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Electron Attachment to Hydrated Oligonucleotide Dimers: Guanylyl-3',5'-
Cytidine and Cytidylyl-3',5’-Guanosine

Jiande Gu,*"*! Yaoming Xie,"! and Henry F. Schaefer, ITTI+™!

Abstract: The dinucleoside phosphate
deoxycytidylyl-3',5'-deoxyguanosine

(dCpdG) and deoxyguanylyl-3',5'-de-
oxycytidine (dGpdC) systems are
among the largest to be studied by reli-
able theoretical methods. Exploring
electron attachment to these subunits
of DNA single strands provides signifi-
cant progress toward definitive predic-
tions of the electron affinities of DNA
single strands. The adiabatic electron
affinities of the oligonucleotides are
found to be sequence dependent. De-
oxycytidine (dC) on the 5" end, dCpdG,
has larger adiabatic electron affinity
(AEA, 0.90 eV) than dC on the 3’ end

geometric features, molecular orbital
analyses, and charge distribution stud-
ies for the radical anions of the cyti-
dine-containing oligonucleotides dem-
onstrate that the excess electron in
these anionic systems is dominantly lo-
cated on the cytosine nucleobase
moiety. The m-stacking interaction be-
tween nucleobases G and C seems un-
likely to improve the electron-captur-
ing ability of the oligonucleotide
dimers. The influence of the neighbor-
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ing base on the electron-capturing abil-
ity of cytosine should be attributed to
the intensified proton accepting—donat-
ing interaction between the bases. The
present investigation demonstrates that
the vertical detachment energies
(VDES) of the radical anions of the oli-
gonucleotides dGpdC and dCpdG are
significantly larger than those of the
corresponding  nucleotides.  Conse-
quently, reactions with low activation
barriers, such as those for O—C ¢ bond
and N-glycosidic bond breakage, might
be expected for the radical anions of
the guanosine—cytosine mixed oligonu-
cleotides.

of the oligomer (dGpdC, 0.66 ¢V). The

Introduction

Electron attachment to DNA fragments is one of the most
attractive subjects in both radiation biology" and function-
al nanomaterial science.”*! Knowledge of the distribution of
excess electron sites for DNA strands is crucial for under-
standing important biochemical processes, such as anion-re-
lated DNA damage and repair,">'7 charge transfer,>”715%!
and mutations.*!? Moreover, the electron-accepting abili-
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ty of the different subunits of DNA is one of the keystones
of the creation of DNA-inspired electronically active materi-
als.”!

Direct experimental characterization of electron attach-
ment to DNA strands and DNA fragments may be traced
back to 1990.%! Later experiments suggest that the pyrimi-
dine nucleobases have small electron affinities (EAs),
~0.1 eV for thymine (T), cytosine (C), and uracil (U).*"*!
Negative EA values have been deduced for adenine (A) and
C from gas-phase experiments.”*? Recently, photoelectron
spectroscopy has detected bound anionic states of adenine
and guanine tautomers that have relatively large vertical
electron detachment energies.”>*! The photoelectron spec-
tra of the anionic base pairs of adenine and thymine (AT™)
and 9-methyladenine and 1-methylthymine (mAmT"") yield-
ed vertical detachment energies (VDEs) of 1.7 eV for the
former and 0.7 eV for the latter.** Compared to the reliable
theoretical prediction of the VDE of the canonical form of
radical anion AT~ (0.64 eV),™! the large VDE reported for
AT strongly suggests that this base pair adopts a tautomer-
ic form under the experimental conditions. Electron attach-
ment energies of the radical anions of nucleosides have also
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been determined by Bowen’s group.®®l These experimental
electron affinity values, for thymidine, cytidine, and adeno-
sine, are within 0.2 eV of the previously reported theoretical
predictions.””) However, experiments on the electron-captur-
ing efficiencies of short DNA oligomers provide the only es-
timate of the relative order of the vertical electron attach-
ment energies (VEAs) for DNA single strands.™

