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Abstract To study M-DNA molecular structure (such
DNA with transition metal ions placed between the nucleic
bases is able to conduct the electric current) and its
conductivity mechanisms, we carried out ab initio
quantum-mechanical calculations of electronic and spatial
structures, thermodynamic characteristics of adenine-
thymine (АТ) and guanine-cytosine (GC) base pair com-
plexes with Zn2+ and Ni2+. To take into account the
influence of the alkaline environment, calculations for these
complexes were also carried out with hydroxyl and two
water molecules. Computations were performed at MP2
level of theory using 6–31+G* basis set. Analogous
calculations were carried out for (AC)(TG) stacking dimer
of nucleic acid base pairs with two Zn2+. The calculation of
the interaction energy in complexes has shown the
preference of locating the metal ion (instead of the imino
proton) between bases in M-DNA. The electronic transition
energy calculation has revealed the reduction of the first
singlet transition energy in АТ and GC complexes with
Ni2+ from 4.5 eV to 0.4 - 0.6 eV. Ni2+ orbitals take part in
the formation of HOMO and LUMO on the complexes
investigated. It was shown that charges of metal ions
incorporated into complexes with nucleic bases and in
dimer decrease significantly.

Keywords M-DNA .Metal ions .Molecular and electronic
structures . MP2 level of theory calculation . Stacking dimer

Introduction

In the 1990s Canadian researchers revealed that ions of
some bivalent metals (Ni2+, Co2+, Zn2+) are able to be
included in DNA base pairs [1]. Such a structure of DNA
(M-DNA) was obtained experimentally in the alkaline
environment at рH 8.5 [1–4]. NMR study of this structure
has shown an absence of imino proton signals which
allowed a supposition that in each base pair the imino
proton is replaced by transition metal ion [1], and, thus,
one-dimensional chain of transition metal ions is formed
inside DNA macromolecule. X-ray studies of M-DNA have
not been carried out. Direct investigations on conductivity
of M-DNA placed between gold electrodes [2] showed that
M-DNA is a better conductor of the electric current in
comparison with DNA in B-form. A similar conclusion has
been made on the basis of fluorometric study on the
electron transport in synthetic oligonucleotides with the
donor and acceptor attached to the polymer ends [1, 3].

The usage of M-DNA as a nanowire and a biosensor in
nanotechnology [1–4] is being discussed. Recently works
have been published [5, 6] in which molecular and
electronic structures of the base pair of nucleic acids -
guanine-cytosine (GC) - with Zn2+, Co2+, Fe2+ were
determined at B3LYP/6–31G* level of calculations. The
calculation of zone models of polynucleotide (polyG-
polyC) with Zn2+ and Fe2+ has also been performed [6].
These works consider various models of GC pair with the
transition metal ions and hydroxyl location in minor and
major grooves of DNA macromolecule. Earlier we have
presented reportes about ab initio calculations of the
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electronic structure of adenine-uracil pair with Zn2+ as well
as (АС)(ТG) dimer and (АСА)(ТGТ) trimer of nucleic acid
base pairs with zinc ions at MP2 level of theory [7, 8].

In order to study and model electronic and molecular
structures of M-DNA and the mechanism of its conductiv-
ity, we have performed ab initio calculations of spatial and
electronic structures, thermodynamic properties of adenine-
thymine and guanine-cytosine base pairs with Zn2+ and
Ni2+ ions located between the bases as well as the (AC)
(TG) stacking dimer of base pairs on nucleic acids with two
zinc ions. Particular aims of the present work are to study
the adenine-thymine base pair and the dimer including all
four bases of nucleic acids (as in DNA) but not only
guanine and cytosine bases as in [5, 6]. In this work nickel
was used as a transition metal. For these aims we used MP2
level of theory. Studies on the molecular structure of base
pairs with the metal ion attached at N1 of purines are of
special interest because earlier works [9, 10] investigated
mainly the molecular structure of base pairs with the metal
ion attached at N7 of purines.

Methods of calculation

In calculations we applied models differing from those
investigated in works [5, 6]. In our models metal ions were
placed from the side of DNA minor groove. The metal ion
was connected with the hydroxyl and with one or two
molecules of water. As well, we calculated base pairs with
metal ions included but without the hydroxyl and without
water molecules as auxiliary models.

