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Introduction

The attachment of low-energy electrons (LEEs) to DNA
has been addressed as a major cause of cellular damage.[1,2]

The lesion reactions involve sugar phosphate C3’�O(P) and
N1-glycosidic bond ruptures as well as loss of H atoms, the
mechanisms of which have been proposed through recent
experiments[3–17] and theoretical calculations.[18–33]

The mechanism of C3’�O(P) bond rupture (Scheme 1) in
neutral 5’-dTMP (dTMP =deoxythymidine monophosphate)
and 5’-dCMP (dCMP=deoxypcytidine monophosphate)
models of DNA was suggested by Simons and co-work-
ers[18–23] to proceed through the formation of a shape-reso-

nance state—the LEE is captured in a p* orbital of a DNA
base from which the rupture proceeds on the adiabatic sur-
face. This is consistent with recent experimental results by
Sanche and co-workers.[8] The sugar–phosphate–sugar
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Scheme 1. The mechanism of C3’�O(P) bond rupture in neutral 5’-dTMP
and 5’-dCMP models of DNA.
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system was also studied by Sevilla and co-workers[24] in
which a dipole-bound LEE was attached to the model fol-
lowed by a change to a valence-bound state in the transition
structure. The barriers obtained for the sugar–phosphate
bond cleavage processes were approximately 10 kcal mol�1.
Gu and co-workers[25–29] also calculated the barrier height of
C3’�O(P) bond rupture by using a calibrated B3 LYP/
DZP ++ theory. In their calculations, the LEE was initially
attached to a p* orbital of a pyrimidine base and transferred
to the C3’�O(P) s bond at the transition state. Recent ex-
perimental findings by Konig et al.,[15] however, could not
reproduce the results from Gu and co-workersK calculations
and Sanche and co-workersK experiments, but showed that
the mechanism of C3’�O (P) bond rupture is caused by the
electrons that become attached directly to the phosphate
group. Even more recently, Kumar and Sevilla[33] predicted
the interaction of a LEE with 5’-dTMP at the B3 LYP/6–
31++ G** level. The adiabatic and vertical anionic surfaces
for C5’�O(P) bond rupture were calculated to have approxi-
mately the same barrier. Furthermore, the calculations sup-
ported the hypothesis of a transiently bound electron to a
virtual orbital, which is likely to be crucial for C5’�O(P)
bond rupture without significant molecular relaxation.

N1-glycosidic bond rupture (Scheme 1) of thymidine has
been the focus in recent research by Sanche and co-work-
ers[6] who showed that the LEE efficiently breaks the N-gly-
cosidic bond of thymidine. The barriers in pyrimidine nu-
cleosides (dT and dC) were estimated to be 17.6 and
20.4 kcal mol�1,[25] respectively, which are dramatically
higher than that of C3’�O(P) rupture. As a result, the C3’�
O(P) bond rupture was regarded as the main damage site,
leading to DNA strand break.

As discussed above, only LEE-induced DNA strand
breakage in neutral pyrimidines have been calculated as the
neutral species possess positive electron affinities and pyri-
midine bases can capture an excess electron to form a stable
anionic state. When a partially negative phosphate group
and the reduced nucleotide are present simultaneously in
DNA, electron transfer can occur and may also be influ-
enced by the local degree of hydration. As RNA has almost
the same chemical functional groups and structure as single-
stranded DNA, a rational deduction can be made that LEE
should also lead to RNA strand breakage. RNA carries a
C2’�OH group close to the 3’-phosphate, whose importance
has been recognized in RNA catalytic mechanisms.[34] How-
ever, the details of the LEE-damaged RNA are still not
clear, especially the effects of the C2’�OH group and the
charge state of the phosphate group on lesion formation,
which are still to be elucidated. Herein, we attempt to ad-
dress some of these issues. Two models, 3’-UMP (U) and the
protonated form 3’-UMPH (UH ; UMP= uridine monophos-
phate) and their electron adducts (CU and CUH) are studied
by theoretically assuming an adiabatic approximation (see
Scheme 1). We can further assume that the models should
have similar structures and properties as 3’-dTMP and its
neutral (protonated) species. Atomic labeling of the models
used in this work is given in Scheme 1.

