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In this Letter, we present QuantumMechanics/Molecular Mechanics (QM/MM) calculations on molecules
containing a 2-deoxycytidine-30-monophosphate moiety (30-dCMPH). In particular, we examine the
effect that including neighbouring nucleotides at the Molecular Mechanic (MM) level has on the calcu-
lated electron affinities and on the energetic barriers of the C30–O30 bond cleavage. Our results demon-
strate that the surrounding nucleotides relocate the excess electron from the p* orbital of the base to a
diffuse phosphate-centred orbital, leading to the formation of a dipole-bound anion state. Both the elec-
tron affinities and the activation energy of C30–O30 bond cleavage are strongly increased.

! 2009 Elsevier B.V. All rights reserved.

1. Introduction

Recent experiments [1,2] on supercoiled DNA have demon-
strated that low-energy electrons [3] (LEEs) (0.1–2 eV) induce
single-strand breaks (SSBs) via electron attachment to nucleotides
and subsequent sugar–phosphate bond rupture. An
in-depth understanding of these lesions is of great importance
for the development of improved, more controlled radiotherapy
strategies [4]. Chemical pathways leading to SSBs cannot be in-
ferred from experiments, and their determination has also proved
to be a real tour-de-force in computational chemistry, requiring
state-of-the-art quantum calculations.

The first theoretical explanation was reported by Li et al. based
on a sugar–phosphate–sugar (S–P–S) model [5]. They demon-
strated that SSBs may occur with an energy barrier of !10 kcal/
mol for C30–O30 or C50–O50 sugar bond cleavage in gas phase. The
authors described the nature of the radical anion species in a later
review article [6] and concluded that the initial state was a dipole-
bound state.

This seminal work was reinvestigated by Simons and co-work-
ers [7] with inclusion of the nucleobase: they show that the elec-
tron attachment is more likely to occur on the base-centred p*

orbital, with an activation barrier in the range 7–15 kcal/mol in
gas phase and 13–30 kcal/mol in aqueous solution.

By an exhaustive examination of the electron affinities [8] and
energy barriers of C30–O30 and C50–O50 bond cleavages [9,10] of
pyrimidine nucleotides, Gu et al. established that the C30–O30 sugar

bond rupture in molecules containing 20-deoxycytidine-30-mono-
phosphate (30-dCMPH) is associated with the smallest activation
barrier (6.2 kcal/mol) and may therefore dominate the SSBs in
DNA [9].

These intensive research efforts on model systems (ca. 30
atoms) have delineated some of the most likely and favourable
chemical pathways resulting in SSB. However, the energetic land-
scapes of such complex systems can be adjusted by many environ-
mental factors: inclusion of adjacent nucleotides, pairing to
complementary bases, hydrogen bonding, p stacking, protonation
of the phosphate groups, etc. Two energetic quantities govern the
ease and selectivity of SSB: (i) the electron affinities that quantify
the ease with which electrons are captured, and (ii) the activation
barrier needed to cleave a covalent bond. Hybrid Quantum
Mechanics/Molecular Mechanics (QM/MM) calculations offer a
near-optimal approach to investigate the effect of the surroundings
on these two central energetic quantities, and are reported in this
Letter.

2. Computational details

We here take advantage of recent developments in our group,
within the Local Self-Consistent Field (LSCF) framework that en-
able the placement of a frontier along a polarized bond with no
artefact [11–14]. A doubly occupied strictly localized bond orbital
(SLBO) is employed to link the QM and the MM parts. QM/MM cal-
culations were performed with our local modified version of the
GAUSSIAN 03 package [15] linked to the TINKER software [16] for the
MM calculations. Full geometry optimizations were performed. Be-
cause of the spatially extended behavior of this phenomenon, the
whole nucleotide where the bond cleavage occurs has to be
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included in the QM part. The QM/MM frontiers are located be-
tween the C50 and the O50 atoms which connect the deoxyribose
ring to the phosphate group (Fig. 1). The SLBO is obtained from a
preliminary computation on a model molecule (CH3O–PO2H–
OCH3) featuring the chemical bond of interest, and subsequently
transferred to the oligeonucleotide sequence (single-stranded 50-
CCC-30 and corresponding double-stranded fragment formed by
the association of the 50-CCC-30 and 30-GGG-50 subunits and hereaf-
ter denoted CG–CG–CG). The core electrons of the frontier atoms
are taken into account by means of a self-consistent core orbital
[17,18] (SCCO): this ensures a proper description of polarized fron-
tier bonds.

