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Introduction

Oxidatively damaged DNA is an important concern for health because of its correlation with the appearance of carcinogenic mutations and aging. One of the factors inducing such damage is UV radiation. It is well established that high-energy UV photons provoke photo-ionization of nucleic acids, generating radicals which are precursors to oxidative damage. 1 In contrast, the action of low-energy photons is commonly considered to necessitate the mediation of other molecules, which absorb light and subsequently react with DNA. 2 As a matter of fact, nucleobases, the only DNA components that absorb photons with wavelengths longer than 230 nm (5.4 eV; Fig. 1a), even extending to the UVA domain, 3,4 are not expected to undergo photo-ionization because their ionization potential is higher than 7 eV. 5 During the past decade, a few studies performed on short oligonucleotides using laser spectroscopy have questioned the above-described observations. [6][7][8] However, significant advancement was made recently from the discovery that the irradiation of purified genomic DNA in solution at 254 and 295 nm produces the wellknown oxidation marker 8-oxo-7,8-dihydro-2 0 -deoxyguanosine (8-oxodGuo) via a mechanism involving guanine radical cations. 9 Similarly, 8-oxodGuo was detected upon irradiation of telomeric G-quadruplexes at 266 nm. 10 A key point in these two studies is the use of a continuous light source, thus ruling out two-photon ionization, which usually interferes in the case of short light pulses. These findings prompted us to pursue our photo-ionization study of model DNA duplexes, initiated in 2006, 7 by improving our approach. [10][11][12] Our main tool is nanosecond transient absorption spectroscopy with 266 nm excitation. We apply experimental protocols specifically developed to minimize and control two-photon effects. 12 We quantitatively characterize the primary species, i.e., ejected electrons and base radicals and examine how the base sequence and secondary structure affect this process. In parallel to the experimental study, we carry out quantum chemistry calculations (TD-DFT), which are valuable for the characterization of base radicals. In the case of monomeric species, the absorption spectra of radicals are well identified. 11,[13][14][15] However, in the case of DNA multimers, the radical spectra have to be assessed since they may be affected by sequence and secondary structure because of electronic interactions among bases.

So far, we studied duplexes composed exclusively of adeninethymine base pairs. Their propensity to undergo one-photon ionization was found to be lower than that of telomeric G-quadruplexes. [10][11][12] The major constituent of the latter fourstranded structures is guanine, the nucleobase with the lowest ionization potential. 5 To obtain the first insight into oxidatively generated damage upon direct absorption of UV radiation by guanine-containing duplexes, herein, we focus on systems with alternating guanine-cytosine sequences, which are abbreviated as GC n .

The experimental part of our study is performed for a duplex with ten base pairs, GC 5 , and its behaviour is compared to that previously reported for an alternating adenine-thymine duplex (AT 10 ). 12 Our choice of shorter oligomers in the present study is motivated by the possibility of preparing duplexes with better quality by annealing, which is impossible for GC 10 . Although GC 5 is shorter than the AT 10 duplex, it melts at a higher temperature, i.e., 70 1C (Fig. 1b) vs. 52 1C, 12 thus showing higher stability.

In our theoretical calculations, we consider the model duplex GC 1 with two base pairs (Fig. 2b). Its properties are compared to those of 2 0 -deoxyguanosine 5 0 -monophosphate, dGMP, and the guanine-cytosine Watson-Crick pair, i.e., G:C formed by the corresponding nucleotides. We determine the absorption spectra of the guanine radical cation and the radicals resulting from its deprotonation either towards the aqueous solvent or cytosine with which it is paired (Fig. 2a). 16,17 In addition, we compute the spectra of the 8-hydroxy-7,8-dihydroguanyl radical (8-OH-G ), which is considered to lead to the formation of 8-oxo-7,8-dihydroguanine (8-oxoG). 18,19 Although numerous reactions involving guanine radicals are reported in the literature, 18,[20][21][22] we focus specifically on 8-OH-G because it could interfere with the radical spectra. 23 

