
ORIGINAL PAPER

Jaroslav V. Burda Æ Manoj K. Shukla

Jerzy Leszczynski

Theoretical model of the aqua-copper [Cu(H2O)5]+cation interactions
with guanine

Received: 21 November 2004 / Accepted: 31 January 2005 / Published online: 1 June 2005
� Springer-Verlag 2005

Abstract Pentaaqua complexes of Cu(I) with guanine
were optimized at the DFT B3PW91/6-31G(d) level. For
the most stable structures, vibration frequencies and
NBO charges were computed followed by energy anal-
yses. The order of individual conformers was very sen-
sitive to the method and basis sets used for the
calculation. Several conformers are practically degener-
ated in energy. The inclusion of an entropy term changes
the order of the conformers’ stability. Water molecules
associated at the N9 position of guanine are favored by
the inclusion of the entropy correction. Bonding energies
of Cu–O(aqua) interactions were estimated to be about
60 kcal mol�1 and for Cu–N7 bonding in the range of
75–83 kcal mol�1. The broad range in Cu–N interaction
energies demonstrates the role of induction effects
caused by water molecules associated at the various sites
of guanine. The charge distribution of the guanine
molecule is changed remarkably by the coordination of a
Cu(I) cation, which can also change the base-pairing
pattern of the guanine.

Keywords DFT calculations Æ Copper complexes Æ
DNA base Æ Metal hydration

Introduction

Copper plays an important and very diverse role in liv-
ing systems. Several theoretical investigations have been
devoted to the study of the interaction of copper cations
with amino acids. Recently, Sabolovic et al. [1] and

Sabolovic and Liedl [2] studied the structural charac-
teristics of hydrated complexes of Cu(II) and its inter-
action with amino acids. Further, Rulı́šek and Havalas
[3–5] investigated the properties of Cu(II) complexes
found in databases and compared the bonding energies
of copper with respect to other metal cations. The
interaction of Cu(II) with the glutamate molecule was
examined by Santra et al. [6]. Bertran et al. [7] compared
the similarity and differences between the bonding
characteristics of Cu(I) and Cu(II) cations interacting
with glycine. Several investigations have been devoted to
the interactions of glycine with silver and copper mon-
ocations [8–10]. In these investigations, efforts were also
made to compare the direct coordination and H-bond-
ing possibilities in the presence of some ammonia mol-
ecules. There have also been many experimental
investigations dealing with the interactions of Cu cations
with biological systems in different environments. For
example, the interaction of Cu(II) complexes with his-
tidine in an ice-matrix [11] or ligand-field effects on the
chemical shift in various Cu(II) complexes using the
XANES spectra [12].

Theoretical investigations of the interaction of me-
tal cations with amino acids are also important for
unraveling the structural and electronic properties of
the so-called blue proteins. In the blue proteins, the
basic role of the copper redox Cu(I)/Cu(II) properties
are utilized. Reduced blue copper proteins have such
geometries that the metal coordination closely resem-
bles its relations in the oxidized form [13–20]. The
Siegbahn group studied the redox activities of the
copper-amine-oxidase [21]. Some other oxidation en-
zymes like indophenoloxidase, which is present in the
fourth cycle of the respiration chain in the so-called
terminal oxidation in the function of redox center of
the metalloprotein, or cytochrom c oxidase, superoxi-
dase dismutase, tyrosinase, were also studied by the
same group [22, 23]. Interesting experimental works on
the charge transfer of the blue proteins were recently
published [24, 25]. These enables comparison with the
above theoretical studies.
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Theoretical investigations have also been devoted to
the interaction of copper cations with nucleic acid bases
[26–30]. Recently, Yoshioka [31] applied the HF/6-31G*
level of theory to determine the selectivity of the tri-
aqua–Cu(I) complex with a GpGpG trinucleotide. Some
experimental studies dealing with such interactions are
also available, but they deal predominately with the
Cu(II) cation [32–36].