Theoretical investigations at various levels of sophistica-
tion have been complemented with experimental explora-
tions. The coupled cluster level of theory with single,
double, and perturbative triple excitations (CCSD(T)) suc-
cessfully elucidated the tautomeric forms of the covalent
bond radical anion of guaninel®™*! and adenine.’” The best
density functional theory (DFT) approaches yield adiabatic
electron affinities (AEAs) of individual nucleic acid bases
that are consistent with the best experiments.*! Step by
step, with the extensively calibrated B3LYP/DZP++ ap-
proach,*’l a trustable data bank of the electron affinities of
the 2'-deoxyribonucleosides (the predicted AEA and VDEs
have recently been confirmed by photoelectron spectroscop-
ic experiments),**%” the nucleotides (3'-dCMP, 3'-dTMP,
5-dCMP, 5-dTMP),*# and the nucleoside-3',5'-diphos-
phates (3,5-dGDP, 3',5-dADP, 3',5-dCDP, and 3',5'-dTDP) !
has been established. Theoretical studies of electron attach-
ment to DNA have been extended to the prediction of the
electron affinities of the hydrogen-bonding paired DNA
subunits, such as nucleobase pairs®*“% (A:T and G:C pair,
first reported by Sevilla’s group®™), the nucleoside pairs
(dA:dT and dG:dC),**** and at least one nucleotide—
nucleobase pair.**! The DFT approach has also been applied
to elucidate the electron-capturing abilities of the A:T pair
and the mA:mT pair in their tautomeric forms by Radisic
et al.” The influence of water microsolvation on the elec-
tron attachment to nucleobases has also been investigated
extensively at different levels of theory.’*®! Recently, the
electron affinities of the thymine-adenine base-pair stacking
between different bases were studied by the “resolution of
identity formulation of MP2” (RI-MP2) approach.” These
investigations suggest that the pyrimidines in DNA frag-
ments have a strong tendency to capture low-energy elec-
trons and to form electronically stable radical anions. Both
the presence of the ribose and phosphate backbones in
DNA strands and water microsolvation greatly increase the
electron affinities of the nucleobases.

Along with the effects of the ribose and phosphate back-
bones in DNA, the influence of the stacked neighboring
bases has been revealed, first by Simons’ group,™ to be an
important factor for the electron-capturing ability of DNA
single strands. As a further step to achieving a realistic de-
scription of the electron attachment to the nucleotide oligo-
mers, dinucleoside phosphate deoxycytidylyl-3',5'-deoxygua-
nosine (dCpdG) and deoxyguanylyl-3’,5'-deoxycytidine
(dGpdC) and the corresponding radical anions ([dCpdG]™~
and [dGpdC]~) have been investigated theoretically in our
laboratories. To include the important effects of water mi-
crosolvation on the electron affinities of the nucleobases,
four water molecules are also appended to each oligonucleo-
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dCpdG

tide dimer. These systems represent the most complete de-
scriptions to date of the minimum length of chain in a single
strand of DNA and are keystones for understanding elec-
tron attachment to single-strand DNA.

Computational Methods

Three functionals, B3LYP">™ BH&H,™ and M05-2X,7> with basis
sets of double-C quality plus polarization and diffuse functions (denoted
DZP++), were used to obtain optimized geometries and to evaluate en-
ergetics and natural charges for the DNA subunits in both neutral and
anionic forms. The DZP++ basis sets were constructed by augmenting
the Huzinaga-Dunning” set of contracted double- gaussian functions.
To complete the DZP++ basis, one even-tempered diffuse s function
was added to each H atom, and sets of even-tempered diffuse s and p
functions were centered on each heavy atom. The even-tempered orbital
exponents were determined according to the prescription of Lee and
Schaefer.® Each adiabatic electron affinity (AEA) was computed as the
difference between the absolute energies of the appropriate neutral and
anionic species at their respective optimized geometries: AEA=
Encuual_Eanion'

Four water molecules are appended to each oligonucleotide dimer in
order to examine the important effects of water microsolvation on the
electron affinities of the nucleobase. Earlier experiments have demon-
strated that the presence of the microsolvation water molecules is able to
transfer the dipole-bound radical anions of nucleobases into covalent rad-
ical anions.””>¥ To further evaluate the electron-capturing abilities of
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DNA single strands in aqueous solu-
tion, a polarizable continuum model
(PCM)"™ with water dielectric con-
stant (¢=78.39) was used to simulate
the solvated environment of an aque-
ous solution. Natural population anal-
yses (NPA) were determined using the
three mentioned functionals and the
DZP++ basis set with the natural
bond orbital (NBO) analysis of Reed
and Weinhold.®*!) The Gaussian03/*?
system of DFT programs was used for
all computations.

