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POSITIVELY AND NEGATIVELY
HYDRATED COUNTERIONS IN MOLECULAR
DYNAMICS SIMULATIONS OF DNA DOUBLE HELIXUDC 539.199

The DNA double helix is a polyanionic macromolecule that is neutralized in water solutions by
metal ions (counterions). The property of counterions to stabilize the water network (positive
hydration) or to make it friable (negative hydration) is important in terms of the physical
mechanisms of stabilization of the DNA double helix. In the present research, the effects of
positive hydration of Na+ counterions and negative hydration of K+ and Cs+ counterions
incorporated into the hydration shell of the DNA double helix have been studied using molecular
dynamics simulations. The results have shown that the dynamics of the hydration shell of
counterions depends on the region of the double helix: minor groove, major groove, and outside
the macromolecule. The longest average residence time has been observed for water molecules
contacting with the counterions localized in the minor groove of the double helix (about 50 ps
for Na+ and lower than 10 ps for K+ and Cs+). The estimated potentials of the mean force for
the hydration shells of counterions show that the water molecules are constrained too strongly,
and the effect of negative hydration for K+ and Cs+ counterions has not been observed in the
simulations. The analysis has shown that the effects of counterion hydration can be described
more accurately with water models having lower dipole moments.
K e yw o r d s: DNA, counterion, hydration, residence time, molecular dynamics.

1. Introduction
The DNA macromolecule consists of two polynu-
cleotide chains that, in a water solution, are twisted
around each other as a double helix [1]. The key fea-
ture of the structure, as discovered in the famous re-
search by James Watson and Francis Crick [2] and
supported by X-ray images by Rosalind Franklin [3]
and Maurice Wilkins [4], is that the hydrophobic nu-
cleotide bases are localized inside the double helix,
minimizing the contacts with water molecules, while
the backbone is faced to the solution. The backbone
of the double helix comprises the phosphate groups,
with each of them having a charge equal to –1e. The
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negatively charged phosphate groups attract the pos-
itively charged ions from the solution resulting in the
formation of a shell of counterions around the double
helix [5–7]. The counterions neutralize the phosphate
groups of DNA reducing the electrostatic repulsion of
the opposite strands of the double helix. Therefore,
water molecules and counterions of the ion-hydration
shell around DNA are indispensable for the forma-
tion of the double helix and may be considered as the
integral part of its structure.

The physical properties of the DNA ion-hydration
shell are essentially different from those of bulk water
and depend on the region of the double helix: mi-
nor groove, major groove, and outside the macro-
molecule [8–13]. In the minor groove of the double
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helix, the mean residence time of a water molecule
is the longest (up to 100 ps), while, in the major
groove, especially near the phosphate groups, it is
several times shorter than in the minor groove of the
macromolecule [12, 13]. The counterions can disorder
or stabilize the water structure inside the DNA ion-
hydration shell. Depending on the structure organiza-
tion of water molecules, the ions are usually classified
into the positively hydrated and the negatively hy-
drated ones [14]. In the case of positively hydrated
ions (Li+, Na+, and Mg2+), the water molecules in
the hydration shells are highly ordered, and the mean
residence time of the molecule in the ion’s hydra-
tion shell is much longer than that in the bulk solu-
tion [14]. Therefore, these ions are also known as the
structure-making ions [15]. In the case of negatively
hydrated ions (K+, Rb+, and Cs+), the mean resi-
dence time of water molecules near the ion is shorter
than that in the bulk [14], and the structure of the
hydration shell is more friable than that of pure liq-
uid water. Therefore, these ions are also known as
the structure-breaking ions [15]. The structure and
dynamics of the DNA ion-hydration shell depend on
the character of hydration of counterions.

To describe the structure of the ion-hydration shell
of the DNA double helix, a theory similar to the
statistical theory of electrolytes [16] should be devel-
oped. In the present time, the features of the struc-
ture of the counterion system around DNA are de-
scribed within the framework of different theoretical
approaches. In particular, the polyelectrolyte mod-
els that consider the macromolecule as a chain of
charged beads or as a uniformly charged cylinder
[17, 18] describe the effect of condensation of counte-
rions observed experimentally [19–22]. On the other
hand, considering the structure of DNA with coun-
terions as an ionic-type lattice (ion-phosphate lat-
tice), the vibrations of counterions with respect to
the phosphate groups have been found in the low-
frequency Raman spectra of DNA (<200 cm−1) [23–
28]. The concept of a ion-phosphate lattice has been
proven to be useful for describing different effects of
the DNA-counterion interaction [29, 30]. The exist-
ing theoretical approaches make a general outline of
the structural and dynamical properties of the DNA-
counterion systems.