The role of water as the most common environment
for solvation deserves very thorough investigation. An
importance of the present investigation can be seen in
the number of other papers where copper hydration
using either static [37, 38] or dynamic [39, 40] methods
or the combination of both [41–44] was also examined.
Experimental work in the gas phase confirmed the high
stability of some low-coordinated Cu(II) complexes [45].
Recent efforts were also devoted to designing parameters
for empirical force fields [46–48] in order to enable faster
classical MD simulations for such systems. The SIFBA
approach with polarizable potentials, which was suc-
cessfully applied to the modeling of copper complexes,
[49, 50] offers a very promising tool in this regard.

The present work is devoted to the interaction of the
copper Cu(I) cation with guanine in the presence of
several water molecules. Copper–N7 guanine coordina-
tion was combined with various water interactions, both
Cu-bonded and H-bridged. Also, several levels of
quantum chemistry were used, demonstrating the
importance of individual energy and entropy contribu-
tions. This study can be considered as an extension of
our previous investigations, where the interactions of the
Cu(I) and Cu(II) cations with water and ammonia
molecules were studied [51–53] and where the accuracy
of the methods and basis sets was discussed.

Computational details

The DFT technique with the B3PW91 functional and
the 6-31G(d) basis set was used to optimize the selected
complexes of formula [Cu(H2O)5(N7-guanine)]+. The
Cu+ cation was described using averaged relativistic
effective pseudopotentials (AREP) [54] with balanced
augmentation by diffuse and polarization functions [51].
The systems were treated as closed shell complexes in the
singlet electronic ground state. Frequency analyses were
performed at the same computational level (also labeled
later as E1), confirming that all the configurations have
character of (local) minima. These analyses were also
used for obtaining thermochemical potentials—Gibbs
energies for comparison of various hydrated complexes.
Particularly, the very important role of entropic term
derived from partition functions for ideal gas in micro-
canonical ensemble will be emphasized in the discussion.
Single-point energy characteristics were determined for
the optimized geometries using the B3LYP functional
and the extended 6-311++G(2df,2pd) basis set for N,
O, and H atoms. Pseudo-orbitals on the Cu atom were
augmented accordingly by s, p, d diffuse and 2f, g

polarization functions [51]. This level of calculation is
designated E2. Stabilization energies with counterpoise
corrections [55] (including BSSE and deformation cor-
rections) were calculated according to the formula:

DEStab ¼ Ecomplex �
X

Emonomer �
X

Edeform
� �

ð1Þ

Here Emonomer denotes the total energy of the given part
calculated with the inclusion of the AOs of ghost atoms
from the rest of the system. For such complexes with a
relatively large number of weakly interacting molecules,
there are several possibilities for the further partitioning
of the space. Therefore, various interaction energies were
also evaluated including the sterically corrected stabil-
ization energy DEStex and the dissociation energy of the
Cu–N7 bond. Based on these two values, the Cu–O(aqua)
binding energy was estimated. The difference between
DEStex andDEStab consists of a different partition scheme.
For DEStex evaluation, all the cation-surrounding mole-
cules were taken as a one part and the central Cu ion as
another part of the complex. Sterical repulsions and other
interactions like H-bonds between individual water mol-
ecules are not considered in this way and basically only the
net Cu-coordination energy is obtained. The DEStex

energies were also used to estimate the coordination
energies E(Cu–N) and E(Cu–O). In order to be able to
divide DEStex energies into the two different bonding
contributions, another energy partition scheme (ECuN)
was derived, where the whole complex was divided into
two parts: (1) Cu atom + the water molecules, which
were localized geometrically between the Cu and the O6-
guanine area; (2) guanine + the remaining water mole-
cules associated with it. In this way, an energy of the Cu–
N7 bond together with one H-bond was evaluated. This
H-bond can easily be subtracted since both the water...
water H-bond energy is known (about 5.7 kcal mol�1

obtained from similar approaches, e.g. [56–61]) or the
water...O6 strength can be estimated to be roughly
4.7 kcal mol�1 (calculated according to the Eq. 1 for
non-metalated guanine...water system). The difference
between DEStex and DECuN corresponds to the Cu inter-
action with water molecules in its proximity and can be
used to determinate the Cu–O bond energy.