Methodological details

Experiments Spectroscopic measurements. Transient absorption measurements were obtained using a homemade setup. Excitation pulses (5 ns at 266 nm) were obtained as the fourth harmonic of an Nd:YAG laser (Spectra-Physics, Quanta Ray) operating at 10 Hz. The pulse energy was measured by an NIST traced pyroelectric sensor (OPHIR Nova2/PE25). The excited area at the surface of the sample was 0.06 cm 2 , and the optical path-length on the excitation side was 0.1 cm. The analysing beam (150 W Xe-arc lamp, Applied Photophysics) was passed through the sample (optical length 1 cm) at a right angle with respect to the exciting beam; it was dispersed in an SPEX 270M monochromator and was detected by a Hamamatsu R928 photomultiplier. The signal from the photomultiplier was recorded by a Lecroy Waverunner 6050 oscilloscope. Detection on the sub-microsecond time-scale was achieved by intensifying the emission intensity of the Xe-arc lamp via an electric discharge. To minimize sample exposure and reduce the excitation frequency to 0.2 Hz, fast shutters were placed in the path of both the laser and lamp beams. A wavelength-by-wavelength approach was followed for the construction of the transient absorption spectra. Typically, at each wavelength, a series of three successive signals, resulting from 100-200 laser shots each, were recorded; if judged to be reproducible, they were averaged to reduce the signal-to-noise ratio. Steady-state absorption spectra were recorded using a Lambda 900 (Perkin-Elmer) spectrophotometer.

Oligonucleotide handling. Oligonucleotides were purchased from Eurogentec Europe as single strands; they were purified by HPLC, and their quality was tested by MALDI-TOF measurements. They were dissolved in phosphate buffer (0.15 mol L À1 NaH 2 PO 4 , 0.15 mol L À1 Na 2 HPO 4 ) prepared with ultrapure water delivered by a MILLIPORE (Milli-Q Synthesis) system. The pH was adjusted to 7 by the addition of concentrated NaOH solution. Duplexes were prepared in a dry bath (Eppendorf-ThermoStatplus). Two mL of concentrated oligomer solution was heated to 96 1C for 5 min and cooled to 72 1C (cooling time: B1 h), where the temperature was maintained for 30 minutes; subsequently, the solution was cooled to 4 1C (cooling time: B2 h), where it was incubated overnight. A typical melting curve is shown in Fig. 1b. For the detection of hydrated electrons on the sub-ms scale, 2 mL of argon-saturated solution, contained in 1 cm  1 cm quartz cell, was mildly stirred during the experiment; fresh samples were used for each excitation intensity. For recording transient signals at longer times, two type of quartz cells containing 2.5 mL of solution and a flow system allowing the circulation of 40 mL of solution were used. In all cases, the optical density on the excitation side was 0.25 AE 0.02 over 0.1 cm. For measurements at times longer than 2 ms, a maximum excitation intensity of 3.5 MW cm À2 was used; the concentration of detected ejected electrons was 4  10 À7 mol L À1 , which was about two orders of magnitude lower than the duplex concentration. During the experiments the samples were kept at 23 AE 0.5 1C.

As mentioned in our previous studies, 10,24 the transient absorption signals of purine radicals are not affected by the presence of oxygen (intensity changes o 10%). As a matter of fact, hydrated electrons are scavenged by the phosphate groups of the buffer, which are deliberately present in high concentration. Thus, their reaction with oxygen is minimized.

Computations

Our study was performed for three different model systems, dGMP, G:C and GC 1 , including the 2-deoxyribose groups and counter ions at a full quantum mechanical (QM) level. The ground state minima of the neutral systems and of those containing a radical cation or a deprotonated radical were optimized by means of density functional theory (DFT). Then, the corresponding absorption spectra were computed using the time-dependent version of DFT (TD-DFT).

