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We analyze the interaction, the potential of mean force (PMF), between solute atoms in pure water and in solutions
of various salts (NaCl, KCl, KBr, and KI) using the dielectrically consistent reference interaction site model theory. As
for the PMF between solute atoms with like charges, the addition of increasing concentration of salt gradually leads from
repulsive to attractive interactions. When the salt concentration becomes sufficiently high, the contact of like-charged
atoms is stabilized and the stability is enhanced as the magnitude of the charge increases. For positive charges, the ability
of salt to change the PMF is governed by anion species and becomes higher as the anionic size increases, while for neg-
ative charges it is governed by cation species and becomes higher as the cationic size decreases. Concerning the PMF
between solute atoms with unlike charges, the addition of increasing concentration of salt gradually leads from attractive
to repulsive interactions. The contact of unlike-charged atoms is less stabilized than in pure water. Physical insights into
these results, which are generally applicable to solvation behavior of solute molecules, are then provided and the rele-
vance to the salt-induced conformational transition of biomolecules is discussed in detail.

Solvation behavior of a solute molecule is of crucial impor-
tance in a variety of fields such as solution chemistry, bio-
chemistry, and biophysics. The potential of mean force
(PMF) between atoms or groups constituting the solute mole-
cule is known to provide fundamental information on the sol-
vation behavior. In the so-called superposition approxima-
tion,1,2 which has successfully been applied to analyses of
the conformational stability of a peptide molecule in pure wa-
ter, the atoms of the solute molecule are treated separately (i.e.,
isolated atoms are considered) and the solvation free energy
plus the conformational energy of the solute molecule is re-
garded as the sum of the PMFs for all possible pairs of these
atoms. It is true that the atom–atom or group–group PMF is
not capable of describing the details that are dependent on spe-
cific chemical or conformational properties of individual sol-
ute molecules. However, some qualitative aspects, which are
common in a number of different solute molecules, can be
studied by analyzing the PMF.

An important point is that the PMF in salt solution is dras-
tically different from the PMF in pure water when the atoms or
groups carry partial charges. Nevertheless, systematic studies
on the PMF in salt solution have not been reported yet. Most
of the previously reported works considered only the PMF be-
tween alkali-halide ions in pure water (a good review is given
in Refs. 3 and 4). The computer simulations are almost useless
for the salt-solution system because of the limited number of
water molecules. By contrast, the integral equation theories
are capable of treating infinitely many water molecules and po-
tentially allow us to analyze the PMF in salt solution with a
moderate computational effort. Above all, the dielectrically
consistent version of the reference interaction site model
(RISM) theory5 (the DRISM theory) combined with our pow-

erful numerical solution algorithm6,7 is expected to be very
useful. Kovalenko and Hirata,3,4 who employed the three-di-
mensional (3D) DRISM theory, calculated the Naþ–Naþ,
Naþ–Cl�, and Cl�–Cl� potentials not only in pure water but
also in 1M-NaCl solution. However, the alkali-halide ions
were again treated and the salt concentration was limited to
1M. The most challenging subject is to analyze the effects
of the salt species on the PMF between solute atoms with par-
tial charges, but such an analysis has never been performed.

In the present article, solute atoms with a negative partial
charge (atom A) and with a positive partial charge (atom C)
are considered. The PMF is calculated using the one-dimen-
sional (1D) DRISM theory for the A–A, C–C, and A–C pairs
in pure water and in solutions of various salts (NaCl, KCl,
KBr, and KI). The charges are set at zero in some of the cal-
culations. The PMF is analyzed in detail and effects due to the
salt concentration, the salt species, and the magnitude of the
partial charge are systematically studied. Examining the results
obtained, we give physical insights which are generally appli-
cable to solvation behavior of solute molecules. In particular,
the relevance to the salt-induced conformational transition of
biomolecules is discussed for two typical examples. The first
example is for peptides and proteins with many positively
charged groups in the side chains. It was experimentally ob-
served for those peptides and proteins that they are extremely
unfolded under conditions of acidic pH and low ionic strength
but are refolded to molten-globule-like conformations by the
salt addition.8–10 The effectiveness of salt to cause the confor-
mational transition is strongly dependent on anion species and
follows the order I� > Br� > Cl�, the reverse Hofmeister se-
ries. That is, the effectiveness becomes higher as the anionic
size increases. These properties are quite general and qualita-
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tively the same for a variety of peptides and proteins as long as
they have many positively charged groups. The second exam-
ple is for DNA with many negatively charged phosphates. By
increasing the salt concentration, one can induce the structural
transition from the right-handed (B-DNA) to the left-handed
(Z-DNA) double-stranded helices.11,12 The ability of salt to
cause the structural transition is strongly dependent on cation
species and follows the order Naþ > Kþ > Rbþ > Csþ: The
ability becomes higher as the cationic size decreases, which
is in marked contrast to the first example. The present study
is clearly different from our earlier work13 in which the salt-
ing-out phenomenon for a peptide-like molecule with zero
net charge was considered and the ability of salt to cause the
solubility decrease always followed the Hofmeister series.

