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Abstract
Photocatalytic oxidation of nucleic acid components on aqueous metal oxides (TiO2, α-FeOOH,
and α-Fe2O3) has been studied. The oxidation of purine nucleotides results in the formation of the
purine radical cations and sugar-phosphate radicals, whereas the oxidation of pyrimidine
nucleotides other than thymine results in the oxidation of only the sugar-phosphate. The oxidation
of the thymine (and to a far less extent for the 5-methylcytosine) derivatives results in
deprotonation from the methyl group of the base. Some single stranded (ss) oligoribonucleotides
and wild-type ss RNA were oxidized at purine sites. In contrast, double stranded (ds)
oligoribonucleotides and DNA were not oxidized. These results account for observations
suggesting that cellular ds DNA is not damaged by exposure to photoirradiated TiO2 nanoparticles
inserted into the cell, whereas ss RNA is extensively damaged. The astrobiological import of our
observations is that the rapid degradation of monomer nucleotides make them poor targets as
biosignatures, whereas duplex DNA is a better target as it is resilient to oxidative diagenesis.
Another import of our studies is that ds DNA (as opposed to ss RNA) appears to be optimized to
withstand oxidative stress both due to the advantageous polymer morphology and the subtle
details of its radical chemistry. This peculiarity may account for the preference for DNA over
RNA as a “molecule of life” provided that metal oxides served as the template for synthesis of
polynucleotides, as suggested by Orgel and others.

1. INTRODUCTION
The search for organic life on other planets in the Solar System, including Mars, is
conceived as the search for terrestrial “biosignatures,” 1 that is the common biomolecules
and metabolites and the products of their transformation in the environment (known as
“diagenesis”). 2–7 As the solar radiation could be the source of energy for tentative life
forms, the top soil is a possible habitat. The atmosphere of Mars transmits ultra-violet (UV)
light mainly in the UVA region. 2,4,5 Martian soil is deficient in organic components in
general, 2–6 which was rationalized as evidence for oxidative diagenesis occurring in the
soil. 2–8 The submicron soil particles include perchlorates 8 and several light-absorbing
metal oxides, such as titanium (IV) and iron (III) oxides; the latter oxides give Mars its
characteristic red-brownish color. 9 Such oxides are semiconductors, and UV irradiation of
their surfaces results in charge separation. The holes (electron deficiencies) that migrate to
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the surface can readily oxidize organic molecules adsorbed at the oxide surface. 3,4,10–13

Without the occurrence of catalysis, the photoreactions would require more energetic
photons that have a much lower flux than the UVA radiation. 2–5 This brings the question,
what types of biomarkers can exhibit long-term photostablity in such environment?

In our previous studies, 3,4 we demonstrated that carboxylated compounds (RCO2
−) in

general and natural amino acids in particular exhibit low resistance 12 to the above-
mentioned catalytic photoreactions due to the occurrence of oxidative decarboxylation
(photo-Kolbe reaction), 11 in which the photogenerated hole accepts an electron from
RCO2

− (which is linked to the surface in a bidentate fashion) yielding R• and CO2. Using
electron paramagnetic resonance (EPR) spectroscopy, we demonstrated that this reaction
(for aliphatic amino acids) and concurrent deprotonation (for aromatic amino acids) readily
occur even at low temperature (50–100 K). 3 The same reaction occurred for short
polypeptides, 3,4 however, for large peptides the efficiency of photocatalytic oxidation was
quite low, as the hole on the oxide is not sufficiently energetic to react with the polymer
chain or the aromatic residues in the hydrophobic core. 3,4

In the present study, we examine the photolytic stability of DNA, RNA, and related
compounds on UV light exposed metal oxides, which is important not only in its
astrobiological context, but also in its geochemical and biomedical contexts (see Section 4
and 5). These nucleic acids involve (2′-deoxy)ribose moieties. In ref. 13, the mechanisms for
the photocatalytic oxidation of carbohydrates on the metal oxides have been examined. The
main import of these studies for this work is that the TiO2 and α–FeOOH (but not α-Fe2O3)
can readily oxidize chemisorbed D-ribose and 2′-deoxy-D-ribose and the corresponding 5′-
sugar-phosphates. The reaction proceeds through the formation of the radical cations of the
carbohydrates that deprotonate yielding the corresponding H loss neutral radicals (in the
following designated as C(n′)•, where n′ is the corresponding carbon atom in the sugar
residue, see Scheme 1. In bulk solutions, such neutral radicals tend to dehydrate. However,
on the oxide surfaces this reaction is impeded by the bidentate oxo bridge formation
between the vicinal hydroxyl groups and the metal. Instead, high yield of the formyl radical
was observed. It was demonstrated that most of the formyl elimination involves the carbon-1
site and that the main two radicals formed by the catalytic photooxidation of the ribose and
2-deoxyribose are carbon -1 and -2 centered radicals, with the minor contribution from
carbon-3 centered radicals. We interpret such preferences in the radical formation as the
indication for the preferences in the modes of chemisorption for the corresponding
molecules on the oxides.

This study proceeds as follows. Photocatalytic oxidation of nucleic acids on aqueous metal
oxides (TiO2, α-FeOOH, and α-Fe2O3) are examined in Section 3. Nucleosides and
nucleotides are examined in Section 3.1, 2′-deoxynucleotides are examined in Section 3.2,
and synthetic polynucleotides and wild-type RNA and DNA are examined in Section 3.3.
For brevity, some tables and figures are supplied as supporting information; such materials
have the designator “S”. In Section 4, we place these results in a broader context and in
Section 5 we discuss the implications of our observations.

2. EXPERIMENTAL
Materials

Unless stated otherwise, all chemicals were obtained from Sigma-Aldrich (Milwaukee, WI)
and used without further purification. Nucleosides (Scheme 1) are D-ribose substituted at the
carbon-1′ with a pyrimidine (C and 5-Me-C for cytosine and 5-methylcytosine and U and T
for uracil and 5-methyluracil (that is, thymine)) or a purine (A for adenine and G for
guanine) nucleobase. The standard convention is followed for designating the nucleotides
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(5′-phosphate derivatives of the nucleosides): the middle latter M is for mono-, D is for di-,
and T is for tri- phosphate; for example, ADP is adenosine-5′-diphosphate. The small letter
“d” designates 2′-deoxynucleotides (as in dTMP).

d8-Deuterated (substituted at carbon-8) purine (2′-deoxy)ribonucleosides and
ribonucleotides were synthesized by H/D exchange of the protiated compound in
tetraethylamine/D2O for 1–3 days at 55 °C with the subsequent evaporation of the solvent in
vacuum and repeated dissolution in D2O followed by the evaporation (4–5 cycles). 14–16

Employing Bruker Avance DMX 500 MHz NMR spectrometer (Bruker BioSpin, Billerica,
MA), the degree of the H/D exchange was determined as 92 to 98% by integration. Other
deuterated biochemicals were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA) and Omicron Biochemicals, Inc. (South Bend, IN). The 13CH3-labeled thymidine (dT)
was obtained from Cambridge Isotope Laboratories (Andover, MA).

