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Abstract We investigate the changes in the solvation
properties of the natural nucleic acid bases due to the
formation of the canonical Watson–Crick hydrogen-bonded
complexes. To this end, the changes in the free energy of
solvation of the bases induced upon hydrogen-bonded
dimerization are analyzed by means of the hydrophobic
similarity index, which relies on the atomic contributions to
the free energy of solvation determined by the partitioning
method implemented in the framework of the MST
continuum model. Such an index is also used to examine
the hydrophobic similarity between the canonical nucleic

acid bases and a series of highly apolar analogues, which
have been designed as potential candidates to expand the
genetic alphabet. The ability of these analogues to be
incorporated into modified DNA duplexes can be related to
the large reduction in the hydrophilicity of the natural bases
upon formation of the canonical hydrogen-bonded dimers.
The results illustrate the suitability of the hydrophobic
similarity index to rationalize the role played by solvation
in molecular recognition.

Keywords Solvation . Hydrophobicity .

Molecular similarity . Hydrophobic index .

Continuummodels

Introduction

Modern pharmaceutical research relies heavily on screening
very large numbers of compounds. This can be achieved by
means of high-throughput screening assays or by the
combination of computational filtering of virtual libraries
with lower-throughput assays [1]. It is, therefore, essential
to maintain a library of good quality (drug-like, non-
reactive, etc.), but also to be able to compare molecules
with each other in order to select either diverse or target-
focused subsets of the library for maximum chemical space
coverage or improved hit rates, respectively [2]. In this
context, the concept of molecular similarity/diversity is of
crucial importance [3–5].

The assumption that the structural similarity between
two molecules implies similar biological effects resides in
the grounds of structure–activity relationships. Neverthe-
less, there are different ways to define similarity between
molecules, leading to different methodological approaches.
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In 1980 Carbó and coworkers developed the concept of
molecular quantum similarity measure, [6, 7] based on the
assumption that similar molecules must have similar
electron densities (see Eq. 1)

CAB ¼ ZAB

ZAAZBBð Þ1=2
ð1Þ

where Z involves an integral over the electron densities of
the two interacting molecules, A and B (Eq. 2).

ZAB Ωð Þ ¼
Z Z

ρA r1ð ÞΩ r1; r2ð ÞρB r2ð Þdr1dr2 ð2Þ

where ρA(r1) and ρB(r2) are the first-order density functions
associated to molecules A and B, respectively, and Ω is a
positive definite operator that defines the similarity measure
(typically, overlap-like and Coulomb-like measures have
been used).

The calculation of Carbó-like indices faces some prob-
lems, such as the expensiveness due to the use of ab initio
wavefunctions of reasonable quality and the bias effect due
to the core electron density on the similarity measure. These
difficulties can be alleviated using several strategies, such
as the use of valence electron densities, [8] the addition of
nuclear charges to screen the core electronic charge, [9] or
to restrict the similarity analysis to electron-density prop-
erties evaluated at bond critical points [10, 11].

Other similarity schemes, specially those working in the
framework of classical mechanics, use different properties
than density as molecular descriptors. One approach is to
resort to topological descriptors based on connectivity
indices between atoms, [12, 13] or electrostatic potentials
and fields [14–23]. Finally, another strategy consists of the
simultaneous comparison of electrostatic and steric proper-
ties of molecules [24–28]. Among this latter approach, the
so-called Comparative Molecular Field Analysis [29–34]
has become especially popular. Inclusion of hydrophobic
properties, nevertheless, is probably the most challenging
issue in molecular similarity measures.

Hydrophobic/hydrophilic regions in a molecule are often
identified based on intuitive, but somewhat arbitrary,
chemical concepts, like polar versus apolar accessible
surfaces [35–38] or from atom-based parameters, like
atomic partial charges [39]. Hydrophobic regions are also
identified on the basis of energetic criteria derived from the
interaction of the molecule with suitable probes [40, 41].
The hydrophobicity can also be characterized from the
concept of “hydrophobic moment”, which was introduced
to examine the stability of protein structures in water [42,
43]. Recently, such a concept has been generalized to the
definition of both “solvation dipole” and “solvent-transfer
dipole”. These terms, which have proved to be valuable for
comparison of partition-related properties in series of
structurally related compounds, [44, 45] reflect the distri-