Methodology

The geometries of 3’UMP, 3’UMPH, and their electron ad-
ducts were optimized at the hybrid density functional theory
level B3 LYP[35,36] in conjunction with the 6-31 +GACHTUNGTRENNUNG(d,p) basis
set. Frequency calculations were also performed to confirm
the correct nature of the stationary points and to extract the
zero-point vibrational effects (ZPE) and estimates of the
free energy at 298 K. For the glycosidic bond rupture pro-
cesses, the potential-energy surfaces (PES) were scanned
from the initial electron adducts by varying the N1�C1’ dis-
tance by using a step length of 0.1 N and optimizing the re-
maining coordinates. The same procedure was used to deter-
mine the PES of C3’�O(P) bond dissociation of the electron
adducts by scanning C3’�O(P) distance. The Mulliken
charges and unpaired spin densities were determined
throughout the dissociation processes. The structures at the
highest energy points along the scanned PESs were used as
the input for full transition-state optimizations, from which
intrinsic reaction coordinate calculations were performed to
verify that the TSs were connected to the correct reactants
and products. Bulk solvation effects were considered by
using the integral electron formalism of the polarized con-
tinuum model (IEF-PCM)[37] with a dielectric constant of
78.4. All calculations were carried out by using the Gaussi-
an 03 package.[38] To verify the trends, single-point calcula-
tions were also performed at the B3 LYP/DZP ++ level.

Results and Discussion

Structures of neutral and reduced 3’UMP and 3’UMPH : Ge-
ometries of the 3’UMP (U) and 3’UMPH (UH) electron ad-
ducts (labeled CU and CUH, respectively) were optimized at
the B3 LYP/6-31+ GACHTUNGTRENNUNG(d,p) level. The geometries of the corre-
sponding parent molecules U and UH were also optimized
at the same level of theory. Figure 1 illustrates the distances
between the atoms of interest in the initial complexes, the
transition structures, and the final structures in the bond-
breaking processes studied.

In U, the C5�C6, N1�C1’, and C3’�O(P) bond lengths are
1.355, 1.466, and 1.417 N, respectively. When an excess elec-
tron is added, the C5�C6 bond length is extended to
1.424 N, which is intermediate between C�C single- and
double-bond lengths. The C3’�O(P) distance is slightly elon-
gated, around 0.02 N, and the N1�C1’ distance is essentially
unchanged by the electron addition. O2’�H2’···O(P) hydro-
gen bonding is present with a distance of 1.934 N in U,
which is slightly extended compared with the distance of
2.106 N in CU. In addition, owing to the interaction of the
excess electron with uracil, the C6 site becomes pyramidal,
as seen through the angles C5-C6-N1 + C5-C6-H6 + H6-
C6-N1 =349.08. The O5’�H5’···C6 distance becomes 2.189 N,
which is characteristic of a s-type hydrogen bonding.

For UH, in which the phosphate group is neutralized by
two hydrogen atoms, the C5�C6, N1�C1’ bond lengths are
almost identical to those of U. The C3’�O(P) bond length,
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however, is increased by approximately 0.04 N. The O2’�
H2’···O(P) distance is elongated to 2.263 N, showing that the
basicity of O(P) is lowered. In CUH, the C5�C6 bond length
increases to 1.426 N, which is almost equal to the one in CU.
The bond lengths of N1�C1’ and C3’�O(P) in UH are larger
than those in CU by 0.01 N and 0.03 N, respectively. Interest-
ingly, O2’�H2’···O2 hydrogen bonding is observed in UH (as
opposed to CU), which implies that the basicity of O(P) is
lowered further and that of O2 is raised owing to electron
addition in UH. The pyramidal C6 site is also observed in
CUH.

The singly occupied molecular orbitals (SOMO) and
lowest unoccupied molecular orbitals (LUMO) of the radi-
cal systems are displayed in Figure 2. For CU and CUH, the

SOMOs are exclusively populated on the uracil base, which
results in the higher electronegativity on the base. Thus, the
strength and connectivity of the hydrogen bond involving
O2’�H2’ varies with the protonation state of the phosphate
group and the electron addition. In contrast, the shape of
the LUMOs of CU and CUH is significantly different as it is
not localized on the uracil base of CU, but on the phosphate
group of CUH.