Total energies, spatial and electronic structures of adenine-
thymine (АТ) and guanine-cytosine (GC) pairs and their
complexes with Zn2+ and Ni2+ (ATZn+, GCZn+, GCNi+), of
the complex of АТ pair with Ni2+ and hydroxyl (ATNiOH),
neutral adenine molecule (A), adenine protonated at N1 (Ар),
thymine (T), guanine (G), cytosine (C) were calculated at
DFT, MP2 and UMP2 (for Ni2+ complexes) levels of theory
using 6–31+G* basis set (except GCNi+ and ATNiOH
complexes) by means of Gaussian03 and Gamess (R5)
software packages [11, 12]. 6–31G* basis set was used for
last Ni2+ complexes. АТ and GC pairs with Zn2+, hydroxyl
and two water molecules (ATZnOH(H2O)2 and GCZnOH
(H2O)2 clusters) were also calculated at MP2 levels of theory
using 6–31+G* basis set. Hydroxyl (ОН-) in ATNiOH
complex, in ATZnOH(H2O)2 and GCZnOH(H2O)2 clusters
modeled the alkaline environment. In these clusters water
molecules located above and under Zn2+ modeled nucleic acid
bases are neighbors in a stack in DNA macromolecule.
Modeling of a ligand part by water molecules is a usual
procedure [13]. MP2 level of theory with 6–31G* basis was
used in calculations of (АС)(ТG) stacking dimer of base pairs
with two zinc ions, two hydroxyls and two water molecules.

As well, calculations of Zn2+ or Ni2+ with six water
molecule assemblies and Zn2+ with hydroxyl (ZnOH+)
surrounded by seven water molecules have been carried out.

Full geometry optimizations of complexes and clusters
were performed at B3LYP/6–31+G* and MP2/6–31+G*
levels of theory, and all the optimized geometries at
B3LYP/6–31+G* level were found to be true minimum
by respective harmonic vibrational frequencies obtained
from diagonalization of force constant matrices with the
corresponding Hessian eigenvalues being positive. Interac-
tion energies in complexes have been calculated at MP2/6–
31+G* levels of theory by the usual scheme [5, 14]. These
energies were computed as energy differences between the
optimized complex and optimized components and cor-
rected for the basis set superposition error (BSSE).
Calculations of electronic transition energies for complexes
АТ and GC pairs with Zn2+ and Ni2+ were performed at TD
B3LYP or TD UB3LYP levels of theory at MP2/6–31+G*
or UMP2/6–31G* (for Ni2+ complexes) reference geome-
tries. Charges on atoms were determined by Mertz-Kolman
method [15]. Visualization of the spatial structure and
molecular orbitals has been performed by means of Chem-
Craft program [16].

Results and discussion

Molecular structure

The spatial structure of AT pair complexes with metal
ions has not been studied in [5, 6], therefore we begin
this discussion of the molecular structure of M-DNA
fragments with considering structures including AT pair
and metal ions.

As Fig. 1a shows, in the case of the formation of the
triple complex of adenine with thymine and Zn2+ (ATZn+)
Zn2+ forms three coordinating bonds with N1 atom of
adenine and N3 and O8 atoms of thymine.

Lengths of these bonds are presented in Table 1. The
hydrogen bond between adenine N10 and thymine O8 was
kept (the distance between these atoms is only by 0.1 Å
more than that between corresponding atoms in АТ pair).
The structure of the complex is almost planar, and the
dihedral angle between planes of the bases being 176.1о.

When forming a complex of adenine with thymine,
hydroxyl and Ni2+ (ATNiOH), Ni ion forms four coordi-
nating bonds with adenine N1 atom, N3 and O8 atoms of
thymine and with hydroxyl oxygen (Fig. 1b, Table 1). A
hydrogen bond between adenine N10 and thymine O8
atoms was kept. The structure of the complex is nonplanar,
and the dihedral angle between planes of the bases is equal
to 168.3о. There is a rather big propeller twist (Table 1) in
this complex.
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As indicated above, the spatial structure of this complex is
nonplanar, in particular, being conditioned with the fact that
transition metal ions (as zinc ones too) form readily nonplanar
tetrahedral coordination complexes [6, 17]. Particularly,

owing to this fact, the formation of bridges between ions in
polyG-polyC macromolecule is possible [6].

