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Introduction

Light absorption by DNA in the UVB region results mainly
in formation of cis-syn cyclobutane thymine dimers (T<
>T).[1] Biological repair of these lesions occurs for example
by DNA photolyase, which uses light energy to split the T<
>T dimer through a radical mechanism.[2a] The critical
repair step is a photoinduced electron transfer from a re-
duced and light-excited flavin to the thymine dimer which
triggers a [2p+2p] cycloreversion reaction leading to the
cleavage of the thymine dimer. By using ultrafast fluores-
cence spectroscopy, Sancar and co-workers were able to di-
rectly observe the electron transfer from the excited flavin

cofactor to the T<>T in 170 ps. Back electron transfer
from repaired thymines to the flavin radical occurred inside
the protein in 560 ps.[2b]

Up to now, the mechanism of the splitting of the thymine
dimer radical anion has been highly controversial. The
knowledge available today on the basic cleavage reaction in
solution was mainly gained by the analysis of the N-methy-
lated derivatives 1a and 1b. An electrochemical study
showed that the radical anion of 1b is formed prior to two
successive homolytic C�C bond cleavage steps.[3] From the
appearance of the monomer radical anion, a rate constant
of 1.82106 s�1 for the dimer 1b radical anion splitting was
inferred by using optical measurements at pH 12.[4] This
value is significantly slower compared to the measured
value in the enzyme suggesting that the active site stabilizes
the transition state enthalpically. Another EPR study sug-
gests, however, that the electron addition to the dimer 1a
followed by ring opening occurs so fast that only the mono-
mer radical anion was detectable at 77 K.[5] Moreover, 1a
was reported to cleave by a rad-
ical chain reaction in one-elec-
tron reduction studies,[6] al-
though the redox potential of
1b is unfavorable for such a
process compared to that of its
monomer (DG�+0.1 eV).[3,7]
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Cleavage of the thymine dimer in DNA was recently also
investigated with model systems because of the large poten-
tial of this process for the DNA chip technology.[8] Particu-
larly the T<>T dimer 2, which has a CH2 bridge between
the two sugar moieties rather than the normal phosphodiest-
er group (Scheme 1), was prepared in large quantities and

used as a chemical trap for electrons injected into the DNA
duplex.[9] Due to a lack of detailed knowledge about the
exact cleavage mechanism of thymine dimers, further use of
2 for a more detailed investigation of the excess electron
transfer process had to be postponed.[10] In order to shed
more light on one of NatureJs most prominent DNA repair
mechanisms, we present herein a chemical radiation and
theoretical study on the reaction of hydrated electrons (eaq

�)
with T<>T dimer 2 (Scheme 1).

Results and Discussion

Radiolytic production of transients : Radiolysis of neutral
water leads to eaq

�, HOC, and HC as shown in Equation (1).
The values in parentheses represent the radiation chemical
yields (G) in units of mmolJ�1. The reactions of eaq

� with 2
were studied in O2-free solutions containing 0.2–0.3m

tBuOH or iPrOH. With this amount of alcohol, most of HOC

and HC are scavenged efficiently as shown in Equations (2)
or (3).[11]

H2O! eaq
� ð0:27Þ, HOC ð0:28Þ, HC ð0:062Þ ð1Þ

HOC=HC þ tBuOH! ðCH3Þ2CðOHÞCH2
C þH2O=H2 ð2Þ

HOC=HC þ iPrOH! ðCH3Þ2CðCÞOHþH2O=H2 ð3Þ

Pulse radiolysis studies : The spectral changes obtained from
the pulse irradiation of a N2-purged aqueous solution of 2
(3.4 mm) and tBuOH (0.3m) at pH 8.9 are shown in Fig-
ure 1a. The optical absorption spectrum taken 50 ns after
the pulse (red) originated from two bands. The band above
350 nm is due to hydrated electrons (eaq

�), whereas the band

below 350 nm is due to the reaction of 2 with eaq
�. The ab-

sorption spectrum taken 250 ns after the pulse (blue) shows
the disappearance of eaq

