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Abstract: The photoelectron spectrum for the radical anion of 9-methylguanine-1-methylcytosine, MGMC-,
was recorded for the first time. To interpret the experimental results, B3LYP/6-31++G(d,p) level
computational studies were carried out for the neutral and anionic complexes of MGMC/MGMC- stabilized
by three hydrogen bonds and comprising canonical or low-energy tautomeric forms of the methylated
nucleobases. The visualization of singly occupied molecular orbitals for the MGMC- anions indicates that
they are valence-bound species since the excess electron is localized on a π* orbital of cytosine. All but
one of the studied anionic complexes are adiabatically stable at the applied B3LYP level of theory. The
intensity maximum of the broad band in the photoelectron spectrum was measured at 2.1 eV. This value
is very well reproduced by the calculated vertical detachment energy of the calculated global minimum
geometry of the MGMC- anion. This structure is the Watson-Crick base pair anion with proton transferred
from the N1 atom of guanine to the N3 site of cytosine. The calculated adiabatic electron affinities span a
range of 0.39-0.60 eV. The consequences of electron attachment to the AT or GC base pairs incorporated
within DNA are briefly discussed in the context of DNA damage by low-energy electrons.

1. Introduction

Nucleobases, the fundamental building blocks of DNA and
RNA, are damaged by the secondary products of water
radiolysis. However, low-energy electrons (LEEs) that are one
of those secondary products were ignored as possible DNA-
damaging factors till 2000 when Sanche et al.1 demonstrated
that LEEs with energies well below the ionization threshold of
DNA2 are capable of inducing single-strand (SSBs) and double-
strand (DSBs) breaks to the DNA biopolymer deposited on a
tantalum surface.

The first proposals of the DNA breakage mechanism were
put forth by the Simons3 and Sevilla4 groups and assumed
resonance anionic states to be directly responsible for the
observed breaks. Although the isolated nucleic acid bases
(NABs) do form resonances,5 it is worth noting that even very
weak interactions, such as those caused by the solvation of a
nucleobase by a single water molecule, could transform those

resonances into the adiabatically bound valence anions.6,7

Similarly, the importance of intramolecular interactions for the
stabilities of NAB anions was pointed out by the theoretical
investigation of Schaefer’s group.8 Namely, using a combination
of basis sets and functionals calibrated for the prediction of
accurate vertical detachment energies and adiabatical stabilities
of anionic species, they obtained positive values of adiabatic
electron affinities (AEAs) for the 2′-deoxythymidine (dT-), 2′-
deoxycytidine (dC-), 2′-deoxyadenosine (dA-), and 2′-deox-
yguanosine (dG-) valence anions of 0.44, 0.33, 0.06, and 0.09
eV, respectively. Their findings were later corroborated by
Sevilla et al.,9 who reported very similar AEA values for dT-

and dC- of 0.45 and 0.33 eV, respectively, calculated at the
B3LYP/6-31+G(d) level. Theoretical vertical detachment ener-
gies (VDEs), especially those for dT- and dC-, compare well
with the experimental values obtained recently in a photoelectron
spectroscopy study carried out by the Bowen group.10 Thus,
positive EA values indicate that the presence of the sugar moiety,
chemically bound to a nucleic base, stabilizes the valence anions
of NABs to such an extent that they become adiabatically stable† University of Gdańsk.
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in the gas phase. To this end, it is also worth mentioning that
not only nucleosides, but also nucleotides form adiabatically
bound valance anions in the gas phase.11,12 Therefore, although
the discrete electron energy dependence of the DNA damage
curves obtained by Sanche et al.1 suggests a contribution of
anionic resonances to the formation of SSBs and DSBs, the
presence of various inter- and intramolecular interactions, even
in the isolated biopolymer, implies that bound rather than
metastable states may also play a role in causing damage due
to low-energy electrons. Another argument in favor of the
involvement of adiabatically bound anions in the rupture of
phosphodiester bonds is based on the observation that the
efficiency of the DNA single-strand breaks induced by electrons
of near 0 eV is similar to that triggered by electrons of 10
eV.13,14 If anionic resonance states controlled the DNA damage,
electrons of nominally zero kinetic energy would not be able
to produce a detectable amount of SSBs, since a significant
excess of energy is needed to form a metastable resonance.

