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Introduction

Electron attachment to DNA fragments has been found to
be related to biochemical processes of vital importance,

such as DNA damage and repair,[1–8] charge transfer along
DNA,[9–13] and the initiation of reactions leading to muta-
tion.[1,3,14] Knowledge of the distribution of excess electron
sites for DNA strands is fundamental for understanding the
mechanism of these DNA-related chemical reactions.[8,15–18]

The study of electron attachment to DNA, RNA, and their
subunits has received increasing attention since 1990.

Experiment-based investigations suggest that the pyrimi-
dine nucleobases have small electron affinities (EAs):
�0.1 eV for thymine (T), cytosine (C), and uracil (U).[19, 20]

Gas-phase experimental studies have revealed negative EA
values for adenine (A) and C.[21–24] Recently, photoelectron
spectroscopy has detected anionic states of tautomers of ad-
enine and guanine (G). The radical anions of the tautomers
exhibit relatively large vertical electron detachment energies
(VDEs).[24,25] The photoelectron spectra of the anionic base
pairs of adenine and thymine (AT�) and 9-methyladenine
and 1-methylthymine (mAmT�) reveal a large VDE (0.7–
1.7 eV) for the radical anions of these base pairs.[26] Com-
pared to the reliable theoretical prediction of the VDE of
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the canonical form of the radical anion ATC� (0.64 eV),[27]

the large VDE reported for AT� (1.7 eV) strongly suggests
that this base pair adopts a tautomeric form under the ex-
perimental conditions. Electron attachment energies of the
radical anions of nucleosides have also been determined by
Bowen�s group.[28] These experimental electron affinity
values for thymidine, cytidine, and adenosine are within
0.2 eV of the previously reported theoretical predictions.[16]

However, experiments on the electron-capturing efficiencies
of short DNA oligomers provide only estimates of the rela-
tive order of the vertical attachment energies (or VEAs) for
DNA single strands.[15]

Theoretical investigations at various levels of sophistica-
tion have complemented experimental explorations. The
coupled cluster level of theory with single, double, and per-
turbative triple excitations (CCSD(T)) successfully elucidat-
ed the tautomeric forms of the covalently bound radical
anions of guanine[25,29] and adenine.[24] The most reliable
density functional theory (DFT) approaches yield AEAs of
individual nucleic acid bases that are consistent with the
best experiments.[30–32] Step-by-step, with the extensively
calibrated B3LYP/DZP ++ approach,[33] a reliable data
bank of the electron affinities of the 2’-deoxyribonucleosides
(the predicted AEAs and VDEs have recently been con-
firmed by photoelectron spectroscopic experiments),[18, 28]

the nucleotides (3’-dCMP, 3’-dTMP, 5’-dCMP, 5’-
dTMP),[8,17,35, 36] and the nucleoside-3’,5’-diphosphates (3’,5’-
dGDP, 3’,5’-dADP, 3’,5’-dCDP, and 3’,5’-dTDP)[18] has been
established. Theoretical studies of electron attachment to
DNA have been extended to the prediction of the electron
affinities of hydrogen-bonding paired DNA subunits, such as
nucleobase pairs (A:T and G:C pairs),[26, 37–40] nucleoside
pairs (dA:dT and dG:dC),[41,42] and at least one nucleotide–
nucleobase pair.[43] The DFT approach has also been applied
to elucidate the electron-capture abilities of the A:T and
mA:mT pairs in their tautomeric forms.[26] The influence of
water microsolvation on electron attachment to nucleobases
has also been investigated extensively at different levels of
theory.[44–57] Recently, the electron affinities of thymine–ade-
nine and guanine–cytosine base pairs stacking between dif-
ferent bases were studied by the resolution of identity MP2
(RI-MP2) approach.[58,59]

As a crucial step in achieving a realistic description of
electron attachment to nucleotide oligomers, dinucleoside
phosphate deoxycytidylyl-3’,5’-deoxyguanosine (dCpdG), di-
nucleoside phosphate deoxyguanylyl-3’,5’-deoxycytidine
(dGpdC), dinucleoside phosphate deoxythytidylyl-3’,5’-de-ACHTUNGTRENNUNGoxyACHTUNGTRENNUNGadenosine (dTpdA), dinucleoside phosphate deoxyade-
nylyl-3’,5’-deoxythytidine (dApdT), and the corresponding
radical anions have been investigated theoretically in our
laboratories.[60] The studies of these systems have allowed
the most complete descriptions to date of the minimum
length of chain in single-strand DNA, and have provided
stepping-stones for understanding electron attachment to
single-strand DNA.