bution of atomic contributions to the solvation free energy
and transfer free energy between water and an organic
solvent (i.e., octanol) along the molecule. An alternative
approach is the use of “lipophilic” potentials [46–50]
computed by using expressions similar to that given in
Eq. (3), which provides an easy tool to visualize the
lipophilicity of molecules [51–53]. A heuristic lipophilicity
potential that exploits the electrostatic potential created by
the molecule has also been defined recently [54, 55]. By
paralleling work on the calculation of MEP similarity
indices, a similarity index can be defined by comparison
of the lipophilic potential values computed in grids of
points around the molecule [56].

LP rð Þ ¼
X
i

fig r � rið Þ ð3Þ

where fi is the hydrophobic contribution of fragment i in the
molecule to the partition coefficient, and g(r−ri) is a
distance-dependent function.

We have recently proposed a hydrophobic similarity
index [57] based on a rigorous partitioning scheme [58] of
the solvation or solvent-transfer (referred simply as transfer
from here onwards) free energy into fragment contributions
within the framework of Miertus–Scrocco–Tomasi (MST)
continuum model [59]. The partitioning scheme divides the
solvation/transfer free energy into contributions assigned to
the surface elements that define the solute/solvent interface,
which can be subsequently integrated to derive atomic or
group contributions. Here we use the hydrophobic similar-
ity index to study the changes in solvation properties of
nucleic acid bases induced by the formation of hydrogen-
bonded complexes. This analysis provides a qualitative
basis to explain the stability of duplexes where canonical
bases have been replaced by apolar compounds.

Methods

In this section we briefly describe the main features of the
MST continuum model, [59, 60] which is based on the
Polarizable Continuum Model, [61] and the partitioning
scheme used to decompose the solvation free energy into
atomic contributions. Finally, the hydrophobic similarity
index defined from those atomic contributions is presented.

The MST continuum method In the MST method the
solvation free energy, ΔGsol , is expressed by the addition
of three contributions: cavitation, van der Waals, and
electrostatic. The cavitation free energy, ΔGcav , is deter-
mined following Pierotti’s scaled particle theory [62]
adapted to molecular shaped cavities by using the proce-
dure proposed by Claverie [63]. Thus, the cavitation free
energy of atom i, ΔGC−P,i , is determined weighting the
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contribution of the isolated atom, ΔGP,i , by the ratio
between the solvent-exposed surface of such an atom, Si,
and the total surface of the molecule, ST (Eq. 4).

ΔGcav ¼
XN
i¼1

ΔGC�P;i ¼
XN
i¼1

Si
ST

ΔGP;i ð4Þ

where N is the number of atoms.
The van der Waals term, ΔGvW , is computed using a

linear relationship to the solvent-exposed surface of each
atom, as noted in Eq. (5), where ΔGvW,i is the van der
Waals free energy of atom i, and ξi is the atomic surface
tension, which is determined by fitting to the experimental
free energy of solvation.

ΔGvW ¼
XN
i¼1

ΔGvW ;i ¼
XN
i¼1

ξiSi ð5Þ

Finally, the electrostatic contribution, ΔGele , is deter-
mined assuming that the solvent is a continuum polarizable
medium, which reacts against the solute charge distribution.
The solvent’s reaction field is introduced into the
Schrödinger equation by means of a perturbation opera-
tor, bVR, which consists of a set of imaginary charges
located on the solute cavity (Eq. 6).

V
^
R ¼

XM
j¼1

qj
rj � r
�� �� ð6Þ

where M is the total number of surface elements, j, in which
the solute cavity is divided and {qj} denotes the set of
charges (located at rj) that represents the solvent response.

Partitioning of the free energy of solvation Partitioning of
the non-electrostatic terms into atomic contributions is
straightforward, since they are related to the solvent-
accessible surface of atoms (see Eqs. 4 and 5). With
regard to the electrostatic term, such a partitioning is
facilitated by using a perturbation treatment of the mutual
polarization between solute and solvent, [64] which permits
to write the electrostatic component of the solvation free
energy as

ΔGele ¼ hΨo 1

2
Vsol
R

����
����Ψo > ð7Þ

where the index “sol” means that the perturbation operator
is adapted to the fully relaxed charge distribution of the
solute in solution, and the index “o” stands for the gas
phase environment.

