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Theoretical study of guanine—Cu and uracil-Cu (neutral, anionic,
and cationic). Is it possible to carry out a photoelectron spectroscopy
experiment?
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The structure and bonding of guanine-Cu and uracil-Cu (neutral, anionic, and cationic) are
discussed on the basis of the calculated structures and energies. The interaction of the metal atom
with guanine and uracil has been analyzed using the B3LYP density-functional approach. The
removal of one electron from the neutral complexes produces the stabilization of one of the isomers,
while the addition of one electron leads to a system where the metal atom is weakly bounded to
guanine or uracil, according to the metal-bases bond distance that is long (2.29-2.90). For guanine—
Cu and uracil-Cu, the vertical ionization energy of the anion is close to the dissociation energy of
one hydrogen atom from guanine—Cu or uracil-Cu. In these cases, it could be possible to produce
the detachment of one electron from the anion and also the removal of one hydrogen atom. This is
important since the photoelectron spectroscopy of atomic or mixed-atomic cluster anions has proven
to be a very effective tool in the study of small systems. For the analysis of copper atoms with DNA
bases such as guanine and uracil, it is expected that the photoelectron spectra of the anion-bases
complexes strongly resemble the spectrum of Cu~!, just shifted to higher electron binding energies
due to the product stabilization. Hopefully, this information will be useful for the experimental

groups. © 2005 American Institute of Physics. [DOL 10.1063/1.1935507]

INTRODUCTION

Studies of metal-DNA base complexes provide valuable
thermodynamic and structural information relevant to our
knowledge of metal effects on biological processes involving
DNA."™" The interest in DNA is not only due to its role in
biology but also to the advent of molecular electronics that
has stimulated interest in the possibility of using this mol-
ecule in functional electronic devices and in molecular
computing.12 Metal centers complexed with DNA may func-
tion as electron acceptors and donors and have been success-
fully used to study the charge transport through strands of
DNA. This may make DNA useful as a molecular wire in
molecular scale electronic devices. Different structural and
electronic factors may intercede electron transfer processes,
and model complexes have been arranged to explore this
effect.

The structure and function of DNA are, in general, de-
pendent on metal ions. These ions can interact with many
sites in DNA.>"'® For cationic systems, the best metal-
binding site of the guanine seems to be N7, due to the large
dipole moment of guanine (>7 D) and its orientation. ™"
Regarding the interaction of uracil with metal cations, the
orientation and magnitude (>5 D) of the dipole moment ori-
entate the metal-binding site of the uracil”™ to O4. Most of
the theoretical studies of metal-DNA interactions have fo-
cused on guanine and uracil complexes in which metal cat-
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ions are bound to N7 or O4, respectively. Little is known
about the energetic or properties of other isomers of metal—
guanine and metal-uracil complexes in which the metal
bounds to sites other than N7 or O4. It is not clear whether
an analogous affinity for N7 or O4 applies to neutral as well.
On the other hand, biologically important negatively charged
molecules have been extensively studied, both
experimentallyw_21 and theoreticzilly.22_26 Electron trapping
on nucleic acid bases has been an important topic in radia-
tion biology for several decades. The recent experiments of
Sanche and co-workers suggest that electrons with energies
in the range of 1-20 eV can induce DNA damage.27’28 The
authors suggested that excess electrons trapped in temporary
anionic states initiate chemical reactions leading to a single-
and double-strand breaks. The excess of electrons can be
provided by metal atoms and ions interacting with the DNA
bases.

Photoelectron spectroscopy (PES) of atomic and mixed-
atomic cluster anions has proven to be a very effective tool
in the study of small clusters mainly for two reasons.”>
First, photodetachment of an anion spectroscopically access
the ground and low-lying electronic states of the neutral,
many of which are not detectable with conventional absorp-
tion spectroscopy. Second, anions are inherently mass select-
able, so clusters and molecules can be separated out by mass
prior to any spectroscopic investigation. One question that
can be answered with this theoretical study is if it is possible
to use this powerful tool in the study of the interaction of
DNA bases with copper atoms.

