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Abstract The binding ofMg2+, Ca2+, Zn2+ andCu+ metal cations to 2′-deoxyguanosine has been analyzed,
using the hybrid B3LYP, Density Functional Theory (DFT) method and 6–311++G(d, p) orbital basis sets.
Coordination geometries, absolute metal ion affinities, and free energies for the most stable complexes
formed by Mg2+, Ca2+, Zn2+ and Cu+ with the nucleoside, 2′-deoxyguanosine, have been determined.
Furthermore, the influences ofmetal cationization on the strength of the N-glycosidic bond, torsion angles
and angle of Pseudorotation (P) have been studied. With respect to the results, it has been found that
metal binding significantly changes the values of the phase angle of Pseudorotation (P) in the sugar
unit of these nucleosides. In all modified forms, the length of the C1

′

–N9 bond increases. The Mulliken
population analysis on atomic charges has been carried out on the optimized geometries. Natural Bond
Orbital (NBO) analysis was also performed to calculate the charge transfer and natural population analysis
of the complexes. Quantum Theory of Atoms In Molecules (QTAIM) was also applied to determine the
nature of interactions.

© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.
1. Introduction

Interactions betweenmetal cations and nucleic acids play an
important role in many important biological processes [1–5].
The presence of metal ions often influences the conformation
and function of DNA.

The participation of metal ions may induce the stabilization,
as well as destabilization of DNA bases, base pairs and the
DNA double helices. Clusters containing metal cations and base
molecules provide an ideal model system for understanding
the connection between gas phase reactions to condensed
phase reactions. The association ofmetal cations to unsaturated
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organic compounds attractedmuch attention because cation-π
interactions are important in many phenomena and they act,
in some specific cases such as protein secondary structure and
drug-receptor interactions, as the driving force of non-covalent
interactions [6–13]. The interaction with metal cations could
also be significant, because the charge transfer will be different
whenmetal atoms are interactingwith the DNA bases. All these
factors make the study of the reaction between metal cations
and theDNAmolecule very important. Zhu et al. have employed
the density functional theory to evaluate the various cation-π
and cation-heteroatom complexes of nucleobases with alkali
and alkaline earth metals [14].

The significant role of metalation on the structure, stabil-
ity and reactivity of DNA nucleic acids was widely demon-
strated by a series of experimental works [15–21]. Rios-Font
et al. [22] evaluated the influence of oxidation, protonation,
and cationization with Cu+ and Cu2+ on the strength of the N-
glycosidic bond in 2′-deoxyguanosine by using quantum chem-
ical B3LYP, MP2, and CCSD(T) methods. Their results indicated
that the effect of Xn+ in guanine hinders the homolytic dissoci-
ation, whereas it largely favors the heterolytic process.

The Earth’s crust and the sea afford abundant sources of a
variety of minerals containing metal compounds. Lately, the
study of interactions of metals with biological molecules, such
as DNA and proteins, has attracted a renewed interest, due to
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the relation of metals in the development of certain pathologic
processes, such as carcinogenesis, some metabolic imbalances
and other neuro-degenerative pathologies [23–25].

Divalent cations have a prominent role in stabilization of
DNA molecules and it is known that these metal ions play a
significant role in the biological action of nucleic acids.

Among alkaline earth metals, magnesium is the major
intracellular divalent ion and is present in all DNA and
RNA activation processes. Mg2+ cation acts as a bridge
between specific enzymes and nucleotides, nucleosides and its
derivatives [26]. It was found, using Fourier transform infrared
and Raman spectroscopy, as well as NMR spectroscopy, that
magnesium ions play a significant role in the stabilization of
secondary and tertiary structure of DNA [27].

Zinc, as a constituent of more than 300 enzymes, plays
essential roles in biological systems. It is a well-known fact
that Zn(II) has a role in the pathogenesis of Alzheimer’s
disease [28], possibly influencing the enzyme-specificity by
means of binding to specific positions in theDNAmolecule. Zinc
is an essential nutrient for living organisms, required for cellular
division [29].

Calcium, another biologically important metal, is included
in this study to elucidate the effect of the electronic structure of
metal atom on the stability of 2′deoxynucleosides.

Cu+, despite its toxicity in its pure form, is essential
for many processes in bio-organisms and play important
roles in oxidation, dioxygen transport and electron transfer
processes [26,30].

In the present study (presented at the proceedings for
the 237th ACS national meeting, division of Carbohydrate
Chemistry) as a continuation of our study on the binding of
alkali metal cations with 2′-deoxyguanosine [31], we report a
DFT investigation on the interaction of Mg2+, Ca2+ as typical
divalent cations, and Cu+, Zn2+ as transitionmetal cations with
2′-deoxyguanosine. We focus on the geometrical structures,
association sites and association energies for the Mg2+, Ca2+,
Zn2+ and Cu+ complexes of 2′-deoxynucleosides.

The aim of the present work is to evaluate the N-glycosidic
bond strength of 2′-deoxyguanosine (Scheme 1) cationization
products in the gas phase using the B3LYP/6–311 + +G(d, p)
level of theory. In this paper, we also report coordination
geometries, absolute metal ion affinities and free energies for
all possible complexation stable products formed by Mg2+,
Ca2+, Zn2+ and Cu+ with the nucleoside 2′-deoxyguanosine.
In the present work, we have considered the changes induced
on the glycosidic bond orientation (χ ) and sugar puckering.
QTAIM analysis was performed with AIM package to calculate
the properties of Bond Critical Points (BCPs) [32]. In addition,
the Natural Bond Orbital (NBO) analysis [33] was carried out to
get more information about the most stable complexes.

At least, the following three parameters are needed to
describe the primary features of deoxynucleosides geometry:

1. The glycosidic torsion angle (χ ) (O4
′

–C1
′

–N9-C4) which
determines the syn (+60°) or anti(−120°) orientation of the
base relative to the sugar.