Equation 7 permits us to decompose ΔGele into atomic
contributions, as noted in Eq. (8). According to this
partitioning scheme, which is denoted surface-based parti-

tioning method, the fractional contribution to ΔGele of a
given atom i is determined from the interaction energy
between the whole charge distribution of the molecule with
the apparent solvent-induced charges located at the surface
elements pertaining to the portion of the cavity generated
from that atom.

ΔGele ¼
XN
i¼1

ΔGele;i ¼
XN
i¼1

1

2

XM
j2i
j¼1

Ψoh j qj
rj � r
�� �� Ψoj i ð8Þ

The free energy of solvation in a given solvent can then
be expressed in terms of atomic contributions, ΔGsol,i, by
adding the corresponding contributions to the electrostatic,
cavitation and van der Waals terms (Eq. 9)

ΔGsol ¼
XN
i¼1

ΔGsol;i

¼
XN
i¼1

ΔGele;i þΔGC�P;i þΔGvW ;i

� � ð9Þ

Finally, the fractional contribution to the transfer free
energy between two solvents (typically, water and an
organic solvent) can be obtained from the fractional
contributions to the free energy of solvation of each atom
in the two solvents (see Eq. 10), where X stands for each of
the three contributions to the free energy of solvation in the
MST model).

ΔGw!o ¼
XN
i¼1

ΔGw!o;i

¼
XN
i¼1

ΔΔGele;i þΔΔGC�P;i þΔΔGvW ;i

� � ð10Þ

where ΔΔGX ;i ¼ ΔGX ;i(organic)�ΔGX ;i(water)

Hydrophobic similarity index The partitioning of the
solvation/transfer free energy in atomic contributions
permits us to define a simple index to compare the
similarity in hydrophobic/hydrophilic properties of
molecules [57]. Given a pair of molecules, A and B,
the hydrophobic similarity measure can be determined
from

ΛABðRABÞ ¼
X
i2A

X
j2B

� ΔGiΔGj

r n
ij þ do

� � ð11Þ

where ΔGi denotes the contribution of atom i in molecule
A to the solvation/transfer free energy, rij is the interatomic
distance, n is a parameter used to control the shape of the
similarity function, and do is a reference distance that
avoids the occurrence of singularities in ΛAB (n=1 and
do=2 in present calculations).
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Since the similarity measure depends on the relative
orientation of the two molecules, a Monte-Carlo algorithm
combined with a multiple-copy strategy is used to maxi-
mize the overlap between hydrophobic (and hydrophilic)
regions in the two molecules that are being compared. The
best fitted structures are finally refined using a minimiza-
tion algorithm to optimize the hydrophobic similarity
measure, ΛAB.

Finally, the hydrophobic similarity index, γAB, can be
defined by using a Carbó-like expression, as noted in
Eq. (12).

γAB ¼ ΛAB

ΛAAΛBBð Þ1=2
ð12Þ

where ΛAA is the hydrophobic self-similarity of molecule A.

Computational details Calculations were performed for the
separate and hydrogen-bonded bases in water and octanol
using the standard parameters of the HF/6-31G(d) version
of the MST model [59, 65]. According to the MST HF/6-
31G(d) parameterization, the geometries were optimized in
the gas phase and kept frozen for the calculations in
solution. MST calculations were carried out using a local
version of the MonsterGauss [66] computer program.

Results and discussion

Solvation properties of separated and hydrogen-bonded
natural bases The interactions between nucleic acids are
fundamental for the maintenance of the genetic information,
which is reflected in the specific pairings between adenine
(A):thymine (T) and guanine(G):cytosine(C) in the DNA
duplex. This specificity is determined by the arrangement
of hydrogen-bond donors and acceptors in the natural
bases, leading to the Watson–Crick hydrogen bonded A:T
and G:C dimers. The canonical G:C and A:T pairings in B-
DNA are intrinsically stable, with interaction energies close
to −26 and −12 kcal mol−1 as determined from different
studies (see, for instance, References [67, 68]).