Finally, the H-bond energy of waters associated with
guanine was also calculated. A charge distribution
analysis based on the natural population analysis (NPA)
approach [62] was performed for the optimized struc-
tures in order to gain a detailed insight into the bonding
relations. The program package Gaussian 98 [63] was
used for ab initio quantum chemical calculations. Visu-
alizations of geometries, MOs, and vibration modes
were performed using the programs Molden 4.0 [64] and
Molekel 4.3 [65, 66].

Optimized structures

The geometry optimizations of different Cu(I) com-
plexes revealed many stable structures (local minima on
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the interaction surface). It should be noted that all
predicted minima represent only a static description on
the hydration surfaces under the condition of isolated
systems at a temperature of 0 K. In the real system, the
influence of entropy results in a non-negligible part of
the Gibbs energy landscape, which will be discussed la-
ter. Nevertheless, we hope that the present study can
serve as a good starting point for the future development
of more complex models.

In the geometry optimization, several types of com-
plex were considered. The copper cation with all the five
water molecules in its neighborhood (only one structure
with the lowest energy was used for the further analy-
ses), Cu+ with four water molecules and the remaining
molecule transferred to the guanine moiety, Cu+ with
three or two water molecules and finally the mono-aqua
coordinated Cu(I) cation with the other four molecules
‘‘hydrating’’ the guanine. It was sometimes difficult to
distinguish whether water is associated only with the O6
position of guanine (for the labeling of guanine atoms
see Scheme 1) or is merged with Cu(H2O)+ and the O6
site, especially in the systems with 2 and 3 water mole-
cules in the proximity of the metal cation. In all the
cases, the copper cation exhibits only two (direct) dative
bonds, which is in agreement with some other studies
[51–53, 67]. The structures with a single water molecule
coordinated to the Cu cation were found to be less stable
than other conformers. However, entropy corrections
lead to increased DG preference of some of these struc-
tures. Several conformers with hydrated O6, N1, N2, N9

guanine sites converged to the same or very similar
structures and only the lowest structures are used here
for the energy decompositions and further analyses.

The H-bond distances and coordination parameters
for the complexes are shown in Table 1. It was found
that the Cu–N7 bond length is always slightly shorter

than the Cu–O distance (in average 1.86 Å vs 1.89 Å).
Although H-bonding represents only a weak perturba-
tion to the geometry of the [Cu(H2O)(N7-guanine)]+

complex, a small but important change in the coordi-
nation parameters was noticed when some of the water
molecules were transferred from the Cu cation to the
guanine moiety (Table 1). In systems with 2–4 water
molecules around aqua-ligand of Cu+, both dative
bonds (Cu–O and Cu–N) are relatively shorter. Some
elongation of both of these bonds occurs for the com-
plexes with a single water molecule connected to the
aqua-ligand. This water is ‘‘pulled out’’ by the next
neighboring H2O linked to the O6 guanine site. Also, the
relatively longer (1.60 Å) H-bond between aqua-ligand
and its H-bonded partner is remarkable. A distance of
1.50 Å is common for H-bonding in other comparable
systems with two or more water molecules between the
aqua-ligand and the O6 site of guanine. It should be
noted that the H-bonds discussed above are shorter than
the usual H-bond distance between water dimer due to
the polarization effects of Cu(I) cation. This is also re-
flected by the larger (by about 0.03 e) partial charges on
the H atoms of aqua ligand. In complexes where no
additional water molecules are H-bonded to aqua-ligand
(last three columns in Table 1), a further dilation of the
Cu–O bond and shortening of the Cu–N7 bond is re-
vealed. The elongation of the Cu–O bond is in accor-
dance with our previous studies on the interaction of
water and ammonia molecules with the Cu(I)/Cu(II)
cations [51, 52]. The shortening of the Cu–N7 bond can
be explained in terms of the trans-effect of the aqua-
ligand in connection with the induction effect of water
molecules associated with guanine. The dilation of the
Cu–O bond is also in accordance with the fact that the

Table 1 Selected geometry parameters of the hydrated Cu-guanine complexes (distances in Å)