� and the further rise of the transi-
ent species due to the reaction of 2 with eaq

�. The pseudo-
first-order rate constant for the disappearance of eaq

� was
found to be (1.9�0.1)2107 s�1 by measuring the rate of the
optical density decrease of eaq

� at 640 nm (Figure 1b, red
traces), which corresponds to the bimolecular rate constant
of 5.62109m

�1 s�1 taking into account the nucleoside concen-
tration. In Figure 1b the black traces show the growth of the
new transient at 280 nm with kinetics identical to that of
eaq
� decay, k= (2.1�0.4)2107 s�1, whereas the green traces

at 345 nm correspond to an isobestic point in Figure 1a. It is

Scheme 1. Proposed mechanism for the reaction of eaq
� with T<>T

dimer 2.

Figure 1. a) Absorption spectra obtained from the pulse radiolysis of Ar-
purged solutions containing 3.4 mm 2 and 0.3m tBuOH at pH 8.9 (phos-
phate buffer 10 mm) taken 50 and 250 ns after the pulse. b) Time depend-
ence of absorption at 640, 345, and 280 nm.
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also worth mentioning that no spectral change was observed
at a longer time scale (up to 1.5 ms).

The absorption spectrum of the observed transient is very
similar in shape and intensity compared to the reported
spectrum for the radical anion of thymidine,[12] that is, the
absorptions increase in intensity in going from �450 to
�300 nm with lmax below 300 nm and a shoulder at
�340 nm. We confirmed this observation by independent
experiments obtained after the reduction of thymidine with
eaq
� at pH 8.9. The pseudo-first-order rate constant for the

disappearance of eaq
� was found to be (3.5�0.3)2107 s�1 by

measuring the rate of the optical density decrease of eaq
� at

640 nm (see the Supporting In-
formation), which is two times
faster than the reaction with the
T<>T dimer 2. Our findings
clearly indicate that the reaction
of eaq

� with 2 (the rate-deter-
mining step) affords the radical
anion 5 and that the ring open-
ing of the intermediate 3 is
faster than 22107 s�1 (t1/2<
35 ns). This low-limit value is at
least one order of magnitude
higher than the one reported for
the ring opening of the radical
anion derived from 1b.[4]

DFT calculations : Time-depen-
dent DFT (TD-B3LYP/6-
311G**//B1B95/6-31+G**) cal-
culations also suggest that the
experimental spectrum can
indeed be assigned to the radi-
cal anion 5.[13] The computed
optical transitions for the radical
anions 3, 4 and, 5 in the range
of 260–600 nm with an oscillator
strength f>0.01 are reported in
Table 1. The computed values
for 3 are fully inconsistent with
the experimental findings, as the
two strongest transitions are
predicted to occur at 429 and
501 nm. The transition comput-
ed at 413 nm for 4 is also absent
in the absorption spectrum. On the other hand, the multiple
intense transitions between 270 and 290 nm and a shoulder
at 364 nm computed for the radical anion 5 strongly resem-
bles the experimental spectrum. The three transitions com-
puted at 270, 276, and 289 nm are excitations of the a-spin
electron from the SOMO localized mainly at C6 to the p*-
ACHTUNGTRENNUNG(C4�C5), s* ACHTUNGTRENNUNG(N1�C1’), and s* ACHTUNGTRENNUNG(C1�O) antibonding MOs, re-
spectively, whereas the excitation of the b-spin electron
from the HOMO, localized at the pACHTUNGTRENNUNG(C5�C6), to the LUMO
localized at C6 is computed to occur at higher wavelengths
(364 nm).