Here we report the latest developments in theoretical
studies of the DNA duplex: electron attachment to the

double helix of dinucleoside phosphate deoxyguanylyl-3’,5’-
deoxycytidine (dGpdC dimer, see Scheme 1). To achieve a
realistic description of the DNA duplex, eight hydration

water molecules have been included in the model system in
such a way that the water molecules are able to form proper
hydrogen-bonding patterns with the bases. The importance
of the existence of hydration water molecules has been dem-
onstrated in computational studies of the double-stranded
model of deoxyadenylyl-3’,5’-deoxyuridine.[61] This minimal
segment of the DNA double-helical complex dGpdC dimer
octahydrate contains all the most crucial stabilization fac-
tors, such as base–base, base–backbone, and hydration inter-
actions. Thus, exploring such complexes is expected to pro-
vide key information concerning electron attachment to the
DNA double strand.

Computational Methods

One important conclusion from previous studies of electron attachment
to the nucleotide oligomers dCpdG and dGpdC is that the base–base
stacking does not affect the electron affinities of dCpdG and dGpdC.
The density functional B3LYP,[62–64] which does not include the stacking
interaction, and the density functional M05-2X,[65–66] which does replicate
the stacking interaction, provide almost the same electron affinities for
dCpdG and dGpdC.[60] Moreover, computational studies of the double-
stranded model of the deoxyadenylyl-3’,5’-deoxyuridine illustrated that
the DFT approach is able to achieve the structure consistent with experi-
ment when the major elements of environments are incorporated.[61]

Therefore, the B3LYP functional approach[36, 37] was adopted in this study
in order to maintain consistency with our previous studies of electron at-
tachment to DNA subunits. Basis sets of double-z quality, plus polariza-
tion and diffuse functions (6-31 +G ACHTUNGTRENNUNG(d,p)), were used to obtain optimized
geometries and natural charges for the model molecules in both neutral
and anionic forms. Previous studies[31, 37, 38] have shown that the B3LYP/6-
31+ GACHTUNGTRENNUNG(d,p) approach predicts electron affinities for the DNA compo-
nents very close to those predicted by the B3LYP functional with a slight-
ly larger basis set, DZP++ . To ensure consistency with our previous
studies, the DZP++ basis set was also used to evaluate the energy of
the complexes based on the structures optimized at the B3LYP/6-31+G-ACHTUNGTRENNUNG(d,p) level of theory. The DZP ++ basis sets were constructed by aug-
menting the Huzinaga–Dunning[67, 68] set of contracted double-z Gaussian
functions, with one set of p-type polarization functions along with one
even-tempered diffuse s function for each H atom, and one set of five d-

Scheme 1. Model of the DNA duplex: double helix of dinucleoside phos-
phate deoxyguanylyl-3’,5’-deoxycytidine ([dGpdC]2). Hydrogen atoms at-
tached to the ribose-phosphate backbones have been omitted for clarity.
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type polarization functions in addition to sets of even-tempered diffuse s
and p functions for each C, N, O, and P atom. The even-tempered orbital
exponents were determined according to the prescription of Lee.[69] Each
adiabatic electron affinity was computed as the difference between the
absolute energies of the appropriate neutral and anion species at their re-
spective optimized geometries: AEA = Eneut�Eanion.

To evaluate the electron-capture abilities of DNA double strands in
aqueous solution, a polarizable continuum model (PCM)[70] with the di-ACHTUNGTRENNUNGelectric constant of water (e=78.39) was used to simulate the polarizable
medium environment of an aqueous solution. To analyze the distribution
of each unpaired electron, molecular orbital and spin density plots were
constructed from the corresponding B3LYP/6-31 +G ACHTUNGTRENNUNG(d,p) densities. Natu-
ral population analyses (NPAs) were determined using the B3LYP func-
tional and the 6-31 +G ACHTUNGTRENNUNG(d,p) basis set with the natural bond orbital
(NBO) method of Reed and Weinhold.[71, 72] The GAUSSIAN 03 system
of DFT programs[73] was used for all computations.