2. The torsion angle around the C(4
′

)–C(5
′

) bond (γ ) charac-
terizing the relative orientation of the 5′-OH group and the
sugar unit.

3. The furanose ring puckering which can be described, using
the terms endo (which refers to the displacement of an atom
above the main plane of the ring) and exo (which refers to
the displacement of an atom below the main plane of the
ring).
Scheme 1: Structure of 2′-deoxyguanosine.

In this work, we focus on isolated 2′-deoxyguanosine
nucleosides and bare cations because we think this kind
of investigation represents the first step in explaining the
effective role of metalation in biophysics of 2′-deoxyguanosine.
Vacuum approximation (isolated molecule) used in this work
seems to be reasonable, because active centers of most of
the enzymes are rather hydrophobic and characterized by low
dielectric constants [34]. An earlier suggestion was made that
when nucleotides enter the active site of enzymes, water is
displaced [35].

2. Theoretical details

Initial search of minima on the potential energy surface
were carried out, using SPARTAN software [36] for 120 initial
designed structures, which were selected by considering the
different coordination modes of the cations and the nucleoside.
The coordination modes we considered include:

(a) The cation-heteroatom complex in which a Mn+ (located in
the same plane as the ring structure of a guanine) interacts
directly by the heteroatom.

(b) The complex whereby a Mn+ is located near the sugar ring
of nucleoside.

The density functional (DFT) method, using Becke3 (B3)
exchange [37] and Lee–Yang and Parr (LYP) correlation [38]
potentials, in connection with the 6–311 + +G(d, p) orbital
basis set, were used for the full geometry optimization of all
complexes. Basis set 6–311 + +G(d, p) has been shown to be
large enough to reduce the Basis Set Superposition Error (BSSE)
to ∼1 kcal/mol [38,39]. Therefore, BSSE correction was not
taken into account in this study.

This basis set was selected for all calculations as it
contains both polarized basis set and diffuse functions. The
choice of basis set represents a good compromise between
computational costs and reliability of the results as previously
demonstrated by Zhu et al. [14].

Vibrational frequencies were also calculated to confirm
that all the stationary points correspond to true minima on
the potential energy surface. The stationary conformers are
obtained by verifying that all the harmonic frequencies are real.
Metal Ion Affinity (MIA) was assumed to be the negative of
dissociation energy of A–Mn+ bond for the process:

A + Mn+
→


A − Mn+

− 1H°rxn = MIA.

The glycosyl torsion angle, χ , and the endocyclic furanose
torsion angles, v0, v1, v2, v3 and v4 (see Table 1 for definitions),



M.S. Ahmadi, A. Fattahi / Scientia Iranica, Transactions C: Chemistry and Chemical Engineering 18 (2011) 1343–1352 1345
Table 1: Definition of torsion angles.

Angle Atoms involved

χ O4
′

–C1
′

–N9–C4
v0 C4

′

–O4
′

–C1
′

–C2
′

v1 O4
′

–C1
′

–C2
′

–C3
′

v2 C1
′

–C2
′

–C3
′

–C4
′

v3 C2
′

–C3
′

–C4
′

–O4
′

v4 C3
′

–C4
′

–O4
′

–C1
′

Figure 1: 2′-deoxyguanosine considered along the study.

were calculated as well as the pseudorotation phase angle, P
(Eq. (1)) [40,41].

tan P =
(v4 + v1) − (v3 + v0)

2v2 (sin 36° + sin 72°)
. (1)

In the present work, we report the absolute binding energy
(E) and the length of the glycosyl C1

′

–N9 bond, as well as the
Mulliken net atomic charge, qc on heteroatoms.

3. Results and discussion

3.1. 2′-deoxyguanosine structure

Figure 1 shows the system considered in this study. This
structure is the most stable conformer for 2′-deoxyguanosine
found by conformational search by SPARTAN software. 52
conformers were found for 2′-deoxyguanosine in this study.
These conformers were selected by considering the different
types and numbers of hydrogen bonds, pseudorotation phase
angle, glycosyl torsion angle (χ ) and the valence angles. All
these structures were optimized using DFT calculations and
B3LYP/6–311 + +G(d, p)level (presented at the proceedings
for the 237th ACS national meeting, division of Inorganic
Chemistry).

This structure is stabilized by the formation of two strong in-
tramolecular O5

′

–H · · ·N3 and O5
′

–H · · ·O4
′

hydrogen bonds.
From now on, we will refer to this modified system as 2′-
deoxyguanosine (dG).

There are some conformational properties of the system
which must be considered. First of all, the puckering of the
ribose, which depends on its five endocyclic torsion angles. It
is known [40] that the ribose can adopt a C(2

′

)-endo or a C(3
′

)-
endo puckering, and the repuckering can also be related with
the type of cation binding. In the most stable conformer of 2′-
deoxyguanosine that considered along this study, the furanose
ring has C(2

′

)-endo conformation. This result is in agreement
with the results of Hocquet et al. [42].

3.2. Geometry parameters and coordination modes

The optimized geometrical structures for Mg2+, Ca2+,
Zn2+ and Cu+ complexes of 2′-deoxyguanosine and the most
relevant bond distances of guanine are shown in Figure 2. To
determine the position of Mg2+, Ca2+, Zn2+ and Cu+ atoms
in these complexes, several initial geometries were used. We
considered the following cases:

(a) Mg2+, Ca2+, Zn2+ and Cu+ atoms bind to the N7 and O6
atoms.

(b) TheMg2+, Ca2+, Zn2+ and Cu+ atoms bind to the N1 and O6
atoms.

(c) The Mg2+, Ca2+, Zn2+ and Cu+ bridging the N3 and N9
positions.

Several initial structures where these atoms interact with π

rings were also examined. Interaction with sugar moiety has
also been considered.

