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One-electron oxidation of DNA gives rise to an electron hole
that easily migrates over distances of up to 200 A "> and ends
up at a guanine site, the nucleobase with the lowest oxidation
potential. ™! Long-range hole transfer depends on the energy
distribution of the low-lying electronic states, which in turn is
strongly affected by intermolecular interactions—u stacking
and H-bonding—between nucleobases.["”] Herein, we report
for the first time the detection of a low-energy spectroscopic
signal of the oxidized Watson—Crick complex of guanosine
and cytidine derivatives, attributed to the charge-transfer
(CT) localizing the hole on the cytidine moiety.

The UV/Vis absorption spectra of electrooxidized 2',3'-O-
isopropylidene-5"-O-(tert-butyldimethylsilyl)guanosine ~ (re-
ferred to here as Guo) in 10mMm solution (with 0.1m
tetrabutylammonium perchlorate (TBAP) as the supporting
electrolyte) in DMSO, CH,Cl,, and CHCI; are shown in
Figure 1.'" The spectra were recorded in an electrochemical
cell equipped with an optically transparent thin-layer elec-
trode (OTTLE), at a controlled potential of +0.91 V versus
the ferrocenium/ferrocene (Fc*/Fc) couple.[®11:12]
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Figure 1. UV/Vis absorption spectra of the electrogenerated Guo*

radical cation in various solvents. Dashed line: DMSO, black line:
CHCl;, gray line: CH,Cl,.
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Although cyclic voltammetry indicates that Guo oxidation
is an irreversible process, so that the guanosine radical cation
should be rapidly consumed,”® the spectra in all the solvents
show the three characteristic absorption peaks of oxidized
Guo in water (320, 390, and 500 nm), which were unequiv-
ocally attributed to the radical cation of guanosine.'*"! In
DMSO the three peaks exhibit the same intensity ratios as
those obtained by pulse radiolysis of an aqueous solution of
guanosine at acidic and neutral pH. In CHCI; and CH,Cl,, the
peak frequencies are slightly blue-shifted because of the
different solvent polarization. The relative intensity of the
peak at 310nm is slightly higher and increases as the
electrooxidation proceeds, which suggests that an oxidation
product is also absorbing at that wavelength region (see
below).

The FTIR absorption spectrum of neutral Guo (10 mm)
and TBAP (0.1m) in CHCl;, in the solvent-free region 1600-
1800 cm™, is reported in Figure 2 (curve a). The band at
1690 cm™! is assigned to the carbonyl stretching mode!*®! and
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Figure 2. a) IR spectrum of Guo in CHCl;, and b) the difference

spectrum obtained by subtracting the spectrum in (a) from that

recorded at 0.91 V vs. Fc*/Fc.

the other, at 1630 cm ™, to the bending vibration of the amine
group, since it disappears upon deuteration.!'” The difference
spectrum obtained by subtracting the spectrum of neutral
Guo from that recorded during oxidation at controlled
potential is also shown in Figure 2 (curve b; see also the
Supporting Information). The parent absorption at 1690 cm™!
is bleached and a peak around 1710 cm™" appears. The latter is
considered to be the TR spectroscopic signature of Guo™*.[*¥

Both UV/Vis and FTIR measurements clearly show that
the spectrum in Figure 1 is that of oxidized Guo and a
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reaction product. No other signals are observed in the 300—
700 nm region, both in CHCl; and CH,Cl, (see the Supporting
Information). When the potential is switched off, only the
signal at 316 nm persists. The relative intensity of the peak at
shorter wavelength increases as the electrooxidation pro-
ceeds, and its frequency slightly shifts from that of Guo'*
(around 300 nm) to that of the oxidation product (316 nm).
The product has been identified by using HPLC-mass
spectrometry (MS) and NMR spectroscopy (see the Support-
ing Information) as the 8-(8-guanosyl)guanosine derivative
(8-8 Guo), which indeed also exhibits a strong absorption at
320 nm in water.””) HPLC separation of electrolyzed solu-
tions of Guo/TBAP showed a well-defined peak in addition to
that of Guo. Electrospray ionization (ESI) MS revealed the
presence of ions at m/z 874.3, the value expected for [M+H]*
of 8-8 Guo.