Results and Discussion

Geometries : The fully optimized geometries for the neutral
and anionic dGpdC dimer octahydrate are depicted in Fig-
ures 1 and 2. The lengths of the hydrogen bonds between
the nucleotide pairs are summa ACHTUNGTRENNUNGrized in Table 1. It is impor-
tant to note that, although the B3LYP approach does not ac-
count for dispersion interactions between the nucleobases,
the optimized structure of the dGpdC dimer complex in the
neutral form exhibits the typical
geometrical characteristics of
stacked bases. The angle be-
tween the plane of C1 and the
plane of G2 is 17.98, and the
base-plane angle between G1
and C2 is 6.98. Clearly, the hy-
drogen-bonding networks
through the hydration water
molecules account for this near-
parallel base–base stacking
mode. On the other hand, the
hydration pattern seems to at-
tenuate the hydrogen bonding
between the bases. The distan-
ces for the hydrogen bonding
between C1 and G1 are 1.833 �
for H(N4)···O6 (r1), 1.983 � for
N3···H(N1) (r2), and 1.995 � for
O2···H(N2) (r3) in the dGpdC
dimer octahydrate, about 0.1 �
shorter than the corresponding
hydrogen bonds in the dC:dG
nucleoside pair.[42] Similar hy-
drogen bond lengths are also found between C2 and G2 in
the dGpdC dimer octahydrate (see Table 1). As expected,
without dispersion interactions, the distance between the
bases are relatively larger (4.66 � for the distance between
the center of C1 and the plane of G2, and 4.42 � for the dis-
tance between the center of C2 and the plane of G1).

Electron attachment to the dGpdC dimer octahydrate
(forming the radical anion [dGpdC]2C

�) leads to a twisted

helical structure. The base-plane of C1 and G1 tilts with an
angle of 40.28, and that of C2 and G2 tilts with an angle of
35.58. The short hydrogen bond between N3 of C1 and
H(N1) of G1 (r2 = 1.728 �) suggests that the excess electron
resides mainly on the base C1. This electron, located on C1,
also results in a longer base–base stacking distance. In
[dGpdC]2C

�, the center of C1 is 5.23 � away from the plane
of G2, about 0.57 � further than for the neutral species.

Figure 1. Two views of the optimized geometrical structure for the neu-
tral dGpdC dimer octahydrate. Bond lengths are in �. Color representa-
tions: orange for P, gray for C, red for O, blue for N, and white for H.

Figure 2. Optimized geometrical structures for the radical anions of the dGpdC dimer octahydrate. Bond
lengths are in �. Color representations: orange for P, gray for C, red for O, blue for N, and white for H.
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Meanwhile, the distance be-
tween the center of C2 and the
plane of G1 is 4.55 � in the
radical anion [dGpdC]2C

�, simi-
lar to that for [dGpdC]2.

Studies of the radical anions
of the G:C pair[37, 40] and the
dG:dC pair[42] revealed that
electron attachment to the gua-
nine-paired cytosine complexes
might trigger interbase proton
transfer, that is, the proton at
the N1 of G migrates to the
electron-residing cytosine,
forming the radical anion [d-ACHTUNGTRENNUNG(G�H):dACHTUNGTRENNUNG(C+H)]C�, which is
more stable than the canonical
form [dG:dC]C�.[42] Similarly, the interstrand proton-trans-
ferred structure of the radical anion of [dGpdC]2 (denoted
as [dACHTUNGTRENNUNG(G�H)pdC:dACHTUNGTRENNUNG(C+H)pdG]C�, see Figure 2) has also been
located. Except for the H(N1) of G1 being transferred to
the N3 of C1 (causing the bond length variations in the in-
terstrand hydrogen bonding), the overall geometrical param-
eters of [d ACHTUNGTRENNUNG(G�H)pdC:d ACHTUNGTRENNUNG(C+H)pdG]C� are similar to those
for [dGpdC]2C

�. Due to the proton transfer, the H(N4)···O6
(r1) bond length decreases to 1.902 �, and the H(N3)···N1
(r2) bond length decreases to 1.789 �, whereas the
O2···H(N2) (r3) bond length increases to 2.070 � in [d-ACHTUNGTRENNUNG(G�H)pdC:dACHTUNGTRENNUNG(C+H)pdG]C�. Compared with the interbase
hydrogen-bonding features in previous studies of the radical
anions of G:C and dG:dC pairs, the interstrand hydrogen
bond lengths of [d ACHTUNGTRENNUNG(G�H)pdC:dACHTUNGTRENNUNG(C+H)pdG]C� confirm that
the unpaired electron still resides on the (C+H) moiety in
the complex. On the other hand, the negative charge is now
located on the N1 deprotonated guanine moiety, owing to
the interstrand proton transfer.

It is interesting to note that the microhydration pattern in
the optimized structure of the neutral form of the dGpdC
dimer octahydrate is very similar to that found in the crystal
structure of the RNA double-helical fragment of guanylyl-
3’,5’-cytidine.[74] Although the hydrogen-bonding network
through this microhydration pattern is important for the for-
mation of the stacked form of the dGpdC dimer, our pre-
liminary studies of the dry form of the DNA segments imply
that this hydrogen-bonding network is not always necessary
if the stacking interactions have been properly introduced.

