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An understanding of the DNA strand breaks induced by low
energy electrons (LEE) is of importance for the advancement of
global models of cellular radiolysis and for the development of
efficient methods of radiotherapy.1 Both experimental investigations
and theoretical studies of different DNA fragment models have
demonstrated that, at near 0 eV energy, electron attachment may
induce strand breaks in DNA.2-14 Different DNA strand breaking
mechanisms have been proposed in order to understand the nature
of DNA strand breaks by LEEs.7,9,11,14

On the basis of the gas-phase model of the sugar-phosphate-
sugar (S-P-S) moiety, Sevilla et al.7 have proposed that LEE may
be captured first by the phosphate, forming a phosphate-centered
radical anion. Subsequent C-O σ-bond breaking was estimated to
have an energy barrier of∼10 kcal/mol. However, the studies of
Simons et al. suggested a base-hosted anion mechanism and a much
higher activation barrier (∼15 kcal/mol in the gas phase,∼25 kcal/
mol in an aqueous solution) for C3′-O3′ bond cleavage.10-13,15

Moreover, recent experiments suggested that the DNA single strand
breaks might be initiated by electron attachment to the bases in
the gas phase.16

To elucidate the mechanism of DNA single strand breaks by
LEEs, a reliable description of the properties of the radical anions
of the nucleotides and the accurate determination of the activation
energy barrier of the corresponding bond rupture is necessary. With
the reliably calibrated DFT-based B3LYP/DZP++ approach, the
electron affinity of 2′-deoxycytidine-3′-monophosphate and its
phosphate deprotonated anion have been studied by Schaefer et
al.17 3′-dCMPH is found to be able to capture near 0 eV electron
to form a stable radical anion in both the gas phase and aqueous
solution. With the same method, investigations of LEE attachment-
induced C5′-O5′ σ-bond breaking of the pyrimidine nucleotides (5′-
dCMPH and 5′-dTMPH) reveal that the activation barriers are about
14 kcal/mol in the gas phase and 18 kcal/mol in an aqueous
solution.18 In light of these findings, here we report theoretical
investigations of LEE attachment-induced C3′-O3′ σ-bond breaking
of pyrimidine nucleotides. 2′-Deoxycytidine-3′-monophosphate and
2′-deoxythymidine-3′-monophosphate in their protonated forms (3′-
dCMPH and 3′-dTMPH, Scheme 1) have been selected as models.
These models complement our previous studies for 5′-dCMPH and
5′-dTMPH.18

Following the proposed mechanism of the LEE-induced single
strand bond breaking (SSB) in DNA (Scheme 2), the formation of
the base-centered radical anions is the first step. Then, these anions
undergo the C-O bond breaking and yield neutral ribose radical
fragments and the phosphoric anions. The geometries of the neutral
nucleotides, the corresponding radical anions, the transition states,

and the C3′-O3′ σ-bond breaking products were fully optimized
by the B3LYP/DZP++ approach.19 Spin contamination has been
found to be low (S2 values are less than 0.757 before annihilation)
for all the studied species. The GAUSSIAN 03 program20 was used
for all computations.

The adiabatic electron affinity (EAad) was evaluated to be 0.44
eV for 3′-dCMPH and 0.56 eV for 3′-dTMPH (Table 1). For
comparison, the EAad values of 5′-dCMPH and 5′-dTMPH are 0.34
and 0.44 eV, respectively.18 The vertical attachment energy (VEA)
and the vertical detachment energy (VDE) amount to 0.26 and 1.53
eV for 3′-dTMPH, which are 0.11 and 0.25 eV larger than those
of 3′-dCMPH.17 These substantial positive EA values ensure that
the corresponding radical anions are electronically stable even in
the gas phase.

The transition states (located by using the “OPT) TS” option
in the GAUSSIAN 03 program) for the C3′- O3′ σ-bond cleavage
were characterized by the existence of the single imaginary
vibrational frequency (598i cm-1 for 3′-dCMPH- and 621i cm-1

for 3′-dTMPH-). The corresponding normal mode revealed by the
analytical frequency calculation characterizes the C3′-O3′ σ-bond
breaking (Figure 1). The C3′-O3′ atomic distance is 1.748 Å for
3′-dCMPH- and 1.734 Å for 3′-dTMPH-, close to those predicted
by Sevilla’s group for the S-P-S model7 and by the study for
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Scheme 1. Molecular Structures and Labels of the Models

Scheme 2. The Proposed Mechanism of the LEE-Induced Single
Strand Breaks

Table 1. Electron Affinities of 3′-dCMPH and 3′-dTMPH (in eV).
The Values with Zero Point Correction Are Given in Parentheses

EAad VEAa VDEb

3′-dCMPHf 3′-dCMPH- 0.33 (0.44)c 0.15c 1.28c

3′-dTMPH f 3′-dTMPH- 0.44 (0.56) 0.26 1.53
5′-dCMPHf 5′-dCMPH- 0.20 (0.34)d -0.11d 0.85d

