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The present work is aimed at gaining conclusive mechanistic insights into the radiation-induced
formation of the 5¢R and 5¢S diastereomers of both adenine and guanine 5¢,8-cyclo-2¢-
deoxyribonucleosides, with emphasis on the delineation of the inhibitory effect of O2 in isolated and
cellular DNA. The levels of purine 5¢,8-cyclo-2¢-deoxyribonucleosides as assessed by HPLC-MS/MS
were found to decrease steadily with the increase of O2 concentration, the 5¢,8-cyclo-2¢-deoxyguanosine
being produced more efficiently than the 5¢,8-cyclo-2¢-deoxyadenosine for low O2 concentrations. A
high stereoselectivity was observed in the intramolecular addition of the C5¢ radical to the C8 of the
purine leading, after the creation of the C5¢–C8 bond and a subsequent oxidation step, to the
predominant formation of the 5¢R diastereomer for both purine 5¢,8-cyclonucleosides. The reduced
formation yield of the 4 tandem lesions in the presence of O2 explains, at least partly, the low efficiency
of radiation-induced yields of the purine 5¢,8-cyclo-2¢-deoxyribonucleosides in cellular DNA, which are
about two orders of magnitude lower than the previously reported data obtained from HPLC-MS
analysis.

1. Introduction

Cellular components, in particular nucleic acids, are the targets
of a wide set of endogenous or exogenous genotoxic agents.
Among them one may quote reactive oxygen species (ROS) that
are generated as the result of respiration burst in mitochondria,
metabolism of xenobiotics and exposure to physical agents such as
ionizing radiation and UVA light. Two of the main ROS, including
hydroxyl radical (∑OH) and singlet oxygen (1O2), have been shown
to damage both isolated and cellular DNA.1 Many efforts have
been devoted during the last two decades to the identification and
measurement of the main classes of oxidatively generated damage
to DNA. Thus ∑OH-mediated reactions have been shown to give
base alterations, strand breaks, abasic sites and DNA-protein
cross-links.1,2 There is increasing interest devoted to the chemistry
and biochemical processing of tandem lesions, another class of
oxidatively generated DNA damage, whose formation involves
only one radical hit. These include, among others, adjacent base
lesions3 and purine 5¢,8-cyclonucleosides in which both the base
and the 2-deoxyribose moiety are modified.2,4 Evidence was pro-
vided from earlier model studies for the formation of both 5¢R and
5¢S diastereomers of adenine and guanine 5¢,8-cyclonucleosides
as the result of initial ∑OH-mediated hydrogen abstraction from
the exocyclic 5¢-hydroxymethyl group of the 2-deoxyribose moiety
and subsequent intramolecular cyclization of the 5¢-yl radical thus
formed to the purine ring at C8 (Scheme 1).5 It was reported that
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Scheme 1 Radical reactions for the formation of purine 5¢,8-cyclo-
nucleosides in DNA.

the presence of oxygen in a gamma-irradiated solution of DNA
prevented the formation of the adenine and guanine 5¢,8-cyclo-
nucleosides.5d,6 The reactivity of purine-substituted C5¢ radicals
1 under aerobic conditions has been recently elucidated at the
nucleoside level.7 Using an oxygen concentration in the range
of 13–266 mM, conditions that are typical for oxygenated tis-
sues, two main degradation products including the hydrated 5¢-
aldehyde 2 and the purine 5¢,8-cyclo-2¢-deoxyribonucleoside 3
(Scheme 2) were found to be generated. The formation of 5¢,8-
cyclonucleosides is relevant in all experiments, and the yields
of the latter degradation products increase by decreasing O2

This journal is © The Royal Society of Chemistry 2010 Org. Biomol. Chem., 2010, 8, 3211–3219 | 3211

D
ow

nl
oa

de
d 

by
 I

ns
tit

ut
e 

of
 O

rg
an

ic
 C

he
m

is
tr

y 
of

 th
e 

SB
 R

A
S 

on
 1

7 
A

ug
us

t 2
01

0
Pu

bl
is

he
d 

on
 2

5 
M

ay
 2

01
0 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
00

45
31

D
View Online

http://dx.doi.org/10.1039/C004531D


Scheme 2 The C5¢ radical 1 at single nucleoside level in the presence of
oxygen is partitioned between two reaction channels with formation of
products 2 and 3.

concentration. One may point out that the role of molecular
oxygen is far from being understood either as the trap of the
C5¢ radical prior to cyclization at DNA level or as the oxidant of
the aminyl radical after cyclization.