Proton transfer (PT) reactions, closely related to hydrogen-
bonding interactions, may be other important factors stabilizing
the valence anions of nucleic acid bases. Indeed, it was shown
in a series of experimental and theoretical studies regarding the
complexes of nucleobases interacting with organic or inorganic
proton donors that electron attachment to these species induces
proton transfer, frequently barrier-free, from the proton donor
to the anionic base, leading to the strong stabilization of the
NABs’ valence anions.15-25

The AT and GC base pairs are especially interesting among
a pool of various possible complexes of NABs stabilized by
hydrogen bonds, since their Watson-Crick configurations are
abundant in double-stranded DNA. As indicated by several

theoretical26-29 and experimental22 reports regarding AT- and
theoretical studies on GC-,29-33 the presence of purine bases
significantly increases the stabilities of pyrimidine valence
anions. Until recently, the electron attachment behavior of the
other biologically important base pair, GC, has not been studied
experimentally. However, with the advent of a novel ion
source,10 employing a combination of infrared desorption,
electron photoemission, and a gas jet expansion, it became
possible to introduce both components of this base pair into
the gas phase without decomposition. The current study aims,
therefore, at the acquisition of experimental and theoretical
characteristics for the above-mentioned base pair. To model the
GC base pair with its sugar binding positions immobilized by
methyl groups, we studied dimers involving 9-methylguanine
and 1-methylcytosine (given that both nucleobases are incor-
porated in DNA via a glycosidic bond to 2′-deoxyribose). In
the following we will compare the experimentally measured
photoelectron spectroscopy (PES) spectrum of the 9-methylgua-
nine-1-methylcytosine dimer anion, MGMC-, with the com-
putational characteristics of selected configurations of the
MGMC anions. This comparison reveals that the Watson-Crick
(WC) structure of neutral MGMC, in which electron attachment
induces proton transfer from guanine to cytosine, is responsible
for the main feature in the recorded PES spectrum of MGMC-.
Our combined experimental and theoretical results show that,
in the presence of an excess electron, the neutral WC structure
of MGMC (being by far more stable than the other possible
configurations of the complex) behaves differently compared
to the WC methyladenine-methylthymine (MAMT) base pair.
The possible biological consequences of this difference will be
briefly discussed.

2. Methods

2.1. Experimental Details. The MGMC- pair anions were
generated using a novel pulsed infrared desorption-pulsed visible
photoemission anion source which has been described previously.10,12

Briefly, a slowly moving graphite bar was thinly coated with a
mixture of guanine and cytosine powders. An attenuated beam of
1064 nm photons (first harmonic frequency from a pulsed Nd:YAG
laser) impinged on the graphite bar desorbed the neutral bases into
the gas phase. Nearby, an yttria crystal was irradiated with 532
nm photons from another Nd:YAG laser, producing an intense pulse
of electrons. A jet of helium from a pulsed gas valve served to
collisionally cool the mixture. The distance between the pulsed valve
and the photoemmitter was ∼3 cm. Upon generating the base pair
anions, they were extracted into a linear, time-of-flight mass
spectrometer (mass resolution ∼600), mass-selected, and photo-
detached with the third harmonic frequency (355 nm, i.e., 3.49 eV/
photon) of a third Nd:YAG laser. The resulting photodetached
electrons were then energy analyzed with a magnetic bottle electron
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energy analyzer. The EBE maximum of the first peak corresponds
to the VDE value.

2.2. Computational Details. In most cases, we have applied
the density functional theory method with Becke’s three-parameter
hybrid functional (B3LYP)34-36 and the 6-31++G** basis set. All
geometries presented here have been fully optimized without
geometrical constraints, and the analysis of harmonic frequencies
proved that all of them are also geometrically stable (all force
constants were positive). The relative energies of neutral and anionic
complexes are defined with respect to the energy of the WC
configurations (see Figure 1). The stabilization energies, Estab, of
neutral complexes are calculated as a difference between the energy
of the complex and the sum of the energies of fully optimized
isolated monomers.