Electron affinities and energetic properties : The significant
positive electron affinities (Table 2) of the present model
system suggest that the dGpdC dimer has a strong tendency
to capture excess electrons and form an electronically stable
radical anion.

At the B3LYP/6-31+ GACHTUNGTRENNUNG(d,p) level of theory, the adiabatic
electron affinity of the microsolvated [dGpdC]2 is predicted
to be 1.14 eV (1.19 eV from a single-point calculation with

the DZP ++ basis set). Compared to the AEA of the mi-
crohydrated single-strand dGpdC (0.66 eV), the AEA of the
double-strand helical form of [dGpdC]2 increases greatly.
The presence of the pairing guanosine increases the AEA
by 0.48 eV. A similar increase has also been found in the
AEAs of the G:C and dG:dC pairs. The pairing effects on
the AEA are affected slightly by the sizes of the models
(the AEA increases by 0.53 eV for G:C, 0.47 eV for dG:dC,
and 0.48 eV for [dGpdC]2, respectively, as compared to the
corresponding unpaired species).

The estimation of the vertical electron attachment ener-
gies (VEAs) is important in order to explore the electron-
capturing behavior of DNA at the nascent stage of electron
attachment. The substantial VEA predicted for the micro-
solvated dGpdC dimer (0.38 eV) in the present investigation
indicates that the cytosine- and guanine-rich nucleotide du-
plexes are reasonable electron captors. In comparison, a
smaller VEA value has been predicted by the B3LYP ap-
proach for the microsolvated oligonucleotide dGpdC

Table 1. The hydrogen bond lengths between the bases, the base-plane
distance between the stacked bases, and the angle of the base-planes be-
tween the bases.[a]

Species ACHTUNGTRENNUNG[dGpdC]2 ACHTUNGTRENNUNG[dGpdC]2C
� [d ACHTUNGTRENNUNG(G�H)pdC:d ACHTUNGTRENNUNG(C+H)pdG]C�

r1 [�] 1.833 2.032 (1.967)[b] 1.902 (1.714)[b]

r2 [�] 1.983 1.728 (1.777)[b] 1.789 (1.817)[b]

r3 [�] 1.995 1.823 (1.657)[b] 2.070 (1.956)[b]

r’1 [�] 1.830 1.863 1.849
r’2 [�] 1.932 1.936 1.923
r’3 [�] 1.909 1.931 1.952
RC1G2 [�] 4.664 5.225 5.417
RC2G1 [�] 4.421 4.551 4.789
qC1G2 [8] 17.9 8.2 14.1
qC2G1 [8] 6.9 33.3 32.4
qC1G1 [8] 10.4 40.2 41.7
qC2G2 [8] 14.1 35.5 40.2

[a] Base-plane distance is defined as the distance between the geometri-
cal center formed by N1N3C5 of cytosine and the base-plane formed by
N1N3C5 of guanine. The angle of base-planes is defined as the angle be-
tween the vector determined by N1N3C5 of cytosine (tC, see Figure 1)
and the vector determined by N1N3C5 of guanine (tG, see Figure 1).
[b] Radical anions of the dG:dC nucleoside pair, see ref. [42].

Table 2. Electron affinities of cytosine-containing nucleic acid base, nucleoside, nucleotides, oligonucleotides,
and the corresponding pairs [eV].[a]

Process AEA VEA[b] VDE[c]ACHTUNGTRENNUNG[dGpdC]2! ACHTUNGTRENNUNG[dGpdC]2C
� 1.14 (1.19, 1.13) 0.38 2.20 (2.21)ACHTUNGTRENNUNG[dGpdC]2![d ACHTUNGTRENNUNG(G�H)pdC:d ACHTUNGTRENNUNG(C+H)pdG]C� 1.66 (1.71) 2.74 (2.76)

dGpdC! ACHTUNGTRENNUNG[dGpdC]C� 0.66[d] 0.25[d] 1.42[d]

dCpdG! ACHTUNGTRENNUNG[dCpdG]C� 0.90[d] 0.16[d] 1.64[d]

3’,5’-dCDP![3’,5’-dCDP]C� 0.27[e] 0.03[e] 0.71[e]

3’-dCMP! ACHTUNGTRENNUNG[3’-dCMP]C� 0.33[f] 0.15[f] 1.28[f]

dG:dC!dG:dCC� 0.68[g] 0.16[g]