It was hypothesized that both 5¢,8-cyclo-2¢-deoxyadenosine
(cdAdo) and 5¢,8-cyclo-2¢-deoxyguanosine (cdGuo), whose re-
moval from damaged DNA is achieved by the nucleotide excision
repair (NER) and not the base excision repair (BER) pathway,8

may be involved in the etiology of several human diseases.9

This could be the case for the neurological disorders that are
associated with complementation groups A, C and D of xero-
derma pigmentosum patients. It was hypothesized that a possible
accumulation of both cdAdo and cdGuo lesions may take place
with age in the brain as the result of NER-deficiency; one may
add that indirect evidence was provided for a higher cytotoxicity
of the 5¢S diastereomer of cdAdo with respect to the 5¢R form.10

However, there is so far only one example of the accumulation
of (5¢S)-5¢,8-cyclo-2¢-deoxyadenosine with age in the DNA of
brain, kidney and liver of Cockayne syndrome complementation
group B gene knockout mice.11 This is likely due, at least partly,
to the lack of accurate and highly sensitive methods capable of
detecting very low amounts of cdAdo and cdGuo in cellular DNA,
despite recent claims that have involved GC-MS and HPLC-MS
measurements.12 The present work constitutes the first attempt of
a global investigation that includes the design and optimization of
robust and highly specific HPLC-MS/MS method together with
the assessment of oxygen effect on the ∑OH-mediated formation
of purine 5¢,8-cyclonucleosides. Information is also provided on
the very low efficiency for the indirect effects of ionizing radiation
that implicate ∑OH as the main ROS to generate (5¢R)-5¢,8-cyclo-
2¢-deoxyadenosine in the DNA of human cells.

2. Experimental

2.1 Chemicals and biochemicals

Calf thymus DNA, 2¢-deoxyadenosine (dAdo), 2¢-deoxyguanosine
(dGuo), erythro-9-(2-hydroxy-3-nonyl)adenine hydrochloride
(EHNA), nuclease P1 from Penicillium citrium, phosphodiesterase
II, phosphodiesterase I from Crotalus adamentus venom, DNAse

II and alkaline phosphatase were obtained from Sigma (St
Quentin-Fallavier, France). The preparation of the two sets
of 5¢R and 5¢S diastereomers of both purine 5¢,8-cyclo-2¢-
deoxyribonucleosides and the oligonucleotides in which the latter
tandem lesions were site-specifically inserted was achieved using
previously reported protocols.13 The isotopically [15N5]-labeled
internal standards of (5¢R)- and (5¢S)-cdAdo were prepared
by gamma irradiation5b of an oxygen-free aqueous solution of
[15N5]-dAdo (Cambridge Isotope Laboratories, Andover, MA)
and subsequently purified by HPLC analysis.

2.2 Computational details

Hybrid meta DFT calculations with the BB1K (Becke8814–
Becke9515 1-parameter model for thermochemistry) functional16

were carried out using the Gaussian 03 system of programs.17

This HMDFT model was tailored to give good reaction barrier
heights.15 Unrestricted wave function was used for radical species.
Optimized geometries and total energies were obtained employing
the valence double-z basis set supplemented with polarization
functions and augmented with diffuse functions on heavy atoms
(6-31+G**). The nature of the ground (one imaginary frequency)
and transition (zero imaginary frequency) states was verified
by frequency calculations. Total energies were corrected for the
zero point vibrational energy (ZPVE) computed from frequency
calculations using a scaling factor of 0.9561 to account for
anharmonicity.16 The effect of water solution on the total energies
was computed with the polarizable continuum model18 (PCM)
carrying out calculations at the optimum BB1K/6-31+G**
geometries (PCM (solvent = water)/BB1K/6-31+G**//BB1K/
6-31+G**).

2.3 Gamma irradiation of isolated DNA

Aqueous solutions of calf thymus DNA (0.5 mg mL-1) were g-
irradiated using a 60Co-Gamma cell, at room temperature (22 ±
2 ◦C). The dose rate was determined with the Fricke chemical
dosimeter by taking G(Fe3+) = 1.61 mmol J-1,19 The preparation of
O2/N2 and/or N2O saturated aqueous solutions was achieved by
bubbling gas(es) continuously through the samples with a flow rate
ranging from 60 to 100 mL min-1, for 5 min before the irradiation
and maintained during exposure to the gamma ray source.

2.4 Radiolytic production of transients20

Radiolysis of neutral water leads to the species eaq
-, ∑OH and H∑,

as shown in eqn (1) where the values in parentheses represent the
chemical radiation yields (G) expressed in mmol J-1. The presence
of oxygen transforms efficiently eaq

- and H∑ into O2
∑- (eqn (2) and

(3)). The rate constants for the reaction of eaq
- and H∑ with O2 are

k2 = 1.9 ¥ 1010 M-1 s-1 and k3 = 1.2 ¥ 1010 M-1 s-1, respectively. The
pKa value of HOO∑ is 4.8 (eqn (4/-4)).21

(1)

eaq
- + O2 → O2

∑- (2)

H∑ + O2 → HOO∑ (3)

HOO∑ � O2
∑-+ H+ (4/-4)
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The presence of N2O allows the efficient conversion of eaq
- into

the O∑- species (eqn (5)), k5 = 9.1¥ 109 M-1 s-1). The ∑OH radical
(pKa(∑OH) = 11.9) is in equilibrium with its conjugated base O∑-

(eqn (6/-6)), k6 = 1.2 ¥ 1010 M-1 s-1, k–6 = 1 ¥ 108 s-1).

eaq
- + N2O → O∑- + N2 (5)

∑OH + HO- � O∑-+ H2O (6/-6)