Two types of anions were identified within the current study.
They include complexes which have the same pattern of hydrogen
bonding as their parent neutral structures and those which differ
from their parent neutral complexes by a single proton transfer.
The values of Estab for the anionic dimers without intramolecular
proton transfer are obtained by subtracting from the electronic
energy of the anionic dimer the sum of the electronic energies of
the fully relaxed respective tautomer of neutral methylguanine and
the fully relaxed open-shell anion of the appropriate tautomer of
methylcytosine. Estab for the remaining anions, where a proton
transfer takes place, are calculated as a difference between the
energy of the anionic dimer and the sum of the closed-shell
deprotonated methylguanine anion and the neutral monohydroradi-
cal of cytosine. In addition to the stabilization energies, Estab, we
also calculated the stabilization free energies, Gstab. The latter is
determined by correcting the values of Estab for zero-point vibration
terms, thermal contributions to energy, the pV terms, and the entropy
terms. These terms were calculated in the rigid rotor-harmonic
oscillator approximation for T ) 298 K and p ) 1 atm. Vertical
detachment energies, direct observables in our PES experiment,
were evaluated as differences between the energy of the neutral
and anionic complex at the geometry of the fully relaxed anion. A
difference in Gibbs free energies of the neutral and the anion at
their corresponding fully relaxed structures is denoted AEAG.

The structures of neutral dimers are denoted mMGMC, where
MG and MC stand for 9-methylguanine and 1-methylcytosine,
respectively, and m is a natural number that runs from 1 to 4. The
symbols of anions are preceded with a prefix a, i.e., amMGMC,
indicating the parent neutral structure, mMGMC, to which the
anionic structure is related. Additionally, the names of anionic
geometries linked to the mMGMC structures with a single proton
transfer are followed by a suffix SPTx, where x assumes one of
the three values 1, 2, or 3, referring to the actual number of
hydrogen bonds in which proton transfer takes place (the hydrogen
bonds are numbered from the top to bottom; see Figure 2). For
instance, the a3MGMC-SPT2 symbol indicates the anion that is
related to the 3MGMC structure by proton transfer of the second
hydrogen (see Figure 2). All quantum chemical calculations have
been carried out with the Gaussian 0337 code, and the pictures of
molecular orbitals were plotted with the Molden package.38

3. Results

3.1. Photoelectron Spectrum. The photoelectron spectrum of
MGMC- anions recorded with 3.49 eV photons is shown in
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Figure 1. WC structure of the canonical MGMC dimer.

Figure 2. Relationships between the neutral and anionic MGMC dimers.
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Figure 3. In principle, both guanine and cytosine should support
dipole-bound states since the dipole moments of the canonical
forms of guanine and cytosine are 6.55 and 6.39 D, respectively,
at the MP2/aug-cc-pVDZ level.39 The MGMC pair is also
thought to exhibit a large enough dipole moment to support
the dipole-bound anion. (See Table 1 for the dipole moments
of various MGMC pair conformers (µAB) and sums of dipole
moments of individual monomers (µA + µB)). Since the PES
spectrum shown in Figure 3 consists of a broad peak with the
maximum EBE value (VDE) at 2.1 eV, the observed species is
not dipole bound but is instead a valence anion. Thus, in our
experiment the valence anion is the more favored structure.

In the valence anion of MGMC-, the excess electron might
have been localized on the methylcytosine moiety due to the
relative electron affinities of the two moieties. If the studied
anion pair had been comprised of the canonical MC- anion
solvated by methylguanine, the VDE value would be expected
to be around 1.0 eV on the basis of our prior experiences.25