For optimization of the minima and computation of the spectra we used the M052X functional 25 and the 6-31G(d) basis set. This level of theory was selected because it is known to provide accurate results for both stacked 25 and guanine-cytosinecontaining systems. [26][27][28][29][30][31] Moreover, it allows a comparison with results obtained previously for radicals in telomeric G-quadruplexes and AT 10 . 10,12 For G:C and GC 1 , bulk solvent effects were included implicitly by the Polarizable Continuum Model (PCM). 32,33 A mixed explicit/implicit model, considering five water molecules quantum mechanically, was used for dGMP. All calculations were performed with the Gaussian09 program. [START_REF] Frisch | Gaussian 09[END_REF] For easier comparison with the experimental spectra, each transition was convoluted using a Gaussian function with a half width at half maximum of 0.30 eV after being red-shifted by 0.6 eV. This shift accounts for all sources of inaccuracy in our calculations (basis set size, lack of vibrational/thermal effects and functional). [START_REF] Ferrer | [END_REF] 

Results

Experiments

At 30 ns, which corresponds to the time-resolution of our experimental setup, electrons stemming from DNA photoionization are expected to be completely hydrated, thus exhibiting a broad absorption spectrum around 700 nm. 36 The transient absorption signals recorded for GC 5 at this wavelength decay in less than 3 ms; an example is shown in Fig. 3a. They are fitted with a mono-exponential function c + DA 0 exp(Àt/t). The time constants, t, derived from the fits of the signals obtained at various excitation intensities are significantly longer (0.60 AE 0.02 ms) than those found for previously studied DNA models (0.4 AE 0.1 ms). [10][11][12] We checked that this discrepancy does not arise from the contribution of base radicals to the transient absorption. Indeed, when the solution is purged by N 2 O, which is a very efficient scavenger for hydrated electrons, [START_REF] Sonntag | Free-Radical-Induced DNA damage and its Repair[END_REF] the signal is too weak to draw any clear conclusion.

The DA 0 value combined with the maximum molar absorption coefficient (19 700 cm À1 ) 36 gives the initial concentration of hydrated electrons [e] 0 , which is used for the determination of the photo-ionization quantum yields. Fig. 3b shows the so-called ionization curve of GC 5 together with that reported previously for AT 10 . 12 Also, [e] 0 varies as a function of the concentration of absorbed photons [hn] according to the equation [e] 0 = f 1hn [hn] + f 2hn [hn] 2 , where f 1hn and f 2hn represent the yields of one-and two-photon processes, respectively. The experimental points are fitted with linear functions. The intercept provides f 1hn , whereas the slope is correlated with f 2hn . The one-photon ionization quantum yield of GC 5 is (1.2 AE 0.2) Â 10 À3 , which is quite similar to that found for alternating AT 10 (1.5 AE 0.3) Â 10 À3 . 12 In contrast, an important difference is observed for the f 2hn values, which are 4 times smaller in the case of GC 5 .

After 3 ms, when the hydrated electrons have decayed, the fingerprint of DNA radicals can be observed. The signals obtained in the visible spectral domain remain constant for about 120 ms, and they decay on the ms time-scale; the signals recorded at 500 nm are presented in Fig. 4 as an example. The decay is fitted with the sum of two exponential functions. However, the time constants derived from the fit depend on the considered time-window and are sensitive to weak baseline fluctuations. In contrast, the half time of the signals is relatively reproducible: 2.5 AE 0.2 ms. At 20 ms, the transient absorption decays to about 10% of its initial value. At longer times, the signals are too weak (DA o 0.5 Â 10 À4 ), precluding reliable fits.

The spectra determined at 100 ms and 1 ms exhibit an absorption band peaking at 310 nm and a less intense band at around 400 nm (Fig. 5a). In addition, we observe a large, rather flat absorption band at around 500 nm, which is accompanied by an important long-persisting red tail. At 20 ms, the two UV bands are still present, but the transient absorbance in the visible domain becomes too weak to be properly detected. The spectra of G-quadruplexes recorded on a similar time-scale undergo important transformations, 10 but those of GC 5 do not indicate any clear change beyond the experimental errors. Consequently, we conclude that the presence of either a unique transient species or multiple species with similar absorption spectra is observed.