Anatase nanoparticles were synthesized by hydrolysis of TiCl4 as described in ref. 17 and
stabilized in pH=2 solution. Hematite nanoparticles were prepared by hydrothermal
oxidation of FeCl3 as described in ref. 3. These nanoparticles (30–50 nm) were stabilized at
pH=4. The optical absorption spectra of these two solutions are given in Figure 1 in ref. 3.
Goethite (α-FeOOH) particles were synthesized by hydrolysis of iron(III) nitrate at 50 °C for
three days at pH=2. Goethite particles ranged in size from 50 nm to 0.2–1 μm.

Spectroscopy and simulations
The aqueous solutions/suspensions were irradiated using 6 ns laser pulses from the third
harmonic (355 nm) of a Nd:YAG laser (Quantel Brilliant). N2-purged aqueous solutions
and/or suspensions of the oxide particles containing the adsorbate were flash frozen at 77 K
in O.D. 4 mm Suprasil tubes and subsequently irradiated using 355 nm light (15 mJ/pulse,
100–500 pulses) while immersed in liquid N2. The irradiated samples were transferred into
the cryostat (Oxford Instruments model CF935) of a continuous-wave EPR spectrometer
(Bruker model ESP300E operating at 9.45 GHz), and the radicals and spin centers on the
metal oxides were detected in situ at 50–200 K. First-derivative EPR spectra were recorded
at several temperatures, microwave power levels (typically, 0.2 mW), and field modulation
amplitudes (typically, 2–5 G) at 100 KHz. The radicals on the oxide surface exhibit hindered
rotation that results in poor averaging of the anisotropic part of hyperfine coupling tensors
(hfcc) for magnetic nuclei, such as 14N and 1H, which complicated structural attribution and
required selective deuteration of the photooxidized compounds. Another frequent
complication is interference from trapped-electron centers on the oxides 3,4,10,13 which
renders certain regions of the EPR spectra inaccessible to analysis. The trapped electron
centers (surface and lattice TiIII ions) exhibit prominent resonance lines to the higher field of
g=1.97 which are generally excluded from the spectra shown in Section 3.

Because some of the radicals reported in this work yield poorly-resolved EPR spectra,
selective deuteration or 13C substitution were required to establish the radical identity. The
deuteron, which is a spin-1 nucleus, has ~15% of the magnetic moment of the (spin-1/2)
proton and, to a first approximation, the effect of such deuteration is nullifying the hfcc in
the corresponding protons.

Calculations of the geometry and magnetic parameters of the radicals were carried out using
density functional theory (DFT) with a B3LYP functional 18 and 6–31G(d,p) basis set with
polarization functions from Gaussian 98. 19
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3. RESULTS
3.1. Nucleotides and nucleosides

As discussed in refs. 3, 4, and 17, the holes on α-FeOOH and TiO2 are sufficiently energetic
to oxidize both the (2′-deoxy) ribose and the corresponding 5′-phosphate derivatives. The
nucleobases that attached in the β-position to the carbon-1′ of the sugar (phosphate) unit can
serve either as an electron donor or an electron acceptor 20–23 (see also references 1 to 17 in
ref. 16 for reviews). In the gas phase, the theoretically calculated adiabatic ionization
potentials of the free U, T, C, A, and G nucleobases are 9.32, 8.87, 8.68, 8.26, and 7.77 eV,
respectively, 24a,25; these values agree well with the corresponding experimental values 24b

and microhydration, H bonding, and stacking do not change this ordering. 25 Thus, the two
purines are easiest to oxidize, whereas the pyrimidines are more difficult to oxidize
(Schemes 2 and 3). Oxidation by hydroxyl radicals results in the formation of the
corresponding hydroxyl adducts at carbon-4 for A and carbon-5 for G, whereas fast one-
electron oxidizers, such as SO4 −•, generate the corresponding radical cations, A+• and G+•.
20 At low pH, these radical cations are stable to deprotonation; e.g., G+• has pKa of 3.9. 26

Such one-electron oxidation occurs both in free purine bases and their derivatives, including
ribonucleotides and 2′-dexoyribonucleotides (see Scheme 3 for the guanine). Recent work
has shown that the purine cations in nucleosides or in DNA are easily photoconverted to
sugar (H atom loss) radicals at carbons-1′, -3′, and -5′ via a proton-coupled hole transfer
process; 27 – 29 however, in highly polymerized salmon sperm ds DNA, only 1′ radical is
produced. 29 Thus, purine radical cation excited states can play an important role in sugar
radical formation (resulting in strand breaks).

In contrast, the radical cations of pyrimidines exhibit complex chemistry. 30–41 Oxidized
(free) pyrimidines (such as cytidine (1) in Scheme 2) deprotonate from their nitrogen-1 site,
yielding the corresponding neutral N-centered radicals (radical 2 and, to a lesser degree,
radical 3. 30,42 As a minor reaction pathway, these radical cations 35–39 also react with water
and deprotonate, yielding hydroxyl adducts at the carbon-6 sites for thymine (Scheme 4),
e.g., 21,39 the carbon-5 site for cytosine (radical 4 in Scheme 2), and the carbon-5 and -6
sites for the uracil. 42 In N(1)-substituted pyrimidines, N(1)-C(1′) scission also occurs, as
suggested by product analyses and spin trapping, 21,22,32,33,44 but the corresponding N-
centered radicals 2 was not observed by EPR. For ribonucleotides, the U+•, C+•, and 5-
methyl-C+• yield C(1′)• radical 6, as shown in Scheme 2 (some studies suggest the formation
of other ribose-centered radicals). 33,34,44 On the other hand, H-atom abstraction by the
hydroxyl radical results in the formation of sugar radicals at all of the carbon sites in the
sugar moiety, but the preferred site for the H-atom abstraction is at the carbon-2′ site. 45 We
note here that the C(1′)• radical undergoes C(1′)-O bond (ring) scission to yield radical 7 or
undergoes a 1,2 H-shift to yield radical 8. The latter eliminates water and loses the free
pyrimidine base (or, in the oligonucleotides, the phosphate group) yielding radical 9. The
latter reactions cause irreversible strand breaks. 21–23 Analogous internal H abstraction
causing the elimination of uracil has been reported for uridine and polyuridine in γ-
radiolysis of aqueous solutions at room temperature; 46 product analyses indicating the
formation of sugar phosphate radicals 7 and 9 are corroborated by spin-trapping studies. 44