In the theoretical descriptions, the water around
DNA is usually presented as a continuum with some
dielectric constant. At the same time, for the consid-

eration of the hydration effects of counterions, water
should be considered explicitly. In this regard, the
method of classical molecular dynamics seems the
most appropriate. The molecular dynamics studies
[11, 31–37] have shown that the counterion distribu-
tion around the double helix depends on the sequence
of nucleotide bases, region of the double helix, and is
governed by the interplay between counterions and
water molecules. In particular, the study of the coun-
terion hydration [36] has shown that the structure-
making ions interact with DNA mostly via water
molecules of the hydration shell, while the structure-
breaking ions may squeeze through the DNA hydra-
tion shell to the groove bottom and form long-lived
complexes with the atoms of nucleotide bases. The
difference in the interactions of the structure-making
and the structure-breaking counterions with the DNA
double helix is explained by different structures and
dynamics of the hydration shells of the ions.

The purpose of this research is to study the char-
acter of hydration of Na+, K+, and Cs+ counteri-
ons incorporated into the hydration shell of the DNA
double helix. To solve this problem, the trajectories
of atomistic molecular dynamics simulations of DNA
with counterions have been analyzed. The radial dis-
tribution functions of water molecules with respect to
the ions have been built, and the potentials of mean
force have been derived. The average residence times
of water molecules in the hydration shell of counte-
rions have been estimated. The results have shown
that the dynamics of the hydration shells of counte-
rions depend on the region of the double helix, where
the ion is localized. The positive character of hydra-
tion has been observed for all counterions. The effects
of counterion hydration have been shown to be better
described with the use of the water models involving
lower dipole moments.

2. Materials and Methods

The analysis of the structure and dynamics of the hy-
dration shells of counterions, localized in different re-
gions of the double helix, has been performed through
molecular dynamics simulations [36]. The simulations
[36] were carried out for the model systems of DNA
in water solutions with the counterions. The polynu-
cleotide duplex d(CGCGAATTCGCG) that is known
as the Drew–Dickerson dodecamer [9] was used as the
model of DNA double helix. This fragment of DNA is
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a b
Fig. 1. Structure of the Drew–Dickerson dodecamer
d(CGCGAATTCGCG) [9]. The minor and major grooves are
indicated. Nucleotide color scheme: Cytosine (orange), Gua-
nine (yellow), Adenine (blue), Thymine (purple) (a). Thymine-
Adenine and Guanine-Cytosine nucleotide pairs and the refer-
ence atoms are shown as enlarged spheres with the names of
atoms that were used as reference points for the construction
of the radial distribution functions (b)

characterized by the narrowed minor groove in the re-
gion with AATT nucleotide sequence (Fig. 1, a). The
major groove is visibly wider comparing to the mi-
nor groove. The DNA duplex was immersed into the
water box 64×64×64 Å with the metal ions of a def-
inite type: Na+, K+ or Cs+. The number of coun-
terions was 22 that was equal to the number of the
DNA phosphate groups, making the system electri-
cally neutral. As a result, three systems of DNA wa-
ter solutions with the counterions of different types
were studied: Na-DNA, K-DNA, and Cs-DNA.

The computer simulations [36] were performed
using the NAMD software package [38] and
CHARMM27 force field [39, 40]. The length of all
bonds with hydrogen atoms was taken rigid using the
SHAKE algorithm [41]. The TIP3P water model [42]

Table 1. Reference atoms of the DNA
macromolecule for the radial distribution functions

DNA region Adenine Guanine Thymine Cytosine

Minor groove N3, C2 N3, N2 O2 O2

Major groove N6, C5, O6, C5, O4, C5m, N4, C5,
N7, C8 N7, C8 C6 C6

Phosphates PO1,2 PO1,2 PO1,2 PO1,2

and the Beglov and Roux parameters of ions have
been used [43]. The Langevin dynamics was used for
all heavy atoms at a temperature of 300 ∘K. The to-
tal lengths of the simulation trajectory in the NVT
ensemble were more than 200 ns for each system. The
simulation data were analyzed after 100 ns of the
equilibration of the systems. The details of the simu-
lation process are described in [36].

