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ABSTRACT: One of the fundamental problems in nucleic
acids biophysics is to predict the diﬀerent forces that stabilize
nucleic acid tertiary folds. Here we provide a quantitative
estimation and analysis for the forces between DNA helices in
an ionic solution. Using the generalized Born model and the
improved atomistic tightly binding ions model, we evaluate ion
correlation and solvent polarization eﬀects in interhelix
interactions. The results suggest that hydration, Coulomb
correlation and ion entropy act together to cause the repulsion
and attraction between nucleic acid helices in Mg2+ and Mn2+
solutions, respectively. The theoretical predictions are
consistent with experimental ﬁndings. Detailed analysis further
suggests that solvent polarization and ion correlation both are
crucial for the interhelix interactions. The theory presented here may provide a useful framework for systematic and quantitative
predictions of the forces in nucleic acids folding.

1. INTRODUCTION
Nucleic acids are charged polymers. Nucleic acid folding
requires cations to neutralize the backbone charges. The cations
in the solution can eﬀectively screen Coulomb repulsion
between the nucleotides.1,2 Ion-mediated interactions between
nucleic acids play crucial roles in cellular activities such as DNA
condensation, packaging1,2 and RNA folding.3,4 Understanding
the physical mechanism for ion-mediated nucleic acid
interactions can have far-reaching impact on our ability to
predict and analyze nucleic acid-related cellular functions. One
of the intriguing ion eﬀects is the ion-induced attraction
between like-charged nucleic acid helices and triplexes.5−14,16−30 Previous studies showed that the attractive
force cannot be explained by Poisson−Boltzmann (PB)-like
mean-ﬁeld interactions between the charges, where ﬂuctuations
of ion distribution and correlations between the ions are
ignored.31,32 The result suggests that other eﬀects, such as the
ﬂuctuations of charge density with the distance from the nucleic
acid surface6 and the two-dimensional (2D) ordering of ions on
the nucleic acid surface,7 may be responsible for the attractive
force. Further investigations suggest that discrete DNA charges
can lead to speciﬁc ion binding properties such as binding to
the grooves (vs binding to phosphate charges) and the resultant
charge modulation may cause attraction between nucleic
acids.8−13
A series of excellent biophysical experiments such as osmotic
stress measurements suggest that hydration eﬀect may be
responsible for the nucleic acids attractions.14,16,17 However,
due to the complex interplay between the diﬀerent forces such
as the Coulombic force, the hydration force, and the ionic
© 2013 American Chemical Society

entropic force, a detailed quantitative analysis of the mechanism
remains a challenge.1,5,16−25 One of the key issues is how to
quantify the diﬀerent forces. The objective of this paper is to
provide a quantitative analysis for the physical mechanism of
the forces responsible for the possible interhelix attraction.
Previous theoretical studies have suggested that correlations
and ﬂuctuations of multivalent ions around the nucleic acids
could induce an attractive force between the nucleic acids.8−11
However, the previous theories were mostly based on various
simpliﬁed structural models for nucleic acids. Recently, a new
theory, called “the tightly bound ion” (TBI) theory,33 was
developed to account for ion correlations and ﬂuctuations.
Compared with the previous simpliﬁed models for ion
correlation, the TBI theory has the advantage to treat realistic
3D structures of the nucleic acids. The TBI theory predicted
that DNA double helices can attract each other in divalent ion
solutions such as Mg2+ solutions.10 The conclusion is not fully
consistent with the experimental ﬁnding, which showed a
repulsive interaction between helices in a Mg2+ solution.14 This
theory-experiment diﬀerence may provide insights into the
mechanism for the interplay between the diﬀerent forces
between the helices.
Two possible problems with the previous TBI predictions are
(a) the use of a coarse-grained structural model for the nucleic
acids and (b) lack of the hydration eﬀect. To ﬁnd out the
dominant reason that causes the inconsistency between the
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account for ion correlation through many-ion Coulomb energy
for each mode. For ions in the diﬀusive region, we apply the
Poisson−Boltzmann (PB) theory.10 The statistical average over
all of the ion binding modes determines the thermodynamic
stability of the system.
We consider both the nonpolar and polar contributions to
the hydration eﬀect. As a crude approximation, we use the
generalized Born (GB) model36−38 and the solvent accessible
surface area-based model39−42 to estimate the polar and the
nonpolar free energies, respectively. We ﬁrst include the polar
contribution in the atomistic TBI model. We will then evaluate
the importance of the nonpolar eﬀect through quantitative
estimations, which suggest that the inclusion of the nonpolar
contribution does not alter the conclusions.
The electrostatic energy for the charges (phosphates, TB
ions) in the TB region for a given binding mode M of ion
distribution is given by