Model and Theory

Model Potentials. The extended simple point charge
(SPC/E) model,14 where a repulsive interaction is introduced
between O and H sites,15 is employed for water. The salts con-
sidered are NaCl, KCl, KBr, and KI. The potential forms and
parameters developed by Pettitt and Rossky16 and modified in
our earlier work17 are used for bulk water and salt solution. For
the solute atom-water and -ion potentials, the Coulomb plus
Lennard–Jones (LJ) form is adopted and the LJ parameters
(� and ") are calculated using the usual combination rule.
For the potential between the water hydrogen atom and a sol-
ute atom, however, only the repulsive part of the LJ potential is
considered. In principle, solute atoms with any sizes and cor-
respondingly realistic magnitudes of partial charges can be
treated in the present analysis. The oxygen atom in the side
chain of Glu (atom A) and the hydrogen atom in the side chain
of Lys (atom C) are chosen as representative solute atoms.
Atom A has a negative partial charge while atom C has a posi-
tive one. The partial charge of atom A is larger than that of
atom C. Atom A is larger in size as well.

The partial charges and LJ parameters for the solute atoms
are taken from the AMBER-type parameters.13 Unfortunately,
for ions there is neither a reliable set of LJ parameters nor a
good method for determining them. The values of � used by
various researchers are compared in Table 1. For Naþ and
Kþ, Pettitt and Rossky16 and Yu and Karplus18 use the same
values, so these values are employed. For Cl�, however, they
give considerably different values. Therefore, the values given
by Masterton and Lee19 and Imai et al.13 are also considered,
and the averages of the values given by the four
groups13,16,18,19 are adopted. For Br� the value used in our
earlier work17 is fairly different from that given by Yu and
Karplus, so the average of the values given by the four

groups13,17–19 is employed. Similarly, for I� (this was not con-
sidered by Yu and Karplus) the average of those given by the
three groups13,17,19 is adopted. The values of " are taken from
our earlier work.17 The partial charges and LJ parameters thus
determined for calculating the solute atom-water and -ion po-
tentials are collected in Table 2. The dimensionless number
densities and the dielectric constants of salt solutions are deter-
mined from the experimental data.17

Theory. Kovalenko and Hirata3,4 calculated the Naþ–Naþ,
Naþ–Cl�, and Cl�–Cl� potentials in pure water and in 1M-
NaCl solution. They treated a pair of ions by employing the
3D-DRISM theory. The sum of the ��S-values (��S denotes
the solvation free energy) of isolated ions was subtracted from
��S of the ionic pair separated by a prescribed distance. This
calculation was repeated by changing the distance. The PMF
thus obtained is generally more accurate than the PMF calcu-
lated via the much simpler route using the usual 1D version of
the theory and the water-isolated ion correlation functions.
However, the change, ‘‘PMF in salt solution’’—‘‘PMF in pure
water’’, which is a central issue in the present article, is not sig-
nificantly dependent on the calculation method. In fact, the
changes calculated via the two routes are quantitatively similar
to each other, as shown in Fig. 1. The discrepancies observed
at small separations in the Figure are unimportant because the
core repulsions dominate at those separations. In the present
study, the 1D-DRISM theory5 is employed with the hypernet-
ted-chain (HNC) closure equations.

The calculation of the PMF between solute atoms is based
on the standard procedure. It comprises the following four
steps:

(1) Treat the bulk system of pure water or salt solution and
calculate the solvent (water molecules and ions) correlation
functions.

(2) Treat atom A immersed in pure water or salt solution at

Table 1. Values of � Used by Various Researchers

Ion Refs. 16, 17 Ref. 18 Ref. 19 Ref. 13 This Work

Naþ 0.229, 0.222 0.229, 0.222 0.190 0.190 0.226
Kþ 0.317, 0.310 0.317, 0.310 0.266 0.284 0.314
Cl� 0.395, 0.388 0.445 0.362 0.362 0.392
Br� 0.434, 0.428 0.462 0.390 0.392 0.419
I� 0.490, 0.483 — 0.432 0.440 0.454

When two numbers are given, the first one is for the combination with the oxygen atom of water and
the second one is for that with the hydrogen atom. In this work the average of the two numbers is
adopted.

Table 2. Partial Charges and Lennard–Jones Parameters for
Atomic Sites

Site Q (—) � (nm) " (kcal/mol)

H 0.4238 0.040 0.046
O �0:8476 0.316 0.156

Naþ 1.0000 0.226 0.293
Kþ 1.0000 0.314 0.440
Cl� �1:0000 0.392 0.448
Br� �1:0000 0.419 0.638
I� �1:0000 0.454 0.806
A �0:7210 0.285 0.200
C 0.2940 0.178 0.020
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infinite dilution. Calculate atom A-solvent correlation func-
tions.

(3) Treat atom C immersed in pure water or salt solution at
infinite dilution. Calculate atom C-solvent correlation func-
tions.

(4) Calculate A–A, A–C, and C–C correlation functions.
In step (4), because of the presence of long-range Coulom-

bic potentials, care must be taken in the forward and back
Fourier transforms of the correlation functions. The site–site
Ornstein–Zernike (SSOZ) relation in the Fourier space is ex-
pressed by

FMNðkÞ ¼ 2�SCMHðkÞHNHðkÞ þ �SCMOðkÞHNOðkÞ
þ �þCMþðkÞHNþðkÞ þ �þCM�ðkÞHN�ðkÞ; ð1aÞ

FMNðkÞ ¼ HMNðkÞ � CMNðkÞ; M; N ¼ A; C; ð1bÞ

where cðrÞ and hðrÞ are, respectively, the direct and total cor-
relation functions (the capital letters represent the Fourier
transforms), f ðrÞ ¼ hðrÞ � cðrÞ, r is the distance between cen-
ters of the two atomic sites considered, k is the wave number,
� is the number density. The subscripts ‘‘S’’, ‘‘þ’’, and ‘‘�’’
denote ‘‘water’’, ‘‘cation’’, and ‘‘anion’’, respectively. The
subscripts ‘‘H’’ and ‘‘O’’ denote ‘‘H-site’’ and ‘‘O-site’’ in a
water molecule, respectively. The equations:

�O ¼ �H=2 ¼ �S; ð2aÞ

and

�þ ¼ ��; ð2bÞ

are utilized in writing Eq. 1. From the charge neutrality condi-
tion, we obtain

2�SqHHNHðkÞ � 2�SqHHNOðkÞ ¼ 0; ð3aÞ
�þqþHNþðkÞ � �þqþHNAðkÞ ¼ �qN : ð3bÞ

The equations:

qO ¼ �2qH; ð4aÞ

and

q� ¼ �qþ; ð4bÞ

are utilized in writing Eq. 3. Here, cMHðrÞ, cMOðrÞ, cMþðrÞ,
and cM�ðrÞ are decomposed into short-range and long-range
terms as6,7

cMHðrÞ ¼ cMH
SRðrÞ � qMqH�ðrÞ=ðkBTÞ; ð5aÞ

cMOðrÞ ¼ cMO
SRðrÞ þ 2qMqH�ðrÞ=ðkBTÞ; ð5bÞ

cMþðrÞ ¼ cMþ
SRðrÞ � qMqþ�ðrÞ=ðkBTÞ; ð5cÞ

cM�ðrÞ ¼ cM�
SRðrÞ þ qMqþ�ðrÞ=ðkBTÞ; ð5dÞ

�ðrÞ ¼ erfð�rÞ=r; ð5eÞ

where kBT is the Boltzmann constant times the absolute tem-
perature, erfðxÞ denotes the error function, and � is a parameter
whose order of magnitude is unity. The Fourier transform of
Eq. 5 is expressed by

CMHðkÞ ¼ CMH
SRðkÞ � qMqH�ðkÞ=ðkBTÞ; ð6aÞ

CMOðkÞ ¼ CMO
SRðkÞ þ 2qMqH�ðkÞ=ðkBTÞ; ð6bÞ

CMþðkÞ ¼ CMþ
SRðkÞ � qMqþ�ðkÞ=ðkBTÞ; ð6cÞ

CM�ðkÞ ¼ CM�
SRðkÞ þ qMqþ�ðkÞ=ðkBTÞ; ð6dÞ

�ðkÞ ¼ 4� expf�k2=ð4�2Þg=k2: ð6eÞ

Substituting Eq. 6 into Eq. 1 and using Eq. 3 yields

FMNðkÞ ¼ �Sf2CMH
SRðkÞ þ CMO

SRðkÞgHNOðkÞ
þ �þfCMþ

SRðkÞHNþðkÞ þ CM�
SRðkÞHN�ðkÞg

þ qMqN�ðkÞ=ðkBTÞ: ð7Þ

Since �ðkÞ ! 1 as k ! 0, the numerical transform is
performed as follows.
(a) Calculate FMNðkÞ using Eq. 7.
(b) Obtain the back transform of fFMNðkÞ � qMqN�ðkÞ=ðkBTÞg.
(c) Add qMqN�ðrÞ=ðkBTÞ to the result from step (b) to obtain
fMN ðrÞ.
The PMF �MNðrÞ is then obtained from

�MNðrÞ=ðkBTÞ ¼ uMNðrÞ=ðkBTÞ þ sMNðrÞ; ð8aÞ
sMNðrÞ ¼ � fMNðrÞ; ð8bÞ

where uðrÞ is the pair potential. In Eq. 8, uðrÞ=ðkBTÞ and sðrÞ
are referred to as the direct interaction term and the solvation
term, respectively. The solvation free energy ��S of a solute
atom is also calculated using the Singer–Chandler formula.20

The coordination number of counterions around an isolated
atom is defined by

nþ ¼ 4��þ

Z rmin

0

r2gAþðrÞdr; gAþðrÞ ¼ hAþðrÞ þ 1; ð9aÞ

n� ¼ 4���

Z rmin

0

r2gC�ðrÞdr; gC�ðrÞ ¼ hC�ðrÞ þ 1; ð9bÞ

where rmin is the position of the first minimum in gAþðrÞ
or gC�ðrÞ calculated in step (2). In the 1M-solution, �þd

3 ¼
��d

3 ¼ 0:013224.
A pair of solute atoms separated by distance R, which is

treated as a supermolecule with two interaction sites, is also

1 2 3
-3

-2

-1

0

1

2

r/d

C
ha

ng
e 

in
 P

M
F 

Sc
al

ed
 b

y 
k 

 T B

3D, Na  -Cl+ -

1D, Na  -Cl+ -

3D, Cl -Cl- -

1D, Cl -Cl- -

3D, Na+-Na+

1D, Na+-Na+
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‘‘PMF in pure water’’, calculated for Naþ–Naþ, Naþ–Cl�,
and Cl�–Cl� using the 1D- and 3D-DRISM theories. The
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immersed in pure water and in salt solution at the infinite dilu-
tion limit. The pair correlation functions for one of the solute
atoms and counterions thus obtained are spherically averaged
and denoted by g�AþðrÞ and g�C�ðrÞ. As R ! 1, g�AþðrÞ !
gAþðrÞ and g�C�ðrÞ ! gC�ðrÞ for all r. The information on
the structure of counterions near the pair of solute atoms is
contained in the following:

�gAþðr;RÞ ¼ g�AþðrÞ � gAþðrÞ; ð10aÞ
�gC�ðr;RÞ ¼ g�C�ðrÞ � gC�ðrÞ: ð10bÞ

Numerical Method. A sufficiently long range rL is divided
into N grid points (ri ¼ i�r, i ¼ 0; 1; . . . ;N � 1; �r ¼ rL=N)
and all the functions are represented by their values on these
points. N and �r are set at 4096 and 0:02d (d ¼ 0:28 nm),
respectively. The resultant nonlinear simultaneous equations
are solved using our hybrid algorithm,6,7 where the Newton–
Raphson (NR) method is judiciously combined with the Picard
iteration. The so-called coarse variables are converged in the
inner NR loop and the fine variables are updated in the outer
Picard loop. In steps (2) and (3), the Jacobian matrix is part
of the input data and is kept constant. The algorithm is very
powerful and for a new calculation there is no need to prepare
the correlation functions that converged under another calcula-
tion condition. With the crude initial guesses given by

fMJðrÞ ¼ �qMqJ�ðrÞ; M ¼ A;C; J ¼ H;O;þ;� ð11Þ

and the severe convergence criterion,

Eout ¼
X

J¼H;O;þ;�

XN�1

i¼0

jfMJði�rÞ

� fMJði�rÞ=f4N fMJði�rÞgj < 10�7; ð12Þ

converged solutions are obtained in only 20 to 30 total NR
iterations (� ¼ 2:6).

Results and Discussion

Direct Interaction Term and Solvation Term. As Eq. 8
indicates, the PMF between a pair of solute atoms can be de-
composed into the direct interaction term uðrÞ=ðkBTÞ and the
solvation term sðrÞ. Figure 2a shows uCCðrÞ=ðkBTÞ and sCCðrÞ
(both in pure water and in 1M-NaCl solution) and Figure 2b
shows uACðrÞ=ðkBTÞ and sACðrÞ. As the solute atoms approach
each other, sCCðrÞ decreases while uCCðrÞ=ðkBTÞ increases, and
sACðrÞ increases while uACðrÞ=ðkBTÞ decreases except at very
small separations where the direct core repulsion dominates.
In this sense, the direct interaction term and the solvation term
are opposing. An important point is that the solvation term is
enhanced by the salt addition. The absolute value of the
PMF that is obtained as the sum of the two terms is two orders
of magnitude smaller than the absolute values of the two terms,
and thus the small change in the solvation term caused by the
salt addition is crucially important. Hereafter, the two terms
are simply referred to as the direct interaction and the solva-
tion, respectively.

Potentials of Mean Force in 1M-NaCl Solution. The
very small separations where the core repulsion dominates
are excluded from the discussion. �AAðrÞ=ðkBTÞ is plotted in
Figs. 3a and 3b. Two cases, where the full partial charge is
assigned to atom A and where the charge is set at zero, respec-

tively, are considered in pure water and in 1M-NaCl solution.
In the case of full charges in pure water, �AAðrÞ=ðkBTÞ is
repulsive except at small separations and it converges rather
slowly to uAAðrÞ=ð"WkBTÞ ("W is the dielectric constant of wa-
ter). By the salt addition, �AAðrÞ=ðkBTÞ exhibits a pronounced
downward shift due to the enhanced solvation described
above. It becomes short range and rapidly converges to zero.
The first and second minimums correspond to the contact atom
pair and the solvent-separated atom pair, respectively.3,4 The
DRISM theory overestimates the depth of the first minimum
of �AAðrÞ=ðkBTÞ both in pure water and in salt solution
(the accurate PMF in pure water could be repulsive at all sep-
arations),3,4 but the difference between the two curves is
quantitatively reliable as mentioned above. When the charge
of atom A is set at zero, the PMF exhibits a pattern of the
so-called hydrophobic interaction. By the salt addition, the
hydrophobic interaction becomes slightly stronger (the hydro-
phobicity of the solute atoms increases to a small extent), but
the two curves in pure water and in salt solution are similar to
each other. The PMF for the zero charges in pure water is
considerably different from that for the full charges in salt
solution.
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�CCðrÞ=ðkBTÞ is plotted in Fig. 3c. Two cases, where the
full partial charge is assigned to atom C and where the charge
is set at zero, respectively, are considered. In the case of full
charges in pure water, �CCðrÞ=ðkBTÞ is repulsive at almost
all separations and it converges rather slowly to uCCðrÞ=
ð"WkBTÞ. The salt effects are qualitatively similar to those ob-
served for �AAðrÞ=ðkBTÞ, though the contact atom pair is un-
stable and the first minimum corresponds to the solvent-sepa-
rated atom pair.3,4 When qC is set at zero and the electrostatic
repulsion is removed, the atoms come much closer to each oth-
er due to their small sizes. Large stabilization occurs at con-
tact, which is absent in the case of full charges in salt solution.

�ACðrÞ=ðkBTÞ is plotted in Fig. 3d. Two cases, where the
full partial charges are assigned to the atoms and where the
charges are set at zero, respectively, are considered. In the case
of full charges in pure water, �ACðrÞ=ðkBTÞ is attractive except
at some small separations and it converges rather slowly to
uACðrÞ=ð"WkBTÞ. By the salt addition, �ACðrÞ=ðkBTÞ exhibits
an upward shift due to the enhanced solvation. It becomes
short range and rapidly converges to zero. The DRISM theory
overestimates the depth of the first minimum of �ACðrÞ=ðkBTÞ
both in pure water and in salt solution,3,4 but the difference be-

tween the two curves is quantitatively reliable. The first and
second minimums correspond to the contact atom pair and
the solvent-separated atom pair, respectively.3,4 Again, the
PMF for the zero charges in pure water is considerably differ-
ent from that for the full charges in salt solution.

