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A systematic comparative study has been carried out on the explicit hydration of the cytosine base (C),
cytosine-cytosine hydrogen-bonded (H-bonded) base pair (CC) and cytosine-cytosine stacked dimer (C/C).
An electrostatics-based model, electrostatic potential for intermolecular complexation (EPIC) has been used
to generate initial geometries of the hydrated complexes for ab initio calculations. For this purpose, first the
topography of the molecular electrostatic potential (MESP) for C, CC and C/C is explored. Several geometries
of the complexes, C...(H2O)n, CC...(H2O)n and C/C...(H2O)n (n ) 1, 2 and 3) are investigated with EPIC
followed by constrained optimization at the HF/6-31G** level. Further, single point (SP) energy calculations
have been performed at the MP2/6-31G** level to assess the role of electron correlation contribution in the
hydration process. This study reveals that C/C stacked dimer hydrates better than the hydrogen-bonded (H-
bonded) CC pair. Energetics of these systems show a clear-cut additional stability of 1 to 2.5 kcal/mol at the
HF/6-31G** level and more than 3 kcal/mol at the MP2/6-31G**//HF/6-31G** level for C/C...3H2O complex
as compared to CC...3H2O. The present study thus confirms that the stacked base pair hydrates better than
the corresponding H-bonded base pair.

Introduction

Nucleic acids provide exciting and difficult challenges for
chemists and biochemists alike. These molecules are inherently
important, yet highly complex to study. It is well-known that
the two main factors responsible for the stabilization of DNA
double helix are stacking and hydrogen bonding (H-bonding)
interactions between the nucleic acid bases.1-5 The solvent effect
is also important in determining the physicochemical charac-
teristics of nucleic acid bases.6 A knowledge of energetics of
solvated bases is essential for understanding the biological role
of DNA. It has been observed experimentally and theoretically
that the structure of DNA is highly sensitive to the humidity
and adopts various types of conformations, depending upon the
relative humidity.7

Many experimental studies suggest that in nonpolar solvents
and in gas phase, the nucleic acid bases associate mainly by
H-bonding whereas in water medium, stacked configurations
are preferred.8,9 The free energy perturbation/molecular dynam-
ics studies have revealed that the stacked complexes are much
better solvated by the water than the respective H-bonded pairs.10

A considerable number of theoretical studies have been pub-
lished on the subject of base association in the presence of
solvent.11 Quantum chemical ab initio calculations have provided
a relatively consistent picture of Watson-Crick and nonca-
nonical base pairs, in both the gas and solvent.12 It is known
that the H-bonding interactions are specific whereas stacking
interactions are nonspecific and flexible.13 The water-assisted
interactions (specific solvation) are known to be significant in
DNA base pair and stacking interactions.11,14,15The location of
preferred hydration sites around DNA has also been the subject
of a number of experimental and theoretical studies.7a,b,16

Recent crystal structure studies17 emphasize the importance
of specific H-bonding between the nucleotide bases and tightly
bound water molecules, leading to the stabilization of intramo-
lecular and intermolecular structures of double helix. Guerra et
al.18 have emphasized the importance of the environmental
effects on the H-bonds in DNA base pairs. Ts’O et al.19 have
provided evidence that base pairing and stacking interactions
in nucleic acids usually occur in competition with solvent
interactions with the participating groups.

Cytosine base in particular has been the subject of several
experimental and theoretical studies.20 These studies have
revealed that the H-bonded base pair is the most stable in gas
phase. Recently, Kurita et al.20d have investigated the efficiency
of the molecular orbital method using a Slater-type basis-set
and nonlocal density functional formalism for describing the
stacking energy of cytosine dimer. They found that the energies
obtained by employing density functional theory (DFT) are
comparable with those from the MP2 methods. Recently,
Kobayashi20f studied the relative stabilities of the tautomers of
cytosine using CCSD(T) method with cc-pvtz(-f) basis. These
were found to be in agreement with experimental observations.20

Sambrano et al.20g have carried out the calculations on the
various tautomers of the cytosine base in aqueous media. This
study demonstrated that the inclusion of electrostatic solvent
effect yields an appreciable change in the stability order of
cytosine tautomers. Morpurgo et al.20h have found that the
inclusion of polarized and diffuse functions as well as incor-
poration of electron correlation are necessary in the description
of cytosine molecule due to the nonplanarity of the amino group.