In the present work, the VMD software [44]
was used for the analysis and visualization. Using
the VMD plug-in [45], the radial distribution func-
tions (RDFs) have been calculated by the following
formula:

𝑔(𝑟) = 𝑝(𝑟)/(4𝜋𝑟2Δ𝑟𝑁𝑝/𝑉 ), (1)

where 𝑝(𝑟) is the average number of atomic pairs
found at the distance within (𝑟÷𝑟 +Δ𝑟); 𝑁𝑝 is the
number of pairs of selected atoms; 𝑉 is the total vol-
ume of the system; Δ𝑟 is the width of histogram
bins which was taken equal to 0.1 Å in the present
work. The average number of atomic pairs has been
calculated every 10000 time steps that is 500 frames
per the nanosecond.

The RDFs have been built for oxygen atoms of
water molecules with respect to the ions localized
in different regions of the double helix: in the mi-
nor and major grooves (RDFminor

Ion and RDFmajor
Ion ),

near the phosphate groups (RDF𝑝ℎ
Ion), and in the bulk

(RDFbulk
Ion ). The counterion has been considered to be

localized in some region of the double helix, if it was
within 5 Å of one of the reference atoms. The refer-
ence atoms of DNA are shown in Fig. 1, b and indi-
cated in Table 1. The same radial distribution func-
tions have been calculated for water molecules with
respect to other water molecules localized in differ-
ent regions of the DNA macromolecule (RDFminor

𝑊 ,
RDFmajor

𝑊 , RDF𝑝ℎ
𝑊 , and RDFbulk

𝑊 ). The reference wa-
ter molecules were not in direct contact with the
atoms of the DNA macromolecule.

3. Results

3.1. Radial distribution functions

The obtained radial distribution functions of water
molecules with respect to the counterions (ion-water
RDFs) are characterized by two maxima: the first is
intense and the second is weak (Fig. 2, a). The posi-
tion of maxima are governed by the size of counterion
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and water molecule. The intensities of the first and
the second maxima depend on a region of the dou-
ble helix, where the counterion is localized. The only
exception was observed in the case of the first max-
imum for ion-water RDFs of Na+ counterions that
have approximately the same height for all regions of
counterion localization. At the same time, in the case
of K+ and Cs+ counterions, the difference is essential
for the first and second maxima.

The RDFs of water molecules with respect to wa-
ter molecules (water-water RDFs) are characterized
by the strong first maximum and a flat curve after
(Fig. 2, b). The second maximum is very weak and
hardly visible. The obtained shapes of the RDFs are
characteristic of the TIP3P water model [42,46]. The
difference between water-water RDFs in the case of
different regions of the double helix is observed only
for the first peak that has always a lower intensity in
the case of water molecules in the minor groove.

3.2. Potential of mean force

A water molecule in the hydration shell of an ion is
trapped in the potential well and separated from the
outer water layer by the potential barrier (Fig. 3). In
the present work, the potential barriers for water
molecules were estimated with the use of the poten-
tials of mean force (PMF) derived from the radial
distribution functions:

𝐸(𝑟) = −𝑘B𝑇 ln (𝑔(𝑟)), (2)

𝑘B is the Boltzmann constant, 𝑇 is the temperature.
The calculated potentials of mean force are charac-

terized by two potential wells (Fig. 4). In the present
work, the dynamics of a water molecule in the first
hydration shell is in the scope of interest. Therefore,
the first potential well and the potential barrier (Δ𝐸)
between the first and second potential wells have been
studied.

The results show that the ion-water PMFs have
different shapes and depths in the case of different
counterions. In the case of Na+, the potential well
is the deepest, whereas, in the case of Cs+, it is the
smallest (Fig. 4, a). The difference of ion-water PMFs
is also observed for different regions of the double
helix, where the counterion may be localized. At the
same time, the water-water PMFs are rather similar,
and the difference is hardly visible for different regions
of the double helix.

a b
Fig. 2. Radial distribution functions (RDFs) for the oxygen
atoms of water molecules with respect to Na+, K+, Cs+ coun-
terions (a) and with respect to the other oxygen atoms of wa-
ter molecules (b) in different regions of the double helix: minor
groove (RDFminor

Ion and RDFminor
𝑊 ), major groove (RDFmajor

Ion

and RDFmajor
𝑊 ), and near the phosphate groups of DNA back-

bone (RDF𝑝ℎ
Ion and RDF𝑝ℎ

𝑊 )

Fig. 3. Schematic structure of the mean field potential en-
ergy of a water molecule derived from the radial distribution
function. Δ𝐸 is the potential energy barrier; 𝐸𝑎 and 𝐸𝑏 are
the energy values in the minimum (𝑟𝑎) and maximum (𝑟𝑏),
respectively
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a b
Fig. 4. Potentials of mean force of water molecules (PMFs).
The PMFs for water molecules with respect to Na+, K+, and
Cs+ in different regions of the double helix (a). The PMF
for water molecules with respect to the oxygen atoms of water
molecules in different regions of the double helix. The lines
correspond to curves fitted to PMF: solid, dashed, and dotted
lines correspond to the cases of the counterion minor groove,
in the major groove, and near the phosphate group of DNA,
respectively (b)