G:C!G:CC� 0.44[h] 0.03[h]

dC!dCC� 0.21[i] �0.09[i] 0.72[i]

C!CC� �0.09[j]

[a] Plain print is used for results obtained with the B3LYP/6-31 +G ACHTUNGTRENNUNG(d,p); bold : single point with B3LYP/
DZP++ ; italics : optimized with M05-2X/6-31 +G ACHTUNGTRENNUNG(d,p). [b] VEA=E ACHTUNGTRENNUNG(neutral)�E ACHTUNGTRENNUNG(anion); the energies are
evaluated using the optimized neutral structures. [c] VDE= EACHTUNGTRENNUNG(neutral)�E ACHTUNGTRENNUNG(anion); the energies are evaluated
using the optimized anion structures. [d] Ref. [60]. [e] Ref. [18]. [f] Refs. [17, 34], in which 3’-dCMP was labeled
as 3’-dCMPH. [g] Ref. [42]. [h] Ref. [31]. [i] Ref. [16]. [j] Refs. [16, 30].
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(0.25 eV). The increase in the VEA of [dGpdC]2 suggests
that the pairing of the guanosine is a critical factor for im-
proving the effective electron-capturing abilities of DNA
double strands.

The vertical detachment energies (VDE) help assess the
electronic stability of radical anions, and are most readily
determined by anion photodetachment experiments.[19,26, 28]

The VDE of the radical anion [dGpdC]2C
� has been predict-

ed here in order to evaluate its electronic stability. The
VDE is found to be 2.20 eV for [dGpdC]2C

�, significantly
larger than those for the single-strand oligonucleotides
(1.42 eV for [dGpdC]C� and 1.64 eV for [dCpdG]C�). Because
this VDE value is far larger than the activation energy barri-
er needed for the interstrand proton transfer (2.4 kcal mol�1,
or 0.1 eV for the radical anion of dG:dC),[42] the proton
transfer from N1 of G1 to N3 of C1 should take place with-
out causing the detachment of the excess electron from the
radical anion [dGpdC]2C

�.
Interstrand proton transfer between N1 of G1 and N3 of

C1 of the radical anion [dGpdC]2C
� results in an even more

stable radical anion [d ACHTUNGTRENNUNG(G�H)pdC:d ACHTUNGTRENNUNG(C+H)pdG]C�, which lies
12.0 kcal mol�1 (0.52 eV) lower than [dGpdC]2C

� in total
energy. Notice that the total energy of the proton-trans-
ferred radical anion of the nucleoside pair [dACHTUNGTRENNUNG(G�H):
dACHTUNGTRENNUNG(C+H)]C� is only 2.3 kcal mol�1 lower than that for
dG:dCC�, and that the energy difference between
(G�H):dACHTUNGTRENNUNG(C+H)C� and G:CC� is only 2.9 kcal mol�1. The
larger energy difference between the radical anions
[dGpdC]2C

� and [d ACHTUNGTRENNUNG(G�H) ACHTUNGTRENNUNGpdC:d ACHTUNGTRENNUNG(C+H)pdG]C� should partly
be attributed to the influence of microhydration. Inter-
strand proton transfer also increases the electronic stability
of the radical anion of [dGpdC]2. The vertical detachment
energy of [d ACHTUNGTRENNUNG(G�H) ACHTUNGTRENNUNGpdC:d ACHTUNGTRENNUNG(C+H)pdG]C� is predicted to be
2.74 eV, which is 0.54 eV higher than that of [dGpdC]2C

�.
Considering that the neutral radical dACHTUNGTRENNUNG(C+H)C has been sug-
gested to be a good electron acceptor, [d ACHTUNGTRENNUNG(G�H)pdC:
dACHTUNGTRENNUNG(C+H)pdG]C� might receive a second electron to form a di-ACHTUNGTRENNUNGanACHTUNGTRENNUNGion in its microhydrated form, and, therefore, trigger the
formation of abasic sites in DNA duplexes. It is important
to note that Chen et al. reached the same conclusion in
their study of the GC pair embedded in B-form DNA.[75]