Figure 2 shows the energy profile of the transformation
from 3 to 5 and the SOMO of the radical anion species at
the stationary points along the reaction pathway computed
at the B1B95/6-31+G** level. In Table 2, the detailed spin
density distributions are reported. The unpaired electron in
the radical anion 3 is mainly localized at the C2�O2 and
C4’�O4’ carbonyl groups (that is, on both thymine rings),
the SOMO being stabilized by the through space in-phase
interaction of the p-antibonding (pCO*) orbitals of the two
carbonyl groups (C2···C4’ distance is as short as 2.326 M).
The energy barrier, corrected for the zero-point vibrational

Table 1. TD-B3LYP/6-311G**//B1B95/6-31+G** optical transitions
(wavelength l and oscillator strength f) for the radical anions 3, 4, and
5.[a]

Radical 3 Radical 4 Radical 5
l [nm] f l [nm] f l [nm] f

268 0.018 261 0.018 268 0.020
275 0.013 316 0.014 270 0.031
330 0.032 363 0.011 276 0.044
429 0.045 413 0.012 289 0.014
501 0.041 364 0.013

[a] In the range 260–600 nm with f>0.01.

Figure 2. Relative energies DE and SOMO of the radical anion species at the stationary points along the re-
action pathway 3!4!5 computed at the B1B95/6-31+G** level.
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energy (ZPVE), for the C5�C5’ cleavage is only
1.8 kcalmol�1 (see transition-state TS34). This bond break is
12.0 kcalmol�1 exothermic and partially ionic, as the un-
paired electron in 4 remains mainly localized at C5’. A rota-
tion of about 408 around the C6�C6’ bond is observed. In
TS34, the stabilizing interaction between the pCO* orbitals
of the C2�O2 and C4’�O4’ groups strongly decreases due to
a decrease of the overlap between the pCO* orbitals of the
two interacting groups and the pC4�O4* orbital becomes
more stable than the pCO* orbitals of the other carbonyl
groups. This produces a shift of spin density in TS34 from
C2�O2 to C4�O4 and a partially ionic break of the C5�C5’
bond with electron transfer to the O4 atom. Indeed, the un-
paired electron both in TS34 and in 4 is more localized at
C5’ than at C5. The subsequent break of this C�C bond (see
TS45) is computed to occur with a slightly higher energy
barrier (3.2 kcalmol�1). This process is 1.3 kcalmol�1 exo-
thermic.[14] The unpaired electron in 5 is localized mainly at
the C6 atom. However, the SOMO is weakly stabilized by
the through-space interaction with the C6’ orbitals, the
C6···C6’ distance being relatively small (3.136 M).

In DNA duplex, form 5 should be further favored due to
p-stacking interactions, indicating that the unpaired electron
on the (A·T)�C pair should interact with the adjacent A·T
pair. Assuming a “normal” pre-exponential factor (that is,
logA/s�1=13),[15] we estimated that the half-life for the
decay of the radical anion 3 is only 1–2 ps, whereas the half-
life for the decay of the radical anion 4 is 15–16 ps, both at
room temperature.

Product studies from g-radiolysis : Continuous radiolysis was
also performed by using two 60Co-sources with different
dose rates (approximately, 0.6 or 10 Gymin�1). In a typical
experiment, 5 mL aqueous solutions containing 0.3–3.0 mm

T<>T dimer 2 and 0.25m iPrOH at natural pH were
vacuum-deoxygenated. Then the required dose was applied
and the crude reaction mixture was analyzed by HPLC and

LCMS. Figure 3 shows the HPLC analyses at different
doses, in case of the experiment with the highest dimer con-
centration used. However, the same results were obtained
regardless of the substrate concentration and dose rate. The
disappearance of starting material (blue peaks) is accompa-
nied by the appearance of two new major products, which
were identified as 6 (red peaks) and 7 (green peaks). The
inset of Figure 3 shows the analysis of the data in terms of
radiation chemical yields (G, mmolJ�1). The disappearance
of the T<>T dimer 2, G(�2), extrapolated at zero dose
was calculated to be 0.27 mmolJ�1 which corresponds to G-
ACHTUNGTRENNUNG(eaq

�), whereas G(6)=0.08 and G(7)=0.015 mmolJ�1 repre-
sent the 85% yield of the reaction products. When the reac-
tion was carried out in D2O, product 6 contained two deute-
rium atoms. We suggest that once the radical anion 5 is
formed, it is first protonated[12b,16] followed by slow tautome-
rization which leads to the incorporation of the first deuteri-
um atom at C5. Then a radical–radical disproportionation
may occur with either itself or with the Me2C(C)OD radical
[Eq. (3)]. This would lead to the incorporation of a second
deuterium atom at C(6).