Thus, it is unlikely that this is the case in the current study.
Very recently, photoelectron spectra for all five nucleobases

have been measured by Bowen using a laser vaporization ion

source.40 These spectra were ascribed to the very rare tautomeric
anions in which the acidic N-H hydrogens are transferred to
the ring carbon atoms. For cytosine the maximum high-energy
feature was measured at 2.3 eV. A comparison of the PES
spectra of thymine and uracil rare tautomer anions reveals that
methylation shifts the spectrum of the valence anions of T- by
approximately 0.1 eV in the direction of lower binding ener-
gies.22 Thus, the VDE of the rare tautomer of MC- might be
expected to be ∼2.2 eV. If the MGMC- was a rare tautomer of
MC- solvated by an MG molecule, then its VDE of the resulting
dimer anion would be expected to be at least 2.6 eV, due to the
expected solvation shift of MG interacting with the rare tautomer
of MC-. Given the fact that we measured the VDE of MGMC-

to be ∼2.1 eV, this is a rather unlikely possibility. This is
supported by the realization that rare tautomers were formed
due to laser vaporization, while in the present study the much
gentler IR desorption source was utilized.

After exclusion of the aforementioned possibilities, the actual
position of the PES feature implies a proton transfer triggered
by electron attachment from guanine to the cytosine valence
anion. In the following, we will provide computational evidence
that the anionic MGMC- dimer of Watson-Crick configuration,
in which proton transfer occurs in the middle hydrogen bond,
is responsible for the observed PES spectrum.

3.2. Computational Results. 3.2.1. Neutral Complexes. Both
guanine and cytosine possess several low-energy tautomers.41

Hence, to interpret the PES spectrum, one should consider
various arrangements of neutral MGMC dimers involving those
highly stable tautomeric forms of cytosine and guanine. In
Figure 4 the structures of the MGMC complexes optimized at
the B3LYP/6-31++G** level are displayed. Additionally, their
energetic characteristics such as the stabilization and relative
energies are gathered in Table 1. We limited our conformational
search to those complexes that are stabilized by three hydrogen
bonds. Moreover, we considered only the tautomers of individual
bases which are well represented in the gas phase,41 which
means the canonical and 4-imino forms of cytosine and the
canonical and 9H-hydroxy tautomers of guanine. Thus, our
structural search resulted in the geometries presented in Figure
4 which overlap with the low-energy dimer structures identified
also by the Hobza group for the neutral GC42 and MGMC43
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Figure 3. Photoelectron spectrum of the 9-methylguanine-1-methylcy-
tosine anion recorded with 3.49 eV photons.

Table 1. Values of the Stabilization Energy (Estab) and Stabilization
Free Energy (Gstab) and Their Relative Values (∆E and ∆G) with
Respect to the Watson-Crick Pair, Dipole Moments of the
Complexes (µAB) and Sums of the Dipole Moments of Individual
Monomers (µA + µB), and the Mean Values of the Deprotonation
Energies (〈DPE〉) and Proton Affinities (〈PA〉) for the Neutral
Methylguanine-Methylcytosine Complexes Calculated at the
B3LYP/6-31++G** Levela

structure Estab ∆E Gstab ∆G µAB µA + µB 〈DPE〉 〈 PA〉

1MGMC (WC) -26.0 0.0 -12.7 0.0 6.31 13.67 339.9 224.4
2MGMC -18.9 10.14 -5.8 10.0 6.60 8.83 347.3 215.6
3MGMC -16.9 12.13 -3.5 12.1 6.33 8.83 347.3 215.6
4MGMC -12.8 18.64 0.7 18.9 3.93 4.30 357.1 201.8

a Energies are given in kilocalories per mole and dipole moments in
debyes.

Figure 4. Optimized structures of the neutral complexes of 9-methylgua-
nine-1-methylcytosine.
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base pairs. Altogether four neutral configurations stabilized by
three hydrogen bonds have been considered within the current
study (see Table 1 and Figure 4).