For 2′-deoxycytidine, in addition to deprotonation from the sugar the dC+• radical cation can
also deprotonate from the amine group yielding a dC-C(4)-•NH radical that undergoes
internal proton transfer to yield =N• radical 3. 30,33 For oxidized uridine, dU+•, there is also
the formation of a C(6)-OH adduct radical (through the concerted hydrolysis/deprotonation)
analogous to radical 4. 42,44

In 2′-deoxyribonucleotides cation radicals, deprotonation from the ribose is less facile and
the hydroxyl adducts are observed, with the hydroxyl addition at carbon-5 for dC and
carbon-5 and -6 for dU. For dT (structure 14 in Scheme 4), the main product is the allyl-dT
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(dU-C(5)-CH2
•) radical 15 that is formed by deprotonation of the radical cation 16 from the

methyl group; 35,37,40,43 the hydroxyl adduct at carbon-6 (radical 17) is generated as a
byproduct. 39 EPR studies of frozen glass matrices 34 and crystals 43,47 indicate that
oxidation of the cytidine and 2′-deoxycytidine (and the corresponding 5′-phosphates)
produces primarily dehydrated radical 9 formed with unaltered base release. Such ribose-
centered radicals are formed not only under direct attack of the oxidizing radicals (which
may involve the ribose rather than the purine moiety), 21 but also through biphotonic
ionization of the cytidine and 5-methylcytidine. 34,36,37 For 5-methylated cytosine and
cytidine, the formation of allyl-C radical analogous to allyl-dT has been reported; 37,40 such
radicals (known as 3αH) 43 are also observed from 5-methylcytosine impurity in cytosine
and cytidine monocrystals, as this methylation reduces the ionization potential by 140–290
meV. 43 In aqueous solutions that do not contain electron scavengers, photoionization and
radiolysis generate hydrated electrons that yield radical anions and their protonated forms, as
shown in Schemes 2 and 4. The resulting chemistry is complex, with a number of species
generated simultaneously.

Given that the oxides deeply trap photogenerated electrons, the photochemistry of nucleic
acids on the titanium (IV) and iron (III) oxides should be oxidative, and the radicals are less
prone to secondary reactions, such as the loss of water. In this section we consider the
results for ribonucleotides; the 2′-deoxyribonucleotides are examined in the next section.
The parent nucleosides and 2′-deoxynucleosides of the purines have prohibitively low
solubilities in acidic solutions, and we did not observe photooxidation for such compounds.

As shown in Figures 1a and 1b, the EPR spectra for nucleotide mono-, di-, and tri-
phosphates on photoirradiated TiO2 are dominated by a relatively narrow resonance line
whose appearance does not change with the extent of 5′-phosphorylation. In addition to this
line, there is a line of the formyl radical, suggesting the damage to the ribose ring. The
strongest EPR signals are observed for purines, as can be expected given their ease of
oxidation (Figure 1a). The proof of the identity of this radical as G+• is provided by d8-
substitution in guanine (Figure 2). Upon this substitution, the resonance line narrows due to
the elimination of a 8.9 G isotropic hfcc for H(8) in h8-G+• (see simulations in Figure 1S).
The line narrowing reveals the shoulders (indicated by arrow in Figure 2). This feature likely
forms a ribose-centered radical. In contrast, d8-substitution in adenine does not result in a
significant change of the spectral envelope (Figure 2). This is consistent with previous
experimental and computational results for h8-A+• that indicate weak coupling of the
unpaired electron density to the H(8) proton (~6 G) and strong coupling constants in the
NH2 protons (~7.3 G). 48 The simulated EPR spectra for h8-A+• and d8-A+• are shown in
Figure 1S. In accordance with the previous reports, 48 warming of the photoirradiated purine
5′-phosphates to 140 K (when the matrix softens) did not result in significant changes in
their EPR spectrum (Figure 2S).

Importantly, the EPR spectra observed for the cytidine and uridine (and their 5′-phosphates)
are very similar (Figure 1b), despite the structural differences. The EPR spectra observed for
these pyrimidines are not fully consistent with the spectra simulated and/or observed for
their radical cations and anions (including the corresponding deprotonated and protonated
forms, respectively), the hydroxyl adduct radicals at carbon-5 and -6 positions (that have
large hfcc’s, ~20 G, in α– and β–protons) and the N(1)- radicals. The photooxidation of the
pyrimidine nucleotides and nucleosides appear to have resulted either in direct oxidation of
the ribose moiety at the surface or the secondary reactions of the radical cations, as
explained above.

That sugar-centered radicals are indeed formed in the course of the photoreaction is
supported by Figure 3 (an enlarged, annotated version of this figure is given in Figure 3S),
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in which we compared the EPR spectra for 5,5″-h2- and 5′,5″-d2-cytidine and CMP (the
bottom traces). The EPR spectra observed for CMP and 5,5″-h2 -cytidine are very similar
(Figure 4), whereas the EPR spectrum for 5′,5″-d2-cytidine has a narrow component that can
only be from the 5′,5″-d2-C(5′)• (indicated with arrows in Figure 3S). A similar
transformation is observed for AMP and 5′,5″-d2-AMP, as demonstrated in Figure 2. The
formation of ribose-centered radicals is also suggested by the comparison of pyrimidine
nucleosides, 2′-deoxynucleosides, and nucleotide monophosphates in Figure 4: the
nucleosides and nucleotides have very similar spectra, while the 2′-deoxynucleosides have
rather different spectra indicative of the involvement of the 2′-deoxy- C(1′)• or C(3′)•

radicals (as explained in Section 3.2). However, when the cytidine is methylated at carbon-5,
the spectrum changes considerably as compared to cytosine. As shown below, this is due to
the formation of allyl-C/dC radical via deprotonation of methyl group in the 5-methyl-
cytosine radical cation.