Our results do not support the finding that the one-elec-
tron reduction of 1a and the subsequent cleavage of the cy-
clobutane ring proceeds by means of a radical chain mecha-
nism, due to the transfer of an electron from the monomer
radical anion (analogous to 5) to another dimer molecule of
1a.[9] If such a mechanism would be involved then the

Table 2. Spin density at the heavy atoms of the thymine bases at the sta-
tionary points along the reaction pathway leading from the dimer radical
anion 3 to the monomer radical anion 5 computed at the B1B95/6-
31+G** level.

Atom 3 TS34 4 TS45 5

N1 0.01 0.03 0.02 0.00 -0.03
C2 0.24 0.11 0.00 0.01 0.01
O2 0.18 0.04 �0.01 �0.01 �0.01
N3 �0.05 �0.07 0.04 0.03 0.03
C4 0.02 0.13 �0.01 0.04 0.11
O4 0.04 0.16 0.05 0.08 0.08
C5 �0.04 0.03 0.26 0.23 �0.05
C6 0.01 0.01 0.03 0.10 0.51
N1’ �0.01 0.01 0.02 0.03 �0.01
C2’ 0.03 0.04 0.00 0.01 0.01
O2’ 0.02 0.04 0.00 -0.01 0.00
N3’ �0.01 �0.02 0.03 0.03 0.03
C4’ 0.20 0.21 �0.01 0.04 0.06
O4’ 0.18 0.13 0.12 0.07 0.02
C5’ 0.02 0.14 0.43 0.27 �0.06
C6’ 0.04 0.03 -0.07 0.02 0.31

Figure 3. Irradiation of T<>T dimer 2 (3.0 mm) in the presence of 0.25m

iPrOH at a dose rate of �0.6 Gymin�1 (0.1 kGy) or �10 Gymin�1 (0.5,
1.0, and 1.5 kGy). The HPLC peaks of the T<>T dimer 2 are highlight-
ed in blue, while the peaks for the products 6 and 7 are highlighted in
red and green, respectively. The inset shows the chemical radiation yields
(G) for the consumption of 2 (blue) and the production of 6 (red) and 7
(green) as a function of the irradiation dose.
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G(�2) would be expected to be higher than 0.27 mmolJ�1,
implying that a single electron cleaves several cyclobutane
rings. Our experiments involving a high substrate concentra-
tion (3.0 mm) and a low dose rate (0.6 Gymin�1), which en-
sures low radical concentration and favorable conditions for
a radical chain reaction, show that radical disproportiona-
tion reactions govern the reaction outcome, including forma-
tion of the product 7. Although in our model reaction, T�C is
unable to transfer an electron to the T<>T dimer 2, this
reaction may occur inside a DNA duplex due to altered
redox potentials in the p-stack.[17]

Conclusion

The reaction of hydrated electrons with the T<>T dimer 2
is a diffusion-controlled process and the resulting radical
anion 3, in which the spin density and charge distribution
are located in both thymine rings, undergoes a fast splitting
of the cyclobutane ring by two successive C�C bond clea-
vages. The estimated half-life of a few ps is in accord with
the recent direct observation of the thymine dimer repair in
DNA by photolyase.[2b] Hence, DNA photolyases do not ac-
celerate the cleavage process which suggests that the photo-
lyase-catalyzed repair process is fully entropy driven. The
enthalpic stabilization of the transition state seems to be a
very minor component in the catalytic reaction.

Experimental Section

Materials : Compound 2 was prepared following a known procedure.[18]

The solutions of nucleosides were freshly prepared immediately before
each experiment.

