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Abstract

Effects of salt addition on strength and dynamics of hydrophobic interactions are
investigated by molecular dynamics simulations for hydrophobic solutes in aqueous
solution of various salts such as sodium chloride, ammonium chloride, and guani-
dinium chloride. Hydrophobic interaction is reduced by ammonium chloride, en-
hanced by sodium chloride, and strongly enhanced by guanidinium chloride. Addi-
tion of salts tends to delay the relaxations of hydrophobic associations by reducing
water diffusivities and enhancing structuring of water. The underlying molecular
mechanisms are discussed in detail.

1 Introduction

Hydrophobic effects are observed in many important biological phenomena.
For instance, hydrophobic interaction is one of the major driving forces in
protein folding [1-4]. Hydrophobic interactions consist of a direct interaction
between the nonpolar groups and indirect effects of aqueous solutions. Al-
though water is a dominant component, numerous other molecules are also
present in these solutions. The subjects of salt, cosolvent and other additive
effects on biological molecules have been reviewed in the literature [5-7]. The
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key factors for understanding their effects on biological molecules are associ-
ated with the hydrophobic effects.

The effects of salts on solubility and hydrophobic hydration processes have
often been studied using molecular theory and simulations [8-11]. However,
salt or cosolvent effects on hydrophobic interactions have not yet been studied
well except for some investigations [12-14]. Above all, the study by Ghosh et
al. [12] was the first attempt to quantify the salt dependence of hydrophobic
interactions. They interpreted salt dependence of hydrophobic interactions
within the framework of preferential interactions by Timacheff [7].

The present study focuses on the dependence of hydrophobic interactions on
salt species. The salts studied in this work are sodium chloride (NaCl), ammo-
nium chloride (NH4Cl), and guanidinium chloride (GdmCl). The salts stud-
ied here are associated with the Hofmeister series [5,6]; NH4Cl brings about
salting-out and stabilizing effects on peptides and proteins, and GdmCl pro-
duces salting-in and denaturing effects, while NaCl gives intermediate effects
[5,6,15]. One of the goals of our study is to explore their underlying mecha-
nisms.

Here we employ molecular dynamics (MD) simulations to investigate the salt
dependence of hydrophobic interactions. We calculate the pair potential of
mean force (PMF) between methanes as a quantitative measure of hydropho-
bic interactions. We focus on such effects of salts on hydrophobic interactions
as the change in the PMF upon salt additions, and study their molecular
mechanisms.

In order to fully understand the kinetics of dynamical processes such as pro-
tein folding, however, it is important to know the relaxation and lifetimes
of hydrophobic associations [16]. Thus we also calculate the distinct part of
van Hove function (DVH) between methanes. This DVH provides the com-
prehensive information on the dynamics of hydrophobic associations. We thus
investigate the dynamical processes of hydrophobic associations and their salt
dependence.

This paper is organized as follows: Computational details are shown in Sec-
tion 2. In Section 3, we present the results obtained from MD simulations.
Both strength and kinetics of hydrophobic interactions are changed by the
addition of salts. Then structural features in each aqueous solution are pre-
sented. Further, we discuss the correlation between hydrophobic interactions
and structural features in aqueous solutions. The main results are briefly sum-
marized in the concluding Section 4.
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2 Computational methods

We performed molecular dynamics (MD) simulations of methanes in aqueous
solutions of various salts (NaCl, NH4Cl, and GdmCl) using TINKER software
[17]. The number and concentration of molecular species included in each
simulation are given in Table 1. The molar concentrations of each salt were
set at approximately 2 M for which the qualitative difference of salt additions
becomes clear in a moderate way [12,15]. The TIP3P model for water [18],
the OPLSAA models for the salt ions [19,20], and the spherically symmetric
Lennard-Jones (LJ) model for methane molecules [12,21] were employed. Table
2 lists the LJ parameters and partial charges for all the species used in this
study.

The Beeman algorithm [22] was used for the integration method. Periodic
boundary conditions were applied and the particle mesh Ewald method [23]
was used to calculate the long-range electrostatic interactions without cutoff.
The Lennard-Jones potential contribution were cut off at 9 Å. A time step of
2 fs was employed, and Berendsen’s coupling algorithm was used to maintain
constant temperature [24] with a time constant for heat bath coupling being
set at 0.5 ps. All the hydrogen atoms were constrained at their ideal posi-
tions using the RATTLE algorithm. All the systems were volume equilibrated
at a pressure of 1 atm using Berendsen’s pressure coupling algorithm with a
pressure relaxation time of 0.5 ps. Equilibration runs of 1 ns were followed by
production runs of 10 ns (at each system) in the NVT ensemble at the tem-
perature T = 300 K. Configurations were saved every 0.5 ps for the following
analysis.