previous theoretical predictions and the experimental results,
we performed calculations using the all-atom (instead of coarsegrained) structure-based TBI model.15,34 The all atom-based
theory again predicts an attractive force in a Mg2+ solution (see
below), which shows that lack of hydration eﬀect (instead of
the use of coarse grained structure) may be the dominant
reason. The above test result points to the possible
indispensable role of the hydration eﬀect, along with other
eﬀects such as the ion correlation eﬀect, in the interactions
between nucleic acids. The conclusion about the importance of
the hydration eﬀect is consistent with the ﬁndings from the
previous biophysical experiments.16,17,20 In this paper, through
an atomistic structure-based analysis for the solvent hydration
and the ion correlation eﬀects, we quantify the diﬀerent
components of the ion-mediated forces between DNA helices
and investigate how the integration of the above eﬀects leads to
the experimentally observed forces between DNA helices.
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2. METHODS AND RESULTS
Prediction of the Electrostatic Free Energy through
Integration of the Tightly Bound Ion (TBI) Model and
the Generalized Born (GB) Model. We consider a pair of 24base pair double-stranded DNA helices (dsDNAs) immersed in
an ionic solution (Figure 1a); See the Supporting Information
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and εin and εw are the dielectric constants (see the SI) of the
nucleic acid and water, respectively, qi and qj are the phosphate
or the ion charges, rij is the distance between qi and qj, and Bi
and Bj are the Born radii of qi and qj, respectively (see Figure
1a). The Born radii can be evaluated from several diﬀerent
methods such as the HCT method.43 In our calculation, we will
ﬁrst use the HCT method, which is computationally eﬃcient.
We will later perform calculations using other Born radii
models to check the robustness of the results.
The Born radius reﬂects the solvent polarization (the ﬁrst
and second summations in eq 1) in excess of the dielectrically
homogeneous system where water is replaced with DNA
dielectrics (the last summation in eq 2). Here we assume that a
hydrated ion, whose hydration layer contains structured water,
has a similar dielectric constant εin as the DNA. As DNA helices
move closer, water molecules between the helices are displaced
and move to the outside region. This change of the distribution
of water molecules leads to a weakened overall solvent
polarization eﬀect, as manifested by an increased Born radii
for the charges (phosphates or ions, as shown in Figures 1bcd).
Such a change is most signiﬁcant for charges facing each other
on the diﬀerent DNA helices, e.g., the phosphate nos. 8, 9, 56,
and 57 in Figure 1. Another notable phenomena is that the
change in the Born radii for the TB ions are more pronounced
for helices that are close to each other within a short distance (x
< 30 Å), corresponding to a signiﬁcant short-range solvent
polarization eﬀect.
General Properties of Free Energy Components. We
here focus on the free energy proﬁle (landscape), i.e., the xdependence of the free energy, because the free energy
landscape determines the mean force between the helices. In
order to identify the diﬀerent components in the interhelix
interactions, we calculated the free energy proﬁle for the system
in three diﬀerent types of solutions: (a) pure water, (b)

Figure 1. (a) System of two 24-bp dsDNA helices. The numbers mark
the sequence of the phosphates. The Born radii of the phosphates (b),
Mg2+ (c), and Mn2+ (d) for the diﬀerent interaxial separations. The
same color indicates the same interaxial distance x.