As shown in Figure 2, the most stable complex for Mg2+,
dG(Mg2+)-A is the tri-coordinated complex in which cation
interacts with the O4

′

and O5
′

oxygen atoms of sugar unit
and N3 atom of guanine moiety. To form this tri-coordinated
complex, the intramolecular hydrogenbonds (O5

′

–H · · ·N3and
O5

′

–H · · ·O4
′

bonds) in free 2′-deoxyguanosine nucleosides
should be broken, and rearrangement of functional groups
is needed. The results reveal that hydrogen bonding in a
nucleoside could be seriously affected or broken bymetal cation
interaction. During complexation, the syn to anti transition of
2′-deoxyguanosine around glycosyl bond is driven by breaking
two intramolecular hydrogen bonds between the O5

′

–H group
and the O4

′

and N3 atoms and also electrostatic attraction
between metal cations and oxygen atoms of sugar unit.

Two other stable complexes for Mg2+, dG(Mg2+)-B and
dG(Mg2+)-C are the bridging complexes in which Mg2+ forms
a five-membered ring interacting with both N7 and O6 atoms.
Earlier reports on nitrogen containing heterorings indicated
that the metal ion seem to prefer bidentate binding compared
to monodentate wherever possible [43]. In these complexes
(depending on the charge and the electronegativity of the
involved atoms), Mg2+–O6 attraction is rather strong and the
Mg2+–O6 distances are even shorter than Mg2+–N7 distances.

As shown in Table 2, ones in dG(Mg2+)-B and dG(Mg2+)-C
complexes, the C6–O6 bond becomes longer (1d = 0.077 Å,
1d = 0.074 Å, 1d is the difference between C6–O6 bond in dG
and dG(Mg2+)). The presence of Mg2+ atom polarizes the car-
bonylic bond in such a way that O6 transfers a certain amount
of electron density; consequently, a loss of double bond charac-
ter is produced. This behavior can be shown by means of reso-
nant structures (Scheme 2) [22]. As a result, the bonds (C6–C5
and C6–N1) become shorter. For example in dG(Mg2+)–B,
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Figure 2: Optimized geometries at B3LYP/6–311 + +G(d, p) level of theory for Mg2+ , Ca2+ , Zn2+ and Cu+ complexes of 2′-deoxyguanosine. Selected bond lengths
are in Å.
Scheme 2: Resonant structures involving the carbonylic bond.
(1dC6–C5 = −0.055 Å and 1dC6–N1 = −0.075 Å), C2–N1
becomes longer (1dC2–N1) 0.039 Å. In this complex, major
changes occur on the six-membered ring of guanine, and the
bond distances of the five-membered rings change by less than
0.012 Å. As shown in Table 2, the N1–H1 bond distances in all
complexes change in the range of 1.013–1.017 Å.
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Table 2: Selected bond lengths and N-glycosyl bond (N9–C1 in Å) of dG complexes, calculated at B3LYP/6–311 + +G(d, p).

Complex C2–N1 C6–N1 C6–O6 C6–C5 C5–N7 N7–C8 C8–N9 N9–C4 C4–N3 C4–C5 N3–C2 C2–N2 N1–H1 N9–C1

dG 1.336 1.441 1.212 1.438 1.379 1.302 1.389 1.375 1.359 1.391 1.312 1.369 1.012 1.454
dG


Mg2+


-A 1.330 1.509 1.187 1.453 1.369 1.303 1.402 1.370 1.365 1.378 1.316 1.435 1.017 1.462

dG

Mg2+


-B 1.406 1.367 1.289 1.383 1.392 1.335 1.362 1.383 1.329 1.381 1.329 1.333 1.016 1.503

dG

Mg2+


-C 1.405 1.366 1.286 1.387 1.389 1.333 1.360 1.389 1.330 1.380 1.331 1.330 1.017 1.502

dG

Ca2+


-A 1.400 1.373 1.281 1.387 1.395 1.331 1.365 1.378 1.331 1.387 1.325 1.335 1.015 1.496

dG

Ca2+


-B 1.334 1.495 1.189 1.451 1.368 1.302 1.400 1.373 1.367 1.381 1.316 1.435 1.016 1.456

dG

Ca2+


-C 1.339 1.372 1.278 1.390 1.392 1.329 1.363 1.384 1.332 1.385 1.328 1.333 1.016 1.496

dG

Zn2+


-A 1.333 1.481 1.189 1.447 1.369 1.295 1.405 1.386 1.401 1.378 1.355 1.357 1.017 1.463

dG

Zn2+


-B 1.409 1.364 1.296 1.380 1.384 1.337 1.360 1.387 1.327 1.379 1.331 1.331 1.016 1.508

dG

Zn2+


-C 1.408 1.363 1.292 1.384 1.381 1.335 1.359 1.393 1.328 1.378 1.334 1.329 1.017 1.503

dG

Cu+


-A 1.393 1.392 1.248 1.405 1.379 1.319 1.337 1.378 1.344 1.378 1.318 1.349 1.013 1.474

dG

Cu+


-B 1.352 1.447 1.202 1.441 1.371 1.297 1.397 1.388 1.386 1.388 1.334 1.355 1.013 1.472

dG

Cu+


-C 1.390 1.392 1.245 1.408 1.377 1.317 1.376 1.382 1.345 1.376 1.322 1.334 1.014 1.477
In this complex, the C2–N2 bond shortens because the
electron-donating N2 atom tends to compensate the electron
deficiency on the rings.

Similar results have been obtained for Zn2+complexes with
2′-deoxyguanosine. In the case of dG(Zn2+)-A complex, the
metal cation is η3(O,O,N) coordinated by two oxygen atoms,
and nitrogen atom belongs to base unit. Two other stable
complexes dG(Zn2+)-B and dG(Zn2+)-C are bi-coordinated
η2(O,N) complexes. With the exception of C6–O6 and C2–N2
bond lengths, the most prominent bond length changes in
guanine, under the influence of metal ion, are in the six-
membered ring.