The pair correlation functions for solute atoms with partial
charges, gAþðrÞ and gC�ðrÞ, have sharp first peaks, indica-
ting the preferential binding of counterions. Figures 4a and
4b show �gC�ðr;RÞ (see Eq. 10) for the C–C pair and
�gC�ðr;RÞ for the A–C pair, respectively. For the C–C pair
�gC�ðr;RÞ becomes progressively larger as the two solute
atoms approach each other. For the A–C pair, �gC�ðr;RÞ at
small r exhibits an oscillation against the change in R, but as
a whole it takes a larger, negative value as the two solute
atoms approach each other. The binding of anions to a posi-
tively charged solute atom becomes stronger with decreasing
R when the partial charge of the partner solute atom is positive,
while it becomes weaker when the partner carries a negative
partial charge.

If the charges of solute atoms are set at zero and the atoms
are considered in pure water, the PMF exhibits a pattern of the
hydrophobic interaction. It is much closer to the PMF for the
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full charges in salt solution than to that for the full charges in
pure water in the sense that it is short range. However, at small
separations it is quite different from the PMF for the full
charges in salt solution. It is true that in salt solution the atomic
charges are screened by the counterions, but considering the
screening effects by setting the charges at zero and immersing
the atoms in pure water gives no good approximation.

Effects Due to Salt Concentration. The behavior of the
PMF is strongly dependent on the salt concentration, as illus-
trated for �AAðrÞ=ðkBTÞ in Figs. 5a and 5b. The salt is NaCl
and the full charge is assigned to atom A. The addition of in-
creasing concentration of salt gradually leads from repulsive to
attractive interactions. Even at the lowest concentration 0.1 M,
the PMF exhibits a significantly large, downward shift and be-
comes much shorter range. When the salt concentration is suf-
ficiently high (>1M), the PMF is attractive at all separations
except in the region where the direct core repulsion dominates.
As Figure 5c shows, �CCðrÞ=ðkBTÞ exhibits a similar change
for the increase in the salt concentration. This suggests that
the qualitative aspects of the conclusions are dependent neither
on the solute sizes nor on the magnitudes of partial charges.

�ACðrÞ=ðkBTÞ as a function of the salt concentration is illus-
trated in Fig. 5d. The salt is NaCl and the full charges are as-

signed to atom A and to atom C. The addition of increasing
concentration of salt gradually leads from attractive to repul-
sive interactions. When the salt concentration is sufficiently
high (>1M), the PMF is repulsive except in the narrow region
near the first minimum. Since the DRISM theory overestimates
the depth of the first minimum of�ACðrÞ=ðkBTÞ,1,2 the accurate
PMF in the narrow region should be more repulsive.

Physical Interpretation of the Observed Salt Effects.
The very small separations where the core repulsion dominates
are excluded from the discussion. The PMF is ‘‘the system free
energy in the state where centers of the solute atoms are sep-
arated by distance r’’–‘‘the system free energy in the state
where the solute atoms are infinitely separated’’. It is conve-
nient to decompose the solvation sðrÞ into its energetic and en-
tropic components:

sðrÞ ¼ sEðrÞ þ f�TsSðrÞg: ð13Þ

The PMF can then be written as

�ðrÞ=ðkBTÞ ¼ uðrÞ=ðkBTÞ þ sEðrÞ þ f�TsSðrÞg: ð14Þ

Kovalenko and Hirata3,4 calculated fuðrÞ=ðkBTÞ þ sEðrÞg and
f�TsSðrÞg for like- and unlike-charged ions in pure water
and showed that the magnitude of the former is comparable
with that of the latter. This means that sEðrÞ for like-charged
ions is largely negative (strongly attractive) while sEðrÞ for un-
like-charged ions is largely positive (strongly repulsive). Note
that juðrÞ=ðkBTÞj and jsEðrÞj are much larger than jf�TsSðrÞgj.
They also showed that f�TsSðrÞg is positive for like-charged
ions while it is negative for unlike-charged ions. In the next
two paragraphs, we give physical interpretations of the results
calculated by Kovalenko and Hirata,3,4 which were not de-
scribed in their articles, and of the salt effects observed in
our analysis.