Table 1 reports selected topological properties of A:T and
G:C hydrogen-bonded complexes (Fig. 1). Those properties
include the electron density (ρ) at the bond critical point of
the hydrogen bonds formed upon complex formation follow-
ing Bader’s theory of atoms in molecules, [69] and the core-
valence bifurcation index (ν) defined in the framework of the
electron localization function. [70] Both parameters have
been shown to provide useful information on the strength of
the hydrogen bond [71–73]. The results in Table 1 indicate
that those topological parameters are mostly unaffected upon
solvation of the dimer, as expected from the fact that the polar

groups involved in hydrogen-bonding are very little exposed
to the solvent. Accordingly, no major changes in the intrinsic
strength of the hydrogen-bond interaction are expected to
occur upon solvation of the dimer.

Although the dimer is mostly unchanged, its formation in
aqueous solution is energetically largely unfavorable owing to
the loss of favorable interactions of the polar groups that
mediate hydrogen bonds in the base pair with water
molecules [74]. This effect can be determined from the
differential free energy of solvation, ΔΔGsol, of the nucleo-
bases in the hydrogen-bonded dimer (X:Y) relative to the

Table 1 Topological properties for the Watson–Crick hydrogen-
bonded G:C and A:T pairs: electron density (ρ) at the bond and ring
critical points and core-valence bifurcation index (ν) for the Watson–
Crick hydrogen-bonded base pairs determined both in the gas phase
and in aqueous solution

Dimer ρ (gas) ν (gas) ρ (water) ν (water)

Guanine:Cytosine
N2–H2⋯O2 0.0228 −0.061 0.0233 −0.059
ring 0.0040 – 0.0041 –
N1–H1⋯N3 0.0317 −0.011 0.0322 −0.007
ring 0.0052 – 0.0052 –
O6⋯H4–N4 0.0425 −0.006 0.0427 −0.005
Adenine:Thymine
N1⋯H3–N3 0.0291 −0.020 0.0293 −0.018
ring 0.0045 – 0.0045 –
N6–H6⋯O2 0.0327 −0.041 0.0328 −0.038

The electron density is in atomic units.

Fig. 1 Bond (black) and ring (white) critical points in G:C and A:T
Watson–Crick dimers
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separate bases (X, Y) (see Eq. (13), where X:Y denotes A:T
and G:C). The hydration free energies estimated from MST
calculations amount to −23.0, −18.6, −14.0 and −11.2 kcal
mol−1 for methylated G, C, A and T, respectively, whereas the
hydration free energies of Watson–Crick G:C and A:T dimers
are −20.6 and −15.3 kcal mol−1. Therefore, the differential
hydration free energies are 21.0 and 9.9 kcal mol−1 for G:C
and A:T, indicating the strong destabilizing influence played
by hydration on the hydrogen-bonded pairing of nucleobases.

ΔΔGsol ¼ ΔGsol X : Yð Þ �ΔGsol Xð Þ �ΔGsol Yð Þ ð13Þ
The fractional analysis allows us to determine the

magnitude of the water-induced destabilization for each
base in the dimer, as shown in Tables 2 and 3. For G:C,
hydration destabilizes G and C by 9.1 and 11.9 kcal mol−1,
respectively. Such destabilization amounts to 4.3 and
5.6 kcal mol−1 for A and T in A:T, respectively. Thus, the
solvent-induced destabilization of the hydrogen-bonded
dimers is larger for the most polar bases. Inspection of the
fractional contributions shown in Fig. 2 also shows that
such destabilization is mostly due to the groups directly

involved in hydrogen-bonding. This can be easily under-
stood considering that the strongest binding in the gas
phase is obtained for the dimer with the larger dipole
annihilation, which in turn makes it to be less well solvated
in water.