Label 1W 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Cu–N7 1.864 1.857 1.871 1.860 1.860 1.870 1.871 1.858 1.859 1.863 1.874 1.852 1.854 1.858 1.861 1.855
Cu–O 1.919 1.879 1.895 1.877 1.877 1.893 1.894 1.880 1.879 1.882 1.893 1.922 1.921 1.879 1.878 1.921
N7–Cu–O 168.1 177.7 170.1 177.3 176.8 171.1 169.9 178.4 178.6 177.3 170.6 179.8 176.3 177.5 178.7 173.7
H(w)...O6 1.816 1.645 1.817 1.839 1.638 1.655 1.868 1.853 1.904 1.660 1.839 1.882
H(w)...O6 1.877 1.787 1.791 2.191 1.850
O(w)...HN1 1.971 1.745 1.953 1.718 1.904 1.737 1.950 1.744 1.814 1.806 1.749 1.709
O(w)...HN2 2.010 2.047 2.292 1.774 2.035 1.755 1.741 2.373
O(w)...H2N2 1.820 1.796 1.780 1.860
H(w)...N3 2.223 2.138 2.355 2.180 2.191 2.216 2.037
O(w)...H(N9) 1.778 1.743 1.775 1.740 1.781 1.751
H(wcu)...O(2) 1.498 1.600 1.497 1.498 1.597 1.600 1.793 1.796 1.844 1.593 1.791 1.794
H(wcu)...O(2) 1.718 1.719 1.701 1.717 1.710
H(w)–O6–C6 147.7 133.6 152.1 153.5 136.5 134.1 165.6 169.2 152.2 133.6 127.8 130.7 158.5 168.6 120.3
H–O6–C6–C5 81.6 179.8 102.2 48.4 178.8 178.9 35.5 45.8 75.1 179.0 160.3 168.4 14.9 43.7 164.0

Symbols h(w) and o(w) mean hydrogen and oxygen atoms in aqua ligand (directly coordinated water molecule), respectively; o(2) denotes
oxygen atom from the closest water associated to aqua ligand

N1

N3N9

N7

O6

N2

H

H

H1

H2

H

Cu(I)

Scheme. 1 Labeling of the guanine atoms
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aqua-ligand (without additional surrounding water
molecules) cannot compete with guanine, which is a
substantially stronger electron donor [68–71]. It was also
shown that the strength of Cu–O bond increases with the
number of H-bonds of the aqua ligand. This is con-
nected with a reduction of electron density from the H–
O(aqua) bond and an increase of the negative charge on
oxygen, which improves the donation ability of the aqua
oxygen into vacant orbitals of the Cu atom. Further
support for the above conclusion can be found in the
partial-charge analysis shown in Table 2.

The most stable structures corresponding to different
pentaaqua–copper-guanine complexes are shown in

Fig. 1. The distances of coordinated ligands are in
consistency with our previous studies where Cu(I)/
Cu(II) cations were investigated [51–53]. The Cu–N
distances are found to be smaller than the Cu–O dis-
tances in the complexes examined. However, the differ-
ences between Cu–O and Cu–N bonds are not so
pronounced in comparison with some other transition
metals (e.g., Co, Ni, Pd, Pt).

Hydration energies

The stabilization energies (with and without inclusion of
steric repulsion computed according to Eq. 1 for the
optimized geometries) together with Cu–N7 and Cu–O

Table 2 Partial charges from NPA analysis at B3LYP/6-31+G(d,p) level (in e). First two columns contain partial charges of isolated
guanine and monoaqua Cu(I) complex