(SI) “Helix24.pdb” for the PDB coordinates of the structure.
The all-atom dsDNAs are generated by the software X3DNA.35
To evaluate the interaction between the helices, we compute
the free energy of the system as a function of helix−helix
distance x. We use the recently developed atomistic improved
TBI model34 to treat the electrostatic correlation eﬀect in
multivalent ionic solution; see the SI for a description of the
TBI model. Brieﬂy, in the TBI model, we separate out a region,
called the “tightly bound” (TB) region, from the rest region
(called the “diﬀusive” region) in the solution. The TB and the
diﬀusive regions are deﬁned as regions where Coulomb
correlation between ions is strong and weak, respectively.
The TB region, depending on the ionic condition of the
solution, is usually a thin layer around the nucleic acid
structure. For ions in the TB region (“TB ions”), we enumerate
all of the discrete modes for the many-ion distributions and
7222

dx.doi.org/10.1021/jp4010955 | J. Phys. Chem. B 2013, 117, 7221−7227

The Journal of Physical Chemistry B

Article

monovalent ion solutions, and (c) Mg2+ and Mn2+ solutions. In
section 2 of the SI, we show the results for pure water and
monovalent ion solutions. Here we focus on the results for the
Mg2+ and Mn2+ solutions. We focus on these two types of
divalent ion solutions because they show contrastingly diﬀerent
interhelix forces in experiments.14,16,17
Our general strategy here is to investigate the free energy
landscape for the diﬀerent free energy components (see Figure
2): (a) The mean Coulomb energy ΔGE(x) for the interaction

Figure 3. Mean number of bound ions per phosphate for 10 mM
MgCl2 and MnCl2 (with solvent polarization eﬀect).

are much less neutralized in a Mg2+ solution (especially with
the solvent polarization/screening) than in a Mn2+ solution,
thus, as helices move closer, the TB ion-induced increase of the
diﬀusive ion entropy (decrease of ΔGS(x)) is less signiﬁcant.
(3) The polarization free energy ΔGP(x) decreases (see
Figure 2a,c) as x decreases; see below for a more detailed
discussion.
Solvent Polarization Eﬀect. Evidence for the Important
Role of the Solvent Polarization Eﬀect in Interhelix
Interactions. Without considering the solvent polarization
eﬀect (i.e., without invoking the GB model), For both MgCl2
and MnCl2 solutions, the free energy ΔG(x) (Figure 2b,d)
gives an attractive interhelix force for x ≥ 30 Å. As previously
reported,10 such an attraction can be attributed to the
correlated organization of the TB ions on the diﬀerent helices
(see ΔGE(x) curves in Figure 2b,d). The conclusion here,
which is based on the atomistic structural model, agrees with
the previous ﬁndings based on the coarse-grained structural
model.10 However, these solvent polarization-free predictions
(for the attractive force) are not consistent with the
experimental ﬁnding (no attractive force) for a Mg2+ solution.
The result points to the possibly essential role of the solvent
polarization eﬀect.
In contrast to the above solvent polarization-free predictions,
calculations with the solvent polarization eﬀect lead to new
predictions that are consistent with the experimental ﬁndings.
For a Mg2+ solution, as shown by the ΔG(x) curve in Figure 2a,
the attractive force predicted from the polarization-free
calculation (Figure 2b) now disappears. In contrast, as shown
in Figure 2c, for a Mn2+ solution, with the solvent polarization
eﬀect, ΔG(x) decreases as x decreases in the range 27 Å ≤ x ≤
33 Å, resulting in an attractive interhelix force. These
predictions agree with the experimental ﬁndings.14,16 The
results here show that solvent polarization plays an important
role in interhelix interaction. In the following, from the free
energy landscape, we investigate how solvent polarization
causes the diﬀerent (repulsive vs attractive) forces in the
diﬀerent ionic solutions.
Free Energy Landscape for Solvent Polarization in the
Diﬀerent Ionic Solutions. The solvent polarization-assisted
attractive/repulsive force is directly related to the steepness of
the x-dependence of the polarization free energy ΔGP(x). As x
decreases, ΔGP(x) in a Mn2+ solution shows a much steeper
decrease than in a Mg2+ solution. For Mn2+, the steep decrease
of ΔGP(x) in the range 27 Å ≤ x ≤ 34 Å causes a decrease in
the total free energy ΔG, resulting in an attractive interhelix
force.14,16 In what follows, we analyze the origin of the diﬀerent
behaviors of ΔGP(x) for the two types of ions. The analysis
may oﬀer insights into the solvent polarization assisted
interhelix attraction.
In order to identify the dominant polarization eﬀect, in
Figure 4a,b, we show the components of the polarization free