3 Results and discussion

3.1 Salt effects on strength of hydrophobic interactions

In order to quantify the hydrophobic interactions we calculate methane-methane
(Me-Me) potentials of mean force (PMF) defined by the following expression:

W (r) = −kBT lng(r), (1)

where g(r) is the Me-Me radial distribution function in aqueous solutions and
kB is the Boltzmann constant. These PMFs provide a quantitative measure of
the strength of hydrophobic interactions at the two-particle level.
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Figure 1 shows the Me-Me PMF, and the changes in the Me-Me PMF upon
salt addition relative to the PMF in pure water, ∆W (r) = W (r)−WNone(r),
obtained from MD simulations. As for the Me-Me PMF in pure water, the con-
tact minimum (CM) is observed at ∼3.9 Å (W = −3.3 kJ/mol), and the sol-
vent separated minimum (SSM) is observed at ∼7.4 Å (W = −0.38 kJ/mol),
whereas desolvation barrier (BARR) appears between the two minima at ∼5.9
Å (W = 0.86 kJ/mol). These features of the PMF in pure water have been
discussed in detail in the literature [25,26].

We are interested in the effects of salts on the hydrophobic interactions. As for
the effects of salts on the Me-Me PMF, we have observed the stabilization by
the addition of NaCl, the destabilization by NH4Cl, and the stabilization by
GdmCl which is stronger than by NaCl. The sensitivity of the PMF to salts
depends on Me-Me separations, which we will describe later. These effects
of salts are varied due to the salt species, which would be ascribed to the
structures of their cations (vide infra).

The following features have been observed about the effect of NaCl on the Me-
Me PMF, as seen in Fig. 1. The addition of NaCl have almost no effect on the
location of CM, BARR, and SSM, which is different from the cases for NH4Cl
and GdmCl. The maximum stabilization occurs for the most compact Me-Me
configuration, and the magnitude of change, ∆W (r), decreases monotonically
with Me-Me separations. These features of the effect of NaCl on the Me-Me
PMF are in agreement with the results obtained by Ghosh et al. [12].

The addition of NH4Cl has a complex effect on the Me-Me PMF. The destabi-
lization occurs for the short Me-Me separations corresponding to the CM and
the BARR configurations, and the less destabilization occurs for the Me-Me
separation of ∼9.0 Å, whereas the stabilization occurs for the SSM configu-
ration. The maximum destabilization occurs at ∼5.1 Å (∆W= 0.86 kJ/mol),
resulting in the inward movement of the BARR in the PMF.

The addition of GdmCl has the most dramatic effect on the Me-Me PMF
among these salts. We observed the outward movement of the location of CM,
BARR, and SSM. The maximum stabilization occurs between 4.2 and 5.1
Å (∆W = −1.6 kJ/mol ), and the less stabilization occurs near ∼8.3 Å, while
almost no change occurs for the Me-Me separation of ∼6.5 Å.

3.2 The dynamical procceses of methane-methane association and their salt
dependence

In order to investigate the dynamics and the lifetime of Me-Me association, we
calculated the Me-Me distinct part of van Hove correlation function (DVH),
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defined by the following expression:

Gd(r, t) =
1

4πr2N

〈
N∑

i,j

N∑

i6=j

δ[r − |ri(0)− rj(t)|]
〉

. (2)

This function provides the probability that at time t a methane is found at a
distance r from an origin, given that another methane is located at the origin
at the initial time, t = 0. At t = 0 the Me-Me DVH is proportional to the
Me-Me radial distribudion function such as Gd(r, t) = ρg(r), whereas at long
times and large separations the position of one methane is uncorrelated with
the earlier position of another methane, limr→∞ Gd = limt→∞ Gd = ρ = N/V .

Figure 2 shows the Me-Me DVHs obtained from MD simulation. The striking
features of these Me-Me DVHs are observed as follows: There are well devel-
oped peak at short time near r = 0, the height of which is larger than the
average density. The height of this peak attains a maximum after a time τmax,
and then decreases again. This result indicates that once a methane has moved
from the location it had at t = 0, there is a high probability that a different
methane will occupy its location, and that this probability is the highest at
the time, and then converges to the average density. We thus define the τmax

as the time where the average value of Gd between 0 and 0.5 Å attains a
maximum, Gmax

d and evaluate the lifetime of Me-Me association, τlife, as the
time when its value first decreases to (Gmax

d + ρ)/2 after a maximum.