On iron (III) oxides, the photooxidation was observed only for nucleotides (no
photooxidation was observed for the nucleosides) and only on α-FeOOH, with the single
exception of GxP which was oxidized by α-Fe2O3 (see below).

3.2. 2′-Deoxynucleotides
While oxidation of the purine bases in ribonucleotides and 2′-deoxyribonucleotides produces
spectroscopically identical radical cations (e.g., G+• and dG+•), the direct or secondary (for
purines) oxidation of the corresponding sugar moieties should yield different EPR patterns,
as the sugars are different. This is certainly true if the main locus of the H loss (following
the oxidation of the nucleobase) in the cytidine and uridine (and their 2′-deoxy analogs) is at
carbon-1′, as suggested by previous research (Section 3.1). In other words, the difference
between the EPR spectra of the two classes of nucleotides can be interpreted as evidence for
the formation of neutral carbon-centered sugar radicals.

In Figure 5, we compare the EPR spectra obtained by photooxidation of dGMP and GMP
and dCMP and CMP, respectively. It is clear from Figure 5 that in addition to dG+•, the
dGMP yields radicals with a wider EPR spectrum. This transformation parallels Figure 2 in
ref. 13, illustrating similar spectral transformations for 2-deoxyribose vs. ribose due to the
presence of carbon-1′ to -3′ centered radicals. The resonance lines from the sugar radicals
are also observed for d8-dGMP in which the d8-dG+• radical has a narrower line than h8-
dG+• and so interferes less with the observation of other radicals. The considerable
differences between C/dC and U/dU, respectively, are also seen in Figure 4. These results
indicate that the sugar moiety is oxidized regardless of the 2′-OH substitution. In contrast to
the ease of the photooxidation of (d)GMP on TiO2, no photooxidation was observed in
solutions containing guanosine, adenosine, their 2′-deoxy analogs, nor with dAMP,
suggesting weak chemisorption of these compounds by the TiO2 surface.

Thymine (Schemes 1 and 4), which is a DNA-specific pyrimidine, presents an exceptional
case (Figures 5 and 6). In radiolysis of DNA, the radical anion dT−• is a major radical
product. 20,31 The oxidation of this nucleobase results in the formation of the allyl-dT
radical by deprotonation of T+• from the 5-methyl group (Scheme 4). This radical has been
observed by transient absorption - pulse radiolysis of aqueous solutions 21,45 and EPR in γ-
irradiated aqueous salt glasses containing thymine, which is readily oxidized by strongly
oxidative radicals, such as Cl2−•. 35,36 The products of the reaction are (i) the C(6)-OH•

adduct, 21 (ii) dT+•, 35, 36,38,39 and (iii) radical 15 (Figure 4S). 35,37 The latter can also be
observed at 200 K in irradiated aqueous BeF2 glasses. 40 Typically, the low-temperature
EPR spectra of irradiated samples are dominated by dT−• doublet whereas 35,40 the EPR
spectrum from the allyl-dT gradually appears on annealing the sample to 210 K where the
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anion decays. This is a result of methyl deprotonation of the cation radical (whose ESR
spectrum is broad and not as readily observed at low temperature). 38,40

On TiO2, the EPR spectra observed for dTMP and dT (Figures 5 and 6) reveal a
characteristic doublet that may be confused for that observed for dT−• in the bulk. 40

However, this identification cannot be correct. CD3-substitution in dT (Figure 6) results in a
narrow, structureless resonance line. This transformation cannot be accounted for by dT−•,
as in this radical anion, the hfcc on the methyl protons is negligible (~0.3 G); the largest hfcc
is for H(6) (~15 G). e.g., 31 On the other hand, the observed EPR spectrum is also
inconsistent with that of dT+• as observed by Sevilla and co-workers in aqueous glasses. 35–
39 While the radical cation has large hfcc in the methyl protons and N(1) (~20.4 G and 11.8
G, respectively), the appearance of the spectra for the CH3- and CD3- isotopomers of the
radical cation is completely different from the one observed. The N(1) centered radical (for
thymine) and the C(6) hydroxyl adduct can also be excluded, for similar reasons. On the
other hand, the allyl-dT radical 15 would rationalize the observed features. Indeed, (i) this is
the known major product of dT oxidation; (ii) it has large proton hfcc’s in the methyl and
H(6) (Table 1S); it accounts not only for the central doublet, but also for the side lines
observed in Figures 6 (see arrow) and 4S. That the latter are unlikely to be from the ribose
radicals is suggested by Figure 6 in which we plotted together the EPR spectra obtained
from 5,5″-h2-dT and 5′,5″-d2-dT. It is apparent from this spectrum that 5′,5″-d2-substitution
in the 2′-deoxyribose had no effect on these shoulders, although there is some effect of this
substitution at the center of the spectrum which is evidence for some C(5′)• radical. To
support the identification of the allyl-dT radical, we examined 13C-methylated dT (Figure
6). The DFT calculations indicate that the allyl-dT radical would have a large hfcc’s for the
methylene carbon-13 in this radical (Table 1S) The EPR spectrum indeed exhibits prominent
resonance lines from the 13C splittings indicated by open circles.

To ascertain the identification of allyl-dT radical we simulated the EPR spectra first
assuming the planar geometry of the nucleobase residue and an axial g-tensor (Figure 4S
and Table 1S). While the overall shape of the spectrum compared favorably to experimental
spectrum and the reference spectrum of the allyl-T as observed in γ-irradiate solution of
(dT)6 in 8 M sodium perchlorate in D2O, the outer resonance lines were too widely spaced
and the amplitude of the middle resonance was unrealistically large. These deviations are
indicative of conformational strain in the radical adsorbed at the oxide surface. To simulate
these effects we studied the dependencies of the hfcc’s and simulated EPR spectra on the
rotation of methylene group (Figures 5S and 6S) and out-of-plane C(6)-H bending (Figures
7S and 8S). Both of these distortions have the desired effect on the simulated EPR spectra
(Figures 6S and 8S) through the decrease in isotropic and anisotrpoic hyperfine coupling
constants in the H(6) proton. The estimated degree of strain is ~ 0.2–0.3 eV, which is fairly
typical for matrix interactions. Figure 9S illustrates how the spectra for the three methyl
group isotopomers of dT can be accounted for assuming a nonplanar allyl-dT radical with
the angular distribution of methylene group rotation shown in Figure 5S (which corresponds
to the mean angle of 17.5°). In this calculation, we assumed isotropic g-tensor, while the g-
tensor of a planar allyl-T/dT radical is known to be axial. e.g., 40 Unfortunately, it is difficult
to predict how the g-tensor might change in the distorted radicals. The simulations shown in
Figures 4S and 9S demonstrate how the “split” low field resonance line can be accounted for
by the slight axiality of the g-tensor. We conclude that all of the features observed in the
EPR spectra for the isotopomers of dT on TiO2 can be consistently accounted for by a
nonplanar allyl-dT radical adsorbed at the oxide surface.