When forming a cluster of АТ pair with Zn2+, hydroxyl
and two water molecules (ATZnOH(H2O)2) (Fig. 1c, d),

Fig. 1 Structure formulas
of calculated complexes and
clusters: АТZn + (а), ATNiOH
(b), АТZnОН(H2O)2 (c, d),
GCZn + (e) and GCNi + (f).
It is shown that two water
molecules are placed above and
under Zn ion in ATZnOH(H2O)2
cluster

Table 1 Distances between Zn2+ or Ni2+ ions and nearest nucleic acid
base atoms in calculated complex/clusters (A 0) and angles between
planes of nucleic acid bases. Designations in Table 1: N1-Me is
distance between N1 atom of adenine or guanine and metal ion,
O-Me is distance between O10 atom of guanine and metal ion,
N3′-Me being distance between N3 atom of thymine or cytosine and

metal ion, O’-Me is distance between O atom of thymine or cytosine
and metal ion, OH-Me being distance between O atom of hydroxyl
and metal ion, Me-H2O is distance between O atom of water and
metal ion, Dihed - is dihedral angle between base planes (degrees),
Propel - being propeller twist between base planes(degrees)

Complex/ Cluster N1-Me, O-Me, N3′-Me, O'-Me, OH-Me, Me-H2O, Dihed Propel

ATZn+ 1.898 1.897 2.096 176.0 0

ATNiOH 2.071 2.055 2.128 1.827 179.1 23.2

ATZnOH (H2O)2 2.124 2.039 1.893 2.241 2.310 148.2 64.3

GCZn+ 1.948 2.202 2.007 2.091 157.6 32.3

GCNi+ 1.961 2.140 1.982 1.926 172.9 1.4

GCZnOH (H2O)2 1. 991 2.080 1.894 2.123 138.6 80.3

Zn2+ 6H2O 2.106

Zn-OH+ 7H2O 1.897 2.055 2.185 2.206 2.090

Ni2+ 6H2O 2.071
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Zn2+ makes three coordinating bonds with N1 of adenine,
N3 of thymine and with oxygen of hydroxyl, bond lengths
being 2.124 Å, 2.039 Å and 1.893 Å, respectively. Water
molecules form hydrogen bonds with thymine O7, oxygen of
hydroxyl (the bottom water molecule) and thymine O8 (the
top molecule). As a result of the formation of hydrogen
bonds with water molecules, the structure of the cluster is
essentially nonplanar. The dihedral angle between planes of
the bases is equal to 148.2о and the propeller twist of bases
makes up 64.3о. Distances from Zn2+ to oxygen of the top
and bottom water molecules are equal to 2.241 Å and

2.310 Å, respectively, i.e., they are less than the sum of
Van-der- Waals radii of the atoms considered.

Changes in bond lengths of N1-Me (in comparison with
N1-H11 bond length) are not shown because of their large
values (>0.7Ао) in Fig. 2b.

Let us analyze changes in the spatial structure of adenine
and thymine upon zinc ion incorporation between these
nucleic acid bases.

Analysis of bond lengths in ATZn+ complex (Fig. 2a), in
ATZnOH(H2O)2 cluster and protonated adenine, in com-
parison with bond lengths of the isolated adenine, has
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Fig. 2 Changes in bond lengths
(a) for adenine in protonated
adenine, in ATZn+complex
and ATZnOH(H2O)2 cluster, (b)
for guanine in GCZn+, GCNi+

complex and GCZnOH(H2O)2
cluster. Designations of bond
lengths at abscissa axes: in
Fig. 2a: 1 - N1–C2; 2 - C2-N3;
3 - N3-C4; 4 – C4-C5; 5 - C5-
C6; 6 - N1-C6; 7 - C5-N7; 8 –
N7-C8; 9 - C8-N9; 10 - C4-N9;
11 - C2 –H11; 12 - C6-N10;13 -
N10 H12;14 - N10-H13; 15 -
C8-H14; 16 - N9-H15. in
Fig. 2b: 1 - N1–C2; 2 - C2-N3;
3 - N3-C4; 4 – C4-C5; 5 - C5-
C6; 6 - N1-C6; 7 - C5-N7; 8 –
N7-C8; 9 - C8-N9; 10 - C4-N9;
11 – N1–H (Zn)11; 12 – C2-
N11; 13 - N11- H12; 14 - N11-
H13; 15 – C6-O10; 16 - C8-H14;
17 - N9-H15
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shown that upon the formation of complexes with Zn2+

more than 0.02 Å change in bond lengths was observed in
the adenine molecule on N3-C2-N1-C6-N10 fragment
(Fig. 2) that includes N1 atom taking part in the formation
of the coordinating bond. Changes in bond lengths of
ATZnOH (H2O)2 cluster are at the module less than those
in ATZn+ complex and in protonated adenine. Similar
changes in bond lengths in the structures indicated are in
agreement with the hypothesis on the analogous effect of
protonation and coordinatioin with the metal ion on
physical properties of nucleic acid bases [18]. Bond lengths
of thymine changed essentially (more than by 0.015 Å) on
N3-C4-C5–С6-N1-С2 fragment of the pyrimidine ring and
on the exocyclic fragment C4-08 taking part in the
formation of coordination and hydrogen bonds.