The ab initio calculations have been performed on protonated
cytosine stacked and H-bonded pairs in a polar solvent.21 Sponer
et al.22 evaluated the interaction energies of stacked cytosine
dimer by the ab initio methods. Subramanian et al.23 have
studied the effect of solvent on the stacking properties of
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cytosine dimer using Onsager SCRF model. Recently, Alema´n16b

showed that cytosine base is more hydrophilic than thymine.
The free energy of solvation for cytosine has been computed
by different groups employing a variety of methods.24 A
systematic study on the hydration patterns of bases has also
been carried out.7c,25 Experimental evidence7c,26 has provided
the following order of hydrophilicity: guanine> cytosine>
adenine> uracil > thymine.

The ab initio quantum chemical studies devoted to solvation
of stacked bases are rather rare compared to those on H-bonded
base pairs. Possible reasons are: the complex nature of the
potential energy surface of stacked pairs (as compared to that
of H-bonded pairs) and the predominant role-played by electron
correlation in the stacked pairs. The proper inclusion of solvent
effect into the calculations is perhaps the most important though
exceptionally difficult task of contemporary quantum chemistry.
There are several self-consistent reaction field (SCRF) methods
available for modeling the solvent effects (nonspecific solva-
tion). However, they treat the solvent as a continuum character-
ized by its dielectric constant27 and the electronic effects
associated with specific solute-solvent interactions are not
explicitly dealt with. A theoretical study on cytosine tautomers
in water medium has been carried out using continuum models.28

This study brings out the importance of electrostatics and the
influence of the environment conditions. Claverie et al.29

proposed the use of combined discrete/SCRF methods to predict
energies and electronic properties in solvent environment for
the nucleic acid bases. Alema´n16b,c,30has made investigations
on the hydration of cytosine base using both combined discrete/
SCRF and SCRF models. These studies prove that the combined
discrete/SCRF methods provide more useful information for
understanding the properties of bases than either discrete or
SCRF methods.

The electrostatic interactions determine the strength of
H-bonding between the nucleic acid bases, hydration of bio-
molecules and binding of polyvalent cation to DNA bases.22a,31

However, an analysis of the binding sites in terms of complete
electrostatic description of bases and base pairs is conspicuous
by its absence from the earlier literature. Several models have
been developed using complementary nature of molecular
electrostatic potential to probe guest-host interaction and
molecular recognition.32a Gadre and co-workers have recently
developed a novel docking model, viz. electrostatic potential
for intermolecular complexation (EPIC).32b The appropriateness
of this model has recently been demonstrated for exploring the
interactions in DNA base pairs and trimers.33 Importance of
electrostatics in molecular biology has been highlighted by
Warshel and Russel.34 Since base pairing and stacking involve
different kind of interactions, understanding the corresponding
solvation patterns posseses a challenging problem.

The present study is aimed at answering the following
questions: (i) Which hydrates better: H-bonded pair or stacked
pair? (ii) What is the role of electron correlation effect on the
hydrated complexes? A comparative study on the specific
solvation effects on nucleic acid base, base pair and stacked
pair has not yet been carried out either experimentally or
theoretically to the best of the authors’ knowledge. In view of
the importance of this problem, we have undertaken a case study
of explicit hydration on cytosine base, CC base pair and C/C
stacked dimer using the EPIC model, followed by an ab initio
level treatment.

Computational Methodology

In the present investigation, specific solvation effects are taken
into account by the explicit inclusion of water molecules in the

first coordination sphere around the cytosine molecule using
EPIC. This model has been used to generate guess geometries
of the solute...nH2O complexes for a subsequent ab initio
investigation. EPIC uses the rich topographical features of the
molecular electrostatic potential (MESP). The MESPV(r ), at a
point r due to nuclear charges{ZA} located at{RA} and the
electronic charge densityF(r ) is defined as

