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We calculated the binding free energy of short oligonucleotides (9–20-mers DNA) by using molecular dynamics,
followed with post-processing based on molecular theory of solvation (MM/3D-RISM-KH approach). A compar-
ison with the PBSA and GBSA continuum solvation models was performed to identify the approach in the best
agreement with experimental results for the binding free energy. Compared to the PBSA or GBSA methods, the
3D-RISM-KH molecular theory of solvation provides a more accurate description of the nonpolar contribution
to the solvation free energy from the first principles of statistical mechanics. The binding free energy was calcu-
lated by using separate trajectories for the DNA complex and its two strands, as well as based on a single trajec-
tory for the complex, both with and without account for explicit counter ions in post-processing of molecular
dynamics trajectories to calculate the binding free energy of oligonucleotides. Overall, both GBSA and 3D-
RISM-KH predict the binding free energy obtained from “separate trajectory” calculations with implicit account
for counter ions in a good agreement with experiment, the latter showing a better performance for larger
oligonucleotides.

© 2014 Published by Elsevier B.V.

1. Introduction

The molecular recognition properties of base pairing make nucleic
acids potential candidate for novel biotechnology applications [1–3].
The oligonucleotides are increasingly being used for many analytical
and diagnostic techniques such as microarray technology [4,5] and
deoxyribonucleic acid (DNA) based molecular electronics [6–8]. The
highly specific self-assembling nature of DNA, together with its proper-
ties such as high chemical stability and ease in synthesis, aids in self-
assembly of nanoparticles [9–12]. The higher binding free energy [13]
of complementaryDNA strands compared to thebinding ofmismatched
bases provides selectivity of DNA assisted integration ofmicro- or nano-
electronic devices. Careful control of DNA hybridization kinetics can
expand the achieved selectivity. Stability of a DNA duplex structure
can be predicted starting from DNA sequence by using thermodynamic
parameters such as binding affinities of nucleic acids [14–16]. Methods
(for example, the nearest neighbormodel) [15,17,18] developed to esti-
mate thermodynamics of DNA hybridization reaction cannot describe
modified systems with potentially reduced number of degrees of free-
dom (such as DNA attached to the substrate in bionanotechnological
applications).

Since most biological processes take place in aqueous environment, it
is important to assess the effects of solvents on the thermodynamics of
reactions involved in these processes. Molecular dynamics (MD) simula-
tions with explicit solvent can adequately represent experimental condi-
tions [19–25]; however, they are computationally time-consuming and
sometimes unfeasible. On the other hand, continuum solvation models
[26–29] involve empirical parameterization and may not properly treat
the nonpolar contributions to the solvation free energy [30,31].

Statistical–mechanical, Ornstein–Zernike (OZ) integral equation
theory of liquids contracts degrees of freedom of individual solvent
molecules down to the density correlation functions [32]. The OZ inte-
gral equation for the total and direct correlation functions has to be
complemented with another relation called “closure” which has an
exact diagrammatic representation in terms of infinite series ofmultiple
integrals. In practice it is replaced with amenable closure approxima-
tions [32]. The three-dimensional reference interaction site model
(3D-RISM molecular theory of solvation) represents molecular solva-
tion structure in terms of 3Dmaps of solvent site densities around a sol-
ute macromolecule or a supramolecular assembly of arbitrary shape
[33–41]. An important component enabling utility of 3D-RISM method
for complex chemical and biomolecular systems in solution has been
the closure relation proposed by Kovalenko and Hirata (KH approxima-
tion) [37,40,41]. For simple and complex solvents and solutions of a
given composition, including buffers, salts, polymers, ligands and
other cofactors at a finite concentration, the 3D-RISM-KH molecular
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theory of solvation properly accounts for chemical functionalities by
representing in a single formalism both electrostatic and non-polar
features of solvation, such as hydrogen bonding, structural solventmol-
ecules, salt bridges, solvophobicity, and other electrochemical, associa-
tive, and steric effects [37–54]. With less computational effort, the 3D-
RISM-KH theory analytically accounts for the solvation effects from
the first principles of statistical mechanics in full molecular details,
with accuracy comparable to that of explicit solvation molecular
dynamics approaches [42,43]. Further, it yields the solvation thermody-
namics, including the energy–entropy decomposition of the solvation
free energy and volumetrics [40,41].

The robustness of the 3D-RISMapproachwas demonstrated recently
by comparing the solvation structure of DNA calculated by using 3D-
RISM-KH with that fromMD simulations [44]. The salt-induced confor-
mation change of DNA from its canonical B-form to the left handed Z-
form was also studied using the 3D-RISM-KH theory [45]. In addition,
other studies used 3D-RISM-KH to understand ions and solvent distri-
bution around DNA [46,47], as well as solvent and salt effects on struc-
tural stability of DNA [48].

In this work, we calculated the binding free energy of 9- to 20-mer
DNA oligonucleotides in a double stranded complex by post-processing
the MD trajectories with the 3D-RISM-KH molecular theory of solvation.
The solvation free energy contribution to the binding free energy calculat-
ed by post-processing using 3D-RISM-KH is compared with those using
the Poisson–Boltzmann and Generalized Born solvent accessible area
(PBSA and GBSA) continuum solvation models. The PB(GB)SA methods
empirically describe the nonpolar terms in the solvation free energy,
whereas the 3D-RISM-KHmolecular theory of solvation performs statisti-
cal mechanical evaluation of the solvation free energy, including its non-
polar part.