The observation that the direct interaction and the solvation
are opposing is ascribed to the feature that uðrÞ=ðkBTÞ and sEðrÞ
are opposing. As the solute atoms with like partial charges ap-
proach each other, the direct interaction uðrÞ=ðkBTÞ becomes
more repulsive. However, the electric field near the solute
atoms increases as they approach each other. First, let us con-
sider the solvation in pure water. As a result of the increased
electric field, hydrogen atoms (with positive partial charges)
or oxygen atoms (with negative partial charges) of water mole-
cules are more strongly attracted to the solute atoms and the
stabilization by the electrostatic interaction becomes larger,
leading to more negative sEðrÞ. The more ordered arrangement
of water molecules gives rise to more positive f�TsSðrÞg. An
important point is that sEðrÞ is not strong enough to cancel
[uðrÞ=ðkBTÞ þ f�TsSðrÞg]. The reason for this is that when
oxygen atoms come closer to solute atoms with positive partial
charges, for example, hydrogen atoms also come closer un-
avoidably. We now discuss the solvation in salt solution. When
salt is added to water, anions are attracted to the solute atoms
with positive partial charges with very few cations accompany-
ing the anions. Thus, the electrostatic stabilization arising from
the increased electric field becomes larger (i.e., the sensitivity
to a change in the strength of the electric field is higher) than in
pure water. This leads to even more negative sEðrÞ and more
positive f�TsSðrÞg. The result, the PMF exhibits a downward
shift by the salt addition, indicates that the change in sEðrÞ
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Fig. 4. The function �gC�ðr;RÞ defined by Eq. 10 in 1 M-
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ions. (a) For the C–C pair. (b) For the A–C pair.
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dominates and sðrÞ becomes more negative (i.e., the solvation
becomes stronger). As the salt concentration increases, the sol-
vation becomes progressively stronger and eventually surpass-
es the direct interaction. When the salt concentration is suffi-
ciently high, at all separations the solvation predominates over
the direct interaction and the PMF becomes attractive. As the
partial charge increases, both the direct interaction and the sol-
vation become stronger. In pure water, the enhancement of the
former dominates and the PMF becomes more repulsive. In
salt solution, by contrast, if the salt concentration is sufficiently
high, the enhancement of the solvation dominates, leading to a
shift of the PMF in a more attractive direction. A result show-
ing this is presented in the next section.

When solute atoms with unlike partial charges approach
each other, uðrÞ=ðkBTÞ becomes more attractive. However,
the electric field near each of the solute atoms decreases as
they approach each other. As a result, in pure water, hydrogen
or oxygen atoms of water molecules are less strongly attracted
to the solute atoms and the stabilization by the electrostatic in-
teraction becomes smaller, leading to more positive sEðrÞ. The
less ordered arrangement of water molecules leads to more
negative f�TsSðrÞg. In pure water [uðrÞ=ðkBTÞ þ f�TsSðrÞg]

is generally dominant. When salt is added to water, due to
the higher sensitivity to a change in the strength of the electric
field, sEðrÞ becomes even more negative and f�TsSðrÞg be-
comes more negative. The result, that the PMF exhibits an up-
ward shift by the salt addition, indicates that the change in
sEðrÞ dominates and sðrÞ becomes more positive. As the salt
concentration increases, the solvation becomes progressively
stronger. When the salt concentration is sufficiently high, ex-
cept in the narrow region near the first minimum, the solvation
is dominant and the PMF becomes repulsive.

Effects Due to Salt Species. The size of the counterions
has large effects on the PMF. �AAðrÞ=ðkBTÞ in 1 M-KCl solu-
tion is compared with �AAðrÞ=ðkBTÞ in 1 M-NaCl solution in
Fig. 6a. The PMF in pure water is also included in the Figure.
The full charge is assigned to atom A. The downward shift
caused by the salt addition is more pronounced for NaCl than
for KCl. The coordination number (see Eq. 11) of cations
around atom A calculated is nþ ¼ 0:558 for Naþ and nþ ¼
0:164 for Kþ. Thus, the ability of cations to change the PMF
between solute atoms with negative partial charges follows
the order Naþ > Kþ: The ability is higher for a smaller ionic
size. The coordination number, which gives a measure of the
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strength of cation binding, follows the same order.
The effects of anion species on �CCðrÞ=ðkBTÞ are illustrated

in Fig. 6b. The PMF in pure water is also included in the
Figure. The full charge is assigned to atom C. The downward
shift of the PMF becomes more pronounced as the anion size
increases. The coordination number of anions around atom C
calculated is n� ¼ 0:309 for Cl�, n� ¼ 0:430 for Br�, and
n� ¼ 0:543 for I�. Figure 7 shows �gC�ðr;RÞ for the C–C pair
in 1M-KI solution. As the two solute atoms approach each
other, the binding of iodide ions becomes increasingly strong-
er. This is more remarkable than in the case of the binding of
chloride ions shown in Fig. 4b. To assure the effects due to
anion species observed, new calculations have been per-
formed. The partial charge of atom A is multiplied by �1

(i.e., the charge is now positive) with the other parameters
unchanged and this solute atom is referred to as atom A0.
The effects of anion species on �A0A0 ðrÞ=ðkBTÞ are illustrated
in Fig. 8. The downward shift of the PMF certainly becomes
more pronounced as the anion size increases. Thus, the ability
of anions to change the PMF between solute atoms with posi-
tive partial charges follows the order I� > Br� > Cl�, which

is opposite to the Hofmeister series: The ability becomes high-
er as the ionic size increases. The coordination number, which
gives a measure of the strength of anion binding, follows the
same order. The effects due to the magnitude of the partial
charge can be understood by comparing Fig. 6b and Fig. 8.
As the magnitude increases, the PMF in pure water becomes
more repulsive, whereas the PMF in salt solution becomes
more attractive. The downward shift is particularly appreciable
in the case of KI.

As expected, the effects of anion species on �AAðrÞ=ðkBTÞ
(these are illustrated in Fig. 9) and those of cation species on
�CCðrÞ=ðkBTÞ are small. The ability of ions to shift the PMF
in a more attractive direction and to make it much shorter
range follows the orders: Naþ > Kþ and Cl� > Br� > I�.
The ability becomes higher as the ionic size decreases for both
the cations and the anions.