Figure 2. Free energy landscape and the component free energies in
10 mM MgCl2 and 10 mM MnCl2 solutions with (a and c) and
without (b and d) solvent polarization (GB).

between the diﬀerent charges; (b) The polarization energy
ΔGP(x) of the charges in the TB region; (c) The ion entropic
free energy ΔGS(x). The predicted x-dependence of the free
energy for the diﬀerent components (Figure 2a,c) shows
several important features.
(1) As the helices move closer, the Coulomb energy ΔGE(x)
initially decreases due to the increased number of the TB ions
and consequently the stronger ion correlation eﬀect. For
further smaller interhelix distance x’s (<25 Å), ΔGE(x)
increases as x becomes smaller due to the Coulomb repulsion
between the TB ions on the diﬀerent helices.9,10
(2) As the helices move closer, the ion entropic free energy
ΔGS(x) for Mn2+ (Figure 2c) initially decreases and then
increases for x ≤ 35 Å. The nonmonotonic behavior is a result
of the competition between two eﬀects. As helices approach
each other, more ions are attracted to the nucleic acid and
become TB ions. This causes a larger net entropy decrease for
the TB ions. However, more TB ions means stronger charge
neutralization, which causes a more uniform ion distribution
and hence a larger entropy for the diﬀusive ions. The
competition between the above ion entropic eﬀects results in
a nonmonotonic behavior of the x-dependence of ΔGS(x). The
nonmonotonic behavior is less signiﬁcant for bulkier Mg2+ ions
(Figure 2a) due to the weaker ion-DNA interaction and the
smaller number of bound ions (Figure 3) than the less bulky
Mn2+ ions.
Solvent polarization can cause notable changes in the ion
entropic free energy landscape ΔGS(x). For Mg2+, the solvent
polarization eﬀect causes the above nonmonotonic behavior of
ΔGS(x) to disappear (see Figure 2a). This is because the helices
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addition, Mn2+ has a much stronger interaction with the
phosphate due to its smaller radius, therefore, Mn2+−phosphate
interaction is much more sensitive to the variation in the Born
radii (polarization) than Mg2+−phosphate interaction.
Integration of Ion Correlation and Solvent Polarization.
Combing the diﬀerent free energy components together, the
interhelix attraction arises from two indispensable eﬀects: (a)
Coulombic correlation between the TB ions on the diﬀerent
helices and (b) solvent polarization eﬀect. Both eﬀects are
important. Previous studies suggested that ignoring ion
correlation leads to underestimation of the number of bound
ions and underestimation of nucleic acids stability.9,10,31,32 The
current results further suggest that ion correlation can impact
the polarization eﬀect. Without ion correlation eﬀect, the
(underestimated) low number of the bound ions would result
in a deﬁciency in the above bound ion-induced polarization
eﬀect and the reduction/disappearance of the attractive force.
Reciprocally, without the polarization eﬀect, ion correlation
would be overestimated and as predicted by the previous
polarization-free TBI model, the helices would show attraction
for both Mg2+ and Mn2+ solutions, a result not consistent with
the experimental ﬁnding.
Temperature Dependence of the Interhelix Force. To
further compare our theoretical predictions with the experimental data, we calculated the osmotic pressure (see the SI for
the details) for DNA double helices in the diﬀerent MgCl2 and
MnCl2 solutions and at diﬀerent temperatures; see Figure 5a,b.