Using the obtained PMFs, the parameters describ-
ing the energy of counterion hydration were calcu-
lated by formula (2). The resulted values of the po-
tential barriers for a water molecule in the hydration
shell of the ion (Δ𝐸ion) are the highest in the case of
Na+ ions, whereas, in the case of K+ and Cs+ ions,

the values of Δ𝐸ion are about two times lower. Such
behaviour is a result of different surface charges of
the ions due to their different sizes. The energy bar-
rier for a water molecule in the hydration shell of the
counterion is much higher than the energy barrier of
a water molecule in the bulk (Δ𝐸ion > Δ𝐸𝑤). Moreo-
ver, in the case of counterions in the minor groove,
the potential barrier is the highest, whereas, in the
case of a counterion near the phosphate groups and
in the bulk, it is much lower (Table 2).

The calculated values of the potential barriers (Ta-
ble 2) have been compared with the results of molec-
ular dynamics simulations [47] for the ions in aque-
ous solutions at 25 ∘C. The values of Δ𝐸ion for wa-
ter molecules in the hydration shells of Na+, K+,
and Cs+ ions obtained in work [47] are equal to
2.3 kcal/mol, 1.3 kcal/mol, and 0.9 kcal/mol, re-
spectively. Such values are rather close to our results,
but, in general, the potential barriers in Table 2 are
slightly higher than in work [47]. The reason for dif-
ferent values of Δ𝐸ion may be related to different wa-
ter models and ion parameters that have been used
in the present work and in work [47].

The difference of the energy barriers for a water
molecule in the hydration shell of a counterion and

Table 2. Parameters of the potentials of mean
force. The positions of the minimum and maximum
of the potential well 𝑟𝑎 and 𝑟𝑏, respectively (in Å).
The values of the potential barriers in kcal/mol
for water molecules in the hydration shell
of the ion (Δ𝐸ion) and for a water molecule
surrounded by the other water molecules (Δ𝐸𝑤)

System Na-DNA K-DNA Cs-DNA

Ion-water 𝑟𝑎 𝑟𝑏 Δ𝐸ion 𝑟𝑎 𝑟𝑏 Δ𝐸ion 𝑟𝑎 𝑟𝑏 Δ𝐸ion

Minor gr. 2.36 3.20 3.00 2.75 3.60 1.77 3.15 4.10 1.20
Major gr. 2.36 3.20 2.85 2.75 3.60 1.65 3.16 4.10 1.03
Phosph. 2.36 3.20 2.78 2.75 3.60 1.45 3.17 4.10 0.97
Bulk 2.32 3.15 2.82 2.71 3.55 1.58 3.10 4.05 1.03

Wrater-
water

𝑟𝑎 𝑟𝑏 Δ𝐸ion 𝑟𝑎 𝑟𝑏 Δ𝐸ion 𝑟𝑎 𝑟𝑏 Δ𝐸ion

Minor gr. 2.85 4.20 0.68 2.85 4.20 0.67 2.85 4.20 0.68
Major gr. 2.85 4.30 0.64 2.85 4.20 0.67 2.85 4.40 0.66
Phosph. 2.85 4.25 0.67 2.85 4.30 0.66 2.85 4.20 0.66
Bulk 2.79 4.05 0.67 2.84 4.20 0.67 2.84 4.20 0.69
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in the bulk (𝑑𝐸 = Δ𝐸ion −Δ𝐸𝑤) determines the
character of the counterion hydration. The structure-
making (positively hydrated) ions have 𝑑𝐸 > 0,
while the structure-breaking (negatively hydrated)
ions are characterized by 𝑑𝐸 < 0. The obtained re-
sults (Table 2) show that the values of 𝑑𝐸 are posi-
tive for all counterions: 2.15 kcal/mol, 0.91 kcal/mol,
0.34 kcal/mol for Na+, K+, and Cs+ counterions, re-
spectively. At the same time, the experimental data
[14] show that, among the considered counterions,
only a sodium ion has the positive difference of the
potential barriers 𝑑𝐸 = 0.25 kcal/mol, and it is
much lower than in the simulations. The potassium
and cesium ions have a negative difference of the
potential barriers 𝑑𝐸 = −0.25 kcal/mol and 𝑑𝐸 =
= −0.33 kcal/mol, respectively [14]. That is why they
are negatively hydrated. The reason for the difference
between obtained energy barriers and experimental
data may be related to the parametrization of water
models that will be discussed in the following section.