The partial charge of atom C is set at zero and �CCðrÞ=ðkBTÞ
is calculated for 1M-NaCl, KCl, KBr, and KI solutions. The
PMF between solute atoms with zero partial charges in salt so-
lution is only slightly different from the PMF in pure water.
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Overall, the salt addition leads to a minor, downward shift
of the PMF, which is indicative of enhanced hydrophobicity.
The ability of salt to shift the PMF follows the order:
NaCl > KCl > KBr > KI. The ability becomes higher as the
ionic size decreases for both the cations and the anions. This
result can be interpreted as follows. The structure of solution
becomes more rigid due to the salt addition21 and the work re-
quired to create a cavity large enough to accommodate a hy-
drophobic solute molecule increases, leading to the enhanced
hydrophobicity. Smaller ions are more strongly hydrated, giv-
ing rise to the greater rigidity of the solution structure. It fol-
lows that the ability of ions in decreasing the solubility of no-
ble gases13,17 and hydrophobic molecules such as benzene22,23

follows the order: Naþ > Kþ and Cl� > Br� > I�, which is
consistent with the Hofmeister series.

Physical Interpretation of the Observed Effects Due to
Cationic and Anionic Sizes. As mentioned above, the
change in the PMF caused by the salt addition is governed
by the change in sEðrÞ. The counterions bind to solute atoms
with large partial charges and the solvation is enhanced. The
stronger the binding is, the larger the PMF change is. Howev-
er, the degree of the binding depends on the size of the coun-
terions. The degree could be determined by the competition of
two major factors. These are the work required to destroy the
hydration shells of counterions (factor 1) and the energy gain
(i.e., stabilization by the direct electrostatic attractive interac-
tion) that occurs when the counterions bind to the solute atoms
(factor 2). From the standpoint of factor 1, smaller counterions
are more strongly hydrated, leading to more work required and
weaker binding. From the standpoint of factor 2, smaller coun-
terions can get closer to the solute atoms, resulting in more
energy gain and stronger binding.

The results from a theoretical analysis on the salt-species ef-
fects can be dependent on the size parameters chosen for the
ions and the solute atoms. Under the calculation conditions de-
scribed above, the cations (Naþ and Kþ) and the anions (Cl�,
Br�, and I�) behave differently. When the ionic size becomes
larger, both factor 1 and factor 2 decrease, but for the cations
the decrease in factor 2 is dominant, with the result of the

weaker binding. For the anions, the decrease in factor 1 dom-
inates and the binding of a larger anion is stronger. The ability
of counterions to change the PMF follows the orders: Naþ >
Kþ and I� > Br� > Cl�. With the conventional model treat-
ing water as the dielectric continuum, the electrostatic interac-
tion between a counterion and a solute atom is simply the di-
rect Coulomb potential divided by "W. This implies that small-
er counterions always bind to the solute atoms more strongly,
leading to the opposite result for the anions. The ion-size ef-
fects can correctly be described only by employing the molec-
ular model for water.

The hydration free energy ��S of a hard-sphere ion carry-
ing a positive or negative charge in pure water is calculated as
a function of the hard-sphere diameter dHS. The result is plot-
ted in Fig. 10. The absolute value of ��S represents the
strength of the hydration and could be a measure of the work
required to destroy the hydration shell of an ion (this is de-
scribed above as factor 1), and the value of � roughly corre-
sponds to dHS. As dHS becomes larger, both j��Sj and the
slope decrease. Anions are usually larger than cations, but
for a given value of dHS, j��Sj and the slope for anions are
much larger than for cations. The difference between Naþ

and Kþ in the value of � is 0.088 nm, and the increase of
dHS from 0.226 nm (the value of � of Naþ) by this amount
leads to j��Sj that is �20 kcal/mol smaller. The value of �
of I� is 0.062 nm larger than that of Cl�, and the increase
of dHS from 0.392 nm (the value of � of Cl�) by this amount
leads to j��Sj that is �21 kcal/mol smaller. The numbers, 20
and 21, are almost the same. The energy gain, which occurs
when an ion binds to a solute atom (the size of atom A and
atom A0 is 0.285 nm) with a partial charge in the opposite sign
(this is described above as factor 2), decreases both when dHS
increases from 0.226 nm by 0.088 nm and when dHS increases
from 0.392 nm by 0.062 nm. However, the decrease in the for-
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mer is more pronounced. Though the effects due to the ionic
sizes are to be investigated more extensively in future studies,
we suggest that, when the ionic size increases, for the anions
the decrease in factor 1 is dominant and the binding becomes
stronger whereas for the cations the decrease in factor 2 is
dominant and the binding becomes weaker.

Relevance to Conformational Transition
of Biomolecules

Conformational Transition and Solubility Change for
Peptides and Proteins with Many Positively Charged
Groups in Side Chains. We limit our discussions to the
effects due to monovalent anions. It was experimentally ob-
served that �-lactamase, cytochrome c, and apomyoglobin
are extremely unfolded under conditions of pH � 2 and low
ionic strength, but they are refolded to molten-globule-like
conformations by the salt addition.8,9 Although melittin at mi-
cromolar concentrations is unfolded under conditions of low
ionic strength and neutral pH, it adopts a tetrameric helical
structure when salt is added to the solution. The ability of salt
to cause the conformational transition is strongly dependent on
anion species and follows the order I� > Br� > Cl�. It was
found by another group24–26 that the solubility of lysozyme
is greatly decreased by the salt addition. A finding is that the
efficiency of anions in decreasing the solubility of lysozyme
at pH � 4:5 is strong and follows the order I� > Br� > Cl�,
whereas that of cations is weak. They also used small-angle
X-ray scattering for lysozyme to characterize the salt effects
on the protein–protein interactions and observed that the addi-
tion of increasing concentration of salt gradually leads from re-
pulsive to attractive interactions.24 Recently, Henkels et al.27

investigated an anion-induced folding of the P protein and re-
ported that the effectiveness of anions in stabilizing the folded
protein follows the order I� > Br� > Cl�, while cations have
almost no effects.