During the glycosidic bond-breaking process, the C3’�
O(P) bond length remains unchanged compared with the in-
itial electron adduct. At the transition state (UTS-CN), the
pyramidality at the C6 site is reduced and the C5�C6 dis-
tance becomes 1.410 N. An OH···p interaction is formed
with the O5’�H5’ distances to C5 and C6 being 2.438 and

Figure 1. Selected geometrical parameters (B3 LYP/6-31 +G ACHTUNGTRENNUNG(d,p) level) of the stationary structures along the N1-glycosidic and C3’�O(P) bond rupture
reactions of a) CU and b) CUH.
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2.283 N, respectively. This is quite different from the results
by Gu and co-workers,[25] which show a close distance be-
tween O5’–H5’ and N1 in deoxythymine (dT) and deoxycy-
tosine (dC). At the same time, the O2’�H2’···O(P) hydrogen
bond is contracted to 1.958 N. The N1···C1’ distance is
1.949 N and the related imaginary frequency is 512i cm�1,
which describes the N1�C1’ bond breakage. For UHTS-CN
(see Figure 1 b), similar changes are also observed. The
N1···C1’ distance is 1.891 N and its corresponding imaginary
frequency is 521i cm�1. In addition, the O2’�H2’···O(P) hy-
drogen bonding is reformed with a distance of 2.203 N. For
the final products, the relative orientation of the two sepa-
rate fragments—uracil base and ribose + phosphate
group—change dramatically compared with the initial elec-
tron adducts and are connected through N1···H5’ hydrogen
bonds with distances of 1.831 N in UP-CN and 1.680 N in
UHP-CN. The O2’�H2’···O(P) distance is 1.944 N in UP-CN
and hence weakened, whereas in UHP-CN, a O2’···HO(P)
hydrogen bond is formed with a distance of 1.720 N.

The alternative competing process—C3’�O(P) bond rup-
ture—has been explored at the same level of theory. For the
UTS-CO state, the C5�C6 and N1�C1’ distances approach
the corresponding values found in U and the interaction be-
tween O5’H5’ and the uracil base disappears. The C3’···O(P)
distance is 2.156 N, which is considerably longer than the
value in UHTS-CO (1.692 N). The imaginary frequencies
345i cm�1 in UTS-CO and 818i cm�1 in UHTS-CO both cor-
respond to C3’�O(P) bond ruptures. The neighboring O2’�
H2’ starts forming hydrogen bonds with the leaving phos-
phate group in the transition states, with distances 1.664 N

in UTS-CO and 2.052 N in UHTS-CO. In the corresponding
products, H2’ displays a completely different behavior. In
UP-CO, H2’ is transferred without any barrier to O from
the phosphate group (see the Supporting Information), and
the H2’···O2’ distance is 1.745 N. In UHP-CO, on the other
hand, H2’ remains bound to O2’ and hydrogen bonds to
O(P) with a distance of 1.670 N are formed.

Energetic profiles of glycosidic and C3’�O(P) bond rup-
tures: Electron affinities : The electron affinities of 3’UMP
and 3’UMPH are presented in Table 1. In the gas phase, U

becomes unstable when it captures an excess electron, show-
ing that it is an endothermic process. The vertical and adia-
batic electron affinities (VEA and AEA) of U are �2.26
and �1.77 eV with ZPE correction, respectively. The verti-
cal detachment energy (VDE) is calculated to �0.69 eV,
showing that the adiabatic dianion is unstable in the gas
phase. They do, however, become positive under the influ-
ence of bulk solvation, indicating that the electron adduct is
stabilized in polar solution. UH, on the other hand, can cap-
ture an excess electron exothermically with the correspond-
ing gas phase VEA and AEA being positive (+0.14 eV and
+0.62 eV, respectively). The VDE is, as expected, also posi-
tive (+ 1.72 eV), indicating that the anion radical can be
stable in the gas phase. The values are comparable with
those for 3’-dTMPH (0.26 eV (VEA), 0.56 eV (AEA), and
1.53 eV (VDE)), which were obtained at the B3 LYP/DZP +