The C6–O6 bond becomes longer for dG(Zn2+)-B (1d =

0.084 Å) and for dG(Zn2+)-C complexes (1d = 0.080 Å). The
bonds C6–C5 and C6–N1 become shorter in both dG(Zn2+)-B
(1dC6–C5 = −0.058 Å, 1dC6–N1 = −0.077 Å) and dG(Zn2+)
-C (1dC6–C5 = −0.054 Å, 1dC6–N1 = −0.078 Å) complexes.
The bond C2–N1 becomes longer for dG(Zn2+)-B (1dC2–N1 =

0.043 Å) and for dG(Zn2+)-C complexes (1dC2–N1 = 0.042 Å).
The bond angles in the sugar unit are less affected bymetals,

and the largest changes occur in the C5–C6–O6 and N7–C5–C6
angles of the guanine ring, because of the direct interaction of
O6 and N7 with metal cations.

The most stable complex for both Ca2+ and Cu+ cations
with 2′-deoxyguanosine is bi-coordinated η2(O,N) complex
(dG(Ca2+)-A and dG(Cu+)-A) in which cations interact with
the carbonyl group (O6 atom) and N7 atom of guanine
moiety. Results show that C6-O6 bond becomes longer
(1d = 0.069 Å) for dG(Ca2+)-A and (1d = 0.036 Å) for
dG(Cu+)-A complex. The two other stable complexes are tri-
coordinated (dG(Ca2+)-B and dG(Cu+)-B) and bi-coordinated
(dG(Ca2+)-C and dG(Cu+)-C) complexes. Both nitrogen and
oxygen atoms are hard species, and they similarly prefer to
interactwith hard cations such asmagnesium and zinc. Besides,
with increasing the charge of cation, the number of donor atoms
which interact with cation increases. The further charge of
divalent cation also results in interaction with more lone pairs
of donors, and consequently permits extra stabilization of the
complex through a higher electrostatic interaction.

The largestmetal–ligand distances among all bi-coordinated
η2(O,N) complexes correspond to Ca2+, because among the
three cations (Mg2+, Ca2+, Zn2+), Ca2+ is the one with a larger
ionic radius. As shown in Figure 2, Mn+

· · ·O6 distances for
Mg2+, Zn2+ cations are shorter than those for Cu+.

The geometrical parameters reported in Figure 2 indi-
cate that Mg2+ cation establishes shorter bonds with 2′-
deoxyguanosine than Ca2+. This depends on the size of metal
Table 3: B3LYP/6–311++G(d, p) absolute (E in a.u) and relative energies
(1E in kcal/mol), metal ion affinity (MIA in kcal/mol), and dipole moments
(µ in Debye).

Complex Absolute E 1E MIA µ

dG

Mg2+


-A −1163.441645 0 221.5 15.41

dG

Mg2+


-B −1163.431900 6.1 215.2 16.06

dG

Mg2+


-C −1163.418349 14.6 206.6 20.20

dG

Ca2+


-A −1641.011845 0 162.2 17.77

dG

Ca2+


-B −1641.001565 6.4 155.9 15.94

dG

Ca2+


-C −1641.000639 7.0 155.0 22.05

dG

Zn2+


-A −2742.60668 0 268.7 12.51

dG

Zn2+


-B −2742.594511 7.6 260.7 9.67

dG

Zn2+


-C −2742.579044 17.3 251.1 12.33

dG

Cu+


-A −2604.164561 0 87.9 1.89

dG

Cu+


-B −2604.161511 1.9 86.3 10.52

dG

Cu+


-C −2604.162026 1.6 86.2 4.35

ion, because the nature of the interaction seems to be very sim-
ilar for Mg2+, Ca2+. The higher charge of divalent cation also
results in interaction with more lone pairs of donors, and con-
sequently permits an extra stabilization of the complex through
a higher electrostatic attraction.

In all complexes, the N9–C1
′

bond distance increases upon
cationization (Figure 2 and Table 2). The results reveal that the
length of glycosyl bond depends on the orientation of base unit
about glygosyl bond and the conformation of furanose ring. This
bond length is longer at the bi-coordinated η2(O,N) complexes
with anti-orientation to the syn conformer.

3.3. Metal ion affinity and phase angle of pseudorotation

The absolute binding energy (E), relative energies (1E),
Metal Ion Affinity (MIA) and dipolemoments (µ) for these com-
plexes are summarized in Table 3. The relative energies associ-
ated with Zn2+ are quite higher with respect to those of Mg2+
complexes. Although both (dG(Zn2+)-A and dG(Mg2+)-A) are
tri-coordinated complexes, there is a large energetic gap be-
tween their absolute binding energies (Table 3).

Base on the results, it is obvious that MIA is strongly depen-
dent on the coordination mode of the cation to the ligand and
the charge-to-size ratio of the cation [22]. In all of the dG–Mn+

complexes, the measured binding strength varies with chang-
ing the ratio of charge-to-radius for cations. When this ratio
increases, the electrostatic interaction between metal ion and
active sites in dG increases. Thus, charge transfer from active
sites to metal ion increases, resulting in higher value of metal
ion affinity. In addition, as mentioned above, both nitrogen and
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oxygen atoms are hard species and they similarly prefer to in-
teract with hard cations such as magnesium and zinc. This is
the reason why the MIA value for zinc and magnesium is much
higher than a soft cation such as calcium. Increasing the num-
ber of donor atoms which interact with cation increases the
MIA. As shown in Figure 2, dG interacts more strongly with
Zn2+ than it does with Mg2+, Ca2+ and Cu+. The Zn2+ affin-
ity in dG(Zn2+)-A is 268.7 kcal/mol, while Mg2+, Ca2+ and Cu+

affinities are 221.5 kcal/mol, 162.2 kcal/mol and 87.9 kcal/mol,
respectively, for the most stable complexes at 298 K.