Two sets of irradiation experiments were carried out: the first
one by bubbling N2/O2 at different proportions and the second
one by bubbling N2O/O2 at different ratios. The solubility of O2

and N2O in water is 1.33 ¥ 10-3 M and 0.02 M, respectively,
at 22 ◦C.22 The air-saturated, N2 (80%)/O2 (20%), solution
(corresponds to 2.66 ¥ 10-4 M of O2, which is ca. 6 times higher
than typical well-oxygenated tissues, i.e. [O2] ~= 4 ¥ 10-5 M (the
oxygen concentration is even lower in the nucleus).23 Therefore,
we performed experiments in the range 1.33 ¥ 10-5–2.66 ¥ 10-4 M
of oxygen concentration. In the absence of N2O, oxygen quenches
nearly all the primary reducing species, producing ∑OH and O2

∑-

radicals in 45% and 55% yields, respectively. In the presence
of N2O, ∑OH and O2

∑- radicals accounted for 90% and 10%,
respectively, of the reactive species.

2.5 Enzymatic DNA digestion

To 100 mL of the DNA solution was added 5 mL of 2.5 mM EHNA,
5 ml of nuclease P1 (5 U), 1 mL of phosphodiesterase II (0.004 U),
0.025 mL (0.25 U) of DNAse II together with 10 mL of buffer P1
10x (200 mM succinic acid, 100 mM CaCl2, pH 6.0). The resulting
solution was incubated for 2 h at 37 ◦C. Thereafter, 10 mL of
alkaline phosphatase buffer 10x (500 mM Tris, 1 mM EDTA, pH 8)
was added together with 0.2 mL (0.003 U) of phosphodiesterase I
and 0.25 mL (5 U) of alkaline phosphatase. The samples were then
incubated at 37 ◦C for 2 h. Thereafter, the first step of digestion
with nuclease P1, DNAse II and phosphodiesterase 1 was repeated
(without adding EHNA) for 2 h at 37 ◦C to achieve complete
digestion of the purine 5¢,8-cyclo-2¢-deoxyribonucleosides. Then,
the samples were centrifuged for 5 min at 5000 g prior to HPLC-
MS/MS analysis.

2.6 HPLC-MS/MS assay

Purine 5¢,8-cyclo-2¢-deoxyribonucleosides were detected in hy-
drolyzed DNA samples using HPLC coupled to tandem mass
spectrometry. Separations were performed using a 2 ¥ 150 mm
octadecylsilyl silica gel (3 mm particle size) Uptispher column
(Interchim, Montluçon, France) as described previously for the
measurement of other oxidatively generated DNA lesions.24 The
HPLC system consists of a complete Accela system (Thermo
Corporation) equipped with an HPLC pump, a thermostated
autosampler and a UV detector set-up at 260 nm for monitoring
normal nucleosides. DNA tandem lesions were detected using a
TSQ Quantum Ultra mass detector equipped with an electrospray
ion source. Separations of 2¢-deoxyribonucleosides were per-
formed using a linear gradient of 2 mM ammonium formate and
acetonitrile: the concentration of acetonitrile was increased from
0 up to 15% in ammonium formate within 30 min. Under these
conditions, the 5¢R and 5¢S diastereomers of cdGuo elute at 6.8 and
10.6 min, respectively, whereas the retention times of (5¢R)- and

(5¢S)-cdAdo are 9.3 and 14.3 min, respectively (Fig. 3). Detection
of purine 5¢,8-cyclo-2¢-deoxyribonucleosides was performed in
the multiple reaction monitoring mode after optimization of the
parameters of electrospray ionization and fragmentation. This was
achieved by infusing diluted solutions of pure standards. The most
intense transitions used to detect and quantify cdGuo and cdAdo
were 250→166 and 266→180, respectively using a collision energy
of 18 eV. In addition, transitions 250→134 and 266→160 (collision
energy of 38 ev), corresponding to the loss the 2-deoxyribose
moiety, which are significantly less intense (20% relative intensity)
were used as a qualifier in order to improve the specificity of
detection of the tandem lesions. The quantification of each of the
5¢R and 5¢S diastereomers of the two pairs of purine 5¢,8-cyclo-2¢-
deoxyribonucleosides formed upon gamma irradiation of aqueous
solutions of DNA was achieved by external calibration. For the
measurement of cdAdo in cellular DNA, samples were spiked
with known amounts of the 5¢R and 5¢S diastereomers of [15N5]-
cdAdo that were used as internal standards. The isotope dilution
technique thus used allowed an accurate quantification of very
low amounts of cdAdo. The transition 255→171 was used for the
detection of [15N5]-cdAdo.

2.7 Cell culture

THP1 monocytes were grown following the protocol that was
previously reported.25

3. Results and discussion

3.1 Formation and rearomatization of aminyl radical arising
from intramolecular cyclization of ∑OH-mediated C5¢ radical to C8
of purine bases

It has been shown that the C5¢ radical generated by ∑OH-
mediated hydrogen atom abstraction intramolecularly attacks the
C8,N7 double bond of the adenine or guanine moieties to form
purine 5¢,8-cyclonucleosides as the final products (Scheme 1).1a,26,27

However, the intermediate aminyl radical 4 derived from the
cyclization (Scheme 3) should be further oxidized in order to afford
the final product. Information on this elementary step is limited,
in particular, on the oxidation induced by molecular oxygen.