These considerations suggest that the spectrum for photoirradiated dT on TiO2 is comprised
mainly of the resonance lines of the allyl-dT with some ribose-centered radicals at carbon-5′.
In the previously studied (homogeneous) systems, the presence of radical 15 (generated via
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hole scavenging) became apparent only after the complete decay of the dT−• or scavenging
of the precursor electron to the radical anion. In TiO2 photooxidation (due to deep trapping
of the electrons), this radical is observed without interference from dT−• even at low
temperature, and the appearance of the EPR spectra does not change upon warming of the
sample to 150 K (e.g., Figure 10S).

Revisiting Figures 3 and 3S in the view of these results, we observe that 5-methylation of
the cytosine and 2′-deoxycytidine leads to the appearance of extra features (indicated by
open circles in Figure 3S) that are not observed for the unmethylated species. The positions
of these extra resonance lines (that account for 15–17% of the spin-1/2 species, by
integration) are similar to those in the allyl-T/dT radical in Figure 4S and 9S and simulations
shown in Figure 11S using the calculated magnetic parameters for the planar allyl-C/dC
radical (given in Table 1S) are supportive of this attribution. While 5-methylation of uracil
results in deprotonation of the radical cation from the methyl group, the methylation in
cytosine is less efficient in diverting oxidative damage from the sugar phosphate backbone
to the methyl group on the base.

While the oxidation of dT and dTMP was observed on TiO2; no oxidation of the dT was
observed on α-FeOOH and α-Fe2O3 and only dTMP was oxidized on α-FeOOH (Figure
12S). This may be the result of weaker chemisorption on the iron (III) oxide surfaces and the
decreased oxidative potential. There was also no evidence for oxidation of the purine (2′-
deoxy)nucleosides on these iron oxides. dCMP and dGMP were both oxidized on α-FeOOH,
whereas only the GxP and dGMP were oxidized by α-Fe2O3 (Figures 13S and 14S).

3.4. Oligonucleotides, RNA, and DNA
While all natural nucleotides are readily oxidized on TiO2 and some nucleotides are
oxidized by α-FeOOH and even α-Fe2O3, no oxidation was observed for poly-C (pC), pU,
the pA•pU duplexes and DNA, even at high concentration of these compounds. The EPR
spectra revealed only the characteristic lines of the oxygen hole centers of the corresponding
oxides. In contrast, photoirradiated pA on TiO2 and α-FeOOH revealed a spectrum that was
similar to that of AMP (Figure 7). Conversely, baker’s yeast RNA (at 50 g/L) yielded EPR
spectra that were very similar to those from GxP (Figure 8a). We remind that the (d)GxP
nucleotide derivatives were the only ones that were photooxidized on all three oxides
(Section 3.2). RNA was also oxidized on all of the oxides (Figure 8b), and the spectra
suggest that in all three cases the photooxidation resulted in the formation of G+•.

4. DISCUSSION
4.1. Monomers

Summarizing our EPR observations in Section 3 and ref. 13, photoirradiated TiO2 and α–
FeOOH oxides readily oxidize D-ribose (and other carbohydrates and polyols) and ribose-5-
phosphate, as well as the corresponding 2-deoxy compounds. The mediation of the charge
transfer by the nucleobases is not required for such oxidation, and the resulting species are H
loss radicals that are stable on the oxide surface. The photooxidation of (2′-
deoxy)ribonucleosides was less efficient (especially for purines) due to poor chemisorption
at the oxide surface: the substitution at the carbon-1′ decreased the sorption at the oxide
surface by elimination of the anchoring hydroxyl group that is critically involved in the
chemisorption of ribose (Section 3.2). The chemisorption is improved upon phosphorylation
at carbon-5′. The 2′-deoxyribonucleotides exhibited poorer sorption, suggesting the critical
involvement of the C(2′)OH groups in the ribonucleotides; nevertheless, dGMP and dTMP
were readily oxidized on α–FeOOH and TiO2. The oxidation of purine (2′-deoxy)
nucleotides resulted in the formation of the corresponding radical cations and, to a lesser
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extent, ribose-centered radicals, including the C(5′)• radicals that can undergo subsequent
phosphate loss (resulting in a strand break). Among the DNA bases, guanine is the easiest
base to oxidize. 20,23–25 With the exception of the thymine derivatives (that yield radical
15), the oxidation of pyrimidine (2′-deoxy)nucleotides resulted in the formation of sugar-
centered radicals. Overall, the photochemistry found in this work is entirely oxidative and
the radical products are similar to those observed in bulk solutions containing strongly
oxidizing radicals, but with the advantage that these photooxidation reactions do not have
the complications due to electron scavenging and H atom and hydroxyl adduct formation.
The resulting radicals are more stable on the oxide surfaces than in the bulk.

Our results agree with the picture of surface interactions emerging from studies of
chemisorption on oxide surfaces. Recently, Cleaves et al. studied the adsorption of nucleic
acid components on rutile. 49 Free nucleobases were found to adsorb weakly at low pH, with
A and C showing greater affinity than U due to the interactions involving their free amino
group. By contrast, all ribonucleosides exhibited similar absorption isotherms and the
surface density at saturation (0.2–0.3 molecules per nm2), while the corresponding 2′-
deoxyribonucleotides showed 3–5 times lower adsorptivity. This suggests that (2′-
deoxy)nucleosides are adsorbed through the hydroxyl groups in the sugar moiety.
Phosphorylation increased the adsorption 3–6 times, suggesting additional anchoring
involving the phosphate group; still, the 2′-deoxyribonucleotides showed lower adsorptivity
than the ribonucleotides. It is inferred that β-nucleosides and nucleotides adsorb in such a
way that the nucleobase points away from the oxide surface and the molecules are bridged
through their 2′- and 3′-hydroxyl and 5′-phosphate groups. Exposing the 3′-hydroxyl group
to the oxide surface primes it for “template polymerization” that is known to occur on iron
oxides. 50 The occurrence of such polymerization led Schwartz and Orgel 51 and Holm 50

(among many others) to suggest such surfaces to be cradles of prebiotic evolution: the
mineral surfaces selectively concentrated organic molecules and catalyzed their reactions.
The iron (III) oxides in banded-iron formations are closely associated with the oldest
microfossils (> 3.8 Gya).50

Our study shows a possible problem with such scenarios: photocatalytic activity at such
oxide surfaces may result in the oxidation and breakdown of organic molecules, including
the components of nucleic acids. On the other hand, as discussed in Section 5, some
otherwise mysterious features of DNA chemistry can be rationalized as a means of
minimizing the undesired chemical effects of precisely such damage.