As for the Me-Me DVH in pure water, the τmax and the τlife are 7 and 15
ps, respectively. The relaxation of hydrophobic association is considered to be
long, compared to association driven by other interactions. For instance, as
for the DVH between water molecules, e.g., the O-O DVH in pure water, first
peak completely decays at 1 ps and the DVH converges to average density
at 10 ps. In contrast to their relatively weak interactions, the lifetime of Me-
Me association is long, which is considered as the characteristic feature of
hydrophobic interactions; the association is mainly ascribed to the indirect
effects of aqueous solutions. Further as a characteristic feature of Me-Me DVH,
we have observed the developed peak at short time near r = 0, specific to the
case of Me-Me DVHs. We have found that this characteristic feature of Me-Me
DVHs is similar to that of glass forming liquids [27,28]. This similarity seems
to be due to their slow relaxations.

The addition of salts tends to delay the relaxation of Me-Me association. The
τmax and τlife of each system are, 8 and 25 ps in NaCl solution, 47 and 75 ps
in NH4Cl solution, and 26 and 175 ps in GdmCl solution, respectively. The
addition of NaCl has little effects on τmax, while the additions of NH4Cl and
GdmCl increase the τmax. The NH4Cl causes the slower relaxation of the initial
structure, as indicated by the behavior that the first and second peaks of DVH
do not completely decay at 7 ps. The striking feature of the effect of GdmCl
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is the higher peak near r = 0, the height of which is greater than the first
maximum at t = 0.

3.3 Structural features in aqueous solutions and its correlation with methane-
methane association

Figure 3 shows the water-water (O-O) and cation-water radial distribution
functions (RDFs). From the O-O RDFs, the average water structure becomes
more structured by the addition of GdmCl and NH4Cl, as indicated by the
strengthened peaks and dips, while the addition of NaCl leads to a slight
change in O-O RDF. The coordination numbers of water around each cation
are, 3.9 within 3.3 Å of Na+ ion, 4.7 within 3.5 Å of a nitrogen atom of
NH+

4 ion, and 7.1 within 4.4 Å of a carbon atom of Gdm+ ion. To see the
dynamics of water, the diffusion constants of water molecules calculated from
D = 〈∆r2(t)〉/6t are, 5.3±2.1 in pure water, 5.0±1.8 in NaCl solution, 2.4±1.2
in NH4Cl solution, and 2.8±1.7 in GdmCl solution in units of 10−5 cm2/s,
respectively. The addition of NaCl thus has little effect on water diffusivity,
whereas the additions of NH4Cl and GdmCl significantly decrease the water
diffusivity. From these results, NH+

4 and Gdm+ ions are found to make water
molecules around them well structured, resulting in the strengthened first peak
in the O-O RDFs and the decreased diffusivity of water molecules, in contrast
to the little effect of NaCl ions.

The first hydration shell of a Gdm+ ion has a characteristic feature owing to
the planar structure of a Gdm+ ion (see the inset of Fig. 3 (d)). The average
numbers of hydrogen-bonded water molecules per hydrogen atom of Gdm+ ion
is approximately 0.9 (within 2.4 Å of a hydrogen atom) from the H-O RDF
in Fig. 3 (d), and thus there are approximately 5.4 hydrogen-bonded water
molecules per Gdm+ ion. On the other hand, the average hydration number
of Gdm+ ion is 7.1. These results indicate a tendency of relative deficiency
(7.1−5.4=1.7) of hydrating water molecules directly above and below the plane
of Gdm+ ions, and the planar faces of Gdm+ ion behave like hydrophobic
surfaces. In contrast to the high density of the water molecules near the NH2

group of Gdm+ ion, the density of water molecules just above and below the
planar faces of the Gdm+ ion is low. This characteristic feature of a Gdm+

ion has been noted previously by Mason et al. [29,30]. It is also noted that the
use of Delunay-Voronoi tessellation method, which was not employed in the
present study, would be another option for quantitative analysis.