Furthermore, the signal of the aromatic proton at é =
7.72 ppm is not observed in the "H NMR spectra of oxidized
solutions of Guo in CDCl;, which suggests that oxidized Guo
has been substituted at C8. >C NMR spectra also confirm the
formation of 8-8 bipurinyl compounds on the basis of existing
data.”*2

The UV spectrum of an equimolar (10 mm) solution of
Guo and 3',5'-bis-O-(tert-butyldimethylsilyl)-2-deoxycytidine
(here referred to as dCyd) in CH,Cl, with TBAP (0.1m),
recorded at a potential of + 0.57 V versus Fc'/Fc, is reported
in Figure 3. Cyclic voltammetry measurements showed that at
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Figure 3. UV/Vis spectrum of Guo and dCyd (20 mwm) in CH,Cl,

recorded at controlled potential (+0.57 V vs. Fc*/Fc).
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this potential solutions containing only Guo or only dCyd are
not oxidized, whereas solutions containing both species show
a well-resolved peak.”! Voltammograms obtained in the
OTTLE cell are reported in the Supporting Information.
The UV/Vis spectrum of the Watson—Crick Guo-dCyd
complex, the predominant species in solution,®?! is very
similar to that of Guo™", but the peak at 470 nm is slightly less
intense for the complex. No other signals are observed in the
region 300-700 nm.

The 'HNMR and “"CNMR spectra of exhaustively
electrolyzed solutions of the Watson—Crick Guo-dCyd com-
plex in CDCl; show that dCyd is not altered by electro-
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oxidation, whereas all the other signals are the same as those
observed in electrolyzed solutions containing only Guo.

The gas-phase ionization potential of cytosine is about
0.9 eV higher than that of guanine;*! therefore, the CT in the
oxidized Watson—Crick complex is expected to fall in the
near-infrared (NIR) region. We have thus investigated the
region 6000-11500 cm ™ using the same conditions as for the
UV spectra. A positive broad band, which is not observed
during the oxidation of solutions containing only Guo or only
dCyd, is indeed clearly observed in the difference spectrum at
approximately 10600 cm™' in CH,Cl, and at 10200 cm™ in
CHCI; (see Figure 4, Table 1, and the Supporting Informa-
tion).
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Figure 4. NIR absorption spectra of the Watson-Crick Guo—dCyd
(black line) and Guo-5mCyd (gray line) complexes in CH,Cl,, recorded
at +0.57 V vs. Fc*/Fc. Gua, C: 10 mm; TBAP: 0.1 m.

Table 1: Predicted and observed wavenumbers [cm™] for the CT band of
guanine—cytosine (Gua—Cyt) and guanine—5-methylcytosine (Gua—
5mCyt) complexes.

Gas phase CHCl,4 CH,Cl,

DFT DFT obs P! DFT obs B
Gua—Cyt 9917 11218 10200 11385 10600
Gua-5mCyt 8382 9645 8700 9890 9100

[a] Guo-dCyd and Guo-5mCyd.

As a first reasonable hypothesis, this band has to be
assigned to the CT of the oxidized Guo-dCyd Watson—Crick
complex. To better support this assignment, we also recorded
the spectrum of the Watson—Crick complex of Guo with
2',3',5'-tri-O-(tert-butyldimethylsilyl)-5-methylcytidine
(5mCyd). The CT is expected to shift at lower energy when
dCyd is replaced by 5mCyd, because the experimental
ionization potentials of methylated pyrimidine bases are
lower than those of unsubstituted ones.”” Computed and
available experimental ionization potentials of cytosine and
methylcytosines are reported in Table 2. From these data, it is
expected that the replacement of dCyd by SmCyd should shift
the CT band at lower wavenumbers by about 1400 cm™.
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Table 2: Theoretical and experimental vertical (adiabatic) ionization
potentials [eV] of cytosine (Cyt), and 5- and 6-methylcytosine (mCyt).

Gas CHCl,4 CH,Cl,
DFT® exp.! DFT DFT
Cyt 8.75 (8.60) 8.94 (8.68) 6.99 (6.83) 6.79 (6.62)
6mCyt  8.53 (8.34) - (8.38) 6.93 (6.74) 6.75 (6.54)
5mCyt  8.42 (8.25) 6.81 (6.61) 6.62 (6.42)

[a] Computed adiabatic ionization potentials include zero-point vibra-
tional energies. [b] Ref. [23].

Indeed, the absorption band is now found at 9100 cm™ in

CH,Cl,, as shown in Figure 4, and at 8700 cm ' in CHCI, (see
the Supporting Information), in very good agreement with the
expected frequency shifts.