V(r ) can assume positive as well as negative values and can
provide useful information regarding electron-rich sites.35 The
first and second terms in the above equation refer to the bare
nuclear potential and electronic contributions to the MESP,
respectively. The gradient vector field characterizes topological
features of a function of many variables. Topological analysis
of V(r ) involves the identification and characterization of the
critical points (CPs), the points at which∇V(r ) ) 0.36 The
nondegenerate CPs ofV(r ) are characterized as one of the four
possible types: (3,+3), (3,-3), (3,+1), (3,-1). The CP corre-
sponding to (3,+3) refers to a minimum, (3,-3) stands for a
maximum and the (3,+1) and (3,-1) CPs represent saddle
points. Such a topographical analysis has not yet been applied
in the study of DNA base-pair-water interactions, though a
glancing reference has been made.33

Thus, in the present study, the CPs are located and character-
ized37 for the C, CC H-bonded pair and stacked C/C dimer.
The MESP-driven atom centered point charges are obtained for
C, CC, C/C and water molecules using the program GRID.38

The MESP isosurfaces for C, CC and C/C displayed in Figure
1 have been generated with the help of the graphics program
UNIVIS.39 Exploiting the complementary nature of MESP value
at the CPs, several guess geometries for the hydrated complexes
have been generated. Subsequently, the electrostatic interaction
energy of the intermolecular complexes is minimized according
to the following equation using EPIC.32b

During the interaction energy minimization, the internal geom-
etries of cytosine and water molecules are kept fixed. The water
molecule is moved around the cytosine by giving all the possible
rotational and translational degrees of freedom. The molecules
are prevented from getting too close to each other by defining
definite van der Waals envelopes for A and B. The same
procedure has been applied in evaluation of interaction energies
for the other complexes, involving more than two molecules.

The EPIC-generated geometries are used as starting point for
further ab initio optimization. The ab initio optimizations are
done at the HF/6-31G** level using both G9440 and GAMESS41

package. The single point calculations have also been made on
the hydrated cytosine base pair and stacked dimer at the MP2/
6-31G** level to include the correlation contributions. The initial
geometries for the C and CC base pair optimized at the HF/6-
31G** level. Since C/C stacked dimer is not a global minimum
in the PES at the HF level, the geometry obtained based on
empirical potential optimization has been used.21b The geometry
of C/C stacked dimer is kept fixed during optimization of the
complexes.

The HF and MP2 level interaction energies are evaluated as
the difference between energy of the complex and the sum of

V(r ) ) ∑
A

N ZA

|r - RA|
- ∫F(r ′) d3r ′

|r - r ′|

E ) 1/2∑
A,B

N

VA,iqB,i
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monomer energies.

All calculations have been carried out on the PARAM 10000
supercomputer and SGI Origin 200 workstation. Attempt has
also been made on some model complexes to assess how
inclusion of diffuse functions and basis set superposition
correction (BSSE) would influence the rank order of∆Eint

predicted by our calculations.

Results and Discussion

The topographical features as well as the pictorial representa-
tion of MESP in the form of isosurfaces are very useful for
exploring molecular recognition phenomena and host-guest
interactions. In the present case study, the topographical features
provide potential sites on C, CC pair and C/C stacked dimer
where the water molecules can be anchored. The MESP
isosurfaces for isolated C, CC pair and C/C stacked dimer are
depicted in Figure 1. The negative valued isosurface of MESP
indicates the electrophilic sites on these molecules.

Interaction Energy and Geometry of Hydrated Cytosine
Base.From Figure 1, it is evident that the charge concentration
sites lie in the molecular plane of cytosine, which are primarily
responsible for the binding with the hydrogens of water
molecules. The most negative MESP minimum for the cytosine
base is-83.2 kcal/mol. The MESP features reveal that ring
N1, N3, O(C), and NH2-N(H) groups are able to make specific
H-bonding interactions with water molecules. From Figure 1a,
it can be predicted that the N3 and O(C) atoms would act as
the primary binding sites for hydrogens of water complemeted
by the hydrogens of cytosine binding with oxygens of corre-
sponding water molecule. The (3,-3) CPs represent the potential
sites for H-bonding whose strength is determined by the value
of MESP at that CP.