The data presented in Table 1 show that the relative stabilities
of particular complexes differ by as much as 18.9 kcal/mol.
On the other hand, their stabilization energies span a somewhat
smaller range of -26.0 to -12.8 kcal/mol (see Table 1). As
indicated in Figure 2 various tautomeric forms of individual
bases are involved in the studied dimers. However, these forms
vary in electronic energy by only 0.3 and 0.5 kcal/mol at the
QCISD(T)/TZV(2df,2pd) level for cytosine and guanine tau-
tomers, respectively.41 Hence, the main factor determining the
stability of the dimers is the strength of the hydrogen bonds
that link the two nucleobases. It is well-known that the energy
of a hydrogen bond depends on the proton affinity (PA) and
deprotonation energy (DPE) of the respective proton donor and
acceptor sites.44 Accordingly, in the last two columns of Table
1 we present for each dimer the arithmetic mean of the PAs
(〈PA〉) and DPEs (〈DPE〉) of the molecular centers involved in
the respective hydrogen bonds. The strongest stabilization should
occur for the system which is characterized by the lowest value
of 〈DPE〉 and the highest value of 〈PA〉. Indeed, one can observe
this trend for data gathered in Table 1. In particular, 〈PA〉
amounts to the highest value of 224.4 kcal/mol and 〈DPE〉 to
the lowest value of 339.9 kcal/mol for the most stable
Watson-Crick configuration (see Table 1). Accordingly, for
the least stable structure, 4MGMC, the highest 〈DPE〉 of 357.1
kcal/mol and the lowest 〈PA〉 of 201.8 kcal/mol were calculated
(see Table 1).

Inspection of data gathered in Table 1 indicates that the WC
configuration is by far the most stable form. Employing the
relative values of free energy, one can calculate that in the
equilibrated mixture of gaseous guanine and cytosine the molar
ratio of the second most stable complex, 2MGMC, to the WC
dimer is equal to 4.6 × 10-8 at 298 K; thus, the mixture should
be completely dominated by the WC base pair. This finding is
in contrast to the other important base pair, MAMT, for which
two configurations are almost isoenergetic in the gas phase,
namely, the biologically relevant Watson-Crick base pair and
the Hoogsteen configuration.22

3.2.2. Valence Anions. All neutral dimers described in the
previous section form adiabatically stable valence anions (see
Table 2). Due to differences in the electron affinities of the
involved nucleobases the excess electron always attaches to a
π* orbital localized on the cytosine moiety (see Figure 5). Even

though the isolated guanine and cytosine form π-shaped
resonances in the gas phase,5 interactions existing in the MGMC
complexes apparently render their valence anions thermody-
namically stable.

The attachment of an excess electron to a nucleobase pair
may lead to a structure having the same pattern of hydrogen
bonds as the neutral complex or to proton transfer from guanine
to cytosine (see Figure 5). A driving force for the latter process
is the stabilization of the excess electron on a π* orbital of the
anionic cytosine. This reaction has been observed in the past
for a number of nucleobase complexes stabilized by hydrogen
bonds.15-24 Figure 2 provides a schematic representation of
possible proton transfer reactions occurring after electron
attachment to the considered dimers. The geometry optimiza-
tions starting from the eleven anionic structures depicted in
Figure 2 led to only five stable geometries which are presented
in Figure 5 (some optimizations converged to the same anionic
structures, which is pointed out by the arrows in Figure 2). The
stability of the anionic dimers compared to their neutral
counterparts is larger by 9.90-14.20 and 9.90-17.60 kcal/mol
in terms of energy and free energy, respectively (cf. Tables 1
and 2; the energetic characteristics for the a4MGMC anion were
discarded when the stability range was calculated since this
anion represents a resonance rather than the VB state (note a
negative value of its VDE, Table 2)). First, the excess negative
charge makes the PAs of the respective cytosine sites larger.
For instance, the PA for the canonical MC anion increases by
104-117 kcal/mol with respect to the neutral tautomer (cf.
Tables S1 and S2, Supporting Information). Moreover, the
1-methylcytosine anion is much more polarizable than the
neutral molecule.

Two structures are more stable than the remaining anions by
at least 14 kcal/mol (a1MGMC and a1MGMC_SPT2; see Table
2). Both geometries originate from electron attachment to the
neutral WC complex, and they are linked to one another via a
proton transfer between N1(G) and N3(C). The proton-
transferred structure is more stable than the WC form by 2.9