Analogous to the nucleotides and the DNA single strands,
interaction with water greatly improves the electron-capture
ability of DNA double strands.[8,17–19,35] Note that the term
“electron affinity” for a solvated molecule M implies that
the physical situation described is a microsolvated M ACHTUNGTRENNUNG(H2O)n

system, in which the waters enclose M uniformly, and n be-
comes arbitrarily large. Meanwhile, there is no proton ex-
changing between M and solvent. In this sense, the AEA is
2.03 eV for DNA duplex segment [dGpdC]2 in aqueous solu-
tion (see Table 3). Noting that the extra electron is mainly
localized on one of the cytosine nucleobases (see below),
the AEA value of 2.03 eV should be the ultimate electron
affinity value of cytosine in DNA duplexes. Compared to
the microsolvated [dGpdC]2 octahydrate, the increase of the
AEA in aqueous solution amounts to about 0.9 eV. Similar-
ly, the increase of the AEA in aqueous solution is 1.01 eV

for the microhydrated single-strand oligonucleotides dGpdC
and dCpdG. Interaction with the polarizable medium enhan-
ces the electron-capture ability of the helical form of
[dGpdC]2. The vertical attachment energy of [dGpdC]2 has
been estimated to be 1.48 eV in the presence of the polariz-
able continuum. The polarizable medium also greatly enhan-
ces the electronic stability of the radical anions. The VDEs
of [dGpdC]2C

� and [d ACHTUNGTRENNUNG(G�H)pdC:dACHTUNGTRENNUNG(C+H)pdG]C� increase to
2.70 and 3.26 eV, respectively, in the PCM model. In the
PCM simulations the proton-transferred radical anion [d-ACHTUNGTRENNUNG(G�H)pdC:dACHTUNGTRENNUNG(C+H)pdG]C� is still more stable than
[dGpdC]2C

� from the perspective of the total energy. There-
fore, experimental detection of evidence for electron attach-
ment to DNA double helices in aqueous solution should be
related to the [d ACHTUNGTRENNUNG(G�H)pdC:d ACHTUNGTRENNUNG(C+H)pdG]C� complexes.

Charge distributions and molecular orbital analysis : The dis-
tribution of negative charge on the constituent parts of the
oligonucleotide duplex also provides some insight into the
overall electronic effect of the charge. Table 4 summarizes
the charge distributions among the bases, ribose, phosphates,
and hydration waters for both the neutral and anionic com-
plexes. Analysis of the NPA charge differences between the
neutral and anionic nucleotides supports the conclusion that
the excess electron mainly resides one of nucleobase cyto-
sine moieties in the radical anion [dGpdC]2C

� before the in-
terstrand proton transfer, whereas it is mainly located at the
deprotonated guanine moiety in [d ACHTUNGTRENNUNG(G�H)pdC:d-ACHTUNGTRENNUNG(C+H)pdG]C� following the proton transfer. The NPA
charge differences suggest that there is 0.73 a.u. of “extra
negative charge” located on the cytosine (C1), and 0.11 a.u.
on the C1-connected ribose of [dGpdC]2C

�. About 0.05 e� of
extra negative charge is found to reside on the base guanine
(G1), which is paired with C1 through three pairs of hydro-
gen bonds, in [dGpdC]2C

�. Conversely, the charge distribu-
tion differences of the interstrand proton-transferred radical
anion [d ACHTUNGTRENNUNG(G�H)pdC:d ACHTUNGTRENNUNG(C+H)pdG]C� show significant increas-
es in the negative charge resident on the deprotonated G1
(0.77 a.u. of the extra negative charge), and only 0.04 a.u. of
the extra negative charge populations on the base moieties
of cytosine. The singly-occupied molecular orbitals
(SOMOs) demonstrate that the unpaired electron is located
mainly on C1 in both [dGpdC]2C

� and [dACHTUNGTRENNUNG(G�H)pdC:d-ACHTUNGTRENNUNG(C+H)pdG]C� (Figure 3). Considering that the excess nega-
tive charge resides mainly on G1 of [d ACHTUNGTRENNUNG(G�H)pdC:d-

Table 3. “Electron affinities” of nucleotides in aqueous solution.[a]

Process AEA [eV] VDE [eV]ACHTUNGTRENNUNG[dGpdC]2! ACHTUNGTRENNUNG[dGpdC]2C
� 2.03 2.70ACHTUNGTRENNUNG[dGpdC]2![d ACHTUNGTRENNUNG(G-H)pdC:d ACHTUNGTRENNUNG(C+H)pdG]C� 2.26 3.26

dGpdC! ACHTUNGTRENNUNG[dGpdC]C� 1.65 2.58
dCpdG! ACHTUNGTRENNUNG[dCpdG]C� 1.91 2.74
3’,5’-dCDP![3’,5’-dCDP]C� 1.99[b]

5’-dCMP! ACHTUNGTRENNUNG[5’-dCMP]C� 1.89[c]

3’-dCMP! ACHTUNGTRENNUNG[3’-dCMP]C� 2.18[d]

[a] Results obtained with the B3LYP/6-31+G ACHTUNGTRENNUNG(d,p) approach.
[b] Ref. [18]. [c] Ref. [8]. [d] Refs. [17, 34].
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ACHTUNGTRENNUNG(C+H)pdG]C�, this radical anion exhibits the typical charac-
teristics of a distonic radical anion, in which the unpaired

electron is well separated from
the center of negative charge in
the system. This feature further
stabilizes the electron-attached
[dGpdC]2, and, thus, the intra-
strand proton-transferred radi-
cal anion [dACHTUNGTRENNUNG(G�H)pdC:d-ACHTUNGTRENNUNG(C+H)pdG]C� provides a good
illustration of distonic radical
anions in biochemistry.