4.2 Nucleic acids
Photooxidation of monomer nucleotides and 2′-deoxynucleotides can be contrasted with
photolysis and radiolysis of DNA and model oligoribonucleotides. In radiolysis of aqueous
solutions of DNA, the primary species are dG+• (35%), dT−• (25%, structure 18 in Scheme
4) and protonated dC−• (25%, structure 5 in Scheme 2). Additionally, 15% of the radical
species originate from the sugar-phosphate backbone, such as C(1′,3′,5′)• and
dephosphorylated C(3′)•. These radicals are generated through direct ionization as well as
the indirect effect via reactions of hydroxyl radicals (46%) and H atoms and solvated
electrons (54%). The hydroxyl radicals add to or oxidize all nucleobases in DNA. For holes
generated in DNA, subsequent electron transfer along the duplex (either by tunneling or
thermally assisted electron hopping) rapidly relocates the hole on guanine bases in dGn
steps. 16,23,52,53 Conversely, pyrimidines have the highest electron affinity and so C and T
account for the majority of the electron centers. 20,23 Strand breaks in the DNA are caused
by damage to the sugar-phosphate backbone rather than the redox reactions of the
nucleobases 22,23 (although, as discussed in section 4.1, oxidation of dC and dU does lead to
the formation of sugar-centered radicals, Scheme 2) and excited states of purine cation
radicals also lead to sugar radical formation. 20,27–29 While guanine is the primary locus of
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oxidative damage (Scheme 2), this oxidation has a radioprotective effect: in γ-irradiated,
H2

17O-hydrated ds DNA, the dG+• cation (radical cation 10 in Scheme 4) hydrolyses and
deprotonates, yielding the dG-C(8)-17OH• radical 11 that can react and stepwise donate
electrons to nearby dG+• radicals, yielding 8-oxo-dG (13) and subsequently the 8-oxo-dG+•

radical 12. In this way, radical 12 serves as a “sink” for the oxidation, minimizing oxidative
damage to the DNA. 20

In contrast, the photolysis of DNA (requiring short-wave UVC and UVB light) results in
[2+2] pyrimidine dimerization, 54 with photohydration of the pyrimidine bases being a
minor side reaction. In a cell, the UVA light can excite various pigments, some of which
have sufficiently energetic excited states to oxidize purine nucleobases. 54 From the
standpoint of chemistry, photocatalysis on metal oxides is closer to radiolysis than
photolysis. The important difference is that while radiolysis results both in oxidation and
reduction, photocatalysis results in oxidative chemistry, as the negative charge is trapped by
the metal oxide particles.

The preference for the oxidation of guanine sites in single strand (ss) and double strand (ds)
oligo(2′-deoxy)ribonucleotides is well known from previous studies. 20,23,52,53 For example,
the studies of Shafirovich and co-workers established the preference for oxidation of dGn
sites by the CO3 −• radical and the excited state of the riboflavin. 52a The free energy of
electron transfer increases in the order of ..G.., ..GG.., and ..GGG.. sequences, the latter two
steps exhibiting 52 and 77 meV higher free energy gain than isolated dG bases. 52b It is
known from such studies that the photooxidation proceeds in two stages: hole injection into
the DNA duplex occurring primarily at the dGn-sites is followed by hole hopping towards
the dGn sequences with the lowest ionization potentials. Once the positive charge is trapped,
this is followed by chemical trapping (the slower reaction of dG+• with water). 16,20,52a For
highly oxidative radicals like SO4

−• and CO3
−•, the oxidation is very exergonic and the dGn

sites are oxidized randomly, whereas for weaker oxidizers, there are sequence-specific
preferences: e.g., for oxidation by riboflavin, the oxidized moiety is always located 5′ to
guanine in a …GG… sequence. 15,52,53 Shortly after the initial injection (regardless of the
initial injection sites), the hole localizes at the dGn sites with the lowest ionization potential.
The oxidized dG+• undergoes further transformations (Scheme 3). In particular, visible light
excitation of dG+• results in the internal charge transfer, leading to formation of the C(1′,3′,
5′)• radicals. 27–29 From the standpoint of EPR spectroscopy, there is no difference between
the isolated (d)G+• radicals and the radical cations in the (d)Gn sequences in DNA and RNA,
i.e., the electron density is not shared between several G residues; rather, it is localized on
the residue that has the lowest ionization potential. From the EPR spectra alone (unless
selective d8-deuteration is done at specific loci) 16 it is not possible to determine which at
(d)Gn sequences are hosting the observed (d)G+• radical.

Majima and co-workers studied hole injection to dGn sequences in short DNA duplexes that
were either unmodified or modified with catechol at the 5′ terminus (this modification is
used to improve surface binding). 55 Only a small fraction of such duplexes (< 15%) were
bound to the surface regardless of the modification; the photoinduced oxidation proceeded
both through the hole injection to DNA bound to the surface and photogenerated hydroxyl
radicals that migrated from the surface to the bulk and oxidized DNA in the bulk. 55 Rajh
and co-workers 56,57,58 studied DNA duplexes bound to TiO2 through a dopamine moiety
conjugated to the carboxy-derivatized terminal dT base (cdT). The EPR spectra obtained at
10 K exhibited resonance lines from the cdT+•, whereas spectra observed above 80 K were
from the dG+• radicals located further out. 57 The extent of photoreduction of the adsorbed
Ag+ cations (serving as a measure of negative charge stored on the nanoparticle)
exponentially decreased with the overall length of the GG-terminated duplex, suggesting
that the yield of the oxidation was determined by the efficiency of the forward electron
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transfer: the further was the locus of the electron donating GG site, the lower was the
probability of electron transfer to this site. 58 For example, for the GG sites located 7 nm
from the surface the reduction of Ag+ was only ~ 1/3 of that at 1 nm (in the GG-interspersed
(TA)n duplexes of the same overall length). Including single-G hopping sites into the GG-
terminate duplexes increased the efficiency of charge separation, providing “stepping
stones” for the charge transfer. Importantly, in both studies, the DNA was chemically
modified in such a way that the straight DNA duplexes were protruding from the surface
(the authors call this mode of adsorption “tentacle binding”). 56,57,58