Figure 4. (a) Self-polarization energy of the bound ions for 10 mM
MgCl2 and MnCl2 (the ﬁrst summation in eq 1). (b) The charge−
charge interaction energy for 10 mM MgCl2 and MnCl2 (the second
and third summations in eq 1). (c) A 3D schematic diagram for the
burial of ions in the (major) groove.

energy: self-polarization energy of the TB ions (the ﬁrst
summation in eq 1) and the polarization energy for the
interactions between the TB ions and the phosphates (the rest
two summations in eq 1) in 10 mM MgCl2 and MnCl2
solutions, respectively. As the two helices move closer, the
self-polarization energy (Figure 4a) decreases slowly. The
diﬀerence between the results for the Mg2+ and the Mn2+
solutions originates mainly from the diﬀerent numbers of the
bound ions (see Figure 3). For the interaction between the TB
ions and the phosphates (Figure 4b), the polarization energy
component drops with x much faster than the self-polarization
energy. Moreover, in the range (27 Å ≤ x ≤ 34 Å) the energy
drops much steeper for Mn2+ than for Mg2+. These results
suggest that the slope of the polarization free energy ΔGP(x)
proﬁle (Figure 2a,c) is dominated by the interaction between
the phosphates and the TB ions.
Origin of the Solvent Polarization-Assisted Interhelix
Interaction. Physically, solvent polarization can reduce ionphosphate attraction through dielectric screening. As helices
move closer, the displacement of water from the region
between the helices would weaken the overall dielectric
screening (larger Born radii) and strengthen the ion-phosphate
attraction. For Mn2+, the steepest decent of ΔGP(x) as the
helices move closer occurs when the helix surface-to-surface
distance is about 1−2 times the length of the diameters of the
ion: 27 Å ≤ x ≤ 34 Å. In such a small-x regime, further decrease
of x would greatly increase the probability for the TB ions to
enter the grooves. The burial of the TB ions in the grooves
would result in displacement of water molecules from the
grooves and reduction in the solvent dielectric screening eﬀect
(i.e., increase in the Born radii). The above eﬀect is more
pronounced (see Figure 4c) for Mn2+ ions, which are less bulky
than Mg2+ ions and hence can enter deeper into the grooves. In

Figure 5. Predicted osmotic pressure from the (improved) TBI theory
with the solvent polarization eﬀect and the experimental data for the
MnCl2 and MgCl2 solutions at 20 °C (a) and for the 10 mM MnCl2
solution at the diﬀerent temperatures (b). The symbols show the
experimental data.14,16 The same color of the symbols and curves
denotes the same solution condition.

The theoretical predictions are generally consistent with the
experimental results. The predicted osmotic pressure shows a
repulsive force in the Mg2+ solution and a transition from the
repulsive to the attractive forces in the Mn2+ solution.
Speciﬁcally, in the 10 mM Mn2+ solution at 20 °C, we see an
attractive force separated by a distance between 28 and 32.3 Å,
which is roughly in the same range as the experimental range
between 28.2 and 31.2 Å. The average theory-experiment
diﬀerence in the attractive force range is around 20%. The
theory-experiment diﬀerence may stem from several reasons
such as the possible site-speciﬁc ion binding, the inﬂuence from
the other nearby helices (many-body eﬀect) and the use of the
continuum solvent model. A higher ion concentration causes a
lower entropic cost for ion binding, therefore, leads to more
bound ions and a stronger ion correlation and solvent
polarization eﬀect. This would lead to a stronger attraction
for the Mn2+ solution. Furthermore, As the temperature is
increased, the solvent dielectric constant is smaller (see eq 1 in
7224
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Though the Born radii and the solvent accessible surface area
indirectly reﬂect the change of water structure around the
tightly bound ions and the helix, the current form of the model
cannot directly probe the local changes in water polarization.
Nucleic acid interactions can be sensitive to the 3D structure,
therefore, the conclusions derived here may not be applicable
to RNA helices or other DNA helices such as triple-stranded
helices (tsDNA). Experimental results suggested that, although
DNA helices form insoluble condensation, RNA helices resist
condensation.17,19,51 Moreover, for triple-stranded DNA
(tsDNA) helices in a Mg2+ ion solution,27,28 interhelix
attraction was observed, possibly due to the higher electric
charge density of tsDNA which causes a stronger Mg2+−DNA
interaction and a stronger hydration force. Furthermore, the
nucleic acid helices in a solution can be randomly oriented
instead of perfectly aligned in parallel with each other. Previous
studies suggest that the orientational sampling may reduce the
magnitude of the interhelix force.52,53
The current form of the TBI model cannot treat more
complex condensing agents such as trivalent cations, or
polyamines or other larger ligands. Nucleic acids interactions
with these ligands involve speciﬁc electrostatic and nonelectrostatic interactions as well as the conformational ﬂexibility
of the ligands and requires a new theory. Another issue in the
current model is the simpliﬁcation of the charge distribution on
the nucleic acids: charges on the oxygen atoms of the
phosphate groups are collapsed to the phosphate atoms and
the partial charges of neutral atoms are neglected. Even though
the current TBI model may capture a signiﬁcant portion of the
physics in the problem, the above detailed charge distribution
may also impact the interhelix interaction.
Despite the above limitations, the present quantitative study
oﬀers a useful estimation for the eﬀects of solvent polarization
and charge−charge electrostatic correlation in nucleic interactions.16,25 Furthermore, the theory, which puts many-ion
correlation and ﬂuctuation, solvent polarization, and atomistic
nucleic acid structures in a consistent framework, has the
potential to be extended to treat more complex systems.