It is known that calculations on the molecule spatial
structure by MP2 method agree well with experimental
X-ray data. In our case comparison of bond lengths
calculated and results of X-ray analysis revealed good
agreement between calculated and experimental bond
lengths both for the neutral adenine molecule and the
protonated form as well as for the adenine-thymine pair
[19, 20]. Differences between calculated and experimental
bond lengths are ± 1.5%.

Structural peculiarities of complexes and of the cluster of
metal ions with guanine and cytosine participations are
shown in Figs. 1e, f and 2b and in Table 1.

Figure 3 and Table 1 present optimized structures and
bond lengths in the calculated complexes of Zn2+ and Ni2+

with six water molecules and of Zn ion with hydroxyl
(ZnOH+) modeling the alkaline environment, with seven
water molecules. We did not succeed in calculating zinc
complexes with the hydroxyl and five water molecules as
the fifth water molecule preferred the formation of two
hydrogen bonds with water molecules available.

Table 1 demonstrates distinctions in bond lengths of
water molecules forming the coordinating bonds with
ZnOH+.

Dimer

As well, at MP2 level of theory, we calculated (АС)(ТG)
stacking dimer of nucleic acid base pairs with two zinc
ions, two hydroxyls and two water molecules. The common
form of the dimer (Fig. 4) is similar to those of structures
examined in [5, 6] and calculated by DFT method. Base
pairs are almost parallel to one another, and bridge bonds
take place between base pairs.

As old DFT methods reproduces stacking interactions
imperfectly well, let us analyze the molecular structure
calculated at MP2 level of theory with 6–31G* basis set.

The peculiarity of the spatial structure of the calculated
dimer with zinc ions is bridge bonds between base pairs
formed with zinc ions and oxygens of hydroxyls. In
particular, the formation of bridges between ions is induced

Fig. 3 Calculated molecular structures of Zn++ (left) and ZnOH+

(right) in hydrate shells

Fig. 4 Optimized molecular structure of (АС)(ТG) stacking dimer
with two Zn2+, two hydroxyls and two water molecules

Table 2 Angles between and in base pairs of stacking dimer calculated

Angles (AС)(TG) 2Zn
2OH-2H2O

Helical twist between base pairs, degrees 2

Propeller twist in pair showed, degrees 13 in AT

20 in GC

Dihedral angle in pair showed, degrees 175.4 in AT

174.4 in GC

Table 3 Distances between Zn2+ ions and neighbors atoms (A o ) in
base pairs of stacking dimer calculated

AT-Zn+ GC-Zn+

Zn-N1 ade 2.145 Zn-N1 gua 1.950

Zn-N3 thy 2.003 Zn-N3 cyt 2.014

Zn-O (OH up) 1.863 Zn O (OH up) 1.920

Zn-O (OH down) 1.983 Zn-O (H2O down) 2.071
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with the fact that zinc ions, as transitions metal ones, are
able to form nonplanar tetrahedral complexes [6, 17]. This
was demonstrated above by the example of complexes of
base pairs with hydroxyl, zinc ion and two water molecules
(Fig. 1c). In the dimer investigated, distance between planes
of base pairs are 3.2 Å on average This distance is smaller
than the interfacial distance in DNA B-form but agrees with
data from work [21, 22] in which the molecular structure of
dimers of nucleic acid base pairs is calculated by MP2
method. Base pairs in dimer with zinc ions are nonplanar.
Dihedral angles between bases are of 1750 and 1740 for AT
and GC pairs, respectively. Base pairs in dimer are rather
more plane (flat), in comparison with above clusters of base
pairs with ions, hydroxyls and water molecules (Table 2).
All the pairs in dimers are rather large propeller twists
(Table 2) and the distances between the ions and atoms are
shown in Table 3.

However our preliminary calculations of (CAC)(GTG)
trimer geometry [8] revealed a significant decrease of the
dihedral angle and the propeller twist for the middle AT
pair in trimer. The dihedral angle in this AT pair and the
propeller one are 180о and 0о 0, respectively. This permits a
supposition that base pairs in M-DNA are more plane than
those in the dimer calculated.

In dimer, the zinc ion contacting with AT pair forms four
bonds, namely: two bonds with adenine N1 and thymine
N3 atoms and two bonds with two oxygens of hydroxyls
(the own hydroxyl of its pair and of the neighboring one).
In dimer the zinc ion contacting with CG pair forms four
bonds also- two bonds with guanine N1 and cytosine N3
atoms, one bond with oxygen of the water molecule and
one bond with hydroxyl oxygen. One hydrogen bond is
kept in base pairs of dimer.