Wamer et al. 59 studied native DNA and RNA in UVA-irradiated TiO2 suspensions (aiming
to use the TiO2 nanoparticles for photodynamic therapy). Oxidative damage resulting in the
formation of 8-OH-dG was observed in both cases (in an aqueous solution) and attributed to
reactions of hydroxyl radicals occurring in the bulk. Mysteriously, the photoirradiation of
cells impregnated with TiO2 resulted in considerable damage to the RNA but not the DNA.
As the cell has many hydroxyl radical scavengers present in a much higher concentration
than nucleic acids and the rate of photoproduction of hydroxyl was low, the likely
mechanism for photooxidation was direct hole injection from the embedded TiO2
nanoparticles to the chemisorbed nucleic acids. This heretofore unexplained result can be
interpreted as indication that chemisorbed RNA was oxidized, whereas DNA was not. This
result seemingly contradicts the studies of Majima and co-workers 55 and Rajh and co-
workers 57,58 in which the charge separation on the TiO2 surfaces dressed by DNA
“tentacles” was observed. On the other hand, these observations are fully consistent with our
EPR results: while the individual nucleotides and 2′-deoxynucleotides, single-stranded
sodium poly(adenosine-5′-monophosphate), and RNA were readily photooxidized on TiO2,
the duplexes (including DNA) were not oxidized. As both RNA and DNA involve multiple
(d)Gn sites, why can ss polynucleotides be oxidized whereas ds polynucleotides and DNA
cannot be oxidized?

The crucial difference is the polymer morphology. As suggested by our results, the TiO2 can
oxidize not only all of the nucleobases, but even the bare ribose units; the energetics may be
a consideration for the α-Fe2O3 but not the α-FeOOH and TiO2. As wild-type RNA and
DNA include multiple (d)Gn sequences, the low abundance of such sequences cannot be the
reason. Furthermore, charge separation readily occurred when the DNA duplexes were
chemically linked to the oxide surface. 55–58 These observations suggest that ds
oligoribonucleotides and oligoribo(2′-deoxy)ribonucleotides, including DNA duplexes, are
not chemisorbed by the oxide surface in a fashion conducive to hole injection, whereas ss
oligoribonucleotides and RNA are.

This rationale is not surprising in view of the results discussed in Sections 3 and 4.1,
suggesting that the ribose hydroxyl groups are crucially involved in anchoring of the
nucleotides (Section 4.1). In duplex DNA, the conformation of the polymer chains is rigid,
the 3′ and 5′ hydroxyl groups are involved in the formation of the polymer backbone while
the 1′ hydroxyl and 2′ hydroxyl groups of the ribose are missing; i.e. the binding can only be
through the negatively charged phosphate groups and the 2′-OH groups (for RNA). While
the unsubstituted HPO4

2− strongly binds to TiO2 at pH=2.3 (the binding constant is 4×104

M−1) 60 in a bidentate fashion, disubstitution of the phosphate results in negligible
adsorption. Connor and McQuillan 60 explain this through the changeover from a bidentate
to monodentate mode of adsorption. For this reason, adsorption of the ss and ds DNA
duplexes at the oxide surfaces should be inefficient. The same relates to rigid ds RNA
duplexes, in which the 2′-OH groups are hidden inside the double helix. By contrast, the ss
RNA is open and flexible (as at least some of the nucleobases are not paired) and has an
exposed 2′-hydroxyl group in every ribose unit, which allows the adsorption through several
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hydroxyl groups. This places the Gn sites next to the surface and the electron transfer
becomes facile.

5. CONCLUSION
In addition to mechanistic insight and photodynamic therapy 56,59 aspects discussed in the
previous sections, our studies have impact on two broad areas of interest:

(1) Photostability of biomolecules in the terrestrial and extraterrestrial environments
The surfaces of planets, including Mars, are most accessible for exploration by space probes,
1 but the abundance of the tentative biosignatures at the surface depends on the rates of
generation and decomposition. The first rate is unknown, while the decomposition rate can
be estimated. 3–6 The biosignatures that can accumulate in the soil are biomolecules that are
most difficult to degrade – as opposed to the biomolecules which are most abundant in the
living organisms. Thus, the most appealing target biomolecules (or products of their
diagenesis) are precisely those that are most stable on the light-exposed soil and yet
recognizably biotic in their origin. Instead, current emphasis has been placed on the simplest
(rather than the most durable) biosignatures, such as α–amino acids and nucleotides. 1 The
choice of such targets is dictated by many considerations, including the ease of remote
detection. On the other hand, the chemical stability of amino acids on light exposed martian
soil (regolith) is rather poor, 3,4,6 and the steady-state concentration of such molecules might
be prohibitively low.

In the present study, DNA and RNA subunit monomers (nucleosides, etc.) on the oxide
particles are found to be far more susceptible to photolytic damage than the corresponding
polymers. There is a striking similarity as to how the polymerization affects the
photooxidation of α-amino acids and ribonucleotides on metal oxide surfaces: 3,4 the
monomers are strongly bound to the surfaces and readily oxidized, whereas the polymers
have fewer exposed anchoring groups and so are more resistant to oxidation. In the case of
nucleic acids, the major factor is the chain morphology: ss RNA can attach to the oxide
surfaces through multiple 2′-hydroxyl groups and in this way donate the electron from the
guanine placed close to the oxide surface, while the ds DNA and RNA either are not
chemisorbed at all or adsorbed in such a way that the electron transfer is suppressed. The
individual ribonucleotides and 2′-deoxyribonucleotides are easily oxidized, and this
oxidation involves not only their bases (which is a reaction that might be reversible) but also
the sugar phosphate moieties (resulting in the irreversible damage). It appears that the
monomer α–amino acids or nucleotides make rather poor choices as biosignatures on the
light exposed martian regolith due to the ease of their photocatalytic oxidation: the steady-
state concentration of such “simple” biosignatures (even if these are being generated by the
tentative martian “bacteria”) should be quite low. On the other hand, peptides (especially
coiled ones) 3,4 and polynucleotides (especially, in their duplex forms) are more resilient to
such photoreactions and so may more readily accumulate in the soil. These observations
argue for reconsideration of the strategy for search of organic life on Mars: a greater
emphasis should be placed on the search of macromolecules rather than monomers and
small metabolites.

