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The molecular interactions between the nucleic acid bases and water molecules are important in 
organism. Despite Adenine-Thymine Hoogsteen base pair and Guanine-Cytosine Watson-Crick base 
pair have been demonstrated to be most stable in a gas phase, the effect of water on the stability of 
these base pairs remains elusive. Here we report the structural and thermodynamic characteristics on 
possible Adenine-Thymine and Guanine-Cytosine base pairs in a gas phase as well as in an aqueous 
phase by using quantum mechanical method and statistical mechanical calculations. First, we 
optimized the direct base-pair interaction energies of four Adenine-Thymine base pairs (Hoogsteen 
base pair, reverse Hoogsteen base pair, Watson-Crick base pair, and reverse Watson-Crick base pair) 
and three Guanine-Cytosine base pairs (GC1 base pair, GC2 base pair, and Watson Crick base pair) in 
a gas phase at the B3LYP/6-31+G** level. Then, the effect of solvent was quantified by the electronic 
reorganization energy and the solvation free energy by statistical mechanical calculations. Thereby, 
we discuss the effect of water on the stability of Adenine-Thymine and Guanine-Cytosine base pairs, 
and argue why Adenine-Thymine Watson-Crick base pair and Guanine-Cytosine Watson-Crick base 
pair are most stable in an aqueous environment. 
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Introduction 

Nucleic acids bases (Adenine, Cytosine, Guanine, and 
Thymine) exist as the main component of DNA double 
helix structures,1 the essential molecules of life and 
evolution. Despite many kinds of nucleic base pairs are 
possible with different patterns of hydrogen bondings 
between the bases, the Adenine-Thymine and Guanine-
Cytosine base pairs have been demonstrated as a 
promising component of DNA double helix structures.2 
Especially, Watson and Crick suggested that the A-T 
and G-C Watson-Crick base pairs are a specific 
component of DNA double helix structures.3 The water 
effect of the nucleic base pairs are important in 
organism. However, the interactions between water 
molecule and nucleic base pairs have been elusive. The 
research that the Watson-Crick pairs are proper 
structures for DNA double helix structures in an 
aqueous phase is important.  
To verify this idea, we optimized the four Adenine-
Thymine base pairs (Hoogsteen pair, reverse Hoogsteen 
pair, Watson-Crick pair, and reverse Watson-Crick pair) 
and the three Guanine-Cytosine base pairs (GC 1, GC 2, 
and Watson-Crick pair) by using the density functional 
theory calculations at the B3LYP/6-31+G** level.4-6 

Then, we studied Watson-Crick DNA base pairs of 
hydrolysis free energies solvated in water by using the 
3D-RISM-SCF (three-dimensional reference interaction 

site model self-consistent field) theory that integrates 
the ab initio quantum chemistry method and the integral 
equation theory of liquid.7-9 The theory used the 
electronic structure of solute and the statistical solvent 
distribution around DNA base pairs in a self-consistent 
manner, and properly accounts for chemical 
specificities of solute-water interactions such as 
hydrogen bonding similarly to molecular simulations 
with explicit solvent. We quantitatively demonstrate the 
role of water in the hydrolysis of base pairs and we 
clarify nucleic base pairs-water interactions depending 
on the hydrolysis free energy.10-16 We argue that why 
the experimental results for the aqueous-phase 
hydrolysis free energies are moderately that DNA 
double helix structures composed of Watson-Crick base 
pairs. 
 

Theory and Computational Method 
 

The DFT (density-functional theory) at B3LYP/6-
31+G** level of the quantum chemistry theory were 
used for calculations of the geometry.13-16 The 
interaction energy of the four Adenine-Thymine base 
pairs (Adenine-Thymine Hoogsteen base pair, Adenine-
Thymine reverse Hoogsteen base pair, Adenine-
Thymine Watson-Crick base pair, and Adenine-
Thymine reverse Watson-Crick base pair) and three 
Guanine-Cytosine base pairs (Guanine-Cytosine 1 base 
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pair, Guanine-Cytosine 2 base pair, and Guanine-
Cytosine Watson-Crick base pair) was optimized at the 
B3LYP/6-31+G** level by using the Gaussian 03 
program in a gas phase.4-6 

Then, the mechanical calculation was used for stability 
structure in an aqueous phase. The 3D-RISM-SCF 
(three-dimensional reference interaction site model self-
consistent field) was used for quantification the effect 
of water at 298.15 K and 1.0000 atm. The four 
Adenine-Thymine base pairs (Adenine-Thymine 
Hoogsteen base pair, Adenine-Thymine reverse 
Hoogsteen base pair, Adenine-Thymine Watson-Crick 
base pair, and Adenine-Thymine reverse Watson-Crick 
base pair) and three Guanine-Cytosine base pairs 
(Guanine-Cytosine1 base pair, Guanine-Cytosine2 base 
pair, and Guanine-Cytosine Watson-Crick base pair) 
was calculated by using equation of solvation free 
energy.7-9 

In this method, the electronic reorganization energy 
E  is given by a subtraction of the aqueous phase 
free energy E , the gas phase free energy E : 

E = 	E � E                        (1) 

The total solvation free energy is shown by a sum of the 
solute energy E, the solvation free energy (excess 
chemical potential) Δμ: 

F total solvation free energy = E + Δμ               (2) 

E =	< � ���� > +� 
��


       (3) 

Δμ = � �dr{�c(r) � 
 h


 (r)c(r) +


 h(r)Θ(�h(r))}                          (4) 