Several guess geometries for the complex C...H2O were
generated by employing MESP complementarity of the interact-
ing moieties. This involves positioning H of one molecule close
to the most negative MESP CP of the other molecule andVice-
Versa leading to a lock-and-key type of MESP arrangement.
These trial geometries are then docked with EPIC to minimize
the interaction energy. The EPIC-minimized geometries of
cytosine water complexes are then used as starting geometries
for further ab initio optimization. Three distinct geometries for
C...H2O complexes, each having two hydrogen bonds, have been
obtained at the HF/6-31G** level. Similar exercise performed
on C...2H2O and C...3H2O yielded four and five distinct
geometries, respectively at the HF/6-31G** level of calculation.
Only the energetically favored geometries of these complexes
are depicted in Figure 2.

The HF interaction energies of C...nH2O (n ) 1, 2, 3)
complexes are shown in Table 1. The incremental interaction
energies for the addition of second and third water molecules
are-11.8 and-10.2 kcal/mol, respectively. It is interesting to
note that all the geometries corresponding to C...3(H2O)
molecule have comparable energies due to rather similar
H-bonding patterns. The geometry corresponding to C1W1 (cf.
Figure 2a) was recently optimized at HF/6-31G(d,p) by Alema´n16b

and at the MP2/6-31G(d,p) level by Gorb et al.42 Their
geometrical parameters along with the present results are given
in Table 2. As expected, the MP2 level bond lengths are
consistently lower than the HF counterparts due to the electron
correlation. The comparison of geometrical parameters at HF
and MP2 levels indicates that the HF method is reasonable
enough to carry out geometrical optimization of large H-bonded
complexes. The donor acceptor distances predicted at the HF
level are larger about 0.03-0.09 Å as compared to their MP2
counterparts. Further, it has been found that the intermolecular
angles in the C...H2O compex are very similar at both HF and
MP2 levels.

Comparison of Interaction Energies of Hydrated H-
Bonded and Stacked Cytosine Bases.It may be noticed from
Figure 1 that the MESP of C/C stacked dimer is more negative
as compared to that of the CC base pair. The most negative
MESP minimum for C/C is-80.2 kJ/mol whereas it is-76.3

Figure 1. MESP isosurfaces of values (going inward from outside):
(a) -28.24,-61.50, and-69.03 kcal mol-1 for cytosine, (b)-62.75,
-34.51, and-21.96 kcal mol-1 for CC H-bonded pair, and (c)-65.26,
-56.48, and-9.41 kcal mol-1 for C/C dimer. See text for details.

∆Eint ) E(C...nH2O) - {E(C) + nE(H2O)}
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kJ/mol in the case of CC pair. Hence we may expect stronger
electroststic interactions for C/C with water molecules in contrast
to the CC pair. The initial geometries of hydrated CC and C/C
complexes obtained by EPIC were further optimized at the HF/
6-31G** level. The interaction energies calculated at HF/6-
31G** and MP2/6-31G**//HF/6-31G** levels for CC and C/C
pairs are given in Tables 3 and 4. Selected geometries for
CC...nH2O and C/C...nH2O (n ) 1, 2, 3) complexes are
displayed in Figures 3 and 4, respectively. Both the geometries
of CC...H2O have the same energy at the MP2/6-31G** level,
whereas at the HF/6-31G** level, CCP2W1 is lower in energy
than CCP1W1 geometry (cf. Figure 3a). The correlation energy
contribution to the interaction energy for the CCP1W1 complex
is 3.2 kcal/mol, which is higher than that for CCP2W1 complex.
Although the electron correlation is important in the stabilization
of CC pair, the dominant interaction is electrostatic in nature.
The position of water molecules in the hydration process would
significantly influence these two interactions. In the case of
CCP1W1, the water molecule is hydrogen bonded to carbonyl
oxygen and proton of N1 of one cytosine. In the case of
CCP2W1 complex, the water molecule is present between the
paired cytosines. This intervening water molecule modulates

both the electrostatic and dispersion interactions and hence the
difference in the energetics of the hydrated CC pair.

The CCP1W2 emerges as the energetically most favored
geometry among doubly hydrated CC complexes. This is
because both the water molecules are bound to the most negative
valued MESP CPs of CC pair. In the case of interaction of three
water molecules with CC, it may be noticed that geometrically

Figure 2. Ab initio optimized structures of (a) C...H2O, (b) C...2H2O, and (c) C...3H2O. See text and Table 1 for details and the corresponding
interaction energy values obtained using the HF/6-31G** level.