Hybrid meta DFT calculations were carried out to determine
the energy profiles for the rearomatization of aminyl radical 4
to 5 by the action of molecular triplet oxygen (Scheme 3). Path A
involves a direct hydrogen abstraction, whereas path B involves ad-
dition of O2 at C4 to afford peroxyl radical 6, followed by hydrogen
shift from C8 to give 7 and release of the HOO∑ radical to give the
final product. The energy profiles in water solution were computed
with the polarizable continuum model27 (PCM) carrying out
calculations at the optimum BB1K/6-31+G** geometries18 (PCM
(solvent = water)/BB1K/6-31+G**//BB1K/6-31+G**).

Energy barriers and reaction energies are reported in Table 1.
The whole oxidation process is computed to be highly exother-
mic (DEr = -24.9 kcal mol-1). Hydrogen abstraction (DE‡ =
11.6 kcal mol-1) is slightly favored versus addition (15.4 kcal mol-1).
Interestingly, peroxyl radical 6 is highly unstable, since a low
barrier (0.2 kcal mol-1) is computed for the backward reaction
(O2 release) so that initially an equilibrium between radicals 4 and
6 should exist. However, the energy barrier of 22.9 kcal mol-1 for
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Table 1 Energy barriers DEπ and reaction energies DEr (kcal mol-1)
for the various steps in Scheme 3 computed at the PCM/BB1K/
6-31+G**//BB1K/6-31+G** levela

Pathway Step DE‡ DEr

Path Ab 4 → 5 11.3 (7.5) -24.9 (-23.3)
Path Bb 4 → 6 15.4 (15.4) 15.2 (11.7)

6 → 7 22.9 (23.5) -21.6 (-18.1)
7 → 5 4.6 (4.6) -18.5 (-16.9)

Path C 4 → 5 20.4 -33.6

a Energies are corrected for zero point vibrational energy (ZPVE). b In
parentheses, the computed energies are reported employing explicitly one
water molecule (BB1K/6-31+G**), see text.

Scheme 3 Three possible pathways for the rearomatization of aminyl
radical 4.

the second step (6→7) in path B (Scheme 3) is computed to be as
large as about twice that for hydrogen abstraction. The final release
of the peroxyl radical is computed to be fast, as expected for the
rearomatization. The intramolecular hydrogen shift is, hence, the
rate determining step for path B. On the basis of these findings,
path A should be the preferred one.

In our experiments, a large fraction of superoxide radical anions
(O2

∑-) are also produced, so the oxidation process could be also
generated by this reactive species (path C in Scheme 3). The energy
barrier and the reaction energy for path C are also reported in
Table 1.28 It is noticeable that the energy barrier is computed
to be as large as about twice than that computed for hydrogen
abstraction by molecular oxygen (path A).

The trend in the relative energies of the optimized structures
(BB1K/6-31+G**) indicates that the effect of water as the solvent
simulated with the PCM model is small, as expected. However,
hydrogen-bonding in the transition state for the direct hydrogen
atom abstraction could lower the energy barrier significantly; thus,
the reaction mechanisms of paths A and B were computed in the
presence of one water molecule (water-assisted reactions) at the
BB1K/6-31+G** level. The effect due to a polarizable continuum
solvent was not estimated with the PCM method in this case, since
it was shown that the use of the PCM method in addition to the

hydrogen-bonding model decreases the agreement between theory
and experiment, not only sizably with respect to the hydrogen-
bonding model but also significantly with respect to the PCM
approach in reactions where hydrogen-bonding interactions with
water molecules are important.29 Table 1 shows that hydrogen-
bonding interaction with one water molecule lowers sizably only
the energy barrier for the hydrogen atom abstraction by molecular
oxygen.

The energy profiles for the direct hydrogen abstraction from
the aminyl radical by molecular triplet oxygen (path A), in the
absence and presence of a water molecule, are displayed in Fig. 1.
The two insets also show the two transition states in the absence
and presence of a water molecule. In the latter case, the reaction
occurs with a relatively low energy barrier of 7.5 kcal mol-1.
The rate constant for this process should be about 103 M-1 s-1

at room temperature assuming a “normal” frequency factor
(logA/M-1 s-1 = 8.5) for the bimolecular process.30

Fig. 1 Relative energies for the hydrogen abstraction from aminyl
radical 4 by molecular oxygen computed at the PCM/BB1K/
6-31+G**//BB1K/6-31+G** level. The red line represents the energies
computed employing explicitly one water molecule (BB1K/6-31+G**).
Insets: the transition states in the absence (left) and in the presence (right)
of a water molecule.