Guanine 1W 1 2 3 4 5 6 7 8 9 10 11 12 13 14

N 1 �0.66 �0.64 �0.65 �0.65 �0.65 �0.65 �0.65 �0.65 �0.64 �0.65 �0.64 �0.65 �0.65 �0.65 �0.65 �0.64
N 3 �0.59 �0.56 �0.60 �0.56 �0.56 �0.56 �0.56 �0.59 �0.56 �0.57 �0.56 �0.56 �0.61 �0.57 �0.56 �0.60
N 7 �0.44 �0.61 �0.61 �0.61 �0.60 �0.60 �0.60 �0.61 �0.61 �0.60 �0.59 �0.60 �0.62 �0.62 �0.60 �0.59
N 9 �0.59 �0.56 �0.57 �0.57 �0.56 �0.56 �0.57 �0.57 �0.57 �0.56 �0.56 �0.56 �0.57 �0.57 �0.56 �0.56
O 6 �0.61 �0.64 �0.68 �0.71 �0.71 �0.73 �0.72 �0.71 �0.67 �0.68 �0.66 �0.73 �0.70 �0.711 �0.71 �0.66
N 2 �0.86 �0.83 �0.84 �0.84 �0.83 �0.83 �0.83 �0.84 �0.84 �0.83 �0.83 �0.83 �0.84 �0.84 �0.83 �0.83
H N1 0.44 0.46 0.47 0.48 0.48 0.47 0.47 0.48 0.46 0.47 0.46 0.47 0.47 0.48 0.48 0.46
H N2 1 0.43 0.44 0.46 0.45 0.45 0.46 0.47 0.45 0.44 0.46 0.44 0.46 0.46 0.47 0.44 0.44
N2 2 0.45 0.46 0.45 0.46 0.46 0.46 0.45 0.45 0.46 0.46 0.46 0.46 0.47 0.45 0.46 0.48
H N9 0.46 0.48 0.50 0.49 0.48 0.48 0.48 0.50 0.49 0.48 0.48 0.48 0.49 0.49 0.48 0.48
Cu 0.77 0.74 0.76 0.74 0.74 0.76 0.76 0.74 0.74 0.75 0.74 0.76 0.75 0.74 0.74
O-ligand �1.03 �1.08 �1.07 �1.07 �1.08 �1.07 �1.07 �1.07 �1.07 �1.07 �1.07 �1.03 �1.02 �1.07 �1.07

Fig. 1 The conformers of [Cu(H2O)5(N7-guanine)]+ complex with
the lowest energies

365



bond energies are summarized in Table 3. The relative
total energies calculated at the B3PW91/6-31G(d) (DE1)
and B3LYP/6-311++G(2df,2pd) (DE2) levels, and at
the B3LYP level with the inclusion of corrections for
thermal and entropy contributions at 298 K obtained at
the B3PW91 level (DG) are also shown in the Table 3.

The current investigation reveals a complex total
energy profile for the complexes studied. The relative
coordination energies (1), H-bond energies (2) and en-
tropy terms (3) for the studied complexes are generally
similar. (1) The maximum difference between the coor-
dination energies obtained without steric repulsion and
hydrogen-bonding corrections (DEStex) is about 9 kcal
mol�1 (cf. Table 3). (2) The changes in H-bond energies
are more difficult to estimate. However, since the dif-
ferences between DEStab and DEStex can be considered as
a consequence predominately of these weak H-bond
interactions, they can be expected to differ up to 15 kcal
mol�1. Such large differences can be justified since the
number of H-bonds varies between 6 and 8 and diverse
guanine sites are involved. Moreover, the H-bond en-
ergy between the polarized coordinated water (aqua-li-
gand) and second shell water is about 12 kcal mol�1 in
the {[Cu(H2O)2]

+ + 4H2O} complex [52]. A similar
water arrangement also occurs in structures where more
than three water molecules were in the Cu(I) neighbor-
hood. (3) The differences in entropy terms were deter-
mined to be up to 5 kcal mol�1.

At the DE1 level, the global minimum is represented
by a conformer with three water molecules placed in the
Watson–Crick H-bond positions and the remaining
water molecules are localized at the Cu cation (structure
5; for conformer numbering see Fig. 1). Based on intu-
ition, this structure can be expected to be a very good
candidate for the global minima. However, at the larger
basis set, another structure (2) becomes the global
minimum where the water at the N2 site is moved to the
N9 position of the guanine. The third conformer (1) is
similar to structure 2; the H-bond between the N1-
associated water and the O6-associated water is broken