As deprotonation of guanine radicals in duplexes occurs on the nanosecond time-scale, [START_REF] Kobayashi | [END_REF] we compare in Fig. 5b the spectrum of the deprotonated dGMP radical 15 with the time-resolved spectra of GC 5 at 100 ms. We limit the comparison to wavelengths longer than 330 nm because at shorter ones, differential absorption spectra reflect not only radical but also ground state absorption, which is not the same for DNA monomers and DNA multimers. 10,11 To better appreciate the experimental errors, the results of three independent measurements are shown in Fig. 5b. For a quantitative comparison, the differential absorbance is divided by the concentration of ejected electrons, whereas the monomer spectrum is shown with its molar absorption coefficient. Following this normalization, it appears clearly that the intensity of the duplex spectrum is about half of that of the monomer spectrum. Moreover, in contrast to that of GC 5 , the spectrum of the dGMP radical shows a well-defined absorption band at around 500 nm (Fig. 5b).

Computations

As the first step, we computed the absorption spectrum of the guanine radical cation in GC 1 , which is denoted as [G + :C]. The PCM/TD-M052X geometry optimizations predicted that in the most stable cationic species, the hole is localized over a single guanine base, which exhibits a geometry close to that of the typical guanine cation; the other bases have structures very similar to those found in the 'neutral' GC 1 . Then, we also optimized the minimum for the cationic species, which exhibited delocalization of the electron hole over two guanines. The energy difference between these two species was À0.45 eV (10 kcal mol À1 ), suggesting that the guanine radical cation in GC 1 is preferably localized. The absorption spectra computed for GC 1 bearing an electron hole are shown in Fig. 6a together with that computed for dGMP, (G + ). The three spectra exhibited one band at around 370 nm (band I) and a second band at a longer wavelength (band II). Although the position and oscillator strength of band I were only slightly affected by duplex formation, a red shift was observed for band II. The red-shift was much larger in the case of hole delocalization, where the separation between bands I and II was B1 eV. Moreover, the oscillator strength of band II was higher compared with that of the spectrum of the localized cation.

Monomeric G + at neutral pH deprotonates by losing the proton in position 1 of guanine to the aqueous solvent, giving rise to the deprotonated radical (G-H) . 13 In duplex DNA, the latter process produces the [(G-H):C] radical, as shown in Fig. 2a. As anticipated in the introduction, when guanine is paired to cytosine, as in GC 1 , cytosine may also act as a proton acceptor (Fig. 2a). The resulting radical, [(G-H) :(C + H) + ], has a formal positive charge on cytosine. We optimized the minima of both deprotonated species and computed their absorption spectra (Fig. 6b). The [(G-H) :(C + H) + ] spectrum is similar to that of (G-H) except for loss in intensity of bands I and II.

Furthermore, [(G-H) :(C + H) + ] does not significantly absorb beyond 750 nm. The spectrum of [(G-H):C] is also similar to that described above, but band II almost disappears, becoming rather flat in the range of 550-900 nm (Fig. 6b).

The energies of the species bearing an electron hole on either guanine or cytosine are very similar. In the case of G:C, the species with the positive charge on cytosine is slightly more stable by 0.57 kcal mol À1 . The population ratio determined according to the Boltzmann distribution is 27 : 73, which is in agreement with the estimates derived from the pK a values of the bases 16 and previous theoretical studies on G:C. 39 For GC 1 , we find a similar energy difference but in the opposite direction; the species corresponding to the guanine cation is 0.44 kcal mol À1 more stable and represents 67% of the population.