(43) Rejek, J.; Hobza, P. J. Phys. Chem. B 2007, 111, 641–645.
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Table 2. Values of the Stabilization Energy (Estab) and Stabilization
Free Energy (Gstab) and Their Relative Values (∆E and ∆G) with
Respect to the Most Stable Anionic Complex (a1MGMC_SPT2)
and Electron Vertical Detachement Energy (VDE) and Adiabatic
Electron Affinity (AEA) for the Methylguanine-Methylcytosine
Complexes Calculated at the B3LYP/6-31++G** Levela

structure Estab ∆E Gstab ∆G AEA VDE

a1MGMC -37.0 0.0 -24.6 0.0 0.54 1.01
a3MGMC -31.1 13.4 -21.1 14.3 0.45 0.91
a1MGMC_SPT2 -28.8 -2.9 -15.7 -1.3 0.60 1.93 (2.12)b

a3MGMC_SPT3 -31.6 14.1 -17.9 15.7 0.39 1.91
a4MGMC -13.8 30.6 -2.5 29.8 0.07 -0.05

a ∆E, ∆G, Estab, and Gstab are given in kilocalories per mole and VDE
and AEA in electronvolts. b Value calculated at the B3LYP/
6-31++G**//MP2/6-31++G** level.

Figure 5. Unpaired electron orbitals plotted with a contour line spacing
of 0.03 bohr-3/2 for the four most stable anions of the MGMC pair.
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and 1.3 kcal/mol, while the kinetic barrier that separates these
two geometries amounts to 0.12 and 0.10 kcal/mol in terms of
energy and free energy, respectively. The calculated values of
the relative free energy indicate that in the equilibrated gaseous
mixture of anionic complexes only two anions could be
presented in detectable amounts (see Table 2) and enable a molar
ratio of these anions, [a1MGMC]:[a1MGMC_SPT2], to be
calculated. At 298 K it is equal to 0.093, which means that the
mixture is dominated by the proton-transferred form. The
B3LYP vertical detachment energy estimated for this anion is
1.93 eV. Recently, we traced a small underestimation of VDEs
observed in some systems to possible inaccuracies in molecular
geometries predicted at the B3LYP level.23 To correct for this
flaw of the DFT model, we carried out an additional MP2
optimization for the most stable anionic structure. The resulting
MP2-corrected geometry yields a VDE of 2.12 eV. This
computational value remains in excellent agreement with our
experimental results. Indeed, the maximum of the PES feature
is observed at ∼2.1 eV (see Figure 2). This good correspondence
between experimental and computational data confirms thus that
injection of electrons to the gas-phase mixture of equimolar
amounts of MG and MC leads primarily to the formation of
adiabatically stable π* valence anions in which the closed-shell
anion of deprotonated (at the N1 position; for atom numbers
see Figure 1) 9-methylguanine interacts with the monohydro-
radical of 1-methylcytosine (the MC open-shell anion protonated
at the N3 center; for atom numbers see Figure 1).

4. Discussion

Previously five computational studies concerning the valence
anions of the GC base pair have been published.29 Adamowicz
et al. studied the WC and reverse WC GC base pair valence
anion at the UHF and MP2 levels.31 Due to large spin
contamination of the reference UHF wave function, they
predicted adiabatic electron affinities for both geometries to be
negative. At the same time Sevilla et al. demonstrated that at
the B3LYP/6-31+G(d) level the VB anion of Watson-Crick
GC is adiabatically stable, and they estimated the positive zero-
point-energy-corrected AEA of 0.49 eV.32 Moreover, this group
demonstrated that a geometry in which a proton is transferred
from N1(G) to N3(C) is more stable than the regular WC
configuration by ca. 3 kcal/mol. One year later the Schaefer
group, using their bracketing technique, calculated the most
accurate AEA for WC GC, which amounts to 0.6 eV.33 Finally,
Kumar et al. characterized the WC GC anion employing the
SCC-DFTB-D method together with various functionals.29 For
all levels of theory they predicted a positive AEA; however,
their values span a broad range from 0.28 to 1.15 eV. Our study
expands the data on the GC system to include the methylated
GC pair, which is a more realistic model for the DNA
environment. Furthermore, to reproduce the experimental PES
spectrum, we scrutinized both the tautomer and the conforma-
tional space accessible to bases and base pairs, respectively.
While the studies published in the past were devoted to one or
two conformations of the unsubstituted GC involving canonical
bases,29-33 we focused on a comprehensive search including
various tautomers of individual methylated bases and arrange-
ments of base pairs. We, therefore, believe that our studies
comprise all relevant gas-phase, anionic geometries. The fact
that we accurately reproduced the position of the main feature
in the experimental PES spectrum further validates our geometries.