Here Θ(χ) is the Heaviside step function and 
h(r), c(r) refer to the 3D total and direct correlation 
functions of the water site j at position r.17-21 

 

Results and Discussion 

1. Structural analysis 
For the four possible states of Adenine-Thymine base 
pair and three possible states of Guanine-Cytosine base 
pair, the computed interaction energies in a gas phase at 
the B3LYP/6-31+G** level are summarized and 
compared with experimental data in Table1.  
The gas phase geometries of computation at the 
B3LYP/6-31+G** level are shown in Figure1. As 
shown in Figure1, the four possible A-T base pairs (A-T 
H (a), A-T RH (b), A-T WC (c), A-T RWC (d)) have 
three hydrogen bindings each other. However, the only 
GC WC (e) has three hydrogen bindings and others 
(GC1 (f), GC2 (g)) have two hydrogen bindings each 
other. The three G-C base pairs have the planar 
structures. On the other hands, only the A-T WC base 
pair is the planar structure and the others are the bent 
structures. The results in the gas phase can be explained 
in stabilization of binding in base pairs. Compared to 
the gas-phase geometries, the computed structures for 
the A-T H base pair and G-C WC base pair show lower 
energy than other base pairs. The A-T and the GC WC 
base pair can composed of the DNA helix structures in a 
gas phase because these structures are composed with 
planar base pairs. 

 

 
Figure 1. Optimized molecular geometries of (a) AT-H, (b) AT-RH, (c) AT-WC, (d) AT-RWC, (e) GC1, (f) GC2, and 

(g) GC-WC 
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2. Solvation Free Energy 
The solvent effect of the base pairs based on the 3D-
RISM-SCF theory is summarized in Table2. The lowest 
solvation free energy among Adenine-Thymine base 
pairs is Reverse Hoogsteen base pair and among 
Guanine-Cytosine base pairs is Watson-Crick base pair 
and these structure more stable than others. The DNA 
helix structures also composed with planar G-C WC 
and A-T WC pairs that are different from bent A-T H, 

A-T RH, and A-T RWC pairs in an aqueous phase.22 

Depicted in Figure 2 are the three-dimensional 
distributions of water oxygen (O) and hydrogen (H) 
around all the solute species related to the reactions. 
Figure 3 shows the radial distribution functions of O 
and H of solvent water around the base pairs and shows 
quite characteristic hydration patterns attributed to 
water-hydrogen around the oxygen atoms in the base 
pairs. 

 

. 

Table 1. Gas phase energy computed by quantum mechanics 

 Absolute energy 
(Hatree) 

Interaction energy 
(kcal/mol) 

Relative energy 
(kcal/mol) 

AT-H -921.544996 -13.56 0 

AT-RH -921.544646 -13.34 0.22 

AT-WC -921.541589 -11.42 2.14 

AT-RWC -921.543152 -12.40 1.16 

GC1 -937.57591 -13.78 12.85 

GC2 -937.59174 -23.71 2.92 

GC-WC -937.65964 -26.64 0.00 

 

Table 2. Aqueous-Phase energy in kcal/mol 

 E(UU) Δμ F total free energy Ereorg 
Interaction 

Energy 
Relative 
Energy 

AT-H -577937.12 3.58 -577933.53 8.11 -0.45 0.74 

AT-R -577936.76 2.49 -577934.27 8.22 -1.19 0 

AT-WC -577934.16 1.32 -577932.84 8.83 -0.25 1.43 

AT-RWC -577934.85 0.70 -577934.15 9.12 -1.06 0.12 

GC1 -587984.95 -25.72 -588010.66 17.57 -0.002 -1.29 

GC2 -587999.94 -12.54 -588012.48 12.24 -0.005 -3.11 

GC-WC -588004.23 -10.21 -588014.44 11.09 -0.008 -5.06 
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Figure2. Water distribution of (a) AT-H, (b) AT-RH, (c) AT-WC, (d) AT-RWC, (e) GC1, (f) GC2, and (g) GC-WC 

 

 

Figure3. Radial distribution functions of (a) AT-H, (b) AT-RH, (c) AT-WC, (d) AT-RWC, (e) GC1,  
(f) GC2, and (g) GC-WC 
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Conclusion 
 
The structures of four Adenine-Thymine base pairs and 
three Guanine-Cytosine base pairs are computationally 
studied by using density functional theory at the 
B3LYP/6-31+G** level as well as by 3D-RISM (three-
dimensional reference interaction site model) theory. 
The Adenine-Thymine Hoogsteen base pair is the most 
stable structure than other three base pairs (Adenine-
Thymine reverse Hoogsteen base pair, Adenine-
Thymine Watson-Crick base pair, and Adenine-
Thymine reverse Watson-Crick base pair) in a gas phase. 
On the other hand, the Adenine-Thymine reverse 
Hoogsteen base pair is most stable structure than other 
three base pairs (Adenine-Thymine Hoogsteen base pair, 
Adenine-Thymine Watson-Crick base pair, and 
Adenine-Thymine reverse Watson-Crick base pair) in 
an aqueous phase. Then, The Guanine-Cytosine 
Watson-Crick base pair (GCWC) is more stable than the 
other two pairs (GC1 and GC2) not only in a gas phase 
but also in an aqueous phase. Based on the solvation 
free energy analysis, GCWC compared to GC1 and 
GC2 would be proper to make a DNA helix structure. 
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