and the N1-water molecule is shifted between the N1
and N2 sites, creating bifurcated bonds in the conformer
1. The relative energies of these three structures are
practically degenerate (being within 0.1 kcal mol�1) at
the B3LYP/6-311++G(2df,2pd) level. However, when
thermal and entropy corrections are added, structure 1
was determined as the global minimum on the Gibbs
energy surface, leaving the other candidates more than
1 kcal mol�1 higher in energy. Due to the smaller en-
tropy contribution to the energy of complexes where
water molecules are arranged in the form of H-bonded
clusters (structure 9) or ordered chains (5), these com-
plexes are relatively less stable on the DG free energy
landscape. Further, it appears that the entropy term
prefers the hydration of the N9 site of guanine, since the
conformers 7, 11, 12, and 15 also become relatively more
stable on the DG landscape. Further, among complexes
7, 8, 13, and 14, where just one water molecule is
transferred from the proximity of the Cu-cation, struc-
ture 7 was found to be the most stable after the inclusion
of the entropy correction.

In order to gain deeper insight into the nature of the
coordination bonds, additional energy decomposition
calculations were performed. The estimation of coordi-
nation energy between Cu(I)–N7 and Cu(I)–O(aqua)
corresponds to DEStex if the remote-water...Cu interac-
tions are subtracted properly. On the basis of our pre-
vious results [51], about 3 kcal mol�1 should be
considered for the interaction between the copper cation
and the closest water molecule(s) linked by H-bonds to
an aqua ligand. On the basis of energy decompositions
according to DEStex and DECuN, the coordination energy
of Cu–N7 can be estimated to be within 75–83 kcal
mol�1 and for Cu–O it is about 60 kcal mol�1. Gener-
ally, a longer Cu–X bond corresponds to a weaker
bonding energy. However, since the differences between
different dative bonds are relatively small, this corre-
spondence is not quite clear in the complexes studied.
Moreover, the estimation of bond energies is generally
approximate and depends on several factors. On going

Table 3 Relative differences of total energies for the selected con-
formers at several computational levels DE1, DE2, and DG and the
energy characteristics of these conformers at the B3LYP/

6-311++G(2df,2pd) level. 1 W means [Cu(H2O)(N7-guanine)]+

monoaqua complex (in kcal mol�1). In bold, the global minima of
various computational levels are stressed

Conformer DE1 DE2 DG DEStex DEStab E(Cu–N) E(Cu–O) DEdeform

1W – �123.7 �122.3 81.2 35.2 –
1 1.8 0.1 0.0 �146.8 �168.4 83.4 60.4 5.8
2 0.9 0.0 1.1 �144.0 �167.9 81.0 59.9 7.3
3 4.4 2.6 2.6 �144.1 �165.3 80.4 60.7 7.5
4 1.0 1.1 3.5 �138.1 �166.5 74.4 60.6 8.4
5 0.0 0.0 3.6 �139.7 �167.7 76.5 60.1 8.2
6 1.7 1.4 3.6 �141.1 �165.7 77.9 60.1 8.5
7 3.0 3.0 4.0 �147.2 �164.9 79.7 61.5 4.5
8 0.9 1.6 4.2 �146.3 �166.1 79.1 61.1 5.2
9 1.3 2.6 5.8 �143.3 �165.0 71.2 66.0 6.1
10 3.9 3.7 6.4 �138.5 �164.1 75.6 59.8 8.4
13a 3.0 4.2 7.4 �141.1 �163.5 74.5 60.5 5.3
14 5.8 6.7 9.4 �141.8 �161.2 73.8 61.9 5.3

aHigher-laying conformers 11 and 12 shown in Fig. 1 were not used for demanding DEStex and DEStex energy analyses
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from the monoaqua Cu+ complex (the first column in
Table 3) to penta-aqua complexes, the bond energies
corresponding to the Cu–N7 bond are found to be
within 10 kcal mol�1. This variation mirrors the role of
the water molecules associated with the guanine moiety.
The strongest Cu–N7 bond occurs in complexes where a
water molecule is associated to guanine either between
the N1–N2 positions or at the N9 site. Water association
in these positions can concur with the polarization effect
of the metal cation, which strengthens both H-bonding
and Cu–N7 coordination. Therefore, modulation of the
Cu–N7 bond energy is more pronounced. This is also
supported by the electron-distribution analysis shown in
Table 2.