3.3. Residence time

The determined potentials of mean force allow us to
estimate the residence time 𝜏 for water molecules us-
ing an equation of the Arrhenius type [14]. In the
present work, this equation is presented in the fol-
lowing form:

𝜏 = 2𝜏0 exp

(︂
Δ𝐸

𝑘B𝑇

)︂
, (3)

where 𝜏0 is the characteristic time for the molecule
to approach the potential barrier Δ𝐸. The factor 2
in formula (3) means that the water molecule being
at the top of the potential barrier may leave the hy-
dration shell or return back to the potential well with
the equal probability. The value of 𝜏0 is estimated as
a period of vibrations of a particle in a potential well
using the law of energy conservation for the finite mo-
tion [48]:

𝜏0 =
√︀

2𝜇

𝑥max∫︁
𝑥min

𝑑𝑥√︀
𝐸0 − 𝐸(𝑥)

, (4)

where 𝜇 is the mass of a water molecule; 𝑥 = 𝑟−𝑟𝑎 is
the displacement of a water molecule from the equi-
librium position 𝑟𝑎; 𝑥min and 𝑥max are the ampli-
tude displacements; 𝐸0 is the amplitude energy of
vibrations of a water molecule in the potential well
(Fig. 3). The potential function 𝐸(𝑥) is determined

from the potential of mean force in the approxima-
tion of a polynomial function:

𝐸(𝑥) ≈ 𝐸𝑎 + 𝐶2𝑥
2/2 + 𝐶3𝑥

3/3 + 𝐶4𝑥
4/4, (5)

where 𝐸𝑎 is the depth of the potential well; 𝐶2, 𝐶3,
and 𝐶4 are the fitting parameters. The amplitude dis-
placements (𝑥𝑚𝑖𝑛 and 𝑥max) were determined from
the condition: 𝐸(𝑥) = 𝐸0 (Fig. 3). Taking Boltz-
mann’s law of equal distribution of energy over de-
grees of freedom into account, the magnitude of the
vibrational amplitude energy was determined as fol-
lows: 𝐸0 = 𝐸𝑎+𝑘B𝑇 . By substituting (5) to Eq. (4),
we obtain the elliptic integral.

The calculated average residence times of water
molecules in the hydration shell of an ion are within
the range from about 2 ps to 50 ps (Table 3). The
longest residence time was observed for the case of
sodium counterions, whereas, in the case of potassium
and cesium ions, it is several times lower. The depen-
dence of 𝜏 values on the region of counterion local-
ization is also observed. The longest residence times
of water molecules have been observed for the hydra-
tion shells of the ions localized in the minor groove
of the double helix (𝜏minor), whereas, in the major
groove (𝜏major) and near the phosphate group of the
macromolecule backbone (𝜏𝑝ℎ), the residence times
are shorter: 𝜏minor > 𝜏major > 𝜏𝑝ℎ.

Table 3. Residence times (𝜏)
and the half-period of vibrations (𝜏0)
in ps for water molecules in the hydration
shell of a counterion and for those
surrounded by other water molecules

System Na-DNA K-DNA Cs-DNA

Ion-water 𝜏 𝜏0 𝜏 𝜏0 𝜏 𝜏0

Minor gr. 52.33 0.18 8.87 0.23 5.02 0.34
Major gr. 41.54 0.18 7.60 0.24 4.29 0.39
Phosph. 37.02 0.18 5.26 0.23 4.10 0.41
Bulk 39.28 0.18 6.51 0.24 4.05 0.36

Water-water 𝜏 𝜏0 𝜏 𝜏0 𝜏 𝜏0

Minor gr. 3.61 0.58 4.22 0.69 4.34 0.71
Major gr. 3.79 0.65 4.19 0.69 4.31 0.72
Phosph. 4.15 0.69 4.23 0.71 4.68 0.85
Bulk 3.25 0.54 3.29 0.54 4.86 0.74
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Fig. 5. Dependence of the average residence time of water
molecules near Na+, K+, and Cs+ counterions on the distance
from the ion. The range of residence times from Table 3 is
grayed out. The dotted lines show the distances of RDF min-
ima (𝑟𝑏) that also correspond to the position of the potential
barriers of PMF. Inset: the dependence of the average residence
time on the O–O distance for water molecules in the bulk in
the case of three simulated systems. The asterisks show the
values of the residence times obtained in work [47]