Comparison of bond lengths in base pairs in dimer with
zinc ions and in cluster with this ion reveals their substantial
similarity. For example, for adenine these distinctions are of

quite small value (∼0.1%) (besides N1-C2 and N1-C6 bonds
for which changes in bond lengths is about 1%). The helical
twist of the dimer considered is of 2о although the initial 40о

helical twist was preset.
Thus, upon metal placing between bases in clusters and

dimers investigated, the metal ion forms four coordination
bonds – two with nitrogen atoms of bases and two with
hydroxyl and water oxygens. Because of the ability of
transition metal and zinc ions to form tetrahedral coordination
spheres in dimer of base pairs, bridges are created between
base pairs. All this correlates with results obtained in [6].
Because of bridges formed between base pairs and because
of stacking interaction, base pairs in dimer flatten noticeably.
Clusters consisting of canonic base pairs, the metal ion,
hydroxyl and two water molecules can be a model of the
base pair with the metal ion in the dimer content.

Interaction energies

Calculations of interaction energies in АТ and GC pairs and
in the same pairs with Zn2+ and Ni2+ as well as in clusters
(Table 4) were carried out to elucidate reasons of Zn2+ and
Ni2+ insertion between bases of the pairs studied.

The calculation has shown that the interaction energies are
equal to 10.83 kcalmol-1 in АТ pair (between adenine and
thymine) and 20.14 kcalmol-1 in the guanine-cytosine pair
that corresponds to the experimental and calculated data [14,
23, 24]. As well, the calculation has revealed that the
interaction energy of Zn2+ with adenine and thymine
molecules in ATZn+ complex is considerably higher than that
of imino-proton with adenine and thymine anion and than that
of Zn2+ with its hydrate environment (six water molecules).
Interaction energies are -447.14 kcalmol-1, -363.13 kcalmol-1

and -312.37 kcalmol-1, respectively . As well, the analogous
situation occurs for the complex of GCZn+ and imonoproton
in GC pair

Complex /cluster Components Interaction energy,
kcal/mol

AT (A + T) -10.83

GC (G + C) -20.14

AT (AT- + H+) -363.13

GC (GC + H+ ) -358.23

ATZn+ (AT- + Zn2+) -447.14

GCZn (GC + Zn2+ ) -424.40

Zn2+ 6H20 (Zn2+ +6H2O) -312.37

ATZnOH(H2O)2 (Zn-OH+ + AT-(H2O)2) -265.24

GCZnOH(H2O)2 (Zn-OH+ + GC-(H2O2)) -273.03

ZnOH+7H2O (Zn-OH+ + 7H2O) -185.89

GCNi+ (Ni2+ + GC-) -437.87

Ni2+ 6H2O (Ni2+ + 6H2O) -324.29

Table 4 Calculated interaction
energies (kcalmol-1) in
adenine-thymine-zinc (ATZn+),
guanine-cytosine-zinc
(GCZn+), guanine-cytosine-
nickel (GCNi+) complexes,
adenine-thymine-zinc-hydrox-
yl-2H2O ((ATZnOH(H2O)2),
guanine-cytosine-zinc-hydrox-
yl-2H2O ((GCZnOH(H2O)2)
clusters, zinc-6H2O (Zn-6H2O

2+),
zinc-hydroxyl-7H2O (ZnOH-
7H2O

+), nickel-6H2O complexes
and adenine-thymine (AT),
guanine-cytosine (GC) pairs
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Besides, the calculation has shown that the interaction
energy of Zn2+ and hydroxyl (ZnOH+) with adenine and
thymine molecules in ATZnOH(H2O)2 cluster is consider-
ably higher than that of ZnOH+ and its hydrate environment
(-265.24 kcalmol-1 and -185.89 kcalmol-1, respectively).
As well, for GCZnOH(Н2О)2 cluster the energy of ZnOH +
group interaction with guanine and cytosine molecules and
two molecules of water if higher than that with its hydrate
shell. All this makes the zinc ion position between nucleic
acid bases favorable. Calculations of interaction energies in
GCNi+, Ni2+6H2O complexes and the analogous interac-
tion energy of iminoproton in GC pair revealed the prefer-
ence of the nickel ion placing between nucleic acid bases in
GCNi + complex.

All this makes favorable the insertion of Zn2+ and Ni2+

between the bases of nucleic acids.
The energy of the vertical interaction between base pairs

in dimer with the zinc ion is 37.4 kcalmol-1. It is
significantly higher than the energy of the stacking
interaction between pairs of canonical bases [21, 22].
However, it should be remembered that in this case the

vertical interaction energy includes energy of the coordina-
tion bond between the zinc ion and hydroxyl oxygen being
a part of the neighboring pair.