Among the three functionals, B3LYP
has a long track record in successfully
reproduced, experimentally consistent,
electron affinities of nucleobases,**!
and has predicted the electron affini-
ties of other DNA subunits, which
have been confirmed by recent experi-
ments.*¥ It is known that conven-

tional DFT methods, such as B3LYP, -

do not provide a correct description of

the interactions resulting from the dis-

persion. Therefore, structures with 2

pure stacked nucleobases do not cor- s 5

respond to the local minima on the po- 1.81 W3 "-..2.80 .-_TG
tential energy surface provided by the 187 *

B3LYP approach. However, owing to
the fact that nucleobases are both
good proton acceptors and donors, the
microsolvating water molecules might
be able to “lock” the bases in the
stacked forms through the formation
of a hydrogen-bonding network with
the bases. On the other hand, the
newly-developed functional MO05-2X
has been tested successfully for sys-
tems with non-covalent weak interac-
tions, including systems with important
contributions  from  dispersion.™"®
Meanwhile, the “old” functional,
BH&H, has also been found to be reasonably good in describing m-stack-
ing systems.® Therefore, these two functionals were also adopted in the
present study. It should be noted that although second-order Mgller-Ples-
set perturbation (MP2) may provide a better theoretical description of
base-stacking interactions, the serious underestimation of the adiabatic
electron affinities of the nucleobases® ! make it impractical for electron
attachment studies of systems such as oligonucleotide dimers.

dGpdC

Results and Discussion
Geometries:

Base-base stacking: The fully optimized geometries of the
neutral and anionic tetrahydrated dinucleoside phosphates
are depicted in Figures 1 and 2, and the corresponding geo-
metric parameters of the base-stacking are listed in Table 1.
Taking the dispersion interaction into account, the M05-2X
and the BH&H approaches yield very similar stacking pa-
rameters for the optimized structures of the complexes. It is
interesting to mention that although the B3LYP approach is
not able to describe the dispersion interactions between the
nucleobases, it predicts hydrogen-bonding parameters quite
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Figure 1. Optimized geometrical structures for the neutral molecules and radical anions of the water microsol-
vated dGpdC. Bond lengths are in A. Color representations: orange for P, gray for C, red for O, blue for N,
and white for H. The thin lines represent the riboses, the phosphates, and the hydration water molecules.
Bond lengths in plain: B3LYP; in bold: M05-2X; in italics: BH&H. The yellow arrow represents the normal
vector (z¢) of the plane defined by NIN3CS5 of C, and the orange arrow represents the vector (z) of the plane
defined by NIN3CS5 of G.

close to those deduced by the M05-2X functional. On the
other hand, the hydrogen-bond lengths resulting from the
BH&H method are systematically about 0.1 to 0.2 A shorter
than those from the B3LYP and MO05-2X approaches. The
following discussion will be based on the M05-2X results,
and the BH&H values will be listed in parentheses.

In its neutral form, guanine stacks over cytosine with a
base-base angle (0, see Figure 1 and Table 1) of 10.9° in the
dGpdC system (with both M05-2X and BH&H approaches).
The base-base distance (the distance between the center of
cytosine and the plane of guanine (R)) is 3.36 A with the
MO05-2X method, and 3.21 A with the BH&H method for
this complex. In parallel, the base-base angle is 22.5° (22.3°)
and the base-base distance is 3.53 A (3.42 A) for dCpdG
(Figure 2 and Table 1). These base-base distances accord
well with those found in DNA and RNA structures
(~3.4 A®")). Electron attachment to the dinucleoside phos-
phates significantly increases the base-base angle to 29.7°
(29.6°) for [dGpdC]~ and 25.9° (25.1°) for [dCpdG]~. Mean-
while, an excess electron residing on dGpdC and dCpdG
barely influences the base-base distance: R is 3.35 A
(3.16 A) for the former and 3.48 A (3.42 A) for the latter.
These variations strongly suggest that electron attachment
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dCpdG

Figure 2. Optimized geometrical structures for the neutral molecules and radical anions of the water microsol-
vated dCpdG. Bond lengths are in A. Color representations: orange for P, gray for C, red for O, blue for N,
and white for H. The thin lines represent the riboses, the phosphates, and the hydration water molecules.
Bond lengths in plain: B3LYP; in bold: M05-2X; in italics: BH&H. The yellow arrow represents the normal
vector (z¢) of the plane defined by N3N1CS5 of C, and the orange arrow represents the vector (z) of the plane

defined by N3N1C5 of G.