TABLE 1: Interaction Energies (kcal mol-1) of
Cytosine-Water Complexes at the HF/6-31G** Level Using
ab Initio and EPIC Methods

molecular geometry ∆EEPIC ∆EHF

C1W1 -11.4 -11.7
C2W1 -11.4 -10.9
C3W1 -8.4 -8.3
C1W2 -20.7 -23.5
C2W2 -18.6 -22.3
C3W2 -20.4 -19.7
C4W2 -24.1 -22.3
C1W3 -28.8 -33.6
C2W3 -31.1 -33.7
C3W3 -33.3 -33.3
C4W3 -29.8 -33.5
C5W3 -31.7 -33.7

W1, W2 and W3 stand for one, two and three water complexes,
respectively.

TABLE 2: Selected Intermolecular Geometrical Parameters
(Å) for Cytosine-H2O Complex C1W1 (see Figure 2a)

geometrical params HF/6-31G**a HF/6-31G(d)b MP2/6-31G(d)c

H9...Ow 2.048 2.051 1.908
O1...Hw 1.983 1.979 1.888
N2...Ow 2.921 2.938 2.827
O1...Ow 2.843 2.836 2.785

a Present values.b Taken from ref 16b.c Taken from ref 42.

TABLE 3: Hartree -Fock (∆EHF) and EPIC (∆EEPIC)
Optimized Interaction Energies (kcal mol-1) at the HF/
6-31G** Level for CC...nH2O Complexesa

molecular geometry ∆EEPIC ∆EHF ∆EMP2(SP)

CCP1W1 -11.8 -11.4 -14.6
CCP2W1 -10.3 -12.1 -14.6
CCP1W2 -29.3 -25.1 -30.7
CCP2W2 -18.6 -22.3 -28.0
CCP3W2 -18.5 -22.8 -28.1
CCP4W2 -20.3 -23.6 -30.6
CCP5W2 -24.3 -22.9 -29.4
CCP6W2 -21.3 -23.2 -30.1
CCP7W2 -20.1 -23.1 -29.8
CCP1W3 -30.4 -34.3 -42.6
CCP2W3 -29.7 -35.6 -44.7
CCP3W3 -33.1 -34.5 -43.7
CCP4W3 -35.5 -34.9 -43.5
CCP5W3 -32.6 -34.4 -43.1
CCP6W3 -33.2 -34.2 -42.4
CCP7W3 -33.2 -34.0 -41.7
CCP8W3 -34.3 -35.5 -43.6
CCP9W3 -35.2 -33.4 -43.7

a ∆EMP2(SP) single point interaction energies at the MP2/6-31G**
level (see text for details).

TABLE 4: Hartree -Fock (∆EHF) and EPIC (∆EEPIC)
Optimized Interaction Energies (kcal mol-1) at the HF/
6-31G** Level for CC...nH2O Complexesa

molecular geometry ∆EEPIC ∆EHF ∆EMP2(SP)

CCS1W1 -17.2 -12.6 -15.7
CCS2W1 -11.9 -11.7 -14.7
CCS1W2 -24.7 -25.1 -31.7
CCS2W2 -25.3 -24.9 -30.5
CCS3W2 -27.2 -26.5 -32.1
CCS4W2 -24.1 -23.9 -29.5
CCS5W2 -22.7 -23.8 -29.4
CCS1W3 -32.6 -33.8 -41.8
CCS2W3 -31.8 -36.3 -45.7
CCS3W3 -33.5 -35.5 -45.2
CCS4W3 -36.2 -37.6 -46.1
CCS5W3 -37.5 -36.2 -44.8
CCS6W3 -35.5 -36.5 -46.0
CCS7W3 -35.2 -34.2 -45.2

a ∆EMP2(SP) single-point interaction energies at the MP2/6-31G**
level (see text for details).
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similar complexes like CCP3W3 and CCP4W3 have similar
energies. It is observed that the CCP2W3 (cf. Figure 3d) has
the numerically highest interaction energy as compared to other
complexes. This may be due to more number of H-bonds, which
are bonded in the electron rich sites contributing to additional
strength.