Interesting insight about the influence of Cu(I) cation
on the H-bonding to different sites of guanine was re-
vealed from another partitioning of the complexes.
Here, water molecules directly associated with guanine
are considered as one part and the rest of the complex
was treated as the second part of the system. As an
important subset of these calculations, four complexes
were investigated. A model with the four water mole-
cules bonded to the copper cation while the remaining
water molecule was bonded at all the possible sites of the
guanine was considered. Two very stable positions,
namely the N1–N2 and N9 sites of guanine, were re-
vealed for the water binding. In the first case, where
water was bonded in between the N1 and N2 sites, an
H-bond energy of about 12 kcal mol�1 was obtained. In
the second case, water was bonded at the N9 site with
the interaction energy of about 11 kcal mol�1. The water
molecule can also be placed between the N9 and N3 sites
with an interaction energy of about 10 kcal mol�1. It is
worth mentioning that the H-bond energy of the struc-
ture 5 is about 29.1 kcal mol�1, which is of the same
value as the canonical GC base-pairing energy (29.1 kcal
mol�1) obtained in our earlier work [72, 73]. This clearly
indicates that opening of the GC pair is a practically
energy-free process as long as the activation barrier of
the process is not considered.

The preferential binding of water molecules at dif-
ferent sites of guanine can be compared with other
studies where hydration of guanine was examined. Pol-
tev et al. [74] using the empirical potentials of Jorgensen
(OPLS [75, 76]) and Kollman [77, 78] found that in the
case of hydration of guanine with a single water mole-
cule, the global-minimum structure has a water between
the O6 and N1 sites, followed by the N1–N2 water ad-
duct. The authors unfortunately did not consider the N9
confirmation, probably because of its biological irrele-
vancy. In another study [79] the mono- and diaqua–
guanine systems were investigated at the ab initio RI-
MP2 and MD/Q (classical molecular dynamics with
quenching technique) levels. The most stable H-bonding
in the 1,6 position was confirmed using both ab initio
and MD approaches. Further, the MP2 method prefers
the N9–N3 site (by about DE ( 2.0 kcal mol�1) followed
by the N2–N3 and N1–N2 positions (DE = 3.0 and
3.4 kcal mol�1, respectively). The MD technique pre-

dicted a different order: N1–N2, N3–N9, and N2–N3
with DE = 1.8, 3.7, and 4.3 kcal mol�1 above the lowest
N1–O6 conformation, respectively. The MP2/TVZPP
approach is considered more reliable, since some softer
polarization effects are taken into account in the process
of water coordination to the various binding sites of
guanine. Similar conclusions were also obtained from
other studies [80–82].

From these results, it is clear that there are remark-
able changes due to the polarization effects of Cu(I)
cation on the guanine moiety. Obtained results can also
be compared with our earlier work on metal coordina-
tion to purine DNA bases [26, 27]. Despite the fact that
in our earlier investigations only bare cations were
considered at the HF optimization level and 6-31G(d)
basis set, the MP2 interaction energy was found to be
relatively similar. Close coordination energies were also
obtained for metal-bridged adenine-cytosine complexes
[30]. In this study, linear coordination of Cu(I) at the O2
site of cytosine was found stronger (72 kcal mol�1) than
binding of Cu(I) to the N1 site of adenine (56 kcal
mol�1). Since these interactions are predominately of
monopole–dipole moment electrostatic character, the
stronger binding of Cu–O2 can be explained by the more
favorable orientation of the dipole moment of the base
to the copper cation.

Partial charge analysis

Electron-density distributions were explored using a
natural population analysis (NPA) at the B3LYP/6-
31+G(d,p) level. Partial charges of the selected atoms,
which are important in understanding the induction,
polarization, and some other effects, are collected in the
Table 2.