(2) Prebiotic evolution and the origin of the “DNA world”
An interesting corollary of our study is that ds DNA seems to be optimized to withstand
long-term oxidative damage, on more than one level. That nature has preferred DNA over
RNA is a long standing puzzle in molecular biology, especially in the view of the “RNA
world” scenarios of prebiotic evolution. 61 Our study (supported by the previous work on
radiolysis of DNA) 15,16,20–23 points to the crucial difference that heretofore escaped the

Shkrob et al. Page 12

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2012 February 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



attention of much of the scientific community: that DNA has a higher resistance to oxidative
stress. For example, the methylation of uracil at carbon-5 in dT provides a site for
deprotonation at the nucleobase, whereas in dU, the radical cation oxidizes the sugar-
phosphate, resulting in a strand break. Conversely, the 2′-hydroxyl group in ribose not only
makes various reactions involving hydroxyl groups possible (e.g., transesterification), 62 but
it also exposes the sugar moiety to attack by oxidizing radicals (and surface holes), resulting
in a strand break. While the 5-methylation of uracil in 2′-deoxythymine protects the ribose
from the oxidative damage on the oxides, for 5-Me-C and 5-Me-dC, this protective action is
inefficient and >80% of the damage is channeled to the sugar phosphate. Thus, our study
provides a possible explanation why the methylation of uracil was preferred over the
methylation of cytidine, provided that the DNA structure had evolved to withstand a long-
term oxidative damage.

Thus rationalized features of the DNA chemistry may appear surprising in the view of
relatively low radiation background, anoxic conditions, and low levels of the UVC and UVB
light ground exposure on the primitive earth. 63 However, such oxidation-protective features
become understandable by assuming, following the hypothesis of Orgel and Schwartz, 51

that mineral surfaces, including transition metal oxides, such as iron (III) oxides, served as a
matrix and a catalyst for prebiotic evolution. Reduction of hydrous ferric oxide is still used
by dissimilatory iron-reducing soil and sediment bacteria for terminating the respiration
chain. 64 The importance of such ubiquitous minerals as terminal electron acceptors was
even higher on the anoxic earth, which may explain why the early life (including the early
photosynthetic life) could have become dependent on such oxides. While the iron (III)
oxides can serve as efficient catalysts and terminal electron acceptors, these oxides are
phototoxic, which necessitates a degree of protection against the irreversible structural
damage to organic biomolecules on or near the light exposed surface. This phototoxicity
may account for the preference of DNA over RNA, and our study demonstrates how such
“chemical” protection of the DNA is accomplished at several levels of organization: from
the morphology (counteracting DNA binding to the oxide surface) to the minute details of
radical (ion) chemistry resulting into channeling the oxidation damage away from the sugar
phosphate backbone (Scheme 2) into oxidized guanine which acts as a multiple hole sink
(Scheme 3). While this scenario is speculative, it provides a natural explanation for the
preference of DNA over RNA under the prebiotic conditions without invoking the workings
of modern cellular machinery.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
EPR spectra of (a) purine and (b) pyrimidine 5′-mono, di-, and triphosphates of
ribonucleotides on photoirradiated aqueous TiO2 at 50 K (355 nm). The narrow low-field
line is from the formyl radical.
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Figure 2.
As Figure 1, for isotopomers of purine ribonucleotide-5-monophosphates. The deuteration
sites are indicated in the plot labels; the atom numbering corresponds to Scheme 1. The
arrow indicates a line of sugar-phosphate radical.
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Figure 3.
EPR spectra from cytidine (C) and 2′-deoxycytidine (dC) derivatives on photoirradiated
TiO2 at 50 K. The upper two traces compare 5-methyl (solid lines) and 5-H derivatives
(broken lines). The bottom trace compares cytidine, 5′,5″-d-cytidine and cytidine-5′-
monophosphate. The annotated, enlarged version of this figure is given in the Supplement
(Figure 3S). The spectra for 5-methyl derivative indicate the presence of allyl-C/dC radical
(see Table 1S for magnetic parameters and Figure 11S for simulations).
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Figure 4.
EPR spectra from pyrimidine (X=C, U; Scheme 1) ribonucleosides (X, dotted lines), 2′-
deoxyribonucleosides (dX, solid lines), and the corresponding ribonucleotide-5′-
monophosphates (XMP, dash dot lines) on photoirradiated aqueous TiO2 at 50 K. The
arrows indicate spectral regions where nucleotides and 2′-deoxynucleotides have different
spectral features.
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Figure 5.
As Figures 3 and 4, for 2′-deoxyribonucleotides (C, T, G, and d8-G; see Scheme 1). The
dotted lines are for the corresponding ribonucleotides. The regions of spectral difference are
indicated by arrows.
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Figure 6.
EPR spectra for photooxidation of thymine derivatives on aqueous TiO2. The upper traces
are for the methyl isotopomers (Schemes 1 and 4). The bold lines are for the 2′-deoxy-β-
thymidine, the dash-dot lines are for the thymine, other derivatives are indicated in the plot.
Open circles indicate the resonance lines also indicated in Figure 9S.
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Figure 7.
EPR spectra for photooxidation of pA on aqueous TiO2 and α-FeOOH; the spectrum of
AMP on TiO2 is shown for comparison (dash-dot trace). The features indicated with open
circles in the α–FeOOH trace are from the oxide matrix.
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Figure 8.
EPR spectra from photooxidation of baker’s yeast ss RNA on metal oxides. (a) Comparison
of spectra from ss RNA and GMP. (b) Comparison of EPR spectra obtained on different
oxides. The features indicated with open circles in the α–FeOOH trace are from the oxide
matrix.
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Scheme 1.
Structural formulas and atom numbering for nucleobases and the general formula for the
ribonucleosides (Z=Y =OH), ribonucleotides (Z=phosphate, Y=OH) and the corresponding
2-deoxyribo-derivatives (Y=H).
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Scheme 2.
Redox reactions of cytosine-based derivatives, including the radicals generated by oxidation
of cytidine (see also ref 27a.)
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Scheme 3.
Oxidation pathways for guanine (see also ref. 27a)
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Scheme 4.
Redox reactions of thymine and thymidine.
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