The results of our theoretical analysis show that the PMF
between solute atoms with large, like partial charges exhibits
a drastic change when salt is added to water. It becomes attrac-
tive at all separations under the condition of sufficiently high
salt concentration. When the partial charges are positive, the
ability of salt to cause the PMF change is strongly dependent
on anion species and follows the order I� > Br� > Cl�. Since
these properties originate exclusively from electrostatics, they
are generally applicable to the interaction between positively
charged groups and are relevant to the experimental results
mentioned above. The repulsive interactions among positively
charged groups in the side chains immersed in pure water often
induce a protein molecule to take a less compact, unfolded
conformation. Our results indicate that the interactions change
into attractive ones due to the salt addition and that the confor-
mational transition to a more compact, folded conformation is
caused. The overall protein–protein interactions also become
far more attractive and drive the protein molecules to aggre-
gate, leading to a decrease in the protein solubility. The ability
of salt to cause the conformational transition and the solubility
decrease is strongly dependent on anion species and follows
the order I� > Br� > Cl�. The qualitative aspects of the ex-
perimental observations8–10,24–27 can thus be explained.

B–Z Transition of DNA. An interesting example of an

induced DNA structural transition in aqueous solution is the
right-to-left (B–Z) transition of d[(G–C)] polymers and oligo-
mers induced by increasing salt concentration.11,12 The ability
of salt to cause the structural transition is strongly dependent
on cation species12 and follows the order: Naþ > Kþ >
Rbþ > Csþ. For example, the transition from the B-form to
the Z-form occurs at �2:3M for NaCl and at �4:7M for CsCl.
Hirata and Levy28 considered the B–Z transition of DNA, but
their work had two aspects to be improved: They treated water
as a dielectric continuum and the effects due to the cationic
size were not discussed. Soumpasis29 dealt with the cationic
size effects but he employed the dielectric continuum model
for water.

The results of our theoretical analysis suggest that the PMF
between negatively charged groups becomes progressively
more attractive as the salt concentration increases. With in-
creasing salt concentration, contacts of negatively charged
groups are more stabilized or negatively charged groups are
driven to become closer together. In our view, the major geo-
metric difference between B-DNA and Z-DNA with regard to
electrostatic properties is that the negatively charged phos-
phates are relatively much closer together in Z-DNA.30 It is ex-
pected that, when the concentration is sufficiently high, the sol-
vation free energy of the Z-form will become considerably
lower than that of the B-form from the electrostatic viewpoint.
Considering our results, we can infer that the ability of cations
to cause the structural transition becomes higher as the cationic
size decreases, which is opposite to the case of 3.1 in terms of
the ion-size effects. These results are qualitatively in good ac-
cord with the experimental observations11,12 mentioned above.

Concluding Remarks

We have analyzed the potential of mean force (PMF) be-
tween solute atoms with like, unlike, or zero partial charges
immersed in pure water and in solutions of various salts (NaCl,
KCl, KBr, and KI) using the dielectrically consistent reference
interaction site model (DRISM) theory. As for the PMF be-
tween solute atoms with like partial charges, the addition of in-
creasing concentration of salt gradually leads from repulsive to
attractive interactions. The most striking result is that when the
salt concentration becomes sufficiently high, the contact of
like-charged atoms is stabilized. Moreover, the stability is
even enhanced as the magnitude of the partial charge increas-
es. For positive charges, the ability of salt to change the
PMF is governed by anion species and follows the order
I� > Br� > Cl�: The ability becomes higher as the anionic
size increases. For negative charges, by contrast, the ability be-
comes higher as the cationic size decreases and follows the or-
der Naþ > Kþ. As for the PMF between solute atoms with un-
like charges, the addition of increasing concentration of salt
gradually leads from attractive to repulsive interactions. The
contact of unlike-charged atoms is less stabilized than in pure
water. It is interesting to note that, in salt solution, the PMF
between like-charged solute atoms can be considerably more
attractive than the PMF between unlike-charged solute atoms.

Some qualitative aspects of the salt-induced conformational
transition and the solubility change experimentally observed
for biomolecules are completely independent of specific chem-
ical or conformational properties of individual biomolecules.
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As the first step of the research, it is reasonable to deal with
such general aspects rather than with specific details. In the
present article, we have given physical insights into the results
of our analysis, which are fairly general. We have then dis-
cussed the relevance to the salt effects for two typical exam-
ples in which like-charged groups are driven to become closer
together by the salt addition. The first example is the confor-
mational transition and the solubility decrease caused by the
salt addition for peptides and proteins with many positively
charged groups in the side chains, and the second one is the
salt-induced B–Z transition of DNA with many negatively
charged phosphates. In the first example, the ability of salt
to cause the conformational transition is strongly dependent
on anion species and follows the order I� > Br� > Cl�. In
the second example, the ability of salt to cause the structural
transition is strongly dependent on cation species and follows
the order Naþ > Kþ > Rbþ > Csþ. The ability becomes high-
er as the anionic size increases in the first example, whereas in
the second one it becomes higher as the cationic size decreas-
es. These experimental observations are qualitatively in good
agreement with our theoretical results.
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