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Hydration effects are crucial to the static and dynamic 
behavior of DNA and its interactions with other molecules.1 

DNA hydration has been studied by a variety of experimental 
methods: X-ray crystallography,2 NMR spectroscopy,3 volu
metric, and densitometric techniques4 have all been employed. 
Despite such studies, however, there is little experimental data 
regarding specifically the thermodynamics of hydration, largely 
because of the difficulties in separating out effects due solely 
to hydration from those due to other causes. Drug—DNA 
binding equilibria, for example, are governed by the energetics 
of the drug^DNA interaction itself, conformational changes in 
the drug and/or the DNA, and effects due to changes in the 
ionic atmosphere, in addition to those resulting solely from 
changes in hydration. In this paper we use a theoretical method 
to focus entirely on this latter aspect and report on the sequence 
dependence of solvation free energies calculated for DNA 
oligonucleotides. 

The Poisson—Boltzmann (PB) equation has been widely used 
to model electrostatic effects in and around macromolecules,5 

and a number of applications to DNA systems have been 
reported.6 It has also been used to estimate solvation effects, 
and good agreement between small molecule hydration free 
energies calculated with the PB equation and with the free 
energy perturbation (FEP) method has been obtained.7 Owing 
to the highly-charged nature of DNA, it is to be expected that 
the PB equation will also provide a good description of solvation 
effects in DNA systems. 

Electrostatic solvation energies were calculated for a number 
of DNA oligonucleotides using the UHBD (University of 
Houston Brownian Dynamics) program.8 Oligonucleotide 
structures were built in a canonical B-DNA conformation9 using 
the molecular modeling program QUANTA.10 The sequence 
chosen for study was the 9-mer 5'-d[CGC(XYZ)CGC]-5'-
d[GCG(Z'Y'X')GCG], where X, Y, and Z represent any of the 
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Table 1. Electrostatic Solvation Free Energies of Oligonucleotides 
of Sequence 5'-d[CGCXYZCGC]-5'-d[GCGZ'Y'X'GCG] Relative to 
the Value Obtained for the Sequence with XYZ = AAA (-4523.0 
kcal-mor1)0 

quence 

A A 
A C 
A G 
A T 
C A 
C C 
C G 
C T 
G A 
G C 
G G 
G T 
T A 
T C 
T G 
T T 

A 

0.0 
-3.1 
-2.4 
-0.6 
-3.9 
-7.0 
-6.0 
-4.6 
-0.6 
-3.9 
-2.9 
-1.4 
-1.4 
-4.6 
-4.0 
-2.1 

C 

-2.0 
-7.3 
-1.2 
-3.5 
-8.1 

-13.2 
-7.1 
-9.3 
-1.5 
-6.8 
-0.5 
-2.8 
-4.0 
-9.1 
-3.2 
-5.2 

G 

-3.3 
-5.2 
-5.8 
-3.2 
-4.5 
-6.3 
-7.0 
-4.4 
-4.2 
-6.5 
-6.8 
-4.2 
-3.6 
-5.4 
-6.0 
-3.3 

T 

-0.9 
-4.3 
-1.9 
-0.9 
-5.6 
-9.2 
-6.5 
-5.4 
-0.5 
-4.0 
-1.5 
-0.2 
-1.5 
-4.9 
-2.5 
-1.3 

" Columns give the identity of the central base (Y). Rows refer to 
the flanking bases (X and Z) 

four bases A, C, G, or T and X', Y', Z' represent their respective 
complementary bases. Structures for all possible sequences of 
the three central bases (43 = 64) were investigated. Atomic 
charges and radii for the DNA atoms were obtained from the 
OPLS parameter set developed by Jorgensen and co-workers;11 

polar hydrogens were assigned a radius of 1.25 A. The use of 
these parameters for the isolated nucleic acid bases has been 
shown to give good agreement with the results of FEP 
calculations carried out with the same parameter set.12 The 
relative dielectrics of the solute and solvent regions were set to 
1 and 78, respectively, while the ionic strength was set to 0.15 
M. The nonlinear Poisson—Boltzmann equation was solved in 
two steps using "focusing",13 the first grid consisting of 553 

grid points spaced by 1.6 A, the second, a HO3 grid spaced by 
0.35 A. Additional calculations14 performed to assess the effects 
of different grid spacings on the results suggest that errors in 
the sequence dependence of the hydration free energies average 
~0.4 kcal'mol-1. 

Table 1 shows the electrostatic free energies of hydration for 
each of the sequences studied, relative to the value obtained 
for a central sequence of AAA (this sequence having the least 
favorable solvation energy). Table 2 presents the same data 
differently so that the effects of mutating the central base of a 
given triplet can be more easily seen. For the first six rows in 
Table 2 there are two entries: some of the sequences studied 
are essentially identical (a central ATC sequence is the same 
as the complementary strand of GAT, for example) and differ 
only in the regions flanking the central trinucleotide (i.e., 5'-
dCGCATCCGC vs 5'-dGCGATCGCG). Similarly, for the last 
four rows, the first and fourth columns should be compared, as 
should the second and third. These comparisons provide an 
indication both of the effects of bases outside the central triplet 
and of the effects of the use of a finite grid representation on 
the hydration energies obtained. Most differences are only 
minor (average difference 0.3 kcal'mol-1, maximum difference 
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Table 2. Electrostatic Solvation Free Energies of Oligonucleotides 
with Central Sequence XYZ Relative to the Value Obtained for the 
Sequence XAZ0] 

sequence 

A_A 

A_C 

A_G 

C_A 

C_C 

G_A 

A T 
C G 
G C 
T A 

— 

A 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 
0.0 
0.0 
0.0 

C 

-2.0 
-2.0 
-4.2 
-4.0 
+0.8 
+ 1.0 
-4.2 
-3.5 
-6.2 
-5.3 
-0.9 
-0.5 
-2.9 
-1.1 
-2.9 
-2.6 

