni is equal to the average number of solvent molecules re-
moved from the excluded-volume domain upon insertion of
the solute. Note that the density of states is independent of
whether the solvent is pure water or urea-water mixture. Only
di depends on the solvent system, and the change in Ni upon
transfer reflects that in di.95 In the following, the average num-
ber in the pure-water solvent is denoted as N0 and is written
as Nu

u and Nu
w for urea and water in the mixed solvent, respec-

tively, with the sum expressed as Nu = Nu
u +Nu

w. In Appendix
C, a strong correlation is shown between (∆µu −∆µ0)excl and

(Nu −N0). The compensation behavior between the urea and
water contributions to (∆µu −∆µ0)excl can thus be rephrased
in terms of a more structural index (Nu −N0).

In Fig. 8b and 8d, we show (Nu −N0) and the urea and
water contributions. Just as is so for (∆µu −∆µ0)excl, a com-
pensation is evident between the urea and water contributions
to (Nu − N0). Since urea is larger in size than water, the
excluded-volume domain introduced as εi > εc

i occupies a
wider space for urea. The variation of the density di in eqn
(6) is smaller for urea,96 however, and the balance is realized
between Nu

u and (Nu
w −N0). This balance cannot be expected

in general, and may be specific to urea cosolvent.

4 Conclusions

The transfer energetics from pure water to urea-water mix-
ture is analyzed through all-atom molecular dynamics sim-
ulation. The solvation free energy is calculated for a set of
amino-acid analogs in the pure-water solvent and in the 8 M
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Fig. 8 (a, c) Excluded-volume component ∆µexcl and the contributions from urea and water for (a) Amber urea and (c) KBFF urea. (b, d)
Average number N of solvent molecules excluded upon insertion of the solute molecule for (b) Amber urea and (d) KBFF urea. The error at
95% confidence level is too small to see in this figure. The superscripts u and 0 denote the urea-water mixed solvent and the pure-water
solvent, respectively, and the subscripts u and w refer to the urea and water contributions in the mixed solvent, respectively.

urea-water mixed solvent, and the transfer free energy is ob-
tained as the difference between the solvation free energies in
the two solvent systems. According to the transfer value of
free energy, the analog solute favors the mixed solvent over
pure water. The transfer free energy is not determined by
the strength of hydrophobicity or hydrophilicity of the solute,
though, and correlates roughly with the solute size. The de-
composition of the transfer free energy into the contributions
from urea and water shows that urea makes a favorable contri-
bution. The water contribution is governed by the hydropho-
bicity/hydrophilicity of the solute, on the other hand. It acts
cooperatively with the urea contribution for hydrophobic so-
lute, and is competitive for hydrophilic solute.

The correlation of the transfer free energy is examined
against the change in the average sum of solute-solvent in-
teraction energy upon transfer and against the corresponding
changes in the interaction components such as electrostatic,
van der Waals, and excluded volume. A strong correlation
is observed with the total change in average solute-solvent en-
ergy, and the van der Waals component makes a dominant con-
tribution for the neutral solute species. The contributions from
the electrostatic and excluded-volume components are weak,
on the other hand. When the solvent is changed from pure wa-
ter to urea-water mixture, the reduced effect of water is com-
pensated by the emerging effect of urea for the electrostatic
and excluded-volume components. The van der Waals compo-

nent experiences only partial compensation between the urea
and water effects, and is favorable upon transfer for all the
cases examined.

The free energy examined in the present work is an observ-
able, while the interaction components are not. Still, the elec-
trostatic, van der Waals, and excluded-volume components are
more straightforward for interpretation than the free energy,
and the correlation analysis can provide a route to designing
the cosolvent effect on solute stability in solution. All-atom
computation is now feasible for the free energy of protein sol-
vation with our approximate method,51–53 and we will con-
duct a correlation analysis of protein in subsequent work to-
ward possible tuning of cosolvent effect.

Appendix A. Correlation between the computa-
tional and experimental values of transfer free
energy

Fig. 9 is the correlation plot between the transfer free energy
calculated by the BAR method and the corresponding experi-
mental value.18 The computational and experimental values of
transfer free energy are well correlated to each other, though
the force-field dependence and the overestimation by compu-
tation are evident.15,30 In the present work, the main results
rely upon the correlation and are rather insensitive to quanti-
tative aspects beyond correlation.
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Fig. 9 Transfer free energy (∆µu −∆µ0) calculated by the BAR
method for (a) Amber urea and (b) KBFF urea plotted against the
experimental value. The experimental values for the backbone and
side-chains were determined with the group transfer model 1,17,18,
and were taken from Ref. 18 . The ionic and Cys analogs in Table 1
are not shown due to the availability of experimental data. The error
bar for computational value is expressed at 95% confidence level
(twice the standard error). The slope and correlation coefficient are
3.0 and 0.89, respectively, for Amber urea, and they are 1.6 and
0.81, respectively, for KBFF urea.

For the transfer free energies shown in Fig. 9, the mean ab-
solute deviation (MAD) of eqn (2) between the computational
and experimental values is 1.8 kcal/mol for Amber urea and
is 0.3 kcal/mol for KBFF urea. The KBFF is better in terms
of accuracy and of thermodynamic properties of mixing with
water.68 The Amber force field is more convenient at present
for exploring a variety of cosolvents, on the other hand, since
it allows systematic construction of interaction parameters.

Appendix B. Correlation of the transfer free en-
ergy calculated approximately by the energy-
representation method

Fig. 10 shows the correlation plots of (∆µu −∆µ0) obtained
approximately from the energy-representation method against
(⟨v⟩u −⟨v⟩0) and its electrostatic and van der Waals compo-
nents. As expected from Fig. 5, the correlations appear sim-
ilarly between Fig. 3 and 10. Fig. 6 and 10 show (for the
neutral species) that the direct effect via the van der Waals in-
teraction between solute and urea makes a major contribution
in the urea effect to stabilize the analog solutes. This observa-
tion regarding the transfer energetics is in agreement with pre-
vious, structural and dynamic insights.9,10,15,16,20–22,25,26,28–30

Appendix C. Correlation between the excluded-
volume component in the solvation free energy
and the average number of solvent molecules ex-
cluded upon introduction of the solute

In this Appendix, we show the correlation of the excluded-
volume component (∆µu−∆µ0)excl in the transfer free energy
with the corresponding change (Nu −N0) in the average num-
ber of solvent molecules excluded upon introduction of the
solute. Fig. 11 is the correlation plot. The change in the aver-
age number is expressed in the form of kBT (Nu−N0); the two
quantities plotted are coincident to each other through eqn (5)
when the solvent-solvent correlation is absent. A linear cor-
relation is evident in Fig. 11, and assures the validity of the
structure-based discussion at the end of Subsection 3.2. The
energy value is a few times larger for (∆µu −∆µ0)excl than
for kBT (Nu −N0), though. kBT (Nu −N0) does not provide a
good, energetic estimate of the excluded-volume effect.93,94
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