3.2 Optimization of enzymatic digestion of purine
5¢,8-cyclo-2¢-deoxyribonucleosides from DNA

To obtain a quantitative assessment of the levels of DNA lesions,
complete hydrolysis of DNA into normal and modified 2¢-
deoxyribonucleosides is required.25 Since it has been reported
previously that the release of purine 5¢,8-cyclonucleosides from
DNA as free nucleosides could be incomplete,13,32 efforts have
been made in the present work to optimize conditions for a
quantitative enzymatic digestion of DNA. Attempts were first
made to use the conditions we have previously designed25,31,33 for
the measurement of several oxidized 2¢-deoxyribonucleosides, in-
cluding the four cis and trans diastereomers of 5,6-dihydroxy-5,6-
dihydrothymidine,34 lesions that are known to be resistant to nu-
clease P1 hydrolysis.35 Using non-irradiated DNA samples spiked
with increasing amounts of cdAdo containing oligonucleotides
prepared as previously described,13 it was shown that under such
conditions the release of cdAdo is not quantitative. In agreement

3214 | Org. Biomol. Chem., 2010, 8, 3211–3219 This journal is © The Royal Society of Chemistry 2010
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with the conclusions of an early work,32 it was found that the
lesion was mostly released as a dinucleoside monophosphate that
was detected by HPLC-MS/MS (not shown). This particularly
applies when a thymine base is located 3¢ to bulky cdAdo. The
increase in the time of incubation from 2 h up to 24 h had only a
limited effect on the efficacy of digestion. Several conditions were
tested and finally optimal conditions were obtained using a three-
step procedure (see experimental section). First, DNA is digested
using a mixture of two endonucleases (nuclease P1 and DNAse
II) to which a 3¢-exonuclease (phosphodiesterase II) is added.
In a second step, a 5¢-exonuclease is used (phosphodiesterase I)
together with alkaline phosphatase in order to convert nucleotides
into the corresponding nucleosides. Finally, step I using nuclease
P1, DNAse II and phosphodiesterase I is resumed for 2 h
at 37 ◦C. Under these conditions, the recovery of cdAdo in
DNA samples spiked with cdAdo-containing oligonucleotides was
found to be nearly quantitative, even when the lesion was located
5¢ to a thymine nucleoside (recovery > 85%). The enzymatic
conditions were also found to be suitable for complete hydrolysis
of DNA samples spiked with cdGuo containing oligonucleotides.
It should be added that, since some of the enzymes used
to digest DNA were found to be contaminated with adenine
deaminase, EHNA was added to prevent deamination of adenine
nucleosides.36

3.3 HPLC-MS/MS measurement of the (5¢R) and (5¢S)
diastereomers of cdAdo and cdGuo

Tandem mass spectrometry was used to detect simultaneously the
5¢R and 5¢S diastereomers of cdAdo and cdGuo in digested DNA
samples. First, optimization of the parameters for electrospray
ionization and fragmentation was performed by infusing a micro-
molar solution of pure standards, as previously reported for the
detection of 8-oxo-7,8-dihydro-2¢-deoxyguanosine (8-oxodGuo).24

In the positive ionization mode, the collision-induced dissociation
mass spectra of the pseudo-molecular ion (m/z = 250 amu) of
cdAdo exhibits an intense fragment at m/z 164 amu, correspond-
ing to the loss of 86 amu (Fig. 2). A similar fragmentation pattern
was also observed for cdGuo with an intense fragment at m/z =
180 amu upon decomposition of the pseudomolecular ion at m/z =
266 amu. Such a fragmentation corresponds to the splitting of the
2-deoxyribose moiety, as the result of a concomitant bond cleavage
between C1¢ and N1 on the one hand and between C4¢ and C5¢
on the other hand; it may be added that the base moiety remains
attached to the C5¢-hydroxymethyl group in agreement with recent
similar observations.6 One may note a similar fragmentation
pattern for the two diastereomers of either cdAdo or cdGuo
(not shown). Therefore, mass spectrometry could not be used to
distinguish between the 5¢R and 5¢S diastereomers. However, any
of the purine cyclic nucleosides could be detected individually by
HPLC-MS/MS, since each of them exhibits significantly different
retention times and, as discussed below, the 5¢R diastereomer is
eluted more rapidly than the 5¢S form. To improve the sensitivity
of detection, the so-called multiple reaction monitoring (MRM)
mode was applied and the most intense transitions, i.e. 250→166
and 266→180 for cdAdo and cdGuo, respectively, were used. A
similar sensitivity was obtained for the two diastereomers, whereas
the threshold of detection was found to be significantly lower for
cdAdo compared to cdGuo. The limit of quantification for either

Fig. 2 Pseudomolecular ion of (5¢S)-cdAdo in the positive mode of
ESI-MS/MS spectrum (A). Collision-induced dissociation mass spectra
of ion at m/z = 250 corresponding to the [M + H]+ (B).

the 5¢R or 5¢S diastereomer of cdAdo was found to be 5 fmol.
In contrast, the detection of cdGuo is far less sensitive, with a
limit of detection estimated to be around 100 fmol. It should
be noted that, in our hands and as expected, the detection of
the purine 5¢,8-cyclonucleosides using the selected ion monitoring
mode (HPLC-MS) was found to be about two orders of magnitude
less sensitive than the HPLC-MS/MS method in the MRM mode.
This explains why HPLC-MS assay cannot be used to accurately
detect such minor classes of oxidatively generated tandem lesions
in cellular DNA. One may note that HPLC with MS3 detection37

has been recently employed to detect radiation-induced vicinal
base lesions that are generated with an efficiency similar to that of
purine 5¢,8-cyclonucleosides in cellular DNA.