Deprotonation to bulk water results in the loss of the hydrogen bond connecting the nitrogen in position 1 of guanine with the nitrogen in position 3 of cytosine (Fig. 2a). This loss decreases the stability of the Watson-Crick pair, which conserves only two OÁ Á ÁH hydrogen bonds. Consequently, rearrangement of the relative position of the G and C bases may occur, altering the nature of the remaining two bonds from OÁ Á ÁH to NÁ Á ÁH bonds, 23,40 as indicated by the orange dashes in Fig. 2a. Our calculations show that partial base rearrangement takes place in GC 1 ; in particular, a shift between the bases is observed. However, according to our calculations for G:C, this rearrangement does not induce important spectral changes (ESI †).

We also examined deprotonation of the guanine radical cation via transfer of a proton from the NH 2 group at position 2 to bulk water. The spectrum of the [(G-H 2 ):C] radical is shown in Fig. 6c; it is characterized by the presence of an intense band located at significantly longer wavelengths compared to that of [(G-H):C] , which is consistent with the experimental spectra of monomeric analogues. 15,41 The energy difference between the deprotonated radicals [(G-H):C] and [(G-H 2 ):C] , corresponding to a proton transfer to the bulk water, is less than 0.5 kcal mol À1 .

Finally, we considered possible hydration by a water molecule of [G + :C], giving rise to 8-OH-G , which is a precursor to 8-oxoG. 18 Therefore, we optimized this species within GC 1 and computed its absorption spectrum (dashes in Fig. 6c): it is characterized by the presence of an absorption band located between bands I and II of the guanine radicals, and its intensity is intermediate compared to that of the latter.

Fig. 6 clearly shows that when the guanine radicals are included in the duplex, their spectra are modified. These changes are not only due to base pairing but also due to base stacking. The contribution of these two factors is illustrated in Fig. 7, which compares the spectra of [(G-H):C] computed for G:C and GC 1 with that of (G-H) computed for dGMP. Band I in the spectra of G:C and dGMP shows similar characteristics. In contrast, band II is much less intense in the former system, suggesting sensitivity versus base pairing. In the GC 1 spectrum, band II is even less intense, but the most significant difference occurs for band I, the intensity of which is much lower than that in the other systems. These spectral modifications have the same origin as the well-known DNA hypochromism, which is related to ground state absorption. To better understand the origin of the spectral features in Fig. 6 and7, we computed the electronic density difference between the excited and ground states (S n -S 0 ) for the most important transitions contributing to bands I and II (Fig. 8). We did not observe any dramatic change in the nature of the excited states involved in the two bands for the three systems dGMP, G:C and GC 1 , which explains the qualitatively similar shape of their spectra. The most significant difference between the transitions responsible for bands I and II is the antibonding and bonding character along the C4-C5 bond, resembling the L a and L b excited states of guanine (Fig. 8), respectively. 42 Interestingly, in GC 1 , both states showed significant contribution from at least one cytosine (Fig. 8c). This feature contributed to the decrease in oscillator strength and accounted for the partial charge transfer character (B0.2 a.u.).