© 2005 American Institute of Physics
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Evidently, metal atoms and ions play an important role
in stabilizing as well as destabilizing DNA bases, base pairs,
and the DNA double helix. To understand the role of the
metal ions in the biophysics of DNA, it is necessary first to
carry out a detailed interaction study of ions with isolated
bases. This is the aim of the present work. In this paper,
stable structures of guanine—Cu and uracil-Cu (neutral, an-
ionic, and cationic) are discussed. Optimized geometries,
ionization energies, electron affinities, Mulliken atomic
charges, and molecular orbitals are reported. The dissociation
energy of one hydrogen atom from guanine—Cu or uracil-Cu
is also presented. As discussed below, in these systems it
could be possible to produce the detachment of one electron
from the anion and also the dissociation of one hydrogen
atom.

COMPUTATIONAL DETAILS

All calculations have been carried out using the program
GAUSSIAN 03.% Full geometry optimization without symme-
try constraints was performed using two different density-
functional approximations: Becke-Perdew86 (Ref. 36) and
hybrid three-parameter B3LYP.’ Three different basis sets
were used: 6-31G", 6-311+G(2d,p),”® and LANL2DZ.*’
Optimized minima were verified with harmonic frequency
analysis. In search of the global minimum, several initial
geometries were considered. We cannot exclude the possibil-
ity that global minima were missed but the diversity of initial
geometries that were examined is sufficient to inspire confi-
dence that the global minimum has been identified. The vi-
sualization of the results was done with the CERIUS package40
and the MOLEKEL."!

In order to determine the position of the Cu atom com-
plexing the guanine and uracil molecules, several initial ge-
ometries were used. For guanine—Cu, the Cu atom bonded to
N7 or N3, inserted into the N1-H bond, or bridging the N3
and N9 positions was considered. With uracil, the Cu was
connected to all the atoms. Several tautomeric forms of the
guanine were used for the optimization with B3LYP and the
three different basis sets. The effect of the basis is not sig-
nificant. The energy difference between the three most stable
structures is less than 3 kcal/mol for all the calculations. The
stability order obtained with the larger basis is the same as
those obtained with LANL2DZ. With the smallest basis, the
stability order is a bit different. Considering that we are on
the limits of accuracy of the calculations, it is possible to say
that the effect of the basis on the results is really small. In
order to evaluate the effect of the functional, for uracil-Cu
two different density-functional approaches (BP86 and
B3LYP) and two different basis sets (6-31+G" and
LANL2DZ) were used. The energetic order is the same in
both cases. The same calculations were performed for the
cation and the anion molecules. The results obtained with
B3LYP/LANL2DZ method are practically the same as those
obtained with other methods. Hence, the effect of the basis
set and the density functional is not significant. For this rea-
son and in order to simplify the presentation, the focus of the
discussion will be on the B3LYP/LANL2DZ results.

There is no universally accepted method of calculating
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FIG. 1. Optimized guanine—Cu complexes. Initial geometries with different
bond positions for the Cu atoms were used. Relative energies to the most

stable structure in kcal/mol. Bond distances are reported in angstroms. All
the calculations were done with B3SLYP/LANL2DZ.
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atomic charges, and no experimental technique is available
to measure them directly. In a previous work, de Oliveira et
al.” reported an investigation testing the quality of Mulliken
and Bader charges. They found a good agreement between
both methods for a qualitative description of the atomic
charges. For this reason, in this paper the Mulliken atomic
charges are used to discuss the qualitative behavior of the
charge-transfer process.

RESULTS AND DISCUSSION
Guanine-Cu (neutral, anion, and cation)