A typical elution profile of HPLC-MS/MS analysis of both
cdAdo and cdGuo in a digested DNA sample is shown in Fig. 3.
It appears that the 5¢R diastereomer of either cdAdo or cdGuo is
eluted before the related (5¢S)-cyclonucleoside under the HPLC
conditions used. Therefore, each compound of the two pairs
of diastereomers could be detected and quantitatively measured

This journal is © The Royal Society of Chemistry 2010 Org. Biomol. Chem., 2010, 8, 3211–3219 | 3215
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Fig. 3 Typical HPLC elution profile of the two diastereomers of
cdAdo (middle chromatogram) and cdGuo (bottom chromatogram) in
an enzymatically digested DNA sample. UV detection (260 nm, top
chromatogram) was used for the determination of the amount of normal
nucleosides.

individually. UV detection was used to quantify in each sample the
amount of normal nucleosides (dAdo and dGuo) and the results
were expressed as the number of modifications per 106 normal
nucleosides.

3.4 Radiation-induced formation of 5¢R and 5¢S diastereomers of
purine cyclo-2¢-deoxyribonucleosides in oxygen-free aqueous
solutions of isolated DNA

Initially, g-radiolysis experiments coupled with DNA damage
analysis were carried out under oxygen-free conditions. For this
purpose, N2- or N2O-saturated aqueous solutions of calf thymus
DNA (0.5 mg mL-1) were g-irradiated at neutral pH under steady-
state conditions with a dose rate of ca. 8 Gy min-1 followed
by enzymatic DNA digestion and HPLC-MS/MS analysis, as
reported above. Both 5¢R and 5¢S diastereomers of cdAdo and
cdGuo were found to be generated linearly with the applied
dose within the range 0–60 Gy under conditions of very low
DNA degradation that preserve the native conformation of the
biopolymer. The levels of DNA lesions per Gy with respect to
oxygen concentrations varying from 0 up to 20% are reported
in Fig. 4. The yield of radiation-induced cdGuo in oxygen-free
aqueous solutions of DNA was found to be higher than that
of cdAdo, the ratio of formation between cdGuo and cdAdo
being ~1.7. It may be added that irrespective of the purine 5¢,8-
cyclo-2¢-deoxyribonucleosides, the 5¢R diastereomer is formed
predominantly leading to a ratio 5¢R/5¢S of ~3 and ~4 for cdGuo
and cdAdo, respectively (data not shown). As expected from
the doubling of ∑OH by saturation of the g-irradiated solutions
of DNA with N2O, an about two-fold increase in the levels
of radiation-induced 5¢R and 5¢S diastereomers of 5¢,8-cyclo-2¢-
deoxyribonucleosides was observed. In addition, the formation of

Table 2 Radiation-induced formationa of 8-oxo-7,8-dihydro-2¢-
deoxyguanosine (8-oxodGuo), 8-oxo-7,8-dihydro-2¢-deoxyguanosine
(8-oxodAdo) and the 5¢R and 5¢S diastereomers of 5¢,8-cyclo-2¢-
deoxyguanosine (cdGuo) and 5¢,8-cyclo-2¢-deoxyadenosine (cdAdo) in
aqueous solution of DNA saturated with various amounts in N2/O2 and
N2O/O2 mixtures by varying the amount of O2

N2/O2 (% O2) N2O/O2 (% O2)

Modified nucleosides 0 10 20 0 10 20

8-OxodGuo 38 58 40 78 88 110
8-OxodAdo 1.3 3.2 3.0 7.2 7.8 9.9
cdGuo 11.1 0.9 0.5 20.1 2.1 0.9
cdAdo 6.5 0.8 0.6 14.2 1.9 0.8

a Expressed in number of modified nucleosides per 106 nucleosides and per
Gy.

Fig. 4 Radiation-induced formation of cdAdo and cdGuo in N2/O2

saturated aqueous solutions of DNA with increasing amounts of oxygen.
The purine 5¢,8-cyclonucleosides were measured as single diastereomers
by HPLC-MS/MS in enzymatically digested DNA samples. Each point
corresponds to the average of three independent measurements in two
distinct experiments.

8-oxodGuo and 8-oxodAdo that have been previously detected as
relevant degradation products of both indirect and direct effects of
ionizing radiation in isolated and cellular DNA,38 was monitored
by HPLC-MS/MS (Table 2). Thus it was shown that the efficiency
of ∑OH-induced formation of (5¢R)-cdAdo was about 4-fold higher
and 7.3-fold lower than that of 8-oxodAdo and 8-oxodGuo,
respectively, in N2-saturated aqueous solution of DNA.