The energy of the horizontal interaction in dimer between
the stack (AC) and the rest part of the stacking dimer is
98.60 kcalmol-1 that is significantly higher than the sum of
hydrogen bonds in AT and GC pairs (see Table 4) and is the
result of changes of hydrogen bonds in base pairs with
coordination ones. The rise of horizontal and vertical
interactions in the dimer studied permits a supposition that,
in comparison with DNA B-form, М- DNA must be more
thermal stable. This is in agreement with experimental
observation in work [1].

Orbitals

Analysis of forms of high ocupied (HOMO) and low
ocupied (LUMO) molecular orbitals of AT and GC base
pairs with zinc and nickel ions is of significant interest. As
Fig. 5 shows, only thymine orbitals take part in the
formation of HOMO of AT base pair complex with the

HOMO LUMOFig. 6 Calculated at UDFT level
of theory, HOMO and LUMO of
ATNiOH (up) and GCNi+ (down)
complexes

HOMO LUMOFig. 5 HOMO (left) and LUMO
(right) orbitals of AT pair and
ATZn+ complex, calculated at
MP2 level of theory
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zinc ion while orbitals of adenine, zinc ion and thymine
participate already in the formation of this complex LOMO.
As a result, sizes of the molecule orbital increase
essentially, and electron delocalization within two bases in
the electron-excited state is possible.

At the same time in complexes of AT and GC pairs with
the nickel ion (Fig. 6) orbitals of Ni2+ ion take part in
HOMO formation as well as in LUMO formation. Our
observations of participating nickel ion orbitals in the
formation of HOMO complex of GC pair with the nickel
ion agree with results of the work [6] in which complexes
of GC pair with Co2+ and Fe2+ ions were calculated and the
participation of these ions in HOMO formation was shown.
At that, it should be noted that our calculations by B3LYP
method also show the participation of orbitals of nucleic
acid bases (guanine, adenine and thymine) in the formation
of HOMO of complexes studied but not only the
participation of metal ion orbitals (as shown in [6]). As
well, it should also be noted that nickel ion orbitals take
part in the formation of HOMO of the complexes studied
only in calculations carried out by UB3LYP method.
HOMO determined at UMP2 level of theory do not include
orbitals of the nickel ion. Only HOMO-1 calculated at
UMP2 level of theory contains nickel ion orbitals.

Analysis of HOMO form of dimer with zinc ions being
studied is of significant interest. It is seen from Fig. 7 (left)
that this HOMO includes molecular orbitals of neighboring

(in the stack) bases. As well, this figure demonstrates
partial overlapping of π-orbitals in top and bottom bases
that show possible electron delocalization in the stacking
structure calculated. This agrees with a supposition (see
work [6]) that electrical conductivity in Zn-DNA is caused
with overlapping of π-orbitals of nucleic bases in the stack.
At the same time Fig. 7 (left) shows the absence of
contribution of zinc ion orbitals into HOMO dimer. LUMO
of dimer includes mainly cytosine orbitals (Fig. 7 (right)).

The preliminary calculation of (AC)(TG) stacking dimer
with two Ni2+, two hydroxyls and two water molecules
showed that adenine orbitals mainly take part in HOMO of
this structure. There are small contributions of Ni2+ orbitals
in HOMO and HOMO-1

Charges on metal ions

Consider changes of charges on zinc and nickel ions upon
their formation of complexes and clusters and during the
ion entering into dimer. As Table 5 shows, charges on metal
ions decrease significantly (from +2 to +1) in all the
systems studied. The decrease is caused by the transfer of
the electron density from nucleic acid bases to vacant
orbitals of the ion.

Electronic transition energies

Studying electronic transition energies in complexes of АТ
and GC pairs with Zn and Ni ions is of great interest. The
calculation of singlet electronic transition energies has shown
that, in comparison with corresponding energies of АТ and
GC pairs, there is only a small reduction (0.3–0.6 eV) of the
energy of the first singlet excited state for complexes АТ and
GC pairs with Zn2+.