5′-dTMPH f 5′-dTMPH- 0.28 (0.44)d 0.01d 0.99d

a VEA ) E(neutral) - E(anion); based on the optimized neutral
structures.b VDE ) E(neutral)- E(anion); based on the optimized anion
structures.c From ref 17, and also this study.d From ref 18.
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5′-dCMPH and 5′-dTMPH.18 Conversely, this distance is much
longer (1.85-1.95 Å) at the Hartree-Fock level of theory.12,13

The most striking finding is the significantly low activation
energy of the C3′-O3′ σ-bond cleavage (6.2 kcal/mol for 3′-
dCMPH-, 7.1 kcal/mol for 3′-dTMPH-, Table 2). Such low
activation energy consists with the experimental observation in
electron induced DNA strand breaks.2,16For comparison, the energy
barrier for the C5′- O5′ σ-bond rupture amounts to 14.3 and 13.8
kcal/mol for 5′-dCMPH and 5′-dTMPH, respectively.18 Similar to
the previous studies, the solvent effects increase the C3′-O3′ σ-bond
cleavage barrier by up to 12.8 kcal/mol for 3′-dCMPH- and 13.7
kcal/mol for 3′-dTMPH-, which are about 4-5 kcal/mol lower than
the corresponding energy barrier for the C5′-O5′ σ-bond rupture.18

The examination of the singly occupied molecular orbital
(SOMO) casts new light on the physical background of the low
energy barrier of the C3′-O3′ cleavage. Figure 2 reveals that
excessive charge on the base facilitates an attack on C3′ from the
back side of the leaving phosphate group. This resembles the
nucleophilic SN2 mechanism. The migration of the negative charge

from the base to the C3′-O3′ bond proceeds directly through the
atomic orbital overlap between the C6 of pyrimidine and the C3′ of
ribose. Moreover, the characteristics of the antibonding orbital of
the C3′-O3′ σ-bond shown in the SOMOs demonstrate the “charge-
induced dissociation” feature.14 The cooperative effects of the
nucleophilic attack in the transition state of 3′-dCMPH and
3′-dTMPH further reduce the energy barrier of the C3′-O3′ σ-bond
rupture.

Our results demonstrate that the transfer of the negative charge
from theπ* orbital of the radical anion of pyrimidines to the DNA
backbone does not pass through the N1-glycosidic bond. Instead,
the migration of the excessive negative charge through atomic
orbital overlap between the C6 of pyrimidine and the C3′ of ribose
creates a highly promising pathway that subsequently leads to strand
breaks. The proposed mechanism of the LEE-induced SSB assumes
that the electronically stable radical anions may undergo either C-O
bond breaking or N-glycosidic bond rupture. Previous research of
pyrimidine nucleosides predicted an activation energy of 18.9-
21.6 kcal/mol for the C-N bond break.14 A recent study revealed
that the energy barrier for the C5′-O5′ σ-bond rupture amounts to
13.8-14.3 kcal/mol.18 The present investigation yields an energy
barrier of 6.2-7.1 kcal/mol for C3′-O3′ σ-bond cleavage. Therefore,
we conclude that the C3′-O3′ σ-bond rupture dominates the LEE-
induced SSB of DNA.
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Figure 1. Optimized structures of the C3′-O3′ bond breaking transition
states of 3′-dCMPH and 3′-dTMPH. Bond distances are in Å. Orange arrows
represent the imaginary frequency-related vibration mode. Color representa-
tions are red for O, gray for C, blue for N, orange for P, and white for H.

Table 2. The Energy (in kcal/mol) of the Radical Anions, the
Transition States, and the C3′-O3′ σ-Bond Broken Complexes of
the Pyrimidine Nucleotides

∆E ∆E0 a ∆G0 a

3′-dCMPH- 0.00 0.00 0.00
TS3′-dCMPH- 6.17 (12.82)b 4.68 4.54
cytidine-C3′(HH′)-yl -20.81 -21.74 -24.43
+HOPO3H- (-19.65)b

3′-dTMPH- 0.00 0.00 0.00
TS3′-dTMPH- 7.06 (13.73)b 5.29 4.42
thymidine-C3′(HH′)-yl -20.22 -21.13 -23.70
+HOPO3H- (-17.84)b

a ∆E0 ) zero point energy corrected;∆G0 ) free energy difference at
298 K. b Polarizable continuum model (PCM)21 with ε ) 78.39.

Figure 2. The SOMO of the electron attached state, the transition state,
and the C3′-O3′ σ-bond broken product of 3′-dCMPH radical anion. The
migration of the excessive negative charge through the atomic orbital overlap
between the C6 of pyrimidine and the C3′ of ribose is shown in the orange
circle.
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