Optimized structures of guanine—Cu (neutral) are re-
ported in Fig. 1. There are eight stable structures, with an
energy difference of less than 7 kcal/mol. The structures are
not planar, the Cu atom being out of the plane. The calcula-
tion of several isomers of the isolate guanine was also done.
The optimization of guanine places the 9H form of guanine
below the others, but the 7H form is only 0.22 kcal/mol
higher. This result agrees with previous MBPT(2) reported
by Dolgounitcheva et al.” where that energy difference is
0.21 kcal/mol. When the copper atom binds to guanine, the
most stable isomer is the 7H form. The two most stable
structures are with this isomer and are degenerated. As can
be seen in the figure, one has a Cu-N9 bond and the other
presents a Cu—N3 bond. For this isomer of the guanine, there
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is another structure with a Cu—O bond that lies 3.4 kcal/mol
higher. This energy difference is very small and it is on the
limits of accuracy of the calculation. For the 7H form of
guanine it is possible to conclude that N3, N9, and O are
suitable for the metal to bind, with practically no difference
on the stability between them. Figure 1 also shows two stable
structures with the 9H form of guanine. The copper atom in
this isomer can be bonded to N3 or to N7, with practically
the same stability. Copper atom affects the stability of the
tautomeric forms of the guanine. The energy difference be-
tween the two more stable structures of Fig. 1 is approxi-
mately the same as the energy difference between the tauto-
meric forms of the isolated guanine, but the ground state
with copper is with the 7H isomer. For the next structures,
the N3 has one hydrogen atom and the metal atom is bonded
to N1 or to N9. Both structures present almost the same
stability, with an energy difference of 1.7 kcal/mol among
them. At 6.1 kcal/mol there is a structure with the copper
atom bonded to the cis-amino-oxy 7H guanine isomer. The
calculations of other isomers with the oxy-guanine forms
were performed, and all of them present very similar stabili-
ties. To simplify, we did not include the other optimized
structures with the oxy-guanine in the figure, neither other
structures that are less stable, such as the systems with the
copper atom bonded to the oxygen or to the carbon atom of
the five-membered ring (this structure lies 10.8 kcal/mol
higher). It is possible to conclude that the Cu-N bond is
preferred over the Cu—O bond in this molecule, but there are
several isomers that could be present in an experiment, since
the largest energy difference is less than 7 kcal/mol.

Figure 2 shows the optimized structures for the cationic
guanine—Cu. All systems are singlets, while the neutrals are
doublets. It is well known that the preferred sites for nucleo-
base-ion interaction are the N7 and the O6 positions of gua-
nine (most often simultaneously binding to both sites). Gua-
nine possess a large dipole moment, and its orientation
supports the N7/O coordination. As can be seen, the most
stable structure is separated by 10.1 kcal/mol from the sec-
ond stable structure. In the ground state, copper is connected
to N7 and O. This structure was reported before'” and agrees
with the idea that these positions act as the active sites for the
interaction of metal cations with nucleic acids in the various
biological systems. In Table I, Mulliken atomic charges of
selected atoms of guanine—Cu (cation) are reported. For
comparison, the values of the neutral compound are in-
cluded. As can be seen, the metal atom on the cation is the
most positive atom. When ionization takes place, the electron
is removed from the copper atom since the ionization energy
of copper43(a) (7.72 eV) is lower than the ionization energy
of guanin<343(b)’44 (8.49 eV). Atomic charges indicate that the
oxygen atom is negative and copper is positive in all the
cationic isomers, as expected from the electronegativities of
oxygen and copper. The metal atom becomes positive and
there is an electrostatic interaction with the oxygen atom of
guanine that is negative. Furthermore, the dipole moment
guides the bond of the metal cation towards the N7 position
of the guanine and only one stable structure is preferred over
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FIG. 2. Optimized guanine—Cu cationic complexes. Initial geometries with
different bond positions for the Cu atoms were used. Relative energies to the
most stable structure in kcal/mol. Bond distances are reported in angstroms.
All the calculations were done with B3ALYP/LANL2DZ.

TABLE I. Mulliken atomic charges of selected atom for the most stable
isomer of guanine—Cu cationic. For comparison, Mulliken atomic charges of
the neutral compound are also shown.

[guanine-Cu]*" Mulliken Atomic Charges (e. u.)

Cation Neutral
o -0.4 -0.3
N7 -0.3 -0.2
N9 -0.4 -0.4
Cu 0.6 -0.2
Cation Neutral
o -0.2 -0.3
N7 -0.3 -0.4
N9 -0.4 -0.3
Cu 0.6 -0.1
Cation Neutral
o -0.4 -0.3
N7 -0.3 -0.3
N9 -0.4 -0.4
Cu 0.6 -0.1
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FIG. 3. Optimized guanine—Cu anionic complexes. Initial geometries with
different bond positions for the Cu atoms were used. Relative energies to the
most stable structure in kcal/mol. Bond distances are reported in angstroms.
All the calculations were done with B3LYP/LANL2DZ.

the others. The copper is positive and the overall charge of
guanine is negative. Hence, the bond between Cu* and
guanine” appears to have an ionic character.