In comparison between dG(Mg2+) and dG(Ca2+) complexes,
dG(Mg2+) complexes have more MIA than dG(Ca2+) com-
plexes, because Mg2+ cation has smaller radius than Ca2+
cation. dG(Zn2+) complexes also have more MIA than dG(Cu+)
complexes, because Zn2+ cation has more charge than Cu+

cation.
As can be seen in Table 3, dG(Cu+)-A complex has the

smallest dipolemoment value and the dG(Ca2+)-C complex has
the greatest dipole moment value. These different values cause
variable polarity of nucleoside conformers for free molecules
and their complexeswithmetal cations. Dipolemoments for 2′-
deoxyguanosine complexes with divalent ions are larger than
those with Cu+ ion.

Depending on the relationship between v0, v1, v2, v3
and v4 angles (Table 1), a great number of conformations
are possible for a given five-membered ring. The concept of
pseudorotation P (Eq. (1)) has been used to establish the
conformation in our complexes. According to this definition,
values of P , between 144° and 180°, correspond to C(2

′

)-endo
conformations, while those between 108° and 144° correspond
to C(1

′

)-exo conformations (note that in cases where v2 is
negative, one should add 180° to the calculated value of P) [40].

It canbe seen fromTable 4 that the values of P becomehigher
by metal complexation with η2(O,N) coordination modes and
anti-orientation (dG(Mg2+)-B, dG(Ca2+)-A, dG(Zn2+)-B and
dG(Cu+)-A). However, in all complexes except dG(Mg2+)-A,
sugar ring remains in the most stable conformation, C(2

′

)-
endo, since the corresponding P values still lie within 144° ≤

P ≤ 180° range. In all complexes with anti orientation, χ
angles are located in −180° to 0° range, whereas in complexes
with syn orientation (i.e., dG(Mg2+)-C, dG(Ca2+)-C, dG(Zn2+)-C
and dG(Cu+)-C), the value of χ is in the 0°–180° range. The
dG(Mg2+)-A complex has the smallest P values (137.8) and
sugar ring shows C1

′

-exo configuration.

3.4. Mulliken net atomic charge

Charge transfer is one of the key components that stabilizes
dG complexes. In this study, the Mulliken population analysis
was used to discuss the qualitative behavior of the charge
transfer process during 2′-deoxyguanosine complexation.

Mulliken net atomic charge of selected atoms of dG
complexes is presented in Table 5. The amount of Charge
Transfer (CT) between guanine and a cation is easily determined
as the difference between the charge of the isolated cation and
the net atomic charge of metal in corresponding complexes.

In these complexes, the shorter bond distance and greater
charge density allow the cations to more effectively withdraw
electron density from the neutral ligand, thus reducing the
charge retained on the metal. Therefore, the transferred charge
between nucleosides and Mn+ during complexation could be
used as an indicator of the binding strength between the
nucleosides and cations. Table 5 shows that the greatest charge
transfer occurs in dG(Cu+)-B complex, while the smallest
charge transfer belongs to the dG(Ca2+)-C.

A positive charge on the most stable complexes of Mg2+,
Ca2+, Zn2+ and Cu+ cations (1.207|e|, 1.406|e|, 0.436|e|
and 0.483|e|, respectively) demonstrate that the ligand, (dG),
transfers smaller amount of charge to the Ca2+ and Mg2+
cations than to Zn2+ and Cu+ cations. As known, a charge trans-
fer implies the presence of an interaction with a covalent con-
tribution. Asmentioned above, charge decrease ofmetal cations
was found to be in the order Zn2+ >Mg2+ > Ca2+ for the corre-
sponding complexes. This trend suggests that the covalent char-
acter of dG − M2+ complexes decreases from Zn2+ to Ca2+.

TheMulliken population analysis in themost stable complex
of Ca2+ (dG(Ca2+)-A) shows that an ionic bond exists between
the O6 atoms of dG and the Ca2+ cation. The ionic nature of
Ca2+–dG interaction in dG(Ca2+)-A complex is supported by
a higher charge electron density on the coordinated oxygen
atoms.

It must be noted that binding sites affect the charge
distributions. For example, Metal cations coordination in
tri-coordinated complexes (i.e. dG(Mg2+)-A, dG(Ca2+)-B, dG
(Zn2+)-A and dG(Cu+)-B) lead to a decrease of electron density
on N3 atom and an increase of the charge distribution on N2
atom, so the net atomic charges of N3 become less negative
and the charge on N2 becomes more negative. The effect of the
binding site on the charge distributions for O4

′

and O5
′

atoms is
shown in Table 5.Metal cations coordination lead to an increase
of the electron density onO4

′

atom in all complexes, except two
tri-coordinated complexes (dG(Mg2+)-A and dG(Zn2+)-A), so
the net atomic charges of the O4

′

becomes more negative. In
all bi-coordinated complexes, except dG(Zn2+)-B, the electron
density on O5

′

atom decreases, so the net atomic charges of O5
′

becomes less negative.
In order to check the dependence of Mulliken charges on

the basis sets, natural bond orbital (NBO) analysis of atomic
charges have been carried out on the optimized geometries.
Partial charges (q) on specified atoms of the complexes obtained
from the Natural Bond Order (NBO) analysis are presented in
Table 6.

The NBO atomic charges of all metal cations are smaller than
that of the isolated cations because of electron transfer from dG
molecule to the cations.

A positive NBO charge on the most stable complexes of
Mg2+, Ca2+, Zn2+ and Cu+ cations (1.807|e|, 1.875|e|, 1.639|e|
and 0.885|e|, respectively) demonstrate that the ligand (dG)
transfers smaller amount of charge to Ca2+ and Mg2+ cations
than to Zn2+ and Cu+ cations.