Figure 4 shows the methane-water (Me-O) and methane-cation radial distri-
bution functions (RDFs). As for the effects of salts on the first peak of the
Me-O RDF, the slight enhancement by NaCl, the enhancement by NH4Cl,
and the reduction by GdmCl are observed. Preferential hydration and prefer-
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ential dehydration are defined as cases where the height of first peak of Me-O
RDF is higher or lower than that in pure water, respectively. Karla et al. [9]
have found that preferential hydration leads to salting-out and preferential
dehydration leads to salting-in of hydrophobic solutes in water. Our results
support their findings; the salting-out ions (NH4Cl, NaCl) lead to the pref-
erential hydration and the salting-in ion (GdmCl) leads to the preferential
dehydration.

The contact peak in the Me-Na+ RDF is absent, below the average density,
and smaller than the result by Ghosh et al. [12]. This difference seems to be
due to the smaller value of Lennard-Jones ε parameter for Na+ ions, and in our
simulation there is almost no attraction between methanes and Na+ ions. 1

The distribution of Na+ ions near methane shows the strong depletion of these
ions in the vicinal region relative to their density in the bulk. This preferential
exclusion of Na+ ions results from the favorable hydration of Na+ ions, as
shown by the high first peak of the Na+-O RDF in Fig. 3 (b).

NH+
4 ions show the favorable hydration in the same way as Na+ ions, as seen

in Fig. 3 (c). However, the contact peak appears in Me-NH+
4 RDF in Fig. 4

(c), which is considered to be due to the van der Waals attraction between
methanes and nitrogens. The NH+

4 ions near methanes make water molecules
around methanes well structured, resulting in the enhanced first peak in the
Me-O RDF.

Among these ions, Gdm+ ions interact most preferentially with methanes, as
seen by the higher first peaks of the Me-Gdm+ RDFs in Fig. 4 (d). As seen
from the Me-Gdm+ RDFs in Fig. 4 (d), in the average methane distribution
around Gdm+ ion, the methanes are located near the faces of planar Gdm+

ions. This preferential interaction between methane and Gdm+ ions is due to
the characteristic hydration of Gdm+ ions. The methanes are thus repelled
from water to the location near the faces of Gdm+ ions, in which the density
of water molecules is relatively low (vide supra), leading to the lower first peak
in the Me-O RDF in Fig. 4 (a).

Here we are interested in the correlations between the structure change in
aqueous solutions upon salt additions and the effects of salts on the strength
and dynamics of hydrophobic interactions. The effects of NH4Cl result from
the ability of NH+

4 ions to form water structure in the vicinal region of
methanes and reduce the structural fluctuation. The free energy difference
between the SSM and the BARR is considered as the free energy cost of refor-
mation of water structure around a methane dimer from the SSM to the BARR
configuration. In this interpretation, NH+

4 ions suppress the reformation of wa-

1 The unclear peaks in the Me-Na+ RDF may be partially attributed to the
methane molecules being expressed in terms of spherically symmetric LJ model,
while an analogous model in Ref. [12] shows a more distinct peak.
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ter structure around a methane dimer, leading to the destabilization of the
CM and BARR, and the stabilization of the SSM (See Fig. 1). The slower
relaxation of the initial structure of the Me-Me DVH is thus owing to the
suppression of reformation of water structure around a methane dimer.

The effects of GdmCl are related to the characteristic hydration of Gdm+ ions.
The Me-Me hydrophobic interaction is strongly enhanced in the large solvation
shell surrounded by the planes of Gdm+ ions bridged by water molecules and
Cl− ions as seen in Fig. 5. The ability of Gdm+ ions to form large solvation
shell is ascribed to their characteristic hydration, that is, their tendency of
forming hydrogen bonds with water molecules and enhancing the structuring
of water, and the hydrophobic like behavior of their planar faces. The more
methane aggregation is enhanced, the larger the surface area of methane clus-
ter becomes, thus water molecules having greater difficulty to form a solvation
shell. Thus Gdm+ ions assist methane clustering by forming the large solvation
shell, resulting in the enhanced hydrophobic interaction and the extended life-
time thereof. Methanes can associate more loosely in the large solvation shell,
leading to the outward movement of the CM, the BARR, and the SSM in the
Me-Me PMF.

Urea and Gdm+ ions have analogous salting-in and denaturing effects on
amino acids [31,32] and proteins [33]. Soper et al. [34] have found that urea
tends to form hydrogen bonds with itself, leading to large chains or cluster.
Their and our results suggest that the similar effects of urea and Gdm+ ions are
due to their ability of forming large solvation shell and assisting the dehydra-
tion of hydrophobic molecules; they facilitate formation of empty molecular-
sized cavities by excluding water molecules the vicinal region of hydrophobic
molecules.