Table 1. Geometric parameters of the stacked bases in the oligomers.

Functional dGpdC [dGpdC]~ dCpdG [dCpdG] ™~
o1 B3LYP 6.4 432 14.6 329
BH&H 10.9 29.6 223 25.1
MO05-2X 10.9 29.7 22.5 25.9
R B3LYP 4.10 3.65 4.24 3.93
BH&H 321 3.16 3.42 3.42
MO05-2X 3.36 335 3.53 3.48

[a] 6 [°] is the angle between the normal vector (zg) of the plane defined
by NIN3C5 of G and the vector (z¢) of the plane defined by N1N3CS5 of
C in dGpdC and [dGpdC]. These two planes are defined by N3N1C5 of
G and C in dCpdG and [dCpdG]~. R [A] is the distance between the
geometric center of NIN3C5 of C (Oc) and the plane of G.

to nucleic acid oligomers might slightly disrupt the =
stacking between the nucleobases. However, the electron
attachment to dGpdC and dCpdG does reinforce the
inter-base proton accepting-donating interactions. The
H(N2(C))-~02(G) atomic distance decreases from 2.80 A
(2.70 A) in dGpdC to 2.13 A (2.04 A) for [dGpdC]~. Simi-
larly, The N4(C))--H(N2(G)) atomic distance of 2.52 A
(235A) in dGpdC is reduced to 2.10A (1.99 A) in
[dCpdG].

Due to their inability to describe the dispersion interac-
tions, conventional density functional methods such as
B3LYP are widely thought to be incapable of properly pre-
dicting stacking geometric features. However, the stable
structures of the stacked bases predicted by the B3LYP ap-
proach in the present DFT study suggest that the hydrogen-
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bonding network, through the
microsolvating water molecules
linking the neighboring bases,
may be an important factor in
the stabilization of the stacked
bases. Relatively large base—
base distances (m4A for the
neutral species) are partly due
to the slight base-base repulsion
by the B3LYP approach. It
should be noted that the base—
base angle is greatly increased
(up to 40°) in the radical anions
of dGpdC and dCpdG, as pre-
dicted at the B3LYP/DZP++
level of theory. The reduced
base—base distance (3.65 A for
dGpdC and 3.93 A for dCpdG)
for these two radical anions
should not be interpreted as an
increasing of the m stacking be-
tween the nucleobases; rather,
it is a consequence of the
enhancement of the inter-
base proton accepting—donat-
ing interactions. This is clear
from the greatly reduced
H(N2(C))--02(G) atomic dis-
tance in [dGpdC]~ (3.90 vs.
1.99 A) and the significantly shortened N4(C))--H(N2(G))
atomic distance (3.85 vs. 2.06 A) in [dCpdG].

Hydration pattern: Two water molecules (W1 and W2) form
a hydrogen-bonding network bridging N7 and O6 of guanine
and H(N4) of cytosine in dGpdC (in which W1 donates pro-
tons to N7 and O6 of G, and accepts one proton from W2,
and W2 accepts one proton H(N4) from cytosine to form
the hydrogen-bonding network). Acting both as proton
donor and acceptor, another water dimer (W3 and W4)
bonds to H(N2) of guanine and O2 of cytosine through hy-
drogen bonding. These hydration patterns are essentially un-
affected by the electron attachment to the dinucleoside
phosphate. However, with the presence of the excess elec-
tron on the nucleotide dimer, the proton-accepting ability of
the nucleobases increases significantly. At the M05-2X level
of theory, the hydrogen-bond lengths of H(W4)---O2(C) and
H(W1)--06(G) reduce from 1.74 and 1.97 A in dGpdC to
1.57 and 1.87 A in [dGpdC]™, respectively. Meanwhile, the
electron attachment to the nucleobases decreases their
proton  donating  ability. ~The  hydrogen  bonds
H(N4(C))~O(W2) of 1.82A and H(N2(G))--O(W3) of
1.87 A in the neutral complex elongate to 2.14 and 2.02 A,
respectively, in the corresponding radical anion.