The scan along the C30–O30 bond has been performed starting
from the equilibrium distance of the radical anion and increasing
the bond length with a step size of 0.05 Å (ModRedundant option
of the GAUSSIAN 03 software). The transition states (TS) of model sys-
tems have been optimized with the default Berny algorithm. QM/
MM initial geometries for single-stranded (ss) 50-CCC-30 and the
corresponding double-stranded (ds) CG–CG–CG compound have
been created with the nucleic program of the TINKER software using
the conventional geometrical parameters of B-DNA. On the basis of
auxiliary calculations on a model system, we have concluded that a
protonated phosphate within the QM part is both the most practi-
cal and representative way for describing physiological phosphate
in gas phase. Then, we will consider the protonated state of the
phosphate group in our QM/MM calculations including single-
stranded and double-stranded DNA. Moreover, a sodium counter-

ion treated at the MM level has been added in the vicinity of each
phosphate group located in the MM part (Fig. 1).

The MM surrounding is described by the Amber99 force field
[19,20]. The van der Waals parameters for the QM atoms are set
to the values defined for the corresponding atom type of the force
field. One of the decisive advantages of the LSCF approach is that it
bypasses the point charge redistribution usually needed to ensure
the overall electroneutrality of the MM part. Indeed, possible arte-
facts in QM/MM calculations could easily arise due to the sensitiv-
ity of electron affinities to electrostatic environment.

Concerning the QM calculations, the B3LYP functional was used
in conjunction with the 6-311+G* basis set. To take into account
solvent effects, the Polarizable Continuum Model (IEF-PCM) with
UA0 atomic radii was employed [21]. Adiabatic electron affinities
(AEA) are defined as the difference between the total energies of
the neutral (N) and radical anion (RA) states at their optimized
geometries (AEA = E(N) " E(RA)), while the vertical electron affini-
ties (VEA) and vertical detachment energies (VDE) are defined as
the difference between the total energies of the neutral and radical
anion states at the neutral and radical anion optimized geometries,
respectively.

In order to validate the level of the theory used in the present
work (B3LYP/6-311+G*), we have performed an initial analysis of
the results obtained on the model system (30-dCMPH) previously
investigated in the literature using the B3LYP/DZP++ approach
[2]. The results can be found in Table 1 for the calculations corre-
sponding to the gas phase and the solution. The AEA, VEA and
VDE values reported in Ref. [2] are equal to 0.33, 0.15 and
1.28 eV, respectively. Due to the extreme basis-set dependence of
these quantities [22], we believe that our results (0.15, 0.00 and
0.87 eV) are consistent with the former investigations. Moreover,
the energetic barrier of the C30–O30 bond cleavage, obtained with
the level of theory we proposed, in both the gas phase and in sol-
vent (6.7 and 14.1 kcal/mol, respectively) are extremely close to
the results reported in Ref. [9] at the B3LYP/DZP++ level of theory
(6.17 and 12.82 kcal/mol, respectively), leading us to be confident
to the ability of our QM theoretical scheme for describing properly
SSBs in DNA.

In our implementation, the QM wave function is polarized by
the electric field created by the MM point charges, which is re-
ferred as electrostatic embedding (EE) in the following. This meth-
odology has been successfully applied to a wide range of chemical
problems, such as the determination of absorption properties of
grafted azobenzene chromophore [27] and the electron attach-
ments on disulfide-containing proteins [28,29]. One other key
point is the mechanical constraint exerted by the neighbouring
nucleobases, which can be obtained by entirely switching off the
EE of the MM part.

Fig. 1. QM/MM partitioning of ss-30-dCMPH and ds-30-dCMPHmodels. The QM part
is depicted in bold and the QM/MM boundaries are located between the C50 and O50

atoms of the deoxyribose ring. The strictly localized bond orbitals (SLBO), which
define the QM/MM frontiers are also represented.

Table 1
Adiabatic electron affinities (AEA), vertical electron affinities (VEA) and vertical
detachment energies (VDE) of 30-dCMPH, ss-30-dCMPH and ds-30-dCMPH molecules
(in eV). Values in parenthesis correspond to PCM calculations, using water with
e = 78.39 and UA0 radii.