Figure 3 reports the optimized structures of the anionic
compounds. These systems are singlets. Triplets spin states
were also calculated, but they are less stable. The most stable
structure shows Cu-H long bonds, and hence it is possible to
say that the metal atom is weakly bonded to guanine. The
most stable structure with copper and guanine covalently
bonded is 17.5 kcal/mol less stable. Table II contains the
Mulliken atomic charges of selected atoms on the anionic
compounds. As can be noticed, in this case the extra electron
is localized on the copper due to the fact that the electron
affinity of the metal atom is larger than that of guanine. For
this reason, in the ground state the Cu is close to the hydro-
gen atoms that present a positive charge, and far from N7
and O that have negative charges. The third structure in Fig.
3 shows the Cu atom close to the hydrogen atom in an oxi-
amino isomer of guanine, which also has a partial positive
charge.

In a previous work we reported the structures and reac-
tivity of guanine—Al compounds.8 The results for Al suggest
that the Al atom bounds to the O and N. This implies that the
Al—guanine bonding mainly involves an interaction with the
lone pairs. The most significant result that was reported8 is
that the most stable isomer is one where both of the nitrogen
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TABLE II. Mulliken atomic charges of selected atom for the most stable
isomer of guanine—Cu anionic. For comparison, Mulliken atomic charges of
the neutral compound are also shown.

. i Mulliken Atomic Charges
[guanine-Cu]™

Anion Neutral
‘ [e] -0.3 -0.3
N7 -0.1 -0.2
N9 -0.4 -0.4
Cu -0.9 -0.2
Anion Neutral
o -0.4 -0.3
N7 -0.4 -04
N9 -0.1 -0.3
Cu -0.5 -0.1
Anion Neutral
o -0.3 -0.3
N7 -0.2 -0.3
N9 -0.4 -0.4
Cu -0.7 -0.2

atoms in the five-membered ring of guanine are bound to H.
To our knowledge, there was no prior experimental or theo-
retical observation of such isomers of guanine. The more
stable isomer of Al-guanine was found to be a complex of an
Al atom with a previously unobserved, experimentally or
theoretically, isomer of guanine and thus represented a sig-
nificant discovery. With copper we also find a structure
where both of the nitrogen atoms in the five-membered ring
of guanine bound to H, but this structure (not shown) is
13.0 kcal/mol less stable than the others in Fig. 1. For the
cation, it is 11.6 kcal/mol less stable (see Fig. 2) and for the
anion, it lies more than 40 kcal/mol higher (not shown).

Table III reports the ionization energies and electron af-
finities (vertical and adiabatic) for the three most stable iso-
mers of neutral guanine—Cu. For comparison, the structures
of cationic and anionic species are also shown. Vertical and
adiabatic ionization energies and electron affinities are dif-
ferent, due to the varied geometries of the neutral, cation,
and anion systems. The first two isomers present similar ion-
ization energies (4.8 and 4.4 eV), while the other shows a
higher value (5.9 eV). The much higher ionization energy is
characteristic of a species with a stronger oxidative potential.
The adiabatic electron affinity is lower for the first two neu-
tral isomers than for the third one, where for the anion the Cu
is weakly bonded to the guanine. For the second isomer, the
electron affinity is negative, meaning that the ionization
leads to a less stable system. Clearly, the chemical properties
of the isomers differ significantly.

Comparing the structures and bond distances of the neu-
tral (Fig. 1) with the cationic (Fig. 2) it is possible to see that
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TABLE III. Vertical and adiabatic ionization potential and electron affinity
(in eV) of selected stable isomers of guanine—Cu neutral.

lonization| Electron

Energy | Affinity

Neutral Cation Anion

Add | Ver |Add| Ver

4850(0.7|03

44 149|-03|-0.7

267

226

59(6.1(15(0.2

the geometries are not the same. The biggest difference is on
the Cu—N bond distance. For the cationic species, this bond
length is shorter than for the neutral. The stability order of
the cationic systems is different, since the most stable cation
corresponds to the third neutral structure. The most stable
neutral structure corresponds to the second cationic geom-
etry. The fourth neutral structure is the last one for the cation,
and the fifth neutral is the third of the cationic system. These
structures share an important characteristics, namely, that
when one electron is removed the N—Cu bond distance de-
creases and the copper atom forms a bridge with oxygen and
nitrogen (when O and N are close enough to do so). The
formation of O—Cu-N bridges suggests that this geometry is
characteristic of cationic Cu—-DNA complexes, but it is not
for neutral or anionic molecules. Neutral copper bonds
equally (with the same stability) to guanine in three different
nitrogen atoms and the Cu—O bond is also stable. For the
anionic molecule, copper atom is weakly bonded to guanine.