The hydrogen-bonding network in dCpdG consists of a
water dimer (W1 and W2) linking to O6 of G and H(N4) of
C, and the other water dimer (W3 and W4) bridging H(N2)
of G and O2 of C. Both water dimers act as proton donors

Chem. Eur. J. 2010, 16, 5089 —5096
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and acceptors here. Similar to dGpdC, electron attachment
to dCpdG alters the proton accepting and donating abilities.
The enhancement of proton-accepting ability is revealed by
the shortened hydrogen bond H(W4)--O2(C) in [dCpdG]~
(the distance is 1.72 A, whereas it is 1.83 A in dCpdG). The
weakened proton-donating ability of the radical anion of di-
nucleoside phosphate is signified by the elongated hydrogen
bonds H(N2(G))--O(W3) (1.95 A in [dCpdG]~ vs. 1.83 A in
dCpdG) and H(N4(C))--O(W2) (214 A in [dCpdG]~ vs.
1.94 A in dCpdG).

It should be noted that the influences of electron attach-
ment to the dinucleoside phosphates on the variations of hy-
drogen-bond lengths are more pronounced for the cytosine-
related hydrogen bonds than for guanine. This difference in-
dicates that cytosine should be the main host of the excess
electron in the radical anions of dGpdC and dCpdG.

Electron affinities: The positive electron affinities (Table 2)
of the model systems suggest that both dGpdC and dCpdG
have strong tendencies to capture excess electrons and to
form electronically stable radical anions.

At the B3LYP/DZP++ level of theory, the adiabatic
electron affinities of the microsolvated dGpdC and dCpdG
are predicted to be 0.66 and 0.90 eV, respectively. The nota-
ble AEA difference between 3'-dCMP and 5'-dCMP (0.33
vs. 0.20 e V)41 is enlarged for dCpdG and dGpdC (0.90 vs.
0.66 eV). Compared to the 5-phosphated nucleotide
5'-dCMP (AEA =0.20 eV), the presence of the neighbor-
ing guanosine and water microsolvation increase the AEA
by 0.46 eV in dGpdC. Similarly, this increase is 0.57 eV for
dCpdG (0.90 vs. 0.33 eV for 3'-dCMP™). It should be noted
that only two water molecules are directly attached to each
of the base moieties of the oligonucleotide dimers and the

Table 2. Electron affinities of nucleic acid bases, nucleosides, nucleotides, and oligonucleotides [in eV]. The
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cytosine in these systems. In that sense, the latter systems
may be viewed as principally dihydrated. Note that the larg-
est AEA increase due to the dihydration of cytosine is
0.50 eV.*! The influence of the neighboring guanosine is ex-
pected to improve the electron-capturing ability of cytosine
by about 0.07 eV at most.

Taking the dispersion interaction into account, the M05-
2X functional predicts the AEAs of C (—0.11 eV), dGpdC
(0.64 eV), and dCpdG (0.90 eV) very close to those yielded
by the B3LYP approach. In comparison, the BH&H func-
tional systematically underestimates the electron affinities
of these complexes by about 03eV (—041eV for C,
0.32 eV for dGpdC, and 0.62 eV for dCpdG). Three differ-
ent functionals, with or without considering the dispersion
interaction, all yield similar AEA increases from nucleobase
(O) to nucleotide dimers (dGpdC and dCpdG): 0.75 eV by
MO05-2X, 0.73eV by BH&H, and 0.75eV by B3LYP for
dGpdC; 1.01eV by MO05-2X, 092eV by BH&H, and
0.99 eV by B3LYP for dCpdG. Therefore, the n-stacking in-
teraction between nucleobases G and C seems unlikely to
improve the electron-capturing ability of the oligonucleotide
dimers. The influence of the neighboring base on the elec-
tron-capturing ability of cytosine should be attributed to the
intensified proton accepting—donating interaction between
the bases, as revealed in the discussion of the geometries
above.