+ level,[25] and 5’-dTMPH (0.40 eV (AEA) and 0.97 eV
(VDE)), which were predicted at the B3 LYP/6–31++G-
ACHTUNGTRENNUNG(d,p) level.[33] Bulk solvation increases the above values of
CUH such that the VDE is 3.12 eV in aqueous solution,
which is comparable with the value of 3.04 eV found for of
CU under the same conditions. Thus the negative charge on
the phosphate group appears not to be a barrier to attach-
ment of an excess electron within the bulk solvation approx-
imation. The added electron is entirely localized on the
uracil base in CU (see Figure 2), which helps to stabilize the
negatively charged centers by the solvation.

N1-glycosidic bond rupture : The stabilities of N1-glycosidic
bonds in the electron adducts of 3’-UMP and 3’-UMPH are

Figure 2. SOMO and LUMO populations of CU (top row) and CUH
(bottom row).

Table 1. Vertical (VEA), adiabatic (AA) electron affinities, and vertical
(VDE)[a] detachment energies (eV) of 3’UMP and 3’UMPH in the gas
phase and bulk solvation (e =78.4).

VEA[b] AEA[c] VDE[b]

CU �1.77
�2.26 �1.88 �0.69

1.68[d] 2.06 3.04
CUH 0.71

0.14 0.62 (0.18)[e] 1.72
1.65[d] 2.09 3.12

[a] The definitions of VEA, AEA, and VDE are as in reference [39].
[b] No ZPE value included. [c] ZPE values are included. [d] In bulk sol-
vation. [e] The AEA value in reference [40].
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presented in Table 2 and Figure 3. The barrier heights of gly-
cosidic bond breakage in CU are 23.0 and 21.0 kcal mol�1

with ZPE correction. The current results are similar to the
values 18.9 kcal mol�1 for dT and 21.6 kcal mol�1 for dC,

which were reported by Gu et al.[25] in which the effects of a
negative charge on the phosphate was not considered. To
explore the role of the C2’-OH group, the mutant in which
C2’-OH is replaced by H in CU was also optimized. The bar-
rier height found is slightly reduced, yet it is still comparable
with the parent system. Including bulk solvation effects in
the parent system leads to a barrier of 19.1 kcal mol�1 in-
cluding ZPE correction. The corresponding activation free-
energy change at 298 K is 20.1 kcal mol�1. The reaction
energy is �17.5 and �21.9 kcal mol�1 with thermal correc-
tions at 298 K in the gas phase, which shows that the process
of glycosidic bond rupture in CU is exothermic.

The barrier heights to glycosidic bond breakage in CUH
are 25.9 and 23.6 kcal mol�1 when including ZPE correction,
which are higher than the corresponding ones in CU. Thermal
corrections at 298 K and bulk solvation can reduce the barri-
er by up to 3 kcal mol�1. When C2’�OH is replaced with H,
the barrier is estimated to be 20.6 kcal mol�1 (18.6 kcal mol�1

including ZPE correction). This is consistent with the value
of 18.9 kcal mol�1, which was reported for dT.[25] The reac-
tion energies are negative and similar to those of CU.

According to the above results, glycosidic bond rupture in
CU and CUH is exothermic with high associated transition
barriers in the gas phase and moderate ones in aqueous so-
lution. Protonation of the phosphate group increases the sta-
bility of the transition-state structures. The C2’�OH group is
found to destabilize the transition structures, especially that
of UHTS-CN. Bulk solvation can lower the barriers by as
much as 3 kcal mol�1.