3.5 Inhibitory effects of oxygen on the radiation-induced
formation of purine 5¢,8-cyclo-2¢-deoxyribonucleosides in isolated
DNA

In order to investigate the effect of molecular oxygen on the
competitive reactions of radiation-induced C5¢ sugar radicals, two
different sets of experiments were designed by bubbling aqueous
solutions of DNA with mixtures of N2/O2 or N2O/O2 in different
proportions. For example, a N2(80%)/O2(20%) saturated aqueous
solution of calf thymus DNA (0.5 mg mL-1), which corresponds
to 2.66 ¥ 10-4 M of O2, was irradiated under stationary state
conditions with a dose rate of ca. 8 Gy min-1, while the mixture of
gases was continuously bubbled throughout the reaction time. In
all cases, the formation of the 5¢R and 5¢S diastereomers of both
cdGuo and cdAdo was found to increase with the dose of g-rays
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within the dose-range 0–60 Gy. The numbers of lesions per Gy
versus oxygen concentration are shown in Fig. 4. The following
observations can be made: first, the formation of both cdGuo and
cdAdo decreases with the increase of the oxygen concentration,
indicating competition paths for C5¢ radical between cyclization
and oxygen addition whose rate was found to be 1.9 ¥ 109 M-1 s-1 at
the nucleoside level;26 secondly, the formation of cdGuo decreases
faster than cdAdo with the increase in oxygen concentration
suggesting different rates of cyclization for the corresponding C5¢
radicals; thirdly, the 5¢R/5¢S ratio is constant within experimental
errors for both purine 5¢,8-cyclo-2¢-deoxyribonucleosides, the 5¢R
diastereomer being predominant as previously observed in the
absence of oxygen (data not shown).

The order of reactivity of ∑OH towards the various hydrogen
atoms of the 2-deoxyribose moiety is currently under debate.39 A
proposed order that also parallels the exposure to solvent of the
2-deoxyribose hydrogen atoms (i.e., H5¢ > H4¢ > H3¢ ª H2¢ ª
H1¢) is generally accepted.40 Experimental data on the reaction
of ∑OH radical with simple nucleosides like 2¢-deoxyadenosine
and 2¢-deoxyguanosine indicated that 20–25% of these reactions
occur at the sugar moiety as H-atom abstraction, 40–50% of which
is at H5¢ positions.7 A rate constant of kc = 1.6 ¥ 105 s-1 for
the cyclization of 2¢-deoxyadenosin-5¢-yl radical has also been
reported26 and strong evidence exists that the cyclization of 2¢-
deoxyguanosin-5¢-yl radical is even faster.41 However, our findings
showing that the formation of cdGuo decreases faster than that of
cdAdo by increasing oxygen concentration suggest that the rate of
cyclization of the 2¢-deoxyguanosin-5¢-yl radical is lower than that
of the 2¢-deoxyadenosin-5¢-yl radical in DNA. We believe that local
conformations due to the supramolecular organization of DNA
should influence considerably (either accelerating or reducing) the
cyclization rates of the two radicals. Local conformational changes
may also modulate the rate of O2 addition to the C5¢-yl radical and,
therefore, may explain the lower efficiency of cdGuo formation
with the increase in oxygen concentration.

Depending on the substrate and the experimental conditions,
the ratio of the 5¢S and 5¢R diastereomers changes substantially.
The (5¢R)/(5¢S) ratios of 6 : 1 and 8 : 1 were obtained in water for
5¢,8-cyclo-2¢-deoxyadenosine and 5¢,8-cyclo-2¢-deoxyguanosine,
respectively, upon irradiation of free nucleosides.7,26,27 The sit-
uation in the literature regarding single- and double-stranded
DNA is quite confusing. In early studies based on GC-MS
analysis,42 it was reported that the 5¢R diastereomer of both
compounds predominates in single-stranded DNA, whereas 5¢S
diastereomers slightly prevail in double-stranded DNA. More
recently, (5¢R)/(5¢S) ratios of approximately 2 and 0.3 have been
reported for 5¢,8-cdAdo and 5¢,8-cdGuo lesions, respectively, using
HPLC/MS analysis.12a,43 Based on the present results, previously
reported quantification of purine 5¢,8-cyclonucleosides in DNA
achieved by GC-MS,42 HPLC-MS12a,43 or HPLC-MS/MS6 analy-
ses appear to be questionable.

3.6 Radiation-induced formation of
(5¢R)-5¢,8-cyclo-2¢-deoxyadenosine in cellular DNA

As discussed above for the HPLC-MS/MS assay designed in
the present work for monitoring the formation purine 5¢,8-
cyclonucleosides in DNA, the detection threshold of both 5¢R and
5¢S diastereomers of cdAdo is 20-fold lower than that of (5¢R)-

and (5¢S)-cdGuo. In addition, it was found that the radiation-
induced formation of the 5¢R diastereomer in aqueous solutions
of DNA was 4-fold more efficient than that of the related (5¢S)-
cyclonucleoside (Table 2). This explains why our efforts have
focused on the search of cdAdo with emphasis on the more
abundant 5¢R diastereomer in the DNA of human monocytes
exposed to ionizing radiation using (5¢R)- and (5¢S)-[15N5]-cdAdo
as the isotopically labeled internal standard. Using such a sensitive
and accurate isotope dilution technique in combination with
HPLC-MS/MS, the background level of either the 5¢R or 5¢S
diastereomer of cdAdo determined in untreated cells was found
to be lower than our limit of detection, estimated to be around
0.1 lesion per 109 nucleosides. This contrasts with the much higher
steady-state values of either (5¢R)- or (5¢S)-cdAdo which were
measured mostly by HPLC-MS analysis in previous studies. Thus,
it was reported that the basal level of (5¢R)-cdAdo was estimated
to be 0.133 and 0.22 per 107 normal nucleosides in the DNA of
mouse liver as measured by HPLC-MS/MS6 and HPLC-MS,44

respectively. One may note higher levels of (5¢S)-cdAdo, whose
frequencies per 107 normal nucleosides were found to be 0.482,6