In the case of the effects of NaCl solution, we have not found significant
correlations between the structure changes and the effects on the strength
of hydrophobic interaction. Regarding the effects on the Me-Me DVH, the
addition of NaCl has the smallest effects among the salts studied here (Fig.
2), which would be due to its little effects on the average water structure (see
the O-O RDF in Fig. 3). The extension of the Me-Me association lifetime by
NaCl may be associated with the reduction of water diffusivity. The absence
of the contact peak in the Me− Na+ RDF (Fig. 4 (b)) may play a role for the
explanation, which remains to be elucidated.

4 Conclusion

We studied the effects of various salts on the strength and kinetics of hy-
drophobic interactions. The salts studied were sodium chloride, ammonium
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chloride, and guanidinium chloride. Hydrophobic interaction is reduced by
NH4Cl ions, which results from their reduction of structural fluctuation, en-
hanced by GdmCl ions, the effect of which is ascribed to their ability of making
large solvation shells, and slightly enhanced by NaCl, whose detailed mech-
anism remains to be elucidated. Concerning the dynamical aspect, we have
found that the lifetime of hydrophobic associations is long in spite of their
relatively weak interactions, which is considered as characteristic features of
hydrophobic associations mainly due to the indirect effects of aqueous solu-
tions. Addition of salts tends to extend the lifetime of hydrophobic associations
by reducing water diffusivities and enhancing the structuring of water. The
hydrophobic interactions upon salt additions are thus modified on a delicate
balance due to the complex interplay of various molecular interactions.
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Table 1
Number of species contained in the central periodic box for all the simulated systems

Salt Nwater Nmethane Nsalt Salt Concentration (M)

None 515 10 0 0

NaCl 495 10 20 1.98

NH4Cl 470 10 20 2.00

GdmCl 445 10 20 2.02
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Table 2
Partial charges (q), Lennard-Jones interaction parameters (ε and σ) of various atom
types used in MD Simulations. Lorentz-Berthelot mixing rules were used to model
the Lennard-Jones interactions between species of different types.

Species Atom q/e ε (kJ/mol) σ (Å)

Water(TIP3P) O −0.834 0.6359 3.15

H 0.417 0.0 0.0

Methane Me 0.000 1.23 3.73

Na+ Na+ 1.000 0.0116 3.33

NH+
4 N −0.400 0.7116 3.25

H 0.350 0.0 0.0

Gdm+ C 0.640 0.2039 2.25

N −0.800 0.7116 3.25

H 0.460 0.0 0.0

Cl− Cl− −1.000 0.4939 4.41
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Figure captions

Fig. 1. (a) Methane-methane pair potential of mean force, W (r) = −kBT lng(r),
obtained from MD simulations at T=300 K in pure water (solid line), and
aqueous solutions of NaCl (dashed line), NH4Cl (dotted line), GdmCl (dash-
dotted line). (b) Changes in the methane-methane PMF upon salt additions
relative to the PMF in pure water, ∆W (r) = W (r)−WNone(r).

Fig. 2. Methane-methane distinct part of van Hove correlation functions in
pure water (a) and aqueous solutions of NaCl (b), NH4Cl (c), GdmCl (d) at
various t.

Fig. 3. (a) Radial distribution functions (RDFs) of water-water (O-O) in each
system, the RDFs of (b) Na+-water, (c) NH+

4 -water, and (d) Gdm+-water,
where molecular structure of Gdm+ is also displayed.

Fig. 4. (a) Radial distribution functions (RDFs) of methane-water (O) in each
system, and the RDFs of (b) methane-Na+, (c) methane-NH+

4 , (d) methane-
Gdm+.

Fig. 5. A typical snapshot of large solvation shell assisting methane clustering.
Green spheres represent chloride ions, and pink spheres represent methane
solutes. Gdm+ ions and water molecules are dipicted by spacefill and stick
representations, respectively.
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Fig. 3. (a) Radial distribution functions (RDFs) of water-water (O-O) in each sys-
tem, the RDFs of (b) Na+-water, (c) NH+

4 -water, and (d) Gdm+-water, where
molecular structure of Gdm+ is also displayed.
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Fig. 4. (a) Radial distribution functions (RDFs) of methane-water (O) in each sys-
tem, and the RDFs of (b) methane-Na+, (c) methane-NH+

4 , (d) methane-Gdm+.
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Fig. 5. A typical snapshot of large solvation shell assisting methane clustering.
Green spheres represent chloride ions, and pink spheres represent methane solutes.
Gdm+ ions and water molecules are dipicted by spacefill and stick representations,
respectively.
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