In order to examine the change in the hydrophobic
properties, the free energy of solvation in octanol of the
hydrogen-bonded dimers and the separate bases was also
determined from MST calculations. The solvation free
energies in octanol are −21.2, −15.7, −14.6 and
−11.2 kcal mol−1 for G, C, A and T, respectively, whereas
the values for G:C and A:T dimers are −25.4 and
−20.7 kcal mol−1, respectively. Accordingly, the differen-
tial solvation free energies (see Eq. (13)) are 11.5 and
5.1 kcal mol−1 for G:C and A:T, which are ∼50% of the
values obtained for the solvation in water. It is then clear
that octanol disfavors hydrogen bonding of the nucleo-
bases, but at much reduced extent than water. On the basis
of the results obtained from the fractional analysis for the
solvation in octanol (see Tables 2 and 3), the solvent-
induced destabilization of the hydrogen-bonded bases

Table 2 Fractional contributions
to the solvation free energy in
octanol and water (kcal mol−1)
and to the octanol/water partition
coefficient (in log P units) of
guanine–cytosine pair. The dif-
ference with regard to the con-
tribution of the separated bases
is given in parenthesis
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relative to the separate bases amounts to 5.5, 6.0, 2.1 and
3.0 for G, C, A and T, respectively.

The octanol/water partition coefficients (log P) of
isolated G and C are negative, while those of the most
hydrophobic nucleobases A and T are positive (Table 4).
Interestingly, the octanol/water partition coefficients of the
G:C and A:T pairs are 3.5 and 4.0, thus reflecting the
increased hydrophobicity of the bases resulting upon
formation of the dimer. Such an increase in the hydropho-
bicity can be decomposed in contributions from the
nucleobases by using the atomic fractional analysis (i.e.
adding up the atomic contribution to log P of each atom in
a base), as it is shown in Table 4, which also reports the
partition coefficients of the each base separated and in the
hydrogen-bonded dimer. The log P value of G, C, A and T

in the dimer is estimated to be +1.3, +2.2, +2.1 and +1.9.
Therefore, relative to the separated bases, the hydrophobic-
ity of G, C, A and T is enlarged by 3.6, 4.4, 2.5 and 1.9 log
P units upon formation of the hydrogen-bonded complex.

The largest contributions to the partition coefficient of the
G:C and A:T pairs (see Tables 2 and 3) correspond to the
groups directly involved in hydrogen-bond interactions. In
the G:C pair, the contributions of the NH2, NH and
carbonylic O atoms in G account for an increase of 2.4
log P units in the hydrophobicity of G, whereas the NH2, N

N

O

R N

O

R

CCCH3

N

NR

ICS PICS7AI

Fig. 2 Schematic representation of the 7-azaindole (7AI), isocarbos-
tyril (ICS) and its propynyl-substituted derivative (PICS) as apolar
bases that can be incorporated in DNA duplexes

Table 4 Octanol/water partition coefficients (in log P units) of the
nucleic acid bases separated and in the Watson–Crick hydrogen-
bonded dimer

Complex Separated Dimer

G:C +3.5
G −2.3 +1.3
C −2.2 +2.2
A:T +4.0
A +0.4a +2.1
T +0.0 +1.9

a The experimental octanol/water partition coefficient for methylade-
nine is 0.0 [77].

Table 3 Fractional contributions
to the solvation free energy
in octanol and water (kcal mol−1)
and to the octanol/water partition
coefficient (in log P units)
of adenine–thymine pair. The
difference with regard to the con-
tribution of the separated bases
is given in parenthesis
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and carbonylic O atoms in C contribute to the enlarged
lipophilicity by 4.1 log P units. In A:T, the contributions of
the NH2 and N atoms in A account for an increase in the
lipophilicity of the base of 2.0 log P units, and those of NH
and carbonylic O atoms in T are enlarged by 1.5 log P units.

Hydrophobic similarity analysis of natural bases and
apolar analogues The change in the hydrophobicity of
the nucleobases originated upon formation of the Watson–
Crick dimers can be quantified by means of the hydropho-
bic similarity index defined in Eq. (12), which can be
evaluated using the atomic fractional contributions to the
octanol/water partition coefficient of the bases separated
and in the dimers. Inspection of the results shown in
Table 5 reveals the large change in the hydrophobic
properties of the bases upon complex formation. The
largest similarity indexes (between 0.31 and 0.51) are
found for the comparison of A and T, which are the less
polar nucleobases. In turn, comparison of G and C gives
rise to similarity indexes lower than 0.2, thus revealing the
marked effect that desolvation exerts in these bases upon
formation of the complex.