The binding free energy calculated using these theoretical methods
is compared to the experimental results. To the best of our knowledge,
this is the first application of the 3D-RISM-KH theory to study the solva-
tion thermodynamics of DNA assembly.

2. Material and methods

2.1. Binding energy calculations

Hybridization of a single strand oligonucleotide (SS1) and its com-
plementary strand (SS2) to form a double stranded (DS) oligonucleo-
tide can be represented by the following equation:

SS1þ SS2↔DS: ð1Þ

Accordingly, the free energy difference between bound and un-
bound states of two complementary strands of ss-DNA molecules in
solution can be calculated as

ΔGbind ¼ Gdsh i− Gss1h i− Gss2h i; ð2Þ

where the angular brackets denote average over MD trajectories sam-
pled in the canonical distribution. The binding free energy ΔGbind is
also decomposed into the gas-phase contribution (including both the
energetic and conformational entropic parts) and the solvation free
energy:

ΔGbind ¼ ΔEMMh i þ ΔGsolh i−T ΔSMMh i: ð3Þ

In the current study, the total gas phase energy EMM, which is com-
posed of the internal energy Eint due to the bonded interactions, the
electrostatic energy Eele, and the van der Waals energy EvdW of the
DNA strands, is obtained by using AMBER 10molecular modeling pack-
age [55]. The solvation free energy, 〈ΔGsol〉, includes both the energetic
and entropic parts, while the gas phase contribution to the binding
free energy is explicitly split into the energetic contribution 〈ΔEMM〉

and the entropic one−T〈ΔSMM〉.

The free energy of solvation consists of polar (ΔGpol) and nonpolar
(ΔGnp) contributions:

ΔGsol ¼ ΔGpol þ ΔGnp: ð4Þ

The solvation free energy ΔGsol is calculated by using the 3D-RISM-
KH theory as well as with the PBSA and GBSA continuum solvation
methods. The latter provide the electrostatic potentials, the solvation
free energies and forces by modeling solvent as structureless dielectric
continuum, and mobile ions as continuous distribution of charge [30].
The nonpolar part Gnp of the solvation free energy in the PBSA and
GBSA methods is computed from the solvent-accessible surface area
(SASA) term. The SASA method cannot accurately describe nonpolar
solvation forces at the atomic length scale and may not be accurate or
transferable for high resolutionmodeling studies of biomolecule folding
and binding [31].

The conformational entropy part of the binding free energy,
−TΔSMM, comprises the translational, vibrational, and rotational contri-
butions. In this study, it is obtained from the normal mode analysis
based on the nmode module of the AMBER 10 package [56].

We calculated all the terms in Eq. (2) from three separate simula-
tions for ds-DNA and two ss-DNA, as well as from simulating only the
complex. In the latter case, the conformations of the strands were ob-
tained by splitting the conformations of the complex along the trajecto-
ry into those of two individual strands. Such an approach has proven to
provide a reasonable estimate for the binding free energy despite the
fact the conformational changes upon binding are neglected [49]. We
will refer these twoways of calculating the free energy as “3-trajectory”
and “1-trajectory” calculations, respectively. The results obtained with
these two approaches are compared to test accuracy of the assumption
that the conformation of DNA strands does not change significantly
upon binding. As compared to the “3-trajectory” approach, the “1-
trajectory” approach is computationally less demanding, since it
requires only a single MD simulation of the complex molecule instead
of three separate MD simulations for the complex and the individual
strand to generate conformational ensemble of the molecules for post-
processing with the 3D-RISM-KH molecular solvation theory or with
the PB(GB)SA continuum solvation models.

2.2. 3D-RISM-KH molecular theory of solvation

The 3D-RISM-KH theory yields the solvation structure of a solute
macromolecule or a supramolecular assembly of arbitrary shape in
terms of the 3D maps of solvent site density distributions around the
solute, and then readily the solvation thermodynamics of the system,
including the entropy–enthalpy decomposition and the solute partial
molar volume [37,40,41].

The 3D-RISM integral equation [34–41] can be derived from the six-
dimensional molecular OZ equation for the solute–solvent correlations
[32] by orientational averaging of solvent molecular orientations thus
reduced to representation with 3D solvent site correlations [37,40],
and has the form

hγ rð Þ ¼
X

α

Z
dr0 cα r−r0

� �
χαγ r0

� �
; ð4Þ

where hγ(r) is the total correlation function of interaction site of solvent
molecules at 3D space position r, which is related to the 3D site distribu-
tion function of solvent around the solute, gγ(r)= hγ(r)+1. The 3D site
direct correlation function cγ(r) has the asymptotics of the 3D interac-
tion potential of solvent site γ around the solute molecule. The site–
site susceptibility χαγ(r) of pure solvent splits up into the intra- and
inter-molecular terms as

χαγ rð Þ ¼ ωαγ rð Þ þ ραhαγ rð Þ; ð5Þ
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