The geometries of C/C...H2O, C/C...2H2O and C/C...3H2O
are displayed in Figure 4. As seen from Table 4, the CCS1W1
(Figure 4a) is energetically more favored than the CCS2W1
complex. This may be due to complementary nature of the
electrostatic interaction involved in the stabilization of the
complexes. The geometries CCS3W2 (cf. Figure 4c) and
CCS4W3 (cf. Figure 4e) emerge as the most favored ones for
C/C...2H2O and C/C... 3H2O at HF and MP2 levels. It can be
brought out from Tables 3 and 4, that the interaction energies
for one, two and three water molecules with CC and C/C
complexes follow an additive behavior. It should be noted that
in the hydrated complexes of C/C, water molecules bind to both
the cytosines highlighting that cooperativity plays a crucial role
in the hydration of stacked pairs.

The interaction energy of hydrated C/C stacked dimer
(constrained optimized: coordinates of C/C were kept frozen)
is numerically higher by about 1 to 2.5 kcal/mol at HF compared

to hydrated CC base pair (fully optimized). The complete
optimization on hydrated C/C would lead to a further stabiliza-
tion increasing the above difference. The MP2/6-31G** con-
strained optimization (the coordinates of CC and C/C were kept
frozen) have been performed on CCP8W3 geometry of CC...3H2O
pair and CCS4W3 geometry of C/C...3H2O which are the most
stable geometries at the HF level. After a reasonable optimiza-
tion the interaction energies turned out to be-44.9 kcal/mol
and -48.6 kcal/mol for CCP8W3 and CCS4W3 complexes,
respectively with a difference of 3.7 kcal/mol. A look at the
structure CCP8W3 reveals that most of the primary sites are
hydrated and hence increment in the interaction energy for a
further addition of three water molecules will not be numerically
greater than 44.9 kcal/mol. On the other hand, the increment in
the interaction energy for adding three more water molecules
to the corresponding best hydrated stacked pair structure (viz.
CCP4W3) is expected to be comparable to the∆E of triply
hydrated C/C (viz.-47.8 kcal/mol). Hence, the difference (at
the MP2 level) between the hexahydrated CC and C/C is
expected to be at least 7 kcal/mol in favor of the later. This
difference guarantees that the stacked dimer is better hydrated
than H-bonded base pair. It is also apparent that the higher
interaction energies predicted for the C/C stacked water

Figure 3. Ab initio optimized structures of (a) CC...H2O, (b-c) CC...2H2O, and (d-e) CC...3H2O. See text and Table 3 for details and the
corresponding interaction energy values obtained using the HF/6-31G** level.
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complexes are due to the cooperative nature of the interaction.
That is, in the case of C/C...nH2O complexes, both cytosine
are involved in H-bonding interaction with water molecules,
whereas in hydrated CC geometries, both the cytosine are
H-bonded with each other, and hence they do not compete for
H-bonding with water molecules. The presence of more binding
sites for water molecules in stacked C/C dimer leads to
C/C...nH2O having more number of hydrogen bonds than
CC...nH2O complexes. Further, it is also clear from the MESP
isosurface that C/C stacked dimer (cf. Figure 1c) has more
negative MESP region than CC H-bonded pair (cf. Figure 1b).
Our results agree qualitatively well with the experimental
evidence, which shows that base stacked pair solvates better
than H-bonded one.43 From Tables 3 and 4 it can be inferred
that the correlation contribution to the interaction energy is
uniformly higher for all the C/C...3H2O geometries compared
to the CC...3H2O counterparts. This may be due to the fact that
increasing the number of interacting atoms increases the
dispersion contribution relative to the role-played by the
electrostatic interactions. An unconstrained optimization (upto
a gradient of 0.001) of CC2W3 at the MP2/6-31G** level leads
to a considerable pyramidalization of the-NH2 group with the
amino hydrogens bending away from the other cytosine
molecule. The interaction energy also increases to-52.0 kcal/
mol. Since all the geometries (including C/C) studied in this
investigation are not optimized at the MP2 level the changes in
the interaction energy trends brought out by pyramidalization

is not appropriate to compare here. However, the basic binding
patterns of water molecules CC2W3 remain the same.