The influence of the existence of the neighboring guano-
sine nucleotide on the electron affinity of cytidine is obvi-
ously different. Whereas the guanosine nucleotide on the 5
position of cytidine (dGpdC) increases the AEA of dC to
0.66 eV, the guanosine nucleotide on the 3’ position of dC
(dCpdQG) raises the AEA up to 0.90 eV.

To explore the electron-capturing behavior of DNA single
strands at the nascent stage of
electron attachment, it is impor-
tant to estimate the VEAs. The

notation Cnw (n=1 to 5) describes the cytosine anion microsolvated with n water molecules. Results obtained

with the B3LYP functional: plain print; M05-2X: bold; BH&H: italics.

near zero VEAs predicted for

the microsolvated oligonucleo-

Process AEA VEAR VDE . .
dGpdC—[dGpdC]~ 0.66, 0.64, 0.32 0.25, —0.11, —0.26 1.42, 1.50, 1.20 tide dimers (0.25 eV’ for dGpdC
pdC— p .66, 0.64, 0.5 .25, —0.11, —0. 42, 1.50, 1.
dCpdG —[dCpdG]’ 0.90, 0.90, 0.62 0.16, —0.17, —0.37 164,161, 7.3 and 0.16eV for dCpdG by the
3',5"-dGDP—[3,5-dGDP]~ 0.24¢! 0.14[ 03211 B3LYP functional, —0.11 eV for
3',5'-dCDP —[3',5'-dCDP]"~ 0.27 0.03! 0.711 dGpdC and -0.17eV for
3-dCMP —[3'-dCMP]' 03314 0.151 1.281 dCpdG by the M05-2X func-
5'-dCMP —[5-dCMP] "~ 0.201! —0.11 0.851! tional. and —026eV  for
dG:dC—dG:dC~ 0.83!" 0.16!" ’ :
G:C—G:C 0.60(e 0.03lel dedC and —-037eV for
dG—dG™ 0.01M 0.05M! dCpdG by the BH&H function-
dC—dC~ 021?;] —0.09™ 0.72" al) in the present investigation
GHGk —0.14% . . indicate that the cytosine- and
Cc—C —0.09,1 —0.11,0! —0.470! . ich leotid i
Clw—[Clw]~ 0.16, 0.07-0.18™ 0.15-0.931 guanine-rich nucleotide oligo-
C2w—[C2w]~ 0.29, 0.03-0.41™ 0.22-1.21 mers are reasonable electron
C3w—[C3w]~ 0.39, 0.08-0.49™ 0.19-1.541 captors for low-energy elec-
Céw—[Céw]~ 0.41, 0.17-0.50 0.39-1.681" trons. In comparison, relatively
C5w—[C5w]~ 0.44, 0.12-0.46! 0.41-1.65M

small VEA values have been

[a] VEA=F yra—Eaion; the energies are evaluated using the optimized neutral structures. [b] VDE=
E.cura— Eanion; the energies are evaluated using the optimized anion structures. [c] Reference [48]. [d] Referen-
ces [44,45],in which 3-dCMP was labeled as 3'-dCMPH. [e] Reference [43], in which 5-dCMP was labeled as
5-dCMPH. [f] Reference [54]. [g] Reference [52]. [h] Reference [37]. [i] Reference [39]. [j] This research.

[k] Reference [69].
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estimated by the B3LYP ap-
proach for 3,5'-dCDP
(0.03eV), 3-dCMP (0.15eV),
and 5-dCMP (-0.11eV). The
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notable increase in the VEAs of the microsolvated oligonu-
cleotide dimers suggests that the existence of the neighbor-
ing guanosine and water microsolvation improve the effec-
tive electron-capturing abilities for cytosine-derived DNA
single strands.

The vertical detachment energies (VDE) are the energetic
properties most readily observed by the critically important
anion photodetachment experiments.”**! The VDEs of
the radical anions of the oligonucleotides dGpdC and
dCpdG have been predicted here in order to evaluate their
electronic stability. The VDEs are found to be 1.42 eV for
[dGpdC]~ and 1.64 eV for [dCpdG]™, significantly larger
than those for the corresponding nucleotides (0.85¢eV for
[5-dCMP]~ and 1.28 eV for [3-dCMP]"). Because these
VDE values are far larger than that of guanosine diphos-
phate (0.32 eV), the excess electron is expected to be locat-
ed mainly on the cytosine moiety in [dGpdC]~ and
[dCpdG]~. These large VDEs also ensure that reactions
with activation barriers lower than 1.4 eV (~35 kcalmol ™),
such as those for O—C o bonds***! and N-glycosidic bond
breakage,[‘”] are able to occur without electron detachment
for the radical anions of the oligonucleotide.