Process AEA VEA VDE

30-dCMPH? 30-dCMPH" 0.15 (2.07) 0.00 (1.36) 0.87 (2.44)
ss-30-dCMPH? ss-30-dCMPH– 0.80 (2.12)a "0.25 (1.46)a 1.50 (2.34)a

ss-30-dCMPH? ss-30-dCMPH"b 0.55 0.00 0.05
ds-30-dCMPH? ds-30-dCMPH" 0.92 (1.95)a 0.02 (1.63)a 1.73 (2.45)a

ds-30-dCMPH? ds-30-dCMPH"c 0.32 0.12 1.02
ds-30-dCMPH? ds-30-dCMPH"b "0.24 "0.01 0.02

a PCM calculation based on gas phase optimized structure.
b Calculations performed without any electrostatic embedding from the neigh-

bouring nucleotides.
c Calculations performed without the electrostatic embedding due to the nucle-

otides of the second strand.

P.-F. Loos et al. / Chemical Physics Letters 475 (2009) 120–123 121



3. Results and discussion

Electron affinities for single-stranded (ss) and double-stranded
(ds) DNA are given in Table 1. The AEA are 0.80 and 0.92 eV for
ss-30-dCMPH and ds-30-dCMPH, respectively, which represent an
increase of 0.65 and 0.77 eV compared to the model system 30-
dCMPH (0.15 eV). This proves, without ambiguity, that the ss-
DNA and ds-DNA radical anions are electronically stable in gas
phase.

It should be noted that the VEA value of ds-30-dCMPH (0.02 eV)
means that it can capture near-0 eV electron in gas phase. This va-
lue, which is greater than that of 30-dCMPH and 0.27 eV higher
than that of ss-30-dCMPH, suggests that the double stranded com-
pound will more easily capture a free electron than ss-DNA or 30-
dCMPH. The positive VDE of ss-30-dCMPH (1.50 eV) and ds-30-
dCMPH (1.73 eV) radical anion, which determine the energy
needed for the detachment of the electron, ensure that the anion
is in a stationary state. Consequently, C30–O30 bond stretching ex-
ists and can lead to the rupture of that bond due to the transfer of
the excess electron in the r* orbital.

An interesting feature of this process is the location of the ex-
cess electron on the 30-dCMPH moiety, which is not intuitive. A
previous study by Schaefer and co-workers [23] on 2-deoxyribonu-
cleotides-30-50-diphosphate (30-50-dTDP, 30-50-dCDP, 30-50-dGDP
and 30-50-dADP) has reported a partial location of the excess elec-
tron in the vicinity of the 30-phosphate group in the gas phase,
while studies on both 30- and 50-monophosphate radical anions
have shown that the excess electron density is not located on the
phosphate group [8–10], but on the nucleobase. They conclude that
the ‘results seem to suggest that introducing a phosphate group at the
30 or 50 position of the ribose improves the electron-capturing ability of
the 30-phosphate fragment’ [23].

Our results (Mulliken spin densities on each group, gathered in
Table 2) show the formation of an anion centred on the phosphate
for ss- and ds-DNA, as revealed by an examination of the shape of
the singly occupied molecular orbitals (SOMO) for ss-30-dCMPH
and ds-30-dCMPH (Fig. 2). We do not attempt to ascertain the nat-
ure of the orbital [24–26]. A similar distribution is found in aque-
ous solution, where the extra negative charges are also located in
diffuse (phosphate-centred) orbitals. As the electrostatic embed-
ding (EE) of the nucleotides treated by a classical force field is grad-
ually switched off, about 60% of the excess electron density of ss-
30-dCMPH migrates from the phosphate moiety to the pyrimidine
ring. The same phenomenon is observed for the ds-30-dCMPH mol-
ecule: the EE created by the second strand composed by purines
partially redistributes the excess electron density (by ca. 25%) from
the phosphate moiety to the pyrimidine. This effect is increased
when the overall EE is turned off with a total migration of the neg-
ative charge from the phosphate to the vicinity of the deoxyribose

ring. This leads to an equal distribution of the spin density for each
moiety (phosphate, ribose and base). This latter point emphasises
the importance of the geometrical modifications induced by the
nucleotides from the low-level part [24,28,29]. Indeed, at the same
level of theory and for the isolated 30-dCPMH molecule, the whole
excess electron density is located on the base. The mechanical con-
straint exerted by the environment has the effect to spread out the
excess electron density over the three chemical fragments.

The excess electron density distribution has a strong impact on
electron affinities (Table 1). Indeed, we observe a decrease of the
electron affinities when the EE is gradually attenuated. For in-
stance, when the EE of the second strand is turned off, the AEA va-
lue of ds-30-dCMPH decrease by 0.60 eV (from 0.92 to 0.32 eV) and
it falls to "0.24 eV when the overall EE is turned off. The latter va-
lue is consistent with the results reported in Ref. [8] for the phos-
phate attached 30-dCPMH ("0.20 eV) and highlight once again the
huge variation of the AEA due to the geometrical modifications. A
similar trend is observed for ss-30-dCMPH.