Paying attention to the anions, when the metal is bonded
to the guanine molecule the metal-N or metal-O bond dis-
tances are larger for the anion than for the neutral. The extra
electron is localized in the highest occupied molecular or-
bital (HOMO) of the neutral, that is, an antibonding- orbital
between Cu and the nonmetal atoms, as can be seen in Fig. 4.

LUMO

FIG. 4. Molecular orbitals of one isomer of guanine—Cu, as an example.
Other molecular-orbitals pictures are similar.

HOMO HOMO-1
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FIG. 5. Optimized uracil-Cu complexes. Initial geometries with different
bond positions for the Cu atoms were used. Relative energies to the most
stable structure in kcal/mol. Bond distances are reported in angstroms. All
the calculations were done with B3ALYP/LANL2DZ.

For the anion, the copper atom is weakly bonded to guanine.
There is an electrostatic repulsion between the copper anion
and guanine, since the extra electron is placed on copper and
guanine molecule has a large dipole moment.

Uracil-Cu (neutral, anion, and cation)

Optimized structures of uracil-Cu (neutral) are reported
in Fig. 5. There are four stable structures, with an energy
difference of less than 20 kcal/mol. The structures are not
planar, with the Cu atom being out of the plane. For briefness
we did not include in this figure the other optimized struc-
tures that are less stable. The calculation of several isomers
of the isolate uracil was also performed. The free uracil tau-
tomers are separated by 18.3 and 24.9 kcal/mol from the
most stable. These tautomers correspond to the arrangements
of the uracil that are forming the third and fourth isomers of
uracil-Cu (Fig. 5). For uracil, the metal atom does not inter-
fere with the stability order of the different uracil tautomeric
forms, i.e., the most stable complexes are formed starting
from the most stable tautomers. When the copper atom binds
to uracil, the most stable isomer contains the metal atom
bonded to an oxygen atom. The energy difference between
the two most stable structures is very small (1.7 kcal/mol)
and hence they can be considered degenerated. The copper
atom in this isomer can be bonded to O3 or to O4, with
practically the same stability. It is possible to conclude that,
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FIG. 6. Optimized uracil-Cu cationic complexes. Initial geometries with
different bond positions for the Cu atoms were used. Relative energies to the
most stable structure in kcal/mol. Bond distances are reported in angstroms.
All the calculations were done with B3ALYP/LANL2DZ.

for uracil, Cu-O bond is preferred over Cu-N bond, and
there are two isomers that could be present in an experiment,
since their energy difference is less than 10 kcal/mol.
Figure 6 reports the optimized structures for the cationic
uracil-Cu. All systems are singlets, while the neutrals are
doublets. As can be seen, the most stable structure is sepa-
rated by 5.3 kcal/mol from the second stable structure. In the
most stable structures, copper is connected to the oxygen
atom. Another two stable structures lie at 6.6 and
9.6 kcal/mol, and show a N—Cu-O bridge. All these isomers
could be present in an experiment, since the energy differ-
ence between them is less than 10 kcal/mol. In Table IV,
Mulliken atomic charges of selected atoms of uracil-Cu (cat-
ion) are reported. For comparison, the values of the neutral
compound are included. The metal atom on the cation is the
most positive atom. When ionization takes place, an electron
is removed from the copper atom since the ionization energy
of copper43(a) (7.72 V) is lower than for uracil** (9.54 eV).
The atomic charges indicate that the oxygen atom is negative
and copper atom is positive for all the cationic isomers, as
expected from the electronegativities of oxygen and copper.
The metal atom becomes positive and there is an electrostatic
interaction with the oxygen atom of uracil that is negative.
The overall charge of uracil is negative and hence, the bond
between Cu* and uracil™ appears to have an ionic character.
Figure 7 reports the optimized structures of the anionic
compounds. These systems are singlets. The triplets spin
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TABLE IV. Mulliken atomic charges of selected atom for the most stable
isomer of uracil-Cu cationic. For comparison, Mulliken atomic charges of
the neutral compound are also shown.

[uracil-Cu]"* Mulliken Atomic Charges (e. u.)

