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Guanine quadruplexes (G4)a re four-stranded DNA structuresi nvolved in biological processes and are promising candidates for potential nanotechnological applications. This study examinesh ow the G4 topologya ffects the electronic absorption and the delocalization of electronh oles, which play ak ey role in charget ransport and oxidative damage. Combining transienta bsorption spectroscopy with PCM/TD-DFT calculations both parallel (P)a nd antiparallel (A) G4 are investigated,w hich are formed,r espectively,b ya ssociation of four TGGGGT strandsa nd folding of the human telomeric sequence GGG(TTAGGG) 3 .T he experimental absorption spectra obtained upon photo-ionization of A and P are different. This is explained by the different topology of the two G4, as well as by hole delocalization between two stacked guanines, possible only in P + + .T he spectrals ignature of delocalizedh ole in guanine-rich regions is provided and the chemical physicale ffects which rule the hole delocalization are discussed.

Electron holes in molecular systemsp lay ak ey role in natural phenomena, such as photosynthesis or oxidative DNA damage,a sw ell as in molecular electronics. The hole mayb e localized on as ingle building block of the system or delocalized over several of them. The extent of hole delocalization is a fundamental property whichg overns charge migration and charge transfer important to many biological and technological processes.B oth aspects concern guanineq uadruplexes (G4), which are four-stranded structuresf ormed by guanine-rich DNA sequences. They are characterized by vertically stacked tetrads (T)c omposed of four guaninesc onnected via Hoogsten-type hydrogen bonds. G4,i nw hich the occurrence of hole transport was evidenced, [1] have been correlated, on the one hand, to the oxidative damage of telomeres, [2] and, on the other,p roposed as nano-wires for the development of pro-grammable circuits. [3] Here, we show that hole delocalization in G4 may be affected by the relative orientation of guanines located in different tetrads (Scheme 1). We focus on two prototypical G4 structures:p arallel (P), resulting from association of four TGGGGT strands, and antiparallel (A), formed by folding of the human telomeric sequence GGG(TTAGGG) 3 ,b oth stabilized by Na + ions. Using time-resolveda bsorption spectroscopy we show that electron holes generated in P and A by photo-ionization [4] exhibit different absorption spectra.T his observation is interpreted by at horough computational analysis,c ombining full quantum mechanical( QM) and mixed QM/molecular mechanics (QM/MM) calculations, whichr eveal that the degree of localization is different in Aa nd P. This fundamental difference, together with the specific topology of each G4,a ccounts for the observed optical behavior.O nt his ground, we identify the spectrals ignature of hole-delocalization in G4 as well as the main structural effects ruling this process.

Experimentally,t he electron holes in G4 were createdv ia photo-ionization by low intensity 5nsl aser pulses at 266 nm as described in ref. [4b]. P and A were dissolvedi np hosphate buffer for which the pH was adjusted to 3i no rder to prevent deprotonation of the guanine cation. [4b, 5] Thes teady-state absorptions pectra of G4 at pH 3w eret he same as at pH 7( Scheme1.Antiparallel A (143d.pdb) [6] and parallel P (244d.pdb) [7] guanine quadruplexes formed by folding of the GGG(TTAGGG) 3 sequencea nd associationo ffour TGGGGT strands, both stabilizedb yN a + ions (green). "anti" guanines, in respect to the glycosidic bond,are representedi nr ed while "syn"guanines in blue. For simplicity adeninea nd thymine bases are not shown.

tions only nucleobases undergo one-andt wo-photon ionization. [4] Moreover,t he concentration of ejectede lectrons is one order of magnitude lower than the G4 concentration.T herefore, the spectra in Figure 1c orrespondt oA and P bearing only one electron hole, noted as A + + and P + + .T he spectrum of A + + is characterized by ab and around 500 nm (I) and as econd one peaking at 400 nm (II) with an intensity which is 17 % higher than that of band I. It resembles the spectrum of the mononucleotide dGMP cation, [5a] also shown in Figure 1, in which, however,t he relative intensity of band II is 35 %m ore intense than band I. Going from A + + to P + + ,the spectrum exhibits remarkable changes:b and Is hifts clearly to longer wavelengths,w hile the intensityo fb and II further decreases.