The residence times of water molecules near the
counterions have been also calculated using the sim-
ulation trajectories. In the analysis, a water molecule
was taken into account as a part of the hydration shell
of the ion, if the oxygen atom was localized within a
distance 𝑟ℎ. The distance 𝑟ℎ characterizes the outer
boundary of the hydration shell and should be close
to the minimum of the radial distribution function
(values of 𝑟𝑏 are given in Table 2). The values of the
residence times were averaged over all counterions
of the system. The obtained values of the residence
times increase with the distance 𝑟ℎ (Fig. 5). In the
case of Na+ counterions, the 𝜏 values obtained from
PMF (Table 3) agree with the values obtained from
the analysis of simulation trajectories at the distance
𝑟ℎ = 𝑟𝑏 (grey region in Fig. 5). In the case of K+ and
Cs+ counterions, the values of the residence times
calculated by different methods are close at some dis-
tance that is lower than 𝑟𝑏. The difference 𝑟ℎ − 𝑟𝑏
is less than 0.2 Å, i.e., within the accuracy limit of
the estimations. The 𝜏 values for water molecules in
the bulk (inset in Fig. 5) are in agreement with the
calculated values from PMF. Thus, the values of the
average residence times of water molecules estimated
in the present work by two different methods are in
the sufficient agreement.

The obtained average residence times (Table 3)
have been compared with the other results of molecu-
lar dynamics simulations for alkali metal ions in water
solutions [47]. The residence times obtained in work
[47] have the same dependence on the ion size as that
in the present work, but the absolute 𝜏 values are
different (asterisks in Fig. 5). There may be several
reasons for such disagreement. However, the most
essential reason may be the use of different defini-
tions of the residence time and the methods for its
calculation. In the present work, the residence time
was calculated from the mechanistic approximation
of the motion of a water molecule in the potential
well that was obtained on the basis of the potential
of mean force. In work [47], the residence time was
calculated as the integral of the time correlation func-
tions. These methods are not equivalent and the ad-
ditional analysis should be done to find, where they
give the same result.

Thus, the results of molecular dynamics simula-
tions for DNA with the positively hydrated Na+, and
negatively hydrated K+ and Cs+ counterions show
that the dynamics of water molecules in the hydra-
tion shells of counterions depends on their localization
around the double helix. In particular, the longest
residence time was observed for a water molecule
near the counterion that is localized inside the mi-
nor groove of the double helix, and it is longer than
for the case of a water molecule near the same ion,
but in a bulk water. This difference may be due to
the confined space inside the double helix and due
to the structured system of water molecules that is
formed in DNA grooves. At the same time, the results
clearly show that the obtained energy barriers for wa-
ter molecules near the ions are too high, making the
hydration shell too rigid. The counterions Na+, K+,
and Cs+ in the simulated systems are positively hy-
drated, and the effect of negative hydration for K+

and Cs+ was not observed.

4. Discussion

To explain the reason for high values of the poten-
tial barriers, the possible influence of a water model
should be analyzed. The TIP3P water model that was
used in the simulations is characterized by the dipole
moment value 2.35 D, while the experimental values
for a water molecule are 1.86 D in the gas phase
and 2.95 D in the liquid phase [51]. In this regard,
let us analyze the potential barrier as a function of
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the dipole moment. For this purpose, the potential of
mean force has been estimated as a change of the free
energy of a water molecule after its replacement from
the hydration shell of the ion to the bulk water:

𝐸 ≡ Δ𝐺 = Δ𝐻 − 𝑇Δ𝑆 +Δ𝐺0, (6)

where Δ𝐻 and 𝑇Δ𝑆 are the enthalpy and entropy
contributions, and Δ𝐺0 is some constant part of the
free energy change.

The enthalpy contribution is featured mostly by
the interaction of a water molecule with the ion. In
work [49], the energy of a water molecule near the
ion was successfully described by presenting the wa-
ter molecule as a dipole in the field of the ion. In our
model, the repulsion between a water molecule and
an ion at small distances is also taken into consider-
ation. As a result, the enthalpy change may be pre-
sented as a sum of the average dipole-dipole (𝑈𝑖−𝑑(𝑟))
and repulsion (𝑈rep(𝑟)) terms:

Δ𝐻 = 𝑈𝑖−𝑑(𝑟) + 𝑈rep(𝑟). (7)

Taking into consideration that the direction of a
dipole vector in the electric field of the ion is described
by the Boltzmann distribution, the average ion-dipole
interaction may be presented in the following form:

𝑈𝑖−𝑑 (𝑟) = −𝑘B𝑇𝐿(𝛼)𝛼(𝑟), (8)

where 𝐿(𝛼) = coth𝛼−𝛼−1 is the Langevin function,
and

𝛼(𝑟) =
1

𝑘B𝑇

𝑞𝑑

4𝜋𝜀𝜀0𝑟2
. (9)

Here, 𝑞 is the charge of the ion; 𝜀 is the dielectric
constant of the media near the ion; 𝜀0 is the dielectric
constant of vacuum; 𝑑 is the dipole moment of a water
molecule.