Time-dependent density functional theory (TDDFT)
computations, carried out using the simpler nucleobases as a
model of the nucleosides, further support the above assign-
ment. A weak band (oscillator strength 0.06) at 11385 cm™' is
predicted for the Watson-Crick complex between guanine
(Gua) and cytosine (Cyt) in CH,Cl,, which corresponds to the
excitation of an electron from the singly occupied HOMO, a
m orbital localized on dCyd, to the LUMO, a nonbonding
7 orbital localized on Guo (see the Supporting Information).
That transition shifts at 9890 cm™' by replacing Cyt with
SmCyt, in optimum agreement with the observed values.

The low-energy absorption of the Watson—Crick Guo-
dCyd complex can therefore be reasonably assigned to the CT
of the oxidized complex. It provides the first experimental
estimate of the energy of one of the low-lying electronic states
of oxidized duplex DNA, important information toward a
better understanding of the mechanism of hole transfer in
DNA P The formation of 8-8 Guo as an oxidation product of
the Watson—Crick Guo—-dCyd complex could also be an
important hint for a deeper understanding of oxidative DNA
damage; in that field spectroelectrochemistry could play an
important role in the future.

Experimental Section
To increase their solubility in CHCl; and CH,Cl,, 2',3'-O-isopropy-
lideneguanosine, 2-deoxycytidine, and 5-methylcytidine (Sigma-—
Aldrich) were derivatized with tert-butyldimethylsilyl groups on the
ribose unit to yield Guo, dCyd, and 5SmCyd, respectively, by using the
procedure described in ref. [8]. Guo, dCyd, and SmCyd were purified
by recrystallization from 2-propanol and characterized by one- and
two-dimensional NMR spectroscopy. Ferrocene (Sigma—Aldrich) was
used as internal standard only in voltammetric measurements, not in
spectroscopic ones (see the Supporting Information). UV/Vis spectra
were recorded by a Varian-Cary 50 spectrophotometer, NIR and IR
spectra by a Bruker Vertex 70 spectrometer, and NMR spectra by a
Bruker DRX 400 MHz instrument. The scheme of the OTTLE cell
and details concerning HPLC-MS measurements are given in the
Supporting Information.

All computations were carried out with the Gaussian 03 pack-
age.”™ The B3LYP/6-311 + 4 G(d,p) level of theory was used in all

computations. Effects arising from solvent polarization were esti-
mated by the polarizable continuum model.**! Additional computa-
tional details are given in the Supporting Information.

Received: August 1, 2009
Published online: November 10, 2009

Keywords: charge transfer - DNA - IR spectroscopy -
nucleosides - oxidation

[1] G. B. Schuster, Acc. Chem. Res. 2000, 33, 253.

[2] B. Giese, J. Amaudrut, A.-K. Kéhler, M. Spormann, S. Wessely,
Nature 2001, 412, 318.

[3] K. E. Augustyn, J. C. Genereux, J. K. Barton, Angew. Chem.
2007, 119, 5833; Angew. Chem. Int. Ed. 2007, 46, 5731.

[4] S. Steenken, S. V. Jovanovic, J. Am. Chem. Soc. 1997, 119, 617.

[5] X. Yang, X.-B. Wang, E. R. Vorpagel, L.-S. Wang, Proc. Natl.
Acad. Sci. USA 2004, 101, 17588.

[6] I. Saito, M. Takayama, H. Sugiyama, K. Nakatani, A. Tsuchida,
M. Yamamoto, J. Am. Chem. Soc. 1995, 117, 6406.

[7] K. Kawai, Y. Wata, N. Ichinose, T. Majima, Angew. Chem. 2000,
112, 4497; Angew. Chem. Int. Ed. 2000, 39, 4327.

[8] T. Caruso, M. Carotenuto, E. Vasca, A. Peluso, J. Am. Chem.
Soc. 2005, 127, 15040.

[9] T. Caruso, A. Capobianco, A. Peluso, J. Am. Chem. Soc. 2007,
129, 15347.

[10] Structural formulas are given in the Supporting Information.
[11] A.J. Bard, L. R. Faulkner, Electrochemical Methods: Funda-
mentals and Applications, 2nd ed., Wiley, New York, 2001.

[12] In the cell the potential is kept at a constant value of 4+ 0.91 V vs.
Fc*/Fc by means of a suitably calibrated Pt quasi-reference
electrode.