G 

-4.2 
-4.2 
-2.5 
-2.8 
-4.5 
-4.4 
-1.3 
-0.9 
+0.4 
+0.6 
-4.8 
-4.9 
-2.6 
-1.0 
-2.6 
-2.2 

T 

-1.4 
-1.0 
-0.9 
-1.1 

0.0 
+0.4 
-1.7 
-1.0 
-1.3 
-1.1 
-0.5 

0.0 
-0.3 
-0.5 
+0.1 
-0.1 

" Columns give the identity of the central base (Y). Rows refer to 
the flanking bases (X and Z). Where two entries are given for the 
same central sequence, the top value refers to the sequence 5'-
d[CGCXYZCGC] and the bottom value refers to the sequence 
5'-d[GCGXYZGCG. 

0.9 kcalTnol-1), a result which suggests that, with regard to 
electrostatic hydration free energies, it is probably sufficient to 
consider only a trinucleotide sequence to estimate sequence-
dependent effects; that is, the hydration of a central base pair is 
only strongly affected by the immediately adjacent base pairs. 

A number of interesting points are apparent from the results. 
In general, for example, the replacement of A by C or G results 
in a more favorable hydration free energy, a result which is in 
line with the hydration free energies of the isolated bases.12 This 
preferential hydration associated with G and C is seen to be 
particularly pronounced when substitution of the central A 
results in formation of a pair of adjacent G's (or Cs) and is 
still more pronounced when it results in a triplet run of G's. 
There are, however, cases where such an effect is not obtained. 
The substitution CAC — CGC results in a hydration energy 
less favorable by about 0.8 kcalTnol-1, while the change AAG 
—* ACG results in a similar unfavorable change of ~1.1 
kcalTnol"'. These effects can be understood by examining the 
spatial arrangement of functional groups in the structures. The 
more favorably hydrated sequences are characterized by having 
functional groups of similar polarity grouped close together 
(carbonyl with carbonyl, for example). The closer grouping of 
like-charged atoms is expected to be unfavorable from the point 
of view of intrinsic DNA stability, but more favorable from 
the perspective of solvation. Effects such as these mirror the 
variation in gas-phase electrostatic potentials calculated previ
ously15 and are similar in spirit to the secondary electrostatic 
effects noted as being important in determining base-pair binding 
affinity.16 

The general finding that GC base pairs are associated with 
more favorable hydration free energies is in line with recent 
experimental results which show that these base pairs cause an 
increase in water density relative to AT base pairs.4c An 
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apparent discrepancy is, however, obtained in the case of central 
sequences containing only AT base pairs. In the present results, 
substitution of any of these bases with C or G results in a more 
favorable hydration free energy. Experimental work40 suggests, 
however, that sequences with 100% AT content are more 
hydrated than sequences with 55—60% AT content (though less 
hydrated than 100% GC sequences). The authors of that work 
emphasize the difficulties of interpreting macroscopic experi
mental data in microscopic terms, and it does not necessarily 
follow that apparent molar volume will correlate with hydration 
free energy. Nevertheless, this result may point to inadequacies 
in the approach adopted here. On the other hand, the neighbor
ing base-pair dependencies found here are in accord with the 
experimental finding that DNA hydration is not simply a 
function of the percentage content of AT and GC base pairs. 

The results reported here provide a comprehensive list of the 
effects of base-pair substitutions on the hydration free energy 
of a DNA oligonucleotide. The finding that substitution of A 
by C or G is not always favorable shows that in order to 
understand such sequence-dependent hydration effects it is not 
sufficient to consider only a single base pair; instead, attention 
must be paid to the identity of the adjacent base pairs in both 
directions. It is, however, important to stress the weaknesses 
of the current approach. Firstly, no account has been made of 
nonelectrostatic factors such as the hydrophobic effects believed 
to attend the thymine methyl group; assuming that these are 
proportional to the solvent-accessible surface area of the 
molecule,17 calculations suggest that such effects should be 
slight.18 Secondly, while the present results were obtained with 
the OPLS parameter set, there is as yet no consensus as to which 
of the many molecular mechanics parameter sets is most suited 
to treating DNA; similar trends were, however, obtained with 
the CHARMM parameter set.19 Finally, the assumption that 
all the oligonucleotides conform to a standard B-DNA structure 
may not be appropriate; alternating AT sequences, for example, 
are believed to adopt an "alternating B-DNA" structure in 
solution.20 The results reported here are, however, expected to 
be relatively insensitive to minor structural changes. Despite 
these notes of caution, the results presented here should provide 
a good estimate of sequence-dependent hydration effects and 
as such are expected to be of significance to studies of processes 
which involve changes in DNA solvation, such as ligand—DNA 
and protein—DNA interactions. 
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