C3’�O(P) rupture : An alternative form of damage to CU and
CUH is that of C3’�O(P) breakage, which leads to strand
break. For the process to occur in CU, a barrier height of
32.0 kcal mol�1 (29.6 kcal mol�1 with ZPE correction) must
be overcome in the gas phase. This is considerably higher
than what was found for glycosidic bond rupture. The reac-
tion energy is strongly positive. Strikingly, bulk solvation re-
duces the barrier height by up to 14.7 kcal mol�1 and leads
to an essentially thermoneutral reaction (reaction energy
1.0 kcal mol�1). With the replacement of C2’�OH by H, the
barrier is drastically increased up to 42.5 kcal mol�1 with
ZPE correction, which shows that C2’�OH contributes sig-
nificantly to the stabilization of the transition state. For this
system, we can conclude that glycosidic bond rupture is the
major pathway in the gas phase. Bulk solvation, however, in-
fluences the rate of C3’�O(P) bond breakage to become
faster than that of glycosidic bond rupture.

C3’�O(P) bond breakage in CUH has a barrier in the gas
phase of 10.7 kcal mol�1; 8.2 kcal mol�1 when including ZPE
correction. Thermal corrections at 298 K leads to a lowering
of the barrier to 6.8 kcal mol�1. Bulk solvation, however, is
unfavorable to the bond dissociation and results in a barrier
that is 2.1 kcal mol�1 higher than that in the gas phase. Nota-
bly, the reaction energy and corresponding free energy is
�28.7 kcal mol�1 and �31.4 kcal mol�1, respectively. Remov-
ing the possibility of O2’�H2’···O(P) hydrogen bonding con-
tributes to a reduction in the barrier by only 1 kcal mol�1.

Table 2. B3 LYP/6-31 +G ACHTUNGTRENNUNG(d,p) reaction energies and activation barriers
(in kcal mol�1) for the N1-glycosidic and C3’�O(P) bond-breakage reac-
tions.

Scission of N1�C1’ bond Scission of C3’�O(P) bond
DE� DE DE� DE

CU 23.0 (22.4)[d] �15.6 32.0 (44.9) 17.8
ACHTUNGTRENNUNG(23.8)[e]

ACHTUNGTRENNUNG(32.7)
ACHTUNGTRENNUNG(21.9)[f]

ACHTUNGTRENNUNG(17.9)
[a] 21.0 (20.4)[d] �17.5 29.6 (42.5) 15.3
[b] 19.1 �11.4 14.7 1.0
[c] 20.1 �21.9 28.7 13.4

CUH 25.9 (20.6)[d] �16.7 10.7 (9.5) �27.6
ACHTUNGTRENNUNG(26.5)[e]

ACHTUNGTRENNUNG(11.1)
ACHTUNGTRENNUNG(23.0)[f]

ACHTUNGTRENNUNG(13.1)
[a] 23.6 (18.6)[d] �17.8 8.2 (7.1) �28.7
[b] 20.0 �13.7 10.3 �24.2
[c] 23.0 �20.3 6.8 �31.4

[a] ZPE values included. [b] ZPE corrections and bulk solvation effects
included. [c] Free-energy barrier at T =298 K. [d] Values in parenthesis
corresponding to the systems with C2’-OH replaced by H atom. [e] The
values are obtained by B3 LYP/DZP ++ with no ZPE included. [f] In
bulk solvation, the values are obtained by B3 LYP/DZP ++ with no ZPE
included.

Figure 3. ZPE-corrected energy profiles (in kcal mol�1) corresponding to
the N1-glycosidic and C3’�O(P) bond breakage reactions in a) CU and b)
CUH, computed at the B3 LYP/6-31+G ACHTUNGTRENNUNG(d,p) level.
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Compared with the corresponding data for CU, it seems clear
that the protonation state of the phosphate group influences
the dynamic process and thermodynamic properties of the
C3’�O(P) breakage reaction.

The differences between CU and CUH can be attributed to
their respective transition structures (see Figure 2). C3’�
O(P) bond breakage of CUH is the most facile of all reac-
tions studied herein. The computed barrier height is in
agreement with the 7.06 (3’dTMPH) and 11.6 kcal mol�1

(5’dTMPH) reported by Gu et al.[25] and 11.6 kcal mol�1

(5’dTMPH) by Kumar and Sevilla.[33]

Changes in Mulliken charges and unpaired spin density
along the dissociation processes : To determine the electronic
properties along the bond-dissociation processes, the
changes of total Mulliken charges and unpaired spin density
in each separate fragment are estimated in the gas phase
through the relaxed PES scans. The resulting data for the
separate fragments are displayed in Figure 4.