To assess the influence of inclusion of diffuse functions in
the basis set, HF/6-31++G(d,p) calculations have been carried
out on cytosine-water complexes (C1W1 and C2W2). The
interaction energies of these complexes at this level turn out to
be -10.2 and-9.4 kcal/mol, respectively which are typically
87% of their HF/6-31G(d,p) counterparts viz.-11.7 and-10.9
kcal/mol. Although the inclusion of diffuse functions does alter
the value of interaction energy, there may not be a change in
the trend predicted by the HF/6-31G(d,p) level of theory. The
calculations have also been performed on CCS1W3 and
CCS4W3 to study the importance of basis set superposition error
(BSSE) in the prediction of interaction energy. The BSSE-
corrected interaction energies of CCS1W3 and CCS4W3 are
-27.2 and-30.9 kcal/mol respectively as against uncorrected
values of-33.8 and-37.6 kcal/mol at the HF/6-31G(d,p) level
of computation. The scaling factors (∆Ecorrected/∆Euncorrected) turn
out to be 0.80 and 0.82 for CCS1W3 and CCS4W3 complexes.
To estimate the BSSE correction at the MP2 level, calculations
were performed on the same complexes. The respective scaling
factors are 0.67 and 0.72. It can be noted that the incorporation
of BSSE correction in the prediction of interaction energies does
bring down the numerical value of the interaction energy but
does not seem to alter the rank order predicted by HF/6-31G-
(d,p) as well as the MP2/6-31G** levels of calculations. These

Figure 4. Ab initio optimized structures of (a) C/C...H2O, (b-c) C/C...2H2O, and (d-e) C/C...3H2O. See text and Table 4 for details and the
corresponding interaction energy values obtained using the HF/6-31G** level.
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findings are also in accordance with previous investigation on
hydration of uracil carried out by Gadre et al.44

It is gratifying to note that electrostatics-based EPIC model
is able to clearly distinguish various sites toward their interac-
tions with water molecules. The number of water molecules
included in this study is limited to three. These three water
molecules in the first hydration shell are expected to bring out
the differences in the interaction energies in the CC and C/C
pairs, since they are most tightly bound to the DNA base. The
addition of more number of water molecules would be com-
putationally more involved and would require substantially large
computational power.

Concluding Remarks

This study reveals that there are specific patterns of water
clusters, which add to the stability of the complex. These
identified patterns can be used to construct the geometries of
complexes with large number of water molecules. The topog-
raphy-based approach seems to offer insight into the primary
interaction patterns of base-water formation. The EPIC interac-
tion energies are quite comparable to their ab initio counterparts.
EPIC also provides good starting geometries for ab initio
optimization and hence reduces the CPU time to a large extent.

The interaction energy predicted for the hydrated C/C dimer
is numerically higher than that predicted for hydrated CC pair
and the difference in energy ranges from 1 to 2.5 kcal/mol at
the HF level. This is consistently seen at all the levels of
calculation reported here. The higher interaction energy pre-
dicted in the case of hydrated C/C dimer may be due to the
cooperative binding of water molecules to both the cytosines.
It is shown from the MP2 constrained optimization calculations
that the enhancement in interaction energy for C/C...3H2O
complex is more than 3.7 kcal/mol when compared to CC...3H2O
complex. This reveals that although the differnce in interaction
energy between CC and C/C is small, it may be magnified
further upon full MP2 optimization. Hence, it is apt to state on
the basis of the present findings that the stacked pair hydrates
better than base pair, which confirms the experimental evi-
dence.43

It is observed that even though the correlation contribution
to the interaction energy is higher (0.6 to 2.6 kcal/mol) in the
case of C/C...nH2O as compared to CC...nH2O, electrostatics
seem to be the deciding factor for trends in interaction energies
shown by both these complexes. It has also been observed that
the inclusion of diffuse funcions in the basis set does not seem
to alter the trends predicted by our calculations. Incorporation
of the BSSE correction scales down the interaction energies
without altering the rank order observed in the present inves-
tigation. We believe that the patterns observed in the present
study could be gainfully employed for further probing of
complete first and second hydration shells of DNA bases and
base pairs. Electrostatics indeed seems to play a vital role in
such hydration processes.
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