To estimate the influence of water surrounding [25,30] on ss-
DNA and ds-DNA, PCM corrections to electron affinities have been
computed based on the gas phase optimized structures. These val-
ues are listed in parenthesis in Table 1. Solvation effects strongly
reinforce the electron capture ability: the electron affinity values
(AEA, VEA and VDE) are very close to the ones for model com-
pounds in aqueous solution for both ss-30-dCMPH and ds-30-
dCMPH. The ss-DNA and ds-DNA radical anions are then even more
stable in aqueous solution. Interestingly enough, in aqueous solu-
tion, the negative charge is almost completely located on the 30-
phosphate group (up to 90%) for both ss-30-dCMPH and ds-30-
dCMPH (see Table 2). This contrasts with the data reported for iso-
lated nucleotides by Schaefer and co-workers [23] on 30-50-dCDP
radical anion. They observe a relocation of the charge distribution
in the vicinity of the nucleobase due to the solvation effects. Both
results clearly show the drastic influence of modelling the sur-
rounding accurately [25,30].

Fig. 3 shows the energy profile along the C30–O30 reaction
coordinates for 30-dCMPH and ds-30-dCMPH. Along the C30–O30

reaction coordinate, the excess electron is transferred from a

Table 2
Mulliken spin densities of the phosphate, ribose and base moieties for the radical
anion state of 30-dCMPH, ss-30-dCMPH and ds-30-dCMPH (in electron). Values in
parenthesis correspond to PCM calculations, using water with e = 78.39 and UA0 radii.

Moiety Phosphate Ribose Base

30-dCMPH" 0.07 (0.00) 0.00 (0.01) 0.93 (0.99)
ss-30-dCMPH" 0.91 (1.04)a 0.08 (0.00)a 0.02 ("0.04)a

ss-30-dCMPH"b 0.45 "0.12 0.67
ds-30-dCMPH" 0.92 (0.92)a 0.02 (0.07)a 0.06 (0.01)a

ds-30-dCMPH"c 0.77 "0.02 0.25
ds-30-dCMPH"b 0.36 0.27 0.37

a PCM calculation based on gas phase optimized structure.
b Calculations performed without any electrostatic embedding from the neigh-

bouring nucleotides.
c Calculations performed without the electrostatic embedding due to the nucleo-

tides of the second strand.

Fig. 2. Evolution of the SOMO of the ss-30-dCMPH– (top) and ds-30-dCMPH–

(bottom) with respect to the electrostatic embedding (EE) created by the other
nucleotides ((a) and (c)). For the sake of clarity, only the QM part has been depicted.
SOMOs (b) and (e) have been obtained without any electrostatic embedding from
the neighbouring nucleotides, while SOMO (d) have been obtained without the
electrostatic embedding due to the nucleotides of the second strand.
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diffuse phosphate-centred orbital to the r* orbital of the C30–O30

bond (see SOMO plots on Fig. 3). This yields an activation energy
of !24 kcal/mol for the C30–O30 bond cleavage in ds-30-dCMPH,
compared to 6.7 kcal/mol and 14.1 kcal/mol for 30-dCMPH in the
gas phase and in aqueous solution, respectively. In the same way
phosphate-based excess electron density increases electron affini-
ties, it also seems to increase the energy barrier of C30–O30 bond
rupture. This is in agreement with results of Laaksonen and co-
workers [31] on 20-deoxyguanosine-30-monophosphate molecule
(30-dGMP), which show that the C30–O30 energy barrier is higher
in gas phase (where the excess electron is partially located near
the phosphate group) than in aqueous solution (where it is mainly
dipole-bound [6] to the guanine base).

4. Concluding remarks

Our results demonstrate that neighbouring nucleobases induce
a dramatic redistribution of the excess electron density from the
base-centred p* orbital to a diffuse orbital of the phosphate group,
leading to a dipole-bound anion state. This is associated with an in-
crease in both electron affinity and activation energy of the C30–O30

bond cleavage (!24 kcal/mol) compared to 30-dCMPH (!7 kcal/
mol). Not only the electronic polarization induced by the surround-

ings is important, but we shown that the geometrical modifications
created by the neighbouring bases have an important effect. This
shed light on the importance of taking into accounts the surround-
ing to achieve comprehensive pictures of SSB in DNA.
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