3.5. Atoms in molecules analysis

In Bader’s topological QTAIM analysis [44], the nature of
bonding interaction was analyzed in terms of the properties
of electron density and its derivatives. We introduced some
AIM parameters that are important in describing the bonding
nature of dG–Mn+ (Mn+

= Mg2+, Ca2+, Zn2+ and Cu+ cations)
complexes studied in Table 7. Laplacian of ρ(r) is related to
the bond interaction energy by a local expression of the virial
theorem [45]. (Eq. (2))

h̄2

4m


∇

2ρ(r) = 2G(r) + V (r), (2)

where G(r) is the electronic kinetic energy density, which is
always positive, and V (r) is the electronic potential energy
density and must be negative [46]. A positive value of
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Table 4: Endocyclic torsion angles v0–v4 , phase angle of pseudorotation P , glycosyl torsion angle χ (in deg) and conformational subfamilies for the different
systems calculated at B3LYP/6–311 + +G(d, p).

Structure χ γ v0 v1 v2 v3 v4 P Conformational subfamilies

dG 58.7 49.8 −21.2 32.4 −30.8 19.3 1.0 159.5 Syn/C2
′

-endo
dG


Mg2+


-A −26.4 163.6 −34.7 39.0 −29.2 8.6 16.2 137.8 Anti/C1

′

-exo
dG


Mg2+


-B −130.1 59.4 −12.8 29.5 −33.7 27.4 −9.4 176.9 Anti/C2

′

-endo
dG


Mg2+


-C 54.6 54.0 −25.7 38.3 −35.3 22.0 1.9 157.9 Syn/C2

′

-endo
dG


Ca2+


-A −130.5 59.2 −13.7 30.3 −34.1 27.2 −8.6 175.5 Anti/C2

′

-endo
dG


Ca2+


-B −37.4 170.6 −26.3 36.7 −33.4 17.9 5.1 153.9 Anti/C2

′

-endo
dG


Ca2+


-C 55.3 53.7 −25.2 37.8 −35.0 21.9 1.7 158.3 Syn/C2

′

-endo
dG


Zn2+


-A −36.0 158.6 −23.3 34.4 −33.4 19.4 2.2 158.4 Anti/C2

′

-endo
dG


Zn2+


-B −130.0 59.8 −12.2 29.3 −33.9 28.0 −10.1 178.1 Anti/C2

′

-endo
dG


Zn2+


-C 55.6 54.6 −26.1 38.6 −35.3 21.8 2.3 157.4 Syn/C2

′

-endo
dG


Cu+


-A −123.4 54.7 −13.2 29.4 −33.1 26.4 −8.4 175.6 Anti/C2

′

-endo
dG


Cu+


-B −25.2 163.0 −23.9 34.1 −31.5 18.2 3.4 155.9 Anti/C2

′

-endo
dG


Cu+


-C 55.8 51.0 −22.8 35.3 −33.5 21.4 0.6 160.1 Syn/C2

′

-endo
Table 5: The Mulliken net atomic charge of the atoms (in q) on selected atoms of dG complexes calculated at B3LYP/6-311 + +G(d, p).

Structure q N1 q N2 qN3 qN7 qN9 qO6 qO4
′

qO5
′

qCation

dG −0.380 −0.311 −0.338 −0.099 0.187 −0.328 −0.120 −0.370 –
dG


Mg2+


-A −0.300 −0.498 −0.195 −0.013 0.060 −0.173 −0.113 −0.375 1.207

dG

Mg2+


-B −0.398 −0.342 −0.196 0.138 0.255 −0.181 −0.133 −0.368 1.068

dG

Mg2+


-C −0.383 −0.349 −0.225 0.096 0.213 −0.171 −0.144 −0.270 1.102

dG

Ca2+


-A −0.394 −0.346 −0.216 −0.344 0.352 −0.435 −0.132 −0.360 1.406

dG

Ca2+


-B −0.294 −0.539 −0.354 −0.028 0.081 −0.191 −0.237 −0.415 1.400

dG

Ca2+


-C −0.379 −0.352 −0.254 −0.049 0.296 −0.433 −0.148 −0.280 1.446

dG

Zn2+


-A −0.298 −0.357 −0.165 −0.013 0.005 −0.176 −0.094 −0.253 0.436

dG

Zn2+


-B −0.390 −0.336 −0.198 0.013 0.292 −0.195 −0.131 −0.374 0.849

dG

Zn2+


-C −0.383 −0.338 −0.221 −0.031 0.273 −0.183 −0.151 −0.246 0.892

dG

Cu+


-A −0.413 −0.328 −0.272 −0.014 0.314 −0.269 −0.126 −0.330 0.483

dG

Cu+


-B −0.328 −0.330 −0.236 −0.047 0.099 −0.260 −0.122 −0.276 0.234

dG

Cu+


-C −0.411 −0.377 −0.301 −0.052 0.250 −0.249 −0.138 −0.323 0.513
Table 6: Partial charges (q) on specified atoms of dG complexes obtained from the Natural Bond Order (NBO) analysis calculated at B3LYP/6–311 + +G(d, p).