Negative charge has also
been found to appear, in a
simple picture, on the microhy-
dration waters in these radical
anions. The general trend is
that the hydration waters in the
major groove accept more neg-
ative charge than those in the
minor groove.

It is important to note that
the extra negative charge distri-
bution spreads to both cytosine
bases C1 and C2 in the vertical-
electron-attached duplex (the
extra negative charge amounts
to 0.24 e� on C1 and 0.26 e� on
C2), whereas it is mainly locat-
ed on one of the bases of the
duplex after geometrical relaxa-
tion (i.e., in the optimized

structures of the radical anions). This observation is consis-
tent with the character of the SOMO in Figure 4, in which
the unpaired electron is predicted to be found on both cyto-
sine bases. Moreover, the extra negative charge also extends
to the phosphate groups in the vertical-electron-attached
duplex. The NPA analysis shows that about 0.13–0.16 a.u. of

Figure 3. The singly occupied molecular orbitals (SOMOs) of [dGpdC]2C
�

and [d ACHTUNGTRENNUNG(G�H)pdC:d ACHTUNGTRENNUNG(C+H)pdG]C�.

Table 4. NPA charge distributions of the neutral and radical anion forms of [dGpdC]2.
[a]

Component Neutral Anion (V)[b] Anion1 Anion2

GAS
C1 �0.244 �0.483 (�0.239) �0.977 (�0.733) �0.287 (�0.043)
C2 �0.224 �0.487 (�0.263) �0.260 (�0.036) �0.269 (�0.045)
G1 �0.304 �0.322 (�0.018) �0.352 (�0.048) �1.075 (�0.771)
G2 �0.299 �0.316 (�0.017) �0.311 (�0.012) �0.306 (�0.007)
ribose (C1) 0.644 0.603 (�0.031) 0.531 (�0.113) 0.560 (�0.084)
ribose (C2) 0.605 0.548 (�0.057) 0.629 (0.024) 0.635 (0.030)
ribose (G1) 0.611 0.589 (�0.022) 0.593 (�0.018) 0.599 (�0.012)
ribose (G2) 0.614 0.576 (�0.038) 0.636 (0.022) 0.621 (0.007)
phosphate (L)[c] �0.687 �0.846 (�0.159) �0.710 (�0.023) �0.712 (�0.025)
phosphate (R)[c] �0.687 �0.820 (�0.133) �0.690 (�0.003) �0.694 (�0.007)
water (U)[d] �0.009 �0.016 (�0.007) �0.044 (�0.035) �0.041 (�0.032)
water (D)[d] �0.020 �0.027 (�0.007) �0.043 (�0.023) �0.032 (�0.012)
PCM
C1 �0.246 �0.548 (�0.302) �0.994 (�0.748) �0.307 (�0.061)
C2 �0.232 �0.690 (�0.458) �0.268 (�0.036) �0.278 (�0.046)
G1 �0.327 �0.392 (�0.065) �0.370 (�0.043) �1.097 (�0.770)
G2 �0.324 �0.401 (�0.077) �0.327 (�0.003) �0.319 (0.005)
ribose (C1) 0.665 0.640 (�0.025) 0.563 (�0.102) 0.597 (�0.068)
ribose (C2) 0.631 0.584 (�0.047) 0.656 (0.025) 0.661 (0.030)
ribose (G1) 0.625 0.620 (�0.005) 0.608 (�0.017) 0.614 (�0.011)
ribose (G2) 0.629 0.623 (�0.006) 0.642 (0.013) 0.622 (�0.007)
phosphate (L)[c] �0.694 �0.696 (�0.002) �0.718 (�0.024) �0.718 ACHTUNGTRENNUNG(�0.024)
phosphate (R)[c] �0.695 �0.698 (�0.003) �0.694 (0.001) �0.696 (�0.001)
water (U)[d] �0.014 �0.020 (�0.006) �0.053 (�0.039) �0.046 (�0.032)
water (D)[d] �0.018 �0.023 (�0.005) �0.046 (�0.028) �0.033 (�0.015)