Molecular orbital and charge distribution analysis: Examina-
tion of the molecular orbital occupied by each unpaired
electron provides a direct electronic-structure-based ration-
ale for the electron-attracting
capabilities of the oligonucleo-
tides. Plots of the singly-occu-

SOMO of [dGpdC]"

Q

\ A9
) 8

o -

‘@

SOMO of [dCpdG]™

Figure 3. Plots of the singly-occupied molecular orbitals (SOMOs) of the
radical anions of dGpdC and dCpdG.

Table 3. NPA charge distributions of the neutral molecules and radical anions for the dinucleoside phosphates
[in a.u.]. Results obtained here with the B3LYP functional: plain print; M05-2X: bold; BH&H: italics.

pied molecular orbitals

(SOMOs) for the radical anions ~Component Neutral Anion A
of dGpdC and dCpdG are dCpdG
shown in Figure 3. The most G —0.24, —0.24, —0.25 -0.27, —0.26, —0.28 —0.03, —0.02, —0.03
. C —-0.26, —0.27, —0.27 —1.04, —1.09, —1.07 —0.78, —0.82, —0.80
striking feature revealed by the  poce(G) 0.66, 0.68, 0.68 0.64, 0.66, 0.66 ~0.02, —0.02, —0.02
SOMOs of these two dinucleo- ribose(C) 0.64, 0.65, 0.65 0.57, 0.60, 0.59 —0.07, —0.05, —0.06
side phosphate molecules is phosphate -0.76, —0.77, —0.77 —0.79, —0.80, —0.79 —0.03, —0.03, —0.02
that the excess electron density water —0.04, —0.05, —0.05 -0.11, —0.11, —0.12 -0.07, —0.06, —0.07
dGpdC

resides essentially on the cyto- 5
sine base moiety. C

—0.25, —0.26, —0.25
—0.28, —0.28, —0.28

—0.30, —0.30, —0.31
—1.03, -1.07, —1.05

—0.05, —0.04, —0.06
-0.75, -0.79, —0.77

The location of the negative ribose(G) 0.64, 0.66, 0.66 0.64, 0.66, 0.64 0.00, 0.00, —0.02
charge on the constituent parts ribose(C) 0.65, 0.66, 0.66 0.55, 0.58, 0.59 —0.10, —0.08, —0.07
of the nucleoside pair also pro- phosphate —0.76, —0.77, —0.76 —0.77, —0.78, —0.77 —0.01, —0.01, —0.01

water 0.00, 0.00, —0.01 —0.09, —0.09, —0.10 —0.09, —0.09, —0.09

vides some insight into the
overall electronic effect of the
charge. Table 3 summarizes the
charge distributions among the
bases, ribose, and phosphates for both the neutral and
anionic complexes. The analysis of the NPA charge differen-
ces between the neutral and anionic oligonucleotides sup-
ports the conclusion that the excess electron mainly resides
on the cytosine nucleobase moiety in the oligonucleotide
radical anions. The NPA charge differences suggest that
there is 0.75 to 0.78 a.u. of “negative charge” located on the
cytosine, and approximately 0.07 to 0.10 a.u. on the ribose of
the cytosine in both dGpdC and dCpdG. It is important to
note that about 0.1 a.u. of negative charge is located on the
hydration water molecules. The distribution of the “last”
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[a] NPA charge difference between analogous neutral and anionic species.

electron amongst the constituent parts seems directly corre-
lated with the geometric features discussed above.