Structure q N1 q N2 q N3 q N7 q N9 q O6 qCation

dG −0.623 −0.783 −0.632 −0.441 −0.441 −0.586 –
dG


Mg2+


-A −0.592 −0.918 −0.785 −0.379 −0.451 −0.453 1.807

dG

Mg2+


-B −0.560 −0.717 −0.509 −0.779 −0.394 −0.848 1.828

dG

Mg2+


-C −0.557 −0.711 −0.542 −0.773 −0.384 −0.841 1.838

dG

Ca2+


-A −0.566 −0.725 −0.517 −0.745 −0.400 −0.849 1.875

dG

Ca2+


-B −0.598 −0.927 −0.743 −0.387 −0.447 −0.469 1.859

dG

Ca2+


-C −0.563 −0.719 −0552 −0.734 0.391 −0.842 1.881

dG

Zn2+


-A −0.592 −0.772 −0.832 −0.371 0.471 −0.449 1.639

dG

Zn2+


-B −0.555 −0.712 −0.503 −0.743 −0.390 −0.781 1.651

dG

Zn2+


-C −0.551 −0.706 −0.539 −0.734 −0.380 −0.773 1.635

dG

Cu+


-A −0.590 −0.754 −0.549 −0.638 −0.416 −0.708 0.855

dG

Cu+


-B −0.610 −0.760 −0.712 −0.403 −0.459 −0.531 0.781

dG

Cu+


-C −0.587 −0.746 −0.595 −0.635 −0.408 −0.697 0.894
Laplacian of ρ(r) shows a depletion of electronic charge
along the bond. This is the case in a closed-shell electrostatic
interaction. A negative value of Laplacian of ρ(r), on the
other hand, indicates that electronic charge is concentrated
in the internuclear region. This is the case in shared electron
(covalent) interaction [45].

A positive value of Laplacian of ρ(r) at various BCPs of
Mn+–X bonds (Mn+

= Mg2+, Ca2+, Zn2+ and Cu+; X = N3,N7,
O4

′

, O5
′

and O6 atoms), in Table 7, indicates that these
interactions are electrostatic in nature. The electronic energy
density H(r) at BCP is defined as H(r) = G(r) + V (r) [47]. The
sign of H(r) determines whether the accumulation of charge
at a given point r is stabilizing (H(r) < 0) or destabilizing
(H(r) > 0). The calculated values of H(r) reported for BCPs
in dG(Mg2+)-A and dG(Ca2+)-A complexes, in Table 7, are
found to be positive, which implies a destabilizing effect due
to the depleting charge in bond region and the presence of
electrostatic interaction. Therefore, from the positive value of
Laplacian of ρ(r) and the positive value of H(r), it has been
concluded thatMn+–X bonds (Mn+

= Mg2+, Ca2+; X = N3,N7,
O4

′

, O5
′

and O6 atoms) must be considered as electrostatic. As
shown in Table 7, the positive values of Laplacian ofρ(r) and the
negative values of H(r) for BCPs in Mn+–X bonds (Mn+

= Zn2+

and Cu+, X = N3,N7, O4
′

, O5
′

and O6 atoms) indicate that
the bondsmust be considered as partially covalent and partially
electrostatic in nature.
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Table 7: Bond critical point data (in a.u.) from QTAIM analysis of dG complexes.

Complex BCP ρ(r) ∇
2ρ(r) G(r) V (r) H(r)

dG

Mg2+


-A

O5
′

–Mg2+ 0.043 0.326 0.070 −0.058 0.012
O4

′

–Mg2+ 0.038 0.282 0.060 −0.050 0.010
N3–Mg2+ 0.055 0.382 0.087 −0.079 0.008

dG

Ca2+


-A N7 Ca2+ 0.044 0.190 0.045 −0.043 0.002

O6 Ca2+ 0.058 0.287 0.068 −0.064 0.004

dG

Zn2+


-A

O5
′

–Zn2+ 0.082 0.440 0.119 −0.127 −0.008
O4

′

–Zn2+ 0.080 0.414 0.113 −0.122 −0.009
N3–Zn2+ 0.109 0.428 0.136 −0.165 −0.029

dG

Cu+


-A N7–Cu+ 0.081 0.351 0.104 −0.120 −0.016

O6–Cu+ 0.053 0.225 0.064 −0.071 −0.007
dG(Mg2+)-A and dG(Ca2+)-A complexes are tri- and bi-
coordinated, respectively. The values of charge density for BCPs
in the interactions of dGwithMg2+ and Ca2+ cations are shown
in Table 7. Transition metal cations (Zn2+ and Cu+) have more
charge density in their BCPs with dG nucleosides with respect
to other cations. Therefore, the bonds in dG(Zn2+)-A and
dG(Cu+)-A complexes are stronger than those in complexes
of other cations. The negative values of H(r) for BCPs in
dG(Zn2+)-A and dG(Cu+)-A complexes show that the bonds
have partially covalent nature.

3.6. Natural bond orbital analysis

Natural bond orbital analysis stresses the role of intermolec-
ular orbital interaction in the complex, particularly charge
transfer. This is carried out by considering all possible inter-
actions between filled donor and empty acceptor NBOs, and
estimating their energetic importance by second-order pertur-
bation theory. For each donor NBO (i) and acceptor NBO (j), the
stabilization energy E(2) associatedwith electron delocalization
between donor and acceptor is estimated as (Eq. (3)):

E(2)
= 1Eij = 1ECT = −2

⟨i|F̂ |j⟩2

εj − εi
, (3)

where εi and εj are NBO orbital energies, and F is the Fock
operator [48]. In Table 8, charge transfers, E(2) and 1qCT for the
Mn+–X (Mn+

= Mg2+, Ca2+, Zn2+ and Cu+; X = N3,N7, O4
′

,
O5

′

and O6) bonds in complexes have been listed. In all of the
cases, charge is transferred from the lone pairs of oxygen and
nitrogen atoms to the n∗ orbitals of metal ions.

The interactions of dG nucleoside with Mg2+ and Zn2+

cations are alike each other. In these complexes, N3, O4
′

,
O5

′

atoms participate as donor in interaction with n∗Mg2+
and n∗Zn2+ acceptors. Results show that the values of total
charge transfer energy (E(2)) and (charge transfer) 1qCT for the
bonds (N3-Zn2+, O4

′

–Zn2+ andO5
′

–Zn2+ bonds) in dG(Zn2+)-A
complex are more than those in dG(Mg2+)-A complex.

In dG(Cu+)-A complex, both of lone pairs of O6 and N7
atoms participate in interaction with n∗Cu+ acceptors.