[13] L. P. Candeias, S. Steenken, J. Am. Chem. Soc. 1989, 111, 1094.

[14] C. Chatgilialoglu, C. Caminal, M. Guerra, Q. G. Mulazzani,
Angew. Chem. 2005, 117, 6184; Angew. Chem. Int. Ed. 2005, 44,
6030.

[15] C. Chatgilialoglu, C. Caminal, A. Altieri, G. C. Vougioukalakis,
Q. G. Mulazzani, T. Gimisis, M. Guerra, J. Am. Chem. Soc. 2006,
128, 13796.

[16] M. Majoube, J. Chim. Phys. 1984, 81, 303.

[17] C.L. Angell, J. Chem. Soc. 1961, 504.

[18] M. K. Kuimova, A.J. Cowan, P. Matousek, A. W. Parker, X. Z.
Sun, M. Towrie, M. W. George, Proc. Natl. Acad. Sci. USA 2006,
103, 2150.

[19] S.N. Bose, R. J. H. Davies, D. W. Anderson, J. C. van Niekerk,
L. R. Nassimbeni, R. D. MacFarlane, Nature 1978, 271, 783.

[20] T. Tobrman, P. étépniéka, 1. Cisafovd, D. Dvoték, Eur. J. Org.
Chem. 2008, 2167.

[21] M. C. Rezende, E. L. Dall’'Oglio, C. Zucco, Tetrahedron Lett.
1996, 37, 5265.

[22] A. Abo-Riziq, E. Nir, M. Kabelac, P. Hobza, M. S. de Vries,
Proc. Natl. Acad. Sci. USA 2005, 102, 20.

[23] V.M. Orlov, A.N. Smirnov, Ya. M. Varshavsky, Tetrahedron
Lett. 1976, 48, 4377.

[24] M. Bixon, B. Giese, S. Wessely, T. Langenbacher, M. E. Michel-
Beyerle, J. Jortner, Proc. Natl. Acad. Sci. USA 1999, 96, 11713.

[25] Gaussian 03 (Revision B.05), M. J. Frisch et al., see the Support-
ing Information.

[26] J. Tomasi, B. Mennucci, R. Cammi, Chem. Rev. 2005, 105, 2999.

www.angewandte.org

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2009, 48, 9526 —9528


http://dx.doi.org/10.1021/ar980059z
http://dx.doi.org/10.1038/35085542
http://dx.doi.org/10.1002/ange.200701522
http://dx.doi.org/10.1002/ange.200701522
http://dx.doi.org/10.1002/anie.200701522
http://dx.doi.org/10.1021/ja962255b
http://dx.doi.org/10.1073/pnas.0405157101
http://dx.doi.org/10.1073/pnas.0405157101
http://dx.doi.org/10.1021/ja00128a050
http://dx.doi.org/10.1002/1521-3757(20001201)112:23%3C4497::AID-ANGE4497%3E3.0.CO;2-2
http://dx.doi.org/10.1002/1521-3757(20001201)112:23%3C4497::AID-ANGE4497%3E3.0.CO;2-2
http://dx.doi.org/10.1002/1521-3773(20001201)39:23%3C4327::AID-ANIE4327%3E3.0.CO;2-6
http://dx.doi.org/10.1021/ja055130s
http://dx.doi.org/10.1021/ja055130s
http://dx.doi.org/10.1021/ja076181n
http://dx.doi.org/10.1021/ja076181n
http://dx.doi.org/10.1021/ja00185a046
http://dx.doi.org/10.1002/ange.200501087
http://dx.doi.org/10.1002/anie.200501087
http://dx.doi.org/10.1002/anie.200501087
http://dx.doi.org/10.1021/ja062636h
http://dx.doi.org/10.1021/ja062636h
http://dx.doi.org/10.1039/jr9610000504
http://dx.doi.org/10.1073/pnas.0506860103
http://dx.doi.org/10.1073/pnas.0506860103
http://dx.doi.org/10.1038/271783a0
http://dx.doi.org/10.1002/ejoc.200800017
http://dx.doi.org/10.1002/ejoc.200800017
http://dx.doi.org/10.1016/0040-4039(96)01115-X
http://dx.doi.org/10.1016/0040-4039(96)01115-X
http://dx.doi.org/10.1073/pnas.0408574102
http://dx.doi.org/10.1073/pnas.96.21.11713
http://dx.doi.org/10.1021/cr9904009
http://www.angewandte.org