For the initial reactants, the charges are mainly found on
the phosphate group of CU and on the uracil base of CUH. In
the process of glycosidic bond rupture in CU and CUH, the
charges on the uracil base increase drastically with increas-
ing C1’···N1 distance and are then transferred to the ribose
+ phosphate fragment after the transition states. In the
transition states, the smallest charges are found on the uracil
bases. The charges are completely localized on the ribose in
the final products. The changes in unpaired spin density on
the uracil base are very similar. Before the transition states,

the spin densities on the uracil bases are relatively constant,
which is then followed by a steep decrease close to the tran-
sition state. This change is in agreement with that of the
total negative charges on the base. Hence, both charge sepa-
ration and spin transfer within the two fragments are factors
contributing to the glycosidic bond rupture.

In the dissociation process of the C3’�O(P) bond of CU
and CUH, the negative charge on the phosphate group in-
creases steadily with increased C3’···O(P) distance. At the
transition states, the partial negative charges are transferred
to ribose from the phosphate in CU and from the uracil base
to ribose in CUH. In the final dissociation products, the total
charges are averaged out between the phosphate and the
uracil + ribose fragments of UP-CO, whereas it resides
mainly on the phosphate in UHP-CO. The unpaired spin
changes very little before the transition states. Near the
transition structures, they sharply increase, and then de-
crease with increased C3’···O(P) distance. Thus, charge and
spin transfer are also considered as important factors for
C3’�O(P) bond rupture.

Conclusions

In the present work, hybrid DFT methodology has been em-
ployed to investigate the N1-glycosidic and C3’�O(P) bond-
breakage processes induced by electron addition to 3’UMP
and the protonated 3’UMPH. Geometries, ZPE and thermal
corrections at T=298 K, Mulliken charges, unpaired spin

Figure 4. Mulliken charge populations (top row) and spin density surfaces (bottom row) along the N1-glycosidic (left side) and C3’�O(P) (right side)
bond-breakage reactions of CU (a) and CUH (b).
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densities, and reaction energies were obtained at the
B3 LYP/6-31 +GACHTUNGTRENNUNG(d,p) level in the gas phase. This was fol-
lowed by single-point calculations performed at the same
level in aqueous solution (e=78.4) by using the IEF-PCM
model.

The values of VEA, AEA of U, and VDE of CU are nega-
tive in the gas phase but become positive upon inclusion of
bulk solvation. CUH has positive VDE values already in the
gas phase, which shows that the electron adducts can be
stable in both media. Both glycosidic and C3’�O(P) bond-
dissociation processes are found to be feasible, but the pro-
tonation state of phosphate, the C2’�OH group, and bulk
solvation play significant, and different, roles in the two sys-
tems: First, the processes of glycosidic bond dissociation in
CU and CUH are exothermic with high barrier heights in the
gas phase. Bulk solvation reduces the barriers to around
20 kcal mol�1. The charge state on the phosphate does not
influence the barrier heights and reaction energies signifi-
cantly, whereas the presence of the C2’�OH group in ribose
raises the barriers compared with deoxyribose. This is espe-
cially striking in the case of the glycosidic bond dissociation
of CUH. Second, for C3’�O(P) bond dissociation in CU and
CUH, a high barrier is found for CU in the gas phase along
with a strongly endothermic overall process. Bulk solvation
reduces the barrier to 14.7 kcal mol�1 and the reaction
energy to 1.0 kcal mol�1. The C2’�OH group stabilizes the
transition structure of CU significantly, which slightly disfa-
vors the transition structure of CUH in gas phase. The proto-
nation state on phosphate is crucial to the C3’�O(P)-bond
dissociation and the reaction energy. The C3’�O(P) bond
rupture of CUH is the most facile of all the investigated reac-
tions, which is similar to the findings of Gu et al. on related
systems.[25,27]

Third, the changes in Mulliken charges and unpaired spin
distribution play major roles in the dissociation of the glyco-
sidic bond in both CU and CUH. In addition, unpaired spin
transfer favors C3’�O(P) bond dissociation in CU and CUH,
in particular in CUH.
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