Discussion

Our measurements on the hydrated ejected electrons have shown that the quantum yield for one-photon ionization of GC 5 , (1.2 AE 0.2) Â 10 À3 , is quite close to those found previously for alternating [(1.5 AE 0.3) Â 10 À3 ] 12 and homopolymeric [(1.1 AE 0.3) Â 10 À3 ] adenine-thymine 11 duplexes, but it is four times lower than that of G-quadruplexes [(4.5 AE 0.6) Â 10 À3 ]. 10 Hence, we draw the conclusion that the simple presence of guanines within a double-stranded structure does not particularly favour electron ejection following absorption of a single photon at 266 nm; clearly, a more complex mechanism involving more than one base is operative. It is possible that the occurrence of GG and GGG runs in duplexes can have a positive effect. Considering that even GGG tri-nucleotides tend to self-associate by Hoogsteen hydrogen bonding, giving rise four-stranded structures, 43 the role of guanine stacking has to be examined for mixed GC/AT duplexes with carefully tailored base sequences. Our working hypothesis is that one-photon ionization is related to charge transfer excited states: a small part of their population can undergo charge migration and charge separation, ultimately leading to electron ejection. 44 However, two-photon ionization has also been due to such excited states. 44,45 Although their lifetimes in GC n and AT n amount only to 30 and 50 ps, respectively, [46][47][48] we cannot rule out that a small fraction of their population absorbs a second photon during the duration of the ns laser pulse. The two-photon yields are four times less efficient for GC 5 compared to that for AT 10 , whereas their one-photon quantum yields are similar; this suggests that other factors such as charge separation, charge migration and interaction with water molecules acting as electron acceptors play a decisive role. An alternative explanation could be that two-photon ionization arises from HELM (high-energy emitting long-lived mixed) states, which survive on the ns time-scale 29,49 and consequently have higher probability to absorb a second photon. HELM states have been detected for AT 10 49 but are hardly observable for the short GC double-stranded structures. 50 Our experiments do not provide information about the bases responsible for electron ejection. Regardless, electron holes are expected to be ultimately located on the guanines, possibly after charge transport [51][52][53][54] and undergo deprotonation on the ns timescale. [START_REF] Kobayashi | [END_REF] It has been reported that the deprotonated guanine radicals produced in photosensitization experiments survive for hundreds of ms. 23 Moreover, the latter study concerning duplexes with mixed AT/GC sequences correlated a transient absorption decay occurring within a few ms with the reaction intermediate [(8-OH-G):C] leading to 8-oxoG. 23 Therefore, we examine below whether these species are present in the GC 5 spectra shown in Fig. 5.

Our transient spectra shown in Fig. 5a do not indicate any clear modification over the probed timescale. The fact that the decays cannot be correctly fitted with a mono-exponential function does not necessarily mean the occurrence of more than one transient species. They may simply reflect the inhomogeneity of the system undergoing important dynamical disorder. 55 We note that non-exponential decays are found for deprotonated adenine radicals. 11 Another important factor to consider is that the intensity of the GC 5 spectrum at 100 ms divided by the number of ejected hydrated electrons is 50% weaker compared to that of the dGMP deprotonated radical 15 (Fig. 5b). Similar normalizations performed for the deprotonated radicals in adenine single strands (Fig. 2b in ref. 11), telomeric G-quadruplexes (Fig. 9 in ref. 10), and AT 10 duplexes 12 match the intensity of the corresponding monomer radicals within 15%.

One possible reason for the 50% lower intensity of the GC 5 spectrum at 100 ms normalized by the concentration of ejected electrons compared to that of the deprotonated dGMP radical (Fig. 5b) is that an important population of guanine cations or even deprotonated radicals in the duplex reacts before 3 ms, leading to reaction products that do not absorb in the probed spectral domain.

Another possible (or additional) interpretation is provided from our computations. As a matter of fact, in the absence of reaction at shorter times, the intensity of the transient spectra normalized by the number of ejected electrons corresponds to the molar absorption coefficient of the radicals and thus, it is correlated to the oscillator strength. In the case of the systems studied previously, our theoretical calculations show that the oscillator strength of the computed radical spectra is not very different from those of the monomeric radicals, which is in perfect agreement with our normalized transient spectra. [10][11][12] In contrast, the spectra computed in the present study for the deprotonated radicals [(G-H) :(C + H) + ] and [(G-H):C] in the model duplex GC 1 are characterized by a significantly lower oscillator strength compared to that for the monomeric dGMP deprotonated radical (Fig. 6b). However, we cannot distinguish if the proton has been transferred from the position 1 of guanine to cytosine or to bulk water because the spectral features of these two radicals are quite similar (Fig. 6b).