At the same time energies of the first singlet excited
states (Table 6) essentially decrease (from 4.5 eV to
0.4–0.6 eV) in complexes of GC and АТ pairs with Ni2+

ion. It specifies an opportunity of the significant narrowing

Table 5 Calculated charges of Zn++ or Ni++ in complexes with
Thymine, Guanine and AT and GC pairs, in clusters and in dimer

Ion/structure TZn+ ATMe ATMeOH (Н2О)2 Dimer

Zn++, MK 1.458 1.280 0.918 1.033

Ni++, Mullik 1.295 0.686

GZn+ GCMe GCMeOH(Н2О)2 Dimer

Zn++, MK 1.411 1.263 0.954 1.058

HOMO LUMOFig. 7 HOMO (left) and LUMO
(right) of (AC)(TG) stacking
dimer with two Zn2+, two
hydroxyls and two water
molecules
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of the band gap in DNA and polynucleotides containing the
introduced Ni ions. These results agree with the narrowing
of the band gap in GC polynicleotide with Fe2+ and Co2+

ions, considered in work [6]. Our results calculated also
explain (see 6, 7 lines in Table 6) the weak light absorption
of Ni2+ form on M-DNA in the range of 500 nm, referred in
work [1].

Conclusions

Molecular and electronic structures of complexes and
clusters including canonical pairs of AT and GC bases with
zinc and nickel ions located between bases are calculated at
MP2 level of theory. As well, the (AC)(TG) stacking dimer
of base pairs of nucleic acids with zinc ions is estimated.

Changes in adenine and guanine spatial structures upon
zinc and nickel ions attaching to purine N1 were analyzed.

It was shown that the energies of zinc and nickel ion
interactions in complexes with nucleic acid bases studied is
essentially higher than that of imino proton cooperation
with canonical bases in AT and GC pairs. The energy of zinc
and nickel ion interactions with nucleic acid bases is higher
than that of these ion interactions with their hydrate shells.

HOMO of stacking dimer with zinc ions investigated
includes molecular orbitals of neighboring (in the stack) bases.

Сharges on metal ions incorporated into complexes with
nucleic bases and in dimer decrease significantly.

The calculation of electronic transition energies has
shown the decrease of the first singlet transition energies
in complexes of АТ and GC pairs with Ni ion from 4.5 eV
to 0.4–0.6 eV.

Acknowledgments The authors thank Cybernetics Institute of
National Academy of Science of Ukraine, and Ukrainian-American
Laboratory of Computing Chemistry (Kharkov) for granting the
machine time.

References

1. Aich P, Labiuk SL, Tari LW, Delbaere LJ, Roesler WJ, Falk KJ,
Steer RP, Lee JS (1999) A complex between divalent metal ions
and DNA which behaves as a molecular wire. J Mol Biol
294:477–485

2. Rakitin A, Aich P, Papadopoulos C, Kobzar Y, Vedeneev AS, Lee
JS, Xu JM (2001) Metallic conduction through engineered DNA:
DNA nanoelectronic building blocks. Phys Rev Lett 86:3670–
3673

3. Aich P, Skinner RJ, Wettig SD, Steer RP, Lee JS (2002) Long
range molecular wire behaviour in a metal complex of DNA. J
Biomol Struct Dyn 20:93–98

4. Wettig SD, Li CZ, Long YT, Kraatz HB, Lee JS (2003) M-DNA:
A self-assembling molecular wire for nanoelectronics and bio-
sensing. Anal Sci 19:23–26

5. Cabrera M, Sumpter B, Sponer Ju, Sponer J, Petit L, Wells J
(2007) Theoretical Study on the Structure, Stability, and Elec-
tronic Properties of the Guanine-Zn-Cytosine Base Pair in M-
DNA. Theoretical Study on the Structure, Stability, and Electronic
Properties of the Guanine-Zn-Cytosine Base Pair in M-DNA.
J Phys Chem B 111:870

6. Alexandre S, Soler J, Seijo L, Zamora F (2006) Geometry and
electronic structure of M-DNA (M = Zn2+, Co2+, and Fe2+).
Phys Rev B 73:205112

7. Belous LF, Grechnev GE, Rubin YV, Stepaniyan CG (2006)
Nanotechnology and computer modeling. In: Proceeding Russian
Conference “Scientific service in Internet”. MGU, Moscow, pp 5-
8 (in Russian)

8. Rubin YV, Belous LF, Yakuba AA, Golovinsky AL, Savin YV
(2009) Computer modeling of electronic and molecular structures
of metallized DNA: stacking dimers and trimers. Proceeding of
International Conf. ‘Parallel Comput Technologies’ 2009
YUUGU, Chelyabinsk, pp 667-672 (in Russian)

9. Burda JV, Gu J (2008) A computational study on DNA bases
interactions with dinucleartetraacetato-diaqua-dirhodium(II, II)
complex. J Inorg Biochem 102:53–62