The repulsion between a water molecule and an ion
is described by the potential in the Born–Mayer form
that is used in the description of ions in ionic crystals
[50] and the DNA ion-phosphate lattice [27]:

𝑈rep (𝑟) = 𝐴𝑒−𝑟/𝑏, (10)

where 𝐴 and 𝑏 are the parameters describing the re-
pulsion between the ion and the water molecule as
hard cores.

The motions of dipole moments of water molecules
around the ion are hindered, and, in general, the

molecules are highly oriented due to the electrostatic
field. Therefore, the entropy in our model is assumed
to increase with the ion-water distance in the same
way as the average direction of the water dipole de-
scribed by the Langevin function 𝐿(𝛼). As a result,
the change of the entropy is presented as follows:

Δ𝑆 = −𝑠0𝐿(𝛼), (11)

where 𝑠0 is the entropy of a water molecule in the
bulk. The parameters 𝐴 and 𝑠0 can be derived from
the condition for maximum and minimum at the dis-
tances 𝑟𝑎 and 𝑟𝑏: 𝑑Δ𝐺

𝑑𝑟 |𝑟=𝑟𝑎 = 0, 𝑑Δ𝐺
𝑑𝑟 |𝑟=𝑟𝑏 = 0.

The energy contribution Δ𝐺0 is featured by the
interaction energy with other water molecules of the
system that includes the both enthalpy and entropy
contributions. The determination of these contribu-
tion is a complex problem and is not necessary for
the estimation of the potential barrier height. In the
present work, it is determined from the condition
Δ𝐺(𝑟𝑐) = 0; 𝑟𝑐 is some point, where the potential
of mean force is equal to zero. Taking this into con-
sideration and using Eqs. (6)–(12), the change of the
potential of mean force in 𝑘B𝑇 units can be written
in the following form:

̃︀𝐸(𝑟) = −𝐿(𝛼)[𝛼(𝑟) + 𝑠0] +𝐵𝑒−
𝑟−𝑟𝑎

𝑏 +Δ𝑔0, (12)

where ̃︀𝐸(𝑟) = 𝐸/𝑘B𝑇 , 𝐵 = −𝐴/𝑘B𝑇 ; Δ𝑔0 =
= −𝐿(𝛼𝑐)(𝛼𝑐 + 𝑠0) +𝐵𝑒−(𝑟𝑐−𝑟𝑎)/𝑏, and 𝛼𝑐 = 𝛼(𝑟𝑐).

To estimate the energy using formula (12), the
parameters have been determined in the following
way. The repulsion parameter is taken the same as
in the case of the crystals of alkali metal ion that is
𝑏 ≈ 0.3 Å [50]. The temperature is taken the same as
in the molecular dynamics simulations 𝑇 = 300∘ K
[42]. The dipole moment 𝑑 = 2.35 D was taken the
same as in the TIP3P model of a water molecule. The
values of equilibrium distances (𝑟𝑎) and the bar-
rier distance (𝑟𝑏) were taken from Table 2. The dis-
tance 𝑟𝑐 is defined as 𝑟𝑐 = (𝑟𝑎 + 𝑟𝑏)/2. The dielec-
tric constant has been determined using the dielec-
tric function [52] developed for the description of
the electrostatic interactions in nucleic acids: 𝜀(̃︀𝑟) =
= 78 − 77(0.0128 ̃︀𝑟2 + 0.16 ̃︀𝑟 + 1) 𝑒−0.16 ̃︀𝑟, where ̃︀𝑟 is
the distance between charges in Å. At the distance
about (2÷4) Å, this function gives the value within
the range 𝜀 ≈ (1.3÷3).