Effects of solvation: Analogous to the pyrimidine mono-
phosphates and diphosphates, interaction with water greatly
improves the electron-capturing abilities of DNA single
strands.[7-#4-4648 Note that when we speak of the “electron
affinity” of a solvated molecule M, the physical situation de-
scribed is a microsolvated M(H,0O), system, in which the
water molecules uniformly enclose M, and n becomes arbi-
trarily large. Meanwhile, there is no proton exchange be-
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tween M and the solvent. In this sense, the “AEA” values
are 1.49-1.77 eV for dGpdC and 1.86-2.19 ¢V for dCpdG
(with the three functionals used in this investigation) in
aqueous solution (see Table 4). Compared to the microsol-

Table 4. “Electron affinities” of nucleotides [in eV] in aqueous solution.
Results obtained here with the B3LYP functional: plain print; M05-2X:
bold; BH&H: italics.

Process AEA [eV] VDE [eV]
dGpdC—[dGpdC]~ 1.65,1.77, 1.49 2.58,2.74, 2.50
dCpdG —[dCpdG]~ 1.91, 2.19, 1.86 2.74,2.84, 2.58
3',5'-dCDP —[3',5'-dCDP] ™~ 1990

5-dCMP —[5'-dCMP]~ 1.89

3-dCMP —[3-dCMP] ™~ 2.18L

[a] Reference [48]. [b] Reference [43]. [c] References [44,45].

vated oligonucleotides, the increases of the AEA in aqueous
solution amount to about 1.0-1.3 eV for both dGpdC and
dCpdG. Another effect of the solvation is the increasing
electronic stability of the radical anions. The VDEs of
[dGpdC]~ and [dCpdG]~ rise up to 2.5-2.7 ¢V in the PCM
model. These increases clearly demonstrate that microsolva-
tion with water molecular numbers up to four is still not
enough to describe the effects of full solvation on the AEA
of DNA single strands.

Conclusions

Dinucleoside phosphate deoxycytidylyl-3',5'-deoxyguanosine
(dCpdG) and deoxyguanylyl-3’,5'-dexoycytidine (dGpdC)
systems are among the minimal length DNA single strands
that might be considered representative. Exploring electron
attachment to these subunits of DNA single strands brings
us significantly closer to reliable predictions for the electron
affinities of DNA single strands.

DNA single strands have a strong tendency to host low-
energy electrons and to form electronically stable radical
anions. The VEAs predicted for dGpdC (—0.26 to 0.25eV)
and dCpdG (—0.37 to 0.16 eV) in this investigation indicate
that guanine—cytosine mixed DNA single strands have the
ability to capture low-energy electrons. A substantial in-
crease in the AEA is predicted as compared to that of the
corresponding nucleoside and nucleotide. The adiabatic
electron affinities of the oligonucleotides are sequence de-
pendent. Deoxycytidine on the 5 end, dCpdG, has a larger
AEA (0.90eV) than dC on the 3’ end of the oligomer
(dGpdC, 0.66 eV). The effects of the neighboring base and
water microsolvation in stabilizing the radical anions of the
DNA components are crucial.

The geometric features, molecular orbital analyses, and
charge distribution studies for the radical anions of the cyti-
dine-containing oligonucleotides demonstrate that the
excess electron in these anionic systems is located on the cy-
tosine nucleobase moiety (around 80%). About 7% of the
negative charge is found to be located near the hydration
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water molecules in these microsolvated systems. The phos-
phate group for the oligonucleotides seems unlikely to host
the excess electron.

Full aqueous solution dramatically increases the electron-
capturing ability of the water-microsolvated oligonucleo-
tides, by up to 1eV, suggesting that microsolvation with
water molecular numbers up to four is not enough to de-
scribe the effects of full solvation on the AEA of DNA
single strands. This research also reveals that the hydrogen-
bonding network through the microsolvating water mole-
cules linking to the neighboring bases might be an important
factor in the stabilization of the stacked bases.

Forming base-centered radical anions in DNA single
strands might represent one of the pathways leading to
either N—C glycosidic bond rupture or C-O o-bond break-
age. The present investigation demonstrates that the VDEs
of the radical anions of the oligonucleotides dGpdC and
dCpdG are significantly larger than those of the correspond-
ing nucleotides. Consequently, reactions with low activation
barriers, such as those for O3'—C3’' ¢ bond,*! O5—C5 o
bond,”! and N-glycosidic bond breakage,*”! might be ex-
pected for the radical anions of the guanosine-cytosine
mixed oligonucleotides.
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