10. Sponer J, Burda JV, Sabat M, Leszczynski J, Hobza P (1998)
Interaction between the Guanine-Cytosine Watson-Crick DNA
Base Pair and Hydrated Group IIa (Mg2+, Ca2+, Sr2+, Ba2+) and
Group IIb (Zn2+, Cd2+, Hg2+) Metal Cations. J Phys Chem A
102:5951–5957

11. Frisch MJ et al (2003) Gaussian 03, Revision B2. Pittsburgh PA,
Gaussian Inс, 455

Table 6 Parameters of GCNi+ (left), ATNiОН (right) excited states calculated on geometries by TD DFT method on UMP2 level of theory

Excited
state

Excited state energies,
eV GCNi+

Wave
length, nm

Oscil.
streng.

Excited state energies,
eV ATNiOH

Wave
length, nm

Oscil.
streng.

1 0.391 3911 0.0001 0.586 2117 0.0001

2 0.821 1510 0.0000 0.718 1725 0.0002

3 1.341 924 0.0033 0.999 1220 0.0001

4 2.126 583 0.0001 1.806 689 0.0003

5 2.157 574 0.0007 2.096 591 0.0002

6 2.431 510 0.0016 2.392 518 0.0008

7 2.506 495 0.0046 3.368 379 0.0001

8 2.703 459 0.0005 3.505 354 0.0011

9 2.714 457 0.0001 3.546 349 0.0119

10 2.865 432 0.0327 3.790 327 0.0027

J Mol Model (2011) 17:997–1006 1005



12. Schmidt MW et al (1993) Gamess Version = Jun 2005 (R5)-Iowa
State University. J Comput Chem 14:1347–1363

13. Trzaskowski B, Les A, Adamowich L, Deymier R, Guzman R,
Stepanian S (2005) Multilevel Quantum Chemistry Approach to
the Development of Database of the SAM-Ligand-Metal Ion-
Protein Interaction. J Comput Theor Nanosci 2:456–464

14. Podolyan Y, Rubіn YV, Leszczynskі J (2000) An ab іnіtіo Post-
Hartree-Fock Comparatіve Study of 5-Azacytosіne and Cytosіne
and theіr Dіmers wіth Guanіne. J Phys Chem A 104:9964–9970

15. Besler B, Merz K, Kolman P (1990) Atomic Charges Derived
from Semiempirical Methods. J Comput Chem 11:431–439

16. Zhurko GA. Chem Craft. Tool for treatment of chemical data.
Version 5.1

17. Eichhorn GL (ed) (1975) Inorganic biochemistry. Elsevier Sci Pub
Co, Amsterdam

18. Blagoj YP, Galkin VL, Gladchenko GO, Kornilova SV, Sorokin
VA, Shkorbatov AG (1991) Metal Complexes of Nucleic Acides
in Solutions. Naukova Dymka, Kiev (in Russian)

19. Taylor R, Kennard O (1982) J Mol Struct 78:1–28

20. Olson WK, Manju Bansal M, Burley SK, Dickerson RE,
Gerstein M, Harvey SC, Heinemann U, Xiang-Jun Lu, Neidle
S, Shakked Z, Sklenar H, Suzuki M, Tung C-S, Westhof E,
Wolberger C, Berman HM (2001) Standard Reference Frame
for the Description of Nucleic Acid Base-pair Geometry. J Mol
Biol 313:229–237

21. Jurecka P, Hobza P (2003) True Stabilisation Energies for the
Optimal Planar Hydrogen-Bonded and Stacked Structures of
Guanine Cytosine, Adenine –Thymine and their 9-and 1- Methyl
derivatives. J Am Chem Soc 125:15608–15613

22. Jurecka P, Sponer J, Cerny J, Hobza P (2006) Benchmark
database of accurate (MP2 and CCSD(T) complete basis set limit)
interaction energies. Phys Chem Chem Phys 8:1985–1993

23. Yanson IK, Teplitsky AB, Sukhodub LF (1979) Experimental
Studies of Molecular Interaction between Nitrogen Bases of
Nucleic Acids. Biopolymers 18:1149–1179

24. Hobza P, Sponer J (1999) Energetics and Dynamics of the Nucleic
Acid Base Pairs: Nonempiirical Ab Initio Calculations. J Chem
Rev 99:3247–3276

1006 J Mol Model (2011) 17:997–1006


	Electronic and molecular structure of M-DNA fragments
	Abstract
	Introduction
	Methods of calculation
	Results and discussion
	Molecular structure
	Dimer
	Interaction energies
	Orbitals
	Charges on metal ions
	Electronic transition energies

	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