The structurala nd electronic properties of the neutral and cationic species were then explored at the QM/MM (exploiting the ONIOM [8] procedure as implemented in Gaussian09 [START_REF] Gaussian | W allingfordCT[END_REF] )a nd full QM levels using the crystal structure of P and A as reference. [6,7] When included in the calculations, the phosphodeoxyribose backbonew as always treated at the MM level with the AMBER parm96.dat [START_REF] Cornell | [END_REF] force field. In the case of A,f or which the three tetrads are not topologically equivalent, we used only two computational models: A3T,s ketched in Figure2 (QM/MMc alculations with three tetrads in the QM part) and A3T b (full QM calculations including only the bases). Al arger number of computationalm odelsw ere used for P, which is bigger than A but contains topologically equivalent tetrads.T hus, at the QM/MM level we studied several models differing in the number of tetrads included in the QM region (P2T, P3T, P4T), the locationo ft he considered tetrads (inner or external)a nd the treatment of the metal cation in the central cavity (see below). In particular,m odel P2T b (full QM calculations with two tetrads including only bases) was thoroughly explored. Our reference QM method was DFT with M052X [5b, 11] functional, combined with the 6-31G(d) basis set. Te st calculations were also performed using B3LYP, [12] CAM-B3LYP [13] and wB97XD [14] functionals and more extended basis sets (6-31 + G(d,p)).S olvent effects were included by the PCM model in both QM and QM/MM calculations. [15] Ac riticale xtensive discussion of our computational approach, successfully applied in the study of UV-induced processes in DNA (including radicals), [4b, 16] is reported in the Supporting Information.

Despite the small structural differences of the minimaw hich result from all computational modelsu sed in the analysis, the electronic circular dichroism and absorption spectra computed for "neutral" A and P are in agreement with the experimental ones (see Supporting Information). The only significant difference is au niform blue-shift of the computed spectra,w hich, besidesp ossible inaccuracies of our electronic calculations, is due to the lack of vibrationala nd thermal effects. [17] In order to account for this shift andt oa llow an easier comparison with the experimental spectra, we decided to shift the computed absorption energies by 0.50 eV (unshifted spectra are given in the Supporting Information). Thisvalue provides ag ood agreement between the computed and the experimental spectra of The blue solid line corresponds to the spectrum of the dGMP cation [5a] arbitrarily normalized. Estimated error:10%. guaninec ation (see Supporting Information). [18] For the cationic G4,w es tarted our analysis with A + ,w hich has an experimental spectrum similar to that of the free dGMP cation. Our calculations on [A3T b ] + and [A3T] + indicatethat the hole is essentially localized overasingle guanine, located in the external (T3)a nd internal (T2)t etrads, respectively (Figure 2). The computed absorption spectrumr eproduces the main features of the experimental spectrum and, in particular,the relative intensities of bands Iand II (Figure 3a). [4b] Hole localizationi sa lso predicted for [P4T] + ,i nw hich a single base bears an excesso fc harge d q = 0.74 a.u. The corresponding guaninea dopts ag eometry typical of the free guanine cation, whereas the other guanines conserve the geometry found for the free neutral guanine. Subsequently, we used smaller models, and, hence,m ore affordable from ac omputational point of view,i no rder to explore hole localizationi nP in am ore complete way. deloc ). In contrast, when starting from the stacking arrangemente xperimentally determined for P, [7] As an ext step, we investigated the effectsw hich influence the localization/delocalization equilibrium in P.F or example, we found that symmetry effects, connected to thep ositiono f the inner cations,are key factors in modulating hole delocalization (TableSI-2). When the neutrals pecies PT3 is optimized startingf rom the crystal structure, where the inner Na + ions are not symmetric with respect to the three tetrads (PT3 loc , Figure 2), our calculations provide hole localization. On the contrary,w hen startingf rom structures where the two Na + ions are symmetrically "sandwiched" between the tetrads,h ole delocalization is found (PT3 deloc ,F igure 2). Furthermore, test calculations on [P2T b ] + loc and [P2T b ] + deloc (TableSI-1) showt hat closer stacking between bases favors hole delocalization.W e also stress that this equilibrium is not significantly affected by the selected density functional and basis set or by the polarity of the embedding medium (see Supporting Information). Finally,c onformationalf luctuations-the inclusion of which at the full QM level is not yet feasible for the mst imescale-would likely favor hole localization.

All spectra computed for P + model systems (see Figure 3a and SI-6) are different from that of A + + species. Both localized ([P3T] + loc )a nd delocalized ([P3T] + deloc )s pectra show an inversion of the relative intensity of bands Ia nd II compared to A + + , the band Ib eing more intense (Figure 3a). On the other hand, the position of band Is trongly depends on hole localization in P + + (Figure 3a).F or [P3T] + loc ,b and Ii sb lue-shifted compared to A + + ,a nd almost coalesces with band II. In contrast, for [P3T] + deloc ,t he band Ii sr ed-shifted with respect to that of A + + . The spectra computed for the model P2T b presents imilar trends( Figure 3b and SI-6), which are full confirmed by test calculations adoptingC AM-B3LYP and wB97XD functionals. These spectra, which are shown in Figure 3b,p rovide as imilar picture of the effect of hole delocalization in P + + ,w hich leads in particulartoas ignificant red-shifto fb and I.

Comparison between Figures 1a nd 3a shows that only the computed spectrac orresponding to delocalized species exhibit all features of the P + + experimental spectra, thus providing a second important conclusion for our study.B oth larger hole delocalization (band Is hift) and different stacking arrangements( relative intensity of bandsIand II) are responsible for the differents pectrum of P + + and A + + .O ur conclusions are confirmedb yt est calculations using the B3LYP functional, which overestimates delocalization effects, and thus predicts delocalization for A + + (Figure SI-6). Also for this antiparallel structure, hole delocalization is indeed accompanied by ar elative increase of the intensity of band I(Figure SI-6).