Pulse radiolysis : The experiments were performed on the picosecond
electron accelerator ELYSE (University Paris-sud, Orsay).[19] Electron
pulses at 9 MeV energy and 10 ps duration have been applied to the thy-
mine dimer solution. The dose deposited in water was around 20 Gy
(that is, 1.2210�5m of hydrated electrons) in the irradiated volume under
the standard experimental conditions. Due to the 2 to 5 mm diameter of
the electron beam, the irradiated volume is less than 0.25 mL. A stock so-
lution of 100 mL containing 3.4 mm substrate and 0.3m tBuOH at pH 8.9
(phosphate buffer 10 mm) in deionized water has been used, which circu-
lates in the 1025 mm fused silica irradiation cell at a flow rate of
30 mLmin�1 by means of a peristaltic pump. As the electron pulses were
applied at a frequency of 1 Hz, the solution was renewed between each
pulse thus resulting in a total of 200 pulses applied to the 100 mL solu-
tion.

Absorption detection was performed by using the white light beam of a
special home made Xenon flash lamp focused through the cell colinearly
with electron beam. The path length was 10 mm. The light was then fo-
cused on the entrance slit of a flat field spectrograph, which dispersed
the light on the entrance optics of a streak-camera (model C-7700 from
Hamamatsu).[20]

Two series of 200 pulses have been applied to get two absorption meas-
urements on a full time scale of 500 ns. The first one was done in order
to record simultaneously the absorption from 280 to 420 nm and the
second one from 370 to 670 nm. In each case, the 200 images provided by
the streak-camera were averaged in a unique image used for the calcula-
tion of the optical density, by reference to the similar image obtained on
the averaging of 200 flashes of the analyzing light alone elsewhere. Full

details on this new detection system will be published. All the kinetic
data and the absorption spectra were obtained from these two series.

Continuous radiolysis : The experiments were performed at room temper-
ature (22�2 8C) by using 5 mL samples with 60Co-Gammacells, with a
dose rate of approximately 10 Gymin�1 or approximately 0.6 Gymin�1.
The absorbed radiation dose was determined with the Fricke chemical
dosimeter, by taking G ACHTUNGTRENNUNG(Fe3+)=1.61 mmolJ�1.[21] Reaction mixtures were
analyzed with a Zorbax SB-C18 column (4.62150 mm), eluted in triethyl-
ammonium acetate buffer (20 mm, pH 7) with a 0–25% acetonitrile
linear gradient over 30 min with a flow rate of 1.0 mLmin�1 (detection at
250 nm). Products were identified by LCMS analysis.

Computational details : Hybrid meta DFT calculations with the B1B95
(Becke88[22]-Becke95[23] model for thermochemistry) functional[24] were
carried out by using the Gaussian 03 system of programs.[25] This
HMDFT method was found to give a good performance for thermo-
chemistry[24,26] and electron affinities (EA).[26b] An unrestricted wavefunc-
tion was used for radical species. Total energies were obtained by em-
ploying the valence double-z basis set supplemented with polarization
functions.[27] Addition of standard diffuse functions on heavy atoms[28] to
better describe the anion states were found to give reliable results, al-
though the radical anion 3 is computed to be kinetically slightly unstable
in the gas phase, the vertical EA of 2 being slightly negative (VEA=

�0.17 eV). However, the adiabatic EA of 2 is computed to be largely
positive (AEA=0.94 eV) and the distribution of the unpaired electron in
the valence atomic orbitals of the SOMO at any stationary point of the
energy surface (that is, minima and transition states) satisfies the outlined
criterions.[29] Hence the B1B95 calculations were carried out by using the
6-31+G** basis set. Total energies were corrected for the zero-point vi-
brational energy (ZPVE) computed from frequency calculations by using
a scaling factor of 0.9735 to account for anharmonicity.[26a] The nature of
the ground (zero imaginary frequency) and transition (one imaginary fre-
quency) states was verified by frequency calculations. Time-dependent
(TD)B3LYP method employing a triple-z basis set (TD-B3LYP/6-
311G**//B1B95/6-31+G**) was used to compute optical spectra of the
radical anions 3–5.[13]
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