1.9244 and 0.4011 in mouse liver DNA, and 2.045 and 2.546 in
the DNA of human keratinocytes. Another piece of information
concerning the steady-state level of purine 5¢,8-cyclonucleosides
was provided using a highly sensitive32 P-postlabeling assay that
has been designed for monitoring the formation of the so-called
“type II I-compounds”, a class of bulky oxidatively generated
DNA lesions that were tentatively identified as tandem base
lesions and base-sugar cross-links.47 The levels of 5¢,8-cyclo-
2¢-deoxyadenosine, that was shown to be one of these DNA
modifications, were found to be between 180 and 320 lesions per
cell in fetal and 24 h newborn rat liver DNA.48 This is about 3
orders of magnitude lower than the above HPLC-MS values of
cdAdo, thus questioning the validity of the latter measurements.

Ionizing radiation is a suitable physical agent capable of
inducing oxidatively generated damage to cellular DNA in a
quantitative manner. Thus oxidized bases and sugar residues
were shown to be formed in a linear dose dependent manner
under acute irradiation conditions where the contribution of DNA
repair is minimized. It may be stressed that the detection of a
small peak of (5¢R)-cdAdo (Fig. 5) has required a high dose of
ionizing radiation (2 kGy) which was delivered during a very
short time period. This, although biologically irrelevant, is suitable
from a chemical point of view to induce molecular damage to
cellular DNA. The yield of radiation-induced formation of the
5¢R diastereomer of 5,8-cyclo-2¢-deoxyadenosine was estimated
to be 0.2 cdAdo/109 nucleosides/Gy. This is much lower, by
at least two orders of magnitude, than the radiation-induction
formation yields of both cdAdo and cdGuo that were measured
by either HPLC-MS or GC-MS in cellular DNA.45,46 It may be
reminded that the levels of (5¢S)-cdAdo and both 5¢R and 5¢S
diastereomers of cdGuo were found to be significantly increased
in the DNA of human keratinocytes upon exposure to a dose
of X-rays as low as 5 Gy! Thus, the yields of radiation-induced
cyclonucleosides per 109 normal nucleosides and per Gy were
found to be 14, 100 and 30 for (5¢S)-cdAdo and the 5¢S and 5¢R
diastereomers of cdGuo, respectively.45 It is also informative to
compare the radiation-induced formation efficiency of purine 5¢,8-
cyclo-2¢-deoxyribonucleosides with that of oxidized nucleosides
such as 8-oxodGuo and 8-oxodAdo, whose yields in the DNA of
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Fig. 5 HPLC-MS/MS chromatograms showing the detection of cy-
clodAdo in 2kGy gamma irradiated cells. The upper trace (transition
250→166) exhibits a peak at 10.25 min that corresponds to the amount
of detected cdAdo (about 3 fmol detected). The lower trace (transition
255→169) corresponds to the detection of the internal standard.

human monocytes have been determined by HPLC-MS/MS to
be 20 and 4 lesions, respectively, per 109 normal nucleosides and
per Gy.38 The much lower yield of radiation-induced formation of
(5¢R)-cdAdo established in the present investigation is consistent
with the fact that ∑OH-mediated generation of purine 5¢,8-
cyclonucleosides is far less efficient than that of 8-oxodGuo in
isolated DNA upon exposure to gamma rays in partially deaerated
aqueous solutions (Table 2). The observed decrease, by about three
orders of magnitude, of the radiation yields of (5¢R)-cdAdo, 8-
oxodGuo and 8-oxodAdo in cellular DNA with respect to isolated
DNA is in agreement with the similar shielding effect exerted by
cellular content on the base and sugar.38,39

4. Conclusions

Clarifications have been provided in this study on several key
chemical reactions implicated in the formation of purine 5¢,8-
cyclo-2¢-deoxyribonucleosides following initial ∑OH-mediated H
atom abstraction from the C5¢-hydroxymethyl group that may
represent a significant biochemical event under oxidative stress
conditions. This concerns the delineation of the role of molecular
oxygen that, in contrast to previous claims, only partly prevents

the intramolecular cyclization from occurring, suggesting that
formation of both cdAdo and cdGuo may occur in aerobic cells. In
addition, a detailed mechanism is available on the implication of
molecular oxygen in the rearomatization of the radical intermedi-
ate arising from the latter reaction. Another major observation
deals with the low efficiency of the intramolecular cyclization
reaction in cellular DNA that is at least 2 orders of magnitude
lower than that inferred45,46 from the use of the questionable
HPLC-MS method49 for monitoring these tandem DNA lesions.
It is clear that in light of these data there is a strong need for
reconsidering several studies in which the biological role of purine
5¢,8-cyclonucleosides was highlighted.
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