Recently, several studies [75, 76] have reported that
Watson–Crick dimers in DNA duplexes can be replaced by
apolar bases without altering dramatically the stability of
the modified DNA duplex. This is the case, for instance, of
the apolar bases 7-azaindole (7AI), isocarbostyril (ICS) and
its propynyl-substituted derivative (PICS) shown in Fig. 2,
since the melting temperatures of the 5′-dGCGTACX
CATGCG (3′-dCGCATGYGTACGC) duplex (where X, Y
denote canonical and apolar bases) are fully comparable to
the values of the unmodified DNAs, as can be stated from
inspection of the data given in Table 6.

Table 7 reports the similarity indices between canonical
(both separated and in the hydrogen-bonded complexes)
and apolar bases determined from the atomic contributions
to the octanol/water partition coefficient. To this end, the
alignment between natural and unnatural bases started from
a configuration where a common orientation for the linkage
between the base and the ribose unit was maintained in
order to take into account the orientational effects imposed
by the DNA structure. Compared to the separated bases, the

results reveal that the apolar bases are more similar to A
and T (similarity indexes ranging from 0.26 to 0.38) than to
G and C (from 0.14 to 0.31), as expected from the lower
polarity of A and T. Nevertheless, when comparison is
made with the canonical bases in the hydrogen-bonded
dimers, there is a marked increase in the similarity index,
which ranges from 0.53 to 0.75. Therefore, the similarity
indices vary by around 0.4 when apolar bases are compared
with regard to either separated or hydrogen-bonded bases,
thus showing a notable sensitivity to capture the increase in
hydrophobicity of the hydrogen-bonded pair relative to the
separated bases (see above). This finding allows to realize
the unexpected finding that apolar bases, though having a
completely different chemical structure compared to the
separate natural bases, can be incorporated into the DNA
leading to stable duplexes.

Conclusions

The analysis of the solvation properties of both separate and
hydrogen-bonded bases reflects the enhanced hydrophobic-
ity of the natural bases upon formation of the hydrogen-
bonded dimer. This finding provides a basis to rationalize
the experimental evidences that apolar analogues of the
natural nucleic acid bases can be incorporated into the DNA
duplex, suggesting that hydrophobicity is an important
driving force for the stability and selective pairing of bases
in the DNA duplex. The partitioning scheme adopted here

Table 5 Hydrophobic similarity index determined from atomic
fractional contributions to the octanol/water partition coefficient for
the nucleic acid bases separated and in the Watson–Crick hydrogen-
bonded dimers

A T G C

A* 0.51 0.31 0.09 0.08
T* 0.48 0.33 0.12 0.04
G* 0.21 0.19 0.17 0.08
C* 0.43 0.27 0.04 0.04

The bases in the dimers are denoted by an asterisk.

Table 6 Melting temperatures (Tm) for canonical and modified DNA
duplexes

5′-dGCGTACXCATGCG

3′-dCGCATGYGTACGC

Xa Y Tm

A T 59.2
G C 61.8
7AI 7AI 55.5
ICS ICS 59.3
PICS PICS 62.6

a see Fig. 2 for the representation of the unnatural apolar bases.

Table 7 Hydrophobic similarity indexes determined from atomic
fractional contributions to the octanol/water partition coefficient
between apolar and canonical bases either separate or in the G:C
and A:T dimers

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

7AI 0.46 0.38 0.17 0.15 0.81 0.83 0.45 0.77
ICS 0.38 0.38 0.31 0.27 0.74 0.75 0.53 0.69
PICS 0.30 0.26 0.21 0.14 0.65 0.68 0.60 0.61

The bases in the dimers are denoted by an asterisk.
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allows us to quantify the magnitude of the changes in the
solvation properties arising from the formation of the
Watson–Crick dimers. Moreover, the hydrophobic similar-
ity index provides a simple way to quantify the global
similarity in the hydrophobicity/hydrophilicity of both
natural and apolar bases. We think that these results
illustrate the potential impact of this simple parameter as a
tool to gain insight into the determinants that modulate the
bioactivity of molecules and for the design of new
compounds in drug discovery.
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