Cation Neutral
1.88
04 -0.5 -0.4
o3 -0.2 -0.3
N9 -04 -0.4
Cu 0.7 -0.1
Cation Neutral
04 -0.2 -0.3
iias 03 -0.5 -0.4
N9 -0.4 -0.3
Cu 0.7 -0.1
Cation Neutral
04 -0.4 -0.4
2.07
03 -0.3 -0.3
2.22
135 N9 -04 -0.4
Cu 0.6 -0.1

states were also calculated, but they are less stable. In the
most stable structure, there is a weak bond between the metal
atom and the hydrogen atoms of the uracil. With the copper
covalently bonded to uracil, the most stable structure is
20.1 kcal/mol less stable. Table V contains the Mulliken
atomic charges of selected atoms on the anionic compounds.
As it can be noticed, in this case the extra electron is local-
ized on the copper due to the fact that its electron affinity is
larger than that of uracil. For this reason, Cu is close to the
hydrogen atoms that present a positive charge, and far from
the oxygen atoms that have negative charge. The third struc-
ture of Fig. 7 shows the Cu atom close to the hydrogen atom
in an oxi-amino isomer of uracil, which also has a partial
positive charge.

Table VI reports the ionization energies and electron af-
finities (vertical and adiabatic) for the three most stable iso-
mers of uracil-Cu complexes (neutral). Vertical and adiabatic
ionization energies are similar due to the similar geometries
of the neutral and cation systems. The three most stable iso-
mers present similar ionization energies (vertical values be-
tween 5.7 and 6.1 eV; adiabatic values in the range of
5.3-5.7 eV). Vertical and adiabatic electron affinities are dif-
ferent given the varied geometries of neutral and anion com-
pounds. The highest adiabatic electron affinity corresponds
to the most stable neutral isomer since when one electron is
removed, these isomers become 20.1 kcal/mol less stable
than the most stable anionic compound.

Comparing the structures and bond distances of the neu-
tral (Fig. 5) and the cationic (Fig. 6) systems, it is clear that
the geometries are practically the same, the biggest differ-
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AE
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FIG. 7. Optimized uracil-Cu anionic complexes. Initial geometries with
different bond positions for the Cu atoms were used. Relative energies to the
most stable structure in kcal/mol. Bond distances are reported in angstroms.
All the calculations were done with B3LYP/LANL2DZ.

ence being the Cu—O bond distance. For the cationic species,
this bond length is shorter than for the neutral. The stability
order of the cationic systems is the same as for the neutral. In
all cases, when one electron is removed the O—Cu bond dis-
tance decreases and the copper atom forms a bridge with
oxygen and nitrogen (when O and N are close enough to do
so). Neutral copper bonds equally (with the same stability) to
uracil in two different oxygen atoms. As with guanine, for
the cation the formation of O—Cu-N bridges is also a char-
acteristic geometry, and the Cu—O bond is also stable. For the
anion, the copper atom forms weak bonds with the hydrogen
atoms of uracil.

For the anions, when the metal is bonded to uracil the
metal-O bonds are similar for the anion and the neutral spe-
cies. The extra electron is localized in an antibonding-7 or-
bital between Cu and the nonmetal atoms. The copper anion
is weakly bonded to uracil due to the electrostatic repulsion
between the negative metal and uracil; this, in turn, is due to
the extra electron being placed on the copper and the uracil
molecule having a large dipole moment.

ELECTRON DETACHMENT VERSUS
DEHYDROGENATION

With the previous results, it is possible to conclude that
the anionic compounds present a weak interaction between

J. Chem. Phys. 123, 024311 (2005)

TABLE V. Mulliken atomic charges of selected atom for the most stable
isomer of uracil-Cu anionic. For comparison, Mulliken atomic charges of
the neutral compound are also shown.

[uracil-Cu]™ Mulliken Atomic Charges (e. u.)

Anion Neutral
o4 0.3 0.4
o3 -0.3 -0.3
N9 -0.4 -0.4
Cu -0.9 -0.1
Anion Neutral
207 04 0.4 0.3
03 -0.4 0.4
N9 -0.4 0.3
Cu -0.6 -0.1

the metal atom and two hydrogen atoms of the bases. The
vertical ionization energies are 2.2 and 2.1 eV, for the most
stable guanine—Cu anion and uracil-Cu anion, respectively.
The electron binding energy of Cu~! is 1.2 eV. The photo-
electron spectra of these complexes would strongly resemble
the spectrum of Cu~!, but shifted to higher electron binding
energies due to some stabilization that arises from the weak
bond between the metal and the hydrogen atoms of guanine
or uracil.