Our experimental spectra do not exhibit the intense absorption band in the red region, which is typical of the [(G-H 2 ):C] deprotonated radical despite its slightly larger computed stability (0.5 kcal mol À1 ) with respect to that of [(G-H):C] . However, we cannot rule out that a small metastable population of this radical is present before 3 ms since its spectrum overlaps that of the hydrated electron. This can result in slower decay at 700 nm (0.6 ms, Fig. 3a) compared to that expected for the hydrated electron alone (0.4 ms). 11,24 It is also possible that this reaction is under kinetic control, with proton transfer to cytosine playing a significant role. Moreover, our calculations could have slightly overestimated the stability of [(G-H 2 ):C] . In the case of G-quadruplexes, for which deprotonation at the NH 2 amino group is predicted to be significantly favoured over NH 1 deprotonation (by 2.9 kcal mol À1 ), the typical spectral signature of (G-H 2 ) radical is indeed clearly observed. 10,56 Regarding the potential presence of the hydration product [(8-OH-G):C] in the transient absorption spectra of Fig. 5, our computations show that it exhibits a well-defined band around 450-550 nm, the oscillator strength of which is much higher than that of the guanine radical in this spectral region (Fig. 6c). However, no such band is observed in the experimental spectra of GC 5 . Considering the error bars in our signals, we estimate that if [(8-OH-G):C] is present, its concentration on the probed timescale should be 20% lower than that of the guanine radicals.

The decay of the guanine deprotonated radicals in GC 5 is somewhat slower compared to that observed for the deprotonated adenine radicals in AT 10 , 12 which have the corresponding halftimes of 2.5 and 2.0 ms. In contrast, much longer decays have been reported for deprotonated guanine radicals generated by photosensitized charge transfer in duplexes. 23 Interestingly, the duplexes studied in ref. 23, contain mixed sequences with GG and GGG steps, as guanine quadruplexes for which a much slower decays are observed. 10 Generally, our computed spectra provide guidance for detecting transformations of the guanine radicals in GC n . Also, they may be useful for future experiments with higher time resolution and sensitivity than those of our present experimental setup. The expected changes are shown in Fig. 9, where several differential spectra, determined as the difference between various combinations of the spectra in Fig. 6, are illustrated. The difference This journal is © the Owner Societies 2018 between the spectra of the delocalized and localized guanine cations (Fig. 9a) indicates that the localization process can be detected mainly as a decrease in the transient absorption in the red part of the visible domain. The opposite effect is expected for deprotonation to bulk water, which is consistent with the assignment reported in experimental studies, [START_REF] Kobayashi | [END_REF] but no change in this spectral area can be observed for deprotonation to cytosine (Fig. 9b). Finally, hydration of the radical cation appears as a decrease at around 600 nm (Fig. 9c).

Conclusions

The main findings of the present study performed for alternating GC n duplexes by nanosecond time-resolved spectroscopy and quantum chemistry calculations are as follows.

The quantum yield of one-photon ionization at 266 nm, corresponding to energy lower than the ionization potential of the nucleobases by at least 2.3 eV, is 1.2 Â 10 À3 . This value represents the sum of the quantum yields corresponding to the ensemble of reaction products resulting from either radical cations or deprotonated radicals. Interestingly, it is of the same order of magnitude with that found for pyrimidine dimers 57 after 254 nm irradiation of isolated genomic DNA although the yield of 8-oxoG is two orders of magnitude lower. 58,59 The complex processes leading to electron ejection, possibly related to excited charge transfer states, remain to be assessed.

The main species present in the duplex after 3 ms are identified as deprotonated guanine radicals with the proton from position 1 being transferred either to bulk water or to cytosine. The absorption of both these radicals in the duplex differs from that of the monomeric radical by the intensity in the visible domain, which is significantly lower. Their population in GC 5 decreases by 50% at 2.5 ms and only 10% of it survives at 20 ms.

The reaction intermediate resulting from the hydration of the guanine radical cation, which gives rise to 8-oxoG, has not been detected. Its contribution to the spectra determined on the ms timescale is estimated to be lower than 20%.

Our calculations showed that not only base-pairing but also base-stacking affects the spectra of guanine radicals in duplexes. The study of duplexes containing both adenine-thymine and guanine-cytosine base pairs, including GG and GGG steps, should bring further insights on both the ionization process by low energy photons and the behaviour of the generated radicals. 