The influence of the Cu(I) cation on the distribution
of the electron density of guanine is remarkable as can
be seen from the comparison with isolated guanine. The
magnitude of the partial charges at the O6 and N7 sites
are markedly increased due to the polarization caused by
the Cu cation, while at the N1, N2, and N9 sites they are
generally decreased. Further, the partial charges are also
affected by the presence of water molecules in the
proximity of the corresponding sites. For instance,
partial charge d(N9) exhibits a increase of charge mag-
nitude from (�0.560 to �0.570 upon hydration at the
N9 site of guanine. The corresponding value for isolated
guanine is �0.590e. A similar increase in the partial
charge at the H(N9) atom upon hydration of guanine at
the N9 site is even more significant (Table 2). Analogous
changes can also be found for the other guanine posi-
tions when water associates with them. This water
association also affects the strength of dative copper-
guanine bond. The differences between the N1, N2, and
N9 positions in comparison with N3 or O6 sites are due
to the fact that the latter sites exhibit nucleophilic
character. The N1, N2, and N9 atoms are bonded with
protons and thereby exhibit electrophilic features. These
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differences can be seen clearly on maps of electrostatic
potential (not presented here). Metalation causes large
changes of the electron densities due to polarization,
which is connected with the increased activity of elec-
trophilic centers suppressing the nucleophilic sites. The
increased value of negative charge at the O6 atom
should increase the nucleophilic activity. However,
strong anisotropy of charge distribution due to the close
proximity of the copper cation was observed. Therefore,
the charge density is not available for O6 donation.
Consequently, the H-bonded area of the O6 site, which
is opposite to the Cu cation, suffers from the lack of
electron density, as already mentioned in our previous
work [27, 28]. On the contrary, the N1, N2, and N9 sites
bind the water molecule through their hydrogen atoms
and thus, some electron density is released from the
corresponding N x–H bond to the N x atom.

Conclusions

The molecular structures of several Cu(I) complexes
with guanine and five water molecules were optimized by
the DFT technique with the B3PW91 functional and the
6-31G(d) basis set. It was found that the order of indi-
vidual conformers is very sensitive to the level of cal-
culation. Several conformers are practically degenerate
in energy. In addition, the inclusion of entropy term
changes the energy order of the conformers, stabilizing
structures with water coordinated to the N9 position.
From the NPA charge analysis, it was found that the N9
and N1 sites fit and partially enhance the polarization
effect caused by Cu coordination to the N7 atom. The
water associated with the polarized guanine was com-
pared with other studies where an isolated base was
hydrated by one or two water molecules and different
preferences for binding were revealed.

The bonding energies of Cu–O(aqua) (about 60 kcal
mol�1) and Cu–N7 (75–83 kcal mol�1) are in good
correspondence with the results obtained for the
monoaqua complex [Cu(H2O)(N7-guanine)]+ as well as
with our previous studies where hydrated and mixed
aqua-ammine Cu(I)/Cu(II) complexes were explored.
The broader range in the Cu–N energies clearly dem-
onstrates the role of induction caused by water mole-
cules interacting at various guanine sites. When only the
biologically relevant conformers are considered
(excluding structures with hydration on the N9 position
since the sugar is localized there in guanosides) con-
formers 3 and 4 are the most stable followed by form 5
(about 1 kcal mol�1 higher) with three water molecules
in the positions of Watson–Crick pairing. This suggests
that the guanine electron distribution was changed
remarkably by the Cu(I) coordination and this could
also change the base-pairing pattern of the guanine.
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82. Zhanpeisov NU, Šponer J, Leszczynski J (1998) J Phys Chem A
102:10374–10379

369


	Sec1
	Sec2
	Sec3
	Tab1
	Fig1
	Sec4
	Tab2
	Fig1
	Tab3
	Sec5
	Sec6
	Ack
	Bib
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25
	CR26
	CR27
	CR28
	CR29
	CR30
	CR31
	CR32
	CR33
	CR34
	CR35
	CR36
	CR37
	CR38
	CR39
	CR40
	CR41
	CR42
	CR43
	CR44
	CR45
	CR46
	CR47
	CR48
	CR49
	CR50
	CR51
	CR52
	CR53
	CR54
	CR55
	CR56
	CR57
	CR58
	CR59
	CR60
	CR61
	CR62
	CR63
	CR64
	CR65
	CR66
	CR67
	CR68
	CR69
	CR70
	CR71
	CR72
	CR73
	CR74
	CR75
	CR76
	CR77
	CR78
	CR79
	CR80
	CR81
	CR82