The combination of our computational data and results of
the photoelectron spectroscopy experiment for the MGMC-

anions leads to two main conclusions. First, when MC and MG
interact, the resulting neutral complex is able to form a stable
valence anion (AEA ) 0.60 eV; see Table 2), whereas the
isolated MC cannot. This finding is in line with the positive
EA of GC anions reported in the literature.29-33 Moreover,
the very low activation barrier for proton transfer from guanine
to cytosine predicted for the Watson-Crick MGMC VB anion
renders a1MGMC_SPT2 a dominant species in the gas phase.

One could consider these two conclusions in a somewhat
broader perspective linking them to the mechanism of DNA
damage by low-energy electrons. First, an excess electron
attaching itself to cytosine should be easily stabilized when it
interacts with a guanine molecule in double-stranded DNA,
rendering the cytosine valence anion thermodynamically stable.
While in DNA, nucleobases interact not only with complemen-
tary bases but also with sugar residues, phosphates, the protein
backbone, amino acid side chains, metal cations, and the
surrounding water. Therefore, an excess electron should be
easily trapped by the GC base pair, forming adiabatically stable
anions. After formation of a thermodynamically stable anion,
the GC base pair has sufficient time for thermalization and
subsequent chemical reactions, such as proton transfer.

Aswenotedabove,theproton-transferredanion,a1MGMC_SPT2,
is more stable than the regular base pair and it is separated from
a1MGMC by a tiny activation barrier which, however, will be
quickly overcome at the ambient temperature. Here one can ask
whether this PT process may actually proceed in DNA if an
excess electron can be efficiently transferred from the π* orbital
of cytosine to the σ* orbital of the phosphate. Indeed, the
maximum rate calculated for the through-bond electron transfer
(ET) for the nucleotide of cytosine amounts to as much as 1010

s-1.3 However, the rate of N1(G) f N3(C) PT in the Watson-
Crick MGMC anion is equal to 8 × 1012 s-1 for the calculated
barrier of 0.10 kcal/mol (see above). Hence, the proton transfer
within the MGMC anion should easily compete with the
through-bond ET from the π* resonance of cytosine.

The above-mentioned arguments suggest that the attachment
of excess electron to GC incorporated in double-stranded DNA
should lead to the most stable proton-transferred configuration.
This is in contrast to the behavior of the AT base pair in DNA.
Namely, the presence of an electron in the close vicinity to AT
built into double-stranded DNA will result in the formation of
a thermodynamically stable valence-bound (VB) anion, having
the same hydrogen bond pattern as its parent AT base pair. A
proton transfer within this species is forbidden due to energetic
reasons. This anion may first be protonated at the C6 position
and then can abstract a hydrogen from its own or neighboring
sugar, which will produce a derivative of 5,6-dihydrothymine
and ultimately lead to a single-strand break. It was demonstrated
experimentally that thymine anion incorporated into DNA is
easily protonated at the C6 atom.45 Similarly, a high yield of
5,6-dihydrothymine was confirmed experimentally in the reac-
tion of electrons with thymine bound in DNA.46 Finally, many
experimental studies demonstrate that a single-strand break is
generated in DNA whenever one of the deoxyribose hydrogen
atoms is abstracted.47

(45) Becker, D.; Sevilla, M. D. The chemical consequences of radiation
damage to DNA. In AdVances in Radiation Biology; Lett, J. T.,
Sinclair, W. K., Eds.; Academic Press: San Diego, CA, 1993; pp 121-
180.

(46) Falcone, J. M.; Becker, D.; Sevilla, M. D.; Swarts, S. G. Radiat. Phys.
Chem. 2005, 72, 257–264.