Fig. 1

 1 Fig. 1 Normalized absorption spectrum (a) and melting curve (b) of GC 5 in phosphate buffer. The grey vertical line in (a) corresponds to the wavelength of laser excitation.

Fig. 2

 2 Fig. 2 (a) Possible mechanisms for the deprotonation and hydration of the guanine cation in a guanine-cytosine Watson-Crick pair; orange dashes indicate possible rearrangement of the hydrogen bonds. Removal of the hydrogen atom framed in blue corresponds to formation of the [(G-H 2 ):C] radical. (b) GC 1 model duplex used in the calculations; guanines are represented in green, cytosines in pink, backbones in black, hydrogen bonds in red, and Na + counter-ions in purple. Blue points depict the cavity of the solvent, which is treated as a continuum.

Fig. 3

 3 Fig. 3 (a) Transient absorption decay recorded at 700 nm for an argonsaturated GC 5 solution (black) with an excitation intensity of 3.5 MW cm À2 ; the yellow line corresponds to the fit with a mono-exponential function. (b) Ionization curves of CG 5 (black) and AT 10 (grey) from ref. 12; [hn] and [e] 0 denote the concentration of absorbed photons and hydrated electrons at time zero, respectively; experimental points (circles) are fitted with linear functions (solid lines).

Fig. 4

 4 Fig. 4 Transient absorption signals recorded for GC 5 at 500 nm (black). The grey line in (a) indicates the average DA value between 3 and 120 ms, whereas the yellow line in (b) corresponds to the fit with the sum of two exponential functions (time constants: 1.2 and 8.7 ms).

Fig. 5

 5 Fig.5(a) Time-resolved spectra determined for GC 5 at 100 ms (pink), 1 ms (cyan) and 20 ms (yellow). (b) Time-resolved spectra of GC 5 at 100 ms (triangles); different colours correspond to independent measurements performed on samples prepared with different oligonucleotide batches; the transient absorbance is divided by the concentration of ejected electrons [e] 0 . The blue line corresponds to the deprotonated radical of dGMP, which is represented by its molar absorption coefficient.15 

Fig. 6

 6 Fig. 6 Absorption spectra of the guanine radical cations (a) and deprotonated radicals (b and c) computed for dGMP (blue) and GC 1 . Solid and dashed purple lines in (a) correspond to the localized and delocalized duplex cations. Solid and dashed pink lines in (b) correspond to the species [(G-H):C] and [(G-H) :(C + H) + ] illustrated in Fig. 2a. Solid and dashed lines in (c) correspond to [(G-H 2 ):C] and [(8-OH-G):C] .

Fig. 7

 7 Fig. 7 Absorption spectra computed for the guanine deprotonated radical [(G-H):C] in the Watson-Crick G:C pair (green) and the model duplex GC 1 (pink). The corresponding chemical structures are illustrated in Fig. 2a. The spectrum of the deprotonated radical of dGMP is shown in blue.

Fig. 8

 8 Fig. 8 Electronic density difference between the excited and ground state (S n -S 0 ) for the most important transitions contributing to bands I and II in Fig. 7. (a) dGMP, (b) G:C and (c) GC 1 . Green: guanine; pink: cytosine; black: deoxyribose; and red and cyan orbitals denote a decrease and increase in the electronic density, respectively. Energies and oscillator strengths for the involved transitions: Band I (a) S 6 3.1146 eV and f = 0.1098, (b) S 8 3.1646 eV and f = 0.1148 and (c) S 12 3.2674 eV and f = 0.0704 and Band II (a) S 3 2.1758 eV and f = 0.0539, (b) S 4 2.2084 eV and f = 0.0298 and (c) S 5 2.1322 eV and f = 0.0170.

Fig. 9

 9 Fig. 9 Differential spectra (normalized to À1 at the maximum DA) computed for (a) localization of the guanine cation, (b) deprotonation to water (violet) and to cytosine (blue) and (c) hydration of the guanine cation in GC 1 . Arrows correspond to the expected changes in the transient absorbance.
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