the SI). The decrease in the dielectric constant results in a
stronger counterion-DNA interaction and thus more bound
ions and stronger interhelix attraction for the Mn2+ solution.
For example, at 50 °C (marked with green in Figure 5b), we
ﬁnd a strong and wide-range attraction.

3. DISCUSSION AND CONCLUSION
To summarize, ion correlation and solvent polarization eﬀects
can act together to cause an attractive force between DNA
helices. Of particular interest here is the fact that ion-speciﬁc
solvent polarization may play a critical role in modulating the
electrostatic force between the helices. Speciﬁcally, compared to
the (bulkier) Mg2+ ions, the (less bulky) Mn2+ ions can
eﬃciently displace water from DNA helices and hence reduce
the solvent polarization. This causes a net attractive interaction
between the helices.
Compared to the previous studies,6−12,18 the current model
has the advantage of quantitatively accounting for Coulomb
correlation, solvent polarization and all-atom nucleic acid
structure in a consistent framework. However, as explained
below, the current study, which is based on several important
approximations, has limitations. The theory relies on the GB
model to describe the solvent polarization eﬀect. The GB
model is a computationally eﬃcient pairwise approximation for
a continuum description of the solvent polarization eﬀect. At
the center of the GB model is the Born radii. There are a
number of methods to evaluate the Born radii.37,43−49 We here
used the HCT method43 to calculate the Born radii. To test the
inﬂuence of the diﬀerent Born radii model, we have also used
two other methods (GBr4 and GBr6).44,45 Our calculation
shows that the Born radii from the HCT method are consistent
with those obtained from the GBr6 method45 and are smaller
than those from the GBr4 method.44 We note that the GBr6
method enables an reduction in the error of the Coulomb-ﬁeld
approximation thus can reliably predict the Born radii.45 As
shown in Figure 5 in the SI, the HCT and the GBr6 methods
give consistent predictions for the free energy ΔG(x) for the
helices in a 10 mM MnCl2 solution at 20 °C, while the GBr4
method gives much higher ΔG(x) and gives a strong repulsive
interaction between the helices. The sensitivity on the Born
radii further manifests the importance of water polarization in
the interaction between the helices.
Besides the solvent polarization eﬀect, there exist several
other (nonexclusive) eﬀects for the interhelix force. One of the
notable eﬀects is the disruption of the helix hydration
layer.14,16,17,20 This nonpolar contribution of the hydration as
well as other eﬀects such as the solvent dielectric saturation
eﬀect may also be important.50 These eﬀects are not explicitly
accounted for in the current theory. As a crude estimation, we
computed the nonpolar contribution of hydration by using the
change of the solvent accessible surface area of the approaching
helices upon ion binding. As shown in the SI (section 3), the
nonpolar hydration free energy contribution is weaker than the
Coulombic and polarization eﬀects and the nonpolar eﬀect
becomes important only for x ≤ 25 Å, which is out of (smaller
than) the range of x wherein the interhelix attraction occurs.
In addition, we assume the ions to be hydrated. Dehydration
of ions could occur when the interhelix distance becomes
smaller than or comparable to the ion size.2 The contributions
from the above eﬀects, especially from the nonpolar hydration
eﬀect, deserves a further detailed quantitative study. In addition,
the information about the local changes in water polarization
and structure around the bound counterions is much needed.
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