Mg2+ and Ca2+ cations have different coordination modes
in their complexes with dG nucleoside. The values of charge
transfer and total charge transfer energy for complexes ofMg2+
cation are more than complexes of Ca2+ cation.

3.7. Natural population analysis (NPA).

NPA was calculated by NBO population analysis. The
atomic population of each atom was calculated as the sum
of occupation numbers of all Natural Atomic Orbitals (NAOs)
Table 8: Results of second-order perturbation theory analysis of Fock
matrix within NBO of dG complexes.

Complex Charge transfer E(2) (kcal/mol) 1qCT

dG

Mg2+


-A

nO5
′

(1) → n∗Mg2+ 0.11 0.0292
nO5

′

(2) → n∗Mg2+ 19.04 0.2809
nO4

′

(1) → n∗Mg2+ 14.79 0.2590
nO4

′

(2) → n∗Mg2+ 0.77 0.0818
nN3(1) → n∗Mg2+ 25.91 0.4171

dG

Ca2+


-A

nN7(1) → n∗Ca2+ 4.05 0.1613
nO6(1) → n∗Ca2+ 2.80 0.1088
nO6(2) → n∗Ca2+ 8.87 0.2717

dG

Zn2+


-A

nO5
′

(1) → n∗Zn2+ 0.70 0.0797
nO5

′

(2) → n∗Zn2+ 35.31 0.4048
nO4

′

(1) → n∗Zn2+ 5.87 0.2175
nO4

′

(2) → n∗Zn2+ 21.49 0.3567
nN3(1) → n∗Zn2+ 64.73 0.7214

dG(Cu+)-A
nN7(1) → n∗Cu+ 24.03 0.4255
nO6(1) → n∗Cu+ 3.02 0.1174
nO6(2) → n∗Cu+ 12.50 0.3689

corresponding to that atom [49]. Charge distributions of the
active sites and metal ions in the complexes are shown in
Table 9. In all cases, Mn+ (Mg2+, Ca2+, Zn2+ and Cu+) and
X(N3,N7, O4

′

, O5
′

and O6) have opposite charges in the
complex, which shows the electrostatic nature for the Mn+–X
bond (this result has been demonstrated by means of QTAIM
analysis in Section 3.5). It is also evident that the differences
of charges between free cation and complexed cation (1QMn+ )
are almost negative, suggesting that Mn+ cations oxidize the
coordinated dG nucleoside. For example, the 1QMn+ value for
interaction of Zn2+ ion with dG is about 46.5%, 65.4% and
68.1% more than that of Mg2+, Ca2+ and Cu+ ions respectively.
Therefore, the tendency of Zn2+ ion to oxidize ligand (dG) is
more than other metal ions.

4. Conclusion

In the present work, we have investigated for the first time,
the influence of cationization with Mg2+, Ca2+, Zn2+ and Cu+,
on the sugar Puckering and strength of N-glycosidic bond in
2′-deoxyguanosine in the gas phase, using B3LYP/6–311 +

+G(d, p) level of theory.
The geometrical features of all complexes, such as pseudoro-

tation angle P , glycosyl torsion angle χ , sugar bond lengths and
valence angles are reported. The results indicate that metal ion
affinities for dG increase in the order Zn2+ > Mg2+ > Ca2+ >
Cu+.
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Table 9: Calculated NPA charges of the optimized structures of dG-Mn+

complexes.

Complex Bond type qxa qMn+

(Complexed)
1qMn+

b

dG

Mg2+


-A

O5
′

–Mg2+ −0.894
1.807 −0.193O4

′

–Mg2+ −0.760
N3–Mg2+ −0.785

dG

Ca2+


-A N7–Ca2+ −0.745 1.875 −0.125

O6–Ca2+ −0.849

dG

Zn2+


-A

O5
′

–Zn2+
−0.863

1.639 −0.361O4
′

–Zn2+
−0.757

N3–Zn2+
−0.832

dG

Cu+


-A N7–Cu+

−0.638 0.885 −0.115O6–Cu+
−0.708

a X = N3,N7,O6,O4
′

and O5
′

atoms;
b 1qMn+ = qMn+ (complexed)−qMn+ (isolated, Mn+)=Mg2+ , Ca2+ , Zn2+

and Cu+ .

The absolute metal ion affinity suggests that the interaction
is influenced by the ionic contribution to the cation–ligand
bond, and thus the largest MIA corresponds to dG(Zn2+)-A.
In all complexes of 2′-deoxyguanosine, N9–C1

′

bond distance
increases upon cationization, with introducing positive charge
in the guanine base.

Metal binding changes the values of the phase angle of pseu-
dorotation P in all cases. In all complexes except dG(Mg2+)-A,
sugar ring remains in themost stable conformation, C(2

′

)-endo,
since the corresponding P values still lie within the 144° ≤ P ≤

180° range.
TheMulliken population analysis in themost stable complex

of Ca2+ (dG(Ca2+)-A) shows the ionic nature of ligand–metal
ion bond.

The results of NBO and QTAIM analyses can be summarized
as follows: both QTAIM and NBO calculations, as well as
the obtained interaction energies, suggest that interaction
between dG nucleoside and Mg2+ and Ca2+ cations results
in an electrostatic (closed-shell) interaction, while a partially
covalent and a partially electrostatic interaction for Zn2+ and
Cu+ cations.

The values of ∇
2ρ(r) and H(r) in BCPs are useful measure-

ments for the nature and strength of bonds in complexes. NBO
results suggest that the interaction of Zn2+ cation has more co-
valent character (donor–acceptor interaction) than that of Cu+

cation.
The results from NPA suggest that these cations tend to

oxide dG nucleoside. Among these cations, Zn2+ has the most
tendency to oxide the ligands. These results may improve
our insight into biological processes and provide valuable
information for evaluating interaction between nucleoside and
cations.
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