The estimations show that the height of the po-
tential barrier Δ𝐸 = ̃︀𝐸(𝑟𝑏) − ̃︀𝐸(𝑟𝑎) decreases as the
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a b
Fig. 6. (a) The distance dependence of the energy of a water
molecule in the first hydration shell of the ion. (b) The de-
pendence of the potential barrier Δ𝐸 on the dipole moment
of a water molecule. The values of the potential barriers that
correspond to the dipole moments of different water models
[53–57] and experimental values for a water molecule [51] are
shown as the figured points. The lines in (a) and (b) are made
in the solid, dashed, and dotted styles corresponding to Na+,
K+, and Cs+ ions, respectively

size of the counterion increases: Δ𝐸Na+ > Δ𝐸K+ >
> Δ𝐸Cs+ (Fig. 6, a). The same dependence of Δ𝐸
has been observed in our molecular dynamics simu-
lations (Fig. 4 and Table 2). To analyze the role of
the dipole moment of a water molecule, the poten-
tial barrier has been calculated using formula (12) for
different values of the dipole moment (Fig. 6, b). The
results show that the potential barrier for a water
molecule in the hydration shell of the ion increases
linearly with the dipole moment. The values of the
potential barriers that correspond to the dipole mo-
ments of different water models and experimental
data [51, 53–57] (the points in Fig. 6, b) are within
the range (1.6÷2.6) kcal/mol, (1.0÷1.5) kcal/mol,
and (0.7÷1.2) kcal/mol for Na+, K+, and Cs+ ions,
respectively. Taking this into consideration, we may
conclude that the models of a water molecule with
lower dipole moments should give a more accurate
description of the hydration effects of counterions.

5. Conclusions

The dynamics of water molecules in the hydration
shell of the positively (Na+) and negatively (K+ and
Cs+) hydrated counterions around the DNA double
helix has been studied. The molecular dynamics sim-
ulations for the DNA fragment in a water solution
with the counterions at a temperature of 300∘ K have
been used. As a result, the potential barriers and the
residence times of water molecules near the counteri-
ons have been estimated. The analysis shows that the

dynamics of water molecules in the hydration shell of
counterions depends on their localization around the
double helix that is the manifestation of the inter-
play between water molecules in the hydration shell of
DNA and counterions. The longest residence time of a
water molecule has been observed for the case of coun-
terions in the minor groove of the double helix: about
50 ps for Na+ counterion and less than 10 ps for K+

and Cs+ counterions. In the major groove and outside
the double helix, it is essentially lower. In the simula-
tions, the counterions constrain water molecules too
strongly making the hydration shell more rigid than
it should be. As a result, the effect of negative hydra-
tion in the case of K+ and Cs+ counterion was not ob-
tained. The analysis performed within the framework
of the developed phenomenological model shows that
the strength of the hydration shell is proportional to
the value of the dipole moment in a water model. The
water models with lower dipole moments are expected
to give a better description of the effects of counterion
hydration.
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project of the Department of Physics and Astron-
omy of the National Academy of Sciences of Ukraine
(0117U000240).
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С.М.Перепелиця

ДОДАТНО I ВIД’ЄМНО ГIДРАТОВАНI
ПРОТИIОНИ В МОДЕЛЮВАННI ПОДВIЙНОЇ
СПIРАЛI ДНК МЕТОДОМ
МОЛЕКУЛЯРНОЇ ДИНАМIКИ

Р е з ю м е

Подвiйна спiраль ДНК – це полiанiонна макромолекула,
яка у водних розчинах нейтралiзується iонами металiв (про-
тиiонами). Властивiсть протиiонiв стабiлiзувати структуру
води (позитивна гiдратацiя) або робити її розупорядкова-
ною (негативна гiдратацiя) важлива з точки зору фiзичних
механiзмiв стабiлiзацiї подвiйної спiралi ДНК. У даному до-
слiдженнi ефекти позитивної гiдратацiї протиiонiв Na+ та
негативної гiдратацiї протиiонiв K+ i Cs+, що вбудовано в
гiдратну оболонку подвiйної спiралi ДНК, вивчалися за до-
помогою моделювання методом молекулярної динамiки. Ре-
зультати показали, що динамiка гiдратної оболонки проти-
iонiв залежить вiд областi подвiйної спiралi: мiнорний жо-
лоб, головний жолоб i область ззовнi макромолекули. Най-
довший середнiй час перебування спостерiгався для моле-
кул води, що контактують з протиiонами, локалiзованими
у мiнорному жолобi подвiйної спiралi (приблизно 50 пс для
Na+, i менше 10 пс для K+ i Cs+). Розрахованi потенцiали
середньої сили для гiдратних оболонок протиiонiв показу-
ють, що молекули води зв’язанi занадто сильно, i ефект
негативної гiдратацiї для протиiонiв K+ i Cs+ в симуляцi-
ях не спостерiгався. Аналiз показав, що ефекти гiдратацiї
протиiонiв можна бiльш точно описати за допомогою мо-
делей молекул води, що мають нижчi значення дипольного
моменту.
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