[a] NPA charge differences between neutral and anionic species are in parentheses. [b] Anion (V) stands for
the vertical-electron-attached radical anion; Anion1 for [dGpdC]2C

�, and Anion2 for [d ACHTUNGTRENNUNG(G�H)pdC:d-ACHTUNGTRENNUNG(C+H)pdG]C�. [c] Phosphate(L) linked to Ribose(C1) and Ribose(G2); Phosphate(R) linked to Ribose(G1)
and Ribose(C2). [d] Water(U) stands for the four water molecules (W1, W2, W3, and W4) in the major
groove, and Water(D) stands for the four water molecules (W5, W6, W7, and W8) in the minor groove.

Figure 4. The SOMO of vertical-electron-attached [dGpdC]2 in the gas-
phase model and in the PCM model.
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the extra negative charge is located around the phosphate
moieties. The SOMO of the vertical-electron-attached
duplex suggests that these two parts are loosely bound to
the extra negative charge.

Including the polarizable continuum in the NPA analysis
reveals that the interaction between the polarizable medium
and the radical anions has little effect on the charge distri-
bution in the optimized radical anions. However, the solvent
effects significantly increase the negative charge accumula-
tion on the two cytosine bases (0.32 and 0.46 e� of extra
negative charge on C1 and C2, respectively, in the PCM
model) for the vertical-electron-attached duplex [dGpdC]2

octahydrate. Negative charge accumulation on G1 (0.07 e�)
and G2 (0.08 e�) of the vertical-electron-attached [dGpdC]2

in aqueous solution is also revealed by the NPA analysis.
Meanwhile, the loosely held charge around the phosphate
groups in the gas phase is eliminated due to the influence of
the polarizable medium. These changes are demonstrated
clearly in the SOMO of the corresponding vertical-electron-
attached [dGpdC]2 in aqueous solution.

Conclusion

The dinucleoside phosphate deoxyguanylyl-3’,5’-deoxycyti-
dine dimer, [dGpdC]2, is one of the simplest fragments of
the DNA duplex that may be considered representative. Ex-
ploring electron attachment to this foundational section of
DNA helices enables one to approach reliable predictions
of the electron-attracting capabilities of DNA double
strands.

For the first time the minimal skeletal section of DNA
helices, [dGpdC]2, has been constructed, fully optimized,
and analyzed by a quantum mechanical approach at a reli-ACHTUNGTRENNUNGable level of theory (the B3LYP version that reproduces the
experimental EA values for both nucleobases[30,32] and nu-
cleosides[16,28] at a reasonable level of accuracy). The study
of the electron-attached [dGpdC]2 reveals that DNA double
strands are capable of capturing low-energy electrons and
forming electronically stable radical anions. The relatively
large vertical electron affinity (VEA) predicted for
[dGpdC]2 (0.38 eV) and the charge distribution analysis,
along with the molecular orbitals for the vertical-electron-
attached [dGpdC]2 complex, indicate that the cytosine bases
are good electron captors in DNA double strands.

The structure, charge distribution, and molecular orbital
analysis for the fully optimized radical anion [dGpdC]2C

�

suggest that, accompanying geometrical relaxation, the extra
electron tends to redistribute to one of the cytosine base
moieties, in an electronically stable structure (with adiabatic
electron affinity (AEA) 1.14 eV and vertical detachment
energy (VDE) 2.20 eV).

The effects of the polarizable medium have been found to
be important for increasing the electron-capture ability of
the dGpdC dimer. With the PCM model, the ultimate AEA
value of cytosine in DNA duplexes is predicted to be about
2.0 eV in aqueous solution.

The structural features of the optimized radical anion
[dGpdC]2C

� also strongly suggest the possibility of inter-
strand proton transfer. The interstrand proton transfer leads
to a distonic radical anion [d ACHTUNGTRENNUNG(G�H)pdC:d ACHTUNGTRENNUNG(C+H)pdG]C�,
which contains one deprotonated guanine anion and one
protonated cytosine radical. This distonic radical anion is
predicted to be more stable than [dGpdC]2C

� in situations
either with or without the interaction due to the polarizable
continuum. Therefore, experimental evidence for electron
attachment to DNA double helices should be related to [d-ACHTUNGTRENNUNG(G�H)pdC:dACHTUNGTRENNUNG(C+H)pdG]C� complexes, for which the VDE
might be high as 2.7 eV (dry conditions) to 3.3 eV (fully hy-
drated conditions).
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