TABLE VI. Vertical and adiabatic ionization potential and electron affinity
(in eV) of selected stable isomers of uracil-Cu neutral.

lonization | Electron

Energy | Affinity

Neutral Cation Anion

Add | Ver [Add |Ver

55(58|0.7]|0.5

5761|1704

24

53 (5.7(0.7(0.3 127
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FIG. 8. Dehydrogenation reaction of guanine—Cu and uracil-Cu anionic.

It could be possible to form a covalent strong bond be-
tween the copper anion and guanine or uracil, if one hydro-
gen atom of the DNA bases is exchanged with the Cu. In
order to study these reactions, the calculation of the dehydro-
genated products was performed. Figure 8 reports these re-
actions for the most stable anionic structures of guanine—Cu
and uracil-Cu. In these systems, the copper atom is negative
while the DNA bases are almost neutral, and the Cu atom is
weakly bonded to the DNA bases. When one hydrogen atom
is removed, the metal binds covalently to guanine or uracil.
The dehydrogenation energies are 55.3 and 49.1 kcal/mol
for guanine—Cu and uracil-Cu, respectively, i.e., the systems
need this energy in order to remove one hydrogen atom from
guanine or uracil, and to form a metal-bases covalent bond.
As expected, for the dehydrogenated compound the negative
charge on the copper atom is smaller than on the bases-Cu
(anion) systems.

The vertical ionization energies for the most stable
guanine-Cu anion and uracil-Cu anion (50.8 and
48.4 kcal/mol, respectively) are close to the detachment en-
ergy of one hydrogen atom [55.3 and 49.1 kcal/mol, for
guanine—Cu and uracil-Cu, respectively (Fig. 8)]. These val-
ues indicate that, for these systems, there could be a tight
competition between the H dissociation and the electron
aloofness. In these cases, it could be possible to produce the
detachment of one electron from the anion and also the re-
moval of one hydrogen atom. For comparison, the dehydro-
genation of the neutral guanine and uracil was also calcu-
lated. For guanine we used guanine-9H instead of guanine—
7H. The energy difference between these two tautomeric
forms is less than 0.2 kcal/mol in accordance with Dol-
gounitcheva et al.® and with our own calculations, and
hence the conclusions will not be modified with another tau-
tomeric form of guanine. The dissociation energy is
108.4 kcal/mol. For the dissociation of one hydrogen atom
from the uracil, 110.7 kcal/mol are required. With the metal
the dissociation energy is lower, i.e., the copper anion forms
a bond and weakens the N-H interaction in guanine and
uracil. In this way, it is possible to have a stronger metal—
guanine and metal—uracil bond.

According to the results previously discussed, the an-
ionic complexes without one hydrogen atom are feasible
products, and will probably be detected in an experiment.
For this reason, it is important to obtain the vertical and

J. Chem. Phys. 123, 024311 (2005)

TABLE VII. Vertical and adiabatic electron detachment energy of the an-
ionic dehydrogenate guanine—Cu and uracil-Cu.

Vertical electron Adiabatic electron
detachment energy (eV) detachment energy (eV)

Guanine—Cu—H anion 1.7 1.3
Uracil-Cu-H anion 1.9 1.6

adiabatic electron detachment energies of these complexes.
The values are reported in Table VII. Hopefully, this infor-
mation will be useful for the experimental groups.

CONCLUSIONS

Eight stable structures for guanine—Cu and four for
uracil-Cu were found, with similar stability. The formation
of O—Cu-N bridges suggests that this geometry is character-
istic of cationic Cu—DNA complexes, but it is not for neutral
or anionic molecules. Neutral copper bonds equally (with the
same stability) to guanine in three different nitrogen atoms
and the Cu-O bond is also stable. With uracil, the metal atom
bonds with the same stability to the nitrogen atoms. Anionic
complexes show a weak bond between the metal atom and
two hydrogen atoms of the bases. The compound between
Cu* and DNA anionic basis (guanine and uracil) appears to
have an ionic bond character, similar to Al-guanine that was
reported before.® Vertical and adiabatic ionization energies
for the neutral and anionic compounds of guanine are very
different, due to the diverse geometries. For uracil, these
values are similar since the geometries of all the systems are
comparable. For both systems, the vertical ionization energy
of the anion is close to the dissociation energy of one hydro-
gen atom from guanine—Cu or uracil-Cu. In these cases, it
could be possible to produce the detachment of one electron
from the anion and also the removal of one hydrogen atom.
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