Our calculationsa llow full assignment of the differenceso bservedi nt he experimental spectra of P + + and A + + (Figure 2) and unveil consistent trends, which do not dependo nt he adopted computational approach;t hey were verified for many systemso fd ifferent size (up to 10 minimah ave been considered). Independently of the degree of delocalization, the spectrum of cationic G4 is affected by the presence of "neutral" guanines located close to the electron hole. On one hand, transitions with predominant charget ransfer (CT) character,i nvolvingthe hole transfer from the guanine bearing the positive charge towards close lying bases, are present in both A + + and P + + .Ont he other hand, the different stacking arrangementinP and A is responsible for the spectrald ifferences found in the case of localized holes in these G4.I np articular, the stabilization of the bright state, pp* 2 (G + !G + *, Figure SI-7 andS I-8), for parallel arrangements accounts for the larger intensity of band Ii nt he P + + spectrumc ompared to that of A + + .I na ddition, if the hole is delocalized, this electronic transition acquires partial CT character (0.17 a.u.) between the guanines sharing the hole (Figure SI-8 and SI-9). The mixed pp* 2 /CT character precisely explainsthe red-shift of the band I.

Our joint experimental and computational work has brought severaln ew insights regarding hole transport in DNA. [19] We provide evidencef or the first time that electron holes may be delocalized in four-stranded structures;t his phenomenoni s strongly modulated by the G4 topology,b eing clearly favored by parallel arrangements. Hole delocalization in such structures is controlled by both conformational factorsa nd the position of metal cations;i ts importance in chargem igration has been highlighted. [19e, 20] More importantly,w ei dentified the spectral fingerprint of delocalized holes, analyzing the associated electronic transitions. We showedt hat the effect of topology is not limited only on the spectra of delocalized holes but is also extended to those of localized ones. This impact is much more pronounced compared to that reported fort he spectra neutral G4. [21] Although electron holes in DNA have been treated quantum mechanically, [22] no correlation has been established so far with their electronic absorption spectra. Yet, the knowledge of their spectral fingerprint could be very useful for distinguishing them in ultrafast transiente xperiments where other transients pecies potentially absorb. [23] Our approach, based on photoionization by low energy UV light and QM calculations, providesp recisely at ool that could be proved valuable for direct observation of electron holes in DNA.

  Figure SI-1) and showt hat the four-stranded structurei sp reserved under acidic conditions. Transient absorption signals were recorded on a9 0mss cale (Figure SI-2). The spectra at 50 msa re shown in Figure 1. Under our experimental condi-
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Figure 1 .

 1 Figure1. Transient absorption spectra determined at 50 msf or P + + (red) and A + + (green)u sing the sameexcitationi ntensity (2.2 MW cm À2 )a t266 nm. The blue solid line corresponds to the spectrum of the dGMP cation[5a] arbitrarily normalized. Estimated error:10%.

Figure 2 .

 2 Figure 2. Systems studied at the QM/MMlevelfor A and P.Balls and sticksr epresent the QM parts and tubes the MM parts. Inner QM-Na + are represented in green balls,w hereas MM-Na + are shown in greyb alls.Modelsstudied at the QM level: A3T b (T1 + T2 + T3 + 2Na + )and P2T b (T1 + T2 + 2Na + ).

  C alculations on [P2T] + indicate also hole localization independently of whether inner or external tetrads are describeda tt he QM level (see Supporting Information). For the [P3T] + model, however,b oth localized and delocalized minima were obtained depending on the startingg eometry for the cation optimization( see below). As imilar picture emerges from the study of [P2T b ]. When starting from the PCM/M052X optimized [P2T b ]m inimum, geometry optimization of [P2T b ] + predicts that the hole is almost perfectly delocalized over two guanines belonging to two different tetrads ([P2T b ] +

  geometry optimizationo f[ P2T b ] + leads to am inimum with the hole localized on as ingle guanine, hereafter [P2T b ] + loc ,w hich is more stable by ca. 0.3 eV than [P2T b ] + deloc. At this stage,w eh ave reacheda ni mportantconclusion:f or cationic parallel G4 structures, minimaw ith different degrees of hole delocalization are possible.

Figure 3 .

 3 Figure 3. Computeda bsorption spectrafor different models anddifferent functionals. a) [A3T] + (green), [P3T] + loc (red, dashed) and [P3T] + deloc (red, solid) at the QM(PCM/TD-M052X/6-31G(d))/MM level of theory. [P2T b ] + loc (dashed) and [P2T b ] + deloc (solid) according to b) PCM/TD-M052X, c) PCM/TD-CAM-B3LYPa nd d) PCM/TD-wB97XD calculations.
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