(47) Pogozelski, W. K.; Tullius, T. D. Chem. ReV. 1998, 98, 1089–1107.
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The above-described path for SSB formation, based on the
stable AT valence anion, is an alternative to the generally
accepted resonance mechanism of LEE-induced DNA damage.
Moreover, one should realize that there is no experimental data
on the actual kinetics of the damage process and the main
evidence supporting the resonance mechanism is the shape of
the DNA damage curve. If activation barriers associated with
the cleavage of the stable anionic nucleotides were relatively
low (less than 20-23 kcal/mol; then the cleavage of the
phosphate bonds could be completed within the time frame of
electrophoresis), the yield of SSBs as a function of the electron
energy should have the shape reflecting the resonance cross-
section since then the electron attachment efficiency would
decide the yield of strand break formation. This would explain
the observed features in the DNA damage quantum yield versus
incident electron energy, which in the 0-3 eV electron energy
range corresponds to the position of π* resonance states of the
isolated nucleobases.13,14 Thus, one can assume that the primary
role of the resonance states is to allow for energy transfer
between the impinging electron and the neutral target. Therefore,
anionic resonance states may be viewed as doorways to bound
valence anionic states. The latter could be involved in chemical
transformations, such as DNA strand breaks, while the former
are required to absorb excess electrons into the DNA environ-
ment.25

The reaction sequence described above for the AT valence
anion in DNA, i.e., formation of a stable T- anion, followed
by its protonation, hydrogen atom transfer from its own or
neighboring sugar, and finally a strand break, would be
impossible for the GC anion. Indeed, electron attachment to
GC incorporated into DNA would lead, almost without a kinetic
barrier, to a structure in which the cytosine anion is protonated
at the N3 atom and solvated by the deprotonated guanine anion
at N1. Abstraction of a hydrogen atom from the sugar moiety
by the [C + (N3H)] radical, however, faces a very high
thermodynamic barrier that amounts to at least 22.7 kcal/mol
in terms of free energy at the B3LYP/6-31++G** level.48 A
possible DNA cleavage will, therefore, be prohibited at the stage
of proton transfer induced by electron attachment to the GC
base pair.

Finally, we conclude that the potential consequences of
electron attachment to the two complementary nucleobase pairs
incorporated into double-stranded DNA are very different. While
the formation of the AT anion should lead to a single-strand
break, the attachment of an excess electron to the GC base pair
will result in a stable species in which a proton is transferred
from guanine to the cytosine VB anion.

5. Summary

A combined experimental and computational study on the
electron attachment process to MGMC complexes reveals that

adiabatically stable valence anions are formed in the gas phase.
The measured VDE of 2.1 eV is very well reproduced by the
calculated value for the most stable anionic structures of
(MGMC)•- anions.

The B3LYP/6-31++G(d,p) level calculations were carried
out for complexes comprising canonical as well as low-energy
tautomeric forms of the methylated nucleobases. In all cases,
an excess electron localizes on the π* orbital of cytosine and
the geometrical relaxation of the neutral structure is coupled to
a small buckling of the cytosine ring. All but one of the
scrutinized anionic complexes are vertically stable at the B3LYP
level. The calculated adiabatic electron affinities span a range
from 0.39 to 0.60 eV.

Two types of MGMC- anions were characterized in the
current study. Among them are those having a hydrogen bond
pattern identical to that of the parent neutral complexes and
those in which electron attachment triggers proton transfer from
guanine to cytosine. The driving force for the PT process is to
stabilize an excess charge localized on the cytosine molecule.
Due to proton transfer, the VDE moves to a higher energy
region. As a consequence, the VDEs for anions lacking PT span
a range from 0.91 to 1.01 eV, while for those where PT takes
place a range of 1.91-1.93 eV is predicted.

The consequences of electron attachment to the AT or GC
base pairs incorporated into double-stranded DNA are quite
different. In the former case, the stable valence-bound anion in
which an excess electron is localized on thymine may undergo
protonation at the C6 site and transform in a sequence of
processes leading to a single-strand break. In contrast, electron
attachment to GC leads to a swift proton transfer between
guanine and cytosine which should stop the reaction sequence
that for the AT anion produces a strand break. Thus, in the
presence of an excess electron, the (AT)n double-stranded DNA
sequences should behave differently compared to the (GC)n

double-stranded DNA sequences.
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